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ABSTRACT 

 

A baker’s yeast, Saccharomyces cerevisiae, used as a starter in 

fermentation during a baking process is the main determinant of bread 

quality. S. cerevisiae SPC-SNU 70-1 isolated from Nuruk has excellent 

fermentation characteristics such as good leavening ability, generating 

volatile organic acids which affect a mild flavor and delay of the aging 

of bread. However, the above yeast is not suitable for the fermentation in 

sweet dough (20% sucrose) due to its weak high-sucrose tolerance.  

To solve this problem, SPC-SNU 70-1 was evolutionary engineered 

previously. To find the genetic causes of the improved traits, the whole 

genome sequences of the parental strain is compared with the SPC-SNU 

suc50. The De novo genome assembly sequence of SPC-SNU 70-1 was 

aligned with the engineered strain, SPC-SNU suc50 and variant sites 

were found out by assemblytics. As a result of the analysis, the mutation 
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occurred in 3922 ORFs out of 5726 ORFs. Among the genes that have 

changed at an amino acid level, three genes (SUC2, PUT1, NTH1) which 

are related to high-sucrose tolerance were selected as candidate genes. 

SUC2 is the major gene coding for invertase that catalyzes the hydrolysis 

of sucrose into fructose and glucose. PUT1 is coding for proline 

dehydrogenase. NTH1 is coding for neutral trehalase. The three genes 

were disrupted by using a CRISPR-Cas9 system and the resulting traits 

were analyzed by measuring gas production and the metabolites.  

In case of the SUC2-deleted strain, the activity of invertase was 

reduced to close to zero, and gas production was reduced in sweet dough 

as well. Invertase affects high-sucrose resistance, but a certain level is 

needed to have a positive effect. For the PUT1 gene-deleted strain, the 

amount of intracellular proline has increased by 4.97 times and the initial 

gas generation (0 h to 4 h) has increased. For the NTH1 gene-deleted 

strain, trehalose increased by 5.29 times, but there was no significant 
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difference in gas production. For the NTH1 and PUT1 genes deleted 

strain, gas production increased compared with the PUT1 disrupted 

strain and a fermenability was maintained up to 10 hours. To summarize, 

proline accumulation enhances the fermentability in high-sucrose dough 

and has a synergistic effect with trehalose accumulation on increasing 

the fermentation ability in high-sucrose dough. 

Currently, baking dough is transported in a frozen state. When the ice 

crystal in dough melts, there can be a problem that gluten membrane is 

damaged, thereby causing water to leak out. Therefore, the need to 

transport the dough in a refrigerated state rather than a frozen state is 

raised. When transported in a refrigerated state, the bread dough still 

ferments during transportation. Thus the need for a cold-sensitive strain 

that has a low leavening ability at a refrigerated temperature (-4 °C) with 

maintaining fermentability at 30 °C is raised. 

To construct a cold-sensitive strain, SPC-SNU 70-1 was engineered 
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by adaptive evolution. 70th serial subcultures were carried out at 40 °C 

to select the C70-2 strain whose gas production was reduced by 50% 

compared to the parental strain at 10 °C. Gas production of the C70-2 

strain was maintained at 30 °C, suggesting the applicability of the C70-

2 strain to transportation of bread dough in a refrigerated state.  

 

Keywords : Baker’s yeast, Saccharomyces cerevisiae, high-sucrose 

stress tolerance, whole genome sequencing, CRISPR-Cas9, invertase, 

proline, trehalose, adaptive evolution, cold-sensitive strain 

 

Student Number: 2017-25988
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1. Baker’s yeast  

1.1 S. cerevisiae as fermentation starter  

Bread is made of flour, water, salt, and yeast as the main ingredient 

and extra ingredients such as sugar and shortening. Among them a 

baker’s yeast, S. cerevisiae, is the major leavening microorganism in the 

production of bread. During dough fermentation, S. cerevisiae consumes 

the fermentable sugars like glucose and maltose present in dough and 

generate carbon dioxide (CO2) as leavening gas. Not only convert sugar 

to leavening gas, the yeast also makes secondary products like alcohols, 

organic acids and esters that impact a flavor in bread. So S. cerevisiae 

can be said to be the starter of fermentation. Also it is one of the main 

factors that determine the bread quality. (Birch, Petersen et al. 2013).  

1.2 Environmental stresses of baker’s yeast  

However, in the bread making process, the baker’s yeast is put at risk 

of many environmental stresses such as high sucrose concentrations and 

freeze thaw (Attfield 1997).  

Among them, high sucrose concentrations bring about serious 

osmotic stresses and freeze-thaw stresses inhibit the optimal 

fermentation ability of the baker’s yeast (Sasano, Haitani et al. 2012). 
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Yeast strains that have tolerance to high sucrose concentrations are useful 

for sweet dough fermentations (Attfield 1997). Thus, S. cerevisiae used 

for sweet bread making must adapt to high sucrose concentrations in 

dough fermentation processes. 

Also, nowadays the bread dough is being carried in frozen state. When 

transported in a frozen state, the bread dough is thawed, and the gluten 

membrane is damaged and water can be lost. Therefore, transport to 

refrigerated state was required and accordingly the demand for cold-

sensitive yeasts were required. 

1.3 S. cerevisiae SPC-SNU 70-1  

S. cerevisiae SPC-SNU 70-1 (SPC-SNU 70-1) was isolated from 

Korean traditional Nuruk as a fermentation starter for baking (SPC 2015). 

The bread fermented by SPC-SNU 70-1 has a low fermented odor, a mild 

taste, and good chewy texture. In addition, the SPC-SNU 70-1 strain has 

a good leavening ability in regular dough containing 8g sucrose per 100g 

flour, and a beneficial effect of delaying the aging of bread (SPC 2015). 

However it has a low leavening ability in sweet dough containing 20g 

sucrose per 100g flour. Figure 1 shows results of the leavening ability of 

SPC-SNU 70-1 and an industrial yeast in sweet dough (Kim, 2017). The 

SPC-SNU 70-1 strain is excellent in regular dough, but not in sweet 
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dough, as it is inferior to the commercial strain in sweet dough. 

In the previous study, SPC-SNU 70-1 has been evolutionary 

engineered for having high-sucrose tolerance. Adaptive evolution is 

useful technique for generating food-grade strains. Serial subculture in 

high sucrose concentration (500g/L) medium is done 20 times about 160 

generations. Figure 2 shows that engineered strain has a 2.63-fold higher 

in leavening ability than the parental strain in sweet dough. 

  



 

5 

 

A 
 

 

 

 

 

                                             

  

 

B 

Time [hr]

0 2 4 6 8

C
O

2
 p

ro
d

u
c
ti

o
n

 [
m

L
]

0

50

100

150

200

250

300

 

Figure 1. Results of leavening ability of SPC-SNU 70-1 and 

commercial baker’s yeast (Lesaffre) in regular (A) and sweet dough 

(B).   
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Figure 2. Results of leavening ability of SPC-SNU 70-1 and SPC-SNU 

suc50 in sweet dough  
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2. Characterization of high sugar resistance in S. 

cerevisiae 

2.1 Whole genome sequencing  

Whole genome sequencing termed as WGS is the process of 

determining the complete DNA sequences of an organism’s genome at a 

single time. This entails sequencing all of an organism’s chromosomal 

DNA as well as DNA contained in the mitochondria and, for plants, in 

the chloroplast. (Hayford, A. E. and L. Jespersen, 1999; Guimaraes, T. 

M., et al., 2006) 

To find the genetic causes of the improved high-sucrose tolerance, the 

whole genome sequence of the parental and engineered strains were 

compared.  

2.2. CRISPR-Cas9 system 

CRISPR (Clustered regularly interspaced short palindromic repeats)-

Cas9 (CRISPR associated protein 9) was first discovered as an adaptive 

immune defense system against foreign nucleic acid infections in 

bacteria and archaea (Marraffini et al., 2010). Since then, the possibility 

of the CRISPR-Cas9 system has been raised as a tool for genome 

engineering.  
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The use of CRISPR-Cas9 can induce deletion, introduction and 

overexpression of a desired gene without introduction of any undesired 

DNA fragments. If the plasmid is cured out appropriately after being 

used for the desired change, CRISPR–Cas9-based genome engineering 

can make scar-less and marker-free S. cerevisiae (Zhang GC. et al., 

2014; Y. J. Lee et al., 2017). 

For this reason, disrupting the candidate gene with the CRISPR-Cas9 

system allows the effects of the gene to be identified without any 

additional variables. 

 

3. Adaptive Laboratory Evolution (ALE) for cold-

sensitive strain 

Various metabolic engineering systems have been proven successfully 

for designing biotechnological production processes. However, on 

account of negative perception about the use of genetically modified 

organisms, tractable manipulations using modern genetic engineering 

approaches are restricted in many countries, especially in the food 

industry. Therefore, adaptive laboratory evolution is a useful technique 

for generating food-grade strains which have desired phenotypes 
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(Chambers,P.J., et al., 2009). Adaptive evolution is a naturally evolved 

process by which microorganisms are able to survive in a constantly 

stressed environment. Under these conditions, the best‐fitting 

phenotypes are selected and the corresponding genotypes were changed 

in the population (Wright, B.E., 2004). ALE can be performed in a 

laboratory by sequential serial subcultures in shake flasks, where 

nutrients will not be limited to continuously give stress in multiplication 

of cells (Dragosits, M. and D. Mattanovich, 2013). 

In this study, cold-sensitive S. cerevisiae were constructed by using 

adaptive evolution in a high temperature environment. The high 

temperature stress was used as the selective pressure. At a stressful 

temperature, high temperature tolerant variants will live longer than less 

tolerant variants and therefore, the overall growth curve would be 

expected to move to a high temperature. 
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4. Research objectives 

This study was focused on the identification and characterization of 

engineered S. cerevisiae at a gene level which was improved in sucrose 

tolerance and on evolutionary engineering of the yeast SPC-SNU 70-1 

in an attempt to construct a cold-sensitive strain. The specific objectives 

of this study are listed as follows. 

 

1) To identify genetic factors for increasing sucrose-tolerance in the 

evolutionary engineered strain compared to the parental strain, 

SPC-SNU 70-1. 

 

2) To verify specific genes affecting the sucrose-tolerance by 

constructing the mutant yeast strains by using the CRISPR-Cas9 

system 

 

3) To construct and analyze a cold-sensitive strain constructed by 

evolutionary engineering.  
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Ⅱ. Materials and Methods 
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1. Strains  

Six S. cerevisiae strains used in this study were listed in Table 1. The 

main strain in this study was S. cerevisiae SPC-SNU 70-1 isolated from 

Korean traditional Nuruk by the SPC Group (Seoul, South Korea) in 

2015 (SPC 2015). Six commercial baker’s yeast strains were obtained 

from the SPC Group (Seoul, South Korea).  

Yeast cells were grown in YPD medium composed of 1% yeast extract 

(Difco, MI., USA), 2% peptone (Difco, MI., USA) and 2% glucose 

(Sigma-Aldrich, MO, USA) under the standard conditions (Rose 1990). 

Yeast strains were stored on YPD medium in a deep freezer at -80°C 

supplemented with glycerol (15% v/v) until further use. 
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Table 1. List of the strains tested in this study 

Species Strain designation 

Isolation 

source or 

application 

S. cerevisiae SPC-SNU 70-1 Nuruk 

S. cerevisiae SPC-SNU suc50 Baker’s yeast 

S. cerevisiae SPC-SNU dSUC2 Baker’s yeast 

S. cerevisiae SPC-SNU dPUT1 Baker’s yeast 

S. cerevisiae SPC-SNU dNTH1 Baker’s yeast 

S. cerevisiae 
SPC-SNU 

dNTH1dPUT1 
Baker’s yeast 
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2. Genomic analysis 

2.1. Genomic DNA extraction 

Yeast for genomic DNA extraction was cultured in YPD medium at 

30 °C overnight until the cell number reached 108 – 109. The cultured 

cells were centrifuged at 13,200 rpm for 2 min and the supernatant was 

discarded. The harvested cell pellet was washed twice with double-

distilled water (DDW). The washed cell pellet was voltexed 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 for final concentration. 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 hr. The genomic DNA purity was measured by Nanovue plus 
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(Ge Healthcare Life Science, USA). 

2.2. Genome sequencing and annotation 

The whole genome sequencing and assembly were performed at 

MACROGEN (Seoul, South Korea). The sequences of SPC-SNU 70-1 

strain were acquired utilizing PacBio RS II platform (Pacific Biosciences, 

Menlo Park, CA, USA). Whole genome de novo assembly was 

conducted using FALCON v0.2.1. 

After draft genome was assembled, the locations of protein genes 

were predicted and the functions were annotated. The prediction of open 

reading frames (ORFs) and their annotation were performed using 

Marker v2.31.8. (Holt, C. and M. Yandell, 2011). The putative ORFs of 

the SPC-SNU 70-1 strain were predicted and characterized against 

searched in Evolutionary genealogy of Genes: Non-supervised 

Orthologous Groups database (eggnog DB; http://eggnogdb.embl.de/) to 

explore gene functions using the protein BLAST+ v2.4.0. (Camacho, C., 

et al., 2009; Jensen, L. J., et al., 2008)). 

2.3. Sequence comparison 

An overall sequence comparison of the SPC-SNU 70-1 chromosomes 

with S. cerevisiae suc50 strain chromosome sequences was conducted 
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using MUMmer 3.23 software (Kurtz, S., et al., 2004). MUMmer 

provides structural variants including insertions, deletions, tandem 

duplications, duplications, inversions and translocations. To get more 

confident and precise structure variants calls, Assemblytics (Nattestad, 

M. and M. C. Schatz, 2016) was applied to analyze MUMmer output. 

Assemblytics restricts the structure variants detection size to 10 kb. To 

detect variants in genes involved in aroma synthesis was performed using 

CLC Genomics Workbench ver. 8.5.1 (CLC bio, Rarhus, Denmark).  

 

3. DNA manipulation and transformation 

3.1. Preparation of DNA 

All enzyme kits were used according to the manufacturer’s 

instruction. Preparation of plasmid DNA was carried out by using the 

Plasmid Miniprep Kit from Takara (Otsu, Japan). Preparation of 

chromosomal DNA for a PCR template was carried out by using the 

DNeasy Blood & Tissue Kit from QIAGEN (Düsseldorf, Germany). 

PCR amplified or enzyme treated DNA was purified by using the 

Hiyield™Gel/PCR DNA Extraction Kit from Real Biotech Corporation 

(Taipei, Taiwan). DNA sequencing was performed by SolGent (Daejeon, 
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Korea). 

3.2. Polymerase Chain Reaction (PCR) 

PCR to amplify the gene for cloning was performed with the 

PrimeSTAR® HS PCR PreMix (Takara, Shiga, Japan) in GeneAmp 

PCR System 2720 (Applied Biosystems, CA, USA). PCR solution was 

composed of 10 pmol of forward and reverse primers, and 10 ng of 

DNA as a template. After the initial pre-denaturation step at 95°C for 

10 min, 40 cycles of PCR amplification were performed with the 

following conditions: 95°C for 30 sec, 50°C for 30 sec, 72°C for 

1kb/min, followed by final extension at 72°C for 10 min. The amplified 

DNA was confirmed by gel electrophoresis.  

3.3. Digestion and ligation of DNA  

All enzymes were used according to the manufacturer’s instruction. 

Restriction enzymes SacI, KpnI and calf intestinal alkaline 

phosphatase (CIP) were purchased from New England Biolabs 

(Beverly, MA, USA). Plasmid p42H_gRNA-HYG and amplified DNA 

fragments were digested with SacI and KpnI. T4 Ligation Mix (Mighty 

Mix) obtained from Takara (Shiga, Japan) was used for ligation of PCR 

products and plasmids. 
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3.4. Transformation of E. coli  

Transformation of E. coli was carried out as described by sambrook 

(Sambrook J., Russell DW., 1989). E. coli Top10 was cultured in 5 mL 

LB medium (1% tryptone, 0.5% yeast extract, 1% NaCl) for 12 hr. 0.5 

mL of the culture was transferred to fresh 50 mL LB medium and 

cultured until O.D.600 reached 0.5. Cells harvested by centrifugation at 

6000 rpm for 5 min at 4°C were resuspended in 5 mL of cold 100 mM 

CaCl2 solution containing 15% (v/v) glycerol. Resuspended cells were 

aliquoted to 100 μL, mixed with DNA, and kept on ice for 30 min. They 

were subjected to heat-shock at 42°C for 45 sec and 1 mL of LB medium 

was added to the tubes and incubated at 37°C for 40 min to allow the 

bacteria to express the antibiotic resistance. Transformed cells was 

spread on LB agar plates with an ampicillin selection marker. 

3.5. Transformation of S. cerevisiae 

S. cerevisiae transformation was performed by a standard lithium 

acetate transformation method (Gietz RD., Schiestl RH., 2007). A 

single colony of the S. cerevisiae was inoculated and incubated 

overnight in 5 mL YPD medium at 30°C. After 12 hour of growth, 

2.5 × 108 cells of the cultures transferred to fresh 50 mL 2 × YPD 
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medium and cultured until O.D.600 reached 2. Cells harvested by 

centrifugation at 6000 rpm for 5 min at 4°C were washed twice with 

double-distilled water (DDW). Washed cells were mixed with 50% 

(w/v) PEG 3350, 1.0 M lithium acetate, carrier DNA, repair DNA and 

plasmid. They were subjected to heat-shock at 42°C for 30 min and 

incubated with 1 ml of YPD at 30°C for 1.5 hours. Transformants were 

selected on YP medium containing 20 g/L glucose. Amino acids, 

nucleotides and antibiotics were added as necessary.  

3.6. CRISPR-Cas9 genome engineering procedure 

In this study, every genome engineering method of S. cerevisiae were 

performed based on CRISPR-Cas9. A detailed CRISPR-Cas9 system 

procedure was described below (Figure 3.) (Zhang, 2014).  

First, plasmid p414_Cas9-AUR was transformed into S. cerevisiae. 

Second, double-stranded repair DNA was amplified by PCR with 

F_repairDNA and R_repairDNA. F_repairDNA and R_repairDNA 

were designed to contain about 50-bp homology with the target gene. 

Gene disruption to block undesired protein was performed by placing a 

stop codon in the middle of the Open Reading Frame (ORF). Repair 

DNA were designed to confusing the protospacer adjacent motif (PAM) 

sequence or protospacer. In case of disruption, for example, the stop 
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codon replaced the PAM sequence to disrupt the target gene, 

simultaneously to prevent repetitive Cas9 cleavage of the target site by 

removing PAM.  

Third, p42H_gRNA-HYG plasmid was transformed together with the 

repair DNA into S. cerevisiae which plasmid p414_Cas9-AUR are 

transformed already (Zhang, 2014). The inserted sequences were 

confirmed by DNA sequencing
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Figure 3. Schematic illustration of plasmids and diagram of CRISPR-Cas9 based genome engineering procedure. 

P414_Cas9-AUR & p42H_gRNA-HYG (A), diagram of CRISPR-Cas9 genome engineering procedure (in 

case of URA3 deletion) (B). 
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4. ALE for cold-sensitive strain  

4.1 Serial subculture 

All laboratory evolution experiments started from the same clone 

of S. cerevisiae SPC-SNU 70-1, which is referred to the parental strain.  

For serial transfers, cells were cultured in YP medium with 200 g/L 

of sucrose at high temperature. Temperature for subculture were decided 

on specific growth rate in various temperature condition of medium. The 

subculture was carried out in 50 ml YP medium at 40 °C with 80 rpm 

shaking. In the late-exponential phase or early stationary phase, culture 

was transferred to a new flask with fresh medium for a next round of 

growth. 

4.2 Dry cell weight and specific growth rate 

Cell growth was evaluated by measuring optical density (OD) of 

culture at 600 nm using a spectrophotometer (OPTIZEN POP, Mecasys, 

Daejeon, Korea). Optical density was converted into dry cell weight 

(DCW) calculated by pre-estimated conversion equation as follows: 

Dry cell weight (g/L) = 0.3 × OD600 

Specific growth rate was calculated as follows. 

Specific growth rate (μ) = 
ln 𝑋2 − ln 𝑋1

𝑡2− 𝑡1
 ,  in exponential phase 



 

23 

 

5. Analysis of baking ability of S. cerevisiae 

5.1 Preparation of yeast cell for dough fermentation 

To prepare for the inoculums into LD medium, S. cerevisiae stock was 

cultivated in a 5 ml test tube with YP medium containing 20 g/L sucrose 

at 30 °C, 250 rpm for overnight. The grown cells were transferred to a 

500 ml baffled-flask with 100 ml of YP medium containing 50 g/L 

sucrose at the initial OD600 0.2 and cultivated at 30 °C, 250 rpm for 

overnight. Optical density (OD600) was measured by a spectrophotometer 

(OPTIZEN POP, Mecasys, Daejeon, Korea) at 600 nm. 

When the cells were inoculated into dough, a larger amount of cells is 

required than when inoculated into LD medium. So large scale 

cultivation was required. And the process of culturing cells was different 

from process for LD medium because it followed the method of the SPC 

laboratory. Cell stock was cultivated in a 10 ml test tube with YM 

medium at 30 °C, 250 rpm for 24 hours. The grown cells were all 

transferred to a 500 ml baffled-flask with 90 ml of YM medium at 30 °C, 

250 rpm for 24 hours. The grown 100 ml cells were all transferred again 

to 2 L baffled-flask with 900 ml of YP containing 20 g/L glucose at 30 °C, 

250 rpm for 24 hours. 
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The cultivated cells were harvested by centrifugation at 4 °C, 8,000 rpm 

for 10 min and washed with DDW. 

5.2  Liquid dough (LD) medium 

A liquid dough model system was constructed to analyze more easily 

than dough. Glucose, maltose are substituted for flour, and sucrose is 

added according to the conditions of the dough. Sorbitol lowers water 

activity and the other ingredients provide nitrogen, minerals and vitamins. 

The LD solution (according to a formula provided by Lesaffre 

International, Lille, France) was prepared as follows. First, a 5X 

concentrated nutrient solution, containing 5 g of MgSO4•7H2O, 2 g of 

KCl, 11.75 g of (NH4)2HPO4, 4 mg of thiamine, 4 mg of pyridoxine, and 

40 mg of nicotinic acid in a final volume of 250 ml of 0.75 M citrate 

buffer (pH 5.5), was prepared. The solution was filter sterilized. 20 ml of 

the concentrated nutrient solution was added to a bottle containing 0.5 g 

of yeast extract, 3 g of glucose, 9 g of maltose, 12 g of sorbitol, and 

sucrose (Panadero, Randez-Gil et al. 2005). Sweet LD contained 900 g/L 

of sucrose. Double distilled water was added to a final volume of 100 ml. 

LD medium is diluted 2 times before use. 
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5.3  Flour-based dough (FD) 

According to AACC Method 89-01 (AACC 1990), lean dough was 

prepared based on 100 g of flour, 2 g of salt, 3 g of shortening, 65 g of 

water and no sucrose. And regular dough and sweet dough were prepared 

based on 100 g flour, 3 g of nonfat dry milk, 2 g of salt, 3 g of shortening, 

65 g of water and 8 g of sucrose (in regular dough) or 53.8 g of water 

and 20 g of sucrose (in sweet dough). 4.06 g, 4.32 g, 4.37 g of yeast pellet 

was added in each dough for fermenting bread. 

5.4  Determination of leavening ability 

The leaving ability was determined by measuring CO2 production in 

LD medium and FD. In case of LD medium, the harvested cells were 

inoculated to a 250 ml bottle with 16.7 ml of LD medium at the initial 

OD600 25 and cultivated at 30 °C, 150 rpm. The amount of CO2 

production was measured in the ANKOM RF Gas Production System 

(ANKOM Technology, NY, USA). 25 g of FD were incubated at 30 °C, 

and the amount of CO2 production was recorded for 10 hr in AF-1101W 

Fermograph (ATTO, Tokyo, Japan). The data were processed using 

Kaluza software. 
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1. Genome properties of high sugar tolerant strain 

1.1  Comparative genome analysis 

SPC-SNU 70-1 was evolutionary engineered in 50% sucrose medium 

to improve high-sucrose tolerance previously (M.S. Thesis (2017), Hyo-

Jin Kim). The strain constructed which showed a 2.6 fold in gas 

production in sweet dough compared with the parental strain, SPC-SNU 

70-1. 

To find the genetic causes of the improved traits, the whole genome 

sequences of SPC-SNU 70-1 is compared with the engineered strain 

(SPC-SNU suc50). De novo genome assembly sequence of SPC-SNU 

70-1 was aligned with engineered strain, SPC-SNU suc50 and variant 

sites were found out by assemblytics. As a result of the analysis, the 

mutations occurred in 3922 ORFs out of 5726 ORFs (Figure 4). Among 

the genes that have changed at amino acid levels, the genes which are 

related to high-sucrose tolerance were selected as a candidate genes 

(Table 2).  

Yeast invertase is encoded by a family of SUC genes, of which SUC2 

is the most influential (Trumbly, 1992). The high activity of baker’s yeast 

invertase during fermentation results in a fast degradation of sucrose 
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present in dough and is known as a determent of high-sucrose tolerance.  

  The small protective molecules like proline and trehalose are 

effective for providing protection against various environmental stresses 

like high-sucrose (Shima and Takagi, 2009). Proline accumulating 

baker’s yeast by disrupting PUT1 showed higher-level of fermentation 

abilities in high-sucrose media than wild type strain (Tomohiro Kaino et 

al., 2008). Deletion of NTH1 resulted in an increased trehalose content 

and a higher cell viability in high-sucrose conditions (Sun et al., 2016). 
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Figure 4. Rate of change in ORF between SPC-SNU 70-1 and SPC-SNU suc50   
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Table 2 Candidates of genes that are expected to affect the high-sucrose stress 

 

FUNCTION 
GENES 

No change Not exist Amino acid change 

Invertase Sucrose 

hydrolyzing 

enzyme 

   SUC1 SUC3   SUC2 

Proline Scavenging of 

ROS 
PUT2       PUT1 

Trehalose Membrane 

protectant 
NTH2 ATH1      NTH1 
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2. Candidate genes related to high-sucrose tolerance 

2.1. Invertase 

Invertase is an enzyme that catalyzes the hydrolysis of sucrose into 

fructose and glucose. Because invertase inverts one sugar molecule to 

two sugar molecules with consuming water, it is known that the higher 

invertase activity, the more difficult it is for cells to survive under high 

sucrose conditions. The ability of S. cerevisiae to ferment high sucrose 

is related to activity of invertase inversely. Exposure of S. cerevisiae to 

hyperosmotic conditions results in a complex response that includes 

rapid reduction in internal cell volume. Invertase is necessary for 

generating glucose, an essential carbon source for cell growth. To sum it 

all up, there is clearly a need to better quantify the effect of invertase 

activity on yeast fermentability in sucrose-rich media such as sweet 

doughs in order to provide information for strain selection and 

improvement. (D. K. MYERS., et al., 1997))  

SUC2 is the major gene coding for invertase. In this study, SUC2 is 

selected as a candidate gene related to high-sucrose tolerance and 

disrupted for verifying the effect of invertase on high-sucrose tolerance 

(D. K. Myers et al., 1996). 
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2.2. Proline 

The accumulation of proline increased cell viability in osmotic stress 

conditions and enhanced a fermentation ability in sweet or salted dough. 

High-sucrose concentrations exert severe osmotic stress that seriously 

damages cellular components by generation of reactive oxygen species 

(ROS). Proline has various functions to protect cells such as membrane 

stabilization and scavenging of ROS under high osmotic stresses. The 

mechanisms of these functions are poorly understood. (Takagi H., 2008)   

S. cerevisiae synthesizes L-proline from L-glutamate, which is 

catalyzed by 3 enzymes, ɣ-glutamyl kinase (the PRO1 gene product), ɣ-

glutamyl phosphate reductase (the PRO2 gene product), and Δ1-

pyrroline-5-carboxylate reductase (the PRO3 gene product). PUT1 is 

coding for proline dehydrogenase (Figure 5). In this study, PUT1 is 

selected as a candidate gene related to high-sucrose tolerance and 

disrupted for verifying the effect of proline accumulation on high-

sucrose tolerance. 
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2.3. Trehalose 

Yeast cells can accumulate trehalose when osmotic pressure is sensed 

(Hirasawa T., et al., 2006). Trehalose acts as a membrane protectant 

under high-sucrose stress. There is a strong relationship between 

intracellular trehalose levels and resistance to osmotic stress (Shima J., 

Takagi H., 2009). 

The synthesis of trehalose is catalyzed by an UDP-glucose-dependent 

trehalose synthase protein complex encoded by 4 genes (Jules M., Guilou 

V., Francois J., Parrou J-L, 2004). NTH1 is coding for neutral trehalase 

(Figure 5). In this study, NTH1 is selected as candidate gene related to 

high-sucrose tolerance and disrupted for verifying the effect of trehalose 

accumulation on high-sucrose tolerance. 
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Figure 5. Proline metabolic pathway in S. cerevisiae (A). Trehalose 

metabolic pathway in S. cerevisiae (B). 
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3. Verification of candidate gene’s effect on high-

sucrose tolerance 

3.1. Invertase 

3.1.1. Sucrose consumption rate 

  To compare the viability of SPC-SNU 70-1 with SPC-SNU suc50, two 

strains were cultured in YP medium containing 200 g/L sucrose. For 24 

hours, SPC-SNU 70-1 showed 8.63 g of dry cell weigh (DCW) and SPC-

SNU suc50 showed 11.75 g of DCW that is 35% higher than SPC-SNU 

70-1 (Figure 6). The engineered strain was found to be resistant to high 

sucrose concentration more than SPC-SNU 70-1. 

Comparing the rate of sugar consumption, SPC-SNU suc50 showed 

slower consumption rate than SPC-SNU 70-1. Figure 7 and Figure 8 

showed that the consumption rate of glucose and fructose did not change 

as much as that of sucrose. Therefore, because the invertase activity of 

SPC-SNU 70-1 is higher than SPC-SNU suc50, the sucrose consumption 

rate of SPC-SNU 70-1 (14.60 g/L/hr) is faster than SPC-SNU suc50 

(8.85 g/L/hr). If the invertase activity is high, sucrose dissolves rapidly, 

resulting the increase in osmotic stress. Increased osmotic stress might 

delay cell growth.  
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Figure 6. Flask fermentation of SPC-SNU 70-1(A) and SPC-SNU suc50 

(B) in YP medium containing 200 g/L of sucrose.  
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Figure 7. Flask fermentation of SPC-SNU 70-1(A) and SPC-SNU suc50 

(B) in YP medium containing 200 g/L of glucose.  
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Figure 8. Flask fermentation of SPC-SNU 70-1(A) and SPC-SNU suc50 

(B) in YP medium containing 200 g/L of fructose.  
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3.1.2. Leavening ability 

A fermentation rate during the first hour of dough fermentation mainly 

depends on the fructan and sucrose content of the flour (Struyf N., et al., 

2017a). Only when glucose, fructose, sucrose and fructan are nearly 

depleted, yeast cells will start consuming maltose (Figure 9.A). The 

expression of the maltose permease and maltase genes is regulated by 

glucose repression and maltose induction (Trumbly RJ, 1992). The 

glucose repression mechanism, therefore, creates a lag phase in CO2 

production when yeast cells need to adapt from glucose/fructose 

consumption to the consumption of maltose, which is the most abundant 

sugar in wheat flour dough (Higgins VJ., et al., 1999). 

When the SUC2 gene was disrupted, no gas production was observed 

in an early phase. Overall gas production also reduced. Accordingly, it 

is difficult to use SPC-SNU dSUC2 for bread making (Figure 9.B). 
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Figure 9. A standard CO2 production profile of baker’s yeast (A). CO2 

production of SPC-SNU 70-1 and SPC-SNU dSUC2 (B). 
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3.1.3. Invertase activity 

As a result of measurement of invertase activity, SPC-SNU dSUC2 

showed activity close to zero (0.24 mU/g cell). In the case of SPC-SNU 

suc50 (0.70 mU/g cell) and the industrial strain (0.54 mU/g cell) had an 

activity which is a medium value between SPC-SNU 70-1 (1.34 mU/g 

cell) and SPC-SNU dSUC2. For this reason, it is assumed that the gas 

production of SPC-SNU dSUC2 reduced. 

To sum up, invertase activity is related to high-sucrose tolerance and 

is required at an appropriate level for positive effect on high-sucrose 

tolerance 
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Figure 10. Invertase activity of baker’s yeast

SPC-SNU 70-1  SPC-SNU suc 50 SPC-SNU dSUC2  SPC-SNU suc 50 Lesaffre  
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3.2. Proline 

3.2.1. Leavening ability 

Total gas production for 10 hours is similar between SPC-SNU 70-1 

and SPC-SNU dPUT1. But in the first four hours, SPC-SNU dPUT1 

(785 mbar) generated more gas than SPC-SNU 70-1 (611 mbar). It is a 

meaningful result in the bread industry because dough fermentation 

usually takes about 4 hours. (Figure 11.) 

3.2.2. Amount of proline  

Since the proline dehydrogenase gene was disrupted, SPC-SNU 

dPUT1 (9.90 mg/L) accumulated proline a 5-fold more than SPC-SNU 

70-1 (1.99 mg/L). Accordingly, the amount of glutamate decreased in 

SPC-SNU dPUT1 (70.3 mg/L) compared to SPC-SNU 70-1 (88.2 mg/L) 

(Figure 12). It seems that increased proline accumulation influenced to 

enhanced gas production in high-sucrose conditions.   
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Figure 11. Total CO2 production of SPC-SNU 70-1 and SPC-SNU 

dPUT1 (A). Gas produced for 10 min interval (B).
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Figure 12. Amount of proline (A) and glutamate (B) in dough after 

fermentation 

1: SPC-SNU 70-1   2: SPC-SNU dPUT1 
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3.3. Trehalose 

3.3.1. Leavening ability 

  There was no significant difference in gas production between SPC-

SNU 70-1 and SPC-SNU dNTH1 (Figure 13). NTH1 did not have a big 

impact on high-sucrose tolerance alone. It can be said that trehalose 

which is known as great protectant for high-sucrose stress has actually 

little effect on high-sucrose tolerance in baker’s yeast.  

3.3.2. Amount of trehalose 

Although there was no change in the amount of gas produced, the 

trehalose accumulation increased. Because neutral trehalase was 

disrupted, SPC-SNU dNTH1 (5.29%) accumulated proline 5-fold more 

than SPC-SNU 70-1 (1.00%) (Figure 14). It means that NTH1 certainly 

helped increase the amount of trehalose.  
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Figure 13. Total CO2 production of SPC-SNU 70-1 and SPC-SNU 

dNTH1 (A). Gas produced for 10 min interval (B)
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Figure 14. Concentration of trehalose in dough after fermentation 

  

SPC-SNU 70-1         SPC-SNU dNTH1 
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3.3.3. Synergistic effect of trehalose and proline 

accumulation 

Both proline and trehalose are known as protectants for various stress 

in yeast cells. In previous study, simultaneous accumulation of proline 

and trehalose in industreial baker’s yeast enhanced tolerance to the 

freezeing stress (Yu Sasano at el., 2012). To see synergistic effect of 

increasing accumulation of trehalose and proline on high-sucrose 

tolerance, strain with both NTH1 and PUT1 disrupted was constructed 

and the gas production of disrupted strain was measured in high-sucrose 

conditions. As a result of gene disruption, total gas production for 10 

hours (2410 mbar) increased more than SPC-SNU 70-1 and gas 

production in first 4 hours (1194 mbar) increased 1.40 fold. (Figure 15).  

  To sum up, trehalose and proline accumulation showed synergistic 

effects, increasing leavening ability. 
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Figure 15. Total CO2 production of SPC-SNU 70-1 and SPC-SNU 

dNTH1dPUT1 (A). Gas produced for 10 min interval (B)
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4. Evolutionary engineering of cold sensitive yeast 

strains 

4.1. Strategy for ALE 

A cold – sensitive strain is important in transporting bread dough in a 

refrigerated state. It is necessary to prevent the dough inflate during 

transportation, while maintaining the fermentability at 30 °C where 

dough fermentations take place. Thus, the ALE strategy was devised to 

raise the growth curve to higher temperature as shown in Figure 16. 
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Figure 16. Strategy for evolutionary engineering cold-sensitive strain 
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4.2 Determination of temperature for ALE subculture 

To determine the temperature for ALE subcultures, the fermentations 

were conducted in YP medium containing 200 g/L sucrose at different 

temperatures. Figure17 shows the results of doubling time at different 

temperatures. The high temperature which can give added environmental 

stress to the yeast strain was determined at approximately two-fold 

higher doubling time (2.25 h at 40 °C) than the doubling time at 30 °C, 

a normal baking temperature (1.09 h). Thus, fermentations in YP medium 

containing 200 g/L sucrose at 40 °C was used to construct cold-sensitive 

strain. 
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Figure 17.  Cell growth doubling time of S. cerevisiae SPC-SNU 70-1 

at different temperature. 

  

25 30 35 40 41 
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4.3 Evolutionary adaptation and isolation of cold-

sensitive strains 

To obtain yeast strains with enhanced cold-sensitivity, the baker’s 

yeast SPC-SNU 70-1 strain was subjected to adaptive evolution through 

sequential batch fermentation under high temperature conditions.  

In serial subcultures, evolution experiments were carried out through 

70 serial transfers, comprising approximately 600 cell generations. 5 

single cell colonies were isolated from every 100 generation for testing 

viability. Among them, the strain which had the highest viability was 

cultivated in YP medium containing 200 g/L sucrose at 40 °C. The cell 

viability was examined by counting a colony forming number on a YP 

plate at 40 °C to verify if the growth curve is improved. As shown in 

Figure 18, all ALE strains had higher viability than the parental strain. 

Among them, the C70-2 strain, which showed the highest relative 

viability, was selected for carrying out the subsequent experiments. The 

specific growth rate of the C70-2 strain (0.34 h-1) was increased by a 1.2-

fold relative to that of the parental strain (0.29 h-1). Final dry cell weight 

(DCW) of the C70-2 strain (5.88 g/L) increased by a 1.7-fold relative to 

that of the parental strain (3.47 g/L) (Table 3).
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Figure 18. Cell viability of the parental and ALE strains.  

  

SPC-SNU  

70-1 
C70-1 C70-2 C70-3 C70-4 C70-5 
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Figure 19. Growth curve of SPC-SNU 70-1 and C70-2 at 40 °C 

 

 

Table 3. Summary of growth properties of SPC-SNU 70-1 and C70-2 

strain grown in batch fermentation 

 SPC-SNU 70-1 C70-2 

Specific growth 

rate (h-1) 
0.29 0.34 

Doubling time (h) 2.39 2.05 

Final DCW (g) 3.47 5.88 
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4.4 Application of ALE strain to bread making  

To further investigate the characteristics of ALE strains, the leavening 

ability was measured by measuring CO2 production in the regular dough 

containing 8% sucrose at 10 °C. In the early of measurement, gas 

production was measured negative due to low temperature. Gas 

production of the parental strain started around 1.5 h and the ALE strain 

began to generate CO2 gas around 3 h. ALE strain’s gas production rate 

(2.86 ml/h) were also slower than the parental strain (4.47 ml/h). After 

10 hours, the parental strain produced 38.3 ml of gas and the ALE strain 

produced 22.2 ml of gas, which is nearly half of the parental strain. 

(Figure 20.A) 

While it is important to have less leavening ability at the refrigerated 

temperature, it is also important to maintain the leavening ability at 30 °C 

as bread dough is fermented at 30 °C. For 10 hours, the final gas 

production was 250.2 ml in both the parental strain and ALE strains. By 

comparing gas production during 4 hours in which the actual dough 

fermentation usually takes, the parental strain is slightly higher than the 

C70-2. (Figure 20.B) 

The SPC-SNU 70-1 specific multiplex PCR was tested whether the 

genetic code is applicable to the ALE strains. Figure 21 shows the result 
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of multiplex PCR of the C20, C50 and C70-2 strain. The multiplex PCR 

system could detect amplicons in all of ALE strains. During the evolution 

of strains, it appeared that the amplicons was maintained under a high 

temperature environment. Previous studies were reported that many 

mutations, which contributed to genetic and fitness changes for improved 

phenotypes, were usually identified in evolutionary engineering 

(Dunham, M. J., et al., 2002). The increase of adaptation to new 

environment during laboratory evolution experiments is fast in the earlier 

stage but commonly slow down during a prolonged stage while the 

number of mutation is constantly increasing (barrack, J. E.., et al., 2009). 

After several subcultures, no mutations were found in the amplicons.  

Considering that the actual refrigeration temperature is 4 °C, the 

difference in gas production would be greater than 10 °C. The SPC-SNU 

70-1 specific multiplex PCR system also worked for C70-2 strain so it is 

to manage the strain. 

As a follow-up study, additional experiments to investigate changes 

in bread properties like aroma and texture would be necessary. At the 

actual refrigerated temperature, gas production is too slow to conduct an 

experiment but an additional experimental will be needed at 4 °C to 

obtain more accurate results. Experiments in different sucrose conditions 
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(sweet dough, lean dough) are also needed. 
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A 

 

B 

 

 

Figure 20. CO2 production of SPC-SNU 70-1 and C70-2 at 10 °C (A) 

and 30 °C (B).  



 

62 

 

 

 

 

 

Figure 21. SPC-SNU 70-1 specific multiplex PCR application 

experiment to ALE strains. Lines of PCR result are denoted as follows; 

Line L, 100bp ladder; Line 1, SPC-SNU 70-1; Line 2, C20 strain; Line 

3, C50 strain; Line 4, C70-2 strain. 
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649 

526 

320 
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IV. CONCLUSIONS 

This thesis can draw the following conclusions. 

 

(1) By comparing the whole genome sequences between SPC-SNU 70-

1 and SPC-SNU suc50, 61% ORFs are changed. 

 

(2) Invertase activity is related to high-sucrose tolerance and is required 

at an appropriate level for positive effect on high-sucrose tolerance. 

 

(3) Proline accumulation enhances the fermentation ability in high-

sucrose dough. 

 

(4) Accumulation of both trehalose and proline has a synergistic effect 

on increasing the fermentation ability in high-sucrose dough. 

 

(5) The evolved strain C70-2 which was subcultured 70 times at 40 °C 

showed 50% decreased leavening ability than the parental strain at 

10 °C while maintaining fermentability at 30 °C. 
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국 문 초 록 

 

제빵과정에서 발효의 스타터로 사용되는 효모는 빵의 품질

을 결정하는 주요 인자이다. 본 연구에서 사용한 Saccharomyces 

cerevisiae SPC-SNU 70-1은 누룩으로부터 분리한 신규의 효모로

서, 발효취가 적고 담백한 풍미와 더불어 부드러운 식감을 내는 

등 제빵 특성이 우수하다. 그러나 반죽에 설탕함량이 적은 당 

0%, 당 8% 반죽에서는 가스 발생량이 충분하지만, 설탕함량이 

많은 당 20% 반죽에서는 그렇지 못하다. 그렇기 때문에 SPC-

SNU 70-1 균주의 다양한 활용을 위해 고농도 당 발효 조건에서

의 발효능을 개선할 필요가 있다. 

이를 해결하기 위해 선행연구자에 의해 진화 공학적인 방법

으로 균주가 개량되었다. 개량된 균주의 향상된 형질의 유전적 

원인을 찾기 위해 기존 효모와 개량된 효모의 전체유전자를 비
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교 분석하였고 총 5726개의 ORF 중 3922개에서 변화가 일어났

다. 아미노산 수준에서 변화가 일어난 유전자 중 고당내성과 관

련된 후보 유전자를 선정하였다. 자당효소와 관련된 SUC2, 프롤

린 축적과 관련된 PUT1 그리고 트레할로스 축적과 관련된 

NTH1을 후보유전자로 선정하였다. 선정된 후보유전자를 

CRISPR-Cas9 시스템을 이용하여 해당 유전자를 제거한 다음 가

스 발생량을 측정하고 대사산물을 분석함으로 형질을 분석하였

다.  

그 결과 SUC2유전자를 제거한 균주의 경우, 자당효소의 활

성이 0에 가까이 감소하였으며, 자당효소를 활용하는 초기의 가

스발생량과 전체적인 가스발생량이 감소하였다. PUT1유전자를 

제거한 균주의 경우, 프롤린이 5배 가량 더 축적되었고, 반죽의 

발효가 진행되는 초기 0에서 4시간 사이에 가스발생량이 향상하
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였다. NTH1 유전자를 제거한 경우, 트레할로스 축적은 5배 가량 

증가하였지만, 가스발생량에는 변화가 없었다. 트레할로스와 프

롤린 축적을 동시에 상승시켰을 때의 변화되는 형질을 확인하기 

위해 NTH1 유전자와 PUT1 유전자를 동시에 삭제한 후 가스발

생량을 측정한 결과, PUT1을 단독으로 제거했을 때에 비해 가스

발생량이 향상하였고 가스발생력이 후반까지 지속되었다.  

현재 제빵용 반죽은 냉동상태로 운반되고 있어, 반죽을 해

동하게 되면 얼음 결정이 녹으면서 빵 반죽의 글루텐 막을 손상

시켜 수분을 유출시킨다는 문제를 가지고 있다. 따라서 반죽을 

냉동이 아닌 냉장 상태로 운반할 필요성이 대두되었다. 그러나 

냉장 상태로 운반하게 되면 이 역시 운반 도중 발효가 진행되어 

빵이 부풀 수 있다는 문제가 있어 냉장 상태에서 발효력이 낮고 

빵 발효가 일어나는 30 °C 에서는 발효력을 유지하는 균주의 필
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요성이 대두되었다. 

이러한 특징을 가지는 균주를 구축하기 위해 진화 공학적인 

방법으로 균주 개량을 시도하였다. 제빵용 효모는 빵과 함께 직

접 섭취하기 때문에 유전자 조작기술이 아닌 자연적인 진화를 

통한 균주 개량이 요구된다. 따라서 40 °C 환경에서 70 차례 계

대 배양을 수행하여 고온에서의 생존능력 평가와 저온에서 가스

발생량 측정을 통해 10 °C에서 기존 균주 대비 가스발생량이 50% 

감소한 C70-2균주를 선별하였다. 
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