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Abstract 

 

To ensure accurate chromosome segregation, sister chromatid cohesion must be properly 

established at S-phase when DNA is replicated. The protein Eco1/Ctf7 is responsible for 

establishing this cohesion, and is the focus of this work. The conserved protein complex cohesin 

acts as the “molecular glue” that mediates this sister chromatid cohesion. Cohesin is loaded onto 

the chromosomes before DNA replication, and when the acetyltransferase Eco1 acetylates 

cohesin at S-phase, the sister chromatids become entrapped in the cohesin ring. This thesis aimed 

to elucidate the roles of Eco1 in cohesin-mediated sister chromatid cohesion, specifically during 

meiosis. 

A novel eco1 meiosis-specific mutant was constructed in the budding yeast Saccharomyces 

cerevisiae. Fluorescence microscopy techniques were used to assay sister chromatid cohesion, 

nuclear division, and chromosome structure in cells depleted of Eco1 in meiosis. This work 

shows that meiotic Eco1 and its establishment of sister chromatid cohesion regulates 

recombination and chromosome segregation during meiosis.  
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Background and Introduction 

Yeast as a Model Organism 

The budding yeast Saccharomyces cerevisiae (Figure 1) is a single-celled eukaryote. In contrast, 

humans are multi-cellular eukaryotes. Yeast is an excellent model organism because it can be 

studied in both the diploid and haploid stages, has a relatively short generation time, is easily 

cultured and maintained, and has well understood biological processes that are often well 

conserved in the human counterparts. Studies, such as this one, on Saccharomyces cerevisiae 

therefore provide a foundation for elucidating the complex mechanisms and functions at work in 

higher eukaryotes like humans. 

Meiosis and DNA Replication  

Eukaryotic cells require meiosis, a specialized cell division for sexual reproduction. Unlike 

mitosis, in which genetically identical cells are generated through one round of DNA duplication 

and subsequent cellular division, meiosis consists of two sequential divisions: Meiosis I (MI, the 

reductional division), and Meiosis II (MII, the equational division). The process starts with one 

diploid cell, which contains two copies of each chromosome. The end result of meiosis is four 

genetically unique haploid gametes, which contain one copy of each chromosome. These 

gametes are sperm and eggs in humans, and referred to as spores in yeast. The original 

chromosome number is restored when two haploid gametes fuse, making meiosis a critical 

function in maintaining chromosome number. Without halving the ploidy level through meiosis, 

gamete fusion would result in zygotes with excess chromosomes. Meiosis is therefore required to 

generate gametes with half the parental genome. Before the meiotic divisions actually begin, 

however, the original chromosomes must be duplicated via DNA replication. 
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Before DNA replication, each chromosome is a single DNA molecule, referred to separately as 

chromatids (Figure 2). During the Synthesis (S) phase, the genetic material is replicated, forming 

sister chromatids. After replication, each of the chromosomes has a duplicate copy, now existing 

as a complex of two identical sister chromatids. These identical sister chromatids must remain 

tightly tethered together in order to ensure accurate chromosome segregation. Two meiotic 

divisions follow this DNA replication (Figure 3). In Meiosis I, homologous chromosomes (each 

consisting of two sister chromatids) pair and separate from each other. Cells resulting from MI 

are now haploid (reductional division). Meiosis II then separates the sisters, and separates the 

individual chromatids into the final haploid cells (equational division). 

Cohesin Complex and Cohesion Establishment 

Chromosomal proteins referred to as cohesins keep the sister chromatids tethered tightly during 

DNA replication (Guacci et al., 1997; Michaelis et al., 1997). Therefore, in the regulation of 

DNA replication, the cohesin protein complex is of particular interest. Cohesin is evolutionarily 

conserved, and is responsible for mediating sister chromatid cohesion and separation during 

cellular division. Cohesin is comprised of four subunits: Smc1, Smc3, Mcd1/Scc1 and Scc3 

(Figure 4 from Huang and Moazed, 2006). Rec8 replaces Mcd1 to form the meiotic cohesin in 

meiosis. The SMC proteins form a V-shaped structure, and the SCC proteins help form a cohesin 

ring. The Scc2/Scc4 loader complex first recruits cohesin to the chromosome, tethering the sister 

chromatids together (Ciosk et al., 2000). Entrapping the pair of sister chromatids within the 

cohesin ring results in their cohesion.  

Cohesin mediates the tight association (cohesion) between replicated sisters, and is critical for 

ensuring proper chromosome segregation in dividing cells. This protein complex is often referred 
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to as the “molecular glue” that entraps the sister chromatids and keeps them tethered to each 

other tightly by entrapping them within the ring structure. The cohesin complex prevents 

untimely/improper separation (Michaelis et al., 1997), and dissolution of cohesion at the 

metaphase-anaphase cell cycle transition facilitates proper chromosome segregation. Sister 

chromatids of each chromosome must stay physically linked as they approach this transition. The 

cohesin-associated protein Eco1 is responsible for establishing this cohesion, and is specifically 

restricted to S-phase (Lyons and Morgan, 2011).  

Eco1 Protein  

A review of the relevant literature is necessary to first understand the framework of current 

knowledge that led to our hypotheses about Eco1 in meiosis. Eco1 is not a cohesin subunit – it is 

a cohesin-associated protein (Tóth et al., 1999). ECO1 is an essential gene, and has been well 

characterized in mitosis. The Eco1 protein acetylates the cohesin subunit Smc3 at S-phase, which 

leads to the entrapment of a pair of sister chromatids within the cohesin ring (Ben-Shahar et al., 

2008; Unal et al., 2008). Eco1 couples DNA replication to the establishment of sister chromatid 

cohesion, and entrapment of the chromatids results in their cohesion. This enzymatic 

acetyltransferase function is the establishing factor of cohesion in mitotic cells (Beckouët et al., 

2010). Like mitosis, sister chromatid cohesion is also established at S-phase before meiosis. We 

aim to characterize the role(s) of Eco1 in meiosis. We hypothesize that Eco1 plays an important 

role in sister chromatid cohesion and nuclear division during meiosis.  
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Research Purpose 

Meiosis is of specific interest in this research, occurring in both Saccharomyces cerevisiae and 

humans. Understanding meiosis in more complex eukaryotes requires a solid understanding of 

the mechanistic process and function in single-celled eukaryotes like the budding yeast. 

Consequently, Saccharomyces cerevisiae is used to investigate the role of the Eco1 protein in 

cohesin-mediated sister chromatid cohesion during meiosis. Chromosomal birth defects that 

result from mutated cohesin are referred to as “cohesinopathies,” and this thesis will refer to the 

Eco1 protein’s role and interactions specifically during meiosis.  

Roberts Syndrome 

Roberts Syndrome (RBS) is one type of “cohesinopathy.” It is a rare autosomal recessive genetic 

disorder in humans; one defective gene copy must be inherited from each parent in order for the 

offspring to display the mutant phenotype. RBS is caused by mutations in the human homologs 

of ECO1: ESCO1 and ESCO2. Like the budding yeast Eco1, the human homologs are also 

responsible for establishing sister chromatid cohesion during DNA replication. Failure to 

establish this cohesion and keep chromatids tightly bound for accurate segregation disrupts cell 

division and has devastating effects on chromosome segregation. Aneuploidy formation may 

result if chromosomes do not line up and segregate properly, causing cells to divide solely or 

arrest. When this happens, defective cells that die are responsible for the deformities that 

characterize the RBS phenotype. Research work in the budding yeast system will further 

knowledge of such chromosomal birth defects in higher eukaryotes, specifically humans.   
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Materials and Methods 

Saccharomyces cerevisiae Strains  

This work employed budding yeast strains constructed with specific molecular tags in either WT 

or mutant strains. The CLB2 promoter is mitosis-specific, and is used to replace the endogenous 

ECO1 promoter. This is highly repressed in meiosis, and gene expression of Eco1 is essentially 

turned off. This depletes the Eco1 protein specifically during meiosis (PCLB2ECO1). The 

homozygous mutants generated allow for the characterization of protein roles in chromosome 

segregation and sister chromatid cohesion.    

The strains will be referred to in this Thesis by the strain assignment, an arbitrary indication used 

for short-hand indication of a specific genotype (Figure 5). Mating type indicates whether the 

cell is haploid or diploid. Yeast cells have two mating types: a and . Only MATa and MAT 

haploids can conjugate to form a diploid (MATa/MAT). MATa cells release a factor and have 

an  cell-surface receptor, whereas MAT cells release  factor and have an a receptor.    

Experimental Techniques  

The major experimental techniques used include synchronous sporulation, meiotic chromosome 

spread, and fluorescence microscopy for meiotic time course experiments. 

Synchronous Sporulation 

To assay sister chromatid cohesion and chromosome segregation, time course experiments were 

performed with synchronized cells induced to undergo meiosis. Sporulation is the process by 

which the diploid budding yeast undergoes meiosis to generate haploid cells for use in sexual 

reproduction. Sporulation is prompted via nitrogen starvation, which causes the yeast cells to 
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undergo meiosis.  Diploid a/α cells generate a tetrad of individual a-type and α-type haploid 

cells. Synchronous sporulation of cells was performed for time course experiments as follows: 

grown overnight in YPA in a 30 water bath shaker. Cells were spun down, washed with ddH2O, 

and induced to undergo meiosis with 2% KoAc the following day. Every two hours, cell samples 

were collected from the culture, fixed in paraformaldehyde for approximately 1 hour and later 

washed/resuspended in 1xPBS. These progressive time points allowed us to construct a “meiotic 

timeline” throughout meiotic progression. The fixed samples were then observed and analyzed 

via fluorescence microscopy. 

Meiotic Spread 

The meiotic spread technique is used to visualize sister chromatid cohesion and cohesin co-

localization with the DNA, as well as chromosome structure. At six and eight hours after meiotic 

induction, samples were prepared as follows: the cell wall was broken down, the sample was 

blocked, stained with primary antibodies, and then stained with secondary, polyclonal antibodies.  

Fluorescence Microscopy  

Both live and fixed cell samples were visualized under the Zeiss microscope. The fluorescent 

tags in the strain constructs were used to identify cellular and sub-cellular structures like the 

nucleus, chromosomes, and centromeric region. The main assays of this thesis, which take 

advantage of this fluorescent marking, were sister chromatid cohesion and chromosome 

segregation/nuclear division. 
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Experimental Assays 

Sister Chromatid Cohesion 

Sister chromatid cohesion is assayed using the green fluorescent protein (GFP). The 

chromosome five centromere (CENV) is “tagged” with green fluorescent protein (GFP) so that, 

under the fluorescent microscope, cohesion between sister chromatid strands can be quantified. 

Specifically, sister chromatid cohesion was assayed using the tet-O/tet-R-GFP system (Figure 6). 

The GFP-tagged TetR (tetracycline repressor) molecules bind to the tetO (tetracycline operator) 

sequence on the chromosome location of interest (CENV). When the TetR proteins are 

expressed, this GFP-fused protein fluoresces under the microscope under the GFP channel.   

One single GFP signal present in the nucleus indicates a proper establishment of cohesion, since 

the sisters are so tightly tethered that only a single GFP signal can be resolved under the 

microscope. In contrast, two GFP signals present in the nucleus indicates a loss of cohesion, 

because the sisters have separated to such an extent that the individual GFP-CENV loci can be 

resolved separately (due to loss of cohesion). Therefore, “loss of cohesion” is quantified by the 

percentage of cells that display the two GFP signal phenotype (Figure 7).  

Nuclear Division 

The nucleus was visualized in cells using one of two different fluorescent markings: HTA1-

mApple or DAPI DNA-staining dye. Marking the DNA is used for cell-based quantification of 

DNA content (Figure 8). The HTA1-mApple is based on the core histone protein H2A. The 

nucleosome is comprised of four core histone proteins: H2A, H2B, H3 and H4 (Figure 9). 

Histone H2A is a core protein of the nucleosome, involved in chromatid structure of eukaryotic 

DNA packaging. In order to track the nucleus throughout meiotic progression, histone H2A, 
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called Hta1 in yeast, is tethered to the mApple red fluorescence protein. When the histone H2A 

protein is expressed and associates with the DNA, the mApple protein “tags” the chromosome 

and allows the nucleus to be visualized via fluorescence microscopy (Figure 10). The DAPI 

nucleic acid stain is another way to efficiently stain the nuclei of cells (Figure 11). DAPI is a 

fluorescent probe that will selectively bind to double stranded DNA (dsDNA). It can permeate 

the membrane of both fixed and live cells. To facilitate the uptake of DAPI, the cell samples 

were sonicated. Strains that did not contain the HTA1-mApple nuclear tag were sonicated and 

used with the DAPI dye. The samples were kept on ice in PBS buffer solution before and 

between each sonication. Sonication uses high energy sound waves to agitate cells in the sample. 

Microscopic bubbles formed during sonication have the ability to disrupt biological membranes, 

causing localized membrane surface damage, essentially increasing permeability of the 

membrane. This disrupts the cell membrane to facilitate the uptake of DAPI on the slide, staining 

the genetic material and marking the nucleus. 
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Results and Discussion 

A meiosis-specific null allele (PCLB2-ECO1) was constructed in the budding yeast and used to 

characterize the role of Eco1 in meiosis. In Eco1-depleted strains, the endogenous promoter was 

replaced with the mitosis-specific promoter from the CLB2 gene. This depletes the protein 

specifically from meiosis: annotated PCLB2-ECO1.  

Eco1 is Required for Sister Chromatid Cohesion in Meiosis  

To analyze whether Eco1 depletion in meiosis causes premature loss of sister chromatid 

cohesion, cells in both WT and mutant strains were arrested at prophase I, due to the deletion of 

the NDT80 gene (Xu et al., 1995). The WT strain HY2625 and mutant strain HY3281 depleted of 

Eco1 (PCLB2ECO1) were used. These diploid strains were tagged with HTA1-mApple and one 

homolog CENV-TetO/TetR-GFP. Because the cells were arrested in prophase I, they were 

stopped at the one nucleus state and did not undergo meiotic progression, as indicated by one 

single HTA1-mApple fluorescent nucleus signal per cell. Eight hours after meiotic induction, 

only 1% of wild-type cells show a loss of cohesion, whereas the PCLB2ECO1 mutant strain shows 

a 30% loss of cohesion (Figure 12). This result shows Eco1 is required for sister chromatid 

cohesion during meiosis I.   

Eco1 is Required for Nuclear Division/Meiotic Progression 

In order to determine if Eco1 plays a role in chromosome segregation, the nucleus was visualized 

at two-hour intervals after meiotic induction to assay meioitic progression in the absence of the 

Eco1 protein (synchronous sporulation protocol/time course experiment). The wild-type strain 

HY1856 and mutant strain HY2171 were used to assay chromosome segregation. These strains 

had the HTA1-mApple marker. More than 90% of WT cells completed both meiotic divisions 
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(Figure 14). However, in the absence of Eco1, approximately 70% of the cells did not progress 

through meiosis (Figure 15). This experiment demonstrates Eco1’s critical role of promoting 

proper chromosome segregation and meiotic progression.   

Eco1 is Required for Maintaining Chromosome Structure  

Meiotic spreads were performed at six and eight hours after Eco1-depleted cells were induced to 

undergo meiosis. This technique allowed for the visualization of the cohesin complex, which is 

localized on the chromosomes in the nucleus, and is consistent with the previously discussed 

sister chromatid cohesion phenotype as well (Figure 16, 17). The HY3679 strain was used, an 

Eco1 single mutant with a REC8-3HA tag for fluorescence microscopy (cohesin, localizes to 

chromosomes), as well as CENV-GFP using the tetO/TetR system. DAPI DNA-staining dye was 

used to stain the chromosomes. The anti-HA antibody was used to identify cohesin on the 

chromosome. When the meiotic spread samples were prepared and visualized under the 

microscope 8 h after synchronous meiosis induction, approximately ~42% of cells showed the 

loss of cohesion phenotype. This confirms Eco1’s important role of establishing sister chromatid 

cohesion during meiosis. Although a preliminary observation, it is also important to note the 

abnormal chromosome structure when Eco1 fails to establish cohesion. Although cohesin 

remains localized to the chromosomes, they appear less condensed in mutant cells (Figure 16). In 

loss of cohesion cells, the cohesin on the chromosomes appears less tightly localized. This 

suggests an indirect role in maintaining the cohesin-chromosome structure. 

Eco1 Plays a Role in Meiotic Recombination 

Recombination is a distinguishing feature of the meiotic process. In prophase I, homologous 

chromosomes pair and may exchange genetic information. To determine if Eco1 plays a role in 
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meiotic recombination during prophase I of meiosis, strains with the SPO11 gene deleted were 

analyzed. Spo11 is a meiosis-specific endonuclease that induces DNA double-strand breaks 

(DSB), initiating the meiotic recombination. A spo11 deletion therefore eliminates DSB 

formation and bypasses meiotic recombination. Using a spo11∆ single mutant (HY2965, Figure 

18) and a PCLB2ECO1 spoll∆ double mutant (HY3786, Figure 19), nuclear division was 

determined to see if cells progressed when the recombination checkpoint was abolished. Cell 

division/progression not arrested in the spo11∆ strain would suggest that Eco1 may play a role in 

DSB repair during meiotic recombination. The single spo11∆ mutant looks like wild-type 

meiotic progression, which was expected. Recall that at 8 h after meiotic induction in the 

PCLB2ECO1 single mutant, approximately 90% of cells were still in the 1 nuclei state. When the 

spoll∆ deletion is coupled with PCLB2ECO1 to make the double mutant, approximately 70% of 

cells are in the 1 nuclei state. This partial rescue of meiotic progression suggests that Eco1 may 

play a role in meiotic recombination as well.    

Eco1 Function is Antagonistic to Anti-Establishment Proteins 

Protein-protein antagonistic interactions with Eco1 were also investigated. Pds5 is a known 

cohesin-associated protein factor (Guacci et al., 2000), and Wpl1/Rad61 forms a complex with 

Pds5 (Beckouet et al., 2010). This complex co-localizes on the chromosome with cohesin, and is 

important in preventing the entrapment of sister chromatids. Eco1 establishes cohesion by 

counteracting this inhibition (Rowland et al., 2009). Consequently, Pds5 and Rad61 are known 

as anti-establishment factors regulating sister chromatid cohesion. The Eco1 protein plays an 

important role in establishing sister chromatid cohesion in meiosis, and thus must 

overcome/counteract the effects of the Wpl1-Pds5 complex. The antagonistic protein effects that 

are responsible for mediating sister chromatid cohesion provide insight into Eco1’s mechanism 



17 
 

of action during meiosis. These anti-establishment proteins function to prevent the de novo 

entrapment of sisters, therefore working against Eco1 function. We therefore hypothesized that 

when these factors were depleted from cells also depleted of the Eco1 protein in meiosis, the loss 

of cohesion (as indicated by two GFP signals) would be partially rescued. 
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Conclusion 

Sister chromatid cohesion is mediated by cohesin, an evolutionarily conserved protein complex. 

Cohesion is established during S-phase of the cell cycle, when the genome is duplicated in 

preparation for cell division. We show that Eco1 plays an important role during meiosis, as 

indicated by the chromosomal defects that occur when Eco1 is depleted. With the ECO1 meiotic 

null allele, we have found that the Eco1 protein plays important roles in regulating sister 

chromatid cohesion and meiotic progression/chromosome segregation. Continuing to work 

towards understanding the role of Eco1 in meiosis will contribute to the understanding of 

chromosome segregation and structure in higher eukaryotes, including in humans. 
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FIGURE 1: Cell morphology of the budding yeast Saccharomyces cerevisiae (Differential 

Interference Contrast microscope image). The size and shape of proliferating yeast cells is 

dependent upon the stage of reproduction and growth.    

 

 

FIGURE 2: Depiction of DNA replication in preparation for meiosis. After DNA is replicated, 

each chromosome consists of two identical sister chromatids. The sisters remained tethered 

together tightly, forming a chromosome. During prophase I of meiosis, non-sister chromatids of 

paired homologous chromosomes may engage in meiotic recombination, exchanging genetic 

material (locus of recombination crossover event between non-sister chromatids shown in red). 
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FIGURE 3: During meiosis I, homologous chromosomes pair and separate (left). Meiosis I is 

referred to as the Reductional Division because the two daughter cells have half the ploidy 

number as the parent. These two daughter cells undergo Meiosis II, resulting in separation of the 

sister chromatids (right). Meiosis II is referred to as the Equational Division because the cells 

remain haploid, but the sisters segregate. After both meiotic divisions have completed, one 

diploid parent cell has resulted in four haploid daughter cells. 

  

 

FIGURE 4: Depiction of the cohesin protein complex subunits (Smc1, Smc3, Scc1 and Scc3). This 

structure forms a ring around the sister chromatids, allowing them to remain cohesive to ensure proper 

and accurate chromosome segregation. The Smc3 subunit is acetylated via the enzymatic function of 

Eco1, allowing for cohesion to be established. 
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FIGURE 5: Saccharomyces cerevisiae budding yeast strains. The mating type indicates whether the 

strain is in the diploid or haploid state. The genotype provides information regarding the strains’ genetic 

markers and tags used in fluorescent microscopy.  

Strain Assignment Mating Type Genotype 

HY2171 MATa/MAT his3Δ200, leu2-k, ura3, lys2, ho::LYS2, pCLB2ECO1::HB, HTA1-

mApple::HIS5, CENV-TetO::URA3, TetR-GFP::LEU2/his3Δ200, 
leu2-k, ura3, lys2, ho::LYS2, pCLB2ECO1::CLONAT 

HY1856 MATa/MAT arg4, ura3::tetOx224::URA3, leu2::tetR-GFP::LEU2, HTA1-

mApple::HIS5/his3Δ200, leu2-k, ura3, lys2, ho::LYS2 

HY2625 MATa/MAT arg4, ura3::tetOx224::URA3, leu2::tetR-GFP::LEU2, HTA1-

mApple::HIS5, ndt80::KAN/leu2-k, arg4-Nsp, ura3, lys2, 

ho::LYS2, ndt80::KAN 

HY3281 MATa/MAT his3Δ200, leu2-k, ura3, lys2, ho::LYS2, pCLB2ECO1::HB, 

ndt80::KAN/his3Δ200, leu2-k, ura3, lys2, ho::LYS2, 

pCLB2ECO1::HB, HTA1-mApple::HIS5, CENV-TetO::URA3, 

TetR-GFP::LEU2, ndt80::KAN 

HY3679 MATa/MAT his3Δ200, leu2-k, lys2, ho::LYS2, pCLB2ECO1::CLONAT, 

ura3::CenV::TetO::URA3, TetR-GFP::LEU2/leu2, his4, REC8-

3HA::URA3, SGO1-9myc, pCLB2ECO1::CLONAT 

HY3786 MATa/MAT ura3, pCLB2ECO1::HB, HTA1-mApple::HIS5, spo11::LEU2/ura3, 

his4, pCLB2ECO1::HB, HTA1-mApple::HIS5, spo11::LEU2 

HY2965 MATa/MAT leu2 ura3 arg4 spo11::LEU2/leu2 ura3 arg4 spo11::LEU2 

HY1827-A MATa his3Δ200, leu2-k, ura3, lys2, ho::LYS2, ECO1-V5::HIS5 

HY1827-B MAT his3Δ200, leu2-k, ura3, lys2, ho::LYS2, ECO1-V5::HIS5 

HY3793 MATa/MAT his3Δ200, pCLB2ECO1::CLONAT, ura3::CenV::TetO::URA3, 
TetR-GFP::LEU2, rad61::KAN/ura3, pCLB2ECO1::CLONAT, 

TetR-GFP::LEU2, rad61::KAN 

HY3795 MATa/MAT ura3, TetR-GFP::LEU2, rad61::KAN/arg4, his3Δ200, 
ura3::CenV::TetO::URA3, TetR-GFP::LEU2, rad61::KAN 

 

 

FIGURE 6: When TetR proteins, tethered to green fluorescent protein (GFP), are expressed at the tetO 

sequence, that chromosome locus is marked and will fluoresce under the microscope. For this sister 

chromatid cohesion assay specifically, the GFP marked the CENV region (centromere of chromosome 5). 

This allows us to quantify whether or not cohesion was established in particular strains. 
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FIGURE 7: Depiction of the model used in the sister chromatid cohesion assay. Proper cohesion is 

determined to be established when only one GFP signal (green dot) is detected in the nucleus (marked as 

blue). However, when sisters lose cohesion, their separation is visualized by two GFP signals. This is 

because the chromatids have lost cohesion to such an extent that the GFP is resolved as two distinct 

signals.  

 

 

FIGURE 8: Schematic model used for nuclear division assay (nuclei shown in blue). After both meiotic 

divisions have completed, the diploid cell has resulted in four haploid cells, which are initially held 

together in a four-spore tetrad structure. The spores eventually separate and proceed independently of one 

another. 

 

 

FIGURE 9: Depiction of the “beads on a string” model for chromatin and associated nucleosomes 

in the nucleus, showing the basic structure of DNA packing in eukaryotes like budding yeast. 

Each nucleosome is comprised of four core histone proteins (H2A H2B, H3 and H4). In this 

particular assay, histone H2A is tagged with mApple red fluorescent protein, allowing the 

nucleus to be tracked throughout meiotic progression. 
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FIGURE 10: Histone H2A proteins fluorescently labeled with HTA1-mApple (DIC/Cy3 merged 

image). This is one method of visualizing cell nuclei, allowing us to track nuclear division 

throughout meiosis progression.   

 

 

FIGURE 11: Fluorescent image of DAPI-stained nuclei (DIC/BFP merged image). Another 

method used to assay nuclear division throughout meiosis. Cell samples are first sonicated so the 

DAPI nucleic acid stain can permeate the plasma membrane and bind to the DNA in the nucleus.   

 

 

FIGURE 12: Assay of sister chromatid cohesion in wild-type (WT) and mutant (PCLB2-ECO1) 

cells during meiosis. Yeast cells were induced for synchronous meiosis, and aliquots were 

withdrawn 8 h after induction of meiosis. Loss of sister chromatid cohesion was determined as 

two GFP dots per cell by fluorescence microscopy (n = 100 cells per strain). 

 
PCLB2-ECO1 PCLB2-ECO1 
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FIGURE 13: Microscope image of the “loss of cohesion” phenotype in the mutant (PCLB2ECO1) cells 8 

h after meiotic induction. As shown in the fluorescent image, two GFP signals in the nucleus 

characterizes the loss of cohesion between sister chromatids (DIC left; GFP right).  

 

 

FIGURE 14: Assay of nuclear division in wild-type (WT) cells during meiosis. Cells were induced to 

undergo meiosis via synchronous sporulation and aliquots were withdrawn every 2 h in an 11.5 h time 

course experiment. Nuclear division was assayed using the fluorescently marked histone H2A. More than 

90% of WT cells completed both meiotic divisions 10 h after cells were induced to undergo 

synchronous meiosis (n = 100 cells quantified per time point). 

 

 

FIGURE 15: Assay of nuclear division in mutant (PCLB2-ECO1) cells during meiosis. Cells were induced 

for synchronous meiosis and aliquot samples were withdrawn every 2 h for an 11.5 h time course 

experiment. Nuclear division was assayed using the fluorescently marked histone H2A. Mutant cells 

depleted of Eco1 in meiosis show defective nuclear division; more than 80% of cells had not undergone 

meiosis 10 h after synchronous induction (n = 100 cells quantified per time point). 
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FIGURE 16: Meiotic spread experiment depicts the loss of sister chromatid cohesion 8 h after 

synchronous meiotic induction in mutant (PCLB2ECO1) cells. DAPI DNA-staining dye was used 

on the slide to visualize the nucleus, the REC8-3HA tag and anti-HA antibody was used to 

identify cohesin on the chromosomes in the nucleus, and GFP indicated sister chromatid 

cohesion.    

 

 

FIGURE 17: Properly established sister chromatid cohesion and proper chromosome structure. Protocol 

and staining was performed as mentioned in Figure 16. A single GFP signal indicates cohesive sisters 

(merged image). Chromosome structure appears more condensed when cohesion is established properly.    
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FIGURE 18: Time course experiment of mutant cells (spoll∆ single mutant) during meiosis. 

Synchronous meiosis was induced in the yeast cells, and aliquots were withdrawn every 2 h for a 10 h 

time course. Nuclear division was assayed via fluorescent microscopy. In the absence of meiotic 

recombination, cells appear to progress through meiosis like WT (n = 200 cells quantified per time 

point). 

 

 

FIGURE 19: Time course experiment of mutant cells (PCLB2ECO1 spoll∆ double mutant) during 

meiosis. Synchronous meiosis was induced in the yeast cells, and aliquots were withdrawn every 2 h for a 

10 h time course. Nuclear division was assayed via fluorescent microscopy. 8 h into meiosis, 70% of cells 

are still in the one nuclei state. Although nuclear division is still defective, coupling the spo11 mutant 

with the Eco1 depletion provides a partial rescue (n = 200 cells quantified per time point). 
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