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INVERSE METABOLIC ENGINEERING AND MOLECULAR
CHARACTERIZATION OF CAFFEINE-RESISTANT Saccharomyces
cerevisiae

SUMMARY

Caffeine, a natural purine alkaloid, is highly consumed worldwide as an ingredient of
some beverages like coffee, tea and soft drinks. Although there are many reports on
caffeine effects in many organisms like yeast, pleiotropic effects of caffeine, and
molecular mechanisms of caffeine resistance and response are largely unknown.

In this study, highly caffeine-resistant Saccharomyces cerevisiae mutants were
obtained for the first time by evolutionary engineering, an inverse metabolic
engineering strategy, based on batch selection under gradually increasing caffeine
stress, with and without applying any mutagen to the initial population before
selection. The selection process was initiated at 7.5 mM caffeine concentration, and
continued until 50 mM, for 48 populations. Genetically stable, caffeine-resistant
mutant strains were isolated from the final populations of the selection, where they
resisted as high as 50 mM caffeine, a concentration that has not been documented for
S. cerevisiae so far. Among those mutants, three strains (Caf905-2, Caf906-11, and
Caf906-12) had the highest caffeine resistance, and they were also cross-resistant to a
variety of stress conditions like coniferyl aldehyde, antimycin A, and rapamycin.
One of the caffeine-hyperresistant strains (Caf905-2) was characterized at
physiological, transcriptomic and genomic levels. Caf905-2 did not have a reduction
of growth under 10 mM caffeine stress, where its maximum specific growth rate
(umax) Was nearly three-fold of that of the reference strain. Expectedly, Caf905-2
entered the stationary phase at 12 h, but the reference strain at 30 h. Biomass levels
of the two strains showed an increase under 10 mM caffeine stress, compared to the
absence of caffeine. Also, ethanol yield decreased in the reference strain under 10
mM caffeine stress, but not in Caf905-2. Similarly, glycerol yield decreased in
Caf905-2 under caffeine stress, but not in the reference strain. The reference strain
also accumulated more intracellular trehalose than Caf905-2, particularly under
caffeine stress condition. The resistance of Caf905-2 against lyticase, a $-1,3-glucan-
degrading enzyme, was higher than that of the reference strain, under both caffeine
stress and nonstress conditions.

DNA microarray analysis identified a total of 745 overexpressed and 741 repressed
genes with statistically changes of gene expression levels (corrected p < 0.05)
encompassing at least 2-fold alteration in Caf905-2. Functional categorization of
transcriptomic analysis results of Caf905-2 suggested that the genes implicated in
energy and protein fate pathways, oxygen and radical detoxification, and drug/toxin
transport associated with pleiotropic drug resistance were stimulated, whereas the
genes implicated in transcription, protein synthesis, cellular transport pathways, and
nucleotide metabolism were repressed in the nonstress condition. Whole genome re-
sequencing analysis results unearthed only three single nucleotide variations,

XiX



distributed in three different genes; PDR1, PDRS5, and RIM8 in Caf905-2, relative to
the reference strain. The exact roles of these genes in caffeine response and
resistance in yeast should be investigated in detail in future studies.
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KAFEINE DIRENCLI Saccharomyces cerevisiae’NIN TERSINE METABOLIK
MUHENDISLIK iLE ELDESIi VE MOLEKULER KARAKTERIZASYONU

OZET

Kafein, dogal bir piirin alkaloid olup, diinya genelinde ¢ok sayida insan tarafindan
cogunlukla kahve, cay ve enerji igeceklerinin bir bileseni olarak tiiketilmektedir.
Kafeinin, mayanin da i¢inde oldugu bir¢ok organizma iizerindeki etkisi ile ilgili cok
sayida bilimsel veri olmasma karsin, kafein yanitinin ve direngliliginin karmasik
molekiiler mekanizmasi ve pleiotropik etkisi hala biiyiik 6l¢iide bilinmemektedir.

Bu calismada, yiiksek diizeyde kafeine direncli ve genetik olarak kararli olan {i¢ adet
Saccharomyces cerevisiae mutanti, ilk kez, kesikli kiltiirde seleksiyon islemine
dayali bir strateji olan evrimsel miihendislik yoluyla, se¢ilim 6ncesinde bir baglangig
poptilasyonu olarak herhangi bir mutajen kullanarak ve kullanmayarak, gittik¢e artan
kafein stres konsantrasyonu varliginda gelistirildi. Segilim siireci, 7.5 mM kafein
konsantrasyonu ile baslatildi ve kafein diizeyi 50 mM’a ulastiginda sonlandirild.
Segilim siireci sonunda, 48 popiilasyon elde edildi. EMS (etilmetan siilfonat)
mutajeni ile elde edilen populasyon ve mutajene maruz birakilmayan referans sus
kullanilarak baglatilan se¢ilim siireci, 50 mM kafeine direncli iki ayr1 popiilasyon
olarak noktalandirildi. Bu gelinen son konsantrasyonda (50 mM), baslangigta se¢ilim
stireci i¢in kullanilan EMS’ye maruz birakilmis populasyon ile referans sus gelisme
gostermezken, bu baslangi¢c populasyonlarindan elde edilen son popiilasyonlar ise
yaklasik olarak %60 oraninda sagkalim oranina sahip olmuslardir. Genetik olarak
kararli olan ve kafeine direngli mutant suslar, S. cerevisiae igin literatiirde yer
almayacak diizeyde yiiksek kafein (50 mM) varliginda, se¢ilim siireci sonunda elde
edilen son populasyonlarindan izole edilmistir. Kantitatif bir yontem olan 5-tiiplii En
Muhtemel Say1 Yontemi ile 15 mM kafein varliginda, 24, 48 ve 72 saatler sonunda
en iyi gelisebilen kafeine direngli {i¢ sus (Caf905-2, Caf906-11, and Caf906-12),
sonraki deneysel analizler i¢in segilerek analiz edilmistir. Bu ii¢ sus, kafeinin yani
sira, koniferil aldehit, antimisin A, propolis ve rapamisin gibi ¢esitli bilesiklere kars1
capraz diren¢ gOstermistir. Sonrasinda, kafeine yiiksek direng gosteren Caf905-2
susu, daha ileri fizyolojik, genomik ve transkriptomik karakterizasyonlar igin
segilerek incelenmistir. Kafeine yiiksek direng gosteren Caf905-2, konferil aldehit,
rapamisin ve antimisin A’nin yani sira, dimetilsiilfoksite (DMSO) ve ozellikle
siklohekzimide karsi1 yiiksek diizeyde capraz direng sergilemistir. Kafeine direncli
Caf905-2 ayrica, hemen hemen test edilen biitiin agir metallerin yani sira, etanol, 2-
feniletanol, tuz, glifosat, hidrojen peroksit, 1s1, ve alkali pH streslerine kars1 farkli
diizeylerde duyarlilik sergilemistir. Referans sustan farkli olarak, kafeine yiiksek
diizeyde direng¢ gosteren Caf905-2, 10 mM Kkafein stresi varliginda, gelisme hizinda
bir diisiis sergilemezken, referans susun gelisme hizi 6nemli Glgiide diismiistiir:
Caf905-2’nin maksimum spesifik gelisme hizi (umax), referans susun maksimum
spesifik gelisme hizina kiyasla yaklasik olarak {i¢ kat fazladir. Kafeine yiiksek
diizeyde direng sergileyen Caf905-2, gelisme egrisinin logaritmik gelisme fazinin
baslangicindan yaklagik 12 saat sonra duragan fazina girmisken, referans sus ise
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duragan faza 30 saat sonra girebilmistir. Ayrica, hem referans susun hem de kafeine
yiiksek diizeyde direng gosteren Caf905-2’nin biyokiitle veriminde, 10 mM kafein
stresi altinda, kafeinin olmadigi ortama nazaran 6nemli bir artis gézlemlenmistir.
Buna ilaveten, referans susun iiretmis oldugu etanoliin veriminde, 10 mM kafein
stresi varliginda, kafeinsiz ortama nazaran, bir diisiis olmasina karsin, kafeine yiiksek
diizeyde direng gosteren Caf905-2’nin etanol veriminde bir degisiklik
gozlemlenmemistir. Gliserol veriminde ise, etanol veriminin aksine, kafein stresi
altinda, kafeine yiiksek diizeyde diren¢ gosteren Caf905-2’de bir diisiis goriiliirken,
referans susta bir degisiklik gbézlemlenmemistir. Bunlarin yani sira, referans sus,
gerek kafein stresinin olmadigi ortamda, gerekse de 6zellikle 10 mM kafein stresi
varliginda, kafeine yiiksek diizeyde direng gosteren Caf905-2 susuna nazaran, hiicre
ici trehalozu daha yiiksek diizeyde birikmistir. p-1,3-glucan’in par¢alanmasindan
sorumlu bir enzim olan litikaza karsi referans susun ve kafeine yiiksek direng
gosteren Caf905-2’nin duyarlilik diizeyi birbirinden farklilik géstermektedir. Buna
gore, kafeine direngli Caf905-2’nin, referans susa nazaran, kafeinin olmadigi stressiz
kosulda litikaza kars1 daha direngli oldugu gozlemlenmistir. Ancak kafein, referans
susun litikaza karsi duyarliligin1 ortadan kaldirarak referans susu, Caf905-2 susunun
litikaza kars1 direngliligine benzer bir seviyeye tasimistir.

DNA mikrodizin analizine dayanan gen anlatim analiz sonuglari, kafeine yiiksek
diizeyde diren¢ sergileyen Caf905-2 susunda, istatistiksel olarak anlamli olan
(dogrulanmis p < 0.05) en az iki kat degisiklikle 745 genin anlatim diizeyinde artis
gozlemlenirken, 741 genin anlatiminda ise diisiis oldugunu gostermistir. Bu sekilde
toplamda 1489 gende, farkli diizeylerde degisiklikler meydana gelmistir. Kafeine
yiksek diizeyde direngli sus olan Caf905-2’nin transkriptomik analizinin islevsel
gruplandirilmasina gore, karbonhidrat ve ikincil metabolizma gruplarini igeren
metabolizma, enerji, protein akibeti (fate), protein baglanma islevi ve hiicre savunma
viriilans ana gruplar1 ile iligkili genler, kafein igermeyen stressiz kosullarda
uyartlmislardir. Bu ana islevsel gruplarin altinda, glikoliz ve glukoneojenez, pentoz
fosfat sinyal yolagi (PPP), elektron tasima sistemi ve zar baglantili enerji korunumu,
enerji rezervlerinin (trehaloz, glikojen vb.) metabolizmasi, protein katlanmasi ve
stabilizasyonu, oksijen ve radikal detoksifikasyonu alt gruplari yer alir ve bunlar en
az iki kat artmistir. Bunun yaninda, niikleotit ve amino asit metabolizmalarini i¢eren
metabolizma, transkripsiyon, protein sentezi, protein baglanma islevi, ve hiicre igi
tasima ana kategorileri ile iligkili genler ise, yine kafein icermeyen stressiz kosulda
baskilanmislardir. Baskilanan genlerin i¢inde yer aldigi islevsel gruplarin altinda,
plrin ve pirimidin metabolizmasi, RNA islenmesi ve modifikasyonu, ribozom
biyojenezi, translasyon, translasyonel kontrol, aminoagil- tRNA-sentaz, RNA
baglanmasi, agir metal iyon tasimasi (Cu’, Fe¥*, vb.), amin/poliamin tasimasi,
niikleotit tagimasi, vitamin/kofaktdr tasinmasi, tasima vasitalari alt gruplar1 yer
almaktadir ve bunlar da az iki kat zenginlestirilmislerdir. Bunlarin yani sira, bu
kategoriler icerisinde yer almayip, bu calisma i¢in Onemleri tim genom tekrar
dizileme analiz sonucunda ortaya ¢ikan genler, pleiotropik ilag¢ direnci ile iliskili
genlerdir ve ilag/toksin tagima kategorisinde yer almiglardir.

Referans sus ile kiyaslamali olarak elde edilen tiim genom dizileme analiz sonuglari,
kafeine yiiksek diizeyde direncli Caf905-2 susunda, yalnizca {i¢ tane tek niikleotit
varyasyonu (SNV) oldugunu ortaya c¢ikarmistir. Bu SNV’lerin ise PDR1, PDRS5 ve
RIM8 adl ti¢ farkli gende olduklart goriilmistiir. PDR1 geninde A2456T, PDR5
geninde G2008T ve RIM8 geninde A1097G seklinde SNV’ler mevcuttur ve bu
SNV’ler, sirasiyla V819D, A670S ve Q366R amino asit degisikliklerine karsilik
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gelmektedir. Yapilacak ilerki galismalar ile, bu genlerin mayadaki kafein tepki ve
diren¢ mekanizmasindaki rollerinin detayli olarak incelenmesi uygun olacaktir.
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1. INTRODUCTION

1.1 A Brief History of Caffeine

Caffeine has been originated from Kaffee and café as German and French words,
respectively. The oldest historian records have shown that caffeine was being
consumed in 2737 BC. According to this record, Chinese emperor Shen Nung has
boiled tea leaves around bush with water (Arab & Blumberg, 2008). It is assumed
that the history of coffee as a caffeine source began around 850 AD, based on a
legend. According to this, a herder named Kaldi or Khalid in Ethiopia or Yemen
realized that when his goats ate wild coffee berries, it increased their energy (Url-1).
Caffeine was, for the first time, isolated from green coffee beans in 1820 and its
name was included as “cofeina” in 1823 in the "Dictionnaire des termes de
médecine”. In the nineteenth century, the presence of caffeine was detected in the
tea, maté and kola nut (Dews, 1984). Recently, it is known that caffeine is produced
by different plants, over 60 species, such as coffee, tea, kola nuts, guarana berries,

Yerba mate and cocoa bean plants (Heckman et al., 2010).

1.2 Caffeine (1,3,7-trimethylxanthine)

Caffeine (1,3,7-trimethylxanthine), a major purine alkaloid, is a secondary metabolite
(Heckman et al., 2010). Caffeine production is carried out by young leaves and
immature fruits of tea and coffee plants (Ashihara et al., 1996) through xanthosine,
which is an intermediate molecule in the caffeine biosynthesis pathway. Among four
ways, which are responsible for xanthosine production, the most important route is
the production from inosine 5'-monophosphate, derived from de novo purine
nucleotide biosynthesis. Purine ring of caffeine is synthesized by this route (Ashihara
& Crozier, 1999; Ito & Ashihara, 1999; Koshiishi et al., 2001). Xanthosine, the first
purine molecule for the caffeine biosynthesis pathway, is sequentially converted into
caffeine by four steps and in these steps, three methyl groups are donated to caffeine

via N-methyl transferase enzymes by S-adenosyl-L-methionine (SAM) molecule



which is produced via SAM cycle, also called as the activated-methyl cycle
(Koshiishi et al., 2001) (Figure 1.1).
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Figure 1.1 : Major pathway for caffeine biosynthesis from the main intermediate
xanthosine, adapted from Ashihara et al. (2008).

In caffeine catabolism, caffeine is degraded into xanthine which can be further
catabolized into amino group or amino-derived molecule. Caffeine is degraded into
theophylline in coffee plants in the first step, which is rate-limiting (Ashihara &
Crozier, 1999). Bacterial caffeine degradation shows a difference from caffeine
catabolism in higher plants. In caffeine-degrading bacteria including Pseudomonas
cepacia, Pseudomonas putida and Serratia marcescens, the first two steps include a
conversion of caffeine into initially theobromine, then 7-methylxanthine and
xanthine, whereas it is sequentially converted into theophylline, 3-methylxanthine
and xanthine in plants (Ashihara & Crozier, 1999; Asano et al., 1994) (Figure 1.2). In
human, caffeine is absorbed by gastrointestinal system, following caffeine intake and
reaches maximum concentration plasma after about one hour. Since it has adequate
hydrophobic properties to pass through the cell membrane, its distribution quickly
occurs throughout human body (Bonati et al., 1984). Although caffeine does not
accumulate in any body parts, it seems to exist in all body fluids including saliva,
breast milk, semen and bile (Zylber-Katz et al., 1984). The human polycyclic
aromatic hydrocarbon-inducible cytochrome P450 (CYP1) subfamily enzymes are
involved in major steps of caffeine metabolism, starting from demethylation (Carrillo
& Benitez, 2000).
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Figure 1.2 : Caffeine catabolism pathway to obtain xanthine destined to ammonia
through purine catabolism pathway, adapted from Ashihara et al. (2008).

Two hypotheses ‘allelopathic theory’ and ‘chemical defence theory’ have been
suggested to explain the role of high caffeine concentrations, which are found in
coffee, tea and some other plant species. According to allelopathic theory, caffeine is
released from some plant parts such as seed coats to the soil and it blocks the
germination of other plant seeds (Chou & Waller, 1980). Additionally, caffeine
prevents that other plants reach water and nutrients by inhibiting mitosis of their
roots (Friedman & Waller, 1983). This theory is supported by a previous report about
which Arabidopsis and tobacco plants show incomplete development of seedling size
in terms of root and shoot, fast yellowing and decline of chlorophyll amount in
seedlings, thus reaching senescence earlier, when they are exposed to caffeine
(Mohanpuria & Yadav, 2009). Another ‘chemical defence theory’ suggests that



caffeine plays a pesticide role reinforcing plant defense against some beetles, insects
and herbivores (Juddy et al., 2014).

1.3 Pleiotropic Effect of Caffeine on Organisms

Caffeine which is an alkaloid with odourless, white color and an intense bitter taste,
acting as a natural pesticide (Preedy, 2012; Fisone et al., 2004; Nathanson, 1984), is
the most widely used psychoactive drug throughout the world (Ferré, 2013). 80% of
people have become caffeine consumers (Ogawa & Ueki, 2007). It is an ingredient of
some diets including beverages such as coffee, tea, soft drinks, energy drinks and
soda, and foods like chocolate and cocoa. Additionally, caffeine is also found in
some prescription drugs and in over-the-counter (OTC) medications including
stimulants, pain relievers, diuretics and cold remedies (Carrillo & Benitez, 2000).
Caffeine is globally used up in the range of 80-400 mg by each person per day even
though it changes from region to region (Fredholm et al., 1999; Gokulakrishnan et
al., 2005). It is well known that caffeine has a dose-dependent effect on people. For
instance, it has been shown that 20-200 mg referring to low-moderate doses of
caffeine has psychostimulant impact such as increasing the felicity, bliss, awareness,
energy and sociability, while higher doses of it lead to anxiety and tension (Griffiths
et al., 2003; Rogers et al., 2010).

Caffeine pharmacologically influences some organ systems including central nervous
system (CNS), cardiovascular system, renal system, and muscles in human body
(Carrillo & Benitez, 2000). Accordingly, caffeine is a nonselective adenosine
receptor antagonist and inhibits A1 and A2A adenosine receptors (Daly, 1993). Thus,
it stimulates the human central nervous system and leads to an increase in blood
pressure, heart rate and physical activity, as during sport. Also, it causes smooth
muscle relaxation, sleep disturbances, and urine discharge. Additionally, caffeine has
effects on human body because of paraxanthine, theobromine and theophylline, the
metabolites formed during caffeine degradation. They are related to an increase in
blood sugar levels, and some hormones such as cortisol and epinephrine. Moreover,
they boost the excretion of pepsin and gastric acid, and cause a rise in plasma fatty
acid levels and intraocular pressure. They also result in bone loss due to the loss of
calcium (Klang et al., 2002; Higginbotham et al., 1989).



Caffeine affects major processes of many cellular and molecular events (Figure 1.3).
For example, caffeine inhibits DNA repair and arrests cell cycle checkpoints (Sabisz
& Skladanowski, 2008), mediating its mutagenic effect (Moser et al., 2000; Saiardi
et al., 2005). In addition, this small compound inhibits cell growth in a wide range of
organisms, including bacteria, yeast and higher organisms (e.g. human cell lines) and
increases chronological life span (CLS), retarding aging (Wanke et al., 2008). These
phenomena are associated with the inhibition of the central regulator TORC1 of
growth and metabolism (Loewith & Hall 2011; de Virgilio & Loewithi 2006;
Waullschleger et al., 2006); thus, it prevents tumour formation and prompts the
apoptosis of existing tumours (Lu et al., 2002; Hashimoto et al., 2004). Additionally,
relatively low doses of caffeine induce antioxidation processes (Lacorte et al., 2013);
and give rise to cell wall damage in fission and budding yeast (Calvo et al., 2009;
Kuranda et al., 2006).
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Figure 1.3 : Caffeine pleiotropic effect at molecular and cellular levels, adapted
from Calvo et al. (2009).

1.4 Molecular Factors Underlying Caffeine Resistance and Response on

Saccharomyces cerevisiae

In literature, some molecular factors underlying caffeine resistance and response
have been reported, based on a variety of gene deletion and overexpression studies.
Accordingly, Schmitz and colleagues (2002) have shown that rk#o5A S. cerevisiae

mutants conferred resistance against caffeine, calcofluor white and congo red; thus,



protein kinase C-dependent signal transduction pathway was stimulated (Schmitz et
al., 2002). Also, the overexpression of RTS3, SDS23 or SDS24, associating with the
phosphatase 2A-like Sit4 pathway, becomes resistant to caffeine in S. cerevisiae.
Hselp/Vps27p, a membrane protein in ubiquitin-mediated protein sorting pathway,
confers caffeine resistance when overexpressed in budding yeast (Hood-DeGrenier,
2011). Furthermore, rts3A mutant, which is sensitive to caffeine, was associated with
the repression of the target of rapamycin (TOR)C1 kinase complex (Hood-DeGrenier
2011). A protein kinase TOR, which is highly conserved among many organisms,
regulates cell growth and is linked to aging (Loewith & Hall, 2011). Investigation on
S. cerevisiae, to great extent, made a contribution to the discovery of TOR, which is
an important signaling network in eukaryotes, thereby associating with crucial roles
in basic and clinical biology (Loewith & Hall, 2011; de Virgilio & Loewith, 2006;
Woullschleger et al., 2006). Caffeine plays role as a small substance inhibitor for
TORC1 in S. cerevisiae. Also, the yeast Ras-like small GTPases Gtrlp and Gtr2p,
which may be involved in nutrient-responsive TOR signaling pathway, are necessary
for conferring caffeine resistance (Wang et al., 2009). Transcriptomic analysis
outputs with caffeine response in S. cerevisiae indicated that caffeine causes the
activation of the Pkclp-Mpklp pathway through TOR1p-mediated signaling and the
inhibition of the Ras/cCAMP-dependent protein kinase signaling pathway via Rom2p,
which is a GDP/GTP exchange factor (Kuranda et al., 2006). Beside above-
mentioned studies, one recent report has shown that caffeine resistance could be
obtained by its efflux as a result of induction of SNQ2 and/or PDR5, which are ATP-
binding cassette (ABC) transporters (Tsujimoto et al., 2015). The fact that many
molecular factors were responsible for caffeine resistance, as revealed in these
reports that are mainly based on gene disruption or overexpression, explicitly points

out the complexity of caffeine resistance at the molecular and cellular level.

1.5 Saccharomyces cerevisiae : a Model Organism

Saccharomyces cerevisiae, the well-known baker’s/brewer’s yeast, is a unicellular
eukaryotic organism and a type of fungus, placed in ascomycota phylum. It can
thrive in a wide range of natural habitats including flowers and leaves in plants, and
soil (Kurtzman & Fell, 1998). Its diameter is approximately 5 um in size (Duina et
al., 2014). A budding S. cerevisiae cell has an oval shape (Walker et al., 2002),



which is mainly designated by its cell wall structure composed of inner and outer
layer. The inner layer of a budding yeast cell wall encompasses mechanically stable
polysaccharides like branched 1,3-p-glucan, whereas the outer layer contains
mannoproteins (Klis et al., 2006).

The budding yeast S. cerevisiae has the ability to reproduce at high rates, with a
doubling time of about 90 min under optimum conditions. Vegetative reproduction
of S. cerevisiae involves the formation of a small daughter bud cell from the mother
by mitosis. Every parent forms approximately 20-30 buds throughout its lifetime.
The number of bud scars, which form on the cell wall, determine cell age (Lodish,
1995; Solomon, 1999). Also, S. cerevisiae cells can exist as haploid and diploid
forms, and have a life cycle as sexual reproduction. Here, a haploid cell, which can
be of ‘a’ or ‘a’ mating type, naturally has an ability to switch its mating type to the
opposite type by sexual reproduction (Duina et al., 2014). Mating types are assigned
by MAT locus, including the alleles MATa and MATa, which enable the cell to
produce ‘a factor’ and ‘o factor’ as pheromone, respectively. These pheromones are,
in turn, secreted by MATa and MATa cells to mate with each other so that a diploid
cell occurs (Duina et al., 2014; Esslinger, 2009).

The minimum and maximum growth temperatures of S. cerevisiae are 4-13°C and
38-39°C, respectively (Jermini et al., 1987). This yeast has intrinsic resistance against
very low pH; it can survive below pH 1.6 of hydrochloric acid (HCI) (Bergman,
2001). The budding yeast S. cerevisiae is easy to grow under laboratory conditions.
The storage of yeast cells is also relatively easy in glycerol stocks at -80°C or in

freeze-dried form at room temperature (Duina et al., 2014).

The first eukaryotic genome which has been completely sequenced belongs to S.
cerevisiae S288c strain (Goffeau et al., 1996). A haploid yeast cell has about 12 Mb
genome placed in 16 chromosomes, which encompasses 6,604 genes. The 78% of
those genes is verified based on Saccharomyces Genome Database (SGD), as of June
18, 2019 (Url-2).

S. cerevisiae is classified as a single-celled eukaryotic organism, and it has been
utilized for various industrial purposes such as baking, beer and wine production by
human beings. In addition, it has been extensively used as a model organism for
molecular biology and genetic studies. There are several reasons for this use: firstly,

it is economically feasible to work with S.cerevisiae. Also, it exhibits rapid growth in



solid and/or liquid media with a generation time of about 1.5 hours. In addition, since
it can be haploid, genetic and/or cellular manipulations can be easily carried out.
Moreover, it has common ortholog genes and proteins with mammalian and plant
cells, and its whole genome sequence has already been determined. Eventually, it can
be utilized as a model organism for human health and plant studies (Mell & Burgess,
2002).

1.6 Evolutionary Engineering : a Promising Strategy for Obtaining Genetically
Complex Phenotypes

In 1991, Jay Bailey defined metabolic engineering as ‘the improvement of cellular
activities by manipulation of enzymatic, transport, and regulatory functions of the
cell with the use of recombinant DNA technology’ (Bailey, 1991). There are two
approaches in metabolic engineering: the first one is rational metabolic engineering
and the second one is inverse metabolic engineering (Bailey et al., 1996). Rational
metabolic engineering encompasses the defined genetic manipulations, which are
applied on a described metabolic system for the aim of activation in desired route of
metabolic flux or phenotypic trait. In 1996, Jay Bailey and colleagues defined
inverse metabolic engineering as “the elucidation of a metabolic engineering strategy
by: first, identifying, constructing, or calculating a desired phenotype; second,
determining the genetic or the particular environmental factors conferring that
phenotype; and third, endowing that phenotype on another strain or organism by
directed genetic or environmental manipulation” (Bailey et al., 1996). The major
advantage of inverse metabolic engineering over rational metabolic engineering is
that there is no need for extensive information about genetic and biochemical
mechanisms of the organism or metabolic pathway of interest. Another advantage is
that the improved phenotype may not be evaluated as a Genetically Modified
Organism (GMO), since a vector and/or foreign DNA is not necessarily used (Bailey
et al., 1996). A combinatorial concept can be performed using these two approaches
synergistically in strain improvement studies. To this end, output knowledge of
molecular factors deciphering a desired trait, which is obtained by inverse metabolic

engineering, can be transferred using rational methods, or a rationally constructed



strain can be additionally developed using inverse metabolic engineering (Oud et al.,
2012) (Figure 1.4).
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Figure 1.4 : A combinatorial concept of inverse and rational metabolic engineering
approaches, adapted from Oud et al. (2012).

Evolutionary engineering is a strategy of inverse metabolic engineering to obtain a
desired phenotype. It is based on random mutations, which can be spontaneous or
inducible, and systematic selection of desired characters. Applying the systematic
technique under a constant or increasing selective pressure confers the isolated
individual variants a genetic background with higher adaptation ability to the specific
challenge or stress used in selection (Figure 1.5). Owing to evolutionary engineering,
multi-stress resistant (Cakar et al., 2005), cobalt-resistant (Cakar et al., 2009), nickel-
resistant (Kiigiikgoze et al., 2013), ethanol-tolerant (Turanli-Yildiz et al., 2017),
chronologically long-lived (Arslan et al., 2018), and coniferyl aldehyde-resistant
(Hacisalihoglu et al., 2019) S. cerevisiae, were successfully obtained. Caffeine
studies on S. cerevisiae, however, particularly focus on gene deletion or transposon
mutagenesis methods; and there are no studies in the literature with a S. cerevisiae
strain that was made highly caffeine-resistant by inverse metabolic or evolutionary
engineering approaches, and investigated by —omic approaches, to gain insight into

the complex molecular mechanisms of caffeine resistance.



Plates with increasing selection pressure

Y Ye:

—— J \ / \ ; ; etc
Evolved

Original strain Flasks with increasing selection pressure population

1

—

Continuous culture
with increasing
selection pressure

Figure 1.5 : Evolutionary engineering strategy to obtain a desired phenotype, as an
inverse metabolic engineering approach, adapted from Hahn-Hagerdal et al. (2005).

1.7 Aim of the Study

The aim of this study was to obtain caffeine-resistant S. cerevisiae by evolutionary
engineering, and to investigate in detail the molecular factors underlying caffeine
resistance in S. cerevisiae by using genomic, transcriptomic and physiological
analyses. For this purpose, S. cerevisiae was systematically subjected to successive
batch selection in the presence of gradually increased caffeine stress levels, with and
without using a chemical mutagen (EMS) before selection. One of the highly
caffeine-resistant mutants obtained from the selection without prior EMS
mutagenesis was characterized at the physiological, transcriptomic and genomic

levels to investigate the molecular mechanisms underlying caffeine-hyperresistance.

10



2. MATERIALS AND METHODS

2.1 Materials

2.1.1 Strains

S. cerevisiae CEN.PK 113-7D (MATa, MAL2-8c, SUC2) was used as the reference
strain and it was kindly provided by Prof. Dr. Jean Marie Frangois and Dr. Laurent

Benbadis (University of Toulouse, France).

2.1.2 Growth media

Yeast extract-peptone-dextrose (YPD) medium was used for the revival of S.
cerevisiae strains from -80°C stocks. Yeast minimal medium (YMM) was generally
used for cultivations, including precultures of S. cerevisiae strains. The ingredients of
each media were dissolved in distilled water (dH,0) and sterilization was performed
at 121 °C for 15 min in an autoclave. Agar (2 % (w v™*)) was used for solid YMM
and YPD media. The ingredients of YPD and YMM media are shown in Tables 2.1

and 2.2, respectively.

Table 2.1 : Yeast extract-Peptone-Dextrose (YPD) contents.

Ingredient Percentage (w v'™")
Yeast extract 1%
Peptone 1%
Glucose 2%
Agar (for solid media) 2%

Table 2.2 : Yeast Minimal Medium (YMM) contents.

Ingredient Percentage (w v™')
Yeast nitrogen base without amino acids 0.67%
Dextrose 2%
Aaqgar (for solid media) 2%
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2.1.3 Chemicals and equipment

Chemicals and equipment listed in Appendix A (Table A.1 and Table A.2) were used
in this study.

2.2 Methods

2.2.1 Yeast culture conditions

The reference and the mutant strains from the glycerol stocks (30 %; v v) were
revived using 10 mL of YPD and precultured using 10 mL of YMM in 50 mL culture
tubes at 30°C, 150 rpm in a rotary shaker for 24 h. The absorbance of the cultures
was measured at 600 nm wavelength (ODgoo) using a spectrophotometer (Shimadzu
UV-1700, Japan). The overnight precultures were inoculated into fresh YMM media
using Erlenmeyer flasks or 50 mL culture tubes to an initial ODgy 0f 0.2-0.25 (about
3.5x10° cells mL™).

2.2.2 The effect of caffeine on various stress-resistant strains previously

obtained by evolutionary engineering strategy

The effect of caffeine on various stress-resistant strains previously obtained using
evolutionary engineering strategy (Table 2.3) was performed using the semi-
quantitative spot assay method. For this purpose, the overnight cultures of the
reference and stress-resistant strains were grown in 10 mL YMM in 50 mL culture
tubes, initiating at ODggo of 0.25 (approximately 3.5x10° cells mL™) until reaching
on ODggo of 2.0. Each culture was centrifuged at 10000 g for 3 min, and then
adjusted to 4 ODgoo per mL. Each culture was serially diluted from 107 to 10™ (180
pL of YMM + 20 pL of culture). Five pL of each diluted sample was spotted onto
YMM agar containing 10 mM and 15 mM caffeine, as well as onto the control plates
(without caffeine). The growth was monitored for three days and images were taken

at the 72" h of incubation.
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Table 2.3 : Previously obtained S.cerevisiae mutant strains, their characteristics and

sources.
Strains Characteristics Source
REF (reference strain) CEN.PK 113-7D Entian and Koétter (2007)
(haploid)
B2 Ethanol-resistant Turanli-Yildiz et al. (2017)
B8 Ethanol-resistant Turanli-Yildiz et al. (2017)
F3 Sulphur dioxide- Cakar’s Lab collection
resistant
8C Iron-resistant Cakar’s Lab collection
T8 Salt-resistant Cakar’s Lab collection
H7 Hydrogen peroxide- Cakar’s Lab collection
resistant
CI25E Cobalt-resistant Cakar et al. (2009)
M9 Nickel-resistant Kiigiikgoze et al. (2013)
F1 Freeze thaw-resistant Cakar’s Lab collection
2E Silver-resistant Cakar’s Lab collection
C9 Phenylethanol-resistant Cakar’s Lab collection
FD11 Propolis-resistant Cakar’s Lab collection

2.2.3 Screening of the reference strain and EMS-mutagenized population

against various caffeine stress levels

The screening of the reference strain and EMS-mutagenized population was
performed by exposure to caffeine stress in a range of 0-20 mM. In doing this, the
overnight cultures of the reference strain and EMS- mutagenized population were
inoculated in 10 mL of YMM in 50 mL culture tubes containing caffeine stress as
well as control cultures without caffeine, at an initial ODggo Of 0.25 (about 3.5x10°
cells mL™). Cell growth was then measured at the 24™ hour. The percent survival rate
was calculated by division of the ODggo value of each culture with caffeine stress to
that of its control culture for the reference strain and EMS-mutagenized cultures, and
multiplying by 100. This calculation was carried out for each caffeine concentration.
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2.2.4 Evolutionary engineering strategy for the selection of caffeine-resistant

mutants

The reference strain and the EMS-mutagenized population were simultaneously used
for the selection of caffeine-resistant mutants using two parallel selections as the
evolutionary engineering strategy. For systematic selection using serial batch
cultivation, both reference strain and the EMS-mutagenized population were exposed
to gradually increased levels of caffeine stress. For this purpose, the overnight
cultures of the reference strain and the EMS-mutagenized population were
precultured and grown for 24 h in 10 mL YMM using 50 mL culture tubes, at an
initial ODgoo Of 0.25 (about 3.5x10° cells mL™). Each culture included 7.5 mM
caffeine and their counterparts without caffeine as the control cultures. This was the
first batch passage of the reference strain and the EMS-mutagenized population.
Similarly, the following caffeine-resistant populations were obtained along 48
passages. The gradual increase of caffeine concentration reached to 50 mM (9.74 g
mL™) at the 48" population which was the final population. For every passage, the
percent survival rate was calculated as the division of the ODgo value of caffeine-
exposed culture to that of the control culture. The culture of each passage was stored
as aliquots in 1.5 mL microcentrifuge tubes at -80° C, using 30% (v v'*) glycerol. The
final populations obtained from the reference strain and the EMS-mutagenized
population were named as Caf905 and Caf906, respectively. Twelve individual
colonies were randomly chosen from each culture of Caf905 and Caf906. To do this,
the overnight cultures of Caf905 and Caf906 were grown in 10 mL YMM using 50
mL culture tubes for 24 h. Each culture was then diluted from 10 to 10 and spread
onto YMM agar including 50 mM caffeine. The growth of populations was grown at
30°C and monitored at 24", 48", 72" and 96" h.

2.2.5 Estimation of caffeine resistance of the evolved strains

Caffeine resistance of the randomly chosen 24 evolved strains was evaluated, using
spot assay and the five-tube MPN analysis method. The spot assay was performed as
described in Section 2.2.2. In this assay, YMM agar supplemented with 15 mM and
50 mM caffeine, and the control plate (YMM) were used. In addition, the high
throughput, MPN analysis method was carried out to estimate the cell number of
each of the 24 caffeine-resistant S.cerevisiae mutant strains and the reference strain,

the EMS-mutagenized population and the final populations. The overnight cultures
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were precultured in 10 mL of YMM, initiating from an ODggo of 0.1 until 1.0, and
each culture was adjusted to 1 ODgg mL™. Each well in 96-well plates involved
culture dilutions ranging from 107 to 10 and each dilution of the cultures was
studied with five repetitions. Each culture was grown in media including 15 mM
caffeine, as well as in control media without caffeine. Thus, they were observed at
24™ 48"M and 72" h of cultivation, using the 5-tubes MPN table.

2.2.6 Estimation of cross-resistance against various stress types by spot assay

The cross-resistance of the selected caffeine-resistant individual strains obtained
from Caf905 and Caf906 was also tested by spot assay. The following stress
conditions were applied during spot assay: 15 mM caffeine, 150 pg mL™ propolis, 1
mM coniferyl aldehyde, 4 mM vanillin, 50 nM antimycin, 20 ng mL™ rapamycin,
1000 ng mL™ cycloheximide, 8% (v v') ethanol, 2 g L™ phenylethanol, 40 mM
(NHy)2Fe(SQy)2, 1 mM CoCly, 0.5 mM NiCly, 7.5 mM AICl3, 0.5 M NaCl, 25 mM
LiCl, 0.4 M sodium acetate (NaAc), 50 mM H3BO,, 17.5 mM MnCl,, pH 7.5, heat
stress (growth at 38°C), 1 M NH,CI, 1 M sorbitol, 2.25 mg mL™ glyphosate, and 8%
(vv'') DMSO.

2.2.7 Genetic stability test

The genetic stability test was applied to selected caffeine-resistant strains, based on
cell growth performance, to determine the genetic stability of the gained caffeine
resistance. Spot assay procedure was performed as explained above on day 1, 3, 5, 7,
9 and 10. On each day, this experiment was applied on one stress plate including 10
and 15 mM caffeine, and one control plate. The growth was monitored at 72 h for

each day.
2.2.8 Physiological analysis of the caffeine-resistant S. cerevisiae mutant

2.2.8.1 Growth profile

The growth profile was determined based on turbidimetric measurements using
spectrophotometry (Shimadzu UV-1700, Japan) and cell dry weight (cdw) analysis.
Simply, the overnight cultures were initiated from 0.2 of ODggo using 200 mL of
YMM in 1-L Erlen flasks. For each culture, regular spectrophotometric
measurements at ODgo were performed until 30 h of cultivation in nonstress

conditions, and until 48 h of cultivation in 10 mM caffeine stress conditions. Also, 2
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mL of each culture was withdrawn at specific time intervals, centrifuged for cell dry
weight analysis and transferred into preweighed microcentrifuge tubes.The pellets
were then dried in an oven for 48 h and weighed using an analytical balance. At last,
cell dry weights of the reference strain and the evolved strain Caf905-2 were
calculated. In addition, doubling time was calculated, based on spectrophotometric
measurements of the reference strain and the evolved strain Caf905-2 cultures. Those

analyses were carried out as three biological repeats.

2.2.8.2 Metabolite analyses

The metabolite analyses included metabolite production (ethanol and glycerol) and
residual glucose measurements, using HPLC (Shimadzu Series 10A HPLC,
Shimadzu Co., Kyoto, Japan). For this purpose, 1 mL of supernatant samples were
collected until 30 h of cultivation in nonstress conditions, and until 48 h of
cultivation in 10 mM caffeine stress conditions. The HPLC-analyses were carried out
as three biological repeats. The HPLC system was integrated with an RID-10A
refractive-index detector and an Aminex HPX-87H ion exclusion column (300
mmx7.8 mm, Bio-Rad Laboratories, CA, USA). The system was hold at 65° C with
a flow rate of 0.6 mL min™ throughout analyses and the mobile phase was 5 mM
H,SO,. The standard calibration curves (Appendix D) were obtained at the initial
step of the analysis, using standard solution mixtures that contained different

concentrations of each metabolite (Table 2.4).

Table 2.4 : Contents of the standard solutions for metabolite analysis by HPLC.

Solution Number 1 2 3 4 5 6
Glucose (gL 20 15 10 5 25 1.25
Glycerol (g L'l) 1 075 05 025 0.125 0.0625

Acetate (L) 2 150 1.0 050 0.250 0.1250
Ethanol (gL™") 15 11.25 75 3.75 1.875 0.9375

2.2.8.3 Storage carbohydrate (intracellular trehalose) accumulation

Intracellular trehalose was measured as described previously (Divate et al. 2016),
with slight modifications. Briefly, the overnight culture was inoculated to an initial
ODgo of 0.2, using 200 mL of YMM. For each culture, 2 mL samples were

withdrawn for intracellular trehalose (storage carbohydrate) measurements, and 1.5
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mL samples for cell dry weight (cdw) analyses, at 6, 12, 15, 21, and 30 h of
cultivation under nonstress condition, whereas the sampling was done at 12, 15, 21,
30, and 48 h of cultivation under 10 mM caffeine stress condition. The samples were
centrifuged at 10000 g for 3 min, the pellets were washed by dH,O and the samples
were again harvested at 10000 g for 3 min. Following the washing step, each pellet
was dissolved in 1 mL of dH,O and incubated at 95°C for one hour. The samples
were then centrifuged at 10000 g for 3 min. The supernatant containing intracellular
trehalose was measured by HPLC (Shimadzu Series 10A HPLC, Shimadzu Co.,
Kyoto, Japan) as described for the metabolite analyses. The HPLC analyses were
carried out as three biological repeats. Intracellular trehalose content was calculated

by dividing the measured trehalose concentration to cell dry weight (cdw).
2.2.9 Lyticase susceptibility assay

The lyticase susceptibility assay was adapted from Kuranda et al. (2006). For this
purpose, overnight cultures of the reference strain and caffeine-resistant mutant
Caf905-2 were cultivated in 100 mL YMM using 500 mL flasks and grown at 30°C,
150 rpm, starting with an initial ODego of 0.2 (approximately 5.6x10° cells mL™)
under 10 mM caffeine stress and nonstress (control) conditions, until early
exponential phase (0.4-0.6 ODgy) and the stationary phase. The cultures were
harvested by centrifugation at 5500 g for 10 min and the pellets were dissolved in 10
mL of 10 mM Tris/HCI buffer (pH 7.4) to an ODgyo of 0.9 mL™, including 40 mM p-
mercaptoethanol. After the samples were incubated at 25°C for 30 min, 2 U mL™ of
Iyticase (B-1,3 glucanase) from Arthrobacter luteus (Sigma-Aldrich, St. Louis, MO,
USA) (10000 U/mL) was added into each sample, as well as the blank solution (10
mM Tris/HCI buffer (pH 7.4)) and incubated at 30 °C, 300 rpm. The decrease in
ODggo of the samples was monitored with time. The analyses were carried out as

three biological repeats.
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2.2.10 Comparative whole genome transcriptomic analysis of the evolved strain

This work is fully MIAME-compliant and has been deposited at Gene Expression
Omnibus (GEO) website. The accession number is GSE124452.

2.2.10.1 Total RNA extraction and RNA quality assessment

The caffeine-resistant strain and the reference strain were precultured as five
biological repeats at 150 rpm and 30°C in 100 mL YMM, using 500 mL flasks and at
an initial ODggy of 0.1. After reaching an ODgy of 1.0 + 0.1 (approximately
1.4x10 cells mL™), total RNA isolation was carried out by RNeasy Total RNA
Isolation Kit (Qiagen), according to manufacturer’s instructions. The RNA
concentration was detected by NanoDrop 2000 UV-Vis spectrophotometer (Thermo
Scientific, USA) and the RNA quality was checked using Agilent RNA 6000 Nano
kit and 2100 Bioanalyzer (Agilent Technologies, USA). RNA samples having an
RNA Integrity Number (RIN) higher than 8 were successfully prepared for the RNA
labelling step and they were stored at -80° C until RNA labelling.

2.2.10.2 RNA labelling and hybridization

cRNA labelling with Cy3 was prepared by using One-Color Microarray-Based Gene
Expression Analysis kit (Low Input Quick Amp Labelling; Agilent Technologies)
according to manufacturer’s instructions. For doing so, at first cRNA was obtained
from RNA, and the amplification and labelling of cRNA was performed using T7
RNA Polymerase Blend. Cy3-labelled samples were obtained in pure form by
Absolutely RNA Nanoprep Kit (Agilent) and their concentrations were measured
using NanoDrop ND-1000 UV-Vis Spectrophotometer. The hybridization of the
samples as four biological replicates was carried out to Yeast (V2) Gene Expression
Microarray, 8x15 K arrays (G4813A; Agilent Technologies) onto a rotary
hybridization chamber at 65°C for 17 h, following the fragmentation. Finally, the
slides with the samples were scanned by using the Agilent DNA Microarray Scanner
(G2505B).
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2.2.10.3 Data analysis process

Microarray data composed of the probe signals were analysed by GeneSpring GX
Software (v14.5) (Agilent Technologies). The normalization of the probe signals was
performed by Quantile algorithm with Bonferroni FWER (Family Wise Error Rate)
correction. The categorization of the statistically significant (p < 0.05) and
differentially expressed genes (at least two-fold change) was carried out using
FunCat database. Transcription factors of the whole transcriptomic data were
determined by YEASTRACT database (Teixeira et al., 2018).

2.2.11 Whole genome re-sequencing of the evolved strain

Genomic DNA isolation for the whole genome re-sequencing of the reference strain
and the caffeine-resistant evolved strain was performed using MasterPure DNA
Purification Kit (Epicentre), following overnight growth in 100 mL of YPD in 500
mL flasks at 30°C, 150 rpm. DNA concentrations and qualities were checked using
UV-Vis spectrophotometer (NanoDrop 2000). The library construction of genomic
DNA was performed by lon Xpress Plus Fragment Library Kit (ThermoFisher) and
Ion 540™ Chip Kit, according to the manufacturer’s protocols, following adjustment
to 100 ng. The sequencing of DNA samples was carried out on an integration system
of lon S5 next-generation sequencing platform (ThermoFisher) and library prep
platform lon Chef (ThermoFisher). The raw data quality was assessed by FastQC
v.0.11.5 (Babraham Bioinformatics). Low-quality sequence and remnant adapters
were trimmed using Trimmomatic v.0.32 (Bolger et al., 2014). DNA sequence reads
of the evolved strain and the reference strain were aligned to the DNA sequence of S.
cerevisiae CEN.PK113-7D (GCA_000269885.1) (Nijkamp et al., 2012), using the
Burrows-Wheeler aligner MEM v.0.7.1 (Li & Durbin, 2009). The differences in
DNA sequences were detected and reviewed by Genome Analysis Toolkit (GATK)
v.3.8.0 (DePristo et al., 2011) and GenomeBrowse v2.1.2 (GoldenHelix),
respectively. The filtration of low quality differences in DNA was performed using
in-house R scripts. Differences in the DNA sequence of the caffeine-resistant mutant
strain were annotated using Variant Effect Predictor v.90 and S. cerevisiae
CEN.PK113-7D, ASM26988v1 template. Whole-genome re-sequencing data have
been deposited in the NCBI Sequence Read Archive (SRA) under BioProject
PRINA514961.
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3. RESULTS

3.1 The Effect of Caffeine on Various Stress-resistant Saccharomyces cerevisiae
Strains obtained by Evolutionary Engineering Strategy

The effect of caffeine on a variety of stress-resistant strains was determined, using
spot assay under 10 mM and 15 mM caffeine stress conditions, as well as the
nonstress (control) condition. The analysis results showed that, among all resistant
strains tested, the most caffeine-resistant strain was the propolis-resistant FD11
strain, compared to the reference strain. Its resistance against 10 mM and 15 mM
caffeine stresses were clearly observed, compared to the other strains. Also,
oxidative stress (H20,)-resistant H7 and ethanol-resistant B8 strains were slightly
resistant to 10 mM caffeine stress. Besides, ethanol-resistant B2, sulphur dioxide-
resistant F3 and iron-resistant 8C were, to some extent, resistant to 15 mM caffeine
stress. On the other hand, cobalt-resistant CI125E and nickel-resistant M9 strains were
clearly sensitive to 10 mM caffeine stress. The remaining strains (freeze thaw-
resistant F1, silver-resistant 2E, phenyl ethanol-resistant C9 and salt-resistant T8

strains) were neither resistant nor sensitive against caffeine stress (Figure 3.1).
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Figure 3.1 : The effect of caffeine stress (10 mM and 15 mM) on sulphur dioxide-
resistant F3, iron-resistant 8C, salt-resistant T8, hydrogen peroxide-resistant H7,
cobalt-resistant CI25E, nickel-resistant M9, freeze thaw-resistant F1, silver-resistant
2E, phenyl ethanol-resistant C9, propolis-resistant FD11, and two ethanol-resistant
B2 and B8 strains, as well as the reference strain (REF).

3.2 Determination of the Initial Caffeine Stress Level for the Evolutionary

Engineering Experiments

Reference strain (CEN.PK113-7D) and EMS-mutagenized population were screened
at various caffeine stress levels, to determine the Minimal Inhibitory Concentration
(MIC) of caffeine. The cultures were incubated for growth at various caffeine
concentrations (0-20 mM) for 24 h. The screening study showed that caffeine caused
a similar inhibition profile in the reference strain and the EMS-mutagenized
population. Both cultures were slightly inhibited up to 7.5 mM caffeine; however, the
inhibition dramatically increased at higher caffeine concentrations and the percent

survival rate decreased below 20% in the presence of 20 mM caffeine. Thus, the
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MIC value was estimated to be between 7.5 to 10 mM caffeine (Figure 3.2). Finally,
7.5 mM caffeine with a survival rate higher than 50% was chosen as the initial, mild
caffeine stress level of the evolutionary selection procedure.
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Figure 3.2 : Percent survival rates of the EMS-mutagenized population (EMP) and
the reference strain (REF) at different concentrations of caffeine.

3.3 Evolutionary Engineering of Caffeine-resistant S. cerevisiae Mutants

Successive batch cultivation was applied to the reference strain and its EMS-
mutagenized population for the parallel selection of caffeine-resistant S. cerevisiae
evolved strains in the presence of 7.5 mM caffeine as the initial stress level. To
determine the caffeine inhibition effect on the reference strain and the EMS-
mutagenized population, cultures grown in the presence of caffeine were compared
to the control cultures grown without caffeine. Eventually, 48 populations were
obtained from each selection and the final caffeine concentration reached 50 mM
(9.74 g L™) (Figure 3.3). Caffeine concentration was gradually increased along 48
passages. Accordingly, an increase by 0.5 mM, 1 mM, and 2 mM caffeine was
performed; from the 1% to 28™ population, 28" to 41% population, and 41°* to 48"
population, respectively. The cultures of the reference strain and the EMS-
mutagenized population had similar survival profiles along their populations. Also,
each culture had fluctuations in survival rates at increasing caffeine concentrations
and none had percent survival rates below 50%. The final populations of both
reference strain and the EMS-mutagenized population selections had nearly similar
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percent survival (56.6% and 58.7%, respectively) at 50 mM caffeine concentration
(Tables B.1 and B.2).

Batch Number
0 5 10 15 20 25 30 35 40 45 50

100.0 L L L L L L L L L 100.0
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Figure 3.3 : Percent survival rate of each of the 48 populations obtained during two
parallel successive batch cultivations, beginning with EMS-mutagenized population
(EMP) and the reference strain under gradually increased caffeine stress levels, by
evolutionary engineering. ‘m’ indicates each population obtained from EMP as the
initial population of selection ‘@’ indicates each population obtained from the
reference strain as the initial population of selection. ‘+’ indicates caffeine
concentration.

The final populations of both reference strain and the EMS-mutagenized population
were named as Caf905 and Caf906, respectively. To isolate caffeine-resistant
individuals, following evolutionary engineering of both reference strain and EMS-
mutagenized population at high caffeine concentrations, each final population was
grown on YMM solid media containing 50 mM caffeine, at 30°C for 96 h. Twenty
four caffeine-resistant S. cerevisiae mutant strains were randomly chosen from the
final populations grown on these media. Twelve caffeine-resistant S. cerevisiae
mutant strains obtained from the Caf905 population were named as Caf905-1 to
Caf905-12, while twelve evolved strains obtained from the Caf906 population were
named as Caf906-1 to Caf906-12.
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3.3.1 Estimation of the caffeine resistance levels of the evolved strains

The caffeine-resistance levels of 24 individuals obtained from Caf905 and Caf906
final populations were determined using spot assay, upon growth at 30°C for 72 h.
All of the caffeine-resistant S. cerevisiae strains grew well on YMM medium
including 15 mM caffeine and control medium. Also, all exhibited growth patterns
similar to each other. On the other hand, 15 mM caffeine had a strong inhibitory
effect on the reference strain and its EMS-mutagenized population, compared to the
caffeine-resistant S. cerevisiae evolved strains. However, no growth difference was
observed between the caffeine-resistant S. cerevisiae strains in YMM including 15
mM caffeine (Figure 3.4a and 3.4b).

YMM YMM + 15 mM caffeine

101 10?2 103 10* 107 101 102 103 10% 107

REF

FP

Caf905-1

Caf905-2

Caf905-3

Caf905-4
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Caf905-6

Caf905-7

Caf905-8

Caf905-9

Caf905-10
Caf905-11

Caf905-12

Figure 3.4 : Caffeine resistance of the randomly chosen evolved strains under 15
mM caffeine stress and control conditions, upon 72 h incubation. a includes 12 of the
caffeine-resistant mutants (Caf905-1 to Caf905-12), final population Caf905(FP) and

the reference strain (REF) and b includes 12 of the caffeine-resistant mutants

(Caf906-1 to Caf906-12), final population Caf906(FP) and the EMS-mutagenized

population (EMP).
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Figure 3.4 (continued) : Caffeine resistance of the randomly chosen evolved strains
under 15 mM caffeine stress and control conditions, upon 72 h incubation. a includes
12 of the caffeine-resistant mutants (Caf905-1 to Caf905-12), final population
Caf905(FP) and the reference strain (REF) and b includes 12 of the caffeine-resistant
mutants (Caf906-1 to Caf906-12), final population Caf906(FP) and the EMS-
mutagenized population (EMP).

In addition, the resistance of the caffeine-resistant strains isolated from the Caf905
final population was also determined under 50 mM caffeine stress. Accordingly, all
gave spots, at least, at 10™ diluted sample, even though the reference strain did not

grow at all, under 50 mM caffeine stress condition (Figure 3.5).
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Figure 3.5 : Caffeine resistance of selected mutants obtained from the Caf905 final
population (Caf905-1 to Caf905-12), relative to the reference strain (REF), under 50
mM caffeine stress and control conditions upon 72 h incubation (Siirmeli et al.,
2019).

To reveal the growth differences, cell growth or survival was determined
quantitatively at 24", 48" and 72" h under 15 mM caffeine stress, using five-tube
MPN method. MPN analysis results showed that the mutant individuals obtained
from the Caf906 population had significantly higher resistance than those of the
Caf905 population. At each time point, Caf905-2 exhibited the highest percent
survival rate among the mutant individuals obtained from Caf905. Caf906-11 and
then Caf906-12 also grew better than the other individual mutants obtained from
both Caf905 and Caf906 populations. Caf905-2, Caf906-11, and Caf906-12 were
chosen for genetic stability test, because each had higher percent survival at 24", 48"
and 72" h, compared to the other evolved strains tested (Figure 3.6a and 3.6h),

indicating that they have a higher caffeine resistance than the other evolved strains.
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Figure 3.6 : MPN results of caffeine-resistant S. cerevisiae mutant strains in YMM
with 15 mM caffeine at 24™, 48" and 72" a. It includes Caf905-1 to Caf905-12,
Caf905 (final population), calculated Caf905-arithmetic mean, as well as the
reference strain, b. It includes Caf906-1 to Caf906-12, Caf906 (final population),
calculated Caf906- arithmetic mean, as well as the EMS-mutagenized population
(EMP).

3.3.2 Genetic stability of the evolved strains with the highest caffeine resistance

Genetic stability test of the three mutants (Caf905-2, Caf906-11, and Caf906-12),
exhibiting the highest caffeine stress survival based on five-tube MPN results, was
carried out as ten repetitive batch passages under 10 mM and 15 mM caffeine, and
control (no caffeine) conditions. The results showed that Caf905-2, Caf906-11, and
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Caf906-12 were genetically stable (Figure 3.7a, 3.7b and 3.7c). Thus, these strains
were chosen for cross-resistance analyses against a variety of stress types.

a
Control 10 mM caffeine 15 mM caffeine
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Figure 3.7 : Growth of the caffeine-resistant strains on 10 mM and 15 mM caffeine-
containing YMM agar and YMM agar (control) after 1,3,5,7,9 and 10 successive
cultivations in caffeine-free media at 72h of incubation. a. Caf905-2, b. Caf906-11,
c. Caf906-12.
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3.3.3 Analysis of cross-resistance or sensitivity of selected evolved strains against

various stress types

Caffeine-resistant strains (Caf905-2, Caf906-11, and Caf906-12) were grown in the
presence of different stress factors. The results showed that all three strains were
highly resistant to the tested antibiotics (50 nM antimycin A, 20 ng mL™ rapamycin),
and phenolics (150 pg mL™ propolis, 1 mM coniferyl aldehyde). However, the three
strains behaved differently when exposed to another phenolic, 1 mM vanillin, such
that Caf906-11 was slightly resistant, Caf906-12 was sensitive, and Caf905-2 was
neither sensitive nor resistant. In addition, Caf905-2 and Caf906-12 were highly
susceptible to all tested metals (1 mM CoCl,, 7.5 mM AICl3, 17.5 mM MnCl,, 40
mM NH4Fe(SO,), and 0.5 mM NiCl,). Caf906-11 was also sensitive to 1 mM CoCly,
and 7.5 mM AICl3; however, it was resistant to 17.5 mM MnCl, and 40 mM
NH4Fe(SO,),, and neither resistant nor sensitive to 0.5 mM NiCl,. All three strains
were highly sensitive to 50 mM boric acid, 0.5 mM hydrogen peroxide, and slightly
sensitive to 0.5 M NaCl. Caf905-2 was highly sensitive and the other mutants were
slightly sensitive to 1 M NH4Cl. Caf905-2 and Caf906-12 were sensitive to 2 g L™
phenylethanol and heat stress (38°C); but Caf906-11 was neither resistant nor
sensitive to these stresses. Furthermore, Caf906-11 and Caf906-12 were neither
sensitive nor resistant against 2.25 mg mL™ glyphosate; however, Caf905-2 was
highly susceptible to this stress. Caf906-12 was neither resistant nor sensitive,
Caf906-11 was slightly sensitive and Caf905-2 was highly sensitive to ethanol 8% (v
v'Y). All mutants were neither sensitive nor resistant against 1 M sorbitol. In addition,
five stress factors (cycloheximide, mild alkaline pH, lithium chloride, sodium acetate
(NaAc) and DMSO) were applied only to Caf905-2. According to these results,
Caf905-2 was highly resistant to 1000 ng mL™ cycloheximide and slightly resistant
to 8% (v v'') DMSO; however, it was susceptible to pH 7.5, LiCl and NaAc (Figure
3.8).
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Figure 3.8 : Cross-resistance/sensitivity of selected genetically stable, evolved
strains against different stress factors, relative to the reference strain (REF). Control:
YMM, caffeine, propolis, coniferyl aldehyde, rapamycin, antimycin A, vanillin,
sorbitol, ethanol, 2-phenyl ethanol, ammonium chloride (NH,CI), ammonium
iron(111) sulfate (NH4Fe(SO4),), cobalt chloride (CoCl,), nickel chloride (NiCly),
aluminium chloride (AIClI3), salt (NaCl), Manganese chloride (MnCly), boric acid
(H3BO,), hydrogen peroxide (H20,), glyphosate, heat, cycloheximide, mild alkaline
pH (pH 7.5), lithium chloride (LiCl), sodium acetate (NaAc) and dimethyl sulfoxide
(DMSO) at 72 h of incubation.
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3.4 Physiological Analyses of the Caffeine-resistant Evolved Strain Caf905-2

3.4.1 Growth physiology, glucose consumption and metabolite production

Growth physiology and metabolite profiles of the caffeine-resistant evolved strain
Caf905-2 and the reference strain were analyzed under 10 mM caffeine stress and
nonstress conditions (Figure 3.9). (imax) Of Caf905-2 (0.27 + 0.01 h™*) was about 3-
fold of that of the reference strain (0.10 + 0.01 h™) in the presence of 10 mM
caffeine. Additionally, Caf905-2 entered the stationary phase of growth at 12 h;
however, the reference strain entered after 30 h. On the other hand, pmax Values were
0.30 + 0.01 h* and 0.31 + 0.01 h™ for Caf905-2 and the reference strain,
respectively, under nonstress condition. Thus, there was no significant difference
between the growth rates of the two strains under control conditions. At 30 h, ODggo
for Caf905-2 and the reference strain reached their maximum values of 4.89 + 0.05
and 5.98 + 0.05, respectively, under nonstress condition. On the other hand, the
maximum ODggo values for Caf905-2 and the reference strain at 48 h were 4.97 +
0.14 and 5.25 + 0.16, respectively, under 10 mM caffeine stress (Table 3.1 and Table
C.1). The final biomass concentration or cell dry weight (cdw (mg mL™)) of the
Caf905-2 culture at 30 h of growth was, to some extent, higher than that of the
reference strain, in the presence of 10 mM caffeine. Caffeine stress caused an
increase in the biomass concentration in the reference strain and Caf905-2,
respectively, at 30 h of growth. At this time, biomass concentrations of Caf905-2 and
the reference strain were 1.88 = 0.06 and 2.18 + 0.03 in the absence of caffeine, and
they both increased to more than 1.5-fold and 2-fold, in the presence of caffeine,
respectively (Table 3.1). Metabolite analyses showed that the caffeine-resistant
Caf905-2 did not reduce its glucose consumption and metabolite production
(glycerol and ethanol) rates under 10 mM caffeine stress; however, the reference
strain seemed to be strongly inhibited under caffeine stress (Figure 3.9a, 3.9b, and
3.9c). The ethanol yield was also reduced in the reference strain under caffeine
stress, however, it did not change in Caf905-2. Surprisingly, caffeine stress did not
cause any change in the final glycerol yield of the reference strain; however, it
significantly reduced the final glycerol yield of Caf905-2. Under nonstress condition,
the final glycerol yield in caffeine-resistant Caf905-2 was two-fold of that of the
reference strain (Table 3.1).
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Figure 3.9 : Metabolite (a: residual glucose, b: glycerol, c: ethanol) and growth
profiles (d) of the reference strain and the evolved strain Caf905-2 in the presence of
10 mM caffeine stress condition, as well as control (nonstress) condition. ‘¢’
indicates caffeine-resistant Caf905-2 (no stress), ‘¢’ indicates caffeine-resistant
Caf905-2 under 10 mM caffeine stress, ‘A’ indicates the reference strain (no stress),
and ‘ A’ indicates the reference strain under 10 mM caffeine stress (Siirmeli et al.,
2019).

Table 3.1 : Physiological parameters (maximum specific growth rate (umax), cell dry
weight (cdw), ethanol and glycerol yields) during cell growth in 2% (w v*) glucose
YMM, under caffeine-free and 10 mM caffeine stress conditions.

Strain max Biomass (cell dry Ethanol yield Glycerol yield

(h™ weight) at 30 (g g glucose (g g™ glucose
(mg cdw mL™) consumed) consumed)

OmM caffeine

Reference 0.31+0.01 2.18+£0.03 0.430 + 0.004 0.020 + 0.002

Caf905-2 0.30+0.01 1.88 +0.06 0.430 + 0.020 0.040 + 0.001

10 mM caffeine

Reference 0.10+0.01 3.53+0.38 0.320 + 0.040 0.020 + 0.002

Caf905-2 0.27 +0.01 4.03+0.25 0.420 + 0.010 0.020 + 0.001
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3.4.2 Intracellular trehalose accumulation

The analysis of intracellular trehalose accumulation indicated that the reference
strain accumulated more trehalose than Caf905-2, especially after 15 h of cultivation
under caffeine-free condition (Figure 3.10a). Under 10 mM caffeine stress, the
reference strain and Caf905-2 had similar levels of intracellular trehalose at about 12
and 15 h. However, Caf905-2 accumulated significantly higher amounts of trehalose
than the reference strain at 21 and 30 h. Interestingly, the reference strain
accumulated significantly higher amounts of trehalose than Caf905-2 after 30 h, until

48 h of cultivation (Figure 3.10b).
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Figure 3.10 : Intracellular trehalose amounts and the cell dry weights (CDW) of
caffeine-resistant Caf905-2 and the reference strain. a. under nonstress (control)

condition. b. under 10 mM caffeine stress condition. <O’ indicates caffeine-resistant
Caf905-2, ‘@’ indicates the reference strain (Stirmeli et al., 2019).

3.5 Lyticase susceptibility of the evolved strain Caf905-2

The cell wall integrity can be tested using the cell wall B-1,3-glucan-degrading
enzymes such as lyticase or zymolyase, to investigate the effects of the cell wall

damage agents like caffeine (Aguilar-Uscanga and Frangois 2003; Kuranda et al.,
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2006). The lysis of the cells can be followed spectrophotometrically, by the decrease
in ODggo With time (Kuranda et al., 2006). The results of this assay indicated that
stationary phase and early exponential phase cells of caffeine-resistant Caf905-2
resisted lyticase more than those of the reference strain, under nonstress condition.
With the addition of 10 mM caffeine, lyticase resistance of the stationary phase and
early exponential phase cells of the reference strain significantly increased, to a
comparable level to that of Caf905-2. Different from the reference strain, the
presence of 10 mM caffeine did not change the lyticase resistance of the evolved

strain Caf905-2, compared to the nonstress condition (Figure 3.11a and 3.11b).
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Figure 3.11 : Lyticase susceptibility of caffeine-resistant Caf905-2 and the reference
strain in the presence of 10 mM caffeine stress and nonstress conditions. a. Lyticase
susceptibility of stationary phase cells, b. Lyticase susceptibility of early exponential
phase cells ‘0’ indicates caffeine-resistant Caf905-2 (no stress), ‘¢’ indicates
caffeine-resistant Caf905-2 under 10 mM caffeine stress, ‘A’ indicates the reference
strain (no stress), and ‘ A’ indicates the reference strain under 10 mM caffeine stress.

3.6 Whole Genome Transcriptomic Analysis Results

Comparative whole genome transcriptomic analysis was carried out for the caffeine-
resistant mutant Caf905-2 and the reference strain by DNA microarray to investigate
the molecular mechanisms underlying caffeine resistance. The analysis results
elucidated that, among genes with at least two-fold expression change, 745 Open
Reading Frames (ORF) were upregulated and 741 ORF were downregulated in
Caf905-2, compared to the reference strain, under nonstress conditions. FunCat
database (Ruepp et al., 2004) was used to categorize the functional classes of the
upregulated and downregulated genes of caffeine-resistant Caf905-2 and to assess
their biological significance.
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3.6.1 Functional categories of the upregulated genes in Caf905-2

The significantly upregulated genes were highlighted in the main functional
categories of ‘Metabolism’, ‘Energy’, ‘Protein Fate’, ‘Protein with Binding Function
or Cofactor Requirement’, and ‘Cell Rescue, Defence and Virulence’. Each main
functional category of at least two-fold upregulated genes was divided into different
numbers of categories which are biologically significant. Within the ‘Metabolism’
category, there were two subcategories as “C-compound and carbohydrate
metabolism” and “Secondary metabolism”. The former included 16.7% of at least
two-fold upregulated genes, whereas the latter category contained 4.93%. Both were
1.4-fold enrichment categories. ‘Energy’ category was divided into five different
subcategories called “Glycolysis and gluconeogenesis” (3.42% of the upregulated
genes), “Pentose-phosphate pathway” (1.23% of the upregulated genes), “Electron
transport and membrane-associated energy conservation” (3.83% of of the
upregulated genes), “Aerobic respiration” (3.01% of of the upregulated genes), and
“Metabolism of energy reserves (e.g. glycogen, trehalose)” (3.01% of of the
upregulated genes). Except “Aerobic respiration”, all had at least two-fold enriched
genes. In addition, the ‘Protein Fate’ main category was composed of ‘“Protein
folding and stabilization” (4.24%), “Modification by  ubiquitination,
deubiquitination” (3.28%), “Modification by ubiquitin-related proteins” (1.36%),
“Protein processing (proteolytic)” (3.42%), and “cytoplasmic and nuclear protein
degradation” (5.89%). Among these, only “Protein folding and stabilization”
subcategory had at least two-fold enriched genes. ‘Protein with Binding Function or
Cofactor Requirement’ category contained just one biological significance
subcategory which is “Complex cofactor/cosubstrate/vitamin binding”, including
4.93% of the upregulated genes and with 1.5-fold enrichment. The final main
category of the upregulated genes, ‘Cell Rescue, Defence and Virulence’, was
composed of “Stress response” and “Oxygen and radical detoxification”
subcategories, which correspond to 18.4% and 1.36% of the upregulated genes,

respectively. The latter contained at least two-fold enriched genes (Table 3.2).
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Table 3.2 : Main functional categories of at least two-fold upregulated genes in the
evolved strain Caf905-2, relative to the reference strain, based on FunCat analysis
outputs (Siirmeli et al., 2019).

Fold
Functional category Count® 0P Enrichment® p-value
Metabolism C-compound and carbohydrate
metabolism 122 16.7 14 1.34x10™
secondary metabolism 36 4.93 14 3.29x10?
Energy glycolysis and gluconeogenesis 25 3.42 2.1 1.75x10*
pentose-phosphate pathway 9 1.23 25 8.16x10°°
electron transport and membrane- 27 3.83 2.1 7.91x10°
associated energy conservation
aerobic respiration 21 3.01 15 2.73x1072
metabolism of energy reserves 22 3.01 24 5.06x107
(e.g. glycogen, trehalose)
Protein Fate protein folding and stabilization 31 4.24 2 1.34x10™
modification by ubiquitination,
deubiquitination 24 3.28 15 3.16x10%2
modification by ubiquitin-related
proteins 10 1.36 1.9 2.85x1072
protein processing (proteolytic) 25 3.42 1.6 1.02x1072
cytoplasmic and nuclear protein
degradation 43 5.89 15 5.77x107
Protein with Binding  complex
Function or Cofactor  cofactor/cosubstrate/vitamin
Requirement binding 36 4.93 15 1.08x10
Cell Rescue, Defense  stress response 135 18.4 14 2.06x10°
and Virulence
oxygen and radical detoxification 10 1.36 25 4.98x10°®

& number of query genes found in each functional category .
® percentage of the involved genes among the total genes in the query.
¢ ratio of frequencies of the query and the reference gene set.

3.6.1.1 At least two-fold enriched upregulated genes in Caf905-2

At least two-fold enriched upregulated genes were analyzed, according to the results
obtained from the FunCat database. Based on this analysis, 26% of the genes in
“Electron transport and membrane-associated energy conservation” Wwere
upregulated. This category mainly contains the subunits of cytochrome ¢ oxidase
(COX20, COX9, COX13, COX5b, COX12, COX7), subunits of the ubiqunol-
cytochrome-c reductase (Complex I11) (QCR10, QCR7, QCR9, QCRS), subunits of
the FO sector of mitochondrial F1FO ATP synthase (ATP17, ATP19), and cytochrome

37



isoforms (CYC1 and CYC7). CYC7 and TMA10 genes in “Electron transport and
membrane-associated energy conservation” were the two most upregulated genes
among all genes that were at least two-fold upregulated, (approximately 222-fold and
153-fold, respectively) in Caf905-2. Also, 30% of the genes from the “Pentose-
phosphate pathway”, category were upregulated. The highly overexpressed NQM1
and PGM2 genes (about 27-fold and 20-fold, respectively) are placed in this
functional category. It also includes SOL4 and GND?2 associated with the oxidative
branch of the pentose phosphate pathway. In addition, 30% of the genes placed in the
“Metabolism of energy reserves” functional category were induced. This functional
category consists of the genes from trehalose (NTH1, ATH1, TSL1, TPS3), glycogen
metabolism (GSY1, GSY2, GLC3, GPH1, GDB1), and maltose metabolism (MAL32,
MAL12, IMAL, IMA2, IMA3, IMA4, IMA5). 26% of the genes from “Glycolysis and
gluconeogenesis” category were also induced. This includes the highly
overexpressed gene encoding hexokinase isoenzyme 1 (HXK1). Furthermore, 30.3%
of the genes were within the functional category of “Oxygen and radical
detoxification”. This functional category contains the genes related to glutathione
(GPX1, GPX2 and GRX1) and the genes associated with thioredoxin (PRX1, TRX2
and TSA2). Within the “Protein folding and stabilization” functional category, heat
shock protein (HSP)-related genes are found. Some genes are placed in more than
one functional categories. For example, UGP1 gene encoding UDP-glucose
pyrophosphorylase (UGPase) is found in “Metabolism of energy reserve” and
“Glycolysis and gluconeogenesis” functional categories, whereas PGM2 encoding
phosphoglucomutase is placed in “Pentose phosphate pathway (PPP)”, in addition to
the above-mentioned two categories. HSP82 encoding Hsp90 chaperon is placed
within the functional categories of “Glycolysis and gluconeogenesis” and “Protein
folding and stabilization”. ZWF1 encoding glucose-6-phosphate dehydrogenase
(G6PD), YPL113C encoding glyoxylate reductase, and TKL2 encoding transketolase
are found in “Glycolysis and gluconeogenesis” and “Pentose phosphate pathway
(PPP)” categories. Additionally, SOD1 encoding cytosolic copper-zinc superoxide
dismutase is placed in “Oxygen and radical detoxification” and “Protein folding and

stabilization” categories (Table E.1).

The pleiotropic drug resistance (PDR) family genes were upregulated in the category

of “Drug/toxin transport”, although the category was not indicated within the
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enriched functional categories. This category contains four ATP-binding cassette
(ABC) transporters placed in plasma membrane (SNQ2, PDR5, PDR15, and YOR1)
as well as two transcription factors (YRM1 and YRR1) implicated in multidrug
resistance (Table E.1).

3.6.2 Functional categories of the downregulated genes in Caf905-2

The significantly downregulated genes were highlighted in the main functional
categories of ‘Metabolism’, ‘Transcription, ‘Protein Synthesis, ‘Protein with Binding
Function or Cofactor Requirement’, and ‘Cellular Transport, Transport Facilities and
Transport Routes’. Each main functional category of at least two-fold downregulated
genes was divided into different numbers of categories which are biologically
significant. Within the ‘Metabolism’ category, there were three subcategories called
“Amino acid metabolism”, “Purine nucleotide/nucleoside/nucleobase metabolism”,
and “Pyrimidine nucleotide/nucleoside/nucleobase metabolism”. They included
7.47%, 4.15%, and 3.32% of the downregulated genes, respectively. The latter two
subcategories contained at least two-fold enriched genes. ‘Transcription’ category
was divided into three different subcategories as “RNA synthesis” (18.5% of the
downregulated genes), “RNA processing” (22.2% of the downregulated genes), and
“RNA modification” (5.4% of the downregulated genes). The latter two
subcategories had at least two-fold enriched genes. In addition, ‘Protein Synthesis’
main category was composed of “Ribosome biogenesis” (17.7%), “Translation”
(11%), “Translational control” (3.46%), and “Aminoacyl tRNA-synthetases”
(2.21%) subcategories. All had at least two-fold enriched genes. ‘Protein with
Binding Function or Cofactor Requirement’ category contained two biologically
significant subcategories which are “RNA binding” and
“Nucleotide/nucleoside/nucleobase binding”, that include 14.8% and 17% of the
downregulated genes, respectively. The “RNA binding” subcategory had at least 1.5-
fold enrichment. The final main category of the downregulated genes in Caf905-2
was ‘Cellular Transport, Transport Facilities and Transport Routes’. It consisted of
“lon transport” (5.81%), “Heavy metal ion transport (Cu®, Fe*', etc.)” (2.49%),
“Amino acid/amino acid derivatives transport” (1.93%), “Amine/polyamine
transport”  (0.96%), “Nucleotide/nucleoside/nucleobase transport”  (1.24%),
“Vitamin/cofactor transport” (1.52%), and “Transport facilities” (7.75%)

subcategories. Among these, four subcategories (Heavy metal ion transport (Cu”,
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Fe**, etc.), Amine/polyamine transport, Nucleotide/nucleoside/nucleobase transport,

Vitamin/cofactor transport) contained at least two-fold enriched genes (Table 3.3).

Table 3.3 : Main functional categories of at least two-fold downregulated genes in
the evolved strain Caf905-2, relative to the reference strain, based on FunCat

analysis outputs (Siirmeli et al., 2019).

Fold
Functional category Count? 0P Enrichment® p-value
Metabolism amino acid metabolism 54 7.47 1.4 6.38 x1073
purine
nucleotide/nucleoside/nucleobase
metabolism 30 4.15 2 1.43x10*
pyrimidine
nucleotide/nucleoside/nucleobase
metabolism 24 3.32 2.3 3.95x10°
Transcription RNA synthesis 134 18.5 1.2 5.61x10°
RNA processing 161 22.2 2.7 4.96x10°%
RNA modification 39 5.4 45 6.16x10°
Protein Synthesis ribosome biogenesis 128 17.7 2.9 1.80x10°%
Translation 80 11 2.5 5.08x10™*
translational control 25 3.46 2 4.76x10*
aminoacyl-tRNA-synthetases 16 2.21 3.1 2.24x10°
Protein with RNA binding 107 14.8 2.5 1.17x10%
Binding Function or
Cofactor nucleotide/nucleoside/nucleobase
Requirement binding 123 17 1.5 7.80x107
Cellular Transport, ion transport 42 5.81 1.7 2.96x10™
Transport Facilities
and Transport heavy metal ion transport (Cu®, 18 2.49 2.2 9.88x10™
Routes Fe**, etc.)
amino acid/amino acid
derivatives transport 14 1.93 1.6 4.09x10°2
amine / polyamine transport 7 0.96 24 2.10x10°2
nucleotide/nucleoside/nucleobase
transport 9 1.24 2.5 7.59x10°2
vitamin/cofactor transport 11 1.52 2.8 1.27x10°
transport facilities 56 7.75 1.3 1.47x1072

& number of query genes found in each functional category.

b percentage of the involved genes among the total genes in the query.

¢ ratio of frequencies of the query and the reference gene set.
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3.6.2.1 At least two-fold enriched downregulated genes in Caf905-2

At least two-fold enriched downregulated genes were analyzed, according to the
results obtained from the FunCat database. Based on the results of this analysis,
many genes were placed in RNA processing, RNA modification, “Ribosome
biogenesis”, “Translation”, “Translational control”, “Aminoacyl tRNA-synthetases”,
and “RNA binding”. In addition, 24% and 29% of the genes associated with purine
and pyrimidine metabolism were downregulated, respectively. Those categories
include URA gene clusters (URAL, URA3, URA5, URA7), DAL gene clusters (DALL,
DAL2, DAL3, and DALY) related to urea metabolism, the genes (PRS1 and PRS3)
responsible for the synthesis of 5-phospho-ribosyl-1(alpha)-pyrophosphate (PRPP),
and adenine metabolism-related genes (ADE1, ADE12 and AAH1). In addition, 26%
of the genes from the functional category of “Heavy metal ion transport” were highly
repressed. This category includes the genes (ARN1, SIT1, FTR1, AFT1, FET3, FET4,
FRE4 and FSF1) associated with iron utilization and transport. Within this functional
category, PHOB84 encoding the high-affinity inorganic phosphate (P;) transporter was
the most downregulated (by approximately 154-fold) gene among all at least two-
fold downregulated genes. Furthermore, 29% of the genes placed in the functional
category of “Amine/polyamine transport” were also repressed. This category
contains TPO2 and TPO3 genes encoding polyamine transporter of the major
facilitator superfamily. Within the functional category of “Nucleotide transport”,
30% of the genes were repressed. In addition, 33% of the genes from the functional
category of “Vitamin/cofactor transport” were highly downregulated. Within this
category, PHO3 and PHO12, encoding acid phosphatases, were found. FUR4, and
FUI1 genes were placed in “Amine/polyamine transport” and “Nucleotide transport”
categories, whereas FCY21, FCY2, and TPC1 genes were found in “Nucleotide
transport” and “Vitamin/cofactor transport”. Additionally, THI7 gene encoding the
plasma membrane transporter responsible for the uptake of thiamine, was found in
three categories; “Amine/polyamine transport”, “Nucleotide transport”, and

“Vitamin/cofactor transport” (Table E.2).
3.6.3 Transcription factors with significant expression changes in Caf905-2

There were 38 transcription factors in Caf905-2 with expression level changes of at
least two-fold of the reference strain. Of these, 22 were upregulated and 16 were
downregulated, based on the YEASTRACT analysis results. Among the upregulated
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transcription factors, there were CIN5, YAP5 and YAPG6 belonging to yAP-1 family,
and SIP4 and CAT8 genes related to carbon source responsive elements (CSRES).
HAP4 and RPN4 were also among the upregulated transcription factors which are
the global regulator of the respiratory gene expression, and the inducer of the
proteasome gene expression, respectively. Some of the downregulated transcription
factors were GCN4, an activator of amino acid biosynthetic genes, GAT1, an
activator of nitrogen catabolite repression genes, PPR1, responsible for the positive
regulation of URA family genes, acting on de novo pyrimidine biosynthesis, and
RPI1 which blocks the Ras-CAMP pathway.

3.7 Whole Genome Re-sequencing of the Caffeine-resistant Strain Caf905-2

To determine the variations in the genome of caffeine-resistant strain Caf905-2
relative to the reference strain, whole genome re-sequencing was carried out, using
the integrated system of lon S5 next-generation sequencing platform with the library
prep platform lon Chef. This generated 21.1 and 22.1 million reads for the genome of
the reference strain and caffeine-resistant Caf905-2, respectively. The raw sequence
reads of Caf905-2 and the reference strain had nearly 178x and 192x depth coverage,
respectively. The genome of the caffeine-resistant mutant was aligned to the genome
sequence of CEN.PK113-7D (Nijkamp et al. 2012), and a total of only three single
nucleotide variations (SNVs) were found in the genome of Caf905-2, relative to the
reference strain. These SNVs were located in three different genes (PDR1, PDR5,
and RIM8), and each of them was intragenic, missense SNVs. The transcription
factor PDR1 had a transversion SNV (A2456T), where valine was replaced by
aspartic acid (V819D). In addition, another transversion SNV was G2008T in the
PDR5 gene which encodes an ABC transporter. This transversion corresponded to
A670S amino acid substitution, replacing alanine with serine. The last missense SNV
was found in RIM8, as a single transition SNV (A1097G). It corresponded to Q366R

amino acid substitution, replacing glutamine with arginine.
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4. DISCUSSION

In this study, highly caffeine-resistant Saccharomyces cerevisiae mutants (Caf905-2,
Caf906-11, and Caf906-12) were obtained using evolutionary engineering strategy,
which is based on systematic application of successive batch cultivation under a
selection pressure, namely the caffeine stress. The reference strain and the EMS-
mutagenized population were used as the initial populations for selection, to obtain
the evolved strains, Caf905-2, Caf906-11 and Caf906-12. To determine the cross-
resistance of the evolved strains against various stress factors, semi-quantitative spot
assay was applied to the evolved mutants and the reference strain CEN.PK 113-7D.
To gain insight into the molecular mechanisms underlying caffeine resistance;
comparative physiological, genomic and transcriptomic analyses were performed
with the caffeine-resistant mutant Caf905-2.

To increase the genetic diversity of the initial population prior to selection
experiments, random mutagenesis is usually applied to the reference strain (Sauer,
2001; Cakar et al., 2012). In general, chemical mutagens like ethyl methanesulfonate
(EMS) are used to speed up, and increase the performance of the evolutionary
selection process. This usually enables the evolved final populations at the end of the
selection process to tolerate a higher stress level, as compared to the early
populations of selection, or when no EMS mutagenesis was performed. By doing so,
final S. cerevisiae populations with higher percent survival rates are usually obtained,
rather than non-mutagenized populations, after completion of selection (Cakar et al.,
unpublished data). Surprisingly, the final population obtained from selection with the
reference strain without EMS mutagenesis could tolerate very high levels of caffeine
(50 mM), at a relatively high survival rate of about 60%. This population had a
similar survival performance (about 60%) to that of the final population obtained
from the EMS-mutagenized initial population under 50 mM caffeine stress (Tables
B.1 and B.2). This finding could be an evidence for the mutagenic effect of high
caffeine levels, as indicated in previous studies with bacteria, fungi, plants, and
mammalian cells (Nehlig & Debry, 1994; Kihlman et al., 1971). In line with this
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information, Kumar and Keserwani (2016) showed that caffeine leads to abnormality
on chromosomes of root meristems of grass pea (Lathyrus sativus L.) (Kumar &
Keserwani 2016). In addition, Saiardi et al. (2005) and Bentley et al. (1996) reported
that caffeine blocks Rad3/Mecl from fission yeast and Tell from budding yeast
(Saiardi et al., 2005; Bentley et al., 1996). These phosphoinositide 3-kinase-related
protein kinases are implicated in cell cycle checkpoints related to DNA damage.
Therefore, their inhibition and/or disruption leads to susceptibility to cell to DNA-
damaging agents (Pennaneach & Kolodner 2004; Sanchez et al., 1996; Vialard et al.,
1998). ATM and ATM-related ATR in human, homologous to Tell and Mec1/Rad3,
are blocked by caffeine, and this brings about susceptibility to DNA damage
(Sanchez et al., 1996; Blasina et al., 1999; Sarkaria et al., 1999). Thus, the findings
of this thesis work seem to confirm the mutagenic effect of caffeine at high
concentrations. These findings indicate for the first time three specific mutations in
S. cerevisiae that result from prolonged exposure to high caffeine levels using whole

genome re-sequencing analysis.

It is well-documented that caffeine inhibits the cell growth of many organisms
including human (Sandlie et al., 1980; Reinke et al., 2006; Kuranda et al., 2006;
Rallis et al., 2013; Sasamoto et al., 2015; Merighi et al., 2007; Chen & Hwang,
2016). Accordingly, Kuranda et al. (2006) have shown that 8 mM caffeine is
sufficient to decrease the maximum specific growth rate (umax) Of S. cerevisiae by
50% (Kuranda et al., 2006). However, pmax of the evolved strain Caf905-2 did not
decrease under 10 mM caffeine stress, whereas the pmax Of the reference strain
decreased by about three-fold (Table 3.1). Also, the evolved strain could maintain
growth even in the presence of 50 mM caffeine, approximately exhibiting a survival
rate of 60% (data not shown). Many studies about the improvement of caffeine
resistance in yeast have been documented in the literature, by mutation or
overexpression of different genes. For example, toriA cells conferring TOR1
(11954V/W2176R) double mutant could grow in the presence of 20 mM caffeine
(Reinke et al., 2006). The rho5A mutant could also resist 20 mM caffeine stress and
is implicated in an increased activity of the protein kinase C (Pkclp)-dependent
signal transduction pathway (Schmitz et al. 2002). Furthermore, the mutants with the
overexpression of HSE1, RTS3, SDS23 and SDS24 genes could grow under 15 mM
caffeine stress condition (Hood-DeGrenier, 2011). Nevertheless, so far, there have
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not been any studies reporting a yeast mutant that could resist very high caffeine

concentrations, such as 50 mM (Figure 3.5).

According to our comparative genome re-sequencing analysis results, three single
nucleotide polymorphisms (SNVs) were detected in only three genes in the evolved
strain Caf905-2, which were PDR1, PDR5 and RIM8. Pdrlp, a zinc-finger
transcription factor (Akache & Turcotte, 2002), is present in homo- and heterodimer
forms of Pdrlp/Pdr3p (Balzi et al., 1987; Delaveau et al., 1994; Mamnun et al.,
2002), which are implicated in the promoter regulation of PDRE (pleiotropic drug
resistance elements) genes through cis-acting elements (Wolfger et al., 1997; Mahé
et al., 1996; Katzmann et al., 1994). PDR1 gene in the evolved strain Caf905-2
conferred a transversion SNV of T2456A, corresponding to an amino acid
substitution of V819D, which replaces valine with aspartic acid at the position of
819. So far, there have not been any report about this SNV in PDR1, even though
many studies have been reported on SNVs in PDR1 at proximate locations. For
instance, Carvajal et al. (1997) have documented that yeast with a single amino acid
substitution of F815S in PDR1 had enhanced resistance against cycloheximide which
inhibits protein synthesis, oligomycin which inhibits mitochondrial oxidative
phosphorylation, ketoconazole which inhibits ergosterol biosynthesis and 4-
nitroquinoline-N-oxide which is a chemical mutagen (Carvajal et al., 1997).
Likewise, caffeine-resistant mutant Caf905-2 had, to a great extent, cross-resistance
against cycloheximide, as well as to antimycin A that has a similar function and
structure with oligomycin) (Figure 3.8). Surprisingly, it has been recently reported
that an evolved S. cerevisiae mutant resistant to coniferyl aldehyde had a single
amino acid substitution of C862Y in the PDR1 gene, which was also found to be
upregulated. This mutant also had cross-resistance to caffeine in addition to its
resistance to various phenolic compounds (Hacisalihoglu et al., 2019). Other cases of
SNVs, with similar position to V819D of PDR1 in Caf905-2, are involved with the
resistance to different substances, including C10 alkane biofuels (F815S in PDR1)
(Ling et al., 2015), hydrophilic like DMSO (R821S in PDR1) (Nishida et al., 2013)
and hydrophobic like n-nonane and isooctane (R821S in PDR1) (Matsui et al., 2008)
organic solvents. All SNVs in PDR1 that have been documented previously, along
with V819D in Caf905-2, are located on multiple inhibitory domains, which are
extended between N-terminal DNA-binding and C-terminal activation domains. The
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large multiple inhibitory domains repress Pdrlp activation (Kolaczkowska et al.,
2002; Johnston et al., 1986; Balzi et al., 1987). By this way, the documented SNVs
may have reduced this repression effect, induced PDR1 and PDR1-regulated

processes, and enhanced tolerance to various substances.

YEASTRACT enrichment analysis (Teixeira et al., 2018) results revealed that PDR1
regulates about 31.4% of at least two-fold upregulated genes in Caf905-2, 17 of
which were transcription factors. The results also showed that the hypoxic gene
CYC7 was upregulated approximately as high as 222-fold in the evolved Caf905-2
mutant (Table E.1). The CYC7 gene, located in the chromosomes of the nucleus,
encodes a protein of the terminal region of the electron transport chain in
mitochondria. CYC7, a hypoxic gene, is well expressed under microaerophilic or
anoxic conditions, and not transcribed below 0.5 mM O, concentration (Burke et al.,
1997). Antimycin A (complex Il inhibitor in mitochondrial respiration system)
exposure gave rise to an increase in the transcription of the hypoxic gene CYC7 in S.
cerevisiae (Liu & Barrientos, 2013). Given that the evolved strain Caf905-2 had
significant cross-resistance to antimycin A stress (Figure 3.8), the highly upregulated
hypoxic gene CYC7 may play a key role in caffeine and antimycin A resistance,
influencing the energy metabolism in mitochondria. In addition, PDR1 regulates
many genes of ‘Metabolism of energy reserves’ category in the transcriptomic data
of the caffeine-resistant Caf905-2 (Table E.1). They are GLC7, GLC3, GSY2 and
GACL1 genes associated with glycogen synthesis, and GDB1 and GPH1 implicated in
glycogen degradation (Frangois & Parrou, 2001). Likewise, the TSL1 and TPS3
genes related to trehalose synthesis and ATH1 and NTH1 implicated in trehalose
degradation (Frangois & Parrou, 2001) were also upregulated in Caf905-2. Those
results are correlated with previous studies about other evolved S. cerevisiae strains,
such as coniferyl aldehyde-resistant (Hacisalihoglu et al., 2019), chronologically
long-lived (Arslan et al., 2018), ethanol-resistant (Turanli-Yildiz et al., 2017), and
nickel-resistant (Kiiglikgoze et al., 2013) mutants, where a great number of the genes
related to trehalose and glycogen metabolism were also found to be upregulated. This
indicates that a highly active glycogen and trehalose metabolism may be considered
as a common critical factor in yeast tolerance to different stress types. Also, previous
reports have shown that caffeine and rapamycin commonly activate genes associated

with trehalose and glycogen metabolism (Kuranda et al., 2006; Hardwick et al.,
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1999). Those previous reports were supported by the findings of this thesis work,
where the evolved strain Caf905-2 had, to great extent, cross resistance against
rapamycin (Figure 3.8). YEASTRACT analysis results of Caf905-2 revealed that
PDR1 controls many pleiotropic drug resistance (PDR) genes, which are placed in
‘Drug/toxin transport’ subcategory (Table E.1). It is well documented that ABC
proteins are implicated in pleiotropic drug resistance (PDR) (Kolaczkowski et al.,
1998; Mahé et al., 1996; Egner et al., 1998; Cui et al., 1998; Lucau-Danila et al.,
2003). Accordingly, Tsujimoto et al. (2015) have demonstrated that SNQ2 and PDR5
are the genes related to caffeine resistance in S. cerevisiae, pumping caffeine out of
the cell by the action of their products which are the multidrug resistance transporters
Sng2p and Pdr5p, respectively (Tsujimoto et al., 2015). Previous reports have
documented that SNQ2 gene is overexpressed by the exposure of S. cerevisiae to
caffeine (Kuranda et al., 2006), coniferyl aldehyde (Sundstrom et al., 2010), and
propolis (de Castro et al., 2012) stress. Given that the evolved strain Caf905-2
showed cross-resistance against propolis and coniferyl aldehyde stress (Figure 3.8),
and a coniferyl aldehyde-resistant S. cerevisiae mutant was also, to a great extent,
cross-resistant against caffeine stress, along with the upregulated SNQZ2 gene
(Hacisalihoglu et al., 2019); SNQ2 may commonly be a factor that is implicated in

resistance to caffeine, coniferyl aldehyde, and propolis.

The second SNV in the caffeine-resistant evolved strain was another transversion
SNV G2008T in PDR5 gene, replacing alanine with serine at the position of 670
(A670S). PDR5 gene plays a role in yeast multidrug resistance, and it is controlled
via Pdrlp transcription factor encoded by PDR1 gene (Balzi et al., 1987; Balzi et al.,
1994). Balzi et al. (1994) have reported that mutations in PDR1 caused multidrug
resistance and a highly increased expression of Pdr5p, a cytoplasmic membrane
protein in S. cerevisiae (Balzi et al., 1994). A recent study has shown that PDR5 and
SNQ2 genes are determined as two important factors to gain caffeine resistance.
According to this study, based on the screening of the genomic library, SNQ2 had a
stronger effect than PDR5 in conferring caffeine resistance. Also, S. cerevisiae
strains with the overexpression of PDR5 and SNQ2 showed resistance against 20
mM caffeine (Tsujimoto et al.,, 2015). A670S in the caffeine-resistant mutant
Caf905-2 is located in the transmembrane helix 5 (TMH5), belonging to the
transmembrane domain 1 (TMD1) in Pdr5p protein (Golin & Ambudkar, 2015;
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Rutledge et al., 2011). Surprisingly, a previous study reported three cycloheximide-
tolerant S. cerevisiae strains each of which had a single amino acid substitution in
PDR5 gene, and one of them was A670S (Downes et al., 2013). This is the same
amino acid substitution with that in the evolved strain Caf905-2 conferring, to a great
extent, cycloheximide resistance (Figure 3.8). Thus, the A670S amino acid
substitution found in PDR5 gene may be implicated in cycloheximide and caffeine
resistance. Also, Sauna et al. (2008) reported that amino acid substitution of S558Y
in transmembrane helix 2 (TMH2) of Pdr5p gives rise to susceptibility to drugs like

cycloheximide, and eliminates cycloheximide resistance mediated by Pdr5p.

The evolved strain Caf905-2 also had a transition SNV (A1097G) in the RIM8 gene,
replacing glutamine with arginine at the position of 366 (Q366R). This amino acid
substitution is located in the C-terminal domain (residue 259 to 394) of Rim8p
protein, which is an a-arrestin family protein that plays a critical role in the Rim101
pathway (Smardon & Kane, 2014; Velivela & Kane, 2018). Some documents have
shown that a variety of RIM8 mutations cause salt susceptibility. In this regard,
double (P506A/Y508A), single (K521R), or deletion rim8 mutants confer sensitivity
to sodium acetate (Watcharawipas et al. 2017). Furthermore, deletion of RIM8 has
been also associated with sensitivity to sodium chloride and lithium chloride. In fact,
this mutant was neither resistant nor sensitive to sorbitol; however, it was susceptible
to alkaline pH (Marques et al. 2015). In addition, two other studies revealed lithium
chloride sensitivity in the case of the deletion of RIM8 and S76P mutation in RIMS,
respectively (Hayashi et al. 2005; Herrador et al. 2015). In line with the literature,
Caf905-2 was susceptible to lithium chloride, sodium chloride, sodium acetate, as
well as mild alkaline pH stresses, also neither resistant nor sensitive to sorbitol stress
(Figure 3.8).

It is well known that the Rim101 signaling pathway is implicated in cell wall
assembly (Li & Mitchell 1997; Castrejon et al. 2006). In the Rim101 pathway,
Rim21p, which interacts with Rim8p, plays a role as transmembrane helix protein,
whereas Rim101p acts on RIMS8 as transcriptional repressor. In this regard, deletion
of Rim101 and Rim21 give rise to zymolyase and caffeine susceptibilities. Each
deletion brings about deficiency of cell wall in yeast, resulting in caffeine and
zymolyase sensitivities (Castrojen et al. 2006). The present study indicated that the
evolved strain Caf905-2 was also lyticase-resistant (Figure 3.11). Caffeine and

48



zymolyase are cell wall-disrupting compounds, as documented in literature (Ferreira
et al. 2006; Kuranda et al. 2006); thus, the zymolyase or lyticase resistance of the

caffeine-resistant strain Caf905-2 is not surprising.
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5. CONCLUSION

This thesis study showed that evolutionary engineering is a strong strategy to
develop or improve complex phenotypes including stress resistance. This strategy
allowed the isolation of three genetically stable, caffeine-hyperresistant S. cerevisiae
strains, both with and without using physical or chemical mutagens, prior to the
selection procedure. Among the three caffeine-resistant strains selected, Caf905-2
has been evolved without using a mutagen, due to the mutagenic effect of high
caffeine concentrations. All of the isolated caffeine-resistant strains could survive
very high concentrations of caffeine (50 mM) that have not been documented so far
for S. cerevisiae. The evolved strain Caf905-2 did not have any decrease in its
growth rate under 10 mM caffeine stress, usually an inhibitory concentration for
yeast. The results of the comparative whole genome transcriptome and re-sequencing
analyses identified key molecular factors, especially the pleiotropic drug resistance
and cell wall assembly/integrity-linked genes (PDR1, PDR5 and RIM8) that may
play a critical role in caffeine-hyperresistance. Even though the importance of PDR5,
regulated by Pdrlp, has been shown in yeast caffeine resistance (as high as 20 mM)
using genomic library screening (Tsujimoto et al. 2015), this is the first and only
report so far on a caffeine hyper-resistant, evolved yeast strain (50 mM), with only
three SNVs in three genes: PDR1, PDR5 and RIM8. Three SNVs belonging to this
caffeine hyper-resistant mutant that has been obtained by evolutionary engineering,
and probably by the mutagenic effect of prolonged caffeine stress at high levels
during selection, are yet to be investigated in detail as a future work. In this respect,
functional genomic analyses could help reveal the combined and individual roles of
PDR1, PDR5 and especially of RIM8 in caffeine-hyperresistance trait.
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APPENDIX A : Chemicals and laboratory equipment used in this study.

Table A.1 : Chemicals.

Chemical Company

Agarose low EEO (Agarose Standard) Applichem

Aluminium chloride hexahydrate Merck
Ammonium chloride Riedel-de Haen
Boric Acid Merck
Buffered Peptone Water Biorad

Yeast extract granulated Merck
Cobalt(ll) sulfate heptahydrate Sigma
D-Sorbitol Sigma

Sodium chloride Merck
Nickel(Il) chloride hexahydrate Merck

Iron(l1) sulfate-7-hydrate (Extra pure) Riedel-de Haen
Manganase(ll) chloride tetrahydrate Merck

Ethanol J.T Baker
2-phenylethanol Sigma-Aldrich
Caffeine MERCK
Acetic acid MERCK
Glycerol Duchefa Biochemie
Agar BD Difco™
Yeast nitrogen base without amino acids BD Difco™
Ethyl methane sulfonate (EMS) Alpha-Aeasar
Dextrose Riedel-de Haen
Coniferyl aldehyde Sigma-Aldrich
Vanillin Sigma-Aldrich
4-hydroxybenzaldehyde Sigma-Aldrich
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Table A.2 : Laboratory equipment.

Laboratory Equipment Brand/ Model
Microcentrifuge Eppendorf Microcentrifuge 5424
Vortex mixer Nuve NM 110

Deep freezer -80°C SANYO UltraLow
Laminar Flow Cabinet Faster BH-EN 2003
Autoclave GR 110 GF-Zealway
UV-Visible Spectrophotometer Shimadzu UV-1700
Nanodrop 2000 Thermo Fisher Scientific
Orbital Shaker Certomat S Il Sartorius
Ultrapure water systems USF-Elga UHQ

HPLC Shimadzu Series 10A
HPLC column Bio-Rad Aminex HPX-87H
Balance Precisa XB220A
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APPENDIX B : The percent survival rate and caffeine concentration during
selection by evolutionary engineering.

Table B.1 : The percent survival rate and caffeine concentration of each population
obtained using the reference strain as the initial population (without EMS
mutagenesis) during selection by evolutionary engineering.

Caffeine ODsg0o ODs0o Percent survival
Population concentration (mM) (control) (stress) rate*
1 7.5 6.071 5.448 89.7
2 8.0 5.287 3.942 74.6
3 8.5 5.565 3.810 68.5
4 9.0 4.905 3.379 68.9
5 9.5 5.282 3.344 63.3
6 10.0 4.913 3.583 72.9
7 10.5 5.318 3.128 58.8
8 11.0 5.327 3.401 63.9
9 11.5 5.372 4.136 77.0
10 12.0 5.585 3.144 56.3
11 12.5 5.048 3.257 64.5
12 13.0 5.139 3.419 66.5
13 13.5 5.170 3.665 70.9
14 14.0 5.041 3.853 76.4
15 14.5 5.376 3.691 68.7
16 15.0 4,912 3.420 69.6
17 15.5 4.652 2.868 61.7
18 16.0 4.996 3.503 70.1
19 16.5 5.347 3.426 64.1
20 17.0 5.285 2.829 53.5
21 17.5 5.228 2.976 56.9
22 18.0 5.257 3.509 66.7
23 18.5 5.157 3.730 72.3
24 19.0 5.020 3.502 69.8
25 19.5 5.146 3.285 63.8
26 20.0 4.992 3.602 72.1
27 20.5 5.295 3.584 67.7
28 21.0 4.679 3.387 72.4
29 22.0 4.712 3.470 73.7
30 23.0 4.671 3.297 70.6

*Percent survival rate = (ODggq (stress)) x 100/(ODgg (control))
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Table B.1 (continued) : The percent survival rate and caffeine concentration of each
population obtained using the reference strain as the initial population (without EMS
mutagenesis) during selection by evolutionary engineering.

Caffeine ODs0o ODs0o Percent survival
Population concentration (mM) (control) (stress) rate*
31 24.0 4.790 3.077 64.2
32 25.0 4.526 3.254 71.9
33 26.0 4.442 3.222 725
34 27.0 4.995 3.847 77.0
35 28.0 4.360 3.470 79.6
36 29.0 4,755 3.055 64.2
37 30.0 4.673 3.301 70.6
38 31.0 4.366 2.990 68.5
39 32.0 4.580 3.006 65.6
40 34.0 4.572 2.542 55.6
41 36.0 4.443 2.947 66.3
42 38.0 4.494 2.570 57.2
43 40.0 4.438 2.600 58.6
44 42.0 4.750 2.998 63.1
45 44.0 4.525 2.420 53.5
46 46.0 4.535 2.270 50.1
47 48.0 4.582 2.416 52.7
48 50.0 4.670 2.641 56.6

Table B.2 : The percent survival rate and caffeine concentration of each population
obtained using the EMS-mutagenized population as the initial population during
selection by evolutionary engineering.

Caffeine ODsoo ODsoo Percent survival
Population  concentration (mM) (control) (stress) rate*
1 7.5 5.972 5.329 89.2
2 8.0 5.478 3.949 72.1
3 8.5 5.254 3.662 69.7
4 9.0 5.034 3.390 67.3
5 9.5 5.273 3.950 74.9
6 10.0 4.926 3.788 76.9
7 10.5 5.399 4.144 76.7
8 11.0 5.095 4.091 80.3
9 11.5 5.359 4.163 77.7
10 12.0 5.255 3.473 66.1
11 12.5 5.239 3.268 62.4
12 13.0 4.988 2.584 51.8
13 13.5 5.026 4.163 82.8
14 14.0 5.201 4.112 79.1
15 14.5 5.374 4.034 75.1

*Percent survival rate = (ODgqp (stress)) x 100/(ODggo (control))
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Table B.2 (continued) : The percent survival ratio and caffeine concentration of
each population obtained using the EMS-mutagenized population as an initial
population during selection by evolutionary engineering.

Caffeine ODeoo Percent
Population concentration (mM)  (control)  ODggo (Stress)  survival rate*
16 15.0 4.929 3.686 74.8
17 15.5 4.904 3.653 74.5
18 16.0 5.071 3.956 78.0
19 16.5 5.028 3.744 74.5
20 17.0 5.254 4.048 77.1
21 175 5.353 3.923 73.3
22 18.0 4.975 3.971 79.8
23 18.5 5.084 3.730 73.4
24 19.0 5.145 4.190 81.4
25 19.5 4.943 3.754 75.9
26 20.0 4,941 3.643 73.7
27 20.5 4.916 3.582 72.9
28 21.0 4.837 3.543 73.2
29 22.0 4.936 3.734 75.6
30 23.0 4.966 3.795 76.4
31 24.0 5.154 2.992 58.0
32 25.0 4.848 3.598 74.2
33 26.0 4.705 3.348 71.2
34 27.0 5.079 3.958 77.9
35 28.0 4.706 3.745 79.6
36 29.0 5.455 3.377 61.9
37 30.0 4.876 3.697 75.8
38 31.0 4.614 3.191 69.2
39 32.0 4.809 3.577 74.4
40 34.0 4.958 3.250 65.6
41 36.0 4.694 3.148 67.1
42 38.0 4.787 3.067 64.1
43 40.0 4.862 2.936 60.4
44 42.0 5.085 3.195 62.8
45 44.0 4.747 3.366 70.9
46 46.0 4.807 2.786 58.0
47 48.0 4.817 3.000 62.3
48 50.0 4.950 2.904 58.7
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APPENDIX C : ODgg values of Caf905-2 and the reference strain during growth in

Table C.1 : ODgg values of Caf905-2 and the reference strain during growth in the

the presence of 10 mM caffeine, and under nonstress condition.

presence of 10 mM caffeine, and under nonstress condition.

Time ODgp at 0 mM Caffeine ODggo at 10 mM Caffeine
(h) Reference strain ~ Caf905-2 Reference strain Caf905-2
0 0.23+£0.01 0.20+£0.01 0.25+0.00 0.28 £ 0.00
3 0.57+0.01 0.50 £ 0.01 0.28 £0.00 0.51+£0.01
6 1.49 +0.02 1.15 +0.07 0.44 £0.01 1.37 £ 0.05
8 2.92 +£0.02 2.10+0.08 0.49 +£0.02 2.58 +0.07
10 4.51 +0.05 3.32+0.11 0.70+£0.02 3.75+0.05
12 5.32+0.09 4.24+0.12 0.85+0.06 4.34+0.08
15 5.91 +£0.04 5.03 +0.06 1.23+0.15 4.49 +0.06
18 5.84 +0.23 4.92 +0.03 1.73+0.13 450 +0.03
21 5.82 +0.04 4.81+0.11 2.51+0.13 452 +£0.04
24 5.76 + 0.02 4.68 + 0.07 3.13+£0.20 4.56 +0.08
27 5.91+0.08 4.86 +0.16 3.69+0.11 4.59 +0.09
30 5.98 + 0.05 4.89 + 0.05 4.06 +0.10 4.60 +0.04
36 4.81+0.16 4,77 +0.01
42 5.18 £ 0.09 4.86 = 0.06
48 5.25+0.16 497 +0.14
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APPENDIX D : Standard calibration curve for glucose, glycerol and ethanol.

Retention times for glucose, glycerol and ethanol found in the standard solution
mixtures were, 8.88 min, 12.93 min, and 20.17 min, respectively, in ion exclusion
chromatographic analysis. Standard calibration curves for glucose, glycerol and

ethanol are, shown in Figures D.1, D.2, and D.3, respectively.
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Figure D.1 : Standard calibration curve for glucose.
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Figure D.2 : Standard calibration curve for glycerol.
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Figure D.3 : Standard calibration curve for ethanol.
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APPENDIX E : Particular functional

classes of at least two-fold enriched

upregulated and downregulated genes in the evolved strain

Caf905-2.

Table E.1 : Particular functional classes of at least two-fold enriched upregulated
genes in the evolved strain Caf905-2, relative to the reference strain, obtained by
FunCat analysis.

Systematic Gene Fold
name name® change Description
Metabolism of energy reserves YHRO60W VMA22 4570 Protein that is required for vacuolar H+-
ATPase (V-ATPase) function
YBR299W MAL32 14.626 Maltase (alpha-D-glucosidase)
YDRO001C NTH1 2.270 Neutral trehalase, degrades trehalose
YER133W GLC7 2418 Type 1 S/T protein phosphatase (PP1)
catalytic subunit
YELO11W GLC3 9.359 Glycogen branching enzyme, involved
in glycogen accumulation
YFR015C GSY1 10.964 Glycogen synthase
YGR292W MAL12 16.281 Maltase (alpha-D-glucosidase)
YGR287C IMAL 5.013 Major isomaltase (alpha-1,6-
glucosidase/alpha-methylglucosidase)
YIL172C IMA3 4.179 Alpha-glucosidase; weak, but broad
substrate specificity
for alpha-1,4- and alpha-1,6-glucosides
YJL216C IMA5 7.240 Alpha-glucosidase; specificity for
isomaltose, maltose, and palatinose, but
not alpha-methylglucoside
YJL221C IMA4 4.005 Alpha-glucosidase; weak, but broad
substrate specificity for alpha-1,4- and
alpha-1,6-glucosides
YKLO35W UGP1 3.645 UDP-glucose pyrophosphorylase
(UGPase)
YLR258W GSY2 4.616 Glycogen synthase
YML100W TSL1 8.893 Large subunit of trehalose 6-phosphate
synthase/phosphatase complex
YMR261C TPS3 2.116 Regulatory subunit of trehalose-6-
phosphate synthase/phosphatase
YMR105C PGM2 20.352 Phosphoglucomutase
YOL157C IMA2 3.589 Isomaltase (alpha-1,6-
glucosidase/alpha-methylglucosidase)
YOR178C GAC1 17.329 Regulatory subunit for Glc7p type-1

protein phosphatase (PP1)

#Bold gene names were classified into at least two functional categories.
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Table E.1 (continued) : Particular functional classes of at least two-fold enriched
upregulated genes in the evolved strain Caf905-2, relative to the reference strain,
obtained by FunCat analysis.

Systematic Gene Fold
name name® change Description
YPR184W GDB1 2.889 Glycogen debranching enzyme
YPR160W GPH1 38.171 Glycogen phosphorylase required for the
mobilization of glycogen
YPRO26W ATH1 2.476 Acid trehalase required for utilization of
extracellular trehalose
YPL240C HSP82 7.993 Hsp90 chaperone
Glycolysis and gluconeogenesis YBR117C TKL2 5.774 Transketolase
YCLO40W GLK1 3.938 Glucokinase
YDR255C RMD5 2.382 Component of GID Complex that confers
ubiquitin ligase (U3) activity
YDR516C EMI2 11.274 Non-essential protein of unknown
function
YDL021W GPM2 14.250 Nonfunctional homolog of Gpm1p
phosphoglycerate mutase
YELO12W UBCS8 3.756 Ubiquitin-conjugating enzyme that
regulates gluconeogenesis
YFR053C HXK1 82.787 Hexokinase isoenzyme 1
YGR066C 4.934 Putative protein of unknown function
YGL227W VID30 2.922 Central component of GID Complex,
involved in FBPase degradation
YIL155C GUT2 3.119 Mitochondrial glycerol-3-phosphate
dehydrogenase
YIL107C PFK26 2.526 6-phosphofructo-2-kinase
YILO97W FYV10 2.634 Subunit of GID complex
YJLO52W TDH1 3.343 Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), isozyme 1
YJLO89W SIP4 10.786 C6 zinc cluster transcriptional activator
YJL155C FBP26 4.897 Fructose-2,6-bisphosphatase, required
for glucose metabolism
YKLO35W UGP1 3.645 UDP-glucose pyrophosphorylase

(UGPase)
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Table E.1 (continued) : Particular functional classes of at least two-fold enriched
upregulated genes in the evolved strain Caf905-2, relative to the reference strain,

obtained by FunCat analysis.

Systematic Gene Fold
name name® change Description
YLR345W 3.389 Similar to 6-phosphofructo-2-kinase
enzymes
YMR280C CAT8 4.537 Zinc cluster transcriptional activator
YMR105C PGM2 20.352 Phosphoglucomutase
YNL241C ZWF1 4.793 Glucose-6-phosphate dehydrogenase
(G6PD)
YOR393W ERR1 2.395 Putative phosphopyruvate hydratase
YOL151W GRE2 4.831 3-methylbutanal reductase and NADPH-
dependent methylglyoxal reductase
YOR347C PYK2 3.602 Pyruvate kinase
YPR006C ICL2 3.181 2-methylisocitrate lyase of the
mitochondrial matrix
YPL113C 6.729 Glyoxylate reductase
Electron transport and YHROO1W-A QCR10 6.954 Subunit of the ubiqunol-cytochrome c
membrane-associated energy oxidoreductase complex
conservation
YDR529C QCR7 3.447 Subunit 7 of ubiquinol cytochrome-c
reductase (Complex IlI)
YDR231C COX20 2.057 Mitochondrial inner membrane protein;
required for proteolytic processing of
Cox2p and its assembly into cytochrome
c oxidase
YDR377W ATP17 6.016 Subunit f of the FO sector of
mitochondrial F1FO ATP synthase
YDL149W ATG9 2.347 Transmembrane protein involved in
forming Cvt and autophagic vesicles
YDR322C-A TIM11 8.729 Subunit e of mitochondrial F1F0-ATPase
YDL067C COX9 4.007 Subunit Vlla of cytochrome c oxidase
(Complex 1V)
YDL130W-A STF1 9.063 Protein involved in regulation of the
mitochondrial F1FO-ATP synthase
YELO039C CYC7 221.806 Cytochrome c isoform 2
YGR183C QCR9 4.906 Subunit 9 of ubiquinol cytochrome-c
reductase (Complex IlI)
YGL191W COX13 4.825 Subunit Vla of cytochrome ¢ oxidase
YGR008C STF2 17.944 Protein involved in resistance to
desiccation stress
YIL111W COX5b 10.938 Subunit Vb of cytochrome ¢ oxidase
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Table E.1 (continued) : Particular functional classes of at least two-fold enriched
upregulated genes in the evolved strain Caf905-2, relative to the reference strain,
obtained by FunCat analysis.

Systematic Gene Fold
name name® change Description
YJL166W QCR8 5.594 Subunit 8 of ubiquinol cytochrome-c reductase
(Complex I1I)

YJLO045W SDH1b 8.806 Minor succinate dehydrogenase isozyme

YJR048W CYC1 2.740 Cytochrome c, isoform 1

YJR033C RAV1 2.290 Subunit of RAVE complex (Ravlp, Rav2p,

Skp1p)

YKL150W MCR1 2.003 Mitochondrial NADH-cytochrome b5 reductase

YLRO038C COX12 2.993 Subunit VIb of cytochrome c oxidase

YLR327C TMA10 152.870 Protein of unknown function that associates with

ribosomes
YMR256C COX7 13.665 Subunit VII of cytochrome ¢ oxidase (Complex
V)

YMR118C SHH3 2.395 Putative mitochondrial inner membrane protein
of unknown function

YMLO54C CYB2 3.162 Cytochrome b2 (L-lactate cytochrome-c

oxidoreductase)
YOLO77W-A ATP19 5.499 Subunit k of the mitochondrial F1FO ATP
synthase
YOR374W ALD4 10.022 Mitochondrial aldehyde dehydrogenase
YPL171C OYE3 5.283 Conserved NADPH oxidoreductase containing
flavin mononucleotide (FMN)
YPLO61W ALD6 5.041 Cytosolic aldehyde dehydrogenase
Pentose-phosphate YBR117C TKL2 5.774 Transketolase
pathway

YCRO36W RBK1 3.175 Putative ribokinase

YGR043C NQM1 26.870 Transaldolase of unknown function

YGR256W GND2 2.633 6-phosphogluconate dehydrogenase

(decarboxylating)

YGR248W SOL4 10.304 6-phosphogluconolactonase

YMR105C PGM2 20.352 Phosphoglucomutase

YNL241C ZWF1 4.793 Glucose-6-phosphate dehydrogenase (G6PD)

YNRO034W SOL1 3.377 Protein with a possible role in tRNA export

YPL113C 6.729 Glyoxylate reductase
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Table E.1 (continued) : Particular functional classes of at least two-fold enriched
upregulated genes in the evolved strain Caf905-2, relative to the reference strain,

obtained by FunCat analysis.

Gene Fold
Systematic name name® change Description
Oxygen and radical YBLO064C PRX1 3.550 Mitochondrial peroxiredoxin with
detoxification thioredoxin peroxidase activity
YBR244W GPX2 2.989 Phospholipid hydroperoxide glutathione
peroxidase
YCLO035C GRX1 3.564 Glutathione-dependent disulfide
oxidoreductase
YDR453C TSA2 3.731 Stress inducible cytoplasmic thioredoxin
peroxidase
YGR088W CTT1 5.507 Cytosolic catalase T
YGR209C TRX2 12.848 Cytoplasmic thioredoxin isoenzyme
YJR104C SOD1 2.333 Cytosolic copper-zinc superoxide
dismutase
YJL068C 2.426 Esterase that can function as an S-
formylglutathione hydrolase
YKLO86W SRX1 3.671 Sulfiredoxin
YKL026C GPX1 3.972 Phospholipid hydroperoxide glutathione
peroxidase
Protein folding and YAL005C SSA1 3.754 ATPase involved in protein folding and
stabilization NLS-directed nuclear transport
YBR169C SSE2 6.522 Member of Hsp110 subclass of the heat
shock protein 70 (HSP70) family
YBRO72W HSP26 36.555 Small heat shock protein (SHSP) with
chaperone activity
YDRO02W YRB1 3.023 Ran GTPase binding protein
YDR258C HSP78 8.959 Oligomeric mitochondrial matrix
chaperone;
YDR171W HSP42 4.812 Small heat shock protein (SHSP) with
chaperone activity
YDR214W AHAL 2.477 Co-chaperone that binds Hsp82p and
activates its ATPase activity
YDR519W FPR2 2.708 Membrane-bound peptidyl-prolyl cis-
trans isomerase (PPlase)
YER103W SSA4 17.461 Heat shock protein that is highly induced
upon stress
YFLO16C MDJ1 2.457 Co-chaperone that stimulates Hsp70
protein Ssclp ATPase activity
YGR249W MGA1 4.536 Protein similar to heat shock

transcription factor
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Table E.1 (continued) : Particular functional classes of at least two-fold enriched
upregulated genes in the evolved strain Caf905-2, relative to the reference strain,
obtained by FunCat analysis.

Systematic Gene Fold
name name? change Description
YGR249W MGA1 4.536 Protein similar to heat shock transcription factor
YJR045C SSC1 2.740 Hsp70 family ATPase
YJR104C SOD1 2.333 Cytosolic copper-zinc superoxide dismutase
YJL179W PFD1 5.324 Subunit of heterohexameric prefoldin
YJRO97W JJJ3 2.385 Protein of unknown function
YJLO34W KAR2 6.647 ATPase involved in protein import into the
endoplasmic reticulum
YJLO73W JEM1 2.494 DnaJ-like chaperone required for nuclear membrane
fusion during mating
YJR135W-A TIM8 9.903 Mitochondrial intermembrane space protein
YKLO73W LHS1 3.068 Molecular chaperone of the endoplasmic reticulum
lumen
YLR200W YKE2 3.890 Subunit of the heterohexameric Gim/prefoldin protein
complex
YLR216C CPR6 6.573 Peptidyl-prolyl cis-trans isomerase (cyclophilin)
YLLO26W HSP104 5.382 Disaggregase
YLL009C COX17 6.060 Copper metallochaperone that transfers copper to
Scolp and Cox11p
YML130C ERO1 6.263 Thiol oxidase required for oxidative protein folding
in the ER
YNL135C FPR1 2.984 Peptidyl-prolyl cis-trans isomerase (PPlase)
YNLO007C SIS1 2.282 Type Il HSP40 co-chaperone that interacts with the
HSP70 protein Ssalp
YNLO77W APJ1 5.529 Chaperone with a role in SUMO-mediated protein
degradation
YNL281W HCH1 2.042 Heat shock protein regulator
YORO027W STI1 3.701 Hsp90 co-chaperone
YORO020C HSP10 4.078 Mitochondrial matrix co-chaperonin
YPL240C HSP82 7.993 Hsp90 chaperone
Drug/toxin transport YDRO11W SNQ2 8.339 Plasma membrane ATP-binding cassette (ABC)
transporter
YDR406W PDR15 2.685 Plasma membrane ATP-binding cassette (ABC)
transporter
YGR281W YOR1 4.746 Plasma membrane ATP-binding cassette (ABC)

transporter
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Table E.1 (continued) : Particular functional classes of at least two-fold enriched
upregulated genes in the evolved strain Caf905-2, relative to the reference strain,
obtained by FunCat analysis.

Systematic Gene Fold
name name® change Description
YOR153W PDR5 24.044 Plasma membrane ATP-binding cassette
(ABC) transporter
YOR172W YRM1 2.457 Zinc finger transcription factor involved
in multidrug resistance
YOR162C YRR1 3.179 Zn2-Cys6 zinc-finger transcription factor;

activates genes involved in multidrug
resistance
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Table E.2 : Particular functional classes of at least two-fold enriched downregulated
genes in the evolved strain Caf905-2, relative to the reference strain, obtained by
FunCat analysis.

Systematic Gene Fold
name name® change Description
Purine and pyrimidine YAR015W ADE1 2274 N-succinyl-5-aminoimidazole-4-
nucleotide/nucleoside/ carboxamide ribotide synthetase
nucleobase metabolism
YBR248C HIS7 2.019 Imidazole glycerol phosphate synthase
YBRO084W MIS1 3.365 Mitochondrial C1-tetrahydrofolate
synthase
YLR432W IMD3 3.720 Inosine monophosphate dehydrogenase
YMR217W GUAL 3.443 GMP synthase
YMLO056C IMD4 6.007 Inosine monophosphate dehydrogenase
YNL220W ADE12 2.185 Adenylosuccinate synthase
YHR128W FUR1 5.432 Uracil phosphoribosyltransferase;
synthesizes UMP from uracil
YHLO11C PRS3 3.632 5-phospho-ribosyl-1(alpha)-
pyrophosphate synthetase; synthesizes
PRPP
YBLO039C URA7 8.447 Major CTP synthase isozyme (see also
URAB8)
YDR399W HPT1 2.828 Dimeric hypoxanthine-guanine
phosphoribosyltransferase
YDR441C APT2 2.155 Potential adenine
phosphoribosyltransferase
YEL021W URA3 2.390 Orotidine-5'-phosphate (OMP)
decarboxylase
YKL181W PRS1 3.362 5-phospho-ribosyl-1(alpha)-
pyrophosphate synthetase; synthesizes
PRPP
YLRO14C PPR1 3.663 Zinc finger transcription factor
YML106W URA5 4597 Major orotate
phosphoribosyltransferase (OPRTase)
isozyme
YKL216W URAL 3.238 Dihydroorotate dehydrogenase
YLR175W CBF5 3.584 Pseudouridine synthase catalytic
subunit of box H/ACA snoRNPs
YNL292W PUS4 3.275 Pseudouridine synthase
YNRO15W SMM1 2.497 Dihydrouridine synthase
YNRO12W URK1 4.001 Uridine/cytidine kinase

Bold gene names were classified into at least two functional categories.
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Table E.2 (continued) : Particular functional classes of at least two-fold enriched
downregulated genes in the evolved strain Caf905-2, relative to the reference strain,

obtained by FunCat analysis.

Systematic Gene Fold
name name® change Description
YOR209C NPT1 2.282 Nicotinate phosphoribosyltransferase
YOR243C PUS7 5.716 Pseudouridine synthase
YOR303W CPA1 3.291 Small subunit of carbamoy! phosphate
synthetase
YPL212C PUS1 2.747 tRNA:pseudouridine synthase
YBR263W SHM1 3.269 Mitochondrial serine
hydroxymethyltransferase
YCR027C RHB1 2.133 Putative Rheb-related GTPase
YDR226W ADK1 2.400 Adenylate kinase, required for purine
metabolism
YDR454C GUK1 2.133 Guanylate kinase
YDR020C DAS2 7.712 Putative protein of unknown function
YERO31C YPT31 3.165 Rab family GTPase
YELO042W GDA1 2.559 Guanosine diphosphatase located in the
Golgi
YGR152C RSR1 2.663 GTP-binding protein of the Ras
superfamily
YIR031C DAL7 4.827 Malate synthase
YIR029W DAL2 2.486 Allantoicase
YIR032C DAL3 6.010 Ureidoglycolate lyase
YIR027C DAL1 3.556 Allantoinase
YLR180W SAM1 2.790 S-adenosylmethionine synthetase
YLR058C SHM2 2.826 Cytosolic serine
hydroxymethyltransferase
YNL141W AAH1 17.757 Adenine deaminase (adenine
aminohydrolase)
YNL180C RHO5 2.662 Non-essential small GTPase of the
Rho/Rac family of Ras-like proteins
YOR212W STE4 2.926 G protein beta subunit
Nucleotide/nucleoside/ YBR0O21W FUR4 4.598 Plasma membrane localized uracil
nucleobase transport permease
YBLO030C PET9 3.025 Major ADP/ATP carrier of the
mitochondrial inner membrane
YBL042C FUIl 14.250 High affinity uridine permease, localizes

to the plasma membrane
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Table E.2 (continued) : Particular functional classes of at least two-fold enriched
downregulated genes in the evolved strain Caf905-2, relative to the reference strain,
obtained by FunCat analysis.

Systematic Gene Fold
name name® change Description
YEROG60W FCY21 4.246 Putative purine-cytosine permease
YERO056C FCY2 12.878 Purine-cytosine permease
YGL225W VRG4 3.563 Golgi GDP-mannose transporter
YGR096W TPC1 2.071 Mitochondrial membrane transporter
YIL114C POR2 2.577 Putative mitochondrial porin (voltage-dependent
anion channel)
YLR237W THI7 2131 Plasma membrane transporter responsible for the
uptake of thiamine
Heavy metal ion YHL040C ARN1 4.452 ARN family transporter for siderophore-iron
transport (Cu*, Fe*, etc.) chelates
YHR175W CTR2 3.181 Low-affinity copper transporter of the vacuolar
membrane
YELOG65W SIT1 3.890 Ferrioxamine B transporter
YER145C FTR1 7.141 High affinity iron permease
YFL050C ALR2 2.931 Probable Mg** transporter
YGL255W ZRT1 10.934 High-affinity zinc transporter of the plasma
membrane
YGLO71W AFT1 2.301 Transcription factor involved in iron utilization
and homeostasis
YGR191W HIP1 2.305 High-affinity histidine permease; also involved
in the transport of manganese ions
YKR0O39W GAP1 5.197 General amino acid permease
YLR130C ZRT2 2.832 Low-affinity zinc transporter of the plasma
membrane
YMR319C FET4 7.237 Low-affinity Fe(Il) transporter of the plasma
membrane
YMR058W FET3 12.753 Ferro-O,-oxidoreductase
YML123C PHO84 154.430 High-affinity inorganic phosphate (P;)
transporter; also low-affinity manganese
transporter
YMR243C ZRC1 5.923 Vacuolar membrane zinc transporter
YNRO60OW FRE4 3.089 Ferric reductase
YOR271C FSF1 2.899 Putative protein; predicted to be an alpha-

isopropylmalate carrier; likely to play a role in
iron homeostasis
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Table E.2 (continued) : Particular functional classes of at least two-fold enriched
downregulated genes in the evolved strain Caf905-2, relative to the reference strain,
obtained by FunCat analysis.

Systematic Gene Fold
name name® change Description
YOL130W ALR1 3.434 Plasma membrane Mg
transporter
YPL274W SAM3 18.504 High-affinity S-
adenosylmethionine permease
Amine/polyamine transport YBR021W FUR4 4.598 Plasma membrane localized uracil
permease
YBLO042C FUIl 14.250 High affinity uridine permease,
localizes to the plasma membrane
YDL210W UGA4 2.277 GABA (gamma-aminobutyrate)
permease
YGLO77C HNM1 3.138 Plasma membrane transporter for
choline, ethanolamine, and
carnitine
YGR138C TPO2 3.706 Polyamine transporter of the major
facilitator superfamily
YLR237W THI7 2131 Plasma membrane transporter
responsible for the uptake of
thiamine
YPR156C TPO3 4.390 Polyamine transporter of the major
facilitator superfamily
Vitamin/cofactor transport YHR215W PHO12 2.837 One of three repressible acid
phosphatases
YALO067C SEO1 4.815 Putative permease
YBR220C 3.359 Putative protein of unknown
function
YBR092C PHO3 2.646 Constitutively expressed acid
phosphatase similar to Pho5p
YER060W FCY21 4.246 Putative purine-cytosine permease
YERO056C FCY2 12.878 Purine-cytosine permease
YGR260W TNA1 2.174 High affinity nicotinic acid plasma
membrane permease
YGR065C VHT1 4.630 High-affinity plasma membrane
H*-biotin (vitamin H) symporter
YGLO77C HNM1 3.138 Plasma membrane transporter for
choline, ethanolamine, and
carnitine
YGR096W TPC1 2.071 Mitochondrial membrane
transporter
YLR237W THI7 2.131 Plasma membrane transporter

responsible for the uptake of
thiamine
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