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The highest ethanol concentrations produced from either glucose or xylose by wild type strains 

of native pentose-fermenting yeasts typically do not exceed 5% (w/v) in defined media. Candida 

guilliermondii FTI 20037 is a naturally occurring yeast known for its ability to produce xylitol 

from xylose. This research, conducted in a defined medium, showed that strain FTI 20037 can 

ferment 14.4% – 25.9% (w/v) of hexose sugars (glucose, mannose or galactose) individually to 

ethanol ranging in concentrations from 6% – 9.3% (w/v). This is the first report of a native non-

modified xylose-fermenting yeast that can produce such high levels of ethanol from any 

monomeric sugar in a defined medium. The strain tolerated the inhibitors better than several 

other pentose-fermenting yeasts in a non-detoxified lodgepole pine (Pinus contorta) hydrolysate. 

Strain FTI 20037 fermented the sugars to 2% (w/v) ethanol within 24 h in this hydrolysate when 

it was diluted to 70% (v/v).  
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ATP adenosine triphosphate 
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cal calorie 

cm centimeter 

CO2 carbon dioxide 

DW dry weight 

EMP Embden-Meyerhof-Parnas  

EPA Environmental Protection Agency 

EtOH ethanol 

FTI Food Technology Institute 

g gram(s) 

g/L gram per litre 

Gal galactose 

GC gas chromatography 

GC-FID gas chromatography-flame ionization detector 

Glu glucose 

h hour 

H2SO4 sulphuric acid 

HMF 5-hydroxymethyl furfural 

HPLC high-pressure liquid chromatography 

HW hardwood 

IL Illinois 
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KBH4 potassium borohydride 

m  meter 

Man mannose 

Max maximum 

min minute 

mL millilitre 

mM millimole 

mm millimeter 

MW molecular weight 

N normal 

NAD oxidised form of nicotinamide adenine dinucleotide 

NADH nicotinamide adenine dinucleotide  

NADPH Nicotinamide adenosine dinucleotide phosphate 

NADPH 
oxidised form of nicotinamide adenosine dinucleotide 

phosphate 

NaOH sodium hydroxide 

NA no data available 

NH4OH ammonium hydroxide 

NRC National Research Council  

NRRL 
Northern Regional Research Laboratory, ARS culture 

collection  

ᵒC Degree celsius  

OD600 optical density at 600 nanometer 

ON Ontario 

Pi inorganic phosphate 

PPP pentose phosphate pathway  

QC Quebec 

rpm revolution per minute 

SEM standard error of the mean 

SSL spent sulphite liquor 

SW softwood 

SYG syringaldehyde 

t time 

UBC University of British Columbia 

UDP uridine diphosphate 

UK United Kingdom 

US United States 

v/v volume per volume 

w/v weight per volume 

wt weight 

XDH xylitol dehydrogenase 

http://www.allacronyms.com/Nicotinamide_adenine_dinucleotide/abbreviated
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XK xylulokinase 

XR xylose reductase 

Xyl xylose 

YEPD yeast extract-peptone-dextrose 

YNB yeast nitrogen base 

YNBAS 
yeast nitrogen base with ammonium sulphate but without 

amino acids 

YNBm 
yeast nitrogen base without amino acids and ammonium 

sulphate 

YNBmU 
yeast nitrogen base without amino acids and ammonium 

sulphate with urea 
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Chapter 1 Literature reviews 

1.1 Pentose-fermenting yeasts in lignocellulosic biomass conversion 

 

Lignocellulosic materials are being researched as potential feedstocks for production of 

green fuels and chemicals through biochemical conversion processes (Jonsson et al. 2013). The 

annual global production of lignocellulosic biomass is about 200 billion tons (Chandel and Singh 

2011). Although the type and quantity vary, every country possesses some form of non-food 

lignocellulosic biomass which includes woody and non-woody materials from croplands and 

forested areas, from both the residential and industrial sectors (Rapier 2012). The bioconversion 

process can be used to unlock the value in this biomass in three major steps (Figure 1.1). The 

pretreatment process increases accessibility of biomass to hydrolytic enzymes that break down 

the complex carbohydrates to monomeric sugars, which are subsequently fermented to fuels such 

as ethanol or other high value products. Bioethanol derived from lignocellulosic biomass 

conversion has received the most attention as a potential alternative liquid fuel as it can be 

blended with gasoline in proportions ranging from 10% – 85%, depending on the type of 

automobile engine being used (Solomon et al. 2007). One of the main benefits of using 

bioethanol derived from non-food lignocellulosic biomass is the process is carbon neutral as the 

biomass utilizes the carbon dioxide emitted upon the combustion of the fuel (Du et al. 2011; 

Kuhad et al. 2011; Pimentel and Patzek 2008). In addition, there is a potential to reduce 

transportation cost for fuel delivery as biomass-to-ethanol production may be less dependent on 

geography and location compared to crude oil and gasoline extractions (Stephen et al. 2010). The 

use of bioethanol also reduces the reliance on oil-producing nations outside Canada where in 

many cases there can be political unrest (Badger 2002; Solomon et al. 2007). Most importantly, 
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the production of bioethanol from lignocellulosic biomass can make use of waste materials as 

feedstocks. In Canada, there is a unique opportunity to use mountain pine beetle-infested wood 

as substrates for bioconversion. For example, in 2012, it was estimated that 8 million hectares of 

Canadian forests were damaged by major insects (Canadian Council of Forest Ministers 2014). 

The resulting lumber from these infestations is usually of low quality and is not suitable for use 

in structural applications (Ewanick 2006).  

 Lignocellulosic biomass is an attractive feedstock for manufacturing various value-added 

products, including organic acids such as succinic acid, fuel products such as bioethanol, 

polymers such as cellulose acetate and microfilbrilated cellulose, and chemicals including 

methane, and butanol. The available biomass feedstocks present a significant opportunity for 

biochemical conversion but their utilization is hindered by the high costs associated with 

converting recalcitrant lignocellulose to ethanol. This challenge has been a driving force for the 

increase in research on improving pretreatment, enzymatic hydrolysis and fermentation steps of 

the bioconversion process. The main fermentative microorganism currently utilized for sugar 

conversion to ethanol is Saccharomyces cerevisiae which can efficiently ferment hexoses such as 

glucose and mannose but cannot ferment pentoses. To improve biochemical conversion, an 

efficient conversion of both hexoses and pentoses in lignocellulosic biomass is needed to 

maximize the production of fuel and chemicals from biomass. The composition of monomeric 

sugars varies depending on the type and source of the biomass. Softwoods are rich in hexoses 

with pentoses making up to 10% of total dry weight (DW), while hardwoods and agricultural 

residues have a greater amount of pentoses. The xylose content in these biomass can be up to 35% 

of total DW (Table 1.1), with the pentoses comprising a major proportion of the hemicellulose 

component.  
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Figure 1.1 Schematic overview of production of bioethanol and high value products from lignocellulosic biomass. 

Lignocellulosic polymer structure was adapted from Zhu et al. (2013). 
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Table 1.1 Composition of monomeric sugars in selected lignocellulosic biomass.  

 

  

Lignocellulosic 

biomass 

Carbohydrates (% dry weight basis) 
  

References 

Glucose Mannose Galactose Xylose Arabinose 
 

Hardwood  
Aspen 48.6 - 51.0 0.0 - 2.1 2.0 - 3.7 17.0 - 27.3 0.5 - 4.0 (Gírio et al. 2010; Olsson and Hahn-Hägerdal 

1996; Wayman and Parekh 1990) 

Black locust 49.4 1.0 - 2.2 0.0 - 0.8 16.2 - 18.4 0.4 - 0.5 (das Neves et al. 2007; Gírio et al. 2010; 

McMillan and Boynton 1994) 

Birch 40.0 1.8 - 3.2 0.7 - 1.3 18.5 - 24.9 0.3 - 0.5 (Gírio et al. 2010; Olsson and Hahn-Hägerdal 

1996) 

Maple 45.9 1.2 - 3.3 0.0 - 1.0 17.1 - 19.4 0.7 - 1.0 (Gírio et al. 2010; McMillan and Boynton 

1994) 

Oak 43.3 - 43.7 1.0 - 2.3 1.5 - 1.9 20.3 - 25.5 1.0 - 2.1 (Gírio et al. 2010; Kim et al. 2008) 

Poplar 48.6 - 51.8 0.3 - 3.5 0.3 - 1.1 11.3 - 21.2 0.3 - 1.4 (Neves et al. 2007; Gírio et al. 2010; 

McMillan and Boynton 1994) Sweet gum 49.5 0.4 0.3 17.5 - 19.9 0.4 - 0.5 

Sycamore 44.0 0.9 - 1.0 0.0 16.3 - 18.5 0.6 - 0.7 

Willow 37.0 - 43.0 1.8 - 3.3 1.6 - 2.3 11.7 - 17.0 1.2 - 2.1 (Gírio et al. 2010; Olsson and Hahn-Hägerdal 

1996; Sassner et al. 2006; Wayman and 

Parekh 1990) 

 
     

 Softwood 

Douglas fir 

wood 

46.1 - 50.0 12.0 - 14.0 1.3 - 3.7 3.4 - 6.0 1.1 - 3.0 (Gírio et al. 2010; Lee 1997; Robinson et al. 

2002) 

Pine 44.8 5.6 - 13.3 1.4 - 3.8 5.3 - 10.6 2.0 - 4.2 (Gírio et al. 2010; Wayman and Parekh 1990) 

Spruce 41.9 - 50.0 9.4 - 15.0 1.0 - 4.3 5.3 - 10.2 1.0 - 1.7 (Gírio et al. 2010; Hayn et al. 1993; 

Söderström et al. 2003) 

 
     

 Herbaceous species and agricultural waste 

Barley Straw 33.8 1.9 0.6 30.5 6.1 (Gírio et al. 2010) 
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Corn cobs 45.0 0.0 0.0 - 1.2 28.0 - 35.3 3.2 - 5.0 (Gírio et al. 2010; Howard et al. 2003; 

McMillan and Boynton 1994) 

Corn stover 34.6 - 42.0 0.0 - 0.6 0.0 - 1.6 14.8 - 21.5 1.8 - 3.2 (Lee 1997; McMillan and Boynton 1994; 

Ohgren et al. 2006; Öhgren et al. 2007; van 

Maris et al. 2006) 

Cotton gin 20.0 - 37.1 1.1 - 2.1 0.1 - 2.4 4.6 - 9.4 2.3 (Lee 1997; van Maris et al. 2006) 

Flat pea hay 28.9 0.1 0.1 7.4 2.0 (Neves et al. 2007; McMillan and Boynton 

1994) Reed canary 

grass 

26.0 0.0 0.1 9.8 2.4 

Rice straws 36.1 3.0 0.1 14.0 2.6 (Lee 1997) 

Saccharum 

spontaneum 

36.7 - 36.9 0.1 - 0.2 0.7 21.5 - 21.6 2.2 (Scordia et al. 2010) 

Sericea 

lespedeza 

31.50 0.0 0.0 - 0.9 14.5 1.6 (Neves et al. 2007; McMillan and Boynton 

1994) 

Sugarcane 

baggasse 

33.4 - 43.0 0.0 - 0.6 0.4 - 1.6 20.5 - 26.0 1.5 - 6.3 (Gírio et al. 2010; Howard et al. 2003; 

Neureiter et al. 2002; Rudolf 2007; van Maris 

et al. 2006) 

Sugar beet pulp 24.1 4.6 0.9 18.2 1.5 (van Maris et al. 2006) 

Switchgrass 31.0 - 45.0 0.0 - 0.3 0.0 - 1.4 0.4 - 22.8 2.2 - 3.1 (Howard et al. 2003; Mani et al. 2006; 

McMillan and Boynton 1994; van Maris et al. 

2006) 

Weeping 

lovegrass 

36.7 0.0 1.7 17.6 2.6 (das Neves et al. 2007; McMillan and 

Boynton 1994) 

Wheat straw 32.1 - 36.6 0.0 - 0.8 0.8 - 2.4 19.2 - 21.0 2.4 - 3.8 (Gírio et al. 2010; Mani et al. 2006; van Maris 

et al. 2006) 

      
 Municipal waste 

Newspaper  40.0 - 64.4 16.6 0.0 4.6 0.5 (Howard et al. 2003; Lee 1997) 

Note: NA – No data available 



6 

 

The cost of the biomass feedstock and bioconversion processing requires the maximal 

utilization of each biomass component, in particular the carbohydrates. Therefore, the use of S. 

cerevisiae as a fermenting strain has disadvantages as native strains of this yeast lack pentose-

fermenting capability. Searching for a robust yeast capable of fermenting both hexoses and 

pentoses is one of the top priorities for enabling the widespread commercialization of 

lignocellulosic bioethanol, whether through screening of new isolates from natural environments 

or through metabolic engineering of existing yeasts that ferment both hexose and pentose sugars. 

Pentose-fermenting yeasts are eukaryotic microorganisms that have been isolated from 

various samples including exudates, in the guts of wood-boring insects, and on the surface of 

decaying wood. In addition to their hexose-fermenting ability, these yeasts can ferment xylose 

and, in some instances, arabinose into ethanol under semi-aerobic conditions (Jeffries 1983; 

Jeffries 1985; Jeffries and Jin 2004). Before 1980, some yeasts were known to utilize pentoses, 

however, these yeasts were shown to lack the ability to ferment pentoses to ethanol (Barnett 

1976). As a result, schemes to ferment xylose generally involve two steps including: i) 

isomerization of xylose to xylulose in vitro by xylose isomerase and ii) fermentation of xylulose 

to ethanol by yeasts (Chiang et al. 1981; Maleszka 1982). During the years 1981-82, pentose-

fermenting yeasts were discovered by Canadian and US researchers (Gong et al. 1981; Harner et 

al. 2014; Jeffries 1981a; Margaritis and Bajpai 1982; Schneider et al. 1981; Slininger et al. 1982), 

and this opened up the possibility for more efficient utilization of all the sugars of lignocellulose 

for bioconversion. Since then, many yeasts were discovered that exhibited the ability to ferment 

xylose as well as hexoses to ethanol. Since their discovery, pentose-fermenting yeasts have 

gathered significant interest in academic, governmental and industrial research due to the 

abundance of pentoses present in the hemicellulose portion of lignocellulosic biomass (up to 40% 
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in hardwood and agricultural biomass, Table 1.1). However, these pentose-fermenting yeasts do 

not ferment hexoses and pentoses as efficient as the conventional fermentative yeast, S. 

cerevisiae. In addition to efficient mixed sugar fermentation, a robust yeast must be able to 

maintain efficient fermentation in lignocellulosic hydrolysates. The hydrolysate contain a 

complex mixture of inhibitory compounds that are either naturally occurring or produced during 

the pretreatment step. 

This research focuses on the characterization of one such pentose-fermenting yeast, 

Candida guilliermondii FTI 20037, which is well known for its ability to produce xylitol from 

xylose (Barbosa et al. 1988; Silva and Chandel 2012). This yeast has been used in fermentation 

of lignocellulosic hydrolysates that are xylose rich, for its excellent xylitol producing ability 

(Arruda et al. 2011; Silva and Chandel 2012; Felipe et al. 1995; Mussatto et al. 2006; Rodrigues 

et al. 2003; Silva and Roberto 2001; Silva et al. 2007). Some preliminary results indicated this 

yeast had excellent hexose fermentation capabilities compared to other pentose-fermenting 

yeasts (data not shown), which led to a series of characterization experiments. The other yeast 

strains, listed in section 1.1.2, served as a comparison to Candida guilliermondii FTI 20037 with 

regard to both hexose and pentose fermentation capabilities and inhibitor tolerances.  

  

 Candida guilliermondii 

 

The yeast C. guilliermondii FTI 20037 (ATCC 201935, NRC 5578) was initially isolated 

in Brazil. It was brought to Canada in 1985 by Maria de F. S. Barbosa who deposited it in the 

National Research Council Canada (NRCC) culture collection. C. guilliermondii is known 

primarily for its efficient xylitol production from xylose. The ability to produce xylitol is 
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particularly important in the food and pharmaceutical industry since it has a low caloric content 

(2.4 cal/g) despite exhibiting the same perceived sweetness as sucrose (4.0 cal/g). Xylitol is also 

non-cariogenic (Hayes 2001) and a sweetener choice for diabetic patients for its independence in 

insulin-related metabolism (Bar 1991; Barbosa et al. 1988; Silva and Chandel 2012; Ferreira et al. 

2011b).  

The excellent xylitol production (yield: 0.69 - 0.78 g/g) capability of C. guilliermondii is 

not only found in defined media but also in xylose-rich hydrolysates in the presence of 

fermentation inhibitors including: organic acids, furans, phenolic compounds and lignin 

degradation products. The hydrolysates are mainly agricultural biomass including corn cob 

extract, rice bran extract, rice straw and sugarcane bagasse (Canilha et al. 2003; Felipe et al. 

1995; Pereira et al. 2011; Rodrigues et al. 1998; Rodrigues et al. 2003; Silva and Roberto 2001; 

Silva et al. 1997). Due to the complexity of hydrolysate inhibitors, the mechanism of inhibitor 

tolerance is not understood. However, some research indicated that C. guilliermondii has higher 

inhibitor tolerance compared to other pentose-fermenting yeasts. For example, Pereira et al. 

(2011) showed that xylitol production (65.5 g/L) from 80 g/L xylose in diluted rice bran extract 

[20% (v/v)] by C. guilliermondii was not affected by 0.8 g/L syringaldehyde (SYG) while the 

ethanol production (6.2 g/L) in red oak hydrolysate fermentation using S. stipitis was reduced by 

72% from 21.7 g/L xylose in the presence of 0.21 g/L SYG (Pereira et al. 2011; Tran and 

Chambers 1986). In another study, cell growth of C. guilliermondii on 40 g/L xylose was 

unaffected in the presence of furfural or syringaldehyde at a concentration of 1 g/L (Kelly et al. 

2008) whereas furfural at this level caused a 47% reduction in the cell growth of S. stipitis on 

xylose (Martin et al. 1992). To obtain a high ethanol yield in toxic lignocellulosic hydrolysate, it 

is critical for a strain to have high inhibitor tolerance. While most studies with C. guilliermondii 
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have focused on its ability to produce xylitol from xylose or xylose-rich hydrolysates, little 

attention has been paid to its ability to produce ethanol from hexoses, which are the major 

monosaccharides found in softwood (SW) hydrolysates. In addition, hydrolysates derived from 

hardwoods and agricultural residues also contain high hexose contents if the cellulose fraction is 

hydrolyzed as part of the sugar stream. Despite the strong interest in C. guilliermondii FTI 

20037’s ability to ferment xylose, its genomic sequence and tools for its genetic manipulation are 

unavailable.   

 

 Other pentose-fermenting yeasts 

 

Of the native pentose-fermenting yeasts, some are considered to be efficient at 

fermenting xylose to ethanol. These include Pachysolen tannophilus, Spathaspora passalidarum, 

Scheffersomyces shehatae and Scheffersomyces stipitis (Hou 2012; Jeffries 1985; Long et al. 

2012; Schneider et al. 1981; Slininger et al. 1985). P. tannophilus was the first yeast discovered 

to be able to convert xylose to ethanol (Schneider et al. 1981). It can ferment both pentoses and 

hexoses in lignocellulosic hydrolysates with the exception of galactose (Maleszka et al. 1982; 

Slininger et al. 1987). P. tannophilus has been isolated from various locations including leather 

tanning fluids and extracts of sweet chestnut trees (Castanea vesca) (Blackwell et al. 2006; 

Slininger et al. 1987). Previous studies have also shown that P. tannophilus has a higher 

tolerance to the inhibitors derived from acid hydrolysis of carbohydrates (furfural, HMF and 

acetate) compared to S. stipitis (Lohmeier-Vogel et al. 1998), another pentose-fermenting yeast 

investigated extensively for its potential to ferment lignocellulosic hydrolysates. 

Morphologically, colonies of P. tannophilus appear white or creamy hat-shaped and are about 
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one-third the size of S. cerevisiae. The genome of P. tannophilus has been sequenced (Liu et al. 

2012) and this information can be found from NCBI 

(http://www.ncbi.nlm.nih.gov/assembly?LinkName=genome_assembly&from_uid=10379).  

Candida shehatae was recently regrouped into the Scheffersomyces clade (Urbina and 

Blackwell 2012) and renamed as Scheffersomyces shehatae. S. shehatae has been isolated from 

diverse locations including soil in South Africa, the surface of dead pine trees that were invaded 

by wood boring insects, the surface of rose-hips in British Columbia, inside beetles’ guts and on 

rotten wood in Chile (Urbina and Blackwell 2012). The xylose-fermenting ability of S. shehatae 

was first described in the early 1980s (Gong et al. 1981; Preez and Walt 1983) with most of the 

research on S. shehatae conducted in the late 80 to early 90’s. Information on the genome of S. 

shehatae is not yet available. Similar to S. shehatae, Scheffersomyces stipitis was recently 

renamed from Pichia stipitis (Urbina and Blackwell 2012). S. stipitis strains have been found in 

different locations such as on the surface and in the gut of insect larva on fruit trees, in wet areas 

that are rich in organic matter such as agricultural waste land or hardwood forest (Blackwell et al. 

2006). The haploid yeast grows as white or creamy colonies (Barnett 1983). S. stipitis is one of 

the most studied pentose-fermenting strains, perhaps due to its capability to solely produce 

ethanol from xylose (Jeffries et al. 2007; Roberto et al. 1991). The genomic sequence of S. 

stipitis is available (http://genome.jgi.doe.gov/Picst3/Picst3.home.html) (Jeffries et al. 2007) and 

several metabolic pathway models are available for this yeast (Balagurunathan et al. 2012; 

Caspeta et al. 2012; Unrean and Nguyen 2012). These models aid in the prediction of 

metabolism in cells and gene manipulation strategies for S. stipitis. 

Although the yeasts described thus far are known as pentose-fermenting yeasts, one of 

the attractive properties of these yeasts is their ability to ferment both the hexose and pentose 

http://www.ncbi.nlm.nih.gov/assembly?LinkName=genome_assembly&from_uid=10379
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sugars found in lignocellulosic hydrolysates. The monomeric carbohydrate components found in 

lignocellulosic biomass are determined by the type of lignocellulose (agricultural, hardwood, or 

softwood). Therefore, for developing improved bioconversion strategies, it is critical to 

understand lignocellulosic structure and the differences in chemical composition among different 

types of biomass. 

 

1.2 The structure of lignocellulose  

 

Lignocellulose is comprised of cellulose [25 - 55% of dry weight (DW)], hemicellulose 

(20 – 50% of DW), and lignin (5-30% of DW) (Zaldivar et al. 2001) (Figure 1.1). Cellulose 

(MW ~100,000 Da, Figure 1.2), the most abundant biopolymer on earth, is linear and made up of 

glucose monomers linked by β-1, 4-glycosidic bonds which form multiple crystalline and 

amorphous regions (Fengel and Wegener 1984; Singh 1994; Sjöström 1993; Walker 2011). The 

crystalline structure of the molecule renders it virtually insoluble in water due to the orientation 

of hydrophilic portions of crystalline regions away from the aqueous environment (Magee and 

Kosaric 1985). Hemicellulose (MW ~30,000 Da, Figure 1.2), a branched, amorphous 

heteropolymer, consists of pentoses (C5) (D-xylose and L-arabinose), hexose (C6) sugars (D-

galactose, D-glucose, D-mannose) and some acids (D-glucuronic acid and acetic acid 

substituents in xylan) (Fengel and Wegener 1984; Singh 1994; Sjöström 1993). The smaller size 

and amorphous nature of hemicellulose facilitate its solubilization during biomass pretreatment. 

During pretreatment and enzyme hydrolysis, cellulose and hemicellulose are broken down to 

fermentable sugars that can be used for bioethanol production by yeasts. Lignin is a tough 

amorphous polymer made up of aromatic phenyl-propane units including sinapyl, conferyl and ρ-
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coumaryl alcohols connected by various linkages. Although lignin can be degraded by various 

microorganisms such as white-rot fungi (Jönsson et al. 1998), it is a non-fermentable component 

providing structural support, rigidity and water resistance in plants (Fengel and Wegener 1984; 

Singh 1994; Sjöström 1993). Phenolic compounds, derived from lignin, as well as from wood 

extractives commonly found in softwood, can be inhibitory to ethanol production by yeast cells 

(Fengel and Wegener 1984; Magee and Kosaric 1985). 

 

 

Figure 1.2 Chemical structures of cellulose and hemicellulose.  
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1.3 Conversion of lignocellulosic biomass sugars 

 

The content of fermentable sugars in lignocellulosic biomass varies in plant species, as 

well as agricultural and wood types as described earlier (Table 1.1). Hexoses are the predominant 

sugars in softwood species with only 7% – 12% of their total sugars being pentoses (Kumar et al. 

2010; Singh 1994). Softwoods also contain a greater amount of lignin ranging from 20-30%. In 

contrast, the pentose content of hardwoods and agricultural residues may be up to 20% – 25% 

whereas the lignin content ranges from 15% - 25% (Du et al. 2011; Hahn-Hägerdal et al. 2006; 

Magee and Kosaric 1985).  

During biochemical conversion, the fermentable sugars (hexoses and pentoses) of 

lignocellulosic biomass are released upon pretreatment and enzymatic hydrolysis (Figure 1.1). 

Pretreatment increases the accessibility of biomass carbohydrates to hydrolytic enzymes by 

solubilizing hemicellulose and removing/rearranging lignin to reduce its recalcitrance (Chandra 

et al. 2007; Galbe and Zacchi 2002). Types of pretreatment can include physical, thermal, 

chemical treatment, and biological enzymatic treatment or a combination of these (Chandel et al. 

2011; Chandra et al. 2007; Saha 2003). Steam explosion in conjunction with and without acid 

catalysis has been adopted by most near-commercial facilities such as POET, Abengoa, Chemtex 

and Iogen (Brown and Brown 2013; van Maris et al. 2007). This method, used to prepare the 

hydrolysate in this study, has the benefits of maximizing sugar recovery in a water soluble 

stream and to hydrolyze the oligosaccharides (Chandra et al. 2007; Galbe and Zacchi 2012). 

Applying steam pretreatment is usually a balance between being sufficiently harsh to allow 

enzymatic breakdown of carbohydrates to sugars but not so severe as to cause degradation of 

sugars and lignin, which generates fermentation inhibitors. Inhibitors reduce and/or cease cell 

growth, viability and fermentation. Inhibitory compounds can be naturally occurring as part of 
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the biomass or released upon pretreatment. These compounds are heterogeneous but can be 

classified into soluble phenols and polyaromatic compounds from lignin degradation, alcohols, 

aromatic compounds, and terpenes from wood extractives; acetic acid, aliphatic acids (formic 

acids, and levulinic acids), furfural and 5-hydroxymethyl furfural (HMF) from sugar degradation 

and metal ions from equipment erosion after being immersed in harsh conditions and additives 

such as H2SO4 (Magee and Kosaric 1985; Olsson and Hahn-Hägerdal 1996; Richardson et al. 

2011; Saha 2003). The hydrolysis performed after pretreatment using either a cocktail of 

enzymes or mild acid treatment further depolymerizes the long chains of polysaccharides to 

release monomeric sugars (Zheng et al. 2009a; Zheng et al. 2009b). The utilization of enzymes at 

milder conditions limits carbohydrate degradation and generates lower amounts of fermentation 

inhibitors such as furans. The monomeric sugars are then fermented to the compound(s) of 

interest.  

 

 Fermentation  

 

Ethanol fermentation involves the oxidation of a cofactor (NADH) used in pyruvate 

synthesis and the production of ethanol or other chemicals as byproduct(s) (Harner et al. 2015; 

Walker 1998). The biochemical pathways involved in ethanol production from both hexose and 

xylose sugars found in lignocellulose are detailed in Figure 1.3 and described in the following 

sections. 
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Figure 1.3 Fermentation of biomass sugars in a pentose-fermenting yeast. The hexose sugars are transported by Sugar transporters 

(Sut), xylose is taken up by specialized active-transporters (Pet) (Weierstall et al. 1999), and no data has been reported for arabinose in 

pentose-fermenting yeasts (Sut/Pet). The major hexose metabolizing pathway is Embden-Meyerhof-Parnas (EMP) pathway (Step 2- 

10). Galactose undergoes Leloir pathway before joining EMP pathway. The pentose: xylose and arabinose undergo oxidative-

reductive pathway (step 23-25) and pentose-phosphate pathway (step 29) before joining the EMP for ethanol production. The red 

underlining chemicals are the major products from fermentation of biomass sugars. Enzymes involved in pathways are numbered in 

green: 1. Hexokinase, 2. Phosphoglucose isomerase, 3. Phosphofructokinase, 4. Aldolase, 5. Triospheophate isomerase, 6. 

Glceraldehyde-3-phosphate dehydrogenase, 7. Phosphoglycerate kinase, 8. Phosphoglycerate mutase, 9. Enolase, 10. Pyruvate kinase, 

11. Pyruvate decarboxylase, 12. Alcohol dehydrogenase, 13. Glycerol phosphate dehydrogenase, 14. Glycerol phosphatase, 15. 

Acetaldehyde dehydrogenase, 16. Phosphomannomutase 17. Phosphomannose isomerase, 18. Mannose-1-phosphate 

guannylyltransferase, 19. Galactokinase, 20. Galactose-1-phosphate uridylyltransferase, 21.phosphoglucomutase, 22. UDP-galactose-

4-epimerase, 23.Xylose reductase, 24. Xylitol dehydrogenase, 25. Xylulokinase, 26. Arabinose isomerase, 27. Ribulokinase, 28. 

Ribulose-5-phosphate-4-epimerase, 29. Transketolase; transaldolase, 30. Arabitol dehydrogenase, 31. Xylulose reductase. Schemes 

were adapted from (Madhavan et al. 2012; Walker 1998). 
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1.3.1.1 Fermentation of hexoses 

 

Ethanol fermentation in yeasts has been studied mostly using S. cerevisiae as a model 

organism. Glucose is transported through sugar transporters across the cell membrane and 

subsequently channeled through glycolysis (Embden-Meyerhof-Parnas pathway) where pyruvate 

is generated as a precursor for ethanol production through pyruvate decarboxylase and alcohol 

dehydrogenase. To ferment galactose, it must be phosphorylated and converted to glucose-1-

phosphate in the Leloir pathway prior to entering glycolysis as glucose-6-phosphate.  Mannose 

must first be phosphorylated and converted to fructose-6-phosphate before entering glycolysis 

(Figure 1.3) (Madhavan et al. 2012; Singh 1994; Walker 1998). The stoichiometric formula for 

ethanol production from hexoses is shown in equation 1.1. 

𝑪𝟔𝑯𝟏𝟐𝑶𝟔   𝟐𝑪𝟐𝑯𝟓𝑶𝑯 +  𝟐𝑪𝑶𝟐      

          𝑯𝒆𝒙𝒐𝒔𝒆𝒔      𝑬𝒕𝒉𝒂𝒏𝒐𝒍     𝑪𝒂𝒓𝒃𝒐𝒏 𝒅𝒊𝒐𝒙𝒊𝒅𝒆   

                                                                                                                                      Equation 1.1 

Based on the general stoichiometric formula, the theoretical yield of ethanol is 0.51 g 

ethanol/g hexose sugar consumed (Barnett and Barnett 2011; Madhavan et al. 2012; Walker 

1998). However, during fermentation, some of the sugars are diverted toward cell growth, 

maintenance or formation of byproduct(s), hence the yield of ethanol is typically lower. Some of 

the measures of the fermentative performance of a yeast strain include peak ethanol 

concentration produced by strains, ethanol yield as a percent of the theoretical, fermentation time 

and the extent and rate of sugar consumption. When considering hexose fermentation by a yeast 

known for its ability to ferment pentoses, P. tannophilus NRRL Y-2460 was reported to produce 
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a yield of 0.45 g ethanol/g of glucose consumed (Table 1.2, Jeffries et al. 1985). P. tannophilus 

was shown to completely consume 12% (w/v) glucose in 60 h, resulting in a peak ethanol 

concentration of about 5.5% (w/v) (Jeffries et al. 1985). Most of the other xylose-fermenting 

yeasts have not been tested with hexoses at such high concentrations, but yeasts, tested in 

previous studies, were able to completely utilize glucose up to 2-6% (w/v) (Agbogbo et al. 2006; 

Ligthelm et al. 1988; Slininger et al. 1987).  
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Table 1.2 Ethanol production from glucose by wild-type xylose-fermenting yeasts.  

 

Yeast Strain 

[Glucose]i  Max. Yield  

Media References 
(% w/v) 

[EtOH] 

(% w/v) 
(g/g) 

Pachysolen tannophilus 

 

1771 2.2 0.7 0.31 Rich (Zhao et al. 2010) 

 

ATCC 32691 2.5 NA 0.41 Rich (Sánchez et al. 1999) 

 

NRRL Y-2460 4.0 NA 0.43 Defined (Ligthelm et al. 1988) 

 
 

4.5 2.0 0.44 Rich (Jeffries et al. 1985) 

 
 

5.0 NA 0.38 Defined (Slininger et al. 1987) 

  

12.0 5.5 0.45 Defined (Jeffries et al. 1985) 

  
     

Scheffersomyces shehatae 

 

ATCC 34887 2.5 NA 0.38 Rich (Sánchez et al. 1999) 

 

CBS 2779 4.0 NA 0.42 Defined (Ligthelm et al. 1988) 

  
     

S. stipitis 

 

CBS 6054 5.0a NA 0.33 Defined (Skoog et al. 1992) 

 
 

6.0 2.3 0.42 Rich (Agbogbo et al. 2006) 

 

CBS 7126 4.0 NA 0.38 Defined (Ligthelm et al. 1988) 

 

NRRL Y-7124 2.5 NA 0.42 Rich (Sánchez et al. 1999) 

  
     

Spathaspora arborariae 

 

UFMGHM191

A 

2.0 0.7 0.35 Rich (Cadete et al. 2009) 

       
S. passalidarum 

 

ATCCMYA43

45 

3.0 1.4 0.43 Rich (Hou 2012) 

 
NN245 10.0 3.1 0.31 Defined (Long et al. 2012) 

Note:  
a Fermentation was conducted in fermenter with air controlled.  

NA – No data available
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1.3.1.2 Fermentation of pentoses 

 

The efficient conversion of pentose sugars is crucial for improving ethanol yields from 

lignocellulosic hydrolysates. The first step in pentose fermentation is the transport of pentose 

sugars across the cell membrane. Xylose, the main pentose sugar found in lignocellulosic 

biomass, is processed through the two steps of an oxido-reductive pentose pathway where it is 

first reduced to xylitol followed by oxidation to xylulose. Phosphorylated xylulose then enters 

the pentose phosphate pathway (PPP), where glyceraldehyde-3-phosphate is converted to 

pyruvate through the EMP pathway. Ethanol production then follows the same route as glucose 

described above. Arabinose on the other hand is converted to xylulose or ribulose-5- phosphate 

before being channeled into the pentose phosphate pathway (Figure 1.3) (Madhavan et al. 2012; 

Singh 1994; Walker 1998).  

𝟑𝑪𝟓𝑯𝟏𝟎𝑶𝟓 𝟓𝑪𝟐𝑯𝟓𝑶𝑯 +  𝟓𝑪𝑶𝟐  

𝑷𝒆𝒏𝒕𝒐𝒔𝒆𝒔      𝑬𝒕𝒉𝒂𝒏𝒐𝒍    𝑪𝒂𝒓𝒃𝒐𝒏 𝒅𝒊𝒐𝒙𝒊𝒅𝒆 

                                    Equation 1.2 

Based on the general stoichiometric formula, the theoretical yield of ethanol from 

pentoses is also 0.51 g ethanol/g pentose sugar consumed. Depending on the efficiency of 

assimilation, the diversion of sugars and the balance of cofactors, the yield of ethanol from 

pentose fermentation by yeasts is usually lower than the theoretical value (Madhavan et al. 2012; 

Singh 1994; Walker 1998). Among the pentose-fermenting yeasts, S. shehatae, S. stipitis and P. 

tannophilus have been reported to be among the best for ethanol production (Jeffries and Jin 

2004; Preez and Walt 1983; Preez et al. 1986; Toivola et al. 1984), as the yield of these strains 
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can be as high as 0.3 – 0.48 g/g xylose depending on the fermentation conditions (Table 1.3). In 

contrast, C. guilliermondii has been referred to as one of the best xylitol-producing strains, 

achieving xylitol yields of up to 0.69 - 0.78 g/g xylose depending on the fermentation conditions 

(Table 1.4). The overall performance of these yeasts depends on the rate of sugar utilization, 

diversion of carbon resources toward byproduct(s) formation (underlined red in Figure 1.3), the 

supply of nutrients, tolerance to osmotic shock and the fermentation conditions such as 

temperature and substrate concentrations, the presence of hexose sugars as well as inhibitors 

(Wyman 1996).  

When fermenting sugars in a pretreated lignocellulosic hydrolysate, there are several 

desirable traits that characterize a robust fermenting strain. These include the ability to utilize 

both hexose and pentose sugars efficiently with hexose derepressed feature, minimal nutrient 

supplementations for low input costs, high tolerance to the inhibitors in lignocellulosic 

hydrolysates as well as the products formed during fermentation such as ethanol and acetic acid 

(Chandel et al. 2011; Hahn-Hägerdal et al. 2007). For example, in the case of xylose 

fermentation, xylose is first reduced to xylitol by an NAD(P)H-dependent xylose reductase (XR), 

then oxidized to xylulose by an NAD-dependent xylitol dehydrogenase (XDH) before joining the 

pentose phosphate pathway (Madhavan et al. 2012; Singh 1994; Walker 1998). Some yeast XRs 

strictly require NADPH (Kavanagh et al. 2003), while most have a dual-cofactor dependence 

with either NADH or NADPH, but preference towards NADPH (Lee 1998). Two exceptions are 

the XRs from Candida parapsilosis (Lee et al. 2003) and S. passalidarum (Hou 2012; Long et al. 

2012), that prefer NADH over NADPH. During xylose metabolism, this different coenzyme 

requirement by XR and XDH causes an imbalance in cofactors resulting in an accumulation of 

NADP and NADH from the first and second reactions, respectively. Oxygen is required for 
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regeneration of NAD. This cofactor requirement difference by the first two xylose-metabolizing 

enzymes can slow xylose utilization and potentially result in an accumulation of intermediates 

during xylose fermentation (Harner et al. 2015). In addition to having xylose metabolizing 

enzymes that have the same preference for cofactors, a yeast with high xylulokinase (XK) 

enzyme activity can be beneficial for efficient xylose metabolism. Regardless of these factors, it 

remains a top priority for the search for a robust strain suitable for lignocellulosic biomass sugar 

conversion. 
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Table 1.3 Ethanol production from xylose by wild-type xylose-fermenting yeasts. 

 

Yeast Strain 

[Xylose]i Max. Yield 

Media References (g/L) 

[EtOH] 

(g/L) (g/g) 

Brettanomyces naardenensis 

 
CBS 6042 2.0 0.18 NA Rich (Toivola et al. 

1984) 
 

CBS 6043 20 0.09 NA Rich 

 
CBS 6117 20 0.11 NA Rich 

       
Candida blankii 

 
ATCC 18735 5.0 0.51 0.1 Rich (Gong et al. 1983) 

       
C. famata 

 

83-844-3 2.0 0.39 0.2 Rich (Nigam et al. 

1985a) 

       
C. fructus 

 

JCM-1513 2.0 0.47 0.24 NA (Olsson and Hahn-

Hägerdal 1996) 

       
C. guilliermondii 

 
ATCC 22017 4.0 0.45 0.11 Defined (Maleszka 1982) 

 

KY 5013 2.0 0.25 NA Rich (Morikawa et al. 

1985) 

       
C. lignosa 

 

CBS 4075 5.0 1.45 0.4 Rich (Cadete et al. 

2012) 

C. sp. 

 

CSIR- 62 A/2 5.0 2.01 0.4 Defined (Preez and Prior 

1985) 

 
XF217 10.0 3.0 0.42 Rich (Gong et al. 1981) 

       
C. tenuis 

 
CBS 615 2.0 0.03 NA Rich (Toivola et al. 

1984) 
 

CBS 4113 2.0 0.52 NA Rich 

 
CBS 4285 2.0 0.52 NA Rich 

 
CBS 4435 2.0 0.64 0.32 Rich 

 

CSIR-Y566 5.0 1.33 0.25 Defined (Preez et al. 

1989b) 
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C. tropicalis 

 
ATCC 1369 7.5 0.55 0.07 Defined (Jeffries 1981b) 

 

KY 5014 2.0 0.28 0.14 Rich (Morikawa et al. 

1985) 

       
Clavispora sp. 

 

UWO(PS)  

83-877-1 

2.0 0.59 0.3 Rich (Nigam et al. 

1985b) 

       
Ogataea polymorpha 

 

KT2 2.0 0.34 0.034 Rich (Ryabova et al. 

2003) 

       
Kluyveromyces cellobiovorus 

 

KY 5199 10.0 3.0 0.31 Rich (Morikawa et al. 

1985) 

       
K. marxianus 

 

SUB-80-S 2.0 0.56 0.28 Rich (Margaritis and 

Bajpai 1982) 

       
Pachysolen tannophilus 

 

CBS 4044 2.0 0.21 NA Rich (Toivola et al. 

1984) 

 

NRRL Y-2460 2.0 0.53 0.27 Defined (Schneider et al. 

1981) 

 

 2.0 0.62 0.31 NA (Delgenes et al. 

1986) 

 

 5.0 1.6 0.32 Rich (Slininger et al. 

1985) 

  11.5 2.3 0.3 Rich (Dekker 1982) 

 

RL 171 5.0 1.38 0.28 Rich (Woods and Millis 

1985) 

       
Pichia segobiensis 

 

CBS 6857 2.0 0.5 0.25 Rich (Toivola et al. 

1984) 

       
Scheffersomyces (Candida) shehatae 

 
CBS 5813 2.0 0.66 NA Rich (Toivola et al. 

1984) 
 

CBS 4705 2.0 0.65 NA Rich 

 

CBS 4705 5.0 0.24 0.48 Rich (Slininger et al. 

1985) 

 

CSIR-Y492 4.0 0.15 0.37 Rich (Ligthelm et al. 

1988) 
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CSIR-Y492 9.0 2.62 0.29 Defined (Preez and Walt 

1983) 

 

CSIR-Y497 5.0 1.85 0.37 Rich (Preez and Prior 

1985a) 

 

NRRL  

Y-12856 

15.0 3.0 0.42 Rich (Slininger et al. 

1985) 

       
S. (Pichia) stipitis 

 

CBS 5773 2.0 0.59 0.3 Rich (Toivola et al. 

1984) 

 

CBS 5776 5.0 2.23 0.45 Rich (Tran and 

Chambers 1986) 

 

CBS 6054 2.0 0.45 NA Rich (Toivola et al. 

1984) 

 

CBS 6054 5.0 NA 0.25 Defined (Skoog and and 

Hahn-Hägerdal 

1990) 

 
CBS 6054 6.0 2.43 0.44 Rich (Agbogbo et al. 

2006) 

 

CSIR-Y633 4.0 1.9 0.47 Rich (Ligthelm et al. 

1988) 

 

CSIR-Y633 5.0 2.15 0.45 Rich (Preez and Prior 

1985a) 

 

UFMG-IMH 

432 

5.3 0.91 0.17 Rich (Ferreira et al. 

2011a) 

 

NRRL Y-7124 10.0 3.9 0.42 Rich (Slininger et al. 

1985) 

       
Schizosaccharomyces pombe 

 ATCC 2478 5.0 0.5 0.1 Rich (Gong et al. 1983) 

       

Spathaspora arborariae 

 UFMG-

HM19.1A 

2.0 1.0 0.37 Rich (Cadete et al. 

2009) 

       

S. passalidarum 

  ATCC  

MYA-4345 

3.0 1.38 0.4 Rich (Hou 2011) 

 UFMG- 

HMD-1.1 

5.0 1.8 0.36 Rich (Cadete et al. 

2012) 

 NN245 10.0 3.74 0.41 Defined (Long et al. 2012) 

Note: NA – No data available 
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Table 1.4 Xylitol production by wild-type xylose-fermenting yeasts. 

 

Yeast Strain 

[Xylose]i  

(% w/v) 

Xylitol yield 

 (g/g) 

Productivity 

(g/L•h) 
Reference 

Candida guilliermondii 

 FTI 20037 30.0 0.69 0.163 (Nolleau et al. 

1993) 

  25.0 0.78 NA (Ojamo 1994) 

  6.2 0.73 0.52 (Roberto et al. 

1999) 

  2.0 0.73 0.33 (Barbosa et al. 

1988) 

  4.3 0.74 0.66 (Silva et al. 1994) 

 

    
 

C. parapsilosis 

 ATCC 28474 10.0 0.74 0.14 (Nolleau et al. 

1993) 

 

    
 

C. tropicalis 

 ATCC 13803 75.0 0.82 4.94 (Choi et al. 2000) 

 CT-OMV5 10.0 0.69 5.7 (Granstrom and 

Leisola 2002) 

 ATCC 13803 10.0 0.75 3.9 (Kim et al. 2002) 

 KCTC 10457 21.4 0.85 12 (Kwon et al. 2006) 

 

    
 

P. tannophilus 

 NRRL  

Y-2460 

2.0 0.11 0.046 (Barbosa et al. 

1988) 

 ATCC 32691 5.0 0.27 0.06 (Furlan et al. 1994) 

 

    
 

S. shehatae 

 NRRL  

Y-17024 

5.0 0.04 0.1 (Furlan et al. 1994) 

 

    
 

S. stipitis 

 79-261 2.0 0 0 (Barbosa et al. 

1988) 

  NRRL  

Y-7124 

5.0 0 0 (Furlan et al. 1994) 

Note: NA – No data available 
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1.4 Hypothesis and objectives 

 

Native pentose-fermenting yeasts generally have lower ethanol production rates and 

yields from either hexoses or pentoses when compared to glucose fermentation by S. cerevisiae 

(Table 1.2 and Table 1.3). In addition, native xylose-fermenting yeasts typically exhibit low 

ethanol tolerance (Table 1.5) (Barbosa et al. 1990) which can limit the efficient fermentation of 

sugars in lignocellulosic hydrolysates to ethanol. For example, the peak ethanol concentrations 

reported for Spathaspora passalidarum when fermenting 10% (w/v) of either xylose or glucose 

in a defined medium were 3.7% and 3.1% (w/v), respectively (Table S2, Long et al. 2012). 

Similarly, in another study, S. stipitis NRRL Y-7124 was reported to produce a peak ethanol 

concentration of 5.7% (w/v) ethanol from 20% (w/v) xylose in a medium containing yeast 

extract, while most of the other pentose-fermenting yeasts could not completely utilize the sugars 

at this high initial concentration and produced lower peak ethanol levels (Slininger et al. 1985). 

  The yeast S. cerevisiae may be outstanding in hexose fermentation compared to the 

more recently discovered pentose-fermenting yeasts, in which there is still a limited experimental 

data and understanding of the metabolomics and genomics (Barbosa et al. 1988; Cadete et al. 

2012; Hou 2012; Toivola et al. 1984; Wang et al. 1980). However, native strains of S. cerevisiae 

are not capable of fermenting xylose. In preliminary studies by our group, an unexpectedly high 

level of ethanol, greater than 5% (w/v), was produced rapidly by C. guilliermondii FTI 20037 

from a hexose-rich hydrolysate. This level was considered to be the high end of peak ethanol 

concentrations that can be produced by other well-known native pentose-fermenting yeasts such 

as S. stipitis and S. shehatae (Delgenes et al. 1988; Preez et al. 1989a) and P. tannophilus 

(Jeffries et al. 1985).  
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C. guilliermondii FTI 20037 is well known for its ability to produce high levels of xylitol 

from xylose. It is not surprising that most previous studies conducted with this strain focused 

exclusively on its ability to produce xylitol. C. guilliermondii is usually not employed for the 

fermentation of hexose enriched hydrolysates such as those obtained from the pretreatment of 

softwoods, and thus to our knowledge no previous studies have reported its hexose-fermenting 

ability both in defined media and hydrolysates. This led to the objectives and experiments 

designed in this study that focused on defined media fermentation using high hexose sugar 

(glucose, galactose, and mannose) concentrations (up to 26.6% w/v) for C. guilliermondii and 

selected pentose-fermenting yeast strains.  

These studies are particularly useful considering that most of the previous studies that 

have assessed the fermentative performance of pentose-fermenting strains were performed at 

lower glucose concentrations (20 – 120 g/L) (Table 1.2), with inconsistency between the studies 

in the selection of media and the fermentation conditions employed. There have also yet to be 

fermentation studies on high levels of sugars including mannose and galactose that may be 

present in significant quantities in lignocellulosic hydrolysates. The variability found in all of 

these previous studies presents challenges when attempting to make comparison between C. 

guilliermondii FTI 20037 and all other pentose-fermenting yeast strains. Based on the 

unexpectedly high ethanol concentrations produced by C. guilliermondii FTI-20037, this study 

was conducted in defined media with the three commonly studied pentose-fermenting yeasts (P. 

tannophilus NRRL Y-2460, S. shehatae ATCC 34887, and S. stipitis NRRL Y-7124) and the 

xylitol-producing C. guilliermondii FTI 20037, along with a hexose-fermenting strain S. 

cerevisiae T2. 
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The main hypothesis of this thesis was that C. guilliermondii would be able to utilize high 

concentrations of all the hexose (glucose, galactose, and mannose) and pentose (xylose and 

arabinose) sugars derived from lignocellulosic biomass. It was also hypothesized that FTI 20037 

could ferment these sugars into high value-added products (ethanol or xylitol) in both chemically 

defined medium and in the presence of inhibitors in a lignocellulosic hydrolysate. 

Given the above considerations, the objectives for this thesis project were: 

i) To assess the fermentation ability of C. guilliermondii in defined medium with high 

concentrations of each of five monomeric sugars (10 – 25% w/v) found in 

lignocellulosic biomass. 

ii) To compare the fermentative ability of three pentose-fermenting yeasts (P. tannophilus, 

S. shehatae, and S. stipitis) and a hexose-fermenting yeast (S. cerevisiae) to C. 

guilliermondii for their ability to ferment high concentrations of hexoses (15% – 25% 

w/v) and pentose sugars (10% w/v) in defined medium. 

iii) To qualitatively assess and compare the inhibitor tolerance of these strains to C. 

guilliermondii.  

iv) To assess the fermentation ability of C. guilliermondii in a hexose-rich hydrolysate 

produced from softwood that is anticipated to also contain high concentrations of 

fermentation inhibitors both originating from the biomass and generated during the 

pretreatment process. 
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Table 1.5 Ethanol tolerance of wild-type yeasts. 

 

Yeast Strain 

Inhibitory [EtOH] (g/L)  
Cultivation 

Temp (○C) 
Reference No 

growth 

No 

fermentation 

Pachysolen tannophilus 

 

NRRL Y-2460 44 NA 30 (Preez et al. 1987) 

 

 41.43c NA NA (Slininger et al. 1987) 

  60 a NA 30 (Barbosa et al. 1990) 

  40 a NA 35 (Barbosa et al. 1990) 

 

 NA 24a 30 (Barbosa and Lee 

1991) 

      

Scheffersomyces shehatae 

 

CSIR-Y978 30.5a 38.9 a 30 (Preez et al. 1989a) 

 

R-strain 34.1a 34.1 a 30 (Preez et al. 1989a) 

 

CBS 2779  

(CSIR-Y981) 

58 NA 13 - 17 (Preez et al. 1987) 

 

30 NA 30 (Preez et al. 1987) 

 

31.2a 45.4a 30 (Preez et al. 1989a) 

 

34.9b 44.8b 30 (Preez et al. 1989a) 

  
    

Scheffersomyces stipitis 

 

CBS 5773 64.3 NA 16 - 22 (Slininger et al. 1991) 

 

CBS 7126 

(CSIR Y633) 

60 NA 30 (Preez et al. 1987) 

 

37.5 NA 30 (Preez et al. 1987) 

 

35.1a 47.1a 30 (Preez et al. 1989a) 

 34.9b 43.8b 30 (Preez et al. 1989a) 

 

NRRL Y-7124 30 34 30 (Meyrial et al. 1995) 

 

 
    

Saccharomyces cerevisiae 

 NCYC 479 120 300 23 (Brown et al. 1981) 

  T2 57.4 ± 7 NA NA (Helle et al. 2003) 

Note:  
a Value for xylose growth/fermentation 
b Value for glucose growth/fermentation 
c Calculated value based on Luong's model (Luong 1985) 

NA – no data available 
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Table 1.6 Fermentation of sugars in lignocellulosic hydrolysates by wild-type xylose-fermenting yeasts. 

 

Yeast Strain Biomass 
Detoxifica-

tion 

Initial 

cell (g/L) 

Nutrient 

Supply 

[Xyl]i 

(g/L) 

[Hex]i 

(g/L) 

Total 

[Sugar]

i (g/L) 

t (h) 

Max 

[EtOH] 

(g/L) 

EtOH 

yield 

(g/g) 

Ref 

Candida guilliermondii 

 

NRRL 

Y-2075 

Acid 

treated 

Soybean 

Hull 

pH 

adjustment 

1 - 1.5 None 15.56 8.52 24.12 48 5.66 0.46 (Schir

mer-

Miche

l et al. 

2008) 

 

Pachysolen tannophilus 

 

NRRL 

Y2460 

Acid 

treated 

Hardwood 

Overliming 

with Ca(OH)2 

and pH 

adjustment 

1 Yeast 

extract, 

CO(NH2)

2, and 

KH2PO4 

43.5 15.7 62.1 120 18 0.25 (Pereg

o et al. 

1990) 

 

CBS 

4044 

Acid 

treated 

Pinus 

radiata 

pH 

adjustment 

and Na2SO3 

treatment 

11 Yeast 

extract 

and 

peptone 

3.8 2.4 7.8 30 1.5 0.33 (Deve

rell 

1983) 

             

Scheffersomyces shehatae 

 

ATCC 

22984 

Acid 

treated 

Southern 

Red Oak 

pH 

adjustment 

3.4 YNB 88.7 47.8 142.6 NA 12 0.1 (Jeffri

es and 

Sreena

th 

1988) 
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S. stipitis 

 

CBS 

6054 

Acid 

treated 

Corn 

Stover 

pH 

adjustment 

2 none 33.54 8.19 42 72 15 0.37 (Agbo

gbo 

and 

Weng

er 

2007) 

 

CBS 

7126 

Bagasse pH 

adjustment 

1 Amino 

acids, 

vitamins 

and trace 

elements 

40.9 3.1 48.5 79a 15 0.38 (Zyl et 

al. 

1988) 

 

CBS 

5773 

Acid 

treated 

Hardwood 

Overliming 

with Na2SO3 

and pH 

adjustment 

1 Yeast 

extract, 

CO(NH2)

2, and 

KH2PO4 

43.5 15.7 62.1 192 NA NA (Pereg

o et al. 

1990) 

 

NRRL 

Y-7124 

Rice straw Activated 

charcoal and 

pH 

adjustment 

1 Yeast 

extract 

49.5 7.5 65.5 NA NA 0.37 (Silva 

et al. 

2010) 

 

Acid 

treated 

Wheat 

Straw 

Ether 

treatment, 

overliming 

with Ca(OH)2 

and pH 

adjustment 

1 Yeast 

extract, 

trace 

elements 

and salts 

45 6.4 60.4 80a 12.9 0.36 (Niga

m 

2001) 

Note: All experiments were conducted in pH 5.0 - 6.5 

[Xyl]i – initial xylose concentration, [Hex]i- initial hexose sugar concentration, NA - no data available 
a Fermentation was carried out in fermenter with controlled aeration and pH 
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Chapter 2 Materials and Methods 

2.1 Yeast strains and chemicals 

 

Candida guilliermondii FTI 20037 (NRC 5578; ATCC 201935), Scheffersomyces 

shehatae ATCC 34887 (NRC 2886; NRRL Y-12858) and Scheffersomyces stipitis NRRL Y-

7124 (NRC 2548; ATCC 58376) were obtained from the National Research Council Canada 

Culture Collection (Ottawa, ON, Canada). Pachysolen tannophilus NRRL Y-2460 (ATCC 32691) 

was kindly provided by Cletus Kurtzman from US Department of Agriculture (USDA, Peoria, IL, 

US). Saccharomyces cerevisiae T2, which was adapted to spent sulfite liquor (SSL) and used in 

SSL fermentation at the Tembec Alcohol Plant, was kindly provided by Juraj Strmen (formerly 

of Tembec, Témiscaming, QC, Canada).  

All sugars were obtained from Sigma-Aldrich chemical (Oakville, ON Canada). All 

media and other chemicals were obtained from Fisher-Scientific (Ottawa, ON Canada).  

 

2.2 Media 

 

Yeast strains were maintained individually on YEPD (yeast extract-peptone-dextrose) 

[(in % w/v) glucose (2), peptone (2), yeast extract (1) and agar (1.5)] agar plates at 4 °C and were 

subcultured regularly. The cultures were stored in 50% (v/v) glycerol at -80 °C for long-term 

storage.  

All fermentation experiments were conducted in defined medium YNBmU containing 

0.67% (w/v) YNB without amino acids or ammonium sulfate (YNBm) supplemented with 0.225% 
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(w/v) urea (U) and one of the sugars (L-arabinose, D-galactose, D-glucose, D-mannose and D-

xylose) added to 10% – 26.9% (w/v).  

 

2.3 High-cell density yeast inoculum preparation 

 

For inoculum preparation, a colony of yeast from the YEPD plate was used to inoculate 

100 mL of YNBmU and 2% (w/v) of either xylose for pentose-fermenting yeasts or glucose for S. 

cerevisiae T2 in 250-mL Erlenmeyer flasks. The culture was incubated at 28 ± 2 °C for 48 h with 

gyratory shaking at 180 rpm in a SteadyShake 757L shaker incubator as described by Bajwa et al. 

(2009). The OD600, measured using an UV/Visible spectrophotometer (Biochrom Ltd., England, 

UK), was about 7-8 (1.7–1.9 g/L dry cell weight).   

 

2.4 Defined media fermentation conditions  

 

The methods used for fermentation studies were described by Bajwa et al. (2009) and 

(2010). Briefly, cells from the 48-h inoculum culture were centrifuged at 3700 ×g for 15 min at 

21 ± 2 °C in a Sorvall Legend RT+ centrifuge (Thermo Fisher Scientific Inc., Ottawa, Canada). 

As P. tannophilus cells did not settle well, this centrifugation step was prolonged to 30 min for 

this yeast. The high-cell density innocula were used to minimize growth and allow for better 

assessment of the fermentation ability of the yeast cells. The cell pellet was washed with 

sterilized deionized water and resuspended in 100 ml of defined medium [0.67% (w/v) YNBm 

supplemented with 0.225% (w/v) urea] with varying concentrations of one of the following 

sugars: glucose, mannose, galactose, arabinose and xylose, in a 250-mL Erlenmeyer flask. For 

each sugar tested, the initial concentrations of each sugar tested ranged from about 10% to 26.9% 
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(w/v). Xylose and arabinose fermentations were conducted as controls. Some experiments were 

conducted using 0.17% (w/v) YNBm, which are stated in the figure captions. The flasks were 

incubated at 28 ± 2 °C with gyratory shaking at 180 rpm. Samples (1.75 mL) were withdrawn 

periodically for sugar, xylitol and ethanol analysis. Samples were centrifuged at 17,000 ×g for 5 

min; the supernatant was collected and stored at -20 °C before analysis. The collected samples 

were analyzed by HPLC for sugar and ethanol concentrations as previously described (Bajwa et 

al. 2009). Sugar samples were diluted before analysis when the initial sugar concentrations were 

above 10% (w/v). Each fermentation experiment was conducted at least 3 times using 

independently grown inocula. Values shown in the fermentation profiles are the means + 

standard errors of the means (SEM). 

 

2.5 Assessment of toxicity of softwood hydrolysate by gradient plates 

 

A hexose-rich wood hydrolysate was generously provided by Dr. Saddler’s group at 

University of British Columbia (Vancouver, BC, Canada). The lodgepole pine (Pinus contorta) 

softwood hydrolysate was pretreated by steam explosion using 1.5% (v/v) H2SO4 at 200 °C for 5 

min. The pretreatment and inhibitor concentration determination were conducted by Dr. 

Saddler’s group from UBC as previously described (Kumar 2014). The UBC hydrolysate (initial 

pH 1.39) contained the following sugars (in % w/v): arabinose (1.2), galactose (0.7), glucose 

(3.5), mannose (2.1), and xylose (0.9). The inhibitor concentrations were (in % w/v): acetic acid 

(0.9), furfural (0.2), HMF (0.2), and total phenolics (0.6).  

The relative toxicity of the wood hydrolysate was assessed by growth of yeast cultures on 

gradient plates prepared with the hydrolysate detailed previously (Bajwa et al. 2009; Syzbalski 
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and Bryson 1952). Briefly, the hydrolysate (150 mL) was adjusted to pH 4.5 ± 0.2 and pH5.5 ± 

0.2 with 10 N NaOH. The hydrolysate was boiled for about 5 min after addition of agar to a final 

concentration of 2% (w/v). The gradient plates were prepared with 25 mL of hydrolysate-agar 

mixture in a Fisher-brand square petri-dish (120 mm×120 mm×17 mm) placed at an angle ~ 15º 

from horizontal using 1-mL sized serological pipette. Upon solidification of the hydrolysate-agar 

layer, another layer of warm agar (1.5% w/v, 30 mL) was added to the top of the solidified 

hydrolysate-agar layer. The Petri dish was then placed on a flat surface without slanting. After 

the agar had solidified, the plates were inverted for 24 - 48 h at 21 ± 2 °C to facilitate diffusion of 

hydrolysate and agar layer.  

A colony of pentose-fermenting yeast from a YEPD agar plate was inoculated in 10 ml of 

defined medium YNBmU containing 0.67% (w/v) YNBm, supplemented with 0.225% (w/v) 

urea (U) and 2% (w/v) xylose. S. cerevisiae was inoculated in the same way as other pentose-

fermenting yeasts but in 2% (w/v) glucose. The cultures were incubated at 28 ± 2 °C for 2 days 

with shaking at 180 rpm. This was accomplished by adjusting the OD600 of each culture to 1 and 

with 100 µL of each culture subsequently streaked onto the gradient plate surface in a gradient 

from low to high concentration of hydrolysate (Bajwa et al. 2009; Syzbalski and Bryson 1952). 

Plates were incubated for 7 – 10 days at 28 ± 2 °C depending on visibility of cell growth as 

captured by digital photographic images.  

 

2.6 Hydrolysate fermentation conditions 

 

The lodgepole pine hydrolysate was used for fermentation due to its high hexose contents 

even without cellulase hydrolysis, hence it was considered to be suitable in this study. The 
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hydrolysate used in fermentation studies was adjusted to pH 5.5 ± 0.2 using 10 N NaOH and 

boiled for 5 min. The high-density inoculum culture was centrifuged at 3700 ×g for 15 min. The 

cell pellet was washed with sterile deionized water and resuspended in 50 ml of diluted 

hydrolysate medium with sterile water but supplemented with 0.225% (w/v) urea and sugars 

(glucose, mannose, galactose, arabinose and xylose) to concentrations found in the undiluted 

hydrolysate. The hydrolysate was diluted to alleviate some of the toxic effects caused by the 

inhibitors found in hydrolysates. The flasks were incubated at 28 ± 2 °C with shaking at 180 rpm. 

Samples (1.75 mL) were withdrawn periodically for sugar, xylitol and ethanol analysis. Samples 

were centrifuged at 17,000 ×g for 5 min; the supernatant was collected and stored at - 20 °C 

before analysis. The collected samples were analyzed by GC-FID for sugar and ethanol 

concentrations as described in section 2.7.2 below. Values shown in the fermentation profile are 

the means calculated from three independent fermentation runs. Standard errors of the means 

(SEM) were calculated and shown as error bars. 

 

2.7 Analytical Methods 

 Defined medium fermentation samples 

 

Sugar and ethanol concentrations from defined medium experiments were analyzed by 

HPLC as described (Bajwa et al. 2009). Sugar samples were diluted 2-3 fold for HPLC analysis 

if the initial sugar concentrations were above 10% (w/v). Internal standards glycerol and 

isopropanol, for sugar and ethanol analysis, respectively, were added to samples to final 

concentration of 1% (w/v) prior to analysis. All samples were analyzed by an Agilent-1200 
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HPLC system equipped with a BioRad Aminex HPX-87H (300×7.8mm) column with 5 mM 

sulphuric acid as the mobile phase running at 0.6 mL/min at 40 °C as previously described 

(Barbosa et al. 1990; Larsson et al. 1999).  

Ethanol yields were calculated based on the following equation:  

𝑌𝑖𝑒𝑙𝑑 =  [𝐸𝑡𝑂𝐻]𝑚𝑎𝑥  ÷  ([𝑆𝑢𝑔𝑎𝑟]𝑖 –  [𝑅𝑆])  

where [EtOH]max is the maximum (peak) ethanol concentration in % (w/v) produced during the 

course of fermentation; [Sugar]i is total initial sugar concentration in % (w/v) at the start of 

fermentation; [RS] is remaining or residual sugar concentration in % (w/v) at the time when 

[EtOH]max is reached. 

 

 Hydrolysate medium fermentation samples 

 

Samples from hydrolysate fermentation were analyzed by Shimadzu GC-2014 for sugar 

and ethanol concentrations as previously described (Bajwa et al. 2009; Bajwa et al. 2011; 

Richardson 2013). Sugars were subjected to alditol acetate derivatization before analysis as 

described (Theander 1991). Briefly, 40 µL of 10% (w/v) mannitol as internal standard were 

added to every hydrolysate fermentation sample (200 µL) collected. Concentrated NH4OH (40 

µL) and KBH4 (2.8 M dissolved in concentrated NH4OH, 100 µL) were added for reduction of 

straight forms of monomeric aldose sugars to alditols. The reduction process proceeded at 40 °C 

for 90 min. At the end of incubation, glacial acetic acid (100 µL) was added for removal of 

excess borate. 1-Methylimidazole (500 µL) and acetic anhydride (2 mL) were added to the 

mixture to acetylate all the hydroxyl groups on alditols and the mixture incubated for 10 min. 

The acetylation of alditols forms alditol acetates. Distilled water (5 mL) was then added to 

sequester any unreacted acetic anhydride. Dichloromethane (2 mL) was added for extraction of 
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alditol acetates derived from each monomeric sugar for GC-FID analysis. For xylitol 

quantification, the reduction reaction was not necessary, but acetylation is required.   

Sugar and xylitol samples (after aditol acetate derivitization) (5 µL) were injected into a 

capillary column BP10 (length: 30 m, inner diameter: 0.25 mm, film thickness: 0.25 µm) in the 

GC. Separation was achieved by N2 gas running at 30 cm/s. The GC conditions were: column 

temperature at 220 °C, flame ionization detector temperature at 240 °C and split injection at 1:25 

on Shimadzu GC-2014.  

For ethanol analysis, the internal standard butanol [10% (w/v), 50 µL] was added to each 

sample (450 µL) from hydrolysate fermentation. The sample mixture was analyzed by GC-FID 

(Shimadzu GC-2014) through the BP1 column (length: 30 m, inner diameter: 0.25 mm, film 

thickness: 0.25 µm) which was eluted with N2 gas running at 28.3 cm/s. The column temperature 

was held at 40 °C for 3 min and increased to 150 °C at a rate of 15 °C /min. The injector and 

detector temperatures were 250 °C and 275 °C, respectively.  

 

2.8 Statistical analysis 

 

Each experiment was conducted at least 3 times, with independently grown inocula. The 

peak ethanol concentrations produced in various YNBm conditions by C. guilliermondii and 

produced by different strains were compared and analyzed using analysis of covariance 

(ANCOVA) with Bonferroni multiple comparison adjustment test by IBM SPSS Statistics 22 

(NY, USA) with a type I error rate at p = 0.05. 
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Chapter 3 Results and Discussion 

3.1 Fermentation in defined media  

 

As indicated in section 1.3.1, the overall fermentation performance of yeasts not only 

depends on their physiological differences, but also on the fermentation conditions which include 

the supply of nutrients, temperature, other incubation conditions and substrate concentrations 

(Wyman 1996). The type and concentrations of sugar are one of the dependent variables in this 

study. The hexose and pentose fermentation profiles can be found in section 3.1.2 to 3.1.6 for all 

5 tested strains. The comparison and discussion of fermentation trends of all strains are given in 

section 3.1.7. The fermentation temperature, an independent variable, has already been 

established for xylose fermentation (Hahn-Hägerdal et al. 1994; Preez et al. 1987). Nutrient 

supplementation, another independent variable for fermentation in defined media, can be 

investigated to further improve product yields during fermentation by yeasts. Yeasts require 

vitamins, trace elements and salts supplied in yeast nitrogen base without amino acids or 

ammonium sulphate (YNBm) for various critical cell functions including coenzyme components, 

protein functions, maintenance of cell membrane integrity and signal transduction (Hahn-

Hägerdal et al. 1994; Walker 1998). The following section (3.1.1) was intended to establish an 

appropriate dosage of YNBm for aiding ethanol production from C. guilliermondii FTI-20037 in 

defined media fermentations.  
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 Effect of changing concentrations of YNB without amino acids or ammonium sulphate 

on sugar utilization and ethanol yields by C. guilliermondii 

 

A recommended dosage for YNB with ammonium sulphate but without amino acids 

(YNBAS) used in fermentation is 0.67% (w/v), and the dosage for YNB without amino acids and 

ammonium sulphate (YNBm) is 0.17% (w/v) (CSH protocols 2006). The YNBm provides 

vitamins, salts and some trace elements for essential biological functions during fermentation 

(Guthrie and Fink 2004). The nutritional components provided in 0.67% (w/v) YNBm would be 

about four-times higher than the advised dosage. This section was intended to assess the 

fermentation performance of C. guilliermondii FTI 20037 using these two concentrations [0.17% 

and 0.67% (w/v)] of YNBm without modifications to other parameters. The fermentation 

medium was YNBm (0.17% or 0.67% w/v), supplemented with urea (0.225 % w/v).  Glucose 

and mannose are the most abundant among the 5 sugars commonly found in softwood 

hydrolysates, hence, fermentation of these two sugars was tested in two different concentrations 

of YNBm. The results showed that fermentation in 0.67% (w/v) was better than fermentation in 

0.17% (w/v) YNBm using both sugars tested (Table 3.1). 
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Figure 3.1 Fermentation of mannose in 0.17% and 0.67% (w/v) YNBm by C. guilliermondii 

FTI 20037. Initial mannose concentrations were about 16% (w/v).  Symbols: (- -▬- -) 15.6% 

(w/v) mannose in 0.67% (w/v) YNBm, (- -○- -) ethanol production in 0.67% (w/v) YNBm, (—

▬—) 16.6% (w/v) mannose in 0.17% (w/v) YNBm, and (—○—) ethanol production in 0.17% 

(w/v) YNBm. Values shown are the means±SEM of three independent experiments.  

 

Mannose [15.6% (w/v)] in 0.67% (w/v) YNBm was completely utilized in about 21 h by 

C. guilliermondii (Figure 3.1), which was 9 h earlier than the fermentation with 16.6% (w/v) 

mannose in 0.17% (w/v) YNBm. The maximum ethanol concentrations produced by C. 

guilliermondii in both conditions were about 5.3% (w/v) with the peak ethanol concentration 

produced 6 h earlier in 0.67% (w/v) compared to 0.17% (w/v) YNBm.  
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Figure 3.2 Fermentation of glucose in 0.17% and 0.67% (w/v) YNBm by C. guilliermondii 

FTI 20037. Initial glucose concentrations were about 21% (w/v). Symbols: (- -▬- -) 20.9% (w/v) 

glucose in 0.67% (w/v) YNBm, (- -○- -) ethanol production in 0.67% (w/v) YNBm, (—̶—) 21.0% 

(w/v) glucose 0.17% (w/v) YNBm, and (—○—) ethanol production in 0.17% (w/v) YNBm. 

Values shown are the means±SEM of three independent experiments.  

 

In fermentation with 21% (w/v) glucose in both 0.17% and 0.67% (w/v) YNBm, C. 

guilliermondii produced a maximum concentration of 7.6% (w/v) ethanol (Figure 3.2). The same 

peak ethanol concentration was achieved, but the peak was produced 18 h earlier when the 

concentration of YNBm was raised to 0.67% (w/v) compared to the fermentation conducted in 

0.17% (w/v) YNBm. Complete sugar utilization occurred at the same time as the peak ethanol 

concentration were produced.  
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Figure 3.3 Fermentation of glucose in 0.17% and 0.67% (w/v) YNBm by C. guilliermondii 

FTI 20037. Initial glucose concentrations were about 26% (w/v). Symbols: (- -▬- -) 25.9% (w/v) 

glucose in 0.67% (w/v) YNBm, (- -○- -) ethanol production in 0.67% (w/v) YNBm, (—̶—) 27% 

(w/v) glucose 0.17% (w/v) YNBm, and (—○—) ethanol production in 0.17% (w/v) YNBm. 

Values shown are the means±SEM of three independent experiments.  

 

Unlike the fermentation performed using lower sugar concentrations [15% and 20% 

(w/v)], raising the glucose concentration to 26% (w/v) and above greatly affected not only 

ethanol production, but also sugar utilization by C. guilliermondii. At the higher glucose level, 

peak ethanol concentrations achieved were 9.3% and 8.2% (w/v) from fermentation conducted in 

0.67% and 0.17% (w/v) YNBm, respectively. These results corresponded to a 16% reduction in 

ethanol yield produced in 0.17% (w/v) YNBm when compared to fermentation in 0.67% (w/v) 

YNBm (Table 3.1). The residual glucose level also persisted beyond 192 h at about 2.6% (w/v) 
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at the lower concentration of YNBm whereas glucose was completely consumed in 36 h at the 

higher concentration of YNBm (Figure 3.3). The reason for the unused glucose is not known, but 

it is hypothesized the depletion of component(s) in 0.17% (w/v) YNBm become limiting factor 

for further fermentation.  

Overall, the effects observed when changing the concentrations of YNBm were more 

substantial at the higher concentrations of glucose tested, where it was evident that ethanol 

production, ethanol yield and fermentation time were affected. Fermentations with lower 

concentrations of sugar, 15% (w/v) mannose and 21% (w/v) glucose, by C. guilliermondii FTI 

20037 produced similar ethanol yields regardless of the YNBm concentration. However, when 

conducting a fermentation in 0.17% (w/v) YNBm, the fermentation duration was extended for 

another 9 and 18 h when using 15% (w/v) mannose (Figure 3.1) and 21% (w/v) glucose (Figure 

3.2), respectively.  

Table 3.1 Effect of varying YNB concentrations on glucose and mannose fermentation by C. 

guilliermondii.  

 

 

0.17 % (w/v) YNBm 0.67 % (w/v) YNBm 

 p-valuea 

(Yields) 

Sugar source 

(w/v) 

 [EtOH]max 

(% w/v) 

Yield 

(g/g) 
t (h) 

[EtOH]max 

(% w/v) 

Yield 

(g/g) 
t (h) 

Mannose 15% 5.5 ± 1.1 0.333 30 5.3 ± 0.0 0.338 24 0.341 

Glucose 20%  7.7 ± 0.0 0.366 48 7.3 ± 0.1 0.363 24 0.515 

Glucose 25%  8.2± 0.2 0.304 192b  9.3 ± 0.1 0.360 36 0.004 

Note:  

[EtOH]max - Maximum ethanol concentration or peak ethanol concentration 

t – Time required for complete sugar utilization except the with 25% (w/v) glucose in 0.17 % 

(w/v) YNBm 
a p-values of ANCOVA tests on peak ethanol concentrations.  
b 2.4% (w/v) glucose remained unutilized in the culture. 
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An analysis of variance test was conducted to evaluate the peak ethanol concentration 

from the experiments using different YNBm concentrations. Only the p-values are shown (Table 

3.1), but the other mathematical parameters can be found in Appendix. The experiments 

conducted with the two concentrations of YNBm at 15% (w/v) mannose and 20% (w/v) glucose 

experiments showed no significant differences between the ethanol concentrations at a 95% 

confidence level. However, experiments conducted with the two YNBm concentrations and 26% 

(w/v) glucose indicated a significant difference between the peak ethanol concentrations. Based 

on this study, the higher YNBm supplementation was beneficial to all fermentation by C. 

guilliermondii, especially at higher initial sugar concentrations in terms of ethanol production 

and yield. The effect was less pronounced at lower initial sugar concentrations. Regardless of the 

sugar concentration, increasing YNBm supplementation resulted in increases in the rate of sugar 

consumption during fermentation, thereby resulting in shorter fermentation times. Based on these 

results, the fermentation studies described in following sections were all conducted using YNBm 

at 0.67% (w/v). 

Several pentose-fermenting yeasts C. guilliermondii, P. tannophilus, S. shehatae, and S. 

stipitis, and  the hexose-fermenting yeast S. cerevisiae were assessed for their ability to ferment 

the five major biomass sugars (glucose, mannose, galactose, xylose and arabinose) in 

concentrations ranging from 10% – 27% (w/v). Xylose fermentation was conducted to confirm 

the pentose-fermenting ability of these yeasts. The fermentation medium was YNBm (0.67% 

w/v), supplemented with urea (0.225 % w/v). Although using 0.67% (w/v) YNBm has been 

shown previously to benefit C. guilliermondii FTI-20037, but it was unclear whether this media 

formulation would enhance the ethanol production for the other strains tested.  However, several 

previous studies have illustrated the beneficial effects of elevated levels of ingredient found in 
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YNBm on the fermentation performance of S. cerevisiae and S. shehatae (Chi et al. 1999; Krause 

et al. 2007; Lee et al. 1988; Sreenath and Jeffries 2000). Therefore, it was assumed that similar 

beneficial effects could also be observed with the other strains used in this study. Ultimately, 

favorable parameters were chosen for C. guilliermondii based on the objectives listed in section 

1.4. The objective of the following section was to demonstrate the excellent ability of C. 

guilliermondii FTI 20037 in fermenting hexoses in defined media. In addition, its fermentation 

performance was compared to other pentose-fermenting yeasts in terms of ethanol production 

and yields, time required to produce the ethanol, time required to utilize all sugar and high sugar 

tolerance under identical conditions. Descriptions of fermentation profiles for all five strains 

were provided in section 3.1.2 to 3.1.6. The fermentation profiles contain detailed information 

including the type of sugar being fermented, the peak ethanol concentration being produced, and 

the time required for cessation of sugar consumption and ethanol production. The profile also 

indicated SEM in trends of sugar utilization and ethanol production between triplicates. The 

capability of a given strain to completely utilize a given sugar can also be found in these profiles. 

All of the performance data between the strains is described, compared and discussed in section 

3.1.7. 

 

 Fermentation of various hexose and pentose sugars by Candida guilliermondii 

 

The fermentation experiments by C. guilliermondii FTI 20037 was conducted until the 

sugar concentrations either dropped to a steady level or were completely consumed which 

occurred between 24 – 192 h depending on the sugar used and its initial concentration. The time 

required for C. guilliermondii to completely utilize the hexose sugars was observed to occur in 
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the following order from shortest to longest: glucose < mannose < galactose. It was apparent that 

C. guilliermondii fermented hexoses efficiently to ethanol. With regard to the pentose sugars 

xylose was converted to xylitol while the utilization of arabinose did not result in ethanol 

production as expected. 

 

 

 

Figure 3.4 Glucose fermentation in defined medium by C. guilliermondii FTI 20037. 

Symbols: (- -▬- -) glucose 15.3% (w/v), (- -○ - -) ethanol produced from glucose 15.3% (w/v); 

(…▬…) glucose 20.1% (w/v), (…○…) ethanol produced from glucose 20.1% (w/v); (—▬—) 

glucose 25.9% (w/v), and (—○—) ethanol produced from glucose 25.9% (w/v). Values shown 

are the means±SEM of three independent experiments. 

 

At initial concentrations of 15.3%, 20.1% and 25.9% (w/v) glucose, C. guilliermondii 

completely consumed all the sugars in 21, 27 and 36 h, respectively (Figure 3.4). The peak 
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ethanol concentrations produced were 5.3%, 7.3% and 9.3% (w/v), respectively. The yields were 

0.35, 0.36 and 0.36 g ethanol/g glucose, respectively.  

 

  

Figure 3.5 Mannose fermentation in defined medium by C. guilliermondii FTI 20037. 

Symbols: (- -▬- -) mannose 15.6% (w/v), (- -○- -) ethanol production from mannose 15.6% 

(w/v), (—▬—) mannose 20.3% (w/v), and (—○—) ethanol production from mannose 20.3% 

(w/v). Values shown are the means±SEM of three independent experiments. 

 

In the fermentation of 15.6% and 20.3% (w/v) mannose, C. guilliermondii completely 

consumed all sugars in 24 and 78 h, respectively. The yeast produced maximum concentrations 

of 5.3% and 6.7% (w/v) ethanol, respectively (Figure 3.5). The corresponding yields were 0.35 

and 0.33 g ethanol/g sugar, respectively.  
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Figure 3.6 Galactose fermentation in defined medium by C. guilliermondii FTI 

20037.Symbols: (- -▬- -) galactose 14.4% (w/v), (- -○- -) ethanol production from galactose 

14.4% (w/v), (—▬—) galactose 19.6% (w/v), and (—○—) ethanol production from galactose 

19.6% (w/v). Values shown are the means±SEM of three independent experiments. 

 

Galactose was consumed slowly by C. guilliermondii compared to glucose and mannose. 

Galactose at 14.4% (w/v) was completely utilized within 78 h. In contrast, only 84% of the 19.6% 

(w/v) galactose was consumed after 144 h of fermentation. C. guilliermondii produced maximum 

concentrations of 4.7% and 4.4% (w/v) ethanol from 14.4% and 19.6% (w/v) galactose, 

respectively (Figure 3.6). The corresponding yields were 0.32 and 0.27 g ethanol/g galactose 

consumed, respectively.  
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Figure 3.7 Xylose fermentation in defined medium by C. guilliermondii FTI 20037. Symbols: 

(- -▬- -) xylose 10.5% (w/v), (- -○- -) ethanol production from xylose 10.5% (w/v), and (- -∆- -) 

xylitol production from xylose 10.5% (w/v). Values shown are the means±SEM of three 

independent experiments. 

 

Xylose was fermented by C. guilliermondii. Xylitol was produced without any detectable 

ethanol during xylose fermentation by C. guilliermondii (Figure 3.7), resulting in a maximum 

concentration of 6.4% (w/v) xylitol with a yield of 0.62 g xylitol / g xylose consumed in 96 h.  
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Figure 3.8 Arabinose utilization in defined medium by C. guilliermondii FTI 20037. 

Symbols: (—■—) arabinose 9.8 % (w/v), and (—○—) ethanol trend.  

 

Arabinose was consumed slowly by C. guilliermondii, only about 20% was utilized after 

114 h (Figure 3.8). No ethanol was produced during the 114 h of incubation.   

While conducting fermentation studies with C. guilliermondii, a distinct trait was 

observed during vortex steps for cell mixing before culture inoculation, and during agitation in 

high-cell density fermentations. A significant amount of foaming occurred in these stages 

compared to other yeasts tested. The extent of foaming was greater with a higher level (20 - 25% 

w/v) of glucose or mannose in the fermentation medium (Figure 3.9). In fermentations using 25% 

(w/v) glucose, the foam would rise to come in contact with the foam plug placed on top of the 
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Erlenmeyer flask after approximately 18 h. Hence, the shaking speed was lowered from 180 rpm 

to 100 rpm to minimize foam formation. No foaming was observed in experiments involving 

pentose sugars and galactose, but a ring of cells would deposit on the side of the flask after 

prolonged incubation (> 48 h). In addition to foaming, upon sample collection, the supernatant of 

culture samples had an oily appearance which was distinct compared to other yeasts.  

 

  

 

Figure 3.9 Foaming in C. guilliermondii FTI 20037 cultures during high initial cell density 

fermentation. (A) glucose 15%, 20% and 25% (w/v); (B) galactose 20% and 15% (w/v); (C) 

xylose 10%.  
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 Fermentation of various hexose and pentose sugars by Pachysolen tannophilus 

 

Most of the fermentation experiments employing P. tannophilus NRRL Y-2460 were 

performed until the sugar concentrations dropped to a steady level or were completely consumed, 

which occurred between 36 – 192 h depending on the sugars and the initial concentrations tested. 

The time required for P. tannophilus to utilize sugars was in the following order from the 

shortest to longest: glucose < mannose < galactose. Similar to C. guilliermondii, P. tannophilus 

fermented glucose and mannose efficiently to ethanol. However, xylose was fermented to both 

ethanol and xylitol, while galactose and arabinose were utilized slowly, but not fermented into 

ethanol. 
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Figure 3.10 Glucose fermentation in defined medium by P. tannophilus NRRL Y-2460. 
Symbols: (…▬…) glucose 15.9% (w/v), (…○…) ethanol production from glucose 15.9% (w/v), (- -

▬- -) glucose 20.5% (w/v), (- -○- -) ethanol production from glucose 20.5% (w/v), (—▬—) 

glucose 26.6% (w/v), and (—○—) ethanol production of glucose 26.6% (w/v). Values shown are 

the means±SEM of three independent experiments. 

 

P. tannophilus was also able to completely consume high concentrations of glucose and 

ferment it to ethanol, but fermentation occurred at slower rates compared to C. guilliermondii or 

S. cerevisiae (to be described, see Section 3.1.6). Complete consumption of 15.9%, 20.5% and 

26.6% (w/v) glucose required 36, 66 and 120 h, respectively (Figure 3.10), and peak ethanol 

concentrations of 5.9%, 7.8% and 8.9% (w/v), respectively, were produced. These corresponded 

to ethanol yields of 0.37, 0.38 and 0.35 g/g, respectively.  
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Figure 3.11 Mannose fermentation in defined medium by P. tannophilus NRRL Y-2460.  
Symbols: (_ - ▬ - -) mannose 15.0% (w/v), (-_ -○ - -) ethanol production from mannose 15.0% 

(w/v), (—▬—) mannose 20.5% (w/v), and (—○—) ethanol production from mannose 20.5% 

(w/v). Values shown are the means±SEM of three independent experiments. 

 

In fermentation of 15.0% and 20.5% (w/v) mannose, P. tannophilus produced a 

maximum concentration of 5.8% and 7.8% (w/v) of ethanol (Figure 3.11), respectively, which 

corresponded to yields of 0.39 and 0.38 g ethanol/g sugar consumed, respectively. The time 

taken to completely utilize 15.0% and 20.5% (w/v) mannose were 48 and 78 h, respectively. 
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Figure 3.12 Galactose utilization in defined medium by P. tannophilus NRRL Y-2460.  
Symbols: (…▬…) galactose 15.7% (w/v), (…○…) ethanol production from galactose 15.7% (w/v), 

(—▬—) galactose 20.8% (w/v), and (—○—) ethanol production from galactose 20.8% (w/v). 

Values shown are the means±SEM of three independent experiments. 

 

P. tannophilus produced a small amount of ethanol (0.2% w/v) from 15.7% and 20.8% 

(w/v) galactose (Figure 3.12). P. tannophilus utilized galactose very slowly. Over 168 h of 

fermentation, 41% and 45% of 15.8% (w/v) and 20.8% (w/v) of galactose remained unused, 

respectively (data not shown).  
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Figure 3.13 Xylose fermentation in defined medium by P. tannophilus NRRL Y-2460. 

Symbols: (—▬—) xylose 10.3% (w/v), (—○—) ethanol production from xylose 10.3% (w/v), 

and (—∆—) xylitol production from xylose 10.3% (w/v). Values shown are the means±SEM of 

three independent experiments. 

 

Similar amounts of xylitol and ethanol were produced from 10.3% (w/v) xylose by P. 

tannophilus cultures (Figure 3.13). The maximum xylitol concentration achieved was 2.5% (w/v) 

which corresponded to a yield of 0.25 g xylitol/g xylose consumed [27% of the theoretical yield 

calculated as 0.917 g/g (Barbosa et al. 1988)]. The maximum ethanol concentration of 2.1% 

(w/v), obtained in 96 h, corresponded to a yield of 0.21 g ethanol/g xylose consumed.  
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Figure 3.14 Arabinose utilization in defined medium by P. tannophilus NRRL Y-2460. 

Symbols: (—▬—) arabinose 10.1 % (w/v), and (—○—) ethanol trend. Values shown are the 

means±SEM of three independent experiments. 

 

Similar to C. guilliermondii, arabinose was utilized but not fermented. No ethanol was 

produced from arabinose (Figure 3.14), despite a slow consumption of this sugar (57% was 

consumed after 120 h).  

 

 Fermentation of various hexose and pentose sugars by Scheffersomyces shehatae 

 

Most of the fermentation experiments employing S. shehatae ATCC 34887 were 

conducted until the sugars dropped to a steady concentration or were completely consumed 
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which required 54 – 216 h depending on the sugars and their initial concentrations. The time 

required for S. shehatae to utilize the hexose sugars in the order from the shortest to longest was 

glucose < mannose < galactose. S. shehatae was unable to completely utilize any of the sugars at 

concentrations above 20% (w/v). S. shehatae fermented all hexoses to ethanol. With regard to 

pentose fermentation, xylose was fermented mostly to ethanol and small amounts of xylitol. 

Arabinose was slowly utilized without any ethanol production, similar to C. guilliermondii and P. 

tannophilus cultures described above. 

 

 

Figure 3.15 Glucose fermentation in defined medium by S. shehatae ATCC 34887. Symbols: 

(…▬…) glucose 15.7% (w/v), (…○…) ethanol production from glucose 15.7% (w/v), (- - ▬- -) 

glucose 20.0% (w/v), (- -○- -) ethanol production from glucose 20.0% (w/v), (—▬—) utilization 

of glucose 25.6% (w/v), and (—○—) ethanol production of glucose 25.6% (w/v). Values shown 

are the means±SEM of three independent experiments. 
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S. shehatae completely consumed 15.7% (w/v) glucose within 48 h. However, S. 

shehatae could utilize only 95% and 89% of the glucose when the concentrations were increased 

to 20.0% and 25.6% (w/v), respectively (Figure 3.15). Maximum ethanol concentrations of 4.5%, 

4.9% and 5.7% (w/v) which corresponded to ethanol yields of 0.29, 0.26 and 0.25 g/g were 

obtained from initial glucose concentrations of 15.7%, 20.0% and 25.7% (w/v), respectively.  

 

 

Figure 3.16 Mannose fermentation in defined medium by S. shehatae ATCC 34887. 

Symbols: (…▬…) mannose 15.2% (w/v), (…○…) ethanol production from mannose 15.2% (w/v), 

(—▬—) mannose 21.1% (w/v), and (—○—) ethanol production from mannose 21.1% (w/v). 

Values shown are the means±SEM of three independent experiments. 
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Mannose at an initial concentration of 15.2% (w/v) was completely consumed within 60 

h by S. shehatae, but the consumption was incomplete with about 1.6% (w/v) of the sugar 

remaining after 168 h when initial mannose concentration was raised to 21.1% (w/v) (data not 

shown). S. shehatae was able to produce maximum ethanol concentrations of 4.3% and 4.6% 

(w/v) from 15.2% and 21.1% (w/v) mannose (Figure 3.16) which corresponded to yields of 0.28 

and 0.24 g ethanol/g sugar consumed, respectively.  

 

 

 

Figure 3.17 Galactose fermentation in defined medium by S. shehatae ATCC 34887. 

Symbols: (…▬…) galactose 15.0% (w/v), (…○…) ethanol production from galactose 15.0% (w/v), 

(—▬—) galactose 20.3% (w/v), and (—○—) ethanol production from galactose 20.3% (w/v). 

Values graphs are the means±SEM of three independent experiments. 
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In the fermentation of galactose at initial concentrations of 15.0% and 20.3% (w/v), S. 

shehatae was able to produce maximum concentrations of 3.4% and 3.2% (w/v) ethanol (Figure 

3.17) which corresponded to yields of 0.23 and 0.18 g ethanol/g galactose consumed, 

respectively. At an initial concentration of 15.0% (w/v), galactose was completely utilized within 

96 h, but when the concentration was raised to 20.3% (w/v), the consumption was incomplete 

and about 11% of the initial galactose remained in the medium after 216 h of fermentation (data 

not shown).  

 

 

 

Figure 3.18 Xylose fermentation in defined medium by S. shehatae ATCC 34887. Symbols: 

(—▬—) xylose 10.1% (w/v), (—○—) ethanol production from xylose 10.1% (w/v), and (—∆—) 

xylitol production from xylose 10.1% (w/v). Values shown are the means±SEM of three 

independent experiments. 
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During xylose fermentation, S. shehatae produced a greater amount of ethanol compared 

to xylitol (Figure 3.18). A maximum ethanol concentration of 2.9% (w/v) was achieved in 48 h 

from an initial concentration of 10.1% (w/v) xylose which corresponded to a yield of 0.29 g 

ethanol/g xylose consumed (57% of the theoretical yield). In contrast, the maximum xylitol 

concentration obtained was 0.8% (w/v) corresponding to a yield of 0.08 g xylitol/g xylose 

consumed.  

 

 

 

Figure 3.19 Arabinose utilization in defined medium by S. shehatae ATCC 34887. Symbols: 

(—□—) arabinose 9.4 % (w/v), and (—○—) ethanol trend. Values shown are the means±SEM of 

three independent experiments. 
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Similar to two yeasts described in section 3.1.2 and 3.1.3, arabinose was utilized but not 

fermented. No ethanol was produced during the consumption of arabinose (Figure 3.19), despite 

a slow consumption rate (76% arabinose was remained in culture after 144 h).  

Similar to other yeasts described thus far, S. shehatae ATCC 34887 was also unique as it 

formed a light orange yellow coloured culture regardless of the sugar source. In addition to its 

unique colour, as the fermentation was carried out with glucose and mannose, a distinct smell 

resembling the aroma of sweet ripen fruits emanated from the shaker. This may indicate some 

byproduct(s) were produced along with ethanol during the fermentation. The identity of the 

potential byproduct(s) was not determined, however, this yeast was known to have the ability to 

synthesize volatile compounds including ethyl acetate that resemble the sweet fruit scent that 

attracted insects (Nout et al. 1997). 

 

 Fermentation of various hexose and pentose sugars by Scheffersomyces stipitis  

 

Most of the fermentation experiments using S. stipitis NRRL Y7124 were conducted until 

sugar concentration became steady indicating cessation of sugar consumption. This usually 

required 72 – 216 h depending on the sugars and initial concentrations. The times required for S. 

stipitis to utilize the hexose sugars were in the following order from the shortest to longest: 

mannose < glucose ≤ galactose. Similar to S. shehatae, S. stipitis was unable to completely 

utilize most of the sugars when the initial concentrations were raised above 20% (w/v). S. stipitis 

fermented all the hexoses to ethanol. In terms of pentose fermentation, xylose was fermented 
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mostly to ethanol along with small amounts of xylitol. Arabinose was utilized without producing 

detectable amounts of ethanol. 

 

 
 

Figure 3.20 Glucose fermentation in defined medium by S. stipitis NRRL Y-7124. Symbols: 

(…▬…) glucose 16% (w/v), (…○…) ethanol production from glucose 16% (w/v), (- -▬- -) glucose 

20.8% (w/v), (- -○- -) ethanol production from glucose 20.8% (w/v), (—▬—) glucose 25.7% 

(w/v), and (—○—) ethanol production of glucose 25.7% (w/v). Values shown are the 

means±SEM of three independent experiments. 

 

Glucose at three initial concentrations [16.0%, 20.8%, and 25.7% (w/v)] was subjected to 

fermentation by S. stipitis (Figure 3.20).  Glucose at 16.0% (w/v) was completely utilized in 72 h. 

However, as glucose concentrations were increased to 20.8% and 25.7% (w/v), the consumption 

was incomplete and about 5% and 10% (w/v) of glucose remained after 192 h (data not shown). 
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Maximum ethanol concentrations of 4.6%, 4.3% and 4.3% (w/v) were obtained from initial 

glucose concentrations of 16.0%, 20.8% and 25.7% (w/v); and these corresponded to yields of 

0.29, 0.27 and 0.26 g ethanol/g glucose consumed, respectively. 

 

 

 

Figure 3.21 Mannose fermentation in defined medium by S. stipitis NRRL Y-7124. Symbols: 

(…▬…) mannose 14.9% (w/v), (…○…) ethanol production from mannose 14.9% (w/v), (—▬—) 

mannose 19.8% (w/v), and (—○—) ethanol production from mannose 19.8% (w/v). Values 

shown are the means±SEM of three independent experiments. 

 

Mannose at an initial concentration of 14.9% (w/v) was completely utilized within 72 h 

by S. stipitis. When the initial mannose concentration was raised to 19.8% (w/v), the 

consumption was incomplete with about 5% (w/v) mannose remaining after 168 h fermentation. 

0

5

10

15

20

25

30

0

5

10

15

20

25

30

0 24 48 72 96 120 144

[E
tO

H
] 

(%
 w

/v
)

[M
a
n

n
o
se

] 
(%

 w
/v

)

Time (h)



68 

 

Maximum ethanol concentrations of 4.9% and 4.3% (w/v) were obtained from initial mannose 

concentrations of 14.9% and 19.8% (w/v) (Figure 3.21), corresponding to yields of 0.33 and 0.28 

g ethanol/g sugar consumed, respectively. 

 

Figure 3.22 Galactose fermentation in defined medium by S. stipitis NRRL Y-7124. Symbols: 

(…▬…) galactose 15.1% (w/v), (…○…) ethanol production from galactose 15.1% (w/v), (—▬—) 

galactose 20.2% (w/v), and (—○—) ethanol production from galactose 20.2% (w/v). Values 

shown are the means±SEM of three independent experiments. 

 

At an initial concentration of 15.1% (w/v), galactose was completely consumed within 78 

h. However, when the galactose concentration was raised to 20.2% (w/v), the consumption was 

incomplete and 6.7% (w/v) galactose remained in culture after 168 h fermentation (data not 

shown). Maximum ethanol concentrations of 4.7% and 3.9% (w/v) were obtained from initial 
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galactose concentrations of 15.1% and 20.2% (w/v) (Figure 3.22), corresponding to yields of 

0.31 and 0.29 g ethanol/g galactose consumed, respectively.  

 

 

 

Figure 3.23 Xylose fermentation in defined medium by S. stipitis NRRL Y-7124. Symbols: 

(—▬—) xylose 10% (w/v), (—○—) ethanol production from xylose 10% (w/v), and (—∆—) 

xylitol production from xylose 10 % (w/v). Values shown are the means±SEM of three 

independent experiments. 

 

In addition to ethanol, S. stipitis produced small amounts of xylitol during xylose 
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the theoretical yield). S. stipitis also produced a maximum xylitol concentration of 0.6% (w/v) 

resulting in a yield of 0.06 g xylitol/g xylose consumed.  

 

 

  

Figure 3.24 Arabinose utilization in defined medium by S. stipitis NRRL Y-7124. Symbols: 

(—▬—) arabinose 9.7 % (w/v), and (—○—) ethanol trend. Values shown are the means±SEM 

of three independent experiments. 

 

Similar to the other yeasts tested, although 59% of the arabinose was slowly consumed 

during the 144h of fermentation, there was no detectable ethanol production by S. stipitis (Figure 

3.24).  
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 Fermentation of various hexose sugars by Saccharomyces cerevisiae  

 

Fermentation was performed until the hexose sugars were completely utilized by S. 

cerevisiae T2, which usually required 18 – 96 h depending on the sugar type and initial 

concentrations. The time required for S. cerevisiae to completely utilize the hexose sugars was 

arranged in the following order from shortest to longest: glucose ≤ mannose < galactose. S. 

cerevisiae fermented all hexoses to ethanol, while xylose and arabinose were not fermented as 

expected.  

 

Figure 3.25 Glucose fermentation in defined medium by S. cerevisiae T2. Symbols: (…▬…) 

glucose 14.4% (w/v), (…○…) ethanol production from glucose 14.4% (w/v), (- -▬- -) glucose 

18.3% (w/v), (- -○- -) ethanol production from glucose 18.3% (w/v), (—▬—) glucose 24.9% 

(w/v), and (—○—) ethanol production of glucose 24.9% (w/v). Values shown are the 

means±SEM of three independent experiments. 
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Three initial concentrations of glucose [14.4%, 18.3%, and 24.9% (w/v)] were 

completely utilized by S. cerevisiae T2 within 18, 18 and 24 h, respectively (Figure 3.25). 

Maximum ethanol concentrations of 6.3%, 8.5% and 9.9% (w/v) were obtained from 14.4%, 

18.3% and 24.9% (w/v) of glucose; and these corresponded to yields of 0.44, 0.46 and 0.40 g 

ethanol/g glucose consumed, respectively.  

 

 

 

Figure 3.26 Mannose fermentation in defined medium by S. cerevisiae T2. Symbols: (…▬…) 

mannose 15.4% (w/v), (…○…) ethanol production from mannose 15.4% (w/v), (—▬—) mannose 

20.6% (w/v), and (—○—) ethanol production from mannose 20.6% (w/v). Values shown are the 

means±SEM of three independent experiments. 

 

Mannose at initial concentrations of 15.4 and 20.6% (w/v) was completely utilized by S. 

cerevisiae within 18 and 24 h, respectively. S. cerevisiae produced maximum ethanol 
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concentrations of 5.9% and 7.7% (w/v) from 15.4% and 20.6% (w/v) mannose (Figure 3.26), 

which corresponded to a yield of 0.38 g ethanol/g mannose consumed at both mannose 

concentrations. 

 

 

 

Figure 3.27 Galactose fermentation in defined medium by S. cerevisiae T2. Symbols: (…■…) 

galactose 17.7% (w/v), (…●…) ethanol production from galactose 17.7% (w/v), (—■—) 

galactose 22.6% (w/v), and (—●—) ethanol production from galactose 22.6% (w/v). Values 

shown are the means±SEM of three independent experiments. 

 

S. cerevisiae consumed galactose more slowly than the other two hexose sugars. S. 

cerevisiae required 60 and 108 h to completely utilize galactose at initial concentrations of 17.7% 

and 22.6% (w/v), respectively. S. cerevisiae was able to produce maximum ethanol 

concentrations of 5.3% ± 0.1% and 7.3% ± 0.1% (w/v) from 18% and 23% (w/v) galactose, 
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respectively (Figure 3.27). The resulting yields were 0.30 and 0.32 g ethanol/g galactose 

consumed which was about 65% of the theoretical yield.  

 

 

Figure 3.28 Xylose utilization in defined medium by S. cerevisiae T2. Symbols: (—▬—) 

xylose 9.9% (w/v), ( ○ ) ethanol trend from xylose 9.9% (w/v), and (—∆—) xylitol 

production from xylose 9.9% (w/v). Values shown are the means±SEM of three independent 

experiments. 

 

As expected, there was no production of ethanol or xylitol during the attempted xylose 

fermentation due to the inability of S. cerevisiae to utilize xylose (Figure 3.28).  
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Figure 3.29 Arabinose utilization in defined medium by S. cerevisiae T2. Symbols: (—▬—) 

arabinose 9.7% (w/v), and ( ○ ) ethanol trend from arabinose 9.7% (w/v). Values shown are 

the means±SEM of three independent experiments. 

 

Similar to the xylose fermentation, S. cerevisiae was unable to consume arabinose 

(Figure 3.29), thus further confirming the inability of S. cerevisiae to utilize pentoses. 
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 Discussion of defined medium fermentation results 

 

A robust yeast strain is required to achieve high ethanol yields when fermenting typical 

lignocellulosic hydrolysates which are anticipated to contain both hexoses and pentoses and a 

diverse set of inhibitors including furans, organic acids and phenolic compounds. The desirable 

characteristics of a robust yeast strain would include the ability to produce high yields of ethanol 

from the mixture of monosaccharides found in lignocellulosic hydrolysates with minimal 

nutrient supplementation, tolerance to high sugar and inhibitor concentrations, and highly 

efficient sugar utilization. Searching for this robust yeast remains one of the top priorities for 

improving the economic feasibility of lignocellulosic bioethanol, whether through screening of 

new isolates from natural environments or through metabolic engineering of existing yeasts that 

ferment both hexose and pentose sugars. 

Pentose-fermenting yeasts have been studied extensively since their discovery in the 

early 1980s. Many studies have been carried out on the fermentation performance of native 

pentose-fermenting yeasts such as P. tannophilus, S. shehatae and S. stipitis, both in rich and 

defined media. These earlier experiments were conducted mostly at low glucose concentrations 

ranging from 1% – 6% (w/v) while some studies have been performed with slightly higher 

xylose concentrations [2% - 15% (w/v)] (Table 1.2 and Table 1.3) (Preez and Prior 1985; 

Ligthelm et al. 1988; Sánchez et al. 1999). These studies focused mainly on the ability of the 

strains to ferment xylose to ethanol, but few considered hexose fermentation, especially 

performance on mannose and galactose. Of the few studies that have assessed hexose 

fermentation capabilities (Table 1.2), none of the native pentose-fermenting yeasts tested 

produced over 6% (w/v) ethanol. C. guilliermondii FTI 20037 is well known for its ability to 
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produce xylitol (Silva and Chandel 2012). Many studies have also examined the ability of this 

yeast to produce xylitol from xylose-rich hydrolysates (Arruda et al. 2011; Rodrigues et al. 2003; 

Silva and Roberto 2001; Silva et al. 2007), but only few studies have noted the ability of C. 

guilliermondii FTI 20037 to utilize low concentrations of glucose efficiently [complete 

utilization of glucose 3% (w/v) in defined medium within 10 h] (Gurgel et al. 1998) and produce 

ethanol (Silva et al. 2007).  However, to previous knowledge, there has been no previous reports 

on the ability of C. guilliermondii FTI 20037 to produce ethanol from high concentrations of 

hexoses. The results from the current study demonstrated the ability of C. guilliermondii to 

efficiently ferment several hexose sugars commonly found in a potential lignocellulosic 

hydrolysate, to ethanol. Comparisons were made in the following sections between C. 

guilliermondii and several other native xylose-fermenting yeast strains in terms of sugar 

conversion efficiency, sugar conversion time, peak ethanol concentrations during fermentations 

in chemically defined medium with focus on highest tested concentrations from each sugar. 

Capability of a strain to completely utilize the highest tested hexose concentrations dictates a 

strain’s sugar tolerance which will be entailed in later paragraphs of the following section. The 

peak ethanol concentrations from fermentation of hexose with the highest tested concentrations 

were analyzed by ANCOVA and the p-values can be found in Appendix A (Table A2.1, Table 

A2.2 and Table A2.3).  

Each fermentation experiment in this study was conducted at least three times for each 

yeast strain using each of the 5 biomass sugars. The results described in section 3.1.2 to 3.1.6 

were fairly consistent with most of the values showing only small standard error of the mean 

(SEM). As mentioned in section 3.1.1, defined medium were chosen for these fermentation 

studies to avoid the variation in composition experienced when using undefined chemical 
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compositions provided by components such as yeast-extract or peptone based media. In an 

industrial fermentation setting, costs related to the supplementation of additional nutrients are 

usually minimized, hence defined media is often chosen. This study offers benchmark 

comparisons between the strains in such medium.  

 

3.1.7.1 Comparing the fermentation capability of C. guilliermondii to other pentose-fermenting 

yeasts 

 

Other than the inability of P. tannophilus to ferment galactose, all the tested xylose-

fermenting yeasts were able to ferment hexose sugars to ethanol. Although the ethanol yields 

from glucose and mannose were high when fermented by P. tannophilus NRRL Y-2460, C. 

guilliermondii FTI 20037 were the most effective hexose-fermenting strain compared to the 

other xylose-fermenting yeasts in terms of sugar fermentation duration, ethanol production 

efficiency and the ability to utilize a broad range of carbon sources. 

Glucose is the major carbohydrate found in lignocellulosic hydrolysates (Table 1.1). 

Hence, it is critical for the yeast to efficiently utilize glucose. C. guilliermondii and P. 

tannophilus were the best at producing ethanol from glucose at 25.9% – 26.6% (w/v) amongst 

the xylose-fermenting yeasts tested (Table 3.2). The maximum ethanol concentrations produced 

by S. shehatae and S. stipitis [5.7% ± 0.6% and 4.3% ± 0.2% (w/v), respectively] were about half 

of the values produced by C. guilliermondii and P. tannophilus [9.3% ± 0.3% and 8.9% ± 0.3% 

(w/v), respectively]. The ethanol yields from 25.9% - 26.6% (w/v) glucose were about 71% and 

68% of theoretical yields by C. guilliermondii and P. tannophilus, respectively. These two 

ethanol yields (0.36 to 0.35 g/g) were about 1.4-fold higher than ethanol yields (0.25 and 0.26 
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g/g, respectively) by S. shehatae and S. stipitis from glucose at concentrations of 25.6% - 25.7% 

(w/v). In addition, the poor fermentation capabilities of S. shehatae and S. stipitis were also 

demonstrated by their inability to completely consume glucose at concentrations above 20% 

(w/v).  

 

Table 3.2 Fermentation performance in high concentrations of glucose by yeasts in defined 

medium 

 

Yeast 
[Glucose]i  

(% w/v) 

[Glucose]rs   

(% w/v) 
[EtOH]max  

(% w/v) 

YE (g/g)  

(% of Yt) 
t (h) 

C. guilliermondii 

 

15.3 ± 0.2 0.0 5.3 ± 0.1  0.35 (68%) 21 ± 0 

 

20.1 ± 0.4 0.0 7.3 ± 0.3  0.36 (71%) 27 ± 1 

 

25.9 ± 0.9 0.0 9.3 ± 0.3  0.36 (71%) 36 ± 0 

P. tannophilus 

 

15.9 ± 0.4 0.0 5.9 ± 0.2  0.37 (72%) 36 ± 3 

 

20.5 ± 0.8 0.0 7.8 ± 0.1  0.38 (74%) 66  ± 2 

 

26.6 ± 0.7 0.3 8.9 ± 0.3 0.35 (68%) 120  ± 0 

S. shehatae 

 

15.7 ± 0.9 0.0 4.5 ± 0.3  0.29 (56%) 48  ± 9 

 

20.0 ± 0.2 1.2 4.9 ± 0.0  0.26 (51%) INC 

 

25.6 ± 0.9 2.8 5.7 ± 0.6  0.25 (49%) INC 

S. stipitis 

 

16.0 ± 0.7 0.2 4.6 ± 0.0  0.29 (57%) 72  ± 13 

 

20.8 ± 0.5 4.9 4.3 ± 0.1  0.27 (53%) INC 

 

25.7 ± 1.5 9.5 4.3 ± 0.2  0.26 (52%) INC 

S. cerevisiae 

 

14.4 ± 0.5 0.0 6.3 ± 0.0  0.44 (86%) 18  ± 3 

 

18.3 ± 0.1 0.0 8.5 ± 0.1  0.46 (91%) 18  ± 3 

  24.9 ± 0.1 0.0 9.9 ± 0.4 0.40 (78%) 24  ± 4 

Note:  

[ ]i - initial sugar concentration, [ ]rs - remaining sugar concentration, [EtOH]max - peak 

ethanol concentration, YE - ethanol yield, Yt - theoretical yield of ethanol is 0.51g/g, t - time 

required for complete sugar utilization, INC - incomplete sugar utilization. 
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To our knowledge, it is rare for studies to examine hexose fermentation by pentose-

fermenting yeasts at initial glucose concentrations as high as those reported here (Table 1.2). 

Thus, it is difficult to compare previous studies with our current work. However, only two 

studies were conducted in defined medium with 12% and 10% (w/v) glucose with P. tannophilus 

NRRL Y-2460 (Jeffries et al. 1985) and S. passalidarum NN245 (Long et al. 2012), respectively. 

P. tannophilus was able to produce up to 5.5% (w/v) ethanol (yield of 0.45 g/g), whereas S. 

passalidarum only produced a peak ethanol concentration of 3.1% (w/v) (yield of 0.31 g/g). An 

ethanol concentration of 9.3% ± 0.3% (w/v) produced by C. guilliermondii from 25.9% (w/v) 

glucose is higher than any previously reported values (Table 1.2) (Jeffries et al. 1985; Long et al. 

2012). This study showed C. guilliermondii was the best at glucose fermentation amongst the 

pentose-fermenting yeasts tested, not only based on its amount of ethanol produced (p-values 

indicated significant difference from the amounts produced by S. shehatae and S. stipitis, Table 

A2.1), but also for its efficiency at this production. Although statistically, there was no 

significant difference between C. guilliermondii and P. tannophilus in the peak ethanol 

concentrations produced, the time required for such high ethanol production by C. guilliermondii 

was 36 h, which was about 84 h shorter than the time requirement for P. tannophilus. 

 Mannose is another hexose sugar commonly found in lignocellulosic hydrolysates, 

especially those derived from softwoods. Compared to glucose, mannose constitutes a smaller 

portion of lignocellulosic biomass, comprising 15% of the total carbohydrate component of 

softwood and up to 5% in hardwood and agricultural biomass (Table 1.1). Fermentation of 

mannose generally takes slightly longer than glucose, likely due to the isomerization and 

phosphorylation of mannose required for mannose to join the EMP as indicated in section 1.3.1.1. 

The longer fermentation could also be due to mannose sharing sugar transporters with glucose as 
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observed previously with S. cerevisiae, where the transporters have a lower affinity towards 

mannose (Reijenga et al. 2001). Similar to the patterns seen during glucose fermentation, C. 

guilliermondii and P. tannophilus were the best mannose fermenters amongst the pentose-

fermenting yeasts (Table 3.3). The maximal ethanol concentrations produced by C. 

guilliermondii and P. tannophilus were 6.7% ± 0.0% and 7.8% ± 0.2% (w/v), respectively from 

20% (w/v) mannose. The peak ethanol produced from mannose by P. tannophilus was about 1.8-

fold higher than that produced by S. shehatae and S. stipitis. In the few defined media 

fermentation studies conducted by others with mannose, different strains of S. shehatae CBS 

2779 and S. stipitis CSIR Y633 also showed poor fermentation ability with a much lower initial 

mannose concentration (2% w/v). The peak ethanol produced were about 0.6% and 0.7% (w/v) 

with corresponding ethanol yields of 0.32 and 0.36 g/g for S. shehatae and S. stipitis, 

respectively (Preez et al. 1986). The yeasts S. shehatae and S. stipitis were relatively poor at 

fermenting mannose in this study as they lacked the ability to completely utilize mannose at 

initial concentrations greater than 20% (w/v), as well as exhibiting lower ethanol production 

when compared to other yeast. The ethanol yields by these two yeasts were about 1.3- and 1.5-

fold lower than those of C. guilliermondii and P. tannophilus, respectively. The ethanol yields 

from mannose by P. tannophilus was about 75% of the theoretical. Despite a slightly lower 

amount of ethanol produced by C. guilliermondii in mannose (20.3% w/v) fermentation, this 

yeast was able to produce the peak ethanol in 36 h (Figure 3.5) which was twice as fast as P. 

tannophilus when fermenting a similar concentration of mannose. There was no significant 

difference between these two yeasts in the peak ethanol concentrations produced (p-value = 

0.613, 95% confidence intervals, Table A2.2). This is the first report of a non-modified pentose-
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fermenting yeast to produce such a high amount of ethanol from these two hexoses (glucose and 

mannose) in defined medium. 

 

 

Table 3.3 Fermentation performance in high concentrations of mannose by yeasts in 

defined medium.  

 

Yeast 
[Mannose]i  

(% w/v) 

[Mannose]rs  

(% w/v) 
[EtOH]max  

(% w/v) 

YE (g/g)  

(% of Yt) 
t (h) 

C. guilliermondii 

 

15.6 ± 0.1 0.1 5.3 ± 0.1  0.35 (69%) 24  ± 0 

 

20.3 ± 0.1 0.2 6.7 ± 0.0  0.33 (65%) 78  ± 0 

P. tannophilus 

 

15.0 ± 0.1 0.0 5.8 ± 0.2 0.39 (76%) 48  ± 3 

 

20.5 ± 0.2 0.0 7.8 ± 0.2 0.38 (75%) 78  ± 5 

S. shehatae 

 

15.2 ± 0.2 0.0 4.3 ± 0.1 0.28 (55%) 60  ± 7 

 

21.1 ± 0.9 1.6 4.6 ± 0.1 0.24 (46%) INC 

S. stipitis 

 

14.9 ± 0.3 0.0 4.9 ± 0.1 0.33 (65%) 72  ± 3 

 

19.8 ± 0.8 4.6 4.3 ± 0.1 0.28 (55%) INC 

S. cerevisiae 

 

15.4 ± 0.2 0.0 5.9 ± 0.0 0.38 (75%) 18  ± 3 

  20.6 ± 0.0 0.0 7.7 ± 0.0 0.38 (75%) 24  ± 6 

Note:  

[ ]i - initial sugar concentration, [ ]rs - remaining sugar concentration, [EtOH]max - peak 

ethanol concentration, YE - ethanol yield, Yt - theoretical yield of ethanol is 0.51g/g, t - time 

required for complete sugar utilization, INC - incomplete sugar utilization. 

 

Galactose is another hexose sugar in lignocellulosic hydrolysates, in particular those 

derived from softwood biomass. Compared to glucose and mannose, galactose constitutes a 

smaller proportion of the overall sugar composition ranging from 0% - 4% in agricultural and 

softwood biomass and less than 2% of the total carbohydrate found in hardwood (Hayes 2013; 

van Maris et al. 2006; Wyman 1996). It was apparent that the utilization of galactose was 
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considerably less efficient, as lower peak ethanol concentrations were produced by the xylose-

fermenting yeasts from galactose. Large amounts of residual galactose also remained in 

fermentation culture of all xylose-fermenting yeasts at the end of fermentation period (Figure 3.6, 

Figure 3.12, Figure 3.17 and Figure 3.22), especially in the case of P. tannophilus. In S. 

cerevisiae, galactose must be phosphorylated and converted into glucose-1-phosphate in the 

Leloir pathway prior to joining glycolysis as glucose-6-phosphate (Madhavan et al. 2012). The 

step involving the transfer of phosphate groups between phosphorylated galactose and 

phosphorylated glucose monomers in the Leloir pathway performed by the enzyme 

phosphoglucomutase is a rate limiting step for galactose utilization before entering the EMP 

pathway (Bro et al. 2005). Bro et al. (2005) observed a 70% increase in galactose uptake 

compared to the reference strain when the gene encoding phosphoglucomutase was 

overexpressed in the mutant strain. A similar scenario for galactose utilization might be operative 

in the xylose-fermenting yeasts which was indicated by the large amount of residual galactose 

detected. After 144 h fermentation in 20% (w/v) galactose, the residual galactose [3.1 % (w/v)] 

found in the fermentation culture with C. guilliermondii was 2- and 3-fold less than that found in 

the fermentation cultures with S. stipitis and P. tannophilus, respectively.  

Amongst all of the xylose-fermenting yeasts tested, C. guilliermondii was the best at 

galactose fermentation. A peak ethanol concentration of 4.4% ± 0.1% (w/v) was produced by C. 

guilliermondii from 19.6% (w/v) galactose. The corresponding ethanol yield was 0.27 g/g which 

was 53% of the ethanol theoretical yield from galactose (Table 3.4). Despite the poor galactose 

utilization at high concentrations (20% w/v), C. guilliermondii and S. stipitis were able to 

completely utilize the galactose at 15% (w/v). The two yeasts produced 4.7% ± 0.1% (w/v) 

ethanol, corresponding to an ethanol yield of 0.32 g/g in both cases. These values were the 
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highest compared to the other xylose-fermenting yeasts tested. As mentioned previously, 

galactose is one of the minor hexoses found in lignocellulosic biomass, and in rare cases 

galactose concentrations could exceed 15% (w/v) in hydrolysates without concentrating process 

(Table 1.1, Gírio et al. 2010), hence C. guilliermondii should be sufficient at fermenting the 

galactose present in lignocellulosic hydrolysates. However, it has been shown that the adaptation 

through cell recycling can further improve galactose fermentation performance for various yeasts 

including P. tannophilus and S. cerevisiae (Kavanagh and Whittaker 1994; Maleszka et al. 1982; 

Schneider et al. 1983). This technique could be used for further improvements to galactose 

fermentation performance by C. guilliermondii.  
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Table 3.4 Fermentation performance in high concentrations of galactose by yeasts in 

defined medium. 

 

Yeast 
[Galactose]i 

(% w/v) 

[Galactose]rs
a 

 (% w/v) 
[EtOH]max 

(% w/v) 

YE (g/g)  

(% of Yt) 
t (h) 

C. guilliermondii 

 

14.4 ± 0.1 0.0 4.7 ± 0.1 0.32 (63%) 78  ± 3 

 

19.6 ± 0.1 3.1 4.4 ± 0.1 0.27 (53%) INC 

P. tannophilus 

 

15.7 ± 0.3 6.4 0.2 ± 0.0 0.01 (2%) INC 

 

20.8 ± 0.8 9.3 0.1 ± 0.0 0.01 (2%) INC 

S. shehatae 

 

15.0 ± 0.1 0.0 3.4 ± 0.3 0.23 (45%) 96  ± 14 

 

20.3 ± 1.6 2.3 3.2 ± 0.2 0.18 (35%) INC 

S. stipitis 

 

15.1 ± 0.3 0.0 4.7 ± 0.1 0.31 (61%) 78  ± 0 

 

20.2 ± 0.6 6.7 3.9 ± 0.2 0.29 (57%) INC 

S. cerevisiae 

 

17.7 ± 1.6 0.0 5.3 ± 0.1 0.30 (59%) 60  ± 5 

  22.6 ± 1.6 0.0 7.3 ± 0.1 0.32 (63%) 108  ± 6 

Note:  

[ ]i - initial sugar concentration, [ ]rs - remaining sugar concentration, [EtOH]max - peak 

ethanol concentration, YE - ethanol yield, Yt - theoretical yield of ethanol is 0.51g/g, t - time 

required for complete sugar utilization, INC - incomplete sugar utilization. 
a - residual galactose concentration obtained at 144 h of fermentation. 

In terms of the ethanol production, the two commonly studied yeasts S. shehatae and S. 

stipitis, were relatively inefficient in hexose fermentation under the conditions used in this study. 

In comparison, with the exception of poor galactose fermentation, P. tannophilus was similar to 

C. guilliermondii in terms of peak ethanol concentrations produced from glucose and mannose 

and better than C. guilliermondii in mannose fermentation. However, the times required by P. 

tannophilus to ferment the hexoses were much longer than those of C. guilliermondii. Thus, it 

was apparent that C. guilliermondii exhibited the ability to efficiently produce ethanol relatively 

quickly from hexoses typically found in lignocellulosic hydrolysates.  
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 As the concentration of hexoses was increased, the difference in peak ethanol 

concentrations between S. shehatae and S. stipitis compared to C. guilliermondii and P. 

tannophilus became more apparent (Table A2.1, Table A2.2, and Table A2.3). At a mannose 

concentration of 15% (w/v), C. guilliermondii had a fermentation yield of 0.35 g/g, which was 

comparable to S. stipitis (0.33 g/g) and slightly higher than S. shehatae (0.28 g/g). However, a 

higher osmotic pressure, one of the factors affect fermentation adversely, is expected when 

increasing the mannose concentration to 20% (w/v). When S. shehatae and S. stipitis were 

subjected to fermentation in this concentration, the ethanol yields of decreased to 0.24 and 0.28 

g/g, respectively. Increasing the concentration of sugars during fermentation raises the osmotic 

pressure exerted on cells, thereby compromising yeast metabolism which results in decreased 

viability and reduced ethanol yields (Pratt et al. 2003; Slininger et al. 1987; Walker 1998). 

Similar phenomena have been observed during glucose fermentations by S. shehatae and S. 

stipitis, with ethanol yields decreasing slightly as the sugar concentrations increased. However, 

this was not observed during hexose fermentations by C. guilliermondii nor P. tannophilus. In 

addition to affecting ethanol production, raising sugar concentrations also influences the ability 

of the strains to completely consume the sugars. This was particularly apparent for S. stipitis 

(Figure 3.20, Figure 3.21, and Figure 3.22), where a greater amount of sugar remained in the 

fermentation medium with increasing initial hexose concentrations. In contrast, C. guilliermondii 

was capable of withstanding the high osmotic pressure and other inhibiting factors imparted by 

increasing hexose concentrations, as complete consumption of all of the glucose and mannose 

with ethanol yields (0.35 to 0.36 g/g) were unaffected when sugar concentration were raised 

from 15% to 25% (w/v).  
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 One of the common phenomena observed with both S. shehatae and S. stipitis was the 

cessation of ethanol production and sugar utilization once ethanol concentrations reached 

approximately 4.3% - 4.9% (w/v) during all hexose fermentation, except that of glucose (25% 

w/v) fermentation with S. shehatae. This ethanol range may be detrimental to cell viability, 

growth, and fermentation as it has been shown to be near the upper limit of peak ethanol 

concentrations that can be produced by these two yeasts (Delgenes et al. 1988a; Preez et al. 1989) 

(Table 1.6). The peak ethanol concentrations did not increase as the sugar concentrations 

increased, hence there were other factors limiting ethanol production and sugar utilization. These 

issues may include the synergistic effects of elevated osmotic shock with an elevation in sugar 

and ethanol concentrations. Ethanol is also known to affect the cell membrane and disrupt 

proton-motive force. A functional cell membrane and proton-motive force are critical for cell 

functions such as respiration and cofactor regeneration through the electron transport chain 

(Agbogbo and Coward-Kelly 2008; Hahn-Hägerdal et al. 1994; Madhavan et al. 2012). Cell 

viability has been shown to have a positive correlation with a yeast’s osmotic tolerance (Casey 

and Ingledew 1985), which can be further assessed in future studies to confirm C. 

guilliermondii’s tolerance to both ethanol and elevated sugar concentrations in comparison with 

other yeasts.  

Although the tolerance of C. guilliermondii towards elevated levels of sugar and ethanol 

is likely to be higher than other xylose-fermenting yeasts, other factors should be considered for 

improving ethanol yield during the fermentation of sugars in lignocellulosic hydrolysates. 

Depending on the goal(s) of fermentation, a mixture of products formed from both hexose and 

pentose sugars can be considered as a critical issue compromising product yields. For example in 

the work reported here, the goal of the fermentation was to produce ethanol exclusively, thus the 
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possible production of by-products such as xylitol, reduces ethanol overall production if C. 

guilliermondii was used as a fermenting strain. In addition to the possibility of producing by-

products during hydrolysate fermentation, there is also the potential for product yield loss as a 

result of substantial foam formation during the fermentation of high concentrations of glucose 

and mannose, which was observed during C. guilliermondii fermentation as described in section 

3.1.2. Foams are usually formed by the gathering of bubbles that become stabilized in the 

presence of amphiphilic substances found in the surface air/liquid interface of the fermentation 

mixture (Delvigne et al. 2010; Etoc et al. 2006). Several problems have been associated with 

foam formation including compromising gas exchange due to the presence of extra layers of 

bubbles, cell damage as a result of mechanical shear generated by bubbles breaking. A loss of 

contact with the fermentation mixture due to cells deposited on the flask wall may also likely 

compromise overall productivity (Holmes et al. 2006; Routledge et al. 2011). Although it was 

not known if the foam formation resulted in a reduction in ethanol productivity, further studies 

could be conducted by adding antifoaming reagents that reduce the surface tension of the bubbles 

and assist the bubble film disruption (Routledge 2012). Previous work has shown that the 

addition of antifoam at a carefully selected concentration (0.6% w/v) not only decreased foam 

without affecting cell viability and amount of dissolved oxygen, but also benefitted protein 

production by Pichia pastoris (Routledge et al. 2011; Routledge 2012). It would be beneficial to 

assess the effect of adding antifoaming agents during fermentation by C. guilliermondii. 

However, sugars found in hydrolysates derived from lignocellulose usually do not reach the 

concentrations tested in this study (Table 1.1). Thus, foam formation may not be an issue at this 

time for lignocellulosic biomass conversion.  
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Fermentation of pentose sugars was tested with these yeasts along with hexose 

fermentation. As expected, all pentose-fermenting yeasts were able to utilize xylose and ferment 

it to either ethanol and/or xylitol (Table 3.5). The xylose-fermenting yeasts can be grouped into 

three categories based on the products they produce from xylose. S. shehatae and S. stipitis 

predominantly produced ethanol. C. guilliermondii produced xylitol predominantly whereas P. 

tannophilus generated ethanol and xylitol in similar proportions. In terms of the time required for 

utilizing 10% (w/v) xylose, S. shehatae and S. stipitis were the most efficient, as these two yeasts 

completely utilized xylose within 48 h. The peak ethanol concentrations were 2.9% ± 0.2% and 

3.3% ± 0.1% by S. shehatae and S. stipitis, respectively. The corresponding ethanol yields were 

57% and 65% of the theoretical yield. Therefore, these two strains can be regarded as valuable 

strains when fermenting a xylose-rich stream (derived from hardwood and agricultural biomass) 

if product of interest is ethanol.  
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Table 3.5 Fermentation performance in xylose by yeasts in defined medium. 

 

Yeast 
[Xylose]i  

(% w/v) 
[Xylose]rs  

(% w/v) 

[EtOH]max  

(% w/v) 

YE 

(g/g) 

(% of 

Yt) 

[Xylitol]max 

 (% w/v) 

Yt 

(g/g) 

(% of 

Yt) 

t (h) 

C. guilliermondii 

 

10.5 ± 0.0 0.0 0 ± 0.0 
0.0 

(0%) 
6.4 ± 0.1 

0.62 

(68%) 
96  ± 0 

P. tannophilus 

 

10.3 ± 0.2 0.1 2.1 ± 0.2 
0.21 

(41%) 
2.5 ± 0.2 

0.25 

(27%) 
96  ± 18 

S. shehatae 

 

10.1 ± 0.5 0.0 2.9 ± 0.2 
0.29 

(57%) 
0.8 ± 0.2 

0.08 

(9%) 
48  ± 14 

S. stipitis 

 

10.0 ± 0.2 0.0 3.3 ± 0.1 
0.33 

(65%) 
0.6 ± 0.2 

0.06 

(7%) 
48  ± 0 

S. cerevisiae 

  
9.7 + ± 0.1 8.8 0 ± 0.0 

0.0 

(0%) 
0 ± 0.0 

0.0 

(0%) INC 

Note:  

[ ]i - initial sugar concentration, [ ]rs - remaining sugar concentration, [EtOH]max - peak 

ethanol concentration, [Xylitol]max – peak xylitol concentration, YE - ethanol yield, Yx - 

xylitol yield, Yt - theoretical yield of ethanol is 0.51g/g & theoretical yield of xylitol is 

0.92g/g, t - time required for complete sugar utilization, INC - incomplete sugar utilization 

 

As anticipated, arabinose was assimilated but not fermented to ethanol by any of the 

xylose-fermenting yeasts tested. This characteristic has been described previously by others 

(Delgenes et al. 1988b; Jeffries and Sreenath 1988; Preez et al. 1986; Schneider et al. 1983). 

Arabinose utilization was more efficient with S. stipitis and P. tannophilus, as just over 60% of 

the initial sugar concentration of 9.7% and 10.1% (w/v) was utilized over 144 h, respectively. C. 

guilliermondii was the least efficient at utilizing arabinose amongst all of the xylose-fermenting 

yeasts tested, utilizing. Only 20% of the total arabinose sugar being used over the course of 114 
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h. Arabinose utilization may be of value, as hydrolysates usually contain a low amount of 

arabinose, therefore inefficient arabinose utilization is not a concern. 

 

Table 3.6 Arabinose utilization by yeasts in defined medium. 

 

Yeast [Arabinose]i (% w/v) Remaining percent (%) 

C. guilliermondii 9.8 ± 0.0 80% 

P. tannophilus 10.1 ± 0.2 39% 

S. shehatae 9.4 ± 0.7 76% 

S. stipitis 9.7± 0.3 41% 

S. cerevisiae 9.7 ± 0.1  93% 

Note:  
a All values were measured at 144 h of fermentation except for C. guilliermondii, whose 

measurement was done at 114 h.  

 

The results from pentose fermentation confirmed the ability of C. guilliermondii FTI 

20037 to ferment pentoses as expected, but this is the first report of a non-modified pentose-

fermenting yeast producing such a high level of ethanol in defined medium from glucose and 

mannose, the two main hexose sugar constituents in softwood derived lignocellulosic 

hydrolysates. Compared to the other yeast strains tested in this study and those reported 

previously (Long et al. 2012; Slininger et al. 1985), the ability of C. guilliermondii FTI 20037 to 

ferment hexoses is remarkable (Table 1.2). Other desired traits exhibited by C. guilliermondii 

included a short time required for hexose fermentation, high ethanol production and yield with 

minimal nutritional supplementation, and the ability to utilize diverse carbon sources and tolerate 

elevated sugar and ethanol concentrations. 

  



92 

 

3.1.7.2 Comparing the fermentation capabilities of C. guilliermondii to S. cerevisiae 

 

Although C. guilliermondii was demonstrated to be an efficient hexose fermenter, S. 

cerevisiae T2 remained as a better strain for fermenting hexose sugars, resulting in the highest 

ethanol yields from both glucose and mannose at all concentrations tested. S. cerevisiae 

produced ethanol yields up to 90% of theoretical from glucose (Table 3.2), 75% from mannose 

(Table 3.3) and 63% from galactose (Table 3.4). However, amongst the native xylose fermenters, 

C. guilliermondii and P. tannophilus could produce ethanol from glucose 25% (w/v) and 

mannose 20% (w/v) at concentrations and yields that are similar to that S. cerevisiae, 

respectively. C. guilliermondii can produce up to 9.3% ± 0.3% (w/v) ethanol from glucose at a 

concentration of 25.9% (w/v). This peak ethanol concentration was similar to S. cerevisiae that 

can produce up to 9.9% ± 0.4% (w/v) ethanol from 24.9% (w/v) (Table 3.2). There was no 

significant difference (p–value = 1.000, 95% confidence intervals) between these two peak 

ethanol concentrations produced by C. guilliermondii and S. cerevisiae (Table A2.1). The 

corresponding ethanol yield (0.36 g/g) by C. guilliermondii was just slightly lower than the 

ethanol yield (0.40 g/g) produced by S. cerevisiae from 24.9% (w/v) glucose. Both yeasts were 

able to completely consume all the glucose at this high concentration, with C. guilliermondii 

only requiring an additional 12 h for consuming the glucose (Table 3.2). During fermentation of 

20.5% (w/v) mannose (Table 3.3), the same ethanol yield (0.38 g/g) was achieved by both P. 

tannophilus and S. cerevisiae, with a corresponding peak ethanol production at 7.8% ± 0.2% and 

7.7% ± 0.0% (w/v), respectively. There was no significant difference (p–value = 1.000, 95% 

confidence intervals) between these two peak ethanol concentrations produced by C. 

guilliermondii and S. cerevisiae (Table A2.2). However, the disadvantage with P. tannophilus 
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was its slower rate of sugar utilization and ethanol conversion as P. tannophilus required an 

additional 54 h to achieve the peak ethanol concentration. C. guilliermondii, on the other hand, 

was able to achieve a slightly lower peak ethanol concentration of 6.7% ± 0.0% (w/v) (ethanol 

yield 0.33 g/g) within 36 h during the fermentation of 20.3% (w/v) mannose (Figure 3.5). When 

fermenting galactose, S. cerevisiae was the only tested yeast that was able to completely utilize 

galactose at an initial concentration at 22.6% (w/v) (yield 0.32 g/g), resulting in a peak ethanol 

concentration of 7.3% ± 0.1% (w/v) within 108 h (Table 3.4). As described earlier in section 

3.1.7.1, C. guilliermondii was one of the two xylose-fermenting yeasts that were able to utilize 

over 80% of the galactose to achieve an ethanol yield of 0.27 g/g with a peak ethanol 

concentration of 4.4% ± 0.1% (w/v). It is interesting to note that despite the slower consumption 

of galactose by C. guilliermondii, the fermentation commenced almost immediately as the 

culture was exposed to galactose. In contrast, the utilization of 15% (w/v) galactose by S. 

cerevisiae did not commence until after 24 h and the utilization did not start until 60 h when the 

initial galactose concentration was raised to 23% (w/v). The reason for this delay is unclear, 

however it is potentially due to galactose utilization being known to be repressed by glucose 

(Gancedo and Gancedo 1986). S. cerevisiae was primed with glucose in the pre-culture media 

but this was not the case for C. guilliermondii. Therefore, it is likely that S. cerevisiae T2 was 

limited by the time required for the synthesis of the galactose-metabolizing enzymes after 

switching the carbon source from glucose to galactose may be one of the reasons of delay, as 

glucose is known to repress galactose utilization similar to what has been observed previously 

with P. tannophilus (Slininger and Bothast 1988).  

S. cerevisiae T2 is an industrial strain that has been adapted to ferment spent sulphite 

liquors. Therefore, it may possess the ability to tolerate the inhibitors found in lignocellulosic 
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hydrolysates. Together with its efficient hexose fermentation ability, it is the preferred yeast for 

ethanol production, especially from hydrolysates containing high levels of hexoses such as those 

derived from softwoods. One of the major shortcomings of S. cerevisiae is its inability to ferment 

xylose, which is a major sugar found in hydrolysates derived from hardwoods and agricultural 

biomass (Jeffries and Shi 1999; Jeffries and Jin 2004; van Maris et al. 2006). Inhibitors can be 

present either as part of the original lignocellulosic biomass or produced by the pretreatment 

process that would be used in biochemical conversion. The formation of inhibitors during 

pretreatment can be due to the liberation of natural chemicals present in the biomass such as 

acetic acid and wood extractives, and those process-derived inhibitors that are generated through 

the application of high temperature and chemicals to the biomass during a pretreatment process 

that can result in the breakdown of components such as lignin and carbohydrates to inhibitory 

chemical species such as phenols, furans and organic acids (Palmqvist and Hahn-Hägerdal 2000a; 

Palmqvist and Hahn-Hägerdal 2000b; Richardson et al. 2011). Therefore, the next section will 

discuss the differences in inhibitor tolerance between S. cerevisiae and the pentose-fermenting 

yeasts on a lignocellulosic hydrolysate focusing in particular on the hydrolysate fermentation 

performance of C. guilliermondii.  
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3.2 Assessment of inhibitor tolerance of C. guilliermondii on gradient plates  

 

In addition to being proficient at fermentation in defined medium, a robust yeast must be 

able to contend with the complex mixture of inhibitors present in lignocellulosic hydrolysates. 

Therefore, the yeast strains were assessed for their tolerance to the complex mixture of toxic 

compounds present in a steam pretreated softwood hydrolysate, a medium known to contain an 

abundance of inhibitors of yeast growth, viability and fermentation (Galbe and Zacchi 2002). 

Over the past decade the mountain pine beetle epidemic has ravaged the west coast of British 

Columbia. It has been estimated that 723 million m3 of pine forest were infested as of 2012 

(NRC 2014). The beetle infected timber are usually weaker structurally and not suitable for long-

term structural materials but can serve as a feedstock for conversion into bioethanol (Ewanick 

2006). The lodgepole pine softwood hydrolysates, generously provided by Dr. Saddler, are rich 

in hexose sugars without cellulase treatment and rich in inhibitors. For this reason, they make a 

suitable medium for assessing the hexose fermentation capability and inhibitor(s) tolerance of C. 

guilliermondii (Table 1.1), especially with the excellent fermenting abilities in defined medium 

observed by C. guilliermondii FTI 20037 (section 3.1.7).  

Using gradient plates containing lignocellulosic hydrolysates is a convenient method to 

assess the inhibitor tolerance of yeast strains. In this study, the tolerance of C. guilliermondii FTI 

20037 was tested with a hexose-rich hydrolysate derived from softwood, and compared to the 

other four yeast strains. This method is a qualitative measure, as the tolerance of a given strain is 

marked by the areas covered by yeast colonies. A strain with higher tolerance was identified by a 

longer strip of cell colonies that cover regions with not only low but also high concentration of 

hydrolysates on the gradient plates.  
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Figure 3.30 Growth of pentose-fermenting yeasts on a gradient plate prepared with a 

lodgepole pine (softwood) hydrolysate (pH 4.5 ± 0.2) provided by Dr. Saddler from 

University of British Columbia. The plate was incubated at 28 °C for 10 days. Symbols: S. 

cerevisiae T2 (Sc), P. tannophilus NRRL Y-2460 (Pt), S. stipitis NRRL Y-7124 (Ss), C. 

guilliermondii FTI 20037 (Cg), and S. shehatae ATCC 34887 (Ssh).  
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Figure 3.31. Growth of pentose-fermenting yeasts on a gradient plate prepared with a 

lodgepole pine (softwood) hydrolysate (pH 5.5 ± 0.2) provided by Dr. Saddler from 

University of British Columbia.   The plate was incubated at 28 °C for 10 days. Symbols: C. 

guilliermondii FTI 20037 (Cg), S. cerevisiae T2 (Sc), P. tannophilus NRRL Y-2460 (Pt), S. 

stipitis NRRL Y-7124 (Ss), and S. shehatae ATCC 34887 (Ssh).  

 

Although the fermentation studies shown in section 3.3 were conducted at a pH of 5.5, 

the hydrolysate for gradient plates was prepared at pH 4.5 and pH 5.5. As hypothesized, growth 

of yeasts was inhibited to a greater extent on gradient plate prepared at pH 4.5 (Figure 3.30) than 

that at pH 5.5 (Figure 3.31). Very few colonies of the less tolerant strains (S. shehatae and S. 

stipitis) were observed on the hydrolysate gradient plates prepared at pH 4.5, and colonies of 
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most strains only grew up to about ¼ of the plates. However, more C. guilliermondii colonies 

were observed on the hydrolysate plate at pH 4.5 than any other strain. The area covered by the 

FTI 20037 colonies on the hydrolysate gradient plate at pH 5.5 was about double those of each of 

the other pentose-fermenting yeasts. Adjustment of pH in hydrolysates to pH 5.0 – 6.0 is 

commonly done to reduce the toxicity imparted by aliphatic organic acids. It is known that the 

negative impact of organic acids, such as acetic acid, on cell growth usually compromises 

ethanol production (Agbogbo et al. 2007). Acetic acid concentrations as low as 0.3% (w/v) 

negatively impacted cell numbers and xylose consumption [only 83% of 6% (w/v) utilized at the 

end of 74 h fermentation] by C. guilliermondii FTI 20037 (Felipe et al. 1995). The acetic acid 

concentration in the lodgepole pine hydrolysate used in this study was 0.9 % (w/v) and was thus 

anticipated to cause adverse effect on the fermentation. It was unknown whether the adverse 

effects of organic acids observed during xylitol production and xylose consumption would be 

observed with hexose consumption and ethanol production during the fermentation of the 

softwood hydrolysate. After raising the pH to 5.5, the cells thrived as most of the organic acids 

are in their charged form at this pH as it has been shown that the protonated form of organic 

acids such as acetic, formic and levulinic acid, the main acids found in lignocellulosic 

hydrolysates are more detrimental toward fermentation (Roberto et al. 1991; Rodrigues et al. 

2003). The chemical structures of these organic acids can be found in Table 3.7. At a lower pH 

of 4.5, C. guilliermondii exhibited better growth compared to other yeasts including S. cerevisiae 

on the gradient plates. Thus, this result suggested that C. guilliermondii had a higher tolerance 

than other tested strain towards inhibitors found in this steam-pretreated softwood hydrolysate 

even with presence of higher level of acids at pH 4.5. The detailed composition of the organic 

acids found in the hydrolysates is not known (Jonsson et al. 2013).   
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Table 3.7 Common inhibitors found in lignocellulosic hydrolysates. 

 

Class of inhibitors Name of chemical Chemical structures 

Organic acids 

Acetic acid 

 

Formic acid 
 

Levulinic acid 

 

Furans 

Furfural 

 

5-hydroxylmethylfurfural 

 

Phenolic compounds 

 

 

Vanillin 

 

Syringaldehyde 
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The relative tolerance of the yeast strains toward the hydrolysate can be arranged in the 

following order from the most to the least tolerant: C. guilliermondii > S. cerevisiae > P. 

tannophilus > S. stipitis > S. shehatae for both pH conditions. C. guilliermondii FTI 20037 

outperformed the industrial strain S. cerevisiae T2 which is supposed to be a robust strain used to 

ferment the sugars in spent sulfite liquor which contains toxic inhibitors (Liu 2010). However, S. 

cerevisiae T2 has been shown previously to have excellent hexose fermentation ability in 

hydrolysate fermentations despite strain variability found between laboratories (Liu 2010; 

Robinson et al. 2002). The differences in growth on the gradient plate by the yeasts likely 

correlated with the strain’s ability to tolerate the inhibitors found in the hydrolysate. The 

observations on the gradient plates showed that C. guilliermondii FTI 20037 had the highest 

tolerance, followed by S. cerevisiae T2 and P. tannophilus NRRL Y-2460. In another experiment, 

where C. guilliermondii and T2 used in this experiment was plated on spent-sulphite liquor 

derived from hardwood, the T2 displayed a higher inhibitor tolerance towards inhibitors found in 

this spent-sulphite liquor (data not shown). This is likely due to variations in the constituents of 

inhibitory compounds found in the two hydrolysates with C. guilliermondii FTI 20037 

apparently having a higher tolerance to steam pretreated softwood liquor while the T2 yeast was 

more tolerant to the hardwood spent sulfite liquor to which it was adapted. 

Hydrolysates also contain furans and phenolic compounds that affect the growth and/or 

fermentation (Table 3.7). These inhibitors act through various mechanisms including disruption 

of cell membranes, altering intracellular pH, mutations caused by interactions with DNA and/or 

RNA molecules leading to abnormal cell activities at the protein and metabolic levels (Mills et al. 

2009). Furans include furfurals and 5-hydroxymethyl furfurals (HMF) which are derived from 

dehydration of pentose and hexose sugars, respectively. The range of furfural and HMF reported 
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from lodgepole pine were 0.1% and 0.2% (w/v), respectively (Ewanick et al. 2007). In the 

current study, the softwood hydrolysate contained 0.2% (w/v) furfural and 0.2% (w/v) HMF. The 

main targets for furfural are enzymes involved in carbon catabolism, the glycolytic pathway and 

fermentation (Richardson et al. 2011; Taherzadeh and Karimi 2007). HMF and furfurals have 

been shown to be toxic at high concentrations. At low levels, biotransformations of these furan 

derivatives have been previously observed in S. cerevisiae (Jonsson et al. 2013), but it is 

uncertain the same capability allowed C. guilliermondii’s tolerance to the inhibitors on the 

gradient plate. The biotransformed products, such as the alcohol form furan aldehyde, are usually 

less toxic than their oxidized counterparts (Jonsson et al. 2013). Another group of inhibitors 

found in lignocellulosic hdyrolysates are phenolic compounds that can be either derived from the 

natural extractives in the wood or released during the pretreatment or from the pretreatment 

induced breakdown of lignin and/or phenolic extractives (Larsson et al. 2000). Due to the 

complex nature of lignin and phenolic extractives present in wood, the mode of toxicity of 

phenolics is generally poorly understood. However, it has been suggested that aromatic 

compounds are responsible for reducing the integrity of the cell membrane due to their 

hydrophobicity (Mills et al. 2009; Palmqvist and Hahn-Hägerdal 2000b; Richardson et al. 2011). 

In particular, the lower MW phenols have been shown to be highly toxic to fermenting yeasts 

(Mills et al. 2009; Palmqvist and Hahn-Hägerdal 2000b; Richardson et al. 2011; Taherzadeh and 

Karimi 2007). A phenolic compound may exert varying degrees of toxicity depending on the 

yeast strain employed. Vanillin at 0.1% (w/v) did not affect ethanol yield during fermentation 

using a Baker’s yeast S. cerevisiae (obtained from Jästbolaget AB) (Larsson et al. 2000), but a 

concentration greater than 0.2% (w/v) was found to be detrimental to cell growth of C. 

guilliermondii (Kelly et al. 2008). Syringaldehyde was also reported to exert more adverse 
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effects on C. guilliermondii when compared to other phenols at the same concentration (Kelly et 

al. 2008). Similar to other inhibitor groups found in the hydrolysates, the detailed composition of 

phenolic compounds is generally unknown. The results from hydrolysate gradient plates 

provided a qualitative comparison of the relative growth tolerance of various strains to the 

inhibitors in the softwood hydrolysate. C. guilliermondii stood out as the most tolerant of the 

strains tested in lodgepole pine hydrolsyate. The overall tolerance of C. guilliermondii is 

important because of not only the high costs of detoxifying hydrolysates at large scales, but also 

the ability to produce high product yields under stress. In the next section, the ability of C. 

guilliermondii to ferment the sugars in the softwood hydrolysate was assessed. 

 

3.3 Fermentation assessment of C. guilliermondii in a softwood hydrolysate  

 

The fermentation performance of yeast strains in defined medium provides a good 

baseline for comparison between strains without the presence of complex chemicals found in 

hydrolysates. The subsequent experiments using gradient plates offered a qualitative assessment 

of relative inhibitor tolerance between strains in the tested hydrolysate. Based on the results in 

section 3.1 and 3.2, it was apparent that C. guilliermondii FTI 20037 was the most suitable strain 

for further assessment of its ability to ferment the sugars in pretreated softwood hydrolysate. The 

diluted hydrolysate was adjusted to pH 5.5 and supplemented with urea as a nitrogen source. The 

softwood hydrolysate was partially diluted to reduce the toxic effects of inhibitory compounds 

such as phenols, furans and organic acids that were present in the hydrolysate while sugars were 

supplemented to the undiluted concentrations. Minimal dilutions to 70% and 80% (v/v) were 

used to alleviate some of the effects from inhibitors. The 70% and 80% (v/v) dilutions were 
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chosen based on data obtained from preliminary experiments conducted in dilutions ranging 

from 50% - 95% (v/v) (data not shown). In the batch of lodgepole pine wood hydrolysate tested, 

the total monomeric hexose and pentose concentrations were 6.3% and 2.1% (w/v), respectively. 

The ethanol yield was calculated solely based on the consumption of hexoses as ethanol was not 

produced from pentoses by this yeast in defined medium. Xylitol yield was calculated based on 

the consumption of xylose. The hydrolysate was inoculated with a high initial cell density 

inoculum that was grown for 2 days as described in section 2.3. The high cell density has two 

critical functions: i) imparting higher inhibitor tolerance, and ii) enabling rapid fermentation by 

reducing or eliminating the time for cell growth. 

 As shown by relative growth on gradient plates (Section 3.2), the lodgepole pine 

hydrolysate was fairly toxic at pH 4.5, thus fermentation was carried out at pH 5.5.  
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Figure 3.32 Fermentation of sugars in UBC softwood hydrolysate [70% (v/v)] by C. 

guilliermondii FTI 20037. Panels: (A) Glucose (—□—), (B) Mannose (- -□- -), (C) Galactose 

(···□···), (D) Xylose (—▬—), (E) Arabinose (- -▬- -) and (F) Ethanol (—○—) and xylitol (—

∆—).Values shown in the graphs are the means±SEM of three independent experiments. 

 

As described before, the presence of inhibitors in the hydrolysate affect the utilization of 

sugars. Therefore, the fermentation usually required at least the same or onger time when 

compared to the fermentation of pure sugars at higher concentrations than those found in the 
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hydrolysate. For example, it took 21 and 30 h to completely utilize 15% (w/v) glucose and 

mannose in a chemically defined medium by C. guilliermondii, but the time required for 

consuming glucose and mannose in the hydrolysate in this study was about the same when the 

hydrolysate was diluted to 70% (v/v). As noted, the glucose and mannose concentration in the 

hydrolysate were about 2.3% and 3.6% (w/v), respectively. However, the time required for sugar 

utilization in the hydrolysates was still equivalent to the required time for the complete 

utilization of 4.5% (w/v) glucose by P. tannophilus NRRL Y2460 in YNB (Jeffries et al. 1985). 

The results suggest and illustrate C. guilliermondii’s high tolerance to inhibitors since it was able 

to completely utilize glucose and mannose under harsher conditions in the hydrolysate within the 

same timeframe (Figure 3.32). Galactose was also completely consumed within 48 h. The peak 

ethanol concentration of 2.0% (w/v) was achieved in 24 h. This represented a yield of 0.32 g 

ethanol/g hexose consumed. The complete utilization of galactose in 70% (v/v) softwood 

hydrolysate occurred after the peak ethanol concentration was reached. Thus, it was uncertain if 

the utilization of galactose contributed to ethanol production. The slower utilization of galactose 

was likely due to glucose repression and phosphoglucomutase regulation as mentioned earlier 

(Bro et al. 2005). Similar to galactose, the utilization of xylose was slower compared to mannose 

and glucose. Xylose was consumed within 42 h. No detectable xylitol was produced over the 

course of the fermentation. Similar to observations when the fermentation was conducted in 

defined medium, it was apparent that although arabinose was present at a low concentration in 

the softwood hydrolysate, it was quite recalcitrant towards utilization. Arabinose was poorly 

utilized and incompletely consumed even after 240 h of fermentation (data not shown). Previous 

studies showed that the presence of xylose and hexoses inhibited the utilization of arabinose 

(Mussatto et al. 2006), as was observed also in our study. Interestingly, the utilization of 
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arabinose occurred more rapidly during the first 24 hours along with the other sugars in the 

hydrolysate at the 70% (v/v) dilution, but ceased at the later stages of fermentation. The reason 

for the cessation of utilization is unknown, but it could be due to cell death as a result of the 

exhaustion of other carbon sources. However, rather than having a negative impact on xylitol 

production from xylose, the presence of small amounts of arabinose have actually been shown to 

promote xylitol production (Mussatto et al. 2006). It is expected the utilization trends of xylose 

and arabinose seen in this experiment using C. guilliermondii would not change at an elevated 

concentration of the hydrolysate. However, raising the concentration of the softwood hydrolysate 

negatively affected the fermentation performance of C. guilliermondii in terms of prolonging 

fermentation time, reduction in maximum ethanol production and ethanol yield. 
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Figure 3.33 Fermentation of sugars in UBC softwood hydrolysate [80% (v/v)] by C. 

guilliermondii FTI 20037. Panels: (A) Glucose (—□—), (B) Mannose (- -□- -), (C) Galactose 

(···□···), (D) Xylose (—▬—), (E) Arabinose (- -▬- -) and (F) Ethanol (—○—) and xylitol (—

∆—).Values shown in the graphs are the means±SEM of three independent experiments. 

 

In 80% (v/v) diluted hydrolysate, the consumption of glucose and mannose by C. 

guilliermondii FTI 20037 resulted in a peak ethanol concentration of 1.2 % (w/v) within 42 h 

(Figure 3.33). The lower peak ethanol produced in the hydrolysate diluted to 80% (v/v) 

compared to that of the 70% (v/v) hydrolysate dilution, was an indication of the inhibitory nature 
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of the non-carbohydrate constituents of the hydrolysate on fermentation. In terms of sugar 

utilization, glucose was readily utilized by C. guilliermondii and its concentration dropped to 0.1% 

(w/v) within 36 h without further depletion until 168 h (data not shown). The reason for this 

unexpectedly incomplete consumption was not known. However, mannose was completely 

utilized within 42 h. The resulting ethanol yield was 0.19 g ethanol/g hexose.  

Xylose and galactose were completely consumed within 54 and 36 h, respectively. 

Similar to results seen in 70% (v/v) dilution, no detectable xylitol was produced over 240 h, and 

arabinose was slowly and incompletely utilized. It was apparent xylose utilization and xylitol 

production were affected by the presence of glucose and mannose when fermenting the softwood 

hydrolysate, as the slow initial xylose utilizing stage (0 – 48 h) corresponded to the consumption 

of the two hexose sugars, while during the second stage (48 – 54 h), consumption of xylose 

commenced as the hexoses became depleted. Many previous studies investigating xylitol 

production by C. guilliermondii did not discuss the repression of xylitol production by mannose 

and galactose, likely since these hexose sugars were present at relatively low concentrations. 

However, the presence of these hexoses has been shown previously to repress xylose-

metabolizing enzymes and xylitol production in genetically modified S. cerevisiae (Meinander 

and Hahn-Hägerdal 1997). The extent of repression, imparted by the addition of hexose sugars, 

was measured by reduction in xylitol production by a recombinant S. cerevisiae that was able to 

utilize and ferment xylose into xylitol. Due to repression, the presence of mannose and galactose 

resulted in a 22% and 49% reduction in xylitol production, respectively (Meinander and Hahn-

Hägerdal 1997). It should be noted that the extent of repression of xylitol production imparted by 

mannose (2.1% w/v) and galactose (0.7% w/v) in this study was uncertain as the hydrolysate 

contained relatively low concentrations of xylose (0.9% w/v). It was anticipated that some xylitol 
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would also be produced during the fermentation of softwood hydrolysate in our study. However, 

the production of xylitol was likely affected to a greater extent by the presence of inhibitory 

materials and repression by glucose in the hydrolysate compared to ethanol production. It should 

also be considered that the hydrolysate contained a hexose to xylose ratio of 7:1, which may 

account for the lack of xylitol production. Previous studies have shown that the presence of 

hexose sugars, especially glucose, strongly inhibited xylitol production by C. guilliermondii 

(Mussatto et al. 2006; Silva et al. 2007).  

The presence of glucose is known to have an inhibitory effect on xylose utilization by 

regulating sugar metabolizing enzymes. However the specific regulation mechanisms are still 

unknown for pentose-fermenting yeasts (Lee et al. 1996; Panchal et al. 1988; Webb and Lee 

1990; Wedlock and Thornton 1989). In one study a concentrated soybean hull hydrolysate was 

used, with xylose and mannose as the major sugars at concentrations of about 1.5% and 0.7% 

(w/v). With subsequent detoxification using activated carbon, the soybean hull hydrolysate 

contained 0.01, 0.1, and 0.07% (w/v) of furfural, acetic acid and phenolic compounds, 

respectively (Schirmer-Michel et al. 2008). Using this hydrolysate, C. guilliermondii NRRL Y-

2075 was able to produce a maximum of 0.58% (w/v) ethanol within 24 h after fermentation was 

commenced. However no xylitol was produced in the course of 120 h. The authors attributed this 

observation of no xylitol production to either the resolution of cofactor imbalances due to the 

presence of furfural that served as an electron acceptor and regenerated NAD+, or by the switch 

of the preference of the XR cofactor from NADP to NAD as a result of the accumulation of 

NADH thereby promoting ethanol production (Schirmer-Michel et al. 2008). Since the 

concentration of xylose (0.9% w/v) was low in this study, it is uncertain whether a significant 

amount of ethanol was produced from xylose. 
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Generally, the fermentation ability of native pentose-fermenting yeasts is assessed in 

xylose-rich hydrolysates. Similarly, the excellent xylitol production trait of C. guilliermondii has 

attracted studies conducted in hardwood or agricultural biomass hydrolysates rich in xylose. It 

was thus difficult to compare the performance of C. guilliermondii in the hexose-rich softwood 

hydrolysate to other studies conducted with xylose-rich hydrolysates. However, maximum 

ethanol concentrations and ethanol yields from this study were in the range amongst those 

reported previously for other xylose-fermenting yeasts (Table 1.6) in detoxified hydrolysates or 

with peptone or yeast extract supplementation (Agbogbo and Wenger 2007; Deverell 1983; 

Jeffries and Sreenath 1988). For example, in another study, P. tannophilus NRRL Y-2460 was 

subjected to an acid treated hardwood hydrolysate which was detoxified by overliming and with 

sodium sulphite. After pH adjustment to pH 5.5 and the addition of yeast extract, P. tannophilus 

was able to produce a peak ethanol of 1.8% (w/v) (yield 0.25 g/g) from 4.4% (w/v) xylose and 

1.6% (w/v) hexose (Perego et al. 1990). Despite the detoxification of the hardwood hydrolysate 

and nutrient supplementation for P. tannophilus, it achieved a lower ethanol yield when 

compared to our study conducted in 70% (v/v) softwood hydrolysate.  

Due to the abundance of hexose sugars in softwood hydrolysates, S. cerevisiae is usually 

the yeast of choice for fermentation due to its proficient hexose fermentation capability (Galbe 

and Zacchi 2002). For example in one study, an industrial strain of S. cerevisiae LYCC 6469 

from Lallemand was employed for the fermentation in a non-detoxified hydrolysate derived from 

softwood, Douglas fir (Pseudotsuga menziesii), which contained inhibitors acetic acid, furfural, 

HMF, and phenolic compounds at 0.3%, 0.1%, 0.2%, and 0.2% (w/v), respectively. High-cell 

density (150 × 106 cells/ mL) inoculum of S. cerevisiae LYCC 6469 was able to produce a peak 

ethanol of 1.5% (w/v) (yield 0.50 g/g) from a total of 3.0% (w/v) of hexose within 8 h without 
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additional nutrition added (Kapu et al. 2013). In another study, Liu (2010) employed S. 

cerevisiae T2 using a slightly different experimental design from the current study. In Liu’s 

study, a lodgepole pine hydrolysate was diluted to 75% (v/v), with “spiking” of only glucose to 

adjust to the undiluted hexose levels without pentose level adjustments. In this set-up, S. 

cerevisiae T2 was able to produce 3% (w/v) ethanol from total of 6.8% (w/v) hexose in 48 h, at 

pH 6.0 and a temperature of 30 oC without nutrient supplementation. Despite similar HMF 

content (0.2 – 0.3 % w/v) found in the hydrolysate from the study by Liu and this study, the 

furfural content and total phenolic contents were higher in our study, 0.2% and 0.6% (w/v), 

respectively. The concentration difference in these inhibitors indicates a higher amount of 

degradation undergone by the pentose and possibly the lignin components from pretreatment of 

the softwood biomass or variation between the different wood samples used for the pretreatment 

step. The lower furfural and phenolic compounds found in the study by Liu, which were 0.08% 

and 0.3% (w/v), respectively, would be beneficial for the ethanol production by T2. Despite the 

differences in the concentration of inhibitors found between the studies, the maximum ethanol 

concentration (2% w/v) was achieved faster (24 h) by C. guilliermondii using a 70% (v/v) 

softwood hydrolysate in our study compared to 48 h by T2 in lodgepole pine hydrolysate in the 

previous study (Liu 2010). 

The superior inhibitor tolerance of C. guilliermondii was revealed by fermenting sugars 

in lodgepole pine hydrolysate, which could be regarded historically as one of the most toxic 

hydrolysates (Galbe and Zacchi 2002; Kapu et al. 2013; Kumar 2014). The fermentation the 

lodgepole pine softwood hydrolysate by C. guilliermondii also resulted in a relatively high 

ethanol production compared to the other pentose-fermenting strains tested despite only being 

supplemented with urea as a nitrogen source and no further detoxification applied to the 
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hydrolysate (Table 1.6). Although C. guilliermondii was only subjected to fermentation with a 

single softwood hydrolysate in this study, it would be valuable to assess the fermentation 

capability and inhibitor tolerance in softwood hydrolysates with various sugar(s) and inhibitor(s) 

concentrations derived from trees with different species, age and origins. Regardless, C. 

guilliermondii can be considered as a valuable candidate for further strain development into a 

potentially robust strain for fermentation in an industrial lignocellulosic biomass conversion 

process due to its outstanding qualities in the tested softwood hydrolysate. These qualities 

include short fermentation duration, carbon source diversity, efficiency in sugar utilization, high 

ethanol production and high tolerance to inhibitors found in the lodgepole pine hydrolysate.  
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Chapter 4 Conclusion and future perspectives 

 

Candida guilliermondii FTI 20037 can be regarded as the most efficient strain compared 

to the other xylose-fermenting yeasts tested, considering its ability to utilize the main sugars in 

lignocellulosic hydrolysates, ferment rapidly, efficiently utilize hexoses within short time frame 

and most importantly achieve high accumulated ethanol concentration with minimal nutritional 

supply. To my knowledge, this is the first report of a native pentose-fermenting yeast capable of 

producing up to 9.3% (w/v) ethanol from high [25.9% (w/v)] glucose concentration within 36 h 

in defined medium. Statistically, this concentration was not significantly different from peak 

ethanol concentrations in glucose fermentation by P. tannophilus and the hexose-fermenting S. 

cerevisiae T2. As well as fermenting all of the hexose sugars tested, the ethanol yields achieved 

by Candida guilliermondii FTI 20037 were unaffected when subjected to elevated sugar and 

ethanol concentrations. The defined media fermentation performance strongly suggest that FTI 

20037 has a higher tolerance towards sugars and ethanol. In addition to its ability to ferment 

hexoses, like other xylose-fermenting yeast, FTI 20037 was able to utilize and ferment xylose to 

produce xylitol. If ethanol is the only desired product then the conversion to xylitol would be 

undesirable. However, xylitol itself has a high market value which could be used to supplement 

the value of ethanol if the production stream from xylose can be separated from the hexose-

portion in hydrolysate. Further genetic modifications would be required for C. guilliermondii FTI 

20037 to divert xylose towards the production of ethanol. In our study it was shown that S. 

stipitis could produce ethanol exclusively from 10% (w/v) xylose. It is uncertain whether the 

difference in xylose fermentation products observed between the two yeasts was caused by a 

difference in the enzyme activities of xylose-metabolizing enzymes. With the benefits of known 
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genetic modification tools and genome sequences, genes encoding xylose reductase, xylitol 

dehydrogenase and xylulokinase from S. stipitis could be used to aid protein engineering in C. 

guilliermondii in the future to assess the potential of xylose conversion for ethanol instead of 

xylitol production. As well as genetic/protein modification, other methods, such as varying biotin 

supplementation, can be considered for steering production away from xylitol towards ethanol 

(Lee et al. 1988).  

In addition to desirable traits exhibited by C. guilliermondii FTI 20037 in defined 

medium, an exceptional tolerance towards inhibitors found in softwood lodgepole pine 

hydrolysate was also demonstrated by C. guilliermondii on gradient plates and during 

fermentation of hydrolysate medium. A result that was not anticipated was the ability of C. 

guilliermondii to surpass the inhibitor tolerance of all the yeasts tested on the gradient plates 

containing lodgepole pine hydrolysate, including S. cerevisiae T2, a strain that has been shown 

to have exceptional inhibitor tolerance since it has been isolated from spent sulfite pulping 

liquors. The lodgepole pine hydrolysate required slight dilution to relieve some of its toxic 

effects of the inhibitors. However, C. guilliermondii FTI 20037’s fermentation ability in this 70% 

(v/v) hydrolysate derived from lodgepole pine was comparable to previously reported values for 

S. cerevisiae T2 (Liu 2010). In addition, the peak ethanol produced (2% w/v within 24 h) was 

outstanding compared to other pentose-fermenting strains employed in previous studies (Table 

1.6). However, an ethanol concentration lower than 5% (v/v) was suggested to be uneconomical 

in terms of downstream distillation costs during industrial ethanol production due to the high 

energy input for distillation (Walker 2011). For this reason, along with poor utilization of 

recalcitrant carbon sources such as galactose and arabinose, some methods should be considered 

to improve ethanol production. These methods include the detoxification of the hydrolysate prior 
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to fermentation, or modifying fermentation conditions such as through the addition of nutrients 

which both may require additional cost input for large industrial scales. Another possibility 

would be to alter the pretreatment parameters to minimize the release of chemical processes 

associated inhibitors. Alternatively, instead of reducing toxicity of hydrolysates, research can be 

focused on strain improvement. Some of the common genetic modification strategies include 

strain adaptation with random mutagenesis and cell cycling in hydrolysate medium, and/or 

genome shuffling (Bajwa et al. 2010; Bajwa et al. 2013; Harner et al. 2014; Richardson 2013). In 

future, the yeast should be subjected to hexose-rich hydrolysates made from other species, or 

more aged wood that is expected to have higher phenolic compounds. This may provide a more 

hostile environment to further demonstrate the high tolerance of C. guilliermondii FTI 20037 and 

its excellent fermentation ability. 

In addition to characterizing a xylose-fermenting strain that exhibited better hexose-

fermenting ability than other pentose-fermenting strains, this study also revealed several 

unexpected findings that are worthy of further investigation. One of these was the slower 

utilization but higher overall ethanol production during fermentation of mannose by P. 

tannophilus compared to C. guilliermondii. Therefore, P. tannophilus should be further 

characterized/optimized for its potential in fermentation of higher concentrations of mannose. 

Another unanticipated result was that these two wild-type pentose-fermenting strains produced 

comparable ethanol levels from glucose and mannose as the hexose-fermenting industrial yeast S. 

cerevisiae T2. The ploidy level of C. guilliermondii is uncertain, but previous literature has 

hypothesized it to be similar to P. tannophilus, which is haploid (Sibirny and Boretsky, 2009; 

James and Zahab, 1982). Increasing the ploidy number of a yeast strain can confer higher ethanol 

production (Maleszka, 1983). The haploid nature of the strains may allow mating-based genome 
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shuffling as described previously. Lastly, C. guilliermondii and other strains such as Candida 

tropicalis and Rhodotorula mucilaginosa, are known for their xylitol-producing ability (Barbosa 

et al. 1988; Bura et al. 2012; Vajzovic et al. 2012). It is uncertain if the efficient hexose-

fermenting capability of C. guilliermondii is common in the xylitol-producing community, and 

hence studies and comparisons can be conducted for other xylitol-producing yeast strains. 

Overall, sugar utilization and conversion to value-added products are governed by many factors 

which could be investigated to allow further improvements in the fermentation capabilities of C. 

guilliermondii FTI 20037. These factors, reviewed in detail previously, are listed as follows: i) 

efficiency of sugar transporters (Does and Bisson 1989; Madhavan et al. 2012), ii) efficiency of 

enzymes and hexose repression (Bicho et al. 1988); iii) cofactor imbalances (Bruinenberg et al. 

1984), iv) ethanol tolerance (Hahn-Hägerdal et al. 1994), and v) tolerance to hydrolysate 

inhibitors (Palmqvist and Hahn-Hägerdal 2000). Considering the factors that can be used to 

impart further strain improvement, it is apparent that the full potential of C. guilliermondii FTI 

20037 has yet to be realized and exploited to maximize product yields and overall strain 

performance. However, the results in this study have demonstrated that C. guilliermondii FTI 

20037 is by far one of the most robust pentose-fermenting yeasts to date for hexose fermentation.  

  



117 

 

Chapter 5 Literature Cited 

Agbogbo, F.K., Coward-Kelly, G., Torry-Smith, M., Wenger, K., and Jefferies, T.W. 2007. The 

effect of initial cell concentration on xylose fermentation by Pichia Stipitis. Appl Biochem 

Biotechnol 137 (1-12): 653-662. 

Agbogbo, F.K., and Wenger, K.S. 2007. Production of ethanol from corn stover hemicellulose 

hydrolyzate using Pichia stipitis. J Ind Microbiol Biotechnol 34(11): 723-727. 

Agbogbo, F.K., Coward-Kelly, G., Torry-Smith, M., and Wenger, K.S. 2006. Fermentation of 

glucose/xylose mixtures using Pichia stipitis. Process Biochem 41(11): 2333-2336. 

Agbogbo, F., and Coward-Kelly, G. 2008. Cellulosic ethanol production using the naturally 

occurring xylose-fermenting yeast Pichia stipitis. Biotechnol Lett 30(9): 1515-1524. 

Arruda, P.V., Cássia Lacerda Brambilla Rodrigues, R., Silva, D.D.V., and Felipe, M. G. A. 2011. 

Evaluation of hexose and pentose in pre-cultivation of Candida guilliermondii on the key 

enzymes for xylitol production in sugarcane hemicellulosic hydrolysate. Biodegrad 22(4): 815-

822. 

Badger, P.C. 2002. Ethanol from cellulose: a general review. In Trends in New Crops and New 

Uses. Edited by W.A. Janick, ASHS Press, Alexandria, VA. USA. pp. 17-21. 

Bajwa, P.K., Pinel, D., Martin, V.J.J., Trevors, J.T., and Lee, H. 2010. Strain improvement of the 

pentose-fermenting yeast Pichia stipitis by genome shuffling. J Microbiol Methods 81(2): 179-

186. 

Bajwa, P.K., Shireen, T., D’Aoust, F., Pinel, D., Martin, V.J.J., Trevors, J.T., and Lee, H. 2009. 

Mutants of the pentose-fermenting yeast Pichia stipitis with improved tolerance to inhibitors in 

hardwood spent sulfite liquor. Biotechnol Bioeng 104(5): 892-900. 

Bajwa, P.K., Phaenark, C., Grant, N., Zhang, X., Paice, M., Martin, V.J.J., Trevors, J.T., and Lee, 

H. 2011. Ethanol production from selected lignocellulosic hydrolysates by genome shuffled 

strains of Scheffersomyces stipitis. Bioresour Technol 102(21): 9965-9969. 

Bajwa, P., Harner, N., Richardson, T., Sidhu, S., Habash, M., Trevors, J., and Lee, H. 2013. 

Genome shuffling protocol for the pentose-fermenting yeast Scheffersomyces stipitis. In 

Laboratory Protocols in Fungal Biology-Current Methods in Fungal Biology. Edited by V.K. 

Gupta, M.G. Tuohy, M. Ayyachamy and K.M. Turner, Springer, New York, USA. pp. 447-454. 

Balagurunathan, B., Jonnalagadda, S., Tan, L., and Srinivasan, R. 2012. Reconstruction and 

analysis of a genome-scale metabolic model for Scheffersomyces stipitis. Microb Cell Fact 11(1): 

27. 

Bar, A. 1991. Xylitol. In Alternative Sweetener. Edited by L.O. Nabors and R.C. Geraldi, Marcel 

Dekker Inc. Hong-Kong. China. pp. 349-379. 

http://link.springer.com/book/10.1007/978-1-4614-2356-0


118 

 

Barbosa, M.F.S., Lee, H., and Collins-Thompson, D.L. 1990. Additive effects of alcohols, their 

acidic by-products, and temperature on the yeast Pachysolen tannophilus. Appl Environ 

Microbiol 56(2): 545-550. 

Barbosa, M.F., and Lee, H. 1991. Plasma membrane Mg(2+)-ATPase of Pachysolen tannophilus: 

characterization and role in alcohol tolerance. Appl Environ Microbiol 57(7): 1880-1885. 

Barbosa, M.F.S., Medeiros, M.B., Mancilha, I.M., Schneider, H., and Lee, H. 1988. Screening of 

yeasts for production of xylitol from D-xylose and some factors which affect xylitol yield in 

Candida guilliermondii. J Ind Microbiol 3(4): 241-251. 

Barnett, J.A., and Barnett, L. 2011. Yeast Research: a Historical Overview. ASM Press, 

Washington, DC. USA. pp. 76-115. 

Barnett, J.A. 1976. The utilization of sugars by yeasts. In Advances in Carbohydrate Chemistry 

and Biochemistry. Edited by R. S. Tipson and D. Horton, Academic Press, San Diego, CA. USA. 

pp. 125-234. 

Barnett, J.A. 1983. Yeasts: Characteristics and Identification. Cambridge University Press, 

Cambridge, UK. pp. 430 - 749. 

Bicho, P.A., Runnals, P.L., Cunningham, J.D., and Lee, H. 1988. Induction of xylose reductase 

and xylitol dehydrogenase activities in Pachysolen tannophilus and Pichia stipitis on mixed 

sugars. Appl Environ Microbiol 54(1): 50-54. 

Blackwell, M., and Suh, S. and Nardi, J. B. 2007. Fungi in the hidden environment: the gut of 

beetles. In Fungi in the Environment. Edited by G. Gadd, S.C. Watkinson, and P.S. Dyer. 

Cambridge University Press, Cambridge, UK. pp. 357 - 370. 

Bro, C., Knudsen, S., Regenberg, B., Olsson, L., and Nielsen, J. 2005. Improvement of galactose 

uptake in Saccharomyces cerevisiae through overexpression of phosphoglucomutase: example of 

transcript analysis as a tool in inverse metabolic engineering. Appl Environ Microbiol 71(11): 

6465-6472. 

Brown, S.W., Oliver, S.G., Harrison, D.E.F., and Righelato, R.C. 1981. Ethanol inhibition of 

yeast growth and fermentation: differences in the magnitude and complexity of the effect. J Appl 

Microb Biotechnol 11(3): 151-155. 

Brown, T.R., and Brown, R.C. 2013. A review of cellulosic biofuel commercial-scale projects in 

the United States. Biofuels Bioprod Bior 7(3): 235-245. 

Bruinenberg, P.M., Bot, P.H.M., Dijken, J.P., and Scheffers, W.A. 1984. NADH-linked aldose 

reductase: the key to anaerobic alcoholic fermentation of xylose by yeasts. Appl Microb 

Biotechnol 19(4): 256-260. 



119 

 

Bura, R., Vajzovic, A., and Doty, S.L. 2012. Novel endophytic yeast Rhodotorula mucilaginosa 

strain PTD3 I: production of xylitol and ethanol. J Ind Microbiol Biotechnol 39(7): 1003 - 1011. 

Cadete, R., Melo, M., Dussan, K., Rodrigues, R., Silva, S., Zilli, J., Vital, M., Gomes, F., 

Lachance, M., and Rosa, C. 2012. Diversity and physiological characterization of D-xylose-

fermenting yeasts isolated from the Brazilian Amazonian forest. PLoS ONE 7: e43135. 

Cadete, R.M., Santos, R.O., Melo, M.A., Mouro, A., Gonçalves, D.L., Stambuk, B.U., Gomes, F., 

Lachance, M., and Rosa, C.A. 2009. Spathaspora arborariae sp. nov., a D-xylose-fermenting 

yeast species isolated from rotting wood in Brazil. FEMS Yeast Res 9(8): 1338-1342. 

Canadian Council of Forest Ministers. 2014. Area of moderate to severe defoliation and beetle-

killed trees by major insects, 2012. Available from 

http://nfdp.ccfm.org/insects/quick_facts_e.php. 

Canilha, L., Almeida, S., Felipe, M.A., and Carvalho, W. 2003. Batch xylitol production from 

wheat straw hemicellulosic hydrolysate using Candida guilliermondii in a stirred tank reactor. 

Biotechnol Lett 25(21): 1811-1814. 

Casey, G.P., and Ingledew, W.M. 1985. Reevaluation of alcohol synthesis and tolerance in 

brewer's yeast. J Am Soc Brew Chem 43(2): 75-82. 

Caspeta, L., Shoaie, S., Agren, R., Nookaew, I., and Nielsen, J. 2012. Genome-scale metabolic 

reconstructions of Pichia stipitis and Pichia pastoris and in silico evaluation of their potentials. 

BMC Syst Biol 6(1): 24. 

Chandel, A., and Singh, O. 2011. Weedy lignocellulosic feedstock and microbial metabolic 

Engineering: advancing the generation of ‘biofuel’. Appl Microb Biotechnol 89(5): 1289-1303. 

Chandel, A.K., Chandrasekhar, G., Radhika, K., Ravinder, R., and and Ravindra, P. 2011. 

Bioconversion of pentose sugars into ethanol: a review and future directions. Biotechnol Mol 

Biol Rev 6(1): 8-20. 

Chandra, R.P., Bura, R., Mabee, W.E., Berlin, A., Pan, X., and Saddler, J.N. 2007. Substrate 

pretreatment: the key to effective enzymatic hydrolysis of lignocellulosics? Adv Biochem Eng 

Biotechnol 108(1): 67-93. 

Chi, Z., Kohlwein, S.D., and Paltauf, F. 1999. Role of phosphatidylinositol (PI) in ethanol 

production and ethanol tolerance by a high ethanol producing yeast. J Ind Microb Biotechnol 

22(1): 58-63. 

Chiang, L., Gong, C., Chen, L., and Tsao, G.T. 1981. D-Xylulose fermentation to ethanol by 

Saccharomyces cerevisiae. Appl Environ Microbiol 42(2): 284-289. 

Choi, J., Moon, K., Ryu, Y., and Seo, J. 2000. Production of xylitol in cell recycle fermentations 

of Candida tropicalis. Biotechnol Lett 22(20): 1625-1628. 

http://nfdp.ccfm.org/insects/quick_facts_e.php


120 

 

CSH protocols. 2006. Complete minimal (CM) or Synthetic complete (SC) and drop-out media. 

CSH protoc 2006(1): pdb.rec8190. 

Dekker, R.F.H. 1982. Ethanol production from D-xylose and other sugars by the 

yeast Pachysolen tannophilus. Biotechnol Lett 4(7): 411-416. 

Delgenes, J., Moletta, R., and Navarro, J. 1986. The effect of aeration on D-xylose fermentation 

by Pachysolen tannophilus, Pichia stipitis, Kluyveromyces marxianus and Candida shehatae. 

Biotechnol Lett 8(12): 897-900. 

Delgenes, J.P., Moletta, R., and Navarro, J.M. 1988a. The ethanol tolerance of Pichia stipitis Y-

7124 grown on a D-xylose, D-glucose and L-arabinose mixture. J Ferment Technol 66(4): 417-

422. 

Delgenes, J.P., Moletta, R., and Navarro, J.M. 1988b. Fermentation of D-xylose, D-glucose and 

L-arabinose mixture by Pichia stipitis Y-7124: sugar tolerance. Appl Microbiol Biotechnol 29(2-

3): 155-161. 

Delvigne, F., and Lecomte, J. 2010. Foam formation and control in bioreactors. In Encyclopedia 

of Industrial Biotechnology. Edited by M. C. Flickinger, John Wiley and Sons Inc. New Jersey, 

USA. pp 55-89 

Deverell, K.F. 1983. Ethanol production from wood hydrolysates using Pachysolen tannophilus. 

Biotechnol Lett 5(7): 475-480. 

Does, A.L., and Bisson, L.F. 1989. Characterization of xylose uptake in the yeasts Pichia heedii 

and Pichia stipitis. Appl Environ Microbiol 55(1): 159-164. 

Du, J., Shao, Z., and Zhao, H. 2011. Engineering microbial factories for synthesis of value-added 

products. J Ind Microbiol Biotechnol 38(8): 873-890 

Etoc, A., D., Etoc, A., Delvigne, F., Lecomte, J.P., and Thonart, P. 2006. Foam control in 

fermentation bioprocess - from simple aeration tests to bioreactor. Appl Biochem Biotechnol 

130(1-3): 392-404. 

Ewanick, S.M. 2006. Bioconversion of mountain pine beetle-killed lodgepole pine to ethanol. 

MSc. Thesis, The University of British Columbia, Vancouver, BC. Canada. 

Ewanick, S.M., Bura, R., and Saddler, J.N. 2007. Acid-catalyzed steam pretreatment of 

lodgepole pine and subsequent enzymatic hydrolysis and fermentation to ethanol. Biotechnol 

Bioeng 98(4): 737-746. 

Felipe, M.G.A., Viera, D.C., Vitolo, M., Silva, S.S., Roberto, I.C., and Manchilha, I.M. 1995. 

Effect of acetic-acid on xylose fermentation to xylitol by Cadida guilliermondii. J Basic 

Microbiol 35(3): 171-177. 



121 

 

Fengel, D., and Wegener, G. 1983. Chemical composition and analysis of wood. In Wood: 

Chemistry, Ultrastructure, Reactions. Edited by W. de Gruyter, Remagen Inc., Berlin, Germany. 

pp. 27-34. 

Ferreira, A.D., Mussatto, S.I., Cadete, R.M., Rosa, C.A., and and Silva, S.S. 2011a. Ethanol 

production by a new pentose- fermenting yeast strain, Scheffersomyces stipitis UFMG- IMH 43.2, 

isolated from the Brazilian Forest. Yeast 28(7): 547-554. 

Ferreira, A.S., Souza, M.A., Raposo, N., Ferreira, A.P., and Silva, S.S.d. 2011b. Xylitol inhibits 

J774A.1 macrophage adhesion in vitro. Braz Arch Biol Tech 54(1): 1211-1216. 

Furlan, S.A., Bouilloud, P., and de Castro, H.F. 1994. Influence of oxygen on ethanol and xylitol 

production by xylose fermenting yeasts. Proc Biochem 29(8): 657-662. 

Galbe, M., and Zacchi, G. 2002. A review of the production of ethanol from softwood. Appl 

Microbiol Biotechnol. 59(6): 618-628. 

Galbe, M., and Zacchi, G. 2012. Pretreatment: the key to efficient utilization of lignocellulosic 

materials. Biomass Bioenerg 46(2): 70-78. 

Gancedo, J.M., and Gancedo, C. 1986. Catabolite repression mutants of yeast. FEMS Microbiol 

Lett 32(3-4): 179-187. 

Gírio, F.M., Fonseca, C., Carvalheiro, F., Duarte, L.C., Marques, S., and Bogel-Łukasik, R. 2010. 

Hemicelluloses for fuel ethanol: a review. Bioresour Technol 101(13): 4775-4800. 

Gong, C., McCracken, L.D., and Tsao, G.T. 1981. Direct fermentation of D-xylose to ethanol by 

a xylose-fermentating yeast mutant, Candida sp XF 217. Biotechnol Lett 3(5): 245-250.  

Gong, C., Claypool, T.A., McCracken, L.D., Maun, C.M., Ueng, P.P., and Tsao, G.T. 1983. 

Conversion of pentoses by yeasts. Biotechnol Bioeng 25(1): 85-102. 

Granstrom, T., and Leisola, M. 2002. Controlled transient changes reveal differences in 

metabolite production in two Candida yeasts. Appl Microbiol Biotechnol 58(4): 511-516. 

Gurgel, P.V., Vieira, D.C., Furlan, S.A., and Mancilha, I.M. 1998. Growth of Candida 

guilliermondii FTI 20037 on mixed aubstrate. Braz Arch Biol Technol 41(3):1. 

Guthrie, C., and Fink, G.R. 2004. Guide to Yeast Genetics and Molecular and Cell Biology. 

Elsevier Academic Press, San Diego, CA, USA. 

Hahn-Hägerdal, B., Galbe, M., Gorwa-Grauslund, M.F., Lidén, G., and Zacchi, G. 2006. Bio-

ethanol – the fuel of tomorrow from the residues of today. Trend Biotechnol 24(12): 549-556. 



122 

 

Hahn-Hägerdal, B., Jeppsson, H., Skoog, K., Prior, B.A., Hahn-Hägerdal, B., Jeppsson, H., 

Skoog, K., and Prior, B.A. 1994. Biochemistry and physiology of xylose fermentation by yeasts. 

Enzyme Microb Technol 16(11): 933-943. 

Hahn-Hägerdal, B., Karhumaa, K., Fonseca, C., Spencer-Martins, I., and Gorwa-Grauslund, M. 

2007. Towards industrial pentose-fermenting yeast strains. Appl Microbiol Biotechnol 74(5): 

937-953. 

Harner, N., Bajwa, P., Habash, M., Trevors, J., Austin, G., and Lee, H. 2014. Mutants of the 

pentose-fermenting yeast Pachysolen tannophilus tolerant to hardwood spent sulfite liquor and 

acetic acid. Antonie van Leeuwenhoek J Microb 105(1): 29-43. 

Harner, N.K., Wen, X., Bajwa, P.K., Austin, G.D., Ho, C.Y., Habash, M.B., Trevors, J.T., and 

Lee, H. 2015. Genetic improvement of native xylose-fermenting yeasts for ethanol production. J 

Ind Microbiol Biotechnol doi: 10.1007/s10295-014-1535-z. 

Hayes, D. 2013. Agriculture Database [online]. Available from 

http://www.carbolea.ul.ie/wood.php. 

Hayes, C. 2001. The effect of non-cariogenic sweeteners on the prevention of dental caries: a 

review of the evidence. J Dent Educ 65(10): 1106-1109. 

Hayn, M., Steiner, W., Klinger, R., Steinmuller, H., Sinner, M., and Esterbauer, H. 1993. Basic 

research and pilot studies on the enzymatic conversion of lignocellulosics. In Bioconversion of 

Forest and Agricultural Plant Residues. Edited by J.N. Saddler, CAB International, Wallingford, 

UK. pp. 33-72. 

Helle, S., Cameron, D., Lam, J., White, B., and Duff, S. 2003. Effect of inhibitory compounds 

found in biomass hydrolysates on growth and xylose fermentation by a genetically engineered 

strain of S. cerevisiae. Enzyme Microb Technol 33(6): 786-792. 

Holmes, W., Smith, R., and Bill, R. 2006. Evaluation of antifoams in the expression of a 

recombinant FC fusion protein in shake flask cultures of Saccharomyces cerevisiae and Pichia 

pastoris. Microb Cell Fact 5(1): 30. 

Hou, X. 2012. Anaerobic xylose fermentation by Spathaspora passalidarum. Appl Microbiol 

Biotechnol 94(1): 205-214. 

Howard, R.L., E. Abotsi, E.L., Rensburg, J.V., and and Howard, S. 2003. Lignocellulose 

biotechnology: issues of bioconversion and enzyme production. Afr J Biotechnol 2(12): 602-619. 

James, A.P., and Zahab, D.M. 1982. A genetic system for Pachysolen tannophilus, a pentose-

fermenting yeast. J Gen Microbiol 128(10): 2297-2301. 

Jeffries, T.W. 1981. Conversion of xylose to ethanol under aerobic conditions by Candida 

tropicalis. Biotechnol Lett. 3(5): 213-218. 

http://www.carbolea.ul.ie/wood.php


123 

 

Jeffries, T.W., Fady, J.H., and Lightfoot, E.N. 1985. Effect of glucose supplements on the 

fermentation of xylose by Pachysolen tannophilus. Biotechnol Bioeng 27(2): 171-176. 

Jeffries, T.W. 1985. Emerging technology for fermenting D-xylose. Trends Biotechnol 3(1): 

208-212. 

Jeffries, T.W. 1983. Utilization of xylose by bacteria, yeasts, and fungi. In Pentose and Lignin, 

Edited by A. Fiechter, Springer, Berlin, Germany. pp. 1-32. 

Jeffries, T.W., and Jin, Y.S. 2004. Metabolic engineering for improved fermentation of pentoses 

by yeasts. Appl Microbiol Biotechnol 63(5): 495-509.  

Jeffries, T.W., and Shi, N. 1999. Genetic engineering for improved xylose fermentation by yeasts. 

Adv Biochem Eng Biotechnol 65(5): 117-161. 

Jeffries, T.W., and Sreenath, H.K. 1988. Fermentation of hemicellulosic sugars and sugar 

mixtures by Candida shehatae. Biotechnol Bioeng 31(5): 502-506. 

Jeffries, T.W., Grigoriev, G.V., Grimwood, J., Laplaza, J.M., Aerts, A., Salamov, A., Schmutz, J., 

Lindquist, E., Dehal, P., Shapiro, H., Jin, Y., Passoth, V., and and Richardson, P.M. 2007. 

Genome sequence of the lignocellulose - bioconverting and xylose-fermenting yeast Pichia 

stipitis. Nat Biotechnol 25(3): 319-326. 

Jönsson, L.J., Palmqvist, E., Nilvebrant, N.O., and Hahn-Hägerdal, B. 1998. Detoxification of 

wood hydrolysates with laccase and peroxidase from the white-rot fungus Trametes versicolor. 

Appl Microbiol Biotechnol 49(6): 691-697. 

Jonsson, L., Alriksson, B., and Nilvebrant, N. 2013. Bioconversion of lignocellulose: inhibitors 

and detoxification. Biotechnol Biofuel 6(1): 16. 

Kapu, N.S., Piddocke, M., and Saddler, J. 2013. High gravity and high cell density mitigate some 

of the fermentation inhibitory effects of softwood hydrolysates. AMB Express 3(1): 15. 

Kavanagh, K.L., Klimacek, M., Nidetzky, B., and Wilson, D.K. 2003. Structure of xylose 

reductase bound to NAD+ and the basis for single and dual co-substrate specificity in family 2 

aldo-keto reductases. Biochem J 373(2): 319-326. 

Kavanagh, K., and Whittaker, P.A. 1994. Application of the Melle-Boinot process to the 

fermentation of xylose by Pachysolen tannophilus. Appl Microbiol Biotechnol 42(1): 28-31. 

Kelly, C., Jones, O., Barnhart, C., and Lajoie, C. 2008. Effect of furfural, vanillin and 

syringaldehyde on Candida guilliermondii growth and xylitol biosynthesis. Appl Biochem 

Biotechnol 148(1-3): 97-108. 

Kim, J., Han, K., Koh, Y., Ryu, Y., and Seo, J. 2002. Optimization of fed-batch fermentation for 

xylitol production by Candida tropicalis. J Ind Microb Biotech 29(1): 16-19. 

http://www.amazon.com/A.-Fiechter/e/B00J8E9WVM/ref=dp_byline_cont_book_2


124 

 

Kim, J., Kim, H., Lee, J., Lee, J., and Park, S. 2008. Pretreatment characteristics of waste oak 

wood by ammonia percolation. Appl Biochem Biotechnol 148(1-3): 15-22. 

Krause, E.L., Villa-García, M.J., Henry, S.A., and Walker, L.P. 2007. Determining the effects of 

inositol supplementation and the opi1 mutation on ethanol tolerance of Saccharomyces 

cerevisiae. Ind Biotechnol 3(3): 260-268. 

Kuhad, R.C., Gupta, R., Khasa, Y.P., Singh, A., and Zhang, Y.P. 2011. Bioethanol production 

from pentose sugars: current status and future prospects. Renew Sust Energ Rev 15(9): 4950-

4962. 

Kumar, S.L. 2014. High gravity fermentation of softwood derived sugar streams. PhD. 

Dissertation, The University of British Columbia.Vancouver, BC, Canada 

Kumar, L., Chandra, R., Chung, P.A., and Saddler, J. 2010. Can the same steam pretreatment 

conditions be used for most softwoods to achieve good, enzymatic hydrolysis and sugar yields? 

Bioresour Technol 101(20): 7827-7833. 

Kwon, S., Park, S., and Oh, D. 2006. Increase of xylitol productivity by cell-recycle fermentation 

of Candida tropicalis using submerged membrane bioreactor. J Biosci Bioeng 101(1): 13-18. 

Larsson, S., Palmqvist, E., Hahn-Hagerdal, B., Tengborg, C., Stenberg, K., Zacchi, G., and 

Nilvebrant, N.O. 1999. The generation of fermentation inhibitors during dilute acid hydrolysis of 

softwood. Enzyme Microb Technol 24(3-4): 151-159. 

Larsson, S., Quintana-Sáinz, A., Reimann, A., Nilvebrant, N., and Jönsson, L. 2000. Influence of 

lignocellulose-derived aromatic compounds on oxygen-limited growth and ethanolic 

fermentation by Saccharomyces cerevisiae. Appl Biochem Biotechnol 84-86(1-9): 617-632. 

Lee, H. 1998. Review: the structure and function of yeast xylose (aldose) reductases. Yeast 

14(11): 977-984. 

Lee, H., Sopher, C.R., and Yau, K.Y.F. 1996. Induction of xylose reductase and xylitol 

dehydrogenase activities on mixed sugars in Candida guilliermondii. J Chem Technol 

Biotechnol 65(4): 375-379. 

Lee, H., Atkin, A.L., Barbosa, M.F.S., Dorscheid, D.R., and Schneider, H. 1988. Effect of biotin 

limitation on the conversion of xylose to ethanol and xylitol by Pachysolen tannophilus and 

Candida guilliermondii. Enzyme Microb Technol 10(2): 81-84. 

Lee, J. 1997. Biological conversion of lignocellulosic biomass to ethanol. J Biotechnol 56(1): 1-

24. 

Lee, J., Koo, B., and Kim, S. 2003. Cloning and characterization of the xyl1 gene, encoding an 

NADH-preferring xylose reductase from Candida parapsilosis, and its functional expression in 

Candida tropicalis. Appl Environ Microbiol 69(10): 6179-6188. 



125 

 

Ligthelm, M.E., Prior, B.A., and Preez, J.C. 1988. The oxygen requirements of yeasts for the 

fermentation of D-xylose and D-glucose to ethanol. Appl Microbiol Biotechnol 28(1): 63-68. 

Ligworks. 2014. What is Lignin? [online]. Available from 

http://www.lignoworks.ca/content/what-lignin. 

Liu, M.L.Y. 2010. Fermentation of hemicellulose rich liquid fraction derived from steam 

pretreated softwoods. MSc. Thesis, The University of British Columbia, Vancouver, BC, Canada. 

Liu, X., Kaas, R.S., Jensen, P.R., and Workman, M. 2012. Draft genome sequence of the yeast 

Pachysolen tannophilus CBS 4044/NRRL Y-2460. Eukary Cell 11(6): 827-827. 

Lohmeier-Vogel, E., Sopher, C.R., and Lee, H. 1998. Intracellular acidification as a mechanism 

for the inhibition by acid hydrolysis-derived inhibitors of xylose fermentation by yeasts. J Ind 

Microbiol Biotechnol 20(2): 75-81. 

Long, T.M., Su, Y.K., Headman, J., Higbee, A., Willis, L.B., and Jeffries, T.W. 2012. 

Cofermentation of glucose, xylose, and cellobiose by the beetle-associated yeast Spathaspora 

passalidarum. Appl Environ Microbiol 78(16): 5492-5500. 

Luong, J.H.T. 1985. Kinetics of ethanol inhibition in alcohol fermentation. Biotechnol Bioeng 

27(3): 280-285. 

Madhavan, A., Srivastava, A., Kondo, A., and Bisaria, V.S. 2012. Bioconversion of 

lignocellulose-derived sugars to ethanol by engineered Saccharomyces cerevisiae. Crit Rev 

Biotechnol 32(1): 22-48. 

Magee, R., and Kosaric, N. 1985. Bioconversion of hemicellulosics. In Advances in 

Biomechanical Engineering and Biotechnology, Springer, Berlin, Germany. pp. 61-93. 

Maleszka, R. 1983. Ethanol production from various sugars by strains of Pachysolen tannophilus 

bearing different numbers of chromosomes. J Gen Microbiol 129(8): 2495 - 2500. 

Maleszka, R., Wang, P.Y., and Schneider, H. 1982. Ethanol production from D-galactose and 

glycerol by Pachysolen tannophilus. Enzyme Microb Technol 4(5): 349-352. 

Maleszka, R.S.,H. 1982. Fermentation of D-xylose, xylitol, and D-xylulose by yeasts. Can J 

Microbiol 28(3): 360-363. 

Mani, S., Tabil, L.G., and Sokhansanj, S. 2006. Effects of compressive force, particle size and 

moisture content on mechanical properties of biomass pellets from grasses. Biom Bioenerg 30(7): 

648-654. 

Margaritis, A., and Bajpai, P. 1982. Direct fermentation of D-xylose to ethanol by 

Kluyveromyces marxianus strains. Appl Environ Microbiol 44(5): 1039-1041. 

http://www.lignoworks.ca/content/what-lignin


126 

 

Martin, M., Delgenes, J.P., Moletta, R., and Navarro, J.M. 1992. Biomass degradation products 

affecting xylose fermentation by Pichia stipitis and Candida shehatae. In Biomass for Energy 

Industry and Environment. Preceding at 6th European Conference, Elsevier Science Publishers 

Ltd., Barking, UK. pp. 1332-1336. 

McMillan, J., and Boynton, B. 1994. Arabinose utilization by xylose-fermenting yeasts and fungi. 

Appl Biochem Biotechnol 45-46(1): 569-584. 

Meinander, N.Q., and Hahn-Hägerdal, B. 1997. Influence of cosubstrate concentration on xylose 

conversion by recombinant, XYL1-expressing Saccharomyces cerevisiae: a comparison of 

different sugars and ethanol as cosubstrates. Appl Environ Microbiol 63(5): 1959-1964. 

Meyrial, V., Delgenes, J.P., Romieu, C., Moletta, R., and Gounot, A.M. 1995. Ethanol tolerance 

and activity of plasma membrane ATPase in Pichia stipitis grown on D-xylose or on D-glucose. 

Enzyme Microb Technol 17(6): 535-540. 

Mills, T.Y., Sandoval, N.R., and Gill, R.T. 2009. Cellulosic hydrolysate toxicity and tolerance 

mechanisms in Escherichia coli. Biotechnol Biofuels 2(1): 26-37. 

Morikawa, Y., Takasawa, S., Masunaga, I., and Takayama, K. 1985. Ethanol productions from 

D-xylose and cellobiose by Kluyveromyces cellobiovorus. Biotechnol Bioeng 27(4): 509-513. 

Mussatto, S.I., Silva, C.J.S.M., and Roberto, I.C. 2006. Fermentation performance of Candida 

guilliermondii for xylitol production on single and mixed substrate media. Appl Microbiol 

Biotechnol 72(4): 681-686. 

Neureiter, M., Danner, H., Thomasser, C., Saidi, B., and Braun, R. 2002. Dilute-acid hydrolysis 

of sugarcane bagasse at varying conditions. Appl  Biochem  Biotechnol 98(1): 49-58. 

Neves, M.A., Kimura, T., Shimizu, N., and Nakajima, M. 2007. State of the art and future trends 

of bioethanol production. Dyn Biochem Proc Biotechnol Mol Biol 1(1): 1-14. 

Nigam, J.N., Ireland, R.S., Margaritis, A., and Lachance, M.A. 1985a. Isolation and screening of 

yeasts that ferment D-xylose directly to ethanol. Appl Environ Microbiol. 50(6): 1486-1489. 

Nigam, J.N. 2001. Ethanol production from wheat straw hemicellulose hydrolysate by Pichia 

stipitis. J Biotechnol 87(1): 17-27. 

Nigam, J.N., Margaritis, A., and Lachance, M.A. 1985b. Aerobic fermentation of D-xylose to 

ethanol by Clavispora sp.. Appl Environ Microbiol 50(4): 763-766. 

Nolleau, V., Preziosi-Belloy, L., Delgenes, J.P., and Navarro, J.M. 1993. Xylitol production from 

xylose by two yeast strains: sugar tolerance. Curr Microbiol 27(4): 191-197. 

Nout, M.J., Platis, C., and Wicklow, D.T. 1997. Biodiversity of yeasts from Illinois maize. Can J 

Microbiol 43(4): 362-367. 



127 

 

NRC. 2014. Mountain pine beetle (factsheet) [online]. Available from 

http://www.nrcan.gc.ca/forests/insects-diseases/13397. 

Ohgren, K., Rudolf, A., Galbe, M., and Zacchi, G. 2006. Fuel ethanol production from 

steampretreated corn stover using SSF at higher dry matter content. Biomass Bioenerg 30(10): 

863-869. 

Öhgren, K., Vehmaanperä, J., Siika-Aho, M., Galbe, M., Viikari, L., and Zacchi, G. 2007. High 

temperature enzymatic prehydrolysis prior to simultaneous saccharification and fermentation of 

steam pretreated corn stover for ethanol production. Enzyme Microb Technol 40(4): 607-613. 

Ojamo, H. 1994. Yeast xylose metabolism and xylitol production. PhD. Dissertation, Helsinki 

University of Technology, Helsinki, Finland. 

Olsson, L., and Hahn-Hägerdal, B. 1996. Fermentation of lignocellulosic hydrolysates for 

ethanol production. Enzyme Microb Technol 18(5): 312-331. 

Palmqvist, E., and Hahn-Hägerdal, B. 2000a. Fermentation of lignocellulosic hydrolysates. I: 

inhibition and detoxification. Bioresour Technol 74(1): 17-24. 

Palmqvist, E., and Hahn-Hägerdal, B. 2000b. Fermentation of lignocellulosic hydrolysates. II: 

inhibitors and mechanisms of inhibition. Bioresour Technol 74(1): 25-33. 

Panchal, C.J., Bast, L., Russell, I., and Stewart, G.G. 1988. Repression of xylose utilization by 

glucose in xylose-fermenting yeasts. Can J Microbiol 34(12): 1316-1320. 

Perego, P., Converti, A., Palazzi, E., Borghi, M., and Ferraiolo, G. 1990. Fermentation of 

hardwood hemicellulose hydrolysate by Pachysolen tannophilus, Candida shehatae and Pichia 

stipitis. J Ind Microbiol 6(3): 157-164. 

Pereira, R., Mussatto, S., and Roberto, I.C. 2011. Inhibitory action of toxic compounds present in 

lignocellulosic hydrolysates on xylose to xylitol bioconversion by Candida guilliermondii. J Ind 

Microbiol Biotechnol 38(1): 71-78. 

Pimentel, D., and Patzek, T. 2008. Ethanol production using corn, switchgrass and wood; 

biodiesel production using soybean. In Biofuels, Solar and Wind as Renewable Energy Systems. 

Edited by D. Pimentel, Springer, Dordrecht, Netherlands. pp. 373-394. 

Pratt, P.L., Bryce, J.H., and Stewart, G.G. 2003. The effects of osmotic pressure and ethanol on 

yeast viability and morphology. J Inst Brewing 109(3): 218-228. 

Preez, J.C., and Prior, B.A. 1985. Quantitative screening of some xylose-fermenting yeast 

isolates. Biotechnol Lett 7(4): 241-246. 

http://www.nrcan.gc.ca/forests/insects-diseases/13397


128 

 

Preez, J.C.., Bosch, M., and Prior, B.A. 1987. Temperature profiles of growth and ethanol 

tolerance of the xylose fermenting yeasts Candida shehatae and Pichia stipitis. Appl Microbiol 

Biotechnol 25(6): 521-525. 

Preez, J.C., Bosch, M., and Prior, B.A. 1986a. The fermentation of hexose and pentose sugars by 

Candida shehatae and Pichia stipitis. Appl Microbiol Biotechnol 23(3-4): 228-233. 

Preez, J.C.D., Driessel, B., and Prior, B.A. 1989a. Ethanol tolerance of Pichia stipitis and 

Candida shehatae strains in fed-batch cultures at controlled low dissolved oxygen levels. Appl 

Microbiol Biotechnol 30(1): 53-58. 

Preez, J.C.D., and Walt, J. 1983. Fermentation of D-xylose to ethanol by a strain of Candida 

shehatae. Biotechnol Lett 5(5): 357-362. 

Preez, J.C.D., Bosch, M., and Prior, B.A. 1986b. Xylose fermentation by Candida shehatae and 

Pichia stipitis: effects of pH, temperature and substrate concentration. Enzyme Microb Technol 

8(6): 360-364. 

Preez, J.C.D., Driessel, B., and Prior, B.A. 1989b. Effect of aerobiosis on fermentation and key 

enzyme levels during growth of Pichia stipitis, Candida shehatae and Candida tenuis on D-

xylose. Arch Microbiol 152(2): 143-147. 

Rapier, R. 2012. Energy production. In Power Plays Energy Options in the Age of Peak Oil. 

Apress, New York, USA. pp. 45-48. 

Reijenga, K.A., Snoep, J.L., Diderich, J.A., van Verseveld, H.W., Westerhoff, H.V., and Teusink, 

B. 2001. Control of glycolytic dynamics by hexose transport in Saccharomyces cerevisiae. 

Biophys J 80(2): 626-634. 

Richardson, T. 2013. Strain improvement of Scheffersomyces stipitis for the bioconversion of 

lignocellulosic biomass into ethanol. MSc. Thesis, University of Guelph, Guelph, ON, Canada. 

Richardson, T.L., Harner, N.K., Bajwa, P.K., Trevors, J.T., and Lee H. 2011. Approaches to deal 

with toxic inhibitors during fermentation of lignocellulosic substrates. In Sustainable Production 

of Fuels, Chemicals, and Fibers from Forest Biomass. ACS Press, Washington, DC, USA. pp. 

171-202. 

Roberto, I.C., de Mancilha, I.M., and Sato, S. 1999. Influence of kLa on bioconversion of rice 

straw hemicellulose hydrolysate to xylitol. Bioprocess Eng 21(6): 505-508. 

Roberto, I.C., Felipe, M.G.A., Lacis, L.S., Silva, S.S., de Mancilha, I.M., Roberto, I.C., Felipe, 

M.G.A., Lacis, L.S., Silva, S.S., and de Mancilha, I.M. 1991. Utilization of sugar cane bagasse 

hemicellulosic hydrolyzate by Candida guilliermondii for xylitol production. Bioresour Technol 

36(3): 271-275. 



129 

 

Robinson, J., Keating, J., Boussaid, A., Mansfield, S.D., and Saddler, J.N. 2002. The influence of 

bark on the fermenation of douglas-fir whitewood pre-hydrolysates. Appl Microbiol Biotechnol 

59(4-5): 443-448. 

Rodrigues, D.C.G.A., Suva, S.S., Prata, A.M.R., and Felipe, M.G.A. 1998. Biotechnological 

production of xylitol from agroindustrial residues. Appl Biochem Biotechnol 70-72(1): 869-875. 

Rodrigues, R.C.L.B., Felipe, M.G.A., Roberto, I.C., and Vitolo, M. 2003. Batch xylitol 

production by Candida guilliermondii FTI 20037 from sugarcane bagasse hemicellulosic 

hydrolyzate at controlled pH values. Bioproc Biosyst Eng 26(2): 103-107. 

Routledge, S. 2012. Beyond de-foaming: the effects of antifoams on bioprocess productivity. 

Comput Struct Biotechnol J 3(4): e201210014. 

Routledge, S., Hewitt, C., Bora, N., and Bill, R. 2011. Antifoam addition to shake flask cultures 

of recombinant Pichia pastoris increases yield. Microb Cell Fact 10(1): 17. 

Rudolf, A. 2007. Fermentation and cultivation technology for improved ethanol production from 

lignocellulose. PhD. Dissertation, Lund University. Lund, Sweden  

Ryabova, O.B., Chmil, O.M., and Sibirny, A.A. 2003. Xylose and cellobiose fermentation to 

ethanol by the thermotolerant methylotrophic yeast Hansenula polymorpha. FEMS Yeast Res 

4(2): 157-164. 

Saha, B. 2003. Hemicellulose bioconversion. J Ind Microbiol Biotechnol 30(5): 279-291. 

Sánchez, S., Bravo, V., Castro, E., Moya, A.J., and Camacho, F. 1999. Comparative study of the 

fermentation of D-glucose/D-xylose mixtures with Pachysolen tannophilus and Candida 

shehatae. Bioprocess Eng 21(6): 525-532. 

Sassner, P., Galbe, M., and Zacchi, G. 2006. Bioethanol production based on simultaneous 

saccharification and fermentation of steam-pretreated salix at high dry-matter content. Enzyme 

Microb Technol 39(4): 756-762. 

Schirmer-Michel, ÂC, Flôres, S.H., Hertz, P.F., Matos, G.S., and Ayub, M.A.Z. 2008. 

Production of ethanol from doybean hull hydrolysate by osmotolerant Candida guilliermondii 

NRRL Y-2075. Bioresour Technol 99(8): 2898-2904. 

Schneider, H., Wang, P.Y., Chan, Y.K., and Maleszka, R. 1981. Conversion of D-xylose into 

ethanol by the yeast Pachysolen tannophilus. Biotechnol Lett 3(2): 89-92. 

Schneider, H., Maleszka, R., Neirinck, L., Veliky, I.A., Wang, P.Y., and Chan, Y.K. 1983. 

Ethanol production from D-xylose and several other carbohydrates by Pachysolen tannophilus 

and other yeasts. Adv Biochem Engin Biotechnol 27(1): 57-71. 



130 

 

Scordia, D., Cosentino, S.L., and Jeffries, T.W. 2010. Second generation bioethanol production 

from Saccharum spontaneum L. ssp aegyptiacum (Willd.) Hack. Biores Technol 101(14): 5358-

5365. 

Sibirny, A., and Boretsky, Y.R. 2009. Pichia guilliermondii. In Yeast Biotechnology: Diversity 

and Applications: Diversity and Applications. Edited by T. Satyanarayana, and G. Kunze. 

Springer Science & Business Media. NY. USA. pp. 114-116. 

Silva, S.S., and Chandel, A.K. 2012. Microorganisms, strain improvement, fermentation and 

biochemical methods for xylitol production. In D-Xylitol Fermentative Production, Application 

and Commercialization. Springer, Berlin. Germany. pp. 85-225. 

Silva, C.J., and Roberto, I.C. 2001. Improvement of xylitol production by Candida 

guilliermondii FTI 20037 previously adapted to rice straw hemicellulosic hydrolysate. Lett Appl 

Microbiol 32(4): 248-252. 

Silva, M.V., Ismael, M., Silva, S.S., and Felipe, M.G.A. 2007. Improvement of biotechnological 

xylitol production by glucose during cultivate of Candida guilliermondii in sugarcane bagasse 

hydrolysate. Braz Arch Biol Technol 50(1): 207-215. 

Silva, J., Mussatto, S., and Roberto, I. 2010. The influence of initial xylose concentration, 

agitation, and aeration on ethanol production by Pichia stipitis from rice straw hemicellulosic 

hydrolysate. Appl Biochem Biotechnol 162(5): 1306-1315. 

Silva, S.S., Mancilha, I.M., Queiroz, M.A., Felipe, M.G.A., Roberto, I.C., and Vitolo, M. 1994. 

Xylitol formation by Candida guilliermondii in media containing different nitrogen sources. J 

Basic Microbiol 34(3): 205-208. 

Silva, S., Ribeiro, J., Felipe, M.A., and Vitolo, M. 1997. Maximizing the xylitol production from 

sugar cane bagasse hydrolysate by controlling the aeration rate. Appl Biochem Biotechnol 63-

65(1): 557-564. 

Singh, A. 1994. Microbial production of ethanol. In Microbial Pentose Utilization: Current 

Applications in Biotechnology. Elesevier Science, Amsterdam, Netherlands. pp. 142 - 323. 

Sjöström, E. 1993. The structure of wood. In Wood Chemistry: Fundamentals and Applications. 

Gulf Professional Publishing, San Diego, CA. USA. pp. 15 - 18. 

Skoog, K., and and Hahn-Hägerdal, B. 1990. Effect of oxygenation on  xylose fermentation 

Pichia stipitis. Appl Enviro Microbiol 56(11): 3389-3394. 

Skoog, K., Jeppsson, H., and Hahn-Hägerdal, B. 1992. The effect of oxygenation on glucose 

fermentation with Pichia stipitis. Appl Biochem Biotechnol 34-35(1): 369-375. 



131 

 

Slininger, P.J., Bothast, R.J., Okos, M.R., and Ladisch, M.R. 1985. Comparative evaluation of 

ethanol production by xylose-fermenting yeasts presented high xylose concentrations. Biotechnol 

Lett 7(6): 431-436. 

Slininger, P.J., and Bothast, R.J. 1988. Continuous fermentation of feed streams containing D-

glucose and D-xylose in a two-stage process utilizing immobilized Saccharomyces cerevisiae 

and Pachysolen tannophilus. Biotechnol Bioeng 32(9): 1104-1112. 

Slininger, P.J., Bolen, P.L., and Kurtzman, C.P. 1987. Pachysolen tannophilus: properties and 

process considerations for ethanol production from D-xylose. Enzyme Microb Technol 9(1): 5-

15. 

Slininger, P.J., Bothast, R.J., Van Cauwenberge, J.E., and Kurtzman, C.P. 1982. Conversion of 

D-xylose to ethanol by the yeast. Biotechnol Bioeng 24(2): 371-384. 

Slininger, P.J., Branstrator, L.E., Bothast, R.J., Okos, M.R., and Ladisch, M.R. 1991. Growth, 

death, and oxygen uptake kinetics of Pichia stipitis on xylose. Biotechnol Bioeng 37(10): 973-

980. 

Söderström, J., Pilcher, L., Galbe, M., and Zacchi, G. 2003. Two-step steam pretreatment of 

softwood by dilute H2SO4 impregnation for ethanol production. Biomass Bioenerg 24(6): 475-

486. 

Solomon, B.D., Barnes, J.R., and Halvorsen, K.E. 2007. Grain and cellulosic ethanol: history, 

economics, and energy policy. Biomass Bioenerg 31(6): 416-425. 

Sreenath, H.K., and Jeffries, T.W. 2000. Production of ethanol from wood hydrolyzate by yeasts. 

Bioresour Technol 72(3): 253-260. 

Stephen, J.D., Mabee, W.E., and Saddler, J.N. 2010. Biomass logistics as a determinant of 

second-generation biofuel facility scale, location and technology selection. Biofuels Bioprod 

Bioref 4(5): 503-518. 

Syzbalski, W., and Bryson, Y. 1952. Genetic studies on microbial cross resistance to toxic agents 

I.  cross resistance of Escherichia coli to fifteen antibiotics. J Bacteriol 64(4): 489-489. 

Taherzadeh, M.J., and Karimi, K. 2007. Acid-based hydrolysis processes for ethanol from 

lignocellulosic materials: a review. BioResources 2(3): 472-499. 

Theander, O. 1991. Chemical analysis of lignocellulose materials. Anim Feed Sci Technol 32(1–

3): 35-44. 

Toivola, A., Yarrow, D., van den Bosch, E., van Dijken, J.P., and and Scheffers, W.A. 1984. 

Alcoholic fermentation of D-xylose by yeasts. Appl Environ Microbiol 47(6): 1221-1223. 



132 

 

Tran, A.V., and Chambers, R.P. 1986. Ethanol fermentation of red oak acid prehydrolysate by 

the yeast Pichia stipitis CBS 5776. Enzyme Microb Technol 8(7): 439-444. 

Unrean, P., and Nguyen, N.H. 2012. Metabolic pathway analysis of Scheffersomyces (Pichia) 

stipitis: effect of oxygen availability on ethanol synthesis and flux distributions. Appl Microbiol 

Biotechnol 94(5): 1387-1398. 

Urbina, H., and Blackwell, M. 2012. Multilocus phylogenetic study of the Scheffersomyces yeast 

clade and characterization of the N-terminal region of xylose reductase gene. PLoS One 7(6): 

e39128. 

Vajzovic, A., Bura, R., Kohlmeier, K., and Doty, S.L. 2012. Novel endophytic yeast Rhodotorula 

mucilaginosa strain PTD3 II: production of xylitol and ethanol in the presence of inhibitors. J Ind 

Microbiol Biotechnol 39(10): 1453 - 1463. 

van Maris, A.A., Winkler, A., Kuyper, M., de Laat, W.A.M., van Dijken, J., and Pronk, J. 2007. 

Development of efficient xylose fermentation in Saccharomyces cerevisiae: xylose isomerase as 

a key component. In Biofuels Advances in Biochemical Engineering/Biotechnology. Edited by L. 

Olsson, Springer, Berlin, Germany, pp. 179-204. 

van Maris, A.A., Abbott, D., Bellissimi, E., Brink, J., Kuyper, M., Luttik, M.H., Wisselink, H.W., 

Scheffers, W.A., Dijken, J., and Pronk, J. 2006. Alcoholic fermentation of carbon sources in 

biomass hydrolysates by Saccharomyces cerevisiae: current status. Anton Van Leeuw J 

Microbiol 90(4): 391-418. 

Walker, G.M. 2011. 125th Anniversary review: fuel alcohol, current production and future 

challenges. J Inst Brewing 117(1): 3-22. 

Walker, G.M. 1998. Yeast - Physiology and Biotechnology. John Wiley and Sons, West Sussex, 

UK.  

Wang, P.Y., Shopsis, C., and Schneider, H. 1980. Fermentation of a pentose by yeasts. Biochem 

Biophys Res Commun 94(1): 248-254. 

Wayman, M., and Parekh, S.R. 1990. Ethanol from sugar cane. In Biotechnology of Biomass 

Conversion; Fuel and Chemicals from Renewable Resources. Edited by M. Keynes, Open 

University Press, UK. pp. 181- 232.  

Webb, S.R., and Lee, H. 1990. Regulation of d-xylose utilization by hexoses in pentose-

fermenting yeasts. Biotechnol Adv 8(4): 685-697. 

Wedlock, D.N., and Thornton, R.J. 1989. A hexokinase associated with catabolite repression in 

Pachysolen tannophilus. J Gen Microbiol 135(7): 2013-2018. 



133 

 

Weierstall, T., Hollenberg, C.P., and Boles, E. 1999. Cloning and characterization of three genes 

(SUT1-3) encoding glucose transporters of the yeast Pichia stipitis. Mol Microbiol 31(3): 871-

883. 

Wiselogel, A., Tyson, S., and Johnson, D. 1996. Biomass feedstock resources and compositions. 

In Handbook on Bioethanol: Production and Utilization. Edited by C. Wyman, and F. Taylor, 

Washington, DC. USA. pp. 105 - 134 

Woods, M., and Millis, N. 1985. Effect of slow feeding of xylose on ethanol yield by Pachysolen 

tannophilus. Biotechnol Lett 7(9): 679-682. 

Zaldivar, J., Nielsen, J., and Olsson, L. 2001. Fuel ethanol production from lignocellulose: a 

challenge for metabolic engineering and process integration. Appl Microbiol Biotechnol 56(1): 

17-34. 

Zhao, L., Yu, J., Zhang, X., and Tan, T. 2010. The ethanol tolerance of Pachysolen tannophilus 

in fermentation on xylose. Appl Biochem Biotechnol 160(2): 378-385. 

Zheng, P., Dong, J.J., Sun, Z.H., Ni, Y., and and Fang, L. 2009a. Fermentative production of 

succinic acid from straw hydrolysate by Actinobacillus Succinogenes. Bioresour Technol 100(8): 

2425-2429. 

Zheng, Y., Pan, Z., and Zhang, R. 2009b. Overview of biomass pretreatment for cellulosic 

ethanol production. Int J Agric Biol Eng 2(3): 51-67. 

Zhu, Y., Tang, K.Y., and Hosmane, N.S. 2013. Applications of ionic liquids in lignin chemistry. 

In Ionic Liquids - New Aspects for the Future. Edited by J. Kadokawa, Intech Inc, Chattanooga, 

TN. USA. pp. 543-706. 

Zyl, C., Prior, B.A., and Preez, J.C.D. 1988. Production of ethanol from sugar cane bagasse 

hemicellulose hydrolyzate by Pichia stipitis. Appl Biochem Biotechnol 17(1-3): 357-369. 

   



134 

 

Appendix A Defined-media results 

Appendix A1  Statistical output for fermentation experiments with varying [YNBm] by IBM 

SPSS 

 

Univariate Analysis of Variance for Cg Mannose 15% (w/v) 

Between-Subjects Factors 

 N 

YNBm_conc .17 3 

.67 3 

 

Tests of Between-Subjects Effects 

Dependent Variable:   Peak_EtOH   

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model .037a 2 .018 1.331 .386 

Intercept .002 1 .002 .144 .730 

Initial_Sugar .028 1 .028 2.010 .251 

YNBm_conc .018 1 .018 1.277 .341 

Error .042 3 .014   

Total 180.597 6    

Corrected Total .078 5    

a. R Squared = .470 (Adjusted R Squared = .117) 

 

Estimated Marginal Means 

YNBm_conc for Cg Mannose 15% (w/v) 

 

Estimates 

Dependent Variable:   Peak_EtOH   

YNBm_conc Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

.17 5.294a .176 4.734 5.854 

.67 5.676a .176 5.116 6.237 

a. Covariates appearing in the model are evaluated at the following 

values: Initial_Sugar = 16.1. 
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Pairwise Comparisons 

Dependent Variable:   Peak_EtOH   

(I) 

YNBm_conc 

(J) 

YNBm_conc 

Mean 

Difference 

(I-J) 

Std. 

Error Sig.a 

95% Confidence Interval for 

Differencea 

Lower Bound Upper Bound 

.17 .67 -.383 .339 .341 -1.460 .695 

.67 .17 .383 .339 .341 -.695 1.460 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Bonferroni. 

 

Univariate Tests 

Dependent Variable:   Peak_EtOH   

 

Sum of 

Squares df Mean Square F Sig. 

Contrast .018 1 .018 1.277 .341 

Error .042 3 .014   

The F tests the effect of YNBm_conc. This test is based on the linearly 

independent pairwise comparisons among the estimated marginal means. 
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Univariate Analysis of Variance for YNBm Cg Glucose 20 % (w/v) 

[YNBm Glucose 20]  

 

Between-Subjects Factors 

 N 

YNBm_conc .17 3 

.67 3 

 

Tests of Between-Subjects Effects 

Dependent Variable:   Peak_EtOH   

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model .126a 2 .063 16.009 .025 

Intercept .016 1 .016 4.084 .137 

Initial_Sugar .031 1 .031 7.823 .068 

YNBm_conc .002 1 .002 .542 .515 

Error .012 3 .004   

Total 333.678 6    

Corrected Total .138 5    

a. R Squared = .914 (Adjusted R Squared = .857) 

 

Estimated Marginal Means 

YNBm_conc Cg Glucose 20 % (w/v) 

 

Estimates 

Dependent Variable:   Peak_EtOH   

YNBm_conc Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

.17 7.487a .050 7.329 7.645 

.67 7.425a .050 7.267 7.582 

a. Covariates appearing in the model are evaluated at the following 

values: Initial_Sugar = 20.5. 
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Pairwise Comparisons 

Dependent Variable:   Peak_EtOH   

(I) 

YNBm_conc 

(J) 

YNBm_conc 

Mean 

Difference 

(I-J) Std. Error Sig.a 

95% Confidence Interval 

for Differencea 

Lower 

Bound 

Upper 

Bound 

.17 .67 .062 .085 .515 -.208 .332 

.67 .17 -.062 .085 .515 -.332 .208 

Based on estimated marginal means 

a. Adjustment for multiple comparisons: Bonferroni. 

 

Univariate Tests 

Dependent Variable:   Peak_EtOH   

 

Sum of 

Squares df Mean Square F Sig. 

Contrast .002 1 .002 .542 .515 

Error .012 3 .004   

The F tests the effect of YNBm_conc. This test is based on the linearly 

independent pairwise comparisons among the estimated marginal means. 
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Univariate Analysis of Variance for YNBm Cg Glucose 25% (w/v)  

[YNBm glucose 25]  

Between-Subjects Factors 

 N 

YNBm_conc .17 5 

.67 4 

 

Tests of Between-Subjects Effects 

Dependent Variable:   Peak_EtOH   

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model 6.235a 2 3.118 14.912 .005 

Intercept .264 1 .264 1.262 .304 

Initial_Sugar .009 1 .009 .041 .846 

YNBm_conc 4.304 1 4.304 20.588 .004 

Error 1.254 6 .209   

Total 643.881 9    

Corrected Total 7.490 8    

a. R Squared = .833 (Adjusted R Squared = .777) 

 

Estimated Marginal Means 

YNBm_conc for Cg Glucose 25% (w/v) 

Estimates 

Dependent Variable:   Peak_EtOH   

YNBm_conc Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

.17 7.645a .227 7.089 8.201 

.67 9.364a .260 8.728 10.000 

a. Covariates appearing in the model are evaluated at the following 

values: Initial_Sugar = 26.4. 
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Pairwise Comparisons 

Dependent Variable:   Peak_EtOH   

(I) 

YNBm_conc 

(J) 

YNBm_conc 

Mean 

Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval 

for Differenceb 

Lower 

Bound 

Upper 

Bound 

.17 .67 -1.719* .379 .004 -2.646 -.792 

.67 .17 1.719* .379 .004 .792 2.646 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 

 

Univariate Tests 

Dependent Variable:   Peak_EtOH   

 

Sum of 

Squares df Mean Square F Sig. 

Contrast 4.304 1 4.304 20.588 .004 

Error 1.254 6 .209   

The F tests the effect of YNBm_conc. This test is based on the linearly 

independent pairwise comparisons among the estimated marginal means. 
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Appendix A2 Statistical output for fermentation experiments with various yeast strains by 

IBM SPSS 

 

Univariate Analysis of Variance for Glucose 25% (w/v) Fermentations by All Strains 

[Glucose 25]  

Between-Subjects Factors 

 N 

Yeast_Strain Cg 4 

Pt 5 

SS 3 

Ssh 4 

T2 3 

Tests of Between-Subjects Effects 

Dependent Variable:   Peak_EtOH   

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model 74.995a 5 14.999 303.751 .000 

Intercept 6.089 1 6.089 123.308 .000 

Initial_sugar 1.409 1 1.409 28.534 .000 

Yeast_Strain 74.979 4 18.745 379.608 .000 

Error .593 12 .049   

Total 1093.715 18    

Corrected Total 75.588 17    

a. R Squared = .992 (Adjusted R Squared = .989) 
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Estimated Marginal Means 

Yeast_Strains Fermentations with Glucose 25% (w/v) 

Estimates 

Dependent Variable:   Peak_EtOH   

Yeast_Strain Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

Cg 9.334a .111 9.092 9.576 

Pt 8.891a .104 8.664 9.118 

SS 4.090a .138 3.789 4.391 

Ssh 5.694a .114 5.446 5.941 

T2 9.268a .164 8.911 9.626 

a. Covariates appearing in the model are evaluated at the following 

values: Initial_sugar = 25.9. 
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Pairwise Comparisons 

Dependent Variable:   Peak_EtOH   

(I) 

Yeast_Strain 

(J) 

Yeast_Strain 

Mean 

Difference 

(I-J) Std. Error Sig.b 

95% Confidence 

Interval for Differenceb 

Lower 

Bound 

Upper 

Bound 

Cg Pt .443 .153 .132 -.080 .966 

SS 5.244* .177 .000 4.637 5.851 

Ssh 3.641* .159 .000 3.096 4.186 

T2 .066 .198 1.000 -.613 .745 

Pt Cg -.443 .153 .132 -.966 .080 

SS 4.801* .182 .000 4.176 5.426 

Ssh 3.198* .149 .000 2.686 3.709 

T2 -.377 .202 .867 -1.070 .316 

SS Cg -5.244* .177 .000 -5.851 -4.637 

Pt -4.801* .182 .000 -5.426 -4.176 

Ssh -1.603* .185 .000 -2.239 -.968 

T2 -5.178* .203 .000 -5.874 -4.483 

Ssh Cg -3.641* .159 .000 -4.186 -3.096 

Pt -3.198* .149 .000 -3.709 -2.686 

SS 1.603* .185 .000 .968 2.239 

T2 -3.575* .205 .000 -4.278 -2.872 

T2 Cg -.066 .198 1.000 -.745 .613 

Pt .377 .202 .867 -.316 1.070 

SS 5.178* .203 .000 4.483 5.874 

Ssh 3.575* .205 .000 2.872 4.278 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 
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Univariate Tests 

Dependent Variable:   Peak_EtOH   

 

Sum of 

Squares df Mean Square F Sig. 

Contrast 74.979 4 18.745 379.608 .000 

Error .593 12 .049   

The F tests the effect of Yeast_Strain. This test is based on the linearly 

independent pairwise comparisons among the estimated marginal means. 

 

Univariate Analysis of Variance for Mannose 20% Fermentations by All Strains 

[Mannose 20]  

Between-Subjects Factors 

 N 

Yeast_Strain Cg 3 

Pt 3 

SS 4 

Ssh 3 

T2 3 

Tests of Between-Subjects Effects 

Dependent Variable:   Peak_EtOH   

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model 39.461a 5 7.892 59.632 .000 

Intercept .442 1 .442 3.340 .098 

Initial_sugar .017 1 .017 .127 .729 

Yeast_Strain 38.773 4 9.693 73.239 .000 

Error 1.323 10 .132   

Total 643.780 16    

Corrected Total 40.784 15    

a. R Squared = .968 (Adjusted R Squared = .951) 
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Estimated Marginal Means 

Yeast_Strains with Fermentations with Mannose 20% (w/v) 

Estimates 

Dependent Variable:   Peak_EtOH   

Yeast_Strain Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

Cg 7.070a .211 6.600 7.539 

Pt 7.702a .212 7.230 8.174 

SS 4.340a .202 3.890 4.790 

Ssh 4.442a .230 3.929 4.954 

T2 7.741a .210 7.273 8.210 

a. Covariates appearing in the model are evaluated at the following 

values: Initial_sugar = 20.3. 
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Pairwise Comparisons 

Dependent Variable:   Peak_EtOH   

(I) 

Yeast_Strain 

(J) 

Yeast_Strain 

Mean 

Difference 

(I-J) Std. Error Sig.b 

95% Confidence Interval for 

Differenceb 

Lower Bound Upper Bound 

Cg Pt -.633 .300 .613 -1.708 .443 

SS 2.730* .287 .000 1.703 3.757 

Ssh 2.628* .317 .000 1.493 3.763 

T2 -.672 .298 .481 -1.741 .397 

Pt Cg .633 .300 .613 -.443 1.708 

SS 3.363* .301 .000 2.286 4.440 

Ssh 3.261* .304 .000 2.171 4.351 

T2 -.039 .297 1.000 -1.104 1.026 

SS Cg -2.730* .287 .000 -3.757 -1.703 

Pt -3.363* .301 .000 -4.440 -2.286 

Ssh -.102 .332 1.000 -1.291 1.086 

T2 -3.402* .295 .000 -4.460 -2.344 

Ssh Cg -2.628* .317 .000 -3.763 -1.493 

Pt -3.261* .304 .000 -4.351 -2.171 

SS .102 .332 1.000 -1.086 1.291 

T2 -3.300* .308 .000 -4.403 -2.197 

T2 Cg .672 .298 .481 -.397 1.741 

Pt .039 .297 1.000 -1.026 1.104 

SS 3.402* .295 .000 2.344 4.460 

Ssh 3.300* .308 .000 2.197 4.403 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 
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Univariate Tests 

Dependent Variable:   Peak_EtOH   

 

Sum of 

Squares df Mean Square F Sig. 

Contrast 38.773 4 9.693 73.239 .000 

Error 1.323 10 .132   

The F tests the effect of Yeast_Strain. This test is based on the linearly 

independent pairwise comparisons among the estimated marginal means. 

 

Univariate Analysis of Variance for Galactose 20% (w/v) Fermentations by All Strains 

[Galactose 20] 

Between-Subjects Factors 

 N 

Yeast_Strain Cg 3 

Pt 3 

SS 4 

Ssh 3 

T2 3 

 

Tests of Between-Subjects Effects 

Dependent Variable:   Peak_EtOH   

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected Model 65.372a 5 13.074 141.604 .000 

Intercept .810 1 .810 8.774 .018 

Initial_sugar .083 1 .083 .903 .370 

Yeast_Strain 60.482 4 15.121 163.765 .000 

Error .739 8 .092   

Total 247.761 14    

Corrected Total 66.111 13    

a. R Squared = .989 (Adjusted R Squared = .982) 
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Estimated Marginal Means 

Yeast_Strains for Galactose 20% (w/v) Fermentations 

Estimates 

Dependent Variable:   Peak_EtOH   

Yeast_Strain Mean Std. Error 

95% Confidence Interval 

Lower Bound Upper Bound 

Cg 4.282a .245 3.718 4.847 

Pt .125a .175 -.280 .529 

SS 3.853a .155 3.494 4.211 

Ssh 3.718a .176 3.312 4.124 

T2 7.463a .270 6.840 8.086 

a. Covariates appearing in the model are evaluated at the following 

values: Initial_sugar = 20.8. 
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Pairwise Comparisons 

Dependent Variable:   Peak_EtOH   

(I) 

Yeast_Strain 

(J) 

Yeast_Strain 

Mean 

Difference (I-J) Std. Error Sig.b 

95% Confidence 

Interval for Differenceb 

    

Lower 

Bound 

Upper 

Bound 

Cg Pt 4.158* .300 .000 3.007 5.308 

SS .430 .277 1.000 -.630 1.489 

Ssh .564 .307 1.000 -.613 1.741 

T2 -3.181* .414 .001 -4.767 -1.594 

Pt Cg -4.158* .300 .000 -5.308 -3.007 

SS -3.728* .234 .000 -4.625 -2.831 

Ssh -3.594* .249 .000 -4.547 -2.641 

T2 -7.338* .323 .000 -8.578 -6.099 

SS Cg -.430 .277 1.000 -1.489 .630 

Pt 3.728* .234 .000 2.831 4.625 

Ssh .134 .237 1.000 -.773 1.042 

T2 -3.610* .328 .000 -4.868 -2.353 

Ssh Cg -.564 .307 1.000 -1.741 .613 

Pt 3.594* .249 .000 2.641 4.547 

SS -.134 .237 1.000 -1.042 .773 

T2 -3.745* .315 .000 -4.952 -2.537 

T2 Cg 3.181* .414 .001 1.594 4.767 

Pt 7.338* .323 .000 6.099 8.578 

SS 3.610* .328 .000 2.353 4.868 

Ssh 3.745* .315 .000 2.537 4.952 

Based on estimated marginal means 

*. The mean difference is significant at the .05 level. 

b. Adjustment for multiple comparisons: Bonferroni. 
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Univariate Tests 

Dependent Variable:   Peak_EtOH   

 

Sum of 

Squares df Mean Square F Sig. 

Contrast 60.482 4 15.121 163.765 .000 

Error .739 8 .092   

The F tests the effect of Yeast_Strain. This test is based on the linearly 

independent pairwise comparisons among the estimated marginal means. 

 

 

Statistical measures summary for all yeast strains tested 

Table A2.1 P-values of ANCOVA tests of the peak ethanol concentrations from 

fermentation with glucose [24.9%-26.6% (w/v)] in defined media by yeasts. 

Yeast strains C. guilliermondii P. tannophilus S. shehatae S. stipitis S. cerevisiae 

C. guilliermondii 
 

0.132* 0.000 0.000 1.000* 

P. tannophilus 0.132* 
 

0.000 0.000 0.867* 

S. shehatae 0.000 0.000 
 

0.000 0.000 

S. stipitis 0.000 0.000 0.000 
 

0.000 

S. cerevisiae 1.000* 0.867* 0.000 0.000   

Note: * - The p-values of peak ethanol concentrations calculated from experiments between the 

strains were greater than 0.05. This indicates no significant differences between the ethanol 

concentrations in these experiments at a 95% confidence level. 
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Table A2.2 P-values of ANCOVA tests of the peak ethanol concentrations from 

fermentation with mannose [19.8%-21.1% (w/v)] in defined media by yeasts. 

Yeast strains C. guilliermondii P. tannophilus S. shehatae S. stipitis S. cerevisiae 

C. guilliermondii 
 

0.613 0.000 0.000 0.481 

P. tannophilus 0.613 
 

0.000 0.000 1.000* 

S. shehatae 0.000 0.000 
 

1.000* 0.000 

S. stipitis 0.000 0.000 1.000* 
 

0.000 

S. cerevisiae 0.481 1.000* 0.000 0.000   

Note: * - The p-values of peak ethanol concentrations calculated from experiments between the 

strains were greater than 0.05. This indicates no significant differences between the ethanol 

concentrations in these experiments at a 95% confidence level. 

 

Table A2.3 P-values of ANCOVA tests of the peak ethanol concentrations from 

fermentation with galactose [19.6%-22.6% (w/v)] in defined media by yeasts. 

Yeast strains C. guilliermondii P. tannophilus S. shehatae S. stipitis S. cerevisiae 

C. guilliermondii 
 

0.000 1.000 1.000 0.001 

P. tannophilus 0.000 
 

0.000 0.000 0.000 

S. shehatae 1.000 0.000 
 

1.000* 0.000 

S. stipitis 1.000 0.000 1.000* 
 

0.000 

S. cerevisiae 0.001 0.000 0.000 0.000   

Note: * - The p-values of peak ethanol concentrations calculated from experiments between the 

strains were greater than 0.05. This indicates no significant differences between the ethanol 

concentrations in these experiments at a 95% confidence level. 
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Appendix A3 Strain summary  

 

Figure A3.1 Amount of sugar not utilized by yeast strains.   The amount of sugar (% w/v) not 

utilized at the end of period of 144 h fermentation by yeast strains including S. cerevisiae T2 

(olive green bar), C. guilliermondii FTI 20037 (crimson red bar), P. tannophilus NRRL Y2460 

(blue bar), S. shehatae NRC 2886 (fluorescent green bar) and S. stipitis NRRL Y7124 (magenta 

bar).  

C. guilliermondii was best at completely utilizing all sugars except for arabinose. S. 

shehatae was able to completely utilized all hexose sugar at lower concentrations, and it can 

utilize at least 85% of all hexose sugars in concentration from 20% - 25% (w/v). P. tannophilus 

can completely utilized most of hexose sugar from 15% -20% (w/v), but perform poorly in 

galactose. S. stipitis was best at utilizing xylose and arabinose, but unable to utilize most of 

hexose sugars completely.  
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Figure A3.2 Fermentation time for all sugars by yeast strains.   The time required (represent 

in hours) for utilizing all sugars tested by yeast strains including S. cerevisiae T2 (olive green 

bar), C. guilliermondii FTI 20037 (crimson red bar), P. tannophilus NRRL Y2460 (blue bar), S. 

shehatae NRC 2886 (fluorescent green bar) and S. stipitis NRRL Y7124 (magenta bar).  

 

S. cerevisiae and C. guilliermondii were able to utilize both mannose and glucose at all 

levels within a short time. The S. stipitis and P. tannophilus performed similarly, except most of 

the sugars are not utilized by S. stipitis. On the other hand, despite S. shehatae required most of 

the time for fermentation, at least 85% of all sugars were consumed (Figure A3.1).  
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