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EVOLUTIONARY ENGINEERING OF IRON-RESISTANT Saccharomyces 

cerevisiae FOR BIOMIMETICS 

SUMMARY 

The aim of the present study was to obtain iron resistant Saccharomyces cerevisiae 

cells by using evolutionary engineering strategy. For this purpose wild type (905) 

strain was exposed to a chemical mutagen Ethyl methane-sulfonate in order to obtain 

randomly mutagenized strains (906). Genetically diverse population (906) was used 

to select the iron resistant individuals. Two different selection strategies were 

designed; continuous stress selection strategy and pulse stress selection strategy.  

Continuous stress selection strategy was based on exposing cells continuously to iron 

stress to obtain survivors resistant to that stress level. Pulse stress selection strategy 

was based on exposing cells to stress only in the early exponential growth phase of 

growth. Individuals surviving the first stress level were taken to the next stress level. 

The stress levels for both selection strategies were increased for each successive 

generation of selection stress. 

A screening procedure was applied in order to detect the starting FeCl2 stress level. 

Depending on the screening results, 5mM FeCl2 for the starting stress level with a 

5mM increasing range for both selection strategies were determined. Fifteen 

generations were obtained with continuous stress selection strategy. Twenty five 

generations were obtained with pulse selection strategy. Eight different individuals 

were selected for both selection strategies. Iron resistances of all 16 individuals were 

determined. Serially diluted cultures were grown in FeCl2 containing YMM-agar 

plates. Depending on the YMM-agar plate results, continuous selection strategy was 

found to be much more effective for obtaining iron resistant mutants. Cross-

resistance to several different stresses of five mutants 3, 4, 5, 7 and 8 were 

determined by using MPN method and serial dilution test. Mutants obtained from 

continuous selection strategy had cross resistance to CoCl2.   

To summarize, by applying evolutionary engineering methodology iron resistant 

individuals were successfully obtained. In order to understand the mechanism of iron 

resistance and relationship with other metals, detailed transcriptomic and proteomic 

analyses would be necessary for future studies. 
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EVRİMSEL MÜHENDİSLİK YÖNTEMİ İLE DEMİRE DİRENÇLİ 

Saccharomyces cerevisiae’nın BİYOMİMETİK AMAÇLI ELDESİ 

ÖZET 

Yapılan çalışmanın amacı evrim mühendisliği stratejisi kullanılarak demire dirençli 

Saccharomyces cerevisiae hücreleri elde etmektir. Bu amaçla yaban tip suş (905) 

rastgele mutasyona uğramış (906) elde etmek amacıyla kimyasal mutajen Etil Metil 

Sülfonat’a maruz bırakılmıştır. Demire dirençli bireylerin seçiminde genetik 

çeşitliliği olan 906 populasyonu kullanılmıştır. İki farklı seçilim stratejisi 

geliştirilmiş, sürekli stres seçilim stratejisi ve ani stres seçilim stratejisi. 

Sürekli stres seçilim stratejisi kültürü strese sürekli maruz bırakarak o stres 

seviyesine dayanıklı bireyleri elde etme temeline dayanmaktadır. Hayatta kalmayı 

başarabilen bireylerin metabolizmalarını yüksek stres seviyelerine adapte olmaya 

eğilimli genetik diziye sahip olmaları beklenir. Ani stres seleksiyon stratejisi, 

kültürün yalnızca erken eksponansiyel büyüme fazında strese maruz bırakılması 

temeline dayanmaktadır. İlk nesilde hayatta kalmayı başarabilen bireyler bir sonraki 

stres seleksiyon basamağına geçerler. Her iki seleksiyon stratejisi için stres seviyesi 

bir sonraki basamakta arttırılır. 

Başlangıç FeCl2 konsantrasyonunu ve artış aralığını belirlemek amacıyla tarama 

prosedürü gerçekleştirilmiştir. Tarama sonuçlarına göre başlangıç stres seviyesi için 

5mM artış aralığı ile 5mM FeCl2 olmasına karar verilmiştir. Sürekli stres seleksiyon 

stratejisi ile 15 nesil elde edilmiştir. Ani stres seleksiyon stratejisine ile 25 nesil elde 

edilmiştir. Her iki seleksiyon stratejisi için 8 farklı birey seçilmiştir. Toplam 16 

bireyin demire dirençlilikleri incelenmiştir. Kültürler FeCl2 içeren YMM-agar 

besiyerleri üzerinde büyütülmüştür. YMM-agar besiyeri sonuçlarına göre sürekli 

stres seçilim yönteminin demire dirençli bireyler elde etmek amacıyla daha etkili bir 

yöntem olduğuna karar verilmiştir. 3, 4, 5, 7 ve 8 mutantlarının farklı birçok strese 

çapraz dirençlilikleri tespit edilmiştir. Sürekli stres seçilim yöntemi ile elde edilen 

bireylerin CoCl2 e çapraz direnç gösterdiği gözlemlenmiştir.  

Sonuç olarak evrim mühendisliği yöntemi ile demire dirençli bireyler elde edilmiştir. 

İleriki çalışmalardada demir direnç mekanizmasını ve diğer metallerle ilişkilerini 

anlamak üzere transkriptomik ve proteomik analizler yapılacaktır. 
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1. INTRODUCTION 

1.1 Eukaryotic model organism; Saccharomyces cerevisiae: 

The budding yeast Saccharomyces cerevisiae; also known as baker’s or brewer’s 

yeast is preferred to be used in many studies. Most of the basic reason for this 

preference is that yeasts are simple unicellular eukaryotes that are easy to grow and 

characterize biochemically. Genome sequence is completely known for S. cerevisiae 

and it has a genome size less than 1% that of a mammal. Most importantly, S. 

cerevisiae can grow sexually and asexually forming a haploid or diploid in its life 

cycle span. The alternation between asexual and sexual reproduction can be 

controlled in the laboratory. This property greatly facilitates mutation, isolation, and 

genetic analysis (Albert, et al., 2008; Lodish, et al., 2004). 

Saccharomyces cerevisiae which can be found in wines, beers, fruits, berries, cheese, 

soil, man and mammals is a species which lies under the Saccharomyces Genus. 

Saccharomyces cerevisiae species can be classified as in the following Table 1.1. 

(Barnett, et al., 1990). Some of the features which are used for yeast classification 

are listed below (Glazer et al., 1995). 

 Microscopic appearance 

 Mode of sexual reproduction 

 Certain physiological features 

 Biochemical features  

Table1.1: Current classification of the S. cerevisiae 

Kingdom Fungi 

Division Eumycota 

Subdivision Ascomycotina 

Class Hemiascomycetes 

Order Endomycetales 

Family Saccharomycetaceae 

Sub-family Sacharomycetoideae 

Genus Saccharomyces 

Species cerevisiae 
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1.1.1 Morphology  

There are two basic morphological types of yeasts; ellipsoidal and elongated cell 

(Scher at al., 1953).  S .cerevisiae cells in stationary phase are unbudded, round, 

phase-bright. 

Scars are formed where daughter cells have broken away from the parent cell (Figure 

1.1).  

 

Figure 1.1: Budding cells of the brewer’s yeast (Url-1). 

1.1.2 Life span 

Saccharomyces cerevisiae can exist both as a haploid and as a diploid in its life 

cycle. Unless the nutrients are abundant, both haploid and diploid strains can 

undergo repeated rounds of vegetative and meiosis growth. Haploid cells present in 

two forms as MATa or MATα mating type, where each individual produce a 

pheromone (a or α factor) which is recognized by opposite mating type’s surface 

receptor cells. One of each pheromone makes opposite mating type haploid arrest in 

the G1 phase of the cell cycle and induces development of protuberances towards 

each other. After cells contact each other, fusion occurs to form diploid called 

shmoos. 
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Figure 1.2: Segregation of alleles in yeasts (Lodish, et al., 2004). 

When nutrients are depleted, both haploids and diploids arrest at stationary phase. In 

the absence of nitrogen source, cells which are arrested in stationary phase undergo 

meiosis, growth and sporulation. Four haploids are formed after meiosis. If one 

master haploid carries a dominant mutant allele and the other master haploid carries a 

recessive wild-type allele of the same gene, two of the spores in the tetrad will 

express the recessive trait and two will express the dominant trait (Lodish, et al., 

2004) (Figure 1.2). Those haploid spores which come from a master diploid cell stay 

in a compact form called ascus. When spores are transferred to a nutrient rich 

medium they germinate and start to grow as a haploid cell (Figure 1.3). 

Two distinct developmental forms occur during both haploid and diploid cell cycle. 

Diploid cells form pseudohyphae and haploid cells form invasive filaments. 

Formations of those forms are believed to be foraging for nutrients (Dickinson, 

2004). 
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Figure 1.3: The life cycle of S. cerevisiae (Dickinson, 2004). 

 

1.1.3 Industrial importance of Saccharomyces cerevisiae 

Many of yeasts like Saccharomyces cerevisiae are practically used in industry of 

wine making, brewing-baking and enzyme production. Yeasts cells are generally 

preferred than bacteria cells in industrial productions because of some features of 

yeasts, listed below (Glazer et al., 1995). 

 Yeasts grow well at lower pH values  

 Yeasts are insensitive to antibiotics 
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 Yeasts are much more easily and cheaply harvested than bacteria because of 

their larger size 

 Industrial yeasts do not lead any public health problems 

 Genetic engineering applications of yeasts are expanding rapidly 

 Purification of extracellular proteins are much simpler, because S. cerevisiae 

does not naturally produce many extracellular proteins. 

 Post-translational modifications occur and hence a stable protein is formed in 

Saccharomyces cerevisiae. 

1.2 Iron characteristics 

Iron is the 6
th

 most abundant element in the universe and the most abundant metal in 

universe.  Iron is the 4
th

 most common element and 2
nd

 most common metal after 

aluminum in earth’s crust.  

The core of the earth is believed to be composed of mostly iron and some  nickel. 

Analysis of waves generated by earthquakes showed that core is very dense. Iron is 

densest metal found in any quantity on earth. During the world differentiation, most 

of the iron sank to the centre of the world (Girard, 2005). 

Relative abundance of iron by mass in whole world is 35% and 66% in earth’s crust. 

Major iron ores are; magnetite, Fe3O4, haematite, Fe2O3, siderite FeCO3 and iron 

pyrites FeS2 (Silver, 1993). 

The outer electronic configuration of iron is 4S
2
 3d

6
.Those unpaired electrons located 

on the outer configuration give rise to the magnetic properties of iron. 91.8% of the 

naturally occurring iron on the earth is 26Fe
56

 isotope whose atomic mass is 55.9349 

which is located in d block of periodic table. Its group number is VIII and period 

number is 4. Cobalt (Co) and Nickel (Ni) which have different electron 

configurations than iron, however, have the same period and group number. The 

symbol of iron is Fe and it is a transition metal. Transition elements are elements that 

have an incompletely filled d subshell or easily give rise to common ions that have 

incompletely filled d subshells (Ebbing, et al., 2006). The atomic number of iron is 

26. Boiling point is 3023 K and melting point is 1808 K. It’s density is 7.874 g/cm
3
. 

Iron (II), d
6
; (Ferrous) is the most common oxidation states found in iron chemistry 

and  Iron (III), d
5
 (Ferric) is the second most common oxidation states found in iron 
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chemistry (Silver, 1993). Iron plays an essential role in all biological organisms from 

microorganisms to man. 

1.2.1  Iron structurally involved in Saccharomyces cerevisiae 

As iron is an essential nutrient for almost all eukaryotes, it is structurally involved in 

Saccharomyces cerevisiae and can be mainly classified as iron-sulfur proteins, heme 

proteins and neither Fe/S, heme proteins. 

1.2.1.1 Iron –sulfur proteins  

Iron sulfur proteins can be found in anaerobic, aerobic and photosynthetic bacteria, 

algae, fungi, higher plants and mammals. Biological function of iron-sulfur proteins 

is electron transfer. One of the best known iron-sulfur proteins are ferrodoxins. 

 All types of iron-sulfur proteins contain one or more iron atoms ligated by sulfur. 

Currently known iron-sulfur models are; [Fe(SR)4]
2,3-

, {Fe2S2},{ Fe3S4},{Fe4S4} and 

{Fe6S6} (Silver, 1993). 

1.2.1.2 Heme proteins 

There are many proteins and enzymes that contain heme prosthetic group in nature 

which are called hematoproteins.The heme group consists of a porphyrin ring with a 

tightly bound iron atom held by four nitrogen atoms at the corners of a square 

(Alberts, et al., 2002).  

Three heme prostatic group structures that occur naturally are; Heme-b, Heme-c and 

Heme-a. Heme-b (also called protoporphyrin IX) is the non-covalently bound 

prostatic group. Myoglobin, hemoglobin, erythrocruorins, b type cytochromes and 

peroxidases are basic examples. 

A heme-b forming thioether bond with cysteine residues donated by the protein is 

called Heme-c structure. Cytocrome-c is the most common used example of c type 

hematoproteins. They are water-soluble.  

The third heme group called Heme-a; consists of two heme groups each bearing a 

formyl group and a farnesyl side chain. 

Hematoproteins play essential roles in  redox processes which involve electron 

transfer and ligand binding reactions (Silver, 1993). 
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1.2.1.3 Non-heme, non-Fe/S proteins 

Structurally characterized proteins which are neither heme nor Fe/S proteins, 

containing Fe centers are superoxide dismutase and dioxygenase. 

Superoxide dismutase (SOD) enzyme’s cofactors are transition metals. Copper and 

zinc are most commonly used by eukaryotes whereas iron and manganese are used 

by prokaryotes and protists. By reducing Fe
3+

 to Fe
2+

 and then re-oxidizing Fe
2+

 to 

Fe
3+

, superoxide is dismutated to O2 and H2O2. 

Fe
3+

 − SOD + O2
−
 → Fe

2+
 − SOD + O2                                                                  (1.1) 

Fe
2+

 − SOD + O2
−
 + 2H

+
 → Fe

3+
 − SOD + H2O2                                                                           (1.2) 

As it is known, superoxide anion radicals are substrates for some toxic compounds in 

biological systems and  SOD interferes with those damaging reactions. 

Dioxygenase catalysis transfers both atoms of molecular oxygen on to the substrate. 

Fe
3+

 acts as a Lewis acid and makes the carbon susceptible to nucleophilic attack by 

O2. 

Except SOD-iron and dioxygenase-iron complexes, there are some enzymes 

containing Fe-O-Fe centre. They are capable of binding O2. 

Also there are some iron containing proteins which are not structurally characterized 

yet, like lipoxygenase, ferroquinone complex of photosystem II and proteins 

containing binuclear Fe/Zn reaction centres (Silver, 1993; Kendrick, et al, 1992). 

1.3 Iron diseases  

The hereditary hemochromatosis and anemia are the basic human diseases. These 

diseases occur when mutations in key proteins occur. Those proteins function in 

transporting, sensing, metabolizing and facilitating of iron utilization. Thus, they 

result in iron deficiency or overload diseases. (Tamas et al., 2006) 

In the progression of hemachromotosis disease, excess amount of iron accumulation 

in organs is seen which can lead to various illnesses, like diabetes, hepatoma, 

cirrhosis, cardiomyopathy and arthritis (Nelson, 1999). 

Iron deficient anemia, which is a nutritional problem, can lead to negative changes in 

psychomotor and mental development (Chiba et al., 2004). 
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1.4 Stress tolerance in yeasts 

As it is known, metal ions are the primary components of all ecosystems, all 

organisms are expected to have a tendency to tolerate mild levels of metal ions 

naturally. Excess metal or depleted metal conditions are both extreme conditions for 

all organisms. 

Survival of an organism depends on perceiving the environmental change and 

responding both rapidly and appropriately. Interaction of the genome with the 

environment defines the phenotype of that organism. The genome will not alter in 

response to environmental change but a phenotypic distinct can be seen. This 

phenotypic distinct refers to phenotypic plasticity of the organism which is the result 

of altered gene expression (Jennings, 1993). 

Purely toxic metals such as lead, cadmium, and mercury are not essential at any level 

for metabolism (Sarkar, 2002). Metals which are essential in trace amounts are toxic 

when present in excess amount such as; iron, copper, zinc, and nickel (Jennings, 

1993). Excess amounts of both essential and nonessential metals damage cell 

membranes, enzyme specificity, cellular functions and structure of DNA by 

interacting components of the cell through covalent and ionic bonding (Bruins et al. 

1999). Heavy metals have a density above 5 g/cm
3
. There are 53 naturally accuring 

heavy metals. Most heavy metals are transition metals where d orbitals are not 

fulfilled with electrons (Nies, 1999). Toxic metals interact with essential cellular 

components through covalent and ionic bonding (Bruins et al. 1999).Toxic metals 

such as Cu and Cd are detoxified in the cytosol while Co Mn Ni and Zn are 

detoxified in the vacuole (Ramsaya et al. 1997). 

Organisms cope with metal toxicity by the help of two major strategies; avoidance 

and sequestration. Avoidance can be provided by reducing the uptake of that metal or 

by activating the efflux or by formation of complexes outside the cell. Secondly 

sequestration reduces concentration of free ions in the cytocol by intracellular 

chelating or by compartmentation into vacuoles. Both strategies help cell survival 

upon metal stress conditions (Jennings, 1993). 
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1.4.1 Iron stress response and uptake mechanism in Saccharomyces cerevisiae 

Like other transition metals, iron can exchange between different oxidation states. 

Two most common oxidation states are Ferric (Fe
3+

) and Ferrous (Fe
2+

). This 

property makes iron crucial for oxidation-reduction reactions, such as;  

 oxygen-carrying capacity of hemoglobin  

 the production of ATP supported by iron-dependent enzymes involved in 

electron transport (Wessling-Resnick, 1999). 

Fe (III) + O2
.-
 → Fe (II) + O2                                                                                  (1.3) 

Fe (II) + H2O2 → Fe(III) + 
.
OH + OH

- 
                                                                   (1.4) 

Iron transport systems are necessary for mainly two reasons: 

 Hydrolyzed ferric iron has an extreme insolubility. Free iron concentration in 

neutral solutions is 10
–18

 M.  

 Iron generates highly reactive hydroxyl radicals via Fenton reaction as stated 

in reaction 1.3 and 1.4. 

 Thus, iron transport molecules are responsible of acquiring and then maintaining 

iron in a soluble and nontoxic form. Iron homeostasis is maintained by restricting its 

import rather than modulating export in states of iron overload (Wessling-Resnick, 

1999). 

1.4.1.1 Iron regulon (aft1p) 

Aft1 protein is a transcriptional factor which regulates a set of genes involved in iron 

uptake and homeostasis. Aft1 is a 77.7-kDa protein (Stadler, et al., 2002). Under iron 

depleted conditions, aft1 is localized to the nucleus and  binds to a regulatory region 

in the DNA and induces transcription of genes which are responsible from iron 

uptake and homeostasis. On the contrary, under iron repleted conditions aft1 is 

localized to the cytoplasm (Yamaguchi-Iwai et al., 2002). 

Aft1p is imported into the nucleus by Pse1p. Nuclear import of Aft1p is not affected 

by iron status. Ueta et al., (2003) identified two nuclear localization sequence of 

Aft1, which are sufficient for Pse1. Those signals are recognized by transport 

receptors called karyopherins. They can also be called as importins or exportins. 

Those proteins mediate their translocation across nuclear pore complex within cargo 

proteins. Ueta et al., (2007) identified four exportin proteins in S. cerevisiae. Msn5p 
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is the exportin, which is responsible for the iron dependent nuclear export of Aft1p. 

Iron induces some conformational changes in aft1 thus; aft1 is recognized by Msn5p 

and exported into the cytoplasm. 

1.4.1.2 Iron uptake 

Iron uptake in Saccharomyces cerevisiae can mainly be categorized as siderophore 

mediated iron uptake or elemental iron transport. Elemental iron transport system can 

be classified as low affinity iron transport or high affinity iron transport systems 

depending on the bioavalibity of iron. High affinity iron transport system is tightly 

regulated by cellular iron content, while low-affinity system shows little regulation 

by iron. 

 Siderophore mediated iron uptake 

Bacteria, fungi, and some plants synthesize and excrete siderophores. Siderophores 

are organic molecules with a high affinity for Fe
3+

. The binding constant for iron of 

the bacterial siderphore desferrioxamine is 10
33

. S. cerevisiae does not synthesize 

siderophores but it can utilize siderophores produced by other species (Askwith et 

al., 1996). 

Genes that are responsible of siderophore mediated iron uptake are generically 

known as ARNloci (Arn1-4) and can be divided in two classes as hydroxmat and 

catechholate class. Hydroxymat class siderophores are FOB (SIT 1), TAF (TAF1) 

and FC (ARN1TAF1) Catechholate class siderophore is ENB1 (Tamas et al., 2006). 

Siderophore-iron complex on the cell surface or siderophores brought into the cell 

via endocytosis require metalloreductase activity for utilization. S. cerevisiae 

produces at least seven reductase proteins encoded by the FRE1-7.While Fre3p 

reduces only hydromymate class of siderophores, Fre1p and Fre2p are able to reduce 

both chatecholate and hydroxamate class (Tamas et al., 2006). 

Fit 1-3 proteins, which are located in the cell wall, bind to siderophores to increase 

their concentration as substrate (Tamas et al., 2006). 
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Figure 1.4: Elemental iron transport in Saccharomyces cerevisiae (Askwith et al., 

1996). 

 Ferrous (Fe
2+

) iron uptake (Low affinity transport system) 

In iron replete environments, low affinity transport system is used for iron uptake. 

Michaelis Menten’s Constant of low affinity transport system is 30 µM (Km=30µM). 

As Fe
2+

 is much more soluble than Fe
3+

 at physiological pH, cells must solubilize 

insoluble ferric iron by reducing to Ferrous iron in order to acquire iron.  Plants and 

some microorganisms secrete small extracellular phenolic compounds to reduce Fe 

(III) to Fe (II). S. cerevisiae also secretes phenolic compounds but those compounds 

satisfy only 2-10% of reduction procedure.  S. cerevisiae controls ferric reduction by 

two proteins encoded by FRE1 and FRE2. Both proteins are responsible for 

ferrireductase activity while FRE1 is dominant in early exponential growth and 

FRE2 in later phases of exponential growth (Tamas et al., 2006). Fre1p and an 

NADPH dehydrogenase component work together in Fre-1 dependent ferrireductase 

activity which is a multi component transport chain (Lesuisse et al., 1996). Activity 

of ferrireductase is controlled by c-AMP dependent protein phosphorylation. 

(Lesuisse et al., 1991) There are two pathways for ferrrioxamine mediated iron 

uptake, one occurs at the plasma membrane and the other in an intracellular 

compartment (Yun et al., 2000). 
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Non-ATP dependent transmembrane transporter ‘Fet4p’ is responsible for low-

affinity iron uptake system. Fet4p plays only a limited role in iron homeostasis. Fe
2+ 

is supplied by the Fre1p and Fre2p (Tamas et al., 2006). Fet4, which is a 

transmembrane protein, is encoded by FET4 gene.  Fet4p is Fe
2+

 transporter protein 

of low affinity iron uptake system. (Dix, et al., 1997) Except iron, oxygen is also a 

regulator for FET4 gene expression by the help of Rox1p transcriptional repressor. 

Rox1p also represses SMF3 which is an iron vacuolar transport gene (Jensen et al. 

2002). 

 Ferroxidase, permease mediated iron uptake (High affinity transport 

system) 

High affinity iron transport system is regulated by iron amount. When environmental 

iron is limiting high affinity iron transport system is induced. (Km=0.15-0.3µM) This 

high affinity iron uptake system is used dominantly by most of yeasts (Tamas et al., 

2006). High-affinity iron uptake in the yeast Saccharomyces cerevisiae requires 

copper. This requirement comes from multicopper oxidase activity encoded by 

FET3. FTR1 expression maintain apo-FET3 protein to be loaded with copper 

(Stearman, et al., 1996). This mechanism consists of oxidation of Fe
2+

 to Fe
3+

 

catalyzed by multicopperoxidase-Fet3 and trafficking the Fe
3+

 by iron Ftr1-permease 

across the plasma membrane. Expression of FET3 and FTR1 which encodes Fet3p 

and Ftr1p proteins are tightly controlled by Aft1p (Tamas et al., 2006). Hassett et al. 

(1997) show that iron dependent transcriptional regulation is sensitive to dioxygen, 

which also acts as a substrate for Fet3. 

There are two opposite enzymatic reactions indicated in reaction 1.5 and 1.6 

occurring at the cell surface 

Ferrireductase catalysis Fe (III) → Fe (II)                                                              (1.5) 

Ferroxidase catalysis Fe (II) → Fe (III)                                                                  (1.6) 

FET3 functions as ferroxidase. FET3 protein is believed to recognize ferrous iron 

produced by Fre1 or Fre2. Fe(III) generated by FET3 is recognized by high-affinity 

transmembrane transporters. The reason why two opposite reaction occurs is that 

ferric iron is usually found chelated to a variety of different organic anions that share 

little structural similarity (Askwith et al., 1996).  



 
13 

1.5 Relationships between iron and other stresses in Eukaryote metabolism  

The low affinity iron transport system is also specific to other transition metals 

including cobalt, cadmium and nickel beside iron. On the contrary, high affinity iron 

transport system is only specific for iron transport (Askwith et al., 1996). 

 Li et al. (1998) show that if high affinity iron transport system is defected, then the  

activity of low affinity iron transport system increases which is specific for other 

transition metals in addition to iron. FET4, which maintains transition metal 

accumulation, is indirectly responsible for transition metal sensitivity of 

Saccharomyces cerevisiae. 

1.5.1 Iron and copper 

CTR1 gene encodes plasma membrane protein Ctr1. Copper availability in the 

environment controls the expression of CTR1 gene. Ctr1 is a transporter protein, 

which transports copper from plasma membrane (Dancis et al., 1994) while Ccc2 is a 

intracellular copper transporter.  Ccc2 transports copper in an intracellular 

compartment where it is incorporated with Fet3 protein (Askwith, et al., 1996). 

 

Figure 1.5: The connection between copper and iron (Askwith et al., 1996). 
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Also Hassett et al. (1994) indicated that iron dependent Fre1 protein transcription 

was also Cu(II) dependent. Copper was also a good substrate for Fre1p reductase. 

Also Fre1p-independent reductase activity on plasma membrane was relatively 

specific for Cu (II) in the absence of FRE1 expression. This suggest that Cu(II) and 

Fe(III) reduction and uptake are close parallel to each other. 

Multicopper ferroxidases play an essential role either in iron uptake and intracellular 

iron trafficking (Tamas, et al., 2006). FET3 shows high sequence and functional 

homology to multicopper oxidases. 

Serrano et al. (2004) suggested that alkaline pH tolerance increases while iron uptake 

is improved. Thus it is indicated that iron and cobalt are the limiting factors for 

growth under alkaline pH conditions of Saccharomyces cerevisiae. 

1.5.2 Iron and cobalt 

Like iron, cobalt is an essential micronutrient. Cobalt exists as a cofactor of vitamin 

B12 and various other enzymes. Excess amounts of cobalt are toxic for organisms, 

Saccharomyces cerevisiae controls cobalt accumulation with COT1 gene (Conklin et 

al., 1992). While the cobalt toxicity is not very well understood yet, it is known that 

excess amount of cobalt causes inactivation of Fe–S proteins and activates iron 

uptake as a potential compensatory mechanism. Also high amounts of cobalt 

exposure to mammalian cells up-regulates cobalt carriers and stress responsive genes 

(Çakar et al., 2009a). Iron and cobalt compete to bind a heme protein to be localized 

in the porphyrin ring. If cobalt is bound rather than iron then affinity of heme protein 

to oxygen decreases. Cobalt mimics hypoxia by decreasing the affinity of heme 

protein in cell. To understand this cobalt stress mechanism, Stadler (2002) 

determined the transcriptional profile of S. cerevisiae upon cobalt stress and 

identified that cobalt stress induces accumulation of aft1 protein in the nucleus to 

activate transcription of genes involved in iron uptake (Stadler, et al., 2002). 

1.6 Obtaining iron resistant Saccharomyces cerevisiae mutant by using 

evolutionary engineering methodology 

By the help of evolutionary engineering which is an inverse metabolic engineering 

strategy, improved Saccharomyces cerevisiae strains can be obtained. A multiple 
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stress phenotype Saccharomyces cerevisiae can be obtained by evolutionary 

engineering strategy with various different selection procedures (Çakar et al. 2005).  

Bailey (1991) 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. Basic principle of metabolic 

engineering was to introduce heterologous genes and regulatory elements for strain 

improvement. Most metabolic engineering studies will help identifying, 

implementing, and refining which particular set of genetic manipulations is most 

effective in obtaining desired change in cellular function. However, there are some 

limitations such as appearance of new compounds which may subsequently undergo 

further reactions. Another mostly encountered limitation is that the expressed 

heterologous protein must avoid proteolysis, fold properly, accomplish any necessary 

assembly and prosthetic group acquisition, be suitably localized, have access to all 

required substrates, and not encounter an inhibitory environment (Bailey, 1991). 

As Bailey’s definition was poor to include studies like improvement of stress 

tolerance, another definition was made by Nevoigt in 1998 changing the ‘cellular 

activities’ part of the former definition to ‘product formation or cellular properties. 

(Çakar, 2009b) 

The basis of inverse metabolic engineering which was defined by Bailey in 1996 is 

first of all, identifying a desired phenotype in a heterologous organism or in a related 

model system, secondly defining or hypothesizing the genetic basis for this desired 

phenotype and lastly constructing the desired phenotype on desired organism. If any 

pressure is applied in order to have this desired characteristic, the strategy is called 

directed evolution (Bailey, et al., 1996). 
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Figure 1.6: Information flow in inverse metabolic engineering (Bailey, et al., 1996). 

Genomic tools; including DNA microarrays and gene sequencing enables the 

integration of evolutionary engineering and direct  metabolic engineering approaches 

which are applied in the context of inverse metabolic engineering, to engineer cell 

physiology. 

Inverse metabolic engineering is a convenient framework for integrating 

evolutionary engineering approaches, based on random mutagenesis and selection, 

with ‘direct’ metabolic engineering approaches, based on recombinant DNA 

technology and a thorough analysis of metabolism (Gill, 2003). 

The evolutionary engineering which is an inverse metabolic engineering strategy, 

consists of obtaining variant cell population followed by selection for desired 

phenotypes. A strain with desirable properties obtained by evolutionary engineering 

approach can then be optimized by rational metabolic design if necessary (Petri, et 

al., 2004). 

1.7 Aim of the study  

The aim of the present study was to obtain iron resistant mutants by using 

evolutionary engineering methodology. Different selection strategies were applied to 

observe efficiencies in selecting iron resistant mutants. Survival ratios of mutants 

were calculated quantitatively under different iron stress levels and most resistant 

individuals were selected. Cross resistance to different metals and other stress types 

were determined by most probable number method and basic microbiological tests. 

Gene expression levels related with iron and cross-resistance were determined by 
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using real-time PCR technique in order to understand the genetic mechanism of iron 

tolerance and other similar stress types. 
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2    MATERIALS AND METHODS 

2.1 Materials  

2.1.1 Yeast strain   

 Saccharomyces cerevisiae CEN.PK113-7D (MATa) strain was kindly provided by Dr.Peter 

Kötter from Johann Wolfgang Goethe University (Frankfurt, Germany) and named as 905. 

Wild type 905 was then treated with a chemical mutagen ethyl methane sulfonate which is a 

mutagen and the mutant population named 906 was obtained. 

2.1.2 Yeast culture media  

Different types of yeast culture media were used depending on the desired growth rate and 

physical conditions of the culture media. 

2.1.2.1 Yeast minimal medium (YMM) 

The ingredients added to yeast minimal medium are listed in Table 2.1. 

Table 2.1: Content of yeast minimal medium. 

Content Amount 

Yeast Nitrogen Base 

(without aminoacid) 
6.7 g 

Dextrose 20 g 

Distilled water up to 1 liter 
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2.1.2.2 Yeast minimal agar medium (YMM-agar) 

The ingredients added to yeast minimal medium  with agar are listed in Table 2.2. 

Table 2.2: Content of solid yeast minimal medium. 

Content Amount 

Yeast Nitrogen Base 

(without aminoacid) 
6.7 g 

Dextrose 20 g 

Agar 20g 

Distilled water  up to 1 liter 

 

2.1.2.3 Yeast complex medium (YPD) 

The ingredients added to yeast complex medium are listed in Table 2.3. 

Table 2.3: Content of yeast complex medium. 

Content Amount 

Bacto Yeast Extract 10 g 

Dextrose 20 g 

Bacto Peptone 20g 

Distilled water up to 1liter 

 

2.1.3 Chemicals  

Chemicals and their company and country names are listed below. 

 Chromium (II) chloride (Acros Organics, USA) 

 Cobalt (II)-chloride-hexahydrate (Merck ,Germany) 

 Copper (II) Chloride ( Merck, Germany) 
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 D(+)-Trehalose dehydrate (Riedel-de Haën, Germany) 

 Ethanol; Absolute (J.T.Baker, Holland) 

 Glycerol (Sigma, Germany) 

 Hydrochloric acid (Riedel-de Haën, Germany) 

 Hydrogen peroxide (Merck, Germany) 

 Iron (II) - chloride heptahydrate (Fluka, France) 

 Sodium chloride (Riedel-de Haën, Germany) 

2.1.4 Buffers and solutions 

Buffers and solutions of this study are listed in Table 2.4.  

Table 2.4:  List of buffers and solutions 

Buffer/Solution Concentration 

CoCl2 solution 1 M 

CrCl3 solution 1 M 

CuCl2 solution 1 M 

FeCl2 solution 500 mM 

Glycerol %60 

H2O2 solution 5 M 

MnCl2 solution 1M 

 

2.1.5 Laboratory equipment 

The equipments used in this study are listed below. 

 Thermomixer ( Eppendorf, Thermomixer Comfort 1.5-2 ml, Germany) 

 Rotor  (Beckman Coulter JA-30.50i rotor, USA) 

 Vortex mixer (Heidolph REAX top, Germany) 

 UV-Visible Spectrophotometer (Shimadzu UV-1700, Japan)  

 Ultrapure Water  System (USF-Elga UHQ, USA) 

 Micropipettes (10000 µl, 5000µl, 1000µl, 200µl, 100µl, 20µl, Eppendorf; Germany) 

 pH meter  (Mettler Toledo MP220, Switzerland) 

 Water Bath (Julabo SW22, Germany) 
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 Balances (Precisa BJ 610C, XB 620C and XB 220A,  Switzerland) 

 Laminar Flow (Faster BH-EN 2003, Italy) 

 Autoclaves (Tomy SX 700E, China) 

 Deep Freezes ( -80˚C Sanyo Ultra low, Japan) and ( -20˚C Arçelik, Turkey) 

 Refrigerators (+4˚C Arçelik, Turkey) 

 Orbital Shaker Incubators (Forma Orbital Shaker, USA) 

 Centrifuge (Eppendorf Micro-centrifuge 5424, Germany)  

 Light Microscope (Olympus CH30,  Japan) 

 Magnetic Stirrer  (Magnetic stirrer standard unit, Germany) 

2.2      Methods  

2.2.1   Cultivation procedure 

Strains were grown in 50 ml culture tubes with 10 ml volume of YMM or YPD at 30⁰C and 

150 rpm. Also plates containing 15ml agar-medium were used for spread and streak 

inoculation. Inoculated plates were kept at 30⁰C for cultivation. 

2.2.2     EMS mutagenesis  

Saccharomyces cerevisiae CEN.PK 113-7D culture (905) which was inoculated in to 10 ml 

YPD was incubated until cell concentration reached approximately 2x10
8
 cells/ml. Fifty mM 

potassium phosphate buffer (pH 7) was used to wash 2.5 ml of the culture and the culture was 

resuspended in the same buffer to a final concentration of 5x10
7
 cells/ml. Three hundred μl of 

ethylmethane sulfonate (EMS) was added into 10ml of the cell suspension and vortexed. This 

suspension with EMS was incubated for 30 min at 30º C. After incubation, 300 μl filter-

sterilized sodium thiosulfate solution (10%, w/v) was added into the tube and vortexed in 

order to stop EMS mutagenesis. Thereafter, the solution was centrifuged at 10,000 rpm for 10 

min. The pellet was washed twice with yeast minimal medium without dextrose. The mutated 

culture which was then inoculated into YPD was named as 906.  

2.2.3    Stress selection strategies for obtaining iron resistant generations 

In this study, two different selection strategies were used for obtaining generation. Pulse stress 

selection strategy and continuous selection strategy were both applied and stress level was 

increased in each following generation. 
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2.2.3.1 Pulse stress selection strategy  

In pulse stress selection strategy, stress was applied in the early exponential phase which 

corresponds to 0.2- 0.3 OD600 value. 906 strain obtained by EMS mutagenesis was firstly 

precultured in YMM. This culture whose OD600 value reached to 0.5-0.6 was then transferred 

to microfuge tubes with a volume of 1 ml. This culture in microfuge tubes was then 

centrifuged at 14 000 rpm for 5min and the supernatants were removed. One ml YMM was 

added to the control group and 1ml YMM including required amount of FeCl2 was added to 

the culture. After vortexing both microfuge tubes until pellet is dispersed, microfuge tubes 

were then incubated at 30⁰C and 150 rpm for 90 min. Thereafter the cultures were washed 

twice with fresh YMM. Washing procedure involves centrifugation of the culture at the same 

conditions, discarding the supernatant and then vortexing with fresh YMM until pellet is 

dispersed. These 1ml cultures were then added to 9ml YMM containing culture tubes and then 

incubated for 17 h. At the end of this time, OD600 values of the control culture and metal 

stress exposed culture were measured in order to calculate survival ratio. For each obtained 

generation, frozen stock cultures were prepared. 

2.2.3.2 Continuous stress selection strategy  

In continuous selection strategy, stress was applied continuously for 24h. 906 strain which 

was precultured in YMM was inoculated to 10 ml YMM including required amount of FeCl2 

in falcon tubes. The inoculation amount corresponds to starting OD600 with 0.2-0.3. Cultures 

were then incubated for 24 h at 30⁰C and 150 rpm. At the end of this time, OD600 values of 

the control culture and metal stress-exposed culture were measured in order to calculate 

survival ratio. For each obtained generation, frozen stock cultures were prepared.  

2.2.4    Stock culture preparation 

Frozen stock cultures were prepared after obtaining each new generation and mutant selection 

for long term storage. Frozen stock cultures were kept in -80⁰C deepfreeze. Unless the culture 

is not in a stressful condition, 500 μl of culture was added to microfuge tubes and same 

amount of 60 % (v/v) glycerol was added. If the starting culture is in a medium with stress, 

the culture was then washed twice with YMM by centrifuging at 10 000 rpm for 5 min and 

discarding the supernatant. 
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2.2.5 The optical density measurements and survival ratio determination of the mutant 

generations 

Optical density measurements were done by UV-Visible Spectrophotometer at 600nm.  The 

survival ratios of the populations were calculated by dividing the OD600 values of the cultures 

that were exposed to metal stress to the OD600 values of their corresponding control groups. 

Survival values as fold of wild type values were calculated by dividing the OD600 value of 

wild type (905) to OD600 value of the mutant (906) strain. 

2.2.6 Selection of continuous and pulse stress generations’ individuals 

The final populations obtained from both pulse and continuous selection strategies were 

spread on YMM-agar plates. One hundred µl of the overnight culture was spreaded with 

different dilution rates; 1:10
4
, 1:10

5
, 1:10

6
 in order to select individual colonies which were 

separated from each other. The individuals selected by sterile toothpicks were then transferred 

to YMM medium and incubated overnight and kept as stocks for further studies.  

2.2.7 Determination of highest iron resistant individuals 

Highly iron resistant mutants were determined by using MPN method and serial dilution 

method. 

2.2.7.1 Qualitative resistance determination of mutant individuals with serial dilution 

method 

Cultures with OD600 not higher than 2 were serially diluted in 96-well plates. Cultures were 

diluted up to 10
-8

. Each diluted culture was then inoculated to YMM-agar medium containing 

the stress factor serially by dropping 5µl amount. After the drops were dried, plates were 

brought to 30⁰C-room for 24 or 48 h incubation. Thereafter, the colonies grown on agar 

medium were visualized.  

2.2.7.2 Quantitative resistance determination of mutant individuals with MPN method 

Five-tube MPN (most probable number) method was used to compare resistance of 

individuals obtained from the final population. Five-tube MPN method gives the number of 

cells per ml (Lindquist, J., 2001). According to the number of cells grown in YMM medium 

involving a selective FeCl2 amount, a quantative result can be obtained to select the most iron 

resistant mutant. Five columns of 96 well plates were filled with 180 µl media and 20µl 

culture. By the help of multiwell pipette, 20µl of the culture at row A was transferred to row 
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B. This transferring procedure diluted the culture 1:10 times each and was continued to row 

H. In order to prevent errors, pipettes were used carefully. After adding cultures and media 96 

well plates were kept at 30⁰C-room for 24 h. The culture growth was observed as pellet 

formation on the bottom of the well. Final 3 rows where culture was grown were identified 

and the number of wells at that corresponding row are detected. By the help of 5 tube MPN 

table, number of cells per ml for each culture was calculated.  

2.2.8 Determination of cross resistances 

Cross resistance to different metal stresses and other stress types of individuals were 

determined by both MPN method and serial dilution tests. Different metal stresses such as 

ZnCl2, MnCl2, CrCl3, CoCl2, MgCl2, and NaCl, were tested. 
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3. RESULTS 

3.1 Screening for determining the initial iron stress level and increasing stress range 

3.1.1 Screening for continuous stress application 

905 and 906 strains were used for screening procedure by using continuous stress selection 

strategy upon different iron stress concentrations. Both strains were cultivated in YMM 

involving 0 (control one), 5, 10, 15, 20, 25, 30, 35, 40, 50, and 60 mM FeCl2. Ten ml cultures 

were prepared with starting 0.250 OD600 value in 50 ml test tubes. The cultures were then 

incubated at 30 ºC for 48 h. 24
th

 hour and 48
th

 hour OD600 values were measured. 24
th

 hour 

OD600 results are shown in Table 3.1. Survival (905) results are given in Table 3.2. 

Table 3.1: OD600 results of cultures with different iron stress levels at 24
th

 h of incubation. 

Stress 

concentrations 

OD600 results of  905 upon 

FeCl2 stress application 

OD600 results of  906 upon 

FeCl2 stress application 

Control 4.67 4.76 

5 mM 4.18 4.07 

10 mM 4.15 3.64 

15 mM 3.42 2.86 

20 mM 1.66 2.23 

25 mM 2.95 3.12 

30 mM 2.14 2.62 

35 mM                        1.60 1.49 

40 mM 0.70 1.20 

50 mM 0.84 0.64 

60 mM 0.60 0.61 
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Table 3.2: Survival ratios of cultures with different iron stress levels at 24
th

 h of incubation. 

Stress concentrations 

Survival Ratio of 

905 upon FeCl2 

stress application 

Survival Ratio of 

906 upon FeCl2 

stress application 

Survival Ratios 

as Fold of wild 

type values 

5 mM 0.90 0.86 0.96 

10 mM 0.89 0.76 0.86 

15 mM 0.73 0.60 0.82 

20 mM 0.36 0.47 1.32 

25 mM 0.63 0.66 1.04 

30 mM 0.46 0.55 1.20 

35 mM 0.34 0.31 0.91 

40 mM 0.15 0.25 1.68 

50 mM 0.18 0.13 0.75 

60 mM 0.13 0.13 1.00 

The survival ratios of 905 and 906 upon increasing iron stress levels after 24 hour incubation 

are shown in Figure 3.1. 

 

 

Figure 3.1: Survival Ratio of 905 and 906 upon FeCl2 stress application at 24
th

 hour. 

48 hour OD600 results are shown in Table 3.3. Survival results are given in Table 3.4. 
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Table 3.3: OD600 results of cultures with different iron stress levels at 48
th

 h of incubation. 

Stress concentrations 
OD600 results of  905 upon 

FeCl2 stress application 

OD600 results of  906 upon 

FeCl2 stress application 

Control 4.66 4.68 

5 mM 3.97 3.41 

10 mM 2.83 3.03 

15 mM 3.07 2.79 

20 mM 1.78 2.06 

25 mM 1.87 1.96 

30 mM 1.61 1.43 

35 mM 0.57 0.68 

40 mM 0.95 1.52 

50 mM 0.74 0.41 

60 mM 0.12 0.28 

 

Table 3.4: Survival ratios of cultures with different iron stress levels at 48
th

 h of incubation. 

 

Stress 

concentrations 

Survival Ratio of 

905 upon FeCl2 

stress application 

Survival Ratio of 

906 upon FeCl2 

stress application 

Survival Ratios 

as Fold of wild 

type values 

5 mM 0.85 0.73 0.86 

10 mM 0.61 0.65 1.07 

15 mM 0.66 0.60 0.90 

20 mM 0.38 0.44 1.15 

25 mM 0.40 0.42 1.04 

30 mM 0.35 0.31 0.88 

35 mM 0.12 0.15 1.19 

40 mM 0.20 0.32 1.59 

50 mM 0.16 0.09 0.55 

60 mM 0.03 0.06 2.32 

 

The survival ratios of 905 and 906 upon increasing iron stress levels after 48 hour incubation 

are shown in Figure 3.2. 
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Figure 3.2: Survival ratio results of 905 and 906 upon FeCl2 stress application at 48
th

 hour. 

3.1.2 Screening with pulse stress application 

 905 and 906 strains were used for screening of pulse stress application. The starting optical 

density (OD600) of cultures was set to 0.250 and these cultures were grown at 30 ºC for 3 h, 

until the OD600 reached 0.5- 0.6. One  liter of the culture was then transferred into microfuge 

tubes. Microfuge tubes were then centrifuged at 14,000 rpm for 5 min and supernatants were 

replaced with 1 ml YMM involving  5, 10, 20, 40, 60, 80, 100, 120, 150, 200, 300, 400 and 

500 mM FeCl2. Pellets were resuspended in this iron containing media. These cultures in 

microfuge tubes were then cultivated at 30 ºC in thermo-mixer for 90 min. After 90 min 

incubation time, iron containing medium was washed twice with fresh YMM. Finally, 1 ml 

cultures without stress were inoculated to 9 ml YMM. These cultures were then cultivated at 

30 ºC, 150 rpm. 17
th

 and 41
th

 hour OD600 values were measured. 17
th

 hour OD600 results are 

shown in Table 3.5. Survival results are given in Table 3.6. 

Table 3.5: OD600 results of 905 and 906 upon FeCl2 stress application at 17
th

 h of incubation. 

Stress 

concentrations 

OD600 results of  905 upon 

FeCl2 stress application 

OD600 results of  906 upon 

FeCl2 stress application 

control 5.25 5.10 

5 mM 5.79 4.41 

10 mM 4.28 5.13 

20 mM 4.23 3.91 

40 mM 4.04 3.89 
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Table 3.5: OD600 results of 905 and 906 upon FeCl2 stress application at 17
th

 h of incubation. 

(Contd.) 

Stress 

concentrations 

OD600 results of  905 upon 

FeCl2 stress application 

OD600 results of  906 upon 

FeCl2 stress application 

60 mM 3.69 3.84 

80 mM 3.38 1.14 

100 mM 2.58 0.65 

120 mM 2.16 0.69 

150 mM 1.51 0.82 

200 mM 0.73 0.21 

300 mM 1.35 0.17 

400 mM 0.02 0.01 

500 mM 1.01 0.14 

Table 3.6: Survival ratios of 905, 906 upon FeCl2  stress application at 17
th

 h of incubation. 

Stress concentrations 

Survival Ratio of 

905 upon FeCl2 

stress application 

Survival Ratio of 

906 upon FeCl2 

stress application 

Survival Ratios 

as Fold of wild 

type values 

5 mM 1.10 0.86 0.78 

10 mM 0.82 1.01 1.23 

20 mM 0.81 0.77 0.95 

40 mM 0.77 0.76 0.99 

60 mM 0.70 0.75 1.07 

80 mM 0.64 0.22 0.35 

100 mM 0.49 0.13 0.26 

120 mM 0.41 0.14 0.33 

150 mM 0.29 0.16 0.56 

200 mM 0.14 0.04 0.30 

300 mM 0.26 0.03 0.13 

400 mM 0.00 0.00 0.51 

500 mM 0.19 0.03 0.14 

The survival ratios upon increasing iron stress levels of 905 and 906 are shown in Figure 3.3 

after 17 h of incubation. 
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Figure 3.3: Survival ratios of 905 and 906 upon FeCl2 stress application at 17
th

 hour. 

41 hour OD600 results are shown in Table 3.7. Survival values are given in Table 3.8. 

Table 3.7: OD600 results of 905 and 906 upon FeCl2 stress application at 41
th

 hour. 

Stress concentrations 
OD600 results of 905 upon 

FeCl2 stress application 

OD600 results of 906 upon 

FeCl2 stress application 

control 5.88 5.46 

5 mM 6.64 6.91 

10 mM 8.12 6.03 

20 mM 5.79 5.29 

40 mM 6.72 5.58 

60 mM 5.12 4.81 

80 mM 5.34 4.86 

100 mM 4.76 4.59 

120 mM 4.90 4.64 

150 mM 4.24 4.49 

200 mM 5.23 4.74 

300 mM 4.51 4.32 

400 mM 0.18 1.08 

500 mM 0.23 0.17 
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Table 3.8: Survival ratios upon FeCl2 stress application at 41
th

 h of incubation. 

 

Stress 

concentrations 

Survival Ratio of 

905 upon FeCl2 

stress application 

Survival Ratio of 

906 upon FeCl2 

stress application 

 

Survival Ratios as 

Fold of wild type 

values 

5 mM 1.13 1.27 1.12 

10 mM 1.38 1.10 0.80 

20 mM 0.98 0.97 0.98 

40 mM 1.14 1.02 0.89 

60 mM 0.87 0.88 1.01 

80 mM 0.91 0.89 0.98 

100 mM 0.81 0.84 1.04 

120 mM 0.83 0.85 1.02 

150 mM 0.72 0.82 1.14 

200 mM 0.89 0.87 0.98 

300 mM 0.77 0.79 1.03 

400 mM 0.03 0.20 6.46 

500 mM 0.04 0.03 0.80 

 

Survival ratios of 905 and 906 upon increasing iron stress concentrations after 41 h of 

incubation are shown in Figure 3.4. 

 

 

Figure 3.4: Survival ratios of 905 and 906 upon FeCl2 stress application at 41
th

 hour. 
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3.2 Stress application and obtaining generations  

3.2.1 Continuous stress application 

-80⁰C frozen stock culture of 906 was incubated overnight in YMM. This preculture was then 

inoculated into two 50 ml culture tubes containing 10 ml YMM with and without FeCl2 with 

an initial OD600 value 0.25. According to the screening results initial stress level for 

continuous stress application strategy was determined as 5 mM FeCl2 with an increasing 

range of 5 mM at each following generation. By continuous selection strategy, 15 generations 

were obtained, which were resistant to high levels of FeCl2 stress. After 24 h of cultivation, 

the optical density values were measured at 600nm by using UV visible spectrophotometer 

and the survival ratios were calculated. The results are shown in Table 3.9. 

Table 3.9: OD600 values and survival ratios of each obtained generation. 

Increasing stress 

generations 

Iron 

(mM) 

OD600 

control 

OD600 

generation 

Survival 

ratios 

Incubation time 

(hr) 

1 5 5.96 3.89 0.65 24 

2 10 3.81 3.03 0.79 24 

3 15 4.10 2.93 0.71 24 

4 20 4.59 2.06 0.44 24 

5 25 5.07 1.35 0.26 24 

6 30 4.65 1.17 0.25 24 

7 30 5.16 0.88 0.17 24 

8 30 3.84 0.76 0.19 24 

9 30 3.10 1.23 0.39 24 

10 30 5.56 1.15 0.20 24 

11 30 3.36 0.80 0.23 24 

12 30 2.86 0.48 0.16 24 

13 30 4.47 0.90 0.20 24 

14 30 2.65 0.71 0.26 24 

15 30 3.17 0.49 0.15 24 

The survival ratios upon each generation for continuous stress application were graphed and 

shown in Figure 3.5. 
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Figure 3.5: Survival ratios of continuous stress generations. 

3.2.2 Pulse stress application 

Frozen stock culture of 906 kept at -80⁰C was incubated overnight in YMM at 30⁰C and 150 

rpm. This preculture was then inoculated into a 50 ml culture tube, containing YMM with an 

initial OD600 value 0.250. Approximately 3 h later, the OD600 value reached 0.5-0.6 which 

corresponds to the starting point of log phase of yeast cells. This culture at the beginning of 

the log phase was then transferred into two microfuge tubes with a volume of 1ml each. 

Microfuge tubes were centrifuged and supernatants were discarded. Pellets were resuspended 

in YMM with and without FeCl2. According to the screening results, initial stress level for 

pulse stress application strategy was chosen as 5 mM FeCl2 with gradually increasing levels 

for each following generation. Each generation was cultivated at 30˚C for 90 min in thermo-

mixer. After 90 min cultivation time cells were washed and resuspended in 1 ml fresh YMM 

and then transferred into 9 ml YMM-containing culture tubes. 

By pulse selection strategy, 25 generations, resistant to high levels of FeCl2 stress, were 

obtained. After 17 h of cultivation, the optical density values (OD600) were measured and the 

survival ratios were calculated. The results are shown in Table 3.10. 
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Table 3.10: Increasing pulse stress generations and survival ratio values. 

Increasing stress 

generations  

FeCl2 

concentration 

(mM) 

OD600 

control 

OD600 

generation 

Survival 

ratios 

Incubation 

time (hr) 

1 5 4.13 4.49 1.08 17 

2 10 4.75 4.60 0.96 17 

3 15 3.62 4.41 1.21 17 

4 20 4.92 4.83 0.98 17 

5 25 4.64 4.65 1.00 17 

6 30 4.27 4.22 0.98 17 

7 35 3.91 4.94 1.26 17 

8 40 3.50 3.99 1.14 17 

9 45 4.85 4.86 1.00 17 

10 50 4.85 4.38 0.90 17 

11 55 4.20 2.70 0.64 17 

12 60 4.59 4.90 1.06 17 

13 65 4.76 4.70 0.98 17 

14 70 5.53 4.70 0.84 17 

15 80 4.24 4.52 1.06 17 

16 90 4.76 4.27 0.89 17 

17 100 2.99 3.20 1.07 17 

18 110 4.56 4.02 0.88 17 

19 120 4.18 4.28 1.02 17 

20 130 3.02 2.09 0.69 17 

21 140 5.23 2.81 0.53 17 

22 150 4.64 4.56 0.98 17 

23 160 4.26 1.87 0.43 17 

24 170 3.25 2.77 0.85 17 

25 180 2.50 1.23 0.49 17 

The survival ratios of each generation for pulse stress application are shown in Figure 3.6. 
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Figure 3.6: Survival ratios of pulse stress generation. 

3.3 Selection of individual mutants from final mutant population 

Final mutant populations obtained from each selection strategy were incubated overnight in 

YMM. These cultures were then diluted 10
4
, 10

5
 and 10

6
 times. All diluted cultures were 

inoculated into YMM-agar medium with spreading method and then incubated at 30 ºC for 48 

h. Figure 3.7 shows an example of 10
5 

times diluted
 
culture. Eight distinct colonies were 

isolated from the final population randomly by the help of sterile toothpicks.  

 

Figure 3.7: Randomly selected individuals from final mutant population. 

The final population obtained from continuous selection strategy was named as 15C and the 

final population obtained from pulse selection strategy was named as 25P. Individual mutants 

selected from each final population were named as 1, 2, 3, 4, 5, 6, 7 and 8. 
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3.4 Characterization of iron stress resistance of mutant individuals according to wild 

type and final population  

3.4.1 Screening of iron stress resistances by spotting assay 

Table 3.11: Images of 1, 2, 3, 4, 5, 7 ,8 mutants that survived continuous stress application, 

15C and 905 under 20 mM FeCl2 stress conditions.Cultures were spotted in the 

range of undiluted-10
-6

 dilution. 

 Control 20mM FeCl2 

Individuals 1, 2, 3, 4, 

15
th

 population, 905 

 
 

Individuals 5, 6, 7, 8, 

15
th

 population, 905 

  

It was observed that two mutants 3 and 4 had 10 fold higher FeCl2 resistance than the wild 

type. Three mutants 5, 7 and 8 were observed that had 100-1000 fold higher FeCl2 resistance 

than the wild type. 
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Table 3.12: Images of 1, 2, 3, 4, 5, 7 ,8 mutants that survived pulse stress application, 25P 

and 905 under 20 mM FeCl2 stress conditions. Cultures were spotted in the 

range of undiluted-10
-6

 dilution. 

 Control 20mM FeCl2 

Individuals 1, 2, 3, 4, 

25
th

 population, 905 

  

Individuals 5, 6, 7, 8, 

25
th

 population, 905 

 
 

3.4.2 Screening of iron stress by MPN method 

By using Most Probable Number (MPN) method, iron resistance of selected individuals from 

continuous selection strategy was analyzed. 24, 48, 72 and 96 h incubation results of MPN 

plates were visualized and MPN scores were determined. 48
th

 and 72
nd

 hour results were 

calculated and survival values are shown in Tables 3.13 and 3.14.  

Table 3.13:  Survival ratios of each individual incubated for 48 h in YMM containing 35, 40     

and 50 mM FeCl2. 

Individuals, 

final mutant 

population 

and wild type 

Survival Ratios Percent Survival Ratios 
Survivals as fold of wild 

type 

 
35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

3 0.00004 0.00006 - 0.004 0.006 - 0 1 - 

4 0.00025 0.00061 - 0.025 0.061 - 3 11 - 

5 0.00042 0.00042 - 0.042 0.042 - 4 8 - 

7 0.00007 0.00037 - 0.007 0.037 - 1 7 - 
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Table 3.13:  Survival ratios of each individual incubated for 48 h in YMM containing 35, 40 

and 50 mM FeCl2. (Contd.) 

8,Population 

and wild 

type 

Survival Ratios 

 
Percent Survival Ratios 

Survivals as fold of wild 

type 

 

 
35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

8 0.03292 0.00054 - 3.292 0.054 - 329 10 - 

15C 0.02538 0.03769 - 2.538 3.769 - 254 696 - 

905 0.00010 0.00005 - 0.010 0.005 - - - - 

Table.3.14:  Survival ratios of each individual incubated for 72 h in YMM containing 35, 40 

and 50 mM FeCl2. 

Individuals, 

final mutant 

population 

and wild type 

Survival Ratios Percent Survivals 
Survivals as fold of wild 

type 

 
35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

35mM 

FeCl2 

40mM 

FeCl2 

50mM 

FeCl2 

3 0.03038 0.00058 - 3.038 0.058 - 104 6 - 

4 0.01308 0.00038 - 1.308 0.038 - 45 4 - 

5 0.00300 0.00030 - 0.300 0.030 - 10 3 - 

7 0.00027 0.00037 - 0.027 0.037 - 1 4 - 

8 0.91667 0.03292 - 91.667 3.292 - 3143 329 - 

15C 0.60769 1.00000 - 60.769 100 - 2084 10000 - 

905 0.00029 0.00010 - 0.029 0.010 - - - - 

Depending on spotting assay and MPN results, mutant individuals, 3, 4, 5, 7 and 8 were 

selected for further studies. 

3.5 Determination of cross resistances upon various stress conditions 

Cross resistance of mutant individuals 3, 4, 5, 7 and 8 which were selected from 15C (final 

population obtained by continuous selection strategy); were determined by spotting assay and 

MPN method. 

3.5.1 Screening of cross stress resistances by spotting assay  

Cross-resistances of 3, 4, 5, 7, 8, 15C and 905 were determined under 0.1mM NiCl2, 15 mM 

MnCl2, 1.5 mM CoCl2, 2 mM CoCl2, 5 mM ZnCl2,  9 mM ZnCl2, 2.5 mM CrCl3 and 0.1 mM 

H2O2 stresses. Five µl of serially diluted cultures on 96 well-plate were dropped on YMM-
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agar plate. After 48 h of incubation in 30 °C, images of the YMM-agar plates were obtained. 

In this method, undiluted cultures were dropped on the first row of the plates and the other 

10
1
-10

5
 diluted samples  were dropped on the following rows in order. Table 3.15, Table 3.16 

and Table 3.17 contains images of plates under different stress types. 

Table 3.15:   Images of 3, 4, 5, 7 ,8, 15C and 905 under stress free (control), 0.1 mM NiCl2 

and 15 mM MnCl2 stress conditions. 

Stress 

types 
Control 0.1 mM NiCl2 15 mM MnCl2 

Individual

s 3, 4, 5, 7, 

8, 15C
 
and 

905 

   

 

Table 3.16:   Images of 3, 4, 5, 7 ,8, 15C and 905 under 1.5 mM CoCl2, 2 mM CoCl2 and       

5 mM ZnCl2 stress conditions. 

Stress types 

 

1.5 mM CoCl2 
 

2 mM CoCl2 5 mM ZnCl2 

Individuals

3, 4, 5, 7, 8, 

15C
 
and 905 
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Table 3.17: Images of 3, 4, 5, 7 ,8, 15C and 905 under 9 mM ZnCl2, 2.5 mM CrCl3 and       

0.1 mM H2O2 stress conditions. 

Stress 

types 
9mM ZnCl2 2.5mMCrCl3 0.1mM H2O2 

Individual

s 3, 4, 5, 7, 

8, 15C and 

905 

   

3.5.2 Cross resistance determination by MPN method 

3, 4, 5, 7, 8, final mutant population of continuous stress application (15C) and 905 were 

continuously cultivated under different metal stress conditions in 96 well plates. MPN plates 

were visualized after 24, 48, 72 and 96 h of incubation at 30⁰C. MPN scores were then 

calculated to determine cell numbers / ml in YMM. Survival ratios and survival ratios as fold 

of wild type values were calculated for 48 and 72 h incubated cultures. One mM ZnCl2, 5 mM 

ZnCl2, 1 mM MnCl2, 5 mM MnCl2,1 mM CrCl3, 2 mM CrCl3, 0.5 mM CoCl2, 1 mM CoCl2, 

100 mM MgCl2 and 500 mM MgCl2 metal stress conditions were exposed to yeast cells 

continuously.  Survival ratios for 1 mM CrCl3 and 2 mM CrCl3 stresses are indicated in Table 

3.18 and Table 3.19. 

Table 3.18: Survival ratios, under 1 mM and 2 mM CrCl3 stress conditions after 48 h of 

incubation. 

Individuals. final 

mutant population 

and wild type 

Survival ratios Survival ratios as fold of wild type 

 1 mM CrCl3 2 mM CrCl3 1 mM CrCl3 2 mM CrCl3 

3 0.00001 0.00001 0.13 0.73 

4 0.00030 0.00003 5.61 3.04 

5 0.00010 0.00001 1.85 1.00 

7 0.00077 0.00007 14.29 7.74 

8 0.00014 0.00001 2.61 1.41 

15C 0.00109 0.00001 20.14 1.09 

905 0.00005 0.00001 - - 

Table 3.19:  Survival ratios, under 1mM and 2mM CrCl3 stress conditions after 72 h of   

incubation. 
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Individuals. final 

mutant population and 

wild type 

Survival Ratios Survivals as fold of wild type 

 
1mM CrCl3 2mM CrCl3 1mM CrCl3 2mM CrCl3 

3 
0.00073 0.00001 0.07 0.73 

4 
303.79747 0.00003 30379.75 3.04 

5 
0.09167 0.00001 9.17 1.00 

7 
0.41935 0.00007 41.94 7.74 

8 
0.76471 0.00141 76.47 147.31 

15C 
0.01612 0.00005 1.61 5.11 

905 
0.01000 0.00001 - - 

Survival ratios and survival ratios as fold of wild type results for 1 mM ZnCl2 and 5 mM 

ZnCl2 stresses are indicated in Table 3.20 and Table 3.21. 

Table 3.20: Survival ratios, under 1 mM and 5 mM ZnCl2 stress conditions after 48 h of 

incubation. 

Individuals. 

final mutant 

population and 

wild type 

Survival Ratios Survival ratios as fold of wild type 

 1 mM ZnCl2 5 mM ZnCl2 1 mM ZnCl2 5 mM ZnCl2 

3 0.51515 0.00073 0.25 7.27 

4 3.03797 0.00003 1.49 0.29 

5 2.04167 0.00005 1.00 0.54 

7 10.64516 0.00774 5.21 77.42 

8 1.64706 0.00005 0.81 0.46 

15C 0.10909 0.00109 0.05 10.91 

905 2.04167 0.00010 - - 
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Table 3.21: Survival ratios under 1 mM and 5 mM ZnCl2 stress conditions after 72 h of 

incubation. 

Individuals. final 

mutant population and 

wild type 

Survival Ratios Survival ratios as fold of wild type 

 
1 mM ZnCl2 5 mM ZnCl2 1  mM ZnCl2 5  mM ZnCl2 

3 
1.06061 0.39394 0.52 19.29 

4 
3.03797 0.00003 1.49 0.00 

5 
2.04167 0.58333 1.00 28.57 

7 
10.64516 10.64516 5.21 521.40 

8 
1.64706 0.01000 0.81 0.49 

15C 
0.48980 0.16122 0.24 7.90 

905 
2.04167 0.02042 - - 

Survival ratios and survival ratios as fold of wild type results for 100 mM MgCl2 and 500 mM 

MgCl2 stresses are indicated in Table 3.22 and Table 3.23. Table 3.22 indicates 48 hour 

incubation results. Table 3.23 indicates 72 hour incubation results. OD600 value of the culture 

which was inoculated into 96 well-plate were 1.2.  

Table 3.22:   Survival ratios, under 100 mM and 500 mM MgCl2 stress conditions after 48 h    

of incubation. 

Individuals. 

final mutant 

population and 

wild type 

Survival ratios Survival ratios as fold of wild type 

 100 mM MgCl2 500 mM MgCl2 100 mM MgCl2 500 mM MgCl2 

3 1.39394 1.00000 0.30 0.92 

4 4.17722 3.03797 0.91 2.80 

5 10.00000 1.00000 2.18 0.92 

7 41.93548 254.83871 9.15 235.24 

8 5.52941 0.18235 1.21 0.17 

15C 10.90909 2.22727 2.38 2.06 

905 4.58333 1.08333 - - 
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Table 3.23: Survival ratios under 100 mM and 500 mM MgCl2 stress conditions after 72 h of 

incubation. 

Individuals. final 

mutant population 

and wild type 

Survival ratios Survival ratios as fold of wild type 

 100mM MgCl2 500mM MgCl2 100mM MgCl2 500mM MgCl2 

3 1.39394 1.00000 0.30 0.92 

4 6.20253 3.03797 1.35 2.80 

5 10.00000 1.00000 2.18 0.92 

7 41.93548 25.48387 9.15 23.52 

8 5.52941 0.18235 1.21 0.17 

15C 4.89796 1.00000 1.07 0.92 

905 4.58333 1.08333 - - 

Survival ratios and survival ratios as fold of wild type values for 1mM MnCl2 and 5mM 

MnCl2 stresses are indicated in Table 3.24 and 3.25. 

Table 3.24: Survival ratios under 1 mM and 5 mM MnCl2 stress conditions after 48 h of 

incubation. 

Individuals. final 

mutant population 

and wild type 

Survival ratios Survival ratios as fold of wild type 

 1mM MnCl2 5mM MnCl2 1mM MnCl2 5mM MnCl2 

3 1.00000 1.00000 1.00 0.05 

4 4.17722 6.20253 4.18 0.30 

5 2.04167 0.58333 2.04 0.03 

7 10.64516 7.09677 10.65 0.35 

8 2.88235 8.23529 2.88 0.40 

15C 7.72727 3.18182 7.73 0.16 

905 1.00000 20.41667 - - 
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Table 3.25: Survival ratios under 1 mM and 5 mM MnCl2 stress conditions after 72 h of 

incubation. 

Individuals. final 

mutant population 

and wild type 

Survival Ratios Survival ratios as fold of wild type 

 1mM MnCl2 5mM MnCl2 1mM MnCl2 5mM MnCl2 

3 1.00000 1.48485 1.00 0.07 

4 4.17722 6.20253 4.18 0.30 

5 2.04167 0.58333 2.04 0.03 

7 14.83871 7.09677 14.84 0.35 

8 4.64706 8.23529 4.65 0.40 

15C 3.46939 1.42857 3.47 0.07 

905 1.00000 20.41667 - - 

Survival ratios and survivals as fold of wild type values for 0.5mM CoCl2 and 1mM CoCl2 

stresses are indicated in Table 3.26 and Table 3.27. 

Table 3.26: Survival ratios under 0.5 mM and 1 mM CoCl2 stress conditions after 48 h of 

incubation. 

Individuals. final 

mutant population 

and wild type 

Survival Ratios Survival ratios as fold of wild type 

 0.5mM CoCl2 1mM CoCl2 0.5mM CoCl2 1mM CoCl2 

3 0.00001 0.00073 0.73 7.27 

4 3.03797 0.00030 317006.05 3.04 

5 0.91667 0.01000 95652.17 100.00 

7 15.80645 0.07742 1649368.86 774.19 

8 12.94118 0.01412 1350383.63 141.18 

15C 0.00001 0.00109 1.09 10.91 

905 0.00001 0.00010 - - 
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Table 3.27: Survival ratios under 0.5 mM and 1 mM CoCl2 stress conditions after 72 h of 

incubation. 

Individuals. 

final mutant 

population and 

wild type 

Survival Ratios Survival ratios as fold of wild type 

 0.5mM CoCl2 1mM CoCl2 0.5mM CoCl2 1mM CoCl2 

3 0.00001 0.14848 0.73 148.48 

4 13.92405 0.04177 1452944.41 41.77 

5 2.04167 1.91667 213043.48 1916.67 

7 54.83871 10.64516 5722300.14 10645.16 

8 8.23529 1.94118 859335.04 1941.18 

15C 0.00000 0.10000 0.49 100.00 

905 0.00001 0.00100 - - 

Survival ratios as fold of wild type values for each iron resistant mutant individual upon 

different metal stresses are shown in Figures 3.8 and 3.9. Figure 3.8 shows 48 h incubation 

results, while Figure 3.9 shows 72 h incubation results.  

 

Figure 3.8: Survival ratios as fold of wild type upon different metal stress conditions after    

48 h of incubation. 
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Figure 3.9:  Survival ratios as fold of wild type upon different stress conditions after 72 h of 

incubation. 



49 

 

4. DISCUSSION AND CONCLUSIONS 

In this study iron resistant Saccharomyces cerevisiae cells were obtained by the help of 

evolutionary engineering strategy. Two different selection strategies were performed in order 

to determine the most efficient selection strategy. It was clearly shown that continuous 

selection strategy was much more effective for obtaining iron resistant mutant. 

In continuous selection strategy firstly screening assays were performed to 905 and 906 in 

order to determine the initial stress level for selections. According to screening test results, 5 

mM FeCl2 stress level was found as a suitable starting stress level for continuous stress 

selection strategy. Increasing range for the continuous selection strategy was decided to be 5 

mM FeCl2 in each step.  It was observed that after the 5
th

 generation, the survival ratios 

decreased suddenly. This decrease may imply that the increasing range of 5 mM FeCl2 was 

too high to obtain several generations. In order to increase the survival ratio of the 

generations, the same concentration or amount of FeCl2 stress was applied for 9 generations 

between 6
th

-15
th

 generations.  

Also for pulse selection strategy, screening assays were performed to determine the initial 

stress levels. The pulse stress was exposed only for 90 min to growing cultures in early-log 

phase. Cells exposed to pulse stress only for a short time period are expected to survive better 

than those exposed to continuous stress. Thus the screening range was high for pulse 

application. After 41 h of incubation, cultures with FeCl2 concentrations lower than 400 mM 

were well grown which indicated that 400 and 500 mM FeCl2 levels were too high even when 

applied as a pulse stress strategy. According to those results, 5 mM FeCl2 with an increasing 

range 5mM was decided as the initial stress level for pulse strategy.  With that initial and 

increasing range, 25 pulse generations were obtained. The OD600 value of the final population 

was 1.23 with a survival ratio of 0.49.  

Those final populations obtained from both selection strategies were expected to have iron 

resistant mutants. The final populations were then inoculated to YMM-agar medium by 

spreading technique with different dilution rates. Cultures were diluted differently in order to 
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obtain individual colonies on agar medium. Eight individuals from continuous population and 

8 individuals from pulse generation were selected and named. 

Individuals selected from continuous generation were screened by spotting assay and the 

pictures of plates are shown in Table 3.11. Those pictures indicate that individuals 5, 7 and 8 

are iron resistant compared to wild type. Individuals selected from pulse generation were 

screened by spotting assay. Unlike individuals obtained from continuous generation, pulse 

individuals were not iron resistant. In contrast, individuals 1, 2, 3, 4 and 6 and were sensitive 

to 20 mM FeCl2. According to those results individuals 3, 4, 5, 7 and 8, obtained from the 

continuous population were chosen to be tested in further assays. 

Survival ratios and fold of wild type values of individuals were calculated quantatively by 

MPN method,  which indicated that the  individual number 8 was the most iron resistant 

mutant. Fifty mM FeCl2 containing MPN plates couldn’t be evaluated because of iron. For 

MPN method 72
th

 h results were more reliable because of insufficient growth at earlier 

incubation times and difficulties to observe small colonies. According to the 72
th

 h results, 8 

has 323 times greater survival ratio than the wild type. 

After determining the iron resistances; spotting assays and MPN assays were performed upon 

different metal stresses in order to determine any potential cross-resistances against other 

stresses. The individuals 3, 5, 7 and 8 had cross resistance to 0.1 mM NiCl2. Regarding CoCl2 

stress, it was observed  that 1.5 mM CoCl2 was a mild stress level for spotting assay, 

however, 2 mM CoCl2 was a strong stress level for many mutants. The 2 mM CoCl2 plate 

results showed that 3, 5, 7 and 8 had cross resistance to CoCl2. However no other cross-

resistance was detected other than nickel and cobalt. 

For  quantitative determination of cross-resistance levels, MPN assays were performed for 

different metal stresses each with different levels such as; 1 mM ZnCl2, 5 mM ZnCl2, 1 mM 

MnCl2, 5 mM MnCl2,1 mM CrCl3, 2 mM CrCl3, 0.5 mM CoCl2, 1 mM CoCl2, 100 mM 

MgCl2 and 500 mM MgCl2. 

It was observed that 0.5 and 1 mM CoCl2 were significant stress levels for wild type in MPN 

assays. The survival ratios of 905 for 0.5 and 1mM CoCl2 were less than 0.001. All 

individuals showed cross resistance to CoCl2. Individual 4 was less cross resistant to CoCl2 

than other individuals. As Stadler and Schweyen (2002) indicated that cobalt stress induces 

accumulation of aft1 protein in the nucleus. Thus, elemental cobalt and iron seem to be related 
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with each other in iron uptake mechanism. There for, the fact that the iron-resistant mutants 

obtained by evolutionary engineering strategy were cross-resistant to CoCl2 is not an 

unexpected result. It remains to be tested, how the iron-resistant mutants behave in the 

presence of cobalt and iron, and how the uptake of these two metals is affected. Determination 

of cellular iron and cobalt content using atomic absorption spectroscopy could help reveal the 

uptake mechanism. Additionally in future studies, quantitative-PCR assays can be performed 

to determine expression levels of aft1 and cot1 under iron stress conditions. Also, Fet3 and 

Fet4 expression levels could be analyzed under low and high iron stress levels. To understand 

the iron resistance mechanism in detail, transcriptomic and proteomic analyses would be 

necessary. 
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