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CHARACTERIZATION OF FREEZE-TOLERANT Saccharomyces cerevisiae 

OBTAINED BY EVOLUTIONARY ENGINEERING 

SUMMARY 

Cryopreservation is a critical tool that is used in industry for long-term preservation 

and storage of living cells. This method is widely used in several applications 

adopted in various areas such as medicine, agriculture and food technology. 

Cryopreservation applications involve long-term exposure to low temperatures and 

cycles of freezing and thawing. These unfavorable conditions affect the viability and 

the activity of yeast cells. Thus, it is important to improve the freeze tolerance of 

baker‟s yeast because of its commercial value. To this end, understanding the freeze-

thaw stress tolerance mechanism in Saccharomyces cerevisiae is crucial, whereby it 

can be studied on tailored and improved yeasts obtained by numerous different 

strategies such as evolutionary engineering approach. Evolutionary engineering is an 

important strategy, which has successfully been used for strain improvement. This 

strategy is based on the selection of the mutants with a desirable phenotype among a 

genetically diverse population. The aim of this study was to gain more insight into 

the mechanisms responsible for freeze-thaw stress tolerance by investigating genetic, 

physiological and phenotypic components and indicators. In a previous study, -80ºC 

and liquid nitrogen (-196ºC) resistant mutants were obtained and selected using 

evolutionary engineering practices followed by phenotypic characterization, 

including cross-resistance to other industrial stresses. In this study, these mutants 

were analyzed transcriptomically by examining the expression patterns of known 

freeze-thaw related genes, which are AQY1, AQY2, FPS1, CTT1, YAP1, GSH1, 

GLR1, by using qPCR. In parallel with transcriptomic analysis, growth curves were 

obtained and co-evaluated with extracellular metabolite levels regarding glucose, 

acetate, ethanol, glycerol and intracellular metabolite levels including glycogen and 

trehalose. Production and consumption levels of extracellular metabolites were 

estimated by using data obtained from HPLC analysis. These results were consistent 

with the phenotypical characterization results from solid and liquid media. According 

to the results of gene expression profiling studies, expression fold values normalized 

to 905 for AQY1, GSH1, CTT1 and YAP1 genes were found to be elevated in 

treated mutant 5. Solid media results showed that mutant individual 5 could not use 

acetate in contrast to 905 (wild type) and mutant 23. This finding was confirmed with 

the HPLC analyses. Despite the fact that both mutants had cross-resistance to H2O2 

stress in liquid medium, individual 5 showed excessively more tolerance to oxidative 

stress induced by hydrogen peroxide. Compared to wild type, glycogen and trehalose 

production and consumption levels were higher in freeze-resistant mutants under 

control conditions.  
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EVRĠMSEL MÜHENDĠSLĠK ĠLE ELDE EDĠLEN DONMAYA DĠRENÇLĠ 

Saccharomyces cerevisiae’NĠN KARAKTERĠZASYONU 

ÖZET 

Dondurarak saklama canlı hücrelerin uzun süreli muhafazası için endüstride 

kullanılan önemli bir araçtır. Bu metot; ilaç, tarım ve gıda gibi alanlarda geniĢ çapta 

kullanılmaktadır. Dondurarak saklama uygulamaları esnasında maya hücreleri, düĢük 

sıcaklık ve donma-erime döngüleri gibi canlılığı etkileyebilecek olumsuz dıĢ 

etkenlere maruz kalabilirler. Bu yüzden, mayanın donma direncinin arttırılması ticari 

değeri nedeniyle ciddi önem taĢımaktadır. Bu amaç doğrultusunda, evrimsel 

mühendislik yaklaĢımı gibi yöntemlerle özel olarak geliĢtirilmiĢ maya hücreleri ile 

çalıĢılarak, donma-erime stresine dirençte rol alan mekanizmaların anlaĢılması büyük 

önem taĢımaktadır. Evrimsel mühendislik, suĢ geliĢtirmede baĢarıyla kullanılan 

önemli bir stratejidir ve genetik çeĢitliliği yüksek bir popülâsyon içinden istenilen 

özelliğe sahip bireylerin seçilmesi temeline dayanmaktadır. Bu çalıĢmanın amacı 

genetik, fenotipik ve fizyolojik bileĢen ve belirteçlerin araĢtırılarak, donma erime 

stresine karĢı geliĢtirilen direnç mekanizmalarının anlaĢılmaya çalıĢılmasıdır. Önceki 

bir çalıĢmada, evrimsel mühendislik yöntemi uyarınca, -80 °C ve sıvı azot (-196 °C) 

stres Ģartlarında mutantlar elde edilip fenotipik karakterizasyonları ve çapraz direnç 

incelemeleri gerçekleĢtirilmiĢtir. Bu çalıĢmada, donma-erime ile ilgili AQY1, AQY2, 

FPS1, CTT1, YAP1, GSH1 ve GLR1 genlerinin qPCR ile transkriptomik analizi 

gerçekleĢtirilmiĢtir. Buna paralel olarak büyüme eğrileri belirlenerek, hücre dıĢı 

glikoz, asetat, etanol ve gliserol ile hücre içi glikojen ve trehaloz seviyeleri 

karĢılaĢtırmalı olarak değerlendirilmiĢtir. Hücre dıĢı metabolit üretim ve tüketimi 

seviyeleri, Yüksek Performanslı Sıvı Kromatografi ile yapılan analizlerden elde 

edilen verilerle hesaplanmıĢtır. Elde edilen sonuçların katı ve sıvı ortamda yapılan 

fenotipik karakterizasyon sonuçlarıyla örtüĢtüğü görülmüĢtür. Gen ekspresyon profili 

çalıĢmalarının sonuçlarına göre,  AQY1, GSH1, CTT1 ve YAP1 genlerinin 

ekspresyon değerleri 905 suĢuna normalize edildiğinde, bu genlerin ekpresyonunun 

mutant 5‟te arttığı gözlenmiĢtir. Katı ortam ve Yüksek Performanslı Sıvı 

Kromatografi sonuçlarına göre mutant 5‟in, 905 ve mutant 23‟ün aksine asetatı 

kullanamadığı görülmüĢtür. Sıvı ortam çalıĢmalarında, her iki mutant da H2O2 

stresine çapraz direnç gösterdiyse de mutant 5, H2O2 tarafından indüklenen oksidatif 

strese karĢı çok daha yüksek direnç göstermiĢtir. Yaban tipe kıyasla, mutantların 

glikojen ve trehaloz üretim ve tüketim değerlerinin kontrol koĢullarında daha yüksek 

olduğu gözlenmiĢtir.  
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1.  INTRODUCTION 

1.1 General Information about Yeast: Saccharomyces cerevisiae. 

Saccharomyces cerevisiae is a yeast which has been most closely associated with 

mankind. It is commonly known as baker`s yeast, brewer`s yeast or budding yeast. S. 

cerevisiae that was introduced by Meyen in 1837 (Feldmann, 2010), is a small, 

single-celled member of the kingdom of fungi (Alberts, 2008) and belongs to genus 

Saccharomyces. The systematic classification of S. cerevisiae is shown in Table 1.1. 

Table 1.1 : Scientific classification of S. cerevisiae. 

Kingdom Fungi

Phylum Ascomycota

Class Hemiascomycetales

Order

Family

Saccharomycetales

Saccharomycetacae

Genus Saccharomyces

Species S. cerevisiae

 

Brewing yeasts are eukaryotic, relatively immobile and mostly round or ovoid in 

shape (Walker, 1998; Alberts, 2008; Esslinger, 2009). Also partially elliptical or 

cylindrical yeast cells can be observed. Cells measure 5-10 µm in diameter, 3-10 µm 
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in width, and 4-14 µm in length (Esslinger, 2009). Laboratory strains of S.cerevisiae 

are generally smaller than brewing strains; for instance, the diameter of an ale yeast 

(NCYC 1006) is approximately 13.4 µm. Mean cell volumes depend on the cell 

genome being haploid or diploid. For a haploid and diploid cell, mean cell volumes 

are 29 and 55 µm
3
, respectively (Walker, 1998). The cell size values of S. cerevisiae 

are imprecise because the size of the cell depends greatly on the physiological state 

(e.g. yeast cells can reach 3 times the volume of regular cells during budding) 

(Esslinger, 2009). Beside the physiological state, because of environmental 

conditions, their sizes can differ even in the same strain of a particular species. 

Furthermore, mean cell size of S. cerevisiae increases with cell age (Walker, 1998; 

Feldmann, 2010). A scanning electron micrograph of a cluster of S.cerevisiae cells is 

shown in Figure 1.1 (Alberts, 2008). 

 

Figure 1.1 : A typical image of Saccharomyces cerevisiae obtained with scanning   

electron microscope (SEM) (Alberts, 2008). 

Saccharomyces cerevisiae cells share many of the structural features of higher 

eukaryotes such as nucleus, mitochondria, Golgi apparatus, secretory vesicles, 

endoplasmic reticulum, vacuoles and microbodies.  Besides these features, similar to 

other fungi, they have cell wall, which is thick and tough. The presence of a cell wall 
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distinguishes a yeast cell from an animal cell. Because of having cell walls but not 

chloroplast, yeast cells are considered as being close to both animal and plant cells 

(Walker, 1998; Alberts, 2008). Figure 1.2 that was obtained with transmission 

electron microscope (TEM) shows the nucleus, mitochondrion and the cell wall of a 

yeast cell (Alberts, 2008). 

 

Figure 1.2 : A transmission electron micrograph of a cross section of a yeast cell,  

showing its nucleus, mitochondrion, and thick cell wall (Alberts, 2008). 

S.cerevisiae cells are robust and they can be easily grown with basic nutrients. If the 

nutrients are abundant in the growth media, they can grow and divide almost as 

rapidly as bacteria (Alberts, 2008).  

Yeasts are facultative microorganisms, able to grow in both the presence and absence 

of oxygen when supplied with a metabolizable carbohydrate source, a nitrogen 

source (organic or inorganic), minerals including trace elements, and vitamins. 

Almost all yeast species can be cultured on simple synthetic media, more complex 

synthetic media or media prepared from malt extract or brewer‟s wort. These media 

may be in liquid or in a solid form by the addition of agar and most yeast species will 

grow well in both (Kirsop and Kurtzman, 1988).  

Wild-type laboratory haploid strains have a doubling time of about 90 min in  

complex media such as YPD (1% yeast extract, 2% peptone, and 2% dextrose)  and 

about 140 min in a synthetic medium during the exponential phase of growth. For 
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experimental purposes, yeasts are cultured at 30°C (usually optimum temperature for 

their growth) on the complex media or on synthetic media, synthetic minimal glucose 

medium (SD) and synthetic complete media (SC). From the other point of view, if 

large amounts of high titers are desirable for industrial or special needs, yeast cells 

can be grown in a cheaper medium with high aeration and pH control (Sherman, 

2002). 

Vegetative growth and sexual reproduction are observed in S. cerevisiae (Figure 1.3). 

Budding is the form of vegetative reproduction that occurs in S. cerevisiae. The 

division of budding yeast is asymmetrical; the daughter cell is smaller than the 

mother. Buds may arise from any point on the cell wall; however, they do not arise 

from the same point more than once (Briggs, 2004).  

 

                      Figure 1.3 : Life cycle of S. cerevisiae (Feldmann, 2010). 
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Yeast buds are initiated when mother cells attain a critical cell size, formation and 

separation of them are accompanied by nuclear division and segregation (Walker, 

1998; Briggs, 2004). Scanning electron micrograph of the budding yeast is shown in 

Figure 1.4. 

 

Figure 1.4 : Typical image of Saccharomyces cerevisiae cells during budding 

(Chapman and Roberts, 1997). 

Haploid strains capable of sexual conjugation are of either of two mating types, 

termed MATa and MATα (Briggs, 2004). Mating type is determined by expression 

of genes at the MAT locus on chromosome III, in „α‟ strains it is designated MATα, 

and in „a‟ strains MATa (Hough, 1982; Briggs, 2004). Mating occurs when the 

opposite mating type cells exposure to pheromones, termed „a‟ and „α‟ factors. The 

pheromones are short peptides that bind to specific receptor sites on the opposite 

mating type cell surface (Briggs, 2004). „a‟ mating type cells produce α-factor, which 

stops the growth of a cells and causes „a‟ and „α‟ cells to adhere to each other. 

Similarly, „a‟ mating type cells produce a-factors and it has same effects on „a‟ cells 

(Priest and Campbell, 1996). 

„a‟ and „α‟ cells agglutinate in response to binding of „α‟ and „a‟ factors respectively, 

these cells are arrested in the G1 phase of the cell cycle and produce irregularly 
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shaped cells which are called shmoos. “Shmoo” formation evidences a number of 

cell wall structural changes that culminate in wall, membrane and nuclear fusion 

(Hough, 1982). This intracellular process is mediated by expression of genes that 

encode for a specific group of surface agglutinins. Therefore, sexual conjugation is a 

specific type of flocculation (Briggs, 2004).  

There are two types of S.cerevisiae cell phenotype depending on the presence or 

absence of a dominant allele termed HO. Heterothallic strains are HO
-
, carry non-

functioning form of the ho whereas homothallic strains carry a dominant allele HO 

(Briggs, 2004). During vegetative growth, the HO gene presence in such yeast strains 

brings about a high frequency of switching between two different mating types. 

Under the influence of this  HO gene, the mating type locus, MAT, of such strains 

changes from MATα to MATa or vice versa (Priest and Campbell, 1996).  

In a rich growth medium, diploid cells proliferate by budding and mitosis. 

Nevertheless, meiosis and sporulation of diploid cells is triggered by nutrient 

starvation or nitrogen deprivation in the presence of a non-fermentable carbon source 

such as acetate or ethanol. It is important to note that this can only occur if both 

MATa and MATα genes are present (Priest and Campbell, 1996; Briggs, 2004). 

The genome of S.cerevisiae was determined in 1997 and it is the first eukaryotic 

genome that was completely sequenced. It contains about 13,117,000 nucleotide 

pairs, including the small contribution (78,520 nucleotide pairs) of the mitochondrial 

DNA and 6275 genes, compactly organized on 16 chromosomes. S. cerevisiae 

genome size is approximately 2.5 fold the genome of the prokaryotic model 

organism, E. coli. It is estimated that yeast shares about 23% of its genome with that 

of humans. Therefore, many important human proteins such as signaling proteins, 

cycle proteins were firstly discovered by studying their homologs in S. cerevisiae 

(URL-1; Alberts, 2008). 

1.2 Industrial and Biotechnological Importance of S.cerevisiae as a Model 

Organism 

The tolerance of S. cerevisiae to a wide range of temperatures, levels of pH, oxygen, 

salt and sugar; their ability to grow on a wide range of substrates; and their ease of 
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handling in bulk have stimulated interest in their potential role in industry (Kirsop 

and Kurtzman, 1988). 

As mentioned before, S. cerevisiae is a facultative anaerobe, which is able to grow 

equally well aerobically and anaerobically in the presence of glucose. When oxygen 

is unavailable, bakery yeasts carry out fermentation that results in ethanol 

production.  

The usage of byproducts of fermentation is as old as history - the ethanol in alcoholic 

beverages and the CO2 to make bread rise (Walker, 1998; Petro, 2010). At the 

present time, industrial yeast fermentations represent an important contribution to the 

economies of many countries (Walker, 1998).  

Alcoholic beverages are potables, which contain ethanol (C2H5OH), and this ethanol 

is almost always produced by fermentation of certain yeast species under anaerobic 

or low-oxygen conditions. Alcoholic beverages all use brewing yeast at some stage 

of their production. The mostly produced alcoholic beverages all around the world 

are beer, wine, distilled spirits, cider, sake and liqueurs (Walker, 1998). From the 

yeast's point of view, CO2 and ethanol are waste products. Furthermore, ethanol is 

toxic for the yeast cells; it kills the organisms when it reaches a concentration 

between 14-18%. Because of this reason, the percentage of alcohol in wine and beer 

does not exceed about 16%. If beverages with higher concentrations of alcohol such 

as whisky or brandy will be produced, then the fermented products must be distilled 

(Petro, 2010).  

Besides alcoholic beverages, mankind has used S. cerevisiae for bread making for 

centuries. During fermentation, yeast provides a variety of enzymes that enable 

carbohydrates to be broken down producing sufficient carbon dioxide and this gas 

gives rise to dough in leavening stage of the bread. Also, these carbon dioxide 

bubbles provide the characteristic structure of the bread; the lighter and finer texture. 

Moreover, bakery yeast is used in dairy industry to produce yoghurt, kefir, cheese, 

and ice cream (Boekhout and Robert, 2003). 

Saccharomyces cerevisiae is an ideal eukaryotic microorganism for biological 

studies and has long been a favored organism for the study of genetics (Walker, 

1998; Sherman, 2002). It has a huge importance as a model organism in modern cell 
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biology research, and it is one of the most thoroughly studied eukaryotic 

microorganism. This budding yeast has been used to get information about the 

eukaryotic cell biology and ultimately human biology (URL-2). 

Yeast cells have slightly greater genetic complexity than bacteria and they share 

many of the technical advantages that permitted rapid progress in the molecular 

genetics of prokaryotes and their viruses (Sherman, 2002). Particular attributes that 

make S. cerevisiae especially appropriate for biological studies are easy and rapid 

growth, short generation times, the ready isolation and selection of mutants, the 

existence of both haploid and diploid life cycles, its small and well-defined genome, 

and, most importantly, a highly versatile DNA transformation system (Walker, 1998; 

Sherman, 2002). It is important to mention that S. cerevisiae has been classified as a 

GRAS (Generally Regard As Safe) organism by FDA (Food and Drug 

Administration). Due to being a nonpathogenic microorganism, yeast can be handled 

with few precautions (Sherman, 2002). These features have enabled S. cerevisiae to 

be used not only for basic research into genetic phenomena, but have also provided a 

means to improve strains of this significant yeast for biotechnology (Walker, 1998).  

In recent years, attention has been directed particularly to use of S. cerevisiae for the 

production of enzymes, medically important substances such as insulin and 

interferon, protein for animal and human food and ethanol for the biofuel industry 

(Kirsop and Kurtzman, 1988). Figure 1.5 summarizes the application areas of S. 

cerevisiae (Walker, 1998). 

 

                  Figure 1.5 : Summary of yeast biotechnology (Walker, 1998). 
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1.3 Stress Exposure and Responses in S.cerevisiae 

For all living organisms, the adaptive and protective cellular stress response is crucial 

for cell survival and growth under unexpected and unfavorable environmental or 

microenvironmental conditions (Tiligada et al., 2002; Delitheos et al., 2010). When 

continuous and unpredicted biological and physical perturbations occur in the 

environment, both individual cells and multi-cellular organisms have to cope with 

them in a rapid and efficient way. These abnormal perturbations are usually known 

as stress.  In a scientific dictionary, stress is defined as “an unusual environmental 

condition that causes physiological, emotional, behavioral or cognitive changes in an 

individual or in a population in the case of microorganisms” (Gonzalez-Parraga et 

al., 2008). 

As previously mentioned above, under optimal physiological conditions, which can 

be described in general terms as incubating with shaking in a complex nutrient 

medium, which provides a plentiful supply of easily fermented sugar such as 

glucose, at approximately pH 5 and about 30ºC, yeast strains grow rapidly, and show 

little sign of stress response. However, if yeast cells grow in an environment which is 

declined from the optimal conditions as a consequence of physical or chemical 

changes, they exhibit a complex stress response to overcome undesired conditions 

(Attfield, 1997). These non-optimal conditions include oxidation, dehydration, ionic 

stress, hyperosmotic stress, raised and decreased temperatures, exposure to organic 

acids, alcohols and some other chemicals, nutrient limitation and starvation (Attfield, 

1997; Hounsa et al., 1998). Even only one of these stress factors can be the reason of 

general or specific cellular responses leading to production of important protective 

molecules (Figure 1.6).  

Cell response to adverse stress conditions requires processes of growth control, cell 

sensing, signal transduction, transcription and posttranslational control (Attfield, 

1997). This whole process aims the protection of cell and its constituents, to fix 

cellular damage, to gain stress tolerance and to adapt the conditions for the purpose 

of further survival. Once the yeast cells acquire adaptation to stress conditions, 

growth that is transiently arrested after exposure to stress factors, is usually resumed. 

Stress control mechanisms are tightly related with growth regulation (Siderius and 

Mager, 2003). 
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Figure 1.6 : A simple overview of stress response mechanism in budding yeast 

(Attfield, 1997).  

As soon as yeast cells sense stress factors, they trigger specific and general signaling 

pathways leading to changes in gene expression and cell metabolism (Figure 1.7) 

(Siderius and Mager, 2003). A variety of stress factors induce cellular stress response 

mechanisms, which begin at the transcriptional level. 

There are two major stress response pathways in Saccharomyces cerevisiae. One of 

them is the heat shock response (HSR) pathway, which is activated in the case of 

sublethal heat stress mediated by heat shock transcription factor (HSF) (Gibson et al., 

2007). In the presence of heat stress, heat-shock factor Hsf1 activates the 

transcription of heat shock elements (HSE).  On the other hand, in the absence of 

heat stress, Hsf1 is inactive; the molecular chaperone Hsp90 is thought to contribute 

to this inactivation by binding and sequestering the activator (Causton et al., 2001). 
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The other one is the general (or global) stress response (GSR) pathway that is 

activated by a numerous stress factors such as oxidation, pH, heat, nitrogen 

deprivation and osmotic stress. 

 

Figure 1.7 : General process of the cellular response after sensing the stress factors 

(Siderius and Mager, 2003). 

The GSR is typified by the over-expression of 200 genes and their corresponding 

proteins, which are responsible for different functions in the cell. Stress responsive 

element (STRE) was first identified in reference to the stress-induced expression of 

the CTT1 gene encoding cytosolic catalase T and subsequently in control of 

expression of the DDR2 gene encoding a putative chaperone protein (Gibson et al., 

2007). Activation of the STRE of inducible genes is dependent upon two zinc finger 

transcriptional activators, which are called Msn2p and Msn4p. These transcriptional 

activators are normally located in the cytoplasm; however, in the case of stress, they 

are transported into the nucleus, where they bind to STREs promoters (Causton et al., 

2001; Gibson et al., 2007).  

Msn2 and Msn4 are activated by a number of stress factors, including the ones 

occurred during yeast handling in the industrial brewery and diauxic shift (Gibson et 

al., 2007). This mode of activation is one reason why resistance to one type of stress 
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tending to be associated with resistance of another, unrelated form of stress and this 

phenomenon is called cross tolerance (stress co-tolerance) (Lewis et al., 1997; 

Gibson et al., 2007). It was previously reported that in S. cerevisiae, there are 

relationships between tolerance to heat and osmotic stress, freezing and dehydration 

stress, and freezing and alcohol stress (Lewis et al., 1997). 

In addition to HSR and GSR, yeasts respond towards stress conditions by the 

production of two major reserve carbohydrates, glycogen and trehalose. These 

specific molecules accumulate in yeast cells under nutrient starvation and high levels 

of trehalose are found in heat-shocked cells. In S. cerevisiae, they can represent up to 

25 % of the dry cell mass, depending on the conditions of environment. 

Transcriptional factors, Msn2p and Msn4p, are required for the transcriptional 

induction of glycogen and trehalose (Parrou et al., 1997). 

Besides these pathways, budding yeast can response to unexpected and unfavorable  

environmental conditions by phenotypic variations including filamentation, invasive 

growth, flocculation, and adherence to solid surfaces (Barrales et al., 2008).   

Yeast cells are widely used as a model system to study stress tolerance and the stress 

response mechanisms, not only because of rapid generation time, being the best 

genetically and biochemically characterized eukaryote and relative genetic simplicity 

compared to higher organisms, but also because cellular composition and function 

may be readily manipulated by changing environmental conditions (Steels et al., 

1994; Attfield, 1997). 

1.4 Freeze-Thaw 

Freezing is a significant method, which provides an excellent way for the 

preservation of living cells without the need to gain genetic modifications or lose 

functional characteristic (Park et al., 1998; Dumont et al., 2003). Due to its simple 

application, freezing is used in many diverse areas such as industry, medicine, 

agriculture, and food technology (Park et al., 1997; Park et al., 1998). Besides these 

areas, freezing has found a wide variety of applications in science like strain 

preservation, organ preservation, and cryosurgery (Park et al., 1997). 

 



 
13 

1.4.1 Importance of freeze-thaw 

Frozen-dough baking has become a key technology and is steadily increasing in all 

industrialized countries since it offers great convenience, automation, economy of 

scale and enables bakers to provide fresh baked goods to consumers (Tanghe et al., 

2002; Ando et al., 2006). However, adverse environmental conditions occur during 

freezing, frozen storage, and thawing of bread dough, resulting in yeasts with the 

significant reduction of viability and dough-leavening activity (Rodriguez-Vargas et 

al., 2002). Minimizing these losses needs specialized equipment for cold and rapid 

mixing of the bread dough which is not available to artisanal bakers (Tanghe et al., 

2002). Therefore, improvement of the freeze resistance in S.cerevisiae has a 

significant commercial importance (Rodriguez-Vargas et al., 2002).  

Besides having a commercial importance, studying freeze-thaw mechanisms with 

bakery yeast has a scientific importance as well. Despite many scientific researches, 

the molecular mechanisms that underlie cell freezing injury and how cells survive it 

or respond to prevent it are not yet well understood (Park et al., 1998; Dumont et al., 

2003). S. cerevisiae, a biochemically and genetically well-known eukaryotic 

microorganism, is suitable to study the freeze-thaw injury mechanism and the 

physiological parameters that affect a cell‟s ability to survive during freeze-thaw 

stress (Park et al., 1997). 

1.4.2 Freeze-thaw tolerance 

As mentioned in the previous section, the response of S. cerevisiae to freeze-thaw 

stress has not been characterized in detail. However, it is generally accepted that the 

ability to cope with this stress depends on many factors such as nutritional status, rate 

of freezing, the presence of cryoprotective compounds in the freezing menstruum, 

and also cellular factors including growth phase and rate, respiratory metabolism, 

lipid composition of the cell membrane, synthesis of stress proteins or metabolites 

like trehalose and glycerol (Lewis et al., 1993; Park et al., 1997; Rodriguez-Vargas et 

al., 2002).  

Trehalose (α-D-glucopyranosyl-α-D-glucopyranoside), a non-reducing disaccharide, 

plays the roles of a reserved carbohydrate and a stress protectant of the cytoplasmic 

membrane under stress conditions. It stabilizes the intracellular water structure and 
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cell membranes against dryness, freezing and heat stress (Park et al., 1997; Hirasawa 

et al., 2001). 

Kim and his colleagues (1996) revealed that in S. cerevisiae cell, disruption of ATH1 

gene which encodes acidic vacuolar trehalase, an enzyme that catalyzes the 

conversion of trehalose to glucose, results in higher levels of trehalose relative to its 

isogenic wild-type strain and that trehalose accumulation correlated with increased 

cell densities and greater tolerance to various stress conditions including freeze-thaw 

stress (Kim et al., 1996). In addition, Hirasava and his friends (2001) showed the 

improvement of freeze resistance in bakery yeast cells by appropriate loading of 

trehalose (Hirasawa et al., 2001).  

Glycerol which is widely used in laboratories as a stabilizer of enzymes is another 

important cryoprotectant like trehalose (Izawa et al., 2004a). It has a crucial role in 

lipid structure that is related to membrane characteristics and fluidity that are 

important in freeze tolerance. Izawa and his colleagues (2004) showed that deletion 

of FPS1 gene, coding an osmoregulated glycerol channel, provides greater tolerance 

to freeze stress than the wild-type. Fps1p, the glycerol channel with six 

transmembrane domain, plays a critical role in the efflux of intracellular glycerol; 

therefore, the absence of it causes an increase in glycerol accumulation in yeast cells 

leading to a higher tolerance to freezing stress (Tanghe et al., 2002; Izawa et al., 

2004b). From an industrial standpoint, Myers and his friends (1998) reported that an 

increased level of intracellular glycerol provides the improvement of leavening 

activity and shelf-life in yeast products. Furthermore, they also revealed that added 

glycerol had no apparent effect on final bread quality in terms of flavour, colour or 

texture as there was no significant difference between breads made with treated and 

untreated yeast (Myers et al., 1998). 

Aquaporins are channel proteins with six transmembrane domains, involved in the 

transport of water through the cell membrane. S. cerevisiae contains two aquaporin-

encoding genes; AQY1 and AQY2 (Tanghe et al., 2002; Tanghe et al., 2004).  

Tanghe and his colleagues (2002) reported that the deletion of aquaporin genes 

(AQY1 and AQY2) reduces the freeze resistance of yeast cells whereas 

overexpression enhances it. They also showed the improvement of freeze resistance 

in industrial strains by overexpression of aquaporin genes. Due to the fact that 
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overexpression of AQY1 and AQY2 do not affect growth and fermentation 

characteristics, these genes are described as promising tools for improvement of 

freeze resistance in commercial yeast strains (Tanghe et al., 2002). 

Park and his friends (1997) revealed the relationship between the physiological state 

of yeast cells and their stress resistance. It was observed that S. cerevisiae cells show 

different degrees of resistance to stresses depending on their growth state, pointing 

out that stress tolerance of cells is affected by the physiological state of them. 

According to their study, yeast cells were most resistant to freeze-thaw damage 

during lag phase and in the diauxic-shift whereas least resistant during the early 

exponential phase. In addition, it was reported that tolerance of cells to freeze-stress 

was lower during the fermentative growth phase than during the respiratory growth 

phase, implicating mitochondrial functions (Park et al., 1997). 

In the case of starvation of Saccharomyces cerevisiae cells, they tolerate the freezing 

stress better as a consequence of changing in intracellular level of cyclic AMP 

(cAMP). The RAS-cAMP signal transduction pathway, which controls the level of 

cellular cyclic AMP (cAMP), plays a major role in the control of the genetic 

response to a wide variety of stresses including cold stress through the 

phosphorylation of the Msn2p and Msn4p transcription factors. PKA activation 

results in transient changes in several systems such as trehalose and glycogen 

metabolism, glycolysis and gluconeogenesis that contain components controlled by 

PKA-mediated phosphorylation. Genes induced at the late phase of a cold-shock, like 

those encoding trehalose and glycogen metabolism enzymes, as well as the ROS-

defensive gene CTT1, are known to be strictly dependent on Msn2p and Msn4p 

transcription factors. To sum up, signaling through the cAMP-PKA pathway is 

essential in providing cold adaptation and tolerance to freezing stress (Park et al., 

1997; Estruch, 2000; Aguilera et al., 2007).  

1.4.3 Freeze-thaw injury mechanisms 

The injury that occurred during freezing and thawing is the consequence of a 

combination of multiple stress types imposed on the cells including decrease and 

increase in temperature, water content, water state, pH, and free radical, ion, and 

solute concentrations (Tanghe et al., 2004). Several hypotheses have been suggested 
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to describe this injury mechanism; these hypotheses are based on an analysis of the 

physical and chemical changes which take place in yeast cells (Park et al., 1998). 

Yeasts may be damaged by physical changes associated with ice nucleation and 

dehydration (Park et al., 1998). When a cell suspension is cooled to zero or subzero 

temperatures, both the suspending medium and the cells initially supercool. 

Formation of ice crystals outside of the cell occurs before intracellular freezing and is 

affected by the suspending medium‟s freezing point and the presence of ice-

nucleating agents (Tanghe et al., 2004). Based only on osmolarity, it is predicted that 

cytoplasm typically remains unfrozen until the temperature is about -1ºC. However, 

freezing of the cell interior occurs at approximately -10ºC to -15ºC. This 

supercooling of cell internal may be due to prevention of ice crystal growth into the 

cell interior by the cell membrane and due to the absence of nucleators of 

supercooled water within the cell (Myers and Attfield, 1999; Tanghe et al., 2004).  

Shape, structure, surface-to-volume ratio and membrane permeability are important 

cell characteristics, which affect the freezing rate of the cell. Hence, each budding 

yeast is expected to have its own specific freezing rate for fast or slow freezing under 

the same conditions (Park et al., 1997). At low freezing rates, “≤10°C min
-1

”, ice 

crystal formation occurs outside of the cell, leading to a relative increase in external 

solute concentration and therefore hyperosmotic conditions, which result in efflux of 

intracellular water and relative dehydration. This is also driven by the relative 

increase in vapor pressure of intracellular supercooled water. At high freezing rates, 

“≥100°C min
-1

”, small ice crystals that are not so harmful, form in the cell. 

Nevertheless, these small ice crystals can eventually recrystallize into larger crystals 

and damage cell membrane. This recrystallization may occur while prolonged frozen 

storage and especially while slow thawing at low temperatures (Myers and Attfield, 

1999).  

During thawing, oxidative burst may occur, leading to the generation of reactive 

oxygen species (ROS) and oxidative damage to cellular components. Hence, 

oxidative burst can be counted as another factor of cell injury caused by freezing and 

thawing (Park et al., 1998). Oxygen, which is a highly reactive molecule, can be 

partially reduced to form numerous chemically reactive agents, called reactive 

oxygen species (ROS), such as the hydroxyl radical (HO
-
). ROS damage cells by 
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reacting with cellular components including DNA, proteins and lipids. Both H2O2 

and superoxide anions (O2
-
) are often referred to as ROS as well since they can lead 

to production of more reactive species, especially in the presence of metal ions in the 

environment. All aerobic organisms, including S.cerevisiae, are continuously 

exposed to reactive oxygen species as they are generated as a result of metabolic 

processes. When the concentration of these oxidants increases beyond the antioxidant 

buffering capacity of the cell, oxidative stress occurs like for instance in the case of 

thawing (Jamieson, 1998).  

Enzymatic and non-enzymatic reactions occur within the yeast cells to detoxify ROS. 

One of the main defense mechanism not to be damaged by ROS is supplied by 

superoxide dismutases, which convert O2
-
 to H2O2 and then catalases or peroxidases 

disproportionate this H2O2 to water. There are two types of superoxide dismutases 

(SOD) in a Saccharomyces cerevisiae cell.  One of them is Cu,Zn-SOD which is 

encoded by the SOD1 gene. This enzyme is localized in the cytoplasm and level of it 

is constitutively high (about 1% of soluble protein in the cell) during fermentation 

and respiration. The second type is Mn-SOD that is encoded by SOD2. It is localized 

in the mitochondrial matrix, and from a low level in fermentative cells Mn-SOD is 

induced during respiration or starvation (Park et al., 1998). 

In addition to superoxide dismutases, yeasts have other defense systems against ROS 

such as catalase, an essential enzyme which plays a crucial role in the decomposition 

of intracellular hydrogen peroxide (H2O2). In yeast cells, there are two different types 

of catalases. These biologically active enzymes possess independent control, encoded 

by different genes, and localized in different compartments. Catalase A is encoded 

by CTA1 and located in peroxisome whereas catalase T is encoded by CTT1 and 

localized in cytoplasm. Catalase A and T are homotetrameric enzymes; their 

molecular weights are 170-190 kD and 225-250 kD respectively (Petrova et al., 

2002). 

1.5 Metabolic Engineering 

A simple eukaryotic yeast cell, Saccharomyces cerevisiae, is widely used in 

industrial applications because of its GRAS status and the deep knowledge about its 

genetics and biochemistry. Nonetheless, it has to be kept in mind that using 
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S.cerevisiae as a host for large-scale production has some negative drawbacks 

including requirement of highly complex equipment for its technical fermentation 

needs, often production of hyper-glycosylated proteins and regular retention of the 

products within the periplasmic space. Moreover, this yeast is sensitive to stress 

conditions frequently generated by the production process itself. In order to deal with 

these drawbacks, alternative hosts were searched to be used in industrial applications 

beginning from the mid 1980s (Branduardi et al., 2008).  Since the early 1990s, 

besides searching for an alternative host, a new technique referred to as metabolic 

engineering has been used to improve the properties and productivity of 

microorganisms such as S. cerevisiae (Stephanopoulos, 1999; Wisselink et al., 2009). 

Bailey defined metabolic engineering as “the improvement of cellular activities by 

manipulation of enzymatic, transport, and regulatory functions of the cell with the 

use of recombinant DNA technology” (Bailey, 1991). Metabolic engineering has 

found a wide range of applications. This strategy can be used to improve the yield 

and production of metabolites already synthesized by microorganisms, to increase 

substrate range in favor of growth and product formation, to produce new or entirely 

novel chemicals to host organism, to modify general cell properties or in 

manufacturing of chiral compounds which are used as intermediates in the 

production of pharmaceutical products. In addition, there are several environmental 

and medical applications of metabolic engineering, as well. This approach has many 

examples as in the areas of antibiotics, amino acids, vitamins, alcohols, solvents and 

others (Stephanopoulos, 1999; Branduardi et al., 2008).  

There are two major advantages of metabolic engineering over classical methods of 

genetic strain improvement such as selection, mutagenesis, mating and hybridization. 

These advantages are as follows: integration of foreign genes in order to introduce 

novel characteristics to microorganisms and the directed modification of strains 

avoiding unfavorable mutations accumulation. Despite having these advantages, 

metabolic engineering depends on genetic engineering and these two strategies 

overlap all the time (Nevoigt, 2008). 

Traditionally, metabolic engineering is rational and refers to the modification of 

enzymes, transporters, or regulatory proteins in the microorganism of choice 

depending on revealed data about its pathways, enzymes and their regulation. These 
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modifications are done by random mutagenesis with the use of chemical mutagens 

such as EMS, and selection, searching for superior strains which are more active in 

terms of the desired metabolic flux or phenotypic trait (Stephanopoulos, 1999; 

Branduardi et al., 2008; Nevoigt, 2008). 

Rational metabolic engineering provides a powerful method for the systematic 

improvement of product formation or cellular properties in a wide range of contexts 

and applications if practiced repetitively (Stephanopoulos, 1999).  As a matter of 

fact, this strategy has been applied to several applications successfully. Nevertheless, 

despite having a number of successes, mutagenesis remains essentially a random 

process and thereof there have been also many cases which metabolic engineering 

attempts were failed; they were not successful as expected, or led to unwanted side 

effects (Branduardi et al., 2008; Nevoigt, 2008).  

Since the first introduction of metabolic engineering, other related engineering 

disciplines have emerged such as inverse metabolic engineering and evolutionary 

engineering and these disciplines have facilitated traditional metabolic engineering 

(Nevoigt, 2008).  

1.5.1 Inverse metabolic engineering 

Inverse metabolic engineering is a subdiscipline of rational metabolic engineering. A 

common procedure of this strategy could be summarized as follows: (i) identifying, 

constructing, or calculating a desired phenotype in a heterologous organism or in a 

related model system, (ii) defining or hypothesizing the genetic or the particular 

environmental factors that confer this desired phenotype, (iii) endowing this 

phenotype on the chosen organisms by directed genetic or environmental 

modification (Figure 1.8) (Bailey et al., 1996; Nevoigt, 2008).  

In contrast to rational approaches, inverse metabolic engineering confers three major 

advantages: elimination of the requirement of knowledge about the proteins or 

enzymes of a pathway and their regulation in an organism of choice, observation of 

novel genetic targets for strain improvement (there is no possibility to be discovered 

by a rational method), and direct utilization of industrial strains and real production 

conditions to reveal critical genetic properties (Nevoigt, 2008).  
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Figure 1.8 : Schematic diagram of common procedures of inverse metabolic 

engineering (Bailey et al., 1996). 

1.5.2 Evolutionary engineering  

Evolutionary engineering is a powerful method to obtain a desired phenotype in an 

organism like for instance efficient substrate utilization, increased substrate range 

and stress resistance (Wisselink et al., 2009). Çakar and her colleagues (2005) greatly 

improved S. cerevisiae resistance to multiple stress factors such as freezing–thawing, 

temperature and ethanol by evolutionary engineering (Çakar et al., 2005).  

Theoretically, internal changes are achieved by propagating populations for hundreds 

or thousands of generations and samples of each population at particular intervals are 

protected to compare directly with each other and their ancestors. The only way to 

directly discover the changes and to study the evolutionary process is using “the 

short generation time” and “large population size” properties of microorganisms. 

Otherwise it would be difficult or impossible to discover directly (Zeyl, 2004).   

Evolutionary engineering methods are always based on appropriate screening 

methods for searching the improved trait and unfortunately the same restriction is 

current for all methods of this approach. Thereof, the applications are limited with 

only a small number of  phenotypic improvements, such as better growth or 

increased substrate range (Nevoigt, 2008).  
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Evolutionarily developed strains are useful starting points for inverse metabolic 

engineering approaches as long as genetic manipulations are revealed and linked to 

the phenotypic trait of chosen microorganism. From this point of view, methods of 

evolutionary engineering provide effective and powerful tools to the field of 

metabolic engineering (Nevoigt, 2008).  

1.6 Real-Time PCR 

Polymerase chain reaction (PCR) is a scientific method in molecular biology which 

is used to produce thousands to millions of copies of a short, specific DNA sequence 

(usually 100 to 600 bases) within a longer double stranded DNA molecule in about 

two hours. PCR involves the use of a pair of primers which are approximately 20 

nucleotides in length and a DNA polymerase for the extension of these primers. At 

the end of several cycles of DNA amplification, the PCR product is analyzed on an 

agarose gel that is stained with ethidium bromide. In order to quantify messenger 

RNA (mRNA), PCR technique was modified and extended to form a new method, 

referred to as reverse transcriptase PCR (RT-PCR). The starting point of this method 

is converting mRNA into complementary DNA (cDNA). Then, this cDNA is 

amplified by PCR and analyzed using agarose gel electrophoresis. However, both 

PCR and RT-PCR methods give semi-quantitative data and mostly they are used as a 

qualitative tool for detecting the presence or absence of DNA or mRNA, respectively 

(Hunt, 2010).  

Real-time PCR, also known as kinetic PCR, qPCR, qRT-PCR and RT-qPCR, is a 

quantitative PCR technique, developed due to the need to quantify differences in 

mRNA expression and the existence of only small amounts of mRNA in some 

procedures such as in the use of small amounts of tissues, primary cells, and precious 

reagents.  qPCR has become the most accurate and sensitive method for the detection 

and quantification of specific DNA sequences in scientific areas that range from 

fundamental biology to biotechnology and forensic sciences (Dorak, 2006; Karlen et 

al., 2007; Hunt, 2010). 

In real-time PCR, there are two primary ways to detect amplicons using fluorescent 

monitoring. One is probe-based techniques (hydrolysis or hybridization probes), and 

the other is intercalator-based dyes such as SYBR Green. TaqMan
®

 or hydrolysis 
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probes which are linear oligonucleotides with both a reporter fluorescent dye and a 

quencher dye attached, relies on the sequence–specific detection of a desired PCR 

product. If the reporter and quencher dyes are close to each other in solution, the 

reporter signal is quenched. Nonetheless, two dyes are maximally separated as the 

probe anneals to its complementary target sequence followed by the detection of 

reporter signal by the instrument (Dorak, 2006). SYBR
®

 Green is a commonly used 

fluorescent DNA binding dye which intercalates with the newly synthesized double-

stranded DNA but not the single-stranded DNA and fluorescence is emitted 

proportionally to the amount of double-stranded DNA. Unlike “target-specific” 

probe-based qPCR, SYBR
®

 Green-based qPCR methods are able to detect all 

double–stranded DNA molecules (Dorak, 2006; Hunt, 2010). Besides being more 

accurate, reliable and sensitive, probe-based techniques are more expensive than 

intercalator-based dyes. 

The quantitative endpoint for qPCR is the threshold cycle (CT), explained as the PCR 

cycle at which the fluorescent signal crosses an arbitrarily placed threshold 

(Schmittgen and Livak, 2008). In qPCR, the quantity of amplicons in the exponential 

phase is proportional to the initial amount of template DNA and the numerical value 

of the CT is inversely related to the amount of PCR products in the reaction. For 

instance, the low CT values are the result of the high amount of PCR products. 

(Karlen et al., 2007; Schmittgen and Livak, 2008).  

Standard curve which is obtained by running the reaction with serial dilution of 

cDNA templates of known concentrations is a very useful tool for determining the 

qualities of an assay. PCR efficiency and error can be calculated from the standard 

curve of the assay (Dorak, 2006). In a perfectly efficient PCR reaction, the amount or 

copy number of DNA molecules would double in every cycle and therefore the 

efficiency should be equal to 2. Nevertheless, because of the numerous factors 

affecting PCR reaction, this is rarely the case in experimental conditions where 

optimum PCR efficiency varies between 1.9 and 2.1 (Karlen et al., 2007).  According 

to Dorak (2006), the efficiency of the PCR reaction can be calculated by the 

following equation: E=10
(-1/slope)

-1. The efficiency of the reaction should be 90-

100%, corresponding to a slope of 3.1 to 3.6 in the CT vs. log-template amount 

standard curve. Regarding acceptable efficiency and slope values, error should be 

below 0.2 (Dorak, 2006). 
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There are two different methods for analyzing qRT-PCR data: absolute and relative 

quantifications. Absolute quantification is used to determine exact copy number of 

the chosen transcript, generally via relating the PCR signal to a standard curve. It 

should be performed in situations where a precise quantity of amplicon is desired. 

The negative drawback of absolute quantification is the requirement of generation of 

standard curves. Moreover, in some situations, there may be no need to present data 

as exact copy number of transcript and reporting the relative change in gene 

expression will suffice. For instance, if a treatment leads to an increase in the 

expression of a gene of interest from 1000 copies to 2500 copies per cell, reporting 

the data as a 2.5 fold increase in gene expression is sufficient. The other method, 

relative quantification, describes the change in expression of the gene of interest 

relative to another gene often referred to as an internal control such as an untreated 

control or a sample at time zero in a time-course study. In order to quantify the 

relative changes in gene expression, certain equations, assumptions, and the testing 

of these assumptions are required to analyze the data correctly (Livak and 

Schmittgen, 2001; Schmittgen and Livak, 2008).  

Through the years, a number of methods have been developed for the presentation of 

the relative gene expression (Schmittgen and Livak, 2008). Comparative CT method, 

also known as the 2
-ΔΔCt

 method, is an easy way to process qPCR data; it remains a 

set of calculations depending on only CT values (Livak and Schmittgen, 2001; Karlen 

et al., 2007). The comparative CT method assumes that all the amplification 

efficiencies are close to 2 and the PCR efficiency of the target gene is similar to the 

internal control gene which can be one of the housekeeping genes, such as β-actin, 

GAPDH or a ribosomal RNA (rRNA) (Livak and Schmittgen, 2001; Karlen et al., 

2007; Schmittgen and Livak, 2008).  

Advantages of the comparative CT method are commonly as follows: (i) simplicity of 

use, (ii) elimination of the need for a standard curve in each run, (iii) the ability to 

present data as „fold change‟ in expression. Besides having advantages, comparative 

CT method has also disadvantages; the assumptions of PCR efficiency must hold or 

the PCR must be further optimized (Schmittgen and Livak, 2008). 
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1.7 Aim of the Study 

The aim of this study was to accomplish the molecular and phenotypic 

characterization of freeze-tolerant mutants of the yeast S.cerevisae. In a previous 

study, freeze-tolerant mutant individuals were obtained by utilizing evolutionary 

engineering strategies from EMS (Ethyl-Methane-Sulfonate) mutagenized initial 

population of S. cerevisiae cells. Individuals were selected at two different freezing 

temperatures (-80°C and liquid nitrogen, -196°C) and they showed multiple-stress 

resistance. These mutants, most remarkably, showed elevated resistance to various 

freezing stresses, cycles of freezing-thawing sequences, long-term freezing 

conditions, ethanol stress and oxidative stress agent H2O2 (Küçük, 2009). In light of 

these resistance results, to gain more insight into the pertaining expression profile of 

relevant genes in mutants; candidate genes, AQY1, AQY2, CTT1, FPS1, GLR1, 

GSH1 and YAP1 were analyzed by real-time PCR in a comparative manner with 

wild type expression levels. Phenotypic alterations were evaluated under different 

nutrient and stress conditions. In addition to molecular and phenotypic 

characterization, metabolic characterizations of the mutants were performed. 

Residual glucose and extracellular glycerol, acetate, and ethanol concentrations were 

estimated by using data obtained from HPLC analysis. Intracellular glycogen and 

trehalose levels were also determined and all the results were compared with those of 

the wild-type. 
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2.  MATERIALS AND METHODS 

2.1 Materials and Laboratory Equipment 

2.1.1 Yeast strain 

Saccharomyces cerevisiae CEN.PK113-7D was kindly provided by Dr.Peter Kötter 

from Johann Wolfgang Goethe University, Frankfurt, Germany and this strain was 

named as 905 (wild-type). In a previous study, wild type population (905) was 

treated with a chemical mutagen, ethyl methane sulfonate (EMS), to obtain a mutant 

population denoted as 906. Following that, those mutant individuals (906) were 

exposed to two different freezing stresses (-80ºC and liquid nitrogen) and freeze-

thaw resistant mutants were obtained by evolutionary engineering strategy. The 

mutant individuals selected at -80ºC and liquid nitrogen (-196º) were named as 5 and 

23, respectively (Küçük, 2009). 

2.1.2 Yeast culture media compositions  

2.1.2.1 Yeast minimal medium (YMM) 

Table 2.1 : Yeast minimal medium (YMM) ingredients and amounts. 

Yeast Minimal Medium (YMM) 

Component Amount  

Yeast Nitrogen Base without amino acids  6.7 g 

Dextrose  20 g 

Agar (only for solid media)                                                                                                         20 g 

in 1 liter of distilled water (ddH2O) 
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2.1.2.2 Yeast minimal medium without dextrose (YNB) 

Table 2.2 : Yeast minimal medium without dextrose (YNB) ingredients and 

amounts. 

Yeast Minimal Medium without Dextrose (YNB) 

Component Amount  

Yeast Nitrogen Base without amino acids  6.7 g 

Agar (only for solid media)                                                                                                         20 g 

in 1 liter of distilled water (ddH2O) 

 

2.1.2.3 Xylose medium 

Table 2.3 : Xylose medium ingredients and amounts. 

Xylose Medium 

Component Amount  

Yeast Nitrogen Base without amino acids  6.7 g 

Xylose 20 g 

Agar (only for solid media)                                                                                                         20 g 

in 1 liter of distilled water (ddH2O) 

 

2.1.3 Laboratory equipment  

Table 2.4 : The general laboratory equipments used in this study. 

Laboratory Equipment Supplier 

Micropipettes Eppendorf (Germany) 

Microcentrifuge 
Eppendorf Microcentrifuge 5424 

(Germany) 

Benchtop Centrifuge 
Beckman Coulter Allegra 25R 

Benchtop Centrifuge (USA) 

Magnetic Stirrer Labworld (Germany) 

Autoclaves Tomy SX 700E (China) 

Laminar Flow 
Biolab Faster BH-EN 2003 

(Italy) 

UV-Visible Spectrophotometer Shimadzu UV-1700 (Japan) 

Light Microscope Olympus CH30 (USA) 

LightCycler 480 II Roche (Switzerland) 

Thermomixer Compact Eppendorf (Germany) 

Multiplate Spectrophotometer BioRad Benchmark Plus (UK) 

Desiccator Finemech (USA) Bola-Star 

Vitrium Desiccator 
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Table 2.4 (continued): The general laboratory equipments used in this study. 

Laboratory Equipment Supplier 

Deep Freezers and Refrigerators 

- 80˚C Heto Ultrafreeze 4410 

(Denmark) 

- 20˚C Arçelik (Turkey) 

+ 4˚C Arçelik (Turkey) 

Ultrasonicator Transsonic TP690 

Vortex mixer Heidolph (Germany) 

Thermal Cycler 
Techne TC-412 (UK) 

Techne TC-512 (UK) 

Gel Electrophoresis BioRad (UK) 

Orbital Shaker 
Certomat S-2 Sartorius 

(Germany) 

Water Bath Julabo SW22 (Germany) 

Transilluminator Vilber Lourmat 

pH meter 
Mettler Toledo MP220 

(Switzerland) 

Fluorometer Invitrogen Qubit Fluorometer 

 

HPLC System 

- System Controller 

- Liquid Chromatography 

- Degasser 

- Refractive Index Detector 

- Auto Injector 

- Column Oven 

- Column 

 

 

 

- Shimadzu SCL - 10A (Japan) 

- Shimadzu LC-10AD (Japan) 

- Shimadzu DGU-14A (Japan) 

- Shimadzu RID-10A (Japan) 

- Shimadzu SIL-10AD (Japan) 

- Shimadzu CTO-10AC (Japan) 

- Aminex HPX-87H (300 x 

7.8mm) Bio-Rad (USA) 

 

2.1.4 Chemicals, solutions, kits and enzymes 

The chemicals, solutions, kits and enzymes used in the study are given in Tables 2.5 

to 2.8. 
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Table 2.5 : The chemicals used in the study. 

Chemical Supplier 

Glycerol Duchefa Biochemie (Holland) 

Ethanol (absolute) J.T.Baker (Holland) 

Hydrogen Peroxide (35%, w/v) Merck (Germany) 

Sodium chloride Merck (Germany) 

Sodium Acetate J.T.Baker (Holland) 

Potassium Acetate Carlo Erba Reagents (Italy) 

Sodium carbonate Riedel – de Haen (Germany) 

Acetic acid Riedel – de Haen (Germany) 

Sulphuric acid Riedel – de Haen (Germany) 

Table 2.6 : List of solutions/buffers used in this study. 

Buffer/Solution Stock Concentration 

Glycerol %60 

Acetate %20 

Ethanol %20 

Phosphate buffered saline (pH = 7.4) 50 mM 

MOPS Buffer (pH = 7.0) 0.4 M 

DEPC 1:1000 v/v 

NaCl 1 M 

H2O2 1 M stock 

Na2CO3 0.25 M 

CH3COOH 1 M 

CH3COONa (pH = 5.2) 0.2 M 

H2SO4 5 mM 

Table 2.7 : List of kits used for specific purposes in this study. 

Kit Supplier 

High Pure RNA Isolation Kit  Roche (Switzerland) 

Quant-iT  RNA Assay Kit  Invitrogen (USA) 

Transcriptor High Fidelity cDNA Synthesis Kit  Roche (Switzerland) 

Light Cycler 480 SYBR Green I Master Kit Roche (Switzerland) 

Table 2.8 : Enzymes and special chemicals used for quantitative assessment of    

glycogen and trehalose content 

Product Supplier 

Glucose oxidase/peroxidase reagent Sigma 

o-dianisidine dihydrochloride tablet Sigma 

Trehalase (from porcine kidney ) Sigma 

α-Amyloglycosidase Roche 
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2.1.5 HPLC stock solutions and HPLC standards 

For the HPLC experiments, it is essential to create a standard curve in order to 

calculate the concentration of a particular metabolite in samples.  

Stock solutions components and amounts are listed in Table 2.9. 5 mM sulphuric 

acid (H2SO4) is used as “eluent”. 

Table 2.9 : Stock Solutions of HPLC Standards. 

SOLUTION A 

Component Amount 

Glucose                                                                                                                                          120 g 

in 1 liter of distilled water (ddH2O)                                                                              

 

SOLUTION B 

Component                                                                                Amount                     

Acetate                                                                                                                                              4 g 
Glycerol                                                                                                                                            2 g 
Ethanol                                                                                                                                            30 g 

in 1 liter of distilled water (ddH2O)                                                                              

Standard solutions used to create HPLC standard curve were prepared with the 

following dilutions:  

Table 2.10 : HPLC Standard Solution Dilutions (Std: Standard Solution). 

    Standard Solutions                        Mixing Volumes 
Final 

Volume 

Standard 1 
1 ml Solution A 

3 ml Solution B 
2 ml Eluent 6 ml 

Standard 2 0.75 ml Std 1 0.25 ml Eluent 1 ml 

Standard 3 0.50 ml Std 1 0.50 ml Eluent 1 ml 

Standard 4 0.25 ml Std 1 0.75 ml Eluent 1 ml 

Standard 5 0.125 ml Std 1 0.875 ml Eluent 1 ml 

Standard 6 0.063 ml Std 1 0.937 ml Eluent 1 ml 

Concentrations of metabolites in the prepared standard solutions are shown in Table 

2.11. 
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Table 2.11 : Metabolite Concentrations in HPLC Standard Solutions. (Std: Standard     

Solution, RT: Retention Time, RI: Refractive Index) 

Metabolite 

(g/lt) 
Std1 Std2 Std3 Std4 Std5 Std6 

RT 

(min) 
Detector 

Glucose 20 15 10 5 2.5 1.25 9.28   RI 

Glycerol 1 0.75 0.5 0.25 0.125 0.0625 13.53   RI 

Acetate 2 1.5 1 0.5 0.25 0.125 15.13   RI 

Ethanol 15 11.25 7.5 3.75 1.875 0.9375 22.65   RI 

2.2 Methods 

In a previous study, by utilizing evolutionary engineering strategy, freeze-resistant 

mutant individuals were successfully obtained by using EMS (Ethyl-Methane-

Sulfonate) mutagenized initial population of S. cerevisiae cells (906). Mutant cells 

were selected at two different freezing temperatures (-80°C and liquid nitrogen,         

-196°C) and they showed cross-resistances towards other stress conditions including 

ethanol stress and oxidative stress. Notably, these mutant individuals exhibited 

elevated resistance to various freezing temperatures, cycles of freezing-thawing 

sequences and long-term freezing conditions (Küçük, 2009). 

2.2.1 Preparation of stock cultures 

Frozen stock cultures were prepared after obtaining the freeze-tolerant mutant 

individuals. For this purpose, firstly, mutant cultures were washed twice with YMM 

by centrifuging at 14 000 rpm for 5 min in sterile 1.5 ml microfuge tubes. 

Supernatants were discarded and cell pellets were resuspended in fresh, sterile 500 µl 

YMM. After that, 500 μl 60% (v/v) glycerol was mixed with 500 µl cell suspension 

to have a final concentration of 30 % (v/v) glycerol. Finally, the suspensions were 

vortexed and transferred to -80ºC for long-term storage to be used for further 

analysis. 

2.2.2 Cultivation of yeast cells 

Throughout this study, wild type strain 905 and mutant individuals selected at -80ºC 

(mutant 5) and in liquid nitrogen (-196ºC) (mutant 23) were used. Frozen stock 

cultures from -80ºC were inoculated in 10 ml YMM in 50 ml test tubes. Those cell 

solutions were incubated overnight at 30ºC and 150 rpm. After overnight growth, 

cells were adjusted to an initial optical density of 0.2 at 600 nm and pre-cultured 

unless otherwise stated. 
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2.2.3 Contamination tests 

Wild type and freeze-thaw resistant mutants were checked for contamination by the 

use of replica plating technique. Contamination tests were done on xylose-agar 

plates. This test is based on the inability of Saccharomyces cerevisiae to use xylose 

as a carbon source.  

For a contamination test, firstly, cells were precultured on YMM-agar plates. 

Samples were then carried over from this initial YMM-agar plate to xylose-agar plate 

by the help of a sterile piece of velvet. Same were done to YMM-agar plate and this 

plate was used as the control. The plates were then incubated at 30ºC. Growth on 

Xylose-agar plate was monitored visually over 72 h of incubation. 

2.2.4 RNA isolation 

Frozen stock cultures from -80ºC were inoculated in 10 ml YMM in 50 ml culture 

tubes and incubated overnight at 30ºC and 150 rpm. After overnight growth, wild 

type and mutant cells were inoculated by adjusting their initial OD600 value as 0.2 

and pre-cultured again in 10 ml YMM. Before starting the isolation, for both wild 

type and mutants, OD600 values were adjusted to 1 optical density unit, which 

corresponds to approximately 2 x 10
7
 cells, and 1 ml of cells was used for extraction. 

The extraction was applied according to the High Pure RNA Isolation Kit (Roche) 

procedure with some modifications. 

After reaching the desired OD600 values (4.5 – 5.5), two sets of individuals were 

prepared; one was used as untreated samples and the other one consisted of treated 

samples, which were exposed to freeze-thaw stress. Total RNA of untreated samples 

were isolated immediately after they reached the appropriate cell density whereas 

total RNA of treated samples were isolated following the stress exposure.   

For the purpose of stress exposure, first, wild type and mutant cells were washed 

twice with dextrose-free YMM by centrifuging at 14000 rpm for 5 min in a benchtop 

centrifuge. The supernatant was discarded and cell pellets were resuspended with 

dextrose-free YMM each time.  Subsequently, individuals 905 and 5 left in the deep-

freezer at -80°C for 45 min and thawed at 30°C for 10 min using a thermomixer. 

That was repeated for 7 cycles. On the other hand, 905 and 23 were submerged into 

the liquid nitrogen (at -196°C) for 25 min, thawed at 30°C for 15 min in a 
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thermomixer and this procedure was repeated for 5 cycles.  Treated samples were 

ready for the RNA isolation.  

The first step of the High Pure RNA Isolation Kit procedure route to isolated wild 

type and mutant total RNA samples is centrifugation at 2000 g for 5 min in order to 

collect the sample. The cell pellet was resuspended in 200 μl PBS. 7 µl of Zymolyase 

(Zymoresearch) was then added into the cell suspension and incubated for 15 min at 

30°C. Following the incubation, 400 μl Lysis/-Binding Buffer was added and 

vortexed for 15 sec. For each sample, a High Filter Tube was inserted in one 

Collection Tube and the entire sample was pipetted into the upper reservoir of the 

High Pure Filter Tube. The entire High Pure Filter Tube assembly was then 

centrifuged at 8000 g for 15 sec. After centrifugation, filter tube was taken out of 

collection tube, liquid in collection tube was discarded, and filter tube was reinserted 

in collection tube. 90 µl DNase Incubation Buffer and 10 µl DNase I were mixed in a 

sterile reaction tube. That mixture was pipetted in the filter tube and incubated at 

+25°C for 15 min. Subsequently, 500 µl Wash Buffer I was added to the filter tube, 

centrifuged at 8000 g for 15 sec, and flowthrough liquid was discarded. After that, 

500 μl Wash Buffer II was added, again centrifuged at 8000 g for 15 sec and the 

flowthrough liquid was discarded. Wash Buffer II with an amount of 200 μl was 

added to the upper reservoir of the Filter Tube assembly and centrifuged for 2 min at 

13,000 g to remove any residual Wash Buffer. Following the centrifugation, 

collection tube was discarded and filter tube was inserted into a clean, sterile 1.5 ml 

microcentrifuge tube. Finally, in order to elute RNA, Elution Buffer with a volume 

of 100 μl was added to the filter tube and centrifuged at 8000 g for 1 min. Eluted 

RNA was readily found in microcentrifuge tube, it was aliquoted as 20 µl in tubes 

and stored at -80ºC for later analysis.  

2.2.4.1 Control and concentration measurements of RNA samples 

After the isolation of RNA, denaturing gel electrophoresis of RNA is applied to 

prove the presence and integrity of RNA samples. In order to prepare a 150 ml 

denaturing gel, 1.5 g agarose (1%) was added to approximately 115 ml DEPC treated 

H2O (1:1000 „v/v‟) and 15 ml 10X MOPS buffer. The mixture was boiled and 9 ml 

37% formaldehyde was added to the mixture after boiling. Following a short time of 
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cooling, the gel was poured into cast. The electrophoresis tank buffer was prepared 

by adding 10 ml 37% formaldehyde to a 1L 1X MOPS buffer. 

The RNA samples were mixed with 2X RNA Loading Dye (Fermentas) and 

denatured at 70°C for 10 min. Subsequently, the samples were held on ice for 3 min 

and loaded to the agarose gel. High Range RNA Ladder (#SM1823 Fermentas) was 

denatured in the same way before being loaded. The electrophoresis was applied at 

100V for 40 min. The gel image was captured by the transilluminator. 

Furthermore, the concentration of total RNA samples was measured by using the 

fluorometer Qubit (Invitrogen) and Quant-iT RNA Assay Kit (Invitrogen). Overview 

of the procedure is shown in Figure 2.1. 

 

Figure 2.1 : Overview for using the Quant-iT™ RNA assay in the Qubit™ 

fluorometer (Invitrogen, 2009). 

 

2.2.5 Primer design 

In this study, suspected genes involved in freeze-thaw stress response were analyzed 

for revealing differences in their expression patterns by qPCR. These genes and their 

functions are shown in Table 2.12. 
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Table 2.12 : List of genes that were analyzed in this study. 

Genes           Encodes                      Function 

FPS1 

Plasma membrane channel 

(member of major intrinsic 

protein (MIP) family) 

Involves in efflux of glycerol 

(Luyten et al., 1995). 

AQY1 Spore-specific water channel 

 

Mediates the transport of water across cell 

membranes, expressed in resting cells and 

plays a role during sporulation 

(Sidoux-Walter et al., 2004). 

 

 

AQY2 Water channel 

 

Mediates the transport of water across cell 

membranes, only expressed in 

proliferating cells (Sidoux-Walter et al., 
2004) 

 

YAP1 Transcription factor 

 

Regulatory gene involved in the 

mechanisms used by S. cerevisiae to 

protect itself from various stress 

conditions. GSH1 and GLR1 are direct 

targets of YAP1 gene product (Vilela et 

al., 1998). 

 

CTT1 Cytosolic catalase T 

 

Catalyses the breakdown of hydrogen 

peroxide to dioxygen and water molecule. 

CTT1 gene expression is regulated by 

oxidative and osmotic stress and by 

starvation (Jamieson, 1998). 

 

GSH1 
Gamma glutamylcysteine 

synthetase 

 

Catalyzes the first and rate-limiting step 

in glutathione (GSH) biosynthesis 

(Wu and Moye-Rowley, 1994). 

 

GLR1 
Cytosolic and mitochondrial 

glutathione oxidoreductase 

 

Mediates NADPH-dependent 

regeneration from GSH disulfide (an 

oxidized form of GSH) to GSH (Sohn et 

al., 2005). 

 

The gene sequences of AQY1 and AQY2 were obtained from Saccharomyces 

Genome Database (http://www.yeastgenome.org). Five specific primer pairs for both 

AQY1 and AQY2 genes were picked from their gene sequences by Primer3Plus 

http://www.yeastgenome.org/
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(http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi).  Subsequently, 

the primer analysis for non-specific binding and dimer formation was made by the 

software Amplify3 (Amplify MacOS X). Among the five specific primer pair 

sequences, the most suitable one was chosen (see Table 2.13). The primers for 

oxidative stress study (CTT1, YAP1, GSH1, and GLR1) and for FPS1 gene had been 

designed previously by Bahtiyar YILMAZ and Burcu TURANLI YILDIZ, 

respectively (see Table 2.13). 

Table 2.13 : List of forward and reverse primer sequences 

Gene (Forward/ 

Reverse) 
 Primer Sequence (5’ to 3’) %GC 

Product 

Length 

(bp) 

AQY1 F TCGGCATCTCCCTGTTTATC 50 
244 

AQY1 R TGAGCTTTTTCCTTGGTGCT 45 

    

AQY2 F ACCATGATGTGGCTTTGAC 47 
212 

AQY2 R ATCCCAGCAATGATCTGAGG 50 

    

FPS1 F CGTGGTGATGGGCTATTTCT 50 
240 

FPS1 R AACATTCCCGCAACACTTTC 45 

    

CTT1 F TGCAAGACTTCCATCTGCTG 50 
193 

CTT1 R ACGGTGGAAAAACGAACAAG 50 

    

YAP1 F TACACGTGATGGCGAGGATA 50 
210 

YAP1 R TCCACTTCATTTTGCTGCTG 45 

    

GLR1 F CCCCAGCGTAATTTTCTCAC 50 
202 

GLR1 R GTGCAGACCGACAACCTTTT 50 

    

GSH1 F GACCTTTCAGGCACCCAATA 50 
197 

GSH1 R GTAATGGCGCAACACCTCTT 50 

    

ACT1 F CTTTCAACGTTCCAGCCTTC 50 
94 

ACT1 R TCACCGGAATCCAAAACAAT 45 

2.2.6 cDNA synthesis 

cDNA was synthesized from 140 ng of isolated total RNA by using Transcriptor 

First Strand cDNA Synthesis Kit (Roche).  

140 ng RNA of each sample was pipetted in a sterile, RNase-free tube, 2 μl of 

random hexamer primer was then added and the mixture was completed to 11.4 μl 

with PCR grade water (see Table 2.14). According to kit protocol, reverse 
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transcription can be done using either anchored-oligo (dT)18 primer or random 

hexamer primer. For this study, random hexamer primer was chosen. Following the 

preparation of template-primer mix for each sample, these mixtures were denatured 

at 65°C for 10 min in the thermal cycler with heated lid to minimize the evaporation. 

This step ensured denaturation of RNA secondary structures. At the end of 

denaturation, the mixtures were taken out from thermal cycler and immediately 

transferred onto ice.  

Table 2.14 : Template-Primer Mix components and amounts 

Component  Volume(μl) Final Concentration 

 

Total RNA 

 
 

variable 

1 ng - 4 μg (140 ng total 

RNA was used for this 

study) 

Random hexamer primer, 

600 pmol/μL 
2 

60 μM 

 

     Water, PCR 

grade 

 
 

variable 
 

Total volume 
11.4  

After the immediate cooling on ice, the RT mixture was added into the primer-

template mixture. The RT mixture consist of 4 μl of Transcriptor High Fidelity 

Reverse Transcriptase Reaction Buffer (5x), 0.5 μl Protector RNase Inhibitor, 2 μl 

Deoxynucleotide Mix (10mM), 1 μl DTT and 1.1 μl Transcriptor High Fidelity 

Reverse Transcriptase (see Table 2.15). The mixtures with a final volume of 20 μl 

were mixed carefully by pipetting and the tubes were spinned in a microfuge before 

placing again into thermal cycler. The mixtures were incubated at 55°C for 30 min 

and then at 85°C for 5 min to inactivate the Transcriptor High Fidelity Reverse 

Transcriptase. Finally, the reaction was stopped by placing the tubes on ice. The 

synthesized cDNAs were stored at -20 °C for further use. 
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Table 2.15 : Remaining components and amounts of RT Mix 

Component Volume(μl) Final Concentration 

Transcriptor High Fidelity Reverse 

Transcriptase Reaction Buffer, 5× 

concentrated 

4 1× (8 mM MgCl2) 

Protector RNase Inhibitor, 40 U/μl 0.5 20U 

Deoxynucleotide Mix, 10 mM each 2 µl 1 mM each 

DTT 1 5 mM 

Transcriptor High Fidelity Reverse 

Transcriptase 
1.1 10U 

2.2.7 Real-time PCR 

Real-Time PCR was performed using Roche LightCycler® 480 equipment and 

LightCycler ® 480 SYBR Green I Kit (Roche). According to the kit procedure, 1μl 

forward and 1μl reverse primer, 3 μl PCR-grade water, 10 µl SYBR Green I Master 

mix and 5 µl cDNA template were pipetted into each well of special 96-well plate 

(see Table 2.16). 

Table 2.16 : Real-Time PCR Mix components and amounts 

Component Volume(μl) 

Water, PCR-grade 3 

PCR Primer, 10X conc. 

(Forward + Reverse primers) 

2 

SYBR Green I Master Mix, 2X conc. 10 

cDNA Template 5 

Total volume 20 
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The components in the well were mixed gently by pipetting up and down to ensure 

the homogeneity. Multiwell Plate was sealed with LightCycler® 480 Multiwell 

Sealing Foil, then loaded into the LightCycler® 480 Instrument and PCR program 

was started as in the Table 2.17. 

Table 2.17 : qPCR experimental programs 

 Temperature (°C) T i m e Ramp Rate (°C/s) Cycle number 

DENATURATION 

Initial 

Denaturation 
94 10 min 4.4 1 

AMPLIFICATION 

Denaturation 94 10 sec 2.2 

45 Annealing 55 15 sec 2.2 

Extension 72 15 sec 4.4 

Cooling 40 10 sec 22 1 

β-actin was used as the reference gene and AQY1, AQY2, FPS1 CTT1, YAP1, 

GSH1, GLR1 genes were analyzed.  For both ß-actin and the freeze-thaw related 

genes, standard curves were obtained by serial dilutions of cDNA of untreated wild 

type (1:5; 1:50 and 1:500) and negative controls were prepared. All experiments 

were performed in triplicate. 

Real-time PCR data was presented as individual data points via 2
-ΔCT

 calculation, 

which is referred to as delta CT method. When presenting the data from gene 

expression profiling studies, it is necessary to normalize the data to an internal 

control, so in this study the 2
-ΔCT

 is appropriate where ΔCT = (CT gene of interest - 

CT internal control) (Schmittgen and Livak, 2008). To be able to use delta CT 

method, the reaction efficiencies of the target genes and the reference gene must be 

very close to each other. In order to present qPCR data, first, threshold cycle (CT) 

values were determined for both treated and untreated samples, for each gene 

including the reference gene. Subsequently, ΔCT values were calculated and by 

assuming the efficiency was 2 for all PCR reactions, 2
-ΔCT

 values were determined. 

Standard deviations were calculated as well.  
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2.2.8 Determination of cross-resistance to other stresses 

2.2.8.1 Determination of cross resistance on solid media 

In order to analyze cross-resistance levels of the freeze-thaw mutants, wild type and 

mutant individuals were incubated in YMM medium overnight at 30°C, 150 rpm. 

After reaching the desired OD600 values (4.5-5.5), culture volume corresponding to 

the 4 optical density unit of cells were taken. The cells were centrifuged at 14000 

rpm for 5 min and the supernatants were removed. 50 µl of distilled water was added 

to cell pellet and microcentrifuge tube was vortexed to homogenize the cell 

suspension. After that, mutant and wild type cells were serially diluted from 10
-1

 to 

10
-4

 with distilled water on the 96-well plate.  

Prepared 2X YMM-agar and 2X glucose-free YMM-agar media were melted on 

heater and kept at 50
o
C in a water bath. 7.5 ml media was poured into 50 ml culture 

tubes. Those media were then separately supplemented with necessary amount of 

stress solutions or nutrients and completed to a final volume of 15 ml with distilled 

water. The media and the stress solutions or nutrients they contain are shown in 

Table 2.18. The media were then decanted onto sterile Petri dishes. From each 

diluted cell suspension 5 µl were inoculated onto YMM and YMM without dextrose 

(YNB) plates. 

Table 2.18 : The media and the stress solutions/nutrients they contain. Stress 

solutions were given with their final concentrations in a final volume 

 of 15 ml. 

2X YMM-Agar 

Control – 

No Stress 
1 M NaCl 

0.5 mM 

H2O2 
1 mM H2O2 

1.5 mM 

H2O2 

8% 

Ethanol 

(v/v) 

2X YNB-Agar 

Control – 

No Stress 

2% 

Glycerol 

(v/v) 

2% Acetate (v/v) 2% Ethanol (v/v) 
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2.2.8.2 Determination of hydrogen peroxide (H2O2) resistance in liquid media  

Pulse hydrogen peroxide (H2O2) stress 

In order to analyze H2O2 resistance of the freeze-thaw mutants, wild type and mutant 

individuals were incubated in YMM medium at 30°C until they reached OD600 values 

between 2.0 and 2.5. One ml of overnight cultures were transferred to 

microcentrifuge tubes and those cultures were centrifuged at 14000 rpm for 5 min. 

Supernatants of centrifuged cells were discarded and cell pellets were resuspended 

with 900 μl YMM. 100 µl H2O2 was added to cell suspension from 1 M stock H2O2 

solution to obtain 0.1 M final H2O2 concentration in a final volume of 1 ml. Cells 

were incubated in 0.1 M H2O2-YMM medium for 1.5 hour by shaking at 30ºC and 

150 rpm. Following the incubation, cells were centrifugated at 14000 rpm for 5 min 

and then washed twice with glucose-free YMM. After removal of H2O2, the cells that 

have been exposed to pulse H2O2 stress and the control group were transferred to 96-

well plates containing YMM to determine cell viabilities according to 5-tube MPN 

method. 

Continuous hydrogen peroxide (H2O2) stress 

For the purpose of analyzing H2O2 resistance of freeze tolerant mutants selected at  

-80ºC (mutant 5) and liquid nitrogen (mutant 23), wild type and mutant individuals 

were incubated in YMM medium at 30°C until their OD600 values were between 2.0 

and 2.5. Right after reaching the desired OD600 values, 20 µl of fresh culture was 

transferred to 180 µl YMM in 96-well plates containing 1.5 mM H2O2. Initial culture 

was diluted 10 fold at each dilution step up to 10
-8

 by transferring 20 µl cell 

suspension from the previous well to current one. MPN plates were incubated at 

30ºC for 72 h. For control groups samples were incubated in YMM without stress 

under the same conditions in 96-well plates. 

Freezing at -20ºC, -80ºC and -196ºC 

Three different freeze stresses „-20ºC, -80ºC, -196ºC‟ were applied to freeze-tolerant 

mutants in order to analyze their resistance capacity to different stress level and cell 

viabilities were determined by five-tube MPN method.  
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For this purpose, firstly, wild type and mutant individuals were incubated in YMM 

medium at 30°C and 200 rpm until their late exponential phase of growth. Right after 

reaching the desired OD600 values (4.5 – 5.5), three sets were prepared for 3 different 

freeze stresses. Same procedure was applied but not the same freezing stress to every 

individual in each set. 1 ml of overnight cultures was transferred to microcentrifuge 

tubes and those cultures were washed twice with glucose-free YMM centrifuged at 

14000 rpm for 5 min in a benchtop centrifuge. Supernatant of cells were discarded 

and cell pellets were resuspended with 1 ml glucose-free YMM after each washing 

steps. Wild-type and mutants in each set were then exposed to -20ºC for 2 h, -80ºC 

for 45 min and -196ºC for 25 min, separately. Following those rapid freezing steps, 

all individuals were left for thawing at 30ºC for 10 min. Finally, the 5-tube MPN 

method was applied to the cultures and their controls, which were not exposed to any 

freezing stress, to compare the viability of mutant individuals and wild type strains 

after stress applications. MPN plates were incubated at 30ºC for 72 h. 

2.2.9 Obtaining growth curve of  wild type and mutant individuals 

Firstly, wild type and mutant individuals were incubated overnight in 50 ml YMM 

medium in 250 ml flasks at 30°C, 150 rpm. OD600 values were then measured, cells 

were adjusted to 0.25 optical density and they were transferred to 400 ml YMM 

medium in 2 l-flasks. Wild type, mutant 5 and mutant 23 in 2 l-flasks were incubated 

at 30ºC and 200 rpm for 51 h. Every 1.5 h, OD600 values were measured and samples 

for later analysis were taken if necessary. Growth curves of mutants were obtained 

by that way. 

2.2.10 Measurement of cell dry weight (CDW) 

In this study, cell dry weight analysis was performed for each sample. Briefly, 2 ml 

microfuge tubes were dried in an oven at 80˚C for 48 h. After two days of drying, 

they were placed in a desiccator for 30 min to cool down to room temperature, and 

then weighed (w1).  Throughout the growth curve experiment, 2 ml of samples were 

pipetted into dried microfuge tubes at particular time intervals. Cells were 

centrifuged at 14,000 rpm for 5 min, and supernatants were discarded. The tubes 

were dried in an oven at 80˚C to evaporate the remaining liquid on the cell pellet. 

After 48 h of drying, the tubes with dried cell extracts were again placed in 
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desiccators for 30 min and then weighed (w2). The cell dry weight (CDW) was 

calculated by subtracting the first weight (w1) from the second weight (w2). 

2.2.11 Measurement of glycogen and trehalose content 

The aim of this analysis was comparing the glycogen and trehalose amounts of the 

wild-type and mutants. While obtaining growth curve, for the measurement of 

glycogen and trehalose amount, samples were taken as follows; (i) culture amount 

corresponding to 25 optical density unit of cells were taken, (ii) they were taken to 

1.5 ml microcentrifuge tubes, (iii) tubes were centrifuged at 14000 rpm for 5 min, 

(iv) supernatant was thrown away, (v) cell pellets were stored at -20°C. The samples 

were taken according to the growth phase of the cultures.   

In order to measure the glycogen and trehalose amounts in all samples that were 

previously obtained, the procedure was performed as described previously (Parrou 

and Francois, 1997). Firstly, 250 μl 0.25 M sodium carbonate was added to the 

pellets of the cells and they were vortexed. After that, these cells were placed to 95°C 

for 4 h. At the end of 4 h of incubation, cell suspensions were adjusted to pH 5.2 with 

1M 150 µl acetic acid and 600 µl 0.2M sodium acetate buffer (pH 5.2). Cell 

suspensions were mixed well. Subsequently, 500 μl of the samples were transferred 

to new tubes (for trehalose determination and the rest was used for glycogen 

analysis). Ten μl trehalase (trehalase was already liquid) was pipetted into 500 µl cell 

suspensions and the tubes were placed to 37°C for overnight incubation. On the other 

hand, 20 μl alpha-glycosidase (it is solubilized in 0.2 M sodium acetate „pH 5.2‟) 

was pipetted into other half of cell suspensions and the tubes were placed to 57°C for 

overnight incubation (in a rotary shaker).  

The next day, glucose standards, used for the determination of both glycogen and 

trehalose concentration, were prepared by using glucose standard solution.  Twenty 

μl of standards and all the samples were delivered to different wells of 96-well plate. 

Subsequently, 200 μl of glucose oxidase/peroxidase reagent was added into each well 

of 96-well plate. Following 30 min of incubation at 37°C, the absorbance of the 

samples was measured at 490 nm. 
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2.2.12 Determination of metabolite contents by HPLC 

The aim of HPLC analysis for glucose, acetate, ethanol and glycerol was to 

determine the relationship between the growth and metabolite 

production/consumption. While obtaining the growth curve of wild type and mutants, 

every 1.5 h, 1 ml of sample was pipetted into a microfuge tube and centrifuged at 

14,000 rpm for 5 min. Supernatants were filtered through a 0.2 µm filter into HPLC 

vials and cell pellets were thrown away.  After filtration, there were about 500-600 μl 

of samples inside the vials which were stored at -20ºC. 

HPLC analysis of metabolites was carried out using an Aminex
©

 HPX-87H column 

at 60˚C with a flow rate of 0.6 ml/min and 20 μl injections from samples in vials. 

Five mM H2SO4 was used as a mobile phase. Metabolite compositions were 

determined by comparison of 6 known standards (see section 2.1.5).  The standard 

solutions were analyzed to obtain a calibration curve and the concentrations of 

metabolites in each sample were determined using that calibration curve. 
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3.  RESULTS 

3.1 Measurement of RNA Concentrations 

RNA concentration measurements were performed by QUBIT fluorometer. The 

concentrations of treated and untreated samples are shown in Table 3.1. Although 

some mutants had lower RNA concentrations, synthesized cDNA amount (0.14 µg) 

was equal for all samples. Thus, possessing different RNA concentrations did not 

affect the results. 

Table 3.1 : RNA concentration of each sample 

Untreated Sample Concentration (μg /ml) 

905 406 

5 20.5 

23 59 

Treated Sample (-80ºC stress)  

905 344 

5 83 

Treated Sample (Liquid Nitrogen 

stress) 
 

905 466 

23 270 

3.2 Real-Time PCR Studies 

3.2.1 Standard curves 

Standard curves were obtained for each gene including reference gene by serial 

dilutions of cDNA of untreated wild type sample (1:5, 1:50, and 1:500) and depicted 

by the Light Cycler 480II Software. Efficiency, slope and error values of the reaction 

were determined from that standard curve. All of the efficiencies were close to 2 and 
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also each other. Furthermore, the error rates were below 0.2 and the slopes fell in the 

acceptable ranges (3.1 to 3.6) according to Dorak (2007). Therefore, the relative 

comparative analysis could be applied. 

In Figure 3.1, the standard curve for β-actin is shown. 

                                Figure 3.1 : Standard curve obtained for β-actin 

In Figure 3.2, the standard curve for AQY1 is shown. 

 

                                Figure 3.2 : Standard curve obtained for AQY1 
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In Figure 3.3, the standard curve for AQY2 is shown. 

 

                                 Figure 3.3 : Standard curve obtained for AQY2 

In Figure 3.4, the standard curve for GSH1 is shown. 

 

                                 Figure 3.4 : Standard curve obtained for GSH1 
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In Figure 3.5, the standard curve for CTT1 is shown. 

 

                                   Figure 3.5 : Standard curve obtained for CTT1 

In Figure 3.6, the standard curve for FPS1 is shown. 

 

                                   Figure 3.6 : Standard curve obtained for FPS1 



 
49 

In Figure 3.7, the standard curve for YAP1 is shown. 

 

                                   Figure 3.7 : Standard curve obtained for YAP1 

In Figure 3.8, the standard curve for GLR1 is shown. 

 

                                    Figure 3.8 : Standard curve obtained for GLR1 
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As mentioned previously, slope values are used for determining the efficiency of the 

reaction, which can be calculated by the following equation: E = 10
(–1/slope)

 – 1. To be 

able to use this equation, slope values must be between -3.6 and -3.1 in the CT vs. log 

template amount standard curve. In order to obtain accurate and reproducible results, 

reactions should have efficiency as close to 100% as possible and, in any case, 

efficiency should be similar for both target and reference genes (Dorak, 2006). The 

slope values and the efficiency of the reactions are listed in Table 3.2.  

Table 3.2 : Slope values and efficiency percentage of reactions.  

3.2.2 CT values 

All the qPCR experiments were performed in triplicate. Therefore, there were three 

CT values of treated and untreated samples for each gene. The CT values for all 

reactions are shown in Table 3.3.  

The relative comparison was made by the procedure, delta CT (2
-ΔC

T) method, as 

explained before. According to these calculations, the gene expression levels are 

shown in Figure 3.9. Mutants with and without stress, expressed CTT1 much more, 

compared to reference gene ß-actin. Besides, AQY1, GSH1 and YAP1 were 

expressed slightly more than AQY2, GLR1, and FPS1 in almost every sample 

(Figure 3.9). 

PCR Reactions Slope values Efficiency (%) 

ACT1 -3.322 100.00 

AQY1 -3.533 91.89 

AQY2 -3.519 92.39 

GSH1 -3.178 106.38 

CTT1 -3.287 101.48 

FPS1 -3.431 95.64 

YAP1 -3.148 107.81 

GLR1 -3.225 104.21 
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Table 3.3 : CT values of each sample for each gene  

                    Untreated Samples Treated Samples 

 

905 

control 

5 

control 

23 

control 

905 

(-80º)  

stress 

5  

(-80º) 

stress 

905  

(-196ºC) 

stress 

23   

(-196ºC) 

stress 

ACT1 

24.56 23.9 23.33 24.88 26.09 25.96 26.08 

24.95 24.54 23.74 24.8 25.88 25.75 26.5 

25.34 24.52 23.77 25.13 25.91 26.11 26.78 

AQY1 

27.02 23.73 24.46 25.63 24.68 28.61 25.85 

26.22 23.68 24.22 26.24 23.93 28.1 25.6 

26.15 23.75 23.94 26.15 23.88 28.19 25.24 

AQY2 

27.62 27.75 26.58 28.74 28.83 30.29 29.98 

27.75 27.62 26.63 27.93 29.04 29.91 29.91 

28.42 27.56 27.67 28.14 29.65 29.65 30.54 

GSH1 

25.35 23.93 23.91 25.53 25.22 27.54 27.08 

25.05 23.9 23.16 24.83 24.14 26.16 26.57 

24.8 23.93 23.14 24.68 24.09 26.42 26.47 

CTT1 

24.28 21.34 21.23 25.56 22.72 26.9 23.67 

23.74 21.18 20.61 24.53 21.92 25.88 23.07 

23.87 21.3 20.75 24.86 22.01 26.49 23.13 

FPS1 

26.82 26.44 26.49 26.9 27.19 29.27 28.85 

26.17 26.23 26.07 26.01 26.53 27.96 28.09 

26.62 26.52 25.9 26.81 26.64 30.31 28.96 

YAP1 

25.51 24.94 24.84 26.05 25.73 27.96 27.33 

25.88 25.04 24.23 25.76 24.92 27.49 27.2 

25.55 24.84 24.06 25.72 24.96 27.83 27.61 

GLR1 

27.45 26.66 25.82 27.26 28.13 28.63 29.04 

27.19 26.75 25.54 27.09 28 28.29 28.89 

27 26.68 25.68 26.88 28.01 28.64 28.95 
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         Figure 3.9 : Gene expression levels calculated by delta CT (2
-ΔC

T) method. 

Normalized fold expression levels of suspected genes involved in freeze-thaw stress 

response are shown in Figure 3.10. Here the expression values are normalized with 

respect to 905, under control conditions. It can be clearly observed that AQY1, 

GSH1, CTT1 and YAP1 were up-regulated in stress-treated mutant 5. In addition, 

untreated 5 and 23, also treated 23 over-expressed AQY1 and CTT1. 

 
 

Figure 3.10 : Normalized fold expression levels of suspecte genes involved in freeze             

- thaw stress response 
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3.3 Analysis of Cross Resistance to Other Stresses 

3.3.1 Analysis of cross resistance on solid media 

Mutants 5 and 23 were analyzed for their resistance against other stress factors and 

for their growth performances on different nutrients. Visual observation of growth 

performances on solid media was done as described in Section 2.2.8.1. Plate images 

were taken upon 72 h of incubation at 30°C. They are shown in Figures 3.11 - 3.15. 

In each column from top to bottom, the dilutions are in the range of 10
-1

, 10
-2

, 10
-3

, 

10
-4 

on each plate. 

 

Figure 3.11 : Growth of wild type and mutant individuals on YMM plate without 

stress after 72 h of incubation. 

 

Figure 3.12 : Growth of wild type and mutant individuals on YMM plate 

supplemented with 0.5 mM, 1 mM and 1.5 mM H2O2 (left to right) 

after 72 h of incubation. 
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Figure 3.13 : Growth of wild type and mutant individuals on 8% Ethanol and 1M 

NaCl (left to right) containing YMM plate upon 72 h of incubation. 

 

Figure 3.14 : Growth of wild type and mutant individuals on YNB plate without 

nutrient after 72 h of incubation. 

23 5 905

2% Acetate YNB

 

23 5 905

2% Ethanol YNB

 

23 5 905

2% Glycerol YNB

 

Figure 3.15 : Growth of wild type and mutant individuals on YNB plate with 2% 

Acetate, 2% Ethanol and 2% Glycerol (left to right) after 72 h. 
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According to YMM plate results, it was observed that 0.5 mM H2O2 did not affect 

the growth of mutant and wild type individuals. On the other hand, it was observed 

that mutant strains 5 and 23 had higher resistance than the wild type at 1 mM and 1.5 

mM H2O2. Nonetheless, 1.5 mM H2O2 seems to be a more inhibitory concentration 

for revealing growth differences of mutants and wild type strain under oxidative 

stress conditions (Figure 3.12). 8% ethanol (v/v) was ineffective in solid media 

comparisons. -80ºC mutant (5), liquid nitrogen mutant (23) and wild type strain 

could not grow well at 1 M NaCl, however, mutant 23 was slightly more sensitive 

than other individuals (Figure 3.13).  

Growth performances were also analyzed on glucose-free YMM (denoted as YNB) 

supplemented with a non-fermentable carbon source. According to these growth 

results, it appears that mutant and wild type individuals could not grow properly on 

glucose-free YMM plate (Figure 3.14). When a non-fermentable carbon source, 

ethanol and glycerol, was added to glucose-free YMM medium separately, it was 

observed that all strains could grow better; however, individual 5 could not grow in 

case of glucose-free YMM medium with acetate, in contrast to individual 23 and 

wild type (Figure 3.15). 

3.3.2 Analysis of cross-resistance in liquid media 

3.3.2.1 Analysis of pulse hydrogen peroxide (H2O2) stress 

Determination of cross-resistance to pulse hydrogen peroxide (H2O2) stress in liquid 

media was done as described previously (see Section 2.2.8.2.1). Survival ratios of all 

samples and viabilities of mutant individuals normalized to wild type viability after 

24, 48 and 72 h of incubation at 30ºC are shown in Table 3.4 and Figure 3.16, 

respectively. The results showed that the mutant individuals had significantly higher 

levels of resistance to pulse hydrogen peroxide stress, as compared to the wild type.  
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Table 3.4 : Survival ratios of mutant individuals and wild type strain upon exposure 

to pulse H2O2 stress. 

Mutant Cells/ ml 
Survival 

Ratio 
H2O2 (M) 

Incubation 

Time (h) 

  Control Stress      

905 5.4x10
6
 2.3x10

1 
4.3x10

-6
 

0.1 24 5 5.4x10
6
 2.4x10

4
 4.4x10

-3
 

23 4.6x10
6
 1.6x10

4
 3.5x10

-3
 

905 9.2x10
6
 2.3x10

1 
2.5x10

-6
 

0.1 48 5 9.2x10
6
 1.1x10

5
 1.2x10

-2
 

23 4.6x10
6
 5.4x10

4
 1.2x10

-2
 

905 9.2x10
6
 2.3x10

1 
2.5x10

-6
 

0.1 72 5 9.2x10
6
 1.7x10

5
 1.8x10

-2
 

23 4.6x10
6
 5.4x10

4
 1.2x10

-2
 

 

 

Figure 3.16 : Viabilities of freeze tolerant mutants, 5 and 23, upon exposure to pulse 

H2O2 stress normalized to wild-type viability. 

3.3.2.2 Analysis of continuous hydrogen peroxide (H2O2) stress 

Determination of cross-resistance to continuous hydrogen peroxide (H2O2) stress in 

liquid media was done as described in Section 2.2.8.2.2. Cell numbers and survival 

ratios of wild type and mutants for continuous H2O2 stress after 24, 48 and 72 h of 

incubation are given in Table 3.5. Survival ratio as fold of wild type values for 1.5 

mM H2O2 stress after 48 and 72 h of incubation are given in Figure 3.17. 
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Table 3.5 : Survival ratios of mutant individuals and wild type strain upon exposure 

to continuous H2O2 stress. 

Mutant Cells/ ml Survival Ratio 
H2O2 

(mM) 

Incubation 

Time (h) 

 
Control Stress 

   
905 5.4x10

6
 2.3x10

1 
4.3x10

-6
 

1.5 24 5 5.4x10
6
 2.3x10

1 
4.3x10

-6
 

23 4.6x10
6
 2.3x10

1 
5x10

-6
 

905 9.2x10
6
 3.1x10

1 
3.4x10

-6
 

1.5 48 5 9.2x10
6
 1.7x10

5
 1.8x10

-2
 

23 4.6x10
6
 3.5x10

4
 7.6x10

-3
 

905 9.2x10
6
 3.1x10

1 
3.4x10

-6
 

1.5 72 5 9.2x10
6
 9.2x10

5
 1x10

-1
 

23 4.6x10
6
 5.4x10

4
 1.2x10

-2
 

 

 

Figure 3.17 : Viabilities of freeze tolerant mutants, 5 and 23, upon exposure to 

continuous H2O2 stress normalized to wild-type viability. 

Freeze tolerant mutants 5 and 23 survived also under 1.5 mM continuous H2O2 stress 

condition with significantly higher survival values than the wild type. Although both 

mutant individuals gained cross-resistance to H2O2 stress in liquid medium, 

individual 5 showed excessively more resistance to oxidative stress induced by 

hydrogen peroxide.  
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3.3.2.3 Analysis of freezing stress 

In order to analyze the freeze resistance of freeze-tolerant mutants, these mutants 

were exposed to three different freeze stresses, -20ºC, -80ºC, and liquid nitrogen       

(-196ºC) by the procedure explained previously in Section 2.2.8.2.3. Cell numbers 

and survival ratio values of mutants following -20ºC, -80ºC, -196ºC stress 

applications after 24, 48 and 72 h of incubation are shown in Tables 3.6 - 3.8, 

respectively.  

Table 3.6 : Survival ratios of mutant individuals and wild type strain upon exposure 

to -20ºC freezing stress. 

Mutant Cells/ ml 
Survival 

Ratio 

Stress 

Type 

Incubation 

Time (h) 

 
Control Stress 

   
905 1.6x10

7
 2.4x10

5
 1.5x10

-2
 

-20ºC 24 5 1.6x10
7
 3.5x10

6
 2.2x10

-1
 

23 2.4x10
6
 1.1x10

7
 4.6 

905 1.6x10
7
 3.5x10

6
 2.2x10

-1
 

-20ºC 48 5 1.6x10
7
 9.2x10

6
 5.8x10

-1
 

23 1.1x10
7
 1.7x10

7
 1.5 

905 1.6x10
7
 3.5x10

6
 2.2x10

-1
 

-20ºC 72 5 1.6x10
7
 9.2x10

6
 5.8x10

-1
 

23 1.1x10
7
 1.7x10

7
 1.5 

Table 3.7 : Survival ratios of mutant individuals and wild type strain upon exposure 

to -80ºC freezing stress. 

Mutant Cells/ ml 
Survival 

Ratio 

Stress 

Type 

Incubation 

Time (h) 

 
Control Stress 

   
905 1.6x10

7
 2.4x10

6
 1.5x10

-1
 

-80ºC 24 5 1.6x10
7
 2.4x10

7
 1.5 

23 2.4x10
6
 2.4x10

6
 1 

905 1.6x10
7
 4.6x10

6
 2.9x10

-1
 

-80ºC 48 5 1.6x10
7
 3.5x10

7
 2.2 

23 1.1x10
7
 1.6x10

7
 1.5 

905 1.6x10
7
 4.6x10

6
 2.9x10

-1
 

-80ºC 72 5 1.6x10
7
 3.5x10

7
 2.2 

23 1.1x10
7
 1.6x10

7
 1.5 
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Table 3.8 : Survival ratios of mutant individuals and wild type strain upon exposure 

to liquid nitrogen (-196ºC) freezing stress. 

Mutant Cells/ ml Survival Ratio 
Stress 

Type 

Incubation 

Time (h) 

 
Control Stress 

   
905 1.6x10

7
 2.4x10

3
 1.5x10

-4
 Liquid 

Nitrogen 

 (-196ºC) 

24 5 1.6x10
7
 2.4x10

5
 1.5x10

-2
 

23 2.4x10
6
 2.4x10

6
 1 

905 1.6x10
7
 9.2x10

4
 5.8x10

-3
 Liquid 

Nitrogen  

(-196ºC) 

48 5 1.6x10
7
 9.2x10

6
 5.8x10

-1
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72 5 1.6x10
7
 9.2x10

6
 5.8x10

-1
 

23 1.1x10
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Survival ratios (as fold of wild type) of mutants after 72 h of incubation following,    

-20ºC, -80ºC, and -196ºC stress application are shown in Figure 3.18. 

 

Figure 3.18 : Viabilities of freeze tolerant mutants 5 and 23 upon exposure to -20ºC, 

-80ºC and liquid nitrogen (-196ºC) freezing stresses normalized to 

905. 
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When normalized to 905, it was revealed that mutant strains 5 and 23 showed higher 

resistance to -20ºC and -80ºC freezing stresses, whereas they had excessive 

resistance to freezing stress in liquid nitrogen (-196ºC). 

3.4 Growth Curves of Wild Type and Mutant Strains 

In order to obtain growth curves, the absorbance values of all individuals incubated 

in 2 l-flasks at 400 ml culture volume, were measured at 600 nm by 

spectrophotometer at particular time intervals during 51 h of cultivation. The growth 

curves of 905, mutant 5 and mutant 23 are shown in Figure 3.19. 

 

     Figure 3.19 : Growth curves of the wild type and mutant individuals 5 and 23. 

In addition to growth curves, specific growth rates (µ) of wild type and mutants were 

obtained from the slopes of lnOD600 values versus incubation time graphs (see Figure 

3.20). The μ values of the wild type and mutant individuals 5 and 23 were 0.41, 0.37 

and 0.40 h
-1

, respectively. The μ value of the mutant individual 23 is slightly lower 

than that of 905 and higher than that of mutant individual 5. However, these 

differences in μ are not significant.  
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                      Figure 3.20 : Specific growth rates (µ) (h
-1

) of 905, 5 and 23. 

3.5 Determination of Cell Dry Weight (CDW) 

Cell dry weights (CDW) of wild type obtained at particular time intervals were 

compared with those of mutant individuals. CDW analysis was performed according 

to the procedure that was explained in Section 2.2.10. Cell dry weights of all 

individuals are shown in Figure 3.21.  

 

                       Figure 3.21 : Cell dry weights (mg/ml) of 905, 5 and 23. 
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Although dry weights of all individuals were similar to each other until 20
th

 h, dry 

weights of mutants tremendously increased after 20
th

 h incubation compared to that 

of the wild type. 

3.6 Determination of Glycogen and Trehalose Content 

Intracellular concentrations of two storage carbohydrates, glycogen and trehalose, 

were determined as described previously (see Section 2.2.11) and are shown in 

Figures 3.22 and 3.23, respectively. 

 

                         Figure 3.22 : Intracellular concentration of glycogen.  

 

                          Figure 3.23 : Intracellular concentration of trehalose. 
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In light of these results, it was observed that production of glycogen and trehalose in 

both mutants was excessively higher than in the wild type. Furthermore, it was found 

that wild type “905” did not consume intracellular glycogen or trehalose, whereas 

both mutants did.  

3.7 Measurement of Metabolites by HPLC 

In order to gain insight into the physiological characteristics of mutants, filtrated 

culture samples were collected at several time points during a 51 h cultivation and 

the concentrations of extracellular metabolites such as residual glucose (Figure 3.24), 

acetate (Figure 3.25), glycerol (Figure 3.36) and ethanol (Figure 3.27) were 

determined by High Performance Liquid Chromatography. 

 

       Figure 3.24 : Residual glucose concentration of 905, 5 and 23 in the medium. 

Residual glucose concentration in the culture medium (YMM) decreased with time, 

as expected (Figure 3.24). Furthermore, for both mutants and the wild type, all 

glucose was consumed before 25
th

 hour. Glucose consumption rate of mutant 23 was 

higher than that of mutant 5, but lower than that of the wild type. 
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              Figure 3.25 : Acetate concentration of 905, 5 and 23 in the medium. 

Although there was slightly lower acetate concentration in the culture medium of 

mutant 23 than 905, they showed a similar production and consumption profile of 

acetate; firstly, they produced it and then consumed almost all the extracellular 

acetate. However, interestingly, mutant 5 continued to produce acetate even in the 

51
th

  h of cultivation. Moreover, it did not utilize any acetate.  

 

             Figure 3.26 : Glycerol concentration of 905, 5 and 23 in the medium. 
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Previous studies showed that intracellular glycerol plays a crucial role in the 

resistance to freeze-thaw stress (Izawa et al., 2004a; Izawa et al., 2004b). In this 

study, that result seems to be supported by revealing that glycerol concentrations in 

the culture medium of mutant 5 and 23 were lower than wild-type‟s, possibly 

indicating glycerol accumulation within the mutant cells. 

 

             Figure 3.27 : Ethanol concentration of 905, 5 and 23 in the medium 

Similar to glycerol, ethanol is another powerful cryoprotectant for S. cerevisiae cells 

to survive from freeze-thaw stress (Lewis et al., 1993). It was observed that ethanol 

concentrations in the medium of mutant 5 and 23 were lower than wild-type‟s 

(Figure 3.27). Thus, apparently, there was less ethanol produced by the mutants or 

there was ethanol accumulation within the mutant cells. Besides, it could be clearly 

seen that the concentration of extracellular ethanol started to decrease in both 

mutants and the wild type after a particular time point .   

To clearly observe the relationship between extracellular glucose consumption, 

extracellular ethanol production/consumption and cell dry weight in wild type and 

mutants, these data were depicted in the same graph (Figures 3.28-3.30).  
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Figure 3.28 : Extracellular glucose and ethanol concentration and dry weight of 905. 

 

Figure 3.29: Extracellular glucose and ethanol concentration and dry weight of 

mutant 5. 
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Figure 3.30 : Extracellular glucose and ethanol concentration and dry weight of 

mutant 23. 

In Figures 3.28-3.30  it can be evidently seen that all the individuals started to utilize 

ethanol when they consumed the entire glucose in the medium, indicating a switch 

from fermentative to respiratory metabolism. Dry weight of individuals continued to 

increase during growth on ethanol instead of glucose. The final cell dry weight 

concentrations of both mutants were significantly higher than that of the wild type.  
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4.  DISCUSSION AND CONCLUDING REMARKS 

The objective of this research was to genetically, physiologically and phenotypically 

characterize the freeze-thaw resistant Saccharomyces cerevisiae cells obtained by 

evolutionary engineering strategy. In this context, several genetic and physiological 

analyses were performed such as qPCR and HPLC. Results obtained from these 

analyses were evaluated and interpreted, by making comparisons  between the wild 

type strain and the freeze-thaw resistant mutants.  

Real-time PCR studies were performed to determine the differences in expression 

patterns of seven genes known to play a role in freeze-thaw stress tolerance between 

wild type and mutants.  

The genome of S. cerevisiae encodes two similar but differentially regulated 

aquaporins. The aquaporins Aqy1 and Aqy2 are 88% identical except for the short C 

terminus and they are the member of major intrinsic protein (MIP) family of 

membrane proteins. Both of these proteins are channel proteins possessing six 

transmembrane domains. Nonetheless, AQY1 and AQY2 genes are expressed under 

different conditions in the yeast cell. AQY2 gene is expressed only in proliferating 

cells (exponential phase) whereas expression of the AQY1 gene has been observed in 

resting cells (stationary phase) and in particular during sporulation. Additionally, 

these proteins seem to play different roles in baker‟s yeast: Aqy1 has been suggested 

to play a role during yeast spore formation and germination while a possible role in 

water retrieval after hyperosmotic shock has been ascribed to Aqy2 (Tanghe et al., 

2002; Sidoux-Walter et al., 2004). 

The over-expression of paralogous yeast aquaporins (AQYs) AQY1 and AQY2 were 

discovered to increase survival of S. cerevisiae cells during freeze-thaw stress. Rapid 

export of water through AQYs is thought to increase yeast viability by preventing 

water crystallization which leads to intracellular shear (Will et al., 2010). In this 

study, the expression patterns of AQY1 and AQY2 were determined by qPCR both 
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in wild type and the freeze-thaw resistant mutant. It was observed that AQY1 gene 

was excessively overexpressed in both untreated and treated mutant individuals that 

were named as 5 and 23, when normalized to wild type strain expression data. On the 

other hand, there was no significant change in the expression of AQY2 in all 

samples. These qPCR results are reasonable since total RNA isolation was performed 

when the cells were in early stationary phase and as mentioned previously, AQY1 is 

expressed in stationary phase, whereas AQY2 is expressed in logarithmic phase 

(Sidoux-Walter et al., 2004). Besides, these results are in agreement with the findings 

of Tanghe et. al. (2002). They reported that in non-fermenting laboratory strains, 

deletion of AQY1-1 reduced freeze tolerance, whereas this was not the case for 

AQY2-1. Also, they showed that the double-deletion strain showed a freeze 

sensitivity similar to that of the AQY1-1 single-deletion strain.  

Higher levels of aquaporins in the plasma membrane would provide faster, 

osmotically driven water efflux from the yeast cells in the case of freezing and 

consequently this would reduce formation of ice crystals which damage cell 

membrane. Therefore, aquaporins may increase freeze-tolerance in yeast cell. 

However, undoubtedly, there may be also other factors in addition to aquaporins that 

influence freeze tolerance in yeast. 

The yeast GSH1 gene encodes gamma-glutamylcysteine synthetase, which catalyzes 

the first and rate-limiting step in glutathione (GSH) biosynthesis (Wu and Moye-

Rowley, 1994). Glutathione (gamma-glutamyl-cysteinyl-glycine) is an important 

antioxidant molecule, preventing damage to cell from carcinogens, radiation, free 

radicals and peroxides (Wu and Moye-Rowley, 1994; Park et al., 1998). According 

to the 2
-ΔCT

 method calculations, normalized fold expression values showed that 

treated and untreated individuals had no significant changes in GSH1 levels, but the 

treated mutant 5 had. There was about 3.2 fold higher GSH1 expression in mutant 5 

with stress than the wild-type control. This result may be the one reason why mutant 

5 showed higher cross-resistance to both pulse and continuous hydrogen peroxide 

stress in liquid medium than the mutant 23.   

Saccharomyces cerevisiae GLR1, the gene encoding cytosolic and mitochondrial 

glutathione reductase, mediates NADPH-dependent conversion of oxidized 

glutathione (GSH disulfide) to reduced glutathione (Sohn et al., 2005). qPCR results 
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showed that freeze-thaw stress had no significant effect on expression level of GLR1 

in all the individuals that were examined. Previously, the researchers reported that 

during the freeze-thaw process, GLR1 and GSH1 were less involved than the other 

investigated genes since the deletion of GLR1 and GSH1 did not significantly affect 

freeze-thaw resistance nor did overexpression of GSH1 or extracellular provision of 

glutathione (Park et al., 1998). Their results are in accordance with the findings in 

this study. However, GSH1 overexpression in treated mutant 5 was surprising and 

maybe explaining the higher cross-resistance of mutant 5 to oxidative stress in liquid 

medium than mutant 23.  

Bakery yeast YAP1 gene encodes a transcriptional activator, Yap1p, which is 

required for stress-induced expression of several oxidative defense genes including 

GSH1 and GLR1 (Park et al., 1998). YAP1 overexpression provides general stress 

tolerance to several different unrelated compounds including metal ions and drugs. 

Loss of function mutations in YAP1 result in hypersensitivity to hydrogen peroxide, 

pointing out a possible role in the cellular response to oxidative stress (Vilela et al., 

1998). When normalized to wild-type control, similar to GSH1, there were no 

remarkable changes in the expression level of YAP1 gene in all samples except 

treated mutant 5. Treated mutant 5 showed approximately 2.8 fold higher expression 

compared to wild-type control. GSH1 is the direct target of Yap1p, therefore, the 

similar increase in the expression level of both GSH1 and YAP1 in treated mutant 5 

is logical. Despite being direct target of Yap1p as well, GLR1 expression level in the 

same mutant did not change.  

S. cerevisiae CTT1 gene encodes cytosolic catalase T, an enzyme which detoxifies 

hydrogen peroxide (H2O2) by breaking down it into dioxygen (O2) and water 

molecules (H2O) (Jamieson, 1998). Catalase activity is crucial during the oxidative 

stress response and in protecting proteins against oxidative inactivation. The 

expression of CTT1 gene is increased under various stress conditions, such as 

carbon, nitrogen, sulfur, or phosphorus starvation and on heat shock (Werner-

Washburne et al., 1993). According to the Real-Time PCR results, it was observed 

that both treated and untreated freeze-tolerant mutant individuals excessively 

expressed CTT1 gene compared to wild type under control and stress conditions. The 

qPCR result of CTT1 is the most remarkable one among the other gene‟s result.  
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Many stress inducible genes, including CTT1, are activated by decreased level of 

intracellular cAMP which is a consequence of a response of stresses such as heat-

shock, carbon and nitrogen starvation (Jamieson, 1998; Aguilera et al., 2007). 

Freeze-thaw stress also leads to decreased cAMP levels in S. cerevisiae cells 

(Jamieson, 1998). Besides, CTT1 is a postexponentially expressed gene, and as 

mentioned previously, total RNA was isolated from stationary-phase yeast cells 

(Braun et al., 1996). Therefore, high expression levels of CTT1 in mutant individuals 

is an expected result.  

In this study, mutant individuals were also tested for their cross-resistance to 

oxidative stress induced by hydrogen peroxide on solid YMM and in liquid YMM. 

Mutants 5 and 23 seem to have higher tolerance than the wild type at 1 mM and 1.5 

mM H2O2 on YMM plates. However, it was observed that 1.5 mM H2O2 was a more 

inhibitory concentration for revealing growth differences of mutants and wild type 

strain. Therefore, this concentration was used to compare growth performances of 

mutant strains under continuous stress in liquid media by 5 tube-MPN method. Both 

mutants survived under 0.1 M pulse and 1.5 mM continuous H2O2 stress conditions 

in liquid YMM with excessively higher survival values than the wild type. Viabilities 

of freeze-thaw resistant mutant individuals under different oxidative stress conditions 

can be explained by the up-regulation of CTT1 gene.   

The yeast FPS1 gene encodes a glycerol channel Fps1p which belongs to the major 

intrinsic protein (MIP) family of membrane proteins (Luyten et al., 1995). It plays a 

crucial role in efflux of glycerol which is a useful cryoprotectant. Although it was 

previously reported that FPS1 deletion mutants showed greater tolerance to freeze 

stress than the wild-type (Izawa et al., 2004b), in this study there were minor 

decrease in the expression levels of FPS1 gene in all samples in contrast to treated 

mutant 5 which has a slightly higher FPS1 expression than the wild-type.  

According to delta CT calculations, it was observed that FPS1 was 30% and 49% 

down-regulated in untreated mutants 5 and 23, respectively, compared to 905 

control. This result is in agreement with the findings of HPLC analysis that was 

performed to measure glycerol concentration in the medium. Glycerol was thought to 

be accumulated in mutants 5 and 23 due to its lower concentration in medium than in 

the case of the wild type. Extracellular glycerol concentrations of mutant 5 and 23 
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were 25% and 35% lower, respectively, compared to those of the wild type. In light 

of these results, it can be suggested that freeze-thaw tolerant mutants might have 

changed their metabolism in order to prevent efflux of glycerol because of its 

cryoprotectant effect.  

Mutant strains were tested whether they could grow on glucose-free YMM 

containing 2% glycerol, 2% ethanol or 2% acetate. Both mutants were able to grow 

on 2% glycerol, but survival of mutant 5 was lower than that of the other mutant and 

the wild type. This finding was confirmed with HPLC analysis which showed that 

utilization of extracellular glycerol by mutant 5 was less than those of the others. 

Glycerol has previously been widely presented to be an useful cryoprotectant for 

various types of cells, including those of S. cerevisiae (Lewis et al., 1993). The result 

of this study supports that finding, since glycerol concentration in the medium of 

mutant 5 and 23 was lower than wild-type‟s which may indicate glycerol 

accumulation in the cell. 

Observation of growth performances showed that 905 and mutant 23 could grow on 

glucose-free solid YMM containing %2 acetate, whereas mutant 5 could not.  Due to 

this interesting finding, production and consumption profiles of acetate in mutants 

were analyzed by HPLC. According to this analysis, it was found that production and 

utilization characteristics of acetate in 905 and mutant 23 were similar: acetate was 

firstly produced, and then almost all extracellular acetate was consumed. 

Nevertheless, mutant 5 showed a completely different profile; it continued to 

produce acetate even in the 51
th

  hour of cultivation and never utilized it. HPLC 

results confirmed the findings on solid media. According to these results, it may be 

suggested that mutant 5 has difficulties in the uptake and/or utilization of 

extracellular acetate. 

Besides glycerol and acetate, growth performances of mutant individuals were tested 

on solid medium which contained 2% ethanol as the sole carbon source. Eventually, 

a result which resembles the one previously mentioned for glycerol was obtained. 

Both mutants had the ability to grow on 2% ethanol; however, viability of mutant 5 

was lower than that of the wild type and also the mutant 23. This finding was in 

agreement with the results of HPLC analysis: it was observed that ethanol 

concentrations in the culture media of mutants 5 and 23 were lower than that of the 
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wild-type. According to this result, ethanol is either produced less or accumulated 

inside the mutant cells. Besides, it can be evidently seen that the maximal ethanol 

accumulation in cultures was observed immediately when glucose was completely 

depleted in the medium. After this time point, the concentration of extracellular 

ethanol started to decrease in every strain indicating a switch from fermentative to 

respiratory metabolism and utilization of nonfermentative carbon source, ethanol 

(Kitanovic et al., 2009). It is important to note that among all non-fermentable 

carbon sources tested, ethanol production was the highest for both mutants.  

Residual glucose concentration in YMM during the aerobic growth of wild type and 

mutants was also measured by HPLC. Residual glucose concentrations decreased 

while OD600 values increased, as expected. 905 was the fastest in consuming 

extracellular glucose, whereas mutant 5 was the slowest among all strains tested.  

Glycogen and trehalose are two intracellular reserve carbohydrates present in yeast 

cells (Parrou and Francois, 1997) and it was reported that a decrease in temperature 

activates the metabolism of these carbohydrates (Aguilera et al., 2007). According to 

the previously published reports, the presence of trehalose in yeast cells provides a 

resistance to freezing and thawing stress in liquid medium by preventing the 

formation of ice crystals. It functions as a protectant against freezing and also as a 

membrane preservative during desiccation (Hino et al., 1990). Simiar to trehalose, 

glycogen provides better survival from freeze-thaw stress. Thus, intracellular 

trehalose and glycogen concentrations were measured in this study to determine 

whether mutant 5 and mutant 23 accumulate them like other freeze-tolerant 

S.cerevisiae cells. The result was impressive since mutants accumulated significantly 

high levels of glycogen and trehalose compared to the wild type. At their maximum 

accumulation time point, mutant 5 and 23 had 6.5 and 5-fold higher trehalose 

contents than the wild type, respectively. Besides, mutant 5 and 23 produced 11 and 

9-fold more glycerol than the wild type, respectively.  Furthermore, both mutants 

used intracellular trehalose and glycogen, whereas wild type did not. According to 

these results, it was suggested that these freeze-tolerant yeast cells may have 

significant changes in their trehalose and glycogen metabolism, because of their 

abilities to have a higher production of these metabolites than the wild type strain, 

even in the absence of any stress condition (Hino et al., 1990). 
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To sum up, according to qPCR results, it was found that under freeze-thaw stress 

conditions, the mutant 5 was the most remarkable strain as it highly expressed every 

gene except AQY2 and GLR1. Unlike mutant 5, mutant 23 showed no significant 

changes in expression levels of any genes under stress conditions, excluding CTT1 

and AQY1. These results may suggest that the genetic changes that occurred in 

freeze-thaw resistant mutants 5 and 23 do not seem to be identical. One should 

consider that resistance to freeze-thaw stresses applied at -80ºC and by immersion in 

liquid nitrogen might also require different mutations or genetic responses. 

Considering the fact that mutant 5 was obtained from a selection at -80ºC freezing 

and mutant 23 from a liquid nitrogen freezing selection, this difference might be 

important. Undoubtly, several other genes have to be studied to explain the freeze-

thaw tolerance since it is a multifactorial property and the presence or absence of 

certain gene products may influence the effects of other gene products on freeze-

thaw resistance (Tanghe et al., 2002). For that reason, microarray analysis can be 

useful for detecting the expression of hundreds of genes in a cell. Besides, according 

to HPLC analyses and solid media cultivation results, it was found that mutant 5 

hardly grew on non-fermentable carbon sources in contrast to 905 and mutant 23. 

Furthermore, it was unable to utilize extracellular acetate. To further investigate the 

impact of acetate metabolism on freeze-thaw tolerance, mutants of Saccharomyces 

cerevisiae with defects in acetate metabolism could be obtained and characterized.  

In view of the above results, it was also confirmed that there is a possible link 

between freeze-thaw tolerance and high levels of trehalose and glycogen production. 

Nevertheless, there are still some other issues that need to be clarified in future 

studies such as the possible function of glycogen in cold response (Aguilera et al., 

2007). 
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