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ABSTRACT 

 
Biorefining is an attractive approach to simultaneously address food supply, energy security 

and global warming.  Furthermore, biorefining offers a sustainable strategy to utilise biomass, 

for energy production, thereby, reducing overreliance on fossil resources. The principal aim 

of the study was to evaluate the feasibility of a Jerusalem artichoke (JA) tuber-based 

biorefinery by integrating protein extraction to the conventional inulin extraction process, 

and subsequently hydrolysing the tuber residues with an enzyme cocktail of crude inulinases 

and commercial Cellic® CTec3 and Pectinex, for ethanol fermentation. The tuber mash was 

pressed for protein extraction from the juice and water extraction from the solid residues. 

Sequential water-extraction was used for protein and inulin, in the first and second step, 

respectively. The resulting tuber residues from the sequential extraction was hydrolysed and 

fermented into ethanol. Fed-batch culture was used to optimise the bioprocess conditions for 

recombinant endoinulinases production by Aspergillus niger. 

Comparison of sequential extraction sequences demonstrated that protein extraction in the 

first and second step, respectively, maximised the selectivity of the extraction and product 

yields. Both extraction steps utilised water as a solvent, and were optimised with respect to 

pH, solids loading and temperature for the selective extraction from each dedicated step from 

tubers. The soluble protein fraction contained a cumulative 71.8% of the protein present in 

tubers, while 17.1% was present in the inulin extracted in the subsequent step. The inulin 

yield was 67.6% of the inulin in the tubers, while 11.8% was co-extracted with the protein 

product. The protein extract was augmented by protein present in the press juice, obtained 

from tubers prior to the water extraction steps.  

High cell density fermentation of Aspergillus niger for recombinant endoinulinase production, 

was achieved through an exponential fed batch method. Endoinulinase production was 

growth associated at higher growth rates, achieving the highest volumetric activity (670 U/ml) 

and biomass concentration (33 g/L) at a growth rate (µ) of 0.07 h-1. Moreover, the significant 

decrease in enzyme activity (506 U/ml) and biomass substrate yield (0.043 gbiomassDW/gglucose) 

at low µ (0.04 h-1) was due to the high maintenance energy requirement. High biomass 

concentrations resulted in broth viscosity, which necessitated increased agitation for mixing 

and oxygen transfer. However, this led to pellet disruption and biomass growth in mycelial. 
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Moreover, enzyme production profiles, product (Yp/s) and biomass (Yx/s) yield coefficients 

were not affected. 

High gravity simultaneous saccharification and fermentation (SSF) of the extraction residues, 

enriched in cellulose and inulin, was achieved with an optimised cocktail of enzymes. A 

combined inulin and cellulose conversion yield of 74% was achieved during fermentation at 

21% w/v solids loading. The optimised enzyme cocktail improved the saccharification and 

fermentation of the residues, with an ethanol concentration and yield of 38 g/L and 83%, 

respectively, compared to an unoptimized cocktail with the same protein dosage, with 32 g/L 

and 59%, respectively, both at the maximum attainable solids loading of 21% w/v.  

Therefore, the current data demonstrated the potential of integrating a protein extraction 

with conventional inulin extraction from JA tubers and fermenting the residues into ethanol 

with an optimised enzyme cocktail.  
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Opsomming 

 
Bioraffinering is ’n aantreklike benadering om gelyktydig voedselverskaffing, 

energiesekuriteit en aardverwarming aan te spreek. Verder bied bioraffinering ’n volhoubare 

strategie om biomassa te gebruik, wat aanhorigheid op fossielhulpbronne verminder. Die 

hoofdoel van die studie was om die uitvoerbaarheid van ’n aardartisjok (JA) -knolgebaseerde 

bioraffinadery te evalueer deur proteïenekstraksie saam met die konvensionele 

inulienekstraksieproses te integreer, en vervolgens die knolresidu’s met ’n ensiemmengsel 

van ru-inulienase en kommersiële Cellic® CTec3 en Pectinex te hidroliseer, vir 

etanolfermentasie. Die knolmengsel is gepers vir proteïenekstraksie vanuit die sap-en-

waterekstraksie vanuit die soliede residu’s. Sekwensiële waterekstraksie is gebruik vir 

proteïen en inulien, in die eerste en tweede stap onderskeidelik. Die resulterende knolresidu’s 

vanuit die sekwensiële ekstraksie is gehidroliseer en gefermenteer na etanol. Gevoerde-

lotkultuur is gebruik om die bioproseskondisies vir rekombinante endo-inulienaseproduksie 

deur Aspergillus niger te optimeer.  

Vergelyking van sekwensiële ekstraksiereekse het gedemonstreer dat proteïenekstraksie in 

die eerste en tweede stap, onderskeidelik, die selektiwiteit van die ekstraksie- en 

produkopbrengste gemaksimeer het. Beide ekstraksiestappe het water as oplosmiddel 

gebruik, en is geoptimeer met betrekking tot pH, vastestoflading en temperatuur vir die 

selektiewe ekstraksie vanuit elke toegewyde stap van knolle. Die oplosbare proteïenfraksie 

het ’n kumulatiewe 71.8% van die proteïen teenwoordig in knolle, bevat, terwyl 17.1% 

teenwoordig was in die inulien wat geëkstraheer is in die opvolgende stap. Die 

inulienopbrengs was 67.6% van die inulien in die knolle, terwyl 11.8% geëkstraheer is saam 

met die proteïenproduk teenwoordig in die perssap, verkry uit knolle voor die 

waterekstraksiestappe. 

Hoë seldigtheid van Aspergillus niger vir rekombinante endo-inulienaseproduksie is bereik 

deur ’n eksponensiële voerlotmetode. Endo-inulienaseproduksie is groei geassosieer by hoër 

groeitempo’s, wat die hoogste volumetriese aktiwiteit (670 U/ml) en biomassakonsentrasie 

(33 U/ml) by ’n groeitempo (μ) van 0.07 h-1, bereik het. Verder het die hoë 

onderhoudenergievereiste ’n beduidende afname in ensiemaktiwiteit (506 U/ml) en 

biomassa-substraatopbrengs (0.043 gbiomassaDW/gglukose) by lae μ (0.04 h-1) tot gevolg gehad. 

Hoë biomassakonsentrasies het sopviskositeit tot gevolg gehad, wat verhoogde roering vir 
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vermenging en suurstofoordrag genoodsaak het. Hierdie het wel tot korrelversteuring en 

biomassagroei in miseliaal gelei. Ensiemproduksieprofiele, produk- (Yp/s) en biomassa- (Yx/s) 

opbrengskoëffisiënte is verder nie geaffekteer nie. 

Hoë gravitasie, gelyktydige sakkarifikasie en fermentasie (SSF) van die ekstraksieresidu’s, 

verryk in sellulose en inulien, is bereik met ’n geoptimeerde mengsel van ensiemes. ’n 

Kombinasie van inulien en sellulose omsettingsopbrengs van 74% is bereik deur fermentasie 

by 21% w/v vastestoflading. Die geoptimaliseerde ensiemmengsel het die sakkarifikasie en 

fermentasie van die residu’s verbeter, met ’n etanolkonsentrasie en -opbrengs van 38 g/L en 

83%, onderskeidelik, in vergelyking met ’n mengsel wat nie geoptimeer is nie met dieselfde 

proteïendosis, beide by die maksimum vastestoflading van verkrygbare vastestoflading van 

21% w/v.  

Daarom het die huidige data die potensiaal gedemonstreer van integrering van ’n 

proteïenekstraksie met konvensionele inulienekstraksie uit JA-knolle en fermentering van die 

residu’s na etanol met ’n geoptimeerde ensiemmengsel. 
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CHAPTER ONE: INTRODUCTION 

1.1. Contextual background 

Rapid population growth continues to exert extensive pressure on the ecosystem due to 

increased and unsustainable demand for basic resources such as water, food, and energy. The 

increased demand is in turn a major ecological concern since it translates to an increase in 

carbon emissions, further complicating the efforts to tackle global warming (United Nations 

Sustainable Development, 1992). Moreover, the growth of the middle class and changes in 

wealth distribution have led to a major increase in the demand for dairy products and meat. 

This further threatens food security through an increased demand that cannot be matched 

by supply and ultimately results in food inflation (Godfray et al., 2010).  

Although extreme weather conditions and water availability as well as supply, play an integral 

role in food production and supply (Hanjra and Quresh, 2010, Schneider, et al., 2011), energy 

supply and cost is also a major threat to food security and socioeconomic stability (Zhang and 

Vesselinov, 2016). In addition, the agricultural sector is heavily reliant on fossils fuels with an 

estimated contribution of 60% of the energy needs in primary agriculture and renewable 

energy making up as little as 6% (FAO, 2011).  

The over-reliance of the agriculture sector on fossil fuels is a major concern due to the non-

renewable nature of the sources, depletion of reserves and heavy greenhouse gases (GHGs) 

emissions (Woods et al., 2010) and this has severe implications for food and energy security. 

Food production, processing and distribution is estimated to contribute 20% of greenhouse 

gases emissions globally. Furthermore, crop and livestock production make up to 28 and 34%, 

respectively, of this share (FAO, 2011).  

Therefore, the complex interaction among population growth, food, water and energy 

security and climate change necessitate an integrated approach to achieve social and 

economic security. In addition, alternative and renewable resources as well as efficient ways 

to exploit them, are imperative for successful and sustainable achievement of these goals. 

Biorefineries possess the potential to minimize the overreliance on fossil resources for 

increasing energy, fuel, and chemicals demand (Apprich et al., 2014; da Silva et al., 2014). 

Furthermore, biorefineries are central to the use of renewable resources and development 

of technologies with reduced waste production (Cherubin, 2010) and emission of GHGs 
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(Herrero and Ibanez, 2015). The biorefinery concept has the potential to contribute to 

economic growth through job creation and infrastructure development (Wellisch et al., 2010).  

However, biorefineries face several challenges such as seasonal feedstock variation, lack of 

well-developed processing technology, complex feedstock composition, and competition for 

land to cultivate biomass feedstock, human settlement, and food production (Maity, 2015).  

The competition between land use for food production, human settlement and biorefinery 

feedstock production is a major concern for sustaining livelihoods as economies face multiple 

problems that need the same resources for solutions (IEA, 2014; Rasul, 2016; Shanak et al., 

2018). The US department of energy reported that 1.3 million tonnes of biomass was available 

in 2005 and this has the potential to meet 40% of the country’s petroleum consumption 

(Maity, 2015). Moreover, 20 million tonnes of the annual production of non-edible oil seeds 

in India was estimated to have a potential to supply approximately 2.5% of the country’s 

petroleum consumption based on 2011 usage (Maity, 2015).  Therefore, the need to balance 

land use amongst food production, human settlement and biorefinery feedstock production 

is of utmost importance, particularly when the world is faced with rapid population growth.  

 

1.2. Rationale of study 

Jerusalem artichoke (Helianthus tuberosus L.) tuber is an abundant source of both inulin 

(Kosaric et al., 1984) and protein (Johansson et al., 2015; Bekers et al., 2008). The plant is fast 

growing (Long et al., 2016), with tuber yields of at least 15 tones ha-1 (Monti et al., 2005; 

Baldini et al., 2011). The tuber is a rich source of fermentable sugars, inulin which makes up 

to 80% of the tuber dry matter (Johansson et al., 2015). However, the use of land for JA 

cultivation for ethanol production may not be sustainable due to food security concerns.  

The use of JA tuber in a biorefinery based strategy has the potential to improve the feasibility 

of ethanol production through fermenting the residual sugars, resulting from inulin and 

protein extraction. Inulin is used as nutraceutical, and the protein may be used as a nutritional 

supplement, with health benefits. Alternatively, the protein could be utilised as an animal 

feed. This strategy has the potential to result in synergistic benefits among food, animal feed, 

and fuel production.  
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Currently, there is a paucity of experimental data on the selective and sequential extraction 

of inulin and protein from JA tubers. Furthermore, there is a lack of data on the functional 

properties of JA tuber protein, which are important for the protein application as a dietary 

supplement and in food processing. Therefore, an understanding of the potential impacts of 

sequential extraction, of inulin and protein, on the yields, quality and functional properties of 

the products is important for the integration of inulin and protein extraction in the JA tuber 

biorefinery. 

Inulin hydrolysis into monomeric fermentable sugars or a range of products will expand the 

product portfolio and may enhance the feasibility of a JA based multiproduct biorefinery. 

Although, inulinases are native from microorganism (Singh and Chauhan 2018), which are also 

the best source for industrial production (Leelaram et al., 2016), the low enzyme productivity 

from native strains is a disadvantage. Filamentous fungi, Aspergillus sp. is a robust organism 

that is widely used in industrial recombinant enzyme production (Rose and van Zyl, 2008; Krull 

et al, 2008). However, the submerged fermentation is limited by viscosity constraints that 

impact the achievement of high biomass density and subsequently volumetric enzyme yields 

(Singh et al., 2018). The pellet morphology of the A. niger in submerged culture, has been 

reported to improve mixing efficiency and nutrient transfer in high density cell culture as well 

as enzyme production in recombinant Aspergillus sp. (James et al., 2007; Papagianni and 

Mattey, 2006).  Thereby, an assessment of the impact of viscosity, growth rate and fungal 

morphology on endoinulinase production in recombinant A. niger is important in getting 

insight into the potential use of recombinant A. niger strain in enzyme production.  

The tuber extraction residues, from the inulin and protein extraction, are rich in residual inulin 

and lignocellulosic fibres (LCFs) that can be valorised through fermentation into ethanol. Due 

to the heterogenous nature of the tuber residue, a cocktail of multi-functional hydrolytic 

enzymes could be important for the efficient saccharification during fermentation of the 

residue. High-solids fermentation is advantageous for the achievement of high concentration 

of ethanol of at least 40 g L-1, however, this can result in severe viscosity limitations and 

consequently reduced fermentation efficiency (Srichuwong et al., 2009, Lim et al., 2013). The 

use of enzyme cocktails has been reported to reduce viscosity during tuber fermentation 

(Shrichuwong et al., 2009; Yingling et al., 2011). There is, however, a lack of experimental data 

on the co-fermentation of inulin and lignocellulosic fibres from JA tubers. Furthermore, no 
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experimental data is available on the use of enzyme cocktails and demonstration of their 

underlying synergistic mechanism for co-fermentation of the heterogenous tuber residues. 

A multi-product strategy involving the production of inulin, protein and ethanol may 

potentially enhance the feasibility of a JA based biorefinery. This strategy has the potential 

provide synergistic benefits between food or animal feed and fuel production, for the growing 

population and demand for health food products, while mitigating the severe effects of global 

warming. 

1.3. Structure of Thesis 

This thesis is organised in eight chapters which includes a detailed review of literature, 

objectives, experimental data presentations and conclusions for the development of a JA-

tuber based biorefinery. Chapter two is the literature review that gives a critical analysis of 

existing literature and identify gaps, thereof. The literature analysis paved way for the 

novelty, aims and objectives of the study which are outlined in chapter three. The 

experimental work and data addressing each objective are presented in chapters four to six 

of the thesis. Each chapter is presented in the form of either a published article or manuscript. 

Chapter seven presents the global findings and conclusions of the study and demonstrates 

how the different experimental data correlate. Recommendations for future studies are 

presented in chapter seven as well. The final chapter, eight, is an illustration of how the fed 

batch method was applied in chapter five (objective 2) of the study.  
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2. CHAPTER TWO: LITERATURE REVIEW 

2.1. Jerusalem artichoke tubers based biorefinery 

2.1.1. Overview: Origin, distribution and uses 

Jerusalem artichoke (Helianthus tuberosus L.) is a multifunctional crop (Valentine et al., 2012) 

and a potential feedstock for bioenergy, biochemicals, feed and food production. JA is a 

herbaceous perennial plant composed of the stalk and flower as well as tubers that develop 

underground (Kosaric et al., 1983; Yang et al. 2015). The plant belongs to the same family 

(Compositae) as the sunflower (Helianthus annus L.) (Caserta and Cervigni, 1991). The 

Compositae family also include other inulin containing plants such as chicory (Cichorium 

intybus L.) and dandelion (Apolinário et al., 2014).  

JA is native to the temperate North America; however, its cultivation was adopted in Europe 

around the seventeenth century (Bajpai and Bajpai, 1991; Stauffer et al., 1981). The plant is 

widely cultivated in China with uses such as a vegetable for human consumption due the 

health benefits and soil rehabilitation since it a highly salt tolerant plant (Xiao et al., 2011). 

Protein accumulation in the tubers has resulted in the use of tubers as an animal feed (Alla et 

al., 2014).  

Moreover, JA cultivation is widely practised in Europe (CABI, 2018) and used as a vegetable 

or animal fodder (Xiao et al., 2011; Alla et al., 2014). Canada was reported to produce 

approximately 1.3 million tonnes of JA, while Russia has approximately 3000 ha of JA 

production (Starovoitov et al., 2018). Egypt is also a major grower of JA and the tubers were 

part of the tuber export, in 2017, to the United Kingdom and valued at US$5.88 million 

(Trading economic 2019).  

2.1.2. JA tubers yields and impacts of growing conditions on yields 

JA has gained interest as a rich source of inulin and biorefinery feedstock due to its good 

agronomic traits. It can be cultivated under a range of microclimatic conditions (Izsaki and 

Kadi, 2013), is fast growing (Long et al., 2016), requires minimal inputs, such as fertilizer and 

pesticide, for commercial cultivation, and produces high tuber yields (Yang et al., 2015). 

Climate and rainfall patterns are important factors in determining the tuber yields. (Long et 

al., 2015; Monti et al., 2015). 

Monti et al., (2005) reported that there was no significant difference in the inulin yield (800 g 

m-2) between tubers cultivated under irrigation and rain-fed conditions, with an average rain 
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of 300 mm which was almost 50% of the water used in the former. The ability of Jerusalem 

artichoke to acclimatise to limited water conditions was also reported by Baldini et al., (2011), 

where the crop was cultivated in Bologna, a hot arid region in Italy with rainfall in the range 

of 410-516 mm per annum. Tuber yields were reported to be as high as 15 t ha-1 on dry mass 

basis, which is equivalent to ca. 9 t ha-1 of sugar yields. Moreover, the yields were obtained 

with a nitrogen and phosphate fertiliser application in the range of 43-100 kg ha-1 (Monti et 

al., 2005; Baldini et al., 2011). The sugar yields are higher than reported for sugar beet (5.5 t 

ha-1) cultivated with nitrogen and phosphate application of 124, and 124 kg ha-1, respectively 

(Mubarak et at., 2016).  

Liu and co-workers (2012) reported shoot and tuber yields in the range of 5-10 t ha-1 on dry 

mass basis, from Jerusalem artichoke cultivated in the semi-arid region of Gansu province in 

China. The region has an annual rainfall of 556 mm with 60% occurring during the cultivation 

season and 156 free-frost days. The JA tuber yields are higher than tuber yields from chicory 

(8.9 t ha-1) (De Mastro et al., 2004), a the major feedstock crop for industrial inulin production 

(Zarroug et al., 2016). 

2.1.3. Composition of JA tubers and distribution of inulin  

Jerusalem artichoke tubers make between 20-30 % of the total dry matter of the crop. Table 

2.1 is a comparative summary of the composition and yields of Jerusalem artichoke tubers 

with other commercial sources of inulin. The inulin composition of the tubers is also 

comparable to chicory root. The tubers are largely composed of inulin, which accounts for 

approximately 69-80% of the tuber dry matter (DM) (Table 2.1). In addition, the tuber is 

composed of insoluble fibres that consists of cellulose (2.73%), hemicellulose (2.22%) and 

lignin (0.52%) (Rubel et al., 2014). A protein content in the range of 7.5-18 % of dry matter 

has been reported to be present in the tuber (Johansson et al., 2015; Bekers et al., 2008).  
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Table 2.1: Comparison of the chemical composition of inulin containing plants. Values are presented as % on dry 
matter (DM) basis 

Source Inulin  Protein  Ash Fibre* 

Inulin 

yields 

(ton/ha) References 

JA tuber 69-80 7.5-18 6.1 2.7 4-12 

Gunnarsson et al., (2014); Rube et. al., 

(2014), Johannson et al., (2015) 

Agave leaf 45 35 5.9 38.4 2-4 Bouaziz et al., (2014) 

Chicory Root 80 5 3.8 n.a. 3-5 Jurgonski et al., (2011) 

Dahalia 86 2 3.1 41 5-11 Nsabinama and Jiang, 2010 

Globe 

artichoke 30 25 94 n.a. 7-9 Pandino et al., 2011 

Agave pina 71 n.a. n.a. n.a. 5-6 Mellado-Mojica and López (2012)  

n.a.-not available 

*determined as the total amount of hemicellulose and cellulose  

The composition, distribution, and degree of polymerisation (DP) of inulin and other soluble 

carbohydrates in tuber, vary with season, age of tuber at harvesting and storage conditions 

after harvesting (Praznik and Beck, 1987; Kocsis et al., 2007). The DP and distribution of the 

inulin is important for the development of optimal process to solubilise and extract inulin 

from the tubers. The DP also determines the range of uses of inulin in the food or 

nutraceutical industries (Franck, 2002).  

The inulin content of the tuber was reported to decrease from 63.5% of dry mass, at 14 weeks 

after plantation, to 35.2% at 44 weeks after plantation. Similarly, the average degree of 

polymerisation (DPav) of inulin, from the crude tuber extract, decreased from 11.2 to 6.5 

during the same period. In contrast, sucrose concentrations increased from 3.5% to 8.9% 

(Kocsis et al., 2007). The DP is a measure of the degree of polymerisation and is important 

because it determines the range of uses of inulin in the food or nutraceutical industries 

(Franck, 2002). 

Praznik and Beck, (1987) illustrated that the degradation of inulin polymers was related to 

external stress such as frost and drought. The data from their studies showed a reduction in 
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the content of inulin of DP>30 from 54% during the precipitation period to 34% during a 

drought period and a further decrease to 14% during the frost period. Moreover, Li et al., 

(2015) reported a maximum inulin content and DPav of 12.2 % of wet tuber mass and 19, 

respectively from tubers harvested 50 days from flowering. 

2.2. Strategies for the development of JA tubers as a feedstock for a multiproduct 

biorefinery 

The incorporation of a protein extraction step into the conventional inulin extraction process, 

will make the tuber a potential feedstock for multiproduct biorefineries. JA tubers have 

between 7.5-18% DM of protein (Gunnarsson et al., 2014) and most of it is co-extracted into 

the inulin product as an impurity (Yi et al., 2009). Furthermore, the tubers are easy to process 

since they are largely composed of inulin, a non-recalcitrant polymer compared to 

lignocellulosic fibres (Long et al., 2016). Therefore, the high sugar yields of tubers, the 

potential of inulin use as an ingredient in the food, pharmaceutical as well as the chemical 

industry, non-recalcitrant nature of inulin and the protein component, which makes up to 

18% DM, make the tubers a potential feedstock for a multiproduct biorefinery. The 

biorefinery will integrate the production of food and nutraceutical products with bioenergy. 

Furthermore, the availability and incorporation of green extraction processes could make a 

JA tuber-based biorefinery environment-friendly. Green extraction processes are 

environment-friendly because they do not use solvents such as chloroform, acetone, ethanol 

and have minimal energy requirements (Cherubin, 2010; Maity, 2015). 

Although, Jerusalem artichoke tubers are an attractive and potential feedstock for 

biorefining, there is a paucity of experimental data demonstrating the technical feasibility of 

an integrated approach for the use of JA tubers to co-produce value added products, such as 

inulin and protein, with bioenergy. Currently, most of the available literature data is on the 

hydrolysis of inulin to fermentable sugars for ethanol, single cell protein, acetic acid and 

biodiesel production (Gunnarsson et al., 2014; Yang et al., 2015).   

Table 2.2 is a summary of potential inulin-based biorefinery products and fermentation 

technologies.  The production of ethanol from JA tubers has been done through consolidated 

bioprocessing (CBP) using recombinant S. cerevisiae in batch fermentation mode (Remize et 

al., 1998; Zhang et al., 2010).  
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Table 2.2: Summary of potential inulin-based biorefinery products and fermentation technologies 
PRODUC
T MICROBE/ENZYME FERMENTATION REFERENCE 

IOS  Endoinulinase (Xanthamonas sp. and Pseudomonas sp.) Batch Cho et al., (2001) 

IOS Purified commercial endoinulase from A. niger n.a. Mutanda et al., (2008) 

Fructose Inulinase (Kluyveromyces sp) Continuous packed bed column Wenling et al., (1999) 

SCP Cryptococcus aerus G7a Batch Gao et al., (2007) 

Fructose Partially purified extracellular inulinase (A. niger mutant) Continuous packed bed column Nakamura et al., (1995) 

FOS Immobilised commercial endoinulinase from A niger Continuous packed bed column Nguyen et al., (2010) 

SCO Co-cultures of R mucilaginosa and P guilliermondii Batch Zhao et al., (2011) 

IOS  Recombinant E. coli expressing endoinulinase Continuous packed bed column Yun et al., (1999) 

IOS Recombinant E. coli expressing  Continuous packed bed column Yun et al., (1999) 

Fructose Partially purified exoinulinase (Kluyveromyces marxianus) Batch Sarup et al., (2006) 

IOS Immobilised endoinulinase (Pseudomonas sp) Continuous packed bed column Yun et al., (1997) 

Fructose n.a. n.a. Abozed et al., (2009) 

Ethanol Recombinant S. cerevisiae Batch Remize et al., (1998) 

Ethanol Recombinant S. cerevisiae Continuous packed bed column Remize et al., (1998) 

IOS  Immobilised endoinulinase (Aspergillus ficuum) Batch Jin et al., (2004) 

IOS Immobilised endoinulinase (Aspergillus ficuum) Batch Jin et al., (2004) 

IOS Recombinant S. cerevisiae (InuI) Batch Kim et al., (2006) 

IOS immobilised purified endoinulase (Xanthomonas sp) Batch Park et al., (1999) 

IOS Immobilised purified endoinulinase (Penicillium sp) Batch Nakamura et al., (1997) 

SCO Rhodotorula mucilaginosa TJY15a Batch Zhao et al., (2010) 

SCO Rhodotorula mucilaginosa TJY15a Batch-fed Zhao et al., (2010) 

SCO Recombinant Yarrowia lipolytica (INU1) Batch Zhao et al., (2010) 

SCP Mutant Cryptococcus aureus G7a Batch Zhao et al., (2010) 

Fructose Immobilised partially purified inulinase (Kluyveromyces) Continuous packed bed column Wei et. al., (1999) 

Fructose Immobilised partially purified exoinulinase (K. marxianus) Batch Singh et. al., (2007) 

Fructose Cocktail of A niger and C. guilliermondii hyrosylates Batch Sirisansaneeyaku et al., (2007) 

Ethanol  Recombinant S. cerevisiae (INU1) Batch Zhang et al., (2010) 

*IOS: Inulooligosaccharides 

 DP: Degree of polymerisation 

 SCO: Single cell oil 

 SCP: Single cell protein 

n.a.: not applicable 

The use of CBP, an energy and cost-efficient method, demonstrates the potential for the use 

of the tubers as an alternative and sustainable feedstock for ethanol production. However, 

there is a need to evaluate the potential of an integrated strategy for the extraction of inulin 

and protein, for use as a nutraceutical and high-value food product or nutritional supplement, 

respectively. Subsequently the potential to co-ferment the residual inulin and lignocellulosic 

fibres in tuber residues to ethanol will be investigated.  
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The summary from table 2.2 shows that the partial hydrolysis of inulin into inulin oligomers 

commonly known as fructooligosaccharides (FOS) is a preferred bioprocessing pathway for JA 

tubers. The data also demonstrates the use of free or immobilised endoinulinase for the 

partial hydrolysis of inulin into FOS (Yun et al., 1997; Jin et al., 2004; Nguyen et al., 2010). 

Complete hydrolysis of inulin into fructose is also an alternative processing option for inulin 

from JA tubers (Singh et al., 2007; Zhang et al., 2010). It is, therefore, important to develop 

recombinant expression systems for inulinase expression and bioprocessing systems for high 

enzyme yields and volumetric activities. Moreover, a cost-effective system for enzyme 

production is important towards the development of a technically and economically feasible 

JA tuber biorefinery. 

 

2.3. Inulin-based nutraceutical 

Consumer attitudes towards nutraceuticals are changing as a result of the products’ perceived 

heath and nutritious benefits (Bech-Larsen and Grunert, 2003; Urala and Lahteenmaki, 2007). 

Frost and Sullivan, (2011) reported that 35% of consumers globally were aware of the health 

benefits of nutraceuticals. Moreover, the global nutraceutical market compound annual 

growth rate (CAGR) was an estimated 14.7% in the period 2002-2010 and worth US$ 140.1 

billion (Frost and Sullivan, 2011). The Middle East and African nutraceutical market recorded 

the highest growth rate during the period 2007-2011; with an estimated CAGR of 8.7%, 

reaching a market value of US$ 2.5 billion (Research and Markets, 2012).  

The global market for fibre-based nutraceuticals is growing rapidly and was estimated to 

reach 766.9 million Euros in 2015 with an estimated CAGR of 14% in the period 2008-2015 

(Frost and Sullivan, 2008). Inulin and inulin-based fructooligosaccharides (FOS) dominate the 

(prebiotic) market, with an estimated market share of 70% and over 10% annual growth rate 

(Frost and Sullivan, 2008). FOS had a 15.4% market share (worth 45.8 million Euros) in the 

prebiotics market (Frost and Sullivan 2008). Furthermore, the inulin market is forecasted to 

grow with a CAGR of 6.5%, to reach a market value of US$ 2.5 billion by 2024 (Mondor 

Intelligence, 2018).    

Nutraceuticals are food products or extracts from foods that possess health benefits beyond 

the primary nutritional and dietary benefits (Palthur et al., 2010). They are consumed in the 

form of a conventional food or a dietary supplement (Kalra, 2003). Nutraceutical ingredients 
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include soluble fibres (prebiotics), probiotics, vitamins, carotenoids, fatty acids, minerals, and 

peptides. Vitamins, similar to antioxidants, can be taken as nutraceutical supplements to 

minimise the risks of hypertension and cardiovascular disease (Houston, 2013). The summary 

in table 2.3 is an illustration of the functional properties and health benefits of inulin-based 

nutraceuticals which are used as functional foods ingredients.  The summary shows that 

inulin-based nutraceuticals reduce the risk of cancer, diabetes, obesity and cardiovascular 

diseases, and have immuno-modulatory functions (Femia et al., 2002, Roller et al., 2004, 

Roberfroid, 2007, Singh et al., 2008, Kuo et al., 2013).). The use of inulin as an ingredient in 

food processing has no negative impacts on the properties (taste, texture, mouthfeel, heat 

stability, water retention) and quality of these conventional food products (Franck, 2002; 

Singh et al., 2008). 

Table 2.3: Inulin n health benefits, functional properties and uses 
Nutraceutical Health benefits Functional 

properties 
Uses  Functional 

advantages 

Native inulin Improves iron (Fe) 
absorption 
Reducing risk of 
cardiovascular 
diseases and obesity 

Good gelling, 
foaming and 
emulsion 
properties 

Fat replacement in 
the processing of 
frozen desserts, table 
spreads, dairy 
products, and salad 
dressings 

Low calorie 

FOS Reducing risk of 
cancer and diabetes 

Sweet 
Highly soluble 
Good, water 
activity, emulsion, 
and heat stability 

Sugar replacement in 
biscuits, chocolates, 
and cereals 

Improve taste, 
mouthfeel and  
crispiness 

FOS: Fructooligosaccharides 

 

2.4. Inulin structure and synthesis 

Inulin is a polyfructan found in a range of plants as a storage carbohydrate (Apolinaro et al., 

2014). Jerusalem artichoke, chicory, dahlia and agave are common plants that are known to 

have a significant quantity of inulin ranging between 15-21% w/w of wet tuber mass (Kosaric 

et al., 1984; Kaur and Gupta, 2002; Gupta et al., 2003). Inulin is also found in common 

household fruits and vegetables such as onion, banana, and garlic (Moshfegh et al., 1999). 

Inulin from JA and chicory is a linear polymer while it is branched in agave. Linear polyfructan 

is composed of β(2 → 1) linked D-fructose monomers (Figure 2.1) that may be terminated 

with a D-glucose monomer linked to a fructose through an ⍺-(2 →1) bond (Barclay et al., 
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2010). The degree of polymerisation (DP) refers to the number of fructose monomers in an 

inulin chain and ranges between 2 and 60 for native inulin. Branched inulin is also composed 

of β(2 → 1) bonds, with a significant amount of β(2 → 6) linkages (Ravenscroft et al., 2009).  

  

Figure 2.1: Illustration of an inulin polymer with 36 fructose molecules. N is the number of 

fructose molecules  (Redrawn according to Li et al . ,2015).  

Inulin is synthesised in plants by sucrose-sucrose fructosyltransferase (SST) and β(2 → 1)  

fructan fructosyl transferase (FFT) from sucrose to chains of various lengths (Itaya et al., 

1999). SST initiates inulin synthesis through the transfer of a fructose molecule from a sucrose 

molecule to another (Edelman and Jefford, 1968; Wagner and Wiemken, 1987) and 

subsequent elongation of the trisaccharide follows through FFT, which transfers more 

fructose molecules from a sucrose molecule (Edelman and Jefford, 1968). 

2.5. Inulin extraction 

Hot water diffusion is a common method of inulin extraction (Franck 2002) and is currently 

applied at industrial scale for the extraction of inulin from chicory (Meuser et al., 2009). Hot 

water extraction, however, requires high extraction temperatures and long duration to 

achieve economic yields (Lingyun et al., 2007, Yi et al., 2009; Tewari et al., 2015). Microwave 

(Tewari et al., 2015) and ultrasound-assisted extraction (Lingyun et al., 2007) are alternative 

methods that are being researched. The former uses microwave energy to rapidly heat the 
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solvent and this subsequently results in the rapid disruption of the biomass matrix and mass 

transfer of the extract into the solution due to the localised temperature and pressure (Zhang, 

2007; Zhou, 2008). Ultrasound extraction uses ultrasound to disrupt plant cell wall and this 

results in improved mass transfer of the extract (Lingyun, 2007).  

Inulin extraction is based on the solubility of inulin in water and is temperature as well as pH 

dependent (Yanovsky and Kingsbury, 1933; Naskar et al., 2010). A neutral pH (pH 7) is suitable 

for inulin extraction to avoid inulin hydrolysis (Matusek et al., 2009; Homme et al., 2003). In 

addition, inulin extraction can be performed from either fresh or dried tubers (Lingyun et al., 

2007; Li et al., 2012; Tewari et al., 2015). The former process option is ideal since drying has 

been shown to lead to inulin degradation, which consequently reduces the DP and limits the 

application of the derived inulin (Frank, 2002). Moreover, the extraction of inulin from wet 

tubers will reduce the cost of drying and storage (Lingyun et al., 2007).  

Extraction conditions such as temperature (50-80 oC), time (20 - 60 min) and solid loading (2.5 

- 10%) have been reported (Table 2.4) to affect the inulin yield (Tewari et al., 2015; Bekers et 

al., 2008; Lingyun et al., 2007). Lingyun et al., (2007) reported a maximum inulin yield of 78% 

of the tuber dry mass. The preferred extraction conditions for the maximum inulin yield were 

a temperature of 76.6 oC at a solid loading of ~ ca. 10% w/v for 20 min.  
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Table 2.4: Inulin extraction conditions and yield from dried and wet inulin-containing tubers 

Method 

Tuber 

form T (oC) Time (min) 

Yield 

(%) Reference 

Hot water Fresh 80 120 69 Yi et al., 2009 

Hot water Frozen 80 120 83 Yi et al., 2009 

Hot water Dry 80 120 98 Yi et al., 2009 

Hot water Fresh 50 240 21 Bekers et al., 2008 

Hot water Dry 50 240 95 Bekers et al., 2008 

Hot water Dry 68 40 12 Milan et al., 2011 

Ultrasonic Dry 37 25 24 Milan et al., 2011 

Hot water Frozen 80 60 14.42 Li et al., 2012 

Hot water Frozen 80 45 16.3 Li et al., 2012 

Microwave Dry 90 30 63 Tewari et al., 2015 

Hot water Dry 90 30 51 Tewari et al., 2015 

Hot water  Dry 76 20 78 Lingyun et al., 2007 

Hot water Dry 40 20 57 Lingyun et al., 2007 

 

Moreover, the yield of inulin was reduced at lower temperatures, for instance, with a yield of 

57.7% at 40 oC was observed. Li et al., (2012) reported a yield of 14.42% on wet mass basis at 

optimal conditions of 80 oC, 10% w/v of wet tubers and 60 min; temperature, solid loading 

and time, respectively. Bekers et al., (2008) obtained an inulin yield of ca. 95% at 50 oC for 

240 min with a solid loading of 11% w/v of dry mass. However, a lower yield of 21%, was 

obtained when using wet tubers and this could be attributed to the high viscosity of wet 

tubers which subsequently impacts mass transfer (Lingyun et al., 2007).  

The summary from table 2.4 illustrated that microwave and ultrasound assisted extraction 

resulted in higher inulin yields compared to hot water extraction. Lingyun et al., (2007) 
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reported an inulin yield of 83% with ultrasound assisted extraction compared to 76% with the 

conventional method. Moreover, the extract from the former consisted of 62% of oligomers 

compared to 64% from the latter. Tewari et al., (2015) also reported a higher inulin yield (63%) 

with microwave assisted extraction, however, the recovered inulin extract was of lower 

degree of polymerisation. The highly localised temperature and pressure induced by 

microwave energy was reported to result in inulin degradation to monomers which also 

affects the yield (Tewari et al., 2015). The degradation of inulin thereby limits the applications 

of the inulin extract obtained through ultrasound and microwave assisted extraction. In 

addition, the methods are ideal for the extraction and depolymerisation of inulin required for 

use in oligomeric form.  

2.6. Inulin purification 

The crude inulin extract from the tuber can either be purified/fractionated for use in powder 

and syrup form or partially hydrolysed into FOS (Franck, 2002). Fractionation involves the 

isolation of low DP (<10) fructans (Roberfroid, 2005) using techniques such as simulated 

moving bed chromatography (Gramblicka and Polakovic, 2007). The resulting hydrolysate 

from inulin hydrolysis is a mixture of sugars, FOS and long chain inulin (DP>10) and requires 

purification to obtain a pure mixture of FOS. The purity ranges from 50-95% depending on 

the intended use of FOS. The resulting liquid fraction from FOS purification is a rich source of 

sugars that can be used for ethanol production (Gramblicka and Polakovic, 2007). 

A range of techniques are available that can be applied for the fractionation and purification 

of inulin and FOS. Ultrafiltration, nanofiltration, activated charcoal and SMB are some of the 

available techniques, with the latter having the greatest potential for industrial scale 

application since it is operated in a continuous mode, has stable resins and does not use 

organic solvents (Nobre et al., 2013). SMB is an ion exchange chromatography-based 

technique and consists of a series of chromatographic columns that work in a continuous 

counter-current motion of the solid phase relative to the liquid phase (Bubnik et al., 2004).  
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2.7. JA tuber protein 

The protein content of the tubers ranges between 7.5-18% DM (Gunnarsson et al., 2014; 

Rube et. al., 2014; Johannson et al., 2015), which is predominantly of globulin and albumin 

family (Johannson et al., 2015).  Albumin is water soluble while globulin salt-soluble, thus 

suitable extraction process should be capable of extracting both types of protein.  Albumins 

and globulins are also the primary proteins in soy and pea proteins and have been reported 

to enhance the nutritional quality of these soy and pea proteins (Boye et al., 2010). Soy and 

wheat-based protein make up the bulk of the market for consumer-grade plant proteins 

(Frost and Sullivan, 2013). 

The essential amino acid content of the tuber protein is generally comparable to that of pea 

and soy protein (Table 2.5). However, lysine is relatively lower, at 42 mg/g compared to the 

range of 71-91 mg/g for the pea and soy protein. Notably, the content of sulphur containing 

amino acids of the tuber is comparable to the pea and soy protein. Moreover, Cieslik et al., 

(2011) reported a protein and essential amino acid content in the JA tuber that was higher 

than in potato. Potato protein is a new entrant in the market of plant proteins and currently 

produced and marketed by Solanic® for applications as an ingredient in the processing of 

beverages and a range of food products (Solanic, 2013).   

Table 2.5: Comparison of relative quantities of essential amino-acids 
Source   Amino acid composition (mg/g)    Reference  

 Lys Met Cys Try Thr Iso Leu Phe  Tyr Val   

Pea 71 6 5 10 38 47 71 30  35 55 Overduin et al., (2015) 

Whey 111 15 10 30 45 55 111 25  45 55 Overduin et al., (2015) 

JA 42 5.9 4.3 6.8 26 21 30 47  19 26 Bogucka and Jankowski (2020)  

Potato 1.24 0.3 0.2 0.3 0.7 0.8 1.2 0.9  0.4 1.4 Cieslik et al., 2011 

Soy 91 10 6 5 50 39 67 40  38 34 Tomoskozi et al., (2001) 

Pea 85 5 6 5 36 38 63 58  42 52 Tomoskozi et al., (2001) 

 

2.8. Protein extraction 

The choice of the protein extraction and purification method, and the process conditions are 

critical to obtain high quality proteins with minimal loss of the physicochemical properties, 

such as solubility and foaming capacity that make the proteins suitable for applications as 

food grade products. Moreover, the combination of the methods and process conditions 

should be carefully investigated to suite the solubility properties of the target protein to be 

extracted (Manamperi et al., 2011; Tan et al., 2011). Protein extraction can be achieved 
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through dry (classification and pin milling) or wet processing. Dry processing results in lower 

purity (38-65%) than wet processing with a purity of >70% (Boye et al., 2010). Wet processing 

involves the initial solubilisation of the protein from a solid residue and then protein recovery 

from the liquid fraction using ultrafiltration or precipitation (Boye et al., 2010; Taherian et al., 

2011). The liquid fraction also contains traces of ash, polysaccharides and fatty acids 

(Manamperi et al., 2011). Alkaline, water, salt and acid extraction are commonly used wet 

processing methods (Pace et al., 2004; Boye et al., 2010). Moreover, wet processing strategies 

are also widely applied in commercial protein extraction from soybean and yellow pea 

(Mizubuti et al., 2000; Pace et al., 2004; Barbosa et al., 2007).  

2.8.1. Protein solubilisation: An overview  

A range of chemical methods are available for protein solubilisation, however, their use at 

industrial level is limited either by low yields, high cost, low purity, reduced protein quality, 

or a combination of the factors (Fabian and Yu, 2011). Furthermore, harsh protein 

solubilisation methods, such as >pH 9 and temperature above 60oC, have been reported to 

result in anti-nutritional factors that reduce the bioavailability of amino acids, protein quality 

and digestibility (Gilani et al., 2012). Ethanol extraction severely affects protein solubility, and 

this ultimately reduces their functional properties. Robbins and Ballew, (1982) reported that 

the extraction of soy proteins at extreme alkali conditions (pH 12.5) reduces the bioavailability 

of sulphur containing amino acids. Subcritical water extraction is also a potential technique. 

However, Sereewatthanawut et al., (2008) reported a decrease in the content of amino acids 

as the temperature of extraction increased beyond 180 oC.  

2.8.2. Alkaline and acid protein solubilisation 

Alkaline extraction is used for protein solubilisation from plant sources such as peas, soybean 

and rice-bran, and is also applicable at industrial level. The solubilisation process disrupts 

protein-protein interactions (disulphide linkages, hydrogen bonds, ionic interactions and 

hydrophobic interactions) and selectively makes the proteins available in an aqueous form 

(Tecson et al., 1971; Pace et al., 2004). The pH, temperature and salt concentration are 

important process conditions to be considered for alkaline extraction (Lai et al., 2013; Baborsa 

et al., 2007). Alkaline conditions in the range of pH 7.5-9 are used for protein extraction from 

peas and soybeans (Mizubuti et al., 2000; Pace et al., 2004; Barbosa et al., 2007).  
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The effects of each of these process conditions vary depending on the protein composition or 

target protein. Baborsa et al., (2007) reported that the suitable extraction conditions for an 

isoflavone-rich soy protein isolate were pH 9 and a temperature of 55oC, and that the ionic 

concentration did not have a positive impact on the yield of the protein isolate. Mizubuti et 

al., (2000) used response surface methodology to demonstrate that only pH (8.5) and 

liquid:solid (5:1) ratio were the significant factors to maximize the yield of pigeon pea protein 

extraction. The above studies reported proteins yields of 63% and 74.8%, respectively, at the 

optimum conditions.  

Enzyme assisted alkaline protein extraction has been reported to enhance protein recovery 

(de Moura, et al., 2008; Sari et al., 2013). Sari et al, (2013) reported that the addition of an 

alkaline protease enzyme increased the protein yield from soybean meal from 80-90% and 

15-50% from rapeseed.  de Moura et al., (2008) reported a protein yield of 85% with the use 

of an endo-protease. The use of enzyme assisted extraction should, however, be weighed 

against the marginal cost of using the enzyme.  

Acid extraction involves protein solubilisation under acidic conditions and can be used with 

ultrafiltration for protein recovery (Boye et al., 2010, Lam et al., 2016). Acid extraction of grass 

pea protein resulted in a 92% yield at an optimum pH, time and solids loading of 2.57, 48 min, 

10% w/v, respectively. The protein isolates showed a lighter colour and better foaming and 

emulsification capacity compared to alkaline extracted isolates (Feyzi et al., 2018). Thereby, 

the solubility pH range of proteins is wide and needs to be specifically determined due to its 

importance in protein recovery and functional properties (Mizubuti et al., 2000; Pace et al., 

2004; Boye et al., 2010, Feyzi et al., 2018)   

2.8.3. Water extraction 

Water soluble proteins can be extracted directly from the biomass with water at a neutral 

pH. Albumin type of protein are water soluble and can be extracted from their plant source 

directly with water (Boye et al., 2010; Johannson et al., 2015). Although, there are no 

literature reports of water protein extraction from JA tubers or any tubers, water extraction 

has been reported for peas. Water extraction usually requires multiple extraction steps to 

improve the protein yields (Martin-Cabrejas et al., 1995). Protein yields of up to 60% have 

been reported for chickpeas, with multiple extraction steps employed to enhance the 

protein recovery (Cai et al., 2001). 
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2.8.4. Salt extraction 

Salt extraction is based on the solubility of certain proteins in a salt concentration and the 

protein salting in and out phenomenon (Can Karaca et al., 2011, Stone et al., 2015). The salting 

in phenomenon occurs at low ionic concentration where the salt ions shield the protein 

molecules from each thereby promoting solubilisation (Duong-Ly and Gabeli, 2014).  The 

effectiveness of the method is dependent on the ionic strength which in turn is a factor of the 

type of salt used (Marquez et al., 1996; Stone et al., 2015). Calcium chloride and ammonium 

sulphate are commonly employed for salt extraction. The salt solubilised protein can be 

subsequently recovered through precipitation which is achieved by dilution of the solution to 

lower the ionic strength (Duong-Ly and Gabeli, 2014, Can Karaca et al., 2011). The precipitated 

protein is then recovered through centrifugation or filtration methods. Protein recoveries of 

84 and 87% have been reported with salt extraction, for bean protein (Marquez et al., 1996) 

and chickpea (Paderes–Lopez et al., 1991), respectively. Moreover, Can Karaca et al., (2011) 

illustrated that salt extracted soy protein isolates had superior functional properties i.e. 

emulsification and creaming stability than isoelectric precipitated isolates. Stone et al., (2015) 

also demonstrated that salt-dialysis extracted pea protein isolate had superior functional 

properties compared to alkaline-precipitation extracts.  

 

2.8.5. Ultrafiltration 

The protein recovery process is vital to isolate and concentrate proteins from the liquid 

fraction to an isolate with minimal (<10%) anti-nutritional components and impurities such as 

ash, sugars, phytic acids, and fatty acids (Singh et al., 2008). Ultrafiltration has been reported 

to be efficient in protein recovery and reduction of anti-nutritional factors. (Lai et al., 2013; 

Taherian et al., 2011). Boye et al., (2010) reported that yellow pea protein recovered through 

ultrafiltration had minimal phytic acid content and excellent physicochemical properties. 

Moreover, a yield of 57% was achieved compared to a yield of 55% through isoelectric 

precipitation. Lai et al., (2013) reported a protein recovery yield of 90.3% with ultrafiltration 

at pH 9. Moreover, this resulted in a lower ash and phosphate content in the recovered 

protein isolate. Lai et al., (2013), reported a protein recovery yield of 97.75% with 

ultrafiltration at pH 7.5. 
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2.8.6. Protein extraction from tubers 

Protein extraction from tubers is not well published however, the knowledge of the protein-

type composition of the tubers may be used to determine the potential extraction process.  

JA tubers are primarily composed of globulin and albumin type proteins (Johannson et al., 

2015).  Albumin is water soluble while globulin salt soluble.  Moreover, albumins and globulins 

are also the primary proteins in soy and pea proteins (Boye et al., 2010). Therefore, protein 

extraction processes such as alkaline and salt extraction may be considered as potential 

methods for protein extraction from JA tubers. 

Protein extraction from potato juice is a common waste valorisation option in the potato 

processing industry. Extraction of starch is the primary processing option, and this is preceded 

by the rasping of the potato and separation of the fruit pulp into fibres, starch slurry and 

protein rich juice (Bartova and Barta, 2009). The protein is subsequently precipitated from 

the juice with ethanol, ferric chloride (Bartova and Barta, 2009), sulphuric acid (Waglay et al., 

2014), chromatograph or filtration methods (Lokra et al., 2019).  

 

2.9. Challenges of sequential protein and inulin extraction 

The co-production and implications of integrating inulin and protein extraction from JA tuber 

are not well documented in literature; however, the potential reductions in yields, purity and 

quality of inulin and protein are inevitable during sequential extraction. Therefore, the 

potential impacts of integrating the extraction processes for inulin and protein on both the 

yield and quality of the extracts will be discussed. 

In summary, the data from literature showed an overlap in the temperature for inulin and 

protein solubility, consequently demonstrating the potential of poor selectivity in water 

extraction. Therefore, a non-solvent approach, based on the pressing of the tuber pulp can 

offer an alternative to selectively isolate one of the products from the press juice and the 

other from the solid residue. Moreover, the impacts of solids loading on the solubility of 

protein and inulin from JA tubers are not well documented. Thus, differential solubility and 

selective extraction based on solids loading is another alternative approach which is 

applicable to water extraction. 
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An insignificant inulin degradation and subsequently yield loss could be experienced during 

sequential extraction if protein extraction is performed at room temperature prior to inulin, 

since protein solubilisation is performed at alkaline (pH>7.5) conditions (Lai et al., 2013; 

Baborsa et al., 2007). Inulin and FOS are prone to hydrolysis under acidic conditions (pH <4) 

and high temperatures (50 oC). Furthermore, the rate and degree of hydrolysis increase as the 

pH decreases and temperature increases (Matusek et al., 2009; Homme et al., 2003; 

Glibowski and Bukowska, 2011). Matusek et al., (2009) reported that the hydrolysis of FOS 

was insignificant at pH 2.7 and 3.3 at a temperature of 60 oC. FOS hydrolysis was, nonetheless, 

reported to be significant between 70-80 oC and to rapidly increase as temperature increased 

beyond 90 oC. The experimental data from both Homme et al., (2003) and Glibowski and 

Bukowska (2011) showed no inulin and FOS hydrolysis at pH 9 and temperature range of 80-

120oC.Homme et al., (2003) reported that no sucrose and FOS hydrolysis was observed even 

after 24 hours of exposure at pH 9 and temperatures between 80-120 oC. 

Lim et al., (1999) reported that increasing the temperature of extraction and molarity of 

sodium hydroxide (NaOH) improved the efficiency of protein removal from rice starch. The 

study showed that increasing the extraction temperature from 20 to 40 oC further reduced 

the protein content in starch by approximately 1% point (~25% reduction). The change in 

temperature and concentration of NaOH also resulted in an increase in the amount of soluble 

starch loss. Increasing the temperature of extraction from 25-45 oC resulted in an increase in 

starch loss from 1.42% to 2.94%. The starch loss was 1.38% when the protein extraction was 

done with 0.2% NaOH at 20 oC compared to 1.08% with 0.1% NaOH.  

The literature data illustrates an uncertainty in the exact effects of sequential inulin and 

protein extraction on the extent of the yield loss. However, the data shows that some level of 

co-extraction may be experienced despite the sequence of extraction. Severe inulin co-

extraction will be experienced if the protein is extracted first and at temperatures above room 

temperature. Protein extraction at temperatures around 50 oC prior to inulin is likely to result 

in the loss of short chain (DP 2-10) inulin oligomers because of the differential solubility of 

inulin. Wada et al., (2005) reported that the solubility of native inulin (DPav 12, DP 2-60) was 

higher than that of HP-inulin (DPav 25, DP 10-60) in the temperature range of 25-70 oC which 

formed the scope of the study. The solubility of FOS and HP-inulin, at 50 oC was reported to 
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be 22 % and 3 %, respectively. Furthermore, Kim et al., (2001) reported a solubility of 1.2 % 

for HP-inulin at the same temperature.  

Water soluble proteins constitute a significant portion of impurities from inulin extraction (Liu 

et al., 2012; Zhi-fu et al., 2009). The proteins have been reported to possess temperature 

dependent solubility (Gujska and Khan, 1991; Christopher et al., 1998; Rashid et al., 2014). 

Moreover, proteins are known to denature as the temperature increases beyond their 

stability range. Pelegrine and Gasparetto, (2005) reported that the solubility of whey proteins 

at pH 6.8 decreased with increasing temperature, thus indicating thermal denaturation. The 

solubility dropped from 87 g/100 g to 67 g/100g protein when the temperature was increased 

from 40 to 60 oC. These results demonstrate that the process of sequential extraction may 

result in loss of protein yields and physicochemical properties as a results of inulin extraction 

prior to protein extraction. 

2.10. The importance of inulinases in JA based biorefining 

2.10.1. Overview of inulinases 

Inulin hydrolysis into a wider range of products, could play a significant role in enhancing the 

economic value of a JA tuber-based biorefinery (Li et al., 2013; Long et al., 2016). Although 

acid hydrolysis of inulin is an efficient and cost-effective method, it is undesirable due to 

Maillard reactions, between inulin and protein components, that cause pigmentation, difficult 

to separate and results in microbial inhibitors (Qui et al., 2018). Enzyme hydrolysis is thus a 

better alternative, which fits well within green production technology and biorefining 

(Herrero and Ibanez, 2015). Furthermore, enzyme hydrolysis can be potentially integrated 

with extraction or fermentation thereby enhancing the productivity and feasibility of a JA 

biorefinery (Qui et al., 2018).  

Inulinases are a furan fructose hydrolase type of enzymes that act on the  β(2 → 1) linkages 

of the inulin (Franck, 2002). Inulinases are divided into two groups, exoinulinases 

(E.C.3.8.1.80) and endoinulinases (E.C.3.2.1.7), and distinguished by their differential 

hydrolysis (Figure 2.2) of the β(2 → 1) linkages (Singh and Chauhan, 2018). Exoinulinases act 

by cleaving a fructose monomer from the non-reducing end of inulin, while endoinulinase 

randomly cleaves the inulin β(2 → 1) linkages to produce inulooligosaccharides (Singh and 

Chauhan, 2018).  
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Figure 2.2: Differential hydrolysis of inulin by exoinulinase and endoinulinase into fructose and fructooligosacharides, 

respectively (Redrawn according to Li et al .,2015) 

2.10.2. Endoinulinases native sources and production 

Endoinulinases naturally exist in plants, fungi, yeast and bacteria (Li et al., 2012; Singh et al., 

2013; Sing and Chauhan 2017). Microorganisms are the best sources for commercial 

endoinulinase production (Leelaram et al., 2016), because of their ease for large scale 

production, however, the low enzyme productivity from native strains is a major disadvantage 

(Table 5). In addition, the production of non-homogeneous enzymes from native host is a 

major challenge due to co-expression and secretion of other native enzymes (Rose and van 

Zyl, 2008). High enzyme volumetric activity and homogeneity are important to enable cost 

effective and efficient downstream processing in commercial production (Cheng et al., 2002).  

Singh et al., (2013) isolated an endoinulinase producing Bacillus safensis from Asparagus sp. 

root tubers, with an activity of 12.56 U/ml after a 20-hour shake flask cultivation at 37oC. An 

endoinulinase producing Aspergillus tritici isolated from Asparagus sp. root tubers showed an 

activity of 23.01 U/ml after a 70-hour cultivation in a shake flask (Singh et al. 2016). Li et al., 

(2002) reported an endoinulinase activity of 16.70 U/ml from a native strain of Yarrowia 

lipolytica. In contrast recombinant strains produced enzyme with endoinulinases volumetric 

activity higher than the native strains (Table 2.6).  

Recombinant DNA technology is a commonly used method for heterologous protein 

expression and yield improvement in enzyme production from microorganisms (Rose and van 

Zyl, 2008; Alriksson et al., 2009; Leelaram et al., 2016). Moreover, heterologous protein 

expression offers a method for enzyme production with improved homogeneity (Rose and 

van Zyl, 2008). The activity in recombinant strains of 20 to 200-fold higher than the native 
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strains (Table 2.6), demonstrates the potential of recombinant strains for high level 

expression and secretion of industrially important enzymes.  Furthermore, the volumetric 

activities were generally higher for bioreactor cultivation, in comparison to shake flask 

cultivation, thereby illustrating the potential of upscaling the production of recombinant 

endoinulinases without compromising the yields.  

Table 2.6: Comparison of inulinase activity between native and recombinant host 

Organism Enzyme 

Enzyme 

Activity 

(U/ml) Mode Reference   

Y. lipolytica endo-inulinase 16 shake flask Li et al. 2012 

B. safensis endo-inulinase 12 shake flask Singh et al. 2013 

Pichia pastoris* inulinase 286 bioreactor Zhang et al. 2009 

P. pastoris* inulinase 1222 shake flask Zhang et al. 2012 

K. marxianus inulinase 208 shake flask Silva-Santisteban et al., 2009 

P. Pastoris* endo-inulinase 3860 bioreactor Chen et al. 2015 

Penicilliun oxalicum inulinase 38 shake flask Sing and Chauhan 2017 

B. safensis endo-inulinase 28 shake flask Singh and Singh 2014 

P. pastoris* endo-inulinase 1650 bioreactor Yang et al. 2016 

Xanthomonas sp. endo-inulinase 20 shake flask Park and Yun 2001 

*Recombinant host 

2.10.3.  A. niger in the production of recombinant enzymes 

Filamentous fungi, Aspergillus sp., is widely used as a host for industrial production of 

recombinant protein. Aspergillus sp. has rapid growth, high production and secretion 

capacity, as well the ability to perform post translational modifications (Rose and van Zyl, 

2008; Krull et al, 2008). The expression of inulinase from the native host is induced by inulin 

and sucrose and repressed by glucose (Liu et al., 2013).  Thus, expressing endoinulinase from 

A. niger under a glucose induced promoter will ensure sufficient homogenous production of 

the target protein (Rose and van Zyl, 2008; Alriksson et al., 2009). 
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Moreover, the use of A. niger for the recombinant production of endoinulase, which has 

potential application inulin hydrolysis in the food and pharmaceutical industry (Fanck, 2002, 

Singh and Chauhan, 2018, will be advantageous due to the species’ GRAS (Generally Regarded 

As Safe) status and thereby (Krull et al., 2013).  

High volumetric enzyme activities can also be achieved through high biomass density cultures 

in submerged fermentation (Cheng et al., 2002; Xiong et al., 2007). In addition, overcoming 

viscosity challenges in high density fermentation of Aspergillus is crucial for high biomass yield 

and volumetric concentration of the recombinant protein (Lopez et al., 2005; Driouch et al., 

2010). 

Poor mixing due to high viscosity consequently results in inefficient mass transfer, nutrient, 

and oxygen diffusion thereby, limiting the productivity (Papagianni and Mattey, 2006; 

Karahalil 2017; Singh et al., 2018). A. niger has been reported to change from pellet to hyphal 

morphology to adapt to low oxygen conditions associated with high-cell density fermentation 

(James et al., 2007; Papagianni and Mattey, 2006). In addition, high agitation is necessary for 

high cell density cultures, to ensure efficient mixing and consequently efficient oxygen and 

nutrient diffusion. However, this results in severe shearing forces, which may cause fungal 

fragmentation. Lopez et al., (2005) demonstrated that agitation speeds of > 300 rpm caused 

excessive shearing and fungal fragmentation and subsequently growth as well as enzyme 

production cessation. Therefore, the morphological change is due to a combination of factors 

including low dissolved oxygen in the culture, the resulting shear forces from high biomass 

concentration collision and high agitation speed.  

The different culture morphology of Aspergillus sp have in some instances shown to have 

different impacts on both fungal growth and recombinant enzyme production (Table 2.7), 

thus affecting the enzyme yield and productivity of recombinant systems (Porcel et al., 2007; 

Haack et al., 2007; Haq et al., 2015). Moreover, the mechanism through which the impacts 

are exerted, differ by strain and type of recombinant protein. Sporh and co-workers (1999) 

reported that the reduction in amylase production by A. oryzae, following a morphology 

change from pellet to mycelial, was due to a significant reduction of actively growing tips 

when the fungi grew in mycelial form.  
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Haack and co-workers (2006) reported that A. oryzae growth and lipase production were 

inhibited by low oxygen availability because of increased biomass concentration, morphology 

change from pellet to mycelium, during the feeding phase of an exponential fed-batch 

culture. Lopez and co-workers (2005) reported that A. terruus grew in large fluffy pellets 

morphology at DO levels of 80% saturation and agitation speeds less than 300 rpm. A terruus 

however, grew in small pellet at agitation speeds > 300, and this resulted in significant 

lovastatin productivity reduction (Lopez et al., 2005).  

In contrast, phytase production from A. ficuum (Coban et al., 2015) and fructofuranosidases 

production from A. niger (Driouch et al., 2012) were enhanced by fungal growth in small 

pellets. Driouch et al., (2012) further illustrated that the total biomass obtained when the 

fungi was growing in large pellets was not significantly different to the biomass when fungi 

was growing in small pellets. Thus, the enhanced enzyme productivity was attributed to 

efficient aeration and nutrient transfer in small pellets, with larger pellets having limited 

oxygen and nutrient transfer to the inner parts of the pellet (Driouch et al., 2010 and Driouch 

et al., 2012).  

Table 2.7: The impact of A. niger growth morphology on recombinant protein production 

Fungal 
Strain 

Enzyme/Protein Morphology 
change 

Impact on 
enzyme 
productivity 

Reference 

A. oryzae Amylase Pellet to 
mycelia 

Reduction Sporh et al., 1999 

A. terruus Lovastatin Large to 
small pellets 

Reduction Lopez et al., (2005) 

A. ficuum Phytase Large to 
small pellets 

Enhanced Coban et al., 2015 

A. niger Fructofuranosidases Large to 
small pellets 

Enhanced Driouch et al., 2012 

A.oryzae Lipase Pellets to 
mycelia 

Inhibited Haack et al., (2006) 
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2.10.4. Mechanism of overcoming limitations of high-cell density culture of Aspergillus 

Submerged high biomass density culture is an industrially suitable strategy for high enzyme 

productivity in Aspergillus sp. and recombinant protein production.  However, the viscosity 

limitations, associated with high cell density, severely impacts the mixing, oxygen, and 

nutrient distribution efficiency. Therefore, this results in low productivity than the maximum 

attainable.  

Morphology engineering, through the manipulation of cultivation conditions such as 

inoculum concentration, pH, dissolved oxygen concentration and agitation, promotes fungal 

growthin pellet morphology, and thus has the potential to minimise problems associated with 

high cell density fermentation (Karahalil 2017; Singh et al., 2018). A culture pH of 5 has been 

reported to enhance pellet morphology for Aspergillus niger in submerged fermentation 

(James et al., 2007). Moreover, the use a pre-culture inoculum is better in promoting pellet 

morphology than the use of a spore inoculum (James et al., 2007; Papagianni and Mattey, 

2006).  

The feed concentration is an important factor in reducing broth viscosity through controlling 

the biomass concentration during fed batch fermentation (Bhargava et al., 2003; Lopez et al., 

2005). The reduced viscosity is necessary for efficient mixing, oxygen, and nutrients diffusion 

(Bhargava et al., 2004; Driouch et al., 2010). The feed concentration should be enough to 

reduce the viscosity without compromising the volumetric productivity of the culture. Thus, 

the use of a dilute feed, to control viscosity, should be avoided due the effect of culture 

dilution and consequently limiting the attainment of high biomass concentration and enzyme 

yield.  

The composition and relative ratios of the carbon and nitrogen source is also an important 

determinant of the fungal morphology for submerged A. niger culture (Kumar et al., 2006). 

The composition of the nutrients should be selected considering the nature of the host and 

subsequently optimised to enable the highest possible enzyme yield. Lopez and co-workers 

(2003) reported the best productivity of lovastatin in A. terreus when a slowly metabolised 

carbon source was used under limiting nitrogen conditions. Furthermore, the pellet growth 

morphology was maintained under the conditions and this was ideal for optimal lovastatin 

production. The use of highly metabolizable nutrients results in rapid growth in filamentous 
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morphology, which results in oxygen transfer limitations, and subsequently limits the 

achievement of high biomass yields and protein synthesis (Kumar et al., 2003). 

2.9. Integration of ethanol production with protein and inulin production using JA tubers 

2.9.1. Overview  

The continued reliance on fossil fuels is unsustainable due to the increased emission of GHGs, 

depletion of resources and price increases (EIA, 2018a; Woods et al., 2010). The International 

Energy Agency reported that the 4% increase in renewable energy production and use (EIA 

2018b) played a major role in reducing CO2 emission, which could have been 50% more than 

currently reported (EIA 2018a). Ethanol is currently the most widely used biofuel, with 90% 

of its production dedicated for energy consumption (AGMRC, 2017).  

A wide range of biomass feedstock are available for ethanol production, however, there still 

exist sustainability and technical challenges related to their use (Yuan et al., 2011; Thompson 

2012; Favaro et al., 2017). The use of grain crops for bioethanol production is a threat to food 

security due to competition for arable land (Tenenbaum, 2008; Thompson, 2012). Although 

agricultural and forestry waste are cheap, abundant, and a potential feedstock for ethanol, 

LCFs based biomass still have major challenges due their recalcitrant nature. Thus, the 

exorbitant cost of pre-treatment and large enzyme dosage requirement could ultimately 

offset the low biomass cost (Favaro et al., 2017). 

JA tubers on the other hand are composed of inulin, a fructose polymer that is relatively 

soluble in water (Yanovsky and Kingsbury, 1933; Naskar et al., 2010), and therefore do not 

need expensive pre-treatment before fermentation (Yuan et al., 2011). JA is a drought and 

salt stress tolerant crop and requires minimal cultivation inputs such as the use of inorganic 

fertiliser and pesticides, which are environmental-unfriendly (Zhang et al., 2011; Gunnarson 

et al., 2014, Long et al., 2014). In addition, the limited or no use of synthetic fertilisers and 

pesticides contributes to minimising the emission of GHGs and contamination of the 

underground water table (Long et al., 2014). Therefore, an integrated approach, involving 

protein and inulin extraction for use as food products or the protein as animal feed, and 

subsequently fermenting the extraction residues into ethanol, for the use of JA tubers as 

biorefinery feedstock may not result in competition for arable land between food and fuel 

production.  
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2.9.2. Fermentation of tubers for ethanol production 

Simultaneous saccharification and fermentation (SSF) is commonly applied in the industry for 

ethanol production from starch and LCF-based biomass (Olofsson et al., 2008; Yuan et al., 

2011) and has the potential to make ethanol production from JA tubers economically feasible 

(Kadar et al., 2004). Furthermore, high solid loading fermentation is important in improving 

the productivity of SFF by increasing the concentration of ethanol, which subsequently 

reduces the distillation cost during downstream processing (Puligundla et al., 2011, Liu et al., 

2012, Wang et al., 2013).  

However, high solid loading fermentation of tubers is limited by their high viscosity 

(Srichuwong et al., 2009). High viscosity results in poor mass transfer and consequently 

incomplete hydrolysis as well as low ethanol yields (Srichuwong et al., 2009, Lim et al., 2013, 

Zhang et al., 2011). Moreover, high solid loading increases the external osmotic pressure 

thereby reducing cell viability and growth of the yeast and in turn fermentation productivity 

(Liu et al., 2012, Wang et al., 2013). 

Fed batch fermentation is a process option that helps to alleviate mass transfer limitations 

associated with high solids loading fermentation (Hoyer et al., 2010; Huang et al 2011). The 

gradual addition of the substrate thereby reduces broth viscosity and enables sufficient 

mixing for optimal fermentation productivity (Hoyer et al., 2010). Furthermore, cell wall 

degrading enzymes such as cellulase, xylanase and pectinase have been reported to reduce 

the viscosity of tubers such as cassava and potato (Shrichuwong et al., 2009; Yingling et al., 

2011). The enzymes reduce the viscosity through disruption of the cell wall matrix that traps 

water, thereby decreasing the viscosity of tuber residues during fermentation (Poonsrisawat 

et al., 2011). 

Zhang and co-workers (2010) demonstrated that the use of xylanase significantly reduced the 

viscosity of sweet potato mash, resulting in an ethanol yield and theoretical yield equivalent 

of 135.1 g/kg and 90.7%, respectively. Lim and co-workers (2013) achieved 14.92% (v/v) 

ethanol and 91.0% of theoretical yield with the use of Viscozyme® in the high gravity 

fermentation of potato mash. The use of amylase has also been reported to enhance high 

solids fermentation of cassava mash at solids loading of 40% (w/v) (Yingling et al., 2011). 
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2.9.3. Enzymatic hydrolysis of JA tubers and synergism of cocktail enzymes  

The successful use of JA tubers as a feedstock for ethanol production is dependent on the 

efficient hydrolysis of the complex polymers into fermentable sugars (Goncalves et al., 2015).  

The primary source of sugar present in JA tubers is in the form of inulin, a fructose polymer 

that is relatively soluble in water (Yanovsky and Kingsbury, 1933; Naskar et al., 2010) and does 

not require expensive pre-treatment before hydrolysis and fermentation (Yuan et al., 2011). 

The tuber residues from the extraction of inulin and protein, are however, enriched with 

lignocellulosic fibres. Therefore, the tuber residue will require a cocktail of inulin and 

lignocellulosic hydrolysing enzymes to effectively hydrolyse the sugar polymers for 

fermentation. 

Enzymatic hydrolysis is also important in the disruption of cell wall components (Yingling et 

al., 2010) of tubers such as pectin (Lim et al., 2013). Pectin is a well-documented contributor 

of viscosity during tuber fermentation (Zhang et al., 2010; Lim et al., 2013). Thereby the 

inclusion of an accessory pectin degrading enzyme may enhance the hydrolysis efficiency of 

JA tubers and fermentation productivity of the high solids SSF of the tuber residues.  

Enzyme cocktails work in synergy and this synergy can be reciprocal where the effect of one 

enzyme liberates the substrate for the other and vice versa (Hunag et al., 2012; Berlin et al., 

2006). Accessory enzymes also contribute to the synergy even when they are indirectly 

involved in the hydrolysis of sugar polymers to fermentable sugars (Sun et al., 2015). In 

addition, synergism depends on the molar ratio, the density and crystallinity of the interacting 

molecules as well as degree of polymerisation of the sugars (Hu et al., 2011; Hu et al., 2014). 

Liu and co-workers (2016) reported that reciprocal synergy existed between endo- and 

exoinulinases in the hydrolysis of inulin.  The study demonstrated that endoinulinases was 

important in disruption of the supramolecular structure due the enzyme’s ability to randomly 

cleave inulin into oligomers of low DP. Inulin cleavage into oligomers subsequently makes it 

more soluble and accessible to exoinulinases hydrolysis into fermentable monomers. 

Consequently, the cleavage of these oligomers by exoinulinases is important in reversing 

endoinulinases inhibition by the oligomers. 

The addition of pectinase has been reported to enhance the hydrolysis of cellulose, in 

lignocellulosic biomass, through the hydrolysis and disruption of pectin coating cellulose 
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fibres to liberate cellulose for its respective enzyme (Hu et al., 2011). The enzymes lytic 

polysaccharide monooxygenases have been demonstrated to significantly improve the 

efficiency of cellulase, through the disruption of the cellulose crystalline structure and 

subsequently improving cellulose solubility (Hu et al., 2014; Jung et al., 2015).  

Therefore, to achieve sufficient biomass hydrolysis with low enzyme dosage, the composition 

of the biomass and the synergistic mechanisms of the enzymes should be considered in the 

formulation and optimisation of enzyme cocktails.  

2.11. Conclusions from literature 

The steady growth in the global nutraceutical and functional food market (Frost and Sullivan, 

2011) is attributed to increasing consumer health concerns such as diabetes, obesity, and 

atherosclerosis; nutraceuticals’ perceived health as well as nutritious benefits (Bech-Larsen 

and Grunert, 2003; Urala and Lahteenmaki, 2007). Moreover, there is also a relationship 

between the demand for plant-derived nutraceuticals and protein supplement, and 

productive land because these products are derived from crops such as JA, agave, and chicory, 

potato, and peas. The increase in agricultural activities will consequently increase the energy 

demand and overreliance on fossil fuels, thereby further complicating measures to deal with 

global warming. This increase in nutraceuticals, protein and energy demand will ultimately 

put pressure on resources; therefore, there is a need to prospect for new feedstocks for 

nutraceutical ingredients, protein and bioenergy and ways to exploit them sustainably while 

mitigating the dire effects of global warming. 

Currently there is a wide range of literature-based data on the use of Jerusalem artichoke 

tuber as a feedstock for ethanol, fructooligosaccharides and fructose production from inulin 

(Chi et al., 2011; Yang et al., 2015). The tuber also contains protein with a significant 

proportion of essential amino acids (Cieslik et al., 2011). In addition, a biorefinery approach 

to the utilisation of biomass feedstock has been reported to improve the sustainability of 

commercial exploitation of crops for food, animal feed, biofuels, and chemicals production 

(Kachrimanidou et al., 2015; Xiang and Runge, 2014). Therefore, the co-production of inulin 

and protein from the tuber may potentially improve the sustainability of processes involving 

the former. Moreover, the extraction process of inulin, from the tuber, results in yields less 

than the theoretical maximum yield from the raw material (Tewari et al., 2015; Bekers et al., 

2008; Lingyun et al., 2007). Therefore, the residual inulin and insoluble LCFs are a potential 
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source of fermentable sugars for ethanol production. Valorisation of the inulin and protein 

extraction waste residues may further improve the sustainability of the biorefinery because 

of the co-production of food, feed, and fuel products.  

 This multiproduct biorefinery approach has the potential to enhance the viability of a JA-

based biorefinery, however, yield and quality loss of the products are inevitable, due to the 

integration of multistep processes.  Furthermore, the process conditions in each processing 

step will affect the quality of the target product and simultaneously influence the accessibility 

as well quality of the retained product, which is to be extracted in the subsequent step.  

The purpose of this study was to optimize and integrate processes to sequentially extract 

protein and inulin with potential use as a nutritional supplement and nutraceutical, 

respectively. The desirability function, which enables multi-factor optimisation, was used to 

develop an optimized biorefinery scenario with specific attention on the yields and functional 

properties. Furthermore, the optimal biorefinery scenario was achieved with a minimal 

number of process steps. The DPav and functional properties were used as the performance 

indicators to determine the quality of inulin-based products and proteins, respectively.  

Inulin hydrolysis has an important role in expanding the economic viability of inulin-based 

biorefining. Therefore, endoinulinases is an important enzyme in enhancing the feasibility of 

a Jerusalem artichoke based biorefinery involving inulin extraction and processing.  

Filamentous fungi, Aspergillus sp. is widely used as recombinant host for high-level and 

homogenous industrial enzyme production (Alriksson et al., 2009; Leelaram et al., 2016), due 

to their rapid growth, high productivity, efficient secretion, as well post translational 

modifications (Rose and van Zyl, 2008; Krull et al, 2008). Moreover, Aspergillus sp. has the 

GRAS status and thereby has a potential application for enzyme production for use in the food 

and pharmaceutical industries (Krull et al., 2013). The interaction between the strain and 

recombinant gene expressed is an important factor in determining the biomass growth and 

protein expression productivity in Aspergillus sp (Haack et al., 2006). Moreover, overcoming 

viscosity challenges in high cell density fermentation of Aspergillus is crucial in the 

development of A. niger as recombinant host, to enable achievement of a high biomass yield 

and enzyme volumetric concentration of the recombinant protein (Lopez et al., 2005; Driouch 

et al., 2010). Therefore, the potential of a recombinant A. niger strain as a host for 
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endoinulinase production, with a glucose limited fed batch exponential fermentation 

strategy, was investigated. The relationship between culture viscosity, growth rate, biomass 

growth and morphology as well as enzyme production during high cell density fermentation 

of recombinant A. niger was investigated.  

Protein and inulin extraction from the tubers result in an increase in the proportion of 

lignocellulosic fibres (LCFs) relative to the residual inulin in the extraction residue. LCFs result 

in stearic hindrance and unproductive enzyme bindings. Therefore, the design and use of 

appropriate enzyme cocktails with the ability to disrupt the complex interactions among the 

different sugar polymers of the tuber waste residues could enhance the fermentation 

productivity during ethanol production. Moreover, fed-batch fermentation is an industrially 

relevant method used to attain high ethanol concentration to reduce downstream distillation 

cost. However, high viscosity is one of the major challenges for tuber fermentation. Therefore, 

this study explored the potential of fed-batch fermentation in combination with a cocktail of 

hydrolytic enzymes in overcoming the viscosity limitation during high solid simultaneous 

saccharification and fermentation of the tuber extraction residues.  
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3. CHAPTER THREE: STUDY AIM AND OBJECTIVES 

The purpose of the study was to investigate and optimise the technical feasibility of JA-based 

multiproduct biorefinery for the co-production of protein, inulin, and ethanol. The approach 

for the development of this conceptual biorefinery involved (I) integration of a protein 

extraction step into the conventional hot-water extraction of inulin, (II) evaluating the 

potential of recombinant A. niger strain as host for the production of endoinulinases and (III) 

optimisation of an enzyme cocktail for the hydrolysis and fermentation of the protein and 

inulin extraction residues. This biorefinery approach has the potential to minimise waste 

production by incorporating protein extraction to the inulin extraction process and 

subsequently valorising the extraction residues. The use of non-solvent protein extraction 

may be an important step towards minimising water usage in the sequential extraction step. 

Moreover, biorefining enables the development of a multi-product approach with a potential 

to enhance the feasibility of using JA tubers. This section aims to highlight the novel aspects 

addressed in each of the three main objectives of this thesis. 

3.1. Integration of protein extraction into the conventional inulin extraction process 

from JA tubers 

A multi-product approach for the production of protein and inulin from JA tubers has the 

potential to improve the economic benefits of using JA tubers. Furthermore, it 

mayminimise the waste production associated with the conventional single product use 

of either inulin extraction or inulin fermentation. Solvent (water) extraction of inulin and 

protein is a widely adopted and well-developed technology and applicable to a range of 

feedstocks. However, the overlap in the solubility temperature of inulin and protein will 

inevitably compromise the selectivity and quality of the extracts. In contrast, previous 

studies have shown an inverse relationship between inulin yields and solids loading while 

the extraction of protein is often done at solids loading twice (ca. 20% w/v) as high 

compared to those for inulin extraction. Moreover, protein extraction from potato juice 

is a well-established technology in the starch processing industry. Therefore, current 

contribution demonstrates the technical feasibility of an integrated approach for the co-

production of protein and inulin from JA tubers. A three-step sequential extraction was 

followed for the sequential extraction of protein and inulin from the tuber juice and 

resulting solids residues. To achieve selective inulin and protein extraction from the solid 
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residues, the extraction conditions were optimised relative to the temperature, pH and 

solids loading to enable selective extraction in each respective step of the sequential 

process. In addition, the functional properties of the protein were evaluated to determine 

the impacts of the process sequence and parameters on these properties. The functional 

properties investigated were emulsification, solubility, foaming and water retention.  

Finally, the mass balance of the sequential extraction was important to determine the 

efficiency of the proposed three-step process and the relative composition of residual 

inulin and LCFs. The latter was important in determining the potential of valorising the 

tuber residues into ethanol.  

The aim of this study was to explore the technical feasibility of the sequential extraction 

of inulin and protein from Jerusalem artichoke tubers and understand the 

interrelationships between process conditions and product functional properties, with 

the following objectives: 

• To determine the optimum parameter values for the sequential extraction of 

protein and inulin from JA tubers 

• To use functional properties analysis to identify as well as understand 

interrelationships between processing sequence or conditions and product 

properties  

• To perform a mass balance to determine the efficiency of the sequential extraction 

process 

3.2. The potential of recombinant A. niger strain as host for endoinulinases production 

Endoinulinases is an inulinases enzyme used in the partial hydrolysis of inulin into 

fructooligosaccharides. Thus, this enzyme willplay an important role in the expansion of 

the product portfolio and potentially maximise the economic value of a JA biorefinery. 

Although A. niger is suitable for high cell densities cultivation and large-scale production 

of recombinant proteins, most of the previous studies on recombinant endoinulinases 

production have been on the use of yeast and bacterial systems. Viscosity also remains a 

challenge for high cell density culture, and the resulting mixing inefficiency have a 

negative impact on the productivity. Controlling the fungal morphology is one of the 

mechanisms to minimise the broth viscosity and this can be achieved through bioprocess 
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conditions optimisation. Nutrient composition, DO levels, agitation, pH, and the growth 

rate have an impact on both the morphology and productivity of recombinant A. niger 

systems. Moreover, the impact varies depending on the type of enzyme expressed and 

control of expression. This contribution was important to gain insight on the factors 

influencing and challenges related to recombinant endoinulinases production from A. 

niger during high cell density fermentation.  The effects of the bioprocess parameters, 

glucose feed concentration, growth rate and the concentration of the nitrogen sources, 

on biomass growth, fungal morphology, and enzyme production in fed-batch culture were 

investigated under high cell density fermentation.  

The principal aim was therefore, to gain insight on the factors influencing and challenges 

related to recombinant endoinulinases (InuA) production from A. niger strain during high 

cell density fermentation with the following objectives: 

• To determine the effects of glucose feed concentration on DO levels, and mixing 

as well as subsequent impact on fungal morphology, biomass growth, and enzyme 

production 

• To determine the effects of nitrogen sources concentration on fungal morphology, 

biomass yield and enzyme production 

• To establish the effects of growth rate on biomass growth and enzyme production 

as well as yields and productivities 

3.3. Optimisation of enzyme cocktails for the hydrolysis and fermentation of the 

protein and inulin extraction residues 

A biorefinery approach, involving the extraction of protein and inulin from JA tubers, and 

subsequently producing ethanol from the extraction residues has the potential to 

enhance the sustainability of the latter and subsequently improve the economic benefits 

derived from JA. The presence of pectin in the cell-wall of the tubers is a major contributor 

to the viscosity challenge associated with tuber fermentation. Moreover, the tuber 

residues are enriched in LCFs thereby adding another layer of complexity to the 

fermentation process. Therefore, in this contribution, an optimised cocktail of inulin, LCFs 

and pectin degrading enzymes was applied to harness the synergistic benefits for 

enhanced hydrolysis and fermentation of the tuber residues. The study investigated the 
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efficiency of using an optimised enzyme cocktail for the high-gravity simultaneous 

saccharification and fermentation (SSF) of tuber residues and the impacts of changing the 

solids loading on the synergistic interactions.  

The principal aim was to valorise the protein and inulin extraction residue of the tubers, 

through fed-batch SSF into ethanol, with the use of an optimised enzyme cocktail of 

endoinulinases, exoinulinases, pectinases and cellulases to improve the fermentation 

productivity of high solids fermentation, with the following objectives:  

• To optimise the proportions of lab produced (endoinulinase, exoinulinase) and 

commercial (Cellic® CTec3 and Pectinex Ultra-SP) enzymes in a cocktail, to minimise 

the enzyme dosage and maximise the enzyme synergies as well as the hydrolysis 

performance 

• To determine the ethanol yield and productivity of the optimised cocktail in the 

fermentation of JA tuber residues 

• To determine the effects of changing solids loading on the optimum activities and 

synergy of the cocktail enzymes 
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CHAPTER 4 

4. Sequential extraction of protein and inulin from the tubers of Jerusalem artichoke 

(Helianthus tuberosus L.) 

Declaration: This paper has been republished with permission of The Journal of Food Science 

and Technology with some textual amendments.  

Published research paper 

Title: Sequential extraction of protein and inulin from the tubers of Jerusalem artichoke 

(Helianthus tuberosus L.) 

Journal: Journal of food science and technology 

Summary 

The current contribution explored the technical feasibility of the sequential extraction of 

protein and inulin from the tubers of Jerusalem artichoke. The objective was to determine 

the best parameter values for the sequential extraction of protein and inulin from JA tubers, 

and use functional properties analysis to identify as well as understand interrelationships 

between processing sequence or conditions and product properties. The experimental data 

demonstrated that the best extraction method and sequence involved the pressing of the 

tuber mash to obtain a protein rich juice with a 52% protein yield. This was followed by two-

step water extraction process involving the extraction of protein at room temperature and 

hot water extraction of inulin, in the first and second extraction step, respectively. The juice 

and water extraction resulted in an overall 72% protein yield. An inulin yield of 67% was 

achieved and this was higher than 57% obtained through the conventional hot-water 

extraction method. The pressing and water extraction step for protein extraction, preceding 

inulin extraction, used in this study could have resulted in improving the porosity of the tuber 

material and improved water diffusion and inulin solubility. Protein extraction was performed 

at 15% w/v solids loading from which inulin solubility was minimal, thereby illustrating that 

the mass transfer differentials enhanced protein selectivity in sequential extraction. The 

solubility, emulsification, foaming and water retention properties of the juice-derived 

proteins were significantly different (p-values > 0.05) from the water extracted protein 

thereby demonstrating that the slightly acidic (pH 5) conditions used in the water extraction 

may have affected the protein quality. In addition, the inulin extract displayed a degree of 
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polymerisation comparable to the inulin obtained using the conventional method. The 

preceding protein extraction step therefore did not have an impact on the properties of the 

inulin. A sequential extraction approach to inulin from the tubers, preceded by a two-step 

protein extraction, was thereby adequate to extract protein and inulin with acceptable 

functional properties comparable to those of single product extraction from JA tubers and 

other biomass substrates. The mass balance data further confirmed the accuracy of the 

approach and illustrated that the tuber residues were enriched in residual inulin (38%) and 

LCFs (25%) which were subsequently fermented into ethanol (chapter 6) using an optimised 

cocktail of lab-produced (chapter 5) and commercial enzymes.  
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Sequential extraction of protein and inulin from the tubers of Jerusalem artichoke 

(Helianthus tuberosus L.) 

 

Pfariso Maumela1, Eugéne van Rensburg1, Annie F. A. Chimphango1, Johann F. Görgens1 

1Department of Process Engineering, Stellenbosch University, Private Bag X1, Matieland, 

7602, Stellenbosch, South Africa 

Abstract  

An increase in inulin and plant-protein based nutraceutical demand ultimately puts pressure 

on available resources. Therefore, there is a need to prospect for supplementary feedstocks 

and sustainable ways to exploit them. The aim of this study was to explore the technical 

feasibility of sequential extraction of inulin and protein from Jerusalem artichoke tubers and 

understand the interrelationships between processes and product functional properties.  The 

response surface method was used to determine the optimal parameters for sequential 

extraction. Protein functional properties analysis were done to identify the effects of the 

extraction process. The extraction approach adopted in this study was preceded by 

mechanical pressing of the tuber to yield a protein-rich juice. However, only 52.1% of the 

protein was recovered from the juice, therefore a subsequent solvent extraction step 

followed to extract the residual protein and inulin retained in the solids. Selective extraction 

was achieved when protein was solubilised in the first step of solvent extraction. The overall 

protein and inulin yield from pressing and both sequential extraction steps were 71.9 and 

67.6%, respectively. The yields were substantially higher than the maximum overall yields 

when inulin extraction, from the pressed tuber, was performed first thus improving yields 

from 47.9 and 57.3%, respectively. Consequently, mechanical pressing improved the overall 

protein yield. Sequential extraction resulted in an inulin extract with minimal protein 

contamination compared to the conventional method. Therefore, sequential extraction was 

efficient in yielding extracts with reduced impurities and good functional properties.   

Keywords: Mechanical pressing, nutraceuticals, protein, inulin, biorefinery 
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Highlights 

• Mechanical pressing enabled selective recovery of 52% protein yield from juice 

• Mass transfer differentials enhanced protein selectivity in sequential extraction 

• Pressing enabled inulin extraction at high solid loading  
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4.1. Introduction  

Plant proteins and polysaccharides are becoming a more significant part of human nutritional 

diet due to their perceived health benefits (Singh et al., 2008; Franck 2002). Plant proteins are 

an alternative to animal protein because crop production is associated with lesser greenhouse 

gases emissions compared to animal farming. Proteins and polysaccharides consumed for 

their perceived health benefits beyond primary nutritional and dietary benefits, are known as 

nutraceuticals (Palthur et al., 2010). Nutraceuticals have been reported to reduce the risk of 

cancer, cardiovascular diseases, and have immuno-modulatory functions (Singh et al. 2008). 

Nutraceuticals are consumed as dietary supplements or conventional food product (Palthur 

et al., 2010). Furthermore, nutraceuticals are used as ingredients in the processing of 

conventional foods, such as salad dressings, desserts, and beverages, due to their low 

cholesterol and calorie content (Singh et al. 2008). Nutraceuticals also enhance the texture, 

viscosity, water activity, emulsion, heat stability, and mouthfeel of food products (Singh et al., 

2008; Franck 2002). 

Inulin is a popular polysaccharide-based nutraceutical, composed of β (2 → 1) linked D-

fructose and found in a range of plants belonging to the family Compositae such as chicory, 

Jerusalem artichoke (JA) and dandelion (Apolinário et al., 2014). Chicory is currently the major 

feedstock crop for industrial inulin production (Zarroug et al. 2016). JA tubers are also rich in 

inulin, accounting for approximately 80% w/w of the total tuber dry mass (DM). JA tubers are 

thus, a potential supplementary source of inulin and fructooligosaccharides (Gunnarsson et 

al., 2014).   

JA is a herbaceous perennial, plant composed of the stalk and flower, and tubers that develop 

underground (Yang et al., 2015). Although it is native to the temperate North America, its 

cultivation was adopted in Europe around the seventeenth century (Gunnarson et al., 2014). 

Currently the plant is widely cultivated in China, with uses such as a vegetable for human 

consumption due the health benefits and soil rehabilitation since it is a highly salt tolerant 

plant (Xiao et al., 2011). Protein accumulation in the tubers has resulted in the use of JA tubers 

as animal feed (Alla et al., 2014). The plant has however, gained interest as a rich source of 

inulin. JA is agronomically attractive since it can be cultivated under a range of microclimatic 

conditions, exhibits good agronomic traits, requires minimal input cultivation, and produces 

high yields (Yang et al., 2015).  
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Hot-water extraction is a commonly used method to extract inulin from tubers, followed by 

inulin purification for use in powder and syrup form or hydrolysis into fructooligosaccharide 

(FOS) (Franck 2002). Purification involves the removal of impurities, largely composed of 

water-soluble proteins (Li et al., 2012), that affect the functional properties of inulin. In 

addition, protein accounts for between 7-15% w/w of the tuber DM (Bekers et al., 2008; 

Gunnarsson et al., 2014).  Therefore, there is a need to explore the potential of an integrated 

strategy for inulin and protein co-production to minimise protein contamination, purification 

cost and waste production. 

Although the co-production of inulin and protein from JA tubers has a potential to enhance 

the sustainability of the crop as a biorefinery feedstock, a potential loss in the yield and quality 

of the products is inevitable due to co-extraction during sequential extraction. Therefore, 

sequential extraction will only be valuable if it achieves selective extraction of one component 

over the other by manipulating the differences in the biochemical structure of protein and 

inulin that impact on solubility. The overlap in inulin and protein solubility will significantly 

compromise selectivity during extraction (Li et al., 2012). The higher temperatures optimal 

for inulin extraction will lead to severe protein co-extraction thereby compromising selectivity 

(Lingyun et al., 2007). Moreover, inulin co-extraction may occur under mild temperatures 

favourable for protein solubility (Mizubuti et al., 2000). Short chain inulin oligomers (DP 2-9) 

have been reported to be relatively soluble at temperatures around 25oC compared to long 

chain polymers (DP 10-60) which are soluble at temperatures above 60oC (Wada et al., 2005).  

Therefore, an integrated strategy for the co-production of inulin and protein will justify the 

commercial and sustainable cultivation of JA for use as a biorefinery feedstock. Furthermore, 

an integrated extraction process has the potential to yield superior quality products. Thus, 

the aim of this study was to use the response surface methodology to determine the best 

sequential extraction parameter values and functional properties analysis to identify and 

understand interrelationship between processing sequence or conditions and product 

properties. 

4.2. Materials and methods 

4.2.1. Tuber feedstock 

JA tubers were obtained from the Glen Agricultural College, Free State, South Africa. Fresh 

tubers were harvested in the late winter, subsampled for chemical composition analysis and 
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subsequently stored at -18 °C. Fresh tubers (80% moisture content) for chemical composition 

analysis were sliced and dried, in a Scientific® Series 200 oven at 40oC for 60 hours, to constant 

dry weight with a moisture content of 15%. The moisture content was determined according 

to the National Renewable Energy Laboratory (NREL) method (Sluiter et al., 2008). Dried 

tubers were crushed (6 mm sieve) and milled (2 mm sieve) at 2000 rpm using a Retsch® ZM 

200 labscale mill (Retsch®, Haan, Germany) and fractionated with a Retsch® shaker sieve at 

70 amplitudes for 10 mins. The fraction collected in the 4.25 mm sieve was used for the 

chemical composition analysis using the proximate analysis. The sample was used since 

deviation to larger particles size may results in an inaccurate carbohydrate content 

determination due to incomplete hydrolysis while smaller particle size result in carbohydrate 

degradation (Sluiter et al., 2008). 

The tuber mash used in the extraction process was prepared from the frozen-tuber stock in 

two different methods. The tuber mash used in preliminary screening extraction experiments 

was prepared by washing the frozen tubers and rasping with a hand-grater. The tubers used 

in the sequential extraction experiments were prepared by manually pressing the tuber mash, 

with a kitchen juice pressor, and solid residue subsequently used in the optimization 

experiments. The press-juice was used to determine the inulin and protein concentration. The 

inulin and protein yields from the juice were determined as a function of the tuber-mash dry 

weight, the inulin and protein content as described in the analysis section.  

4.2.2. Analysis 

4.2.3. Inulin determination 

The inulin content of the tubers and extraction solid residues were determined as a function 

of free and total sugar (fructose) content. The free sugar content was determined by 

dispersing 200 mg dry raw-tuber granules or dried extraction residue in 50 ml distilled water 

and incubating at 25oC for 15 min in a shaking water bath. Total sugars, for inulin content 

measurement, were determined through acid hydrolysis of the tuber granules or extraction 

residue in 0.2% v/v H2SO4 (Sigma®, Saint Lois, USA) for 60 min (Gunnarsson et al., 2014). 

Sugars were analysed using high-performance liquid chromatography (HPLC) with a Dionex 

(Dionex, California, USA) 3000 System equipped with a Grace® (Hichrom, Berkshire, UK) 

Prevail Carbohydrate ES Column (250 x 4.6 mm) and a Varian® evaporative light scattering 

detector. The HPLC operating conditions such as the injection volume, column temperature, 
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flow rate and gradient mobile phase were 10 µL, 30oC, 0.6 ml/min and acetonitrile, 

respectively. Inulin was defined as non-monomeric polyfructan composed of at least two 

fructan monomers (F2). Total inulin content was calculated as follows: 

𝑇𝑜𝑡𝑎𝑙 𝐼𝑛𝑢𝑙𝑖𝑛 (𝑔)  = (𝐹t − 𝐹0) 𝑋 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑙𝑖𝑞𝑢𝑖𝑑    (1) 

where, F0 and Ft is the amount (g) of fructose before and after acid hydrolysis, respectively. 

The total solids, ash and structural sugars content of the non-extracted tubers were 

determined according to the standard NREL procedures (Sluiter et al., 2008; Sluiter et al., 

2005; Sluiter et al., 2011). Structural sugars (xylose, glucose and cellobiose) were analysed 

with HPLC, after acid hydrolysis in 72% H2SO4 (Sluiter et al., 2011).  HPLC analysis was 

performed with an injection volume of 30 µl in a Thermo separation (Spectralab Scientific 

Incorporated, Toronto, Canada) Spectra System, equipped with a Shodex refractive index 

detector operated at 45°C. The system was also equipped with an Aminex HPX-87H Ion 

Exclusion Column with a Cation-H cartridge (Biorad®, Johannesburg, RSA) and operated at a 

flow rate of 0.6 ml/min, column temperature of 65°C, an isocratic mobile phase.  

Crude protein from raw tubers and extraction residues was determined through the Dumas 

method. The DUMAS analysis was done according to the Association of Official Analytical 

Chemist’s Standard Techniques (AOAC 2002) in a LECO (Leco Corporation, Saint Joseph, USA) 

FP 528 system calibrated with ALFALFA with a Nitrogen content of 3.38%. A conversion factor 

of 6.25 was used for the determination of the crude protein content (Gunnarsson et al. 2014). 

The concentration of soluble protein from the extracts was determined using the 

bicinchoninic acid (BCA) assay (ThermoFisher Scientific, Rockford, USA). The bovine serum 

albumin standard was used, and the protein concentration determined with the DUMAS 

method describe above.  

4.2.4. Protein solubility  

Protein solubility was determined according to the method of Stone et al., (2015). A 0.01% 

w/v freeze-dried protein extract solution was prepared in 0.1N NaCl pH 7, mixed at 50 oC for 

an hour and then centrifuged. The protein content in the supernatant was determined using 

the BCA assay. Protein solubility was expressed as the amount of solubilised protein relative 

to the total amount of protein. 
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4.2.5. Emulsification properties 

A five ml protein extract solution (1%) in distilled water at pH 7 was mixed with an equal 

volume of canola oil and vortexed briefly. The mixture was centrifuged, with a benchtop mini 

centrifuge (Biorad®, South Africa), at 5000 rpm for a minute, and emulsion activity was 

calculated as the ratio of the height of the emulsion layer to the total height of the liquid. 

Emulsion stability was determined by transferring the emulsion to another test tube and 

incubating in water bath at 70oC. Emulsion stability was calculated as described for the 

emulsion activity (Lin and Zayas, 1987). 

4.2.6. Foaming properties 

Aqueous solutions of the proteins (0.5% w/v) in a 50 ml measuring cylinder were sparged with 

compressed air for 10 sec and the height of the foam measured at 10 min interval for 30 min. 

The height of the foam at T0 was the foaming capacity and the foaming stability (FS) was 

calculated from the equation below 

𝐹𝑆 =
𝑉0

𝑉𝑡
 𝑥 100                    

(2) 

where V0 is the volume of the foam in ml at T0 and V is the change in volume of the foam over 

time (t) (Kato et al., 1983).  

4.2.7. Water retention 

The protein water retention capacity was determined according to the method of Stone et 

al., (2015). Briefly, 0.5 g of the protein was suspended in 5 g of water. The mixture was 

vortexed for 10 sec at 5 min intervals for 30 min, and subsequently centrifuged at 2000 rpm 

for 5 minutes. The supernatant was discarded, and weight of the pellet was measured. Water 

retention was calculated by dividing the weight gained by the original weight of protein.  

4.2.8. Preliminary screening 

Tuber mash was extracted in a 250 ml Erlenmeyer flask at a temperature of 50oC, pH 7 for 30 

min in a shaking water bath at 100 rpm, to evaluate the effect of the solids loading on inulin 

and protein yield. The extract was centrifuged at 5000 rpm for 15 min and liquid fraction used 

for inulin and protein content determination through HPLC and the BCA assay, respectively. 

The inulin content was determined with HPLC after acid hydrolysis in 0.2% v/v H2SO4 and 

subsequently determined according to equation 1. The inulin and protein yields were 

calculated as follows: 
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𝑌𝑖𝑒𝑙𝑑 % =
𝑋L

𝑋R
 𝑋 100           (3) 

where, 𝑋L and 𝑋R was the total inulin or protein content (g) in the liquid fraction and in the 

raw material, respectively.  

4.2.9. Sequential extraction from the pulp 

A two-step approach was used for sequential protein and inulin extraction from the pressed 

tuber. The two extraction sequences were compared to each other to determine the 

sequence that achieved an acceptable level of selectivity by minimizing co-extraction. Inulin 

and protein extractions were performed in 250 ml Erlenmeyer flasks by dispersing 5 g and 7.5 

g (DM basis) of the raw material, respectively, in distilled water to a final volume of 50 ml. 

The pH of the mixture was adjusted with 1M H2SO4 or 0.01M NaOH (Sigma®) and water bath 

temperature set, according to the central composite design (CCD). Extraction was performed 

for 60 min at 100 rpm. The extracts were centrifuged at 5000 rpm for 15 min, and the liquid 

fraction was used for inulin and protein content determination. The extraction and co-

extraction yields were subsequently determined according to equation 3. The molecular 

weight (MW) and degree of polymerisation (DP) of the inulin extracts were determined 

through size exclusion chromatography with a Dionex® (Dionex, California, USA) Ultimate 

3000 HPLC System equipped with a PSS (GmbH, Mainz, Germany) Suprema 10 µm column set 

(2 X 3000 Å and 1 x 30 Å) and PSS Pullon standards (315 Daltons- 805 kDa). The operating 

conditions such as injection volume, column temperature, flow rate and mobile phase were 

10 µL, 70oC, 1 ml/min and 0.125M ammonium acetate, respectively.  

4.2.10. Experimental design: Protein and inulin sequential extraction 

A 23 full factorial design with 10 runs (two centre points) was used to determine significant 

factors for protein and inulin extraction from the pressed tuber. The independent variables 

were pH (3, 5, 7), temperature (25, 42.5, 60oC) and solids loading (3, 4.5, 6% w/v on DM basis) 

whereas the response variables were inulin and protein yield. A five-coded levels CCD was 

subsequently used to optimize the parameters selective extraction at each step of the 

sequential extraction process. The first scenario (S1) involved protein and inulin extraction in 

the first and second step, respectively, while the sequence of extraction was reversed in 

Scenario 2 (S2). Therefore, the solid residue obtained from the first extraction step was 

subsequently used as the raw material in the second step to extract the retained product. 

Each experiment had 13 runs (five center runs). The independent variables for this experiment 
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were pH and temperature. The temperature (56, 60, 70, 80, 840C) and pH (6.3, 6.5, 7, 7.5, 7.7) 

range for the inulin extraction step were used since several studies have reported an optimum 

temperature of approximately 70oC and pH 7 (Lingyun et al., 2007). The temperature range 

(14, 25, 52.5, 80, 92oC) for the protein extraction step was chosen to achieve selectivity since 

specific proteins have been reported to be soluble at room temperature (Lai et al., 2013) while 

inulin oligomers soluble at temperatures below 50oC (Wada et al., 2005).  

Multiple responses optimization was used to simultaneously optimize the extraction and co-

extraction yields in each extraction step. The general formula for the response is shown in the 

equation below: 

𝑦i =  𝛽0 +  ∑ 𝛽i
n
i =1 𝑥i  + ∑ 𝛽ii𝑥i

2n
 i=1  +  ∑ 𝛽ij𝑥i𝑥j  + 𝜖i<j       (5) 

where yi is the ith response variable, xi is the ith input parameter, n is the number of input 

parameters and β0, βi, βii, βij are the fixed response, linear, quadratic and cross products 

coefficients, respectively. The general function optimization method of the Derringer’s 

desirability function was used to search a set of optimal conditions that improve the overall 

desirability and simultaneously maximize the extraction yield and minimize co-extraction 

yield. Statistica® (Statsoft Inc., Tulsa, USA) was used for the experimental design and statistical 

analysis, and all the analysis were performed at 5% level of significance. 

4.2.11. Statistical analysis for protein functional properties 

Protein functional properties experiments were done in triplicates and analysis of variance 

(ANOVA) was used to determine the differences in the properties between the juice and 

solvent extracted protein. ANOVA was performed at 5% level of significance. 

4.3. Results and discussion 

4.3.1. Chemical composition of tubers 

The inulin and protein content of the tubers was 71.0% and 7.5% w/w (ESM_2: Table S1) of 

the tuber DM, respectively. The inulin content is comparable to chicory, currently the major 

feedstock for industrial inulin production (Zarroug et al., 2016), and those of JA tubers 

reported in literature (Gunnarsson et al., 2014; Rube et. al., 2014, Johannson et al., 2015). 

Thus, JA is a potential, additional feedstock for inulin production and biorefinery 

development. The content of the structural sugars was relatively low, making up to 12% of 

the tuber composition (ESM_2: Table S1), compared to inulin. Structural sugars are highly 
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recalcitrant and not readily soluble in water, thus a bulk of this will be retained in the solid 

residue. Therefore, the presence of structural sugars in the tuber was unlikely to compromise 

selective extraction as well as the quality of inulin and protein extracts.  

4.3.2. Protein and inulin recovery from the press-juice  

Preliminary screening data demonstrated that protein was readily available in the tuber juice, 

which could be obtained through pulping the tubers and mechanical pressing, similar to 

solvent-free protein separation from potato pulp (Bartova and Barta, 2009). The protein yield 

from the juice obtained through pressing, represented 40.8% of the tuber protein, while the 

inulin yield was relatively low at 2.3% (ESM_2: Fig. S1), demonstrating that pressing was 

selective for protein extraction.  The low inulin co-extraction yield from the juice was 

expected since inulin extraction is commonly done through hot-water method (Lingyun et al., 

2006). A subsequent solvent-based (water) extraction step was, therefore, necessary for 

selectively recovering the residual protein and inulin from the pressed tuber. 

4.3.3. Significant process conditions for inulin and protein extraction  

A full factorial design (ESM_2: Table S2) was used to determine the significant factors for 

inulin and protein extraction from the pressed tuber. Inulin and protein yields were both 

significantly affected by temperature and pH, while the solids loading affected the inulin 

yields alone (Fig. 4.1). Therefore, a face-centred CCD was selected for the optimization of 

temperature and pH as key process parameters for selective and sequential extraction of 

protein and inulin. The solids loading for the protein extraction step was selected as 15% w/v, 

higher than the 10% w/v for the inulin extraction step, to maximise selectivity for protein 

extraction, rather than inulin, since inulin yields were inversely related to the solids loading 

(Fig. 4.1). A solids loading of 15% w/v was utilised for protein extraction step since screening 

experiments showed a significant decrease in the protein yield when the solids loading was 

increased beyond 15% w/v. The solids loading for the inulin extraction step was fixed at 10% 

w/v since high viscosity at high solids loading causes insufficient mixing (Fan et al., 2003). 
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Figure 4.1: Standardized Pareto chart to estimate the significant factors for inulin (A) and 

protein (B) extraction from JA residue after pressing  

 

4.3.4. Optimisation of process parameters for selective extraction of protein and inulin 

from tubers 

4.3.4.1. Model fitting  

The adequacy of the response surface methodology (RSM) model coefficients, for inulin and 

protein extraction and co-extraction, was evaluated using ANOVA of the response variables, 

a 

b 
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and is summarized in Table 1. The model validity was assessed by calculating the coefficient 

of determination (R2), adjusted R2 and the lack of fit (Table 4.1). The adjusted R2 values for 

the models were in the range of 0.7-0.9 (Table 4.1), thereby showing that at least 70% of the 

variation in the extraction and co-extraction yields could be explained by second-order 

polynomial models in relation to pH and temperature.  

4.3.4.2. Inulin extraction 

Inulin extraction from the protein extraction residues (S1) was compared to inulin extraction 

from pressed tuber (S2) to determine the process with better selectivity. The observed inulin 

yields from S1 and S2 were in the range of 55-68.5% (Fig. 4.2c) and 46-62% (Fig. 4.2a), 

respectively. The yields are superior compared to those reported in literature (14.42-21.69 

g/100g of tuber) for JA (Li et al., 2012; Bekers et al., 2008). Furthermore, the yields were 

obtained at solids loading four times higher (10% w/v of dry matter) than reported in 

literature (Li et al., 2012; Bekers et al., 2008). Interestingly, the maximum inulin yield in this 

study (67.6%) was more than the inulin yield (51.2%) from chicory roots, at a solids loading of 

2.5% w/v DM using the conventional hot-water extraction method (Tewari et al., 2015). 

In contrast the high inulin yields (27.6-38.7 g/100g of pressed tuber) demonstrated at a higher 

solids loading, could be attributed to mechanical pressing before sequential extraction, which 

reduced the moisture content of the pressed tuber, enabling sufficient mixing and mass 

transfer (Lingyun et al., 2007). The removal of proteins before solvent extraction could have 

significantly contributed to enhanced mass transfer by minimising the viscosity of the 

solution. Severe protein co-extraction in the range of 47.1-65.8% (corresponding to 2.2-3.6 

g/L), occurred when inulin was extracted from the pressed tuber (Fig. 4.2b). The severity of 

the co-extraction increased with an increase in temperature (Fig. 4.2b) and this could be 

attributed to enhanced protein solubility (Karazhiyan et al., 2011)
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Figure 4.2: Response surface plot showing inulin extraction (a) and protein co -extraction (b) 

from the pressed tuber and inulin extraction from the protein extraction residue (c), as a 

function of pH and temperature  
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In contrast, protein co-extraction from S2 was substantially lower than in S1, with protein 

concentrations of 0.3-0.6 g/L, primarily due to low protein contents of these residues. Protein 

extraction in the first step of sequential extraction was also important in minimising the 

amount of protein impurities associated with inulin extraction (Li et al., 2012). Although inulin 

extraction yields in S2 were comparable to S1, the unacceptable high protein co-extraction 

yield (Fig. 4.2b) from the latter, indicated that inulin extraction conditions were not 

sufficiently selective for inulin. The low protein co-extraction yield paves way for a cost-

effective method for inulin downstream processing since there is a potential to eliminate the 

deprotonation step prior to chromatograph purification (Apolinaro et al., 2014).  
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Table 4.1: Analysis of variance for the CCD models for sequential extraction and coefficients for the predictive models of the inulin and protein extraction/co-extraction yields. ANOVA was determined with a 95% 

confidence level 

  

Protein extraction (S1a) 

   

Inulin extraction(S1a) 

 

Inulin extraction(S2a) 

    

 

          Protein yield Inulin co-extraction yield 

 

Inulin yield 

 

Inulin yield 

 

Protein co-extraction yield 

 

Source d.f.b 

Co-

efficient 

Sum of 

squares 

p-

value 

Co-

efficient 

Sum of 

squares 

p-

value 

Co-

efficient 

Sum of 

squares 

p-

value 

Co-

efficient 

Sum of 

squares 

p-

value 

Co-

efficient 

Sum of 

squares 

p-

value 

Linear 

                
Temp (T) 1 0.01 31.14 0.019 0.35 4.24 0.127 4.44 50.96 0.009 5.11 63.25 0.004 5.35 132.41 0.005 

pH (P) 1 10.34 16.51 0.051 -2 6.67 0.086 3.65 25.08 0.03 3.25 33.95 0.014 -24 2.38 0.51 

Quadratic 

               
T2 1 0. 9 3.56 0.271 -0.002 22.35 0.014 -0.33 63.66 0.006 -0.04 87.05 0.002 0.05 172.09 0.003 

P2 1 -0.94 98.64 0.002 -0.33 11.89 0.039 3.99 12.66 0.077 4.05 7.315 0.13 0.599 40.03 0.04 

Interaction 

               
TP 1 -0.004 0.19 0.78 -0.02 2.89 0.21 0.04 0.125 0.82 0.1 1 0.517 -0.96 92.16 0.01 

Regression 1 

 

150.06 0.001 

 

48.59 0.01 

 

151.3 0.01 

 

439.06 0.01 

 

192.39 0.01 

Lack of Fit 3 

 

24.05 0.12 

 

6.61 0.3 

 

16.32 0.208 

 

27.97 0.084 

 

24.05 0.09 

Pure Error 4 

 

8.73 

  

5.21 

  

9.06 

  

7.96 

  

8.73 

 
Model 12 

 

189.59 

  

65.33 

  

171.28 

  

236.56 

  

440.7 

 
R 2 

 

0.82 

  

0.81 

  

0.85 

  

0.95 

  

0.82 

  
Adjusted R2 0.7 

  

0.69 

  

0.74 

  

0.92 

  

0.7 

  
aS1 and S2 is scenario 1 (protein extraction and inulin extraction first and second, respectively) and scenario 2 (inulin extraction first) for the sequential extraction, respectively., bd.f. is the degrees of freedom 
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Inulin extraction data was fitted using quadratic models to describe the effects of 

temperature (T) and pH (P) on inulin extraction and protein co-extraction yields. The 

estimated regression models summarising the significant factors are represented below: 

𝐼𝑛𝑢𝑙𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 (𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 1) = −109.19 + 3.65𝑃 + 4.44𝑇 − 0.33𝑇2
   (5) 

𝐼𝑛𝑢𝑙𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 (𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 2) = −127.29 +  5.11𝑇 −  0.04𝑇2 + 3.25𝑃    (6) 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑜𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑦𝑖𝑒𝑙𝑑 (𝑆𝑐𝑒𝑛𝑎𝑟𝑖𝑜 2) = 194.60 +  5.35𝑇 +  0.05𝑇2 + 0.599𝑃2 −

0.24            (7) 

 

Regression analysis showed that temperature had the most impact on inulin extraction yields 

as demonstrated by the size of the temperature (p-value<0.009) relative to pH (p<0.03). The 

experimental data illustrate that an initial increase in the temperature from 56-74oC results 

in an increase in the inulin yield and that a further increase in temperature resulted in a 

decline in the inulin yield. The inulin yield increased as the temperature increased from 56oC 

reaching a maximum at ca. 74oC, after which the yield decreased. The surface plots (Fig. 4.2a 

and c) shows the relationship between inulin extraction yields and the temperature. The 

increase in the yield could be attributed to improved mass transfer and inulin solubility as the 

temperature increased (Koutinas et al., 2013). A reduction in the inulin yield when the 

temperature exceeded a certain level (ca. 80oC) has been reported in literature and is due to 

inulin degradation into monomers (Lingyun et al. 2007; Lai et al. 2013).  

4.3.4.3. Protein extraction 

The protein extraction step was performed from the pressed tuber and not performed from 

the solid residues after inulin extraction, due to the severe protein co-extraction from S2 (Fig. 

4.2b). The latter process scenario therefore did not meet the requirements of selective inulin 

and protein extraction. Selective protein extraction was achieved in S1 by performing the 

extraction at the maximum-feasible solids loadings, (15% w/v; higher than 10% w/v used in 

the inulin extraction steps), to minimize inulin co-extraction. The optimum temperature and 

pH for S1 was determined, to simultaneously maximize the protein yield while minimizing the 

inulin co-extraction yield. The results showed that protein extraction yields were substantially 

higher compared to the inulin co-extraction yields, ranging between 40-52.5% (Fig. 4.3a) and 
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4-11.8% (Fig. 4.3b), respectively. Residual inulin in the solid extraction residue was relatively 

high, ranging between 47.1-52.4 g/100g, corresponding to 74.7-83.2% of inulin from the raw 

material, thereby confirming that inulin co-extraction was minimal. Protein extraction from 

the tuber pulp at high solids loading, therefore, demonstrated acceptable selectivity for 

protein, while retaining inulin in the insoluble form in the solids, for subsequent extraction. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: Response surface plot showing protein extraction (a) and inulin co -extraction (b) 

yields from the pressed tuber as a function of pH and temperate  

Lower inulin co-extraction yields (4-11.8%) from the protein extraction step (Fig. 4.3b), were 

demonstrated in comparison to the higher inulin yields (46-67.6%) from the inulin extraction 

a 

b 
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steps (Fig 4.2a and c). This was consequently due to differing solids loading between the two 

process steps. The negative effects of higher solids loading on the inulin extraction yield was 

observed with the tuber mash and pressed tuber (Fig. 4.1) and could be attributed to mass 

transfer limitations as the solids loading increases (Koutinas et al., 2013). Zarroug et al., (2016) 

reported that a lower water to raw-material ratio decreases the concentration gradient 

between the plant cell interior and surrounding solvent, thereby reducing inulin diffusion and 

solubility. 

The effects of temperature and pH on the protein extraction and inulin co-extraction yields 

from the pressed tuber were illustrated by fitting regression models shown below: 

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑦𝑖𝑒𝑙𝑑 = 18.89 +  10.34𝑃 −   0.94𝑃2 + 0.01𝑇 + 0.94T2     (7)  

𝐼𝑛𝑢𝑙𝑖𝑛 𝑌𝑖𝑒𝑙𝑑 (𝑐𝑜𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛) = 2.68 −  0.33𝑃2 + 0.35𝑇 − 0.002𝑇2    (8)  

Equation 7 shows that pH (p-value = 0.003) had a greater effect on protein yields than 

temperature (0.009) and this was further confirmed by the steeper slope for pH against 

protein yield (Fig. 4.3a). The negative sign on the coefficient of the quadratic term of pH 

illustrated that a change of pH from acidic to mild-acidic (pH 3-5) increased the protein 

extraction yield. Moreover, a change towards pH 7 resulted in a decrease in the yield as 

illustrated by the response surface plot (Fig. 4.3a). The plot shows that the protein yield 

reached a maximum at mild acidic conditions (pH 5). Therefore, mild acidic conditions 

provided sufficient charged ions to change the protein’s net charge, resulting in repulsion of 

the protein molecules and consequently promoting solubility. However, approximately 46% 

of the protein was recovered with this method. Thus, increasing the ionic strength using a salt 

(Stone et al., 2015) could be considered to enhance the solubility of the residual protein which 

could be the globulin type found in JA tuber (Johannson et al., 2015).  Although protein 

extraction above room temperature was shown to increase the protein extraction yield, it 

also resulted in a simultaneous increase in the inulin co-extraction yields (Fig. 4.3b). 

Furthermore, temperature (p-value = 0.005) had the most impact on inulin co-extraction 

during protein extraction from the pressed tuber, this observation is similar to that observed 

in the inulin extraction steps (Fig. 4.2a and c). The simultaneous increase in the protein 

extraction and inulin co-extraction yields relative to temperature were a result of improved 

mass transfer due to enhanced solvent diffusion, improved inulin and enhanced protein 
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solubility (Koutinas et al., 2013; Karazhiyan et al., 2011). Therefore, a compromise had to be 

achieved to simultaneously maximise protein extraction yield and minimise inulin co-

extraction.  

4.3.4.4. Simultaneous optimisation and model validation 

The Derringer’s desirability function was used to simultaneously optimize extraction and co-

extraction yields from the sequential extraction steps. The optimal conditions to 

simultaneously maximize protein extraction and minimize inulin co-extraction in the first 

extraction step of S1 were pH 5 and temperature of 25oC, with protein extraction and inulin 

co-extraction yields of 46.98 and 6.3%, respectively (Table 4.2). The maximum inulin 

extraction yield in the second step was predicted to be 67.6% at a temperature of 74.4 oC and 

pH 6.4. It is noteworthy to state that the concentration of the co-extracted protein from the 

inulin extraction step of S1 was only 0.5 g/L. The optimal inulin extraction yield from the 

pressed tuber (S2) was 57.3% at a temperature of 70.0 oC and pH 7.3. Moreover, the 

concentration of protein co-extracted under these conditions was 1.5 g/L, equivalent to a 

protein co-extraction yield of 50.45%. Proteins are surface active molecules and exist in 

tertiary structures that are stabilised by electrostatic and hydrophobic interactions which are 

easily disrupted when temperature increases. Proteins have been reported to unfold rapidly 

above 60oC, exposing hydrophilic amino acids which ultimately form hydrogen bonds with 

water and thus making proteins highly soluble (Mitra et al. 2007). Polysaccharides have been 

reported to form soluble complexes with proteins at pH above protein’s isoelectric point 

where the protein assumes a cationic charge (Cooper et al. 2005). On the other hand, inulin 

possesses differential solubility, relative to temperature, since it is composed of oligomers of 

different degrees of polymerisation (Wada et al., 2005). For instance, FOS, which is composed 

of low molecular weight fructans with a degree of polymerization that is less than 10 fructose 

monomers, is soluble at room temperature (Wada et al., 2005). Thus, overcoming the effects 

of these complex interactions between proteins and polysaccharides on solubility, was critical 

in achieving selective extraction. Selective protein extraction in this study was best achieved 

at room temperature (25oC) and pH 5 while severe protein co-extraction was observed during 

inulin extraction at pH 7 and temperatures above 60oC.  
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Table 4.2: Protein and inulin yields from the press juice, predicted models and confirmatory tests. Inulin and 
protein recoveries were determined as % yield based on the inulin and protein content, respectively, in tuber. 
Statistical analysis was done with a 95% confidence level 

  

Optimum 

conditions   

Protein 

recoveries %b 

(g/100gbiomass) 

  Inulin 

recoveries % 

(g/100gbiomass) 

 

  Temp oC pH   Predicted Confirmatorya   Predicted Confirmatorya 

Protein 

extraction S1 25 5  46.98 (2.23) 47.26 ± 2.30  6.29 (4.47) 9.02 ± 0.78 

Inulin 

extraction S1 74.4 6.4  47.65 (0.92) 52.39 ± 3.15  67.6 (43.81) 69.44 ± 4.12 

Inulin 

extraction S2 70 7.2  50.45 (2.06) 54.15 ± 2.89  57.29 (38.12) 56.84  3.21 

 

Experimental tests were performed to verify the validity and adequacy of the predicted 

models for inulin and protein extraction for the sequential extraction process. The tests were 

performed under optimal conditions (Table 4.2) as predicted by the simplex method of the 

Derringer’s desirability function. Three experimental replicates were used, and the 

experimental values were compared to the predicted values. The observed inulin and protein 

recoveries from the confirmatory tests were within the 95% confidence interval of the 

predicted inulin and protein recoveries from the various steps of sequential extraction. These 

results proved that the models can be used to determine process conditions for the selective 

and sequential extraction of protein and inulin from the JA tuber pulp obtained after pressing 

the tuber mash. The molecular weight distribution of the inulin extracts from S1 and S2 was 

in the range of 397-15103 Daltons (equivalent to DP 2-80) and the average molecular weight 

was 2521 Daltons (DPav of ~16). Therefore, the inulin extract will have a wider range of 

applications, such as fat replacements, sweeteners and prebiotics, with or without hydrolysis 

into fructose monomers or oligomers (Franck, 2002). The freeze-dried inulin powder from S1 

contained 63.0% inulin, 8.0% free-sugars and 3.0% protein. Moreover, the protein powder 

from the juice contained 67.0% protein and 28.0% inulin while the solvent extracted protein 

contained 56% protein and 39.0% inulin.  
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4.3.5. Protein functional properties  

Protein functional properties are crucial for their application as ingredients in food processing 

thus, making the extraction process an important step to preserve the properties for 

subsequent uses. Comparison of the functional properties between proteins from the tuber 

juice and solvent extraction demonstrated that the extraction method significantly impacted 

the functional properties (Table 4.3). Protein recovered from the juice had superior solubility 

than solvent extracted protein. The higher solubility of the former is potentially a result of the 

native nature of the protein, since no chemicals were applied to extract the protein from the 

tuber. Alternatively, the differences could be attributed to the primary type of protein found 

in the juice and water extracts since tuber protein is dominantly composed of albumins and 

globulins (Johannson et al., 2015), which have different solubility characteristics (Boye et al., 

2010). The solubility of the tuber protein was comparable to that of water and salt extracted 

pea protein which was in the range of 60-80% (Taherian et al., 2011) 

Table 4.3: Functional properties of protein from the press juice and solvent extraction step. Statistical analysis 
was done with a 95% confidence level 

 Property Juicea 

Solvent 

extracteda 

 

p-value 

Solubility (%) 68.2 ± 2.15 61.9± 3.12 <0.05 

Water retention (g/g) 3.18 ± 0.08  6.79 ± 1.01 <0.05 

Emulsion capacity (%) 83.2 ± 5.21 91.2 ± 4.02 <0.05 

Emulsion stability (%) 99.5 ± 4.51 98.4 ± 3.86 <0.05 

Foaming capacity (%) 151 ± 7.71 149 ± 7.02 >.0.05 

Foaming stability (%) 99.2 ± 6.23 99.4 ± 5.71 >0.05 

aData represent the mean value ± standard deviation of 3 measurements  

 

The water holding capacity of solvent extracted proteins (6.8 g/g) was significantly higher than 

juice derived protein (3.2 g/g). The water holding capacity was higher than reported for 

alkaline extracted pea protein which were in the range of 0.6-2.7 g/g (Boye et al., 2010). 

Protein solubility has been reported to be related to the water absorption capacity with less 

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



62 
 

soluble protein having the capacity to bind to water due to the abundance of hydrophobic 

groups on the surface (Stone et al. 2015). Although the emulsion capacity and stability of both 

protein forms were high (Table 4.3), the properties for solvent extracted proteins were 

significantly higher than juice obtained proteins. Conversely, the method of extraction did not 

have an impact on the foaming capacity and stability (Table 4.3). The foaming stability 

reported for tuber protein was superior to salt and water extracted pea proteins which was 

in the range of 30-50% (Taherian et al., 2011).  

The excellent functional properties demonstrated by JA tuber proteins makes them a 

potential ingredient for application in the food and beverage industries within a wide range 

of products. The proteins showed high emulsification and solubility properties that are 

essential for application as emulsifiers or stabilisers in meats, burgers and sausages. The good 

foaming properties are essential for potential application in ice-cream, spread and salad 

dressing.  

4.4. Conclusions 

An integrated strategy for protein and inulin extraction was proven to yield products with 

minimal co-extraction. The preferred extraction process started with pressing of the tuber 

mash to obtain a protein-rich juice resulting in a protein yield of 52.1% and an inulin loss of 

2.3%. Selective inulin and protein extraction during the subsequent solvent extraction step 

was achieved through manipulation of the process parameters to maximize the yield of one 

product while minimizing the co-extraction of the product to be extracted at a later stage. 

Sequential extraction resulted in a further protein yield of 47.6% and inulin yield of 67.6%, 

from their respective extraction steps. An overall protein balance indicated that 71.8% of 

protein was extracted into the soluble product streams, while 17.1% was found as a co-

extracted product in an inulin-stream. On the other hand, 58.4% of inulin was extracted into 

soluble product stream, while 11.8% was found as co-extracted product in a protein-stream. 

An inulin extract with a lower protein contamination was obtained, compared to inulin 

obtained through conventional method. The low protein content thus eliminates the need for 

pre-processing steps during downstream purification and therefore has the potential to lower 

production costs. Moreover, mechanical pressing was an important pre-extraction step that 

enabled selective protein isolation from the juice and improved the overall yield of protein. 

Pressing also enabled inulin extraction at high solids loading compare to the conventional 
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method. Interestingly, the proteins showed an overall good functional properties with 

potential applications in the food and/or nutraceutical industry. This study successfully 

generated data that is important in designing downstream processes for the inulin and 

protein extracts as well as for techno-economic studies to assess the economic viability of a 

Jerusalem artichoke-based biorefinery.  
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Table S1 Factorial design to determine significant factors for protein and inulin extraction 

Run pH 

Solid loading 

w/v 

Temperature 
oC 

Inulin 

Yield % 

Protein 

Yield  % 

1 3 2.5 25 16.73 6.61 

2 7 2.5 25 15.25 4.83 

3 3 4.5 25 19.12 8.67 

4 7 4.5 25 17.03 5.64 

5 3 2.5 60 24.97 6.38 

6 7 2.5 60 32.94 5.85 

7 3 4.5 60 13.41 6.41 

8 7 4.5 60 23.76 4.94 

9 5 3.5 42.5 22.74 7.71 

10 5 3.5 42.5 24.47 7.32 

      

* The yields (%) are expressed on dry matter basis 

 

Table S2 Chemical composition of JA tubers 

Component   % DM 

Extractives Free Sugars 2.77±0.1 

 Inulin 71.33±4.34 

 Protein 7.50±0.04 

Fibres Xylose 3.48±0.24 

 Arabinose 3.00±0.32 

  Glucose 6.23±0.73 

*Numbers are mean values ± standard deviations for triplicates  

 

 

 

 

 

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



66 
 

CHAPTER FIVE 

5. Bioprocess optimisation for high cell density endoinulinases production from 

recombinant Aspergillus niger 

Manuscript 

Title: Bioprocess optimisation for high cell density endoinulinases production from 

recombinant Aspergillus niger 

Target journal: Applied microbiology and biotechnology 

Summary 

The principal aim of this chapter was to gain insight into the bioprocessing parameters 

influencing and challenges related to recombinant endoinulinases (InuA) production from A. 

niger strain during high cell density fermentation. The effects of the bioprocess parameters, 

glucose feed concentration, nitrogen sources concentration and growth rate (µ), on biomass 

growth and enzyme production in fed-batch culture were investigated. Although viscosity was 

prominent during the high cell density culture, the low dissolved oxygen level and the 

subsequent morphology change, from pellet to mycelial, did not affect the endoinulinases 

productivity. The experimental data illustrated the effect of a co-operative mechanism, 

among different factors, in pellet disintegration. The high biomass concentrations resulted in 

increased viscosity and poor mixing as well as low DO levels which impacted the integrity of 

the pellets. The high biomass concentration also increases the probability of pellet colliding 

and friction and consequently pellet disruption from the shear forces of collision. The high 

agitation speed, to improve the mixing efficiency and oxygen diffusion in the system, is 

associated with shear forces that disrupt fungal pellets. Increasing the feed concentration 

showed an advantage in increasing the volumetric productivity, however, it necessitated the 

supplementation of organic nitrogen sources of up to 12 g/L to prevent nitrogen limitation. 

This nitrogen was composed of a cocktail of yeast extract, peptone and casamino acids and 

the inclusion of these in the medium showed no impact on the fungal morphology of A. niger 

and thereby did not have negative impact on the viscosity. Endoinulinases production was 

not strictly growth associated, and only growth associated at µ> 0.04 h-1, which had a low 

maintenance energy requirement. The data demonstrated that, strategies to improve the 

specific yields of A. niger would significantly improve the endoinulinases productivity of the 
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system, which was limited in the maximum attainable biomass due to viscosity limitations and 

had a growth-associated endoinulinases production. The endoinulinases produced in this 

contribution was an important cocktail component for the optimised cocktail used in the 

hydrolysis and fermentation of the tuber residues (chapter 6) from the sequential extraction 

of protein and inulin (chapter 4).  
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Abstract  

Endoinulinases gene was expressed in recombinant Aspergillus niger, which was modified by 

the co-author from the Microbiology department of Stellenbosch University, for selective and 

high-level expression using an exponential fed-batch fermentation. The effects of the growth 

rate (µ), glucose feed concentration, nitrogen concentration and fungal morphology, on 

enzyme production were evaluated. A recombinant endoinulinases with a molecular weight 

of 66 KDa was secreted. Endoinulinases production was growth associated at µ> 0.04 h-1, 

which is characteristic of the constitutive gpd promoter used for the enzyme production. The 

highest volumetric activity (670 U/ml) was achieved at a growth rate of 93% of µmax (0.07 h-

1), while enzyme activity (506 U/ml) and biomass substrate yield (0.043 gbiomassDW/gglucose) 

significantly decreased at low µ (0.04 h-1). Increasing the feed concentration resulted in high 

biomass concentrations and viscosity, which necessitated high agitation for improved mixing 

and oxygen. However, the high agitation and low DO levels (ca. 8% of saturation) led to pellet 

disruption and growth in mycelial morphology. Enzyme production profiles, product (Yp/s) and 

biomass (Yx/s) yield coefficients were not affected by feed concentration and morphological 

change. The gradual increase in the concentration of nitrogen sources showed that, a nitrogen 

limited culture was not suitable for endoinulinases production in recombinant A. niger. 

Moreover, the increase in enzyme volumetric activity was still directly related to an increase 

in biomass concentration. An increase in nitrogen concentration, from 3.8 to 12 g/L, resulted 

in volumetric activity increase from 393 to 670 U/ml, but the Yp/s (10053 U/gglucose) and Yx/s 

(0.049 gbiomasDWs/gglucose) did not significantly change. The data demonstrated the potential of 

recombinant A. niger and high cell density fermentation for the development of largescale 

endoinulinases production system.    

Keywords: Recombinant, A. niger, fed-batch, endoinulinases, morphology, pellet 
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5.1. Introduction 

Endoinulinases is an important polyfructose hydrolysing enzyme used for the production of 

fructooligosaccharides from inulin, and thus has a wide range of application in the food and 

pharmaceutical industries (Fanck, 2002, Singh and Chauhan, 2018). Endoinulinases is also 

important in the fermentation of inulin into ethanol, single cell protein, biodiesel and platform 

chemicals through enzymatic conversion into simple sugars (Yang et al., 2015, Johansson et 

al., 2015, Long et al., 2015).  

Endoinulinases naturally exist in plants, fungi, yeast and, bacteria, and is produced as an 

inulinases cocktail composed of endo- and exoinulinases (Li et al., 2012, Singh et al., 2013, 

Singh and Chauhan 2018). Microorganisms are the best sources for commercial 

endoinulinases production (Leelaram et al., 2016), because of their ease for large scale 

production; however, the low enzyme productivity from native strains is a major 

disadvantage. Moreover, the production of heterogeneous enzymes from native host is a 

major challenge due to co-expression and secretion of other native enzymes (Rose and van 

Zyl 2008), and this necessitates costly downstream processing in commercial production 

(Cheng et al., 2002). 

High-level and homogenous endoinulinases expression can be achieved through 

heterologous protein expression using recombinant DNA technology (Alriksson et al., 2009, 

Leelaram et al., 2016). The filamentous fungi, Aspergillus sp., is widely used as host for 

industrial production of recombinant protein. Aspergillus sp. has rapid growth, high 

production and secretion capacity, as well the ability to perform post translational 

modifications (Rose and van Zyl 2008, Krull et al., 2013). Moreover, Aspergillus sp. has the 

GRAS (Generally Regarded As Safe) status and thereby has a potential for application in 

recombinant enzyme production in the food and pharmaceutical industries (Krull et al., 2013).  

Fed batch fermentation is an industrially relevant production method, used to achieve high 

enzyme volumetric activity (Driouch et al., 2012, Chen et al., 2015). However, the high 

viscosity associated with high cell density fermentation severely affects productivity (Casas-

Lopez et al., 2005, James et al., 2007). The high broth viscosity impacts the mixing efficiency, 

oxygen and nutrients diffusion (Bhargava et al., 2004, Driouch et al., 2010). Therefore, 

overcoming viscosity challenges in high density fermentation of Aspergillus is crucial to 

achieve high biomass yield and volumetric concentration of the recombinant protein (Casas-
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Lopez et al., 2005, Driouch et al., 2010). The feed concentration is also an important factor in 

reducing broth viscosity through controlling the biomass concentration during fed batch 

fermentation (Bhargava et al., 2003, Casas-Lopez et al., 2005). The use of highly metabolizable 

nutrients results in rapid growth in filamentous morphology which results in oxygen transfer 

limitations and reduced protein synthesis (Kumar et al., 2003). 

Currently, most of the available literature studies on recombinant endoinulinases production 

have been in bacterial or yeast hosts, and not filamentous fungi, despite the application of 

the latter for industrial enzyme production. Therefore, there is a need for the development 

and optimisation of bioprocess parameters for the use of A. niger in the production of 

endoinulinases.  

The aim of the study was to develop and assess the potential of a recombinant A. niger strain 

for endoinulinases production with a glucose limited fed batch exponential fermentation 

strategy. A. niger D15 uridine auxotrophic (pyrG), protease-deficient (prtT), nonacidifying 

(phmA) mutant was transformed with pGT (bla gpdp-glar) vector containing Inu A gene 

encoding endoinulinases. The transcription was under the control of the glyceraldehyde-3-

phosphate dehydrogenase promoter (gpdP) of A. niger and glucoamylase terminator (glaAT) 

of A. awamori.  Enzyme secretion was directed by the native gene’s secretion signal. The 

effects of the bioprocess parameters, glucose feed concentration, nitrogen sources 

concentration and growth rate, on biomass growth and enzyme production in fed-batch 

culture were investigated. The study aimed to gain insight on the factors influencing and 

challenges related to recombinant endoinulinases production from A. niger during high cell 

density fermentation.   

5.1. Materials and methods 

5.1.1. Media and cultivation conditions  

All chemicals were of analytical grade and unless stated otherwise, sourced from Merck 

(Darmstadt, Germany). The E. coli DH5α strains were cultivated at 37°C in Terrific Broth and 

on Luria Bertani agar containing 100 μg ampicillin/ml for selective pressure (Sambrook et al., 

1989).   

The A. niger D15 parental strain was cultivated at 30°C in minimal media (5 g/L yeast extract, 

0.4 g/L MgSO4•7H2O, 2 g/L casamino acids, 20 ml 50×AspA (300 g/l NaNO3, 26 g/L KCl, 76 g/L 

KH2PO4, pH 6), 0.01 M uridine and 1 ml/L 1000×trace elements) (Rose and van Zyl 2002). 
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Transformants were selected for on minimal medium lacking uridine. Media were inoculated 

to a concentration of 1×106 spores per ml unless stated otherwise. The A. niger D15 

transformants were initially cultivated in 20 ml double-strength minimal media (2×MM) 

containing 10% glucose for screening purposes (enzyme activity determination). Cultivation 

took place in 125 ml Erlenmeyer flasks on a rotary shaker at 200 rpm at 30°C for three days. 

Supernatants were obtained by centrifugation at 12 000 g for 10 min at room temperature 

and stored at 4°C for further analysis.   

5.1.2. DNA manipulations and gene amplification by PCR 

Standard protocols were followed for all DNA manipulations and E. coli transformations 

(Sambrook et al., 1989). The A. niger ATCC10864 strain was cultivated in minimal media for 

72 h. Mycelia were harvested, frozen under liquid nitrogen and the DNA isolated (Rose and 

van Zyl 2002). The InuA was amplified from the genome using the polymerase chain reaction 

(PCR) with oligonucleotide primers listed in Table 5.1. TaKaRa Extaq Polymerase (TaKaRa Bio 

Inc. Otso Japan) was used for amplification of the genes with the reaction set up in accordance 

with the supplier’s specifications in the Perkin Elmer GeneAmp® PCR system 2400 (Perkin 

Elmer, USA). The InuA was cloned into the NotI site of plasmid pGT (Rose and van Zyl 2002) 

to obtain pGT-InuA under the transcriptional control of the glyceraldehyde-3-phosphate 

dehydrogenase promoter (gpdP) of A. niger and glucoamylase terminator (glaAT) of 

A. awamori. The pyrG marker gene had been retrieved from pBS-pyrGamdS (Plüddemann and 

Van Zyl 2003) via PCR and was cloned into the EcoRI site on plasmid pUC18, generating pUC-

pyrG. Spheroplasts were prepared from the A. niger D15 (cspA1, pyrG1, prtT13, phmA, a non-

acidifying mutant of AB1.13, ATCC 9029) strain using lyzing enzymes (Sigma-Aldrich, 

Steinheim, Germany) in accordance with Punt and van den Hondel (1992). The pGT and pGT-

InuA vectors (Figure 5.1) were respectively co-transformed with pUC-pyrG to A. niger D15 to 

generate the A. niger D15[pGT-control] and D15[InuA] strains.  
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Table 5.1: The DNA sequences of the oligodeoxyribonucleotide primers used in this study  

 

Primer 

name  

Oligodeoxyribonucleotide primer sequence Restriction 

site* 

InuA-left 5'-TAGCGGCCGCGAATTCATGTTGAATCCGAAGGTT-3' NotI 

InuA-right 5'-TAGCGGCCGCGTCGACTTAATCCCCTTCCCC-3' 

 

NotI 

* relevant restriction sites are underlined 

 

 

 

Figure 5.1:  A schematic representation of the vector used in this study to construct the 

recombinant A. niger  D15[InuA].  

5.1.3. Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS PAGE) 

The proteins in the supernatant samples (20 μL) were separated using sodium dodecyl 

sulphate polyacrylamide gel electrophoresis (12% SDS-PAGE) as described by Sambrook et al. 

(1989). Electrophoresis was carried out at 100 V at ambient temperature and the proteins 

visualised using the silver staining method (O’Connell and Stults, 1997). The broad-range Page 

Ruler Prestained SM0671 Protein Ladder (Fermentas, Shenzhen, China) was used as a 

molecular mass marker. 
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5.1.4. Pre-inoculum preparation and cultivation medium for the fermentations 

Stock cultures of the strains were stored at -80oC in 30% (v/v) glycerol as cryoprotectant. A. 

niger spore production was performed in spore plates containing 18 g/L agar, 2 g/L peptone, 

1 g/L yeast extract, 10 g/L glucose and 2 g/L casamino acids with nitrates, at 30oC. The densely 

conidiated culture was harvested with saline solution (9 g/L NaCl) after 5 days. The minimal 

medium (MM) without uridine (Plüddemann and van Zyl, 2003) was used for the batch phase 

and was composed of 20 g/L glucose, 1 g/L casamino acids, 1 g/L peptone, yeast extract and 

1.8 g/L MgSO4•7H2O. A pre-inoculum was prepared in an 1L Erlenmeyer flask containing 400 

ml of the medium by inoculating with a spore concentration of Aspergillus of 1 X 106 spores 

mL-1. The flask was incubated at 30oC on a rotary shaker (Innova 2300, New Brunswick 

Scientific, Edison, USA) at 180 rpm for 12 hours. 

5.1.5. Bioreactor operating conditions and growth medium 

Enzyme production was carried out in batch cultures in 14 L BioFlo 110 bioreactors (New 

Brunswick Scientific company, Inc, USA) with a 10 L working volume and equipped with a 

polarographic DOT probe and a glass pH electrode (Mettler, Toledo, Sandton, South Africa). 

A batch culture with a total volume of 4 L of minimal medium (MM) without uridine 

(Plüddemann and van Zyl, 2003) was used for the enzyme production. Batch culture 

fermentation were carried out with an initial total nitrogen concentration in the range of 3.8-

18 g/L. The pre-inoculum was subsequently transferred directly from the flask into the 

bioreactor. The cultivation temperature and pH were 30oC and pH 5.5, respectively. The pH 

was maintained through the cultivation period using 25 % w/v NH4OH. Furthermore, a 

constant aeration rate of 0.8 v/v/m was maintained in the bioreactor during the cultivation. 

The dissolved oxygen was maintained above 30% saturation through a control loop that linked 

the agitation to the dissolve oxygen. The agitation speed was cascaded between 250 and 400 

rpm, with 400 rpm set as a maximum to limit biomass degradation (Casas Lopez et al., 2005). 

Foaming was controlled by addition of 0.1% (v/v) of 30% antifoam (Sigma-Aldrich, Kempton 

Park, South Africa). At the end of the cultivation, the fermentation broth was vacuum filtered 

with a Buchner funnel and the enzyme activity in the broth determined before storage at 4oC.  

5.1.6. Exponential feeding 

An exponential feeding strategy was employed to evaluate the effects of growth rate on 

biomass and enzyme concentrations. Feeding was initiated at the end of the batch phase 
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following depletion of the carbon source (glucose). Residual glucose was tested with glucose 

test strips (Accu-Chek®). The prediction of biomass (Xt) produced at a time t, using an 

exponential growth equation 1 (Kim et al., 2004), enabled estimation of the mass of glucose 

(St), the primary growth-limiting factor, fed during the fed-batch phase. This subsequently 

enabled the regulation of a pre-determined growth rate, where the glucose concentration in 

the reactor is assumed to be zero during the feeding phase (Cheng et al. 2002). Furthermore, 

the amount of glucose (St)to maintain a specific cell biomass (Xt) was determined according 

to equation 2 (James et al., 2012; Li et al., 2016): 

 

𝑋𝑡 =  𝑋0 𝑒µ𝑡          (1) 

where, Xt, X0 and µ is biomass is time t, biomass at the end of the batch culture and growth 

rate. 

 

𝑆𝑡 =  
𝑉0𝑋0 (𝑒µ𝑠𝑒𝑡𝑡−1)

𝑌𝑋
𝑠⁄

 + 𝑆0         (2) 

where, St, V0, X0, µset, S0 and Yx/s is mass of glucose at time t, volume of broth at the end of the 

batch culture, biomass at the end of batch culture, the desired growth rate, mass of glucose 

at time 0 and biomass substrate yield coefficient, respectively.  

5.1.7. Enzyme assay 

Endoinulinases activity was determined based on the method of Chen et al., (2015). 

Fermentation broth was vacuum filtered with a buchner funnel, crude enzyme subsequently 

filter-sterilised and diluted with acetate buffer for assaying. A 100 µL solution of 25% w/v 

inulin (Novozyme), 750 µL of 0.1M sodium acetate buffer (pH 5) and 100 µL of the crude 

enzyme were mixed and incubated at 50 oC for an hour. The reaction was terminated by 

placing in boiling water for 5 min. The solution was centrifuged and analysed for reducing 

sugars with the DNS assay. One unit of endoinulinases activity was defined as the amount of 

enzyme required to produce 1µmol of reducing sugar per min under assay conditions. The 

positive control assay was performed with a commercial inulinase (Megazyme). The negative 

control was performed with broth culture from the A. niger host strain that had not been 

transformed with inulinase genes.  
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5.2. Results and discussion 

5.2.1. Strain development 

Figure 5.2 is an illustration of an SDS PAGE for the selection of the positive transformant 

strains used in the fed-batch fermentation for endoinulinases (InuA) production. 

Endoinulinases with a molecular weight of ca. 66 kDa (Xu et al., 2016) was identified relative 

to the molecular weight marker. The presence of the enzyme was further confirmed by the 

absence of a corresponding band of 66 kDa from the negative control lane 4 (Figure 2). 

Therefore, the recombinant A. niger overexpressed and secreted the endoinulinasess 

extracellularly.          

 

Figure 5.2:  Silver-stained SDS-PAGE for crude supernatant from recombinant A. niger  strain 

grown in shake flasks in MM media at 30 oC for 60 hours. Lane 1 is the molecular marker, lane 

2-3 and 5-8 was obtained from A. niger  D15 (InuA)  strains and lane 4 is the A niger D15 (pGT 

control). The black arrow indicates the band representing endoinulinase s (InuA)  

5.2.2. Effects of glucose feed concentration on DO levels and mixing as well as 

subsequent impact on biomass and enzyme production 

Biomass production, enzyme activity, DO and agitation speed profiles, during endoinulinases 

production at four different glucose feed concentrations are demonstrated in Fig. 5.3. The 

maximum specific growth rate (µmax) and biomass yield on substrate (Yx/s) estimated in the 

batch culture prior to exponential feeding were 0.075 h-1 and 0.49 gbiomassDW/gglucose (data not 

shown), respectively. Fed batch fermentations were carried out at a constant exponential 
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growth rate (µ) of 0.06 h-1 for the glucose feed concentration of 15 g/L and 100 g/L and 0.07 

h-1 for the glucose feed concentration of 200 and 300 g/L. 

Biomass concentration and volumetric enzyme concentrations increased significantly 

(p<0.05) when the feed concentration was increased from 15 to 100, 200 and 300 g/L (Fig. 

5.3a). Biomass concentration (Fig. 5.3a) and enzyme volumetric activity (Figure 5.3b) 

increased by almost 2-fold when the glucose feed concentration was increased from 15 to 

200 and 300 g/L. The morphology of the recombinant A. niger strain used in this study 

remained in pellet form during culture (Figure 5.4a) and this coincided with DO levels of ca. 

30% of saturation (Fig. 5.3c) maintained in the culture broth during fed batch fermentation 

with a dilute glucose feed (15 g/L).  

In contrast, fed batch fermentation with a concentrated feed (100-300 g/L) resulted in a 

drastic change in the fungal morphology from pellet to mycelia form. The DO levels and 

agitation remained constant at ca. 30% of saturation (Figure 5.3c) and 250 rpm (Figure 5.3d), 

respectively, during the first 12 hours in the stationary phase of the culture. However, these 

changed drastically (Fig. 5.3c and d, respectively) when the culture entered the exponential 

growth phase. The DO levels dropped rapidly reaching a low of 8% of saturation and remained 

at this level throughout the fermentation period (Fig. 5.3c), due to the exponential increase 

in biomass concentration (Fig. 5.3a) and apparent increase in oxygen demand from the 

increased biomass concentration (Haack et al., 2006, Porcel et al., 2007, Haq et al., 2015). 

Accordingly, the agitation speed increased, reaching the maximum set-speed limit of 400 rpm, 

because of the system attempting to maintain the DO setpoint of 30% of saturation (Figure 

5.3d). Consequently, gradual pellet fragmentation (Figure 5.4), to mycelial form, was 

observed following the continued low DO levels of 8% of saturation (Fig. 5.3c) and agitation 

at 400 rpm (Fig. 5.3d).  The experimental data illustrated the importance of bioprocess 

parameters on fungal morphology and the complex interdependence of the former in 

controlling the morphology (Walisko et al., 2015). Therefore, the culture conditions can be 

controlled to induce fungal growth in pellet morphology and subsequently minimise the 

viscosity limitations associated with fungal growth in mycelial (Casas Lopez et al., 2005, Coban 

et al., 2015; Driouch et al., 2012). High cell densities are responsible for both increased broth 

viscosity (Driouch et al., 2010 and Driouch et al., 2012) and low DO levels in the culture, due 

to rapid oxygen uptake (James et al., 2007). The internal resistance, because of the former, 
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results in inefficient mixing, oxygen as well as nutrient diffusion and subsequent pellet 

disintegration (Haq et al., 2015; Walisko et al., 2015). Change in the culture conditions, 

associated with inefficient mixing, such as pH has been hypothesised to contribute to pellet 

disintegration due the negative impact on electrostatic forces that contribute to the pellet 

integrity (Zhang and Zhang, 2016). Broth viscosity, at high cell densities, also increases the 

probability of collision and friction between the pellets which in turn weaken the hydrophobic 

and electrostatic interactions that keep the pellet structure intact (Wargenau et al., 2011; 

Zhang and Zhang, 2016). Although, increasing agitation is necessary to improve mixing 

efficiency, oxygen and nutrient diffusion, at high biomass concentrations (Lopez et al., 2005; 

Haack et al., 2006), high agitation speeds results in shear forces that cause pellet 

disintegration and growth in mycelial which further affect broth viscosity (Driouch et al., 2012; 

Haq et al., 2015). Sporh and co-workers (1998) illustrated that agitation speeds of at least 400 

rpm resulted in fungal pellet degradation.  

The change in fungal morphology, however, did not affect both biomass growth and enzyme 

production which contrasts with what has been reported for recombinant A. niger. In 

addition, the feed concentration did not have a significant (p<0.05) impact on the yields, 

biomass yield on substrate (Yx/s) or enzyme yield on substrate (Yp/s), and the specific enzyme 

productivity (Yp/s) (Table 5.2). However, increasing feed concentration did significantly 

(p<0.05) increase the volumetric productivity (Qp) of the system. For instance, an increase 

from 15 to 100 g/L resulted in a Qp increase from 7980 to 9831 U/L/h. The control of 

bioprocess conditions to support a specific fungal morphology, in recombinant enzyme 

production using recombinant Aspergillus sp., may also contribute to productivity 

improvements (Lopez et al., 2005; Haack et al., 2006). However, the experimental data for 

the recombinant endoinulinases production in A. niger is contrary to what has been reported 

previously, regarding enzyme production under critical dissolved oxygen levels and different 

fungal morphology.  

Lopez and co-workers (2005) reported that A. terruus grew in large fluffy pellet morphology 

at DO levels of 80% saturation and agitation speeds less than 300 rpm and that agitation 

speeds > 300 resulted in growth in small pellet and a significant reduction in lovastatin 

productivity. Haack and co-workers (2006) reported that A. oryzae growth and lipase 

production were inhibited by low oxygen availability as result of increased biomass 
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concentration, morphology change from pellets to mycelium, during the feeding phase of an 

exponential fed batch culture. The insignificant impact of the fungal morphology on the 

endoinulinases productivity in recombinant A. niger could be attributed to the point of 

enzyme synthesis. Haack and co-workers reported that lipase production was localised from 

the hyphal tips of A. oryzae, and morphology change from pellets to mycelial reduced the 

density of active hyphal tips thereby reducing lipase productivity.  

In contrast, phytase production from A. ficuum (Coban et al., 2015) and fructofuranosidase 

production from A. niger (Driouch et al., 2012) were enhanced by fungal growth in small 

pellets. Driouch et al., (2012) further illustrated that the total biomass obtained when the 

fungi was growing in large pellets was not significantly different to the biomass when fungi 

was growing in small pellets. High DO levels were not a necessity for recombinant 

endoinulinases production which was growth-associated (Driouch et al., 2010 and Driouch et 

al., 2012), and therefore productivity was not significantly different between pellet and 

hyphal growth despite the poor aeration and oxygen transfer of the latter.  
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Table 5.2: Biomass growth and enzyme production productivities at glucose feed concentrations for exponential 

fed batch cultures of A niger D15 (InuA) strain at a nitrogen concentration of 3.8 g/L. The data is reported as a 

mean of three runs with the standard deviations. 

 Parameter 15 g/L 100 g/L 200 g/L 300 g/L 

µset (h-1) 0.06 0.06 0.07 0.07 

µmeasured (h-1) 0.06 (±.005) 0.06 (±0.008) 0.07 (0.003) 0.07 (± 0.006) 

Biomass (g/L) 3.93 (±0.01) 15.99 (±0.83) 18.19 (±0.97) 18.36 (± 1.92) 

Biomass (g) 37 (±0.14) 86 (±4.14) 79 (±3.87) 78 (±6.31) 

Activity (U/ml) 83 (±3) 360 (±24) 401 (±16)  393 (±37) 

Yx/s (gbiomassDW/gglucose) 0.048 (±0.001) 0.048 (0.001) 0.048 (±0.002) 0.049 (±0.001) 

Yp/s (U/gglucose) 9786 (±836) 9550 (±681) 10555 (±823) 10392 (±987) 

Yp/x (U/gbiomassDW) 19988 (±1305) 19780 (±1417) 20082 (±965) 20436 (±1745) 
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Figure 5.3: Effects of feed concentration on biomass production (A),  enzyme activity (B) DO (C) , and agitation speed (D)  during endoinulinases 

production from recombinant A. niger D15 (InuA) strain . Exponential feeding was used and four feed concentrations (15, 100, 200 and 300 g/L) 

were evaluated at a growth rates close to µ max. The nitrogen-nutrients concentration was 3.8 g/L. Agitation speed was cascaded between 250 -

400 rpm. The feeding start and end point (s) are indicated b y an arrow pointing upwards and downwards, respectiv ely
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Figure 5.4: Fungal growth morphology during endoinulinases production from recombinant A. 

niger D15 (InuA) strain  in high-cell density fed-batch culture. The pellet morphology (A) was 

predominant during the batch phase of the culture while mycelial morphology (B) was 

predominant during the feeding phase  

5.2.3. Effects of nutrient concentration on biomass yield and enzyme production 

Nitrogen sources are vital nutritional components for biomass growth and biosynthesis 

pathways (Sun et al., 2004, Elisashvili et al., 2009). Moreover, nutrient composition is an 

important factor in bioprocess optimisation and plays a critical role in maintaining optimal 

bioprocess conditions for the maximum productivity (Walisko et al., 2015). Therefore, fed 

batch fermentation were performed to evaluate the effect of nitrogen concentration, on 

fungal morphology, biomass yields, and enzyme productivity. The nutrients were comprised 

of a cocktail of three organic nitrogen sources, which are yeast extract, peptone and casamino 

acids in proportions of 50, 25 and 25 %, respectively (Plüddemann and van Zyl, 2003). 

Exponential fed batch cultures were carried out at a µ of 0.07 h-1, glucose feed concentration 

of 300 g/L and organic nitrogen cocktail concentrations of 3.8, 12 and 18 g/L in the batch 

culture medium. An increase of approximately 3-fold in the nitrogen cocktail, from 3.8-12 g/L, 

resulted in a significant (p<0.05) increase in the final biomass concentration (Figure 5.5a) and 

volumetric enzyme activity (Fig. 5.5b), from 18.36 to 34.4 g/L and 393 U/L to 670 U/L, 

respectively. A further increase of the nutrients to 18 g/L did not result in a further increase 

in the biomass concentration and enzyme activity (Fig. 5.5a and b, respectively). The data 

thereby, demonstrated that an increase in the feed concentration should be supplemented 

with a corresponding amount of nitrogen to ensure the culture has excess nitrogen and 

carbon limited. Although, the increment in the nutrient concentration resulted in an increase 

in the final biomass concentration and enzyme volumetric activity, the Yx/s Yp/x and Yp/s did not 
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significantly (p>0.05) differ (Table 5.3) at the different nutrient concentrations, 

demonstrating that the enzyme yield on biomass and carbon source (glucose) did not change.  

Table 5.3: Biomass growth and enzyme production productivities at different nutrient concentrations for 
exponential fed batch cultures of the A niger D15 (InuA) strain.  The data is reported as a mean of three runs with 
the standard deviations. 

Parameter 3.8 g/L 12 g/L 18 g/L p-value 

µset (h-1) 0.07 0.07 0.07 n.a. 

µmeasured (h-1) 0.07 (±0.006) 0.07 (±0.003) 0.07 (±0.002) n.a. 

Biomass (g/L) 18.36 (±1.92) 34.40 (±0.87) 33.94 (±1.46) n.a. 

Biomass (g) 78.21 (6.31) 184.42 (±15.13) 182.68 (17.14) n.a. 

Activity (U/ml) 393 (±37) 670 (±28) 667 (±35) n.a. 

Yx/s (gbiomassDW/gglucose) 0.049 (±0.001) 0.049 (±0.001) 0.049 (±0.001) p>0.05 

Yp/s (U/gglucose) 

Yp/x (U/gbiomassDW) 

10391 (±987) 

21435 (±1745) 

10053 (±845) 

19187 (±1543) 

10068 (±932) 

19581 (±1134) 

p>0.05 

p>0.05 

    

 

n.a.: not applicable 

Therefore, the organic nitrogen sources did not have a direct induction effect on recombinant 

endoinulinases production, confirming that enzyme production was growth related. The data 

demonstrated that at a feed concentration of at least 100 g/L glucose, the biomass growth 

and enzyme production were nitrogen limited at a concentration of 3.8 g/L nitrogen cocktail 

and conversely carbon limited at an excess nitrogen concentration of 12 g/L. The 

supplementation of the culture media with organic nitrogen sources of up to 12 g/L was 

sufficient to prevent nitrogen limitation without impacting the fungal morphology of A. niger 

in a negative way. Fu and co-workers (2014) reported that peptone had a positive impact on 

pellet formation. However, excess nitrogen components in the medium can result in fungal 

growth in mycelial form and consequently cause viscosity limitations.   
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Figure 5.5:  Biomass concentration (A), enzyme activity (B) and DO (C) using different concentration of the nitrogen sources. A cocktail o f three 

nitrogen sources which are yeast extract,  peptone and casamino acids in proportions of 50, 25, and 25 %, respectively. An exponential feeding 

rate of µ = 0.07 was used with a fixed glucose feed of 300 g/L. Agitation speed was cascaded between 250 -400 rpm. The feeding start and end 

point (s) are indicated by an arrow pointing upwards and downwards, respectivel y  
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5.2.4. Effects of growth rate on biomass growth and enzyme production as well as 

yields and productivities 
 

Exponential fed batch fermentation at 93% and 53% of µmax, µ of 0.07 h-1 and 0.04 h-1
, 

respectively, were performed to determine the effects of the growth rate on biomass growth 

and enzyme production, with a high glucose concentration feed (300 g/L) and excess nitrogen 

(18 g/L) supplementation. The agitation was cascaded between 250 and 400 rpm to minimize 

biomass degradation. Exponential feeding resumed after depletion of 20 g/L glucose from the 

batch culture and was terminated when residual glucose started to accumulate and DO levels 

spiked from the 8%, maintained during the exponential growth phase, to ca. 20% level of 

saturation (Fig. 5.6d). The highest biomass concentration was obtained at the higher growth 

rate of 0.07 h-1 and was equivalent to 33.94 g/L, compared to 28.03 g/L obtained at the lower 

growth rate of 0.04 h-1 (Fig. 5.6a).  In addition, the highest volumetric activity of 680 U /ml 

was obtained at the higher growth of 0.07 h-1 compared to 507 U/ml obtained at a growth 

rate of 0.04 h-1 (Fig. 5.6b). The highest volumetric activity (680 U/ml) reported in this study 

was significantly lower than reported in a Pichia pastoris, a yeast host, which reported a 

volumetric activity of 4000 U/ml (Chen et al., 2014). The enzyme yield on this host was 36 

U/gbiomass in comparison to 20 U/gbiomass reported for A. niger. The plots for the natural log of 

the total biomass (Fig. 5.6c) show that an exponential growth rate was maintained during the 

fed batch and that the measured growth rate deviated by approximately 5% and 10% from 

µset for µ of 0.07 h-1 and 0.04 h-1, respectively. Moreover, the plots had R2 values of 0.99, 

further showing that a constant exponential growth rate was maintained during the fed batch 

fermentations. The end of the fermentation was accompanied by glucose accumulation and 

subsequent biomass growth cessation (Fig. 5.6a) as well as enzyme production cessation (Fig. 

5.6b) and an increase in the DO levels to ca. 30% of saturation (Fig. 5.6d). In addition, visual 

inspection indicated that the culture was characterised by highly fragmented fungal mycelia 

components (Fig. 5.4b). Fungal fragmentation (Fig. 5.4b) was preceded by drastic drop in DO 

level to 8% (Fig. 5.6d), as result of an exponential increase in biomass concentration (Fig. 

5.6a), and a subsequent increase in agitation speed, to maximum speed of 400 rpm (data not 

shown), to improve the mixing efficiency. Fragmentation started (Fig. 5.4) with gradual pellet 

disruption into mycelia and eventually degradation of the mycelia, at the end of fermentation 

(T 54 and 66 h for µ of 0.07 h-1 and 0.04 h-1, respectively), and this coincided with growth 
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cessation. Furthermore, the transition from pellet morphology to mycelial, during the 

exponential growth phase, did not impact endoinulinases production (Fig. 5.6b). Comparisons 

of the yields and productivities (Table 5.4) between enzyme production at high growth rates 

(0.07 h-1) and low growth rates (0.04 h-1) showed that the biomass and enzyme yield 

coefficients (Yx/s and Yp/s was 0.049 and 10068, respectively) were significantly (p<0.05) higher 

at the high growth rates (0.07 h-1). The substrate specific consumption (Qs = 0.101) was also 

significantly higher at high growth rates (0.07 h-1) compared to a Qs of 0.072 at µ of 0.07 h-1 

and 0.04 h-1. The lower enzyme productivities and biomass yield at low specific growth rate 

could be attributed to a high maintenance energy requirement at low growth rates (Low and 

Chase 1999, Vos et al. 2016). Slow growing biomass has been reported to have high metabolic 

energy requirements for maintenance of cellular integrity and viability (Tannler et al. 2008, 

Vos et al. 2016) at the expense of biomass growth. The growth associated nature of 

endoinulinases production at higher growth rates, where maintenance energy did not have a 

significant impact, was attributed to the constitutive gpd promoter controlling endoinulinases 

expression from recombinant A. niger (Pal et al., 2006, Rose and van Zyl, 2008).  

Table 5.4: Biomass growth and enzyme production productivities at two specific growth rates for exponential fed 
batch cultures of A niger D15 (InuA) strain. The data is reported as a mean of three runs with the standard 
deviations. 

Parameter 0.04 h-1 0.07 h-1 p-value 

µ (h-1) 0.046 (0.006) 0.07 (±0.002) n.a. 

Biomass (g/L) 28.03 (2.01) 33.94 (±1.46) n.a. 

Biomass (g) 150 (±8.41) 182 (±17.14) n.a. 

Activity (U/ml) 506 (±39) 667 (±35) n.a. 

Yx/s (gbiomassDW/gglucose) 0.043a (0.001) 0.049 (±0.001) p<0.05 

Yp/s (U/gglucose) 7414 (±642) 10068 (±932) p<0.05 

Yp/x (U/gbiomassDW) 17185 (±1048) 19581 (±1134) p<0.05 

   

 

n.a.: not applicable 
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Figure 5.6: Biomass concentration (A), volumetric enzyme activity (B), specific growth rate profiles (C) and DO (D) during fed batch fermentation at different growth rates. 
Agitation speed was cascaded between 250-400 rpm. The feeding start and end point (s) are indicated by an arrow pointing upwards and downwards, respectively 
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5.3. Conclusions 

 

Viscosity challenges, associated with high cell densities during the fed batch phase, limited 

the ability of system to achieve enzyme volumetric activity similar to yeast systems. 

Therefore, strategies that improve the specific productivity of the A. niger system will enable 

attainment of improved volumetric activity, considering the culture has limitations in the 

maximum attainable biomass concentration. In summary, recombinant endoinulinases 

production from A. niger was not strictly growth associated and only growth associated at 

high growth rates. Moreover, the high maintenance requirements at low specific growth rate 

could have resulted in reduced enzyme production. High biomass concentrations combined 

with increased agitation rates during the fed-batch feeding, resulted in lower DO levels, and 

a combination of these factors triggered a change from pellet to hyphae morphology. A. niger 

continued to grow and produce the growth-associated enzyme at high growth rates, with low 

maintenance requirements, even when the DO levels reached critical level of 8% of 

saturation. Moreover, enzyme production continued with no changes in productivity at this 

critical level which was characterised by high viscosity and pellet disintegration.
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CHAPTER SIX 

6. Maximising the benefits of enzyme synergy in the simultaneous saccharification and 

fermentation of Jerusalem artichoke (Helianthus tuberosus) tuber residues into 

ethanol 

Manuscript 

Title: Maximising the benefits of enzyme synergy in the simultaneous saccharification and 

fermentation of Jerusalem artichoke (Helianthus tuberosus) tuber residues into ethanol 

Target Journal: Waste and Biomass valorisation 

Summary 

In this chapter, the protein and inulin extraction residue of the tubers (chapter 4), were 

valorised through fed-batch simultaneous saccharification and fermentation (SSF) into 

ethanol and with the use of an optimised enzyme cocktail of endoinulinases (produced from 

chapter 5), exoinulinases (batch culture produced), pectinases and cellulases, to improve the 

hydrolysis and fermentation productivity. This contribution was important in demonstrating 

the technical feasibility of a biorefinery approach to utilising JA tubers, through the co-

production of food, feed, and biofuel products, with synergistic benefits to food and energy 

security. The use of an optimised enzyme cocktail of lab produced (exo- and endoinulinases), 

and commercial (Cellic® CTec3 and Pectinex Ultra-SP) enzyme significantly improved the 

fermentation performance. Xylose and glucan recovery yields of 62.5 and 66.7%, respectively, 

were recorded with the optimised cocktail. The optimised cocktail thereby resulted in 

extensive LCF conversion with no pre-treatment to the tuber residues. This could be 

attributed to either the synergistic benefits of using accessory enzymes (pectinases) in the 

cocktail, protein, and inulin extraction process prior to fermentation or both.  The synergistic 

interactions among the enzyme resulted in ethanol yield increases from as low as 37% to 83% 

of the theoretical maximum. Furthermore, the use of an optimized cocktail significantly 

improved the fermentation performance without changing the total protein loading. The 

ethanol concentration and yield were 32g/L and 59% with cocktail 1 compared to 38g/L and 

83% with cocktail 2 which had higher activities of cellulases and endoinulinases. The change 

in the activities of the cocktail enzymes was necessary to alleviate the poor enzyme 

accessibility, associated with the high viscosity, and non-productive enzyme and lignin binding 
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as the amount of non-fermentable and recalcitrant material increased significantly at high 

solids loading.  
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Abstract  

Purpose 

An integrated approach for the co-production of food, feed and biofuel products has the 

potential to improve the sustainability and maximise the economic value derived from 

Jerusalem artichoke (JA) tubers, with synergistic benefits to food and energy security. This 

study followed a biorefinery approach, involving the extraction of protein and inulin from JA 

tubers, and subsequently ethanol fermentation from the extraction residues using an 

optimised cocktail of hydrolytic enzymes.  

Method 

Inulin and protein products were pre-extracted from JA tubers, resulting in tuber residues 

enriched in unextracted inulin (38%) and lignocellulosic fibres (25%), both on a dry matter 

basis. A fed batch fermentation approach was used for ethanol production from JA tuber 

residues, using a mixture design, to optimize the cocktail of exo- and endoinulinases, Cellic® 

CTec3 and Pectinex Ultra-SP, to minimise the total enzyme dosage and maximise the sugar 

conversion and ethanol yields during simultaneous saccharification and fermentation of the 

tuber residues, by exploiting synergistic action between enzyme components in the cocktail.  

 

Results  

High gravity fermentation of the tuber residues with 21% w/v maximum solids loading, 

resulted in ethanol concentration and yield of 38g/L and 83% of the theoretical max, 

respectively, and a combined inulin and cellulose conversion yield of 74%. Synergistic co-

operation among the enzymes significantly improved the hydrolysis of inulin and LCFs into 

fermentable sugars. The enzyme cocktail demonstrated a degree of synergy that resulted in 

the highest sugar yield of 390 mg/gbiomass compared to yields in the range of 30-195 mg/gbiomass 

for individual enzymes. The xylose and glucan recovery yield for this optimised cocktail was 

62 and 66%, respectively. Moreover, ethanol yields were improved from 37%, when using 

individual enzymes, to 83% of the theoretical max, when using the enzyme cocktail. Cellic® 

CTec3 and Pectinex Ultra-SP played a major role in the disruption of hemicellulose and pectin, 

which potentially impedes the accessibility of inulin and cellulose for saccharification.  

  

Conclusions 
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The high solids fermentation of the JA residues after protein-inulin extraction demonstrated 

the technical feasibility of a multiproduct JA biorefinery. Synergistic co-operation among the 

hydrolytic enzymes significantly improved the saccharification and fermentation efficiency of 

the tuber residues, in part due to optimisation of the composition of the enzyme cocktail 

preparation. In addition, the optimised enzyme cocktail resulted in substantial lignocellulosic 

fibres conversion without the pre-treatment of the JA tuber residues. The resulting ethanol 

yield and concentration was similar to previous reports on ethanol production from 

unprocessed JA tubers. 

Statement of Novelty 

This manuscript is the first to demonstrate the production of ethanol from Jerusalem 

artichoke tubers residues, after the sequential extraction of high-value protein and inulin. The 

use of a unique and optimized cocktail of hydrolytic enzymes enabled high solids loading 

fermentation of the complex tuber-extraction waste residues. Moreover, the cocktail 

optimisation approach consequently enabled achievement of high ethanol yields and 

concentration as well as carbohydrates conversions thereby, making the simultaneous 

saccharification and fermentation of the tuber residues to be industrially relevant.      
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6.1. Introduction  

The integration of ethanol production from Jerusalem artichoke (JA) tuber residues, after the 

extraction of high-value protein and inulin products, has the potential to enhance the viability 

of this biorefinery strategy (Johansson et al., 2015; Yang et al., 2015). Protein and inulin find 

application in the food and pharmaceutical industries (Franck, 2002, Singh et al., 2008), while 

ethanol is globally the predominant biofuel. Currently 80% of the ethanol global consumption 

is for fuel purpose (OECD/FAO, 2016). Thus, this biorefinery approach offers a tool to 

simultaneously address food and energy security as well as global warming.  

JA tubers are rich in inulin, accounting for up to 80% of the dry matter (DM) (Gunnarsson et 

al., 2014) and an attractive biorefining feedstock due to the good agronomic traits of the plant 

such as high yields, drought resistance and minimal input requirements (Yang et al., 2015). 

Although JA is an herbaceous plant native from the North America, it is widely cultivated in 

China and Europe for consumption as a vegetable (Bajpai and Bajpai, 1991), and used as 

animal fodder or soil rehabilitation, due to its ability to adapt to a range of microclimatic 

conditions (Izsaki and Kadi, 2013). Unlike grain-based feedstock, JA can be cultivated in 

marginal lands without a threat to and competition with food production (Long et al., 2016). 

In addition, the minimal usage of organic fertiliser and pesticides also contributes to the 

reduction of greenhouse gases emissions (Gunnarsson et al., 2014; Aguilera et al., 2015).  

Inulin is a non-recalcitrant polyfructan that is relatively soluble in water (Naskar et al., 2010), 

with water-extraction of inulin from JA tubers resulting in yields between 60–80% 

(Gunnarsson et al., 2014). Although, sequential extraction of protein and inulin has been 

demonstrated to be a potential biorefinery approach for the use of JA tubers, value-added 

applications remain to be identified for the extraction residues, which contain residual inulin 

and LC fibres. Thus, the residual inulin and LCFs can be valorised into ethanol directly by 

saccharification and fermentation, with no requirement for additional prior pre-treatment to 

enhance the enzymatic accessibility of inulin and LCF (Yuan et al., 2011). In contrast, 

agricultural and forestry waste residues, require expensive pre-treatment and high enzyme 

dosage due to their recalcitrant nature (Hu et al., 2011; Liu et al., 2018).  

Simultaneous saccharification and fermentation (SSF) is commonly applied in the industry for 

ethanol production from starch and LC-based biomass (Yuan et al., 2011; Olofsson, 2008) and 

has the potential to also make ethanol production from JA tubers economically feasible 
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(Kádár et al., 2004). Moreover, SSF fermentation productivity can be enhanced by using fed-

batch method to achieve high solids fermentation (Liu et al., 2010; Zhang et al., 2010). The 

gradual addition of the substrate during fed-batch is ideal for tuber fermentation which have 

high viscosity limitations. The resulting high solids SSF is an attractive technology, with water 

and energy consumption savings. Furthermore, the high ethanol concentration yield results 

in low distillation cost during downstream processing (Wang et al., 2007). High solids 

fermentation has been widely and successfully used for grain-based ethanol production 

(Srichuwong et al., 2009; Lim et al., 2013; Poonsrisawat et al., 2011), however, high viscosity 

remains a substantial limitation in tuber fermentation (Srichuwong et al., 2009; Yingling et al., 

2011). High viscosity severely affects mixing efficiency thereby, resulting in poor mass transfer 

and fermentation productivity due to incomplete polysaccharide hydrolysis (Zhang et al., 

2010, Andersen et al., 2008).  

Acceptable viscosity levels in high-solids SSF cultures can be maintained through efficient 

hydrolysis of biomass by enzyme cocktails present in the culture. Shrichuwong et al., (2009) 

demonstrated that the use of enzyme cocktail of pectinases, cellulases and hemicellulases 

reduced the viscosity of potato mash and resulted in improved starch hydrolysis and 

fermentation (Srichuwong et al., 2009). Cellulases and pectinases cocktails have also been 

demonstrated to reduce viscosity during sweet potato (Zhang et al., 2010) and cassava 

(Yingling et al., 2011) fermentation. The use of additional accessory enzymes to improve 

fermentation efficiency can increase production costs since high enzyme cost is one of the 

major challenges in biorefining (Merino et al., 2006). Thus, the design and use of optimised 

proportions of enzyme cocktails with synergistic interactions has the potential to reduce the 

overall enzyme loading while improving the hydrolysis productivity and ethanol yields (Berlin 

et al., 2007; Liu et al., 2010).   

The aim of this study was to convert the residues of the JA tubers, after protein and inulin 

extraction, into ethanol, through high-solids, fed-batch SSF. A mixture design was used to 

optimise the proportions of endoinulinases, exoinulinases, pectinases and cellulases enzymes 

in a cocktail, to improve the fermentation productivity of high solids fermentation. The 

principal aim was to determine the effects of partially substituting inulinases (exo- and 

endoinulinases) with pectinases and cellulases, on the saccharification efficiency of the tuber 

residues. A mixture-design was applied to maximise the benefits derived from the degree of 
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synergy (DS) between different cocktail enzyme proportions, so as the minimise enzyme 

dosages and maximise hydrolysis and fermentation performance.  

6.2.  Materials and methods 

6.2.1. Raw material handling and preparation 

Jerusalem artichoke tubers were donated by the Glen Agricultural College, Mangaung 

Metropolitan Municipality, Free State, South Africa. Tubers were harvested in the late winter 

and stored at -18 °C. The frozen tubers were rasped with a hand-grater and pressed with a 

kitchen juice presser, and the pressed tuber used for sequential protein and inulin extraction 

according to the method of Maumela et al., (2019). The extraction residue was vacuum 

packaged and frozen at -18 oC for use in hydrolysis-fermentation experiments.  

6.2.2.  Yeast, inulinase strains and inoculum preparation 

For production of inulinases, Aspergillus niger D15 (uridine auxotrophic (pyrG), protease-

deficient (prtT), nonacidifying (phmA) mutant was separately transformed with pGT (bla gpdp-

glar) vectors containing EnInu and ExInu genes encoding endoinulinase (chapter 5) and 

exoinulinase, respectively. Enzyme secretion was under the control of the native gene’s 

secretion signal. Stock cultures of the strains were stored at -80oC in 30% (v/v) glycerol as 

cryoprotectant. A. niger spore production was performed on potato dextrose agar (PDA) 

plates containing 1.8% w/v agar, 0.2%w/v peptone, 0.1% w/v yeast extract, 1% w/v glucose 

and 0.2% casamino acids with nitrates (0.05% w/v KCL, 0.15% w/v KH2PO4 and 0.6% NaNO3) 

and 1mL/L of trace elements, at 30oC. The densely conidiated culture was harvested with 

saline solution (0.9% w/v NaCl) after 5 days. Trace elements contained 2.2% w/v ZnSO4.7H2O, 

1.1% w/v H3BO3, 0.5% w/v MnCl2.4H2O, 0.5% w/v FeSO4.7H2O, 0.17% w/v CoCl2.6H20, 0.16% 

w/v CuSO4.5H2O, 0.15% w/v Na2MoO4.2H20 and 5% w/v EDTA (no Na salt).  

Saccharomyces cerevisiae MH1000 (van Zyl et al., 2011) used in the simultaneous 

saccharification and fermentation (SSF), was stored at -80oC in 30% (v/v) glycerol as 

cryoprotectant. The seed culture was prepared in yeast potato dextrose (YPD) media (7.5% 

w/v glucose, 10% w/v yeast extract and 2% w/v tryptone). The seed culture was prepared by 

plating the yeast from the glycerol stock on YPD agar plates and incubating at 30oC for at least 

3 days. A single colony was subsequently inoculated in a 50 mL YPD media in a 250 mL 

Erlenmeyer flask and incubated at 30oC for 24 h. A 1 mL aliquot was drawn and inoculated 

into a fresh 50 mL YPD media in a 250 mL Erlenmeyer flask and incubated at 30oC for 18 h to 
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reach an OD600 of ca. 5. The seed culture was then centrifuged at 4000 rpm for 15 min and 

pellet used for the fermentation and culture was inoculated to a concentration of 1 g/L dry 

weight yeast.   

6.2.3.  Endoinulinases and exoinulinases production 

Enzyme production from Aspergillus niger (chapter 5) was carried out in batch cultures in 14 

L BioFlo 110 bioreactors (New Brunswick Scientific company, Inc, USA) with a 10 L working 

volume an equipped with a polarographic DOT probe and a glass pH electrode (Mettler, 

Toledo, Sandton, South Africa). The enzymes were produced in separate strains which were 

A. niger D15 (InuA) and A. niger D15 (InuE) for endoinulinases (Chapter 5) and exoinulinases, 

respectively. A batch culture with a total volume of 4 L of minimal medium (MM) without 

uridine (Plüddemann and van Zyl, W. 2003), supplemented with 1% v/v of trace elements, 

was used for the enzyme production. The medium was composed of 2% glucose and 

supplemented with 0.1% w/v casamino acids, 0.8 w/v % peptone, 0.8% w/v yeast extract and 

0.08% w/v MgSO4.7H2O. A pre-inoculum was prepared in 1L Erlenmeyer flask (un-baffled) 

containing 400 ml of the medium by inoculating with a spore concentration of 1x106 spores 

mL-1. The flask was incubated at 30oC on a rotary shaker (Innova 2300, New Brunswick 

Scientific, Edison, USA) at 180 rpm for 12 h. The pre-inoculum was aseptically transferred into 

the bioreactor from the flask through a silicon tube connecting the flask and reactor. The 

temperature of the cultivation was maintained at 30oC and pH 5.5 was maintained through 

the cultivation using NH4OH (25 % w/v). The dissolved oxygen was maintained above 30% 

saturation through a control loop that linked the agitation to the dissolve oxygen and a 

constant aeration rate of 0.8vvm was maintained during the cultivation. Foaming was 

controlled by addition of 0.1% (v/v) of 30% antifoam (Sigma-Aldrich, Kempton Park, South 

Africa). The culture broth was vacuum filtered with a Buchner funnel and broth was assayed 

for enzyme activity before storage at 4oC.  

6.2.4. Enzyme cocktails  

Crude A. niger preparations of endo- and exoinulinases, as well as commercial fungal 

preparations of Cellic® CTec3, Cellic® HTec3 and Pectinex Ultra-SP were used in the 

saccharification and fermentation experiments. The protein content of the enzyme 

preparations was determined using the Kjeldahl nitrogen analysis (AOAC Method 11, 2011) 
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6.2.5. Enzymatic hydrolysis  

Enzymatic hydrolysis was used to screen for enzymes to be used in the cocktail for the 

saccharification of the tuber residues. Endo- and exoinulinases, hemicellulases and cellulases 

enzymes were selected for screening based on the composition of the substrate solid residues 

(Maumela et al., 2019). The enzyme dosages were based on a literature survey on the 

minimum possible enzyme dosage used in saccharification and fermentation studies that 

resulted in the highest ethanol yields. For the initial screening a dosage of 30 U/gsugars was 

selected for inulinases (Ge et al., 2005; Zhang et al., 2010), which was equivalent to 

12.45mgprotein/ginulin sugars, and 15mgprotein/gglucans was used for cellulases and hemicellulases 

(Mokomele et al., 2018).  The hydrolysis was performed in 50 mL Erlenmeyer flasks with a 

working volume of 10 mL solution containing 0.1M acetate butter and the enzyme(s) and a 

solids loading of 3% w/v of the tuber residue dry matter, at pH 5 and 50 oC on a rotary shaker 

(Innova 2300, New Brunswick Scientific, Edison, USA) at 100 rpm. The reaction was stopped 

after 48 h and the sample centrifuged, and supernatant analysed for sugars using HPLC.  

Optimisation of the cocktail enzymes proportions was carried out according to the simplex 

design (Montgomery, 2013). The total enzyme dosage was fixed at 12.45mgprotein/ginulin sugars, 

and proportions of endo- and exoinulinases, cellulases and pectinases varied according to the 

simplex design (Table 6.2). The enzyme dosage was selected from a literature survey and 

based on the minimal inulinases dosage that produced the highest ethanol yields and 

concentration for Jerusalem artichoke tuber fermentation. The dosage was also based on 

inulin since it was the primary and abundant polymer in the tuber (Maumela et al., 2019) 

residues. The experiments were performed in batch mode. The degree of synergy (DS) was 

calculated according to the method of Andersen et al 2008 as follows in equation 1: 

𝐷𝑆 =  
𝑌𝑇

∑ 𝛽𝑖𝑌𝐼
           (1) 

where YT, Yi and βi is the sugar yield achieved by enzymes in combination, sugar yield of 

enzyme i working individually and proportion of enzyme i in the cocktail. The DS measures 

relative degree of the effect of at least two combined enzymes, to the sum of the individual 

enzymes (Andersen et al., 2008). 
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 6.2.6. Statistical design of experiments 

A {2, 4} simplex lattice design augmented with interior points and centroid (Montgomery, 

2013) was used to optimise the proportions of blending endo- and exoinulinases, pectinases 

and cellulases for the saccharification of tuber residue. Hemicellulases was excluded from the 

cocktail due to the background hemicellulases activity in cellulase (Cellic® CTec3). The goal for 

the optimisation was to determine the effects of partially substituting inulinases (exo- and 

endoinulinase) with pectinase and cellulases, on the saccharification and fermentation 

efficiency of the tuber residues. The ultimate optimisation goal was to determine the cocktail 

composition that maximises the saccharification of the tuber residues, without exceeding an 

acceptable total enzyme dosage. The experimental design had a total of 15 runs for both the 

hydrolysis and SSF experiments. The enzyme dosages were fixed at 20, 40 and 60 

mgprotein/gsugars with the enzyme ratios varying between 0 and 1.  

6.2.7. Statistical analysis 

The total fermentable sugars and ethanol final concentration was used to determine the effects of the 

various enzyme mixtures, for the hydrolysis and SSF experiment, respectively. Regression analysis with 

Statistica® 13.1 was used to determines the effects of the different enzyme mixtures on total sugar 

yields and final ethanol concentrations as well determining the specific interactions (degree of 

synergy) among the different enzyme components. Regression analysis was also used to predict the 

optimum proportion of the enzymes for the maximum ethanol concentration yield.  

 

6.2.8. Fed-batch simultaneous saccharification and fermentation 

SSF was performed in 50 mL capped flasks with a working volume of 10 mL at an initial solid 

loading of 6% w/v DM. The tuber residues were autoclaved at 121oC for 15 min in the flask 

and cooled. Filter sterilised enzymes, sterile corn steep liquor (5% v/v) and 50 g/L of 

chloramphenicol (0.0001% v/v) were aseptically added to the flask. The yeast inoculum was 

added to give a concentration of 1 g/L of dry cells and the fermentation was carried out at 

37oC, pH 5 and 150 rpm for 96 h. For fed-batch, the additional substrate (5% w/v DM) was fed 

at 8 hours intervals to achieve a final solids loading of 21% w/v, which was limited due to 

substrate viscosity. A sample was taken at the end of the fermentation and determined for 

ethanol, sugars, acetic acid, formic acid and glycerol with HPLC (section 6.2.8). The ethanol 

yield was calculated based on the amount of sugars consumed by the yeast relative to the 
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total fermentable sugars in the residue and theoretical yield of 0.51 gethanol/g of glucose or 

fructose consumed.   

6.2.9. Analytical methods 

Ethanol, glucose, xylose, rhamnose and galactose concentrations were determined through a 

high-performance liquid chromatography (HPLC) system fitted with an Aminex HPx-87 

column, a cation-H Micro Guard Cartridge, RI-101 detector, pump and an AS3000 Auto 

Sampler (Thermo Scientific Products, Bio-Rad, South Africa). The column was operated at 65 

°C with a 5 mM sulphuric acid mobile phase at the flowrate of 0.6 mL/min. Fructose 

concentration was analysed using HPLC with a Dionex 3000 System equipped with a Grace® 

Prevail Carbohydrate ES Column (250 x 4.6 mm) and a Varian® evaporative light scattering 

detector. The operating conditions were an injection volume of 10 uL, column temperature 

of 30 oC, flow rate of 0.6 mL/min and a gradient mobile phase of acetonitrile. 

6.3. Results and Discussion  

6.3.1. Chemical composition of the JA tuber extraction residue 

Table 6.1 is a summary of the chemical composition of the JA residues after protein-inulin 

extraction, in comparison to the raw tubers. The inulin, cellulose, and hemicellulose content 

of the residue was 38.98, 11.88 and 12.62%, respectively (Maumela et al., 2019). The amount 

of lignocellulosic fibres was approximately 24% and higher in the JA residues after extractions, 

compared to the raw tubers (ca. 12%), due to the removal of protein and inulin during the 

extraction. The inulin content in tuber residues was approximately 45% lower than in the raw 

tubers. The total fermentable sugars (inulin and cellulose) comprised ca. 50% of dry matter in 

JA tuber residues and is comparable to agricultural residues such as bagasse and cane leaf 

(Yuda et al., 2014; Mokomele et al., 2018), thus making the residues a potential feedstock for 

ethanol production. Lignin and ash comprised of 17.41 and 8.45%, respectively, of the dry 

matter (DM). Meanwhile the rhamnose, galactose and mannose contents were 1.02, 2.01 and 

0.88%, respectively, thereby confirming the presence of pectin in the tubers of JA.  
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Table 6.1: Compositional analysis of the raw tuber and tuber residuesa on dry matter basis. Data reported as 
mean values ±standard deviation of triplicates. 

Component  Raw tuber* (% w/w) Tuber residue* (% w/w) 

Inulin 71.33±4.34 38.98±2.01 

Celluloseb 6.23±.05 11.88±.08 

Hemicellulosec 6.48±.02 12.62±.09 

Lignin 8.82±0.6 17.41±1.09 

Ash 5.99±.07 8.45±.08 

Pectind 1.04±.01 3.91±0.21 

Protein 7.5±0.04 5.63±0.03 

 aResidue obtained after sequential protein and inulin extraction 

bCalculated as sum of glucose and cellobiose 

CCalculated as a sum of arabinose and cellobiose  

dCalculated as a sum of rhamnose, galactose and mannose  

 

6.3.2. Screening for enzymes for hydrolysis of the extraction residue  

Screening experiments for enzymatic hydrolysis were used to determine the enzymes to be 

included and optimized in the cocktail for the saccharification of the extraction residues. The 

tuber extraction residue, like other agricultural waste feedstock, is composed of a diverse 

group of sugar polymers with a complex chemical structure (Table 6.1). These polymers 

require different enzymes for effective solubilisation and saccharification during ethanol 

fermentation (Kádár et al., 2004; Berlin et al., 2007). Moreover, appropriate enzyme cocktails 

should be designed and optimised to minimize the overall enzyme loading thereby, enabling 

cost-effective utilisation of biomass in biorefining (Hunag et al., 2012; Berlin et al., 2007). Exo- 

and endoinulinases, cellulases and hemicellulases were used in the hydrolysis experiments. 

The screening did not however, include hydrolysis for exo- and endoinulinase separately since 

the combined use of both enzymes has synergistic benefits, with the latter randomly cleaving 

inulin to make more reducing ends available for cleavage by the former (Hu et al., 2013). 

Pectinase was excluded from the screening since it is not directly involved in the hydrolysis of 

either inulin or lignocellulosic fibres into fermentable sugars. Separate inulinases assays were 

not included because endo does not make reducing sugars. The enzymes were selected based 

on the chemical composition of the residue (Table 6.1). The addition of cellulose to exo- and 

endoinulinases during hydrolysis, resulted in a significant (p < 0.05) increase in the 
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concentration of total fermentable sugars (Fig. 6.1). The sugar concentration increased from 

4.5 to 7 g/L when cellulase was added compared to an increase to 6 g/L when hemicellulases 

was added (Figure 6.1). Exo- and endoinulinases as well as cellulases were subsequently 

selected for inclusion in the enzyme cocktail for the saccharification of the extraction residue 

during ethanol production. Although the residue is composed of approximately 12% 

hemicellulose (Table 6.1), the exclusion of hemicellulases from the cocktail will be 

compensated by the background hemicellulases activity in the commercial cellulases (Cellic® 

CTec3) preparation (Berlin et al., 2007). 

 

Figure 6.1: Screening enzymes for inulin and fibres hydrolysis to obtain sugars for ethanol 

fermentation. The data represents mean values of tripl icates with standard deviation. The 

different letters represent differences that are statistically s ignificant  

 

6.3.3. Optimization of the enzyme proportions in the cocktail and synergistic interactions 

of the enzymes during enzymatic hydrolysis  

Cellulases (Cellic® CTec3) supplementation to exo- and endoinulinases during hydrolysis 

resulted in significant (p<0.05) increase in the total sugars recovery (Fig. 6.1). Therefore, the 

mixture design approach was subsequently used to determine the optimal proportions of the 

enzymes in the cocktail, to maximise the enzyme saccharification efficiency. The presence of 

pectin, a significant contributor to viscosity (Srichuwong et al., 2009), in the waste residues 

(Table 6.1) has the potential to reduce the saccharification and consequently the 

fermentation efficiency. Thus, the inclusion of pectinases into the cocktail was considered.  
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An augmented simplex lattice mixture design (Table 6.2) was subsequently used to determine 

the optimum proportions of exo- and endoinulinases, cellulase and pectinase for the 

enzymatic hydrolysis of the tuber residues. The enzyme dosage used in the hydrolysis 

experiment was limited to 20 mgprotein/gsugars based on the minimum inulinases dosage, from 

literature, for the fermentation of JA tubers (Ge et al., 2005; Zhang et al., 2010; Mokomele et 

al., 2013). The mixture design was composed of 15 experimental points including center 

points (Table 6.2). The experimental data was used for regression analysis to evaluate the 

significant enzymes and interactions thereof, during hydrolysis and impact on the total sugar 

recoveries. The results of the regression analysis are summarised in the Pareto chart (Figure 

6.2). Saccharification with different combinations of the cocktail resulted in total fermentable 

sugars recoveries of between 30 and 390 mg/gbiomass (Table 6.2). The corresponding xylose 

and glucan recovery yield for this data point was 62.5 and 66.7%, respectively. The cocktail 

thereby resulted in extensive LCF conversion without prior pre-treatment to the tuber 

residues. This could be attributed to either the synergistic benefits of using accessory enzymes 

(pectinases) in the cocktail, the protein and inulin extraction process prior to fermentation or 

both. Hu and co-workers (2013) reported the synergistic benefits for LCFs hydrolysis when 

xylan degrading accessory enzymes were added to cellulases in the hydrolysis of corn stover. 

The pressing and hot water extraction, to extract proteins and inulin (Pfariso and co-workers 

2019), could have conditioned and improved the porosity of the tuber residues thereby 

improving the LCFs accessibility and hydrolysis by the enzyme. The lowest sugar recovery (30 

mg/gbiomass) was obtained at run 4 when pectinases was used alone, while the highest 

recovery (390 mg/gbiomass) was at run 11 with a combination of all the four enzymes (Table 

6.2). In addition, glucose and xylose contributed to ca. 90% of the total sugar recovery at run 

4 and this could be attributed to the fact that the fungal-derived pectinase (Pectinex Ultra-

SP) has been reported to have some background cellulase and hemicellulases activity (Lim et 

al., 2013). Pectinases addition also resulted in the accumulation of rhamnose and galactose 

monomers thereby, further confirming the presence of pectin in the tuber residue 

(Poonsrisawat et al., 2011).  

The results from the regression analysis showed that all enzymes except pectinases had a 

significant (p<0.05) impact on the sugar recovery. However, the data showed significant 

(p<0.05) interaction of pectinases with exo- and endoinulinases as well as the cellulases 
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(Figure 6.2). Thus, the above observations and data showing simultaneous accumulation of 

pectin monomers as well as significant increase in the sugar recovery when pectinase was 

added to the cocktail (Table 2), demonstrates that pectinases is not directly involved in the 

hydrolysis of inulin and cellulose. Pectin has been reported to coat cellulose fibres, 

consequently causing an access barrier for enzyme (Berlin et al., 2007). Furthermore, the 

reducing ends of inulin oligomers have been reported to be capable of forming interactions 

with other components such as proteins and polysaccharides (Mensink et al. 2015). Thus, the 

role of pectinases could have been the disruption of pectin-cellulose/inulin interaction and 

liberation thereof, and subsequently improving saccharification efficiency. Pectin 

disintegration may also be important in enhancing inulin and cellulose permeability or 

accessibility by their respective hydrolytic enzymes, through increasing the tuber residue 

porosity (Hu et al., 2011). 

Furthermore, the degree of synergy (DS) was determined between/amongst the different 

enzyme in the cocktail to evaluate the relationship and degree of cooperation. Although 

pectin did not significantly (p>0.05) affect the sugar recoveries as an individual enzyme, it 

demonstrated synergy when used with other enzymes (Table 6.2).  For instance, a 50:50 

combination of pectinase and exoinulinase resulted in an increase of sugar recoveries from 

145 to 172 mg/gbiomass, compared to when exoinulinase was used alone; the resulting degree 

of synergy was 1.97, thereby demonstrating that the cooperation between pectinase and 

exoinulinase was synergistic rather than additive. The Pareto chart (Figure 6.2) summary also 

illustrates that pectinase showed synergistic interactions with exoinulinase and endoinulinase 

at binary level. Furthermore, the regression analysis data showed that the synergy between 

exoinulinase and pectinase was higher than that of endoinulinase and pectinase. Cellulase 

showed a higher level of synergy with pectinase compared with endo- and exoinulinase 

(Figure 6.2). The estimated degree of synergy was consistent with the regression analysis 

results and showed a DS between cellulose and pectinase to be 2.48 compared to 1.04 with 

exoinulinase (Table 6.2). The regression analysis predicted optimal proportions of the cocktail 

were; exoinulinases: endoinulinases: cellulases: pectinases = 0.625, 0.125, 0.125 and 0.125, 

(cocktail). Moreover, this proportion was similar to where the highest sugar recoveries (run 

11 were obtained from the experimental data (table 6.2) 
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Table 6.2: Mixture design summarising the cocktail components and proportions as well as sugar recoveries 

       

Sugar 

recoveries 

(mg/gbiomass)    

 

Run Exo Endo Cellulase Pectinase Glucose Arabinose Xylose Fructose Pectin 

Total sugar           

recoveriesa 
 

DS 

1 1 0 0 0 42.62 0.00 0.00 102.15 0.00 145.00 1 

2 0 1 0 0 29.37 0.00 0.00 68.02 0.00 98.17 1 

3 0 0 1 0 109.88 4.50 60.10 20.70 0.00 195.03 1 

4 0 0 0 1 24.70 0.00 3.70 1.70 18.11 30.00 1 

5 0.5 0.5 0 0 34.21 0.00 0.00 69.84 0.00 104.82 0.86 

6 0.5 0 0.5 0 111.20 4.90 19.68 40.71 0.00 176.58 1.04 

7 0.5 0 0 0.5 48.20 0.00 0.00 123.40 17.8 172.50 1.97 

8 0 0.5 0.5 0 118.20 1.21 60.25 25.21 0.00 204.89 1.39 

9 0 0.5 0 0.5 37.21 0.00 0.00 78.89 17.59 116.25 2.29 

10 0 0 0.5 0.5 129.86 3.03 65.02 19.21 18.21 217.50 2.48 

11 0.625 0.125 0.125 0.125 133.45 2.21 71.98 184.95 8.24 390.00 2.97 

12 0.125 0.625 0.125 0.125 130.20 1.98 52.40 147.57 8.45 330.00 2.90 

13 0.125 0.125 0.625 0.125 145.20 1.01 53.10 151.20 7.21 350.00 2.24 

14 0.125 0.125 0.125 0.625 126.08 2.46 49.21 114.76 18.19 292.50 2.78 

15 0.25 0.25 0.25 0.25 131.20 3.01 50.89 136.91  13.21 322.50 2.75 

aSum of glucose, arabinose, xylose and fructose 
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Pareto Chart, Standardized Pseudo-Comps; Variable: Fermentable sugars

4 Factor mixture design; Mixture total=5., 45 Runs

DV: Fermentable sugars; MS Residual=1834.477
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Figure 6.2: Pareto chart summarizing the effects of the different cocktail proportions on the 

sugar recovery 

In contrast, the use of equal proportions of exo- and endoinulinase (50:50) resulted in a 

severe reduction in sugar recoveries. The recovery was reduced from 145 to 104 mg/gbiomass, 

in comparison to when exoinulinase was used alone, and consequently the DS was lower at 

0.8 (Table 6.2). Inulin is a linear polymer (Naskar et al., 2010), capable of forming helical 

structures when in solutions (Mensink et al., 2015). Endoinulinase is important in the 

disruption of these supramolecular structure (Liu et al., 2016) due the enzyme’s ability to 

randomly cleave inulin polymers into oligomers of low DP (Hu et al., 2013) that are more 

soluble and accessible for exoinulinase hydrolysis. The synergetic interaction between endo- 

and exoinulinase is, however, dependent on the relative proportions of the different 

components of the cocktail. Hu and co-workers (2011) also demonstrated that increasing the 

proportion of xylanase relative to cellulase significantly improved cellulose and xylan 

hydrolysis and the degree of synergy increased. Increasing the exoinulinase content in the 

cocktail to 62.5% of the total protein dosage and reducing the proportion of endoinulinase to 

12.5% as well as the inclusion of 12.5% cellulase and pectin, significantly increased the 

synergy degree to 2.97 (Table 6.2). In contrast, a reduction in the exoinulinase proportion 
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below 62.5%, with a relative increase in at least endoinulinase, cellulase or pectinase, resulted 

in a reduction in both the sugar recoveries and DS (Table 6.2). For instance, using equal 

proportions (25%) of all the four enzymes (Run 15, Table 6.2) resulted in a decrease in the 

sugar recoveries and fructose content from 390 to 322 mg/gbiomass and 184 to 136 mg/gbiomass, 

respectively. On the other hand, using a cocktail with 62.5% (Run 12, Table 6.2) of pectinase 

resulted in a decrease of sugar recoveries from 390 to 292 mg/gbiomass. The reduction in sugar 

recoveries and consequent reduction in the DS with an increase in the proportion of either, 

endoinulinase, cellulase or pectinase relative to the proportion of exoinulinase, could be 

attributed to unproductive binding, which shields exoinulinase accessibility to the reducing 

ends of inulin (Hu et al., 2011).  Although inulin is a linear polymer (Naskar et al., 2010), it is 

also capable of forming helical structures when in solutions (Mensink et al., 2015) and 

endoinulinase is capable of the disruption of these supramolecular structure (Liu et al., 2016), 

due the enzyme’s ability to randomly cleave inulin polymers into oligomers of low DP (Hu et 

al., 2013). Inulin cleavage into oligomers subsequently makes it more soluble and accessible 

to exoinulinase hydrolysis into fermentable monomers. Consequently, the cleavage of these 

oligomers by exoinulinase is important in reversing endoinulinase inhibition by the oligomers 

(Andersen et al., 2004). Therefore, this demonstrates that the synergetic interactions 

between endo- and exoinulinase are also reciprocal.  

6.3.4. Fed-batch simultaneous saccharification and fermentation  

Fed-batch SSF was used for the conversion of the extraction residues into ethanol. Three 

enzyme loadings (20, 40 and 60 mgprotein/gsugars) based on the proportions, with the highest 

sugar recoveries, from the mixture design, exoinulinases: endoinulinases: cellulases: 

pectinases = 0.625, 0.125, 0.125 and 0.125, (cocktail 1) were used with biomass solids loading 

of 6, 11, 16 and 21%. The solids loading was selected based on the previous studies on the 

fermentation of JA tubers for ethanol production. Ethanol concentrations in the range of 15-

32 g/L were demonstrated, corresponding to 40-80% ethanol yields (Fig. 6.3a and b, 

respectively).  

The data demonstrated that increasing the enzyme dosage increased both the ethanol yield 

and concentration with solids loading in the range of 6-21% w/v. An increase of the dosage 

from 20-60 mgprotein/gsugars resulted in an ethanol concentration increase from 15 to 17 g/L 

(Fig. 6.3a), equivalent to an increase in the yield from 77-90% (Fig. 6.3b), at the solids loading 
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of 6% w/v. Moreover, an ethanol concentration increase, from 22 to 32 g/L (Fig. 6.3a), 

corresponding to a 40-62% (Fig. 6.3b) yield increase, was recorded at 21% w/v solids loading.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Ethanol concentrations (g/L) and sugar conversion yields (A and B, respectively) 

for fed-batch s imultaneous saccharification and fermentation  of JA tubers solid residues 

obtained after sequential  extraction  

 

In contrast, the ethanol yield decreased with an increase in the solids loading at all enzyme 

dosages (Fig. 6.3b). For instance, the ethanol yield decreased from ca. 90% to ca. 50%, at an 

enzyme dosage of 60 mgprotein/gsugars, when the solids loading increased from 5 to 21% w/v. A 

final ethanol concentration of 32 g/L was obtained at a 21% w/v solids loading with an enzyme 

dosages of 40 and 60 mgprotein/gsugars, illustrating that enzyme dosage was not a limitation to 

improving fermentation productivity at high solids loadings.  
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The decrease in the ethanol yield with a solid loading increase could be attributed to the 

increase in the broth viscosity and poor mixing efficiency. Moreover, the accumulation of non-

utilized tuber components, by the yeast, such as lignin and xylose contribute to severe stearic 

obstruction consequently limiting enzymatic hydrolysis (Hu et al., 2013; Saha et al., 2003). 

Lignins have been reported to unproductively bind to enzyme thereby, significantly 

restraining hydrolytic enzymes and reducing performance, thereof (Saha et al., 2005a). High 

solids loading has been reported to increase the external osmotic stress of the yeast resulting 

in loss of cell viability, growth and fermentation productivity (Olofsson et al., 2009; Liu et al., 

2010).  

6.3.5. Effects of solids loading on enzyme synergy and fermentation productivity in fed-

batch SSF 

Enzyme synergy and consequently saccharification efficiency are not only affected by 

variations in the proportion of the enzyme components of a cocktail. The accumulation of 

non-utilized and recalcitrant material in the residual solids (Saha et al., 2005b; Berlin et al., 

2007) and variations in the relative biomass components as results of fermentation and 

feeding, both have an impact on enzyme synergy and saccharification efficiency. A {2, 4} 

simplex lattice design, with an enzyme loading of 60 mgprotein/gsugars, was used to determine 

the impact of changing the enzyme proportion on the ethanol yields. Fed-batch SSF 

fermentation was performed with solids loading of 16 and 21% w/v. Regression analysis 

summary (Table 6.3) shows that changes in the solids loading from 5 to 16 and 21% % w/v 

resulted in differences in the effects of the cocktail components on fermentation productivity 

and the corresponding synergistic interaction. In contrast to low solids loading 

saccharification where cellulase had the most significant (p<0.05) impact on sugar recoveries 

(Table 6.3) when used alone, endoinulinases had the most significant impact at high solids 

loading. Moreover, the data illustrated that all the four enzymes had a significant effect on 

the final ethanol concentration (Table 6.3). Exoinulinase showed the highest synergy with 

both cellulase and pectinase. Endoinulinase had minimal synergy with exoinulinase and 

pectinase while there was no marked synergy with pectinase (Table 6.3).  The regression 

analysis results showed marked synergy among cellulase, endo- and exoinulinase. The refined 

cubic regression model generated for the ethanol concentration is represented by equation 

2, 
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Ethanol (g/L) = 2.17*Exo + 26.28*Endo + 20.62*Cellu + 12.89*Pectinase + 42.06*Exo*Endo + 

86.8*Exo*Cellu+ 96.09*Exo*Pectinase + 60.32*Cellu*Pectinase + 472.12*Exo*Endo*Cellu – 

873.48*Exo*Endo*Pectinase - 416.55*Exo*Cellu*Pectinase     (2) 

 

The data demonstrated that a change in the cocktail enzyme proportion improved the ethanol 

concentration (14-38 g/L) and yield (reaching a maximum of 83% of theoretical max), at higher 

solids loading (16% w/v) without changing the total protein dosage of 60 mgprotein/gsugars (Table 

4). Regression analysis was used to determine the optimum proportion of the cocktail 

components for maximum saccharification and fermentation of the tuber residues based on 

the final ethanol concentration. The optimum proportion of enzymes for high solids loading 

(21% w/v) SSF was estimated to be exoinulinase: endoinulinase: cellulase: pectinase = 

0.4:0.22:0.21:0.1 (cocktail 2) compared to 0.625:0.125:0.125:0.125 in cocktail 1. The highest 

ethanol concentration and ethanol yield obtained at a solids loading of 16% w/v with cocktail 

2 was 34.5 g/L and 83%, respectively compared to 32 g/L and 78%, respectively, with cocktail 

1 (optimised at low solids loading). On the other hand, the highest concentration and yield 

for the 21% solids loading was 38 g/L and 70%, respectively, with cocktail 2 compared to 32 

g/L and 59%, respectively, with cocktail 1 (Table 6.4). The ethanol concentration and yields 

for the tuber residues were comparable to those for the fermentation of pre-treated 

lignocellulosic residues such as bagasse (Mokomele et al., 2018), wheat straw (Saha et al., 

2005a) and rice hull (Saha et al., 2005b).  

 

 

 

 

 

 

 

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



113 
 

Table 6.3: Summary of the regression analysis for the saccharification and SSF mixture designs illustrating the 
significant factors for the hydrolysis of JA tubers at different solids loading 

  Solids loading (%w/v) 

 

3 16 21 

Factor Coefficient 

p-

value Coefficient 

p-

value Coefficient 

p-

value 

Exo (A) 150.92 0.001 17.7 0.000 2.177 0.018 

Endo (B) 64.37 0.013 29.33 0.000 26.28 0.000 

Cellu (C) 200.95 0.0003 22.58 0.000 20.62 0.000 

Pectinase (D) 35.92 0.155 14.22 0.01 12.89 0.013 

AB 290.13 0.022 13.61 0.002 42.06 0.000 

AC 49.97 0.682 63.9 0.000 86.8 0.000 

AD 363.71 0.005 74.3 0.000 96.09 0.000 

BC 336.28 0.009 7.49 0.077 8.26 0.000 

BD 311.8 0.015 5.86 0.163 7.24 0.063 

CD 443.64 0.001 65.78 0.000 60.32 0.101 

ABC 6068.02 0.052 411.1 0.000 472.12 0.000 

ABD 6956.86 0.027 -1065.56 0.000 -873.48 0.000 

ACD 1641.86 0.059 -532.56 0.000 -416.55 0.000 

BCD -2375.02 0.436 565.27 0.000 151.63 0.160 

 

Optimisation of the proportions of the cocktail components, considering the specific 

composition of the substrate, is important to ensure maximum synergy among the enzyme 

and substantial conversions of the polymers into fermentable sugars (Liu et al., 2010; Zhang 

et al., 2010). The optimal ratio of cocktail 2, which was suitable for efficient hydrolysis (ca. 

80% conversion) at high solids loading of the tuber residues, had higher activities of cellulase 
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and endoinulinases, compared to cocktail 1 which was sufficient for low solids loading 

hydrolysis. In contrast, exoinulinases and pectinases ratios were lower in cocktail 2. The high 

solids loading SSF of the tuber residues therefore, necessitated a change in the proportions 

of the cocktail enzymes to alleviate the poor substrate accessibility, because of the high 

viscosity, and non-productive enzyme and lignin binding. The accumulation of non-

fermentable lignin material has reported to result in uncompetitive binding to the substrate 

thereby, interfering with the activity of hydrolytic enzymes (Saha et al., 2005b; Berlin et al., 

2007; Gonzalez et al., 2015). Furthermore, the accumulation of xylan oligomers has been 

reported to interfere with cellulases hydrolysis by either competitive binding or being a 

physical barrier to the active sites. Therefore, an increase in the proportion of Cellic® CTec3 

(with background hemicellulases activity), for high solids loading SSF, was necessary to disrupt 

the significant amount of non-utilised lignocellulosic components and their interference with 

hydrolytic enzymes (Zhang et al., 2010; Berlin et al., 2007; Gonzalez et al., 2015) The 

inefficient mixing, resulting from the high broth viscosity, could have negatively impacted the 

solubility of inulin and accessibility by exoinulinases. Therefore, the increase in the activity of 

endoinulinases, with a higher affinity and specificity for polymeric inulin (Liu et al., 2016), was 

important for inulin hydrolysis into soluble oligomers which were easily accessible and further 

hydrolysed into fermentable sugars by exoinulinases.  
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Table 6.4: Mixture design illustrating the ethanol yields and residual sugars from the fed-batch simultaneous 
saccharification and fermentation of the tuber residue  

  Solids loading (%w/v) 

 
16   21   

Run 

Etoh  Cellobiose  Xylose  Arabinose  Etoh Cellobiose  Xylose  Arabinose  

(g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) (g/L) 

1 15.47 2.28 0.73 0.39 17.50 2.01 0.85 0.33 

2 26.08 2.10 0.59 0.47 29.13 1.98 0.76 0.38 

3 20.42 0.24 5.35 0.76 22.38 0.43 8.38 2.25 

4 12.69 0.11 7.03 1.78 14.02 0.19 7.73 0.87 

5 24.33 1.93 0.72 0.19 26.52 2.15 0.85 0.49 

6 32.68 0.71 7.49 0.71 35.71 0.46 8.67 1.49 

7 31.14 0.22 6.95 1.84 34.13 0.47 7.88 2.10 

8 25.10 0.00 8.18 1.76 27.43 0.00 8.96 1.58 

9 20.98 0.00 6.27 1.70 22.84 0.00 7.36 1.69 

10 31.42 0.16 9.15 1.04 34.44 0.17 9.38 1.70 

11 21.58 0.00 6.91 1.72 23.54 0.00 7.73 1.95 

12 27.62 0.00 7.48 1.27 30.13 0.00 7.73 2.25 

13 34.47 0.12 9.81 1.72 37.81 0.22 10.15 2.00 

14 20.61 0.13 8.05 1.80 22.64 0.14 8.55 2.13 

15 20.53 0.14 7.88 2.17 22.46 0.18 9.10 2.09 

 

Analysis of the residual sugars (Table 6.4), from the fermentation broth, was performed to 

determine the changes and potential underlying mechanism of synergism at high solids 

loading SSF. Residual cellobiose from fermentation runs was highest in the run where 

cellulases was excluded (Table 6.4). However, the addition of cellulases resulted in a decrease 

in the amount of detectable residual cellobiose. Although, increasing the cellulases 

proportion in the cocktail resulted in general trend showing a decrease in residual cellobiose, 

the lowest cellobiose concentration was observed when cellulases was used in combination 

with at least one of the other three enzymes in the cocktail. In addition, the xylose content 

followed a similar trend with the cellobiose content (Table 6.4). This illustrates potential 

reciprocal synergy between cellulases and other enzyme cocktail components (Jalak et al., 
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2012; Hu et al., 2013). Moreover, the data demonstrates that 50% of residual xylose was 

recovered in fermentation broth when using a cocktail (cocktail 2) proportion optimised at a 

high solids loading (Run 13 Table 6.4). In contrast ca. 37% was recovered using cocktail 

proportion optimised at a low solids loading (cocktail 1).  

 

6.4. Conclusions 

The fermentation of JA residues after protein-inulin extraction demonstrated the potential of 

a biorefinery based approach to ethanol production from JA tubers. High solids, SSF culture 

with the extraction residue resulted in an ethanol concentration and yield of 38 g/L and 83%, 

respectively. The use of an enzyme cocktail of exo- and endoinulinases, cellulases, and 

pectinases significantly improved the fermentation performance with xylose and glucan 

recoveries of at least 62 and 66%, respectively. The optimised cocktail, therefore, resulted in 

extensive LCFs conversion without prior pre-treatment. The synergistic interactions among 

the enzyme resulted in ethanol yield increases from 37% to 83%. Furthermore, the use of an 

optimized cocktail significantly improved the fermentation performance without changing 

the total protein loading. The ethanol concentration and yield were 32g/L and 59% with 

cocktail 1 compared to 38g/L and 83% with cocktail 2. The substantial increase in the 

accumulation of the recalcitrant residual substrate, during high solids loading, thereby, 

warranted a change in the ratio of the optimum cocktail to enable efficient conversion of the 

polymers into fermentable sugars.   
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CHAPTER SEVEN: CONCLUSIONS AND RECCOMENDATION 

7. Conclusions and recommendations 

The increasing food and energy demand coupled with changing consumption behaviour 

towards healthy foods, necessitate prospecting for innovative and sustainable approaches to 

utilise currently available water and land resources for food and energy production while 

simultaneously addressing the effects of global warming. The current study demonstrated 

and optimised the technical feasibility of integrating processes for a multiproduct JA tuber-

based biorefinery for the co-production of protein and inulin with potential nutraceutical, 

food, or feed applications, as well as ethanol, a biofuel product (Figure 7.1). This approach 

will ultimately result in synergistic benefits among food, feed, fuel production and mitigating 

global warming.  This section will give insight into key findings and conclusions as well as 

recommendation for future work. 

7.1. Conclusions  

The experimental data demonstrated the technical feasibility for the development of JA 

tuber-based biorefinery for the co-production of nutraceuticals, food or feed products and 

ethanol (Figure 7.1) with potential incorporation of onsite endoinulinases production. This 

illustrated the potential synergistic benefits for food, feed and fuel production that can be 

derived through a biorefinery approach for the use of JA tubers. The experimental data 

showed that a three-step protein and inulin sequential extraction process coupled with the 

fermentation of the extraction residues into ethanol, is a potential strategy towards 

maximising the economic value derived from Jerusalem artichoke.  

The sequential extraction approach with protein extraction in the first step, at room 

temperature and high solids loading (15% w/v) and inulin extraction in the second step, was 

enough for the selective protein and inulin extraction. The pressing of the tuber mash and 

protein extraction step, prior to inulin extraction, were important in reducing the viscosity of 

the tubers thereby enabling high solids (10% w/v) extraction of inulin from wet tubers and 

achievement of high yields (67%). Moreover, the protein extraction steps enabled inulin 

extraction at relatively lower temperature (74oC) compared to conventional hot water 

extraction done at temperatures between 80-90oC for wet tubers in particular. The above 
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observations are also important in contributing towards the sequential extraction processes 

being water and energy efficient. 

The integration of a centralised inulinases, for inulin hydrolysis, producing facility will improve 

the feasibility of the JA-based biorefinery. Recombinant endoinulinases production from A. 

niger was growth associated at higher growth, where the maintenance energy requirements 

are lower. Moreover, the use of a peptone, yeast extract and casa-amino acids nitrogen 

cocktail in the culture medium supported fungal growth in pellet morphology under oxygen 

rich conditions. In contrast, the high cell density induced broth viscosity resulted in the pellet 

morphology disruption and fungal growth in mycelial form. Pellet disruption was a result of 

complex interactions between factors such as low DO, inefficiency in mixing, oxygen and 

nutrients diffusion, high biomass concentration as well as high agitation. The low DO and 

pellet disruption, and subsequent fungal growth in mycelial form, did not significantly impact 

biomass growth and enzyme production by the recombinant A. niger system. 

 

Furthermore the use of an optimized cocktail of lab produced enzymes (chapter 5) and 

commercial enzymes, resulted in substantial sugar conversion from the tuber residues 

derived from the sequential protein and inulin extraction process (chapter 4). The optimized 

cocktail resulted in a substantial conversion of LCF with no prior pre-treatment of the tuber 

residues. In addition, optimisation of the enzyme ratios in the cocktail enabled effective 

enzyme hydrolysis and fermentation productivity with high gravity fermentation without a 

change in the total protein content. The use of an optimized enzyme cocktail was crucial in 

minimizing the enzyme dosage for the hydrolysis of and fermentation of tuber residues, which 

was a result of the synergistic cooperation amongst the enzymes.  
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 1 

 2 

Figure 7.1: Process flow for the integrated process of sequential protein and inulin extraction as well as SSF of the extract ion residue3 
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7.2. Recommendations 

The current recommendations are aimed at improving the overall technical and economic 

performance of a JA based biorefinery. 

The solvent protein extraction step need improvement to increase the yields because, only 

50% of the protein from the solid residues was recovered. Possible improvements to protein 

extraction could include the use of cell wall degrading enzymes, such as pectinases, to 

improve the porosity of the biomass and thereby, enable solubilisation of the protein. 

Although the biomass achieved in A. niger culture was high comparable to literature, it was 

not adequate to produce volumetric activities comparable to other recombinant systems such 

as P. pastoris. High cell density fermentation is associated with poor mass transfer and 

consequently reduced productivity. Thus, strategies that improve the specific productivity of 

the A. niger system will enable attainment of improved volumetric activity, considering the 

culture has limitations in the maximum attainable biomass concentration.  

Ethanol production was performed in shake flasks with mixing limitations and thus, the effects 

of upscaling to bioreactors, on ethanol productivity should be explored. Although SSF has 

advantages, the use a temperature that is sub-optimal for hydrolytic enzyme impacts 

fermentation, thus the use of separate hydrolysis and fermentation should be explored, and 

the two methods compared. 

Finally, technoeconomic studies should be performed to evaluate the overall technical and 

economic feasibility of the developed JA-tuber based biorefinery as well as make 

recommendations on areas of improvements.  
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CHAPTER EIGHT: APPENDIX 

8.1. Exponential feeding equation derivation 

8.1.1. Overview 

An exponential feeding regime, during the feeding phase of fed-batch culture, was used to 

regulate a specific growth rate of A niger and maintain a constant biomass concentration and 

steady state conditions. The residual glucose concentration in the fermenter was assumed to 

be zero during the feeding phase. The fed batch culture was operated in the variable volume 

mode, where the growth limiting nutrient was added at a flow rate that increased the volume 

of the broth thereby resulting in constant changes in the biomass concentration and products.  

8.1.2. Biomass balance 

During the steady-state condition of the feeding phase, the change in biomass concentration 

and products is independent of time.  

The biomass balance for the fed-batch is thus defined by: 

Biomass accumulation = biomass in + biomass accumulation – death 

However, in fed-batch biomass in = 0  

𝑑𝑋

𝑑𝑡
 = 0 +  𝜇𝑥𝑉 −  𝛼𝑥𝑉         

 (1) 

where X is the mass of biomass (g) = xV, x is biomass concentration (g/L), V is volume of broth 

(L), µ is the specific growth rate (h-1) and α is the specific death rate (h-1).  

During the exponential growth phase when steady-state growth has been attained and µ » α, 

equation is simplified to: 

𝑑(𝑥𝑉)

𝑑𝑡
=  𝜇𝑥𝑉            (2) 

The change in biomass concentration and broth at the beginning of the feeding, for the 

variable volume mode fed-batch is derived from the biomass balance equation through 

application of differential calculus: 

 
𝑥𝑑𝑉

𝑑𝑡
+  

𝑉𝑑𝑥

𝑑𝑡
=  µ𝑥𝑉           (3) 
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Since the change in volume with time ( 
𝑑𝑉

𝑑𝑡
 ) is equivalent to the flowrate (F), equation 3 can 

be simplified to: 

𝑥𝐹 +  
𝑉𝑑𝑥

𝑑𝑡
=  𝜇𝑥𝑉             (4) 

At steady-state condition, when the total biomass and broth volume increase in equal 

proportion,  

𝑑𝑥

𝑑𝑡
= 0             (5) 

Thus from equation 4 and 5 µ is derived as 

𝜇 = 𝐷             (6) 

8.1.3. Glucose substrate balance 

The amount of substrate (glucose) required to regulate a pre-determined µ is described by 

the substrate balance equation below that is based on the relationship mass of glucose fed 

and cell growth: 

𝑑(𝑆𝑉)

𝑑𝑡
=  𝑆𝑓𝐹 −  

𝜇𝑥𝑉

𝑌𝑥
𝑠⁄
           (7) 

Where S is the concentration of glucose in the reactor (g/L), V is the volume of the broth (L), 

Sf is the concentrated glucose feed, F is the volumetric flow rate of the feed (L/h), x is the 

biomass concentration (g/L) and 
𝜇

𝑌𝑥
𝑠⁄
 = qs is the specific substrate consumption rate 

(gGlucose.gDW
-1.h-1). 

The constant change in the volume of the feed and glucose can be derived from the substrate 

balance equation through application of differential calculus: 

𝑆𝑑𝑉

𝑑𝑡
+  

𝑉𝑑𝑆

𝑑𝑡
=  𝑆𝑓𝐹 − 

𝜇𝑥𝑉

𝑌𝑥
𝑠⁄
           (8) 

Since feeding begin upon depletion of glucose and feeding is maintained to regulate a 

specified µ less than µmax, the amount of residual glucose (g/L) is expected and assumed to 

remain at zero during exponential feeding. 

Therefore, 
𝑑𝑆

𝑑𝑡
 = 0 
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And since 
𝑑𝑉

𝑑𝑡
 = F, equation 8 can be reduced to: 

𝑆𝐹 =  𝑆𝑓𝐹 − 
𝜇𝑥𝑉

𝑌𝑥
𝑠⁄
          (9) 

From the biomass balance, 

 
𝑉

𝐹
 = 

1

𝐷
            

 (10) 

Thus combining equation 6 from the biomass balance, equation 8 and 9, the biomass yield 

coefficient (𝑌𝑥
𝑠⁄ ) is derived and shown below: 

𝑌𝑥
𝑠⁄ =  

𝑥

𝑆𝑓 −𝑆
                         

(11) 

Since x is the biomass produced and Sf – S is the glucose consumed to produced, 𝑌𝑥
𝑠⁄  can be 

rewritten to show the change in biomass relative change in substrate (
𝑑𝑥

𝑑𝑆
 ): 

𝑌𝑥
𝑠 ⁄ =  

𝑥1− 𝑥0

𝑆𝑓− 𝑆
            

 (12) 

The mass of glucose fed Sf into the reactor at a given point in time to achieve X total biomass 

(g) at a specified µ is derived as following: 

𝑆𝑓 =  
𝑥1− 𝑥0

𝑌𝑥
𝑠⁄

+ 𝑆           

 (13) 

Since 𝑋1 =  𝑋0𝑒𝜇𝑡           

 (14)  

and 𝑋 = 𝑥𝑉 (15) (from the biomass balance), 

𝑆𝑓 =  
𝑥0𝑉0(𝑒𝜇𝑡−1)

𝑌𝑥
𝑠⁄

+ 𝑆          

 (16) 

Where Sf, x0, V0, µ and Yx/s is mass of glucose to be fed into the reactor, biomass concentration 

(g/L) at the start of the fed batch phase, volume of reactor (L) at the start of the fed batch 
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phase, set growth rate, amount of glucose fed at ti-1, and biomass yield coefficient, 

respectively.  

8.2 Application of the method 

This section describes how fed batch fermentation was carried out, by demonstrating how 

the equations derived from the previous section were used to estimate biomass growth, 

amount of glucose fed and volume of glucose fed during the fed batch phase of the 

fermentation. The fed batch fermentation at u = 0.07 was used for illustration. The amount 

and volume of glucose fed to achieve x biomass at a given time point is dependent on the 

specified growth rate, concentration of feed, and the Yx/s derived during the batch culture, 

biomass  (g) and volume of broth at the end of the batch phase. Table A1 is a summary of the 

specified parameters and those derived from the batch culture.  

Table A1: Specified and experimental parameters for batch and fed-batch cultures 

Parameter Value Source 

Maximum growth rate (µmax) 0.075 h-1 Batch 

Biomass yield coefficient (Yx/s)  0.49 

gbiomass.gglucose
-1 

Batch 

Biomass concentration at the beginning of the fed-batch 

phase 

9.23 g/L Batch 

Reactor volume at the beginning of the fed-batch phase 

(V0) 

4 L Batch 

Glucose feed concentration (Sf) 300 g/L Specifie

d 

Pre-determined specific growth rate (µset) 0.07 h-1 Specifie

d 

 

The amount of biomass accumulation at ti is estimated by equation 14 and is dependent on 

biomass at ti-1, specified µ, and Yx/s. For instance, to estimate biomass at t1 (1 min)  

equation (1) was applied and estimated biomass derived as follows; 
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 𝑋𝑡 =  𝑋0 𝑒µ𝑡           (1) 

µ (min-1) = 0.07/60 = 0.00117 min-1        (2) 

 𝑋1 =  36.92 𝑒0.00117 𝑥 1 = 36.96        (3) 

Biomass at t = 4 is estimated as follows                                                                                                        𝑋4 =

 36.92 𝑒0.00117𝑥4 = 37.093        (4) 

 

Since the programmable logic controller (P) pumps the feed every 10 seconds, the biomass 

for the first 10 seconds was estimated with the following, 

𝑋10𝑆 =  36.92 𝑒0.00117 𝑥 0.1667 = 36.93       

 (5) 

Figure A1 and A2 shows the predicted biomass profile for estimated at 1 min and 10 sec 

interval, respectively 

 

Figure A1: Estimated biomass profi le at 1 min interval during the fed batch phase a µ set  = 0.07 
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Figure A2: Estimated biomass profi le every 10s during the fed batch phase a µ set  = 0.07.  The 

figure also includes a summary of the experimental biomass profile  

 

Moreover, to estimate the amount of glucose to achieve the desired biomass at t1, equation 

16 was applied. The glucose required is dependent on the biomass to be achieved, Yx/s, growth 

rate and is estimated as shown below                                                                                                     

  

𝑆𝑓 =  
36.96  (𝑒0.00117 𝑥 1−1)

0.49
+ 0 = 0.0882       

 (6) 

Biomass at t = 4 likewise would be estimated as follows  

𝑆𝑓 =  
37.093 (𝑒0.00117 𝑥 3−1)

0.49
+ 0.0882 = 0.3543       (7) 

Therefore, change the biomass from 36.96 to 37.093, the amount of glucose required is 

determined as follow (equation 8); 

ΔSf = Sf4 –Sf1 = 0.3543 – 0.0882         

 (8) 

ΔSf = 0.2661 gglucose          (9) 

The mass of glucose to be pumped in the 1st 10 seconds is calculated as follows; 

y = 36.92e0.07x

R² = 1

y = 37.281e0.073x

R² = 0.9978
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𝑆𝑓 =  
36.93  (𝑒0.00117 𝑥 0..1667−1)

0.49
+ 0 = 0.08797      

 (10) 

Figure A3 and A4 is an illustration of predicted mass of glucose required during the 

exponential feeding phase to maintain the desired growth rate, pumped at 1 min and 10 sec, 

respectively. 

 

Figure A3: Predicted mass of glucose required during the exponential feeding phase to 

maintain the desired growth rate (a µ set  = 0.07), pumped at 1 min intervals  

 

Figure A4: Predicted mass of glucose required during the exponential feeding phase to 

maintain the desired growth rate (a µ set  = 0.07), pumped every 10 sec
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Once the amount of glucose required to achieve x biomass (g) has been estimated, the volume 

of glucose to be fed into the reactor can be estimated using equation 11. The volume to be 

fed is calculated based on the feed concentration and amount of glucose (g) required    

 

𝑉𝑓 =
0.2661 𝑔𝑔𝑙𝑢𝑐𝑜𝑠𝑒

300 
𝑔𝑔𝑙𝑢𝑐𝑜𝑠𝑒

𝐿

𝑋
1000 𝑚𝑙

1𝐿
        

 (11) 

Vf  = 0.887 ml          

 (12) 

Thus, 0.887 ml of the 300 g/L glucose feed is required between the 1st and 4th minute to 

ensure the estimated biomass is attained at the specified growth rate.  

The volume of the glucose feed to be within the 1st 10 sec is estimated as; 

𝑉𝑓 =
0.08797 𝑔𝑔𝑙𝑢𝑐𝑜𝑠𝑒

300 
𝑔𝑔𝑙𝑢𝑐𝑜𝑠𝑒

𝐿

𝑋
1000 𝑚𝑙

1𝐿
        

 (13) 

Vf  = 0.2932 ml          

 (14) 

Figure A5 and 6 shows the estimated feed flow rates required to meet the culture substrate 

need at 1 min and 10 sec intervals. 
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Figure A5: Estimated feed flow rates required to meet the culture substrate need at 1 min 

and 10 sec intervals to maintain a µ se t  = 0.07 

 

 

Figure A6: Estimated feed flow rates required to meet the culture substrate need at 10 sec 

intervals µ s et  = 0.07 

The Watson-Marlow® U505A pump was calibrated according to the specific size of a silicon 

tube to enable the pump to be set according to the desired flowrate to achieve the 

predetermined growth rate at 10 sec intervals. Figure 6 is an illustration of the calibration 

curve used to set the pump to pump set point required to achieve µset (0.07).   
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Figure A7: An i llustration of the calibration curve used to set the pump to pump set point  

The required feed volume of glucose (ml) derived from equation 18 was converted into the 

corresponding pump set-point (PST) using equation derived from the calibration curve (Figure 

A7). 

PST(ti) = 17.551Vfti + 0.0915 =17.551x 0.2932 + 0.0915     

 (15) 

PST(ti) = 5.23          

 (16) 

The programmable logic controller was programmed to the exponential feeding phase with 

an initial pump set-point of 5.23 derived from equation 19 and to increase the flow rate with 

a factor of 1.000194 every 10 sec.  

The increment factor was calculated based on the set growth rate and accounting for the 10 

sec pumping interval of the fermenter pump.  
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