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ABSTRACT 

 

 Genome instability, or frequent mutations within a genome, is deleterious and a 

hallmark of carcinogenesis.  Here, I identified that Elf1, a AAA+ family ATPase 

involved in mRNA nuclear export, prevents genome instability.  Upon deletion, elf1Δ 

cells grow slowly, forming small colonies.  Curiously, they can switch to larger, faster-

growing colonies.  Genetic analysis revealed that frequent mutations, rather than prions 

or other epigenetic phenomena, cause the phenotype switching.  This suggests Elf1 is 

required to maintain genome stability.  Since RNAs accumulate in the nucleus of elf1Δ 

cells due to an RNA export defect, I hypothesized that excess RNAs in the nucleus may 

increase formation of DNA-RNA hybrids, known as R-loops, which have been tied to 

enhanced mutation rates.  Supporting this hypothesis, I found that when elf1Δ cells lost 

RNase H, preventing R-loop degradation, mutation rates increased over 6-fold.  As 

understanding sources of genome instability is fairly recent, my research may uncover 

fundamental mechanisms causing genomic instability in cells with impaired mRNA 

export.  Additionally, to further investigate the elf1Δ-alleviating suppressor mutations, I 

used whole genome sequencing to identify several candidate mutations.  Pinpointing the 

exact mutations which cause the phenotype switching may reveal more about Elf1’s 

functions.  
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INTRODUCTION 

 

Epigenetics 

Phenotype variations due to heritable changes without DNA sequence alterations 

is the backbone of epigenetics.  Epigenetics provides explanations for many phenomena 

that are the results of cellular alterations that genetics cannot explain (Holliday, 1987; 

Urdinguio, Sanchez-Mut, & Esteller, 2009).  All epigenetic phenomena meet two criteria: 

(1) organisms have different phenotypes but they have identical genotypes, and (2) events 

influencing the organisms will affect them long after the initial events occur.  The major 

molecular basis of epigenetics within the nucleus is mediated through chromatin structure 

and its function, which regulates the accessibility of DNA sequence, thereby affecting all 

DNA-templated processes including transcription, replication, and DNA repair. 

Epigenetic phenomena are not restricted to the nucleus, they’re also seen in the 

cytoplasm.  A widely dramatized example of such a phenomenon are prions, which are 

infectious, misfolded forms of proteins capable of self-propagating (S. Prusiner, 1998; 

Stanley B Prusiner, 2013; Weissmann, Enari, & Klo, 2002).  Prions form when a protein 

folds into an abnormal structure, which can transmit to other copies of that protein and 

cause them to misfold as well.  The misfolded proteins can form long, insoluble amyloid 

fibril aggregates, which are difficult to break down (Rambaran & Serpell, 2008).  In 

mammals, this can lead to prion diseases, such as transmissible spongiform 

encephalopathies.  All of these, including the widely-known “Mad Cow Disease,” are 

fatal (S. Prusiner, 1998).  Prions have also been identified and studied in non-mammal 

organisms, primarily the budding yeast Saccharomyces cerevisiae (S. cerevisiae).  

However, unlike mammalian prions, known yeast prions don’t confer completely 
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debilitating, fatal diseases (True & Lindquist, 2000; Wickner et al., 2013).  In fact, most 

are innocuous and, as of yet, unable to be classified as either detrimental or beneficial, 

though some confer resistance to certain types of cell stress (True & Lindquist, 2000; 

Wickner et al., 2013).  

 

Genomic instability 

 Genome stability, characterized by a low rate of mutation within a given genome, 

is incredibly important to maintain cell integrity and to prevent the accumulation of 

mutations that negatively impact organisms.  Although genome plasticity leads to genetic 

variation among individuals, genome instability can result in not only single nucleotide 

polymorphisms, but genome rearrangements, increased recombination, and chromosomal 

fragmentation or loss (Aguilera & García-Muse, 2013; Aguilera & Gomez-Gonzalez, 

2008).  Genome changes can be advantageous, neutral, or detrimental to an organism, but 

are far more likely to be neutral or nearly neutral than extremely advantageous (Ohta, 

1992).  Normally, in order to prevent the accumulation of mutations, cells have 

checkpoints to identify and repair mutations in DNA sequences which arose from DNA 

damage or DNA synthesis errors (Elledge, 1996; Zhou & Elledge, 2000).  Unrepairable 

DNA damage often leads to programmed cell death (apoptosis), or cellular 

transformation, a hallmark of cancer (Aguilera & García-Muse, 2013; Langie et al., 2015; 

Zhou & Elledge, 2000).  

Alterations in regulatory genes involved in cellular regulation, including those 

with roles in DNA replication, DNA damage repair, and chromosome segregation can 

destabilize the genome (Aguilera & García-Muse, 2013; Ouspenski, Elledge, & Brinkley, 
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1999).  Numerous exogenous and endogenous substances and pathways induce changes 

in these genes (Aguilera & García-Muse, 2013; Langie et al., 2015).  Some external 

factors capable of causing damage leading to genomic instability include radiation, heavy 

metals, and chemicals.  Radiation has long been known to induce DNA damage.  

Ultraviolet radiation causes adjacent thymine bases in a strand of DNA to bond to one 

another, forming pyrimidine dimers which disrupt the strand (Langie et al., 2015).  In an 

otherwise healthy cell with adequate repair machinery available, these dimers are excised 

from the strand and the strands can be resynthesized using the other strand as a template.  

However, if these dimers are not removed or if they are repaired incorrectly, replication 

forks are stopped when they run into the dimers, and newly synthesized DNA strands are 

not continuous, which impacts the resulting protein product (Langie et al., 2015).  Heavy 

metals induce mutations in a variety of ways.  Some, such as arsenic and cadmium, 

prevent DNA damage repair (Langie et al., 2015).  Others are capable of mutating genes 

and leading to genomic instability by inducing reactive oxygen species within the cell 

(Langie et al., 2015; Rodríguez-Gabriel, Watt, Bähler, & Russell, 2006).  Similarly, 

chemicals which impact genome stability vary greatly in their methods.  Some chemicals 

induce DNA oxidation, others impede normal regulatory pathways, while yet others are 

directly reactive with DNA (Langie et al., 2015). 

Internal factors are also capable of destabilizing the genome.  Common internal 

factors that lead to cellular changes causing genomic instability include replication stress, 

DNA damage repair stress, transcriptional stress, reactive oxygen species, and active 

transposons (Admire et al., 2006; Aguilera & Gomez-Gonzalez, 2008; Gaillard, Herrera-

Moyano, & Aguilera, 2013; Langie et al., 2015).  The effects of stress on replication and 
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DNA repair are fairly straight-forward.  When replication fidelity is lowered, newly 

synthesized DNA is more likely to contain errors.  When DNA damage repair 

mechanisms are hindered, mutations in the DNA sequence are not removed before DNA 

replication occurs, and daughter cells contain mutations that arose in parental cells.  

Transcription is known to facilitate mutation and recombination, especially at highly-

transcribed regions of the genome (Aguilera & García-Muse, 2013; Aguilera & Gomez-

Gonzalez, 2008; Gaillard et al., 2013).  Transcriptional forks and replication forks can 

run into one another, stalling both processes, which increases instability in the areas 

(Aguilera & García-Muse, 2013).  The stalled forks can lead to supercoiling of DNA, 

long exposure of single strands of DNA within the cell, and even alteration of chromatin 

structures and location (Aguilera & García-Muse, 2013).  Transcription by-products may 

also lead to mutations.  The RNA strands produced can bind to one strand of 

complementary DNA, displacing the other DNA strand and creating a loop which acts as 

a similar physical barrier to DNA replication (Gavaldá, Gallardo, Luna, & Aguilera, 

2013).  These loops are also capable of initiating unscheduled DNA replication, 

incorrectly producing unnecessary copies of the DNA (Kogoma, 1997).  Reactive oxygen 

species oxidize DNA bases, leading to mutations, often base pair substitutions (Langie et 

al., 2015; Rodríguez-Gabriel et al., 2006; Waris & Ahsan, 2006).  These reactive oxygen 

species are also often capable of inhibiting DNA damage repair (Langie et al., 2015).  

Active transposons and retrotransposons, where DNA repetitions are capable of inserting 

themselves in different regions of the genome, are capable of causing mutations if they 

insert themselves within a gene region (Langie et al., 2015). 
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RNA as a mutagen 

Scientists have known for years that DNA fragments can target specific genomic 

loci for genome editing (Kogoma, 1997).  Although RNA is often thought of as more 

delicate than DNA, and more readily degraded, it has the potential to mediate sequence-

specific alterations of the genome, similar to DNA fragments (Aguilera & García-Muse, 

2012; Kogoma, 1997).  Emerging views indicate that RNAs negatively affect genomic 

stability by re-annealing to their template DNA strand (Aguilera & García-Muse, 2012; 

Gaillard et al., 2013; Kogoma, 1997).  The resulting RNA:DNA hybrids with the 

displaced single-stranded DNA (ssDNA) form structures called “R-loops” (Aguilera & 

García-Muse, 2012).  When generated in the absence of functional transcriptional 

elongating factors, R-loops are capable of causing severe genome instability (Aguilera & 

García-Muse, 2012).  R-loops threaten genome integrity by disrupting transcription and 

DNA replication, resulting in replication stress and the formation of double-strand 

breaks.  Once formed, RNA:DNA hybrids are harder to destabilize than normal DNA 

strands are to denature, meaning that once they are formed they take extra energy to 

remove.  In addition, R-loops can have dramatic effects on cell phenotypes.  For example, 

Escherichia coli (E. coli)  cells with accumulated R-loops have a growth defect and are 

cold-sensitive (Drolet et al., 1995). 

An R-loop that forms within a gene is capable of causing mutations through 

multiple mechanisms: 1) DNA polymerase can use the RNA strand as a primer for 

unscheduled, error-prone synthesis of new DNA (Aguilera & García-Muse, 2012; 

Kogoma, 1997); 2) R-loops can leave the displaced single-stranded DNA exposed and 
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open to mutagenesis; 3) R-loops can cause double stranded breaks that lead to mutations 

upon repair (Aguilera & García-Muse, 2012). 

R-loops are not always permanent, they can be removed with the right cellular 

machinery.  The buildup of R-loops can be resolved, and the subsequent phenotypes can 

be readily alleviated by overexpression of RNase H family proteins, which resolve the R-

loop by degrading the RNA strand within DNA-RNA hybrids (Drolet et al., 1995; 

Gaillard et al., 2013). 

 

Chromodomain-containing protein Elf1 

Chromodomains are conserved protein motifs that play roles as chromatin 

structure regulators (Brehm, Tufteland, Aasland, & Becker, 2004).  The prefix “chromo” 

was given for its role as a “chromatin organization modifier” (Paro & Hognesst, 1991).  

Chromodomain-containing proteins can have vastly different roles, but they share 

chromatin-related functions.  Often, chromodomain proteins have functions in the 

nucleus, but do not play roles in synthesis and repair of RNA or DNA (Brehm et al., 

2004; Eissenberg, 2001).  Instead, they often are involved in wide-ranging activities like 

gene activation and gene silencing (Eissenberg, 2001).  For example, some well-known 

chromodomain proteins in Schizosaccharomyces pombe (S. pombe), Clr4 and Swi6, are 

key for heterochromatin spreading (Al-Sady, Madhani, & Narlikar, 2013a), which is 

necessary to properly silence large portion of the genome.   

There are only nine proteins in S. pombe that contain chromodomains.  Eight of 

them have recognized chromatin-related functions (Al-Sady, Madhani, & Narlikar, 

2013b; J.-I. Nakayama et al., 2003; J. Nakayama, Klar, & Grewal, 2000; Shim et al., 
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2012; Touat-Todeschini, Hiriart, & Verdel, 2012).  Each plays important roles in the cell, 

and all are involved in significant cell processes such as histone methylation and 

heterochromatin propagation, leading to silencing of genes within the cell (Grewal, 

2000).  However, the role of the ninth chromodomain protein, Elf1, has not yet been 

understood.  

Elf1 is in the ATP-binding cassette (ABC) class of the AAA+ family protein in S. 

pombe that has a reported role in RNA export (Kozak et al., 2002).  Proteins in this 

family are comprised of ATPase proteins associated with diverse cellular activities, 

meaning that they play roles in a large variety of cellular processes, but they consistently 

utilize energy from ATP hydrolysis (Snider, Thibault, & Houry, 2008).  This particular 

protein has an ATP-binding motif (Figure 1), plays a role in RNA export from the 

nucleus, and is not essential for cell viability (Kozak et al., 2002).  Because of its role in 

RNA transport, elf1Δ cells show distinct accumulation of RNAs in their nuclei (Kozak et 

al., 2002). 

Despite not being essential for cell viability, the loss of Elf1 has dramatic effects 

on cell phenotypes, including a severe growth defect.  A previous study in Candida 

albicans (C. albicans) found that the loss of the C. albicans Elf1 ortholog decreased 

growth rates, leading to smaller colonies containing fewer cells, and many of the cells 

were pleiotropic in size and morphology (Sturtevant, Cihlar, & Calderone, 1998).  In 

liquid cultures, approximately 50% of the cells were misshapen; most of them formed  

larger, elongated buds (Sturtevant et al., 1998).  However, the abnormally shaped cells 

were generally outgrown by the normal-shaped cells seen in colonies (Sturtevant et al., 

1998).   
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Figure 1: Motifs of Elf1.  Elf1 contains armadillo-type folds, a P-loop with nucleoside 

triphosphate hydrolase, a AAA+ ATPase Domain, ABC transporter conserved sites, and a 

single chromodomain. 

 

Elf1 

< Armadillo type folds 

< P-loop containing nucleoside 

triphosphate hydrolase 

< AAA+ ATPase Domain 

< Chromodomain 

< ABC transporter, conserved sites 
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RESULTS 

 

Elf1 localization 

 My initial interest in Elf1 pertained to the function of its chromodomain, which is 

the only chromodomain in S. pombe with no identified function.  I wanted to investigate 

the function of Elf1’s chromodomain and identify whether it had any important roles in 

chromatin assembly.  The first step in understanding the function was to determine the 

location of the full protein within the cell.  Many known chromodomain proteins are 

localized within the nucleus due to roles in chromatin organization (J.-I. Nakayama et al., 

2003; Nakayama Ji, Allshire, Klar, & Grewal, 2001).  However, data from a previous 

study of Elf1, showing Elf1 localizing in the cytoplasm, are at odds with the expected 

localization of a chromodomain-containing protein (Kozak et al., 2002).  I verified the 

protein localization using a green fluorescent protein (GFP) tag and confirmed that Elf1 

localizes primarily in the cytoplasm, though my preliminary data also suggest some 

accumulation around the nucleus in some cells (Figure 2A).  To determine whether the 

chromodomain plays a role in its localization, I created elf1-ΔCD-GFP::KanMX strains, 

which contain a deletion of the elf1+ chromodomain from nucleotides 2455 through 2628, 

as well as a GFP tag at the 3’ end of the gene.  These strains allowed me to investigate 

the localization of Elf1 without its chromodomain using fluorescent microscopy to 

identify GFP-tagged protein localization.  My results showed that the vast majority of the 

protein lacking the chromodomain still localizes in the cytoplasm, with some 

accumulation around the nucleus in some cells (Figure 2B).  This indicates that the 

location of Elf1 in the cell is not changed by the loss of the chromodomain, indicating 

that the chromodomain is not key for the localization of the protein (Figure 2B). 
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Figure 2: Elf1 protein 

localizes primarily to the 

cytoplasm of the cell, with 

some accumulation around 

the nucleus, with or 

without the chromodomain 

present.  (A) Elf1 tagged 

with GFP (elf1-

GFP::KanMX).  (B) Elf1 

with the chromodomain 

deleted, tagged with GFP 

(elf1-ΔCD-GFP::KanMX).  

(A) and (B) White arrows 

identify some cells with Elf1 

accumulation around the 

nucleus.  Live cells were 

grown in liquid rich media 

to log phase, then 

resuspended in 50:50 

glycerol:water to minimize 

movement for fluorescent 

microscopy under a 40x 

magnification objective. 

elf1-GFP::KanMX 

B 

A 

elf1-ΔCD-GFP::KanMX 
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Slow growth phenotypes in elf1Δ strains 

 When the elf1 gene is deleted, haploid cells show an unusual mix of cell and 

colony phenotypes (Figures 3 and 4).  Unlike normal wild-type cells, in which cell shape 

and size is fairly consistent, a variety of cell shapes and sizes are seen in mitotically 

growing elf1Δ cells.  These shapes include many cells that are several times the length of 

wild-type cells, as well as some unusually small and thin cells, and still yet some normal, 

wild-type size cells (Figure 3).  Although the ratio of these cell types seen at any given 

time point varied in elf1Δ strains, abnormally long cells were always seen more 

frequently in the sickly, slow-growing elf1Δ colonies than in wild-type colonies.  Some of 

the long cells distinctly had one nucleus, while occasionally others appeared to be smaller 

cells that had not separated from one another after fission, as they would readily separate 

upon manipulation with a dissection microscope, and were often capable of forming 

colonies (Data not shown).  In addition to cell shape and size differences, elf1Δ colonies 

also showed distinct size differences from wild-type colonies, even when grown side by 

side for the same amount of time (Figure 4B).  On average, after six days of growth, the 

sickly elf1Δ colonies were a mere 4.3% of the size of wild-type colonies (Figure 4B). 

 

Some elf1Δ colonies lose the sickly, slow growth phenotype 

  One unique characteristic of our initial elf1Δ strains was their ability to change 

from their slow-growing, elongated cell phenotype to a faster-growing colony phenotype 

(Figures 3, 4, and 5).  This size change to larger and faster-growing colonies occurred in 

0.066% of all colonies in the normally slow-growing elf1Δ strains (Figure 6 and Table I).  

In contrast, throughout my research there was never a single instance in which a multi-  
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Figure 3: Cell shapes in elf1Δ strains 

change when they switch from P to S.  The 

variability between cell shapes was observed 

using a 40x magnification objective. 

Wild-Type 

elf1Δ P 

elf1Δ S 
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Figure 4: Colony sizes vary significantly between wild-type, elf1Δ P, and elf1Δ S 

colonies. (A) Representative colony sizes of wild-type, elf1Δ P, and elf1Δ S.  (B) Average 

sizes of colonies varies significantly between each strain type (p<0.001).  (C) Average 

sizes of colonies varies significantly between each individual strain (p<0.001), except for 

between the two elf1Δ P strains, A vs. B (p=0.126).  “A” and “B” refer to parental P- 

strain, numbers refer to individually arisen S strains in those backgrounds.  (A-C) All 

colonies grown 6 days at 30°C on nutrient-rich media.  Individual colony sizes measured 

with ImageJ and a Tukey PostHoc test was run with SigmaPlot.  Mean colony size 

indicated with purple diamond. 
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Figure 5: elf1Δ P cells are capable of switching from their slow growth phenotype to 

faster growing strain types, which produce larger colonies.  Each colony on the plate 

was started from a single elf1Δ P cell.  All cells came from the same colony.  Colonies 

which have gained the S-type phenotypes are indicated by purple arrows.  The S 

phenotypes are heritable and irreversible. 



15 

 

 

 

Figure 6: Mean colony size switching rate of elf1Δ is significantly greater than in cells 

with functional elf1+.  Switching rate is yet significantly higher in cells with deletion of 

elf1+ combined with deletions of RNase H genes than either wild-type cells or cells with 

only RNase H genes deleted.  Asterisks indicate significant difference between switching 

rates (p < 0.05). 
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Table I: Colony size switching occurs significantly more frequently in elf1Δ and 

elf1Δrnh1Δrnh201Δ strains than in cells with functional elf1+, even when measured by 

stricter standards.  Switching cutoff size of colonies is calculated as 6 times the average size of 

all measured colonies for cells with elf1Δ, and 3 times the average size of cells with elf1+.  

Switching rate is significantly different between elf1Δ and wild-type (p = 0.009), elf1Δ and 

rnh1Δrnh201Δ (p = 0.009), elf1Δ and elf1Δrnh1Δrnh201Δ (p = 0.04), elf1Δrnh1Δrnh201Δ and 

wild-type (p = 0.02), and elf1Δrnh1Δrnh201Δ and rnh1Δrnh201Δ (p=0.02). 

 

Strain Type 
Average Size 

(mm2) 

Switching 

Cutoff 

(mm2) 

Mean 

Switching 

Rate (%) 

SD 

Switching 

Rate (%) 

95% Confidence 

Interval 

Wild-Type 10.266 ± 2.865 61.59811 0 0 0 0 

rnh1Δrnh201Δ 9.563 ± 3.709 57.37617 0 0 0 0 

elf1Δ P 0.455 ± 0.401 2.731224 0.065971 0.063539 0.0266 0.1054 

rnh1Δrnh201Δ 

elf1Δ P 
0.379 ± 0.515 2.274475 0.407057 0.412506 0.0455 0.7686 
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fold size change happened in wild-type colonies.  To distinguish elf1Δ cells with different 

phenotypes, the typical elf1Δ parental strains, which form tiny colonies with excessively 

protracted growth times, were dubbed “P (parental) strains.”   The switched, faster-

growing colony strains were named “S (suppressor) strains.” Generally S strains grow to 

sizes closer to those of wild-type strains than to those of elf1Δ P strains, and have 

normally-shaped and normally-sized cells (Figures 3 and 4).  Notably, independently-

arisen elf1Δ S strains grow to sizes significantly different from one another (Figure 4C).  

In addition, all offspring colonies of the S strains maintained these phenotypes and did 

not switch back to the slower-growing P phenotypes. 

 

Parental cells are outgrown by cells containing suppressor mutations 

 I found that the size difference between P and S elf1Δ colonies was due solely to 

the growth rate of the cells, rather than their size and shape (Figure 3).  While many cells 

in P colonies are abnormally elongated and the cells in S colonies are more similar in size 

and shape to wild-type cells (Figure 3), this does not dramatically affect the number of 

cells in a given colony volume.  I found that the number of cells compared to the colony 

volume was not significantly different between P and S elf1Δ strains (Figure 7). 

When elf1Δ P colonies were grown for several days in liquid media, the only cell 

types that were seen by the end of six days were S cells, indicating that S cells have a 

distinct growth advantage over P cells (Figure 8).  This growth advantage is so 

substantial that if an S cell arises in a once-homogeneous elf1Δ P culture, they have the 

ability to overgrow the P cells to the point that the P phenotype may be lost from the 

population. 
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Figure 7: Average number of cells per mm
3
 colony volume does not vary 

significantly between strain types.  (n
wt

=5, n
P
=9, n

S
=19 colonies) 
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Figure 8: After 6 days growth in liquid YEA media, some elf1Δ P cells have switched 

to S cells and taken over the culture.  Left: fresh cells plated on YEA plates and grown 

for 4 days at 30°C.  These cells originated from a colony grown from cells stored at -

80°C, which were streaked to individual cells.  While the elf1Δ P colonies are numerous, 

they are so small that they are hard to detect with a scanner.  Right: cells from the same 

colonies after 6 days growth in YEA liquid media cultures, then grown 4 days on YEA 

plates at 30°C. 
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Evolutionary growth advantages of elf1Δ S strains over elf1Δ P strains 

 To further investigate whether suppressors in elf1Δ S strains give a distinct 

evolutionary advantage over sickly and slow-growing elf1Δ P strains, I performed a 

survival competition assay.  These assays were run for 6 days to quantify the advantage 

of elf1Δ S strains over elf1Δ P strains.  I found that under normal 30°C incubation 

temperatures, wild-type completely overgrew cultures with elf1Δ P after 6 days, 

increasing from making up 47% of the cells in the culture, to making up 100% of the 

cells in the cultures.  In the cultures with elf1Δ S cells, the wild-cells only increased from 

making up 45% of the culture to making up 54% of the culture (Figure 9).  These data 

indicate that at 30°C wild-type cells grew so much faster than elf1Δ P cells that they 

completely overwhelmed the population of P cells, and the cells carrying the elf1Δ 

mutation without an additional S suppressor were entirely lost from the population.  elf1Δ 

S cells were more robust growers and maintained a presence in the population after 6 

days, though they were slowly being outgrown by the wild-type cells.  Given enough 

time, elf1Δ S cells may have been lost from a mixed population with wild-type cells, but 

it was clear that elf1Δ S cells had an advantage over elf1Δ P cells when in direct 

competition with wild-type cells. 

 

Higher temperature temporarily alleviates growth defects in elf1Δ P cells 

 Increasing incubation temperature can affect expression rates of various genes, 

leaving some mutated strains especially vulnerable to heat stress (D. Chen et al., 2003).  

To understand the effect of heat on elf1Δ P cells, I tested how an increased temperature of 

37°C would affect their growth rate.  Intriguingly, the sickly phenotype of elf1Δ P strains  
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Figure 9: In survival competition assays with wild-type cells, elf1Δ S cells 

survive better than elf1Δ P cells at 30°C but not at 37°C.  The percent of wild-

type cells without antibiotic resistance in each culture at the start (0 days) and end 

(6 days) of a survival competition assay shows that S cells have a distinct 

advantage over P cells at 30°C.  However, at 37°C the advantage of wild-type over 

either type of elf1Δ slows. 
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does not leave them susceptible to negative effects from increased heat.  When grown at 

37°C instead of the standard 30°C, P cells grow almost at the rate elf1Δ S cells grow at 

30°C (Figures 10 and 11).  This increased elf1Δ P growth rate was also reflected by 

notable changes in the survival competition assay.  At increased temperatures in survival 

competition assays, elf1Δ P cells were able to survive and not be completely outgrown by 

wild-type cells (Figure 9).  These results clearly indicate that increased temperature 

suppresses the growth defect of P cells. 

To test whether increased temperature would enhance the switching rate of P cells 

to S cells, I picked up colonies of elf1Δ P cells grown at 37°C and transferred them to 

fresh plates.  When subsequently grown at 30°C, the cells from colonies that grew 

quickly at 37°C reverted back to the extremely slow growth typical of elf1Δ P strains at 

30°C (Figure 10).  This indicates that the higher temperature is not causing the cells to 

switch from P to S, rather it somewhat alleviates the growth defect of P cells, potentially 

by changing gene expression. 

 

Guanidine hydrochloride does not alter the S efl1Δ phenotype 

 When initially investigating the change of elf1Δ cells from P to S, it was not 

immediately clear whether the inheritance of the S phenotype was Mendelian.  Prions are 

capable of causing non-Mendelian inheritance of phenotypes, so I investigated the 

possibility that the S phenotype was due to a prion (Alberti, Halfmann, & Lindquist, 

2010).  To test this hypothesis, I plated elf1Δ strains on rich media containing guanidine 

hydrochloride (GuHCl) and monitored the phenotypes of P and S strains.  GuHCl is used 

in studying prions in S. cerevisiae to “cure” prion-containing strains by inhibiting  
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Figure 10: Increased incubation temperature is capable of reversibly alleviating the 

growth defect in elf1Δ P strains.  Strains grown at 30°C (left) and 37°C (right).  (A) 

Wild-type from fresh cultures.  (B) Wild-type picked up from 37°C plate in (A).  (C) 

elf1Δ P from fresh cultures.  30°C elf1 P plate contains numerous colonies too small for 

scanner to detect.  (D) elf1Δ P picked up from 37°C plate in (C).  (E) elf1Δ S from fresh 

cultures.  (F) elf1Δ S picked up from 37°C plate in (E).  (A), (C), and (E) grown for 4 

days before imaging.  (B), (D), and (F) grown for 5 days before imaging.   
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Figure 11: Increased temperature increases elf1Δ P colony size.  Blue boxes indicate 

sizes when grown at 30°C, purple boxes indicate sizes when grown at 37° C.  Average 

colony sizes are significantly different (p<0.001) between strains, except between elf1Δ P 

A at 30°C vs. elf1Δ P B at 30°C (p=0.126), and elf1Δ P B at 37°C vs. elf1Δ S B2 at 30°C 

(p=1.000).  “A” and “B” refer to parental P- strain, numbers refer to individually arisen S 

strains in those backgrounds.  All colonies grown 6 days at 30°C on nutrient-rich media.  

Individual colony sizes measured with ImageJ and a Tukey PostHoc test was run with 

SigmaPlot. 

 



26 

 

 

propagation of the prion (Eaglestone, Ruddock, Cox, & Tuite, 2000).  Were the change 

from P phenotype to S phenotype due to a prion, all elf1Δ P colonies grown on plates 

containing GuHCl would have remained small and slow growing, as the GuHCl would 

prevent prion propagation if a prion formed.  The colonies of S cells would have been 

smaller and slower-growing on GuHCl plates than those grown on the normal rich media 

plates, as GuHCl would have “cured” the prion in S cells, causing S cells to express the 

parental P phenotype.  Instead, when plated on GuHCl-containing media, elf1Δ P strains 

were still capable of switching to S phenotypes, and S elf1Δ strains did not switch back to 

the elf1Δ P phenotype (Figure 12).  Though previously untested in S. pombe, if GuHCl-

containing media works the same in S. pombe as it does in S. cerevisiae, my results 

suggest that the S suppressor was unlikely to be a prion.  As this methodology was 

untested in S. pombe, additional experiments were run to verify these results.  

 

Size-separated proteins from elf1Δ S cells do not show aggregations of proteins 

indicative of prions 

 To further test whether the S phenotype might be caused by a prion, I separated 

proteins by size using differing speed centrifugation.  As prions cause large aggregations 

of amyloid fibers to build up within cells (Liebman & Chernoff, 2012), it should be 

possible to isolate large protein aggregates using methods designed to roughly isolate 

proteins based on size.  However, when extracted proteins were separated by different 

spin speeds, there were no noticeable aggregations of high-molecular-weight proteins in 

elf1Δ S cells when compared to elf1Δ P or wild-type cells (Figure 13).  Although this 

experiment should be repeated and a positive control should be included, these results  
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Figure 12: Plates containing guanidine hydrochloride (GuHCl) are incapable of 

“curing” or preventing the S phenotype in elf1Δ strains, indicating that the 

suppressor in S strains is not a prion.  No matter the size on GuHCl-containing media, 

once picked up from plates containing GuHCl and transferred to rich media, elf1Δ S 

colonies retain their S phenotypes (Data not shown). 
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Figure 13: There are no large protein aggregates indicative of amyloid fiber masses 

found in elf1Δ S cells.  Protein size segregation by different speed centrifugation shows 

no abnormal protein aggregations in the (A) supernatant or (B) pellet of the whole cell 

protein extracts of P or S elf1Δ cells. 
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 supported the results from the GuHCl treatment, which indicated that the S suppressor is 

unlikely to form protein aggregations indicative of prions. 

 

Microtubule destabilization does not affect the growth of elf1Δ cells 

 To test the effect of microtubule destabilization, elf1Δ strains were plated on rich 

media plates containing the microtubule destabilizer thiabendazole (TBZ).  TBZ is a 

microtubule poison that has a significant effect on the growth of cells with defects in 

chromosome segregation capabilities, such as dcr1Δ cells with compromised 

heterochromatin formation (Tadeo et al., 2013).  If growth decreased on TBZ-containing 

plates, it may have suggested that elf1Δ cells have impaired heterochromatin formation, 

especially in the centromeric regions, as properly formed centromeric heterochromatin is 

essential for correct chromosome segregation (Nakagawa et al., 2002).  Ultimately, no P 

or S elf1Δ strains displayed sensitivity to the media, indicating that the strains are not 

sensitive to microtubule destabilization, and likely do not have impaired heterochromatin 

formation in the centromeric regions of the chromosomes (Figure 14). 

 

Inducing double-strand DNA breaks slows growth of some elf1Δ colonies 

 To test susceptibility to genomic instability due to double strand breaks, cells 

were plated on media containing bleomycin, which is capable of inducing double-strand 

breaks in DNA (J. Chen & Stubbe, 2005).  Double-strand breaks are repaired by 

homologous recombination or non-homologous end-joining, so cells with defective 

DNA-repair pathways die off more frequently than wild-type cells under DNA damage 

stressors such as bleomycin (J. Chen & Stubbe, 2005).  Preliminary data indicated that 
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Figure 14: Microtubule destabilization does not alter phenotypes of elf1Δ cells.  

Serial dilution shows that neither elf1Δ P cells, nor elf1Δ S cells are not unusually 

sensitive to thiabendazole (TBZ) containing media. 
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elf1Δ P strains showed sensitivity to bleomycin, and one of two S strains tested showed 

sensitivity (Figure 15).  This suggests that either the DNA-repair capabilities of these 

cells could be compromised, or that the additional double-strand breaks on top the other 

aberrations due to the loss of elf1+ may overwhelm the cell and lead to cell death. 

 

Inhibition of DNA replication does not affect size switching 

 DNA replication is an internal stress that may affect genome stability.  I 

investigated whether the loss of elf1+ would exacerbate blocked DNA synthesis caused 

by hydroxyurea (HU), a ribonucleotide reductase inhibitor.  If elf1Δ cells have faulty 

DNA replication abilities, further synthesis blockage should be lethal for the cells on HU-

containing plates.  Colonies from all strain types grew more slowly on media containing 

HU (Figure 16).  The switching rate from P to S elf1Δ colony did not increase noticeably, 

nor did notably higher rates of cell death occur.  These data suggests that the mechanism 

of genome instability in elf1Δ cells is not tied to DNA replication. 

 

Ultraviolet exposure does not noticeably alter elf1Δ survival rates or size switching 

 UV radiation can induce DNA thiamine dimer formation in DNA.  The genomes 

of cells unable to remove such dimers would become unstable, and the cells would die at 

greater rates than wild-type cells.  I exposed strains to varying levels of ultraviolet light to 

test the effect of UV radiation, and whether it would increase rates of cell death or size 

switching.  Although cell death was significantly increased for clr6 mutant cells, which 

are sensitive to UV-mediated DNA damage, there was no noted increase in cell death 

rates or size switching rates in elf1Δ P strains (Figure 17).   
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Figure 15: Exposing elf1Δ cells to bleomycin, an agent which causes double stranded 

DNA breaks, slows growth of elf1Δ P colonies and some S colonies.   
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Figure 16: Exposing elf1Δ cells to hydroxyurea does not increase switching rate in 

elf1Δ P cells, nor do they die at increased rates.  Wild-type and elf1Δ colony growth is 

delayed on hydroxyurea-containing YEA media. 
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Figure 17: Cell death rates after UV exposure do not indicate that P or S elf1Δ 

strains are unusually sensitive to UV exposure. 
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Heritable traits 

S. pombe normally exists as haploid cells.  However, when two haploid strains of 

complementary mating types are subjected to nitrogen starvation, they undergo sexual 

differentiation; first forming a diploid cell, followed by fission yeast meiosis, to form a 

tetrad that contains four haploid daughter spores.  A genetic trait that is transmitted from 

the parental cells to spores should follow Mendel’s first law.  Essentially, if a mutation is 

genetic, when we cross a haploid mutant strain with a wild-type haploid strain to make a 

heterozygous diploid cell that then sporulates, 50% of the resulting spores should carry 

the mutant allele.  This means that two of the four spores in a tetrad will have a mutant 

allele, while the other two spores will have a wild-type allele (Figure 18A).  

Given the fact that both haploid P and S strains carry the same elf1Δ allele but 

show different phenotypes, I wondered whether S strains carry another genetic mutation 

in addition to elf1Δ.  First, I verified that the segregation of the elf1Δ allele in P cells 

would follow Mendel’s first law.  I backcrossed individual P strains with a wild-type 

strain.  As P cells are original, unswitched elf1Δ cells, crossing P strains with wild-type 

strains gave a basis of expected behavior for cells lacking elf1+.  I isolated the resulting 

spores and analyzed the genotypes and phenotypes of the colonies which arose from each 

spore to determine gene heritability and segregation.  Two spores of each tetrad contained 

a normal, functional elf1+ gene, and the other two spores contained the elf1Δ allele.  After 

several days, individual elf1Δ colonies were all similar in size to each other and to 

colonies from the parental elf1Δ strain (Figure 18 B and C).  There was an obvious, 20-

fold size difference between colonies grown from spores containing elf1Δ and from 

spores containing elf1+ (Figure 18 B and C).  As expected, the elf1Δ colonies all  
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Figure 18: Mating elf1Δ strains to wild-type strains produce daughter colonies of 

varying sizes.  (A) Illustration of the process of mating two haploid cells with different 

mutations, indicated by purple and blue nuclei.  Resulting spores are separated into 

vertical tetrads, then allowed to progress into haploid cells and grow until an entire 

colony is formed.  (B) Daughter tetrads from wild-type strains crossed with P elf1Δ 

strains and (C) average sizes of the resulting colonies.  (D) Daughter tetrads from wild-

type strains crossed with S elf1Δ strains and (E) average sizes of the resulting colonies.  

(B) and (D) Vertical tetrads correspond to colonies grown from the each of the four 

haploid spores of the mated haploid parental strains, indicated by asterisks.  Resulting P 

colonies outlined with white boxes, S colonies outlined with black boxes.  (C) and (E) 

Error bars indicate ± 1 standard deviation.  
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contained the unusually elongated cells characteristic of the parental elf1Δ P strain 

(Figure 3).  This indicates that all resulting elf1Δ colonies from a backcross of an elf1Δ P 

strain and a wild-type strain were all elf1Δ P colonies, and that there were no additional 

mutations present in the P strains. 

 To test whether the phenotypic changes seen in S strains were the result of the 

presence of additional heritable genomic mutations other than elf1Δ, S elf1Δ cells were 

crossed with wild-type cells.  Crossing S elf1Δ strains with wild-type strains containing 

elf1+ resulted in a mix of primarily three colony sizes (Figure 18 D and E).  Half of the 

colonies contained the wild-type allele of elf1+, and those all grew with no defect, 

forming consistently large colonies (average size in Figure 18D: 8.5 ± 3.0 mm2).  This 

segregation was consistent with segregation at the elf1 locus.  The other half of the 

colonies were almost evenly split between 2 growth behaviors: 49.6% (24.8% of total 

colonies) grew extremely slowly into small, elf1Δ P-like colonies and 50.4% (25.2% of 

total colonies) experienced only a slight growth delay and produced elf1Δ S-like colonies 

(Figure 18 D and E).  The small, slow-growing elf1Δ colonies (average size in Figure 

18D: 0.6 ± 0.1 mm2) which were similar in size to colonies from elf1Δ P strains had the 

elongated cells characteristic of P strains.  The medium-size elf1Δ colonies (average size 

in Figure 18D: 3.8 ± 0.9 mm2) which were similar to the size of colonies formed by the 

parental S elf1Δ strain, had the same cell shapes and sizes as that parental S elf1Δ strain.  

When spread to individual cells and grown to colonies on fresh plates, each of these types 

of elf1Δ strains maintained consistently sized colonies.  So, when elf1Δ S strains are 

backcrossed with wild-type strains, the resulting elf1Δ colonies are a mix of separate P 
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and S colonies, indicating that the suppressor mutation in S strains is a heritable genetic 

alteration that is not tightly linked to elf1. 

 

Mutations can differ between independently-arisen S strains 

 I had already determined that the suppressors in the numerous independently-

arisen elf1Δ S strains I collected were heritable genetic mutations.  I next wanted to 

investigate whether the suppressor mutations in independently-arisen S elf1Δ strains were 

in the same gene or different genes.  Strains with complementary mating types were 

generated for each S strain, and these were crossed with other S strains that arose 

separately.  If the arisen suppressor mutations in any two crossed S elf1Δ strains altered 

the same gene, any crosses between those independently-arisen S elf1Δ strains would 

have produced only colonies with phenotypes consistent with their parental S phenotype 

(Figure 19A).  If the mutations affected different genes, classic Mendelian genetics would 

suggest that 25% of the resulting colonies would have been small and P-like because they 

would have only contained the elf1Δ mutation and neither suppressor mutation.  It would 

also suggest that 50% of the spores would have likely received only one suppressor 

mutation, causing the resulting colonies to have the larger S phenotype.  The remaining 

25% of the colonies would have carried both suppressor mutations, so they likely would 

have shown the S phenotype (Figure 19B). 

 By performing 23 crosses of numerous independently-arisen S strains that 

resulted in 252 tetrads for analysis, a clear pattern in the size of the resulting colonies was 

identified.  Only one cross resulted in all medium and large colonies, though there were 

only 7 tetrads that resulted from that cross (Figure 19D).  This indicated that the  



41 

 

 

Figure 19: Mating two independently-isolated S elf1Δ strains indicate that many, but 

not all, independently-arisen S elf1Δ strains contain different mutations.  (A) and (B) 

Possible chromosome segregation after mating two parent strains containing single 

mutations in (A) separate genes and (B) the same gene.  Hypothetical parental mutation 

loci indicated by colored lines and asterisks.  (C) Genetic cross of two independently-

arisen S strains show the suppressors segregate separately of one another, indicating that 

the suppressors are present in different genes.  (D) Genetic cross of two independently-

arisen S strains produce all large colonies, indicating that the suppressors are present in 

the same gene.  (C) and (D) Vertical tetrads correspond to colonies grown from the each 

of the four haploid spores of the mated haploid parental strains, indicated by asterisks. 
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mutations may have been in the same gene in both S strains.  One of those strains was 

excluded from analysis as a separate gene mutation.  Of the remaining crosses between 

independent elf1Δ S strains, on average the colonies were 22.3% elf1Δ P-like colonies 

and 77.7% elf1Δ S-like colonies (Figure 19C).  Complementation results are outlined in 

Table II. 

 

Whole genome sequencing 

 Since I found that the phenotypic switch from P to S cells is due to the presence 

of additional genetic mutations that suppress the loss of elf1+, I wanted to identify those 

changes.  To identify the genes which carry the suppressor mutations, the entire genomic 

sequence of two elf1Δ P strains and five individually isolated elf1Δ S strains were 

compared using paired-ended whole genome sequencing.  The analysis primarily focused 

on the differences between the P and the S efl1Δ strains, not additional deviations 

between elf1Δ P strains and wild-type strains.  I did not observe large sequence deviations 

between the two types of elf1Δ strains, indicating that there were no whole gene 

duplications or deletions (Table III).  I focused on changes between P and S elf1Δ which 

were consistent between all replicates of each strain (Table III), while S strains with 

minor variations between the biological replicates were set aside to be investigated at a 

later date (Data not shown).  A majority of the nucleotide changes were synonymous, and 

thus did not alter the amino acid sequence.  Some of the candidate genes with 

nonsynonymous point mutations or indels in both sequencing replicates of an S strain 

include SPBPJ4664.02, rli1, cgs1, rpl2702, dbl4, and cue2.  These genes are extremely 

varied in proposed function.  One of these genes, SPBPJ4664.02, which codes for a cell  
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Table II: elf1Δ S strain complementation tests.  Results of complementation tests of 

strains containing independently-arisen S suppressors to determine whether the 

suppressors are in the same gene.  Strain names indicate in which strains the S suppressor 

mutations tested arose.  (+) indicates that the mutations in the two strains occur in the 

same gene.  (-) indicates that the mutations occur in different genes in each of the two 

strains and segregate independently of one another.  (N/A) indicates that the strain pair 

was not crossed, due to being derived from the same strain, meaning they contain the 

same suppressor mutation.  (?) indicates strain crosses that were not tested.  Asterisks 

indicate strains that were later sequenced using whole genome sequencing. 

 

Strain: *AD142a AD154a *AD187 *AD189a *AD200a *AD204a AD204b AD204c 

*AD142a N/A + - - - - - - 

  AD154a + N/A - - - ? ? - 

*AD187 - - N/A - - - - - 

*AD189a - - - N/A - - ? - 

*AD200a - - - - N/A - - - 

*AD204a - ? - - - N/A ? ? 

  AD204b - ? - ? - ? N/A ? 

  AD204c - - - - - ? ? N/A 
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Table III: Changes identified between all triplicates of elf1Δ P and both duplicates 

of elf1Δ S strains by whole genome sequencing. 

Chrom-

osome 

Position Gene ID Coding/

Exon 

ID 

WT 

Seq. 

New Seq. WT 

AA 

New 

AA 

Type of 

Change 

Strains 

I 1905516 SPAC110.

05.1 

- C T - - 3’UTR P (B) vs. 

S (B1) 

I 2327021 - gene:SP

NCRNA

.813 

C A - - ncRNA P (B) vs. 

S (B1) 

I 2327021 SPAC6C3

.03c.1 

- C A - - 5’UTR P (B) vs. 

S (B1) 

I 3160028 SPAC3G9

.11c.1 

- G T - - 5’UTR P (A) vs. 

S (A1) 

I 3160028 SPAC3G9

.11c.1 

- G T - - 5’UTR P (A) vs. 

S (A2) 

I 3160028 SPAC3G9

.11c.1 

- G T - - 5’UTR P (A) vs. 

S (A3) 

I 3160036 SPAC3G9

.11c.1 

- G T - - 5’UTR P (A) vs. 

S (A1) 

I 3160036 SPAC3G9

.11c.1 

- G T - - 5’UTR P (A) vs. 

S (A3) 

I 3160037 SPAC3G9

.11c.1 

- A T - - 5’UTR P (A) vs. 

S (A1) 

I 3160037 SPAC3G9

.11c.1 

- A T - - 5’UTR P (A) vs. 

S (A3) 

I 3160038 SPAC3G9

.11c.1 

- C T - - 5’UTR P (A) vs. 

S (A1) 

I 3160038 SPAC3G9

.11c.1 

- C T - - 5’UTR P (A) vs. 

S (A3) 

I 3160041 SPAC3G9

.11c.1 

- G T - - 5’UTR P (A) vs. 

S (A1) 

I 3160041 SPAC3G9

.11c.1 

- G T - - 5’UTR P (A) vs. 

S (A3) 

I 3160042 SPAC3G9

.11c.1 

- C T - - 5’UTR P (A) vs. 

S (A1) 

I 3160042 SPAC3G9

.11c.1 

- C T - - 5’UTR P (A) vs. 

S (A3) 

I 3477396 SPAC328.

02.1 

- CA C - - INDEL P (A) vs. 

S (A1) 

I 3477396 SPAC328.

02.1 

- CA C - - INDEL P (A) vs. 

S (A3) 

I 3645117 SPAC8C9

.03.1 

- C CTTTTTTT

T 

- - INDEL P (B) vs. 

S (B2) 
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Table III, continued 

Chrom-

osome 

Position Gene ID Coding/

Exon 

ID 

WT 

Seq. 

New Seq. WT 

AA 

New 

AA 

Type of 

Change 

Strains 

I 3645128 SPAC8C9

.03.1 

- A T - - 3’UTR P (B) vs. 

S (B2) 

I 3993810 SPAPB15

E9.02c.1 

- T TAAAAAA

AAAAAAA

AAAAGAA

AAAAAAA

AAAAAAA

AAAAAAA

AAAA 

- - INDEL P (A) vs. 

S (A2) 

I 3993810 SPAPB15

E9.06.1 

- T TAAAAAA

AAAAAAA

AAAAGAA

AAAAAAA

AAAAAAA

AAAAAAA

AAAA 

- - INDEL P (A) vs. 

S (A2) 

II 413473 SPBC106.

18.1 

- A T - - 5’UTR P (A) vs. 

S (A1) 

II 413474 SPBC106.

18.1 

- C T - - 5’UTR P (A) vs. 

S (A1) 

II 465486 SPBC428.

11.1 

- C T - - 5’UTR P (A) vs. 

S (A3) 

II 670961 SPBC947.

04.1 

CDS:SP

BC947.

04.1:pep 

GC

A 

GCT A A SYN P (A) vs. 

S (A2) 

II 670967 SPBC947.

04.1 

CDS:SP

BC947.

04.1:pep 

TAT TAC Y Y SYN P (A) vs. 

S (A1) 

II 692301 SPBPJ466

4.02.1 

CDS:SP

BPJ466

4.02.1:p

ep 

GTT GCT V A NONSYN P (A) vs. 

S (A1) 

II 692301 SPBPJ466

4.02.1 

CDS:SP

BPJ466

4.02.1:p

ep 

GTT GCT V A NONSYN P (A) vs. 

S (A2) 
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Table III, continued 

Chrom-

osome 

Position Gene ID Coding/

Exon 

ID 

WT 

Seq. 

New Seq. WT 

AA 

New 

AA 

Type of 

Change 

Strains 

II 692303 SPBPJ466

4.02.1 

CDS:SP

BPJ466

4.02.1:p

ep 

CTG TTG L L SYN P (A) vs. 

S (A1) 

II 692303 SPBPJ466

4.02.1 

CDS:SP

BPJ466

4.02.1:p

ep 

CTG TTG L L SYN P (A) vs. 

S (A2) 

II 693499 SPBPJ466

4.02.1 

CDS:SP

BPJ466

4.02.1:p

ep 

AG

C 

AGT S S SYN P (A) vs. 

S (A1) 

II 694252 SPBPJ466

4.02.1 

CDS:SP

BPJ466

4.02.1:p

ep 

AA

C 

AAT N N SYN P (B) vs. 

S (B2) 

II 1045183 SPBC337.

08c.1 

CDS:SP

BC337.

08c.1:pe

p 

GAT GAC D D SYN P (B) vs. 

S (B1) 

II 1389165 SPBC8D2

.16c.1 

- A T - - 5’UTR P (A) vs. 

S (A3) 

II 1952886 - gene:SP

NCRNA

.1481 

A T - - ncRNA P (A) vs. 

S (A1) 

II 3883700 SPBC211.

05.1 

- A AAT - - INDEL P (B) vs. 

S (B1) 

II 3883700 SPBC211.

06.1 

- A AAT - - INDEL P (B) vs. 

S (B1) 

II 4165206 SPBC14F

5.06.1 

CDS:SP

BC14F5

.06.1:pe

p 

G GTGTATT

GAAGTTA

ATCCTAC

CGATCGC

ATTGCAT

TTATTAG

TGAAACA

TTA 

- - INDEL P (A) vs. 

S (A3) 
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Table III, continued 

Chrom-

osome 

Position Gene ID Coding/

Exon 

ID 

WT 

Seq. 

New Seq. WT 

AA 

New 

AA 

Type of 

Change 

Strains 

III 180262 SPCC123

5.03.1 

CDS:SP

CC1235

.03.1:pe

p 

CCG

ATC

TCT

TGC

TAT

G 

C - - INDEL P (B) vs. 

S (B1) 

III 1302685 SPCC132

2.08.1 

- C T - - 5’UTR P (B) vs. 

S (B1) 

III 1529703 SPCC584.

01c.1 

- G A - - 5’UTR P (A) vs. 

S (A3) 

III 1939467 - gene:SP

NCRNA

.1245 

G A - - ncRNA P (B) vs. 

S (B2) 

III 1939467 SPCC74.0

5.1 

CDS:SP

CC74.0

5.1:pep 

GGT GAT G D NONSYN P (B) vs. 

S (B2) 
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surface glycoprotein and flocculin, and two other genes, SPBC947.04, also known as 

pfl3, and SPCC1742.01, also known as gsf2 are seen repeatedly when looking at non-

synonymous changes that are not necessarily found in every replicate.  They are known 

to produce proteins which interact with one another, and they are all tied to flocculation.  

The candidate gene rli1 encodes a protein predicted to be an iron-sulfur ATPase involved 

in ribosome biogenesis and translation.  cgs1 codes for a regulatory subunit of a cAMP-

dependent protein kinase.  The protein rpl2702 codes for is predicted to be the 60S 

ribosomal subunit L27.  The protein encoded by dbl4 is a ubiquitin-protein ligase E3, 

which is involved in sporulation.  cue2 encodes an SMR domain protein which is 

hypothesized to be involved in DNA repair and neddylation, in which it helps bind the 

ubiquitin-like NEDD8 protein to its target proteins.  

 These sequencing results make it clear that mutations occur frequently in elf1Δ 

strains, suggesting that Elf1 is required for genome stability.  The resulting genomic 

instability in elf1Δ cells causes those mutations that lead to the size switching observed in 

0.066% of elf1Δ colonies, though the rate of mutation in elf1Δ cells seems appears much 

higher than the rate of size switching (Figure 6 and Tables I and III).  While these 

sequencing results support the hypothesis that the loss of Elf1 leads to genome instability, 

they do not show us the mechanism that caused these mutations. 

  

RNAs accumulate in the nucleus of elf1Δ P cells 

To investigate the cause of the suppressor mutations in S elf1Δ strains, I 

speculated that loss the function of Elf1 in mRNA transport could be a potential origin of 

mutagenesis.  Without Elf1, RNAs are not efficiently transported to the cytoplasm, and 
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therefore accumulate in the nucleus, where they may act as mutagens (Aguilera & 

García-Muse, 2012; Kozak et al., 2002).  To confirm a role of Elf1 in RNA export from 

the nucleus to the cytoplasm, I performed RNA-FISH to identify the localization of the 

mRNA in the cell, and to determine whether the deletion of elf1+ would cause 

accumulation of mRNAs within the nucleus.  Our data showed distinct RNA 

accumulation in the nuclei of roughly 40% of elf1Δ P cells (n=600), which was not seen 

in wild-type cells (n=250) (Figure 20).  Conversely, RNA accumulation was seen in less 

than 5% of elf1Δ S cells (n=1000).  

 

Deleting RNase H subunits in elf1Δ P cells increases rates of size switching 

I attempted to understand the mechanism which lead to the multitude of different 

mutations after the loss of elf1+, as it was previously unstudied.  Elf1’s involvement in 

RNA transport from the nucleus to the cytoplasm has already been documented (Kozak et 

al., 2002), and I confirmed this observation (Figure 20).  Given that RNA can mediate 

mutagenesis (Aguilera & García-Muse, 2012; Aguilera & Gomez-Gonzalez, 2008), I 

hypothesized that the build-up of RNAs within the nucleus of elf1Δ cells led to the 

genomic instability that increased the mutation rate, by the formation of mutagenic 

structures called R-loops.  When R-loops form, RNA hybridizes with one strand of DNA, 

and leaves the other strand displaced (Aguilera & García-Muse, 2012).  These structures 

interfere with transcription, factor binding, as well as the assembly of nucleosomes 

(Aguilera & García-Muse, 2012).  Normally, within the cell, these RNA-DNA hybrids 

are resolved by RNase H activity (Gavaldá et al., 2013).  Conversely, the loss of RNase H 

would degrade a cell’s ability to break down RNA-DNA hybrids.  I hypothesized that if  
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Figure 20: RNA accumulates in the nuclei 

of elf1Δ P cells.  RNA-FISH shows mRNA 

accumulation in the nuclei of elf1Δ P cells, 

but not the nuclei of wild-type or elf1Δ S 

cells. 

Wild-Type 

elf1Δ P  

elf1Δ S  
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elf1Δ strains accumulated RNA-DNA hybrids that caused the suppressor mutations to 

occur and produce S strains, the loss of RNase H activity would enhance the mutation 

rates in elf1Δ P cells.  As expected, when the two RNase H genes in S. pombe were 

removed in elf1Δ P cells, they experienced more than 6-fold more frequent switching to 

the S phenotype, from a 0.066% switching rate in elf1Δ cells to a 0.407% switching rate 

in elf1Δ cells lacking RNase H proteins, a statistically significantly increase (Figure 6 and 

Table I).  This result indicates that RNase H activity is essential to prevent switching 

from P to S cells, supporting my hypothesis that loss of Elf1 may lead to RNA 

accumulation within the nucleus, which may form R-loops that lead to the genomic 

instability.  
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DISCUSSION 

 

Elf1 has not been extensively studied in S. pombe or any other fungal species.  

The protein and its potential roles are intriguing because its loss causes a distinct 

phenotype: the slow-growing, small colony-forming P phenotype can change to the S 

phenotype, which has characteristics more similar to wild-type.  This switch occurs 

without any environmental interference.  The phenotype switching is so intriguing 

because, in a way, elf1Δ P cells are capable of “fixing” their own growth defects. 

A previous study in S. pombe had found that elf1Δ cells grew only slightly slower 

than wild-type cells, which was at odds with the extremely slow-growing phenotype seen 

in an elf1Δ strain generated by researchers in our lab (Kozak et al., 2002).  Strangely, 

when work resumed on the same elf1Δ strain made in our lab years later, I observed the 

same phenotypes in this strain that Kozak et al. had seen in their strains: no obvious 

growth defect compared to the wild-type cells (2002).  My observations about phenotype 

switching indicate that the strain used in the study by Kozak et al. was an elf1Δ S strain, 

and that the stored strain in our lab had started as P cells but switched to S cells before 

storage.   

In contrast to the study on Elf1 in S. pombe by Kozak et al., a study on Elf1 in C. 

albicans by Sturtevant et al. found the cells completely lacking Elf1 grew distinctly more 

slowly (Kozak et al., 2002; Sturtevant et al., 1998).  Another study in S. pombe found that 

elf1Δ cells had a distinctly long shape (Hayles et al., 2013).  They lumped genes into 

groups based on the cell shape phenotypes, and they found that most of the genes in the 

same group with Elf1 encoded proteins involved in mRNA metabolism and progression 
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through interphase in the cell cycle (Hayles et al., 2013).  Sturtevant et al. was somewhat 

less specific as to what phase of the cell cycle they felt Elf1 affected,  and they simply 

attributed much of the slow growth seen in elf1Δ strains to misshapen, aggregated cells 

(Sturtevant et al., 1998).  I also observed slow growth phenotypes that affected both cell 

shape and colony size in elf1Δ P strains.  Growth defects associated with gene deletions 

are not unique, as many genes have important cellular functions.  The unique phenomena 

after the loss of elf1+ is the distinct ability to switch to colonies that grow faster (Figure 

2).  While not specifically researched in the study of C. albicans, Sturtevant et al. did, 

perhaps unintentionally, notice that the misshapen but viable cells were outgrown by the 

more “normally shaped” cells (Sturtevant et al., 1998).  This likely correlates to what I 

observed with S cells overgrowing P cells when aging liquid cultures of elf1Δ P cells for 

several days (Figure 8).  When in direct competition in liquid cultures diluted daily, elf1Δ 

S cells that arose in cultures of elf1Δ P cells eventually overtook the entire culture and 

became the only cell type found (Figure 8).  In addition, in experiments that were run 

similarly with elf1Δ cells in direct competition for survival with wild-type cells, I found 

that P cells were readily outgrown by wild-type cells (Figure 9), further supporting this 

idea.  The growth disadvantage of cells lacking Elf1 was clear, but the disadvantage 

decreased when the secondary alteration that conveyed the S phenotype appeared. 

Oddly enough, increased incubation temperature alleviated the P phenotype 

without causing a permanent change, meaning that the elf1Δ P cells grew at rates more 

similar to S strains than P strains when incubated at increased temperature (37°C) 

(Figures 10 and 11), until moved back to normal incubation temperatures (30°C), when 

they again displayed the severe growth defect characteristic of P strains (Figure 10).  
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Since elf1+ is completely missing from the cells, the higher temperature may have 

affected the expression level of proteins that are functionally connected with Elf1 in a 

way that is similar to the way the suppressors are genetically altered when P cells switch 

to S cells.  For example, this could mean that if the S phenotypes are due to a mutation 

that leads to decrease in function or expression of a given protein, there is a possibility 

that the expression of those same proteins decreases at increased temperatures.  This 

phenomena is common, as studies testing overall effects on expression levels due to heat 

stress have noticed distinct changes in expression in a number proteins (D. Chen et al., 

2003).   

When P cells are grown on plates for 6 days, less than 35 generations of cells 

division occur because of the slow growth.  However, I observed that 0.066% of P 

colonies switched to faster-growing S cells.  Usually the cause of such a quick change of 

phenotype is epigenetic instead of genetic.  If the phenotype switch is caused by the 

changing of the chromatin structure within the nucleus, the phenotypic switch from P to S 

should be reversible.  However, once completely switched, not temporarily alleviated by 

heat, S cells were never able to convert back to P cells, ruling out this possibility.  We 

hypothesized that another possible epigenetic mechanism capable of mediating this 

switching is the formation of prions in the cytoplasm of S cells. 

As yeast prion biology has some inherent differences from mammalian prion 

biology, such as not having the ability to build up in the brain and not always being fatal 

(Wickner et al., 2013), scientists had to develop criteria for non-mammalian prions.  

Researchers decided that the three primary criteria for prions, in addition to being due to 

infectious protein, are that (1) they must demonstrate “reversible curing,” in which prions 
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can be cured but are able to form again, given the right conditions, (2) overproduction of 

the prion protein will increase the frequency of prion appearance, and (3) there is a 

similar phenotype in a prion-containing cell as there would be to a cell containing a 

mutation in the prion protein (Wickner et al., 2013).  

While no prions have been found in S. pombe, the reason for not yet discovering 

prions in the species has been a matter of uncertainty, as the species appears to have all 

the necessary chaperone machinery for prion propagation (Espinosa Angarica, Ventura, 

& Sancho, 2013; Reidy, Sharma, & Masison, 2013).  In fact, some potential prion 

candidates have even been identified (Espinosa Angarica et al., 2013).  Prions are 

especially intriguing when looking into the role of Elf1 in S. pombe because an ortholog 

of Elf1 is NEW1 in S. cerevisiae, a protein that is capable of forming a prion, promoting 

other prion formation, and breaking down amyloid fibers of other prions (Du & Li, 2014; 

Inoue, Kawai-Noma, Koike-Takeshita, Taguchi, & Yoshida, 2011).  However, while 

there is sequence similarity throughout much of the protein, Elf1 in S. pombe lacks the 

putative N-terminal prion-forming domain that NEW1 contains, making it much less 

likely to form a prion. 

The first prions studied in yeast were initially identified by accident, after an 

alteration to a certain gene led to atypical cell behaviors (Liebman & Chernoff, 2012; 

Wickner, 1994).  Abnormal heritance patterns first clued in researchers to the fact that the 

source of the irregularities were not typical genetic mutations (Wickner, 1994).  

Eventually, they were able to identify amino acid sequences characteristic of prions.  For 

years this was the method of identifying prions: find an abnormal alteration that doesn’t 

follow normal Mendelian patterns, then see whether it followed identified prion 
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behaviors.  I applied a similar methodology in my own research, as initially the 

segregation patterns were not completely clear cut.  I tried to detect the presence of a 

prion by attempting to “cure” them using GuHCl, which prevents propagation of prion 

“seeds” so that the prions are eventually lost from the new generations of the population 

(Eaglestone et al., 2000; Ness, Ferreira, Cox, & Tuite, 2002).  However, this method was 

unable to prevent switching from P to S elf1Δ cells, and did not “cure” existing S elf1Δ 

cells (Figure 12).  

Since GuHCl has not been used to eliminate prions in S. pombe, as none have 

been identified so far, I did not want to completely rule out prions as a source of the size 

switching between P and S elf1Δ colonies, because I couldn’t guarantee that a prion in S. 

pombe would respond to GuHCl the same as prions in other yeasts.  Due to this, I 

attempted a more physical approach geared toward finding large protein aggregates, as 

some S. cerevisiae researchers have.  The idea was that if I could isolate such large 

aggregates, I would hopefully be able to send them for mass spectroscopy for 

identification (Kryndushkin, Pripuzova, Burnett, & Shewmaker, 2013; Kryndushkin, 

Wear, & Shewmaker, 2013).  Ultimately, I did not see any distinct differences in protein 

accumulations between strains types, and no large protein aggregates in S elf1Δ cells, 

which supported the idea that the alterations were not prions (Figure 13). 

Additionally, I also knew that if the cause of the phenotype switching were due to 

a prion, I should have observed an inheritance pattern where the S phenotype was passed 

on to all daughter cells in genetic crosses with an elf1Δ S strain as one parent (Halfmann 

et al., 2012; Liebman & Chernoff, 2012).  We know this would be the case because 

known prions transmit themselves through “seeds” that are transferred through 
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cytoplasmic inheritance (Lindquist, Supervisor, & Bell, 2011; S B Prusiner, 1991; Tuite 

& Cox, 2003).  Cytoplasmic inheritance would cause all daughter cells to receive 

cytoplasmic contents from the parent cells, thus all daughter cells should contain prions if 

the parent cell has accumulated prion amyloids and seeds.  Instead, I found that the S 

suppressor in elf1Δ cells segregated according to Mendel’s first law (Figures 18 and 19), 

indicating that the suppressor was a genetic change, not a prion. 

Understanding what changes caused the S phenotype is important because the 

suppressors may work pathways related to Elf1.  Identifying these suppressors could help 

us better understand the function of Elf1 and its functionally associated proteins.  I 

determined that some of the changes varied between strains by generating 

complementation groups for each independently-arisen S strain and mating each S strain 

type to one another (Figure 19 and Table II).  This indicated that there were a variety of 

changes which occurred at the genomic level in various S cells, and that some of the 

changes in each S strain were capable of suppressing the loss of Elf1.   

It was key to identify whether there are a genomic sequence changes between 

elf1Δ P and S strains in order to determine the actual change that produces the larger S 

elf1Δ colony size.  The results of my whole genome DNA sequencing showed some small 

changes, but nothing as distinctly dramatic as a deletion or duplication of a large portion 

of a gene.  The resulting reads were analyzed for differences between elf1Δ P and S 

strains.  As the P strains that change to the S phenotype all display similar phenotypes, 

with slight variation in growth rates (Figure 2C), I expected that any alteration to the 

genome between P and S strains could have causes in similar pathways between 

independent S strains, and the mutations may be in genes involved in similar pathways.  
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However, as I also discovered that most S strains tested contained different mutations 

(Figure 19 and Table II), I expected different mutations between the different, sequenced 

S strains. 

If the altered size between elf1 P and S colonies was genetic, I expected decisive 

sequence differences between the strain types.  This would mean elf1Δ strains had 

inherent genomic instability that lead to further mutations.  By analyzing the sequences, 

we were able to visualize the genomic changes between the strains. 

Three genes discovered in the sequence analysis as having alterations, 

SPBC947.04, also known as pfl3; SPBPJ4664.02; and SPCC1742.01, also known as gsf2, 

all play roles related to one another, and are tied to flocculation (Kwon et al., 2012; 

Matsuzawa, Morita, Tanaka, Tohda, & Takegawa, 2011; Ryan et al., 2012).  While not 

what was expected, their relation to and regulation capabilities over one another is 

intriguing (Kwon et al., 2012).  Even more curiously, when Farlow et al. were 

investigating S. pombe’s spontaneous mutation rate, they identified changes in 

flocculation-related genes in 20 out of 96 total cell lines measured, a significantly higher 

rate of mutation than seen in any other type of gene (Farlow et al., 2015).  The effect of 

environmental stressors on S. pombe cells can be mitigated by flocculation, which might 

mean that the genes related to flocculation regulation make up a large number of the 

mutations seen because their alteration may somehow protect the cell (Farlow et al., 

2015).  Conversely, they may simply be more prone to mutation themselves and have an 

abnormally high mutation rate (Farlow et al., 2015).  The gene that they detected the most 

mutations in was a gene I found many mutations in, SPBPJ4464.02.  This could be tied to 

its as-of-yet not completely understood role in the cell, but it could also be tied to how 
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long the gene is; its full length is 12,260 nucleotides with no introns.  That is notably 

longer than the average length of exon components of S. pombe genes, which less than 

1,011 nucleotides.  The extremely long length of the gene does provide it with more than 

11 times as much area to be modified as the average gene, potentially skewing results. 

Farlow et al. did propose that their method of choosing isolated colonies may 

have inadvertently led them to choosing colonies with mutations that had decreased cell-

adhesion (Farlow et al., 2015).  Similarly, while I did not select for such colonies, 

intentionally or unintentionally, the cells that grew best in liquid cultures were the 

“normal shaped” S cells, not the abnormally long P cells, some of which appeared to 

potentially be undivided aggregations of small cells.  This essentially formed its own 

selection pressure in cultures, just as seen by Sturtevant et al. (Sturtevant et al., 1998). 

Interestingly, pfl3 mRNA expression levels decrease at increased temperatures 

(D. Chen et al., 2003).  If the non-synonymous mutations seen in sequencing lead to 

decreased function of the Pfl3 protein, the decreased expression level of normal Pfl3 at 

increased temperatures could explain the synthetic alleviation of the elf1Δ P slow-growth 

phenotype. 

Five other protein-encoding genes had mutations seen in both biological replicates 

of individual elf1Δ S strains.  The first, rli1, is an essential ATPase involved in ribosome 

biogenesis and translation, with an iron-sulfur binding domain.  Intriguingly, Rli1 plays a 

role in rRNA processing and transportation of ribosomal subunits from the nucleus to the 

cytoplasm, similar to Elf1’s hypothesized role with mRNA (Balk, Netz, Tepper, Pierik, & 

Lill, 2005; Kispal et al., 2005; Yarunin et al., 2005).  The change observed in sequencing 

is an insertion of 51 bases, so there are added amino acids, but there is no change in the 
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reading frame.  As this gene is essential, it must still be performing some of its functions, 

but perhaps less effectively.  Also, expression levels of this gene decrease at higher 

temperatures, similar to pfl3, which could explain how P strains exhibit S strain-like 

phenotypes at increased temperatures (D. Chen et al., 2003). 

The protein Cgs1 acts as the regulatory subunit of the cyclic-AMP-dependent 

protein kinase A (PKA) (Takeda, Toda, Kominami, & Kohnosu, 1995).  The role of 

PKA’s in yeast is commonly tied to stress responses and sexual differentiation (Kronstad 

et al., 1998; Takeda et al., 1995; Thevelein & Winde, 1999).  Under some stress 

conditions, cAMP concentrations in the cell drop, decreasing the activity of PKA, which 

in turn leads to the expression of the ste11 gene.  The resulting protein of this gene acts as 

a transcription factor within the cell, primarily targeting genes involved in sexual 

development and often leading to stationary growth (Kronstad et al., 1998).  Sexual 

development is not the only role PKA is tied to in the cell.  PKA regulation is heavily 

involved in stress response, cell growth, cell aging, nutrient response (Matsuo, Mcinnis, 

& Marcus, 2008; Yanagida, Yamashita, Tatebe, & Ishii, 1999).  When PKA function is 

lost, cells survive longer in stationary phase, accumulate less reactive oxygen species, 

and initiate apoptosis less frequently (Roux, Quissac, Chartrand, Ferbeyre, & Rokeach, 

2006).  If the cgs1 gene is altered, such as in the elf1Δ S strains, regulation of PKA 

function may change.  If this leads to a decrease in PKA function, cells may grow better, 

survive longer, and undergo less apoptosis. 

Another gene I found mutated was rpl2702.  The protein this gene codes for has a 

predicted role as a 60S ribosomal protein, but very little additional research to further 

elucidate its function.  The fourth gene identified as having non-synonymous mutations 
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in both replicates of two different elf1Δ S strains is dbl4, a RING finger ubiquitin ligase 

E3.  Its protein product is tied to the ubiquitination and degradation of surplus histones in 

chromatin (Yu, Ren, Zhang, & Suo, 2013).  Other studies have tied it to meiosis, but 

minimal research has been done on dbl4 (Rumpf et al., 2010).  The last gene I found 

mutated in both replicates of the same S strain was cue2, which encodes an SMR domain 

protein, with little known about it.  Very little is known about either protein, and to 

understand if the mutations seen in rpl2702 or cue2 are capable of suppressing the elf1Δ 

P phenotype, more work must be done.  Overall, there are numerous candidate genes that 

may cause the S suppressor phenotype.  More investigation must be done to identify 

which of these mutations affect the phenotypes of cells lacking Elf1. 

 I detected mutations that could potentially cause the size switch of colonies from 

P to S phenotype elf1Δ strain, but haven’t completely elucidated the mechanism.  Based 

on the knowledge that Elf1 plays a role in mRNA transport, the cause of the mutations 

and the source of the genomic instability could be tied to the accumulation of mRNA 

within the nucleus (Kozak et al., 2002).  My research showed a distinct increase in the 

amount of RNA in the nucleus of elf1Δ P cells in comparison to wild-type cells (Figure 

20).  As discussed previously, RNA can act as a mutagenic agent when left in the nucleus 

(Aguilera & García-Muse, 2012), so this buildup likely causes an abnormally high 

frequency of R-loops.  With a large number of R-loops, they may not be degraded in a 

timely manner, exposing many sections of DNA to breaks.  The dramatic change in the 

size switching rate between wild-type cells, elf1Δ P cells, and elf1Δrnh1Δrnh201Δ P cells 

further supports the hypothesis that the buildup of RNA, which likely results R-loops, is 

the source of the genomic instability in elf1Δ cells.  The normal mutation rate, 
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encompassing all types of mutations, not just mutations that cause size switching is a 

mere 2.00 ± 0.10 X 10-10 mutations per site, per generation, meaning that there will only 

be 1 mutation in a genome after approximately 400 generations (Farlow et al., 2015).  My 

data show that the size switching rate in elf1Δ cells, which is calculated only from 

mutations that cause nonsynonymous changes altering portions of the genome that affect 

the size of elf1Δ cells, affects a dramatic 0.066% of colonies (Figure 5 and Table I).  This 

rate is more than 6-fold higher in elf1Δ P cells that also lack RNase H proteins, at 0.407% 

(Figure 5 and Table I).  Since cells that are unable to degrade RNAs that form R-loops 

have such an increase in size switching, it supports the hypothesis that R-loops are the 

mechanism behind the genomic instability seen in elf1Δ cells. 
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MATERIALS AND METHODS 

 

 

Strain growth conditions 

For most experiments, Schizosaccharomyces pombe (S. pombe) strains were 

grown in standard conditions, on YEA rich media plates (5 g/L yeast extract, 30 g/L D-

glucose, 75 mg/L adenine, 20 g/L agar) or liquid culture (5 g/L yeast extract, 30 g/L D-

glucose, 75 mg/L adenine)  at 30°C (Forsburg, 2003).  However, strains were typically 

grown on plates for 6 days, so that colonies of elf1Δ P strains were of adequate size for 

use, and all strains were grown the same amount of time. 

 

Strains 

The Schizosaccharomyces pombe (S. pombe) strains that were used in this study 

are listed in Table IV. 

 

Strain generation by site-directed mutagenesis 

The deletion strains used in this study were created using either Dr. Jurg Bӓhler’s 

method of site-directed mutagenesis using heterologous modules to replace portions of 

the gene sequence with antibiotic selectable markers (Bähler et al., 1998) or by genetic 

crosses.  To create full deletion mutants (Δ), Bӓhler’s method was used to replace the 

open reading frame within the gene of interest with a selectable antibiotic marker.  To 

accomplish this, a cassette containing approximately 100 to 500 base pair overlap with 

both the 5’ and the 3’ untranslated regions of the gene of interest flanking either KanMX6 

or NatN2 was created and amplified with PCR.  All oligonucleotides used for this process 

are listed in Table V. 
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Table IV: List of strains used in this study.  Where applicable, the elf1Δ strain type (P 

or S) and elf1Δ ancestor strain (A or B) are included.  The ancestor strain is the strain that 

the given strain is a descendent of, with the original strain of that family being marked 

with an asterisk. 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD17a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

rdp1Δ::KanMX 

N/A N/A 

SPAD35a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+,  

elf1-GFP::KanMX 

N/A N/A 

SPAD45a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

ago1Δ::KanMX 

? A 

SPAD46a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

ago1Δ::KanMX 

? A 

SPAD47a smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

ago1Δ::KanMX 

? A 

SPAD48a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD49 sm

t0 

leu1-

32 

21

0 

hi

s2 

DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD50a h+ leu1-

32 

21

0 

pl

us 

DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr3Δ::KanMX 

S A 

SPAD50b,

c 

h+ leu1-

32 

21

0 

pl

us 

DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr3Δ::KanMX 

P A 

SPAD51a sm

t0 

leu1-

32 

21

0 

hi

s2 

DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr3Δ::KanMX 

S A 

SPAD51b sm

t0 

leu1-

32 

21

0 

hi

s2 

DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr3Δ::KanMX 

P A 

SPAD52a,

b 

h+ leu1-

32 

21

0 

pl

us 

DS/E otr1R(Sph1)::ura+, 

clr3Δ::KanMX 

N/A N/A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD53 h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

rdp1Δ::KanMX 

? A 

SPAD54a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

rdp1Δ::KanMX 

? A 

SPAD55 smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

rdp1Δ::KanMX 

? A 

SPAD56a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

rdp1Δ::KanMX 

? A 

SPAD57a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rdp1Δ::KanMX 

N/A N/A 

SPAD58a smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+,  

elf1-ΔCD-GFP::KanMX 

N/A N/A 

SPAD59a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+,  

elf1-ΔCD-Flag::KanMX 

N/A N/A 

SPAD60a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2,  

rpb2-m203 

? A 

SPAD61a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2,  

rpb2-m203 

? A 

SPAD62a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, rpb2-

m203 

? A 

SPAD63a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

rpb2-m203 

N/A A 

SPAD64a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

rpb2-m203 

N/A A 

SPAD65a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rpb2-m203 

N/A A 

SPAD66a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

dcr1Δ::KanMX 

? A 

SPAD70a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD71a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD72a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD73a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD74a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD75a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD76a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD77a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD78a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD79a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD80a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD81a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD82a smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD82b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD83a smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD83b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD84a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD85a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD86a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD87a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD88a smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD88b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD89a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD90a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD91a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD92a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD93a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD94a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD95a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD96a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD97a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD98a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD99a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD100a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD101a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD102a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+,  

elf1-ΔCD-GFP::KanMX 

N/A N/A 

SPAD103a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

 elf1-ΔCD-

Flag::KanMX 

N/A N/A 

SPAD104a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD105a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD106 h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD107 h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD108a*,

b 

smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B* 

SPAD109 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD111a,b h+ ?/ 

leu1-32 

M26 ?/ 

plus 

?/DS/E elf1Δ::NatN2 

(?otr1R(Sph1)::ura+?) 

P A 

SPAD112a,b h+ ?/ 

leu1-32 

M26 ?/ 

plus 

?/DS/E elf1Δ::NatN2 

(?otr1R(Sph1)::ura+?) 

S A 

SPAD113 smt0 ?/ 

leu1-32 

M26 ?/ 

his2 

?/DS/E elf1Δ::NatN2 

(?otr1R(Sph1)::ura+?) 

P A 

SPAD114a,b smt0 ?/ 

leu1-32 

M26 ?/ 

his2 

?/DS/E elf1Δ::NatN2 

(?otr1R(Sph1)::ura+?) 

S A 

SPAD115a,b h+ leu1-32 469 ?/ 

plus 

?/DS/E elf1Δ::NatN2 

(?otr1R(Sph1)::ura+?) 

P A 

SPAD116a,b h+ leu1-32 469 ?/ 

plus 

?/DS/E elf1Δ::NatN2 

(?otr1R(Sph1)::ura+?) 

S A 

SPAD117a,b smt0 leu1-32 469 ?/ 

his2 

?/DS/E elf1Δ::NatN2 

(?otr1R(Sph1)::ura+?) 

P A 

SPAD118a,b smt0 leu1-32 469 ?/ 

his2 

?/DS/E elf1Δ::NatN2 

(?otr1R(Sph1)::ura+?) 

S A 

SPAD120 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD121a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

hsp104Δ::NatN2 

N/A N/A 

SPAD122a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD123a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD124a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD125a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD126a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

hsp104Δ::NatN2 

N/A N/A 

SPAD127a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

hsp104Δ::NatN2 

N/A N/A 

SPAD128a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

hsp104Δ::NatN2 

N/A N/A 

SPAD129a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

hsp104Δ::NatN2 

N/A N/A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD131 h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

P A 

SPAD132 h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

P A 

SPAD133 smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

P A 

SPAD134a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

P A 

SPAD135a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

P A 

SPAD136a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

S A 

SPAD137a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

P A 

SPAD138a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

S A 

SPAD139a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

P A 

SPAD140a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

S A 

SPAD141a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

hsp104Δ::KanMX 

S A 

SPAD142a-c smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD143a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD144a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr3Δ::KanMX 

? A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD145a,b h+ leu1-32 210 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr4Δ::KanMX 

? A 

SPAD146a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr4Δ::KanMX 

? A 

SPAD147a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD148a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD149a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD150a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD151a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+ N/A N/A 

SPAD152a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD153a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD154a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD155a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD157a-c smt0 leu1-32 DN/

N 

plus DS/E otr1R(Sph1)::ura+, 

mat2::ade6+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD158a-c smt0 leu1-32 DN/

N 

plus DS/E otr1R(Sph1)::ura+, 

mat2::ade6+, 

hsp104Δ::NatN2 

N/A N/A 

SPAD165a,b smt0 leu1-32 DN/

N 

plus DS/E otr1R(Sph1)::ura+, 

mat2::ade6+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD166a,b smt0 leu1-32 DN/

N 

plus DS/E otr1R(Sph1)::ura+, 

mat2::ade6+, 

hsp104Δ::NatN2 

N/A N/A 

SPAD167 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD168a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD170a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ade6+, 

hsp104Δ::KanMX 

N/A N/A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD171 h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD172a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD173a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD174a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD177 h+ leu1-32 216 plus DS/E otr1R(Sph1)::ade6+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD178a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ade6+, 

hsp104Δ::KanMX 

N/A N/A 

SPAD179a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD180a-i smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD181 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD182a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD183a-c smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD184 smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD185a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+,  

elf1-1-myc::KanMX 

N/A N/A 

SPAD186a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD187 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD188a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD189a smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD190 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD191 h+ leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD192 h+ leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD193 h+ leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD194a,b h+ leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD195a,b h+ leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD196a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD197a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD198 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P A 

SPAD199a,b h+ leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD200a-c smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD201a,b h+ leu1-32 ? plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD202a,b h+ leu1-32 ? plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

P B 

SPAD203a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh201Δ::KanMX 

N/A N/A 

SPAD204a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD205a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

rnh201Δ::KanMX 

N/A N/A 

SPAD206a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh201Δ::KanMX 

N/A N/A 

SPAD207a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX 

N/A N/A 

SPAD208 h+ leu1-32 210 plus  D18 
 

N/A N/A 

SPAD209a,b smt0 leu1-32 210 his2  D18 
 

N/A N/A 

SPAD211a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD212a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD213a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD214a-c smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD215 smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD216a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::KanMX 

P N/A 

SPAD217a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD218 h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD219a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD220a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX 

N/A N/A 

SPAD221a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX 

N/A N/A 

SPAD222a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::KanMX 

P N/A 

SPAD223a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::KanMX 

P N/A 

SPAD224 h+ leu1-32 216 plus ura4+ 
 

N/A N/A 

SPAD225 smt0 leu1-32 216 his2 ura4+ 
 

N/A N/A 

SPAD226a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX 

N/A N/A 

SPAD227a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX 

N/A N/A 

SPAD228 h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

P A 

SPAD229a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

P A 

SPAD230a,b h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

elf1Δ::NatN2 

P A 

SPAD231 h+ leu1-32 210 plus D18 elf1Δ::NatN2 P A 

SPAD232 h+ leu1-32 216 plus DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

P A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD233a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

P A 

SPAD234a,b h+ leu1-32 216 plus ura4+ elf1Δ::NatN2 P A 

SPAD235a,b smt0 leu1-32 216 his2 ura4+ elf1Δ::NatN2 P A 

SPAD236a-c Dipl-

oid 

leu1-32 210/

216 

 
+/D18 

 
N/A N/A 

SPAD237a-c Dipl-

oid 

leu1-32 210/

216 

 
+/D18 

 
N/A N/A 

SPAD238a-c Dipl-

oid 

leu1-32 210/

216 

 
+/D18 elf1Δ::NatN2 P A 

SPAD239 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

? A 

SPAD240 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

S A 

SPAD241a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

S A 

SPAD242a-l smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

S A 

SPAD243 h+ leu1-32 210? plus DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr4Δ::KanMX 

? A 

SPAD244 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2, 

clr4Δ::KanMX 

? A 

SPAD254 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD255a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD256a-

d 

smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 
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Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD257 smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD258a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD259 smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD260a-c smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD261a,b smt0 leu1-32 210 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S B 

SPAD272a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD273a,b smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD274 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD275 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD276 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD277 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD278a-

d 

smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

S A 

SPAD279 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

S A 

SPAD280a-f smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

elf1Δ::NatN2 

S A 

SPAD281 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

S A 

SPAD282a-

d 

smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

S A 

 



76 

 

 

Table IV, continued 

Strains mat leu ade6 his2 ura4 Additional Mutations 

elf1Δ 

Strain 

type 

elf1Δ 

Ancestor 

Strain 

SPAD283a-c smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

rnh1Δ::KanMX, 

rnh201Δ::KanMX, 

elf1Δ::NatN2 

S A 

SPHC272 mst0 leu1-32 216 his2  DS/E OtrR1::ura4, 

dcr1∆::KanMX 

N/A N/A 

SPWF19 smt0 leu1-32 216 his2  DS/E otr1R(Sph1)::ura+ N/A N/A 

SPWF20 h+ leu1-32 216 plus  DS/E otr1R(Sph1)::ura+ N/A N/A 

SPKZ8 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+ N/A N/A 

SPKZ358 smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

clr6-1 

N/A N/A 

SPKZ992a*,

b 

smt0 leu1-32 216 his2 DS/E otr1R(Sph1)::ura+, 

Elf1D::NatN2 

? A 
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Table V: Oligonucleotide primers used in this study. 

 

Name Sequence (5’ – 3’) Target/Function 

Kan2 ATCATTGGCAACGCTACCTT Used for genotyping N-

terminal tags 

Kan3 GCGCAATCACGAATGAATAA Used for genotyping C-

terminal tags 

Kan_Fwd CGGATCCCCGGGTTAATTAA Used to amplify KanMX 

cassette 

Nat2-S2 ATCGATGAATTCGAGCTCG Used to amplify NatN2 

cassette 

NAT2 GGTGTCGGTGGTGAAGGACC Used for genotyping N-

terminal tags 

NAT3 TGCCCTGCCCCTAATCTCGA Used for genotyping C-

terminal tags 

Elf1_FW1 GGTGCTGGTAAATCAACGCT Frag 1 FW to delete Elf1 

chromodomain 

Elf1_RV1 CAATTCACGGAAACCGAGACCTTC

GCCATTGACCGTAATATCACGC 

Frag 1 RV to delete Elf1 

chromodomain 

Elf1_RV3 TACATAGTTCTCTTGACACC For genotyping Elf1 deletion 

(with Kan3 or Nat3) 

Elf1_RV2 ACGATACCATCCACCAAGTTC Frag 3 RV to delete Elf1 

chromodomain 

Elf1_FW2 GAAGGTCTCGGTTTCCGTGAATTG Frag 3 FW to delete Elf1 

chromodomain 

Elf1-CD_check CAATTCACGGAAACCGAGACCTTC For genotyping Elf1 CD 

deletion (with Elf1-FW1) 

Elf1_Del_FW TCAATAGTTGTCCTCCACCAAG For amplifying entire 

deletion fragment in existing 

elf1Δ strain, with Elf1_RV2 

Elf1_Del_FW1 TAACAGAGTAGTAGTAAAAAATCC

C 

Use with Elf1_Del_RV1 to 

make fragment 1 to delete 

elf1 

Elf1_Del_RV1 TTAATTAACCCGGGGATCCGGACAT

CGTCCTCTTCGTAACCCTG 

Use with Elf1_Del_FW1 to 

make fragment 1 to delete 

elf1 

Elf1_Del_FW2 CGAGCTCGAATTCATCGATTCTTCT

CTGATGATGAAG 

Use with Elf1_RV2 to make 

fragment 3 to delete elf1 

Elf1_Del_WtChk

_RV 

TCCCGACTTCTTATTGCGAGC Use with Elf1_Del_FW1 to 

genotype for wild-type elf1 

after deleting elf1 

Elf1-1 FW GGTCCTAACGGTGCTGATAAATCAA

CGCTTATTAAAG 

Create a point mutation at 

AA731 

Elf1-1 RV CTTTAATAAGCGTTGATTTATCAGC

ACCGTTAGGACC 

Create a point mutation at 

AA731 
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Table V, continued 

 

Name Sequence (5’ – 3’) Target/Function 

Elf1-1 geno FW GGTCCTAACGGTGCTGAT Genotype mutant point 

mutation at AA731 

Elf1-1 WT Geno 

FW 

GGTCCTAACGGTGCTGGT Genotype WT, no point 

mutation at AA731 

Elf1-1 geno RV ATGTGCCCTGATGTCTTCGG Genotype point mutation at 

AA731 

Elf1-1_seq_FW CGGTATCTTAACTGGTGTGCG To sequence mutations at the 

731st (739th?) amino acids 

in elf1 

rnh1 FW1 GTCCAGATATGTGACATTTCC Frag 1 FW to delete rnh1 

rnh1 RV1 TTAATTAACCCGGGGATCCGCACGC

TTATTTCCACC 

Frag 1 RV to delete rnh1 

rnh1 FW2 CGAGCTCGAATTCATCGATGTAATC

AACAAGCCGATATGC 

Frag 3 FW to delete rnh1 

rnh1 RV2 GACTGCCGTTAAGACACCGAACC Frag 3 RV to delete rnh1 

rnh1 RV3 CTACCTATTAACTGTGAATGTTC Genotype rnh1 deletion with 

WT Chk FW 

rnh1 WT chk FW ACATCTGGCGATTTGACCATCC Genotype rnh1 deletion- WT 

check 

rnh1 nmt Lft Chk CAGTCGCGGAGATCTAACTAGC Genotype rnh1-nmt 

rnh1 nmt Rt Chk AAATTCCTGAGCAGCCTCATAG Genotype rnh1-nmt 

rnh1 nmt FW AGTCCAGATATGTGACATTTCCTGA

TGCTCTACCATTATTAATCGTCAAT

TGAACTCTTTTACAAATTAATATAA

ATTTA-

GAATTCGAGCTCGTTTAAAC 

Use with rnh1 nmt RV to add 

N-terminal nmt promoter 

rnh1 nmt RV GATACGCAGTCTTACCATGTACTAT

ATATACCAGTATTTCGACCACGCGC

TACTGCATAGTATGCACGCTTATTT

CCACC-

CATGATTTAACAAAGCGACTATA 

Use with rnh1 nmt FW to 

add N-terminal nmt promoter 

rnh201 FW1 CATCGTTTTACCGTAGTACCGC Frag 1 FW to delete rnh201 

rnh201 RV1 TTAATTAACCCGGGGATCCGGAAG

AGTTATTGTCACTGACTAG 

Frag 1 RV to delete rnh201 

rnh201 FW2 CGAGCTCGAATTCATCGATCGTTCG

TGGTTTGGATCAGAG 

Frag 3 FW to delete rnh201 

rnh201 RV2 CTCAATAAACAGAGCAGAAGCCTG

G 

Frag 3 RV to delete rnh201 

rnh201 RV3 CAGGTTTTTGAGCAGCATCAAC Genotype rnh201 deletion 

with WT Chk FW 
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Table V, continued 

 

Name Sequence (5’ – 3’) Target/Function 

rnh201 WT chk 

FW 

GATTGGCACGAAGATGACG Genotype rnh201 deletion- 

WT check 

rnh201 nmt Lf 

Chk 

GATTGCTAGGAGATGACTCGCT Genotype rnh201-nmt 

rnh201 nmt Rt 

Chk 

ATAGGTCCTAAGACAGGGCCTC Genotype rnh201-nmt 

rnh201 nmt FW TGTGTTAGGCCTATTTGCGCATTCC

TTCAACCCCTTTATTTATTTTTTTAT

TCAGTTTTTGAGCCAAATATTAGAA

GTAC-GAATTCGAGCTCGTTTAAAC 

Use with rnh201 nmt RV to 

add N-terminal nmt promoter 

rnh201 nmt RV TGGTCTTCTTGTAGCTCATTTTCTGA

AGAGTTATTGTCACTGACTAGTTCT

TCTGGTTCCCATGCATCGTGATCAT

CTTT-

CATGATTTAACAAAGCGACTATA 

Use with rnh201 nmt FW to 

add N-terminal nmt promoter 

Elf1_Del_FW1 TAACAGAGTAGTAGTAAAAAATCC

C 

Use with Elf1_Del_RV1 to 

make fragment 1 to delete 

elf1 

Elf1_Del_RV1 TTAATTAACCCGGGGATCCGGACAT

CGTCCTCTTCGTAACCCTG 

Use with Elf1_Del_FW1 to 

make fragment 1 to delete 

elf1 

Elf1_Del_FW2 CGAGCTCGAATTCATCGATTCTTCT

CTGATGATGAAG 

Use with Elf1_RV2 to make 

fragment 3 to delete elf1 

Elf1_Del_WtChk

_RV 

TCCCGACTTCTTATTGCGAGC Use with Elf1_Del_FW1 to 

genotype for wild-type elf1 

after deleting elf1 

Hsp104 RV3 GAAAGTAATGAAATGATATGATAG Genotype Hsp104 

Hsp104 nmt RV 

check 

CTCAAACTTTTGACCATCACCA Genotype Hsp104-nmt 

Hsp104 FW1 AACTGGCATCTTCTGGTATG Frag 1 FW to delete hsp104 

Hsp104 FW3 ACGGCTCTGCTGATATTGAC Genotype Hsp104 

Hsp104 RV1 TTAATTAACCCGGGGATCCGGAGC

AGGCAAGCGAACTAAC 

Frag 1 RV to delete hsp104 

Hsp104 RV 4 cgactttcttgaatggactgc Genotype Hsp104 deletion 

Hsp104 WT Chk 

RV 

ATTATACGACGAGCAAGTCCTTC Genotype hsp104 deletion 

with Hsp104 RV3 

Hsp104 FW2 CGAGCTCGAATTCATCGATCAAATG

AGAAAGTTCTAACGATAC 

Frag 3 FW to delete hsp104 

Hsp104 RV2 ACCTACTAAAATAAATGGAGG Frag 3 RV to delete hsp104 
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After cassette creation, the PCR products were purified using Qiagen’s 

QIAquickPCR purification kit (Cat. No 28106).  The purified cassettes were then 

transformed into the S. pombe genome by electroporation.  For each transformation, 

5x108 cells were grown to an exponential growth phase and then collected by gentle 

centrifugation at 4°C.  The cells were washed twice with sterile 4°C 1.2 M sorbitol and 

then resuspended to a concentration of 1-5x109/ml.  200 μl of resuspended cells were 

mixed with 0.1-2 μg of purified cassette and transferred to a pre-chilled 2 mm 

electroporation cuvette and pulsed at 2250 volts.  500 μl of ice-cold 1.2 M sorbitol was 

immediately added to the cuvette and the cells were then transferred to a tube and placed 

on ice.  200 μl of cells were spread onto YEA plates and incubated overnight at 30°C.  

The next day the cells were replica plated onto the appropriate selective media and grown 

at 30°C until individual colonies developed.  These colonies were then genotyped by 

PCR using primers spanning the antibiotic marker and the gene of interest to confirm 

correct integration of the cassette into the genome. 

To create strains with partial deletions, such as the chromodomain deletions of 

elf1+, the a similar process was followed.  The copy of elf1+ which was altered contained 

a GFP tag and an antibiotic-resistance gene at the 3’ end of the gene.  The 

oligonucleotide primers aligned just outside the start and the end of the chromodomain, 

deleting nucleotides 2455 through 2628.  The excised region was not replaced with an 

antibiotic resistance gene. 
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Genetic Crosses 

To create strains with multiple mutations from single-mutation strains, isolate 

samples with single mutations from multiple-mutation strains, or identify the heritability 

of genetic factors, S. pombe’s high rate of recombination during meiosis was exploited by 

mating, or “crossing,” strains.  Haploid strains with complementary mating types, h+ and 

smt0, readily conjugated when placed on SPA minimal media (10 g/L D-glucose, 1 g/L 

KH2PO4, 0.1% 1000X vitamin stock [1 g/L pantothenic acid, 10 g/L nicotinic acid, 10 

g/L inositol, 10 mg/L biotin], 45 mg/L histidine, leucine, uracil, lysine hydrochloride, 20 

g/L agar) at 30°C for 24 hours.  The mated cells underwent meiosis and sporulated.  Each 

pair of mated cells produced tetrads of four spores, which were initially contained within 

a single ascus.  Each of these sporulated groups was isolated by spreading on YEA rich 

media plates.  The asci were subsequently broken down by 4 to 6 hours of incubation at 

30°C.  After the asci were broken down, the individual spores of each tetrad were isolated 

into columns using a Singer SporePlay dissection microscope.  The cells were then grown 

until adequately large to replica onto several selective media plates, generally 3 to 6 days.  

They were replica plated onto AA-His plates (30 g/L D-glucose, 6.7 g/L yeast nitrogen 

base without amino acids, 2 g/L SCM-His, 100 mg/L adenine, 50 mg/L uracil, 50 mg/L 

leucine, 20 g/L agar) to determine the mating type of the strains, YE plates (30 g/L D-

glucose, 5 g/L yeast extract, 20 g/L agar) to determine the ade6 mutation the strain 

carried, and YEA plates containing either 150 mg/L G418 or 100 mg/L CloNAT 

antibiotic to select for colonies carrying the genes with antibiotic resistance markers.  

Using the information from replica plates and genotyping PCRs, strains with the desired 

mutation or mutations and mating type background were isolated and saved. 
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Strain type classification 

 To differentiate between elf1Δ strain types which show different phenotypes, 

names were given based on the exhibited phenotypes.  The designation “P,” or 

“parental,” was given to newly produced elf1Δ cells isolated from the meiotic cell cycle, 

which form small colonies and grew slowly, averaging a size of 0.455 ± 0.401 mm2 after 

6 days growth at 30°C (Figure 4).  elf1Δ cells which are not newly produced from a 

meiotic cell cycle, but maintain the original slow growth phenotype were also called “P” 

cells.  These strains contained a number of abnormally long cells (Figure 3).  They were 

also capable of irreversibly switching to the other strain type, given enough time.  The 

second type of elf1Δ cells were designated as “S,” or “suppressor.”  P cells switched to S 

cells on their own, without specific induction (Figure 5).  S colonies grew faster than P 

colonies, on average reaching 6.13 ± 2.01 mm2 after 6 days of growth at 30°C (Figure 4).  

These strains contained cells that looked similar in shape and size to wild-type cells.  A 

Tukey PostHoc test was run with SigmaPlot (version 12.5) to determine significant 

differences between colony sizes of different strains. 

 

Strain type size analysis 

 The strain classifications of elf1Δ cells were determined by a few factors.  One of 

the most distinct differences between the P and S elf1Δ cells was the size of individual 

colonies when grown on rich medium.  To determine the size parameters for each type of 

strain, strains were taken out of the -80°C freezer and streaked to single colonies on YEA 

plates.  They were grown at 30°C and then cells from individual colonies were once again 

isolated and spread on YEA plates by manual spreading or microscope dissection.  These 
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plates were grown at 30°C for 6 days, plus or minus two hours.  The plates were set at 

room temperature for 1 to 3 hours until they came to room temperature, and then scanned 

at 600 dpi using an Epson Perfection V370 photo scanner.  The sizes of each colony was 

measured manually using ImageJ software (version 1.47). 

The data was compiled and the average size for all strain types and for individual 

strains were determined.  The cutoff for determining size switching was set as 6x the 

average size of the P colonies, to ensure that there was a clear distinction between P and 

S colonies. 

 

Aging strains in liquid cultures to identify switching likelihood 

 To identify the effect of long-term, uninhibited growth on elf1Δ P cells, and 

whether they would be outgrown by S cells if switching occurred, cells were grown in 

liquid culture for 6 days.  Liquid YEA media cultures were inoculated with wild-type 

cells, elf1Δ P cells, elf1Δ S cells, or with an unused wooden stick to identify any potential 

contamination.  The cultures were grown overnight at 30°C with shaking.  The next day, 

a sample of each culture was transferred to fresh YEA media, to form a 250-fold dilution, 

and grown overnight.  Each subsequent day the cultures were diluted roughly between 

20-fold and 100-fold, to similar densities, and grown overnight.  This procedure 

continued for 6 days total growth in liquid YEA.  On the sixth day, samples from each 

culture were plated on YEA plates, at the same time that fresh, un-aged cells were plated 

on another set of YEA plates.  The plates were grown up 4 days and imaged (Figure 8). 
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Survival competition assay 

Survival competition assays were run to calculate the survival rate of mutant 

strains when grown in direct competition to wild-type strains.  Wild-type cells incapable 

of growing on media containing antibiotics were combined in liquid YEA with an equal 

amount of elf1Δ mutant cells containing antibiotic resistance genes or wild-type control 

strains with no genes deleted, only tagged with an antibiotic-resistance gene.  A small 

sample of this cell mixture was immediately plated onto YEA plates and spread, in order 

to isolate individual cells.  The plates were incubated at 30°C until distinct colonies were 

visible, then replica plated onto YEA plates containing antibiotics.  Only cells containing 

antibiotic resistance genes were able to survive on these plates, which allowed for the 

calculation of the starting ratio of wild-type and mutant cells. 

 The liquid culture was placed into a shaking incubator and grown overnight.  The 

next day, a sample of the liquid culture was transferred to a new tube of fresh liquid YEA 

to an optical density at 595 nm (OD595) of 0.01.  The fresh culture was allowed to grow 

overnight, and this process was repeated for 6 days of total growth in liquid YEA media.  

After 6 days of growth, a small sample was plated onto YEA plates as done at the start of 

the experiment.  The plates were incubated at 30°C until distinct colonies were visible, 

then replica plated onto YEA plates containing antibiotics.  Only cells containing 

antibiotic resistance genes were able to survive on these plates, and the resulting number 

of colonies was used to calculate the final ratio of wild-type and mutant cells.  The two 

ratios were used to determine the advantage that the S cells have over P cells in survival 

competitions. 
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 This process was repeated at 37°C to determine whether the increased 

temperature affected the growth advantage of S cells over P cells. 

 

Size switching frequency calculations 

 To calculate the frequency of size switching, wild-type, rnh1Δrnh201Δ, elf1Δ P, 

and elf1Δrnh1Δrnh201Δ P strains were plated and the number of colonies that surpassed 

the cutoff size previously determined from the already-calculated average size for each 

strain type were counted.  The cutoff size calculated to indicate switching to elf1Δ S 

strains was 6x the average size of elf1Δ P colonies.  The cutoff size for switching in 

elf1Δrnh1Δrnh201Δ strains was also 6x the size of elf1Δrnh1Δrnh201Δ P colonies.  Wild-

type and rnh1Δrnh201Δ switching cutoffs were set as a less conservative 3x colony size 

increase.   

Individual colonies of each strain type were diluted in water, the cell density 

calculated using a hemocytometer, and roughly 200 cells plated per YEA plate and 

manually spread.  These plates were grown at 30°C for 6 days and then scanned.  The 

size of the largest 5-10 colonies for each plate were measured using ImageJ.  If all the 

colonies measured on a plate surpassed the cutoff threshold for determining switching for 

that strain type, all colonies on the plate were then measured.  The number of colonies per 

plate and the number of colonies that surpassed the 3x or 6x size threshold were recorded 

for each plate.  This information was used to calculate the average rate of size switching 

for each strain type, which were compared using two-sample t-tests assuming unequal 

variance in Microsoft Excel. 
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 This information was also used to calculate the 95% confidence level for size 

switching rates of various strains (McClave & Sincich, 2000).  In a colony with a 

population size of cells of 𝛢 ≈ 107, a smaller representative sample size was used to 

make observations of size switching, to determine a confidence interval for size 

switching for a given strain.  Using the above method to plate 10 plates of cells from a 

single parent colony and calculating 𝑟 as the percentage of all colonies that had switched 

sizes, the sample mean of size switching for 𝑛 sets of plates of a given type of strain was 

given by �̅� =
1

𝑛
(𝑟1 + 𝑟2 + ⋯ + 𝑟𝑛).  I was then able to calculate the percent of colonies 

that would likely develop the switched size phenotype using the equation: 

𝑎 ∈ [�̅� − 𝜖, �̅� + 𝜖]. 

Then, I determined the confidence interval.  The 100(1 − 𝛼)% confidence interval was 

be calculated with the equation: 

[�̅� − 𝑧𝛼/2

𝑠

√𝑛
,  �̅� + 𝑧𝛼/2

𝑠

√𝑛
] 

where s was the standard deviation, calculated using the equation: 

𝑠2 =
1

𝑛 − 1
∑(𝑟𝑖 − �̅�)2 =

𝑛

𝑖=1

1

𝑛 − 1
(∑ 𝑟𝑖

2 − 𝑛�̅�2

𝑛

𝑖=1

) 

and 𝑧𝛼/2 was determined from the standard normal distribution: 

Pr{|𝑍| ≤ 𝑧𝛼/2} = 1 − 𝛼. 

For a confidence level of 95%, the corresponding 𝑧𝛼/2 value is 1.96.  So, for a confidence 

level 100(1 − 𝛼)% we can say 𝑎 ∈ [�̅� − 𝜖, �̅� + 𝜖], where 𝜖 =  𝑧𝛼/2
𝑠

√𝑛
..  This allows us to 

determine the confidence level for the number of individuals with the trait within a 

population. 
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Prion testing using guanidine hydrochloride 

To test whether prions caused the switching from P to S elf1Δ, prion analysis was 

done similar to methods in previous studies, in which guanidine hydrochloride (GuHCl) 

was added to media to prevent spreading of prions (Eaglestone et al., 2000; Ness et al., 

2002).  In S. cerevisiae, GuHCl treatment “cures” strains of prions by inhibiting the 

breakdown of prion protein aggregates.  Normally, the misfolded prion proteins 

perpetuate their prion forms within a cell by binding to newly synthesized proteins with 

the same amino acid sequence and directing them to fold into the prion formation instead 

of their normal, functional form (Glover & Lindquist, 1998; S B Prusiner, 1991; Tuite & 

Cox, 2003).  These aggregations form long, amyloid fibrils.  In turn, these fibrils can be 

broken down into smaller clumps of misfolded proteins, referred to as prion “seeds,” 

which maintain their aberrant folding and can initiate misfolding in additional new copies 

of the protein.  During cell reproduction, the amyloid fibrils and prion seeds are spread 

through the cytoplasm to daughter cells, continuing prion formation in each cell (Glover 

& Lindquist, 1998; S B Prusiner, 1991; Tuite & Cox, 2003).  To “cure” prion-containing 

strains, GuHCl prevents the breakdown of the amyloid fibrils (Eaglestone et al., 2000; 

Ness et al., 2002).  Though the amyloid fibrils continue to extend, the number of 

individual fibers stays constant, and prion “seeds” are no longer produced.  Upon cell 

reproduction, the amyloid fibers may segregate to new cells independently of one 

another, but the number of fibers per cell will decrease over generations, until the point 

where new cells will not receive amyloid fibers, and future cells will be free of prions.  

So, while GuHCl cannot remove prions from the original cells in the strains, it is said to 
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have “cured” the prion because eventually later generations do not contain the prion form 

of the protein. 

To test the GuHCl treatment method in my S. pombe elf1Δ strains, strains were 

spread to individual cells on YEA plates containing 5 mM GuHCl and grown for 6 days 

at 30°C.  The resulting growth on the plates was scanned.  The size of the colonies were 

measured to evaluate switching from S back to P.  To verify whether the observed growth 

changes were consistent with the known P and S elf1Δ phenotypes and that the altered 

growth changes were heritable, several colonies were back-crossed with wild-type 

strains, and the resulting spores were separated and then grown on nutrient-rich YEA 

media.  Mating of representative colonies with wild-type strains were done to see whether 

the resulting elf1Δ colonies shared the same phenotypes as their parent colonies, which 

would indicate that the observed growth changes were heritable, and actually caused by 

the loss of a prion, not a growth change due to altered nutritional content and harsh 

growth conditions in the plate media. 

 

Purifying proteins and separating by size using different speed centrifugation 

I looked for the aggregation of amyloid proteins within elf1Δ S cells to identify whether 

the size change between P and S elf1Δ colonies was due to prions.  To do this, I first 

purified proteins from cells.  Approximately 4 x 107 cells were grown, harvested, and 

then resuspended in 300 μl protein extraction buffer (50 mM Tris pH 7.5, 150 mM NaCl, 

2 mM EDTA, 1 mM Phenylmethylsulfonyl fluoride, and ½ mini protease inhibitor 

cocktail tablet (Roche)).  An equal volume of acid-washed, 425-600 μm glass beads was 

added to the tube and the samples were shaken in a BioSpec MiniBeadBeater-16 bead 
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beater two times for 2 minutes in a cold room, and placed on ice for 2 minutes in between 

shaking.  The samples were transferred from the beads to clean tubes, and vortexed to 

resuspend.  The different speed spin process below is illustrated in Figure 21.  The 

samples were spun for 2 minutes at 3,000 rcf at 4°C, the supernatant transferred to a clean 

tube, and the pellet kept on ice.  A separate 20 μl sample of supernatant was set on ice.  

Next, the supernatant was spun for 2 minutes at 6,000 rcf at 4°C, again the supernatant 

transferred to a clean tube, with a 20 μl sample set aside separately, and the pellet placed 

on ice.  For the last spin, the supernatant was spun at 14,000 rcf for 2 minutes at 4°C.  

The supernatant was transferred and the pellet placed on ice.  All pellets were 

resuspended in RIPA buffer (50 mM Tris, pH 7.0, 150 mM NaCl, 1% Triton X-100, 

0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate), and pellets and supernatant  

samples were mixed with equal volumes 2X Laemmli buffer for running on protein 

acrylamide gel. 

To visualize the proteins on SDS-PAGE gels, samples were boiled for 5 minutes, 

vortexed, and loaded into a protein acrylamide gel.  The gels were run at 200 V until the 

dye reached the bottom of the gel.  The gels were then fixed for 1 hour in a solution of  

7% glacial acetic acid in 40% (V/V) methanol, then transferred to a staining solution of 4 

parts brilliant blue (Sigma B2025) working solution and 1 part methanol for 2 hours.  

After staining, it was destained for 45 seconds with shaking in 10% acetic acid in 25% 

(V/V) methanol.  The gel was rinsed with 25% methanol and destained in 25% methanol 

for up to 24 hours, then scanned. 
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Figure 21: Method of different speed centrifugation to isolate proteins of different sizes.  

Homogenize cells, 

transfer to clean 

tubes and resuspend 
Spin 2 min at 

3,000 rcf at 4°C 

Set aside 20 μL 

supernatant 

Set aside 

pellet 

Spin remaining 

supernatant 2 min 

at 6,000 rcf at 

4°C 

Set aside 20 μL 

supernatant 

Set aside 

pellet 

Spin remaining 

supernatant 2 min 

at 14,000 rcf at 

4°C 

Set aside 20 μL 

supernatant 

Set aside 

pellet 

Add 20 μL 

cold RIPA 

buffer, vortex. 

Add 40 μL 2x 

Laemmli buffer, 

heat at 95°C for 

5 minutes 

Add 100 μL 

cold RIPA 

buffer, vortex. 

Add 100 μL 2x 

Laemmli buffer, 

heat at 95°C for 

5 minutes 

Add 50 μL 

cold RIPA 

buffer, vortex. 

Add 50 μL 2x 

Laemmli buffer, 

heat at 95°C for 

5 minutes 



91 

 

 

Genomic DNA extraction 

 For experiments using genomic DNA, including whole genome sequencing 

library production, genomic DNA was extracted by phenol:chloroform extraction.  10 ml 

cell cultures were grown to exponential growth phase, OD595≈0.5-0.8 and cells were 

collected by gentle centrifugation.  The cells were resuspended in 400 μl DNA extraction 

buffer in screw-top tubes, and 400 μl of acid-washed, 425-600 μm glass beads and 400 μl 

of 25:24:1 phenol:chloroform:isoamyl alcohol were added.  The tubes were beaten in a 

BioSpec MiniBeadBeater-16 bead beater for 2 minutes in a cold room.  An additional 

200 μl of DNA extraction buffer was added to the tube, and the contents were inverted 

several times to mix.  The samples were centrifuged for 5 minutes at 13,000 rcf at 4°C 

and the supernatant was transferred to a clean tube and incubated with 20 μg of RNase A 

at 37°C for 15 minutes.  After RNase treatment, an equal volume of 25:24:1 

phenol:chloroform:isoamyl alcohol was added, the sample mixed and centrifuged, and 

the supernatant transferred to a new tube.  Then, an equal volume of chloroform was 

added, the sample mixed and centrifuged, and the supernatant transferred to a new tube.  

The extracted genomic DNA was precipitated by two volumes of cold 100% ethanol in a  

-20°C freezer overnight, washed twice with cold 70% ethanol, and then resuspended in 

50 μl 10 mM pH 7.4 Tris. 

 

Library production and sequencing 

 Libraries were produced for whole genome sequencing for two elf1Δ P strains and 

five elf1Δ S strains using the Illumina TruSeq DNA PCR-Free LT library prep kit (Ref. 

#15037063).  The libraries were prepared from the genomic DNA from the 
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phenol:choloroform extraction following the manufacturer’s protocols, except the 

shearing parameters and the bead-drying times were adjusted.  Each sample of 55 μl of 

20 μg/μl of genomic DNA was sheared in a Covaris S220 sonicator with the duty factor 

set to 10%, peak power set to 175 W, 200 cycles per burst, frequency sweeping mode at 

5.5°C to 6°C for 45 seconds.  The manufacturer’s protocol to prepare 350 bp size samples 

was followed, but all bead drying times were shortened to 1 to 2 minutes, never allowing 

the beads to fully dry.  The concentrations of the resulting libraries were calculated by 

running qPCR using KAPA Illumina library quantification kit DNA standards and 

universal qPCR kit (Kit code KK4824) with triplicate samples and three dilutions for 

each, following the manufacturer’s directions. 

 The 16 libraries were combined into two pools and 125 base pair paired ended 

sequencing was performed using the Illumina HiSeq2500 platform by the David H. 

Murdock Research Institute.  Data was processed using the Illumina data processing 

pipeline, and delivered in Fastq format.   

Sequence analysis was completed as described in appendix I.  

  

Heat stress testing to see whether switching can be induced 

 Stress testing was performed to determine whether stress is able to induce 

switching of elf1Δ strains from P to S.  The yeast cells were plated in the same methods 

as for determining sizes, but on a variety of plate types and at different temperatures.  For 

heat stress and cold stress, cells were spread on YEA plates and grown at 37°C and 26°C, 

respectively, for 6 days.  At the end of those 6 days, the plates were scanned and the 

colony sizes evaluated. 
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Testing for a weakness to microtubule destabilization 

 To test the effect of microtubule-destabilization on elf1Δ P strains and identify 

any growth changes, cell dilution assays were grown on YEA plates containing 0, 5, 10, 

20, and 40 mg/L of thiabendazole (TBZ), a microtubule destabilizing drug.  These plates 

were grown for several days at 30°C.  Wild-type cells were used as negative controls that 

are not especially sensitive to microtubule destabilization, and dcr1Δ cells were used as a 

positive control, as they are prone to sensitivity to microtubule destabilization.  For the 

dilution assay, cells were grown in liquid YEA cultures overnight, each sample was 

diluted to the same concentration, and then serial 10-fold dilutions were carried out 4 

times.  Each sample, including the 10-fold serial dilutions, were transferred to the YEA + 

TBZ plates using a metal transfer tool.  

 

Ultraviolet radiation stress 

 To look at whether radiation stress as a mutagen, and whether it would cause 

added genome instability to the already size-changing-prone elf1Δ cells, strains were 

plated at approximately 200 cells per YEA plate, allowed to sit for 2 hours, then UV 

irradiated using a Stratagene Stratalinker UV Crosslinker 1800 for exposure levels of 0, 

20, 25, 30, and 35 mJ of radiation.  After 6 days of growth, the plates were scanned and 

the number of colonies on each plate recorded.  Colony counts were standardized to the 

number of colonies on the plates that were not exposed to UV radiation.  Wild-type cells 

were used as a negative reference.  Cells with an altered clr6+ gene, which are known to 

have unstable genomes and are susceptible to stress from UV radiation, were used as a 

positive reference (J.-I. Nakayama et al., 2003). 
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DNA-damaging agent stress 

 To investigate their susceptibility to DNA-damaging agents, elf1Δ cells were 

plated on YEA plates containing 0, 5, or 10 mM bleomycin, which causes double strand 

DNA breaks, and YEA plates containing 0, 5, or 7.5 mM hydroxyurea, which can prevent 

DNA damage repair.  These colonies were grown at 30°C for 7 days, scanning daily from 

the 4th day on.  The number of colonies on each plate type and the percent of elf1Δ P 

plated that switched to larger elf1Δ S were recorded.  Wild-type cells were used as a 

negative reference.  Cells with an altered clr6+ gene, which are known to have unstable 

genomes and are susceptible to stress from DNA-damage, were used as a positive 

reference (J.-I. Nakayama et al., 2003).  

 

RNA-Fluorescence in situ hybridization (RNA-FISH) 

 RNA-FISH was done to identify the localization of the mRNA in the cell, and to 

confirm whether the deletion of elf1+ would affect RNA transport from the nucleus to the 

cytoplasm.  Cells were first grown at 30°C to OD595≈0.5, then 1/10 volume of fresh 30% 

paraformaldehyde (300 g/L paraformaldehyde, 50 mM NaOH, in phosphate buffered 

saline) was added and the cells were fixed with shaking at room temperature for one 

hour.  The cells were then spun down and washed three times with 1 ml of PBS + 0.3 M 

glycine at 4°C.  The washed cells were incubated at 37°C, shaking at 350 rpm in 1 ml of 

spheroplast buffer (SCE buffer containing 40 mg/L zymolase 100T, 2% β-

mercaptoethanol) for 10 minutes or until cells become spheroplast, and then immediately 

placed on ice.  The spheroplast buffer was removed and the cells were gently washed 

three times with cold SCE buffer, then resuspended in 200 μl SCE (182.2 g/L sorbitol, 
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2.5 mM EDTA, 50 ml/L citrate phosphate) buffer.  50 μl of cells were placed into each 

well of a polylysine-coated slide and allowed to settle for approximately 20 to 25 

minutes.  The excess liquid was aspirated and the slides were allowed to dry.  Once dry, 

the slide was placed into cold methanol and left at -20°C at least overnight. 

 The day before imaging, the slides were removed from the methanol and allowed 

to dry at room temperature until totally dry.  Then, the samples were washed by placing 

40 μl of 2X saline-sodium citrate (SSC) buffer on each well for 10-15 seconds before 

aspirating off the liquid.  The slides were allowed to partially dry at room temperature for 

5 minutes.  40 μl of freshly-prepared RNA-FISH probe solution (2X SSC, 10% dextran 

sulfate, 2 mg/ml bovine serum albumin, 20 mM ribonucleoside vanadyl complex, 0.2 

mg/ml tRNA, and 10 μg/ml Cy3-labeled oligo-dT probe) was placed onto each well, and 

freshly-prepared RNA-FISH probe solution without the Cy3-probe was added to the 

negative control well.  The slide with the probe solution was incubated overnight at 37°C 

in a humid chamber. 

 The day of imaging, the slide was washed in 2X SSC at room temperature for 5 

minutes, then transferred to pre-warmed 2X SSC at 37°C for 5 minutes, and then washed 

one last time in room temperature 2X SSC for 5 minutes.  The slide was quickly washed 

in phosphate buffered saline and then air dried in the dark for 10 to 30 minutes, until the 

slide was dry.  Vectashield hard set mounting medium containing DAPI (Cat. #H-1500) 

was added, a coverslip was placed on the slide, and the coverslip was sealed into place 

using nail polish.  The seal was allowed to dry in the dark for 30 minutes.  The slide was 

then imaged using a Zeiss 710 laser scanning confocal microscope with a Zeiss Plan-

Apochromat 63x/1.4Oil DIC oil-immersion lens. 
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APPENDIX I 

 

Methods description for S. pombe rescue mutant analysis 

James B. Pease 

 

Short reads were minimally trimmed using SHEAR (https://github.com/jbpease/shear) 

using the following command line (all other options default):   

 

> shear.py --fq1 $FASTQ1 --fq2 $FASTQ2 --out1 $OUTFQ1 --out2 $OUTFQ2 --

barcodes1 $BARCODE --platform TruSeq --trimqual 20:20 --trimpolyat 0 --trimambig --

filterlength 50 --filterunpaired  

 

 

Reads were mapped to the S. pombe reference genome v2.30 (Wood et al. 2002) obtained 

from PomBase 

(ftp://ftp.ebi.ac.uk/pub/databases/pombase/pombe/Chromosome_Dumps/fasta/) using 

BWA v0.7.15 (Li & Durbin 2009).  The following command line was used (all other 

options default): 

 

> bwa mem -t 8 $GENOME $OUTFQ1 $OUTFQ2 

 

Alignment SAM files were then put through GATK best practices pipeline (DePristo et al 

2013, Van der Auwera et al 2013) for variant calling using GATK v3.6 (McKenna et al 

https://github.com/jbpease/shear
http://ftp.ebi.ac.uk/pub/databases/pombase/pombe/Chromosome_Dumps/fasta/
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2010) , PicardTools v2.5.0 (http://broadinstitute.github.io/picard), and SAMtools v1.3.1 

(Li et al 2009).  The following command lines with parameters were used (all other 

options default): 

 

> java -Xmx30g -jar picard.jar AddOrReplaceReadGroups INPUT=$SAM1 

OUTPUT=$BAMMARKED RGID=1 RGLB=lib01 RGPL=illumina 

RGPU=$BARCODE RGSM=$SAMPLENUMBER 

 

samtools fixmate -O bam $BAMMARKED $BAMFIXED 

 

> samtools sort -O bam -o $BAMSORTED -T /home/peasejb/tmp $BAMFIXED 

 

> samtools index $BAMSORTED 

 

> java -Xmx30g -jar GenomeAnalysisTK.jar -T HaplotypeCaller -R $GENOME -I 

$BAMSORTED --genotyping_mode DISCOVERY -stand_emit_conf 10 -

stand_call_conf 30 -o $VCFRAW 

 

VCF files were compared among progenitor and mutant sequencing replicates using 

BCFtools v1.3.1 (Li et al 2009).  The following command lines with parameters were 

used (all other options default): 

 

bcftools isec -n+1 $VCFRAW1 $VCFRAW2 … > common_variants.tsv 
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Variants were then cross-referenced with the current GFF3 annotation file 

(ftp://ftp.ebi.ac.uk/pub/databases/pombase/pombe/Chromosome_Dumps/gff3/schizosacc

haromyces_pombe.chr.gff3) using a custom Python script to identify consistent SNP sites 

in protein-coding regions (synonymous and non-synonymous), 5’/3’UTR, and ncRNA.   
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