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ABSTRACT 

Industrial polyploid Saccharomyces cerevisiae is a versatile yeast strain 

for large-scale fermentations due to rapid growth rate, high sugar 

consumption rate and high tolerance to ethanol and inhibitors. Despite 

these advantageous traits, however, industrial strains have not been 

widely used and studied as a host for genetic and metabolic engineering 

because of some drawbacks including aneuploidy or polyploidy, 

unstable mating-type and no auxotrophic markers. Generally, the desired 

phenotypes of industrial strains have been obtained through random 

mutagenesis or evolutionary adaptation rather than rational genetic 

engineering. This thesis has focused on using an industrial JHS200 strain 

as a host for metabolic engineering approaches in order to produce 

ethanol and 2,3-butanediol with high productivity and yield.  

First of all, an industrial strain of S. cerevisiae JHS200 that was isolated 

from Korean Nuruk and identified to be a polyploidy (4n) was 

characterized for fermentation properties. The industrial JHS200 strain 

showed a higher maximum specific growth rate (0.547 hr-1) than haploid 

S. cerevisiae strains such as CEN.PK2-1D (0.452 hr-1), D452-2 (0.445 

hr-1), L2612 (0.413 hr-1) and BY4742 (0.478 hr-1). In addition, the 

JHS200 exhibited superior properties in terms of sugar consumption rate, 

ethanol tolerance and resistance to fermentation inhibitors. For further 
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metabolic engineering, the auxotrophic mutants of polyploidy JHS200 

were constructed with the modified Clustered Regularly Interspaced 

Short Palindromic Repeats (CRISPR)-Cas9 genome editing tool. A stop 

codon (TAA) was introduced into the middle of each gene (URA3, TRP1, 

HIS3, LEU2) through a point mutation. Finally, four auxotrophic 

mutants of the polyploidy JHS200 (JHS200ura-, JHS200ura-trp-, 

JHS200ura-trp-his-, JHS200ura-trp-his-leu-) were constructed to 

possess single or multiple auxotrophic traits. The auxotrophic mutants 

kept the excellent fermentation properties without significant growth 

defects.  

Second, in order to produce cellulosic ethanol, the xylose-assimilating 

pathway was introduced into the auxotrophic industrial strain. Plasmid 

pRS306_XYL123 harboring the genes coding for xylose reductase (XR), 

xylitol dehydrogenase (XDH) and xylulokinase (XK) from 

Scheffersomyces stipitis with strong and constitutive promoters was 

integrated into the JHS200ura-trp- strain, in which the URA3 and 

TRP1genes were previously disrupted. The resulting strain of JX123 

produced 45.6 g/L ethanol with 0.73 g/L·hr of xylose consumption rate. 

As 7.25 g/L of xylitol accumulated as a major by-product in the JX123 

strain, the heterologous noxE gene from Lactococcus lactis which 

reduces surplus intracellular NADH generated from the xylose 

metabolism was additionally introduced. As a result, the JX123_noxE 
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strain expressing the noxE gene produced 47.0 g/L ethanol with 

decreased xylitol accumulation (2.26 g/L). Additionally, the 

JX123_noxE strain was successfully cultivated by using silver grass 

hydrolysates as a sole carbon source. It produced 55.5 g/L ethanol with 

1.63 g/L·hr of productivity and 0.43 g/g of yield from lignocellulose 

hydrolysates. Even both furfural and HMF inhibitors were present in the 

hydrolysates, the engineered JX123_noxE industrial strain showed a 

high xylose consumption rate of 0.90 g/L·hr.  

Third, the auxotrophic polyploidy strain (JHS200ura-trp-his-leu-, 4-

JHS200) was used to produce 2,3-butanediol (2,3-BDO). In order to 

block the production of ethanol as a major metabolite, the genes coding 

for pyruvate decarboxylase (PDC) and alcohol dehydrogenase (ADH) 

were partially disrupted through the CRISPR-Cas9 method. To 

overcome the growth defect caused by complete deletion of all isozymes 

encoded by the PDC and ADH genes, a strategy of partial disruption of 

PDC1, PDC6 or ADH1 was employed to engineer the 4-JHS200 strain. 

The biosynthetic pathway of 2,3-BDO was introduced by transformation 

of plasmid p413_SDB harboring the genes coding for α-acetolactate 

synthase (alsS) and α-acetolactate decarboxylase (alsD) from Bacillus 

subtilis and 2,3-butanediol dehydrogenase (BDH1) from S. cerevisiae. 

And the heterologous NADH oxidase (noxE) from L. lactis was 

additionally expressed for modulating redox balance. The resulting strain 
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of YG01_SDBN was able to produce 178.6 g/L of 2,3-BDO with a 

maximum productivity of 2.64 g/L·hr. In an optimized fermentation 

using cassava hydrolysates as carbon sources, 132.7 g/L of 2,3-BDO was 

produced with a productivity of 1.92 g/L·hr. On the other hand, glycerol 

accumulation in the 2,3-BDO-producing strains causes several problems 

such as low yield of 2,3-BDO and high cost of separation. To increase 

2,3-BDO yield by elimination of glycerol accumulation, the genes 

coding for glycerol-3-phosphate dehydrogenase (GPD1 and GPD2) in 

the glycerol synthetic pathway were disrupted in the YG01_SDBN strain. 

As excess NADH was oxidized by NoxE with an aid of oxygen molecule 

in the host strain, the Gpd-deficient polyploid strain 

(YG01_SDBN_dGPD1GPD2) could be obtained without severe redox 

imbalance. The YG01_SDBN_dGPD1GPD2 strain lost a glycerol 

producing ability completely, and hence produced 151.5 g/L of 2,3-BDO 

with 0.41 g/g yield. Additionally, this strain could produce 120.6 g/L of 

2,3-BDO with 0.42 g/g yield using the cassava hydrolysates. The 

maximum 2,3-BDO yield in this optimized fed-batch fermentations 

using cassava hydrolysates was comparable to those for engineered 

bacterial systems.  

In conclusion, the polyploidy yeast of S. cerevisiae JHS200 was 

metabolically engineered by using the CRISPR-Cas9 genome editing 

tool. The engineered JHS200 variant with auxotrophic markers and 
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various genes affecting metabolic phenotypes could produce ethanol and 

2,3-BDO with high productivity, yield and concentration in optimized 

fed-batch fermentation processes. The engineered polyploid yeast strains 

could be used as a platform for economic production of valuable 

chemicals from various carbohydrate hydrolysates.  
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Literature review 
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1.1. Necessity of an industrial strain research 

The baker’s yeast S. cerevisiae has been used for thousands of years to 

make foods and beverages, such as beer, wine and bread. However, a 

specific yeast strain or species for an industrial application is often based 

on only historical and empirical rather than scientific backgrounds. It 

needs to investigate and manipulate yeast variants that perform better 

than the currently used laboratory strains (Steensels et al., 2014). There 

are multiple strategies developed to engineer suitable industrial yeast for 

specific industrial applications. Recent genomic studies indicate that the 

natural genome of a yeast is enormous and largely unexplored and an 

industrial strain only represents a small fraction of the natural diversity 

(Liti et al., 2009; Wang et al., 2012b). The research of an industrial yeast 

may prove that the strain exhibits superior fermentation performances 

for certain industrial fermentations. Even if many industrial strains turn 

out to be unsuitable for direct industrial applications, they may possess 

certain industrially relevant characteristics (Borneman et al., 2013; Liti 

et al., 2009). For example, many industrial S. cerevisiae strains have a 

much more complex genetic perturbation compared to laboratory strains, 

the latter being carefully bred and selected for sexual reproduction, 

optimal growth, and easy handling in the laboratory (Mortimer & 
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Johnston, 1986), while industrial strains often show aneuploidy and/or 

polyploidy, poor sporulation efficiency, unstable mating types, etc. Full-

genome sequencing and large-scale phenotyping experiments 

demonstrate that the laboratory strains are not representative for most of 

industrial strains (Borneman et al., 2011; Liti et al., 2009; Warringer et 

al., 2011). Although most fundamental studies of yeast were performed 

through laboratory strains such as S. cerevisiae S288c, these results 

cannot be simply reflected to industrial strains. There are several 

potential problems accompanying improvement strategies for metabolic 

engineering or synthetic biology (Dunn & Sherlock, 2008; LEGRAS et 

al., 2007; Liti et al., 2009; Schacherer et al., 2009). For this reason, new 

industrial strains which have not been well-studied yet should be isolated 

and studied independently. For example, several groups isolated various 

wild-type yeast strains for industrially related properties (Blieck et al., 

2007; Comitini et al., 2011; Hashimoto et al., 2005; Zaky et al., 2014). 

Additionally, analysis of industrial yeast strains isolated from specific 

environmental conditions can be developed to obtain promising strains 

for starter cultures with special properties. Indigenous yeast strains have 

been engineered to exhibit valuable characteristics through continuous 

evolution and adaptation in environmental harsh conditions (Mannazzu 
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et al., 2002; Tristezza et al., 2012; Zagorc et al., 2001). An isolated 

industrial yeast strain, which was well-adapted to the harsh fermentation 

condition, could be applicable to the biofuel industry. Mass production 

of biofuel was performed using by hydrolysates of biomass as a 

feedstock (Basso et al., 2008; da Silva-Filho et al., 2005). Two isolated 

S. cerevisiae strains (JAY270 and JAY291) are now responsible for up 

to 70% of the total Brazilian biofuel production (Della-Bianca et al., 

2013).  
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1.2. Significant features of industrial S. cerevisiae  

Industrial S. cerevisiae has numerous benefits for large-scale 

fermentations. During the large-scale fermentation, industrial yeast 

strains (typically S. cerevisiae) are exposed to fluctuations in oxygen 

limitation, osmotic stress, pH changes caused by metabolites, high 

concentration of ethanol, nutrient starvation and temperature (Briggs et 

al., 2004). However, S. cerevisiae can adapt with these environmental 

fluctuations due to physiological and molecular metabolic changes. 

There are two major stress response mechanisms in S. cerevisiae. The 

first one is the heat shock response (HSR), which is activated by heat 

stress (Bienz & Pelham, 1986; Chatterjee et al., 2000; Morimoto et al., 

1996). Most industrial S. cerevisiae strains have been reported to be more 

thermotolerant than the haploid laboratory strains. (Kim et al., 2017b; 

Zhang et al., 2014) Second, the general stress response (GSR) system is 

activated by various environmental stresses including oxidative, pH and 

osmotic changes as well as nitrogen starvation (Martinez‐Pastor et al., 

1996; Ruis & Schüller, 1995; Schmitt & McEntee, 1996). Evolutionary 

adaptation through the GSR is known to allow industrial yeasts to 

respond against adverse environmental harsh conditions. (Attfield, 1997)  

During the industrial fermentation process, the industrial strain would be 
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inoculated into the high concentrated complex hydrolysates with high 

concentration of sugar and derivatives. High gravity or high concentrated 

solute of the fermentation broth has been reported to increase external 

osmotic pressure, resulting in reduced growth and incomplete 

fermentation performance (Briggs et al., 2004; D'amore et al., 1989). It 

was found that high resistance of osmotic stress can be correlated with 

the concentration of sugars and accumulation of intracellular glycerol, 

which is a main by-product in haploid yeast strains as well as industrial 

strains (Ansell et al., 1997; Gibson et al., 2007; Hounsa et al., 1998). As 

might be expected, high concentrations of sugar and intracellular 

glycerol can enhance the capacity of industrial strains to resist against 

high extracellular osmotic pressure. Several studies indicated that an 

osmotolerant ability is decided by the characteristic of strains, however, 

the industrial strain is commonly high tolerant to osmotic pressure 

through the frequency of exposure (Albers & Larsson, 2009; Gibson et 

al., 2007).  

One of the key advantages for industrial fermentations is the resistance 

to ethanol, because industrial S. cerevisiae strains mainly produces high 

concentration of ethanol. Thus, the capacity of fermentation can be 

influenced by how tolerant to concentration of ethanol as a main 
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metabolite (Yamada et al., 2010). Numerous studies identified that 

ethanol tolerance was influenced by the fluidity of plasma membrane by 

increasing the unsaturation index (Attfield, 1997). Dominant mono-

unsaturated fatty acids (UFAs) of the S. cerevisiae plasma membrane are 

palmitoleic and oleic acids formed by the desaturation of the saturated 

palmitic and stearic acids, respectively. This reaction mediated by an 

enzyme of membrane desaturase encoded by the OLE1 gene, which is 

upregulated during ethanol fermentation (James et al., 2003; Kajiwara et 

al., 2000; Rodríguez-Vargas et al., 2007). Subculture of S. cerevisiae in 

YPD medium with 10 % ethanol led to an increase in unsaturation index 

to 0.74, compared with a value of 0.57 for yeasts grown in YPD medium 

without ethanol, mainly due to an increase in the percentage of the mono-

UFAs palmitoleic acid and oleic acid and a corresponding reduction in 

the ratio of the saturated palmitic and stearic acids (Alexandre et al., 1994; 

Attfield, 1997). Current studies concluding modification of lipid 

composition through genetic manipulation and UFA supplementation, 

suggested that oleic acid is the main determinant of ethanol tolerance in 

the industrial S. cerevisiae, rather than unsaturation index (Landolfo et 

al., 2010; Rodríguez-Vargas et al., 2007; You et al., 2003). S. cerevisiae 

strains also exhibit an increase in plasma membrane H+-ATPase activity 
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in response to ethanol exposure. This results suggest that a further 

adaptation process which exhibited the higher H+-ATPase activity 

counteracts the increased influx of protons across the plasma membrane 

of industrial strains exposed to ethanol. Further evidence for the role of 

H+-ATPase in ethanol tolerance, homozygous diploid mutant strains of 

S. cerevisiae lacking H+-ATPase function were sensitive to ethanol 

(Fujita et al., 2006).  

Despite potential toxicity of oxygen, it plays an essential role in the 

overall fermentation process. Stable supply of oxygen is necessary that 

the industrial yeast strain can keep the optimal physiological conditions 

for effective fermentation (Hammond, 2000; Hulse, 2003). Oxidative 

stress may recover by the replicative lifespan of industrial strains (Powell, 

2000), but the ability of overcoming oxidative stress is strain-dependent 

(Maskell et al., 2001) and related to the cellular antioxidant properties 

(Barker et al., 1999; Gibson et al., 2006; Van Zandycke et al., 2002). 

It is generally recognized that the industrial yeast can easily ferment 

hydrolysates from various kinds of biomass. Lignocellulosic hydrolysate 

is a type of industrially produced hydrolysates mixture composed of 

various sugars and fermentation inhibitors (Barnet & Norr, 1976; Olsson 

& Hahn-Hägerdal, 1996; Saitoh et al., 2010). An industrial S. cerevisiae 
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strain can be resistant to the inhibitors from cellulosic hydrolysates. 

Especially, lignocellulose hydrolysates contain various inhibitors 

depending on the types of biomass and pretreatment conditions used, 

harboring inhibitor tolerance an advantageous trait for reaching 

economically viable lignocellulosic ethanol production (Hahn-Hagerdal 

et al., 2007; Weber et al., 2010). The inherently higher robustness and 

tolerance of industrial S. cerevisiae to various inhibitors demonstrates 

the promising strains with an inhibitor tolerance, resulting in efficient 

fermentation of hexoses and pentoses in concentrated lignocellulose 

hydrolysates (Almeida et al., 2007). Although progress has been made 

in developing strains with higher ethanol and inhibitor tolerance in 

bacteria, like Escherichia coli, and in other yeast species, like 

Scheffersomyces (Pichia) stipitis, these strains still lag far behind 

industrial S. cerevisiae strains in their level of ethanol tolerance, general 

robustness and performance under industrial harsh conditions (Huang et 

al., 2009; Miller et al., 2009).    
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1.3. Genetic manipulation of industrial S. cerevisiae  

Industrial S. cerevisiae strains are still the dominant organism for the 

fermentation industry owing to its high consumption rate of sugars, high 

tolerance to ethanol, inhibitors and pH (Demeke et al., 2013; Lau et al., 

2010; Zaldivar et al., 2001). The well-established system of production 

of chemicals and fuels has been mostly limited to haploid yeast strains. 

In order to apply these systems into polyploid strains, various attempts 

have been made to manipulate the genomes of industrial strains for 

overcoming the genetic background of polyploid strains.   

First, a strain improvement through evolutionary engineering referred to 

as adaptive, directed, or experimental evolution, relies on the basic 

principles of genetic variation and subsequent selection (Butler et al., 

1996). Generally, a population of cells is grown under an intended 

selection condition for the favorable phenotype of the strain during 

repeated generations. Occasionally, random mutagenesis would occur in 

this repeated sub-cultivation. If a specific mutation obtained with 

benefits, this variant would be selected and enriched for in the population. 

Because of the convenient and easy repeated cultivation in the laboratory, 

evolutionary engineering is an easy way to generate mutant yeast strains 

with improved properties (Buckling et al., 2009; Elena & Lenski, 2003). 
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For example, industrial strains with improved tolerance of temperature 

could be isolated by the repeated sub-culturing under the high 

temperature (Steinmetz et al., 2002). Furthermore, other groups 

conducted a targeted evolution procedure to improve growth properties 

of the industrial S. cerevisiae TMB3400 in the hydrolysates. After 300 

generations, the TMB3400 strain with significantly reduced lag phases 

in the complex medium with furfural as well as in the hydrolysates 

medium could be achieved (Heer & Sauer, 2008). Another study uses an 

adaptive laboratory evolution method called visualizing evolution in 

real‐time (VERT) to uncover the molecular mechanisms associated with 

tolerance to hydrolysates of lignocellulosic biomass in S. cerevisiae. 

Subsequent the growth properties of the mutants in individual and 

combinations of common inhibitors present in hydrolysates (acetic acid, 

furfural, and hydroxyl methyl furfural) showed differential levels of 

resistance to different inhibitors, with enhanced growth rates up to 57 %, 

12 %, 22 %, and 24 % in hydrolysates, acetic acid, HMF and furfural, 

respectively (Almario et al., 2013). Also, the use of rich medium 

considerably improved resveratrol production, and resveratrol 

production up to 391 mg/L could be obtained through repeated 

generations with an industrial Brazilian sugarcane fermenting yeast 
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(Sydor et al., 2010). Interestingly, some of the adaptive mutants 

exhibited reduced fitness in the presence of individual inhibitors but 

showed enhanced fitness in the presence of combinations of inhibitors 

compared to the parental strains. Likewise, a mutant strain obtained by 

continuous sub-culturing under the intended condition might exhibit the 

desired phenotype, but might occur the unwanted genomic or other 

phenotype changes for unknown reasons. Although there is an inverse 

metabolic discipline using these unexpected events, they could be 

limitations to manipulate desired genes.  

Second, the mutagenesis has been used to acquire improved industrial 

yeast strains. There are two types of mutagenesis used for industrial yeast 

strains; physical and chemical. Most commonly used UV mutagenesis of 

physical methods causes frameshift mutations or base pair substitutions 

by mitotic crossing over or mutation of DNA cross-linkage. In addition, 

ionizing radiation causes point mutations by causing breaks in single-

stranded DNA or by dehydroxylated nucleotides (Rubio-Texeira et al., 

2010). Chemical mutagenesis is treated with EMS (ethyl 

methanesulfonate) or MNNG (methylnitronitrosoguanidine) (Crook & 

Alper, 2012). However, it is often hard to predict which type of genetic 

alteration is required to improve a certain phenotype and hence which 
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mutagen should be used. In fact, the auxotrophic mutants of diploid 

industrial sake yeast strains were obtained by UV mutagenesis. His-, 

Met-, Lys-, Trp-, Leu-, Arg- and Ura- auxotrophic mutants were 

successfully obtained from five sake strains, Kyokai no.7, no.9, no.10, 

no.701 and no.901 by screening 1700 to 3400 colonies from each treated 

strains (Hashimoto et al., 2005).  

Third, the random sporulation is currently tried to isolate a haploid 

derivative of industrial yeast strains with advantageous physiological 

traits. To develop a host strain for metabolic engineering that could be 

easier to modify than a polyploid strain, all copies of the HO gene were 

deleted to prevent mating-type switching and diploid formation (Breeden 

& Nasmyth, 1985; Hicks et al., 1977). Several studies obtained mutants 

with double and triple deletion of the HO gene to isolate haploids from 

industrial yeast strains. And then, 2000 fast grown colonies were isolated 

and screened through mating type assay and flow cytometry. Only one 

spore clone (4124-S60) was determined to be haploid. The isolated 

haploid strain showed the superior fermentation properties, such as 

higher ethanol yield and lower byproducts yield than the laboratory strain 

with the same genetic background (Kim et al., 2017b). The obtained 

haploid strain was fused with other haploid, resulting in the homozygous 
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and heterozygous diploid strain. For example, the heterozygous and 

homozygous deficient strains from an industrial S. cerevisiae N85 was 

constructed by fusion and genetic manipulation of haploids (Wu et al., 

2013). These strains were used for Chinese rice wine fermentation. The 

homozygous CAR1 deleted strain showed significantly improved 

productivity of ethanol than the parental industrial strain (Wu et al., 

2014).  

At last, the sequence-specific mutagenesis has been currently used for 

genome editing. Sequence-specific nucleases, such as zinc finger 

nuclease (ZFN) (Urnov et al., 2010), transcription activator-like effector 

nucleases (TALEN) (Bogdanove & Voytas, 2011) and homing 

meganucleases (Stoddard, 2005) induce DNA cleavages of the polyploid 

S. cerevisiae genome. The ZFN and TALEN can recognize the target 

sequence by the DNA-binding domain and cleavage domain, resulting in 

double strands breaks (DSB) and the self-repair system of yeast (Miller 

et al., 2007; Perez et al., 2008). Meganucleases have not been widely 

adopted as a genome engineering tool due to lack of clear 

correspondence with the target DNA sequences. On the other hands, ZF 

domains still exhibit challenges for context-dependent binding 

preference and extensive screening processes (Maeder et al., 2008; 
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Sander et al., 2011). Similarly, TALEN DNA-binding monomers also 

suffered from the low specificity and required intensive labor and cost 

for arrays (Juillerat et al., 2014). The ZFN and TALEN have been also 

used for genome editing for polyploid S. cerevisiae strains because of 

unclear specificity and unfeasibility. Therefore, genetic manipulation of 

polyploidy yeasts through TALEN and ZFN was inevitably limited.    
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1.4. CRISPR-Cas9 genome editing in S. cerevisiae  

Compared with laboratory haploid S. cerevisiae, industrial polyploid S. 

cerevisiae has the higher productivity and robustness under the harsh 

industrial condition as mentioned previously. However, the genome of 

industrial yeast strains was hardly manipulated because of diploid or 

polyploid strains which contain multiple copies of chromosomes 

(Stovicek et al., 2015). In haploid laboratory strains, single genes can be 

disrupted and the resulting mutants are easily obtained. It is difficult to 

obtain diploid and polyploid industrial mutants exhibiting often also 

aneuploidy, since multiple alleles of a gene are present and all the copies 

should be inactivated. The classical PCR-based gene deletion strategy, 

based on a replacement of the targeted allele with a selection marker 

cassette, relies on several laborious selection and screening processes 

and on the availability of an appropriate selection marker. For industrial 

strains this procedure is very time-consuming and sometimes even 

infeasible. The CRISPR-Cas9 genome editing strategy can make double 

strand breaks (DSBs) in the sequence-specific locus by the action of the 

nuclease and single or multiple gene editing achieved by the cellular self-

repair system. It enables convenient and reliable genetic manipulation of 

industrial polyploid strains. In the naturally occurring system, Cas 
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proteins incorporate foreign DNA (protospacer) into a CRISPR array in 

form of a spacer between identical native palindromic repeats. 

Subsequently, the CRISPR array is transcribed to so called CRISPR(cr) 

RNA protospacers and the crRNAs hybridize to trans‐acting RNAs 

(tracrRNAs), creating a crRNA-tracrRNA hybrid. This hybrid associates 

with the type‐II endonuclease Cas9 and the whole complex recognizes 

and cleaves the foreign DNA that is complementary to the protospacer, 

creating a DSB (Cong et al., 2013; Horvath & Barrangou, 2010; Hsu et 

al., 2014; Jinek et al., 2012; Mali et al., 2013b). (Fig. 1-1(A)) A 20 bp 

target complementary sequence within crRNA is required for Cas9 

activity, localized immediately upstream of the protospacer adjustment 

motif (PAM) which is composed of three nucleotides NGG required for 

cleavages. Any genomic loci followed by the PAM sequence (5′-NGG-

3′) can be targeted for modification. The engineered CRISPR/Cas9 

system utilizes the guide RNA (gRNA) composed of the fused sequences 

of crRNA and tracrRNA. By modifying 20 bp of the 5′ end of the gRNA 

molecule, the system can be used to target any desired sequence in the 

genome for editing (DiCarlo et al., 2013; Jinek et al., 2012). (Fig. 1-1(B)) 

DNA cleavage should repair the DNA break through the cellular self-

repair system. Introduction of desired sequence modifications is then 
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achieved by exogenously supplied donor DNA (repair DNA).  

Recently, several approaches have been reported to delete or introduce 

DNA sequences into the genome of S. cerevisiae. They usually involve 

single or double plasmid systems carrying gRNA and the Cas9 gene, 

and/or a donor DNA targeting the desired sequence. Some studies have 

also reported stable integration of the Cas9 gene into the genome, while 

gRNA was expressed from a plasmid (Mans et al., 2015). The first report 

of a single gene disruption in a S. cerevisiae haploid strain by the 

CRISPR-Cas9 system demonstrated that targeted DSBs can increase HR 

in a constitutively expressing Cas9 strain by a 130‐fold when 

transformed with a double‐stranded 90 bp oligonucleotide containing the 

homologous ends to the target sequence and a transient gRNA cassette. 

(DiCarlo et al., 2013) A double plasmid system was also used in S. 

cerevisiae to delete the CAN1 and ADE2 genes, in which Cas9 and 

tracrRNA are expressed on one plasmid and CRISPR array on another. 

The efficiency was only 14.7% for CAN1 and 12.5% for ADE2. 

Changing the strategy to a single plasmid system improved the knock‐

out efficiency to 100% for both genes (Bao et al., 2014; Ryan et al., 2014). 

The authors generated a plasmid (single plasmid system) carrying the 

Cas9 gene and three different gRNA expression cassettes, and performed 
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triple gene deletion using a multiplex CRISPR approach. The efficiency 

was only 19 % in the diploid strain but near 100 % in the haploid. Using 

a similar method to that for the gene knock‐out, they assembled in vivo 

three overlapping DNA fragments carrying a nourseothricin resistant 

gene and integrated them into the URA3 locus. The efficiency was 85 % 

in a diploid strain and 70 % in a polyploid strain. Lower efficiency of 

15–60% by knocking out four genes one by one (URA3, HIS3, LEU2 and 

TRP1) in an industrial polyploid strain was reported (Zhang et al., 2014). 

A single plasmid carrying the Cas9 gene and multiple gRNAs was also 

used in S. cerevisiae, which enabled simultaneous deletion of multiple 

genes in haploid and diploid backgrounds (Generoso et al., 2016). 

Plasmids were either constructed in vitro or assembled in vivo using 

yeast homologous recombination systems. Around 90 % deletion 

efficiency was reported using the in vitro generated plasmids for one to 

three loci deleted at once in the haploid backgrounds and one to two loci 

in the diploid background. However, the transformation efficiency for 

the in vivo assembled plasmid in both backgrounds was from 0 to 60%.  

Although the CRISPR-Cas9 system provides several advantages 

compared with other techniques, it also has some limitations. First of all, 

it requires the PAM motif (usually NGG) to be recognized by the Cas9 
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nuclease and the DSB only occurs downstream of this sequence (Jinek 

et al., 2012). Therefore, the CRISPR-Cas9 system can only be applied to 

sequences with proximal to the PAM motifs. A solution is a discovery or 

engineering of new Cas nucleases that require motifs other than the PAM 

sequence. (Mitsunobu et al., 2017; Schwartz et al., 2016) Another 

disadvantage of the CRISPR-Cas9 system is an off‐site effect, which 

occurs when the nucleotides that drive the CRISPR-Cas9 complex 

recognize target sequences with mismatched bases, generating 

undesirable multiple DSBs (Hsu et al., 2013). The off‐side effects can be 

difficult to recognize and usually require scanning of the entire genome. 

However, in an organism with HR as the preferred repair mechanism, 

the off‐site effects would be expected to be less profound. In the previous 

study (Ryan et al., 2014), several off‐site mutations were found in the 

CRISPR-Cas9 edited yeast strains but the authors concluded that these 

were unlikely to occur owing to the activity of Cas9.  
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1.5. Ethanol production in industrial S. cerevisiae 

Industrial production of ethanol was indicated that industrial ethanol-

producing strains could ferment corn starch mainly in USA or sugarcane 

mainly in Brazil (Kumar et al., 2008; Reis et al., 2012). Lignocellulosic 

biomass has been recognized as a renewable feedstock. Industrial S. 

cerevisiae for bioethanol production usually has inherently excellent 

fermentation ability and better tolerance against stress factors during the 

industrial ethanol production compared to laboratory strains (Albers & 

Larsson, 2009; Benjaphokee et al., 2012; Tang et al., 2006). However, 

lignocellulosic biomass can be utilized by the industrial S. cerevisiae 

harboring the xylose assimilating pathway. Thus, the diploid or 

polyploid industrial S. cerevisiae were manipulated for genetic 

improvement through traditional techniques, such as natural adaptation, 

chemical/physical mutagenesis, protoplast fusion and genome mating. 

Summarized in Table 1-2, bioethanol was produced by industrial S. 

cerevisiae from glucose or various biomass.   
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1.6. 2,3-Butanediol production from biomass 

2,3-Butanediol (2,3-BDO) is a promising chemical compound due to its 

various industrial applications. It can be used as a starting material 

converted for bulk chemicals, especially 2-butanone and 1,3-butadien. 

Microbial fermentation of 2,3-BDO is mostly conducted by the bacterial 

species, Enterobacter, Klebsiella and Bacillus for fast growth in nutrient-

poor medium and a wide spectrum of carbon sources (Summarized in 

Table 1-2). Enterobacter aerogenes was engineered for utilization of 

lignocellulosic biomass by deletion of pflB and ptsG. In fermentation 

with sugarcane bagasse hydrolysates, 22 g/L 2,3-BDO was produced by 

E. aerogenes during 72 hours (Um et al., 2017). Another species of E. 

cloacae is metabolically engineered to produce 152 g/L 2,3-BDO within 

44 hours from lignocellulose-derived sugars (Li et al., 2015). K. 

pneumonia SDM was engineered by random mutagenesis to produce 150 

g/L 2,3-BDO in the fed-batch fermentation using corn steep liquor (Ma 

et al., 2009). Despite the high 2,3-BDO concentration in these bacteria, 

Enterobacter and Klebsiella are categorized by the World Health 

Organization as risk group 2 species (Celińska & Grajek, 2009). 

Therefore, these bacterial strains could not be used for the commercial 

2,3-BDO production due to their pathogenic properties. There are some 
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efforts to reduce the virulence factors in these pathogenic bacteria by 

disrupting the virulence-related wabG gene (Jung et al., 2013b) and 

eliminating pathogenic factors (lipopolysaccharides, polysaccharide 

capsules, fimbrial adhesins) (Shrivastav et al., 2013). As a result, the 

production of 2,3-BDO was decreased by 30 %, even though the 

virulence was reduced (Jung et al., 2013b). However, S. cerevisiae 

known as generally recognized as safe (GRAS) is a promising 

microorganism for industrial 2,3-BDO production.  
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1.7. Objectives of the dissertation 

This dissertation has focused on metabolically manipulating the 

polyploid industrial S. cerevisiae based on the CRISPR-Cas9 genome 

editing system. The specific objectives of the study are listed; 

1) Identification of a polyploid JHS200 strain by the determination 

of species and ploidy. 

2) Production of bioethanol from lignocellulosic biomass through 

introducing the xylose assimilating pathway and expressing 

NADH oxidase for relieving the excess NADH in the cytosol. 

3) Improvement of 2,3-butanediol production by combination of 

the disruption of PDC1, PDC6 and ADH1 and the strong 

expression of NADH oxidase with GPD1 and GPD2 disrupted 

polyploid yeast strains. 

4) Optimization of fermentation processes with the hydrolysates of 

lignocellulose and cassava biomass by the engineered polyploid 

S. cerevisiae for large-scale production.    
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Table 1-1. Bioethanol production from biomass in the industrial S. cerevisiae wild-type or mutant strains. 

  

Strain name Type of strain Substrates 
Titer 

(g/L) 

Productivity 

(g/L•hr) 
References 

CHY1011 Wild-type Cassava starch 89.1 1.35 (Choi et al., 2010b) 

ZU-10 Recombinant Corn stover 41.2 0.57 (Zhao & Xia, 2010) 

RPRT90 Mutated hybrid Ipomoea carnea 29.0 1.03 
(Kumari & Pramanik, 

2013) 

CHFY0321 Protoplast fusion Cassava starch 89.8 1.38 (Choi et al., 2010a) 

TMB3400 EMS mutagenesis 
Lignocellulosic 

hydrolysates 
32.9 0.34 (Olofsson et al., 2010) 

Baker’s yeast Wild-type Corn stover 25.7 0.36 (Ö hgren et al., 2006) 

K35 - Noodle waste 41.3 1.72 (Yang et al., 2014) 

Brewery yeast Wild-type Corn sugar molasses 78.6 6.55 (Zheng et al., 2012) 

NP01 Wild-type Sorghum juice 98.5 1.37 
(Ariyajaroenwong et 

al., 2012) 
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Table 1-2. Microbial 2,3-butanediol production from biomass.  

Strains Stereoisomer Substrates Methods Titer (g/L) 
Productivity 

(g/L•hr) 

Yield 

(g/g) 
References 

K. oxytoca meso, L-(+)- Molasses Cell recycle 118.0 2.40 0.42 
(Afschar et 

al., 1991) 

K. oxytoca meso, L-(+)- 
Corn cob 

cellulose 
Batch, SSF 25.0 0.36 0.31 

(Cao et al., 

1997) 

K. pneumoniae meso, L-(+)- 
Jerusalem 

artichoke tuber 
Fed-batch, SSF 84.0 2.29 0.32 

(Sun et al., 

2009) 

K. pneumoniae meso, L-(+)- 
Corncob 

molasses 
Fed-batch 78.9 1.35 0.41 

(Wang et al., 

2010) 

K. oxytoca meso, L-(+)- 
Corn cob 

hydrolysates 
Fed-batch 35.7 0.59 0.50 

(Cheng et 

al., 2010) 

P. polymyxa D-(+)- 
Jerusalem 

artichoke tuber 
Batch 36.9 0.88 0.50 

(Gao et al., 

2010) 

K. oxytoca meso, L-(+)- 
Jatropha hulls 

hydrolysates 
Batch 31.4 0.79 0.40 

(Jiang et al., 

2013) 

E. cloacae D-(+)- 
Lignocellulosic 

hydrolysates 
Fed-batch 119.4 2.30 0.47 

(Li et al., 

2015) 

K. pneumoniae meso, L-(+)- 
Whole rice waste 

biomass 
Batch 11.54 0.48 0.38 

(Saratale et 

al., 2016) 

Z. mobilis D-(+)- 
Lignocellulosic 

hydrolysates 
Batch 13.3 - - 

(Yang et al., 

2016) 
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B. licheniformis meso, D-(+)- 
Corn stover 

hydrolysates 
Fed-batch 74.0 2.1 0.47 

(Li et al., 

2014) 

E. aerogenes meso 

Sugarcane 

bagasse 

hydrolysate 

Batch 21.0 0.39 - 
(Um et al., 

2017) 

E. aerogenes meso 
Lignocellulosic 

hydrolysates 
Batch 11.0 - - 

(Lee et al., 

2015b) 

K. oxytoca meso, L-(+)- 
Microalgae 

hydrolysates 
Batch 2.77 0.28 0.31 

(Kim et al., 

2015b) 

E. cloacae D-(+)- Cassava powder Fed-batch; SSF 93.9 2.00 0.42 
(Wang et al., 

2012a) 

E. cloacae D-(+)- 
Sugarcane 

molasses 
Fed-batch 99.5 1.65 0.39 

(Dai et al., 

2015) 

E. aerogenes meso 
Sugarcane 

molasses 
Fed-batch 98.7 2.74 - 

(Jung et al., 

2013a) 

E. coli D-(+)- 
Seaweed 

hydrolysates 
Fed-batch 14.1 0.31 - 

(Mazumdar 

et al., 2013) 

B. licheniformis meso, D-(+)- 
Apple pomace 

hydrolysates 
Fed-batch 113.0 0.69 - 

(Białkowska 

et al., 2015) 

B. subtilis D-(+)- 
Sugarcane 

molasses 
Fed-batch 75.0 0.66 - 

(Białkowska 

et al., 2016) 

B. 

amyloliquefaciens 
D-(+)- 

Sugarcane 

molasses 
Fed-batch 60.0 0.43 - 

(Sikora et 

al., 2016) 

E. ludwigii D-(+)- 
Vegetable waste 

hydrolysates 
Fed-batch 50.0 0.4 0.41 

(Liakou et 

al., 2017) 
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P. polymyxa D-(+)- 
Corn stover 

hydrolysates 
Fed-batch 18.80 1.13 0.31 

(Ma et al., 

2018) 

B. licheniformis Meso 
Lignocellulosic 

hydrolysates 
Fed-batch 48.5 0.25 0.26 

(Gao et al., 

2018) 

B. licheniformis D-(+)- 
Lignocellulosic 

hydrolysates 
Fed-batch 32.2 0.15 0.21 

(Gao et al., 

2018) 
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Figure 1-1. (A) Mechanisms of CRISPR-Cas9 system described by 

Type I, II and III (Hsu et al., 2014). (B) Cas9 protein interacted with 

guide RNA (DiCarlo et al., 2013).  
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Chapter 2 

Identification of industrial S. cerevisiae JHS200 
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2.1. Summary 

An industrial JHS200 S. cerevisiae strain used in this study was isolated 

from Korean Nuruk. First, for the identification of species, the JHS200 

strain was analyzed by ITS region sequencing. As a result, the sequence 

of the JHS200 strain was identical to that of a reference strain, S. 

cerevisiae S288c. Second, to investigate the mating-type of the JHS200 

strain, PCR amplification of the MAT locus indicated that the JHS200 

strain has both MATa and MATα sequences, suggesting diploid or 

polyploid. For clarifying ploidy of the JHS200 strain, the DNA contents 

were measured by FACS analysis. As a result, the JHS200 strain was of 

polyploid (4n). Compared with the haploid laboratory strains, the 

industrial polyploidy JHS200 strain showed good performances of 

fermentation, such as high specific growth rate, high gravity 

(fermentation with high concentration of glucose or glycerol), high 

tolerance to ethanol and fermentation inhibitors. Thus, the JHS200 strain 

is a promising host for industrial fermentations relative to laboratory 

strains. If the genome editing system for an industrial polyploid strain 

was established, the JHS200 strain could be a good host for metabolic 

engineering.     
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2.2. Introduction 

S. cerevisiae regarded as a versatile microorganism has been studied for 

a long time in molecular biology and is easy to genetically manipulate. 

Thus, the production of various useful substances has been tried by using 

S. cerevisiae as a host, since the baker’s yeast is known as generally 

recognized as safe (GRAS). However, until now, it has been limited to 

laboratory strains to carry out metabolic engineering studies such as 

introduction or elimination of various genes and biosynthetic pathways. 

For example, laboratory haploid strains such as D452-2, BJ3505 and 

CEN.PK2-1D are widely used for metabolic engineering. However, the 

laboratory yeast strains are not industrially available because their 

improved fermentation ability was frequently lost in the industrial 

conditions (Albers & Larsson, 2009; Zaldivar et al., 2002). Therefore, 

current industrial fermentation processes have been mainly conducted 

with a mutant strain acquired improvements through random mutation or 

the evolutionary adaptation, since the research of various industrial 

yeasts has not been intensively studied yet. Thus, this study will 

demonstrate that the wild-type of an industrial S. cerevisiae JHS200 

strain has numerous traits for industrial applications.  
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2.3. Materials and method  

2.3.1. Genomic DNA preparation for ITS region sequencing 

For ITS region sequencing, the genomic DNA of the JHS200 strain was 

extracted. The industrial strain was cultured in YPD medium at 30 °C 

overnight and the grown cells were centrifuged at 13,200 rpm for 2 min. 

The supernatant was discarded, and the harvested cell pellets were 

washed twice with double-distilled water (DDW). The washed cell pellet 

was treated with 0.3 g glass beads (0.5 mm), 200 μL PCI solution 

(Phenol : Chloroform : Isoamyl Alcohol 25:24:1, Sigma-Aldrich, MO, 

USA) and lysis buffer containing 0.1 M Tris pH 8.0, 1 mM NA2EDTA, 

2% triton X-100 and 1% SDS. After vortexing for 4 min, the suspension 

was resuspended gently with 200 μL TE buffer (10 mM Tris, 0.5 mM 

EDTA and pH 8.0) and centrifuged at 4 °C for 5 min. Approximately 

300 μL of the supernatant, avoiding white cell debris and beads, was 

transferred to 1.5 ml eppen tubes and resuspended with 1 ml absolute 

ethanol by inversion. The suspension was centrifuged at 13,200 rpm for 

2 min to remove the supernatant completely. The DNA pellet was 

dissolved in 100 μL TE buffer and incubated with 10 mg/ml RNase A at 

37 °C for 1 hour. The genomic DNA purity was measured by Nanovue 

plus (Ge Healthcare Life Science, USA). The obtained genomic DNA of 
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the industrial strain was amplified by PCR with the universal primers 

ITS1 and ITS4 (Table 2-1) (Kawahata et al., 2007).  

2.3.2. Analysis of mating type by amplification of MATa/α locus 

The MAT locus was analyzed by PCR with the following specific 

primers designed previously with modifications (Haber, 2012). Three 

primers were used for amplification of the MAT locus; F_HML_Yα 

(located at MATα and HMLα), F_HMR_Ya (located at MATa and 

HMRa) and R_MAT (Table 2-1). PCR amplification mixture was 

composed of TOPsimple™ DyeMIX-Tenuto PCR premix (enzynomics, 

Daejeon, Korea), 10 pmol of forward and reverse primers, 2 μl of 

template DNA. The PCR reaction was performed with initial 

denaturation at 94°C for 5 min, followed by 30 cycles of denaturation at 

94 °C for 30 sec, annealing at 55 °C for 30 sec, extension at 72 °C for 1 

min, and a final extension at 72 °C for 10 min. The obtained PCR 

amplicon size at MATα was 491 bp and amplicon size at MATa was 770 

bp. 

2.3.3. DNA contents analysis by flow cytometry 

Flow cytometry was used to determine the ploidy of the JHS200 strain. 

Cells for ploidy determination were prepared as follows. Cell growth was 

observed with an optical density (OD600) measured at the wavelength of 
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600 nm, using a spectrophotometer (UV-1601, Shimadzu, Japan). The 

cells were grown in 50 ml of YP medium containing 20 g/L glucose at 

30 ℃ and 250 rpm until the mid-exponential phase (OD600=5.0~6.0). 

The grown cells (OD600=10) were harvested at 13,000 rpm for 5 min and 

washed twice with PBS (Phosphate-Buffered Saline C-9024, Bioneer, 

Korea). The washed cell pellet was gently resuspended with ice cold 70% 

ethanol (Merck, Germany) for immediately fixation. The fixed cells were 

resuspended by TOMY MT-360 (Tomy Seiko, Japan) for 5 min, and 

centrifuged 13,000 rpm for 3 min. Then, it washed twice with PBS 

(Phosphate-Buffered Saline C-9024, Bioneer, Korea). The cells were 

suspended with 400 μl PBS solution, and added 100 μl of 10 mg/ml of 

RNase A and incubated at 37 °C for overnight. After suspending cells 

with 500 μl PBS solution, it was added 55 μl of 500 μg/ml propidium 

iodide and incubated in the dark for 2 hours for sufficient staining. The 

stained cells were washed with PBS solution and suspended with 500 μl 

of PBS solution. FACS tube was prepared with 2ml PBS solution and 50 

μl of cell suspension was added. To analyze DNA contents in the JHS200 

strain, DNA histograms were recorded with a FACS Aria II (BD 

BioSciences, USA) in Gyeonggi Bio center (Suwon, Korea). The data 

were analyzed by the Kaluza software to investigate the ploidy of the 
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JHS200 strain. 

2.3.4. Characterization of physiological properties  

2.3.4.1. Growth rate  

For estimating growth rate of yeast strains, the previous method was 

modified (Nissen et al., 2000b). Cell growth was determined with an 

optical density (OD600) measured at the wavelength of 600 nm, using a 

spectrophotometer (UV-1601, Shimadzu, Japan). Five yeast strains 

including one industrial strain (JHS200) and four lab strains (CEN 

PK21D, D452-2, L2616 and BY4742) were cultivated with YP medium 

with 20 g/L glucose in a 500 mL baffled-flask at 30 ℃ and 250 rpm. Cell 

density was measured by 600 nm at intervals of 30 minutes to 1 hour. 

The growth curve was obtained from the values of OD600, and the OD600 

value was also converted into log units.  

2.3.4.2. High and low density of inoculum cell  

To compare the fermentation performances of an industrial strain with 

other haploid laboratory strains, flask cultures were conducted in YP 

medium with the high or low cell density of inoculum. Prior to main 

cultures, a pre-culture was performed with YPD media (10 g/L yeast 

extract and 20 g/L peptone with 20 g/L glucose) in 5 mL test tubes at 
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30 °C and 250 rpm in a shaking incubator (Vision, Korea) for 24 hours. 

After the pre-culture cells were harvested and inoculated into a working 

volume (100 mL) of the YPD medium (10 g/L yeast extract, 20 g/L 

peptone, 100 g/L glucose) for main cultures which were operated at 

30 °C, 80 rpm under oxygen-limited conditions. The low cell density of 

culture was inoculated by OD600 of 0.1, however, the high cell density of 

culture was performed by the inoculation OD600 of 20.  

2.3.4.3. Ethanol tolerance  

To investigate the ethanol tolerance of the industrial strain, the viability 

assay was performed. Pre-culture was performed with YPD media (10 

g/L yeast extract and 20 g/L peptone with 20 g/L glucose) in 5 mL test 

tubes at 30 °C and 250 rpm in a shaking incubator (Vision, Korea) for 24 

hours. After the pre-culture cells were harvested and washed twice with 

0.9 % NaCl solution. The harvested cell with 0.5 of OD600 was inoculated 

into YPD medium (20 g/L glucose) added with 10% (w/v), 15% (w/v) 

and 20% (w/v) ethanol. Sampling was performed at appropriate time 

intervals, cell suspension diluted with appropriate cell density was plated 

on YPD plates. All plates were cultured under 30 °C for 1 day, the CFU 

(Colony-forming Unit) was determined by counting the number of 

colonies grown on each of the plates.  
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Additionally, the flask fermentation with high concentration of ethanol 

was carried out with industrial and laboratory strains. Pre-cultures of 

yeast strains were performed with YPD media (10 g/L yeast extract and 

20 g/L peptone with 20 g/L glucose) in 5 mL test tubes at 30 °C and 250 

rpm in a shaking incubator (Vision, Korea) for 24 hours. After 24 hours 

cultivation, the mid-exponential growing cells (OD600 < 3.0) were 

harvested and washed twice with DDW. Cells were inoculated into the 

main culture at the initial cell concentration of 0.1 g DCW/L. The main 

culture was conducted in YP medium flask with 20 g/L ethanol and 100 

g/L ethanol.  

2.3.4.4. Tolerance of the fermentation inhibitors from hydrolysates 

All fermentation experiments were carried out at 30 °C. Pre-cultures of 

yeast strains were performed with YPD media (10 g/L yeast extract and 

20 g/L peptone with 20 g/L glucose) in 5 mL test tubes in a 250 rpm-

shaking incubator (Vision, Korea) for 24 hours. After 24 hours 

cultivation, the mid-exponential growing cells (OD600 < 3.0) were 

harvested and washed twice with DDW. Cells were inoculated into the 

main culture at the initial cell concentration of 0.2 g DCW/L. The main 

culture was conducted in YP medium flask with 40 g/L glucose and 1.2 

g/L furfural. 
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2.3.5. Analysis of dry cell weight and metabolites 

Cell growth was monitored by optical density at 600 nm (OD600) using a 

spectrophotometer (OPTIZEN POP; Mecasys, Daejeon, Korea). Dry cell 

weight (DCW) was estimated using a conversion factor of 0.50 gdry cell 

weight/L/OD600. Glucose, glycerol, acetate, acetoin, 2,3-BDO, and ethanol 

were measured by a high-performance liquid chromatography (1260 

Infinity, Agilent, CO, USA) equipped with a BioRad Aminex HPX-87H 

column (300 mm 7.8 mm, 5 µm; Bio-Rad, Hercules, CA, USA) with 5 

mM H2SO4 at a flow rate of 0.6 mL/min. Metabolites were anaylsed 

using a refractive index (RI) detector. 
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2.4. Results and discussion  

2.4.1. Species identification of the industrial strain by ITS region 

sequencing 

To confirm the species of the strain obtained from Korean Nuruk, the 

sequence alignment was performed by amplification of the internal 

transcribed spacer (ITS) region with universal ITS1 and ITS4 primers 

for S. cerevisiae (Fig. 2-1 (A)). ITS primers were described in Table 2-

1. As a result, the sequences of the ITS region in the industrial strain 

were completely identical to that of the reference strain, S. cerevisiae 

S288C (Fig. 2-1 (B)). Thus, it was confirmed that the industrial strain 

JHS200 is S. cerevisiae species.    

2.4.2. Determination of mating type and ploidy of industrial strain 

JHS200  

S. cerevisiae is a budding yeast exhibiting either as MATa or MATα 

haploids or as MATa/MATα diploids created by its genetic background. 

A mating type is determined by two non-homologous alleles (MATa and 

MATα) of the mating-type (MAT) locus (Haber, 2012). It can be 

confirmed by amplification of specific PCR products. A haploid strain is 

amplified either the MATα-specific or MATa-specific product 
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corresponding to its mating type, whereas a diploid or polyploid strain 

shows both PCR products alleles (MATa and MATα). Fig. 2-1 (C) 

showed two haploid S. cerevisiae laboratory strains representing 

different mating types exhibiting different size of PCR products. The 

haploid S. cerevisiae D452-2 strain (known to be MATα) exhibited only 

the 491bp-sized MATα PCR-band. The MATa mating type of haploid S. 

cerevisiae BJ305 presented one specific PCR-band by MATa (770 bp). 

For the industrial strain (JHS200), two PCR-bands of MATa and MATα 

were simultaneously amplified, suggesting of diploid or polyploid (Fig. 

2-1 (C)).  

To ensure ploidy of the JHS200 strain, DNA contents were measured 

through the flow cytometry analysis. Distribution of different 

enumeration of DNA contents is based on major phases of a cell cycle 

which are the pre-replicative phase (G0/1), DNA replication (S phase) 

and the post-replicative and mitotic (G2+M) phase cells. (Ochatt, 2006) 

Since the nuclear DNA content includes the position of cells during a cell 

cycle, flow cytometry analysis of nuclear DNA content is useful for 

evaluation of strain ploidy and cell cycle analysis. Flow cytometry can 

estimate DNA contents in individual cells of cell populations accurately 

and rapidly. Fig. 2-2 (A) and (B) show the results of cellular DNA content 
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measured in the form of frequency histograms. The intensity of DNA 

contents varied by the ploidy of yeast strains in Fig. 2-2.  

The ploidy of the laboratorial strain CEN.PK2-1D and industrial strain 

JHS200 were determined by the intensity of DNA content. The S. 

cerevisiae CEN.PK2-1D strain gave a major peak of ① fluorescence, 

while the S. cerevisiae JHS200 strain showed a peak of ③ fluorescence. 

This result indicated that S. cerevisiae JHS200 is a polyploid (4n) strain 

(Fig. 2-2). 

2.4.3. Characterization of fermentation parameters  

2.4.3.1. Specific growth rate  

Among the various factors that distinguish microorganisms, the specific 

growth rate is one of the most important factors that indicates how rapid 

the microorganism grows. In this aspect, the industrial strain (JHS200) 

was cultured for measuring the specific growth rate compared with four 

different laboratory strains (CEN.PK1-D, D452-2, L2612, BY 4742). 

Five yeast strains were initially inoculated at the same amount of 0.1 of 

OD600. It was found that the industrial strain (JHS200) grew faster than 

other laboratory strains (Fig. 2-3 (A)). These values were converted into 

logarithm to select the linear section of a graph, and the slope of this 
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graph was calculated to compare specific growth rate (Fig. 2-3 (B)). 

Specific growth rate of the JHS200 strain was estimated 0.547 hr-1, 

whereas four laboratory haploid strains (CEN.PK2-1D, D452-2, L2612 

and BY4742) were estimated 0.452 hr-1, 0.445 hr-1, 0.413 hr-1 and 0.478 

hr-1, respectively (Table 2-2). It could be seen that the specific growth 

rate of JHS200 was superior to that of the laboratory strains or industrial 

strains published previously. (van Dijken et al., 2000; van Hoek et al., 

1998). The rapid growth rate of the JHS200 strain can be an economical 

and effective advantage for the large-scale fermentation processes.  

2.4.3.2. High and low cell density of inoculation  

Important factors in the large-scale fermentation is the specific growth 

rate of yeast strains as well as the amount of the inoculated cells. Among 

the four laboratory strains, CEN.PK2-1D known to have a good 

fermentation performance was selected as a control strain of haploid. 

These two strains (JHS200 and CEN.PK2-1D) were grown in YP 

medium with 100 g/L glucose at an initial inoculum concentration of 20 

of OD600. There was no significant difference in glucose consumption 

rate and specific growth rate, however, the JHS200 strain had slightly 

higher initial ethanol productivity than CEN.PK2-1D (Fig. 2-4). It is 

necessary that the two strains were cultured under the severe 
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fermentation condition of high gravity and high cell density for more 

accurate comparison. High gravity was caused by high concentrations of 

glucose in fermentation medium and accumulation of glycerol. The 

industrial strain (JHS200) and laboratory strain (CEN.PK2-1D) were 

cultured in YP medium with 300 g/L glucose and inoculated by 20 of 

OD600. As shown in Fig. 2-5, JHS200 showed an outstanding 

fermentation ability than CEN.PK2-1D when they were grown under 

harsh culture conditions. JHS200 consumed 285 g/L glucose to produce 

136 g/L ethanol, while CEN.PK2-1D consumed 250 g/L glucose and 

produced 120 g/L ethanol. In addition, the ethanol productivity of 

JHS200 was 4.14 g/Lhr, which is much higher than that of CEN.PK2-

1D (2.58 g/Lhr).  

On the other hands, the concentration of cell was inoculated at a very 

low amount (OD600=0.1), final DCW of JHS200 strain reached up to 5.7 

gDCW/L and 0.40 g/g of ethanol yield was obtained. However, CEN.PK2-

1D strain grew up to 3.2 gDCW/L and obtained 0.35 g/g yield of ethanol 

production (Fig. 2-6). 

Accordingly, the polyploid JHS200 strain showed better performances 

of fermentation compared to the haploid CEN.PK2-1D stain regardless 

of inoculation cell density. It can be said that VHG (Very High Gravity) 
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fermentation is also applicable for the JHS200 industrial strain because 

it grew well even in the medium containing high concentration (300 g/L) 

of glucose.  

2.4.3.3. Ethanol tolerance  

S. cerevisiae is a highly effective strain for ethanol production as a 

primary metabolite. Not only the ability to produce ethanol but also the 

resistance to ethanol produced are important as an indicator to evaluate 

the property of a yeast. Two strains of JHS200 and CEN.PK2-1D were 

cultured in YP medium containing high concentration of ethanol (10 %, 

15 % and 20 %), and cell viability was measured. In the medium with 

10% ethanol, both strains tended to decrease the number of viable cells, 

but showed no significant growth inhibition. In the medium with 15% 

ethanol, the viable cells of CEN.PK2-1D nearly disappeared within 5 

hours. However, the viable cells of the JHS200 strain could be observed 

upto 20 hours (Fig. 2-7). In the medium with 20% ethanol, 15 colonies 

of the JHS200 strain were observed in 1 hour, whereas CEN.PK2-1D 

could not form a colony at any time (data not shown). Thus, the JHS200 

strain exhibited that the cell viability was better than the CEN.PK2-1D 

strain even at high concentration of ethanol. To clarify the ethanol 

tolerance of these two strains, the fermentation of YP medium with 20 
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g/L glucose and 100 g/L ethanol was carried out. There was no 

significant difference in growth properties between the two strains until 

the first 30 hours of fermentation, but the JHS200 strain gradually grew 

after 30 hours and consumed 20 g/L glucose. On the other hand, CEN 

PK2-1D did not grow until 80 hours and glucose consumption did not 

occur (Fig. 2-8). Accordingly, the JHS200 strain is more resistant to high 

concentration ethanol than the CEN.PK2-1D strain. The property of high 

resistance to ethanol has some advantages in applications to industrial 

fermentation processes.     

2.4.3.4. Tolerance of the fermentation inhibitors from lignocellulosic 

hydrolysates 

JHS200 is an industrial strain having many excellent features for ethanol 

fermentation as described above. Since these industrial strains should be 

practically used for the fermentation industry unlike laboratory strains, 

they should have excellent fermentation properties against various 

hydrolysates of biomass. First, the strain could keep their property to 

ferment from saccharified high-sugar or high-starch crops known as the 

first generation biomass (corn, sugarcane, etc.). As previously reported 

(Chin, 2012), a superior ability of fermentation with the first generation 

biomass from cassava was presented. Second, the second generation 
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biomass of cellulosic hydrolysates contains fermentation inhibitors such 

as HMF (hydroxymethyl furfural) and furan derivatives. These 

fermentation inhibitors were toxic to the growth of cells (Palmqvist & 

Hahn-Hägerdal, 2000), and it is a key factor to overcome these inhibitors 

in the fermentation of cellulosic biomass. (Hamelinck et al., 2005) In this 

respect, the tolerance assays against fermentation inhibitors were 

conducted for the JHS200 and CEN.PK2-1D strains. In the culture of YP 

medium with 40 g/L glucose and 1.2 g/L furfural, the JHS200 strain 

showed higher specific growth rate and rapidly reached to the maximum 

concentration of ethanol than the CEN.PK2-1D strain (Fig. 2-9).  
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2.5. Conclusions 

Various kinds of industrial yeasts exist in nature. Among them, S. 

cerevisiae JHS200 was isolated from Korean Nuruk and adapted to 

produce ethanol from starch. Four different laboratory strains of S. 

cerevisiae L2612, BY4742, CEN.PK2-1D, D452-2 were used for 

comparing the fermentation performances with the JHS200 strain. The 

JHS200 strain showed glucose consumption rate and ethanol 

productivity much higher than the laboratory yeast strains. While it took 

more than 50 hours for the laboratory strains to consume 300 g/L glucose, 

the JHS200 strain was able to ferment the same amount of glucose within 

30 hours. The specific growth rate and ethanol productivity of the 

JHS200 strain were 2-fold higher those of the laboratory strain in YP 

media containing fermentation inhibitors. Also, the JHS200 strain was 

able to grow in a culture medium containing 100 g/L ethanol where the 

laboratory strains could not grow. Moreover, the JHS200 strain showed 

higher tolerance against fermentation inhibitors present in 

lignocellulosic hydrolysates. 

The industrial strain, JHS200 was determined to be a S. cerevisiae 

polyploidy (4n) strain. Based on the various fermentation parameters, the 

most remarkable features of JHS200 include high specific growth rate 
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and high tolerance of ethanol. In the case of other haploid strains, the 

specific growth rate was about from 0.41 hr-1 to 0.45 hr-1, however, 

JHS200 exhibited 0.55 hr-1 of specific growth rate. The rapid growth rate 

could affect various fermentation factors, such as high glucose 

consumption rate and ethanol productivity. In addition, JHS200 is 

resistant to high concentration of ethanol. Therefore, the JHS200 strain 

might have considerable advantages in the large-scale fermentations. 
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Table 2-1. Strains and primers used in this Chapter 

Strains Description Reference 

JHS200  S. cerevisiae industrial strain In this study 

CEN.PK2-1D S. cerevisiae laboratory strain In this study 

D452-2 S. cerevisiae laboratory strain In this study 

L2612 S. cerevisiae laboratory strain In this study 

BY4742 S. cerevisiae laboratory strain In this study 

Primers Sequence Reference 

ITS1 TCCGTAGGTGAACCTGCGG (Kawahata et al., 2007) 

ITS4 TCCTCCGCTTATTGATATGC (Kawahata et al., 2007) 

F_HML_Yα GAAATATTTAAACTCATTTATGGCTTTTAGA In this study 

F_HML_Ya GTAATTTG ACTAAAGTAGAGCAACATAC In this study 

R_MAT CAAAAGTCACATCAAGARCGTTTATGG In this study 
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Table 2-2. Comparison of specific growth rates for yeast strains. Strains 

marked with asterisk are industrial yeast strains. 

 

  

Strains Specific growth rate (μ, hr-1) Reference 

JHS200* 0.547 In this study 

CEN.PK2-1D 0.452 In this study 

D452-2 0.445 In this study 

L2612 0.413 In this study 

BY4742 0.478 In this study 

DS28911* 0.42 (van Hoek et al., 1998) 

CBS8066 0.44 (van Dijken et al., 2000) 

BAY.17* 0.42 (van Dijken et al., 2000) 

X2180 0.34 (van Dijken et al., 2000) 

CEN.PK122 0.41 (van Dijken et al., 2000) 

CEN.PK113-7D 0.41 (van Hoek et al., 1998) 
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Figure 2-1. Identification of the industrial JHS200 strain. (A) Schematic 

diagram of ribosomal DNA showing the ITS (internal transcribed spacer) 

regions. The annealing sites for the universal primers (ITS1 and ITS4) 

are marked as arrows. (B) Phylogenetic tree of Saccharomyces genus 

including JHS200 strain. (C) Amplification of MAT locus in the JHS200, 

D452-2, BJ3505 strains by PCR.  
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Figure 2-2. FACS analysis of (A) the industrial JHS200 strain and (B) 

the laboratory CEN.PK2-1D strain for ploidy determination. 
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Figure 2-3. Comparison of industrial and laboratory strains by cell 

growth. 
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Figure 2-4. Fermentation profiles of (A) JHS200 and (B) CEN.PK2-1D 

strains with high cell density of inoculum (initial OD600=10). 
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Figure 2-5. Fermentation profiles of (A) JHS200 and (B) CEN.PK2-1D 

strains with very high concentration of glucose. 
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Figure 2-6. Fermentation profiles of (A) JHS200 and (B) CEN.PK2-1D 

strains with low cell density of inoculum (initial OD600=0.1). 
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Figure 2-7. Cell viability assay with the CEN.PK2-1D and JHS200 

strains in (A) YP medium with 10 % ethanol and (B) YP medium with 

15 % ethanol. 
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Figure 2-8. Fermentation profiles of (A) JHS200 and (B) CEN.PK2-1D 

strains with 100 g/L ethanol. 
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Figure 2-9. Fermentation profiles of (A) JHS200 and (B) CEN.PK2-1D 

strains with 1.2 g/L furfural. 
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Chapter 3 

Genetic manipulation of polyploid JHS200 strain 

by CRISPR-Cas9 system 
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3.1. Summary 

Even though industrial yeast strains exhibit numerous advantageous 

traits for production of biofuels or chemicals, their genetic manipulation 

has been limited. Thus, a high efficient genetic engineering tool was 

introduced for industrial polyploid strains. The CRISPR-Cas9 system 

has been increasingly used for genetic engineering. A stop codon (-TAA-) 

was introduced in the middle of the auxotrophic gene of an industrial 

polyploid S. cerevisiae strain, resulting in the construction of disrupted 

multiple auxotrophic genes of the industrial strain. The auxotrophic 

mutants (JHS200ura-, JHS200ura-trp-, JHS200ura-trp-his-, JHS200ura-

trp-his-leu-) were obtained sequentially by the Cas9-genome editing 

system. The constructed auxotrophic mutant strains were cultured in 

YPD medium to investigate the fermentation performances. The 

auxotrophic strains exhibited the slightly lower specific growth rate and 

glucose consumption rate than the prototrophic strain, however, the 

auxotrophic strains showed higher production of ethanol and glucose 

consumption rate than the laboratory haploid strain (CEN.PK2-1D, 

L2612, D452-2, BY4742). Furthermore, the advantageous traits for 

large-scale fermentation were maintained in the engineered polyploid 

strain without severe growth inhibition. The resistance to high ethanol, 
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glucose and lignocellulosic fermentation inhibitors was also investigated 

through the spotting assay. Therefore, efficient disruption of multiple 

genes in polyploidy yeast provides a fundamental genetic tool for 

engineering of wild-type industrial strains.    
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3.2. Introduction 

The auxotrophic mutants of S. cerevisiae have been extensively used in 

basic and applied biology research (Sherman, 2002). Most of the 

commonly developed yeast genome manipulation tools are based on 

auxotrophic mutants and selectable marker systems. For example, 

plasmid-based gene overexpression, one-step gene disruption and gene 

integration can be commonly applied to modifications of the yeast 

genome (Rose & Broach, 1991; Sikorski & Boeke, 1991). Unfortunately, 

the commonly used genome editing systems are limited to the haploid 

yeast strains (laboratorial strains) not to the diploidy or polyploidy yeast 

strains (industrial) because of lacking auxotrophic markers of the 

industrial strains (Akada, 2002). Industrial yeast strains have advantages 

for industrial applications, such as their rapid sugar consumption rate and 

high tolerance to fermentation inhibitors (Demeke et al., 2013; Hansen 

& Kielland-Brandt, 1996).  

Since industrial yeast strains are genetically more complex and thus more 

difficult to modify genetically than well-developed laboratory haploid 

strains (Le Borgne, 2012), the laboratory yeast has been intensively 

employed as a metabolic engineering host for the production of biofuels 

and chemicals (Borodina & Nielsen, 2014; Nielsen et al., 2013). In 
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haploid laboratory strains, single or multi genes can be simultaneously 

modified and the mutants easily selected. However, these processes are 

difficult to achieve in diploid or polyploid industrial strains exhibiting 

often also aneuploidy, since multiple alleles of one gene are present in 

their chromosomes and all the copies of them should be modified. The 

classical PCR-based gene deletion strategy, based on replacement of the 

target gene with a selection marker cassette, requires several laborious 

selection and screening processes (Stovicek et al., 2015; Wach et al., 

1994). Therefore, efficient, less laborious and time-saving genetic 

manipulation tools for engineering of industrial polyploid strains are 

highly requested. To enable gene manipulation in polyploid yeast strains, 

several genome approaches were developed instead of the classical 

genome editing tool. For example, the transcription activator-like 

effector nucleases (TALEN) including the FokI endonuclease cleavage 

domain and DNA-binding domain which can recognize the target 

sequences of interest (Li et al., 2011; Miller et al., 2011). And another 

example is the zinc finger nucleases (ZFN) system. It is based on the 

assembly of both DNA-binding zinc finger domains and cleavage 

domains, resulting in double strands breaks (DSB) and performing 

cellular self-repair systems (Miller et al., 2007; Perez et al., 2008; Urnov 
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et al., 2010). Furthermore, a drug-resistant gene accompanying Cre-loxP 

technology has been developed as a selection marker to reuse the 

selection markers for prototrophic strains (Mumberg et al., 1995; Sauer, 

1987; Taxis & Knop, 2006).  

Recently, a newly alternative genome-editing tool of CRISPR-Cas9 has 

been emerged. The cluster of regularly interspaced palindromic repeats 

(CRISPR)-associated nuclease 9 is the bacterial type II CRISPR-Cas 

system applied to eukaryotic and bacterial hosts (Cong et al., 2013; 

DiCarlo et al., 2013; Mali et al., 2013a; Mali et al., 2013b; Shalem et al., 

2014). Cas9 endonuclease originated from Streptococcus pyogenes is 

included to the bacterial immune system as function of sequence-specific 

cleavage of the heterologous DNA (Chylinski et al., 2014), and it also 

functions as an RNA-guided endonuclease in the yeast strains (Horvath 

& Barrangou, 2010). Cas9 is guided in the target DNA region by a 

complex of two RNA molecules, crRNA and trans-activating crRNA 

(tracrRNA). In other words, the crRNA forms a secondary structure of 

loop when it combines with the tracrRNA. And the target sequence on 

the genome is recognized by a crRNA transcribed from the heterologous 

DNA sequence (target sequence). DNA target sequence should be 

accompanied by a protospacer adjacent motif (PAM) sequence 
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consisting of three nucleotides, NGG. The DNA strands on the genome 

complementary to the crRNA sequence is cleaved by the cas9 protein 

and performing double strand breaks (DSB) (Gasiunas et al., 2012). In 

addition, for ease of use, a single guide RNA (gRNA) included the whole 

sequences of crRNA and tracrRNA as a linker was investigated for 

convenient use (Jinek et al., 2012). The programmable genome editing 

system was modified for application of various yeast species; S. 

cerevisiae (Jakočiūnas et al., 2016), Yarrowia lipolytica (Schwartz et al., 

2016), Phichia pastoris (Weninger et al., 2016), Kluyveromyces lactis 

(Horwitz et al., 2015), Schizosaccharomyces pombe (Jacobs et al., 2014), 

Candida albicans (Vyas et al., 2015) and Cryptococcus neoformans 

(Wang et al., 2016).  

To enable expression of Cas9 and gRNA in the polyploidy JHS200 strain, 

a Cas9 plasmid(p414-TEF1p-Cas9-CYC1t) was modified by replacing 

the auxotrophic markers (TRP1) with a drug resistance gene 

(aureobasidin A). To occur a designed mutation into the polyploid strain, 

the Cas9 plasmid and a gRNA plasmid containing 20 mer target 

sequences were introduced to cleave the double strand DNA (Zhang et 

al., 2014). The specific cleavage site of DSB by Cas9 protein should be 

repaired through transformation of a 90 mer repair DNA fragment with 
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the intended mutation in the gRNA binding sequences. For mutation of 

a target gene, gRNA plasmid was co-transformed with the repair DNA 

fragment containing a stop codon (TAA). By using this simple procedure, 

the industrial polyploid strains with auxotroph markers were obtained. 

Thus, using this CRISPR-cas9 system is possible not only to induce point 

mutation on the genome, but also to insert or remove a new gene at a 

desired location of the polyploid yeast genome. Recently, S. cerevisiae 

has also been reported to be capable of disruption or insertion of multiple 

genes at the same time (Bao et al., 2014; Ryan et al., 2014). 
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3.3. Materials and methods 

3.3.1. Strains and media 

E. coli Top 10 (Invitrogen, Carlsbad, CA) was used for the construction 

of plasmids and gene manipulation. E. coli transformants in this study 

were grown in LB medium with 50 μg/mL ampicillin. The JHS200 strain 

was cultivated in YP (10 g/L yeast extract and 20 g/L peptone) medium 

with proper concentrations of glucose. The auxotrophic JHS200 strains 

were selected by YNB medium (6.7 g/L yeast nitrogen base and proper 

nucleotides and amino acids) with 0.5 μg/mL aureobasidin A (Takara, 

Japan) and 300 μg/mL hygromycin B (Sigma-Aldrich, USA). All strains 

used in this study were listed in Table 3-1.  

3.3.2. Construction of plasmids 

All plasmids used in this study were listed in Table 3-1. Plasmid p414-

TEF1p-Cas9-CYC1t (Plasmid #43082, Addgene Inc., USA) containing 

the Cas9 cassette was purchased from Addgene Inc.,. A new selection 

marker, the aureobasidin A resistance gene, was inserted at the TRP1 

gene of this plasmid p414-TEF1p-Cas9-CYC1t. The method is as 

follows. First, PCR amplification was performed with a pair of the 

aureobasidin A resistance gene with primers, F_SnaBI_Aur and 
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R_MfeI_Aur (Table 3-2). Because this amplified DNA fragment contains 

the site for restriction enzymes, plasmid Cas9-Aur was created by the 

infusion kit after insertion into plasmid p414-TEF1p-Cas9-CYC1t. To 

generate auxotrophic mutants, plasmids (gRNA-ura-HYB, gRNA-trp-

HYB, gRNA-his-HYB, gRNA-leu-HYB), which contain the guide RNA 

sequence recognizing selection markers such as URA3, TRP1, HIS3, and 

LEU2 were used. (Zhang et al., 2014)  

3.3.3. Transformation of the industrial JHS200 strain 

For the transformation of all yeasts, the EZ-Transformation kit (BIO 

101, Vista, CA) was used. The plasmid Cas9-Aur was introduced into 

the wild type JHS200 to create the JHS200-cas9 strain. Repair DNA 

(amplified 90mer DNA fragment with F/R_URA3donor, 

F/R_TRP1donor, F/R_HIS3donor, and F/R_LEU2donor) and plasmids 

containing the guide RNA sequence mentioned above were co-

transformed into the JHS200 strain with Cas9 (Table 3-2). This resulting 

transformant was grown in YP medium without antibiotics for 2 or 3 

days to get rid of the plasmid containing the hygromycin resistant gene. 

Then, the additional processes of disrupting auxotroph genes were 

repeated as the same method above. 
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3.3.4. Fermentation of industrial yeast strain 

All fermentation in this chapter was carried out at 30 °C and 250 rpm 

in a shaking incubator (Vision, Korea). To compare the fermentation 

performances of an industrial strain with those by other haploid 

laboratory strains and to verify the basal level fermentation capacities 

by the engineered yeast strains, flask cultures were conducted in the YP 

medium (10 g/L yeast extract, 20 g/L bacto-peptone) with proper 

concentration of glucose. Before the main culture, strains were pre-

cultured in 5 mL test-tube with YPD medium for 24 hours. The pre-

cultured cells were harvested and inoculated into a working volume (50 

mL) of the YPD medium for main cultures. 

3.3.5. Analyses 

Cell growth was observed with an optical density (OD600) measured at 

the wavelength of 600 nm, using a spectrophotometer (UV-1601, 

Shimadzu, Japan), and dry cell weight (DCW) was estimated by 

multiplying the yeast conversion factor of 0.20 g dry cell/L/OD600. 

Glucose, glycerol, acetate and ethanol were all analyzed by HPLC 

(1100 series, Agilent, CO) using the RI detector; the temperature of 

Carbohydrate Analysis column (Rezex ROA-organic acid, Phenomenex, 
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CA), which analyzes the peak of each material, was maintained as 60 °C 

and 5 mM H2SO4 solution was used as a mobile phase. 

3.3.5. Spotting assay of industrial yeast strain 

All yeast strains were grown in 5mL test-tube with YPD containing 20 

g/L glucose during 24 hours. After OD600 of the grown cells were up 

to 1.0, 10-fold serial dilutions in DDW were performed. For the 

homogeneous regulation, 10-1, 10-2, 10-3, 10-4, 10-5 and 10-6 dilution of 

cell suspensions were spotted on YPD plate by 5 μL volumes. All the 

plates were incubated at 30 °C during 1 days. To evaluate tolerance of 

the fermentation inhibitors (furfural and HMF) present in most 

cellulosic hydrolysates, YPD plates containing 20 g/L glucose with 1.2 

g/L furfural or 3 g/L HMF were provided. The inhibitor-containing 

plates were incubated at 30 °C for at least 2 days.  
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3.4. Results and discussion 

3.4.1. Construction of auxotrophic mutants 

A strain improvement through genetic modifications of industrial yeast 

strains has been challenging because it is difficult to obtain stable 

auxotrophic mutants of industrial yeast strains. Isolation of stable 

auxotrophic mutants is necessary to introduce overexpression plasmids 

or to knockout the cassettes into industrial yeast strains using a selection 

marker of a classical method. To obtain auxotrophic mutants of the 

industrial strain JHS200, a Cas9-based gene disruption method was 

employed (DiCarlo et al., 2013; Zhang et al., 2014). Specifically, the 

aureobasidin A resistance gene was inserted at the site of TRP1 in 

plasmid p414-TEF1p-Cas9-CYC1t for selecting the transformants as a 

selection marker. Guide RNA plasmids were constructed using plasmid 

pRS42H containing the hygromycin B resistance gene (Zhang et al., 

2014). Plasmid of gRNA-ura-HYB contaning a guide RNA targeting for 

URA3 and the corresponding linearized repair DNA fragments to 

introduce a stop codon (TAA) in the auxotroph gene of URA3 were 

simultaneously transformed into the JHS200-cas9, resulting in the 

JHS200ura- strain. In order to curing gRNA-ura-HYB plasmid, the 

obtained URA3 disrupted strain (JHS200ura-) was cultured in YPD 
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medium with aureobasidin A only. The gRNA for disrupting URA3 was 

confirmed to remove by subculturing in hygromycin-free medium 

repeatedly. The gRNA-trp-HYB plasmid containing a guide RNA 

targeting for TRP1 and the corresponding repair DNA fragments (90 mer) 

to introduce a stop codon (TAA) in the auxotroph gene of TRP1 were 

simultaneously introduced into JHS200ura-, resulting in the JHS200ura-

trp- strain. Additionally, the disruption of HIS3 or LEU2 was acquired as 

the same method above, resulting in the JHS200ura-trp-his- and 

JHS200ura-trp-his-leu- strains. As a result, a series of auxotrophic 

mutant strains (JHS200ura-, ura-trp-, ura-trp-his-, ura-trp-his-leu-) were 

confirmed by sequencing alignment with a reference strain of S. 

cerevisiae S288C (Fig. 3-1). Auxotrophic phenotypes of the mutants 

were confirmed by growing in the drop-out YNB media. 

3.4.2. Fermentation of auxotrophic mutants 

To investigate if the constructed auxotrophic mutants still maintain 

superior fermenting phenotypes of the JHS200 strain, the fermentation 

performances of the auxotrophic mutant strains along with the JHS200 

strain in the YP medium with 50 g/L glucose were compared. The 

glucose consumption rate of the wild-type strain was 6.79 g/Lhr, 

however that of JHS200ura- and JHS200ura-trp- strains was obtained by 
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6.43 g/Lhr and 6.51 g/Lhr, respectively. Additionally, the glucose 

consumption rate of the triple strain (JHS200ura-trp-his-) was 6.13 

g/Lhr and that of the quadruple auxotrophic strain (JHS200ura-trp-his-

leu-) exhibited 6.21 g/Lhr (Fig. 3-2 (B)). The quadruple auxotrophic 

strain showed a slightly lower glucose consumption rate than the wild-

type strain, while the quadruple auxotrophic strain still showed a higher 

glucose consumption rate than other haploid strains (S. cerevisiae 2805: 

5.49 g/Lhr and S. cerevisiae D452-2: 6.05 g/Lhr). Generally, the 

specific growth rate, ethanol productivity and glucose consumption rate 

of the auxotrophic mutants tend to reduce as the number of disrupted 

auxotrophic genes increases (Fig. 3-2). The JHS200ura-trp- strain 

containing the two auxotrophic markers was selected for subsequent 

metabolic engineering studies, as the JHS200ura-trp- strain showed 

similar specific growth rate and glucose consumption rate to the 

corresponding values of the wild-type polyploidy strain.  

3.4.3. Maintenance of advantageous traits in auxotrophic mutants  

As reported in Chapter 2, the polyploidy JHS200 strain is known to 

exhibit beneficial phenotypes for the industrial large-scale fermentation. 

For example, the JHS200 could maintain high specific growth rate and 

high tolerance to the high concentration of glucose and ethanol and the 
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lignocellulosic inhibitors. As shown in Fig. 3-4 (A), the polyploid strains 

grew in high concentration of glucose rapidly rather than the haploid 

strains. As shown in the Fig. 3-4 (B) and (C), the high ethanol tolerance 

which represents the most important characteristics of industrial strains 

was maintained regardless of the number of disrupted auxotrophic genes. 

Both the prototrophic strain JHS200 and the auxotrophic mutant 

(JHS200ura-trp-his-leu-) exhibited furfural and HMF tolerance higher 

than that of the laboratory strains (D452-2, CEN.PK2-1D) (Fig. 3-4 (D), 

(E)). Additionally, the acid tolerance was examined in the haploid and 

polyploidy strains. The auxotroph mutant (4-JHS200) grew in pH 4.0 

medium adjusted by acetic acid as well as the prototroph strain, while 

the haploid strains did not grow. As the pKa value of acetic acid (4.76) 

was higher than that of lactic acid (3.86), there was no significant 

difference between the strains in pH4.0 medium adjusted by lactic acid 

(Fig. 3-4 (F), (G)). These results suggest that the polyploid JHS200 strain 

showed superior tolerance to high concentrations of glucose, ethanol and 

fermentation inhibitors, indicating that disruption of the auxotrophic 

genes by the CRISPR-Cas9 system exerted no effect on the original 

fermentation phenotypes of the JHS200 strain.   
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3.5. Conclusions 

Although the industrial strains have various beneficial traits for large-

scale fermentations, they could not be engineered by a traditional 

genome editing strategy because of poor genetic tools. Instead of 

traditional methods using auxotrophic markers, new genome editing 

tools for the industrial polyploid strain, such as TALEN or ZFN, have 

been improved gradually. Even though these tools could be used to 

obtain mutants of the laboratory strains with high efficiency, the 

polyploid industrial strains have been mutated in multiple alleles with 

much lower efficiency. The CRISPR-Cas9 system has emerged as a 

powerful tool to edit the genome for various microorganisms. The 

CRISPR-Cas9 system was applied to manipulating the genome of the 

polyploidy industrial strains. A stop codon (TAA) was inserted into the 

URA3, TRP1, HIS3 and LEU2 genes of the JHS200 strain, resulting in 

the auxotrophic mutants of the industrial strain. Although the polyploid 

JHS200 was disrupted the multiple auxotrophic genes, it still maintained 

a good performance of fermentation. And the auxotrophic mutants 

exhibited no significant defects on the glucose consumption rate, cell 

growth and resistance to glucose and ethanol. In conclusion, a precise, 

high efficienct, scar-free and time-saving system (CRISPR-Cas9) would 
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be a powerful tool for genetic manipulation in the polyploid strains 

without losing their advantageous properties. 
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Table 3-1. Strains and plasmids used in this Chapter 

Strains Description Reference 

JHS200 Industrial polyploid yeast strain In this study 

JHS200-cas9 JHS200 harboring cas9 protein In this study 

JHS200ura- JHS200, URA3 disrupted In this study 

JHS200ura-trp- JHS200, URA3, TRP1 disrupted In this study 

JHS200ura-trp-his- JHS200, URA3, TRP1, HIS3 disrupted In this study 

JHS200ura-trp-his-leu- JHS200, URA3, TRP1, HIS3, LEU2 disrupted In this study 

Plasmids Description Reference 

p414-TEF1p-Cas9-CYC1t Purchased Addgene Inc., USA 

Cas9-Aur 
p414-TEF1p-Cas9-CYC1t,  

modified Cas9 expression plasmid 
(Kim, 2016) 
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gRNA-ura-HYB URA3 disruption gRNA cassette (Zhang et al., 2014) 

gRNA-trp-HYB TRP1 disruption gRNA cassette (Zhang et al., 2014) 

gRNA-leu-HYB LEU2 disruption gRNA cassette (Zhang et al., 2014) 

gRNA-his-HYB HIS3 disruption gRNA cassette (Zhang et al., 2014) 
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Table 3-2. Primers used in this Chapter. Bold and capital characters are restriction enzyme sites. 

Name Sequence 

F_SnaBI_Aur  agcttgtcacctTACGTAaaagtgcccatcagtgttc 

R_MfeI_Aur ataaccgggtCAATTGcagaggaaagaataacgcaa 

F_URA3donor tccatggagggcacagttaagccgctaaaggcattataagccaagtacaattttttactc 

R_URA3donor accaatgtcagcaaattttctgtcttcgaagagtaaaaaattgtacttggcttataatgc 

F_LEU2donor ccaggtgaccacgttggtcaagaaatcacagccgaagccattaagtaacttaaagctatt 

R_LEU2donor atcgaacttgacattggaacgaacatcagaaatagctttaagttacttaatggcttcggc 

F_HIS3donor gtaaagcgtattacaaatgaaaccaagattcagattgcgatctctttaaagggttaaccc 

R_HIS3donor ttctgggaagatcgagtgctctatcgctaggggttaaccctttaaagagatcgcaatctg 

F_TRP1donor tccgatgctgacttgctgggtattatatgtgtgtaaaatagaaagagaacaattgacccg 
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R_TRP1donor tacaagacttgaaattttccttgcaataaccgggtcaattgttctctttctattttacac 

F_ch_dURA3 gagcacagacttagattggt 

R_ch_dURA3 atagaaatcattacgaccga 

F_ch_dLEU2 tgactaaatgcttgcatcac 

R_ch_dLEU2 gattgcgtatatagtttcgt 

F_ch_dHIS3 tccacctagcggatgactct 

R_ch_dHIS3 tgcattaccttgtcatcttc 

F_ch_dTRP1 gccgattaagaattcggtcg 

R_ch_dTRP1 gtacaatcaatcaaaaagcc 
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Figure 3-1. Sequence alignment of auxotrophic mutants compared with 

reference sequences of S288C strain.      
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(continued) 
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Figure 3-2. Fermentation by a prototroph and auxotrophic mutants of 

the JHS200 strain in the YPD medium containing 50 g/L glucose; (A) 

cell growth at 600 nm; (B) glucose consumption; (C) ethanol 

production  
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Figure 3-3. Ethanol fermentation by JHS200 prototroph, auxotroph and 

the lab strains with YPD medium concluding high glucose (350 g/L). 
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Figure 3-4. Plate assay for the industrial and laboratory strains. (A) YP medium with 300g/L glucose; (B) YPD 

medium with 10% ethanol for the industrial auxotrophy; (C) YPD medium with 10% ethanol; (D) YPD medium with 

furfural; (E) YPD medium with HMF; (F) YPD medium adjusted pH4.0 with acetate; (G) YPD medium adjusted 

pH4.0 with lactate.  
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Chapter 4 

Bioethanol production from cellulosic hydrolysates 

by engineered polyploid JHS200 strain 
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4.1. Summary 

Even though industrial yeast strains exhibit numerous advantageous 

traits to produce ethanol, their genetic manipulation has been limited. 

This study demonstrates that a polyploidy S. cerevisiae JHS200 can be 

engineered through the Cas9 (CRISPR associated protein 9)-based 

genome editing strategy. Specifically, a xylose assimilating pathway was 

introduced into the auxotrophic polyploidy mutants. As expected, the 

engineered strain (JX123) enhanced ethanol production from cellulosic 

hydrolysates as compared to other engineered haploid strains. However, 

the JX123 strain produced substantial amounts of xylitol as a by-product 

during xylose fermentation. Hypothesizing that the xylitol accumulation 

might be caused by intracellular redox imbalance, the NADH oxidase 

from Lactococcus lactis was introduced into the JX123 strain. The 

resulting strain (JX123_noxE) not only produced more ethanol, but also 

produced xylitol less than the JX123 strain. These results suggest that the 

engineered polyploid strain (JHS200) can be used for producing biofuels 

and chemicals economically. 

Keywords: Industrial Saccharomyces cerevisiae, Hydrolysate 

fermentation, Lignocellulosic ethanol, Cas9 genome editing 
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4.2. Introduction 

S. cerevisiae has been used for the production of bioethanol since this 

yeast strain can produce ethanol with high yield and productivity. 

Moreover, S. cerevisiae can tolerate sugars and ethanol at high 

concentrations. As such, bioethanol production processes using corn and 

sugarcane as feedstock have been commercialized by using S. cerevisiae. 

Although S. cerevisiae employed for bioethanol production exhibits 

desirable traits for large-scale fermentations, most of them are 

polyploidy strains which are not amenable for metabolic engineering 

through conventional genetic modifications. Therefore, previous efforts 

on the strain improvement to construct suitable engineered yeasts for 

producing cellulosic ethanol have used mainly haploid yeast strains 

(Hughes et al., 2009; Kim et al., 2013b; Yamada et al., 2011). While most 

laboratory yeast strains are amenable for metabolic engineering, they are 

not suitable for fermenting cellulosic hydrolysates containing toxic 

fermentation inhibitors. In contrast, polyploid yeast strains are not 

amenable for metabolic engineering but advantageous for producing 

cellulosic ethanol in industrial scales (Akada, 2002; Hansen & Kielland-

Brandt, 1996; Matsushika et al., 2009).  
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Bioethanol production processes in Brazil and the United States have 

utilized mainly corn and sugarcane derived substrates. However, there 

are limitations pertaining to the use of food resources as well as 

sustainability issues (Farrell et al., 2006; Greene, 2004). Lignocellulosic 

biomass has been considered as an alternative source for producing 

biofuels but lignocellulosic hydrolysates contain not only glucose (60%-

70%) but also xylose (30%-40%) which cannot be fermented by S. 

cerevisiae (Mosier et al., 2005). There are wild-type microorganisms 

capable of metabolizing xylose (Jeffries et al., 2007), but xylose 

fermentation by them barely occurs under industrial conditions where 

high osmotic pressure, high ethanol concentrations and fermentation 

inhibitors. More importantly, the naturally existing xylose-fermenting 

yeast strains cannot ferment xylose under anaerobic conditions which are 

highly preferred for large-scale fermentations (Jeffries & Jin, 2004). 

Therefore, the development of an industrial strain that can overcome 

these limitations is necessary for the production of fuels and chemicals 

from the cellulosic biomass. Thus far, the utilization of an industrial yeast 

strain as a metabolic engineering host has been laborious. For example, 

it is necessary to perform extra procedures such as ploidy determination, 

preventing mating-type switching, sporulation analysis and creating 
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auxotrophic mutants for introducing designed genetic modifications into 

industrial yeast (Reis et al., 2012; Stewart, 1981). While the polyploid 

yeast strains can be engineered after converting them into stable haploid 

strains through sporulation and the deletion of the HO gene, the resulting 

haploid strains often loose the advantageous traits of the polyploid strain 

and result in typical fermentation phenotypes of laboratory strains (Hu et 

al., 2007). To overcome these problems, direct modification of the 

polyploid genome can be pursued using Cas9-based genome editing. The 

precise Cas9-based genome editing technology can introduce or delete 

target genes in the polyploid yeast without leaving antibiotics markers or 

scars (Cong et al., 2013; DiCarlo et al., 2013; Mali et al., 2013b). 

Efficient deletion of common auxotrophic markers in the polyploid strain 

has been demonstrated (Zhang et al., 2014). As such, this study aims to 

construct an auxotroph mutant of the polyploid S. cerevisiae JHS200 

using Cas9 genome editing. These results could shed light on the 

possibilities of constructing engineered industrial yeasts harboring 

intended genetic perturbations in targeted metabolic pathways. As a 

proof of concept, a xylose metabolic pathway was introduced into the 

JHS200 strain and fermentations using real hydrolysates were conducted. 

Taken together, the engineered polyploidy yeast strain can be a platform 
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strain for the commercial production of cellulosic ethanol in the future.  
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4.3. Materials and methods 

4.3.1. Stains and media 

E. coli Top 10 (Invitrogen, Carlsbad, CA) was used for the construction 

of plasmids and gene manipulation. E. coli transformants in this study 

were grown in LB medium with 50 μg/mL ampicillin. The industrial S. 

cerevisiae strain JHS200 was obtained from Korean Nuruk (Chin, 2012). 

The wild-type yeasts were cultivated in YP (10 g/L yeast extract, 20 g/L 

peptone) medium with proper concentrations of glucose. The 

auxotrophic industrial strains were selected by YNB medium (6.7 g/L 

yeast nitrogen base and proper nucleotides and amino acids) with 0.5 

μg/mL aureobasidin A (Takara, Japan) and 300 μg/mL hygromycin B 

(Sigma-Aldrich, USA).  

4.3.2. Plasmids and transformation 

For the transformation of all yeasts in this Chapter, the EZ-

Transformation kit (BIO 101, Vista, CA) was used. The auxotrophic 

mutant strain (JHS200ura-trp-) obtained in Chapter 3 was used as a host 

strain for the construction of xylose fermenting industrial yeasts. The 

JHS200ura-trp- and D452-2 strains were grown in YP medium without 

antibiotics for transformation. Then, XcmI-treated plasmid 
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pRS306_XYL123 harboring the XYL1, XYL2 and XYL3 genes from 

Scheffersomyces stipitis was integrated into the URA3 locus of the 

JHS200ura-trp- and D452-2 strains. The transformants were selected on 

YNB medium without uracil. The obtained transformants were named as 

JX123 and DX123, respectively. Additionally, plasmid of 

p414AUR_Llnox was also introduced to the JX123 strain, named as 

JX123_noxE (Table 4-1).   

4.3.3. Measurement of NADH oxidase activity 

To measure the activity of NADH oxidase in a cell, crude extract was 

prepared by growing and harvesting at the mid-exponential phase cells 

up to 1 × 108 ~ 109 in the YNB medium containing 80 g/L glucose, and 

washing with distilled water twice. After adding the protease inhibitor 

(Roche, Switzerland), the harvested cells were lysed using the yeast 

protein extraction reagent (Thermo Scientific, MA). The supernatant was 

taken after centrifugation at 12000 rpm, 4 °C, for 20 minutes and used 

for the measurement of NADH oxidase activity within 3 hours. Assay 

begins as the crude extract reacts with a reaction mixture at 25 °C. The 

reaction mixture contained 50 mM potassium phosphate buffer (pH 7.0), 

0.4 mM NADH, 0.3 mM EDTA (De Felipe et al., 1998), and enzyme 

activity is measured by the degree of absorbance reduction at 340 nm as 
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NADH shows the greatest absorbance. One unit of this enzyme is defined 

as the amount of an enzyme needed to oxidize 1 μmol NADH under 

proper conditions mentioned above for 1 minute. The protein 

concentration in the crude extract was measured using the Bradford assay.    

4.3.4. Cultivation conditions 

4.3.4.1. YP medium fermentation 

To verify the performances of xylose fermentation for JX123 and 

DX123, flask cultures were conducted in the YP medium. Prior to main 

cultures, a pre-culture was performed in YNBD media (6.7 g/L yeast 

nitrogen base, appropriate nucleotides and amino acid, 20 g/L glucose) 

in 5 mL test tubes under 30 °C, 250 rpm in a shaking incubator (Vision, 

Korea) for 24 hours. After the pre-cultured cells were harvested and 

inoculated into a working volume (50 mL) of the YPDX medium (10 

g/L yeast extract, 20 g/L bacto-peptone, 70 g/L glucose, 40 g/L xylose) 

for main cultures which were operated at 30 °C, 80 rpm under oxygen-

limited conditions. 

4.3.4.2. Hydrolysates fermentation  

Flask fermentations of cellulosic hydrolysate were performed with a 50 

mL working volume and initial cell densities around 0.3 of OD600 under 
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30 °C, 80 rpm. To prepare seed culture for the fermentation of 

hydrolysates, yeast cells were cultured in 5 mL of YNB media. After 24 

hours, cells were harvested and inoculated directly into 100 mL of 

YNBD media in a 500 mL baffled flask. When the mid-exponential 

phase was reached (OD600 < 3.0) after growing for more than 12 hours, 

cells were harvested, washed with DDW twice and inoculated to 500 mL 

of hydrolysates (containing 10 g/L yeast extract, and 20 g/L peptone) to 

begin the fermentation at initial cell densities of OD600 as 20. Main 

fermentation of cellulosic hydrolysates was conducted in a 1 L bench-

top bioreactor (Fermentec, Korea) and temperature was maintained at 

30 °C with mild agitation (150 rpm), pH was maintained at 5.5 using 5 

N NaOH solution. 

4.3.5. Analyses 

Cell growth was observed with an optical density (OD600) measured at 

the wavelength of 600 nm, using a spectrophotometer (UV-1601, 

Shimadzu, Japan), and dry cell weight (DCW) was estimated by 

multiplying the yeast conversion factor of 0.30 gdry cell/L/OD600. Glucose, 

xylose, xylitol, glycerol, acetate, ethanol, furfural, and HMF were all 

analyzed by HPLC (1100 series, Agilent, CO) using the RI detector; the 

temperature of Carbohydrate Analysis column (Rezex ROA-organic acid, 
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Phenomenex, CA), which analyzes the peak of each material, was 

maintained as 60 °C and 5 mM H2SO4 solution was used as a mobile 

phase.  

4.3.6. Pretreatment of hydrolysates 

Cellulosic hydrolysates were prepared by a previous study with some 

modifications using Miscanthus sacchariflorus Goedae-Uksae 1 (Moon 

et al., 2010) at the Bioenergy Crop Research Institute in Muan county, 

Jeonnam Province (Cha et al., 2016). Briefly, M. sacchariflorus was 

chopped and ground to obtain 3 mm-sized particles (Korea Pulverizing 

Machinery Co., Ltd., Incheon, Korea). The sieved samples were driven 

into the continuous twin-screw extrusion pretreatment system with 0.5M 

NaOH as a catalyst, 100 °C, 8 min residence time and 80 rpm screw 

speed. The pretreated mixture contained 60 % moisture content, 58% 

cellulose, 27.6 % hemicellulose and 14.2 % lignin. Hydrolysis was 

performed with agitation 60 rpm at 50 °C and pH 5.0 in a 500L fermentor 

(Fermentec, Korea) adding the mixture of cellulases (Cellic CTec2 : 

Cellic HTec2 = 9:1). After the saccharification, the hydrolysates consist 

of 105.9 g/L glucose (conversion yield : 82 %), 43.5 g/L xylose and 4.9 

g/L arabinose. Before autoclaving the hydrolysates for fermentation, all 

contaminants were removed using a 0.45 μm pore-sized membrane Disc 
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filter (Supor R-450, PALL, USA). The filtered hydrolysates were 

prepared for a main fermentation after adding the autoclaved YP medium 

(10 g/L yeast extract and 20 g/L peptone).  
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4.4. Results and discussion 

4.4.1. Introduction of a xylose-assimilating pathway into the JHS200 

strain 

As the wild-type S. cerevisiae JHS200 strain cannot ferment xylose, a 

xylose-assimilating pathway was introduced into the JHS200ura-trp- 

strain. An expression cassette of plasmid (pRS306_XYL123) harboring 

the genes coding for xylose reductase (XR), xylitol dehydrogenase 

(XDH) and xylulokinase (XK) under the control of strong and 

constitutive promoters (Kim et al., 2012b) was integrated into the 

genome of the JHS200ura-trp- strain. The resulting xylose-fermenting 

strain was named as JX123. As a control, the haploid S. cerevisiae strain 

D452-2 was also transformed with pRS306_XYL123 and the resulting 

strain was named as DX123. When the JX123 and DX123 strains were 

cultivated in the YP media containing 70 g/L of glucose and 40 g/L of 

xylose (Fig. 4-1 (A) and (B)), the JX123 strain consumed xylose much 

faster than the DX123 strain (0.51 g/L•hr for DX123 vs. 0.73 g/L•hr for 

JX123) as expected. At the end of fermentation, the JX123 strain 

produced ethanol more than the DX123 strain (41.0 g/L for DX123 vs. 

45.6 g/L for JX123). While the identical expression cassette was 
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introduced into industrial and laboratory yeast strains (JHS200trp-ura- 

and D452-2), the resulting strains (JX123 and DX123) showed different 

xylose-fermenting capacities. This suggested that the basal background 

of a host strain is an important factor for efficient xylose fermentation. 

Thus, a polyploidy yeast strain is a suitable host strain for metabolic 

engineering to produce ethanol from cellulosic hydrolysates. 

4.4.2. Optimization of xylose fermenting JHS200 to reduce xylitol 

Compared to the DX123 strain, the JX123 strain consumed xylose to 

produce ethanol faster but the JX123 strain accumulated more xylitol 

than the DX123 strain (7.25 g/L of xylitol for JX123 vs. 1.54 g/L of 

xylitol for DX123). Therefore, the ethanol yield from xylose by the 

JX123 strain was similar to that by the DX123 strain, suggesting that the 

metabolic fluxes in the JX123 strain are not favorable for ethanol 

production due to xylitol accumulation. Ethanol production from glucose 

in yeast is redox neutral since NADH derived from glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) is re-oxidized when acetaldehyde 

is reduced into ethanol. However, xylose fermentation via NADPH-

linked XR and NAD+-linked XDH can lead to production of surplus 

NADH (Jeffries, 2006; Verduyn et al., 1985). Such high levels of NADH 

generated during xylose fermentation under anaerobic conditions can 
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lead to the production of reduced byproducts including glycerol and 

xylitol (Lee et al., 2012; Yazdani & Gonzalez, 2007). In order to reduce 

xylitol accumulation by the JX123 strain, water-forming NADH oxidase 

(EC 1.6.99.3) from L. lactis was expressed in the JX123 to reduce surplus 

NADH from xylose metabolism (Kim et al., 2013b; Lee et al., 2012). An 

expression cassette expressing the noxE gene coding for NADH oxidase 

under the control of the GPD promoter was introduced into the JX123 

strain and the resulting strain was named as JX123_noxE. Among several 

colonies of the JX123_noxE transformants obtained, 10 colonies were 

cultured in a flask with YPDX medium to select one colony capable of 

producing ethanol most efficiently (Fig. 4-2). The ninth colony was 

selected for the final JX123_noxE strain. In order to confirm the 

functional expression of the noxE, the activities of NADH oxidase in the 

JX123 and JX123_noxE strains were measured (Fig. 4-3) (Kim et al., 

2015a). A basal level activity of NADH oxidase in the JX123 without 

noxE expression was 38.6 mU/mg protein but the NADH oxidase 

activity in the JX123_noxE was 534.1 mU/mg protein. When the 

JX123_noxE strain was cultivated in the YP media containing 70 g/L of 

glucose and 40 g/L of xylose, xylitol production decreased substantially 

as compared to the JX123 strain (2.26 g/L of xylose for JX123_noxE vs. 
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7.25 g/L for JX123). As xylitol accumulation reduced, the JX123_noxE 

strain was able to produce more ethanol than the JX123 strain (47.0 g/L 

of ethanol for JX123_noxE vs 45.6 g/L of ethanol for JX123) (Fig. 4-1 

(C)).  

The PHO13 gene coding for an alkaline phosphatase was found to be a 

knockout target for improving the growth of engineered S. cerevisiae on 

xylose (Ni et al., 2007). It was confirmed that the deletion of PHO13 in 

an engineered JX123 strain improved both cell growth rate and ethanol 

productivity on xylose (Fujitomi et al., 2012; Van Vleet et al., 2008). In 

this manner, the deficient PHO13 gene could decrease the accumulation 

of xylitol in the JX123 strain by re-balancing redox levels. The JX123 

with deficient the PHO13 gene was obtained, named as JX123_dPHO13. 

The transformants of JX123_dPHO13 were used for the flask 

fermentation with YPDX medium. However, there are no significant 

differences in accumulation of xylitol and production of ethanol between 

the control (JX123) and JX123_dPHO13 strains (Fig. 4-4). The 

disruption of the PHO13 gene exhibited no improvement of producing 

ethanol from xylose by the JX123 strain.   
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4.4.3. Cellulosic hydrolysates fermentation by engineered yeast 

strains based on laboratory and industrial yeast strains  

The ultimate purpose of ethanol fermentation using industrial yeast 

strains is to achieve efficient ethanol production from cellulosic 

hydrolysates containing numerous toxic fermentation inhibitors. In order 

to evaluate the fermentation performances of the engineered yeast strains 

in a real cellulosic hydrolysate, three engineered strains (DX123, JX123, 

JX123_noxE) were cultivated in the silver grass hydrolysate containing 

106 g/L of glucose and 32 g/L of xylose. Both JX123 and JX123_noxE 

strains were able to ferment lignocellulosic hydrolysates efficiently. As 

shown in the Fig. 4-5, the JHS200 and JX123 strains consumed 106 g/L 

glucose in the hydrolysates within 18 hours, but the engineered 

laboratory strain consumed the same amounts of glucose within 38 hours. 

The amount of xylose consumed by the JX123 strain was much higher 

than that by the DX123 (8.0 g/L of xylose for DX123 vs 19.5 g/L of 

xylose for JX123), suggesting that the industrial strain background is 

crucial to construct a robust engineered strain. It was found that 

additional improvements such as an increase of xylose consumption and 

a reduction of xylitol accumulation can be achieved by the expression of 

noxE in the JX123. The JX123_noxE strain consumed 29.2 g/L of xylose. 
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As a result, final ethanol titers by DX123, JX123 and JX123_noxE were 

44.7 g/L, 50.4 g/L, and 55.8 g/L, respectively. The JX123_noxE strain 

produced only 1.04 g/L of xylitol as compared to 3.90 g/L of xylitol by 

the JX123 strain, indicating that the expression of NADH oxidase is 

beneficial for increasing ethanol production by reducing xylitol 

accumulation.  

Based on these promising results, silver grass hydrolysate fermentation 

was done in a bench-top bioreactor with 1L volume. The amount of 

xylose consumed by the JX123_noxE strain was the highest (30.5 g/L of 

xylose for JX123_noxE vs. 20.7 g/L of xylose for JX123 and 11.0 g/L of 

xylose for DX123) among the three strains. As a result, the JX123_noxE 

strain was able to reach the highest ethanol concentration (55.5 g/L of 

ethanol vs. 52.6 g/L of ethanol for JX123, and 46.6 g/L for DX123) (Fig. 

4-6). Xylitol accumulation by the engineered yeast strains was 

substantially (~50%) reduced when the noxE gene was overexpressed. 

While the xylose uptake rate by the DX123 strain reduced 50% in 

cellulosic hydrolysate as compared to the YP medium with the same 

sugar concentrations, the xylose uptake rates by the JX123 and 

JX123_noxE reduced only slightly in cellulosic hydrolysate. These 

results confirm that industrial yeast strains are more suitable for 
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fermenting toxic cellulosic hydrolysate than laboratory yeast strains.  
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4.5. Conclusions 

While the lignocellulosic hydrolysate has many inhibitors and high 

concentrations of ethanol and sugar, the laboratory yeast strains are not 

suitable for producing bioethanol from the hydrolysates. In this study, 

auxotrophic mutants of the polyploid JHS200 strain were constructed 

using Cas9-based genome editing and one of the auxotrophic mutant 

(JHS200ura-trp-) was engineered to produce bioethanol from the 

hydrolysate of silver grass. A xylose-assimilating pathway and the noxE 

gene coding for NADH oxidase were introduced to improve production 

of ethanol for cellulosic hydrolysates by JHS200ura-trp-. As a result, the 

engineered polyploid strain (JX123_noxE) produced 55.5 g/L ethanol 

with reduced xylitol production from the silver grass hydrolysates.  
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Table 4-1. Strains and plasmids used in this Chapter 

Strains  Description Reference 

D452-2 
S. cerevisiae MATa, leu2, 

his3, ura3, can1 

(Nikawa et al., 

1991) 

DX123 D452-2, pRS306X123 In this study 

JHS200ura-trp- 
JHS200, disrupted ura3, 

trp1 
In this study 

JX123 
JHS200ura-trp-, 

pRS306X123 
In this study 

JX123_noxE JX123, p414AUR_Llnox In this study 

Plasmids Description Reference 

pRS306X123 
Xylose assimilating 

pathway 
(Kim et al., 2012b) 

p414AUR_Llnox 

NADH oxidase 

expression cassette 

TDH3p-Llnox-CYC1t 

(Kim et al., 2015a) 
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Table 4-2. Fermentation parameters of the genetically modified S. cerevisiae strains in bench-top fermentor with 

lignocellulose hydrolysates  

 

  

Strains 

Dry cell 

weight 

(g/L) 

Xylose 
Xylitol 

concentration 

(g/L) 

Ethanol 

consumption 

(g/L) 

uptake rate 

(g/L∙h) 

concentration 

(g/L) 

Productivity 

(g/L∙h) 

yield 

(g/g) 

DX123 6.48 11.0 0.324 3.38 46.6 1.36 0.419 

JX123 5.00 27.0 0.795 4.64 52.6 1.54 0.422 

JX123_noxE 5.62 30.5 0.897 2.40 55.5 1.63 0.433 
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Figure 4-1. Fermentation profiles of xylose fermentation by (a) 

DX123, (b) JX123 and (c) JX123_noxE strains in YPDX medium 

containing 70 g/L glucose and 40 g/L xylose.  
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Figure 4-2. Variation experiments of colonies of JX123_noxE strain. 
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Figure 4-3. Specific activity of NADH oxidase derived from L. lactis 

in engineered strains DX123, JX123 and JX123_noxE during ethanol 

fermentation. 
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Figure 4-4. Variation experiments of colonies of JX123_dPHO13 

strain. 
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Figure 4-5. Fermentation profiles of a lignocellulosic hydrolysate by 

(A) DX123, (B) JX123 and (C) JX123_noxE strains in flasks with 

50mL working volume.  
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Figure 4-6. Fermentation profiles of a lignocellulosic hydrolysate by 

(A) DX123, (B) JX123 and (C) JX123_noxE strains in 1L bench-top 

fermentor. 
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Chapter 5 

Production of 2,3-butanediol by engineered 

polyploid JHS200 strain 
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5.1. Summary 

2,3-Butanediol (2,3-BDO) is a platform chemical for various industrial 

applications. Despite high 2,3-BDO productivity, native 2,3-BDO 

producing bacteria are not desirable for industrial mass production 

because most of bacteria used for 2,3-BDO production are classified as 

pathogens. In this study, the polyploid S. cerevisiae was alternatively 

engineered to produce 2,3-BDO without the pathogenic risk for large 

scale fermentations. Specifically, endogenous genes coding for pyruvate 

decarboxylase (PDC) and alcohol dehydrogenase (ADH) were disrupted 

to reduce the most dominant carbon flux toward ethanol. And a bacterial 

2,3-BDO-producing pathway was introduced into this strain. The noxE 

gene from L. lactis was also expressed to maintain redox balance in the 

cytosol. The resulting Pdc- and Adh-deficient 2,3-BDO producing 

industrial S. cerevisiae strains (YG01_SDBN) still retained the 

advantages of industrial strains, such as a superior glucose fermenting 

capacity and rapid growth rate. In addition, the combination of partially 

disrupted PDC and ADH could not exhibit growth defects that definitely 

occurred in all Pdc- or Adh- deficient strains. The engineered strain 

(YG01_SDBN) was able to produce 178.6 g/L of 2,3-BDO from glucose 

with maximum productivity of 2.64 g/L·hr in a fed-batch fermentation. 
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The fermentation with cassava hydrolysate was optimized. Consequently, 

132.7 g/L of 2,3-BDO was produced with a productivity of 1.92 g/L·hr. 

This result suggested that the engineered industrial S. cerevisiae can be 

a safe and green alternative for the economic production of 2,3-BDO 

with a high titer and high productivity.
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5.2. Introduction 

2,3-Butanediol (2,3-BDO) is a promising chemical with various 

industrial applications. It is applicable for the production of a wide range 

of useful derivatives, such as softening agents, plasticizer, polyester, 

drugs and cosmetics (Celińska & Grajek, 2009; de Oliveira & Nicholson, 

2016; Ji et al., 2011; Li et al., 2013). In addition, 2,3-BDO can be used 

as a starting material for chemical conversion, especially for 2-butanone 

(MEK) and 1,3-butadiene production. MEK is considered as an effective 

liquid-fuel additive, and 1,3-butadiene is used to produce the synthetic 

rubber as one of the major building blocks in the chemical industry 

(Christensen et al., 2008; Köpke et al., 2011). The market size of 2,3-

BDO is expected to reach 74 kilotons by 2018 (Radoš et al., 2015) and 

the estimated annual global market value of 2,3-BDO derivatives is 

approximately 43 billion dollars (Köpke et al., 2011). Thus, global 

demand of industrial-scale production of 2,3-BDO from biomass is 

increasing (Sheldon, 2005). 

Commercial production of 2,3-BDO has been dominated by petroleum-

based chemical processes (Li et al., 2016). Due to forthcoming global 

regulation of carbon dioxide emissions, microbial production of 2,3-

BDO has been suggested as a potential green alternative if the current 
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low productivity and high production cost can be overcome. Microbial 

production of 2,3-BDO has been mostly performed using bacterial 

species including Enterobacter and Klebsiella owing to their fast growth 

in nutrient-poor media and the native ability to produce 2,3-BDO. For 

industrial production, the use of an inexpensive and abundant carbon 

source is one of the most important prerequisites. Therefore, previous 

efforts have attempted to use hydrolysates of various biomass for the 

production 2,3-BDO. For example, Enterobacter aerogenes has been 

engineered for the utilization of mixed sugars in the lignocellulosic 

hydrolysates by the deletion of pflB and ptsG. In a fermentation with a 

sugarcane bagasse hydrolysate, approximately 20 g/L 2,3-BDO (0.395 

g2,3-BDO/gcarbon source) was produced by E. aerogenes in 72 hours (Um et 

al., 2017). E. cloacae was also metabolically engineered to produce 152 

g/L 2,3-BDO within 44 hours from lignocellulose-derived sugars (Li et 

al., 2015). Additionally, Klebsiella pneumonia SDM engineered by 

random mutagenesis was used to produce 150 g/L 2,3-BDO by fed-batch 

fermentation of corn steep liquor (Ma et al., 2009). Despite these high 

performances of 2,3-BDO production, Enterobacter and Klebsiella 

genera are categorized by the World Health Organization as Risk Group 

2 (RG2) pathogen (Celińska & Grajek, 2009). Therefore, such strains 
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might not be desirable for commercial 2,3-BDO production because of 

their pathogenic properties. There have been efforts to reduce the 

virulence of  these pathogenic bacteria by disrupting a virulence-related 

wabG gene (Jung et al., 2013b) and eliminating pathogenic factors 

(lipopolysaccharides, polysaccharide capsules and fimbrial adhesions) 

(Shrivastav et al., 2013). However, 2,3-BDO production decreased by 

30 % although the virulence was reduced (Jung et al., 2013b).  

Instead of the potentially pathogenic bacterial species, S. cerevisiae, 

listed as Generally Recognized As Safe (GRAS), is a promising 

microorganism for the industrial production of various chemicals 

including 2,3-BDO. S. cerevisiae has been engineered to rapidly and 

efficiently utilize various sugar sources such as xylose (Kim et al., 

2017a), galactose (Choi et al., 2016), cellobiose (Nan et al., 2014) and 

hydrolysates from cassava (Chin, 2012), lignocellulose (Lee et al., 2017), 

and red algae (Lee et al., 2015a). Moreover, industrial S. cerevisiae 

strains exhibit high tolerance against alcohols, sugars and harsh 

fermentation conditions (de Smidt et al., 2012; Hong & Nielsen, 2012; 

Lee et al., 2017). As ethanol is a dominant fermentation product from 

sugars by S. cerevisiae, ethanol production needs to be eliminated in 

order to overproduce 2,3-BDO by engineered yeasts. As such, three 
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genetic perturbations were made to produce 2,3-BDO instead of ethanol 

from sugars by engineered yeast. First, all three-pyruvate decarboxylase 

(PDC 1, 5, 6) isozymes that convert pyruvate into acetaldehyde (the 

precursor of ethanol) have been deleted. Second, an enantiopure 2,3-

BDO biosynthesis pathway including α-acetolactate synthase (alsS), α-

acetolactate decarboxylase (alsD) from Bacillus subtilis was introduced. 

Third, endogenous 2,3-butanediol dehydrogenase (BDH1) was 

overexpressed (Kim et al., 2014). Although the resulting Pdc-deficient S. 

cerevisiae strain was able to produce 2,3-BDO as a major fermentation 

product without ethanol production, the engineered strain showed a 

severe growth defect on glucose medium (Kim et al., 2013a; Pronk et al., 

1996). The growth defect of Pdc-deficient strains results from the 

depletion or limited synthesis of cytosolic acetyl-CoA which is produced 

from acetaldehyde via acetate (Flikweert et al., 1999). In order to resolve 

the growth defect caused by limited supply of cytosolic acetyl-CoA, the 

heterologous gene PDC1 from Candida tropicalis was expressed in the 

Pdc deficient yeast and resulted in the production of 154.3 g/L 2,3-BDO. 

However, the cell growth was still retarded without C2-compound supply 

(Kim et al., 2016). In another study, the limited production of acetyl-CoA 

was addressed by deleting alcohol dehydrogenase (ADH), instead of 
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PDC. However, accumulation of toxic acetaldehyde in these Adh-

deficient S. cerevisiae inhibited cell growth as well (Kim & Hahn, 2015). 

Thus, these Pdc- or Adh-deficient S. cerevisiae strains need to be 

amended for industrial-scale production of 2,3-BDO.  

In this study, an industrial polyploidy S. cerevisiae exhibiting high 

tolerance against harsh conditions (Lee et al., 2017) was used to 

efficiently produce 2,3-BDO from cassava hydrolysates. To overcome 

the negative effects of the Pdc- or Adh-deficient strains, both PDC and 

ADH genes were partially disrupted by CRISPR-Cas9 based genome 

editing to minimize ethanol production while maintaining decent cell 

growth on glucose. Additionally, the 2,3-BDO biosynthesis pathway 

consisting of alsS and alsD from B. subtilis and endogenous BDH1 was 

introduced. In order to maintain redox balance under reduced ethanol 

production, the noxE gene from L. lactis was expressed. In addition to 

the genetic perturbations, fed-batch fermentations were performed to 

improve 2,3-BDO productivity. The development of an engineered 

industrial polyploidy S. cerevisiae strain capable of producing 2,3-BDO 

and fed-batch fermentation will allow economic and environmental-

friendly production of 2,3-BDO.  
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5.3. Materials and Methods  

5.3.1. Strains and culture media 

E. coli Top 10 (Invitrogen, Carlsbad, CA, USA) was used for the 

construction of plasmids and gene manipulation. E. coli transformants 

used in this study were grown in LB medium with 100 μg/mL ampicillin. 

The industrial S. cerevisiae strains used in this study were obtained from 

Korean nuruk and confirmed to be a polyploidy strain. The engineered 

industrial polyploidy 4-JHS200 was described in a previous study (Lee 

et al., 2017). Yeast strains were cultivated in YP (10 g/L yeast extract and 

20 g/L peptone) medium with 0.5 μg/mL aureobasidin A (Takara, Shiga, 

Japan) or 300 μg/mL hygromycin B (Sigma-Aldrich, St. Louis, MO, 

USA). Some of the engineered industrial strains were selected on YNB 

medium (6.7 g/L yeast nitrogen base, proper nucleotides and amino acids) 

with 0.5 μg/mL aureobasidin A and 300 μg/mL hygromycin B as a 

selection marker. 

5.3.2. Construction of plasmids 

Plasmids used in this study are summarized in Table 5-1. The primers 

used to construct gBlock and repair DNA are presented in Table 5-2. The 

Cas9 expression plasmid named Cas9_Aur was the same as that used in 
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a previous study (Lee et al., 2017). Customized guide RNA-expressing 

plasmids were constructed as follows. First, three guide RNA-expressing 

cassettes with different sequences targeting PDC1, PDC5, and PDC6 

were synthesized along with blunt ends for SacI and KpnI digestion. For 

the synthesis of these guide RNA cassettes, the AccuGeneBlock service 

from Bioneer Co., Korea was used (Table 5-3). Second, the synthesized 

guide RNA cassettes and plasmid pRS42H (Zhang et al., 2014) were 

digested with SacI and KpnI, and then ligated each other. Third, the 

guideRNA-expressing plasmids, gRNA_dPDC1, gRNA_dPDC5 and 

gRNA_dPDC6 for disruption of PDC1, PDC5 and PDC6, respectively, 

were obtained. The guide RNA-expressing plasmids for disruption of 

ADH1 (gRNA_dADH1) (Kim, 2016) and the plasmid p426TDH3_Llnox 

descried in a previous study (Kim et al., 2015a). The constructed 2,3-

BDO pathway was introduced via plasmid p413_SDB, kindly donated 

by Prof. Ji-Sook, Hahn (Kim & Hahn, 2015). This plasmid p413_SDB 

consisted of heterogeneous alsS and alsD from B. subtilis and over-

expressed the innate gene BDH1 under the control of strong constitutive 

promoters, PTDH3, PTEF1 and PTPI1, respectively, and different terminators 

(Kim & Hahn, 2015). 

For the construction of guide RNA expression plasmids targeting GPD1 
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and GPD2, an overlap-PCR method as described below was employed. 

The first DNA fragment was amplified for combining a promoter 

sequence and targeting sequences for GPD1 or GPD2 by F1 and R1 

primers. The second DNA fragment amplified for combining with 

targeting sequences for GPD1 or GPD2, guide RNA sequence, and 

terminator sequence by F2 and R2 primers. Then, the first and second 

DNA fragments were re-amplified using F1 and R2 primers. The 

resulting DNA fragments were ligated into the restriction site of SacI and 

KpnI in plasmid pRS42H-gLEU2 (Zhang et al., 2014). The ligated 

plasmid would be a guide RNA expression plasmid for disrupting GPD1 

or GPD2, gRNA_dGPD1 or gRNA_dGPD2. 

5.3.3. Construction of metabolically engineered S. cerevisiae by 

transformation  

For the construction of Pdc-disrupted strains, 4-JHS200 harboring the 

Cas9-expression plasmid Cas9-Aur was transformed with guide RNA 

plasmids and repair DNA fragments amplified by PCR. To introduce 

the 2,3-BDO biosynthetic pathway, plasmid p413_SDB was 

transformed into the YG01 and YG02 strains using the Spheroplast 

Transformation Kit (BIO 101, Vista, CA, USA). To select transformants, 

S. cerevisiae strains were cultivated aerobically at 30 °C in YNB 
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medium (6.7 g/L Yeast Nitrogen Base, appropriate nucleotides and 

amino acids) with 20 g/L glucose. 

Transformation of plasmids for disrupting the GPD1 and GPD2 genes 

was performed using the spheroplast transformation kit (BIO 101, Vista, 

CA). To select transformants, the YG01_SDBN strain was cultivated 

aerobically at 30 oC in YNB medium (6.7 g/L Yeast Nitrogen Base with 

appropriate nucleotides and amino acid). For construction of the GPD1 

and GPD2 disrupted strains, plasmid pRS42H_gGPD2 was transformed 

into the YG01_SDBN strain with repair DNA fragments amplified by 

PCR with F_dGPD2(stop)_repair and R_dGPD2(stop)_repair (for 

disrupting GPD2) primers in Table 2. For the selection of disrupted 

colonies (YG01_SDBN_dGPD2), YNB medium with 0.1 μg/mL of 

aureobasidin A and 250 μg/mL of hygromycin B was used. For 

additional construction of the GPD1-disrupted strain 

(YG01_SDBN_dGPD1GPD2), the GPD2 disrupted strain 

(YG01_SDBN_dGPD2) harboring the plasmid Cas9-Aur was serially 

cultivated in the YNB medium containing only aureobasdin A. After 

curing the guide RNA expression plasmid (gRNA_dGPD2), the 

plasmid gRNA_dGPD1 and repair DNA (amplification by 

F_dGPD1(stop)_repair and R_dGPD1(stop)_repair) were co-
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transformed into the YG01_SDBN_dGPD2 strain. Finally, both GPD1 

and GPD2 genes were disrupted, named as 

YG01_SDBN_dGPD1GPD2.  

5.3.4. Activity assay of NADH oxidase and Pyruvate decarboxylase  

To measure NADH oxidase activity in a cell, a crude extract was 

prepared by growing and harvesting at the mid-exponential phase cells 

(up to 1 × 108 to 109) grown in YNB medium containing 20 g/L glucose, 

followed by two washes with distilled water. After adding the protease 

inhibitor (Roche, Basel, Switzerland), the harvested cells were lysed 

using the yeast protein extraction reagent (Thermo Scientific, Waltham, 

MA, USA). The supernatant was collected after centrifugation at 7000 g 

and 4 °C for 20 min and used to measure NADH oxidase activity within 

3 hours. The reaction mixture contained 50 mM potassium phosphate 

buffer (pH 7.0), 0.4 mM NADH, and 0.3 mM EDTA (De Felipe et al., 

1998). Enzyme activity was defined as the degree of absorbance 

reduction at 340 nm. One unit is defined as the amount of an enzyme 

needed to oxidize 1 μmol NADH under the conditions mentioned above 

for 3 min.  

To measure Pdc activity in cells, a crude extract prepared by the above 
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same methods. The PDC activity assays were performed at 30 °C with a 

reaction mixture containing 40 mM imidazole hydrochloride buffer (pH 

6.5), 5 mM MgCl2, 0.2 mM TPP, 17 U of alcohol dehydrogenase from S. 

cerevisiae, 0.4 mM NADH, and 50 mM pyruvate (Postma et al., 1989). 

The reactions were initiated by adding pyruvate, and the decrease in 

absorbance at 340 nm was measured. One unit of activity was defined as 

the amount of an enzyme oxidizing 1 μmol NADH per minute in the 

corresponding reaction conditions. The protein concentration of crude 

extracts was also determined by the Bradford method (Bradford, 1976). 

5.3.5. Culture conditions 

The engineered yeast strains were pre-cultured in 5mL of YP medium or 

YNB medium containing 20 g/L glucose at 30 °C and 250 rpm for 24 

hours. After growth, cells were centrifuged and transferred to 100 mL of 

YNB medium containing 20 g/L glucose in a baffled flask at 30 °C and 

250 rpm for 24 hours. These mid-exponential grown cells (OD600 < 3) 

were harvested for the inoculum. Main batch cultures were conducted 

under microaerobic conditions in 250-mL Erlenmeyer flasks at 30 °C and 

150 rpm. Fed-batch fermentations were carried out in 500 mL YP 

medium containing initial 100 g/L glucose using a 1 L bench-top 

fermentor (Fermentec, Cheongju, Korea) at 30 oC. The pH was 
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maintained at 5.5 by the intermittent addition of 5 N NaOH solution and 

dissolved oxygen (DO) was monitored using an O2 sensor (Mettler 

Toledo, Greifensee, Switzerland). The fed-batch cultivation in a 

fermentor was operated under 400 rpm and an air flow rate of 2 vvm. 

During the fed-batch fermentation, DO levels were kept under 2.0 %. 

Cells prepared from the flask culture were inoculated at an initial 

concentration of 5.0 gDCW/L. When glucose concentration decreased 

under 20 g/L, 800 g/L of glucose concentrated solution was supplied into 

the culture broth.  

For the hydrolysate fermentations, 10 g/L yeast extract and 20 g/L 

peptone were added to the cassava hydrolysates from Changhae Ethanol 

Co., Ltd. Other fermentation conditions are the same as above. 

5.3.6. Preparation of the cassava hydrolysates 

Cassava hydrolysates were prepared using cassava chips (starch contents 

= approximately 72 % dry weight basis) imported from Vietnam. 

Cassava chips were ground using a hammer mill, and passed through a 1 

mm screen. 100 g Glucose can be produced from 126 g of the cassava 

chips by the enzymatic hydrolysis. For liquefaction, 0.7 g/kg dry matter 

of commercial α-amylase (Termamyl SC, Novozymes, Bagsvaerd, 
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Denmark) was added, and the mash was heated upto 100 °C and liquefied 

for 90 min. After the liquefying steps were completed, the resulting mash 

was cooled to a saccharification temperature (50 °C), and Spirizyme Fuel 

(Novozymes, Bagsvaerd, Denmark) was added at 0.5 g/kg dry matter. 

This saccharification step was aseptically performed for 24 hours. (Moon 

et al., 2014) The saccharified cassava hydrolysates were then used for 

fermentation experiments. 

5.3.7. Determination of dry cell weight and metabolites 

Cell growth was monitored by optical density at 600 nm (OD600) using a 

spectrophotometer (OPTIZEN POP; Mecasys, Daejeon, Korea). Dry cell 

weight (DCW) was estimated using a conversion factor of 0.50 gdry 

cell/L/OD600. Glucose, glycerol, acetate, acetoin, 2,3-BDO, and ethanol 

were measured by a high-performance liquid chromatography (1260 

Infinity, Agilent, CO, USA) equipped with a BioRad Aminex HPX-87H 

column (300 mm 7.8 mm, 5 µm; Bio-Rad, Hercules, CA, USA) with 5 

mM H2SO4 at a flow rate of 0.6 mL/min. Metabolites were quantified 

using a refractive index (RI) detector.   
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5.4. Results and Discussion  

5.4.1. Construction of the non-ethanologenic yeast strain 

Using a polyploidy industrial S. cerevisiae as a parental strain, the 

expression levels of PDC and ADH genes were modulated in a sequence 

manner to construct a non-ethanologenic strain capable of growing on 

glucose without supplementation of a C2-compound. It was hypothesized 

that combined partial disruption of endogeneous pyruvate decarboxylase 

(PDC) and alcohol dehydrolgenase (ADH) might lead to substantial 

reduction of ethanol production from glucose while maintaining decent 

growth on glucose. 

Disruption of pyruvate decarboxylase (PDC) 

The industrial polyploidy S. cerevisiae was genetically manipulated 

using Cas9-based genome editing for the disruption of PDC as described 

in Chapter 4 (Lee et al., 2017). In the middle of the open reading frames 

(ORFs) of the PDC1, PDC5, and PDC6 genes, a termination codon 

(TAA) was introduced via Cas9-based genome editing. A quadruple 

auxotrophic (Leu-, His-, Trp-, and Ura-) strain (4-JHS200) (Lee et al., 

2017) was used as a parental strain for PDC disruption. First, PDC1, 

PDC5, and PDC6 were individually disrupted in the 4-JHS200 strain, 
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resulting in single Pdc-disrupted strains (4-PDC1d, 4-PDC5d, and 4-

PDC6d). The fermentation performances of the single Pdc-disrupted 

strains were evaluated. Compared to the parental strain (4-JHS200), 

there were no differences in fermentation parameters for three different 

Pdc-disrupted strains (4-PDC1d, 4-PDC5d, 4-PDC6d). All of these three 

strains consumed glucose and produced ethanol and glycerol (Fig. 5-2) 

at the same rates of the parental strain. According to a previous report, 

one or two leftover PDC genes can provide enough PDC activity and 

cell growth when one or two PDC genes were deleted (Steensmati et al., 

1996). Second, the 4-PDC1d and 4-PDC5d strains were subjected to 

additional disruption of PDC6 using the same Cas9 disruption method. 

These resulting strains, named as 4-PDC16d and 4-PDC56d (Table 5-1), 

were cultured in YP medium with 50 g/L of glucose to evaluate the 

effects of double disruption of PDC genes. As the 4-PDC16d strain has 

PDC5 only and the 4-PDC56d has PDC1 only, it was reasoned that the 

partial disruption of PDC genes instead of complete deletion might lead 

to decent cell growth and glucose consumption even without the 

supplement of a C2-compound when the carbon flux to ethanol was 

shifted into 2,3-BDO production. As reported previously, complete 

deficiency of PDC activity in S. cerevisiae causes severe growth defects 
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on glucose, and require C2-compounds such as ethanol and acetic acid 

for growth (Kim et al., 2016; Pronk et al., 1996; Steensmati et al., 1996). 

As shown in the fermentation results (Fig. 5-2), the 4-PDC16d and 4-

PDC56d strains produced ethanol and glycerol slightly less than the non-

disrupted PDC strain (4-JHS200). Based on the amount of ethanol 

produced, it was speculated that the 4-PDC16d strain has a relatively 

lower PDC activity than the 4-PDC56d strain or the non-disrupted PDC 

strain. In order to confirm these results, the PDC enzyme activity was 

measured for the PDC-disrupted strains. As a result, the double PDC-

disrupted strains (4-PDC16d and 4-PDC56d) showed a relative decrease 

in Pdc activity compared to the single PDC-disrupted strains (Fig. 5-3). 

The single PDC-disrupted strains (4-PDC1d, 4-PDC5d, 4-PDC6d) 

maintained a similar level or slightly lower PDC activity compared with 

the non-disrupted PDC strain (4-JHS200), however, the 4-PDC16d strain 

exhibited the lowest PDC activity (Fig. 5-3). Thus, the 4-PDC16d strain 

producing the least amount of ethanol was beneficial for further 

experiments to produce 2,3-BDO instead of ethanol.  

Deletion of alcohol dehydrogenase (ADH) with chromosomal expression 

of NADH oxidase (noxE) 

In addition to PDC disruption, the expression levels of alcohol 
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dehydrogenases (ADH), which convert acetaldehyde to ethanol (Fig. 1), 

can be modulated to reduce ethanol production. There are five isozymes 

of alcohol dehydrogenases genes, ADH1 to ADH5. In the same manner 

with the PDC-deficient strain, an ADH-deficient strain also has fatal 

features, such as an intracellular redox imbalance and deficient cell 

growth caused by accumulation of acetaldehyde (De Smidt et al., 2008; 

Ng et al., 2012). Therefore, ADH1 known as a major active enzyme out 

of the five isozymes would be a target for deletion (De Smidt et al., 2008). 

Because deletion of the NADH-dependent ADH1 gene might cause 

cofactor imbalance, the heterologous water-forming NADH oxidase 

from L. lactis was also expressed to maintain cofactor balance. An 

expression cassette (including TDH3 promoter and CYC1 terminator) of 

NADH oxidase was amplified by PCR using the template plasmid of 

p426TDH_Llnox (Table 1). Introduction of the NADH oxidase (noxE) 

expression cassette into the center of the ORF of the ADH1 gene in the 

4-PDC16d and 4-PDC56d strains resulted in simultaneous deletion of 

ADH1 and expression of noxE. The resulting strains were named as 

YG01 and YG02, respectively. The YG01 strain has intact PDC5 and 

deficient ADH1 with noxE expression, and the YG02 strain has intact 

PDC1 and deficient ADH1 with noxE expression. These two strains were 
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subjected to flask fermentation in YP medium with 40 g/L glucose. Both 

YG01 and YG02 strains did not grow well but produced ethanol (Fig. 5-

4). If the YG01 and YG02 strains lose their Adh activity by expression 

of noxE in the middle of the ADH1 gene, acetaldehyde which is 

converted to ethanol by ADH, would accumulate inside the cell (Fig. 1). 

It is known that aldehyde is toxic to cell growth. Furthermore, an amount 

of 55 mg/L acetaldehyde was estimated inside the YG01 and YG02 strain, 

which was 100-fold higher than that in the not-deleted ADH1 strain (4-

PDC16d). The intracellular accumulation of acetaldehyde indicates that 

the deletion of ADH1 led to elimination of Adh activities in the YG01 

and YG02 strains.  

To determine the expression level of noxE introduced to delete ADH1, 

NADH activity was measured. As mentioned above, the YG01 and 

YG02 strain hardly grow on glucose, so it was compared with the strains 

(YG01_SDB and YG02_SDB) in which the only 2,3-BDO pathway was 

introduced to the same genetic background. The chromosomally noxE 

expressed strains (YG01_SDB and YG02_SDB) showed higher activity 

than the non-expressing strain (4-JHS200). The heterologous noxE gene 

coding for NADH oxidase was successfully expressed at the 

chromosomal site of the ADH1 gene (Fig. 5-5). In the ends, the non-
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ethanologenic S. cerevisiae strains (YG01 and YG02), which was 

constructed with partial disruption of PDC and ADH by introduction of 

the heterologous noxE gene, can be a promising platform industrial strain 

to biosynthesize various products from pyruvate.     

5.4.2. Introduction of 2,3-BDO pathway to non-ethanologenic yeast 

strains 

The 2,3-BDO biosynthetic pathway, consisting of alsS and alsD from B. 

subtilis and overexpression of endogenous BDH1, was introduced into 

the non-ethanologenic strains (YG01 and YG02). Thus, carbon fluxes 

from pyruvate were redirected to α-acetolactate via alsS and α-

acetolactate can be converted to acetoin by alsD. 2,3-BDO can be 

produced from acetoin by BDH1. Specifically, plasmid p413_SDB 

containing alsS, alsD, and BDH1 under strong promoters was introduced 

to YG01 and YG02 strains. The resulting strains were named as 

YG01_SDB and YG02_SDB (Table 1). To confirm the effects of the 

introduced 2,3-BDO biosynthetic pathway on fermentation 

performances, the YG01_SDB and YG02_SDB strains were cultured in 

a flask with YP medium at 30 °C and 100 rpm. As shown in Fig. 4, the 

YG01_SDB strain was found to be more suitable for the production of 

2,3-BDO than the YG02_SDB strain. Because the glucose consumption 
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rate of the YG01_SDB strain was faster than that of the YG02_SDB 

strain. As a result, the YG01_SDB strain reached the maximum cell 

concentration faster than the YG02_SDB strain (Fig. 5-6 (A) and (B)). 

Unfortunately, the YG02_SDB still produced a small amount of ethanol 

(< 2 g/L) during the fermentation. The YG02_SDB produced more 

ethanol, which might be a reason for decreased 2,3-BDO production 

yield. Therefore, the YG02_SDB strain was excluded. As summarized in 

Table 2, the YG01_SDB strain produced 14.9 g/L of 2,3-BDO from 50 

g/L glucose within 20 hours. Although a substantial amount (14.8 g/L) 

of glycerol accumulated, the YG01_SDB was able to produce 2,3-BDO 

with a productivity of 0.745 g/Lhr and a yield of 0.295 g2,3-BDO/gglucose 

in a flask fermentation. After 20hr, the 2,3-BDO was produced gradually 

converted into acetoin. Once glucose was depleted, it was likely that cells 

suffered from the lack of NADH. As such, acetoin accumulated from the 

oxidation of 2,3-BDO into acetoin for regenerating NADH. As the total 

amount of 2,3-BDO and acetoin remained unchanged, it can be 

speculated that acetoin was not metabolized further for respiratory 

growth (Kim & Hahn, 2015).   

 

 



143 

5.4.3. Relieve of cellular redox imbalance by over-expressed NADH 

oxidase 

Two molecules of acetaldehyde are converted into two moles of ethanol 

via ADH with consumption of two moles of NADH (Fig. 1). Deletion of 

the ADH1 gene resulted in the accumulation of NADH in the cytosol of 

the non-ethanologenic strains (YG01). The surplus NADH generated 

from production of 2,3-BDO increases glycerol formation by glycerol-

3-phosphate dehydrogenase (GPD). Two isozymes of GPD can re-

oxidize NADH into NAD+ (Kim & Hahn, 2015). The accumulation of 

glycerol is a significant obstacle to the efficient production of 2,3-BDO 

as substantial amounts of a carbon source can be wasted into glycerol. 

Also, separation of glycerol and 2,3-BDO in downstream processing 

would be challenging as the two compounds share similar chemical 

properties. In order to reduce the accumulation of glycerol, surplus 

NADH can be oxidized into NAD+ using a water-forming NADH 

oxidase (noxE) from L. lactis (Kim et al., 2015a). When the ADH1 gene 

was deleted, an expression cassette of noxE was inserted to the center of 

the ORF of ADH1 in the YG01_SDB strain. However, the chromosomal 

single copy-based over-expression was not sufficient to compete for 

NADH with GPD, resulting in accumulation of glycerol during 2,3-BDO 
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production (Fig. 5-6(A)). Therefore, a multi-copy plasmid 

(p426TDH3_Llnox) was introduced into the YG01_SDB strain for 

enhancing the activity of NADH oxidase. The resulting strain 

(YG01_SDBN) produced a less amount of glycerol (12.7 vs. 14.7 g/L) 

than the parental strain (YG01_SDB) (Fig. 5-6 (B) and (C)). As expected, 

the expression levels of NADH oxidase were inversely proportional with 

the amounts of glycerol accumulation, and proportional with 2,3-BDO 

production (Table 5-4). While the YG01_SDBN produced glycerol, it 

might be due to the limited supply of O2 in a flask fermentation. In order 

to enhance 2,3-BDO production and to minimize glycerol production, a 

fed-batch fermentation was performed with the YG01_SDBN strain (Fig. 

5-7 (A)). After 100 g/L of glucose initially provided was depleted, 800 

g/L of glucose solution was intermittently fed when glucose 

concentration decreased to 20 g/L or less during the fermentation. 

Aeration conditions were controlled at 400 rpm and a flow rate of 2 vvm, 

and the DO level in the medium was kept below 2.0 %. The fed-batch 

fermentation showed two phases of 2,3-BDO production (Fig. 5-7 (A)). 

For the first 49 hours of fermentation, the YG01_SDBN strain could 

produce high concentration (129.2 g/L) of 2,3-BDO with a very high 

productivity of 2.64 g/Lhr, which is comparable to the fermentation 
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performances of bacteria-based processes. After 49 hours of 

fermentation, 2,3-BDO increased continuously to 178.6 g/L, at the 

expense of overall productivity, which declined from 2.64 g/Lhr to 1.88 

g/Lhr (Table 5-5). No ethanol production was observed throughout the 

fed-batch fermentation. With these fermentation results, the 

metabolically engineered industrial polyploidy S. cerevisiae strain 

(YG01_SDBN) constructed in this work has successfully demonstrated 

the possibility of producing high concentration of 2,3-BDO with high 

productivity. 

5.4.4. Disruption of GPD1 and GPD2 for eliminating glycerol 

accumulation   

Using the previously constructed 2,3-BDO producing industrial strain 

(YG 01_SDBN), both GPD1 and GPD2 genes were disrupted by a Cas9-

based genome editing method (Lee et al., 2017; Zhang et al., 2014). In 

the center of the ORF of GPD1 and GPD2 genes, a transcription 

termination codon (TAA) was inserted by making a point mutation by 

the Cas9-genome editing method. Therefore, the genes of GPD1 and 

GPD2 would not be expressed in the GPD-deficient industrial strain (YG 

01_SDBN_dGPD1GPD2). However, it was generally reported that when 

the two GPD genes lose their function at the same time, the cell could 
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not grow. Thus, Gpd-deficient strains could be efficiently constructed by 

co-expressing the NoxE gene. This engineered industrial strain was 

named as YG01_SDBN_dGPD1,2. The introduction of the heterologous 

noxE gene could compensate for the intracellular NADH imbalance, 

which is inevitable to occur in the process of disrupting all GPD genes, 

so that cell growth could be restored. Because the GPD genes mediate 

the reaction by consuming NADH, a Gpd-deficient strain could not 

consume NADH. The excess NADH was consumed by NADH oxidase, 

which can produce water using oxygen as a substrate.  

To evaluate the effects of the disrupted GPD2 gene, the 

YG01_SDBN_dGPD2 strain was cultured in flask with YP medium 

containing 50 g/L glucose. As shown in Fig. 5-6 (D), the GPD2 disrupted 

strain (YG01_SDBN_dGPD2) produced less glycerol than the 

YG01_SDBN strain (Fig 5-6 (C)). The YG01_SDBN_dGPD2 strain 

produced 10.2 g/L glycerol with 0.18 gglyerol/gglucose yield, however, the 

YG01_SDBN strain produced 12.7 g/L glycerol with 0.33 gglyerol/gglucose 

yield (Table 5-4). Finally, the Gpd-deficient strain 

(YG01_SDBN_dGPD1GPD2) was fermented in flask with YP medium 

containing 50 g/L glucose (Fig. 5-6 (E)). In a flask fermentation, 

maximum dry cell weight exhibited 2.22 gDCW/L and 26.1 g/L 2,3-BDO 
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was produced with 0.494 g2,3-BDO/gglucose yield and 0.52 g/Lhr 

productivity. Although glucose consumption rate was considerably 

decreased, glycerol and ethanol were not detected (Table 5-4). To 

investigate the 2,3-BDO production performance of the 

YG01_SDBN_dGPD1GPD2 strain, the fed-batch fermentation was 

performed in a 1L-benchtop fermentor. As shown in Fig. 5-7 (B), 

maximum dry cell weight was 8.35 gDCW/L and 2.78 g/L ethanol and 2.02 

g/L glycerol were produced. As a result, final 151.5 g/L of 2,3-BDO was 

produced with a productivity of 0.95 g/Lhr and an yield of 0.41 g2,3-

BDO/gglucose (Table 5-5). Although both the glucose consumption rate and 

the specific growth rate decreased, elimination of glycerol biosynthesis 

was achieved successfully. Thus, the YG01_SDBN_dGPD1GPD2 strain 

could be a promising host strain for effectively production of 2,3-BDO 

and for an advantageous separation process of 2,3-BDO. The reduced 

cell growth rate caused by cellular redox imbalance of the Gpd-deficient 

yeast strains was previously reported (Guo et al., 2011; Kim et al., 2012a; 

Medina et al., 2010; Nissen et al., 2000a). Especially, the Gpd-deficient 

strain exhibited severe growth defects under the anaerobic culture 

condition because excess NADH accumulated in the cytosol unless other 

electron acceptor was available (Medina et al., 2010). In this Chapter, as 
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both GPD1 and GPD2 genes were disrupted in the NADH oxidase-

expressing strain, the Gpd-deficient industrial strain could be acquired. 

The accumulated NADH in the cytosol was oxidized to NAD+ by 

expression of the noxE gene. Although the NADH oxidase was 

overexpressed in the YG01_SDBN_dGPD1GPD2 strain, the retarded 

growth rate and productivity of 2,3-BDO could not be restored. Several 

efforts had been attempted to overcome. The redox imbalance might be 

solved the expression of genes such as GLT1 or GDH2 which can oxidize 

NADH with conversion of glutamate into α-ketoglutarate in the 

mitochondria. Another solution might consider an additional over-

expression system of BDH1 by which acetoin can be converted to 2,3-

butanediol with consuming excess cellular NADH. 

5.4.5. Development of cassava hydrolysate fermentation in a 

fermentor  

In order to be competitive with chemical synthesis of 2,3-BDO, 

microbial fermentation should be able to produce 2,3-BDO efficiently 

from inexpensive substrates. As shown in previous studies, the same 

parental strain (JHS200), such as the engineered polyploidy S. cerevisiae 

strain used in this study, have outstanding performances for fermenting 

a cellulosic hydrolysate with substantial amounts of fermentation 
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inhibitors (Lee et al., 2017). A cassava hydrolysate was used for the 

production of 2,3-BDO by the YG01_SDBN and 

YG01_SDBN_dGPD1GPD2 strains. The batch culture with a cassava 

hydrolysate was carried out for the YG01_SDBN strain in a 1 L-scale 

fermentor (Fig. 5-8(A)). The cassava hydrolysates contained 267.8 g/L 

of glucose, 10 g/L of yeast extract and 20 g/L of peptone. During 43 

hours of the batch fermentation, 81.3 g/L 2,3-BDO was produced with a 

productivity of 1.89 g/Lhr and a yield of 0.35 g2,3-BDO/gglucose (Table 5-

6). These results are comparable to those of hydrolysates fermentation 

by bacteria (Białkowska, 2016). The Gpd-deficient strain was also 

cultured in a 1L-scale fermentor with cassava hydrolysates (Fig. 5-9 (A)). 

During 82 hours of the batch fermentation, 94.3 g/L 2,3-BDO was 

produced with a productivity of 1.15 g/Lhr and a yield of 0.45 g2,3-

BDO/gglucose (Table 5-6). Compared with the YG01_SDBN strain, as the 

fermentation time was retarded, the productivity of 2,3-BDO was 

declined. However, the amount of accumulated glycerol decreased 

significantly, resulting in an increase in 2,3-BDO yield accordingly. 

A fed-batch fermentation with cassava hydrolysates was also performed 

under the same conditions of aeration and feeding with the cassava 

hydrolysates. The fed-batch fermentation of the cassava hydrolysate with 
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the YG01_SDBN strain resulted in the production of 132.7 g/L of 2,3-

BDO within 69 hours with a productivity of 1.92 g/Lhr (Fig. 5-8 (B)). 

While the production of 2,3-BDO continued to increase at a constant rate, 

the amount of glycerol accumulation slowed down, so a yield of 2,3-

BDO (0.42 g2,3-BDO/gglucose) increased compared to the batch fermentation 

(0.35 g2,3-BDO/gglucose). Although the cassava hydrolysate contained high 

concentration of glucose, the YG01_SDBN strain was able to produce 

2,3-BDO with a higher yield and productivity from cassava hydrolysates 

than from YP medium with glucose. Additionally, the 

YG01_SDBN_dGPD1GPD2 strain could produce 120.6 g/L 2,3-BDO 

through the fed-batch fermentation. The amounts of ethanol and glycerol 

produced were 2.04 g/L and 2.20 g/L, respectively. However, the 

production of 2,3-BDO was slowly increased by accumulating the 

amount of acetoin (19.8 g/L) at the end of fermentation. The over-

expressed BDH1 gene can convert acetoin to 2,3-BDO by consuming 

cytosolic NAD+ (Fig 5-1). When the amount of cellular NADH increases, 

a reverse reaction occurs and hence 2,3-BDO is converted to acetoin. The 

amount of dissolved oxygen in the medium rapidly decreased at the end 

of fermentation. Since the over-expressed noxE gene mediates the 

NADH-consuming reaction, the NAD+ was increased in the cell, and the 
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reverse reaction of the Bdh1 occurred. Thus, acetoin rapidly accumulated 

at 110 hours. (Fig. 5-9(B)) 
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5.5. Conclusions 

In this study, a polyploidy S. cerevisiae which can produce 2,3-BDO was 

constructed by introducing the 2,3-BDO biosynthesis system (alsS, alsD 

from B. subtilis with overexpressed endogenous BDH1). Unlike previous 

studies (Kim et al., 2016; Kim et al., 2013a; Kim & Hahn, 2015), the 

combination of partially disrupted PDC and ADH1 resulted in rerouting 

carbon fluxes into the 2,3-BDO biosynthesis pathway instead of ethanol 

production without the severe growth defects. This study has 

successfully developed the polyploidy S. cerevisiae (YG01_SDB and 

YG02_SDB) able to produce 2,3-BDO without supplement of C2-

compounds. In the process of 2,3-BDO production, however, glycerol 

was also produced in order to oxidize excessive NADH into NAD+ in the 

cell. Thus, the water-forming NADH oxidase from L. lactis was 

introduced to alleviate the intracellular imbalance in the NADH/NAD+ 

ratio and reduce the accumulation of glycerol as a by-product. Under the 

optimized fermentation conditions, the resulting engineered industrial 

strain (YG01_SDBN) produced 178.6 g/L 2,3-BDO with a maximum 

productivity of 2.64 g/Lhr in a fed-batch fermentation with YP medium 

feeding glucose. However, the YG01_SDBN strain still produced 92.5 

g/L glycerol in the fed-batch fermentation with YP medium. Production 
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of 2,3-BDO with high titer and productivity was achieved, though 

biosynthesis of glycerol should be minimized and eliminated for high 

yield of 2,3-BDO. To this end, endogenous glycerol biosynthesis was 

eliminated with the disruption of all GPD genes. It caused a reduced cell 

growth, glucose consumption rate and 2,3-BDO productivity. As a result, 

151.5 g/L 2,3-BDO was produced with a maximum yield (0.45 g 2,3-BDO/g 

glucose) in the fed-batch fermentation. This study demonstrated the 

feasibility of glycerol-free production 2,3-BDO from glucose by 

engineered polyploid yeast through metabolic engineering.  

Furthermore, the strain was able to produce 2,3-BDO from a cassava 

hydrolysate while maintaining its advantageous properties for industrial 

applications, such as tolerance to sugars and fermentation inhibitors at 

high concentrations, and rapid sugar consumption rates. A fed-batch 

fermentation of the YG01_SDBN strain using a cassava hydrolysate 

resulted in 132.7 g/L of 2,3-BDO production with a yield of 0.42 g2,3-

BDO/gglucose and a productivity of 1.92 g/Lhr. And the Gpd-deficient 

strain could produce 120.6 g/L 2,3-BDO without glycerol accumulation. 

With this aspect, the constructed industrial polyploidy S. cerevisiae strain 

can produce 2,3-BDO with a high productivity using inexpensive 

substrates, such as a cassava hydrolysate. Cassava is known to an easily 
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accessible substrate in tropical regions such as Southeast Asia and Africa 

and its hydrolysate is possible as an alternative to biological resources 

(Choi et al., 2010b).   

These results represented that an engineered industrial S. cerevisiae 

might be applicable to the production of valuable biochemicals from 

inexpensive hydrolysates of renewable biomass. In the end, microbial 

fermentation using engineered industrial S. cerevisiae can be a green 

alternative to chemical synthesis, with environmental and economic 

benefits. 
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Table 5-1. Strains and plasmids used in this Chapter. 

Strains Description Reference 

4-JHS200  JHS200, ura3Δ trp1Δ his3Δ leu2Δ (Lee et al., 2017) 

4-PDC1d 4-JHS200, pdc1Δ In this study 

4-PDC5d 4-JHS200, pdc5Δ In this study 

4-PDC6d 4-JHS200, pdc6Δ In this study 

4-PDC16d 4-JHS200, pdc1Δ pdc6Δ In this study 

4-PDC56d 4-JHS200, pdc5Δ pdc6Δ In this study 

YG01 4-PDC16d, Δadh1::TDH3prom-Llnox-CYC1term In this study 

YG01_SDB YG01, p413_SDB In this study 

YG01_SDBN YG01, p413_SDB, p426TDH3_Llnox In this study 

YG01_SDBN_dGPD2 YG01_SDBN, gpd2Δ In this study 

YG01_SDBN_dGPD1GPD2 YG01_SDBN, gpd1Δ gpd2Δ In this study 

YG02 4-PDC56d, Δadh1::TDH3prom-Llnox-CYC1term In this study 

YG02_SDB YG02, p413_SDB In this study 
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Plasmids Description  Reference 

Cas9_Aur 
p414-TEF1p-Cas9-CYC1t, modified Cas9 expression 

plasmid 
(Lee et al., 2017) 

pRS42H Backbone plasmid for constructing guideRNA plasmids (Zhang et al., 2014) 

gRNA_dPDC1 pRS42H harboring PDC1 disruption gRNA cassette In this study 

gRNA_dPDC5 pRS42H harboring PDC5 disruption gRNA cassette In this study 

gRNA_dPDC6 pRS42H harboring PDC6 disruption gRNA cassette In this study 

gRNA_dADH1 pRS42H harboring ADH1 disruption gRNA cassette In this study 

gRNA_dGPD1 pRS42H harboring GPD1 disruption gRNA cassette (Kim, 2016) 

gRNA_dGPD2 pRS42H harboring GPD2 disruption gRNA cassette (Kim, 2016) 

p413_SDB 
2,3-BDO biosynthesis pathway (plasmid p413 harboring 

alsS, alsD, BDH1)  

(Kim & Hahn, 

2015) 

p426TDH3_Llnox 

p426TDH3 harboring noxE gene from L. lactis and 

template of NADH oxidase expression cassette  

TDH3p-Llnox-CYC1t  

(Kim et al., 2015a) 
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Table 5-2. Primers used in this Chapter. 

Primer name Sequences 

F_PDC1(stop)_repair gctaagaacccagttatcttggctgatgcttgttgttccagacacgacgtcaagtaagaa 

R_PDC1(stop)_repair gaattgagtcaagtcaatcaacttcttagtttcttacttgacgtcgtgtctggaacaaca 

F_PDC5(stop)_repair atttatttgaaagattgagccaagtcaactgtaacaccgtcttcggtttgccagtaaact 

R_PDC5(stop)_repair cataaagcttatccaaaagagacaagttaaagtttactggcaaaccgaagacggtgttac 

F_PDC6(stop)_repair ggtgtttatgtgggaacgctgtccaaaccagacgtgaaacaggccgttgagtcgtaagat 

R_PDC6(stop)_repair agagagcaaagcaccgaccgaaaggatcaaatcttacgactcaacggcctgtttcacgtc 

F1_SacI_gBlock tctacagcggccgcgagctctctttgaaaagataatgtat 
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R2_KpnI_gBlock tatagagcggccgcggtaccagacataaaaaacaaaaaaag 

R1_ADH1_gBlock acttaccgtgggattcgtaggatcatttatctttcactgcg 

F2_ADH1_gBlock ctacgaatcccacggtaagtgttttagagctagaaatagcaagt 

R1_GPD1_gBlock tgaaaggcttttcggcagccgatcatttatctttcactgcg 

F2_GPD1_gBlock ggctgccgaaaagcctttcagttttagagctagaaatagcaagt 

R1_GPD2_gBlock catgacagtgtttgtgctgtgatcatttatctttcactgcg 

F2_GPD2_gBlock acagcacaaacactgtcatggttttagagctagaaatagcaagt 

F_dGPD1(stop)_repair agttcctcttctgtttctttgaaggctgccgaaaagcctttcaagtaaactgtgattgga 

R_dGPD1(stop)_repair cttggcaatagtagtaccccagttaccagatccaatcacagtttacttgaaaggcttttc 
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F_dGPD2(stop)_repair atgactgctcatactaatatcaaacagcacaaacactgtcatgagtaacatcctatcaga 

R_dGPD2(stop)_repair atgtacaattgacacggcagagtccgatcttctgataggatgttactcatgacagtgttt 

F_ADH1(noxE)_repair gcacaatatttcaagctataccaagcatac 

R_ADH1(noxE)_repair aacctaagagtcactttaaaatttgtatacac 
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Table 5-3. Synthesis of the guideRNA-expressing cassettes used in this Chapter.  

Names Sequences 

gRNA_dPDC1 

TCTACAGCGGCCGCGAGCTCTCTTTGAAAAGATAATGTATGATTATGCTTTCACTCATATTTATACAGA

AACTTGATGTTTTCTTTCGAGTATATACAAGGTGATTACATGTACGTTTGAAGTACAACTCTAGATTTT

GTAGTGCCCTCTTGGGCTAGCGGTAAAGGTGCGCATTTTTTCACACCCTACAATGTTCTGTTCAAAA

GATTTTGGTCAAACGCTGTAGAAGTGAAAGTTGGTGCGCATGTTTCGGCGTTCGAAACTTCTCCGC

AGTGAAAGATAAATGATCTTGTTCCAGACACGACGTCAGTTTTAGAGCTAGAAATAGCAAGTTAAA

ATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGGTGCTTTTTTTGTTTTTTATG

TCTGGTACCGCGGCCGCTCTATA 
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gRNA_dPDC5 

TCTACAGCGGCCGCGAGCTCTCTTTGAAAAGATAATGTATGATTATGCTTTCACTCATATTTATACAGA

AACTTGATGTTTTCTTTCGAGTATATACAAGGTGATTACATGTACGTTTGAAGTACAACTCTAGATTTT

GTAGTGCCCTCTTGGGCTAGCGGTAAAGGTGCGCATTTTTTCACACCCTACAATGTTCTGTTCAAAA

GATTTTGGTCAAACGCTGTAGAAGTGAAAGTTGGTGCGCATGTTTCGGCGTTCGAAACTTCTCCGC

AGTGAAAGATAAATGATCAACACCGTCTTCGGTTTGCCGTTTTAGAGCTAGAAATAGCAAGTTAAAA

TAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGGTGCTTTTTTTGTTTTTTATGT

CTGGTACCGCGGCCGCTCTATA 

gRNA_dPDC6 

TCTACAGCGGCCGCGAGCTCTCTTTGAAAAGATAATGTATGATTATGCTTTCACTCATATTTATACAGA

AACTTGATGTTTTCTTTCGAGTATATACAAGGTGATTACATGTACGTTTGAAGTACAACTCTAGATTTT

GTAGTGCCCTCTTGGGCTAGCGGTAAAGGTGCGCATTTTTTCACACCCTACAATGTTCTGTTCAAAA

GATTTTGGTCAAACGCTGTAGAAGTGAAAGTTGGTGCGCATGTTTCGGCGTTCGAAACTTCTCCGC

AGTGAAAGATAAATGATCCGTGAAACAGGCCGTTGAGTGTTTTAGAGCTAGAAATAGCAAGTTAAA

ATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGGTGCTTTTTTTGTTTTTTATG

TCTGGTACCGCGGCCGCTCTATA 
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Table 5-4. Summary of the flask culture with the engineered industrial yeast strains. 

1) Not Detected  

Strains 

Products (g/L) Yield 

 of 2,3-BDO  

(g2,3BDO/gglucose) 

Productivity 

of 2,3-BDO 

(g/Lhr) DCW 2,3-BDO Glycerol Acetoin Ethanol 

YG 01_SDB 
2.72 ± 

0.09 

14.90 ± 

0.07 

14.75 ± 

0.86 

3.11 ± 

0.15 
N/D1) 

0.295 ± 

0.018 

0.745 ± 

0.045 

YG 02_SDB 
2.65 ± 

0.32 

14.24 ± 

0.43 

14.53 ± 

1.01 

2.20 ± 

0.18 

1.37 ± 

0.03 

0.277 ± 

0.009 

0.508 ± 

0.015 

YG 01_SDBN 
3.19 ± 

0.23 

15.60 ± 

1.10 

12.74 ± 

0.28 

2.62 ± 

0.37 
N/D1) 

0.301 ± 

0.005 

0.781 ± 

0.055 

YG01_SDBN 

_dGPD2 

3.54 ± 

0.11 

14.64 ± 

1.30 

10.20 ± 

0.12 

2.11 ± 

0.37 

3.01 ± 

0.03 

0.289 ± 

0.005 

0.720 ± 

0.085 

YG01_SDBN 

_dGPD1GPD2 

2.22 ± 

0.28 

26.10 ± 

1.57 
N/D1) 

0.96 ± 

0.12 
N/D1) 

0.494 ± 

0.027 

0.520 ± 

0.078 



163 

Table 5-5. Summary of fed-batch fermentations with the YP medium in a fermentor. 

YG01_SDBN Up to 49 hours Overall 

Concentration of 2,3-BDO (g/L) 129.2 178.6 

Yield of 2,3-BDO (g2,3-BDO/gglucose) 0.36 0.37 

Productivity of 2,3-BDO (g/Lhr) 2.64 1.88 

YG01_SDBN_dGPD1GPD2 Up to 73 hours Overall 

Concentration of 2,3-BDO (g/L) 98.2 151.5 

Yield of 2,3-BDO (g2,3-BDO/gglucose) 0.45 0.41 

Productivity of 2,3-BDO (g/Lhr) 1.34 0.95 
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Table 5-6. Summary of fed-batch fermentations with a cassava hydrolysate in a fermentor. 

YG01_SDBN 

Products (g/L) Yield 

of 2,3-BDO 

(g2,3-BDO/gglucose) 

Productivity 

of 2,3-BDO 

(g/Lhr) DCW 2,3-BDO Glycerol Acetoin Ethanol 

Batch 9.55 81.25 65.55 1.17 N/D1) 0.35 1.89 

Fed-batch 8.45 132.7 89.46 1.19 N/D1) 0.42 1.92 

YG01_SDBN 

_dGPD1GPD2 

Products (g/L) Yield 

of 2,3-BDO 

(g2,3-BDO/gglucose) 

Productivity 

of 2,3-BDO 

(g/Lhr) 
DCW 2,3-BDO Glycerol Acetoin Ethanol 

Batch 7.25 94.3 1.03 2.65 1.35 0.45 1.15 

Fed-batch 7.25 120.6 2.20 19.8 2.04 0.42 1.09 

1) Not detected 
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Figure 5-1. Schematic pathway for producing 2, 3-BDO in industrial S. 

cerevisiae. DHAP : dihydroxyacetone phosphate; GPD 1, 2 : glycerol-3-

phosphate dehydrogenase 1, 2; LlnoxE : NADH oxidase from 

Lactococcus lactis; PDC 1, 6 : pyruvate decarboxylase 1, 6; ADH 1 : 

alcohol dehydrogenase 1; BsalsS : α-acetolactate synthase from Bacillus 

subtilis; BsalsD : α-acetolactate decarboxylase from B. subtilis; BDH1 : 

2,3-butanediol dehydrogenase; 2,3-BDO : 2,3-butanediol. Dashed 

arrows indicate spontaneous steps in the cell and red diagonal double line 

means partially disruption. 
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Figure 5-2. Fermentation of the PDC disrupted strains   
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Figure 5-3. In vitro activity assay of endogenous PDC in engineered 

yeast strains. Assays were replicated by four independent experiments. 

1 : JHS200 4- (the control host strain); 2 : 4- d1 (only PDC1 disrupted); 

3 : 4- d5 (only PDC5 disrupted); 4 : 4- d6 (only PDC6 disrupted); 5 : 4- 

d16 (PDC1 and PDC6 disrupted); 6 : 4- d56 (PDC5 and PDC6 disrupted).    

 

  



168 

 

Figure 5-4. Fermentation profiles of the strain YG01 and YG02 in YP 

medium with 40 g/L glucose. 
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Figure 5-5. In vitro activity assay of heterologous NADH oxidase 

expressed in engineered yeast strains. Assays were replicated by four 

independent experiments. 1 : JHS200 4- (the control strain); 2 : YG 

01_SDB (partially disrupted PDC1, PDC6 and ADH1 genes with the 

chromosomal expression of noxE gene and introduced 2,3-BDO 

pathway) ; 3 : YG 02_SDB (partially disrupted PDC5, PDC6 and ADH1 

genes with the chromosomal expression of noxE gene and introduced 

2,3-BDO pathway); 4: YG 01_SDBN (partially disrupted PDC1, PDC6 

and ADH1 genes with the chromosomal expression of noxE gene, 

introduced 2,3-BDO pathway and expressed with the plasmid of 

p426TDH3_Llnox). 
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Figure 5-6. Flask fermentation profiles of (A) YG01_SDB, (B) 

YG02_SDB, (C) YG01_SDBN, (D) YG01_SDBN_dGPD2 and (E) 

YG01_SDBN_dGPD1GPD2 strains in YP with 50 g/L glucose.   
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Figure 5-7. Fed-batch fermentation profiles of (A) YG01_SDBN and (B) 

YG01_SDBN_dGPD1GPD2 strains in a fermentor with YP medium.  
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Figure 5-8. Fermentation profiles of YG01_SDBN strain in a fermentor 

with cassava hydrolysates. (A) Batch (B) Fed-batch fermentation. 

  



174 

Figure 5-9. Fermentation profiles of YG01_SDBN_dGPD1GPD2 strain 

in a fermentor with cassava hydrolysates. (A) Batch (B) Fed-batch 

fermentation  
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CONCLUSIONS 
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The industrial polyploidy strain of JHS200 isolated from Korean Nuruk 

was identified a polyploidy S. cerevisiae. Although a polyploid yeast 

could not be easily manipulated because of multiple alleles, various 

genome editing technologies were attempted to capitalize on various 

advantages of industrial applications, such as a high specific growth rate, 

high sugar consumption rate and high tolerance of several stresses. A 

recent emerging genome editing system of bacterial type II CRISPR-

Cas9 can generate the sequence-specific mutation in multiple alleles with 

the Cas9 protein of a RNA-guided endonuclease in the genome of 

polyploidy yeast. Thus, auxotrophic mutants of polyploidy JHS200 

could be constructed through the CRISPR-Cas9 system. The four 

auxotrophic genes (URA3, TRP1, HIS3, LEU2) were disrupted 

sequentially in the polyploidy JHS200. The resulting strain of 4-JHS200 

could be a host strain for the further metabolic engineering without loss 

of industrial advantageous traits. 

First, the industrial polyploid JHS200 strain was investigated to verify 

traits of fermentation parameters. The JHS200 strain showed high 

specific growth rate, glucose consumption rate, tolerance of ethanol and 

lignocellulosic inhibitors compared to the laboratorial haploid yeast 

strains (CEN.PK2-1D, D452-2, L2612, BY4742). To obtain the 
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auxotrophic mutants of polyploidy JHS200, each auxotrophic gene was 

disrupted by insertion of a stop codon (TAA) using the CRISPR-Cas9 

system. The resulting auxotrophic mutants (JHS200ura-, JHS200ura-trp-, 

JHS200ura-trp-his-, JHS200ura-trp-his-leu-) were sequentially 

constructed. The engineered strains exhibited the slightly lower grow 

rate and glucose consumption rate than a prototrophic strain, however, 

still showed the superior fermentation performances to the laboratorial 

haploid strain. Several advantageous fermentation traits of JHS200 strain 

were maintained in spite of the auxotrophic mutants.  

Second, the ethanol production from lignocellulosic biomass was 

attempted for the polyploid JHS200 strain. As a wild-type yeast could 

not utilize xylose as a carbon source, the xylose assimilating pathway 

was introduced into the JHS200 strain. The resulting strain (JX123) 

produced 45.6 g/L ethanol with accumulation of 7.25 g/L xylitol as a by-

product. Since xylitol was produced to consume surplus NADH caused 

by the xylose metabolism, NADH oxidase (noxE) from L. lactis was 

overexpressed to consume excess NADH in the cytosol. The resulting 

JX123_noxE strain could produce 47.0 g/L of ethanol and decreased 

xylitol accumulate to 2.26 g/L. Additionally, the JX123_noxE strain 

could produce 55.5 g/L of ethanol with 1.63 g/L·hr of productivity and 
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0.43 g/g of yield using the lignocellulosic hydrolysates. Compared to the 

haploid strain, the engineered polyploidy strain exhibited high xylose 

consumption rate, high productivity of ethanol. In the fermentation using 

lignocellulosic hydrolysates, no significant growth inhibition caused by 

several fermentation inhibitors was observed. 

Third, a strong native ethanol producer of industrial polyploidy JHS200 

was engineered to produce 2,3-BDO instead of ethanol. To prevent 

growth defects caused by completely deletion of pyruvate decarboxylase 

(PDC) and alcohol dehydrogenase (ADH), both of the genes were 

partially disrupted and the 2,3-BDO biosynthetic pathway was 

introduced. The resulting strain (YG01_SDB) could produce 2,3-BDO 

from glucose without the retarded cell growth. To enhance the 2,3-BDO 

yield, glycerol biosynthesis needs to be minimized or eliminated. The 

heterologous NADH oxidase (noxE) was additionally expressed, the 

resulting strain (YG01_SDBN) produced 178.6 g/L of 2,3-BDO with the 

maximum productivity of 2.64 g/L·hr. For eliminating of glycerol 

biosynthesis, two genes for glycerol-3-phosphate dehydrogenase (GPD1, 

2) should be disrupted in the YG01_SDBN strain. The resulting strain of 

YG01_SDBN_dGPD1GPD2 could produce 151.5 g/L of 2,3-BDO 

without glycerol accumulation. Cell growth of the Gpd-deficient strain 
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was retarded due to cellular redox imbalance by excess NADH 

accumulation, however, 151.5 g/L of 2,3-BDO was produced with 0.41 

g/g yield without the production of glycerol. The Gpd-deficient 

polyploidy strain could produce 120.6 g/L of 2,3-BDO with 0.42 g/g of 

yield by the optimized fermentation using cassava hydrolysates.  
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국 문 초 록 

산업용 효모인 Saccharomyces cerevisiae JHS200은 주정 발효에 쓰

이는 누룩에서 분리한 균주이다. JHS200은 polyploidy로서 실험실용 

효모인 haploid 균주에 비하여 고농도 당과 에탄올에 대한 내성뿐만 

아니라 목질계 바이오매스로부터 유래하는 발효 저해제에 대한 내성 

또한 우수한 균주임을 밝혀내었다. 그러나 polyploid 효모의 다중 염

색체로 인해 haploid 균주에 쓰이던 기존의 방법으로는 유전자 조작

이 쉽지 않아, 특정 염기서열을 인지하는 Cas9 nuclease에 의해 원하

는 부위의 염색체가 절단되는 CRISPR-Cas9 시스템을 기반으로하는 

대사공학 기법을 확립하였다. 이 기법을 이용하여 얻어진 JHS200의 

auxotroph mutant는 영양요구성 유전자가 동시에 파쇄되었음에도 

불구하고 야생 균주의 우수한 발효 특성을 유지하였다. 

목질계 바이오매스로부터 에탄올을 생산하고자, 산업용 효모의 

auxotroph mutant에 자일로스 대사경로를 도입하고 보효소의 균형

을 맞추고자 Lactococcus lactis 유래의 NADH oxidase를 과발현하

였다. 이렇게 대사공학적으로 개조된 산업용 균주를 이용하여 거대억

새 바이오매스 당화액으로부터 55.5g/L의 에탄올을 1.63g/L·hr의 생

산성과 0.43gethanol/gglucose의 수율로 생산하였다.  

카사바 당화액으로부터 2,3-butanediol을 생산하기 위하여, 효모의 
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에탄올 생합성 경로 중 pyruvate decarboxylase와 alcohol 

dehydrogenase의 isozyme을 부분적으로 파쇄하여 생장 저해가 없

으며 에탄올을 생산하지 않는 균주를 구축하였다. 이 재조합 산업용 

효모에 2,3-butanediol 생합성 경로를 도입하여 유가식 배양을 통해 

178.6g/L 2,3-butanediol을 2.64g/L·hr의 고생산성으로 생산할 수 

있었다. 2,3-Butanediol을 효율적으로 생산하기 위하여 글리세롤의 생

합성 경로를 차단하고 이에 따른 세포내의 NADH 과량 축적을 

NADH oxidase의 도입으로 해소하였다. 이 균주로 카사바 당화액을 

이용한 유가식 배양의 결과, 0.42g2,3-butanediol/gglucose의 수율로 

120.6g/L의 2,3-butanediol을 생산할 수 있었다.  

본 연구의 결과는 산업용 효모의 대사공학을 위한 유전자 조작 기술

을 확립하였고, 다양한 당화액을 통해 유용물질을 생산하는 발효 시스

템을 구축하여 산업적으로 대용량 생산을 위해 응용될 수 있을 것이

다. 

 

주요어 : 산업용 효모, CRISPR-Cas9 유전체 편집 기술, 에탄올, 거대

억새 당화액, 보효소 균형, 2,3-부탄다이올, 카사바 당화액 
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