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An efficient lignocellulosic bioconversion process requires robust inhibitor-

tolerant yeast strains capable of fermenting all sugars in non-detoxified lignocellulosic 

hydrolysates to desired product(s). Pentose-fermenting yeasts such as Pachysolen 

tannophilus can ferment both glucose and xylose to ethanol, but performs poorly in the 

presence of hydrolysate inhibitors. We initiated a strain development program to improve 

the properties of P. tannophilus by non-recombinant means. A blend of random 

mutagenesis coupled with genome shuffling was used to obtain improved strains of P. 

tannophilus with enhanced ethanol production and tolerance to inhibitors in hardwood 

spent sulfite liquor (HW SSL). Genome shuffled strains (GHW301, GHW302 and 

GHW303) grew at higher concentrations of HW SSL (80 % v/v) compared to HW SSL-

tolerant (UHW301, UHW303 and UHW303) UV mutants (60 and 70 % v/v) and the 

wild-type (WT) strain (50 % v/v). In defined media containing acetic acid (0.70–0.90 % 

w/v), GHW301, GHW302 and GHW303 exhibited a shorter lag compared to acetic acid-

tolerant (UAA301, UAA302 and UAA303) UV mutants, while the WT did not grow. 

Genome shuffled strains produced more ethanol than the WT at higher concentrations of 

HW SSL and an aspen hydrolysate. To identify the genetic basis of inhibitor tolerance, 



 
 

whole genome sequencing was carried out on GHW301, GHW302 and GHW303 and 

compared to the WT strain. Sixty single nucleotide variations were identified that were 

common to all three genome shuffled strains. Of these, 40 were in gene sequences and 20 

were within 5 bp–1 kb either up or downstream of protein encoding genes. Based on the 

mutated gene products, mutations were grouped into functional categories and affected a 

variety of cellular functions, demonstrating the complexity of inhibitor tolerance in yeast. 

Sequence analysis of UV mutants (UAA302 and UHW303) from which GHW301, 

GHW302 and GHW303 were derived, confirmed the success of our cross-mating based 

genome shuffling strategy. Whole-genome sequencing analysis allowed identification of 

potential gene targets for tolerance to inhibitors in lignocellulosic hydrolysates, and this 

information can guide engineering strategies aimed at developing strains for efficient 

bioethanol production. 
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1.0 Introduction 

As the global need for energy increases, renewable and sustainable energy sources 

are required to reduce dependence on declining oil reserves. Biofuels, such as ethanol, 

represent an appealing alternative energy source that can be used as a substitute for 

petroleum derived fuels. Currently in Canada, agricultural crops such as corn and wheat 

are used as feedstocks for bioethanol production. Due to increasing demand for fuel, 

these first-generation feedstocks are not sufficient for large-scale ethanol production due 

to their land-use requirements, primary use for food, high-energy input and poor energy 

balance. Conversely, fuels derived from renewable lignocellulosic resources offer unique 

and desirable features that mitigate some of the barriers associated with first-generation 

feedstocks. Lignocellulosic substrates such as agricultural and forestry residues, 

municipal solid wastes and discarded residues from pulp and paper mills represent 

sustainable, abundant and low cost feedstocks for the production of fuels and other high 

value chemicals. 

An estimated reduction in net greenhouse gas (GHG) emissions would also be 

associated with bioethanol production and use. Whereas corn ethanol could reduce GHG 

emissions by approximately 12–13 % relative to gasoline, lignocellulosic ethanol could 

reduce GHG emissions by greater than 80 % (Farrell et al., 2006; Fleming et al., 2006; 

Sheehan et al., 2003). Fuel ethanol can be utilized to elevate the oxygen content of 

gasoline allowing for better oxidation of hydrocarbons, thus reducing emissions of carbon 

dioxide and unburned hydrocarbons. Depending on feedstock accessibility and the 

effectiveness of the conversion technology, estimates of potential bioethanol production 

as a proportion of Canadian gasoline consumption range between 6 and 60 % based on 
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agricultural residues, forest residues, mill residues and energy crops (Mabee and Saddler 

2010). Although biomass conversion is technically feasible, process economics are poor 

based on today’s technology. Thus, there is a need to refine existing technologies or 

develop new technologies to produce second-generation bioethanol in the large volumes 

required to meet the demand of the transportation sector and improve the economic 

prospect. 

 

1.1 Lignocellulosic biomass composition 

Lignocellulosic biomass is composed of plant cell wall material, with cellulose 

(40 to 60 %), hemicellulose (20 to 40 %) and lignin (10 to 25 %) being the primary 

components (Hamelinck et al., 2005). The composition of lignocellulosic biomass varies 

depending on the type of feedstock and species (Table 1). Cellulose is a linear 

homopolymer composed of repeated disaccharide units of cellobiose. Cellobiose is 

composed of two D-glucose molecules linked by β-(14)-glycosidic bonds. 

Hemicellulose is a heterogeneous polymer composed of hexoses (D-galactose, D-glucose 

and D-mannose), pentoses (L-arabinose and D-xylose) as well as acetic, ferulic and 

glucuronic acid (Kumar et al., 2008; Mussatto and Teixeira 2010). Hardwood 

hemicelluloses contain mostly xylans, whereas softwood hemicelluloses contain mostly 

glucomannans (Girio et al., 2010). Due to the presence of substituent groups, 

hemicellulose is amorphous and easier to hydrolyze, unlike cellulose that is crystalline 

and resistant to degradation. Hemicellulose is embedded within the cellulose matrix and 

chemically linked to lignin, which significantly increases the strength and toughness of 

the plant cell wall. Lignin is an amorphous hydrophobic heteropolymer of phenyl
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Table 1 Composition of lignocellulosic substrates. 

Lignocellulosic material Substrate Cellulose (%) Hemicellulose (%) Lignin (%) 
Pentose sugars 

(%) 

Hexose sugars 

(%) 
Reference 

Agricultural residues 

 

Corn cobs 45 35 15 ND ND (Howard et al., 

2003)  

 

Corn stover 

 

40 25 17 ND ND (Saha 2003) 

Corn stover ND ND 17.2 24.3 37.78 (Zhu et al., 2007)  

 

Rice straw 32.1 24 18 ND ND (Howard et al., 

2003)  

 

Rice straw 

 

ND ND 17.2 22.93 43.4 (Roberto et al., 

2003) 

 

Rice straw 39 27 12 20.6 37.5 (Karimi et al., 

2006)  

 

Sugarcane ND ND 20.03 

 

23.69 

 

37.83 

 

(Scordia et al., 

2010) 

 

Sugarcane bagasse ND 25 25.15 24.54 42.07 (Neureiter et al., 

2002)  

 

Sugarcane bagasse 

 

40 24 25 ND ND (Saha 2003) 

Wheat straw 

 

30 50 20 ND ND (Saha 2003) 

Hardwoods Aspen 51 29 16 16 ND (Olsson and Hahn-

Hägerdal 1996)  

 

Birch 40 39 21 25 ND (Olsson and Hahn-

Hägerdal 1996)  

 

Oak ND ND ND 46.4 15.7 (Perego et al., 

1990) 
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Poplar 

 

 

49.9 

 

17.4 

 

18.1 

 

ND ND (Wiselogel et al., 

1996) 

 

Poplar 

 

ND ND 29.12 

 

14.85 

 

47.74 (Du et al., 2010) 

 

Willow 

 

ND ND 25.2 

 

16.8 

 

46.6 

 

(Sassner et al., 

2005)  

 

Municipal solid waste Office paper 

 

68.6 12.4 11.3 ND ND (Wiselogel et al., 

1996) 

 

Pulping waste liquor 

 

Hardwood 

 

ND ND ND 2.82 0.95 (Nigam 2001b) 

 

Hardwood ND ND ND 2.15 1.32 (Helle et al., 2004)  

 

Hardwood  ND ND ND 2.2 0.9 (Marques et al., 

2009) 

 

Hardwood ND ND ND 2.5 1.52 (Harner et al., 

2014) 

 

Softwood ND ND ND 0.56 2.73 (Helle et al., 2004) 

 

Purpose grown crops 

 

Switch grass 31 20.4 17.6 ND ND (Wiselogel et al., 

1996) 

 

Softwood 

 

Douglas fir 

 

Douglas fir 

ND 

 

 

ND 

ND 

 

 

ND 

26.92 

 

 

30 

3.90 

 

 

3.6 

62.74 

 

 

59.7 

(Robinson et al., 

2002) 

 

(Galbe and Zacchi 

2007) 

 

 Pine 

 

44 

 

26 

 

29 

 

8  

 

ND 

 

(Olsson and Hahn-

Hägerdal 1996) 

 

 

 

 

Pine ND ND 28.3 6.9 56.2 (Galbe and Zacchi 

2007) 

 

Pine 

 

ND 

 

ND 

 

27.70 

 

8.9 

 

56 

 

(Du et al., 2010) 

 

Spruce 43 26 29 6  ND (Olsson and Hahn-
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ND - No data available  

 

 

 

 

 

 

 

 

 

 

 

Hägerdal 1996) 

 

Spruce ND ND 28.1 6 57.1 (Larsson et al., 

1999a) 

 

Spruce 

 

ND ND 27.9 7.8 60.1 (Galbe and Zacchi 

2007) 
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propane units (p-coumaryl, coniferyl and sinapyl alcohol) held together by different 

linkages. Lignin tightly surrounds the cellulose and hemicellulose, providing structural 

support for the plant, impermeability and resistance from weathering and microbial attack 

(Henderson et al., 2013; Vanholme et al., 2010).  

The sugars in the cellulose and hemicellulose portion can undergo microbial 

conversion to produce alternative fuels such as ethanol. The content of five carbon sugars 

in plant biomass can be a significant portion of the hemicellulose fraction (up to 40 %) 

with xylose being the main sugar present in some forestry and agricultural residues (Saha 

2003). Next to glucose, xylose is the second most abundant renewable sugar in nature, 

amounting up to 25 % of dry biomass (Jeffries 1985). Production of ethanol from 

lignocellulosic biomass consists of three major processes, which are pretreatment, 

hydrolysis and fermentation. 

 

1.2 Fermentation of lignocellulosic hydrolysates by native pentose-fermenting yeasts 

 Efficient utilization of pentose sugars in conjunction with the overall utilization of 

lignocellulose is important in the bioconversion of plant biomass for the production of 

chemicals and liquid fuels (Girio et al., 2010; Kuhad et al., 2011; Saha 2003). However, 

xylose is not as readily utilized as glucose by yeasts. Native strains of the well-known 

fermentative yeast, Saccharomyces cerevisiae, are unable to utilize xylose as a sole 

carbon source for aerobic growth (Kuhn et al., 1995) despite the existence of activities for 

xylose transport, xylose reductase (XR), xylulokinase (XK), and subsequent enzymes 

needed for a full xylose metabolic pathway (Batt et al., 1986). Prior to 1981, xylose was 

thought to be unfermentable by yeasts and schemes to ferment xylose typically involved 
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two stages: (1) xylose was transformed to xylulose in vitro using glucose isomerase; and 

(2) fermentation of xylulose to ethanol (Wang et al., 1980). The discovery of pentose-

fermenting yeasts able to produce ethanol from xylose (Gong et al., 1981; Jeffries 1981; 

Schneider et al., 1981; Slininger et al., 1982b) was a significant milestone due to the 

recognized need for all sugars in potential hydrolysates to be fermented to desired 

product(s). The pentose sugars can represent a large portion of the hemicellulose fraction 

in some feedstocks, and efficient utilization of pentose sugars offers an opportunity to 

increase the ethanol yield by approximately 25 % (Bjorling and Lindman 1989). Among 

the pentose-fermenting yeasts, Candida guilliermondii, Pachysolen tannophilus, 

Scheffersomyces (Candida) shehatae and Scheffersomyces (Pichia) stipitis have been the 

most studied for ethanol production from lignocellulosic hydrolysates. Pentose-

fermenting yeasts convert glucose solely to ethanol while xylose is converted to ethanol 

and/or xylitol.  

Yeasts that convert xylose efficiently in defined media often perform poorly in 

pretreated biomass hydrolysates and pulping waste liquors. The fermentation capabilities 

of native pentose-fermenting yeast have been evaluated in various lignocellulosic 

hydrolysates (Table 2). During fermentation in lignocellulosic hydrolysates the ethanol 

production rate and ethanol yield by pentose-fermenting yeasts compare poorly with that 

of S. cerevisiae. To illustrate this problem, in a study of SSL fermentation (Linden and 

Hahn-Hägerdal 1989), S. cerevisiae was found to produce a higher ethanol yield (0.38 g 

ethanol/g sugar consumed) compared to P. tannophilus (0.12 g/g), S. stipitis (0.17 g/g) 

and Candida tropicalis (0.21 g/g) even though the latter three yeasts ferment both pentose 

and hexose sugars. Typically in sulfite mills hexose sugars in SSL are fermented to
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Table 2 Ethanol production by native pentose-fermenting yeasts in lignocellulosic hydrolysates. 

Yeast Substrate pH 
[Initial cell] 

(g/L) 

[Initial 

xylose] (g/L) 

[Total 

sugar] (g/L) 

EtOH 

yield 

(g EtOH/ 

g sugar) 

[Max 

EtOH] (g/L) 

Time to 

max [EtOH] 

(h) 

Reference 

C. guilliermondii          

NRRL Y-2075 Soybean hull 

hydrolysate 

5.5 1.5 7.78 18.5 0.46 5.6 48 (Schirmer-Michel et al., 

2008) 

 

C.  tropicalis          

NBRC 0618 Olive pruning  
hydrolysate 

 

5.0 2.5 ND ND 0.44 72 38.5 (Martin et al., 2010) 
 

P. tannophilus          

ATCC 32691 

 

Corn hull 

hydrolysate 
 (activated carbon-

treated) 

 

5.5 

 

OD600 0.7 

 

35 

 

108 

 

0.3 

 

19.01 

 

192  

 

(Seo et al., 2009) 

 

ATCC 32691 

 

Corn hull 

hydrolysate 

 (untreated) 
 

5.5 

 

OD600 5 

 

35 

 

108 

 

0.36 

 

22.1 

 

120 

 

(Seo et al., 2009) 

 

ATCC 32691 Olive stone  

hydrolysate 

4.5 0.01 15.8 26.9 0.18-0.25 ND 150 (Cuevas et al., 2009) 

 
ATCC 32691 

 

Olive tree pruning 

hydrolysate 

 

3.5 

 

0.1 

 

ND 

 

26 

 

0.38 

 

2.5 

 

200  

 

(Romero et al., 2007) 

 

CBS 4044 Aspen dilute acid 

hydrolysate 

 

5 11 4.8 17.6 0.43 

 

7.1 35 (Deverell 1983) 

 

CBS 4044 Pine dilute acid 

hydrolysate 

 

4.7 11 3.8 7.8 0.33 

 

1.5 30 (Deverell 1983) 

 

DW06 Sugarcane bagasse 

hydrolysate 

 

5 

 

5 

% v/v 

 

19.1 

 

28.9 

 

0.35 

 

21 

 

30 

 

(Cheng et al., 2007) 

 

DW06 Sugarcane bagasse 

hydrolysate 

 

5 5  

% v/v 

 

42.8 60.7 0.34 19 30 (Cheng et al., 2008) 

 

MTCC 1077 Sorghum stover 6 10 ND 200 0.28 56 72 (Sathesh-Prabu and 



9 
 

 hydrolysate 

 

 % v/v 

 

     Murugesan 2011) 

 
NRRL Y-2507 

 

Corn cob 

hydrolysate  

 

5 

 

5 

% w/v 

 

ND 

 

ND 

 

0.23 

 

ND 

 

24 

 

(Punnapayak and Emert 

1986) 

 
NRRL Y-2460 Hardwood 

hydrolysate 

 

5.5 1.0 43.5 62.1 0.29 18.0 120 (Perego et al., 1990) 

 

NRRL Y-2460 

 

Hardwood 

hydrolysate 

5.5 

 

1.0  

 

43.1 

 

61.6 

 

ND 

 

18 

 

120 

 

(Converti and Del 

Borghi 1996) 

 
NRRL Y-2460 

 

Oak acid 

hydrolysate 

 

5.5 

 

0.01 

 

43.5 

 

63.5 

 

ND 

 

11.2 

 

168 

 

(Converti and Del 

Borghi 1998) 

 
NRRL Y-2460 

 

Red oak 

hydrolysate 

 

4.5 

 

1.8 mg cells/ 

mL 

 

40 

 

ND 

 

0.25 

 

10 

 

144 

 

(Jeffries et al., 1985) 

 

NRRL Y-2507 

 

Rice straw 

hydrolysate 

 

5 

 

5 

% w/v 

 

ND 

 

ND 

 

0.17 ND 

 

24 

 

(Punnapayak and Emert 

1986) 

 
NRRL Y-2460 

 

Sunflower stalks 

hydrolysate 

 

ND 

 

ND 

 

ND 

 

80 

 

ND 

 

14 

 

168 

 

(Eldiwany et al., 1985) 

 

NRRL Y-2460 

 

Sugarcane bagasse 

hydrolysate 

5.2 

 

0.15 

 

33.6 

 

43 

 

0.31 

 

4.1 

 

336 (Watson et al., 1984b) 

 

NRRL Y-2460 

 

Sugarcane bagasse 

hydrolysate 

 

5.2 

 

0.15 

 

26.9 

 

33.3 0.24 

 

3.3 

 

480 

 

(Watson et al., 1984b) 

 

NRRL Y-2460 Wheat straw 

hydrolysate 

 

ND 0.25  

% v/v 

43 ND ND 7.2 120 (Detroy et al., 1982) 

 

NRRL Y-2460 

 

Wheat straw 

hydrolysate 

 

4 

 

ND 

 

45 

 

ND 

 

ND 

 

11 

 

144 

 

(Fanta et al., 1984) 

 

NRRL Y-2460 Wheat straw 

hydrolysate 

 

ND 2  

% v/v 

ND 24.82 0.30 7.45 72 (Kaur 1989) 

 

S. shehatae 

 

         

ATCC 22984 Aspen wood 

hydrolysate 
 

5.5 8.5 ND 92 0.39 25 48 (Parekh et al., 1986) 

 

ATCC 22984 Red oak acid 

hydrolysate 
 

ND 3.4 88.7 142.6 0.10 12.0 72 (Jeffries and Sreenath 

1988) 
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ATCC 22984 

 

Spent sulfite liquor 

(SSL) 
 

5.5 10 7.83 33.29 0.48 ND 18 (Yu et al., 1987) 

 

BCRC21777 

 

Rice straw acid 

hydrolysate (NaOH 
neutralized) 

 

5 1.5 21.2 24.5 0.40 9.38 41 (Huang et al., 2009) 

CBS 5773 Corn-cob dilute 
acid hydrolysate 

6 2.6 ND 47.6 0.21 8.4 72 (Hahn-Hägerdal et al., 
1994a) 

 

CBS 6054 Corn stover dilute 
acid hydrolysate 

 

6 2 34 42 0.37 
 

15 72 (Agbogbo and Wenger 
2007) 

 

CBS 7126 Sugarcane bagasse 
hydrolysate 

 

6.5 1 36.8 48.7 0.38 15 79 (van Zyl et al., 1988) 
 

DSM 3651 Sugarcane bagasse 
hydrolysate 

 

5.8 3 20.8 25.4 0.30 6.1 48 (Canilha et al., 2010) 
 

DSM 3651 Steam exploded 
wheat straw 

 

5 0.5 6.21 ND 0.45 12.2 20 (Bellido et al., 2011) 
 

FPL-Y-049 Wood hydrolysate 5.5-6 1.5-3.0 ND 121.7 0.32 34.50 
 

76 (Sreenath and Jeffries 
2000) 

 

FPL-Y-049 Wood hydrolysate 5.5-6 1.5- 3.0 ND 77.8 0.46 30.21 146 (Sreenath and Jeffries 

2000) 

 
KCCM 12009 Poplar acid 

hydrolysate (de-

acetylated) 
 

6.0 5 

% v/v 

29.7 89.2 0.48 28.7 48 (Cho et al., 2010) 

NCIM 3499 De-oiled rice bran 

hydrolysate 
 

5.5 2.5 ND 33 0.42 12.47 72 (Chandel et al., 2009) 

 

NCIM 3501 Sugarcane bagasse 

hydrolysate (ion-
exchange treated) 

 

5.5 2.0-2.5 ND 20 0.48 8.67 24 (Chandel et al., 2007) 

 

NCL-3501 Rice straw acid 

hydrolysate 

 

5.5 2.0- 2.5 ND 20 0.37 ND 48 (Abbi et al., 1996) 

 

NCL-3501 Rice straw auto-
hydrolysate 

 

5.5 2.0-2.5 ND 23.1 0.45 ND 48 (Abbi et al., 1996) 

NRRL Y-7124 Eucalyptus acid 6.5 0.6 30 39.5 0.35 12.6 75 (Ferrari et al., 1992) 
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hydrolysate 

 

 

NRRL Y-7124 

 

HW SSL 6.5 5 40.2 54.6 

 

0.30 9.7 90 (Nigam 2001b) 

 

NRRL Y-7124 Rice straw 
hydrolysate 

 

5.5 1 49.5 65.5 0.37 ND ND (Silva et al., 2010) 
 

NRRL Y-7124 Sunflower seed hull 
hydrolysate 

6 1.92- 1.98 ND 48 0.32 11 175 (Telli-Okur and Eken-
Saracoglu 2008) 

 

NRRL Y-7124 Wheat straw acid 
hydrolysate 

(neutralized) 

 

6.5 1 45.00 60.4 0.15 1.8 80 (Nigam 2001c) 

NRRL Y-7124 Wheat straw acid 

hydrolysate 

(overlimed) 
 

6.5 1 45.00 60.4 0.36 12.9 120 (Nigam 2001c) 

UFMG-IMH 43.2 Sugarcane bagasse 

dilute acid 
hydrolysate 

 

ND 2.0 52.5 71.5 0.17 9.1 192 (Ferreira et al., 2011) 

 

UFMG-IMH 43.2 Sugarcane bagasse 
dilute acid 

hydrolysate 

ND 2.0 30 49 0.19 6.4 48 (Ferreira et al., 2011) 

 

ND - No data available 
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ethanol with SSL-adapted S. cerevisiae strains, leaving the pentose sugars unfermented 

(Nigam 2001b). 

P. tannophilus was the first naturally occurring yeast discovered to produce 

ethanol from xylose (Schneider et al., 1981; Slininger et al., 1982b). Table 3 provides 

ethanol concentrations and yields reported for native strains of P. tannophilus in defined 

xylose-containing medium. P. tannophilus can ferment all common sugars in 

lignocellulosic hydrolysates except for L-arabinose (Deverell 1983). The only reported 

isolations of this species are those by Biodin and Adzet in 1957, who obtained four 

strains (NRRL Y-2460, NRRL Y-2461, NRRL Y-2462 and NRRL Y-6704) from wood 

extracts used in tanning liquors and one strain (NRRL Y-2463) from shoe leather 

(Kurtzman 2011). Based on nuclear DNA reassociation and phylogenetic analysis of 

rRNA sequence similarity, S. stipitis and S. shehatae are closely related whereas P. 

tannophilus is more distantly related (Kurtzman 1990; Kurtzman and Robnett 1998).  

The complex life cycle of P. tannophilus has been suggested to result from 

adaptation to substrates in its natural environment, which are toxic (high tannin levels) 

and nutrient deficient (low hexose levels) (Bolotnikova et al., 2005). P. tannophilus 

reproduces vegetatively by budding in the same manner as many other yeasts, producing 

cells that are spheroidal to ellipsoidal in shape (Kurtzman 1983). Ascus formation in P. 

tannophilus begins with a vegetative cell producing a long refractile tube (ascospore) 

about 60 μm in length. P. tannophilus is the only yeast known to produce this unique 

structure. The tip of the tube enlarges to form the ascus. At maturity, the ascus wall 

disrupts, releasing two to four hat shaped ascospores (Jeffries and Kurtzman 1994). 
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Table 3 Ethanol production from xylose by WT strains of P. tannophilus. 

Strain Temp (°C) 
[Initial cell] 

(g/L) 

[Initial 

xylose] (g/L) 

Degree of oxygen 

supply 

Other nutrients 

(g/L) 

[Max EtOH] 

(g/L) 

EtOH yield  

(g EtOH/ 

g sugar consumed) 

Time to max 

[EtOH] (h) 
Reference 

ATCC 32691 30 0.01 25 Shake flask (500 rpm) 

1 MgSO4, 2 

KH2PO4, 3 

(NH4)2SO4, 3.6 
peptone, 4 yeast 

extract 

ND 0.39 ND 
(Sanchez et al., 

2004) 

CBS 4044 32 

1.1 x 109 

cell/ 
mL 

65 

Aerobic 

Shake flask (200 rpm) 
1.2 KH2PO4, 1.2 

(NH4)2SO4, 0.06 

MgSO4

7H20, 2.0 CaCl2, 

5.0 yeast extract 

22.9 0.35 96 

(Amin et al., 1988) 
Anaerobic 

Shake flask (200 rpm) 

Flushing with N2 

17 

 

0.34 

 

144 

 

IFGB 0101 30 1 mL culture 

30 
Aerobic (500 rpm)  

200 L O2/h (1 vvm) 18.75 KH2PO4, 3.0 
(NH4)2 

HPO4, 1.13 

MgSO4

H20, 3.75 yeast 

extract 

0 0 30 

(Debus et al., 1983) 25 

Semi-aerobic 

0.45 L O2/h (0.002 

vvm) 

3 0.12 35.5 

27 
Anaerobic  

220 L N2/h 
1.8 0.08 41 

IFGB 0101 30 ND 30 

Semi-aerobic 

0.002 vvm 

18.75 KH2PO4, 3.0 
(NH4)2 

HPO4, 1.13 

MgSO4

H20 

ND 0.12 ND 
(Dellweg et al., 

1984) Anaerobic  

Flushing with N2 
ND 0.08 ND 

NRRL Y-

2460 
30 

107-108 cell/ 

mL 
25 

Semi-aerobic 

Shake flask 

6.7 YNB 

11 ND 96 

(Suihko and Drazic 

1983) 
Anaerobic 

Shake flask 

Flushing with N2 

11 ND 96 

Y-1532, Y-
1533 and Y-

1634 

30 ND 20 Shake flask ND ND 0.25-0.28 48 
(Yablochkova et al., 

2003) 
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NRRL Y-

2460 
30 

OD600 0.04 

to 0.06 
20 

Aerobic   

Varying the ratio of 
flask to 

medium volume 

4 casamino acids, 

6.7 YNB 

3.8 ND 72 

(Schneider et al., 

1981) 

Semi-aerobic 

Varying the ratio of 
flask to 

medium volume 

5.3 0.27 72 

Semi-aerobic 

Varying the ratio of 

flask to 

medium volume 

2.5 ND 72 

Anaerobic 

Screw cap vial 
<0.3 ND 72 

NRRL Y-
2460 

ND 
OD600 0.05 

to 0.08 
40 

Semi-aerobic 

Air had continued 

access to the medium 

6.7  YNB 9.6 ND 120 

(Maleszka and 
Schneider 1982b) 

Anaerobic 

Screw cap vial 

1.0 casamino acids, 
3.5 YNB, 10 yeast 

extract 

0.67 ND 216 

NRRL. Y-

2460 
32 43 50 Fermenter not aerated 

1.2 KH2P04, 

0.5 MgS04, 3.0 
CaCl2 

13.5 0.3 24 
(Slininger et al., 

1982a) 

NRRL Y-

2460 

25 

0.01 50 

Shake flask (200 rpm) 

10 mL A: 

1.10 CaO, 0.40 g 
ZnO, 5.40 FeCI3 

6H2O, 0.36 MgO, 

0.25 CuS04 5H2O, 
0.24 CoCl2 6H2O, 

0.06 H3BO3, 13.0 

mL/L HCl 
 

10 mL B: 

10.1 MgO, 45.0 
mL/L HCl 

 
10 mL C: 

64.0 urea, 12 

15 0.3 140 

(Slininger et al., 

1982b) 

25 

Aerated fermenter (200 
rpm) 

0.15/min 

10 0.2 90 

25 
Unaerated fermenter 
(200 rpm) 

2 0.15 140 

28 Shake flask (200 rpm) ND 0.28 ND 
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32 Shake flask (200 rpm) 

KH2PO4, 1.8 

Na2HPO4 ND 0.34 ND 

40 Shake flask (200 rpm) ND 0 ND 

NRRL Y-

2460 
30 0.07 50 

Aerobic 

Shake flask (900 rpm) 

5 casamino acids, 

10 KH2PO4, citric 

acid, NH4Cl, 
trace minerals, salts 

and vitamins 

12.2 0.28 107 
(du Preez et al., 

1984) 

Anaerobic  

Flushing with N2 
0.5 ND 255 

NRRL Y-

2460 
30 

0.015 20 

Aerobic   

Varying the ratio of 
flask to 

medium volume 

4.0 casamino acids, 

6.7 YNB 

0.4 0.02 60 

(Watson et al., 

1984a) 

0.015 20 

Aerobic   

Varying the ratio of 

flask to 

medium volume 

1.4 0.08 50 

0.015 20 

Semi-aerobic 

Shake flask with screw 

top lid 

4.5 0.24 200 

0.015 20 
Anaerobic  

Shake flask 
0 0 200 

0.05 10 

Fermenter  

Oxygen transfer = 0.05 

mmol/L/h 

2.9 0.29 140 

0.05 10 

Fermenter  

Oxygen transfer = 0.09 

mmol/L/h 

2.6 0.13 130 

NRRL Y-

2460 
32 

1-5 x 109 

cells/ 

mL 

50 Shake flask (150 rpm) 

10 mL A: 
1.10 CaO, 0.40 g 

ZnO, 5.40 FeCI3 

6H2O, 0.36 MgO, 

0.25 CuS04 5H2O, 

0.24 CoCl2 

6H2O, 0.06 H3BO3, 

13.0 mL/L HCl 

15.3 0.3 240 
(Bolen and Detroy 

1985) 
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10 mL B: 
10.1 MgO, 45.0 

mL/L HCl 

 
10 mL C: 

64.0 urea, 12 

KH2PO4, 1.8 
Na2HPO4 

NRRL Y-

2460 
32 

0.5 45 Aerobic (100 rpm) 

1.7 YNB, 

2.27 urea 

9 0.204 96 

(Jeffries et al., 

1985) 

0.5 120 Aerobic (100 rpm) 20 0.17 264 

0.8 40 
Anaerobic 

Flushing with N2 
12 ND 240 

NRRL Y-
2460 

30 40 60 

Aerobic  

Shake flask 
6.7 YNB 

14.1 ND 15 
(Neirinck et al., 

1985) Anaerobic 

Flushing with N2 
2 ND 15 

NRRL Y-

2460 
32 0.014 

50 
Aerobic 

Shake flask 10 mL A: 

1.10 CaO, 0.40 g 

ZnO, 5.40 FeCI3 
6H2O, 0.36 MgO, 

0.25 CuS04 5H2O, 

0.24 CoCl2 6H2O, 
0.06 H3BO3, 13.0 

mL/L HCl 

 
10 mL B: 

10.1 MgO, 45.0 

mL/L HCl 
 

10 mL C: 

64.0 urea, 12 
KH2PO4, 1.8 

Na2HPO4 

16 0.32 146 

(Slininger et al., 

1985) 

100 
Aerobic 

Shake flask 
24 0.25 215 

150 
Aerobic 

Shake flask 
28 0.2 246 

200 
Aerobic 

Shake flask 
28 0.18 246 

150 

Semi-aerobic 

Shake flask 

Air transfer blocked 
after 72 h 

22 0.21 297 

NRRL Y-

2460 
32 0.045 45 Shake flask (100 rpm) 6.7 YNB 3.6 ND 48 

(Lachke and 

Jeffries 1986) 
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NRRL Y-

2460 
30 0.2-1.11 40 

Semi-aerobic 

Varying the ratio of 
flask to medium 

volume (150 rpm) 

4 casamino acids, 

6.7 YNB 

ND 0.22 ND 

(Ligthelm et al., 

1988b) 

Semi-aerobic 

Varying the ratio of 
flask to medium 

volume (150 rpm) 

ND 0.37 250 

Anaerobic (150 rpm) 

Flushing with N2 
ND 0.41 ND 

NRRL Y-
2460 

32 100 50 

Shake flask (120 rpm) 

Oxygen transfer 

coefficient = 0.83/min 

1.2 KH2P04, 0.5 
MgS04, 3.0 CaC12 

ND 0.36 ND (Nunez al., 1989) 

NRRL Y-

2460 
30 OD600 0.1 40 

Semi-aerobic 

Varying the ratio of 

flask to 
medium volume 

6.7 YNB 

7 ND 70 

(Schneider et al., 

1989) 

Semi- aerobic 

Varying the ratio of 

flask to medium 
volume  

11.5 ND 250 

Anaerobic 

Fermenter  

Flushing 34 mL/min 

with N2 

7 ND 100 

NRRL Y-

2460 
30 OD600 0.1 50 

Aerobic  

>50% saturation 

Flow rate = 2 L/min  (NH4)2SO4 

0 0 28 
(Van Cauwenberge 

et al., 1989) 
Anaerobic  

3,500 cc/min N2 
10 ND 28 

RL-171 32 

4.35 x 1010 

cells/ 
mL 

100 

Fermenter 

Initial dissolved 

oxygen 100 %, not 
regulated throughout 

fermentation 

8 NH4Cl, 3.9 

Na2HPO4 7H2O, 

0.5 KH2PO4, 0.28 

CaCI2, 0.5 MgSO4 

7H2O, 4.3 citric 

acid mono-hydrate, 
1.25 sodium citrate, 

8.0 yeast extract 

13 0.224 106 (Dekker 1982) 
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RL-171 30 ND 50 
Fermenter 

Airflow = 0.5 L/min 

0.2 KH2PO4, 0.1 

MgSO4 H2O, 0.2 
(NH4)2SO4, 0.026 

CaCl2. 2H2O, 5 or 

10 yeast 
extract 

13.8 0.29 50 
(Woods and Millis 

1985) 

 

ND - No data available 
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The prevalence of the haploid state in P. tannophilus, which necessitates low 

amounts of macro and microelements, may allow for high competitiveness of this yeast in 

its natural environment and explain the difficulty in obtaining stable diploids 

(Bolotnikova et al., 2005). Diploidy is confined to a transient state, and after ascospore 

development the diploid nucleus proceeds directly to meiosis and produces a four-spored 

ascus (James and Zahab 1982; Kurtzman 1983). Despite P. tannophilus not having a 

stable diplophase in its life cycle, the mating system of P. tannophilus has been described 

(James and Zahab 1982, 1983) making it amenable to genetic manipulation. James and 

Zahab (1982) hypothesized that the diploid premeiotic nucleus can be prevented from 

entering meiosis by moving the culture from a sporulation medium to a medium 

favourable to mitosis. James and Zahab (1983) developed a series of triploids, tetraploids 

and aneuploids. Maleszka et al. (1983a) found the ethanol yield from xylose increased as 

the chromosome number increased above the haploid level.  

 

1.3 Challenges with lignocellulosic fermentation by pentose-fermenting yeasts 

Although naturally occurring pentose-fermenting yeasts are capable of utilizing 

mixed sugars, it is still a challenge to obtain desired yields of ethanol at large scale. 

Several factors make this sugar to ethanol conversion inefficient in lignocellulosic 

hydrolysates. Pentose-fermenting yeasts perform poorly in the presence of hydrolysate 

inhibitors, exhibit low ethanol tolerance, display glucose repression and ferment pentoses 

less efficiently than the main hexoses (glucose and mannose). 
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1.3.1 Low tolerance to pretreatment-derived inhibitors  

Lignocellulosic biomass is recalcitrant and requires pretreatment to loosen the 

cellulose, hemicellulose and lignin matrix making polysaccharides accessible for enzyme 

hydrolysis to yield monosaccharides suitable for microbial conversion. The goal of 

biomass pretreatment is to increase the accessible surface area of wood fibres, liberate 

cellulose from the plant cell wall matrix, decrease cellulose crystallinity, solubilize 

hemicellulose and modify the lignin structure (Margeot et al., 2009). Depending on the 

feedstock, the pretreatment process used can be physical, chemical or biological in nature 

(Behera et al., 2014; Girio et al., 2010). Table 4 provides an overview of key pretreatment 

methods employed for lignocellulosic biomass (Agbor et al., 2011; Behera et al., 2014; 

Girio et al., 2010; Ji et al., 2012; Mosier et al., 2005; Wang et al., 2009a; Zhao et al., 

2012). Physical pretreatments involve the breakdown of biomass into smaller particles 

more amenable to enzymatic hydrolysis (Chandra et al., 2007), however, they do not 

result in lignin removal, which subsequently impedes enzyme accessibility and inhibits 

cellulases (Mooney et al., 1998). In comparison, chemical pretreatments solubilize the 

hemicellulose and lignin as well as partially decrease the crystallinity of the cellulose. 

Lastly, biological pretreatments typically utilize wood degrading fungi to modify the 

chemical composition of the biomass (Chandra et al., 2007). An effective pretreatment 

avoids the need to reduce biomass particle size, preserves the pentose (hemicellulose) 

fraction, maximizes product recovery (cellulose, hemicellulose, lignin and extractives), 

limits sugar degradation, limits inhibitor formation and minimizes energy demands and 

costs (Mosier et al., 2005).  
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Table 4 Methods used to pretreat lignocellulosic biomass. 

Pretreatment Method Effect on biomass Advantages Disadvantages 

Physical 

Chipping 

 

  

High energy input 

High cost 

Grinding 

 

Milling 

 

Shredding 

Physical-chemical 

Ammonia fibre 

explosion (AFEX) 

Alter cellulose crystallinity 

Alter/remove lignin 

Low temperature 

Lower energy demand 

High solids loading 

Low inhibitor formation 

Ammonia facilitates microbial 

growth and fermentation 

Ability to recover and recycle 

ammonia 

Ammonia recovery by evaporation 

added cost 

Washing step required 

Ineffective for biomass with high lignin 

content  (softwoods) 

Ammonia recycle 

percolation (ARP) 

Decrease cellulose crystallinity 

Hydrolyze hemicellulose 

Remove lignin 

Low inhibitor formation 

Ability to recover and recycle 

ammonia 

Ionic liquids 

Solubilize cellulose 

Minor solubilization 

hemicellulose and lignin  

Biomass pretreated in native form 

Ability to recover chemicals 

High temperatures required due to high 

melting point of chloride salts 

High cost and inefficient 

Lime pretreatment 
Solubilize hemicellulose and 

lignin 

Low energy demand 

Low reagent cost 

Ability to recover calcium carbonate 

Oxidizing agent not selective, results in 

hemicellulose and cellulose loss 

Some alkali is incorporated as salts into 

the biomass 

Slower than ammonia pretreatments 
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Washing step required 

Ineffective for biomass with high lignin 

content  (softwoods) 

Liquid hot water 

Increase cellulose accessibility 

Hydrolyze hemicellulose 

Remove lignin 

Lower temperatures than steam 

explosion 

Low inhibitor formation 

No final washing step 

 

High temperature 

Low solids loading 

High inhibitor formation   

High amount of solubilized product, 

but concentration of product is lower 

than steam explosion 

Large volumes of water 

High cost of downstream processing  

Steam explosion 

Increase cellulose accessibility 

Cellulose and lignin not 

significantly affected 

High solubilization 

hemicellulose  

Minor solubilization lignin 

High solids loading 

Minimal chemicals needed  

Low energy demand 

Reduced operating costs 

High hemicellulose recovery 

No corrosion of equipment 

High temperature 

High inhibitor formation 

Washing step required 

Solublized hemicellulose in oliomeric 

form 

Super critical fluids 

 

Low temperature 

High solids loading 

Low cost of CO2 

High cost of equipment that can 

withstand high pressure conditions 

Effects on biomass carbohydrates 

unknown  

Ineffective for biomass with low 

moisture content 

Wet oxidation 

Increase cellulose accessibility 

Remove hemicellulose and 

lignin  

 

Oxidizing agent not selective, results 

hemicellulose and cellulose loss 

High inhibitor formation   

Ineffective for biomass with high lignin 

content  (softwoods) 

Chemical Alkaline 
Swelling of biomass 

Minor solubilization cellulose 

Low temperature 

Low pressure 

Majority alkali is consumed 

High salt production which affects 

microbial growth/environmental 
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and hemicellulose  

Increase cellulose surface area 

Lignin solubilization 

concern 

Long process (hour to days) 

Ineffective for biomass with high lignin 

content  (softwoods) 

Concentrated acid 

Hydrolyze cellulose and 

hemicellulose (two step process 

required) 

Increase cellulose accessibility 

Low to medium temperature 

Reduced operating costs 

Low inhibitor formation 

Acid recovery required to make cost 

effective 

Corrosion of equipment 

Condensation/ precipitation of 

solubilized lignin  

Dilute acid 

Hydrolyze cellulose and 

hemicellulose (two step process 

required) 

Increase cellulose accessibility 

High reaction rates 

High temperature for cellulose 

degradation 

High inhibitor formation 

Condensation/ precipitation of 

solubilized lignin  

Corrosion of equipment 

Cost more than AFEX or steam 

explosion 

Organosolv 

Hemicellulose solubilization 

Remove lignin  

Yields three separate fractions: 

relatively pure cellulose 

fraction, aqueous hemicellulose 

stream and dry lignin  

Biomass pretreated in native form 

Organic solvents easily recovered 

High lignin recovery  

Effective for biomass with high 

lignin content (softwoods)  

High inhibitor formation 

High cost organic solvents 

High energy cost for solvent recovery 

More expensive than other leading 

pretreatment processes 

Necessitates using of containment 

vessels 
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Sulfite pretreatment to 

overcome recalcitrance 

of lignocellulose 

(SPORL) 

Almost complete cellulose 

depolymerization  

Remove hemicellulose 

Prevent excessive lignin 

condensation 

No substrate neutralization required 

prior to enzymatic hydrolysis 

Low inhibitor formation  

No corrosion of equipment 

Low cost 

Low environmental and 

technological barriers and risks. 

Excellent substrate digestibility 

Based on the mature equipment and 

technologies (sulfite pulping process 

and chemical recovery technologies) 

Dissolved lignin is sulfonated 

(lignosulfonate) 

 

 

Biological   

Low energy demand 

No inhibitor formation 

High yields of desired products 

 

 

 

Requires control of growth conditions 

Most lignolytic microbes consume 

hemicellulose as well resulting is loss 

of sugars 

Slow process (10 to 14 days) 

Large amount of space required 
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The pretreatment process not only releases sugars, but also results in the 

formation of sugar and lignin degradation products (furan derivatives, weak acids and 

phenolics) as well as other wood extractives that adversely affect subsequent 

fermentation (Almeida et al., 2007; Keating et al., 2006; Klinke et al., 2004; Lohmeier-

Vogel et al., 1998; Richardson et al., 2011). Common inhibitory compounds present in 

lignocellulosic hydrolysates are depicted in Table 5. The concentration and identity of 

toxic compounds vary with the type of raw material and pretreatment conditions (Bellido 

et al., 2011; Klinke et al., 2004), making it difficult to predict inhibitor formation and the 

extent of toxicity towards growth and ethanol production (Klinke et al., 2004). Most 

studies have looked at the effects of individual or simple mixtures of inhibitory 

compounds. Attempts have been made to draw inferences from hydrolysates by relating 

fermentation inhibition to concentrations of known toxic compounds present (Pienkos 

and Zhang 2009).  

Inhibitor toxicity is a major factor limiting efficient sugar to ethanol conversion 

from lignocellulosic hydrolysates (Richardson et al., 2011). The effects of inhibitors on 

ethanol fermentation by native pentose-fermenting yeasts are summarized in Table 6. 

Generally, pentose-fermenting yeasts are more sensitive to inhibitors compared to S. 

cerevisiae for reasons that are not understood (Olsson and Hahn-Hägerdal 1996; 

Richardson et al., 2011). However, it has been shown that P. tannophilus is less sensitive 

than S. stipitis to some lignocellulosic inhibitors (Lohmeier-Vogel et al., 1998). Thus, a 

challenge is to have a pretreatment method that is severe enough to open up the plant cell 

wall components and maximize enzyme accessibility, but not so severe such that it results 

in loss of fermentable sugars and inhibitor formation.  
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Table 5 Common inhibitory compounds found in lignocellulosic hydrolysates. 

Inhibitor 

class 

Inhibitor compound Inhibitor structure 

Furan 

derivatives  

 

 

 

 

 

 

 

 

Weak acids 

Furfural 

 

 

 

 

HMF 

 

 

 

 

Acetic acid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Formic acid 

 

 

 

 

 

 

Phenolics 

 

Vanillin 

 

 

 

 

 

 

 

 

Syringaldehyde 

 

 

 

 

 

 

 

 

 

 

 

 

4-

Hydroxybenaldehyde 
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Table 6 Effects of pretreatment-derived inhibitory compounds on ethanol production by pentose-fermenting yeasts in defined media. 

Inhibitory compound Yeast and strain pH 
[Inhibitory compound] 

(g/L) 

EtOH production (% reduced 

from control) 
Reference 

Acetic acid P. tannophilus NRRL Y-

2460 

 

ND 5 100 (Lee and McCaskey 

1983) 

 

 P. tannophilus NRRL Y-

2460 

 

5.2 4 

7 

48 

81 

(Watson et al., 1984b) 

 

 S. shehatae ATCC 22984 5.6 15 

10 

5 

78 

62 

64 

 

(Delgenes et al., 

1996) 

S. stipitis CBS 5773 4 

5 

3.9 

3.9 

100 

86 

 

(Bjorling and 

Lindman 1989) 

 

S. stipitis CBS 5776 5 11.92 75.8 (Tran and Chambers 

1985) 

 

S. stipitis DSM 2651 5 3.5 

2.5 

1.5 

0.5 

100 

40.1 

14.7 

12.7 

 

(Bellido et al., 2011) 

S. stipitis NRRL Y-7124 5 

5 

6 

5.5 

5 

5 

5 

10 

8 

5 

5 

5 

3 

1 

95.2 

89.7 

17.1 

51.4 

86.3 

84.2 

30.8 

 

(Ferrari et al., 1992) 

S. stipitis NRRL Y-7124 5.6 15 

10 

5 

30 

31 

25 

(Delgenes et al., 

1996) 
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S. stipitis NRRL Y-7124 

 

5 6.9 49.8 (Nigam 2001c) 

 

Acetic acid + Furfural 

 

S. stipitis Y-7124 5 6.9  

+ 

0.15 

 

56.1 (Nigam 2001c) 

 

Furfural P. tannophilus NRRL Y-

2460 

 

5.2 0.5 

2 

 

13.7 

100 

(Watson et al., 1984b) 

 

 S. shehatae ATCC 22984 5.6 2 

1 

0.5 

 

80 

53 

9.6 

(Delgenes et al., 

1996) 

S. stipitis CBS 5776 5 1.30 9.4 (Tran and Chambers 

1985) 

 

S. stipitis DSM 3651 5 2 

1 

0.5 

 

3.1 

2 

1.1 

(Bellido et al., 2011) 

 

 

S. stipitis NRRL Y-7124 5.6 2 

1 

0.5 

 

71 

29 

5 

(Delgenes et al., 

1996) 

 S. stipitis NRRL Y-7124 

 

5 0.27 

1.5 

 

10 

100 

(Nigam 2001c) 

 

HMF C. guilliermondii  1241 

 

6.8 0.1 

0.15 

0.2 

 

7.7
 

30.3 

61.6 

(Sanchez and Bautista 

1988) 

 

 S. shehatae ATCC 22984 5.6 5 

3 

1 

67 

10 

4 

 

(Delgenes et al., 

1996) 

S. stipitis NRRL Y-7124 5.6 5 95 (Delgenes et al., 
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3 

1 

31 

1.4 

 

1996) 

Caproic acid S. stipitis CBS 5776 5 0.021 13 (Tran and Chambers, 

1985) 

Ceprylic acid 

 

  0.021 

 

17.9 

 

 

Palmitic acid 

 

  0.015 1.8  

Pelargonic acid 

 

  0.015 

 

22 

 

 

Syringaldehyde 

 

  0.22 72.2  

Syringic acid 

 

  0.082 10.8  

Vanillic acid 

 

  0.08 25.1  

Vanillin   0.091 54.3  

 

ND - No data available 
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Discarded material from pulp and paper mills represents a unique substrate for 

bioconversion to ethanol. Hardwood spent sulfite liquor (HW SSL) is a high organic by-

product of mills that employ the acid sulfite pulping process to produce cellulose pulp. 

During pulping, hemicellulose and lignin are dissolved into the cooking liquor from high 

temperatures (125 to 145 °C) and low pH (1 to 2) applied during pulping (Pereira et al., 

2013). In addition to fermentable sugars and inhibitors commonly found in other 

lignocellulosic hydrolysates, HW SSL also contains high dissolved solids, 

lignosulfonates, sulfate and wood extractives (Fernandes et al., 2011; Helle et al., 2008). 

HW SSL contains a significant amount of acetic acid (9.3 to 10.9 g/L in HW SSL from 

oak) resulting from degradation of acetylated glucuronoxylan, which is the predominant 

hemicellulose in hardwoods (Nigam 2001b; Perego et al., 1990; Pereira et al., 2013).  

 

1.3.1.1 Formation of hydrolysate inhibitors 

Furan derivatives 

 Furan derivatives commonly found in hydrolysates include 2-furaldehyde 

(furfural) and 5-hydroxymethyl-2-furaldehyde (HMF). Furfural and HMF (typical 

concentrations ranging from 0 to 5 g/L) are aromatic sugar degradation products formed 

from the dehydration of pentoses and hexoses, respectively, during pretreatment at high 

temperatures (220 to 240 °C) (Mills et al., 2009; Wyman 1994). Furfural is formed more 

easily during high temperature processes as compared to HMF (Behera et al., 2014).  

 

Weak acids 

 Acetic, formic and levulinic acid are the most common carboxylic acids found in 
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the lignocellulosic hydrolysates. Upon solubilization and hydrolysis of hemicellulose, 

deacetylation of hemicellulose, and to some extent lignin, occurs resulting in the release 

of acetic acid (typical concentrations from 1 to > 10 g/L) (Larsson et al., 1999a; 

Taherzadeh et al., 1997). Hemicelluloses are more acetylated in hardwoods and 

agricultural residues, thus higher concentrations of acetic acid may be released (Fengel et 

al., 1989). Under acidic and high temperature conditions, furfural can be degraded to 

formic acid while HMF can be degraded to formic and levulinic acid (Dunlop 1948; 

Klinke et al., 2002; Ulbricht et al., 1984). 

 

Phenolic compounds 

A large variety of compounds (aldehydic, aromatic, phenolic and polyaromatic) 

are released from lignin during pretreatment (Clark and Mackie 1984). The amount and 

types of phenolic compounds are dependent on the biomass source, since lignin has 

different degrees of methoxylation, internal bonding and association with cellulose and 

hemicellulose in the plant cell wall (Perez et al., 2002). Commonly reported phenolic 

compounds in hydrolysates include 4-hydroxybenzaldehyde, conferyl aldehyde, p-

coumaric acid, ferulic acid, syringaldehyde and vanillin (Alvira et al., 2013; Cantarella et 

al., 2004b; Mussatto and Roberto 2004; Palmqvist and Hahn-Hägerdal 2000). It has been 

postulated that the formation of various phenolic compounds may also originate from 

sugar degradation (Forsskahl et al., 1976; Nguyen et al., 2000; Popoff and Theander 

1976). Interestingly, this route of phenolic formation has recently been confirmed 

through demonstration that carbohydrates released during thermochemical pretreatments 
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degrade to lignin-like (pseudo lignin) compounds (Kumar et al., 2013; Sannigrahi et al., 

2011). The significance of this route still requires further investigation.  

 

1.3.1.2 Modes of hydrolysate inhibitor toxicity 

Furan derivatives 

Furfural and HMF cause a reduction in fermentation rate and can stop growth in 

budding yeasts, by prompting cells to enter an extended lag phase (Almeida et al., 

2009b). Several mechanisms may explain the inhibitory effects of furans on ethanol 

fermentation. Furfural breaks down DNA and decreases the activity of enzymes involved 

in carbon catabolism (alcohol dehydrogenase, aldolase, glyceraldehyde-3-phosphate 

dehydrogenase, hexokinase, phosphofructokinase and triosephosphate dehydrogenase) 

and biological activities including RNA and protein synthesis (Banerjee et al., 1981a; 

Modig et al., 2002; Palmqvist et al., 1999b). Furfural has also been shown to decrease the 

activity of aldehyde dehydrogenase, which results in acetaldehyde accumulation and has 

been suggested to cause the lag phase during growth in the presence of furfural 

(Palmqvist et al., 1999a). Furfural and HMF reduce the specific growth rate and ethanol 

productivity (Palmqvist et al., 1999b).  

Furfural has been shown to induce the accumulation of reactive oxygen species 

(ROS) leading to cytoskeleton damage, DNA mutations, membrane damage, 

programmed cell death and protein denaturation (Allen et al., 2010; Modig et al., 2002). 

Transformation of furfural by alcohol dehydrogenase to its less toxic alcohol derivative, 

furfuryl alcohol, is correlated to a decrease in ROS (Taherzadeh et al., 1999) and has 

been reported in P. tannophilus (Chung and Hahn 1987) and S. stipitis (Weigert et al., 
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1988). HMF is also converted to its less toxic alcohol derivative, 5-hydroxymethyl 

furfuryl alcohol (Taherzadeh et al., 1999). Conversion of HMF is slower compared to 

furfural due to its lower membrane permeability, thus causing cells to have a longer lag 

phase (Larsson et al., 1998). Reduction of furfural has been linked to the co-factor 

NADH, while reduction of HMF has been found to be associated with consumption of 

NADPH (Palmqvist et al., 1999a; Wahlbom and Hahn-Hägerdal 2002). Thus, in the 

presence of furans, yeasts re-direct energy to fixing damage caused by furans, which 

leads to reduced intracellular ATP and NAD(P)H levels.  

Furfuryl alcohol was shown to cause a dose-dependent decrease in S. stipitis 

growth, with 50 % inhibition occurring at 1.6 g/L and complete inhibition at 3.2 g/L 

(Weigert et al., 1988). Furfural concentrations lower than 0.5 g/L have a positive effect 

on S. stipitis growth, while concentrations above 2 g/L inhibit growth in S. stipitis and C. 

guilliermondii (Roberto et al., 1991; Sanchez and Bautista 1988). Nigam et al. (2001b) 

reported 1.5 g/L of furfural interfered with growth and respiration of S. stipitis and 

decreased the ethanol yield by 90 %, while Sanchez and Bautista (1988) showed this 

same concentration inhibited growth of C. guilliermondii by 62 %. Increasing 

concentrations of furfural (0.5, 1.0 and 2.0 g/L) were shown to reduce S. stipitis growth 

(25, 47 and 99 %, respectively), while increasing concentrations of HMF (0.5, 0.74 and 

1.5 g/L) were shown to reduce S. stipitis growth to a greater extent (43, 70 and 100 %, 

respectively) (Delgenes et al., 1996). In P. tannophilus, ethanol production was inhibited 

in the presence of 0.3 g/L of furfural (Watson et al., 1984b). 
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Weak acids 

The undissociated forms of weak acids are lipid-soluble and can diffuse across the 

plasma membrane. The concentration of undissociated acid in the environment increases 

with decreasing fermentation pH, according to the Henderson-Hasselbalch equation. At 

the pH optimal for yeast fermentation (pH 4 to 5), acetic acid is largely undissociated, 

which permits diffusion into the cell cytoplasm where it dissociates and causes the 

intracellular pH to decrease (Holyoak et al., 1996; Lohmeier-Vogel et al., 1998).  

The pKa value of formic acid (3.75) is lower than that of levulinic acid (4.64) and 

acetic acid (4.76). Thus at the pH prevailing during fermentation, there is a lower 

concentration of undissociated formic acid molecules compared to levulinic and acetic 

acid. However, formic acid and levulinic acid exhibit higher toxicity in comparison with 

acetic acid. The small size of formic acid facilitates its diffusion through the plasma 

membrane, while the higher hydrophobicity of levulinic acid allows it to penetrate more 

easily into the plasma membrane (Larsson et al., 1999a).  

Acetic acid can be one of the main inhibitors in many lignocellulosic 

hydrolysates. This derives from the fact that it can be present at higher concentrations 

than the other inhibitors, although its toxicity on a per mmol basis is lower than that of 

other inhibitory compounds (McMillan 1994; Palmqvist et al., 1999b; Richardson et al., 

2011). It has been shown that the presence of inhibitors (furfural, HMF and sodium 

acetate) has little effect on the intracellular pH of P. tannophilus (initial pH 6.5), while 

that of S. stipitis (initial pH 6.8) decreased by 0.68 pH units (Lohmeier-Vogel et al., 

1998). This led to the suggestion that intracellular acidification may be one of the reasons 

for slower rates of xylose metabolism by S. stipitis in the presence of these inhibitors. In 
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defined media containing acetic acid, growth and ethanol production by S. stipitis was 

inhibited by the presence of 3.5 g/L acetic acid (Bellido et al., 2011) while P. tannophilus 

was inhibited by 5 g/L (Lee and McCaskey 1983; Watson et al., 1984b).  

To regulate intracellular pH, the proton translocating plasma membrane ATPase 

generates a transmembrane electrochemical proton gradient and pumps protons out of the 

cell at the expense of ATP (Eraso and Gancedo 1987; Palmqvist et al., 1999b; Serrano 

1988). As a consequence of the cell's attempt to maintain a constant intracellular pH, low 

concentrations (up to 100 mmol/L) of some aliphatic acids can improve the production of 

ethanol by stimulating ATP production and lowering yield of biomass formation (Larsson 

et al., 1998; Verduyn et al., 1990a; Viegas and Sá-Correia 1991). When the influx of 

protons exceeds the transport capacity of plasma membrane proteins, the ATP demand 

will be too high and intracellular acidification will occur (Verduyn et al., 1990b). 

 

Phenolic compounds 

The mechanisms of inhibition by phenolic compounds are not well understood 

and studies conducted have used concentrations higher than those found in hydrolysates 

(Palmqvist and Hahn-Hägerdal 2000). Low MW phenolic compounds are more inhibitory 

than high MW phenolics (Clark and Mackie 1984), and the position of the functional 

group (meta, ortho or para) also influences toxicity (Ando et al., 1986; Larsson et al., 

2000). Within the same phenol functional group (acid, aldehyde or ketone), inhibition of 

volumetric ethanol productivity was found to depend on the degree of methoxyl 

substituents and hence hydrophobicity (log P) (Klinke et al., 2004). Although reports in 

literature vary as to the relative toxicity of different compounds on different microbes, it 

can be concluded that compounds exhibiting higher hydrophobicity tend to be more 
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inhibitory. Amphipathic aromatic phenols are structurally similar to phospholipids and 

highly membrane permeable, making them more toxic than other organic compounds 

(Palmqvist et al., 1999b).   

A suggested mechanism of inhibition is that phenolic compounds disrupt 

membrane integrity by partitioning into biological membranes, thereby affecting their 

ability to serve as a selective barrier and enzyme matrix (Heipieper et al., 1994). 

Accumulation of hydrophobic molecules in the cytoplasmic membrane causes an increase 

in membrane fluidity and proton influx (Palmqvist et al., 1999b). Phenolic compounds 

have also been shown to inhibit enzymatic hydrolysis of cellulose and are suggested to 

affect proteins by inducing precipitation (Kim et al., 2011b; Ximenes et al., 2010). Tran 

and Chambers (1986) showed for S. stipitis on a per mmol basis that C6 to C9 organic 

acids are most inhibitory (C9 pelargonic acid > C8 caprylic acid > C6 caproic acid > C16 

palmitic acid) followed by aromatic aldehydes (vanillin > syringaldehyde) and aromatic 

acids (vanillic acid > syringic acid), with the relative toxicity of furfural and acetic acid 

being much lower.  

 

1.3.1.3 Synergistic effects of inhibitors 

Lignocellulosic hydrolysates contain various inhibitory compounds that may act 

synergistically to exert toxicity. Thus, even if individual inhibitors are present at low 

concentrations, they may contribute to the collective toxic effect. When present 

individually at 30 mM, furfural caused S. stipitis to enter a longer lag phase (24 h) 

compared to HMF (8 h). However, when combined at this concentration, furfural and 

HMF acted synergistically to inhibit cell growth (Liu et al., 2005). A similar result was 
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shown for the effect of the phenolic compounds vanillin and syringaldehyde on C. 

guilliermondii. When present individually at 2 g/L, a decrease in growth (20 and 62 %, 

respectively) and xylitol production (0 and 77 %, respectively) occurred, whereas 

complete inhibition occurred when present together (Cortez and Roberto 2010). In 

another study by Lohmeier-Vogel et al. (1998), inhibitors (0.3 g/L furfural, 0.9 g/L HMF 

and 10.9 g/L acetate) added individually did not significantly affect the fermentation 

performance of P. tannophilus or S. stipitis. P. tannophilus consumed xylose (20 g/L) in 

60 h, however, in the presence of all three inhibitors, the rate of xylose consumption 

decreased and 50 % of initial xylose remained unfermented. In the presence of all three 

inhibitors, S. stipitis growth was inhibited, ethanol production decreased and xylose 

consumption slowed considerably (from 35 to < 80 h). Nigam et al. (2001c) showed that 

in the presence of individual inhibitors (acetic acid, furfural and lignin derivatives), a 

decrease in ethanol yield (30.2, 7.0 and 14 %, respectively) and productivity (59.6, 12.8 

and 44.7 %, respectively) occurred in S. stipitis, however, when combined the decrease in 

yield and productivity (74.4 and 83 %, respectively) was greater due to synergistic 

effects.  

 

1.3.1.4 Detoxification of lignocellulosic hydrolysates 

Efforts have been made to address the adverse effect of inhibitors in 

lignocellulosic hydrolysates. In addition to pretreatment and fermentation condition 

optimization, hydrolysate detoxification methods have been attempted to mitigate the 

effects of inhibitors prior to fermentation (Jönsson et al., 2013; Olsson and Hahn-

Hägerdal 1996; Richardson et al., 2011). Table 7 provides an overview of key
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Table 7 Detoxification methods used to mitigate the toxic effects of inhibitory compounds in lignocellulosic hydrolysates. 

Detoxification 

category 

Detoxification 

method 
Description Disadvantages Reference 

Physical Lignin treatment Removal of furfural and phenolics 

 

  (Björklund et al., 

2002) 

 

Steam stripping Removal of volatile compounds (furfural, acetic acid and phenols)  

 

  (Roberto et al., 

1991) 

 

Vacuum evaporation Removal of volatile compounds (furfural, acetic acid, furfural and 

vanillin)  

Slight increase in 

concentration of non-

volatile toxic compounds 

(extractives and lignin 

derivatives) 

(Larsson et al., 

1999b; Mussatto and 

Roberto 2004; 

Wilson et al., 1989) 

 

Chemical Activated charcoal Absorbs furans 

Acetic acid removal 

Eliminate phenolics 

Charcoal cannot be easily 

regenerated 

Expensive 

Loss of fermentation sugars 

 

(Berson et al., 2005; 

Carvalheiro et al., 

2005; Mussatto and 

Roberto 2004; 

Parawira and Tekere 

2011; Richardson et 

al., 2011) 

 

Alkali treatment Inhibitor removal through chemical conversion Extensive loss of 

fermentable sugars  

(Alriksson et al., 

2005; Persson et al., 

2002; Richardson et 

al., 2011) 

 

Ether extraction Removal of furfural   (Delgenes et al., 

1990) 

 

Ion exchange resins Remove free carboxylic acids and polyphenolics 

 

 

 

 

Difficult to implement and 

operate in large scale 

industries 

Expensive 

(Fernandes et al., 

2012; Larsson et al., 

1999b; Richardson et 

al., 2011) 

http://www.ncbi.nlm.nih.gov/pubmed?term=Bj%C3%B6rklund%20L%5BAuthor%5D&cauthor=true&cauthor_uid=12018282
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Works best at pH 10, 

requires large quantities of 

base chemicals 

 

Overliming 

 

 

 

 

 

 

Absorbs furans, phenolics and acetic acid 

Removal of colloids 

Removal of volatile and non-volatile inhibitors 

Damage to equipment due 

to deposits with calcium 

salts  

 

(Alriksson et al., 

2005; Larsson et al., 

1999b; Millati et al., 

2002) 

 

Reducing agents Sulfonation of inhibitors (including phenolics) making them 

unreactive and highly hydrophilic 

Does not affect HMF and furfural 

 

 (Alriksson et al., 

2011; Cavka et al., 

2011). 

 

Solvent extraction Removal of phenolics   (Cantarella et al., 

2004a; Mussatto and 

Roberto 2004; 

Wilson et al., 1989) 

Biological Bioabatement Degradation of low molecular weight phenolic using white rot 

fungi 

Removal of acetic acid using deacidifying yeasts 

Loss of fermentable sugars 

Slow, long incubation 

period 

  (Lopez et al., 2004; 

Mussatto and 

Roberto 2004; 

Pereira et al., 2012; 

Richardson et al., 

2011) 

 

Enzyme treatment Oxidization of phenols to radicals that undergo coupling to larger 

molecules that are less toxic 

  (Jönsson et al., 1998; 

Richardson et al., 

2011)  
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detoxification methods employed for lignocellulosic hydrolysates. Physical detoxification 

methods have focused on removing inhibitors through use of lignin treatment, steam 

stripping and vacuum evaporation. Commonly used chemical detoxification methods 

include activated carbon, alkali treatment and ion exchange resins. Biological 

detoxification is based on bioabatement of inhibitors through use of lignolytic 

microorganisms or by treating hydrolysates with their enzymes (laccase and peroxidase) 

(Jönsson et al., 2013; Larsson et al., 1999b; Richardson et al., 2011). The effectiveness of 

any detoxification method depends on the hydrolysate composition, which differs 

according to feedstock and pretreatment conditions, as well as the microbial strains 

employed in fermentation, since organisms exhibit differing degrees of inhibitor 

tolerance.  

Comparisons of different methods for detoxification indicate that they differ 

significantly with respect to effects on hydrolysate chemistry and subsequent 

fermentability. Larsson et al. (1999b) compared four different detoxification methods for 

a wood hemicellulose hydrolysate: (i) pH adjustment with NaOH or Ca(OH)2, (ii) 

evaporation, (iii) adsorption on anion-exchange resins and (iv) bioabatement. Anion-

exchange resin treatment was found to remove the highest percentages of toxic 

compounds from the hydrolysate (Larsson et al., 1999b). This is in agreement with 

Chandel et al. (2007) who found sugarcane bagasse acid hydrolysate treated with anion 

exchange resins resulted in a greater reduction of furans (63.4 %) and phenolics (75.8 %) 

compared to treatment of the hydrolysate with activated charcoal (reduction of 38.7 and 

57.5 %, respectively) or laccase (0 and 77.5 %, respectively). Subsequent fermentation of 

these hydrolysates with S. shehatae showed the highest maximum ethanol yield was 
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achieved after ion exchange treatment (0.48 g ethanol/g sugar consumed), followed by 

activated charcoal (0.42 g/g), laccase (0.37 g/g), overliming (0.30 g/g) and neutralization 

(0.22 g/g) (Chandel et al., 2007). A novel chemical detoxification strategy using reducing 

agents allows for in-situ treatment to be performed (Alriksson et al., 2011). Reducing 

agents (dithionite and sulfite) sulfonate inhibitory compounds, including phenolics, 

making them less reactive and less harmful to the fermenting microbes (Cavka et al., 

2011). Reducing agents eliminate the need for an extra detoxification process step, 

treatment can be performed at a temperature and pH suitable for fermentation and it does 

not cause sugar degradation. 

Several technologies have been employed to remove inhibitory compounds from 

HW SSL. The main ones include extraction with solvents, overliming, separation by ion 

exchange resins and treatment with activated charcoal (Pereira et al., 2013). Ion-exchange 

resins (cationic and anionic) successfully separated sugars in HW SSL from inhibitors 

including acetic acid, furan derivatives, inorganic salts, lignosulfonates and phenolics 

(Fernandes et al., 2012; Xavier et al., 2010). Biological removal of acetic acid from HW 

SSL was tested using different yeasts (C. tropicalis, Candida utilis, Kluyveromyces 

marxianus, Pichia anomala, S. cerevisiae and Zygosaccharomyces baillii). However, 

these treatments did not result in improved ethanol production during subsequent 

fermentation by S. stipitis since other inhibitors were still present (Xavier et al., 2010). 

Detoxification methods represent an additional process step that adds to overall 

production costs, and are therefore not economically practical (Richardson et al., 2011; 

Rivard et al., 1996). Furthermore, physical and chemical detoxification treatments are 

generally energy and/or chemical intensive and generate additional waste products 
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(McMillan 1994). In comparison, biological detoxification offers advantages such as mild 

reaction conditions, no need to use toxic and corrosive chemicals, fewer toxic products 

generated from side-reactions, minimal waste generated and it is less energy intensive 

(Parawira and Tekere 2011). However, sugar utilization by detoxifying microorganisms 

results in loss of fermentable sugars and biological methods are not practical at large-

scale due to the long incubation period required (Richardson et al., 2011; Yang and 

Wyman 2008).  
 

1.3.2 Low ethanol tolerance and production 

High ethanol concentrations are desirable from fermentation of lignocellulosic 

hydrolysates. However, ethanol accumulation during fermentation acts as a chemical 

stressor and can be toxic to yeasts. Although capable of utilizing hexose and pentose 

sugars, the low ethanol tolerance of pentose-fermenting yeasts limits large amounts of 

ethanol from being produced during fermentation. Defining ethanol tolerance depends on 

the parameter being measured since ethanol can inhibit yeast growth, fermentation and/or 

viability and each of these parameters may exhibit different sensitivity to ethanol (Casey 

and Ingledew 1986; Pina et al., 2004). Furthermore, caution should be exercised when 

comparing amongst different studies because some use rich media while others use 

defined media.   

Ethanol concentrations from 19 to 24 g/L have been shown to affect ethanol 

production and xylose consumption rates of P. tannophilus (Slininger et al., 1982b; 

Watson et al., 1984b), while 41.3 g/L of ethanol was found to completely inhibit growth 

of P. tannophilus (Slininger et al., 1987). A comparable ethanol tolerance limit of about 

46 g/L has been reported for S. stipitis and S. shehatae (du Preez et al., 1987). The 
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ethanol tolerance of pentose-fermenting yeasts compares poorly with reported ethanol 

concentrations ranging from 38 to 127 g/L that affect growth and fermentation rates in S. 

cerevisiae (Lee et al., 1979; Rosa and Sá-Correia 1991; Sá-Correia and van Uden 1983). 

Interestingly, ethanol accumulation in cultures of P. tannophilus has been shown 

to be associated with a change in the capacity of the culture to consume oxygen. 

Mahmourides et al. (1985) found that following inoculation in xylose-containing 

medium, proliferation of cells that use oxygen occurred and little ethanol was produced, 

even though 50 and 10 % of the initial xylose (100 mM and 500 mM, respectively) was 

consumed. After 24 h, an upswing in oxygen concentration occurred indicating the 

capacity of the culture to consume oxygen had decreased and ethanol accumulated during 

this transition. The events triggering ethanol accumulation in P. tannophilus differed 

from those of a Crabtree effect and were not dependent on limited oxygen supply. 

 

1.3.2.1 Modes of ethanol toxicity 

Ethanol is known to exert toxicity on yeast growth, fermentation and viability 

thus limiting efficient fermentation by pentose-fermenting yeasts. The plasma membrane 

and membranes of various cellular organelles are primary targets of ethanol toxicity. In 

P. tannophilus, the concentration of alcohols that decreased growth by 50 % correlated 

with an increase in the membrane-buffer partition coefficient of the alcohols, suggesting 

membranes to be targets of ethanol toxicity (Barbosa et al., 1990a). Ethanol accumulates 

in hydrophobic regions of the membrane, damaging membrane proteins and disrupting 

interactions between acyl chains of phospholipids, thus leading to changes in membrane 

structure and fluidity (Sikkema et al., 1995). The decreased structural integrity results in 
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increased permeability and dissipation of the electrochemical gradient, alters the function 

of membrane transporters and hinders the ability of membranes to function as a selective 

barrier and enzyme matrix (Ingram 1986; Rosa and Sá-Correia 1996; Stanley et al., 2010; 

van Uden 1985). Growth inhibition of P. tannophilus by alcohols may be a consequence 

of inhibition of plasma membrane Mg
2+

-ATPase activity (Barbosa and Lee 1991), which 

is important for maintaining intracellular pH and secondary transport mechanisms 

(Serrano 1988). The ethanol concentration (28 g/L) that inhibited ATPase activity by 50 

% in P. tannophilus is two to three times lower than for inhibition in S. cerevisiae 

(Barbosa and Lee 1991; Rosa and Sá-Correia 1991). Other effects of ethanol stress 

include leakage of amino acids, essential coenzymes and nucleotides as well as inhibition 

of amino acid, ammonium, glucose and maltose transport (D'Amore et al., 1990; Piper 

1995). 

Furthermore, with increasing temperature, the toxic effects of ethanol on the 

growth rate of P. tannophilus were observed to become more severe (Barbosa et al., 

1990a). Navarro (1980) found that increasing fermentation temperatures caused increased 

accumulation of intracellular ethanol. It has been concluded that the rate of ethanol 

production at high temperature is faster than the rate of diffusion of produced ethanol to 

the external medium (D'Amore and Stewart 1987; Navarro 1980).  

Ethanol repression of xylose catabolic enzymes, xylose reductase (XR) and 

xylitol dehydrogenase (XDH), is a regulatory mechanism in P. tannophilus and S. stipitis 

and contributes to the diauxic lag observed during mix sugar fermentation (Slininger et 

al., 2011). The length of this lag was observed to be a function of the glucose 

concentration consumed, and consequently the ethanol concentration accumulated, prior 
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to the switch from glucose to xylose fermentation. Although xylose was being 

transported into the cells, ethanol concentrations around 50 g/L fully repressed the 

induction of XR and XDH. Slininger et al. (2011) suggested this may be a defense 

mechanism to avoid further ethanol damage and for large cell populations to conserve 

energy during competition for limited available oxygen.  

 

1.3.2.2 Mechanisms of ethanol tolerance 

Mechanisms ranging from altering membrane structure to increasing expression 

of genes associated with protein repair and detoxification allow yeasts to maintain 

metabolic function in the presence of increasing ethanol concentrations. Changes in 

membrane composition allow yeast cells to counteract membrane fluidization and 

stabilize the plasma membrane. Specifically, it has been shown that the levels of 

unsaturated fatty acids and ergosterol increase in response to ethanol stress (Aguilera et 

al., 2006; Chi and Arneborg 1999; Swan and Watson 1998; You et al., 2003). In the 

presence of 5 % ethanol, changes in the membrane lipid content of P. tannophilus 

occurred which included a decrease in phospholipids, sterols and unsaturated fatty acids 

and an increase in glycolipids (Singh 2009). Furthermore, amino acids and inositol have 

been shown to enhance tolerance, possibly by facilitating membrane stabilization (Hu et 

al., 2005; Kelley et al., 1988; Takagi et al., 2005). Ethanol stress also induces synthesis of 

heat shock proteins and trehalose to help stabilize and re-fold denatured proteins (Piper 

1995; Swan and Watson 1998; Vianna et al., 2008).  

Ethanol toxicity is not the only factor limiting ethanol accumulation during xylose 

fermentation. Pentose-fermenting yeasts produce and consume ethanol and xylose 
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simultaneously under aerobic conditions (Chung and Lee 1985; Delgenes et al., 1988; 

Maleszka and Schneider 1982a; Schneider et al., 1981). Ethanol consumption has been 

shown to be dependent on the carbon source, with less ethanol being assimilated during 

glucose fermentation than during xylose fermentation. In 2 % xylose P. tannophilus 

consumed 9.8 % of ethanol produced, whereas in 2 % glucose only 1.4 % of ethanol 

produced was consumed (Maleszka and Schneider 1982a).  

Genome-wide surveys have been used to identify the genes involved in yeast 

response and resistance to ethanol stress (Alexandre et al., 2001; Fujita et al., 2006; 

Hirasawa et al., 2007; Hu et al., 2007; Kubota et al., 2004; Takahashi et al., 2001; 

Teixeira et al., 2009; Yoshikawa et al., 2009; van Voorst et al., 2006). At least 250 genes 

are involved in ethanol stress response (Teixeira et al., 2009). Genome-wide screens 

suggest vacuoles have a significant role in ethanol tolerance, possibility due to their role 

in protein turnover and maintaining homeostasis (Chandler et al., 2004; Fujita et al., 

2006; Meaden et al., 1999; Takahashi et al., 2001; Teixeira et al., 2009; Yokoyama et al., 

1995). Ethanol stress response leads to increased expression of genes associated with 

glycolysis and mitochondrial function as well as decreased expression of genes in energy-

demanding growth processes such as amino acid metabolism, nucleotide metabolism, 

protein synthesis, RNA processing and RNA synthesis (Alexandre et al., 2001; Chandler 

et al., 2004; Fujita et al., 2006; Takahashi et al., 2001). 

 To mitigate ethanol repression of xylose utilization, cells can be primed on xylose 

to induce xylose catabolic enzymes prior to inhibitory concentrations of ethanol 

accumulating. Re-pitched cell populations grown on xylose resulted in faster 

fermentation rates and eliminated the diauxic lag during mixed sugar fermentation by P. 
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tannophilus and S. stipitis, despite the accumulation of ethanol concentrations of 60 and 

70 g/L, respectively (Slininger et al., 2011). 

 

1.3.3 Glucose repression and inactivation 

During mixed sugar fermentation with pentose-fermenting yeasts, a central 

problem is the presence of hexoses (mainly glucose and mannose) that compete with or 

inhibit xylose utilization (Bicho et al., 1988; Hsiao et al., 1982; Kim et al., 2010; Panchal 

et al., 1988; Patnaik et al., 2002; Sanchez et al., 1999; Sanchez et al., 2002; Zhao et al., 

2008). Fermentation of glucose precedes that of xylose and pentose-fermenting yeasts are 

generally not sufficiently tolerant of ethanol to complete the second process. Thus, 

catabolite repression results in increased fermentation time, reduced ethanol yield and 

productivity due to incomplete xylose utilization.  

Glucose or closely related sugars and structural derivatives repress the synthesis 

of enzymes required for utilization of alternative carbon sources until glucose is depleted 

(Epps and Gale 1942; Magasanik 1961; Webb and Lee 1990). In P. tannophilus and S. 

stipitis glucose and mannose repress the induction of XR and XDH activities, thereby 

inhibiting xylose utilization (Bicho et al., 1988). Repression of enzymes that control 

certain metabolic pathways in the presence of glucose is a major regulatory system in 

yeasts and allows yeasts to rapidly respond to changing environmental conditions (Webb 

and Lee 1990). Once glucose has been depleted, an adaptive period has been observed in 

P. tannophilus during which growth and fermentation ceases until enzymes for xylose 

utilization are synthesized (Slininger and Bothast 1988; Zhao et al., 2008). Since protein 
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synthesis must begin at the gene level, this diauxic lag can last as long as 10 h (Slininger 

et al., 1987).  

Cellobiose and galactose are not inhibitory to P. tannophilus, whereas fructose 

represses xylose catabolic enzymes (Bicho et al., 1988; Bicho et al., 1989). The sequence 

of sugar utilization differs in S. stipitis, with galactose being preferentially utilized before 

xylose and fructose not inhibiting xylose utilization (Bicho et al., 1988; Bicho et al., 

1989; Lee and Fisher 1990). Interestingly, in P. tannophilus galactose does not inhibit 

XR or XDH activities (Bicho et al., 1988). 

Hexokinase A has been shown to mediate catabolite repression of XR and XDH 

in P. tannophilus. In medium containing glucose and xylose, neither XR or XDH 

activities were subject to catabolite repression in mutants lacking hexokinase A nor was 

xylose utilization inhibited (Wedlock and Thornton 1989). Hexokinase A from P. 

tannophilus also shares similar kinetic properties with hexokinase PII from S. cerevisiae, 

which has a role in catabolite repression (Entian and Frohlich 1984).  

Another important regulatory mechanism in yeasts is glucose inactivation that 

does not depend on de novo protein synthesis (Lee 1992), and allows yeasts to respond 

rapidly to environmental changes by inactivating key enzymes of certain metabolic 

pathways (Webb and Lee 1990). Lee (1992) demonstrated reversible glucose inactivation 

of xylose utilization in P. tannophilus.  In this study, xylose utilization stopped 

completely when glucose was added to the medium.  Xylose utilization resumed quickly 

when glucose concentration fell below a threshold, but before glucose was completely 

consumed without a lag as seen during repression. The results suggest that xylose-

metabolizing enzymes were “reactivated” and the ensuing resumption of xylose 
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utilization did not require de novo protein synthesis. 

Interestingly, low concentrations of glucose may be beneficial to xylose 

utilization. In defined media, periodic additions of glucose (5 g/L) repressed respiration 

during aerobic xylose fermentation in P. tannophilus resulting in an increased ethanol 

yield from 0.28 to 0.41 g ethanol/g xylose (Jeffries et al., 1985). Since the increase in 

ethanol yield was greater than the contribution from glucose alone, this effect was 

attributed to the repression of respiratory enzymes. Similar results have been reported 

during fermentation of a hemicellulose hydrolysate by P. tannophilus (Beck 1986).  

Repression and inactivation of xylose utilization by glucose can be mitigated by 

using large inoculum populations of xylose grown strains (Slininger et al., 1987; 

Slininger and Bothast 1988). Priming S. stipitis on xylose was shown to induce xylose 

catabolic enzymes, allowing for fermentation of sugar mixtures containing high 

concentrations of glucose and xylose with minimal diauxic lag (Slininger et al., 2011). 

Although simultaneous sugar utilization was achieved, glucose was still consumed faster 

than xylose.  

 

1.3.4 Inefficient utilization of pentose sugars 

After xylose is transported into the cell it is metabolized through a xylose 

inducible pathway (Figure 1). The theoretical yield of ethanol, with xylose being 

converted completely into ethanol and carbon dioxide under anaerobic conditions, is 0.51 

g ethanol/g xylose consumed. Consequently, 67 % of the substrate carbon will go to 

ethanol and 33 % to carbon dioxide. The overall stoichiometry of this conversion is 

summarized in Equation 1. Depending on experimental conditions, deviations from the  
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Figure 1 Schematic of xylose metabolism in pentose-fermenting yeasts. 

 

theoretical ethanol yield can be accounted for by: formation of byproducts (acetic acid, 

arabitol, ribitol and xylitol), oxidative recycling or cofactor imbalance during conversion 

of xylulose-5-phosphate to glyceraldehyde-3-phosphate and fructose-6-phosphate via the 
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pentose phosphate pathway (PPP), acetate formation via the EMP pathway, carbon being 

directed towards TCA and biomass formation (Schneider et al., 1985; Slininger et al., 

1987). 

Equation 1: C5H10O5 (xylose)  5/3 C2H5OH (ethanol) + 5/3 CO2 (carbon dioxide) 

Pentose-fermenting yeasts vary considerably in their relative ability to ferment 

xylose. Slininger et al. (1985) found S. shehatae and S. stipitis produced similar ethanol 

yields (0.42 g ethanol/g xylose consumed) that were considerably greater than the ethanol 

yield achieved by P. tannophilus (0.21 g/g). During fermentation of xylose by P. 

tannophilus, ethanol yields ranging downward from 80 % of the theoretical value have 

been reported (Table 3). Maximum yields and specific ethanol production rates by P. 

tannophilus occur at initial xylose concentrations between 25 and 50 g/L (Bravo et al., 

1995; Slininger et al., 1982b). Using high initial cell densities can minimize cell growth 

allowing more carbon to be diverted towards ethanol production and higher ethanol 

productivity to be achieved.  

In P. tannophilus and S. stipitis, XR and XDH activities are induced in xylose 

grown cultures but not in fructose, glucose, glycerol, mannitol, mannose or sorbitol 

grown cells (Bicho et al., 1988, 1989; Bolen and Detroy 1985; Ditzelmüller et al., 1984; 

Maleszka et al., 1983b). Arabinose has also been shown to induce the activity of both 

enzymes in P. tannophilus (Bolen and Detroy 1985). Induction in P. tannophilus arises 

from de novo protein synthesis, and not activation of pre-existing enzymes. Mutants of P. 

tannophilus lacking XR or XDH show poor growth on xylose, thus demonstrating the 

central role of these two enzymes in xylose utilization (Maleszka et al., 1983b; Schneider 

et al., 1989). Sugar transport across the cell membrane and regulation of sugar transport 
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systems play key roles in regulating xylose fermentation. Under aerobic conditions 

pentose transport is the limiting step in xylose metabolism in S. stipitis, whereas under 

anaerobic conditions XDH activity is rate limiting (Ligthelm et al., 1988a).  

Studies have shown that glucose or its structural analogs, such as 2-deoxyglucose 

(2-DG), can also exert regulatory effects on xylose transport (Kilian and van Uden 1988; 

Lucas and van Uden 1986). Glucose non-competitively inhibits the high-affinity system, 

whereas the low affinity system is subject to substrate inhibition and competitive 

inhibition by glucose (Kilian and van Uden 1988). In pentose-fermenting yeasts, glucose 

is transported more efficiently than xylose, resulting in the rate of ethano1 production 

from xylose being about half compared to glucose assimilation (Hahn-Hägerdal et al., 

1994b).  

 

1.3.4.1 Redox imbalance 

Some yeast XRs are strictly NADPH-dependent (Kavanagh et al., 2003), while 

most function with either NADH or NADPH, with a preference for NADPH (Lee 1998). 

In P. tannophilus under aerobic growth conditions, separate NADH-specific and 

NADPH-specific forms of XR have been characterized (Ditzelmüller et al., 1984; 

Ditzelmüller et al., 1985). While under oxygen-limited growth conditions, a NADPH-

specific form and a dual cofactor form, which accepts NADH and NADPH, have been 

characterized (Verduyn et al., 1985a). In comparison, S. stipitis possesses only one XR 

that exhibits specificity for both NADH and NADPH (Verduyn et al., 1985b). It is 

postulated that the ability of some yeasts to ferment xylose anaerobically is due to 

NADH-dependent XR activity (Bruinenberg et al., 1984). In support of this, a P. 
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tannophilus mutant deficient in NADPH-dependent XR activity, but expressing normal 

levels of NADH-dependent XR activity, exhibited a xylose utilization rate similar to the 

wild-type (WT) under anoxic conditions (Schneider et al., 1989). Furthermore, it has 

recently been shown that the yeast Spathaspora passalidarum, which possesses NADH-

preferring XR, is able to ferment xylose efficiently under oxygen-limited conditions (Hou 

2012; Long et al., 2012).  

The ratio of the NADH-linked and NADPH-linked XR activity in S. stipitis is 

independent of growth conditions. NADH-linked XR activity is 34 times higher in S. 

stipitis compared to P. tannophilus, suggesting S. stipitis predominantly uses NADH as 

the reductant for xylose to xylitol conversion (Bruinenberg et al., 1984; Verduyn et al., 

1985b). In P. tannophilus, the ratio varies with growth conditions, and production of 

NADPH-specific XR is favoured resulting in the generation of NADP
+
 from the first 

reaction of xylose metabolism (Bruinenberg et al., 1984; van Dijken and Scheffers 1986). 

Thus, the different coenzymes required by XR and XDH in P. tannophilus cause a 

cofactor imbalance resulting in a surplus of NADH being produced, thereby effectively 

blocking further metabolism along this pathway (Bruinenberg et al., 1983). The resulting 

inability to convert xylitol to xylulose leads to reduced ethanol production and increased 

xylitol accumulation. This correlation between a yeast’s fermentative ability and its 

NADH-linked XR activity was supported by Lachke and Jeffries (1986) who found the 

best ethanol-producing mutant of P. tannophilus showed the highest ratio of NADH- to 

NADPH-linked XR activity. The ratio between NAD
+
-linked and NADP

+
-linked XDH 

activities is similar in P. tannophilus and S. stipitis (Bruinenberg et al., 1984).  

Most studies on pentose-fermenting yeasts have focused on S. stipitis, with very 
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little effort directed at P. tannophilus. This may be because the former produces almost 

exclusively ethanol from xylose (Slininger et al., 1985; Verduyn et al., 1985b), while P. 

tannophilus produces both xylitol and ethanol from xylose (Bicho et al., 1988). The 

mechanisms directing sugar metabolism towards xylitol or ethanol in P. tannophilus 

remain uncertain, however, environmental and nutritional conditions are thought to play a 

role in the production of these compounds (Barbosa et al., 1990b; Lee et al., 1988; van 

Dijken and Scheffers 1986).  

 

1.4 Genetic improvement of native pentose-fermenting yeasts for ethanol 

production
1
 

The above problems have limited the biotechnological potential of pentose-

fermenting yeasts and prompted efforts over the last 30 years to improve the properties of 

these yeasts using a blend of classical and molecular methods. Classical strain 

improvement focuses on yeast adaptation or mutagenesis; however it is time consuming 

and based mostly on a single starting strain. Molecular approaches of strain improvement 

are only applicable to genes that can be isolated, along with some knowledge of what 

genetic modifications are needed to produce the desired phenotypic effect. However, 

there is limited knowledge regarding the mechanisms involved and gene modifications 

required for improved lignocellulosic fermentation performance.   

The following section examines research to genetically improve pentose-

                                                        
1
 Review on genetic improvement of pentose-fermenting yeasts has been published in:   

Harner, N.K., Wen, X., Bajwa, P.K., Austin, G.D., Ho, C.Y., Habash, M.B., Trevors, 

J.T., Lee, H., 2015b. Genetic improvement of native xylose-fermenting yeasts for ethanol 

production. J. Ind. Microbiol. Biotechnol. 42, 1–20 
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fermenting yeasts, with a focus on the improvement of P. tannophilus, S. shehatae, S. 

passalidarum and S. stipitis for ethanol production from xylose and lignocellulosic 

hydrolysates (Harner et al., 2015b).  

 

1.4.1 Improved tolerance to pretreatment-derived inhibitors 

1.4.1.1 Adaptation 

The complex and variable nature of the mixture of toxic compounds in 

lignocellulosic hydrolysates and difficulties in identifying them limit our understanding 

of how each may contribute to overall cellular toxicity. Furthermore, various inhibitory 

compounds may act synergistically to exert toxicity; thus even compounds present at low 

concentrations may contribute to the overall toxicity. Due to this lack of knowledge on 

the mechanisms involved in inhibitor toxicity and tolerance, adaptation has been 

hypothesized as the best approach to address their combined toxic effect. A number of 

studies have used adaptation to improve the performance of pentose-fermenting yeasts, 

mostly S. shehatae and S. stipitis (Table 8). Adaptation involves repeated sub-culturing or 

recycling of yeast cells to increasing concentrations of the inhibitor(s) in lignocellulosic 

hydrolysates. One advantage of adaptation is that strains adapted to tolerate one 

hydrolysate may exhibit cross-tolerance to other hydrolysates. This is not surprising 

considering that different lignocellulosic hydrolysates contain similar kinds of inhibitors 

but with different compositions and concentrations. However, very few studies assessed 

this possible cross-tolerance in the adapted strains. Initial screens for adaptation are 

typically growth-based, but another key improvement sought is fermentation, which 

cannot be selected for on the basis of growth alone. Thus, adapted strains selected for 
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Table 8 Selected native pentose-fermenting yeasts improved by adaptation and recycling. 

Yeast Strain Substrate pH 
Adapted 

or recycled 

Initial sugar 

utilized (%) 

[Max 

EtOH] (g/L) 

Yield 

(g EtOH/ 

g sugar) 

Reference 

S. stipitis BCRC21777 Rice straw hydrolysate 5.0 WT ND 

 

ND 

9.39 0.40 (Huang et al., 2009) 

 

Adapted to increasing 

concentration 

 

 

10.27 

 

0.44 

CBS 6054 Corn cob 

hemicellulose acid 

hydrolysate 

ND WT 18 1.5 0.21 (Amartey and Jeffries 

1996) 

 

 

Adapted to increasing 

concentration 

 

 

90 

 

13.3 

 

0.41 

CBS 6054 

 

 

 

 

NBRC1687 

 

 

 

 

NRRL Y-7124 

Corn stalk hydrolysate 

 

 

 

 

Ethanol  

(50 to 70 g/L) 

 

 

 

 

Read oak hydrolysate  

(30% v/v) 

5.0 

 

 

 

 

 

ND 

 

 

 

 

 

5.0 

WT 

 

ND 0 0 (Yang et al., 2011) 

 

 

 

 

(Watanabe et al., 

2011) 

 

 

 

 

(Nigam 2001a) 

Adapted to increasing 

concentration 

 

WT 

 

Adapted to increasing 

concentrations 

 

WT 

 

Adapted to increasing 

concentration 

 

ND 

 

 

 

ND 

 

ND 

 

 

 

80 

 

93.5 

43.42 

 

 

 

38 

 

44 

 

 

 

9.8 

 

14.5 

0.47 

 

 

 

ND 

 

ND 

 

 

 

0.25 

 

0.40 

 

NRRL Y-7124 Red oak hydrolysate  

(60% v/v) 

5.0 WT 0 0 0  

 

Adapted to increasing 

concentration 

 

 

66.94 

 

8.3 

 

0.31 

NRRL Y-7124 

 

Synthetic 

prehydrolysate (with 5 

5.0 

 

WT 

 

15.6 0.8 0.002  
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NRRL Y-7124 

 

 

 

 

NRRL Y-7124 

 

 

g/L acetic acid) 

 

 

HMF 

 

 

 

 

 

Sugar maple 

hemicellulose 

hydrolysate  

(75% v/v) 

 

 

 

 

ND 

 

 

 

 

 

5.5 

Adapted to increasing 

concentration 

 

WT 

 

Adapted to increasing 

concentration 

 

WT 

 

Adapted to increasing 

concentration 

90 

 

 

 

ND 

 

ND 

 

 

 

ND 

 

ND 

13.3 

 

 

 

0 

 

10 

 

 

 

0 

 

9.6  

0.35 

 

 

 

ND 

 

ND 

 

 

 

ND 

 

ND 

 

 

 

 

(Liu et al., 2005) 

 

 

 

 

(Stoutenburg et al., 

2011) 

 

ND - No data available 
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improved growth have to be assessed also for the ability to ferment the sugars in the 

presence of inhibitors in lignocellulosic hydrolysates. The availability of yeast strains 

with the ability to tolerate inhibitory compounds in lignocellulose hydrolysates would 

reduce the need for detoxification procedures, and this can decrease the overall 

production cost.   

 Adaptation has been done to individual inhibitor(s) as well as to a mixture of 

inhibitors, with the latter approach being the most common. A limitation to adaptation to 

individual inhibitors is that the adapted strain(s) may not exhibit improved growth and 

fermentative ability in the complex mixture of inhibitors found in lignocellulosic 

hydrolysates. In one study of this kind, Liu et al. (2005) adapted S. stipitis NRRL Y-7124 

cells to increasing concentrations of HMF. After 100 cycles, the adapted strain, 

designated 307-10H60, showed an enhanced ability to transform HMF to 2,5-bis-

hydroxymethylfuran compared to the WT strain. In defined medium containing 60 mM 

HMF, strain 307-10H60 converted 60 % of HMF and utilized glucose in 20 h to produce 

10 g/L ethanol. In comparison, the WT did not ferment glucose at this HMF 

concentration (Liu et al., 2005). Unfortunately, the adapted strain was not tested for 

xylose fermentation or in a mixture of inhibitors typically found in lignocellulosic 

hydrolysates. Thus, it is not known if tolerance to HMF would improve the performance 

of this xylose-fermenting strain in industrially relevant hydrolysates.  

More commonly, adaptation was performed by sequential transfers or recycling of 

cultures to increasing concentrations of lignocellulosic hydrolysates. Several groups have 

independently obtained S. stipitis strains adapted to different hydrolysates (Table 8). 

These studies demonstrate the potential for using adaptation to obtain yeast strains more 
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tolerant to pretreatment-derived inhibitors, thereby producing higher fermentation rates 

and yields compared to the WT strains. Possibly, adaptation resulted in selection of 

mutant strains, although this has not been explicitly stated and the nature of possible 

mutations was not examined. A drawback of these studies was that adaptation and 

subsequent testing was done in the presence of yeast extract and peptone. These adapted 

strains would not perform as well in hydrolysates without these added nutrients, thus the 

utility of these adapted strains under industrial conditions remains uncertain. 

Furthermore, the long-term stability of the adapted strains was not assessed in these 

studies.   

Most native xylose-fermenting yeasts are subject to glucose repression (Bicho et 

al., 1988; Chen 2011; Kim et al., 2010) and glucose inactivation (Lee 1992). In 

repression, glucose inhibits the synthesis of xylose-metabolizing enzymes at the 

transcriptional level. On glucose depletion, xylose-metabolizing enzymes are synthesized 

to enable xylose utilization, i.e. de novo protein synthesis is required. In inactivation, 

glucose inhibits the activities of xylose transport and/or other xylose-metabolizing 

enzymes. Xylose consumption may resume before glucose is completely consumed, and 

this resumption does not require de novo protein synthesis. As a result, in a glucose-

xylose mixture, glucose is fermented before xylose and the yeast is often not sufficiently 

tolerant of ethanol (Bajwa et al., 2009) to complete the xylose fermentation. One 

exception to the above scenario is S. passalidarum which utilizes xylose and glucose 

simultaneously and ferments glucose, xylose and cellobiose simultaneously under 

oxygen-limiting conditions (Long et al., 2012). To improve the ability of S. passalidarum 

NRRL Y-27907 to ferment the sugars in hydrolysates, this strain was adapted to YPX-Cb 



60 
 

medium (containing 10 g/L yeast extract, 10 g/L peptone, 45 g/L xylose and 25 g/L 

cellobiose) followed by cultivation in corn stover hydrolysate for 2 months (54 

doublings) under oxygen-limiting conditions (Long et al., 2012). Fermentation of the 

adapted strain E7 on maple hemicellulose hydrolysate (MHH) was compared to that on a 

sugar mixture (SM) designed to mimic the hydrolysate (65 g/L xylose and 35 g/L 

glucose). Glucose and xylose were co-utilized in the MHH, while xylose utilization was 

delayed by 12 h in the SM. E7 produced a peak ethanol concentration (40 g/L) more 

rapidly in SM (38 h) than in MHH (38 g/L and 59 h, respectively). However, the 

fermentation performance was not compared to the WT strain under the same conditions, 

thus the extent of the improvement for the adapted strain is not known. The inherent 

ability of S. passalidarum to ferment xylose faster than glucose and to simultaneously 

ferment glucose, xylose and cellobiose are desirable characteristics for use in 

lignocellulosic biomass conversion.  

 

1.4.1.2 Random mutagenesis  

The adaptation approach, while useful, can be slow and time consuming. 

Industrial strain improvement typically involves randomly generated mutants from which 

a few of the top performers are selected for further mutagenesis and screening. An 

effective and sensitive screen is necessary to select mutants of interest. 

Despite the attractiveness of random mutagenesis, only a few studies have used 

this approach to obtain mutants of xylose-fermenting yeasts with improved tolerance to 

inhibitors in lignocellulosic hydrolysates. In one study, successive rounds of UV 

mutagenesis followed by screening on a gradient plate of HW SSL was used to 
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successfully obtain mutants of S. stipitis NRRL Y-7124 with improved tolerance to HW 

SSL (Bajwa et al., 2009). Growth assessment indicated the WT grew in 65 % (v/v) HW 

SSL while mutants (PS301 and PS302) selected after three rounds of UV mutagenesis 

and screening grew in 75 % (v/v) HW SSL and survived in 80 % (v/v) HW SSL. In 

addition, these mutants were more tolerant of HMF than the WT, and grew faster with a 

shorter lag phase in 5 g/L HMF. The WT did not produce ethanol in 60 % (v/v) HW SSL 

whereas mutants produced peak ethanol ranging from 3.3 to 6.4 g/L. These mutants also 

showed slightly improved tolerance to acetic acid (2.8 to 3.0 g/L) compared to the WT 

(2.5 g/L).  

Using a similar approach, Harner et al. (2014) obtained mutants of P. tannophilus 

NRRL Y-2460 with enhanced tolerance to HW SSL and acetic acid in two separate 

selection lines. The WT strain grew in 50 % (v/v) HW SSL while third round HW SSL 

mutants (UHW301, UHW302 and UHW303) grew in 60 % (v/v) HW SSL with two of 

these isolates (UHW302 and UHW303) being viable and growing, respectively, in 70 % 

(v/v) HW SSL. In defined liquid media containing acetic acid, the WT strain grew in 7 

g/L acetic acid, while third round acetic acid mutants (UAA301, UAA302 and UAA303) 

grew in 8 g/L acetic acid with one isolate (UAA302) growing in 9 g/L acetic acid. Cross-

tolerance of HW SSL-tolerant mutants to acetic acid and vice versa was observed. The 

fermentative ability of UAA302 in defined media was similar to that of the WT, while 

UHW303 fermented slightly less well than the WT (Harner et al., 2014).  

 

1.4.1.3 Genome shuffling  

Genome shuffling combines classical mutagenesis with the possibility of 
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recombination to allow for further strain improvement. This method uses recursive 

recombination to enhance the genetic diversity of mutant populations with improved 

phenotypes, allowing for the creation of new mutant combinations and strains with 

superior characteristics (Biot-Pelletier and Martin 2014; Petri and Schmidt-Dannert 

2004). In contrast to classical breeding approaches that allow only two parents to mate, 

genome shuffling allows recombination between large starting pools with desirable 

phenotypes. Whole genome recombination accelerates the accumulation of multiple 

beneficial mutations in strains while having the potential to remove deleterious 

mutations, thereby allowing for the engineering of complex phenotypic traits with less 

time and effort (Patnaik et al., 2002; Zhang et al., 2002). As with random mutagenesis, 

the key criterion for successful genome shuffling is an effective and sensitive screen to 

select the improved mutants.   

Figure 2 provides a schematic of genome shuffling in pentose-fermenting yeasts. 

Genome shuffling involves two stages. In the first stage, iterative rounds of mutagenesis 

and selection are carried out to obtain a pool of mutants with improved phenotypes. In the 

second stage, these mutant populations are used as the starting pool for iterative rounds of 

genome recombination (Bajwa et al., 2013a). In genome shuffling, recombination can be 

carried out using recursive protoplast fusion or cross-mating. Most reports on genome 

shuffling to improve inhibitor tolerance or ethanol productivity of yeasts are based on 

protoplast fusion (Hou 2010; Wei et al., 2008). Genome shuffling carried out by 

protoplast fusion, however, may yield unstable hybrids (Giudici et al., 2005).  

A strategy using yeast cross-mating instead of protoplast fusion was performed to 

improve the tolerance of S. stipitis to HW SSL (Bajwa et al., 2010). Six UV-induced  
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Figure 2 Schematic of genome shuffling in pentose-fermenting yeasts. Mating and 

sporulation can be repeated several times to allow for accumulation of beneficial 

alleles from various genomes. 
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mutants of S. stipitis NRRL Y-7124 were subjected to four rounds of genome shuffling. 

Two mutants from the third round (GS301 and GS302) grew in 85 % (v/v) HW SSL, 

with GS301 being viable in 90 % (v/v) HW SSL. The WT S. stipitis was unable to grow 

in HW SSL unless it was diluted to 65 % (v/v) or lower (Bajwa et al., 2010). In 

fermentation tests, the WT did not utilize any sugars in undiluted HW SSL (pH 5.5), 

while GS301 and GS302 utilized glucose faster than PS302, the best UV-induced mutant 

(Bajwa et al., 2009). The WT and two genome shuffled S. stipitis strains (GS301 and 

GS302) were tested for growth and fermentation performance in three wood 

hydrolysates: steam pretreated enzymatically hydrolyzed poplar hydrolysate, steam 

pretreated poplar hydrolysate and mixed hardwood pre-hydrolysate (Bajwa et al., 2011). 

All strains grew in the steam pretreated enzymatically hydrolyzed poplar hydrolysate, 

GS301 and GS302 grew in the mixed hardwood pre-hydrolysate, but none of the strains 

grew in the steam pretreated poplar hydrolysate. In fermentation tests, GS301 and GS302 

completely utilized glucose and xylose in each hydrolysate and produced between 3.9 to 

14 g/L ethanol while the WT did not utilize, or poorly utilized, the sugars, producing low 

concentrations of ethanol. These results demonstrated cross-tolerance of the mutants to 

inhibitors in different wood hydrolysates (Bajwa et al., 2011).  

One advantage of using a cross-mating based genome shuffling approach for 

industrial yeast strain improvement is that the genetically stable haploid cells obtained are 

amenable to further improvement by mutagenesis and mating. In contrast, after several 

rounds of protoplast fusion, the resulting population may have uncertain ploidy levels or 

may be aneuploid, some of which may be unstable or not amenable for further 

improvement. Bajwa et al. (2013a) have provided a detailed protocol for genome 
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shuffling based on recursive cross-mating in S. stipitis. 

 

1.4.2 Improved ethanol tolerance and production 

1.4.2.1 Random mutagenesis  

Native pentose-fermenting yeasts are known to be less tolerant of ethanol than the 

fermentative yeast S. cerevisiae. The basis for this is not known and there has always 

been a desire to improve the ethanol tolerance of pentose-fermenting yeasts. Ethanol 

tolerance is thought to be a multi-genic trait and different approaches have been used to 

identify potential genetic elements contributing to this phenotype (Duitama et al., 2014; 

Ma and Liu 2010a; Swinnen et al., 2012; Teixeira et al., 2009). The complex nature 

makes genetic studies and improvement of ethanol tolerance difficult. Ethanol-tolerant 

strains have been obtained primarily using random mutation approaches.  

Watanabe et al. (2011) used UV mutagenesis followed by screening on a solid 

medium containing 50 g/L ethanol (supplemented with 50 g/L xylose, 1.7 g/L yeast 

nitrogen base (YNB) without amino acids, 2.0 g/L ammonium sulfate and 5.0 g/L 

peptone) to select mutants of S. stipitis NBRC1687 with improved tolerance to ethanol. 

Three mutants (PXF4, PXF36 and PXF58) producing larger colonies compared to the 

WT on plates were selected. During xylose fermentation in the same medium above, the 

WT produced less ethanol (16.4 g/L) compared to PXF4 (17.4 g/L), PXF36 (17.3 g/L) 

and PXF58 (19.4 g/L). In a medium containing xylose (110 g/L), glucose (120 g/L) or 

fructose (120 g/L) supplemented with peptone, the WT produced about 30 g/L ethanol 

while PXF58 produced about 40 g/L ethanol. To further improve its ethanol tolerance, 

PXF58 was subjected to 20 cycles of adaptation in increasing ethanol concentrations (50 
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to 70 g/L). This resulted in the isolation of a mutant (PET41) which produced 44 g/L 

ethanol compared to 40 g/L by PXF58 and 38 g/L by the WT strain after fermentation (96 

h) in peptone-supplemented media containing 45 g/L xylose with glucose added to final 

concentrations of 40 and 60 g/L after 36 and 60 h, respectively (Watanabe et al., 2011). 

The performance of the mutants, however, was not tested in a defined medium without 

peptone supplementation, thus, it is uncertain how these strains might perform in the 

absence of rich nutrient components. 

 

1.4.2.2 Protoplast fusion  

Some researchers have used cross-species protoplast fusion to combine the 

desirable traits of S. cerevisiae, such as greater tolerance to ethanol and inhibitors with 

xylose-utilizing ability of pentose-fermenting yeasts, to generate hybrids with improved 

properties (Table 9). In an earlier study, Yoon et al. (1996) combined S. cerevisiae STV 

89 and S. stipitis CBS 5776 by protoplast fusion. Based on its fermentation performance 

in xylose and sucrose media, one fusant (designated F5) was selected for further study. 

During fermentation of 100 g/L xylose (medium also contained 5 g/L yeast extract, 5 g/L 

peptone and mineral salts), F5 produced more ethanol with a higher yield (44 g/L and 

0.44 g ethanol/g xylose consumed, respectively) compared to the S. stipitis parental strain 

(38.8 g/L and 0.39 g/g, respectively). However, the fusants were unstable. After six 

rounds of sub-culturing all fusants, including F5, dissociated into segregants which 

resembled S. stipitis based on fermentation performance.  

In another study, S. cerevisiae 2.0251 was fused with P. tannophilus ATCC 

2.1662 (Yan et al., 2009). Fermentation in media containing 10 g/L glucose, 10 g/L  
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Table 9 Ethanol production by selected hybridized native pentose-fermenting yeasts. 

Yeast/Fusant 

Cell 

DNA 

content 

Volumetric 

EtOH 

productivity 

(g/L/h) 

Yield 

(g EtOH/ 

g sugar) 

[Max 

EtOH] 

(g/L) 

Time 

[max 

EtOH] 

(h) 

Reference 

P. tannophilus NRRL Y2460 

 

P56-#3-3B 

NRRL Y2460-#2 

P56-#8 

P45-#14 

P45#9 

 

S. cerevisiae NCIM-3090 

 

S. cerevisiae/S. shehatae NCIM-

3500 

RPR119 

 

S. cerevisiae/P. tannophilus 

NCIM-3502 

RPR39 

RPR51 

RPR87 

 

S. cerevisiae/S. stipitis NCIM-

3507 

RPR16 

RPR48 

 

S. stipitis CBS 5776 

S. cerevisiae/S. stipitis Fusant F5 

 

 

S. stipitis CSIR Y633 

 

P2-2 

 

P2-3 

n 

 

<2n 

2n 

3n 

4n 

<4 

 

2n 

 

 

 

4n 

 

 

 

4n 

4n 

4n 

 

 

 

4n 

4n 

 

ND 

ND 

 

 

24.35 

fg/cell 

44.10 

fg/cell 

44.86 

fg/cell 

0.46 

 

0.42 

0.49 

0.62 

0.84 

0.86 

 

0.96 

 

 

 

0.88 

 

 

 

1.06 

1.02 

0.95 

 

 

 

0.98 

0.96 

 

0.54 

0.46 

 

 

0.90 

 

1.12 

 

1.00 

 

0.35 

 

0.40 

0.41 

0.42 

0.42 

0.42 

 

0.436 

 

 

 

0.432 

 

 

 

0.458 

0.454 

0.440 

 

 

 

0.437 

0.443 

 

0.39 

0.44 

 

 

0.45 

 

0.47 

 

0.47 

ND 

 

ND 

ND 

ND 

ND 

ND 

 

69.1 

 

 

 

63.4 

 

 

 

76.8 

73.9 

68.4 

 

 

 

71 

69.6 

 

38.8 

44 

 

 

21.10 

 

21.53 

 

21.30 

ND 

 

ND 

ND 

ND 

ND 

ND 

 

60 

 

 

 

ND 

 

 

 

72 

ND 

ND 

 

 

 

ND 

ND 

 

72 

96 

 

 

47 

 

44 

 

45 

(Maleszka 

et al., 

1983a) 

 

 

 

 

 

(Kumari 

and 

Pramanik 

2012a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

(Yoon et 

al., 1996) 

 

 

(Gupthar 

1987) 

 

ND - No data available 

n – Number of chromosomes 

 

peptone and 5 g/L yeast extract supplemented with xylose (5.52 g/L) was carried out with 

20 putative fusants. Based on fermentation performance, the best isolate (Fusant 1) 

utilized more xylose (72 %) and produced more ethanol (3.4 g/L) than the P. tannophilus 

parental strain (32 % and 1.2 g/L). During fermentation of mixed sugars (30 g/L glucose 
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and 20 g/L xylose), Fusant 1 produced more ethanol (11.76 g/L) compared to either the S. 

cerevisiae (11.2 g/L) or P. tannophilus (8.8 g/L) parental strains. Maximum ethanol 

concentrations and complete glucose utilization occurred after 24 h for all strains. Fusant 

1 was capable of simultaneous sugar utilization and consumed 20 % of the initial xylose 

within the first 24 h. In contrast, the P. tannophilus parental strain began to utilize xylose 

after 24 h, which may explain the unusually low peak ethanol concentration produced by 

this strain. Fusant 1 was tolerant to an ethanol concentration (63.1 g/L) which was 

intermediate between that of S. cerevisiae (78.9 g/L) and P. tannophilus (39.45 g/L), and 

exhibited better growth in softwood acid hydrolysate (pH 5.5) compared to the parental 

strains. The average DNA content of Fusant 1 (0.80 x 10
7
 μg/mL) suggested that most of 

its DNA came from the P. tannophilus parental strain (DNA content = 0.78 x 10
7
 μg/mL) 

and only a small amount from the S. cerevisiae parental strain (DNA content = 1.74 x 10
7
 

μg/mL). Fusant 1 appeared to be stable based on mixed sugar fermentation performance 

assessed periodically over 15 generations. Its long-term stability or ploidy level is not 

known. 

Kumari and Pramanik (2012a) fused S. cerevisiae NCIM-3090 individually with 

different pentose-fermenting yeasts including S. shehatae NCIM- 3500, P. tannophilus 

NCIM-3502 and S. stipitis NCIM-3507 to yield hybrids capable of converting hexose and 

pentose sugars. The fermentation performance of the fusants was first evaluated in a 

glucose (150 g/L) and xylose (50 g/L) mixture (containing 2 g/L yeast extract and 

minerals). Three fusant strains produced more ethanol with a greater yield and higher 

volumetric productivity than the S. cerevisiae parental strain (69.1 g/L, 0.436 g ethanol/g 

sugar consumed and 0.96 g/L/h, respectively). A S. cerevisiae and P. tannophilus fusant 
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(RPR39) was found to be the most efficient strain giving high peak ethanol concentration 

(76.8 g/L), volumetric productivity (1.06 g/L/h) and ethanol yield (0.458 g/g). 

Comparable fermentation efficiencies were also observed with another S. cerevisiae and 

P. tannophilus fusant (RPR51) and a S. cerevisiae and S. stipitis fusant (RPR16) 

producing ethanol yields of 0.454 and 0.437 g/g, respectively. The percentage of the 

DNA originating from each parental strain was not determined. The DNA content in 

fusants was analyzed using flow cytometry, and fusant DNA content was found to be 

double that of individual parental strains. Fusants were considered stable if they retained 

their characteristic mixed sugar utilization and ethanol production profiles for 9 months. 

The long-term stability of RPR39 was not investigated. The fusant RPR51 was found to 

be unstable while RPR39 and RPR16 were stable after 9 months.  

To further improve the fermentation properties of RPR39, Kumari and Pramanik 

(2012b) subjected it to combinations of mutagens (ethyl methane sulphonate, N-methyl-

N'-nitro-N-nitrosoguanidine, near UV or far UV radiation) followed by screening under 

various stress conditions to obtain putative mutants more tolerant to multiple 

fermentation stressors. Among the eight mutants, RPRT90 was the best in terms of 

genetic stability and tolerance to ethanol, temperature and inhibitory compounds. The 

combined effect of these stress factors was studied by subjecting RPRT90 to various 

conditions simultaneously during fermentation of a glucose (187.5 g/L) and xylose (62.5 

g/L) mixture (containing 2 g/L yeast extract and minerals). When subjected to the 

combined effect of temperature (39 °C), ethanol (55.2 g/L) and inhibitors (0.25 g/L 

vanillin, 0.5 g/L furfural and 4 g/L acetic acid), RPRT90 converted 64.8 % of the sugars, 

producing an additional 47.9 g/L ethanol with a yield of 0.295 g ethanol/g sugar 
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consumed and volumetric productivity of 0.57 g/L/h. Under the same conditions, fusant 

RPR39 converted 40.3 % of the sugars, producing an additional 25 g/L ethanol, with an 

ethanol yield of 0.21 g/g and volumetric productivity of 0.42 g/L/h. At the end of the 96 h 

fermentation, more glucose was utilized (about 45 and 55 g/L remaining) compared to 

xylose (about 45 g/L remaining) by both RPRT90 and RPR39 strains (Kumari and 

Pramanik 2012b).  

In a slightly different approach, a combination of UV mutagenesis and protoplast 

fusion was used to improve the inhibitor tolerance and fermentative ability of S. 

passalidarum MYA-4345 in wheat straw hydrolysate (Hou and Yao 2012). Furfural-

tolerant mutants were isolated by plating UV mutagenized cells on a rich medium 

containing 10 g/L yeast extract, 20 g/L peptone, 30 g/L xylose and 2.5 g/L furfural 

(YPXF). Two selected mutants (M5 and M7) showed improved xylose consumption, 

ethanol yield, final ethanol concentration achieved and higher furfural reduction rates 

during fermentation in YPXF compared to the WT. Cross-species protoplast fusion was 

carried out between M7 and S. cerevisiae ATCC 96581. Putative fusants were plated on 

agar prepared with 75 % wheat straw hydrolysate (containing 1.72 g/L glucose, 2.29 g/L 

xylose, 0.54 g/L furfural, 0.29 g/L HMF and 3.39 g/L acetic acid) supplemented with 30 

g/L xylose to select for hybrids. Repeated transfers between 75 % wheat straw 

hydrolysate and medium containing 10 g/L yeast extract, 20 g/L peptone and 30 g/L 

xylose (YPX) were done to maintain the hybrids’ tolerance character. This selection 

regime was based on the knowledge that unfused parents could not grow on the plate, as 

S. cerevisiae could not utilize xylose as the sole carbon source and M7 could not tolerate 

the high inhibitor concentration. Among the 24 hybrids selected, FS22 was the best 
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isolate during anaerobic fermentation in 75 % wheat straw hydrolysate supplemented 

with 30 g/L xylose. Hybrid FS22 showed good xylose consumption (39.4 %), and ethanol 

yield (0.40 g ethanol/g xylose consumed) compared to M7 which was unable to survive 

or ferment at this concentration of hydrolysate. Based on the restriction patterns of the 

PCR fragments, it was determined that S. passalidarum M7 was the dominant contributor 

of DNA to the hybrid.  

 Interestingly, none of these inter-genera hybridization studies provided the 

percentage of the DNA in hybrids from each parental strain. Based on DNA content 

comparisons, phenotypic characterization or partial molecular characterization it is 

difficult to determine whether these are true hybrids. Whole genome sequencing would 

be an effective strategy to better characterize these hybrid strains and perhaps identify the 

genetic factors from each parental strain conferring the improved phenotypes in the 

hybrids as well as to confirm hybridization of parental strains.  

 

1.4.2.3 Genome shuffling  

 Zhang and Geng (2012) used recursive recombination of the whole genomes of S. 

stipitis CBS 6054 and S. cerevisiae ATCC 24860 to construct strains with enhanced 

ethanol production, tolerance to ethanol and faster rates of xylose utilization. Genomic 

DNA of S. stipitis was extracted and transferred into the S. cerevisiae strain by 

electroporation to allow genetic recombination. Selection of first round strains was 

carried out on plates containing 6.7 g/L YNB and 50 g/L xylose followed by fermentation 

of 150 g/L xylose in a rich medium (containing 7 g/L yeast extract and 2 g/L peptone). 

The best ethanol-producing strain (F1-8) was used for the next round of genome shuffling 
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in which the whole genome of S. cerevisiae was extracted and transferred into F1-8 by 

electroporation. Second round strains were screened on plates containing 6.7 g/L YNB, 

50 g/L xylose and 50 g/L ethanol. One obtained strain (ScF2) produced 47 g/L of ethanol 

in 6 days from 250 g/L xylose in a medium supplemented with 7 g/L yeast extract, 2 g/L 

peptone and minerals. In comparison, the S. stipitis parental strain produced 20 g/L 

ethanol on day seven under the same conditions. During mixed sugar (50 g/L glucose and 

50 g/L xylose) fermentation, S. cerevisiae only utilized glucose and produced a peak 

ethanol concentration of 22 g/L in about 24 h. In contrast, S. stipitis and ScF2 utilized 

both sugars, producing peak ethanol concentrations of 31 g/L at 96 h and 40 g/L at 144 h, 

respectively. Randomly amplified polymorphic DNA (RAPD) analysis showed different 

banding patterns between ScF2 and its parental strains, suggesting that ScF2 is 

genetically different from the parental strains. This genome shuffling approach 

successfully combined features of parents, S. cerevisiae (ethanol and sugar tolerance) and 

S. stipitis (xylose utilization), in ScF2. Its performance in defined media and industrially 

relevant hydrolysates remains to be assessed.  

 

1.4.3 Glucose derepression  

1.4.3.1 Random mutagenesis  

As mentioned before, native xylose-fermenting yeasts typically suffer from 

glucose repression (Bicho et al., 1988) and glucose inactivation (Lee 1992). As a result, 

in a glucose-xylose mixture, glucose is fermented before xylose and these yeasts are often 

not sufficiently tolerant of ethanol (Barbosa et al., 1990b) to complete the xylose 

fermentation.   
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Some researchers have selected for glucose derepressed cells by using the glucose 

analog 2-DG which cannot be metabolized by yeasts beyond the initial phosphorylation 

step (Sreenath and Jeffries 1999). In an earlier study, glucose derepressed mutants of P. 

tannophilus NRRL Y-2460 were obtained by isolating UV mutants resistant to 2-DG 

followed by replica-plating on solid media containing hexose sugars to select for strains 

showing reduced growth (Wedlock et al., 1989). During growth on mixed sugars, mutant 

P509-1B exhibited reduced glucose repression and was able to co-utilize glucose and 

xylose compared to the WT. Enzyme studies showed this strain to be deficient in hexose-

phosphorylating activity (possessing only 6 % of the WT activity) (Wedlock et al., 1989). 

Wedlock and Thornton (1989) further examined the role of the two hexokinases in 

glucose repression in P. tannophilus. Three mutants were constructed and grown under 

mixed or individual sugars followed by measurement of XR and XDH activities as an 

indicator of glucose repression. Mutant P510-5A had a defect in glucokinase (encoded by 

glk), P509-3C had a defect in hexokinase (encoded by hxk-a) and P509-1B had defects in 

both glk and hxk-a (Wedlock et al., 1989). When grown in a mixture of glucose (20 g/L) 

and xylose (20 g/L), reduced XR and XDH activities were seen in P510-5A, but not 

P509-3C and P509-1B. The results indicate the involvement of hxk-a, but not glk, in 

glucose repression in P. tannophilus (Wedlock and Thornton 1989). Unfortunately, the 

fermentation performance of P510-5A in mixed sugars was not tested to confirm the 

glucose derepressed phenotype.  

In another study, Sreenath and Jeffries (1999) used chemical mutagenesis (ethyl 

methane sulphonate) followed by selection on 2-DG to obtain mutants of S. stipitis FPL-

061 with improved xylose utilization in the presence of glucose. Of the 2-DG resistant 
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strains selected, FPL-DX26 was the best in fermentation. When grown in a mixture of 40 

g/L glucose and 40 g/L xylose, this strain consumed the sugars simultaneously after 20 h 

and all the sugars were consumed by 45 h. In comparison, the WT utilized xylose only 

after glucose was consumed and complete utilization of these sugars required 120 h 

(Sreenath and Jeffries 1999).  

 

1.4.4 Miscellaneous attempts to improve xylose utilization and fermentation 

1.4.4.1 Random mutagenesis  

Approaches, ranging from random to semi-rational, have been used to improve 

xylose utilization in native xylose-fermenting yeasts. Some of the successful attempts are 

described below. Mutants able to utilize xylose faster typically exhibit better xylose 

fermentation rates.   

In an effort to isolate strains with improved mixed sugar fermentation, Sreenath 

and Jeffries (1997) selected for rapidly growing mutants of S. stipitis CBS 6054 on L-

xylose in the presence of respiratory inhibitors antimycin A and salicyl hydroxamic acid 

(SHAM). The ability to grow on L-xylose was used to select for mutants whose aldose 

reductase may be derepressed. To ensure that selected strains retained fermentative 

ability, mutants exhibiting lower respiratory activity were selected via resistance to 

respiratory inhibitors. S. stipitis possesses both antimycin-sensitive and SHAM-sensitive 

respiratory pathways and inhibitors for both pathways were used to inhibit growth, as 

blockage of either pathway alone is insufficient to inhibit growth (Sreenath and Jeffries 

1997). One mutant isolated (FPL-061) produced higher ethanol concentration (29.4 g/L) 

and yield (0.42 g ethanol/g sugar consumed) compared to the WT (25.7 g/L and 0.35 g/g, 
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respectively) in a 1:1 mixture of glucose and xylose (having final sugar concentrations of 

60 to 80 g/L) supplemented with salts and some peptone (Sreenath and Jeffries 1997).  

In another study, Jeffries (1984) used UV mutagenesis followed by selection for 

rapid growth in nitrate-xylitol broth to obtain mutants of P. tannophilus NRRL Y-2460 

with enhanced rates of xylose fermentation. Nitrate utilization requires an active PPP, 

which provides NADPH for nitrate reduction. The rationale was that strains capable of 

rapid growth on nitrate should possess higher levels of PPP enzymes, consequently 

having faster xylose fermentation rates. One mutant (NO3-NO3-4) fermented xylose 

more rapidly, produced ethanol twice as fast and had a 32 % higher ethanol yield 

compared to the WT (0.25 g ethanol/g xylose consumed compared to 0.19 g/g) (Jeffries 

1984).  

Some pentose-fermenting yeasts are known to produce and consume ethanol 

concurrently during xylose fermentation, and this has been suggested as one of the 

reasons for low ethanol yield from xylose (Maleszka and Schneider 1982a). In an effort 

to minimize such loss, UV-induced mutants of P. tannophilus NRRL Y-2460 with 

diminished ability to grow on ethanol while retaining the ability to utilize xylose were 

isolated (Lee et al., 1986). Several ethanol-defective mutants that produced more ethanol 

than the WT were obtained. One mutant, designated eth 2-1, showed considerably 

improved ethanol production from xylose than the WT. During fermentation in 40 g/L 

xylose, the maximum ethanol concentration (10 g/L) and ethanol yield (0.29 g ethanol/g 

xylose consumed) produced by eth 2-1 exceeded those (6.5 g/L and 0.16 g/g, 

respectively) produced by the WT (Lee et al., 1986). In addition, eth 2-1 produced less 

xylitol than the WT. Biochemical studies showed the eth 2-1 mutant to be deficient in 
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malate dehydrogenase, an enzyme in the TCA cycle (Lee et al., 1986).   

To further improve their xylose-fermenting ability, mutant eth 2-1 (Lee et al., 

1986) was cross-mated with mutant NO3-NO3-4 (Jeffries 1984) described above. This 

led to the isolation of P. tannophilus recombinants that possessed the desired 

characteristics of both strains (Clark et al., 1986). Four hybrid strains (P587-4A, P587-

7B, P587-10D and P587-11B) produced as much ethanol as strain NO3-NO3-4. The 

incorporation of the eth 2-1 mutation was confirmed by decreased ethanol consumption 

under aerobic conditions by the hybrids (Clark et al., 1986).  

In other research to minimize aerobic ethanol loss, Hughes et al. (2012) selected 

for UV-generated mutants of S. stipitis NRRL Y-7124 able to grow anaerobically on 

xylose plates for 5 months. Five strains (WT-1-11, WT-2-1, 14-2-6, 22-1-1 and 22-1-12) 

were isolated and tested for fermentation of mixed sugars (20 g/L xylose, 20 g/L glucose; 

supplemented with 10 g/L yeast extract and 20 g/L peptone) under microaerophilic 

conditions. Sugar utilization and ethanol yields obtained for the mutants (ranging from 

0.23 to 0.24 g ethanol/g sugar consumed) were slightly lower than those for the WT (0.27 

g/g). Mixed sugar fermentation under strictly anaerobic conditions was also tested using 

three of the mutants (WT-1-11, 14-2-6 and 22-1-12) and S. cerevisiae NRRL Y-2034. S. 

cerevisiae achieved a maximum ethanol concentration (9.5 g/L) and yield (0.24 g/g) 

within 12 h, but no further increase in ethanol concentration occurred after depletion of 

glucose. The mutants produced a similar concentration of ethanol as that by S. cerevisiae 

in 80 to 180 h after which ethanol continued to be produced from xylose. Mutant 22-1-12 

produced the highest peak ethanol (13 g/L) and yield (0.33 g/g) in 490 h. Ethanol 

production by the S. stipitis WT was not evaluated because the strain could not grow 
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under strictly anaerobic conditions (Hughes et al., 2012). The researchers succeeded in 

obtaining mutants of S. stipitis able to ferment glucose and xylose under anaerobic 

conditions, though at exceedingly low rate(s). 

Recently, Li et al. (2012) isolated a high ethanol yielding UV mutant of S. 

shehatae ATCC 22984 that also produces less xylitol. Two rounds of mutagenesis and 

screening on rich xylose-containing medium (3 g/L yeast extract, 3 g/L peptone, 3 g/L 

malt extract and 10 to 20 g/L xylose; YPM-X) supplemented with 0.05 g/L antimycin and 

0.05 g/L of 2-3-5-triphenyltetrazolium chloride (TTC) were conducted. Antimycin A is a 

respiratory inhibitor and TTC is reduced under anaerobic conditions by dehydrogenases 

to the red compound formazan. The selected mutant CS3512 showed better fermentation 

of xylose (initial concentration 121.3 g/L) and of sugar mixtures containing xylose (21.2 

g/L) and glucose (52.9 g/L) in rich media, while producing more ethanol (44.4 and 31.0 

g/L, respectively) compared to the WT (39 and 28.7 g/L, respectively) and less xylitol 

(10.2 and 1.81 g/L, respectively) compared to the WT (16.3 and 2.86 g/L, respectively). 

Fermentation was also assessed in rice straw hydrolysate (pH 6.5). After 72 h of 

fermentation CS3512 produced 21.3 g/L of ethanol, which is about 77 % of the 

theoretical yield. The fermentation performance of the WT was not assessed, thus the 

extent of improvement in the fermentation performance of CS3512 in rice straw 

hydrolysate is not known.  

 

1.4.4.2 Protoplast fusion  

Protoplast fusion has been used to generate polyploidy fusants, some of which 

exhibit improved xylose fermentation, as summarized in Table 9. Maleszka et al. (1983a) 
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tested the fermentation performance of several polyploidy strains of P. tannophilus 

NRRL Y-2460. They observed a correlation between increasing the chromosome number 

above the haploid level to increases in ethanol yield from xylose. A tetraploid strain 

(P45-#14) gave the highest ethanol yield from 20 g/L xylose (83.3 % of theoretical). A 

triploid strain (P56-#8) also produced high ethanol yield from 40 g/L xylose (70 % of 

theoretical). These values were 14.2 and 11 % higher than those of the haploid WT strain 

on 20 and 40 g/L xylose, respectively. Interestingly, an aneuploid strain P45-#9 gave a 

high rate of ethanol production from xylose (1.87 times that of the haploid WT), followed 

by the tetraploid strain P45-#14 (1.83 times the WT rate). Thus, using polyploids could 

be a useful approach to obtain strains that produce ethanol more efficiently. It is not 

known, however, how stable the polyploids are, considering these are strains of P. 

tannophilus which prefer the haploid state. A similar trend was seen using diploid, 

triploid and tetraploid strains of S. shehatae CBS2779 (Johannsen et al., 1985) in that an 

increase in ploidy levels led to enhanced rate, but not the final yield of ethanol produced 

from xylose. The increase in fermentative ability was attributed to the increased gene 

pool. However, many of the presumptive diploid, triploid and tetraploid strains isolated 

were unstable and readily segregated into cells of lower ploidy level (Johannsen et al., 

1985). 

In contrast to the reported enhanced rates and yields of ethanol production from 

xylose with increasing chromosome number in P. tannophilus, polyploid strains of S. 

stipitis CSIR Y633 produced by protoplast fusion did not show improved ethanol 

productivity with increasing ploidy levels (Gupthar 1987). Of the four fusant strains 

showing an approximate 2-fold increase in cellular DNA content, only strains P2-2 and 
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P2-3 produced slightly higher yields (0.47 g ethanol/g xylose consumed) compared to the 

WT (0.45 g/g) in a slightly shorter fermentation period (44, 45 and 47 h, respectively). 

The reason for the variable fermentation performance of polyploids from different 

species of pentose-fermenting yeasts is not known. 

 

1.4.4.3 Metabolic engineering 

 Classical strain improvement approaches may result in random changes 

throughout the genome, some of which may be undesirable. In contrast, metabolic 

engineering approaches allow precise modifications of specific pathways (Jeffries 2006; 

Jeffries and Jin 2004). The difficulty with the latter methods is that there is limited 

knowledge of what changes are required to produce a desired phenotypic effect.  

 Previous studies have shown that some respiratory deficient yeast strains can 

accumulate higher ethanol concentrations, although the mechanisms involved are not 

well understood (Hutter and Oliver 1998; Shi et al., 2002; Shi et al., 1999). It is known 

that in addition to the cytochrome-based respiratory system, S. stipitis possesses a 

secondary SHAM-sensitive respiratory system. To examine the contribution of the 

SHAM-sensitive system towards xylose fermentation without influence of the 

cytochrome system, Shi et al. (1999) created a strain with a nonfunctional cytochrome 

pathway by disrupting the heme protein cytochrome c. Interestingly, this mutant 

produced more ethanol (36.8 g/L) than the WT (27.2 g/L) from xylose (80 g/L) in a rich 

peptone-containing medium. The authors postulated that the limited energy produced by 

the secondary SHAM respiratory system was sufficient for cell growth and ethanol 

production by the mutant (Shi et al., 1999). 
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Efforts to address cofactor imbalance during xylose metabolism  

 Yeasts metabolize xylose through an inducible pathway where it is first reduced 

by a NAD(P)H-dependent XR to xylitol. Xylitol is then oxidized by a NAD-dependent 

XDH to xylulose which can enter the pentose phosphate, Embden-Meyerhof or 

phosphoketolase pathways (Webb and Lee 1990). Some yeast XRs are strictly NADPH-

dependent (Kavanagh et al., 2003), while most function with either NADH or NADPH, 

with a preference for 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 to NADPH. During xylose metabolism, the different coenzymes required 

by XR and XDH cause a cofactor imbalance resulting in an accumulation of NADP and 

NADH from the first and second reactions, respectively. In the absence of a 

transhydrogenase, oxygen is required for the regeneration of NAD. It is postulated that 

the ability of some yeasts to ferment xylose anaerobically is due to the NADH-dependent 

XR activity (Bruinenberg et al., 1984). Consistent with this postulate, a P. tannophilus 

mutant deficient in NADPH-dependent XR activity, but expressing normal levels of 

NADH-dependent XR activity, exhibited a xylose utilization rate similar to the WT under 

anoxic conditions (Schneider et al., 1989). More recently, the yeast S. passalidarum, 

which possesses NADH-preferring XR, was shown to ferment xylose efficiently under 

oxygen-limited conditions (Hou 2012; Long et al., 2012).  

 One approach to address the cofactor imbalance in pentose-fermenting yeasts is to 

change the cofactor preferences of XR or XDH. Many studies have attempted to alter the 

cofactor preferences of these two enzymes in an effort to improve xylose flux and 

fermentation (Dmytruk et al., 2008; Khattab et al., 2011; Kostrzynska et al., 1998; 
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Metzger and Hollenberg 1995; Petschacher et al., 2005; Petschacher and Nidetzky 2005; 

Watanabe et al., 2005; Zeng et al., 2008). Addressing the cofactor imbalance in these 

enzymes can theoretically enable anaerobic xylose fermentation. Two approaches have 

been used to alter the cofactor dependence of XRs or XDHs. The first is to construct 

NADH-preferring XR (to be coupled with NAD-dependent XDH) and the second is to 

construct NADP-preferring XDH (to be coupled with NADPH-dependent XR). Successes 

have been reported with both approaches and selected examples are described below. The 

physiological effects of some of the XR and XDH variants have been tested mostly in S. 

cerevisiae, and some in C. utilis and Hansenula polymorpha (Bengtsson et al., 2009; 

Dmytruk et al., 2008; Jeppsson et al., 2006; Khattab et al., 2013; Petschacher and 

Nidetzky 2008; Tamakawa et al., 2011, 2013; Watanabe et al., 2007).  

 

Modifying XRs for increased NADH preference and reduced NADPH preference 

 Yeast XRs, members of the aldo-keto reductase (AKR) superfamily, typically 

contain a conserved IPKS (Ile–Pro–Lys–Ser) motif. The Lys residue within this motif 

interacts with the 2’-phosphate group of NADPH (Lee 1998). Removing this stabilizing 

interaction should reduce the affinity for NADPH without affecting the affinity for 

NADH, which lacks the 2’-phosphate group. This was observed in a K270M variant of 

the S. stipitis XR which showed a 16.7-fold decrease in affinity towards NADPH, while 

the affinity towards NADH was unaffected (Kostrzynska et al., 1998). Unexpectedly, the 

K270M variant showed a 14-fold reduced affinity for xylose compared to the WT (Km = 

43.5 mM) (Kostrzynska et al., 1998). When two copies of the Ss XR/K270M gene were 

expressed in S. cerevisiae TMB3001 (the parental strain) along with the genes encoding 



82 
 

the S. stipitis XDH and S. cerevisiae XK, the resultant TMB3271 strain exhibited 

considerably higher XR activities (XRNADH activity = 4.7 U/mg and XRNADPH 

activity = 11.0 U/mg) compared to TMB3001 (XRNADH activity = 0.1 U/mg and 

XRNADPH activity = 0.3 U/mg) in cell extracts. The ethanol yield from 50 g/L xylose 

after 70 h in a defined medium was 0.31 g ethanol/g of xylose (Jeppsson et al., 2006).  

 In a subsequent study, Bengtsson et al. (2009) prepared a K270R variant of the Ss 

XR and tested the physiological effect of this mutation on xylose fermentation in S. 

cerevisiae. Two S. cerevisiae strains, with the native XR gene deleted, were constructed: 

TMB 3321 (carrying the native Ss XR) and TMB 3323 (carrying the Ss XRm/K270R). In 

anaerobic batch fermentation of glucose (20 g/L) and xylose (50 g/L) in defined media, 

TMB 3323 had a slightly higher xylose consumption rate (0.39 g/L/h) but a lower xylitol 

yield (0.09 g xylitol/g sugar consumed) compared to TMB 3321 (0.26 g/L/h and 0.26 g/g, 

respectively). As a result, the peak ethanol produced for TMB 3323 was higher (25.3 g/L) 

compared to TMB 3321 (16.7 g/L) (Bengtsson et al., 2009).  

 In addition to the IPKS motif, other amino acid residues are also involved in 

interaction with the cofactor in yeast XRs. Based on sequence information of the AKR 

family enzymes and the structure of the Candida tenuis XR (Ct XR), several residues 

thought to interact with different functional groups of the cofactors were mutated in 

combination. Two double mutants [RH (K274R/R280H) and RD (K274R/N276D)] of the 

C. tenuis XR were constructed in an effort to increase affinity towards NADH 

(Petschacher et al., 2005; Petschacher and Nidetzky 2005). Of these, the RH variant (Km, 

NADH = 12 μM, Km, NADPH = 2 μM) can bind to both cofactors slightly better than the WT 

(Km, NADH = 38 μM, Km, NADPH = 3 μM), while the RD variant had similar NADH binding 
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affinity (Km, NADH = 41 μM), but poorer NADPH binding (Km, NADPH = 128 μM) compared 

to the WT (Petschacher et al., 2005; Petschacher and Nidetzky 2005).  

 In a follow-up study, Petschacher and Nidetzky (2008) expressed the RD variant 

of the C. tenuis XR along with XDH from Galactocandida mastotermitis (Gm XDH) and 

an extra copy of the endogenous Sc XK gene in S. cerevisiae. The recombinant strain 

(BP10001) was tested for anaerobic fermentation of 20 g/L xylose in defined medium 

and compared to the parent strain (BP000) that expressed the WT Ct XR, Gm XDH and 

endogenous Sc XK. BP10001 showed elevated NADH-dependent XR activity (0.26 

U/mg) compared to BP000 (0.15 U/mg). The NADPH-dependent XR activity for 

BP10001 was 0.33 U/mg compared to 0.18 U/mg for BP000. BP10001 had a 42 % 

increase in ethanol yield (0.34 g ethanol/g xylose consumed), a 52 % decrease in xylitol 

yield (0.19 g/g) and a 57 % decrease in glycerol yield (0.02 g/g) during anaerobic 

fermentation compared to BP000 (Petschacher and Nidetzky 2008).  

 Based on results from Petschacher et al. (2005) and Petschacher and Nidetzky 

(2005), Dmytruk et al. (2008) introduced two point mutations K341R and N343D in the 

H. polymorpha XR. The XR variant displayed reduced affinity towards NADPH (Km = 

152 μM) compared to the WT enzyme (Km = 7 μM), while the affinity towards NADH 

was unaffected. The physiological effect of this XR variant was assessed in fermentation 

tests using the xylose-utilizing, but non-fermenting H. polymorpha. The results showed 

insignificant ethanol productivity (Dmytruk et al., 2008).  

 C. utilis is another xylose-utilizing, but non-fermenting, yeast which can be 

imparted with the ability to ferment xylose to ethanol by heterologous expression of XR, 

XDH and XK from other xylose-fermenting yeasts (Stoutenburg et al., 2011). In this 
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study, a NADH-preferring K275R/N277D XR variant and WT XDH from S. shehatae 

along with the WT XK from S. stipitis were expressed in C. utilis to yield the 

recombinant strain TMS174. The amino acid modifications in the XR were selected 

based on greater preference towards NADH seen in the Ss XR bearing the same 

corresponding mutations from a previous study (Bengtsson et al., 2009). The recombinant 

strain TMS174 had elevated NADH-dependent XR activity (0.75 U/mg) compared to a 

parental strain TMS170 expressing native Sshe XR, Sshe XDH and Ss XK (0.41 U/mg) 

and lower NADPH-dependent XR activity (0.25 U/mg) compared to TMS170 (0.73 

U/mg). In a peptone-based fermentation containing 50 g/L xylose, TMS174 produced 

17.4 g/L ethanol in 20 h. This ethanol yield was much higher than the parental strain 

which produced 2.1 g/L ethanol in 30 h (Tamakawa et al., 2011). To further improve 

ethanol yield, the same group constructed a strain by transforming different ratios of the 

XR variant and WT XDH from S. shehatae, along with the WT XK from S. stipitis into 

C. utilis. Following screening, a recombinant strain (CI35) with an integrated copy 

number ratio of 4.9:7.2:7.4 in SsheXR(K275R/N277D):SsheXDH:SsXK was found to 

give the best ethanol yield. During fermentation of 80 g/L xylose in a peptone-containing 

medium, strain CI35 produced peak ethanol of 29.2 g/L with a yield of 0.402 g/g sugar 

within 70 h. This was a considerable improvement over the performance of TMS174 

(peak ethanol of 21.3 g/L; ethanol yield of 0.283 g/g sugar; 142 h) (Tamakawa et al., 

2013). This research suggested that adjusting the ratios of enzymes involved in xylose 

metabolism might further improve xylose fermentation.  

 Wang et al. (2007) suggested that in the S. stipitis XR, Lys21 forms H-bond with 

NADPH. A K21A variant of the S. stipitis XR was constructed to disrupt this H-bond. 
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The XR variant had no detectable NADPH-dependent activity, but exhibited similar 

NADH-dependent activity (Km, NADH = 32 μM) compared to the WT (Km, NADH = 21 μM) 

(Zeng et al., 2008). This study suggests that a single amino acid substitution may be able 

to completely eliminate NADPH-dependent activity in the S. stipitis XR. The reason for 

the complete loss of NADPH-dependent activity is not entirely clear, as many residues 

are involved collectively in cofactor interactions. It would be useful to verify and test 

such a substitution in other yeast XRs. 

 

Modifying XDHs for increased NADP preference and reduced NAD preference 

 In addition to modifying the XR in pentose-fermenting yeasts, the cofactor 

preference of XDH can also be modified to address the cofactor imbalance. XDH shares 

a similar coenzyme-binding motif with the medium-chain dehydrogenase/reductase 

(MDR) superfamily of enzymes. For most NAD-dependent enzymes, amino acids from 

this conserved coenzyme-binding region are responsible for interacting with the 2’- and 

3’-OH groups of NAD. Generally, changing the charged amino acid residues to 

uncharged residues can alter cofactor preference by reducing interactions with -OH 

groups of NAD (Jeffries and Jin 2004; Knoll and Pleiss 2008; Persson et al., 1993).  

Several groups have altered XDH to reduce its affinity towards NAD. Metzger and 

Hollenberg (1995) constructed single (D207G) and double (D207G/D210G) mutants of 

the S. stipitis XDH. The mutations were designed to eliminate H-bonding interaction with 

the 2’-OH group of NAD and introduce bonding with 2’-phosphate group of NADP. 

These mutants exhibited no change in affinity towards NADP, but an 11-fold decrease in 

NAD affinity (Km, NAD = 2.5 mM) compared to the WT enzyme (Km, NAD = 0.227 mM). In 
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an experiment to increase the affinity of Ss XDH towards NADP, Watanabe et al. (2005) 

replaced Asp207 with a small and uncharged residue and changed an adjacent residue to 

Arg to form a binding site for NADP. Other combinations of mutations were made also to 

active site residues based on information from the strictly NADP-dependent Bemisia 

argentifolii sorbitol dehydrogenase. Of the ten mutants constructed, the triple mutant 

ARS (D207A/I208R/F209S) and quadruple mutant ARSdR 

(D207A/I208R/F209S/N211R) were the best in terms of improved NADP-dependent 

activity and affinity. The NAD-dependent specific activities for the ARS and ARSdR 

variants were 320 and 259 μmol cofactor min
−1

 compared to 1,110 μmol cofactor min
−1

 

for the WT enzyme; their NADP-dependent specific activities were 2,350 and 2,570 

μmol cofactor min
−1

 compared to 1.2 μmol cofactor min
−1

 for the WT enzyme. The Km 

values for NAD were 1.3 and 17.3 mM for the ARS and ARSdR variants, respectively, 

and those for NADP were 0.90 and 1.38 mM, respectively. In comparison, the  

Km values of the WT enzyme were 0.381 and 170 mM for NAD and NADP, respectively. 

Thus, both mutants showed increased activities and affinity towards NADP, accompanied 

by decreased activities and affinity towards NAD. To assess the physiological 

performance of the NADP-preferring XDH variants, a recombinant S. cerevisiae strain 

[SsXR/Ss(ARSdR)XDH/ScXK] was constructed (Watanabe et al., 2007). Enzymatic 

activities were measured in cell extract after growth of the transformant in rich peptone 

media and compared against a S. cerevisiae strain (Y-WT) harboring SsXR, SsXDH and 

ScXK. The recombinant strain D-XR/ARSdR/XK produced NAD-dependent XDH 

activity of 0.048 U/mg (two-fold higher than the WT) and NADP-dependent XDH 

activity of 0.426 U/mg (13-fold higher than the WT). During oxygen-limited 
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fermentation at 30 °C in YNB medium containing glucose (5 g/L) and xylose (15 g/L) 

supplemented with essential amino acids, strain D-XR/ARSdR/XK consumed all the 

glucose within 15 h and 68 % of the xylose in 72 h. Under the same conditions, the WT 

also consumed glucose in the first 15 h, but only 58 % of xylose was consumed in 72 h. 

Strain D-XR/ARSdR/XK produced a peak ethanol concentration of 7.02 g/L and a yield 

of 0.46 g ethanol/g sugar consumed, both values being 1.4-fold higher than those of Y-

WT (Watanabe et al., 2007). 

 

Modifying both XR and XDH 

 Some researchers have attempted to address the cofactor imbalance during xylose 

fermentation by reducing the NADH preference of XRs to make them more NADPH 

dependent and coupling this with a NADP-preferring XDH. Khattab et al. (2011) 

constructed two double mutants [E223D/S271A (DA) and E223A/S271A (AA)] of the S. 

stipitis XR (Ss XR) with increased affinity towards NADPH. Both variants exhibited 

slightly increased activity with NADPH, but much reduced or no activity towards 

NADH. The DA variant showed similar affinity for NADPH (Km = 20.4 μM) compared 

to the WT XR (Km = 16.2 μM), but a 7.3-fold decrease in affinity for NADH (Km = 391 

μM) compared to the WT (Km = 30.6 μM). The affinity of the AA variant towards 

NADPH (Km = 17.5 μM) was also similar to the WT XR, but it had non-detectable 

activity towards NADH (Khattab et al., 2011). In a follow-up study, Khattab et al. (2013) 

tested the physiological performance of the NADP-preferring XR (Khattab et al., 2011) 

and XDH variants described earlier (Watanabe et al., 2005) in S. cerevisiae. The control 

S. cerevisiae strain, SK-N1, carried the SsXR(WT)-Ss XDH(ARSdR)-ScXK construct 
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while the test strain SK-N2 carried the construct SsXR(AA)-Ss XDH(ARSdR)-ScXK. 

During mixed sugar (55 g/L xylose and 20 g/L glucose) semi-aerobic fermentation in 

peptone-rich media, strain SK-N2 produced a peak ethanol concentration of 30.1 g/L 

which was 20 % higher than that of the control strain SK-N1 (25.1 g/L peak ethanol) 

(Khattab et al., 2013). It remains to be seen how strain SK-N2 performs under anaerobic 

conditions in a chemically defined medium.  

 

Testing with native NADH-preferring XRs.  

 While most yeast XRs are either strictly NADPH dependent or prefer NADPH 

over NADH, there are two known exceptions. They are the XR from C. parapsilosis (Km, 

NADH = 3.3 μM; Km, NADPH = 36.5 μM) (Lee et al., 2003) and the mixed XRs from S. 

passalidarum (Km, NADH = 17.3 ± 1.8 μM; Km, NADPH = 31.7 ± 2.6 μM) (Hou 2012; Long 

et al., 2012) that exhibit a higher affinity towards NADH than NADPH. Since S. 

passalidarum contains two genes for XR, it was not known which gene product 

contributed more to the cofactor affinities measured in crude homogenates (Long et al., 

2012). These unique NADH-preferring XRs have been used to alleviate cofactor 

imbalance during xylose metabolism when expressed heterologously. Lee et al. (2003) 

expressed the xyl1 gene encoding the C. parapsilosis XR in C. tropicalis to yield strain 

BN-1 which was subjected to micro-aerobic fed-batch fermentation (glucose 45 g/L first 

and subsequently 300 g/L xylose supplied at rates of 5–40 mL/h). For the WT, ethanol 

production declined after complete consumption of glucose, and the peak ethanol 

produced was 15 g/L. Strain BN-1 produced the same amount of ethanol from glucose, 

but after depletion of glucose, ethanol continued to be produced up to 21 g/L when all the 
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xylose was consumed. The C. tropicalis strain used is a natural xylitol producer. 

Expression of Cp XR in strain BN-1 had no apparent effect on xylitol productivity, and 

this strain produced a similar amount of xylitol (250 g/L) compared to WT. Given that a 

NADH-preferring XR should enable anaerobic xylose utilization, it would be interesting 

to test how a recombinant ethanol-producing strain with NADH-preferring XR might 

perform under anaerobic conditions. Equally interesting would be to examine the effect 

of expressing the NADH-preferring C. parapsilosis XRs in a xylose-fermenting yeast 

such as S. stipitis which does not produce much xylitol. 

 The gene encoding the NADH-preferring XR from S. passalidarum was cloned 

and expressed in S. cerevisiae (Mamoori et al., 2013). However, xylose fermentation in 

this case was not tested.  

 The studies described in this section showed that the cofactor preference of either 

XR or XDH can be altered successfully. While some of the XR or XDH variants have 

been tested in vivo, more testing needs to be done preferably in pentose-fermenting 

yeasts to better assess the potential for improved xylose fermentation under anaerobic 

conditions. While changing the cofactor preference for XR and XDH is a prerequisite for 

addressing the cofactor imbalance, the work of Tamakawa et al. (2013) suggests that the 

activity ratios of these two enzymes should be balanced also to further improve the 

overall xylose flux. 

 

1.4.5 Concluding remarks 

 Lignocellulosic plant biomass represents one of the most attractive feedstocks for 

the production of fuel ethanol and chemicals. To improve the economic prospect of such 



90 
 

a process, it is essential that potential biocatalysts be able to efficiently convert both the 

hexoses and pentoses found in industrially relevant lignocellulosic hydrolysates into the 

desired end product(s). Native xylose-fermenting yeasts possess the ability to ferment the 

major sugars in lignocellulose hydrolysates into ethanol, and they have been the subject 

of intense interest ever since their discovery in the early 1980s. However, these yeasts 

ferment xylose less efficiently and with considerably lower yield than glucose 

fermentation. Moreover, they suffer from glucose repression, low ethanol tolerance and 

are susceptible to various pretreatment-derived inhibitors in industrially relevant 

hydrolysates. These problems have limited their biotechnological potential and have 

prompted efforts to improve their properties over the past 30 years using a blend of 

classical and molecular methods. Although improved strains have been developed, 

ethanol yield and productivity from xylose have not yet matched the performance of the 

traditional fermentative yeast S. cerevisiae on glucose. Furthermore, the performance of 

these yeasts in pretreated industrially relevant hydrolysates remains poor. Genetic 

improvement of microorganisms, including native pentose-fermenting yeasts, will 

continue to be essential for the development of competent strain(s) for lignocellulosic 

biomass conversion. 

 

2.0 Genetic Improvement of P. tannophilus for Fermentation of Lignocellulosic 

Hydrolysates 

2.1 Thesis objectives and hypothesis 

 An efficient lignocellulosic biomass conversion process requires a robust 

inhibitor-tolerant microorganism capable of fermenting all sugars in potential 
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lignocellulosic hydrolysates to desired product(s). The most advantageous and 

economical strategy to address the adverse effect of inhibitors in lignocellulosic 

hydrolysates relies on obtaining yeast strains that tolerate high concentrations of 

inhibitors (Bajwa et al., 2011; Harner et al., 2014). Since lignocellulosic hydrolysates 

contain similar inhibitors, albeit in different concentrations, inhibitor-tolerant strains are 

likely to exhibit cross-tolerance to other hydrolysates.   

 Although improved strains have been developed, ethanol yield and productivity 

from xylose have not yet matched the performance of the traditional fermentative yeast S. 

cerevisiae on glucose. Furthermore, the performance of these yeasts in pretreated 

industrially relevant hydrolysates remains poor. Genetic improvement of 

microorganisms, including native pentose-fermenting yeasts, will continue to be essential 

for the development of competent strain(s) for lignocellulosic biomass conversion. 

  We initiated a strain development program to improve the tolerance of the 

pentose-fermenting yeast P. tannophilus to inhibitors in lignocellulosic hydrolysates by 

non-recombinant means. As part of our yeast strain improvement strategy, we used HW 

SSL as a selection tool. Considerable strain improvement can be achieved by employing 

random strain improvement strategies in the absence of any knowledge on the 

mechanisms involved. However, this lack of insight into molecular mechanisms that 

elicit the desired phenotypes is also a drawback. Whole genome sequencing was used to 

determine the differences between our improved strain’s genomes relative to the WT. 

Identifying and characterizing the mutations controlling beneficial traits for 

lignocellulosic fermentation can facilitate genetic engineering strategies to increase strain 

robustness and fermentation performance. 
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2.1.1 Objectives 

(i) Obtain mutants of P. tannophilus with improved tolerance to hydrolysate inhibitors by 

random mutagenesis and genome shuffling. 

(ii) Assess the fermentation performance of inhibitor tolerant strains in industrially 

relevant hydrolysates. 

(iii) Identify potential target genes that confer tolerance to lignocellulosic hydrolysate 

inhibitors using whole genome sequencing.  

 

2.1.2 Hypothesis 

 Random mutagenesis coupled with genome shuffling of P. tannophilus will 

enhance tolerance to inhibitors in HW SSL allowing for improved ethanol production in 

lignocellulosic hydrolysates. Genome-wide approaches used in combination with whole 

genome sequencing analysis of improved strains will allow for identification of novel 

candidate gene targets and pathways involved in inhibitor tolerance. 

 

2.2 Isolation of mutants of P. tannophilus tolerant to HW SSL and acetic acid by 

random screening
2
 

 Lignocellulosic substrates such as agricultural and forestry residues, municipal 

solid wastes and waste residues from pulp and paper mills represent the largest source of 

fermentable sugars for the production of fuels and chemicals. SSL is a high organic by-

                                                        
2
 Results presented in Section 2.2 have been published in:  

Harner, N.K., Bajwa, P.K., Habash, M.B., Trevors, J.T., Austin, G.D., Lee, H., 2014. 

Mutants of the pentose-fermenting yeast Pachysolen tannophilus tolerant to hardwood 

spent sulfite liquor and acetic acid. Antonie van Leeuwenhoek J. Microbiol. 105, 29–43 
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product of mills that employ the acid sulfite pulping process to produce cellulose pulp 

and contains inhibitory compounds similar to those found in other lignocellulosic 

hydrolysates (Helle et al., 2004). With 90 billion litres being produced annually, as 

quoted in Lawford and Rousseau (1993), SSL represents a low cost sugar feedstock for 

bioconversion to ethanol. SSL from hardwood pulping contains a large proportion of 

pentose sugars (70 % of total sugars present) that cannot be fermented by native strains of 

the fermentative yeast S. cerevisiae (Chu and Lee 2007; Pereira et al., 2013). A key 

challenge in developing an efficient lignocellulosic biomass conversion process is a 

suitable ethanol-producing microorganism that is tolerant of all the inhibitors in the 

hydrolysates and able to ferment all the sugars, including pentoses, into ethanol. 

 P. tannophilus was the first naturally occurring yeast discovered to produce 

ethanol from xylose (Schneider et al., 1981; Slininger et al., 1982b). Most of the studies 

on native pentose-fermenting yeasts have focused on S. stipitis, with very little effort 

directed at P. tannophilus. This may be because S. stipitis produces ethanol almost 

exclusively (Slininger et al., 1985), while P. tannophilus produces both ethanol and 

xylitol from xylose (Bicho et al., 1988). Between 22–32.5 °C, P. tannophilus produces 

more xylitol than ethanol from xylose; however, increasing the temperature above 34 °C 

leads to a significant decrease in xylitol levels with xylose being diverted mostly to 

ethanol production (Barbosa et al., 1990b). Fermentation at elevated temperatures is 

desirable as it increases the rate of metabolic reactions, reduces cooling costs and 

decreases risk of contamination. As a comparison, the optimal fermentation temperature 

for S. stipitis is 25–26 °C for xylose and 30 °C for glucose (Jeffries 2008) with a sharp 

decrease in the rate and yield of ethanol production at temperatures above 30 °C (du 
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Preez et al., 1986). Other environmental factors such as oxygen levels (Bruinenberg et al., 

1984) and biotin limitation (Lee et al., 1988) are also known to play a role in xylose 

fermentation, and can alter the ratio of ethanol to xylitol favouring ethanol production. 

 SSL has a high biological oxygen demand and cannot be discharged to surface 

water (Nigam 2001b). To mitigate disposal problems, some companies such as Tembec 

(Témiscaming, QC, Canada) use SSL as a feedstock for ethanol production. Typically, 

this process uses S. cerevisiae, which efficiently converts the hexoses to ethanol, but 

leaves the pentoses unfermented. While naturally occurring pentose-fermenting yeasts 

such as P. tannophilus, S. stipitis, C. shehatae and C. tropicalis can ferment both glucose 

and xylose to ethanol, these yeasts perform poorly in HW SSL due to the presence of 

inhibitory compounds (Richardson et al., 2011). SSL contains lignin and hemicellulose 

sugars removed from wood chips during the pulping process, as well as sugar and lignin 

degradation products (furan derivatives, weak acids and phenolics) that adversely affect 

subsequent fermentation (Almeida et al., 2007; Keating et al., 2006; Klinke et al., 2004; 

Lohmeier-Vogel et al., 1998). The inhibitors, furfural and HMF, formed from pentose 

and hexose sugars, respectively, are found in low quantities in HW SSL (Pereira et al., 

2013). Under acidic and high temperature conditions, furfural can be degraded to formic 

acid while HMF can be degraded to levulinic acid and formic acid (Larsson et al., 1999a). 

Furfural and HMF cause a reduction in fermentation rate and can inhibit yeast growth by 

prompting the cells to enter an extended lag phase. The lag phase may occur due to 

inhibition of glycolytic enzymes and biological activities, and inhibition of protein and 

RNA synthesis (Modig et al., 2002). Acetic acid is liberated from acetylated xylan during 

hydrolysis (Larsson et al., 1999a). Weak acids are lipid-soluble and their undissociated 
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forms can diffuse across the plasma membranes. In the neutral intracellular pH of the 

cytosol, the acids are dissociated and this decreases the cytosolic pH (Barbosa et al., 

1990a; Lohmeier-Vogel et al., 1998; Richardson et al., 2011). Acetic acid is one of the 

main inhibitors in HW SSL and some lignocellulosic hydrolysates (Palmqvist et al., 

1999b; Richardson et al., 2011).  

 It has been shown that P. tannophilus is less sensitive to some of the 

lignocellulosic inhibitors than S. stipitis (Lohmeier-Vogel et al., 1998) making it ideal to 

use as a starting strain for further improvement for fermentation of lignocellulosic 

hydrolysates. In defined media containing acetic acid, growth and ethanol production by 

S. stipitis was inhibited by the presence of 3.5 g/L acetic acid (Bellido et al., 2011) while 

P. tannophilus was inhibited by 5 g/L (Lee and McCaskey 1983). During fermentation of 

untreated HW SSL, P. tannophilus produced an ethanol yield of 0.35 g/g while sugar 

consumption ceased with S. stipitis (Perego et al., 1990). The presence of inhibitors 

(furfural, HMF and sodium acetate) has little effect on the intracellular pH of P. 

tannophilus (initial pH 6.5), while that of S. stipitis (initial pH 6.8) decreased by 0.68 pH 

units (Lohmeier-Vogel et al., 1998). This led to the suggestion that intracellular 

acidification may be one of the reasons for slower rate of xylose metabolism by S. stipitis 

in the presence of these inhibitors (Lohmeier-Vogel et al., 1998). S. stipitis has been 

shown to be fairly sensitive to all three inhibitors (furfural, HMF and sodium acetate), 

while P. tannophilus only displays some sensitivity to acetic acid (Lohmeier-Vogel et al., 

1998). P. tannophilus strains with improved tolerance to acetic acid are, therefore, 

desirable for improved growth and fermentation performance in HW SSL and other 

hydrolysates with high levels of acetic acid.  
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 Efforts have been made to address the adverse effect of inhibitors in 

lignocellulosic hydrolysates. Hydrolysate detoxification methods, pretreatment and 

fermentation condition optimization and the development of yeast strains with improved 

ethanol production from lignocellulosic hydrolysates have been attempted (Olsson and 

Hahn-Hägerdal 1996; Richardson et al., 2011). The most advantageous and cost-effective 

strategy is to develop yeast strains with improved inhibitor tolerance (Bajwa et al., 2011), 

although the strains obtained thus far are not robust enough for efficient ethanol 

production from lignocellulosic hydrolysates. Mutagenesis or hybridization of UV 

mutants has been used to obtain strains of P. tannophilus with improved ethanol 

production from xylose (Clark et al., 1986; Jeffries 1984; Lee et al., 1986). Wedlock et al. 

(1989) used UV mutagenesis followed by selection for resistance to 2-DG to isolate 

strains of P. tannophilus able to ferment xylose in the presence of glucose. The mating 

system of P. tannophilus has been described (James and Zahab 1982, 1983) making it 

amenable to genetic manipulation to improve its properties. However, to our knowledge, 

no initiatives to develop inhibitor-tolerant strains of P. tannophilus with improved 

viability, growth and fermentation performance in lignocellulosic hydrolysates have yet 

been undertaken.  

 In this study, we used two separate mutant screening lines, each involving several 

consecutive rounds of UV mutagenesis followed by screening to select mutants of P. 

tannophilus with enhanced tolerance to HW SSL, as well as acetic acid. 
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2.2.1 Materials and methods 

2.2.1.1 Chemicals and HW SSL  

 All chemicals were purchased from Sigma-Aldrich. HW SSL was kindly provided 

by Frank Giust (Tembec, Témiscaming, QC, Canada). The batch of HW SSL (initial pH 

1.6) contained (in % w/v): xylose (2.5), glucose (0.73), mannose (0.49), galactose (0.30), 

arabinose (trace amount), acetic acid (0.76), furfural (0.14) and HMF (0.16). Prior to use, 

the HW SSL was boiled for 5 min, cooled to room temperature (20–22 °C) and the pH 

was adjusted to 4.5 using 10 N NaOH. 

 

2.2.1.2 Culture maintenance and inoculum preparation 

 P. tannophilus NRRL Y-2460 (WT) was obtained from Dr. Cletus Kurtzman 

(USDA ARS Culture Collection, Peoria, IL, USA). Yeast strains were maintained at 4 °C 

on agar plates comprised of 0.67 % (w/v) YNB without amino acids and 2 % (w/v) 

xylose. The inoculum was prepared by transferring a loopful of cells to 20 mL of broth 

containing 0.67 % (w/v) YNB without amino acids and 2 % (w/v) xylose in a 125 mL 

Erlenmeyer flask. The inoculum was grown at 28 °C for 48 h with shaking at 180 rpm as 

described by Bajwa et al. (2009).  

 

2.2.1.3 UV mutagenesis and mutant selection 

 To an empty Petri dish, 1 mL of the inoculum culture was transferred and exposed 

to UV light at a distance of 40 cm. In initial experiments, different exposure times were 

tested. We chose 20 s exposure as this yielded a relatively high cell survival rate of 50 %. 

The UV-irradiated culture was transferred to a sterile 15 mL centrifuge tube and 
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incubated in the dark for 24 h at 28 °C with shaking at 180 rpm (Bajwa et al., 2009). 

Several rounds of mutagenesis were carried out since each round may result in only a few 

mutations which may not be easily screened for. 

 To select for HW SSL-tolerant mutants, 0.1 mL of UV mutagenized cell 

suspensions were spread on each HW SSL (pH 4.0) gradient plate and incubated at 28 °C 

for 10 days. HW SSL gradient plates (120 mm x 120 mm x 17 mm) were prepared as 

described (Bajwa et al., 2009, 2013a). Colonies growing at higher concentrations on HW 

SSL gradient plates as compared to the WT were isolated and designated as first round 

HW SSL mutants. Isolated putative mutants were assessed for growth in liquid HW SSL 

(described below) and fermentation in defined media containing 4 % (w/v) xylose to 

ensure they retained the ability to ferment xylose (described below). First round mutants 

whose growth was not as inhibited as the WT in liquid HW SSL were pooled together 

and exposed to UV light followed by selection on HW SSL gradient plates to isolate 

second round HW SSL mutants. Second round mutants were further subjected to 

mutagenesis and selection, resulting in the isolation of third round HW SSL mutants. 

Procedures for the second and third rounds of UV mutagenesis and mutant selection were 

the same as described for the first round. Each putative mutant was labeled and 

maintained individually on agar plates containing 0.67 % (w/v) YNB without amino 

acids and 2 % (w/v) xylose. 

 The selection protocol for acetic acid-tolerant mutants was the same as that for 

HW SSL-tolerant mutants, except the selection was done on acetic acid gradient plates. 

Colonies growing at comparable or higher concentrations on gradient plates as compared 

to the WT were isolated and growth was assessed in liquid acetic acid media. Three 
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rounds of UV mutagenesis were carried out and first, second and third round acetic acid-

tolerant mutants were isolated after selection on acetic acid gradient plates (pH 4.0) 

prepared with 0.67 % (w/v) YNB without amino acids, 2 % (w/v) xylose and 1.5 % (w/v) 

acetic acid. After each round, all isolated mutants were assessed individually for growth 

in liquid media containing acetic acid ranging in concentrations from 0.70 to 1.0 % (w/v) 

(described below). The mutants were also assessed for fermentation in 4 % (w/v) xylose 

to ensure they retained the ability to ferment xylose. Mutants that retained xylose-

fermenting ability and exhibited better growth compared to the WT from each round 

were used as the starting pool for the next round of mutagenesis and selection. 

 

2.2.1.4 Growth assessment in diluted HW SSL 

 Mutants showing improved tolerance compared to the WT on HW SSL gradient 

plates and one mutant (UAA302) with improved tolerance to acetic acid were assessed 

for growth in liquid HW SSL as previously described (Bajwa et al., 2009, 2010). The 

HW SSL was diluted to 50 to 80 % (v/v) with sterile distilled water to lower the 

concentration of inhibitory compounds to levels permitting growth. The starting pH of 

HW SSL was adjusted from 1.6 to 4.5 using 10 N NaOH. The inoculum culture (1 mL) 

was centrifuged and washed once with distilled water. The pellet (cell number of about 

1.0 x 10
7
 CFU/mL) was re-suspended in 50 mL of diluted HW SSL in a 125 mL 

Erlenmeyer flask and the culture was incubated at 28 °C for 10 days with shaking at 180 

rpm. Growth was monitored periodically by plating serial dilutions of the culture on 0.10 

% (w/v) yeast extract, 0.20 % (w/v) peptone and 0.20 % (w/v) glucose (YEPD) plates and 

counting colony forming units (CFU). 
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2.2.1.5 Growth assessment in acetic acid and HMF 

 Mutants showing improved tolerance compared to the WT on acetic acid gradient 

plates and one HW SSL-tolerant mutant (UHW303) were assessed for growth in liquid 

broth containing acetic acid or HMF. HMF and furfural have similar chemical structures 

and mode of action. HMF and furfural were found at comparable concentrations in the 

batch of HW SSL that we used. To determine the ranges of inhibitory concentrations to 

test, the WT strain was grown at varying concentrations of acetic acid and HMF to 

determine the highest concentrations at which it could grow. The inoculum culture (0.5 

mL) was centrifuged and washed once with distilled water. The pellet (OD600 of between 

0.120 and 0.188 after inoculation) was transferred to 50 mL of medium containing 0.67 

% (w/v) YNB without amino acids, 2 % (w/v) xylose and either acetic acid (ranging from 

0.70 to 1.0 % w/v) or HMF (0.60 and 0.70 % w/v) in a 125 mL Erlenmeyer flask which 

was incubated at 28 °C for 10 days with shaking at 180 rpm. The starting pH of acetic 

acid containing media was adjusted from 3.0 to 4.5 using 10 N NaOH. Samples were 

removed periodically for growth as well as sugar, inhibitor and product analysis. Growth 

was monitored by measuring the OD600 using an Ultraspec 3100 Pro spectrophotometer 

with cultures being diluted when its OD600 value was > 0.7. 

 

2.2.1.6 Determination of growth rates and growth yields of mutants on glucose or xylose 

 The growth rates and growth yields of three HW SSL-tolerant (UHW301, 

UHW302 and UHW303) and three acetic acid-tolerant mutants (UAA301, UAA302 and 

UAA303) were assessed. To 50 mL medium containing 0.67 % (w/v) YNB without 

amino acids and 4 % (w/v) of either xylose or glucose, 1 mL of the inoculum culture was 
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added. The culture was kept in a 125 mL Erlenmeyer flask at 28 °C with shaking at 180 

rpm as described (Bajwa et al., 2009). Growth rate was determined during the early 

exponential phase by measuring OD600 periodically. Growth yield (dry cell weight) was 

measured gravimetrically after growing the culture for 48 h. A sample of the cells was 

centrifuged and washed three times with sterile distilled water and dried at 90 °C to 

constant weight. 

 

2.2.1.7 Fermentation assessment 

 All putative mutants showing improved growth in liquid medium (HW SSL or 

acetic acid) were first assessed for their ability to ferment xylose. HW SSL-tolerant 

(UHW301, UHW302 and UHW303) and acetic acid-tolerant (UAA301, UAA302 and 

UAA303) mutants were further assessed for their ability to ferment xylose and glucose 

individually or together using low initial cell density inocula. The methods for these 

fermentation tests were described previously (Bajwa et al., 2009, 2010). Briefly, a 2 % (2 

mL) aliquot of inoculum culture was centrifuged and washed three times with distilled 

water. The pellet (OD600 of about 0.35 to 0.39 after inoculation) was transferred to 100 

mL of medium containing 0.67 % (w/v) YNB without amino acids and 4 % (w/v) of 

either xylose or glucose, or 4 % (w/v) xylose plus 4 % (w/v) glucose in a 250 mL 

Erlenmeyer flask with shaking at 180 rpm. Fermentation was performed initially at 28 

°C, and then 34–35 °C to confirm that all the strains retained the temperature-dependent 

xylose fermentation characteristic (Barbosa et al., 1990b). In Results, only the 

fermentation performance of the WT and mutants at 34–35 °C is presented. At periodic 

intervals, 1 mL samples were withdrawn for ethanol and sugar analysis. 
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 UHW303 and UAA302 were further assessed for fermentation in a mixture of 4 

% (w/v) xylose and 4 % (w/v) glucose using high initial cell density inocula as described 

(Bajwa et al., 2009). The inoculum was prepared by transferring a loopful of cells to 100 

mL medium containing 0.67 % (w/v) YNB without amino acids and 2 % (w/v) xylose in 

a 250 mL Erlenmeyer flask. The inoculum culture was grown at 28 °C for 48 h with 

shaking at 180 rpm. After 48 h, the cells were centrifuged at 10,000 x g for 5 min and 

washed three times with sterile distilled water. The pellet (OD600 of about 12 to 14) was 

transferred to 100 mL of medium containing 0.67 % (w/v) YNB without amino acids and 

4 % (w/v) each of xylose and glucose in a 250 mL Erlenmeyer flask and incubated at 34–

35 °C as above. At periodic intervals, 1 mL samples were withdrawn for ethanol and 

sugar analysis. 

 UHW303 and UAA302 mutants were also assessed for their ability to ferment 4 

% (w/v) xylose in the presence of acetic acid using high initial cell density inocula. The 

inoculum was prepared as described above. The pellet was transferred to 100 mL of 

medium containing 0.67 % (w/v) YNB without amino acids, 4 % (w/v) xylose and acetic 

acid (0.80, 0.90 and 1.0 % w/v) in a 250 mL Erlenmeyer flask and incubated at 34–35 °C 

as above. The starting pH of acetic acid containing media was adjusted from 3.0 to 4.5 

using 10 N NaOH. At periodic intervals, 1 mL samples were withdrawn for ethanol and 

sugar analysis. 

 

2.2.1.8 Taxonomic identification of mutant strains 

 The mutants (UHW301, UHW302, UHW303, UAA301, UAA302 and UAA303) 

and the WT were subjected to partial 18S rRNA sequence analysis to confirm that they 
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were P. tannophilus strains. The inoculum for each was prepared by transferring a 

loopful of cells to 20 mL of broth containing YEPD in a 125 mL Erlenmeyer flask. The 

inoculum was grown at 28 °C for 24 h with shaking at 180 rpm. Total yeast genomic 

DNA was isolated and purified using a DNeasy Mini Kit (Qiagen) according to the 

manufacturer’s instructions to serve as the template for PCR, along with the primers 

(forward: 5’-GTCTCAAAGATTAAGCCATG; reverse: 5’-

TCAGTGTAGCGCGCGTGCGG) (James et al., 1994). PCR was performed in an 

Eppendorf Mastercycler using the following conditions: initial denaturation at 94 °C for 3 

min, followed by 26 cycles of denaturation at 94 °C for 1 min, annealing at 57 °C for 50 

s, and extension at 72 °C for 1 min 30 s. The PCR products were gel purified and sent to 

the Advanced Analysis Centre at the University of Guelph for sequencing. The 

nucleotide sequences were aligned with those in the GenBank database using the 

BLASTn search program of the National Center for Biotechnology Information (NCBI). 

 

2.2.1.9 Analytical methods 

 Fermentation samples were centrifuged at 17,000 x g for 5 min in an Eppendorf 

centrifuge to pellet the cells. Acetic acid, HMF, ethanol and residual sugar concentrations 

in the supernatants were measured by HPLC using an Aminex HPX-87H column as 

described (Barbosa et al., 1990a; Larsson et al., 1999a). The mobile phase was 5 mM 

H2SO4, and the column was eluted at a flow rate of 0.6 mL/min. All liquid culture 

experiments were conducted three times using independently grown inocula. Values 

shown in the figures are the means ± SEM for n = 3.  
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2.2.2 Results and discussion 

2.2.2.1 Selection for HW SSL- and acetic acid-tolerant mutants 

 A pre-requisite for the development of an efficient lignocellulosic biomass 

conversion process is a robust ethanol-producing microorganism able to utilize both 

hexoses and pentoses and tolerate pretreatment-derived inhibitors. Strains tolerant to 

acetic acid are necessary due to high concentrations of this inhibitor in HW SSL and 

some lignocellulosic hydrolysates. In this study, HW SSL and acetic acid were used as 

selection tools to isolate UV-irradiated mutants of P. tannophilus with enhanced 

tolerance to inhibitory compounds commonly found in pulping waste liquor and 

lignocellulosic hydrolysates. Random mutagenesis induced by UV exposure is a simple 

approach for improving multi-genic traits. In contrast to adaptation, which is time 

consuming and labour intensive, random mutagenesis allows for complex phenotypes to 

be rapidly engineered in poorly characterized hosts not suitable for other strain 

improvement approaches. 

 Tolerance to HW SSL and acetic acid are complex phenotypes likely under the 

control of many known and unknown genes. Thus, several consecutive rounds of UV 

mutagenesis and screening on gradient plates were carried out to accumulate mutations 

that collectively conferred improved tolerance to HW SSL and acetic acid. As part of the 

strategy to minimize the occurrence of multiple mutations during mutagenesis, a low UV 

dose resulting in 50 % cell survival was used (Bajwa et al., 2009). Gradient plates were 

incubated for 10 days to allow for sufficient time for growth prior to isolation of putative 

mutant colonies. Plates were monitored during the incubation period and fast growing 

colonies at the higher concentration regions of the gradient plates were isolated. 
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 Figure 3a, b show growth of first, second and third round mutants selected on HW 

SSL and acetic acid gradient plates, respectively. In Figure 3a, mutants with improved 

tolerance to HW SSL appeared at higher concentrations along the HW SSL gradient plate 

compared to the WT. A slight but progressive increase in tolerance was seen after each 

round of mutagenesis and screening (Figure 3a). The complex mixture of inhibitors in 

HW SSL acts synergistically, making gradient plates an appropriate screen. For isolation 

of acetic acid-tolerant mutants, Figure 3b shows minimal improvement between the first 

and second rounds of mutagenesis and selection. UV mutants with comparable tolerance 

on acetic acid gradient plates were isolated for screening and a further round of 

mutagenesis. It took three rounds of mutagenesis and screening for mutations to 

accumulate to a level which was clearly seen on the gradient plate (Figure 3b). 

 Initially, the pH of HW SSL and acetic acid gradient plates was adjusted to 5.5, 

but all strains grew to the top of the gradient plate making identification of improved 

strains difficult. To improve the resolution of the screen, HW SSL and acetic acid 

gradient plates were adjusted to a lower pH (4.0), which increased the toxicity, likely 

because more acetic acid would be present in the protonated form, while still permitting  

growth. This in turn increased the stringency of the screen and allowed for isolation of 

more tolerant mutants. 

 Following the first round of mutagenesis, 30 putative mutants from HW SSL 

gradient plates and 25 from acetic acid gradient plates were selected. Assessment of these 

putative HW SSL- and acetic acid-tolerant mutants was carried out in liquid HW SSL and 

xylose-containing acetic acid broth, respectively, to confirm their improved or 

comparable tolerance character relative to the WT. Figure 4 provides a schematic of the 
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Figure 3 Gradient plates used to screen for UV mutagenized cells of P. tannophilus with 

improved tolerance to (a) HW SSL and (b) acetic acid. Mutagenized WT cell 

suspensions were plated on gradient plates. Colonies growing at higher 

concentrations of the gradient plates as compared to WT were isolated (first round 

UV irradiated mutants). Further mutagenesis and selection on HW SSL or acetic 

acid gradient plates resulted in the isolation of second and third round UV 

irradiated mutants. The dotted horizontal lines on the gradient plates illustrate the 

level at which colonies grew at higher concentrations of HW SSL or acetic acid 

relative to the WT.  
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Figure 4 Schematic of screening protocol for selection of improved mutants from two 

different selection lines. After each round of mutagenesis three levels of screening 

were in place to select putative mutants. 

 

screening protocol for selection of improved mutants following each round of 

mutagenesis. Of the mutants isolated from HW SSL gradient plates, 15 first round HW 

SSL mutants were not as inhibited as the WT in 50 % (v/v) HW SSL. This was seen in 

the growth profile of the WT culture which showed an initial decrease in cell number 

(10
7
 to 10

3
 CFU/mL) from day zero to day two before the cells recovered, while mutant 

cultures did not show this initial decrease in cell number. Five of the first round acetic 

acid-tolerant mutants isolated showed growth comparable to that of the WT in 0.70 % 

(w/v) acetic acid with the same initial lag phase prior to resumption of growth from day 

zero to day four. The 15 first round HW SSL-tolerant mutants which exhibited greater 

tolerance than the WT in liquid growth tests were pooled together for the next round of 

mutagenesis. The same was done for the five first round acetic acid-tolerant mutants. 

After the second round of mutagenesis, 26 putative mutants were isolated from HW SSL 

gradient plates and 20 from acetic acid gradient plates. Ten of the second round HW 
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SSL-tolerant mutants were viable in 60 % (v/v) HW SSL, while the WT and first round 

mutants could not survive at this concentration. Five acetic acid-tolerant mutants again 

grew similarly to the WT in 0.70 % (w/v) acetic acid having the same initial lag phase  

from day zero to day four. These isolates were used as the respective starting pools for 

the third round of mutagenesis. After the third round of UV mutagenesis, 27 putative 

mutants were isolated from HW SSL gradient plates and 25 were isolated from acetic 

acid gradient plates. UHW301, UHW302 and UHW303 grew in 60 % (v/v) HW SSL 

with UHW302 being viable and UHW303 able to grow in 70 % (v/v) HW SSL. 

UAA301, UAA302 and UAA303 grew in 0.80 % (w/v) acetic acid with one strain  

(UAA302) able to grow in 0.90 % (w/v) acetic acid. The WT, first and second round 

mutants could not survive in either of these concentrations. 

 UV mutagenesis followed by gradient plate screening was carried to the fourth 

round using HW SSL mutants (UHW301, UHW302 and UHW303) and acetic acid 

mutants (UAA301, UAA302 and UAA303), respectively. However, no further 

improvement in growth was noted on the gradient plates. The fourth round mutants 

performed similarly to the third round mutants and did not grow at higher concentrations 

along HW SSL or acetic acid gradient plates. Thus, no further mutagenesis was 

conducted beyond the fourth round. 

 After each round of mutagenesis and selection, the fermentation performance of 

selected mutants was assessed in 4 % (w/v) xylose to ensure they continued to produce 

ethanol from xylose before using them in subsequent rounds of mutagenesis. Third round 

HW SSL mutants (UHW301, UHW302 and UHW303) and third round acetic acid 

mutants (UAA301, UAA302 and UAA303), based on growth in liquid HW SSL and 
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liquid acetic acid, respectively, were selected for further study. Mohandas et al. (1995) 

attempted, without success, to isolate acetic acid-tolerant mutants of S. stipitis NRRL Y-

7124 using UV irradiation followed by selection on YEPD plates containing 1 % (v/v) 

acetic acid (pH 5.0). The number of rounds of mutagenesis performed was not 

mentioned. In another study, Wei et al. (2008) reported the isolation of acetic acid-

tolerant mutants of Candida krusei GL560 cells by one round of UV mutagenesis 

followed by selection on agar plates containing 0.70 % (v/v) acetic acid (pH 4.08). A 

total of 29 colonies were isolated; however, the performance of these UV mutants was 

not assessed in liquid media and the mutants were used as the starting population for 

further strain improvement by genome shuffling (Wei et al., 2008).  

 

2.2.2.2 Growth characterization of third round mutants in liquid HW SSL 

 The growth responses of UHW301, UHW302 and UHW303 in liquid HW SSL 

(pH 4.5) are shown in Figure 5. As mentioned, the WT strain could grow in 50 % (v/v) 

HW SSL but was unable to survive at higher concentrations tested. UHW301, UHW302 

and UHW303 were able to grow in 60 % (v/v) HW SSL (Figure 5a) and in 70 % (v/v)  

HW SSL UHW302 was viable while UHW303 was able to grow (Figure 5b). In 60 % 

(v/v) HW SSL, an initial decrease in the cell number (10
7
 to 10

4
 CFU/mL) occurred from 

day zero to day four for UHW301 and UHW302 and day zero to day two for UHW303, 

before cell numbers recovered. Cell number increased by ten and twelve doublings from 

day four to day ten for UHW301 and UHW302, respectively, while cell number 

increased from day two to day ten by ten and a half doublings for UHW303. At the 

higher HW SSL concentration (70 % v/v), a greater initial drop in cell number (10
7 

to 10
3
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Figure 5 Growth of P. tannophilus WT, UHW301, UHW302, UHW303 and UAA302 in 

(a) 60 % (v/v) and (b) 70 % (v/v) HW SSL at 28 °C. The pH of HW SSL was 

adjusted from 1.80 to 4.5. Symbols: WT (cross symbol), UHW301 (filled 

diamond), UHW302 (filled square), UHW303 (filled circle) and UAA302 (open 

diamond). Error bars represent SEM, n = 3.  

 

CFU/mL) occurred between day zero and day four for UHW302 and between day zero 

and day two for UHW303. After this, UHW302 remained viable with the cell number 

remaining relatively constant at 10
3
 CFU/mL, while the cell number for UHW303 

increased from day two to day ten by eleven doublings. The number of UHW301 cells 

decreased from 10
7
 CFU/mL to zero after day two. Third round HW SSL mutants did not 

survive in 80 % (v/v) HW SSL. 

 Growth of UAA302 was also assessed in liquid HW SSL and the results 
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demonstrated cross-tolerance to inhibitors in HW SSL (Figure 5). UAA302 grew in 60 % 

(v/v) HW SSL (Figure 5a), although the initial decrease in cell number (10
7
 to 10

3
 

CFU/mL) was greater and lasted longer (4 days) compared to the initial decrease in cell 

number of the HW SSL-tolerant mutant UHW303 (10
7
 to 10

4
 CFU/mL and 2 days, 

respectively) before cells recovered. From day four to day ten, UAA302 cell number 

increased by twelve and a half doublings. UAA302 was not as tolerant as UHW303 and 

could not survive at higher concentrations of HW SSL (70 or 80 % v/v) tested. 

 Strategies to improve acetic acid tolerance are limited due to the poor 

understanding of the molecular mechanism(s) involved. Evolutionary engineering 

approaches have been used to increase acetic acid tolerance in yeast, as these do not 

require knowledge of the genetic basis of tolerance. Studies to isolate strains of pentose-

fermenting yeasts tolerant to acetic acid are limited. In one study, Mohandas et al. (1995) 

obtained acetic acid-tolerant mutants of S. stipitis that ferment lignocellulosic acid 

hydrolysates more efficiently. In their study, S. stipitis NRRL Y-7124 cells were adapted 

to increasing concentrations (0.2 to 0.8 % v/v) of acetic acid in shake flasks. Similar to 

the findings of our study, the acetic acid-tolerant strain showed cross-tolerance to other 

inhibitors in lignocellulosic hydrolysates in growth and fermentation tests. In aspen 

hydrolysate containing 0.26 % (v/v) acetic acid (pH 5.0), the S. stipitis WT grew after 3 

days and produced ethanol after 4 days, while the mutant started growing after 1 day and 

produced ethanol after 2 days (Mohandas et al., 1995). In HW SSL (pH 5.0), the WT 

strain could not grow in greater than 20 % (v/v) HW SSL whereas the mutant could grow 

and produced ethanol in 60 to 80 % (v/v) HW SSL (Mohandas et al., 1995). Thus, the 

study of Mohandas et al. (1995) on S. stipitis and our present study on P. tannophilus 
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both show that acetic acid-tolerant mutants exhibit improved tolerance in a wood 

hydrolysate which contained not only acetic acid, but also other inhibitors such as 

furfural and HMF. 

 

2.2.2.3 Growth characterization of third round mutants in selected inhibitory compounds 

 The growth responses of UAA301, UAA302 and UAA303 in liquid defined 

media containing acetic acid (pH 4.5) are shown in Figure 6. The initial OD600 of the 

cultures in liquid defined media containing acetic acid was between 0.120 and 0.188. In 

0.70 % (w/v) acetic acid (Figure 6a), the WT, UAA301, UAA302 and UAA303 

displayed the same initial lag phase (day zero to day four) prior to growth. From day four 

to day eight, the WT, UAA301 and UAA303 grew from an OD600 of 0.148 to 0.214 to 

reach an OD600 of 3.7, 5.9 and 4.9, respectively, representing about five doublings. The 

OD600 then remained relatively unchanged to day ten. UAA302 grew from an OD600 of 

0.194 on day four to 6.2 on day ten. The increase in cell density represented five 

doublings. 

 The WT strain could not grow at acetic acid concentrations above 0.70 % (w/v). 

In contrast, in 0.80 % (w/v) acetic acid (Figure 6b), UAA303 had an initial lag phase of 4 

days, after which from day four to day ten the OD600 increased by five doublings from 

0.178 to 6.2. UAA301 and UAA302 showed an extended lag phase lasting for 6 days in 

0.80 % (w/v) acetic acid. UAA301 and UAA302 displayed an increase in OD600 from 

0.154 and 0.177, respectively, to reach a maximum cell density on day ten (OD600 5.6 and 

4.3, respectively) and this represented about five doublings from day six to day ten. 

UAA302 grew in 0.90 % (w/v) acetic acid (Figure 6c) with a lag phase lasting for 6 days 
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Figure 6 Growth of P. tannophilus WT, UAA301, UAA302, UAA303 and UHW303 in 

(a) 0.70 % (w/v), (b) 0.80 % (w/v) and (c) 0.90 % (w/v) acetic acid media 

containing 2 % (w/v) xylose at 28 °C. The corresponding sugar and acetic acid 

utilization are shown in panels (d) 0.70 % (w/v), (e) 0.80 % (w/v) and (f) 0.90 % 

(w/v) acetic acid media. The pH of acetic acid media was adjusted from 3 to 4.5. 

In panels (d, e and f) solid lines represent xylose while dotted lines represent 

acetic acid concentrations. Symbols: WT (cross symbol), UAA301 (open square), 

UAA302 (open diamond), UAA303 (open circle) and UHW303 (filled circle). 

Error bars represent SEM, n = 3.  

 

before growth occurred. Cell number increased by about five doublings from day six 

(OD600 0.156) to day ten (OD600 6.9). Third round acetic acid mutants were not able to 
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grow in 1.0 % (w/v) acetic acid (data not shown). 

UHW303 was also assessed for growth in liquid media supplemented with acetic 

acid (Figure 6). In 0.70 % (w/v) acetic acid (Figure 6a), UHW303 showed a lag phase of 

4 days after which the OD600 increased by five doublings from 0.143 on day four to 4.9 

on day eight. Thereafter, the cell density remained relatively unchanged to day ten. In 

0.80 % (w/v) acetic acid (Figure 6b), UHW303 showed an extended lag phase of 6 days 

after which from day six to day ten the OD600 increased by about five doublings from 

0.140 to 6.1. UHW303 was as tolerant to acetic acid as UAA302 and could grow in 0.90 

% (w/v) acetic acid (Figure 6c) with the same initial lag phase as UAA302 (6 days). 

Following this, from day six to day ten the OD600 of UHW303 increased from 0.127 to 

1.4. In contrast, the UAA302 culture grew by five doublings from day six to day ten in 

0.90 % (w/v) acetic acid (Figure 6c). Similar to third round acetic acid mutants, UHW303 

was not able to grow in 1.0 % (w/v) acetic acid. 

 Consistent with delayed cell growth, xylose utilization was also delayed for all 

yeast strains tested in the presence of acetic acid (Figure 6d, e, f). In general, growth 

occurred when 70 to 80 % of the initial amount of acetic acid was consumed. During this 

period, minimal sugar utilization occurred. Utilization of acetic acid may be necessary to 

reduce the toxicity of this chemical to a level that allowed growth to occur. No ethanol 

was produced during growth in the presence of acetic acid (Figure 6d, e, f). The pH of the 

acetic acid growth media was measured at the end of the experiment (day ten). In cultures 

where no growth occurred, the pH remained at 4.5. However, in cultures showing growth, 

the pH increased from 4.5 to about 8. The consumption of acetic acid by the yeast and the 

presence of NaOH used to initially adjust the pH likely contributed to this rise in pH.  
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 Lignocellulosic substrates contain many of the same inhibitory compounds as HW 

SSL. The cross-tolerance of HW SSL-tolerant mutants to acetic acid and vice versa is 

expected to occur since acetic acid is the major inhibitory compound in HW SSL (0.76 % 

w/v in the batch used in this study). Similar to the results of this study, Bajwa et al. 

(2009) found third generation HW SSL-tolerant UV mutants of S. stipitis were more 

tolerant to acetic acid compared to the WT strain. In that study, mutants of S. stipitis 

NRRL Y-7124 with improved tolerance to HW SSL were obtained by successive rounds 

of UV mutagenesis and screening on HW SSL gradient plates. The WT grew in 65 % 

(v/v) HW SSL while mutants (PS301 and PS302) grew in 75 % (v/v) HW SSL and 

survived in 80 % (v/v) HW SSL. Third generation mutants also showed improved 

tolerance to acetic acid (0.28 to 0.30 % w/v) compared to the WT (0.25 % w/v) (Bajwa et 

al., 2009). In another study, adaptation of S. stipitis NRRL Y-7124 to increasing 

concentrations (20, 40, 60 and 80 % v/v) of acid pre-hydrolysate led to a culture which 

exhibited cross-tolerance to individual inhibitors. The adapted culture showed improved 

growth and ethanol yield (0.35 g ethanol/g sugar consumed) on acid pre-hydrolysates 

compared to the WT strain (0.02 g/g) in acetic acid containing medium (5 g/L) at pH 5.0 

(Nigam 2001a). 

 Palmqvist et al. (1999b) assessed the influence of acetic acid, furfural, and p-

hydroxybenzoic acid on the ethanol yield of a strain of S. shehatae ATCC 22984 

previously obtained by adaptation to SSL (Yu et al., 1987). Despite having been adapted 

to SSL, inhibition of fermentation by S. shehatae (R) was apparent in medium containing 

acetic acid (0, 5 or 10 g/L) in combination with various amounts of furfural (0, 1 or 2 

g/L) and p-hydroxybenzoic (0, 1 or 2 g/L). Decreases in ethanol yield were seen with S. 
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shehatae (R) in medium containing acetic acid (10 g/L) and furfural (2 g/L) from 0.26 to 

0.07 g ethanol/g sugar consumed; in medium containing acetic acid (10 g/L) and p-

hydroxybenzoic (2 g/L) to 0.14 g/g; and in medium containing acetic acid (10 g/L), 

furfural (2 g/L) and p-hydroxybenzoic (2 g/L) to 0.11 g/g (Palmqvist et al., 1999b). The 

fact that S. shehatae (R) was inhibited by acetic acid may suggest that growth tolerance to 

acetic acid may not translate to fermentation tolerance to acetic acid.  

 Furaldehydes (furfural and HMF) are aromatic sugar degradation products formed 

from the dehydration of pentoses and hexoses, respectively, during acidic pretreatment of 

lignocellulosic substrates at high temperatures (Richardson et al., 2011). Furfural and 

HMF are structurally similar and have similar modes of action. They were found at 

comparable concentrations in the batch of HW SSL utilized for these studies. HMF was 

selected for testing the cross-tolerance of the mutants. Figure 7 shows the growth 

responses of UHW303 and UAA302 in defined liquid media supplemented with HMF. 

Neither strain grew at concentrations above that tolerated by the WT (0.60 % w/v HMF). 

The WT strain demonstrated earlier onset of growth in 0.60 % (w/v) HMF with growth  

occurring after 4 days, while both UHW303 and UAA302 showed a longer lag phase that 

extended for 6 days. Maximum cell densities were reached on day eight for the WT and 

day ten for UHW303 and UAA302 and similar OD600 were achieved. The WT had five 

and a half doublings from day zero to eight while UHW303 and UAA302 had five 

doublings from day zero to ten. In 0.70 % (w/v) HMF, no growth occurred with any of 

the strains tested.  

Furaldehydes have been shown to inhibit the growth and metabolism of 

microorganisms. Some authors reported that furfural and HMF may inhibit activities of  
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Figure 7 Growth of P. tannophilus WT, UHW303 and UAA302 in 0.60 % (w/v) HMF 

media containing 2 % (w/v) xylose at 28 °C. Panels (a) growth, (b) xylose (solid 

line) and HMF (dotted line) consumption and (c) xylitol (solid line) and ethanol 

(dotted line) formation. Symbols: WT (cross symbol), UHW303 (filled circle) and 

UAA302 (open diamond). Error bars represent SEM, n = 3.  

 

glycolytic enzymes, resulting in a reduction of cellular energy (Banerjee et al., 1981b; 

Lohmeier-Vogel et al., 1998) microorganisms. Consistent with delayed cell growth, 

Figure 7b shows xylose utilization was also delayed for all yeast strains tested in the 
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presence of HMF. In 0.60 % (w/v) HMF, the WT utilized all the HMF present in the 

media by day six while UHW303 and UAA302 utilized HMF by day ten (Figure 7b). 

Xylose utilization started after day four for the WT and day six for UHW303 and 

UAA302, with trace amounts of xylose remaining on day ten for all strains. Xylitol and 

ethanol were produced gradually over the 10 days and corresponded with the slow sugar 

utilization for the WT (0.31 and 0.11 % w/v, respectively), UHW303 (0.03 and 0.10 % 

w/v, respectively) and UAA302 (0.02 and 0.10 % w/v, respectively) (Figure 7c). In 0.70 

% (w/v) HMF, no sugar or HMF utilization occurred and no ethanol was produced for 

any of the strains tested (data not shown). Thus, our results suggest that HW SSL-tolerant 

mutant and acetic acid-tolerant mutant did not exhibit improved tolerance to HMF. The 

reason for this is not known. UAA302 was not selected on the basis of tolerance to HMF, 

and improved tolerance would not be expected. However, UHW303 had potential for 

improved tolerance to HMF present in HW SSL. In contrast to the results from our study 

with P. tannophilus, Bajwa et al. (2009) found that HW SSL-tolerant UV mutants of S. 

stipitis (PS301 and PS302) were more tolerant of HMF than the WT, and grew faster with 

a shorter lag phase in 0.50 % (w/v) HMF. 

 

2.2.2.4 Growth and fermentation performance of mutants on glucose and xylose 

 The growth rates of P. tannophilus WT on 4 % (w/v) xylose and glucose were 

0.20 ± 0.015 and 0.27 ± 0.017 h
-1

, respectively. The growth rates of UAA302 were higher 

on 4 % (w/v) xylose and glucose (0.24 ± 0.0005 and 0.28 ± 0.032 h
-1

, respectively) 

compared to the WT, while the growth rates of UHW302 were lower (0.17 ± 0.012 and 

0.22 ± 0.015 h
-1

, respectively). An OD600 of 1.0 was equivalent to a dry cell weight of 
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about 0.31 ± 0.08 mg/mL in glucose and 0.22 ± 0.08 mg/mL in xylose for the WT 

compared to 0.44 ± 0.08 and 0.31 ± 0.08 mg/mL, respectively, for UAA302 and 0.28 ± 

0.04 and 0.17 ± 0.08 mg/mL, respectively, for UHW303. 

 Inhibitor-tolerant mutants were first tested for their fermentation performance in 

chemically defined media using low initial cell density inocula (Figure 8). UHW301, 

UHW302 and UHW303 utilized 4 % (w/v) glucose (36 to 42 h) and 4 % (w/v) xylose 

(120 h) at slightly slower rates compared to the WT (30 and 96 h, respectively) (Figure 

8a, b). In 4 % (w/v) xylose, UHW301 produced a maximum ethanol concentration and 

yield (0.64 % w/v and 0.18 g ethanol/g xylose consumed, respectively) similar to those of 

the WT (0.58 % w/v and 0.17 g/g, respectively), while UHW302 and UHW303 gave a 

lower maximum ethanol concentration (0.45 % w/v) and yield (0.13 and 0.12 g/g, 

respectively) (Figure 8b), During fermentation in 4 % (w/v) xylose, xylitol concentrations 

ranging from 0.18 to 0.32 % (w/v) were produced by the HW SSL-tolerant mutants 

compared to 0.21 % (w/v) by the WT. 

 Acetic acid-tolerant mutants (UAA301, UAA302 and UAA303) retained good 

xylose and glucose fermenting ability when sugars were supplied individually or together 

using low initial cell density inocula. Complete sugar utilization took 30 h in 4 % (w/v) 

glucose (Figure 8d) with a maximum ethanol concentration (1.1 to 1.2 % w/v) and 

ethanol yield (0.29 g ethanol/g glucose consumed) identical to those of the WT (1.2 % 

w/v and 0.29 g/g, respectively). In 4 % (w/v) xylose (Figure 8e), complete sugar 

utilization took 96 h for both the WT and acetic acid-tolerant mutants. The maximum 

xylitol concentrations (0.16 to 0.20 % w/v), ethanol concentrations (0.49 to 0.55 % w/v) 

and ethanol yields (0.13 to 0.14 g ethanol/g xylose consumed) produced by the mutants 
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Figure 8 Low initial cell density fermentation in defined media by P. tannophilus WT, 

UHW301, UHW302 and UHW303 in (a) 4 % (w/v) glucose, (b) 4 % (w/v) xylose 

and (c) 4 % (w/v) each of glucose and xylose, and UAA301, UAA302 and 

UAA303 in (d) 4 % (w/v) glucose, (e) 4 % (w/v) xylose and (f) 4 % (w/v) each of 

glucose and xylose at 34–35 °C. Solid lines represent sugars (glucose, xylose) or 

xylitol and dotted lines represent ethanol concentrations. Symbols: WT (cross 

symbol), UHW301 (filled diamond), UHW302 (filled square), UHW303 (filled 

circle), UAA301 (open square), UAA302 (open diamond) and UAA303 (open 

circle). Error bars represent SEM, n = 3.  

 

were slightly lower than those of the WT strain (0.21 % w/v, 0.58 % w/v and 0.17 g/g, 

respectively). 
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 In mixed sugar fermentation (4 % w/v xylose and 4 % w/v glucose) using low 

initial cell density inocula, the WT and mutant strains all utilized glucose ahead of xylose 

(Figure 8c, f). The HW SSL-tolerant and acetic acid-tolerant mutants exhibited slightly 

slower fermentation rates on mixed sugars compared to the WT, but produced similar 

maximum ethanol concentrations (1.33 to 1.40 % w/v for HW SSL-tolerant mutants, 1.27 

to 1.36 % w/v for acetic acid-tolerant mutants and 1.40 % w/v for WT) and yields (0.30 g 

ethanol/g sugar consumed for HW SSL mutants, 0.26 g/g for acetic acid mutants and 0.29 

g/g for WT). Low amounts of xylitol were produced by all strains during mixed sugar 

fermentations (0.11 to 0.14 % w/v for HW SSL-tolerant mutants, 0.10 to 0.12 % w/v for 

acetic acid-tolerant mutants and 0.12 % w/v for WT). 

 To further assess the performance of the mutants, mixed sugar fermentations 

using high initial cell densities were carried out. Figure 9 shows fermentations done in 

defined media supplemented with 4 % (w/v) glucose and 4 % (w/v) xylose using 

UHW303 and UAA302. The WT and UAA302 utilized glucose in 15 h while UHW303 

took 21 h (Figure 9a). Xylose was not completely utilized by UHW303 after 120 h 

(Figure 9b). The WT and UAA302 produced similar peak ethanol concentrations (1.93 

and 2.07 % w/v, respectively) and yield (0.26 and 0.27 g ethanol/g sugar consumed, 

receptively), while UHW303 produced a lower maximum ethanol concentration (1.69 %  

w/v) but a similar yield (0.25 g/g). The precise reason for lower ethanol production by 

UHW303 is not known. Low amounts of xylitol (0.23 to 0.37 % w/v) were produced by 

all strains during fermentation (Figure 9c). 

The mutants were further assessed for the ability to ferment 4 % (w/v) xylose in 

the presence of acetic acid using high initial cell density inocula (Figure 10). An initial  



122 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 High initial cell density fermentation by P. tannophilus WT, UHW303 and 

UAA302 in defined media containing 4 % (w/v) each of glucose and xylose at 

34–35 °C. Solid lines represent sugars (glucose, xylose) or xylitol and dotted lines 

represent ethanol concentrations. Symbols WT (cross symbol), UHW303 (filled 

circle) and UAA302 (open diamond). Error bars represent SEM, n = 3. 

  

lag in ethanol production occurred during fermentation in acetic acid media. The WT 

strain could not produce ethanol above 0.80 % (w/v) acetic acid. In 0.90 % (w/v) acetic 

acid (Figure 10), UAA302 began to utilize acetic acid on day six and xylose on day  
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Figure 10 High initial cell density fermentation by P. tannophilus WT, UHW303 and 

UAA302 in defined 4 % (w/v) xylose-containing media supplemented with 0.90 

% (w/v) acetic acid at 34–35 °C. The pH of the acetic acid media was adjusted 

from 3 to 4.5. Solid lines represent substrates and dotted lines represent ethanol 

concentrations. Symbols WT (cross symbol), UHW303 (filled circle) and 

UAA302 (open diamond). Error bars represent SEM, n = 3. 

 

seven, producing a maximum ethanol concentration on day nine of 0.39 % (w/v). The 

WT and UHW303 did not utilize xylose and did not produce any ethanol, although 

UHW303 began to slightly utilize acetic acid after day six. At day ten, the pH did not 

change for the WT culture, but did increase for the UAA302 and UHW303 cultures (from 

4.5 to 7.0 and 8.4, respectively). In 1.0 % (w/v) acetic acid, none of the strains utilized 

xylose or acetic acid and no ethanol was produced (data not shown). No change in pH 

occurred in 1.0 % (w/v) acetic acid. Although ethanol may not have been produced, 

changes in pH corresponded to cell growth that occurred as acetic acid and xylose were 

utilized during fermentation. It is not known if the high pH values may have adversely 

affected fermentation. No strains produced xylitol during fermentation in the presence of 

acetic acid.  
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 Isolated mutants were not maintained under any selection pressure and after 

repeated transfers in nonselective media, no apparent reversion was seen between 

replicates in growth and fermentation performance. Based on partial 18S rRNA sequence 

analysis (approximately 1,300 bp), the WT and mutant strains UHW301, UHW302, 

UHW303, UAA301, UAA302 and UAA303, were all identified as P. tannophilus with 

100 % sequence identity (Accession no. JQ698920.1). 

 Improved growth may not translate into improved fermentation, and therefore it is 

essential that mutants retain good fermentative ability in defined media. Bajwa et al. 

(2009) obtained mutants of S. stipitis NRRL Y-7124 with improved growth in HW SSL, 

by successive rounds of UV mutagenesis followed by screening on HW SSL gradient  

plates. The mutants isolated retained good fermentation ability in defined media 

producing similar or higher ethanol yields than the WT. In the present study, UHW303 

did not perform as well as the WT during fermentation in defined media, while the 

fermentative ability of UAA302 was similar to that of the WT. Using random 

mutagenesis may have resulted in the accumulation of some unfavorable mutations which 

could have adversely affected the fermentation performance of UHW303 in defined 

media.  
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2.3 Genome shuffling of P. tannophilus for improved tolerance to inhibitors in 

lignocellulosic hydrolysates
3
  

 Lignocellulosic substrates pose a challenge for ethanol-producing microorganisms 

due to the presence of mixed sugars and pretreatment-derived toxic compounds (such as 

furans, phenolics and weak acids) that adversely affect the growth, viability and 

fermentation capacity of yeasts. Detoxification strategies have been used to mitigate the 

effects of inhibitors, however these may lead to increased processing costs for ethanol 

production and sometimes loss of fermentable sugars (Richardson et al., 2011). The most 

advantageous and economical strategy relies on developing robust yeasts that tolerate 

high concentrations of inhibitors (Bajwa et al., 2011; Harner et al., 2014). Since 

lignocellulosic hydrolysates contain similar inhibitors, albeit in different concentrations, 

inhibitor-tolerant strains can exhibit cross-tolerance to hydrolysates derived from 

different sources and pretreatments. 

Yeast tolerance to inhibitors can be achieved through different strain 

improvement techniques (Harner et al., 2015b). Classical strain improvement based on 

yeast adaptation or mutagenesis is time consuming and based on a single starting strain. 

Molecular approaches are applicable to genes that can be isolated, along with some 

knowledge of the specific genetic modifications needed to produce the desired 

phenotype. Due to the limited knowledge of the mechanisms of inhibitor tolerance and 

what changes need to be made, rational approaches are not suitable. Genome shuffling 

                                                        
3
 Results presented in Section 2.3 and 2.4 have been published in: 

Harner, N.K., Bajwa, P.K., Formusa, P.A., Austin, G.D., Habash, M.B., Trevors, J.T., 

Chan, C.K., Ho, C.Y., Lee, H., 2015a. Determinants of tolerance to inhibitors in 

hardwood spent sulfite liquor in genome shuffled Pachysolen tannophilus strains. 

Antonie van Leeuwenhoek J. Microbiol. In press. doi: 10.1007/s10482-015-0537-9 
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integrates classical genetics and high-throughput screening to allow for rapid strain 

improvement. Genome shuffling potentially allows the accumulation of beneficial 

mutations in multiple genes without prior knowledge of the genetic basis of the 

phenotype of interest (Biot-Pelletier and Martin 2014) thereby allowing the engineering 

of complex traits such as inhibitor tolerance. 

Genome shuffling involves two stages. In the first stage iterative rounds of 

mutagenesis and selection are carried out to obtain mutants with improved phenotypes. In 

the second stage, mutant populations serve as the starting pool for iterative rounds of 

genome recombination (Bajwa et al., 2013a). To combine beneficial alleles from various 

yeast genomes, genome recombination can be accomplished by protoplast fusion or 

cross-mating. Hybrids from protoplast fusion, however, may be unstable and not 

amenable for further improvement (Giudici et al., 2005), thus limiting their utility. Cross-

mating based genome shuffling has been successfully used to improve the tolerance of S. 

stipitis (Bajwa et al., 2010) and S. cerevisiae (Pinel et al., 2011) to HW SSL.   

P. tannophilus, the first yeast discovered to ferment xylose directly to ethanol 

(Schneider et al., 1981; Slininger et al., 1982b) is strongly homothallic and predominantly 

haploid, with diploidy being confined to a transient state in which the diploid nucleus 

proceeds directly to meiosis and produces a four spored ascus (James and Zahab 1982; 

Kurtzman 1983). The mating system of P. tannophilus has been described (James and 

Zahab 1982, 1983) making it amenable for cross-mating genome shuffling to generate 

strains with improved inhibitor tolerance. The isolation of P. tannophilus mutants tolerant 

to HW SSL and acetic acid from two selection lines was recently described (Harner et al., 

2014). In this study, populations of these improved UV mutants were subjected to cross-
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mating based genome shuffling followed by screening to select strains with further 

enhanced tolerance to HW SSL. 

 

2.3.1 Materials and methods 

2.3.1.1 Chemicals, HW SSL and aspen hydrolysate 

 All chemicals were purchased from Sigma-Aldrich. HW SSL was kindly provided 

by Frank Giust (Tembec, Témiscaming, QC, Canada). The batch of HW SSL (initial pH 

1.6) contained (in % w/v): xylose (2.5), glucose (0.73), mannose (0.49), galactose (0.30), 

arabinose (trace amounts), acetic acid (0.76), furfural (0.014) and HMF (0.016) (Harner 

et al., 2014). An aspen hydrolysate was kindly provided by Mike Rushton (formerly of 

Lignol, Burnaby, BC, Canada). The Lignol hydrolysate was generated through an 

ethanol/water organosolv extraction process at 170–190 °C for 1–3 h, followed by 

hydrolysis and separation of cellulose and removal of lignin. This hydrolysate (initial pH 

0.4) contained (in % w/v): xylose (6.4), glucose (1.92), mannose (0.79), galactose (trace 

amounts), arabinose (2.0), acetic acid (1.3), furfural (0.18) and HMF (0.02). Prior to use, 

the HW SSL and Lignol hydrolysate were boiled for 5 min, cooled to room temperature 

(20–22 °C) and the pH was adjusted using 10 N NaOH. 

 

2.3.1.2 Culture maintenance and inoculum preparation 

 P. tannophilus NRRL Y-2460 (WT) was obtained from Cletus Kurtzman (USDA 

ARS, Peoria, IL, USA). Previously isolated third round HW SSL UV mutants (UHW301, 

UHW302 and UHW303) and acetic acid UV mutants (UAA301, UAA302 and UAA303) 

(Harner et al., 2014) were the starting population for genome shuffling. Yeast strains 
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were maintained at 4 °C on agar plates comprised of 0.67 % (w/v) yeast nitrogen base 

(YNB) without amino acids and 2 % (w/v) xylose and sub-cultured periodically. The 

inoculum was prepared by transferring a loopful of cells to 20 mL of broth containing 

0.67 % (w/v) YNB without amino acids and 2 % (w/v) xylose in a 125 mL Erlenmeyer 

flask. The inoculum was grown at 28 °C for 48 h with shaking at 180 rpm as described by 

Bajwa et al. (2009). For DNA isolation, the inoculum for each strain was prepared by 

transferring a loopful of cells to 20 mL of broth containing 1 % (w/ v) yeast extract, 2 % 

(w/v) peptone and 2 % (w/v) glucose (YEPD) in a 125 mL Erlenmeyer flask. The 

inoculum was grown at 28 °C for 24 h with shaking at 180 rpm. Total yeast genomic 

DNA was isolated and purified using a DNeasy Mini Kit (Qiagen) according to the 

manufacturer’s instructions. 

 

2.3.1.3 Mating optimization using auxotrophic strains 

A mating protocol for genome shuffling was developed using P. tannophilus 

auxotrophic strains, which were isolated by UV mutagenesis followed by screening on 

replica-plates. In a Petri dish, 1 mL of the inoculum culture was transferred and exposed 

to UV light at a distance of 40 cm for 20 s to achieve about a 50 % survival rate. The UV-

irradiated culture was transferred to a sterile 15 mL Falcon tube and incubated in the dark 

for 24 h at 28 °C with shaking at 180 rpm. Serial dilutions of the culture were spread on 

YEPD plates and incubated for 48 h at 28 °C. YEPD plates containing distinct colonies 

were replica-plated onto minimal media (MM) plates containing 0.67 % (w/v) YNB 

without amino acids and 2 % (w/v) xylose (Bajwa et al., 2010). Following incubation at 

28 °C for 5 days, colonies not appearing on MM plates were isolated from YEPD plates. 
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Auxotrophy was confirmed by re-streaking isolated colonies on MM plates to ensure no 

growth occurred. The nutritional requirement of each isolated auxotroph was determined 

by supplementing MM plates with 0.005 % (w/v) of individual amino acids. Two stable 

auxotrophs, one methionine-requiring and one arginine- requiring, were isolated.  

Mating optimization was performed with these auxotrophic strains according to 

James and Zahab (1982, 1983) with some modifications. Each auxotroph was grown 

separately for 24 h in YEPD broth at 28 °C with shaking at 180 rpm. From the inoculum 

(initial cell number of about 1.0 x 10
7
 CFU/mL) of each auxotroph, 0.50 mL was pooled 

together in a 15 mL Falcon tube, centrifuged at 10,000 x g for 5 min and washed three 

times with sterile distilled water. For mating, 0.5 mL of the mixed cell population (OD600 

of about 3.0–3.5) was dropped onto 0.1 % (w/v) malt extract, 0.4 % (w/v) glucose (MD) 

plates (Clark et al., 1986). Plates were incubated at 28 °C for 5 days. Cells were scraped 

from the MD plate, suspended in water, centrifuged and washed three times with sterile 

distilled water. For sporulation, the pellet was resuspended in 0.5 mL of water and 

dropped onto 0.4 % (w/v) yeast extract, 0.1 % (w/v) malt extract, 0.4 % (w/v) glucose 

(YMD) plates (James and Zahab 1982, 1983). Plates were incubated at 28 °C for 5 days. 

The starting pH of YMD plates was adjusted to 5.0 prior to autoclaving (James and 

Zahab 1982). As a control, 0.5 mL of each auxotroph was dropped separately on MD 

plates followed by YMD plates to check for reversion.  

Following mating and sporulation, cells were observed under a light microscope 

for formation of asci containing four hemispheroidal ascospores. Upon appearance of 

ascospores, the cells were scraped from the YMD plate, suspended in water, centrifuged 

and washed three times with sterile distilled water. The pellet was resuspended in 0.5 mL 
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of water and 0.1 mL of the cell suspension was spread on each MM plate. Successful 

mating of the methionine and arginine auxotrophs yielded prototrophic colonies that grew 

on MM plate and were enumerated.  

  

2.3.1.4 Selection of putative genome shuffled strains with improved inhibitor tolerance   

Genome shuffling was performed according to Bajwa et al. (2013a) with some 

modifications. The HW SSL-tolerant mutants (UHW301, UHW302 and UHW303) and 

acetic acid-tolerant mutants (UAA301, UAA302 and UAA303) (Harner et al., 2014) were 

pooled and mated using the optimized method developed with the auxotrophic strains. 

Putative mated cells were grown in 20 mL YEPD broth in a 125 mL Erlenmeyer flask at 

28 °C for 24 h with shaking at 180 rpm. Cells were centrifuged and washed three times 

with distilled water and resuspended in 20 mL of distilled water.  

Putative hybrid strains were first subjected to screening on HW SSL gradient 

plates, prepared as described (Bajwa et al., 2009) and 0.1 mL of mated cell suspensions 

were spread on HW SSL gradient plates (pH adjusted from 1.6 to 3.5). After incubation 

at 28 °C for 10 days, colonies growing at higher concentrations on HW SSL gradient 

plates compared to UHW303 and UAA302 were isolated and designated as first round 

genome shuffled strains. Isolated mutants were assessed individually for growth in liquid 

HW SSL and fermentation in 4 % (w/v) xylose to ensure they retained the ability to 

ferment xylose (described below). First round genome shuffled strains exhibiting better 

growth than UHW303 in liquid HW SSL were pooled and mated, followed by selection 

on HW SSL gradient plates to isolate second round genome shuffled strains. Second 

round genome shuffled strains were further subjected to mating and selection, resulting in 
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the isolation of third round genome shuffled strains. Procedures for the second and third 

rounds of mating and strain selection were the same as for the first round. Each strain was 

labeled and maintained individually on agar plates containing 0.67 % (w/v) YNB without 

amino acids and 2 % (w/v) xylose. 

 

2.3.1.5 Growth assessment in diluted HW SSL  

Genome shuffled strains showing improved tolerance compared to UHW303 and 

UAA302 on HW SSL gradient plates were assessed for growth in liquid HW SSL (pH 

adjusted from 1.6 to 4.5) as described (Harner et al., 2014). HW SSL was diluted with 

sterile distilled water to concentrations above which HW SSL UV mutants (UHW301, 

UHW302 and UHW303) could grow (80 and 90 % v/v). The pellet (OD600 of about 

0.139–0.198 after inoculation) was resuspended in 50 mL of diluted HW SSL in a 125 

mL Erlenmeyer flask and the culture was incubated at 28 °C for 10 days with shaking at 

180 rpm. Three third round genome shuffled strains (GHW301, GHW302 and GHW303) 

showed the best growth in liquid HW SSL. They were used for subsequent research. 

 

2.3.1.6 Growth assessment in acetic acid and HMF 

Strains GHW301, GHW302 and GHW303 were assessed for growth in liquid 

minimal medium containing acetic acid (pH adjusted from 3.0 to 4.5) and liquid HMF as 

described (Harner et al., 2014). The range of inhibitory compounds tested was based on 

the highest concentrations of acetic acid and HMF at which UAA302 and UHW303 

could grow (Harner et al., 2014). The pellet (OD600 of about 0.143–0.190 after 

inoculation) was transferred to 50 mL of medium containing 0.67 % (w/v) YNB without 
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amino acids, 2 % (w/v) xylose and acetic acid (ranging from 0.70–1.0 % w/v) or HMF 

(ranging from 0.60–0.80 % w/v) in a 125 mL Erlenmeyer flask which was incubated at 

28 °C with shaking at 180 rpm. Samples were withdrawn periodically for growth as well 

as sugar, acetic acid, HMF and product analysis. 

 

2.3.1.7 Fermentation assessment  

Strains GHW301, GHW302 and GHW303 were first assessed for the ability to 

ferment xylose and glucose individually or together using low initial cell density inocula 

as described by Harner et al. (2014). The cell pellet (OD600 of about 0.38–0.45 after 

inoculation) was transferred to 100 mL of medium containing 0.67 % (w/v) YNB without 

amino acids and 4 % (w/v) of either xylose or glucose, or 4 % (w/v) xylose plus 4 % 

(w/v) glucose. The culture was placed in a 250 mL flask which was incubated at 34–35 

°C with shaking at 180 rpm. P. tannophilus produces more xylitol than ethanol at 28–32 

°C. Above 34 °C the amount of xylitol produced is reduced substantially (Barbosa et al., 

1990b; Harner et al., 2014). Xylose fermentation by genome shuffled strains was first 

assessed at both 28 and 34–35 °C to confirm they retained this unique characteristic. This 

served as one of the criteria to rule out the isolation of non-P. tannophilus contaminants 

during strain selection (Harner et al., 2014). The fermentation performance of the mutants 

was compared to the WT at 34–35 °C. The ability of the mutants to ferment a mixture of 

4 % (w/v) xylose and 4 % (w/v) glucose was also assessed using high initial cell density 

inocula as described (Harner et al., 2014). The pellet (OD600 of about 10–13) was 

transferred to 100 mL of broth containing 0.67 % (w/v) YNB without amino acids and 4 
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% (w/v) each of xylose and glucose in a 250 mL Erlenmeyer flask and incubated at 34–

35 °C as above. 

 Strains GHW301, GHW302 and GHW303 were also assessed for fermentation in 

a mixture of 4 % (w/v) xylose and 4 % (w/v) glucose and in 4 % (w/v) xylose in the 

presence of acetic acid (pH adjusted from 3 to 4.5) using high initial cell density inocula 

as described by Harner et al. (2014). The pellet (OD600 of about 10–13) was transferred to 

a 100 mL broth containing 0.67 % (w/v) YNB without amino acids and 4 % (w/v) each of 

xylose and glucose in a 250 mL Erlenmeyer flask or 4 % (w/v) xylose and acetic acid 

(0.80–1.0 % w/v) and incubated at 34–35 °C as above. 

Strains GHW301, GHW302 and GHW303 were further assessed for their ability 

to ferment the sugars in liquid HW SSL and Lignol hydrolysate using high initial cell 

density inocula. The inoculum was prepared as described by Harner et al. (2014). The 

pellet was transferred to a 100 mL medium containing HW SSL (70–100 % v/v) or 

Lignol hydrolysate (10–30 % v/v) in a 250 mL Erlenmeyer flask and incubated at 34–35 

°C as above. The HW SSL and Lignol hydrolysate were diluted with sterile distilled 

water to lower the concentration of inhibitory compounds to levels permitting 

fermentation. The concentrations of xylose, glucose, mannose, galactose and arabinose 

were adjusted to their equivalent concentrations initially present in the undiluted HW 

SSL or Lignol hydrolysate. The starting pH of HW SSL (pH 1.6) and Lignol hydrolysate 

(pH 0.4) was adjusted to 5.5. At periodic intervals, 2 mL samples were withdrawn for 

sugar and ethanol analysis. 
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2.3.1.8 Analytical methods 

Fermentation samples were prepared for analysis as previously described (Harner 

et al., 2014). For growth and fermentation experiments in defined media, concentrations 

of acetic acid, HMF sugar and ethanol in the samples were measured by HPLC using an 

Aminex HPX-87H column (Barbosa et al., 1990a; Larsson et al., 1999a). For 

fermentation experiments in HW SSL and Lignol hydrolysate, sugar and ethanol 

concentrations in the supernatants were analyzed by GC-FID, using a BP10 and BP1 

column, respectively (30 m x 0.25 mm x 0.25 μm). The alditol acetate derivatization 

method was used to prepare sugar samples for GC analysis (Theander 1991). Sorbitol 

was used as an internal standard for analysis of xylitol, while ribose was used as an 

internal standard for analysis of all other sugars. For sugar analysis, the column 

temperature was 220 °C and the injector and detector temperatures were held at 240 °C. 

Nitrogen was used as the carrier gas at a flow rate of 30 cm/s. The total run time was 30 

min. For ethanol analysis, isobutanol was used as an internal standard. The column 

temperature was initially set at 40 °C for 3 min and then ramped to 150 °C at a rate of 15 

°C/min. The injector and detector temperatures were held at 250 and 275 °C, 

respectively. Nitrogen was used as the carrier gas at a flow rate of 28.3 cm/s. The total 

run time was 10 min. All liquid culture experiments were conducted three times using 

independently grown inocula. Values shown in figures are the means ± SEM for n = 3. 
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2.3.1.9 Taxonomic identification of mutant strains 

 Genome shuffled strains (GHW301, GHW302 and GHW303) and the WT were 

subjected to partial 18S rRNA sequence analysis to confirm they were P. tannophilus 

strains as described by Harner et al. (2014). 

 

2.3.2 Results and discussion 

2.3.2.1 Selection of inhibitor-tolerant genome shuffled strains  

Inhibitor-tolerant yeasts capable of fermenting all the sugars in non-detoxified 

lignocellulosic hydrolysates are essential for an efficient biomass conversion process. In 

this study, genome shuffling was used to obtain P. tannophilus strains with further 

improved tolerance to inhibitors in HW SSL. Mitotically stable homozygous diploids of 

P. tannophilus can be isolated by transferring pre-meiotic diploid conjugants from a 

sporulation medium to a medium that favors mitosis, thus interrupting ascospore 

formation (James and Zahab 1982). To allow for effective recombination of segregants 

during genome shuffling, an optimized mating protocol based on prototrophic selection 

was developed using methionine and arginine auxotrophic strains. These auxotrophic 

strains mated at a frequency of 0.03–0.06 ± 0.02 % (n = 3). Figure 11 shows the growth 

of auxotrophic mutants on MM plates following mating. The auxotrophs mated 

individually could not grow on MM plates since they had additional nutritional 

requirements of methionine (Figure 11a) or arginine (Figure 11b). However, successful  

mating of the methionine- and arginine-requiring auxotrophs allowed for growth on MM 

plates since recombinants retained the nutritional requirements that auxotrophs 

individually lacked (Figure 11c). 
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Figure 11 Growth of auxotrophic mutants on MM plates: (a) arginine-requiring and (b) 

methionine-requiring, showed no growth on MM plates when mated individually, 

following mating and sporulation of arginine-requiring and methionine-requiring 

auxotrophic mutants (c) recombinant cells showed growth on MM plates.  

 

Cross-mating was previously used by Clark et al. (1986) to obtain recombinants 

of two independently generated UV mutants of P. tannophilus (Jeffries 1984; Lee et al., 

1986) that produced ethanol from xylose more rapidly and with higher yields. In the 

present study, HW SSL-tolerant (UHW301, UHW302 and UHW303) and acetic acid- 

tolerant (UAA301, UAA302 and UAA303) UV mutants isolated by Harner et al. (2014) 

were pooled and subjected to genome shuffling using the optimized mating protocol. 

Putative recombinants were selected along HW SSL gradient plates to isolate colonies 

with improved inhibitor tolerance. Due to the low mating frequency and difficulty in 

obtaining strains with improved growth along gradient plates, consecutive rounds of 
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genome shuffling and selection were necessary to allow for accumulation of desirable 

traits. The pH of HW SSL gradient plates was adjusted to 3.5 to increase the protonated 

form of acetic acid, thereby allowing for selection of strains with greater tolerance to HW 

SSL and acetic acid. 

Following the first round of mating and selection, 30 colonies growing at higher 

concentrations on HW SSL gradient plates compared to the most tolerant HW SSL 

(UHW303) and acetic acid (UAA302) UV parental mutants were randomly isolated and 

assessed for growth in liquid HW SSL. Concentrations of HW SSL used for these 

experiments were based on those previously determined for the UV mutants (Harner et 

al., 2014). Five strains showing an initial decrease in cell numbers followed by growth 

comparable to UHW303 from day two to day ten in 70 % (v/v) HW SSL were designated 

first round genome shuffled strains and used as the starting pool for the next round of 

mating and selection. After the second round, 30 colonies growing at higher 

concentrations on HW SSL gradient plates compared to first round genome shuffled 

strains were randomly selected. Of these, five strains survived from day zero to day six in 

80 % (v/v) HW SSL and were designated second round genome shuffled strains and used 

as the starting population for the next round. After the third round of genome shuffling, 

25 colonies growing at higher concentrations on HW SSL gradient plates compared to 

second round genome shuffled strains were isolated. Of these, three strains viable or able 

to grow in 80 % (v/v) HW SSL were designated third round genome shuffled strains. 

These strains were carried to a fourth round of mating and selection, however no further 

improvement in growth along gradient plates was observed and no additional colonies 

were selected. After each round of genome shuffling, few of the strains isolated from the 
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gradient plates showed improvement in growth when tested in liquid HW SSL. This 

limited the number of strains used as the starting population for subsequent rounds of 

shuffling. Instead of six initial mutant populations, had we started with a larger number of 

mutant populations with greater diversity of beneficial mutations, we might have 

obtained greater improvements in the isolated strains. Following each round of genome 

shuffling and growth assessment in liquid HW SSL, the fermentation performance of 

selected strains was assessed in 4 % (w/v) xylose to ensure they continued to produce 

ethanol from this pentose sugar. 

 Three third round genome shuffled strains (GHW301, GHW302 and GHW303) 

were selected for further study. Figure 12 shows growth of the WT, UHW303, GHW301, 

GHW302 and GHW303 on a HW SSL gradient plate (pH 3.5). The genome shuffled 

strains were more tolerant than the UV-induced mutant (UHW303), which in turn was 

more tolerant than the WT as illustrated by growth at higher concentrations along the 

gradient plate. The most tolerant strain, GHW301, grew at the highest HW SSL 

concentrations along the gradient plate. A similar strategy using cross-mating based 

genome shuffling was successful in isolating strains of S. stipitis and S. cerevisiae with 

improved tolerance to HW SSL (Bajwa et al., 2010; Pinel et al., 2011). Since GHW301, 

GHW302 and GHW303 showed similar performance during subsequent growth and 

fermentation experiments, the results of only one genome shuffled strain (GHW301) are 

presented in comparison to the WT and UHW303 to simplify the figures. 
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Figure 12 Growth of genome shuffled strains of P. tannophilus (GHW301, GHW302 and 

GHW303) on a HW SSL gradient plate at pH 3.5. Growth of the UV-generated 

UHW303 used as one of the parental strains. The WT is shown for comparison. 

 

2.3.2.2 Growth of genome shuffled strains in liquid HW SSL 

 The WT strain was previously shown to be unable to grow above 50 % (v/v) HW 

SSL (pH 4.5) (Harner et al., 2014). Also, in 70 % (v/v) HW SSL (pH 4.5), UAA302 

survived for 4 days while UHW303 could grow at this concentration (Harner et al., 

2014). In this study, growth of GHW301 was assessed in 80 % (v/v) HW SSL (pH 4.5). 

GHW301 was the most tolerant based on growth assessment in 80 % (v/v) HW SSL. Cell 

numbers decreased from about 10
7
 to 10

5
 CFU/mL in the first 4 days and then increased 

to about 10
8
 CFU/mL from day four to day ten, representing five and a half doublings 

(Figure 13). Third round genome shuffled strains did not survive in 90 % (v/v) HW SSL. 
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Figure 13 Growth of P. tannophilus WT, UHW303 and GHW301 in 80 % (v/v) HW 

SSL (pH 4.5) at 28 °C. Symbols: WT (cross symbol), UHW303 (open circle) and 

GHW301 (filled square). Error bars represent SEM, n = 3. 

 

2.3.2.3 Growth of genome shuffled strains in selected inhibitory compounds 

Growth in liquid media containing acetic acid at pH 4.5 (Figure 14) was assessed. 

In 0.70 % (w/v) acetic acid, the genome shuffled strains did not display any lag phase 

prior to growth (Figure 14a). This differed from the WT and UAA302 which displayed a 

lag phase of 4 days at this acetic acid concentration (Harner et al., 2014). For GHW301 

growth occurred from day zero to day ten, and the increase in OD600 from 0.144 to 10 

represented six doublings. In 0.80 % (w/v) acetic acid, GHW301 displayed an initial lag 

phase of 2 days followed by growth from day two to day ten (OD600 from 0.142 to 7.66) 

(Figure 14b), representing five and a half doublings. The lag displayed by GHW301 was 

shorter compared to that of 6 days exhibited by UAA302 at this acetic acid concentration 

(Harner et al., 2014). In 0.90 % (w/v) acetic acid, GHW301 exhibited an extended lag 

phase of 4 days before growth occurred (Figure 14c). Maximum growth for GHW301 

(OD600 from 0.140 to 5.32) was reached on day eight, representing about five doublings. 

In comparison, UAA302 and UHW303 exhibited a lag phase of 6 days in 0.90 % (w/v) 
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Figure 14 Growth of P. tannophilus WT, UAA302 and GHW301 in (a) 0.70 % (w/v), (b) 

0.80 % (w/v) and (c) 0.90 % (w/v) acetic acid media containing 2 % (w/v) xylose 

at 28 °C. The corresponding sugar and acetic acid utilization are shown in panels 

(d) 0.70 % (w/v), (e) 0.80 % (w/v) and (f) 0.90 % (w/v) acetic acid media. The 

initial pH of acetic acid media was adjusted to 4.5. In panels (d, e and f) solid 

lines represent xylose while dotted lines represent acetic acid concentrations. 

Symbols: WT (cross symbol), UAA302 (open diamond) and GHW301 (filled 

square). Error bars represent SEM, n = 3. 

 

acetic acid before growing for five and two doublings, respectively (Harner et al., 2014). 

Compared to the WT and UV mutants, the initial lag phase was significantly reduced 

with genome shuffled strains at all acetic acid concentrations tested. 
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Xylose and acetic acid utilization was monitored during growth in liquid media 

containing acetic acid and these profiles are presented in Figure 14d–f. Delayed growth in 

the presence of acetic acid was reflected in delayed xylose and acetic acid utilization. 

During growth, acetic acid was almost completely utilized compared to only 50 % of 

xylose (Figure 14d–f). No ethanol was produced during growth in the presence of acetic  

acid. The lack of ethanol production with GHW301 was similar to that observed during 

growth of the WT and UAA302 in acetic acid containing media (Harner et al., 2014). 

In contrast to the results with P. tannophilus reported here, genome shuffled 

strains of S. stipitis showing improved tolerance to HW SSL displayed no improved 

growth tolerance to acetic acid (Bajwa et al., 2010). In another study, Pinel et al. (2011) 

found genome shuffled strains of S. cerevisiae had to be pre-grown in HW SSL in order 

to demonstrate improved growth in acetic acid compared to the WT. Unlike this research 

that pooled mutants selected from two separate lines (HW SSL and acetic acid), Bajwa et 

al. (2010) and Pinel et al. (2011) pooled only HW SSL-tolerant UV mutants for genome 

shuffling. Also, in both previous studies, screening of genome shuffled strains was done 

on HW SSL gradient plates adjusted to pH 5.5, which was unlikely to strongly select for 

tolerance to acetic acid. These may have contributed to differences in the acetic acid 

tolerance of genome shuffled strains from different studies. 

HMF was found at slightly higher concentration in the batch of HW SSL provided 

and selected to test the cross-tolerance of the genome shuffled strains. Figure 15 shows 

the growth of genome shuffled strains in defined media containing HMF. In 0.60 % (w/v) 

HMF (Figure 15a), GHW301 had a lag phase of 4 days, similar to the WT strain, before 

growth occurred (OD600 from 0.182 to 11.59) with six doublings. In comparison, previous  
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Figure 15 Growth of P. tannophilus WT, UHW303 and GHW301 in HMF media 

containing 2 % (w/v) xylose at 28 °C. Panels: (a) growth in 0.60 % (w/v) HMF, 

(b) xylose (solid line) and HMF (dotted line) consumption in 0.60 % (w/v) HMF 

(c) xylitol (solid line) and ethanol (dotted line) formation in 0.60 % (w/v) HMF 

(d) growth in 0.70 % (w/v) HMF, (e) xylose (solid line) and HMF (dotted line) 

consumption in 0.70 % (w/v) HMF (f) xylitol (solid line) and ethanol (dotted line) 

formation in 0.70 % (w/v) HMF. Symbols: WT (cross symbol), UHW303 (open 

circle) and GHW301 (filled square). Error bars represent SEM, n = 3.   

 

work showed that UV mutant (UHW303) had a lag phase of 6 days before growth at this 

concentration (Harner et al., 2014). In 0.70 % (w/v) HMF (Figure 15d), GHW301 was 

growth occurred (OD600 from 0.182 to 11.59) with six doublings.  
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Xylose and HMF utilization was monitored during growth in liquid media 

containing HMF (Figure 15b, e). During growth, HMF utilization began immediately 

followed by xylose utilization. The lag phase in growth coincides with delayed xylose 

consumption. In 0.60 % (w/v) HMF (Figure 15b), the WT utilized xylose faster than the 

genome shuffled strains, which corresponds to the faster growth of the WT strain 

following the 4 day lag period. Complete HMF and xylose utilization occurred for all 

strains at this concentration. In 0.70 % (w/v) HMF (Figure 15e), GHW301 completely 

utilized HMF but only 50 % of the initial xylose by day ten. Minimal amounts of ethanol 

and xylitol were produced by genome shuffled strains (Figure 15c, f).  

 

2.3.2.4 Fermentation of glucose and xylose by genome shuffled strains 

The fermentation performance of the genome shuffled strains on individual and 

mixed sugars was first assessed using low initial cell density. The results confirmed that 

they retained their fermentative ability (Figure 16). Their ability to ferment a mixture of 4 

% (w/v) glucose plus 4 % (w/v) xylose was assessed using high initial cell density 

cultures (Figure 17). Complete glucose utilization (Figure 17a) occurred slightly faster 

with the WT strain (12 h) compared to the genome shuffled strains (18 h). However, 

xylose was metabolized faster (Figure 17b) by the genome shuffled strains (72 h) 

compared to the WT (120 h). Native pentose-fermenting yeasts are known to suffer from 

hexose repression (Bicho et al., 1988; Webb and Lee 1990) and utilize xylose slowly 

after glucose depletion (Ligthelm et al., 1988a), resulting in reduced ethanol yields and 

productivity from mixed hexose and pentose sugars in lignocellulosic hydrolysates.  
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Figure 16 Low initial cell density fermentation in defined media by P. tannophilus WT 

and GHW301 in (a) 4 % (w/v) glucose, (b) 4 % (w/v) xylose and (c) 4 % (w/v) 

each of glucose and xylose at 34–35 °C. Solid lines represent sugars (glucose, 

xylose or xylitol) and dotted lines represent ethanol concentrations. Symbols: WT 

(cross symbol) and GHW301 (filled square). Error bars represent SEM, n = 3 

 

Strain GHW301 showed improved co-utilization of glucose and xylose during mixed 

sugar fermentation than the WT (Figure 17c). More efficient utilization of all sugars in 

lignocellulosic hydrolysates is an important trait for ethanol production from 

lignocellulosic hydrolysates. Genome shuffled strains produced peak ethanol  
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Figure 17 High initial cell density (OD600 between 10 and 13) fermentation by P. 

tannophilus WT and GHW301 in defined media containing 4 % (w/v) each of 

glucose and xylose at 34–35 °C. Solid lines represent sugars (glucose, xylose or 

xylitol) and dotted lines represent ethanol concentrations. Symbols: WT (cross 

symbol) and GHW301 (filled square). Error bars represent SEM, n = 3. 

 

concentrations (1.62–1.80 % w/v) at 48 h, while the WT produced a higher peak ethanol 

concentration (1.97 % w/v) at 72 h (Figure 17c). Once the peak ethanol concentration 

was reached, all strains began to utilize ethanol even though xylose was still present and 

being metabolized. This is consistent with a previous report that P. tannophilus can 

produce and consume ethanol simultaneously when growing on xylose (Maleszka and 

Schneider 1982a). The amount of xylitol produced was similar for all strains (0.36–0.44 

% w/v) (Figure 17c).  
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To further assess the fermentative ability of the genome shuffled strains, high 

initial cell density fermentation in 4 % (w/v) xylose medium containing acetic acid (0.90 

% w/v) at pH 4.5 was performed (Figure 18). At this concentration, the WT did not  

utilize xylose or acetic acid and did not produce any ethanol. Previous work showed that 

the most tolerant acetic acid UV mutant (UAA302) began to utilize acetic acid on day six 

and xylose on day seven, producing a maximum ethanol concentration on day nine of 

0.39 % (w/v) (Harner et al., 2014). GHW301 showed improved substrate utilization 

compared to UAA302 and consumed xylose and acetic acid with no initial lag (Figure 

18a). However, the genome shuffled strains did not produce any ethanol (Figure 18b). On 

day ten, the pH for the WT did not change (pH 4.5) but increased for the genome shuffled 

strains (pH 7.0 to 9.0). A similar increase was seen with UAA302 (pH 7.0) (Harner et al., 

2014). Negligible amounts of xylitol were produced by all strains.  

 For our study, HW SSL UV mutants used as part of the starting population for 

genome shuffling lacked the ability to produce ethanol from xylose in the presence of 

acetic acid at the concentrations tested (Harner et al., 2014). This may explain why 

genome shuffled strains did not retain the fermentation characteristic displayed by 

UAA302. In contrast to our study, a genome shuffled strain of C. krusei with improved 

tolerance to acetic acid (S4-3) had greater ethanol production (72 g/L), ethanol 

production rate (0.67 g/h/L) and faster fermentation time (108 h) compared to the WT  

(62.1 g/L, 0.45 g/L/h and 138 h, respectively) during fermentation in defined media 

containing glucose and acetic acid (0.40 and 0.80 % w/v, respectively) (Wei et al., 2008).   
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Figure 18 High initial cell density (OD600 between 10 and 13) fermentation by P. 

tannophilus WT, UAA302 and GHW301 in defined 4 % (w/v) xylose-containing 

media supplemented with 0.90 % (w/v) acetic acid at 34–35 °C. The pH of the 

acetic acid media was adjusted from 3 to 4.5. Solid lines represent substrates and 

dotted lines represent ethanol concentrations. Symbols: WT (cross symbol), 

UAA302 (open diamond) and GHW301 (filled square). Error bars represent 

SEM, n = 3.   
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2.3.2.5 Fermentation of sugars in HW SSL and aspen hydrolysate by genome shuffled 

strains 

The fermentative ability of genome shuffled strains was assessed in HW SSL and 

an aspen hydrolysate from Lignol. The pH of the HW SSL and Lignol hydrolysate was 

adjusted (from 1.6 and 0.4, respectively) to 5.5. This was the pH for fermenting SSL at 

the Tembec Alcohol Plant. Increasing the pH to 5.5 can substantially reduce the 

inhibitory effect of acetic acid due to an increase in the proportion of the dissociated form 

of this acid.  

Fermentation in HW SSL (Figure 19) was assessed to see if improved tolerance, 

which allowed for improved growth in HW SSL, translated into improved fermentation. 

In 70 % (v/v) HW SSL, the genome shuffled strains utilized all sugars (Figure 19a–c) 

except galactose. In contrast, xylose utilization ceased after day two with the WT strain 

and 1.5 % (w/v) remained at the end of the fermentation (Figure 19a). GHW301 

produced the highest peak ethanol concentration among the genome shuffled strains 

(0.74–0.85 % w/v). The WT produced a lower peak ethanol concentration (0.62 % w/v) 

(Figure 19d). In 80 % (v/v) HW SSL, sugar consumption by the genome shuffled strains 

was slower (Figure 19e–g) and 1.14–1.55 % (w/v) of xylose remained at the end of 

fermentation (Figure 19e). Genome shuffled strains produced similar peak ethanol 

concentrations (0.73–0.79 % w/v) (Figure 19h). In comparison, the WT consumed 

minimal amounts of sugars (3.57 % w/v remaining) and produced a much lower peak 

ethanol concentration (0.27 % w/v). Finally, in 90 % (v/v) HW SSL, minimal sugar 

utilization occurred (3.09–3.34 % w/v remaining) (Figure 19i–k) with the genome 

shuffled strains and low amounts of ethanol (0.16–0.24 % w/v) were produced (Figure  
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Figure 19 High initial cell density (OD600 between 10 and 13) fermentation by P. 

tannophilus WT and GHW301 in HW SSL (pH 5.5) at 34–35 °C. Panels: (a, b, c and d) 

sugar utilization in 70 % (v/v) HW SSL (e) xylitol (solid line) and ethanol (dotted line) 

concentration in 70 % (v/v) HW SSL (f, g, h and i) sugar utilization in 80 % (v/v) HW 

SSL (j) xylitol (solid line) and ethanol (dotted line) concentration in 80 % (v/v) HW SSL 

(k, m, n and p) sugar utilization in 90 % (v/v) HW SSL (q) xylitol (solid line) and ethanol 

(dotted line) concentration in 90 % (v/v) HW SSL. Symbols: WT (cross symbol) and 

GHW301 (filled square). Error bars represent SEM, n = 3. 
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19m). At this dilution of HW SSL, the WT did not utilize any of the sugars nor did it 

produce ethanol. Galactose was not used during fermentation (data not shown) and low 

amounts of xylitol (0.08–0.13 % w/v) were produced (Figure 19d, h, m). 

To assess if the genome shuffled HW SSL-tolerant strains exhibit cross-tolerance 

to inhibitors in other lignocellulosic hydrolysates, ethanol production from Lignol 

hydrolysate was assessed (Figure 20). The Lignol hydrolysate was more toxic than HW 

SSL as assessed by growth on gradient plates (data not shown) and it was diluted to 10, 

20 and 30 % (v/v) before testing. In 10 % (v/v) Lignol hydrolysate, sugar utilization was 

similar for all strains tested (Figure 20a–d), with GHW301 producing a higher peak 

ethanol concentrations (0.56 % w/v) compared to the WT (0.40 % w/v) (Figure 20e). In 

20 % (v/v) Lignol hydrolysate, sugar utilization was slower and incomplete for most 

strains (Figure 20f–i), except the WT strain which completely utilized glucose in 72 h. 

Genome shuffled strains produced more ethanol (0.36–0.58 % w/v) than the WT (0.20 % 

w/v) (Figure 20j). In 30 % (v/v) Lignol hydrolysate, the WT did not produce ethanol, 

while GHW301 produced 0.25 % (w/v) ethanol (Figure 20q). High amounts of residual 

sugar remained at the end of the fermentation (Figure 20k–p). The genome shuffled 

strains produced lower amounts of xylitol (0.01–0.26 % w/v) at all hydrolysate 

concentrations tested (Figure 20e, j, q) compared to the WT (0.32–0.57 % w/v). Similar 

to this study, Bajwa et al. (2011) demonstrated cross-tolerance of the genome shuffled 

mutants of S. stipitis to inhibitors in several wood hydrolysates. 

The genome shuffled mutants of P. tannophilus were not maintained under any 

selection pressure and, after repeated transfers in nonselective media, no reversion was 

observed between replicates in growth and fermentation performance. Based on partial  
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Figure 20 High initial cell density (OD600 between 10 and 13) fermentation by P. 

tannophilus WT and GHW301 in Lignol hydrolysate (pH 5.5) at 34–35 °C. Panels: (a, b, 

c and d) sugar utilization in 10 % (v/v) Lignol (e) xylitol (solid line) and ethanol (dotted 

line) concentration in 10 % (v/v) Lignol (f, g, h and i) sugar utilization in 20 % (v/v) 

Lignol (j) xylitol (solid line) and ethanol (dotted line) concentration in 20 % (v/v) Lignol 

(k, m, n and p) sugar utilization in 30 % (v/v) Lignol (q) xylitol (solid line) and ethanol 

(dotted line) concentration in 30 % (v/v) Lignol. Symbols: WT (cross symbol) and 

GHW301 (filled square). Error bars represent SEM, n = 3. 
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18S rRNA sequence analysis (about 1300 bp) the WT and genome shuffled strains 

GHW301, GHW302 and GHW303 were all identified as P. tannophilus with 100 % 

sequence identity 

 

2.4 Determinants of tolerance to inhibitors in HW SSL in genome shuffled strains of 

P. tannophilus
4
  

 Little is known about genomic changes responsible for polygenic traits such as 

inhibitor tolerance. Determining the genetic basis of inhibitor tolerance is essential for the 

rational design of improved strains. Different approaches have been used to investigate 

the effect of individual inhibitors. The proteomic response of S. stipitis (Hao et al., 2013) 

and S. cerevisiae (Lin et al., 2009) provided insight into furfural tolerance which was 

found to elicit differential expression of proteins involved in carbon metabolism and a 

range of other functional categories. Transcriptional analysis of S. cerevisiae revealed 

genes differentially expressed in response to acetic acid, furfural (Li and Yuan 2010) and 

HMF (Liu and Slininger 2006). Mira et al. (2010b) screened deletion mutants in S. 

cerevisiae and identified 650 determinants possibly involved in acetic acid tolerance. 

Inhibitory compounds may act synergistically to exert toxicity and the complex mixture 

of inhibitors in HW SSL was found to induce transcriptional responses significantly 

different from those of individual inhibitors (acetic acid, furfural or HMF) (Bajwa et al., 

2013b). Genes whose expression was significantly changed in the presence of HW SSL 

                                                        
4
 Results presented in Section 2.3 and 2.4 have been published in:  

Harner, N.K., Bajwa, P.K., Formusa, P.A., Austin, G.D., Habash, M.B., Trevors, J.T., 

Chan, C.K., Ho, C.Y., Lee, H., 2015a. Determinants of tolerance to inhibitors in 

hardwood spent sulfite liquor in genome shuffled Pachysolen tannophilus strains. 

Antonie van Leeuwenhoek J. Microbiol. In press. doi: 10.1007/s10482-015-0537-9 
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were found to be involved in several aspects of cellular structure and function, with some 

of the largest changes in expression affecting genes involved in iron transport, mating, 

phospholipid metabolism and stress response (Bajwa et al., 2013b). 

 Whole-genome sequencing is considered the most definitive genome-wide 

approach for the identification of relevant changes at the DNA level (Oud et al., 2012). 

Advantages include sequencing results not being affected by experimental variation and 

the potential to precisely reproduce identified changes in native strains (Oud et al., 2012). 

The genome sequence of P. tannophilus CBS 4044 (NRRL Y-2460) has been published 

and annotated with function (Liu et al. 2012). P. tannophilus has an estimated genome 

size of about 13.6 ± 0.4 Mb and eight chromosomes (Liu et al., 2012). 

 We previously used UV mutagenesis (Harner et al., 2014) coupled with cross-

mating based genome shuffling (Harner et al., 2015a) to generate strains of P. 

tannophilus (GHW301, GHW302 and GHW303) with enhanced tolerance to inhibitors, 

allowing for improved ethanol production in HW SSL and an aspen hydrolysate. 

Improvement was achieved in the absence of knowledge of genetic modifications that 

collectively conferred tolerance to HW SSL inhibitors.  

The putative genetic factors that confer improved inhibitor tolerance in genome 

shuffled strains (GHW301, GHW302 and GHW303) were analyzed using high-

throughput genome sequencing and bioinformatics tools. To determine the origins of 

mutations seen in genome shuffled strains, we sequenced the most tolerant acetic acid 

(UAA302) and HW SSL (UHW303) UV mutants from which GHW301, GHW302 and 

GHW303 were derived. A schematic illustrating the lineage of our genome shuffled 

strains is presented in Figure 21. Understanding the molecular basis of inhibitor tolerance  
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Figure 21 Schematic illustrating the lineage of improved P. tannophilus mutants used for 

whole genome sequencing. 

 

will provide insight into specific gene functions and guide the engineering of robust yeast 

strains able to tolerate the inhibitors and ferment the sugars in lignocellulosic 

hydrolysates.  

 

2.4.1 Materials and methods 

2.4.1.1. Culture maintenance and inoculum preparation 

 P. tannophilus NRRL Y-2460 (WT) was obtained from Dr. Cletus Kurtzman 
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(USDA ARS, Peoria, IL, USA). Acetic acid (UAA302) and HW SSL (UHW303) UV 

mutants (Harner et al., 2014) as well as an improved genome shuffled strains (GHW301, 

GHW302 and GHW303) (Harner et al., 2015a) of P. tannophilus were previously 

isolated. Yeast strains were maintained at 4 °C on agar plates comprised of 0.67 % (w/v) 

yeast nitrogen base (YNB) without amino acids and 2 % (w/v) xylose and sub-cultured 

periodically. For DNA isolation, the inoculum for each strain was prepared by 

transferring a loopful of cells to 20 mL of broth containing 1 % (w/v) yeast extract, 2 % 

(w/v) peptone and 2 % (w/v) glucose (YEPD) in a 125 mL Erlenmeyer flask. The 

inoculum was grown at 28 °C for 24 h with shaking at 180 rpm. Total yeast genomic 

DNA was isolated and purified using a DNeasy Mini Kit (Qiagen) according to the 

manufacturer’s instructions. 

 

2.4.1.2 Whole genome sequencing 

 Whole genome sequencing of the WT, UAA302, UHW303, GHW301, GHW302 

and GHW303 was done at the Microarray Laboratory and Centre for Systems Biology 

(Lunenfeld-Tanenbaum Research Institute at Mount Sinai Hospital, Toronto, ON, 

Canada). Briefly, 1 µg of high quality total DNA was used to generate the DNA library 

using Illumina TruSeq DNA PCR-Free Sample Preparation Kit (Cat#: FC-121-3001). 

The average fragment size of the generated barcoded DNA library was 350–400 bp. The 

quality of the barcoded library was checked with an Agilent Bioanalyzer and quantified 

by qPCR using KAPA SYBR FAST Universal 2X qPCR Master Mix (Kapa Biosystem, 

Cat#: KK4602) running in Applied Biosystems 7900HT. The quality checked libraries 

were then loaded on a flowcell for cluster generation using Illumina c-Bot and TruSeq PE 
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Cluster Kit v3 (Cat#: PE-401-3001). Sequencing was done on HiSEq 2000 with TruSeq 

SBS Kit v3 (paired-end 200 cycles, Cat#: FC401-3001). The real-time base call (.bcl) 

binary files were converted to fastq text files using CASAVA 1.8.2 (on CentOS 6.0 data 

storage and computation linux servers). 

 

2.4.1.3 Sequence alignment and variance identification 

The DNA sequencing reads for the WT strain, UV mutants (UAA302 and 

UHW303) and genome shuffled strains (GHW301, GHW302 and GHW303) were 

aligned to the P. tannophilus reference genome obtained from the Joint Genome Institute 

(JGI) (Pacta1_2). Sequence alignment was performed using BOWTIE 2.0.0 with default 

mapping parameters. To estimate polymorphisms, the alignment BAM files for the 

improved strains were used to generate text-based sequencing reads (pileups) along the 

WT chromosomes using SAMTOOLS 0.1.8 (r613). Using custom Practical Extraction 

and Report Language (PERL) scripts we applied our own heuristic filtering to identify 

candidate variants based on the distribution of the percent call differences between the 

WT and improved mutant strains. We reasoned that a true mutation at a position should 

have no less than 75 % call difference. Changes in amino acids between the WT and 

mutant strains were determined using the Integrative Genomics Viewer (IGV, version 

2.3).    

 

2.4.1.4 Data acquisition and analysis 

Annotations for the yeast genomes were downloaded from the JGI database. 

Protein function was assigned to genes according to eukaryotic orthologous groups 
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(KOG) classifications. To determine functionality of affected genes with unknown 

cellular function, a BLASTp search was run between the unknown genes and genes from 

public databases. We used the best BLASTp hits with predicted function and a maximum 

e-value threshold of 1e
-5

.  

 

2.4.1.5 Predicted functional effects of mutations  

The predicted functional impact of amino acid substitutions on their respective 

proteins was performed using Protein Variation Effect Analyzer (PROVEAN), available 

at http://provean.jcvi.org. PROVEAN uses a delta alignment-based score that measures 

changes in sequence similarity of the query sequence with each of its homologs collected 

from NCBI, before and after the introduction of the mutation (Choi et al., 2012). A 

protein variant with a PROVEAN score equal to or below a predefined threshold (-2.5) 

was predicted to have a ‘deleterious’ effect on protein function, otherwise it was 

predicted as having a ‘neutral’ effect. Evolutionarily conserved amino acid residues are 

likely to be functionally important, and amino acid substitutions at such positions are 

likely to result in altered protein function. The default threshold is a cutoff determined to 

maximize the minimum sensitivity and specificity of PROVEAN scores (Choi et al., 

2012).  

 

2.4.2 Results and discussion 

2.4.2.1. Genetic changes in genome shuffled inhibitor-tolerant strains 

The complex and variable nature of inhibitors in lignocellulosic hydrolysates 

limits our understanding of how they may contribute to cellular toxicity. A challenge with 
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employing random strain improvement strategies is the lack of insight into molecular 

mechanisms responsible for the improved phenotypes. In this study, whole genome 

sequencing and analysis was carried out to identify all the mutations accumulated in 

genome shuffled strains GHW301, GHW302 and GHW303 of P. tannophilus that 

collectively conferred improved inhibitor tolerance. 

After applying our filtering strategy to identify candidate variants, genomic 

sequence analysis revealed the same 60 single nucleotide polymorphisms in GHW301, 

GHW302 and GHW303. Of these, 40 were in gene sequences while the other 20 were 

located within 5 bp to 1 kb either up or downstream of putative genes of interest. 

Sequencing analysis also revealed additional mutations that were unique to GHW301 

(five mutations), GHW302 (ten mutations) and GHW303 (two mutations). We organized 

the genetic changes in gene sequences based on the function of the corresponding gene 

product, while changes in intragenic regions were organized based on the closest gene 

product from the mutation. Functional categories containing a large number of mutations 

may signify cellular functions important for tolerance to inhibitors in HW SSL and other 

lignocellulosic hydrolysates. How these functions relate to inhibitor tolerance is 

discussed below. 

This is the first whole genome sequencing study of an evolved native pentose-

fermenting yeast strain. Consequently, most papers discussed in relation to our research 

are based on gene expression studies in S. cerevisiae which, while suggestive, do not 

provide information on possible activity alterations of the gene products in our improved 

strains. Only recently has sequencing of an evolved S. cerevisiae strain been performed to 

identify the determinants of tolerance to inhibitors in HW SSL (Pinel et al., 2015). These 
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researchers used a similar cross-mating genome shuffling approach to isolate strain R57 

with improved tolerance to HW SSL (Pinel et al., 2011). Subsequent whole genome 

sequencing of R57 identified 21 point mutations that affected 17 genes which collectively 

conferred inhibitor tolerance to HW SSL. 

 

2.4.2.2 Mutations in gene sequences in genome shuffled P. tannophilus strains 

In the gene sequences 33 single nucleotide variations were identified that affected 

29 genes with known functions. These genes were organized into eight groups based on 

the assigned KOG function: (a) cell division (one gene); (b) cell trafficking (four genes); 

(c) cytoskeleton functions (two genes); (d) peroxisome biogenesis (one gene); (e) 

ribosome biogenesis (one gene); (f) signal transduction (four genes); (g) transcription 

(five genes); (h) transport and metabolism (11 genes) (Table 10). Similar to our research, 

Pinel et al. (2015) found mutations in the HW SSL-tolerant genome shuffled S. cerevisiae 

strain R57 affected a variety of cellular functions. The researchers identified mutations in 

genes related to ubiquitin-mediated proteolysis (Ubp7p and Art5p), a stress response 

transcriptional repressor (Nrg1p) and a NADPH-dependent glutamate dehydrogenase 

(Gdh1p) as novel gene targets for inhibitor tolerance. 

The amino acid changes deduced from the nucleotide variations included 22 

missense mutations (change in amino acid), eight silent mutations (no change in amino 

acid) and three nonsense mutations (premature stop codon). Interestingly, a large number 

of these mutations (67 %) resulted in amino acid changes in GHW301, GHW302 and 

GHW303 indicating high selective pressure. This is in agreement with Pinel et al. (2015)  
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Table 10 Single nucleotide variations in gene sequences of GHW301, GHW302 and GHW303 with known functions. 

KOG functional 

group 
Function 

Function 

description 
Protein description 

Location 

on scaffold 
Mutation 

JGI 

protein ID 

PROVEAN 

score 

Cellular 
processes 

and 

signaling 

Cell trafficking 

Nuclear structure 
Nuclear pore complex, Nup214/CAN component 
(Nup159 homolog in S. cerevisiae) 

7:435198 Missense 35494a -1.233 

 

Nuclear transport receptor CRM1/MSN5 (importin 

beta superfamily) 
2:1736506 Nonsense 32749a NA 

Ran-binding protein RANBP1 and related RanBD 
domain proteins 

1:1539486 Missense 73805 -2.746 

Vacuolar protein sorting protein 
6:885563 Missense 18111a -5.793 

6:885564 Missense 18111a -3.807 

Cytoskeleton functions 
 

Actin-binding protein Coronin, contains WD40 
repeats 

7:392533 Missense 35477a -0.007 

Members of tubulin/FtsZ family 6:375672 Missense 51070a 0.341 

Posttranslational 

modification, protein 
turnover, chaperones 

 

Peroxisome assembly factor 2 containing AAA?-

type ATPase domain 
5:593368 Missense 50650a -3.567 

Signal transduction 
 

Casein kinase (serine/threonine/tyrosine protein 

kinase) 
6:252959 Missense 51030a -5.931 

Predicted membrane proteins, contain hemolysin 
III domain 

1:352047 Missense 63101a -3.048 

Protein involved in high osmolality signaling 

pathway 
4:348783 Silent 42973a 0.0 

Serine/threonine protein kinase 
4:108468 Missense (in 5’ UTR) 68182 NA 

4:108469 Missense (in 5’ UTR) 68182 NA 

Information storage 

and processing 

Ribosome biogenesis 
 

Predicted nucleolar protein involved in ribosome 

biogenesis 
3:1728428 Silent 49840a 0.0 

Transcription 
 

Heat shock transcription factor (HSF1 in yeast) 3:43666 Missense 49203 -0.882 

Pterin carbinolamine dehydratse dimerization 
cofactor HNF1 

8:644351 Missense 36036a 0.0 

TATA binding protein associated factor 1:1125268 Silent 63704 0.0 

Transcription regulator 3:1481142 Silent 16538 0.0 

Transcription regulator XNP/ATRX, DEAD-box 

superfamily (Rad54p homolog in S. cerevisiae) 

1:1009700 Missense 47795a 1.679 

1:1009811 Missense 47795a 1.571 

1:1009844 Nonsense 47795a NA 

Metabolism Cell division 
Cell cycle control, 

cell division, 

Sister chromatid cohesion complex Cohesin, 

subunit PDS5 
1:469394 Missense 210 -3.458 
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chromosome 

partitioning 

Transport and 

metabolism 

Amino acid 
transport and 

metabolism 

4-hydroxyphenylpyruvate dioxygenase 1:1680115 Silent 78656a 0.0 

Amino acid transporter 
1:44711 Missense 47407a -3.267 

1:1104891 Missense 73650 -8.680 

Carbohydrate 

transport and 
metabolism 

Chitinase 1:110299 Silent 47432 0.0 

Chitinase 3:1267021 Missense 49672 -4.0 

Ion transport and 
metabolism 

Na+/K+ transporter 1:436991 Nonsense 83126 NA 

Lipid transport and 

metabolism 

Acetyl-CoA carboxylase 7:163915 Missense 51404 -4.750 

Acyl-CoA transporter, ABC superfamily 3:396743 Silent 21035 0.0 

Nucleotide transport 

and metabolism 
Adenylate kinase 8:233511 Missense (in 3’ UTR) 51848a NA 

Secondary 

metabolites 

biosynthesis, 
catabolism and 

transport 

Ferric reductase, NADH/NADPH oxidase 3:39905 Silent 30325a 0.0 

Multidrug resistance protein, ABC superfamily 1:1759418 Missense 48088a -2.523 

 

NA - Mutation in UTR or results in truncation, PROVEAN score not applicable 
a
 Mutation acquired from UHW303 
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who also found 67 % of the mutations in genome shuffled strain R57 resulted in an amino 

acid change. It can be hypothesized that potentially useful mutations that accumulated 

through our UV mutagenesis and cross mating strategy conferred survival advantages to 

mutants selected during screening on gradient plates. In support of this hypothesis, 12 of 

these amino acid substitutions are predicted by PROVEAN analysis to have a deleterious 

effect (score less than -2.5) on protein function (Table 10). Predicted deleterious effects 

could likely lead to altered functional modifications, while neutral effects indicate 

mutations may be tolerated and not affecting protein function (Choi et al., 2012). 

 

Mutations that affected cellular transport and metabolism 

Some lignocellulosic hydrolysates may be low in nutrients and nitrogen. Yeast 

tolerance to inhibitors may depend on better uptake, biosynthesis or catabolism of amino 

acids, lipids, secondary metabolites and sugars. In genome shuffled strains, amino acid 

changes occurred in two proteins associated with amino acid transporters, while a 

nonsense mutation occurred in a protein associated with a Na
+
/K

+
 transporter resulting in 

truncation of this protein. Bajwa et al. (2013b) reported that, in the presence of HMF, the 

expression of several genes involved in amino acid transport was increased in a SSL-

adapted S. cerevisiae T2 strain. In other studies increased expression of genes related to 

amino acid uptake and biosynthesis have been identified for tolerance to acetic acid in S. 

cerevisiae (Almeida et al., 2009a; Li and Yuan 2010; Mira et al., 2010b). This is in 

agreement with the reported low intracellular levels of amino acids (Bauer et al., 2003) 

attributed to inhibition of amino acid uptake in the presence of acetic acid (Almeida et al., 

2009a). Pinel et al. (2015) also observed the genome shuffled S. cerevisiae strain R57 had 
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a mutation in Aro1p, involved in aromatic amino acid synthesis, which increased in 

frequency within sequenced mutant pools. 

A point mutation in ACC1, encoding acetyl-CoA carboxylase, occurred in 

genome shuffled P. tannophilus strains. Acetyl-CoA carboxylase plays a critical role in 

regulating fatty acid metabolism as it catalyzes the first rate-limiting step in fatty acid 

biosynthesis. Interestingly, Bajwa et al. (2013b) also reported that expression of ACC1 as 

well as two other genes involved in lipid biosynthesis (FAS1 and ERG11) was decreased 

in S. cerevisiae T2 cells in response to HW SSL. Alteration in membrane lipid 

composition has been suggested to be one of the mechanism(s) for tolerance to acetic 

acid (Lindberg et al., 2013) and ethanol (Ma and Liu 2010a), thereby allowing yeast to 

maintain proper membrane fluidity and function. 

A mutation in a multi-drug resistance (MDR) ATP-binding cassette (ABC) 

transporter occurred in genome shuffled strains. Genes influencing the MDR phenotype 

are known as pleiotropic drug resistance or PDR genes. Overexpression of the MDR 

transporter (Pdr12) confers resistance to acetic acid in S. cerevisiae (Piper et al., 1998). 

Ma and Liu (2010b) found that adaptation to HMF resulted in a number of PDR genes, 

mainly PDR1 and PDR3, being induced during the lag phase. Deletion of either PDR1 or 

PDR3 in S. cerevisiae resulted in a longer lag phase during growth in HMF compared to 

the WT, suggesting ABC transporters are important for tolerance to furans (Ma and Liu 

2010b). In support of this, a decrease in intracellular ATP concentration was seen 

following furfural and HMF addition. This observation led Ask et al. (2013b) to 

hypothesize that ATP-binding efflux pumps may function in transporting furfural and 

HMF out of the cell. 
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In an earlier study, growth of S. cerevisiae T2 cells in HW SSL was found to 

result in increased expression of MDR transporter genes PDR5 and PDR16 (Bajwa et al., 

2013b). Exposure to HW SSL was hypothesized to activate a pheromone signaling 

pathway that represses growth and protein synthesis (Bajwa et al., 2013b). These events 

would allow cellular energy to be directed towards MDR transporters and genome 

shuffled strains to better adapt to the toxic HW SSL environment. 

 Of the changes identified in all genome shuffled strains, two chitinase genes were 

found to have mutations in the coding region (missense mutation and silent mutation, 

respectively), with the latter also having a mutation 553 bp upstream. In S. cerevisiae, 

disruption of chitinase activity leads to cell wall reinforcement through chitin 

accumulation and cell clustering due to reduced cell separation (Kuranda and Robbins 

1991; Oud et al., 2013). The cell wall is a target of acetic acid, furfural and HMF toxicity 

(Liu et al., 2009; Nygard et al., 2014), and changes that result in a more robust cell wall 

may contribute to increased tolerance in genome shuffled strains. 

 

Mutations that affected cell division and ribosome biogenesis 

 Genome shuffled inhibitor-tolerant strains of P. tannophilus possessed a missense 

mutation in a sister chromatid cohesion complex (cohesin) associated factor Pds5. 

Cohesin containing Pds5 protein has also been suggested to regulate rRNA metabolism 

and ribosome biogenesis (Davierwala et al., 2005; Krogan et al., 2006). Bajwa et al. 

(2013b) noted decreased expression of genes related to cell cycle and ribosome 

biogenesis during growth of S. cerevisiae T2 cells in HW SSL (Bajwa et al., 2013b). 

Regulation of ribosome biogenesis is critical to avoid unnecessary consumption of 
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cellular energy under stress conditions (Warner 1999). Induction of ribosome 

biosynthesis has been shown to be important for yeast tolerance to weak acids and 

ethanol (Dinh et al., 2009; Mira et al., 2010b). Genome shuffled strains of P. tannophilus 

had a translationally silent mutation in a gene involved in ribosome biogenesis, which 

would not affect such function. 

 

Mutations that affected transcription 

 Mutations related to transcription are of interest because they can alter induction 

of gene sets, potentially those contributing to improved inhibitor tolerance. Genome 

shuffled inhibitor-tolerant strains of P. tannophilus had an amino acid change in a heat 

shock transcription factor (Hsf1p), which regulates numerous targets in response to 

multiple stresses and is essential for cell viability (Hashikawa et al., 2006). Enhanced 

expression of HSF1 was also found to occur in HMF challenged cells (Ma and Liu 

2010b). HSF1 positively regulates genes involved in HMF stress response including 

MDR genes (Liu 2011), as well as SHP1 and SSA4 that are involved in degradation of 

damaged proteins and protein modification (Ma and Liu 2010b). Ma and Liu (2010b) 

found HSF1 was also highly expressed in an ethanol tolerant S. cerevisiae strain (Y-

50316) during ethanol stress. 

 In our strain improvement program, we used UV mutant populations as the 

starting pool for genome shuffling. UV radiation produces DNA double strand breaks 

(DSBs) indirectly by causing pyrimidine dimers and other photoproducts that lead to 

replication arrest and DSB formation (Rastogi et al., 2010). Among the various types of 

damages, DSBs are the most deleterious since they can lead to the loss of genetic material 
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(Rastogi et al., 2010). In this context, it is interesting to note that genome shuffled strains 

had one nonsense and two missense mutations in a transcription regulator, Rad54p, 

involved in genetic recombination and DSB repair in yeast (Jiang et al., 1996). DNA 

repair and recombination are vital processes to maintain genome integrity, genetic 

variation and correct cellular division during meiosis. 

  

Mutations that affected cell trafficking and cytoskeleton function 

 Cells redistribute transcription regulators between the nucleus and cytoplasm to 

alter gene expression in response to changing environmental conditions. Inhibitor-tolerant 

strains GHW301, GHW302 and GHW303 had four missense mutations in genes (MSN5, 

NUP159, RANBP1 and a vacuolar protein sorting protein) involved in cell trafficking. 

The nuclear pore complex protein Nup159 is required for regulation of proteins involved 

in mRNA export including Rip1p that is involved in a pathway for export of heat shock 

mRNAs following stress (Saavedra et al., 1997). Under stress, such as that found in the 

harsh HW SSL environment, heat shock proteins may assist with protein refolding and 

prevent protein aggregation (Dunlop 2011). The HW SSL-tolerant S. cerevisiae R57 

strain had a mutation in SSA1, a member of the Hsp70 family; this supports the 

importance of heat shock proteins for HW SSL tolerance (Pinel et al., 2015). 

 Genome shuffled P. tannophilus strains also had a missense mutation in the Ran-

GTPase binding protein, Yrb1, proposed to be involved in nucleocytoplasmic transport 

(Künzler et al., 2001) and to have a role in DNA damage response (Kim et al., 2011a). 

Nucleocytoplasmic redistribution of transcription factors allows cells to rapidly enhance 

expression of target genes. Genome shuffled strains had a nonsense mutation in the 
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nuclear transport receptor Msn5, which is essential for the export of various 

transcriptional factors in response to environmental stress (Quan et al., 2006). Msn5 is 

essential for export of the transcription activator Haa1 (Sugiyama et al., 2014) as well as 

the transcription factor Msn2 (Bose et al., 2005). Haa1p plays a major role in yeast 

response to weak acids, regulating transcription of about 80 % of the genes in acetic acid 

challenged cells (Mira et al., 2010a) and its overexpression has been shown to improve 

yeast tolerance to acetic acid (Tanaka et al., 2012). Pinel et al. (2015) also noted that HW 

SSL-tolerant S. cerevisiae R57 contained a mutation in the stress response transcriptional 

repressor, Nrg1p, which stimulates transcription of Haa1p. Msn2p (and its paralogue 

Msn4p) mediates yeast transcriptional response to environmental stresses (Gasch et al., 

2000) such as the presence of ethanol (Ma and Liu 2010a), furfural and HMF (Ask et al., 

2013a; Sasano et al., 2012). 

 Two missense mutations were found in GHW301, GHW302 and GHW303 in a 

vacuolar protein sorting gene. The yeast vacuole plays a role in pH regulation and is 

important during acetic acid or ethanol stress, which disrupts the electrochemical 

gradient. Genes encoding vacuolar sorting proteins in S. cerevisiae were identified as 

candidates for tolerance to acetic acid (Mira et al., 2010b; Schauer et al., 2009) and 

furfural (Bajwa et al., 2013b; Gorsich et al., 2006a). Furfural has been shown to induce 

the accumulation of reactive oxygen species (ROS) and cause damage consistent with 

ROS accumulation near vacuolar membranes as well as the actin cytoskeleton in S. 

cerevisiae (Allen et al., 2010). 

 In response to cell wall stress, cells respond by transiently depolarizing the actin 

cytoskeleton possibly as a mechanism to repair cell wall damage and to deliver secretory 
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vesicles evenly within the cell (Delley and Hall 1999). Genome shuffled P. tannophilus 

strains had two mutations resulting in amino acid changes in proteins associated with 

cytoskeleton function. One mutation occurred in a tubulin/FtsZ protein, while the other is 

in the actin binding protein coronin, which has a major role in rapid remodeling of actin 

organization (Gandhi and Goode 2008). In S. cerevisiae, transcription of several genes 

related to actin cytoskeleton and cell wall organization was decreased in the presence of 

HW SSL (Bajwa et al., 2013b). 

 

Mutations that affected unknown cellular functions 

 GHW301, GHW302 and GHW303 possessed seven mutations in the sequences of 

uncharacterized genes (Table 11). Of these, three resulted in missense mutations, while 

three were translationally silent and one was a nonsense mutation. Of the amino acid 

changes, two were predicted by PROVEAN analysis to be deleterious to protein function 

(Table 11). Based on BLASTp alignment, many of the predicted genes were found to be 

related to inhibitor tolerance. In our study, one nonsense mutation resulted in a stop 

codon in the uncharacterized gene YKR070W that interestingly was identified as a target 

gene involved in furfural tolerance in S. cerevisiae (Gorsich et al., 2006a). 

 Although ethanol tolerant strains were not selected for in this study, some novel 

targets were identified in uncharacterized genes that may confer ethanol tolerance. Pat1 is 

required for ethanol tolerance in S. cerevisiae (Takahashi et al., 2001) while Itr1p is 

required for uptake of inositol which is important for maintaining membrane integrity in 

the presence of ethanol (Furukawa et al., 2004). TIM23 complex is required for 

biogenesis of the mitochondrial heat shock protein Sym1 (Reinhold et al., 2012), which  
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Table 11 Single nucleotide variations in gene sequences of GHW301, GHW302 and GHW303 with unknown function. 

KOG functional 

group 
Function 

Function 

description 

Location 

on scaffold 
Mutation 

JGI 

protein ID 

PROVEAN 

score 

Best BLASTp 

alignment 
Yeast tolerance Reference 

Poorly 
characterized 

Function unknown 

Uncharacterized 

conserved protein 

3:391893 

 
Missense 49351a -3.991 

DNA 
topoisomerase 2-

associated 

protein PAT1 

Required for growth 

under ethanol stress 

(Takahashi 

et al., 
2001) 

Uncharacterized 

conserved protein 

5:170584 

 
Missense 50478 -2.5 

Constituent of 

the 

mitochondrial 
inner membrane 

translocase 

(TIM23 
complex) 

Biogenesis of heat 

shock protein, Sym1, 
required for ethanol 

stress at elevated 

temperatures 

(Reinhold 
et al., 

2012; Trott 

and 
Morano 

2004) 

Uncharacterized 

conserved protein 

2:181140 

 
Silent 48432 0.0 

Required for 

meiotic nuclear 

division protein 
1 homolog 

  

General function 

prediction 

DNA-binding 

protein 

7:50063 

 
Silent 82096 0.0 

Non-essential 

protein involved 
in cell wall 

biogenesis and 

architecture 

GTP-binding 
ADP-ribosylation 

factor-like protein 

2:771735 

 

Silent 

(in intron) 
1447a NA 

Large neutral 

amino acid 

transporter small 
subunit 4 

Predicted 

phosphatase 

3:252612 

 
Nonsense 2155 NA 

ykr070w-like 

protein 

Involved in furfural 

tolerance 

(Gorsich et 

al., 2006b) 

Predicted 

transporter (major 

facilitator 
superfamily) 

8:525251 

 
Missense 51964a -0.589 

Myo-inositol 

transporter with 
strong similarity 

to the transporter 

Itr1p 

Possible role in 

ethanol tolerance 

(Furukawa 
et al., 

2004) 

Possible role in 

osmotic stress 

(Nelson et 

al., 1999) 

 

NA - Mutation in intron or results in truncation, PROVEAN score not applicable 
a
 Mutation acquired from UHW303 
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carries out its stress and respiratory functions in the mitochondria and has been shown to 

be required for growth on ethanol at elevated temperatures (Trott and Morano 2004). 

 

2.4.2.3 Mutations in intragenic regions in genome shuffled strains 

 Of the 60 single nucleotide variations in GHW301, GHW302 and GHW303, 20 

were identified upstream (ten), downstream (four) or in the mid-intragenic regions (6) of 

genes of interest, generally within 5 bp–1 kb (Table 12). These mutations occurred in the 

vicinity of genes involved in stress response mechanisms and signaling transduction 

pathways, which modulate a wide assortment of cellular activities in response to 

changing environmental conditions.  

 Genome shuffled P. tannophilus strains have a mutation at the end of the SSK2 

gene, which encodes a mitogen activated protein kinase kinase kinase (MAP3K) of the 

high osmolarity glycerol (HOG) signaling pathway. Interestingly, reduced expression of 

SSK2 in a transposon mutant of S. cerevisiae conferred enhanced tolerance to furfural 

(Kim et al., 2012). Kim et al. (2012) suggested SSK2 regulates downstream gene targets 

resulting in efficient furfural detoxification and decreased ROS accumulation. Additional 

changes in intragenic regions of genome shuffled strains included genes associated with 

regulation of RNA processing and DNA repair. It is not known, however, if the mutations 

modulate expression of these adjacent genes. 

 

2.4.2.4 Additional mutations unique to GHW301, GHW302 or GHW303 

 In addition to the 60 single nucleotide point mutations found in all three genome 

shuffled P. tannophilus strains, sequencing analysis revealed additional mutations that  
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Table 12 Single nucleotide variations in intragenic regions of GHW301, GHW302 and GHW303. 

KOG functional 

group 
Function Function description Protein description 

Location 

on 

scaffold 

Mutation 

JGI 

protein 

ID 

Best BLASTp alignment 

(poorly characterized genes) 

Cellular 

processes and 

signaling 

Carbohydrate 

transport and 

metabolism 

Posttranslational 

modification, protein 

turnover, chaperones 

beta-1,6-N-

acetylglucosaminyltransferase, 

contains WSC domain 

3:1572565 280 bp upstream 33620a 

  

Cell trafficking 

Nuclear structure Nucleolar GTPase/ATPase p130 3:1579538 450 bp upstream 49801 

 

VAMP-associated protein involved in 
inositol metabolism 

8:119824 

Tight intragenic 

region 5 bp 

downstream 

20397 

Vesicle coat complex COPII, subunit 

SEC31 
4:949041 

Intragenic region 1 

kb downstream 
42028 

Posttranslational 

modification, 

protein turnover, 
chaperones 

 

AAA+-type ATPase containing the 

peptidase M41 domain 
4:697724 

Intragenic region 

245 bp upstream 
75886 

HSP90 co-chaperone p23 3:1536868 

Mid-intragenic 

region 700 bp 

downstream 

30721 

Signal transduction 
 

MAP kinase kinase kinase SSK2 and 
related serine/threonine protein kinases 

3:406477 At end of transcript 16106a 

MEKK and related serine/threonine 

protein kinases 
5:969913 700 bp upstream 76546 

Serine/threonine protein phosphatase 

2A, regulatory subunit 
6:237024 20 bp downstream 51020 

Tuberin Rap/ran-GTPase activating 

protein 

3:1091468 600 bp upstream 49612a 

3:1091489 600 bp upstream 49612 

Information 

storage and 

processing 

Replication, 
recombination and 

repair 
 

SNF2 family DNA-dependent ATPase 3:1072057 850 bp upstream 23143a 

RNA processing 
and modification 

 
Cytoplasmic exosomal RNA helicase 
SKI2, DEAD-box superfamily 

4:697724 
Intragenic region 

67 bp downstream 
3095 

Intracellular trafficking, 

secretion, and vesicular 

transport 

Nuclear mRNA export factor receptor 

LOS1/Exportin-t (importin beta 

superfamily) 

2:399689 
Downstream of 

stop codon 
1281a 

 

Polyadenylate-binding protein (RRM 

superfamily) 
1:1782515 609 bp upstream 48098 

Transcription 
 

Aryl-hydrocarbon receptor nuclear 

translocator 
8:119824 

Tight intragenic 

region 5 bp 
upstream 

35811 

Metabolism 

Cell cycle control, 

cell division, 
chromosome 

 

Cyclin B and related kinase-activating 

proteins 
6:668687 229 bp downstream 51180 
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partitioning 

Transport and 

metabolism 

Carbohydrate transport 

and metabolism 

Chitinase 1:111670 553 bp upstream 47432a 

Chitinase 7:679372 
Intragenic region 1 

kb downstream 
51591 

Uncharacterized enzymes related to 
aldose 1-epimerase 

3:1536868 

Mid-intragenic 

region 700 bp 

upstream 

2728a 

Poorly 
characterized 

Function unknown 
 

Predicted membrane protein 2:546283 310 bp upstream 32260 
ER-associated proteolytic system 

protein 

Uncharacterized conserved protein 3:1010971 32 bp upstream 33376 Hypothetical protein 

Uncharacterized conserved protein 7:679372 
Intragenic region 1 

kb upstream 
51592 Hypothetical protein 

General function 

prediction  

FOG: RRM domain 4:949041 
Intragenic region 1 

kb upstream 
17012a RNA binding protein 

Predicted transporter (major facilitator 

superfamily) 
4:1443154 

Mid-intragenic 
region 5 kb 

downstream 

3406a ARN1-like protein 

Predicted transporter (major facilitator 

superfamily) 
4:1443154 

Mid- intragenic 

region 5 kb 
upstream 

3407 Hypothetical protein 

 

a
 Mutation acquired from UHW303 
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Table 13 Additional mutations unique to GHW301, GHW302 or GHW303. 

Strain 
KOG functional 

group 
Function 

Function 

description 
Protein description 

Location on 

scaffold 
Mutation 

JGI 

protein 

ID 

Best BLASTp alignment (poorly 

characterized genes) 

GHW301 

Information 

storage and 

processing 

RNA processing 

and 

modification 

 

U6 snRNA-associated Sm-
like protein 

1:432495 159 bp upstream 29795 

  

Transcription 

Nuclear localization 
sequence binding protein 

9:12899 

Mid-intragenic 

region 700 bp 

upstream 

48837a,b 

Transcription factor 
containing C2HC type Zn- 

finger 

3:1581862 530 bp upstream 2748 

Poorly 

characterized 

Function unknown 

 

ND 

4:241393 154 bp upstream 33779 Hypothetical protein 

9:12899 

Mid-intragenic 

region 700 bp 

downstream 

21682a,b 

Rim8p 

Positive regulator of alkaline-

induced genes 

pH response regulator protein, 
putative 

General function 

prediction 
PHD Zn-finger protein 1:457015 Missense 47537a 

Essential subunit of the histone 

deacetylase Rpd3S complex 

Transcriptional regulatory protein 

GHW302 

Cellular processes 
and signaling 

Cell trafficking 
Nuclear 

structure 

Nucleolar GTPase/ATPase 

p130 
1:1837256 

288 bp 

downstream 
48121 

  

Posttranslational 
modification, 

protein turnover, 

chaperones 
 

Inner membrane protein 

translocase involved in 
respiratory chain assembly 

1:1886791 

Intragenic 

region 250 bp 
upstream 

36940 

Signal 
transduction 

Predicted Rho GTPase-
activating protein 

1:1886791 

Intragenic 

region 250 bp 

downstream 

48142 

Metabolism 
Transport and 

metabolism 

Amino acid 

transport and 
metabolism 

4-hydroxyphenylpyruvate 

dioxygenase 

1:1681752 
488 bp 

downstream 
78656a 

1:1681757 
493 bp 

downstream 
78656a 

Poorly 
characterized 

Function unknown 
 

ND 3:853162 Missense 2427 Hypothetical protein 

WD40 repeat-containing 

protein 
3:783789 1 kb downstream 2395 

Essential for cell growth and 

replication of M dsRNA virus 

contains four beta-transducin 
repeats 
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General function 

prediction  

PHD Zn-finger protein 1:457015 Silent 47537b 

Essential subunit of the histone 

deacetylase Rpd3S complex 

Transcriptional regulatory protein 

Predicted transporter (major 

facilitator superfamily) 
5:1209197 1 kb upstream 50899 Hexose transporter 

Protein kinase PCTAIRE 
and related kinases 

5:992920 Missense 50809 
Negative regulator of the PHO 
system 

Synaptic vesicle transporter 

SVOP and related 

transporters (major 
facilitator superfamily) 

5:192961 544 bp upstream 34367b 
HOL1, a member of the major 
facilitator superfamily of 

transporters 

GHW303 

Metabolism 
Transport 

and metabolism 

Amino acid 

transport and 
metabolism 

4-hydroxyphenylpyruvate 

dioxygenase 
1:1681757 

493 bp 

downstream 
78656a   

Poorly 
characterized 

General function 
prediction  

PHD Zn-finger protein 1:457015 Missense 47537a 

Essential subunit of the histone 

deacetylase Rpd3S complex 

Transcriptional regulatory protein 

 

ND - No data, no KOG function assigned 
a
 Mutation acquired from UHW303  

b
 Mutation acquired from UAA302 
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were not shared among GHW301 (five mutations), GHW302 (ten mutations) or 

GHW303 (two mutations) (Table 13). These mutations are located either upstream or 

downstream of genes with known cellular function or in protein encoding genes with 

unknown cellular function. Mutations occurred upstream or downstream of genes 

involved in a range of cellular processes including cell division, cell trafficking, 

cytoskeleton functions, post-translational modification, ribosome biogenesis, RNA 

processing and modification, signal transduction, transcription as well as transport and 

metabolism. Mutations unique to individual genome shuffled strains and acquired from 

sequenced UV mutants (UAA302 and UHW303) are discussed below. Some of these 

may present additional gene targets for improving inhibitor tolerance 

 

2.4.2.5 Mutations in UV mutants UAA302 and UHW303 

 HW SSL and acetic acid-tolerant UV mutants, used as the starting pool for 

genome shuffling, were previously isolated following iterative rounds of mutagenesis and 

selection (Harner et al., 2014). Subsequently, genome shuffled strains tolerant to acetic 

acid and HW SSL were isolated through iterative rounds of mating and selection. The 

genomes of one acetic acid (UAA302) and one HW SSL (UHW303) UV mutants were 

sequenced to obtain insight on the genealogy of the mutations in genome shuffled strains. 

The mutations in GHW301, GHW302 and GHW303 attributed to UAA302 and UHW303 

are noted in Tables 10, 11, 12 and 13 next to the protein IDs. Sequencing analysis 

revealed that UAA302 did not possess any of the 60 single nucleotide mutations found in 

the three genome shuffled strains (Table 10, 11, 12), whereas UHW303 contains 32 of 

the 60 mutations acquired by the three genome shuffled strains (Table 10, 11, 12). Since 



177 
 

genome shuffled strains were selected on HW SSL gradient plates, the screen may not 

have been selective enough to maintain mutations that mostly conferred acetic acid 

tolerance, as found in UAA302. 

Some additional mutations found in individual genome shuffled strains were 

likely acquired from UAA302 as well as UHW303 (Table 13). One mutation found in 

UAA302 and UHW303 was acquired and maintained in GHW301 in the intragenic 

region between genes encoding a nuclear localization sequence binding protein and a 

gene with unknown function. Furthermore, in the coding region of a plant homeo domain 

(PHD) zinc finger domain a silent mutation found in GHW302 was acquired from 

UAA302, while a missense mutation in GHW301 and GHW303 was acquired from 

UHW303. Zinc finger proteins function in a range of processes including regulation of 

genes involved in stress response (MacPherson et al., 2006), with the PHD domain being 

involved in protein-protein interactions and a possible role in chromatin-mediated 

regulation of gene expression (Aasland et al., 1995). 

GHW302 has a mutation 554 bp upstream of a gene with poorly characterized 

function that was acquired from UAA302 (Table 13). Based on BLASTp alignment this 

mutation is upstream of HOL1 which encodes a H
+
 antiporter of the major facilitator 

superfamily (MFS), a group of MDR transporters poorly characterized in eukaryotes (Sá-

Correia et al., 2009). HOL1 does not have a recognized role in chemical-stress resistance. 

Putative physiological function was proposed for this gene based on HOL1 mutations 

which allow for the increased ability of S. cerevisiae cells to import histidinol (a 

precursor of histidine) and several cations (Gaber et al., 1990; Wright et al., 1996). Weak 

acids, such as acetic acid, are able to accumulate inside yeast cells causing intracellular 
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acidification (Lohmeier-Vogel et al., 1998; Richardson et al., 2011). This H
+
 antiporter is 

a major determinant of cytosolic pH, actively extruding protons from the cell in exchange 

for extracellular cations to regulate intracellular pH (Andre 1995). 

A mutation from UHW303, acquired by GHW302 and GHW303, occurred 493 

bp downstream from a gene encoding 4-hydroxyphenylpyruvate dioxygenase (4-HPPD) 

(Table 13) which catalyzes the second step of tyrosine metabolism to yield acetoacetate 

and fumarate (Moran 2005). Furthermore, GHW302 contained an additional mutation 

downstream of this gene in close proximity (488 bp). Interestingly, this gene is also one 

of the 60 single nucleotide mutations that occurred in all genome shuffled strains. 

Additional mutations in UAA302 (one mutation) and UHW303 (43 mutations) 

not found in GHW301, GHW302 or GHW303, and thus not maintained during mating 

and selection, are presented in Table 14. The existence of additional mutations is 

consistent with the view that during genome shuffling there is the potential for 

accumulation of multiple beneficial mutations and removal of deleterious mutations 

(Patnaik et al., 2002). Tolerance towards HW SSL is considerably more complex as 

compared to individual inhibitors found in lignocellulosic hydrolysates, such as acetic 

acid, which may explain the retention in GHW301 of substantial number of mutations 

found in UHW303 compared to UAA302. The other previously isolated acetic acid 

(UAA301 and UAA303) and HW SSL (UHW301 and UHW302) UV mutants (Harner et 

al., 2014) used as the starting pool for genome shuffling were not subjected to genome 

sequencing analysis, and therefore we do not know if they may have contributed some of 

the mutations in GHW301, GHW302 or GHW303. 
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Table 14 Mutations in UAA302 and UHW303 not found in genome shuffled strains. 

Strain 
KOG functional 

group 
Function 

Function 

description 
Protein description 

Location 

on scaffold 
Mutation 

JGI 

protein 

ID 

Best BLASTp alignment 

(poorly characterized 

genes) 

UAA302 Metabolism 
Transport and 
metabolism 

Amino acid 

transport and 

metabolism 

Amino acid transporter 2:394787 333 bp downstream 74318 

 

UHW303 

Cellular processes 

and signaling 

Carbohydrate transport 

and metabolism 

Posttranslational 

modification, 

protein turnover, 
chaperones 

beta-1,6-N-

acetylglucosaminyltrans

ferase, contains WSC 
domain 

6:393624 Nonsense 4148 

2:1360003 
Intragenic region 1 kb 

downstream 
20790 

Cell trafficking 

 

Cytosolic sorting protein 

GGA2/TOM1 
1:1925157 Missense 48159 

Nuclear structure 
Nucleolar 
GTPase/ATPase p130 

1:1681757 Silent 48059 

6:728951 Missense 51207 

1:956241 
Mid-intragenic region 

100 bp upstream 
31356 

2:1360003 
Intragenic region 1 kb 

downstream 
48861 

2:579598 Missense 15292 

 

Protein involved in 

vacuole import and 

degradation 

2:2170565 Missense 49180 

Signal transduction 
 

Two-component 

phosphorelay 

intermediate involved in 
MAP kinase cascade 

regulation 

2:1114253 191 bp upstream 48785 

Information storage 
and processing 

Replication, 

recombination and 
repair 

 

Replication factor C, 

subunit RFC4 

2:409763 Missense 48522 

3:88060 Silent 49216 

3:424431 Silent 75131 

RNA processing and 

modification 

 

Fibrillarin and related 

nucleolar RNA-binding 

proteins 

5:23611 
Mid-intragenic region 

3 kb 
50416 

Translation 

Glutamyl-tRNA 

amidotransferase 

subunit B 

1:1178830 Missense 47856 

Transcription 
 

DNA-binding proteins 
Bright/BRCAA1/RBP1 

and related proteins 

1:1399005 Silent 31548 
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containing BRIGHT 

domain 

Nuclear localization 
sequence binding 

protein 

2:1271046 
Mid-intragenic 700 bp 

upstream 
48837 

Nuclear receptor 
coregulator 

SMRT/SMRTER, 

contains Myb-like 
domains 

5:439834 Missense 50586 

Predicted ABC-type 

transport, ATPase 

component/CCR4 
associated factor 

4:736854 402 bp upstream 42173 

Chromatin 

structure and 

dynamics 

RNA polymerase II 

elongator complex, 
subunit ELP2, WD 

repeat superfamily 

8:42148 Missense 46498 

Metabolism 

Cell division 

Cell cycle control, 

cell division, 
chromosome 

partitioning 

Mitotic checkpoint 
protein MAD1 

1:282810 Missense 14146 

Energy production and 

conversion  

Aconitase/ 

homoaconitase 

(aconitase superfamily) 

4:1176783 Silent 50299 

4:1176921 58 bp downstream 50299 

Aldehyde 

dehydrogenase 
1:1172755 69 bp downstream 47854 

Exopolyphosphatases 

and related proteins 
6:1067778 Nonsense 4437 

Transport and 

metabolism 

Amino acid 

transport and 

metabolism 

Aminopeptidase I zinc 
metalloprotease (M18) 

2:243417 Missense 65036 

Carbohydrate 

transport and 

metabolism 

Chitinase 
2:1600448 Missense 1782 

8:860750 Missense 52090 

Coenzyme 

transport and 

metabolism 

3'-phosphoadenosine 5'-

phosphosulfate 
sulfotransferase (PAPS 

reductase)/FAD 

synthetase and related 

enzymes 

2:1640119 Missense 48975 

Thiamine 

pyrophosphokinase 
3:97328 Silent 49220 

Ion transport and 
metabolism 

Magnesium 
transporters: CorA 

5:473383 505 bp downstream 50599 
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family 

Lipid transport 

and metabolism 

2-enoyl-CoA 

hydratase/3-
hydroxyacyl-CoA 

dehydrogenase/Peroxiso

mal 3-ketoacyl-CoA-
thiolase, sterol-binding 

domain and related 

enzymes 

7:426512 
Intragenic region 457 

bp downstream 
82237 

Poorly 

characterized 

Function unknown 
 

ND 

3:333972 Missense 2198 
Catabolite repression protein 

creC 

1:956241 
Mid-intragenic region 

100 bp 
31355 No putative domains  

5:23611 
Mid-intragenic region 

3 kb 
76168 Nuclear envelope protein  

6:1027441 Silent 82040 No putative domains  

7:426512 
Intragenic region 233 

bp upstream 
4644 Hypothetical protein 

8:569940 
Intragenic region 1.5 

kb downstream 
51975 

Mannan endo-1,6-alpha-

mannosidase 

1:876293 
Intragenic region 1.5 

kb upstream 
51981 

Protein with a role in 5'-end 
processing of mitochondrial 

RNAs 

 

Putative mitochondrial 

translation system 

component 

Uncharacterized 
conserved protein 

1:876293 112 bp downstream 29558 Thymocyte nuclear protein 

General function 

prediction  

PHD Zn-finger protein 7:927378 Missense 18568 
SET domain-containing 

protein 3  

Predicted hydrolase/ 

acyltransferase 

(alpha/beta hydrolase 
superfamily) 

2:941038 Missense 48722 
Cardiolipin-specific 

phospholipase  

Synaptic vesicle 

transporter SVOP and 

related transporters 
(major facilitator 

superfamily) 

6:102721 Missense 50965 
Carboxylic acid transporter 

protein  

 

ND - No data, no KOG function assigned 
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3.0 General Conclusions and Future Perspectives 

Lignocellulosic substrates are the largest source of fermentable sugars for 

bioconversion to fuel ethanol and other valuable compounds. To improve the economic 

prospect of lignocellulosic bioconversion, a robust inhibitor-tolerant biocatalyst capable 

of fermenting all the sugars in potential substrates to desired product(s) is required. 

Native pentose-fermenting yeasts have the ability to ferment the major sugars in 

lignocellulosic hydrolysates to ethanol. However, they perform poorly in the presence of 

hydrolysate inhibitors, exhibit low ethanol tolerance, are subject to glucose repression, 

and ferment pentoses less efficiently than the main hexoses. Although improved strains 

have been developed, ethanol yield and productivity from xylose have not yet matched 

the performance of the traditional fermentative yeast S. cerevisiae on glucose.  

There are gaps in our understanding of how microbial systems function and 

translating that knowledge to enhance the fermentation capabilities of industrially 

relevant strains. Limited knowledge on the genetics of pentose-fermenting yeasts has 

restricted the molecular toolbox available for these yeasts and limited their utility in 

genetic engineering strategies. Previous biotechnological applications involving pentose-

fermenting yeasts have been limited to the transfer of genes to S. cerevisiae to introduce 

the ability to ferment pentose sugars. While some strains show improvement, yields are 

too low for successful large-scale application (Matsushika et al., 2009).  

 We initiated a strain development program to improve the properties of P. 

tannophilus by non-recombinant means. Random mutagenesis coupled with genome 

shuffling was successfully used to generate strains with enhanced tolerance to inhibitors, 

thus allowing for improved ethanol production in lignocellulosic hydrolysates. Genome 



183 
 

shuffled strains (GHW301, GHW302 and GHW303) grew at higher concentrations of 

HW SSL (80 % v/v) compared to the HW SSL UV mutant (70 % v/v) and the WT strain 

(50 % v/v). In a defined medium containing acetic acid (0.70 to 0.90 % w/v), GHW301, 

GHW302 and GHW303 exhibited a shorter lag compared to the acetic acid UV mutant, 

while the WT did not grow. Genome shuffled strains produced more ethanol than the WT 

at higher concentrations of HW SSL and an aspen hydrolysate. Since lignocellulosic 

hydrolysates contain similar inhibitors, albeit in different concentrations, our inhibitor-

tolerant strains should exhibit cross-tolerance to various hydrolysates derived from 

different sources and pretreatments. Genome shuffled strains are genetically stable and 

amenable to further improvement by mutagenesis and mating. The results of our study 

demonstrate the utility of genome shuffling as a means for industrial strain improvement 

in native pentose-fermenting yeasts. In our research, improvement was achieved in the 

absence of knowledge of genetic modifications needed to confer inhibitor tolerance. 

However, this lack of insight into molecular mechanisms that elicit the desired phenotype 

is also a drawback. 

Little is known about genomic changes responsible for polygenic traits such as 

inhibitor tolerance, making rational engineering approaches not suitable. As discussed 

throughout Section 2.4.2, many researchers have identified candidate genes and 

regulatory elements in S. cerevisiae that might be involved in tolerance to individual 

inhibitory compounds including acetic acid, furfural and HMF. However, only recently 

have researchers (Bajwa et al., 2013; Pinel et al., 2015) investigated the genes in S. 

cerevisiae involved in yeast tolerance to the complex inhibitor mixtures in lignocellulosic 
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substrates. Despite these advances, identification of novel gene targets remains a key 

challenge in strain engineering.  

Our genome shuffled strains are a good model for identifying genetic 

modifications that elicit tolerance to inhibitory compounds found in industrially relevant 

hydrolysates, and offer a starting point for metabolic engineering approaches to inhibitor 

tolerance. Inhibitory compounds in lignocellulose hydrolysates can act synergistically on 

microbial cells, thus understanding the biological basis and molecular mechanism(s) of 

inhibitor tolerance requires a global view of the entire cell. To identify the genetic basis 

of inhibitor tolerance in P. tannophilus, whole genome sequencing was carried out on 

genome shuffled strains GHW301, GHW302 and GHW303 and compared to the WT 

strain. Sixty single nucleotide variations were identified that were common to all genome 

shuffled strains. Based on the mutated gene products, mutations were clustered into 

functional categories. The mutations affected a variety of cellular functions, 

demonstrating the complexity of inhibitor tolerance in yeast.  

Approximately two-thirds of these mutations resulted in amino acid changes in 

GHW301, GHW302 and GHW303. Furthermore, several mutations occurred in genes 

associated with cellular processes involved in stress tolerance including a MDR ABC 

transporter (protein ID 49203), a heat shock transcription factor (Hsf1p) (protein ID 

49203), as well as NUP159 (protein ID 35494), RANBP1 (protein ID 73805) and MSN5 

(protein ID 32749). In our study, genome shuffling would have allowed for this 

accumulation of beneficial mutations, related to stress tolerance mechanisms, which 

would be selected for during growth in the harsh HW SSL environment. Sequence 

analysis of UV mutants (UAA302 and UHW303) from which GHW301, GHW302 and 
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GHW303 were derived, confirmed the success of our cross-mating based genome 

shuffling strategy.  

This is the first whole genome sequencing study of an evolved native pentose-

fermenting yeast strain. Our study provides the first insight into the genomic background 

associated with inhibitor stress tolerance in pentose-fermenting yeasts. This study 

demonstrates that non-recombinant strain improvement strategies, such as genome 

shuffling, coupled with whole genome sequencing can be used to identify candidate 

target genes and pathways involved in complex multi-genic phenotypes such as inhibitor 

tolerance.  

It is interesting to note the unexpected differences in mutations identified by Pinel 

et al. (2015) in comparison to our research (Harner et al., 2015a). Using similar genome-

wide approaches in combination with whole-genome sequencing, Pinel et al. (2015) 

found significantly fewer (21 in R57 compared to 60 in GHW301, GHW302 and 

GHW303) and different genetic alterations led to improved inhibitor tolerance in S. 

cerevisiae. As previously mentioned, pentose-fermenting yeasts are generally more 

sensitive to inhibitors compared to S. cerevisiae for reasons that are not understood 

(Olsson and Hahn-Hägerdal 1996; Richardson et al., 2011). Thus, fewer mutations may 

have been required to confer tolerance in the genome shuffled strain (R57) of S. 

cerevisiae (Pinel et al., 2015) compared to genome shuffled strains (GHW301, GHW302 

and GHW303) of P. tannophilus (Harner et al., 2015a). This also suggests that inhibitor 

tolerance can result from different mechanisms, and varying combinations of mutations 

may have given rise to the improved phenotype through direct as well as interactive 

effects. Furthermore it is difficult to make direct comparison between our sequencing 
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results (Harner et al., 2015a) and the sequencing results of Pinel et al. (2015), due to a 

lack of DNA homology between P. tannophilus and S. cerevisiae.  

An advantage of our strain improvement strategy is the potential of finding 

unexpected beneficial mutations, which represent novel targets for metabolic 

engineering. Identifying and characterizing the mutations controlling beneficial traits for 

lignocellulosic biomass conversion can facilitate genetic engineering strategies to 

increase strain robustness while retaining fermentation performance. This generates the 

possibility for genetic modification of pentose-fermenting yeast to develop an industrially 

applicable strain. 

Future work will explore gene replacement of mutations identified in GHW301, 

GHW302 and GHW303 into the WT strain to hone in on the roles of beneficial 

mutations. The modified strain can be assessed for growth and fermentation in HW SSL 

to determine whether the introduction of specific genetic changes results in tolerance, 

thus allowing for improved ethanol production. Potential target genes allowing for 

inhibitor tolerance can also be transferred to other relevant host strains.  

 Reverse engineering strategies using gene replacement into native S. cerevisiae 

strains have been performed to analyze the molecular basis for various stress tolerant 

phenotypes. Timmermann et al. (2010) isolated an oxidant-resistant mutant (K6001-B7) 

following chemical mutagenesis and selection. Candidate genes identified by whole 

genome sequencing were PCR-amplified from K6001-B7 genomic DNA and cloned into 

a yeast single-copy expression vector. The plasmids were transformed into the parental 

strain to reconstruct the single amino acid change identified within the TSA1 gene of 

K6001-B7. Growth of transformants in media containing the chemical oxidant cumene 
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hydroperoxide (0.05 mM) confirmed TSA1-B7 as the phenotype-causing gene. 

Timmermann et al. (2010) found other strategies to modify the target gene in native 

strains, such as altering levels of candidate genes and deletion or over expression of the 

WT allele, could not elicit the mutant phenotype. In another study, Hong et al. (2011) 

performed whole genome sequencing of S. cerevisiae strains adapted to galactose, and 

subsequently used site-directed mutagenesis to reconstruct mutations in native strains.  

The resulting strain was tested for growth on galactose, and was found to have a 10 % 

higher specific growth rate compared to a reference strain. Recently, Pinel et al. (2015) 

used a reverse engineering strategy to determine if a mutation identified in a genome 

shuffled strain (R57) contributed to HW SSL tolerance. Homologous recombination of a 

DNA cassette containing the mutated UBP7 sequence was introduced in a laboratory S. 

cerevisiae strain and resulted in HW SSL tolerance based on growth along a HW SSL 

gradient plate.  

 Given the multi-genic nature of inhibitor tolerance, introducing single mutations 

individually into a host strain may not allow for the desired phenotypic effect to be 

manifested.  It may be that a combination of mutations is needed to give rise to the 

improved phenotype. However, many gene replacement strategies have been limited to 

testing only a small number of mutations simultaneously (Sandoval et al., 2012). In 

addition, efficient gene targeting in many non-Saccharomyces yeasts is a challenge. In S. 

cerevisiae the homologous recombination pathway, responsible for targeted DNA 

integration, is the preferred integration pathway (Krogh and Symington 2004). However, 

in S. stipitis and many non-conventional yeasts the non-homologous end-joining (NHEJ) 

pathway is favoured which mediates integration randomly, resulting in low targeting 
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efficiencies (Dudasova et al., 2004; Klinner and Schafer 2004; Maassen et al., 2008). In 

contrast to homologous recombination, no DNA homology is required for the NHEJ 

pathway (Klinner and Schafer 2004; Krogh and Symington 2004), thus genes that are not 

homologous to the host genome would randomly integrate during gene replacement.   

 Common strategies for increasing the homologous recombination efficiency 

involve increasing the expression of genes involved in homologous recombination, 

decreasing the expression of genes involved in NHEJ, or increasing the homologous arm 

length (Natsume et al., 2004; Ninomiya et al., 2004). Homologous arms from 200–2000 

bp are usually required to ensure efficient gene replacement in many non-conventional 

yeasts (Klinner and Schafer 2004). In comparison, S. cerevisiae requires short flanking 

regions (30–50 bp) to integrate genes with high efficiency (>70 %) via homologous 

integration (Guldener et al., 1996). Recently Chen et al. (2013) provided an efficient gene 

targeting strategy for non-conventional yeasts by increasing the genetic redundancy of 

host cells. 

 Where the frequency of homologous recombination is low, it may be necessary to 

screen large numbers of mutants to find those with the desired targeted gene integration 

(Weld et al., 2006). Michielse et al. (2005) used a positive and negative selection system, 

whereby random integration resulted in non-viable transformants and homologous 

recombination removed the negative selection gene allowing for selection of targeted 

gene integration. 

 New genome editing approaches such as zinc finger nucleases (ZFNs) (Carroll 

2011; Urnov et al., 2010), transcription activator-like effector nucleases (TALENs) 

(Bogdanove and Voytas 2011; Li et al., 2011) and clustered regularly interspaced short 
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palindromic repeats (CRISPR) and CRISPR-associated (Cas) systems (DiCarlo et al., 

2013; Douda and Charpentier 2014) have been developed for modifying genes and gene 

expression. These techniques use site-specific endonucleases to form DSBs and activate 

cell repair mechanisms via homologous recombination or NHEJ (Carroll 2011; Urnov et 

al., 2010).  

 The bacterial type II CRISPR-Cas system has emerged as a powerful tool for 

genome editing (Carroll 2012; Cong et al., 2013; DiCarlo et al., 2013; Jinek et al., 2012; 

Mali et al., 2013). CRISPR systems offer an advantage to zinc finger and transcription 

activator-like effector DNA-binding proteins, as the site specificity in nucleotide binding 

proteins is governed by a RNA molecule instead of the DNA-binding protein, which are 

more challenging to design and synthesize (Carroll 2012; Jinek et al., 2012; Stovicek et 

al., 2015). The targeting efficiency of Cas9 also compares favourably to ZFNs or 

TALENS (Mussolino et al., 2011). The CRISPR–Cas9 system has been applied for 

genome editing of industrial S. cerevisiae strains to increase the recombination rate 

(DiCarlo et al., 2013) and to improve cellobiose utilization and fermentation rates (Ryan 

et al., 2014). CRISPR has yet to see extensive application towards tolerance, but has 

strong potential given the inhibitor tolerance mutations identified in this study.   

Some of the inhibitor tolerant mutations in GHW301, GHW302 and GHW303 

were identified also by expression studies in S. cerevisiae; these may be of interest for 

gene replacement studies. A candidate target for gene replacement studies is the nuclear 

transport receptor Msn5 (protein ID 32749) that regulates the transcriptional factors Haa1 

and Msn2 involved in response to acetic acid and furans, respectively. Transcription 

factors have potential involvement in various stress tolerances in yeast including those in 
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the HW SSL environment. The involvement of Msn5 in acetic acid tolerance also 

suggests this mutation in genome shuffled strains might have an integral role in inhibitor 

tolerance and warrants further study. Interestingly, Pinel et al. (2015) noted that HW 

SSL-tolerant S. cerevisiae R57 contained a mutation in Nrg1p, which stimulates 

transcription of Haa1p. The MDR ABC transporter (protein ID 48088) is another novel 

candidate for gene replacement studies. Expression studies discussed in relation to our 

study noted the involvement of MDR transporters in acetic acid, HMF and HW SSL 

tolerance in S. cerevisiae.  

 With the advent of high-throughput screening and various “omics” approaches, 

strain development is poised for significant advancement. Advances in high-throughput 

strain construction methodologies (Wang et al., 2009b) provide powerful tools for 

simultaneously modifying many genomic locations identified in our study and subsequent 

analysis. Metabolic engineering has strongly influenced yeast strain improvement 

programs in recent years and has greatly enhanced the potential for using yeast in 

biotechnology processes.  

 Recent advances in genome editing techniques, allowing for multiple genetic 

modifications to be rapidly generated, could significantly advance the design of 

industrially relevant strains. The CRISPR-Cas system may offer the possibility of 

engineering different combinations of genes, metabolic pathways, and possibly entire 

genomes. Future work could explore using the CRISPR-Cas system to engineer inhibitor 

tolerant genomes in WT strains by parallel disruption and activation of inhibitor 

responsive gene targets identified in genome shuffled strains. New approaches applied to 

pentose-fermenting yeasts can uncover new vistas of biological factors and metabolic 
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constraints that limit efficient fermentation in lignocellulosic hydrolysates. Genetic 

improvement of microorganisms, including native pentose-fermenting yeasts, will 

continue to be essential for the development of competent strain(s) for lignocellulosic 

biomass conversion. 
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