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MOLECULAR CHARACTERIZATION OF SILVER-RESISTANT
Saccharomyces cerevisiae

SUMMARY

In molecular biology and metabolic engineering, one of the most widely used
organisms is the yeast Saccharomyces cerevisiae that has been involved in biological
applications for thousands of years among different cultures in different parts of the
world. As a eukaryotic organism, S. cerevisiae reproduces by budding or sporulation,
as a consequence of being able to have genetically haploid and diploid forms. It has a
high level of similarity with human cells in regard of proteins and their functions,
which leads to the popularity of this budding yeast in a wide range of researches related
to humans.

Yeast can resist many types of stress factors in the environment at various levels. Metal
stress is one of these stresses that yeast may show resistance against, but the
mechanism of metal stress tolerance in yeast has not been fully enlightened yet. When
these metal resistance pathways are revealed, it will be also possible to increase
resistance, which leads to an improved productivity in metal recovery in industrial
applications for biotechnological processes and in bioremediation of metal-polluted
environments.

Silver stress resistance in yeast was studied in this thesis and after obtaining a silver-
resistant S. cerevisiae mutant by using evolutionary engineering methods, the mutant
was subjected to genetic and physiological characterization by comparison with the
reference strain.

Ethyl methanesulfonate (EMS) treated S. cerevisiae was the initial culture in this study,
and this chemical mutagenesis caused a wide range of random mutations in the genome
of the yeast cells in the population. To select a target mutant with the character of
silver-resistance in the population, evolutionary engineering method was applied. To
determine the initial level of silver stress for the evolutionary selection, this culture
and the reference strain were both cultivated at different silver concentrations. The
survival rates calculated at different silver concentrations demonstrated the most
appropriate initial silver concentration with the minimum effect of silver stress on the
cells. Next populations were subjected to higher concentrations of silver than the
previous ones, until a significant decrease in the survival rate. While 5 pM AgNO3
was the initial stress level for the first population of the selection, the 29" population
was exposed to 250 uM AgNOa. Ten individual mutants were randomly chosen from
the final population, based on their high resistance to silver stress. Among these
mutants, the most resistant one, called as 2E, was tested for genetic stability that
revealed a genetically stable trait.
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The silver-resistant mutant 2E and the reference strain were subjected to cross-
resistance tests against other stresses, using spot assay. Spot assay results showed that
2E was also highly resistant to copper stress and had a significant resistance against
cobalt and oxidative (H20>) stresses. On the other hand, it was observed that 2E was
sensitive against chromium, manganese, aluminum, and ethanol stress. Reference
strain and the silver-resistant mutant 2E showed similar stress responses against nickel,
zinc, and lithium stresses.

Transcriptomic analysis for the whole genome of the silver-resistant mutant 2E and
the reference strain was applied to investigate the mechanism of silver resistance in
the cell. DNA microarray analysis revealed that while 780 genes were upregulated,
877 genes were downregulated. Totally 1657 open reading frames (ORFs) had
differential expression between 2E and the reference strain. By using Gene Ontology
analysis, it was indicated that in the silver-resistant mutant, the highly upregulated
genes were related to carbohydrate metabolic process, precursor metabolite
generation, energy generation, oxidation-reduction, oxidative stress, and extracellular
stimulus response. On the other hand, mutant 2E seemed to have generally repressed
its protein synthesis by downregulation of the genes involved in ribosome biogenesis,
ribosomal subunit and RNA metabolic processes.

When compared to the reference strain, there were 64 mutations in the silver resistant
mutant 2E, based on the results of whole genome re-sequencing. These mutations were
composed of 61 nonsynonymous and 3 stop-loss ones. The most relevant mutation in
2E that may have caused an improvement in silver resistance was the one on CCC1
gene, a transporter of Fe?*/Mn?* in vacuole, since silver has similar atomic properties
with copper. This study also implied that the resistance of 2E against silver might be
by upregulating copper resistance genes, CTR3, CUP2, CUP1-1, and CUP1-2, that
bind copper and are responsible for copper-homeostasis in the yeast cell.

Silver causes oxidative stress in cell and the mutant 2E had oxidative stress resistance.
This study showed that a number of oxidative stress responsive genes were oppositely
expressed in the mutant 2E and the reference strain that showed no resistance against
neither silver nor oxidative stress. Oxidative stress resistance of 2E was also supported
by the missense mutation detected on the DNA helicase gene PIF1. In addition to this,
2E had a highly differentiated mitochondrial gene expression profile that led to a more
active aerobic metabolism and electron transfer system, which may explain the better
growth of the mutant 2E under silver stress condition.

The membrane-bound transport and cell wall proteins are damaged when subjected to
silver ions and nanoparticles during growth phase, that leads to disruption in cell wall
and membrane integrity. However, while 2E upregulated some of the mannoprotein
genes (such as YPK2, USV1, YPS6, SRL1) to keep its cell wall integrity, it
downregulated the ones related to anaerobic growth (TIP1 and TIR1-4 genes).
Additionally, some ergosterol synthesis genes and many of the sugar transporter genes
along with some TCA cycle genes for NADH regeneration were significantly
upregulated. All these findings indicated a strong aerobic metabolism in the evolved
strain 2E, but a more robust cell wall was most likely provided by the upregulation of
other cell wall-associated genes and the observed mutations in some cell wall-
associated genes, particularly RLM1, a gene that encodes a transcription factor
responsible for the activation of the MPK1 mitogen-activated protein kinase pathway,
and the maintenance of cell wall integrity.
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Some of the missense mutations of 2E were found in vesicle protein sorting and
vacuole biogenesis (VPS45, PEP5), and endocytosis (ENT1, YAP1802, MYO5, AKR2)
genes. Also AAC1 that encodes a vesicular transport protein was upregulated in 2E.
As aresult, the silver-resistant evolved strain 2E kept higher levels of silver in/on itself,
compared to the reference strain, according to Flame Atomic Absorption Spectrometry
(F-AAS) analysis results, that possibly made a significant contribution to its silver
resistance.

This study was about selecting and characterizing a silver-resistant mutant of
S.cerevisiae at a molecular level. The possible reasons for the silver resistance in yeast
cell were discussed, regarding molecular and functional factors. Some potentially
important genes and pathways for the silver resistance mechanism have been identified
in this study, which have been discussed, based on the previous studies found in the
literature about silver response. Despite these major findings, further investigations are
still needed to fully enlighten the complex molecular mechanisms of silver resistance,
regarding copper resistance, oxidative stress, cell wall integrity, aerobic metabolism
and vesicular transport.
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GUMUS STRESINE DIRENCLI Saccharomyces cerevisiae’nin MOLEKULER
KARAKTERIZASYONU

OZET

Diinyanin farkli bolgelerindeki farkli kiiltiirlerde binlerce yildir biyolojik
uygulamalarda kullanilan Saccharomyces cerevisiae mayasi, gunumizde de
molekiler biyoloji ve metabolik miihendislik alanlarinda en ¢ok kullanilan
organizmalardan birisidir. Okaryotik bir organizma olan S. cerevisiae, genetik olarak
haploid ve diploid formlarda bulunabilmesinin bir sonucu olarak tomurcuklanarak
(eseysiz) veya spor olusturarak (mayoz bdliinme) iireyebilir. Protein yapilar1 ve
fonksiyonlar agisindan insan hiicreleri ile 6nemli 6lglide benzerlikler gosterdigi igin,
insan ile ilgili farkli arastirmalarda da bu maya tird, bir model organizma olarak
yaygin bir sekilde kullanilmaktadir.

Maya hiicreleri, ortamlarinda bulunan birgok stres faktoriine karsi, farkli seviyelerde
direng gosterebilir. Maya htcrelerinin direng gosterebildigi bu stres faktorlerinden biri
de metal stresidir; fakat mayalarin metal stresine karsi gosterebildikleri direncin
molekiler mekanizmalar1 heniiz tam olarak aydinlatilamamistir. Bu metal direng
yolizleri ortaya ¢ikarilabildiginde, sahip olunan direncin arttirtlmasi saglanabilecek,
bdylece endiistriyel uygulamalarda metallerin biyolojik proseslerle geri kazaniminda
ve metal kirliliginin goriildiigii cevrelerde, biyoislah ¢aligmalarinda {iretkenlik
yukseltilebilecektir.

Bu calismada, maya hiicrelerindeki giimiis direnci incelenmistir ve evrimsel
miihendislik metodu ile giimiise direngli S.cerevisiae mutanti elde edildikten sonra,
referans maya susu ile karsilastirmali olarak bu mutantin genetik ve fizyolojik
karakterizasyonu gergeklestirilmistir.

Calismada kullanilan baglangi¢ kiltird, etil metansiilfonat uygulanmis, dolayisiyla
rastgele mutasyonlar ile genetik ¢esitliligi artinlmig bir S. cerevisiae maya
populasyonudur. Bu popiilasyon iginde giimiis stresine direng 6zelligi gosteren hedef
mutant, evrimsel miihendislik metodu uygulanarak secilmistir. Seleksiyonda
uygulanacak baslangi¢ giimiis stres direng dlizeyinin tespiti i¢in bu kultur ve referans
S.cerevisiae susu, farkli giimiis konsantrasyonlar1 varliginda Uretilerek hayatta kalma
oranlar1 belirlenmistir. Buna gore, giimiis stresinin hiicreler iizerinde minimum etki
ettigli en uygun glimiis konsantrasyonu, baslangi¢c giimiis stress degeri olarak
belirlenmistir. Birbirini takip eden iki populasyon arasinda, hayatta kalma oranlar
ciddi diizeyde diisene kadar, besiyerindeki giimiis konsantrasyonu kademeli olarak
artirlmugtir. i1k popiilasyon igin giimiis stresi seviyesi 5 uM AgNOs iken, en son 29.
poptlasyon igin 250 uM AgNO:s kullanilmistir. Bu son popiilasyon igerisinden, giimiis
stresi varliginda daha hizli gelisme gosteren 10 farkli mutant birey seri seyreltme ve
kat1 besiyerine ekilerek rastgele olarak secilmis ve bunlar arasindan glimiis stresine en
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direncli olan mutant birey 2E olarak adlandirilmistir. 2E bireyine uygulanan genetik
kararlilik testi de olumlu sonug vermistir.

Giimiise direncli sus 2E ile referans susu i¢in, fizyolojik dzelliklerinin belirlenebilmesi
amaciyla capraz stres direng testleri yapilmistir. Bu testler, 2E’nin, referans susa
kiyasla, giimiis ile birlikte bakir stresine kars1 da yiliksek bir dirence, kobalt ve oksidatif
(H202) strese kars1 da anlamli diizeyde dirence sahip oldugunu gostermistir. Fakat ayni
testler sonucunda 2E’nin, kroma, manganeze, aliiminyuma ve etanole karsi hassasiyeti
oldugu ortaya ¢ikmistir. Bununla birlikte, referans sus ve giimiis stresine direngli sus
2E; nikel, ¢inko ve lityum stres direnci agisindan anlamli bir farklilik gostermemistir.

Mutant maya bireyindeki giimiis stresine direncin molekiler mekanizmasinin
incelenmesi igin, giimiise direngli sus 2E’nin ve referans susun tim genomunu
kapsayan transkriptomik analizler gergeklestirilmistir. Bu dogrultuda yapilan DNA
mikrodizin analizleri, 2E ile referans sus arasinda toplam 1657 genin ekspresyonunda
farklilik oldugunu gostermistir. Bunlardan 780 genin ekspresyon diizeyi artarken, 877
geninki ise azalmigtir. Gimise direngli sus 2E; 6zellikle karbonhidrat metabolizmasi,
metabolit Uretimi, enerji Uretimi, oksidasyon-redilksiyon ve oksidatif stres
streclerinde yer alan genleri cok yiksek oranda eksprese ederken, ribozom
biyogenezi, ribozoma ait altbirimler ve RNA metabolik sureclerinde yer alan genlerin
ekspresyonunu ise diistirerek protein sentezini baskilamistir.

Referans sus ile karsilastirildiginda, tiim genomun yeniden dizilenmesi sonuglarina
gore, glimiise direngli sus 2E’nin, 64 mutasyona sahip oldugu goriilmiistiir. Bu
mutasyonlarin 61 tanesi nokta mutasyon iken, 3 tanesi durdurucu mutasyondur. Bu
mutasyonlar arasinda, 2E’nin giimiis direnci gelistirmesiyle muhtemelen en iliskili
olan1, vakuol i¢inde Fe?*/Mn?* tasinimu ile ilgili gen olan CCC1 (izerindekidir, ¢iinkii
bu gen bakir direnciyle dogrudan iliskilidir ve glimiis, bakir ile benzer atom
ozelliklerine sahiptir. Bu ¢alisma ayrica 2E’nin, maya hiicrelerinde bakir baglayan ve
bakir homeostaz surecinden sorumlu CTR3, CUP2, CUP1-1 ve CUP1-2 bakir direng
genlerini ¢cok daha fazla eksprese ederek giimiise karsi direng kazanmig olabilecegini
goOstermektedir.

Glimiis, hiicre icerisinde oksidatif strese sebep olur ve bu calismada, mutant 2E’nin
oksidatif strese karsi da direnci oldugu goriilmistiir. Referans maya susu, giimiis
stresine ve oksidatif strese karsi bir direng gdsteremezken, mutant 2E, referans susun,
oksidatif strese cevap genekspresyonuna neredeyse zit olacak sekilde ekspresyon
gostermistir. 2E’nin oksidatif stres direnci, ayn1 zamanda DNA helikaz geni PIF1’deki
nokta mutasyonu ile de desteklenmistir. Ayrica, 2E’nin referans susa kiyasla oldukca
farkl1 bir mitokondrial gen ekspresyon profiline sahip olmasi, onun muhtemelen daha
aktif bir aerobik metabolizmaya ve elektron transfer sistemine sahip olmasim
saglamistir. Boylece mutant 2E, giimiis stresi sartlarinda daha iyi gelisebilmistir.

Maya hiicrelerinin gelisme fazinda glimiis iyonlarina ve nanopartikiillerine maruz
kalmasi durumunda, membran tasinim ve hiicre duvar1 proteinleri zarar goriir. Bu
durum hiicre duvarinda ve membran biitiinliigiinde bozulmalara sebep olur. Ama 2E,
hicre duvarmin bitiinliginii koruyabilmek igin bazi mannoproteinlerin gen
ekspresyonunu arttirirken (YPK2, USV1, YPS6, SRL1 gibi), anaerobik biyimeyle ilgili
genlerin ise ekspresyonunu azaltmistir (TIP1 and TIR1-4 gibi). Ayrica, baz1 ergosterol
sentez genlerinin, NADH rejenerasyonu igin gereken bazi Krebs dongusu genlerinin
ve birgok seker tasinim genlerinin ekspresyonunun da arttigi tespit edilmistir. TUm bu
bulgular, 2E susunda giiclii bir aerobik metabolizmanin var olduguna isaret
etmektedir. 2E’nin, muhtemelen daha saglam bir hiicre duvarini saglayabilmek i¢in

XXX



hlcre duvariyla iliskili diger genlerin ekspresyonunu arttirdigi da gézlenmistir. Ayrica,
bazi hiicre duvari baglantili genlerdeki ve 6zellikle, MPK1 protein kinaz yolizinin
aktivasyonundan ve hiicre duvar1 biitlinliigliniin korunmasindan sorumlu bir
transkripsiyon faktorii olan RLM1 genindeki mutasyonlarin, bu saglamliga katki
sagladigi tahmin edilmektedir.

2E’deki bazi nokta mutasyonlar vesikiil protein etiketleme ve vakuol biyogenez
(VPS45, PEP5) ve endositoz (ENT1, YAP1802, MYO5, AKR2) genlerinde yer
almaktadir. Buna ilave olarak 2E, bir vesikil tasinim proteinini kodlayan AAC1’in
ekspresyonunu arttirmistir.  BOylece, Alevli Atomik Absorpsiyon Spektrometri
analizlerine gore, referans sus ile karsilastirildiginda 2E susu, hiicre i¢inde ve hiicre
duvari lizerinde yiiksek miktarda giimiis iyonunu tutabilmektedir.

Bu tez ¢alismasinin amaci giimiis stresine direncli bir S. cerevisiae maya mutant: elde
ederek bu susun molekiiler karakterizasyonunu yapabilmektir. Tez ¢aligmasi
kapsaminda evrimsel miihendislik yaklasimiyla elde edilen direngli susun sahip
oldugu giimiis direncinin, olast molekdler ve fizyolojik nedenleri tartigilmistir. Glimiis
direncinin olas1 molekiiler mekanizmalar1 hakkinda kritik bilgiler edinilmekle birlikte,
bu mekanizmalarin tam olarak aydinlatilabilmesi i¢in daha kapsamli aragtirmalar
gerekmektedir. Fakat, daha 6nceki bazi ¢alismalarda giimiis direnci ile iligkisi tespit
edilmis olan bazi genlerin, 2E’nin giimiis stresine direng kazanmasinda da muhtemelen
gorev aldig1 goriilmiistiir. Ayrica bu calismada, yakin zamanda, glimiis direnci ile
iliskisi olabilecegi liteartiirde belirtilmis olan bazi1 genlerle ilgili teorileri destekleyici
baz1 sonuclar da elde edilmistir. Sonug olarak, bu tez ¢alismasi kapsaminda elde
edilmis olan, mayada giimiis stresine direng ile ilgili tiim 6nemli bulgulara ragmen,
giimiis direncinin karmasik molekiiler mekanizmasinin aydinlatilabilmesi i¢in bakir
direnci, oksidatif stress, hiicre duvari biitiinligii, aerobik metabolizma ve vesikiler
tasinim mekanizmalar1 odakli daha ileri arastirmalar gerekmektedir.
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1. INTRODUCTION

1.1 Transition Metals

Microorganisms need metals for their biological functions because metals participate
in different and critical cell processes related to physiology, structure, and catalytic
functions. For example, having key roles in muscle and nerve cells, magnesium
(Mg*?), calcium (Ca*?), potassium (K*), and sodium (Na*) are the metals that are found
prevailingly in the cells. According to Protein Data Bank (PDB), 25% of the proteins
involve metal ions (Arguello et al., 2012; Shi et al., 2005). Among metal ions,
probably due to their coordination and redox chemistry, transition metal ions (Figure
1.1) are much more covered than alkali metal ions by cell for their protein structure

(Bleackley et al., 2011).
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Transition matels are generally required in the cell for protein activities. While some
eukaryotes and prokaryotes need transition metals like nickel, manganese, and copper;

iron and zinc are required nearly by all types of organisms (Galaris and Pantopoulos,

2008).

Figure 1.1 : Transition metals in the Periodic Table (URL-1).




1.2 Silver in Nature

Silver is a metal symbolized with Ag. Its atomic number and molecular weight are 47
and 107,87 u respectively. As a transition metal, silver is in the same group (11) with
copper and gold. Most stable and main oxidation state of silver is +1 but highly
oxidising state of +2 is also common, in addition to rare oxidation states 0 and +3. The
ratio of silver within the Earth’s crust is 0.08 ppm. The three forms of silver found in
nature are free elemant, as alloy with metals and gold, and in minerals. Generally,
production of silver is the formation as a byproduct during the refinement process of

lead, zinc, gold, and copper (Greenwood and Earnshaw, 1997).

1.3 Metals in the Cell

From a biological point of view, some metals (such as iron and copper) are trace
elements and very low amounts of them are needed by living organisms. Living
organisms have certain mechanisms including uptake, storage, and excretion to
maintain the amount of those specific metals at low levels (Figure 1.2). On the other
hand, high concentrations of essential and non-essential metals (silver, mercury...)
cause toxicity by damaging DNA and its repair mechanism, interfering with protein
functionality participating in important cell processes, and leading to oxidative stress
by forming reactive oxygen species (Wysocki and Tamas, 2010).
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Figure 1.2 : Toxicity of metals and responses in cell (Wysocki and Tamas, 2010).

Microorganisms resist toxicity of metals by postponing the progression of the cell
cycle and changing gene expression and metabolism in order to change membrane
permeability against metals and remove metals from cytosol including membrane

metal exporters, cysteine-rich proteins-peptides with low molecular weight, and



vacuolar sequestration. There are common metal response mechanisms as well as
specialized ones depending on the chemical properties of the metal (Tamas et al.,
2005).

1.4 Silver in the Industry and Its Effects on Human Health

Silver (Ag) is one of the non-essential heavy metals. Jewellery, electronics, brazing
alloys and chemical aquipment are some applications that silver is used in. It is also
used in biotechnological applications such as wound management and dental devices
(for antibiotic coating) due to its antimicrobial effects (Chopra, 2007; Limberger,
Westphalen, Menezes, Medina-Silva, 2011). The use of antimicrobial property of
silver regarding resistance and toxicity has been reviewed in many researches such as
the one by Mijnendonckx, Leys, Mahillon, Silver, and Van Houdt in 2013.
Additionally, in the last decade, silver is used increasingly in medical and especially
dental coating applications by nanotechnology. Therefore, toxicity of silver
nanoparticles has also been investigated (Limberger et al., 2011; Niazi, Sang, Kim,
Gu, 2011; Saulou et al., 2010).

Treatment and diagnosis of disease are popular fields for nanomedicine. While
optimizing nanotechnological benefits with nanoparticle production costs, biological
and toxicological effects should be evaluated in detail by negative effects on the cell
(Figure 1.3). The toxic effects of nanoparticles are based on their size, structure, and
surface chemistry (Warheit et al., 2008). Generally, smaller size is the most important
factor for toxicity because the physical and chemical properties of the particle change.
Additionally, structure and surface lead to transfer of the nanoparticles in the organism
and interaction with the components of the cell (Fadeel and Garcia-Bennett, 2010).
Silver nanoparticles provide silver ions uninterruptedly because of their very low rate
of dissolution which is the reason for their use in medical coating. On the other hand,
this causes occurrence of reactive oxygen species (ROS) interacting cell wall, nucleic
acids, and some other molecules in the cell (Greulich et al., 2012).
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Figure 1.3 : Nanotoxicology: nanomaterial synthesis, physical-chemical-biological
characterization, and risk assessment (Fadeel and Garcia-Bennett, 2010).

Although silver has benefits for health applications, due to being a metal it is
dangerous for humans and the environment (Jin et al., 2008). Mines are the main
source of silver leached into the sea and rivers in addition to industrial waste that
causes pollution in water with high acid and metal levels (Holland et al., 2011). Clean
techniques indicated that while unpolluted areas of lakes and rivers had nearly 0.01
ug/litre silver level, it was between 0.01 pg/litre and 0.1 pg/litre in industrialized ones.
Just in the USA, the estimated amount of silver discharged into the environment (main
part into the aquatic and terrestrial ecosystem) in 1978 was 2.5 milliom kilogram, 47%
of which was from industry regarding photography. Silver accumulates in human body
in brain, kidney, and liver through drinking-water and diet (Howe and Dobson, 2002).
Organ damage, nervous system disorders, defects on birth, and cancer are some of the

diseases that high silver concentrations cause against human health (Jin et al., 2008).



1.5 Saccharomyces cerevisiae as a Model Organism

Saccharomyces cerevisiae is a eukaryotic organism that has been studied genetically
since 1935. It has been the microorganism used in production of beer, wine, and baking
for thousands of years. It has also been commonly used in molecular biological and
genetic studies as a model organism since the last century (Botstein, Chervitz, Cherry,
1997). Whole genome of one of the S.cerevisiae strains was sequenced and it was the
first time for a eukaryotic organism. As the biochemistry and the genetic properties of
S. cerevisiae are known well, its cultivation and genetic manipulation are also easy
(Botstein et al., 1997; Galagan, Henn, Ma, Cuomo, Birren, 2005; Goffeau et al., 1996;
Sherman, 2002).

S.cerevisiae genome consists of 16 chromosomes and 12 million base pair. 70% of the
S.cerevisiae genome covers approximately 6000 open reading frames (ORFs), that is
much more denser than eukaryotic microorganisms and human (5% of its genome
consists of ORF). Dense ORF means most of the DNA sequences in S.cerevisiae
contain coding genes. As a result, it is easy to identify a gene, determine its function,
and investigate the similar protein regarding its DNA sequence and function (Dujon,
1996).

Two forms of S.cerevisiae, haploid and diploid states, have different cell properties as
shown in Table 1.1. These properties also differ according to growth phase and strain.
In general, spheroidal haploid cells have a diameter of 4 um and ellipsoidal diploid
cells have the dimensions of 5x6 pm. Diploid cultures reach less number of cells in a
cluster compared to haploid cultures at the exponential phase of the growth. While the
buds of diploid cells occur at the opposite pole, the buds of the haploid one are seen
bordering (Sherman, 2002).

Table 1.1 : Yeast cells’ composition and size (Sherman, 2002).

Composition (107*?g)

Volume

Characteristic 3 Wet Dry :
(um?) weight weight DNA RNA  Protein
Haploid cell 70 60 15 0.017 1.2 6
Diploid cell 120 80 20 0.034 1.9 8

The yeast S.cerevisiae uses carbon sources for fermentation and grows through 4
differential phases, as shown in Figure 1.4. Lag phase is the initial period of time when

cells experience growth as soon as they are cultured into a fresh medium. Prediauxic



phase is a period in which cells produce ethanol during fermentation by using dextrose
as a carbon source and logarithmic growth is seen after lag phase. As dextrose is
consumed in the media, cells start respiration (postdiauxic phase) and produce carbon
dioxide by using ethanol that has been produced during fermentation. The stationary
phase is the final phase where the growth turns into a plateau because yeast cells stop
dividing (Matmati and Hannun, 2008).

11
7]
=1
E
=
z,
=
&
=1}
Q
-

Time
el E— ’
g @ £ g 3
2 i i = i
B = B s =
B e a = a
EIE = 2 £

- =) =
o 2 u-Eu =
T = 2 s =
= 3 - “
g s T HB
2 E Z 38
g & = £

Figure 1.4 : Four growth phases of the yeast S.cerevisiae (Matmati and Hannun,
2008).

Regarding medium types, both YPD and synthetic yeast minimal medium (YMM) are
used for S.cerevisiae strain. While YPD consists of 1% yeast extract, 2% peptone, and
2% glucose (all in w/v), YMM consists of 0.67% yeast nitrogen base and 2% dextrose
(all in w/v). Doubling time during exponential growth phase differs according to
medium (90 minutes for YPD and 140 minutes for YMM). 30°C is required for an

optimum yeast growth.

Many S.cerevisiae strains were obtained in many important laboratories in the world.

CEN.PK is a widespread S.cerevisiae strain that is used in many studies in laboratories



(Schacherer et al., 2007). When compared with other S.cerevisiae strains, it was
demonstrated that CEN.PK strain family was more preferable regarding characteristics
of growth in shake-flask, growth rates during respiratory phase, and efficiency in
genetic transformation. Additionally, its physiological character is similar in both
haploid and diploid forms, many gene-replacement mutants are produced, productivity
of heterologous protein production was high, and DNA microarrays are easily

accessible (van Dijken et al., 2000).

1.6 Silver Stress in S.cerevisiae

All metal ions are able to bind to cell wall of yeast by anionic groups on it without any
specific cell affinity effort (Fuhrman and Rothstein, 1968). On the other hand, some
metals like iron and copper are essenital so yeast cell has to take in, sequester into cell
compartment and detoxify through complicated mechanisms in order to keep the
optimal levels of it in cytosol (Nies, 1999). Silver is a nonessential metal and does not
participate in any protein for its structure or catalytic function. Since there is no
biological significance of silver ions, there is no known transport, maintainence, or
export system specialized and targeted on silver inside the cell. However, because of
its structural resemblance to copper, silver is also transported by copper transport
system especially under copper deficiency and many copper ATPases are activated to

carry silver ions (Solioz and Odermatt, 1995).

If copper increases in cytosol, Acelp, transcription factor of copper, is activated that
leads to the expression of CUP1-1 and CUP1-2 metallothionein genes (Winge, 1998).
In addition to these metallothioneins, CCC2 gene is induced during high-level copper
conditions to export copper to the extracytosolic compartment from cytosol. CCC2
gene is also responsible for iron uptake (Yuan et al., 1995). When yeast cell is
subjected to silver ions, CUP1-1, CUP1-2, and CCC2 genes are also induced (Niazi et
al, 2011). In Figure 1-5, it is shown how silver and some other metals are detoxified
in general. Copper transport system is stimulated in the cell to prevent toxicity of silver
during this detoxification, which includes chelation of silver ions by metallothionein
and glutathione, reduction of reactive oxygen species by antioxidative redox system
(AORS), sequestration into the vacuole where silver is stored and proteins are
degraded. Most of the metals (such as zinc, nickel, and cobalt) accumulate in vacuole



and this accumulation of metals preserves the cell from toxicity of metals (Ramsay et
al., 1997).
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Figure 1.5 : Detoxification patterns against silver stress in S.cerevisiae. The
abbreviations for patterns regarding Ag"* (silver ion) are Me: Metal ion, GSH:
Glutathione, MT: Metallothionein (Hosiner et al., 2014).

When the yeast cell is overexposed to silver, the resistance mechanisms are not able
to handle the inhibitory influences of it. Silver stress leads to growth rate defect,
instability of cell wall and oxidative stress inside the cell. Additionally, cell membrane
integrity is damaged and oxidative stress causes impairment in RNA processing,
ribosome biogenesis, protein folding and cellular respiration. Both silver ions and
silver nanoparticles (AgNPs) have toxic effects on the yeast cell but free silver ions
have worse effect than silver nanoparticles (Horstmann et al., 2019). Cellular processes

and cell compartments impaired by silver stress are shown in Figure 1.6.

Silver nanoparticles and silver ions response of the yeast consists of complicated and
unrevealed molecular mechanisms. In order to investigate these mechanisms, the omic
technologies provide detailed information. There are many researches covering
deletome and transcriptome analysis focusing on silver ion exposure of yeast and silver
(such as Jin et al., 2008) as well as covering transcriptome profile focusing on silver

nanoparticle treatment (such as Horstmann et al., 2019).
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Figure 1.6 : Cellular processes and cell compartments impaired by silver stress. (A)
Impairment of ribosome integrity and its consequence of upregulation of rRNA
processing and ribosome subunit biogenesis genes. (B) Downregulation of genes
participated in respiration, protein folding, cytosolic metabolism, sugar import,
integrity of cell wall (Horstmann et al., 2019).

1.7 Metabolic Engineering

In 1970s, there were many advances in recombinant DNA technology which led to
outstanding discoveries and novelties in biology. Thus, scientists started to work on
genomes of both eukaryotic and prokaryotic cells, thoroughly. In the 2000s, these
improvements have reached a high level such that producing pharmaceutical proteins

in large amounts and forming a productive mutant strain under extreme conditions



became possible now (Porro et al., 2005). Metabolic engineering is described as
changing or installing biochemical reactions in the cell by using recombinant DNA
technology, in order to improve cellular properties and biological products
(Stephanopoulos, 1999). Gene deletions and new metabolic pathway introduction are
achieved by execution of genetic engineering techniques and using the data gathered
from biochemical analysis (Ostergaard et al., 2000). S. cerevisiae is also a preferable
microorganism for metabolic engineering, because unnecessary mutations can be ruled

out and heterologous genes can be expressed (Nevoigt, 2008).

There are complex relationships between many metabolic pathways and sometimes it
is nearly impossible to understand the regulations of all cellular activities being
investigated, asit requires the recognition of the whole metabolic network. Thus,
inverse metabolic engineering can be an alternative approach for metabolic studies,
overcoming those difficulties associated with the rational metabolic engineering
(Cakar, 2009).

1.8 Evolutionary Engineering as an Inverse Metabolic Engineering Strategy

In order to enhance the product formation or the production rate of microorganisms,
metabolic engineering is an ideal tool. However, inverse metabolic engineering is
applied for complex metabolic systems about which there is a limited amount of
information.that Inverse metabolic engineering consists of three major steps:
identification or description of a desired phenotype, , determination of the genetic basis
of that phenotype, and introduction of the relevant genes of that phenotype to a suitable
host for industrial production (Bailey et al., 1996).

As an inverse metabolic engineering strategy, adaptive laboratory evolution or
evolutionary engineering enables improvement of genetically complex microbial
phenotypes (Cakar, et al., 2012). Iron-resistant (Balaban et al., 2020), caffeine-
resistant (Surmeli et al., 2019), coniferyl aldehyde-resistant (Hacisalihoglu et al.,
2019), ethanol-resistant (Turanli-Yildiz et al., 2017), nickel-resistant (Kucukgoze et
al. 2013), cobalt-resistant (Cakar et al., 2009; Alkim et al., 2013), and multi-stress
resistant (Cakar et al., 2005) strains of S. cerevisiae have been previously obtained by
applying evolutionary engineering. In addition to these stress-resistant mutants, an
evolved S.cerevisiae strain that has an increased chronological life span has also been

obtained by using evolutionary engineering strategy (Arslan et al., 2018). In order to

10



identify the complicated molecular mechanisms these stress-resistant evolved strains,
transcriptomic, physiological, and/or genomic analyses have also been performed in

those studies.

1.9 The Aim of the Study

Despite the common use of silver in various applications and the limited information
about copper-related genes and tolerance pathways in S. cerevisiae that may also be
involved in silver tolerance, the molecular basis of silver resistance in yeast has not
been clarified yet. There are no reports on transcriptomic and genomic analyses of
silver-resistant S. cerevisiae. Additionally, there are no previous studies which
employed evolutionary engineering strategy to obtain highly silver stress-resistant S.

cerevisiae.

In this study, the aim was to obtain a S. cerevisiae strain which is resistant against
silver stress by using evolutionary engineering and to investigate the molecular
mechanisms of the silver resistance of the evolved strain by using genomic,

transcriptomic, and physiological analyses.
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2. MATERIALS AND METHODS

2.1 Materials

The materials used in this study consist of the yeast strain, media, chemicals, buffers,
solutions, enzymes, Kits, equipments, and websites. All materials, except for the strain,
are listed in tables.

2.1.1 Strain

The prototrophic Saccharomyces cerevisiae strain CEN.PK 113-7D (MATa, MAL2-8°,
SUC2) (van Dijken et al., 2000) was used as the reference strain (also called as 905)
in this study. The reference strain is provided by Prof. Dr. Jean Marie Francgois and Dr.

Laurent Benbadis (University of Toulouse, France).

One mL of exponentially growing cells were rotated at 10,000 xg for 5 minina 1.5
mL microfuge tube in order to prepare stock cultures. 30% (v/v) glycerol was used for
resuspension of the pellet. The stock cultures were stored at -80°C.

2.1.2 Media

Yeast minimal medium (YMM) containing 2% (w/v) glucose and 6.7 g/L yeast
nitrogen base without amino acids (Difco) was used for cultivations (Burke et al.,
2000). For solid media, 2% (w/v) agar was added to YMM (Table 2.1).

Table 2.1 : Contents of YMM.

Content YMM Percentage (w/v)
Yeast nitrogen based without amino acids 0.67

Glucose 2.00

Agar for solid media 2.00

Distilled water 1L

Yeast extract-peptone-dextrose medium (YPD) containing 1% (w/v) yeast extract, 2%
(w/v) peptone and 2% (w/v) glucose was used for growth of the yeast cells (Sherman
etal., 1979). For solid media, 2% (w/v) agar was added to YPD (Table 2.2).
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Table 2.2 : Contents of YPD.

Content YPD Percentage (w/v)
Yeast extract 1.00
Peptone 2.00
Glucose 2.00
Agar for solid media 2.00
Distilled water 1L

2.1.3 Chemicals

The chemicals used in this study are listed in Table 2.3.

Table 2.3 : Chemicals used in the study.

Chemical Company Country
5-fluoro-orotic acid Euromedex France
Acetic acid glacial MERCK Germany
Aluminum chloride hexahydrate AlICIz6H.O  MERCK Germany
Ammonium iron(I1) sulfate hexahydrate
(NHa4)2Fe(S04)26H.0 MERES Germany
Ethylenediaminetetraacetic acid disodium salt
dehydrate EDTA PERCK Germany
VWR BDH
Glucose PROLABO UK
Cobalt chloride CoCl: Fluka USA
Cyanine 3 A_merg,ham Sweden
Bioscience
DNA markers Fermentas Lithuania
IPTG dioxane-free Fermentas Lithuania
X-gal Fermentas Lithuania
Ethanol J.T.Baker Netherlands
Glucose standard solution Sigma USA
Manganese(ll) sulphate monohydrate .
MnSO4H-20 Sigma USA
o-Dianisidine dihydrochloride Sigma USA
PEG-400 Sigma USA
Hydrogen peroxide MERCK Germany
Magnesium chloride hexahydrate
Mg%I26H20 y MERCK Germany
Nickel(11) chloride hexahydrate NiCl.6H20 MERCK Germany
Potassium acetate MERCK Germany
Silver nitrate AgQNOs MERCK Germany
Sorbitol MERCK Germany
Tris HCI MERCK Germany
Tryptone MERCK Germany
Yeast Extract MERCK Germany
Ampicillin Roche Switzerland
Agarose Applichem Germany
. VWR BDH
Ammonium sulphate PROLABO UK

14



Table 2.3 (continued) : Chemicals used in the study.

Chemical Company Country
Trehalase Sigma USA

NaCl Carlo Erba Italy
Glucose oxidase/peroxidase reagent Sigma ALDRICH USA
Lithium acetate Sigma ALDRICH USA
NaOH Carlo Erba Italy
Nouseothricine (ClonNAT) Werner Bioagents Germany
Mercaptoethanol MERCK Germany
Amyloglycosidase (3500 U) Roche Switzerland
G-418 (Geneticine) solution Roche Switzerland
RNase A Roche Switzerland
B-Glucuronidase/Arylsulfatase Roche Switzerland
Bacto peptone BD DifcoTM USA

Yeast nitrogen base without amino acid and BD DifcoTM USA

ammonium sulphate salt

Calcium chloride hexahydrate CaCl.6H.0
Lithium chloride anhydrous LiCl2 Sigma ALDRICH USA
Potassium acetate Sigma ALDRICH USA
SDS Sigma ALDRICH USA
Zinc sulphate heptahydrate ZnSO47H20 Sigma ALDRICH USA
Copper(ll) sulphate pentahydrate CuSO4s5H,0  Sigma ALDRICH  USA
DAPI 4°,6-diamidino-2-phenylindole Sigma ALDRICH USA
Glycerol Sigma ALDRICH USA

Sigma ALDRICH USA

2.1.4 Buffers and solutions

The buffer and solution names and their content are listed in Table 2.4.

Table 2.4 : Buffers and solutions used in the study.

Solution/Buffer Content
Potassium phosphate 50 mM and pH 7
buffer
Sodium thiosulphate 10% (w/v)
Glycerol 30% (v/v)

. 50 mM Tris HCI pH 8, 10 MM EDTA, 100 mg/L
Solution |

RNase A

Solution 11 200 mM NaOH and 1% SDS
Solution 111 Potassium acetate and acetic acid glacial

2.1.5 Kits and enzymes

The kits and enzymes used in this study are listed in Table 2.5.

Table 2.5 : Kits and enzymes used in the study.

Kit/Enzyme Company Country
DNase Qiagen Germany
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Table 2.5 (continued) : Kits and enzymes used in the study.

Kit/Enzyme Company Country
RNeasy Mini Kit Qiagen Germany
RNA Spike-In Kit One-color Agilent  USA
Absolutely RNA Nanoprep Kit Agilent  USA
Gene expression Hybridization Kit ~ Agilent ~ USA
Gene Expression Wash Buffers Agilent  USA
Hybr'ldlzatlon Ch_amber gasket slides Agilent USA

(8 microarrays/slide)

Low Input Quick Amp Labeling Kit  Agilent ~ USA
RNA 6000 Nano LabChip Kit Agilent  USA
Agilent RNA 6000 Nano Kit Agilent  USA
Lyticase Sigma USA

2.1.6 Equipment

The equipment used in this study are listed in Table 2.6.

Table 2.6 : Equipment used in the study.

Equipment Company Country
Hybridization Chamber Agilent USA
Hybridization oven rotator for Agilent Microarray .

Hybridization Chambers Agtlent RoA
Hybridization oven Agilent USA
Bioanalyzer 2100 Agilent USA
Microarray Scanner Agilent USA
Glass slides for microarray analysis Agilent USA
Refrigerator (+4°C, -20°C) 3011 NY Arcelik Turkey
Benchtop Centrifuge Allegra 25R Beckman Coulter USA
Ultracentrifuge Avanti J-301 Beckman Coulter  Germany
Microwave oven Beko Turkey
Gel illustration system Biolab Turkey
Laminar Flow Hood Faster BH-EN 2003 Biolab Italy
Electrophoresis system BioRad USA
Aminex©HPX-87H column BioRad USA
Microplate Reader 3550 UV BioRad USA
Orbital Shaker Incubator Certomat S Il Sartorius AG Germany
Thermomixers Eppendorf Germany
Micropipettes Eppendorf Germany
Centrifuge 5424 Eppendorf Germany
pH-meter MP220 Mettler Toledo Germany
REAX top Vortex mixer Heidolph Germany
Water Bath SW22 Julabo Germany
Magnetic Stirrer Labworld Germany
Incubator EN400 - EN500 Nive Turkey
Light Microscope CH30 Olympus USA
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Table 2.6 (continued) : Equipment used in the study.

Equipment Company Country
Balance BJ 610 C - 620 SCS Precisa Switzerland
Vortex mixer for chip MS2-S8/MS2-S9 IKA China
Spectrophotometer UV-1700 Shimadzu Japan
Thermal Cycler TC-412 Techne USA
NanoDrop 2000Spectrophotometer 'Sl'h_erm_o_F|sher USA
cientific
High Pressure Liquid Chromatography Shimadzu Japan
UHQ Ultrapure Water System USF-Elga USA
Deep Freezer (-80°C) Ultra Low MDT- U40865 Sanyo Japan
Rotor JA-30.50i Beckman Coulter USA
280FS AA Varian USA
Autoclave GR110DF Zealway USA
Autoclave 2540mL - 2870ELVC Tuttnauer Systec ~ Switzerland
Autoclave SX 700E Tomy China

2.1.7 Websites and software

The websites and software used in this study are listed in Table 2.7.

Table 2.7 : Website and software used in the study.

Website/Software Name

Website/Company

2100 Expert software

GeneSpring

Primer-3-Plus

Saccharomyces genome database

(SGD)

SGD, GO Slim Mapper

YEASTRACT

Agilent Tech.

GeneSpring 12.6 version, Agilent Tech.

http://www.bioinformatics.nl/cgi-

bin/primer3plus/primer3plus.cgi

http://www.yeastgenome.org/

http://www.yeastgenome.org/cgi-

bin/GO/goSlimMapper.pl
http://www.yeastract.com

2.1.8 Cultivation of yeast

Yeast strains were cultivated at 150 rpm and 30°C in YMM or YPD (medium rich in

nutrient). Yeast strains’ stock cultures were kept in a -80°C deep freezer in 1.5 mL

microcentrifuge tubes containing 30% (v/v) glycerol. After inoculation of the frozen

stock cultures in 50 mL culture tubes in 10 mL of YPD medium, they were incubated

overnight on a rotary shaker of 150 rpm at 30°C. The overnight cultures grown in YPD

medium were used to prepare precultures of yeast strains, unless otherwise stated. The

cultures grown overnight in YPD were washed with 2% YMM twice and then

incubated approximately for 16 hours at 150 rpm and 30°C.
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2.2 Methods

2.2.1 Growth analysis tests

Growth analysis consists of spectrophotometric measurements, determination of
specific growth rate, colony-forming units (CFU) numbers, and cell dry weight of the

cultures.

2.2.1.1 Spectrophotometry

Shimadzu UV-1700 spectrophotometer was used to measure the optical density at 600
nm (ODeoo) in order to monitor growth of the cultures. The yeast cultures grown under
different stress conditions were compared with the non-stressed (control) ones by
dividing their ODegoo values to those of the control cultures that indicated growth fitness

or survival rate.

2.2.1.2 Colony-forming units (cfu) determination

To monitor the growth of the cultures, the colonies on the agar plates were counted
manually by using a pen, as described previously (Goldman and Green, 2008).

2.2.1.3 Specific growth rate determination

A growth physiological experiment was applied in order to determine the growth
behavior of the cultures. It involves the determination of ODego Values of the overnight
cultures in YPD, twice-wash of the cells with sterile distilled water, and inoculation to
an initial ODeoo of 0.2 into 20 mL fresh 2% YMM (in 100 mL flasks). The cultures
were incubated approximately for 16 hours at 150 rpm and 30°C. Pre-cultivation of the
cells was performed in 0.5% YMM for growth in silver-containing medium.
Precultures were inoculated to an initial ODego 0f 0.2 in 11 flasks inoculated into fresh
200 mL 2% YMM. Cultures were incubated at 150 rpm and 30°C. During incubation,
withdrawal of samples from the culture was performed at specific time intervals. The
ODesoo values of the cultures were measured. For statistical purposes, the experiment
was performed in triplicate, where arithmetic averages and standard deviations were

also calculated.

Logarithmic values of the ODeoo (LNODsoo) Were also calculated, to plot growth
curves and calculate the generation time and the specific growth rate (i), using the

natural logarithmic values, as shown in the Equations 2.1 and 2.2, respectively.
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Ln2

Generation time (h) = . (2.1)

Aln0D600

Specific growth rate () = —

(22)

2.2.1.4 Cell dry weight determination

In order to measure the biomass production of the evolved strain and the reference
strain, cell dry weight (CDW) analysis was performed. Microcentrifuge tubes of 2 mL
were dried in an oven for 48 h at 80°C. The tubes were kept in a desiccator for 3 h. To
specify initial weight, they were weighted. Two mL samples were withdrawn from
cultures at specific time intervals during the growth, and put into the preweighed
microcentrifuge tubes. Centrifugation was applied for 5 min at 14,000 xg. After the
removal of the supernatant, cell pellets in the tubes were placed in the oven at 80°C for
48 h. Right after the desiccation for 3 h in the desiccator, the tubes were weighed for
final weight. The difference between the final weight and the inital weight indicated

the biomass. CDW analysis was conducted in triplicate.

2.2.2 Stress resistance determination

Most Probable Number (MPN) assay, spot assay and replica plating were performed
for the determination of stress resistance of yeast cells. Stress resistance was
determined by comparison of the survival of the yeast strains in the media containing

different stress factors and stress levels.

2.2.2.1 Most Probable Number (MPN) assay

Most probable number assay was used to estimate resistance of a cell to different stress
types (Russek and Colwell, 1983). Serial dilutions in 96-well plates covering 180 uL
YMM allowed the determination of viable cell numbers. Five parallel samples in the
range between 10! and 108 were diluted in order to estimate the most probable number

of survivors according to the ability of growth of the yeast cells at higher dilutions.

Cells were grown in 200 uM AgNOs containing YMM for 72 h. MPN table was used
to determine the viable cell numbers. Survival rate, the resistance to stress conditions,
was calculated as the ratio of stress-treated viable cell number and non-treated viable
cell number (Cakar et al., 2009).
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2.2.2.2 Spot assay

In order to determine yeast strains’ sensitivity and resistance against various stress
factors, spot assay was applied as described previously (Memarian et al., 2007). Cells
were cultivated in 10 mL liquid YMM in 50 mL culture tubes. After they reached
logarithmic growth phase at 150 rpm and 30°C, yeast cells were divided into equal
numbers and centrifuged for 5 min at 10,000 xg. The pellets were resuspended in 100
pL water, as soon as the supernatant was withdrawn. They were diluted in 96-well
plates serially at 107, 102, 10, and 10 dilution rates. The diluted suspensions of 2
ML were spread onto solid plates with and without stress factor in the media. All of
them were incubated at 30°C.

2.2.2.3 Replica plating

Replica plating method was applied to reveal and compare various phenotypes of yeast
cells, as described previously (Lederberg and Lederberg, 1952). Firstly, yeast cultures
to be compared were grown in solid YPD medium in petri dishes, called as master
plate. The master plate was then used to inoculate the control plate and the plates
containing different stress factors in either YPD or the minimal medium YMM. The

plates were incubated for 1-2 days at 30°C to produce colonies.

2.2.3 Obtaining silver-resistant Saccharomyces cerevisiae by evolutionary

engineering

Evolutionary engineering strategy was performed in this study as an inverse metabolic
engineering approach in order to obtain silver-resistant Saccharomyces cerevisiae
mutant. After mutagenization of S.cerevisiae with ethyl methane sulfonate (EMS),
initial silver stress level was determined. A culture surviving under conditions with
high silver concentrations was obtained by gradually increasing silver stress level in
the media. Finally, silver-resistant individual mutants were selected from the final

population.

2.2.3.1 EMS mutagenesis of Saccharomyces cerevisiae

The reference strain (905) was subjected to chemical mutagenesis (EMS), as described
previously (Lawrence, 2002). Approximately 10% of the initial culture survived after
the EMS mutagenesis, thus a starting population containing genetically diverse

individuals was obtained. Evolutionary engineering batch selection experiments were
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applied to a chemically mutagenized culture (called 906) containing genetically
diverse individuals, as described previously (Turanli-Yildiz et al., 2017; Cakar et al.,
2009; Kiiclkgoze et al., 2013). In this thesis study, silver-resistant S. cerevisiae mutant
was selected by increasing silver concentration gradually in the environment as the

stress factor.

2.2.3.2 Initial silver stress level determination for selection experiments

The growth of S.cerevisiae in 2% YMM was compared with the growth in media
containing 0.125 mM, 0.25 mM, 0.5 mM, 1 mM, 2 mM, 5 mM, and 10 mM AgNO3
in order to determine the initial stress level for the evolutionary selection experiments.
The growth was detected by spectrophotometric analyses at 600 nm wavelength and
also colony-forming units (CFU). The cultures of both 905 and 906 were grown in 2%
Y MM overnight and then inoculated in 50 mL-test tubes into 10 mL fresh 2% YMM
for control and 10 mL of seven media at different AgQNOs concentrations indicated
above to an initial ODeoo of 0.35. They were incubated at 150 rpm and 30°C. The
growth of 905 and 906 in all media types were determined at the 24" h of incubation
using a spectrophotometer. For the determeination of colony-forming units, it was
determined between 24" and 72" h of incubation. The growth ratio was calculated by
dividing ODeoo of the silver-stress culture to that of the control culture as shown in
Equation 2.3 and by dividing cell number of the silver-stress culture to that of the
control culture as shown in Equation 2.4.
ODeoo value of the silver stress group

Growth ratio=
rowth rato ODeoo value of the control group (2.3)

Growth ratio— Cell number of the silver stress group
rOWI TR0 T el number of the control group (2.4)

2.2.3.3 Obtaining silver-resistant mutant generations

In order to select a silver-resistant mutant generation, the EMS-mutagenized culture
(906) was cultivated in successive batch cultures where the silver stress level was
increased gradually. The initial silver concentration of the medium was 5 uM AgNOs
and it was increased gradually until it reached 250 uM AgNO:s at the final passage.

EMS-mutagenized culture (906) grown in 2% Y MM overnight was inoculated in two
different 100 mL flasks to an initial ODgoo 0f 0.35: one of the flasks contained 20 mL
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2% YMM without silver (control) and the other contained 20 mL 2% YMM with a
silver concentration of 5 uM AgNOs3. They were incubated for 24 h at 150 rpm and
30°C. The growth ratio of the cultures were calculated by using both the Equations
(2.3) and (2.4) where ODeoo values of the cultures were detected by a
spectrophotometer. The initial culture grown for 24 h in the presence of 5 uM AgNO3
was named as the first population of the study. After the first population was
centrifuged for 3 min at 10,000xg, it was washed twice with sterile distilled water. It
was inoculated into fresh YMM and YMM with 10 pM AgNOs (in two separate
culture tubes) and grown for 24 h (called as the second population). CFU and ODsoo
values of the second population were measured. The aliquot of 1 mL population was
washed twice with sterile distilled water and stored at -80°C in 30% (v/v) glycerol for
every passage. Cultivations were repeated until the 29" population by gradually
increasing the silver concentration at each successive population up to 250 uM AgNOs
at the final (29"") population.

2.2.3.4 Individual mutants selection from the last population

In order to obtain colonies from the final (29") population of the mutant culture, it was
spread onto solid YMM plates containing 200 UM AgNOs and incubated for 72 h and
30°C where 10 colonies were randomly selected after 72 hours according to their
approximate colony volume. Ten individual mutants (Table 2.8), final population and
the reference strain were subjected to silver resistance test on YMM plates containing
200 uM AgNO:s.

Table 2.8 : Individual mutants chosen from the 29" population.

Mutant Name

1E 6E
2E 7E
3E 8E
AE 9E
SE 10E

2.2.4 Determination of cross-resistance against other stress types

Spot assay method was used to estimate stress cross-resistance. The strain precultures
were inoculated for 18-20 h at 150 rpm and 30°C after they were cultivated in 50-mL
test tubes containing 10 mL liquid YMM. The overnight precultures were incubated at
150 rpm and 30 °C and they were transferred into 50 mL culture tubes containing 10
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mL fresh YMM to an initial ODeoo of 0.2 (approximately 2.8 x 10° cells/mL).
Spectrophotometrical (Shimadzu UV-1700, Japan) values at 600 nm were measured
for growth. When reached mid-exponential phase where the ODeoo values were about
2 (approximately 2.8 x 107 cells/mL), supernatants that occured at the end of the
centrifugation for 5 min at 10,000 xg were discarded, and 2 mL cells were collected.
In order to obtain 4 ODsoo units/cells in 1 mL, the cells were resuspended in 1 mL
sterile distilled water after they were washed with sterile distilled water. They were
diluted for ten-fold (from 10 to 10*#) by using sterile distilled water. Finally, 5 uL 10-
fold diluted cells were spotted onto plates that were containing YMM with standard
contents, 0 - 500 uM AgNOs, and also various stress factors (25 and 50 mM
(NH4)2Fe(S0s4)2, 10 mM ZnCly, 10 mM LiClz, 0.25 mM NiClz, 8% (v/v) ethanol, 7.5
mM AICls3, 2 mM CrClz, 20 mM MnClz, 3 mM CoClz, 1 mM H:0, and 0.3 mM
CuS0g,) shown in Table 2.9. All plates were incubated for 72 h at 30 °C.

Table 2.9 : Stress factors and their concentrations for stress cross-resistance tests.

Stress Factor mM or %

CuSO4 0.3
H202 1

CoCl; 3

CrCl3 2

AICI; 7.5
Ethanol 8% (v/v)
MnCl; 20

NiCl. 0.25
LiCl, 10
ZnCl; 10

(NHa)2Fe(SO4), 25
(NH4)2Fe(SO4)2 50

2.2.5 Genetic stability analysis of individual mutants

In order to test the genetic stability of the mutants, firstly, the mutant strains stored as
frozen stocks at -80°C were inoculated to solid YPD medium before incubation at 30°C
for 2 days. The culture on the YPD agar plate was innoculated in 50 ml culture tube
containing 10 mL YMM and then transferred to 50 ml culture tube to an initial ODeoo
of 0.35 with 10 ml fresh YMM. The first passage was produced by incubation of the
culture for 24 h at 150 rpm and 30°C. Five successive passages were obtained by
repeating the same steps with the culture obtained at the end of every process. All of

the five stock cultures in addition to the reference strain were grown in liquid YMM
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and inoculated on agar plates with silver and without silver (control). Thus, all 5
passages were tested for their silver resistance levels by using MPN method.

2.2.6 Growth analysis of the mutant and the reference strain

Precultures of the reference strain and the mutant strain were grown until they reached
early stationary phase on a rotary shaker at 30°C. They were cultured in 20 mL YMM
at 150 rpm and 30°C in 100-mL Erlenmeyer flasks. They were then inoculated into
two separate 500 mL flasks containing fresh YMM of 100 mL, with and without 220
MM AgNOs, and incubated at 150 rpm and 30°C. Cell growth was measured as CFU

and also by spectrophotometry.

2.2.7 Physiological characterization of the mutant and the reference strain

Reference strain and the mutant precultures were prepared in 250-mL flasks at 30°C
and 150 rpm. They were inoculated upon 12 h of incubation into 400-mL YMM and
YMM containing 200 uM AgNO:s in 2-L flasks by setting the initial ODsoo as 0.35.
ODeoo values were monitored throughout 12 h by 1.5 h time intervals and the final

ODeoo Was measured at 24 h of incubation.

2.2.8 Further analysis for growth

Further analyses were required for detailed investigation of growth parameters of the
reference strain and the silver-resistant mutant. Glucose consumption, ethanol, acetate,

and glycerol production, trehalose and glycogen contents were measured.

2.2.8.1 Glucose consumption and ethanol, acetate, glycerol production

The silver-resistant strain’s and the reference strain’s overnight precultures were
incubated in 250-ml flasks at 30 °C and 150 rpm for 12 h in 50 ml YMM. Precultures
were inoculated in 2-liter flasks at 30 °C and 150 rpm to an initial ODesgo of 0.35
(approximately 4.9 x 10° cells/ml) into fresh 400 ml YMM and 400 ml YMM
containing 200 uM AgNOs. The growth of the cultures were measured as ODegoo
values. Concentrations of the residual glucose, glycerol, acetate, and ethanol of the
cultures were measured by using HPLC, as described previously (Kiiglikgoze et al.,
2013).

Solution I and Solution 11, given in Table 2.10, were used to prepare standard solutions

for HPLC, as shown in Table 2.11. Tha standard solutions enabled to measure the

24



standard concentrations of metabolites in HPLC, as indicated in Table 1.12. The
unknown concentrations of the unknown metobolites in the culture were calculated by
using these standard concentrations of metabolites in HPLC. The experiment was
performed in triplicate, and the standard deviations and average values were

calculated.

Table 2.10 : Contents of Solution | and Solution I1.

Solution |
Glucose 120 g
Final volume by adding dH>0O 1000 mL
Solution 11
Ethanol 30¢
Glycerol 29
Acetate 49

Final volume by adding dH>O 1000 mL

Table 2.11 : Standard solutions of HPLC standards.

Standard solution (Std) Mixing Volumes Eluent Volume Final Volume

Standard 1 1mi SOIUt.'On | 2 mL Eluent 6 mL
3 ml Solution Il
Standard 2 0.75 mL Std1 0.25 mL Eluent 1mL
Standard 3 0.50 mL Std1 0.50 mL Eluent 1mL
Standard 4 0.25 mL Std1 0.75 mL Eluent 1mL
Standard 5 0.125 mL Stdl1  0.875 mL Eluent 1mL
Standard 6 0.063 mL Std1  0.937 mL Eluent 1mL
Standard 7 0.010 mL Std1  0.990 mL Eluent 1mL

Table 2.12 : Retention time (given in = 0.2 min range) and concentrations of
metabolites in HPLC standards.

Metabolite(g/L) Glucose Ethanol Glycerol Acetate

Standard 1 20 15 1 2
Standard 2 15 11.25 0.75 1.5
Standard 3 10 7.5 0.5 1
Standard 4 5 3.75 0.25 0.5
Standard 5 2.5 1.875 0.125 0.25
Standard 6 1.125 0.937 0.0625 0.125
Standard 7 0.2 0.15 0.01 0.02

Retention Time (min) 8.43 19.95 12.5 13.81

2.2.8.2 Trehalose content

The measurement of the trehalose content in cells was performed as described
previously (Parrou and Francois, 1997). First, cell pellet was collected from the culture
of an ODsoo value of 25. After the pellet was suspended in screw-top microfuge tubes
(Corning, USA) containing 250 pL of 0.25 M Na>COg, it was kept for 4 h at 95°C.
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Before 600 pL of 0.2 M C2H3NaO- buffer at pH 5.2 was mixed inside, 150 uL of 1 M
CH3COOH added into the suspension. Final solution was incubated with trehalase
(Sigma) at 37°C overnight. The glucose oxidase/peroxidase method was used for

glucose determination, as described previously (Cramp, 1967).

2.2.9 Microarray analysis

Whole genome transcriptomic analysis was performed in order to obtain detailed
information about silver resistance of the mutant. Agilent DNA Microarray System
was used to analyze and compare the whole genome transcriptome of the mutant and
the reference strain. Extraction of total RNA, extracted total RNA samples quality
analysis, synthesis of cDNA, cRNA labeling, hybridization on microarray chips, and

analysis of data were the steps of DNA microarray analysis.

2.2.9.1 Extraction of total RNA

RNeasy Mini Kit (Qiagen) was used for total RNA extraction. In brief, after being
grown in 50 ml culture tubes containing 10 ml 2% YMM for about 16 h at 150 rpm
and 30°C, reference strain and the silver-resistant mutant cultures were inoculated to
an initial ODegoo 0f 0.1 in 20 ml fresh YMM and incubated at 150 rpm and 30°C. Total
RNA isolation was performed in accordance with manufacturer’s procedure (RNeasy
Mini Kit, Qiagen) after the growth of the cultures were at the mid-exponential phase
where ODgoo values reached 1 (= 2x107cells/ml). Table 2.13 shows the buffers of the

RNA extraction kit and their contents.

Table 2.13 : Buffers of Qiagen RNA Extraction Kit and their contents.

Buffer Content

v1 Buffer 0.1 M EDTA and 1 M sorbitol were prepared and adjusted to pH 7.4.
Just before use, lyticase and 0.1% B-mercaptoethanol were added.
RW1 Not indicated.

RPE Buffer Before use, four volumes of ethanol were added to RPE buffer.

RLT Buffer 10 ul B-mercaptoethanol per 1 mL RLT.

After the harvest of the culture of ~ 2x10’cells per mL by centrifugation at room
temperature for 3 min at 10,000 xg, supernatants were discarded and pellets were
washed twice with sterile distilled water. Cell wall of yeast cells was disrupted by
enzymatic lysis procedure. First, 0.1% p-mercaptoethanol and lyticase (50 U final
concentration) were added into 1.5 mL Y1 solution and cells were transferred into this
freshly prepared solution. Gentle shaking was performed during incubation of cells for
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30 min at 30°C. After the centrifugation of spheroplasts for 5 min at 300 xg,
supernatants were discarded. After adding 350 pL Buffer RLT with 1% pB-
mercaptoethanol, spheroplasts were lysed by vortexing vigorously. The lysate was
mixed by using pipette after 350 pL 70% (v/v) ethanol was added. The mixture,
transferred to RNeasy spin columns in 2 mL collection tube, was centrifuged for 15
sec at 8,000 xg. After the addition of 700 pL Buffer RW1 to spin columns, the mixture
was centrifuged for 15 sec at 8,000 xg. Before centrifugation for 15 sec at 8,000 xg,
500 uL Buffer RPE was added to spin columns. Before centrifugation for 2 min at
8,000 xg to the re-wash spin column, 500 pL Buffer RPE was added to the spin
columns. The spin columns were installed in new collection tubes of 2 mL and
centrifuged for 1 min at 16,000 xg. Final step was placing spin columns in a new 1.5
mL RNase-free microfuge tube. RNase-free water of 40 uL was added onto spin
columns and centrifuged for 1 min at 8,000 xg in order to elute RNAs from spin
columns. Total RNAs purified at the end of this procedure were kept at -80°C.

2.2.9.2 Purified total RNA gquality analysis

A UV-Vis spectrophotometer (NanoDrop 2000, Thermo Scientific) was used to
determine purified total RNA concentrations. For quality analysis, RNA
concentrations of >150 ng/uL were required. The RNA 6000 Nano Assay Kit (Cat:
5067-1511, Agilent, USA) and Agilent 2100 Bioanalyzer instruments were used to
determine RNA integrity numbers (RIN) of RNA samples. Analysis of RNA samples’
electropherograms and determination of RIN values were performed by the
manufacturer’s instructions. For DNA microarray analysis, samples with RIN values

of > 9 were selected.
2.2.9.3 Synthesis of cDNA and labeling of cRNA

RNase-free water was used for dilution of RNA samples with sufficient quality to 133
ng/uL. An amount of 1.5 pL of this diluted RNA (total 200 ng) was used for
microarray analysis of DNA. Spike RNA (Agilent One-color RNA Spike-in Kit) was
used as the control unit. For 200 ng total RNA, dilution rates of Spike RNA were 1:10,
1:20, and 1:25 (totally 1:5000). Two pL from the last dilution was added to samples
of RNA. Afterwards, 1.8 pL of T7 primer mix, as shown in Table 2.14, was added to
each tube with 3.5 pL of total RNA and diluted RNA spike-in controls.
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Table 2.14 : Composition of T7 primer mix.

Content Volume (uL) per reaction
Nuclease-free Water 1
T7 Primer 0.8

In order to denature RNA, the tubes were incubated for 10 min at 65°C before they
were cooled down for 5 min to 4°C. Each tube was added 4.7 pL cDNA master mix,
content of which is shown in Table 2.15. The tubes were incubated firstly for 2 h at
40°C and secondly for 15 min at 70°C. Finally they were cooled down and kept at 4°C

for denaturation.

Table 2.15 : Composition of cDNA mster mix.

Content Volume (UL) per reaction
Affinity Script RNase Block Mix 1.2
10 mM dNTP Mix 0.5
5x First Strand Buffer 2
0.1 M Dithiothreitol (DTT) 1

cDNA was synthesized before cRNA was labelled with Transcription Master Mix. The
composition of Transcription Master Mix is shown in Table 2.16. Addition of the T7
RNA Polymerase Blend enzyme was just before the use of the mix. Six pL of the
Transcription Master Mix was put into each sample tube. Labeling (Cy3) and synthesis
of cRNA were performed by incubation of the tubes for 2 h at 40°C.

Table 2.16 : Transcription Master Mix composition.

Content Volume (pL) per reaction
5% Transcription Buffer 3.2

NTP Mix 1
Nuclease-free water 0.75
0.1MDTT 0.6

Cyanine 3-CTP 0.24

T7 RNA Polymerase Blend 0.21

Total volume 6

Absolutely RNA Nanoprep Kit was used to purify Cy3-labeled cRNA in accordance
with manufacturer’s instructions. Spectrophotometric measurements were used to
determine the concentrations of Cyanine dye and Purifed Cy3-labeled cRNA. Finally,

samples’ specific activities were detected.
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2.2.9.4 Microarray hibridization

In order to hybridize Cy3-labeled cRNA to the microarrays, after dilution of purified
Cy3-labeled cRNA to 100 ng per uL with RNase-DNase-free water, the Cy3-labeled
cRNA was fragmented by fragmentation mix. The components of the fragmentation
mix is shown in Table 2.17. The fragmentation mix was incubated for exactly 30 min
at 60°C and then cooled immediately for 1 min on ice in order to fragment the Cy3-
labeled cRNA.

Table 2.17 : Mix of fragmentation.

Content Volume (uL) per sample
Nuclease-free water 13
Cy3-labeled cRNA (diluted 100 ng/ pl) 6
10x Gene expression blocking reagent 5
25x Fragmentation buffer 1

In order to stop the reaction of fragmentation, 25 pl of 2xHi-RPM Hybridization
Buffer was added into each tube after the process of fragmentation. As a result,

hybridization mix of 50 pL was gained, as its content is shown in Table 2.18.

Table 2.18 : Hybridization mix.

Content VVolume (uL) per sample
2xHi-RPM Hybridization Buffer 25
25x Fragmentation mix 25

Before the slides were chambered, hybridization mix of 40 uL was loaded on the
microarray slides (Yeast Gene Expression Array V2). Installing the slide chambers

into the hybridization oven was followed by hybridization for 17 h at 10 rpm and 65°C.

2.2.9.5 Transcript data analysis

Agilent C Scanners were used to scan the slides after the microarray slides were
washed in accordance with the manufacturer’s instructions. Agilent GeneSpring GX
(Version 12.6) software was used to analyze the primary data. At least one of two
conditions with acceptible value of 100% condition was used to filter probes after the
application of Quantile Normalization on the signals. Cut-off value was 50% for CV
(coefficient of variation) error filter that was used for filtering probes obtained.
Moderated t-test with Bonferroni FEWR (Family Wise Error Rate) correction was
used to determine statistical significance. The probes that had corrected-p value <0.05

were approved as they were expressed differentially. Filtration of the probe sets
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according to fold-change values lower than 2-fold resulted in determination of 2-fold
and higher up- or downregulated genes.

SGD Slim Mapper based on Gene Ontology (GO) annotations for yeast genes (URL-
2) was used to analyze the biological processes of upregulated and downregulated
genes obtained from microarray data. The transcription factors regulating the induced
genes in the mutant were determined by using Yeastract database (Abdulrehman et al.,
2011). Additionally, GO enrichment analysis (enrichGO) of the differentially
expressed genes (DEGs) was performed by an R package, ‘ClusterProfiler’ (Yu,
Wang, Han, He, 2012). GSE143335 is the accession number at GEO repository for
accessing the complete microarray data (Terzioglu, Arslan, Kisakesen, Cakar, 2020).

2.2.10 Atomic absorption spectrophotometry to determine silver content

Yeast precultures were inoculated in 1 L flasks containing 150 mL YMM to an initial
ODeoo value of 0.35 and incubated overnight at 150 rpm and 30°C. They were
transferred into 50 mi-culture tubes containing 10 mL YMM without silver (as a
control) and with 50uM AgNO3, 100uM AgNO3z and 250uM AgNOsg, respectively,
when the ODeoo Value reached nearly 3. The experimental procedure was repeated
three times for each condition. The cultures under stress and non-stress conditions
were incubated for 24 h at 150 rpm and 30°C and centrifuged at 5310 rpm (Rotor,
Beckman Coulter JA-30.50i, USA) for 15 min. The supernatants were removed. In
order to separate cells and the metal residues, the pellets were washed two times with
distilled water. Pellets were dried at 110°C for 2 hours. Cells’ dry weights were
measured as described previously (Kuglikgoze et al., 2013). They were then
hydrolyzed for 2 h at 90°C with 10 M HNO3 solution. Silver contents were detected
by Varian AA 280FS (USA) model atomic absorption spectrophotometer equipped
with deuterium background correction and air-acetylene flame burner. Silver content

was measured at a wavelength and slit width of 328.1 nm and 0.5 nm, respectively.

2.2.11 Whole genome re-sequencing

Both reference and the evolved strains were subjected to the whole genome re-
sequencing as described previously (Hacisalihoglu et al., 2019). Variant Effect
Predictor v.90, with latest gene build S. cerevisiae CEN.PK113-7D, ASM26988v1 was

used for annotation of unique mutations of the evolved strain. The whole genome re-
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sequencing data are available in the NCBI Sequence Read Archive (SRA) under
BioProject PRINA598433.

2.2.12 Lyticase sensitivity assay

The adapted version of the lyticase sensitivity assay (Kuranda et al. 2006) was applied.
In this study, it was carried out as three biological replicates, as described previously
(Balaban et al. 2020). First, the reference and evolved strain cultures were grown under
both control and 200 pM AgNOs stress conditions, and 2 U/mL lyticase (Sigma-
Aldrich, St. Louis, MO, USA) and 40 mM 2-mercaptoethanol (Merck, Hohenbrunn,
Germany) were used. Absorbance (ODgoo) were measured for every 20 min in order to
detect cell lysis and divided to the initial ODsoo vValue and multiplied by 100 to plot %

lyticase resistance versus time.

2.2.13 Statistical analysis

All experiments were repeated at least three times and n>3 for each biological
replicate. Standard deviation and arithmetic mean were used as tool for data
evaluation. Statistical analysis was performed by using ‘Stats’ package of R software
(“R software”, 2017). Except for the microarray analysis, at a significance level of
p<0.05, statistical significance was performed by Student’s test (two-way, unpaired)
(“R software”, 2017).
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3. RESULTS

In all parts of this study, the results were obtained by comparison of the reference strain
and the mutant strain. Selecting the silver-resistant mutant by evolutionary
engineering, screening resistance against some stress conditions in addition to silver
stress by using spot assay and MPN assay constitute the first part. The second part
consists of the measurement of silver content, detection of cell wall integrity, and
physiological characterization through analysis of growth as well as metabolites. The
third part covers monitoring of differential gene expression by microarray analysis.
Whole genome re-sequencing is the last part of this thesis study.

3.1 Selection of Silver-Resistant Mutant and Determination of its Silver

Resistance

In the first part of the study, silver-resistant mutant 2E was selected by evolutionary
engineering and its resistance against some stress conditions in addition to silver stress

was screened by using spot assay and MPN assay.

3.1.1 Survival rate determination under silver-stress conditions

The non-mutagenized reference strain and the EMS-mutagenized initial population
(906) of the reference strain were subjected to various silver stress levels in order to
determine the starting silver stress concentration to be applied in the evolutionary
selection experiment. To calculate the survival rates under each stress level, CFU
method was used to calculate the viable cell numbers in the cultures. The non-
mutagenized reference strain and the EMS-mutagenized cultures showed no difference

in their results (data not shown).

As the stress levels and the range between them decreased, EMS-mutagenized culture
(906) showed a noticable survival. The results indicated that the survival rate of the
EMS-mutagenized culture was nearly 98% at 5 uM AgNOs, but at 0.06 mM AgNOs
concentration, it decreased to about 50%. It was observed that the survival rate was
reduced significantly at 0.125 mM AgNOz concentration and further at 0.25 mM
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AgNOQO3. There was almost no survival at 0.5 mM AgNOs concentration (Figure 3.1).
Finally, there was no survival for EMS-mutagenized culture (906) under the stress
levels of 1-10 mM AgNOs (Figure 3.2).

Survival Rate

OmM 0.005 0.025 0.060 0.125 0.25 0.5mM
mM mM mM mM mM

AgNO,

Figure 3.1 : Survival rate according to CFU values of the EMS-mutagenized initial
S. cerevisiae culture under various silver stress levels (AgNO3) for 24 h (Terzioglu et
al., 2020).
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Figure 3.2 : CFU growth of 906 cells (24&72 h) upon various AgNO:s stress levels.

Survival of 906 decreased in 72 h compared to 24 h in control condition, as expected.
However, it showed a better or similar survival under silver stress conditions at 72 h

which indicates that 906 cells adapted to the stress condition with time.
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3.1.2 Increasing levels of silver for continuous selection strategy

According to data shown in Figure 3.1, 5 uM AgNOz was preferred as the initial silver
stress concentration for silver-resistant population selection experiments. Because
5uM AgNOs inhibited growth slightly and let the cells have many generations or
passages during selection. The silver concentration for each generation was increased
gradually by 5uM or 10uM AgNOs and the culture was incubated for 24, 48, or 72 h,

as shown in Table 3.1.

Table 3.1: Stress level and incubation time for every population of 905 and 906.

Population Stress level (AgNO3) Incubation time (h)

1 5 UM 24
2 10 uM 24
3 15 pM 24
4 20 UM 24
5 25 uM 24
6 30 UM 24
7 35 uM 24
8 40 M 48
9 50 UM 48
10 60 UM 48
11 70 uM 48
12 80 UM 48
13 90 uM 48
14 100 pM 48
15 110 uM 72
16 120 pM 48
17 130 uM 48
18 140 pM 48
19 150 uM 48
20 160 pM 48
21 170 uM 48
22 180 pM 48
23 190 uM 48
24 200 PM 48
25 210 uM 48
26 220 UM 48
27 230 uM 48
28 240 PM 48
29 250 UM 72

The evolutionary engineering strategy to obtain silver-resistant S. cerevisiae was
carried out as the serial transfer of liquid batch cultures of the EMS-mutagenized (906)
starting populations in control media (to compare and find survival rate) and in media

containing gradually increasing AgNO3 in each transfer. The determination of the

35



survival rates of each batch culture (each population) upon silver stress was done by
viable cell counts on solid culture plates with and without AgNO3z. CFU values of each
population with corresponding control culture were detected according to both control
medium and medium with silver stress, and shown in Table 3.2 and Table 3.3,

respectively.

Table 3.2: CFU of each population of non-treated EMS-mutagenized culture (906)
populations (CFU1, CFU>, and CFUs3 correspond to three independent measurements
of CFU).

CFU/mL x 10° of Control Samples

Pop. Number ) 2 Average Standard Deviation
15t 840 870 1020 910 78
2nd 530 620 700 616 69
31 570 670 710 650 58
4th 940 1070 1190 1066 102
5t 730 930 980 880 108
6t 710 760 900 790 80
7t 640 670 770 693 55
gth 484 580 543 535 48
oth 230 270 290 263 24
10t 150 270 580 333 181
11t 150 230 240 206 40
12t 331 345 347 341 7
13t 320 400 430 383 46
14t 370 440 480 430 45
15t 170 210 270 216 41
16% 270 230 400 300 72
17t 290 330 460 360 72
18t 343 356 310 336 23
19t 332 341 299 324 22
20t 328 301 284 304 18
21% 328 334 344 335 6
22t 282 303 340 308 23
23t 460 480 656 532 88
241 824 572 644 680 105
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Table 3.2 (continued) : CFU of each population of non-treated EMS-mutagenised
culture (906) populations (CFU, CFU>, and CFU3 correspond to three independent
measurements of CFU).

Population CFU/mL x 10° of Control Standard
Number Samples Average Deviation
1 2 3
25t 788 804 836 809 19
26" 330 389 359 359 24
271 419 411 522 450 50
28t 452 600 560 537 62
29 347 353 365 355 7

Table 3.3: CFU of each population of stress-treated EMS-mutagenised culture (906)
populations (CFU, CFU,, and CFUs3 correspond to three independent measurements

of CFU).

Population  Stress Level CFUt/mL )é 1% oflsilver- Standard
Number (AgNO:s) A Zsamp es : Average Deviation
1t 5 uM 830 1040 1180 1017 144
2nd 10 pM 780 950 1110 947 135
31 15 uM 460 540 620 540 65
4t 20 uM 840 940 970 917 56
5th 25 uM 940 1020 1030 997 40
6t 30 uM 640 740 810 730 70
7t 35 uM 640 760 790 730 65
gth 40 uM 245 275 264 261 12
oth 50 uM 630 700 760 697 53
10t 60 uM 360 400 490 417 54
11" 70 UM 390 460 690 513 128
12" 80 uM 448 452 462 454 6
13" 90 uM 230 310 340 293 46
14t 100 pM 290 330 430 350 59
15 110 pM 120 140 180 147 25
16" 120 pM 10 30 40 27 12
17" 130 uM 210 250 420 293 91
18t 140 pM 690 850 790 777 66
19" 150 pM 430 420 440 430 8
20t 160 pM 209 164 210 194 21
21 170 pM 100 100 200 133 47
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Table 3.3 (continued) : CFU of each population of stress-treated EMS-mutagenised
culture (906) populations (CFU, CFU>, and CFU3 correspond to three independent
measurements of CFU).

_ Stress CFU/mL x 10° of silver-
(AgNO3) 1 2 3

22" 180 uM 170 175 177 174 3
23" 190 uM 80 130 150 120 29
24" 200 pM 502 704 736 647 104
25t 210 uM 40 41 51 44 5
26" 220 uM 0.1 0.1 0.2 0.13 0.05
27" 230 uM 0.08 0.09 0.08 0.08 0.00
28t 240 uM 0.04 0.03 0.04 0.04 0.00
29" 250 uM  0.0022 0.0035 0.0049  0.004 0.001

Survival rates of 906 populations under silver stress conditions according to treated
and non-treated 906 cultures” CFU values are shown in Figure 3.3. After the 25" serial
batch culture, a significant decrease at the survival rates of the populations was
observed. The stress concentration of 25" population culture was 210 uM AgNOs.
Evolutionary engineering selection was continued a few more passages to ensure that
the 906 culture came up to the highest survival limit of the stress and the 29%
population of selection was exposed to 0.25 mM AgNO:s stress level, and it was called

the last population of the selection experiment.

In order to control and ensure the consequence of the selection strategy, cultures
indicated in Table 3.4 were grown in 50-mL culture tubes in the presence and absence
of 220 pM AgNO;s (the stress level applied to the 26 population) at 30°C and 150
rpm. Direct colony count (CFU/mL) values were measured at the end of 24, 48", and
72" h of incubation and shown in Table 3.5 and Table 3.6. The survival rates according

to CFU values of each culture based on time intervals are shown in Figure 3.4.

Table 3.4 : Four cultures tested to control selection strategy.

Culture Code
26" population of reference strain 905-26
26" population of EMS-treated reference strain  906-26
29" population of reference strain 905-29

29" population of EMS-treated reference strain  906-29
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Figure 3.3 : Growth ratios of 906 populations at different stress levels during 29 passages of selection.
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Table 3.5 : CFU/mL values of 905-26 and 906-26 at the end of 24™, 48", and 72" h
of incubation under 220 uM AgNOs.

(cells/mL x 10%) 905-26 906-26
Incubation time 24h [ 48h [ 72h | 24h [48h | 72h
Control 9300 3100 1410 7200 3520 2683
220 UM AgNOs applied 0 0 243 532 688 177
Survival ratio 0% 0% 2% 7% 20% 7%

Table 3.6 : CFU/mL values of 905-29 and 906-29 at the end of 24", 48™ and 72" h
of incubation under 220 uM AgNOs.

(cells/mL x 10% 905-29 906-29
Incubation time 24h [ 48h [ 72h | 24h [48h | 72h
Control 6100 3656 3550 4050 2773 3850
220 uM AgNOs applied 0 0 417 1052 2028 1792
Survival ratio 0% 0% 1% 26% 73% 47%
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Figure 3.4 : Survival ratios of four cultures under 220 uM AgNOs stress.

It was observed that the 26" and 29" populations of the 905 culture showed no survival
before 72 h. On the other hand, 26" and 29" populations of the 906 culture had
noticeable survival under 220 uM AgNOs condition as a result of the selection. It was
remarkable that the survival ratio of the last population was nearly 7 times higher than
that of 906-26 at 72 h (Figure 3.4). .
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3.1.3 Individual Mutant Selection

It was observed that there was nearly no survival of the 26" population of 906 at the
stress level of 220 pM AgNOs. On the other hand, 29" population had a better
resistance compared to the 26" population at the stress level of 220 pM AgNO3 (Table
3.4). Thus, the last population was chosen for selection of the individual mutants that

had silver resistance.

The last population was spread onto solid YMM plates containing 0.2 mM AgNO3
after it was diluted serially. Single colonies existed on plates after 72 h of incubation.
In order to obtain the most resistant colony against silver, ten individual mutant

colonies, named as 1E to 10E, were randomly picked for further investigation.

To compare the final population and the selected 10 individual colonies regarding their
silver resistance, they were incubated in YMM without silver and with 220 uM AgNO3
content. CFU values were measured and survival rates were calculated based on CFU
values of the reference strain. The calculated survival rates are shown in Table 3.7 and
Table 3.8, according to incubation times of 72 h and 144 h, respectively. They are also

shown in Figure 3.5 and Figure 3.6, respectively.

Table 3.7 : CFU/mL values and survival ratios as fold of 905 for 29" population of
906 and ten individual mutants at the end of 72" h of incubation under 200 pM

AgNO:s.
79h Control samples Ag stress applied Su_rvival SR as fold
(cells/mL) samples (cells/mL) Ratio (SR) of 905
905 3500000 2400 0.1% -
29" pop. 2400000 92000 3.8% 55.9
1E 1600000 16000 1.0% 14.58
2E 1700000 240000 14.1% 205.88
3E 1400000 2400 0.2% 2.5
4E 3500000 9200 0.3% 3.83
5E 9200000 9200 0.1% 1.46
6E 2400000 5400 0.2% 3.28
7E 3500000 2400 0,1% 1
8E 1600000 24000 1.5% 21.88
9E 1700000 2400 0.1% 2.06
10E 16000000 5400 0.0% 0.49
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Figure 3.5 : Survival ratios as fold of 905 for 29" population of 906 and ten
individual mutants at the end of 72" h of incubation under 200 uM AgNOs.

Regarding the 72 h incubation time results, the colonies named 2E and 8E showed
differential growth under stress condition compared to other 8 colonies of the last
population of 906 (Figure 3.5).

Table 3.8 : CFU/mL values and survival ratios as fold of 905 for 29" population of
906 and ten individual mutants at the end of 144™ h of incubation under 200 pM

AgNO:s.
144 h Control samples Ag stress applied Su_rvival SR as fold
(cells/mL) samples (cells/mL) Ratio (SR) of 905
905 3500000 170000 4.9% -
29" pop. 2400000 350000 14.6% 3
1E 1600000 28000 1.8% 0.36
2E 1700000 350000 20.6% 4.24
3E 1400000 54000 3.9% 0.79
4E 3500000 92000 2.6% 0.54
5E 9200000 92000 1.0% 0.21
6E 2400000 160000 6.7% 1.37
7E 3500000 35000 1.0% 0.21
8E 1600000 280000 17.5% 3.6
9E 1700000 17000 1.0% 0.21
10E 16000000 24000 0.2% 0.03
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Figure 3.6 : Survival ratios as fold of 905 for 29" population of 906 and ten
individual mutants at the end of 144™ h of incubation under 200 uM AgNOs.

Again, the colonies named 2E and 8E showed differential growth under the stress
condition of 200 pM AgNO3z for the incubation time of 144 h. All the colonies
improved their growth during this period of time (Figure 3.6).

The mutant strains 1E, 2E, 3E, 4E, 5E, 6E, 7E, 8E, 9E, and 10E, the reference strain,
and the last population were incubated on YMM plates containing 100 puM, 250 uM
and 500 pM AgNOs in order to determine the silver stress resistance levels of these
mutant colonies. As shown in Figure 3.7, 2E and 8E mutants had higher silver

resistance than the other colonies.

The results obtained from survival rate comparison between the reference strain and
the mutant colonies exposed to 200 UM AgNO3 and the spot assay with 100 pM, 250
MM and 500 uM AgNOz were all parallel and indicated that 2E and 8E were much
more resistant to silver even at higher concentrations. 2E showed slightly better
survival and growth than 8E according to the results indicated in Figure 3.6. At this
point of the study, detailed analyses consisting of estimation of stress resistance level
by spot assay and MPN were required to decide which one of the 2E and 8E to choose
for physiological characterization, transcriptomic analysis and whole genome re-

sequencing.
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Figure 3.7 : Spot assay results under control conditions and in the presence of
different silver levels (100 uM, 250 uM and 500 uM AgNO:s) for ten individual
colonies (wi/t as reference strain, LP as last population of 906) (Terzioglu et al.,

2020).

3.1.4 Phenotypes of the individual mutants

Phenotypic properties of the two individual mutants 2E and 8E were investigated.
Stress resistance levels of these two mutants against various stress factors were
determined by using spot assay and MPN methods, then also compared to the 29%

population of 906.

3.1.4.1 Spot test to determine stress resistance

Possible cross-resistance of 2E, 8E, and the 29" population of 906 to various stress
types were tested in solid media. The three cultures were grown until their exponential
phase in YMM and then diluted in four ranges. The samples were dropped serially to
the solid media containing copper (0.3 mM CuSOa), hydrogen peroxide (1 mM H205),
cobalt (3 mM CoCly), chromium (2 mM CrCls), aluminium (7.5 mM AICI.), ethanol
(8% v/v), manganese (2 mM MnCIy), nickel (0.25 mM NiCly), lithium (10 mM LiCly),
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zinc (10 mM ZnCly), and iron (25 mM and 50 mM (NHa4)2Fe(S0O4)2) and the results
are shown in Figure 3.8.

A 101102 103104 101102 103104 107102 103104 101102 103104

3 mM CoCl,

Control 0.3mMCuSO, 1 mMH,0,

w/t
LP
2E
8E

20 MM MnCIl, 2 mM CrCl; 7.5 mM AICIL, 8% Ethanol
wi/t
LP

2E
8E

0.25 mM NiCl, 10mMLiCl, 10 mM ZnCl,

Reference strain Silver-resistant mutant 2E
10° 101! 102 103 10* 105 10° 10! 102 103 10% 105
Control

25 mM (NHa4)2Fe(S04)2
50 mM (NHa4)2Fe(S04)2

Figure 3.8 : Spot assay results under control conditions and in the presence of (A)
various stress factors for w/t, LP, 2E, and 8E (w/t as reference strain, LP as last
population of 906) and (B) iron stress for w/t and 2E (Terzioglu et al., 2020).

Figure 3.8 indicated that the last population, 2E, and 8E were highly resistant against
copper, but the reference strain was highly sensitive. 2E was the only strain that had
resistance against hydrogen peroxide and it also resisted against cobalt stress. On the
other hand, 2E was very sensitive to manganese, chromium, nickel, and ethanol stress.

All three cultures had the same resistance or sensitivity level as the reference strain for
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aluminium, lithium, and zinc. They were also more sensitive to ethanol stress,

compared to the reference strain.

3.1.4.2 MPN Method to determine stress resistance

Possible cross-resistance of 2E, 8E, and the 29" population of 906 to various stress
types were also tested by MPN method. CFU values were determined and survival
rates were calculated for each strain and stress factor. Finally, survivals as fold of the
reference strain survival upon every stress factor such as copper (0.5 mM CuSQa),
hydrogen peroxide (1 mM H20>), cobalt (2 mM CoCl), chromium (2 mM CrCls),
aluminium (10 mM AICIy), ethanol (8% v/v), manganese (15 mM MnClIy), nickel (0.25
mM NiCl), lithium (5 mM LiCl,), zinc (10 mM ZnCl,) were determined and are

shown in Figure 3.9.

Survival as fold of 905 upon 0.5 mM CuSO.

1000

10

Survival as fold of 205 upon 10 mM ZnCl,

3

POP-29 8E

2
- 1 — ! ! -
'g 100 é POP-29 8E
3 Zo
= £
= 10 c
@ 2o
0.001
1 o
POP-29
Survival as fold of 905 upon 0.25 mM NiCl, Survival as fold of 905 upon 2.5 mM CoCl,
:l 54 15
10
£} =
K] =
= &=
z E
5 =
- 2 2
1
. . I
POP-29 2E 8E
Survival as fold of 905 upon 1 mM H;Oz Survival as fold of 905 upon 2 mM CrCl,
141
=
E % . . .
=
.é 10 %
S =
) . )

Survival ratio

Survival as fold of 905 upon 10 mM AICI,
2

o

-] -

Survival ratio

=]

Survival as fold of 905 upon %38 Ethanol

I 0.05 I
0.03
0.02

Survival ratio

Survival as fold of 905 upon 15 mM MnCl,

2 2

| .

POP-29
0.22

Survival ratio

Sul‘vlval aﬁ fold of 205 upon S mM LiCl,

1000
100

1 I . .

10
POP-29

Figure 3.9 : Survival rates of 29" population of 906, 2E, and 8E as fold of reference

strain in the presence of various stress factors.
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Spot assay and the MPN method were both used for cross-resistance analysis to
determine whether 2E and 8E became sensitive or resistant to other stress factors. The
results of both methods showed that 2E and 8E were cross-resistant against copper
stress. On the other hand, while spot assay indicated that 2E was cross-resistant to
oxidative stress, it was detected by MPN that 8E was also cross-resistant. Ethanol,
manganese, and chromium sensitivities were observed by both methods in 2E, but
aluminium sensitivity was not observed in MPN. Resistance or sensitivity against zinc,

lithium, and nickel in 2E and 8E were similar according to both results.

3.1.5 Genetic stability test for 2E and 8E

Spot assay and MPN analyses results revealed the resistance of the mutants 2E and 8E
against silver and some other stress factors. In order to determine whether 2E and 8E
were genetically stable or not, both mutants were batch cultivated in the absence of
silver stress for 5 successive passages. They were then subjected to 200 uM AgNO:s.
Their survival ratios as fold of the reference strain survival ratio are shown in Figure
3.10.
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Figure 3.10 : Genetic stability test results of (A) 2E & (B) 8E after 5 passages in
nonselective medium followed by growth in the presence of 200 uM AgNOs.
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The results showed that the silver resistance in both 2E and 8E were genetically stable
traits, but 2E showed significantly higher survival under 200 uM AgNO3z condition.
Even though 8E had higher cross-resistance levels than 2E against copper and
hydrogen peroxide stresses, 2E was chosen for further investigations due to its highest

silver resistance and genetic stability.

3.2 Physiological Analyses of 2E

In order to determine the physiological characteristics of the mutant 2E, six different
types of analyses were performed, including growth, cell dry weight, metabolites (by

HPLC), silver content (by F-AAS), cell wall integrity, and trehalose content.

3.2.1 Analysis of growth

Reference strain (905) and the mutant 2E were cultivated in YMM in the presence and
absence of 200 uM AgNOs. Cultures were grown in 2-L flasks with 400 mL culture
volume at 150 rpm and 30°C. Samples were collected in triplicate from each culture
at 10 different time points.

The growth of the reference strain and the mutant 2E were measured by
spectrophotometric ODeoo values (shown in Table 3.9). ODsoo Values versus time
graph was plotted and shown in Figure 3.11. The results revealed that the growth
behavior of the reference strain was negatively affected by the presence of silver stress,

but the growth of the mutant 2E was not affected by the presence of silver.

Table 3.9 : Average and standard deviation of ODsgo Values of the mutant 2E and
reference strain (905) cultures in the presence and absence of 200 uM AgNO:s.

Incubation Time

(h) 905 Control 905 Stress 2E Control 2E Stress
0 0.358 £+0.88 0.282 +0.007 0.272+0.001 0.329 +0.004
1.5 0.466 +0.004 0.295+0.004 0.397 £0.004 0.410 +0.009
3 0.917 +£0.010 0.390+0.012 0.719+0.013 0.620 + 0.007
4.5 1.767 +0.097 0.452+0.110 1.193+0.009 0.948 +0.040
6 3.138+0.028 0.275+0.014 2.209+0.035 0.997 +0.011
7.5 3.962 +0.160 0.667 +0.032 3.037+0.271 1.910+0.134
9 4563 +0.029 0.853+0.087 4.105+0.115 2.330+0.059
10.5 5.143+0.009 1.007 +0.022 4.791+0.201 3.209 +0.196
12 5.555+0.098 1.415+0.082 4.885+0.062 3.545+0.149
24 5.963+0.143 6.150 +0.062 5.477 £0.136 5.691 + 0.006
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According to the data in Table 3.9, the graph of ODeoo values versus time was plotted

for the reference strain and 2E, and is shown in Figure 3.11.
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Figure 3.11 : Growth curve according to the spectrophotometric (ODsoo)
measurement of (A) the reference strain (905) and (B) the mutant 2E, with and
without 200 uM AgNO:s.

The maximum specific growth rates of the reference strain and the mutant 2E are
shown in Table 3.10. According to these data, 2E had 0.37 h** of maximum specific
growth rate (Lmax) under control conditions, slightly lower than that of the reference
strain which was 0.42 h't, On the other hand, the pmax Was only reduced by about 22%
and came to 0.29 h'! for the mutant 2E under silver stress conditions. The pmax Of the

reference strain reduced sharply by about 74% and calculated as 0.11 h™™.
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Table 3.10 : Maximum specific growth rate (Umax, h™) of the cultures 905 and 2E in
the presence and absence of 200 UM AgNO:s.

Cultures Hmalx h° Mmax ratio of stress treated cultures to that of
control
905 0.42
905 - 200 um 0.26
AgNO3 011
2E 0.37
0.78

2E - 200 pm AgNOs  0.29

The exponential phase growth behavior of the reference strain and the mutant 2E in
the absence and presence of 200 uM AgNOs is shown in Figure 3.12, Figure 3.13, and
Figure 3.14, together for comparison (in Figure 3.12) and separately for 905 and 2E in
detail (in Figures 3.13 and 3.14), including four data points during their exponential

phase of growth.
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Figure 3.12 : Exponential phase growth behavior of the reference strain (w/t) and the
mutant 2E in the absence and presence of 200 uM AgNOs.
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Figure 3.13 : Exponential phase growth behavior of the reference strain (905) (A) in
the absence and (B) presence of 200 uM AgNO:s.
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Figure 3.14 : Exponential phase growth behavior of the mutant 2E (A) in the
absence and (B) presence of 200 pM AgNOsa.

3.2.2 Analysis of cell dry weight (CDW)

The biomass production of the reference strain and the mutant 2E were measured by
CDW analysis. First, samples were taken during the growth of the cultures for
determined time intervals and put into the tubes that had been dried and preweighed
before. Second, supernatant was removed after the centrifugation of the tubes. The
tubes containing pellets were then dried in an oven with their caps open to get dry
pellets. Finally, after being weighed, the difference between the weights of the tubes
was used to determine the cultures’ CDW per mL and the values are shown in Table
3.11.

Table 3.11 : Biomass production as CDW (mg/mL) values of the cultures 905 and
2E in the presence and absence of 200 uM AgNO:s.

Incubation Time

(h) 905 Control 905 Stress 2E Control 2E Stress
4.5 0.617 +£0.161 0.300 £ 0.354 0.625+0.035 0.350 +0.050
6 0.717 +£0.153 0.267 £0.076 0.717 +£0.104 0.675+ 0.106
7.5 1.200+0.218 0.233+0.153 1.033+0.104 0.817 +0.202
11 1.583+0.029 0.733+0.029 1.717 £0.252 1.250 +0.265
23 1.917 £0.115 1.600+0.132 1.817 £0.355 1.833+0.076

Biomass production of the reference strain and the mutant 2E in the presence and
absence of 200 uM AgNO:s are also shown in Figure 3.15. According to CDW values,
2E was faster than the reference strain in biomass production under control conditions
during the exponential growth phase and it reached the stationary phase earlier. On the
other hand, there was a similar biomass production level of the mutant 2E in stress
condition, but it reached the stationary phase in about 23 hours. The reference strain,
however, showed a significant decrease in biomass production under stress condition
than the one under control condition, indicating that the reference strain was inhibited

by the silver stress.
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Figure 3.15 : Biomass production as CDW values of the cultures (A) 905 and (B) 2E

in the presence and absence of 200 UM AgNO:s.

To further analyse the physiological differences between the reference strain and the

mutant 2E, their glucose consumption and metabolite produ
high performance liquid chromatography method (HPLC).

3.2.3 Analysis of metabolites by HPLC

Metabolite profiles of the reference strain and the mutant 2E

HPLC analysis. First, standard curves of ethanol, glucose, acetate, and glycerol were
n in Figure 3.16 and 3.17,

plotted by using known standards and the results are show

respectively.
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Figure 3.16 : Standard HPLC curves of (A) glucose and (B) glycerol.
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Figure 3.17 : Standard HPLC curves of (A) acetate and (B) ethanol.
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The amount of each metabolite in culture was measured by using the standard curves
in Figure 3.16 and Figure 3.17. Measured data of glucose, glycerol, acetate, and
ethanol for the reference strain and the mutant 2E are shown in Table 3.12 and Table

3.13, respectively.

Table 3.12 : Metabolite values of the reference strain in control culture for an
incubation of 25 h.

Time (h) Glucose (g/l) Ethanol (g/l) Glycerol (g/l) Acetate (g/l)

0 19.25+0.85 0.14+0 00 0£0.09
1.5 18.93+£055 0.28+0.06 0.00+£0 0.01+£0.1
3 18.31+£0.39 045+0.11 0.02+0 0.02 +0.06
4.5 15.32+0.88 1.04+0.06 0.05%x0 0.04+£0
6
7.5 946+0.04 242+028 0.11%0 0.08 £0.12
9 827+025 354+£0.12 0.21+0.06 0.14+0.1
105 486%0.16 4.73+0.22 0320 0.19 £ 0.05
12 246+0.07 520+£0.25 0.40%0.07 0.28£0.11
25 00 540+£0.18 044+0 0410
Table 3.13 : Metabolite values of the mutant 2E in control culture for an incubation
of 25 h.
Time (h) Glucose (g/l) Ethanol (g/l) Glycerol (g/l) Acetate (g/l)
0 18.85+0.85 0.23+0 00 0+0.09
1.5 18.74+0.2 0320 0.00£0 0.01+0.01
3 179+0.13 048+0.07 0.01%0 0.03+£0.1
4.5 16.58+0.62 093+0.34 0.03+0 0.05 +0.04
6 1.06+0.41 0.03+0.06 0.05+0.18
7.5 11.97+0.03 144+0.05 0.04+0 0.07+0
9 10.33+0 3.04+0.12 0.12+0.07 0.12 £ 0.08
105 7.47%0 3.68+0.06 0.19%0 0.13+0.21
12 551+0 453+0.27 0.29+0.09 0.24 £0.34
25 00 6.17+0.26 0420 0.44 +0.21

According to the HPLC data, glucose consumption behaviour of the reference strain
and the mutant 2E were similar during growth in the media without silver stress.
Glucose consumption under control condition is also shown in Figure 3.18. The
reference strain consumed glucose nearly at same rate with 2E during the first 5 h.
After 10 h of incubation, reference strain glucose consumption rate increased and
glucose was depleted earlier than 2E in accordance with Figure 3.15 that shows the

CDW values of both cultures in control conditions.
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Figure 3.18 : Glucose consumption of 905 (Ref) and 2E grown in control media
without silver stress (Terzioglu et al., 2020).

In the media without silver stress, reference strain produced ethanol more than the
mutant 2E until the mid-stationary phase of the reference strain (approximately 17
hour of incubation), as shown in Figure 3.19. However, the ethanol production of 2E
continued until the 25™ hour of cultivation and the final ethanol concentrations of 2E
and the reference strain were 6.17 g/L and 5.40 g/L, respectively, at the end of the 25

h of cultivation.

Glycerol production of the reference strain and the mutant 2E under control conditions
is shown in Figure 3.20. 2E generally produced less glycerol throughout the
cultivation, but the final glycerol concentrations of both strains were similar. Glycerol
data at 25 h supported the faster growth and earlier arrival at the stationary phase of
the reference strain compared to 2E. 2E had a lower rate of growth under control

condition and lower metabolite production than the reference strain.
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Figure 3.19 : Ethanol production behavior of 905 (Ref) and 2E grown in control
media without silver stress (Terzioglu et al., 2020).
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Figure 3.20 : Glycerol production behavior of 905 (Ref) and 2E grown in control
media without silver stress (Terzioglu et al., 2020).

Acetate producttion of the reference strain and the mutant 2E are shown in Figure 3.21.
Acetate profiles for both reference strain and 2E were similar to their ethanol profiles.
While both strains had the same amount of acetate production until the 7" h of
incubation, the reference strain started then to produce more acetate compared to 2E.
Between the 10" and 12" h of incubation, 2E produced less acetate than the reference
strain, but it could reach acetate production levels similar to those of the reference
strain, by the end of the 25th hour of cultivation, (0.44 g/L and 0.41 g/L for 2E and the

reference strain, respectively).
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Figure 3.21 : Acetate production behavior of 905 (Ref) and 2E grown in control
media without silver stress (Terzioglu et al., 2020).

In order to get detailed information about the metabolism of the reference strain and
the mutant 2E under silver stress condition, HPLC method was applied again. The
measurements were done at ten different time points during 25-hour long cultivation.
Measured data for glucose, glycerol, acetate, and ethanol (in g/L) for the reference

strain in the media containing 200 uM AgNQ3 are shown in Table 3.14.

Table 3.14 : Metabolite values of the reference strain in the media containing 200
UM AgNOz culture for an incubation of 25 h.

Time (h) Glucose (g/l) Ethanol (g/) Glycerol (g/l) Acetate (g/l)

0 19.71+0.89 0.13+0.0 0+0 0+x0
1.5 19.51+051 0.14+0.05 0.00+0 00
3 0.00+0 0+x0
4.5 0.00+0 00
6 0.00+0 00
7.5 17.63+0.44 0.36+0.07 0.04+0.00 0.03+0.01
9 040+0.08 0.07+0.01 0.04 +0.03
10.5 1714+ 036 0.64+0.09 0.11+0.00 0.05+0.02
12 16.69+0.27 0.93+0.14 0.16+0.06 0.06 +0.01
25 029+006 488+0.19 0.73+x0.04 0.17+0.03

Measured data of glucose, glycerol, acetate, and ethanol in g/L for the mutant 2E in

the media containing 200 pM AgNOs are shown in Table 3.15.
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Table 3.15 : Metabolite values of the mutant 2E in the media containing 200 pM
AgNOs culture for an incubation of 25 h.

Time (h) Glucose (g/l) Ethanol (g/l) Glycerol (g/l) Acetate (g/l)

0 19.22+0.87 021+000 00 0+0
1.5 19.01+0.69 0.26+0.00 0.00+0 0.01+0.00
3 18.18+0.54 0.29+0.04 0.01+0 0.03+0.01
4.5
6 16.81+0.45 0.83+0.22 0.07+0.04 0.07 +£0.02
7.5 1553+0.34 117+0.16 0.11+0.00 0.09 +0.02
9 1419+0.29 1.69+0.11 0.17+0.06 0.11 +0.03
105 11.81+0.22 233%+0.09 0.25+0.05 0.13+0.04
12 10.07+0.19 3.03+0.18 0.36+0.10 0.23 +0.07
25 0+0 6.15+0.27 0.59+0.03 0.38 +£0.05

The growth behaviour of the cultures were mostly in line with their metabolite profiles.
Strong inhibition of the reference strain under silver stress condition was observed.
During the first 10 hours of the cultivation, the inhibition of the reference strain was

more clear.

Glucose consumption of the reference strain and 2E grown in media with silver stress
is shown in Figure 3.22. Glucose was slightly consumed by the reference strain in the
first half of the 25-hour cultivation with 200 uM AgNOs. This slow glucose
consumption was significant compared to the glucose consumption profile under
control condition. On the other hand, 2E showed no noticable change in glucose

consumption under control and stress conditions.
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Figure 3.22 : Glucose consumption of 905 (Ref) and 2E grown in media with silver
stress (200 uM AgNO:3) (Terzioglu et al., 2020).
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Ethanol production of the reference strain and 2E grown in media with silver stress is
shown in Figure 3.23. It was observed that the mutant 2E produced more ethanol than
the reference strain throughout the 25-hour cultivation up to a maximum level of of
6.15 g/L, which was 4.88 g/L for the reference strain. Higher glucose consumpiton and

so growth rates of 2E in stress condition were the reason of high ethanol production.
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Figure 3.23 : Ethanol production of 905 (Ref) and 2E grown in media with silver
stress (200 UM AgNO:3) (Terzioglu et al., 2020).

Glycerol production of the reference strain and 2E grown in media with silver stress is

shown in Figure 3.24.
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Figure 3.24 : Glycerol production of 905 (Ref) and 2E grown in media with silver
stress (200 uM AgNO:s).
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Glycerol production of 2E under silver stress condition was higher until about the 121"
h of the cultivation. However, the reference strain’s final glycerol concentration was
higher than that of 2E and it reached 0.73 g/L.

Acetate production of the reference strain and 2E grown in media with silver stress is
shown in Figure 3.25. While their acetate production behavior were nearly the same
under control conditions, the mutant 2E produced 2-fold higher acetate than the
reference strain (0.38 and 0.17 g/L, respectively) under stress conditions. Ethanol and

acetate profiles of both strains were similar under stress conditions.
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Figure 3.25 : Acetate production of 905 (Ref) and 2E grown in media with silver
stress (200 uM AgNO:s).

Regarding all four metabolites, the reference strain’s rates of glucose consumption,
ethanol and acetate production were the lowest, under silver stress conditions. On the
other hand, the reference strain produced the highest level of glycerol under silver

stress condition, at the 25" hour of the cultivation.

3.2.4 Flame — atomic absorption spectrophotometry (F-AAS) analysis

In order to determine the silver ion concentrations associated with the mutant 2E and
the reference strain, flame — atomic absorption spectrophotometry (F-AAS) method
was used. The silver absorbance standard curve is shown in Figure 3.26. The cultures
were cultivated at silver stress levels of 50, 100, and 250 uM AgNOs and their silver
content was measured by comparing CDW values with AAS values. The comparison

of the silver content of the reference strain and the mutant 2E is shown in Figure 3.27.
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Figure 3.26 : Silver absorbance standard curve measured and used for silver
absorbance of 905 and 2E by F-AAS.
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Figure 3.27 : The average mg silver per CDW values for 905 (Ref)and 2E at
different incubation conditions with 50 uM AgNOs, 100 uM AgNOs3, and 200 puM
AgNO3 (Terzioglu et al., 2020).

The silver-resistant strain 2E had a higher amount of silver ions associated with the

cells than the reference strain, in the media containing 50 M AgNOs. On the other

hand, while both strains could hold increased amount of silver at higher concentrations
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of AgNOs, the significant difference between them at lower concentrations was not
observed at higher concentrations.

3.2.5 Analysis for cell wall integrity

The lyticase sensitivity assay (Kuranda et al., 2006; Balaban et al., 2020) was
performed for the reference strain and the mutant 2E in the absence and presence of
200 uM AgNO:s in order to detect differences between both strains in cell wall
integrity. The cell wall -1,3-glucan-degrading enzyme lyticase was used and cell wall
integrity comparison is shown in Figure 3.28.

It was observed that the lyticase resistance of the mutant 2E was significantly higher
than the reference strain. As a result, the cell wall integrity or the robustness of 2E was
higher than the reference strain. These results were compared with whole-genome
resequencing and transcriptomic results of the mutant 2E and the reference strain in
order to identify differential expression or mutation of genes associated with cell wall
integrity and biogenesis.
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Figure 3.28 : Lyticase resistance of 905 (Ref) and 2E under control and silver stress
(200 uM AgNO:s) conditions (Terzioglu et al., 2020).

3.2.6 Analysis of trehalose content

Glucose standard curve for trehalose content determination was obtained first and it is
shown in Figure 3.29.
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Figure 3.29 : Glucose standard curve for trehalose content determination.

After cultivation of the reference strain and the mutant 2E in YMM in the presence
and absence of 200 uM AgNO:s stress, each culture was sampled at two different time
intervals. The ODago values were then measured for 905 and 2E and are shown in Table
3.16.

Table 3.16 : OD4go results of 905 and 2E in control media and the media containing
200 M AgNOs at 25" h and 301 h.

Time (h) 905-control 905-stress 2E-control 2E-stress
25 0.007 0.035 0.000 0.016
30 0.000 0.033 0.000 0.031

Calculated trehalose concentration of the samples in terms of glucose content for 905
and 2E in control media and media containing 200 uM AgNO3 at 25" and 30" h are
shown in Table 3.17. The glucose standard curve shown in Figure 3.28 was used for

calculations.

Table 3.17 : Calculated trehalose content (mg/mL) in terms of glucose content for
905 and 2E in control media and media containing 200 uM AgNO3 at 25™ and 30t h.

Time (h) 905-control 905-stress 2E-control 2E-stress
25 0.017 0.037 0.000 0.024
30 0.000 0.036 0.000 0.035

CDW were determined by sampling 1 mL of each culture at two corresponding time

points. After pellets were obtained by centrifugation, they were washed twice with
ddH-0, and the pre-weighed microcentrifuge tubes containing cell pellets were dried

at 80°C for 24 h and weighed. Trehalose content per CDW was calculated by dividing
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the trehalose content in terms of glucose to the corresponding cell dry weight values.
The results are shown in Table 3.18.

Table 3.18 : Trehalose content per CDW (mg/mg) for 905 and 2E in control media
and media containing 200 uM AgNOs at 25" & 30t h.

Time (h) 905-control 905-stress 2E-control 2E-stress
25 0.009 0.023 0.000 0.013
30 0.000 0.021 0.000 0.018

Under control conditions, both reference strain and the mutant 2E nearly did not

continue to produce trehalose during the last hours of the 30-h cultivation. On the other
hand, both of them produced muchmore trehalose under silver stress conditions.
Particularly the mutant 2E seemed to continue producing trehalose until the 30" hour

of cultivation.

3.3 Global Transcriptomic Analysis of the Silver-Resistant Strain

The mutant 2E was investigated using whole genome transcriptomic analysis in order
to investigate the molecular mechanisms of silver resistance. The expression profiles
of approximately 6000 genes that make up the yeast genome were compared between
the reference strain and the mutant 2E in the absence and presence of 75 uM AgNO3
by using DNA microarray technology (Agilent, USA). First, overnight precultures
were incubated in fresh medium (2% YMM) until mid-exponential phase of growth.
After RNA isolation was performed by using RNeasy Mini Kit (Qiagen, Germany)
with 1 ml samples withdrawn from the cultures at 1 ODsoo unit of cells,
spectrophotometrical (Nanodrop 2000) determination of purified total RNA
concentration was done and the results are shown in Table 3.19. RNA integrity number
(RIN) of the samples with RNA concentrations higher than 150 ng/ul was determined
by using Agilent 2100 BioAnalyzer and the results are shown in Table 3.20. For
microarray analysis, RNA samples with RIN values higher than 9 were included.

Table 3.19 : RNA concentrations (ng/pL) of 905 and 2E in control and 75 pM

AgNO3 conditions.
Culture Replicate 1 Replicate 2 Replicate 3
905-control 625 455 595
905-stress 494 665 633
2E-control 380 259 369
2E-stress 506 724 673
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Table 3.20 : RIN values of 905 and 2E in control and 75 uM AgNOz conditions.

Culture Replicate 1 Replicate 2 Replicate 3
905-control 9.9 10.0 9.7
905-stress 9.2 9.1 9.1
2E-control 9.8 9.4 9.7
2E-stress 9.1 9.1 9.5

GeneSpring software was used for microarray signal analysis. Genes with more than

2-fold change in expression were included in the data analysis.

Gene expression profiles were detected in three segments; 2E as fold of reference
strain in control condition, 2E as fold of reference strain in stress conditions, and 2E
in stress condition as fold of 2E in control condition. Classification of upregulated and
downregulated genes were done in three parts, according to biological process,
molecular function, and cellular component by using Slim Mapper in Yeast Genome
Database (URL-2). The complete microarray data are available at GEO repository
under the accession number GSE143335 (Terzioglu, Arslan, Kisakesen, Cakar, 2020).

3.3.1 Gene expression profile of 2E under non-stress condition

Microarray analysis revealed that 1657 genes of the mutant 2E had expression changes
compared to the reference strain under non-stress condition. 109 of these genes were
unknown or dubious open reading frame unlikely to encode a functional protein or a
protein, based on the available experimental and comparative sequence data source
SGD (URL-2).

3.3.1.1 Induced genes of 2E as fold of 905 under non-stress condition

781 genes were upregulated in silver resistant mutant 2E compared to the reference
strain under control conditions. 52 of these upregulated genes were unknown or
dubious open reading frame unlikely to encode a functional protein or a protein, based
on available experimental and comparative sequence data source SGD. Five-fold and
higher upregulated genes are shown in Table 3.21. The genes that were upregulated by
less than 5-fold and more than 2-fold are not shown. The genes named YMR206W,
HXK1, and YNL194C were the most upregulated genes with fold changes of 246, 113,
and 100, respectively.
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Table 3.21 : Upregulated genes in 2E by more than 5-fold compared to 905 under
control conditions.

Fold (Up)
Change Systematic / Gene Name

>100  YMR206W, HXK1, YNL194C

50-100  TMA10, ISF1, GPH1, HXT6, SPG4, MAL12

20-50 HXT7, CYC7, MRK1, MAL32, HXT2, YFLO52W, SLZ1, RGI1, ALD4,
YBR285W, TSL1, GSY1, PGM2, BDH2, GLC3, EMI2, YKR075C

10-20  RTN2, YPT53, MAL11, GPM2, GAC1, YLR149C, YGL258W-A, DDR2, SUEL,
YPS5, RGI2, LEE1, NCE103, OM14, IGD1, SOL4, CAR1, DSF1, ATO2,
FMP43, MTH1, YER121W, YNRO34W-A, SRX1, RTS3, YLR312C, STF1,
HSP12, CRC1, CLD1, MSC1, YNRO73C, YHR097C, YDR379C-A, ATG15,
AIM17, GUT2, SYM1, YERO79W, YJL144W, YJR115W, ECMS8, SDS24

5-10  HSP26, PUT1, AGP2, YDR034W-B, CATS, DCS2, YDR018C, JEN1, UIP4,
YGRO50C, YFLO54C, EMP46, GLK1, IME4, YPRO15C, RRT6, ATGS, TFS1,
ZTAL, UGX2, RIM4, YPL113C, FMP45, XBP1, RTC3, ATG36, PAI3, CIN5,
PRR2, YPK2, YJL163C, SIP2, HXT5, FMT1, USV1, AMS1, ALD3, NQM1,
STF2, YNRO14W, YMLOO3W, TSA2, XKS1, YKL107W, RRTS, PYK2, ETRI,
SFC1, RNY1, AAD15, YPS6, YGL262W, PBI2, RMDS5, YPT35, COX5B, FMP46,
ECM4, TPS2, FMP16, HSP78, TDA10, YMLO083C, GCY1, GRX1, YMR084W,
YKL091C, CYB2, PCD1, TMA17, GIP2, KIN82, NDE2, YOR289W, SNA2,
GAD1, ACH1, IMA1, UGP1, YGR053C, GTO1, PIN3, TDAL, XYL2, YGRO66C,
RMR1, IME1, URA10, YLR415C, ATG29, HSP42, GIS1, OM45, GSY2,
YJRO96W, AIM19, YMR196W, GDH3, YSC84, YNL092W, TPK2, YBR053C,
OSW2, BXI1, PDC6, GAL7, YAPS

The analysis of the upregulated genes based on biological process revealed that 90
processes were induced in the silver-resistant mutant 2E under non-stress conditions
and the first 20 of them are shown in Figure 3.30. It was observed that response to
chemical and carbohydrate metabolic process was significantly induced in the silver-
resistant mutant 2E under non-stress conditions. Mitochondrion organization,
transcription by RNA polymerase Il, transmembrane transport, ion transport, response
to oxidative stress, proteolysis involved in cellular protein catabolic process, meiotic
cell cycle, generation of precursor metabolites and energy, monocarboxylic acid
metabolic process, lipid metabolic process, protein targeting, regulation of organelle
organization, protein phosphorylation, protein modification by small protein
conjugation or removal, nucleobase-containing small molecule metabolic process,
cellular respiration, cellular amino acid metabolic process, cell wall organization or
biogenesis were the biological processes constituting the top 20 upregulated processes

list.
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The analysis of the upregulated genes based on molecular function revealed that 38
functions were induced in the silver-resistant mutant 2E under non-stress conditions

and the first 20 of them are shown in Figure 3.31.
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Figure 3.30 : The first 20 biological processes with the highest number of induced
genes in 2E compared to 905 under non-stress condition.
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Figure 3.31 : The first 20 molecular functions with the highest number of induced
genes in 2E compared to 905 under non-stress condition.
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lon binding was significantly induced in 2E compared to reference strain under non-
stress conditions. Transferase, oxidoreductase, and hydrolase activities were also
highly induced molecular functions. Other most induced molecular functions were
DNA binding, transmembrane transporter activity, kinase activity, enzyme regulator
activity, DNA-binding transcription factor activity, protein-macromolecule adaptor
activity, enzyme binding, hydrolase activity acting on glycosyl bonds, lyase activity,
lipid binding, peptidase activity, RNA binding, phosphatase activity, structural

constituent of ribosome, mMRNA binding, unfolded protein binding.

The analysis of the upregulated genes based on cellular component revealed that genes
belonging to 21 cellular components were induced in the silver-resistant mutant 2E
under non-stress conditions and they are shown in Figure 3.32. A significant number
of genes related to cytoplasm were also induced. The genes associated with the

membrane, nucleus, and mitochondrion were also highly induced.
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Figure 3.32 : Cellular components with the number of induced genes in 2E
compared to 905 under non-stress condition.
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3.3.1.2 Repressed genes of 2E as fold of 905 under non-stress condition

876 genes were downregulated in 2E compared to the reference strain under control
conditions. 57 of these downregulated genes were unknown or dubious open reading
frame unlikely to encode a functional protein or a protein, based on available
experimental and comparative sequence data source SGD. Five-fold and higher
downregulated genes are shown in Table 3.22. The genes that were downregulated by
less than 5-fold and more than 2-fold are not shown. The genes named ARO3, BI2,
PHOB84, and ERG20 were the most downregulated genes with fold changes of 76, 74,
68, and 64, respectively.

Table 3.22 : Downregulated genes by at least 5-fold of 2E compared to 905 under
control conditions.

Fold (Down)
Change

50 - 100 ARQOS, BI2, PHO84, ERG20

20 - 50 ADH4, SET6, Al3

10-20 PCS60, SDA1, GRCS, EHD3, EEB1, PDC5, Al5_BETA, HMSI,
PRP24, PRM7, PHM6, RNA14, RSA4, TPO2, FUI1, YNLO24C,
NSR1, TIR2, AAT1, SPO19, Al1, YGR0O79W, YGRO035C, YBR255C-
A, ATF2

5-10 GFD2, NCA3, AQR1, RCL1, RRTS5, DBP2, RGS2, RRN11, TIR1,
SEO1, YJR124C, KRE33, PRM7, YDR222W, NRP1, NOGZ2,
RLP24, RPC53, KRE29, RPS28B, AAH1, EFM2, CLN1, VTSI,
BFR2, HMT1, YLR297W, EKI1, FUR4, AIR1, PCL1, MTC3, HO,
ATR1, ALB1, DAD2, TRM13, UTP23, MCHS5, ECM1, IRC7,
RPC17, BDF2, RIX7, TRM44, SAD1, RKI1, KIN4, DHR2, EFM1,
MAK16, KCH1, FAR3, CBF5, TIP1, SNU13, RPA12, HES],
YBR219C, RFU1, PNO1, DBP8, UBP12, IMD4, ATC1, WSC4,
NIP7, SPS4, KAP123, YBL081W, YCRO87C-A, IPI1, SFG1, IPI3,
RRS1, UTP9, YHP1, DRS1, CGR1, FAR1L, RPB5, TSR2, REDI,
SUI1, NOG1, BAP3, SEE1, YJL193W, YHLO50C, FCY22, DBP7,
FAA3, URA7, YIL096C, MAK21, CDC6, NOP4, IMP4, HLR1,
YAR029W

The analysis of downregulated genes based on biological process revealed that 93

Systematic / Gene Name

processes were repressed in the silver-resistant mutant 2E under non-stress conditions
and the first 20 of them are shown in Figure 3.33. It was observed that rRNA
processing was significantly downregulated in the silver-resistant mutant 2E under
non-stress conditions. Ribosomal small subunit biogenesis, ribosomal large subunit
biogenesis, transmembrane transport, transcription by RNA polymerase I, ion

transport, RNA modification, cytoplasmic translation, response to chemical, mitotic
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cell cycle, tRNA processing, regulation of cell cycle, ribosome assembly, peptidyl-
amino acid modification, cellular amino acid metabolic process, regulation of
translation, nucleobase-containing compound transport, DNA repair, cell wall
organization or biogenesis, and nucleobase-containing small molecule metabolic were

biological processes constituting top 20 downregulated processes list.
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Figure 3.33 : The first 20 biological processes with the highest number of repressed
genes in 2E compared to 905 under non-stress condition.

The analysis of downregulated genes based on molecular function revealed that 38
functions were repressed in the silver-resistant mutant 2E under non-stress conditions
and the first 20 of them are shown in Figure 3.34. lon binding was significantly
repressed in 2E compared to reference strain under non-stress conditions. RNA
binding and transferase activities were also highly repressed molecular functions.
Other most repressed molecular functions were hydrolase activity, DNA binding,
transmembrane transporter activity, mRNA binding, methyltransferase activity,
oxidoreductase activity, structural constituent of ribosome, ATPase activity, rRNA

binding, enzyme regulator activity, nucleotidyltransferase activity, helicase activity,
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kinase activity, nuclease activity, transferase activity transferring glycosyl groups,
DNA-binding transcription factor activity, and chromatin binding.
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Figure 3.34 : The first 20 molecular function with the highest number of repressed
genes in 2E compared to 905 under non-stress condition.

The analysis of the downregulated genes based on cellular component revealed that
many genes associated with 21 cellular components were repressed in the silver-
resistant mutant 2E under non-stress conditions and they are shown in Figure 3.35. A
significant number of genes related to nucleus were repressed. The genes in cytoplasm,

membrane, and nucleolus were also highly repressed.

Prominent functional categories of upregulated and downregulated genes in 2E that
were found to be directly related to silver resistance and discussed in this study are
shown in Table A.1.
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Figure 3.35 : Cellular components with the number of repressed genes in 2E
compared to 905 under non-stress condition.

3.3.2 Gene expression profile of 2E under silver stress condition

Microarray analysis results revealed that 8 genes of the mutant 2E had expression
changes compared to the reference strain under stress condition (75 uM AgNO3). One
of these genes was dubious open reading frame unlikely to encode a functional protein,

based on available experimental and comparative sequence data source SGD.

3.3.2.1 Induced gene of 2E as compared to 905 under silver stress condition

Only one gene, YDR366C, was 22.22-fold upregulated in 2E compared to the reference
strain, under stress condition. It encodes a predicted integral membrane protein whose
biological role is unknown.

3.3.2.2 Repressed genes of 2E as compared to 905 under silver stress condition

Seven genes were downregulated in 2E compared to the reference strain under stress

condition. One of these genes was dubious open reading frame unlikely to encode a
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functional protein, based on available experimental and comparative sequence data
source SGD. The downregulated genes are shown with their fold-change, biological

process, molecular function, and cellular component in Table 3.23.

Table 3.23 : Downregulated genes of 2E compared to 905 , under stress condition.

Fold Down  Systematic / Bi . . Cellular
iological Process Molecular Function
Change Gene Name Component

8.65 TIP1 Fungal-type cell wall ~ Lipase activity, Fungal-type cell
organization. structural constitute of  wall, cell

cell wall. periphery,
cytosol.

8.08 YOR008C-A  Unknown. Unknown. Membrane.

7.16 HO DNA recombination,  lon binding, hydrolase ~ Nucleus
protein maturation. activity, nuclease

activity, DNA binding.

4.17 ATF2 Response to Transferase activity. Membrane,
chemical, lipid endoplasmic
metabolic process, reticulum,
generation of cytoplasm,
precursor metabolites endomembrane
and energy. system.

3.71 YDL241W  Unknown. Unknown. Endoplasmic

reticulum.

3.42 ARN1 lon transport, cellular ~ Transmembrane Membrane,
ion homeostasis, transporter activity. nucleus,
transmembrane cytoplasm,
transport. cytoplasmic

vesicle, vacuole,
plasma
membrane.

3.3.3 Gene expression profile differences of 2E between non-stress and silver

stress conditions

Microarray analysis results revealed that 17 genes of the mutant 2E grown under stress
condition (75 uM AgNOs) had expression changes compared to 2E grown under non-
stress condition. Two of these genes were dubious open reading frame unlikely to
encode a protein, based on available experimental and comparative sequence data
source SGD.

3.3.3.1 Induced genes of 2E under silver stress condition compared to non-stress

condition

Thirteen genes were upregulated in 2E under stres condition compared to control
condition. The upregulated genes are shown in Table 3.24 with their fold-change
value, the biological process they are associated with, their molecular function and

cellular component.
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Table 3.24 : Upregulated genes of 2E under silver stress condition compared to control condition.

E‘ﬂgﬂg? Systematic / Gene Name Biological Process Molecular Function Cellular Component
8.87 YGP1 Cell wall organization or biogenesis. Unknown. Extracellular region.
7.10 SPI1 Cell wall organization or biogenesis. Structural molecule activity. Membrane, cell wall,
extracellular region.
6.27 HSP26 Response to heat, protein folding, response to chemical, response Unfold protein binding, Cytoplasm, nucleus,
to osmotic stress. mRNA binding. mitochondrion.
6.10 HSP12 Response to heat, response to chemical, response to osmotic stress, Lipid binding. Cytoplasm, nucleus, plasma
response to oxidative stress. membrane.
4.25 HXT16 Transmembrane transport, ion transport, carbohydrate transport. Transmembrane transporter ~ Membrane.
activity.
4.17 ARN1 Transmembrane transport, ion transport, cellular ion homeostasis. ~ Transmembrane transporter ~ Cytoplasm, nucleus, plasma
activity. membrane, membrane,
vacuole, cytoplasmic vesicle.
3.90 IRC15 Chromosome segregation, regulation of cell wall, meiotic cell lon binding, oxidoreductase  Cytoplasm, mitochondrion.
cycle, mitotic cell cycle, organelle fission, DNA recombination, activity, cytoskeletal protein
cytoskeleton organization. binding.
3.70 VMR1 Response to chemical, transmembrane transport. lon binding, Membrane, mitochondrion,
Transmembrane transporter  vacuole.
activity, ATPase activity.
3.57 GND2 Regulation of precursor metabolites and energy, monocarboxylic Oxidoreductase activity. Plasma membrane.
acid metabolic process, carbohydrate metabolic process.
2.74 SRD1 rRNA processing. lon binding, DNA binding.  Cytoplasm, nucleus.
2.45 SSE2 Protein folding, proteolysis involved in cellular protein catabolic lon binding, enzyme Cytoplasm, nucleus.
process. regulator activity.
2.38 AHA1 Response to heat, protein folding. Enzyme regulator activity. Cytoplasm.
2.28 HSP82 Response to heat, protein folding, response to osmotic stress, lon binding, unfold protein ~ Cytoplasm, plasma membrane,

protein targeting, protein maturating, telomere organization,
regulation of DNA metabolic process, mitochondrion
organization, regulation of organelle organization.

binding.

cell wall.
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The genes participating in cell wall organization or biogenesis were among the most
upregulated ones in 2E, under silver stress condition. The genes related to response to
heat, response to chemical, response to osmotic stress, response to oxidative stress
were also highly upregulated in 2E under silver stress condition compared to non-

stress condition, as expected.

3.3.3.2 Repressed genes of 2E under silver stress condition compared to non-

stress condition

Four genes were downregulated in 2E under silver stress condition compared to non-
stress conditions. Two of these genes were dubious open reading frame unlikely to
encode a protein, based on available experimental and comparative sequence data
source SGD (URL-2). TDR366C encoding a putative protein whose biological role is
unknown was 10-fold downregulated. GRX4 encoding a glutathion-dependent
oxidoreductase was 4-fold downregulated. GRX4 is involved in actin cytoskeleton
organization, cellular iron ion homeostasis, cellular response to oxidative stress,
negative regulation of transcription regulatory region DNA binding, and positive
regulation of histone deacetylation. It acts in nucleus and enables disulfide
oxidoreductase activity, glutathione transferase activity, and RNA polymerase 1l
activating transcription factor binding.

3.3.4 Gene expression profile differences of 905 between non-stress and silver

stress conditions

Microarray analysis results revealed that 1467 genes of the reference strain 905 had
expression changes under silver stress condition, compared to non-stress condition.
Among these, 99 genes were unknown or dubious open reading frame unlikely to
encode a functional protein or a protein, based on available experimental and

comparative sequence data source SGD (URL-2).

3.3.4.1 Induced genes of 905 under silver stress condition compared to non-

stress condition

700 genes were upregulated in 905 under silver stress condition, compared to the
control condition. 37 of these upregulated genes were unknown or dubious open
reading frame unlikely to encode a functional protein or a protein, based on available
experimental and comparative sequence data source SGD. Five-fold and higher
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upregulated genes are shown in Table 3.25. The genes that were upregulated by less
than 5-fold and more than 2-fold are not shown. The genes named FIT2, SPG4,
YNL194C HXK1, and FIT3 were the most upregulated ones with fold changes of 270,
178, 137, 132, and 120, respectively.

Table 3.25 : Genes upregulated by at least 5-fold in 905 under silver stress condition,
compared to control condition.

Fold (Up)

Change  systematic / Gene Name

>100 FIT2, SPG4, YNL194C, HXK1, FIT3

50-100 HSP12, YMR206W, FRE5, HSP26, FMP45, GPH1, TIS11, ISF1,
TMA10, SLZ1

20-50  TSL1, DIPS5, HXT6, ARO10, HXT7, MRK1, BDH2, JEN1, YPT5S,
MAL12, YTP1, HXT2, PGM2, CTR3, MAL32, HXTS5, DDR2, ALD4,
NQM1, YBR285W, ATO2, PHM7, RGI2, RTN2, GSY1, SNO1, CYC7,
SPI1, OSW2, SOL4, YKRO75C, MTH1

10-20 RGI1, SUEL, GAC1, YGP1, FET3, ALD3, MAL11, YILO54W, SNZ1,
PDC6, GPM2, GTO3, IGD1, FRE1, YLR149C, RTS3, DCS2, ADR1,
YNRO34W-A, GLC3, FDH1, TKL2, RSB1, SSA4, CCC2, YCRO07C,
GDH3, YJL144W, EMI2, GCY1, XBP1, GND2, PRM1, SIT1, GPG1,
AMS1, ECM4, BTN2, HSP78, HSP82, UIP4, YDR034W-B, MSC1,
YMRO85W, ENB1, YNL195C, YOL047C, CLD1, GRE1

5-10 GUT2, YMR084W, HXT15, YER121W, CYB2, TFS1, RTA1, PRM10,
ECM8, YKL107W, NCE103, CUP1-1, YHRO97C, SDS24, BOP2,
MEK1, VMR1, ARO9, BAP3, GRE3, SED1, YJR115W, JLP1, CUP1-
2, AQY1l, YMR196W, LEE1, PRMS5, PIN3, YLR312C, RTCS3,
YDR379C-A, YNRO14W, HBN1, GLK1, YGR066C, BAP2, CSR2,
NCAS3, YOR338W, GSC2, ATG15, PRB1, HMX1, AIM17, SSA1,
YFLO54C, FIT1, GIP2, GSY2, FMP40, GAD1, OYES, PCA1, NDE2,
CRC1, HBT1, IRC15, THI4, USV1, TPS2, STF1, CMK2, OM14,
YJL163C, ECL1, CAR2, MGA1L, CAT8, ARN1, PRM4, DIA3, GYP7,
MOH1, AGP2, CTT1, FMP23, YHR022C, YIL169C, YILO55C,
YBR085C-A, HPF1, YKLO091C, SFC1, YGL081W, RRT6, PRR2,
MPH3, YAPS5, HSP32, APJ1, IMAL, XKS1, STB2, DDR48, ATHI,
MTL1, OPI10, TSA2, YDR018C, YNRO64C, UBI4, RIM4, IDH2,
CRR1, HSP42, YKL151C, RRT8, PDH1, YAR068W, ATG36, GRX1,
YLRO30W, YCT1, SYM1, UGP1, VPS73, PIR3, YAR068W, PUNI1,
YJL213W

The analysis of the upregulated genes based on biological process revealed that 91
processes were induced in the reference strain under stress conditions and the first 20
of them are shown in Figure 3.36. It was observed that response to chemical was the
most upregulated biological process in the reference strain under silver stress
condition. Transmembrane transport, carbohydrate metabolic process, ion transport,

cell wall organization or biogenesis, monocarboxylic acid metabolic process,
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transcription by RNA polymerase I, generation of precursor metabolites and energy,
meiotic cell cycle, protein phosphorylation, lipid metabolic process, sporulation,
response to oxidative stress, cellular ion homeostasis, endocytosis, proteolysis
involved in cellular protein catabolic process, nucleobase-containing small molecule
metabolic process, protein targeting, regulation of organelle organization, protein
modification by small protein conjugation or removal were the other biological

processes constituting the 20 most upregulated biological processes list.

protein modif. by small protein conjug. or remov.
regulation of organelle organization

protein targeting

nucleobase-containing small molecule metab. process
proteolysis involved in cellular protein catab. process
endocytosis

cellular ion homeostasis

response to oxidative stress

sporulation

lipid metabolic process

protein phosphorylation

meiotic cell cycle

generation of precursor metabolites and energy
transcription by RNA polymerase Il

monocarboxylic acid metabolic process

cell wall organization or biogenesis

ion transport

carbohydrate metabolic process

transmembrane transport

response to chemical

90

100

Figure 3.36 : The first 20 biological processes with the highest number of induced
genes in 905 under silver stress condition compared to non-stress condition.

The analysis of the upregulated genes based on molecular function revealed that 35
functions were induced in reference strain under stress condition and the first 20 of
them are shown in Figure 3.37. lon binding was the most upregulated molecular
function in the reference strain under stress conditions. Transferase activity was also a
highly induced molecular function. Other most induced molecular functions were
oxidoreductase activity, hydrolase activity, transmembrane transporter activity, kinase
activity, DNA binding, enzyme regulator activity, DNA-binding transcription factor
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activity, enzyme binding, lyase activity, protein-macromolecule adaptor activity, lipid
binding, ATPase activity, transferase activity transferring glycosyl groups, peptidase
activity, hydrolase activity acting on glycosyl bonds, RNA binding, phosphatase

activity, cytoskeletal protein binding.

cytoskeletal protein binding

phosphatase activity

RNA binding

hydrolase activity, acting on glycosyl bonds
peptidase activity

transferase activity, transferring glycosyl groups
ATPase activity

lipid binding

protein-macromolecule adaptor activity
lyase activity

enzyme binding

DNA-binding transcription factor activity
enzyme regulator activity

DNA binding

kinase activity

transmembrane transporter activity
hydrolase activity

oxidoreductase activity

transferase activity

ion binding

0 40 80 120 160 200 240

Figure 3.37 : The first 20 molecular function with the highest number of induced
genes in 905 under stress condition, compared to non-stress condition.

The analysis of upregulated genes based on cellular component revealed that several
genes belonging to 21 cellular components were induced in the reference strain 905
under silver stress conditions and they are shown in Figure 3.38. A significantly high
number of genes related to cytoplasm were induced in 905. The genes associated with

the membrane, nucleus, and mitochondrion were also highly induced.
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Figure 3.38 : Cellular components with the number of induced genes in 905 under
stress condition, compared to non-stress condition.

3.3.4.2 Repressed genes of 905 under silver stress condition compared non-stress

condition

767 genes were downregulated in 905 under silver stress condition, compared control
conditions. 62 of these downregulated genes were unknown or dubious open reading
frame unlikely to encode a functional protein or a protein, based on available
experimental and comparative sequence data source SGD. Five-fold and higher
downregulated genes are shown in Table 3.26. The genes that were downregulated by
less than 5-fold and more than 2-fold are not shown. The genes named BI2 and ARO3

were the top downregulated ones with fold changes of 146 and 110, respectively.

The analysis of downregulated genes based on biological process revealed that 93
processes were repressed in the reference strain under silver stress conditions and the
first 20 of them are shown in Figure 3.39. Additionally, the first 20 downregulated

molecular functions based on the number of downregulated genes in the reference
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strainare shown in Figure 3.40. It was observed that rRNA processing was significantly
repressed in the reference strain under silver stress condition. Nearly all highly

repressed biological processes were the same as in 2E.

Table 3.26 : Genes downregulated in 905 by at least 5-fold under silver stress
condition, compared to control condition.

Fold (Down)
Change

>100  BI2, ARO3
50-100 ERG20, All
20-50 ADH4, AI5_BETA, Al3, VAR1, PCS60, SDA1, KRE29, EHD3
10-20 ZRT1, DAD2, YBR255C-A, MTC7, DBP2, RNA14, PRP24, UTP23,
SEO1, SAD1, MTC3
5-10 GRC3, FAR3, RLP24, HMT1, SET6, TIR2, SPS4, RPC53, KRE33,
PHMS6, FIN1, CBF5, AAH1, EFM2, YJR124C, IMD4, RPL41B, ECM1,
YBL028C, MEP2, SFG1, YHLO50C, ALB1, EKI1, YBR298C-A, MRT4,
YLR413W, SUI1, YGR035C, RAS1, YNL024C, VPS62, RPB5, NOG2,
NSR1, TRM1, GFD2, KNH1, RSC58, GAR1, TMA16, NIP7, RRP36,
EFM1, DBP9, BFR2, EFG1l, RFC4, YER156C, NOP7, DHR2,
YILO96C, SEE1, CDC3, CIC1, TRM13, RSA4, SSP1, YLR363W-A,
YLR297W, DAL7, RPC17, NOP58, EBP2, TDAG

Systematic / Gene Name

lipid metabolic process

regulation of translation

chromatin organization

DNA repair

mitotic cell cycle

regulation of organelle organization
cellular amino acid metabolic process
response to chemical

ribosome assembly
nucleobase-containing small molecule metab. process
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Figure 3.39 : The first 20 biological processes with the highest number of repressed
genes in 905 under silver stress condition compared to non-stress condition.
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Figure 3.40 : The first 20 molecular functions with the highest number of repressed
genes in 905 under silver stress condition compared to non-stress condition.

The analysis of downregulated genes based on cellular components revealed that many
genes associated with 21 cellular components were repressed in the reference strain

under stress conditions and they are shown in Figure 3.41.
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Figure 3.41 : Cellular components with the number of repressed genes in 905 under
silver stress condition compared to non-stress condition.
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3.4 Whole Genome Re-sequencing

In the silver resistant mutant 2E, 79 mutations were detected in comparison to the
reference strain, by using whole genome-resequencing. The results are shown in Table
3.27. Three of these mutations were synonymous and 12 of them were intergenic.
Three mutations were transversion type (transformation from A:T to G:C pair) that is
typically observed in EMS mutagenesis. Finally, 61 mutations were transition

mutations from G:C to A:T pairs.

Table 3.27 : Mutations found in 2E compared to 905 by whole genome-resequencing

(Terzioglu et al., 2020).

Chr Position Gene Name Genetic Aminp A(.:id Genlpf_o
Change Substitution Identifier (Gl)

XVI 293959 GIP3 c.2591 C>T  S864F 392295872
XVI 379191 RLM1 c.1928 C>T  T643I 392295920
XVI 795716 RPS23A c.332 G>A G111D 392296134
XV 256468 Hypothetical ¢.23 C>T P8L 392296295
XV 313108 TOP1 c.2017 G>A E673K 392296327
XV 368141 Hypothetical ¢.136 C>T P46S 392296351
XV 375063 Hypothetical ¢.678 G>A M226l 392296355
XV 396795 AKR2 c.295 G>A V99l 392296365
XV 456518 GYP1 €.1285 C>T L429F 392296400
XV 500355 Hypothetical ¢.2143C>T  P715S 392296422
XV 742819 STE4 c.150 T>A H50Q 392296540
XV 743642 STE4 c.973 G>A A325T 392296540
XV 766792 Hypothetical c¢.753 G>A M2511 392296555
XV 857067 SNF2 c.2981 G>A R994H 392296617
XV 966566 Hypothetical ¢.843 A>T K281N 392296669
X1l 251275 GIs4 c.1873G>A  E625K 392297152
Xl 276393 PLB1 c.922 G>A V308l 392297167
X1l 482542 MYO5 c.1430 C>T  P477L 392297270
XI 523809 POM152 c.1492 C>T  P498S 392297291
X1l 534344 GID8 c.208 G>A G70S 392297297
X1l 548220 Hypothetical ¢.338 C>T Al13V 392297306
X1l 577584 DNF3 c.841 A>G N281D 392297325
Xl 62944  CAC2 c.59 C>T T20I 392297342
X1l 730295 PEP5 c.2008 C>T  P670S 392297401
Xl 143959 PIF1 c.2182 G>A  A728T 392297522
X1l 175639 Hypothetical ¢.319 G>A A107T 392297532
X1l 531222 NOP56 c.481 G>A Al161T 392297708
X1l 562269 CCC1 c.722 G>A G241D 392297729
Xl 674983 PIG1 c.679 C>T L227F 392297779
X1l 170817 1ZH3 c.1564 G>A  V522M 392297999
Xl 311636 NUP100 c.1777 G>A  A593T 392298069
Xl 375825 TTIL c.712 G>A V238M 392298105
Xl 489121 GCN3 c.277 C>T HI3Y 392298169
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Table 3.27 (continued) : Mutations found in 2E compared to 905 by whole genome-
sequencing (Terzioglu et al., 2020).

Chr Position Gene Name Genetic Aminp A‘.:id Genlnfp
Change Substitution Identifier (GI)

Xl 582144 ECM4 c.209 A>C *70S 392298218
Xl 582145 ECMA4 c.210 A>C *70Y 392298218
X 97956 JJJ2 c.118 C>T L40F 392298605
VIII 348925 EPT1 .846 G>A M282I 392298930
VIII 436555 DBP8 c.1204 G>A  E402K 392298981
VIII 448266 FMO1 c.857 G>A G286D 392298986
VIl 329759 VPS45 c.1036 G>A  A346T 392299168
VIl 341160 NUP145 c.3068 C>T  P1023L 392299171
VIl 453355 STT3 c.1115C>T  A372V 392299237
VIl 640952 Hypothetical ¢.547 C>T P183S 392299331
VIl 806954 NSR1 c.436 G>A Al46T 392299413
VIl 974878 YAP1802 €.1385 G>A R462K 392299496
VI 261104 IRCY c.815C>T A272V 392299619
\ 341525 TSC1il c.3998 G>A R1333H 392299796
\Y 342734 TSC11 c.2789 G>A  C930Y 392299796
\ 207343 GALS83 c.829 G>A A277T 392299975
IV 256039 ATG20 c.1289 C>T  A430V 392300003
IV 344835 USO1 c.349 G>A V117M 392300059
IV 484035 GCV1 €.296 C>T T99I 392300132
IV 537354 ENA1l c.218 C>T A73V 392300150
IV 627378 RLI1 c.230 C>T T771 392300206
IV 1353090 ECM11 c.712 G>A G238S 392300562
IV 167049 ENT1 c.661 G>A G221S 392300663
I 451882 ALG1 c.1113 G>A M371I 392300950
I 57837 BOI1 .226 G>A D76N 392300959
I 705697 RRT2 c.196 G>A A66T 392301096
I 127990 COR1 c.1301 C>T  A434V 392301170
I 167474 NCL1 c.1175 G>A  R392K 392301195
I 193105 RRN6 c.2414 C>T  P805L 392301206
I 62204 ERV46 c.833 G>A G278D 392301230
I 162709 BUD14 c.139 C>T H47Y 392301280

Table 3.28 shows the list of the mutations found in 2E that seem to be closely related
to silver resistance phenotype.

Table 3.28 : Selected mutations found in 2E compared to 905 by whole genome-
resequencing, may be related to silver resistance (Terzioglu et al., 2020).

Gene Genetic Amino Acid Descrition

Name Change Substitution b

CCCl ¢722G>A G241D Vacuolar Fe?*/Mn?* transporter
CAAX box containing protein of

GISA  c.1873 GSA E625K unknown function proposed to be

involved in the RAS/CAMP signaling
pathway
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Table 3.28 (continued) : Selected mutations found in 2E compared to 905 by whole
genome-resequencing, which may be related to silver resistance (Terzioglu et al.,
2020).

Gene Genetic Amino Acid

Name Change Substitution Description

Membrane protein involved in zinc ion
IZH3  c.1564 G>A V522M homeostasis; member of the four-
protein 1ZH family

One of two type | myosin motors that
MYO5  ¢.1430 C>T P47T7L contains proline-rich tail homology 2
(TH2) and SH3 domains

Nucleolar protein that binds nuclear
localization sequences required for
pre-rRNA processing and ribosome
biogenesis

FG-nucleoporin component of central
core of the nuclear pore complex

DNA helicase that promotes DNA
PIF1 €.2182 G>A AT728T synthesis  during  break-induced
replication

Ribosomal protein 28 (rp28) of the
RPS23A ¢332 G>A G111D small (40S) ribosomal subunit required
for translational accuracy

Topoisomerase |; nuclear enzyme that
relieves torsional strain in DNA by
cleaving and re-sealing  the
phosphodiester backbone
Subunit of TORC2 (Tor2p-Lst8p-
€.3998 G>A RI333H  Avol-Avo2-Tscllp-Bit6lp); TORC2
is a membrane-associated complex
that regulates actin  cytoskeletal
€.2789 G>A C930Y dynamics during polarized growth and
cell wall integrity

NSR1 c.436 G>A Al46T

NUP100 c.1777 G>A A593T

TOP1  ¢.2017 G>A E673K

TSC11
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4. DISCUSSION

A genetically stable and silver-resistant Saccharomyces cerevisiae strain was
successfully obtained in this study by using evolutionary engineering. Previous studies
showed that when S. cerevisiae was subjected to silver nanoparticles (AgNPs) causing
silver ion release, its crucial cellular functions were disrupted or decreased including
vesicular transport activities, endocytosis, RNA pocessing, oxidative metabolism,
cellular respiration, transcription, and DNA replication activities (Marquez et al.,
2018), cell wall and membrane integrity, cell wall formation (Horstmann et al., 2019),
and copper homeostasis (Niazi et al., 2011). These studies used either wild-type S.
cerevisiae S288C cells (Horstmann et al., 2019; Niazi et al., 2011) or its deletion
collections (Marquez et al. , 2018), and observed their silver stress response. Unlike
these previous studies, an evolved strain of S. cerevisiae that was highly resistant
against silver stress was obtained through the mutation and systematic selection and

the changes in global gene expression of this strain were also investigated in this study.

Holland et al. reported in 2011 that copper and silver had common resistance
mechanisms in yeast cells as expected, because copper and silver are both transition
metals participating in Group B in the Periodic Table and have similar electronic
configurations of the monovalent cations. S. cerevisiae showed high copper resistance
by upregulating CUP1-1 and CUP1-2 genes strongly (Niazi et al., 2011); these two
genes encode a metallothionein protein and this metallothionein binds copper. Silver-
resistant mutant 2E was also hyper-resistant to copper stress as it was detected in cross-
resistance analysis and shown in Figure 3.8. When microarray analysis results of the
silver-resistant mutant 2E were compared to those of the reference strain (shown in
Table A.1), it was seen that the genes encoding the copper-binding proteins CUP1-1,
CUP1-2, CTR3, and CUP2 as the transcription factor were also induced. Copper-
homeostasis is regulated by CUP1-1, CUP1-2, CTR3, and CUP2 in eukaryotic cells
(Rutherford and Bird, 2004).

The mutation lists (Table 3.27 and Table 3.28) prepared as a result of the comparison
of the whole genome re-sequencing of both the silver resistant mutant and the
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reference strain indicated that vacuolar Fe?*/Mn?* transporter encoding gene CCC1
had a missense mutation in the mutant 2E and that might be one of the reasons of how
2E resisted against copper, as the transition metal sensitivity of the yeast cell is affected
by Cccl through mitochondria—vacuole signaling pathway. In 2014, Xu et al. showed
that copper resistance was improved as a result of the deletion of CCC1 in S.
cerevisiae. As copper and silver have common resistance mechanisms in yeast,
improvement of the molecular components by the missense mutation in CCC1 that
provided copper resistance may have also improved silver resistance in the mutant 2E.
In addition to its copper-homeostasis function in yeast, CCC1 is also responsible for
mediation of the storage of vacuolar iron by transferring iron from the cytosol to the
vacuole. It has been proved that external iron sensitivity increased in Acccl yeast cells
(Li, Miao, Jia, Ward, Kaplan, 2014). As shown in Figure 3.8 (B), the cross-resistance
test results by spot assay in the media with 25 mM and 50 mM (NH.)2Fe(SOa).
concentrations revealed that the silver-resistant mutant 2E was significantly sensitive
to iron stress. As a result, iron sensitivity of 2E is expected with the potential

contribution of missense mutation in CCC1.

Mitochondrial activities including cellular respiration decrease during silver stress,
however, they are known to increase upon oxidative stress (Horstmann et al., 2019;
Marquez et al., 2018). A recent study showed that when wild-type S. cerevisiae cells
were subjected to silver stress, some oxidative stress responsive genes were
differentially expressed: while ZTA1 and TSA2 were downregulated, LTV1 was
upregulated (Horstmann et al., 2019). Regarding the silver-resistant evolved strain 2E
which has also a high oxidative stress resistance, TSA2 and ZTA1 were induced by
6.95-fold and 7.98-fold, respectively, and LTV1 was repressed by 2.75-fold. It is not
surprising that the observed changes in the gene expression of the silver-resistant
evolved strain in the absence of any silver stress may be the opposite of the observed
changes in the gene expression of wild-type S. cerevisiae strains in the presence of
silver stress. With the downregulation of 100 and upregulation of 210 mitochondrial
genes, the mitochondria-related gene expression profile of the evolved strain 2E was
differential compared to the reference strain. A more active aerobic metabolism is
indicated as a result of the upregulation of NDI1, SDH1, SDH4, RIP1, SDH2, COX?7,
COX13, YTP1, SDH3, and CYC7. These genes are among the 210 upregulated
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mitochondrial genes in the evolved strain 2E and encode proteins functioning in the

electron transfer system.

Many genes related to oxidoreductase activity (Table A.1) were upregulated in the
evolved strain 2E, compared to the reference strain. As prominent examples,
glutathione peroxidase 1 (GPX1) gene was upregulated along with the SOD1 and
SOD2 genes encoding cytosolic and mitochondrial superoxide dismutases.
Upregulation of GRX1 and GRX2 genes in 2E were also detected in comparison to the
reference strain. Marquez et. al. observed in 2018 that S. cerevisiae mutants deleted in
the genes SOD1 and ETR1 that encodes 2-enoyl thioester reductase showed sensitivity
against silver stress. The silver-resistant mutant 2E had upregulated these two genes
by 2.29 and 6.69-fold, respectively. Therefore, this upregulation supports the
hypothesis that silver stress and oxidative stress resistance of the evolved strain 2E

could be associated with these two genes.

CCC1 as the vacuolar iron transporter gene, and PIF1 as the DNA helicase gene were
both detected with missense mutations in the silver-resistant mutant 2E. These
mutations might also have key roles in the oxidative stress resistance of 2E. Mmt1 and
Mmt2 are both cation diffusion facilitator transporters. In 2014, Li et al. showed that
overexpression of MMT1 and MMT?2 genes led to an increase in hydrogen peroxide

sensitivity, and their overexpression were suppressed by deletion of CCCL.

In addition to these studies, in 2010, Guirola et al. observed that PIF1-deleted cells
grown in media with high zinc concentrations expressed oxidative stress response
genes at higher levels. It was also shown that S. cerevisiae improved hydrogen
peroxide resistance as a result of the deletion of the TOP1, GIS4, RPS23A, and
NUP100 genes (Brown et al., 2006) and the silver-resistant mutant 2E also has
missense mutations in these genes. These studies might help explain how the evolved
strain 2E resisted against oxidative stress along with the silver stress, as oxidative
damage can be caused in cells by silver, as well as other metals. In 2012, Cherry et al.
found that both the homozygous diploid null mutation in BOI1 and null mutations in
GIP3, RRN6, NSR1, COR1, 1ZH3, USO1, VPS45, SNF2 led to a decrease in oxidative
stress resistance and additionally NCL1 generated oxidative stress hypersensitivity. On
the other hand, upon 3 mM H20., resistance to oxidative stress increased with the null
mutations in GIS4, RPS23A, TOP1, and NUP100 genes (Brown et al., 2006). There

are missense mutations in the silver-resistant mutant 2E in all of these genes (Table

87



3.27 and Table 3.28). Thus, further investigation of these significant changes regarding
the mechanism of oxidative stress resistance observed in 2E is needed.

The studies investigating S. cerevisiae for its transcriptomic effects caused by silver
nanoparticles and/or silver ions are limited and how the cell wall of yeast is affected
by silver is yet to be clarified. In 2011, wild-type S. cerevisiae cells were exposed to
ionic silver (AgNO3) and AgNPs by Niazi et al. and it was found that the yeast cell
wall was most likely damaged mechanically because of the significant changes in the
expression of genes related to cell wall proteins by AgNPs during the initial growth
phase of the yeast cells. Additionally, the expression of the genes related to membrane-
bound transport proteins were also significantly changed during the exposure to
AgNPs.

In 2018, Marquez et al. found that the deletion of genes participating in cell wall
integrity and function in S. cerevisiae caused high sensitivity to zinc oxide
nanoparticles (ZnOPs) and these S. cerevisiae deletion strains showed no sensitivity to
AgNPs. A more recent investigation of wild-type S. cerevisiae cells affected by AgNPs
revealed through transcriptomic analysis that many genes participating in cell wall
biogenesis and organization were differentially expressed (Horstmann et al., 2019).
Among these differentially expressed genes, the genes encoding cell wall
mannoproteins DAN1, TIP1, TIR1, TIR2, TIR3, and TIR4 were supressed and the genes
RNT1 and YVH1 were induced. The silver-resistant mutant 2E repressed the genes
TIR1, TIR2, TIR3, TIR4 and TIP1 (Table A.1). In addition to the downregulation of
TIP1 gene in 2E compared to the reference strain under control conditions, it was also
strongly downregulated (8-fold and the most among downregulated genes) by the
mutant 2E compared to the reference strain under silver stress conditions (Table 3.23).
TIP1 encodes the major cell wall mannoprotein of Saccharomyces cerevisiae
functioning likely on lipase activity and TIP1 gene expression is induced during cold-
and heat-shock (Fujii et al., 1999). 2E also repressed the genes YVH1 and RNT1 by
3.69- and 2.91-fold, respectively, along with these downregulated cell wall
mannoprotein genes. However, there was no differential expression of the gene DAN1
in the mutant 2E, although the wild-type S. cerevisiae had downregulated DAN1
strongly (174-fold) when exposed to AgNPs (Horstmann et al., 2019). In 2019,
Horstmann et al. found that the reason for the thickness of yeast cell wall after AQNP

treatment was the binding of Ag* ions on the cell wall and causing cell membrane
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integrity disruption, by showing that there could not be an accumulation of these
mannoproteins and glucans because of the downregulation of these cell wall-related
genes. They thought that the thickness of the cell wall because of the Ag* ions caused
the cell not to produce mannoproteins for a thick membrane which led to the cell wall

degradation.

It was also indicated by Horstmann et al. that genes related to regeneration of NADH
(GUT2 and ALD4), synthesis of ergosterol (such as ERG11, ERG28, ERG5, ERGS,
ERG6 and ERG25), tricarboxylic acid (TCA) cycle (CIT3, CIT2, ACO1), and
membrane sugar transporters (such as HXT2, HXT17, and HXT13) were repressed
during the exposure of wild-type S. cerevisiae to AgNPs. Cell wall stability assay
results of wild-type S. cerevisiae in the same study indicated that the yeast cells treated
with AgNPs became more susceptible to cell wall damage in comparison to the yeast
cells under control conditions. It can be concluded that when yeast cells are subjected
to silver nanoparticles, integrity of the plasma membrane and the cell wall is disturbed
significantly (Horstmann et al., 2019). However, there is no differential expression in
the silver-resistant mutant 2E of these ergosterol synthesis genes, which had been
reported by Horstmann et al. (2019) as downregulated. The evolved strain 2E also
significantly induced NADH regeneration gene GUT2 (10.70-fold), some TCA cycle
genes (MDH1 2.83-fold, CIT1 4.06-fold), and many of the sugar transporter genes
(such as HXT2, HXT7 and HXT6) as shown in Table A.1.

Downregulation of TIR1, TIR2, TIR3, TIR4, and TIP1 genes might also have resulted
in a strong aerobic growth for the mutant 2E in addition to the upregulation of high-
affinity glucose transporter genes HXT2, HXT6, HXT7 and also most of the
mitochondrial genes, as the yeast cell wall mannoprotein encoding genes, TIR1, TIR2,
TIR3, and TIR4, are in fact called anaerobic genes and it was reported that they are
expressed under anaerobic conditions and needed for anaerobic growth (Cohen et al.,
2001 and Abramova, Sertil, Mehta, Lowry, 2001). It was also observed that lactate
levels did not increase in Daphnia magna treated with silver nitrate, thus the silver
ions apparently did not induce anaerobic metabolism in this organism (Li et al., 2015).
This adaptation may help explain the better growth and lower death rate of the mutant

under silver stress conditions.

In the silver-resistant mutant 2E, while the activator of TIR genes, UPC2, was

downregulated by 3.75-fold, the repressor of TIR genes, ROX1, was upregulated by
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2.91-fold. There were also other cell wall-associated genes in 2E that were strongly
induced such as SRL1 (2.21-fold), YPS6 (6.48-fold), USV1 (7.23-fold), and YPK2
(7.46-fold) (Table A.1), although TIR1, TIR2, TIR3, TIR4, and TIP1 genes were
downregulated. One of the reasons for the change in the cell wall integrity of 2E may
be the mutations identified in 2E genes participating in fungal type cell wall
organization. As shown in Table 3.27 and Table 3.28, RLM1, TSC11, ECM11, and
MYO5 have missense mutations and ECM4 has a stop-lost mutation in the silver-
resistant mutant 2E. TSC11 gene encodes the subunit of the membrane-associated
complex that regulates cell wall integrity (Cherry et al., 2012). ECM4 gene encodes
proteins participating in cell wall structure. Along with these two genes related to cell
wall integrity, the RLM1 gene is also encoding a transcription factor located
downstream of the MPK1 gene known having two main functions as the maintenance
of cell wall integrity and MPK1 mitogen-activated protein kinase pathway activation
(Cherry et al., 2012).

RLM1 has 707 potential gene targets according to the Yeastract+ database (Monteiro
et al., 2019). 131 of those potential 707 targeted genes were expressed differentially
(adj.p<0.05 and >2-fold) in the silver-resistant mutant 2E, thus, RLM1 probably affects
2E significantly on silver resistance and cell wall integrity due to this differential
expression profile. All these upregulated and downregulated genes in 2E related to cell
wall integrity indicate that the mannoprotein genes induced anaerobically in yeast cell
were repressed, but other cell wall-associated genes that are highly active during
aerobic metabolism were upregulated. Additionally, mutations observed in the cell
wall-associated genes and especially in RLM1 as the transcription factor gene provided
a more robust cell when compared to the cell wall integrity of the reference strain. The

Iyticase sensitivity test result shown in Figure 3.28 confirms this implication.

The silver-resistant mutant 2E contained in/on itself higher silver levels than the
reference strain according to the results of F-AAS analysis (Figure 3.27). PEP5 and
VPS45 genes are participating in vacuole biogenesis and vesicle protein sorting; AKR2,
YAP1802, ENT1, and MYOS5 genes have important roles in endocytosis (Cherry et al.,
2012). All these genes have missense mutations in the evolved strain 2E. Previous
studies showed that aluminum, manganese, and zinc resistance decreased with the null
mutation of VPS45 in S. cerevisiae (Kakimoto et al., 2005; Yadav, Muend, Zhang,

Rao, 2007; Pagani, Casamayor, Serrano, Atrian, Arino, 2007). In another study, it was
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observed that resistance of S. cerevisiae against other metals such as nickel, cadmium,
and zinc were decreased with the null mutation on PEP5 gene (Ruotolo, Marchini,
Ottonello, 2008; Pagani et al., 2007). Other null mutations in S. cerevisiae that led to
a decrease in resistance against several chemicals were in AKR2, MYO5, YAP1802,
and ENT1 genes of yeast cell (Cherry et al., 2012). AAC1, APL2, APL1, APM4, and
ENT3 genes are participating in vesicular transport and clathrin-mediated endocytosis,
and it was reported in 2018 by Marquez et al. that S. cerevisiae mutants obtained by
deletion of these genes became highly sensitive to AgNPs. It was indicated in that
study that AgNPs affected endocytosis through impairment of membrane functions
which was a general effect of metal ions on yeast membrane. AAC1 gene was 3.15-
fold induced by the silver-resistant mutant 2E and it was among the genes reported by
Marquez et al. in 2018. Expression profiles of these genes in the evolved strain 2E
imply that one of the significant contributor for the improved silver resistance in 2E
may be the modified transport and endocytosis processes.

In a study in 2016, Eid et al. investigated RGI1 encoded protein for its pro-survival
activities in S. cerevisiae. The sequence identity of the RGI1 gene is at a level with the
ferritin protein-encoding gene Fthl. FTH1 decreases iron toxicity by binding and
storing iron, and also damage of reactive oxygen species (ROS), and finally cell death
due to stress. When treated with copper stress (as an apoptotic inducer) conditions,
yeast viability was enhanced by the expression of RGI1 by preventing ROS-induced
stress. Apoptotic pathways stimulated by ROS or not by ROS were considered in C.
albicans (Radhakrishnan et al., 2018), but the situation is not clear for S. cerevisiae as
well as for RGI1 with its unknown function in oxidative stress. It was also found that
there was a condition at some level of AgQNP which inhibited the growth but not led to
cell death and ROS increase in S. cerevisiae, which means that the yeast was able to
survive against oxidative stress at some level (Lee et al., 2019). RGI1 was upregulated
by 32-fold in the evolved mutant 2E (Table A.1) and this upregulation might also play
a key role of survival of the silver-resistent mutant under silver-induced oxidative

stress, because of the close relationship between copper and silver resistance pathways.

One of the four genes downregulated by the silver-resistant mutant 2E compared to
the reference strain under silver stress condition is HO. It encodes homothallic
switching endonuclease that is required for gene conversion at mating-type locus and

involves in mating type switching, a two-directional conversion process of MATa and
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MATalpha cells by changing activation of mating gene sets (Nasmyth, 1993). This
kind of switching stimulated by HO expression occurs at the end of G1 period of the
mitotic cell cycle of Saccharomyces cerevisiae when the cell cycle is arrested by
mating factors. If HO gene is downregulated or turned off, the yeast cell remains stable
in a/a diploid cell form (Herskowitz, 1988). HO gene was repressed by 7-fold (Table
3.23) in 2E under silver stress condition during mid-exponential growth phase and HO
was also downregulated between 5- and 10-fold (Table 3.22) in 2E under control
condition showing the mating tendency of mutant 2E with or without stress factors
which may indicate that diploidization is a phenotype of the silver resistant mutant 2E.
Haploid cells cope with DNA damage with the copy of chromosomes and also a/a
diploids have the increased ability of DNA repair and recombination than o/a of a/a
diploids (Mortimer, 1958). One of the toxic effects of silver and metals is the
impairment of DNA repair and one of the responses of yeast cells against metal toxicity
is changing cell cycle progression (Wysocki and Tamas, 2010). It was reported that
response pathway of DNA damage targeted degradation of HO endonuclease (Kaplun
et al., 2000). All these findings may indicate that the mutant 2E postpones its cell cycle
progression, remains in diploid form and also improves DNA repair by downregulating
HO gene which may also cause slower growth compared to the reference strain in
control conditions. However, the whole genome re-sequencing analysis of 2E did not
reveal any diploidization in its genome, despite a downregulation in the HO expression
levels according to the transcriptomic results which remains to be investigated in more
detail.

Copper ions inhibit the glucose-dependent H* efflux system in Saccharomyces
cerevisiae and it was reported that calcium ions were used by the yeast cells to alleviate
this inhibition (Karamushka et al., 1994). When yeast cells are exposed to high
concentrations of copper ions, high level of calcium is stored in cytosol and causes cell
death. On the other hand, it was reported that after the deletion of calcium channel
gene CCHL1 and vacuolar calcium channel gene YVCL, lower elevations of copper-
induced calcium ions were detected in cytoplasm and led to adaptation under copper
stress (Ruta et al., 2016). It was also observed that oxidative stress caused a similar
cell behavior as the response with Ca?* (Popa et al., 2010). It was reported that the
acetyltransferase gene ATF2-deleted S. cerevisiae mutant accumulated less calcium

(URL-2). ATF2 was downregulated in the silver-resistant mutant 2E compared to the
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reference strain under control and silver stress conditions by 5-10 fold and 4 fold,
respectively. As copper and silver are thought to stimulate similar response
mechanisms and 2E has both copper and oxidative stress resistance, repression of the
ATF2 gene when compared to the reference strain may be one of the contributors of
higher silver resistance than the reference strain, by providing cell viability upon

preventing Ca?* elevation in cytosol.

Copper, zinc, and chromium are essential metals and it was reported that due to the
close relationship between silver and these metals, silver could be sensed as essential
and used in some biological activities for substitution in deficiency of essential metals
(Carri et al., 1991). ARN1 gene encodes an iron transporter participating in the
maintainance of iron homeostasis and being regulated by the iron transcription factors
(Blaiseau et al., 2001). It was reported that yeast cells with increased expression of the
genes functioning in iron transport were likely to remove the excessive metal and
protect the cell (Jin et al., 2008). As expected with this report, both the silver-resistant
mutant 2E and the reference strain increased their ARN1 gene expression under silver
stress condition compared to their expression levels under control condition, by 4-fold
(Table 3.24) and 6-fold (Table 3.25), respectively. On the other hand, there was no
expression difference under control condition and the expression level of ARN1 gene
in 2E was 3-fold lower than that of the reference strain under silver stress condition.
In addition to ARN1, glutathione-dependent oxidoreductase and glutathione S-
transferase GRX4 gene were also downregulated by the silver resistant mutant 2E
under stress condition, compared to control condition. GRX4 participates in iron
homeostasis regulation and iron signaling pathway, and it provides adaptation to high
iron concentrations (Martinez-Pastor et al., 2017). Thus, the ARN1 and GRX4 gene

repression profiles of 2E may be linked with the iron sensitivity.

The silver-resistant mutant 2E expressed a very low number of genes differentially
under silver stress condition compared to control condition which means that it was
evolved as it was always under stress conditions. There were genes that were
upregulated by both 2E and the reference strain under silver stress, as shown in Table
3.24 and Table 3.25, respectively. Two of these induced genes were YGP1 encoding
cell wall-related secretory glycoprotein, and SPI1 encoding
glycosylphosphatidylinositol (GPI)-anchored cell wall protein (YGP1, 8-fold by 2E
and more than 10-fold by reference strain; SPI1, 7-fold by 2E and more than 20-fold
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by reference strain). It was reported that S. cerevisiae cell wall organization was
strongly affected and cell wall-related genes such as YGP1 and SPI1, and most of the
high-osmolarity glycerol (HOG) pathway-dependent genes were induced by low
environmental pH (Kapteyn et al., 2001). Silver nitrate was the silver compound used
in this study. Silver nitrate is dissolved easily in water and its aqueous solution was
acidic with the pH of between 5 and 6 (URL-3). Thus, even if the cell wall integrity of
the silver-resistant mutant 2E was higher than that of the reference strain under both
control and stress conditions, higher YGP1 and SPI11 expression in the reference strain
(Figure 3.27) might be associated with the moderate improvement in the lyticase
resistance of the reference strain under silver stress condition, compared to the control

condition.

It was shown that heat shock, nitrogen starvation, and oxidative stress also induced
most of the low pH-induced genes (Marchler et al., 1993). In 2011, Niazi et al. showed
that heat shock genes, such as HSP26 and HSP12, were one of the most strongly
upregulated genes when S. cerevisiae was exposed to Ag ions and AgNPs. It was also
reported that the expression of SPI1 increased under osmotic stress and heat shock
(Puig and PerezOrtin, 2000). HSP26 and HSP12 were upregulated in both 2E and the
reference strain by 6-fold and by more than 50-fold, respectively (Table 3.24 and Table
3.25). HSP82 gene was also upregulated, but less than the previously mentioned two
heat shock protein-encoding genes. Additionally, it was observed that trehalose is a
stabilizer of membrane and proteins in yeast, and there is an important role of trehalose
during the heat shock survival (Crowe, 2007). Both 2E and the reference strain
produced trehalose during stress conditions (Table 3.18). In 1996, Liu and Thiele
suggested that in the oxidative stress resistance of eukaryotic cells, heat shock factors
played a critical role. In order to activate gene transcription, signals of both oxidative
and heat stress communicated to heat shock factor in a different way. Also in 2012,
Morano et al. showed the wide and common scope of the resistance to heat and
oxidative stress in yeast. Taken together, these were the transcriptional efforts of both

2E and reference strain against oxidative stress caused by the silver stress.
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5. CONCLUSIONS

In this study, first a highly silver-resistant S. cerevisiae strain was obtained by
evolutionary engineering and then genomic and transcriptomic analyses were
performed to identify the mutations and the differentially expressed genes in the
evolved strain. To our knowledge, there is no report showing the changes in the
transcriptome and genome of a silver-resistant S. cerevisiae mutant obtained by
evolutionary engineering. It was revealed by the results that the key genes that may
contribute to the silver resistance of S. cerevisiae are participating in copper
homeostasis, cellular respiration, oxidative metabolism, vesicular transport activities,
endocytosis, and in cell wall/membrane integrity. To enlighten the mechanisms of
silver resistance of yeast cells, further functional genomic analyses are needed,
focusing on reverse engineering by introducing the mutations identified in the silver-
resistant mutant 2E in this study, particularly in the cell wall integrity-related
transcription factor gene RLM1 into the prototrophic background strain. The
overexpression or the disruption of the related genes and the analysis of the resulting

strains are also needed for further investigation.
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APPENDIX A : Selected Functional Categories of Differentially Expressed Genes

Table A.1: Selected functional categories of the upregulated and downregulated

genes in 2E (Terzioglu et al., 2020).

Systematic name Gene name Regulation Fold change Description

cellular respiration
YEL024W

YELO39C

DNA repair
YDLO059C

YDR314C

YNL133C

hydrolase activity
YBR098W
YPL123C
YER142C

YALO15C

YMR173W

YMLO95C

kinase activity and transferase activity

YFRO53C

YGL208W

RIP1

CYC7

RADS9

RAD34

FYV6

MMS4

RNY1

MAG1

NTG1

DDR48

RAD10

HXK1

SIP2

up

up

up

up

up

up

up

up

up

up

2.46

46.70

2.64

2.97

2.19

2.63

6.57

2.29

2.20

3.35

2.75

113.19

7.34

Ubiquinol-
cytochrome-c
reductase

Cytochrome c isoform
2, expressed under
hypoxic conditions

Protein involved in
DNA double-strand
break repair

Protein involved in
nucleotide excision
repair (NER)

Protein of unknown
function; proposed to
regulate double-strand
break repair via non-
homologous end-
joining

Subunit of structure-
specific Mms4p-
Mus81p endonuclease
Vacuolar RNase of the
T(2) family
3-methyl-adenine
DNA glycosylase
DNA N-glycosylase
and
apurinic/apyrimidinic
(AP) lyase

DNA damage-
responsive protein
Single-stranded DNA
endonuclease (with
Rad1p)

Hexokinase isoenzyme
1

One of three beta
subunits of the Snfl
kinase complex
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Table A.1 (continued) : Selected functional categories of the upregulated and

downregulated genes in 2E (Terzioglu et al., 2020).

Systematic name Gene name Regulation Fold change Description

lipid binding
YFLO014W

lyase activity
YNLO36W
YOR386W

mitochondrial electron transport

YNL237W

HSP12

NCE103
PHR1

YTP1

up

up
up

up

11.83

16.31
4.52

2.81

Plasma membrane
protein involved in
maintaining membrane
organization

Carbonic anhydrase
DNA photolyase
involved in
photoreactivation

Probable type-III
integral membrane
protein of unknown
function; has regions
of similarity to
mitochondrial electron
transport proteins

nucleic acid binding transcription factor activity and DNA binding

YIL101C XBP1
YGL166W CUP2
oxidoreductase activity

YDR178W SDH4
YDR453C TSA2
YHR008C SOD2
YJR104C SOD1
YKL026C GPX1
YKL086W SRX1
YKL141W SDH3
YLLO41C SDH?2

up

up

up

up

up

up

up

up
up

up

7.68

2.30

3.16

6.95

2.37

2.29

3.31

13.58
2.39

2.20

Transcriptional
repressor
Copper-binding
transcription factor

Membrane anchor
subunit of succinate
dehydrogenase (SDH)
Stress inducible
cytoplasmic
thioredoxin peroxidase
Mitochondrial
manganese superoxide
dismutase

Cytosolic copper-zinc
superoxide dismutase
Phospholipid
hydroperoxide
glutathione peroxidase
Sulfiredoxin

Subunit of succinate
dehydrogenase and of
TIM22 translocase
Iron-sulfur protein
subunit of succinate
dehydrogenase
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Table A.1 (continued) : Selected functional categories of the upregulated and
downregulated genes in 2E (Terzioglu et al., 2020).

Systematic name Gene name Regulation Fold change Description

YML120C NDI1 up
YOR374W ALD4 up
YHRO053C CUP1-1 up
YHRO055C CUP1-2 up
YKL148C SDH1 up
YCLO035C GRX1 up
YDR513W GRX2 up
YMR256C COX7 up
YGL191W COX13 up
YOR120W GCY1 up
peroxisome organization
YIL065C FIS1 up

4.20

32.21

4.79
4.71
4.01
6.11
4.75

4.71

3.61

6.12

2.29

NADH:ubiquinone
oxidoreductase
Mitochondrial aldehyde
dehydrogenase
Metallothionein
Metallothionein
Flavoprotein subunit of
succinate
dehydrogenase
Glutathione-dependent
disulfide oxidoreductase
Cytoplasmic
glutaredoxin

Subunit VII of
cytochrome c oxidase
(Complex 1V)

Subunit Vla of
cytochrome c oxidase
Glycerol dehydrogenase

Protein involved in
mitochondrial fission
and peroxisome
abundance

phosphatase activity, hydrolase activity and DNA binding

YMR156C TPP1 up
response to chemical and signaling

YNL305C BXI1 up
sporulation and meiotic cell cycle

YNL194C YNL194C up
stress response

YOLO052C-A DDR2 up

transferase activity

YGL087C MMS2 up
transmembrane ion transport

YER145C FTR1 down

YMR319C FET4 down

2.51

5.08

100.75

18.18

4.36

2.97

2.81

DNA 3'-phosphatase

Protein involved in
apoptosis

Integral membrane
protein

Multi-stress response
protein

Ubiquitin-conjugating
enzyme variant

High affinity iron
permease
Low-affinity Fe(ll)
transporter of the
plasma membrane
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Table A.1 (continued): Selected functional categories of the upregulated and
downregulated genes in 2E (Terzioglu et al., 2020).

Systematic name Gene name Regulation Fold change Description

YML123C PHO84 down 68.56

transmembrane transporter activity

YDR342C HXT7 up 48.42
YDR343C HXT6 up 52.53
YJRO095W SFC1 up 6.64
YLR411W CTR3 up 3.01
YMRO11W HXT2 up 39.54

vacuolar membrane transporter
YMR243C ZRC1 down 2.01

v-SNARE binding

YGR142W BTN2 up 3.86
cell wall component

YERO11W TIR1 down 9.19

YORO010C TIR2 down 11.41

YILO11W TIR3 down 3.65

YORO009W TIR4 down 2.27

energy reserve
YERO67W RGI1 up 32.84

High-affinity
inorganic phosphate
(Pi) transporter

High-affinity glucose
transporter
High-affinity glucose
transporter
Mitochondrial
succinate-fumarate
transporter
High-affinity copper
transporter of the
plasma membrane
High-affinity glucose
transporter of the
major facilitator
superfamily

Vacuolar membrane
zinc transporter

v-SNARE binding
protein

Cell wall
mannoprotein of the
Srplp/Tiplp family
Putative cell wall
mannoprotein of the
Srplp/Tiplp family
Cell wall
mannoprotein of the
Srplp/Tiplp family
Cell wall
mannoprotein of the
Srplp/Tiplp family

Protein of unknown
function involved in
energy metabolism
under respiratory
conditions
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