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ABSTRACT

Chromosome segregation is a highly conserved process that progresses with great
accuracy. Failure of proper segregation can lead to genetic disorders, such as Down syndrome in
humans. Interestingly, segregation errors found in human genetic disorders and associated with
spontaneous abortions or stillbirths are frequent in the chromosomes containing the ribosomal
RNA gene repeats (rDNA). The rDNA is essential for cell viability and growth as it encodes
ribosomal RNA, a major component of ribosomes. In yeast, the rDNA locus has a unique cohesin-
independent cohesion mechanism to hold sister chromatids together before separation, and
behaves in unique ways with respect to replication, recombination and transcription. These rDNA-
specific features may promote a chromosome segregation mechanism distinct from the rest of the
genome. Therefore, the aim of this thesis was to test the hypothesis that the rDNA affects
chromosome segregation.

To test this hypothesis | focused on mitotic chromosome segregation, and used the model
genetic organism, Saccharomyces cerevisiae. S. cerevisiae offers many advantages for testing this
hypothesis, including its tolerance to aneuploidy and systems that have been developed to
genetically manipulate the rDNA. | developed and optimized a chromosome loss assay (CLA) that
measures the rate of chromosome loss during mitosis in S. cerevisiae. | modified a number of
strains that had alterations associated with the rDNA, including strains deleted for the
chromosomal rDNA repeats, with a reduction in rDNA copies, and with the rDNA translocated to a
different chromosome, with specific phenotypic markers for detection of chromosome loss events. |
then tested the chromosome loss rates of these strains using the CLA. My results demonstrate that
the rDNA affects mitotic chromosome segregation fidelity at two levels. First, the rDNA increases
the segregation fidelity of the rDNA-containing chromosome, defining a local chromosome
segregation role for the rDNA. | found that this local effect is mediated by the rDNA binding protein
Fob1, and | propose three potential mechanisms for how Fob1 mediates this role: (1) through
establishment of rDNA recombination-intermediates that may help to stabilize the long rDNA locus;
(2) through recruitment of condensin to establish intra-chromatid linkages that promote timely
condensation of sister chromatids; or (3) through recruitment of a silencing complex to achieve an

appropriate rDNA chromatin state for chromosome segregation. Second, | show that the rDNA has



a global effect on chromosome segregation fidelity, with rDNA deletion or reduction in rDNA copies
influencing the segregation of many or all chromosomes. Curiously, heterozygosity of rDNA state,
regardless of what states are present, confers wild type missegregation rates. | rule out trivial
explanations for this global effect, and instead propose that the rDNA affects segregation through
changes in nucleolar structure and overall nuclear organization that impact spindle polarity and
thus the fidelity of chromosome segregation. Together, these results define a new role for the rDNA
in facilitating chromosome segregation, and one that acts at two different levels. This work provides
insights into a novel beneficial role of the rDNA in chromosome segregation of S. cerevisiae, and
the conserved mechanism of chromosome segregation across eukaryotes suggests the rDNA may
play similar roles in more complex organisms. It will be interesting to determine if the rDNA also

has beneficial role in meiosis, where the rDNA has been associated with missegregation.
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1.1 MITOTIC CHROMOSOME SEGREGATION

Mitotic cell division involves replication of each chromosome to yield two sister
chromatids, followed by their separation through the process of chromosome segregation, so
that all the chromosomal genetic information can be fully inherited by both daughter cells.
Chromosome segregation is a crucial part of the cell cycle, and is extremely accurate, with
around one error in every 105 divisions in Saccharomyces cerevisiae cells (Hartwell et al. 1982;
Murray and Szostak 1985).

1.1.1 Important features of chromosome segregation

1.1.1.1 Sister chromatid cohesion

During S-phase, each chromosome is replicated to produce a pair of two identical
chromosome copies (sister chromatids) (Yanagida 2009), and these are tightly held together
(cohere) through linkages established by a multi-protein complex called cohesin (Strunnikov et
al. 1993; Guacci et al. 1997; Klein et al. 1999; Uhimann et al. 1999). Cohesin consists of a
heterodimer of two members of the structural maintenance of chromosome (SMC) protein
family, Smc1 and Smc3, in a complex with two non-SMC proteins Scc1 (also known as Mcd1
or Rad21) and Scc3 (also known as Irr1), that together form a large protein ring structure
(Haering et al. 2002). To provide cohesion, cohesin must first be loaded onto chromosomes
and this requires a loader complex composed of Scc2 and Sccé proteins (Kogut et al. 2009).
The mechanism by which cohesin is able to topologically embrace DNA is not well understood,
but one of the currently accepted models is that when docking occurs, cohesin is in an open
hinge conformation, and ATP hydrolysis from the SMC heads after docking closes the hinge
structure so that the cohesin complex physically entraps the two sister chromatids (reviewed in
Marston 2014; Nasmyth, 2011).

Cohesin is partially removed from sister chromatids in early mitosis to allow the
resolution of chromosome arms, with centromeres remaining associated until the onset of
anaphase when centromere-enriched cohesin is removed (Guacci 2007). The bulk of cohesin
removal occurs at the beginning of anaphase and requires activation of separase, a protease
that cleaves the Scc1 unit, thus disrupting the entrapment and allowing separation of the sister

chromatids (Uhimann et al. 2000). Once all chromosomes are aligned properly, the anaphase



promoting complex (APC) targets securin, an inhibitor of separase, for degradation (reviewed
in Queralt and Uhlmann 2005). This chain of events activates separase, which is then able to
cleave cohesin and trigger the start of anaphase. Cohesin cleavage is irreversible and hence it
is tightly controlled (Uhimann 2003). A non-protease action of separase has also been shown
to release the Cdc14 phosphatase from the nucleolus and activate it, which initiates exit from
mitosis and ultimately results in cell division (Sullivan and Uhimann 2003).

Cohesin has specific binding sites on chromosomal DNA, known as cohesin-
associated regions (CAR). In yeast, cohesin binding has been shown to correlate with
intergenic regions between convergent genes (Glynn et al. 2004), and to be enriched in large
regions surrounding the small centromeres (Tanaka et al. 1999). Cohesin binding to silent
chromatin has been shown to require the evolutionarily conserved silent information regulator 2
protein Sir2 (Guacci et al. 1997), a member of the sirtuin protein family of NAD*-dependent
protein deacetylases, and an essential silent chromatin component best known for its
transcriptional silencing at the mating-type loci (Wu et al. 2011), telomeres (Rusche et al. 2003)
and ribosomal RNA gene repeats (Wierman and Smith 2014).

1.1.1.2 Kinetochore attachments

During metaphase, the cohesin linkages enable sister chromatid attachment to
microtubules from opposite poles of the mitotic spindle, while providing resistance against
premature separation (Michaelis et al. 1997). Sister chromatids are directly attached to
microtubules through their kinetochores, a structure that assembles in a unique chromosomal
locus: the centromere (Westermann et al. 2007). In yeast, each kinetochore binds to just a
single microtubule (Winey et al. 1995). Microtubules are the main structural element that forms
the mitotic spindle, which is the macromolecular machine that separates chromosomes
(Walczak and Heald 2008). Spindle microtubules are anchored to two centrosomes, or spindle
pole bodies (SPB) in yeast, which define the mitotic poles in the dividing cell (Winey and Bloom
2012). In yeast, the nuclear envelope does not break down, so the SPBs remain embedded in
the nuclear envelope throughout the duration of the cell cycle (Biggins 2013).

Proper kinetochore attachment allows biorientation of sister chromatids so that later on
they can be pulled apart to opposite sides of the dividing nucleus for equal segregation of
chromosomes into the daughter cells. It has been suggested that cohesin enrichment at the
centromeres facilitates the proper biorientation of sister chromatids, as absence of this
enrichment leads to increased chromosome loss (Tanaka et al. 2000; Ng et al. 2009). A

surveillance mechanism, known as the spindle assembly checkpoint, monitors chromosome
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attachment to microtubules. The spindle checkpoint has the ability to prevent cleavage of
cohesin by separase and halt the cell cycle until any erroneous attachments are corrected and
proper biorientation is achieved (reviewed in May and Hardwick 2006), and the APC is an

established target of the spindle checkpoint.

1.1.1.3 Sister chromatid condensation

Following kinetochore attachment, each sister chromatid is compacted into a rigid
structure through intra-chromatid linkages in preparation for sister chromatid resolution. These
intra-chromatid linkages are established by the cohesin related multi-protein complex
condensin (Strunnikov et al. 1995; Guacci et al. 1997; Hirano 2000), and require the help of
topoisomerase I, an enzyme that resolves catenation entanglements generated as a result of
replication (Gimenez-Abian et al. 2000). In mammals, there are two condensin complexes (|
and ) that mediate condensation, but in yeast there is a single condensin complex: condensin
l. Yeast condensin has two SMC subunits (Smc2 and Smc4) and three non-SMC subunits
(Ycs4, Ycsd and Brn1), all of which are essential for cell viability (Hirano 2002). In condensin
defective mutants, the mitotic spindle is able to pull chromosomes apart, but these fail to
separate and form what is known as anaphase bridges (Strunnikov et al. 1995). A similar
phenotype is observed true for topoisomerase Il defective mutants (Hirano 2000). Hence, it
seems that condensin and topoisomerase function together to remove connections between
sister chromatids (Freeman et al. 2000), and this process has been referred to as “sister
chromatid compartmentalization” (Strunnikov 2003). Condensin has also been shown to
contribute to the establishment of proper tension at the kinetochores (Yong-Gonzalez et al.
2007).

1.1.2 Monitoring chromosome segregation errors

Despite the high fidelity of chromosome segregation, it is not always a faultless
process. Normal separation of chromosomes of sister chromatids is termed disjunction, and
when there are errors in separation, these are called non-disjunctions. Non-disjunction results
in aneuploidy, which is whole-chromosome gain or loss. Much of what is known about the
molecular features of eukaryotic chromosome segregation is derived from research in the

budding yeast, S. cerevisiae (reviewed in Yanagida 2009).



In yeast, aneuploidy can provide a fitness advantage over euploidy (normal number of
chromosomes) under certain environmental conditions (Selmecki et al. 2015); but it can also be
detrimental, leading to an imbalance of gene expression (affecting protein homeostasis),
changes in genome stability (potentially leading to DNA damage), and altered growth
characteristics (reviewed in Storchova 2012). Yeast studies have shown that the frequency of
aneuploidy can increase with mutations of genes that affect regulation of the cell cycle, mitotic

spindle, kinetochore attachments, or sister chromatid cohesion (Siegel and Amon 2012).

1.2 THE RIBOSOMAL RNA GENES

Ribosomal RNA (rRNA) is an essential component of ribosomes, the molecular
complexes that carry out protein synthesis in the cell, and therefore is critical for life. In most
species, ribosomes are made of four rRNA molecules that form a complex with up to 80
ribosomal proteins (Verschoor et al. 1998), and assemble into two subunits: the small and large
subunits (figure 1.1). In eukaryotes, the small subunit (40S) contains the 18S rRNA together
with over 30 ribosomal proteins, while the large subunit (60S) comprises 5S, 5.8S and 28S
rRNAs that are associated with about 45 ribosomal proteins (reviewed in Henras et al. 2015).
Ribosomal RNA molecules and ribosome components are named for their sedimentation
velocity, which depends on their size, shape and density, as indicated by the letter S that

represents Svedberg units (Taylor and Storck 1964).

Eukaryotic 80S ribosome

288, 5.85,
and 55 rRNAs
(~45 proteins)

18S rRNA
"-—--__._ ~ (~30 proteins)

Figure 1.1. Eukaryotic ribosome. Eukaryotic ribosomes (80S) consist of small (40S) and large (60S)
subunits, each associated with over 30 ribosomal proteins. Together, these subunits carry out protein synthesis:
the small subunit binds and decodes mRNA to ensure correct pairing between codons and tRNA'’s, while the large
subunit contains an active site which catalyzes peptide bond formation between amino acids to form a peptide
chain (reviewed in Doudna and Rath 2002; figure from Alberts et al. 2007).



1.2.1 Ribosomal DNA organization

Ribosomal RNA (rRNA) is transcribed from a multicopy, polycistronic rRNA gene that
is commonly referred to as the ribosomal DNA (rDNA). Multiple rDNA repeats are organized in
one or more tandem repeat arrays in the genome of most eukaryotes (Long and Dawid 1980).
However, large variations exist between the rDNA copy number (from tens to several
thousands) of species and even between closely related species or different strains of the
same species (Long and Dawid 1980). Interestingly, there is a positive correlation between
rDNA copy number and genome size (Prokopowich et al. 2003).

The genomic location of the rDNA varies between different organisms, with the
multiple rDNA copies distributed on one or more chromosomal loci, each with a tandem array
of rDNA repeats (Petes et al. 1978). Differences can also be found in the region within a
chromosome that contains the rDNA. For example, human chromosomes harbor the rDNA in
the short arm of the five acrocentric chromosomes, and in contrast S. cerevisiae contains the
rDNA array on the long arm of its single rDNA-containing chromosome.

rRNA gene organization is highly conserved amongst eukaryotes (Kupriyanova et al.
2015). Three rRNAs are produced from a large rRNA precursor (35S in yeast), and are post-
transcriptionally processed and cleaved to remove externally transcribed spacers (ETS) and
internally transcribed spacers (ITS) (Yanagida 2009), which are similar to introns from protein
coding genes. This process yields mature smaller rRNA molecules (18S, 5.8S and 28S) (figure
1.2). 35S rRNA is transcribed by RNA polymerase | (Pol) | (Riggs and Nomura 1990). The 5S
rRNA gene is transcribed separately by RNA Polymerase Il (Pol lll), and in most organisms is
located in a separate locus (Bergeron and Drouin 2008; Gongadze 2011).

Tandem rRNA

e [ | — |- — - m— 1
gene repe .
= =~ -
- i = -
Transcribed segment Intergenic spacer
S A
”~ - G |
rRNA gene e==fl{ o o] ]
185 5.8S 288
rRNA gene l T T l
Snanpm 5 185 58S 285 3 [JExternal trascribed spacers

[ rRNA coding sequence
M Internal transcribed spacers
O External non-trascribed spacer

RNA I | B | |
185 58S 285

Figure 1.2. Typical eukaryote rRNA gene organization. The multicopy rRNA gene, found in tandem
repeats, consists of a transcribed/coding segment (multicolored) and an intergenic spacer (blue). rRNA is
transcribed by Pol | to produce a polycistronic 35S pre-rRNA precursor (rRNA gene transcript) that is post-
transcriptionally processed and cleaved to remove the ETS and ITS (green and red, respectively). This generates
the mature 18S, 5.8S and 28S rRNA products (shown in tan). These mature rRNAs associate with ribosomal



proteins to assemble the small (40S) and large (60S) ribosomal subunits that form the ribosome (figure from
Raska et al. 2004).

1.2.1.1. Yeast rDNA

The budding yeast, S. cerevisiae has been used widely to study the rDNA and the
molecular processes that take place at the rDNA locus (Kobayashi et al. 1998; Oakes et al.
1998; Wai et al. 2000; Tomson et al. 2006; D'Ambrosio et al. 2008a; Tsang and Carr 2008;
Clemente-Blanco et al. 2009). In budding yeast, unlike other organisms, systems have been
developed to genetically manipulate the rDNA, and existing strains harbor different rDNA
alterations and translocations. A chromosomal rDNA deletion strain has been created by
supporting its growth using a plasmid system (Wai et al. 2000), a series of FOB1 disruption
strains have been developed in which the number of rDNA repeats can be reduced and
maintained without amplifications or deletions (ie. 20-copy, 40-copy and 80-copy strains)
(Kobayashi et al. 1998), and a series of strains carrying ectopic rDNA arrays have been
constructed (Oakes et al. 1998). Hence, yeast has become a very powerful model system for
studying the rDNA.

In S. cerevisiae there are 150-200 rDNA repeats of 9.1 kb in a single head-to-tail
tandem repeat array on chromosome XIl (figure 1.3) (Petes et al. 1978). Each rDNA unit
comprises a 35S rRNA coding region, and an intergenic spacer (IGS) that also contains the 5S
rRNA coding region, resulting in division of the IGS into IGS1 and IGS2. The IGS also contains
several non-coding functional elements (Lafontaine and Tollervey 2001), including an origin of
replication (rARS), a bidirectional noncoding promoter (Brewer and Fangman 1987), and a
replication fork barrier (RFB) site, which is a 100-bp sequence that has the potential to block
replication fork in a unidirectional fashion (Rothstein et al. 2000). Hence, both the coding region

and the IGS have functional significance.
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Figure 1.3. rDNA organization in yeast. S. cerevisiae contains 150-200 rDNA units in a head-to-tail
tandem repeat array on the long arm of chromosome XII. Each unit is 9.1 kb in size and contains the 35S and 5S
rRNA genes separated by intergenic spacers IGS1 and 1GS2. IGS1 includes the expansion sequence (EXP)
containing the replication fork barrier (RFB) that serves as a binding site for the replication fork blocking protein
Fob1p, and E-pro which is a bidirectional non-coding promoter. IGS2 includes a replication origin (rARS) (Szostak
and Wu 1979; Skryabin et al. 1984). Green arrows indicate direction of transcription of the 35S rRNA gene by Pol |
and the 5S rRNA gene by Pol lll (figure from Kobayashi 2011b).

The rDNA plays important roles in transcription control and genome stability (Saka et
al. 2016); therefore, understanding its architecture and regulation is of great interest. However,
its repetitive nature presents an experimental challenge because repeats have essentially the
same sequence and thus are difficult to distinguish from each other. Nonetheless, the rDNA is
amongst the best-characterized repeat arrays in eukaryotes, and the research contributing to

this characterization is largely derived from yeast.

1.2.2. The rDNA and the nucleolus

The chromosomal regions containing the rDNA have the ability to aggregate inside the
nucleus and form a sub-nuclear compartment called the nucleolus (McClintock 1934; Hadjiolov
1985). These chromosomal regions are called nucleolar organizer regions (NORs), and each
NOR has the potential to produce a nucleolus, although multiple NORs often fuse at the
beginning of interphase to give rise to a single or very few nucleoli (Olson and Dundr 2010).
The nucleolus is not membrane-bound, instead it is demarcated by a dynamic layer of
heterochromatin that can be easily visualized by microscopy (Miller and Beatty 1969; Olson et
al. 2002). In S. cerevisiae the nucleolus is crescent shaped and is found in contact with the

nuclear envelope (Smitt et al. 1973).



The main known functions of the nucleolus are rRNA transcription and ribosomal
subunit assembly (Mosgoeller et al. 1998). Nucleoli typically consist of three subcompartments:
a fibrillar center (FC) where the rDNA is localized, a dense fibrillar component (DFC) harboring
nascent rRNA transcripts, and a granular component (GC) which consists mostly of the later
stages of rRNA processing and ribosomal subunit assembly (Bernhard and Granboulan 1968;
Mosgoeller et al. 1998). The nucleolar FC is present in vertebrates but is usually lacking in
lower eukaryotes like yeasts (Thiry and Lafontaine 2005). The assembly of the ribosomal
subunits requires many ribosomal proteins, which are transcribed by RNA polymerase Il in the
nucleoplasm (through the conventional protein synthesis pathway) and later transported into
the nucleolus (reviewed in Raska et al. 2004). A number of unexpected proteins and RNAs
have been detected in nucleoli, suggesting alternative non-traditional roles for the nucleolus
besides ribosome biogenesis (Olson 2004). These proposed roles include tRNA maturation,
partial assembly of telomerase complexes, cell cycle regulation through protein sequestration,
viral replication, aging, epigenetic silencing, and the cellular stress response (reviewed in
Boisvert et al. 2007; Sirri et al. 2008; Olson and Dundr 2010).

The nucleolus assembles following exit from mitosis and remains functional through
interphase, which coincides with the highest ribosome production during the cell cycle. Pol |
and the rest of the rRNA transcription factors, together with the ribosome assembly machinery,
are all sequestered in the nucleolus. Before or during prophase, rRNA transcription shuts down
and the nucleolus disassembles. The nucleolar components are dispersed to various parts of
the cell, with only the transcription machinery remaining associated with the NORs (Raska
2004). To maintain an intact nucleolar structure, both the rDNA repeats and RNA polymerase |
are necessary (Oakes et al. 1993). Yeast mutants defective in Pol | exhibit structural alterations
of the nucleolus (Oakes et al. 1993), demonstrating that presence of the rDNA repeats alone is
not sufficient for nucleolar localization to the nuclear periphery, and intact Pol | is required for
both nucleolar structure and localization (Nogi et al. 1991b; Oakes et al. 1993). Moreover,
localization of rDNA transcription factors to a region in the chromosome can induce the
formation of pseudonucleoli (Mais et al. 2005; Grob et al. 2014). In addition, the rDNA
facilitates structural stability of the nucleolus, as deletion of the chromosomal rDNA in yeast

disrupts nucleolar structure (Oakes et al. 1998).
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1.2.3 RNA polymerase | transcription of rRNA

Active rRNA genes have a high Pol | loading of up to ~50 Pol | complexes per gene at
a time, resulting in a high transcriptional rate (French et al. 2003). In yeast, initiation of rDNA
transcription begins with the recruitment and assembly of Pol | and other transcription factors
into a pre-initiation complex (PIC) at the rRNA gene (Hontz et al. 2009). Successful PIC
formation leads to promoter opening and initiation of transcription, and this is followed by
elongation (Russell and Zomerdijk 2005). At least three transcription factors that form part of
the PIC have been identified in yeast: upstream activation factor (UAF), core factor (CF) and
Rrm3p; but Pol | is the most prominent component of the PIC (reviewed in Reeder 1999;
Nomura 2001). The yeast Pol | complex consists of 14 subunits, three of which are common to
all RNA polymerases (Pol I, Pol II, and Pol Ill), and two others are common to Pol | and Pol I
only. The remaining subunits are specific to Pol I, and include the largest (A190) and the
second largest (A135) subunits (Yano and Nomura 1991). Inactivation of the genes encoding
for A190 and A135 has been used to create mutants defective in rRNA synthesis (Nogi et al.
1991a).

The multiple rRNA gene copies are not all actively transcribed to produce rRNA.
Miller's pioneering work was the first to show that only a fraction of the rDNA repeats are
transcriptionally active, while the rest are in an inactive state (Miller and Beatty 1969). The ratio
of transcriptionally active and inactive rRNA genes is stable through the cell cycle (Conconi et
al. 1989), and is estimated to be about 50:50 in S. cerevisiae (Sogo et al. 1984; Dammann et
al. 1993). Despite this mixed population of active and inactive repeats, rDNA transcription
occurs at a very high rate on the active copies, with Pol | being able to transcribe multiple rRNA
copies from a single repeat at the same time (French et al. 2003). Distinction between active
and inactive rDNA copies has been achieved through the in vivo accessibility of active repeats
when treated with the drug psoralen. Psoralen is only able to crosslink the transcriptionally
active rDNA sites that are maintained in an open, psoralen-accessible chromatin state, while
the inactive repeats shielded by nucleosomes remain inaccessible (figure 1.4) (Dammann et al.
1993; Lucchini and Sogo 1995), and these two repeat types can be distinguished

electrophoretically.
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Figure 1.4. The rDNA array contains a combination of transcriptionally active and

inactive rDNA copies. Yellow stars represent RNA Pol | located on transcriptionally active rDNA genes and
the lines associated with each star represent pre-rRNA transcripts being synthesized. Inactive rDNA genes
provide a docking platform for the association of condensin complexes (red ovals). Black boxes represent regions
associated with cohesin (figure from Aragon 2010).

Pol | ftranscriptional silencing of the rDNA repeats is associated with its
heterochromatic state. However, a number of non-rRNA transcripts are transcribed from the
rDNA through the action of Pol Il (Kobayashi and Ganley 2005; Li et al. 2006). There appears
to be a separate silencing to that involved in differentiating active from inactive rDNA unit, in
which chromatin structure limits accessibility of the Pol Il transcription machinery to the rDNA
(reviewed in Cioci et al. 2003). This Pol Il silencing at the rDNA is mediated by Sir2 (Pasero et
al. 2002), but is distinct from the Sir2 silencing at the mating type loci and telomeres, and
involves formation of the regulator of nucleolar silencing and telophase exit (RENT) complex
through association of Sir2 with Net1 (also called Cfi1) and Cdc14. Net1 is required for Sir2
localization to the rDNA (Straight et al. 1999), while the Cdc14 phosphatase, known to regulate
exit from mitosis, is repressed through its association with Net1 (until the start of anaphase)
(Shou et al. 1999). The RENT complex is recruited to the IGS, and specifically to the RFB site
through interactions of Net1 with a replication fork blocking (RFB) protein called Fob1 (Huang
and Moazed 2003; Wierman and Smith 2014). Pol Il transcriptional silencing and its
consequent RENT complex recruitment allows sequestration of Cdc14 in the nucleolus until

cells are ready for mitotic exit (Shou et al. 1999).
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1.2.4 rDNA replication

An rDNA origin of replication (rARS) is present in the IGS of each rDNA repeat and
rDNA replication occurs during S-phase (figure 1.3) (Miller and Kowalski 1993). However, it is
estimated that in yeast only about ~20% of rARSs are initiated in every cell cycle (Brewer and
Fangman 1987), with activation of rARSs being suppressed by Sir2 (Pasero et al. 2002).
Replication of the rDNA repeats is initially bidirectional, however, when bound by Fob1, the left
replication fork arrests at the replication fork barrier (RFB) site, while the right-bound replication
fork continues until it converges with another replication fork arrested at another RFB site. In
this manner, rDNA replication is completed in a mostly unidirectional manner (reviewed in
Torres 2015). The reason for the unidirectional replication of the rDNA is believed to be to

prevent collision between the transcription and replication machineries (Takeuchi et al. 2003).

1.2.5 rDNA recombination

Recombination at the rDNA is very frequent, and this manifests as copy number
fluctuations (Ganley and Kobayashi 2011 and citations within). rDNA recombination is
mediated by Fob1 and Kobayashi has proposed a model, the fork block-dependent
recombination model (figure 1.5) (Kobayashi et al. 1998), that outlines how the majority of
rDNA recombination in yeast is believed to occur. In this model, Fob1 binds the RFB site to
block replication, and this results in a double stranded break (DSB) that is repaired through
homologous recombination. The repeats all have very similar DNA sequences, therefore strand
invasion for repair can occur with the neighboring repeat from the sister chromatid, or with any
other repeat, resulting in equal or unequal sister-chromatid recombination, respectively. The
latter leads to copy number change, and the deletions and amplifications that have been
observed in the rDNA (Ganley and Kobayashi 2011) are thought to result from unequal rDNA
recombination, and are stimulated by noncoding transcription from the bidirectional E-pro
promoter (Kobayashi and Ganley 2005). E-pro transcription displaces cohesin (from its binding
site in IGS1) and biases recombination towards unequal sister chromatid recombination,
resulting in rDNA copy number change. Repression of E-pro activity by Sir2 (Kobayashi et al.
2004) allows cohesin access and prevents copy number changes by restricting the
recombination to equal sister chromatid recombination (figure 1.5). Despite these deletions and

amplifications, the rDNA is maintained at relatively stable copy numbers within a species. Since
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rDNA recombination is Fob1 dependent, deletion of FOB1 prevents both amplifications and
deletions from occurring and thus freezes rDNA copy number. This has been the basis for the

creation of yeast strains that have a fixed number of rDNA copies (Takeuchi et al. 2003; Ide et
al. 2010).
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Figure 1.5. rDNA amplification model. Grey lines represent single chromatids (double stranded DNA)
while each green line represents an independent 35S rRNA copy. Replication blocking by Fob1p at the RFB site
induces a double stranded break, which is repaired by recombination in the presence or absence of cohesin. (A)
The cohesin complex is able to associate with the rDNA only when E-pro is silenced by Sir2. This results in equal
sister chromatid recombination and no rDNA repeat number change after recombination. (B) When E-pro is active,
its transcription activity prevents binding of cohesin and allows the damaged rDNA copy to recombine through
unequal sister chromatid recombination, resulting in repeat number change (Kobayashi et al., 1998; figure from
Kobayashi 2011b).

1.2.6 Cohesin association at the rDNA

The IGS of the yeast rDNA has been shown to contain a cohesin association region
(CAR) that requires several mediators for stable cohesin association. Lrs4 and Csm1 are two

such mediators, and they are both part of a kinetochore associating complex called monopolin
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that is important for general chromosome segregation fidelity (Huang et al. 2006). Huang et al.
(2006) have proposed a model for cohesin association with the rDNA, in which a protein bridge
forms between sister chromatids. The formation of this bridge starts with Fob1 recruiting the
RENT complex (through a non-catalytic domain of Sir2 (Wu, 2011) and Tof2, which is a protein
required for Lrs4/Csm1 recruitment. Lrs4/Csm1 may then form a protein bridge that clamps
sister chromatids together through Csm1 association with cohesin, thus restricting the
movement of sister chromatids relative to each other. This rDNA-specific recruitment of
cohesin ensures that, like the rest of the genome, sister chromatids containing the rDNA array

are held together until the cell is ready to proceed with their separation.

1.2.7 rDNA cohesin-independent cohesion and condensin association

Newly replicated sister chromatids are held together through cohesin linkages until
cohesin cleavage by separase allows their separation in anaphase. However, after removal of
cohesin, sister chromatids remain attached at the rDNA locus through cohesin-independent
linkages until the end of anaphase (Tomson et al. 2006). Not much is known about these
cohesin-independent linkages, but their removal has been shown to require Cdc14 activation
and condensin recruitment (D'Amours et al. 2004; Sullivan et al. 2004). A model proposed by
Clemente-Blanco et al. (2009) summarizes what is known about the sequence of events that
leads to sister chromatid segregation at the rDNA locus (figure 1.6). Cdc14 is found in the
nucleolus, inhibited by Net1 until the start of anaphase, and inhibition of Cdc14 phosphatase
activity is required for efficient rRNA transcription. After cohesin removal by separase, Cdc14 is
activated at the onset of anaphase and once activated, Cdc14 inhibits transcription by Pol .
Nascent rRNA transcripts are known to block condensin from binding to the rDNA, so once
rDNA transcription is significantly reduced by Cdc14, condensin can access the rDNA to
condense each chromatid in preparation for segregation (Strunnikov 2003). However, at this
point the sister chromatids remain associated at the rDNA regions through the cohesin-
independent linkages. Condensin has been proposed to mediate the removal of the cohesin-
independent linkages at the rDNA, and the removal of these linkages leads to completion of

chromosome XlI segregation.
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Figure 1.6. Schematic representation of CDC14-dependent rRNA transcription inhibition

during yeast anaphase. Following removal of cohesin, transcription is inhibited by Cdc14 phosphatase
through repression of Pol | (represented by the black dots). According to this model, the condensin complex
cannot access chromatin until rRNA transcription is significantly reduced during anaphase. Sister chromatids
remain attached at the rDNA until the end of anaphase through cohesin-independent linkages. The rDNA array is
shown in darker grey on the long arm of chromosome XI! (figure from Clemente-Blanco et al. 2009).

Condensin association with the rDNA has been shown to be enriched at the RFB site
in a Fob1-dependent manner (Johzuka and Horiuchi 2009). Genetic screens have identified
three genes, TOF2, LRS4 and CSM1 that are required for the Fob1-dependent recruitment of
condensin to the RFB. ChIP experiments have revealed that Fob1 associates with the RFB site
directly, followed by the orderly recruitment of Tof2, Lrs4/Csm1 and lastly condensin (Johzuka
and Horiuchi 2009). Although no direct interactions have been observed between Fob1 and the
subunits of condensin in co-immunoprecipitation experiments, two-hybrid analysis suggests an
in vivo interaction between Lrs4/Csm1 and multiple subunits of condensin (Wysocka et al.
2004; Johzuka and Horiuchi 2009). Thus, condensin association to the RFB site, like cohesin,

involves Fob1 mediated interactions that are unique to the rDNA.

1.3 AIMS AND OBJECTIVES

In 1985 Babu and Verma first proposed that the high frequency of Down syndrome in
humans that is a consequence of nondisjunction of chromosome 21 may be a result of the
presence of the rDNA on this chromosome. Although this hypothesis has never been tested
and other factors have been proposed to mediate the high rate of chromosome 21 meiotic
nondisjunction, a number of observations in yeast suggest a link between the rDNA and
chromosome segregation. These observations include the requirement for Cdc14 activity for
rDNA compaction (Machin et al. 2006), the unique cohesin-independent cohesion of the rDNA

locus (Tomson et al. 2006) (section 1.2.7), and the unique ways in which the rDNA behaves
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with respect to transcription (section 1.2.3), replication (section 1.2.4) and recombination
(section 1.2.5). Further, studies that have monitored segregation of chromosome XII harboring
the rDNA by visualization of the rDNA-binding protein Net1 fused to GFP have shown that
yeast cells display a late rDNA segregation phenotype where the rDNA trails behind the rest of
the genome (D'Ambrosio et al. 2008b; Miyazaki and Kobayashi 2011). Together, these
observations suggest that the rDNA may be influencing the chromosome segregation in
eukaryotes, therefore, the aim of this thesis is to test the hypothesis that the rDNA repeats
affect chromosome segregation. Yeast is a natural diploid that is able to tolerate aneuploidy
(Mulla et al. 2014; Torres 2015), and thus has been the gold standard to study eukaryotic
chromosome segregation. Moreover, the range of genetic manipulations for the rDNA that are
available in yeast are unparalleled in any other system (section 1.2.1.1). Therefore, | chose to
explore the effect of rDNA on mitotic chromosome segregation of S. cerevisiae. In humans the
majority of non-disjunctions arise from errors in meiosis (Hassold et al. 1996). Nonetheless |
chose to explore mitosis because developing a system to measure meiotic chromosome loss
conveys an added difficulty as it requires the isolation of haploid meiotic products in the
absence of diploids; while developing a system to measure mitotic chromosome loss
circumvents this difficult pre-requisite. | will address three specific objectives in this study:
1. To establish and optimize an assay that determines the rate of chromosome loss
during yeast mitosis to quantify chromosome segregation fidelity.
2. To use the assay from (1) to determine if the rDNA repeats affect chromosome
segregation by evaluating strains with different rDNA alterations.
3. To distinguish whether any rDNA-mediated effects on chromosome segregation
are specific to the rDNA-containing chromosome or affect chromosome

segregation generally.
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CHAPTER TWO: MATERIALS AND
METHODS
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2.1 YEAST STRAINS, BACTERIAL STRAINS AND PLASMIDS

All yeast strains and bacterial strains used in this study are listed in table I, and

plasmids in table II.

Table I. List of strains

Asterisks next to the strains name designates strains used for the chromosome loss assay (CLA)

Strain ‘ Features ’ Genotype ‘ Origin
S. cerevisiae
X120 (strain . (Nogi et al.
NOY408-1a W303-1b) MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 1991a)
XII200 (strain , (Nogi et al.
NOY408-1b W303-1a) MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 1991a)
. MATa rpa135A::LEU2 ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112
NOY866 RPAT35 deletion | ;an1-100 fob1:HIS3, pNOY117 (CEN RPA135 TRP1) DNA copy | (rench etal.
haploid 0. ~40 2003)
MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11,15 can1-100 (Oakes et al.
0
NOY984 XllP+HP rdnAA:hisG, pNOY130 2006)
WT haploid with
NOY2029 hygromycin MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11,15 can1-100, DNA* | (Oakes et al.
resistant rDNA array substituting for RDN1 2006)
array
. MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11,15 can1-100 (Oakes et al.
200 0
NOY2030 VAl rdnAA:hisG, rDNA* array near CEN5 2006)
. MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11,15 can1-100, RDN1 | (Oakes et al.
200 \/200
NOY2053 XV and rDNA* array near CEN5 2006)
MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXil- (Takeuchi et
TAK300 X120 fob1::HIS3 109,570::kanMX2 ChrX1l-223,830::URA3 fob1::HIS3 al. 2003)
RDNA1~20copies '
_— NOVATE1aWIN | MATa ade2-1 urad-1 hisa-11 tp1-1 leu2 3,112 cant-100 Chixil- | -
109,570::kanMX2 ChrXIl-223,830::URA3 y
chromosome Xl
X[[200KU 2glig8'1b with MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXil- This stud
109,570::kanMX2 ChrXIl-223,830::URA3 y
chromosome Xl
MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1- ggﬁf?’an ;
X|]200/200KU WT 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXII- Koba );shi
109,570::kanMX2/ChrXIl ChrXlI-223,830::URA3/ChrXil (unpuyblishe )
MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1- Ogawa,
X|[00KU+HP rDNA deletion / 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXIl- Ganley and
0-copy 109,570::kanMX2/ChrXIl ChrXlI-223,830::URA3/ChrXil Kobayashi

rdn1AA/rdn1A::HIS3 +HP

(unpublished)

X||200/200KU+ HP

HP control (WT

MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll-

This study

with HP) 109,570::kanMX2/ChrXIl ChrXil-223,830::URA3/ChrXIl +HP
MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1- Ogawa,
X|1200200KU fopy1- FOB1 disruption / | 1/trp1-1leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXIl- Ganley and
fob1- 109,570::kanMX2/ChrXIl ChrXll-223,830::URA3/ChrXIl, Kobayashi

fob1::LEU2/fob1::LEU2

(unpublished)
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XI[2020KU fop1-

20-copy

MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXII-
109,570::kanMX2/ChrXIl ChrXlI-223,830::URA3/ChrXil
fob1::.LEU2/fob1::LEU2 RDNA1~20copies/RDNA1~20copies

Ogawa,
Ganley and
Kobayashi
(unpublished)

spore from strain

MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXil-

XI120kU foh1- XI|20120KU foh 1- 109,570::kanMX2 ChrXIl-223,830::URA3 fob1::LEU2 This study
(fob1::LEU2) RDNA1~20copies
fe Oi Z};“n?é'r‘]‘fsrwa MATa ade2-1 ura3-1 his3-11 to1-1 leu2-3,112 can1-100 ChrXIl-
XII20KU fob1::HIS3 in Zpore X|[20KU P 109,570::kanMX2 ChrX1l-223,830::URA3 fob1::HIS3 This study
fob1- (leu2:His3) | PNAT~20copies
i OE lg”nfe”::r MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXIl-
X120 fob1::ADE2 prac 109,570::kanMX2 ChrXIl-223,830::URA3 fob1::ADE2 This study
swap in TAK300 | prna1~20copies
(his3::ADE2) P
, MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
200/200KU -
)él') o +pGAL ?’rYdTuVC"i'ttfl‘eF ?aBS Zni o | 1p1-1 w23, 112/leu2-3, 112 cant-100/cant-100 ChrXII-109,570: | This study
P -kanMX2/ChrXIl ChrXl-223,830::URA3/ChrXil +pGAL-FOB1
FOB1 disruntion MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
XI[200200kU fop 1- with FOB1 P 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXil- This stud
+pGAL-FOB1 inducible plasmid 109,570::kanMX2/ChrXIl ChrXIl-223,830::URA3/ChrXIl, uay
P fob1::.LEU2/fob1::.LEU2 +pGAL-FOB1
MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X|[2920KU fop - 20-copy with 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXil-
+0GAL-FOBT FOB1 inducible 109,570::kanMX2/ChrXIl ChrX1l-223,830::URA3/ChrXil This study
P plasmid fob1::LEU2/fob1::LEU2 RDNA1~20copies/RDNA1~20copies
+pGAL-FOB1
DNA delstion MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
. 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXII- .
0/0KU - 4 4
XIPAETobT+HiP | wih FOBT 109,570::kanMX2/Chrxl ChrXIl-223,830::URA3/ChiXIl This study
P rdn1AA/rdn1A::HIS3 +HP, fob1::LEU2/fob1::LEU2
K spore 1A from MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXII- .
XIFEHP strain XIOOU+HP | 109,570:kanX2 rdn1A:HIS3 +HP This study
spore 1B from MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 rdn1AA .
XIie+HP strain XIOOU+HP | +HP This study
XIIOKU+HP spore 1C from MATa a<'1.e2-1 ura3-1 his3-11 trp1-“1 leu2-3,112 can1-100 ChrXII- This study
strain XII00KU+HP | 109,570::kanMX2 ChrXil-223,830::URA3 rdn1AA +HP
FOB1 disruption .
. MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXil- .
0KU - 4
X fobt-+HP | in spore 1C fom | 4ng o70. kanMix2 Chrxil-223,830::URA3 rdn1AA +HP, fob1:HIS3 | T StUY
strain X|I90KU+HP
U spore 1D from MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXIl- .
XIE+HP strain XIDKU+HP | 223,830::URA3 rdn1A:HIS3 +HP This study
0 spore 2A from MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 .
XIF+HP strain XIDKU+HP | rdn1A:HIS3 +HP This study
X|[0KU+HP spore 2B from MATa aqe2-1 ura3-1 his3-11 trp1-“1 leu2-3,112 ??n1 -100 ChrXIl- This study
strain XII00KU+HP | 109,570::kanMX2 ChrXll-223,830::URA3 rdn1A::HIS3 +HP
0 spore 2C from MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 rdn1AA .
XII0+HP strain XII0KU+HP | +HP This study
XIIOKU+HP spore 2D from MATa a(.1'e2-1 ura3-1 his3-11 trp1-“1 leu2-3,112 can1-100 ChrXlI- This study
strain XII00KU+HP | 109,570::kanMX2 ChrXII-223,830::URA3 rdn1AA +HP
RPA135 deletion/ MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X|]200/200KU r0a1350-LEUY/ 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXil- This stud
rpa135A+HP rp 2135 A“/r 2135 109,570::kanMX2/ChrXIl ChrX1l-223,830::URA3/ChrXIl y
P P rpa135:LEU2/rpa135:LEU2 +HP
X[[200/200KU MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1- Woods,
RPA135/ma135A- heterozygous 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll- Quintana and
LEU?2 +HPp " | RPA135deletion | 109,570::kanMX2/ChrXIl ChrX1I-223,830::URA3/ChrXil Ganley

RPA135/rpa135::LEU2 +HP

(unpublished)
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spore from strain

X |200KU .
. X[]200/200KU MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXil- .
g’mm"LE U2H | 1ha1350+HP with | 109,570::kanMX2 ChrIi-223,830::URA3 rpat35:LEU2 +HP This study
CLA markers
X200 unmarked spore '
. from strain MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 .
Ir:€)a1 35A::LEU2+H X|[200/200KU 1pat35:LEU2 +HP This study
rpa135A+HP
FOB1 disruption MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X|[200200K a2 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXIl- This study
pat35+HP fobt- | B act S . | 109,570:kanMX2/ChrXIl ChiXil-223,830:URAS/Chrxil
RPA135/mpa135:LEU2 fob1::HIS3/fob1:HIS3 +HP
X[[200/200KU Heterozygous MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
1pat1354+HP FOB1 disruption 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll- This study
P Biiopi-His3 | Witha RPAT3S | 109,670:kanMX2/ChrXIl ChiXil-223,830:URA/ChrXIl
g deletion RPA135/mpa135:LEU2 FOB1/fob1::HIS3 +HP
spore from strain
Xl[200ku X|[200/200K MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrXIl-
rpat135A+HP rpat135A+HP 109,570::kanMX2 ChrXIl-223,830::URA3 pa135:LEU2 fob1:HIS3 | This study
fob1:HIS3 fob1:HIS3 with | +HP
CLA markers
unmarked spore
X112 1pa135A+HP fxfﬁggogggi'un MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 This study
fob1:HIS3 pat354+HP rpa135:LEU2 fob1::HIS3 +HP
fob1::HIS3
— ﬁg;;’g%gous it | MAT&/MATG ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
RPA135/at354: | FOBY distuption 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXII- This study
LEUZHHP fob - | hetorozygous for. | 10%:570:kanMX2(ChrXil ChrXil-223,830::URAS/Chrl
RPA198 dolotion | RPA138/pat35:LEU2 fob1::HIS3/ob1::HIS3 +HP
20-copy
KI92K0 fop - Qg"éjzggf;‘;tl"g';h MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
RPA135/pat354: | heterozygous for’ 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXII- This study
a2 ADRotHR. | RPA13 deletion | 109570:kanMX2/ChrXl ChiXil-223,830:URAS/Chrxil
g ' ! RPA135/pa135::ADE2 fob1::HIS3/fob1::HIS3 +HP
with replacement
marker swap
Lszztatzus MATa/MATa ade2-1/ade2-1 urad-1/ura3-1 his3-11/his3-11 trp1-
XI[20020KU fop - o FoyBg1 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXl-
RPA135/pa13sA: | o o 109,570::kanMX2/ChrXIl ChrXil-223,830::URA3/ChrXll, fob1::HIS3, | This study
LEU2+HP notorozygous for | RDNAT~2000piesIRDNT RPA135i1pat35:LEU2
o198 dolotion | 0D1HISHMob1::HIS3 +HP
Spore 1A from
XII29K fob - sirain XI20020K0 | MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100
rpa135A::.LEU2 fob1- rpa135::.LEU2 fob1::HIS3 RDNA1~20copies ChrXIl- This study
+HP RPA135/pat1354 | 109,570::kanMX2 +HP
LEU2+HP
Spore 1B from
XI5 fob 1 s XIS \IATa ade2-1 urad-1 his3-11 tip1-1 leu2-3,112 can1-100 s sudy
RPA135+HP RPA135/patass | 1Ob1HIS3 RONAT~50copies +HP
LEU2+HP
Spore 1C from
XII-500 fob 1 suan X AT ade2-1 uras-1 his3-11 tp1-1 leu2-3, 112 cant-100 —
RPA135+HP ;,’P A135/patass | T0b1:HIS3 RONAT-50copies ChrXIl-223,830:URAZ +HP IS study
LEU2+HP
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Spore 1D from

XII20KU foh 1- strain  X|I120020KU | MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100
rpa135A::.LEU2 fob1- rpa135::LEU2 fob1::HIS3 RDNA1~20copies ChrXIl- This study
+HP RPA135/rpa135A | 109,570::kanMX2 ChrXll-223,830::URA3 +HP

ZLEU2+HP

Spore 2A from

strain X|]200/20KU .
XII-5K fob1- fob1- MATa ade2-1 ura3-1 hls371 1trp1-1leu2-3,112 can1-100 This study
RPA135+HP RPA135/a1351 fob1::HIS3 RDNA1~50copies ChrXIl-109,570::kanMX2 +HP

ZLEU2+HP

Spore 2B from
XI20V fob1- strain  XII20020KV | MATa? ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100
rpa135A::LEU2 fob1- rpa135::LEU2 fob1::HIS3 RDNA1~20copies ChrXIl-223,830::URA3 | This study
+HP RPA135/rpa135A | +HP

ZLEU2+HP

Spore 2C from
XII-50KU foh 1- strain  XI[20020K0 | MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 .
RPA135+HP fob1- fob1::HIS3 RDNA1~50copies ChrXIl-109,570::kanMX2 ChrXIl- This study

RPA135/rpa135A | 223,830::URA3 +HP

ZLEU2+HP

Spore 2D from
o ey | an X MATa? ade2-1 ura3-1 hisa-11 tp1-1 leu2-3,112 cant-100 s sudy
+HP RPA135/pat354 rpa135::LEU2 fob1::HIS3 RDNA1~20copies +HP

LLEU2+HP

Spore 3A from

strain X|]200/20KU .
XII-5K fob1- fob1- MATa? ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 This study
RPA135+HP RPA135/pat35A fob1::HIS3 RDNA1~50copies ChrXIl-109,570::kanMX2 +HP

ZLEU2+HP

Spore 3B from

strain  X|/200/20kU .
XII-50K fob1- fob1- MATa? ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 This study
RPA135+HP RPA135/pat354 fob1::HIS3 RDNA1~50copies ChrXIl-109,570::kanMX2 +HP

ZLEU2+HP

Spore 3C from
X120V fop1- strain  XII20020KU | MATa? ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100
rpa135A::.LEU2 fob1- rpa135::LEU2 fob1::HIS3 RDNA1~20copies ChrXIl-223,830::URA3 | This study
+HP RPA135/rpa135A | +HP

LLEU2+HP

Spore 3D from
XI[20U fob1- strain  XII20020KU | MATa? ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100
rpa135A::LEU2 fob1- rpa135::LEU2 fob1::HIS3 RDNA1~20copies ChrXIl-223,830::URA3 | This study
+HP RPA135/rpa135A | +HP

ZLEU2+HP

Spore 4A from
XI120KU fop1- strain X|]200/20KU MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100
rpa135A::.LEU2 fob1- rpa135::.LEU2 fob1::HIS3 RDNA1~20copies ChrXIl- This study
+HP RPA135/rpa135A | 109,570::kanMX2 ChrXll-223,830::URA3 +HP

ZLEU2+HP

Spore 4B from

strain  XI]200/20KU .
XII-50K fob 1- fob1- MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 This study
RPA135+HP RPA135/pat35A fob1::HIS3 RDNA1~50copies ChrXIl-109,570::kanMX2 +HP

ZLEU2+HP

Spore 4C from
X120V fop1- strain ~ XII20020kU | MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100
rpa135A::.LEU2 fob1- rpa135::.LEU2 fob1::HIS3 RDNA1~20copies ChrXIl-223,830::URA3 | This study
+HP RPA135/rpa135A | +HP

LLEU2+HP
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Spore 4D from

X150 fob1- ?;f;” XIS \IATa ade2-1 urad-1 his3-11 tip1-1 leu2-3,112 can1-100 This sudy
RPA135+HP RPA135/pa135A fob1::HIS3 RDNA1~50copies +HP
ZLEU2+HP
. MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
igg);ogz. E’Z‘Eﬁ;/ ngﬁoiiséf:}or 1p1-1 leu2-3, 112/leu2-3,112 can1-100/can1-100 ChrXIl- his sty
e RPA138 delation | 109570:kanMX2/ChrXil ChrXIl-223,830::URAS/ChrXIl
RPA135/pa135::LEU2 rdn1AA/rdn1A::HIS3 +HP
X{12000KU 26;6;2%%0“3 O | MATa/MATa ade2-1/ade2-1 ura3-1/ura-1 his3-11/his3-11 trp1-
RPA135/rpa135A deletion. a rDNA 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll- This study
+HP deletion’an da 109,570::kanMX2/ChrXIl ChrXII-223,830::URA3/ChrXll
FOB1/fob1::HIS3 o FOB1/fob1::HIS3 RPA135/rpa135::LEU2 RDN1/rdn1AA +HP
FOBT1 disruption
DNA state MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X|[0200KU+HP heterozygous 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXIl- This study
01200 109,570::kanMX2/ChrXIl ChrXIl-223,830::URA3/ChrXIl,
RDNA1/rdn1A::HIS3G +HP
(DNA state MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X|[2000KU+HP heterozygous 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXIl- This study
200/0 109,570::kanMX2/ChrXIl ChrXil-223,830::URA3/ChrXIl,
RDNA1/rdn1A::HIS3G +HP
(DNA state MATaMATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X|[20200KU fp - heterozygous 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXiI- This study
20/200 109,570::kanMX2/ChrXIl ChrXIl-223,830::URA3/ChrXIl,
fob1::HIS3/fob1::HIS3, RDNA1/RDNA1~20copies
(DNA state MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X[120020KU fppy 1- heterozygous 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXIl- This study
200/20 1 09,570::kanMX2/Cthll ChrXIl-223,830::URA3/ChrXIl, fob1::HIS3,
RDNA1~20copies/RDN1
DNA state MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
XII290KU fob-+HP | heterozygous 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll- This study
20/0 109,570::kanMX2/ChrXIl CthI{-223, 830::URA3/ChrXllI,
rdn1A::HIS3G/RDNA1 ~20 copies +HP
DNA state MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
XIIV2KU fop1-+HP | heterozygous 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXII- This study
0120 109,570::kanMX2/ChrXIl ChrX1l-223,830::URA3/ChrXIl, RDNA1
~20 copies/rdn1A::HIS3G +HP
Chromosome V MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1- .
\/0/0KU X]|200/200 WT 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrV- This study
108,414::URA3/ChrV ChrV-424,837::kanMX2/ChrV
Chromosome V] MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
\/|0/0KU X |[200/200 WT 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI- This study
38,790::URA3/ChrVI ChrVI-172,381::kanMX2/ChrVI
Chromosome V ,
MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrV- .
VIOXIER hmaagll;?g wT 108,414:URA3 ChrV-424,837: kanMX2 This study
Chromosome VI .
MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrVI- .
Ve X L"f;fﬁ?éj wT 38,790:URA3 ChrVI-172,381: kanlx2 This study
Cramesono | TSI ST TS TS e T
rp1-1leu2-3,112/leu2-3,112 can1-100/can1- rVi- .
VEREXIPEP: | marked ONA | 36 700:URAS/ChrVI Chr1-172,381: KanMX2/ChrV), This study
rdn1AA/rdn1A::HIS3 +HP
NP ggﬁg‘gfgﬂf\ VU | MATa ade2-1 uras-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrV- s sudy

deletion haploid

38,790::URA3 ChrVI-172,381::kanMX2 rdn1AA +HP
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MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-

V[010KU X{{2001200 ﬁgﬂi’;’ﬁ%‘;v' 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI- This stud
fob1- disruption 38,790::URA3/ChrVI ChrVI-172,381::kanMX2/Chr VI, y
fob1::LEU2/fob1::HIS3
VIoKU {200 %er‘;g‘ﬁ%”;\” MATa ade2-1 ura3-1 his3-11 tip1-1 leu2-3,112 cant-100 ChrVl- | -
fob1::LEU2 disrunt .| 38,790::URA3 ChrVI-172,381::kanMX2 fob1::LEU2 y
isruption haploid
MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
| Chromosome VI | 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI- .
VIREXIEEAODT | orked 20-copy | 38,790::URAS/ChrVI ChrVI-172,381:kanMX2/ChrV, This study
fob1::LEU2/fob1::HIS3 RDNA1~20copies/RDNA1~20copies
- gzrri:;;%rg:yl MATa ade2-1 ura3-1 his3-11 trp1-1 leu2-3,112 can1-100 ChrVi-
fob 1 . . 38,790::URA3 ChrVI-172,381::kanMX2 fob1::LEU2 This study
ob1::.LEU2 haploid (derived RDNA1~20copies
from TAK300)
ﬁgﬁ;”gfgﬂf\ VU | MATaMATalpha ade2-1/ade2-1 urad-1/ura3-1 his3-11/his3-11 trp1-
VIOOKUX|0200+HP | state 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI- This study
heterozygote 38,790::URAS3/ChrVI ChrVI-172,381::kanMX2/ChrVI,
01200 RDNA1/rdn1AA +HP
ggrr‘;;”;fgm VU MATaMATa ade2-1/ade2-1 urad-1/ura3-1 his3-11/his3-11 trp1-
V/[0I0KU X]0/20 fob1- state 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI- This study
+HP heterozygote 38,790/ChrVI-38,790::URA3/ChrVI ChrVI-172,381::kanMX2/Chr VI,
0120 fob1::HIS3/fob1::HIS3 RDNA1~20copies/rdn1AA +HP
Hygromycin MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X[200200°KU resistant WT 1/trp1-1 can1-100/can1-100 ChrXll-109,570::kanMX2/ChrXil This study
ChrX1I-223,830::URA3/ChrXIl rdn1A::rdn1-HygR/RDN1
Chromosome XII
marked
X[[200KU hygromycin MATa ade2-1 ura3-1 his3-11 trp1-1 LEU2 can1-100 ChrXlI- This study
resistant WT 109,570::kanMX2 ChrXIl-223,830::URA3 rdn1::rdn1-HygR (rDNA*)
haploid. Derived
from NOY2029
WT with MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1
heterozygous a a ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X|200/200KU \/01200" DNA ;/(;gm -1 fEUZ//eu2-3, 112 can1-1 00/can1.-'1 00 ChrXlI- . This study
iranslocation on ,510..kanMX2/Cthll ChrX1-223,830::URA3/ChrXl rdn1-Hyg
(rDNA*) array near CEN5
chromosome V
NOY2053 with MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11,15 can1-100, RDN1 \({,lvl?iﬁ?:ﬁa and
X[|200KU \/200* marked and rDNA* array near CENS, ChrXII-109,570::kanMX2 ChrXII- Ganle
chromosome XII | 223,830::URA3 J
(unpublished)
rDNA state MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
X[]0/200KU heterozygous for | 1/rp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXIl- This study
\/0/200°+HP chromosome XIl | 109,570::kanMX2/ChrXIl ChrXil-223,830::URA3/ChrXil,
(marked) and V RDNA1/rdn1A::HIS3G, rdn1-HygR (rDNA¥) array near CEN5 +HP
g‘é‘r\oit;gtzus o | MATaIMATG ade2-t/ade2-1 ura3-t/urad-1 his3-11/his3-11 trpt-
X1[0/200KU \/01200° chromosome XII 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXIl- .
tob1- +HP (marked) and V. 109,570::kanMX2/ChrXIl ChrXll-223,830::URA3/ChrXll, This study
harboring a " | RDNA1/rdn1A::HIS3G, rdn1-HygR (rDNA*) array near CENS,
. , fob1::ADE2/fob1::HIS3, +HP
FOB1 disruption
NOY2053 with
marked MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11,15 can1-100, RDN1
XI[200KU \/200" foh1- | chromosome XII | and rDNA* array near CENS, ChrXIl-109,570::kanMX2 ChrXll- This study
and a FOB1 223,830::URA3 fob1::ADE2
disruption
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WT with marked

MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-

02000 X j20200 :‘Sm\ozygous 1/t1p1-1 LEU2/leu2-3,112 can1-100/can1-100 ChrV- This study
' 108,414::URA3/ChrV ChrV-424,837::kanMX2/ChrV, rdn1-HygR
translocation on «
(rDNA*) array near CENS
chromosome V
NOY2053 with MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11,15 can1-100, RDN1 g&ﬁ?:ﬁa and
\/200°KU X [|200 marked and rDNA* array near CEN5 ChrV-108,414::URA3 ChrV- Ganle
chromosome V 424,837::kanMX?2 y
(unpublished)
WT haploid with
LEU? gene Woods,
XI1200\/0 repaired to use | MATa ade2-1 ura3-1 his3-11 trp1-1 can1-100 Quintana and
) Ganley
as a mating (unpublished)
marker
Double rDNA
oo | TS s s s oot
. - eu2-3,112 can1-100/can1-100, ChrV- uintana an
\/0P200KU X|[0/2004 HP :::jomosome Xl 108,414::URA3/ChrV ChrV-424,837::kanMX2/ChrV, rDNA* array Ganley
near CENS, RDN1/rdnAA::hisG, +HP (unpublished)
chromsosome V
(marked)
NOY2030 with MATa ade2-1 ura3-1 trp1-1 leu2-3,112 his3-11,15 can1-100
\/200°KU X0 marked rdnAA::hisG, rDNA* array near CEN5 ChrV-108,414::URA3 ChrV- This study
chromosome V 424,837::kanMX2
Double rDNA
state
heterozygous for | MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-
\/01200°KU X][0/200 chromosome XII | 1/trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100, ChrV- .
fob1- +HP and 108,414::URA3/ChrV ChrV-424,837::kanMX2/ChrV, rdn1-HygR This study
chromsosome V| (rDNA*) array near CENS, fob1::ADE2/fob1::HIS3,
(marked), RDN1/rdnAA::hisG +HP
harboring a
FOB1 disruption
NOY2053 with
\/200°KU X[J200 marked MATa ade2-1 ura3-1 trp1-1leu2-3,112 his3-11,15 can1-100, RDN1
fob1-ADE2 chromosome V and rDNA* array near CEN5 ChrV-108,414::URA3 ChrV- This study
- and a FOB1 424,837::kanMX2 fob1::ADE2
disruption
Schizosaccharomyces pombe
Used to amplify M. Yanagida
FY7950 (MY79) SpADE6 h-leu1 (Japan)
Escherichia coli
. F-mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 nupG recA1 | Invitrogen
TOP10 Usedfordloning | 21139 A(ara-leu) 7697 galE15 galk16 msL(StR) endA1 A- C4040
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Table Il. List of plasmids

Plasmid Features Origin
pCR2.1 vector containing the RPA135 gene and its
DAG135 flanking regions in the MCS. Refer to figure 4.21B for | This study
details.
YCpLac22 plasmid containing a galatose promoter fused
pGAL-FOB1 to the FOBT gene in the MCS. Refer to figure 4.14 for | This study
details.
. ) . Invitrogen K4500-01 (Yanisch-Perron et al.
pCR2.1 Linear TA cloning vector with T overhangs
1985).
HP . . (Wai et al. 2000) Kind gift of Takehiko
. pNOY353 . Refer to figure 4.5 for details. o . .
(helper plasmid) Kobayashi (National Institute of Genetics).
o Invitrogen SD0061 (Yanisch-Perron et al.
puUC19 E. coli cloning vector
1985).
S. cerevisiae - E. coli shuttle vector derived from pUC19.
This plasmid contains the puC19 MCS, ampR, S. . .
YCplac22 S o B (Gietz and Sugino 1988).
cerevisiae origin of replication ARS1, the S. cerevisiae
CEN4 centromere, and TRP1.
S. cerevisiae - E. coli shuttle vector derived from pUC19.
YEpLac181 This plasmid contains the pUC19 MCS, ampR, S. (Gietz and Sugino 1988).
cerevisiae 2 um DNA replicating origin and LEU2.
S. cerevisiae - E. coli shuttle vector derived from pUC19.
YEpLac195 This plasmid contains the pUC19 MCS, ampR, S. (Gietz and Sugino 1988).
cerevisiae 2 um DNA replicating origin and URAS.
. (Voth et al. 2003) Kind gift of Evelyn
M3939 leu2::ADE2 marker swap plasmid o
Sattleger (Massey University).
(Voth et al. 2003) Kind gift of Evelyn
M2371 his3::ADE2 marker swap plasmid

Sattleger (Massey University).

28




2.2 GROWTH CONDITIONS

All strains (yeast and bacterial) were grown on agar plates or on liquid medium while

shaking at 150 rpm, and stored long term at -80 °C in 15% glycerol.

2.2.1 Yeast growth conditions

S. cerevisiae strains and the single S. pombe strain were grown on rich or selective
media at 30 °C. To grow yeast colonies on agar plates, a sterile loop was used to streak a
dash of yeast cells onto an agar plate. For liquid cultures, typically a single colony collected
from an agar plate was inoculated into liquid medium using a sterile loop, and grown on a

rotating wheel at 150 rpm.

2.2.2 Yeast media

All media were prepared using Milli-Q water and sterilized by autoclaving at 121 °C for
20 min.

2.2.2.1 Rich media: Yeast Peptone Dextrose (YPD) or Yeast Peptone Galactose (YPGal)
Media
S. cerevisiae rich medium contains:
- 20 g/L peptone (Formedium)
- 10 g/L yeast extract (YE, Formedium)
- 20 g/L glucose (Formedium) (YPD) or galactose (Formedium) (YPGal)
- To make agar plates: 20 g/L agar (Formedium).

2.2.2.2 Synthetic Dextrose (Usdin) or Synthetic Galactose (SGal) Media
Yeast selective medium consisted of:

- 6.9 g/L yeast nitrogen base (YNB, Formedium)

- 20 g/L glucose (Formedium) (Usdin) or galactose (Formedium) (SGal)

- 200 mg/L aa mix

-160 mg/L full mix (or dropout if selection was required).
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- To make agar plates: 25 g/L agar (Formedium).

2.2.2.3 Starvation Medium (SM)
Starvation medium consisted of:

- 10 mg/ml potassium acetate

- 0.05 mg/ml aa mix

- 0.04 mg/ml full mix

- 25 g/L agar.

2.2.2.4 Supplements, antibiotics and drugs

aa mix (used at a concentration of 200 mg/L): 0.4 g arginine, 0.4 g methionine, 0.6 g tyrosine,

0.6 g isoleucine, 0.6 g lysine, 1 g phenylalanine, 2 g glutamic acid, 2 g aspartic acid, 3 g valine,
4 g threonine, 8 g serine.

Full Mix (160 mg/L): 2 g adenine, 2 g uracil, 2 g tryptophan, 2 g histidine, 10 g leucine. Dropout

mixes were prepared as the full mix but without the specified amino acid.
5-Fluoroorotic Acid (5FOA): To supplement agar plates, 750 mg of 5FOA (Formedium) were

resuspended in 200 mL water (20% of the final volume), stirred for 1 hr while heated to 65°C,
and filter sterilized into the autoclaved SD Full medium, to a final concentration of 1 g/L 5FOA .

Geneticin (G418): To supplement agar plates, 187.5 mg of G418 (Formedium) were

resuspended in 50 mL of water and filter sterilized into autoclaved YPD or YPGal medium to a

final concentration of 250 mg/L G418.

2.2.2.5 EMM-N medium for S. pombe

For S. pombe 23.7 g/L Edinburgh Minimal Media broth without nitrogen (EMM-N)
(Formedium PMD1301) was used, supplemented with 0.925 g¢/L adenine dropout mix
(containing equal amounts of histidine, lysine, uracil, and leucine). For plates, 20 g/L agar
(Formedium) was added.

2.2.3 Bacterial media and growth conditions

All bacterial strains were grown at 37 °C on sealed agar plates or in liquid medium
while shaking at 150 rpm. The bacterial medium used was Luria-Bertani (Alberts et al.) (1%

NaCl, 1% bacto tryptone, 0.5% bacto yeast extract) supplemented with ampicillin 100 ug/ml.
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For LB plates, 1.5% agar, 40 ug/ml XGal and 0.1 mM IPTG were added where necessary. For
bacterial cell transformations, Super Optimal broth with Catabolite repression (Wysocka et al.)
medium (Invitrogen 15544-034; 2% tryptone, 0.5% yeast extract, 10 mM NaCl, 2.5 mM KClI, 10
mM MgClz, 10 mM MgSO4, and 20 mM glucose) was used.

2.2.4 Cell concentration from optical density (OD) measurements

To estimate cell concentration, liquid cultures were typically diluted 10-fold in sterile
Mili-Q water and their optical density (OD) was measured at 600 nm (ODeoonm) USINg a

Shimadzu UV Mini-1240 spectrophotometer. An ODgoonm 0f 1 is approximately 2x107 cells/m.

2.2.5 Growth curves

To compare growth between strains, growth curves were performed in 96-well plates
with either rich or selective media. Cells were diluted to an ODgoonm Of 0.1 from overnight
stationary phase liquid cultures, and 100 pl of diluted culture were loaded per well. Each
sample was measured in triplicate, and three biological samples were used for each strain. A
FLUOstar Optima microplate reader (BMG LABTECHNOLOGIES) was used to measure the
ODsgsnm every 5 min for 21 hours. The machine was programmed to incubate the plate at 30
°C for the duration of the growth curve, with 7 mm linear shaking of the plate before every OD

measurement.

2.3 MATINGS AND SPORULATIONS

2.3.1. S. cerevisiae matings

To create diploid S. cerevisiae strains, a liquid culture mating method was used.
Haploids of opposite mating types were each grown overnight in 2 mL of rich medium (YPD or
YPGal as required) to stationary phase. The ODsoonm Of €ach cell culture was measured, the
strains diluted to an OD6oonm of 0.2 and equal volumes (1.5 mL of each) were mixed in a round

bottom glass test tube. This mixed culture was incubated at 30 °C while shaking at 150 rpm for
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4 hours, and then placed at room temperature overnight without shaking. Successful matings
produced a diffuse pellet at the bottom of the tube, whereas tight pellets were indicative of
negative matings. If each haploid contained a unique selective marker, 100 pl from the
resulting mating were plated onto double selective medium for phenotypic selection of diploids.
If mating markers were not available, the resulting mating was mixed and 10 pl were smeared
on the edge of a rich medium plate. Zygotes were picked from the smear on the plate and
isolated onto a clear area on the plate using a Singer micromanipulation microscope MSM400
based on the “shmoo” pear-shaped phenotype. 8-16 zygotes were isolated for each diploid

strain, and their diploid state was confirmed through mating type PCR.

2.3.2 S. cerevisiae sporulation of diploid strains

To induce sporulation, diploid strains were streaked onto starvation medium plates and
incubated at room temperature. After one week, a dab of cells were inoculated into 50 pl of
20T zymolyase solution (20 mM Tris-HCI, pH 7.4, 50% glycerol, 20 mg/ml zymolyase 20T
(Nacalai Tesque)) and incubated at 37 °C for approximately 5 min to digest the ascus coat, so
that the four ascospores (spores) can be broken apart easily. The digestion reaction was
stopped by adding 150 l of sterile water and placing the tube on ice. 10 ul of zymolyase
treated cells were applied to the edge of a rich medium plate. Using the micromanipulation
microscope, tetrads were identified phenotypically (cluster of four small cells) and transferred to
a clear area on the plate. The four spores were separated using the micromanipulation needle.

At least 4-8 tetrads were picked for each strain, and spores were incubated as usual.

2.3.3 Determination of mating type or diploidy

The mating type of haploid and diploid strains was most commonly determined through
mating type PCR using the primers from Bradbury et al. (2006) (table Ill). Haploid state was
occasionally determined through the liquid culture method (section 2.3.1), by setting up
matings with both confirmed MATa and MATa haploids, the resulting pellets (diffuse or tight)
indicated whether the strain being tested was MATa or MATa.. Diploid state, when possible,

was determined through phenotypic selection of mating markers.
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2.4 DNA PROTOCOLS

2.4.1 Yeast genomic DNA isolation

This protocol was modified from Cao et al. (1990). Yeast genomic DNA (gDNA) was
extracted from 1-2 mL of liquid cultures grown overnight in rich medium until stationary phase.
Cells were pelleted by centrifugation at full speed for 1 min, washed with 500 ul of 50 mM
EDTA pH 8.0 and resuspended in 180 ul of 50 mM EDTA. 20 ul of 20 mg/ml 20T zymolyase
solution (20 mM Tris-HCI, pH 7.4, 50% glycerol, 20 mg/ml zymolyase 20-T (Nacalai Tesque))
were added, mixed by vortexing, and incubated at 37 °C for 30 min — 1 hr. Next, 20 pl of 10%
sodium dodecyl sulphate (SDS) solution was added and incubated at 65 °C for 20 min, and
then 150 pl of 5 M sodium acetate were added, mixed, and incubated for 20 min on ice. An
equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) saturated with Tris-HCl was
added followed by thorough vortexing and centrifugation at 17,000 g for 15 min at 4°C. The
aqueous layer was collected, and DNA was precipitated by adding 600 ul of ice-cold
isopropanol followed by centrifugation at 17,000 g for 5 min at 4 °C. The extracted DNA was
washed twice with 500 pl of ice-cold 70% ethanol to remove traces of phenol, dried by
incubating at 37 °C for 15 min, and resuspended in 50-100 pl of sterile water. gDNA was
quantified by measuring absorbance (260 nm) using a NanoDrop (ND 1000), and its purity
determined by the 260/280 ratio. gDNA was routinely stored at -20 °C.

2.4.2 Plasmid DNA from S. cerevisiae

To obtain plasmid DNA, total S. cerevisiae DNA was extracted (section 2.4.1) and
linear ssDNA and dsDNA were digested with Exonuclease V (RecBCD) (NEB MO0345S)
following the manufacturer’s instructions. The remaining plasmid DNA was precipitated using
ice-cold isopropanol and washed twice with ice-cold 70% ethanol, before being resuspended in

sterile water.
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2.4.3 Plasmid extraction from E. coli

Bacterial plasmids were extracted using the E.Z.N.A. Plasmid DNA Mini Kit (D6942-01

OMEGA), following the manufacturer’s instructions.

2.4.4 Polymerase Chain Reaction (PCR)

For PCR screening, TakaRa ExTaq polymerase (TAKARA BIO INC. RR0O01A) was
used following the manufacturer’s instructions, and thermocycling was performed using a
BioRad MJ Mini thermo cycler. A typical PCR reaction consisted of 2.5 pl of 10X Ex Taq buffer,
0.5 ul of dNTP mixture (2.5 uM each), 0.5 ul of each primer (forward and reverse, 10 uM
each), 0.125 ul ExTaq polymerase, 25-100 ng DNA template and ultra pure water to a final
volume of 25 ul. PCR conditions were 30 cycles of: 10 second denaturation at 98 °C, 30
second annealing at 55 °C and 1 min extension at 72 °C; followed by 5 min of final extension
at 72 °C. Primers used in this thesis (table Ill) were resuspended to a concentration of 100 yM

for long term storage and diluted to 10 uM for working stocks.

Table IIl. Primer sequences.

Primer Sequence 5 to 3’ Origin
GAL1_F | TTGCGAACACCCTTGTTGTA O'Sullivan Lab
GAL1_R | CGTGCTCGATCCTTCTTTTC O'Sullivan Lab
M13F GTAAAACGACGGCCAG Invitrogen
M13R CAGGAAACAGCTATGAC Invitrogen
NC1094 | ATGACGAGGCATTTGGCTAC O'Sullivan Lab
NC1095 | GGTACGGACAAGGGGAATCT O'Sullivan Lab
PAG10 TTTAAGCTTATGGTACGTTTGATATCGCTG Ganley Lab
PAG23 GCCTTAATAATGTACTTTGC Ganley Lab
PAG24 GCAAGATCATATTATCCAAG Ganley Lab
PAG58 TAGAACTGGTACGGACAAGGG Ganley Lab
PAG59 AGGTAGTGGTATTTCACCGGC Ganley Lab
PAGT0 TGGATGAAAAATGGACCCGA Ganley Lab
PAG194 | TGAAGTAGCCGGACTGGATCC Ganley Lab
PAG195 | CTTTGCATAGTTGTAACTTGCGCC Ganley Lab
PAG196 | CCCGGTTGTGGTATATTTGG This study
PAG198 | GCCGCTGGCTTCCAAACCCTTTAGG This study
PAG199 | GCGCCCTTTTGAGTCTCTGCACTACC This study
CTGCAAGATATAAATTTGTTTACTCATACATATATATTCTATTGCGGGGCGCGGAAAGGTGAGAGGCCGGA
PAG200 | ACCGG This study
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GCTGTCTCGTAATATTCAAGCAAGTCTTCCTCAAGAATATTGACAAATAAACGGCGGGGTATCGTATGCTTC

PAG201 | CTTCAGCACTACCC This study
PAG274 | CAACATCACAGTCTCGAAGG Ganley Lab
CTGTATTTGAATATTGATGTCCAGAAGCAGAAGATTTCACATGTTGTATAAAGTATTGGATCGATCCGATGA
PAG275 | TAAGC Ganley Lab
AATTTTATAGGTAATATACATATATAAAAATACTTCAATCATTTTTACAATCTTGTCAGGGTTATTGTCTCATG
PAG277 | AGCG Ganley Lab
PAG278 | TACGGCACCTTGTAAGCAGTC Ganley Lab
TCACAAAGTTTGTGTAAGATGCTTTCCTGGGTCGATGTGGATTGTGCCGTGGCCTTGATATCAAGCTTGCC
PAG279 | TCGTC Ganley Lab
TTCAAAATACAGCCTCAGTTATTAATAGTTAAAGCACCGCTATAAAGGTGGTGAAACTGGATGGCGGCGTT
PAG281 AGTAT Ganley Lab
ACTATCGTTCGTTATTTTATAAAATATGTATTGTTACATATATATACATATATAGTGGATCGATCCGATGATAA
PAG283 | GC Ganley Lab
ACTGCTATGATTTTGGATTATTCCTTCCACTCAAACCAATTGTGCACATGCATTCCCAGGGTTATTGTCTCAT
PAG285 | GAGCG Ganley Lab
PAG286 | AGAAGGATACAGCGACAGAC Ganley Lab
TACAGGCTGCATTTCGATTAATTAAGTAATGTAAAATTAAGACTATTAGTACATAAGATATCAAGCTTGCCTC
PAG287 | GTC Ganley Lab
TCCTCACTTTCTACCTTTTTTTTTTATGCCTTAGTTGAAAAGATACGCGTATCTAACTGGATGGCGGCGTTA
PAG289 | GTAT Ganley Lab
PAG290 | ACCGTGGATGATGTGGTCTC Ganley Lab
PAG292 | GATGTGAGAACTGTATCCTAGC Ganley Lab
PAG293 | CCATCCTATGGAACTGCCTC Ganley Lab
CCTCTATATGATACAATTGACCAAGCCTTCATTTACCATTCTATATCAATTTGGACCATCTCATTAAGCTGAG | This study
PAG305 | CTGC
GCTGTCTCGTAATATTCAAGCAAGTCTTCCTCAAGAATATTGACAAATAAACGACAGTTATGTCTATGGTCG | This study
PAG306 | CCTATGC
PAG311 | AAACCAATTCTTGGACCATCTCATTAAGCTGAGCTGC This study
PAG312 | AAATCCGGAACAGTTATGTCTATGGTCGCCTATGC This study
PAG313 | ACTTCGGAGCACTGTTGAGC This study
PAG329 | CCGTATTGGCTTGGGTTTGAAGAG This study
PAG330 | CTTGGCATTGTGACCTGGAACT This study
PAG331 | ACGACGCTCCTCGTGCTGTCTT Ganley Lab
PAG333 | GGGCAACTCTCAATTCGTTGTA Ganley Lab
PAG344 | GTGGAGTAGGTCTCAATGC This study
PAG345 | AGGACTACTGTGACGGCTTC This study
PAG346 | GTTCTGCACAAGCTGCATAC This study
PAG352 | CTAATTCGACCAGGTTAACTC This study
PAG353 | GCATTGTTGGCAATCTTATGTG This study
PAG354 | TGGATGAGCAGCTTGGAAC This study
PAG465 | CAATGATTAAAATAGCATAGTCGG (Bradbury et al. 2006)
PAG466 | CAGCACGGAATATGGGACT (Bradbury et al. 2006)
PAG467 | GGTGCATTTGTCATCCGTC (Bradbury et al. 2006)
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2.4.5 DNA cleanup

PCR products and restriction digested DNA fragments to be used for downstream
applications (i.e., ligation, cloning, or transformation) were precipitated in ice-cold isopropanoal.
The DNA was pelleted by centrifugation at 21,100 g, washed twice with 70% ice-cold ethanol,

dried by incubating at 37 °C for 15 min and resuspended in 10-20 pl of sterile water.

2.4.6 Quantitative real time PCR (qPCR)

Quantitative real time PCR (qPCR) was used to estimate rDNA copy number (relative
to WT and normalized to a single copy reference gene) in haploid strains as described by
Cahyani et al. (2015). gPCR was performed in The Liggins Institute (Auckland University) with
the assistance of Dr. Inswasti Cahyani using primers primers from the O’Sullivan laboratory,
specific for the 25S rDNA sequence (NC1094/NC1095) and the GAL7 housekeeping (ie. single
copy reference) gene (GAL1_F/GAL1_R). Each sample was analyzed in triplicate. Briefly,
cross point (Cp) values for 25S rDNA were subtracted from the corresponding reference gene
Cp values to obtain ACp values for each biological sample. The average ACp from four
biological replicates of the WT strain was used to estimate a ACp control, which was then
subtracted from each ACp to obtain AACp values. To estimate the gene copy number, 2-24Cp
was calculated to obtain the rDNA copy number ratio for each sample. The obtained ratio was
then multiplied by 200 (the WT copy number) to obtain the rDNA copy number relative to WT
(normalized to GALT) for each sample. The average relative copy number and standard

deviation are presented in figure 4.30.

2.4.7 Agarose gel electrophoresis

Agarose gel electrophoresis was used to visualize gDNA, plasmid DNA, PCR products
and RNA. 1% agarose gels were prepared in 1X Sodium Borate (SB) running buffer (Brody and
Kern, 2004; 10 mM sodium hydroxide, pH adjusted to 8.0 with boric acid). DNA samples were
mixed with 6X DNA gel loading dye (LD) (Thermo Fisher R0611) and loaded onto the wells.
100V were applied for approximately 40 min at RT. Agarose gels were stained in a solution of 5

ug/ml ethidium bromide (EtBr) in water for 15-20 min and de-stained in water for 5 min before
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an image was acquired under UV light (265 nm) using a BioRad Gel Doc 2000 System. For
size determination, 0.5 ng of the O'GeneRuler 1 kb DNA ladder (Thermo Scientific SM1352)
were used as a marker. To recover DNA fragments from an agarose gel, the EtBr stained DNA
was visualized under long wave (365 nm) UV light, and the correct size band was excised
using a sterile blade. A QIAquick gel extraction kit (QIAGEN 28704) was then used to clean up

the DNA following the manufacturer’s instructions.

2.5 CLONING TECHNIQUES

2.5.1 Ligations

The RBC rapid ligation kit (RBC RC011) was used for joining dsDNA with cohesive

termini following the manufacturer’s instructions.

2.5.2 Bacterial transformations

E. coli OneShot TOP10 cells (Invitrogen C404010) from frozen stocks were grown O/N
and made chemically competent using the Z-Competent E. coli transformation kit from Zymo
Research and following the manufacture’s instructions. 1 pl of plasmid DNA was mixed with 25
ul of competent cells, incubated on ice for 10 min, and heat-shocked at 42 °C for 30 sec.
Immediately after, 250 pl of SOC medium were added, and the cells were incubated for 1 hr at
37 °C. 20 pl of cells were plated onto an LB plate supplemented with ampicillin and Xgal for
blue/white colony screening. Plates were incubated overnight at 37 °C. The next day, potential
transformants (white) were grown overnight in liquid LB medium supplemented with ampicillin
for plasmid extraction (section 2.5.3). Purified plasmids were either digested using restriction

enzymes to confirm the insert size, or used as template for PCR screening.
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2.6 RNA PROTOCOLS

2.6.1 RNA Extraction

RNA was extracted using a modified protocol from Schmitt et al. (1990). 10 ml of cells
were grown to an ODeoonm Of 0.8, pelleted by centrifugation (2,000 g for 5 min) and
resuspended in 400 ul of AE buffer (50 mM sodium acetate, 10 mM EDTA, pH 5.3) and 40 pl
of 10% SDS. An equal volume of AE-equilibrated phenol was added and samples vortexed
thoroughly before incubation at 65 °C for 4 min. The samples were chilled on a dry ice/ethanol
bath for 1-2 min or until phenol crystals appeared, and centrifuged 20 min at 21,100 g at 4 °C.
The aqueous phase was transferred to a new tube, and 500 ul of AE-equilibrated phenol were
added, mixed by vortexing and the samples were again centrifuged 20 min at 21,100 g at 4 °C.
The aqueous phase was collected, 40 ul of 3M sodium acetate pH 5.3 were added, and the
tube was filled with 96% ethanol to precipitate the RNA. The tubes were incubated overnight at
-80 °C, and the next day the RNA was pelleted by a 20 min centrifugation at 21,100 g at 4 °C,
and washed twice with 80% ethanol. The pellet was dried by incubating at 37 °C for 15 min
and resuspended in 10 ul of nuclease free water. The RNA samples were treated with DNase |
(Invitrogen 18068-015) following the manufacturer’s instructions. RNA concentration was
determined using a Nanodrop (ND 1000). RNA quality was assessed by electrophoresis

(section 2.4.7), with RNA samples heated for 5 min at 70 °C before loading.

2.6.2 RT-PCR conditions

Reverse transcription was performed using ThermoScript Reverse Transcriptase
(Invitrogen 12236-014). For each sample, a —RT (no reverse transcriptase) control was
included. The obtained cDNA was used as template for end-point PCR to determine mRNA
expression of Fob1 (using primers PAG329 and PAG330), with actin used as a housekeeping
control (PAG331 and PAG333).
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2.7 YEAST TRANSFORMATIONS

2.7.1 Preparation of competent cells

Yeast competent cells were prepared before every transformation using 5 ml of
overnight culture in rich medium. These stationary phase cells were diluted to ODsoonm 0.2 in @
total volume of 20 ml, and grown (2-3 hrs) to ODeoonm 0.4. Cells were pelleted by centrifugation
at room temperature (RT) at 1,500 xg for 15 sec, washed with 5 ml 1X TE 10/1 buffer (10 mM
Tris-HCI pH 8.0, 1 mM EDTA pH 8.0), and resuspended in 5 ml of 0.15 M LiOAc (0.15 M
Lithium Acetate, 1.5 mM Tris-HCI pH 8.0, 0.15 mM EDTA pH 8.0). Cells were incubated at 30
°C for 1 hr with gentle shaking at 50 rpm, pelleted by centrifugation and resuspended in 1 ml of
0.15 M LiOAc.

2.7.2 Transformation

Yeast transformations were performed using a modification of the protocol from Gietz
and Woods (2006) by gently mixing 2 ul of carrier DNA (salmon sperm 10 pg/ml, denatured at
98 °C for 5 min and placed on ice for 5 min), 1 ug of DNA (to a maximum volume of 6 ul) and
60 ul of competent cells. This mixture was incubated at 30 °C for 30 min, with gentle mixing
every 5 min. Next, 120 ul of 52% PEG (52.5% polyethylene glycol (PEG) 4000, 1 M lithium
acetate, 10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0) were added and gently mixed, followed
by a 2 hr incubation at 30 °C and a 45 min incubation at 42 °C. The cells were allowed to cool
for 5 min and pelleted by centrifugation at 2,000 g for 1 min. Lastly, the cells were resuspended
in 100 wl of rich medium, plated on selective medium for auxotrophic selection, and incubated

at 30 °C for 2-3 days until colonies appeared.

2.7.3 Screening of transformants

Potential transformants were re-streaked onto fresh selective medium plates to confirm

their ability to grow on selective medium. Following phenotypic confirmation, the gDNA from

39



each potential transformant was extracted and PCR was used to confirm the insertion of a

selective marker, replacement of a gene, or the presence of a plasmid.

2.8 PULSE FIELD GEL ELECTROPHORESIS (PFGE)

PFGE was performed using a modified protocol from ladonato and Gnirke (1996). To
make agarose plugs containing intact, chromosome-sized DNA, cells were grown overnight in
rich medium to stationary phase, and 2 ml were pelleted by centrifugation at 21,100 g for 2 min
and washed twice with 350 ul of 50 mM EDTA (pH 8.0). The cells were resuspended in 4 times
their volume of 50 mM EDTA and placed in a 45 °C water bath for 5 min. An equal volume of
warm cells and molten 1.6% low melting point (LMP) agarose at 45 °C were gently mixed,
pipetted into a plug mold, and allowed to set for 20 min at 4 °C. 2-3 plugs from the same
sample were placed into a 2 ml flat bottom microfuge tube and incubated with 1 ml of freshly
made spheroplasting solution (1 M Sorbitol, 20 mM EDTA pH 8, 10 mM Tris-HCI pH 7.5, 14
mM 2-mercaptoethanol, 2 mg/ml zymolyase 20-T) for 6 hrs at 37 °C, with a gentle mix by
inversion after the first hr. The spheroplasting solution was then removed using a glass Pasteur
pipette, and addition of an equal volume of LDS solution (1% lithium dodecyl sulphate, 100 mM
EDTA pH 8, 10 mM Tris-HCI pH 8) was followed by incubation for 15 min at 37 °C. LDS
solution was removed and fresh LDS solution was added for an overnight incubation at 37 °C.
The next day, the plugs were washed three times for 30 min each in 1 ml of 0.2X NDS solution
(0.1 M EDTA, 2 mM Tris-HCI, 0.2% sarkosyl, pH adjusted to 9.5 with NaOH) at room RT, and
three times for 30 min each in 1 ml of TE 10/1. The plugs were stored in TE 10/1 at 4 °C.

A BioRad CHEF mapper XA system was used to perform PFGE. Plugs were cut in
thirds or quarters and placed on a PFGE comb. The comb was placed onto the gel cast and
warm 1% agarose in 0.5X TBE (40 mM Tris, 45 mM Boric Acid, 1 mM EDTA) was slowly
poured ensuring the plugs remained in place. PFGE was performed in 0.5X TBE at 14 °C. The
settings used were 6 V/cm, run time= 29 hr, included angle 120°, initial switch time = 4s, final
switch time = 3m48s, ramping factor: a = [Linear], which are the default parameters to separate
fragments sized between 2 Mb and 200 Kb using the built in autoalgorithm. The gel was

stained and visualized as in section 2.4.7.
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2.9 SOUTHERN BLOTTING

2.9.1 Southern blot method

PFGE and electrophoresis gels from the psoralen crosslinking assay used for
Southern blotting were de-stained in water for at least 2 hrs before being washed with 0.25 M
HCI for 15 min, then washed twice with 1.5 M NaCl + 0.5M NaOH for 15 min each time, and
washed with 1.5 M NaCl + 1M Tris for 15 min. The gels were washed 20 min in 10X SSC (1.5
M NaCl, 150 mM sodium citrate, pH adjusted to 7 with HCI). For transfer, the gel was placed
upside down on a clean bench, and a pre-cut nylon membrane (Amersham Hybond-N+
RPN119B) soaked in 10X SSC was placed on top, followed by 2 pieces of Whatman filter
paper (soaked in 10X SSC). Bubbles between layers were removed before the next layer was
added. Lastly, a stack of paper towels and a 300 g weight were placed on top. After 2 hrs, this
was disassembled and the membrane was placed on a Whatman filter paper envelope pre-
soaked in MiliQ water, and crosslinked in a UV crosslinker (UVP-CL 2000) on the ‘preset
setting (approximately 8 sec).

The crosslinked membrane was rinsed with 10X SSC to remove any agarose traces,
and placed into a hybridization tube, and 20 ml of PSE buffer (0.3 M sodium phosphate pH 7.2,
7% SDS, 1 mM EDTA) were added, followed by pre-hybridization for 15 min at 65 °C in a
rotating oven. Next, 2-4 ng/ml of denatured Southern blot DIG-labeled was added into the
hybridization tube and hybridized overnight at 65 °C. The next day, the hybridization solution
was removed, and the membrane was rinsed and washed thrice with 0.1X PSE (0.03 M
Sodium phosphate pH 7.2, 0.7% SDS, 0.1 mM EDTA) at 65 °C for 10 min each time. The
membrane was then rinsed and washed twice with 1X TBS (20 mM Tris, 0.15 M NaCl, pH
adjusted to 7.6 with HCI) 65 °C for 5 min each time. The membrane was then incubated with
blocking solution (1.5% dry milk powder in 1X TBS) at RT for 60 min, and then incubated for 30
min with 10 mL of 1:10,000 anti-DIG antibody in blocking solution (Roche 11093274910). To
remove excess antibody, the membrane was rinsed and washed for 10 min with blocking
solution, and then rinsed and washed for 10 min with 1X TBS. Lastly, the membrane was
rinsed and equilibrated for 15 min in alkaline phosphatase buffer (100 mM Tris pH 8, 100 mM
NaCl, 5 mM Mg*2, pH adjusted to 9.5 with NaOH), and 1 ml of CSPD-Ready to use (Roche

11655884001) was applied to the membrane for chemiluminiscent detection, spread evenly,
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and the membrane sealed in a plastic folder. This was incubated at 37 °C to enhance the

signal and then chemiluminiscence was detected using a Fujifilm LAS-4000 imager.

2.9.2 Southern blot probe DIG labeling

The probes used for Southern blotting were PCR amplified using the PCR DIG Probe
Synthesis Kit (Roche 11636090910) following the manufacturer’s instructions. A rDNA specific
probe of 395 bp from a region of the 25S rDNA was constructed using primers PAG58 and
PAG59, and a chromosome XIl probe of 422 bp from a region of the APC2 gene was
constructed using primers PAG194 and PAG195.

2.10 CHROMOSOME LOSS ASSAY (CLA)

2.10.1 CLA execution

Typically, four samples were assayed in each CLA. A dab of yeast cells from each
strain to be screened using the CLA was used to inoculate 2 ml of liquid SD/Gal-Ura medium
and grown O/N at 30 °C on a rotating wheel (150 rpm). The next day, each cell culture was
diluted from stationary phase to an ODeoonm 0f 0.2 in a total volume of 5 ml of SD/Gal-Ura
medium, and cells were grown until their first doubling at an ODsoonm 0f 0.4 (usually 3-5 hrs).
Cells were then pelleted by centrifugation at 2,000 g for 2 min at RT, washed with autoclaved
water, and resuspended in the same volume of YPD/Gal. An aliquot (1 ml) of the cells was
taken for the time 0 (to) platings, and the remainder was incubated until cell density had
doubled (ODsoonm 0f 0.8; usually 2-3 hrs). An aliquot was then taken for the time 1 (t1) platings.

The time to and t1 platings involved two steps. The first step was plating 50 l, 100 pl
and 200 pl of undiluted cell culture onto SD/Gal Full + 5FOA (5FOA) plates containing 5, 10
and 20 glass beads, respectively, for spreading. Duplicate selective 5SFOA plates of each
volume were used routinely. The second step involved diluting the cell cultures in YPD/Gal)
2,000 and 4,000 fold, for to and t1, respectively, for cell density estimations on YPD/Gal plates.
50 wl, 100 pl and 200 pl of each diluted cell culture was plated onto plates containing 5, 10

42



and 20 glass beads, respectively, for spreading. Triplicates of each plated volume were used
routinely.

Plates were incubated at 30 °C for 2-3 days until colonies were visible. Colonies from
YPD/Gal plates were counted and the average of the triplicates of the three different volumes
were calculated (to and t1 cell densities). 5FOA plates were counted and replica plated using
sterile velvets onto both fresh 5FOA plates and YPD/Gal+G418 (G418) plates. Replica plates
were incubated until replica colonies were visible (usually 1-2 days), and each replica 5FOA
plate and its corresponding G418 plate were overlaid with each other and counted to identify
the chromosome loss colonies (able to grow on 5FOA but not G418). The number of
chromosome loss colonies obtained from each duplicate and each volume was used to obtain
the average chromosome losses for to and t1. The difference between the chromosome losses
at t and ty was divided by the difference between the to and t1 cell densities to obtain the
chromosome loss rate (section 3.3). This calculation was performed independently for each
biological replicate with at least two, but usually more than three, biological replicates for each

strain (see appendix table l).

2.10.2 CLA statistical analysis

Statistical data analysis was performed using R studio version 3.0.1 (2013-05-16) --
"Good Sport" from R Core Team (2013. Vienna, Austria). Chromosome loss rates obtained
were imported into R in comma separated values (csv) files. The Mann-Whitney-Wilcoxon rank
sum test (Mann-Whitney) was performed for paired comparisons, while the Kruskal-Wallis one-
way analysis of variance by ranks test (Kruskal-Wallis) was used to compare groups of more
than two strains. Mann-Whitney p-values were corrected using a false discovery rate (fdr)

adjustment. All R commands are presented in appendix scheme .

2.11 PSORALEN CROSSLINKING

Crosslinking of DNA and determining the proportion of transcriptionally active versus
inactive rDNA repeats were performed using a method adapted from Conconi et al. (1989) and

Sogo et al. (1984). 50 ml of culture was grown to ODeoonm 1.0, 6 ml of this culture was pelleted
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by centrifugation, resuspended in 1 ml of 1X TE 10/1 buffer, and used to test different
crosslinking conditions. Samples were transferred to small plastic containers, and kept on ice
until the end of their UV-exposure. A UV box (366 nm) was placed directly above the samples,
and the distance from the UV source to the sample was adjusted to test different exposure
distances. Total exposure times of 20 min, 25 min and 5 hrs were tested. 50 pl of a 200 ug/ml
psoralen solution in absolute ethanol (or absolute ethanol only as a negative crosslinking
control) were delivered to the cells a total of five times during the UV exposure every 4 min for
20 min, every 5 min for 25 min, or every 1 hr for 5 hrs. Samples were then collected in
microfuge tubes and gDNA extracted immediately (section 2.4.1). gDNA was RNase treated
(NEB M0297) and digested with EcoRI (NEB R3101) following the manufacturers’ instructions,
and separated by gel electrophoresis (section 2.4.7). The gel was transferred to a nylon
membrane and subjected to Southern blotting using a rDNA probe (section 2.9.1). Slow
migrating bands in the Southern blot correspond to transcriptionally active rDNA repeats, fast

migrating bands correspond to transcriptionally inactive rDNA repeats.
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CHAPTER THREE: THE CHROMOSOME
LOSS ASSAY ESTABLISHMENT AND
OPTIMIZATION
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The goal of this project was to test the hypothesis that the rDNA gene repeats play a
role in chromosome segregation. Under normal conditions chromosome segregation results in
two daughter cells each inheriting one copy of every chromosome. However, if an error during
chromosome segregation occurs, one of the daughter cells can inherit two copies of a
chromosome (chromosome gain), and the other daughter cell will inherit none (chromosome
loss). Several approaches have been used to measure these changes in the copy number of
individual chromosomes (aneuploidy), including phenotypic screening of aneuploid colonies
(Hartwell and Smith 1985; Surosky and Tye 1985; Runge et al. 1991), detection of changes in
gene copy number (Hughes et al. 2000), and high-throughput detection of quantitative protein
or mRNA expression changes (Pavelka et al. 2010). | decided to use phenotypic selection
because it allows screening of millions of cells at a time and, unlike most techniques that detect
population changes, phenotypic selection allows detection of single cell events. The
introduction of genetic markers allows phenotypic selection of chromosome missegregation
events, and these were used as a foundation to establish and optimize a chromosome loss
assay (CLA) to test how the rDNA influences mitotic chromosome segregation. This section
describes the establishment and optimization of the CLA and the assay conditions that are
used throughout this study.

3.1 CHROMOSOME LOSS ASSAY (CLA)

The conceptual basis of the CLA is that it measures the rate of chromosome loss,
which is a proxy for chromosome missegregation, by phenotypically identifying the loss of
marker genes present on one of the two copies of a homologous chromosome in diploid yeast
cells. This takes advantage of the fact that S. cerevisiae diploid cells that lose a chromosome
(become aneuploid) remain viable. To ensure the CLA differentiates the presence or absence
of a whole chromosome from other events that render a marker gene inactive (such as
mutation and gene conversion), a double selection with CLA strains containing two different
marker genes inserted on opposite arms of the same chromosome homolog.

Identification of the loss of a chromosome in the CLA is achieved using negative
(counter-) selection, which facilitates selection for the absence of a marker gene. Currently
available negative selection markers are few (Guthrie and Fink 1991), costly, and prone to

growth of false positives. From the marker genes available, we chose to use URA3 and
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kanMX2 for positive and negative selection, respectively. Detection of URA3 loss is performed
through the addition of 5-fluoro-orotic acid (5-FOA) to the growth medium, which is converted
by orotidine-5'-phosphate (OMP) decarboxylase, the enzyme encoded by URAS3, into a toxic
compound that causes cell death (Boeke et al. 1984). Loss of kanMX2 is assayed through
sensitivity to geneticin (G418), an antibiotic that blocks polypeptide synthesis and to which
kanMX2 confers resistance (G418R) (Wach et al. 1994). Therefore genuine whole chromosome
losses will have lost both URA3 and kanMX2, resulting in cells that are able to grow on medium
containing 5-FOA but not G418, unlike cells that result from normal chromosome segregation
(figure 3.1).

Mother cell
: A. Daughter cells after normal B. Daughter cells after missegregation
C/S Xl chromosome segregation of the target chromosome
kanMx2 HE X 5-FOA HEE X 5-FOA
)0 v/ G418 o
URA3
rDNA array s e a T T
| X 5-FOA { v o-rFUA
EE v G418 U X G418
Zn 2n

Figure 3.1. Identification of chromosome loss events during mitosis in diploid cells.
Chromosome segregation of a wild type (WT) strain with a marked chromosome XIlI homolog is shown. The
nucleus of a diploid cell (2n) undergoing mitosis is shown with only a single chromosome pair (chromosome XII).
The two homologs of chromosome XII are shown in purple, both containing an rDNA array (darker purple) on the
long arm, and with one homolog marked with kanMX2 (green) and URA3 (orange) genes. Two different
segregation outcomes are illustrated. A. Normal chromosome segregation. Each daughter cell inherits one copy
of each homolog. B. Chromosome missegregation of the marked chromosome. One daughter cell inherits two
copies of the marked homolog and one copy of the unmarked homolog, whereas the second daughter cell inherits
one copy of the unmarked homolog and none of the marked one (red box shows loss of the marked homolog).
Labels on the right indicate the cells ability ( ) or inability ( X) to grow on medium containing 5FOA (orange) or
(G418 (green).

My aim is to measure the rate of chromosome loss, which is the number of
chromosome loss events per cell division. However, the number of cell divisions per unit time is
dependent on the growth rate of the strain being assayed. Growth rates amongst different
strains can vary greatly (Ziv et al. 2013), particularly those with rDNA alterations (Ganley,
unpublished results), and if not controlled for, this variation could result in inaccurate
chromosome loss rate measurements. Hence, to standardize the number of cell divisions each
strain goes through, the growth during the CLA is monitored in real time but is restricted to a
single round of cell division. Before the start of the CLA, all strains are grown overnight to

stationary phase, and then diluted to a low cell density from stationary phase for exponential
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growth (pre-assay growth). The growth is then monitored during the CLA until the cell density
doubles (restricting growth to a single round of cell division). The CLA involves plating cells in
rich and selective media before and after one cell division to obtain cell densities and the
number of chromosome loss events at those two time points, which eliminates any growth rate
dependent bias on the rate of chromosome loss. Therefore, the conceptual basis for my CLA is
that cells are grown for just a single round of cell division, and the cell density and numbers of
chromosome losses are measured both before and after this round of cell division to calculate

the rate of chromosome loss.

3.2 OPTIMIZATION OF THE CLA

Several aspects of the CLA required optimization before its establishment and
implementation. First, it was necessary to choose the optimal selective growth conditions to
minimize chromosome losses from arising before the start of the CLA. During the CLA, it was
also important to establish a rapid method to reproducibly monitor cell density in real time. In
addition, accurate post-assay cell density and chromosome loss estimations were necessary.
To optimize these aspects of the CLA, we used a wild type (WT) strain in which both CLA
marker genes kanMX2 and URA3 had been inserted into opposite arms of one chromosome
XlI'homolog (section 4.2).

To minimize chromosome loss events from occurring before the start of the CLA,
strains were grown on selective media. Liquid cultures were initially grown overnight, and then
diluted and allowed to grow for a single cell division before the start of the CLA (pre-assay
growth), with both of these steps carried out in selective medium. Since our CLA selection
markers are URA3 and kanMX2, we compared growing the cells for pre-assay growth in SD-
Ura versus SD-Ura+G418 media to determine whether double selection provides greater
protection against loss of the chromosome of interest than single marker selection. While the
addition of G418 slightly reduced the number of chromosome loss events found at the start of
the CLA (not shown) without affecting the growth rate (figure 3.2), the double selection
introduced a washing step (needed to remove G418 traces) before the start of the CLA. The
introduction of this washing step might convey a potential delay in the division of the

exponentially growing cells (not shown). The small increase in protection was not great enough
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to justify introduction of this delay, therefore SD-Ura medium was chosen for the overnight and

pre-assay growth phases.
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Figure 3.2. WT strain growth under selective conditions during the CLA. Stationary phase
cultures of the WT strain grown in selective SD-Ura medium in the absence (solid orange lines) or presence of
G418 (250 mg/ml) (dotted green lines) were diluted to an ODgoonm of 0.2 (approximately 4 x 106 cells/ml, start of
first doubling), and cell densities were monitored in the same selective medium until the cells reached an ODeoorm
of ~0.4. The cells were then pelleted and transferred into rich medium (YPD) to mimic the CLA (to), and cell
densities were monitored by ODeoonm every 30 min until the cell density had doubled (t1).

It was important to establish a method to estimate cell density in real time for pre-
assay growth and during the CLA so that cell growth could be restricted to one doubling. For
the CLA, accurate cell counts before and after the one round of cell division are performed by
plating, but this obviously is not possible for monitoring cell density in real time. Two options for
real-time monitoring were tested, with plating as the benchmark, to determine which is more
accurate: OD measurements (600 nm) and hemocytometer counts. Empirically, we determined
that an absorbance or optical density (OD) of 1.0 at a wavelength of 600nm (ODgoonm=1.0)
corresponds to approximately 2x107 cells/ml, and this calibration was used to estimate actual
cell density from OD measurements. The cell densities estimated from hemocytometer counts

were the highest (figure 3.3), possibly because this technique allows each cell in a clump to be
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counted, and also showed the highest variability. ODsoonm measurements had a much lower
variability than the hemocytometer values, and, although the cell density values were higher
than the ones obtained from platings, they were well correlated and closer to the plating values
than the hemocytometer counts (figure 3.3). Hence, ODgoonm measurement was chosen as the

method to monitor real time cell growth during the CLA.
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Figure 3.3. Comparison of real time cell density determination techniques. A YPD liquid
culture of the WT strain was used to compare three different methods of estimating cell density: ODsoonm
measurements (Mewborn et al.), plating colony counts from diluted and plated liquid cultures (blue), and direct
counts of viable cells in a hemocytometer (green). The cell density was estimated for four biological replicates
(n=4) using each of the three methods. Error bars show standard deviation.

To maintain a constant population doubling time between independent replicas from
each strain during the CLA, it is important to start with exponentially growing cells and sustain
their growth rate for the duration of the CLA. The pre-assay growth step (first doubling, figure
3.2), in which cells are grown for one doubling before the start of the CLA, serves to restrict
chromosome loss events, and also to adjust cell populations to the same growth phase. After
the pre-assay growth, cells are switched to rich medium, which is permissive for chromosome
loss events, and monitored for another doubling during the CLA. Because of the two
consecutive doublings (pre-assay and CLA growth) and the need for exponential growth, the
ODegoonm at the end of the CLA should be <1.0 because at this OD, cell growth starts to lose its
exponential nature. Hence, pre-assay growth starts with an ODesoonm Of ~0.2, and after one
doubling (in SD-Ura) the cells are transferred to rich medium and the CLA starts at an ODsoonm
of ~0.4 and ends at an ODggonm of ~0.8.
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During the CLA, an aliquot of cells is diluted and plated onto rich medium to estimate
cell densities through colony counts before (to) and after (1) the single cell division. At these
time points, cells are also plated onto selective medium containing 5-FOA to select potential
chromosome losses. After 2-3 days of incubation, colonies able to grow on 5-FOA medium
(from cells that have lost the URA3 marker or chromosome XI| altogether), are replica plated
onto G418 medium to determine whether these colonies have also lost the kanMX marker, and
onto fresh 5-FOA medium to ensure that the original 5-FOA-resistant colonies are not false
positives produced by a partial reversibility of 5-FOA induced growth inhibition (Boeke et al.
1984). Colonies that grow on both 5-FOA plates but not on G418 medium are counted as
chromosome loss events.

The CLA requires an appropriate cell concentration for selection on 5-FOA medium
because 5-FOA selection is affected by cell density (Quintana and Ganley, unpublished). In
addition, an even colony distribution is necessary to allow efficient replica plating of single 5-
FOA-resistant colonies. To obtain a suitable range of colonies (<200) on 5-FOA plates,
different volumes of cell cultures at the to and t1 cell densities were plated onto 5-FOA.
Volumes of less than 50 ul were absorbed very rapidly by the agar plates and cells could not
be distributed evenly, as a result, colonies on some areas of the plates would grow too close to
each other for replica plating. Volumes larger than 200 ul were absorbed very slowly and
produced a smear that resulted in merged colonies. Hence three different volumes of cells that
produced acceptable colony numbers (50 ul, 100 ul and 200 ul) were chosen for plating on 5-
FOA medium from undiluted to and t1 cell culture aliquots, and these correspond to
approximately 4x105, 8x105 and 1.6x108 cells per plate respectively for the to aliquot, and
double that for the t1 aliquot. For consistency, these same volumes were used to plate the
diluted cell aliquots onto rich medium for cell density estimations, although at much higher

dilutions.
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3.3 OPTIMIZED CLA

The experimental design for the CLA resulting from the optimization stages is
summarized in figure 3.4. For each biological replicate, a colony of the strain to be screened is
taken from an SD-Ura plate and grown overnight in SD-Ura liquid medium. This liquid culture is
diluted to an ODgoonm Of ~0.2 and grown to double the cell density (ODgoonm of ~0.4). At this
point the cells have reached log (exponential) phase and are shifted into YPD (permissive
medium) for the start of the CLA (to). At this time, three different volumes of undiluted cells are
plated onto 5-FOA medium for chromosome loss estimations (each volume in duplicate), and
an aliquot is diluted 2,000 fold and three different volumes are plated onto YPD medium for cell
density estimations (each volume in triplicate). The liquid culture is then allowed to grow for a
further doubling until it reaches an ODgoonm Of ~0.8 (t1). As at to, three different volumes of
undiluted cells are plated onto 5-FOA and an aliquot of the culture is diluted 4,000 fold and
plated onto YPD medium. Following a 2-3 day incubation, 5-FOA ‘resistant’ colonies are replica
plated onto fresh 5-FOA plates to identify false positives, and also onto YPD+G418 plates to
check for loss of the G418 resistance marker. Any colony that is able to grow on both 5-FOA
plates but not on the G418 plate is considered a chromosome loss event, because this growth
pattern indicates they have lost both the URA3 and kanMX2 markers. In addition, colony

counts are made for the to and t1 YPD plates to calculate total cell densities.
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Figure 3.4. Experimental design for the chromosome loss assay. Day 1: Colonies are picked
from SD-Ura plates, inoculated into SD-Ura liquid medium, and grown O/N until cells reach stationary phase. Day
2: The stationary phase liquid culture is diluted to an ODeoonm Of ~0.2 in fresh SD-Ura and grown for one cell
division (until it reaches an ODeoonm 0f ~0.4). Cells are then pelleted and transferred into pre-warmed YPD medium
(to). A sample from this time point is plated onto SD+5-FOA for chromosome loss measurement and diluted and
plated onto YPD for cell density estimation. Cells are grown for one more doubling until they reach an ODsoonm of

54



~0.8 (t1). Again a sample is collected for plating onto SD+5-FOA and YPD medium plates. Three different volumes
of cells at to and t1 (50 pl, 100 pl and 200 pl) are plated undiluted onto SD+5-FOA and at 2,000 and 4,000 fold
dilutions onto YPD. Day 4: Following incubation, colonies on YPD plates are counted to estimate cell density.
Colonies from SD+5-FOA plates are counted and replica plated onto fresh SD+5-FOA and YPD+G418 plates (red
crosses record the orientation of each plate). After incubation, all colonies from the replica plates are counted. The
different media used are color coded (bottom left corner).

To calculate the rate of chromosome loss per cell division, the number of background
chromosome losses (to) is subtracted from the number of losses obtained at the end of the
assay (t1). This number of chromosome losses is then divided by the exact number of cell
divisions that have occurred during growth in rich medium (cell density of t1 minus cell density
of to) to give the rate of chromosome loss. This chromosome loss calculation is shown below

for one biological replicate of the WT strain.

Rate of chromosome loss = Number of chromosome losses (t1 - to)

cell density (t1 - to)

Example:
Rate of WT chromosome XII loss = 52.50 — 5 losses/ml
1.30x107 - 5.23x106 cells/ml

=6.14x10 chromosome losses per cell division

The rate of chromosome loss is estimated independently for at least two biological
replicates for every strain screened, with the average and standard error (SE) indicated.
Initially, we estimated the chromosome loss rate of the WT strain (X1[200/200kU) The average WT
chromosome XII loss rate from 36 independent biological replicates was found to be 6.01x106
chromosome losses per cell division. To determine statistical differences, nonparametric
statistics were used. For differences between groups of strains, a Kruskal-Wallis one-way
analysis of variance by ranks was used, and for paired comparisons, Mann-Whitney-Wilcoxon
rank sum tests were performed. All p-values obtained were corrected using a false discovery
rate (fdr) adjustment.
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3.4 CHROMOSOME LOSS VALIDATION

In order to validate that the colonies | count as chromosome losses in the CLA really
are chromosome loss events, | tried using contour-clamped homogeneous electric field (CHEF)
gel electrophoresis and Southern blotting to confirm aneuploidy. CHEF gel electrophoresis can
separate yeast chromosomes by size and specific chromosomes can be detected using
chromosome-specific probes. To confirm chromosome losses, | isolated chromosome XII loss
colonies from a CLA strain with chromosome XII homologs of different sizes. The different
homolog sizes allowed detection and differentiation of each homolog on a CHEF gel, resulting
in two bands; while chromosome loss colonies result in a single band, corresponding to the
homolog that remains. | was able to detect loss of one homolog by the absence of the one of
the bands in some of colonies, but in others | was also unable to detect the remaining homolog
(not shown). These results were unreliable due to the lack of correct detection and nonspecific
hybridization of the Southern blot probe. Therefore | decided to use another technique to
validate the chromosome loss events detected by the CLA.

To confirm the chromosome loss colonies isolated had in fact lost one chromosome X
homolog, an independent PCR method was used. PCR primers were designed to amplify the
regions around the URA3 and kanMX2 insertions in chromosome XII. All CLA strains have
insertions of both markers on one of the two chromosome XII homologs, hence they are
heterozygous for the insertions. This results in two PCR products per primer set for the
parental strains. Importantly, the loss colonies show only one band, corresponding to the
unmarked homolog, as expected if these really are chromosome loss events (figure 3.5).
Together, these results strongly support the absence of the marked chromosome XII homolog
from the chromosome loss colonies obtained via the CLA, indicating that the CLA can robustly
detect chromosome losses and is not prone to false positives.
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Figure 3.5. PCR confirms the absence of URA3 and kanMX2 in chromosome loss

colonies. Chromosome loss colonies were collected from the CLA to confirm loss of chromosome XII. The
URA3 and kanMX2 insertion loci were PCR amplified from two strains (CLA strain 1: XII2020kU fop1- and CLA
strain 2: XII90KU+HP) and from two chromosome loss colonies for each strain (loss 1 and loss 2 for each). M
(marker), NTC (no template control), WT (WT CLA diploid strain XI[200200kU) - (haploid unmarked WT strain), +
(parental CLA strain), and loss (chromosome loss colonies 1 and 2). For the Chr XIl URA3 insertion PCR (primers
PAG352 and PAG353), the WT locus size is 2,157bp and the URA3 insertion locus size is 2,961bp, a third
unspecific band was also present in WT and the + control from strain 2. For the Chr XII kanMX2 insertion PCR
(primers PAG344 and PAG345), the WT locus size is 1,127bp and the kanMX2 insertion locus size is 2,761bp.

The CLA is independent of growth rate, but poor growth of aneuploid cells could
compromise detection of chromosome loss events in the CLA. Therefore | tested whether cells
that have lost a copy of chromosome XII have an impaired growth rate compared to WT. No
difference was observed between the growth rate of the WT CLA strain X|I200200kU gnd a
chromosome XlI loss colony from the same strain (figure 3.6). This shows that loss of a
chromosome XII homolog does not affect growth rate, and indicates that detection of
chromosome loss events is not compromised by growth selection against chromosome loss
colonies.
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Figure 3.6. Loss of chromosome Xl does not affect growth rate. Growth rates were measured
using a 96 well plate reader (section 2.2.5). Growth in YPD of the WT CLA strain (XI12001200kU; hlye) was compared
to its growth after loss of chromosome XII. n=3 (3 biological replicas, each with 3 technical replicas). Error bars
show SE.

Finally, to test the ability of the CLA to distinguish chromosome loss in a diploid strain
from other events that inactivate the markers, a haploid strain carrying the chromosome XII
markers (XI1200kV) was used as a negative control. This strain can lose either marker gene or
potentially both, but loss of its only copy of chromosome XIlI is not viable. As expected, no
chromosome loss events were identified for the haploid strain XI[200KU, A few colonies were
obtained on 5-FOA plates but these are all likely to be URA3 mutations as they all grew in the
G418 replica plates (data not shown). This showed that assaying for the presence of the
second marker gene (kanMX2) is a powerful way to distinguish chromosome losses from other
gene inactivation events. Taken together, these results confirm the authenticity of the

chromosome loss colonies identified using the CLA, and show that the assay is robust.
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CHAPTER FOUR: STRAIN CONSTRUCTION
AND CHARACTERIZATION
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To investigate the role of the rDNA in chromosome segregation, a number of diploid
strains were required. These strains carry the CLA markers (section 3.1) and genetic
modifications of interest. This chapter describes the strain construction and genotype
confirmations of these strains. Details on the rationale for each strain and their chromosome

missegregation phenotypes are presented in Chapter five.

4.1 STRAIN NOMENCLATURE

All strains used in this study have been assigned a nomenclature tailored to describe,
in a simple way, the genetic modifications they harbor and the chromosome in which the CLA
markers have been inserted. This nomenclature uses roman numerals to specify chromosome
number, and superscripts to indicate rDNA copy number and insertion of the CLA markers.
Other traits such as mutations and gene replacements are specified using conventional genetic
nomenclature. Using this nomenclature, a wild type (WT) haploid strain with 200 copies of the
rDNA on their native locus on chromosome XI| is designated XII200, S. cerevisiae haploid cells
of opposite mating types (MATa and MATa) can be mated to create diploid cells (MATa/a).
For diploid strains, a forward slash is used in the superscript to distinguish the traits of interest
on each homologous chromosome. So, for a diploid WT strain carrying 200 rDNA copies on
each chromosome XlI homolog with the CLA markers kanMX2 (K) and URA3 (U) on one of

these homologs, the strain designation is XI[200/200KU,

4.2 CHARACTERIZATION OF THE WT STRAIN XI[200/200ku

The WT CLA strain XI|200200kU ysed for the CLA optimization also served as a starting
point to measure the rate of chromosome Xll loss under normal conditions. This strain was
created by Ogawa, Ganley and Kobayashi (unpublished) by insertion of kanMX2 into the short
arm of chromosome XII, and URA3 into the long arm of chromosome XII (between CEN12 and
RDN1) of a haploid WT strain (figure 4.1). This haploid strain (XI1200kU) was mated with an

untagged WT haploid strain (XI1200) of the opposite mating type to create strain XI[200/200KU,
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1,151bp screening PCR product
2,558bp insertion construct

PAGIMS PAGIMA kanMX2 module ~1,437bp ChrXI1-109,570:kanMX2
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1,161bp screening PCR product
3,240bp insertion construct
PAG3S4  PAGIS URA3 ~1,064bp
—> —> ChrX1l-223,830::URA3
< I <«
PAG290 2,775bp Construct PAG353

Figure 4.1. Insertion sites of the kanMX2 and URA3 markers in the short and long arms

of chromosome XlI, respectively. The kanMX2 construct (top dotted box around green arrow) carries the
1,437 bp kanMX2 module inserted into position 109,570 of chromosome XII. The URA3 construct (bottom dotted
box around orange arrow) carries the 1,064 bp URA3 gene inserted into position 223,830 of chromosome XII.
PCR primers for confirmation of the insertion (PAG346 and PAG293; PAG354 and PAG290) and for amplification
of the whole insertion cassette (PAG344 and 345; PAG352 and PAG353) are shown for kanMX2 and URA3,
respectively. The positions of the insertions relative to the chromosome XII centromere (CEN12) and the rDNA
array (purple) are indicated in the middle (not to scale). Marker insertion designed by Ogawa, Ganley and
Kobayashi (unpublished).

The genotype of XI[200200KU was verified and is summarized in figures 4.2A and 4.2B.
Chromosome XI| size was evaluated through CHEF and Southern blotting (figure 4.2C), and
the low mobility of chromosome XII is indicative of a WT length rDNA array (Kobayashi et al.
1998). PCR was used to confirm the presence of the CLA markers on chromosome Xl (figure
4.2D), and the diploid nature of the strain (figure 4.2E). To corroborate that only one homolog
chromosome carries the CLA tags, the strain was sporulated and tetrads were dissected,
resulting in a 2:2 segregation of the kanMX2 and URA3 CLA markers (figure 4.3).
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WT Ogawa, Ganley and ~ MATa/MATa ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/rp1-1

Kobayashi, leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll-109,570::kanMX2/
X|[200200KU ynpublished ChrXIl ChrXil-223,830::URA3/ChrXIl
B Chl' X]| C CHEF analysis D Chromosome XII markers
b
é g = E = E *
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Figure 4.2. Characterization of the WT CLA strain XI1200/200KU_(A) Genotype of the WT strain. (B)
Cartoon depicting the two chromosome XII homologs in the diploid WT strain. Chromosome Xl is ~2.9 Mb and
carries ~200 copies of the rDNA gene (dark purple) on each homolog. (C) Chromosome XII size was confirmed
and rDNA copy number estimated by CHEF and Southern blotting with an rDNA and a chromosome XII probe. (D)
PCR was used to confirm the insertion of the CLA selective markers kanMX2 (PAG346 and PAG293) and URA3
(PAG354 and PAG290) in chromosome XII at positions 109,570 and 223,830 respectively (see figure 4.1 for
details). (E) PCR was also used to confirm diploidy by amplification of the mating type loci MATa (PAG465 and

PAG467) and MATo. (PAG466 and PAG467). M (Marker), NTC (no template control), and * (WT gDNA of strain
X112001200KU),

L) sp-un
L) yro+cats

Figure 4.3. Haploid colonies from dissected tetrads of the WT CLA strain XI[200200KU, Ope
full tetrad dissected from strain X1[200/200kU js shown with the 4 spores plated onto YPD, SD-Ura and YPD+G418 to
confirm a 2:2 the segregation of the URA3 and kanMX2 CLA markers. From left to right, haploid colonies are
XI1200, X][200U X][200K and XI[200KU, The XII200KU colony carrying both CLA markers that is prototrophic for uracil
and G418 resistant is circled. There is some initial residual growth of spores on incompatible media due to the
large number of cells transferred from the replica plating. However, the size difference between colonies is
consistent with a 2:2 segregation of both CLA markers.

To determine whether insertion of the CLA tags into chromosome XlI affects growth,

the growth rate of the WT CLA strain X|[200/200KU was compared to haploid WT strains with and
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without the CLA tags on chromosome XII. An increase was observed in the slope of the growth
curve of the diploid and haploid strains with the CLA tags compared to the untagged haploid
WT, indicating an increased growth rate in the presence of the CLA tags (figure 4.4). This
increase in growth rate can be explained by the presence of the URA3 gene, as it has been
previously shown that the growth rate of uracil auxotrophic (Ura-) strains (such as our control
haploid XI120) is somewhat slower than that of uracil prototrophic (Ura*) strains (Weng and
Nickoloff 1997). Clearly, then, the CLA tags do not impair the growth rate of the WT strain, and
instead provide a slight growth advantage. The CLA controls for differences in growth rates,

therefore this growth advantage is not expected to affect the chromosome loss rate

measurements.
0.8
077 e ————
06 - ’ //',’::/W
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Figure 4.4. Chromosome Xl tags for the CLA do not impair growth rate. Growth rates using
96 well plates (section 2.2.5) were obtained for the WT CLA strain XI|200200kU a5 well as haploid controls XI|200KU
and XI1200, All strains were grown in YPD and their growth was monitored until they reached stationary phase. n=3
for each strain (3 biological replicates where each biological replicate consists of 3 technical replicates). Error bars
show SE.

4.3 rDNA DELETION STRAINS

To examine the effect of the rDNA on chromosome segregation, | wanted to test the
effect of removing the rDNA array from its native chromosomal location. To achieve this, a
strain with the rDNA completely deleted from chromosome XII that was originally constructed
by Wai et al. (2000) and that has the CLA markers inserted in one chromosome XII homolog
was obtained from Ogawa, Ganley and Kobayashi (unpublished). This strain carries a 2-micron
plasmid that contains a 35S rRNA gene driven by the Polymerase Il Gal7 promoter and is

referred to as the helper plasmid (HP) (figure 4.5). The helper plasmid also contains a 5S rRNA
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gene, and a TRP1 gene to allow auxotrophic selection. This tagged rDNA deletion strain is
therefore referred to as XII90KU+HP (figure 4.6A, 4.6B).

58S GAL7P
A

35S

TRP1

Figure 4.5. Helper plasmid (HP). The helper plasmid (HP) corresponds to pNOY353 created by Wai et al.
(2000), and consists of a 2 micron plasmid carrying a 35S rRNA gene with a Gal7 promoter, a 5S rRNA gene, a
TRP1 gene for yeast auxotrophic selection, and an amp gene for selection during cloning (figure from Wai et al.
2000).

4.3.1 Characterization of the CLA strain XII90KU+HP

To confirm that only one homolog carries the CLA tags, XII%0KU+HP was sporulated
and tetrads were dissected (section 2.3.2). As anticipated, a 2:2 segregation ratio of the CLA
markers kanMX2 and URA3 was observed (table 1V). PCR was performed to confirm diploidy
of this strain (figure 4.6E), insertion of the two CLA tags into chromosome XI! (figure 4.6D), and
the presence of the HP (figure 4.6F). Finally, CHEF and Southern blotting were performed to
confirm that this strain contains no rDNA copies on chromosome XII. The chromosome XII
band migrated further than the WT chromosome XII band and with a similar mobility to
chromosomes VIl and XV (figure 4.6C). This size of about 1 Mb corresponds to the 1,078 kb
sequenced length of chromosome XII without the rDNA repeats (Goffeau et al. 1996).
Additionally, chromosome XIl was detected when a probe for chromosome Xl was used, but
could not be detected with an rDNA probe (figure 4.6C). These results confirm deletion of the
rDNA array from both chromosome XII homologs, and this strain is referred to as the rDNA

deletion strain in this thesis.
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A Origin/Created by: | Genotype

rDNA deletion ~ Ogawa, Ganley MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-14mp1-1
(0-copy) and Kobayashi, leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll-109,570::kanMX2/ChrXI

unpublished ChrX11-223,830::URA3/ChrXll rdn1AA/rdn1A::HIS3 +HP
XI|00KU+HP
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Figure 4.6. Characterization of the rDNA deletion strain XII%°KU+HP. (A) Genotype of the rDNA
deletion strain. (B) Cartoon depicting the two chromosome XII homologs in the diploid XII90KU strain with the CLA
kanMX2 and URA3 markers as in figure 4.2. In this strain chromosome Xl is ~1.08 Mb and does not harbor any
chromosomal rDNA gene copies on either homolog. (C) Chromosome size and rDNA copy number were
confirmed using CHEF and Southern blotting. Insertion of CLA markers into chromosome XII (D), and diploidy of
this strain (E) were confirmed through PCR as in figure 4.2. (F) PCR, using primers PAG10 and PAG313, was
used to confirm the presence of the HP. M (marker), NTC (no template control), and * (QDNA of rDNA deletion
strain XII00KU+HP),

The rDNA deletion strain XII90KU+HP is unusual in that it is able to grow in glucose,
even though it should be dependent on galactose for growth because it uses a Polymerase |l
Gal7 promoter for rRNA transcription. The change that has enabled strain XII90KU+HP to grow
in glucose media is not known, but has been previously observed and may be the result of
helper plasmid recombination with the 2-micron plasmid (A. Ganley personal communication).
Despite this unusual growth ability, the 0-copy strain XII%0KU+HP was confirmed to have all
rDNA copies deleted from chromosome Xl using CHEF and Southern blot (figure 4.6). To

determine whether growth of the 0-copy CLA strain is compromised, its growth rate was
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compared to the WT strain XI[200200kU, Deletion of the rDNA repeats from chromosome XI|

marginally decreases the growth rate in YPD medium when compared to WT (figure 4.7).

0.7

0.6
0.5

o X||200/200KU

XII90KU+HP
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Figure 4.7. Deletion of the rDNA repeats from chromosome Xl marginally decreases the

growth rate. A strain with the rDNA deleted (XII%0kU+HP) grows slightly slower than a strain with WT rDNA
copy number (X1[200200kV) " Growth rates were measured in YPD for both strains by following ODsoonm using a 96
well plate reader. For both strains n=2 (2 biological replicas per strain with 3 technical replicates each). Error bars
show SE.

4.3.2 Creation of a helper plasmid control strain XI|200200kU+HP

To examine whether the presence of the HP has any effect on chromosome
segregation, a control strain was created by transforming the HP into the WT CLA strain
XI1[200200kU, The HP was obtained by extracting total DNA from strain XII90KU+HP (see section
2.4.2) and digesting it with RecBCD to degrade linear ssDNA and dsDNA while preserving
circular plasmid DNA (figure 4.8).

HP

Figure 4.8. Helper plasmid from strain XII%KU+HP, Ethidium bromide stained agarose gel of
undigested (U) and RecBCD digested (D) XII90kU+HP total DNA. M (marker). The arrow indicates HP DNA.

The HP was then transformed (section 2.7.2) into the CLA WT strain X|[200/200KU gnd

Trp* colonies were selected. Successful transformation of the HP was confirmed through PCR
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(figure 4.9) using a primer pair that amplifies a fragment between the Gal7 promoter and the 5S
rRNA gene from the HP (figure 4.5).

X |2001200KU
+HP

HP  WT

~750 bp

Figure 4.9. PCR confirms the presence of the HP in strain XI1200200KU+HP, A ~750 bp fragment

of the HP was amplified by PCR using primers PAG10 and PAG313 and separated by gel electrophoresis. M
(marker), HP (HP purified plasmid DNA), WT (WT gDNA), and XII00KU+HP (gDNA).

4.4 rDNA COPY NUMBER REDUCTION AND DISRUPTION OF
FOB1

Strains that are disrupted for FOB1 and that have reduced rDNA copy number were
required for this study. To maintain a reduced number of rDNA copies, Fob1 must be
inactivated, as its presence allows amplification of reduced rDNA copies back to the WT copy
number (Kobayashi et al. 1998). Strains with the CLA markers inserted into chromosome Xl
and a disrupted copy of FOBT were obtained from Ogawa, Ganley and Kobayashi
(unpublished), with either WT rDNA copy number or a reduced number of rDNA copies.

4.4.1 Characterization of strain XI[200200kU fop1-

The genotype of strain XII200200kU foh1- is shown in figures 4.10A and 4.10B. This
strain was confirmed to be prototrophic for uracil and G418 resistant, and it is also prototrophic
for leucine as a consequence of the FOB1 disruption. CHEF and Southern blotting confirmed
that this strain contains a WT length rDNA array on chromosome Xl| (figure 4.10C), and a 2:2

segregation ratio of the CLA markers following sporulation confirmed that only one homolog
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carries the CLA markers. PCR confirmed the insertion of the two CLA markers into
chromosome XII (figure 4.10D), diploidy of the strain (figure 4.10E), and FOB1 disruption
(figure 4.10F). Disruption of FOB1 by Ogawa, Ganley and Kobayashi was achieved by
insertion of the LEUZ2 gene into the middle of the FOB1 coding sequence using a fob1::LEU2
construct (Kobayashi and Horiuchi 1996) (figure 4.11). This strain is referred to as the FOB1

disruption strain in this thesis.

Strain Origin/Created Genotype
A by:

FOB1 Ogawa, Ganley MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 tp1-1/
disruption and Kobayashi, trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100

unpublished ChrXlI-109,570::kanMX2/ChrXIl ChrXll-223,830::URA3/ChrXIl,
]| ZEIOe fob1::.LEU2/fob1::LEU2
fob1-
B Chr Xl C CHEF analysis D chromosome XIl markers
[&] o
g é =5 - ==z . )
_ < . =
kanMX2 s £ 8
CEN‘,Z Wells  — 1,151bp 1,161bp
Chr XIl mp -
URA3 (200) kanMX2 URA3
E Mating type
(& o
== - =5 -
20?6;?3' 4660p 489bp
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MATa MAT
F FOB1

fob1:LEU2 (4kb)
FOB1 (2.3kb)

Figure 4.10. Characterization of the FOB1 disruption strain X|I200200KU foh1-, (A) Genotype of
the fob1- strain. (B) Cartoon depicting the two chromosome XII homologs in the diploid X11200200KU foh1- strain. In
this strain chromosome XIl is ~2.9 Mb and carries ~200 copies of the rDNA gene on each chromosome arm. As in
figure 4.2, chromosome Xl was analyzed by CHEF and Southern blotting (C), and PCR was used to confirm the
insertion of the CLA selective markers (D) and diploidy (E). PCR (using primers PAG23 and PAG24) was also
used to confirm disruption of FOB1 (F). M (marker), NTC (no template control), WT (gDNA of WT strain
XI1200200kU) “and * (gDNA of strain XI1200200kU foh1-),
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2.3 kb FOB1 PCR product

PAG23 FOB1 1,701 bp
RS e i
EcoR! Clal EcoRl . T

PAG24

LEU2

4 kb fob1::LEU2 PCR product

Figure 4.11. Disruption of FOB1 using LEU2. Disruption of FOB1 by insertion of LEU2 into the Clal
restriction site of the FOB1 coding region. Primers PAG23 and PAG24 are used to confirm fob1::LEU2 by PCR
amplification of a 2.3 kb product from FOBT versus a 4 kb product from fob1::LEU2 .

4.4.2 Characterization of strain XI[2020kU fop1-

We used the low rDNA copy number strain XI[2020kU fop1- from Ogawa, Ganley and
Kobayashi (unpublished). This XII2020KU foh1- strain has ~20 rDNA copies per array on both
chromosome XII homologs, and sporulation confirmed a single copy of each CLA marker
through 2:2 segregation. Figure 4.12A summarizes this strain’s genotype and its important
features are depicted in figure 4.12B. PCR confirmed its diploid state, CLA marker insertion
into chromosome XII, and FOBT disruption (figure 4.12D,F). CHEF and Southern blotting
indicates a smaller size of chromosome XlI relative to WT but bigger than the rDNA deletion
strain, with each homolog being a slightly different size. The homologs from this strain have
been previously reported to contain ~20 rDNA gene copies each (Takeuchi et al. 2003). This
strain is referred to as the 20-copy strain in this thesis. As for the rDNA deletion strain, we
compared the growth rates of the FOBT disrupted and 20 copy strains, and both grow at a

similar rate to WT (figure 4.13).
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20-copy  Ogawa, Ganley and MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/trp1-1

Kobayashi, leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll-109,570::kanMX2/ChrXll
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Figure 4.12. Characterization of the 20-copy strain XII2020KU foh1-, (A) Genotype of the 20-copy
strain. (B) Cartoon depicting the two chromosome XII homologs in the diploid XI[2020kU fop1- 20-copy strain. In this
strain chromosome Xll is ~1.2 — 1.5 Mb and carries rDNA 20-30 copies on each homolog (dark purple). As in
figure 4.10, chromosome XIl was analyzed by CHEF and Southern blotting to confirm chromosome size and
estimate rDNA copy number (C), and PCR was used to confirm the insertion of the CLA markers (D), diploid state
(E) and disruption of FOB1 (F). M (marker), NTC (no template control), and * (JDNA of strain XI120/20kU fop1-),

X"ZOOIIZDGKU

X[[2001200KU fop1-
X[120120KU fopp1-
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Figure 4.13. Disruption of FOB1 and rDNA copy number reduction do not affect the
growth rate of CLA strains. The FOB1 disruption (XI[200200U foh1-) and 20 copy (XI12020KU foh1-) strains
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grow at a similar rate to WT (XI1200200kU), Growth rates for each strain were measured in YPD by following ODsoonm
using a 96 well plate reader. For all strains strains n=2 (2 biological replicas per strain with 3 technical replicates
each). Error bars show SE.

4.4.3 Creation of a Fob1p inducible plasmid: pGAL-FOB1

To determine the effect of complementing the FOB17 disruption, an inducible FOB1
system was used. | constructed a FOB1 complementation system designed by M. Woods
(Woods, Quintana and Ganley unpublished) to selectively induce expression of FOBT in the
presence of galactose. The galactose promoter was chosen because of its reported ability to
be activated in the presence of galactose and repressed in the presence of glucose (Johnston
and Davis 1984; West et al. 1987).

The galactose inducible FOB1 plasmid pGAL-FOB1 was constructed by fusing a
galatose promoter to FOB1 and inserting the fused product into the multiple cloning site (MCS)
of the yeast centromeric plasmid YCpLac22 (Gietz and Sugino 1988). To achieve this, first the
GAL1-10 bidirectional promoter sequence between the GAL?1 and GAL10 ORFs was PCR
amplified, introducing novel Sacl and BamHI restriction sites into the 5 and 3’ ends by
incorporating these restriction sites into the primer sequences. In parallel, FOB1 was PCR
amplified, introducing novel Sall and BamHI restriction sites into the 5 and 3’ ends by
incorporating these sites into the primer sequences. Both GAL1-10 and FOB1 PCR products
were digested with BamHI. The GAL1-10 and alkaline phosphatase treated FOB1 products
were ligated to each other, and the GAL1-10-FOB1 ligation product was amplified by PCR,
adding A’ overhangs. This fragment was cloned into the TA vector pCR2.1 and excised using
Sall and Sacl restriction endonucleases. Plasmid YCpLac22 was also digested and linearized
with these restriction enzymes, and the resulting products were ligated to each other to insert
the GAL1-10-FOB1 construct into the YCpLac22 MCS, producing pGAL-FOBT1 (figure 4.14).
This plasmid was confirmed by Sall/Sacl restriction digestion to have a 4,854 bp backbone and
a 2,450 bp insert (figure 4.15).

72



FOB1

pGAL-FOB1

Sall
7,304bp

YCplLac22

Figure 4.14. FOB1 complementation plasmid pGAL-FOB1. The main features in the construction
of pGAL-FOB1 are illustrated. The FOBT gene was ligated to the GAL1-10 promoter sequence using BamHI and
the resulting ligation product was inserted into the YCpLac22 Sacl/Sall MCS.

GAL1-10-FOB1 into GAL1-10-FOB1 into
pCR2.1 MCS YCplac22  YCplac22 MCS

M u D u D u D

YCplac22 Backbone
4,854bp

ol — GAL1-10-FOB1 construct
2,450bp

Figure 4.15. Construction of pGAL-FOB1. Ethidium bromide stained agarose gel of undigested (U) and
Sall/Sacl digested (D): GAL1-10-FOBT into pCR2.1 MCS (pCR2.1 plasmid containing the GAL1-10-FOB1
construct), YCpLac22, and GAL1-10-FOB1 into YCpLac22 MCS (newly constructed plasmid pGAL-FOB1).

Plasmid pGAL-FOB1 was transformed into strains XI200/200KU - X]|200/200KU foh1-, and
XI[20120kU foh1- to allow expression of FOB1T through growth in galactose. Transformants were
selected for their ability to grow on medium lacking tryptophan. Presence of pGAL-FOBT was
confirmed by PCR amplification of the GAL1-10-FOB1 construct using primers M13F and
M13R (which bind to the MCS in YCpLac22) (figure 4.16).
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Figure 4.16. PCR confirms successful transformation of pGAL-FOB1T into strains

XI[200/200KU " X[200/200KU foh1-, and XII20/20KU foh1-, A ~2.5 kb product from pGAL-FOB1 was amplified by
PCR using M13F and M13R primers and separated by gel electrophoresis. M (marker), NTC (no template control),
and WT gDNA (negative amplification control from XI[2001200kU) Two different isolates from each transformant were
screened.

4.4.4 Creation and characterization of strain XII9°kU fob71-+HP

Strain XII00KU fop1-+HP was created from strain XII%0KU+HP, First, to obtain rDNA
deletion haploids of opposite mating types, one with and one without the CLA markers, strain
XII00KU+HP was sporulated. Spores from two sets of tetrads were streaked onto selective
media to determine the presence or absence of the CLA markers and the HP. As expected, a
2:2 segregation of the markers (G418R and Ura*) and a 4:0 inheritance of the HP (Trp*) were
observed (table IV). The mating type of each spore was determined by the liquid culture

method (see section 2.3.3).

Table IV. Phenotypic traits and mating types of haploid spores from strain

XII0/0KU+HP
S = Sensitive, R = Resistant, + = Prototroph, - = Auxotroph, *=Spores used to construct strain XII90kU fop1-+HP

Tetrad Spore G418 Ura HP (Trp) | Mating type
A R - + o
1 B* S - + o
G R + + a
D S i g a
A S - + a
9 B R + + o
C S - + a
D R + + o
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Spores 1B and 1C of opposite mating types and carrying the HP (table IV) were then
subjected to FOB1 disruption through insertion of HIS3 to partially replace the 5" end of the
FOBT1 coding sequence (figure 4.17), as previously performed by Kobayashi et al. (Kobayashi
et al. 1998). PCR employing the same primers used to amplify the FOB1 locus (figure 4.9) was
used to confirm successful fob1::HIS3 disruption in the His* colonies of spores 1B (Schischka
and Ganley, unpublished, not shown) and 1C (figure 4.18) through a fragment size increase for
fob1::HIS3 compared to FOBT.

23KOFOBTPCROIOGUCE s
FOB1~1,701 bp

PAG23
—_—> i
| Chr IV
EcoRl Nrul Clal EcoRl <

PAG24

3.5 kb fob1::HIS3 PCR product

Figure 4.17. Disruption of FOB1 by HIS3. Disruption of FOB1 followed the method of Kobayashi et al..
(1998) who used a Nrul/Clal flanked HIS3 PCR product to replace the Nrul/Clal fragment containing part of the
FOB1 coding region (about 750 bp encompassing ~550 bp of the 5’ end of FOB1). Primers PAG23 and PAG24
were used to confirm fob1::HIS3 by PCR amplification of a 2.3 kb product from FOB1 versus a 3.5 kb product from
fob1::HIS3. This 3.5 kb fob1::HIS3 PCR product was used to disrupt FOB1 in other CLA strains in this study.

M NTC + *

fob1::HIS3 3.5kb

Figure 4.18. FOB1 disruption in rDNA deletion haploid spore 1C (XII°KU+HP). FOB1
disruption in the haploid rDNA deletion strain XII%KU+HP (*) is demonstrated by PCR amplification of a 3.5 kb
product corresponding to fob1::HIS3. M (Marker), NTC (no template control) and + (positive gDNA control from
fob1::HIS3 strain X|[2001200KU fop 1-).

The fob1- rDNA deletion haploids (XII° fob1-+HP and XII%KU fob1-+HP) were then mated
and zygotes selected using a micromanipulation microscope to obtain a diploid rDNA deletion
strain with a homozygous FOB1 disruption. The diploid nature of the new XII00KU foh1-+HP
strain was confirmed through PCR (appendix 8.1).
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4.5 CREATION OF RPA135 DELETION STRAINS

4.5.1 Construction of XII200200kU rpa135A+HP strain

To evaluate the effect of rDNA transcription on chromosome Xl segregation, our
approach was to inactivate Pol | to abolish chromosomal rDNA transcription without altering
chromosome size or removing the rDNA repeats. Since rDNA transcription by Pol | is essential
for cell survival, strains were first transformed with the helper plasmid before Pol | inactivation.
Pol | inactivation was achieved through deletion of the RPA135 gene that encodes the second
largest subunit of the Pol | complex. Several strategies were used to attempt to replace the
RPA135 coding sequence with a selective marker.

Our initial strategy to replace RPA135 with the LEU2 gene was to use a direct
knockout approach that involved amplification of LEU2 with long primers containing ~50 bp of
sequence matching the RPA135 flanking regions (figure 4.19). Following amplification, the
rpa135A::LEU2 PCR product was directly transformed into WT haploid yeast cells containing
the HP and selection was performed on minimal medium lacking leucine. However, all the

phenotypically positive screened colonies were negative for RPA135 deletion (data not shown).

A B
PAG200/2001
4,862bp RPA135 PCR product PCR
1,975bp PCR product from rpa135d:j'LE.U2 - sE,
RPA135 3,612 bp
PAG198 —)_ I
<« PAG199

PAG200

S &

) - —

—!:__‘, 1,667
1,667bp LEU2 PCR product wnh RPA 135 homologous regions

Figure 4.19. RPA135 direct PCR replacement approach with LEU2. (A) A 1,667 bp product
(using primers PAG200 and PAG201, bottom dotted line) of LEU2 (from YEpLac181) W|th RPA135 homologous
flanking regions (50 bp on the 5’ end and 53 bp on the 3' end; shown in red) was used to replace RPA135 on
chromosome XVI. Primers PAG198 and PAG199 upstream and downstream of the transformation target site,
respectively, were used to confirm replacement of RPA135 by LEUZ2 through amplification of a 4,862 bp product
from RPA135 or a 1,975 bp product from rpa135A::LEU2 (top dotted line). (B) The ~1,667 bp disruption construct
was PCR amplified using primers PAG200 and PAG201 and separated by gel electrophoresis. M (marker), NTC
(no template control), and + (YEpLac181 was used as a positive LEU2 amplification control).
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The haploid strain is auxotrophic for leucine due to double frameshift mutations
(leu2,112 and leu3,112) in the native LEU2 locus. Therefore it is possible that the
rpa135A::LEU2 construct integrated at the native LEUZ locus instead of the RPA135 locus. To
circumvent this, we decided to use the same replacement strategy, but instead using a
selective marker with low sequence identity to the native S. cerevisiae gene. The ADE6 gene
from Schizosaccharomyces pombe (SpADE6), which is a homolog of the S. cerevisiae ADE2
gene (Forsburg 2001) with ~80% sequence similarity, was chosen as a selective marker for
RPA135 disruption. Long primers containing the same ~50 bp RPA135 flanking regions as
above were used to amplify ADE6 (figure 4.20). Following amplification, the rpa135A::ADE6
PCR product was directly transformed into WT haploid yeast cells containing the HP. However,

no colonies grew on minimal medium lacking adenine, despite multiple transformation

attempts.
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Figure 4.20. RPA135 direct PCR replacement approach using rpa1354::SpADEG6. (A) An
SpADEG (from S. pombe) PCR product (1,835 bp using primers PAG305 and PAG306) with RPA135 (from S.
cerevisiae) flanking regions (54 bp on the 5" end and 53 bp on the 3' end) was used to directly transform yeast to
replace the RPA135 locus. Primers PAG198 and PAG199 (upstream and downstream of the transformation target
site) were used to confirm replacement of RPA135 by SpADES through amplification of a 4,862 bp product from
RPA135 or a 2,231 bp product from rpa135A::SpADE6. (B) The ~1,835 bp disruption construct was amplified
using primers PAG305 and PAG306 and separated by gel electrophoresis. M (marker), NTC (no template control)
and + (S. pombe gDNA was used as template to amplify rpa135A::SpADEG).

A third strategy that employs an increased homologous flanking region lengths using
the rpa135A::ADE6 construct was undertaken, in case the short flanking regions hindered
transformation efficiency in the previous strategies. This strategy was chosen based on results
showing that ~50 bp of homologous flanking regions is enough for targeted gene replacement,

but that transformation efficiency is substantially enhanced when the length of the homologous
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region is increased (Sugiyama et al. 2005). Therefore, SPADE6 was PCR amplified, ligated into
the TA vector pCR2.1, and excised using restriction enzymes to obtain a SpADE6 fragment
(figure 4.21A and 4.22A). In parallel, the RPA135 gene and its flanking regions were amplified
from WT gDNA and ligated into the pCR2.1 TA cloning vector to create plasmid DAG135
(figure 4.21B). DAG135 was then digested with the same restriction enzymes used to excise
SpADEG6 from pCR2.1 (figure 4.22B), removing an internal portion of the RPA135 coding region
that was replaced by ligation of the SpADEG6 fragment. This creates the knockout construct
rpa135::SpADE6 (figure 4.21C), which was confirmed by PCR (figure 4.22C). This construct
was used to transform WT haploid yeast cells. After several transformation attempts, some
potential transformation colonies grew on minimal medium lacking adenine. However, all these
transformant colonies were found to be negative for RPA135 replacement by PCR screening
(data not shown). This suggested that our SpADE6 sequence might not complement ADE?2
deficiency or that RPA135 disruption is difficult in this haploid strain.
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Figure 4.21. rpa135::SpADE6 long replacement construct approach. SpADE6 was used to
partially replace the coding sequence of RPA135. (A) SpADE6S was amplified by PCR (using primers PAG311 and
PAG312 containing PfIMI and BspEl restriction sites, respectively), ligated through into TA cloning plasmid
pCR2.1, and excised using restriction enzymes PfIMI and BspEl. (B) RPA135 was PCR amplified using primers
PAG198 and PAG199 (4,862 bp product) and inserted into plasmid pCR2.1 to create plasmid DAG135. The
PfiMI/BspEl fragment was excised from this plasmid and replaced by ligating the excised SpADE6 product from
(A) to create a plasmid containing the rpa135::SpADE6 long replacement construct. Primers PAG198 and
PAG199 were used to amplify this construct for transformation. (C) Replacement of RPA135 by SpADE6 was
evaluated using primers PAG310 and PAG199, which amplify a 2,735 bp product from rpa135::SpADES.
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Figure 4.22. Creation of the rpa135::SpADEG6 long replacement construct. Ethidium bromide
stained agarose gels show the construction of rpa135::SpADE6. (A) SpADEG6 inserted into PCR2.1 is shown
before (U, undigested) and after (D, digested) PfiMI and BspEl excision to obtain a 1,751 bp SpADE6 fragment
with sticky PIMI/BspEl ends (*). (B) DAG135 (U) was digested using PfiMI and BspEl (D) to remove a portion of
the RPA135 coding sequence and yield the 4,862 bp DAG135 backbone with sticky PfIMI/BspEl ends (*). (C) The
two fragments with sticky PfIMI/BspEl ends from A and B (*) were ligated to each other, and the newly formed
plasmid was verified by PCR using M13 primers to obtain a 2,902 bp fragment encompassing the
rpa135::SpADE6 construct. M (marker), NTC (no template control).

Next, we tried using the RPA135 deletion strategy of Nogi et al. (1991b). These
authors replaced a single copy of RPA135 with LEUZ in a diploid strain, making it heterozygous
RPA135/rpa135A4::LEU2, and then sporulated this strain to obtain a haploid with a RPA135
deletion (NOY866). Although their strain has a RPA135 deletion, it has a different genetic
background to the other strains in this study. Therefore | transformed the CLA WT diploid strain
XI[200200kU+HP with the rpa135A4::LEU2 construct (Woods, Quintana and Ganley, unpublished
results). This yielded colonies able to grow on galactose medium lacking leucine. Replacement
of one copy of RPA135 with LEU2 was confirmed through PCR (Figure 4.23A), and PCR of the
HP (Figure 4.23B) confirmed it was still present, as it is necessary for viability of sporulated
rpa135A4::LEU2 haploids.
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X ||200/200KU 4 HP X]|2001200KU 4+ HP
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Figure 4.23. Replacement of one copy of RPA135 with LEU2 in a WT diploid strain. (A) The
RPA135 locus was PCR amplified using primers PAG198 and PAG199 to confirm replacement of one RPA135
copy in the transformed XI[200200KU+HP strain, as shown by one WT RPA135 copy (4,862 bp) and one copy that
has been replaced with LEUZ2 (rpa135A4::LEUZ2; 1,975 bp). M (marker), NTC (no template control), and WT (WT
gDNA used as a positive RPA135 control). (B) PCR (as in figure 4.8) confirming the presence of the HP in strain
X1[2001200KU RPA135/rpa135A::LEU2+HP (HP DNA was used as a positive amplification control).

Strain XI|200:200kU RPA135/rpa135A::LEU2+HP was sporulated and tetrads dissected to
obtain rpa135A4::LEU2 haploids. For most dissected tetrads, only two viable colonies were
observed, but when a third or fourth colony was obtained from a tetrad, it exhibited an
extremely small size and slow growth compared to the other two colonies. This dissimilarity in
colony size is suggestive of 2:2 segregation of ma135A4::LEU2 and RPA135 (e.g. figure 4.24,
colonies 1 and 3 versus 2 and 4, respectively), as the growth rate has been reported to
decrease 4-5 fold in a RPA135 deletion strain (Nogi et al. 1991b). Full sets of spores also
displayed a 2:2 segregation for their ability to grow on medium lacking uracil and for G418
sensitivity (not shown), as expected for segregation of the CLA markers. Finally, only two
spores from each tetrad displayed growth on glucose medium, while all four spores could grow
on galactose medium, consistent with 2:2 segregation of RPA135 and HP-dependent
rmpa135A::LEU2.
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4

Figure 4.24. Dissected tetrads from XII200200KU RPA135/rpa135A::LEU2+HP strain. Tetrads

were dissected in YPGal medium using a micromanipulation microscope. Colonies obtained from one tetrad are
boxed as an example, with colonies 1 and 3 being extremely small.

Haploid spores giving rise to very small colonies and unable to grow in glucose
medium were screened through PCR to verify the insertion of the rpa1354::LEU2 construct into
the RPA135 native locus in chromosome XVI. For specificity in detecting the construct in the
correct location, we used a primer binding upstream to the RPA135 locus and paired it with a
primer binding internally to the LEU2 coding sequence. We were able to verify successful
deletion of RPA135 in ten haploid spores. Mating type and CLA marker presence were also
checked by PCR for the haploid spores XII200KU rpa135A4::LEU2+HP and XII200
rpa135A::LEU2+HP (appendix figure 8.2).

To create a CLA rpa135A4::LEU2 homozygous diploid strain, haploid XI[200kU
mpa135A::.LEU2+HP and XII200 rpa135A4::LEU2+HP spores (with and without the CLA markers,
respectively) of opposite mating type were mated to each other and zygotes picked using a
micromanipulation microscope. The diploid state of the new strain XI[200/200kU rpa135A4+HP was

confirmed through mating type PCR (appendix figure 8.3).

4.5.2 FOB1 disruption in a RPA135 deletion background

We also created a RPA135 deletion strain that harbors a FOBT disruption. Since our
RPA135 deletion construct uses leucine selection, we used HIS3 to disrupt FOBT in strain
XI|[200200kU- rpa135A4+HP. After transformation with the fob1::HIS3 construct and selection for
His* colonies, we confirmed disruption of one of the two FOB1 copies by the amplification of
two different size products from the FOB1 locus indicative of a FOB1/fob1::HIS3 heterozygous
strain (figure 4.25).
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3.5kb fob1::HIS3
2.3kb FOB1

Figure 4.25. Heterozygous disruption of FOB1 by HIS3 in strain XII200200KU rp3135 A+HP.

Disruption of one FOB? copy in strain XII200200kU rpa135A+HP FOB1/fob1::HIS3 (*) was confirmed by PCR
amplification (as in figure 4.10) of a 2.3 kb product from FOBT and a 3.5 kb product corresponding to fob1::HIS3.
M (marker), NTC (no template control), WT (gDNA from X||200/200kU ysed as a FOB1 control), + (the fob1::HIS3
construct was used as a positive control).

We next sporulated strain XI[200200kU rpa1354+HP FOB1/fob1::HIS3 to obtain haploids
that were both leucine and histidine prototrophs and hence carried both the RPA135 deletion
and the FOBT1 disruption. We obtained 11 haploid spores prototrophic for leucine and histidine,
and five were confirmed by PCR to harbor the fob1::HIS3 construct and to carry the CLA
markers. Following mating type determination (appendix figure 8.4), spores XI[200KU
rpa135A:LEU2+HP fob1::HIS3 and XII200 pa135A4::LEU2+HP fob1::HIS3 of opposite mating
type were mated and zygotes selected to obtain a diploid CLA strain homozygous for both the
RPA135 replacement and FOB1 disruption. The diploid state of the new strain X|[200/200KU
rpa1354+HP fob1- was confirmed through mating type PCR (appendix figure 8.5).

4.5.3 Attempts to construct a 20-copy strain harboring a RPA135 deletion

We next attempted to construct a 20-copy rDNA strain with a RPA135 deletion. As
disruption of FOBT is necessary to maintain a stably reduced rDNA copy number, we first
created a 20-copy strain with FOB1 disrupted by HIS3 instead of LEUZ2, because the LEU2
marker was used in the rpa135A4::LEU2 construct. This involved using strain TAK300 (XI120
fob1::HIS3 MATa, Takeuchi et al. 2003) and sporulating the diploid 20-copy strain (X1[20/20KU
fob1::LEU2) to obtain a XII20KU fob1::LEU2 MATa haploid and swapping the LEU2 marker gene
with HIS3 through transformation of the fob1::HIS3 construct. The fob1::HIS3 disruption of
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TAK300 and the successful leu2::HIS3 marker swap of the XII20KU fob1::LEU2 haploid were
confirmed by PCR (figure 4.26).

X||20KU
M NTC + TAK300 M fobt-

! * 3.5kb fob1::leu2:HIS3

3.5kb fob1:HIS3
™\ 2.3kb FOB1

Figure 4.26. Disruption of FOB1 with HIS3 in the haploid strains TAK300 and XI[20KU

fob1::leu2::HIS3. A 3.5 kb fragment corresponding to fob?::HIS3 was PCR amplified and separated by gel
electrophoresis in strains TAK300 and XII20KU fob1::leu2::HIS3 (*),(to confirm disruption of FOB1 by Takeuchi et
al.., 2003) and replacement of the FOBT disruption marker respectively. M (marker), NTC (no template control), +
(WT gDNA from strain XI1200200kU ysed as positive amplification control of a FOBT (2.3 kb).

We next mated strains TAK300 and XII20KU fob1::leu2::HIS3, and picked zygotes to
obtain a 20-copy strain homozygous for FOBT disruption by HIS3. This XII20/20KU foh1-
(fob1::leu2::HIS3) strain was confirmed to be diploid through PCR (appendix figure 8.6), and
was transformed with the rpa135A4::LEU2 construct and the HP. Five colonies were obtained
from medium lacking leucine, and PCR showed replacement of one RPA135 copy and

presence of the helper plasmid (figure 4.27) in one of these colonies.
M NTC WT + = M NTC *

4,862bp RPA135

1,975bp rpa135::LEU2
750bp

RPA135 PCR HP PCR

Figure 4.27. Replacement of one copy of RPA135 with LEU2 in strain XII2020KU foh1-, The
RPA135 locus was amplified using primers PAG198 and PAG199 to confirm replacement of one RPA135 copy in
the diploid strain XI12020kU+HP fob1- (*) (RPA135 PCR). M (marker), NTC (no template control), WT (WT gDNA
used as RPA135 positive control producing a fragment of 4,862 bp), + (rpa1354::.LEUZ2 construct used as positive
replacement control producing a fragment of 1,975 bp). HP PCR (as in figure 4.6) confirms presence of the HP.
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Tetrad dissections of strain XI|12020kU - fop1- (fob1::leu2::HIS3)
RPA135/rpa135A::LEU2+HP never produced more than two viable spores. Every viable spore
could grow in glucose medium suggesting that the two 20-copy spores inheriting the
rpa135A::.LEU2 construct were not viable. The viable pairs of spores were not characterized
further. Instead we used a marker swap cassette to replace the LEUZ2 copy for the ADE2 gene
in the diploid XI[20/20KU fob1- (fob1::HIS3) RPA135/rpa135A::LEU2+HP strain, so that we could
re-use the rpa1354::LEU2 construct to delete the second copy of RPA135 in this strain. The
leu2::ADE2 marker swap cassette was obtained from plasmid M3939 (Voth et al. 2003),
excised using Pstl/Sacl digestion, and used to transform the diploid heterozygous strain. PCR
using a RPA135 locus specific primer and an ADE2 internal primer confirmed successful
insertion of the ADE2 marker at the RPA135 locus, and a second PCR of the RPA135 locus
also confirmed a size increase corresponding to this insertion (figure 4.28). This strain is
designated as XII2020kU foh1- RPA135/rpa135A::leu2::ADE2+HP.

A B

M NTC WT + -+ * M NTC WT + *

3,192bp

5,875bp (rpa1354:.ADE2)
4,862bp (RPA135)

1,975bp (rpa1354::LEU2)

Figure 4.28. FOB1 replacement marker swap in strain XII2020KU fob1-
RPA135/rpa135A::LEU2+HP. The RPA135 locus was PCR amplified using primers PAG198 and PAG199
(A) to confirm replacement of the LEU2 marker with ADE2 in the diploid strain XI[2020kU foh{-
RPA135/rpa135A::LEU2+HP (*). M (marker), NTC (no template control), WT (WT gDNA used as RPA135 control
producing a fragment of 4,862 bp), + (rpa135A4::LEU2 construct used as rpa135A::LEU2 control producing a
fragment of 1,975 bp) and -/+ (gDNA of strain XI[20020kU foh1- RPA135/rpa135A4::LEU2+HP used as heterozygous

RPA135/rpa135A4::LEU2 control). (B) A second PCR using an internal ADE2 primer (PAG196) in combination with
PAG199 further confirms leu2::ADE2 replacement.

Next, we transformed the original rpa135A4::LEU2 construct into the diploid XI[20/20KU

fob1- RPA135/rpa135A::leu2::ADE2+HP strain. 211 potential transformants were obtained
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through selection in SGal-Ade-Leu-Trp medium, but none of these grew after re-streaking onto
fresh selective medium. Therefore, a new strain heterozygous for both the 20-copy rDNA array
and the RPA135 deletion was created so that it could be sporulated to obtain haploids with a
combination of both traits. To achieve this, the haploid strains X120 rpa135A4+HP fob1::HIS3
(section 4.5.2) and XII2KU fob1.:leu2::HIS3 (figure 4.26) were mated to produce strain
XI[20020KU foh 1- RPA1356/rpa135A::LEU2+HP. Zygotes from this mating were selected and the
diploid state of the colonies obtained was confirmed through PCR (appendix figure 8.7).

The XI[20020kU fob1- RPA135/rpa135A::LEU2+HP strain was sporulated and tetrads
were dissected. All had the expected inheritance pattern: all spores were able to grow on
medium lacking tryptophan and histidine, and each tetrad contained two spores able to grow
on glucose medium and two able to grow on galactose medium lacking leucine. We also
observed a 2:2 segregation of the CLA markers kanMX2 and URA3. In addition, deletion of
RPA135 in half of the spores and segregation of the other traits (FOB1 disruption, HP, kanMX2
and URAS3 presence, and mating type) were confirmed through PCR (not shown).

A 2:2 segregation of the 200 and 20 copy rDNA arrays was also expected.
Surprisingly, Southern blotting revealed an rDNA copy number of 20 in all spores (figure 4.29,
suggesting a copy number decrease as a consequence of the deletion of RPA135. To
corroborate this rDNA copy number decrease, we used quantitative real time PCR (qPCR) to
measure the relative rDNA copy number of each haploid spore compared with a WT rDNA
copy number strain. qPCR showed a 2:2 segregation of two different rDNA copy number
classes (figure 4.30), neither of which corresponded to a WT length rDNA array of 200 copies.
Instead, half the spores contained ~20 rDNA copies relative to WT (as did the 20-copy haploid
control), while the other half contained about 50 rDNA copies. This variation in rDNA copy
number was not detected by Southern blotting so qPCR, which also allows accurate
quantification (Hoebeeck et al. 2007), was used as an alternative. Interestingly, all the spores
with the lowest rDNA copy number also lack RPA135, while the spores with a relatively higher
copy number harbor RPA135. These results suggest that a rDNA copy number reduction may
have occurred in the parent heterozygous XII120020kU foh1- RPA135/rpa135A::.LEU2+HP strain
before sporulation, and that a further loss following sporulation occurs in the absence of
RPA135. Unfortunately, due to time constraints, the mating to create a diploid 20-copy strain

harboring a RPA135 deletion could not be performed.
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Figure 4.29. Spores dissected from XII20020kU foh1- RPA135/rpa135A4::LEU2+HP all have

low rDNA copy numbers. Southern blot of CHEF gel using an rDNA specific DIG-labelled probe. rDNA
copy number (indicated to the left) is estimated from the control strains XI[2001200kU- (\WT) and XI|[20"20KU foh 1- (20-
copy) and is approximately 20 rDNA copies for the four spores (A-D) from the four tetrads (1-4) obtained from
sporulation of the diploid heterozygous XII20020kU foh1- RPA135/rpa1354::LEU2+HP strain. The asterices indicate
the haploids containing the WT RPA135, as determined by PCR (not shown). The bands below the 20-copy
chromosome are non-specific binding of the probe to other chromosomes.
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Figure 4.30. qPCR shows 2:2 segregation of different rDNA copy number classes in

spores from XI[20020kU foh1- RPA135/rpa135A::LEU2+HP. The rDNA copy number relative to WT
(n=4) and normalized to GAL1 was estimated for four tetrads (spores A, B, C, and D from each tetrad) dissected
from strain XI[20020KU foh1- RPA135/rpa135A::LEU2+HP using gPCR. A haploid 20-copy strain (20 copy; strain
XlI20fob 1) was used as a positive control (n=4). The results are the average of three technical replicates for each
spore. Error bars show standard deviation. The two spores with the lowest rDNA copy number from each tetrad
are highlighted in grey and these were all confirmed to be rpa1354::LEU2. See appendix table | for Cp values.
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4.5.4 Attempts to construct an rDNA deletion strain harboring a RPA135

deletion

To create an rDNA deletion diploid strain that also harbored a RPA135 deletion, we
first deleted one copy of RPA135 by transforming the rpa7135A::LEU2 construct into the
homozygous rDNA deletion strain XII90KU+HP, Successful RPA135 replacement was confirmed
through PCR (appendix figure 8.8), and the heterozygous strain XII00KU RPA135/
rpa135A::LEU2+HP was sporulated to obtain rDNA and RPA135 deletion haploids. Dissection
of 30 tetrads (120 spores) yielded two or fewer viable spores in every case. No galactose
dependent viable spores were obtained, suggesting that spores inheriting rpa135A::LEU2 in
conjunction with the rDNA deletion are not viable.

As an alternative strategy, we constructed a strain heterozygous for both RPA135 and
rDNA deletion. We used a RPA135 deletion haploid spore with no chromosome XII markers
that was confirmed to have the HP and carried a FOB1 disruption (XI1200 rpa135A+HP
fob1::HIS3). This haploid was obtained by sporulating strain XI1200200kU rpa135A+HP fob1- and
was characterized by PCR (appendix figure 8.9). This strain was mated to a haploid rDNA
deletion spore (XII°%U+HP), which was obtained by sporulating strain XII90KU+HP and selecting
for tryptophan and uracil prototrophy, G418 resistance and MATa mating type (not shown).

After successful mating of these RPA135 deletion and rDNA deletion haploids, the
diploid state of the new strain XI[2000KU RPA135/rpa135A+HP FOB1/fob1::HIS3 was confirmed
through PCR (appendix figure 8.10). The strain was then sporulated, and 25 tetrads were
dissected. However, once again, no more than two viable spores were obtained for any of the
dissected tetrads (not shown), and no galactose-dependant viable spores were obtained. Our
unsuccessful attempts to create a strain harboring both a chromosomal rDNA deletion and a
RPA135 deletion suggest there may be synthetic lethality between rDNA deletion and rpa135
deletion.
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4.6 CREATION OF STRAINS WITH HETEROZYGOUS rDNA
ALTERATIONS

To distinguish the chromosome missegregation rates of each chromosome Xl
homolog, we created a set of strains with heterozygous rDNA alterations. Each heterozygous
rDNA combination examined (200/0, 200/20 and 20/0) consists of two strains, both harboring
the same rDNA heterozygous alteration(s) but with the CLA markers on opposing chromosome

XlI homologs, to monitor segregation of each homolog.

4.6.1 Creation of 200/0 XI|9200KU+HP and XII2000kU+HP heterozygous strains

First, we created a pair of strains heterozygous for the presence/absence of the rDNA
array (200/0). One of these strains contains the CLA markers on the chromosome XII homolog
harboring the rDNA array (XII%200KU+HP) and the other on the rDNA deletion homolog
(XI12000KU+HP). Strain XI19200KU+HP was constructed by mating an rDNA deletion haploid strain
(NOY984; XII9+HP) with a WT haploid strain (NOY408-1b; XII290) in which the CLA markers
were inserted (Woods, Quintana and Ganley, unpublished). The two haploid strains were first
confirmed for mating type by the liquid culture method, and rDNA state by Southern blotting
(appendix figure 8.11). Diploid XI19200kU+HP colonies (figure 4.31) were selected following the

mating by their ability to grow on medium lacking uracil and tryptophan.
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by:

X|07200KU Quintana, MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 tmp1-1/trp1-1
+HP Woods and leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXil-109,570::kanMX2/
Ganley ChrXIl ChrXll-223,830::URA3/ChrXll, RDNA1/rdn1A::HIS3G +HP
B Chr XII
kanMX2
CEN12
No
rDNA URA3
array
200-copy
rDNA
array

Figure 4.31. Characterization of the XII?200kU+HP strain. (A) Genotype of the XII?20kU+HP strain.
(B) Cartoon depicting the two chromosome XII homologs in the diploid XII0200kU+HP strain with the homolog
carrying the WT length rDNA array also harboring the CLA selective markers kanMX2 and URA3 on either side of
the centromere (CEN12). The WT length chromosome XIl homolog is ~2.9 Mb and carries ~200 copies of the
rDNA gene repeats, while the other homolog is 1,078 kb and is deleted for the rDNA.

Construction of the other heterozygous strain of this set, XI12000kU+HP | involved mating
the WT haploid strain (NOY408-1b; XI1200), in which the leu2 mutation was repaired to LEU2+
(Woods and Ganley, unpublished), to the rDNA deletion haploid strain (NOY984; XII0+HP,
appendix figure 8.11) into which the CLA markers had been inserted (XII°%U+HP; Woods and
Ganley, unpublished). These two haploids were mated and diploid colonies were selected by
their ability to grow on medium lacking uracil and leucine, and were also confirmed to be G418
resistant, giving strain XI12000KU+HP (figure 4.32).
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A Origin/Created | Genotype
by:

X||200/0KU Quintana, MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/
+HP Woods and trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100
Ganley ChrXil-109,570::kanMX2/ChrXIl ChrXll-223,830::URA3/ChrXIl, RDNA1/

rdn1A::HIS3G +HP

B Chr XII

kanMX2

URA3
No rDNA
array
200-copy
rDNA

array

Figure 4.32. Characterization of the XII2000KU+HP strain. (A) Genotype of the XII2000KU+HP strain.
(B) Cartoon depicting the two chromosome XII homologs in the diploid XI12000kU+HP strain, as per figure 4.31, with
the 1,078 kb homolog deleted for the rDNA also harboring the CLA markers.

4.6.2 Creation of 200/20 XII20200kU foh1- and XII20020KU fobh1- heterozygous

strains

Next we created a pair of strains heterozygous for a 20-copy rDNA array and a WT
length rDNA array (200/20), both of which harbor a homozygous FOBT disruption. The first
strain, XI|20200kU fop1-, carries the CLA markers on the chromosome XII homolog harboring the
WT length rDNA array. This strain was constructed by mating the strain TAK300 (figure 4.26,
section 4.5.3) to a MATa haploid strain XI[200KU fop1::LEU2. This was obtained through
sporulation of the diploid XI1200200KU fob1- strain (section 4.4.2), followed by selection for URA3
and kanMX2, and determination of MATa by the liquid culture method. These two haploids
were mated and diploid XI[20/200kU foh1- colonies were selected by their ability to grow on

medium lacking histidine and leucine due to the two distinct FOB1 disruption markers used
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(fob1::HIS3 and fob1::LEU2). The presence of the CLA markers and the FOB1 disruption were
confirmed through PCR (figure 4.33).

A Origin/Created by: Genotype

XI[20200KU Quintana, Woods MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/
fob1- and Ganley trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100
ChrXll-109,570::kanMX2/ChrX|l ChrXll-223,830::URA3/ChrXll,

fob1::HIS3/fob1::HIS3, RDNA1/RDNA1~20copies

Chr Xl | Chromosome XII markers
B C
kanMX2
CEN12
URA3
20-copy
rDNA FOB1
array D
200-copy
rDNA
fob1::LEU2 4kb
array fob1::HIS3 3.5kb

FOB12.3kb

Figure 4.33. Characterization of the XII20/200kU foh1- strain. (A) Genotype of the XI[20200U fop1-
strain. (B) Cartoon depicting the two chromosome XII homologs with a 20-copy rDNA array and a WT length array
that also harbors the CLA markers. (C) PCR was performed for the CLA markers (figure 4.2) using WT gDNA from
strain X120 as a negative control (-) and WT gDNA from XI|2001200kU a5 g positive control (WT). (D) A FOB1 PCR
was performed as in figure 4.10 using positive controls for each FOB1 replacement: gDNA from strain X|200/200KU
fob1- produced a ~4 kb product corresponding to the fob1::LEU2 replacement (fob1-L), and gDNA from TAK300
produced a ~3.5 kb product corresponding to the fob1::HIS3 replacement (fob1-H). M (marker), NTC (no template
control), * (9DNA of strain X|[207200KU foh 1),

The other strain for this set is XI120020kU foh1- which carries the CLA markers on the
chromosome XII homolog harboring the 20-copy rDNA array. To construct this strain, a haploid
20-copy spore XII20KU fop1- (fob1::LEU2) obtained from sporulation of strain XII20/20KU foh1-
(figure 4.12) was mated to the WT haploid strain X120 (fob1::HIS3) (appendix figure 8.12). The
haploid 20-copy spore XII20KU fob1-was confirmed to harbor the CLA markers by phenotypic
selection, to be MATa using the liquid culture method, and to have a FOBT disruption
(fob1::HIS3) by PCR (appendix figure 8.12). The WT haploid strain XII200 fob7- was also

confirmed to have a fob1::HIS3 replacement through PCR and it was determined to be MATa
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through PCR (appendix figure 8.12). Mating of these haploids was followed by selection of
zygotes using a micromanipulation microscope, and the resulting XI[20020KU fob 1-colonies were
confirmed by PCR to be diploid (figure 4.34).

A Origin/Created by: | Genotype

XI[20020kU - Quintana, Woods ~ MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/
fob1- and Ganley trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100
ChrXlI-109,570::kanMX2/ChrX|l ChrXil-223,830::URA3/ChrXIl,
fob1::HIS3, RDNA1~20copies/RDN1

B Chr XII C Mating type

[&]
sEE. LE)E

kanMXx2
URA3 MATa MAT o
20-copy
rDNA
array
200-copy

rDNA
array

Figure 4.34. Characterization of the XII20020KU foh1- strain. (A) Genotype of the XI[20020kU foh1-
strain. (B) Cartoon depicting the two chromosome XII homologs with a WT array and a 20-copy rDNA array that
harbors the CLA markers. (C) Mating type PCR was performed as in figure 4.2 using WT gDNA from X]|200/200KU g
positive control (WT).

4.6.3 Creation of 20/0 XII200KV foh1-+HP and XII%20KU fob1-+HP heterozygous

strains

The last heterozygous pair of strains constructed are heterozygous for a 20-copy rDNA
array and an rDNA array deletion (20/0), both of which also harbor homozygous FOB1
disruptions. The first strain, XI19%20KU fob1-+HP, carries the CLA markers on the chromosome XII
homolog harboring the 20-copy rDNA array, while the second strain, XI1200KU fob 1-+HP, carries
the CLA markers on the chromosome XII homolog harboring the rDNA deletion. Strain X||0/20KU

fob1-+HP was constructed by using an rDNA deletion haploid XII9+HP (section 4.4.5, spore 2C
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from table 1V). FOB1 was disrupted by transformation of the fob7::HIS3 construct into this
strain, and was confirmed through PCR (appendix figure 8.13), creating strain XII° fob1-+HP.
This haploid strain was mated to strain XII20KU fob1-, a 20-copy haploid spore that contains the
CLA markers and a fob1::LEUZ2 replacement. This was obtained by sporulating strain XI|20/20KU
fob1- (figure 4.12), followed by confirmation of its mating type by the liquid culture method and
presence of the CLA markers by phenotypic selection (not shown). Diploid XI1920KU fop1-+HP
colonies were obtained by Leu*His* selection after mating these strains, and its diploid state
was confirmed by PCR (figure 4.35).

by:

X[0/20KU Quintana, MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/trp1-1
fob1- Woods and leu2-3,112/leu2-3,112 can1-100/can1-100 ChrXll-109,570::kanMX2/ChrXIl
+HP Ganley ChrXil-223,830::URA3/ChrXIl, RDNA1 ~20 copies/rdn1A::HIS3G +HP

B Chr XII C Mating type

kanMX2

CEN12

No
rDNA

array

URA3

20-copy
rDNA

array
Figure 4.35. Characterization of strain XII920KU fob7-+HP. (A) Genotype of the XII020KU fop1-+HP
strain. (B) Cartoon depicting the two chromosome XII homologs with the rDNA deleted and a 20-copy rDNA array
that also harbors the CLA markers. (C) Mating type PCR was performed as in figure 4.2, using WT gDNA from
XI[2001200KU a5 g positive control (WT). The strain may carry the HP from the rDNA deletion parent strain (not
tested).

Lastly, strain XI|200KU foh1-+HP was constructed by mating the 20-copy haploid strain
TAK300 (figure 4.26, section 4.5.3) to the rDNA deletion haploid XII%V fob7-+HP in which
FOBT was previously disrupted by transformation of the fob1::HIS3 construct (section 4.4.5,
spore 1C from table IV). Mating of these haploids was followed by selection of zygotes using a
micromanipulation microscope, and the colonies obtained were confirmed to be diploid by

mating type PCR (figure 4.36).
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A Bl Origin/ Genotype
Created by:

Xi|200Ku Quintana, MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/

fob1 Woods and trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100
+HP Ganley ChrXll-109,570::kanMX2/ChrX|l ChrXil-223,830::URA3/ChrXll,
rdn14::HIS3G/RDNAT ~20 copies +HP
B Chr Xl C Mating type
kanMX2
CEN12
URA3 MATa MAT o
20-copy
rDNA No rDNA

Figure 4.36. Characterization of strain XII200kU foh1-+HP. (A) Genotype of the XII020KU fop1-+HP
strain. (B) Cartoon depicting the two homologs of chromosome XII with a 20-copy rDNA array and the rDNA
deleted that also harbors the CLA markers. (C) Mating type PCR was performed as in figure 4.2, using WT gDNA
from XI1200/200KU s g positive control (WT). The strain may carry the HP from the rDNA deletion parent strain (not
tested).

4.7 CREATION OF CHROMOSOME V AND VI MARKED STRAINS
TO INVESTIGATE GLOBAL CHROMOSOME SEGREGATION

In this section, | describe the construction of a set of strains with CLA markers on
chromosomes V or VI. As for the chromosome XlI-tagged strains, the CLA markers kanMX2
and URA3 were inserted into the long and short arms of a single chromosome V or VI

homolog.

4.7.1 WT V0/0KU X]|2002200 ang V]0/0KU X]]2001200 CLA strains

The creation of chromosome V marked strains for the CLA involved inserting the
kanMX2 marker into the long arm of chromosome V and the URA3 marker into the short arm of
chromosome V. PCR primers, each with flanking regions that are homologous to the targeted

insertion sites in chromosome V, were used to amplify each marker (figure 4.37). These PCR
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products were used to transform haploid strains, and successful insertion was confirmed for
both markers using a marker gene specific internal primer and a locus specific primer upstream
of each insertion site (figure 4.37B, 4.37C).

PAG279

— 2> kanMX2 1,542bp
ammm

A ‘\ /o
L. 44837 L

N
L3S 1
LI P
v "y
4 ~ ,
\ s |- /

ChrV region for
insertion of kanMX2
construct

T20bp Screening PCR product

PAG278 L
B —> ‘ ChrV-424,837::kanMX2
F

PAG292

CEN5
kanMX2

Chromosome V m

L3 ]
<
o
S
C
PAG2T4
—>
= ChrV-108,414::URA3
PAG290
68789 Sceening PR procuct
PAGIS > JRAS 1,434bp
I\\ !—.- I ...... 3 PAGTT
D N 108414 L
“_\\ l“ _____ y
Chr V region for
insertion of URA3

Figure 4.37. Insertion sites of the kanMX2 and URA3 markers into the long and short

arms of chromosome V. The kanMX2 (A, top green arrow) and URA3 (D, bottom orange arrow) markers
were PCR amplified (PAG279 and PAG281; PAG275 and PAG277) from plasmids pFAG:kanMX2 and
YEpLac195, respectively. The PCR products include 56 bp flanking regions on the 5" and 3" ends homologous to
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the chromosome V insertion sites at positions 424,837 and 108,414. These PCR products were transformed into
the CLA strains and PCR was used to confirm the insertion of kanMX2 (B, green arrow in dotted box) and URA3
(C, orange arrow in dotted box) (PAG278 and PAG292; PAG274 and PAG290). The positions of the insertions
relative to the chromosome V centromere (CENS5) are indicated (not to scale).

A WT diploid strain with chromosome V CLA markers (\V/0/0KU X]|200200) was constructed
by using the chromosome V marked haploid WT strain (VKU X]|200), and another WT haploid of
the opposite mating type (V0 XI11290) that had the tryptophan gene repaired (Woods and Ganley,
unpublished) for use as a mating marker. These strains were mated to each other and diploids
were selected by their ability to grow on uracil and tryptophan double dropout medium. The

diploid state and presence of the CLA markers were confirmed through PCR (figure 4.38).

A BEl Origin/Created by: | Genotype

VOOKU Quintana, Woods ~ MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/
XI|20200  and Ganley trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100 ChrV-108,414::URA3/
ChrV ChrV-424,837::kanMX2/ChrV

B Chl' X” Chr V C Chromosome V markers
URA3 sE k. s 2E.
CEN12 CENS
kanMX2
kanMX2 URA3
D Mating type
200-copy
rDNA
array

MATa MAT

Figure 4.38. Characterization of the WT VO0/0KU X[[200200 strain. (A) Genotype of the WT Vo/oKu
X112002200KU strain. (B) Cartoon depicting the two WT homologs each of chromosomes XIl and V, with one
chromosome V homolog carrying the CLA selective markers kanMX2 and URA3 on either side of the centromere
(CENS). WT chromosome V is ~0.57 Mb. (C, D) PCR was used to confirm the insertion of the CLA kanMX2 and
URA3 markers in chromosome V (see figure 4.37 for details) and to confirm diploidy as in figure 4.2, using WT
gDNA from XI[200/200KU a5 g positive control (WT).

The creation of chromosome VI marked strains for the CLA involved the insertion of
the kanMX2 and URA3 markers into chromosome VI of a haploid strain as described for

chromosome V (figure 4.39). This haploid was mated to a WT haploid of the opposite mating

97



type (VIO XI1200), and the diploid state and presence of the CLA markers on strain V/|0/0KU
X1[2002200 were confirmed through PCR (figure 4.40).

pac2s? mmmmm—>  kanMX2 1,542bp

Chr VI region for

insertion of kanMX2
oo ST00p Screeing PCRpodUGt:
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PAG290
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insertion of URA3

Figure 4.39. Insertion sites of the kanMX2 and URA3 markers into the long and short

arms of chromosome VI. The kanMX2 (A, top green arrow) and URA3 (D, bottom orange arrow) markers
were PCR amplified (PAG287 and PAG289; PAG283 and PAG285) as described in figure 4.37, but with each
marker containing homologous regions to the chromosome VI insertion sites at positions 172,381 and 38,790.
These products were transformed into CLA strains and PCR was used to confirm the insertion of kanMX2 (B,
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green arrow in dotted box) and URA3 (C, orange arrow in dotted box) (PAG286 and PAG292; PAG282 and
PAG290). The positions of the insertions relative to the chromosome VI centromere (CENG) are indicated (not to
scale).

VI?KU  Quintana, Woods MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/trp1-1
XII20200  and Ganley leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI-38,790::URA3/ChrVI
ChrVI-172,381::kanMX2/ChrVI

B Chl' X” Chl’ VI C Chromosome VI markers
URA3 = E £ . = 2 E.
CENG ¥
CEN12 kanMX2
564bp
kanMX2
D Mating type
200-copy
rDNA
array

(6]
- =& -

MATa MAT

Figure 4.40. Characterization of the WT VI0/0KU X|[200/200 strain. (A) Genotype of the WT V/[0/0KU
X112001200 strain. (B) Cartoon depicts the two homologs each of chromosome XII and chromosome VI, with one
chromosome VI homolog carrying the CLA selective markers kanMX2 and URA3 on either side of the centromere
(CENG6). WT chromosome VI is ~0.27 Mb. (C, D) PCR was used to confirm the insertion of the CLA kanMX2 and
URA3 markers into chromosome VI (see figure 4.39 for details) and to confirm diploidy as in figure 4.2, using WT
gDNA from XI[200/200kU gs g positive control (WT).

4.7.2 Chromosome VI marked strains harboring homozygous rDNA

alterations

To test the effects of homozygous rDNA alterations on global chromosome
segregation, we constructed a set of strains that have the CLA markers on one WT
chromosome VI homolog and that also harbor chromosome XII rDNA alterations. These rDNA
alterations included an rDNA deletion strain, a FOB1 disruption strain and a 20-copy rDNA
strain. To create a homozygous rDNA deletion VI00KU X][00+HP strain, the CLA markers were

inserted into chromosome VI of a haploid rDNA deletion spore 1B (XII%+HP), obtained by
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sporulation of strain XII9%KU+HP (spore 1B, section 4.4.5, table V), to create strain VI0KU
XII°+HP. The CLA marker insertion was confirmed through PCR (appendix figure 8.14). This
strain was mated with an rDNA deletion haploid strain of the opposite mating type (XI1°+HP)
(spore 2C, section 4.4.5, table 1V), and the diploid state of the new strain V00U X]|00+HP was

confirmed through mating type PCR (figure 4.41).

A Origin/Created by: Genotype

VIYOKU Quintana, Woods MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-14mp1-1

Xiere and Ganley leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI-38,790::URA3/ChrVI
+HP ChrVI-172,381::kanMX2/ChrVI, rdn1AA/rdn1A::HIS3 +HP
Chr XII Chr VI Mating type
L2
URAZ = EZ 5
CEN6
CEN12 kanMX2 466bp 489bp

I'DN A MATa MAT
array

Figure 4.41. Characterization of the VI0KU X][00+HP rDNA deletion strain with marked

chromosome VI. (A) Genotype of the VI?OkU X]|00+HP rDNA deletion strain. (B) Cartoon depicting the two
rDNA deletion homologs of chromosome XII, and the chromosome VI homologs with one carrying the CLA
kanMX2 and URA3 markers on either side of the centromere (CENG). (C) PCR was used to confirm diploidy as in
figure 4.2, using WT gDNA from XI|200200KU a5 g positive control (WT).

Next, we created VI[0/0KU X][2001200 fop1-, a FOB1 disruption strain with the CLA markers
on chromosome VI. To create this strain, FOB1 was disrupted in the haploid WT strain with
chromosome VI marked (VIKU X[1200, section 4.7.1) using the fob1::LEUZ2 construct (figures
411, 4.12), and was confirmed by PCR (appendix figure 8.15). This strain was mated with a
FOB1 disruption haploid strain of the opposite mating type (X120 fob1-, section 4.6.2), and
zygotes were picked using a micromanipulation microscope. The diploid state of the new strain
VI0/0KU X[100+HP was confirmed through mating type PCR (figure 4.42).
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A Origin/Created by: Genotype

VIPOKU  Quintana, Woods MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-14mp1-1

XI[2%0/200 and Ganley leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI-38,790::URA3/ChrVI
fob1- ChrVI-172,381::kanMX2/ChrVI, fob1::LEU2/fob1::HIS3
B Chr XII Chr VI C Mating type
URA3
CENG
CEN12 KkanMX2 489bp

MATa MAT

200-copy
rDNA
array

Figure 4.42. Characterization of the VI0/0KU X]|200200foh1- strain with marked chromosome

VL. (A) Genotype of the V00U X]200200 foh1- FOB1 disruption strain. (B) Cartoon depicting the two WT homologs
of chromosome XII, and the chromosome VI homologs with one carrying the CLA kanMX2 and URA3 markers on
either side of the centromere (CENS). (C) PCR was used to confirm diploidy as in figure 4.2, using WT gDNA from
X[2001200KU 35 @ positive control (WT).

The last of this set of strains is the 20-copy homozygous diploid with CLA markers on
chromosome VI (VI00KU X[|20220 fob1-). To create this strain, the CLA markers were inserted into
chromosome VI of the 20-copy haploid TAK300 strain (section 4.7.3) and their insertion was
confirmed through PCR (appendix figure 8.16). The resulting strain (VIKU X120 fob1-) was
mated with another 20-copy haploid strain of the opposite mating type (XI120 fob1::LEU2), and
zygotes were picked using a micromanipulation microscope. The diploid state of the colonies

was confirmed by mating type PCR (figure 4.43).
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Origin/Created by: Genotype
A VIYOKU  Quintana, Woods MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/rp1-1
X122 and Ganley leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI-38,790::URA3/ChrVI
fobt- ChrVI-172,381::kanMX2/Chr VI, fob1::LEU2/fob1::HIS3 RDNA1~20copies/
RDNA1~20copies

. Chr XII Chr VI - Mating type
URA3 =EE - =EE .
CEN6
EN12
@ kanMX2 466bp 489bp
MATa MATox

20-copy
rDNA
array

Figure 4.43. Characterization of the VI00KU X||2020 foh1- 20-copy strain with marked

chromosome VI. (A) Genotype of the VI?KU X]12020 foh1- 20-copy strain. (B) Cartoon depicting the two 20-
copy homologs of chromosome XlI, and the two chromosome VI homologs with one carrying the CLA kanMX2
and URA3 markers on either side of the centromere (CEN6). (C) PCR was used to confirm diploidy as in figure
4.2, using WT gDNA from XI2001200kU a3 g positive control (WT).

4.7.3 Chromosome VI marked strains harboring heterozygous rDNA

alterations

To test the effects of heterozygous rDNA alterations on global chromosome
segregation we constructed strains VI0/0KU X]|0/200+HP and VI0/0KU X[10/20 fob1-+HP, which are
07200 and 0/20 rDNA heterozygotes, respectively, and have the CLA markers on chromosome
VI. Strain V|0/0KU X[|0/200+HP was constructed by mating the chromosome VI marked rDNA
deletion haploid strain VIKU X|19+HP (section 4.7.3, appendix figure 8.14) to a WT haploid
strain (VIOKU X1|200) of the opposite mating type. After the mating, zygotes were picked using a

micromanipulation microscope and their diploid state was confirmed by PCR (figure 4.44).
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Vi Quintana, Woods ~ MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/p1-1

X110/200 and Ganley leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI-38,790::URA3/ChrVI
+HP ChrVI-172,381::kanMX2/ChrVI, RDNA1/rdn1AA +HP
Chr XII Chr VI Mating type
(4]
URA3 = - = ':_: E = -
CENG
Gl kanMX2 4660p 48%p
No MATa MAT o
rDNA
array
200-copy
rDNA
array

Figure 4.44. Characterization of the VI0/0KU X||0/200+HP heterozygous strain with marked

chromosome VL. (A) Genotype of the VIo0KU X|10200+HP strain. (B) Cartoon depicting the two chromosome XII
homologs with 0 and 200 rDNA copies, and the two chromosome VI homologs with one carrying the CLA kanMX2
and URA3 markers on either side of the centromere (CENG6). (C) PCR was used to confirm diploidy as in figure
4.2, using WT gDNA from XI|2001200kU a3 g positive control (WT).

Strain VI0/0KUX]|020 foh1-+HP, heterozygous for an rDNA deletion and a 20-copy rDNA
array, and carrying CLA markers on chromosome VI, was constructed by mating the
chromosome VI marked 20-copy strain TAK300 (VIU X|1920 fop1-, section 4.7.3, (appendix
figure 8.16) to an rDNA deletion haploid strain (spore 2C, section 4.4.5, table IV) in which
FOB1 was disrupted using the fob1::HIS3 construct. FOB1 disruption was confirmed through
PCR (appendix figure 8.17). After mating, zygotes were picked using a micromanipulation

microscope and the diploid state of the strain was confirmed by PCR (figure 4.45).
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VI0%KU  Quintana, Woods MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/m1-1

XII°20  and Ganley leu2-3,112/leu2-3,112 can1-100/can1-100 ChrVI-38,790/
fob1: ChrVI-38,790::URA3/ChrVI ChrVI-172,381::kanMX2/ChrVI, fob1::HIS3/
+HP. fob1::HIS3 RDNA1~20copies/rdn1AA +HP
i Chr XII Chr VI 5 Mating type
(&)
URA3 g2 =
CEN6
CEN12
kanMX2 siop
No MATa MAT
rDNA 20-copy
array rDNA
array

Figure 4.45. Characterization of the VI00KU X|[020+HP heterozygous strain with marked

chromosome VI. (A) Genotype of the VIo0kU X]1920+HP strain. (B) Cartoon depicting the two chromosome XII
homologs with 20 and 0 rDNA copies, and the two chromosome VI homologs with one carrying the CLA kanMX2
and URA3 markers on either side of the centromere (CENG). (C) PCR was used to confirm the diploidy as in figure
4.2, using WT gDNA from XI|2001200kU gs g positive control (WT).

4.8 CONSTRUCTION OF CLA rDNA TRANSLOCATION STRAINS

Finally, to evaluate if the rDNA effects on chromosome segregation are dependent on
the chromosomal location of the rDNA repeats, we examined the effect of translocating the
rDNA array to an ectopic site on another chromosome. We used the rDNA translocation strains
constructed and characterized by Oakes et al. (2006). These harbor an rDNA translocation
onto chromosome V in a location near CEN5, and were used to construct diploids in which the

CLA markers are inserted into chromosome V or XII.

4.8.1 WT strain with a hygromycin resistant rDNA array (X|1200200°KU)

The translocation rDNA arrays used by Oakes et al. (2006) carry a point mutation in
the 18S rRNA coding region of each rDNA unit that confers resistance to hygromycin (HygR)
(Chernoff et al. 1994). To evaluate whether this mutation affects chromosome segregation, we

created a WT diploid strain carrying the rDNA-HygR array on the chromosome XII homolog that
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carries the CLA assay markers. This strain was constructed by inserting the CLA markers into
a haploid strain carrying the HygR-rDNA array (NOY2029, designated by an asterisk on the
strains’ nomenclature; X11200°, Oakes et al. 2006). Successful insertion of the CLA markers was
confirmed through PCR (appendix figure 8.18). This haploid strain was then mated to a WT
haploid strain (XI120) of the opposite mating type to create the CLA diploid strain X|[200/200°KU,

and its diploid state was confirmed through PCR (figure 4.46).

by:

rDNA-HygR  Quintana, Woods ~ MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/
and Ganley trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100
X|[200200°KY ChrXll-109,570::kanMX2/ChrXll ChrXll-223,830::URA3/ChrXll ,
rdn1A::rdn1-Hyg?/RDN1

C Mating type

Chr Xl

kanMX2

CEN12

URA3

200-copy 200-copy
rDNA rDNA*-HygR
array array

Figure 4.46. Characterization of the hygromycin-resistant rDNA array strain XI1200200°KU,
(A) Genotype of XI]2001200KU strain. (B) Cartoon depicting the two chromosome XII homologs with WT length rDNA
arrays, one of which carries the HygR mutation and the CLA kanMX2 and URA3 markers on either side of the
centromere (CEN12). (C) PCR was used to confirm the diploidy as in figure 4.2, using WT gDNA from X][200/200KU
as a positive control (WT).

4.8.2 Construction of chromosome V heterozygous rDNA translocation

strains with a marked chromosome XI|

To evaluate if the rDNA effects on chromosome segregation are dependent on its

chromosomal location, we constructed a set of strains that harbor a heterozygous rDNA
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translocation onto chromosome V, in which the CLA markers are inserted into a chromosome
XII homolog with a WT length rDNA array. These are a strain homozygous for the WT rDNA
array on chromosome XII (X1[2007200KU \/07200): g strain heterozygous for the WT rDNA array on
both chromosomes XIl and V (XII0/200kKU \/0/200°'+HP); and a strain heterozygous for the WT
rDNA array on both chromosomes XIl and V and carrying a FOB1 disruption (XI10/200kU \/0/200"
fob1-+HP).

First, strain XI[200:200kU \/0:200" was constructed by inserting the CLA markers into
chromosome XII of strain NOY2053 (Woods and Ganley, unpublished), a haploid that contains
the native rDNA array on chromosome XIl and an ectopic rDNA array with a HygR mutation on
chromosome V near CENS (XI|200 200", Oakes et al. 2006). Insertion of the CLA markers into
chromosome Xl was confirmed by PCR (appendix figure 8.19). This haploid was mated with a
WT haploid of the opposite mating type (XII200 \/9) that had the leucine gene repaired (not
shown) for use as a mating marker. Diploid colonies were selected for their ability to grow on
medium lacking uracil and leucine. The diploid state of this strain was confirmed by PCR (figure
4.47).

XI|200200KY - Quintana, Woods ~ MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/

V200 and Ganley trp1-1 LEU2/leu2-3,112 can1-100/can1-100 ChrXlI-109,570::kanMX2/
ChrXll ChrX1l-223,830::URA3/ChrXll rdn1-HygR (rDNA*) array near
CEN5
B ChrXIl
ChrV C Mating type
kanMX2
CEN12 CEN5
URA3
MATa MAT o
200-copy rDNA*
rDNA array
array

Figure 4.47. Characterization of strain XI[200/200KU \J0/i200% " (A) Genotype of the XI[200200KU \/0r200°
strain. (B) Cartoon depicting the two chromosome XII homologs as in figure 4.2, and chromosome V with one of
the two homologs harboring a translocated rDNA array (rDNA*). (C) PCR was used to confirm the diploid state of
this strain as in figure 4.2, using WT gDNA from X||2001200kU gs g positive control (WT).
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Next, we created a strain heterozygous for the presence of the rDNA array on both
chromosomes XIl and V, with CLA markers on the chromosome XII homolog harboring the WT
length rDNA array (XI10/200KU \/02200*+HP), Construction of this strain involved mating strain
XI1[200KU \/200" (section 4.8.2), to the haploid rDNA deletion strain XII%+HP (spore 2C, section
445, table IV). After the mating, diploid colonies were selected by their ability to grow on
medium lacking uracil and tryptophan, and their diploid state was confirmed through PCR
(figure 4.48).

by:

XII200KU  Quintana, MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/
Vo200 +HP  Woods and trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100
Ganley ChrXlI-109,570::kanMX2/ChrXIl ChrXll-223,830::URA3/ChrXIl, RDNA1/

rdn1A::HIS3G, rdn1-Hyg® (rDNA*) array near CEN5 +HP

s ChrXIl

Mating type

kanMX2

CEN12

No rDNA URA3
array

200-copy
rDNA
array

Figure 4.48. Characterization of strain XI||/200KU \J0i200'+HP, (A) Genotype of the X10/200kU \/0200"+HP
strain. (B) Cartoon depicting the chromosome XIl and chromosome V homologs, both of which are heterozygous
for the presence of the rDNA array. The chromosome XII homolog harboring the rDNA array carries the CLA
markers. This strain may carry the HP from the rDNA deletion parent strain (not tested). (C) PCR was used to
confirm the diploid state of this strain as in figure 4.2, using WT gDNA from X||200200kU a3 a positive control (WT).

Lastly, we created a strain heterozygous for the presence of the rDNA array on both
chromosomes Xll and V that also carried a FOB7 disruption and CLA markers on the
chromosome XII homolog that harbors the WT length rDNA array (XI10/200KU \/0i200" foh1-+HP).
This strain was created by first replacing the HIS3 marker used to disrupt FOB1 in strain
TAK300 with the ADE2 marker gene using the marker swap plasmid M2371 (Voth et al. 2003).

This plasmid contains a his3::ADE2 construct that was excised using Pstl/Sacl digestion and
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transformed into TAK300. fob1::his3::ADE?2 transformants were confirmed through PCR (not
shown) and a fob1::ADE2 construct was amplified from this strain to then disrupt the FOB1
copy of strain XI[200KU \/200", This fob1::ADEZ disruption was confirmed through PCR (appendix
figure 8.20), and the resulting XI1200KU \/200" foh 1- strain was mated to the haploid rDNA deletion,
FOBT1 disruption strain XII° fob1-+HP (section 4.6.3, appendix figure 8.13). Diploid colonies
were selected for their ability to grow on medium lacking histidine and adenine, and their

diploid state was confirmed through PCR (figure 4.49).

A Origin/Created Genotype
by:

XII0200kU  Quintana, Woods ~ MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/
/o200t and Ganley trp1-1 leu2-3,112/leu2-3,112 can1-100/can1-100
fob1- +HP ChrXll-109,570::kanMX2/ChrX|l ChrXll-223,830::URA3/ChrXIl, RDNA1/
rdn14::HIS3G, rdn1-HygR (rDNA’) array near CENS, fob1::ADE2/
fob1::HIS3, +HP

B Chr XII h rv c Mating type

NTC
WT

kanMX2

CEN12 l

No rDNA URA3
array

MAT o

200-copy
rDNA

array

Figure 4.49. Characterization of strain XI10200KU y01200" foh1-+HP. (A) Genotype of the XI[0200Ku
V000" foh1-+HP strain. (B) Cartoon depicting the chromosome XIl and chromosome V homologs, both of which
are heterozygous for the presence of the rDNA array as in figure 4.48. The strain may carry the HP from the rDNA
deletion parent strain (not tested). (C) PCR was used to confirm the diploid state of this strain as in figure 4.2,
using WT gDNA from X][2002200KU g5 g positive control (WT).

4.8.3 Construction of chromosome V heterozygous rDNA translocation
strains with chromosome V CLA markers

Finally, to evaluate if the rDNA effects on chromosome segregation are dependent on
its chromosomal location, we constructed a set of strains that harbor a heterozygous rDNA

translocation onto chromosome V in which the CLA markers are present on the chromosome V
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homolog harboring the rDNA array. These are a strain homozygous for the WT rDNA array on
chromosome XII (\0/200°KU X]|2002200): g strain heterozygous for the WT rDNA array on both
chromosomes Xl and V (V07200KU X[|0/200+HP); and a strain heterozygous for the WT rDNA
array on both chromosomes Xl and V that carries a FOB1 disruption (\V/0/200°KU X[|07200 foh1-
+HP).

First, strain \/0/200°KU X[|200200 was constructed by inserting the CLA markers into
chromosome V of strain NOY2053 (XII200 \/200%) (Oakes et al. 2006), to create the marked
haploid V200°KU X[|200 (Woods and Ganley, unpublished). Insertion of the CLA markers on
chromosome V was confirmed through PCR (appendix figure 8.21). This haploid was mated
with @ WT haploid of the opposite mating type (XI1200/0) that had the leucine gene repaired
(not shown) for use as a mating marker. Diploid colonies were selected for their ability to grow
on medium lacking uracil and leucine. The diploid nature of this strain was confirmed by PCR
(figure 4.50).

A Bl Origin/Created by: | Genotype

V000U Quintana, Woods MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1mp1-1
XI|200200 and Ganley LEU2/leu2-3,112 can1-100/can1-100 ChrV-108,414::URA3/ChrV
ChrV-424,837::kanMX2/ChrV, rdn1-Hyg® (rDNA*) array near CEN5

B Chr Xl ChrV C Mating type
© e e s
URA3 =z = =z=z=*
CEN12 CENS
kanMX2
MATa MAT &
20:16?&;« rDNA*
array array

Figure 4.50. Characterization of strain V0/200°KU X]|2001200_ (A) Genotype of the V/0/200°KU X|[200200 srain,
(B) Cartoon depicting the WT chromosome XII homologs, and the chromosome V homologs with one carrying the
translocated rDNA array (rDNA*) and the CLA kanMX2 and URA3 markers on either side of the centromere
(CENS). (C) PCR was used to confirm the diploidy as in figure 4.2, using WT gDNA from X][2001200kU gs g positive
control (WT).
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Next, a strain heterozygous for the WT rDNA array on both chromosomes XIl and V
with the CLA markers on the chromosome V homolog carrying the translocated rDNA* array
(\V0r200°KU X[]07200+HP) was constructed. Insertion of the CLA markers onto chromosome V
(Woods, Quintana and Ganley, unpublished) of strain NOY2030 (V200" X119, Oakes et al. 2006)
created the marked haploid V200°KU X]0, This haploid was mated with a WT haploid of the
opposite mating type (XI1200/0) that had the leucine gene repaired (not shown) for use as a
mating marker. Diploid colonies were selected for their ability to grow on medium lacking uracil
and leucine. The diploid nature of this strain and the presence of the CLA markers on

chromosome V were confirmed by PCR (figure 4.51).

by:

VIEOORY Quintana, Woods ~ MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/mp1-1

XI°2% +HP  and Ganley LEUZ2/leu2-3,112 can1-100/can1-100, ChrV-108,414::URA3/ChrV
ChrV-424,837::kanMX2/ChrV, rDNA* array near CEN5, RDN1/
rdnAA::hisG, +HP

B Chr XII ChrV C Mating type
(&
URA3 =z = -
CEN12 CENS
466bp
No kanMX2
rDNA MATa MAT o
array
D Chromosome V markers
= =5 E o 2
200-copy rDNA
rDNA array

array

- ?ZObp - o

kanMX2

Figure 4.51. Characterization of strain V0/200°KU X[|0/200+HP., (A) Genotype of the \//200°KU X][0200+HP
strain. (B) Cartoon depicting the chromosome XII homologs with one carrying an rDNA deletion, and the
chromosome V homologs with one carrying a translocated rDNA array (rDNA*) and the CLA kanMX2 and URA3
markers on either side of the centromere (CENS). The strain may carry the HP from the rDNA deletion parent
strain (not tested). PCR was used to confirm (C) diploidy as in figure 4.2, using WT gDNA from XI|200/200kU g5 g
positive control (WT), and (D) the insertion of the CLA markers (see figure 4.38 for details).

Finally, a strain that has a FOB1 disruption and is heterozygous for the WT rDNA array
on both chromosomes Xl and V, and has the CLA markers on the chromosome V homolog
carrying the translocation rDNA* array (\/0/200°KU X]|0/200 foh1-+HP) was constructed. This strain
was created by first disrupting FOB1 in strain V200°KU X]|200 ysing the fob1::ADE2 construct and
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was confirmed by PCR (appendix figure 8.22), and the resulting strain \/200°KU X[|200 foh1- was
mated to the haploid rDNA deletion and FOB1 disruption strain XII° fob1-+HP (section 4.6.3,
appendix figure 8.13). Diploid colonies were selected for their ability to grow on medium lacking

histidine and adenine, and their diploid state was confirmed by PCR (figure 4.52).

A Origin/Created by:

VOROKU - Quintana, Woods  MATa/MATalpha ade2-1/ade2-1 ura3-1/ura3-1 his3-11/his3-11 trp1-1/tmp1-1

Genotype

X|]0:200 and Ganley leu2-3,112/leu2-3,112 can1-100/can1-100, ChrV-108,414::URA3/ChrV
fob1- +HP ChrV-424,837::kanMX2/ChrV, rdn1-HygR® (rDNA*) array near CENS,
fob1::ADE2/fob1::HIS3, RDN1/rdnAA::hisG +HP
B Chr Xl ChrV
=, C Mating type
.: URA3 . g » - E -
CEN12 . CENS
B 466bp 89bp
No kanMX2
rDNA
200-copy rDNA*
rDNA array

array

Figure 4.52. Characterization of strain V0/200°KU X][0/200 foh1-+HP. (A) Genotype of the V/0/200°KU
XI|0200 foh 1-+HP strain. (B) Cartoon depicting the chromosome XIl and V homologs as in figure 4.51, except this
strain also harbors a FOBT disruption (not shown). The strain may carry the HP from the rDNA deletion parent
strain (not tested). (C) PCR was used to confirm diploidy as in figure 4.2, using WT gDNA from X||200200KU g5 g
positive control (WT).
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CHAPTER FIVE: CHROMOSOME LOSS
ASSAY RESULTS
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Previous studies led us to hypothesize that the rDNA gene repeats affect chromosome
segregation. To test our hypothesis and explore how the rDNA may exert an effect on
chromosome segregation, | have used the optimized CLA to measure the chromosome loss
rate of strains harboring different rDNA alterations and/or disruption of certain key genes. This

chapter describes my findings.

5.1 THE PRESENCE OF THE rDNA GENE REPEATS IS
BENEFICIAL FOR CHROMOSOME Xil SEGREGATION

The initial aim was to test whether the rDNA gene repeats have an effect on
chromosome segregation by examining the chromosome XII loss rate in a strain in which all
the rDNA repeats have been deleted from the chromosome (XII9%0KU+HP; section 4.3.1). In
addition, | wanted to test what effect rDNA recombination and rDNA transcription have on
chromosome missegregation. To achieve the former, | measured the rate of chromosome Xl
loss in a FOB1 disruption strain (XI[200200KU foh1- section 4.4.1). To assess the effect of rDNA
transcription, | measured the rate of loss of chromosome XII in a strain with just 20 rDNA
copies (XI12020kU foh1-; section 4.4.2) in which all the rDNA repeats are transcriptionally active.

The CLA was used to estimate the chromosome Xl loss rate for the 0-copy strain
XII00KU+HP, the fob1-strain XI[2002200kU foh1- and the 20-copy strain XI12020kU fop1-, | compared
these rates to that found in the WT strain (XI]200200KU: 6,01x106 chromosome losses per cell
division). Deletion of the rDNA repeats resulted in a significant (~6-fold) increase in the
chromosome XII loss rate relative to WT (figure 5.1), suggesting that the presence of the native
chromosomal rDNA gene repeats aids faithful segregation of chromosome XII. The fob1-strain
also showed a significant (~5-fold) increase in the rate of chromosome XII loss relative to WT
(figure 5.1), suggesting that Fob1 helps mediate faithful segregation of chromosome XII. Since
rDNA recombination is abolished in this FOB1 disruption strain (Kobayashi and Horiuchi 1996;
Kobayashi et al. 1998; Johzuka and Horiuchi 2002), it is possible that Fob1 mediates faithful
chromosome segregation through stimulating rDNA recombination, but the other roles of Fob1

may also underlie this chromosome missegregation phenotype.
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Figure 5.1. rDNA alterations result in increased rates of chromosome Xl

missegregation. The chromosome Xil loss rate was measured using the CLA for the WT strain (XI]200/200kU),
the 0-copy strain (XII90KU+HP), the fob1- strain (XI1200200kU foh1-), and the 20-copy strain (XI12020KU foh1-). All
strains were grown in YPD. Error bars show SE. Asterisks show significant differences to the WT strain X]]200/200kU
(p-values from left to right indicate significant differences to WT: ** = 4.57x10-6, *** = 3.34x103, *** = 4.27x105;
and between the fob71- and 20-copy strains: *=6.91x102; no significant differences were found between the 0-copy
strain and the fob1- or 20-copy strains).

The 20-copy strain also showed an increased (~7-fold) rate of chromosome XII loss
compared to WT (figure 5.1). However, this strain also has a FOB1 disruption to prevent rDNA
amplification of the 20 copies back to WT. Therefore, it is possible that the elevated
chromosome loss rate of the 20 copy strain is due to the lack of Fob1 rather than the change in
rDNA copy number. To try and distinguish between these two possibilities, | decided to use

transient FOB1 complementation.
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5.2 REDUCING THE NUMBER OF rDNA COPIES AFFECTS
CHROMOSOME Xil SEGREGATION INDEPENDENTLY OF Fob1

5.21 Growth on galactose influences the rate of chromosome Xl

segregation

To test whether the high missegregation rate of the 20-copy strain is a consequence of
FOBT1 disruption rather than rDNA copy number reduction, | introduced Fob1 on a plasmid
under the control of a galactose inducible promoter to the 20-copy rDNA strain and measured
the rate of chromosome XlI loss. Since FOB1 disruption is necessary to prevent amplification
of rDNA copy number in this strain, expression of FOB1 was only induced during the CLA to
limit expansion of the rDNA array.

The FOB1 inducible plasmid pGAL-FOB1 (section 4.4.3) was transformed into the WT
(XI1200200kU) - fop1- (XI]200/200KU foh1-) and 20-copy (XII2020KU fob1-) strains, and the rate of
chromosome loss was measured using the CLA in galactose media (ie. using SGal-Ura
medium for initial selection and YPGal as rich medium from to to t1). As expected, introduction
of Fob1 into strains lacking this protein resulted in rescue of the chromosome Xl segregation
defects in all strains (figure 5.2). However, these results are based on comparisons between
Fob1-complemented strains grown in galactose and the original strains grown in glucose. To
determine if growth in galactose has any effect on chromosome segregation independent of the
Fob1 plasmid, the uncomplemented WT (XI|[2001200KU) - fop1- (X1[200/200kU foh1-) and 20-copy
(XI12020KU - foh1-) strains were screened using the CLA while grown in galactose. Strikingly, all
strains exhibited a rate of chromosome XII loss significantly lower in galactose than when they
were grown in glucose medium (figure 5.3). Comparison of each of the Fob1-complemented
versus uncomplemented strains grown in galactose revealed no differences (data not shown).
Therefore, the Fob1 complementation rescue phenotype could simply be explained by the
effect of growth in galactose rather than the presence of functional Fob1. This means that | am
still not able to determine whether the elevated chromosome missegregation rate observed in

the 20-copy strain is the result of the reduction in rDNA copies or the disruption of FOBT.
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Figure 5.2. Fob1 complementation rescues chromosome Xll segregation defects. The
chromosome Xl loss rate was measured for the WT (XI[200200KU) " fob 1- (XI]200/200kU foh1-) and 20-copy (XI120/20KU
fob1-) strains in the presence of the FOB1? inducible plasmid (+pGAL-FOBT) (galactose), and compared to their
corresponding strain without pGAL-FOB1 from figure 5.1 (glucose). Error bars show SE.
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Figure 5.3. Growth in galactose results in low rates of chromosome Xll missegregation.
The chromosome Xl segregation defects observed in the uncomplemented fob1- (X11200200KU foh1-) and 20-copy
(XI12020KU fop1-) strains when compared to WT (XI1200200kV) (from figure 5.1) when grown in glucose, are rescued
by growth in galactose alone. Error bars show SE.

| noted that growth during the CLA in galactose was slower for the strains previously
assayed in glucose. To determine whether there are growth rate differences between carbon
sources, | performed growth curves for the WT strain in glucose and galactose, in both the
absence and presence of pGAL-FOB1. The growth rate in galactose is much slower than in
glucose irrespective of the presence of pGAL-FOB1 (figure 5.4), and this was also found for the
fob1- and 20-copy strains (data not shown). Yeast is known to undergo metabolic changes
when grown in galactose (relative to growth in glucose) that result in growth rate differences

and changes in expression of certain genes (reviewed in Timson 2001), therefore our findings
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may reflect this altered metabolism when grown in galactose. If so, this effect would be
expected to be global, affecting all chromosomes rather than just chromosome XII. To test if
galactose causes a global effect on chromosome segregation | created WT strains carrying
CLA markers on a chromosome V and VI (section 4.7.1) homolog, and compared their
respective chromosome loss rates when grown in galactose vs. glucose. Surprisingly, neither
chromosome V nor VI showed significantly different missegregation rates between the two
carbon sources (figure 5.5). These results suggest that galactose affects the missegregation
rate of chromosome XlI specifically, and that this effect appears to be dominant to rDNA

alterations.
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Figure 5.4. The growth rate of the WT strain is slower in galactose than in glucose. The
WT strain (XI1]200200kU) was grown in galactose (GAL) and glucose (GLU) rich media, in both the presence and
absence of the FOB1 inducible plasmid (+pGAL-FOB1). Growth rates were measured by following ODgoonm using

a 96 well plate reader. For every strain n=3 (3 biological replicas per strain with 3 technical replicates each). Error
bars show SE.
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Figure 5.5. Growth in galactose does not affect the segregation rate of chromosomes V
and VI. The chromosome loss rate was measured for chromosomes V and VI in WT strains VOIokU X][2002200 (A)

and V|00KU X]|2002200 (B), and no significant differences were found between growth in glucose (GLU) and
galactose (GAL) (p-values: 0.49 [A] and 0.73 [B]). Error bars show SE.
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5.2.2 Complementation of FOB1 in the 20-copy strain does not result in

rDNA copy number change

Since re-introduction of FOB1T expression from pGAL-FOB17 has the potential to
increase the rDNA copy number through its role in rDNA amplification (Kobayashi et al. 1998),
the chromosome loss rate of the XI12020KU foh1- +pGAL-FOB1 strain may no longer reflect that
of a 20-copy strain. To test whether any changes in rDNA copy number have occurred since
the introduction of pGAL-FOB1 into the XII20/20KU foh1- strain, the size of chromosome XIl was
determined through CHEF and Southern blotting using an rDNA probe. The size of
chromosome XII remained unchanged in the presence of the plasmid in both glucose and
galactose (figure 5.6). These results suggest that sufficient time has not yet elapsed to allow
significant rDNA amplification, and that the rate of chromosome XIlI loss in XII20/20kU fop1-

+pGAL-FOBT reflects re-introduction of FOB1 and not an increase in rDNA copy number.

X|200/200KU X|[20720KU X |2007200KU X |20/20KU
XI[200/200K0 fob1- fob1- XI[200/200KU fob1- fobt-
+pGAL-FOB1 +pGAL-FOBT +pGAL-FOBT +pGAL-FOBT +pGAL-FOB1 +pGAL-FOBT

GLU GAL GLU GAL GLU GAL GLU GAL GLU GAL GLU GAL GLU GAL GLU GAL GLU GAL GLU GAL GLU GAL GLU GAL
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CHEF Southern blot with rDNA probe

Figure 5.6. Chromosome Xll size remains unchanged in strains carrying pGAL-FOB1.
CHEF electrophoresis was used to confirm chromosome Xl size. Strains XI|[200/2000KU " X]|2001200kU foh1- and
XI[2020KU fob1- were grown in both glucose and galactose, with (+pGAL-FOBT) or without the FOB1 inducible
plasmid. An rDNA probe was used to detect chromosome XII. The number of rDNA copies is indicated by arrows,
as are the wells. Ethidium bromide stained gel (left), Southern blot (right). The Southern blot panel on the right for
strain XII20120KU foh1- is a longer exposure of the same Southern blot shown on the left because of the lower signal
intensity of rDNA hybridization in the 20-copy strain.
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5.2.3 Leaky FOB1 expression partially rescues 20-copy strain chromosome
Xll segregation defects.

The chromosome Xl| loss rates of strains with pGAL-FOB1 were also measured in
glucose as controls. Surprisingly, however, | saw clear differences in strains grown in glucose
with and without the plasmid. The rate of chromosome XII loss of the fob?- strain was
completely rescued by the plasmid, while that of the 20-copy strain was partially rescued
(figure 5.7). In contrast, the chromosome loss rate of the WT strain increased in the presence
of the plasmid. | hypothesized that these results are a consequence of leaky expression from
the plasmid under glucose growth conditions.
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Figure 5.7 pGAL-FOB1 alters chromosome XIl segregation fidelity in glucose. The
chromosome XII loss rate for the WT (XI1200200kU) " foh 1- (X|[200200kU foh1-) and 20-copy (XII2020KU foh1-) strains in
glucose in the presence of the Fob1 plasmid (+pGAL-FOBT) were found to be different to those from their
uncomplemented corresponding strain from figure 5.1. Error bars show SE.

To test whether there is leaky expression of pGAL-FOBT under glucose growth, |
assayed FOBT expression using RT-PCR. The three strains (WT, fob7- and 20-copy/fob1-)
were grown with and without pGAL-FOB1, and both under glucose (FOB17 repressive) and
galactose (FOB1 inducing) conditions. Total RNA was extracted from each sample and the
integrity of the 28s and 18s rRNA bands was confirmed by visualization on an agarose gel
(figure 5.8). Primers PAG336 and PAG337 were designed to amplify a small FOB1 amplicon
that spans the LEUZ insertion site. The RT-PCR elongation time was minimized to prevent
amplification of the larger, LEUZ2-containing product from the FOBT disruption strains (figure
5.9). Another set of primers (PAG331 and PAG333) was used to amplify ACT1 (213bp product)

as a housekeeping gene control.
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Glucose Galactose

@ +pGAL-FOB1

Figure 5.8. RNA extraction from WT, fob7- and 20-copy strains. Ethidium bromide stained
agarose gel from RNA extracts from strains WT (XI12001200KU) " foph1- (X][200200kU + foh1-) and 20-copy (XI20/20kU +
fob1-) while grown in glucose (FOBT repressive) and galactose (FOB17 inducing), both with (red hexagons) and
without the pGAL-FOB1 plasmid.

242bp RT-PCR product
PAG336
Chrlv

Clal EcoRI
PAG337

LEU2 I |

E -8

1,337 kb fob1::.LEU2 PCR product
Figure 5.9. Location of primers to determine FOB1 expression through RT-PCR. Primers

PAG336 and PAG337 amplify a 242bp product from FOB1 and a 1,337bp product from strains where FOB1 has
been disrupted by insertion of LEU2.

RT-PCR confirmed the absence of FOB1 expression in the FOBT disruption strains
and also showed that these strains express FOB1 from pGAL-FOB7 in both glucose and
galactose (figure 5.10). These results support our hypothesis of a leaky expression of pGAL-
FOB1 in glucose. Although end point PCR was used and so is not quantitative, the FOB1
bands are brighter in pGAL-FOB7-containing strains grown in galactose compared to when
they are grown in glucose, suggesting there may be a difference in FOB1 expression between
inducing and non-inducing conditions. The leaky expression of FOB1 from pGAL-FOB1 during

growth in glucose suggests that the chromosome loss rescue seen in the 20-copy and fob1-
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strains in figure 5.6 is the result of this leaky FOB1 expression. This further suggests that the
high missegregation phenotype of the 20-copy strain (figure 5.1) may partly be consequence of

FOB1 disruption, but also partly a consequence of reduced rDNA copy number.
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Figure 5.10. RT-PCR shows leaky FOB1 expression in non-inducing conditions. Ethidium
bromide stained agarose gel shows RT-PCR products of 242bp for FOB1 (figure 5.8) and of 213bp for the positive
control fragment from the ACT1 gene (primers PAG331 and PAG333). RNA from figure 5.7 was used as template
for RT-PCR.

5.2.4 FOB1 mediates faithful chromosome XIlI segregation through the rDNA

repeats

It was suspected that FOB1 mediates faithful chromosome XlI-specific segregation
directly through the rDNA repeats because Fob1 binds directly to the rDNA at the RFB site. To
test this, | constructed an rDNA deletion strain that also harbored a FOB1 disruption (X|I0/0KU
fob1- +HP, section 4.4.4). Either of these conditions (rDNA deletion/FOB1 disruption) by itself
increases chromosome XII missegregation, but if Fob1 exerts its role in chromosome
segregation through the rDNA repeats, deletion of FOB1 in the absence of rDNA should not
cause a further increase. Surprisingly, | found that the absence of both Fob1 and the
chromosomal rDNA repeats results in a low rate of chromosome XII missegregation,
resembling that of the WT (figure 5.11). The fact that the absence of Fob1 in an rDNA deletion
background restores the rate chromosome XlI to WT levels indicates that Fob1 is only needed
when the rDNA repeats are present. Our data so far suggests that Fob1 mediates chromosome

XlI segregation directly through the rDNA repeats.
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Figure 5.11. FOB1 disruption rescues chromosome Xl missegregation when the rDNA

repeats are deleted. The chromosome XII loss rate was measured in the FOB1 disrupted rDNA deleted
strain XII90KU fop1-+HP and was compared to the WT (XI1200200kU) "the rDNA deletion (XII%KU+HP) and the FOB1
disruption (XI1[200200KU foh1-) strains. Disruption of FOBT in an rDNA deletion background results in significantly
lower chromosome missegregation than either of the two rDNA alterations alone (p-values: *= 1.81x102 [vs rDNA
deletion], #= 1.81x10-2[vs FOBT1 disruption]). Error bars show SE.

5.2.5 FOB1 is required for the faithful segregation of chromosome Xl but

not other chromosomes.

To test whether the Fob1 effect is indeed specific to chromosome XII, | created a
FOB1 disruption strain with CLA markers on chromosome VI (VI0/0KUX[[200200 foh1-, section
4.7.2). No significant difference was observed in the rate of chromosome VI missegregation in
the presence versus absence of FOB1 (figure 5.12). This indicates that FOB1 is not required
for the faithful segregation of chromosome VI and suggests that the effect of FOB1 on

chromosome segregation is specific to chromosome XII.
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Figure 5.12. FOB1 disruption does not alter the rate of chromosome VI loss. The
chromosome VI loss rate was measured in the WT strain VI0KU X[|200200 gnd in the fob1- strain VI0/0KU X|[200/200
fob1- (n=3). No significant difference was found between the two (p-value=0.83). Error bars show SE.

5.2.6 FOB1 mediates faithful segregation of other chromosomes carrying
the rDNA repeats.

The results from sections 5.2.4 and 5.2.5 suggest that Fob1 helps to mediate faithful
segregation of the chromosome carrying the rDNA repeats (i.e. chromosome Xl in a WT). To
test this hypothesis, | determined the rate of loss of a chromosome V homolog that has an
rDNA array translocated onto it (\V/0/200°KU X]|0/200; section 4.8.3) in the presence and absence of
Fob1. The loss rate of chromosome V in a WT background is lower than that for chromosome
XlI, and interestingly, the rate of loss actually increases when an rDNA array is translocated
onto chromosome V (strain \/0/200°KU X|07200: figure 5.13). When FOB1 is disrupted in this strain
(\/0r200°KU X]|07200 foh1-), the rate of chromosome V loss further increases (figure 5.13), mirroring
that seen for chromosome XII missegregation when FOBT is disrupted. These results, together
with the results showing that disruption of FOBT1 has no effect on chromosome V
missegregation when it does not carry the rDNA repeats (figure 5.12), provide strong support
for the hypothesis that Fob1 facilitates faithful chromosome segregation due to its role at the
rDNA repeats, regardless of which chromosome the rDNA is present on.
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Figure 5.13. Disruption of FOB1 increases chromosome V missegregation when it

carries a translocated rDNA array. The chromosome V loss rate was measured in a strain heterozygous
for the presence of the rDNA on chromosome XII and for an rDNA translocation onto the marked chromosome V
homolog (V/0/200°KU X|0/200) " hefore and after disruption of FOB1 (V0/200°KU X|0/200 foh1-). The chromosome loss rate
of the rDNA translocation strain is significantly higher than WT (V0/0KU X][2001200) (p-values **= 4x10-3 and *= 1.2x10-
2), and disruption of FOBT results in a significantly higher rate of chromosome loss again (p-value 5.7x10-2; not
indicated). Error bars show SE.

5.3 INVESTIGATING THE EFFECTS OF rDNA TRANSCRIPTION ON
CHROMOSOME Xil SEGREGATION

| next sought to test whether it is the absence of the rDNA repeats or the loss of rDNA
transcription that is responsible for the increased rate of chromosome missegregation when the
rDNA repeats are removed from chromosome XII. To achieve this, | created a strain with
abolished rDNA transcription. Transcription of the rDNA is carried out by RNA polymerase |
(Pol 1), and disruption of Pol | subunits has been used in the past to render Pol | inactive and
abolish rDNA transcription (Nogi et al. 1991b). The viability of such strains is achieved by using
RNA polymerase Il (Pol Il) transcription of rRNA from the HP, as for the XII%0KU+HP strain. If
recruitment of Pol | to the rDNA locus or the rDNA transcription process itself mediates faithful
chromosome segregation, lack of rRNA transcription would be expected to result in a
segregation defect. To investigate this, Pol | activity was abolished by deleting the second
largest subunit of Pol I, encoded by the RPA135 gene (strain XI[200200kKU rpa135A +HP, section
45.1).
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The XI12001200KU rpa135A +HP strain requires growth in galactose due to its dependence
on the HP for viability, and is not able to grow in glucose, unlike the rDNA deletion strain. It has
a slow growth phenotype, with a doubling time of approximately 8-12 hrs (figure 5.14). This
required adjustment of the CLA growth times to allow measurement of the chromosome loss

rate over a single doubling.
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Figure 5.14. The RPA135 deletion strain has a slower growth rate than WT. Growth rates
were obtained for the XI1200200kU ypa1354 +HP diploid strain and for haploids with (XII200KU rpa135A::.LEU2 +HP)
and without (X112 rpa135A::.LEU2 +HP) the chromosome Xl tags for the CLA. All were lower than that of the WT
CLA diploid strain X1[200200kU " with the rpa1354 diploid having a somewhat faster growth rate compared to the
haploids. All strains were grown in YPGal. For all strains n=3 (3 biological replicas each with 3 technical replicas).
Error bars show SE.

To determine the effect of rDNA transcription on chromosome segregation, the rate of
chromosome Xll loss was measured in strain XI[200200kU pa135A +HP when grown in
galactose. Deletion of RPA135 caused a significant reduction, of more than 6-fold, in the rate of
chromosome XIl loss compared to the WT strain when grown in glucose. However, no
difference was observed when both strains were grown in galactose (figure 5.15).

It has been suggested that Fob1-mediated rDNA recombination is transcription-
dependent (Takeuchi et al. 2003), so it is possible there is an interplay between the activities of
Fob1 and Pol | at the rDNA locus that influences chromosome XII segregation. To evaluate this
possibility, strain XI200200KU fob1- rpa135A +HP (section 4.5.2) harboring both a FOB1
disruption and a RPA135 deletion was assayed. No significant change in the rate of
chromosome XII loss was observed when the FOBT disruption was incorporated onto the
RPA135 deletion strain (figure 5.15). Together these results suggest that Pol | transcription
might impede faithful chromosome segregation, as deletion of RPA135 results in a low rate of
chromosome XII loss, regardless of whether FOB1 is present or not. These results are in
strong contrast to those seen when the rDNA repeats are deleted from chromosome Xl (figure

5.1). However, | am unable to distinguish whether these low rates of loss are the result of
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deletion of RPA135 or growth in galactose, as the results from section 5.2.1 show decreased
rates of chromosome loss following growth in galactose alone. The possibility that rDNA
transcription interferes with proper chromosome XII segregation requires examination by an
alternative approach that does not involve measuring the chromosome XII loss rate during
growth in galactose.
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Figure 5.15. Disruption of Pol | transcription results in low rates of chromosome XIl loss.
The chromosome Xl loss rate was measured in galactose (GAL) for strains XI[200200KU rpa135A +HP and
X1[2001200KU rpa 1354 +HP fob1-, and compared to the WT strain (X11200200kU) grown in glucose (GLU) and galactose
(GAL). The loss rate was lower in all strains grown in galactose, with strain XI[200200kU rpa135A +HP showing a
significant difference to WT (GLU) (p-value: * = 3.96x10-2). Error bars show SE.

Machin et al. (2006) have proposed that transcription of the rDNA creates linkages that
can cause chromosome missegregation defects. Since, a haploid 20-copy strain has been
reported to have a higher proportion of transcriptionally active rDNA repeats than WT
(Dammann et al. 1993; French et al. 2003), our diploid CLA 20-copy strain is also likely to have
a high proportion of transcriptionally active repeats. This raises the possibility that unresolved
linkages from a high proportion of transcription intermediates in the 20-copy strain can cause
the high chromosome XII missegregation rate observed when the rDNA copy number is
reduced (figure 5.1). To test if deletion of RPA135 in a 20-copy strain can restore its
missegregation rate, | sought to delete RPA135 in the 20-copy strain. However, creation of
such strain proved challenging and could not be completed (section 4.5.3).

| was also interested in investigating the rate of chromosome missegregation when Pol
| is inactivated in an rDNA deletion background. Since there are no chromosomal rDNA repeats
in this strain, there is no active transcription by Pol I, so any effect from inactivation of Pol | in
this strain would suggest a functional role of Pol | in chromosome segregation distinct from
rDNA transcription. Our approach was to delete RPA135 in an rDNA deletion strain. However,

attempts to create a double deletion strain with no RPA135 and no chromosomal rDNA repeats
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were unsuccessful (section 4.5.4). Therefore, it is possible that deletion of both the
chromosomal rDNA repeats and RPA135 is synthetically lethal. Regardless, | was unable to
determine whether rDNA transcription or another role of Pol | is responsible for the

chromosome segregation phenotype seen in the rpa1354 strain.

5.3.1 Estimating the transcription level in diploid strains

It remains a possibility that Pol | transcription linkages interfere with segregation of the
rDNA locus. Potentially, the 20-copy strain with a higher proportion of transcriptionally active
rDNA repeats, has more linkages to resolve to be able to achieve faithful chromosome
segregation. Hence, | next wanted to examine the relative proportion of transcriptionally active
and inactive rDNA repeats in our WT and 20-copy diploid strains. Previous work has estimated
the proportion of actively transcribed rDNA copies for haploid yeast strains (Dammann et al.
1993; French et al. 2003), but not for diploids. | used a psoralen crosslinking assay to
determine the proportion of active/inactive rDNA repeats. Psoralen is a UV-absorbing
compound, able to access the transcriptionally active rDNA repeats in open chromatin
structure, but not the inactive repeats in compacted chromatin state in nucleosomes.
Crosslinked transcriptionally active and inactive rDNA repeats can be distinguished in a
Southern blot using an rDNA specific probe because they migrate at different rates (Conconi,
1989; Dammann et al. 1993; Sanij et al. 2008). This is visualized by extracting gDNA after
psoralen crosslinking and digesting the gDNA into smaller fragments to be separated by gel
electrophoresis.

| first tested the WT strain XI[200200KU to optimize the psoralen crosslinking assay
conditions. This involved using different distances from the UV light source (from 1.5 cm to 7
cm) and varying the times of continuous exposure to the UV light (from several minutes to
hours). Cross-linked extracted DNA from each condition tested was subjected to a Southern
blot using an rDNA probe, but the signal from bands corresponding to ‘active’ and ‘inactive’
rDNA genes was not clear on the membrane (figure 5.16A). The shortest exposure (20 min)
was not sufficient to show crosslinking of active repeats, and the longest exposure (5hr)
showed unspecific crosslinking even in the absence of psoralen (figure 5.16B). Several other
attempts to optimize psoralen crosslinking were performed (not shown), but | was unable to

establish this protocol successfully.
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Figure 5.16. Psoralen crosslinking assay to determine the proportion of active/inactive

rDNA repeats. Exponentially growing cells from the WT strain XI[200200kU were used to test different psoralen
crosslinking conditions. After treatments using 200mg/ml psoralen and a 365nm UV light source, DNA was
extracted from each sample, digested with EcoRI and separated by gel electrophoresis, before being subjected to
Southern blotting using an rDNA probe. (A) - (negative control; untreated and not exposed to UV), EtOH (negative
control; treated with ethanol and irradiated 5 cm away from the UV light source for 25min), and all other samples
were irradiated at a distance of 5 or 7 cm (as indicated) continuously for 20 min or 25 min (as indicated) with the
addition of psoralen every 5 min. (B) — (negative controls; treated with ethanol and irradiated 1.5, 3 or 6 cm away
from the UV light source for the indicated times), + (samples were UV exposed at a distance of 1.5, 3 or 6 cm and
irradiated continuously for 20 min (with the addition of psoralen every 5 min) or 5 hr (with the addition of psoralen
every 1 hr). The expected positions of the bands representing transcriptionally active and inactive repeats, based
on size from the marker (M), are indicated.

5.4 HETEROZYGOSITY RESCUES THE CHROMOSOME Xil
SEGREGATION DEFECTS

Up until now, | have only analyzed the effects of homozygous rDNA alterations on
chromosome Xl segregation. Homologous chromosomes are thought to segregate
independently of each other in mitosis; therefore each chromosome homolog is expected to
behave according to its own rDNA state. To test this, | made strains that are heterozygous for

rDNA alterations. | created these strains as reciprocal pairs, where one chromosome Xl
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homolog is tagged in one strain, and the other homolog is tagged in the other strain. For
example, strain XI|2000KU+HP (section 4.6.1) is heterozygous for the rDNA deletion, with the
CLA markers on the rDNA deletion homolog, while strain XI10200KU+HP (section 4.6.1) is also
heterozygous for the rDNA deletion, but carries the CLA markers on the WT rDNA array
homolog. When | tested these strains using the CLA, the WT homolog in strain XI|0200KU+HP
segregated with the same fidelity as it did in the WT homozygous strain, as expected (figure
5.17). Surprisingly, however, the chromosome XII loss rate in the reciprocal strain
(XI12000KU+HP) was significantly decreased when compared to the homologous rDNA deletion
strain (XII00KU+HP), and is similar to the rate seen for the WT rDNA homolog in the
heterozygous strain and the WT homozygous strain. This shows that the rDNA deletion
homolog does not segregate with the fidelity expected from its rDNA state in a heterozygous
strain, and instead the presence of a WT length rDNA array on the opposite homolog somehow

confers a positive effect on chromosome Xl segregation fidelity.
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Figure 5.17. Heterozygosity of the rDNA deletion rescues the segregation defect of the
rDNA deletion strain. The chromosome XII loss rate was measured in heterozygous strains X|I2000kU+HP
and XI|0200kU+HP (boxed). The chromosome XII loss rates for both heterozygous strains are significantly lower

than that seen for the homozygous rDNA deletion strain (XII%KU+HP) (p-values: **=4.03x10-2, ***=7.87x10-3), but
are not significantly different to each other or that of the WT strain (XI[200200KV) Error bars show SE.

| next wanted to see whether the surprising rescue effect of rDNA state heterozygosity
would hold true for the other rDNA alterations from section 4.6. Therefore, | examined a pair of
strains heterozygous for 200 and 20 copies of the rDNA (section 4.6.2), with the CLA markers
on each homolog: XI[20200KU foh1- and XII200/20KU foh1-, These strains are homozygous for
FOB1 disruption to ensure maintenance of the 20-copy state on a single homolog.

Interestingly, the chromosome XII segregation rate was similar for the two strains, with both
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homologs segregating with similar chromosome segregation fidelities as each other and as a
WT homozygous strain (figure 5.18). Both strains exhibited a significantly lower rate of
chromosome loss when compared to their 20-copy homozygous counterpart and to the
homozygous WT length rDNA array strain with a FOB1 disruption (figure 5.18). Both these
results support the conclusion that heterozygosity of a WT length rDNA array provides a
beneficial effect for the segregation fidelity of homologs with rDNA alterations, and reveal that

this protective effect extends to the absence of Fob1.
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Figure 5.18. Heterozygosity of a 20-copy rDNA array rescues the segregation defect of

the 20-copy strain. The chromosome Xll loss rate was measured in heterozygous strains XI120200KU fop1- and
XI[20020kU foh1- (boxed). The chromosome loss rate for both heterozygous strains is significantly lower than that
seen for the homozygous 20-copy (XII2920KU fop1-) (p-values ***=2.14x10- and ###=3.29x103) and the fob1-
(XI1200:200KU- foh1-) (p-value *=9.74x10-2) strains, but are not significantly different to each other or the WT strain
(XI12002200U) | Error bars show SE.

5.5 rDNA STATE AFFECTS GLOBAL CHROMOSOME
SEGREGATION

Our data shows that the presence of the rDNA gene repeats aid faithful chromosome
XII segregation, that absence of FOB1 and length reduction of the rDNA array hinder it, and
that rDNA heterozygosity confers a protective effect against chromosome segregation defects

caused by rDNA alterations. Unexpectedly, the rate of missegregation in heterozygous strains
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is independent of whether the tested homolog has an altered rDNA state or not. Given that
there is no known association of homologs during mitotic segregation in yeast, these results
raise the possibility that the rDNA has a global effect on chromosome segregation. To test this,
| examined the missegregation rate of another chromosome in strains harboring the rDNA
alterations tested with chromosome XII. | chose chromosome VI because preliminary work in
our group showed that chromosome VI exhibits the highest missegregation rate of all the
chromosomes tested (Seo, Quintana and Ganley, unpublished results), potentially allowing to

more easily measure both increases and decreases in the missegregation rate.

5.5.1 rDNA alterations affect the segregation of chromosome VI

To test whether the deletion of the rDNA gene repeats or a reduction in their copy
number affect the segregation of other chromosomes, the missegregation rate of chromosome
VI was examined in rDNA deletion and 20-copy strains. Strains V[0/0KU X]|00+HP and V/|0/0KU
XI120120 foh1- (section 4.7.2) had CLA markers inserted on chromosome VI (described in section
4.7.1), and their missegregation rates were measured using the CLA. Strikingly, a significant
increase in the loss of chromosome VI was observed when the rDNA array was deleted, and
when it was reduced to 20-copies (figure 5.19). These effects on chromosome loss closely
resemble those seen for chromosome XlI: deletion of the rDNA results in a ~5-fold increase in
the rate of chromosome Xl loss and a ~7-fold increase in the rate of chromosome VI loss,
while reduction to 20 rDNA copies results in a ~6-fold increase in the rate of chromosome XII
loss and a ~5-fold increase in the rate of chromosome VI loss (figure 5.19). The similar effects
of these rDNA alterations on the loss rates for both chromosome XII and VI suggests that the
rDNA does not just influence the segregation of the chromosome that carries the rDNA

repeats, but rather that it has a global effect on chromosome segregation.
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Figure 5.19. rDNA alterations affect chromosome VI segregation. (A) The chromosome VI loss
rate was measured in the 20-copy strain (VI90KU X]|2020 foh1-) and the rDNA deletion strain (VI9/0KU X]]90 +HP), and
compared to the WT strain (VI0/0KU X][2001200), Missegregation of chromosome VI was found to be significantly
increased for both these rDNA alterations relative to WT (p-values **=1.7x10-2 and ##=1.7x102). (B) The results
of the equivalent strains monitoring chromosome XIl loss from figure 5.1 are shown for comparison. For both

graphs, error bars show SE.

To investigate whether the rescue of chromosome Xl segregation defects observed
for heterozygosity of rDNA state extends to other chromosomes, | measured the
missegregation rate of chromosome VI in strains heterozygous for rDNA alterations on
chromosome XII (VI00KU X][2000+HP and VI[00KUX][200 fop1-, section 4.7.3). Strikingly, the rates
of chromosome VI loss in the heterozygous strains VI0/0KU X|[2000+HP and V|0/0KUX][200 foh1-
are similar to those seen in the WT strain (figure 5.20), and are much lower than the 20-copy
and rDNA deletion strains. The small sample sizes that were used to test these heterozygous
strains mean that although the average loss rate is much lower than that of the WT, the
difference between the homozygous and heterozygous chromosome loss rates is not
statistically significant. Nevertheless, the pattern clearly resembles that seen for the
chromosome Xl loss rates and suggests that heterozygosity of rDNA state is able to rescue

defects in global chromosome segregation.
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Figure 5.20. rDNA state heterozygosity rescues segregation of chromosome VI. The
chromosome VI loss rate was measured in strains VI00KU X]|0200+HP and VI00KU X]|920foh1-+HP (boxed) that are
heterozygous for rDNA alterations, and compared to the WT (VI[0/0KU X[|2001200) " the 20-copy (VI0/0KU X]|2020 fob1-),
and the rDNA deletion (VI00KU X][00+HP) strains. The rates of chromosome VI loss of the heterozygous strains
(boxed) are similar to that of the WT, but not significantly different to the homozygous 20-copy and rDNA deletion
strains (p-values 0.8 and 0.6 respectively). Error bars show SE.

5.5.2 Heterozygous translocation of an rDNA array onto chromosome V

exerts a protective effect on chromosome Xll segregation.

Heterozygous rDNA alterations on chromosome XlI have a global chromosome
segregation effect (section 5.5.1). However, | have shown that Fob1 influences chromosome
segregation directly through the rDNA repeats regardless of their chromosomal location.
Hence, it is possible that the genomic location of the rDNA array itself may influence its local
and global chromosome segregation effects. To examine this, | used a set of rDNA array
translocation strains created by Oakes et al. (2006), and introduced CLA markers onto
chromosome XII. The translocated rDNA arrays carry a point mutation in the rRNA coding
region that confers resistance to hygromycin. To verify that this point mutation has no effect on
chromosome XII segregation, the chromosome loss rate of strain XI[200/200KU (where the
asterisk indicates the array harbors the hygromycin resistance mutation, section 4.8.1) was
determined. A similar missegregation rate to the WT XII200200kU strain was observed (figure

5.21), indicating that the hygromycin mutation does not affect the chromosome loss rate.
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Figure 5.21. Translocation of an rDNA array onto chromosome V improves the rate of
chromosome XIlI loss. The chromosome Xl loss rate was measured in strains carrying a translocated rDNA

array on one chromosome V homolog (boxed strains). A WT strain with a hygromycin resistant rDNA array
(XI12002200°KU) has a similar chromosome Xl loss rate as WT (XI12001200kU) Strains heterozygous for a translocation
of the rDNA onto chromosome V show a significantly lower chromosome Xl loss rate compared to WT both when
chromosome XIl is homozygous (X|[200/200KU\/01200%) or heterozygous (X110/200kU\/0200°) for the presence of the rDNA
array (p-values: **= 2.51x10-2, ##= 2.86x10-2.). Disruption of FOB1 in the double heterozygote strain (X|]0/200kU
\V/0i200* fob 1-) results in a similar rate of chromosome XII loss, although the small sample size means the difference
to WT is not statistically significant. Error bars show SE.

| next examined strain XI[200/200KU \/0/200" (section 4.8.2), which is heterozygous for an
rDNA translocation onto chromosome V, and is homozygous for the rDNA on chromosome XII.
Interestingly, this strain showed a significantly reduced chromosome XII loss rate when
compared to WT (figure 5.21). This reduction might be due to the presence of a third rDNA
array improving chromosome Xl segregation fidelity. To test this, | evaluated the effect that
translocating an rDNA array onto chromosome V has on chromosome XII missegregation in
the absence of one of the arrays on chromosome XII (X1[0/200KU \/0/200°'+HP  section 4.8.2). No
difference in chromosome Xl loss rate was observed when compared to the translocation
strain with two chromosome XII rDNA arrays (figure 5.21), suggesting that heterozygosity of
the rDNA in any chromosome can exert a protective effect on the segregation of chromosome
XII. Further disruption of FOB1 from the double heterozygous strain (XI10/200KU \/0:200" fop1- +HP,
section 4.8.2) results in an additional increase in chromosome XII segregation (figure 5.21).
These findings are consistent with the results from section 5.20 showing that heterozygosity of
rDNA alterations on chromosome XlI result in an improved rate of chromosome segregation,

even in a fob1-background.
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5.5.3 Translocation of an rDNA array onto chromosome V increases its loss

rate.

| have shown that heterozygosity of rDNA alterations on an ectopic site on
chromosome V (section 5.5.2) can exert a protective effect on chromosome XII segregation.
Since heterozygosity of rDNA alterations on chromosome XlI can affect both local and global
chromosome segregation (section 5.5.1), | next wanted to examine whether the ectopic rDNA
can also exert this ‘protective’ effect on its own segregation, ie. the chromosome it has been
inserted into. To test this, | used heterozygous strains similar to the ones from section 5.2.2,
but with the CLA markers on the chromosome V homolog that also carries the translocated
rDNA array. First, | tested whether the translocated rDNA array had any effect on chromosome
V missegregation. The chromosome V loss rate of strain \/0/"200KU X][2001200 (section 4.8.3) was
similar to WT (figure 5.22). However, this strain has an additional rDNA array compared to WT,
so to remove the influence a third rDNA array may have on chromosome segregation, |
examined strains that had two rDNA arrays i.e. that are heterozygous for the presence of the
rDNA array on both chromosomes V and XII (figure 5.13). The increased chromosome V loss
rate of these strains (figure 5.22) suggests that heterozygosis of an ectopic rDNA array may
exert a negative effect on chromosome V segregation rather than protective as in the case of
chromosome XII, and this negative effect appears to be exacerbated in the absence of Fob1.
Moreover, removal of the third rDNA array caused an increase in chromosome V segregation,

suggesting that the presence of a third rDNA array is beneficial.
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Figure 5.22. Translocation of an rDNA array onto chromosome V increases its rate of

loss. The chromosome V loss rate was measured in strains heterozygous for an rDNA translocation onto
chromosome V. Heterozygous chromosome V rDNA translocation strains show a similar chromosome V loss rate
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to WT (\VVO/0KU X|2001200) - when chromosome XII is unaltered (V/0/200°KU X|2001200)  However, there is a significantly
higher chromosome V loss rate when the presence of the rDNA array on chromosome XlI is also heterozygous
(\/0rr200kU X10200) - and this effect is enhanced by disruption of FOB1 (\V0/200kU X[|0/200+HP fob1-). p-values relative to
WT are **= 4x10-% and *=1.2x10-2. Error bars show SE.

These results are surprising, as heterozygosity of the rDNA on chromosome XIl was
not sufficient to confer a low missegregation rate to a strain heterozygous for the rDNA on
chromosome V, despite our results showing that heterozygosity has a global effect on
chromosome segregation (figures 5.20 and 5.21). Also, the fact that chromosome XII rDNA
heterozygosity and FOB1 disruption have different effects on missegregation of chromosome V

versus chromosome XI| suggests that this is an oversimplification.

138



CHAPTER SIX: DISCUSSION
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This study aimed to determine the effects of the rDNA repeats on chromosome
segregation by measuring the chromosome loss rate of strains harboring different rDNA
alterations and/or disruption of candidate genes. This aim was achieved through the
development of an optimized mitotic yeast chromosome loss assay (CLA) and the construction
of CLA specifically tailored strains (chapters three and four respectively). My results (chapter
five) show two beneficial effects from the rDNA on chromosome segregation. The first is a local
effect, with faithful segregation of the rDNA-containing chromosome (normally chromosome
XlI) specifically mediated by Fob1 directly through the rDNA repeats. The second is a global
effect, with rDNA alterations on chromosome XIl affecting the segregation of other
chromosomes, and with heterozygosis of rDNA state instigating a novel protective role on

chromosome segregation.

6.1 FOB1 MEDIATES A LOCAL EFFECT OF THE rDNA ON
CHROMOSOME SEGREGATION

The main focus of this study was to test the effects of the rDNA array on mitotic
chromosome segregation in S. cerevisiae. The unique properties of the rDNA in regards to
replication, recombination and transcription, and spatial nucleolar compartmentalization, as
well as the frequency of human genetic disorders arising from missegregation of the rDNA-
containing chromosomes (Hassold et al. 2007), led us to propose that the rDNA locus impedes
faithful chromosome segregation. My findings show that while the rDNA does influence
chromosome segregation, the presence of the rDNA repeats is actually beneficial in yeast, as
deletion of the rDNA array results in an increased rate of chromosome XII loss (figure 5.1).
These results suggest that one or more of the unique properties of the rDNA may cooperate to
maintain faithful mitotic chromosome XII segregation.

One of the major conclusions of this study is that the rDNA affects segregation fidelity
of the rDNA-containing chromosome. The effect was revealed by results showing that the
absence of Fob1 causes a significant increase in the rate of chromosome XlI loss compared to
WT (figure 5.1), similar to the effect seen when the rDNA repeats are reduced or deleted from
the chromosome. However, in complete contrast to these rDNA alterations (figure 5.19), the

missegregation rate of chromosome VI is not affected by the absence of Fob1 (figure 5.12).
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Although this suggests that the effect observed from disruption of FOBT is restricted to
chromosome XIl and not a global chromosome segregation effect, | cannot rule out the
segregation rate other chromosomes being affected by Fob1. Nevertheless, other results from
our laboratory show that chromosome V segregation fidelity is also not affected by Fob1
disruption, strengthening the conclusion that the effect | observe is chromosome XlI specific. In
addition, my results suggest that this effect is exerted directly through the rDNA repeats, as the
segregation fidelity of an independent chromosome only becomes sensitive to the absence of
Fob1 when an rDNA array is translocated onto that chromosome (figure 5.13). Therefore my
work has defined a new role for the rDNA in mitotic chromosome segregation. Fob1 mediates
this role and works directly through the rDNA repeats to improve the segregation fidelity of the
chromosome carrying the rDNA.

Fob1 is a nucleolar protein that directly binds to the rDNA replication fork block (RFB)
site and is necessary for replication fork blocking and recombinational hotspot activity
(Kobayashi et al. 1992; Kobayashi and Horiuchi 1996; Kobayashi et al. 2001), condensin
recruitment at the rDNA locus (Johzuka et al. 2006), and recruitment of chromatin modifying
factors to the rDNA (Huang and Moazed 2003; Huang et al. 2006). These Fob1 functions
suggest three possible mechanisms by which Fob1 may aid faithful segregation of the rDNA
repeats (figure 6.1). The first is that Fob1 may aid faithful chromosome segregation by
stimulating rDNA recombination, with recombination intermediates possibly helping to maintain
the structural stability of the long rDNA locus. Second, Fob1 recruits condensin to the rDNA
locus and condensin association has been shown to be enriched at the rDNA during anaphase
(Johzuka et al. 2006). Since condensin is known to establish intra-chromatid linkages in
preparation for sister chromatid resolution (D'Ambrosio et al. 2008b), Fob1 may aid faithful
chromosome segregation by promoting a timely condensation of the rDNA repeats. Third, Fob1
has been shown to mediate recruitment of chromatin modifying factors as a part of the RENT
complex (Huang and Moazed 2003), including the rDNA Pol Il silencing factor, Sir2 (Wierman
and Smith 2014). Absence of this machinery due to the disruption of FOB1 may alter the
chromatin structure at the rDNA locus and impact its chromosome segregation fidelity. Despite
these three possible mechanisms, | cannot rule out that more than one of Fob1’s roles affects
chromosome segregation, so the mechanism by which Fob1 mediates faithful chromosome

segregation remains to be dissected.
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Figure 6.1. Potential mechanisms of Fob1-mediated chromosome segregation at the

rDNA locus. There are three possible mechanisms by which Fob1 may aid faithful segregation of the rDNA
repeats. (A) The first is through its role in rDNA recombination, where establishment of recombination
intermediates (represented in orange) may help maintain the stability of the rDNA locus for faithful segregation.
Recombination intermediates are a consequence of repair of Fob1-induced DSBs. (B) The second is that Fob1
may promote timely condensation of the rDNA repeats by recruiting condensin (represented in grey) to the rDNA
locus. Association of condensin with the rDNA is Fob1 dependent and mediated by Tof2 and the monopolin
complex (M, Lrs4 and Csm1) (Johzuka et al. 2006). (C) The third is through its role in recruiting the RENT
complex (Sir2, Cdc14, and Net1) (Huang and Moazed 2003) that inhibits transcription (dotted rRNA transcripts
depicted in blue indicate inhibition of transcription) by establishing a repressive chromatin state. This compact
chromatin structure at the rDNA locus may facilitate faithful chromosome segregation. Cartoons (center panel)
represent sister chromatids with traits mediated by Fob1. Figures on the right illustrate the association of specific
factors with the rDNA repeats through Fob1 mediated interactions, with each black arrow representing a rDNA unit
and the direction of transcription, and the red icon representing the RFB site.

6.1.1. An excess of Fob1 may be detrimental to chromosome segregation

A WT strain grown in glucose has an increased chromosome loss rate when it contains
pGAL-FOBT (figure 5.7). Under these growth conditions, FOB1 expression from the plasmid is
expected to be repressed. However, RT-PCR results showed leaky expression from pGAL-
FOB1 to a level higher that WT (without the plasmid) (figure 5.10). Thus, overexpression of
Fob1 may be detrimental to chromosome XII segregation. Since Fob1 is an important mediator
of chromosome segregation through the rDNA repeats, and both its absence and
overexpression cause an increase in chromosome XlI loss rate, this suggests that there is an

optimal Fob1 ratio needed for the faithful segregation of the rDNA. A better understanding of
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the mechanism by which Fob1 aids faithful segregation of the rDNA repeats will help explain
why the Fob1 effect may be dosage dependant. A recent study by Menzel et al. (2014) reports
that strains that overexpress Fob1, which they have shown is an unstable protein with a very
fast turnover, have an increased rDNA recombination frequency and potentially higher genomic
instability. This suggests that Fob1 overexpression in the CLA strains carrying pGAL-FOB1
may also have an increased rDNA recombination. Thus, one possibility is that Fob1
overexpression leads to an increase in recombination intermediates at the rDNA locus, which
may create recombination linkages between sister chromatids. Removal of a surplus of
recombination linkages may delay and reduce faithful chromosome segregation.

Additionally, my results show that in the absence of rDNA, the chromosome XII loss
rate is significantly higher when FOB1 is present (figure 5.11). In the rDNA deletion strain there
are no chromosomal rDNA repeats, and the helper plasmid that supports the strains viability
does not have an RFB site. Thus, all Fob1-dependent interactions to the RFB site in this strain
must be disrupted, affecting the recruitment and distribution of other rDNA-specific epigenetic
factors in the cell, such as cohesin, condensin and the RENT complex. It remains to be
determined whether Fob1 is expressed at constitutive levels in the rDNA deletion strain, and
where it is localized in the absence of RFB sites (in the rDNA deletion strain). Nonetheless,
Fob1 presence worsening chromosome segregation when the rDNA repeats are absent,
further supports the notion that Fob1 mediates beneficial chromosome segregation

directly through the rDNA repeats.

6.2 THE RIBOSOMAL DNA GENE REPEATS ARE BENEFICIAL
FOR GLOBAL CHROMOSOME SEGREGATION

In addition to revealing a role for the rDNA repeats in local chromosome segregation,
my results reveal a beneficial effect on global mitotic chromosome segregation from the
unaltered presence of the rDNA repeats at their native locus (section 5.5). | found that deleting
the rDNA array or shortening the length of the rDNA array both increase the missegregation
rate of chromosome XIlI (the rDNA containing chromosome), as well as that of a non-rDNA
containing chromosome, chromosome VI. Interestingly, the magnitude of the effects these

rDNA alterations have on chromosome missegregation is similar for both chromosome XIl and
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chromosome VI (figure 5.19), supporting the conclusion that alterations of the rDNA array

influence chromosome segregation globally.

6.2.1 Heterozygosity of rDNA state maintains faithful global chromosome

segregation

rDNA heterozygosity findings further support the results from the rDNA deletion and
20-copy strains showing a role for the rDNA in mediating global chromosome segregation
fidelity. In rDNA heterozygous strains, the rate of chromosome loss is always low, regardless of
whether the rDNA state of the specific homolog has a high or low rate of missegregation when
homozygous (section 5.4). It is possible that this observation results from selection operating to
bias against the loss of one homolog, thus conferring on heterozygote strains low chromosome
missegregation rates despite the rDNA alterations. However, since the aneuploid strains that
result from the loss of a heterozygote homolog are in some cases genotypically the same as
those resulting from the loss of a homozygous homolog but yet have a different loss rate, it is
unlikely that the low rates of loss in the screened heterozygote strains are a result of selection
against the loss of a particular homolog. Therefore, while | cannot rule out heterozygosity
imposing some general selective disadvantage to aneuploidy independent of the rDNA, |
conclude that the most likely explanation of these results is that heterozygosity of rDNA state
has a positive effect on global chromosome segregation.

In meiosis, homolog pairing is a fundamental feature of chromosome segregation
(Bosco 2012). However association between homologs in mitosis has been identified in only a
few special cases in flies and mammals (Apte and Meller 2012; Joyce et al. 2012). Since there
is no evidence for mitotic chromosome pairing normally in yeast, and newly replicated sister
chromatids are held together by cohesin (Haering et al. 2002) it is unexpected that one
homolog can affect the segregation of its corresponding homolog. However, given that the
rDNA is able to affect chromosome segregation globally, it is not surprising that the presence of
rDNA on one chromosome homolog can influence the faithful segregation of the opposite
homolog and of other chromosomes.

rDNA heterozygosis appears to have a protective effect on mitotic chromosome
segregation. One explanation for this protective effect is that a single WT rDNA array is
sufficient to sustain a normal chromosome missegregation rate. However, results from our

group show that this rescue also occurs in strains heterozygous for 20 and 0 copies of the
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rDNA  (XII020KUfop1-+HP and XII200KUfoh1-+HP, section 4.6.3) (Schischka, Quintana and
Ganley, unpublished results), even though each of these rDNA alterations result in elevated
chromosome missegregation rates when homozygous. Consistent with the heterozygous
strains | tested, the chromosome segregation rate for 20/0 rDNA copy heterozygotes is the
same regardless of which chromosome XII homolog is being assayed. These results strongly
suggest that heterozygosity of the rDNA state, rather than the presence of a WT rDNA array,
promotes faithful chromosome segregation.

The heterozygosis protective effect identified in chromosome XII extends to
chromosome VI (figure 5.20), as heterozygosis of rDNA state on chromosome XIl is able to
rescue chromosome VI segregation defects that arise from chromosome XII homozygous
rDNA alterations. Further, the protective effect of heterozygosity is also observed in the
absence of factors such as Fob1, which | have shown to affect local chromosome segregation
only. Considering that rDNA containing homologs are unlikely to be paired, | speculate that
rDNA alterations produce changes in nucleolar structure that influence how chromosomes are
organized within the nucleus, and that these changes in global chromosome organization affect
the fidelity of chromosome segregation globally.

6.2.2. Growth in galactose affects chromosome segregation.

In this thesis, | used galactose to support growth of RPA135 deletion mutant strains,
and also to induce expression of FOB1 from pGAL-FOB1. Surprisingly, | found that growth in
galactose decreases the missegregation rate of chromosome XII, when compared to growth in
glucose (figure 5.3). Interestingly, the effect of growth in this carbon source seems to be
specific to chromosome Xl, since | did not find any difference in the chromosome V or VI loss
rates when WT strains were grown in glucose versus galactose. In contrast, Runge et al.
(1991) report that diploid KR100 yeast cells have higher chromosome Il and VIl loss rates, and
larger variations in the loss rates, when grown in galactose medium compared to glucose. The
reasons for these discrepancies are not clear, but the influence of galactose on chromosome
segregation may be chromosome-specific, or may vary between yeast strains.

My observations suggest that, because growth in galactose specifically affects
chromosome Xl like FOB1 disruption, galactose may have an effect on some aspect of Fob1’s
function. However, unlike Fob1 disruption, the galactose-induced reduction in chromosome XII

loss rate appears to be dominant over the rDNA alterations and other genetic modifications |
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examined. Growth in galactose also resulted in decreased growth rates (figure 5.4), and
galactose growth has been shown to activate stress response transcription factors such as
Msn2 and Msn4 (Lai et al. 2005). These mediate the response of genes associated with the
remodeling of reserve energy and catabolic pathways when cells are shifted to anaerobic
conditions, including rRNA processing genes. It is possible that galactose-induced down-
regulation of rRNA processing may lead to chromatin structure changes at the rDNA, and that
these changes, possibly combined with a slower cell cycle progression, result in improved
chromosome segregation fidelity. This possibility is supported by observations that the
nucleolus is physically disrupted when yeast cells are grown in galactose (Harris et al. 2014).
Alternatively, metabolic changes, that result from the transcription-dependent relocalization of
genes within the nucleus (Berger et al. 2008) may cause changes in nuclear architecture that
indirectly affect chromosome segregation. Nonetheless, it remains a possibility that a slow cell
cycle progression alone, such as that observed for strains grown in galactose versus glucose,
provides strains prone to chromosome missegregation with sufficient time to correct

segregation errors that arise.

6.3 THE rDNA CAN INFLUENCE LOCAL AND GLOBAL
CHROMOSOME SEGREGATION FROM AN ECTOPIC LOCATION

Since the rDNA has the potential to affect local and global chromosome segregation
from its native locus on chromosome XlI, | wanted to evaluate whether its chromosomal
location can influence these effects. | used strains carrying an rDNA array translocated onto
chromosome V in a heterozygous state. | found that double heterozygosity of the rDNA state in
both chromosomes V and XII also exerts a protective effect on chromosome XIl segregation
fidelity (figure 5.21), but exerts a negative effect on chromosome V segregation fidelity (figure
5.22). However, heterozygosis of the translocated array in the presence of a homozygous WT
rDNA array on chromosome XII did not affect the loss rate of chromosome V (figure 5.22).
Heterozygosity of rDNA state on chromosome XII resulted in WT rates of chromosome VI loss,
even when chromosome XIl is heterozygosis for 20 and 0 rDNA copies (figure 5.20). This is
despite the fact that each of these rDNA alterations in the homozygous state on chromosome

Xl increase the chromosome VI loss rate. However, the fact that heterozygosity of rDNA state
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on chromosome Xll did not result in normal chromosome V missegregation rates when
chromosome V was also heterozygous for rDNA state suggests that the chromosome in which
the rDNA is located may influence rDNA-mediated global chromosome segregation.

It is possible that when there are two native arrays on chromosome XIl and one
ectopic array, the ectopic translocation array may not be used (i.e. is transcriptionally inactive)
and hence this ectopic array is able to segregate normally. In contrast, the strain heterozygous
for the rDNA on both chromosomes V and XlIl, which has been reported to transcribe rRNA
from both the native and ectopic arrays and to have a small shift in the position of the nucleolus
but with unaffected Pol | transcription (Oakes et al. 2006), affects chromosome organization
through the relocation of chromosome V into the nucleolus, resulting in changes to
chromosome territories. In support of this, the haploid version of the rDNA translocation strain
exhibits a chromosome V centromere closer to the nucleolus than WT (Oakes et al. 2006),
indicating nuclear rearrangement as a consequence of the ectopic rDNA array. Taken together,
these findings suggest that the global effect of the rDNA on nuclear structure may depend on
the number and activity of rDNA arrays present in the cell and also on their location.

6.4. POTENTIAL MECHANISMS OF rDNA MEDIATED GLOBAL
CHROMOSOME SEGREGATION

My work has shown that the rDNA influences faithful chromosome segregation, but the
mechanism by which it mediates this is unknown. | consider three possible mechanisms for
rDNA-mediated chromosome segregation: an effect of changes in ribosome biogenesis, an
effect of chromosome size, and an effect of changes in nucleolar architecture. My work
provides evidence to rule out the first two mechanisms, and therefore | propose that alterations
in nucleolar structure lead to changes in nuclear architecture that are responsible for the
influence of the rDNA on global chromosome segregation.
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6.4.1 Global chromosome segregation defects are unlikely to be mediated

by changes in ribosome biogenesis

The rDNA genes are essential for ribosomal biogenesis, therefore it is possible that the
rDNA alterations assayed in this study might affect rRNA transcription, hence affecting
ribosome biogenesis and causing an overall decrease in protein synthesis that impacts the
fidelity of chromosome segregation (Shah et al. 2013). However, both the rDNA deletion and
the 20-copy (with 40 rDNA gene copies in total as a diploid) homozygote strains exhibited
growth rates similar to that seen for the WT (figure 4.13), in contrast to observations of a 20-
copy haploid strain that grows more slowly than WT (Takeuchi et al. 2003). The lack of
detectable changes in the growth rates of the CLA strains harboring rDNA alterations suggests
there are no dramatic effects on protein synthesis. Critically, work subsequent to this thesis
shows that a heterozygous strain harboring one chromosome XII homolog with 20 rDNA copies
and the other with no rDNA copies has a WT rate of chromosome missegregation and also has
WT growth rate (Schischka, Quintana, Woods and Ganley, unpublished results). Finally, the
chromosome missegregation rate of the RPA135 deletion strain, which is predicted to have
similar impairment of ribosome biogenesis as an rDNA deletion strain, was indistinguishable
from the rate of the WT strain grown in galactose, although this result may be confounded by
the effect of growth in galactose. Nevertheless, more direct methods to assess ribosome
production/protein translation could be used to rule out an effect of ribosome biogenesis. Such
methods include measuring the levels of rRNA production (through quantification of 45S
rRNA), or measuring the levels of overall protein synthesis (e.g. by supplying labeled amino
acids to growing cell cultures for incorporation into proteins) (Selbach et al. 2008). These
methods may allow the detection of translational stress that does not affect growth rate but
may still affect chromosome segregation due to subtle changes in protein synthesis that result
from the rDNA alterations. These potential protein synthesis changes may impact chromosome
segregation by affecting the levels of proteins directly involved in chromosome segregation,

such as condensin or cohesin.
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6.4.2 rDNA alterations do not affect chromosome segregation through

changes in chromosome size

Chromosome XII is the longest of the 16 yeast chromosomes, and in its WT state, it is
almost double the length of the next largest chromosome (chromosome IV which is 1.5 Mbp).
Previous work has shown that the length of chromosome Ill positively affects the mitotic
chromosome segregation rate, with the full-length chromosome (315 kb) and a 150 kb
chromosome fragment exhibiting greater segregation stability than 42 and 72 kb chromosome
Il fragments (Murray et al. 1986). Alterations of the rDNA copy number directly affect the
length of chromosome XII, with the 20-copy and rDNA deletion strains having a much shorter
chromosome XII than WT (of about a half and a third of its original size respectively).
Therefore, it is possible that the effects of rDNA alterations on chromosome segregation are a
simple consequence of the change in length of chromosome XII, particularly as it has been
suggested that chromosome size and the frequency of mitotic chromosome loss are inversely
correlated (Murray et al. 1986; Kumaran et al. 2013).

This possibility is consistent with the chromosome loss rates of the chromosomes in a
WT background that were measured in this study. The chromosome loss rate of chromosome
VI, the second smallest in the yeast genome (270 kb), was about 30 times higher than the loss
rate of chromosome Xll, which is the longest chromosome at almost 3 Mb (figure 5.5).
Chromosome V, with a length of 576 kb, had the lowest loss rate, and has also been previously
reported to undergo aneuploidy rarely (Zang et al. 2002; Rancati et al. 2008). Chromosome V
harbors CIN8, a gene involved in mitotic spindle function (Dorer et al. 2005). Since an
unbalanced stoichiometry of specific proteins affecting mitotic spindle function is sufficient to
drive chromosome missegregation in cancer cell lines (Bakhoum et al. 2009), an unbalance of
a gene such as CIN8 could potentially promote chromosome V missegregation due to gene
dosage compensation effects. Hence, the rare aneuploidy of chromosome V loss is probably
due to reasons unrelated to its size.

However, my other results fail to show the inverse correlation between chromosome
size and missegregation rate that is expected if rDNA alterations affect chromosome
segregation through changes in chromosome size. In the homozygous strains, although not
statistically significant, the 20-copy strain has a higher chromosome Xl loss rate than the rDNA
deletion strain, with the latter having the shorter chromosome XII (figure 5.1); while the strains
heterozygous for rDNA state have different chromosome XII lengths but exhibit the same

chromosome missegregation rates (figures 5.17 and 5.18). Hence, for chromosome XII,
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changes in the chromosome length from rDNA alterations do not proportionally affect the loss
rate. Further, translocation of the rDNA to chromosome V results in a dramatic increase in
chromosome size without any significant alteration in chromosome segregation fidelity (figure
5.22). In addition, the low rate of chromosome V missegregation is dependent on the rDNA
state at chromosome XII despite no change to chromosome V length (figure 5.19). Together,
these observations suggest rDNA alterations do not affect chromosome segregation through

changes in chromosome size.

6.4.3 Nucleolar structure changes may be responsible for the influence of

the rDNA on global chromosome segregation

The organization of the genome in the nucleus, referred to as nuclear architecture, is
dynamic and complex, with chromatin and multiprotein complexes organized in specific
compartments (Berger et al. 2008). Nuclear architecture is important because it has been
related to gene expression, and so it is considered a central determinant of genome function
(Schneider and Grosschedl 2007; Burke and Stewart 2014; Pueschel et al. 2016). The
nucleolus is known to localize to the nuclear periphery in S. cerevisiae and to have a defined
crescent shape nucleolar structure (Smitt et al. 1973). Similarly, chromosomes occupy specific
regions within the nucleus, which are referred to as chromosome territories (reviewed in Misteli
2008), and which are believed to be functionally significant (Weipoltshammer and Schofer
2016). Deletion of the rDNA repeats has been shown to cause structural alterations of the
nucleolus (Oakes et al. 1993). It is likely that changes that disrupt nucleolar structure also
result in changes to global nuclear organization, which may impact the maintenance of
chromosome territories and the overall polarity of the nucleus (van Koningsbruggen et al. 2010)
(figure 6.2). Changes in chromosome territories have been associated with disease and
changes in gene expression (Finlan et al. 2008; Arican-Goktas et al. 2014; Sharakhov and
Sharakhova 2015). Therefore, one explanation for the change in chromosome segregation
fidelity in the rDNA alteration strains is that the nucleolar changes resulting from these
alterations result in reorganization of the nuclear architecture that affects chromosome
segregation fidelity. For example, changes in nuclear architecture could affect chromosome
segregation if condensation of sister chromatids is impeded because chromosome territories or

regions have been relocated to different areas within the nucleus.
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Figure 6.2. Model: Nucleolar structure may impact nuclear polarity and chromosome

segregation. The nucleus is depicted with the nucleolus in dark grey, and SPB as a small black circle. Curved
lines represent chromosome Xl (black) and others (grey) (not to scale). Normal nucleolus: In WT cells, the
crescent shape nucleolus is located opposite to SPB, maintains already established chromosome territories, and
allows chromosome XIl to segregate last. We propose that both the nucleolus and SPB serve as anchoring
regions that help establish polarized chromosome territories in the nucleus and maintain chromosome segregation
fidelity. Black dashed line represents the nuclear axis of polarity. Disrupted nucleolus: Nucleolar structure is
disrupted (e.g. by rDNA deletion). Chromosome Xl is not tethered opposite the SPB, and instead occupies a new
territory in the nuclear center (or elsewhere in the nucleus). These chromosome distribution changes are proposed
to alter nuclear polarization and lead to chromosome segregation errors.

Using immunofluorescense microscopy with antibodies against the nucleolar proteins
SSB1 and fibrillarin, the haploid version of the rDNA deletion strain containing the helper
plasmid has been shown to contain mininuclear bodies (MNBs) in the nucleus instead of an
intact crescent shape nucleolus (Oakes et al. 1993). The MNBs are presumed to result in
aggregation of several helper plasmid copies for rRNA transcription that possibly creates an
rRNA processing site in the absence of an intact nucleolus in rDNA deletion strains. The CLA
diploid rDNA deletion strain is likely to have a similar disruption of nucleolar structure to the
haploid rDNA alteration strain. Since homozygous rDNA alterations have the ability to increase
the missegregation rates of other chromosomes (figure 5.19), it may be that not only
chromosome XII, but all chromosome territories are affected by nucleolar structural changes
resulting from rDNA alterations. Chromosome segregation is achieved by carefully coordinated
chromosome interactions, which involve the mitotic spindle, kinetochores and cohesion
(reviewed in Gordon et al. 2012). These chromosome interactions may be affected by changes
in nucleolar structure in strains with rDNA alterations that in turn influence chromosome
segregation. In yeast, mitotic spindle polarity is determined by cues that direct microtubule
attachments to be oriented along the cell axis (Segal and Bloom 2001), and the SPB is
oriented opposite to the nucleolus, with telomeres maintained at the nuclear periphery (Laporte
et al. 2013). The sister chromatid cohesion established during replication provides resistance to
spindle microtubule forces, allowing chromatids to attach to opposite poles during metaphase
through microtubule capture of kinetochores (reviewed in Marston 2014). This is necessary to
ensure correct separation of sister chromatids towards opposite sides of the cell axis and

correct nuclear division.
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| propose that nucleolar structure is important in establishing spindle polarity along with
the SPB, and therefore is a factor involved in promoting faithful chromosome segregation.
However, it is possible that the effect on chromosome segregation is induced by changes in
gene expression that result from rDNA alteration-mediated changes to nuclear organization, as
it has been suggested previously that nuclear positions and gene expression are interlinked
(O'Sullivan 2010). This premise is supported by the fact that expression-dependant nuclear
topologies have been identified in the formation of muscular tissues (Neems et al. 2016) and
that chromosome territories have been shown to reorganize during terminal differentiation of
cancer cells (Solovei et al. 2009; Cremer and Cremer 2010), in patients with heart disease
(Mewborn et al. 2010), and even during post-mitotic cell differentiation (Cvackova et al. 2009).
Additionally, Berger et al. (2008) have shown that in yeast, genes induced by galactose change
nuclear position upon transcriptional activation, and this is caused at least partly by carbon
source-dependent nucleolar reorganization. This finding, combined with our data showing that
growth in galactose sustains low levels of chromosome segregation, support the hypothesis
that nucleolar structure and its influence on specific gene territories impact chromosome
segregation.

The nucleolar structure in the rDNA alteration strains remains to be examined to
determine their influence on global chromosome segregation. Miyazaki and Kobayashi (2011)
developed a system in which each rDNA repeat unit has a lacO array that associates with Lacl-
GFP so the entire rDNA repeat can be visualized in living cells. Our research group is currently
working on creating strains harboring such arrays in order to examine chromosome
segregation dynamics in the homozygous and heterozygous altered rDNA strains. In particular,
a variation of this system is being developed to visualize the region of chromosome XlI from
which the rDNA has been deleted (Schischka and Ganley, unpublished). The ability to visualize
the nucleolar structure and the position of the rDNA locus relative to the SPB, will help to shed
light on how the rDNA is able to influence global chromosome segregation.

6.5 CHROMOSOME SEGREGATION AND rDNA TRANSCRIPTION

Pol | transcription is a unique rDNA feature and a key factor regulating growth rate

through ribosome biogenesis. The rDNA repeats are the highest transcribed genes in the
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genome, with rRNA accounting for up to 80% of a yeast cell's total RNA (Warner 1999).
Previous work suggests that highly transcribed loci such as the rDNA can cause non-
disjunction (Machin et al. 2006), and that transcriptional linkages at the rDNA may interfere with
chromosome segregation (Tomson et al. 2006). However, the increased chromosome
missegregation rate in the rDNA deletion strain (figure 5.1) suggests instead that Pol | may
have a beneficial effect on chromosome segregation.

Examination of the RPA135 deletion strain revealed an improved chromosome
segregation rate when compared to WT grown in glucose (figure 5.15). However, this strain,
which must be grown on galactose because of the helper plasmid (HP), and the WT strain
grown in galactose also have a low rate of chromosome loss (figure 5.15). Therefore | was
unable to determine the effect that RPA135 deletion has on chromosome segregation fidelity in
the context of my other, glucose-grown results, although there was no significant change in the
missegregation rate compared to the galactose-grown WT strain. Further testing will be
required to determine whether the low rate of chromosome missegregation seen for the
RPA135 deletion strain is the result of RPA135 deletion or growth in galactose.

| also wanted to determine whether lack of rRNA transcription (through deletion of
RPA135) is separable from the effect of the absence of rDNA repeats by deleting both RPA135
and the rDNA repeats in the same strain. However, | was unable to delete RPA135 in an rDNA
deletion background, despite trying several approaches (section 4.5.4). This was surprising
because both RPA135 and the rDNA repeats have been deleted independently, and it is not
expected that deleting RPA135 will have any effect additional to deletion of the rDNA repeats,
given that growth is supported by the Pol Il-dependent HP. My results suggest there may be
synthetic lethality between these two rDNA alterations, but how the lack of Pol | could affect

viability in the rDNA deletion strain is unknown.

6.6 STRENGTHS AND WEAKNESSES OF THE CLA

The basis of this study is the ability to accurately and reproducibly determine
chromosome missegregation events for a variety of different strains with different growth
characteristics. To achieve this, | developed and optimised a chromosome loss assay that
measures the frequency of chromosome loss over a single mitotic cell division. Naturally

occurring chromosome missegregation events are rare and are greatly outnumbered by normal
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chromosome segregation events (Brown et al. 1991). Despite the rarity of these
missegregation events, the CLA optimized for this study proved to be highly sensitive,
detecting chromosome loss events as low as one event in 108 cell divisions (appendix table l).
The CLA is a robust method because it allows chromosome loss colonies (aneuploid for a
single chromosome) from diploid colonies to be distinguished from those that have lost one
CLA marker but not the other. | was able to confirm aneuploidy through PCR amplification of
genomic regions lacking the CLA markers from DNA of CLA-isolated chromosome loss
colonies (figure 3.7). | have also shown the CLA is versatile, as it allows screening of strains
with a wide range of growth rates, including some with very poor growth rates (figure 5.14).
Furthermore, the assay can be performed using different carbon sources, with glucose and
galactose being used in this study.

The CLA was principally used in this study to investigate the role that the rDNA repeats
play in the segregation of the rDNA-containing chromosome XII, but it was also successfully
used to measure the loss rate of chromosomes V and VI. The spontaneous rate of
chromosome V loss is one of the few that has been studied previously, and my chromosome V
loss rate (0.39-1.29x10%) is consistent with that reported by Klein (2001) (1.3-2.9x106) and
also comparable to that reported by Hartwell and Smith (1985) (8.3x10). Therefore the CLA
developed here can be extended to test the impact of other factors on the segregation of any
yeast chromosome.

The optimized CLA protocol yielded highly reproducible chromosome loss rate values
with low variability. The results were very consistent when other workers performed the assay
(Quintana, Schischka, Seo and Ganley, unpublished results), providing further evidence for its
accuracy and robustness. This reproducibility was critical in being able to accurately interpret
the effects of the various manipulations that | performed. Some outliers were observed,
including some negative chromosome loss rates (appendix table Il). Negative values for
chromosome loss rates can arise from stochastic fluctuations when the real chromosome loss
rate is very low. Low chromosome loss rates result in very few chromosome loss events
overall, and if by chance more events are found in to than in t1, the overall rate is negative.
Negative rates of chromosome loss are not biologically possible, but can originate if
chromosome losses occur during the transition of cells from selective (restrictive) to rich
medium (chromosome loss permissive) at to, and hence are considered outlier values that
nonetheless provide valuable information about deviations from the true mean. To circumvent a
potential disproportionate effect on the mean, | used ranked parametric statistical analyses that

diminish the influence of such outliers when determining differences between strains (Fay and
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Gerow 2013). Together, optimization of the CLA in this thesis has resulted in a robust, versatile
and reproducible method to measure chromosome loss rates, and these features make it a
valuable tool to examine chromosome segregation.

A major limitation of the CLA is that it is time sensitive, requiring constant monitoring of
cell densities to determine correct plating times. The CLA is also time consuming, as each
strain needs several biological replicates with each biological replicate requiring multiple plates
(technical replicates), and all plating must be completed while growth is being monitored in real
time over a period of approximately 8-10 hrs. Furthermore, the CLA requires that any strain to
be tested must have the selective markers inserted on the appropriate chromosome and that
the strain is diploid. This requires considerable effort in strain construction and characterization.
Despite its time limitations, the CLA developed here is a strong benchmark to test the accuracy
of any alternative methods that could potentially measure chromosome losses in a shorter
amount of time.

Currently the CLA colony counting strategy is performed manually and, besides being
time consuming, it is subject to human error. Colony counting software is commercially
available, but the difficulty in the CLA lies in the proper identification of chromosome loss
colonies that are able to grow on both 5FOA plates but not on the G418 plates. This
identification process involves visual comparison of plates overlaid onto each other, and such a
colony comparison function is not a feature of any of the colony counting software trialed in this
study. To address this issue, we have an ongoing collaboration with Dr. Andre Barczak (INMS,
Massey University), who specializes in image processing, to develop a specialized colony
counting software package that can perform automated comparisons between plates to
determine which colonies are common between the overlaid plates and which are not. A

version of this software is currently being tested in the Ganley research group.

6.7 DETERMINING THE INFLUENCE OF THE rDNA ON MEIOTIC
CHROMOSOME SEGREGATION

In this thesis, | have shown that the rDNA has an effect on mitotic chromosome
segregation. This raises the question of whether the rDNA also influences meiotic chromosome

segregation fidelity. In mitosis, homologous chromosomes usually behave independently
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during the separation of sister chromatids. In contrast, in meiosis, homologous chromosomes
pair with each other and are separated during meiosis |, while in meiosis Il the sister
chromatids are separated. Meiosis is thought to be a modulation of mitosis with meiosis-
specific factors (Hong et al. 2013). Hence, the chromosome segregation mechanisms found in
mitosis can be partially extrapolated to meiosis. Specifically, it would be expected that the
influence of the rDNA on meiosis II would be similar to that seen for mitosis. In contrast,
whether the rDNA influences chromosome segregation during meiosis | in a similar manner is
not clear because of the nature of the division is very different. Therefore, investigating the
effects of the rDNA on meiotic chromosome segregation is of great value to expand the current
knowledge of the mechanism behind human nondisjunction.

The CLA established in this thesis is restricted to detection of chromosome loss rates
during mitotic cell divisions. However, measurement of the meiotic rate of chromosome
missegregation could be achieved through a modification of the CLA. Since meiotic products
that lose a chromosome are not viable, detection of meiotic chromosome missegregation is
based on the ability to identify meiotic products that are haploid but disomic (harbor two copies
of a single chromosome), that is, have had a chromosome gain. Detecting the gain of a
chromosome requires distinction of one homolog from the other. In diploid strains that already
contain the mitotic CLA markers, insertion of two additional alternative marker genes into both
arms of the opposite chromosome homolog, would allow phenotypic detection of each
homolog. A schematic for how this could be achieved is presented in figure 6.3. Detection of
meiotic chromosome missegregation ideally involves distinction between errors arising in
meiosis | versus meiosis Il, which can be achieved through analysis of the markers present in
the meiotic products. However, detection of meiosis Il chromosome segregation errors is
contingent on the occurrence of crossover events in which one of the markers is exchanged
between sister chromatids of opposite homologs. The system proposed here will be beneficial
to measure meiotic chromosome loss and will contribute to understand whether the effects of
the mitotic rDNA-mediated chromosome segregation translate to meiotic segregation.
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Figure 6.3. CLA adaptation for detection of meiotic chromosome missegregation. Potential
meiotic chromosome missegregation assay for a diploid strain with marked chromosome XII homologs is
represented. One homolog contains the same markers described for the CLA (figure 3.1), and the other contains
alternative markers in the identical positions. Chromosome XII homologs are illustrated after replication, with
paired sister chromatids. If normal chromosome segregation occurs (A), homologs are separated during meiosis |
and newly replicated sister chromatids remaining together, and after meiosis Il sister chromatids are separated to
yield four meiotic products with only one chromosome copy each (two cells inherit a single copy of one homolog,
while the other two inherit a single copy of the opposite homolog). If there is a chromosome segregation error
during meiosis | (B), both homologs remain on the same side of the spindle apparatus, and sister chromatids from
both homologs are separated during meiosis I, resulting in daughter cells that inherit one copy of each homolog.
These haploids are disomic for the chromosome of interest and can be identified because they have all four
markers (red boxes). The two daughter cells that do not inherit any chromosome XII copies are not viable. If there
is a chromosome segregation error during meiosis Il (C), chromosome homologs are separated during meiosis |,
but sister chromatids fail to separate in meiosis Il, also producing haploids disomic for the chromosome of interest.
In this case however, since sister chromatids are identical, detection only occurs in cases where a crossover event
has exchanged markers between the two homologs (such as the example shown), resulting in haploid products
that have three out of the four markers (red boxes).

6.8 FROM YEAST TO HUMAN ANEUPLOIDY

Human chromosomes that contain rDNA (13, 14, 15, 21 and 22) are highly
represented in human aneuploidies (Hall et al. 2007a). Aneuploidy accounts for almost 35% of
spontaneous abortions (with monosomy of the sex chromosome X and trisomy of chromosome
16 being the most frequent) and for about 4% of stillbirths, with trisomy of chromosome 21
outnumbering other chromosomes (only chromosomes 9, 13, 18 and 22 have been reported)
(Hassold et al. 1996). Approximately 0.3% of all live births are aneuploid with the most frequent

(over 40%) being trisomy of chromosome 21, which results in Down syndrome (Nagaoka et al.
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2012). Trisomy of chromosome 21, is the best studied case of human non-disjunction, with
over 90% of cases arise from errors in oogenesis, 4% from errors in spermatogenesis and
almost 3% from post-zygotic errors (during mitosis). Among the maternal errors, the vast
majority (over 70%) occur during meiosis | (Freeman et al. 2007). A similar trend of increased
maternal meiosis | aneuploidy has been reported for all the acrocentric chromosomes
(Zaragoza et al. 1994), and evidence has emerged for acrocentric chromosome-specific
patterns of nondisjunction (Hall et al. 2007b). | have shown that in yeast, the rDNA is beneficial
for chromosome segregation, so it is possible that a feature different to the presence of the
rDNA, but also common to all acrocentric chromosomes, is responsible for their recognized
pattern of non-disjunction. My results however, are focused on mitotic chromosome
segregation, so extending my research to meiosis will contribute to the proper identification of
acrocentric chromosome-specific patterns of meiotic nondisjunction.

The connection between aneuploidy and human genetic disorders has been a major
driver for studies in aneuploidy (Pfau and Amon 2012; Oromendia and Amon 2014). Recent
work has also highlighted the recurrence of whole chromosome gains and losses in cancer
(Chandhok and Pellman 2009; Durrbaum and Storchova 2016; Rutledge and Cimini 2016),
identifying chromosome instability (Winey et al.) as a common feature of many human cancers
(Horne et al. 2015). Aneuploidy is believed to contribute to disease pathogenesis of cancer,
and to produce transcriptome and proteome effects that trigger stress responses (Hassold et
al. 2007; Gordon et al. 2012). Thus, understanding the causes of aneuploidy is key. Increasing
maternal age has long been considered a risk factor for non-disjunction, and this is due to the
extended cell arrest (from years to decades) in prophase | that oocytes undergo until-ovulation
(Oliver et al. 2008). There is evidence to suggest that loss of cohesin is a cause of human non-
disjunction of maternal origin, as a result of either recombination failure or impaired sister
chromatid cohesion (Nagaoka et al. 2012). There are also many environmental factors that
have been linked to human aneuploidy, such as drug use and radiation, but confirmatory
evidence for these has not emerged (Pacchierotti et al. 2008). Research of human aneuploidy
is hampered by the unavailability of a suitable model, with only a few models having been used
to date to study features of non-disjunction, including tissue samples from human individuals
with aneuploidy and aneuploid mouse embryonic fibroblasts (Williams et al. 2008). Yeast is the
most widely used model because it can tolerate a variety of aneuploid conditions, is highly
genetically manipulable, and is easy and quick to culture. Hence, studies like this in yeast are
necessary to complement findings from mammalian cells and dissect the molecular

mechanisms that underlie chromosome missegregation in eukaryotes, and to support the
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current focus to develop aneuploidy specific therapeutics (Mateos-Langerak et al. 2009;
Gordon et al. 2012).
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CHAPTER SEVEN: CONCLUSIONS AND
FUTURE DIRECTIONS
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7.1 CONCLUSIONS

CLA examination of several rDNA alterations strains in both homozygous and
heterozygous state has revealed that segregation of chromosome XII and at least two other
chromosomes is best when the rDNA copy number and chromosomal location is unaltered.
Here, | have presented evidence for a new role of the rDNA repeats in chromosome
segregation. Furthermore, | found evidence that the rDNA has two separable roles in
maintaining faithful mitotic chromosome segregation:

1) Alocal role in which the rDNA mediates segregation of the chromosome on which
it is located. This role is facilitated by Fob1. | proposed three possible mechanisms
for how Fob1 may influence chromosome segregation through the rDNA: by
stabilizing the rDNA array through rDNA recombination intermediates; by
mediating condensin recruitment to the RFB site in a timely manner; or by
recruiting the RENT silencing complex to achieve the appropriate chromatin state
of the rDNA for chromosome segregation.

2) A global role in which the rDNA influences the segregation of all chromosomes.
This role must be exerted through large-scale changes in the cell. | have ruled out
alterations in ribosome biogenesis or chromosome length accounting for this
phenomenon. The ability of heterozygosity of rDNA state to promote a wild type
level of chromosome segregation suggests that this effect is mediated through the
nucleolus. Therefore | propose that rDNA alterations change nucleolar structure
and overall nuclear organization, and that these changes impact spindle polarity

and affect the fidelity of chromosome segregation.

Strains harboring homozygous alterations of the rDNA (deletion, copy number
reduction) on their native locus allowed me to show that the rDNA can influence local
chromosome segregation (section 5.1). Further, | found that FOB1 specifically mediates the
local segregation of chromosomes carrying the rDNA. To support this finding | used a FOB1
disruption strain and showed that lack of Fob1 affects the segregation rate of chromosome XII
(section 5.1) and this only occurs when the rDNA repeats are present on the chromosome
(section 5.2.4). | also inserted the CLA markers on an independent chromosome and showed
that FOB1 disruption does not affect the segregation of other chromosomes (section 5.2.5)

unless it harbors an ectopic rDNA array (section 5.2.6).
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In contrast to the FOB1 disruption, | found that altering the rDNA array itself (deletion,
copy number reduction) in homozygous strains affects the segregation rate of chromosome Xl
(local) (section 5.1) and also other chromosomes (global) (section 5.5.1). Since, the 20-copy
strain also harbors a FOB1 disruption, | transiently expressed Fob1 in the 20-copy strain during
the CLA to show that the rDNA copy number reduction has an independent effect on
chromosome segregation, independently of the FOB1 disruption (section 5.2). Furthermore,
using strains heterozygous for rDNA state, | showed that heterozygosity rescues the local
(section 5.4) and global (section 5.5) chromosome segregation defects caused by homozygous
state rDNA alterations.

The use of strains in which the rDNA array has been translocated to different
chromosomes allowed me to show that the rDNA is able to influence local and global
chromosome segregation from an ectopic location. However, this analysis is complicated by
how to relate heterozygosity at native and/or ectopic locations to the situation where the rDNA
is solely on chromosome XII. Notably, the rDNA-mediated chromosome segregation effects
exerted from a heterozygous ectopic rDNA array differ to the effects the rDNA can exert from
its native locus on chromosome XIlI because the ectopic rDNA array increases the
chromosome loss rate of the translocation chromosome (section 5.2.3) but is able to maintain a
low chromosome XII missegregation rate (section 5.2.2). Until the mechanism of how rDNA
state and its heterozygosity influence chromosome segregation is understood, it is difficult to
interpret the effects that ectopic rDNA arrays have on chromosome segregation fidelity.

Finally, | have provided evidence that growth in galactose affects the segregation
fidelity of chromosome XII, but not other chromosomes. It is possible that a galactose-induced
change in yeast metabolism may result in changes in nucleolar structure that in turn affect local
chromosome segregation through alterations in nuclear architecture. This possibility is
supported by observations (Harris et al. 2014) indicating that the nucleolus is physically
disrupted when yeast cells are grown in galactose. However, further testing is required to
determine whether galactose affects the segregation of a subset of chromosomes, including
chromosome XII, or whether it is specific to chromosome XII.

| conclude that the rDNA affects mitotic chromosome segregation fidelity at a minimum
of two different levels: at the rDNA-containing chromosome level; and at a global level.
However, it remains possible that the second level only affects a subset of all chromosomes,
with that subset including the three chromosomes tested in this study (V, VI, and XII). | further
conclude that the rDNA acts in different ways at these two levels. | show that the local

chromosome segregation level is mediated by Fob1, and | propose three potential mechanisms
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for how Fob1 mediates this role (through rDNA recombination, condensin recruitment, or rDNA
chromatin structure). In contrast, | propose that the rDNA affects global segregation through
changes in nucleolar structure that impact on the accuracy of spindle polarity establishment.
My work has defined a new role for the rDNA repeats on chromosome segregation and
has contributed to understanding the molecular mechanism that dictates the nature of this role.
Further work is needed to dissect the mechanisms by which the rDNA mediates these two
roles in chromosome segregation fidelity. The rDNA has been described as “one of the most
fragile sites in the genome”, with its highly repetitive nature making it highly recombinogenic
and vulnerable to loss of copies from deleterious recombination events (Kobayashi 2011a). |
propose that, in terms of chromosome segregation, the rDNA is instead one of the most
resilient genomic sites, with an ability to positively impact chromosome segregation fidelity at a

global scale.

7.2 FUTURE DIRECTIONS

7.2.1 Dissecting the role of Fob1 as a mediator of chromosome segregation
at the rDNA locus.

Fob1 facilitates rDNA-mediated local chromosome segregation. | have proposed three
possible mechanisms of how Fob1 may exert its role, and the candidate genes involved remain
to be tested (section 6.1). The first possibility is that Fob1, through its role in rDNA
recombination, may help establish recombination intermediates that maintain the structural
stability of the long rDNA locus. The second possibility is that Fob1-mediated condensin
recruitment (and enrichment during anaphase) to the rDNA locus, is crucial to establish intra-
chromatid linkages and to promote a timely condensation of the rDNA containing sister
chromatids. The third possibility is that the Fob1-mediated recruitment of chromatin modifying
factors, such as the RENT complex, may be important to maintain chromatin structure at the
rDNA locus. Since TOF2 is involved in the Fob1-mediated recruitment of both condensin and
the RENT complex (Huang and Moazed 2003), future work should focus on first examining the
chromosome XII loss rate when TOF2 is deleted, to test whether it is Fob1 recruitment roles

(mediated by Tof2) or its role in recombination that influence chromosome segregation. If either
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of Fob1 recruitment roles is involved in chromosome segregation, | expect TOF2 deletion to
increase the chromosome XII missegregation rate. TOF2 screening should be followed by
examination of SIRZ/NET1 and CSM1/LRS4 deletions to discern between recruitment of
condensin or the RENT complex respectively. If TOF2 deletion does not affect the
chromosome segregation rate, it is likely that Fob1 facilitates rDNA-mediated segregation by
establishing recombination intermediates that maintain the structural stability of the long rDNA
locus. It must be noted that the three proposed Fob1 mechanisms to explain its role facilitating
rDNA-mediated chromosome segregation are not mutually exclusive, and so it is possible that

one or more of Fob1’s roles contributes to a faithful chromosome segregation.

7.2.2 Involvement of Pol | in rDNA-mediated chromosome segregation

My findings regarding the chromosome loss rate of Pol | deficient strains are not
conclusive. This is due to an unanticipated effect of growth in galactose on chromosome
segregation, which potentially masked the effect of Pol | inactivation, as the RPA135 deletion
strain relies on growth in galactose for rDNA transcription from the HP. To bypass the
galactose-induced effect on chromosome segregation, a promoter swap for the HP to a
constitutively activated promoter will allow growth of these strains on glucose, and therefore a
direct test of the effect of rRNA transcription on chromosome segregation fidelity.

It has been suggested that transcription may be involved in establishing linkages
between sister chromatids (Machin et al. 2006). It is likely that all the rDNA repeats in the
diploid 20-copy strain XII2020kU foh1- are transcriptionally active (French et al. 2003). If
transcriptional linkages interfere with chromosome segregation and are responsible for the
increase in the chromosome XII loss rate of the 20-copy strain, inactivating Pol | should reduce
the missegregation rate. However, creating an RPA135 deletion strain with 20 copies of the
rDNA repeats proved to be difficult; and mating of rpa1354 20-copy haploids could not be
performed within the timeline of this thesis. So, the possibility of Pol | affecting rDNA-mediated

chromosome segregation remains to be evaluated.
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7.2.3 Investigating nucleolar structure changes as a consequence of rDNA

alterations

| have proposed that the rDNA alterations cause large-scale changes in nuclear
architecture that affect global segregation, partly because the magnitude of the effect of these
alterations is similar in chromosome XIl and the other chromosomes tested in this study. An
important direction to follow from this study is to test the hypothesis that rDNA alterations
cause changes in nucleolar structure, and if so, to examine whether such changes affect
aspects of the chromosome segregation process, such as spindle polarity, in living cells. This
can be achieved by using specific fluorescent markers and time-lapse video microscopy
(Miyazaki and Kobayashi 2011; Thacker et al. 2011). Such approaches should reveal the
extent of nucleolar involvement in chromosome segregation and the dynamics of spindle
formation, and how the different rDNA alterations, including heterozygosity of rDNA state,

impact these.

7.2.4 Effects of rDNA array translocations

My results demonstrate that the rDNA is able to influence chromosome segregation
regardless of its chromosomal location, but the effects on chromosome segregation of the
rDNA at ectopic sites versus its native locus on chromosome XlI are not easily interpretable
currently. In this thesis | only tested heterozygous translocation strains. To obtain a more
complete picture of the effects of rDNA translocations on chromosome segregation fidelity, a
comprehensive set of strains heterozygous and homozygous for rDNA translocations and the
native locations should be tested using the CLA. Information arising from these strains
(heterozygous and homozygous for rDNA translocations) can be integrated with my findings
from chromosome XII marked homozygous and heterozygous strains to get a clearer idea for
how rDNA translocations impact rDNA-mediated chromosome segregation.

7.2.5 The CLA and development of a meiotic chromosome loss assay

The CLA is optimized for analysis of mitotic chromosome segregation, and provides a
detection sensitivity advantage over other available methods, such as the use of fluorescent

markers (Thacker et al. 2011). Therefore the CLA is well positioned to be employed as a tool to
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examine the mitotic chromosome segregation rates of all the yeast chromosomes to produce a
comprehensive picture of mitotic chromosome segregation fidelity. In addition, it can be
employed to measure the impact of mutations in genes believed to play a role in chromosome
segregation. Further, the CLA has provided a basis to design an assay that measures meiotic
chromosome loss and this should be exploited to analyze the differences between mitotic and
meiotic chromosome segregation.

In order to determine if the effects of the mitotic rDNA-mediated chromosome
segregation translate to meiotic segregation, a meiotic chromosome loss assay can be
developed. Development of such a meiotic assay can be achieved through a modification of
the CLA (section 6.6). Detection of meiotic chromosome missegregation can be achieved
through identification of meiotic products that have gained an extra chromosome copy, this
requires distinction of the two chromosome homologs. Insertion of two additional marker genes
into both arms of the opposite chromosome homolog of strains that already carry the CLA
markers, would allow phenotypic detection of each homolog. The use of a meiotic assay would
also allow comparing the meiotic chromosome loss rates of different chromosomes. The vast
majority of human aneuploid conditions are a result of meiotic non-disjunction (with a higher
occurrence of meiosis | errors) (Freeman et al. 2007), therefore this work is relevant to assess

how the rDNA is able to impact meiotic non-disjunction.

7.2.6 Final thoughts

My work has revealed the involvement of the rDNA in local and global chromosome
segregation of S. cerevisiae, and the high level of structural and functional similarity of the
rDNA across the eukaryotes (Andersen et al. 2005; Schneider and Grosschedl 2007) means
this has implications for human chromosome segregation. Firstly, | found that in yeast, the
rDNA repeats are beneficial for chromosome segregation fidelity. It is possible that in humans,
the location of the rDNA on multiple acrocentric chromosomes provides increased mitotic
chromosomal stability, potentially reducing their missegregation rates relative to other
chromosomes. However, rates of mitotic missegregation have not been measured in human
chromosomes, and to date there is no method to achieve this. Second, | have shown that the
rDNA has a global effect on chromosome segregation. Since humans have several rDNA loci,
it is possible that the multiple loci ensure that if one rDNA alteration occurs, the other arrays

can exert an effect that sustains faithful global chromosome segregation, perhaps analogous to
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the heterozygosity effects of rDNA state | observed for S. cerevisiae. Finally, | have shown that
Fob1 positively mediates segregation of chromosome XII, exerting its role directly through the
rDNA repeats. Although there are no known FOB1 mammalian homologs, there may be rDNA-
specific factors that contribute to faithful chromosome segregation in an analogous manner.
Therefore, my work provides a platform from which to explore the effects of the rDNA on

chromosome segregation fidelity in other eukaryotes.
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Appendix Scheme I. R Commands used for statistical analysis.

- For data input from .csv file command:

> data <- read.csv(file.choose())

- To perform a Mann-Whitney-Wilcoxon rank sum test
> wilcox.test(data$Strain.1, data$Strain.2)

- To perform a Kruskal-Wallis one-way analysis of variance by ranks:
> kruskal.test(list(data$Strain.1, data$Strain.2,.... , data$Strain.n))

- To perform multiple Mann-Whitney-Wilcoxon rank sum test and group all p-values (pV)
> pV <-c()

> w <- wilcox.test(data$Strain.1, data$Strain.2)

> pV <-¢(pV, wlp.value)

> w <- wilcox.test(data$Strain.2, data$Strain.3)

> pV <-¢(pV, wlp.value)
> write.table(pV, quote = FALSE, sep = "\t")
- To correct the Mann-Whitney p-values using a false discovery rate (fdr) adjustment:

> pVadjusted <- p.adjust(pV, method="fdr")
> write.table(pVadjusted, quote = FALSE, sep = "\t")
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Appendix table I. Cp values from qPCR. GAL1 was used as a reference single copy gene to estimate
rDNA copy number. The rDNA gene copy number ratio to WT was estimated for four tetrads (1 [A-D], 2 [A-D], 3
[A-D], and 4 [A-D]) obtained from sporulating strain XII20020KU fob1- RPA135/rpa135A::LEU2+HP. A WT haploid
strain was used as a 200-copy control, and a 20-copy haploid strain was used as a positive control. Cross point
(Cp) values £ Std Dev are shown. Refer to figure 4.30.

Sample GAL1Cp 25S rDNA Cp Sample GAL1Cp 25S rDNA Cp
WT1 30.13 20.57 2A 28.01 19.31
WT1 29.74 20.42 2A 27.67 19.03
WT1 29.63 2A 27.6 19.08
WT2 31.3 20.06 2B 29.43 22.11
WT2 31.32 20.08 2B 29.49 22.06
WT2 31.09 2B 29.16 22.15
WT3 29.18 19.25 2C 28.59 19.96
WT3 29.16 19.52 2C 28.5 19.62
WT3 29.09 19.31 2C 27.99 19.67
WT4 30.76 19.67 2D 30.15 21.91
WT4 30.94 19.76 2D 29.74 21.58
WT4 30.77 19.87 2D 29.31 22.05

20 copy 1 29.09 21.61 3A 27.81 19.58
20 copy 1 29.24 21.99 3A 27.93 19.62
20 copy 1 29.64 21.94 3A 28.26 19.58
20 copy 2 29.83 22.58 3B 29.09 20.44
20 copy 2 29.92 22.65 3B 29.52 20.47
20 copy 2 22.49 3B 29.67 20.58
20 copy 3 29.42 21.65 3C 28.84 22.46
20 copy 3 29.79 21.76 3C 29.22 22.63
20 copy 3 29.64 21.78 3C 28.82 22.72
20 copy 4 29.29 21.64 3D 29.97 23.34
20 copy 4 28.86 219 3D 30.61 23.45
20 copy 4 21.74 3D 30.58 23.42
1A 31.21 23.55 4A 28.69 22.34
1A 31.87 23.26 4A 29.27 22.33
1A 3113 23.19 4A 29.23 22.58
1B 28.66 19.94 4B 28.54 19.8
1B 28.92 19.93 4B 28.63 19.8
1B 28.81 19.78 4B 28.82 19.78
1C 28.60 18.71 4C 30.27 2317
1C 28.30 18.61 4C 28.05 23.25
1C 27.95 18.53 4C 30.67 23.52
1D 32.12 23.66 4D 28.19 19.52
1D 31.34 23.64 4D 28.27 19.53
1D 32.08 24.03 4D 28.24 19.47
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Appendix table Il. Chromosome loss rates for each strain. Chromosome loss rates are expressed as
events per cell division *10-, and each value corresponds to an independent biological replicate. Negative (bold) and
high (bold and underlined) values are indicated. CLAs performed by Schischka, Quintana and Ganley (light grey) and
by Seo, Quintana and Ganley (dark grey) are highlighted. Growth in galactose (GAL) or glucose (GLU) for the CLA is

indicated. The number of experiments for each strain is indicated by n.

Medium | Strain Chromosome loss rates *10-6 n
GLU | VonKu xjaoonoo 2.80,0.05, 1.05, 2.87, 0.09, -0.27, OH200 8
GAL | VOuKu X{j200200 163,058, 0.20 3
GLU | \/oRooKu o200 16.60, 16.20, 21.05, 10.46 4
GLU | VoK X|[o foh - 33.83, 63.83, 32.06 3
GLU | Vomookuxjeooass 087, 6.47, -0.77, 2.49 4
oLU | v 53.62, 40.75, 181.70, 97.78, 55.29, -95.14, 3.89, 0.72, 1.19, -

6.69, 33.52, 22.80 12
GAL | VIoOKU Xj200z00 10.90, 18.35, 17.52 3
GLU | VISKUXII2920 fob - 131.00, 171.00, 197.00 3
GLU | VIOOKU X100 +HP 70.50, 202.00, 450.00 3
GLU | VITOKUX([200200 fop - 19.82, 24.02, 11.64 3
GLU | VIOSKUXII92 fob - 15,47, 3.28, 6.82 3
GLU | VIOOKU X][020 +Hp 29.20,20.21, 17.48 3

231, 3.24, 0.2, 0.86, 119, -1.68, 2.00, -1.35, 3.57, 0.00, 0.67,

1.20,3.69, 3.04, 5.31, 6.15, 2.94, 1.74, 1.11, 1.4, 7.83, 23 58,
GLU | Xlpmzod 2572, 13.96, 18.44, 15.09, 33.04, 10.51, 0.64, 10.71, BT}

32

o0 | o 39.43, 12.40, 15.68, 25.11, 48.07, 19.17, 14.06, 42.13, 22.46,

61.83. 37.90, 44.25. 25.10. 4.23, 19.17, 15.65 16
GLU | XIE0200Ufoh - 27.23, 15.66, 77.43, 45.84, 2.83, 14.17, 12.18,9.17 8

N 60.72, 46.75, 41.03, 13.76, 68.03, 34.70, 4152, 17.39, 29.72,

GLU 45.96, 27.71, 30.58 12
GLU | XIPo0ou+Hp 14.20, 37.09, -16.31, 15.62, -9.26, -37.57 6
GLU | XIIo2ookusHp 6.71, 165, 1.61, 2.79 4
GLU | XIE920Ufoh - 400, 33.61, -11.88, 18.43, 5.02, 2.76, -0.71, 4.48 8
GLU | XI02Upoht- 12.55, 7.68, 4.38, 9.61 4
GLU | X000y 8.74, 1.17, 13.15,7.29 4
GLU | XIlo0zo0kusHp 12.52, 15.34, 15.98, 15.27 4
GAL | X000y 0.0, -3.38 2
GAL | XIP0O200K fohy1- 2.81,3.48 2
GAL | XIP920Uigh - 19.96, 0.69 2
GAL | XII200200KU +pGAL-FOBY 250, 3.96 2
GAL | XII20020K fob1-+pGAL-FOB! | -1.36, 1.71 2
GAL | XIP92%Ufob1+pGAL-FOBT | 1140, -3.93 2
GLU | XII200200KU4pGAL-FOBT 38.15, 9.05 2
GLU | X020 fob1-+pGAL-FOBT | 1.25, 1.07 2
GLU | XIPY2KUfob1+pGAL-FOBT | 1341, 20.92 2
GLU | XIooKUfopt- 1.96, 13.15, 15.66, 6.95, 2.80, 3.87 6
GLU | XIO2KUfopt- 13.53, 9.54, 17.58, 11.41, 437, 2.83, 1,46, 1.38 8
GAL | XI200200KURPA135A+HP 10,76, 0.46, 3.65, -0.12, 0.00 5
GAL | XI200200URPA135A fob1+HP | 0.0, 0.00, 0.15, 0.00, 0.74 5
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GLU | XIIo0KU fob1-+HP 1.65, 1.67, 1.01 3
GLU | XIJ0r200kU \/]0r200+ HP 0.59, -0.73, 0.00 3
GLU | XII0/200KU \/]0:200+HP fob1- 0.99,0.13,1.49 3
GLU | XI[200/200KU \/|0/200" 0.00, 0.00, 0.00 3
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M NTC + M NTC +

i I ) E I -

MATa PCR MATa PCR

Appendix figure 8.1. Mating type PCR of CLA strain XII90KU fob1- +HP. PCR was used to confirm
diploidy as in figure 4.2. Marker (M), water was used as a no template control (NTC) and WT gDNA from strain
XI[2001200kU was used as a positive control (+), while gDNA of the diploid strain XII190KU fob1- +HP was screened (*). Refer
to section 4.4.5.
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Mating type Chromosome XII markers

M NTC+ - * M NTC + * M NTC + * M NTC + * M NTC + +
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rpal354:LEU2 MATa kanMx2 URA3
M NTC+ - M NTC + * M NTC + & M NTC + =« M NIC + =*
XI[200 i
rpa?35ﬂ LEU2 + 1,151bp ,; 1,161bp
1575kp o
48%9p

mpal3sa: LEUE MATa MATa kanMX2 URA3

Appendix figure 8.2. PCR confirms RPA135 replacement with LEU2 in haploid spores,
determines mating type, and confirms CLA marker presence. PCR characterization of the haploid
spores XII200KU rpa135A4::LEU2 +HP (* in top gels) and X120 rpa135A::.LEU2 +HP (* in bottom gels). The first set of
gels show amplification of the RPA135 replacement construct with primers PAG198 and PAG135 (rpa135A4::LEU2
PCR, 1,575bp fragment) using the rpa1354::LEU2 construct as a positive control (+) and WT gDNA from X||200/200KU a5
a negative amplification control (-). Mating type (MATa and MATa.), and CLA marker insertion (kanMX2 and URA3)
were determined as in figure 4.2. Marker (M), water was used as a no template control (NTC) and WT gDNA from

strain X|[200200kU was used as a positive control (+), while gDNA of both haploids was screened (*). Refer to section
451.
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MATa PCR MATa PCR

Appendix figure 8.3. PCR confirms diploid state of strain XI1200200kU rpa135A+HP. PCR was
used to confirm diploidy as in figure 4.2. Marker (M), water was used as a no template control (NTC) and WT gDNA

from strain X1[200200kU was used as a positive control (+), while gDNA of the diploid strain X11200200kU ypa 1354 +HP was
screened (¥). Refer to section 4.5.1.
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Mating type Chromosome X1l markers

M NTC + = M NTC + = M NTC + # M NTC + «

XI[299KU 1pa1354
+ HP 1.151bp 1,161bp
fob1::HIS3
FOB1 MATa MATa kanMX2 URA3
MNTC + MNTC +
XI12% pa1354 4
+HP : 3 1.151bp 1161bp
fob1::HIS3 '
FOoB1 MATa MATa kanMx2 URA3

Appendix figure 8.4. PCR confirms the disruption of FOB1 in the haploid rpa135A strains,
and determines mating type and CLA marker presence. PCR characterization of the haploid spores
XI[200kU rpa135- fob1- +HP (* in top gels) and XII20 rpa135- fob1- +HP (* bottom gels). The first set of gels show
amplification of the FOB1 replacement construct (FOB1) as in figure 4.10 using the fob1::HIS3 construct as a positive

control (+). Mating type (MATa and MATa), and CLA marker insertion (kanMX2 and URA3) were determined as in
figure 8.2. Refer to section 4.5.2
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ll : i I489bp

MATa PCR MATa PCR
Appendix figure 8.5. PCR confirms diploid state of strain XI1200200kU rpa135A+HP fob1-. PCR

was used to confirm diploidy as in figure 4.2. Marker (M), water was used as a no template control (NTC) and WT

gDNA from strain X|1200200kU was used as a positive control (+), while gDNA of the diploid strain XII200200kU rpa 1354
+HP fob1- was screened (*). Refer to section 4.5.2.
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466bp g 489bp

MATa PCR MATa PCR

Appendix figure 8.6. PCR confirms diploid state of the new strain XII2020KU foph1-

(fob1::leu2::HIS3). PCR was used to confirm diploidy as in figure 4.2. Marker (M), water was used as a no
template control (NTC) and WT gDNA from strain XI[200200kU was used as a positive control (+), while gDNA of the
diploid strain XI12020kU foh1- (fob1::leu2::HIS3) was screened (*). Refer to section 4.5.3.
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489bp

MATa PCR MATa PCR

Appendix figure 8.7. PCR confirms the diploid state of strain XII20020KU foh1-

RPA135/rpa135A4::LEU2 +HP. PCR was used to confirm diploidy as in figure 4.2. Marker (M), water was used
as a no template control (NTC) and WT gDNA from strain XI|200200kU was used as a positive control (+), while gDNA of
the diploid strain XI120020kU fob1- RPA135/rpa135A4::LEU2 +HP was screened (*). Refer to section 4.5.3.
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M NTC WT *

4,862bp (RPA135)
1,975bp (rpa1354:LEU2)

Appendix figure 8.8. PCR confirms replacement of one copy of RPA135 with LEU2 in the
rDNA deletion strain XI'00KU+HP, The RPA135 locus was PCR amplified as in figure 4.28. Marker (M), water
was used a no template control (NTC), WT gDNA (WT) was used as an RPA135 control producing a fragment of 4,862

bp, and the transformed heterozygous strain XII90KU RPA135/rpa135A::.LEU2 +HP (*) exhibits one WT RPA135 copy
and a copy that has been replaced with LEU2 (1,975 bp). Refer to section 4.5.4
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FOB1 MATa MATa kanMX2

Appendix figure 8.9. PCR characterization of haploid spore XII290 rpa135A+HP fob1::HIS3.
PCR characterization of the haploid spore XI1200 rpa135A +HP fob1::HIS3 (*). The first gel (left) shows amplification of
the fob1::HIS3 disruption (FOB1) as in figure 4.18 using the fob1::HIS3 construct as a positive control (+). Mating type

(MATa and MATq), and CLA marker insertion (kanMX2 and URA3) were determined as in figure 8.2. Refer to section
454
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M NTC + *

MATa PCR MATa PCR

Appendix figure 8.10. PCR confirms the diploid state of strain XI12000KU RPA135/rpa135A+HP
FOB1/fob1::HIS3. PCR was used to confirm diploidy as in figure 4.2. M (Marker), water was used as a no template

control (NTC) and WT gDNA from strain XI|200200kU was used as a positive control (+), while gDNA of the diploid strain
XI[2000KU RPA135/rpa135A +HP FOB1/fob1::HIS3 was screened (*). Refer to section 4.5.4.
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Appendix figure 8.11. Characterization of haploid strains XII%+HP and XII200KU, Characterization of
haploid strains XII9+HP (top, *) and XII200kU (bottom, *) using Southern blotting with an rDNA and a chromosome XI|
probe (as indicated), to determine chromosome XIl size and confirm the presence or absence of rDNA copies
(indicated by arrows) with WT strain XI[200200kU (WT) and rDNA deletion strain XII%KU +HP (+) used as controls. PCR
was used to confirm the presence of the HP in strain XII°+HP (top) (HP) as in figure 4.6, for strain XI1200KU mating type
(MATa and MATa), and CLA marker insertion (kanMX2 and URA3) were determined as in figure 8.2. Marker (M),
water was used as a no template control (NTC), and WT gDNA from XI|2001200kU was used as a positive control (+),
while gDNA of strains XII0+HP (top, *) and XI1200kU (bottom, *) were assayed. Refer to section 4.6.1.
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Appendix figure 8.12. Characterization of haploid strains XII2KU fob1-and X200 fob1-. PCR
characterization of the haploid spores XII20KU fob1- (* in top gel) and XI12%0 fob1- (* in bottom gels). FOB1 replacement
(FOB1), mating type (MATa and MATa), and CLA marker insertion (kanMX2 and URA3) were determined as in figure
4.10. For the FOB1 PCR, WT gDNA from X|I2002200kUwas used as a positive amplification control (WT) for FOB1, and
gDNA from strain TAK300 was used as a positive fob1::HIS3 replacement control (+). For the mating type PCR’s, WT
gDNA from XI[2001200kU was used as a positive control (+). For all PCR’s: Marker (M), and water was used as a no
template control (NTC). Refer to section 4.6.2.
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Appendix figure 8.13. PCR confirms FOB1 replacement in haploid strains XII2KU fob1- and
XII° fob1-+HP. PCR was used to confirm FOB1 replacement in the haploid spores XI120kU fob1- (* left gel) and XII0
fob1-+HP (* right gel) as in figure 4.10. Marker (M), water was used as a no template control (NTC) and WT gDNA from
XI[2001200kU was used as a positive amplification control (WT) amplifying a 2.3 kb fragment corresponding to FOBT.
gDNA from strain TAK300 was used as a positive control for the fob1::HIS3 replacement (+1), and gDNA from strain
XI[2001200kU foh1- was used as a positive control for the fob1::LEU2 replacement (+2; 4 kb). Refer to section 4.6.3.
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Chromosome VI markers

M NTC WT = M NTCWT + »

564bp

kanMX2 URA3

Appendix figure 8.14. PCR confirms introduction of chromosome VI CLA markers into the
haploid rDNA deletion strain VI%KU XII9+HP. PCR was used to confirm kanMX2 and URA3 marker insertion

into chromosome VI as in figure 4.40. Marker (M), water was used as a no template control (NTC), WT gDNA from
strain XI1200200kU was used as a negative control (WT), WT gDNA from strain VI?KU was used as a positive control (+),
while gDNA of strain VIoKU X119 +HP (*) was screened. Refer to section 4.7.2
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Appendix figure 8.15. PCR confirms FOB1 replacement in haploid strain VIKU X]I200 fob1-,
PCR was used to confirm FOB1 replacement in the haploid spore VIoKU X][200 fop1- (*) as in figure 4.10. Marker (M),
water was used as a no template control (NTC) and WT gDNA from XII200/200KU was used as a positive amplification
control (WT). gDNA from strain VIKU X]1200 fob1- produced a 4 kb product corresponding to the fob1:.LEU2
replacement. Refer to section 4.7.2.
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Appendix figure 8.16. PCR confirms introduction of chromosome VI CLA markers into the

20-copy haploid strain VIKU XI|20 fob1-, PCR was used to confirm kanMX2 and URA3 marker insertion into
chromosome VI as in figure 4.40. Marker (M), water was used as a no template control (NTC), WT gDNA from strain
XI1200200kU was used as a negative control (WT), WT gDNA from strain VI%KUwas used as a positive control (+), while
gDNA of strain VIKU X120 fob1-(*) was screened. Refer to section 4.7.2.
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Appendix figure 8.17. PCR confirms FOB1 replacement into the haploid rDNA deletion strain

VIOKU XII° fob1-+HP. PCR was used to confirm FOB1 replacement in the haploid strain VIKU X1l fob1- +HP (*) as
in figure 4.10. Marker (M), water was used as a no template control (NTC) and WT gDNA from XI|200200kU was used as
a positive amplification control (WT) amplifying a 2.3 kb fragment corresponding to FOB1. gDNA from strain VI0KU X]|0
fob1- +HP produced a 3.5 kb product corresponding to the fob1::HIS3 replacement. Refer to section 4.7.3
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Appendix figure 8.18. PCR confirms introduction of chromosome XII CLA markers into the

WT XI1200200°KU strain. PCR was used to confirm kanMX2 and URA3 marker insertion into chromosome XII as in
figure 4.2. Marker (M), water was used as a no template control (NTC), WT gDNA from strain XII200200kU was used as a
positive control (+), while gDNA of strain XI1200°KU (*) was screened. Refer to section 4.8.1.
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Appendix figure 8.19. PCR confirms introduction of the chromosome XII markers into strain
XI[200KU y200*, pCR was used to confirm kanMX2 and URA3 marker insertion into chromosome XII as in figure 4.2.

Marker (M), water was used as a no template control (NTC), WT gDNA from strain X|[200200kU was used as a positive
control (+), while gDNA of strain XI[200kU \/200" (*) was screened. Refer to section 4.8.2.
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Appendix figure 8.20. PCR confirms FOB1 disruption in strain X|1200KU V200" foh1-, PCR was used
to confirm FOB1 replacement in the haploid strain XI|200KU \/200" foh1- (*) as in figure 4.10. Marker (M), water was used
as a no template control (NTC) and WT gDNA from XI||200200kU was used as a positive amplification control (WT)
amplifying a 2.3 kb fragment corresponding to FOB1. gDNA from TAK300 fob1::his3::ADE2 was used as a positive
fob1::ADE2 control, and gDNA from strain XII200KU V200" foh1- produced a 7.8 kb product corresponding to the
fob1::ADE2 replacement. Refer to section 4.8.2.
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Chromosome V markers

M NTC WT = M NTC WT &
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kanMX2 URA3

Appendix figure 8.21. PCR confirms introduction of the chromosome V markers into strain

V/200°KU X(]200, PCR was used to confirm kanMX2 and URA3 marker insertion into chromosome V as in figure 4.38.
Marker (M), water was used as a no template control (NTC), WT gDNA from strain XI1200200kU was used as a negative
control (WT), while gDNA of strain V200°KU X][200 (*) was screened. Refer to section 4.8.3.
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M NTC WT + M «

v fob1::ADE2 7.8kb

FOB1 2.3kb

FOB1

Appendix figure 8.22. PCR confirms FOB1 disruption in strain V200°KU X]|200 foh1-, PCR was used
to confirm FOBT replacement in the haploid strain XI1200 V200U foh1- (*) as in figure 4.10. Marker (M), water was used
as a no template control (NTC) and WT gDNA from XI|200200kU was used as a positive amplification control (WT)
amplifying a 2.3 kb fragment corresponding to FOB1. gDNA from TAK300 fob1::his3::ADE2 was used as a positive
fob1::ADE2 control. Refer to section 4.8.3.
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