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Summary 

The yeast Saccharomyces cerevisiae is regularly chosen for the heterologous production of 

industrial and medically relevant proteins, due to its rapid growth rate, high cell density 

fermentation capabilities, microbial safety and eukaryotic post-translational processing. 

Identifying strains with superior secretion and production of recombinant proteins, whether for 

pharmaceutical, agricultural or industrial processes, has the benefit of lowering production 

costs. This holds true for second generation (2G) cellulosic bioethanol production, where high 

titers of key cellulolytic enzymes are needed to break down complex lignocellulosic substrates. 

While several secretion-enhancing strategies have been attempted in heterologous production 

hosts, these strategies were limited by bottlenecks in the secretory pathway. Although protein 

characteristics and host restrictions are likely to contribute to these bottlenecks, these 

limitations are poorly understood.  

Exploiting naturally occurring yeast variants has shown great potential to identifying strains 

with varying fermentation profiles and tolerance to industrial stresses. The same variation is 

expected in the secreted and total heterologous cellulolytic activity levels between natural  

S. cerevisiae strains. Many natural yeast strains may not be suitable for direct industrial 

fermentation, however industrially relevant traits could be transferred to industrial strains, 

thereby creating a novel yeast strains with extra beneficial features. In this study, the potential 

of natural S. cerevisiae strains with regards to superior cellulolytic activity levels, robustness 

and other ideal characteristics for 2G cellulosic bioethanol production were evaluated.  

Preliminary screening of thirty natural strains for the production of Saccharomycopsis 

fibuligera Cel3A (S.f.Cel3A) activity demonstrated variation in secreted cellulase activity 

levels, allowing us to select seven strains with promising phenotypes. After cellulase genes 

were expressed on episomal and delta integrative plasmids in S .cerevisiae strains, the secreted 

activity yields of episomally produced Trichoderma reesei Cel5A (T.r.Cel5A) and 

Talaromyces emersonii Cel7A (T.e.Cel7A) were 3.5- and 3.7-fold higher in natural strain YI13 

compared to reference strain S288c. However, no single strain had highest secreted activity for 

all three enzymes, suggesting cell specific activity levels is dependent on the genetic 

background of the host and properties of the protein. Nevertheless, YI13 was identified to be 

highly tolerant to secretion and cell wall stresses (predicted to result in higher cell specific 

activities). 
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After evaluating other industrially relevant characteristics including growth vigour, 

fermentation vigour and tolerance to industrial stressors, natural strains were identified to have 

promising features for 2G cellulosic ethanol production. Variation in the fermentative  

(YP-glucose and Avicel cellulose) profiles of S. cerevisiae strains are observed, with the natural 

strains producing similar titers of ethanol (9.0 g/L) compared with the benchmark MH1000 

strain in YP-glucose fermentation conditions. Multi-tolerance traits to industrial stresses were 

demonstrated by the YI13 strain including high ethanol tolerance (10% w/v), high temperature 

tolerance (37oC and 40oC), and tolerance to a cocktail of inhibitory compounds found in 

lignocellulosic hydrolysates, suggesting that this strain has a balance between an effective 

secretion pathway and robustness to withstand environmental conditions. These strains are a 

significant step toward creating an efficient cellulase secreting yeast for 2G bioethanol 

production. 
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Opsomming 

Die gis Saccharomyces cerevisiae word dikwels vir die heteroloë produksie van industriële en 

medies-toepaslike proteïene gebruik, weens sy vinnige groeitempo, hoë seldigtheid, 

fermentatiewe vermoëns, mikrobiese veiligheid en eukariotiese na-transleringsprosessering. 

Die identifisering van stamme met buitengewoon goeie sekresie en produksie van 

rekombinante proteïene, hetsy vir farmaseutiese, landbou of industriële prosesse, kan baie 

voordelig wees vir die vermindering van produksiekoste. Dit geld ook vir die produksie van 

tweede generasie (2G) sellulolitiese bio-etanol, waar 'n groot hoeveelheid sellulolitiese 

ensieme benodig word om komplekse sellulosesubstrate af te breek. Alhoewel daar reeds 

verskeie strategieë gebruik is om die sekresievermoë van heteroloë produseerders te verbeter, 

was hierdie strategieë beperk deur bottelnekke wat in die sekresie pad van die gasheerselle 

voorgekom het. Die beperkings van hierdie gasheerselle en die proteïeneienskappe wat bydra 

tot die knelpunte, word swak verstaan. 

Studies van gisvariante wat natuurlik voorkom het getoon dat daar groot potensiaal in die 

identifisering van stamme met wisselende fermentasie profiele en verdraagsaamheid vir 

industriële drukke lê. Dieselfde variasie word in die uitgeskeide en totale heteroloë 

sellulolitiese aktiwiteitsvlakke tussen natuurlike S. cerevisiae stamme verwag. Baie natuurlike 

gisstamme is geskik vir direkte industriële fermentasie, maar in die industrie kan betrokke 

eienskappe ook aan industriële stamme oorgedra word, om sodoende ‘n gisras te skep met 

ekstra voordelige funksies. In hierdie studie is die potensiaal van natuurlike S. cerevisiae 

stamme met betrekking tot beter sellulolitiese aktiwiteitsvlakke, robuustheid en ander ideale 

eienskappe van die 2G sellulosiese bio-etanol produksie geëvalueer. 

Voorlopige ondersoeke van dertig natuurlike stamme se produksie van Saccharomycopsis 

fibuligera Cel3A aktiwiteit het gedemonstreer dat daar ‘n variasie is in die afskeiding van 

sellulase-aktiwiteitsvlakke, wat ons toegelaat het om sewe van die stamme met belowende 

fenotipes te identifiseer. Nadat drie sellulasegene op episomale en delta geïntegreerde 

plasmiede in S. cerevisiae stamme uitgedruk was, was die uitgeskeide opbrengste van 

episomaal-geproduseerde Trichoderma reesei Cel5A en Talaromyces emersonii Cel7A 

aktiwiteite van die natuurlike ras YI13 onderskeidelik 3.5 - en 3.7 - keer hoër in aktiwiteit as 

die verwysingsras S288c. Wanneer die hoogste uitskeidingsaktiwiteit van die drie gene in 

verskillende stamme egter vergelyk word, het nie een van die stamme uitgestaan vir die hoogste 

sekresieproduksie van al die ensieme nie. Dit dui daarop dat selspesifieke aktiwiteits vlakke 
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afhanklik van die genetiese agtergrond van die gasheersel en die eienskappe van die proteïne 

was. Nietemin, is YI13 as hoogs verdraagsaam vir sekresie en selwandspanning geidentifiseer. 

Na die evaluering van ander industrieel-relevante eienskappe, insluitend groeikrag, 

fermentasiekrag, en verdraagsaamheid van industriële stressors is daar getoon dat verskeie 

natuurlike stamme belowende eienskappe het vir die produksie van 2G sellulolitiese etanol. 

Variasies is in die fermentatiewe (YP-glukose en Avicel sellulose) profiele van  

S. cerevisiae stamme waargeneem, waar die natuurlike stamme soortgelyke hoeveelhede etanol 

(9.0 g/L) vervaardiging het, wat ooreenstem met die fermentasiekondisies van die 

verwysingsras MH1000 in YP-glukose. Multi-verdraagsaamheid eienskappe in industriële 

stamme is vir YI13 geïdentifiseer, waaronder hoë etanol verdraagsaamheid (10% w/v), 

temperatuur (37oC en 40oC), en die verdraagsaamheid van 'n mengsel van inhiberende 

verbindings gevind in sellulose hidrosilate ingesluit was. Dit dui daarop dat hierdie stam 'n 

balans het tussen 'n effektiewe afskeidingspad en duursaamheid om omgewingstoestande te 

weerstaan. Hierdie stamme verteenwoordig ‘n belangrike stap in die skep van 'n doeltreffende 

gis wat sellulases afskei vir produksie van 2G bio-etanol.  
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Chapter 1: General introduction, problem statement and project aims 

1.1. General introduction:  

Since 1970’s, biofuel production has mainly focused on ethanol, which comprises ~ 76% of the 

total biofuel consumption worldwide as of 2012 (data taken from International Energy Statistics, 

U.S Energy Information Administration, www.eia.gov/) (1). Second generation (2G) biofuel 

technologies such as cellulosic biomass conversion to ethanol are becoming an important 

alternative renewable fuel resources as is evidenced by a number of newly established pilot and 

commercial scale facilities (www.biofuelstp.eu/cellulosic-ethanol.html). This technology is 

particularly important because of its low-cost potential and abundance of substrate for example 

lignocellulosic biomass from agricultural waste products, forest and wood industries, and energy 

crops (2). However, this type of biomass used in cellulosic bioethanol production is not readily 

fermentable and expensive pre-treatments are required to increase access to the sugars within 

the biomass (3–6). After pre-treatment, the substrate is subsequently hydrolysed by cellulolytic 

enzymes to yield sugars, mostly glucose and xylose which are fermented to ethanol (7).  

The conversion of lignocellulosic biomass to ethanol on a large scale does have several different 

technical challenges that must be overcome before it can become economically feasible (8). For 

the last 40 years, significant investment in research and development (from both private and 

public sectors) has been carried out in this area to ensure not only the reduction of inhibitors but 

also the development of fermenting organisms for their efficient conversion (4). In this context, 

the yeast Saccharomyces cerevisiae has been the subject of intensive research aimed at 

improving its fermentation and recombinant protein production capacity, which has resulted not 

only in the development of strains better adapted for lignocellulosic ethanol production but also 

in a better understanding of the biology of this model organism (9). However, important 

difficulties regarding the different factors that affect the performance of the yeast still need to be 

overcome (10). 

It is widely recognised that fast, effective hydrolysis of pre-treated substrates requires the 

synergistic action of multiple hydrolytic and non-hydrolytic proteins, namely cellulolytic 

enzymes (11). Ideally, consolidated bio-processing (CBP) results in a single fermentative 

microorganism expressing multiple components of the cellulase enzyme system for efficient 

cellulose hydrolysis without the addition of external enzymes, resulting in decreased 

production costs. In order for full hydrolysis to occur, the synergistic actions of three core 
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hydrolytic enzymes are needed: (a) endoglucanases (EGs) (b) exoglucanases, such as 

cellobiohydrolases (CBHs) and (c) β-glucosidases (BGLs). Despite a number of articles on 

cellulase gene expression in S. cerevisiae as reviewed by Yamada et al. (12), La Grange et al. 

(13) and Van Zyl et al. (10), recombinant yeast strains with the capability of the efficient 

enzyme production, cellulose saccharification, and ethanol production are not available today.  

The aim of the work presented in this thesis was to evaluate and identify natural S. cerevisiae 

strains with higher heterologous cellulolytic activity compared to reference laboratory and 

industrial strains. A secondary aim was to identify strains with high tolerance to environmental 

stresses e.g., hydrolysate-derived inhibitors, high ethanol yields, high temperatures and 

fluctuation in osmolarity. These are the types of stressors encountered during the fermentation 

of lignocellulosic biomass that affect ethanol yield and productivity [as reviewed by Baskar et 

al. (14)]. 

As an introduction to the thesis, Chapter 2 gives a general description of the lignocellulosic 

feedstocks, the different steps of the ethanol production process, and some of the challenges 

associated with the fermentation of lignocellulosic biomass by S. cerevisiae, as well as 

heterologous cellulolytic enzyme production and secretion by S. cerevisiae. In Chapter 3, the 

natural strains are evaluated based on ability to express individual heterologous cellulases. 

Based on the levels produced, strains are further characterised based on the growth vigour, 

ploidy, fermentation profiles and tolerance to secretion and cell wall stresses. As a more 

integrative view of natural strains ability to cope in bioethanol environments, the viability of 

the strains to inhibitors and other environmental stresses were evaluated. This section 

introduces the concept of ‘superior’ strains demonstrating a balance between a high secretory 

phenotype and tolerance capabilities, whilst also highlighting the phenotypic diversity that 

exists between strains. Chapter 4 of the thesis summarises the main conclusions of the research 

and discusses some ideas for future studies to address some of the unanswered questions. 

1.2. Problem Statement 

The consolidation of saccharification and fermentation processes is a promising strategy 

(named consolidated bioprocessing [CBP]), but requires the development of an ideal host 

microorganism capable of cellulose/hemicellulose hydrolysis and target chemical production 

(10, 15, 16). Organisms that can hydrolyse these biomasses and, simultaneously, produce a 

compound of economic value such as ethanol at  high titers and rates would significantly reduce 

the costs associated with the conversion process and improve overall process economics (6). 
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By using engineering strategies, we can construct CBP-enabling microbes and develop a 

robust, ethanogenic microorganism, with the ability to express recombinant cellulolytic 

enzymes needed to hydrolyse the complex cellulosic biomass to fermentable, monomeric 

sugars (5).  

To date, no ideal natural yeast has been identified with all the desired properties for CBP, 

although several candidates have been identified (17). The yeasts Pichia pastoris, Yarrowia 

lipolytica and Hansenula polymorpha have recently enjoyed more attention as hosts for the 

expression of recombinant proteins, demonstrating a number of advantages including high levels 

of protein production (18–20). However, these organisms have a low tolerance to ethanol, low 

ethanol yields, inactivity at low pH, produce high levels of metabolic heat and have a high 

oxygen demand (7, 21). Therefore, the S. cerevisiae remains the host of choice due to its long 

history associated with fermentation, high ethanol yields and general robustness to 

environmental stresses encountered during industrial fermentations, although this species has a 

low recombinant protein secretion capacity (13, 22–27). 

A variation of recombinant secreted proteins between S. cerevisiae strains have been shown by 

Gurgu et al. (28) and De Baetselier et al. (29) with reporter proteins S. fibuligera BGL and 

Aspergillus niger glucose being oxidase utilised, respectively. Moderate to low secretion levels 

of cellulases have been observed when using laboratory strains, particularly for the production 

of CBHs (26, 30), BGLs (31, 32) and EGs (33–35). These features have led to the conclusion 

that secretion is a limiting factor for CBP with S. cerevisiae (36, 37). Therefore, production of 

cellulolytic enzymes represents a particular challenge and a logical focus for recombinant 

enzyme expression (37, 38). Several studies have managed to enhance protein secretion levels 

in S. cerevisiae (27, 39, 40). Although these approaches have been successfully applied to 

enhance secreted levels of a variety of different reporter proteins, a wide range in secreted 

protein titers were observed (24, 41–44). The secretion enhancing abilities of many strains vary 

depending on the specific reporter protein characteristics and the properties of the host strain 

that may influence the protein’s transit through the secretion pathway (20, 24, 45–47). 

Therefore, it is important to identity a strain(s) with a good general secretion capability of all 

three key cellulolytic enzymes utilised in CBP.  

Cellulolytic enzyme secretion studies have been almost solely focused on heterologous 

expression in domesticated strains of S. cerevisiae. Although numerous studies have indicated 

that natural strains possess good ethanol production and tolerance to various industrial stresses 
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of bioethanol processes (48–54), no studies, to our knowledge, have evaluated cellulolytic 

enzyme secreted activity levels and production capacity of natural S. cerevisiae strains. 

Exploring the natural biodiversity of yeast strains is a simple, yet very powerful way of 

selecting a strain(s) that contain desirable genetic traits that can be transferred to an industrial 

strain. In this study, we compared the cell-specific heterologous activities between natural 

strains of S. cerevisiae and reference strains (Section 3.3.1-3.3.3). 

To date, the co-expression of all crucial enzymes, as well as the necessary enzyme dosage for 

efficient cellulose conversion produced by engineered yeasts has not yet been achieved, mainly 

due to the limited secretion capacity and potential metabolic burden related to extra enzyme 

synthesis and growth on cellulose (38). Although, the use of such a microorganism would be 

ideal, another proposed solution is a consortium of CBP microbes in an appropriate ratio for 

the expression of complementary enzymes instead of co-expressing all the enzymes in a single 

yeast (12, 55). Therefore, the ideal CBP-microbe would effectively secrete high titers of a 

single cellulolytic enzyme, thereby significantly reducing the titers of externally added 

enzymes. In this study, we evaluated co-culture fermentations on Avicel cellulose with 

transformants expressing individual cellulolytic enzymes (Section 3.3.7).  

A clear difference in gene expression levels between natural, industrial, and laboratory strains 

of S. cerevisiae have been observed (49, 56, 57). Several commercial strains, as well as natural 

strains of S. cerevisiae have demonstrated to be resistant to common industrial stresses such as 

high ethanol concentrations (22, 58), temperature shocks and osmotic stress (59), as well as 

variation in ethanol yield and productivity (60). In this this study, we evaluated the strains’ 

viability in the presence of environmental stresses (Section 3.3.8) as well as growth and 

fermentation vigour (Section 3.3.6-3.3.7). 

1.3. Aims and interests of the study 

The theory of developing a natural strain as a CBP organism prompted us to extend the 

expression of cellulolytic enzymes to natural S. cerevisiae strains. The strains used in this study 

were isolated from various vineyards along the winery, coastal regions of Western Cape, South 

Africa by Van der Westhuizen et al. (61). The overall aim of this study was to investigate the 

secreted and total activity levels of different cellulases transformed into the natural S. cerevisiae, 

in comparison to laboratory and industrial strains, to ascertain the most suitable heterologous 

host for the degradation of cellulose-based biomass and its conversion into bioethanol. 
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This study will investigate natural strains that can maximise recombinant enzyme activity levels, 

in order to provide information on host strains required for CBP and may have future applications 

for heterologous protein secretion in general. By understanding the secreted activity patterns of 

natural strains, scientific research is one-step closer to creating an ideal host for economically 

advanced biofuel technology. This would not only give us insight on the variation of S. cerevisiae 

strains as expression hosts, but also provide valuable data on how efficiently these yeast strains 

cope with the secretion of each cellulolytic enzyme.  

The specific aims of the present study were as follows: 

(i) To evaluate and identify natural S. cerevisiae strains demonstrating superior total and 

secreted cell specific enzyme activity by producing key cellulolytic enzymes. 

(ii) To compare natural, industrial and laboratory strains for desirable bioethanol production 

features, and identified strains which produced high ethanol titers and had innately high 

tolerance to various industrial stressors, such as inhibitors found in lignocellulosic 

hydrolysates. 

(iii) To obtain strains more adapted to industrial fermentations, containing characteristics 

(genetic traits) suited for the biofuels industries, thereby extending the number of strains 

available to distilleries and bio-refineries. 

  

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



 

6 
 

1.4. References 

1.  Von Grebmer K, Ringler C, Rosegrant MW, Olofinbiyi T, Wiesmann D, Fritschel H, 
Badiane O, Torero M, Yohannes Y. 2012. Global hunger index: the challenge of hunger: 
Ensuring sustainable food security under land, water, and energy stresses. Intl Food Policy Res 
Inst.70 

2.  Fujita Y, Ito J, Ueda M, Fukuda H, Kondo A. 2004. Synergistic Saccharification , and Direct 
Fermentation to Ethanol, of Amorphous Cellulose by Use of an Engineered Yeast Strain 
Codisplaying Three Types of Cellulolytic Enzyme.  Applied and Environ. Micro. 70:1207–
1212. 

3.  Den Haan R, van Zyl JM, Harms TM, van Zyl WH. 2013. Modeling the minimum enzymatic 
requirements for optimal cellulose conversion. Environ. Res. Lett. 8:025013. 

4.  Hasunuma T, Kondo A. 2012. Consolidated bioprocessing and simultaneous saccharification 
and fermentation of lignocellulose to ethanol with thermotolerant yeast strains. Process 
Biochem. 47:1287–1294. 

5.  Olson DG, McBride JE, Shaw A J, Lynd LR. 2012. Recent progress in consolidated 
bioprocessing. Curr. Opin. Biotechnol. 23:396–405. 

6.  Yamada R, Hasunuma T, Kondo A. 2013. Endowing non-cellulolytic microorganisms with 
cellulolytic activity aiming for consolidated bioprocessing. Biotechnol. Adv. 31:754–63. 

7.  Baeyens J, Kang Q, Appels L, Dewil R, Lv Y, Tan T. 2015. Challenges and opportunities in 
improving the production of bio-ethanol. Prog. Energy Combust. Sci. 47:60–88. 

8.  Hasunuma T, Kondo A. 2012. Development of yeast cell factories for consolidated 
bioprocessing of lignocellulose to bioethanol through cell surface engineering. Biotechnol. Adv. 
30:1207–18. 

9.  Jeon E, Hyeon JE, Eun LS, Park B-S, Kim SW, Lee J, Han SO. 2009. Cellulosic alcoholic 
fermentation using recombinant Saccharomyces cerevisiae engineered for the production of 
Clostridium cellulovorans endoglucanase and Saccharomycopsis fibuligera beta-glucosidase. 
FEMS Microbiol. Lett. 301:130–6. 

10.  Van Zyl, W.H., Lynd, L.R., den Haan, R. and McBride, J.E., 2007. Consolidated 
bioprocessing for bioethanol production using Saccharomyces cerevisiae. In Biofuels (pp. 205-
235). Springer Berlin Heidelberg. 

11.  Wilson DB. 2009. Cellulases and biofuels. Curr. Opin. Biotechnol. 20:295–9. 

12.  Yamada R, Taniguchi N, Tanaka T, Ogino C, Fukuda H, Kondo A. 2010. Cocktail delta-
integration: a novel method to construct cellulolytic enzyme expression ratio-optimized yeast 
strains. Microb. Cell Fact. 9:32. 

13.  La Grange DC, Pretorius IS, van Zyl WH. 1996. Expression of a Trichoderma reesei beta-
xylanase gene (XYN2) in Saccharomyces cerevisiae. Appl. Environ. Microbiol. 62:1036–1044. 

14.  Baskar C, Baskar S, Dhillon RS. 2012. Biomass Conversion: The Interface of Biotechnology, 
Chemistry and Materials Science. Springer Science & Business Media. 

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



 

7 
 

15.  Axelsson J. 2011. Separate Hydrolysis and Fermentation of Pretreated Spruce Separate 
Hydrolysis and Fermentation of Pretreated Spruce. SEKAB E-Technology, Linkoping, Sweden. 
Dissertation for PhD. 

16.  Stephanopoulos G. 2007. Challenges in engineering microbes for biofuels production. Science 
315:801–4. 

17.  La Grange DC, den Haan R, van Zyl WH. 2010. Engineering cellulolytic ability into 
bioprocessing organisms. Appl. Microbiol. Biotechnol. 87:1195–208. 

18.  Yu P, Zhu Q, Chen K, Lv X. 2014. Improving the Secretory Production of the Heterologous 
Protein in Pichia pastoris by Focusing on Protein Folding. Appl. Biochem. Biotechnol. 

19.  Celik E, Calık P. 2012. Production of recombinant proteins by yeast cells. Biotechnol. Adv. 
30:1108–18. 

20.  Lynd LR, Van Zyl WH, McBride JE, Laser M. 2005. Consolidated bioprocessing of 
cellulosic biomass: An update. Curr. Opin. Biotechnol. 16:577–583. 

21.  Baumann K, Dato L, Graf AB, Frascotti G, Dragosits M, Porro D, Mattanovich D, Ferrer 
P, Branduardi P. 2011. The impact of oxygen on the transcriptome of recombinant  
S. cerevisiae and P. pastoris - a comparative analysis. BMC Genomics 12:218. 

22.  Li H, Wu M, Xu L, Hou J, Guo T, Bao X, Shen Y. 2015. Evaluation of industrial  
Saccharomyces cerevisiae strains as the chassis cell for second-generation bioethanol 
production. Microb. Biotechnol. 8:266-274 

23.  Van Rooyen R, Hahn-Hägerdal B, La Grange DC, van Zyl WH. 2005. Construction of 
cellobiose-growing and fermenting Saccharomyces cerevisiae strains. J. Biotechnol. 120:284–
95. 

24.  Kroukamp H, den Haan R, van Wyk N, van Zyl WH. 2013. Overexpression of native PSE1 
and SOD1 in Saccharomyces cerevisiae improved heterologous cellulase secretion. Appl. 
Energy 102:150–156. 

25.  Den Haan R, Rose SH, Lynd LR, van Zyl WH. 2007. Hydrolysis and fermentation of 
amorphous cellulose by recombinant Saccharomyces cerevisiae. Metab. Eng. 9:87–94. 

26.  Ilmén M, den Haan R, Brevnova E, McBride J, Wiswall E, Froehlich A, Koivula A, 
Voutilainen SP, Siika-Aho M, la Grange DC, Thorngren N, Ahlgren S, Mellon M, Deleault 
K, Rajgarhia V, van Zyl WH, Penttilä M. 2011. High level secretion of cellobiohydrolases by 
Saccharomyces cerevisiae. Biotechnol. Biofuels 4:30. 

27.  Idiris A, Tohda H, Kumagai H, Takegawa K. 2010. Engineering of protein secretion in yeast: 
strategies and impact on protein production. Appl. Microbiol. Biotechnol. 86:403–17. 

28.  Gurgu L, Lafraya Á, Polaina J, Marín-Navarro J. 2011. Fermentation of cellobiose to 
ethanol by industrial Saccharomyces strains carrying the β-glucosidase gene (BGL1) from 
Saccharomycopsis fibuligera. Bioresour. Technol. 102:5229–36. 

29.  De Baetselier A, Vasavada A, Dohet P, Ha-Thi V, De Beukelaer M, Erpicum T, De Clerck 
L, Hanotier J, Rosenberg S. 1991. Fermentation of a yeast producing A. niger glucose oxidase: 

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



 

8 
 

scale-up, purification and characterization of the recombinant enzyme. Nat. Biotechnol. 9:559–
561. 

30.  Den Haan R, Kroukamp H, van Zyl J-HD, van Zyl WH. 2013. Cellobiohydrolase secretion 
by yeast: Current state and prospects for improvement. Process Biochem. 48:1–12. 

31.  Cummings C, Fowler T. 1996. Secretion of Trichoderma reesei beta-glucosidase by 
Saccharomyces cerevisiae. Curr. Genet. 29:227–33. 

32.  Njokweni A P, Rose SH, van Zyl WH. 2012. Fungal β-glucosidase expression in 
Saccharomyces cerevisiae. J. Ind. Microbiol. Biotechnol. 39:1445–52. 

33.  Zhang W, Liu C, Wang G, Zhang K, Zou S, Zhang M. 2012. Comparison of the expression 
in Saccharomyces cerevisiae of endoglucanase II from Trichoderma reesei and endoglucanase 
I from Aspergillus aculeatus 7:4031–4045. 

34.  Du Plessis L, Rose SH, van Zyl WH. 2010. Exploring improved endoglucanase expression in 
Saccharomyces cerevisiae strains. Appl. Microbiol. Biotechnol. 86:1503–11. 

35.  Gupta S, Adlakha N, Yazdani SS. 2013. Efficient extracellular secretion of an endoglucanase 
and a Beta-glucosidase in E. coli. Protein Expr. Purif. 88:20–25. 

36.  Yan S, Wu G. 2013. Secretory pathway of cellulase: a mini-review. Biotechnol. Biofuels 6:177. 

37.  Den Haan R, van Zyl JM, Harms TM, van Zyl WH. 2013. Modeling the minimum enzymatic 
requirements for optimal cellulose conversion. Environ. Res. Lett. 8:025013. 

38.  Van Rensburg E, den Haan R, Smith J, van Zyl WH, Görgens JF. 2012. The metabolic 
burden of cellulase expression by recombinant Saccharomyces cerevisiae Y294 in aerobic batch 
culture. Appl. Microbiol. Biotechnol. 96:197–209. 

39.  Burgess-Brown N A, Sharma S, Sobott F, Loenarz C, Oppermann U, Gileadi O. 2008. 
Codon optimization can improve expression of human genes in Escherichia coli: A multi-gene 
study. Protein Expr. Purif. 59:94–102. 

40.  Munjal N, Jawed K, Wajid S, Yazdani SS. 2015. A Constitutive Expression System for 
Cellulase Secretion in Escherichia coli and Its Use in Bioethanol Production. PLoS One 
10:e0119917. 

41.  Bitter GA, Chen KK, Banks AR, Lai P. 1984. Secretion of foreign proteins from 
Saccharomyces cerevisiae directed by a-factor gene fusions 81:5330–5334. 

42.  Van Zyl JHD, Den Haan R, Van Zyl WH. 2014. Over-expression of native Saccharomyces 

cerevisiae exocytic SNARE genes increased heterologous cellulase secretion. Appl. Microbiol. 
Biotechnol. 

43.  Teng D, Xi D, Zhang J, Wang X, Mao R, Zhang Y, Wang J. 2015. Multiple copies of the 
target gene enhances plectasin secretion in Pichia pastoris X-33. Process Biochem. 

44.  Ruohonen L, Toikkanen J, Tieaho V, Outola M, Soderlund H, Keranen S. 1997. 
Enhancement of protein secretion in Saccharomyces cerevisiae by overproduction of Sso 
protein, a late-acting component of the secretory machinery. Yeast 13:337–51. 

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



 

9 
 

45.  Linger JG, Adney WS, Darzins A. 2010. Heterologous expression and extracellular secretion 
of cellulolytic enzymes by Zymomonas mobilis. Appl. Environ. Microbiol. 76:6360–9. 

46.  Wang T-Y, Huang C-J, Chen H-L, Ho P-C, Ke H-M, Cho H-Y, Ruan S-K, Hung K-Y, 
Wang I-L, Cai Y-W, Sung H-M, Li W-H, Shih M-C. 2013. Systematic screening of 
glycosylation- and trafficking-associated gene knockouts in Saccharomyces cerevisiae identifies 
mutants with improved heterologous exocellulase activity and host secretion. BMC Biotechnol. 
13:71. 

47.  Fitzpatrick J, Kricka W, James TC, Bond U. 2014. Expression of three Trichoderma reesei 

cellulase genes in Saccharomyces pastorianus for the development of a two-step process of 
hydrolysis and fermentation of cellulose. J. Appl. Microbiol. 117:96–108. 

48.  Lewis JA, Elkon IM, Mcgee MA, Higbee AJ, Gasch AP. 2010. Exploiting Natural Variation 
in Saccharomyces cerevisiae to Identify Genes for Increased Ethanol Resistance.  Genetics, 186: 
1197-1205. 

49.  Kvitek DJ, Will JL, Gasch AP. 2008. Variations in stress sensitivity and genomic expression 
in diverse S. cerevisiae isolates. PLoS Genet. 4:e1000223. 

50.  Ramos CL, Duarte WF, Freire AL, Dias DR, Cristina E, Eleutherio A, Schwan RF. 2013. 
Evaluation of stress tolerance and fermentative behavior of indigenous Saccharomyces 

cerevisiae 944:935–944. 

51.  Jin M, Sarks C, Gunawan C, Bice BD, Simonett SP, Avanasi Narasimhan R, Willis LB, 
Dale BE, Balan V, Sato TK. 2013. Phenotypic selection of a wild Saccharomyces cerevisiae 
strain for simultaneous saccharification and co-fermentation of AFEXTM pretreated corn stover. 
Biotechnol. Biofuels 6:108. 

52.  Mukherjee V, Steensels J, Lievens B, Van de Voorde I, Verplaetse A, Aerts G, Willems K, 
Thevelein JM, Verstrepen KJ, Ruyters S. 2014. Phenotypic evaluation of natural and 
industrial Saccharomyces yeasts for different traits desirable in industrial bioethanol production. 
Appl. Microbiol. Biotechnol. 

53.  Mart C, Jönsson LJ. 2003. Comparison of the resistance of industrial and laboratory strains of 
Saccharomyces and Zygosaccharomyces to lignocellulose-derived fermentation inhibitors 
32:386–395. 

54.  Field SJ, Ryden P, Wilson D, James S A, Roberts IN, Richardson DJ, Waldron KW, Clarke 
T. 2015. Identification of furfural resistant strains of Saccharomyces cerevisiae and 
Saccharomyces paradoxus from a collection of environmental and industrial isolates. 
Biotechnol. Biofuels 8:33. 

55.  Baek S-H, Kim S, Lee K, Lee J-K, Hahn J-S. 2012. Cellulosic ethanol production by 
combination of cellulase-displaying yeast cells. Enzyme Microb. Technol. 51:366–72. 

56.  Carreto L, Eiriz MF, Gomes AC, Pereira PM, Schuller D, Santos M A S. 2008. Comparative 
genomics of wild type yeast strains unveils important genome diversity. BMC Genomics 9:524. 

57.  Borneman AR, Desany B A, Riches D, Affourtit JP, Forgan AH, Pretorius IS, Egholm M, 
Chambers PJ. 2011. Whole-genome comparison reveals novel genetic elements that 
characterize the genome of industrial strains of Saccharomyces cerevisiae. PLoS Genet. 
7:e1001287. 

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



 

10 
 

58.  Almeida RM, Modig T, Petersson A. 2007. Increased tolerance and conversion of inhibitors 
in lignocellulosic hydrolysates by Saccharomyces cerevisiae 349:340–349. 

59.  Ruyters S, Mukherjee V, Verstrepen KJ, Thevelein JM, Willems K A, Lievens B. 2014. 
Assessing the potential of wild yeasts for bioethanol production. J. Ind. Microbiol. Biotechnol. 
1–10. 

60.  Pereira FB, Romaní A, Ruiz H A, Teixeira J A, Domingues L. 2014. Industrial robust yeast 
isolates with great potential for fermentation of lignocellulosic biomass. Bioresour. Technol. 
161:192–9. 

61.  Van der Westhuizen TJ, Augustyn OPH, Pretorius IS. 2000. Geographical Distribution of 
Indigenous Saccharomyces cerevisiae Strains Isolated from Vineyards in the Coastal Regions 
of the Western Cape in South Africa 21:3–9. 

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



 

 

 

 

 

 

 

 

Chapter 2 

Review of literature 

  

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



 

11 
 

Chapter 2: Review of literature 

2.1. Bioenergy: Biofuels 

Bioenergy is defined as renewable energy that is made from materials derived from biological 

sources and has been rapidly emerging as a top priority in the international agenda as countries 

face the triple challenge of ensuring food security, energy security and sustainable development 

(1, 2). According to International Renewable Energy Agency (IRENA), if the realisable 

potential of all renewable energy technologies are implemented, renewable energy could 

account for 36% of the global energy mix by 2030 (www.irena.org). Significant attention 

towards renewable petroleum substitutes has been garnered, especially ‘biofuels’ which is 

defined as solid, liquid or gaseous fuels obtained from biological material (3). The South 

African government, as part of its efforts to alleviate the effects of the current energy crisis and 

diversify its energy industry, has proposed that biofuels form an important part of the country’s 

energy supply (4, 5). The rationale for bioenergy developments in Africa differs from that in 

Western Europe, where the focus is on decreasing carbon dioxide emissions, or in the case of 

that in America, where reliance on fossil-fuels and energy security is the key issue (6, 7). The 

real benefit of a bioenergy sector in South Africa, and Africa in general, is in social 

development, whereby an innovative, inclusive and reliable energy platform can be created (5). 

The idea for converting biomass-derived sugars to transportation biofuels was first proposed 

in 1970s (7-8). According to IRENA’s Bioenergy Roadmap, by 2030, biomass is predicted to 

account for 60% of total final renewable energy use (www.irena.org). Today, however, 

biomass accounts for approximately 10% of total primary energy consumed globally, but not 

all of it is used in a sustainable manner (data retrieved from International Energy Statistics, U.S 

Energy Information Administration, www.eia.gov). Biomass, defined as any plant–derived 

organic matter, is the main source of energy for most of southern Africa (5, 9). Herbaceous and 

woody energy crops, agricultural food and feed crops, wood wastes and residues, aquatic 

plants, and other waste materials including some municipal wastes are abundantly available 

biomasses for sustainable energy (10). Biomass is the best choice to regulate the carbon cycle 

in the lithosphere, although it is often a challenging substrate due to its heterogeneous and 

chemically complex composition (9).  

Currently, sugarcane in Brazil and starchy materials, for example, corn in USA, and wheat in 

Europe, are the main feedstocks for 1st generation (1G) biofuels (www.ethanolrfa.org). 

However, food insecurities in Africa are a key issue facing the continent (5), therefore there is 
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a need to develop a bioenergy capacity that complements food production to ensure a 

sustainable future. In the last decade, lignocellulosic materials (2nd generation [2G] biofuel or 

lignocellulosic ethanol) and more recently algal biomass (3rd generation biofuel) have been 

suggested as more appropriate raw materials for conversion to biofuels (11). 

2.2. Biofuels according to technology 

2.2.1. First generation (1G) biofuels 

Some of the most popular first generation biofuels include: biodiesel, biogas, bio-alcohols and 

syngas as reviewed by Naik et al. (12). Biodiesel is made mainly through a process called  

trans-esterification, which is the reaction of a fat or oil with an alcohol to form esters and 

glycerol (13). This fuel is similar to the mineral diesel and is produced after mixing the lipids 

with methanol and sodium hydroxide and replacing the glycerol moiety with a methylester 

(14). The chemical reaction thereof produces biodiesel. Batch and continuous processes are 

used for industrial purposes with a typical yield of 7.26-7.5 Ggy-1 and 8-125 Ggy-1 (15). 

However, the production costs of biodiesel are high due to the high cost of lipids (particularly 

virgin vegetable oil) and processing costs (14). 

Biogas is mainly produced during the anaerobic digestion of the organic materials such as 

municipal waste, dairy waste, agricultural waste (such as fodder residue and manure) and 

energy crops such as maize (corn) (16). The ability to make biogas out of many different 

substrates is one of the main advantages of anaerobic digestion over other production processes 

like ethanol production (17). Although there is widespread acceptance of biogas technology, 

one of the main limitations is that lignin cannot be degraded by anaerobic bacteria (17), 

although this has been challenged (18). 

Bio-alcohols are produced using enzymes and micro-organisms through the process of 

fermentation of sugar (19). Ethanol is one of the most common types of  

bio-alcohol whereas butanol and propanol are produced to a lesser extent (19). First generation 

bioethanol is currently the predominant biofuel and is manufactured from cane-derived sucrose 

and corn-derived starch (12). Using S. cerevisiae and other closely related yeast strains as hosts, 

industrial ethanol titers on sucrose are up to 93% of the stoichiometric maximum (11). Both 

continuous and batch system production is used, with residence times in the fermenters being 

6-10 h (11, 20). Although the process for production of ethanol from these sources is highly 

efficient, cellulosic (dry plant matter) biomass has a larger resource base than maize or sugar 

cane (12).  
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In contrast to the biochemical conversion of biomass into bio-alcohols by enzymatic hydrolysis 

and fermentation, alcohols can also be produced by combination of thermochemical and 

fermentative pathways. Biomass can be gastified to synthesis gas (syngas) by heating it with a 

controlled level of oxygen. This syngas can be converted into ethanol either by catalytic 

conversion or with bacterial fermentation (21). Challenges, however, are up-scaling to a 

commercial scale, high capital costs and the low ethanol tolerance of the bacteria involved (22). 

2.2.2. Second generation (2G) biofuels 

Second generation (2G) biofuel technology is becoming an important alternative renewable 

fuel resource, because of its low cost and abundance of plant biomass, referring specifically to 

lignocellulosic biomass (plant dry matter) (12). Also known as advanced biofuels, 2G biofuels 

such as cellulosic ethanol production allows the organic carbon to be rapidly renewed as part 

of the carbon cycle (11). The cellulosic biomass is a polymeric source for glucose and xylose 

that can be converted by microbial fermentation into bioethanol (23), and it has been estimated 

that 419 billion litres of bioethanol could be produced each year from crop wastage (24). 

Among the ethanol production processes, there is special interest in the development of those 

based on enzymatic hydrolysis, since they are specific (25) and result in less effluent formation 

compared with acid hydrolysis (22). 

A comparison between 1G, 2G and petroleum fuel production are made in Table 2.1. It is 

important to note that the structure of the biofuels does not change between generations, but 

rather the source from which the fuel is derived. As the replacement of fossil fuels takes place, 

the way to avoid the negative effects of producing biofuels from food supplies is to make 

lignocellulosic-derived fuels available within the shortest possible time. First generation (1G) 

bioethanol is based on non-recalcitrant, sugar rich feedstocks, hence, the technology required 

to extract the sugars is easier than for 2G bioethanol (which is still under development)  

(12, 22).  
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Table 2.1. Classification of transportation-based fuel and biofuels as reviewed by Naik et al. (12) and Baskar et al. (24).

Type of fuel Description Disadvantages Examples 
Fossil fuels  Fuel produced from crude petroleum.  Depletion of fuel reserves 

 Environmental pollution 
 Economics and ecological 

problems 

 Petroleum 
 Diesel 

First generation (1G) 
biofuels 

Biofuels produced from raw materials in 
competition with food and feed 
industry; however is economical. 

 Limited feedstock 
 Blended partly with 

conventional fuel 

 Bioethanol from sugar cane, sugar 
beet (corn and wheat),  

 Biodiesel from oil-based crops like 
sunflower, palm oil, starch-derived 
biogas 

Second generation 
(2G) biofuels 

Biofuels produced from non-food crops 
(energy crops), or raw material based on 
waste residues. 

 Technology still under 
development  to reduce cost of 
conversion 

 Biogas derived from waste and 
residues,  

 Biofuels from lignocellulosic 
materials like residues from 
agriculture , forestry and industry 

Third generation 
(3G) biofuels 

Biofuels produced using aquatic 
microorganism like algae. 

 Biofuel produced tends to be 
less stable than biodiesel 
produced from other sources 

 Oil found in algae tends to be 
highly unsaturated.  

 Biodiesel using algae 
 Algal hydrogen 

Fourth generation 
(4G) biofuels 

Biofuels based on high solar efficiency 
cultivation. 

 Still at a conceptual stage for 
future technology 

 Carbon negative technology 
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The synthesis of the different biofuels proceeds through common metabolic pathways and 

metabolic intermediates such as acetyl-CoA or pyruvate (25). The pathways can be effectively 

divided into “feed” pathways, which convert biomass to common metabolic intermediates 

which, in turn, can be converted into the chosen fuels (Figure 2.1). 

 

 

Figure 2.1. Schematic representation of the pathways for metabolic conversion of feedstocks into 

biofuels can be loosely divided into (a) feed pathways, which convert carbohydrate biomass into the 

central metabolic intermediates pyruvate and acetyl-CoA; and (b) product pathways, which converts 

these central intermediates into fuels. Image adapted from Fischer et al. (25). 

2.2.2.1. Cellulosic bioethanol production 

Ethanol was used in the first car engines and received a resurgence in appeal as a viable 

candidate to replace fossil fuels ever since the energy crisis in the 1970s (26). Bioethanol is 

also a very attractive biofuel to the automotive industry due to its miscibility with petroleum 

gasoline and can be used in low concentration blends (< 10%) in vehicles with no modifications 

(27). The use of ethanol blends has benefits to reducing water contamination and poses no 

significant adverse impacts on the public health or environment, generating lower emissions of 

CO2, non-combusted hydrocarbons, carbon monoxide, nitrogen oxides and volatile organic 

compounds (28, 29). Another advantage of using ethanol as a transportation fuel is that it offers 

high octane and high heat of vaporization, resulting in a greater energy output and improved 

net performance (27). The USA and Brazil are the largest 1G bioethanol producers, together 

contributing to 72,6% of the total bioethanol produced worldwide, with South Africa only 

(a) (b) 
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ranked 33rd in the world as of 2014 (Table 2.2) (according to the United States Energy 

Information Administration, www.eia.gov/).  

Table 2.2. Countries that produce the highest levels of bioethanol, ranked according to production 

levels in 2014 (data adapted Renewable Fuels Association 2014, www.ethanolrfa.org/) (30). 

Source: RFA analysis of public and private estimates. 

Second generation cellulosic bioethanol technology is still under development and one of the 

main technological impediments to a more widespread use of lignocellulose for production of 

biofuels and chemicals is the lack of economically feasible technologies (3, 30). There are four 

biologically mediated events that need to occur during the conversion of lignocellulose to 

bioethanol namely: production of depolymerising enzymes (cellulases and hemi-cellulases), 

hydrolysis of the polysaccharide constituents of pre-treated biomass, fermentation of hexose 

sugars present and fermentation of pentose sugars present (30) (Figure 2.2). Various designs 

in the strategies of the thermochemical conversion have been studied in the review by Petersen 

et al. (31) and tended to encompass alternative technologies for all the major conversion 

processes, where variants on the biological routes focused on the pre-treatment step (most 

economically and energy intensive step), enzyme production (costly production and use of 

large dosages), and fermentation (yields are low due toxicity and inability to co-ferment all the 

sugars) (32). 

 

Table 2.2 Ranking of countries based on annual bioethanol production.  
Country Millions of gallons 
United States 14,300 
Brazil 6,190 
European countries 1,445 
China 635 
Canada 510 
Thailand 310 
Argentina 160 
India 155 
South Africa 104 
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Figure 2.2. Schematic representation of enzyme-based cellulosic ethanol production process. After the 

initial pre-treatment step, enzyme hydrolysis and fermentation is either carried out separately (SHF) or 

simultaneous (SSF) by microbes to release monomeric and disaccharide sugars which are fermented 

into ethanol (32).  

Separate hydrolysis and fermentation (SHF) is a central processing step in the biological 

scenarios, since it allows each step to be operated optimally (Figure 2.2) (32). The 

disadvantage of this process is the end product inhibition, whereby the glucose accumulation 

inhibits the cellulolytic enzymes causing low enzymatic hydrolysis yields (32). This last 

drawback can be solved by carrying out the competing technology, simultaneous 

saccharification and fermentation (SSF), where both stages occur simultaneously in the same 

vessel (32). The main advantage of this SSF process is that the continuous removal of the 

glucose by the microorganism, which minimises the end product inhibition, therefore higher 

enzyme hydrolysis rates are obtained and better overall yields are reached (32). Additionally, 

the SSF process would potentially reduce the capital costs, since the setup combines 

fermentation and hydrolysis reactions, the only capital expenditure should be one set of reactors 

instead of two (33). Experimental yields of ethanol from C5 and C6 sugars for SSF have 

generally been higher than SHF (32). The disadvantage of this process is the different optimal 

condition of enzyme hydrolysis and fermentation (32). As result, fairly robust microbes are 

required. Establishing economically feasible fermentation processes requires markedly 

increased final product titers due to the energy demands of product recovery steps, as well as 

the capital and production costs associated with the bio-refinery (34). In order to be 

economically viable, ethanol yield for 2G cellulosic bioethanol production needs to reach the 
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bench mark of 40 g/L in the fermentation broth so that distillation is economically viable (2, 

15, 35–38). Achieving these high titers inevitably requires an increase in feedstock loading 

levels in SSF processes, which in turn, increases the concentration of toxic compounds released 

during pre-treatment and hydrolysis (39). In context of this study, we look at the development 

of highly fermentative, robust yeast with the ability to produce recombinant cellulolytic 

enzymes to hydrolyse cellulosic substrates and ferment to bioethanol. 

2.3. Feedstocks for biofuel types 

2.3.1. Substrates for 1G technology 

First generation (1G) biofuels refers to the fuels that have been derived from food crops rich in 

starch like corn, wheat, animal fats, and vegetable oil (15). Some of the crops suggested for 1G 

biofuel technology in South Africa include canola, sunflower oil and soybeans (9). This type 

of biomass is classified by compositions and chemical structure in Figure 2.3. While this 

technology offers some carbon dioxide benefits and can help to improve domestic energy 

security, it relies on biomass from agricultural crops such as sugar cane and corn raising ethical 

issues regarding “food vs fuel’’(12). Although this type of biomass is easily fermented to 

bioethanol, concerns exist about this technology including the impact it may have on 

biodiversity, land use, and competition with food crops (12). 

 

Figure 2.3. Schematic representation of biomass classifications, composition and chemical structures 

of (a) sugars, (b) starch and (c) inulin. Images taken from www.namrata.com. 

 

 

(a)                                                (b)                                                    (c) 
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2.3.2. Substrates for 2G technology  

In general, lignocellulosic feedstocks are divided into three main categories: agricultural 

residues (e.g., crop residues, sugar canes bagasse), forest residues, and, herbaceous and woody 

energy crops (40). Agricultural by-products such as bagasse, corncob and stover, wood chips, 

wheat straw etc., can be used as substrate for biofuels (Table 2.3) (31). In South Africa, there 

is varying degrees of biomass resources that are available to establish a local bioenergy 

industry, such as agricultural residues (maize stover, sugarcane bagasse, wheat straw, 

sunflower stalks etc.), forestry and wood industry (forest residues, sawmill residue, paper and 

board mill sludge) and invasive plant species (5). These are abundant and attractive substrates 

for biofuel production by economically and environmentally sustainable fermentation 

processes.  

All natural fibers essentially comprise of three groups of components: polysaccharides, 

including cellulose, hemicelluloses (xylan, etc.), pectin; lignin; and water- and solvent soluble 

compounds (e.g., waxes, minerals, etc.) (34). As depicted in Figure 2.4a, plant cell walls are 

composed of cellulose, hemi-cellulose, and lignin (36). Hemicellulose has a lower molecular 

weight than cellulose and its role is to connect lignin and cellulose fibers, while lignin holds 

together cellulose and hemi-cellulose fibers and gives support, resistance and impermeability 

Table 2.3. Composition of common lignocellulosic raw materials and wastes as reviewed by Kumar 
et al. (39) (weight % on dry biomass).  

Lignocellulosic material Cellulose (%) Hemi-cellulose (%) Lignin (%) 
Hardwood stems 40-55 24-40 18-25 
Softwood stems 45-50 25-35 25-35 
But shells 25-30 25-30 30-40 
Corn cobs 45 35 15 
Grasses 25-40 35-50 10-30 
Paper 85-99 0 0-15 
Wheat straw 30 50 15 
Sorted refuse 60 20 20 
Leaves 12-20 80-85 0 
Cotton seed hairs 80-95 5-20 0 
Newspaper 40-55 25-40 18-30 
Waste papers (chemical pulps) 60-70 10-20 5-10 
Primary wastewater solids 8-15 N/a N/a 
Solid cattle manure 1.6-4.5 1.3-3.3 2.5-5.7 
Coastal bermugrass 25 35.7 6.4 
Switchgrass 45 31.4 12 
Swine waste 6.0 28 Na 
N/a- Not applicable    
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to the plant (36). Cellulose (Figure 2.4b[i]) comprises of β-glucan linked by β-1,4,-glycosidic 

bonds and organised into crystalline fibers containing tightly packed microfibrils of 

approximately 30 β-glucan chains containing amorphous regions (38). Cellulose has two 

distinct forms, one is a tightly packed crystalline homo-polymer, the other has non-organised 

soluble amorphous regions (2). Hemi-cellulose (Figure 2.4b[ii]) is a highly branched 

heteropolymer made up of hexose and pentose sugars as well as other sugar acids. While lignin 

(Figure 2.4b[iii]) consists of phenyl propanoids, it does not contribute to the carbohydrate pool 

(2). The distribution of cell wall components in the plant cell wall is shown in Figure 2.4b. 

Figure 2.4. Schematic representation of the (a) 3D-structure of the lignocellulose complex and (b) 

chemical structure of major compounds in plant cell walls in plant cell walls (37). From the 3D image, 

the major components in lignocellulosic biomass include cellulose fibers (green), lignin molecules 

(brown wooden texture) and hemi-cellulose (light green). Image was taken from www.scistyle.com, by 

Thomas Splettstoesser. 

The digestibility of cellulose present in lignocellulosic biomass is hindered by physiochemical, 

structural and compositional factors (39). One of the challenges for cellulosic ethanol 

production is that lignocellulosic materials have complex structures and are highly resistant to 

enzymatic hydrolysis to mono- and disaccharides (41). Cellulose is more difficult to convert 

into fermentable sugars than starch biomass, because (i) cellulose is highly crystalline and 

compact in nature, (ii) hemi-cellulose acts as a barrier for the cellulases to reach the cellulose 

(41), and (iii) the presence of lignin which links cellulose and hemi-cellulose together to form 

a recalcitrant barrier (42), making it difficult to degrade through microbial attack and 

(a)                                             (b) 

Plant cell wall 

i) Cellulose  
(40-50%) 

ii) Hemi-cellulose 
(25-30%) 

iii)  Lignin  
(15-35%) 
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hydrolysis by cellulolytic enzymes to its monomeric, fermentable sugars unlike starch 

substrates.  

2.4. Steps in 2G ethanol production 

2.4.1. Pre-treatment and inhibitors 

The recalcitrant nature of lignocellulosic feedstocks requires an initial pre-treatment step in 

order to alter its structure and make it more accessible for the cellulases enzymes during the 

enzyme hydrolysis step (43). Pre-treatment is necessary, but increases the overall process costs 

(43, 44). The pre-treatment itself solubilises little glucose and generally solubilises  

hemi-celluloses, although it depends on the pre-treatment method (45). Types of pre-treatments 

currently used include ammonia fiber explosion, chemical treatment, biological treatment, and 

steam explosion (39). The type of pre-treatment defines the optimal enzyme mixture to be used 

and the composition of the hydrolysis products (46). Glucose is by the far the most abundant 

in lignocellulosic biomass accounting for 30-50% of the biomass dry weight, while mannose 

and galactose are present in much lower amounts approximately 1-3% and  

1-2% respectively (47). The xylose content of lignocellulose varies broadly depending on the 

source and averages between 18% of the dry weight while arabinose accounts for  ̴ 3% (47). 

Therefore, it is important to note the composition of common agricultural residues and waste 

as seen in Table 2.3. After pre-treatment, the solid suspension is exposed to cellulolytic 

enzymes that digest the cellulosic and hemi-cellulosic biomass components to release the 

hydrolysis products, primarily six- and five-carbon sugars, respectively (along with acetic acid 

and lignin-derived phenolic by-products) (46). 

Biomass pre-treatment and hydrolysis are areas that need drastic improvement (46). A 

disadvantage of pre-treatment of lignocellulosic biomass is the release and generation of a 

broad range of undesirable by-products as reviewed by Kricka et al. (47) (Figure 2.5). These 

by-products include acetic acid, formic and levulinic acids resulting from the hydrolysis of 

sugars (47). Other inhibitors such as furfural and 5-hydroxymethyl furfural (HMF) are 

produced from the degradation of pentoses and hexoses at high temperatures and pressures, 

whereas phenolics are a by-product of lignin degradation (47). However, there are many other 

hydrolysate inhibitors that have not been studied. In particular, the large number of aromatic 

compounds together with their diversity has complicated their study (48).  

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



 

22 
 

Figure 2.5. Schematic representation of the inhibitor classes and the cellular energy consequences of 

lignocellulosic hydrolysate inhibitors. Presented are examples from three main classes of inhibitors and 

the ways cells can cope with these: efflux via pumps, detoxification via enzymes, and repair of the 

damage caused by the compounds. Image adapted from Piotrowski et al. (49).  

The degradation products produced by pre-treatment methods are inhibitory to microbial 

growth, enzymatic hydrolysis, and fermentation (as reviewed in Table 2.4). These inhibitory 

compounds can increase yeast sensitivity to osmotic stress and salt stress, specifically 

inhibiting the essential enzymes needed in carbon metabolism (50). These toxic effects lead to 

an increased lag phase during growth and reduced ethanol production at low furan 

concentrations with cell death at high concentrations (51). The pre-treated biomass often needs 

to be washed to reduce the concentration of inhibitors, however this decreases the overall 

saccharification yield by removing soluble sugars (39). Other detoxification strategies, 

including alkali or sulfite treatment, evaporation, anion exchange, and laccase addition have 

been developed to remove inhibitors or decrease their actions, although these methods are not 

economically or technologically feasible (42, 43). Therefore, the development of host 

microorganism(s) with innate high tolerance to these inhibitors is desirable.
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Table 2.4. The inhibitory effects of degradation by-products found in lignocellulosic hydrolysates on 
the yeast S. cerevisiae during 2G bioethanol production as reviewed by Field et al. (48). 

2.4.2. Cellulose hydrolysis by cellulolytic enzymes  

2.4.2.1. Microbial cellulases and their industrial applications 

Research on cellulolytic enzymes (also known as cellulases) started as early as the 1950’s as a 

result of their advantageous ability to convert lignocellulose to glucose and other soluble sugars 

(52). During the early 1990’s extensive research into cellulases, hemi-cellulases and pectinases 

revealed its biotechnological potential that is still used today in many industrial processes, 

ranging from cotton and paper manufacturing to detergent enzymes, juice extraction and the 

biofuel industry (53). Cellulases are inducible enzymes synthesised by a large diversity of 

microorganisms including both fungi and bacteria during their growth on cellulosic materials 

(54). These microbes can be aerobic, anaerobic, mesophilic or thermophilic (54). In nature a 

large portion of wood degradation is carried out by white rot and soft rot fungi, both of which 

degrade cellulose and hemi-cellulose to more soluble carbohydrates by secreted synthesised 

enzymes (55). White rot fungi are Basidiomycetes and mineralise lignin, while soft rot, often 

Ascomycetes, do affect lignin but do not mineralise it (55, 56). A third class of aerobic wood 

degrading fungi, the brown rot fungi, are suggested to conduct a large part of wood degradation 

non-enzymatically (56). These wood-degrading enzymes secreted by fungi are mainly 

hydrolases, for example cellulases, xylanases, etc. (56-57). Homologous enzymes from yeasts 

have received less attention because they are considered to have lower performance and to be 

produced at lower yields (58). For industrial purposes, most commonly studied cellulolytic 

organisms are from the fungal species: Trichoderma, Humicola, Penicillium, and Aspergillus 

because of their capacity to produce the enzymes extracellularly and in large amounts as 

Inhibitor Effect Reference 
Furfural and 
HMF 

 Lag phase increase in lab strains. 
 Specific growth rate µ (h-1) decreased in lab strain. 
 Specific ethanol production rate (g/g.h) decreased in 

lab strain. 

(47) 
(43) 

Acetic acid  Biomass formation decreased in lab strain. 
 Specific xylose consumption rates decreased in 

xylose-consuming strains. 

(48) 

Aromatic 
(Phenolics) 

 Volumetric ethanol productivity (g/L.h) was reduced 
in commercial strain. 

(44) 
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reviewed by Gautam et al. (54). Many fungi also secrete redox enzymes, such as manganese 

peroxidases and the copper-containing phenoloxidase, laccase, hydrogen peroxide-producing 

oxidases and cellobiose dehydrogenase as reviewed in detail by Hendriksson et al. (57). More 

recently, a new class of enzymes have been discovered that are capable of oxidising recalcitrant 

polysaccharides, namely lytic polysaccharides monooxygenases (LPMO) (59). It has been 

suggested that LPMOs have a beneficial effect in current commercial cellulose mixtures by 

having a significant impact on the efficiency of enzymatic biomass depolymerisation (59, 60). 

LPMOs are known to carry out oxidative cleavage of glycoside bonds crystalline structure of 

cellulose and chitin, thus boosting the activity of well-known hydrolytic depolymerising 

enzymes through synergy (80).  

2.4.2.2. Structure of cellulolytic enzymes  

The complexity of wood makes it an energy rich, but difficult substrate for degradation by 

microbes, therefore the enzymes involved in this process often have unusual and interesting 

features (3). Structurally, fungal cellulases are simpler compared to bacterial cellulase systems, 

called cellulosomes (61), and typically have two separate domains, namely: a catalytic domain 

(CD) and a cellulose binding domain (CBM) which is bound to the N-terminal of the CD by a 

short polylinker region (62). These domains are independently folding, structurally and 

functionally discrete units (62). The CBM is comprised of  ̴ 35 amino acids and the polylinker 

is rich in serine and threonine (62). The difference between free cellulase enzymes vs. 

cellulosomes complexes is the cellulosome-cohesion contains scaffolding and dockerin-

containing enzymes which direct the entire cellulosome complex to the cellulosic material (61).  

2.4.2.3. Key cellulolytic enzymes required for consolidated bio-processing 

The Carbohydrate-Active Enzyme (CAZy) (www.cazy.org) database is a knowledge-based 

resource specialising in enzymes that build or catalyse complex carbohydrates and  

gluco-conjugates (63, 64). The classification reflects the structural features better than substrate 

specificity or evolutionary relationship e.g., cellulolytic enzymes have been grouped into 

sequence and structurally-related glycosyl hydrolase (GH) families, thus providing a 

framework to understand the mechanistic properties of the enzymes (64). The enzyme 

commission number (EC) is associated with a recommended name for the prospective enzyme 

(64).  
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The cellulase system consists of three main enzymes, namely endoglucanases  

(endo-1,4-β-glucanases; EC 3.2.1.4) (EGs), exoglucanases (exo-1,4-β-glucanases;  

EC 3.2.1.91) and β-glucosidases (1,4,-β-glucosidases; EC 3.2.1.21) (BGLs) (61). All three key 

enzyme types have similar CD which cleave β-glycosidic bond between glucose molecules, 

but differ in their binding substrates and substrate interacting domains that act to tether them 

to their polymeric substrate, and allows the processive degradation of cellulose by crawling 

along its strand (Figure 2.6) (52).  

Figure 2.6. Schematic representation indicating the mode of action of the cellulase enzymes of  

non-complexed cellulase systems in the hydrolysis of crystalline cellulose 

(www.cheminfo2010.wikispaces.com). 

Cellulose is hydrolysed to glucose monomers by the synergistic action of cellulases (58). 

Exoglucanases (cellobiohydrolases [CBHs]) progressively act on the reducing and  

non-reducing ends of cellulose chains to release short-chained cello-oligosaccharides that are 

further hydrolysed through endo-exo synergism with EGs (65). The exoglucanases disrupt the 

crystalline structure of cellulose and are, therefore, pivotal to the biomass conversion process 

(2). The BGL activity is the last step of the enzymatic degradation of cellulose degradation by 

hydrolysing soluble cello-oligosaccharides (e.g., cellobiose) to glucose (2). Cellobiose, 

consisting of two glucose molecules linked by β-1,4-glycosidic bonds, is an inhibitor of EGs 

and CBHs, therefore BGL alleviates inhibition by cleaving cellobiose and producing glucose 

molecules (2)  

The study focus of this project is on heterologous production of cellulolytic enzymes which 

will be described in more in detail in terms of their specific activities and structure in the next 

subsections. The enzymes BGLI (S.f.Cel3A), EGII (T.r.Cel5A) and CBHI (T.e.Cel7A) were 

Cellobiohydrolase II 

Endoglucanase I 

β-glucosidase I 

Cellobiohydrolase I 
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chosen for analysis of total cell and secreted activity levels based on the fact that they represent 

the three main hydrolytic activities in a cellulase system and based on previous data relating to 

their known enzymatic activity and final cellular location (2, 66–70). With the exception of 

Saccharomycopsis fibuligera Cel3A (expressed from S.f.cel3A gene), the recombinant 

cellulases used in this study all preserved the native secretion signals of their proteins. Previous 

studies demonstrated that the use of foreign signals resulted in misdirection or retention of 

cellulolytic enzymes in the periplasmic space during secretion (71). This was not the case in 

S.f.cel3A gene expression, which has been shown to secrete well with xyn2 secretory signal 

(67). 

2.4.2.3.1. Endoglucanases (EGs, EC3.2.1.4) 

Endo-β-1,4 glucanase II (EGII) (also known as Cel5A), because it is grouped into family 5 of 

the glycosyl hydrolases [GHs]) is one of the major endoglucanases secreted by Trichoderma 

reesei (also known as Hypocria jecorina) (70). In this study, we use T. ressei Cel5A 

(T.r.Cel5A) as a reporter protein. With the exception of Cel12A, most T. reesei cellulases 

consist of a heavily O-glycosylated linker tethering a small carbohydrate binding domain 

(CBD) to a larger catalytic domain (72). Enzyme of the GH5 family show a common (β/α) 

TIM-barrel fold in which the catalytic acid/base and nucleophile are located on strands β-4 and 

β-7 of the barrel fold (72). The general topology bears a striking resemblance to Cel5A 

from Thermoascus aurantiacus (Figure 2.7a) (70).  

 

Figure 2.7. The ribbon structure of (a) Cel5A from T. aurantiacus, the closest homolog to T. reesei 

Cel5A (which is used in this present study). (b) Ribbon structure of native Talaromyces emersonii 

Cel7A - similar to enzyme used in the present study with difference being a modified carbohydrate 

binding module (CBM). (c) Ribbon structure of S. fibuligera Cel3A. Images taken from www.cazy.org. 

(a)                                            (b)                                               (c) 
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With a molecular weight of 48 kDa, EGII cleaves the more amorphous regions of cellulose, 

facilitating hydrolysis of cellulose by rapid depolymerisation, releasing cellodextrins of various 

lengths and producing more chain ends for processive enzymes to act upon (70). However, the 

EGII displays strict specificity towards cellulose and its derivatives e.g., hydrolysing cellotetra- 

to cellohexaose, but prefers cleaving internal β-1,4-glycosidic bonds near the reducing ends of 

oligosaccharides producing glucose, cellobiose and cellotriose (73). Consistent with previously 

described endoglucanase structures, the crystal structure of a prevalent endonuclease II from 

T. reesei (also known as H. jecorina) reveals an active site containing a primary hydrophobic 

substrate binding groove and a series of hydrogen bond networks surrounding two catalytic 

glutamates (www.rcsb.org and www.expasy.org). The reported structure has stark differences 

between side-chain identity, loop regions, and the number of disulfides (70, 72). This structure 

has two N-glycosylation sites (www.netnglyc.org). 

2.4.2.3.2. Cellobiohydrolases (CBHs, EC3.2.1.91) 

Cellobiohydrolases (CBHs), from family 7 of GHs (Cel7A), are classified as processive 

enzymes as these enzymes hydrolyse cellulose chains from the ends in a continuous manner 

(74). Found exclusively in eukaryotic organisms, CBHs are also the major cellulases produced 

by the filamentous fungi such as T. reesei and Talaromyces emersonii. CBHs are needed for 

the hydrolysis of crystalline cellulose and subsequent release of cellobiose by acting on the 

reducing and non-reducing ends (75). The CBM is attached to the C-terminus through a linker, 

and enhances the hydrolysis of crystalline cellulose (66). In this study, we used a T.r-T.e CBH 

chimera which contains the catalytic domain from T. emersonii Cel7A and the linker and 

carbohydrate binding domain from T. reesei Cel7A (68). For simplicity, T.r-T.e CBHI is 

referred to as T.e.Cel7A in text. 

The crystal structure of T. emersonii Cel7A (Figure 2.7b) reveals a β-sandwich fold, where 

altogether six loops extend from the β-sandwich and participate in forming an enclosed tunnel-

like active site for cellulose binding and hydrolysis (www.expasy.org). The active site tunnel 

is roughly 50 Å long and can accommodate 9–10 substitutes for the glycosyl units of a cellulose 

chain (75, 76). The catalytic amino acids (three carboxylic acids) are located near one end of 

the tunnel and allow release of the product (mainly cellobiose, a disaccharide) from the 

reducing end of the cellulose chain (76). This protein has three putative N-glycosylation sites 

(www.netnglc.org). 
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2.4.2.3.3. Glucosidases (BGLs, EC3.2.1.21) 

β-Glucosidases (BGLs) constitute a major group among GHs, mainly hydrolyses cellobiose 

which inhibits other cellulase enzymes (77). They have been the focus of much research 

recently because of their important roles in a variety of fundamental biological and 

biotechnological processes (99). They belong to families 1 and 3 of the GHs and hydrolyse 

either O-linked β-glycosidic bonds (β-D-glucoside glucohydrolase, EC.3.2.1.21) or S-linked  

β-glycosidic bonds (myrosinase, EC.3.2.3.1) (www.expasy.com). Being the final step in the 

cellulose hydrolysis process, BGLs produce glucose from hydrolysing cellobiose and other 

longer cello-oligomers produced by EGs and CBHs (78). The hydrolysis of longer  

cello-oligosaccharides, such as aryl- and alkyl-β-D-glucosidases shows this enzyme’s broad 

substrate specificity, however this enzyme prefers substrates with a larger number of available 

chain ends, with the pocket-like active site favouring the β-O-glycosidic bond at the  

non-reducing ends of oligosaccharides (www.expasy.org) (Figure 2.7c). 

In this study, we use S. fibuligera BGLI (S.f.Cel3A) as reporter protein. This enzyme falls 

under the glycosyl hydrolase family 3, hence its alternative nomenclature, Cel3A 

(www.cazy.org). A portion of the S.f.Cel3A remains attached to the cell wall (cell wall bound) 

of the yeast cell (67, 71, 79, 80), which is an important parameter to consider when determining 

the enzyme activity in culture media. The S. f.Cel3A also contains 14 putative N-glycosylation 

sites (www.expasy.org and www.netnglyc.org). 

2.4.2.4. Enzyme hydrolysis  

The 2G cellulosic ethanol production process has difficulties in lignocellulose breakdown 

resulting in costs being driven up due to cellulose hydrolysis (1, 78) (as summarised in Table 

2.5). Enzymatic hydrolysis of cellulose consists of three steps: absorption of cellulases to the 

surface of cellulose, hydrolysis of cellulases, and desorption of cellulases (as reviewed by 

Pandey et al. (81). Enzymatic hydrolysis of cellulose is one of the bottlenecks in the 

commercialisation of the process due to low hydrolysis rates and cost of enzymes (78). 

Theoretically, cellulase enzymes reactions should have high specificity that would result in the 

efficient hydrolysis of cellulose to glucose (78). The cellulolytic enzyme itself is less specific 

compared to amylases (100-fold less specific), therefore the dosage amount required for 

complete cellulose hydrolysis is much higher (82).
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Table 2.5. Difficulties in saccharification of cellulosic biomass resulting in large amounts of cellulolytic enzymes being required for CBP as review by Yang 
et al. (78) and Hasunuma et al. (1). 
Factors Mechanism Ref. 
Complex enzyme 
substrate interactions 

Irreversible and non-specific absorption of cellulolytic enzymes. (1, 83) 

Enzyme-related factors Thermal instability of cellulases. 
Product inhibition (e.g., xylan, glucose and lignin derivatives, especially xylan oligomers, were 
reported to show different degrees of inhibition of enzymatic hydrolysis. 
Enzyme inactivation. 
Enzyme slowing down. 
Inactivation of key components of cellulase complex. 

(84) 
(43, 85) 
(86) 
(87) 
(88) 

Substrate-related factors Substrate transformation into less digestible form, heterogenous structure of the substrate. 
Cellulosic characteristics (e.g., size, structure, crystallinity, degree polymerization and accessible 
surface area) were shown to affect cellulase absorption, synergism and processitivity. 
Low water and high viscosity of pre-treated materials. 

(89) 

Cellulase components Different cellulase components have been shown to have different adsorption capacities and activities 
for cellulose. 
Cross-linking among chains of cellulose fibers, coupled with their being imbedded in a matrix of 
polysaccharides involving lignin and other polymers, provides extra rigidity in native plant cell walls 
but complexity for enzymatic digestion. 

(90) 
(91) 

Derived insoluble matter 
distribution effects 

Deacetylation was reported to improve cellulose digestibility. 
Hemicellulose (e.g., xylan) and lignin removal appeared to improve cellulose digestibility, but some 
pre-treatment methods are effective without removing either (e.g., ammonia fiber expansion). 
Solid lignin could cause non-specific binding of cellulases. 
Hemi-cellulose sugars (e.g., xylan mono/oligomers) have inhibitory effects on cellulases. 

(92) 
(39) 
(93) 
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In practice the yields of glucose are influenced by external factors that affect both the rate and 

extent of hydrolysis (78). These factors include the cellulose structure and complex enzyme-

substrate interactions during hydrolysis as reviewed by Yang et al. (78). It is known that the 

hydrolysis rate progressively declines over time due to a range of substrate and enzyme related 

factors, such as end-product inhibition, the irreversible and non-specific absorption of 

cellulolytic enzymes onto the substrate, as well as the inactivation of key components of the 

cellulase complex as reviewed by Pandey et al. (81). Substrate concentrations are also one of 

the main factors that affect the yield and initial rate of enzymatic hydrolysis of cellulose (83). 

The extent of hydrolysis has also been shown to influence both the surface area available for 

enzyme substrate interaction, which is determined by cellulose pore size and the shielding 

effects of lignin and hemicelluloses (76). Ma et al. (83) revealed an inverse relationship in 

which an apparent decrease in the hydrolysis rate of T. reesei CBH1 was observed with 

increasing surface density of cellulose substrate.  

There are various ways in which cellulase effectiveness can be enhanced. For example, the low 

specific activity of cellulolytic enzyme preparations and drop in saccharification rates during 

hydrolysis has led to the requirement for high cellulase loadings (78). This has resulted in high 

enzyme production costs contributing to the overall cost for 2G bioethanol production (3). A 

considerable amount of research is now focused on enzymatic and inhibitory mechanisms 

associated with the cellulase complex (86, 88, 89). The supplementation with BGLs during 

hydrolysis, and removal of sugars during hydrolysis by ultra-filtration or SSF are some of the 

methods that have been developed to reduce inhibition of hydrolysis (94). Consolidated  

bio-processing (CBP) is one of the strategies that have been proposed as a solution to reduce 

enzyme cost contribution, whereby a single microorganism capable of both producing biomass 

hydrolysing enzymes and fermenting the released sugars to ethanol e.g., a fermentative microbe 

is engineered with a cellulolytic system (95). Previous studies have used a variety of strains 

and conditions to express recombinant cellulolytic enzymes, which is problematic since the 

impact of the secretion of recombinant proteins on gene expression is influenced by the genetic 

background of the host strains (79, 96, 97). Therefore, the choice of host for heterologous 

expression of cellulase genes for CBP is an important factor to consider and discussed in later 

subsections of this chapter.  

There is also an inherent difficulty in developing recombinant strains for the metabolism of 

cellulose as a sole carbon source (3). As discussed previously, cellulose is a large 
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polysaccharide that needs to be hydrolysed in the extracellular media to produce glucose, which 

is then transported to the cell to be fermented (74). However, this creates a “chicken and the 

egg” situation because in order to produce cellulases for hydrolysis, cell growth is needed, 

which is limited due to the lack of fermentable sugars freely available during the start of 

fermentation (43). The construction and utilisation of cellulosomes tethered to the cell surface 

has provided a partial solution, however, even with this new system, cellulose hydrolysis has 

not substantially improved compared to freely secreted enzyme systems as reviewed by 

Wieczorek et al. (98). Another solution is genetically modifying industrial strains with xylose 

(and arabinose) pathways, to allow a broader range of sugars to be metabolised (61). 

2.4.2.5 Synergism concept 

Synergism is the phenomena whereby a mixture of enzymes exhibit higher specific activity 

compared to the sum total of the individual enzymes (58). This effect is common amongst 

cellulases, with the effect more prominent when acting on crystalline cellulose (58). To date 

there are four types of synergy that have been described with regards to cellulolytic enzymes:(i) 

endo-exo synergy can be created through the simultaneous action of an EG and a CBH resulting 

in cellulose degrading to cellobiose and cello-oligosaccharides (87), ii) exo-exo synergy can 

be between two CBHs acting on the reducing and non-reducing chain ends of cellulose (99), 

(iii) synergistic interaction between exo-glucanase and BGLs which remove cellobiose which 

inhibits the first two enzymes (100), and (iv) intramolecular synergy between CBMs and 

catalytic domains (101).  

Synergistic expression of cellulase genes for degradation of cellulosic substrates has been 

demonstrated by various studies (7, 99–101), and growth on cellulose has been accomplished 

through co-expression of cellulase genes in S. cerevisiae (102). Various hypotheses have been 

proposed to explain the mechanism of synergistic interactions, however research has shown 

that the extent of cellulase synergism is influenced by enzyme concentration and the nature of 

the lignocellulosic substrate (65), therefore synergism is dependent on the ratio of individual 

enzymes, the substrate saturation and the properties of the substrate (99). It has been 

demonstrated that the synergistic cooperation not only substantially enhances the hydrolysis 

content, but also dramatically reduces the required cellulase dosage (in some cases 7-fold) 

needed to achieve reasonable cellulose hydrolysis yield (65). In order to find a solution to the 

optimal ratios of different types of cellulases, Yamada and co-workers (103) developed a 

cocktail of cellulase gene cassettes which were introduced into the S. cerevisiae chromosome 
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simultaneously in one step using a single selection marker and the genes T. reesei cel7B and 

cel7A, and Aspergillus aculeatus cel3A. After three rounds of cocktail delta integration, 

Yamada and co-workers (103) were able to create a strain with half the number of cellulase 

genes than a conventional strain but twice the activity on PASC due to optimised activity ratios. 

2.4.3. Fermentation and process configurations  

Generally, two process configurations, SSF and SHF, have been compared as methods to 

produce bioethanol from lignocellulosic materials (Figure 2.8) (32, 33, 104, 105). The SSF 

process was first studied in 1977 by Takagi et al. (107) for cellulose conversion to ethanol, 

whereby both enzyme and yeast were added to the same bioreactor, allowing one-step 

conversion. The SSF typically lasts 3-6 days, with the cellulose hydrolysis being the slower 

and costly step, and the product of SSF is a dilute ethanol stream of 4-4.5% from which ethanol 

is separated by distillation (32-33).  

Figure 2.8. Diagram of the conversion of lignocellulose to ethanol through hydrolysis and fermentation 

which can be performed separately, called separate hydrolysis and fermentation (SHF, indicated by 

broken arrows) or as simultaneous saccharification and fermentation (SSF). In CBP, all bioconversion 

steps are minimised to one step in a reactor using microorganisms. Diagram adapted from Dashthan et 

al. (106). 
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2.4.3.1. Environmental stresses in CBP and general stress response 

Compared to beer, bread, and wine fermentations, the bioethanol fermentation environment is 

a relatively new man-made fermentation process consisting of very specific challenges, which 

differ greatly from conditions commonly encountered in traditional food and beverage 

fermentation, including the presence of inhibitory compounds that are formed during 

lignocellulose hydrolysis (Figure 2.9) (49, 108). The conditions encountered in bioethanol 

fermentations pose specific challenges, including varying ethanol concentrations, high 

temperatures and the presence of lignocellulose-derived inhibitors (109). In addition, yeasts are 

exposed to stresses in sequential and multiple manners (110). Under severe stress conditions, 

it is known that yeasts fermentation is inhibited or limited, thereby lowering the efficiency of 

CBP (Figure 2.9a) (107). Industrial stresses and fermentation processes have close correlations 

with cell growth and viability, internal secretory pathway mechanisms, secretion levels of 

proteins and their stability in the medium (111–114). Therefore, the main beneficial 

characteristics for bioethanol production strains include high tolerance and fermentative 

capabilities. 

Yeast cells have stress-adaptation mechanisms, such as the induction of stress-related proteins 

(112), changes in membrane composition (lipid composition and membrane fluidity) (115), 

repression of translation mechanism (kinases that inhibit translation initiation and protein 

synthesis) (116), accumulation of stress protectants (trehalose, proline, glycogen, sterols and 

intracellular glycerol) (117, 118) and by regulation of gene expression through signal 

transduction pathways (110-112). During heat-shock and ethanol stress, cells are known to alter 

plasma membrane properties, by reducing plasma membrane fluidity and increasing the degree 

of saturation of membrane lipids (119). Stress protectants e.g., proline and trehalose are 

accumulated in the cell during stressed conditions and have a stress-protective activity, serving 

multiple functions in vitro such as protein and membrane stabiliser, lowering the Tm of DNA, 

and scavenging of reactive oxygen species (117).  
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Figure 2.9. Challenges in different steps of bioethanol production process using lignocellulosic 

materials. (a) Environmental stresses in the bioethanol process that impact yeast. After pre-treatment of 

biomass, furan derivative, organic acids and phenolic compounds are produced during the release of 

sugar (51). Inhibitors may prevent fermentation; however both high temperatures and the ethanol 

produced as an end product are known to inhibit growth (albeit low concentrations of ethanol have been 

produced to date) (51). (b) Various factors affect different steps of the process and are responsible for 

the inefficient conversion of biomass at high solids content. Image adapted from Koppram et al. (120). 

The most comprehensive data on global genome-wide expression pattern changes in  

S. cerevisiae following environmental stresses are derived from Gasch et al. (112) and Causton 

et al. (121). Both research groups suggest a general regulatory programme with genome wide 

transcriptional changes as a reaction to environmental stresses. It was generally observed by 

these studies that the common environmental response (ESR or CER) genes are up- or down 

regulated transiently as a reaction to adjust to a stress, and return to the near normal expression 

levels after adaptation. Also known as heat shock response (HSR), this ancient and highly 

conserved transcriptional program results in the immediate synthesis of a battery of 

cytoprotective genes in the presence of thermal and other environmental stresses. At a genetic 

level, the general stress response in yeasts is controlled by stress-responsive cis elements 

(STREs) in the promoter region of a wide range of stress-induced genes (112, 122). This had 

led to the theory that the ESR/CER genes are sensitive to stress conditions that result in a 

coordinated regulation of transient change for the level expression of about 900 genes (~14% 

of the genes so far predicted to occur in the S. cerevisiae genome). Interestingly, it appears that 

part of the purpose of the general stress response is to transfer tolerance to the cell so as to 

withstand future stresses (123). At a phenotypic level, the general stress response can be 

(a)                                                                 (b) 
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observed upon pre-exposure/pre-adaptation to stress (123), in which exposing the cells to a 

mild stress condition from a particular stressor gives the cells the ability to survive a severe 

dose of the same stressor. Hyperosmotic stress is a typical problem in high cell density 

fermentations because the media require high salt concentrations e.g., batch media have an 

osmolarity of similar to 0.5 M NaCl solution (113). During high osmolarity conditions, cells 

accumulate osmolytes, mainly glycerol, thereby increasing the intracellular osmolarity 

accordingly (130). The main regulatory stress response to osmotic stress is the HOG (high 

osmolarity glycerol) pathway and the MAPK (mitogen activated protein kinase) cascade (131). 

The same genes involved in HSR, namely Msn2p and Msn4p, are induced in osmotic stress, 

demonstrating ESR is interconnected with osmotic stress (131). 

While it is known that a specific inhibitors result in stress-specific responses, it has also been 

shown that there was a level of overlap between the different stress response pathways, 

resulting in cross-resistance (125). It has been observed that the heat and ethanol stresses induce 

essentially identical stress response in yeast, causing misfolding and accumulation of proteins 

(112, 124). The adaptive stress response activates the expression of several heat shock protein 

(HSPs) that protect the cell by either refolding or degrading the misfolded proteins (125). In 

eukaryotes, the resident proteins found in the endoplasmic reticulum (ER) are responsible for 

correct folding (126). These molecular chaperones facilitate protein folding and prevent the 

accumulation of misfolded protein or aggregate proteins (127). The HSP releases ER stress, 

suggesting an overlap in the role of (HSR) (often cytosolic) and unfolded protein response 

(UPR) (an ER response) (128), indicating that the protein-folding process and subsequent 

secretion is a complex and interdependent process involving many interacting participants 

(126). It has become clear that metabolic and environmental stresses impact the recombinant 

protein production (127). Interestingly, there are examples of inducing heat shock response 

systems which improved secretion yields of recombinant proteins such as α-amylase and 

endogenous invertase secretion in S. cerevisiae, although this was also highly protein-specific 

(129). The natural S. cerevisiae strains were evaluated for several environmental stresses 

including high temperature, a range of ethanol concentrations, high NaCl concentrations 

(osmolarity), ER- and cell wall stresses as well as inhibitors found in lignocellulosic 

hydrolysates. 
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2.4.3.1.1. Variation in tolerance capabilities of S. cerevisiae strains  

Most microorganisms have shown the ability to adapt to environmental stresses, as a result 

there is a large degree of phenotypical variation in stress sensitivity and gene expression 

between different environmental and industrial isolates of S. cerevisiae strains, but particularly 

in vineyard isolates (109, 132–139). Interestingly, natural isolates, in particular, have 

demonstrated innate high tolerance to inhibitory compounds. Comparisons have been made 

between industrial and laboratory strains in terms of stress tolerance in industrial, 

lignocellulosic fermentations (138–140) and expression of recombinant genes (79, 96). The 

limitations of laboratory strains are highlighted when compared to industrial S. cerevisiae as 

done by Pereira et al. (136). The researchers studied peak ethanol levels using biomass 

hydrolysates and demonstrated that laboratory strains produced 25-fold less than industrial 

isolates. The performances of the natural S. cerevisiae isolates often outcompeted the 

domesticated strains for specific traits. Favaro et al. (132), Pereira et al. (136) and Wohlbach 

et al. (135) all demonstrated the potential of natural isolates of S. cerevisiae, which were 

characterised with robust growth in pre-treated lignocellulosic hydrolysate or tolerance to 

industrial bioethanol stress conditions. In studies by Ramos et al. (137) and Ruyters et al. (134), 

natural S. cerevisiae isolates were evaluated for ethanol resistance and various stresses for 

tolerance, as well as evaluating the fermentation yield in stressed fermentation environments, 

respectively. Ramos et al. (137) observed that most of the natural strains had acquired higher 

tolerance towards pre-treatment inhibitors, unlike laboratory strain S288c strain. Ruyters et al. 

(134) found that natural isolates performed better than the industrial strain Ethanol Red in terms 

of ethanol yield in fermentation experiments mimicking high gravity fermentation and 

lignocellulosic hydrolysates.  

Saccharomyces cerevisiae strains from different genetic backgrounds display a variation in 

heterologous protein production (96, 141), growth rates (142), and ethanol yields (79, 132). It 

is reasonable to assume the same variations exist in the secretion capabilities of key cellulolytic 

enzymes and abilities to tolerate secretion stress. Therefore, exploring the natural biodiversity 

of Saccharomyces strains, especially from the ethanol production industry such as  

wine-making, is was a strategy used in this study to find superior traits for bioethanol strains  
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2.5. Hosts for recombinant DNA technology  

Some of the first biotechnologically produced proteins on the market were made through 

recombinant DNA, including biopharmaceuticals for example, insulin, interferons, 

erythropoietin, a vaccine against hepatitis B and industrial enzymes for use in the food, feed, 

detergents and paper pulp industries (143, 144). A suitable host can be selected from a large 

number of species (Table 2.6) based on its performance regarding parameters such as product 

yield, productivity, and tolerance to the product or other environmental stresses (e.g., pH, 

temperature, salt) (145). Escherichia coli was the first host to be used for the production of 

heterologous proteins due to its high growth rate, cost effective cultivation, high protein 

production rate and wealth of information available on its genetics, biochemistry and 

fermentation characteristics (146). However, the limitation of this genus involves the inability 

of correct protein folding and post-translational processing systems, which leads to 

heterologous protein build-up in inclusion bodies in the cells, causing proteins to lose their 

activity and/or structure (147). Therefore, eukaryotic microbial host systems were investigated 

and evaluated, and found to have a combination of advantages including the ability to perform 

protein-folding, assembly and post-translational modifications required for a functional protein 

to be expressed heterologously (143). 

As shown in Figure 2.10, around half of the protein based biopharmaceuticals are produced in 

microbial systems (  ̴ 30 % E. coli and  ̴ 20% S. cerevisiae), with the rest being produced by 

mammalian cells (148). In a review by Demain et al. (148), it was summarised that more than 

half of the industrial enzymes are produced by fungi and 30% in bacteria. Optimisation of such 

a broad range of hosts is not possible due to limited tools for genetic analysis and engineering, 

leaving only evolutionary optimisation or random mutagenesis to produce optimised strains 

(148).  

Figure 2.10. Overview of host expression systems producing recombinant proteins including (a) 

biopharmaceuticals and (b) industrial enzymes as review by Demain et al. (148). 

Bacteria

Fungi

Animals

Plants

Other systems

E.coli

S. cerevisiae

Mammalian cells

Insect cells

Other systems

(a)                                                                                 (b) 

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



 

38 
 

 

Table 2.6. Categories and main characteristics of the most important expression systems used for recombinant protein production as summarised in the 
review by Demain et al. (148). 

Category Organism Product titer 
Cell 

growth 
Growth 
medium 

Glycosylation Folding Secretion Advantages 

Mammalian BHK  0.05 mg/L 

Slow  
(24 h) 

Complex 
and high 
cost 

Optimal Optimal Good Human-like post translational 
modifications (glycosylation, 
phosphorylation, acylation), high 
productivity, high cell densities at 
industrial volumes. 

CHO 3-10 g/L Optimal Optimal Good 
NSO-BHK. 
HEK 

3-5 g/L Optimal Optimal Good 

PER.C6 15-25 g/L Optimal Optimal Good 
Bacterial 

E. coli 3-15 g/L Rapid  
(30 min) 

Minimum 
and low 
cost 

None 

Cytoplasm 
(none) 
Periplasm 
(good) 

Media (poor)  
Periplasm (good) 

Fast growth rate, high productivity, 
ideal for smaller protein production, 
cheap media, well characterised, easy 
manipulation. 

Bacillus spp. 4-20 g/L None Optimal Periplasm (good) 
Insect 

Baculovirus  0.6-11 g/L 
Slow 
(18-24 h) 

Complex 
and high 
cost 

Optimal Optimal Good 

Easy scale up with high-density 
suspension cultures, safety, lack of limit 
on protein size, efficient cleavage of 
signal peptides, simultaneous 
expression of multiple genes. 

Yeast 
S. cerevisiae 1.5-9 g/L 

Rapid 
(90 min) 

Minimum 
and low 
cost 

Optimal Optimal Optimal Superior long-term genetic stability, 
ideal for larger protein (larger 50 kD) 
production, post translational 
modifications, ideal for enzyme 
production on a large scale. 

P. pastoris 1.5-14 g/L Optimal Optimal Optimal 

H. polymorpha 1.4-13.5 g/L Optimal Optimal Optimal 

Filamentous 
fungi 
(moulds) 

Ac niger, 

Fusarium spp. 1-25 g/L Rapid  
(90 min) 

Minimum 
and low 
cost 

Optimal Optimal Optimal Secret high levels of bioactive proteins, 
post-translational modifications, 
superior long-term genetic stability. 

Trichoderma 

spp. 
1-35 g/L Optimal Optimal Optimal 

Transgenic 
animal 

Cows, sheep, 
goats 

10-40 g/L N/A N/A Optimal Optimal 

Mainly produced  
in milk and urine, 
also egg white, 
blood and seminal 
plasma  

Large quantities of proteins produced, 
easy to scale production up or down to 
meet demand, glycosylation, easy 
harvesting. 
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In order to lower costs of the production of cellulolytic enzymes needed for hydrolysis of the 

biomass, the biological steps of enzyme hydrolysis and fermentation can be performed 

simultaneously by a single microbe through the process of CBP (2). As a result, fermenting 

organisms need to be able to efficiently express cellulases and ferment sugars into a single 

product at high titers (46). As of yet, no natural microorganism exhibits all the features desired 

for CBP, however a number of microorganisms, both bacteria and fungi, possess some of the 

desired properties as reviewed by Fischer et al. (25). Some of the candidates considered as 

potential recombinant cellulolytic microorganisms into which saccharolytic systems have been 

engineered include E. coli, A. niger, H. polymorpha, P. pastoris, Bacillus spp., 

Corynebacterium spp., Glutamicum spp., lactic acid bacteria and S. cerevisiae (as reviewed in 

Table 2.6) (1). Since there is no clear path to creating the optimal host, most researchers 

combine desirable features of different microbes into an engineered strain using recombinant 

DNA technology (2). Recent progress in the development of microorganisms through 

evolutionary, metabolic, and synthetic engineering approaches have paved the way for using 

organisms that natively produce the compound of interest, to be endowed with heterologous 

cellulose hydrolysis (1). This strategy started with well-known species, such as S. cerevisiae 

and E. coli, and optimises it for the desired product and required bio-processing conditions 

(148). Saccharomyces cerevisiae is one of the widely studied and used yeasts in both laboratory 

and industrial levels due to certain advantages it has over bacteria as a cloning host, including 

rapidly growing in simple media, reaching high cell densities, robust, high ethanol titers, 

secreting heterologous proteins into extracellular broth and having the most advanced genetic 

research database than any other eukaryote (82). 

2.5.1 Saccharomyces cerevisiae as CBP hosts 

Evidence for the production of fermented beverages by Saccharomyces yeasts, mainly  

S. cerevisiae, dates at least as far back as 7000 B.C., with the earliest found in China (149), 

then Iran, and, slightly later, Egypt (150). Further specialising and selection of yeasts resulted 

in development of different types of alcoholic beverages by natural selection for growth on 

differing substrates (grapes vs. grain) (151). As a result of this long history of domestication, 

there now exists different strains of S. cerevisiae that have been collected from differing 

industrial and wild habitats (152). Being one of the organisms furthest along in research and 

development stage, S. cerevisiae has high ethanol yields and productivity, high growth rates, 

U.S. FDA (Food & Drug Administration) and GRAS (Generally Regarded As Safe)-approved 

status and a general robustness to environmental stresses encountered during industrial 
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fermentations (95). This species can generate ethanol as its main fermentation product and is 

superior to bacteria, other yeasts and filamentous fungi due to various physiological 

characteristics regarding ethanol production in context (149). Being a strong fermenting strain, 

S. cerevisiae can produce up to 200 g/L ethanol in classical industrial fermentations (8). Other 

robust S. cerevisiae strains, including industrial strain Ethanol Red, have been reported to 

produce up to 250 g/L ethanol and are being used for expression of recombinant genes for 

bioethanol production (153). However, in order for 2G cellulosic ethanol distillation to be 

economically feasible, ethanol titer needs to reach 40 g/L within a 96 h period with as low 

enzyme loading as possible (154, 155). One of the reasons for the high cost is the high steam 

energy consumption in the distillation of fermentation broth with low ethanol titer when 

lignocellulose materials are used as feedstock (156, 157). Nevertheless, economic ethanol can 

be produced from lignocellulosic substrates using S. cerevisiae (157). For example, currently 

0.21 g ethanol/ 1 g dry cellulosic feedstock is being produced with available technologies and 

can be increased to at least 0.27 g ethanol/ g biomass using simpler processes (158).  

The ideal CBP host needs to tolerate varying concentrations of the end product at high 

temperatures and extreme pH (to avoid cooling and sterilization costs) (159). During the 

fermentation process, a series of compounds influence the optimum pH for yeast development 

in such a way that the yeast Saccharomyces species often becomes dominant (160). 

Furthermore, its ability to grow in both anaerobic and aerobic environments, and high 

glycolytic flux enables it to thrive in all stages of the fermentation process whilst competing 

with other microbes (3). This yeast is fast growing, therefore managing to inhibit the growth 

of other non-Saccharomyces yeast strains (62). Another important feature associated with any 

large scale industrial process is the high cost of maintaining sterile conditions and the high risk 

of contamination (20). The use of antibiotics is undesirable due to economic feasibility and 

because resistance to antibiotics may develop (20). Up to now, high temperatures and low pHs 

have been an effective measure in this regard, but this strategy requires highly tolerant hosts. 

Fortunately, S. cerevisiae is a generally robust yeast and can perform well under challenging 

culturing conditions (including pre-treated lignocellulosic biomass) (161, 162).  

Finding or constructing an optimal CBP host is a necessary prerequisite of any metabolic 

engineering effort (159). In this context, the ideal host for CBP would hydrolyse lignocellulose, 

hemicellulose and cellulose and utilise all available sugars to produce ethanol, or a similar 

valuable product, at high rates and titers (159). Hexose sugars such as glucose, mannose, and 
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galactose can be readily fermented to ethanol by most yeast species, however, only a small 

number of yeast species that can naturally metabolise xylose or arabinose have been identified 

(163). Examples of xylose and arabinose - utilising species include Candida spp. and isolates 

of Pichia spp. and several genes required for uptake and metabolism have been characterised 

in these strains (163). Despite their potential for diverse sugar metabolism, these species have 

not advanced for development as cell factories for bioethanol production because of low 

ethanol yields (163). Although natural isolates of S. cerevisiae have been identified to grow 

slowly on medium containing sole carbon source of xylose (164), in general, xylose 

metabolism in this yeast is inefficient and unsuitable for industrial processes and are likely a 

fail-safe mechanism for survival in nutrient-deprived conditions.  

Saccharomyces cerevisiae demonstrates characteristics for an ideal host including genetic 

malleability, high transformation efficiency, well characterised metabolic engineering tools, 

availability of “omics” platforms and knowledge on the physiology of the strain (25). Genetic 

engineering requires the alteration of phenotypes dictated by multiple genes (25), and thus a 

systematic approach is required of which a prerequisite is substantial knowledge of the host. 

For this reason laboratory strains are used since they are “research-friendly”, however may not 

necessarily be robust enough for industrial processes (2). As a heterologous host, S. cerevisiae 

can produce up to 1 g/L of recombinant protein levels (68), however this pales in comparison 

to the cellulase secretion observed in natural cellulolytic species. For example, hypersecretor 

T. reesei mutant RUT-C30 is known to secrete between 20–100 g/L cellulase enzymes (23). 

Recently, it has been observed that significantly higher recombinant protein levels and enzyme 

activities can be obtained by expressing cellulases in polyploid yeasts Saccharomyces 

pastorianus (97). However, this increased activity in S. pastorianus was suggested to be due to 

increased protein stability due to its tetraploid status (97).  

2.5.2. Expression of cellulase genes 

Milestone studies have demonstrated significant progress towards the development of CBP 

strains by engineering cellulolytic systems into fermenting strains. As early as the 1990s, 

cellulolytic enzymes were expressed in bacteria (165, 166) and yeast (167) as a way of reducing 

the cost of cellulase production. Attempts at expressing recombinant cellulase genes in yeasts 

are plentiful due to the traditional role of the brewer’s yeast S. cerevisiae in bioethanol 

production. Research has been performed in S. cerevisiae regarding single or multiple 
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production of the three main classes of cellulases required for the hydrolysis of crystalline 

cellulose, namely EGs, CBHs and BGLs (6, 168) and will be discussed briefly in this section. 

Myung et al. (169) first reported ethanol production from media containing cellulose by 

expressing several endo/exo-glucanases and BGLs in S. cerevisiae. Using delta integration and 

high-copy plasmids, multiple copies of a bifunctional endo/exo-glucanase and BGL were 

inserted into laboratory S. cerevisiae strains, resulting in growth on cello-oligosaccharides. 

Furthermore, less enzymes were needed to be externally added when applied in SSF. However, 

the cellulase enzyme levels and ethanol production levels were low, and did not allow for 

growth on cellulose as a sole carbon source. It was suggested that cell growth and ethanol 

production are controlled by glucose concentration in culture broth and during an initial stage 

of cultivation carbon flux was directed to ethanol production due to the fact that the glucose 

concentration contained cellodextrins high enough to convert it to ethanol. During glucose 

starvation, the cellulolytic enzyme titers of transformants did not reach the amount needed to 

convert the carbon flux from cellodextrins to ethanol. Therefore, higher enzyme activity levels 

are needed to produce more ethanol from cellulose. 

Recently, studies have shown that co-expression of cellulases tethered to the cell wall (170), as 

free enzymes (171) or as part of a mini- cellulosomes (172) have been effective in allowing 

conversion of amorphous cellulose to ethanol. Early studies by Den Haan and co-workers (102) 

demonstrated ethanol production directly from amorphous cellulose by co-expressing T. reesei 

EG (cel7B) and S. fibuligera BGL (cel3A) genes in a laboratory strain of S. cerevisiae. The 

recombinant strains were able to grow on and hydrolyse YP- phosphoric acid swollen cellulose 

(PASC), producing modest amounts of ethanol after fermentation (1.0 g/L in 192 h). Following 

these landmark studies, other groups demonstrated the expression of cellulase genes in  

S. cerevisiae and their use for fermentation of lignocellulose to ethanol.  

Recent advances in the field have shown that expression of S.f.cel3A, T.r.cel5A and T.e.cel7A 

genes have been expressed in S. cerevisiae resulting in concomitant ethanol production from 

cellulose (6, 68, 173), however this does not hold true for all studies, in some cases no growth 

on cellulose or low enzyme activity levels were observed (167, 174, 175). Assessing the impact 

of advances reported by Ilmén et al. (68), further data is needed under anaerobic conditions and 

industrial conditions. In this study, we investigate BGL (S.f.Cel3A) activity levels under 

oxygen-limited conditions (Section 3.3.6), as well as assessed the growth of transformants 

expressing cellulase genes on cellulose substrate (Section 3.3.7). 
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Two different cellulase systems, referred to as complexed and non-complexed have been 

described. Complexed cellulase systems are multi-enzyme complexes, referred to as 

cellulosomes, which remain tethered to the cell wall of cellulolytic bacteria (3). Cell wall 

tethering leads to an effective increase in concentration of cellulolytic enzymes (97). On the 

other hand, expressing cellulolytic enzymes so that the proteins are untethered facilitates the 

binding of enzymes at multiple sites along the length of the cellulose chain (10). As described 

previously, another way key enzymes are produced for CBP include being tethered separately 

to cell walls or tethered to the cell wall in a mini-cellulosome (170, 176, 177). Yanase and  

co-workers (10), demonstrated cellulose degradation to ethanol in YP-PASC medium when the 

T. reesei endoglucanase (T.r.cel5A) and cellobiohydriolase II (cel6A), and S. fibuligera cel3A 

genes were integrated into genomes of S. cerevisiae, with the S.f.Cel3A anchored to the cell 

surface, while the Cel5A and Cel6A were either anchored or secreted. More progress was seen 

by Jeon and co-workers (178) with the expression of Clostridium thermocellulm endoglucanase 

(celD) and S. fibuligera β-glucosidase (cel3A) genes in S. cerevisiae resulting in ethanol 

production from different media that did not need peptone or yeast extract e.g., carboxymethyl 

cellulose (CMC) (8.56 g/L), β-D-glucan (9.67 g/L) after 16 h and PASC (7.16 g/L) after 36 h 

after pre-culturing in synthetic galactose medium and washing in minimal media.  

To date, the co-expression of all crucial enzymes, as well as the necessary enzyme dosage for 

efficient cellulose conversion produced by engineered yeasts has not yet been achieved, mainly 

due to the metabolic burden related to heterologous enzyme synthesis and growth on cellulose 

(179). Although, the use of such a microorganism would be ideal, another proposed solution is 

a consortium of CBP microbes in an appropriate ratio for the expression of complementary 

enzymes instead of co-expressing all the enzymes in a single yeast (180). Therefore, ideal  

CBP-microbes would effectively secrete high titers of a single cellulolytic enzyme, thereby 

significantly reducing the titers of externally added enzymes. Similar to Wei et al. (181) and 

Ilmén et al. (68), co-culture fermentations where performed in this study, allowing rational 

volume mixing of transformant cultures in accordance with the optimal ratio of cellulases 

required for efficient degradation of cellulosic substrates. In this study, we use co-culture 

fermentations on Avicel cellulose (Section 3.3.7). 
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2.5.2. Protein secretion capacity and secretion stress 

In order for CBP to effectively produce 2G cellulosic bioethanol, the host microbe should be 

able to efficiently secrete high titers of a large set of heterologous enzymes in order to 

completely hydrolyse cellulose into fermentable sugars (3). The inability of S. cerevisiae to 

degrade lignocellulose is not only due to the lack of relevant enzymes but is also related to the 

low efficiency of expression and secretion of cellulolytic enzymes (182, 183). Therefore, the 

essential value of cellulase gene expression has shifted the focus of studies towards optimising 

the titers of protein and enzyme activity secreted by S. cerevisiae (183–187). The production 

of heterologous proteins by fungal species is usually much less efficient than the production of 

native proteins and several steps in the secretory pathway (e.g., translation, translocation, 

folding, transport and secretion) are potential bottlenecks for recombinant protein production 

(187). It has been theorised that protein secretion is often hampered during the quality control 

steps of protein folding and membrane crossing events, contributing to the noted observation 

that the yeast secretory systems is 100- to 1000-fold lower than the theoretical protein yields 

potential (111, 186–188). 

In order for proteins to be secreted in their active form, they pass through a secretory pathway 

where they are folded and modified (186). Environmental and physiological demands e.g., cell 

differentiation, pH and temperature, nutrient limitation and expression of proteins, etc. can lead 

to an imbalance of protein folding load and the protein folding capacity in the endoplasmic 

reticulum (ER), resulting in an accumulation of misfolded proteins i.e. ER stress (169). Several 

quality control systems have evolved to ensure properly folded proteins move through the 

secretory pathway (186), including unfolded protein response (UPR) which activates the gene 

expression programme that restores homeostasis by enhancing ER protein folding capacity and 

protein degradation response known as the ER-associated degradation (ERAD), reducing 

translation and entry of new proteins into the ER as reviewed by Gasch et al. (112). In this 

study we characterised the protein secretory pathway components and the regulatory range of 

the secretion stress response in the natural strains by inducing ER stress through chemical 

secretion ‘blockers’ such as folding inhibitor dithiothreitol (DTT), the glycosylation inhibitor 

tunicamycin, translation inhibitor hygromycin B and secretion stressor sodium orthovanadate 

which is known to prevent the release of secretion vesicles (123, 189–191) (Section 3.3.7). 

Other factors that can affect secretion yields include the size and charge of the protein, codon 

usage and optimization, culturing conditions, glycosylation, variation of secretion signals, 
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vector systems (type of promoters, codon usage and leader sequences) as reviewed by Idiris et 

al. (186). Strides have been made towards enhancing secretion capacity of S. cerevisiae (as 

reviewed in Table 2.7). There are several strategies to increase protein production in yeasts 

including classical mutagenesis, increasing copy numbers of recombinant genes and limiting 

the degradation of the product by proteases (may be controlled by the use of defective mutants 

or by changing the sequence of the protein) (192), while other studies have shown that the 

natural ability of certain strains to produce secreted proteins may differ significantly (68).  

The secretion capacity of a strain depends on various genetic and physiological characteristics 

of the host strain (186) including glycosylation levels. Unpredictable co- and post-translation 

events can cause alterations in structure and functions of the secreted proteins, which in turn 

affect secretion titers (200). Studies have revealed that properties such as hyperglycosylation 

and heterologous, protein stress are important determinants of secretion capabilities (68, 187, 

201). Since almost all secreted proteins are O- or N-glycosylated, alterations to these pathways 

are likely to affect protein production and secretion or change the glycosylation pattern of the 

secreted proteins, altering their stability and biological activity (202). The cellular limitations 

of protein overexpression in yeasts include gene dosages and induction (183), mRNA stability 

(203), translational capacity (rRNA) (204), protein folding (205), proteolytic degradation 

(206), growth rates and phase (212). Protein quality, stability, yield and productivity are also 

important parameters that need to be addressed in order to allow sufficiently low cost to allow 

marketing (207). A high yield of protein is also dependent on the stability of corresponding 

mRNA e.g., a Bl21 strain has been created with a rne131 mutation which confers high stability 

of mRNA and ultimately increased gene expression (146). Recombinant protein secretion is 

also highly protein–specific (182) and unknown factors may be involved as genes with highly 

similar sequences have been shown to yield vastly different results as seen by Ilmén et al. (68).  
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Table 2.7. Secretion enhancing strategies in S. cerevisiae strains. 

Secretion enhancing strategies Description Ref. 

Optimising protein folding pathways 
Over-expressing protein folding aids like chaperones and manipulating 

regulators of the UPR pathway. 
(193) 

Optimising culturing conditions 

Designing an efficient medium for producing heterologous proteins. 

Manipulating proteolytic degradation which is dependent on the nitrogen 

composition of medium. 

(194) 

(195) 

Minimise protease activity 

Protease activity can be minimised by using protease inhibitors or gene 

deletions to form protease deficient strains. Buffering the media could greatly 

reduce proteolytic degradation because some proteases are inhibited at a lower 

pH. 

(186) 

(195) 

Selecting suitable hosts Select hosts based on host-protein compatibility. (196) 

Optimising fermentation conditions Low pH and rich media resulted in higher cellulase gene expression levels. (197) 

Optimising codon and promoters 
Codon usage played role in production of large quantities of heterologous 

proteins. Select optimal promoters for enhanced secretion levels. 
(198)  

Increasing gene copy number 
Multi-copy expression plasmid generally yielded higher levels of recombinant 

proteins. 
(199) 
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2.6. Diversity of Saccharomyces cerevisiae: Industrial and laboratory strains  

Different studies on the population genomics on S. cerevisiae e.g., from industrial 

fermentations to vineyards (208–215), have generated a large amount of information that help 

to explain genetic variability within the species and also the evolutionary processes that have 

led to the adaptation of particular strains to specific environments (216, 217). For the purposes 

of this thesis, however, diversity of S. cerevisiae strains will be classified into three main 

groups: laboratory, industrial and natural strains. The purpose of such a classification relies on 

physiological, phenotypic and genetic differences between these groups that are of importance 

when evaluating relevant industrial phenotypes. 

Industrial S. cerevisiae strains are usually polyploidy and/or aneuploid strains that are classified 

according to the production purpose (218). These strains have developed and adapted over long 

periods of time to a specific industrial environment e.g., bread, wine, beer, sake, ad bioethanol 

yeast (219). In general, 2G cellulosic ethanol fermentation conditions are harsh, especially with 

additional challenges of difficult substrates such as lignocellulosic biomasses, and require the 

use of so-called industrial strains. Regarding industrial strains for ethanol production, 

especially looking at the Brazilian bioethanol industrial (based on diluted sugar cane juice and 

molasses), the strains used are selected for their ability to keep high fermentative capacity and 

viability under specific environmental stressors such as low pH, poor nutrient availability, high 

ethanol concentration, fluctuating osmolality, high sugar concentrations and fluctuating 

temperatures (218–220). The MH1000 strain (industrial distillery yeast, Stellenbosch 

University, South Africa) is a prime example of a commercial strain that has a proven track 

record of excellent fermentation capacity and yield, high robustness to dehydration and stress 

tolerance during industrial conditions and transport (221). Therefore, MH1000 is used as a 

reference strain in the context of this study.  

In stark contrast to industrial strains, academic or laboratory strains are defined as a set of 

reference strains, with a defined ploidy (often haploid), defined mating type and easily 

manipulated using modern molecular techniques for experimental procedures and are used in 

physiological, genetic, and biochemical engineering research (218). Some of the most 

commonly used laboratory strains include S288c and Y294, which have been used as reference 

strains for the yeast genome sequencing project (139) and are also used as reference strains in 

this study (139). The laboratory strains are characterised by – and have been selected for – high 

sporulation efficiency, spore viability and mating efficiency, high transformation efficiency, 
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heterothallic behaviour, and the availability of auxotrophic markers and isogenic strains (222, 

223). This makes laboratory strains very attractive for manipulations, however, laboratory 

strain are also characterised by having a generally inferior robustness and reduced fermentation 

capacity under non-optimal conditions (218, 224). This can be seen in S288c, a S. cerevisiae 

laboratory strain, which was unable to grow in low pH and high osmolality, and therefore, 

cannot be used in high ethanol producing industries (222, 223).  

So far, most of the research regarding surmounting the challenges imposed by lignocellulosic 

substrate for ethanol has been carried out in domestic yeast strains, with the research mainly 

being carried out under standard laboratory conditions (e.g., rich, mineral medium and  

well-controlled environmental conditions). However, the development of efficient industrial 

processes requires the transfer of all relevant genetic modification of the more robust 

background of industrial strains and to assess the changes under processes conditions. 

However, in the past, genetic manipulations on industrial strains were feasible, but burdensome 

(218). In this context, it is worth noticing that the tools to genetically manipulate industrial 

strains have expanded exponentially and previous limitations associated with the lack of 

markers or restriction of the use of antibiotics have been overcome. 

2.6.1 Exploitation of natural diversity for industry 

Ethanol plants in Brazil traditionally use baker’s yeast as starter cultures, due to its low cost 

and availability in amounts required (18). However, many starter strains were unable to survive 

the stressful condition imposed by the industrial fermentation process including high ethanol 

concentrations, high temperature and osmotic stress due to sugars and salts, acidity, sulphite 

and bacterial contamination. A study by da Silva-Filho et al. (228) performed karyotyping 

analyses/PCR-fingerprinting of yeast samples from five different distilleries and two other 

industrial S. cerevisiae strains, finding that these strains could not outcompete the indigenous 

yeasts that often contaminated the industrial process, suggesting that indigenous strains could 

be more adapted to the industrial process than commercial strains. Additionally, the yeast used 

in the plants generally do not survive more than 30 days in industrial processes for ethanol 

production due to the stressful conditions imposed by industrial fermentation (228). This 

confirms the results shown by Basso et al. (160) that observed that only a natural strain 

previously isolated from a distillery could survive the recycling process, and in most distilleries 

the natural strains of Saccharomyces were dominant and persisted in the fermenters. As a result, 
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new natural strain were isolated, characterised and proposed to be used as a starter culture for 

1G bioethanol production. 

Interactions between an organism and its environment can significantly influence phenotypic 

evolution, therefore, natural yeast isolates from diverse environments also have widely varying 

phenotypes under various conditions, and many of these phenotypes may be related to variation 

in gene expression (225). Several attempts have been made to select suitable industrial strains 

of S. cerevisiae for CBP (109, 153, 218, 224, 226), however, the scope documented by these 

studies were either limited to the tolerance or fermentation abilities of these strains. For 

example, these studies have mainly focused on certain characteristics, like ethanol yields, 

growth rates and resistances (133, 137, 225, 227), with natural strains receiving special 

attention because of their suggested competitiveness and stress tolerance during industrial 

fermentation (109, 135). The same variations would be expected for their protein secretion 

capacity and their ability to tolerate ER and secretion stress.  

A research paper by Gurgu et al. (79) took advantage of natural diversity S. cerevisiae strains 

to identify host strains for increased secretion ability of heterologous enzymes. By comparing 

the heterologous S.f.Cel3A expression levels and ethanol yields in eleven industrial strains of  

S. cerevisiae, a positive correlation between enzyme expression and cellobiose fermentation 

efficiency was described. The genetic background of host strains is an important parameter 

governing heterologous protein production, as observed by the work of De Baetselier et al. (96) 

on S. cerevisiae. After screening several recombinant S. cerevisiae strains producing  

A. niger glucose oxidase, a 100-fold difference was found between the lower and higher 

performances. The fermentation processes produced up to 3 g/L of active enzyme using an 

ADH2-GPD hybrid promoter. Thus, despite its crucial importance, the impact of the genetic 

background is often neglected, probably due to the difficulties of such a study. It is thus 

reasonable to speculate that a diverse range of secretion phenotypes would be observed using 

different natural yeast isolates. 

In the following section, we sought to address the shortcomings of low enzyme titers by 

assessing the secretion phenotypes that exists in S. cerevisiae strains, from a culture collection 

of environmentally-isolated S. cerevisiae strains, by comparing them to known industrial and 

laboratory strains. To our knowledge, no study has evaluated different cellulase genes 

expressed in natural S. cerevisiae strains, demonstrating variation in secreted cellulase activity. 

Nevertheless, such information might be crucial for selection of new, multi-tolerant strains that 
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could serve as efficient bioethanol production strains or as good candidates for identifying 

desirable phenotypic traits that could be transferred to industrial strains through genetic 

engineering or breeding. 

2.7. This study 

This study was undertaken in the light of pressing need to find alternative renewable fuel 

resource. Cellulosic bioethanol technology is becoming important, especially in developing 

countries, because this technology is inclusive, innovative, socially acceptable, financially 

viable, and balanced with adequate and sustainable food production (5). Finding an optimal 

strain for CBP, a microbe that can express high titers of cellulolytic enzymes to hydrolyse 

biomasses and simultaneously produce ethanol at a high titer in the presence of environmental 

stresses, would significantly reduce the costs associated with the conversion process (3). 

Cellulolytic enzyme secretion studies have been solely focused on heterologous expression in 

domesticated strains of S. cerevisiae (109, 219) with no studies to our knowledge focusing on 

the comparative analysis of enzyme expression patterns among natural yeast strains. In this 

study, a comprehensive secretion evaluation of a large collection of natural S. cerevisiae strains 

was performed. Thirty strains were evaluated based on their capabilities to heterologously 

produce and secrete different cellulolytic activities (Section 3.3.1-3.3.2). Natural strains 

identified to have desirable phenotypes were further characterised (Section 3.3.3-3.3.4) and 

evaluated for industrially relevant characteristics including ploidy state (Section 3.3.4), growth 

vigour (Section 3.3.5), fermentation profiles (Section 3.3.6-3.3.7) and stress sensitivity to 

environmental factors (Section 3.3.8). This study accentuates the value of natural S. cerevisiae 

strains to serve as potentially robust and highly productive “chassis” organisms for future 

biofuel strain development.  
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Abstract  

Enzyme cost is one of the main impediments of cellulosic ethanol production. One of the 

strategies to reduce enzyme cost is to engineer enzyme production capacity in a fermentative 

microorganism to enable consolidated bio-processing (CBP), thereby reducing the amount of 

bioreactors needed as all biologically mediated steps will be carried out simultaneously. One 

approach to satisfy the aim is to utilise a strain with a high secretory phenotype, high 

fermentative capacity as well as an innate robustness to bioethanol-specific stressors, including 

tolerance to products formed during pre-treatment and fermentation of lignocellulosic substrates. 

Saccharomyces cerevisiae is a robust fermentative yeast but has limitations as a potential CBP 

host, for example low secretion titers. In this study, we evaluated natural S. cerevisiae strains for 

superior secretion activity and other industrially relevant characteristics needed during the 

process of lignocellulosic ethanol production. Individual cellulolytic enzymes namely 

Saccharomycopsis fibuligera Cel3A (β-glucosidase), Talaromyces emersonii Cel7A 

(cellobiohydrolase) and Trichoderma reesei Cel5A (endoglucanase) were utilised as reporter 

proteins. Natural strain YI13 was identified to have a high secretory phenotype, demonstrating 

a 3.7-fold and 3.5-fold higher Cel7A and Cel5A activity, respectively, compared to the reference 

strain S288c. This natural strain also demonstrated other industrially relevant characteristics such 

as growth vigour, high ethanol titer (9.0 g/L), multi-tolerance to high temperatures (37oC and 

40oC), high ethanol tolerance (10% w/v) and high tolerance towards various concentrations of a 

cocktail of inhibitory compounds commonly found in lignocellulose hydrolysates. This study 

accentuates the value of natural S. cerevisiae strains to serve as potential robust and highly 

productive “chassis” organisms for future strain development for CBP production. 
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3.1. Introduction 

In order for commercial lignocellulosic ethanol to be cost-competitive with other fuels, an 

increased rate and efficiency of lignocellulosic biomass conversion needs to be achieved (1, 2). 

Lignocellulosic biomass can be hydrolysed by cellulolytic enzymes to yield monomeric sugars 

which are converted to ethanol by fermentation (3). However, the external addition of large 

amounts of cellulolytic enzymes to the lignocellulosic substrate is needed due to (i) the 

presence of lignin, which links cellulose and hemicellulose together to form a recalcitrant 

barrier and (ii) the highly crystalline and compact structure of cellulose itself, making it 

recalcitrant and difficult to degrade (3, 4). One of the goals into using lignocellulosic biomass 

as substrate for production of bioethanol is engineering fermentative microorganisms to display 

high cellulolytic enzyme production capabilities (5, 6), thereby reducing global production 

costs as lower amounts of external enzymes will be required (3). Subsequently, this will also 

reduce the amount of bioreactors needed since the three steps of biomass bio-processing 

namely production of saccharolytic enzymes, hydrolysis of polysaccharides present in the  

pre-treated biomass, and fermentation of hexose and pentose sugars could be carried out 

simultaneously in one bioreactor in a consolidated bio-process (CBP) (3). 

There are key cellulolytic enzymes, such as endoglucanases (EGs), cellobiohydrolases (CBHs) 

and β-glucosidases (BGLs) that need to be produced from the host microbe in order to 

efficiently hydrolyse polymeric substrates into fermentable sugars (2). The yeasts Pichia 

pastoris and Hansenula polymorpha have recently enjoyed more attention as host for 

expression of recombinant proteins (7). These methylotrophic yeasts have a number of 

advantages for production of heterologous proteins compared to S. cerevisiae, including a high 

level of protein production (6, 8–10). However, these yeasts cannot efficiently produce ethanol 

from lignocellulosic substrates as their carbon flux favours metabolism and high cell density 

formation (11). This, in turn, creates high levels of metabolic heat that needs to be removed, as 

well as a high oxygen demand (11). Therefore, S. cerevisiae remains the first choice for first 

generation (1G) and second generation (2G) bioethanol production due to its high ethanol 

yields and ethanol tolerance (12). However, as outlined in the Chapter 2, the fermentation 

environment in 2G bioethanol production differs greatly from the classical fermentation set up. 

The ideal bioethanol producing strain would not only have to display high levels of 

recombinant cellulase activity, but also be able to tolerate the complex and challenging 

fermentation medium presented by lignocellulosic hydrolysates (Figure 3.1) (13). Common 

features of the CBP process include (i) the presence of inhibitory molecules as a result of  
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pre-treatment of biomass, and (ii) the inhibitory nature of the desirable products (ethanol) and 

by-products (13). To overcome these limitations, many researchers are evaluating wild and 

industrial S. cerevisiae isolates for high tolerance capabilities to hydrolysis products generated 

in the conversion of lignocellulosic biomass to bioethanol (14–20). 

 

Figure 3.1. Schematic representation of the biological steps and ideal qualities a CBP host strain (text 

in blue) requires for 2G cellulosic bioethanol production in an enzyme-based process. During the 

enzyme hydrolysis (EH) step, the glucose contained in cellulose is liberated by the action of the 

cellulolytic enzymes (cellulases). The glucose is then converted to ethanol by fermenting 

microorganisms (bacteria or yeasts). The main advantage of the SSF process is that the continuous 

removal of the glucose by the microorganism (red arrow), which minimises the end product inhibition 

of the cellulolytic enzymes, therefore higher EH rates are obtained and better overall yields are reached. 

Another advantage of this process is that only one fermenter is used resulting in the subsequent 

reduction in costs.  

To date, low to moderate secreted activity levels of cellulolytic enzymes have been found in 

laboratory and industrial S. cerevisiae strains, particularly for BGL and CBH expression (4, 21, 

22). Overproduction and misfolding of heterologous and endogenous proteins can trigger cell 

stress and cause secretory bottlenecks, increasing metabolic burden, inhibiting growth and 

hampering secretion yield of heterologous proteins (7, 23–25). However, yeasts with diverse 

genetic backgrounds display variation in secreted heterologous protein titers (26, 27), tolerance 

to inhibitors (28, 29), ethanol tolerance (30) , growth rates (31), ploidy states (32) and ethanol 

yields (15). It stands to reason that those same variations would be expected for their cellulase 

production and secretion capacity and their ability to tolerate endoplasmic reticulum (ER) 
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stress. A clear example of the difference in secretion capacity was the significant variation in 

secreted activity levels of Saccharomycopsis fibuligera Cel3A among seven genetically diverse 

S. cerevisiae strains, with enzyme activities ranging from 73 mU/mL to 250 mU/mL (26). 

Finding a better recombinant host would not only benefit the energy sector, but also other 

industries such as the pharmaceutical industries which use yeast to produce insulin, interferons, 

erythropoietin and several vaccines, such as the human papilloma virus vaccine (7). The 

prospect of developing S. cerevisiae as a CBP organism prompted us to look to natural strains, 

testing the principle that these strains can be engineered to function as better CBP strains 

compared to currently used laboratory and industrial strains. No studies, to date, focus on the 

comparative analysis of enzyme expression patterns among natural strains. Unlike the 

domesticated strains, natural strains have adapted to overcome a variety of environmental 

stresses (33). Therefore, natural isolates represent a mostly untapped pool of phenotypic 

diversity with great potential in biotechnological applications.  

In this study, natural strains from a culture collection of environmental isolates of S. cerevisiae 

were engineered to produce key enzymes in the cellulolytic system and assessed for high innate 

tolerance to industrial stress factors. To achieve this goal, multiple approaches were used: First, 

we conducted a comprehensive secretion evaluation of a large collection of natural  

S. cerevisiae isolates using a multi-copy plasmid containing the S. fibuligera cel3A  

(S.f.cel3A) gene. In order to serve as a reference, laboratory strains S288c and Y294, and 

industrial strains MH1000 (industrial distillery yeast; Stellenbosch University, South Africa) 

and Hoeg (industrial brewing yeast; Stellenbosch University, South Africa) were utilised. 

Secondly, we individually expressed the Trichoderma reesei cel5A (T.r.cel5A) endoglucanase 

gene as well as the gene encoding chimeric Talaromyces emersonii Cel7A, a cellobiohydrolase. 

The T. emersonii Cel7A used in this study contains the catalytic domain from T. emersonii 

Cel7A, and the linker and carbohydrate binding module (CBM) from  

T. reesei Cel7A (34). For simplicity, the T. emersonii-T. reesei chimeric Cel7A is generally 

referred to as T.e.Cel7A and the gene is referred to as T.e.cel7A in the text. The reporter 

enzymes used in this study were chosen based on their known activity levels and final cellular 

location. In addition, the transformants were evaluated based on industrially relevant 

characteristics such as fermentation and tolerance characteristics, ploidy state and growth 

vigour. The information obtained in this study will be valuable to select strains as platforms 

for future yeast engineering experiments directed to convert cellulosic substrates to ethanol.  
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3.2. Materials and methods  

3.2.1. DNA manipulation and yeast transformation 

Standard molecular biology techniques were used for DNA manipulations as described by 

Sambrook et al. (35). Restriction endonucleases and T4 DNA ligase were purchased from 

ThermoScientific or New England Biolabs. Digested DNA was extracted from agarose gels 

with the Zymoclean Gel DNA Recovery Kit from Zymo Research. For polymerase chain 

reactions (PCR), Phusion DNA polymerase was purchased from ThermoScientific. All kits and 

enzymes were used as recommended by the manufacturer. Details of primers and constructs 

used in this study are given in Table 3.1. 

Table 3.1. Plasmids and primers used for cellulase gene expression in natural S. cerevisiae strains. 

Cellulase 
gene 

Gene  
abbrev. 

Expression 
plasmid 

Recombinant 
abbrev.d Primers used for verification (5’-3’) 

S. fibuligera 

cel3A
a
 

S.f.cel3A 
pMUSD1 [Cel3A] L-GACTCGCGAGTCCCAATTCAAAACTATACC  
pRDSD1 _Cel3A R-CCGCTCGAGCGGTCAAATAGTAAACAGGACAGATG 

T. reesei 

cel5A
b
 

T.r.cel5A 
pMUSD2 [Cel5A] L-GTTAACAACAATTTGGGTGG  
pRDSD2 _Cel5A R-CAATGGAGAAAAAGCACC 

T. emersonii 

cel7A
c
 

T.e.cel7A 
  

pMUSD3 [Cel7A] L-GACTTTAATTAAAATGCTAAGAAGAGCTTTACTATTG  
pRDSD3 _Cel7A R-GACTGGCGCGCCTTACAAACATTGAGAGTAGTATGGG 

a
T. reesei xyn2 secretion signal. 

b
Native secretion signal. 

c
Native secretion signal, contains the catalytic domain from T. emersonii Cel7A and modified carbohydrate binding module 

(CBM) from T. reesei Cel7A (34). 
dThe brackets [ ] indicates episomal plasmid transformant, whereas the _ indicates delta integrated transformant. 

The zeocin resistance marker (sh ble gene) was removed from the episomal plasmid pMU1531 

with a BamHI and SpeI restriction digest and replaced by the marker gene encoding for KanMX 

resistance from plasmid pBKD2 (34), resulting in pMU1531-G418. The DNA sequences 

containing S.f.cel3A, T.r.cel5A and T.e.cel7A were retrieved from plasmids pMU1531, 

pRDH147 and pRDH226 (Addendum, Table 1A), respectively, by a restriction digest with 

PacI and AscI. These fragments were ligated into the corresponding sites of pMU1531-G418 

(Addendum, Figure 1Aa) as well as corresponding sites of integration plasmid pBKD2 

(Addendum, Figure 1Ab) to yield plasmids pMUSD1/2/3 and pRDSD1/2/3, respectively, 

with all plasmids containing the selectable marker gene (kanMX) encoding for geneticin 

(Figure 3.2). With the exception of S.f.cel3A, the expressed genes all preserved the native 

secretion signals for proteins as previous studies demonstrated that the use of foreign signals 

can result in misdirection or retention of cellulolytic enzymes in the periplasmic space during 

secretion (36, 37). This was not the case in heterologous production of S.f.Cel3A which has 

been shown to be secreted well with the xyn2 secretory signal (36, 37). 
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Figure 3.2. Schematic representation of cellulase gene expressing plasmids. (a) Episomal plasmids 

pMUSD1/2/3 and (b) delta (δ)-integration vectors pRDSD1/2/3 were used to screen S.f.Cel3A, 

T.r.Cel5A and T.e.Cel7A enzyme activity levels, respectively. The genes encoding the cellulases were 

cloned under the transcriptional control of the strong ENO1 promoter/terminator system and the marker 

gene kanMX in all cases. The reporter enzymes used in this have been shown to secrete well with the 

ENO1 promoter/terminator system (36–38). 

The episomal plasmids (Figure 3.2a) and integration vectors (Figure 3.2b) were transformed 

into yeast strains by the electroporation method (35). Integration vectors were linearised with 

Bst1107I before transformation. Transformants were selected on 200 µg/mL geneticin (G418) 

(InvivoGen) - containing plates after an expression step of 3 h in liquid yeast extract peptone 

with 2% glucose (YPD) medium containing 1 M sorbitol. Up to ten colonies from each 

transformant strain were screened in 5 mL YPD based on total cell-specific activity, to account 

for clonal variance. The colony transformants with the highest cell-specific activity of 

S.f.Cel3A were chosen for triplicate assays. Preliminary screening for high levels of secreted 

enzyme activity was performed with the reporter protein S.f.Cel3A produced from an episomal 

plasmid pMUSD1 (Figure 3.2a), before further screening with pMUSD2 and pMUSD3 

expressing T.r.cel5A and T.e.cel7A genes, respectively. Delta (δ) integration was performed 

using the vectors pRDSD1/2/3 (Figure 3.2b) containing the S.f.cel3A, T.r.cel5A and T.e.cel3A 

genes, respectively.  

The total DNA of the selected transformants were isolated using methods described by 

Hoffman et al. (39) and the presence of the recombinant cellulase genes in the strains were 

confirmed by PCR using the primers indicated in Table 3.1. Plate assays confirmed the 

presence of recombinant activities (Figure 3.4). Extracellular BGL enzyme activity was 

confirmed using an esculin (esculin 6-O-glucoside) hydrolysis test (42). The secreted S.f.Cel3A 

(a)                                                                      (b) 
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activity produced by different S. cerevisiae strains used in this study was observed as dark 

brown growth on synthetic complete (SC) medium plates (1.7 g/L Bacto-yeast nitrogen base 

without amino acids [Sigma], 5 g/L of ammonium sulphate [Sigma], 20 g/L agar [Sigma] and 

20 g/L glucose) supplemented with 0.1% esculin and 0.05% ferric citrate. The active BGLI 

enzyme cleaves the glycoside group, releasing esculin which reacts with the ferric citrate, 

resulting in the formation of black zones around the colonies (40). The secreted T.r.Cel5A 

activities were observed as hydrolysed halos on 1% CMC agar plates stained for 30 min with 

0.1% Congo Red and de-stained with 1 M NaCl, respectively (38). 

3.2.2. Strains  

The strains utilised in this study were obtained from a culture collection of strains isolated from 

the various vineyards along the coastal region of the Western Cape, South Africa by the 

Agricultural Research Council (ARC) Infruitec - Nietvoorbij Wine Research Centre (41) 

(Table 3.2). Commercial strains MH1000 (industrial distillery yeast, Stellenbosch University) 

and Hoeg (industrial brewing yeast, Stellenbosch University), and laboratory strains S288c and 

Y294 (Stellenbosch University) were included in this study as reference stains. The laboratory 

strains S288c and Y294 are constructed to be diploid, due to the fact that most natural isolates 

are heterozygous (41, 42). Thirty strains were chosen from this culture collection based on 

fermentation vigour during stressed environments as previously described in unpublished work 

by Blaauw et al. (43). 

3.2.3. Enzyme activity assays 

Preliminary screening for superior recombinant cellulolytic activity was performed in YPD 

media with G418 selection by cultivating the yeast strains and determining S.f.Cel3A enzyme 

activity of total yeast cell cultures and supernatants in liquid assays by use of p-nitrophenyl  

β-D-glucopyranoside (pNPG) (Sigma-Aldrich) as previously described (44). The 

carboxymethyl cellulose (CMC) (Sigma) / 3,5-dinitrosalicylic acid (DNS) method was used to 

assay EG activity in T.r.Cel5A producing strains, and confirmed with the substrate Cellazyme 

C (Megazyme) which was used as described by the manufacturer. Methyllumberiferyl  

β-D-lactopyranoside (MULac) (Sigma) was used as an assay substrate for Cel7A producing 

strains ((34, 45). All volumetric values were normalised with dry cell weight (DCW) of the 

corresponding yeast cultures in mg/mL (46). Enzyme activities were expressed as units/mg 

DCW, where one unit (U) is defined as the amount of enzyme required to release 1 µmol of 

reducing sugar or equivalent per minute. For the pNPG assays, a pNP standard curve in the 

range of 1.5 mM-3 mM was used. The range for the DNS standard curve was between  
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0.5 mM-1.5 mM glucose and the range for the MU standard curve was between 0.63 µM- 20 

µM. Transformants were initially screened after cultivation in 5 mL YPD grown for 48 h on a 

rotary wheel. Transformants with the highest normalised activity compared to the reference 

strains were subsequently assayed in triplicate. These transformant strains were cultured in 10 

mL shake flasks with either YPD or double-strength SC media for 72 h at 30oC. 

Native invertase activity was measured by adapting the protocol of Troy et al. (46) to act as a 

comparative reference for secreted enzyme activity levels. Strains were cultured in YP with 

2% galactose for 48 h after which 10 µL of the supernatant was incubated with 70 µL 10% 

sucrose for 30 min at 35oC. The addition of 120 µL DNS to the mixture and boiling for 5 min 

terminated the reaction. Absorbance was measured at 540 nm. The data sets for enzyme 

activities were tested for statistical significance using the Student’s T test and ANOVA, using 

a 95% confidence level and p-values<0.05 were deemed significant. Cell viability and vitality 

was evaluated using methylene blue exclusion technique (47). Enzymatic assay samples were 

taken after 72 h and suitably diluted cell suspension was mixed with an equal volume of 

methylene blue dye solution for 1 min. The suspension is then mounted on a haemocytometer 

to count the percentage of live cells in the total population (47). Cells that take up methylene 

blue are considered dead cells, whereas colourless cells are considered live cells (47).  

3.2.4. Ploidy determination 

The reference strains and seven natural strains, selected based on secretion phenotype and 

tolerance capabilities, were cultivated in minimal synthetic complete (SC) agar supplemented 

with 0.1 g/L potassium acetate to induce sporulation (48). Protocols for ploidy determination 

were adapted from published methods (49) and cells were prepared for flow cytometry analysis 

according to Dumortier et al. (50). Correlated measurements of forward scatter light (FSC) and 

side scatter light (SSC) allow for differentiation of cell types in a heterogeneous cell population 

(49). Major subpopulations can be differentiated using FSC and SSC as indicated in Figure 

2A (49). A gate is drawn around the population of interest, which in this case is the living cells. 

A gate or a region is a boundary drawn around a subpopulation to isolate events for analysis or 

sorting (50). A linear relationship between DNA content and propidium iodide (PI) 

fluorescence was demonstrated for haploid and diploid transition states of the control haploid 

S288c and diploid MH1000 cells. DNA histograms were recorded with a FACS Diva Version 

6.1.3 flow cytometer. The DNA histograms were analysed with a mathematical model to 

determine the distribution of cells in the various ploidy classes.  
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3.2.5. Gene copy number 

Real-time quantitative PCR (qPCR) was used to enumerate the kanMX antibiotic selection 

marker gene that had been used to facilitate the gene integrations and plasmid transformation, 

allowing us to elucidate the copy numbers of each of the cellulase gene expression cassettes. 

A single reference gene encoding alpha-1,2-mannosyltransferase (ALG9) was selected to 

normalise the copy number of our genes of interest, as it is present as a single copy in the 

haploid complement S. cerevisiae genome (51). This method was performed as previously 

described by Van Zyl et al. (52), using primers listed in the Addendum, Table 1A. These 

primers are specific to the ALG9 gene present on the yeast genome and the kanMX gene present 

on gene cassettes and plasmids that were utilised. The qPCR analysis was carried out using the 

KAPATM HRM Fast PCR Kit and the Applied Biosystems StepOne Real-Time PCR System, 

whilst quantifications of gene copy number were determined using the relative standard curve 

method (52). The efficiency of amplification for each primer set was determined from a plot of 

cycle threshold (Ct) values of serial dilutions of the template DNA. The efficiency of 

amplification of the qPCR analysis was based on the slope of the standard curve of the kanMX 

gene (98.75%) and of the ALG9 gene (108.9%). The relative copy numbers of the cellulase 

gene cassettes and plasmids were determined relative to the ALG9 and kanMX DNA 

concentrations. 

3.2.5. Growth analysis 

Strains were inoculated in triplicate at a starting optical density (OD600nm) of 1 into 20 mL YP 

medium supplemented with 2 % glucose, added after autoclaving, in 125 mL Erlenmeyer 

flasks. These flasks were incubated on a rotary shaker (200 rpm) at 30oC for the duration of the 

analysis. Samples were diluted (1:20), after which OD600nm readings were taken using Biorad 

x MarkTM Microplate Spectrophotometer and the data was adapted to change the microtiter 

plate readings to 1cm light path cuvette readings. Samples were taken every 3 h for the first  

32 h, after which samples were taken at 6 h, 9 h and 10 h, with the final sample taken after  

72 h, when growth had ceased or strains had reached stationary phase. 

3.2.6. SDS-PAGE, zymograms and N-deglycosylation 

Protein samples were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (53) 

and visualised by use of silver staining. To establish cellulase activity for the strains expressing 

T.e.cel7A and T.r.cel5A genes, a 8% SDS-PAGE gel with 0.2% low viscosity CMC (Sigma) 

was utilised. For the protein gels determining S.f.Cel3A protein bands, a 5% SDS Page gel was 
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utilised. The zymograms were performed as described by Kroukamp et al. (45). To remove 

protein N-linked glycans, 1 μL Endoglycosidase H (Endo H) (New England Biolabs) was added 

into 20 μL cell-free culture supernatant and incubated overnight according to the 

manufacturer’s instructions. In control samples, Endo H was replaced by water. To ensure that 

active enzymes were maintained during the zymogram method, the protocol was adjusted as 

follows: 1 µL deglycosylation buffer was added to 18 µL of supernatant sample and incubated 

at 50oC for 10 min. Two microlitres of G5 buffer and 5 µL deionised water were then added, 

followed by 1 µL of Endo H enzyme to the sample to be deglycosylated (indicated by a+ on 

the gels and zymograms) or 1 µL deionised water for the other samples (indicated by a– on the 

gels and zymograms). The reaction mixes were incubated at 37oC for 16 h after which 7 µL of 

loading buffer was added and 20 µL of this mixture was loaded onto the SDS-PAGE gels 

described above. 

3.2.7. Oxygen-limited fermentation in 2% glucose YP media 

Fermentations were performed in triplicate in serum bottles containing 100 mL YPD. Samples 

were inoculated to an initial OD600nm of 0.1 and bottles were sealed with a rubber plug to 

maintain the oxygen-limited conditions. A 0.8 x 25 mm needle was pierced in each rubber plug 

to function as a CO2 outlet. The serum bottles were incubated on a rotary shaker at 250 rpm for 

96 h at 30oC. Ethanol, glycerol, acetate and glucose concentrations were quantified with High 

Performance Liquid Chromatography (HPLC), using a Surveyor Plus Liquid Chromatograph 

(ThermoScientific) consisting of a LC pump, Autosampler and Refractive Index Detector. The 

compounds were separated on a Rezex RHM Monosaccharide 7.8 x 300 mm column 

(00H0132-K0, Phenomenex) at 80°C with 5 mM H2SO4 as mobile phase at a flow rate of 

0.6 mL/min.  

3.2.8. Co-culture fermentations using Avicel cellulose 

As described in the Section 3.3.1 and 3.3.2, cellulase enzyme secretion yields varied for 

different YI13 and S288c transformants, specifically, the secreted enzyme activity yield for 

T.e.Cel7A, T.r.Cel5A and S.f.Cel3A which were approximately 10.0 U/mg, 1.75 U/mg and 

0.25 U/mg DCW for the YI13 transformants and approximately 2.8 U/mg, 6.50 U/mg and 

0.78 U/mg DCW for reference S288c transformants, respectively, based on expression in YPD 

liquid medium. Such differences in enzyme activity yields were used to design the co-culture 

experiments for testing the synergy and hydrolysis capabilities of distinct transformants 

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



 

77 
 

utilising Avicel. This type of co-culture experiment was adapted from Wei et al. (54) and Ilmén 

et al. (34).  

Cultures for transformants episomally expressing an empty vector, T.e.cel7A, T.r.cel5A and 

S.f.cel3A genes were cultivated for 96 h in 2 x 250 mL YPD supplemented with 400 µg/mL 

G418. The cultures were adjusted to have same OD600nm, then used to prepare cell mixtures by 

adding the appropriate volumes of cultures to make up 25 mL of cultures containing 0.5 g 

Avicel PH-105 in McCartney bottles, resulting in a final concentration of 20 g/L. It is 

noteworthy that targeted cellulase enzyme activity ratios were based on reported optimal ratios 

of T.e.Cel7A/T.r.Cel7A and T.e.Cel7A/T.r.Cel5A/S.f.Cel3A for efficient hydrolysis of 

cellulose (20, 58, 59). For example, 1) for the control, 25 mL of empty vector transformant 

cells were added, 2) for binary mixtures, 20.3 mL of YI13[Cel7A] and 4.7 mL of YI13[Cel5A] 

were added, 3) for tertiary mixtures, 0.59 mL of YI13[Cel7A], 0.88 mL of YI13[Cel5A] 

and  23.52 mL YI13[Cel3A] were added and 4) another ternary mixture 0.86 mL of 

YI13[Cel7A], 3.45 mL of YI13[Cel5A] and  20.69 mLYI13[Cel3A] were added. After 

normalising the above ratios-described as enzyme activity secreted ratios, the expected (target) 

cellulase enzyme ratio in the secretome of the bi-culture is 8/1 for T.e.Cel7A/T.r.Cel7A 

proteins, whereas the tri-cultures are 1/1/1 and 5/2/3, respectively, for the 

T.e.Cel7A/T.r.Cel5A/S.f.Cel3A proteins. Since BGL is known to be a limiting factor in 

cellulose hydrolysis, the addition of 100 µL of the BGL preparation Novozyme 188 (Sigma) 

was added for each type of cell mixtures in duplicate bottles. After setup of the cell-medium-

Avicel mixtures, the bottles were sealed with a rubber lined caps to maintain the cultures 

anaerobically and stirred on magnetic stirrers for seven days. Samples were taken on 

periodically at 0, 2, 4 and 7 days and for imaging and HPLC analyses. Cellobiose, glucose, 

acetic acid, glycerol and ethanol content were determined with HPLC. 

3.2.9. Screening for tolerance to bioethanol-specific stressors 

Yeast strains were cultivated in YPD medium at 30oC to an OD600nm of 0.3. Ten-fold serial 

dilutions were spotted onto YPD agar plates containing the appropriate inhibitors, as well as 

incubated at different temperatures (30oC, 37oC and 40oC), to determine the tolerance 

capabilities of the strains. Cells were cultivated for 2-3 days at 30oC unless otherwise noted. 

The inhibitors used in this study include ethanol (7.5%, 8.0%, 8.5%, 9.0% and 10% w/v), NaCl 

(0.4 M, 0.6 M, 1 M and 1.2 M), tunicamycin (0.2 µg/mL, 0.5 µg/mL, 0.8 µg/mL,  

1.2 µg/mL and 1.5 µg/mL), sodium orthovanadate (0.4 M and 0.5 M).  
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To evaluate inhibitor tolerance, a five-fold concentrated inhibitor cocktail was prepared as 

described by Martin et al. (29) containing inhibitors commonly found in spruce 

(lignocellulosic) hydrolysates. The components in the cocktail include: hydroxymethylfurfural 

(HMF) (Sigma), cinnamic acid (Sigma) and coniferyl aldehyde (Sigma) dissolved in redistilled 

water, after which formic acid (Sigma), acetic acid (Sigma) and finally furfural (Sigma) were 

added, resulting in a pH range of 2 - 4. Concentrations of the individual components of the 

inhibitor cocktail were chosen based on knowledge of industrial conditions and are detailed in 

the Addendum, Table 2A. Different concentrations of the cocktail were evaluated (0%, 10%, 

25%, 50%, 75% and 100%). Ten-fold serial dilutions were spotted onto YPD plates 

supplemented with inhibitors and the viability of each dilution was scored relative to the 

unchallenged control for each strain. To determine inhibitor resistance, final resistance scores 

were summed over the three serial dilutions then averaged over replicates and stress doses, 

providing a score ranging from no growth, initial growth, and medium growth to complete 

growth for each strain and for each stress factor (Addendum A, Table 3A). The scores were 

colour coded to create a toelrance map as demonstrated by Kvitek et al. (55). 

3.2.10. Screening for tolerance to secretion and cell wall stresses 

A two-fold serial dilution of yeast cultures (without any episomal plasmid or delta integration), 

cultivated in YPD until saturated, were spotted onto YPD and SC agar plates containing 

selected inhibitors including endoplasmic reticulum (ER) stressors (tunicamycin and 

dithiothreitol), secretion stressor (sodium orthovanadate) and cell wall stressor (Congo Red). 

Significantly less inhibitor concentrations were required when strains were spotted onto SC 

agar media compared with the rich YPD agar plates, therefore SC agar plates were utilised for 

this screening. No variation in strain ranking was observed in the differential media. The mode 

of action of these inhibitors is discussed in Table 4A in the Addendum. Strain resistance to 

tunicamycin (TM) (0.1 μg/mL, 0.5 μg/mL, 0.8 μg/mL and 1.0 μg/mL) hygromycin B (50 

μg/mL, 100 μg/mL, 200 μg/mL and 400 μg/mL), sodium orthovanadate (50 μg/mL, 100 

μg/mL, 200 μg/mL and 400 μg/mL), dithiothreitol (DTT) (10 mM, 20 mM, 30 mM, 40 mM 

and 50 mM) and Congo Red (50 μg/mL, 100 μg/mL, 200 μg/mL and 400 μg/mL) were 

evaluated. 
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3.3. Results and discussion 

3.3.1. Preliminary screening for superior S.f.Cel3A activity from natural transformants 

In previous work by Van der Westhuizen et al. (41), natural S. cerevisiae strains were isolated 

from vineyards along the winery, coastal regions of the Western Cape, South Africa (Table 

3.2). Thirty natural strains were selected from this culture collection based on fermentative 

vigour in stressed conditions as reported in unpublished work by Blauuw et al. (46). Industrial, 

benchmark strains MH1000 (distillery yeast, Stellenbosch University, South Africa) and Hoeg 

(brewing yeast, Stellenbosch University, South Africa), and laboratory stains S288c and Y294 

(Stellenbosch University, South Africa) (56, 57) were included in this study for comparison of 

relatively diverse backgrounds and to act as reference strains. Low secreted activity of BGL by  

S. cerevisiae has often been reported (26, 37, 58), however, this enzyme represents a rate-

limiting step in saccharification of cellobiose as the enzyme converts cellobiose into 

fermentable glucose (2). For this reason, the constitutive expression of S.f.cel3A on an episomal 

plasmid was used as a reporter enzyme to screen for more favourable production and secretion 

of heterologous BGLI activity. First, the sensitivities of the strains to several drugs commonly 

used for genetic manipulation of industrial strains were assessed. Strains are sensitive to 400 

µg/mL G418 and above 600 µg/mL for zeocin and hygromycin (data not shown). Therefore, 

the most effective marker to use in this study was determined to be kanMX gene.  
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Table 3.2. Cell-specific total, secreted and percentage released of S.f.Cel3A activity obtained from the 
S. cerevisiae transformants generated in this work. 

Rankinga Host strainb 
S.f.Cel3A activitycd (U/mg DCW) 

Supernatant activity 
Total cell 
activity 

% Released into 
mediae 

1 FIN1 ‡2.54±1.38 7.07±2.49 36±0.09 
2 MF15 †1.22±0.57 2.12±0.96 58±0.09 
3 YI19 †1.19±0.24 1.72±1.45 70±0.11 
4 YI27 1.05±0.81 2.18±1.46 48±0.01 
5 HR4 †0.90±0.26 0.86±0.81 46±0.00 
6 YI59 †0.88±0.15 1.89±1.32 46±0.04 
7 W21 0.87±0.28 1.45±1.07 60±0.08 
8 YI9 †0.74±0.39 1.38±1.06 54±0.06 
9 MF1 0.59±0.16 1.75±1.24 34±0.68 
10 YI14 0.56±0.17 2.09±1.38 27±0.15 
11 B25 0.53±0.25 1.24±0.70 43±0.08 
12 C11 0.50±0.09 3.93±1.72 13±0.15 
13 YI64 0.44±0.08 1.04±0.92 42±0.13 
14 YI2 0.32±0.23 1.17±0.90 27±0.13 
15 W13 0.31±0.09 1.11±0.84 28±0.11 
16 YI57 †0.30±0.04 1.08±0.73 28±0.10 
17 YI13 0.27±0.10 2.01±1.45 14±0.14 
18 YI52 0.26±0.13 1.84±1.47 14±0.14 
19 YI38 0.25±0.05 2.52±1.26 10±0.28 
20 W12 0.24±0.05 2.21±1.33 11±0.28 
21 W24 0.23±0.04 1.79±1.41 13±0.27 
22 Y11 0.20±0.07 1.50±1.15 13±0.42 
23 V3 0.20±0.14 1.33±1.04 15±0.13 
24 F11 0.18±0.25 2.25±1.04 08±0.43 
25 YI46 0.18±0.31 1.18±0.98 15±0.27 
26 W5 0.18±0.14 0.26±0.60 68±0.34 
27 YI56 0.13±0.17 2.08±1.77 06±0.54 
28 W1 0.11±0.04 1.43±1.23 08±0.60 
29 YI40 0.04±0.18 1.16±0.95 04±0.46 
30 YI32 0.01±0.33 4.99±2.87 00±0.46 
Ref. Hoegf 0.61±0.05 0.67±0.92 09±0.48 
Ref. MH1000g 0.01±0.21 1.05±0.91 01±0.70 
Ref. Y294h 0.42±0.22 1.83±0.21 09±0.58 
Ref. S288ci 0.12±0.05 1.15±0.95 11±0.36 
a Enzyme ranking according to supernatant activity level. 
b Strains are from microbial collection of S. cerevisiae (Microbiology Department, Stellenbosch University, South 
Africa). 
c Standard deviation of triplicates is indicated with ±.   
d S.f.Cel3A activities significantly higher than the reference strain S288c are indicated with † (95% confidence) and 
‡ (99% confidence).  
e Percentage of the supernatant S.f.Cel3A activity measured in the cell fraction. 
f Reference industrial strain (commercial brewing yeast, Stellenbosch University, South Africa). 
g Reference commercial strain (industrial distillery yeast, Stellenbosch University, South Africa) (28). 
h Reference laboratory strain (ATCC 201160). 

  i Reference laboratory strain (56, 57).   
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After transforming the thirty natural strains with episomal plasmid pMUSD1, ten different 

colonies obtained from each transformation were inoculated into 5 mL YPD with 400 µg/mL 

G418 and tested for S.f.Cel3A activity. It was observed that there is expression variance 

between transformants of the same strain, likely due to clonal variance. Therefore, three 

transformants with the highest enzyme activity per gram dry cell weight (DCW) were selected 

for further study. Cell-specific enzyme activity was analysed in both culture medium and in 

the total cell fraction (Table 3.2). Prior to enzyme assays, untransformed strains are confirmed 

to have no or negligible natural S.f.Cel3A activity (Figure 3.3c). A clear variation in secreted 

enzyme cell specific activity of S.f.Cel3A was evident between the natural strains ranging 

between 0.00-2.54 U/mg DCW (Figure 3.3a), even though the same regulatory sequence 

(ENO1 promoter and terminator) and the same vector backbone (pMUSD1) was used. It was 

noted that the reference strains S288c and MH1000 produced levels of extracellular S.f.Cel3A 

activity that confirmed poor secretion levels previously observed in prior studies (26, 37, 59)To 

ensure that the low levels of enzymatic activity observed in S288c was not an anomaly 

particular to that strain, activity from episomal expression of S.f.cel3A, T.r.cel5A and T.e.cel7A 

genes was examined in two further S. cerevisiae reference strains namely; laboratory Y294 

(ATCC 201160) (56, 57)  and brewing strain Hoeg (distillery yeast, Stellenbosch University, 

South Africa). These strains were found to have similar enzyme activity levels to the S288c 

and MH1000 based on the results seen in Table 3.2.  

Based on enzyme activity ranking of all the strains, the FIN1[Cel3A] strain had the highest 

total cell (7.07 U/mg DCW) and extracellular (2.54 U/mg DCW) activity (Figure 3.3a & b). 

The extracellular enzyme activity was 21-fold higher than that of the reference strain S288c  

(p value 0.005) (Figure 3.3a). From Figure 3.3b, YI32 also demonstrated high total cell 

S.f.Cel3A activity (4.99 U/mg DCW). This suggests that naturally occurring strains of 

S. cerevisiae could be potential CBP strains with higher secreted cell specific activity levels of 

S.f.Cel3A than currently used commercial strains. The superior activity levels observed from 

the natural strains provide a preliminary platform to identifying strains with a high general 

secretion phenotype. This preliminary screening with the episomal S.f.cel3A gene expression 

allowed us to select four superior strains (FIN1, MF15, and YI19 and YI59) with promising 

secretion phenotypes, to act as host strains for further cellulase activity studies. A further three 

strains with moderate secreted enzyme activity levels (V3, YI1 and YI13) were included based 

on their high ethanol tolerance performance (Addendum, Figure 4A).  
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Figure 3.3. Heterologous (a) supernatant and (b) total cell-specific S.f.Cel3A (BGL1) activities ranked 

based on supernatant enzyme ranking of natural strains in comparison to the reference strains (indicated 

as Ref. on graph) after 72 h expression in YPD. Values obtained were normalised with the dry cell 

weight (DCW). (c) Wild-type strains are confirmed to have negligible Cel3A activity. Error bars 

indicate standard deviation from the mean value obtained from three biological repeats. The dotted lines 

shown in (a) and (b) represents the average activity of the four reference strains. A positive control 

strain containing pMUSD1 (named BGL +ve) was used as reference the graph (c). 

Confirming the results of Gurgu et al. (26), we demonstrated that the strains vary in degree of 

S.f.Cel3A association to the cell, ranging in 0.1%-70% of the enzyme being freely secreted into 

the extracellular media (Table 3.2). More than half the strains released less than 30% of 
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S.f.Cel3A activity into the supernatant, suggesting that this enzyme is highly cell-associated, 

especially in reference strains. For example, the high S.f.Cel3A-producing strain FIN1 was 

noted to only release 36% of the total S.f.Cel3A cell specific activity into the supernatant, while 

the reference strains released only 0.1 - 11% of the enzyme into the culture media. As suggested 

by previous studies, this confirms that S.f.Cel3A is largely a cell associated enzyme (26, 37, 

60), even with a strong secretion signal present. It has been shown that the putative 

carbohydrate recognition domain of the Cel3A may be influenced by cell wall composition 

(60). Saccharomyces cerevisiae does not effectively secrete proteins with a molecular mass 

exceeding 30 kDa, presumably because of the physical barrier presented by the yeast cell wall 

(36, 60). Therefore, the recombinant S.f.Cel3A enzyme produced by S. cerevisiae is 

successfully directed through the secretion pathway with the aid of the xyn2 secretion signal, 

but may be held back in the periplasmic space by the cell wall matrix due to its size (120 kDa) 

(36). Further research is needed to look at the cell wall structure in the superior strain FIN1 in 

comparison to reference strains.  

3.3.2. Recombinant T.r.cel5A and T.e.cel7A activity of selected natural strains 

The cellulase genes S.f.cel3A, T.r.cel5A and T.e.cel7A were chosen to be individually expressed 

through episomal plasmids and δ-integration into the selected four superior and three moderate 

natural strains. Previous studies have indicated that co-expression of recombinant cellulase 

genes often leads to reduced activities of one or both of the enzymes (38, 43). The production 

of S.f.Cel3A, T.r.Cel5A and T.e.Cel7A enzymes were chosen as reporter proteins in order to 

evaluate secreted activity levels based on previous data relating to their known enzymatic 

activity and final cellular location (38, 39, 43). Transformants were confirmed to have cellulase 

activity based on plate assays (Figure 3.4). The wild-type strains did not show any growth or 

hydrolysis activity on the substrates, therefore no cellulase activity was detected. Cell lysis and 

subsequent leakage is known to be a contributing factor to higher enzyme activity in the culture 

supernatant, therefore methylene blue dye exclusion technique (50) was used to differentiate 

between live and dead (lysed) cells during the enzyme assays. Cell count measurements 

indicated that the percentage of dead cells is minimal (the amount of live cells was on average 

97% after 72 h cultivation) (Addendum, Figure 5A). To serve as a good comparative reference 

and internal control for secreted activity levels, endogenous invertase activity was measured 

because it is expressed from a single copy gene in the strains (64). 
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Figure 3.4. Spot test assays for the detection of (a) S.f.Cel3A and (b) T.r.Cel5A activities of  

S. cerevisiae transformants. Supernatant cultures were spotted onto SC agar plates supplemented with 

either esculin and ferric citrate, or CMC for 48 h and 24 h, respectively. The wild-types did not show 

any extracellular S.f.Cel3A and T.r.Cel5A activity. 

In the liquid assays, the FIN1[Cel3A] demonstrated a significantly higher S.f.Cel3A 

supernatant activity level (p-value 0.0029) compared to the reference strain S288c (Figure 

3.5a), despite having low production and secreted activity levels for T.r.Cel5A and T.e.Cel7A, 

respectively (Figure 3.5b & c). The YI13 transformants expressing the genes T.e.cel7A and 

T.r.cel5A from individual episomal plasmids demonstrated the highest cell specific supernatant 

activity for T.e.Cel7A (9.99 U/mg DCW) and T.r.Cel5A (6.50 U/mg DCW), respectively, 

compared to the rest of the transformants (Figure 3.5a & b). A 3.7-fold (p-value 0.041) and 

3.5-fold (p-value 0.0296) higher T.e.Cel7A and T.r.Cel5A supernatant enzyme activity, 

respectively, was observed in the YI13 strain compared to the reference strain S288c, however 

this strain produced low levels of S.f.Cel3A activity. The secreted invertase activity was  

2.6-fold higher in natural strain YI13 (2.4 U/mg DCW) compared to the reference strain S288c 

(0.9 U/mg DCW). As observed in Figure 3.5d, YI59 strain was noted to have highest secreted 

invertase activity (3.06 U/mg DCW), despite displaying moderate to low secreted cellulase 

activity levels. This confirms that variation in secreted invertase activity levels is largely  

strain-specific.  

It would appear that differential cellulolytic activity levels may not only be dependent on the 

genetic background of the host alone, but may also be distinctly protein-specific as observed 

by Idiris et al. (7); Kroukamp et al. (61) and Van Zyl et al. (52). A compatibility factor in terms 

of hosts and cellulase activity may explain why specific cellulolytic enzymes are more 

compatible to high levels of production and secretion in one host compared with another. 

Differential enzyme activity most likely results from differences in post-translational 

processing, ploidy states, gene copy number, protein stability and/or export as suggested by 

(a) S.f.Cel3A                        (b)  T.r.Cel5A   
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Kroukamp et al. (61) and Idiris et al. (7). 

Figure 3.5. Comparison between extracellular (blue bars) and total cell (orange bars) (a) S.f.Cel3A (b) 

T.r.Cel5A and (c) T.e.Cel7A cell-specific activities of S. cerevisiae episomal transformants. (d) 

Extracellular endogenous invertase activities were also evaluated. The error bars represent standard 

deviations from the mean. Values obtained were normalised with the dry cell weight (DCW) of the 

yeast after 72 h incubation. Wild-type strains demonstrated negligible activity on all substrates assayed 

(data not shown). The dotted line shown in (a)-(d) represents the average extracelluar activity levels of 

the four reference strains. Reference strains are indicated as Ref. on the graphs. 
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In order to elucidate the influence of gene copy number in heterologous expression, the  

δ-integration technique was used as it generally yields lower copy numbers than episomal 

plasmids (62). This allowed us to generate transformants with low gene copy numbers to 

evaluate enzyme activity differences between superior natural strains (FIN1, YI13 and MF15) 

and reference strain S288c (Figure 3.6). 

Figure 3.6. Comparison between total cell (orange bars) and extracellular (blue bars) (a) S.f.Cel3A (b) 

T.r.Cel5A and (c) T.e.Cel7A activity levels of δ-integrated transformants. Strains are compared to the 

reference laboratory strain S288c (indicated as Ref. on the graphs). The error bars represent standard 

deviations from the mean. 

While no discernible difference in secreted cellulolytic activity level was observed amongst 

the integrated transformants compared to the reference strain S288c (Figure 3.6a, b & c), there 

was variation in total cell T.r.Cel5A activity obtained by the YI13 natural isolate (Figure 3.6b). 

The YI13 transformant integrated with the T.r.cel5A gene displayed the highest total cell 

activity of 1.53 U/mg DCW compared to the rest of the strains. The levels of enzymes produced 

by a specific strain are suggested to be dependent on gene copy number as significantly  

(p< 0.05) more activity was detected from cells containing the plasmids than the integrated 

strains (Figure 3.5 & 3.6). Therefore, the observed differential activity may have resulted from 

differences in the levels at which plasmids were maintained between reference strains and 
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natural strains. 

3.3.3. Plasmid and integrated gene copy numbers  

The influence of copy number of gene targets and expression levels have been investigated 

previously (63), and while some studies indicate that increasing gene copy numbers can 

increase some enzymatic activity, this is not true for all enzymes (64). Results have suggested 

that higher number of target genes are effective for improving cellulolytic activity, however, it 

is not proportionate (65). In order to evaluate gene copy number differences between reference 

and superior natural transformants, episomal plasmids and δ-integration vectors were employed 

to generate transformants with various gene copy numbers. Two independent quantification 

methods (using ALG9 and kanMX genes) and using real-time PCR (qPCR) analysis confirmed 

that the δ-integrated transformants had only one to two gene copies of the cellulase gene 

correlating to the enzyme activity levels (Table 3.3).  

Low variation in episomal plasmid copy numbers between episomal transformants was 

confirmed. No more than a 1.7-fold difference in the copy number of the episomal plasmids 

was observed (Table 3.3), therefore this parameter alone could not account for the observed 

significant differences in the secreted cell specific enzyme activities between the reference 

transformant S288c and natural strains YI13 and FIN1 expressing episomal plasmids. 

However, to account for variation in copy number, cellulolytic enzyme activity levels were 

normalised relative to plasmid copy number (Figure 3.7). After normalising with plasmid copy 

number, no change in enzyme rankings of the strains could be observed (Figure 3.5 compared 

to Figure 3.7). From Figure 3.7, it was observed that the YI13 transformants continued to have 

Table 3.3. The quantification of heterologous S.f.cel3A, T.r.cel5A and T.e.cel7A genes expressed 
episomally or integrated into the genome of reference strain S288c and natural strains FIN1, YI13 
and MF15. 

Strainsc 
Relative copy numberab 
S288c FIN1 YI13 MF15 

Episomal plasmids 
 [Cel3A] 5.16±0.16 (5) 4.11±0.19 (4) 4.19±0.03 (4) 4.00±0.12 (4) 
 [Cel5A] 3.89±0.20 (4) 4.18±0.07 (4) 3.03±0.24 (3) 3.07±0.78 (3) 
 [Cel7A] 4.26±0.07 (4) 3.02±0.03 (3) 3.74±0.03 (4) 3.29±0.13 (3) 
δ-Integrated genes 
 _Cel3A 0.97±0.19 (1) 0.98±0.1 (1) 0.71±0.1 (1) 0.95±0.34(1) 
 _Cel5A 0.59±0.46 (1) 0.77±0.28 (1) 0.85±1.53 (1) 0.98±0.97 (1) 
  _Cel7A 1.85±0.64 (2) 1.66±0.59 (2) 0.72±1.16 (1) 1.53±0.51 (2) 
a Standard deviation of triplicates is indicated with ±. 
b Rounded numbers are indicated in brackets. 
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the highest activity for T.r.Cel5A and T.e.Cel7A after normalisation with plasmid copy 

number. Furthermore, this natural strain demonstrated a 4.7-fold and 7.6-fold higher 

supernatant activity per copy number of T.r.Cel5A and T.e.Cel7A, respectively, compared to 

the reference strain S288c. The superior FIN1 transformant continued to have the highest 

S.f.Cel3A activities (2.5-fold higher supernatant activity per copy number), but relatively low 

T.r.Cel5A and T.e.Cel7A activities compared to the rest of the strains. 

Figure 3.7. Supernatant (orange bars) and total (blue bars) recombinant cellulolytic activities 

normalised per relative plasmid copy number as determined by quantitative PCR. Transformants are 

ranked against the reference strain S288c expressing (a) T.r.cel5A, (b) T.e.cel7A and (c) S.f.cel3A genes 

from episomal plasmids. Each enzymatic assay and PCR was performed in triplicate. The error bars 

represent standard deviations from the mean from three biological repeats. The reference strain S288c 

is indicated as Ref. on the graphs. 
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3.3.4. Transformant stability and ploidy determination of natural strains.  

Keeping characteristics obtained by molecular modification stable is an important 

consideration for industrial use of yeast strains (66). The integration of genes into the yeast 

chromosomes eliminates segregational instability related to plasmid vectors and offers a more 

stable alternative for the maintenance of heterologous proteins (67). Since genomic instability 

varies greatly between strains (66, 68), it is important to determine the stability of the 

transformants. 

In order to investigate transformant stability between integrative transformants, the empty 

control integration vector pBKD2 (Addendum, Figure 1A) was used to express the kanMX 

gene (conferring geneticin resistance) in superior strains YI13 and FIN1, as well as moderate 

secreting strain MF15 and the reference strain S288c. Yeast transformants were cultivated at 

30oC in 5 mL rich non-selective media and re-inoculated in fresh media every 48 h. For 

selection of G418-harbouring transformants, media was supplemented 400 µg/mL G418. To 

measure the fraction of G418-containing cells, diluted samples (x10-4) were spread on a  

non-selective plate and replica plated onto selective YP agar plates. The plates were incubated 

at 30oC for 48 h. The ratio of the number of CFUs (colony forming units) on the selective agar 

plate was compared to that on the non-selective agar plates and taken as the fraction of  

G418-containing cells (% G418–containing cells) (Figure 3.8). The aim of this experiment 

was to examine whether the stability characteristics of the integration of gene cassettes by 

pBKD2 vary between the S. cerevisiae strains. Based on the results from Figure 3.8, we can 

confirm the δ-integration gene cassettes were stably integrated into all the transformants. 

Figure 3.8. Genetic stability of S. cerevisiae transformants expressing the gene kanMX from (a) 

episomal plasmids or (b) δ-integrated gene cassettes. 
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Breeding polyploid yeast strains has been shown to improve not only ethanol productivity, 

but also protein production (64). Therefore, it is necessary to determine the ploidy of the 

natural strains in comparison to reference strains. For the purposes of this study, reference 

strains S288c and Y294 were constructed to be diploid. For ploidy determination, the mating 

type PCR was utilised to confirm the presence of both mating type alleles, the MATa and 

MATα for superior natural strains and the reference strains (data not shown). This was done 

in combination with sporulation and flow cytometry analysis to determine the relative DNA 

content within the cells. Sporulation was induced using 1% potassium acetate agar plates and 

microscopic analysis was performed using 100 X 1.3 objective using a differential 

interference contrast (DIC). The results suggest a higher ploidy state than haploid in the 

natural strains (Figure 3.9a). Microscopic analysis indicated that all the strains were able to 

sporulate and produce four ascospores. As expected, we did not detect spores from the control 

haploid S288c, however the constructed diploid S288c, MH1000, YI13, FIN1, MF15 showed 

many asci containing four spores.  

We carried out flow cytometry for a more accurate determination of cell ploidy. Major 

subpopulations can be differentiated using forward scatter light (FSC) and side scatter light 

(SSC) as indicated in Addendum, Figure 2A (49). A gate is drawn around the population of 

interest, to isolate events for analysis or sorting (50). Data for events within this gate are 

displayed in subsequent histogram plots which allows you to view a single parameter against 

the number of events (Figure 3.9b). In the graphs that follow, the fluorescence data from 

gated events are used to determine the percentages of various subpopulations (subsets) present 

(Addendum, Figure 3A). A subclass control strain is used to determine where the markers 

will be placed, in this case haploid and diploid transition states of the control haploid S288c 

(50 fluorescent units) and diploid MH1000 cells (100 fluorescent units). All cells had the 

characteristic two peaks; one peak represents the G1 and another (with twice the channel 

value) represents the G2/M phase of the cell cycle (Figure 3.9b). Using a DNA diploid 

reference (control sample), we identified the diploid peak in the six natural strains, including 

the superior natural strains YI13, FIN1 and MF15. It was also noted that the strains FIN1, 

YI59 and YI13 had additional peaks suggesting haploid state, but this could be due to the 

natural strains reaching stationary phase very rapidly and skewing the data or that more than 

one cell population was present. This data, therefore, suggests that the high heterologous 

enzyme activity observed by the YI13 and FIN1 strains was not influenced by the differences 

in the ploidy state between the strains, as all the strains were confirmed diploid.  
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Figure 3.9. Ploidy determination. (a) Yeast ascospores are indicated by the arrows. (b) Histograms 

comparing control populations (haploid S288c strain) with stained populations: vertical axis represents 

number of cells within an intensity channel. Horizontal axis to measure fluorescent intensity; here 250 

channels were used. The two peaks present in the histograms are a result of different cell populations. 

One peak represents the G1 and another (with twice the channel value) represents the G2/M phase of 

the cell cycle. 

MF15 YI13 Haploid ref. S288c - Diploid MH1000 FIN1 

10 µm 10 µm 10 µm 10 µm 10 µm 10 µm 

(a) 
 
 
 
 
 
 
(b) 
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3.3.5. Growth rates between transformants 

Yeasts are well established for the production of a wide range of recombinant proteins but there 

are limitations e.g., metabolic and cellular stresses that have a strong impact on recombinant 

protein production (23). Expression of recombinant proteins often triggers many physiological 

changes, resulting in metabolic burden and reduction of cell growth and protein production 

(23). Therefore, differences in cellulolytic enzyme production and secretion may arise from 

divergences in cell growth (24). Since the natural strain YI13 demonstrated relatively high 

cellulolytic enzyme activity; the effect of cellulolytic enzyme production on growth kinetics 

was determined in comparison to the reference strain S288c. The growth performance of 

transformants containing episomal plasmids expressing either S.f.cel3A, T.r.cel5A, T.e.cel7A 

genes or an empty vector was measured over a cultivation period of 62 h in YPD (Figure 3.10).  

Figure 3.10. Growth curves of the (a) S288c reference transformants and (b) YI13 transformants 

episomally expressing S.f.cel3A, T.r.cel5A and T.e.cel7A genes or an empty plasmid during the 

cultivation period in YPD. Absorbance was measured at 600 nm. Mean values from triplicate 

experiments are shown and error bars indicate the standard deviation from the mean. 

The YI13 transformants reached higher OD 600nm, in the range of OD600nm 12.19 – 9.65, 

compared to S288c transformants which had a range of OD600nm 10.00 – 9.50. The majority of 

the heterologous gene expressions had no significant (p>0.05) deleterious effect on the growth 

capability of the yeasts. However, the expression of T.r.cel5A gene from an episomal plasmid 

appeared to have a substantial strain on the energy metabolism of the YI13[Cel5A] based on 

the growth rate value that was statistically significantly lower than that of the empty control 

strain YI13[empty], but also lower than the reference strain S288c[Cel5A] (Table 3.4). The 

high secretor strain YI13[Cel5A], illustrated a notable decrease in growth rate (0.43 µmax/h-1) 
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relative to control strain YI13[empty] (0.53 µmax/h-1) (Table 3.4), suggesting that 

heterologous enzyme production is counterproductive to yeast biomass production; therefore 

negatively growth related. An increase in the volumetric activity of T.r.Cel5A was thus 

counteracted by a decrease in the formation of protein-producing biomass. The diminished 

growth rate becomes prevalent after 29 h (Figure 3.10b), after the cultures had entered diauxic 

growth, a period where the yeast switched its metabolism from utilising glucose through 

glycolysis to utilisation of ethanol (70). Although T.r.Cel5A production seems to have a 

significant impact on the growth rate of the YI13 strain, the transformant reaches the same high 

optical densities after 62 h compared to the control YI13[empty] (Figure 3.10). The decreased 

growth rate could be due to higher protein expression levels, however this could not be 

confirmed as the native proteins levels interfered with protein determination analysis 

(Addendum, Figure 6A). However, it is important to note that previous studies have 

demonstrated variation in not only growth rate and density, but also in cell size.  

In this work we investigated the effect of specific growth rate on the production of cellulases 

in two different strains of S. cerevisiae. In a previous study, S. cerevisiae had achieved the 

highest yield of β-galactosidase at the lowest specific growth rate (71) and that the specific 

activity of cuntinase decreases with increasing specific growth rates (72, 73). Andersen et al.    

(74) has reported that the production of heterologous proteins is either growth associated 

(reaching a plateau at high specific rate) or inversely associated with growth, depending on cell 

lines, protein’s properties and expression systems. Our study revealed that FIN1 transformants 

expressing cellulase genes have relatively low growth rates (Addendum, Figure 7A), which 

Table 3.4. Maximum specific growth rate of the plasmid-containing reference strain S288c and the 
natural strain YI13. 

Strain Heterologous proteinc µmaxabd(h-1) 
S288c Empty vector 0.51 ± 0.01 

 S.f.Cel3A 0.52 ± 0.05 
 T.r.Cel5A 0.48 ± 0.02 
 T.e.Cel7A 0.55 ± 0.05 

YI13 Empty vector 0.53 ± 0.02 
 S.f.Cel3A 0.49 ± 0.03 
 T.r.Cel5A †0.43 ± 0.02 

  T.e.Cel7A 0.52 ± 0.01 
a Standard deviations from biological triplicate experiments are indicated by ±. 
b Maximum velocity was obtained from the slope of the growth curves from time period of 8 - 29 h.  
c The transformants carrying either pMUSD1/2/3 are denoted S.f.Cel3A/ T.r.Cel5A/ T.e.Cel7A, respectively.  
d Specific growth rates significantly lower than the control empty vector strains are indicated with †. 

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



 

94 
 

may be beneficial for cell-specific S.f.Cel3A activity. However, for T.r.Cel5A and T.e.Cel7A 

specific activities, the higher growth rates of the YI13 strain proved to be beneficial.  

3.3.6. Fermentation and S.f.Cel3A activity in oxygen-limited conditions 

Oxygen is an important parameter in cellular metabolism, as well as protein production due to 

its role in assisting oxidative protein folding (75). Generally, most recombinant proteins are 

produced at higher levels in highly aerobic fermentation (7). However, several studies have 

indicated that anaerobic conditions seem to be more favourable in terms of producing 

recombinant proteins. For example the studies by Liu et al. (76) and Cha et al. (77) 

demonstrated that S. cerevisiae had increased production of α-amylase and glucoamylase 

volumetric activity levels respectively when cultured anaerobically. Likewise in P. pastoris, 

the human Fab fragment production was increased under anaerobic conditions (10). Therefore, 

as a starting point to assess the ethanol titers and cellulolytic enzyme activities under 

fermentation conditions, the episomal transformants expressing the gene S.f.cel3A were 

cultivated in oxygen-limited conditions. Bioethanol production processes are carried out under 

such conditions because maintenance of high aeration is difficult and expensive (78). The 

fermentation profiles of the six transformed natural strains FIN1[Cel3A], YI13[Cel3A], 

V3[Cel3A], YI19[Cel3A], YI59[Cel3A] and YI1[Cel3A] and the reference strains 

MH1000[Cel3A] and S288c[Cel3A] are investigated under oxygen-limited conditions in YP 

media with 2% glucose. The theoretical maximum ethanol production was calculated from the 

stoichiometry of the metabolic pathway, with 1 mol of glucose rendering 2 mol of ethanol, i.e. 

0.511 g ethanol/ g glucose (79).  

The efficiency for converting glucose to ethanol was analysed for the six transformants as an 

initial control of the intrinsic fermentative capabilities arising from the host strains (Table 3.5). 

There is a variation in the fermentation profiles among natural, commercial and laboratory  

S. cerevisiae strains. Although the eight strains did not differ significantly (p<0.05) in the 

ethanol titers, the commercial strain MH1000[Cel3A] had the highest ethanol titer of 9.09 g/L 

after 96 h (88% of the theoretical yield) (Table 3.5). The two recombinant strains YI13[Cel3A] 

and FIN1[Cel3A] produced relatively high ethanol titers of 9.02 g/L and 8.55 g/L, compared 

with the industrial strain MH1000[Cel3A] (9.09 g/L) after 96 h, thus corresponding to 89% 

and 84% of the theoretical maximum yield, respectively.  
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Table 3.5. Remarkable physiological and technological differences in the fermentation profiles of natural S. cerevisiae transformants expressing S.f.cel3A on 
episomal plasmids in YPD medium under oxygen-limited conditionsa. 
  MH1000 S288c V3 FIN1 YI19 YI59 YI1 YI13 
Product titresb (g/L) 
Cell biomass 8.79±0.1 7.11±0.0 7.01±0.0 4.80±0.1 7.91±0.1 5.32±0.1 7.20±0.1 9.01±0.1 

Residual glucose 0.26±0.1 0.17±0.0 0.21±0.1 0.51±0.5 0.54±0.1 0.21±0.4 0.50± 0.1 0.17±0.3 

Glycerol titre 1.16  ± 
0.81 1.14 ±0.89 0.97±0.68 

1.41  ± 
0.08 

1.08  ± 
0.01 

1.44  ± 
0.07 

1.19  ± 
0.08 

1.09  ± 
0.00 

Ethanol yield (%) 88.0%±0.4 89.2%±0.2 
88.6% 
0.9 

83.9%±0.2 88.5%±0.1 86.1%±0.2 86.6%±0.9 88.5%±0.0 

Ethanol titre 9.09 ± 
0.02 

8.98 ± 
0.01 

9.03 ± 
0.03 

8.55 ± 
0.03 

9.03 ± 
0.01 

8.78 ± 
0.01 

8.83 ± 
0.01 

9.02 ± 
0.04 

Acetate titre 0.81 ±0.01 0.89 ±0.01 
0.68 
±0.01 

0.72 ±0.03 0.87 ±0.01 0.78 ±0.01 0.74 ±0.00 0.93 ±0.01 

S.f.Cel3A activity (U/mg DCW)c 

Total cell activity 1.77 ± 
0.50 

3.504 ± 
1.03 

3.86 ± 
1.15 

15.97 ± 
0.28 

2.91 ± 
1.32 

1.56 ± 
0.26 

2.50 ± 
1.09 2.60 ±0.75 

Supernatant activity 0.607  ± 
0.13 

1.233 ± 
0.32 

0.28 ± 
0.15 

3.69 ± 
0.15 

0.34 ± 
1.11 

1.00 ± 
1.21 

1.20 ± 
0.83 

0.78 ± 
0.156 

% S.f.Cel3A released into supernatant 34% ±0.48 35%±0.67 
7.5% ± 
1.14 

23% ± 
0.23 

12% ± 
0.71 

64% ± 
1.18 

48%  ± 
0.71 

30% ± 
0.73 

a Experiments were carried out in YP medium with 20 g/L glucose, 200 rpm, 30oC. Reaction proceeded for 96 h. Standard deviations from biological duplicate experiments 
are indicated by ±. 
b Product titres were based on final concentration of products after 96 h. 
c S.f.Cel3A activity (U/mg dry cell weight) was based on final enzyme activity levels after 96 h. 
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The YI13[Cel3A] and reference MH1000[Cel3A] consumed glucose faster than the 

FIN1[Cel3A] (0.51 g/L) and S288c[Cel3A] (0.17 g/L), with low residual glucose 

concentrations of 0.17 g/L and 0.26 g/L, respectively, and higher optical densities, OD600nm 

9.01 and 8.79, respectively, after 96 h compared to the strain FIN1[Cel3A] (OD600nm 4.8) and 

S288c[Cel3A] (7.12 g/L) (Figure 3.11b & f). The YI13 strain demonstrates high growth rates 

and high final cell biomass during aerobic oxygen-limited conditions (Figure 3.11f). 

 Figure 3.11. Fermentation and recombinant S.f.Cel3A activity profiles of natural strains compared to 

the reference strains MH1000 and S288c. Graphs display (a) ethanol titer and (b) residual glucose and 

(c) acetate produced at end point after 96 h, and (d) supernatant and (e) total cell S.f.Cel3A activity, and 

(f) cell biomass over the period of 96 h. Error bars are standard deviations from the mean calculated 

from three biological triplicates. The percentages are the calculated theoretical ethanol yields. Reference 

strains are indicated as Ref. on the graphs. 
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Although the strains resulted in similar ethanol titers ranging from 8.6-9.1 g/L, the 

concentrations of the secondary products differed considerably after 96 h. The FIN1[Cel3A], 

S288c[Cel3A] and YI19[Cel3A] strains demonstrate the highest acetate production titers 

ranging from 0.93-0.87 g/L after 96 h compared to all the transformants. Acetate production is 

an undesirable characteristic in bioethanol producing strain since this compound is inhibitory 

and directs the carbon flow push away from the desired ethanol production (75).  

No difference in terms of ranking of the cell-specific S.f.Cel3A activity levels is observed in 

different culturing conditions. Under oxygen-limited conditions, cell-specific S.f.Cel3A 

activity levels of the FIN1[Cel3A] continued to be significantly higher than that of the 

reference strain S288c[Cel3A] (Figure 3.11d & e). As shown in Figure 3.11d, S.f.Cel3A 

enzyme secreted cell specific activity levels continued to be highest for the FIN1[Cel3A] strain 

(producing up to 3.69 U/mg DCW after 72 h) compared to all the transformants evaluated. 

Interestingly, the same strain resulted in moderate ethanol titers (8.4 g/L) (Figure 3.11a) but 

consumed glucose the slowest resulting in relatively high residual glucose concentration  

(0.52 g/L) remaining after 96 h fermentation compared to the other recombinant strains (Figure 

3.11b & f), indicating that this strain is more effective for the conversion of glucose to ethanol 

than to biomass. The difference in growth rates likely results in lower ER throughput, therefore 

less stress, resulting in higher S.f.Cel3A secreted activity. This suggests that for S.f.Cel3A 

production slow growing strains are required for high production levels.  

A majority of the strains had an increase in supernatant S.f.Cel3A activity levels and higher 

percentage of S.f.Cel3A released into the medium under oxygen-limited conditions compared 

to aerobic conditions (Table 3.2 and Table 3.5). Under oxygen-limited conditions, the 

FIN[Cel3A] and the reference strain S288c[Cel3A] have an increase in supernatant activity 

(2.2-fold and 10.3-fold, respectively) (Table 3.5), in comparison to aerobic conditions (Table 

3.2). This result suggests that the cell-specific secreted activities of these strains are improved 

under oxygen-limited conditions. Recent research has demonstrated that α-amylase enzyme 

production from S. cerevisiae in aerobic conditions is limited by the protein folding capacity 

and that higher productivity can be obtained under anaerobic conditions (80). The amylase 

yield increased 2-fold in anaerobic cultivation compared to aerobic conditions suggesting that 

amylase tends to gain higher production and reduced rates of ER misfolding in these conditions. 

The increase in supernatant S.f.Cel3A activity observed in this study could be due to the cell 

wall structure changing during anaerobic fermentation conditions (81), resulting in the release 
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of the S.f.Cel3A that is attached to the cell wall or in periplasmic space into the culture 

supernatant. Another possible reason for this phenomenon is that the FIN1[Cel3A] has 

significantly slower growth rates during aerobic and in oxygen-limited cultivations. Therefore, 

although the volumetric activities are higher in aerobic conditions, the increase in biomass 

resulted in the cell specific activities to be lower in aerobic conditions.  

3.3.7. Co-culture fermentations using Avicel cellulose 

The plasmid-containing transformants producing individual T.r.Cel5A (EGII), T.e.Cel7A 

(CBHI) and S.f.Cel3A (BGLI), as described in this study, permit us to study their singular and 

combined effectiveness in utilising cellulosic substrate (20 g/L Avicel) at cell consortia levels. 

The use of microbial consortia for industrial production of bio-products has not yet been 

studied to any great extent (82). The main advantage of using a consortia co-culture system is 

the flexibility that is absent in mono-cultures systems of individual strains for the rational 

design of secretome compositions (54). Microbial consortia, also known as co-fermentation 

systems, have been studied due to their usefulness in bio-processing (83), moreover consortia 

can consist of multiple species or a single species with different engineered lines (82). 

In this study, the capability of recombinant S. cerevisiae episomal transformants to utilise 

cellulose was evaluated by firstly growing the transformants in YPD media for 72 h, before the 

addition of Avicel cellulose was added as a sole carbon source. A mono-culture of S. cerevisiae 

[Empty vector], a binary culture of S. cerevisiae [Cel5A] and [Cel7A], and tertiary cultures of 

S. cerevisiae [Cel3A], [Cel5A] and [Cel7A] were utilised, respectively. These cultures were 

analysed at 48 h, 96 h and 148 h during the fermentation, and differences in the appearance of 

the precipitate at the bottom of the cultures were observed (Addendum, Figure 8Aa and 

Figure 3.12). Immediately after 148 h fermentation, images were taken of the cultures 

(Addendum, Figure 8Aa). For cultures inoculated with the empty vector transformants, the 

Avicel and cell precipitate appear compact, whereas the precipitates of various cultures of  

S. cerevisiae transformants appeared swollen – possibly indicating changes in the cellulose 

caused by the heterologous cellulase activity. After allowing the precipitate to settle for 48 h, 

less Avicel residue was observed in the cultures inoculated with transformants expressing 
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cellulase genes than the cultures inoculated with the empty vectors controls, further suggesting 

hydrolysis of the Avicel cellulose (Figure 3.12a & b).  

 

Figure 3.12. Co-culture fermentations of S. cerevisiae transformants secreting S.f.Cel3A, T.r.Cel5A 

and T.e.Cel7A activity in 25 mL YPD media containing 0.5 g Avicel (equivalent to 2% w/v) as sole 

carbon source. Co-culture ratios of 8:1, 1:1:1 and 5:2:3 were calculated based on cell-specific 

supernatant activity levels, in the order of [Cel7A]:[Cel5A] for binary cultures and  

[Cel7A]:[Cel5A]:[Cel3A] for tricultures, respectively. (a and b) Images of the precipitate that settled 

after 48 h after fermentation (with and without the external addition of 188 Novozyme). (c) Levels of 

accumulated cellobiose measured in the supernatant of fermentation at 48 h, 96 h and 168 h. (d) Levels 

of ethanol and (e) acetate produced in the supernatant during the fermentation at 48 h, 96 h and 148 h. 

The values shown are the mean values of three repeats ± standard deviations. 

As described above in the Section 3.3.1, the cellulase activity secretion yield varies for 

different S. cerevisiae transformants, specifically, the secretion activity yield for S.f.Cel3A, 

T.r.Cel5A and T.e.Cel7A was approximately 10.0 U/mg DCW, 1.75 U/mg DCW and  
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0.25 U/mg DCW for YI13 transformants and approximately 2.8 U/mg DCW, 6.50 U/mg DCW 

and 0.78 U/mg DCW. Co-cultures were prepared by adding the appropriate volumes of cultures 

to make up 25 mL of cultures containing 0.5 g Avicel. The targeted cellulase activity rations 

were based on reported optimal ratio for cellulose hydrolysis (69). The capabilities of  

S. cerevisiae transformants to utilise cellulose was evaluated by growing transformants in the 

YPD media with Avicel as the carbon source. While the mono-cultures of the empty 

transformants produced no ethanol, these parameters increased to 0.27 g/L ethanol for the tri-

culture of S288c [1:1:1], and up to 0.50 g/L ethanol for the tri-culture YI13 [1:1:1] after 168 h, 

without added 188 Novozyme (Sigma) (Figure 3.12d). Several studies have examined alcohol 

yields from the hydrolysis of cellulose with recombinant cellulase genes expressed in yeasts 

(84–87). It is difficult to compare the alcohol production from cellulose hydrolysis by these 

studies due to variation in experimental parameters, such as starting substrate concentration, 

incubation times and combination of cellulase genes used but in general alcohol yields in all 

studies are in the order of 1-7 g/L, as recently reviewed by Kricka et al. (69).  

Co-culture fermentations with Avicel were also performed with and without externally added 

BGLI (188 Novozyme [Sigma]) and chemical analysis was performed on the culture media 

using HPLC. The analysis results of all the culture supernatants are summarised in Table 3.6. 

Ethanol production is higher with externally added BGL (referred to as +BGL), with the YI13 

co-cultures producing higher ethanol titers (in the range of 0.82 - 0.86 g/L) than the reference 

S288c co-cultures (in the range of 0.22-0.76 g/L) in 25 mL Avicel-YPD media after 168 h 

(Table 3.6). Overall, the results from this study demonstrates that ethanol was produced by 

transformants, although low yields are observed compared to previous studies. This could be 

due to too low enzyme activity yields, especially the T.e.Cel7A and T.r.Cel5A activity. It is 

possible, however, that under different fermentation conditions the natural strains may have 

higher yields as they confer innately high tolerance to industrial process. 
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Table 3.6. Co-culturing of S. cerevisiae transformants expressing heterologous cellulase genes in 25 mL medium containing 0.5 g Avicel (equivalent to 2% 

w/v) as a sole carbon source. 

Co-cultures 
Ethanol a (g/L) Cellobiose b (g/L) Residual glucose c (g/L) Acetate d (g/L) Glycerole (g/L) 

-BGL +BGL -BGL +BGL -BGL +BGL -BGL +BGL -BGL +BGL 

YI13  

  [empty vector]  0.00±0.02 0.00±0.04 0.41±0.00 0.27±0.07 0.14±0.07 0.12±0.06 0.47±0.02 0.28±0.09 0.22±0.03 0.23±0.05 

  Bi-culture 0.09±0.28 0.82±0.29 0.84±0.03 0.52±0.11 0.22±0.01 0.27±0.02 1.12±0.05 1.10±0.03 0.44±0.01 0.46±0.04 

  Tri-culture (1:1:1) 0.50±0.25 0.83±0.12 0.80±0.00 0.39±0.01 0.12±0.05 0.19±0.03 1.19±0.07 1.16±0.12 0.44±0.06 0.51±0.05 

  Tri-culture (5:2:3) 0.26±0.03 0.86±0.11 0.80±0.09 0.45±0.03 0.11±0.05 0.15±0.02 0.62±0.39 0.93±0.06 0.29±0.06 0.38±0.03 

S288c  

  [empty vector]  0.00±0.02 0.0±0.04 0.41±0.00 0.27±0.07 0.07±0.06 0.26±0.07 0.49±0.09 0.37±0.01 0.21±0.05 0.19±0.06 

  Bi-culture 0.90±0.28 0.76±0.29 0.43±0.03 0.41±0.11 0.01±0.01 0.24±0.05 0.00±0.19 0.00±0.21 0.70±0.09 0.66±0.07 

  Tri-culture (1:1:1) 0.27±0.23 0.43±0.21 0.34±0.02 0.33±0.12 0.13±0.00 0.13±0.05 0.25±0.06 0.18±0.03 0.48±0.00 0.51±0.01 

  Tri-culture (5:2:3) 0.17±0.11 0.22±0.09 0.31±0.03 0.25±0.02 0.26±0.00 0.08±0.00 0.43±0.27 0.13±0.05 0.43±0.29 0.59±0.13 

ad Levels of ethanol and acetate produced from strains after 168 h (subtracted from values measured at 0 h). 
be Levels of accumulated cellobiose, residual glucose and glycerol from strains after 168 h. 
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Another challenge of the current bioethanol production process is that about 4% of the sugar is 

lost to formation of the byproduct glycerol and acetate (88). By-product formation was long 

considered to be an inevitable consequence of the production conditions during bioethanol 

production (88). Acetate production is more pronounced in YI13 transformants (ranging from 

0.47-1.19 g/L) than the reference S288c transformants (ranging 0.0 – 0.49 g/L) both with and 

without externally added BGL (Table 3.6).  This result suggests that the carbon flow is pushed 

towards acetate production instead of the desired ethanol production.  Research has suggests 

that acetate production is dependent on NAD+/NADH level in the cytosol as well as the 

cytosolic acetaldehyde stress (88). Acetaldehyde is a highly stressful and toxic compound and 

when it accumulates (due to glycolysis overflow), the yeast promptly converts it to acetate, 

even at the cost of being counter producing regarding cytosolic pH (88).  The S288c co-cultures 

have a more pronounced glycerol yields after 168 h (with the highest yield of 0.70 g/L) 

compared to the YI13 co-cultures (with the highest yield of 0.51 g/L) (Table 3.6). An inverse 

correlation exists between glycerol and ethanol production (88), consistent with the results seen 

in this study. Glycerol production is indicative of cellular stress (88). Generally, correlations 

exist in elevated glycerol (HOG response) and elevated acetate as a means to restore the skewed 

redox balance caused by glycerol production due to osmotic stress (89). However, the HOG 

response varies from strain to strain and depending on the background of each particular strain 

(89). 

3.3.8. Phenotyping natural strains for bioethanol specific stresses and secretion stresses 

For bioethanol production, the yeast’s ability to secrete heterologous cellulolytic enzymes is 

not the only factor to consider for CBP, but also tolerance to variations in osmotic stress, 

product inhibition such as ethanol, variation in growth temperature, and presence of toxic 

compounds (4, 78). Unlike the domesticated S. cerevisiae strains, environmental isolates are 

adapted to overcome a variety of environmental stresses (90–97); representing a mostly 

untapped pool of phenotypic diversity with potential biotechnological applications. To 

determine differences in the inherent growth abilities of natural and reference strains, we 

measured viability in the presence of five industrially relevant stress conditions chosen to 

provoke diverse physiological responses, including high temperatures, variances in NaCl 

concentrations, product inhibition and a cocktail of inhibitor compounds that are found in 

lignocellulosic hydrolysates. First, cells are cultivated on solid media in the presence of each 

variable, and cell viability is scored relative to an unchallenged control for each strain, a method 

adapted from Kvitek et al. (55). In order to determine the effect of genetic manipulation on the 
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innate tolerance capabilities of the strains, we examine transformants containing either  

δ-integrated gene expression cassettes or episomal plasmids for any variations in their stress 

tolerance. 

Although there are similarities between strains, no two strains are exactly alike in phenotypic 

profile, indicating genomic variation between the strains (Figure 3.13). The performances of 

the natural S. cerevisiae strains are often equally good or, in the case of YI13, superior to the 

reference strains. The strains were screened against increasing concentrations of ethanol from 

8% to 20% (w/v) and, after a 12 day incubation the natural strains V3, MF15 and YI13 are 

found to be more tolerant to ethanol compared to the reference strain S288c. Natural strains 

could withstand up to 10% (w/v) ethanol concentration, however growth is completely 

inhibited at higher concentrations. To examine a condition that more closely mimics the 

bioethanol production environment as a whole, we tested viability of wildtype and transformant 

strains in the presence of high concentrations of NaCl (0.6 M- 1.2 M), high temperatures (37oC 

and 40oC) and varying concentrations of the inhibitory cocktail originally designed by Martin 

et al. (29).  
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Figure 3.13. Inter-strain diversity of tolerance between natural and reference strains. The viability of 

seven natural strains, two reference strains MH1000 and S288c, and 28 recombinant strains cultivated 

under seven different environmental conditions was measured. Each row on the plot represents a 

different strain and each column indicates a given environment. Coloured boxes represent the average 

growth rate score of each strain cultivated in each environment, according to the key shown at the lower 

right as adapted from Kvitek et al. (55). Episomal plasmid-containing strains are indicated with [] 

symbol, and integrated recombinants are indicted with _ symbol. 
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From Figure 3.13, it was concluded that while the tolerance of S. cerevisiae to specific 

inhibitors is strain-dependent (55), several strains demonstrated cross-tolerance to multiple 

stresses. Not surprisingly the commercial MH1000 strain, used in industry as a distillery yeast 

(28),  is considerably more robust than the laboratory strain S288c; being tolerant to multiple 

inhibitory factors such as high NaCl concentrations, high ethanol concentrations, increased 

temperatures and inhibitory compound. The YI13 transformants also exhibited multi-tolerant 

characteristics desirable in bioethanol production, i.e. high tolerance to ethanol (10% w/v), 

hydrolysate inhibitor cocktail (up to 50%) and high temperatures (37 - 40oC). Only the  

multi-tolerant YI13 wildtype and transformants were able to grow up in 50% concentration of 

this medium, therefore demonstrating the ability of the strain to retain its innate tolerance 

abilities even after transformation. In contrast, the FIN1 strain demonstrated low tolerance to 

ethanol and the hydrolysate inhibitor cocktail, with growth severely inhibited at 9% w/v ethanol 

and 50% concentration of the cocktail. As in nature and industrial applications, yeasts are not 

exposed to a single stress at a time, but rather exist in complex niches in which many stressful 

conditions may occur together (94), therefore future research should aim to understand how 

strains behave when confronted with multiple stresses simultaneously. Better understanding of 

these regulatory processes may help further exploitation of this organism, and other fungi, for 

the benefit of industry. 

Some of these phenotypic differences observed in this study have been previously reported in the 

context of other studies (13, 19, 95, 97–99). Carreto et al. (98) demonstrated that gene expression 

variability is a source of phenotypic diversity among strains. Genome expression plasticity is 

important in yeast for adaptation to new environments (18, 98). For example, genes whose 

expression are associated with phenotypic variation – such as genes encoding proteins involved 

in amino acid biosynthesis and transport, sulphur and nitrogen assimilation, and protein 

degradation are strongly regulated under environmental stress (99, 100), resulting in important 

implications for robustness under environmental stresses. Phenotypic stress assays demonstrated 

that the natural strain FIN1 had relatively low tolerance to industrial stresses e.g., ethanol, 

inhibitors and temperature, correlating to the slow growth rates observed by this strain in  

oxygen-limited conditions (Section 3.3.6) which could have resulted from inhibited growth due 

to the low concentrations of ethanol in combination with other stress factors. This is in stark 

contrast to the YI13 strain, which demonstrated high growth rates and tolerance capabilities 

under oxygen-limited and aerobic conditions.  
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While abundant information exists on the stress responses of yeast (mainly S. cerevisiae) to 

environmental changes (101–103), not much is available concerning the connection to 

heterologous protein productivity with regards to bioethanol-specific stresses. Over the years, it 

has become clear that metabolic and environmental stresses found in 2G bioethanol production 

impact recombinant protein production as reviewed by Mattanovich et al. (23). An intact 

secretion pathway is important for the cell to withstand environmental conditions (104), and 

alterations to this pathway result in strains with higher sensitivity to environmental stresses (105). 

This suggests that there is a trade-off between high secretion capabilities and tolerance to 

industrial conditions. In order to investigate this hypothesis further, viability stress plates were 

performed to evaluate the natural strains’ resistance to ER stress (induced by tunicamycin [TM]) 

(106), as well as looking at sensitivity to sodium orthovanadate (indicative of defects in 

glycosylation and general secretion pathway) (107), Congo Red (CR) (interferes with the 

construction and stress response of the cell wall) (108, 109) and dithiothreitol (DTT) (prevents 

correct folding of proteins) (110) (details are listed in Addendum, Table 4A). 

The plate assays with DTT and sodium orthovanadate demonstrated that the laboratory 

reference strains S288c and Y294 are more sensitive to ER stresses than the industrial and 

natural strains (Figure 3.14). From CR plate growth assays, it was clear that the FIN1, YI13 

and the laboratory reference strains differ in their cell wall integrity compared to other strains. 

These strains demonstrated high tolerance to the cell wall stressor CR (up to 400 μg/mL), 

however the rest of the strains showed severe sensitivity to CR, although they still showed 

growth at lower dilution ranges when SC agar was utilised instead of YPD agar (Addendum, 

Figure 9A). Congo red is known to interfere with the cell wall construction and stress response 

of the cell wall (109). It is clear that cell wall construction is a dynamic process and that the 

cell tends to continually adapt the newly formed wall to changing conditions both in terms of 

cell wall organization and with respect to the cell wall proteins presented at the cell wall surface 

(109–111). Together, this result raises the possibility that cell wall differences in these strains 

have been positively selected for when screening for high secretors. Connections between cell 

wall response and unfolded protein response (UPR) induction have also been studied (111). 

The UPR maintains ER functionality during exposure to secretion and cell wall stress (111). 

Therefore, UPR influences secretion and cell wall homeostasis, which in turn impacts upon 

traits important to industry and biotechnology (111). These results are in accordance with other 

studies that suggest that cell wall changes might be a primary cause for an enhanced secretion 

phenotype (112, 113).  
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Figure 3.14. Viability analysis of two fold serial dilution of natural strains after 48 h cultivation SC 

agar plates supplemented with inhibitors. Resistance to 40 μg/mL DTT, 400 μg/mL CR, 200 μg/mL 

sodium orthovanadate and 0.5 μg/mL tunicamycin was evaluated. Growth for all strains was compared 

to the reference laboratory strains S288c and Y294, and commercial strains MH1000 and Hoeg, as well 

as strains cultivated on YPD agar plates without inhibitor supplementation (Addendum, Figure 9A). 

From Figure 3.13 & 3.14, the YI13 strain has demonstrates higher tolerance to secretion 

stressor TM (withstanding up to 1.0 µg/mL) compared to the reference strains. This suggests 

that the natural YI13 strain may have better folding capabilities, allowing the strain to tolerate 

higher levels of protein processing, resulting in higher secreted cell specific activity levels of 

heterologous T.r.Cel5A and T.e.Cel7A, as well as tolerance to other stress conditions. A 

majority of the strains including the reference strain S288c have lowered viability under TM 

induced stress, with most of the strains inhibited at a relatively low concentration of 0.5 µg/mL 

TM. As suggested by Ilmén et al. (34) high level secretion of CBH by S. cerevisiae strain could 

be due to better protein folding capacity relative to other strains. High heterologous protein 

expression causes ER stress which subsequently activates the unfolded protein response (UPR) 

which induces genes needed to alleviate stress in the secretory pathway. Studies have indicated 

that heat shock response proteins HSP (often cytosolic) and the unfolded protein response (an 

ER response) enhance production of certain heterologous proteins (114, 115). Hou et al. (114) 

demonstrated that the heat shock response (HSR) improves heterologous protein production by 

releasing ER stress, suggesting a link between tolerance of stress caused by recombinant 

cellulolytic enzyme production and tolerance to environmental stresses.  

 DTT                    Congo Red                 Vanadate                   Tunicamycin 
S288c 
Y294 

MH1000 
Hoeg 

V3 

YI1 
FIN1 

YI59 

MF15 

YI19 
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3.4. Conclusions 

We evaluated and identified natural strains demonstrating superior heterologous cellulolytic 

activity. Despite being isolated from the natural environment, the YI13 episomal transformants 

produced promising recombinant T.r.Cel5A and S.f.Cel3A activity levels, while the FIN1 

episomal transformant produced high recombinant S.f.Cel3A activity, demonstrating that the 

genetic background and properties of the protein itself influence recombinant enzyme activity 

levels. Some of the natural strains were better equipped to survive industrial fermentation 

conditions, including growth in multiple stresses associated with the bioethanol production. 

Additionally, our results also illustrated the potential of phenotypically evaluating the natural 

biodiversity of yeasts to find superior industrial strains that may be useful in biofuel production, 

providing excellent candidates for further strain improvement though genetic engineering, 

experimental evolution or breeding. Identifying the genetic elements required for superior 

recombinant enzyme activity levels and tolerance to industrial stresses may be imperative to 

engineering optimal strains for CBP. 
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4.1. General discussion  

In South Africa, lignocellulosic biomass is an attractive source of fermentable sugars for the 

conversion to bioethanol since it is inexpensive, abundant, financially viable and can be 

balanced with adequate food production (1). One of the current aims of research into using 

cellulosic biomass for the production of bioethanol is the creation of microorganisms capable 

of degrading cellulose into monomeric sugars which can be fermented into alcohols at high 

rates and yields (CBP) (2, 3). Due to its long history associated with fermentation, S. cerevisiae 

is one of the microorganisms of choice for second generation (2G) bioethanol production (3). 

It is especially useful in first generation (1G) bioethanol production due to its high ethanol 

yields and ethanol tolerance (3). Important challenges regarding different aspects that affect 

the performance of the S. cerevisiae during biomass processing still need to be overcome (4). 

The aim of the work presented in this thesis was to identify natural S. cerevisiae strains with 

high heterologous cellulase activity (total and secreted cell specific activities) and high 

tolerance to inhibitors (hydrolysate-derived and other environmental stresses). Therefore, the 

natural diversity of yeast was exploited to identify S. cerevisiae strains with innate high 

tolerance to a variety of bioethanol-specific stresses e.g., high ethanol concentrations, high 

temperatures, fluctuating osmolarity and other inhibitors found in lignocellulosic hydrolysates 

etc. (5).  

As outlined in Chapter 2, the fermentation environment in 2G bioethanol production differs 

greatly from other classical industrial fermentations. A major challenge for the cellulosic 

bioethanol industry is to extract fermentable sugars from biomass in a cost-effective manner 

(6). Lignocellulose accounts for 50% of the world’s biomass (50 billion ton per annum) and is 

composed of cellulose, hemi-cellulose and lignin (7). Cellulose can be hydrolysed to glucose 

monomer components by the action of cellulolytic enzymes (8). The heterologous expression 

of these cellulase genes has mainly been limited to laboratory and commercial S. cerevisiae 

strains (9–13). The main aim of this study was to exploit the natural biodiversity of S. cerevisiae 

in order to find strains with combined desirable characteristics for CBP. Although the focus of 

this study was to evaluate natural strains based on phenotypic data such as cell specific cellulase 

activity levels (Section 3.3.1-3.3.2), fermentation profiles (Section 3.3.6-3.3.7) and tolerance 

to environmental stresses (Section 3.3.8), strains were also investigated to understand the 

physiological and phenotypical background of host strain which may contribute to recombinant 

protein secretion efficiency (Section 3.3.3-3.3.5 and 3.3.8). 
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4.1.1. Differential heterologous cellulase activity  

To expand the concept of strain variation, we assessed the expression of heterologous genes 

encoding key cellulolytic enzymes in natural S. cerevisiae strains. Episomally produced 

S.f.Cel3A activity was achieved in all 34 strains evaluated in a preliminary screening, 

demonstrating differential total and secreted activity between the natural strains and reference 

strains (Section 3.3.1). In accordance with Gurgu et al. (14), we observed variation in cell wall 

retention levels between the strains, with a general trend of reference strains releasing less of 

the S.f.Cel3A activity into the media than the natural strains. Although protein determination 

analyses were performed, the results based on a visual analysis of a stained SDS PAGE gels 

were inconclusive. Strategies including (i) column filtration methods (size exclusion) and (ii) 

freeze dry techniques were attempted to purify and concentrate the protein yields. However, in 

all cases, the native proteins interfered with protein determination. Future studies should 

quantify protein yields using alternative methods including Western blotting, Enzyme-linked 

immunosorbent assay (ELISA), fusion proteins such as His-tagged recombinant proteins or 

differential scanning fluorimetry (DSF) (15). 

The multi-tolerant YI13 strain is superior to the reference strain S288c and other transformants 

with respect to secreted cell specific activity levels of EGII (T.r.Cel5A) and CBHI (T.e.Cel7A) 

(Section 3.3.2), whilst the natural strain FIN1 outperforming the YI13 strain with regards to 

BGLI (S.f.Cel3A) secreted cell specific activity in aerated (Section 3.3.1) and oxygen-limited 

conditions (Section 3.3.6). The YI59 strain outperformed all the other strains in terms of 

endogenous invertase activity levels (3.06 U/mg DCW) (Section 3.3.2). Similar to invertase 

activity, we suspect that secreted heterologous cellulolytic activity levels is highly  

strain-specific, with differential activity levels dependent on the genetic background of the host 

strain. This result reveals a compatibility factor in terms of the properties of the protein itself 

and the host, which influences the cell-specific activity levels.  

Natural strain YI13 and reference strain S288c demonstrate different capacities for respiratory 

and fermentative growth, which could affect fitness in bioethanol production environments 

(Section 3.3.4). While no significant differences in growth rates between the transformants of 

natural YI13 and reference S288c were found (with the exception of YI13[Cel5A]), it was 

noted that natural YI13 transformants grew to significantly higher cell biomass densities in 

YPD than the reference S288c transformants. We used optical density as a proxy for cell 

density, thus differences in cell size were not measured and could also have obscured 
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differences in cell density (16). A further step in this study would be to analyse the effect of 

cell size on heterologous enzyme production and secretion. 

In addition, another aim of the work was to investigate whether differential enzyme activity 

was due to differences in ploidy and/or gene copy number. In general, it has been suggested 

that increased enzyme activity correlates with the DNA content of yeast cells, with diploid 

states having higher levels compared to haploid states, and even greater levels produced in 

tetraploid species (17). However, similar ploidy states and low variation in plasmid copy 

numbers were observed between the superior transformants and reference strains. All natural 

strain transformants are confirmed diploid (Section 3.3.4) with little variation in plasmid copy 

number being observed between all transformants (Section 3.3.3). Further studies are needed 

to evaluate protein yields between the transformants in order to confirm whether this 

differential activity is due to higher protein yields or due to other factors. A second option is 

studying the characteristics of the secreted recombinant proteins. Techniques such as using 

circular dichroism can determine changes in the secondary structure and folding properties of 

the secreted proteins (18). Determining the level of glycosylation of the secreted proteins 

between strains is another important feature known to influence secretion titers and enzyme 

activity (19).  

To determine if natural and reference strains differ in their growth and fermentation 

characteristics, we selected six natural transformants based on promising secreted activity 

levels and high tolerance to environmental stresses, and simulated classical fermentation (with 

2% glucose) and co-culture fermentations (using 2% Avicel cellulose) (Section 3.3.5-3.3.6). 

The results from this study indicate that the natural strain YI13 compares favourably in terms 

of ethanol titers to the industrial benchmark MH1000 strain in a classical fermentation 

environment at 30oC. While the FIN1 strain yields the lowest biomass and consumed glucose 

slowly compared to the rest of the strains, it is demonstrated that this strain may be inhibited 

by rising ethanol concentrations due to its low tolerance to ethanol (as shown in the stress plate 

assays). Co-fermentation of superior and reference S. cerevisiae transformants resulted in 

hydrolysis of Avicel cellulose and the end products were identified with HPLC. The YI13  

co-culture fermentations resulted in statistically significantly higher ethanol titers compared to 

reference S288c co-culture fermentations. Overall, moderate levels of cellobiose were detected, 

albeit low ethanol yields were also produced suggesting ineffective T.e.Cel7A or T.r.Cel5A 

activity 
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4.1.2. Tolerance to environmental and metabolic stresses 

It was previously noted that microorganisms that produce a compound of interest most 

efficiently (i.e. with the highest productivity, titer and yield from cellulose, etc.) are rarely also 

highly tolerant to acid, heat or similar environmental stresses (88). Since tolerance to 

environmental stresses is a polygenic trait (20, 21), dictated by the expression of multiple native 

genes it is usually very difficult to insert this phenotype into a desirable host strain, therefore 

using a strain with innate tolerance to fermentation stress is a good starting point for this 

project. 

As discussed previously in Chapter 2, stress responses in yeast can derive from metabolic 

interferences or from unfavourable environmental conditions. It has been a common aim to 

engineer metabolic stress response such as the UPR to improve protein folding and secretion, 

while this targeted interference for environmental stress response is limited (22). Not much 

information exists on engineering the host cells to improve their robustness against 

environmental stresses. As suggested by Mattanovich et al. (22) the “environmental stress 

responses of yeasts turned out to be highly interrelated, and even connected to metabolic stress 

reactions”. Interestingly, an intact secretory pathway is important for the cell to withstand many 

different environmental conditions since the secretory pathway is implicated in many important 

processes such as lipid biosynthesis, protein targeting and secretion, as well as the unfolded 

protein response (23). In some cases, alterations to the secretion pathway lead to sensitivity to 

environmental stresses e.g., H. polymorpha strain carrying a disrupted pmt gene secreted high 

amounts N-glycosylated proteins, however showed temperature sensitivity due to a cell wall 

integrity defect . Other studies have demonstrated that mutations impairing proper functioning 

of the secretory pathway can cause sensitivity to a broad range of treatments and growth 

conditions. In this study, we evaluated natural strains based on heterologous cellulase activity 

levels (Section 3.3.1-3.3.7) and tolerance to various industrial stresses (3.3.8). 

To test for phenotypic differentiation between tolerance capabilities of S. cerevisiae strains we 

simulated the stresses that the strains would be exposed to under bioethanol production 

conditions (e.g., NaCl, ethanol, and temperature stresses and inhibitors produced during 

lignocellulose hydrolysis) (Section 3.3.8). Since it has become clear that metabolic and 

environmental stresses impact recombinant protein production and secretion (22, 26), the 

innate tolerance capabilities of strains was determined for not only environmental stresses, but 

cell wall, secretion and ER stresses as well (Section 3.3.8). 
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A wide variability of responses to the different environmental stress conditions was detected 

and no general rules could be assumed for different S. cerevisiae strains. Collectively, the 

strains showed the greatest variation between tunicamycin, sodium orthovanadate, inhibitor 

resistance and ethanol tolerance, implying these stressors are not generally experienced by 

yeast, as suggested by Kvitek et al. (27). It was also noted that the effect of genetic manipulation 

did not alter the innate tolerance capabilities of the strains. Nonetheless, these results indicated 

that selected environmental strains were better equipped to survive conditions found in the 

industrial environment, including growth in the presence of multiple stresses associated with 

bioethanol production. Based on the results of our work, we can confirm the versatility of 

natural strains as a research platform for studies in bioethanol production 

Significant differences were found in cell wall integrity and in tolerance to ethanol and 

temperatures between reference strains and natural strains suggesting possible differences in 

lipid composition, which may correlate to changes at the genome level in the different genes 

involved in lipid transport, synthesis, and other steps of lipid metabolism (28, 29). This 

indicates that alterations in membrane composition may be behind the improved combined 

tolerance and heterologous activity levels (30, 31). Although this study focuses on evaluating 

and identifying strains with high general secretion phenotypes by expressing individual 

cellulase genes relevant for 2G cellulosic ethanol production, our results also suggest the 

involvement of tolerance to secretion stresses and cell wall stress in the superior secreted 

cellulolytic activity levels. 

Variations in tolerances to secretion, endoplasmic reticulum and cell wall stressors (Section 

3.3.7) have strengthened the hypothesis that the genetic background of a strain contributes to 

higher secreted activity levels. The multi-tolerant YI13 strain demonstrated high tolerance to 

temperatures (37oC and 40oC), high ethanol concentrations (10% w/v) and high concentrations 

of hydrolysate inhibitor cocktail (up to 50%), as well as high to moderate tolerances to ER 

stressors tunicamycin, DTT and vanadate, and cell wall stressor Congo Red. Since adaptation 

to a stress is known to confer cross-resistance to other stresses (26) it is not surprising to find 

multi-tolerant strains and this warrants further investigation into utilising this phenomenon for 

improving heterologous protein production. The robust strain YI13 displaying higher secreted 

cell specific activities for T.r.Cel5A and T.e.Cel7A, suggesting that it may have better protein 

folding capabilities, allowing the strain to have better secretion of heterologous cellulases, as 

well as tolerance to other stress conditions. This suggested the possibility that the strains were 

partially selected for by the environmental conditions. The pursuit of selection of yeast strains 
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showing increased enzyme production (Section 3.3.1-3.3.7), coupled with high tolerance to 

industrial stressors (Section 3.3.8), may contribute to the knowledge required for the on-going 

development of consolidated bio-processing of cellulosic biomass and inform further attempts 

to determine the optimal process operating windows. 

4.2. Conclusions 

The overall aim of this study was to investigate desirable characteristics of natural S. cerevisiae 

strains in comparison to reference commercial and laboratory strains. This was in order to 

identify strains that could be useful in the further development of heterologous hosts for the 

degradation of cellulose-based biomass and its conversion into bioethanol. Several conclusions 

can be drawn from the results and several suggestions can be made for future studies. 

The general aims of this study were met as follows: 

(i) We evaluated and identified natural S. cerevisiae strains demonstrating superior cell 

specific recombinant enzyme activities when producing key cellulolytic enzymes. 

(ii) We compared natural, industrial and laboratory strains for desirable bioethanol 

production features, and identified natural strains which produce high ethanol titers and 

have innately high tolerance to various industrial stressors, including inhibitors found in 

lignocellulosic hydrolysates. 

(iii) We obtained natural strains with similar characteristics when comparing to common 

industrial and laboratory strains. The natural strains contain characteristics suited for the 

biofuels industry, thereby extending the number of strains available to distilleries and 

bio-refineries. 

To summarise, the following could be concluded from this study: 

 Expression of S.f.cel3A gene led to differential secreted and total cell specific activity 

levels between natural strains and reference strains, as well as differences in cell wall 

retention levels. 

 The natural strain FIN1 demonstrated significantly higher recombinant S.f.Cel3A 

secreted and total activity levels compared to reference strains MH1000, Hoeg, S288c 

and Y294 and compared to other natural strains. 

 Growth rate was suggested to be a factor in high S.f.Cel3A activity levels. 
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 Natural strain YI13 displayed the highest specific activity for recombinant T.r.Cel5A 

and T.e.Cel7A, however had only moderate activity for S.f.Cel3A, suggesting a 

compatibility factor in terms specific heterologous enzymes between hosts. 

 Expression of three important cellulase genes, namely S.f.cel3A, T.r.cel5A and  

T.e.cel7A demonstrated a protein-specific nature of secretion capacity between strains. 

 Furthermore, inherent genetic backgrounds appeared to influence activity levels. 

 Ploidy states of the natural strains were confirmed diploid, therefore variation in ploidy 

was not a factor in secreted activity levels for this study. 

 Low variation in plasmid copy number was observed; therefore copy number was not 

a significant determining factor in secreted activity levels for this study. 

 Differences in S.f.Cel3A cell specific activity levels were observed between anaerobic 

vs. aerobic cultivation.  

 Natural strain YI13 demonstrated multi-tolerance to industrial stressors and secretion 

stress. 

 Cell wall integrity may play a role in cellulase activity levels. 

In this study we have identified strains with higher secretion compared to reference strains of 

each of the major cellulase groups required for crystalline cellulose utilization, which 

represents a step towards realising a cost effective second generation biofuel production. 

4.3. Future prospectives 

Current methods for hydrolysis and fermentation of lignocellulosic substrates are still 

inefficient and expensive (32, 33), therefore further research surmounting the challenges 

around issues of inhibition of hydrolysis by cellulases, improvements in enzyme yields and 

elimination of inhibitor by-products are needed. Although major milestone studies have 

achieved the development of microorganisms with the ability to utilise lignocellulosic 

substrates and produce ethanol (34, 35), a great deal of research needs to be conducted in an 

attempt to produce an effective, ideal host for CBP. 

Further studies are needed to expand the potential host range for heterologous gene expression. 

For example, Fitzpatrick et al. (36) demonstrated up to 10-fold higher production yields of 

cellulolytic enzyme activity in polyploid S. pastorianus compared to S. cerevisiae. Further 

studies should focus on optimising cellulase cocktail mixtures produced by the host 

microorganisms, to achieve an effective synergistic action, resulting in less externally added 
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enzymes being required (2). The limiting activity of BGL results in a bottleneck in cellulose 

hydrolysis (14), therefore further improvement in terms of BGL production and secretion is 

needed. Cell wall studies are needed to determine the extent to which BGL is retained in the 

periplasmic space and the retention levels between the strains.  

In recent years, the advances in the field of genomics, transcriptomics and proteomics has 

allowed researchers to more accurately study pathways involved in tolerance to environmental 

stresses and secretion of a desired product (37). This study initiates future studies in reverse 

engineering, also known as ‘inverse metabolic engineering’ or ‘reverse metabolic engineering’, 

is defined as a cycle of steps aimed at identifying the molecular mechanisms behind a 

phenotype of interest (Figure 4.1) (37). Phenotypes can be selected by screening from targeted 

environments or from collections (such as the ones discussed in Chapter 3).  

Figure 4.1. Simplified scheme for the reverse metabolic engineering cycle and (encircled) approaches 

used at each step of the cycle. Image adapted from Salinas et al. (37). 

Although classical breeding is not generally considered as strain engineering, the principle of 

adding valuable factors to the desired host strain is still relevant and can be used in future 

prospects. This strategy has the advantage of transferring multiple (potentially interdependent) 

genetic elements at once, as well as adding additional levels of variation, by introducing gene 

allele variations. The potential allelic differences between different strains of a potential CBP 
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host are valuable and rarely explored as a source of genetic tools for future engineering 

strategies (38). Using approaches such as segregation frequencies and whole genome 

sequencing (such as quantitative trait loci analysis [QTL]), polygenic beneficial alleles can be 

identified simultaneously and can explain inter-strain phenotypic diversity arising from subtle 

alterations in gene sequences (21, 39–41). The use of segregation frequencies is highly 

dependent on the availability of a large strain collections with phenotypic variations between 

strains (such as tolerance to environmental stresses or secretion of recombinant proteins as 

done in this study) and accurate high throughput screening methods. 

Ultimately, future research aims would be to develop a robust bioconversion system, which 

will involve identifying and overcoming the major conversion restrictions of product 

inhibition, temperature and pH tolerances (33). According to the 2015 U.S. Department of 

Energy’s “Bioenergy Workshop: Lignocellulosic Biomass for Advanced Biofuels and  

Bio-products” (42) the following requirements are needed for the development of a future cost-

effective biomass-to-ethanol process: 

 High ethanol yields (>95% of the theoretical yield) with efficient C6 and C5 sugar 

consumption, minimal inhibitor formation, and minimal loss of carbon into cell 

biomass. 

 Hosts to produce high titers of recombinant cellulolytic enzymes (20 g/L). 

 Final ethanol titers (10-15 wt %). 

 Ethanol productivity high aerated and anaerobic conditions (2.5 g/l/h). 

 Development of robust microbes for hosts in CBP. 

 Tolerance to the inhibitory compounds present in hydrolysates which are toxic to 

microbes and inhibit enzymes. 

In conclusion, both industry and fundamental research fields need  a cooperative research 

effort to achieve the above targets. The identification and construction of a microorganism 

with the ability to grow in inhibitory environments of high ethanol and inhibitor 

concentrations, whilst producing high yields of cellulase enzymes in order to eventually 

produce bioethanol remains a priority in order to create an efficient CBP process.  
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5.1. Results and supplementary data not included in previous chapters 

5.1.1. Empty vector constructions 

Figure 1A. Empty (a) episomal plasmid and (b) integration vectors expressing kanMX gene. 
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5.1.2. Primers for qPCR copy number determination and Mat gene amplification 

 

Table 1A All plasmids and primers utilised in this study 
Name Relevant genotype Reference 
Plasmids   
pMU1531 bla ENO1p xyn2 S.f.cel3A ENO1

T
 sh ble This laboratory 

pBKD2 bla δ-site ENO1p-ENO1
T
 kanMX δ-site This laboratory 

pRDH147 Bla URA3 ENO1p T.r.cel5A ENO1
T
 This laboratory 

pRDH226 bla δ-site ENO1p T.e.cel7A ENO1
T 

sh ble δ-site (8) 

pEMPTY bla ENO1p-ENO1
T
 kanMX  (2) 

pMUSD1 bla ENO1p  xyn2 S.f.cel3A ENO1
T
 kanMX This work 

pMUSD2 bla ENO1p T.r.cel5A ENO1
T
 kanMX This work 

pMUSD3 bla ENO1p T.e.cel7A ENO1
T
 kanMX This work 

pSDKD1 bla δ-site ENO1p xyn2 S.f.cel3A ENO1
T
 kanMX δ-site This work 

pSDKD2 bla δ-site ENO1p T.r.cel5A ENO1
T 

kanMX δ-site This work 

pSDKD3 bla δ-site ENO1p T.e.cel7A ENO1
T 

kanMX δ-site This work 

Primers   
S. fibuligera 
Cel3A 

L-GACTCGCGAGTCCCAATTCAAAACTATACC This laboratory 
R-CCGCTCGAGCGGTCAAATAGTAAACAGGACAGATG  

T. reesei 
Cel5A 

L- GTTAACAACAATTTGGGTGG  This laboratory 
R-CAATGGAGAAAAAGCACC  

T. emersonii 
Cel7A 

L-GACTTTAATTAAAATGCTAAGAAGAGCTTTACTATTG  (8) 
R-GACTGGCGCGCCTTACAAACATTGAGAGTAGTATGG  

S. cerevisiae 

MatA/α 

L-ACTCCACTTCAAGTAAGAGTTTG (2) 
Matα-L-GCACGGAATATGGGACTACTTCG  
Mat locus-R GCA CGG AAT ATG GGA CTA CTT CG  

S. cerevisiae 

ALG9 
ALG9-L TGCATTTGCTGTGATTGTCA (1) 
ALG9-R GCCAGATTCCTCACTTGCAT  

kanMX 
kanMX-L CCGCGATTAAATTCCAACAT This laboratory 
kanMX-R CGATAGATTGTCGCACCTGA  
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5.1.3. Scatter plots from flow cytometry 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2A. Dot plots with a gate encompassing the yeast population. Correlated measurements of FSC 

and SSC allow for differentiation of cell types in a heterogeneous cell population. The cell  

sub-populations are based on forward scatter light (FSC) vs. side scatter light (SSC). The use of gating 

is to restrict analysis to one population and is denoted by the black line on the scatter plots. 
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5.1.4 Histograms statistics 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3A. Histogram statistics. Statistical percentages of the negatives and the positives are calculated 

by comparing the event count with the gated events. For example in data file labelled MH1000 

background there are 31,595 events, but 20,010 events were found inside the gate. We want the 

percentage of cells that are positive, so we would look at the %Parent for MH1000 background: 

20010/31595 = 63.33%. Because the populations that represent a DNA histogram (G0/G1, S, and 

G2+M) are not discrete, special algorithms are used. The area under the curve is integrated; then the 

percentages of each population present are calculated.  
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5.1.5. Ethanol tolerance assays  

 

Figure 15A. 10%  (w/v) Ethanol tolerance of 33 strains of various S. cerevisiae. 

6.1.4. Composition of the inhibitory cocktail 

 

 

 

 

 

Figure 4A. Viability plate assay of natural strains compared to reference strains S288c and MH1000 

cultivated for 7 days on YPD agar supplemented with 10% w/v ethanol. 

5.1.6. Composition of the inhibitory cocktail

Table 2A. Inhibitory cocktail consisting of the major inhibitory compounds in lignocellulosic 
hydrolysate as described by Martin et al. (3). 

Components Sub-components Concentration (g/L) 
Weak acids   Formic 3.5 
 

 Acetic  4.5 
 

 Levulinic Not detecteda 

Furan aldehydes   Furfural 2.9 
 

 5-HMF 3.8 
Phenolics  Cinnamic acid 0.15 

 
 Coniferyl aldehyde 0.18 

a Levulinic acid was not added to the cocktail mixture. 
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Table 3A. Raw phenotypes scores, conditions, and stress doses used to make Figure 3.13. 

 
Ethanol % w/v Sodium Chloride Inhibitor cocktail 37oC growth 40oC growth Tunicamycin (µg/ml) 

Sodium 
Orthovanadate 
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MH1000 2 2 1 1.7 3 3 3 3.0 3 2 2 2 2.5 3 3 3 3 3 2 2 2.33 1 2 2 1.67 - - - 

S288c 2 2 0 1.3 2 1 0 1.0 3 2 1 0 1.5 3 3 3 3 3 2 2 2.33 1 0 0 0.33 - - - 

V3 3 3 2 2.7 2 2 2 2.0 3 3 1 0 1.75 3 3 3 3 3 2 2 2.33 1 0 3 1.33 - - - 

FIN1 0 0 0 0.0 3 2 2 2.3 3 1 0 0 1 3 3 0 2 0 0 0 0.00 0 1 0 0.33 - - - 

YI19 2 3 2 2.3 3 3 2 2.7 3 3 1 1 2 3 3 3 3 3 2 2 2.33 1 0 1 0.67 - - - 

YI59 0 0 0 0.0 3 3 3 3.0 3 1 2 0 1.5 3 3 0 2 0 0 0 0.00 3 3 3 3.00 - - - 

YI11 2 3 2 2.3 0 0 0 0.0 3 3 2 0 2 3 3 3 3 3 2 2 2.33 3 3 3 3.00 - - - 

YI13  3 3 2 2.7 3 2 2 2.3 3 3 2 2 2.67 3 3 3 3 3 2 2 2.33 3 3 3 3.00 - - - 

MF15 1 1 0 0.7 1 2 2 2.3 3 3 2 2 2.67 3 3 0 2 0 0 0 0.00 1 1 0 0.67 - - - 

S288c[empty] 1 1 0 0.7 3 3 2 2.7 3 2 0 0 1.25 3 2 1 2 1 1 1 1.00 1 1 1 1.00 0 1 0.50 

S288c [Cel7A] 2 0 0 0.7 3 3 2 3.3 3 2 1 0 1.5 3 2 2 2.3 2 2 2 2.00 0 0 0 0.00 0 1 0.50 

S288c [Cel3A] 1 0 0 0.3 3 3 2 3.3 3 2 1 0 1.5 3 3 3 3 2 2 2 2.00 1 0 0 0.33 0 1 0.50 

S288c [Cel5A] 0 0 0 0.0 3 3 2 3.3 1 2 0 0 0.75 3 2 2 2.3 2 2 2 2.00 0 1 1 0.67 0 1 0.50 

S288c_Cel7A 2 0 0 0.7 3 3 2 2.7 3 2 1 0 1.5 3 3 3 3 0 0 0 0.00 2 2 1 1.67 3 1 2.00 

S288c_Cel3A 2 0 0 0.7 2 3 2 2.3 3 2 0 0 1.25 3 3 3 3 0 0 0 0.00 2 2 1 1.67 3 2 2.50 

S288c_Cel5A 3 2 1 2.0 2 3 2 2.3 3 2 1 0 1.5 3 2 2 2.3 0 0 0 0.00 2 2 1 1.67 3 1 2.00 

FIN1  [empty] 1 1 0 0.7 2 3 2 2.3 2 1 0 0 0.75 3 2 2 2.3 0 1 1 0.67 1 1 1 1.00 1 0 0.50 

FIN1 [Cel7A] 1 2 0 1.0 2 3 2 2.5 0 2 1 1 1 3 2 2 2.6 2 2 2 2.00 1 1 1 1.00 1 0 0.50 

FIN1 [Cel3A] 1 2 0 1.0 1 0 0 1.0 2 1 0 2 1.25 3 3 2 2.0 2 2 2 2.00 2 1 0 1.00 1 0 0.50 

FIN1 [Cel5A] 3 2 0 1.7 1 1 0 1.0 0 1 0 2 0.75 3 2 2 2.3 2 2 2 2.00 1 0 1 0.67 1 0 0.50 
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  Ethanol % w/v Sodium Chloride Inhibitor cocktail 37oC growth 40oC growth Tunicamycin (µg/ml) 
Sodium 

Orthovanadate 
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FIN1_Cel7A 2 1 0 1.0 2 1 2 1.7 3 2 2 0 1.75 3 2 2 2.33 1 1 1 1.00 2 2 0 1.33 3 0 1.50 

FIN1_Cel3A 2 1 0 1.0 2 1 0 1.0 2 2 1 0 1.25 3 3 2 2.67 1 0 0 0.33 2 2 0 1.33 3 0 1.50 

FIN1_Cel3A 2 1 0 1.0 2 1 0 1.0 3 2 2 0 1.75 2 2 2 2.00 0 0 1 0.33 2 2 0 1.33 3 0 1.50 

YI13 [empty] 3 3 3 3.0 2 0 2 1.3 2 3 2 3 2.5 3 3 3 3.00 3 3 3 3.00 3 3 3 3.00 3 1 2.00 

YI13 [Cel7A] 2 2 1 1.7 2 2 2 2.0 3 3 2 3 2.75 3 3 3 3.00 3 3 3 3.00 3 3 3 3.00 1 1 1.00 

YI13 [Cel3A] 3 3 0 2.0 2 2 2 2.0 3 3 2 3 2.75 3 3 3 3.00 3 3 3 3.00 3 3 3 3.00 1 2 2.00 

YI13 [Cel5A] 3 3 3 3.0 2 2 2 2.0 3 3 2 3 2.75 3 3 3 3.00 3 3 3 3.00 2 1 1 1.33 1 0 0.50 

YI13_Cel7A 3 3 2 2.7 2 2 2 2.0 3 2 2 0 1.75 3 3 3 3.00 2 3 2 2.33 3 2 1 2.00 1 1 1.50 

YI13_Cel3A 3 3 2 2.7 1 3 2 2.0 3 3 2 3 2.75 3 3 3 3.00 2 2 2 2.00 3 3 1 2.33 3 1 1.50 

YI13_Cel5A 3 3 1 2.3 2 3 2 2.3 3 3 2 3 2.75 3 3 3 3.00 2 2 2 2.00 3 2 1 2.00 1 0 1.50 

MF15 [empty] 2 1 1 1.3 3 3 2 2.7 2 1 0 0 0.75 3 2 2 2.33 2 2 2 2.00 1 0 0 0.33 3 0 1.50 

MF15 [Cel7A] 2 1 0 1.0 2 2 2 2.0 0 2 1 1 1.00 3 2 2 2.33 2 2 2 2.00 0 0 0 0.00 3 0 1.50 

MF15 [Cel3A] 0 0 0 0.0 2 2 2 2.0 2 1 0 2 1.25 3 3 3 3.00 2 2 2 2.00 0 0 0 0.00 3 0 1.50 

MF15 [Cel5A] 1 0 0 0.3 2 2 2 2.0 0 1 0 2 0.75 3 3 3 3.00 2 2 2 2.00 0 0 0 0.00 3 0 1.50 

MF15_Cel7A 2 1 1 1.3 3 3 2 2.7 3 2 2 0 1.75 3 3 3 3.00 2 2 2 2.00 1 1 0 0.67 3 0 1.50 

MF15_Cel3A 2 1 0 1.0 2 3 2 2.3 2 2 1 0 1.25 3 3 3 3.00 2 2 2 2.00 1 3 0 1.33 3 0 1.50 

MF15_Cel5A 2 1 0 1.0 2 2 2 2.0 3 2 2 0 1.75 3 3 3 3.00 2 2 2 2.00 2 1 1 1.33 3 0 1.50 
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5.1.7. Cell viability assays 

Figure 5A. Cell viability of S. cerevisiae transformants after 72 h cultivation under G418 selective 

pressure was measured using methylene blue straining technique (4). Measurements were 

simultaneously taken with the activity assays. 

5.1.8. Protein determination 

The differences in cellulase enzyme production and secretion may arise from divergences in 

other endogenous factors involved in any step between transcription and translation, including 

post-translational events such as protein glycosylation and stability (5). Since secretion of 

glycosylated proteins in S. cerevisiae is often reduced due to incorrect glycosylation and 

misfolding inside the cell (5), the degree of glycosylation performed by each strain was an 

important factor to evaluate in this study. Expression of cellulase genes in diverse genetic 

backgrounds can yield different forms of proteins some of which are known to affect enzyme 

function (6). These differences might arise from changes in the glycosylation properties of the 

heterologous proteins that, in turn, change the characteristics of the enzyme (7). In order to 

investigate this possibility, the superior episomal transformants were selected to study the 

glycosylation of the proteins secreted into the media. Since secretion of glycosylated proteins 

in S. cerevisiae is often reduced due to incorrect glycosylation and misfolding inside the cell 

(6), the degree of glycosylation performed by each strain was an important factor to evaluate. 

The production level of the secreted cellulase activities were too low to detect by SDS-PAGE 

and silver staining (Figure 6A). Previous work suggested that the expected sizes of S.f.Cel3A, 

T.r.Cel5A and T.e.Cel7A proteins was 120kDa, 48kDa and 62kDa (after the removal of  

N-glycans with Endo H treatment) (6, 8). To identify differential bands, zymogram analysis 

were performed (Figure 6Ac & d). No difference in band size of glycosylated proteins between 
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the natural and reference strains was observed, suggesting that the differences in secretion 

levels of cellulolytic enzymes synthesised in natural strains have another cause. 

Figure 6A. Silver stained 10% SDS-PAGE gels (a-c, f) and zymogram analysis (d & e) of the secreted 

proteins from transformants expressing T.e.cel7A, T.r.cel5A and S.f.cel3A. (+) Denotes deglycosylated 

samples, (-) denotes untreated samples, (Wt) denotes wild-type strains and the [ ] denotes episomal 

transformants. 

After performing various protein concentrating and purifying techniques, the SDS-PAGE 

analyses were inconclusive, as the S. cerevisiae strains secreted relatively large amounts of 

(a)                                                                  (b) 
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native proteins which interfered with visualisation of protein bands. The natural S. cerevisiae 

strains secreted relatively large amounts of native proteins compared to reference strain S288c, 

as seen in the SDS-PAGE results (Figure 6Aa & b), which may set special demands for the 

capacity of its cells to fold and transport proteins. Another reason for low expression levels of 

the S.f.Cel3A in the supernatant is that a majority of the S.f.Cel3A activity was remained within 

the periplasmic space or associated with the cell wall, as suggested by Gurgu et al. (9). 

5.1.9. Growth assays of transformants in aerobic conditions  

 

Figure 7A. Cell biomass (OD600nm) of transformants grown in YP with 2% glucose over 72 h period. 
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5.1.10. Raw data of co-culture fermentations with Avicel cellulose 

 

Figure 8A. (a-b) Visual representation of Avicel precipitate (after 168 h) and (c) chemical analysis of 

the supernatant of co-culture fermentations with and without externally added Novozyme 188 (BGL). 

5.1.11. Raw data of stress tolerance assays 

Figure 9A. Analysis of 2-fold serial dilutions of natural strains with reference strains S288c, Y294, 

MH1000 and Hoeg in a plate viability assay after 24 h. Resistance to 50 μg/mL Congo Red, 50 μg/mL 

sodium orthovanadate, 150 μg/mL hygromycin B and 0.3 μg/mL tunicamycin (after 48 h) were 

evaluated using SC agar supplemented with various inhibitors.  
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5.1.12. Stress tolerance compounds and mode of action  

Table 4A. Mode of action of secretion, endoplasmic reticulum and cell wall stresses used in this study.

Component Mechanism Indication Ref. 

Tunicamycin An antibiotic that prevents glycosylation of glycoproteins by blocking the 

formation of N-acetylglucosamine-lipid intermediates, resulting in 

endoplasmic reticulum stress. 

Indicative of tolerance 

to secretion stress.  

(10) 

Sodium orthovanadate The mechanism of vanadate toxic effect is connected with its structural 

similarity to phosphate. As a phosphate analogue it inhibits activity of 

phosphate metabolism i.e. ATPases, RNAses, kinases and phosphoprotein 

phosphatates. Bisconti et al. (102) suggest the reaction occurs on the cell 

envelope rather than intracellularly. Shown in S. cerevisiae, vanadate 

inhibits the release of secretion vesicle (106). 

Indicative of defects in 

glycosylation and 

general secretion 

pathway. 

(11, 12) 

Congo Red A dye that interferes with proper cell wall assembly. The primary target of 

Congo red is chitin in S. cerevisiae. It interferes with the construction and 

stress response of the cell wall. 

Indicative of cell wall 

integrity. 

(13, 14) 

Hygromycin B  An aminoglycoside antibiotic in that it has dual inhibitory effects on 

translation; it interferes with both ribosomal translocation and with 

aminoacyl-t-RNA recognition. 

Indicative of defects in 

vacuolar trafficking 

and/or function. 

(15–17) 
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