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EVOLUTIONARY ENGINEERING of NICKEL RESISTANT    

Saccharomyces cerevisiae  

SUMMARY 

Nickel is one of many trace metals widely distributed in the environment. The 

overexposure to nickel makes it very cytotoxic and carcinogenic through the 

formation of damaging oxygen radical. A defect in uptake mechanism or endogenous 

accumulation of nickel can result in imbalance between the requirement for nickel 

ions and the damage caused by its reactivity. During the last century, exposure to 

nickel compounds and alloys have been increased due to industrial development and 

this causes a variety of pathological effects on human health such as lung and nasal 

cancers as well as cardiovascular and kidney diseases.  

In this study, nickel resistant mutants were successfully obtained by evolutionary 

engineering method and those individuals were not only resistant to nickel but also to 

other metals such as iron, cobalt and manganese. It was also observed that nickel 

resistance may be related with accumulation of nickel inside the cell, since when the 

nickel concentration of the environment was augmented, nickel accumulation of the 

mutants were also increased. Additionally, increase in trehalose accumulation was 

estimated in both wild type and mutant cells. This result indicated the potential role 

of trehalose in nickel resistance. Finally, transcriptomic analyses revealed that nickel 

resistance mechanism might be related with iron homeostasis.  
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EVRİMSEL MÜHENDİSLİK YÖNTEMİ ile NİKELE DİRENÇLİ 

Saccharomyces cerevisiae SUŞLARININ ELDESİ 

ÖZET 

Bu çalışmanın amacı evrimsel mühendislik yöntemi kullanılarak nikele dirençli 

Saccharomyces cerevisiae suşlarının eldesi ve bu suşlar kullanılarak mayada nikel 

direncinin araştırılmasıdır. Bu amaçla kimyasal bir mutajen olan etil metil sulfonatla 

(EMS) muamele edilip genetik çeşitliliği artırılmış yaban tip hücreler kullanılmıştır. 

Hücreler artan nikel konsantrasyonuna maruz bırakılarak yüksek nikel direncine 

sahip bir populasyon elde edilmiştir. Bu populasyondan rastgele koloniler seçilip, bu 

koloniler arasından da en yüksek nikel ve çapraz dirence sahip hücreler ileriki 

aşamalarda kullanılmıştır. Heterojen bir kültür olan son populasyondan koloniler 

seçilmesinin amacı nikel direncinin tek hücre seviyesinde incelemektir. Daha sonraki 

aşamalarda da seçilen hücrelerin fizyolojik karakterizasyonu, nikel tutma miktarları 

ve gen anlatım seviyeleri incelenmiştir. 

Saccharomyces cerevisiae tek hücreli ökaryotik bir organizmadır ve yüksek ökaryot 

canlılarla pek çok yapısal ve fonksiyonel özellikleri paylaşmaktadır. Hayvan 

hücrelerinden farklı olarak, hücre duvarı ile çevrilmiştir. Tomurcuklama yaparak 

vejetatif üreyebildiği gibi eşeysel olarak da üreyebilmektedir. Üreme çeşidine bağlı 

olarak yaşam çevriminde haploid ve diploid evreler geçirebilmektedir. Mayada 

haploid hücreler MATa ve MATα eşleşme çiftlerinden biri olarak bulunurlar ve zıt 

tarafla eşleşerek diploid hücreleri oluştururlar. 

S. cerevisiae yüzyılı aşkın süredir model organizma olarak kullanılmaktadır. 1996’da 

bütün genom dizisi ortaya çıkarılmış ilk ökaryotik organizma olmuştur. Elde edilen 

genetik bilginin yanı sıra basit besiyerlerinde üretilebilmesi de maya hücrelerinin 

biyolojik çalışmalarda tercih edilmesinin bir diğer sebebidir. Ayrıca maya hücreleri 

üzerinde genetik modifikasyonlar yapmak diğer ökaryot hücrelere kıyasla daha 

kolaydır. Daha önceki çalışmalarda maya hücresinde metal alınımı veya kullanımı ile 

ilgili bir gende meydana gelen bozukluğun hücrede metal iyonunun alınamaması 

veya fazla birikmesinden dolayı anormaliteye yol açtığı gözlenmiştir. Demirle ilgili 

bazı genlerin insan genomunda homologları incelendiğinde, bu homolog genlerde 

meydana gelen bozuklukların insanlarda ciddi hastalıklara yol açtığı gözlenmiştir. 

Metaller bütün canlılar için gerekli olup, canlılar bu ihtiyaçlarını karşılamak için 

belirli transport mekanizmaları geliştirmişlerdir. Fakat, yüksek konsantrasyonda 

metal iyonlarına maruz kalmak canlılarda toksik etki yapmaktadır. Bu toksik etki ile 

baş etmenin yolları; düşük kapasiteli metal alım sistemleri oluşturmak, yüksek metal 

konsantrasyonlarında metal alınımı ile ilgili genlerin ekspresyonun bastırılması, 

negatif yönde kemostatik bir tepkinin aktifleştirilmesi veya hücrede metal 

atılımından sorumlu metabolitlerin üretiminin artırılmasıdır. 
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Hücre içerisinde pek çok metal iyonu reaktif radikallerle etkileşerek DNA hasarına, 

lipit peroksidasyonuna ve protein yapılarının bozulmalarına sebebiyet verirler. Bu 

metallerle ilişkili oxidatif hasar Fenton reaksiyonu sonucu gerçekleşir.  

S. cerevisiae’da metal direncinde kofulların ve hücre duvarının önemli bir etkisi 

vardır. Demir, çinko, kobalt ve nikel gibi pek çok metal iyonunun kofullarda 

toplanabildiği bilinmektedir. Bu sayede sitoplazmada fazla miktardaki serbest iyon 

dağılımı azaltılarak hücreye zarar vermesi engellenmektedir. Hücre duvarı da 

biyolojik bir savunma mekanizması gibi çalışarak metal iyonlarının toksik etkisininin 

engeller. Hücre duvarı şelatlıyıcı ajanları hücre dışına pompalayarak zararsız metal 

kompleksleri oluşturabilir, aktif akış sistemleri ile metalleri hücre dışına atabilir veya 

metal alınımı azaltarak hücre içine girişlerini sınırlandırabilir. 

Metal direncinde organeller kadar hücre içi proteinlerin de rolü vardır. Metal 

iyonlarının hücre içi sekestrasyonunda glutatyon ve metalotiyonin önemli bir yer 

oynamaktadır. Metal iyonları glutatyon üzerindeki sistein aminoasitine bağlanır ve 

metaloglutatyon kompleksleri kofullarda biriktirilir. Yapılan çalışmalarda glutatyon 

sentezinden sorumlu gsh1 ve gsh2 genleri silinen maya hücrelerinin kadminyuma 

karşı aşırı hassas olduğu gözlenmiştir. Metalotiyoninler sistein yönünden zengin ve 

tiolat bağları ile divalent metal iyonlarına bağlanır. Bakır ve kadmiyum gibi 

metallerin toksik etkisinin azaltılmasında önemlidirler. Trehaloz da genel olarak 

mayada stres koşullarında aktif olan ve bu sebeple metal direncinde de öneme sahip 

bir disakkarittir. 

Nikel doğada pek çok yerde bulunabilen bir geçiş elementidir ve genelde yüksek 

miktarda demir ve magnezyum içeren minerallerde bulunur. Doğaya nikel salınımı 

doğal yollardan veya antropojenik etkilerden kaynaklanabilir. Volkanik patlamalar, 

orman yangınları ve nikelin kayalardan ve toprakdan sızması doğal kaynakları 

oluştur. Antropojenik etki ise fosil yakıtların kullanımı ve nikel ve nikel 

alaşımlarının endüstride kullanımını kapsamaktadır. 

Biyolojik olarak nikel kullanımı prokoryat hücrelerde daha yaygındır. Çeşitli bakteri, 

arkea, fungi, alg, bitki ve bazı hayvanlarda nikele bağlı enzimler izole edilmiştir. Bu 

enzimlerden başlıcaları üreaz, hidrojenaz ve karbon monoksit dehidrojenazdır. 

Escherichia coli hücrelerinde nikel alımı nikel metaline spesifik nik lokusu 

tarafından sağlanmaktadır. Nik lokusu NikA-NikE olarak beş proteinden 

oluşmaktadır ve nikel geçişi ATP bağımlı olarak çalışmaktadır. NikA periplasmik 

nikel bağlanma ve substrat reseptör proteinidir. NikB ve NikC nikel iyonlarının 

geçişi için hücre duvarında delikler oluşturan transmembran proteinleridir. NikD ve 

NikE ise ATP hidrolize ederek geçiş için enerji üretirler. Operonun sonunda onlarla 

aynı doğrultuda ekspress edilen nikR geni bulunmaktadır ve nik operonunun 

regulasyonu NikR tarafından sağlanmaktadır. Regulasyonu sağlayan diğer bir 

promotör de anaerobik koşullarda aktif hale gelen global regülatör protein FNR’ dir. 

Helicobacter pylori ve Brucella suis gibi bazı mikroorganizmalarda da buna benzer 

nikel transport sistemleri bulunmaktadır. 

S. cerevisiae hücrelerinde nikel alımının moleküler mekanizması bilinmemekle 

beraber aktif transport sistemleri ile kofullarda biriktirildiği tahmin edilmektedir. 

Yapılan bir çalışmada nikele dirençli bir maya hücresinin hücre içi nikelin %70’den 

fazlasını kofullarda topladığı gözlenmiştir. Ayrıca koful içerisinde yüksek miktarda 

histidin molekülünün olduğu saptanmıştır. 
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Çalışmanın başlangıcında yabani birey ve mutasyona uğratılmış hücrelerin başlangıç 

nikel direnci tespit edildi ve 0.05 mM NiC2 seleksiyon için başlangıç konsantrasyonu 

olarak kabul edildi. Bu konsantrasyonu 24 saat boyunca uyguladıktan sonra ilk 

populasyon elde edilip, ikinci populasyon ilk gruptaki hücrelerin 0.10 mM NiCl2 ile 

24 saat inkübe edilmesi ile oluşturuldu. Bu şekilde elde edilen 94 populasyon sonrası 

5.3 mM NiCl2 konsantrasyonuna dayanıklı S. cerevisiae hücreleri elde edildi. Son 

populasyon heterojen bir kültür olduğu için populasyondan rastgele koloniler seçilip 

mutant bireyler olarak adlandırıldı ve bu bireylerin nikel dirençleri en muhtemel sayı 

yöntemi ile ölçülerek, en yüksek nikel direncine sahip bireyler belirlendi. 12 tane 

bireyin ortalama direnç değerinin son populasyondan daha yüksek olduğu gözlendi 

ve M9, M10 ve M12 bireyleri en yüksek nikel dirençlerine sahip bireyler olarak 

belirlendi. 

Bireylerin diğer metal ve metal olmayan streslere karşı çapraz dirençleri damlatma 

yöntemi kullanılarak yapıldı. Çapraz direnç testlerinde öne çıkan iki birey ayrıca en 

yüksek nikel direncine de sahip olan M9 ve M12 idi. Bu iki birey kobalt, demir, 

manganez ve çinkoya karşı çapraz direnç göstermelerine karşın bakır, oksidatif, 

ozmotik ve etanol streslerine karşı hassaslardı. M11 hariç diğer bireyler de benzer bir 

fenotip gösterdiler. M11 bireyinde diğer bireylerinden farklı olarak etanol direnci ve 

çinkoya karşı da yüksek hassasiyet gözlemlendi. 

Hücrelerin nikel tutumu 0.15, 1 ve 3.5 mM NiCl2 varlığında incelendi. 0.15 ve 1 mM 

seviyelerinde yaban tiple aynı seviyede nikel tutumu gözlendi. Nikel konsantrasyonu 

3.5 mM seviyesine yükseltildiğinde M9 ve M11 in nikel tutumunda yaklaşık iki 

katlık bir artış olmasına rağmen yabani birey 1 mM ile aynı seviyede nikel tutumu 

gerçekleştirdi. M9 ve M11’in nikel konsantrasyonu artışına paralel olarak nikel tutma 

miktarlarının da artması, hücrelerin nikelin toksik etkilerinden kaçınmak için nikel 

iyonlarını koful içerisinde depoladıkları önerisini destekler niteliktedir. 

Birey M9 ve M11’in trehaloz ve glikojen ölçümleri stresli ve stressiz ortamda 

gerçekleştirildi. Bireylerin bazal trehaloz ve glikojen üretimleri yaban tipinkinden 

önemli ölçüde daha yüksektir. Bu yüksek bazal değer M9 ve M11’in yaban tipe göre 

daha yavaş üremesini açıklayabilir fakat aynı zamanda trehaloz ve glikojen 

miktarının fazla olması bu iki bireyin daha güçlü direnç metabolizmalarına sahip 

olmalarını ve değişen çevresel koşullara daha çabuk tepki vermelerini sağlamaktadır. 

Nikel varlığında da trehaloz üretimlerinde M9’da 1,5 kat yabani türde 3 kat bir artış 

gözlendi. Bu sonuç da trehalozun nikel ve metal stresindeki rolünü ortaya 

koymaktadır. 

S. cerevisiae’da nikel direnci tam olarak aydınlatılamadığı için genetik çalışmalar, 

genel olarak metal stresinde öne çıkan genler üzerinde yoğunlaştırıldı. Belirli demir 

homeostaz, koful metal transport, genel stres ve sülfür metabolizması ile ilişkili 

genlerin anlatım düzeyleri mutant ve yabani bireyler için ölçüldü. Birey M9’da bu 

genler arasından demirin hücreye alımı ve kofullarda toplanmasından sorumlu 

olanların anlatım seviyeleri stressiz koşullarda yaban tipe göre çok yüksek olduğu 

gözlendi. Ayrıca bu genlerin anlatımı nikel varlığında yaban tipte de artış gösterdi. 

Bu sonuçlar da demir alımı ile ilgili genlerin nikel stresinde de rol oynamış 

olabileceğini işaret etmektedir. 
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1.  INTRODUCTION 

1.1 Saccharomyces cerevisiae: Brief Information 

The yeast Saccharomyces cerevisiae is one of the best characterized eukaryotic 

organisms and belongs to the Saccharomyces genera in the kingdom of fungi. It is 

also known as baker`s yeast, brewer`s yeast or budding yeast. The good reputation of 

S.cerevisiae results from its beneficial properties in beer brewing, grape cultivation 

and dough leavening processes from ancient times to the present. However, the exact 

nature of yeast was a mystery until the discovery of Louis Pasteur about how yeast 

works. He discovered that yeasts are living organisms causing fermentation of grape 

(URL-1). 

S. cerevisiae is a unicellular fungus unlike the many fungal species and shares most 

of the typical structural and functional properties of higher eukaryotes such as 

nucleus, Golgi apparatus, mitochondria, endoplasmic reticulum, secretory vesicles, 

microbodies and vacuoles analogous to lysosome (Figure 1.1)  (Alberts, 2002). 

Besides the animal cells, they are surrounded by a thick and tough cell wall that acts 

as a filtering and protection mechanism. The outer cell wall also directly affects the 

cell-cell and cell-surface interactions (Bester, 2012). Yeast cell wall is mostly 

composed of mannoprotein and fibrous β1,3 glucan which constitutes the %90 of the 

total wall mass. Other minor components are β1,6 glucan and chitin (Lipke and 

Ovalle, 1998). Between the outer cell wall and cytoplasm, there is a plasma 

membrane with primary function of providing selective permeability. Yeast 

cytoplasm is a heterogeneous, gel-like liquid containing organelles except for 

nucleus. Shape and internal stability of cytoplasm is structured by cytoskeletal 

network. Cytoskeleton also provides cell its motion and organization of organelles. 

Main components of cytoskeleton are microtubules and microfilaments. Largest 

component of the yeast cell is vacuole. This lysosome-like compartment is the key 

organelle in intracellular trafficking of proteins. Additionally, it has a function on 
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storage of basic amino acids and metal ions, osmoregulation and homeostasis of 

cytoplasmic ion concentrations (Alberts, 2002). 

Saccharomyces cerevisiae is an oval shaped cell and determination of the exact size 

of cell is imprecise since it greatly depends on the physiological state and age of the 

organism and surrounding environment (e.g., nutrient conditions). However, the 

approximate size of the cell varies in the range of 5–10 µm length and a width of 5-7 

µm. The yeast S. cerevisiae is capable of existing in both a haploid (one copy of each 

chromosome) and a diploid (two homologous copies of each chromosome) stage. 

Cell proliferation of Saccharomyces cerevisiae on rich medium is robust with a 

doubling time of 90 min. (Esslinger, 2009).  

 

Figure 1.1 : Images of Saccharomyces cerevisiae (A) Scanning electron micrograph 

of the yeast cell clusters of Saccharomyces cerevisiae, (B) The 

transmission electron micrograph of the cellular structure of a yeast cell 

(Alberts, 2002). 

S. cerevisiae is able to reproduce either vegetatively by budding or sexually by 

conjugation. Reproduction type of cell is dependent on environmental conditions. In 

nutrient rich medium, cells prefer to produce by budding, which is the most common 

and well-known type of vegetative growth. However, in the nutrient limited or stress 

conditions, sexual reproduction occurs to increase genetic diversity thus phenotypic 

diversity (Postlethwait et. al, 2006). 

Budding is the most common form of vegetative growth in both haploid and diploid 

S.cerevisiae cells. During asexual reproduction, budding process occurs through 

mitosis when mother cells attain a critical cell size and formation. The newly formed 
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bud (daughter cell) appears on the small area of mother cell. When sister 

chromosomes are translocated into the daughter cell, the bud grows and separates 

from the mother cell leaving a permanent mark known as bud scar (Carlile et al., 

2001). The number of bud scars present on the cell surface is directly related to the 

number of times a cell has divided since yeast cell cannot produce a bud again where 

it did once (Powel et al, 2003). 

Haploid cells exist as one of two possible mating types, MATa or MATα, and mate 

with the opposite mating type (Figure 1.2). Haploids of MATa and MATα produce a 

pheromone (a or α factors) which is recognized by the surface receptor of opposing 

mating type. Mating begins with the binding of the pheromone to the cognate 

receptor. This binding ceases proliferation, cause to arrest cells in G1 phase and 

initiates the highly polarized morphogenesis. The newly formed shape of yeast is 

called a “shmoo”. Eventually, when cells in the shape of shmoo contact each other, 

cell fusion occurs followed by nuclear fusion, causing the formation of diploid 

MATa/α nucleus called as zygote (Hartwell, 1974).  

 

Figure 1.2 : Life cycle of S.cerevisiae (Alberts, 2002). 

Diploid yeast cells normally reproduce mitotically as a diploid, but when they are 

starved of nitrogen and in the presence of low carbon sources, cells undergo meiosis 
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and produce spores. A single cell can give rise to four spores encapsulated in an 

ascus. Spores are more resistant to environmental conditions than a normal cell. If 

the environmental conditions become available, spores germinate and commence 

growth as a haploid (Joseph-Strauss et al., 2007) 

1.1.1. Biological Importance of Saccharomyces cerevisisae 

Saccharomyces cerevisiae has been used as a model organism over centuries to 

understand the basic and conserved biological processes. In 1996, complete genomic 

sequences of yeast established and S. cerevisiae became the first eukaryotic organism 

the entire genome sequence of which has been made available. In addition to wealth 

of genetic information, it is easy to cultivate yeast culture on defined media giving 

the scientist full control over the culture against environmental changes. Another 

advantage of the use of yeast as a model system is the ease of genetic manipulation 

(Walker, 1998).  

Entire genome sequence of S. cerevisiae revealed that it has approximately 12.8 

million bases containing 6000 open reading frames (ORFs) arranged across 16 

chromosomes. Genome of S.cerevisiae is about 200 times smaller when compared to 

human genome but it is four times longer than that of the E. coli. Before the 

sequence project, the knowledge about the number of genes encoding either RNA or 

protein is about 1200 (Mortimer et al., 1992). Yeast genome is very compact since 

70% of the genome consist of ORFs and spacing between the genes is short when 

compared to the complex eukaryotic genomes. It is lacking the non-coding DNA 

stretches and only 4% of the genes contain introns (Dujon, 1996). Resulting from the 

features of yeast genome combined with the ease of genetic manipulation, it is 

available to identify the functions of genes and then seek their possible human 

homologs in the human genome. Table 1.1 shows some of the yeast transition metal 

homeostasis genes, the human homologs of which have been identified. The genetic 

and biochemical features of the homologous genes are very similar. Most 

importantly, distributions in those genes directly take place in human metal-related 

diseases indicating the importance of the using S.cerevisiae as a eukaryotic model 

organism (Bleackley and MacGillivray, 2011). 
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Table 1.1 : A selection of yeast metal homeostasis genes with the corresponding 

human homologs (Bleackley and MacGillivray, 2011). 

Yeast 

gene 

Human homolog Function 

ZRT1 
SLC39 family of 

transporters 

Transport of Zn and other metals from the 

extracellular space or lumen of an organelle  to the 

cytoplasm 

SMF1 DMT1 Broad specificity divalent metal transport 

YFH1 Frataxin 

Regulation of mitochondrial iron availability, 

Thought to promote the maturation of heme and 

Fe/S clusters 

ATX1 HAH1 
Cytosolic copper chaperone for delivering Cu ions 

to the Golgi 

FET3 
Hephaestin/ 

Ceruloplasmin 

Muliticopper ferroxidases implicated in iron 

homeostasis 

MRS3/4 Mitoferrin Mitochondrial membrane iron transporter 

CCC2 
Wilson’s/ 

Menke’s protein 
Golgi copper transporter 

BSD2 Ndfip1 Regulator of SMF1/DMT 

CTR1 CTR1 Plasma membrane copper transporter 

PMR1 SPCA1/SPCA2 Golgi Mn /Ca transport ATPase 

 

Availability of complete genomic sequence has led to accumulation of the vast 

majority of knowledge about S.cerevisiae and knowledge brings with its highly 

useful biological tools for studying genetics, biochemistry and cell biology in the 

model organism. Systematic deletion library is one of the most useful tools available 

(Giaever et al, 2002). This deletion library consists of yeast strains with defined gene 

deletions of over 95% of predicted ORFs in yeast genome. Deletion library was 

accomplished by using a PCR-based strategy in which each open reading frame from 

its start and stop codon replace with a KanMX module and twenty base ORF specific 

nucleotides. Strains harboring the KanMX module are screened under Geneticin 

(aminoglycoside antibiotic), which blocks polypeptide synthesis by inhibiting the 

elongation step in both prokaryotic and eukaryotic cells. The ease of single step gene 

deletion is unique in S.cerevisiae and offers an outstanding advantage for deletion 

library project. Benefits of deletion library has led to the observation of the 

phenotype profiling of numerous genes and aided in assigning function to previously 
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undescribed ORFs along with the identifying new functions of known genes 

(Bleackley and MacGillivray, 2011). 

1.2 The Environmental Stress Response of  S.cerevisiae 

In the nature, yeast cells exposure the continuous and unforeseen biological and 

physical stress factors such as fluctuations in temperature, osmolarity, and acidity of 

their environment, the presence of radiation and toxic chemicals, and long periods of 

nutrient starvation. Hence, they have to possess cellular stress signaling mechanisms 

to maintain their internal environment against these harsh conditions. For this 

purpose, numerous stress response mechanisms evolved and they are rapidly 

activated in response to any perturbation in the surrounding environment (González-

Párraga et al., 2008). 

When yeast cells gain resistance to mild dose of one type of stress, they become 

resistant to normally lethal doses of other stresses that seem apparently unrelated. 

This phenomenon is called cross-tolerance (Lewis et al., 1995). This observation 

leads to the detailed whole-genome investigation of stress response mechanism of S. 

cerevisiae and it became apparent that expressions of around 900 genes were altered 

under wide variety of environmental transitions. These genes were named as 

“Environmental Stress Response (ESR)”, which is classified in two groups as 

repressed and induced genes. Majority of genes in ESR, about 600 genes, were 

repressed and downregulated genes mainly function in RNA metabolism, growth-

related processes and protein synthesis. The other group comprises of 300 genes the 

transcription of which induced under environmental transitions. Induced genes are 

involved in carbohydrate metabolism, protein folding and degradation, detoxification 

of reactive oxygen species (ROS), cell wall modification and DNA damage repair 

etc. The upregulated genes in the ESR are mostly under the control of the 

transcription factors Msn2p andMsn4p. In non-stressful conditions, Msn2p and 

Msn4p are located in cytosol, however, stressful conditions initiate translocation of 

transcription factors to the nucleus, where they bind the stress response elements 

(Gasch et al., 2000).  

Regulation of the induced genes, however, in ESR is not controlled by single system. 

There are different regulatory systems activated under different environmental 

conditions. For example, a group of protein folding chaperones induced in the ESR 



7 

was super-induced in response to heat shock, relative to other stresses. It is also 

observed that induction of genes in ESR is governed by condition-specific regulatory 

mechanisms. The expression of some of the genes induced in ESR, which were 

previously known to be controlled by Msn2/Msn4p, was investigated against heat 

shock and H2O2 treatment. Regulation of large cluster of genes was greatly 

dependent on Msn2/Msn4p in response to both heat shock and H2O2, while the 

induction of a second class of genes was partially dependent on these factors in 

response to both conditions. A third class of genes was dependent on Msn2/Msn4p in 

response to heat shock whereas they are unaffected from Msn2/Msn4p in response to 

H2O2. Because the third class of genes contain consensus binding site for 

transcription factor Yap1p, which is known to be involved in the oxidative stress 

response, expression pattern of yap1 deletion mutants was also characterized in 

response to both oxidative and heat shock stresses. Results revealed that genes were 

induced through Msn2/Msn4p in response to heat shock but were induced through 

Yap1p in response to H2O2 (Gasch et al., 2000).  

1.3 Metal Stress Mechanisms of S.cerevisiae 

Since metals are essential for all kind of organisms, sufficient transport systems have 

been evolved for satisfying the requirement of metal ions. However, exposure to 

metal ions at higher concentrations makes them very toxic. A defect in uptake 

mechanism or endogenous accumulation of any metal ion can result in imbalance 

between the requirement for metal ion and the damage caused by its reactivity. 

Organisms cope with metal toxicity by the production of uptake systems with a very 

low capacity, by repression of transcription of the transporter genes in response to 

elevated metal concentrations, by activating a negative chemotactic response, and by 

the expression of resistance determinants designed for metal expulsion from the cell 

(Eitinger and Mandrand-Berthelot, 2000). 

Survival of a cell against harsh stress conditions can be divided in three stages 

(Figure 1.3). Firstly, if the stress conditions are higher than the initial stress tolerance 

of organism, cells are killed immediately; for example, if the plasma membrane is 

disrupted. This tolerance of organism is determined by the genetic make-up and 

history of the cell. Secondly, cells, which are managed to survive, need to repair the 

damage and alter their physiology and gene expression program to adapt. If this is 
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not possible, cells die or solely stay metabolically active without able to grow 

depending on the tolerance of organism. A lag in the growth might be observed in 

adapted cells since cells arrest at a specific phase of the cell cycle. Finally, after 

adaptation and physiological changes, cells will grow again unless enough resources 

are available in environment. However in the nutrient limited conditions, cells arrest 

at the START checkpoint that monitors nutrient availability. Growth rate of newly 

generated cells will be lower than the cells grown in non-stressful conditions since 

each new cell has the adapted and non-ideal phenotype (Brul and Smits, 2005). 

 

Figure 1.3 : Schematic representation of the effects of stress on survival (Brul and 

Smits, 2005). 

1.3.1 Metal mediated oxidative damage 

Metal like iron, copper, cadmium, chromium, mercury, nickel and vanadium are 

capable of interacting with reactive radicals causing DNA damage, lipid peroxidation 

and depletion of protein sulfhydryls. Metal-mediated oxidative damage occurs via 

Fenton reaction. Production of hydroxyl radical (
•
OH) by iron are explained below 

(Valko et al., 2005). 

          
                                                     (1.1) 

                            (Fenton reaction)             (1.2) 

The overall reaction of the combined steps is called Haber-Weiss reaction. 

  
                                                           (1.3) 

The Fe(II)-dependent decomposition of hydrogen peroxide (1.2) is called Fenton 

reaction and yield hydroxyl radical which can react with lipids, proteins and DNA. 

Hydroxyl radicals and other ROS are highly active and reaction of hydroxyl radical 
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with a biomolecule will produce another radical, usually of lower reactivity (Valko et 

al., 2005).  

1.3.2 Role of cellular compartments in metal stress 

The role of yeast vacuole in metal ion regulation and detoxification of toxic metal 

ions is crucial. It is well known that vacuole can accumulate a wide variety of metal 

ions such as Mn
2+

, Fe
2+

, Zn
2+

, Co
2+

, Ca
2+

, Ni
2+

 and K
+
. Transport of these metal 

cations across the vacuolar membrane is provided by a proton motive force, which is 

generated by plasma membrane H
+
-ATPase. Gadd et al. (1997) displayed that 

vacuole deficient mutant of S.cerevisiae showed increased sensitivity and largely 

decreased capacity of accumulating Zn, Mn, Co and Ni. Additionally, it was 

observed that vacuolar mutants did not exhibit increased toxicity or significant 

differences in accumulation in the presence of toxic levels of Cu and Cd. 

In some cases, toxic effect of metal ions is prevented by cell wall, which is acting as 

a biological defense system. Cell wall can restrict entry of metal ions into cytosol by 

reducing uptake or excrete metal ions out of the cell by an active efflux system or 

secrete chelator ligands and cause the formation of metal complexes out of the cell 

(Jennings, 1993). Ono et al. (1988) showed that when Hg
2+

-resistant S.cerevisiae 

mutants treated with mercury, 85% of the cell-associated Hg
2+

 localizes in the cell 

wall. It was also observed that mercury binds mainly the thiol groups of the cell wall 

since when cell are treated with sulfhydryl compounds, mercury is readily released 

upon treatment.  

1.3.3 Metal resistance proteins 

1.3.3.1 Siderophores 

To prevent iron-mediated oxidative stress, iron is shielded from molecular oxygen 

and the surrounding environment by siderophores. Siderophores are secreted into the 

rhizosphere where they form very stable and soluble complexes with iron. 

Heaxadente siderophores, which means that they bind to all six coordination sites of 

iron, can provide more consistently inert complexes (Boukhalfa et al., 2006). 

1.3.3.2 Glutathione 

The major molecules implicated in sequestration of metal ions include glutathione 

(GSH; L-γ-Glu-Cys-Gly) and metallothioneins (MT). Glutathione may account for 
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1% of the total cell weight of S. cerevisiae. It functions as a storage form of 

endogenous sulphur and nitrogen as well as having a role in protection against 

biocides and certain metal ions (Singhal et al., 1987). Glutathione can exist in two 

formation; reduced (GSH) and oxidized (GS-SG) state. Heavy metals bind to thiol 

groups of cystein amino acid in reduced glutathione and cause formation of bis-

glutathionato complexes. This complex is highly reactive and it readily reacts with 

diatomic oxygen to yield oxidized bis-glutathione (GS-SG), the metal cation and 

hydrogen peroxide. Oxidized bis-glutathione has to be reduced again to GSH by the 

enzyme glutathione reductase in a NADPH-dependent reaction and released metal 

cations bind immediately another two molecules of glutathione. This circle causes a 

considerable oxidative stress on the cell metabolism (Nies, 1999). Therefore, metal- 

glutathione complexes must be transported into vacuole to prevent oxidative stress. 

For example, the YCF1p transporter, an ABC transporter, transports cadmium-

bisglutathione complex into the vacuole (Li et al., 1997). 

The genes involved in biosynthesis of glutathione are GSH1 and GSH2, encoding γ-

glutamylcysteine synthetase and glutathione synthetase, respectively. Although 

Δgsh1 and Δgsh2 mutants are viable, they have a slower growth rate and a longer lag 

phase than that of the wild type cells. The growth of gsh1-deficient mutants is greatly 

dependent on the GSH supplementation, while Δgsh2 mutants are able to grow in 

unsupplemented minimal media, albeit less than their corresponding wild type cells 

(Jamieson, 1998). These mutants are also hypersensitive to the heavy metal cadmium 

and it was found that cadmium induces the expression of GSH1 gene. GSH1 is 

regulated by the transcription factor of Yap1p and yap1-deficient mutants are 

hypersensitive in response to oxidants and cadmium (Wu and Moye-Rowley, 1994). 

Additionally, gsh1 mutants are unable to grow on non-fermentable carbon sources 

such as glycerol (Jamieson, 1998). Lastly, glutathione is known to protect 

mitochondrial macromolecules from the deleterious effects of oxidants produced in 

consequence of respiration (Lee et al., 2001). 

1.3.3.3 Metallothionein 

S.cerevisiae and other eukaryotes induce the synthesis of metallothioneins, low 

molecular weight cysteine-rich protein that bind divalent metal ions via formation of 

thiolate bonds.  Metallothioneins are important in resisting the toxic effect of metals 

such as copper and cadmium. Yeast metallothioneins are encoded by CUP1 and 
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CRS5. In the presence of copper, expression of CUP1 is highly induced and mediated 

by Ace1 transcription factor (Jamieson et al., 2002).  

Ecker et al. (1986) identified the function of yeast metallothionein in metal 

detoxification. They constructed a yeast strain lacking metallothionein gene in the 

genome and metallothionein-deficient strains were transformed with different 

metallothionein-expressing plasmids that contain the normal or mutant 

metallothionein coding sequences under normal or constitutive (TDH3) promoters. 

Dramatic copper resistance was observed in all of the metallothionein-expressing 

plasmids. The difference in the maximal copper tolerance between the strain with the 

control plasmid and those carrying the high copy number of intact yeast 

metallothionein-expressing plasmid was about 1000 fold. It was also observed that 

TDH3 promoter was less effective than the CUP1 promoter in response to copper 

stress. Moreover, none of the strains conferred cadmium resistance except for the 

strains harboring the plasmid expressing under the control of a constitutive promoter. 

However, they are more resistant than the strain that had no metallothionein. 

1.3.3.4 Trehalose 

Trehalose is a nonreducing disaccharide composed of two glucose molecules are 

linked together in a 1,1-glycosidic linkage. In S. cerevisiae, metal stress protective 

function of trehalose is related with metal-induced oxidative damage since trehalose 

itself is known as general stress protectant against various stresses, including heat 

stress, cold stress, oxidative stress, high ethanol concentrations, dehydration, osmotic 

and salt stress and weak organic acids. Some evidence revealed that there might be a 

direct link among the trehalose metabolism, glucose transport mechanism and 

glycolysis (Elbein et al., 2003). In non-stressful conditions, role of trehalose in cell is 

preserving the integrity of plasma membrane and functioning as a chaperone 

molecule. In addition, trehalose is part of environmental stress response. Nth1p, the 

neutral cytosolic trehalase responsible for mobilizing of trehalose, contains three 

ESR elements in its promoter region (Pedreño et al., 2002). Attfield (1987) reported 

that exposing yeast cells to 5 mM copper sulphate yielded in significant trehalose 

accumulation. In the same study, cells were then exposure to ethanol, heat shock and 

hydrogen peroxide. All of the cells accumulated trehalose during stress conditions 

indicating the role of trehalose in general stress response of yeast. 
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1.4 Properties and Importance of Nickel 

Nickel is the 24
th

 most abundant element in the earth crust, occurring at an average 

concentration of approximately 75 µg/g. It has an atomic number of 28 and an 

atomic weight of 58.71. Although the most common valence state of nickel in the 

environment is Ni
2+

, it can exist in a number of different oxidation state ranging from 

-1 to +4. Nickel mainly occurs in minerals those containing large amounts of 

magnesium and iron (Cotton and Wilkinson, 1988). 

Nickel is a silver-white metal having typical metallic properties. Metallurgical 

importance of nickel results from its high electrical and thermal conductivities. It is 

also resistance against air and water at ambient temperatures (-20°C to 30°C) and 

often electroplated as a protective coating. Nickel forms a wide range of compounds 

in divalent state such as water-soluble nickel chloride hexahydrate, nickel sulphate 

hexahydrate, nickel sulphate heptahydrate and so on. Nickel subsulphide and nickel 

oxide are considered as “insoluble” in water, but both are soluble in organic acids 

(Cotton and Wilkinson, 1988). 

Nickel is used in approximately 3000 alloys that have wide spectrum applications. 

Nickel-containing stainless steel is used in the chemical and food processing 

industries and in the medical profession. Iron-nickel alloys are important materials 

for the electrical industry. Nickel-copper alloys are useful for shipbuilding. Nickel-

chromium alloys are used for jet engine components, nuclear reactors, and turbine 

blades. Other important uses of nickel are in electronic equipment, motor vehicles, 

and oil and gas pipelines (Grandjean, 1984). 

1.4.1 Nickel in environment 

Nickel is one of many trace metals widely distributed in the environment. It is 

released from both natural sources and anthropogenic activities. Anthropogenic 

activities include emissions from fossil fuel consumption, and the industrial 

production, use, and disposal of nickel compounds and alloys. Natural sources of 

atmospheric nickel include dusts from volcanic emissions, direct leaching from rocks 

and soils and forest fires (Kasprzak et al., 2003). 
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1.4.2 Importance of nickel in biological system 

Concentration of nickel is sufficiently higher in anaerobic prokaryotes resulting from 

the use of nickel, as well as cobalt, in the early evolution of life in an atmosphere 

lacking oxygen. Upon photosynthesis and subsequent accumulation of oxygen in the 

atmosphere, zinc and copper became much more bioavaible and have a number of 

chemical advantages over nickel and cobalt. Eventually, they replaced with nickel 

and cobalt in the evolution of organisms explaining that why nickel and cobalt has 

limited functions in higher eukaryotes (Frausto da Silva and Williams, 2001). 

Nickel-dependent enzymes have been identified in bacteria, archaea, fungi, algae, 

higher plants and a few animals. Urease is one of the nickel-dependent enzymes, 

which contains two-nickel ions in its active sites. Urease catalyzes the hydrolysis of 

urea to yield ammonia and carbamate. Carbamate then spontaneously hydrolyzes to 

form another ammonium ion and carbonate. In many organisms, ammonia used as a 

nitrogen source, allowing the growth on ammonia precursors such as arginine and 

purines (Eitinger and Mandrand-Berthelot, 2000). 

[NiFe] hydrogenases catalyze the reversible oxidation of hydrogen gas. In some 

anaerobic microorganisms, hydrogen production is essential in pyruvate fermentation 

and in the disposal of excess electrons. Enzyme contains Ni and Fe at the active site 

of large subunit. Four cysteine residues coordinate the Ni, with two of these cysteins 

bridge to Fe atom (Eitinger and Mandrand-Berthelot, 2000). 

Carbon monoxide dehydrogenases (CODH) catalyze the reversible oxidation of 

carbon monoxide to carbon dioxide. More complex forms of CODH are the acetyl-

coenzyme A synthetases (ACS), which function is catalyzing the reversible 

formation of acetyl-CoA from CO2, coenzyme A, and a methyl group (Eitinger and 

Mandrand-Berthelot, 2000). This enzyme is only found in anaerobically growing 

microorganisms and only complex with CODH (Ermler et al., 1998). 

Other microbial enzymes that are known to require nickel are methyl coenzyme M 

reductase, Ni-dependent superoxide dismutase, Ni-dependent glyoxylase and Aci-

reductone dioxygenase (Eitinger and Mandrand-Berthelot, 2000).  
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1.5 Nickel Uptake and Utilization by Microorganisms 

1.5.1 ATP-binding cassette (ABC)-type transporter systems 

The nickel specific ABC transporter of Eschericha coli was first originated from 

characterization of nik locus. Δnik mutants contain reduced level of hydrogenase 

activity and addition of Ni salts (0.5 mM) recovered the enzymatic activity. 

Additionally mutants accumulated nickel less than %1 of those compared to parental 

strain (Wu et al., 1989). 

The nik locus consists of five proteins, NikA-NikE, that provided the ATP-dependent 

Ni transport (Figure 1.4). NikA is periplasmic nickel binding protein and substrate 

receptor for Ni uptake. NikB and NikC are transmembrane proteins that form a pore 

for the translocation of Ni ions. NikD and NikE are involved in hydrolyzing ATP and 

generating energy for transport. The level of NikA in a cell correspond to those of 

other other periplasmic proteins and of the cytoplasmic protein HypB. The latter is 

involved in the insertion of Ni into the large subunits of hydrogenases. Dissociation 

constant (Kd) of NikA to nickel is less than 0.1 µM whereas it bounds other divalent 

cations (Co
+2

, Fe
+2

 and Zn
+2

) with at least 10-fold lower affinity (Eitinger and 

Mandrand-Berthelot, 2000). 

 

Figure 1.4 : Nickel transport operon of Escherichia coli and its regulation. The 

initiation sites (+1) and the direction of transcription are indicated by 

arrows; (+) and (–) correspond to the activation and repression of the 

expression of the nikABCDE operon, respectively (Eitinger and 

Mandrand-Berthelot, 2000). 

Presence of Ni-specific ABC-type transporters are also found in other organism such 

as Helicobacter pylori, Brucella suis, Actinobacillus pleuropneumoniae etc. H. plyori 

contain a four-gene operon (abcABCD) that is responsible for nickel transport. 
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Among the four genes, only abcD has a sequence homology with nikD gene of E. 

coli. B. suis has a nikABCDE operon, but nikA is not essential for survival of 

organism. Moreover, Ni/Co ABC-type transporter is present in A.  pleuropneumoniae 

where a five-gene operon, cbiKLMQO, has sequence homology with other known 

ATP-dependent transporters (Hausinger and Mulrooney, 2003). 

1.5.2 Regulation of nikABCDE operon expression 

NikR, a Ni sensor and regulator protein, is responsible for regulation of nikABCDE 

operon. nikR is located 5bp downstream of the last gene (nikE) of the nik operon, 

transcribed in the same direction as nikABCDE and encode a DNA-binding protein 

that represses transcription of nikABCDE when intracellular nickel levels are high 

(Figure 1.4). Two promoters regulate the expression of nikR. The first one is 

activated under anaerobic conditions by global regulatory protein FNR, which is 

known to control several anaerobic respiratory and fermentative metabolic activities. 

FNR also controls the regulation of nikABCDE at conserved FNR box located 

upstream of nikA. Second promoter is regulating nikR expression at 51 bp upstream 

of the nikR transcription start site. Low-level constitutive expression of nikR results 

in basal level NikR proteins in the presence of oxygen and is independent from Ni 

concentration. This model enables cells to respond immediately changes in the Ni 

status (Eitinger and Mandrand-Berthelot, 2000). 

NikR purified from E.coli (EcNikR) is a 15 kDa protein, containing a N-terminal 

DNA-binding and a C-terminal nickel-binding domain. NikR binds nickel, at the C-

terminus, with 7–10 pM affinity. Other divalent cations including zinc, copper and 

cobalt also bins NikR with similar affinities but nickel confers greater 

conformational stability to the complex. High affinity nickel dependent interaction of 

NikR with operator sequence (GTATGA-16N-TCATAC) in the nikABCDE promoter 

causes the transcriptional repression of the operon. Intracellular nickel concentration 

dramatically changes the binding affinity of NikR to DNA. Addition of nickel to 

NikR increases the affinity from nanomolar to picomolar levels, suggesting that there 

is a second, low-affinity site for nickel ions in NikR. Dissociation constant (Kd) of 

this low-affinity NikR site for nickel is at micromolar levels. DNA footprinting 

studies revealed that when the second NikR site is occupied, protected DNA regions 

is larger than the region protected when only the high affinity NikR site is occupied. 



16 

Presence of low-affinity nickel binding site in NikR allow the full occupancy of 

operator binding, enabling NikR to sense a wide range of nickel concentration from 

as low as one to as high as 10 000 molecules per cell (Michel and Dosanjh, 2006). 

H. pylori uses NikR, sequence homologue of EcNikR, to express of its urease genes. 

Interestingly, expression of urease genes is regulated by nickel rather than urea or 

nitrogen availability. In B. suis, regulation of urease is also controlled by a NikR 

homologue, which is located upstream of nik operon and transcribed in opposite 

direction (Hausinger and Mulrooney, 2003). 

1.5.3 Ni-specific permeases  

First identified Ni-specific permease is HoxN, which is an integral membrane protein 

responsible for Ni-transport in Ralstonia eutropha. ΔhoxN mutants show reduced 

hydrogenease and urease activity. HoxN has a high-affinity for Ni
2+

, but a very low 

capacity. Ni-transport constant (Kt) of HoxN is estimated to approximately 20nM 

and the maximal velocity is 1.5 pmol Ni
2+

 × min
–1

 × (mg total cell protein)
–1

. 

Detailed studies revealed that HoxN has eight transmembrane domain and His62, 

Asp67 and His68 of highly conserved transmembrane domain II are critical to 

permease activity (Hausinger and Mulrooney, 2003). 

NixA, a HoxN type permease, is found in H. pylori. NixA is nickel-cobalt transporter 

and required for effective colonization. Mice infected with ΔnixA mutant of H. pylori 

showed diminished colonization since urease, a nickel-dependent enzyme, is the 

virulence factor of organism. However, ABC-type Ni-transport system impairs the 

urease activity up to a certain level. Topological studies revealed that NixA, like 

HoxN, is fold into eight transmembrane segments. Essential segments for transport 

are transmembrane domains II and III (Hausinger and Mulrooney, 2003). 

Another best-characterized homologues of HoxN permeases were identified in 

Rhodococcus rhodochrous J1 (NhlF) and Schizosaccharomyces pombe (Nic1p). 

RrNhlF was first identified as cobalt transporter, but later it was observed that 

RrNhlF is able to transport Ni
2+

 with slight preference with cobalt (Eitinger and 

Mandrand-Berthelot, 2000). Nic1p of S. pompe is a high affinity nickel permease and 

the first example of this kind of transporter in a eukaryotic organism. Δnic1 mutants 

of S. pombe were unable to grown on urease as a nitrogen source and showed 

reduced nickel accumulation compared to parental strain. Cadmium, cobalt, copper, 
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manganese, and zinc ions are tested as nickel accumulation inhibitors. Among the 

metals tested, only cobalt significantly inhibited nickel uptake (Eitinger et al., 2000).  

1.5.4 Nickel Homeostasis in S.cerevisiae 

High intracellular concentration of nickel ions damages the composition of 

macromolecules such as DNA and proteins. Toxicity also occurs as an alteration of 

carbohydrate metabolism and organic ions since nickel ions can interfere with other 

metals such as Mg
2+

 and Fe
2+

. Additionally, nickel damages lipid membranes 

resulting in excretion of pyruvate and potassium ions from the cell (Nishimura et al., 

1998). 

Molecular mechanism of nickel uptake in S. cerevisiae is not well known but it is 

likely that they are transported into the vacuole by proton gradient-driven system 

(Nishimura et al., 1998). It was reported that nickel-resistant mutant of S.cerevisiae 

accumulated more than 70% of the internal nickel in the vacuolar fractions. This 

study was the first report suggesting the role of vacuole in nickel detoxifying in S. 

cerevisiae. Authors also estimated large amounts of histidine in the vacuole and 

suggested the possible role of histidine-nickel complexes in sequestration of internal 

nickel ions into the vacuoles (Joho et al., 1992). Active accumulation of nickel-

histidine complexes into vacuole is mediated by the vacuolar H
+
-ATPase, which 

generates electrochemical potential across the vacuolar membranes resulting in 

proton gradient-driven system (Nishimura et al., 1998).  Farcasanu et al. (2005) 

reported the role of histidine in conferring tolerance to nickel in S. cerevisiae. A 

histidine auxotroph strain showed alleviated nickel tolerance when medium 

supplemented with L-His, but not with its enantiomer D-His. Equal or less 

concentrations of L-His to nickel increased the accumulation and uptake of nickel 

ions. Excess L-His, however, resulted in lower nickel accumulation. Among the 

other L-amino acid tested, only L-His confer nickel tolerance to the cells. 

It was reported that nickel uptake was inhibited by magnesium ions but not as much 

by other metal ions such as Zn
2+

, Co
2+

 and Ca
2+

. Supplementation of medium with 

high concentrations of magnesium (10 mM) repressed the toxic effect of nickel. This 

result suggests a possible non-specific Mg
2+

 transport system for nickel uptake in S. 

cerevisiae. Moreover, amounts of nickel and magnesium supports author’s 

suggestion since nickel occurs at trace amounts in wide variety of minerals whereas 
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amounts of magnesium is relatively higher than that of the nickel in nature 

(Nishimura et al., 1998). 

1.6 Obtaining Nickel Resistant S.cerevisiae Strains by Evolutionary Engineering 

Approach 

Many engineering approaches such as rational metabolic engineering, inverse 

metabolic engineering, evolutionary engineering and global transcription machinery 

engineering has been developed to improve cellular activities or for identifying 

unknown mechanisms of an organism. Metabolic engineering is used to improve the 

productivity of a naturally-occurring metabolite or giving the ability to produce or 

utilize a metabolite that is not provided in the host organism naturally. Although 

rational metabolic engineering is dependent on the information about genetic basis of 

a phenotypic property, inverse metabolic engineering and evolutionary engineering 

was independent of preliminary knowledge about pathways. For this reason, they are 

mainly used for investigating the stress resistance mechanisms (Nevoigt, 2008). 

Evolutionary engineering is based on applying selective pressure in order to obtain 

desired phenotypes. This strategy starts from applying random mutagenesis on entire 

genome or its parts. Mutant cells can be obtained not only by mutagenesis but also 

recombination or gene shuffling. Then, a selection method is performed, resulting in 

obtaining mutants with desired phenotype. Next step and the most difficult one is the 

identification of genetic modifications which is responsible for improved trait. In 

some cases, inverse metabolic engineering is used for investigating the genetic 

modifications of the mutants obtained from evolutionary engineering since it starts 

from phenotype and used for analyzing genetic basis for the phenotype (Nevoigt, 

2008). 

In literature, there are successful examples of evolutionary engineering including 

improved resistance towards multiple stresses (Çakar et al., 2005), cobalt (Çakar et 

al., 2009) and isobutanol (Minty et al., 2011) and ability of accelerated utilization of 

glucose, xylose, and arabinose mixture (Wisselink et al., 2009), xylose fermentation 

(Sonderegger and Sauer, 2003), L-arabinose fermentation (Wisselink et al. 2007) and 

lactose consumption (Guimaraes et al. 2008). This advantages of evolutionary 

engineering combined with the lack of knowledge about nickel homeostasis in S. 
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cerevisiae led us to use evolutionary engineering strategy for obtaining nickel 

resistant S. cerevisiae mutants.  

1.6 Aim of the Study 

The aim of the present study was to obtain nickel-resistant yeast strains by 

evolutionary engineering strategy and perform the phenotypic and genetic 

characterization of obtained mutants. Nickel resistant mutants were selected by using 

continuous increasing stress selection strategy. Characterization of the mutant 

individuals with respect to their cross-resistances to different metal and non-metal 

stresses were performed to identify common mechanisms between nickel and other 

stresses. Glucose consumption and ethanol/acetate/glycerol production rates of those 

individual mutants were determined upon batch cultivation. Additionally, their 

trehalose and glycogen contents were measured by enzymatic analysis to investigate 

the possible role of these stress protectant in nickel resistance. The flame atomic 

absorption spectrophotometer was employed for measuring metal uptake of mutants. 

It is believed that nickel accumulation in vacuolar membranes might have great 

importance in nickel resistance. Finally, gene expression profile was measured by 

using Real-Time PCR and DNA microarray. 
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2.  MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Yeast strain 

Saccharomyces cerevisiae  CEN.PK 113.7D (MATa, MAL2-8, SUC2) strain was 

used in this study that was provided by  Dr. Peter Kötter from Johann Wolfgang 

Goethe University, Frankfurt, Germany. Throughout this study, this strain was 

named as 905.  

EMS mutagenized culture (906) was obtained from the previous studies done in our 

laboratory. 

2.1.2 Yeast culture media 

2.1.2.1 Yeast minimal medium (YMM) 

20 g D-glucose, 6.7 g yeast nitrogen base without amino acid and 20 g agar (for solid 

medium) were dissolved in distilled water and completed up to 1 l. It was sterilized 

for 15 minutes under 1.5 atm at 121 °C. The medium was stored at room 

temperature. 

2.1.2.2 Yeast complex medium (YPD) 

20 g D-glucose, 20 g peptone, 10 g yeast extract and 20 g agar (for solid medium) 

were dissolved in distilled water and completed up to 1 l. It was sterilized for 15 

minutes under 1.5 atm at 121 °C. The medium was stored at room temperature. 

2.1.3 Chemicals 

Chemicals used in this study were listed in Table 2.1. 

Table 2.1 : Chemicals used in this study 

Chemical Company Country 

Nickel (II)-chloride-hexahydrate Merck Germany 

Cobalt (II)-chloride-hexahydrate Merck Germany 

Copper (II) chloride Merck Germany 
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Table 2.1 (continued) : Chemicals used in this study 

Sodium chloride Riedel-de Haen Germany 

Hydrogen peroxide (35%, v/v) Merck Germany 

Ethanol (absolute) J.T.Baker Holland 

Nitric acid 65% Merck Germany 

Sulfuric acid 95-98% Merck Germany 

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

Sodium Acetate J.T.Baker Holland 

2.1.4 Laboratory equipments 

Laboratory equipments used in this study were listed in Table 2.2. 

Table 2.2 : 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 

Deep Freezes 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 
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Table 2.2 (continued) : The general laboratory equipments used in this study. 

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) 

2.1.5 HPLC standards 

Metabolite concentrations of six standard solution was listed in Table 2.3. 

Table 2.3 : Metabolite concentrations of standard solutions. 

Metabolite 
Std. 1 

(g/l) 

Std. 2 

(g/l) 

Std. 3 

(g/l) 

Std. 4 

(g/l) 

Std. 5 

(g/l) 

Std. 6 

(g/l) 

Glucose 20 15 10 5 2,5 1,25 

Acetate 2 1.5 1 0.5 0.25 0.125 

Glycerol 1 0.75 0.5 0.25 0.125 0.0625 

Ethanol 15 11.25 7.5 3.75 1.875 0.9375 

2.1.6 Primer design 

Primers of the possible nickel related genes were designed by using Primer3-web 

v0.4.0 and Amplify3 v3.1 softwares. Sequences of the primers are shown in Table 

2.4. 

Table 2.4 : List of primer sequences. 

Gene Name 
Primer Sequence 

Forward Reverse 

ACT1 ctttcaacgttccagccttc tcaccggaatccaaaacaat 

FET3 acggtgtgaattacgccttc ttggaaagcgtgaccatgta 

FET4 aactgcctgtggaaaattgg ttctccggtgtaaggtggag 

FTR1 tgcctttcaccaaaaactta ttggcaaacagttgtctctt 

AFT1 atgcatctaaaaggccatgc ggcagtggcaagatttcatt 

COT1 gcatggtgtgtttcttcacg ggaagccttgcacgatagag 

ZRC1 aagaaattcaaaacccaagg catgatcgtggaacaaaaat 

CCC1 actaaagaacgcagtggtga tcatgccttgaactattgct 

CTT1 tgcaagacttccatctgctg acggtggaaaaacgaacaag 

MSN2 gaacgcaaatgcagactcaa aaagaacttgggcaagcaga 

STR3 tctttcgggtgtgtaaattcg accatcgccgctaataaatct 

MET1 ccgatgaacaagctgagtga cctggaccacttccgactaa 
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2.2 Methods 

2.2.1 Culture cultivation conditions 

Cultures were grown in 50 ml test tubes in 10 ml volume at 30ºC and 150 rpm unless 

otherwise stated. YMM and YPD were used as the media depending on the 

experimental procedure throughout this study. 

2.2.2 Stock culture preparation 

Frozen stock culture were prepared after obtaining each population and mutant 

selection. Frozen cultures were prepared by adding 500 µl of culture to microfuge 

tubes and they were centrifuged at 10’000 g for 5 min. Then supernatant was 

removed and pellet was resuspended in 1 ml 30% (v/v) glycerol solution. If the 

culture was taken from a medium containing stress conditions, the culture was 

washed twice with YMM by following the same procedure. Finally, prepared 

cultures were kept at -80⁰C deepfreeze for long-term storage. 

2.2.3 Continuous increasing stress selection strategy for obtaining nickel-

resistant mutants 

Continuous increasing stress selection strategy is based on applying the initial stress 

condition to a heterogeneous culture that has genetic versatility and increasing the 

stress condition at every passage (Çakar et al., 2005). At the beginning of the 

procedure, a preculture of EMS-mutagenized culture was incubated in 10 ml YMM 

containing 0.05 mM NiCl2 for 24h at 150 rpm and 30⁰C and it was accepted as first 

population. Simultaneously, another incubation was also performed from the same 

preculture in 10 ml YMM without NiCl2 under the same conditions and it was 

accepted as control group. Second population was derived from the first population. 

Upon 24 hour cultivation, first population was centrifuged at 10’000 g for 5 min with 

bench top centrifuge, washed twice with fresh YMM and inoculated into a fresh 

YMM containing 0.1 mM NiCl2 with an initial OD600 of 0.2 in 10 ml culture volume. 

This passage was repeated 94 times. In every passage, NiCl2 concentrations were 

increased 0.05 mM until reaching a relatively high concentration of NiCl2 (5.3 mM) 

whereas wild-type Saccharomyces cerevisiae was unable to grow. Throughout the 

selection procedure, OD600 values of the populations and the control groups were 
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measured to compare the toxic effect of NiCl2 on the culture and to calculate the 

survival ratios. 

2.2.4 The survival ratio determination 

In this study, optical density measurements were done by using a UV-Visible 

spectrophotometer at 600 nm. Survival ratio was determined by dividing the OD600 

value of the culture that was exposed to stress condition to the OD600 value of the 

corresponding control culture. 

2.2.5 Selection of individual mutants 

100 µl of the final population obtained from continuous increasing selection strategy 

was spread into YMM solid media with a different dilutions rate (10
4
, 10

5
, 10

6
) in 

order to select individual colonies separated from each other. Twelve colonies were 

then randomly selected by using toothpicks and transferred into 10 ml YMM in a 50 

ml test tube. Upon overnight incubation, frozen stock cultures were prepared and 

kept at -80⁰C. 

2.2.6 Selection of the most nickel-resistant mutant individual 

High-throughput, most probable number (MPN) method was used to determine the 

most nickel-resistant mutants among the 12 randomly selected individual from the 

final population. MPN assay enabled us to quantify the effect of stress condition on 

the sample. Firstly, 180 µl YMM or YMM with varying NiCl2 concentrations (0.15, 

3.5 and 5 mM) was added into the five columns of a 96 well plate. 20 µl preculture 

of the sample was then delivered to first row and mixed well. Again, 20 µl of the 

culture at the first row was transferred into second row by using multi channel 

pipette and this passage was repeated 8 times. Sample was diluted 1:10 times at 

every passage. After completing the transferring sample, 96 well plate was incubated 

at 30⁰C for 72 h. Culture growth was observed as pellet formation on the bottom of 

the well. Viable pellets were counted and the number of the cells per ml was 

determined by according to the 5-tube MPN table (Lindquist, 2012).  Survival ratio 

of each sample was determined by dividing the number of the cells per ml of the 

sample that was exposed to stress condition to the number of the cells per ml of the 

sample of the corresponding control culture. 
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2.2.7 Genetic stability test 

Individuals that showing the most nickel and cross-resistance were selected to 

investigate their genetic stability. Cultures were inoculated into 10 ml YMM in 50 ml 

volume with an initial OD600 of 0.25. Upon 24 h incubation, another inoculation was 

performed by transferring the culture volume that corresponds to 0.25 OD units in a 

10 ml volume from those cultures to the new fresh medium under the same 

conditions. This passage was repeated 5 times. At every passage, 1 ml of culture 

volume was taken and prepared as frozen stock culture. Frozen cultures were then 

used to investigate their genetic stability in the presence of 0.15 and 0.25 mM NiCl2 

by applying yeast-spotting assay. Method was explained at section 2.2.8.1. 

2.2.8 Cross-resistance determination of selected individuals 

In order to indicate the cross resistance between nickel and other metal and non-

metal stresses, twelve individual Saccharomyces cerevisiae mutants were further 

investigated. 

2.2.8.1 Screening of cross-resistance by spotting assay 

Precultures of yeast cells were grown overnight at 30°C in 10 ml YMM until they 

reached late log phase. Culture volume which corresponds to 4 OD units in 1 ml 

volume was collected by centrifugation and resuspended in 50 µl sterile distilled 

water. They were serially diluted at 1:10 ratio for 4 times and 2.5 µl of samples were 

spotted into solid YMM containing, 5 mM CoCl2, 50 mM (NH4)2Fe(SO4)2, 20 mM 

MnCl2, 10 mM ZnCl2, 0.5 M MgCl2, 0.1 mM CuSO4, 1 mM H2O2, 8% (v/v) ethanol, 

0.5 M NaCl, 160 µM BPS as well as control group and were grown for 48 h at 30ºC. 

2.2.8.2 Screening of cross-resistance by five-tube MPN assay 

Quantitative determination of cross-resistance was done by applying high-

throughput, most probable number method that was mentioned above in section 

2.2.7. Cross-resistance of individuals were investigated against NiCl2 (0.15 and 3.5 

mM), CoCl2 (2.5 mM), (NH4)2Fe(SO4)2 (30 mM), MnCl2 (20 mM) and ZnCl2 (10 

mM). Survival ratios were calculated after 72h incubation. 
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2.2.9 Determination of metal content associated with cells 

Samples were inoculated into 10 ml YMM containing 0.15 mM, 1 mM and 3.5 mM 

NiCl2 as well as control group and were grown for 24h at 150 rpm and 30ºC. They 

were collected by centrifugation at 5’000 g for 15 min, washed twice with distilled 

water and supernatants discarded. The pellets were dried for 24 hr at 80°C, cooled in 

desiccators for 15 min and cell dry weight was measured. Then all the samples were 

hydrolyzed with 10 M nitric acid. Flame atomic absorption spectrometer (Varian AA 

280 FS, Australia) was used to detect the internal metal contents of samples. The 

flame gas was air-acetylene and the wavelength value was 352.5 nm. Prior to 

measurement, samples were diluted in a ratio of 1:2 in order to decrease the final 

acid concentration to 5 M for preventing any possible acid damages to the 

spectrometer. Metal content associated with the samples were evaluated together 

with cell dry weight measurements. 

2.2.10 Physiological characterization of wild type and most-nickel resistant 

mutants 

2.2.10.1 Metabolite consumption and production profile during batch 

cultivation 

Extracellular metabolites were detected and analyzed by using high-performance 

liquid chromatography (HPLC). HPLC analysis was done for determining the 

ethanol, acetate and glycerol production and glucose consumption rates of samples in 

absence and presence of NiCl2 concentrations. Precultures of wild-type and mutants 

were inoculated into YMM with an initial OD600 of 0.25. Incubation was performed 

in 2 l flask containing 400 ml medium, one control flask with YMM and another one 

supplemented with 0.15 mM NiCl2, at 30°C with 150 rpm for 50h. Cell growth was 

monitored by measuring OD600 values and growth curves of the cultures changes 

upon time were created. Meanwhile, 1.5 ml of samples were taken and centrifuged 

for 5 min at 10’000 g. Supernatants were filtered through a 0.2 µm filter and kept at -

20°C. For HPLC analysis, 500 µl of samples and 6 known standard solutions were 

transferred into vials. 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. 5 mM H2SO4 solution was used as mobile phase. In 

order to determine the concentrations of each metabolite of samples, peak areas of 
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standard solutions was recorded and a calibration graph of peak area versus 

concentration was drawn. The amount of unknowns was then found using the 

interpolation method. 

2.2.10.2 Determination of internal trehalose and glycogen content 

The quantitative assessment of glycogen and trehalose content of strains in absence 

and presence of nickel chloride concentrations was done via enzymatic assay. These 

intracellular carbohydrates were determined by method that was carried out by 

Parraou and François (1997). Briefly, for each sample, 25 OD unit of cells were 

taken at specific time kpoints to a microfuge tubes. They were centrifuged ( 3 min at 

5000g) and pellets were resuspended in 250 µl 0,25 M Na2CO3 in screw-top 

microcentrifuge tubes. Then tubes were incubated at 95°C for 4h. The mixture is 

adjusted ph 5.2 by adding 1 M 150 µl acetic acid and 0.6 ml 0.2 M Na-acetate, ph 

5.2. Half of this suspension (500 µl) was transferred to new tubes and incubated 

overnight with 10 µl trehalase at 37°C. On the other hand, second half of the 

suspension was incubated overnight with 20 μl alpha-glycosidase at 57°C in a rotary 

shaker. During incubation, trehalose and glycogen was converted into glycogen. 

Next day, these two suspensions were centrifuged at 5000g for 3 min. 20 µl of 

supernatants and five glucose standard solution were added onto 200 µl glucose 

oxidase mixture in a 96 well plate. Upon 30-minute incubation at 37°C at dark, the 

absorbance of sample was read at 490 nm in a Bradford Microplate Reader. In order 

to determine the glucose content of samples, absorbance of standard solutions was 

recorded and a calibration graph of absorbance versus concentration was drawn. The 

amount of unknowns was then found using the interpolation method.  

2.2.11  Whole genome transcriptomic analysis for nickel resistant mutant and 

Wild type 

2.2.11.1 Culturing cells for RNA isolation 

Microarray analysis would be performed for the wild type and nickel-resistant 

mutant ‘M9’. Wild type and M9 were grown as pre-cultures in 20 ml YMM in 100-

ml flask at 150 rpm and 30°C. They were inoculated to 100 ml fresh YMM in 500-

ml flask with the initial OD600 of ~0.1. They were incubated at 30°C and 150 rpm 

shaking speed until they reached an OD600 of ~1 (5 x 10
7
 cells/ml). Wild type and 
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M9 were grown in four and three parallel cultures respectively to obtain proper 

biological replicates. RNA was isolated by using High Pure RNA Isolation Kit 

(Roche). Isolated RNA samples were stored at -80°C. 

2.2.11.2 RNA quality and quantity determination 

RNA content ‘ng/µl’ of the samples and RNA integrity ‘RIN’ were determined by 

using Micro-Volume UV-Vis Spectrophotometer (NanoDrop 2000, USA) and 

Agilent 2100 BioAnalyser respectively. Agilent 6000 Nano Kit was used by 

following the instructor’s manual in order to determine RIN of RNA samples.  

2.2.11.3 Microarray Analysis 

Wild type and M9’ samples were adjusted to have a final RNA content of 200 ng/µl. 

Agilent One-color RNA Spike-In Kit was used to provide the internal controls. 

cRNA samples were labeled with Cyanine 3. Cy3-labelled samples were purified 

using Absolutely RNA Nanoprep Kit.  They were incubated on the microarray slides 

inside a Microarray Hybridization Chamber (Agilent) in a hybridization oven for 17 

hour at 65°C. Microarray slides were scanned upon performing washing steps as 

indicated on the instructor’s manual. In order to assess the reliability of the data, fold 

change in gene expression greater or less than 2-fold of the control was considered as 

significant. Experiment was performed in quadruple for wild type, and in triplicate 

for M9 using independent cultures. All the genes whose expression changed  more 

than two fold were classified into clusters by using FunSpec online software [URL-

2]. 

2.2.12 Expression level determination of possible nickel-related genes 

In order to determine the expression level of possible nickel-related genes, stated in 

literature, we have applied quantitative Real-Time PCR. 

2.2.12.1 RNA isolation 

Precultures of wild-type and nickel-resistant mutants were inoculated into 20 ml 

YMM and YMM containing 0.15 mM NiCl2 in a 100 ml flask by adjusting their 

initial OD600 value as 0.2. Incubation was performed at 30°C with 150 rpm. When 

their OD600 value was around three, culture volume that corresponds to one OD unit 

in 1 ml volume was collected. The extraction was then applied according to the High 
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Pure RNA Isolation Kit (Roche) procedure. Isolated RNA samples were stored at -

80°C. RNA content ‘ng/µl’ of the samples and RNA integrity were determined by 

using Micro-Volume UV-Vis Spectrophotometer (NanoDrop 2000, USA). 

2.2.12.2 cDNA synthesis 

cDNA synthesis was realized by setting initial RNA for each sample as 1 µg 

(Transcriptor First Strand cDNA Synthesis kit, Roche) following the procedure on 

the manual. Reverse transcription was done using anchored-oligo (dT)18  primer. 

The mixture of each sample with a final volume of 20 μl was incubated  at 55°C for 

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

Reverse Transcriptase. Synthesized RNA samples were stored at -20°C. cDNA 

content ‘ng/µl’ of the samples and cDNA integrity were determined by using Micro-

Volume UV-Vis Spectrophotometer (NanoDrop 2000, USA).  

2.2.12.3 Real-Time PCR 

Expression level of the possible nickel-related genes were quantified using SYBR 

Green chemistry (Light Cycler 480 SYBR Green 1 Master Kit, Roche, Cat no: 04 

707 516 001).Amplifications were performed in 20 μL reactions in Light Cycler 480 

Equipment (Roche). ACT1 (β-actin) was chosen as the reference gene Cycling 

conditions were listed in Table 2.5. All reactions were performed in triplicates. The 

analysis of qPCR data was accomplished according to comparative CT method also 

referred as the 2
-∆∆CT

. In this method, relative gene expression investigated: The gene 

of interest expression level is considered with respect to an internal control gene 

(Schmittgen and Livak, 2008). 

Table 2.5 : Cycling conditions for qPCR program. 

 
Temperature 

(°C) 
Time  

Cycle 

Number 

Initial Denaturation 95 10 min 1 

Amplification 

Denaturation 95 10 sec 

45 Annealing 56 15 sec 

Extension 72 20 sec 

Melting 
95 5 sec 

1 
65 1 min 

Cooling 40 10 sec 1 
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3.  RESULTS 

3.1 Nickel Stress Screening for Determination of Initial Nickel Stress Level 

Nickel stress screening analysis was applied to both wild type S. cerevisiae culture 

(905) and EMS-mutagenized culture (906) in order to determine the initial nickel 

chloride stress level for continuous increasing selection strategy. Cultures were 

screened under various NiCl2 concentrations (0.05 mM – 1 mM). OD600 values of 

cultures were measured after 48 h. Results showed that cell growth was reduced 

under to 50% in the presence of 0.3 mM or higher NiCl2 concentrations for either of 

two yeast cultures (Table 3.1). Therefore, 0.05 mM NiCl2 was accepted as starting 

stress level for obtaining the nickel-resistant populations (Lawrence, 1991). 

Table 3.1 : OD600 results of cultures with different nickel stress levels after 48 h 

incubation 

NiCl2 concentration (mM) OD600 values of 905 OD600 values of 906 

0 7.59 7.71 

0.05 4.50 5.57 

0.1 6.20 5.51 

0.3 4.37 3.86 

0.5 2.34 3.65 

0.8 2.08 2.98 

1 1.88 1.37 

The survival ratios of 905 and 906 upon various nickel stress levels after 48 h 

incubation were shown in Figure 3.1.  

 

Figure 3.1 : Survival ratios of 905 and 906 upon various NiCl2 stress after 48 h. 
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3.2 Stress Application and Obtaining Populations by Evolutionary Engineering 

In this study, we developed a selection procedure for the evolution of the nickel-

resistant yeast population and this method was named as continuous increasing stress 

strategy that is confirmed by obtaining cobalt hyper-resistant S. cerevisiae cultures 

(Çakar et al, 2009). Heterogeneous EMS-mutagenized culture of S. cerevisiae (906) 

was used as starting population to increase the genetic versatility. 

At the beginning of selection procedure, this culture was inoculated into YMM with 

a relatively low concentration of NiCl2 (0.05 mM) and was accepted as first 

population. OD600 measurement of the first population and control group was 

compared to reveal the possible toxic effect of NiCl2 on the growth (Table 3.2). 

Second population was derived from the first population by exposing it to 0.1 mM 

NiCl2. In every passage, NiCl2 concentration was increased 0.05 mM. After 

achieving 2.45 mM NiCl2 concentration within 48 successive populations, the mean 

value of survival ratios were about 83% and still in the increasing progress (data not 

shown). Although this level was sufficient to prove our mutant was capable of 

growing in high concentrations of NiCl2, we decided to augment the NiCl2 

concentration level between the passages to obtain more nickel-resistant S. cerevisiae 

culture in rapid way. After a selection for 10 passages, survival ratios of populations 

dropped below 60% due to the possible rapid exposure to high concentration of 

NiCl2. Therefore, we once again lowered the concentration between the passages and 

this yielded a stable survival ratio values (Figure 3.2) until reaching 5.3 mM NiCl2 at 

the 94
th

 population. At this level, we decided to cease obtaining population because 

that this direct gain-of-function selection was proved to be successful at achieving a 

mutant S. cerevisiae culture which has ability to grow in high concentrations of 

NiCl2 (5.3 mM). 

Table 3.2 : OD600 values and survival ratios of each successive population (N 

represents population).  

Nomeclature of 

population 

NiCl2 

concentration 

(mM) 

OD600 values 

control 

OD600 values 

population 

Survival 

ratios 

N1 0.10 6.76 1.90 0.28 

N2 0.15 7.75 6.28 0.81 

N3 0.20 4.64 4.36 0.94 

N4 0.25 3.08 3.30 1.07 
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Table 3.2 (continued) : OD600 values and survival ratios of each successive 

population. 

Nomeclature of 

population 

NiCl2 

concentration 

(mM) 

OD600 values 

control 

OD600 values 

population 

Survival 

ratios 

N5 0.30 5.35 3.85 0.72 

N6 0.35 5.02 3.30 0.66 

N7 0.40 5.76 4.82 0.84 

N8 0.45 5.10 3.66 0.72 

N9 0.50 4.82 5.37 1.11 

N10 0.55 4.50 4.01 0.89 

N11 0.60 5.47 4.76 0.87 

N12 0.65 5.06 2.41 0.48 

N13 0.70 4.57 3.31 0.72 

N14 0.75 4.01 3.79 0.95 

N15 0.80 4.68 3.10 0.66 

N16 0.85 4.89 3.56 0.73 

N17 0.90 6.78 5.23 0.77 

N18 0.95 5.05 4.82 0.95 

N19 1.00 4.97 5.22 1.05 

N20 1.05 5.11 4.08 0.80 

N21 1.10 3.39 2.93 0.86 

N22 1.15 3.35 2.32 0.69 

N23 1.20 5.08 4.31 0.85 

N24 1.25 4.23 2.46 0.58 

N25 1.30 4.37 3.05 0.70 

N26 1.35 5.01 3.97 0.79 

N27 1.40 7.16 4.41 0.62 

N28 1.45 4.86 4.06 0.86 

N29 1.50 5.14 4.56 0.89 

N30 1.55 5.00 5.18 1.04 

N31 1.60 4.82 5.02 1.04 

N32 1.65 4.09 4.67 1.14 

N33 1.70 4.65 2.91 0.63 

N34 1.75 4.31 5.26 1.22 

N35 1.80 4.57 4.59 1.00 

N36 1.85 5.25 3.29 0.63 

N37 1.90 4.97 4.89 0.98 

N38 1.95 5.27 3.71 0.70 

N39 2.00 5.36 3.16 0.88 

N40 2.05 5.30 4.28 0.81 
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Table 3.2 (contiuned) : OD600 values and survival ratios of each successive 

population. 

Nomeclature of 

population 

NiCl2 

concentration 

(mM) 

OD600 values 

control 

OD600 values 

population 

Survival 

ratios 

N41 2.10 4.06 4.79 1.18 

N42 2.15 4.11 4.14 1.01 

N43 2.20 4.05 3.39 0.84 

N44 2.25 4.91 3.77 0.77 

N45 2.30 5.10 3.38 0.66 

N46 2.35 5.90 3.98 0.67 

N47 2.40 7.81 7.63 0.98 

N48 2.45 7.73 7.19 0.93 

N49 2.55 7.78 6.51 0.84 

N50 2.65 4.49 5.71 1.28 

N51 2.75 7.71 5.86 0.77 

N52 2.85 7.51 7.27 0.97 

N53 2.95 7.65 6.27 0.82 

N54 3.05 4.11 4.30 1.05 

N55 3.15 5.67 3.05 0.54 

N56 3.25 5.10 3.99 0.78 

N57 3.35 5.63 4.51 0.80 

N58 3.45 3.14 2.85 0.91 

N59 3.50 4.45 2.96 0.67 

N60 3.60 5.40 3.01 0.56 

N61 3.65 4.97 3.68 0.74 

N62 3.70 3.80 2.75 0.72 

N63 3.75 4.52 3.00 0.66 

N64 3.80 4.59 3.56 0.78 

N65 3.85 4.76 3.89 0.82 

N66 3.90 5.14 3.45 0.67 

N67 3.95 4.48 2.78 0.62 

N68 4.00 4.34 3.34 0.77 

N69 4.05 3.43 2.81 0.82 

N70 4.10 4.27 2.46 0.58 

N71 4.15 4.74 2.52 0.53 

N72 4.20 4.48 3.72 0.83 

N73 4.25 3.66 2.79 0.76 

N74 4.30 4.94 4.05 0.82 

N75 4.35 4.71 3.13 0.66 

N76 4.40 4.62 4.75 1.03 
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Table 3.2 (contiuned) : OD600 values and survival ratios of each successive 

population. 

Nomeclature of 

population 

NiCl2 

concentration 

(mM) 

OD600 values 

control 

OD600 values 

population 

Survival 

ratios 

N77 4.45 4.84 4.70 0.97 

N78 4.50 4.88 1.80 0.37 

N79 4.55 4.84 4.40 0.91 

N80 4.60 5.06 4.94 0.98 

N81 4.65 5.19 3.57 0.69 

N82 4.70 5.56 3.20 0.58 

N83 4.75 5.50 4.20 0.76 

N84 4.80 4.75 4.97 1.05 

N85 4.85 4.73 3.75 0.79 

N86 4.90 4.84 3.51 0.76 

N87 4.95 5.18 4.83 0.93 

N88 5.00 5.25 4.20 0.80 

N89 5.05 5.41 4.23 0.78 

N90 5.10 5.41 4.28 0.78 

N91 5.15 5.21 4.43 0.81 

N92 5.20 5.33 3.62 0.68 

N93 5.25 5.93 4.00 0.67 

N94 5.30 5.51 3.31 0.60 

The survival ratios upon each population were plotted and shown in Figure 3.2.   

 

Figure 3.2 : Survival ratio analysis of populations. 
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3.3 Selection of Individual Mutants from Final Mutant Population 

The next step involved the detailed investigation of nickel resistance at the single cell 

level. To this end, 12 individual colonies were randomly selected from the last 

population (N94). Selected individuals were labeled as M1 to M12. 

3.4 Determination of Nickel Resistance Level of Selected Individual Mutants 

Nickel stress tolerance of selected individuals (M1 to M12), final mutant population 

(P) and wild type S. cerevisiae (905) was analyzed by applying most probable 

number assay (MPN). Cultures were screened under 0.15 mM, 3.5 mM and 5.5 mM 

NiCl2. MPN scores and survival ratios were determined after 48 and 72 h (Table 3.3 

and 3.4). 

Table 3.3 : Survival ratios of selected individuals and wild-type strains upon 

exposure to nickel stress after 48 h. 

Strain Name 

Survival Ratio  

 at 0.15 mM 

 NiCl2 

at 3.5 mM  

NiCl2 

 at 5 mM  

NiCl2 

M1 0.66 0.01 0.00 

M2 2.63 0.69 0.00 

M3 1.00 0.26 0.00 

M4 0.24 0.00 0.00 

M5 0.20 0.04 0.00 

M6 1.59 0.01 0.00 

M7 0.49 0.05 0.00 

M8 2.43 0.50 0.00 

M9 0.38 0.59 0.00 

M10 0.40 0.46 0.00 

M11 0.67 0.46 0.10 

M12 0.49 0.08 0.00 

P 0.96 0.44 0.00 

W/T 0.00 0.00 0.00 

Table 3.3 and table 3.4 shows that survival ratios of individuals were in a varying 

range when compared between them. This situation explains the heterogeneity of the 

last population indicating that they may have different nickel resistance mechanisms. 

It was observed that 0.15 mM NiCl2 had negligible effect on the growth of individual 

mutants and final population whereas growth of wild-type culture significantly 
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inhibited. At the 3.5 mM NiCl2 concentration, individual mutants M9, M10 and M12 

showed the best nickel-resistance phenotype after 72 h. 

Table 3.4 : Survival ratios of selected individuals and wild-type strains upon 

exposure to nickel stress after 72 h. 

Strain Name 

Survival Ratio  

 at 0.15 mM 

 NiCl2 

at 3.5 mM  

NiCl2 

 at 5 mM  

NiCl2 

M1 0.66 0.01 0.00 

M2 2.63 1.00 0.00 

M3 1.20 0.15 0.00 

M4 0.24 0.24 0.00 

M5 1.00 0.59 0.00 

M6 1.30 0.01 0.00 

M7 0.49 0.84 0.00 

M8 3.15 1.00 0.00 

M9 0.59 1.74 0.01 

M10 0.40 1.54 0.00 

M11 0.67 0.71 0.07 

M12 0.84 2.18 0.00 

P 0.59 0.59 0.01 

W/T 0.04 0.00 0.00 

Figure 3.3 shows the diagram of survival ratio of individuals, final population and 

wild-type strains at the 3.5 mM NiCl2 after 72 h incubation. P and I correspond to the 

final population and the mean resistance values for the 12 individual mutants tested, 

respectively. 

 

Figure 3.3 : Diagram of survival ratio of individuals, final population and wild-type 

strains at the 3.5 mM NiCl2 after 72 h incubation. 
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3.5 Determination of Cross-Resistance of Selected Individual Mutants 

Cross-resistance of nickel resistant selected individuals were investigated by 

qualitative and quantitative assays. The purpose of investigating cross-resistance is to 

find any possible relationship between nickel and other metal or non-metal stresses. 

3.5.1 Qualitative determination of cross-resistance 

Yeast-spotting assay was performed to determine the cross-resistance level of 

selected individuals qualitatively. Cultures were exposed to several stress conditions 

such as 5 mM CoCl2, 50 mM (NH4)2Fe(SO4)2, 20 mM MnCl2, 10 mM ZnCl2, 0.5 M 

MgCl2, 0.1 mM CuSO4, 1 mM H2O2 (oxidative stress), 8 % (v/v) ethanol, 0.5 M 

NaCl (osmotic stress) and 160 µM BPS (Bathophenanthroline disulfonic acid, iron 

chelator). Images were taken after 48 h incubation at 30°C. Plate images were shown 

in Figure 3.4, 3.5, 3.6 and 3.7. Rows from left to right were diluted from 10
-1

 to 10
-4

 

in each plate. 

Control 
CoCl2  

(5 mM) 

(NH4)2Fe(SO4)2 

 (50 mM) 

   

Figure 3.4 : Images of twelve individual mutants, final population and wild type under 

cobalt and iron stresses as well as stress-free medium (white box indicates 

wild type and black box indicates the final population ‘N94’). 

 

 

 

 

 



39 

MnCl2 

 (20 mM) 

ZnCl2  

(10 mM) 

CuSO4  

(0.1 mM) 

  

 

 

Figure 3.5 : Images of twelve individual mutants, final population and wild type under 

manganese, zinc and copper supplemented medium (white box indicates wild 

type and red box indicates the final population ‘N94’). 

Ethanol 

%8 (v/v) 

MgCl2  

(0.5 M) 

NaCl2  

(0.5 M) 

   

Figure 3.6 : Images of twelve individual mutants, final population and wild type under 

ethanol, magnesium and osmotic stresses (white box indicates wild type and 

red box indicates the final population ‘N94’). 

H202 

( 1 mM) 

BPS  

(160 µM) 

   

Figure 3.7 : Images of twelve individual mutants, final population and wild type under 

oxidative and BPS stress conditions (white box indicates wild type and red box 

indicates the final population ‘N94’). 

Spotting assay results showed that M9 and M12 gained cross-resistance to cobalt, 

iron, manganese and zinc cations. On the other hand, they could not survived in the 

presence of magnesium, copper, hydrogen peroxide, ethanol, salt and BPS. Other 
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individuals also had the similar phenotype with the exception of mutant M11. M11 

has sensitivity to zinc but most importantly, it has remarkable resistance to ethanol at 

this level whereas other individual mutants were almost susceptible. 

3.5.2 Quantitative determination of cross-resistance 

Five featured individuals were selected from the spotting assay to investigate in the 

MPN assay. Culture were exposed the stress conditions in which mutants showed 

resistance in the spotting assay. This method enabled us to quantify the effect of each 

stress condition on the growth of individual mutants. 5 mM CoCl2, 30 mM 

(NH4)2Fe(SO4)2, 20 mM MnCl2 and 10 mM ZnCl2 metal stress conditions were 

exposed to individuals M1, M8, M9, M10, M11, last population (P) and wild type. 

Visualized cells were counted after 72 h of incubation at 30°C. Survival ratios of 

cells were indicated in Table 3.5. Survival ratios as fold of wild type were also 

shown in the Figure 3.8 and Figure 3.9 respectively. 

Table 3.5 : Survival ratios of selected individuals upon exposure to selected metal 

stresses after 72 h. 

Strain Name 

Survival Ratio  

at 2.5 mM 

 CoCl2 

 at 30 mM 

 (NH4)2Fe(SO4)2 

at 20 mM 

MnCl2 

 at 10 mM 

ZnCl2 

M1 1.74 1.00 1.85 0.00 

M8 0.73 0.16 0.77 1.00 

M9 3.43 3.43 2.29 1.31 

M10 1.00 0.58 1.06 0.69 

M11 3.15 1.70 1.00 0.00 

P 0.32 0.54 1.41 0.54 

W/T 0.00 0.00 0.03 0.01 
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Figure 3.8 : Survival ratios as fold of wild type upon exposure to manganese and 

zinc stresses. “I” indicates the mean resistance value for the 5 mutants 

tested. 

 

Figure 3.9 : Survival ratios as fold of wild type upon exposure to cobalt and iron 

stresses. “I” indicates the mean resistance value for the 5 mutants 

tested. 

According to spotting and MPN assay results, mutant M9 and M11 were selected to 

be further investigated nickel resistance in single cell level. 
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3.6 Genetic Stability Test 

Genetic stability test was performed to wild type, M9 and M11 via spotting assay 

method. Cells were exposure to 0.15 and 0.25 mM NiCl2 and plate images were 

taken after 48 h incubation (Figure 3.10, 3.11 and 3.12). 
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Figure 3.10 : Genetic stability results of wild type 
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Figure 3.11 : Genetic stability results of M9 
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Figure 3.12 : Genetic stability results of M11 
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3.7 Determination of Metal Content Associated with Cells 

Fresh cultures of individual M9, M11 and wild type cells were incubated in 10 ml 

YMM with varying NiCl2 concentrations (Table 3.6). Nickel contents of the cells 

were measured after 24 h continuous stress application. All the experiments were 

performed in triplicates. Percent nickel contents of the cells were calculated by 

dividing the metal content of the cells to the metal content of the medium. Nickel 

content of the cells and mean value of nickel contents of the cells per cell dry weight 

were shown in Table 3.7 and Figure 3.13, respectively. 

Table 3.6 : Stress levels applied to the cultures prior to determination of metal 

contents with atomic absorption spectrometry 

Metal Stress Level (mM) Corresponding “ppm” values 

Nickel 

0.15 8.80 

1 58.70 

3.5 205.45 

 

Table 3.7 : Nickel content of the wild type, M9 and M11 

Stress 

Level 

CDW 

/ Liter 

Read 

AAS 

Value 

Ni 

content 

/ CDW 

(w/w) 

CDW 

/ Liter 

Read 

AAS 

Value 

Ni 

content / 

CDW 

(w/w) 

CDW / 

Liter 

Read 

AAS 

Value 

Ni 

content / 

CDW 

(w/w) 

(g/l) (mg/l) (mg/g) (g/l) (mg/l) (mg/g) (mg/l) (mg/l) (mg/g) 

 
905 M9 M11 

Control 

1.53 0.00 0.00 1.28 0.00 0.00 1.32 0.00 0.00 

1.44 0.00 0.00 1.25 0.00 0.00 1.34 0.00 0.00 

1.25 0.00 0.00 1.24 0.00 0.00 1.47 0.00 0.00 

0.15 mM 

NiCl2 

0.95 0.13 0.14 1.29 0.18 0.14 1.41 0.21 0.15 

0.85 0.09 0.10 1.42 0.24 0.17 1.39 0.09 0.06 

1.02 0.20 0.19 1.32 0.17 0.13 1.50 0.28 0.19 

1 mM 

NiCl2 

1.50 0.41 2.71 1.66 4.96 3.01 1.47 3.50 2.39 

1.47 0.40 2.71 1.41 4.25 3.03 1.46 3.74 2.57 

1.37 0.41 3.01 1.46 4.89 3.36 1.76 3.90 2.21 

3.5 mM 

NiCl2 

1.13 0.37 3.26 1.41 11.11 7.91 1.18 7.46 6.33 

1.54 0.37 2.41 1.22 9.08 7.44 1.32 8.40 6.35 

0.82 0.29 3.56 1.16 8.88 7.66 1.22 8.38 6.87 
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Figure 3.13 : Nickel hold by w/t, M9 and M11 per cell dry weight upon different 

NiCl2 concentrations. 

3.8  Physiological Characterization of Wild Type and Nickel-Resistant Mutants 

3.8.1 Determination of trehalose and glycogen content 

Intracellular reserved carbohydrates, trehalose and glycogen, concentrations of wild-

type, M9 and M11 in the presence and absence of nickel stress were determined by 

using enzymatic method as explained in Section 2.2.11.2. 0.15 mM NiCl2 was 

applied as stress factor during incubation. Samples were taken at irregular time 

intervals by monitoring the specific growth of each strain. Results were shown in 

Figure 3.14, 3.15 and 3.16.  

 

Figure 3.14 : Trehalose and glycogen concentrations of wild type S. cerevisiae in the 

presence and absence of nickel stress. 
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Figure 3.15 : Trehalose and glycogen concentrations of individual mutant M9 in the 

presence and absence of nickel stress. 

 

Figure 3.16 : Trehalose and glycogen concentrations of individual mutant M11 in 

the presence and absence of nickel stress. 

3.8.2 Metabolite consumption and production profile during batch cultivation 

As changes in the concentrations of glucose, ethanol, acetate and glycerol upon time 

is a important fuction of characterizing of yeast strains, time-dependent analysis of 

wild type, M9 and M11 for each metabolite during batch cultivation was done by 

using HPLC. 0.15 mM NiCl2 was applied as stress condition. Cell growth of cultures 

was monitored by measuring optical density at particular time interval and growth 

curves of the wild type, M9 and M11 in the presence and absence of nickel stress as 

a function of time were shown in Figure 3.17. 
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Figure 3. 17 : Growth curves of wild type, M9 and M11 

Glucose utilization and glycerol, acetate and ethanol production profile of wild type 

Saccharomyces cerevisiae, M9 and M11 as a function of time were shown in Figure 

3.18, 3.19, 3.20 and 3.21, respectively. 

 

Figure 3.18 : Changes in the glucose concentrations of wild-type, M9 and M11 as a 

function of time. 
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Figure 3.19 : Changes in the glycerol production of wild-type, M9 and M11 as a 

function of time. 

 

Figure 3.20 : Changes in the acetate production of wild-type, M9 and M11 as a 

function of time. 
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Figure 3.21 : Changes in the ethanol production of wild-type, M9 and M11 as a 

function of time. 

In order to see the relationship between the growth, glucose consumption and 

glycerol, acetate and ethanol production, all of the above-mentioned data were 

depicted in the same graph for each mutant (Figure 3.22, 3.23 and 3.24). 

  

Figure 3.22 : Extracellular metabolite concentrations and growth of wild type strain 

change upon time in the presence and absence of nickel stress. 
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Figure 3.23 : Extracellular metabolite concentrations and growth of M9 change upon 

time in the presence and absence of nickel stress. 

  

Figure 3.24 : Extracellular metabolite concentrations and growth of M11 change 

upon time in the presence and absence of nickel stress. 

Cell dry weights of wild-type, M9 and M11 at particular time points are shown in 

Table 3.8. 

Table 3.8 : Cell dry weights of wild type, M9 and M11 in the nickel-free and nickel-

supplemented medium. 
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6 1.2 ± 0.14      
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Table 3.8 (continued) : Cell dry weights of wild type, M9 and M11 in the nickel-

free and nickel-supplemented medium. 

Time 

(h) 

Cell Dry Weight (mg / ml) 

WT M9 M11 

Control 
0.15 mM 

NiCl2 

Control 
0.15 mM 

NiCl2 

Control 
0.15 mM 

NiCl2 

10,5  1.35 ± 0.07 1.57 ± 0.3 1.57 ± 0.05 1.65 ± 0.07 1.4 ± 0.29 

12 2.9 ± 0.28      

13,5  1.8 ± 0.06 1.3 ± 0.28 1.27 ± 0.49 2.13 ± 0.25 2.17 ± 0.06 

24 2.4 ± 0.28 1.55 ± 0.07 2.03 ± 0.3 1.55 ± 0.5 2.1 ± 0.1 1.93 ± 0.45 

50 2.1 ± 0.17 1.53 ± 0.46 1.9 ± 0.20 2.03 ± 0.15 3.15 ± 0.21 2.10 ± 0.17 

In order to determine the specific growth rate (µ) of strains, a graph of lnOD600 vs. 

incubation time was made (Figure 3.25) and growth rate was extracted as the slope in 

exponential phase for each strain (Table 3.9).  

 

Figure 3.25 : Linearized version of growth curves of wild-type, M9 and M11. 

Table 3.9 : Specific growth rates of wild type, M9 and M11 

Strain 

Specific Growth 

Rate (µ) (h
-1

) Stress / 

Control 

Ratio 

Final CDW (g/lt) Final OD600 values 

Control 

0.15 

mM 

NiCl2 

Control 
0.15 mM 

NiCl2 
Control 

0.15 mM 

NiCl2 

905 0.40 0.24 0.62 2.10 ± 0.17 1.53 ± 0.46 5.57 ± 0.12 3.81 ± 0.20 

M9 0.32 0.31 0.97 1.90 ± 0.20 2.03 ± 0.15 5.11 ± 0.12 5.13 ± 0.10 

M11 0.35 0.32 0.92 3.15 ± 0.21 2.10 ± 0.17 6.98 ± 0.43 6.24 ± 0.03 
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3.9 Wild type and nickel-resistant mutant’ whole genome transcriptomic 

analysis 

Whole genome transcriptomic analysis was applied to wild type and M9 to compare 

the up and downregulated ORFs between each other.  

3.9.1 RNA content and integrity determination 

Prior to RNA extraction, cultures of wild type and M9 was incubated until they 

reached an OD600 of ~1 (5 x 10
7
 cells/ml). RNA extraction was then performed and 

RNA integrity numbers (RIN) and RNA content of the cultures were calculated. RIN 

and RNA content of the cultures were given in Table 3.10. Additionally, wild type 

and M9 were grown in 5 and 4 different flasks, respectively. Culture had the lowest 

RIN were eliminated for both wild type and M9. 

Table 3.10 : OD600 values, RIN and RNA content of the wild type and M9 (Clt. 

represents the culture) 

 

Wild Type M9 

Clt. 1 Clt. 2 Clt. 3 Clt. 4 Clt. 1 Clt. 2 Clt. 3 

OD600 1.16 1.08 1.09 1.12 1.09 1.13 1.1 

RIN 9.9 10 9.7 9.6 8.9 8.1 8.5 

RNA Content 

(ng/µl) 
625 455 595 455 175 107 186 

3.9.2 Determination of up/down regulated genes in nickel-resistant mutant 

compared to wild type 

The mechanism of nickel toxicity in S. cerevisiae was investigated by global analysis 

of cellular response using DNA microarrays with approximately 6000 genes. 

Samples of nickel resistant mutant M9 was labeled with Cyc3-dye and hybridized 

into microarrays. Cyc3-dye labeled genome of S. cerevisiae CEN-PK113-7D was 

used as reference strain. The gene expression profile of M9 and wild type grown in 

non-stressful conditions was compared. Genes whose expression changed more than 

two fold in M9 in reference to wild type strains was accepted as significant and 

grouped according to their molecular function by using FunSpec database. Prominent 

upregulated genes was given in Table 3.11. 
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Table 3.11 : Upregulated genes more than two fold in M9 according to wild type 

yeast. 

 ORF Name Gene Name Fold Change 

Iron Metabolism 

YGL071W AFT1 1.48 

YLR220W CCC1 1.63 

YLL029W FRA1 7.48 

YEL065W SIT1 13.3 

YER145C FTR1 2.86 

YHL040C ARN1 6.92 

YKL220C FRE2 2.65 

YLL051C FRE6 5.68 

YLR034C SMF3 5.03 

YLR047C FRE8 2.43 

YLR214W FRE1 4.57 

YMR058W FET3 8.71 

YNR060W FRE4 3.54 

YOL158C ENB1 10.96 

YOR381W FRE3 3.52 

YOR382W FIT2 34.21 

YOR383C FIT3 21.45 

YBR295W PCA1 2.35 

YDR270W CCC2 4.35 

YLR034C SMF3 5.03 

YLR136C TIS11 51.39 

YLR205C HMX1 2.62 

YPL135W ISU1 2.29 

Stress Response 

YPR160W GPH1 11.47 

YDL169C UGX2 2.59 

YIL101C XBP1 7.91 

YBR072W HSP26 8.07 

YPL280W HSP32 3.95 

YGR154C GTO1 4.10 

YNR034W-A  5.94 

YLL039C UBI4 11.05 

YLL026W HSP104 9.30 

YDR258C HSP78 7.71 

YKL062W MSN4 1.38 

Metal Homeostasis 

YLR411W CTR3 4.87 

YOR316C COT1 2.39 

YLL009C COX17 2.52 
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Table 3.11 (continued) : Upregulated genes more than two fold in M9 according to 

wild type yeast. 

Cellular Response to 

Oxidative Stress 

YMR250W GAD1 6.34 

YBL064C PRX1 3.41 

YCL035C GRX1 2.46 

YHR104W GRE3 3.33 

YKL026C GPX1 2.46 

YKL086W SRX1 2.32 

YLR220W CTT1 1.95 

Trehalose Metabolism 

YML100W TSL1 14.80 

YBR126C TPS1 2.84 

YDR074W TPS2 4.35 

YDR001C NTH1 2.53 

Glycogen Biosynthetic 

Process 

YEL011W GLC3 8.28 

YFR017C IGD1 7.12 

YFR015C GSY1 6.1 

YFR015C GSY1 6.19 

Amino Acid Metabolism 

YPL265W DIP5 30.59 

YDR046C BAP3 17.68 

YCL025C AGP1 8.63 

YHR137W ARO9 5.99 

YLL055W YCT1 6.39 

YGL184C STR3 2.60 

YGR142W BTN2 7.62 

Protein Refolding 
YPL240C HSP82 6.82 

YDR258C HSP78 7.71 

Glucose Transport 

YHR096C HXT5 12.56 

YDR343C HXT6 14.40 

YDR342C HXT7 16.33 

Glutathione Metabolic 

Process 

YGR154C GTO1  4.09  

YKR076W ECM4  5.17  

YLL060C GTT2  4.78  

YMR251W GTO3  7.75  

Functionally Known 

Genes 

YMR095C SNO1 74.98 

YFR053C HXK1 33.18 

YNL194C  15.21 

YMR105C PGM2 15.95 

Downregulated genes with more than. 2-fold change in expression in reference to 

wild type and corrected p-values <0.01 was given in Table 3.12.  



54 

Table 3.12 : Downregulated genes more than two fold in M9 in reference to wild 

type S. cerevisiae. 

 ORF Name Gene Name Fold Change 

Nucleobase Transport 
YER060W FCY21 14.33 

YER060W-A FCY22 6.22 

Metal Homeostasis 

YML123C PHO84 13.27 

YMR319C FET4 4.20 

YMR243C ZRC1 1.71 

Ribosome Biogenesis 

YGR159C NSR1 6.15 

YNL002C RLP7 2.21 

YJL122W ALB1 5.61 

YDR101C ARX1 4.70 

YCR072C RSA4 4.39 

YHL033C RPL8A 5.86 

YEL054C RPL12A 2.05 

YKL006W RPL14A 2.14 

YBR191W RPL21A 2.09 

YBR267W REI1 4.05 

Peptide Transporter YPR194C OPT2 6.07 

Helicase Activity 

YKL078W DHR2 5.83  

YNL112W DBP2 5.69 

YJL033W HCR4 4.00 

Pheromone Regulated 

Genes 
YDL039C PRM7 5.12 

Methyltransferase 

Activity 

YNL024C  4.99 

YBR034C HMT1 4.12 

YBR061C TRM7 2.23 

Translation 

YAL025C MAK16 3.59 

YBR079C RPG1 2.14 

YCL037C SRO0 2.55 

YDL081C RPP1A 2.17 

YDR091C RLI1 2.20 

YHR021C RPS27B 2.10 

rRNA processing 

YDR083W RRP8 4.52 

YDL060W TRS1 4.01 

YOL077C BRX1 2.84 

Amino acid transport 
YBR069C TAT1 4.48 

YNL065W AQR1 3.02 
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Table 3.12 (continued) : Downregulated genes more than two fold in M9 in 

reference to wild type S. cerevisiae. 

Post-transcriptional 

regulation 
YOR359W VTS1 4.16 

Kinase activity YNR012W URK1 2.57 

Glyoxylate cycle 
YBR084W MLS1 2.16 

YIR031C DAL7 4.20 

Others YNL142W MEP2 6.55 

3.10 Expression Level Determination by Quantitative PCR 

Wild type, M9 and M11 were used to determine the expression level of the genes of 

interest following the method as mentioned in Section 2.2.12. Reliability of the 

experiments was assessed in a experiment with dilution series of cDNA template (10
-

1
 to 10

-3
) to create a standard curve of the change in Ct value vs. Log concentration 

with each dilution. Standard curves were constructed for cDNA of the untreated wild 

type cells. Efficiency, slope and error values were obtained from standard curves 

(data not shown). It is important that efficiency and slope values must be in the range 

of 1.9-2.1 and -3.1,-3.6, respectively and error values must be below 0.2 according to 

literature (Dorak, 2006). Standard curves that were fitted to those criteria were used 

in the relative quantification analysis. Calculated expression levels were normalized 

to expression level of untreated wild type cells. 

3.9.1 qPCR for iron homeostasis genes 

First of all, the genes whose function related to iron homeostasis were investigated 

by Q-PCR analysis. 

 FET3 

FET3 is a Ferro-O2-oxidoreductase required for high-affinity iron uptake and 

involved in mediating resistance to copper ion toxicity, belongs to class of integral 

membrane multicopper oxidases (Askwith et al., 1994). FET3 gene expression levels 

of strains are shown in Figure 3.26. 
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Figure 3.26 : Normalized fold expression level of FET3 gene. 

As seen in Figure 3.26, FET3 was downregulated in nickel treated wild type and M9 

cells whereas it was upregulated in M11.  

 FET4 

FET4 is a low-affinity Fe (II) transporter of the plasma membrane (Dix et al., 1994). 

Expression level of FET4 gene for each strain are shown in Figure 3.27. 

 

Figure 3.27 : Normalized fold expression level of FET4 gene. 

 FTR1 

FTR1 gene in S. cerevisiae encodes a permease (Ftr1p) which is required for high 

affinity iron transport. FTR1 works together with FET3, to promote transmembrane 

iron transport. (Askwith and Kaplan, 1997). FTR1 gene expression levels of strains 

are shown in Figure 3.28. 
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Figure 3.28 : Normalized fold expression level of FTR1 gene. 

 AFT1 

AFT1 is a transcription factor involved in iron utilization and homeostasis; binds the 

consensus site PyPuCACCCPu and activates the expression of target genes in 

response to changes in iron availability (Casas et al., 1997). Expression level of 

AFT1 gene for each strain are shown in Figure 3.29. 

 

Figure 3.29 : Normalized fold expression level of AFT1 gene. 

Expression level of AFT1 in the nickel treated wild type cells were increased almost 

two fold than that of the untreated cells. It was also observed that mutant M9 and 

M11 expressed AFT1 slightly more than their matched control group. 
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3.9.2 Expression level determination of vacuolar transport genes 

After the analyzing of the genes related with metal homeostasis, genes whose 

function is compartmentalizing heavy metals in vacuoles were also studied. 

 COT1 

COT1 gene of S. cerevisiae is a dosage-dependent suppressor of cobalt toxicity. 

Overexpression of COT1 gene in wild type yeast cells confers to cobalt and rhodium 

toxicity. The effect of COT1 is to compermantalize cobalt and zinc ions into the 

vacoule (Conklin, D. S. et al.1992). Results belong to COT1 expression of cells are 

shown in 3.30. 

 

Figure 3.30 : Normalized fold expression level of COT1 gene. 

 ZRC1 

ZRC1 gene of S. cerevisiae confers increased tolerance to high levels of zinc and 

cobalt ions. Zrc1 proteins take place in the storage and detoxification of excess zinc 

and cobalt ions preventing the overaccumulation of these metals in cytosol (Conklin 

et al., 1994). Expression level of ZRC1 gene for each strain are shown in Figure 3.31. 

 

Figure 3.31 : Normalized fold expression level of ZRC1 gene. 
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It was expected that expression level of ZRC1 and COT1 would be resemble each 

other since they have similar functions in cell metabolism. However, expression of 

ZRC1 in neither nickel-treated nor untreated cell was changed significantly unlike the 

expression level of COT1. 

 CCC1 

Vacuolar storage of iron ions in yeast cells serves a detoxification function. CCC1 

mediates transport of iron from cytosol to vacuole. Regulation of CCC1 is mediated 

by presence of iron ions surrounding the cell environment (Lin. et al., 2008). 

Expression level of CCC1 gene for each strain are shown in Figure 3.32. 

 

Figure 3.32 : Normalized fold expression level of CCC1 gene. 

3.9.3 General stress response genes’ expression level determination 

Expression level of the genes played more general role in protecting the cell in 

response to stressful environments were also determined by qPCR. 

 MSN2 

MSN2 is an transcriptional factor related with MSN4. Msn2p is activated and plays a 

major role in response to stress conditions by mediating transcriptional regulation of 

hundred of genes (Sadeh et al., 2011). Figure 3.33 shows the MSN2 gene expression 

levels of strains. 
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Figure 3.33 : Normalized fold expression level of MSN2 gene. 

 CTT1 

CTT1, encoding a cytosolic catalase T, is another general stress response protein 

which protect cells from oxidative damage by catalyzing the decomposition of 

hydrogen peroxide to oxygen and water. Thus osmotic and heat stresses and lack of 

nutrient can trigger the regulation of CTT1 (Bissinger et al., 1989). Results belong to 

CTT1 expression of cells are shown in Figure 3.34. 

 

Figure 3.34 : Normalized fold expression level of CTT1 gene. 

Initial expression level of CTT1 in M9 was almost 14 fold than that of the wild type 

and expression was down regulated when cells exposed to nickel stress. Interestingly, 

although the expression level of the mutants was quite much more than that of the 

wild type, they could not survive against relatively low concentrations of hydrogen 

peroxide with respect to wild type. 
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3.9.4 qPCR for sulfur metabolism genes 

Expression level of the sulphur metabolism genes thought to be related with nickel 

metabolism in Saccharomyces cerevisiae was then determined. 

 STR3 

The product of the STR3 gene participates in the transsulfuration pathway and 

converts the intermediate cystathionine into homocysteine (Barreto et al., 2006). 

Normalized fold expression of STR3 to wild type are shown in Figure 3.35. 

 

Figure 3.35 : Normalized fold expression level of STR3 gene. 

 MET1 

MET1 is involved in the biosynthesis of siroheme and required for sulfate 

assimilation and methionine biosynthesis (Raux et al., 1999). Figure 3.36 shows the 

expression level of the MET1 gene. 

 

Figure 3.36 : Normalized fold expression level of MET1 gene. 
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4.  DISCUSSION AND CONCLUSION 

The objective of this study was obtaining nickel resistant S. cerevisiae mutants by 

using evolutionary engineering and characterizing them in phenotypical and 

genetically level. For this purpose, obtained nickel resistant strains were investigated 

against their cross-resistance phenotype, metabolite consumption and production 

profiles, nickel uptake level and gene expression profiles. 

At the beginning, wild type (905) and EMS mutagenized cultures (906) were 

screened under various concentrations of NiCl2 (0.05 – 1 mM) in order to determine 

the initial nickel chloride stress level for continuous increasing selection strategy. It 

is estimated that 0.5 mM NiCl2 significantly reduce the growth of both wild type and 

mutagenized cultures (Table 3.1). According to these result, 0.05 mM NiCl2 was 

accepted as starting stress level. 

Selection procedure was based on applying continuous stress to 906 and increasing 

stress level at every passage. Initial stress level was gradually increased up to 5.3 

mM NiCl2 by augmenting NiCl2 concentration 0.05 mM at every passage.  After 

successful 94 passages, mutant culture, which was able to survive in high 

concentration of NiCl2, was obtained (Table 3.2). Although the survival ratio of 94
th

 

population was still at high level, obtaining population was ceased since survival 

against 5.3 mM NiCl2 is sufficient to prove that obtained mutant population has 

nickel resistant. Thus, 94
th

 population was accepted as final population. Genetic 

stability test of the final population showed that population has a stable nickel 

resistance rather than adapted growth against stress condition. 

Since the final population is heterogeneous culture, twelve individual mutants were 

selected from the final mutant population in order to investigate nickel stress at 

single cell level. These individuals were then analyzed under different NiCl2 

concentrations to determine individual mutant/mutants, which have highest nickel 

resistance phenotype. Nickel resistance of individuals was analyzed by using MPN 

method. 
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As shown in Figure 3.3, survival ratios of individual mutants upon 3.5 mM NiCl2 

after 72h incubation was varying in a range from 0.01 to 2.18. Surprisingly, mean 

resistance value of the individuals was higher than that of the final population. These 

results indicated the heterogeneity of the final population. In addition, individual M9, 

M10 and M12 had the highest nickel resistance with survival ratios 1.74, 1.54 and 

2.18, respectively. Apart from these mutants, M7 and M11 had convincing survival 

ratios; 0.84 and 0.71, respectively. Interestingly, stress resistance of M1 and M6 was 

approximately as same as wild type culture, even though they are selected from a 

nickel-resistance culture. Moreover, we preferred to compare the results within 

individual mutants rather than wild type, since applied stress conditions has a lethal 

effect on wild type cells. 

Cross-resistance phenotype of individuals and final population were screened upon 

other divalent cations and stress conditions mainly encountered in the life cycle of 

yeast such as; ethanol, oxidative and osmotic stresses. Featured mutants in spotting 

assay were M9 and M12, the most nickel resistant individuals. They both had cross-

resistance against the divalent cations tested such as cobalt, iron, manganese and 

zinc. On the other hand, they were sensitive to magnesium, copper, hydrogen 

peroxide, ethanol, salt and BPS. Çakar et al. (2009) reported similar results. In that 

research, cobalt-resistant S. cerevisae strains show cross resistance towards iron, 

nickel, manganese and zinc but not against magnesium, hydrogen peroxide, salt and 

ethanol. Similar patterns of cross-resistance were obtained for other individuals 

except for M11. They had increased tolerance to metal ions and  decreased tolerance 

to non-metal stresses with slight differences than M9 and M12. M11 had sensivity 

against zinc, but most importantly it was the only individual had resistance to %8 

ethanol whereas M9 and M12 were almost susceptible. Additionally, M11 was once 

again the only individual gained resistance to copper. BPS is a iron(II) chelator and 

addition of BPS to medium was resulted in much more inhibited growth than wild 

type and interestingly, some of the nickel-resistant mutants grow better on nickel, 

iron, zinc and manganese supplemented medium. This results indicating that nickel-

resistant mutants require much more metal ions especially iron than wild type 

cultures and iron-depletion in the medium make them more sensitive. 

Individuals showing best cross-resistant phenotype, M1, M8, M9, M10 and M11, 

were selected for investigating their cross-resistance in MPN assay, which enable to 
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quantify the effects of each stress condition. M9 was observed to be the most 

resistant mutant. M9 and M11 survived about 20000-fold of the wild-type under 2.5 

mM CoCl2. Similar sitiuation was observed in iron stress where survival rates of M9 

and M11 were 3.43 and 1.70, respectively. Moreoever, the survival of the M9 was 

100-fold of the wild type under 10 mM ZnCl2 and M11 was observed to be 

hypersensitive to zinc cations in this condition. Lastly, significantly higher level of 

manganese resistance was seen in mutant M9 and M1. Their survival rate as fold of 

wild type were 72 and 58, respectively. 

On the basis of these results, M9 and M11 were selected for further analysis since 

M9 was the most resistant mutant against metal stresses tested and M11 has 

remarkable ethanol tolerance along with high metal resistance. 

Nickel accumulation of M9 and M11 were investigated under 0.15, 1 and 3.5 mM 

NiCl2. It was seen that at 0.15 and 1 mM NiCl2, nickel accumulation profile of 

mutants and wild type were similar. When NiCl2 concentration was elevated to 3.5 

mM, nickel accumulation was increased ~2 fold in M9 and M11 while no increased 

was observed in wild type cells. This result combined with the lethal effect of higher  

NiCl2 concentrations on the wild type cells suggest that nickel accumulation of wild 

type cells at higher NiCl2 levels was caused by the sorption of the dead cells since 

Suh et al. (1998) reported that dead cells may adsorb metal ions onto the cell surface. 

Nickel hold of the mutants was increased when the enviromental nickel 

concentraiton was increased. This indicated that S. cerevisiae cells avoide from the 

toxic effect of nickel by sequestering them inside the cell, probably in the vacoule,  

rather than pumping out of the cell by an efflux system. 

Trehalose and glycogen are important reserved carbohydrates and trehalose has a 

function of being a general stress protectant in particular (François and Parrou, 

2001). For this purpose, trehalose and glycogen contents of wild type, M9 and M11 

were measured in stress and non-stress conditions. Trehalose and glycogen 

production profiles in the absence of nickel were accepted as basal level and those 

levels were slightly higher than that of the wild type. Higher basal level of trehalose 

may indicate the slow growth profile of mutants but it gives the ability to respond 

immediately to changing stress conditions. In response to nickel stress, maximal 

trehalose concentrations of wild-type and M9 were increased 3 and 1.5 fold, 

respectively. Accumulation of trehalose content in the cells may be caused by the 
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toxic effect of nickel on the proteins and lipid membrane via Fenton reaction since 

trehalose functions as antioxidant and protects cell integrity from lipid peroxidation 

in addition to maintaining proteins in their native conformation cooperaitng with 

molecular chaperons (Jules et al. 2005). Interestingly, M11 continued accumulating 

trehalose after glucose depletion in the medium  rather than using as a carbon source. 

Trehalose accumulation after exposuring the metal stress was reported by Attfield 

group (1987). In that study, yeast strains accumulated significantly higher levels of 

trehalose when exposured  to 5 mM CuSO4. In the case of glycogen production, 

nickel-tolerant mutants produced slightly higher glycogen than that of the wild type, 

similarly with the results of trehalose levels. However, any significant effect of 

nickel ions on glycogen production of mutants was not observed since each mutant 

produced almost same amount of glycogen in the absence and presence of nickel. 

Additionally, basal level of trehalose and glycogen in M9 was consistent with 

microarray results. Genes related to trehalose metabolism and glycogen biosynthetic 

process was highly upregulated. 

Growth curves of M9 and M11 was determined according to OD600 measurements 

and compared with that of the wild type. It was clearly seen that 0.15 mM NiCl2 

significantly inhibited the growth of wild type cultures whereas it has no effect on 

the growth performance of M9 and M11. Growth curves of M9 and M11 were almost 

identical in the absence and presence of nickel and lower than that of the wild type in 

the nickel free medium. Stress/control ratio of maximum specific growth rates (µmax) 

of M9 and M11 were 0.97 and 0.92, respectively. Mariano-da-Silva (2007) reported 

that nickel enhances the complexation of phosphate groups on cell membrane and 

reduced growth of wild type cultures could be resulted from this situation due to the 

reduced glucose uptake. Although wild type culture has a rapid growth in nickel free 

medium, M11 has the highest final cell dry weight and OD600 value. µmax values of 

M9 and M11 was lower than wild type, however, this would be expected from a 

mutagenized culture since each new cell has the same, non-ideal modifications in its 

genome. M11 also utilized acetate after glucose depletion in the nickel free medium 

whereas acetate production of M9 and wild type continued after glucose depletion. 

This result combined with the ethanol resistance of M11 indicates that M11 has 

better respiratory mechanisms than M9 and wild type. 
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Ethanol production of strains continued until all glucose in the medium was 

consumed. After depletion of glucose, ethanol concentration of the medium remains 

almost constant for each condition. M9 has the highest value and produced same 

amount of ethanol in the presence and absence of nickel. Production of M11 was 

same with M9 with slight differences in stress conditions. In addition, no significant 

ethanol utilization was observed, suggesting that mutants were not able to grown on 

ethanol as a carbon source.  

Glycerol production was similar with glucose consumption. Highest glycerol 

concentrations of the medium were close to each other. Interestingly, although the 

wild type culture did not utilize all glucose in stress condition, wild type strain was 

able to produce almost same amount of glycerol unlike the production of other 

metabolites.  

DNA microarray analysis provides a powerful tool to compare the differential 

expression of a large number of genes. Using this approach, whole genome 

transcriptomic analysis of nickel resistant mutant M9 was investigated. Statistical 

analysis revealed that expression levels in 640 genes were upregulated and 

expression levels in 369 genes were downregulated. Genes related to iron 

homeostasis, stress response and oxidative damage resistance were significantly 

induced. Additionally, metal homeostasis, protein refolding, trehalose and glycogen 

metabolism genes were also upregulated. On the other hand, majority of the 

downregulated genes were related to ribosome biogenesis, translation, rRNA 

processing and methylation. Similar transcriptomic result was obtained by the study 

in which intact yeast cells exposure the lethal dose of nickel stress (Takumi, et al. 

2010). In that study, nickel stress highly induced the expression of iron and sulfur 

metabolism genes as well as oxidative damage and stress response genes. All of the 

iron metabolism genes were also upregulated in our study. In addition, although the 

suppressed genes were not published, authors stated that strongly suppressed genes 

were belonged to the cellular transport and protein synthesis, correlating with our 

findings. 

In S. cerevisiae, iron homeostasis is highly regulated by the two transcriptional 

factors, Aft1 and Aft2 and the genes regulated by these two transcription factors is 

referred as iron regulon. Aft1p binds to a conserved promoter sequence and activates 

the expression of target genes in response to iron starvation. In iron-depleted 
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conditions, Aft1 translocates from cytoplasm to nucleus and vice versa. Aft2 also 

regulated the expression of iron regulon but with a weaker transcriptional activity 

(Rutherford et al., 2005). In our study, among the 21 iron metabolism genes whose 

expression changed more than two fold according to wild type, 16 of them are 

regulated by Aft1. Aft2 is also upregulated but not as much as Aft1. Expression of 

Aft1 was measured by q-PCR along with DNA microarray. In real time 

measurement, Aft1 expression of mutant M9 in absence of nickel stress was 2.12 

times higher than wild type and it was 1.47 in microarray analysis. Arita et al (2009) 

reported that deletion of AFT1 gene in S. cerevisiae resulted in decrease resistance to 

nickel sulphate. It is known that nickel ions chemically and structurally resemble to 

metal ions such as zinc, cobalt and iron and displace these metals ions from the cell. 

Additionally, nickel compounds interfere with iron uptake, maybe resulting in iron 

depletion thus over-expression of iron homeostasis related genes. It was also reported 

that exposure to nickel reduces intracellular iron levels in plant and animal cells 

(Ruotolo et al. 2008).  

Among the Aft1p regulated genes, expression of TIS11/CTH2 was ~50 times higher 

than that of the wild type. In response to iron deficiency, TIS11p degrades the 

mRNAs of the proteins involving in Fe-dependent processes. The function of TIS11p 

is binding to specific AU-rich elements in the 3’ untranslated region of those 

mRNAs, which results in degradation of mRNA molecules. Authors stated that role 

of TIS11 is significantly important in iron-limited conditions and expression of TIS11 

in aft1Δ mutants was greatly decreased (Puig et al., 2005). 

In S. cerevisiae, iron transport into cytoplasm is accomplished by high affinity 

Fet3p/Ftr1p complex, low affinity Fet4p and via bacterial siderophores uptake 

(ARN1-4 and FIT1-3). FET4 gene is a low affinity Fe
2+

 uptake system and is an 

integral membrane protein present in the plasma membrane. Although FET4 gene is 

first identified as low-affinity iron(II) permease, Fet4p is involved in transporting 

copper and zinc ions (Dix et al., 1994 and Waters and Eide, 2002).  FET3 and FET4 

genes encode plasma transporters mainly responsible for iron transport. Fet3p is a 

multicopper ferroxidase and it receives Fe
2+

 ions from cell surface iron reductases 

and oxidizes them to Fe
3+

. Ftr1p, iron permease, is involved in transport of Fe
3+

 ions 

to cytoplasm. This kind of strategy for iron uptake is present in some bacteria, fungi 

and many plant species along with S. cerevisiae. Expression of Fet3p and Ftr1p are 
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induced in iron-limited conditions (Askwith et al., 1994 and Askwith and Kaplan, 

1997).  Reduction of Fe
2+

 to Fe
3+

 is maintained by the FRE1-2 iron/cupric reductases 

and FRE3 iron reductase on plasma membrane. Expression of FRE1 is induced by 

low iron and copper levels whereas FRE2-3 are induced by low iron levels but not by 

low copper levels (Dancis et al., 1990 and Georgatsou et al., 1997). Relationship 

between iron and copper is also present in CCC2 gene. Product of CCC2 receives 

copper(I) ions from Atx1 and delivers them to Fet3p and CCC2 activity is necessary 

for proper iron uptake. Additionally, it has similarity to human proteins involved in 

Menkes and Wilsons diseases (Yuan et al., 1995). All of the genes explained above 

related to iron homeostasis were  upregulated except for FET4  in the present study. 

This results were expected since it is known that high-affinity uptake systems are 

induced under metal-limiting conditions whereas low affinity systems are activated 

when their substrates are in greater supply (Waters and Eide, 2002). 

Another iron homeostasis related genes are FIT1-3, which encode mannoproteins 

that is located into cell wall. FIT1-3p are involved in uptake of siderophores-iron 

complexes which are then transported to the cytoplasm by plasma membrane 

proteins. Expression of FIT2 and FIT3 are markedly induced and it was ~34 fold for 

FIT2 and ~21 fold for FIT3. Another siderophore uptake related genes, ARN1, 

ARN3/SIT1 and ARN4/ENB1 was also highly upregulated. Members of the ARN 

family transporters recognize siderophore-iron chelates and responsible for uptake of 

iron bound to ferrirubin, ferrirhodin, and related siderophores. Expression of ARN1, 

SIT1 and ENB1 were 6.92, 13.3 and 10.96 times higher than that of the wild type 

yeast strain, respectively.  

Similar function of high affinity iron transport FET3/FTR1 complex is present in 

vacuole surface. FET5/FTH1 complex is responsible for transporting iron out of the 

vacuole in iron-depleted conditions. FET5 receives Fe
2+

 from the vacuolar iron 

reductase FRE6 and oxidizes iron(II) ions to be able transport into cytoplasm by 

FTH1, vacuolar iron permease (Urbanowski and Piper, 1999). Nickel resistant 

mutant induces the expression of FET5 approximately 5 times higher than wild type 

whereas fold change of FTH1 is less than two. Another iron transporter from vacuole 

to cytoplasm is SMF3, member of the Nramp family of metal transport proteins. 

SMF3 transport Fe
2+

 ions with a low affinity. Another SMF ion transporter localized 

in plasma membrane is SMF1 and has similar functions with SMF3. SMF1 has a 
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broad specificity for di-valent and tri-valent metals such as Mn
2+

, Zn
2+

, Cu
2+

, Fe
2+

, 

Cd
2+

, Ni
2+

, and Co
2+

 (Cohen et al., 2000).  

Ruotolo et al. (2008) generated a genome-wide collection of yeast deletion mutant 

strains exposed to cadminium and nickel. In that study, deletion of iron homeostasis 

genes, SMF1, CCC2, SMF3, FET3, FTR1 and AFT1 caused nickel sensitivity and 

those genes were upregulated in our study. Effect of Aft1 on nickel resistance was 

also reported by Arita et al. (2009) and mentioned above. It was also reported that 

overexpression of Aft1 confers resistance to nickel ions, however, expression of iron 

regulon genes were not induced by nickel (Stadler and Schweyen, 2002). These 

results suggest that Aft1p may have direct or indirect effect on nickel resistance 

mechanism of S. cerevisiae. Additionally, sensitivity of M9 to iron-depletion and 

better growth in iron supplemented medium could be explained by these highly 

upregulated iron regulon of M9 cells. 

Real-time PCR was performed to measure the expression of possible nickel-related 

genes. According to cross-resistance results, it was thought that nickel and cobalt 

could have common mechanisms since cross-resistance phenotype of nickel-resistant 

mutant to each stress conditions tested was similar with that of the cobalt resistant 

mutant (Çakar et al., 2009). Therefore, expression profiling of the genes involved in 

cobalt detoxification was determined as well as genes related with iron regulon, 

vacuolar metal uptake, general stress response and sulphur metabolism. Additionally, 

any ORF involved in nickel homeostasis in S. cerevisiae has not been reported yet. 

Expression of FET3 was down-regulated in nickel-treated wild type cells. However, 

it was observed that FET3 and FET4 was highly expressed in M9 and this level was 

about 4 and 3 fold of the wild type, respectively. High expression of FET3 and FET4 

could explain the high iron resistant of individual mutants, independent from nickel 

resistance. Interestingly, FET3 and FET4 expression level of M9 was decreased in 

nickel treated cells while that is increased in M11. 

High- affinity iron uptake is mediated by not only FET3 but also FTR1, plasma 

membrane permease. As these two proteins cooperate to transport iron to reach 

essential intracellular enzymes, FTR1 expression level of mutants and wild type in 

untreated cells were similar with that observed in FET3 expression. However, 
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opposite effect of nickel was observed in nickel treated cells. FTR1 expression was 

increased in all strains when compared to their corresponding control group. 

COT1 compartmentalize cobalt and zinc ions into the vacuole and overexpression of 

COT1 confer resistance to these ions in wild type cells. Normalized fold expression 

values showed that treated and untreated M9 cells expressed COT1 ~2 fold higher 

wild type and expression of wild type cells was up-regulated when cells were 

exposure to NiCl2. Considering the sequestration of nickel ions into the vacuole in 

stress conditions and the putative cobalt–nickel relationship, this result was not 

surprising. Similar expression pattern was also estimated in expression of CCC1, 

which is responsible for iron transport from cytosol to vacuole and vice versa. 

Among the vacuolar transport genes tested, only expression of ZRC1 was 

noteworthy. Individual M11 expressed ZRC1 as same as wild type in non-stressful 

conditions and effect of nickel on the expression was also identical. Both strains 

expressed ZRC1 1.38 fold than their corresponding control group. This result was 

consistent with cross-resistance results since resistance of wild type and M11 against 

10 mM ZnCl2 was resemble each other and highly lower than that of the other 

individuals. In DNA microarray analysis, expression of these vacuolar metal 

transport genes were also upregulated in untreated M9 cells 

Saccharomyces cerevisiae CTT1, the gene encoding cytoplasmic catalase T, mediates 

the decomposition of hydrogen peroxide to oxygen and water and protect the cells 

from oxidative damage (Bissinger, P.H., et al., 1989). M9 expressed CTT1 ~14 fold 

of the wild type in absence of nickel and ~8 fold in nickel supplemented medium. 

Expression of CTT1 in microarray was in agreement with q-PCR results. However, 

CTT1 was expressed about two fold than wild type in microarray. Considering the 

nickel-induced oxidative damage and formation of ROS via Fenton reaction, these 

results was expected. However, there is a huge difference between the cross-

resistance and gene expression results of M9 since oxidative stress tolerance of M9 

was significantly lower than wild type cultures. Even, one can say that M9 is 

hypersensitive against oxidative damage. Despite of this controversy, expression of 

CTT1 in wild type was increased ~4 fold in nickel exposure cells and emphasize the 

role of cytoplasmic catalase in nickel stress. Additionally, we plan to investigate the 

catalase activity of mutant and wild type grown in nickel-supplemented medium in 

order to clarify the putative role of CTT1 in nickel stress. 
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