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1 Abstract

The main focus of my research was an attempt to investigate the underlying mechanisms and effectors that
influence the evolutionary process.

Originally, the research was aimed to investigate epigenetic effects in evolution, yet technical challenges
that we could not foresee in advance and insights that were gained throughout the process of
experimentation forced the project to evolve into an all-genome high-throughput evolvability screen.

The study took place by performing lab evolution with the Baker’s yeast Saccharomyces cerevisiae, and its
two main goals were as stated above-

1. Epigenetic Effects in Evolution Study

Here I was aiming to find relevant epigenetic agents that significantly affect evolvability, namely the
capacity of biological species to evolve. The main goal was to study in-depth and model the underlying
mechanism of adaptation and gain new insights regarding the evolutionary process.

Originally, the method that was chosen was to perform separate lab evolution experiments using strains
with tempered/enhanced mechanisms which can be considered “Epigenetic”, including HSP-90 (protein
chaperone), SUP-35/RNQ prions and RNAI, all of them with a potential capacity to accommodate rapid
environmental adaptations via epigenetic mechanisms. Those evolutions took place using a Xylose-based
growth media, which presented a mild metabolic challenge (or, perhaps more accurately, an “Opportunity”).

Initial results showed that RNAi-deficient strains in which RNAi mechanisms were introduced (by ectopic
expression) exhibited different evolutionary dynamics than the parent strain. These results require
additional investigation and verification, but the observed max yield and lag time were significantly lower
in comparison to the parent strain, even for the strain with only a partial RNAI restoration (i.e. Dicer gene
only addition), indicating that reintroducing RNA1 could influence evolvability.

Initial analysis also suggested that the HSP-90-related gene deletion strains that were studied have presented
some systematically different evolutionary dynamics than the WT (Parent) strain. This was most evident
for the HSC homozygote and for the STI mutant strains (HSC-82 deficiency reduces HSP-90 levels and
STI-1 deficiency increases it), hence suggesting that HSP-90 indeed affects evolvability. Yet as to the nature
and extent of that influence, additional growth tests should be held and analyzed.

As for the SUP-35/RNQ prion strains, initial results did not show any significant difference, and other
studies at the lab raised some doubts regarding prion expression conditions.

Additional growth tests were attempted to try and complement the above-mentioned HSP-90 and RNAi
data sets, yet all the attempts failed due to equipment reliability, and since these tests are highly labor-
intensive and time-consuming and time was of the essence, it was decided to focus on promoting the second
project that is described below, using a genome-wide screening approach.



2. A Whole-genome evolvability screen

This screen took place by using the yeast deletion project haploid collection and creating a pooled deletion
library for all the non-essential deletion mutants. A WT addition was also attempted but was insufficient
and therefore ineffective.

This pool was then evolved under five different conditions, including nominal, metabolic, osmotic and
temperature stresses, and a metabolic "opportunity” (similar to the one used in the previous chapter), and
sequenced under various evolution times and growth points to produce the mutants’ relative frequencies.

Elaborate data analysis was used to extract estimated fitness values for each mutant at each evolution time
point and to gain an impression of their evolutionary dynamics as depicted by their fitness change over
evolution (“acceleration”).

From that analysis results, a few promising candidates (with impressive acceleration values) were identified
and evolved separately. Initial results for two of them- YDR508C (GNP1) and YGL165C, that were not
previously associated with evolvability, and that were evolved over YPD medium with pH 7.6 showed that
significant improvement in pH tolerance was achieved during the evolution and that significant differences
existed in the extent and nature of that improvement between the WT and candidates, especially at higher
pH than the one that was used for evolution.

Therefore, the growth tests for YDR508C (GNP1) and YGLI165C, were elaborately repeated for
verification (to include additional pH values and evolution times). Once verified, both strains (to include
ancestors and evoltants biological repeats) were sequenced and an in-depth analysis took place to better
understand the underlying mechanism.

From the analysis, it turns out that for each strain (either YDR508C or YGL165C) all the biological repeats
exhibited a set of nonsynonymous point mutations that mapped into different genes belonging to the same
pathway. At each strain it was a different pathway, which mostly remained intact for the WT or the other
strain, as though the original mutation pushed the evolution dynamic into a specific path, hence obtaining
a considerable final phenotypic advantage in its own unique way.

Overall, this research attempted to shed some light on the underlying mechanisms and effectors that
influence the evolutionary process, by attempting two complementary and possibly synergetic approaches,
based on the lab evolution of the yeast Saccharomyces cerevisiae as a model organism. The first, focused
approach, was aimed at understanding how epigenetic factors influence evolvability, particularly via the
use of strains with "epigenetic" mechanisms such as HSP-90, SUP-35/RNQ prions, and RNAi. Its
preliminary findings suggested differences in evolutionary dynamics for RNAi-deficient and HSP-90
strains compared to the wild type, warranting further investigation. The second spanned a wider net by
developing a framework and performing a whole-genome high-throughput evolvability screen, where a
pooled library of non-essential deletion mutants was evolved under different conditions. Unfortunately,
Due to technical reasons, the HSP-90 strains were decimated and their effect could not be mapped in this
screen, yet other promising candidates were identified, including YDR508C (GNP1) and YGL165C, which
showed significant improvements in pH tolerance during evolution. Detailed analysis revealed



nonsynonymous mutations in specific pathways unique to each strain, suggesting distinct evolutionary
paths leading to phenotypic advantages, and facilitating a novel framework for further studies.

The 2018 discovery of YGL-165C as a de novo addition to the yeast genome, implies its role as an
"evolutionary cork." The RNAi removal effect (Albi it requires additional validation) seems to be similar
in nature, i.e. suggesting that we are facing a gene that if removed, and a mechanism that if added-
induces more vigorous adaptations, hence they are added or removed accordingly by the yeast once a
sufficient fitness level is achieved. The same may be argued (although again- requires additional
verification) regarding the HSP-90 levels, as induced by the different genetic backgrounds, influence on
the evolutionary rate.

These findings, and specifically the novel approach and framework that were developed and the
"evolution deceleration" genes that were identified invite further research into the molecular mechanisms
underlying these effects and the potential for identifying additional evolvability-related genes.



2 Introduction

For nearly a century, a highly “Darwinian” approach, “The Modern Synthesis”, dominated the evolutionary
paradigm. This approach combines natural selection and the survival of the fittest and complements
Mendelian mechanisms of inheritance and population genetics. However, when discussing the actual
mechanism that underlies the evolutionary process, it seems that facing the complexity of the discussed
phenomena much is there to be discovered yet. This raises a motivation, in the spirit of the long-lasting
yeast community tradition, for a whole-genome evolution-effector screen.

In addition, epigenetics (i.e. heritable changes that are not encoded in the DNA sequence) as a whole
provides a newly recognized, orthogonal dimension to the concept of heterogeneity in biology, significantly
increasing the relevant degrees of freedom and relevant permutations even within a given cell/genome, and
trivially, within the population and strain levels. Inspired by recent discoveries in this field, its significance
for environmental adaptations is undisputed, yet can it play a role also in the long-term evolutionary
process? And if so, what mechanisms are involved in propagating those newly acquired traits across
generations?

Better understanding the evolutionary mechanisms or even establishing the existence of alternative
evolutionary mechanisms that allow faster environmental adaptations via epigenetic means [13,15] and that
will comply more with the "soft inheritance" of acquired traits [1], may shift that existing paradigm to a
new and exciting point of view.

Therefore, heretically, I was interested in studying whether tempering either with the genome or with its
epigenetic fidelity (i.e. - the organism’s capability to maintain its epigenetic landscape) can enhance or
direct evolution and evolvability under certain circumstances.

This latter concept is somewhat illusive and requires some refinement and quantification to evaluate results.
Possible dimensions/parameters for that may be:

*  Speed - how fast will a strain find a solution to a carefully selected challenge?

*  Solution "quality" - evolved strains' fitness and solution stability (for example, point mutations
rather than duplicating a chromosome [30])

*  Solution variance - a highly evolvable strain may produce a multitude of good solutions to a given
challenge, although due to sample size limitations- this dimension will probably remain undetected.

*  Versatility and Generality- The ability of the original (non-evolved) strain to evolve under various
challenges, and the performance of the evolved strain (for a specific challenge) under conditions
different from the ones it was evolved to.

Where the above-mentioned "solution finding" will consist of:
*  Generating the solution

*  Solution taking over or fixating in the population.



Once such an impact on evolvability is established, if it is epigenetic by nature, two possible mechanisms
for alternative evolutionary effects may be conceptualized: (a) The more conservative one - enabling
selective genome accessibility for “regular” evolution (via chromatin modulations, for example [31]) or (b)
Perpetuating an epigenetic response for an environmental influence [15, 36,37,38].

The approach for this study was based on lab evolution of the entire yeast (S. cerevisiae) deletion library,
and in addition, of yeast strains with tempered/enhanced epigenetic mechanisms, applied to cells that are
evolving towards some carefully selected metabolic challenges.

Populating the intersection group of these two studies, the HSP-90 deletion mutations set was originally
planned as a possible control, being a known epigenetic agent based on single (in some of the cases) ORF
deletions, albeit inherent technical issues resulted in insufficient signal regarding this subject, initial results
suggest it does merit additional future research.
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3 Chapter 1- Epigenetic Effects in evolution study
3.1 Introduction

The underlying question of this part of my research dealt with the question of whether tempering with the
epigenetic fidelity of a genome (i.e. - the genome's capability of maintaining its epigenetic landscape) can
enhance evolution and evolvability under certain circumstances.

There are different definitions of epigenetics. As per our discussion, epigenetic inheritance is an inheritance
that occurs independently of changes to the DNA sequence. As was mentioned above, an epigenetic change
can also be regarded as a factor that significantly increases the relevant degrees of freedom and solution
span in a given scenario, hence enabling a wide range of possible fast environmental adaptations [46, 47].
This part of my research dealt with the question of whether it can play a role also in the long-term
evolutionary process, and if so, what mechanisms may be involved in propagating the newly acquired traits
across generations.

“Epigenetics” encapsulates a collection of diverse phenomena, including chromatin-based mechanisms
(such as DNA methylation, histone modifications, chromatin remodeling, etc.), noncoding and coding
RNA (such as mRNA stability, RNAI, etc.), structural templating (such as prions and chaperones
unleashing cryptic genetic variation, etc.), self-sustaining feedback loops, microbiotic effects and
metabolites [46]

For this study, three epigenetic mechanisms were chosen out of this substantial span, including HSP-90
(protein chaperone), SUP-35/RNQ prions and RNAi, hence providing both variance and relative technical
assay maturity.

HSP-90

HSP-90 (heat shock protein 90) is a major chaperone protein and one of the most common heat-related
proteins. It is found in bacteria and all branches of Eukarya, but it is apparently absent in archaea [2]. It is
among the most highly expressed cellular proteins across all species [3]. Whereas cytoplasmic Hsp90p is
highly conserved and essential for viability under all conditions in eukaryotes [4], the bacterial
homolog HtpG is dispensable under non-heat stress conditions [5].

HSP-90 provides a molecular mechanism for buffering genetic variability and facilitating its release in
response to environmental stress, hence acting as a capacitor, capable of inducing epigenetic inheritance
that profoundly influences evolutionary trajectories.

Several studies in the field provide multiple experimental evidence of the inheritance of phenotypic effects
upon HSP-90 inhibition and the possible molecular mechanisms responsible for the observed inheritance
patterns. In the cavefish Astyanax mexicanus, for example, HSP-90 conceals cryptic eye-size variation in
surface populations. Inhibition of HSP-90 unmasks this variation, which can be selected for, leading to a
reduced-eye phenotype even in the presence of normal HSP-90 activity [12]. Similar findings arose in
Drosophila melanogaster, where inhibiting HSP-90 during development resulted in morphological
alterations, with subsequent generations retaining these phenotypic changes through epigenetic and genetic
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mechanisms, including genetic selection and heritably altered chromatin states [57,59], and in Arabidopsis
thaliana, where reduction of HSP-90 function yields a spectrum of morphological phenotypes dependent
on underlying genetic variation [58].

As was mentioned above, beyond merely unleashing phenotypic diversity from pre-existing genetic pools
within populations, HSP-90 depletion has been proposed to impact evolution also through diverse avenues
such as inducing heritably altered chromatin states [59], transposon mobilization [14,23], the induction of
aneuploidy [13] and interacting with various DNA repair pathways. These findings underscore HSP-90's
role as a capacitor for morphological evolution through both epigenetic and genetic mechanisms. [59].

Furthermore, it's imperative to note that after several generations produced by crossings, the phenotypic
inheritance patterns become independent of the HSP-90 levels. This observation underscores the
importance of considering HSP-90's role in designing long-term evolutionary experiments, as it highlights
the dynamic nature of the interplay between HSP-90 and phenotypic inheritance over successive
generations.

As was mentioned, the model organism for this study was the budding yeast Saccharomyces cerevisiae. In
this organism, HSP-90 exists as two isoforms, encoded by the genes HSC82 and HSP82 [6]. An HSP90
family member activity is required for folding a specific set of difficult-to-fold proteins from nascent
polypeptides into biologically active structures as well as for the refolding of denatured proteins back into
native conformations [4]. Although most cellular proteins do not require Hsp82p/Hsc82p chaperone activity
for correct folding under normal conditions, Hsp82p and Hsc82p are required for the activation of many
key cellular regulatory and signaling proteins, like kinases and transcription factors [7,8,9].

HSP&2 and HSC82 share ~97% sequence identity and together, the encoded proteins comprise 1-2% of all
the proteins in the cytosol. While HSC82 is expressed constitutively at high levels and only
slightly induced by heat shock, HSP82’s transcription is strongly induced by both heat and other stresses
(such as exposure to ethanol, anoxia or heavy-metal ions) [10].

All members of the HSP90 family function as dimers and protein folding is driven by an ATPase activity of
the chaperone [11]. They associate with many co-chaperones which both positively and negatively regulate
Hsp82p/Hsc82p function. One such major co-chaperone is Stilp, which regulates Hsp82p/Hsc82p activity
through the inhibition of the above ATP hydrolysis.

Prions

Prions (proteinaceous infectious particles) are infectious self-propagating protein isoforms. Initially
proposed to explain certain mammalian diseases, it is now clear that yeast also has a significant and various
span of recognized prions- heritable elements that are transmitted via protein [56].

[PSI+], the prion state of Sup35p can be conceptualized as an epigenetic switch that confers both phenotypic
plasticity and evolvability by unleashing Cryptic Genetic Variation (CGV) induced by ribosomes reading
into regions that have not recently been subject to selective pressures and that are divergent in different
yeast genetic backgrounds [15]. In evolutionary simulations, loss-of-function mutations that reveal
phenotypic variation facilitate more rapid evolution to new adaptive peaks [21]. Therefore, Evolutionary
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Capacitors such as prions that mimic loss-of-function mutants can potentially function as evolutionary
capacitors similarly to Hsp90 [22,36].

The essential yeast SUP-35 gene encodes the translation termination factor eRF3 that has a role in mRNA
de-adenylation and decay. An altered protein conformation creates the [PSI+] prion determinant that causes
nonsense suppressor phenotype due to a reduced function of the translation termination factor Sup35p
(eRF3) that is polymerized into amyloid fibrils [15,16,17,18,19] That can be phenotypically inherited [36].

A prion state of the Rnql protein, [PIN+], is required for the [PSI+]de novo generation, but not
propagation. Yeast [psi-] [PIN+] cells overproducing Sup35p can exhibit nonsense suppression without the
generation of a stable [PSI+]. In such cells, most of Sup35p is present in amyloid polymers, though the
remaining Sup35p monomer is sufficient for normal translation termination. The presence of these
polymers strictly depends on [PIN+], suggesting that their maintenance relies on efficient generation de
novo, rather than inheritance. Sup35p polymers contain Rnqlp, thus confirming that Rnqlp polymers seed
Sup35p polymerization [15].

RNAi

Epigenetic inheritance of small RNAs that mediate RNA interference is well established in different animal
models and can confer protection against foreign genome parasites [39,40]. Previous works at the Rechavi
lab [37] also demonstrated transgenerational epigenetic inheritance of responses to different environmental
challenges, for example, a starvation-induced pattern of gene silencing caused by endogenous siRNAs and
resulting in increased longevity in the third-generation progeny of C. elegans. Combined with recent
findings in prokaryotes (e.g. CRISPR), these results suggest that Lamarckian-type inheritance of acquired
traits is an exciting evolutionary phenomenon [38]. Having said that, It is important to distinguish what is
now called “Lamarckian inheritance” from what Lamarck originally wrote, of course. He, a product of his
time, was wrong in many other ways and was ignorant of current knowledge regarding the real mechanisms
of inheritance and their limitations.

RNA-silencing pathways contribute to transposon silencing, viral defense, DNA elimination,
heterochromatin formation, and posttranscriptional repression of cellular genes [24,25]. In the simplest
form of silencing, known as RNA interference (RNAi), the RNaselll endonuclease Dicer successively
cleaves double-stranded RNA (dsRNA) into small interfering RNAs (siRNAs), which are loaded onto the
effector protein Argonaute to guide the cleavage of target transcripts [24,26]. RNAIi arose in an early
eukaryotic ancestor and appears to have been conserved throughout most of the fungal kingdom [27,28]. A
prominent exception is Saccharomyces cerevisiae, the budding yeast that lacks recognizable homologs of
Argonaute, Dicer, and RNA-dependent RNA polymerase (RARP), which in some RNAi pathways produces
dsRNA. However, a 2009 ground-breaking work by Bartel et al. [29] restored this pathway in
Saccharomyces cerevisiae (by introducing Dicer and Argonaute from S. castellii), thus creating an
additional powerful tool in this species.

13



3.2 Materials and Methods

Experimental design

Overall, the test methodology consisted of taking strains with tempered/enhanced epigenetic mechanisms
and evolving them in the lab under a carefully selected challenge, to explore whether tempering either with
the genome or with its epigenetic fidelity can enhance or direct evolution and evolvability under certain
circumstances.

As was mentioned in the introduction section above, evolvability consists of speed (to find a solution),
solution quality (resulting strains’ fitness and stability), and solution generality (evolved strains' fitness
under various conditions). Additional parameters consist of solution variance and versatility (the ability to
evolve under various challenges), but they are out of scope for this design.

Assuming that the above-mentioned "solution finding" consists of generating the solution followed by the
solution taking over, or fixating on the population, the actual detection that a solution was accomplished
and the assessment of its quality took place by performing periodic growth tests (as fitness indicators) all
through the evolution, and mapping their results vs time to establish the dynamics.

Once such an impact on evolvability was established, and a difference in the evolutionary processes and
dynamics was indeed observed between strains with different epigenetic capacities, determining whether it
is genetic (a “classical” genetic trait acquisition) or epigenetic by nature, and if epigenetic- whether it was
accomplished by enabling selective genome accessibility for “regular” evolution or by perpetuating an
epigenetic response for an environmental influence (for example- HSP-90 inactivation can influence the
rate and outcome of evolution by exposing phenotypic diversity rooted in the pre-existing genetic variation
or de novo mutations accumulating in the evolving yeast population) would be of an essence.

This was to be accomplished by comparatively studying the evolutions' final and interim products (in
comparison to the ancestral strains, to determine the underlying molecular mechanisms.

To enable that, proper viable samples were extracted on a weekly basis and carefully frozen for all the
strains and repeats throughout the evolution, to enable future analysis by implementing the full current
toolkit of high throughput sequencing, comparative genomics, functional validation, proteomics, small
RNA sequencing, etc.

This method allows us also to evaluate the dominant mechanisms at each stage, since epigenetic inheritance
is notoriously unstable sometimes, and phenotypic inheritance may be replaced by genetic determinants
already in the early stages of the evolutionary process (for example- in drosophila, a mutation in the Hsp83
gene that encodes Hsp90 protein causes a heritable eye phenotype that became independent of it after only
6 generations [57]).

The medium (challenge) and evolution

As was mentioned above, the selected strains with tempered/enhanced epigenetic mechanisms were evolved
in the lab under a carefully selected challenge.
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This challenge was a metabolic one and was considered to be a borderline "opportunity" rather than a stress.
The motivation for providing an “opportunity” or a milder challenge and not a stress in the classic sense of
the word, as is usually done in lab evolution experiments, was that upon evolution to stress the yeast reaction
may be strongly affected by the known stress-related functionalities that some of the candidates' strains
possessed. This reaction may mask and bias any desired evolvability effect and is therefore less desirable
as the selected challenge.

An additional dilemma concerned the selection of a fixed challenge contrary to a fluctuating selection
regime for uncovering the role of epigenetic inheritance. Although epigenetic inheritance is known to
increase evolvability under fluctuating environments [60 61], and the technical implementation of such a
regime, although more complicated, error-prone and labor-intensive is definitely feasible, some major
concerns regarding our ability to perform effective parameters separation in assessing the evolutionary
dynamics and analyzing the underlying mechanisms swayed us from this course of action, favoring the
more robust, fixed alternative.

Xylulose (CsH;00Os) is a ketopentose, a monosaccharide containing five carbon atoms, and

a ketone functional group. It is fermentative and does enable yeast growth, though it is much less efficient
than other sugars such as glucose for example [35], hence presenting a mild metabolic challenge. Since
there was no reason to expect it would favor any of the strains that were produced/used in this work, a
Xylulose-based medium was selected as the evolutionary challenge.

To prepare the growth medium, a mixture of xylulose and xylose was produced in the lab, following the
method described in [48,49]. Briefly, 350 gr of xylose (Sigma-Aldrich) was dissolved in 500 ml water
and 20 gr of immobilized Xylose Isomerase (Sigma-Aldrich) was added. This mixture was incubated at
60°C for 24 hours with agitation (300 rpm). The enzyme was inactivated by heating to 100°C and then
filtered off. The resulting xylose:xylulose ratio was determined by HPLC analysis. This was done with
the Barkai lab kind assistance, using an Agilent 1200 series high-performance liquid chromatography
system equipped with an anion exchange Bio-Rad HPX-87H column (Bio-Rad, Hercules, CA). The
column was eluted with 5 mM sulfuric acid at a flow rate of 0.6 mL/min at 45°C.

The actual evolution growth medium consisted of YP medium (Yeast Extract Peptone- [(1 L) 10 g yeast
extract, 20 g peptone and DDW (Double distilled water)]) supplemented with the xylose/xylulose mixture
described above, to a final concentration of 2% xylulose. Finally, a 30pug/ml doxycycline was added.

The lab evolution itself consisted of growing the strains’ samples (a minimal number of four independent
biological repeats/ independent lines per strain was maintained) to the stationary stage (yet not allowing
them to go too deep), and performing daily dilutions for at least ~500 generations (which based on past
experiments [30,33], should be sufficient to see if there is any significant effect worth exploring).
Evolution samples for each repeat were frozen every ~6 days (~42 generations).

During this evolution, the strains were grown in 24-well plates, containing 1.2ml of evolution media until
entering the stationary phase as was mentioned above (= Day’/ ~7 generations), and then diluted ata 1:120
ratio by transferring 10ul of the old culture into a well filled with fresh media.
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Growth tests and analysis

The yeast strains performance and adaptation were evaluated by growth experiments, at which the tested
strains were inoculated into 5 ml of YPD and incubated over two nights at 30° until reaching the deep
stationary phase. These starters were then diluted 1:50 into the relevant (evolution) media and loaded into
96-well plates. Each plate contained two strains (assay+ reference) and some non-inoculated medium wells
as blank references. The plates were incubated at 30°:, and OD measurements for each culture (=well) were
taken every hour, hence creating a growth curve. Wells data were compiled using MATLARB, to create the
average growth data for each tested strain.

Since direct comparison of growth curves is problematic, the “Curveball” method [41] was used (with Dr.
Y. Ram kind assistance), to extract relevant parameters such as max growth (2™ derivative of the Optical
Density (OD) vs. time curve), growth rate (1% derivative), and growth yield (O.D. asymptote),

Those parameters were then used as a relative basis for comparison and relative fitness inference, by
comparing them to those of the relevant ancestors and control strains, (including WT).

Ploidity

All the strains constructed as part of this study (i.e.- the HSP-90 strains that will be presented below) were
deliberately in the diploid state, mainly to avoid known ploidity effects, i.e. the yeast's natural inclination
to switch toward the diploid state [32,33].

Additional design considerations that played a role in that decision were

e How to optimize to the predicted population size - exploration is more efficient in diploids and
fixation in haploids. Therefore, haploids are optimal for bigger populations (>107) but lose their
advantage in small ones.

e How to allow for better growth rates.

e How to allow more degrees of freedom in creating the strains — dosage compensation is negligible
in yeast [34], and heterozygosity may enrich the array of tested strains and help to establish
observed trends.

However, strains that were received (rather than constructed as part of this study), i.e. the RNAi and SUP
strains were all haploid.

The strains used

As was mentioned above, three categories of possible epigenetic mechanisms were studied:

HSP-90 (protein chaperone)

These strains were constructed as part of this study. They were all based on Euroscarf’s
(EUROpean Saccharomyces Cerevisiae ARchive for Functional Analysis) three BY-4743 Heterozygote
deletion strains (Heterozygote was selected to minimize the risk for background suppressory mutations) for
HSC-82, HSP-82 and STI-1.
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These strains were sporulated, tetrad-dissected and mated to produce a variety of deletion combinations,
and properly verified by their auxotrophic markers (via replica plating) and by PCR with proper primers
(for deletion cassette size and location verification).

For strain tracking convenience, the following 3-digit nomenclature system was used, in which each digit
marks the copy number of each of the three genes as presented in Table 1.

# of functional HSC-82 alleles

# of functional HSP-82 alleles

# of functional STI-82 alleles

0-2

0-2

0-2

Table 1 - HSP-90 strains nomenclature system- Was used to keep track of the HSP strains that were constructed
for this study. Each strain is designated by a 3-digit number, where each digit marks the # of functional alleles for
each of the three OPRFs of interest- HSC-82, HSP-82 and STI-82

For example- 222 is WT, 122 is AHSC-82 heterozygote and 220 is ASTI-1 homozygote.

The original and constructed strains are detailed in Table 2 below.
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# Description Genotype
1 AHSC-82 Euroscarf Mat a/a; his3A1/his3A1; leu2A0/leu2A0; lys2A0/LY S2; MET15/met15A0; ura
122 | Heterozygote 3A0/ ura3A0; HSC82::kanMX4/HSC82
2 AHSP-82 Euroscarf Mat a/a; his3A1/his3A1; leu2A0/leu2A0; lys2A0/LY S2; MET15/met1 5A0; ura
212 | Heterozygote 3A0/ ura3A0; HSP82::kanMX4/HSP82
3 ASTI-1 Euroscarf Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LYS2; MET15/met1 5A0; ur
221 | Heterozygote a3A0/ ura3A0; STI1 ::kanMX4/STII
4 Euroscarf WT BY-4743 WT
222
DH1 | AHSC-82 Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LYS2; MET15/met15A0;
022 | Homozygote ura3A0/ura3A0; HSC82::kanMX4/HSC82::kanM X4
DH2 | AHSC-82 Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LY S2; MET 15/met15A0; ur
122 | Heterozygote a3A0/ura3A0; HSC82::kanMX4/HSC82
DH3 | AHSP-82 Homozygote | Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LY S2; MET15/met15A0;
202 ura3A0/ura3A0; HSP82::kanMX4/HSP82::kanM X4
DH4 | AHSP-82 Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LYS2; MET15/met15A0; ura
212 | Heterozygote 3A0/ura3A0; HSP82::kanMX4/HSP82
DHS5 | AHSC-82 + AHSP-82 | Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LYS2; MET15/met15A0; ura
112 | Heterozygote 3A0/ura3A0; HSC82::kanMX4/HSC82; HSP82::kanM X4/HSP82
DH6 | ASTI-1 Homozygote Mat a/o; his3A1/his3A1; leu2A0/leu2A0; lys2A0/LY S2; MET15/met15A0;
220 ura3A0/ura3A0; STI1 ::kanMX4/STII1 ::kanMX4
DH7 | ASTI-1 Heterozygote Mat a/a; his3A1/his3A1; leu2A0/leu2A0; lys2A0/LYS2; MET15/met15A0; ur
221 a3A0/ura3A0; STI1 ::kanMX4/STI1
DH8 | AHSC-82 + ASTI-1 Mat a/a; his3A1/his3A1; leu2A0/leu2A0; lys2A0/LY S2; MET15/met1 5A0; ura
121 | Heterozygote 3A0/ura3A0; HSC82::kanMX4/HSC82; STI1::kanMX4/ STI1
DH9 | AHSP-82 + ASTI-1 Mat a/a; his3A1/his3A1; leu2A0/leu2A0; lys2A0/LY S2; MET15/met1 5A0; ura
211 | Heterozygote 3A0/ura3A0; HSP82::kanMX4/HSP82; STI1::kanMX4/ STI1
DH10| AHSC-82 + Mat a/a; his3A1/his3A1; leu2A0/leu2A0; lys2A0/LY S2; MET15/met1 5A0; ura
111 AHSP-82 + ASTI-1 3A0/ura3A0; HSC82::kanMX4/HSC82; HSP82::kanMX4/HSP82; STI1::Hph/
Heterozygote STI1
DHI11| AHSC-82 Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LYS2; MET15/met15A0; ura
120 | Heterozygote+ ASTI-1 | 3A0/ura3A0; HSC82::kanMX4/HSC82; STI1::kanMX4/ STI1::Hph
Homozygote
DH12| AHSP-82 Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LYS2; MET15/met15A0; ura
210 | Heterozygote+ ASTI-1 | 3A0/ura3A0; HSP82::kanMX4/HSP82; STI1::kanMX4/ STI1::Hph
Homozygote
DH13| AHSP-82 Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LYS2; MET15/met15A0; ura
012 | Heterozygote+ AHSC- | 3A0/ura3A0; HSC82::kanMX4/HSCS82::Hph; HSP82::kanMX4/HSP82
82 Homozygote
DH14| ASTI-1 Heterozygote+ | Mat a/a; his3A1/his3A1; leu2A0/1eu2A0; lys2A0/LYS2; MET15/met15A0; ura
201 | AHSP-82 Homozygote | 3A0/ura3A0; HSP82::kanMX4/HSP82::Hph; STI1::.kanMX4/ STI1

Table 2 - HSP-90 strains — Details the HSP-90 strains accomplished/ constructed for this study. Strains 1-4 are the
original Euroscarf strains, and the rest of the strains (marked DH1-DH14) were constructed from them via sporulation,

tetrad dissection and mating to produce a variety of relevant functional alleles combinations. These combinations are
marked for each strain according to Table 1 methodology.
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Once constructed, the above HSP-90 strains were characterized and calibrated by performing growth rate
tests under the following conditions:

L.
2.

YPD, 30°- To provide a general idea regarding the strain viability and possible growth defects.
YPD, 39°- To quantify the strain resistance to heat shock, which may also indicate the HSP-90

levels.

Xylulose (evolution medium), 30°%- A calibration test for the evolution. Used to infer the initial
growth rates (in order to time the dilutions), select the final strains and document the starting point.

Table 3 summarizes the calibration results for nine of Table 2 strains.

Strain DH1 Strain DH2 Strain DH3 Strain DH4 Strain DH5 Strain DH 6 Strain DH7 Strain DHS Strain DH9
Test AHSC AHSC AHSP AHSP AHSC AHSP | ASTI ASTI AHSC ASTI | AHSP ASTI
conditions | Homozygote Heterozygote | Homozygote | Heterozygote Heterozygote | Homozygote Heterozygote | Heterozygote | Heterozygote
022 122 202 212 112 220 221 121 211
YPD, 39°. 0 0 0 _ _ +/0 + _ _
YPD, 30° 0 0 - - 0 0 0 + +
Xaalose, [/ -/0 - -/0 - -/0 0 - -

(0) No difference between mutant and WT
(+) Mutant grows better than WT
(-) WT grows better than Mutant

Table 3 - HSP90 Ancestors mutants’ growth data summary— Calibration growth test data for nine of Table 2
strains. Strains were compared to the WT while grown on nominal conditions and evolution medium to detect initial
growth defects and calibrated dilution times, and at 39°; to quantify resistance to heat shock as an indication of HSP-
90 levels. Functional allele combinations are marked for each strain according to Table 1 methodology.

Resulting of these calibration tests, the following strains were selected, while considering as was presented
above both their effect on HSP-90 levels, as indirectly measured by their ability to grow at 39°. (which
should preferably be maximal, yet established only for DH6 and DH7) and their initial growth defect on
Xylulose (which should preferably be minimal, as was established for all to exclude DH3):

AN

WT (strain 4)

AHSC-82 Homozygote (DH1, 022)
AHSC-82 Heterozygote (DH2, 122)
AHSP-82 Homozygote (DH3, 202)
ASTI-1 Homozygote (DH6, 220)
ASTI-1 Heterozygote (DH7, 221)

As was mentioned above, DH3 presented a different starting point on the evolution medium (some growth
defect in comparison to the WT). It was evolved nevertheless to get a more comprehensive view, and its
initial growth defect was addressed mathematically, to properly evaluate its adaptation.
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The above-selected HSP strains were evolved in the Xylulose medium for 50 days (~350 generations). 4
biological repeats were evolved for each mutant strain and 6 biological repeats were evolved for the WT.

SUP-35/RNQ prions

14 different Prion strains were kindly received from the Lindquist lab. After initial calibration tests,
including growth rate tests on the evolution medium (at a nominal 30° temperature) the strains that were
selected for the evolution are described in Table 4. They consisted of a parent strain and two strains that
were constructed from it, to significantly enhance or prevent prionicity, thus enabling the comparison of
the PSI prion effect. These three stains had almost identical initial growth characteristics on the evolution
medium, hence providing an ideal starting point.

# Description Genotype
LQ8 | 74D strain with Sup35 prion domain expansion | Mata, adel-14(UGA), trp1-289(UAG), his3?-200, ura3-52,
y‘/‘\ggso (significantly enhances PSI prion formation- leu2-3,112, sup35R2E2,URA3
(406) converts to a PSI+ state about 100-fold more
frequently than wild-type Sup35)
LQY | 74D strain with Sup35 partial deletion Mata, adel-14(UGA), trp1-289(UAG), his3?-200, ura3-52,
YAIO83 | (impossible or almost impossible to form the leu2-3,112, sup35-R72-5
(407) s
PSI prion)
LQ10| 74D parent strain from which the previous two | Mata, adel-14(UGA), trp1-289(UAG), his3?-200, ura3-52,
2119 | were constructed leu2-3,112
(408)

Table 4 — The selected prion strains — Details the Lindquist lab strains that were evolved in this study. The basic
strain was a 74D Mat a haploid, and the two other stains were constructed from it to significantly enhance or prevent
PSI prionicity. For each strain, the table details its nomenclature for this study (LQ8-10), its original Lindquist lab
name and the Pilpel lab revco number assigned to it (406-408).

The above prion strains were evolved for 540-560 generations, with 4 biological repeats for each strain.

RNAi

The RNAI strains were kindly received from the Bartel lab [29]. As is detailed in Table Sbelow, they consist
of the parent strain, a strain with a partial RNAi mechanism (dicer only) and a strain with a fully restored
RNAi mechanism (Dicer + Ago). Each of these strains was evolved for 610-650 generations, in 4
independent biological repeats.

# Description Genotype
DPB 249 parent strain MAT a leu2-3,112 trp1-1 can1-100 ura3::EGFP(S65T)-KanMX6 ade2-1
(444) his3-11,15/S. cerevisiae W303-1B

DPB 258 | W/S. castellii Dicer and MAT o LEU2::pTEF-Derl TRP1::pTEF-Agol canl-100 ura3::EGFP(S65T)-

(448) Argonaute KanMX6 ade2-1 his3-11,15/ S. cerevisiae W303-1B
DPB 255 | W/S. castellii Dicer MAT o LEU2::pTEF-Derl trpl-1 can1-100 ura3::EGFP(S65T)-KanMX6
(446) ade2-1 his3-11,15 / S. cerevisiae W303-1B
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Table 5 - RNAI strains — Details the Bartel lab strains that were evolved in this study. The basic strain was a W303-

1B Mat o haploid and the two other stains were constructed from it to include partial (Dicer only) and full
(Dicer+Argonaute) RNAI functionality. For each strain the table details its original Bartel lab name (DPB249-255)
and the Pilpel lab revco number assigned to it (444-446).

3.3 Results

As mentioned above, evolution results were assessed by measuring and parametrizing growth curves.
Growth assays were conducted by using the Hamilton evolution robot and the new Pilpel lab robot. Both
robots suffered from considerable technical issues at the time, resulting in incomplete data sets. Yet, even
from these partial results, some interesting trends were obtained.

Inherently, the growth assays that were used enabled the comparison of two strains per assay.

Comparing the various strains/ mutants to the strain from which they were constructed (parent) or to the
WT before evolution started enabled the quantification of the initial growth defect. These results are
presented in Figure 1 For HSP-90, Figure 2 for SUP-35 and Figure 3 for RNAI.
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Figure 1- HSP 90 ancestor strains comparison to WT on YPD and XYL — The following growth curves
were produced by a MATLAB analysis of comparative growth experiments that took place using the Hamilton
evolution robot. Depicting OD over time, each of the five ancestor mutant strains was compared to the WT
while grown over YPD at 30°; (nominal conditions, the test took place on 6/9/2014), YPD at 39°. (heat shock,
indicative of Hsp-90p levels, the test took place on 21-22/5/2014. this test was repeated thrice due to technical
difficulties. Results presented here are from tests that were not technically perfect, yet they were complemented
with other tests' partial results- not presented) and Xylulose mixture at 30°; (evolution conditions, this test was
repeated many times due to technical difficulties. Results presented here are from the 14/8/14 test that was not
technically perfect, yet its results were consistent with all the other tests' partial results), to include (A) AHSC-
82 Homozygote (DHI, 022); (B) AHSP-82 Homozygote (DH3, 202); (C) ASTI-1 Homozygote (DH6, 220);
(D) AHSC-82 Heterozygote (DH2, 122); (E) ASTI-1 Heterozygote (DH7, 221). Note - The ASTI-1
Homozygote 39° tests were of very low technical quality. They are complemented by additional (low quality)
results yet should be treated cautiously.

From the above results it is evident that the HSP mutants have no growth defect on YPD, and in fact- they
grow even better than the WT on nominal conditions (slightly better for all, significantly better for AHSC-
82 homozygote and heterozygote. This makes sense since HSP production requires resources, yet its main
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utility is in times of stress, which is not relevant to this experiment's nominal conditions). On the evolution
medium, a slight advantage for the WT is observed, yet it may be considered significant (although small)
only for the AHSP-82 Homozygote. Hence for all practical reasons- they may be considered as having the
same starting point. As to the 39°. growth data as an indication of the Hsp-90p levels, we can see no
significant difference for the HSP and HSC mutants, and a small advantage for the STI mutants (the STI
homozygote results comes from low quality test and should be treated cautiously), which stands to reason
with the known mechanisms of STI roll as an inhibitor, and HSP/HSC backing up each other. Table 3
summarizes these results.

SUP Ancestor comparison to the parent strain (408/L.Q10)
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Figure 2- SUP35 ancestor strains comparison to parent ancestor strain — The following growth curves
were produced by a MATLAB analysis of comparative growth experiments that took place using the Hamilton
evolution robot. Depicting OD over time, the two ancestor mutant strains were compared to the parent strain
from which they were constructed. The comparison took place by growing the strains on the Xylulose mixture
at 30°; (evolution conditions). This test was repeated many times due to technical difficulties. Results presented
here are from the 28/8/16 final test that was both complete and consistent with previous partial results. The
presented results consist of (A) 406 (LQ8)- 74D with enhanced PSI prion formation; (B) 407 (LQ9) - 74D
reduced PSI prion formation); both compared to 408 (LQ10)- the parent 74D strain from which the previous
two were constructed.

As can be seen, while grown on the evolution medium, the enhanced/reduced prionicity strains showed no
growth defect in comparison to the parent strain and hence possessed the same starting point.
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RNAIi Ancestor comparison to the parent strain (444)
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Figure 3- RNAi ancestor strains comparison to parent ancestor strain — The following growth curves were produced by a MATLAB analysis of
comparative growth experiments that took place using the Hamilton evolution robot. Depicting OD over time, the two ancestor mutant strains were compared
to the parent strain from which they were constructed. The comparison took place by growing the strains on the Xylulose mixture at 30° (evolution
conditions), this test was repeated several times to verify consistency. Results presented here are from the 28/7/15, 15/8/15 and 28/8/16 tests, to include (A)
446- Parent strain with dicer added (partial RN Ai restoration); (B) 448- Parent strain with dicer and argonaute added (full RNAi restoration); both compared

to 444- the parent strain from which they were both constructed. Please mind the different OD scales used in this figure.




As can be seen, while grown on the evolution medium, the partly restored RNAi strain (446 with dicer) exhibits what seems like a small yet
significant advantage over the parent strain, while the fully restored RNAI strain (448 with dicer and argonaute) shows a small yet significant growth
defect. These initial fitness differences were calculated and accounted for in analyzing the evolution results.

After completing the starting point calibration, lab evolution commenced. Comparing the different evoltants to their ancestors showed that significant
improvement was accomplished for all the strains (at all the biological repeats). A few representative examples are presented in Figure 4, Figure 5

and Figure 6 below.
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HSP evolved strains in comparison to their ancestors, 30°, XYL
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HSP evolved strains in comparison to their ancestors, 30°, XYL
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Figure 4- HSP evolved strains comparison to their ancestor strains— The following growth curves were produced by a MATLAB analysis of comparative
growth experiments that took place using the Hamilton evolution robot. Depicting OD over time, the WT and mutant strains were compared to their ancestor
strains at three evolutionary time points- after 120, 190 and 350 generations. The comparison took place by growing the strains on the Xylulose mixture at
30°. (evolution conditions). Results presented here are from the 21-28/8/14, 31/8/14 and 10-15/11/15 growth tests (not to be confused with evolution dates).
The last evolution point (350 generations measured at 10-15/11/15) was of lower technical quality resulting in lower OD, yet the trend was consistent and
the results, therefore, were included for complicity. The evolved and strains included (A) AHSC-82 Homozygote (DH1, 022); (B) AHSP-82 Homozygote
(DH3, 202); (C) ASTI-1 Homozygote (DH6, 220); (D) AHSC-82 Heterozygote (DH2, 122); (E) ASTI-1 Heterozygote (DH7, 221). For all the strains the
first biological repeat line evoltants data are presented. Please mind the different OD scales used in this figure.




SUP evolved strains in comparison to their ancestors, 30°, XYL
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Figure 5- SUP evolved strains comparison to their ancestor strains— The following growth curves were produced by a MATLAB analysis of comparative
growth experiments that took place using the Hamilton evolution robot. Depicting OD over time, the parent and mutant strains were compared to their
ancestor strains at three evolutionary time points- after 105, 266 and 581-651 (pending on the strain) generations. The comparison took place by growing
the strains on the Xylulose mixture at 30°. (evolution conditions). Results presented here are from the 15/8/15, 3/9/15 and 28/8/16 growth tests (not to be
confused with evolution dates), to include (A) 406 (LQS)- 74D with enhanced PSI prion formation; (B) 407 (LQ9) - 74D reduced PSI prion formation);
(C) 408 (LQ10)- the parent 74D strain. For all the strains the first biological repeat line evoltants data are presented at 105 and 266 generations, and the 2™
biological repeat line evoltants data are presented at 651 (for A), 609 (for B) and 581(for C) generations. Please mind the different OD scales used in this

figure.
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RNAI evolved strains in comparison to their ancestors, 30°, XYL
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Figure 6- RNAi evolved strains comparison to their ancestor strains— The following growth curves were produced by a MATLAB analysis of
comparative growth experiments that took place using the Hamilton evolution robot. Depicting OD over time, the parent and mutant strains were compared
to their ancestor strains at three evolutionary time points- after 105, 266 and 616-651 (pending on the strain) generations. The comparison took place by
growing the strains on the Xylulose mixture at 30° (evolution conditions). Results presented here are from the 15/8/15, 3/9/15 and 28/8/16 growth tests
(not to be confused with evolution dates), to include (A) 446- The parent strain with dicer added (partial RNAi restoration); (B) 448- The parent strain with
dicer and argonaute added (full RNAI restoration); (C) 444- the parent strain from which the other two were constructed. For all the strains the first
biological repeat line evoltants data are presented at 105 and 266 generations, and the 2™ biological repeat line evoltants data are presented at 651 (for A),)
and 616(for C) generations. Please mind the different OD scales used in this figure.
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As was demonstrated above, in the course of the lab evolution, significant improvement was accomplished for all the strains. This improvement

due to evolution was consistent for all the independent biological repeats, as was evident during the daily dilutions, and as was verified in spot

growth tests. An example of such verification is demonstrated in

ASTI-1 Homozygote (DH6, 220) evolved strain in comparison to its ancestor, 30°, XYL
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Figure 7 below for HSP90 ASTI-1 Homozygote (DH6, 220) strain at two evolutionary points. Additional results for the other five HSP-90 strains

were consistent with this result yet are not presented for brevity.
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ASTI-1 Homozygote (DH6, 220) evolved strain in comparison to its ancestor, 30°, XYL
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Figure 7- HSP ASTI-1 Homozygote (DH6, 220) mutant evolved strain comparison to its ancestor strain for all four independent biological repeats—
The following growth curves were produced by a MATLAB analysis of comparative growth experiments that took place using the Hamilton evolution
robot. Depicting OD over time, the mutant strain's four independent biological repeats were compared to their ancestor strains at two evolutionary time
points- after 120 and 190 generations. The comparison took place by growing the strains on the Xylulose mixture at 30° (evolution conditions). Results
presented here are from the 28/8/14, and 31/8/14 growth tests (not to be confused with evolution dates).
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Finally, as an indicator of whether their evolutionary adaptation to Xylose resulted in significant general

fitness cost (specification), the evolved strains were compared to their ancestors by performing growth

tests on nominal conditions (i.e. 30°:, YPD), as is demonstrated for some of the HSP-90 strains in Figure 8

below. As a baseline, the initial comparison of the ancestor mutant strains to WT before the evolution
started is also presented.

Evolved HSP strains performance on nominal conditions (YPD, 30°¢)

Baseline- Ansector strains Evolved strains (1st biological
comparison to WT repeat line) after ~210 generations
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Figure 8- HSP 90 evolved strains comparison to ancestors on YPD as an indication for general loss of
fitness during evolution — The following growth curves were produced by a MATLAB analysis of
comparative growth experiments that took place using the Hamilton evolution robot. Depicting OD over time,
the evolved WT and some of the mutant strains, after ~210 generations of evolution on the Xylulose medium
comparison to their ancestor strains while grown over YPD at 30°c (nominal conditions, the test took place on
6/9/2014), is presented in the righthand column, as an indication to their loss of generality. As a baseline, A
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growth test comparing these mutants' ancestor strain to the ancestor WT while grown on nominal conditions
(also from 6/9/2014)) is presented in the lefthand column, to include (A) WT; (B) AHSP-82 Homozygote
(DH3, 202); (C) ASTI-1 Homozygote (DH6, 220); (D ASTI-1 Heterozygote (DH7, 221)

As can be seen from the above results, the evolved mutants' loss of generality and fitness on nominal
conditions was minimal, and not significantly different from the WTs.

Thus, so far we have established-

1. Initial growth defect detected and quantified (mainly for RNAI strains, since the SUP strains had
no defect, and the defect was negligible for the HSP trains to exclude AHSP-82 Homozygote that
showed a small defect).

2. Significant improvement was accomplished by the lab evolution for all the tested strains.

3. The above evolutionary adaptation was consistent for all the independent biological repeats.

4. No significant general fitness loss (specification) was caused due to the evolution.

As was presented in the previous section (“Materials and Methods™), since we were interested in the
evolution dynamics (i.e. fitness improvement over evolution time, and not only in the total improvement
that was accomplished after it ran its course), and since visually comparing a large number of growth curves
is not feasible, the curveball method [41] that was described above was used, and the strains' growth curves
at different evolution time points were parameterized to enable the comparison. The following figures
present the three main parameters (max growth, max yield and lag) dynamics across evolution time for each
mechanism. For each parameter at each evolutionary time point its value for the evoltant is compared to its
value for the ancestor strain that served as reference and the relative value is presented (for example the
presented lag value = lagevoltant/1agancestor), hence equaling one at time point zero.

HSP-90 (protein chaperone)

Fitness parameters for the HSP-90 evolution are presented in Figure 9 below, to include a trend lines view
for clarity.
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Figure 9- HSP 90 parameters across evolution time — This figure presents HSP-90 growth parameters across
evolution as calculated from the strains' growth curves by using the curveball method to include (A) Max
Yield; (B) Max Growth; (C) Lag. For each parameter at each evolutionary time point its value for the evoltant
is compared to its value for the ancestor strain that served as reference and the relative value is presented (for
example lag value = lagevoltant/lagancestor) hence equaling one at time point zero. Results are presented for the
WT, the AHSC-82 Homozygote (DH1, 022), the AHSP-82 Homozygote (DH3, 202), the ASTI-1 Homozygote
(DH6, 220), the AHSC-82 Heterozygote (DH2, 122) and the ASTI-1 Heterozygote (DH7, 221) For Each
parameter two views are presented to enable a better impression from the data- a classic view (1) were each
biological repeat is separately represented and a trend line view (2) were the average parameter value for all
the biological repeats of a strain at that evolutionary time point is calculated and presented as part of a trend
line.

From the above initial results, it seems that the HSP-90 strains have presented different evolutionary
dynamics than the WT (Parent) strain, specifically-

The max yield dynamic seemed different for the HSC homozygote (starting and remaining higher than the
WT) and the STI homozygote (starting lower and ending higher, as was the STI heterozygote). The other
strains behaved much like the WT, to exclude an initial rise and drop (WT only) that is based on a single
time point and hence may not be that reliable.

As to the max growth dynamic, here all the mutants did better than the WT, with the STI mutants in
particular (both homozygote and heterozygote).

Finally, regarding the lag dynamic, here all the mutants behaved differently than the WT (except maybe the
HSC homozygote), with the WT rising and then dropping to remain at approximately the original level, and
the other strains rising and ending on a higher (longer lag time) level.

SUP-35 prions

Fitness parameters for the SUP-35 evolution are presented in Figure 10 below, to include a trend lines view
for clarity.
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Figure 10- SUP-35 parameters across evolution time — This figure presents SUP growth parameters across
evolution as calculated from the strains' growth curves by using the curveball method to include (A) Max
Yield; (B) Max Growth; (C) Lag. For each parameter at each evolutionary time point its value for the evoltant
is compared to its value for the ancestor strain that served as reference and the relative value is presented (for
example lag value = lagevoltant/lagancestor) hence equaling one at time point zero. Results are presented for the
406 (LQS8) enhanced prionicity strain, the 407 (LQ9) reduced prionicity strain and the 408 (LQ10) parent
strain. For Each parameter, two views are presented to enable a better impression of the data- a classic view
(1) where each biological repeat is separately represented and a trend line view (2) where the average parameter
value for all the biological repeats of a strain at that evolutionary time point is calculated and presented as part
ofatrend line. At the trend line view, day 546 and 581 parent strain data and day 266 and 273 reduced prionicity
strain data were averaged together to compensate for a relatively high scatter for some of the parameters, as
can be seen in the classic view charts.

As can be seen above, the SUP-35 initial results were ambiguous, to say the least, With maybe a different

max yield dynamics for the reduced prionicity strain (with the parent and enhanced prionicity strains

practically identical), and a different max growth and lag dynamics for the enhanced prionicity strain (with

the parent and reduced prionicity strains practically identical).

However shortly after this study was completed, other studies at the lab raised some doubts regarding these

strains' prion expression conditions, and hence this assay was considered the lowest priority for further

investigation and was not pursued.

RNAI

Fitness parameters for the RNAi evolution are presented in Figure 11 below, to include a trend lines view

for clarity.
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Figure 11- RNAi parameters across evolution time — This figure presents RNAi growth parameters across
evolution as calculated from the strains' growth curves by using the curveball method to include (A) Max
Yield; (B) Max Growth; (C) Lag. For each parameter at each evolutionary time point its value for the evoltant
is compared to its value for the ancestor strain that served as reference and the relative value is presented (for
example lag value = lagevoltant/lagancestor) hence equaling one at time point zero. Results are presented for strains
446 (the parent strain with dicer added - partial RNAi restoration), 448 (the parent strain with dicer and
argonaute added -full RNAi restoration) and 444 (the parent strain from which the other two were constructed).
For Each parameter, two views are presented to enable a better impression of the data- a classic view (1) where
each biological repeat is separately represented and a trend line view (2) where the average parameter value
for all the biological repeats of a strain at that evolutionary time point is calculated.

As can be seen from the above results, the strains with the restored RNAi1 mechanism exhibited different
evolutionary dynamics than the parent strain. These results are less comprehensive than desired, yet it is
evident that the final max yield was significantly lower for the restored RNAI strains (even for the strain
with only a partial restoration, i.e. dicer only), and so were the final lag values (shorter). For both
parameters, the restored RNAI strains dynamics were similar to each other and different from the parent
strain. As for the max growth parameter- no conclusive results emerge, yet no significant difference
between the three strains is apparent.
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3.4 Chapter Summary and Discussion

In this chapter, strains with tempered/enhanced epigenetic mechanisms were evolved in the lab under a
carefully selected metabolic challenge, in order to gain insights into whether tempering with the epigenetic
fidelity of a genome (i.e. - the genome's capability of maintaining its epigenetic landscape) can enhance
evolution and evolvability under certain circumstances.

Specifically, three epigenetic mechanisms were studied including HSP-90 (protein chaperone), SUP-
35/RNQ prions and RNAI, all of them with a potential capacity to accommodate rapid environmental
adaptations via epigenetic mechanisms. For each of the mechanisms various strains in which they were
either enhanced or tempered were evolved, alongside the WT.

Initial calibration quantified the initial growth defect (if any) and showed that no significant general fitness
loss (specification) was caused due to the evolution. The evolution itself accomplished significant
improvements for all the tested strains that were consistent across biological repeats.

Having accomplished the above baseline, the evolutionary dynamics of the various strains for each
mechanism were compared by using the curveball method to extract representative growth curve
parameters, as an indication of fitness.

From my results, it seems that the HSP-90 mutant strains have presented different evolutionary dynamics
than the WT (Parent) strain. Although relevant for all the mutants, this effect was most evident for the HSC
homozygote and the STI mutants (the homozygote and to a lesser extent — the heterozygote).

The HSC homozygote max yield started and remained higher than the WT, while also presenting a higher
max growth all through the evolution. From all the mutant strains- it presented the lag dynamic that most
resembled the WTs, ending with the shortest lag time of all.

The STI mutant strains' max yield started the lowest and ended the highest. Their max growth also ended
the highest (with the homozygote starting the lowest and the heterozygote exhibiting a jump at the first time
point followed by a drop at the second), and their lag dynamics were different than the WT and HSC
homozygote, ending at a longer lag time.

This difference in dynamics is most intriguing, since it seems almost systematic, bearing in mind that HSC-
82 is responsible for the constitutive expression of the Hsp82p (hence its deletion will cause significantly
lower HSP-90 levels), while the Stilp regulates Hsp82p/Hsc82p activity through the inhibition of ATP
hydrolysis, and therefore its partial or complete depletion will increase Hsp82p activity.

Hence, these initial results indicate that HSP-90 does influence evolvability, yet as to the nature and extent
of that influence additional growth tests should be held and analyzed. Additionally, sequencing and
comparing the final evoltants to their ancestors for the different mutants may yield some interesting insights
regarding the underlying mechanism.

As for the SUP-35 strains, the initial results were quite ambiguous as was detailed in the results section
above, and shortly after this study was completed, other studies at the Pilpel lab raised some doubts
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regarding these strains' prion expression conditions. Therefore, no further investigation was neither pursued
nor recommended until resolving the expression issue.

Finally, for the RNAI strains, it is evident even from the initial results that re-introducing the RNAi
mechanism (even partially) resulted in different evolution dynamics than the parent strain. Both restored
strains exhibited similar evolutionary dynamics, with a significantly lower final max yield and lag time (no
significant differences in the max growth parameter dynamics).

These initial results imply that re-introducing the RNAi mechanism (even partially) could indeed influence
evolvability, yet as to the nature and extent of that influence, additional growth tests should be held and
analyzed. Additionally, comparing the final evoltants to their ancestors by sequencing both DNA and RNA
for the three strains may yield some interesting insights regarding the underlying mechanism.
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4 Chapter 2- A Whole-genome evolvability screen

4.1 Introduction

After completing the epigenetic study described in the previous chapter (and specifically- the HSP-90
mutant strains investigation), a motivation arose to investigate further in order to identify additional genes
that play a role in the evolutionary process.

It is well known that mutation in some genes such as DNA repair genes (“Mutators”), genes that code for
proliferation proteins (“Oncogenes”), and cell cycle regulator genes (“tumor suppressors”) may promote
different evolutionary dynamics [50, 51] by, for example, increasing mutation rate. However, putting those
“immediate suspects” aside, does additional, evolution-enabling genetic-based mechanisms are in
existence?

In the spirit of the long-lasting yeast community tradition, I choose to conduct a whole-genome evolvability
screen, serving to identify genes that play a role in the evolutionary process, by competitively evolving all
the known non-essential yeast deletion strains, to find those that will exhibit non-trivial evolutionary
dynamics.

This evolution-competition assay was constructed to expose “Anti evolution” or “Evolution decelerator”
genes, that their deletion will improve the yeast adaptation capability, rather than “Pro evolution” or
“Evolution accelerator” genes that substantiate the process. Ideally, I would have gone for the second type,
yet it requires an evolution of the over-expression mutants’ collection that is much more technically
challenging, and I’ve reasoned that significant insight regarding the underlying mechanism can be also
obtained from the first type. The pitfalls of using this competitive approach and a pool of gene-deleted
strains as a starting evolutionary point are evident from the get-go, with the main two being (1) The
significant level of environmental complexity- due to possible ecological interactions emerging
between the competing strains in the pool that creates a very complex environment that is also very
unstable as it constantly changes with changes in the population composition. Such an environment
undoubtedly influences evolution in a manner that is very hard to model or predict. (2) The competition
between strains, together with the fitness differences and the initial imbalance that will be discussed
may (and actually did) eliminate a large fraction of them from the population well before de novo
mutations had a chance to occur and affect the evolutionary dynamics and outcome, resulting in
potentially massive loss of relevant candidates. Regardless, we argued that due to the methods’ large
scale and high throughput, some insights will be there to be gained despite these reservations.

Based on the solid infrastructure of the yeast deletion project [42,43], this novel approach combined three
powerful methodologies- yeast whole-genome screens [52], lab evolution and high throughput sequencing
[53] to produce an overall evolvability-impact genome mapping.

The screen pinpointed some interesting candidates, that were thoroughly studied by conducting separate
lab evolutions under various conditions, and comparative sequencing of the ancestors and the evoltants to
gain insight into the underlying mechanisms.
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4.2 Materials and Methods

The pool- imbalance and lack of WT

As was briefly mentioned above, this screen took place by using the yeast deletion project [42,43] haploid
collection (courtesy of the Schuldiner lab), and creating a pooled deletion library for all non-essential
deletion mutants. The pool was created by printing out the strains from the Revco on fresh plates using a
284-pin robot, incubating them overnight at 30°, and then scraping the resulting colonies off into a SML
medium. This method had a few shortcomings (in comparison to purchasing a commercial library), the
main ones being missing strains, lack of WT and most importantly- an inherent imbalance. Since colony
sizes were affected by the deletion strains' fitness and geographic location on the plates, they differed in
size and their resulting representation in the pool was different and biased toward the stronger strains. This
imbalance was documented to be addressed analytically. WT addition was attempted by printing colonies
in the same method that was used for the pool preparation and adding them to the mixture, yet sequencing
revealed that the added quantity was miscalculated and insufficient and therefore ineffective, resulting in
the WT decimation in the pool at the very beginning.

Evolution- conditions, repeats and days

The above pool was then evolved manually at the lab for 80 “Days” (~560 generations). During this
evolution, the strains were grown in 24-well plates, containing 1.2ml of evolution media until entering the
stationary phase (="Day”/ ~7 generations), and then diluted at 1:120 ratio by transferring 10ul of the old
culture into a well filled with fresh media.

This evolution took place under five conditions-

1. YPD- YPD, 30°- yeast-rich medium, nominal conditions.

2. pH - YPD, pH 7.6- High pH medium, an osmotic stress

3. XYL- Xylulose (CsH0Os) - a mild metabolic challenge (borderline "opportunity", as was explained
above)

4. SD- SD Complete- Poor medium, a metabolic stress.

5. HS-YPD, 39°- Temperature stress.

YPD (Yeast Extract Peptone Dextrose) [(1 L) 10 g yeast extract, 20 g peptone, 20 g dextrose, and DDW
(Double distilled water)] was used as a rich medium and SD (Synthetic Defined) [(1 L) 6.7 g yeast
nitrogen base, 20 g dextrose,1.5 g amino acids mixed powder, and DDW] was used as a minimal medium.
The XYL medium was identical to the one used (and described) for the epigenetic study in the previous
chapter- a YP medium (Yeast Extract Peptone- [(1 L) 10 g yeast extract, 20 g peptone and DDW (Double
distilled water)]) supplemented with the xylose/xylulose mixture as described above, to a final
concentration of 2% xylulose.

The high pH medium was prepared by mixing 9/10 YPD with 1/10 1M Tris —HCL buffer [(1 L) 121.14g
Tris, 800ml DDW, ~60ml concentrated HCL, titrated for pH 7.6].

To all the media, 30pug/ml doxycycline was added.
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For each tested condition, three independent lines (biological repeats) were evolved. Evolution samples for
each repeat were frozen every ~6 days (~42 generations).

Library construction and sequencing- getting the barcodes, getting the fitness

As was mentioned above, the deletion strains used were produced by the yeast deletion project. This project
used a PCR-based gene deletion strategy in order to generate a start-to-stop codon deletion of each of the
ORFs in the yeast genome. As part of the deletion process, each gene disruption was replaced with a
KanMX (antibiotic resistance) module and uniquely tagged with one or two 20mer sequence(s), i.e.
“Barcodes”. The barcode sequences were flanked with uniform up and down sequences as depicted in Figure
12. This modular construct has enabled me to extract via PCR only 150 base pair segments that contained
the barcodes, in order to map each mutant frequency in the pool. This mapping was obtained by ligation
library construction and high throughput sequencing using Nextseq.

Chromosomal integration by homologous recombination

Figure 12- The Yeast deletion project construct — This figure, taken from the yeast deletion project website
[43] presents the standard deletion cassette structure that was used. As part of the deletion process, each gene
disruption was replaced with a KanMX (antibiotic resistance) module and uniquely tagged with one or two
20mer sequence(s), i.e. “Barcodes”. The barcode sequences were flanked with uniform up and down
sequences.

This was done for all 5 conditions X 3 biological repeats at day 0 (ancestral pool under the relevant
condition), day 40 (280 generations) and day 80 (560 generations).

However, in order to deduce fitness, the relative mutant frequency at those remote evolution times was
insufficient, since I was actually interested in the derivative. Therefore, I have performed Ad Hoc growth
assays for all the above points. At those assays, starters were grown in Sml tubes from the relevant frozen
samples, over a sufficient amount of time to reach the stationary phase. Approximately 2X10® cells were
inoculated into 100ml fresh medium and grown under the relevant conditions. These cultures were sampled
after 2 hours and after the equivalent of one evolution “day” (either 24 or 48 hours), and libraries were
constructed for both time points. The ratio between each mutant’s normalized frequencies at those time
points was used as a measure of its fitness at that evolution point.

In order to reduce bias to the outmost minima, ligation library contraction for each sample was divided
into 8 separate reactions with 100ng template each, which underwent a minimal number of rounds and
colon cleaning. This procedure, although pricy and labor-intensive was selected after careful calibration,
to include comparative sequencing of libraries prepared and cleaned using various techniques. As it
turned out- constructing the libraries by using PCR created a bias toward higher frequency mutants (as is
demonstrated in Figure 13 below), while the cleaning method had no tangible effect on the sequencing
results (Figure 14).
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Figure 13- PCR vs. Ligation libraries construction comparison — The data in this figure was analyzed and
visualized with Dr. Hila Gingolds’ kind assistance. The figure presents the results of a calibration test, to
include the relative frequency vs. the relative fitness of the different mutants that were identified at two separate
libraries. These two libraries were prepared from the same stock and extraction- one by using PCR (20 cycles)
and one by using the ligation method (both cleaned by the same method- blue Pippen). A considerable bias
toward higher-frequency mutants is evident in the PCR library.
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Correlation matrix
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Figure 14- Libraries cleaning methods comparison — The data in this figure was analyzed and visualized
with Dr. Hila Gingolds’ kind assistance. The figure presents an additional result of the calibration test- (A) A
dendrogram and (B) A correlation comparison matrix of the mutants' relative frequencies as were mapped for
five separate libraries. These five libraries were prepared from the same stock and extraction, by using different
preparation and cleaning methods, including- (1) A ligation library cleaned by blue Pippen; (2) A 20 cycles
PCR library cleaned by blue Pippen; (3) A ligation library that was colon cleaned (small fragments only); (4)
A ligation library that was cleaned using both colon and SPRi beads; (5) A ligation library that was double
sided SPRi beads cleaned; As can be seen from the figure, the cleaning method has no significant impact on
the sequencing results, unlike the preparation method that does.

The final pool sequencing took place by using the WIS/INCPM Illumina NextSeQ machine and performing
a high-output run (150 cycles).

After an elaborate data reduction, the frequencies and fitness of each deletion mutant were available for
each of the conditions. The full data set structure is depicted in Figure 15.
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Figure 15- The data set structure — This figure depicts the data set structure. Overall 71 pool libraries were
sequenced, to include (1) the original ancestral pool- one library marked in blue (2) the ancestral pool grown
in each of the five conditions (YPD, pH, SD, XYL and HS)- after 2 hours of growth and after a days' worth of
growth (24/48 hours according to growth rate, marked +24 for clarity) to allow for fitness calculation, to a total
of 30 libraries marked in red (3) Day 40 evlotatnts — two time-points for each of the 3 biological repeats of the

5 conditions, to a total of 30 libraries marked in dark red (4) Day 80 evlotatnts — two time-points for each of
the 3 biological repeats of the 5 conditions, to a total of 30 libraries marked in yellow.

Sequencing data analysis
The sequencing data reduction consisted of the following stages-

A) File merge - to construct the original libraries from the sequencing lanes files

B) Initial quality control by using Fastqc — used to assess the run quality that turned out to be high
(especially considering the non-classic low complexity data)

C) Removing the 3’ and 5’ uniform parts of the amplicon (Figure 16) to extract the barcode, using a
CutAdapt script. Poli-N reads were also removed.

Conceptual-

_KANanalogyDz_l SnucleotidesiCBarcode 20nucleoctidesl) _17nucleotidesRC_

Actual-
GTCGCTATACTGCTGTCGATTCGATACTAACGCCGCCATCCAGTGTCGAAAACGAGCTCGAATTCATCCAT X XXX XX XX XXX XX XXX XXXXCTA
CGAGACCGACACC

I oG TG TCGETC TG TAGK KK KR KKK KK KX KX K KKK KX ATCGATGAATT CGAGCTCET T TTCGACACT GGATGECEGCGTTAGTATCGAATCGACAGCAGTATAGCGACEAGEA

Figure 16- The 4K amplicon construct — This figure depicts the amplicon construct (conceptual and with the
actual nucleotide sequences, for both upstream and downstream barcodes). The unique barcode (marked yellow) is
flanked by constant adaptors, primers and analogy sequences. The standard structure and sequence enable us to
pinpoint and extract the barcode.
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D) Poly-G reads cleanup- When no definitive read is available (especially for “T”’s), NextSeq
automatically assigns “G” for that position. Therefore reads with more than 20 “G”s were
discarded.

E) Size selection- From the remaining reads only reads with 19-21 nucleotides length were selected
(As can be recalled- barcodes are 20 nucleotides long).

F) Barcode comparison- the reads were compared to the Yeast deletion project barcodes list. To
compensate for alignment errors without losing reads- a single side addition/deletion was tolerated,
and those 19/21 nucleotide long reads were mapped with the matching 20 nucleotide barcode reads.

G) Mismatch identification- Once more than 10 reads contained the same 19-21 nucleotide sequence
that did not match any known barcode, its edit distance to the entire known barcode list was
checked.

Out of 35 such significantly represented sequences (some of them reverse complement of others) with Edit
distance=1 (not to include side addition/deletions), eleven were recognized as valid gene barcodes and
marked GeneName-1MM (for one mismatch) if their reverse complement sequence was symmetrically
represented or if that genes' original barcode was missing.

After all the above manipulations, the sequencing run and library quality were re-evaluated to assess
validity, including read count vs./ allocation, remaining read percentage after applying the filters and
identified barcode percentage. Overall, all were considered satisfactory as can be seen in the results section
(following).

The selection process

The resulting data were then visualized and analyzed to verify reasonability and internal consistency, as
again will be described in the following results section.

After establishing sufficient confidence in the data, the quest for the above-mentioned infamous evolution
decelerator genes has begun. The optimal candidate would present a significant fitness increase
(“acceleration”) over evolution time, and preferably- over various conditions. In addition, genes with high
representation (frequencies) were preferred, since the fitness data validity for them was higher.

Therefore, after the frequency of the read was determined for each condition, fitness was calculated for all
the relevant reads by comparing each barcode frequency after 24/48 hours (=evolution day) to the one after
2 hours at the same condition/biological repetition. Acceleration was then calculated by comparing fitness
values between day 40/day 0 and between day 80/day 40.

Since some barcode frequencies, though significant at some of the conditions/ times/ days dropped below
the detection threshold at others, those preventing acceleration or even fitness calculation for that strain and
rendering the data set incomplete, relatively permissive criteria were selected for the initial screening
process to include-

* >10rpm (=reads per million) @at least one point (=a condition/biological repetition/evolution time

combination, to a total of 35)
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e At least one ancestor with a finite fitness value
* At least one finite day 80/day 40 acceleration value

For each point, the candidates’ relative fitness was ranked, and for each candidate- the number of points at
which it was represented (out of the possible 35), its average ranked fitness across them and its maximal
measured rpm were calculated.

Based on this calculation of fitness across conditions, a total of 172 candidates were selected for the final
batch. These candidates presented high average ranked fitness over a large number of points and specifically
were either-

e Represented at >25 points (=condition/time/repeat points)
e Represented at >15 points with an average normalized fitness rank > 0.6
e Represented at >8 points with an average normalized fitness rank > 0.65

For this final batch, a dedicated selection tool was designed, to visually present for review the attributes of
each candidate separately, and specifically- its fitness and acceleration across conditions, repeats and
evolution days, as is depicted in Figure 17.
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Figure 17- The selection tool — The data in this figure was analyzed and visualized with Dr. Hila Gingolds’ kind
assistance. This figure depicts the selection tool (“dashboard”) that was designed to automatically generate a visual
representation of each of the 172 final candidate attributes to enable their efficient final review and ranking for further
investigation. The lower panel of the tool presents a fitness chart- the candidates' relative fitness for each of the five
conditions (YPD, pH, XYL, SD and HS) three biological repeats (columns) and evolutions days — day 0, day 40 and
day 80 (rows). It uses a green (low) to red (high) relative color scale that is presented below. For easier interpretation,
the upper panel of the tool presents an acceleration chart- the relative fitness change between day 40 and day 0 (blue)
and day 80 to day 40 (red), again — for each of the five conditions three biological repeats (columns). The header of
each panel displays the relevant candidates' systematic gene names.
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The candidates

Using the selection tool, all 172 final candidates were manually reviewed, to select the ones that presented
the most interesting behavior of fitness increase dynamics during the evolution. The most prominent ones
were classified into three priorities (19 genes were marked “priority 17, 7 genes were marked “priority 2”
and 7 more were marked “priority 3”, see results) and reviewed in great detail, to include:

*  Gene Description (SGD) and relevant literature

* Selection Tool Chart

» Relative location on the Fitness across conditions chart (Fish)

* Relative location on the Frequency/fitness chart for each condition

* Relative location on the Fitness histogram for each condition

* Relative location on the acceleration chart for each condition
Conservation and expression profile data were also taken into account.

Candidates Evolutions

After the above process, separate evolutions for the most promising candidates have begun. A total of
nine strains (plus WT controls) were evolved separately under three conditions- YPD, high pH and SD.
Each strain was evolved in three independent biological repeats. Since time was of the essence- strain
verification (via PCR, Sanger sequencing and FACS) took place in parallel, resulting in losing three of
the evolutions due to negative verification results.

These evolution results were assessed by performing growth tests. SD evolved strains' growth was
evaluated by using SD medium, and pH evolved strains were evaluated by using several high pH media,
including pH 7.6 (the evolution pH), pH 8.6, pH 9.0 and a YPD reference.

Two of the strains- YDR508C (GNP1) and YGL165C performed significantly well at the separate
evolution growth essays (on high pH medium) and were therefore sequenced to better understand the
underlying mechanism.

This sequencing took place by performing a 300-cycle MiniSeq run at TAU. Libraries were constructed
using The Nextera DNA Flex Library Prep kit and protocol and covered the ancestor strains of both WT
and the two mutants, and the final results of the three biological repeats of their evolutions. The full data
set structure is depicted in Figure 18.
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Figure 18- MiniSeq dataset structure — This figure depicts the data set structure. Overall, 12 libraries were
sequenced, to include (1) the three ancestral strains- the WT (strain #10), YDR508C (GNP1- strain #2) and
YGL165C (strain #9); (2) The final evolution product of each strain’s 3 independent biological repeats (ranging
between 329-413 generations as is noted), to a total of 9 libraries.

Candidates’ evolutions sequencing data reduction

Miniseq data were aligned by using the bowtie 2 aligner software (https://bowtie-bio.sourceforge.net) and
compared to the SGD reference genomes-

e GNP1 - https://www.yeastgenome.org/locus/S000002916

e  YGL-165C - https://www.yeastgenome.org/locus/S000003133

e  WT- https://www.yeastgenome.org/strain/BY4741

This was done by using the IGV genome browser (https://software.broadinstitute.org/software/igv/), and
initial confidence in the data was gained by verifying that all libraries had proper coverage of the genome,
to include sanity checks in the form of the ORF deletions, as is depicted in Figure 19 for example.

v
| |
37 kb
1.430 kb 1,460 kb 1470 kb 1,480
| | | | | |
10_S11_L001_R1_007_sanmyPe | | BF7 ’ f .
Caverage ‘
T | 1 1 T | II LA i | |
1l TN LI | | n Il 1l HITImI [ I
i | | I Il | [ | | R NE T | |
(1] | I ] | R R T BR AL (LT T T 1] [ B | | |
10_511_L001_R1_001_sorByPc | | | I'l | ] I ] | | R I LA R RN
I ALTTE T I Il | LR T T T I 1 HIHI T
Il i 1l LTI | I | [CTIECRTEEN I
[ MR 1 AT | [ | il | ] ] | I T T !
| Wil i TR min | | T I [ HI AL
| 111 | 1l I | T T ETER T | | | | TITLL s
UALE £ IE 611048 6EBAE} T TRTH | 1L 1 1 1 110 1B Ll i IR LT | 1 1
2_56_L001_R1_001_sortByPos! | | B 7
overage 4 ‘
I HINE i [ LT e | | LN LT I i
[T | L | | | | 110 W 1 CTHELTRT | TET i JEERN B 0 Il
| 1l liid | 1 L1 HIN | [T | |
LI T 1l I 11 TN T | | MW
| AL I | I | 1 Il LTI T T L] T
2_56_L001_R1_001_sortByPos | 1 il 1 il 1 | 1 TR 0 EXEREREEL M EREL L |
T Il | I | [T § R T 11
1 1 Il 1 Wi | ] b VT LRI LA TSR AR
I (THET L1 Hilnm LTI LR LR IR I | 1 1 Cil | I | i
[T | | T Ell | I Il Ii | I |
TN | 1 I [} 1] | AT | I il ey [y it

Figure 19- IGV showing GNP1 OREF deletion from the data — An example of sequencing results’ sanity
check using the IGV genome browser. WT (#10) and GNP1 (#2) sequences are comparatively aligned, showing
proper reads coverage and the GNP1 ORF deletion (chromosome 1V, 1466453-1468444).

Additional verification of sequencing coverage took place by comparing each final evoltant (for all three
biological repeats) to the ancestor strain- chromosome by chromosome by using a dedicated script to
produce visual coverage maps such as the one demonstrated in Figure 20. This was done to enable the
detection of big deletions/additions, significant under covered/overcovered areas, ploidity changes, or
significant unaligned areas. Anomalies that were detected visually were analyzed by using the SGD
JBrowse function.
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Figure 20- Reads coverage analysis — The data in this figure was analyzed and visualized with Dr. Hila
Gingolds’ kind assistance. This is a product example for the dedicated script was used to produce comparative
coverage maps of each final evoltant chromosome. Reads coverage was compared to the relevant ancestor
sequencing results to detect big deletions/additions, significant under covered/overcovered areas, ploidity
changes, or significant unaligned areas. This example presents chromosomes’ XII coverage comparison of the
1* biological repeat (262) final evoltant to its YGL-165C (#9) ancestor. The X-axis presents chromosome
location, and the Y-axis presents the normalized relative coverage.

After the big deletions/additions, coverage, alignment and ploidity verification, the analysis continued by
identifying Single nucleotide polymorphisms (SNPs) and mapping point mutations to known ORFs by
using a variant calling tool and https://www.ensembl.org/Saccharomyces_cerevisiae/ as a reference. First,
the OCOCO variant calling method was used, and then the data was re-processed by using the GATK

variant calling method.
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A comparison between the two variant calling methods showed significant differences both in the amount
of SNPs received, and in the identity of the ORFs in which they were found, yet some ORFs emerged
using both as is detailed in the following results section. Since GATK is considered to be the current
standard, its results were used as the basis for continuing the analysis. Regardless, some of the most
interesting results have emerged by both methods, a fact that increased the confidence in their validity.

Venn diagrams (produced by Venny 2.1) and correlation matrixes were used to visualize and analyze the
SNPs repertoire for each mutant strain and biological repeat.

Once initial confidence in the data set was obtained, an in-depth analysis took place, focusing on SNPs
within known ORFs. These SNPs distribution between the different strains was analyzed for possible
enrichments using GOrilla, and then manually analyzed for additional insights.
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4.3 Results

The pool- imbalance and lack of WT

As was mentioned in the method section above, this study began by evolving the entire yeast haploid non-
essential deletion mutants as a pool, under five conditions (YPD, pH, XYL, SD and HS) for ~80 “evolution
days” (approx. 560 generations).

Sequencing then took place for all 5 conditions X 3 biological repeats at day 0 (ancestral pool under the
relevant condition), day 40 (280 generations) and day 80 (560 generations). At each point, Ad Hoc growth
assays were performed, and the pool was sampled after 2 hours and after the equivalent of one evolution
“day” (either 24 or 48 hours) to enable fitness estimation. The data set structure is depicted in Figure 15.

Sequencing data analysis

After sequencing, an elaborate data reduction took place to include file merge, initial quality control
(Fastqc), 3° and 5° uniform amplicon sequences removal, poly-G reads cleanup, size selection (19-21
nucleotides were allowed) and barcode comparison.

Finally, a mismatch identification process took place. As was mentioned above, once more than 10 reads
contained the same 19-21 nucleotide sequence that did not match any known barcode, its edit distance to
the entire known barcode list was checked.

Out of 35 such significantly represented sequences (some of them reverse complement of others) with Edit
distance=1 (not to include side addition/deletions), eleven were recognized as valid gene barcodes and
marked GeneName-1MM (for one mismatch) if their reverse complement sequence was symmetrically
represented or if that genes' original barcode was missing. They are detailed in Table 6.

S‘fé‘v'frc;“t Addition | Original
Original index Gene name Sequence in fastq atthe | Barcode
BB edge? detected?
detected? 8e- i
ACCGATGCGTCATTTCGTCT | YBRI4IC-IMM | ACCGATGCGTCATCTCGTCT Yes
TTAGATAGTTTCGCTGCCGG | YBR230C-IMM | TTAGATGTTTCGCTGCCGG
GCGTCTCTTAAACCTTCTGA | YDLI94W-IMM | GCGTCCTTAAACCTTCTTGA
GTTGAGCGTGTGTTAATACC | YDROOIC-IMM | GTTGAGCGTGTGTAAATACC Yes Yes
CCGGTTATCCAAGTGTACTA | YDR508C-IMM | CCGGTTATCCAATGTACTA
CAAACATGGACCTCCGTAGG | YGLOO2W-IMM | GCAAACATGGACCTCCGTAGG Yes Yes
GACCTAATTCCGACCAGTTA | YGL165C-IMM | GACCTAATTCCGAACCAGTTA Yes Yei’)“fry
GCCAGAAATGTTCAGCACTC | YHLOI7W-IMM | ACCAGAAATGTTCAGCACTC Yes Yes
ACATTGCACTGAACGTCATC | YORIOIW-IMM | ACATTGCACTGAACGTCAC
ATGCGTGCTCCGTCCAGATA | YOR293C-A-IMM | TAAGCGTGCTCCGTCCAGATA Yes
TAGCGITCAGCACCTTGTGG | YPLOO6W-IMM | TAGCGTCAGCACCTTGTGG
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Table 6 — Mismatched barcode list— This table presents the eleven significantly represented sequences with Edit
distance=1 that were recognized as valid gene barcodes and marked GeneName-1MM (for one mismatch). They were
selected out of 35 such sequences based on reverse complement representation, original barcode presence and the
location of the mismatched nucleotide.

After the above initial processing, the sequencing run and library quality were re-evaluated to assess
validity, including read count vs/ allocation, remaining read percentage after applying the filters and
identified barcode percentage analysis. Overall, all were considered satisfactory as can be seen in Figure
21.
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B Read count vs. Allocation
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Figure 21- Run quality and processing sanity check analysis — The data in this figure was analyzed and
visualized with Dr. Hila Gingolds’ kind assistance. The figure presents the run quality and analysis sanity check for
all the libraries. The 92 libraries are presented on the x-axis, including the condition, evolution day and repeat
nomenclature (two points for each- one at +2hrs and one after one evolution day. For brevity and legibility, no
differentiation between these points is supplied except for chart C) and the Y axis presents (A) Reads % remaining
for each library after applying the length and poly-G filters (given in yellow). The red segment shows the read %
lost due to length criteria and the blue- due to poly-G criteria; (B) Read count vs. Allocation, where accurately
meeting the allocation will be marked as 1; (C) Reads per library- barcodes and allocation- the triangle marks the
allocation, barcoded reads are marked blue and un-barcoded are marked red; (D) Barcodes identification %.

As can be seen from the data, 22 of the libraries received a lower read allocation. These are old libraries
that were sequenced only for reference in addition to the final 70 libraries. Run quality was overall good,
as can be seen from the different metrics- most libraries met their reads allocation (and the ones that
didn’t show a sufficient amount of reads rather than decimated), to exclude one library, the loss of reads
due to length and poly-G was minor (and in the one where it wasn’t- the amount of the remaining reads
was still sufficient), and the barcode identification percentage was high, hence the run technical quality
was considered sufficient.
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Gaining confidence in the data validity given a decimated number of strains, the selection process

After establishing the sufficiency of the technical quality, a brief look at the data showed a great loss of
heterogeneity that was to be expected due to the unbalanced nature of the competition, resulting in many
strain frequencies dropping below the detection threshold at various stages and making the set incomplete
(Figure 22).
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Figure 22- Pool loss of heterogeneity — The data in this figure was analyzed and visualized with Dr. Hila Gingolds’
kind assistance. The figure presents a visualization of the relative representation of each of the 4,852 barcodes at
each of the libraries that were sequenced. The 92 libraries are presented on the x-axis, including the condition,
evolution day and repeat nomenclature (two points for each- one at +2hrs and one after one evolution day. For
brevity and legibility, no differentiation between these points is supplied) and the Y axis presents a color-coded line
for each barcode, where high relative representation is marked yellow, and low/none is marked dark blue as can be
seen at the right-hand scale.

As was mentioned above- this reduction in heterogeneity at day 40, and even more at day 80 is to be
expected by the nature of the assay, and in addition, a preliminary analysis that took place to gain some
confidence in the data set showed great internal consistency while focusing on the top represented strains.
Examples are depicted in Figure 23 and Figure 24. As can be seen, at each condition a unique set of genes
has prevailed, and the divergence of those repertoires has increased over evolution time.
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Figure 23- Top genes for each condition clustergram— The data in this figure was analyzed and visualized with
Dr. Hila Gingolds’ kind assistance. The figure presents the 109 top-represented genes relative representation at each
condition. The 92 libraries are presented on the x-axis, to include the condition and evolution day nomenclature (six
points for each- one at +2hrs and one after one evolution day for each biological repeat. For brevity and legibility,
no differentiation between these points is supplied) and the Y axis presents a color-coded line for each barcode,
where high relative representation is marked red and low/none is marked dark blue as can be seen at the left-hand
scale. This figure also presents a calculated taxonomy of the relative similarity between libraries and genes, charted
above and to the left of the chart.
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Figure 24- PCA for gene frequencies at each condition, and each evolution time — The data in this figure was
analyzed and visualized with Dr. Hila Gingolds’ kind assistance. The figure presents a primary component analysis
of the data (mutant frequencies at the different libraries). Each color represents a condition, and the evolution time is
represented by the hues- going from the dark (ancestor) to light as evolution time progresses. No differentiation
between the same condition/ same evolution day and different biological repeats is provided.

As can be seen from Figure 24 above, originating from the same point, the Xylose and high pH evolutions
diverged significantly over time in two completely different directions, while the YPD and HS evolutions
took a third, similar direction of their own. Both the similarity and the differences are evident in Figure 23,
with significant common prominent genes repertoire (at the lower part of the chart) and an additional unique
repertoire for each condition at the higher parts. The Heat shock evolution showed the smallest amount of
diversion over time, suggesting rapid fixation at an early stage, as is also reflected in Figure 23.

The selection process

Once this initial confidence in the data was gained, the quest for the above-mentioned evolution decelerator
genes began. As was mentioned in the methods section above, the optimal candidate would present a
significant fitness increase (‘“acceleration”) over evolution time, and preferably- over various conditions. In
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Average ranked fitness

addition, genes with high representation (frequencies) are preferred, since the fitness data validity for them
will be higher.

Therefore, after the read frequency was determined for each condition, relative fitness and acceleration
values were calculated as described. This caused an inherent loss of heterogeneity since some barcode
frequencies, though significant at some of the conditions/ times/ days dropped below the detection threshold
at others, thus preventing acceleration or even fitness calculation for that strain and rendering the data set
incomplete.

In order not to lose many interesting candidates, relatively permissive criteria were used. For each point
(=a condition/biological repetition/evolution time combination, to a total of 35), the candidates’ relative
fitness was ranked, and for each candidate- the number of points at which it was represented (out of the
possible 35), its average ranked fitness across them and its maximal measured rpm were calculated. This is
presented in Figure 25.

Using Figure 25 visualization of fitness across conditions, a total of 172 candidates that presented high
average ranked fitness over a large number of points were selected for the final batch (these are the
candidates above and to the right of the red threshold line).
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Figure 25- Fitness across conditions and the Final candidates batch selection logic — The data in this figure was
analyzed and visualized with Dr. Hila Gingolds’ kind assistance. The figure presents all the candidate mutants that
(1) Had >10rpm (=reads per million) @at least one point (=a condition/biological repetition/evolution time
combination, to a total of 35) (2) Had at least one ancestor with a finite fitness value and (3) Had at least one finite
day 80/day 40 acceleration value.

The candidates are presented according to the number of points at which they were represented (X-axis, out of the
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possible 35), their average ranked fitness across them (Y-axis) and their maximal measured rpm (color scale where
yellow is high and blue is low, as is presented at the left-hand side of the chart. This served as a measure of
significance).

This visualization was also used for the final batch selection, which included candidates with high average ranked
fitness over a large number of points and specifically were either (1) Represented at >25 points or (2) Represented at
>15 points with average normalized fitness rank > 0.6 or (3) Represented at >8 points with average normalized
fitness rank > 0.65. These 172 candidates are the ones above and to the left of the red line.

The candidate genes

Using the dedicated selection tool that was described in the Method section above, all the final batch
candidates were manually reviewed, to select the ones that presented the most interesting behavior of fitness
increase dynamics during the evolution. The most prominent ones (based on signal quality assessment only,
as was reflected in the selection tool) were classified into three priorities as presented in Table 7.

Priority 1 Priority 2 Priority 3
YBR230C/ OM14 YBR129C / OPY1 YLR207W/ HRD3
YDL194W/ SNF3 YBR141C/ BMT2 YLR361C/ DCR2
YDR092W/ UBC13 YDRO01C / NTH1 YOLO13W-B
DR508C/ GNP1 YGR204C-A YPR114W
YGL002W/ ERP6 YILOI12W YPR159C-A
YGL165C YIL086C YPR196W
YHLO17W YJLO78C / PRY3 YOR293C-A
YIL042C / PKP1
YIL192C/ SOP4
YJR005C-A/ LSO1
YKL029C / MAE1
YLR308W/ CDA2
YMR230W-A

YOL090W / MSH2
YOR293C-A

YPLO38W 1MM /MET31
YPL199C

YPROOSW / HAA1
YPR201W / ARR3

Table 7 - The final candidates—This table presents three gene lists, reflecting their priority for further study. Each
gene is represented by its systematic name and standard name (if exists). The genes within a list are not ranked and
share the same priority. These genes were selected from the final candidates batch by using the selection tool that
was developed for the study.

As can be seen from Table 7, 19 Genes were classified as priority 1, 7 Genes as priority 2 and 7 Genes as
priority 3. These priority 1 final candidates were reviewed and discussed in great detail, including:

* Gene Description (SGD) and relevant literature

*  Selection Tool Chart

* Relative location on the Fitness across conditions chart (Fish)
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Candidates Evolutions

Relative location on the Frequency/fitness chart for each condition

Relative location on the Fitness histogram for each condition
Relative location on the acceleration chart for each condition
Conservation and expression profile data were also taken into account.

After the above process, separate evolutions for the most promising candidates have begun. Due to
incubator capacity, a total of nine strains (plus WT controls) were evolved separately under three

conditions- YPD, high pH and SD. Each strain was evolved in three independent biological repeats. Since

time was of the essence- strain verification (via PCR, Sanger sequencing and FACS) took place in

parallel, resulting in losing part of the evolutions due to negative verification results as is detailed in Table

8 below.
lat
L Gene Gene Condition | Incubator | Evolution details
# name #
| WT 10 YPD | Since Strain #4 was not Verlﬁ.ed- This control YPD evolution
was frozen at day 11 (generation #77)
This strain was not verified (turned out to be a diploid).
2 YBR230C 4 YPD | Evolution was frozen on day 11 (generation #77). A haploid
(OM14) strain was ordered yet arrived too late to allow ample
evolution time.
Overall 56-58 evolution days (392-406 generations)
3 WT 10 pH 1 Dilution every 2>1 days (regime updated due to fitness
increase).
YDR508C O?/erz.lll 59 evolution days (4?3 generations)
4 (GNP1) 2 pH 1 Dilution every 2>1 days (regime updated due to fitness
increase).
Overall 53-58 evolution days (371-406 generations)
5 | YGL165C 9 pH 1 Dilution every 2>1 days (regime updated due to fitness
increase).
This strain was verified as YBR258C (SHG1) due to original
6 | yHLOI7W | oH ) pool mislabeling. Ev9lution was frozen at c.lay 4 (generation
#28). The correct strain was ordered yet arrived too late to
allow ample evolution time.
This strain was not verified at first via PCR and evolution was
7 YJRO05C-A 5 H | frozen at day 4 (generation #28). Once it was finally verified
(LSO1) - evolution was retried but to no avail (insufficient growth
under high pH)
8 WT 10 SD 2 Overall 58 evolution days (490 generations)
9 Y]()SI;\]II?;‘)W 7 SD 2 Overall 58 evolution days (490 generations)
YDR0O92W . .
Overall 58 evolution d 490 t
10 (UBCI13) 8 SD 2 vera evolution days (490 generations)
11 Y&s&g;w 3 SD ) Overall 56 evolution days (476 generations)
12 | YPL199C 6 SD 2 Overall 60 evolution days (504 generations)




Table 8 - Leading Candidates' Separate Evolutions— This table details the prominent candidates' separate
evolutions. Overall nines strains (numbered 1-9) were evolved over three conditions (one was evolved on YPD, 4
were evolved on SD and 4 were evolved on high pH), along with a WT control at each condition (numbered 10). Four
of the strains were not verified, rendering their evolutions irrelevant, and the other five were evolved for 371-504
generations as is presented in the table.

These evolution results were assessed by performing growth tests. SD evolved strains' growth was evaluated
by using SD medium, and pH evolved strains were evaluated by using several high pH media, including
pH 7.6 (the evolution pH), pH 8.6, pH 9.0 and a YPD reference.

The results are presented in Figure 26 (for SD) and Figure 27 (for high pH). Please note that the Ancestor
strain is always A, depicted in light blue, and the other three strains are the evoltant's three biological
repeats. In addition- please note that both X and Y scales vary between charts, due to different yields for
different conditions (Y), and tests failing before completion (X).

Figure 26- SD growth test results- This figure presents the results for growth tests that were performed on the four
mutant strains and the WT control that were evolved on SD. Each column represents a strain (the WT strain results
are repeated twice, at the left-hand column of each page, to provide reference). For each strain, growth tests were
performed at different stages of the evolution. Their results are presented from the top (=the earliest stage) to the
bottom (=the final stage) of each column (i.e. at the rows of the table presents stages in the evolution). Each growth
curve presents the OD vs. time for the ancestor strain (marked as strain “A” and depicted in light blue) and the three
evoltants' independent biological repeats (strains “B”, “C” and “D”). Please note that both X and Y scales vary between
charts, due to different yields for different conditions (Y), and tests failing before completion (X). Please mind the
different time scales used in this figure- some of the experiments were considerably shorter due to robot
malfunctions.
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Figure 27- pH growth test results (final evoltants) - This figure presents the results for growth tests that were performed on the two mutant strains and the WT
control that evolved on the high pH medium (pH 7.6). Each column represents a strain (the WT strain is presented in the left column). For each strain's final
evoltants, growth tests were performed on media with different pH values. Their results are presented from the top (YPD, pH 6.8) to the bottom (pH 9) of each
column (i.e. at the rows of the table). Each growth curve presents the OD vs. time for the ancestor strain (marked as strain “A” and depicted in light blue) and the
three evoltants' independent biological repeats (strains “B”, “C” and “D”). Please note that both X and Y scales vary between charts, due to different yields for
different conditions (Y), and tests failing before completion (X). Please mind the different OD scales used in this figure.
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As can be seen from Figure 26, no significant improvement was accomplished for the SD evolutions, and
the strains’ dynamics over time were similar to the WTs’.

However, for the high pH evolutions, significant improvement in pH tolerance was achieved during the
evolution for both the mutant strains and the WT. As can be seen in Figure 27, although starting from a
slightly lower fitness level than the WT, the YDR508C (GNP1) and YGL165C strains were able to improve
to similar or higher fitness levels, a phenomenon more evident for higher pH levels, hence implying a
change in evolutionary pattern. An attempt was also made to map the evolutionary dynamics (growth tests
at different evolutionary time points, as was done for SD), yet low equipment technical reliability plagued
these tests too and prevented the collection.

These differences in the extent and nature of the improvement between the WT and candidates (especially
at a higher pH than the one that was used for the original evolution) are interesting, especially in view of
the fact that those genes were not previously known to have any effect on evolvability.

Specifically, YDR508C (GNP1) codes for a High-affinity glutamine permease and also transports Leu, Ser,
Thr, Cys, Met and Asn, and YGL165C is considered a dubious open reading frame that based on available
experimental and comparative sequence data is considered unlikely to encode a functional protein.
However, it partially overlaps the verified ORF of CUP2/YGL166W (Figure 28), which is a Copper-
binding transcription factor. CUP2 activates transcription of the metallothionein genes CUP1-1 and CUP1-
2 in response to elevated copper concentrations and is required for regulation of copper genes in response
to DNA-damaging reagents, but those mutants did not emerge in our screen in their own right.

YGL165C Location: Chromosome VII 191398..191976

1 ] @ .
SUAS cuUpZ

PR | YREZ0 RADS4

187000 188000 189000 190000 191000 192000 193000 194000 195000 194000

Figure 28- YGL165C location— This figure, taken from the SGD website [54] presents the chromosome map of
the YGL165C ORF location. Located on chromosome VII at the anti-sense strand, it is adjacent to the RAD54 ORF
and partially overlaps the CUP2 ORF on the sense strand.

As can be seen in Figure 29, YDR508C (GNP1) Also partially overlaps a small ORF, named YDR509W.
Described as a dubious open reading frame that is unlikely to encode a functional protein, this ORF too
did not emerge in our screen in its own right, same as its other adjacent neighbors that are not known to
have any effect on evolvability.
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GNP1 Location: Chromosome IV 1466453..1468444
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Figure 29- YDR508C/GNP1 location— This figure, taken from the SGD website [54] presents the chromosome
map of the YDRS08C/GNP ORF location. Located on chromosome IV at the anti-sense strand, it partially overlaps
the YDR509W ORF on the sense strand.

Both YDR508C (GNP1) and YGL165C performed significantly well at the pooled evolution, as can be
seen in Figure 30 and Figure 31 (and hence selected for separate evolutions). Therefore, after verifying the
evolvability effect via the separate evolutions and growth essays, sequencing took place in order to better
understand the underlying mechanism.

Figure 30- YDR508C (GNP1) pool evolution data— The data in this figure was analyzed and visualized with Dr.
Hila Gingolds’ kind assistance. The figure presents YDR508C/GNP1 results in the preliminary analysis that took
place in order to select candidates for separate evolutions. These results consist of (A) Its Selection Tool Chart; (B)
Its relative location on the Fitness across conditions chart (Fish); (C) Its relative location on the Frequency/fitness
chart for each condition; (D) Its relative location on the Fitness histogram for each condition; (E) Its relative

location on the acceleration chart for each condition;
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B Relative location on the Fitness across conditions chart (Fish)
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D Relative location on the Fitness histogram for each condition
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Figure 31- YGL165C pool evolution data -The data in this figure was analyzed and visualized with Dr. Hila

Gingolds’ kind assistance. The figure presents YGL 165C results in the preliminary analysis that took place in order
to select candidates for separate evolutions. These results consist of (A) Its Selection Tool Chart; (B) Its relative
location on the Fitness across conditions chart (Fish); (C) Its relative location on the Frequency/fitness chart for each
condition; (D) Its relative location on the Fitness histogram for each condition; (E) Its relative location on the

acceleration chart for each condition;
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C Relative location on the Frequency/fitness chart for each condition
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E Relative location on the acceleration chart for each condition
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Candidates’ evolutions sequencing data reduction results

As was mentioned above, YDR508C (GNP1) and YGL165C were sequenced to better understand the
underlying evolutionary mechanisms. The data set structure was depicted in Figure 18 in the method
section and consisted of the three strains (the two mutants + the WT) ancestors and the final evoltants of
the three independent evolutions of each to a total of 12 libraries.

As was described in the method section, sequencing data was aligned, and initial confidence in the data
was gained by verifying that all libraries had proper coverage of the genome, including sanity checks in
the form of the ORF deletions.

Then, an additional verification of the sequencing coverage took place by comparing each evoltant to the
ancestor strain- chromosome by chromosome by using a dedicated script to produce coverage maps and
reviewing under/over-sampled areas.

This analysis revealed six anomalies -

e A small area of no coverage at Chromosome III — around 150,000 — repeated for all the libraries.

e A small area of irregular (over/under) coverage at Chromosome VIII — around 220,000 — repeated
for all the libraries.

e An area of irregular (over/under) coverage at Chromosome XII — around 460,000 — repeated for
all the libraries.

e Irregular coverage of the mitochondria - repeated for all the libraries.

e A very small area of under coverage at Chromosome I — around 15,000- repeated only for the WT
libraries (see Figure 32)

e An area of significant over-coverage at Chromosome XVI — around 780,000 — was discovered
only for one GNP1 evolution biological repetition library (279)- see Figure 33.
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Figure 32- WT Chromosome I under-coverage - The data in this figure was analyzed and visualized with
Dr. Hila Gingolds’ kind assistance. It presents a comparative chromosome coverage maps of each of the three
final WT evoltants. Reads coverage was compared to the relevant ancestor sequencing results to detect big
deletions/additions, significant under covered/overcovered areas, ploidity changes, or significant unaligned
areas. This figure presents chromosomes’ I coverage comparison of the three WT biological repeats (281, 282
and 283) final evoltant to their (#10) ancestor. The X-axis presents chromosome location, and the Y-axis
presents the normalized relative coverage. As can be seen, the same under-coverage area is present at all the
repeats, at around 15,000bp (marked by a red arrow).

Ancestor GNP1 (#2) vs. 2™ biological repeate (279) final
evoltant coverage comparison

Chromosome XVI

reads per million

Evoltant

Ancestor

log,

Chromosome location X103

Figure 33- GNP1 Chromosome XVI over-coverage (repetition 279) -The data in this figure was analyzed
and visualized with Dr. Hila Gingolds’ kind assistance. It presents a comparative chromosome coverage maps
of one of the final GNP1 evoltants. Reads coverage was compared to the relevant ancestor sequencing results
to detect big deletions/additions, significant under covered/overcovered areas, ploidity changes, or significant
unaligned areas. This figure presents chromosome XVI coverage comparison of the 2" GNPI biological
repeats (279) final evoltant to its (#2) ancestor. The X-axis presents chromosome location, and the Y-axis
presents the normalized relative coverage. As can be seen, a significant over-coverage area is present at around
780,000 bp (marked by a red arrow).

As intriguing as the above anomalies may be, their consistency over samples, correlation to highly

repetitive areas and relative scarcity make them insignificant in our view, and the sequencing coverage

was therefore considered satisfactory.

Therefore, since overall no big deletions/additions, significant under covered/overcovered areas, ploidity

changes, or significant unaligned areas were found, the analysis continued by identifying SNPs and

mapping point mutations to known ORFs by using two variant calling tools- OCOCO and GATK as was

described in the method section above.

The total number of resulting SNPs (where the evoltant is different from the appropriate ANS) and more

for both variant calling methods are presented in Table 9 below.
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Method Total # of SNPs at all the Total # of SNPs that fell Total # of ORF's containing
0 biological repetitions within known ORFs at all the SNPs at all the biological
biological repetitions repetitions

Strain @ | 10 |2-GNPL | 9-YGL | 10 | 2-GNP1 | 9-YGL | 10 |2-GNP1 | 9-YGL
OCOCO 636 545 554 | 213 192 207 87 88 94
GATK 338 848 363 76 168 76 58 139 67

Table 9 - SNP analysis (GATK vs OCOCO)- This table presents the results of the analysis performed on the
sequencing results to identify SNPs and mapping point mutations to known ORFs. The analysis was performed by
using two alternative methods- OCOCO and GATK (presented in the rows) on the WT (10), GNP1 (2) and YGL-165
(9) results, to include all three biological repeats for each. The total # of SNPs at all the biological repetitions, the total
# of SNPs that fell within known ORFs at all the biological repetitions and the total # of ORFs containing SNPs at all
the biological repetitions are presented in the columns for each strain.

An additional comparison between the results of using the two variation calling methods is presented in
Figure 34 below-

10- WT 2- GNP1 9-YGL-165

’ GATK GATK
GATK 0coCco ococo ococo

Figure 34- Variation calling methods comparison- ORFs containing SNPs — These Venn diagrams present
for each strain (to include the #10- WT, #2- GNP1 and #9- YGL-165) the number of known ORFs to which
SNPs were mapped by each of the variants calling methods (OCOCO and GATK).

As can be seen from the above table and figure- significant differences were observed between the two
methods, yet some ORFs emerged using both. Since GATK is considered to be the current standard, its
results were used as a basis for continuing the analysis, and the following discussion is based on them.
Regardless, some of the most interesting results have emerged by both methods (will be noted when
applicable), a fact that increases our confidence in their validity.

As can be seen from Table 9 above, both WT and the YGL-165 (strain #9) mutant have an
approximately similar number of SNPs, while the GNP1 (strain #2) mutant exhibits a higher one. From
past experience, this amount of SNPs seems logical (albeit a bit on the high side).

A significant amount of the GNP1 (strain #2) mutant SNPs was detected at one specific biological
repetition (#280) as is shown below. Comparing the number of SNPs at the other two repeats gives a
much similar number to WT and the YGL-165 (strain #9) mutant results. The “Known ORFs containing
SNPs” distribution between biological repeats for each of the strains is presented in Figure 35.
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10- WT 2- GNP1 9-YGL-165

282 283 279 280 284 285

common
common common

Figure 35- ORFs containing SNPs for different biological repeats — These Venn diagrams present for each
strain (to include the #10- WT, #2- GNP1 and #9- YGL-165) the number of known ORFs to which SNPs were
mapped for each of the three independent biological repeats by using the GATK variants calling method.

A numeric view of the SNPs for the various strains and biological repeats analysis is presented in Figure
36. As can be seen, a significant correlation was observed between libraries belonging to the same strains’
biological repeats.

Overall- this logical pattern of SNPs increases the confidence in the data set.
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284 (9)4 4 6 8
285(9)1 5 7 |Eaz

281(10)4 8 7 11
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M~ P~ [2+] 0 w0 2] — ™~ m
™~ [ [ ] ™ (o] [2+] o o
(o] ™ ™

Figure 36- SNP correlation between libraries — This diagram shows for all the nine libraries (that consists
of three biological repeats for each of the three strains) given in both the rows and the columns, the number of
known ORFs to which SNPs were mapped into, for the two libraries that define that square.

Following the above ORF number analysis, a complementary, in-depth analysis took place, focusing on
the number and nature of the SNPs within known ORFs. The SNPs distribution between the different

strains is presented in Figure 37.
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10- WT 2- GNP1

\/

9- YGL 165C

Figure 37- Mutated Genes for the three strains — This Venn diagram presents for each strain (to include the
#10- WT, #2- GNP1 and #9- YGL-165) the number of known ORFs to which SNPs were mapped, by using
the GATK variants calling method.

From the above figure, it is evident that each strain exhibited a unique repertoire of mutated genes of its
own (although a small part of the repertoire was common for all three strains).

Using GOrilla, enrichment for the SET 3 complex components was detected on the mutated genes that
were mapped for YGL-165, as is presented in Table 10. Additional enrichments presented a FDR g-value
that didn’t meet the significance threshold (lower than 0.05), or referred to highly repetitive elements
(FLO9 and FLO1) in the genome and are therefore considered artifacts.
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Table 10 - Enrichment analysis — This table presents GO categories analysis of the number of known ORFs to which SNPs were mapped for each of the three
strains (to include the #10- WT, #2- GNP1 and #9- YGL-165) and their combinations (ORFs that were mapped for more than on strain). This analysis was performed
using GOrilla. The table presents the group, the nature of the enrichment (process/function/component), the relevant GO-Term and its description, the P-value and

the FDR g-value (the percentage of significant tests that are expected to result in false positives), the enrichment = b/ n/ B/N (where N=5520, i.e. the functional

yeast genes number, B- the number of genes belonging to that GO category, n- the size of the group selected and b- the number of genes belonging to that category

in the group- that are also detailed in the next column). Rows with FDR g-value below 0.05 are highlighted.

Enrichment | GO .. FDR Enrichment
Group Description P-value Genes
Term g-value (N, B, n, b)
WT Process GO:0070534 protein K63-linked 421E-04 1.00E-+00 58.72 MMS2 - €2 ubiquitin-conjugating protein mms2;
’ ubiquitination e ’ (5520,4,47,2) RADG - €2 ubiquitin-conjugating protein rad6
WT Process Gooooo12s | flocculation 421B-04 | LOOEH00 | ia 2 | FLO9-flo%p: FLOI - flolp
WT Function NOG?2 - nog2p; MPTS5 - mptSp; SPO11 - spol1p; DBP2 - dbp2p;
BRR2 - brr2p; NPL3 - npl3p; REF2 - ref2p; SWII - swilp; EST2 -
4 . C 1 2.20 est2p; CCR4 - ccrdp; PUF3 - puf3p; XBP1 - xbplp; POL12 - pol12p;
Go:0003676 | nucleic acid binding 1.29E-04 | 3.24E-01 | 5570 1120.47,21) | MACI - macip; DBP9 - dbp9p; NOP2 - nop2p; HMO! - hmolp;
RADG - €2 ubiquitin-conjugating protein rad6; PRP40 - prp40p;
NUP157 - nup157p; RPL22A - ribosomal 60s subunit protein 122a
WT Function NOG?2 - nog2p3 MPTS5 - mpt5p; DBP2 - dbp2p; BRR2 - brr2p;
G0:0003723 | RNA bindin 2 65E-04 333601 2.78 NPL3 - npl3p; REF2 - ref2p; EST2 - est2p; CCR4 - ccrd4py PUF3 -
g ’ ' (5520,591,47,14) | puf3p; DBP9 - dbp9p; NOP2 - nop2p; PRP40 - prp40p; NUP157 -
nupl157p5 RPL22A - ribosomal 60s subunit protein 122a
WT Function 00140097 catalytic activity, acting on 8.336-04 7 00B-01 5.30 EST2 - est2p; SPOI11 - spol1p; POL12 - pol12p; DBPY - dbp9p;
DNA ’ ) (5520,133,47,6) RADG - €2 ubiquitin-conjugating protein rad65 SWI1 - swilp
T mponent iguitin-conjueating enzym MMS?2 - €2 ubiquitin-conjugating protein mms2; RADG6 - €2 ubiquitin-
w Compone G0:0031371 ubiqu conjug g ehzyme 2.12E-04 2.24E-01 78.30 conjugating protein rad6
complex (5520,3,47,2)
WT Component SRCI - srclpy NOG2 - nog2p; SEN54 - sen54p; SPO11 - spollp;
219 BRR2 - brr2p; SET3 - set3ps NPL3 - npl3p; REF2 - ref2p; SWII -
G0:0044428 | nuclear part 2.32E-04 1.23E-01 (5520 1675 47.20) swilps EST2 - est2p; CCR4 - ccrdps POL12 - pol12p; DBPY -
T dbp9p3 NOP2 - nop2p; HMOI - hmolp; CKA2 - cka2p; PRP40 -
prp40ps NUP157 - nup157p; RRT14 - rrt14p; CDC14 - cdcl4p
. C . 38 - : ~slil5ps - : - :
GNP1 (2) Process Gous2 | regulation of cell division 507E-04 | 1.00E+00 (5524735 1075 2136114?113, SLI15 - sli15p; GLC7 - gle7p; ACE2 - ace2p; CDC14
GNP1 (2) Process ATGT7 - atg7ps SNF5 - snf5p; MSH2 - mismatch repair atpase msh2;
HACT - haclp; RTT103 - rtt103p; MMS1 - mmsIps RIMI1S -
Goossss | Cellular response to stress 5 87E-04 1.00E+00 1.96 riml5p; EAF1 - eaflp; ACTI1 - acting MMS2 - €2 ubiquitin-

(5524,657,107,25)

conjugating protein mms23 HSP12 - hsp12p; UBC13 - €2 ubiquitin-
conjugating protein ubc133 RPO21 - rpo21p; HRDI1 - e3 ubiquitin-
protein ligase hrd1; CDC14 - cdc14p; HSC82 - hsp90 family
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Enrichment | GO L FDR Enrichment
Group Description P-value Genes
Term g-value (N, B, n, b)
chaperone hsc825 PBS2 - pbs2p; MLPI - mlplp; SYGI - syglp;
MMS22 - mms22p; PKHI - pkhlp; GLC7 - glc7p; FLO1 - flolp;
YBP1 - ybplp; XRS2 - xrs2p
GNP1 (2) Process ATGT7 - atg7ps SNF5 - snf5p; HACI - haclp; MSH2 - mismatch
repair atpase msh2; RTT103 - rtt103p; MMS1 - mmslps RIMI1S -
rim15p; MLP2 - mlp2p; EAF1 - eaflp; ACTI - acting MMS2 - e2
ubiquitin-conjugating protein mms235 HSP12 - hsp12p; UBC13 - e2
Goos1716 | cellular response to stimulus 6.01E-04 | 1.00E+00 1-89 ubiquitin-conjugating protein ubcl33 RPO2I - rpo2lp; HRDI - ¢3
(5524,736,107,27) ubiquitin-protein ligase hrd1; CDC14 - cdc14p; HSC82 - hsp90
family chaperone hsc825 PBS2 - pbs2p; MLP1 - mlplp; DNF3 -
aminophospholipid-translocating p4-type atpase dnf3; SYGI - syglp;
MMS22 - mms22p; PKHI - pkhlp; GLC7 - glc7p; FLO1 - flolp;
YBPI1 - ybplp; XRS2 - xrs2p
GNP1 (2) Component CLBI - clblp; CLGI - clglp; RTT103 - rtt103p; MMSI - mms1p;
EAF1 - eaflp; ACT1 - actiny EST2 - est2p; MMS2 - €2 ubiquitin-
231 conjugating protein mms2; MMS22 - mms22p; FABI - 1-
Go:1990234 | transferase complex 9.00E-04 9.50E-01 (5524’3@’107’17) phosphatidylinositol-3-phosphate 5-kinase; POL12 - pol12p5 CLBS -
clb5p; UBC13 - 2 ubiquitin-conjugating protein ubc13; RPO21 -
rpo21ps HRD1 - e3 ubiquitin-protein ligase hrd1§ FKS1 - fks1p;
SUSI - suslp
YGL-165 (9) | Process . VRP1 - viplp; RECS - rec8p; SET3 - set3p; WHI2 - whi2p; GLC7 -
©) _ regulation of cell cycle 425 o T ey B2 D s
GO0:0010564 process 9.28E-05 4.79E-01 (5522,220,59,10) glc7ps SIF2 - sif2py ZDSI - zdslp; CDC27 - anaphase promoting
complex subunit cdc27; ASKI - asklp; CDC14 - cdcl4p
YGL-165 (9) | Process coomonss | POSItive regulation of cell 5 14E.04 5 53E.01 6.85 GLC7 - glc7py WHI2 - whi2p; ZDSI - zdslp; CDC27 - anaphase
cycle process (5522,82,59.,6) promoting complex subunit cdc27; ASKI - asklp; CDC14 - cdcl4p
YGL-165 (9) | Process Goonasza | POSItIVE regulation of stress- 334E-04 | 5.75B-01 62.40 SNTI - sntlp; SIF2 - sif2p
activated MAPK cascade (5522,3,59,2)
YGL-165 (9) | Process 00032872 regulation of stress-activated 3.34B-04 431E-01 62.40 SNTI1 - sntlp; SIF2 - sif2p
MAPK cascade (5522,3,59,2)
YGL-165 (9) | Process regulation of stress-activated 62,40 SNTI - sntlp; SIF2 - sif2p
G0:0070302 | protein kinase signaling 3.34E-04 3.45E-01 (5522"3’59’2)
cascade
YGL-165 (9) | Process positive regulation of stress- 62,40 SNTI - sntlp; SIF2 - sif2p
GO:0070304 a.ctivaFed protein kinase 3.34E-04 | 2.87E-01 s 5223, 59.2)
signaling cascade
YGL-165 (9) | Process Go00s1a05 | POSItIVE regulation .of . 378604 2 78E-01 7.93 VRP1 - viplp; BNRI - bnrlp; GLC7 - glc7p; ASK1 - asklp;
cytoskeleton organization (5522,59,59,5) | CDCl4 - cdcldp
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Enrichment GO . FDR Enrichment
Group Description P-value Genes
Term g-value (N, B, n, b)
YGL-165 (9) | Process GO004578 positive regulation of cell 4.00E-04 2 595.01 6.10 GLC7 - glc7py WHI2 - whi2p; ZDSI - zdslp; CDC27 - anaphase
cycle ' ' (5522,92,59,6) promoting complex subunit cdc27; ASK1 - asklp; CDC14 - cdcl4p
YGL-165 (9) Process . 5.30 RECS - rec8p; TOP2 - dna topoisomerase 2; GLC7 - glc7p; TUBI -
G0:0007059 | chromosome segregation 8.57E-04 | 4.91E-01 ) ’ ’ ’
greg (5522,106,59,6) | tublp; ASKI1 - asklp; CDC14 - cdcl4p
YGL-165 (9) | Component | gogosss | Set3 complex 303E-05 | 4.15E-02 ( 40.11 : SNTI - sntlp; SET3 - set3p; SIF2 - sif2p
| i 5522,7,59,3

YGL-165 (9 Component | o, ] ] 14.78 SNTI - sntlp} SET3 - set3p; SIF2 - sif2p

©)) P 60:0070210 | Rpd3L-Expanded complex 9.94E-04 5.25E-01 (5522.19.59.3) 5 5
GNP1 (2) and Process ) 7359 HACI - haclpj GLC7 - glc7p
YGL-165 (9) G0:0000986 | response to unfolded protein 2.92E-04 1.00E+00 (5519 256 2)
cross-section T
GNPI (2) and Process i HACI - haclpj GLC7 - glc7p
YGL-165 (9) Gomnssose | FESPONSE to topologlcally 423E.04 LOOE+00 (551691 53()26 ) ;
cross-section ncorrect protein ,90,0,
GNP1 (2) and Function : s 306.67 FLO9 - flo9p; FLOI - flolp
WT cross-section 600005537 | mannose binding BT YN (5520,6,6,2) ’
GNP1 (2) and Function . : o 102.22 FLO9 - flo9p; FLOI - flolp
WT cross-section 600045029 | monosaccharide bmdmg 1.50E-04 1.88E-01 (5520,18,6,2) ’
GNP1 (2) and Function . s 57.50 FLO9 - flo9p3 FLOI - flolp
WT cross-section G0:0030246 | carbohydrate binding 4.81E-04 4.04E-01 (552032.622) 5
GNPI (2) and Process @ ; § § 460.00 FLO9 - flo9p; FLOI - flolp
WT cross-section G0:0000128 | flocculation 5.90E-06 3.04E-02 (55204.6.2) 5
GNP1 (2) and Process : : 230.00 FLO9 - flo9p; FLO1 - flolp
WT cross-section Go0mszas | cell aggregation PSS e (5520,8,6,2) ’
GNP1 (2) and Process aggregation of unicellular 230.00 FLOY - flo9p; FLOI - flolp
WT cross-section SoMnel | o o isms 275E-05 | 4.72E-02 o) ;
GNP1 (2) and Process ! : : 5111 FLO9 - flo9p3 FLOI - flolp
WT cross-section Go:0051704 | multi-organism process 6.10E-04 7-86E-01 (5520,36,6,2) ’
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Following that analysis and zooming into the specific genes mutated for each strain, an interesting picture
arose. Table 11 depicts ORFs of interest with non-synonymous SNPs for the different strains and
biological repeats. The SNPs depicted are all de-novo SNPs, that were not present at the ancestor strain.

As can be seen from the data, each biological repeat of GNP1 deficient strains exhibited a non-
synonymous SNP at a gene belonging to the Error-free replication repair pathway (each one on a different
gene), and each biological repeat of YGL-165C deficient strains exhibited a non-synonymous SNP at a
gene belonging to the histone deacetylase pathway (same).

281 | 282 | 283 | 278 | 279 | 280 | 262 | 284

285

DDR48 e i X

MMS1 fl—”i;,’or“’} X
MMS2 | X g | X X X

UBC13 X

HOS2 X

SIF2 e | X

|2

SNT1 ety X
SET3 X 9

Table 11 - SNP analysis — This table presents ORFs at which non-synonymous de-novo (i.c.- that were not present
at the ancestor strain) SNPs were detected for some of the libraries (=strain/biological repeat combinations). The rows
represent the ORFs and the columns- the libraries.

This result is fascinating- it seems that each original (“anti-evolvability”) gene mutation changes the
evolution landscape in a manner that dictates an alternative optimal evolutionary course, resulting in
reaching higher local maxima.

A literature survey revealed no connection between GNP1 (that codes for a High-affinity glutamine
permease) and the Error-free replication repair pathway or YGL-165C (described as a dubious open
reading frame and considered unlikely to encode a functional protein) and the histone deacetylase
pathway.

However- one intriguing result has emerged from the literature- a 2018 article by Wu and Knudson [44]
identified by comparative evolutionary analyses 84 genes originating de novo from previously noncoding
regions in S. cerevisiae S288C since the divergence with their sister groups. Specifically, YGL-165C was
named as one of those genes, and as an example of de-novo gene creation via a DNA shuffling
mechanism as is depicted in Figure 38
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.

A YHRIBOW-A (FPKM=2 43) B YGL1B5C (FPKM=0.53)
1 163 1 518
) se_s2sac QI sc_sasec
Chryill 486932467114 Chryll 191398-191976
11-44B8%  46-183:07% 350N 7I-510:81%
I B s cesee I B ;- cesqa
Chriill 222833-222900  Chevill 453061-453104 Chrl 404235904188 Chrvil 181030-180584
— )
1-45:80%  S53-130:98% 8-5885% T3-519.75%
Sm_IFO1815 Sm_IFO1815
Chrvill 114554-114588 chrVlil 441620-441587 Chrilv 385605-385551  ChrV1l 166BE0-188443

FiG 4 DMA shuffling shaping the birth of de novo genes (A) YHR1BOW-A and (B} YGL165C. The identity and
corresponding reglon between de novo genes and nomcoding DMNA are labeled above the colored boxes. The
genamic locations are labeied under the colored boxes. 5. cerevisige S2B8C is shown in pink, 5. parodoxus CB5432
im blue, and & mikatoe IFO 1815 in cream.

Figure 38- YGL-165C as an example of de-novo gene creation via DNA shuffling (Wu and Knudson 2018)—
This figure shows that YGL165C is a recent addition to the yeast genome, created de novo at S. cerevisiae via DNA
shuffling of elements that exist separately in the ancestral specie (and its parallels along the evolution tree- S.
paradoxus and S. mikatae).

From this and my above data, it seems that YGL-165C may function as an “evolutionary cork”- a means
to stop accelerated evolution once a good-enough fitness is achieved (“anti-evolution gene”), hence its
removal induces a more vigorous adaptation.
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4.4 Chapter Summary and Discussion

The study described in this chapter aimed to identify genes that play a role in the yeast evolutionary
process by conducting a whole-genome evolvability screen. This novel approach consisted of
competitively evolving all the non-essential yeast deletion strains under various conditions, to identify
genes that affect yeast adaptation capability in a non-trivial manner, and specifically, to uncover
"Evolution deceleration" genes that, when deleted, would enhance yeast adaptation capabilities, hence
playing a role in shaping new evolutionary trajectories.

The research consisted of evolving the pooled deletion library in the lab under various conditions to
include nominal (YPD), metabolic, osmotic and temperature stresses (SD, pH and HS) and a metabolic
“opportunity” (XYL), and then performing high-throughput sequencing at several evolutionary time
points to analyze their evolutionary dynamics. The focus was on identifying deletion strains that exhibited
significant fitness and fitness rate improvement over time and across conditions.

Despite a significant loss of pool heterogeneity over evolution time due to the unbalanced nature of the
competition and the original pool, and the increased environmental complexity and instability induced by
the inherent changes in the population composition, a thorough data analysis proved the assays’ validity
by showing great internal consistency among the top-represented strains, with unique gene repertoires
emerging to prominence under each condition. Notably, distinct evolutionary patterns were observed
based on conditions, suggesting different adaptive routes. Based on this analysis, a meticulous selection
process took place, and several promising candidate strains were chosen for separate lab evolutions.
Assessing the resulting growth characteristic, two genes, YDR508C (GNP1) and YGL165C, were found
to exhibit significant improvement in pH tolerance during their separate evolutions. Interestingly, these
genes were not previously associated with evolvability.

Comparative sequencing and data analysis revealed the presence of single nucleotide polymorphisms
(SNPs) in the evolved strains compared to their ancestors. From this analysis, it seems that each strain
exhibited a unique repertoire of mutated genes (that was different also from the WT control), suggesting a
strain-specific impact on evolutionary trajectories. Enrichment analysis revealed an association between
the YGL165C mutant and the SET 3 complex, potentially influencing epigenetic regulation [55].

Furthermore, each biological repeat of the two mutant strains exhibited a non-synonymous SNP at a gene
belonging to the same pathway (for each strain a different pathway and for each repeat a different gene) -
the histone deacetylase pathway for the YGL-165C deficient repeats, and the Error-free replication repair
pathway for the GNP1 deficient repeats, hence suggesting that the mutation of original "anti-evolution"
genes alters the evolutionary landscape, leading to unique alternative optimal paths.

In a 2018 paper by Wu and Knudson [44], YGL-165C was identified as a de novo addition to

the S. cerevisiae S288C genome, emerging from DNA shuffling of previously noncoding regions. This
may suggest it functions as an “evolutionary cork”- a means to stop accelerated evolution once a good
enough fitness is achieved, i.e., an “evolution deceleration” gene), hence its removal induces a more
vigorous adaptation.

93



Overall, this study shed some light on the intricate interplay between genetic factors and environmental
conditions in shaping evolutionary outcomes. The emergence of "evolution deceleration" genes like
YGL165C and GNP1 adds complexity to the understanding of evolutionary dynamics and challenges the
notion of genes solely associated with slowing evolution.

Future plans should consist of further investigations into the molecular mechanisms underlying these
genes' roles and their potential effects on adaptation. Such investigations may include additional
evolutions of these strains under additional conditions, together with comparative genomics analyses,
functional validation (epistasis for example) and overexpression evolutions.

Finally, as part of the study, a novel approach and framework were developed and validated. Based on
yeast whole-genome screens, lab evolution, high-throughput sequencing and a solid analytic tool kit, it is
available and has the potential to enable the identification of additional genes that may affect yeast
evolvability. Such future studies may include separate investigations (each consisting of separate
evolutions on additional conditions and sequencing) of more of the 33 final candidates (or even the 172
final batch) under various conditions, current data enrichment by sequencing an additional evolutionary
time point (sequencing libraries for day 20 were prepared as part of this study but not sequenced) and
even repeating the study while using a commercial, balanced yeast deletion pool as a starting point. This
has the potential to identify additional evolvability-related genes and patterns.
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5 Summary

This thesis dwells on the intricate mechanisms and effectors influencing the evolutionary process, by
attempting two complementary and possibly synergetic approaches, both based on lab evolution of the
yeast Saccharomyces cerevisiae as a model organism. The first, focused approach, was aimed at
understanding how epigenetic factors influence evolvability, and the second spanned a wider net by
developing a framework and performing a whole-genome high-throughput evolvability screen, thus in
order to explore both epigenetic effects and genome-wide adaptations in the context of yeast evolution.

The two chapters of this thesis examine these aspects from different angles by using the above
approaches, contributing to our understanding of how evolution unfolds and the factors that shape it.

Chapter 1: Epigenetic Effects in Evolution

The first chapter presents the focused approach. It revolves around whether manipulating the epigenetic
fidelity of a genome, i.e., its capacity to maintain its epigenetic landscape, can potentially enhance
evolution and evolvability under specific circumstances. Three distinct epigenetic mechanisms were
examined: HSP-90 (a protein chaperone), SUP-35 prions, and RNA interference (RNAi). These
mechanisms were selected to provide both diversity and relative technical assay maturity. The relevant
strains were evolved at the lab under a mild metabolic challenge (“opportunity”) and their evolutionary
dynamics were assessed by observing their growth characteristics at several evolutionary time points.

HSP-90- HSP-90, a ubiquitous heat shock protein, plays a critical role in buffering genetic variance and
releasing it in response to environmental stress [ 12]. It has been proposed to affect evolution through various
mechanisms, including transposon mobilization [14,23], the induction of aneuploidy [13], and interactions
with DNA repair pathways. This study focused on evolving several HSP-90 related genes deletion strains
that were constructed and found that they seemed to influence the evolutionary dynamics in what appeared
to be a systematic manner, particularly the HSC homozygote and STI mutant strains (HSC-82 deficiency
reduces HSP-90 levels and STI-1 deficiency increases it), hence suggesting that HSP-90 indeed affects
evolvability. Yet as to the nature and extent of that influence, additional growth tests should be held and
analyzed. Additionally, sequencing and comparing the final evoltants to their ancestors for the different
mutant strains may yield some interesting insights regarding the underlying mechanism.

SUP-35 Prions: [PSI+], the prion state of SUP-35p, can be seen as an epigenetic switch that enhances
phenotypic plasticity and evolvability by unleashing Cryptic Genetic Variation (CGV) [15]. It causes a
loss-of-function mutation (stop-codon read-through) that reveals phenotypic variation which in turn
facilitates faster evolution to new adaptive peaks [21]. Several strains with enhanced/reduced prionicity
were obtained (Curtesy of the Lindquist lab) and evolved, yet preliminary ambiguous results together with
concerns that arose regarding the prion expression levels of these SUP-35 strains, prompted a pause in
further investigation until these issues are resolved.

RNAI: RNA interference (RNAi1) mechanisms were reintroduced into Saccharomyces cerevisiae by Bartel
et al. [29]. In this study, strains with fully/partially restored RNAi mechanism lab evolution resulted in
altered evolutionary dynamics in comparison to the parent strain. Both the fully and partially restored RNAi
strains exhibited differences in max yield and lag time, indicating that reintroducing RNAi could influence
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evolvability. Sequencing analysis of evolved strains may provide deeper insights into the underlying
mechanisms.

In conclusion, this research suggests that manipulating epigenetic mechanisms such as HSP-90 and RNAi
can indeed impact the evolvability of yeast strains. However, the specific nature and extent of this influence
require further investigation through additional growth tests and comprehensive sequencing analysis of
evolved strains. Additionally, resolving expression issues related to SUP-35 prions is necessary to explore
their role in evolvability further. These findings contribute to our understanding of how epigenetic
mechanisms can shape the evolutionary trajectories of organisms, providing valuable insights into the field
of evolutionary biology.

Initially designed to investigate epigenetic effects in evolution, due to technical challenges the research
pivoted, leading to a comprehensive exploration of high-throughput evolvability screening offering a
complementary, synergetic approach, as is described in the next chapter.

Chapter 2: A Whole-Genome Evolvability Screen

The second chapter of this thesis presents the second approach and embarks on a journey to unravel the
genetic determinants of yeast evolutionary adaptation. As an aftermath of the previous chapter's epigenetic
study results (the HSP-90 mutant strains in particular), It spanned a wider net by developing a framework
and performing a whole-genome high-throughput evolvability screen.

As mentioned, the central theme revolved around identifying additional genes that influence the
evolutionary process in yeast. While well-known "immediate suspects" like DNA repair genes, oncogenes,
and tumor suppressors are already recognized for their roles in promoting different evolutionary dynamics
[50, 51], this research sought to uncover additional relevant genetic-based mechanisms, and specifically, to
identify "evolution-deceleration" genes that, when deleted, enhanced yeast adaptation capabilities, shaping
unique evolutionary paths in the process.

The research encompassed lab evolutions of the pooled deletion library under different conditions,
including nominal, metabolic, osmotic and temperature stresses, and a metabolic "opportunity" (similar to
the one used in the previous chapter). High-throughput sequencing at multiple time points enabled the
analysis of evolutionary dynamics, with a primary emphasis on identifying deletion strains exhibiting
substantial improvements in fitness and fitness rate across conditions.

Despite challenges related to the starting point, the competition dynamics, and the resulting loss of pool
heterogeneity, a rigorous data analysis confirmed the validity of the approach. Notably, unique gene
repertoires emerged to prominence under each condition, indicating distinct adaptive routes.

Candidate strains that exhibited interesting evolutionary dynamics within the pool were selected for
separate lab evolutions, resulting in the discovery of two genes, YDR508C (GNP1) and YGL165C, which
exhibited significant improvement in pH tolerance. Intriguingly, these genes were not previously
associated with evolvability (Furthermore- YGL165C was described as a dubious ORF, not associated
with any known function). Comparative sequencing revealed single nucleotide polymorphisms (SNPs) in
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evolved strains, suggesting a strain-specific impact on evolutionary trajectories. Enrichment analysis
linked the YGL165C mutant to the SET 3 complex, potentially influencing epigenetic regulation.

Moreover, each biological repeat of the mutant strains exhibited non-synonymous SNPs in genes
belonging to specific pathways (different genes for each repeat, same pathway for each strain to include
WT), such as the histone deacetylase pathway for YGL-165C deficient strains and the Error-free
replication repair pathway for GNP1 deficient strains. These findings suggest that the mutation of original
"evolution deceleration”" genes alters the evolutionary landscape, leading to unique alternative optimal
paths.

Future plans should consist of further investigations into the molecular mechanisms underlying YGL-
165C and GNP1 genes' roles and their potential effects on adaptation, such as more evolutions under
additional conditions, comparative genomics analyses, functional validation and overexpression
evolutions.

However, based on yeast whole-genome screens, lab evolution, high-throughput sequencing and a solid
analytic tool kit, the novel approach and framework were developed and validated in this part of the study
are available and have the potential to enable the identification of additional genes that may affect yeast
evolvability. Such future studies may vary in scope to include -

Re-doing the study altogether while using a better starting point in the form of a commercial, fully
balanced yeast deletion pool that includes WT (hence trying to avoid or reduce the loss of heterogeneity);

Enriching the existing database by sequencing an additional evolutionary time point (sequencing libraries
for day 20 were prepared as part of this study but not sequenced)

Investigating more promising candidates that were already identified in the current data set by performing
more separate evolutions under various conditions.

Hopefully, if attempted with a better starting point as described, this chapters’ novel approach and
framework may be used to further investigate the HSP-90 mutants from the previous chapter, that were
decimated in this study due to the unbalanced nature of the initial pool.

Conclusion

The 2018 discovery of YGL-165C as a de novo addition to the yeast genome, emerging from DNA
shuffling of previously noncoding regions [44], implies its role as an "evolutionary cork." The RNAi
removal effect (though it requires additional validation) seems to be similar in nature, i.e. suggesting that
we are facing a gene that if removed and a mechanism that if added- induces more vigorous adaptations,
hence they are added or removed accordingly by the yeast once a sufficient fitness level is achieved.

The same may be argued (although again- requires additional verification) regarding the HSP-90 levels,
as induced by the different genetic backgrounds, influence on the evolutionary rate.

This thesis contributes to the understanding of evolution by investigating both epigenetic influences and
genome-wide adaptations. Through rigorous experimentation and analysis, it sheds light on the complex
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interplay between genetic factors and environmental conditions in shaping evolutionary outcomes. These
findings, and specifically the novel approach and framework that were developed and the "evolution
deceleration" genes that were identified invite further research into the molecular mechanisms underlying
these effects and the potential for identifying additional evolvability-related genes.

As a whole, this work expands our comprehension of the mechanisms driving evolution and challenges

existing paradigms.
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