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OPTIMIZATION AND USE OF DNA SEQUENCING BY CAPILLARY
ELECTROPHORESIS FOR COMPARATIVE YEAST GENOTYPE
ANALYSIS

SUMMARY

DNA sequencing has been a main focus of technological development of molecular
biology and genetic research since Nobel laureates Frederick Sanger and Walter
Gilbert introduced sequencing by chain termination or chemical fragmentation
techniques, coupled with gel electrophoresis-based separation. Remarkable
improvements in data resolution were encountered when the separations of
fragmented products were performed in capillaries versus slab gels. Since its
invention, DNA sequencing by capillary electrophoresis technique has illuminated
the future on genomics and proteomics studies. Although new sequencing strategies
offering high-throughput data analysis have been developed, DNA sequencing by
capillary electrophoresis technique still retains its global importance in genetic
research.

Saccharomyces cerevisiae is one of the most studied organisms and a common
model organism in molecular cell biology to understand the eukaryotic cell. With the
advent of DNA sequencing approaches, S. cerevisiae has been the first eukaryote the
genome of which was completely sequenced. In addition to its use in scientific
research, it has also been used for industrial applications such as brewing and baking
for ages.

In nature and/or industrial applications, microorganisms are exposed to a variety of
stress conditions such as oxidative, temperature, dehydration, starvation, and metal
ions stress. S. cerevisiae is suitable for stress-resistance studies, because of being a
eukaryotic model organism and its industrial importance.

In the present study, S. cerevisiae was used as a model organism. Oxidative stress-
resistant strain 'H7', cobalt-resistant strain 'CI25E', nickel hyper-resistant strain ‘M9’
and iron-resistant strain '8C' had been obtained previously by evolutionary
engineering approach, using the reference strain CEN.PK 113-7D.

Before performing the experimental studies for comparative gene analysis between
reference and mutant strains, all sections of the DNA sequencing by capillary
electrophoresis method were optimized to obtain the most accurate sequencing data.

Optimized protocols of the sequencing method were then applied to the experimental
studies. DNA extraction from the reference and mutant strains was performed using a
commercial extraction kit. Polymerase Chain Reaction (PCR) of PSE1l, GRX4,
MSN2, MSN4, MSN5, OCA1 and CTT1 genes was carried out in a thermal cycler
using the specifically prepared PCR Master Mix for each region of interest and
thermal conditions. Electrophoretic analysis of the PCR products was performed
using an agarose gel. PCR products confirmed on agarose gels were then purified
using the enzymatic purification method. Cycle sequencing reaction was performed

XiX



using enzymatically purified amplicons in a thermal cycler. Sequencing reaction
products were purified by spin-column purification method. DNA sequencing by
capillary electrophoresis of the samples was performed on ABI 3130 Genetic
Analyzer using the optimized sequence module.

Data analysis of the samples was carried out in two steps. Sequencing Analysis v.6.0
software was used to investigate sequence quality and baseline clearness before
comparative genotype analysis. For each gene studied, designated project including
sequence data of the samples, reference sequence file of the S. cerevisiae and analysis
parameters were created in SeqScape v.3.0 software. Comparative sequence analysis
of each gene was performed between reference and mutant strains in detail.
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KAPILER ELEKTROFOREZINE DAYALI DNA DiZiLEME YONTEMININ
OPTIMIZASYONU VE MAYADA KARSILASTIRMALI GENOTIP
ANALIZI iCIN KULLANILMASI

OZET

DNA dizi analizi, Nobel 6diillii iki arastirmact Frederick Sanger ve Walter Gilbert'in
gelistirdikleri ilk dizileme yontemlerinden beri molekiiler biyoloji ve genetik
alanindaki teknolojik gelismelerin daima odaginda olmustur. Temelde her iki
yontemin de amact DNA zinciri {izerindeki belirli bir noktanin niikleotit dizisini
belirlemek olsa da, teknikler arasinda 6nemli farkliliklar mevcuttur. Allan Maxam
ve Walter Gilbert, DNA'nin modifikasyonuna ve belirli kimyasallarin kullanilmasi
ile belirli niikleotitlerde kesilmesi esasina dayanan bir DNA dizileme yontemi
gelistirirken, Sanger ydnteminin ana prensibi zincir sonlandirici niikleotit olarak
ddNTP'lerin kullanilmasidir.

Her iki yontemin de kendine ait avantaj ve dezavantajlari bulunmasina ragmen
zaman igerisinde Sanger DNA dizileme yonteminin otomasyona daha ¢ok izin veren
ve kullanici kolayligi sunan bir teknik oldugu anlagilmistir. Halbuki baslarda
Maxam-Gilbert yontemi, saflagtirilmis DNA'nin dogrudan dizilenebilmesine imkan
verdigi i¢in ¢ok daha popiilerdi. Ancak zincir sonladirma yonteminin zaman iginde
iyilestirilmesi, otomatik sistemlere adapte edilmesi ve Maxam-Gilbert tarafindan
gelistirilen teknigin c¢ok karmasik olmasi ve insan sagligi agisindan tehlikeli
kimyasallarmn kullanimini igermesi gibi farkli etkenler nedeniyle Maxam-Gilbert
DNA dizileme yontemi eski 6nemini yitirmistir.

DNA dizi analizinin islem hacmindeki asil kayda deger gelisim, kapiler
elektroforezine dayali ayirim yonteminin jel tabanli sistemlerin yerine kullanilmaya
baslanmas1 sonucunda yaganmustir. Kapiler elektroforezine dayali DNA dizi analizi
yontemi, halen glinimiizde hizla gelismekte olan genomik ve proteomik alanlarina
151k tutmustur. Daha teknolojik ve daha ileri dizileme sistemlerinin gelistirilmesine
ragmen, DNA dizi analizinde halen 'altin standart' olarak adlandirilan bu yontem,
onemini hi¢bir zaman kaybetmemekle birlikte, halen giiniimiizde en yaygin olarak
kullanilan dizi analizi yontemidir.

Saccharomyces cerevisiae mayasi, okaryotik canlilarda gergeklesen fizyolojik ve
biyokimyasal olaylar1 anlamak i¢in diinyada en fazla ve en yaygin olarak kullanilan
model organizmalardan biridir. Gelistirilen dizileme yontemleri sayesinde, 6000 gen
bolgesi igeren tim genomunun dizi analizinin tamamlanmis olmasi ile dkaryotlar
arasinda Oncii olmustur. S. cerevisiae, sadece bilimsel ¢aligmalarda degil, ayrica
endiistriyel alanlarda da yiizyillardir kullanilan tek hiicreli bir 6karyottur.

Dogal ortamlarinda ve/veya endiistriyel uygulamalarda, mikroorganizmalar oksidatif,
sicaklik, dehidrasyon, besinsiz kalma ve metal iyonlarmin varhig: gibi farkli stres
kosullarina maruz kalmaktadirlar. Hem tek hiicreli okaryotik bir model organizma
olmasi, hem de endiistriyel agidan 6nemi Sebebiyle S. cerevisiae mayasi, hiicresel
stres direnci ve tepkisine yonelik arastirmalar i¢in uygundur.
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Bu ¢alismada S. cerevisiae mayasiin referans susu CEN.PK 113-7D ve bu sustan
daha once evrimsel miihendislik yaklagimi ile elde edilmis olan, ¢esitli streslere
direncli suslar kullanilmistir. Oksidatif strese direngli sus 'H7', kobalt-direngli sus
'CI25E', nikel-direngli sus 'M9' ve demir-direngli sus '8C' olarak adlandirilmistir.

Karsilastirmali  genotip analizinin deneysel c¢alismalarindan once, Kkapiler
elektroforezine dayali DNA dizi analizi yontemi en kapsamli ve en kesin dizileme
verilerinin alinabilmesi i¢in bu ¢alismaya yonelik 6zel olarak optimize edilmistir.
Calisilan suslardan DNA eldesi ve saflastirilmasindan sonuglarin analizine kadar tiim
ara basamaklarda kullanilan kimyasallarin ve tekniklerin optimizasyonu sayesinde
deneysel ¢alismalarda hedeflenen genotipleme analizi kalitesine ulagilmigtir.

Optimizasyonu her adimi i¢in tamamlanan yontem, calisilan suslarin belirlenen
genleri i¢in karsilastirmali dizi analizinde kullanilmistir. Caligilan referans ve mutant
suslarin DNA izolasyonu ticari bir kit kullanmilarak iiretici firmanin belirledigi
calisma protokoliine gore gerceklestirilmigtir. PSE1, GRX4, MSN2, MSN4, MSN5,
OCALI ve CTT1 genlerinin Polimeraz Zincir Reaksiyon'lar1 (PZR) i¢in 6zel olarak
hazirlanmis reaktif karigimlar1 ve calismaya 6zgii sicaklik dongiileri her bir gen i¢in
ayrt ayr1 optimize edildikten sonra kullanilmistir. PZR {iriinlerinin dogrulanmasi
agaroz  jel elektroforez  sisteminde  gerceklestirilmistir. ~ Amplifikasyonu
gerceklestirilen gen bolgelerinin artik primer ve kullanilmayan niikleotitlerden
arindirilmast  i¢in  enzimatik pargcalama yontemi kullanilmistir.  Saflastirilan
amplifikasyon firiinleri dizileme yontemi i¢in kalip dizi olarak kullanilmistir.
Dizileme reaksiyonu sonrasi artik olarak kalan isaretli-zincir sonlandirici niikkleotitler
kolon saflastirma yontemi sayesinde ortamdan uzaklastirilmistir. Dizileme
yiiriitmeleri ABI 3130 Genetik Analizor cihazinda gergeklestirilmistir.

Dizi bilgilerinin analizi iki adimda gergeklestirilmistir. Dizi bilgisinin kalitesi ve
dizileme yonteminin basarisinin analizi igin Sequencing Analysis v.6.0 programi
kullanilmistir. Calismanin giivenilirligi ve temizligi dogrulandiktan sonra, c¢alisilan
her bir gen bdlgesi icin SeqScape v.3.0 programinda bir proje agilmistir. Her bir
projeye, dizilemesi yapilan suslarin ilgili gen bolgesi igin dizi dosyalari, bilgi
bankasindan indirilmis referans dizi ve analizler i¢in 6zel olarak tanimlanmis analiz
parametreleri yiiklenmistir. Acilan projelere yiiklenen bilgiler kullanilarak, referans
dizi dosyasinin igerigi temel alinarak, referans sus CEN.PK 113-7D ve onun mutant
suslar1 arasindaki niikleotit degisimleri analiz edilmistir.

Yapilan karsilastirmali genotip analizi sonucunda PSE1, GRX4 ve MSNS genleri i¢in
CEN.PK 113-7D referans sus ile kobalt-direngli sus CI25E ve demir-direngli sus 8C
arasinda herhangi bir niikleotit farklilig1 tespit edilmemistir.

CEN.PK 113-7D referans sus ile oksidatif strese direngli sus H7 arasinda yapilan ve
MSN2, MSN4 ve OCA1 genlerini iceren karsilastirmali genotip analizi sonuglar1 ise
her iki sus arasinda niikleotit farkliligi bulunmamasina ragmen, analizler sirasinda
referans gen dizisi kullanilan diger bir 6nemli referans sus olan S288C'nin ¢alisilan
genler acisindan CEN.PK 113-7D ve ondan elde edilmis H7 mutant suslarindan
farkliliklar gosterdigi tespit edilmistir.

Daha c¢ok oksidatif stres ortamlarinda etkinligi bilinen fakat farkli birgcok stres
kosullarinin varliginda da stres etkenine karsi direng gelistirilmesinde aktif rol
oynadig1 yapilan galismalarda gosterilmis olan CTT1 geninin, CEN.PK 113-7D
referans sus ile kobalt-direngli sus CI25E, oksidatif strese direngli sus H7 ve nikel-
diren¢li sus M9 arasinda yapilan karsilagtirmali genotip analizinde, H7 ve CI25E
mutant suslarin evrimsel miihendislik yontemi ile elde edildikleri referans sus ile
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ayni genotipe sahip olduklari, nikel-direngli sus M9'un ise DNA zinciri iizerinde
transkripsiyonun baslatildigi bolge olarak bilenen diizenleyici dizi {izerinde referans
sus CEN.PK 113-7D'den bir niikleotitlik farklilik gosterdigi tespit edilmistir.
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1. INTRODUCTION

1.1 DNA Sequencing

Sequencing technology has advanced far beyond the analysis of DNA sequences, and
iIs now routinely used to research other biological components such as RNA and
protein, as well as how they interact in complicated networks. In addition, increasing
throughput and decreasing costs are making medical and life science applications of

sequencing a reality [1].

DNA sequencing has been a main focus of technological development of molecular
biology and biochemistry since Nobel laureates Frederick Sanger and Walter Gilbert
introduced sequencing by chain termination or chemical fragmentation techniques,

coupled with gel electrophoresis-based separation [2, 3].

In the early 1970s, the first DNA sequences were obtained via challenging laborious
techniques. An example is the sequencing of less than thirty base pairs of the lac
operator [2]. The first revolution in the DNA sequencing came true in the second half
of the 1970s through unique methods developed by Allan Maxam and Walter Gilbert
and Frederick Sanger and colleagues [4, 5].

Both techniques significantly increased the throughput of DNA sequencing. The
method introduced by Gilbert and Maxam, however, was more complex and
involved the use of hazardous chemicals such as hydrazine and piperidine used for
modification and degradation of specific nucleotide groups in DNA chain before
electrophoresis. Figure 1.1 shows the basic stage of Gilbert and Maxam method (left)
and electrophoretic image of slab gel after chemical treatment of DNA (right). The
technique underlying sequencing strategy is to separate firstly Purine (Adenine and
Guanine) and Pyrimidine (Cytosine and Thymine) groups by using a series of
chemical modifications of DNA. Single base difference is subsequently achieved by
the use of nucleotide-specific chemical agents. Radioactive isotope (*°P) labeled

fragments are then run on slab gel electrophoresis system [6].
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Figure 1.1: Basis of Gilbert and Maxam DNA sequencing technique. Chemical
treatment of DNA for sequencing (left) and gel electrophoresis of
labeled fragments (right) [4].

The Sanger sequencing method, on the other hand, offered improved efficiency after
a series of optimizations, in particular switching from radioactive isotope to dye
labeling of nucleotides and using capillary electrophoresis instead of slab gels. The
key principle of the Sanger method, the use of dideoxynucleotide triphosphates
(ddNTPs) as DNA chain terminators, presented to be more efficient, requiring fewer
toxic chemicals and lower amounts of radioactivity than that of the Gilbert and
Maxam chemical fragmentation method [7]. Instead of amplifying a region of
interest of DNA, the ddNTPS would cause amplification to terminate in a random
number of amplified products. Figure 1.2 shows that chain extension of PCR product
is achieved by dNTPs whereas ddNTPs that lack the 3’-hydroxyl group essential
(Oxygen) in phosphodiester bond formation terminate elongation [7]. When a
deoxynucleotide (A, C, G, or T) is added to the 3’ end, chain extension can continue.
However, when a dideoxynucleotide (ddA, ddC, ddG, or ddT) is added to the 3" end,
chain extension terminates.



First applications of Sanger method also took place using slab gel electrophoresis,
however, even then it was thought that it would be a more compatible method for
high-throughput of automation. In the early studies, dye-labeled PCR primers were
used [5]. The template was split into four different aliquots having all four of the
standard deoxynucleotides (dATP, dGTP, dCTP and dTTP) and DNA polymerase.
One of the four chain-terminating dideoxynucleotides (ddATP, ddGTP, ddCTP, or
ddTTP) was included into each reaction to terminate the sequence during the chain
elongation reaction. The method resulted in various length DNA fragments which
were heat-denatured and size separated by polyacrylamide Slab Gel Electrophoresis
(SGE). Radioactively or fluorescently labeled fragments were detected by CCD
camera (Figure 1.3) [8].
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Figure 1.2 : DNA strand synthesis and termination [7].

A milestone advance was made by Smith and his colleagues in the form of
fluorescently labeled ddNTPs that became the basis of the approach used to sequence
the human genome [9]. Dye-terminator based DNA sequencing offered the use of
four ddNTP chain terminators which was tagged with dyes of different fluorescent

emission wavelengths, in a single sequencing reaction. For example, the ABI 377®



DNA sequencer released by Applied Biosystems in 1995, which employs a slab gel
format and LIF (laser-induced fluorescence) detection using a CCD camera with base
calling accomplished via a four-color approach, could produce sequencing data in the
order of 100 kb/day [10]. Today, the dye terminating fluorescent tag is still the
method of choice in automated long-read DNA sequencing by capillary
electrophoresis [11].
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Figure 1.3 : The DNA sequencing method using dye labeled PCR primer [12].
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Remarkable improvements in data resolution were also encountered when the
separations of fragmented products were performed in capillaries versus slab gels.
Capillary Gel Electrophoresis (CGE) was published almost 35 years ago by
Jorgensen and coworkers as a new and automated alternative to slab gel
electrophoresis [13]. One step ahead of 1989, Bob Brownlee and coworkers
announced the first commercial instrument with on column UV/VIS detection,
automatic injection and computerized data analysis for rapid, high-resolution
capillary electrophoresis separation [14]. Studies have proved an about 3-fold
advance in resolution and a 25-fold increase in the speed of the separation in
Capillary Gel Electrophoresis (CEG) compared to slab gel electrophoresis due

primarily to the ability of CGE to more effectively dissipate Joule heat, allowing



operation at high electric field strengths [15]. Several groups have also made
improvements in data throughput by increasing the speed of DNA separation using
CGE [15-16].

Since 1989, competition among several pioneer companies developing capillary-
based DNA sequencers gradually increased to become a leader in manufacturing
commercial capillary electrophoresis devices. In 1995, Applied Biosystems, being a
definite leader company in capillary electrophoresis systems introduced ABI 310
Genetic Analyzer represented a breakthrough in DNA sequencing technology. The
system offers continuous 24-hour hands-free automation sequencing through single
capillary array filled with a novel polymer chemistry which allowed automated DNA

sequencing.

Figure 1.4 demonstrates the internal constitution of ABI 310 Genetic Analyzer with
basic parts. Florescent dye labeled sequencing products are collected from
autosampler tray, electrophoresis of the fragments towards CCD camera (Laser
detector) are achieved by the help of negative electricity field applied by cathode
electrode. Before reaching the detection point, fragments are separated from each
other according to their size by the help of performance optimized polymer (POP)
filled inside single capillary array. At the end of each run, the used polymer inside

the capillary is purged by forcing with a fresh volume [17].

One step beyond of ABI 310 Genetic Analyzer, several types of genetic analyzers
have been introduced by Applied Biosystems, however, basic operation has been
remained the same. Today, many of the researchers involved in DNA sequencing
still use the same strategy but in a more automated way improved in high-throughput
data acquisition by using multicapillary sequencers such as ABI 3130xI (16-capillary
array) or ABI 3730xl (96-capillary array) Genetic Analyzers. Figure 1.5 shows
multicapillary structure of ABI 3130x| instrument. In contrast to ABI 310, heat
transfer of the oven has been carried out with convection created by an internal fan.
Sensitivity of CCD camera has been also improved for high quality data acquisition
[18].
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1.2 Next Generation DNA Sequencing

After nearly three decades of gradual improvement, the Sanger biochemistry can be
applied to obtain read-lengths of up to ~1,000 bp, and per-base ‘raw’ accuracies as
high as 99.999%. In the context of high-throughput shotgun genomic sequencing,
Sanger sequencing method costs in the order of $0.50 per kilobase (kb) [19].

Although there were numerous application fields for DNA sequencing and Fragment
Analysis technologies such as de-novo sequencing, DNA profiling in human
identification, chromosome copy number detection, sub-typing of infectious virus
and bacteria groups, chimerism analysis, DNA microdeletion detection, SNP
detection etc.; some disadvantages, nevertheless, remained with the capillary
electrophoresis method. Overall, the process was still rather labour-, reagent- and
time-consuming and thus involved major expenses [6]. The total costs of sequencing
the genome of Craig Venter [20], for instance, using an automated Sanger
instrumentation was estimated at $70 million [21]. Overall technique limitations and
demands on high-throughput sampling led to investigation and engineering of

alternative, more efficient methods in the 2000’s.

Next-generation sequencing (also ‘Next-gen sequencing' or NGS) refers to DNA
sequencing methods which are highly parallelized processes that enable the
sequencing of thousands to millions of molecules at once. Next-generation high-
throughput DNA sequencing techniques, which are opening challenging new
opportunities in biomedicine and life science, were selected by Nature Methods as
the method of the year in 2007 [22]. Their innovative design, particularly with
respect to the hands-on-time and reagents needed, and the competition between
commercial vendors has resulted in a remarkable drop in sequencing costs since the
introduction of those technologies. In 2011, the overall cost of sequencing a single
human genome was about $15,000, through enthusiastic trend, this amount was
dropped up to $6,000 by the early 2014 [23].

Alternative strategies for next-generation DNA sequencing can be grouped into few
categories. These include Microelectrophoretic methods [24], Sequencing by
Hybridization [25], Real-Time Observation of Single Molecules [26-27] and Cyclic-
array Sequencing [28]. These techniques are quite various in sequencing
biochemistry as well as in how the array is generated, however, their work flows are

conceptually similar.



With the publication of more than hundreds of research articles in less than eight
years, next generation sequencing has demonstrated its enormous potential for any
one working in life sciences, at a time many believed the age of post-genomics has
arrived [29].

1.3 Eukaryotic Model Organism: Saccharomyces cerevisiae

The use of model organisms for research in medicine and life sciences is a major
requirement. Such organisms are used because a) they can help overcome ethical and
experimental obstacles which hold for the target life form, b) they provide a
framework to advance and optimize analytical methods that simplify and standardize
analysis, and c) they are thought to be representative of a larger class of living
organisms for whatever biological phenomenon or process the community is dealt
with [30].

Saccharomyces cerevisiae is one of the most studied organisms and a common
model organism in molecular and cell biology to understand the eukaryote cell. With
the advent of DNA sequencing approaches, S. cerevisiae has been the first eukaryote
whose genome, which is composed of 6000 genes, was completely sequenced [31].
Its simplistic structure enables easy understanding of major metabolic pathways in
complex organisms. It provides essential molecular genetics tools to study signal
transduction, control cell cycle progression, figure out the basis of switch from
mitosis to meiosis, genetic recombination, intracellular distribution of proteins,
response to stress (heat shock proteins, ethanol resistance, oxidative stress and heavy
metal resistance etc.) and protein degradation [32]. For example, up to 30% of genes
involved in several diseases in human beings may have orthologs in the yeast

genome [33].

Genome sequencing of industrially relevant organisms such as S. cerevisiae S288C
also provided a framework for gene annotation through functional genomics [34]. So
far, only a few yeasts have been comprehensively studied in the laboratory, however,
recent advances in molecular biology, genomics and post-genomic approaches have
introduced several nonconventional yeasts in focus [35]. There are numerous S.
cerevisiae strains all around the world and it has to be noted that all these strains are
derived from the interbred stocks of Lindegren, Winge, and other valuable backroom

scientists [36]. For instance, the ancestor strains for S. cerevisiae S288C was shared
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initially with the other laboratories by C.C. Lindegren [31, 37]. Several strains of
S.cerevisiae such as CEN.PK, A364A, S1278b, SK1, W303, FL100 and BY4716

were also mostly issued by different yeast researchers in the world [38].

One of the first comprehensive studies on genetic variation of yeast strains, achieved
by using high-density oligonucleotide arrays containing about 200,000
oligonucleotide probes from the yeast genomic sequence, unveiled differences at the
level of single nucleotide polymorphisms and gene copy number alterations [39].
Another study showed unexpected differences in 288 genes between the S288C and
CEN.PK113-7D laboratory strains by involving differential gene amplification, gene
absence or sequence polymorphisms [40].

In 2008, the Saccharomyces Genome Resequencing Project (SGRP) between the
Sanger Institute and Institute of Genetics, University of Nottingham, completed the
ABI sequencing of haploids of 37 S. cerevisiae strains and 27 paradoxus strains to a
depth of between 1x and 3x, yielding a total of 1.42 million reads (1,292 megabases).
In addition, lllumina-Solexa genome sequencing of four of the 37 S. cerevisiae
strains, one of which included S288c, was accomplished [41]. This sequencing effort
was based on exploration of genomic variation in the context of evolution, thereby
using multiple strains from different Saccharomyces species [42].

1.4 S. cerevisiae CEN.PK113-7D as A Reference Strain

Although a high quality reference genome, thereby well-nown metabolic
characteristics of the laboratory strain S. cerevisiae S288C has been available since
1996 [31], there are four main reasons to re-sequence the genomes and characterize
the metabolic processes of other S. cerevisiae strains [43]. First, the considerable
sequence divergence amongS. cerevisiae species may lead to practical
complications, for instance, the design of oligonucleotide arrays and cassettes for
gene disruption in non-S288C strains [44]. In addition, although the genomes of S.
cerevisiae strains seem to be much more strongly conserved than those of other
organisms, such as E. coli, S. cerevisiae strains show physiologically relevant
diversity in their gene complement [45]. For instance, the lack of a
functional MALX3 gene in S. cerevisiae S288C causes a maltose-negative phenotype,
whereas an atypical ENA gene complement renders the laboratory strain CEN.PK

113-7D more sensitive to lithium ions [46]. Third, in addition to the absence or



presence of coding regions, differences may take place in regulative regions of the
genes, such as promoter regions. Information of such differences is crucial for the
analysis and modeling of regulatory networks in systems biology [47]. Lastly,
laboratory evolution is rapidly gaining popularity as a tool to analyze genome

function and to select for yeast strains with industrially relevant properties.

Over the past 15 years, the CEN.PK family of S. cerevisiae strains have been
considered as a popular alternative platform for genomic and proteomic studies in
many laboratories [48]. S. cerevisiae CEN.PK 113-7D is commonly used for
metabolic engineering, evolutionary engineering and systems biology research for

industrial and academic purposes.

1.5 Metabolic Engineering

Metabolic engineering is basically the enabling technology to improve cellular
properties by targeted genetic modifications such as gene deletion, over-expression,
or modulation. Recombinant DNA technology implemented in a host cell ideally will
lead to redirection of fluxes for enhancement of cellular activities by manipulation of
enzymatic, transport, and regulatory functions or robustness of organism,
respectively [48, 49]. Genetic rearrangements are necessary for the intended
phenotype, however, this requires extensive information about metabolic pathways
of interest and/or regulatory systems. This can be a major limitation for the study
[50]. Besides, understanding the entire metabolic network is highly challenging in
the current era. Complexity of cellular physiological responses, such as alteration of
the existing metabolic pathway by the cells as a response to the disturbance created
by metabolic engineering can cause unexpected difficulties. Thus, to realistically
estimate the responses to a perturbation, a high number of ‘stimulus—response’

experiments must be systematically performed [51].

1.6 Inverse Metabolic Engineering Approach

The previously mentioned limitations of standard metabolic engineering strategy
have led to the emergence of alternative approaches [52]. An alternative strategy, a
‘bottom-up’ approach called ‘inverse metabolic engineering’ has been defined by
Bailey and coworkers to overcome limitations of conventional metabolic engineering

[49, 51]. The most significant advantage of inverse metabolic engineering is that,
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unlike conventional metabolic engineering, extensive biochemical, genetic, or
regulatory knowledge on the studied organism are not essential to obtain the
desirable phenotype [51]. Three main steps should be sequentially followed to
complete this approach. Firstly, identification and isolation of desired phenotype
must be achieved. Second step which is also the most challenging step is the
determination of genetic basis for the corresponding phenotype. Last but not least,
the identified genetic characteristics must be transferred to a competent organism to

obtain the desired phenotype in that organism [49, 50, 51].

1.7 Evolutionary Engineering

Continuous environmental treatments and selections which are commonly called
‘evolutionary engineering' can be applied to obtain the target phenotypes [53]. A
conventional method for organism development is physical or chemical mutagenesis
followed by cultivation on solid or liquid media which consist of essential chemical
components for the strain to grow, along with the selective condition such as high
salt, oxidative agent, high metal concentrations and high/low temperatures [32].
Unlike repeated cycles of mutation and selection of colonies on solid culture plates,
evolutionary engineering employs a more systematic approach: repeated batch
cultivations can be achieved in the presence of a selective stress, or alternatively,
extended chemostat cultivations can be carried out under selective conditions.
Cultivations in question can be performed with a reference or, to improve genetic
diversity, a mutant strain which is obtained by physical or chemical mutagenesis
[51].

1.8 Understanding The Stress Response Genes

An important issue of evolutionary engineering research is the improvement the
resistance of S. cerevisiae against a variety of industrial stress conditions [52].
Especially S. cerevisiae is commonly used as a model organism to understand the
role of stress response genes in living organisms. So far, S. cerevisiae has been
adapted to new environmental conditions by gaining cross resistance against
different stress environments through evolutionary engineering strategy [51, 53, 54].
It was demonstrated that Msn2p and Msn4p induce a variety of genes in response to
different types of stresses. Hence, these factors in question were considered as the
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“general stress” transcription factors that were activated by stress conditions [55, 56].
It is also known that OCA1 gene expression level increases under oxidative stress
conditions since OCA1 gene product provides cell cycle arrest at G1 phase. Cell
cycle arrest may be essential to circumvent the damage during cell cycle phases [57].
Transcription of the CTT1 gene encoding the cytosolic catalase T in S. cerevisiae is
activated under different stress conditions: it is downregulated by nitrogen starvation
and upregulated by heat shock. Moreover, it is activated by osmotic and oxidative
stress as well [58]. Another study has showed that both Grx4 has undertaken new
role in actin cytoskeleton remodeling and in cellular defense against oxidative stress
caused by reactive oxygen species (ROS) accumulation. The Grx4 protein has played
a unique role in the maintenance of actin cable integrity [59]. It is also shown that
nuclear import of Pho4 is mediated by Psel/Kapl21 which is a member of the
importin -receptor family when phosphate levels are limiting [60] whereas nuclear
export of Pho4 is mediated by Msn5 when phosphate levels are abundant [61].

1.9 Aim of The Study

In light of the information provided in Section 1, the aim of the study was first to
optimize the DNA sequencing by capillary electrophoresis method for the present
study to obtain the most informative sequence data of the regions of interest, and
second, to use the optimized method for comparative yeast genotype analysis. For
this purpose, each individual step of the DNA sequencing by capillary
electrophoresis method was examined in detail. In addition, different strains of
Saccharomyces cerevisiae yeast which were previously obtained by evolutionary
engineering method using continuous increasing stress selection strategy were
selected for comparative genotyping. The mutant strains derived from the S.
cerevisiae CEN.PK 113-7D reference strain were an oxidative stress-resistant strain
'H7' [62], a cobalt-resistant strain 'CI25E' [50], a nickel-resistant strain 'M9' [63] and
an iron-resistant strain '‘8C' [64]. To perform the comparative analysis, PSE1, GRX4,
MSN2, MSN4, MSN5, OCA1 and CTT1 genes which were considered to be related

to the stress-resistant phenotypes of interest were chosen.
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2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Strains

Saccharomyces cerevisiae CEN.PK 113-7D (Mata, MAL2-gc, SUC2) was used as
the haploid reference strain which was kindly provided by L. Benbadis from INSA-
Toulouse. Oxidative stress-resistant strain 'H7' [62], cobalt-resistant strain 'CI25E'
[50], nickel hyper-resistant strain ‘M9' [63] and iron-resistant strain '‘8C' [64] which
were obtained via evolutionary engineering from S. cerevisiae CEN.PK 113-7D

(Mata, MAL2-gc, SUC2) background were also used as mutant strains in this study.

2.1.2 Laboratory equipment, chemicals, kits and enzymes, solutions and buffers,
softwares/databases and primer sequences for PCR

Materials which were used for the experiments are listed according to their
trademarks, and country of origin. Laboratory equipments, Kits and enzymes, buffers,
solutions and chemicals, softwares/databases and primer sequences are indicated in

Tables 2.1-2.11, respectively.

Table 2.1 Equipments used in the study.
UV-Visible Spectrophotometer NanoDrop Lite, Thermo Scientific (USA)

Laminar Flow Cabinet NUVE LN 090/LN 120 Series (Turkey)
Centrifuge (1.5ml-2ml tubes) Hettich MIKRO 120 (Germany)
Plate Centrifuge Biosan LMC-3000 Laboratory Centrifuge
(Turkey)
Plate Vortex IKA Vortex 3 (Germany)
Pipette set Eppendorf (Germany)

ABI VERITI Thermal Cycler

Thermal Cycler (Applied Biosystems, USA)

Transilluminator UVP (Canada)
-20°C Freezer Arcelik 2031D (Turkey)
+4°C Refrigerator Profilo BD 2107 TE (Turkey)

Owl" EasyCast B2 Mini  (Thermo
Scientific, USA)

Microwave Oven Argelik (Turkey)

ABI 3130 Genetic Analyzer

(Applied Biosystems, USA)

Gel Electrophoresis System

Genetic Analyzer
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Table 2.2 Kits and enzymes.

DNA Isolation Kit Roche High Pure PCR Template Preparation Kit
(Switzerland)
ExoSAP GML ExoSAP PCR Purification Kit (Switzerland)
PCR Mix GML PCR Mix (Switzerland)
Taq. DNA GML Tag. Pol. (Switzerland)
Polymerase
Cycle Sequencing BigDye® Terminator v3.1 Cycle Sequencing Kit
Kit (Applied Biosystems, USA)
Table 2.3 Buffers, solutions and chemicals.
10X TBE

(gel electrophoresis buffer)

Tris (Hydroxymethyl) amino methane,
boric acid, EDTA  (GML, Switzerland)

PBS (Phosphate Buffer Saline)

pH 7.4 50mM (ThermoFisher Scientific,
USA)

Agarose gel (262.0)

2,0% agarose in IXTBE

Ethanol (Surface Cleaning)

%70 (Sigma-Aldrich, Germany )
Distilled Water Eczacibagi (Turkey)
BigDye®™ Terminator v1.1/v3.1 Sequencing
5X Sequencing Buffer Buffer

(Applied Biosystems, USA)

DNAZap™ RNA-DNA
Degradation Solutions

(Lifetechnologies, USA)

TE Buffer

Tris-EDTA buffer solution (100X, pH 8.0)
(Sigma-Aldrich, Germany)

GeneAmp® dNTP Blend (10 mM)

2.5 mM each of dATP, dCTP, dGTP, and
dTTP. (Applied Biosystems, USA)

MgCl; (25 mM)

(Applied Biosystems, USA)

6X Loading Dye

(Thermo Scientific, USA)

DNA Ladder-1

Roche DNA Molecular Weight Marker
X1V (Switzerland)

DNA Ladder-2

GeneRuler 100 bp DNA Ladder
(Thermo Scientific, USA)

PCR Enhancer Buffer

GML Enhancing Buffer (5M)

Nuclease Free Water

GML Distilled Water (Switzerland)

Ethidium bromide

(Sigma-Aldrich, Germany)

Table 2.4 Softwares/databases and their functions.

Fast PCR

Primer control for Ta and dimerization

Microsoft Office 2007

Primer order, Mutation analysis

Sequencing Analysis v.6.0

Sequencing Analysis of raw data

SeqScape Software v.3.0

Comparative analysis with reference sequence

www.ensembl.org/

Gene and cDNA sequencing of S. cerevisiae

www.ncbi.nlm.nih.gov

Primer Blast

WWw.yeastgenome.org

Genome and gene database of S. cerevisiae
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Table 2.5 Primer sequence used in PCR for PSE1.

. Primer . . . Amplicon Temperature
Region Name Primer Sequence (5'-----3') Size of _
Annealing
1 PSE1_1 for | TCAAAGTGGCAGATAGCCCA 703bp 56°C
PSE1 1 rev| AACCCACGAAAGCCGTAACT
’ PSE1_2 for | ACTGATGCAAGTGATAATGTCA 721bp 53°C
PSE1 2 rev | CATACTGTACTCTTGGATGAGG
3 PSE1_3 for | CGTCAAGCTCTTGATCGTGT 701bp £49C
PSE1_3_rev | AGAAATCAGCTCTTGAGAGTGC
4 PSE1 4 for | TGTATGGAATGTGCAACTCTG 685bp 520C
PSE1_4 rev GCAATTGTCACCCATGA
PSE1 5 for CGGAGGCTTAATGTCAGAA 0
5 692bp 51°C
PSE1 5 rev CTACGTTAGGAATGTTGGA
PSE1 6 for TCTTCAACAGAGAATGCC 0
6 633bp 51°C
PSE1 6 rev ACTCGATAAGGTATGGTATC
Table 2.6 Primer sequence used in PCR for GRX4.
. Temperature
Region | Primer Name Primer Sequence (5'-----3") Arréﬁlzlé:on pof
Annealing
GRX4 1 for | CGCGTTTTAATTGGTGAAGCCT 0
1 'GRX4 1 rev | CATCACAGGTGCAGCTTGTAC | '20PP ¢
5 GRX4_2 for | TAGATGCAGACGAACATCCAG 692bp 550C
GRX4 2 rev | TTTGACGAGAAAACCCCAGGA
Table 2.7 Primer sequence used in PCR for MSN2.
_ _ _ . . Amplicon Temperature
Region | Primer Name Primer Sequence (5'----- 3" Size of _
Annealing
. MSN2_1 for | ATATGCCAAAGCCGGTTTCCA 6660 £40C
MSN2_1 rev | TATCTCCAAGGTTTCCGTCTG
5 MSN2_2 for | TAAGAAAGCAGCACGAGCTCA 675bp 59°C
MSN2 2 rev | TTGATTTGCCCCAGAGCCACT
MSN2_3 for | GCATTTGAAAGCTGATAGCAAC .
3 'MSN2 3 rev | GACTTGCATTGGAACTTGAGG | ' 460P 4
MSN2_4 for | CAAGTTCCAATGCAAGTCCGA o
% 'MSN2 4 rev| TGATTTGTTGCAAGAGACGTG | '+20P 4
MSN2_5 for | TGGCTCCATTATCGCCTGCATC o
> | 'MSN2 5 rev | TTICAAAATGTGAAGGTACCGGA | 0320P 4C
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Table 2.8 Primer sequence used in PCR for MSN4.

) _ ) ' ‘ Amplicon Temperature
Region | Primer Name Primer Sequence (5'-----3) Size of
Annealing
MSN4_1_for | TCTGAAGGCAAAGAAGTTGTGA )
1 I'MSN4 1 rev | TGTGTAGCATCAAGAGGGTAGA | '09PP 4C
MSN4 2 for | AGAGCGTTTAACAAAGGTCTCT )
2 'MSN4 2 rev| TTTCCACTTCCAGTTGGTAGC | 094bP 54C
MSN4 3 _for | GCGACAACTAATACGACTGCT )
3 'MSN4 3 rev | TGAAATGGTTGATCCACGCCT | '14PP 55°C
MSN4_4_for | ATCCCTGAAGGTACTGCCACT }
% I'MSN4 4 rev| TCTTGTGTTTGGGCTTACCGT | ©°71PP 56°C
MSN4_5_for | AGTCAAGCTCACCATGCAGCT 0
®  MSN4 5 rev | CCGAATGAAATGACCAACCTAC | 0°PP 54C
Table 2.9 Primer sequence used in PCR for MSN5.
) _ ) Amplicon Temperature
Region | Primer Name Primer Sequence (5'-----3) Size of _
Annealing
MSN5_1_for | AGAGCAAGATTCCATTGAACAG i
1 I'MSN5 1rev| GTTCTTTTTGCCACCTCTACC | '2%p | 53¢€
MSN5_2 for | AGGATTACTAGACCATGCAGTG )
2 [MSN5 2 rev| TACTATAGGGACGGGTCAACA | ©098bp | 54¢C
MSN5_3 for | ACTGGCCATTAACAGAGGTCA 0
3 MSN5_3 rev | GTGGAACTTAAGACCTGCTGAC | /2P | 95C
MSN5 4 for | TAGGTTGATTTCTTGCGTCGA :
% I'MSN5 4 rev | GCAAATCAGAAAGACCAACAAC | /3top | 53¢€
MSN5 5 _for | TACCCAGACCTTGAAAGTGTC :
> MSN5_5 rev | CCTAATGATGTGTCCTACGGAG | 024bP 54°C
MSN5_6_for | ACATATGAAAGCGATGCAAACC )
6 703bp 54°C
MSN5_6_rev | TCATCCACCGTGTTGTTTTG
MSN5_7 for | TGAAATGCTGCTTAACCTCAGT ]
7 689bp 54°C
MSN5_7 rev | AGAAATACCTTGTTCAGACCCA
Table 2.10 Primer sequence used in PCR for OCAL.
Region | Primer Name Primer Sequence (5'-----3") Ams|?lzlé:0n gfezﬁﬁglijrzg
OCAL 1 for | AACGGCGAAGGATTCCTATT )
1 '0CAL 1 rev | TACCGCCGGGTGCAGCTTGCT | ©°7°PP 53°C
OCA1L 2 for | TAGTAAGGCCGGTCAAGTTTC :
2 I"OCAL 2 rev | AGGTATCTTTCAACGGGACAG | ©7°PP 54C
OCAL 3_for | CCCACAAGAACGTATCGTTCC )
3 ['OCAL 3 rev | GCGTCGACTTTTGAATTTCATT | 0°°0P 56°C
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Table 2.11 Primer sequence used in PCR for CTT1.

) ) _ . . Amplicon Temperature
Region| Primer Name Primer Sequence (5'-----3) Size of
Annealing
CTT1 1 for | GAGATGCTTGGAAGATGTACG i
1 [CTTL 1 rev | ACGAATAGTACTGGCAATGAC | '0%bP 54°C
CTT1 2 for | TGCGTATTGTTTCCTCCTATCA )
2 [CTTL 2 rev | AAAGAAACACCTCTTGGGTCT | /130P 54°C
CTT1 3 for | ATTACATACGCCGCTCCATAC )
3 [CTTL3rev | GTCAACATTCTCCGTTAGGGT | ©00%P 54°C
CTTL 4 for | AAACAATGACACCCGAACAAG )
% [CTTL 4 rev | TGGCAAACAACGTTATGAACG | 03PP 54°C
CTT1 5 for | AGTCCACTAGACTTCGAACAG )
> [ CTTL S5 rev | TTAGTGCTTGTACATACGACCA | S82bP 53°C
2.2 Methods

2.2.1 Design of primers

Primers were designed using Fast-PCR software. Annealing temperatures of the
primers were set at values higher than 50°C for amplification, since the subsequent
sequencing reaction has an annealing temperature of 50°C, as a default setting stated
by the manufacturer of the cycle sequencing chemistry. Primer pairs were then
confirmed in NCBI (National Center for Biotechnology Information) database to

determine their specificity to the regions of interest in the genome.

2.2.2 DNA extraction from reference and mutant strains

DNA extraction was carried out using High Pure PCR Template Preparation Kit
(Roche, Switzerland). A cell suspension with an ODgog of about 0.5-0.6 (4-6 x 10°
cells/ml) was transferred into a 1.5 ml microfuge tube for DNA extraction and
centrifuged at 2000xg for 5 min using a benchtop centrifuge (Hettich Mikro 120,
Germany). The pellet was resuspended in 200 ul PBS 1X (ThermoFisher Scientific,
USA). Subsequent procedure of extraction was completed according to the

manufacturer’s instructions (Roche, Switzerland).

Eluted DNAs in collection tubes were measured using UV-spectrophotometer
(Nanodrop Lite, Thermo Scientific, USA) and stored at -20°C until use.
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2.2.3 Polymerase Chain Reaction (PCR) of regions of interest

DNA dilution was achieved to set initial DNA concentration for each strain as 10
ng/ul. Stock primers (100 uM) were diluted to 2.5 uM final concentration by using
1X TE (Sigma-Aldrich, Germany). PCR Master Mixes were prepared for PSEL,

GRX4, MSN2, MSN4, MSN5, OCA1 and CTT1 as described in Tables 2.12-2.18,
respectively.

Table 2.12 Preparation of PCR Master Mix for PSE1

Component Volume_pL

per Specimen
GML PCR Mix 12.5
GML Tag. Pol. 0.2
Forward Primer 1.5
Reverse Primer 1.5
GML Enhancing Buffer 3.0
PCR grade water 3.8
Total 22.5

Table 2.13 Preparation of PCR Master Mix for GRX4

Component Volume_pL

per Specimen
GML PCR Mix 12.5
GML Tag. Pol. 0.2
Forward Primer 1.5
Reverse Primer 1.5
GML Enhancing Buffer 2.0
PCR grade water 4.8
Total 22.5

Table 2.14 Preparation of PCR Master Mix for MSN2

Volume pL

Component per Specimen
GML PCR Mix 12.5
GML Tag. Pol. 0.2
Forward Primer 1.5
Reverse Primer 1.5
GML Enhancing Buffer 2.0
PCR grade water 4.8
Total 22.5
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Table 2.15 Preparation of PCR Master Mix for MSN4

Component Volume_pL

per Specimen
GML PCR Mix 12.5
GML Tag. Pol. 0.2
Forward Primer 1.5
Reverse Primer 1.5
GML Enhancing Buffer 2.0
PCR grade water 4.8
Total 22.5

Table 2.16 Preparation of PCR Master Mix for MSN5

Volume pL

Component per Specimen
GML PCR Mix 12.5
GML Tag. Pol. 0.2
Forward Primer 1.5
Reverse Primer 1.5
GML Enhancing Buffer 1.5
PCR grade water 3.8
MqgCl, 1.0
dNTP Blend 0.5
Total 22.5

Table 2.17 Preparation of PCR Master Mix for OCA1

Component Volume pL

per Specimen
GML PCR Mix 12.5
GML Tag. Pol. 0.2
Forward Primer 1.5
Reverse Primer 1.5
GML Enhancing Buffer 3.0
PCR grade water 3.8
Total 22.5
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Table 2.18 Preparation of PCR Master Mix for CTT1

Component Volume_pL

per Specimen
GML PCR Mix 12.5
GML Tag. Pol. 0.2
Forward Primer 1.5
Reverse Primer 1.5
GML Enhancing Buffer 2.0
PCR grade water 4.8
Total 22.5

2.5 pl extracted DNA (10 ng/ul) was added onto PCR Master Mix dispensed in 0.2
ml PCR tubes (Applied Biosystems, USA). PCR was performed in ABI 9700 thermal
cycler (Applied Biosystems, USA) with standard mode using the following

programs;

PSE1: 10 min for activation of hot start Tag. DNA Polymerase (GML, Switzerland)
at 95°C followed by 35 cycles of 30 s at 95°C, 1 min at 53°C, and 1 min at 72°C,

followed by 7 min at 72°C. Reaction volume was set as 25 pl.

GRX4: 10 min for activation of hot start Taq. DNA Polymerase (GML, Switzerland)
at 95°C followed by 40 cycles of 40 s at 95°C, 45 s at 55°C, and 1 min at 72°C,

followed by 7 min at 72°C. Reaction volume for was set as 25 pl.

MSN2: 10 min for activation of hot start Tag. DNA Polymerase (GML, Switzerland)
at 95°C followed by 35 cycles of 1 min at 95°C, 1 min at 56°C, and 1 min at 72°C,

followed by 7 min at 72°C. Reaction volume was set as 25 pl.

MSN4: 5 min for activation of hot start Tagq. DNA Polymerase (GML, Switzerland)
at 96°C followed by 40 cycles of 45 s at 95°C, 1 min at 55°C, and 1 min at 72°C,

followed by 7 min at 72°C. Reaction volume was set as 25 pl.

MSN5: 10 min for activation of hot start Tag. DNA Polymerase (GML, Switzerland)
at 95°C followed by 35 cycles of 1 min at 94°C, 1 min at 56°C, and 90 sec at 72°C,

followed by 7 min at 72°C. Reaction volume was set as 25 pl.

OCAZ1: 10 min for activation of hot start Tag. DNA Polymerase (GML, Switzerland)
at 95°C followed by 40 cycles of 45 s at 95°C, 1 min at 54°C, and 1 min at 72°C,

followed by 7 min at 72°C. Reaction volume was set as 25 pl.
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CTT1: 10 min for activation of hot start Tag. DNA Polymerase (GML, Switzerland)
at 95 °C followed by 35 cycles of 40 s at 95 °C, 1 min at 54 °C, and 1 min at 72 °C,

followed by 10 min at 72 °C. Reaction volume for PCR was set as 25 pl.

2.2.4 Confirmation of amplified PCR products

2% agarose gel was prepared by solving 2 g agarose powder (Sigma Aldrich,
Germany) in 100 ml 1X TBE (GML, Switzerland). 2% agarose gel solution was
boiled for 5 min in a microwave oven (Argelik, Turkey) then cooled down up to
65°C. Five ul EtBr (Ethidium bromide, Sigma Aldrich, Germany) was mixed into
2% agarose gel solution as an intercalating agent and the whole volume was

immediately poured on electrophoresis tray which was placed inside the fume hood.

At the end of the cooling stage of the gel at ambient temperature, 5 ul of each PCR
product was combined with 0.5 ul 6X Loading Dye (Thermo Scientific, USA) and
the mixture was immediately loaded into the appropriate well. Agarose gel
electrophoresis was realized on Owl™ EasyCast B2 Mini Gel Electrophoresis
System (Thermo Scientific, USA) for 20 min at 100 mA. Agarose gel was then
transferred onto transilluminator tray (UVP, Canada) to visualize amplicons.

2.2.5 Purification of PCR products

PCR products were purified using the GML ExoSAP PCR cleanup kit (GML,
Switzerland). Five ul of each PCR product was mixed with 2.5 ul of GML ExoSAP
in a 0.2 ml PCR tube. Reaction was carried out using a ABI 9700 thermal cycler
(Applied Biosystems, USA), with the following settings: 30 min for activation of
Exo | Nuclease and Alkaline phosphatase at 37°C followed by 15 min for
inactivation at 80°C. Preparation of the mixture was completed using racks placed on
ice, since enzymes included in the GML ExXoSAP were heat sensitive.

2.2.6 Cycle sequencing of purified PCR products

Purified PCR product was used for sequencing reaction. Two PCR tubes were
prepared for forward and reverse sequencing reaction of each specimen, separately.
Sequencing master mixes were prepared as defined in Table 2.19 and Table 2.20.
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Table 2.19 Preparation of sequencing master mix for forward sequence

Component for forward sequence Volume_pL
per Specimen
BigDye Terminator v.3.1 Cycle Sequencing Kit 2
5X Sequencing Buffer (v.1.1,v.3.1) 2
Forward Primer (2uM) 2
PCR grade water 2
Total 8

Table 2.20 Preparation of sequencing master mix for reverse sequence

Volume pL
Component for reverse sequence .
per Specimen

BigDye Terminator v.3.1 Cycle Sequencing Kit 2
5X Sequencing Buffer (v.1.1,v.3.1) 2
Reverse Primer (2uM) 2
PCR grade water 2
Total 8

2.0 pl purified PCR product was added onto Forward and Reverse sequencing master
mixes which were already dispensed in 0.2 ml flat cap PCR Tubes (Applied
Biosystems, USA) for each specimen. Manufacturer's instructions were used as
default settings to perform sequencing reaction on ABI 9700 Thermal cycler
(Applied Biosystems, USA) with 9600 Emulation mode (Ramp speed: 1°C/s).
Briefly, 1 min for activation of hot start Tag. DNA Polymerase at 96°C followed by
25 cycles of 10 s at 96°C, 5 s at 50°C, and 4 min at 60°C. Reaction volume for

sequencing reaction was set as 10 pl.

2.2.7 Purification of sequencing products

DNA purification columns (filter-tipped spin column within receiver tube) (GML,
Switzerland) were used for purification of sequencing products by filtrating through
rigid Sephadex (GML, Switzerland) which was filled into spin column. One g
Sephadex powder (GML, Switzerland) was added into a centrifuge tube of 50 ml
volume including 14 ml molecular grade water (Eczacibasi, Turkey). This
suspension was vortexed vigorously and kept in the refrigerator at least for 4 hours
before use. For each sequencing product, 700 ul suspension was dispensed with the
help of a wide orifice pipette tip into the spin column placed within 2 ml receiver

tube. Tubes were centrifuged for 3 minutes at 4600 rpm after bottom cover of spin

22



columns were removed. Receiver columns filled with filtered water were replaced
with the new ones. Whole volume of 10 pul sequencing reaction was absorbed from
upside of the rigid Sephadex column by using a micropipette, without disturbing the
column. Tubes were centrifuged again for 3 minutes at 4600 rpm to capture residual
ddNTPs inside Sephadex column, while the purified sequencing product was
recovered at the bottom of collection tubes.

2.2.8 Running of the samples on genetic analyzer

ABI 3130 Genetic Analyzer (Applied Biosystems, USA) with POP7 (Performance
Optimized Polymer 7) and 36 cm multicapillary was used to image the sequence
profile of the samples. Samples purified by Sephadex column were loaded into
MicroAmp 96-Well Reaction Plate (Applied Biosystems, USA). Plate was covered
with a septa mat and placed in the instrument. Run module with appropriate settings

was used as shown in Figure 2.1.

Run Module Editor [

Run Module Description

Name: |RapidSeq36_POP7_1
Type: |REGULAR

Template: |RapidSeq36_POP7

BeSanRRE default instance, created by

populator

Run Module Settings

Mame value Range

| Owen_Temperature | 50 18..65 Deg. C il
Faly_Fill_al 4840 4540...38000 steps
Current_Stahility 5.0 0...2000 usmps
PreRun_“oltage 158.0 0...15 kVolts
Pre_Run_Time 180 1..1000 sec.
Injection_“oltage 1.2 1...15 KVolts
Injection_Time 12 1,600 sec.
Woltage_Mumber_Of_Steps ] 1..100nk
Woltage_Step_Interval 15 1..60 sec
Data_Delay_Time 120 1..3600 sec.
Run_voltage 8.4 0..15 kvolts
Run_Time 2780 300..14000 sec.

Ok Cancel

Figure 2.1 Run module for sequencing on ABI 3130 GA.
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2.2.9 Interpretation of the results

Sequencing Analysis v.6.0 software (Applied Biosystems, USA) was used for the
assessment of raw data to determine sequencing quality. SeqScape v.3.0 software
(Applied Biosystems, USA) was used for surveying the possible mutations by
comparing sequence data with the reference sequence of S.cerevisiae S288C which
was obtained from NCBI (National Center for Biotechnology Information) database.
Project for each gene studied was created in SeqScape v.3.0 software for
comparative genotyping of strains used in the study. Sequence data of samples,
reference sequence of S.cerevisiae S288C and analysis parameters were imported to

the related project.
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3. RESULTS AND DISCUSSION

3.1 Optimization of The Sequencing Method

Sanger DNA sequencing by capillary electrophoresis involves DNA or clone
isolation, amplification of the region of interest via Polymerase Chain Reaction
(PCR), PCR product purification, chain termination sequencing method of Sanger
which uses fluorescently labeled dideoxynucleotide triphosphates (ddNTPS),
purification of sequencing reaction product and electrophoretic analysis in a capillary
tube with 50um internal diameter. Each step to be followed sequentially requires its

unique optimization procedure to obtain unambiguous sequencing data.

Conventional PCR which was performed using a thermal cycler was optimized by
using a PCR enhancer reagent (GML Enhancing Buffer, Switzerland) at an overall
primer annealing temperature for each gene tested. PCR Enhancer not only facilitates
amplification of G/C reach regions, but also generally stimulates PCR efficiency.
DNA concentration was measured to 10 ng/ul as starting material of PCR to achieve
optimal amplification intensity for all genes studied. Determination of reasonable
concentrations for template-specific primers which bind different chains of DNA
double helix as forward and reverse is crucial to define the region of interest.
Excessive amount of primers cannot be used by Tag Polymerase for amplification,
hence unused primers remain intact in the reaction volume at the end of the PCR.
These residual primers reduce sequencing quality unless they are handled. Therefore,
primers used in the studies were diluted to 2.5 uM (2.5 pmol/ul) and added only 1.5

ul into each reaction volume.

Excess primers have to be either removed from the reaction mixture or degraded
before sequencing reaction. Insufficient removal or degradation of unused primers
can affect the optimization of sequencing reaction which should be performed in one
direction by using forward or reverse primer for each region of interest. Peak quality
of sequence data depends on baseline clearness and compression-free separation.
Residual primers coming from PCR interfere with the sequence data by creating

background peaks (Figure 3.1).

25


http://www.jenabioscience.com/cms/en/1/browse/477_prices_for_dna_oligos.html

File Edit View Tools Analysis Help
BLEEET
EEEEEEEE R
1 Sample Manager =
ay
Annotation | Sequence | Features | Electropherogram | Raw | EPT [ Audit | Blectronic Signature |
CTT1MUT(H7)_IF_003_60 20120430
48 1264 1280 1236 1312 1328 1344 1360 1376 1332 1408 1424 1ddn 1456 1472 1488 1504 1520 1536 L1852 1563 1584 1600 1616
1o Lo b bttt rtertrterbrbrrrnrnl
B G T T T T G BT c c T T T & T ¢ T T
193 104 105 106107 108 109 1 11 12 13 L4 15 U6 17 16 119 120 13l 13z 123 134 135 Iz 127 138 138 130 13 1@ 13
&0
91z
874
836
738
760
2z
684
646
£08
570
532
494
456
418
380 L
4z
304
266
2z8
130
152
114
: : e
38
0 | el P s - I “- = 2 ' &
< [ »
J

Figure 3.1 : Background peaks due to inadequate cleavage or removal of PCR
primer.

Removal of the excess primers from PCR mixture is achieved by using commercial
gel extraction kits which isolate amplification products (double strand amplicons)
from agarose gel with high purity at the end of the electrophoresis. However, gel
purification strategy was not used in this study, since their average recovery yield is
not more than 80% [65]. On the other hand, enzymatic degradation of unused
primers is a well-known and the most commonly used method in molecular studies,
because it is straightforward, easy-to-use and offers high efficiency. Some
commercial enzyme blends such as GML ExoSAP (GML, Switzerland) which offer
optimal proportion of Alkaline Phosphatase and Exo | Nuclease handle the cleavage
of all residuals from the reaction mixture. Alkaline Phosphatase is used for
degradation of unused dNTPs, whereas Exo | nuclease directly cleaves single strand
PCR primers in 3' — 5' direction, releasing deoxyribonucleoside 5'-monophosphates

one after another.

Investigation of residual primers on agarose gel electrophoresis (mostly seen at size
20-30 bp) performed at the end of the PCR to confirm amplification is crucial to
determine the necessary amount of the enzyme mixture that can degrade all residual
primers. GML ExoSAP volume should be increased according to the intensity of

residual primers. Although it is stated in the kit instruction that 2 ul ExoSAP is added
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into 5 ul PCR product, as a result of the optimization, 2.5 ul GML ExoSAP mixture

was used for each 5 pul PCR product to obtain clear sequencing data as shown in
Figure 3.2.
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Figure 3.2 : Clear sequencing data via complete degradation of PCR primers.

Background peaks may appear due to several reasons including inappropriate
cleavage of PCR primers. Thus, it may be difficult to identify the real cause of the
background peaks. Another reason for obtaining noisy data, which highly resembles
to phenomena owing to existence of PCR primers in the sequencing reaction, is the
contamination of sequencing primer with n+1 or n-1 sequencing primer, as well as
the presence of a run of identical nucleotides in the sequencing primer. Both reasons
can cause same background pattern and that is quite confusing to understand the
exact source of the problem. However, minor and valuable details present in the
sequence data can help illuminate the real cause of the background patterns. If the
problem is caused by sequencing primer, each background peak should belong to
next main peak sequentially (Figure 3.3), thereby tail peaks in question cannot be

observed under mononucleotide repeats, as indicated by black arrows in Figure 3.3.
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This kind of minor sequencing problem would be easily fixed, if re-synthesized
sequencing primer was used. However, all analyses were performed in the presence
of the background peaks since it was not an obstacle for unambiguous analysis of
sequence. Region of interest was confirmed with both forward and reverse
sequencing data. In addition, it would create extra cost and would also lead to the

time loss.
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Figure 3.3 : Tail peaks due to contamination of sequence primer with n+1 or n-1.

In addition to the importance of the PCR product purification, optimization of the
sequencing reaction is also essential to obtain clear sequence data. Use of excess
amount of BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems,
USA) which incorporates dNTPs and fluorescent dye labeled ddNTPs, or existence
of residual ddNTPs during capillary electrophoresis due to lack of Sephadex

purification causes peak pull-ups at the specific point.

Although dideoxynucleotide triphosphates have single nucleotide structure,
molecular weight and molecular structure of dye labeled ddNTPs lead to unique
mobility which is equivalent to 75-90 bp inside capillary filled with POP7
(Performance Optimize Polymer 7, Applied Biosystems), hence dye pull-ups were
observed about 75-90 bp in the electropherogram (Figure 3.4). Avoidance of this

background noise depends on the use of optimal concentration of cycle sequencing
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mix, appropriate expansion of Sephadex powder via water and proper centrifugation

force (rpm speed should be adjusted according to the rotor size of centrifuge)

The standard volume of cycle sequencing chemistry in the reaction mix which has
been defined by manufacturer is 8 ul, however, sequencing reaction was optimized
through the use of only 2 pl from cycle sequencing chemistry instead. This reduction
provided an advantage to perform much more reactions using the same kit while

decreasing the probability of residual ddNTPs at the end of the sequencing reaction.
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Figure 3.4 : Pulled-up peaks due to residual ddNTPs.

Ideal expansion of Sephadex molecules which absorb the water depends on the
proportion of the mixture and storage time. Storage times shorter than 2 hours or
longer than 4 days caused the formation of inappropriate pore size. Viscosity of the
mixture was examined at certain time intervals to determine the exact proportion of
powder in water and storage time. Optimal mixture was obtained by adding 1 g
Sephadex powder into 14 ml molecular grade water and the suspension was stored at

+4°C for 4 hours after vigorously shaking to form an acceptable pore size.

It was also noticed that longer centrifugation times and slower rotation speeds could
form more durable and rigid Sephadex column by gently removing the whole volume
of water from the system. Therefore, it was decided to centrifuge the tubes at 4600

rpm for 3 min, instead of 5000 rpm for 2 min. Thus, the problem caused by residual
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dye labeled ddNTPs was completely solved via optimization of all related steps
(Figure 3.5).

Another factor which also impairs sequencing quality and integrity is the occurrence
of DNA slippage due to long mono- or di-nucleotide repetitions in the region of
interest. The exact mechanism of slippage is not known but it is accepted as a natural
phenomenon of Sanger sequencing. Presumably, the two strands do not stay paired
correctly during polymerization through the repetition region. This generates
fragments with repetition regions of different length that have the same sequence
after that region. The occurrence of slippage is length-dependent and short
repetitions are rarely problematic in sequencing reactions. Slippage is more of a
problem with T regions (A in the template strand) in BigDye® Terminator reactions

due to the use of dUTP instead of dTTP in the deoxynucleotide mixture (Figure 3.6).
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Figure 3.5 : Clear sequencing data via removal of residual ddNTPs.

Although the sequence data can be clean through the repetition region, the data after
this region is noisy due to the presence of multiple sequences as indicated with a
black arrow in Figure 3.6. Overlapping sequences in data are generally interpreted as

heterozygous insertion or deletion. A more detailed analysis of the sequence data can
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easily reveal whether these overlapping sequences are caused by mutation or
repetition.

In the presence of heterozygous insertion or deletion, double peak morphology starts
along with the mutation point whereas repetition-dependent sequence disruption
occurs after the repetition, moreover, this pattern can be proven by performing the

reverse sequencing reaction (Figure 3.7).
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Figure 3.6 : Sequence disruption by mononucleotide repetition of Adenine (forward
sequence)

Although there are alternative sequencing chemistries available, such as dRhodamine
Cycle Sequencing Kit (Applied Biosystems, USA) which have been optimized to
circumvent sequence disruption due to repetition terminators, this kit was not used in
this study because there is no heterozygosity in these studies: all yeast strains used
were haploid ones. Therefore, it was known that disruption of the sequence data was
caused by nucleotide repetition and it was directly focused on obtaining the sequence
integrity by performing both forward and reverse sequencing reaction for the region

of interest which consists of mono- or di- nucleotide repetitions.
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Figure 3.7 : Sequence disruption by mononucleotide repetition of Thymine (reverse
sequence)

3.2 Genomic Comparison of S288c and CEN.PK 113-7D Reference Strains with
CI25E and 8C Mutants, regarding PSE1, GRX4 and MSN5 Genes.

PCR was carried out as described in Section 2.2.3 with DNA extracted from
Saccharomyces cerevisiae CEN.PK 113-7D reference strain (kindly provided by L.
Benbadis, INSA-Toulouse), the cobalt-resistant mutant strain CI25E and the iron-
resistant mutant strain 8C [50, 64]. Complete gene sequence of PSE1 (5' start point: -
20, 3' end point: +246, Total length: 3539bp) was amplified in a fragmented way as 6
parts, GRX4 (5' start point: -237, 3' end point: +128, Total length: 1100bp) was
amplified in a fragmented way as 2 parts and MSN5 (5' start point: -370, 3' end point:
+165, Total length: 4210bp) was amplified in a fragmented way as 7 parts. The reason
for the fragments is that the analysis capacity of the sequencing instrument permits to
clearly read sequences up to 700bp length. PCR products of PSE1, GRX4 and MSN5
genes were confirmed using agarose gel electrophoresis as described in Section 2.2.4
to verify whether amplification intensity and product specificity were suitable for
subsequent steps (Figure 3.8, 3.9, 3.10, respectively). PCR products purified with
ExXoSAP (GML, Switzerland) as described in Section 2.2.5 were sequenced with
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA) as
described in Section 2.2.6 and run onto 3130 Genetic Analyzer (Applied Biosystems,
USA) after the Sephadex (GML, Switzerland) clean-up procedure as described in
Sections 2.2.7 and 2.2.8, respectively. Sequence raw data in '.abl' format were
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obtained from the computer which was linked to Genetic Analyzer. All data were
analyzed in Sequencing Analysis v.6.0 software (Applied Biosystems, USA) in order

to investigate sequence quality and baseline clearness before sequence comparison.

Merker Partl Part2 Part3 Partd PartS Parté

Figure 3.8 : DNA gel electrophoresis of PSE1 gene amplification products (CEN.PK
113-D).
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Figure 3.10 : DNA gel electrophoresis of MSN5 gene amplification products
(CEN.PK 113-D). Product sizes (from lane 1 to 7): 729bp, 698bp,
721bp, 731bp, 684bp, 703bp, 689bp, respectively.

Sequence files of the reference strain (CEN.PK 113-7D) and the cobalt-resistant
mutant (CI25E) were uploaded to projects that were created in the SeqScape v.3.0
software (Applied Biosystems, USA) to compare the sequences of PSE1 and GRX4
genes including their up and downstream regions as described in Section 2.2.9.
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Another project was created for MSN5 gene to investigate possible mutations of
CEN.PK 113-7D, mutant CI25E and mutant 8C. Reference nucleotide sequences
which belong to another S. cerevisiae strain (S288C) used in nucleotide sequence
databases were also downloaded from NCBI (National Center for Biotechnology
Information) database with 'NC_001145.3', 'NC_001137.2' and 'NC_001136.3'
access numbers for PSE1, GRX4 and MSN5 gene, respectively. Reference sequence
files in 'GeneBank (.gb)' format were imported to designated projects. Report
manager of the software did not indicate any kind of mutation for regions of interest
at the end of the analysis using all necessary parameters. Manual inspection which
was performed nucleotide by nucleotide also proved that Saccharomyces cerevisiae
S288C, CEN.PK 113-7D and CI25E strains have the same genotype for PSE1 and
GRX4 genes (3539bp/3539bp, 1100bp/1100bp, respectively), likewise, S288C,
CEN.PK 113-7D, CI25E and 8C strains have also the same genotype for MSN5 gene
(4210bp/4210bp).

3.3 Genomic Comparison of CEN.PK 113-7D Reference Strain with H7 Mutant
for MSN2, MSN4 and OCAL1 Genes.

PCR was carried out as described in Section 2.2.3 with DNA extracted from CEN.PK
113-7D reference strain (kindly provided by L. Benbadis, INSA-Toulouse) and the
oxidative stress-resistant strain H7 [62]. Complete gene sequence of MSN2 (5' start
point: -885, 3' end point: +123, Total length: 3118bp) was amplified in a fragmented
way as 5 parts, OCA1 (5' start point: -1069, 3' end point: +123, Total length: 1909bp)
was amplified in a fragmented way as 3 parts, whereas MSN4 (5' start point: -980, 3'
end point: +106, Total length: 2980bp) was amplified in a fragmented way as 5 parts.
PCR products of MSN2, MSN4 and OCAL genes were confirmed by agarose gel
electrophoresis (data not shown) as described in Section 2.2.4 and the same
experimental strategy aforementioned in Section 3.2 was applied to obtain clear
sequencing data. Sequencing Analysis v.6.0 software (Applied Biosystems, USA)
was used for investigation of sequence quality and background clearness before
comparison. Different projects were created on SeqScape v.3.0 (Applied Biosystems,
USA) software for analysis of MSN2, MSN4 and OCAL, following this, relevant
sequence files were imported to projects. Reference nucleotide sequences which
belong to S. cerevisiae S288C strain used in nucleotide sequence databases were
downloaded from NCBI (National Center for Biotechnology Information) database
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with 'NC_001145', 'NC_001143.1' and 'NC_001146.8" access numbers for MSN2,
MSN4 and OCAL, respectively. Downloaded reference files were imported to the
appropriate projects. As a result of analysis, there were no nucleotide
changes/differences between the H7 mutant and its reference strain CEN.PK 113-7D,
in the region of interest for MSN2, MSN4 and OCAL genes.

However, when the sequences of CEN.PK 113-7D and mutant strain H7 for these
MSN2, MSN4 and OCAL genes were compared to those of the other reference strain
S288C, differences/changes in the nucleotide sequences were observed. It was found
that there were two single nucleotide polymorphisms (SNP) in the MSN2 gene of the
CEN.PK 113-7D and H7; first located at the position of -864 (T>C) in the 5' flanking
region (Figure 3.11), while the second located at the position of ¢.356 (G>A,

Ser119Asn), (Figure 3.12) the alteration of which resulted in a missense variant.
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Figure 3.11 : SNP detection at 5' Flanking region (-864) of MSN2 gene using
SeqScape v.3.0 software. CEN.PK 113-7D (upside, reverse
sequence) and H7 (bottom, reverse sequence) have Cytosine (C),
whereas S288C reference sequence (highlighted with ocher) has
Thymine (T) base.
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Figure 3.12 : SNP detection at ¢.356 of MSN2 gene using SeqScape v.3.0 software.
CEN.PK 113-7D (upside, first row is reverse, second is forward
sequence) and H7 (bottom, first row is reverse, second is forward
sequence) have Adenine (A) whereas S288C reference sequence
(highlighted with ocher) has Guanine (G) base.

MSN4 gene has also showed variations for CEN.PK 113-7D and H7 in comparison
with S288C at a single nucleotide whose location is -209 (A>T) in the 5' flanking
region (Figure 3.13).

In contrast to MSN2 and MSN4, the mutation which occurred in OCAL gene has been
stood out as an insertion of Adenine (A) nucleotide at the position of -115 (insA) in
the 5' flanking region. The DNA slippage phenomenon which occurs in mono- or di-
nucleotide repetitions and overlapping sequence pattern starting with the occurrence
of heterozygous nucleotide deletion or insertion as described in 'Section 3.1' can be
excluded in this case, as the yeast strains tested were haploids. Additionally, the
presence of this Adenine nucleotide insertion was completely verified by both

forward and reverse sequencing (Figure 3.14).
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Figure 3.13 : SNP detection at 5 Flanking region (-209) of MSN4 gene using
SeqScape v.3.0 software. CEN.PK 113-7D (upside, first row is
reverse, second is forward sequence) and H7 (bottom, first row is
reverse, second is forward sequence) have Thymine (T) base whereas
S288C reference sequence (highlighted with ocher) has Adenine (A)
base.
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Transcriptomic analysis of MSN2, MSN4 and OCA1 genes which was previously
carried out using microarray and qPCR methods gave supporting information about
expression level of the H7 mutant strain [32, 55]. It has been found that expression
level of MSN2 and MSN4 genes was almost the same for reference and mutant
strains under stress conditions performed in the presence of 0.5 mM and 1mM H,0..
Unlike MSN2 and MSN4, it has been reported that OCA1 expression of H7 as
determined by qPCR was 1.7 fold of the reference strain upon continuous H,O,
stress application, however, this change was not regarded as a significant difference
for microarray analysis [32]. As an overall result of comparative genotyping, g°PCR
and microarray studies, it can be concluded that MSN2, MSN4 and OCAL genes do
not seem to be directly related with the oxidative stress-resistant phenotype (H7)
derived from CEN.PK 113-7D background, despite the 'general stress response'
feature of these genes [55, 66].

It has been previously reported that genome characteristics of CEN.PK 113-7D are
very similar to those of the S288C for genome parameters including total size,
chromosome length, GC content, and the number of predicted genes [41, 67].
Another study involving restriction fragment length polymorphism (RFLP) and
microarray techniques has shown that 96% of the genes represented on the arrays
yielded a comparable signal, indicating a high degree of genetic relatedness
according to a genomic comparison of these two strains [40]. On the other hand,
many physiologically important nucleotide changes/differences in non-coding
regions and subtle polymorphisms may be unnoticed in a rapid gene expression
analysis with DNA microarrays [38, 40].

Unlike their genomic similarity, physiological characteristics of the two reference
strains in both batch glucose- and galactose-supplemented fermentations were
completely different. It was observed that CEN.PK 113-7D exhibited a 32% higher
specific growth rate than S288C, while extracellular metabolic specific productivity
rates were 32.6%, 392%, and 17.9% higher for ethanol, acetate, and glycerol
production compared to S288C [34].

High-throughput sequencing studies also revealed that there are numerous nucleotide
differences between the two strains, regarding the genes involved in key metabolic
pathways which include carboxylic acid, organic acid, and carbohydrate metabolism,

followed by nitrogen, amino acid, lipid, aromatic compound, and glycoprotein
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metabolism [38, 41, 68]. Last but not least, it was shown that nucleotide changes that
occurred in coding or non-coding regions of general stress response genes resulted in
formation of specific characteristic for resistance against stress conditions in
comparison of CEN.PK 113-7D with S288C strain [40, 69].

These may imply that CEN.PK 113-7D and its mutant strain H7 may be naturally
more resistant than S288C strain to oxidative stress conditions, without requiring
extra genetic alteration for MSN2, MSN4 and OCAL genes, since their existing
nucleotide configuration may provide higher tolerance against H,O, than that of
S288C. Besides, post-transcriptional regulation can also play an important role in
protection of the CEN.PK 113-7D and its derived mutants against stress conditions
better than that of S288C. Moreover, although it has not been the major focus of this
thesis study, comparative genomic, transcriptomic and physiological analysis of
S288C, CEN.PK 113-7D and H7 strains can give more detailed information about
the influence of genetic alteration on the resistant phenotype.

3.4 Genomic Comparison of CEN.PK 113-7D Reference Strain with CI25E, H7
and M9 Mutant Strains for CTT1 Gene.

PCR was carried out as described in Section 2.2.3 with DNA extracted from CEN.PK
113-7D reference strain (kindly provided by L. Benbadis, INSA-Toulouse), the
cobalt-resistant CI25E, the oxidative stress-resistant H7 and the nickel-resistant M9
mutant strains [50, 62, 63]. Complete gene sequence of CTT1 (5 start point: -945, 3'
end point: +124, Total length: 2758bp) was amplified in a fragmented way as 5 parts.
PCR products of CTT1 gene were confirmed by agarose gel electrophoresis (Figure
3.15) as described in Section 2.24 and the same experimental strategy
aforementioned in Section 3.2 was applied to obtain clear sequencing data.
Sequencing Analysis v.6.0 software (Applied Biosystems, USA) was used for
investigation of sequence quality and background clearness before comparative
genotyping of strains studied for CTT1 gene. Project was created in SeqScape v.3.0
(Applied Biosystems, USA) software for comparative analysis of CTT1 gene and
sequence files were then imported to the CTT1 project. Reference nucleotide
sequence which belongs to S. cerevisiae S288C strain used in nucleotide sequence
databases was also downloaded from NCBI (National Center for Biotechnology
Information) database with 'NC_001139.9', access number for CTT1 gene. However,

reference sequence data was customized before downloading due to the fact that the
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default section of the reference data did not cover the whole length of the region of
interest that was defined to be compared. Reference sequence data was extended
from start and end points as 300bp and was then downloaded in GeneBank format

(.gb). Downloaded reference file was imported to the CTT1 project.

At the end of the analysis, a nucleotide change (-326 T>A in the 5' flanking region)
was detected when comparing CEN.PK 113-7D with M9, whereas there was no
nucleotide change/difference between the CTT1 sequences of H7, CI25E, CEN.PK
113-7D and the reference sequence of S288C (Figure 3.16).
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Figure 3.15 : DNA gel electrophoresis of CTT1 gene amplification products of
CEN.PK 113-7D.

According to basic principles of evolutionary engineering, it was expected to find a
genetic difference between the reference strain and the mutants. However, this
nucleotide change indicated a difference between the reference strain CEN.PK 113-
7D and the M9 mutant derived from it. On the other hand, it also revealed that M9
mutant strain had the same CTT1 sequence as the other reference strain S288C, as a
result of this nucleotide change. M9 mutant and S288C contain Adenine (A)
nucleotide at the position of -326 in the 5' flanking region, whereas CEN.PK 113-7D,
H7 and CI25E strains contain T (Thymine) nucleotide.

Nevertheless, in addition to the nucleotide change at -326 (T>A) in the 5' flanking
region, other differences were observed in 3 distinct nucleotide positions: -625
(A>G), ¢.150 (T>C, lle50lle) and ¢.1615 (T>G, Cys539Gly) on CTT1 gene sequence
showed that all strains used in this study carried the same genotype, different from

S288C reference sequence (Figures 3.17, 3.18 and 3.19, respectively).
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These data provided strong evidence that M9 strain was indeed derived from the
CEN.PK 113-7D reference strain, by the help of evolutionary engineering.
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Figure 3.19 : Nucleotide change (c.1615 (T>G, Cys539Gly) in the CTT1 gene.
Reverse and forward sequences of CEN.PK 113-7D and M9 were
shown with electropherogram (1th, 2th, 3th, 4th rows, respectively)
whereas sequence of H7 in FASTA format. S288C reference
sequence was highlighted with ocher.
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Transcription of the Saccharomyces cerevisiae CTT1 gene encoding the cytoplasmic
catalase T is activated by a variety of stress conditions: it is derepressed by nitrogen
starvation and induced by heat shock, and activated by osmotic and oxidative stress
[63, 70].

A minimally addressed area in S. cerevisiae research is the mapping of transcription
start sites (TSS). Mapping of TSS in S.cerevisiae is of importance to contribute to
our understanding of gene regulation, transcription, mMRNA stability and aspects of
RNA biology [71].

It is known that nucleotide changes can be mainly effective on the change of protein
structure if they cause the alteration of the amino acid chain during mRNA synthesis,
whereas mutations occurring in regulatory regions such as Promoter region, upstream
activator sequences (UAS), stress-response elements (STRE) may directly change

MRNA expression levels thereby the production level of the related protein [72].

STRE sequences have been identified in many stress-induced genes and a computer
search of the entire yeast genome predicts as many as 186 potential STRE-regulated
genes [73]. However, the existence of a STRE-like sequence in the promoter region
does not imply the functionality of this element [74]. A single copy of this sequence
is mostly sufficient to induce a reporter gene by different types of stress, although
two or more copies of this element provide a greater than additive effect on stress-

induced gene expression [75].

It has been shown that CTT1 upstream region found to be involved in nitrogen,
CAMP and heat control (upstream sequence at -382 to -325) contains different UAS
elements (STREs) which are sufficient for the activation of a reporter gene by all
types of stress acting on CTT1 [58]. Gel retardation experiments also demonstrated
the existence of a factor specifically binding to STRE, but to a lesser extent to
mutated elements having partly or entirely lost the ability to mediate stress control
[58].

Expression analysis of CTT1 gene using microarray and qPCR methods supplied
valuable information about the M9 mutant strain. gPCR experiment previously
showed that M9 expressed CTT1 about 15-fold of the reference strain in the absence
of nickel stress, and about 8-fold of the reference strain in nickel-containing growth

medium [63]. Expression data for CTT1 in microarray experiments in the absence of
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nickel stress also showed that CTT1 was overexpressed [63]. Based on CTT1
upregulation and the nature of the cytoplasmic catalase T, it can be expected that M9
might also have gained resistance to oxidative stress conditions. However,
experimental work showed that M9 is surprisingly hypersensitive to oxidative stress
[63].

The hypersensitive phenotype of M9 against oxidative stress can imply these facts:
Firstly, the physiological characterization of the evolved yeast strains after
evolutionary engineering should be carried out carefully, because improvement of
resistance to a particular stress type by evolutionary engineering may result in
sensitivity to another stress type, the so-called ‘trade-off situation’ in evolutionary
engineering [51]. Secondly, there can be other factors than the CTT1 gene product
which may confer resistance to oxidative stress, as mentioned previously [32, 63].
Thus, performing cross-resistance tests for other stress types could be useful to
obtain more detailed stress response information on the evolved strains [54].

In light of DNA sequencing data results in this study for total gene structure
including up and downstream regions, expression analysis of CTT1 gene, as well as
information on molecular and functional characterization of CTT1 gene and its
product obtained from different studies, it is likely that nucleotide change at -326
(T>A) in the UAS region of CTT1 gene could have changed nickel-stress tolerance
of M9 strain. However, further complementary genomic, proteomic and functional

characterization studies should be performed to test this hypothesis.
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4. CONCLUSION

In this study, Saccharomyces cerevisiae CEN.PK 113-7D reference strain and the
oxidative stress-resistant mutant H7, cobalt-resistant mutant CI25E, nickel-resistant
mutant M9, and iron-resistant mutant 8C, that have all been obtained from CEN.PK
113-7D by in vivo evolutionary engineering strategy, were investigated for their
genetic characteristics, regarding PSE1, GRX4, MSN2, MSN4, MSN5, OCA1 and
CTT1 genes. With this aim, DNA sequencing by capillary electrophoresis method
optimized and used for comparative genotyping of the reference and mutant strains
for the regions of interest. Inspections of the nucleotide changes/differences were
carried out in SegScape v.3.0 software by creating designated project for each gene

of interest.

Even though DNA sequencing by capillary electrophoresis method has been used for
more than three decades, it should still be optimized in accordance to the sequence
chemistries used and new sequence approaches. Any step which is skipped or any
reagent which is used excessively or insufficiently may prevent obtaining the desired
sequence data. This study showed that DNA sequencing by capillary electrophoresis
method offers a gold standard by giving valuable information about nucleotide
sequence of specific genes chosen. However, a more comprehensive study including
numerous genes and strains to be compared will require new sequencing approaches
like high-throughput genome sequencing. It will lead not only to very expensive
operating costs, but also it will take months or even years to be completed if capillary

electrophoresis strategy were to be used for large scale DNA sequencing studies.

Although the genes sequenced in this study were initially thought to be potentially
important for conferring the mutant phenotypes obtained by evolutionary
engineering, it was generally not possible to identify them as the main genes
responsible for these specific phenotypes, based on gene expression and gene
sequence data. For genetically complex phenotypes like stress resistance, multiple

genes may simultaneously play an important role.
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For both industrial and scientific purposes, many researchers use different reference
strains of the yeast Saccharomyces cerevisiae in their studies. However, the present
study revealed that selection of the most suitable reference strain is of great
importance for the success of the study. Even if reference strains are phylogenetically
close relatives, they can show remarkable differences at genomic level in terms of a
specific characteristic. Otherwise, inappropriate selection of the reference strain may
cause the problems in advanced stages of the study. In fact, as observed in this study,
even these differences cannot be detected in exonic (coding region) region,
nucleotide changes/insertions/deletions can occur in regulatory regions such as
promoter/activator binding regions or splicing regions.

S288C has been used for systematic sequencing of the S. cerevisiae genome in
scientific studies, whereas CEN.PK 113-7D is mainly used for physiological studies
and functional genomics for both industrial and scientific purposes. Like other
microorganisms, significant genotypic and phenotypic differences exist between
different strains of S. cerevisiae. Even if S. cerevisiae genomic sequence information
which is accessible via databases such as NCBI is obtained from the S288C
background, especially for functional industrial studies, this strain background has
some drawbacks [31].

Despite the fact that there are notably informative studies comparing genomic and/or
physiological characteristics of S288C and CEN.PK 113-7D, there are no such
studies comparing these reference strains along with their stress-resistant mutants for
their genetic information and functional behavior in stress conditions [34, 38, 41].
Since both reference strains are extensively used in a variety of S. cerevisiae research
studies, performing a comprehensive and comparative study which includes genetic,

physiological and biochemical analyses of these strains has great importance.

The present study showed some genetic differences between both reference strains.
These differences may significantly affect the results of physiological and genetic
experiments to be performed using these reference strains. All genome-level
differences between the reference strains used in yeast studies can be revealed by
more comprehensive work using more powerful sequencing techniques which offer

whole genomic information.
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In this study, genetic comparative analysis was carried out between reference strain
CEN.PK 113-7D and its derived mutant strains obtained by evolutionary
engineering, and another reference strain S288C which was previously used in whole
genome sequencing study of S. cerevisiae yeast [31]. On the other hand, previously
obtained physiological information and results of experimental studies include data
analysis which was obtained by comparing mutant strains with their CEN.PK 113-

7D reference strain only.

Stress resistance and numerous physiological characteristics are too complex to be
explained with only one or a few genes. Therefore, complementary experimental
studies should be performed by using genomics, proteomics and metabolomics tools
with the approach of systems biology to understand the molecular basis of these

characteristics in more detail.
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