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Abstract 

Proteins in the same protein family share conserved domains but often perform distinct 

cellular functions. It remains unclear to what extent the specialized function of a protein is 

determined by changes in its intrinsic biochemical activity or change in the proteins that interact 

with it. To probe this question, we studied how kleisin, a subunit of the cohesin complex, evolves 

to alter its function. In the eukaryotes, mitotic and meiotic kleisins have diverged to accomplish 

the different patterns of chromosome segregation in mitosis and meiosis. We showed that the 

budding yeast, Saccharomyces cerevisiae, can use the meiotic kleisin to support mitosis through 

experimental evolution. Forcing yeast cells to depend on meiotic kleisin, Rec8, in mitosis 

reduced cellular fitness by 80% due to reduced cohesion between sister chromatids. After 1750 

generations of experimental evolution, all the evolved populations increased fitness 50-80% 

relative to the ancestral Rec8-expressing strain. Comparing the ancestral and evolved genomes 

shows that Rec8 was not mutated. Instead, adaptive mutations are mainly in genes in the 

transcriptional mediator complex and cohesin- and cell cycle-related genes. Each beneficial 

mutation improves the cohesin function of Rec8 in mitosis via slowing down genome replication.  

This work reveals an unknown functional linkage between genome replication and cohesin 

function. Overall, this result suggests that changes in proteins that a kleisin protein directly or 

indirectly interacts with are sufficient for diversifying the cellular function of kleisin.   
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Chapter 1.  

 

1.1 Gene Duplication and divergence 

Gene duplication drives innovation in evolution. Different mutations accumulated between 

paralogous genes either lead the two duplicated copies to keep different functions of the ancestral 

gene, known as sub-functionalization, or one duplicated copy acquires a novel function,  known 

as neo-functionalization(Innan and Kondrashov, 2010). Several molecular mechanisms for how 

paralogs diverge their functions have been identified: changes in the protein coding region can 

alter their enzymatic activity, protein interaction specificity, post-translational modification, or 

splicing pattern; changes in the cis-regulatory region can produces different patterns of gene 

expression for each paralog. Functional divergence between paralogs has a significant impact on 

the evolution of cellular networks. Duplication of a transcriptional factors followed by sequence 

divergence in their DNA -binding or interacting domain generates novel regulatory interactions 

(Voordeckers et al., 2015). In the budding yeast, Saccharomyces cerevisiae, paralogous proteins 

arising from whole genome duplication exhibit differentially gain or loss of phosphorylation sties, 

leading to rewiring of more than 50% of kinase-substrate interactions are rewired (Freschi et al., 

2011). The divergence of paralogous proteins also changes the structure of protein phosphorylation 

networks. Therefore, gene duplication and divergence underlie the increasing biological 

complexity of genome.  
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1.2 The divergence of paralogous proteins underlies the evolution of 

eukaryotic chromosome segregation 

In the lineage of eukaryotes, gene duplication and divergence is one of evolutionary 

mechanisms that lead to the emergence of two specialized chromosome segregation processes, 

mitosis and meiosis. Mitosis is a conserved cellular process in which a eukaryotic cell replicates 

its chromosomes once and segregates replicated chromosomes equally to two daughter cells. 

Eukaryotes also evolved another chromosome segregation mechanism, meiosis, to reduce ploidy 

of a parental cell to generate gametes that allow the mixing of genomes: the combination of meiosis 

and mating creates the alternation between haploid and diploid states that characterizes eukaryotic 

life cycles. In mitosis, chromosomes are replicated during S phase; the replicated chromosomes, 

called as sister chromosomes, are linked together till metaphase and segregate at anaphase 

followed by cell division. Meiosis adopts part of mitotic machinery but differs in ways that allow 

meiosis to follow one round of chromosome segregation with two rounds of chromosome 

segregation: the first round segregates homologous chromosomes and the second segregates sister 

kinetochores to produce haploid gametes. Achieving accurate homologous chromosome 

segregation requires timely and complex molecular interactions: at meiosis I, homologous 

chromosomes must pair and recombine with each other, both kinetochores on a pair of sister 

chromosomes must attach to the microtubules from the same pole, and sister chromosomes must 

remain attached to each other near their centromeres(Miller et al., 2013). These three steps are 

crucial for evolving meiotic chromosome segregation.  
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How mitosis and meiosis evolved to regulate chromosome segregation for different 

purposes has been a fundamental question in evolution; however, we can only speculate 

evolutionary origin of these two cellular processes based on comparing orthologous genes and 

cytological features across various eukaryotic organisms. The universal presence of mitosis in all 

the eukaryotes and the fact that several core mitotic genes have prokaryotic homologs (Erickson, 

2007; Hirano, 2005) suggests that mitosis arise once at the base of the eukaryotic lineage. The 

cytological similarity between these mitosis and meiosis argues a close evolutionary relationship 

between them(Wilkins and Holliday, 2009). The basic cell cycle machinery driving mitotic cell 

division is also required for meiosis. Some mitotic regulators themselves can execute new 

functions in the meiotic context(Cooper and Strich, 2011; Smith et al., 2001). The remaining 

mitotic proteins are replaced with meiosis-specific versions of the ancestral protein. Of the subset 

of meiosis specific proteins, some, such as Spo11, evolved from prokaryotic orthologs(Malik et 

al., 2007; Marcon and Moens, 2005) and some evolved from paralogs of mitotic genes created by 

ancient gene duplications in the eukaryotic lineage(Cooper and Strich, 2011; Harper et al., 2002; 

Malik, 2007; Pesin and Orr-Weaver, 2008; Pightling et al., 2011), including activator of anaphase 

promoting complex (APC) that triggers substrate degradation during cell division, members of the 

MutS protein family involved in DNA mis-match repair, and kleisin proteins in the cohesin 

complex. Understanding the factors that determine paralogous proteins adopt mitosis-specific or 

meiosis-specific function could offer a mechanistic perspective on the evolution of these two 

cellular processes. However, the ancient separation between mitosis and meiosis makes it hard to 

reconstruct critical mutations that differentiate the function of paralogous proteins in the past. 

Therefore, a forward evolution approach, in which a protein with a well-characterized function is 

asked to perform another known function, is an alternative to examine the molecular changes that 
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leads to changes in protein function, allowing us to infer the possible determinants of evolving a 

distinct protein function in the past. 

 

1.3 The evolution of kleisin paralogs  

Mitotic and meiotic kleisin proteins are good candidates for dissecting how paralogous 

proteins could specialize their functions because the molecular regulation of kleisins has been well 

studied. Kleisin proteins(Schleiffer et al., 2003), which interact with SMC (structural maintenance 

of chromosomes) proteins to form a ring structure, form a protein superfamily in both prokaryotes 

and eukaryotes. SMC proteins have key functions in organizing chromosomal DNA in all domains 

of life, like chromosome segregation and condensation, DNA repair, and gene expression(Harvey 

et al., 2002). SMC proteins share similar domain structures where the N- and C-terminal domains 

fold together to form a globular ATPase domain and a coiled-coil region is interspersed between 

two globular domains(Haering et al., 2002). Two SMC proteins interact via the coiled-coil region 

to form dimer and interact with a kleisin protein via the ATPase domain or the nearby region. Most 

prokaryotes and archaea have one SMC protein forming a homo-dimer that interacts with one 

kleisin protein(Melby et al., 1998; Soppa, 2001). In eukaryotes, SMC and kleisin proteins have 

undergone gene duplication leading to six paralogous Smc proteins (Smc1-6) and three different 

subtypes of klesins interacting with specific Smc protein pairs. Kleisin-g associated with 

Smc2/Smc4 heterodimer to form condensin complex; kleisin-a interacts with Smc1/Smc3 

heterodimer to form the cohesin complex, which regulates sister chromatids cohesion. Two 

different kleisin-a proteins, mitotic kleisin and meiotic kleisin, perform specialized roles in these 

two different forms of chromosome segregation, mitosis and meiosis. Comparing kleisin-a protein 
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sequences from diverse eukaryotic organisms shows that mitotic kleisin homologs form a distinct 

cluster from meiotic kleisin homologs irrespective of species divergence, suggesting these mitotic 

and meiotic kleisin arose from gene duplication in the basal lineage of eukaryotes (Malik et al., 

2007). 

 

1.4 Functional divergence between kleisin paralogs in the eukaryotes 

Both protein sequence divergence and differential gene expression between mitotic and 

meiotic kleisin allowed these two proteins to acquire different functions during evolution. In 

budding yeast, the mitotic kleisin protein, Scc1, and the meiotic kleisin, Rec8, share 20% protein 

sequence identity. Mitotic kleisin is only expressed in mitosis and meiotic kleisin is only expressed 

in meiosis (Klein et al., 1999). The expression of a kleisin protein is tightly controlled so that a 

specific kleisin protein interacts with the same Smc1 and Smc3 proteins to form the mitotic or 

meiotic cohesin complex that control the two different modes  of chromosome segregation 

(Marston, 2014). In mitosis, cohesin’s function depends on cell-cycle dependent molecular 

interactions. Before genome replication, mitotic klesin and Smc1/3 proteins form a complete ring 

that can be loaded on unreplicated chromosomes by the cohesin loading complex (Uhlmann and 

Nasmyth, 1998). During genome replication, cohesin associated with un-replicated DNA is 

converted into a ring that encircles the replicated chromosomes. In this process, Smc3 protein is 

acetylated (Ivanov et al., 2002; Rolef Ben-Shahar et al., 2008) to stabilizes the Smc3-kleisin 

interaction. After replication, cohesin rings topologically link two replicated chromosomes, known 

as sister chromosomes. But other molecular details of how linkage is established remain under 

debates(Kanke et al., 2016; Murayama et al., 2018; Uhlmann and Nasmyth, 1998; Villa-Hernandez 

and Bermejo, 2018). The linkage between sister chromatids is maintained from S phase through 
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metaphase. At anaphase, a kleisin-specific protease, separase, is activated to cleave mitotic kleisin 

leading to separation of sister chromatids(Uhlmann et al., 2000). In meiosis, how meiotic cohesin 

complex is loaded on chromosome is not completely characterized. Because the same loading 

complex and cohesin regulators are present in mitosis and meiosis, it is generally assumed that the 

regulation of meiotic cohesin loading is largely the same as that of mitotic cohesin. In meiosis, 

meiotic kleisin bound on different parts of chromosome undergoes temporally regulated 

proteolysis; the cleavage pattern of meiotic kleisin contributes to two rounds of chromosome 

segregation in meiosis(Katis et al., 2010). At meiosis I, meiotic kleisin on chromosome arm is 

cleaved by separase while meiotic kleisin near centromere is protected from separase activity due 

to local phosphatase activity that prevents kleisin phosphorylation, which is required for kleisins 

to become substrates of separase (Katis et al., 2004; Marston et al., 2004; Riedel et al., 2006). The 

protected peri-centromeric cohesion between sister chromatids prevents the separation of sister 

kinetochores at meiosis I; meiotic kleisin near centromere is cleaved later at meiosis II, allowing 

sister kinetochores to separate so that haploid spores can form. In addition to specialized roles in 

segregating chromosomes, cohesin complex composed of different kleisin subunits evolve to 

regulate other chromosome dynamics in a specific cellular process. Mitotic cohesin is involved in 

DNA damage repair(Heidinger-Pauli et al., 2008), chromosome condensation, and gene 

expression(Heidinger-Pauli et al., 2010) whereas meiotic cohesin regulates meiotic 

recombination(Klein et al., 1999). 

 

1.5 Unresolved questions about the evolution of kleisin protein function 

Experiments in the budding yeast, Saccharomyces cerevisiae, reveal that the functions of 

the mitotic and meiotic kleisins are not interchangeable. To examine if functional difference 
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between mitotic and meiotic kleisins comes from changes in the promoter sequence or changes in 

the protein coding sequence, several studies have swapped the coding sequence of mitotic and 

meiotic kleisin. Yeast cells expressing the mitotic kleisin, Scc1, in meiosis cannot support normal 

chromosome recombination and segregation at meiosis I (Tóth et al., 2000); forcing yeast cells to 

use the meiotic kleisin, Rec8, in mitosis impairs growth and DNA damage repair of mitotic cells 

(Brar et al., 2009; Heidinger-Pauli et al., 2008). These results suggest that the functional difference 

between mitotic and meiotic kleisins is mainly determined by their protein coding sequences. We 

do not understand how these two kleisin paralogs diverged into similar but distinct biological 

functions in the past evolution because the low protein sequence identity between mitotic and 

meiotic kleisin paralogs makes it harder to infer the critical amino acids conferring either mitotic 

or meiotic function. Given that the cellular function of a kleisin protein is determined by other 

proteins it interacts with, we also do not know how changes in its direct or indirect interacting 

proteins affects the evolutionary process that leads to a kleisin protein acquire a different biological 

function.  

 

1.6 The proposed research question 

In this thesis, I asked if the function of the meiotic kleisin protein can be altered to support 

mitosis and what kind of changes, either from kleisin protein itself or elsewhere in the genome, 

are required for changes in the kleisin protein function. I performed experimental evolution to 

allow budding yeast cells that express the meiotic kleisin, Rec8, in place of the mitotic kleisin, 

Scc1, to increase their reproductive fitness and asked what the targets for adaptive mutations are. 

The results from this evolution experiment not only allow us to assess factors that drive a kleisin 
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protein to acquire a differing function but also offer novel insights on the regulation of cohesin 

function.  
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Chapter 2. 

2.1 Abstract 

 

Different members of the same protein family often perform distinct cellular functions. 

How much are these differing functions due to changes in a protein’s biochemical activity versus 

changes in its interacting partners? We asked how the budding yeast, Saccharomyces cerevisiae, 

evolves when forced to use a distant paralog of an essential protein. Mitotic and meiotic kleisins 

have evolved to serve different purposes in eukaryotic chromosome segregation. Expressing the 

meiotic kleisin, Rec8, in mitosis impairs sister chromosome linkage and reduces reproductive 

fitness by 45%. We evolved 15 populations for 1750 generations, substantially increasing their 

fitness, and analyzed their genotypes and phenotypes. We found no mutations in Rec8, but we 

found mutations in the transcriptional mediator complex, cell cycle regulators, and cohesin-related 

genes. These mutations improve sister chromosome cohesion and slow genome replication in 

Rec8-expressing cells. Combining changes in known and novel partners can repair the damage 

caused by replacing an essential protein with a paralog specialized for other functions. 
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2.2 Introduction 

 

How does natural selection change a protein’s function during evolution? The biological 

function of a protein is determined by its intrinsic biochemical activity and its interactions with 

other proteins that control its abundance, activity, and location within the cell. Paralogs, sets of 

duplicated proteins that have descended from a common ancestor, are retained within individual 

species, and perform different functions are good candidates for studying how evolution modifies 

protein function (Orengo and Thornton, 2005) (Chothia et al., 2003). Paralogs can diverge in many 

ways. Changes in their promoters and enhancers lead to altered patterns of gene expression 

(Gagnon-Arsenault et al., 2013; Hittinger and Carroll, 2007) and changes in their amino acid 

sequence alter biochemical activity (Voordeckers et al., 2012), patterns of post-translational 

modification(Amoutzias et al., 2010; Nguyen Ba et al., 2014), or the identity of interacting 

partners(Aakre et al., 2015).  We still do not understand how the mutations that change a protein’s 

function are partitioned between changes in the protein itself, changes in its expression, changes 

in the partners it binds to, or changes in other proteins with which it does not directly interact. One 

approach to this problem is to ask what must change to allow a protein to perform a function that 

is performed by a paralog from which it diverged roughly a billion years ago.    

  

 To understand how paralogous proteins evolve different functions, we studied the kleisin 

protein family. Kleisins bind to SMC (structural maintenance complex) proteins to form a ring 

(Schleiffer et al., 2003) that organizes chromosomal DNA in prokaryotes and eukaryotes. In most 
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bacteria and archeal, there is a single kleisin and SMC protein (Melby et al., 1998; Soppa, 2001). 

In the eukaryotes, kleisin and SMC proteins have duplicated and acquired specialized roles in 

regulating chromosomal dynamics(Cobbe and Heck, 2004; Schleiffer et al., 2003). Kleisin-g 

proteins associate with Smc2/Smc4 heterodimers to form the condensin complex (Hirano, 2012), 

which condenses chromosomes in mitosis and meiosis. Kleisin-a proteins interact with 

Smc1/Smc3 heterodimers to form cohesin, the complex that holds sister chromosomes together 

(Nasmyth, 2002) and regulates the timing of chromosome segregation:  cohesin holds 

chromosomes together from S phase, when DNA replication occurs, until the proteolytic cleavage 

of kleisin, by separase, opens the ring and allows sister chromosomes to separate from each other 

at anaphase.  

 

Most eukaryotes have two different kleisin-a proteins. One, referred to as the mitotic 

kleisin, is expressed in both mitosis and meiosis, whereas the meiotic kleisin is expressed only in 

meiosis (Mehta et al., 2012). Both kleisins interact with the same Smc1/3 proteins but their 

proteolysis is regulated differently to produce the different patterns of chromosome segregation in 

mitosis and meiosis. In mitosis, the protease that cleaves kleisin is activated at anaphase leading 

to sister chromosome separation (Marston, 2014; Uhlmann et al., 1999; Uhlmann et al., 2000). In 

meiosis, however, the regulation of kleisin cleavage is modified to allow two rounds of 

chromosome segregation to follow a single round of DNA replication, producing four haploid 

genomes: in meiosis I, cleaving the kleisin on the chromosome arms allows homologous 

chromosomes to segregate from each other, and then in meiosis II, cleaving the remaining kleisin, 

near the centromeres, allows sister centromeres to segregate from each other (Marston, 2014). Both 

cohesin complexes have additional functions. Mitotic cohesin regulates chromosome condensation 
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(Guacci et al., 1997; Lazar-Stefanita et al., 2017), gene expression (Donze et al., 1999), and DNA 

damage repair (Heidinger-Pauli et al., 2008; Wu and Yu, 2012) and meiotic cohesin regulates 

meiotic recombination (Brar et al., 2009; Klein et al., 1999). Most eukaryotes have both mitotic 

and meiotic kleisins, suggesting that the duplication and divergence of these paralogous proteins 

occurred at or soon after the evolutionary origin of the eukaryotes. (Dorsett and Merkenschlager, 

2013; Feeney et al., 2010; Peric-Hupkes and van Steensel, 2008). Although the current functions 

of mitotic and meiotic cohesin are reasonably well understood, we do not know which changes in 

these and other proteins led to them adapting their different roles.  

  

In the budding yeast, Saccharomyces cerevisiae, the functions of the mitotic and meiotic 

kleisins are not interchangeable. In this species, the mitotic kleisin is encoded by SCC1; the meiotic 

kleisin is encoded by REC8. Expressing Scc1 in place of Rec8 during meiosis disrupts  meiotic 

chromosome segregation(Brar et al., 2009; Toth et al., 2000) and the opposite experiment, using 

Rec8 in place of Scc1 in the mitotic cell cycle, slows cell proliferation (Brar et al., 2009; Heidinger-

Pauli et al., 2008; Toth et al., 2000). These results suggest that the functional difference between 

yeast kleisin proteins is mainly determined by the differences between their amino acid sequences 

rather than the promoters that control their expression. The ancient evolutionary separation of the 

mitotic and meiotic kleisins makes it hard to distinguish the mutations that produced changes in 

protein function from those that accumulated because of other selective forces or genetic drift.  

Comparing the existed kleisin ortholog sequences cannot reveal if selection modifies a kleisin’s 

function through changing other interacting proteins. 
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We used experimental evolution of mitotically growing cells, expressing the meiotic 

kleisin, Rec8, to ask how cells adapt to a protein that is performing an altered function: supporting 

mitotic rather than meiotic chromosome segregation.  Can cells evolve successful mitosis using 

the meiotic kleisin, Rec8? If so, are the adaptive mutations in kleisin or elsewhere in the genome? 

We asked these questions by evolving parallel yeast populations that expressed Rec8 in place of 

Scc1 for 1750 mitotic generations. We recovered no mutations in Rec8, but found adaptive 

mutations in the transcriptional mediator complex, cell cycle regulators, and cohesin-related genes; 

these mutations restore sister chromosome cohesion and thus increase the fitness of the evolved 

populations. Unexpectedly, we found that replacing Scc1 with Rec8 accelerates genome 

replication. All three classes of adaptive mutations restored the tempo of genome replication to the 

wild-type pattern. Engineering mutations that reduced replication origin firing or slowed 

replication forks improved the fitness of Rec8-dependent cells, revealing a new link between 

genome replication and sister chromosome cohesion. Our results suggest that the fastest way of 

adapting a protein to a novel task is to modify the partners with which they directly or indirectly 

interact, rather than modifying the protein performing the new task.  
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2.3 Results 

 

2.3.1 Using the meiotic kleisin causes mitotic defects 

 

We examined the consequences of replacing Scc1 with Rec8 in the mitotic cell cycle 

(Figure 2.1A). Previous studies reveal that the replacing Scc1 with Rec8 impairs mitotic growth 

(Buonomo et al., 2000) and DNA damage repair (Heidinger-Pauli et al., 2008), showing that Rec8 

cannot completely substitute for Scc1 in mitosis. To extend this analysis, we compared the cellular 

and molecular phenotypes of the Rec8- and Scc1-expressing strains. We refer to the Scc1-

expresssing strain as the wild type. We used competitive growth to measure the fitness of the Rec8-

expressing strain relative to wild type in rich media: the fitness of the Rec8-expressing strain is 

only 55% of wild type (Figure 2.1B).  
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Figure 2.1 Expressing Rec8 in place of Scc1 impairs mitotic cell cycle and sister cohesion  

A. The diagram of mitotic and meiotic cohesin complex. The mitotic cohesin links replicated sister 
chromosomes together in mitosis whereas little is known about if the meiotic cohesin can support 
mitosis. 

B. The fitness of Rec8-expressing cells is 55% of the wild-type strain expressing Scc1. The Rec8-
expressing strain expressed a fluorescent marker (PACT1-mCherry) and a plasmid copy of SCC1, 
which was lost before experiment to allow cells use Rec8 undergo mitosis. Fitness was measured 
by competitive growth between the Rec8 expressing strain and the wild type when these two strains 
were co-cultured. Changes in the ratio of these two strains over 12 generations was used to 
calculate the relative fitness of Rec8-expressing cells to wild type. The mean and standard 
deviation of three biological replicates are shown in the right panel. 

C. The Rec8-expressing strain cannot keep sister cohesion as the wild type can in mitosis. All the 
strains (PSCC1-REC8, PSCC1-SCC1, and scc1D) had a copy of PGAL1-SCC1 integrated in the genome. 
To examine sister cohesion in one cell cycle, Scc1 expression was switched off in G1-arrested 
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populations by growing cells in YEP+2% Raffinose+ a-factor. Cells were released to 
YPD+30ug/ml Benomyl to resume cell cycle and arrested in mitosis. Two different patterns of 
sister cohesion are shown: A budded cell with a single GFP dot represents proper sister cohesion; 
a budded cell with two GFP dots represents lack of sister cohesion. At least 100 cells were imaged 
in each experiment. Three biological repeats were done at each time point and each strain; the right 
panel showed mean and standard deviation for the wild type (orange line), Rec8-expressing (green 
line), and scc1D (purple line) strains.  

1D. The Rec8-expressing strain progressed through S phase faster and mitosis slower. All strains 
were prepared as Figure 2.1C expect for releasing cells in YPD to resume cell cycle. Samples were 
collected at the indicated timepoints for examining DNA content by flowcytometry. 

 

We examined sister-chromosome cohesion and chromosome segregation in Rec8-

expressing cells. Because cells mis-segregating chromosomes become progressively more 

aneuploid, we wanted to examine acute rather than chronic effects of replacing Scc1 with Rec8. 

We did this by expressing REC8 from the endogenous SCC1 promoter and conditionally 

expressing a copy of SCC1 from the GAL1 promoter. The GAL1 promoter is rapidly repressed by 

glucose (Flick and Johnston, 1990; Johnston et al., 1994), allowing us to turn off SCC1 expression 

acutely and study the function of Rec8 in a single mitotic cell cycle. We confirmed that when 

SCC1 is turned off, expressing Rec8 slows progress through the cell cycle (Figure 2.2A). We 

assayed cohesion between sister chromosomes by following a single, GFP-tagged chromosome 

through mitosis. The peri-centromere of chromosome V was labeled by the binding of a GFP-Lac 

repressor fusion to an array of Lac operators integrated near the centromere (Straight et al., 1996; 

Straight et al., 1997; Uhlmann and Nasmyth, 1998). We asked if Rec8 could hold sisters together 

from S phase to mitosis by following the GFP-labeled dots (henceforth GFP dots) under the 

microscope as cells were released from a G1 arrest, allowed to proceed synchronously through the 

cell cycle, and then arrested in mitosis by depolymerizing their microtubules. In this assay, a pair 

of linked sister chromosomes appears as a single GFP dot whereas sister chromosomes which have 

lost cohesion appear as two GFP dots (Figure. 2.1C). The fraction of cells with two GFP dots in a 
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population indicates the degree to which sister chromosomes have separated. From S phase to 

mitosis, the majority of the wild-type population showed a single GFP dot as expected (Figure 

2.1C). In the Rec8-expressing strain, 10% of the population showed two GFP dots during S phase 

and this fraction rose to 50% in mitosis (Figure 2.1C). The defect in sister cohesion of the Rec8-

expressing strain was smaller than the defect in a strain completely lacking Scc1 (Figure 2.1C), 

showing that Rec8 retains some cohesin function.  

 

Figure 2.2 Mitotic growth and chromosome segregation of the PGAL1-SCC1 PSCC1-REC8 
strain 

A. The PSCC1-REC8 strain showed mitotic growth defect when the Scc1 expression was turned off. 
Left: Cells were grown in YEP+2% Galactose to saturation and serially diluted to spot on YEP+2% 
Galactose and YPD, in which the GAL1 promoter was repressed by glucose. Right: A fitness 
competition assay between the Rec8-expressing strain and the wild-type strain in YPD. 

B. The fidelity of chromosome segregation in the Rec8-expressing strain is 30% lower than that 
of wild type. Yeast cells were grown in YEP+ 2% Galactose to log-phase, subject to YEP+2% 
Raffinose+ a-factor to repress the Scc1 expression and synchronize at G1, and released in YPD to 
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resume cell cycle while turning off the Scc1 expression. Cells were arrested at G1 again by adding 
a-factor in YPD to prevent cells enter into the second cell cycle. Chromosome segregation fidelity 
was measured as the fraction of population showing one GFP dot, representing one copy of 
chromosome V, in one single cell after one mitotic cell division. 

Sister chromosomes must be linked to each other to allow their kinetochores to attach 

stably to opposite poles of the mitotic spindle. In this orientation, forces exerted on the 

kinetochores create tension that inactivates the spindle checkpoint, leading to activation of the 

anaphase-promoting complex, the activation of separase, the cleavage of kleisin, and the onset of 

anaphase (Marston, 2014). The Rec8-expressing strain frequently failed to correctly orient sister 

kinetochores (Figure 2.3) and therefore segregated chromosomes inaccurately (Figure 2.2B). We 

hypothesized that the sister cohesion defect would activate the spindle checkpoint, thus prolonging 

mitosis. By tracking a synchronous population of cells through the cell cycle, we found that the 

Rec8-expressing strain spent longer in mitosis than wild type (Figure 2.1C). Removing Mad2, a 

spindle checkpoint protein (Li and Murray, 1991; Shah and Cleveland, 2000), from the Rec8-

expressing strain accelerated passage through mitosis (Figure 2.1D), suggesting that the sister 

cohesion defect activates the spindle checkpoint. In addition, the Rec8-expressing strain showed a 

faster S phase than the wild-type. This phenotype is not due to faster escape from G1 arrest: the 

rise in the fraction of budded cells is indistinguishable between wild-type and Rec8-expressing 

strains (Figure 2.4). In cells lacking kleisin or the cohesin loading complex mutant, genome 

replication occurs at the same speed as wild-type(Uhlmann and Nasmyth, 1998), suggesting that 

the accelerated genome replication is Rec8-specific. In summary, replacing Scc1 with Rec8 leads 

to profound defects in sister cohesion and accelerates genome replication by an unknown 

mechanism. 
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Figure 2.3 Rec8 does not ensure proper kinetochore orientation in mitosis 

The centromere of chromosome IV was marked by GFP and spindle pole bodies were labeled by 
SPC42-mCherry. Cells showing one or two GFP dots in the middle of two spindle pole bodies 
represented bi-oriented sister kinetochores under the tension pulled by spindles. The lack of sister 
cohesion led to sisters of chromosome IV being pulled apart by spindles unequally, showing that 
one GFP dot clusters at each spindle pole body or two GFP dots cluster at one of spindle pole 
bodies. At least one hundred cells were imaged and analyzed in each population. The 
corresponding microscopy image are shown in the right; 10µm is shown as the scale bar. 
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Figure 2. 4 The budding index of the Rec8-expressing strain is similar as that of wild type 
and the scc1D strains 

Cells were prepared as Figure2.1C. The y-axis shows the fraction of budded cells in each 
population, measured as budding index. The mean and standard deviation of three biological 
replicates for each population entering cell cycle for 0, 30, 45, 60, and 75 minutes are shown. 

 

At the molecular level, we investigated the level of Rec8 and its binding to mitotic 

chromosomes. We measured Rec8 levels in a synchronous cell cycle and compared them with 

those of Scc1 (Figure 2.5A). Scc1 was barely detectable in G1, peaked during S phase, and its 

cleavage product was detected at 60 minutes as cells entered anaphase. During G1 and S phase, 

there was four-fold less Rec8 than Scc1. At 90 minutes, the Rec8 protein level decreased but we 

did not detect the cleavage product of Rec8, either because the onset of anaphase was asynchronous 

or the cleavage product is too unstable to be detected (Buonomo et al., 2000b). The lower Rec8 

protein level could be due to inefficient protein synthesis or protein instability. We tested the 

second hypothesis by examining the stability of Scc1 and Rec8 in mitotically-arrested cells: the 

half-life of Scc1 is 200 minutes whereas Rec8 has a half-life of 58 minutes (Figure 2.5C). The 

instability of Rec8 is due to the weak separase activity that exists outside anaphase (Uhlmann et 
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al., 1999); reducing separase activity with a temperature sensitive mutation (esp1-1 (Ho et al., 

2015)) increases the half-life of Rec8 to 190 minutes.  

 

Finally, we compared the binding of Rec8 and Scc1 to chromosomes by chromatin 

immunoprecipitation (ChIP). In mitotically arrested cells, immunoprecipitating Rec8 brought 

down less DNA, at canonical cohesin binding sites, than Scc1 did (Figure 2.5B and Figure 2.6). 

This result can be partly explained by the lower Rec8 protein level in mitosis. To ask if Rec8 has 

difficulty in associating with chromosomes, we asked if Rec8 can be loaded on chromosomes at 

G1. Although Scc1 is not normally expressed until the onset of S phase, ectopically expressing 

Scc1 at G1 allows cohesin to be loaded on chromosomes (Fernius et al., 2013). We expressed Rec8 

or Scc1 from the GAL1 promoter in G1-arrested cells and measured their chromatin association by 

ChIP. Although the cellular levels of ectopically expressed Scc1 and Rec8 were comparable, we 

found that there was less Rec8 than Scc1 bound to canonical cohesin binding sites (Figure 2.5D). 

We conclude that Rec8 is less stable and associates less well with chromosomes compared to Scc1 

and suggest that these molecular defects lead to defective sister cohesion, errors in chromosome 

segregation, and slower passage through mitosis. The combination of a slower cell cycle and errors 

in chromosome segregation, which produce dead and aneuploid cells, reduce the fitness of Rec8-

expressing cells.  
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Figure 2.5 Rec8 is unstable and has trouble in binding with chromosomes in mitosis 

 

A.  The Rec8 protein level is lower than Scc1 in mitosis. Both SCC1 and REC8 were controlled 
by the SCC1 promoter and fused with 3xHA at their C-termini in the PGAL1-SCC1 strain 
background. To follow kleisin protein levels with mitotic cell cycle progression, strains were 
prepared as Figure 2.1D, and cells were collected at the indicated timepoints (min) from G1. 
Protein samples were processed by alkaline lysis and analyzed by Western Blot. Hxk1 was used 
as an internal control. Quantification of protein levels in three biological replicates are shown in 
the panel with mean and standard deviation. 

B.  The level of chromosome-bound Rec8 is lower than Scc1 in mitosis. All strains entered cell 
cycle synchronously and were held in mitosis in YPD+30ug/ml Benomyl. The chromosome-bound 
kleisin proteins was pulled down by the a-HA antibody against chromatin lysate from the wild 
type, the Rec8-expressing strain, and a strain without HA tag as negative control. The level of 
chromosome bound kleisin at the known cohesin binding sites was approximated by the amount 
of DNA that associated with the pulled-down kleisin. The amount of pulled-down DNA was 
measured by quantitative PCR and analyzed as the fraction of total chromatin lysate (shown in the 
y-axis). Four genomic loci on chromosome IV are shown. The mean and standard deviation of 
three biological repeats are shown. 
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C. The instability of Rec8 in mitosis depends on separase activity. Cells were grown to log phase 
in YPD and held in mitosis in YPD+30ug/ml Benomyl. To check protein stability, cycloheximide 
was added to the cultures at 35 µg/ml to inhibit protein synthesis. Cells were collected every 30 
minutes for examining protein level by Western Blot. Both Scc1 and Rec8 were detected by the 
a-HA antibody. 

D.  Rec8 cannot load on chromosomes as Scc1 can at G1. To over express kleisin proteins at G1, 
the PGAL1-SCC1-HA and PGAL1-REC8-HA strains were cultured in YEP+2% Galactose+a- factor. 
The PSCC1-SCC1-HA strain was used as a negative control because the endogenous Scc1 did not 
express at G1. Protein levels are shown in the left panel. The procedures of chromatin 
immunoprecipitation and QPCR were the same as the experiment in Figure 2.5B. The mean and 
standard deviation from three biological repeats are shown here. 

 

 

 
Figure 2. 6The level of chromosome-bound Rec8 and Scc1 on canonical cohesin binding 
sites on chromosome III and chromosome V 

Experiments were proceeded as the Figure 2.5. The level of chromosome-bound kleisins was 
approximated by the fraction of the pull-down DNA at each locus in the total input DNA (shown 
in the y-axis). The mean and standard deviation of three biological repeats are shown 
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2.3.2 Experimental evolution increases the fitness of Rec8-expressing strains 

To study how budding yeast cells adapt to a protein that performs an essential function 

poorly, we asked if experimental evolution would allow Rec8-expressing cells to acquire 

mutations that would improve their fitness; these mutations could occur either in REC8 or 

elsewhere in the yeast genome. We began by constructing 15 ancestral clones, each containing a 

deletion of the chromosomal SCC1 gene and a centromeric plasmid expressing REC8 from the 

SCC1 promoter (PSCC1-REC8). We inoculated the ancestral clones in YPD at 30oC and diluted 

each culture 6000-fold into fresh medium once it reached saturation, repeating this process until 

the populations reached 1750 generations and freezing populations samples every 125 generations 

(Figure 2.7A). At generation 375, the fitness of all the evolved populations had increased by 20-

30% relative to the Rec8-expressing ancestor. At the end of the experiment, the fitness of the 

evolved populations was 30%-80% greater than that of the ancestor and the fitness of two evolved 

populations (P13 and P15) was similar to the wild-type strain (Figure 2.7B and Figure 2.8). 
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Figure 2.7 Experimental evolution improves the fitness of Rec8-expressing populations 

A. Schematic of experimental evolution of 15 independent populations forced to use Rec8 in 
mitosis for 1750 generations 

B. Fitness of all evolved populations increase after evolution. Relative fitness of each evolved 
population at generation 375 and generation 1750 was measured by competition assay with the 
fluorescence-labeled ancestor in YPD. The averaged fitness across evolved populations is shown 
in the black line. Fitness of the wild-type is indicated as a black dash line. 

C. Summary of functional modules that mutated more than four times at generation 375 and 1750. 
The x-axis shows the number of populations that acquires a mutation in any specified gene. The 
y-axis shows mutated genes grouped by their functions. Genes involved in the transcriptional 
mediator complex are grouped by blue line. Genes involved in the cohesin complex are grouped 
by black line. Genes that regulate cell cycle transition from G1 to S are grouped by orange line. 
Mutation causing early stop codon is shown in dark red and single nucleotide polymorphism (SNP) 
is shown in pink. 

D. Summary of changes in chromosomal copy number of all 15 evolved populations. The copy 
number of each chromosome was calculated by normalizing the depth of sequencing reads 
spanning each chromosome to the mean read depth of each genome. The results of five ancestral 
clones and 15 evolved populations at generation 375 and 1750 are shown here: gray marks one 
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copy, dark red marks two copies, and pink marks 1.5 copies, suggesting part of population were 
disomy. 

 

 

           
Figure 2.8 Relative fitness of 15 evolved populations to the Rec8-expressing ancestor at 
generation 375 and generation 1750 

The upper panel shows the fitness of 15 evolved populations at generation 375 and the lower panel 
shows the fitness at generation 1750. Mutations in certain functional modules that fixed in at least 
four populations were noted below each evolved population. Mutations in the transcriptional 
mediator complex are labeled in red. Mutations in genes regulating G1-to-S transition are labeled 
in blue. Mutations in genes involved in the formation of cohesin complex are labeled in black. 

 

 

 

 

ssn2 ssn2 ssn8 ssn3 ssn2 srb7 ssn2 esp1 ssn3 srb8 nut2 sin4 srb8 ssn8 ssn2
smc3 smc1

esp1

ssn2 ssn2 ssn8 ssn3 ssn2 srb7 ssn2 esp1 ssn3 srb8 nut2 sin4 srb8 ssn8 ssn2
esp1 smc3 swi4

cln2
smc3 smc3 esp1 swi6 smc3 cln2 smc3

smc1
mbp1

srb8
smc3

smc3
cln2

smc1
esp1
mbp1

375 Generations

1750 Generations

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15
0.0

0.5

1.0

1.5

2.0
Re

la
tiv

e 
fit
ne

ss
 to

 th
e 
Re

c8
 a
nc
es
to
r

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15
0.0

0.5

1.0

1.5

2.0

Re
la

tiv
e 

fit
ne

ss
 to

 th
e 
Re

c8
 a
nc
es
to
r

Evolved population and fixed adaptive mutation



 33 

Table 2.1 Adaptive mutation fixed in each evolved population at generation 375 

Population Gene Nucleotide Change Amino acid change 
P1 SSN2 3031 C -> T 1011 stop codon 
P2 SSN2 2774 T -> G 925 I -> S 

 

P3 SSN8 817 +T 273 stop codon 
 

P4 SSN3 108 del 36 stop codon 
P5 SSN2 2555 T -> A 852 stop codon 
P6 SRB7 230 T -> G 77 I -> S 
P7 SSN2 3258 C -> A 1086 stop codon 
P8 ESP1 2537 C -> T 846 C -> Y 

 

P9 SSN3 253 del 94 stop codon 
P10 SRB8 4239 C -> G 1413 N -> K 

 

P11 NUT2 134 C -> A 45 A -> D 
 

P12 SIN4 2838 del 947 T -> L 
 

P13 SRB8 3095 C -> A 1032 stop codon  
SMC3 3623 G -> A 1208 T -> M 

P14 SSN8 197 A -> T 66 stop codon 
 

P15 SSN2 3058 T -> A 1020 stop codon 
 

 
SMC1 1253 A -> C 418 Q -> P  
ESP1 3719 A -> T 1240 I -> N 
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Table 2.2 Adaptive mutations fixed in each evolved population at generation 1750 

Population Gene Nucleotide Change Amino acid change 
P1 SSN2 3031 C -> T 1011 stop codon  

ESP1 2537 C -> T 846 C -> Y 
 

P2 SSN2 2774 T -> G 925 I -> S 
 

 
SMC3 895 C -> G 299 A -> P 

 

P3 SSN8 817 +T 273 stop codon  
SWI4 1906 T -> A, 1993 C -> A 635 N -> Y, 665 G -> C  
CLN2 745 G -> A 249 stop codon 

P4 SSN3 108 del 36 stop codon  
SMC3 1131 T -> G 377 Q -> H 

 

P5 SSN2 2555 T -> A 852 stop codon  
SMC3 88 T -> C 30 I -> V 

 

P6 SRB7 230 T -> G 77 I -> S 
 

 
ESP1 3580 G -> C 1194 H -> D 

 

P7 SSN2 3258 C -> A 1086 stop codon  
SWI6 2144 C -> A 715 stop codon 

P8 ESP1 2537 C -> T 846 C -> Y 
 

 
SMC3 1622 C -> T 941 G -> D 

 

P9 SSN3 253 del 94 stop codon  
CLN2 622 C -> T 208 E -> K 

 

P10 SRB8 4239 C -> G 1413 N -> K 
 

P11 NUT2 134 C -> A 45 A -> D 
 

 
SMC3 2530 G -> C 844 L -> V 

 
 

SMC1 2232 G -> T 744 E -> D 
 

 
MBP1 1512 A -> +T, 1513 C -> T 510 stop codon 

P12 SIN4 2838 del 947 T -> L 
 

 
SRB8 1058 del 354 stop codon  
SMC3 2351 G -> T 784 F -> K 

 

P13 SRB8 3095 C -> A 1032 stop codon  
SMC3 3623 G -> A 1208 T -> M 

 
 

CLN2 375 C -> T 125 stop codon 
P14 SSN8 197 A -> T 66 stop codon 
P15 SSN2 3058 T -> A 1020 stop codon  

SMC1 1253 A -> C 418 Q -> P 
 

 
ESP1 3719 A -> T 1240 I -> N 

 
 

MBP1 1268 C -> A 423 stop codon 
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To identify adaptive mutations, we sequenced the genomes of five ancestral clones and 

pooled genomes of fifteen evolved populations at generation 375 and generation 1750. We focused 

on non-synonymous mutations that were present at a frequency ≥90% in any evolved population 

(Table 2.1 and 2.2). The evolved populations, had an average of 9 mutations at generation 375 and 

17 mutations at generation 1750 that met this criterion. We did not find any mutations in the coding 

sequence and the regulatory sequence, 500 bp upstream and downstream, of Rec8, but we did find 

multiple mutations in three functional modules: the transcriptional mediator complex, cohesin and 

its regulators, and regulators of cell cycle progression through G1. These mutations were fixed in 

evolved populations, showing more than 90 % frequency in an evolved population being 

sequenced. At generation 375, fourteen out of fifteen evolved populations had a mutation in the 

transcriptional mediator complex, and four populations had mutations in the other two cohesin 

subunits, SMC1 and SMC3, or separase, ESP1 (Figure 2.8). At generation 1750, the early mediator 

mutations were still fixed, one population had acquired a mutation in a second mediator subunit 

(SRB8, Figure 2.8) and one population lacked a mediator mutation. Nine out of the fifteen mediator 

mutations targeted to the Cdk8 complex, a regulatory module of mediator, and seven out of nine 

Cdk8 mutations led to early stop codon (Figure 2.7C). Mutations in cohesin-related genes were 

common at generation 1750: SMC3, SMC1, and ESP1 were mutated in seven, two, and four 

evolved populations respectively (Figure 2.7C). Three populations had mutations in two of these 

genes, so six of the populations had not acquired mutations in these cohesin-related genes by 

generation 1750. Four genes (MBP1, CLN2, SWI6, and SWI4) controlling the cell cycle transition 

from G1 to S were mutated in a total of six populations at generation 1750 (Figure 2.7C). In 

summary, nine out of the fifteen evolved populations acquired mutations both in the mediator 

complex and cohesin-related genes (Figure 2.8). Only the three fittest populations had mutations 
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in all three classes (cohesin-related, mediator, and G1-to-S regulators) and the fitness of two of 

these populations, P13 and P15, approached wild type (Figure 2.8). 

 

To ask if mutational parallelism in the evolved genomes is statistically significant, we 

compared the observed pattern of mutations to simulations of placing the same number of 

mutations randomly in the yeast genome. For the simulations we distributed 17 mutations 

randomly throughout the genomes of each of 15 populations, with each gene’s probability of 

mutation depending linearly on the length of its coding sequence. Over 10000 simulations, none 

of have a gene mutated five times, 13 have a gene mutated four times, and 731 have a gene mutated 

three times. We used a cutoff of three mutations in a single gene, or six mutations in a narrowly 

defined module to consider mutations in a gene or set of genes to be putatively adaptive. 

 

In addition to point mutations, many evolved populations were aneuploid (Figure 2.7D). 

The five ancestral clones we sequenced had an extra copy of chromosome I, the smallest 

chromosome in budding yeast. We think this reflects a combination of three factors, a very high 

frequency of chromosome mis-segregation in the ancestral, Rec8-xpressing cells, preferential mis-

segregation of smaller chromosomes, and the small fitness cost of an extra copy of chromosome 

I(Torres et al., 2007). At generation 375, twelve populations had independently gained an extra 

copy of chromosome IX, and five also had an extra copy of chromosome I or chromosome III. The 

other three were true haploids, with one having lost the extra copy of chromosome I that was 

present it its ancestor. At generation 1750, seven populations retained two copies of chromosome 

IX while the rest had become true haploids. Disomy for chromosome IX causes a slight fitness 
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cost in wild-type (Torres et al., 2007), but in our evolution experiment, the prevalence and 

persistence of chromosome IX disomes suggests that an extra copy of chromosome IX in Rec8-

expressing cells is adaptive. 

 

The genetic alterations we found are specific to adapting to expressing Rec8 rather than 

Scc1. Mutations in mediator, cohesin-related genes, and G1 regulators have not been seen at 

frequencies that suggest they are adaptive in previous experimental evolution studies in S. 

cerevisiae(Jerison et al., 2017; Kryazhimskiy et al., 2014; Laan et al., 2015; Lang et al., 2013). In 

haploid yeast evolution experiments, the predominant ploidy change seen is diploidization 

(Gerstein et al., 2006; Kryazhimskiy et al., 2014), instead of gaining an extra copy of a specific 

chromosome.  

 

2.3.3 Reconstruction experiments confirm adaptive genetic changes 

 

We tested the effect of putative causative mutations by engineering them, individually, into 

the Rec8-expressing ancestor and examining the fitness and phenotypes of the resulting strains. 

We focused on four groups of genetic changes: mutations in transcriptional mediator, cohesin 

components, and regulators of the G1 to S transition, and an extra copy of chromosome IX. 

Mutations in the transcriptional mediator complex primarily targeted the Cdk8 complex: of its four 

components, SSN2 was mutated five times, SSN3 was mutated twice, and SSN8 was mutated twice. 

The mediator complex links the basic transcriptional machinery with transcription factors and 

controls various events in transcription, including transcriptional initiation, pausing, elongation, 
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and the organization of chromatin structure (Allen and Taatjes, 2015). The Cdk8 kinase module of 

mediator can positively or negatively regulate transcription (Nemet et al., 2014). We reconstructed 

mutations in three subunits of the Cdk8 module and each increased the fitness of the ancestor by 

8-25% (Figure 2.9A). Seven out of nine mutations in this module led to early stop codons, 

suggesting that these mutations inactivate the module’s function. Deleting the genes encoding each 

subunit of the Cdk8 complex increased the fitness of the ancestor (Figure 2.9A), confirming that 

these evolved mutations are loss-of-function mutations.  

 

Of the mutations targeting cell cycle regulators, one of three mutations in MBP1 and two 

of three mutations in CLN2 caused early stop codons. We therefore mimicked the effect of these 

mutations by deleting the corresponding gene: mbp1∆ and cln2∆ increased the fitness of the 

ancestor by 20% and 25%, respectively (Figure 2.9B).  

 

The mutations in cohesin-related genes affect essential genes and are thus unlikely to 

eliminate the function of these genes. Individual mutations in ESP1, SMC1, and SMC3 increased 

the fitness of the Rec8-expressing ancestor by 15-31%, 14%, and 21% respectively (Figure 2.9C).  

Since Rec8 is sensitive to separase activity in mitosis, we wondered if the evolved esp1 mutations 

are hypomorphic alleles that weaken separase activity. We tested this hypothesis by expressing an 

extra wild-type copy of ESP1 in two evolved population carrying esp1 mutations and their 

ancestors. The extra copy of ESP1 reduced the growth of the two evolved populations but not their 

ancestors (Figure 2.9D), suggesting that evolved esp1 mutations are hypomorphic. Consistent with 

this hypothesis, compromising separase activity by using a known temperature-sensitive mutation, 
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esp1-1 (Ho et al., 2015), increased the growth of the Rec8-expressing ancestor at the permissive 

temperature (Figure 2.10).  

 

Figure 2.9 Reconstructed single evolved mutation increases fitness of the Rec8-expressing 
ancestor 

A. Fitness effect of single evolved mutation and deletion of genes encoding subunits of the Cdk8 
complex in the Rec8-exrpessing ancestor. 

B. Fitness effect of deleting CLN2 and MBP1 in the Rec8-expressing ancestor. 

C. Fitness effect of single evolved mutation in genes that regulate the formation of cohesin 
complex and an extra copy of SCC3. 

In 2.9A- 2.9C, each single evolved mutation was reconstructed in the Rec8 ancestral strain used 
in the evolution experiment. Relative fitness of reconstructed strains to the ancestor were measured 
by competition assay with a fluorescence-labeled Rec8 ancestor. The mean value and standard 
deviation from three biological repeats is shown here. The fitness of the wild-type, labeled as SCC1, 
is shown in each panel. 
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      D. esp1 evolved mutations are hypomorphic mutations. A plasmid copy of ESP1 was transformed 
to the wild-type strain and two evolved populations acquiring esp1 mutations (P8 and P15). Cells 
were diluted in ten folds serially and spotted on YPD to assay growth. Cells transformed with 
plasmid only were used as control. 

E. Fitness effect of deleting SCC3 in the evolved populations with two copies of chromosome IX 
at generation 1750. 

The prevalence of chromosome IX disomy in our evolved populations suggested that two 

copies of chromosome IX confer a selective advantage on Rec8-expressing strains. Aneuploidy 

has been adaptive in several evolution experiments because it increased the copy number of a 

specific gene (Mangado et al., 2018; Rancati et al., 2008; Sunshine et al., 2015; Voordeckers et al., 

2015). Chromosome IX encodes a candidate protein, Scc3, which promotes cohesin association 

with chromosomes (Roig et al., 2014) by interacting with the cohesin loading complex (Orgil et 

al., 2015) and Scc1 (Li et al., 2018). We asked if an extra copy of SCC3 alone, could increase the 

fitness of the Rec8-expressing ancestor. We integrated an extra copy of SCC3 in the ancestor and 

found that that this manipulation increased its fitness by 10% (Figure 2.9C), demonstrating that an 

extra copy of SCC3 is sufficient to increase fitness. To test whether an extra copy of SCC3 is also 

necessary for increasing fitness, we deleted one copy of SCC3 in clones from seven evolved 

populations that carried two copies of chromosome IX at 1750 generations, (Figure 2.9E), reducing 

their fitness by 8 to 28%. We conclude that an extra copy of SCC3 explains much of the selective 

advantage of carrying an extra copy of chromosome IX.

  

Figure 2.10 esp1-1 improves the growth of Rec8-expressing cells at 30oC 

YPD-25oC YPD-30oC YPD-37oC

PSCC1-SCC1

esp1-1 PSCC1-SCC1

PSCC1-REC8

esp1-1 PSCC1-REC8
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2.3.4 Adaptive genetic changes restore sister cohesion 

  

Do the adaptive mutations in Rec8-expressing strains increase fitness by improving sister 

cohesion? We engineered individual mutations into a Rec8-expressing strain containing a GFP-

labeled chromosome V and PGAL1-SCC1, to allow us to examine sister cohesion when Scc1 is 

depleted acutely. Individually deleting each of the subunits in the Cdk8 complex partially rescued 

the sister cohesion defect in a cell cycle when Rec8 was the only kleisin cells expressed (Figure 

2.11 and Figure 2.12). Amongst these genes, deleting SSN3, the kinase subunit of the Cdk8 

complex, produced the greatest improvement in sister cohesion, comparable to the effect of the 

adaptive mutations in SMC1, SMC3, or ESP1 or deleting the two genes that promote exit from G1, 

CLN2 and MBP1 (Figure 2.11). An extra copy of SCC3, whose effect on fitness mimicked the 

chromosome IX disome, slightly improved sister cohesion (Figure 2.11). Each evolved mutation 

also improved the accuracy of chromosome segregation in Rec8-expressing cells with cohesin-

related mutations having stronger effects than mediator mutations (Figure 2.13). We conclude that 

mutations in mediator, cohesin and separase, and cell cycle regulators can all improve sister 

cohesion in Rec8-expressing cells.  
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Figure 2. 11 Adaptive genetic changes improve sister cohesion of the Rec8-expressing strain 

(See Figure 2.12 for sister cohesion in one cell cycle) 
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Figure 2.12 Reconstructed adaptive genetic changes partially improve sister cohesion 

Sister cohesion of each mutational reconstructed strain in one cell cycle. The mean and standard 
deviation of three biological replicates are shown in solid line and shade respectively. At least 100 
cells were imaged for each experiment. The data representing metaphase-arrest cells (150minutes 
after G1) are shown in Figure 2.11 

 

 

 
Figure 2.13 Individual adaptive genetic change increases chromosome segregation fidelity 
of the Rec8-expressing strain 

Cells were prepared as Figure 2.2B for examining chromosome segregation fidelity after one 
mitotic cell division. Here shows the mean and standard deviation from three biological replicates. 
Deleting genes of the Cdk8 complex was used to approximate the effect of evolved mutations of 
genes encoding the Cdk8 complex. 

 

We investigated the interactions between adaptive mutations in different functional 

modules to understand if these mutations represent independent adaptive mechanisms to allow 

Rec8 support mitosis. The fitness of the evolved population 15 approached that of wild type at 

generation 1750 and it had acquired mutations in four genes (ssn2, esp1, smc1, and mbp1) 

representing effects on mediator, separase, cohesin, and the G1-to-S transition. We investigated 

the interaction between these four mutations. To examine fitness and sister cohesion, we 

constructed double mutants in the strain carrying GFP-labeled chromosome V and conditionally 

expressed Scc1. For fitness, we saw two types of interactions: double mutations between any of 
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ssn2∆, mbp1∆, and smc1-P15 had a fitness that was indistinguishable from the sum of the effects 

of the individual mutations (Figure 2.14A, B, and C), whereas the esp1-P15 ssn2∆ and esp1-P15 

mbp1∆ double mutants were substantially fitter than the sum of the fitness increases in the 

individual mutants (Figure 2.14D and E). For sister cohesion, all the double mutants had smaller 

defects in sister cohesion than either single mutant with the exception of the mbp1∆ esp1-P15 and 

mbp1∆ smc1-P15 double mutants (Figure 2.14B and E), whose level of sister cohesion was either 

indistinguishable from or only slightly above that of the single mutants. This result suggests that 

mbp1∆ may have additional effects on fitness that are not mediated by improving sister cohesion.  

Overall, the interactions between mutations in different modules are additive or positively 

synergistic at the level of fitness and more complex at the level of sister cohesion.  
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Figure 2.14 Combining mutations in two functional modules increases fitness and sister 

cohesion 

A. Fitness effect and sister cohesion of double mutants with ssn2D and smc1-P15 
B. Fitness effect and sister cohesion of double mutants withmbp1D and smc1-P15 
C. Fitness effect and sister cohesion of double mutants with ssn2D and mbp1D 
D. Fitness effect and sister cohesion of double mutants with ssn2D and esp1-P15 
E. Fitness effect and sister cohesion of double mutants with mbp1D and esp1-P15 
The blue dashed line represents the mean of expected fitness value that two mutations contribute 
additively, and the shade represents standard error. 
 

We asked whether the adaptive mutations altered the cellular level of Rec8. We measured 

the Rec8 protein level in mitosis in seven strains, each containing an adaptive mutation, in a 

different gene, that appeared during our evolution experiment and was shown to increase the 
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fitness of Rec8-expressing cells (Figure 2.15). None of the mutations changed the level of Rec8, 

demonstrating that the adaptive mutations improve sister cohesion by improving the ability of 

Rec8-containing cohesin to maintain sister chromosome cohesion rather than by changing the 

amount of Rec8.  

 

Figure 2.15 Individual adaptive genetic change does not alter the Rec8 protein level in 
mitosis 

Strains with individual reconstructed mutation was synchronized at G1, released into cell cyle, and 
then held in mitosis in YPD+30µg/ml Benomyl. Protein samples were collected by alkaline lysis 
and analyzed by Western Blot. Both Scc1 and Rec8 were tagged with 3xHA at their C termini; 
therefore, a-HA antibody was used for detecting kleisin proteins. Hxk1 protein was used as 
internal control. 

 

2.3.5 Adaptive genetic changes slow down S phase to improve sister cohesion 

 

The ancestral Rec8-expressing strain replicated its genome faster than wild type. Since the linkage 

between sister chromosomes is established in S phase(Uhlmann and Nasmyth, 1998b)and all the 

adaptive mutations improved sister cohesion in the Rec8-expressing strain, we asked if these 

mutation also affected the dynamics of genome replication. By tracking cell cycle progression after 
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release from a G1 arrest, we found deletions of individual subunit in the Cdk8 complex and 

mutations in SMC1, SMC3, and ESP1 slowed S phase of the Rec8-expressing strain (Figure 2.16A). 

We quantified the fraction of cells in S phase 30 minutes after release from the G1 arrest: 39% of 

wild-type cells were in S phase, whereas 57% of the Rec8-expressing cells were in S phase. In the 

Rec8-expressing strain, deleting genes encoding the subunits of the Cdk8 complex decreased the 

fraction of cells in S phase to between 50 and 33% and mutations in SMC1, SMC3, and ESP1 

decreased this fraction to between 40% and 17% (Figure 2.16B and Figure 2.17). In WT strains, 

deleting genes encoding the subunits of the Cdk8 complex extended S phase (Figure 2.18A) and 

led to an 8-11% fitness reduction (Figure 2.18B), demonstrating that transcriptional mediator 

regulates genome replication through an uncharacterized mechanism.  
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Figure 2.16 Slowing down genome replication partially improves sister cohesion 

A. Cell cycle profiles of the wild-type strain, the Rec8-expressing strain, and the Rec8-expressing 
strain with single reconstructed mutation. Cells were prepared as Figure 2.1D; here showed the 
flowcytometry result of which G1 synchronized populations enter cell cycle for 75mins. 

B.  Quantification of portion of replicating cells in each mutation reconstructed strain. Replicating 
subpopulation was measured as fraction of population between the G1 peak and the G2/M peak 
representing genome were fully replicated. The analysis was done by FlowJo. Here shows the 
mean fraction of replicating populations at 30mins entering cell cycle from three biological repeats; 
error bar represents standard deviation. 

C. Genetically and chemically perturbing genome replication improve sister cohesion. rrm3D and 
clb5D clb6D were made in the Rec8-expressing strain for assaying sister cohesion, and cells were 
prepared as Figure 2.1C. 12.5mM HU was added in YPD when Rec8-expressing cells entered cell 
cycle. The percentage of two GFP-dot cells in mitotically-arrested populations (150mins after G1) 
was shown. The mean value and standard deviation of three biological repeats are shown here. 
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(Continue Figure 2.16) D. The fitness effect of rrm3D and clb5D clb6D in Rec8-expressing cells 

 

 

Figure 2.17 Individual adaptive genetic change partially restores the cycle progression 
profile of the Rec8-expressing strain to that of wild type 

Individual cohesin-related mutation, deletion of genes encoding the Cdk8 complex, and two 
integrated copies of SCC3 were engineered separately in the PSCC1-REC8 PGAL1-SCC1 background. 
Cells were prepared as Figure 2.1D and were collected for fixation every 15 or 30 minutes after 
entering cell cycle for analyzing DNA content. 
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Figure 2. 18 Deletion of genes encoding the Cdk8 complex slightly slows genome replication 
and cause 8-11% cost in wild type 

A.  Cell cycle progression profiles of deletion of SSN2, SSN3, or SSN8 in wild type, the strain 
expressing Scc1. 

B.  The relative fitness of ssn2D, ssn3D, or ssn8D strain was measured by the competition growth 
assay with wild type. Here shows the mean and standard deviation of three biological replicates. 

 

The correlation between slower genome replication and improved sister cohesion suggests 

that the dynamics of DNA replication affect cohesion. The timing between replication fork passage 

and cohesin loading is critical for determining functional cohesin that can hold sister chromatids 

together after replication.  Previous work shows that delaying origin firing promotes the stable 

association of cohesin near the centromeres in a kinetochore-defective mutant (Fernius and 

Marston, 2009).Based on these observations, we hypothesized that slowing down genome 

replication would improve Rec8-dependent sister cohesion. To test this idea, we asked if 

manipulations that slow genome replication improve sister cohesion and the fitness of the Rec8-

expressing strain. We found that both decreasing origin firing and slowing the movement of 

replication forks improved sister cohesion. Deleting both CLB5 and CLB6, which slows replication 

fork firing (Donaldson et al., 1998; Schwob and Nasmyth, 1993), or  reducing the speed of 
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replication forks by deleting RRM3 (Azvolinsky et al., 2006), halved the sister cohesion defect in 

Rec8-expressing cells (Figure 2.16C) and increased their fitness by  31% (clb5D clb6D) and 24% 

(rrm3∆) (Figure 2.16D). Slowing genome replication with hydroxyurea (HU), which lowers 

deoxyribonucleotide triphosphate (dNTP) concentrations, also improved sister cohesion and 

fitness (Figure 2.16C and Figure 2.19). We infer that in the Rec8-expressing strain, the Cdk8 and 

cohesin-related mutations exert at least part of their effects by slowing down genome replication 

and thus improving sister cohesion (Figure 2.20). 

 

 

                                          

Figure 2. 19 HU decreases the fitness difference between the Rec8-expressing strain and 
wild type 

Fitness of the Rec8-expression strain and wild type were measured by competitive growth assay 
in YPD and YPD+HU. The gray bar shows the mean relative fitness of wild type to the Rec8-
expressoon strain. Standard deviation from three biological repeats is shown. 
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Figure 2. 20 A proposed model that adaptive mutations improve sister cohesion by altering 
genome replication 

Expressing Rec8 in mitosis leads to sister cohesion defect due to the weak association with 
chromosomes and the protein instability of Rec8. We found that Rec8-expressing cells replicate 
their genome faster than wild type do, potentially reducing the amount of stable cohesin on 
chromosomes after replication. Adaptive mutations that slow down genome replication can restore 
the temporal order of cohesin loading and the passage of replication fork, therefore increasing the 
amount of stable cohesin on chromosomes and improving sister cohesion. 
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2.4 Discussion 

 

We used experimental evolution to study how cells adapt to the demand that a protein 

performs an altered function. Budding yeast adapt to use the meiotic kleisin, Rec8, which normally 

functions in meiosis, to maintain the sister chromosome linkage required for accurate mitotic 

chromosome segregation. Whole genome sequencing of the adapted populations failed to reveal 

mutations in REC8, but identified adaptive mutations in three functional modules: the 

transcriptional mediator complex, cohesin structure and regulation, and cell cycle regulation. 

Individually, these mutations slow genome replication, improve sister cohesion, and increase the 

fitness of the ancestral, Rec8-expressing strain. Engineering mutations that slow the firing of 

replication origins or the speed of replication forks into the ancestral Rec8-expressing strain, 

increased sister cohesion and fitness, demonstrating a causal link between the speed of replication 

and sister cohesion. Our work suggests that adaptive mutations, both in the components and 

regulators of cohesin and in other proteins, which were not previously implicated in chromosome 

cohesion, allow the meiotic kleisin to perform mitotic functions, despite a billion years since the 

functional divergence between mitosis and meiosis. 
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2.4.1 Mutational target size shapes the spectrum of adaptive mutations 

 

What accounts for the genes that acquired adaptive mutations and the order in which 

mutations appear? We argue that the answer is a product of the benefit conferred by mutations in 

a gene and the target size for these beneficial mutations. The mutations in the transcriptional 

mediator complex and genes regulating G1-to-S transition are likely to be strong loss of function 

mutations: many of the mutations are nonsense mutations and gene deletions mimic the effect of 

the evolved mutations. Two arguments suggest that the mutations in cohesin and its regulators are 

different: these are essential genes and their mutations accumulate later in evolution than the 

mediator mutations even though they produce similar fitness increases. This delay is consistent 

with the target for adaptive, cohesin-related mutations being smaller than the target for inactivating 

mediator. Genetic evidence suggests that the mutations in separase are mild loss-of-function 

mutations, but the effect of mutations in Smc1 and Smc3 are unclear. Mutations in these proteins 

can directly alter their interactions with kleisin, but any mutation that disrupts the essential 

biochemical activity of cohesin will be lethal. We argue that the number of mutations that change 

the regulation of the cohesin complex but not its essential activity is small, explaining the later 

accumulation of these mutations 

 

We believe that considering the target size for different mutations explains why we saw no 

mutations in Rec8. Since Rec8 and Scc1 have been evolving separately for roughly a billion years, 

it may require multiple, simultaneous, amino acid substitutions in Rec8 to improve its ability to 
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hold mitotic sister chromosomes together. Even if single amino acid substitutions in Rec8 can 

improve its function in mitosis, there are unlikely to be many such mutations and the selective 

advantage conferred by individual mutations is likely to be modest. In contrast, the target sizes for 

inactivating mutations, such as those in mediator and the G1 regulators, are large. If the mutations 

in SMC1, SMC3, and ESP1 reduce some aspect of their function, the target size for mutations in 

these genes will be larger than the target size for mutations that improve Rec8’s mitotic function. 

Our results are consistent with other studies where loss-of-function mutations are the first step in 

adaptation in laboratory evolution experiments (Hottes et al., 2013; Koschwanez et al., 2013; Laan 

et al., 2015; Wildenberg and Murray, 2014).  

 

Mutational target size is likely to explain why adaptive mutations often occur outside the 

gene whose product is being asked to perform a different function. When E.coli are experimentally 

evolved to rely on an enzyme required for proline synthesis, ProA, to catalyze a similar reaction 

in arginine synthesis, most of the adaptive mutations are in other genes of arginine synthesis 

pathway, not in ProA(Morgenthaler et al., 2019). Mutations outside the focal gene are also found 

when proteins are asked to perform the same function in a novel environment. Thus E.coli adapts 

to use orthologs of folA gene, which encodes dihydrofolate reductase, via mutations in genes 

responsible for protein degradation rather than mutations in the folA ortholog (Bershtein et al., 

2015). We suggest that evolutionary changes in a protein’s function reflect a mixture of changes 

in its sequence and expression, changes in the proteins that it physically interacts with, and changes 

in other proteins that contribute to the biological function under selection. The number and 

diversity of these connections makes it difficult to predict the evolutionary trajectories that 

populations will follow as proteins are selected to perform new functions. Thus evolutionary repair 
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experiments are a strategy to learn more about the factors that regulate protein function and reveal 

previously unknown links between different functional modules. 

 

2.4.2 The molecular basis of incompatible functions between Scc1 and Rec8 

 

Rec8 shows molecular defects that help explain the reduced fitness of Rec8-expressing 

cells. When it is ectopically expressed in G1, Rec8 associates more weakly with chromosomes 

than Scc1 and in mitotically-arrested cells, Rec8 is less stable than Scc1. The first defect may 

reduce the ability to load Rec8-containing cohesin during DNA replication and the second would 

reduce the stability of sister chromosome cohesion. This reduced stability of Rec8 is due to 

separase activity before anaphase: we selected for hypomorphic alleles of separase and a 

temperature-sensitive separase mutant stabilized Rec8 in mitotically-arrested cells. In meiosis, the 

difference in the stability of the linkage with the two forms of cohesin is reversed:  Scc1 near 

centromeres is not protected from separase activity whereas Rec8 is. Since the other cohesin 

subunits and cohesin regulators are present in both the mitotic and meiotic cell cycles, these 

differences must be due to aditional components that interact differently with Rec8 and Scc1. Why 

can’t Rec8 fully substitute for Scc1 in the mitotic cell cycle? Our results do not distinguish between 

two possibilities: i) there is a fundamental incompatibility between the functions that kleisins 

perform in mitosis and meiosis and Rec8 and Scc1 were forced to diverge from each other to 

resolve this conflict, and ii) mutations that impaired Rec8’s ability to support mitosis accumulated 

by genetic drift rather than selection. 
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Mutations in three modules, transcriptional mediator, cell cycle regulation, and 

chromosome cohesion improve the fitness and chromosome segregation of Rec8-expressing cells. 

We reason that mutations in these three functional modules represent different mechanisms. We 

used double mutants to probe the interactions between these modules, scoring both fitness and 

sister cohesion. Most pairs of mutations interacted roughly additively for both phenotypes, with 

some exceptions: double mutations with esp1-P15 were substantially fitter than the additive 

expectation and double mutations with mbp1∆ increased fitness but did not improve sister cohesion, 

suggesting that this mutation has effects on both sister cohesion and some other function. None of 

the adaptive mutations increase the level of Rec8 in mitotically-arrested cells,  showing that they 

alter the binding or function of chromosome-bound Rec8 rather than the overall amount of Rec8. 

In mitosis, Rec8 is sensitive to separase activity. Evolved separase mutations are hypomorphic 

alleles, which likely weaken separase activity and increase the stability of chromosome-bound 

Rec8. Four out of seven smc3 mutations and two smc1 mutations are in the coiled-coil region, 

which connects two domains of Smc protein, ATPase domain and hinge domain, and mediate 

conformational change required for cohesin ring assembly(Kulemzina et al., 2016; Matityahu and 

Onn, 2018). We speculate that adaptive smc mutations alter the conformation of cohesin ring and 

therefore promotes the association of cohesin with chromosomes.  
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2.4.3 A novel functional link between sister cohesion and genome replication 

 

Our work reveals a new link between sister cohesion and genome replication. The Rec8-

expressing strain replicates its genome faster than wild type, and all the adaptive mutations we 

tested slow down genome replication and improve sister cohesion. We tested the causality of this 

linkage using mutants that reduce origin firing or slow replication forks: both manipulations 

improve the fitness and sister chromosome cohesion of Rec8-expressing cells, demonstrating that 

slower replication raises fitness. This linkage explains why we selected mutations that inactivate 

genes that promote passage through Start, the cell cycle transition that leads to the onset of DNA 

replication. A recent study demonstrated that Mad2, the spindle checkpoint protein, promotes 

translation of Clb5 and Clb6(Gay et al., 2018), potentially explaining how mad2D also slows down 

the S phase of Rec8-expressing cells. Our work leads to a number of questions. Why does 

expressing Rec8 accelerate genome replication when removing Scc1 or the cohesin loader have 

no effect? How do mutations in mediator and cohesin-related genes slow down genome replication? 

Are the effects of Rec8 on replication in the mitotic cycle related to its reported ability to stimulate 

DNA replication in the meiotic cycle(Cha, 2000)? The most pressing question is how mutations in 

the transcriptional mediator complex, the major target of early adaptive mutations, alter the timing 

of DNA replication and increase the fitness of Rec8-expressing cells. Further research will be 

needed to distinguish between two possibilities: mediator mutations, especially those in the Cdk8 

module, alter the transcription of genes that control DNA replication, or mediator affects other 

aspects of chromosome structure and dynamics that affect DNA replication. 
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 Overall, this evolution experiment shows that mutations outside Rec8, a meiotic protein, 

improve its ability to support mitotic chromosome segregation. We argue that the distinct functions 

of mitotic and meiotic kleisins evolved through a mixture of changes in kleisin itself and changes 

in other functional modules that regulate sister chromosome cohesion directly or indirectly. At 

least in laboratory experiments, the size and complexity of this molecular network provides a much 

larger target for mutations that alter the biological function of kleisin than the target presented by 

kleisin itself. We suggest that that the functional divergence of paralogous proteins depends on a 

mixture of mutations in the paralogs and the proteins that they interact with. 
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2.5 Materials and Methods 

 

2.5.1 Yeast strains, plasmids, and growth Conditions 

 

Yeast strains used are shown in Table 2.3 and are all derivatives of w303. The MATa strains 

(yPH344 and yPH345) with PGAL1-SCC1 and tetR-GFP and tetO array were sporulated from a 

cross between FY1456(gift from Dana Branzei) and yPH36. yHP346 was sporulated from a cross 

between FY1456 and yPH115. Strains with REC8 integrating under the endogenous SCC1 

promoter were generated by PCR amplifying REC8-3xHA fragment from plasmid pFA6a-REC8-

3xHA (KAN) and homologous recombination at the SCC1 locus. Strains used in the evolution 

experiment were generated from yPH280 by plasmid shuffling. Standard rich media, YPD (1% 

Yeast-Extract, 2% Peptone, and 2% D-Glucose) were used for the evolution experiment. Growth 

conditions for each experiment are specified in the figure legends. Raffinose and Galactose were 

used at 2%. Benomyl was used at 30ug/ml. a-factor was used at 10µg/ml for bar1 strains and used 

at 100µg/ml for BAR1 strains. Methionine was used at 8mM. 
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2.5.2 Experimental evolution  

 

The strain used in the evolution experiment is MATa scc1D pRS414-pSCC1-REC8-HA. 

Five clones of yPH280 were selected and grown on YPD; cells losing pRS416-SCC1 were selected 

on 5-FOA plates. Three single colonies from each clone were chosen as ancestral clones in the 

evolution experiment. The evolution experiment was initiated from fifteen clones in total. Each 

ancestral clone was cultured in 3ml YPD to reach 108 cells/ ml at 30oC and 1:6000 diluted to a 

tube with fresh 3ml YPD as one cycle. We estimated the effective population size of 6.28 × 10( 

cells using this formula, 𝑁* = 𝑁, × 𝑔, in which 𝑁, is the initial population size (5 × 10/cells) 

and 𝑔  is the number of generations (roughly 12 generations) during one cycle. After every ten 

cycles, 1ml culture was mixed with 500µl 80% Glycerol and frozen at -80oC. The evolution 

experiment was continued for 1750 generations. 

 

2.5.3 Fitness measurement by competition assay 

 

An ancestral PSCC1-REC8 strain expressing mCitrine under the endogenous ACT1 promoter 

was used as the reference strain in all fitness competition assay. All sample strains and reference 

strain were grown to <107cells/ml in YPD; cell density was measure by Coulter Counter (Beckman 

Coulter). At the first time point, samples strains, either evolved strains or mutation reconstructed 
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strains, were mixed with the reference strain in a ratio of 1:10. The initial cell mixture was diluted 

to 5*104 cells/ ml in YPD and grown for 24 hours. At the second time point, the cell density was 

usually around 5*106 cells/ml. Cultures were diluted to 5*104 cells/ml to grow another 20-24 hours 

as the third time point. At each timepoint, 5*104 cells of each culture were transferred to single 

wells of a 96 well plate with U-shaped bottom for flow cytometry. BD LSRFortessa with High 

Throughput Sampler was used to collect 30000 cells and measure the ratio of the sample and the 

reference strain. The FACS data was analyzed by FlowJo10.4.1. In addition, the reference strain 

was cultured separately and diluted in the same manner to estimate the number of growth 

generations in an experiment. Each experiment was conducted in technical triplicates, and fitness 

measurement for each sample strain was done in at least two independent experiments. 

 

To calculate relative fitness, w, of each sample strain to the reference strain, first, we 

calculated the selection coefficient, s, as the change in the ln ratio(sample/reference) versus 

generations. And w=1+s(Desai et al., 2007). 

 

2.5.4 Chromatin Immunoprecipitation and qPCR 

 

20 OD of S. cerevisiae cells were crosslinked with 1% formaldehyde for 30minutes at 25oC. 

Each S. cer cell pellet was mixed with 15 OD of S. pombe cells with RAD21-HA that serves as 

control to normalize technical variations from sample preparation. This mixture was resuspended 

in ChIP lysis buffer A (50mM HEPES-KOH at pH7.5, 0.1M NaCl, 1mM EDTA, 150mM NaCl, 

1% TritonX-100, 0.1% Sodium Deoxycholate, 1x protease inhibitor (Roche) and further lysed by 
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beads beating (BioSpec Products) with 0.5mm glass beads (Biospec Products). To shear chromatin, 

Covaris S220 was used with the following program: peak incident power:175, duty factor: 10%, 

cycle per burst: 200, treatment time: 250. After shearing, cell lysate was centrifuged at 16000g at 

4oC for 20 minutes to collect the supernatant containing protein-bound sheared chromatin. To pull 

down the fraction of chromatin bound by kleisin, 15 µl pre-washed dynabeads ProteinG 

(Invitrogen) and 7.5µl anti-HA antibody (12CA5, Invitrogen) were added in 1ml lysate and 

incubated at 4oC overnight. After immunoprecipitation, pulled-down sample was washed by ChIP 

wash buffer I (50mM HEPES-KOH at pH7.5, 0.1M NaCl, 1mM EDTA, 274mM NaCl, 1% 

TritonX-100, 0.1% Sodium Deoxycholate), ChIP wash buffer II (50mM HEPES-KOH at pH7.5, 

0.1M NaCl, 1mM EDTA, 500mM NaCl, 1% TritonX-100, 0.1% Sodium Deoxycholate), ChIP 

wash buffer III (10mM Tris/HCl pH8.0, 0.25M LiCl, 1mM EDTA, 0.5% NP40, 0.5% Sodium 

Deoxycholate), and TE(10mM Tris/HCl pH8.0, 1mM EDTA) 

To process sample for qPCR, immunoprecipitated and 1/100 input chromatin was 

recovered by boiling with a 10% Chelex-100 resin (BioRad) before treating with 25 µg/ml 

Proteinase K at 55 oC for 30 minutes. Samples were boiled again to inactivate Proteinase K, 

centrifuged and the supernatant subject for qPCR on ABI 7900 using PerfeCTa SYBR Green 

FastMix ROX (Quanta BioSciences). The sequences of primers used for qPCR are listed in Table 

2.4. To calculate ChIP enrichment over input, DCT was calculated according to: DCT= (CTChIP-

(CTinput-logE(input dilution factor))), where E represents the specific primer efficiency. Enriched 

% of input was obtained from: 100*E-DCT. 
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2.5.5 Cell cycle progression by flowcytometry 

 

Yeast strains with PGAL1-SCC1 were grown in YEP+2% Galactose to the logarithmic phase. 

To synchronize cultures at G1, cells were washed and diluted in YEP+2% Raffinose+100 µg/ml 

alpha-factor for 2 hours. A good G1 synchronization was confirmed by checking the percentage 

of shmoo cells over 90% under the light microscope (MICROPHOT-SA, Nikon). To let a G1-

synchronized population resume a single cell cycle, cells was washed with YEP+50 µg/ml Pronase 

(Sigma-Aldrich) twice and resuspended in YPD+50 µg/ml Pronase at 30oC. 1ml of cells were 

collected and fixed by 70% Ethanol at G1 and several timepoints after growth in YPD according 

to the figure legend of each experiment. Subsequently, fixed samples were treated with RNase A 

(Sigma-Aldrich) at 37oC overnight, followed by Proteinase K (Sigma-Aldrich) treatment at 50oC. 

DNA was stained with 1uM Sytox Green solution (Invitrogen). Prior to flow cytometry, the stained 

cells were sonicated for 30 seconds with 70% intensity by BRANSON Ultrasonics Sonifier S-250. 

A total of 10,000 cells were collected using BD LSRFortessa (Becton Dickinson). The FACS data 

was analyzed by FlowJo10.4.1. The Watson (Pragmatic) model built in the cell cycle analysis tools 

of FlowJo was used to calculate the portion of cells finishing genome replication (G2 peak) and 

undergoing genome replication (S phase) based on the G1 peak of the cell cycle profile at 30 

minutes. The fraction of replicating population was defined as the percentage of cells in S phase.  
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2.5.6 Sisters cohesion assay and microscopy 

 

Strains with tetO112 array integrated at the URA3 locus and tetR-GFP were used for 

assaying cohesion between sister chromatids. To examine sister cohesion in one cell cycle, cells 

were prepared and collected in the same manner as the cell cycle progression experiment. However, 

cells were released in YPD+30 µg/ml Benomyl to hold in mitosis. At each time point, cells were 

fixed by 4% paraformaldehyde for 15 minutes, washed, and stored in a storage solution (1.2M 

Sorbitol, 0.1M KH2PO4/K2HPO4) at 4oC. Images were taken with a 100x objective on a Nikon 

inverted Ti-E microscope with a Yokagawa spinning disc unit and an EM-CCD camera 

(Hamamatsu ImagEM); GFP was excited with a 488 nm laser with 25% laser power. For each 

image, a z-stack was taken with 41 z-steps of 0.5 µm. Images were analyzed by the Fiji distribution 

of ImageJ(Schindelin et al., 2012). For each sample, at least 100 cells are analyzed. Three 

independent experiments were conducted for each strain. 

 

2.5.7 Quantification of protein level and protein stability  

 

Total yeast protein extract was prepared by NaOH lysis(Kushnirov, 2000). Protein extracts 

were resuspended with SDS sample buffer (10mM Tris pH6.8, 2% SDS, 10% Glycerol, 0.004% 

Bromophenol Blue, and 2% b-Mercaptoethanol) and boiled at 100oC for 5mins. Rec8 and Scc1 

were all tagged with 3xHA at the C-terminus of coding sequences; therefore, anti-HA antibody 
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(3F10, Roche) was used to detect the abundance of kleisin proteins. The abundance of Hxk1 was 

used as a loading control with anti-Hxk1 antibody. 

 

2.5.8 Whole genome sequencing and analysis 

 

Genomic DNA was prepared as(Koschwanez et al., 2013) described. DNA sequencing 

libraries were prepared using the Illunima Nextera DNA library Prep kit based on the modified 

protocol (Baym et al., 2015). The sequencing was done on an Illumina HiSeq 2500 with 125 base 

paired-end reads or Illumina NovaSeq with 150 base paired-end reads. Whole genome sequencing 

data was processed as (Koschwanez et al., 2013). The Burrow-Wheeler Aligner (bio-

bwa.sourceforge.net) was used to map DNA sequences to the S. cerevisiae reference genome r64, 

downloaded from Saccharomyces Genome Database (www.yeastgenome.org). The resulting SAM 

(Sequence Alignment/Map) file was converted to BAM file, an indexed pileup format file, using 

the samtools software package (samtools.sourceforge.net). GATK (www.broadinstitue.org/gatk) 

was used to realign local indels, and Varscan (varscan.sourceforge.net) was used to call variants. 

Mutations were found using an in-house pipeline(github.com/koschwanez/mutantanalysis) written 

in Python. A variant differs between the ancestral and an evolved strain is called as a mutation. In 

our pipeline, mutations can be found in coding sequences and promoters. In this study, we focused 

on mutations that cause non-synonymous substitution in the coding sequence. 

 

 

 



 67 

 

2.5.9 Generation of Mutation Reconstructed Strains 

 

Single evolved mutation was reconstructed using homologous recombination at the 

targeted genomic locus. A DNA fragment containing targeted gene with the desired mutation, a 

selection maker (HG), and 300 bp downstream of the targeted gene was made by PCR. To measure 

fitness effect of an evolved mutation in the ancestor, this DNA fragment was transformed in the 

ancestral pSCC1-REC8 strain carrying pRS416-SCC1. The reconstructed strain with desired 

mutation was confirmed by Sanger sequencing. Clones losing pRS416-SCC1 on 5-FOA were used 

for measuring fitness. To assay the effect of single evolved mutation on cell cycle and cohesion, 

the same transformation procedure was done in the pGAL1-SCC1 pSCC1-REC8 strain with GFP-

labeled Ch.V. 
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Table 2.3 Yeast strains used in this thesis 

Strain Genotype 
yPH36 Mat a, can1-100, trp1-1, ade2-1, his3-11, bar1,l eu2-3, ura3-1 
yPH124 MAT alpha, scc1△NatMX4, PSCC1-REC8-3xHA-KanMX4, his3-11, can1-100, ura3-1 
yPH147 MAT alpha, scc1△NatMX4, pRS416-SCC1, his3-11, can1-100, ura3-1 
yPH447 MAT alpha, scc1△NatMX4, pRS416-SCC1, his3-11, can1-100, ura3-1, PACT1-mCitrine-HphMX4 
yPH344 Mat a, scc1△::TRP1(K.lactis), PGAL1-SCC1@LEU2,  tetO112@URA3, tetR-GFP@HIS3 
yPH345 Mat a, PGAL1-SCC1@LEU2, tetO112@URA3, tetR-GFP@HIS3 
yPH346 Mat a, Pscc1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3, tetR-GFP@HIS3 
FY1456 Mat alpha, scc1△::TRP1(K.lactis), PGAL1-SCC1@LEU2,  tetO112@URA3, tetR-GFP@HIS3 
yPH373 Mat a, Pscc1-REC8-3xHA-KanMX4 esp1-1 
yPH65 Mat a, Pscc1-SCC1-3xHA-HIS3MX3 
AFS198 Mat a, esp1-1 
yPH490 Mat a, PGAL1-SCC1-3xHA-KanMX4@TRP1 
yPH491 Mat a, PGAL1-REC8-3xHA-KanMX4@TRP1 
yPH280 Mat alpha, scc1△NatMX4, pRS414-Pscc1-REC8-3xHA-KanMX4, pRS416-SCC1, his3-11, can1-100,  

ura3-1 
yPH546 MAT alpha, smc1-P15-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-

SCC1, his3-11, can1-100, ura3-1 
yPH312 MAT alpha, smc3-P13-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-

SCC1, his3-11, can1-100, ura3-1 
yPH313 MAT alpha, ssn8-P3-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,  

his3-11, can1-100, ura3-1 
yPH314 MAT alpha, ssn2-P1-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,  

his3-11, can1-100, ura3-1 
yPH315 MAT alpha, ssn2-P2-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,  

his3-11, can1-100, ura3-1 
yPH316 MAT alpha, ssn2-P5-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,  

his3-11, can1-100, ura3-1 
yPH317 MAT alpha, ssn8-P14-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-

SCC1, his3-11, can1-100, ura3-1 
yPH318 MAT alpha, ssn3-P9-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,  

his3-11, can1-100, ura3-1 
yPH319 MAT alpha, ssn3-P4-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,  

his3-11, can1-100, ura3-1 
yPH325 MAT alpha, ssn2-P15-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-

SCC1, his3-11, can1-100, ura3-1 
yPH579 MAT alpha, ssn2-P7-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,  

his3-11, can1-100, ura3-1 
yPH324 MAT alpha, esp1-P8-HIS3MX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,  

his3-11, can1-100, ura3-1 
yPH544 MAT alpha, esp1-P15-HpHMX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1, 

his3-11, can1-100, ura3-1 
yPH545 MAT alpha, SCC3@HiS3, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1, can1-

100, ura3-1 
yPH422 MAT alpha, ssn2△HpHMX4 , scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,   

can1-100, ura3-1 
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yPH423 MAT alpha, ssn3△HpHMX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1, 
can1-100, ura3-1 

yPH424 MAT alpha, ssn8△HpHMX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1,   
can1-100, ura3-1 

yPH580 MAT alpha, cln2△HpHMX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1, 
can1-100, ura3-1 

yPH581 MAT alpha, mbp1△HpHMX4, scc1△NatMX4, pRS414-PSCC1-REC8-3xHA-KanMX4, pRS416-SCC1, 
can1-100, ura3-1 

yPH409 Mat a, ssn2△HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3,  
tetR-GFP@HIS3 

yPH410 Mat a, ssn3△HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3,  
tetR-GFP@HIS3 

yPH411 Mat a, ssn8△HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3,  
tetR-GFP@HIS3 

yPH412 Mat a, esp1-P8-HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3, 
 tetR-GFP@HIS3 

yPH436 Mat a, esp1-P15-HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3,  
tetR-GFP@HIS3 

yPh435 Mat a, smc3-P13-HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3, 
 tetR-GFP@HIS3 

yPH450 Mat a, smc1-P15-HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3,  
tetR-GFP@HIS3 

yPH459 Mat a, SCC3@TRP1, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3, tetR-
GFP@HIS3 

yPH532 Mat a, cln2△HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3, tetR-
GFP@HIS3 

yPH433 Mat a, mbp1△HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3,  
tetR-GFP@HIS3 

yPH565 Mat a, ssn2△NatMX4, smc1-P15-HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, 
tetO112@URA3, tetR-GFP@HIS3 

yPH566 Mat a, mbp1△NatMX4, smc1-P15-HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, 
tetO112@URA3, tetR-GFP@HIS3 

yPH568 Mat a, ssn2△NatMX4, esp1-P15-HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, 
tetO112@URA3, tetR-GFP@HIS3 

yPH569 Mat a, mbp1△NatMX4, esp1-P15-HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, 
tetO112@URA3, tetR-GFP@HIS3 

yPH570 Mat a, mbp1△NatMX4, ssn2△HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, 
tetO112@URA3, tetR-GFP@HIS3 

yPH537 Mat a, clb6△NatMX4, clb5△HpHMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, 
tetO112@URA3, tetR-GFP@HIS3 

yPH509 Mat a, rrm3△NatMX4, PSCC1-REC8-3xHA-KanMX4, PGAL1-SCC1@LEU2, tetO112@URA3, tetR-
GFP@HIS3 

yPH431 pRS415, Pmet-3xHA-CDC20@TRP1, lacO256-URA3@CEN15, PCUP1-GFP-lacI2@HIS3, SPC42-
mCherry-KanMX4, TRP1-PGAL1-3xHA-SCC1@SCC1 

yPH432 pRS415-SCC1, Pmet-3xHA-CDC20@TRP1, lacO256-URA3@CEN15, PCUP1-GFP-lacI2@HIS3, SPC42-
mCherry-KanMX4, TRP1-PGAL1-3xHA-SCC1@SCC1 

yPH433 pRS415-PSCC1-REC8, Pmet-3xHA-CDC20@TRP1, lacO256-URA3@CEN15, PCUP1-GFP-lacI2@HIS3, 
SPC42-mCherry-KanMX4, TRP1-PGAL1-3xHA-SCC1@SCC1 

yPH455 Mat a, ssn2△HpHMX4, PGAL1-SCC1@LEU2, tetO112@URA3, tetR-GFP@HIS3 
yPH456 Mat a, ssn3△HpHMX4, PGAL1-SCC1@LEU2, tetO112@URA3, tetR-GFP@HIS3 
yPH457 Mat a, ssn8△HpHMX4, PGAL1-SCC1@LEU2, tetO112@URA3, tetR-GFP@HIS3 
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Table 2.4 Primer sequences for ChIP-QPCR 

Primer Chromosomal 
Position 

Sequence 

AM792 IV-c1 ACACGAGCCAGAAATAGTAAC  

AM793 IV-c1 TGATTATAAGCATGTGACCTTT  

AM794 IV-c2 CCGAGGCTTTCATAGCTTA  

AM795 IV-c2 ACCGGAAGGAAGAATAAGAA  

AM1319 IV-p1 ATGATTCAATGGATTTAGCC  

AM1320 IV-p1 GTCAGTCTTATGCTGTTCCC  

AM782 IV-a1 AGATGAAACTCAGGCTACCA  

AM783 IV-a1 TGCAACATCGTTAGTTCTTG  

AM1279 III-c1 TGTTGATGGGTTTACAATTT  

AM1280 III-c1 CTTTCAATGATTGCTCTAAATC  

AM3224 III-p1 AACATACCACGTTGAACGGA  

AM3225 III-p1 GCGATATCCCTTAGTGCCAT  

AM1299 III-p2 CCAATTTCTCAATTCACTCC  

AM1300 III-p2 GCATTGCTTGTTATAGTGGA  

AM1301 III-p3 AGAGAAGCAAGTTACGGTGT  

AM1302 III-p3 AGCTCATATGTCTAGCAACG  

AM945 V-c1 TGAAGGTGAGCTTAAGACAG  

AM946 V-c1 CAACCATGTTCGTAGCTAAA  

AM983 V-p1 TAGCTAATGGAAATTATGCG  

AM984 V-p1 TAGTGCACCAGATAAAGCAC  

AM985 V-p2 TTCAATAATTGTGCCTTCTTC  

AM986 V-p2 AGAACTCGCATGTGTCAAT  

AM949 V-a1 CTACGGTAAATCTGGGTAGG  

AM950 V-a1 TCCACTATCAAGTCACCAGA  
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Chapter 3. 

In this thesis, I use mitotic and meiotic kleisin proteins in S. cerevisiae as a model to ask 

what kind of changes, changes in the focal protein itself or elsewhere in the genome, allow a kleisin 

paralog to acquire different function. First, I found that the meiotic kleisin protein, Rec8, barely 

supports sister cohesion in mitosis and results in fitness cost due to unstable protein and weak 

association with chromosomes. Then, I demonstrated that experimental evolution improves the 

fitness of Rec8-expressing populations over 1750 generations, and the growth of two evolved 

populations is similar as that of wild type after evolution. Adaptive mutations cluster in several 

functional modules in the yeast genome, but both the coding sequence and regulatory sequence of 

Rec8 remain unchanged. Reconstructing single evolved mutation in the transcriptional mediator 

complex, genes regulating G1-to-S transition, and genes encoding cohesin proteins and regulator 

improve the fitness of Rec8-expressing ancestor. At the cellular level, these evolved mutations all 

slow down genome replication and improve sister cohesion. This study reveals that changes in 

proteins that directly or indirectly interact with the meiotic kleisin is sufficient to alter the kleisin 

protein function. Therefore, I suggest that the functional divergence between kleisin paralogs 

depends on a mixture of changes in kleisin protein sequences and the proteins that they interact 

with. 

 

3.1 Comparison with other evolutionary repair experiments 

 

 Evolutionary repair experiments, in which cells are forced and evolved to use a perturbed 

molecular machinery to perform an essential function, provides a means to explore alternative 
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genetic determinants and mechanisms of a cellular process. In this thesis, I evolved budding yeast 

cells to use the meiotic kleisin, Rec8, in place of the mitotic counterpart, Scc1, and identified that 

adaptive mutations in the transcriptional mediator complex and cell cycle regulator, which are not 

reported to directly regulate sister cohesion, allow Rec8 to support mitosis. In other evolutionary 

repair experiments, removing an essential gene is often used to impose a strong selection on 

mutations that ameliorate functional defect. In response to the lack of an essential component in 

RNA splicing, Prp28, budding yeast cells mutated genes in splicing and transcription machinery 

to restore splicing efficiency (Chang et al., 2018). Evolving yeast cells to divide without Bem1, a 

positive regulator in determining cell polarity, selects for mutations that inactivate negative 

regulators in the polarization machinery (Laan et al., 2015). In E.coli, evolving metabolic mutants 

with distinct growth defects convergently selects for mutations in RNA polymerase, restoring the 

pattern of gene expression to that of wild type (Wytock et al., 2018). Genetic changes that don’t 

fix but compensate the original defect can also be selected in a short time scale of laboratory 

evolution. Changes in chromosomal copy number, which vary dosage of genes involved in cell 

wall synthesis, protein folding, and translation, allow yeast cells without a conserved cytokinesis 

protein, Myo1, to divide through evolving novel forms of septum that separates mother and 

daughter cells (Rancati et al., 2008). The above evolutionary repair experiments suggest a 

conserved cellular function can be evolvable in response to genetic perturbations, and the repairing 

strategies reveal an unknown and complex molecular network that determines an essential function. 

In the following, I will summarize common conclusions about compensatory mutations from my 

and others’ evolution experiments. 
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I. Loss-of-function mutations in proteins that indirectly interact with a perturbed 

component are prevalent 
 

The success of an adaptive mutation in a population is determined by both the fitness advantage 

and the target size for a mutation, namely how frequent this mutation can arise in a given 

population and environment. Relative to the number of sites that can be mutated in a focal protein, 

the rest of genome provides more number of sites that can be mutated. Meanwhile, any mutation 

inactivating the function of a protein is more likely to occur than any mutation altering the 

biochemical function or interaction of a protein in a specific way. Therefore, loss-of-function 

mutations have larger target size than gain-of-function mutations; as long as loss-of-function 

mutations provide fitness advantage, they can be fixed in an adapted population in a relatively 

short time scale.  

In evolutionary repair experiments, loss-of-function mutations dominate the spectrum of 

compensatory mutations. In my study, the transcriptional mediator complex is the major target of 

adaptive mutations that support Rec8 for mitosis. Among these mutations, seven out of nine 

mutations targeting to the Cdk8 complex lead to early stop codon, suggesting they are loss-of-

function mutations. When yeast cells adapt to grow without Bem1, an essential protein determining 

cell polarization, all adaptive mutations identified in BEM2 and NRP1 are loss-of-function 

mutations(Laan et al., 2015). Two other evolutionary repair experiments done in the Murray lab 

also suggest that loss-of-function mutations are common in yeast populations that adapt to live 

without other essential proteins. Evolving yeast cells lacking Ctf4, a protein coordinating DNA 

replication and sister cohesion, to increase fitness selects for loss-of-function mutations in the gene 
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encoding S phase checkpoint. Yeast cells adapt to deletion of Sic1, a G1 cyclin-dependent kinase 

inhibitor, by loss-of-function mutations in genes regulating G2-to-M transition. 

 
II. The types of compensatory mutations depend on genetic backgrounds 

 
 

The difference in the perturbed molecular machinery might shift the type of compensatory 

mutations available to selection. In my research, Rec8-expressing ancestors cannot segregate 

chromosome accurately and are likely to be aneuploids. In Rec8-expressing population, the high 

probability of acquiring extra chromosomes after each round of cell division allows evolution to 

select for aneuploidy cells, chromosome IX disomes in this experiment, that can improve fitness. 

In the ctf4D evolved populations, amplification of chromosomal fragments containing cohesin 

loader, Scc2 or Scc4, are commonly selected and these amplified fragments are usually bound by  

Ty elements. This type of mutation highly depends on the ctf4D background since the lack of Ctf4 

leads to frequent double strand break (DSB). Having DSB occurring in DNA region with repetitive 

sequence, like Ty elements, induces recombination between them.  

Genetic backgrounds, environments, or the interaction between both also have impact on 

compensatory mutations. Improving the fitness of and yeast mutant, las17-41, in two strain 

backgrounds and two carbon sources by experimental evolution reveals that genetic epistasis and 

environmental factors can alter the targeted genes, types and, mechanisms of compensatory 

mutations (Filteau et al., 2015). 
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The Conclusion from evolutionary repair experiments allows us to compare with adaptive 

evolution in nature and start to address some unanswered questions. Some eukaryotic lineages lack 

genes that participate in an essential cellular process, suggesting these organisms must evolve 

alternative mechanisms to maintain that essential function. For example, Giardia intestinalis lacks 

anaphase promoting complex, an essential complex regulating cell division cycle. Oikopleura 

dioica loses DNA repair genes, including all the components of the non-homologous end-joining 

(NHEJ) DNA repair system. In the fungal genomes of Hanseniapora, genes involved in cell cycle 

and DNA repair are lost. Moreover, the kinetoplastid lineage uses non-conventional kinetochore 

proteins for conserved chromosome segregation process. But, the diversity of mechanisms 

underlying an essential cellular process remains unknown. Compensatory mutations identified in 

evolutionary repair experiments reveal the alternative molecular regulations underlying an 

essential function and recapitulate the process that an organism evolves in response to the loss or 

replacement of an essential protein. 

 

3.2 Comparison with previous studies on protein evolution 

 

This work provides a wholistic perspective in studying the evolution of protein function, which 

should be regarded as progressive changes between the sequence of focal protein itself and the rest 

of genome. Previous studies on the evolution of protein function primarily focus on what changes 

in protein sequence lead to different biochemical functions in vitro or biological functions in vivo. 

Mutagenizing a protein sequence and then selecting for a specific biochemical function, known as 

directed evolution, enable us to establish a causal link between protein sequence and function. 
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Comparing orthologous protein sequences across multiple species enables us to infer which amino 

acid changes alter protein function during evolution. But the above experiments are designed to 

search for changes in protein sequence alone, so we have limited understanding about if or how 

the interactions between a focal protein and the rest of genome determines changes in protein 

function. In my research, all adaptive mutations that allow Rec8 to support yeast mitosis are not 

in Rec8, suggesting changes outside the focal protein are sufficient to alter the protein function. 

We hypothesize that the distribution of adaptive mutations can be explained by the difference in 

the mutational target size between Rec8 and the yeast genome. To test if this hypothesis could 

explain the evolution of protein function in general, it would be interesting to repeat similar 

evolution experiments on other paralogous proteins involved in distinct cellular processes. 

 

3.3 New insights into the regulation of sister cohesion 

 

 Adaptive mutations identified in this evolution experiment reveal a novel functional link 

between sister cohesion and the transcriptional mediator complex. Genes in the transcriptional 

mediator complex have been mutated in fourteen out of fifteen evolved populations. Most of 

mediator mutations are targeted to a regulatory module of mediator, Cdk8 complex. Deletion of 

genes encoding the Cdk8 complex, mimicking the effect of evolved mutations, partially improves 

sister cohesion. This result leads to another interesting question: How does the lack of Cdk8 

complex improve sister cohesion? it would be informative to distinguish if these mutations 

improve sister cohesion through a cohesin-dependent or cohesin-independent mechanism. 

Deletions of individual genes in the Cdk8 complex don’t change the Rec8 protein level, suggesting 
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that the cdk8 mutations might improve sister cohesion through changing the regulation of Rec8 

instead of its total abundance. The localization of cohesin on chromosome can be altered by the 

movement of RNA polymerase II, which pushes cohesin rings off the transcribing DNA region. 

Since Cdk8 complex alters general transcriptional regulation, it is possible that cdk8 mutations can 

increase the level of chromosome-bound Rec8 and therefore improve sister cohesion. But deleting 

the kinase component of the Cdk8 complex does not support this hypothesis: the genome-wide 

pattern and the level of chromosome bound Rec8 remain the same as that of Scc1. This result 

suggests that single mutation in the Cdk8 complex does not change the Rec8 level on chromosome. 

However, genetic analysis showed that combining mutations in the Cdk8 complex and cohesin 

protein improve sister cohesion more than single mutation does, suggesting mutations in these two 

functional modules act additively. Therefore, it would be worth examining if combining these two 

types of mutations increases the level of chromosome-bound Rec8. On the other hand, proper sister 

cohesion is determined by functional cohesin, keeping linkage between sister chromosomes. An 

alternative mechanism could be that mutations in the Cdk8 complex change the expression of 

cohesin regulators and therefore improve the cohesive function of the Rec8-mediated cohesin ring. 

For cohesin-independent mechanism, it is also reasonable to speculate that mutations in the Cdk8 

complex change the high-ordered structure of chromatin and promote linkage between sisters 

indirectly. Transcriptional mediator and cohesin have been shown to regulate chromatin structures 

across various organisms. In budding yeast, transcriptional mediator binds to the boundary of 

chromosomal interacting domain (CID)(Chereji et al., 2017),  a chromosomal region that has 

frequent contacts between DNA within the same region, and mediates chromosome compaction 

(Hsieh et al., 2015). The mitotic cohesin complex also regulates intra-chromosomal contacts to 

compact chromosome for genome replication and chromosome segregation(Lazar-Stefanita et al., 
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2017; Schalbetter et al., 2017). In mammalian cells, transcriptional mediator and cohesin both 

participate in gene looping(Kagey et al., 2010). I speculate that, if Rec8 can not compact 

chromosome as Scc1 can in mitosis, mediator mutations potentially change chromatin folding in 

a way that promotes the inter-chromosomal linkage between sister chromatids indirectly. The Hi-

C experiments that examine intra-chromosomal contacts in the wild-type, Rec8-expressing strain, 

and Rec8-expressing strain with mediator mutation would help us to tell if Rec8 alters the pattern 

of chromosome folding in mitosis and if mediator mutations restore this pattern. 

 This work reveals a functional linkage between genome replication and sister cohesion. 

But how does expressing Rec8 in mitosis shorten the period required for genome replication? And 

how do evolved mutations in different functional modules all slow down genome replication of 

the Rec8-expressing strain? The answer to these two questions would allow us to dissect the 

functional interaction among different functional modules: sister cohesion, replication, cell cycle, 

and transcriptional regulation. Comparing the genome-wide replication profiles between the Rec8-

expressing strain and the wild-type strain would be informative to distinguish if Rec8 increases 

the number of fired origins or the speed of replication forks in mitosis. In budding yeast, origins 

within the same chromosome domain are regulated to fire simultaneously(Eser et al., 2017). If 

Rec8 fails to maintain the pattern of chromosome folding as that of wild type, this defect could 

potentially alter genome replication. Therefore, comparing the pattern of genome-wide 

chromosome folding, replication and expression between the Rec8-expressing strain and 

mutational reconstructed strains would provide new insights on the unknown linkages that inter-

connect different functional modules. 
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