r TheUniyersitgof
#_ | Nottingham

UNITED KINGDOM - CHINA - MALAYSIA

Analysis of the genetic basis of variation in cell sizes of
natural isolates of the fission yeast

Schizosaccharomyces pombe

by

Kazhal Karari

Thesis submitted in accordance wittlihe requirements of the

University of Nottingham for the degree of Doctor in Philosophy

September 2016



Abstract

Investigating the relationship between sequence and phenotypic variation
within a species is a powerful way of increasing our knowledge and understanding
biological processes. Schizosaccharomyces pomige an important, genetically
tractable model for the analysis of the mechanisms of eukaryotic cell autonomous
processes such as the cell cycle. However, all such work has been based on one
approach and one strain which is commonly named the laboratory strain.(Brown et
al., 2011) showed size variation in natural strains of S. pombethat isolated from
around the world. Cell length increases progressively during the cell cycle of S.
pombeand this observation thus suggested that there is polymorphic variation in
machinery of cell cycle control. Many factors have been found to influence the cell
cycle regulatory machine; one of these is the Weel kinase plays a particularly
important role. Weel is an inhibitory regulator of the kinase Cdc2 that regulates the
onset of mitosis and correspondingly the weelgene was originally identified by
experimentally induced loss of function mutations which generated the eponymous

phenotype.

Here we use natural isolates of S. pombeo analyse the genetic architecture
underlying variation in cell cycle control. In particular we examine the functional
effect of weelpolymorphism in two Brazilian isolates which have not previously
been studied. First of all we use a cross between homothallic derivatives of these two
isolates and a small collection of polymorphic markers in candidate genes to show
that variation at or close to weelaccounts for by 26% in the inherited component of
the variance in cell size of the F1 offspring from these two Brazilian strains. The
results from this preliminary genetic analysis were limited by the small number of

markers that we used and by the fact that there was evidence for extensive non-



Mendelian segregation in the cross. The cause of this non-Mendelian segregation
was not known but it would limit the power of any further genetic analysis if

widespread.

We also address the functional consequence of 11 amino acid sequence
variants of weelfound within these Brazilian isolates and in 159 other isolates of S.
pombe We use both bioinformatics and experimental approaches. First, we looked
for evolutionarily conserved residues in the sequences using fungal and yeast Weel

protein sequences from FungiDB (http://fungidb.org/fungidb) and then aligned them

at the EBI Muscle page (http://www.ebi.ac.uk/Tools/msa/muscle). We found that

four polymorphic residues were conserved between S. pombend one or more other
yeast or fungi. We also used the Blink tool at SIFT (Sorting Intolerant from Tolerant)

prediction program (http://sift.bii.a-star.edu.sg) to estimate the likely effect of the

individual polymorphisms upon function. We found that both approaches of bio-
informatics suggest that several of the substitutions were likely to have an effect
upon protein function. Secondly, we analyse the functional consequences of weel
sequence polymorphisms on cell length using experimental methods in the laboratory
strain background. This experimental analysis showed that indeed some of the
polymorphisms were functionally significant but that there was no simple
relationship between the length of the cells of an isolate and the functional activity of

weelon the laboratory strain background.

In order to improve the precision and generality of the genetic analysis summarized
above, we created a cross between two heterothallic derivatives of the Brazilian
isolates. An initial check indicated that this largely solved the problems of non-
Mendelian segregation displayed in the first cross and so we sized and sequenced 96

of the of the F1 segregants. We used R/qtl software to analyse the results and this
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confirmed the initial result that polymorphism within a gene at or close to weelis a
major determinant of cell size in these natural isolates of S. pombeThis analysis also
mapped a major QTL to chromosome 1 and to the mating type region. ldentification
of the variants within these regions responsible for these QTLs will require further
bioinformatics analysis. Overall we have established that natural isolates of S.pombe
can be used to identify variation in genes that affect evolutionarily conserved cell
autonomous traits in S. pombeThis result significantly increases the power of S.
pombeas an experimental system and offers the possibility of a new round of
discoveries across a host of processes that lie at the heart of eukaryotic cell biology.
If combined with field studies then this work should ultimately contribute to our
understanding of the ecological factors that determine the relationship between

standing variation within these different processes and genetic variation.
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1 Introduction

1.1 The organisation of eukaryotic cell cycle

All eukaryotic cells; whether unicellular such as yeast or multicellular such as
plant and animal, have the ability to grow and divide. This happens through a series
of events that include copying of the DNA and segregation of the two copies to the
daughter cells. This highly ordered set of events, is known collectively as the cell
cycle and can be divided into two main phases; interphase (G1 phase, S phase and
G2 phase) and M phase (Mitosis) (Figure 1.1). G1 and G2 are known as gap phases,
the former occurs before S phase while the later occurs before M phase. These gap
phases have a role in regulating progress of the cell into the next phase. During G1,
the cell undergoes a period of rapid growth and high metabolic activity which ends
up with the synthesis of the RNA and proteins that are required for subsequent cell
cycle progress. At the end of G1 the cell decides whether to enter a mitotic cell cycle
in a process known as START in unicellular eukaryotes and the restriction point in
multicellular eukaryotes. In the presence of inappropriate nutritional conditions cells
can either proceed into the GO (quiescence state) or undergo the sexual cycle. In S
phase the cell synthesises its DNA and after the DNA has been replicated the cell
then enters G2 phase. In G2 phase it continues to grow in size until reaches the
minimum size required for entry into M phase. M phase is further divided into other
sub phases and during that the duplicated genome and other cellular materials are
segregated into progeny cells. These phases are regulated by a set of pathways that
constitute the cell cycle control machinery. Loss of function or abnormal behaviour
of any of the regulatory controls that comprise the cell cycle control machinery
causes many abnormalities including cancer (Bahler, 2005; Lodish et al., 2003;

MacNeill and Nurse, 1997; Morgan, 2007; Murray and Hunt, 1993) and



consequently they have been investigated intensively. Genetic and biomedical
studies in various models such as budding yeast, fission yeast, sea urchin,
Drosophilg Xenopusand human, have shown that the cell cycle control machinery is

conserved in evolution (Morgan, 2007; Murray and Hunt, 1993; Nurse, 1990).

The key proteins that regulate the cell cycle are cyclins and cyclin-dependent
kinases. The cyclins regulate the cyclin-dependent kinases because binding of a
cyclin-dependent kinase to a cyclin is necessary for the activity of the kinase which
in turn drives the cells to a specific cell cycle event (Nasmyth and Nurse, 1981;
Nurse, 2000, 2002). Both cyclins and cyclin-dependent kinases have been designated
according to species. In higher eukaryotes, cyclins are denoted by cyclin A, B, and so
on. In budding yeast they are denoted by Cin and Clb followed by a number and in
fission yeast they named Cdc13, Cigl and Cig2. Similarly, in multicellular organism,
cyclin-dependent kinases are denoted by CDK but in yeast they are denoted by cdc

which is stand for cell division control.

Studies of temperature sensitive mutants in both Schizosaccharomyces pombe
and Saccharomyces cerevisiaevealed that in each a single CDK encoded by a
single cdcgene that drives the progress of cell cycle (Hartwell et al., 1970; Nurse et
al., 1976). In fission yeast and budding yeast these genes are termed cdc2or CDC28
respectively. In these yeasts progress through the cell cycle is determined both by the
nature of different cyclin to which the CDK is bound and by the level of CDK
activity itself. Entry into the cell cycle requires G1 cyclin-CDK activity, thereafter
low levels of B-type cyclin-CDK activity are sufficient to trigger S phase. G2
activity of the B-type cyclin-CDK complex is inhibited by the Weel kinase and once
this inhibition is relieved by the activity of the Cdc25 phosphatase then full activity

of the cyclin B-CDK complex trigger M phase. For example, in S. cerevisiagentry
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into the cell cycle is promoted by Cdc28p bound to one of the G1 cyclins (CIn1-3)
while progress through interphase and entry into M phase is promoted by Cdc28p
bound to one of a set of six partially redundant B-type cyclins (Nasmyth, 1996;
Rhind and Russell, 2012). In S. pombgCdc2 governs entry into both S and M
phases. S phase is characterized by binding of Cdc2 to Cig2 with a minor role of both
Cigl and Pucl. The G2/M transition is triggered by the activation of the complex
between Cdc2 and B-type cyclin (Cdc13) (Broek et al., 1991; Martin-Castellanos et
al., 2000; Stern and Nurse, 1996). In higher eukaryotes, however, several CDKs,
including CDC2/CDK1, CDK2, CDK4 and CDKG6 regulate the progression of the

cell cycle events (Morgan, 1997).

Cyclins themselves were discovered not by genetics but by studies of the cyclic
synthesis and degradation of proteins in the eggs of the sea urchin (Evans et al.,
1983). These studies showed that the cyclin level is regulated both by protein
synthesis and by regulated degradation. Cyclins bind to the cyclin-dependent kinases
through a region named as the cyclin box which is homologous across the eukaryotes

(Lee and Nurse, 1987; Morgan, 1997).

This chapter will review previous studies of the regulatory mechanisms which
govern cell cycle transition during late G2/M phase in the fission yeast. It will also
introduce the study of quantitative trait analysis as we have used this approach during

the thesis work.



Figure 1.1 Schematic representation of the cell cycle.

The schematic summarizes the cell cycle events in eukaryotes; In G1 cells grow and
produce proteins for DNA replication which takes place in S phase; followed by the
final growth period G2 where cells ensure that passed all the commitment and ready to
enter M phase. In M phase the genetic materials is precisely split into two new daughter
cells.

1.2 Fission yeast as an experimental system.

1.2.1 Background history

Schizosaccharomyces pomibe member of the genus Schizosaccharomyces
(fission yeasts) which is rooted among ascomycetous fungi. It was isolated for the
first time in the 1893 by German scientist Paul Lindner from East African millet beer
and used the word pombe instead the Swahili for beer; and it became known as the
fission yeast because it reproduces by means of fission. In the early 1950s both
biologists Urs Leupold and Murdoch Mitchison began to use S. pombeas a
laboratory model eukaryote for studying basic mechanisms of genetics and the

mechanisms and kinetics of growth respectively (Fantes and Hoffman, 2016;



Hoffman et al., 2015). Murdoch Mitchison chose S. pombe for study because the
cells of this yeast grow by elongation and divide by binary fission making it very
simple to record cell cycle progression by simply measure increments in length. In
addition S.pombeis easy and inexpensive to culture in the lab (Mitchison, 1990). On
the other hand, Urs Leupold used S. pombeas a simple eukaryotic model to study
basic mechanisms of genetics. He characterized the mating-type system and isolated
a homothallic strain 968h® (90% of the cells could form asci). From this strain he
isolated two heterothallic strains of opposite mating types (972h', and 975h™). These
strains have become the standard strains for almost all experimental work with S.
pombe As a result of this work Leupold and his collaborators developed a newly
emerging model system into a genetically tractable model. They also isolated
mutants defective in a variety processes and constructed the first chromosomal map
of S. pombeand in doing so established the condition for carrying out genetic crosses
in this organism. Furthermore, Leupold mapped the mating type of S. pombdor the

first time in 1985 (Barnett and Barnett, 2011; Munz et al., 1989).

In the 1970s Paul Nurse merged Leupold's genetic tools and methods with
Mitchison's cell cycle work to study cell division cycle (cdc) mutants following
Hartwell’s approach of isolating mutants that were conditionally blocked in the cell
cycle, the so called cdc mutants. This work led Nurse and his colleagues to identify
cyclin-dependent protein kinases as key players in driving the cell cycle (discussed in
detail below) (Forsburg and Nurse, 1991). The discovery of the cdc mutants
encouraged many others to use S. pombeas a model organism to investigate the
mechanisms of cell autonomous functions in eukaryotes. Contemporaneously, Egel
and his colleagues isolated and characterized mutants that block meiosis and

sporulation (Bresch et al., 1968; Egel, 1973). Genetic mapping of S. pombewas



established, using mitotic and meiotic recombination, tetrads and random spore
analysis. It thus became routine to place newly isolated mutants on the Munz/Kohli
map (Egel, 1993, 1994, 2004; Kohli et al., 1977). The sequencing and annotation of
the genome in 2002 (Wood et al., 2002) built upon this work and allowed the
exploration of the full power of S. pombeenetics in so far as it allowed rapid access

to mutants via the PomBase database (http://www.pombease.org/) which provides a

comprehensive data about each gene such as the sequence of the gene product, its
biological function, protein domain organization, gene sequence and so on. The

feature and content of the fission yeast genome is summarised in (Table 1.1).

Comparative genomics at both the species and population levels can be used to
increase our understanding of the genetic basis of phenotypic variation (Berbee and
Taylor, 1993; Fay and Benavides, 2005; Nogami et al., 2007; Rhind et al., 2011,
Steinmetz et al., 2002). This approach has been explored in the budding yeasts
(Carreto et al., 2008; Peris et al., 2012; Schacherer et al., 2009; Wolfe, 2006) but has
only started being applied in S. pombgBrown et al., 2011; Jeffares et al., 2015;
Rhind et al., 2011). S .pombas one of at least four different fission yeast species; S.
pombe S. japonicusS. octosporusnd S. cryophilusAll have been characterized by
genomic approaches but only S. japonicushas attracted interest as a model for
comparative analysis of cell autonomous function (Klar, 2013). Population level
study of S. pombestarted in 2011 when 95 isolates from around the world were
studied and significant variation in size among these natural strains was shown
(Brown et al., 2011). A similar study was conducted in 2015 where the genomic and
phenotypic variation in 161 natural isolates was examined (Jeffares et al., 2015). The
population genetics study was also performed to examine the pattern of

polymorphism across the genome of 32 worldwide S. pombestrains (Fawcett et al.,


http://www.pombease.org/

2014). The study of natural isolates therefore has the potential to increase our

understanding of the genetics of cell cycle control. However given the fact that this

topic has been studied intensively by experimental genetic approaches in the

laboratory strain it is as yet unclear as to how much we have to learn from the study

of natural isolates and in particular what additional insights will be gained. Given the

breadth and depth of the experimental works it seems unlikely that we will discover

new genes regulating the cell cycle itself using this approach. However we may

better understand how variation in those genes that have been identified as involved

in cell cycle control affects standing variation in cell size which in turn will give us

insight into the evolution of the cell cycle machinery in general.

Table 1-1 Summery of S. pmobe genome. Summarised from (Bahler and Wood,

2004). It is also available at http://www.pombase.org/status/statistics.

Category S. pombe genome
Genome size 12.5 Mb
Chromosome number 3

Chromosome size range 3.5-5.7 Mb

Gene number ~4,900

Average gene length 1.430 bp

Gene density (average bp/gene) 2,530 bp
Mitochondrial genome 20 kb (11 gene)
Genome GC Content 36%

1.2.2 Genetic analysis of the cell cycle in fission yeast

The fission yeast, S. pombghas rod-shaped cells that grow by elongation and

divide by binary fission. The cell division cycle in S. pombds similar to that in

higher eukaryotes. In the wild, G2 phase occupies a three quarter of the yeast life
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cycle whereas G1, S and M phase share about 30% of cell cycle (Gomez and
Forsburg, 2004). A crucial control point is exerted at G2/M transition where the cells
monitor information about cell size and nutrition (Forsburg and Nurse, 1991;
MacNeill and Nurse, 1997). The life cycle of S. pombas simple and it is affected by
environmental conditions (Figure 1.2). In normal environmental conditions fission
yeast is haploid and propagates vegetatively. When starved, cells either undergo
mating to produce a zygote. This is followed by meiosis, resulting in the formation of
four haploid ascospores enclosed within a sac named as a tetrad ascus (Bresch et al.,
1968). Diploid cells of S. pombe are unstable but they can be maintained and
undergo mitotic cell division if the cells are transferred to rich medium before

meiosis has been started (Forsburg and Nurse, 1991).

As mentioned previously the research conducted by Nurse and his colleagues
identified genes involved in cell cycle regulation. These included genes that affect
DNA synthesis, mitosis, nuclear division, and formation of the septum identified on
the basis of cdc phenotype. Mutations in these genes change the normal behaviour of
the cell cycle, given rise to a cell cycle is either incomplete or altered. Using
temperature sensitive mutant they were able to identify the mutant phenotype with
respect to the cell cycle division. In these mutants the mutant gene product functions
as a wild type at a permissive temperature, while at a restrictive temperature the gene
product loses function resulting in the arrest of the cell at a particular stage of the cell
cycle and inhibition of cell division. A second class of mutant studied by Nurse and
colleagues were the so called wee mutants that divided at a smaller size than the wild
type. It was argued, correctly as it later turned out, that a premature mitosis would
most likely arise as a result of disruption of the controls that couple mitosis to cell

size. The most significant discovery arising from the study of cell division cycle



(cdc) and wee mutants in S. pomie was the discovery of the central role that the
Cdc2 protein kinase in regulating G2/Mtransition (MacNeill and Nurse, 1997; Nurse,
2002; Nurse et al., 1976; Thuriaux et al., 1978). For the purpose of this thesis the
following sections will focus on the key genes involved in G2/M regulation because

the majority of the experimental work described in this thesis concerns this topic.

Nuti
oD —Nutnyp,
L
%,
>
Stationary phase Mating
P e BN v N "
D GO, = o o
( o /. ) C oD AN /Conjugation
‘\ ‘) Spores l Meiosis
@ Ascus
Haploid mitotic cell cycle }
h-C e D(C e Dt
Haploid cell
Heos el

Meiosis and sporulation

Figure 1.2 The life cycle of Schizosaccharomyces pombe.

Fission yeast cells are predominately haploid in a favourable condition it propagates
by binary division. However, in nutritional starvation S. pombecan either go into
stationary phase or fuse to form a zygote. Zygote formation requires cells of two
different mating types (h*/h"). The Zygote proceeds through meiosis to produce four
spores which are packaged in sac called ascus.



1.2.2.1 Discovery and analysis of the relationship between weel
and cdc2

Weel is a mitotic inhibitor that plays a central role in regulating the activity
of the positive regulator of mitosis; Cdc2 kinase and in this way the activity of these
two proteins working together controls the timing of the G2/M transition. These
important conclusions were reached after a series of genetic analyses of the so called
wee mutants. Early work in fission yeast identified fifty-two wee mutants that
advance mitotic entry when the cells grow at 35°C (Nurse and Thuriaux, 1980).
Genetic mapping of these mutants showed that all of them located within the weel
gene except for one; wee. Genetic mapping however showed that wee was an
allele of cdc2gene and was renamed cdc21w. Heterozygous diploids of containing
cdc21w and cdc2" were smaller in size than homozygous wild type diploids, thus
showing that the cdc21w allele was a gain in function allele. The cdc2alleles, on
other hand, when in a heterozygous diploid with the wild type allele, example
cdcZ/cdc2®, were only slightly larger than the wild type diploid; cdcZ/cdcZ
indicating that these alleles were recessive and therefore loss of function alleles. In
contrast, the weelalleles were shown to be loss of function mutants by two criteria,
firstly one allele out of a grand total of fifty-one was nonsense suppressible and
secondly there were no cdcalleles of the weelgene as would be expected if the weel
alleles were gain of function as had been observed for cdc21w (Nurse, 1975; Nurse
and Thuriaux, 1977; Thuriaux et al., 1978). In addition overproduction of wild type
weel gene product Weel produces cells larger than the wild type consistent with the
idea that Weel functions as a dosage dependent inhibitor of mitosis (Russell and
Nurse, 1987b) and that the wee phenotype arise as a results of loss of function of this
inhibitory activity. The fact that loss of cdc2function blocked mitosis but that gain

of cdc2function generated a wee phenotype also indicated that cdc2determined the
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initiation of mitosis and thus defined Cdc2 as the key component in the machinery
that controls the G2/M transition. These studies also suggested that weelmight

inhibit Cdc2 and this was later shown by both genetic and biochemical experiments.

1.2.2.2 Molecular analysis of cell cycle control in fission yeast

Although the studies of temperature sensitive cdc mutants in fission yeast
identified many genes other than cdc2that have a role in the cell cycle regulation
cdc2 was the most important. Cdc2 is required not only for driving the G2/M
transition but also DNA replication (Nurse and Bissett, 1981; Nurse et al., 1976). The
cdc2 genes encodes Cdc2, a 34 kDa serine/threonine kinase that binds to a three
interphase cyclins (Cigl, Cig2 and Pucl) during G1 and S (Connolly and Beach,
1994; Martin-Castellanos et al., 1996), and to a one B-type cyclin (Cdc13) at the
G2/M transition (Forsburg and Nurse, 1991; Moser and Russell, 2000). The Cdc2
protein kinase exists in the cytoplasm throughout the cell cycle and requires the B-
type cyclin in order to localize to the nucleus (Decottignies et al., 2001). Cdc2
activity is regulated by cyclin levels and by positive and negative regulators (Moser
and Russell, 2000). Cyclin levels oscillates as the cell progresses through the cell
cycle, whereas the amount of Cdc2 remains constant (Moser and Russell, 2000;
Simanis and Nurse, 1986). At the G1/S transition, Cdc2 is found associated with
Cig2 protein and the activity of Cdc2/Cig2 complex hits a peak, suggesting that in S.
pombe Cig2 determines the onset of S-phase and promotes initiation of DNA
replication initiation and septum formation. The B type cyclin Cdcl3 however can
substitute for Cig2 (Connolly and Beach, 1994; Mondesert et al., 1996). The level of
Cig2 protein is regulated through a sequence located in the N-terminus called the
destruction box (D box) which is recognized by a complex regulatory network during

anaphase, G2 and M phase (Yamano et al., 2000). It has also been proposed that
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Ruml acts as an inhibitor of Cdc2/Cig2 complex during G1 phase (Benito et al.,

1998; Correa-Bordes and Nurse, 1995).

In contrast, the G2/M transition is triggered by the activation of the complex
between the B-type cyclin (Cdcl13) and the Cdc2 protein kinase (Booher and Beach,
1988; Fantes, 1982; Nasmyth and Nurse, 1981). Cells that lack the Cdc2/Cdcl3
complex in G2 undergo multiple round of S phase, while the presence of high levels
of this complex in G1 causes premature M phase, suggesting that high levels of the
Cdc2/Cdc13 complex blocks re-initiation of DNA synthesis and promotes the G2/M
transition (Hayles et al., 1994). When the cells exit M phase the activity of
Cdc2/Cdc13 is inhibited by the protein Rum1. This cyclin-dependent kinase inhibitor
targets Cdcl3 for degradation through ubiquitin-dependent proteolysis via the
destruction box (D box). Thereby, cells do not enter mitosis again prior to DNA
replication (Benito et al., 1998; Correa-Bordes and Nurse, 1995; Yamano et al.,
1996). After the G2/M transition Cdc2 binds Cigl and Pucl and inhibits the activity
of Ruml. Together Cdc2/Cigl and Cd2/Pucl phosphorylate Rum1 and marks it for
degradation resulting in the increases of Cdc2/Cig2 which induces G1/S transition

(Benito et al., 1998).

Two important proteins act as positive and negative regulators of Cdc2 at
G2/M progression, these are Weel and Cdc25. During G2, the activity of
Cdc2/Cdc13 complex is inhibited by the kinase activity of Weel due to the
phosphorylation on tyrosine 15 (Y15) of Cdc2 (Gould and Nurse, 1989; Russell and
Nurse, 1987b). In order for cells enter M phase the activity of the inhibitory
phosphorylation must be removed. This is carried out by a Cdc25 phosphatase
(Figure 1.3) (Fantes, 1979; Fantes, 1981; Russell and Nurse, 1986). Phosphorylation

of Cdc2/Cdc13 complex is also carried out by another protein kinase called mitosis
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inhibitory kinase 1 (Mikl) (Lee et al., 1994; Lundgren et al., 1991; Watanabe et al.,
1995). mik1 mutant cells do not have a discernible phenotype, while overproduction
of mikl+ blocks entry into mitosis even in we e tetls and cells with double

mutant for both mik1and weelare not viable (Lundgren et al., 1991).
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Figure 1.3 Diagram depicts regulation of Cdc2 at different stages of cell division
in S. pombe.

It shows the association of four cyclins with Cdc2 at a specific stage of cell division. When cells
exit M-phase, the activity of Cdc2/Cdc13 complex entire the length of G1 is suppressed by the CKl
(Ruml) resulting in increasing the level of Cdc2 and degrading Cdcl3. Meanwhile the tow
complex of Cdc2/Cigl and Cdc2/Pucl supress Ruml and targets it for degradation. As a result the
level of Cdc2/Cig2 reaches a peak and induces G1/S transition. It also illustrates phosphorylation
and dephosphorylation of Cdc2/Cdcl3 during G2 which is carried out by Weel and Cdc25

respectively.
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Weel itself is regulated by nim1/cdrl and cdr2 genes which were discovered in two
independent studies, that investigated the effects of nutrient limitation on S. pombe
cells. The studies found that the new inducer of mitosis nimYcdrl (change division
response) and cdr2 that are involved in Weel regulation. These genes encode a
protein kinase which inhibits the activity of mitotic inhibition of Weel and promote
the induction of mitosis (Kanoh and Russell, 1998; Russell and Nurse, 1987a; Young
and Fantes, 1987). Phosphorylation and degradation are also two essential factors in
the regulation of Weel. Weel is phosphorylated by a negative feedback loop
involving Cdc2 and Polol kinase (Figure 1.4) (Kang et al., 2002). This
phosphorylation targets Weel for degradation by ubiquitin protein (Watanabe et al.,

1995).

1.2.2.3 Role of cdc25 gene in cell cycle control in fission yeast

The cdc25 gene product is a member of a family of dual specificity
phosphatases proteins that is conserved in all organisms. Cdc25 activates cyclin-
dependent kinase complexes, which in turn regulate progression through the cell
division cycle. The Cdc25 phosphatase is responsible for the de-phosphorylation of
Cdc2 at tyrosine residue (Y15) and threonine residue (T14) (Gautier et al., 1991;
Russell and Nurse, 1986; Sebastian et al., 1993; Strausfeld et al., 1991). Loss of
function mutants of Cdc25 in fission yeast arrest cells in G2 and produce long cells.
Conversely, over-expression of Cdc25 accelerates M phase entry producing wee
cells. Moreover, cells lacking both Cdc25 and Weel perform a normal cell cycle
division suggesting that the Cdc25 phosphatase and Weelkinase have antagonistic
relationships (Berry and Gould, 1996; Fantes, 1981; Nurse, 1975; Rhind and Russell,

2012; Russell and Nurse, 1986). Homologous of Cdc25are found in a wide variety of
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species an in multicellular organism, there are three orthologues; Cdc25A, Cdc25B,
and Cdc25C (Boutros et al., 2006; Nagata et al., 1991; Sadhu et al., 1990). The
activity of Cdc25 at G2/M s triggered through the process of a positive feedback
loop which occurs between Cdc25 and Cdc2. Cdc25 is phosphorylated on multiple
sites by Cdc2/Cdc13 complex resulting in the increment of the phosphates activity of
Cdc25 against Cdc2/Cdcl3 complex (Figure 1.4) (Creanor and Mitchison, 1996;
Pomerening et al., 2003). In this way Cdc2/Cdc13 and Cdc25 participate in a loop
that culminates in the full activity of the Cdc2/Cdc13 complex and the triggering of
the G2/M transition. Another protein involves in the positive feedback loop is Polol
kinase which phosphorylates Cdc25 to initiate mitosis (Mulvihill et al., 1999). The
Polol kinase is also required for exiting mitosis (Ohkura et al., 1995). It has been
found that depletion of plol gene in S. pombesells leads the cells to be arrested in
mitosis with a mono-polar spindle (Mulvihill and Hyams, 2002). Temperature
sensitive mutants of cdc2and cdc25cells that have been blocked in G2 do not have
Polol on their spindle pole body at the restrictive temperature, compared with that in
wild type suggesting that the localization of Polol on spindle poles occurs at the
early stage of mitosis. In addition, mutations in spindle pole body component
cutl2stfl not only results in the premature localization of Pololto the spindle pole
body but also bypassed the requirement for Cdc25 activation at mitotic entry
(Mulvihill et al., 1999). Thus, it is likely that Polol kinase is an important element in
activating Cdc2/cyclin-B in S. pombé&Maclver et al., 2003). These key relationships
established by over twenty years of detailed genetic and molecular analysis can be

summarized in the following diagram.
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Figure 1.4 Activation and inactivation of Cdc2/Cdcl13
complex at G2/M transition.

Phosphorylating and activating of Cdc2/Cdc13 complex is catalyzed by
Weel kinase and Cdc25 phosphatase respectively. Phosphorylation of
Cdc2/Cdcl13 complex inhibits the activity of the complex and prevents
entry into mitosis. Cdc2/Cdcl13 complex participates in its activation as
part of a positive and negative feedback loops at which the Polo kinase is
taking a part of this regulation. Figure is adapted from (Hagan and Grallert,
2013; Rhind and Russell, 2012)

1.2.2.4 Cell size regulation in fission yeast

The cell size of S. pombaet division is affected by environmental conditions.
Various experiments established the existence of a size threshold in fission yeast.
One of these was shifting the S. pombeells from a poor medium to a rich medium
and vice versa. When cells were shifted from a rich medium to a poor medium, cells
divided at a smaller size and the growth rate slowed down. By contrast, when cells
were shifted up to rich medium, cell lengths increased but the growth rate increased
(Fantes, 1977). This finding has been shown to be true also in block and release
experiment using a temperature sensitive mutant of cdcl0 that arrests cells in S
phase. The result showed that the cells continued to grow after being arrested but
maintain their normal length with rapid division cycles (Fantes and Nurse, 1978).
Thus, it is more likely that the cells retain their original size through the altered
timing of subsequent cell cycle in order to correct cell size perturbation (Wood and

Nurse, 2013). These results are consistent with the existence of two size control in
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fission yeast which in turn functions at G1 and G2 (Fantes, 1981; Wood and Nurse,
2015).

1.3 Justification for population level analysis of the genetics
of cell size control in fission yeast.

In spite of the fact that genetic screens have identified numerous genes that
participate in controlling cell size at division in fission yeast (Navarro and Nurse,
2012; Nurse et al., 1976), we thought that it would be worthwhile to re-examine the
genetic control of G2/M using natural isolates of S. pombe. We wanted to
understand the genetic architecture of the variation present in natural isolates of S.
pombeboth because it is of general interest in terms of defining the way in which the
genetic architectures of different species varies at the population level and
specifically because we would like to be able to use natural variants to understand
better cell autonomous traits. Cell size is an excellent model for this type of analysis
because so much is already known, because the trait is of such broad interest and
because the phenotype can be accurately quantitated. Cell size varies between natural
isolates and notably within a sub-collection of Brazilian isolates. It had been noted
that one of the strains isolated in Brazil strains which isolated from Cachaca
distilleries were larger than those isolated from Pitanga (Eugenia uniflora fruit. We
chose to study these strains because it seemed likely that they would be closely
related because they come from the same geographical region and that the genetic
architecture underlying the variation would consequently be simpler than that

between two distantly related strains.
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1.4 Quantitative genetics

Many phenotypes of biology are not inherited as distinct categories but vary
quantitatively. These traits display continuous variation as a result of several genes
contributing to the phenotype or trait and because variation in the environment also
contributes to variation in the trait. Continuously varying heritable traits are called
quantitative traits and the loci that contribute to the trait are called quantitative trait
loci (QTLs). Understanding the relationship between the genetic variation and trait
variation is important for a number of fields such as agriculture, animal breeding,
biomedicine and other areas of biology (Barton et al., 2007; Hartwell et al., 2011;
Lander and Schork, 1994). As pointed out above quantitative variation in any
particular trait arises as a result of the interaction of two types variation; environment
and genetics (Figure 1.6). These different sources of variation typically contribute
differently to different traits. Quantitative genetics is based upon the observation that
most traits have a normal distribution of value (or that the values for a trait can be
simply transformed into normality) and that for a normal distribution the components
contributing to the variance can be combined by simple addition. Thus the
phenotypic variance can be separated into two components; the variance due to the
genetic differences among the individuals and the variance due to the environment.
As a results the phenotypic value of any individual can be represented as P = G + E
where G is the contribution due to the genotype and can be regarded as the mean
phenotypic value for a population of individuals of the same genotype and E which is
the contribution of the environment to the phenotype of that individual. The value of
the genotypic contribution to the phenotypic value can in turn be broken down into
components due to the additive effects at different loci, V4 the dominance effects, if

any, at locus if the individual is diploid Vp and the contribution due to any epistatic
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interaction between loci V,. We have been working with a haploid organism and so
Vp is not relevant and in order to facilitate the analysis have ignored V,. Having
made the assumption of an additive relationship between genotype and phenotype it
is possible to measure the phenotype of a population of related individuals, to
genotype the individual members of the population and then to measure the
covariance of the phenotype and genotype at individual loci in order to determine the
contribution of the respective alleles to the phenotype (Barton et al., 2007; Gillespie
and Turelli, 1989; Hartwell et al., 2011; Mackay, 2001a, b). Genome wide
genotyping is now simple and cheap using next generation sequencing and so this
approach has been widely adapted and implemented in a variety of software tools.
There are several of these but the easiest to use is set of commands implement in the
R/qtl library and it this tool that we have used. QTL mapping has been applied in
many different systems. Yeast is an ideal model that can be harnessed for this type of
study due to short sexual generation time, high meiotic recombination rate and small
genome size and the approach has been widely applied in budding yeast S. cerevisiae
(Liti et al., 2009; Liti and Louis, 2012; Nieduszynski and Liti, 2011). We wanted to
establish QTL mapping in S. pombewith a view to establishing the utility of the
technique as a method for identifying the genes contributing to the variance of cell
autonomous traits and in order to start to compare the genetic architecture of
quantitative traits in other systems. The precondition for this sort of analysis is to
establish a system for crossing between different strains and later in the thesis we
report how we have done this. The cross and segregants that we have developed
should be applicable to the analysis of a variety of cell autonomous traits in S.

pombe
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Figure 1.5 The principle of quantitative trait loci.

In general complex traits are influenced by several factors, which are: multiple trait
loci, the environment and the interaction between the genes and the environment.
Modified from (Nieduszynski and Liti, 2011)
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1.5 Aims of the thesis

We aimed to develop a simple and effective approach to using natural isolates of
S. pombenap trait loci in the hope we could identify the structure and function of the
sequences variation on cell size determination in S. pombeising natural isolates. The
identification and characterization of such genes might lead to a further insight into
the mechanism that controls the cell length of S. pombe Also, success of this
approach offers the path into use this method to examine other biological processes.
In general, the aims of this thesis is to focused on two aspects, one based on assaying
the effect of sequence variation of weel polymorphism on the cell length at
sepatation and another is to identify the contribution of sequence variation of the
genome on cell length between two of Brazilian natural isolates. Specifically, we

wanted to address the following questions:

1- What is the effect of sequence variation of weelallele on size variation in
two Brazilian natural isolates UFMG790 and UFMGR435? In order to
address this question the cell size of the F1 segregants from the cross between
these two isolates will be measured and the effect of the respective allele will
be assayed.

2- Are there weelloss of function alleles segregating in natural isolates of S.
pombé@ To investigate that the function of weelpolymorphism from the
natural isolates will be assayed on laboratory strain background.

3- Are there other genes segregating apart of weelthat function in cell size
variation in the Brazilian strains? We will use QTL mapping to investigate

the contribution of other genes that associated with size variation.
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2 Materials and Methods
2.1 Methods

2.2 Materials

2.2.1 Media

2.2.1.1 S. pombe medium

All yeast media that have been used during the study are described below:

22111 PMGpH 74

Component 1L
Potassium hydrogen phthalate 39
Disodium hydrogen phosphate anhydrous (Na2HPO4) 2.29
L-Glutamic acid (CsHgNO,) 3.759
D-Glucose anhydrous 20g
Minerals (section 2.1.2.1) 100m
Yeast salt stock (section 2.1.2.2) 20ml
Vitamins (section 2.1.2.3) Imi

Solid media is made by addin@0g Difco Bacto Agar perliter
221.1.2YES5pH 7.5

Component 1L
Yeast extract (Difco) 5¢
D-Glucose anhydrous 30g
Adenine hemisulfate salt 0.25g
L-Histidine 0.25¢
L-Leucine 0.25g
L-Lysine hydrochloride 0.25g
Uracil 0.25g

Solid media is made by adding0g Difco Bacto Agar perliter

2.2.1.1.3 YES5+ phloxin B

YES + 5 mg/I phloxin B. Add when the medium has cooled below 60°C from a 5g/I
stock solution in sterile distilled water.

2.2.1.1.4 YES5 Low Glucose

Component 1L
Yeast extract 59
D-Glucose anhydrous 10g
Adenine hemisulfate salt 0.25¢
L-Histidine 0.25¢
L-Leucine 0.25¢
L-Lysine hydrochloride 0.25g
Uracil 0.25¢
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2.2.1.1.5 SPA5

Component 1L
D-Glucose anhydrous 10g
Monopotassium phosphate (KHRPOW 19
Adenine hemisulfate salt 0.045¢
L-Histidine 0.045¢
L-Leucine 0.045¢g
L-Lysine hydrochloride 0.045¢
Uracil 0.045¢
Vitamins Iml

Solid media is made by adding0g Difco Bacto Agar perliter

2.2.1.1.6 FOA media

Component 1L
Yeast nitrogen base without amino acids (Difco 09190-15-3) 79
D-Glucose anhydrous 20g
5-FOA 1g
Uracil 0.046g
L-Leucine 0.225¢
L-Histidine 0.225¢g
Adenine hemisulfate salt 0.225¢
Agar 20g

Firstly, autoclave the agar (20g/500ml with stir bar) and let it cool to about 55°C.
Then, mix the other components in a separate flask, stirring continuously until all the
components are dissolved. Filters sterilize the solution and incubate at 50°C. Finally,
add the filters sterilized solution into the autoclaved agar, stir on a magnetic stir
plate, and then pour the combined media into petri dishes and leave to solidify. 5-
FOA (5-Fluoroorotic acid monohydrate, PC4054)

2.2.1.2 Bacterial medium

2.2.1.2.1 Mu, pH 7.0

Component 1L
Bacto-tryptone 10g
Yeast extract 59
Sodium chloride (NaCl) 10g
Sodium hydroxid (1M NaOH) 2ml

Solid media is madeby adding 20g Difco Bacto Agar perliter
2.2.1.2.2 SOCpH 7.0

Component 1L
BactoTryptone 20g
Yeast extract 59
IM Sodium chloride (NaCl) 10 ml
IM Potassium chloride (KCI) 2.5ml
IM Magnesium Chloride (MgCly) 10mi
Glucose 3.69

Make up to 1L with dH >0, autoclave and store at room temperature.
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2.2.1.3 Antibiotics used in this study

Antibiotic Final concentration
Ampicillin 50rmg/ml

Geneticin (G418) 100ngy/ml

Nourseothricin (NAT) 100ng/ml

Hygromycin 100ng/ml
Filter-st er i |l i zati on and storage at -20

2.2.2 Stock solution
2.2.2.1 Minerals

Component 1L
Boric acid 5¢
Manganese (I1) sulphate (MnSO,) 49
Zinc sulphate heptahydrate (ZnSQO,4.7H,0) 49
Ferric chloride (FeCl;.6H,0) 29
Molybdic acid (H,M00O4.H,0) 0.4¢
Potassium iodide (K1) 19
Copper (1) sulphate pentahydrate (CuSO4.5H,0) 0.4¢
CuS04.2H,0 0.25¢
Citric acid (CgHgO7) 10g

Filter sterilize and store at 4°C

2.2.2.2 Yeast salt stock

Component 1L
Magnesium chloride hexahydrate (MgCl,.6H,0) 52.5g
Calcium chloride dehydrate (CaCl, - 2H,0) 0.74g
Potassium chloride (KCI) 509
Sodium sulphate (NaFSOW 29

Autoclave and store at 4°C

2.2.2.3 Vitamins

Component 1L
Pantothenic acid 1g
Nicotinic acid 10g
Inositol 10g
Biotin 10mg

Filter sterilize and store at 4°C
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2.2.3 Buffers
2.2.3.1 100x TE (Tris-EDTA) pH 7.4

Component 1L
Tris (hydroxymethyl) aminomethane 121g
EDTA 379

The solutionis made up to 1 with distilled water, autoclave and store at room
temperature.

2.2.3.210x E

Component 1L
Disodium hydrogen phosphate (anhydrous) (Na,HPQOy,) 37.69
Sodium phosphate monobasic dehydrate (NaH,PO,.2H,0) 5¢
0.5M EDTA, PH 8.0 20 ml
2.2.3.3 50x TAE

Component 1L
Tris (hydroxymethyl) aminomethane 2429
Glacial Acetic Acid 57.1 ml
0.5M EDTA, PH 8.0 100 ml

The solution is made up to 1 with SDW, autoclave and store at room
temperature.

2.2.3.4 20x SSC pH7.0

Component 1L
Sodium chloride 175.29
Tri-Sodium Citrate Dihydrate 88.29

Make up to 1L with dH20
2.2.4 Solutions
2.2.4.1 1.2M CPE Sorbitol

Component 1L
D-Sorbitol 2189
Citric acid 1.6g
Disodium hydrogen phosphate (Na2HPO4) 3.38¢
0.5M EDTA, PH 8.0 8 ml

Autoclave and store at room temperature

2.2.4.2 5M NacCl
Component 1L
NaCl 292.29

Make up to 1L with dH20
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2.2.4.30.5M EDTA pH 8.0

Component 1L

EDTA 186.1g

Make up to 1L with dH,O, add approximately 20g of NaOH pellets (allowing
EDTA to dissolve) and maintain at correctpH 8.0 while EDTA dissolves

2.2.4.4 3M Sodium Acetate pH 5.2

Component 1L

Sodium acetate 246.09g

Make up to 1L with dH,O adjust pH to 5.2with HCI, autoclave and store at
room temperature.

2.2.4.5 Alkaline lysis solutions

A- Solution | (Resuspension buffer)

Component 1L
Tris 6.06g
EDTA 3.729
Glucose 9g

Make up to 1L with dH,0, adjust the pH to 8.0 with HCI, autoclave and store at
room temperature

B- Solution Il (Lysis solution)

Component 1L
Dissolve NaOH 8.0g
10% SDS 100ml

Make up to 1L with dH20.

C- Solution Il (Neutralization solution)

Component L
Potassium acetate (C,H3KO,) 294.45¢9
Glacial acetic acid (C,H40,) 115mi

Make up to 1L with dH20.
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2.2.5 S. pombe methods

2.2.5.1 S. pombe strains
The S. pombetrains used during this study are listed in Appendix Il. Strains

were kept as frozen stocks at -80°C and thawed on YES5 plates when required.
Stock of cells has made up by growing cells to saturation and then mixed with an
equal volume of 80% of sterile glycerol. The mixture was transferred to 1 mi

freezing tube, labelled, sealed and frozen down at -80 C.

2.2.5.2 S. pombe media supplements

Most of S. pombestrains used in this study were auxotrophic and as a result
media needed to be supplemented with all the compounds required for growth such
as adenine, leucine and uracil. Auxotrophic markers can be selected for by using
selective media lacking the respective supplement. ura4 was predominantly used due
to the advantage of both positive and negative selections. Positive selection is
achieved by auxotrophic complementation of the ura4, whereas it can be counter
selected for by supplementing media with 5-fluoroorotic-acid (5-FOA). 5-
fluoroorotic-acid is converted by the ura4 gene product to a toxic compound
fluorodeoxyuridine which prevents growth of the prototrophic strains but allows
growth of the ura4 loss of function mutants. In addition, antibiotic markers have
been used to produce a strain with an antibiotic resistance gene. Antibiotic resistance
markers including geneticin (G418), nourseothricin (Nat) and hygromycin (hyg) and
can be selected for by growing cells in the presence of that particular antibiotic

concentration (100ng/ml). All antibiotics used are described in section (2.1.1.3).

2.2.5.3 Fission yeast transformation using lithium acetate

A single colony of S. pombeells were grown overnight in 2 ml YESS5 broth

at 32°C. Then 250 of the overnight culture was transferred to 50 ml of fresh YES5
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culture and incubated to ODgoo Of 0.8-1. Cells were harvested in mid-log phase at
470 x g for 5 minutes and washed with 50 ml sterile distilled water twice. The cell
pellets were re-suspended in 1-4ml 0.1M LiAc/TE and 1ml of suspension transferred
into 1.5ml Eppendorf tube. The suspension was once again centrifuged at 2,375 xg
for 5 minutes in a Heraeus benchtop micro-centrifuge and the supernatant was
discarded. The pellet was re-suspended in the remained solution of 0.1M LiAc/TE
and ~ 50ngy of plasmid DNA was added and mixed gently by pipetting. Before
adding 40% PEG/TE/LiAc the 1.5ml Eppendorf tube was weighed with and without
the sample in order to calculate the appropriate amount of 40% PEG/TE/LiAc. After
adding 40%PEG/TE/LiAc the tube was incubated on a rotating wheel at 32°C for 1
hour. Following one hour incubation again a calculated amount of dimethyl sulfoxide
(DMSO) was added to the mixture and the cells were heat-shocked for 5 minutes in a
40°C water bath and then washed with sterile distilled water. Cells were spun down
at 2,375 xg for 5 minutes and re-suspended in water. In these procedures where the
goal was to make a strain with an auxotrophic marker, after the cells had been spun
down, the cells were re-suspended in 50ml YES5 broth and incubated at 32°C for 3
hours with shaking. After that, the cells were concentrated by centrifugation as
described above, washed with 50ml distilled water and re-suspended in 200m of
distilled water. Finally, the cells were plated cells on selection medium. However, if
the goal was to integrate an antibiotic resistance marker, the cells were plated
immediately on YES5 agar after heat-shock (for more prolonged growth than 3 hours
without selection) and the next day replica-plated onto YES5 agar supplemented with
a particular antibiotic.

Note. We had to make some modifications in the protocol in particular when

we wanted to swap the weelallele of the laboratory strain (975h") with that of the
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natural isolates. For this experiment we used ura4 as a maker for both positive and
negative selection. We modified the steps that follow heat shock; we did not incubate
cells at 32°C for 3 hours and then plate them directly on FOA medium. Instead cells
were spun down, re-suspended in sterile distilled water and spread onto rich media
YESS. The plates were incubated at 32°C for one day and replica-plated onto FOA
and left for 3-4 days until colonies obtained. The single colonies were checked by
both patching on rich medium (YES5) and selective medium (PMG) that lacks uracil,

and then by PCR.

2.2.5.4 Crosses

The parental haploid strains were grown on YES5 agar for three days, a
single colony was picked and cultured in 2 ml of YES5 broth medium with shaking
overnight at 32°C. Cells were harvested by centrifugation at 2,375 x g for 5 minutes
and washed twice with sterile distilled water. Then cells were re-suspended in 250 ni
of sterile distilled water and100mi of each mating partner were mixed and spun down
as mentioned previously. Finally, the pellet was re-suspended in 50 mi of sterile

distilled water, spread on a mating SPA5 plate and incubated at 32°C for 24 hours.

2.2.5.5 Tetrad Analysis
2.2.5.5.1 Tetrad dissection

Diploid cells of each cross as described previously were inoculated on a
SPAS plate for 48 hours at 32°C to induce sporulation and produce asci. A sample
from the SPA5 plate was taken and treated with 10% glusulase enzyme, (Boston MA
02118) (snail gut enzyme, which breaks down the ascus wall and killing vegetative
cells). This enables one to dissect the ascus and pick individual spores easily to place
them along a grid. After the asci had been left for 10 minutes at room temperature in

glusulase a loop of the sample was streaked on one side of a fresh YES5 plate. |
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dissected individual asci using a microdissection microscope (Sanger MSM System)
and plated spores in a grid on the YES5 plate. The plate was incubated at 32°C until
the colonies were visible. Individual colonies were typed with respect to auxotrophic
markers by patching colonies onto selective plates and DNA typed for weelallele by

PCR analysis.

2.2.5.5.2 Random mating spore analysis

In order to isolate strains for QTL analysis strains 444 and 446 (Appendix V)
were used for random spore analysis. A mixture of different mating types and
complementing genotypes were crossed on SPA5 agar as described in section
(2.1.1.1.5). Cells were incubated at 32°C for 24 hours, then plated onto PMG lacking
supplements in order to isolate a diploid cells. Several independent diploid colonies
were patched onto PMG and checked by a phase contrast microscope, phloxine B
and iodine vapour assay for ploidy (Forsburg and Rhind, 2006). In order to create
spores one of the isolated diploid clones was used for random spore analysis, the
diploid cells were placed on SPA5 plate for 24 hours to induce sporulation. Asci
were harvested and suspended in a solution containing 1 in 200 diluted glusulase and
the mixture was incubated overnight at 27°C

(http://research.stowers.org/baumannlab/documents/Nurselab fissionyeasthandbook

000.pdf). Spores were then counted using a haemocytometer, washed in sterile
distilled water and between 500-1000 spores plated on solid YES5 medium. The
plates incubated at 32°C for 3-4 days. A hundred random colonies were isolated and
cell length at septation was measured. DNA was extracted and the data combined in

order to map QTL loci.
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2.2.5.6 Cell sizing at septation stage

A single colony of cells was cultured in 2 ml of YES5 low glucose broth
medium (5 g/l glucose) at 32°C overnight with shaking until the cells reached mid-
exponential phase. 500m of the cells were then concentrated by centrifugation at
2,375 xg for 5 minutes, medium removed and 1 of re-suspended cells transferred to
individual microscope slide and covered with the coverslip. Images were collected
and the septated cells were sized using a Metamorph (Universal Imaging) v6.1. The
microscope that used for this purpose was a Zeiss Axioscop microscope, 100x

objective.

2.2.5.7 Quantitation of DNA content by Flow cytometry

DNA content can be conveniently determined by flow cytometry, using
fluorescence-activated cell sorting (FACS). For this study analysis was performed in
an LSRII (Becton Dickinson, San Jose, CA,U.S.A.) with excitation wavelength of
488 nm following staining with Sytox Green (735433) (Knutsen et al., 2011). Cells
were cultured in 2 ml YES5 media incubated overnight at 32°C to mid-exponential
phase. Approximately 1 x 10" cells from exponentially growing cultures were
centrifuged at 2,375 xg for 5 minutes. The supernatant was removed, washed twice
with SDW and then 1 ml of 70% cold ethanol was slowly added during vigorous
mixing. Fixed cells were centrifuged and rehydrated twice in 2ml of 1X PBS pH 7.4.
Cells were then re-suspended in 1 ml pepsin solution (5 mg/ml pepsin in 0.01M HCI)
and incubated at 37°C for 4 hours. Cells were collected by centrifugation and washed
twice in Iml 20 mM EDTA pH 8.0, before 100 ng/ml RNAse in 1 ml 20 mM EDTA
was added and the sample was incubated overnight at 37°C. The cell pellet was re-

suspended in 500 m of 1X PBS containg Sytox Green in a final concentration of

1mM and before the analysis samples were sonicated (MSE Soniprep 150) at low
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power for 20 second and analyzed by standard flow cytometry methods. Weasel
software (V3.0.2) was used for data analysis and data analysis and subsequent image

acquisition.

2.2.5.8 Yeast genomic DNA extraction
2.2.5.8.1 Preparation of genomic DNA of S. pombe (Long method)
2.2.5.8.1.1Large scale preparations of DNA

A single colony was picked from YES5 plate and inoculated into 20 ml rich
media YES5 and incubated overnight with shaking at 32°C. Cells from 20 ml of the
overnight cultures were pelleted in a 50ml falcon tube, the cell pellets were re-
suspended in 500 M of spheroplasting solution (zymolyase 50T in 100 ml 1M sorbitol
and 50 mM EDTA) and incubated in a shaking water bath at 37°C for 2 to 4 hours.
In order to check for spheroplasting the cells were examined by phase contrast
microscope in the presence and absence of 10% SDS. Once spheroplasted samples
were centrifuged at 3,492 x g (Sorvall RC 3B plus) for 10 minutes. 500 m of
DNAzol (4M Guanidinium thiovyanate, 0.1M Sodium acetate, 0.1M 2-
Aminethanethiol.hyrochlorid, 0.2%w/v Sodium lauroyl sarcosinate(Sarkosyl), 0.01M
EDTA, 0.03M Trisodium citrate, 17%v/v Isopropanol, pH8.5) was added and the
tubes were vortexed vigorously for 1 minute then another 500 m of 100% ethanol
was added. After incubation in ice for 10-15 minutes the mixture was centrifuged at
2,561 x g for 10 minutes. The cell pellets were re-suspended in 500 m TE and 5 i of
10mg/ml RNAse was added then incubated for 2 hours at 50°C. Next another 5 ml of
10mg/ml Pronase was added and incubated for > 6 hours at 55°C. An equal volume
of phenol chloroform (the phenol chloroform solution is made up of phenol,
chloroform and isoamylalcohol in ratio of 25:24:1 respectively) was then added,

vortexed, and centrifuged at 1,828 x g for 5 minutes (The process was repeated 2 to 3
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times till the interface was clear). The clear upper layer was then passed to a fresh 50
ml falcon tube, 1:10 of volume 3M sodium acetate and 2.5 volumes of 100% ethanol
were added, the tube gently inverted and placed on ice. The samples were then

centrifuged at 2,561 x g for 10 minutes, the pellet washed with 500 i of cold 70%

ethanol and air dried. Finally, the DNA was re-suspended in 200 n of TE.

2.2.5.8.1.2 Small scale preparations of DNA
2ml culture of yeast was grown up in YES5 media overnight at 32°C. 500 ni

culture was spun for 5 minutes at 2,375 xg using a benchtop microcentrifuge and all
growth medium were removed. Then pellet was re-suspended in yeast cell lysis
solution (zymolyase 50T in 100 m 1M sorbitol and 50 mM EDTA) and incubated for
2 hours with checking for spheroplasting. After that 2.5 ml of 10 mg/ml of Pronase
was added to the suspended cells and incubated for > 4hours. Finally, the samples
were placed in the hot plate at 100°C for 20 minutes to destroy the activity of

Pronase.

2.2.5.8.2 Quick method Yeast DNA extraction (Hoffman and Winston,
1987)

2ml culture of single colony was grown overnight in YES5 media, after
which 1.5ml was collected and washed in 1ml distilled water. The cell pellets were
re-suspended in 80m lysis buffer (2% Triton X-100, 1% SDS, 100 mM NacCl, 10
mM Tris-HCI (pH 8.0), 1. mM EDTA (pH 8.0)), followed by a small amount of acid
washed glass beads (0.45 — 0.52 mm) and 80m phenol chloroform. Cells were
vortexed for 3-4 minutes, followed by addition of 100m TE. Once again cells were
centrifuged for 5 minutes at top high speed. The upper agueous phase was transferred
to a fresh 1.5ml micro-centrifuge tube and the DNA precipitated by adding 300

100% ethanol (15 minutes at -20 optional). After that, the sample was centrifuged at
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16,060 xg for 6 minutes. The pellet incubated at 37°C for 15 minutes in solution of
100m TE; 1 m of 10mg/ml RNAse. The DNA was then precipitated by adding 1:10
volume of 3M sodium acetate and 2.5 volume 100% ethanol and placed on ice for 5-
10 minutes. After precipitation, the samples were centrifuged at 16,060 xg for 10
minutes. The pellet was washed with 100m of 70% ethanol and air dried for 5

minutes. Finally, the pellet re-suspended in 50-100 ml TE and used for genotyping.

2.2.5.9 Construct heterothallic strain
To make a heterothallic strain of UFMG790 and UFMGRA435, three different

approaches have been used which are explained below.

A. lodine treatment

The iodine treatment is a conventional method that has been used over decades to
select for a heterothallic strain by exposing the cells with iodine vapour as
homothallic cells mate and form starch rich spores on nitrogen depleted medium.
Asci and vegetative cells stain differently with iodine vapour. Ascospores contain in
their wall starch like substance therefore they will stain dark brown, while the
vegetative cells stain yellow because of the absence of this compound (Meade and
Gutz, 1976). In this study, 2ml culture of strains of interest were grown in YES5
overnight then 1000 cells were plated on SPAS5 agar and left to grow at 32°C for 3-4
days until the colonies obtained. After that heterothallic strain was selected by
inverting the plate on its cover which contains a few iodine crystals for 3-5 minutes.
After this treatment colonies derived from homothallic variants turn dark whereas
heterothallic variants cells turn yellowish (Figure 2.1 A.). As a result, heterothallic
and homothallic strains can easily be detected. Cells that were stained yellow
(heterothallic) have been tested for their mating type by mating them with h* and h’

and then checked for sporulation. Furthermore, mating type has also been confirmed
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by PCR for h* and h” where a specific primer has been used for each matl1-P and
mat1-M with common primer for MT1

(http://research.stowers.org/baumannlab/documents/Nurselab fissionyeasthandbook

000.pdf). The matl-P specific primer MP with MT1 produces a PCR product of
987bp, whereas the mat1-M specific primer MM with MT1 produces a PCR product

of 729bp. Homothallic h*° cells give both bands (Figure 2.1 B).

lodine staining of S. pombe colonies
on SPA5 media

PCR amplification of mating type genes

Figure 2.1 Isolate of heterothallic strain

A. The iodine-staining phenotype of sporulated and nonsporulated cells, where 1000 cells have
been plated on SPA5 agar then exposed to iodine vapour. Colonies that are dark (a) are
homothallic (h*®) ,however, those that appear yellow (b) are heterothallic (h*/h’)

B. PCR confirms the mating type of homothallic (h*®) and heterothallic (h*/h"). Homothallic cells
give two bands of about 987bp and 729bp, while h* and h™ cells give bands of ~987bp and
726bp respectively.

B. Sodium nitrate mutagenesis

The method applied in this investigation followed the protocol of(Meade and
Gutz, 1976). In brief 2ml culture of homothallic (h*%) strain were grown overnight at

32°C. Cells were collected by centrifuging at 470 x g for 5 minutes, washed twice
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with 0.2M acetate buffer (pH 4.0) and then diluted to final concentration of 2 x 10’
cells/ml. The cells were then treated with 100 m of 0.3M sodium nitrate at various
times from 3-30 minutes. After incubation, cells were diluted, plated on SPA5 agar
and incubated at 32°C for 3-4 days. Finally, the plates were exposed to iodine vapour

and checked for non-sporulated strains.

C. Targeting gene

The plasmid for knocking out matp locus was provided by Dr William Brown.

2.2.6 2.2.2 Bacterial methods

2.2.6.1 Bacterial transformation by electroporation

Electroshock treatment used to introduce plasmid DNA into the competent
Escherichia colicells. First the DNA in distilled water, the electroporation cuvette
(Lmm) and competent cells were placed on ice. Next, 1-5ul of the DNA was added to
50 m of the competent cells and gently mixed. After gentle mixing, cells and
plasmid DNA were transferred to the chilled electroporation cuvette and then
exposed to the electroshock. The electroporation pulse was set as follow: 1.8 kV,
25nF capacitance and 200 W resistances (this is for Imm cuvette). Immediately after
the pulse, Iml of liquid medium SOC was added to the electroporation cuvettes,
mixed gently and the sample transferred to a clean 13ml tube and allowed to grow in
a shaking incubator for 30 minutes at 37°C. After incubation, 50m of the sample
plated for overnight selection onto Mu agar containing ampicillin at 50ng/ml and the

rest of the sample was spun at 1,828 x g for 5 minutes and the supernatant decanted.
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The cell pellet was mixed with the remained medium and then plated onto Mu plate

containing ampicillin at 50ng/ml. Finally, the plates incubated at 37°C overnight.

2.2.6.2 Bacterial colony screen

Following an overnight incubation at 37°C individual colonies were screened
for successfully transformants by either PCR or restriction enzyme digestion. Colony
screening by PCR was a rapid initial screen that was performed in order to determine
the presence of the DNA insert in the vector. Single colonies were picked and
transferred to 20 pl of sterile water. 1 of the cells suspension was analysed PCR.
The remaining portion of positive clone was inoculated in Mu broth containing
ampicillin at 50mg/ml broth media for further applications. Similarly, restriction
enzyme digests was performed to determine the correct insert. For this transformants
colonies were picked from Mu agar containing ampicillin at 50ng/ml and transferred
to 2 ml culture of Mu broth containing ampicillin at 50ng/ml. The culture was grown
in Mu broth containing ampicillin at 50mg/ml overnight at 37 C in a shaking
incubator. Then plasmid miniprep was conducted to purify the DNA which is
described below. Once the plasmid construct was purified, a portion was screened
by a particular restriction enzyme. Finally, the digested plasmid was run on an
agarose gel to verify that the vector backbone and insert are of the expected sizes.
Furthermore, the recombinant colonies were verified by Sanger sequencing as well.
Sequencing was done for the isolated plasmid at which primers were set across the
entire insert and region of ligation with vector if required to verify the accuracy of

the insert.
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2.2.6.3 Isolation of plasmid DNA
2.2.6.3.1 DNA miniprep

A single colony was taken from a successfully transformed bacterial colonies
plate and used to inoculate 2 mL of Mu broth containing ampicillin at 50nmg/ml where
it was incubated with shaking overnight at 37°C. Then 1.5 ml of the overnight
culture was used for plasmid isolation, while 500 i was reserved for maxiprep. The
cells were pelleted by centrifugation at 16,060 xg for 2 minutes and the pellet was
then re-suspended in 100m of Solution | (2.1.4.5A) including 1 m of 10mg/ml
RNAse, vortexed vigorously. Next, 200m of Solution 11 (2.1.4.5B) was added, mixed
by inverting the tube gently for 10 times and then placed on ice for 5 minutes. After
incubation in ice, 150 m of Solution Il (2.1.5.8.C) was added and again gently
inverted a few times and incubated on ice for 5 minutes. Samples were spun for 8
minutes in micro-centrifuge to pellet cell debris and the supernatant was transferred
into a fresh, labelled Eppendorf tube. An equal volume (approximately 500m) of
isopropanol was added to precipitate the DNA, samples were placed on ice for 10
minutes. The tubes were placed with their hinges pointing outward from the center,
in a micro-centrifuge and spun at maximum speed for 10 minutes. The pellet was
rinsed with 100m of 70% ethanol and re-suspended in 100m of TE. Phenol
chloroform extract was performed by adding 100 to the DNA sample, mixed well
and spun 7 minutes in micro-centrifuge to separate phases at 16,060 xg. Carefully the
upper aqueous layer was transferred to a fresh 1.5ml tube. The DNA was then
ethanol precipitated and the pellets re-suspended in 50m of TE. Typically 3 of a

50m miniprep was used for restriction enzymes analysis.
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2.2.6.3.2 Maxi-Prep

In general 100-500ml of culture was used in order to extract a large amount
(>500ng) of plasmid DNA. 500ml of an overnight grown culture was poured into a
plastic centrifuge bottle and spun at 4,561 x g (Sorvall RC 3B plus) for 10 minutes.
The cells pellets were re-suspended in 50ml of solution I with 500m of RNAse
10mg/ml, vortexed vigorously and incubated at room temperature for 5 minutes.
After that 100ml of solution Il was added, mixed gently by inverting the plastic
centrifuge bottle for 10 times and then placed on ice for 5 minutes. Next, 80ml of
solution 11l was added, once again the sample mixed by inverting the bottle for 10
times and incubated on ice for another 5 minutes. The debris were isolated from the
DNA solution by centrifugation of the sample for 10 minutes at 3,492 x g (Sorvall
RC 3B plus). The supernatant was poured into another centrifuge bottle, precipitated
with equal volume of isopropanol, mixed and incubated on ice for 20 minutes. Then
the sample was centrifuged at 3,492 x g (Sorvall RC 3B plus) for 15 minutes to
precipitate the DNA. The DNA pellet washed with 70% of ethanol, air dried and then
re-suspended in 4 ml TE. The solution was treated again with 100ng/ml of RNAse
and incubated at 37°C for 30 minutes. To purify the DNA from residual cellular
proteins 1ml of phenol chloroform was added, the sample inverted and then
centrifuged to separate the phases and this step was repeated a few times until a clear
layer obtained. The upper layer was transferred to a fresh 15ml tube and ethanol
precipitated, pellet, washed with 70% ethanol, dried as mentioned previously and re-
suspended in 1ml TE. Finally, the quantity of DNA was measured using

spectrophotometrically (NanoDrop1000, V3.2).
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2.2.7 DNA methods
2.2.7.1 DNA cloning

The DNA fragment of interest was ligated to particular plasmid following the general

steps of DNA cloning as described below;

1. DNA amplification
The gene of interest was amplified by PCR using Q5 high fidelity DNA

polymerase (NBE). In general 50m reaction of PCR was prepared with sterile
distilled water containing; 2.5 m of each designed (forward and reverse) 10nmv
primers, 10m of 5X Q5 Reaction Buffer (NBE), 5m of 10 mM dNTPs, 2 of 5X Q5
High GC Enhancer (NBE), 2 ml of 1 in 10 diluted DNA extract and finally 1n of Q5
high fidelity DNA polymerase enzyme, which was added last. The PCR programme
was set as followed; initial denaturation 94°C for 2 minutes, followed by a 33 times
cycle of denaturation at 94°C for 10 seconds, annealing for 15-45 second at 50°C
(annealing temperature varies according to the melting temperature of the primers),
and subsequent elongation at 68°C for 30-60 second depending on the length of
desired product. After the reaction was completed 2 of the 50 of PCR reactions
were analysed by agarose gel electrophoresis. Finally, the PCR-amplified DNA was

purified to continuing the cloning procedure.

2. DNA digestion
The PCR-amplified DNA was digested with an appropriated restriction enzyme

for a minimum of two hours at a specified optimum temperature. Then precipitation
was carried out as described in the previous sections, the DNA re-suspended in 80
of TE/6x Orange G and size fractionated by agarose gel electrophoresis and the
bands corresponding to the DNA were extracted using as in section (2.2.3.5). In

some cases it was necessary to de-phosphorylate the restriction enzyme digested
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DNA. A typical de-phosphorylation reaction composed of 1 nmg of vector DNA in
restriction buffer 3 (NEB) 1 unit of Calf Intestinal Phosphatase (CIP) was carried out

at 37 C for 30 minutes.

3. Ligation

Ligation reactions were set up along with control containing only vector without
insert. Typically a molar ratio of 3:1 insert:vector was used. Reaction conditions was
performed overnight at 16°C for best results, in a final reaction volume of 10mni
containing 0.5 of the T4 DNA ligase (NEB) and 1 of T4 DNA ligase buffer
(NEB). The amount DNA of both vector and insert was estimated from the
fluorescence intensity on an agarose gel. Prior to cloning in E. coli cells, the ligation
reaction was deactivated by alcohol precipitation. Then 2 il of the plasmid construct
was used to get the DNA into the competent cells by electroporation (section

2.2.2.1).

2.2.7.2 Oligonucleotides

Primers were designed with specificity to the target sequence using some
software and ondine sites (listed below). Many aspects such as hairpins, loops,
length and GC content have been considered in order for making a good primer.
Stock solution of primers were made at a concentration of 10mM and stored at 20°C.
All primers were used at a final concentration of 200-500 nM in the PCR reaction.
In some cases it was required to add a unique restriction site on the 5’ end of a
primer especially in cloning in which a gene of interest need to be ligated into a
vector. In the below some useful software and on4ine sites have been listed that were
used for making a primer and the sequences for each individual experiment are

detailed in Appendix I.
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1 Oligo Calc  http://www.basic.northwestern.edu/biotools/oligocalc.html

1 Reverse Complemethtttp://www.bioinformatics.org/sms/rev_comghtml

9 Vector NTI software

2.2.7.3 Polymerase chain reaction (PCR)
A. Standard PCR

The PCR was performed either to screen a specific site of interest or to make
a large amount of gene of interest for cloning. In general most of polymerase chain
reactions (PCR) were performed using Taq DNA polymerase (YB-Taq) in a final
reaction volume of 10m. All the PCR reactions were carried out using either a MJ
Research PTC-200 or G-Storm thermal cycler PCR machine with a heated lid. A
standard PCR reaction was composed of; 1 template DNA, 1m of 10 x Taq buffer
(16mM Ammonium sulphate (NH4),SO4, 67mM Tris-HCI pH 8.8, 0.01% Tween-
20), dNTPs were used at a final concentration of 200, designed primers (forward
and reverse 20-30 nucleotides in length) were used at a final concentration of
250nM, MgCI; used in a final concentration of 2.5mM, 0.25 units of Taq polymerase
and finally the master mix was completed to a final reaction volume of 10m with
sterile distilled water. All the reaction compounds were gently mixed and collected to
the bottom of the tube by a quick spin before it being placed in a PCR machine.

The cycling conditions for the PCR varied depending on the experiment but
in general the reaction conditions of a PCR amplification was set up for 30 — 34
cycles of; 94°C for 2 minutes pre-incubation, X°C for 15-45 seconds (X stands for
the annealing temperature, where it depends on the melting temperature of the primer
pair and for calculating the melting temperature NEB Tm calculator

http://tmcalculator.neb.com was used ) followed by elongation at 68°C for Y minutes
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where Y is the elongation time that varies according to the length of expected
product approximately 1 min/kb.

Finally, PCR reactions were analysed on 1 or 2% agarose gels depending on
size of the PCR product including 1ng/ml Ethidium bromide and gel photographed

with UV light (GelDoc-It Imaging System).

B. Long range PCR

Long range PCR was performed to amplify a large size of PCR fragment in a
final reaction volume of 20m composed of template DNA, 1x of 5x Expand Long
Range buffer mix with MgCl,, dNTPs were used at a final concentration of 500,
primers (F and R) were used at a final concentration of 400nM, 0.075 units of
Expand Long Range dNTPack polymerase blend and finally the master mix was
completed with sterile distilled water. A long range PCR cycling conditions for

amplification of >5kb fragments is detailed in (Table 2.1).
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Table 2-1 Long range PCR cycling conditions for amplification of >1.8
kb

Stepl Temperature Time Number of
cycles

Initial Denaturation 92 2 minutes 1

Denaturation 92 10 seconds

Annealing 50 10 second 10

Extension 65 12 minutes

Ends

Step2 Temperature Time Number of
cycles

Initial Denaturation 94 10 seconds 1

Denaturation 94 10 seconds

Annealing 50 10 second 25

Extension 65 12 minutes plus 20

seconds per cycle
Ends

2.2.7.4 DNA fragments purification

DNA fragments were purified either directly from PCR reactions or from
agarose gels and in both cases QIlAquick DNA Extraction Kit were used. The
extraction was carried out by following the manufacturer’s instructions. For
purifying the desired DNA directly from PCR reaction 5 volumes Buffer PB was
added to 1 volume of the PCR reaction and mixed thoroughly then placed to the
QIAquick column in a provided 2 ml collection tube. The sample was left for 5

second at room temperature followed by a quick centrifuging for 30-60 second and
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the flow-through was discarded. The bound DNA was washed with 750 i Buffer
PE, centrifuged twice for 30-60 second, the flow-through was discarded and then the
QIAquick column placed in a clean 1.5 ml tube. To collect the DNA finally, 50 ml of
Buffer EB (10 mM Tris-Cl, pH 8.5) or SDW was added to the center of the
QIAquick membrane and then centrifuged the column for 1 minute two times. To
obtain more concentrated DNA it is preferable to add 30 nl to the center of the
QIAquick membrane and leave it for 1 minute then centrifuge.

In some cases DNA was purified from the agarose gels stained either with
Ethidium bromide or crystal violet using a QIAquick Gel Extraction Kit. Here, after
an adequate separation of the DNA fragments was achieved, the gel was placed onto
UV transilluminator and the desired DNA fragment was carefully dissected from the
agarose gel using a clean scalpel (it is necessary to process this step as quick as
possible to minimize exposure time to UV). Then the dissected band was transferred
to a fresh 1.5 mL Eppendorf tube, weighed to determine the size of the gel slice and
3 volumes of Buffer QG were added (large pieces of gel can be cut into smaller
pieces and put it in two Eppendorf tubes). The procedure was preceded following the

manufacturer’s instructions.

2.2.7.5 Agarose gel electrophoresis

Agarose gel electrophoresis has been used to separate the DNA fragments for
visualization and purification. The amount of agarose varied depending on the size of
the DNA fragments. Typically, 1 g of agarose (SeaKem® LE Agarose) was added to
100ml of 1x of TAE buffer (2.1.4.3) or 1x E buffer (2.1.4.2) and agarose was
dissolved by heating the mixture in a microwave for approximately 3 minutes. It is

better to weigh the bottle before and after heating in order to compensate the loss of
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water due to evaporation. Prior to pouring the gel into a sealed gel tray, the gel was
cooled and supplemented with 10m of 10mg/ml Ethidium bromide. When the gel
was set, it was transferred into a gel running tank containing the appropriate buffer,
and then the electrophoresis was carried out at 153 V for > 20 minutes. Finally, the
DNA bands were visualized using a UV transilluminator (GelDoc-It Imaging
System).

Two types of gel boxes have been used depending on the experiment
required; Vertical and horizontal gel boxes, the former was made by William Brown
and the latter bought commercially. Vertical gel used for applications such as
Southern blot and restriction site mapping of the plasmid construct, whereas

horizontal gel size used for general PCR analysis.

2.2.7.6 Sanger sequencing

DNA sequencing by the method of Sanger was performed to verify the
sequence of desired gene for cloning and analyse the sequence of the weel
polymorphism. For DNA sequencing about 200-400 ng of DNA template was mixed
with 2m 5X Big Dye buffer, 0.5m Big Dye, 0.5m 10mM primer and finally
completed with sterile distilled water to volume of 10m. The PCR cycling condition
for sequencing reaction was 25 cycles of melting at 96°C for 30 seconds, annealing
at 50°C for 15seconds and extension at 60°C for 4 minutes. Once the PCR reaction
was completed the sample was cleaned up with Dye-Terminator Removal
(Agencourt CleanSEQ) as follow: 10 pl of Agencourt CleanSEQ was added to each
sample, and then 85% ethanol was added and mixed very well in order to bind the
sequencing products to the magnetic beads. The sample then was placed onto an
Agencourt SPRIPlate 96R for 3-5 minutes. In this stage the magnetic beads will form

a ring or crescent on the side of the well. The supernatant was removed and washed
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with 100 ml of 85% ethanol, left for few seconds and then the supernatant was
removed completely. Finally, the sample was air dried and packaged into the

envelope and sent to Durham University (DNA-SEQUENCER B.L.) for sequencing.

2.2.7.7 DNA ladders

Three main ladder used in this study: (i) Q4 ladder (Yorkshire Bioscience) which
ranged from 100bp-10kb was used for analysis of low molecular weight DNA. 5 of
Q4 ladder was loaded per lane. (ii) I Hindlll ladder (made in the lab) was used for
fractionation of high molecular weight DNA as in restriction analysis of plasmid
DNA and size fractionation of high molecular weight genomic DNA for Southern
Blot. (iii) 2-long DNA ladder (NEB) fragments ranging from 100bp-10kb was used

for analysis of low molecular weight DNA (Figure 2.2).
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Figure 2.2 Molecular weight markers with their respective fragment sizes.

47



2.2.7.8 Plasmid used in this study

Plasmids were made by others in the lab. However they were mapped and checked by me. All plasmids are listed below.

Table 2-2 . plasmids relevant to this study

Plasmids Genotype Source Purpose
Weel disruption plasmid carries the S. pombeweelgene from UFMG This study | Used to delete weel allele in UFMG
Weel deletion plasmid strains with ura4 marker and laboratory strains chapter 3 Figure
3.6; Figure 2.3
weel replacement plasmid carries the S. pombeweelgene from UFMG This study | Used to replace the weel allele of
strains with Nat marker UFMG790 with that of UFMGR435
and vice versa chapter3 Figure 3.12;
Figure 2.5
Weel substitution pop-in plasmid | carries the S. pombeweelgene from UFMG This study | Used to replace the weel allele of
strains with ura4 marker UFMG790 with that of UFMGR435
and vice versa using pop-in and pop-
out strategy chapter3 Figure 3.15;
Figure 2.6
Weel of the natural isolates carries the S. pombeweelgene from natural This study | Used to substitute the weelcoding

plasmid

isolates

region of the 975 h* strain with the

coding region from the variant strain
of interest from the isolates plasmid

chapter 4 Figure 4.6; Figure 2.7
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Figure 2.3 Restriction site mapping of weel knockout targeting
construct in two structures.
A. Plasmid map of the weeldisruption plasmid showing the location of the analytical

restriction sites BamHlI, Sacl, Xbal and Xhol. The vector was linearized with Xbal
for the lithium acetate transformation into S. pombeells.

B. Weel disruption plasmid was digested with Xbal, Sacl +Xhol and BamHI and size
fractioned using vertical gel electrophoresis. Restriction fragments obtained were as
predicted by the restriction map of the targeting construct.

C. Plasmid map of the weeldeletion plasmid showing the location of the analytical
restriction sites BamHlI, Sacl, Xbal and Xhol. The vector was linearized with Xbal
for the lithium acetate transformation into S. pombeells.

D. Size fractioned of the weeldeletion plasmid was verified by restriction sites, run
on vertical gel electrophoresis and was as predicted by the restriction map.
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Figure 2.4 Restriction site mapping of the weel replacement plasmid knock out
construct.
A. Plasmid map of the of the weel replacement plasmid. The Ascl, BamHI, Sacl and Spel restriction

sites are shown in the plasmid map.

B. Restriction site mapping of the weelgene substitution knock out construct using the enzymes listed in

A. The restriction fragments observed size fractioned as predicted by the map.
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Figure 2.5 Restriction site mapping of the weel gene substitution pop-in
construct.
A. Plasmid map of the of the weelgene substitution pop-in construct. The BamHlI, Clal, Sacl and

Xhol restriction sites are shown in the plasmid map.
B. Restriction site mapping of the weelgene substitution pop-in construct using the enzymes
listed in A. The restriction fragments observed size fractioned as predicted by the map.

52



Xbal (678)

Wee1 of the natural isolates plasmid
6571tp

\

wee1 Chromosome llI,
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Figure 2.6 Restriction site mapping of the weel of the natural isolates
construct.
A. Plasmid map of the weelof the natural isolates. BamHI and Xbal restriction sites are shown

in the plasmid map.
B. Restriction site mapping of the pBS weel of the natural isolates using enzymes listed in A.
The observed restriction fragments size fractioned as predicted in the map.
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2.2.7.9 Southern blotting (Southern, 1975)

Southern blotting is a combination of electrophoresis, filter transfer and probe
hybridization that allows one to detect a specific DNA fragment from a mixture of
DNA molecules. This method was used to verify that a knock out cassette had
integrated by homologous recombination following knock out of the weelgenes of
UFMG790, UFMGR435 and 975h" strains. Mainly it involves three steps which are
agarose gel electrophoresis of a DNA digested with a particular restriction enzyme,
transfer of the digested DNA to a nylon membrane and finally detection of targeted
DNA with a labeled probe. Genomic DNA was extracted as in section (2.2.1.8.1.1)
and digested with EcoRI, BamHI and Xhol at 37°C overnight. The digested DNA
was run overnight on a 1% E agarose gel, the gel was stained with Ethidium bromide
and photographed on the UV transilluminator. After that the gel was soaked twice in
500ml of denaturation solution (0.5M NaOH, 0.5M NaCl) for 15 minutes with gently
shaking and then briefly rinsed with deionized water. Then the gel was neutralised by
incubating in 500ml of neutralising solution (1M HCI, 1M Tris, 1.5M NaCl pH 7.0)
again for 2x with gentle shaking. Afterwards the gel was incubated in 500ml of 10x
SSC. While the gel was soaking in 10x SSC the preparation of two sheets of filter
paper and the nylon membrane for the transfer was set up. The nylon membrane and
one of the filter papers were cut almost to the exact size of the gel, while the another
filter paper was cut by 1 cm larger than the size of the gel (all the papers were dipped
in 10x SSC before they being used). For the transfer the large filter paper was placed
on the blotting apparatus, which consists of a plastic tray filled with 10x SSC and
covered with a glass plate that is also covered with a porous fabric for the capillary
transfer. Afterward the gel was placed on top of the large filter paper, where the front
of the gel is facing up, and covered with a 10x SSC. Pressure was applied evenly to

the gel and the filter paper to ensure that there is no bubbles. This was done by gently
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rolling a sterile pipette over the filter paper and the gel then again covered with 10x
SSC. Parafilm sheets were placed around the edges of the gel to prevent drying and
make sure that a liquid pass through the gel. Then a pre-soaked nylon membrane was
placed on top of the gel and marked for orientation with a pencil, followed by the
other filter paper that has the same size of the gel and again the layer was covered
with 10x SSC and all bubbles were removed. Finally a stack of paper towels was
placed on top and left overnight to transfer. After transfer was completed the nylon
membrane was removed carefully, rinsed in 5x SSC for 5 min and air dried. Then the
membrane was baked in a vacuum oven at 80°C for 1 hour followed by exposure to
the UV with a wavelength 254nm for 5 seconds to crosslink the DNA fragments and
the nylon membrane. Then a nucleic acid probe with sequence homologous to the
target sequence of the weelallele was designed (Table 2.2).

The probe hybridization was labelled as follows, firstly a 100ng of the DNA
in TE was denatured at 95°C for 7 minutes in solution composed of 1m of
hexanucleotide primer (dN6) made up to 12.5 m with sterile distilled water then
cooled on ice for 3 minutes. After that a mixture of 2m of Oligo labelling buffer
(OLB), 2ni of 2mM dATG mixture (final concentration 200mM), 2m of a-**PdCTP
and 0.5rm of Klenow fragment DNA polymerase | were added to a cooled probe
mixed and incubated at 37°C for 1 hour in the hotlab. Then the unincorporated a-
%2pdCTP was removed by adding a 90m of NTE (0.5M NaCl, 0.01M Tris-HCI pH
8.0, 0.05M EDTA) to the labelled probe reaction mixture. The solution was carefully
added to the top of a Iml G25 Sephadex spun column equilibrated in NTE and spun
at 1900 rpm in bench top centrifuge for 5 minutes. The probe-NTE solution was
placed in a hot plate in order to desaturate the DNA at 95°C for 7 minutes and then

the labelled probe was added to a chamber containing the Southern blot membrane in
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20ml Church (1% w/v BSA, 1ImM EDTA, 0.5M phosphate buffer, 7% w/v SDS) and
incubated overnight at 65°C.

Next day the probe mix from hybridization chamber was poured off into the
hot sink and then immediately washed with 100ml of washed buffer at 65°C for 20
minutes, the wash was repeated twice more. After that the filter was rinsed with 2X
SSC at room temperature and exposed to intensifying screen for 5 hours, scanned on

a Typhoon phosphoimager model and viewed by ImageQuant computer software.

Table 2-3 Name and sequences of probes used in Southern Blot

Pair | No | Primer name Primer sequence Product | Usage
size
1 833 | weel probe | Probe ACTTCTCGCTGCTCTGATCC 441bp Used
F outside detect
834 | weel probe | targeted | TAGGGTATGCGTTCCACTCC weel knock
R locus out region
2 894 | weel probe | Probe AAGTATGCAGTGAAAAAGCTCA/ 821bp Used
F for ensure
895 | weel probe | weel CTGGGGGTTAGAAGAAGATCCA deletion
R

2.2.8 Statistical analysis

Various numbers of statistical tests have been used in this study with regards
to a particular experiment. The two-tailed independent student’s t-test was applied
for calculation of p values between two samples mean of weelswapped experiments
on 975h" background. Two-way ANOVA (analysis of variance) was performed to
analysis variance effect of weel and auxotrophic marker on size variation in
UFMG790 and UFMR435 cross. One-tailed t-test was performed to assay the
significant difference in the average length of UFMG790 cells that obtained the weel
allele of the UFMGRA435 strain and vice versa. Finally, two sample Z—test (http://in-
silico.net/tools/statistics/ztest/) has been used to examine the significant difference in
the average length of cells between UFMG790 and UFMGR435, knockout and non-

knockout weelcells.
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3 Size variation in UFMG790 and UFMGRA435 isolates

3.1 Introduction
The two Brazilian strains, UFMG790 and UFMGRA435, are members of

haplotypes that differ significantly in length at septation by 2m(Brown et al., 2011).
Preliminary bioinformatic analysis of the sequence of these strains identified a pairs
of polymorphisms in the coding region of weelat which the strains differed (WRA
Brown, communication). The shorter of the two strains UFMGR435 contains a weel
allele with both P605S and G841C polymorphisms. The proline at residue 605 of the
laboratory strain weelis evolutionarily conserved amongst the fission yeasts and
some fungi segregating the possibility that the substitution of this residue by serine in

UFGMRA435 was contributing to the small size of the two strains.

In order to investigate this possibility we carried out a cross between
homothallic auxotrophic derivatives of UFMGR435 and UFMG790 and measured
the length at septation in the F1 derivatives. We also established a PCR based assay
that discriminated between the weel alleles of UFMGR435 and UFMG790 and used
this to measure the contribution of the weelvariation to the inherited component of
the variation in cell length seen in the offspring. The results of ANOVA suggest that,
as one might have predicted, weel variation does contribute to the difference in the
length at septation of the two strains. We wanted to measure the contribution of the
Weel protein sequence polymorphism to the difference in cell size of the two strains
and so we carried out a series of experiments in which we swapped the alleles of the
coding region of weelbetween the two strains. The results of these experiments
however defied our expectations and suggested that weelcoding region difference

were not a significant factor in contributing to the size differences. We conclude
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therefore that other variants, close the weel coding region, cause the strong

association seen in the cross.

Notwithstanding the limitation of the conclusion derived from studying the role
of weelin determining size difference between the two strains we established PCR
assays for differences in the sequences of other candidate genes and used them to
analyse the cross for the respective alleles in order to measure the contribution of
polymorphisms at these loci to the difference in cell size. The result of this work
suggested that variation at or closed to the mprl gene also contributed to size
variation seen between the two Brazilian strains although to a smaller degree than

weel
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3.2 Results

3.2.1 Discrimination between the alleles of weel in the
UFMG790 and UFMR435

In fission yeast, the evidence for size thresholds for cell division came from
the discovery that mutants in the weelgene, divided at a reduced length (the wee
phenotype) (Nurse, 1975; Nurse et al., 1976). The results of (Nurse and Thuriaux,
1980) suggested that a wee cell is caused by a complete loss of function of weel
allele. The results from bioinformatics analysis of the weelalleles of the Brazilian
strains showed a pair of polymorphisms. The UFMGR435 strain has a weelallele
with polymorphism at two residues (605 and 841) in the first residue the amino acid
proline substituted to serine and in the second position the amino acid cysteine
replaced to glycine. The substitution of amino acid proline to serine is the result of
nucleotide variation 1813 C/T in the coding sequence of weelthat also leads to an
Mbol restriction enzyme site which enables us to discriminate the respective alleles

by a combination of PCR and restriction enzyme digestion (Figure 3.1).

We conducted a preliminary study to get a better knowledge about these
isolates. First, we measured the cell size of each isolates at division and we observed
that the UFMGR435 cells divided at a significantly shorter size than UFMG790 cells
(Two sample Z-test P< 0.0001; Figure 3.2) confirming the results of (Brown et al.,
2011). Secondly, we measured the proportion of the septated cells amongst the cells
in each strain. We observed that the UFMG790 strain had more septated cells than
the UFMGRA435 strain (14% and 8% respectively). This observation probably
suggests that the activity of the weelallele of UFMGRA435 is less than that of the
UFMG790 which leads the UFMGRA435 cells enter mitosis prematurely (Ayad et al.,

2003) giving rise to a longer fraction of the cell cycle spent in division.
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Figure 3.1 Discriminating between the weel alleles of UFMG790 and

UFMGR435 by PCR and restriction enzyme digestion.

A. Amino acid sequence polymorphisms of the weelgene of the UFMGR435 isolate. The weel
encodes a protein of 877 amino acid residues. In the UFMGRA435 isolate polymorphisms are
located at amino acids 605 and 841; P605S and C841G.

B. Shows sequence alignment of the nucleic acid coding sequences of the weelalleles of
UFMG790 and UFMGR435. In UFMG790 there is a C to T transition that generates an
Mbol restriction enzyme site and replaces a CCA codon encoding glycine with a TCA
encoding.

C. (i) Position of the 518 bp PCR product and Mbol site used to discriminate between the weel
allele of the UFMG strains. (ii) Discriminating between the UFMG790 and UFMGR435
strains using PCR and Mbol restriction enzyme digestion. Samples from each of the two
strains were amplified using primers716F and 717R and analysed before and after digestion
with Mbol by agarose gel electrophoresis. The ladder is the Q4 step ladder from Yorkshire
Bioscience. Sizes of the largest restriction fragments in each of the two strains are indicated
with Mbol by agarose gel electrophoresis. The ladder is the Q4 step ladder from Yorkshire
Bioscience. Sizes of the largest restriction fragments in each of the two strains are indicated
with red arrow.
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P<0.0001
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Figure 3.2 The UFMG790 and UFMGRA435 strains are different in length.

A.

Microscope images of UFMG790 and UFMGRA435, the images were taken after the cells
had been cultured to log phase at 32°C in YES5 low glucose, concentrated by centrifugation
and then 1m of cells transferred to individual microscope slide and covered with the

coverslip. The scale bar corresponds to 10 um.
A comparison of the cell length in UFMG790 and UFMGR435. The average cell length in

UFMG790 (12.00m) strain is longer than the average cell length in UFMGR435 (10.00mm)
strain at septation. Z-test comparison was statistically significant (n> 200 for each strain and

P< 0.0001).

61



3.2.2 Variation at or near the weel locus contributes to size
variation between the S. pombe natural isolates UFMG790
and UFMGR435

The first question that we wished to address was to determine the
contribution of the weel polymorphism to the difference in length at septation
between the UFMG790 and UFMGRA435 strains. In order to do this we needed to
cross the UFMG790 and UFMGR435 strains, measure the lengths of the F1
segregants and genotype them at the weel locus. Neither strain had been used in
genetic analysis before and so we needed to establish conditions for a successful
mating. We therefore set up a time course experiment to select a proper time at
which most of the cells undergo mating processes. Haploid cells were plated on a
nitrogen deficient SPAS5 plate (see section 2.2.1.1.4) (Table 3.1). This represented the
time point zero at which a mating is induced. Then, at the desired time (10, 24 and 48
hours) samples were collected and approximately ~1X105 cells were plated onto
selective medium (PMG) to recover prototrophic cells that were assumed to
correspond to the diploids. The numbers of recovered prototrophic colonies were
counted at each of the respective time. The results of this exercise indicated that the
best time for the exposure to SPA5 was 24 hours (Figure 3.3). Accordingly, we set
up four crosses with respect to the genotype of the strain (Table 3.1; Figure 3.4).
Diploids were isolated on PMG as above and then patched onto SPA5 for 48hours in
order to induce meiosis. Cells from these SPA5 plates were then streaked out onto
YESS5 and tetrads dissected into spores using micromanipulation (Figure 3.5). Upon
colony formation, 204 segregants (51 tetrads) were genotyped for weel and
phenotyped by measuring their respective lengths at septation. In order to test that
the cross had preceded as intended we also analysed the 51 tetrads for the

segregation of the auxotrophic markers. However, about 5% of the tetrads were
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identified in which the ura4 marker segregated at a 4:0 ratio. Following auxotrophic
type verification, segregants were DNA typed for the weel allele (Figure 3.6) as
well. The finding also showed that the weelallele in a six of individual tetrads did
not segregate 2:2. We also assayed the hybrid fertility of UFMG790/UFMGRA435,
UFMG790/UFMG790 and UFMGR435/UFMGR435 crosses by measuring the
number of viable spores per total number of asci that were placed on YES5 via
micromanipulation. The results of this experiment showed that the
UFMGT790/UFMG790 had a slightly higher viable spore vyield than either
UFMG790/UFMGR435 or UFMGR435/UFMGR435 (68%, 64% and 43%

respectively).

We next used an ANOVA analysis to measure the contribution of variation at
weeland the auxotrophic markers to the variance in length (Table 3.2), and thereby
determined that weel contributed by 13% and 26% respectively to the total and
inherited variance in cell length and that the auxotrophic markers did not contribute

significantly to the variance.

Table 3-1 Design of the matings used to assess linkage of the size different to

the weel polymorphism.

Cross | Genotype haploid cells

1 ur a4 aekanattb,thB X ur a4 sekanat t B, UFMG790 X
h?° UFMGR435

2 Uur a4 aekanattPthB X ur a attBkanat t P, UFMGR435 X
h?° UFMG790

3 ur a4 eekanattb,thB X ur a4 sekanat t B, UFMG790 X
h?° UFMG790

4 ur a4 sekanattbthB X ur a4 sekanat t B, UFMGR435 X
h?° UFMGR435
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Number of prototrophic cell

Table 3-2 Two way analysis of

(see appendix IlI).
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Figure 3.3 Time course experiment for mating of the Brazilian strains.

variance (ANOVA) of the Brazilian cross

Source of variation d.f Sum of squares Mean square F
Wee1 1 36.14 36.14 31.49 | p<0.001
Ura/Leu 1 0.57 0.57 0.71 ns
Error 204 245.16 1.20
Total 206 278.10 1.35
Environmental variance 0.66
Fraction of total variance due to environment 0.49
Fraction of total variance inherited 0.50
Proportion total variation due to wee? 013
Proportion inherited variance due to wee1 0.26

10hrs

il

48hrs

0O UFMG790XUFMR435
m UFMG790XUFM790
B UFMGR435XUFMR435

Cells of the respective strain place on SPA5 mating plate and then approximately
~1X10° cells were selected at each time-point (10, 24 and 48 hours) and plated on a
selective medium (PMG) to recover a prototrophic cells. The number of prototroph
cells was counted to the respective time and the data showed that the most convenient
time for a sufficient mating was 24 hours.
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Figure 3.4 Schematic of the UFMG790 and UFMGR435 mating process.

A single colony of each parental strain was taken and cultured in 2 ml of YES5 broth medium
overnight at 32°C. Haploid cells were harvested by centrifugation then re-suspended in 200 m
and a 100m of the two haploid cells of the opposite mating type were spread on mating SPA5
plate for 24 hours. Diploids were recovered on minimal PMG medium and then inoculated on
SPA5 medium to induce sporulation. Finally, asci dissected using a Singer micromanipulator

MSM System series 200. The four spores from each ascus were placed on solid YES5 and
incubated at 32°C until colonies were formed.
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Figure 3.5 Diagram illustrates the general approaches for meiotic
analysis of the cross between the UFMGR435 and UFMG790 strains.
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Figure 3.6 Analysis of the weel genotypes of three tetrads from a

cross between UFMG790 and UFMGR435 by PCR and restriction

enzyme digestion.

A. The region of the weelgene amplified by primers 716 to 717 corresponding to
residuel474-1992 of the coding region. Arrows indicate Mbol site.

B. Genotype of spores at weelusing PCR and restriction enzyme digestion.
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We also wanted to determine the average cell length in diploid cells in order test for
the idea that weel polymorphism was codominant. Diploid cells were obtained as
mentioned previously but were observed to be very unstable on streaking onto
YES5-Phloxin (Figure 3.7A). However, we measured the length at septation in cells
isolated from several dark pink colonies from each of the three types of cross
regardless of this indication that the results may be difficult to interpret due to ploidy
heterogeneity in the colonies. Thus the results showed that there is a significant
difference among the observations but that it was inconsistent with a simple model
for the effect of the weelpolymorphism; the homozygous “diploid” cells of each
strain were longer at septation than the heterozygous “diploids” which is contrary to
the idea of simple codominance. This discrepancy was not however explored because

it could be explained trivially by differential stability of the three types of diploid.
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Average cell length in diploid cells

Figure 3.7 Instability and comparison of the average cell length in diploid cells.

A.

Instability of diploid cells on YES5 with phloxin B; (A.1) is a positive control of haploid cells
(975h") that coloured with light pink. (A.2) shows a mixture of diploid and haploid colonies
in diploid cells from the crosses.

Graph shows the comparison of the average cell length at septation stage in diploid cells. It
shows that the average length of diploid cells with homozygote to UFMG790 allele is longer
than either form of diploid cells. However, the UFMGR435 diploid is longer than the

heterozygote.
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3.2.3 Complete loss function of the weel allele causes
reduction of the cell size

The next question that was addressed was whether the cell size of the
Brazilian isolates would be influenced by the deficiency of the weelexpression. This
was examined by assaying the average cell length in weelDcells of the Brazilian and
laboratory strains. To achieve this, a knocking out experiment was carried out at
weellocus in which the weelallele was substituted with a counter selectable ura4
gene. Two different designs of plasmid construct were used; a weel disruption
plasmid and a weeldeletion plasmid (Figure 3.8). Forty eight colonies for each
UFMG strains that had been transfected with each of the two constructs were
screened and ninety six and two hundred colonies of the 975h" strain that
transformed with the disruption and deletion construct respectively were screened.
The screening consisted of two steps; Colonies were first analysed by a standard
PCR for the presence of the two weeXyenotype in order to identify candidate targeted
clones and then long range PCR and filter transfer and hybridization analysis to
confirm that the structure of the weellocus was consistent with targeting (Figure
3.9). Size measurements of the weel D cells of both UFMG strains showed a slight
reduction in cell size compared with the wild type cells and both were bigger than
weeD 975h™ (Figure 3.10). We therefore conducted further investigation of these
cells in order to find out whether this slight reduction of the cell length in weelD
cells of UFMG strains was due to presence of a suppresser or whether there had been
a change in ploidy as had been observed to occur in the frequently for the wild type
weelD(Hamada et al., 1996; Thuriaux et al., 1978). We analysed ploidy using flow
cytometry. Despite the fact that flow cytometry has been used for decades to study
the S. pombesell cycle, we were unable to produce data that was consistent with the

results reported in the literature. We had a problem with background staining which
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caused an anomalous increase in observed fluorescence. Figure 3.11 for example
shows flow cytometry DNA histograms of the wild type and weelDcells that
prepared for the FACS sorting and stained with Sytox Green using the standard
methodology reported in the literature (materials and method). It will be observed
that there is an increase in the fluorescence signals consistent with staining of
material that was not DNA (Carlson et al., 1997; Creanor and Mitchison, 1990; Sazer

and Sherwood, 1990).

Erik Boye (Professor at the Institute for Molecular Biosciences, University of
Oslouniversity) suggested the use of pepsin as a way of resolving this problem
(Figure 3.12). We used a time course experiment in order to optimize the pepsin
digestion parameters. We digested one group of samples with 2mg pepsin /ml for
one hour another with 2mg/ml overnight and a third with 5mg pepsin/ ml for four
hours. We observed that the best results were obtained by incubating the cells in
5mg/ml pepsin for 4 hours at 37°C and also found the prolonged incubation with

pepsin led to DNA degradation in all samples of experiment.

As shown in Figure 3.13, cells treated with 5mg/ml pepsin for four hours and
stained with Sytox Green allowed us to evaluate the DNA content of the different
strains. This showed that the 975h" wee1Dis haploid as the amount of the DNA in
these cells is almost same to that of the wild type 975h" which is presented in the
first column in the figure. However the weelD cells of both UFMG strains are
diploid since the DNA content is twice as much as in wild type of UFMG. These
results are consistent with the observation that they are longer at division than those

of 975h" weelDwhich are haploid (Figure 3.10).
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Figure 3.8 Schematic overview showing the targeting strategy of
knocking out weel.

(A) Hlustrates the disruption of the weelallele; Red boxes represent homologous
region within and outside the gene; blue boxes, probes used for Southern blot analysis.
(B) Hlustrates the deletion of the weelallele; red boxes represent homologous region
outside the gene; blue boxes, probes used for Southern blot analysis. The primer
positions for both standard PCR and long range PCR are indicated on the schematic of
the targeted locus before and after modification. For Southern blot analysis genomic
DNA was digested with EcoRI, BamHI and Xhol.
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Figure 3.9 Complete loss of function of the weel allele in UFMG stains of S.

pombe.

A. (i) PCR analysis in weel disruption using, (primers 811 and kk16) or deletion (primers 816 and
kk16). The positions of the primers in the disrupted or deleted alleles are indicated in (Figure
3.6). The sites of the diagnostic PCR fragments are 480 bp and 395 bp for the disruption and
deletion constructs respectively. (ii) PCR analysis across the disrupted or deleted allele of weel
primers used to amplify across weel 813 and 815 are indicated in (Figure 3.6). DNA extracted
from a single deleted or disrupted clone derived from 975h" and from each of strain UFMG790,
UFMGR435 and 975h" as controls was analysed by long range PCR. The predicted sizes of the
products generated from the deleted, disrupted and wild type allele are 2.8kb, 4.5kb and 3.6kb
respectively.

B. EcoRI, BamHI and Xhol triple digests of the DNA extracted from each of the indicated strains
were analysed by agarose gel electrophoresis filter transfer and hybridization with either the
weelflanking or weelinternal probe (Figure 3.6). The predicated sites of the cognate fragments
with the flanking probe from the wild type, disrupted or deleted are 5.6kb, 3.1kb and 1.35kb
respectively. Concordance between these sites and those observed confirms targeting. The
internal probe recognises a fragment of 5.6kb in the wild type allele that is absent from both the
disrupted and deleted strains. This probe however also recognises a background fragment of
about 7.5kb present in all strains.
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Figure 3.10 Comparison of the average cell length in weel® and

weelDcells.

A. Micrographs of wild-type and w e e df & pombeRepresentative images of wild-
type cells (right) and cells with deletions in weelallele (left) are shown. Cells
were cultured to mid log phase of growth in YES5 low glucose medium,
concentrated by centrifugation and then 1 of each cell suspension transferred to
the slide and covered with a coverslip. Images were taken by phase microscopy
Zeiss Axioscop. The scale bar is 10 um.

B. Graph shows the difference in the average cell length at septation stage in wild
type and knocked out cells. Compared to WT cells, the average cell length in all
weelA cells showed statistically significant reductions. Error bars indicate s.d. (n >
45 septated cells from independent cell cultures). P<0.01, 0.05 and 0.001 (two
sample z-test).
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Figure 3.11 Flow cytometry DNA histograms of WT and weeleecells.

The cells were grown to exponential phase at temperature 32°C and then samples were taken,
fixed in ethanol and later stained with 1M Sytox Green as described in materials and methods.
The first column represents wild type, second column w e e andethird is a positive control for
diploid cells. The anomalous increase in fluoresce signal is probably due to the cytoplasmic

staining.
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Figure 3.12 Photomicrographs of 975h" cells treated without and with
2mg/ml of pepsin.

The cells were incubated at 32°C to mid log phase and then prepared for the flow
cytometry analysis. (A) Shows the presence of a background staining of cells stained
with 1mM Sytox Green that untreated with pepsin. (B) Shows a clear absence of the
background stain of cells treated with 2mg/ml for one hour and stained with 1niv
Sytox Green. The photo was taken by fluorescence microscopy
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Figure 3.13 Flow cytometry DNA histograms of WT and w e e lcetls treated with
5mg/ml of pepsin.

The cells were grown to exponential phase at temperature 32°C and then samples were taken, fixed in
ethanol, treated with Pepsin 5mg/ml for 4 hours and stained with 1niM Sytox Green as described in
materials and methods. The 1st column represent wild type, 2nd column weelDand 3rd is a positive
control for diploid cells. NBRC10570 is a unique natural isolate that is diploid and serves as a control

in this experiment.
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3.2.4 Allele swap in the UFMG strains does not cause
significant changes in the cell length

In the experiments described above we had shown that sequence variation at
or near the weellocus contributes to the inherited component of the variance in cell
length observed in crosses between the two natural isolated UFMG 790 and
UFMGR435. We had not shown however that the sequence variation in the Weel
protein itself was responsible for this phenomenon. We therefore set out to
determine experimentally both the effect on cell length at sepatation of substituting
the weel allele of UFMGR435 with that of UFMG790 and vice versa. We
considered this to be such an important question in our study that it needed an
unambiguous answer and so we addressed it in two ways. First of all we used a
replacement plasmid to substitute the weelalleles of each of the two strains in
question with the reciprocal alleles. The replacement plasmids in these experiments
contained a pFA6a-natM X6 selectable marker gene and otherwise differed only with
respect to the weelsequences (Figure 3.12). Transformants were first of all screened
by standard PCR for the weelpolymorphism and after the knock-in step checked by
long range PCR across the right hand arm of the targeting construct to confirm
targeting and finally the presence of the allelic residues in the swapped clones were
then confirmed by DNA sequencing (Figure 3.13). In this case 53% of the
UFMGRA435 transformants were retained the weel UFMG790, while 6% of the

UFMG790 transformants were retained the weelUFMGR435.

We then measured the sizes of the different derivative at septation using
microscopy. For each clone we determined the cell length of at least fifty individual
cells of three independent colonies and then we took the average cell length of the
three replicants. P values were determined by one-tailed t-test using Excel. We

observed that the UFMGRA435 cells with a UFMG790 weelcoding variant were
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slightly increased in the cell length (10.76+£0.33um, P=0.02; Figure 3.14). However,
the UFMG790 cells with a UFMGR435 weelcoding variant showed no significant
difference in the average length of the cell (12.09+0.38um; p=0.26) as compared to

the starting UFMG790 cells.

To confirm the result that we had obtained from the weelinserted allele in
the Brazilian strains, we did the experiment following this time the methodology of a
“pop-in and pop-out”. We used ura4 containing insertion targeting constructs
constructed from each of the two strains (Figure 3.15A). The linearized targeting
plasmids were introduced into either UFMG790 derived strainu r a 4 ae-kan-attP,t B
h% (268 Appendix Il) and UFMGRA435 derived strain u r a 4 ae-kanrattP, h°B(269
Appendix I1). Recombinants were selected by uracil prototrophy and the targeted
clones were identified by PCR for the presence of both weelvariants and by long
range PCR (Figure 3.15 B). Approximately 50% and 62% of the selected
transformants of the UFMG790 and UFMRA435 cells respectively were found to have
undergone the pop-in insertion event. Two clones from each transformants were
chosen for the pop-out step which was obtained by growing the clones in a rich
media (YES5 broth) for three days followed by plating them onto FOA plate, pop-
out candidates colonies that contained weelwere able to grow on FOA plates. 5-
FOA used as a counter selection against ura4” cells because colonies that are uracil
prototrophy cannot grow on FOA selection plates. Transformants were again
analyzed by PCR and DNA sequencing to verify that the expected allele
rearrangement had occurred during the replacement of the weelUFMG790 with the
weelUFMGRA435 (Figure 3.15 C). Around 25% of the UFMGRA435 transformants
retained the weel UFMG790 allele, whereas we observed 0% of the UFMG790

transformants contained the UFMGRA435 allele even though we screened 250 clones
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FOA'". We measured the sizes of the different clone at septation; for each clone we
sized at least eighty individuals of two independent colonies and took the average
cell length as mentioned above. P values were determined by one-tailed t-test using
Excel and we observed that the UFMGRA435 cells containing a weel of the
UFMG790 strain showed a significantly although small increase in the cell length

(10.69£0.33um, P=0.019).

UFMGR435
Select for Nourseothricin ®

1001

Nat ———
1083

UFMG790
1kb

Figure 3.14 Swapping weel polymorphisms using gene replacement.

The diagram illustrates the strategy used to replace the weelallele of UFMG790 with
that of UFMGRA435 and vice versa. The targeting construct, derived arbitrary from
UFMG790, recombines with the target sequences outside the polymorphic region and
as a result the sequence encoding the variant residues in the targeted strain is
substituted by the sequence of the coming targeting strain.
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Figure 3.15 PCR screening of substitution weel allele clone using gene
replacement approach.

A. Substitution of the UFMGR435 weelallele by the UFMG790 weelallele. (i) Clones of
UFMGRA435 transformed with the UFMG790 substitution construct (Figure 3.12) were
screened by PCR using primers (716 and 716) and restriction enzyme digestion Mbol. Clones
with the desired substitution were identified by the presence of the 398bp fragment. Two such

clones are illustrated (ii) Sequencing confirmed the intended substitution.

B. Substitution of the UFMG790 weelallele by UFMGR435 weelallele. (i) Clones of UFMG790
transformed with the UFMGR435 substitution construct (Figure 3.12) were screened by PCR
using primers (716 and 716) and restriction enzyme digestion Mbol. Four candidate clones of
which three had the desired substitution were identified by the presence of the 337bp fragment.

Three such clones are illustrated (ii) Sequencing confirmed the intended substitution.

C. (i) Map of the targeting DNA showing the positons of construct specific and target specific
1001 and 1083 respectively that flank right arm of the targeting DNA. (ii) PCR products
obtained using primers (716 and 717) and the restriction enzyme Mbol. Lane 1 and 6, Q4 DNA

ladder; lane 2 and 3, candidate clones; lane 3, negative control; lane 5, sterile distilled water.
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Figure 3.16 Comparison of the average cell length of the natural isolates

and congenic swapped derivatives.

A. Shows an increase of the average cell length of the swapped allele in UFMGRA435 strain
(N=4 clones and at least 50 individual of three independent colonies for each, one tailed t-
test, P=0.02, error bars represent s.d).

B. Shows a non-significant difference in the average cell length of the swapped clone in
UFMG790 strain (N=3 clones and at least 80 individual of two independent colonies for
each, one tailed t-test, P=0.26, error bars represent s.d).

Cells were grown to mid exponential phase in YES low glucose, collected, and then sized at

septation stage of the cell cycle, using a Metamorph (Universal Imaging) v6.1. The

microscope that was used for this purpose was a Zeiss Axioscop microscope, 100 x objective.
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Figure 3.17 PCR screening of swapped weel alleles clone generated using a

pop-in and pop-out approach.

A. Diagram of the weel substitution with an insertion targeting vector. The vector contains the
weelallele of the UFMGRA435 strain and a selectable marker (urad). The targeted locus is
shown below the vector and the position of crossover is illustrated with crossed lines. The
targeted of the construct resulting a structure containing two copies of the wee1gene (shown in
Figure 3.15 B (i) and vector sequence. Clones were selected for uracil prototrophy. The second
step consist of recombination event resulting in either a clone retains the weel of the
UFMG790 or UFMGRA435. This event was selected on FOA plate. An identical construct
design was used to swap the weelallele in the UFMGRA435 strain with that of UFMG790.

B. (i) Screening of pop in targeted clones: PCR products obtained using primers (716 and 717)
and the restriction enzyme Mbol. Lane 1 and19, DNA ladder; lane 2, positive control of weel
UFMG790; Lane 3-17, swapped clone of weel UFMG790 and UFMGRA435 shows the
presence of both alleles; lane 19, positive control for weel UFMGRA435. (ii) Checking
integration of targeting construct at weel locus using construct specific and locus specific
primers (808 and 893). Lane 1 and 9, DNA ladder; lane 2, 3, 4 and 5 candidate clones; lane 6
and 7 negative controls; lane 8, sterile distilled water.

C. (i) Screening of pop out targeted clones: PCR products obtained using primers (716 and 717)
and the restriction enzyme Mbol. Lane 1, Q4 ladder; lane 2,3 and 4, swapped clone in favour
of having weel UFMGRA435; lane 5 and 6, swapped clone in favour of having weel
UFMG790; Lane7, positive control for weel UFMGR435; lane 8, positive control of
UFMG790; lane 9, sterile distilled water. (ii) Sequence trace of swapped clone shows
polymorphism of weelUFMG790 on UFMGRA435 strain background.
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3.2.5 Tetrad analysis of other candidate genes shows Non-
Mendelian inheritance.

The results of the analysis of the contributions of the weelvariant to the
differences in cell length between strains UFMG789 and UFMGRA435 indicated that
weel contributed about 26% to the inherited component of the variance in cell
length. The approach seemed successful and straightforward so we then wanted to
apply a similar strategy to other candidate genes. For this we identified seven other
genes that had been shown to be involved in cell cycle control and had protein
sequence polymorphisms that differed between the two strains (Table 3.3). We
established PCR and restriction enzyme digestion analysis to the respective alleles
and typed 48 tetrads (192 spores) derived from the homothallic cross (Figure 3.16).
In addition to the PCR DNA typing, the spores were typed for auxotrophic markers
for both leul and ura4 using selective medium (PMG). All showed some degree of
Non-Mendelian segregation with some genes showing a majority of Non-Mendelian

segregation (Table 3.4)

On the whole, the UFMG790 allele dominated the tetrads although in the case
of the winl gene the UFMGR435 allele predominated. Despite this unexpected
pattern of the segregation there were enough close of each of the respective
genotypes to enable us to test the null hypothesis (Ho); that there is no significant
difference between the length of the cells at septation of the two genotypes of each of
the candidate genes. We therefore established PCR and restriction enzyme based
assay for each of these seven genes, typed the segregants and used Z-testing to see
whether we could exclude the null hypothesis. The results (Table 3.5) showed that
the seven candidate genes tested in addition to weelonly mprlshowed evidence of

contributing to the length at septation phenotype (P~ 0.002).
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mprl (also called spyl) is a histidine-containing phosphotransferase protein. Mprl regulating the
activity of the Styl mitogen-activated protein kinase cascade (Styl MAPK) and is homologous to
YPDL1 protein in budding yeast. Mpr1/Spyl has been implicated in control of the G2/M transition
because mprlA cells precociously enter M phase (Aoyama et al., 2000). As with weelwe identified
variants with mprl segregating between UFMG790 and UFMGR435 and identified protein sequence
polymorphyisms (Y15C, 185M, S89C and N116T). None of these were in conserved residue
consistent with the fact that the effect of the mprlpolymorphism is “transgressive” with respect to the

site of the original strain consistent with a gain of function.

Table 3-3 Sequence polymorphisms of some candidate genes and their locations on

the chromosome in fission yeast, the positions were taken from
http://www.pombase.org/.

Gene | Genomic Location Polymorphism Strain

weel | Chromosome Ill, 721788-725835 (4048nt); P605S and G841C UFMGRA435
CDS:722234-724867 (2634nt)

cdc25 | Chromosome I, 482556-479228 (3329nt); N19S UFMGRA435
CDS:481540-479750 (1791nt)

mak2 | Chromosome I, 4027002-4034337 (7336nt); R438C UFMG790
CDS:4027114-4034046 (6933nt)

mprl | Chromosome Il, 1203084-1206773 (3690nt); Y12C, 185M, S90C and | UFMGR435
CDS:1203757-1204644 (888nt) N116T

pyp2 | Chromosome I, 5202366-5205202 (2837nt); H3Y, K63N, P245S, UFMGRA435
CDS:5202823-5204958 (2136nt) C149R, V357A, G586S | UFMG790

and 1653V

ste20 | Chromosome Il, 2475870-2480462 (4593nt); T260S UFMG790
CDS:2476139-2480068 (3930nt)

winl | Chromosome I, 5089815-5094848 (5034nt); Y502C UFMG790
CDS:5090441-5094751 (4311nt)

ruml | Chromosome Il, 2799685-2801917 (2233nt); A149T UFMG790
CDS:2800589-2801281 (693nt)
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Figure 3.18 Allele analysis of the segregants from the cross between
UFMG790 and UFMGRA435 strains

A. Xbal polymorphism of the cdc25 allele. PCR reactions were performed using
primers (848, 849) and the restriction enzyme Xbal. The digested PCR products with
Xbal generated two fragments of ~180, ~120 pb for allele UFMG790 and a not
digested PCR product of ~300 bp for allele UFMGR435.

B. Bglll polymorphism of the pyp2 allele. The polymorphisms of pyp2 allele were
investigated by PCR using specific primers (860, 861) and the restriction enzyme Bglll.
Allele UFMGRA435 is a not digested PCR product of ~193 bp, while allele UFMG790
is a digested PCR product to create two fragments of ~ 111 and 82 bp.

C. Bcll polymorphism of the ste20allele. The genetic variations of ste20allele were
investigated by PCR using specific primers (862, 863) and the restriction enzyme Bcll.
The digested PCR products with Bcll generated a 167, 103 bp fragment for allele
UFMG790 and a not digested PCR product of ~270bp fragments for allele
UFMGRA435.

D. Rsal polymorphism of the winl allele. The polymorphisms of winl allele were
investigated by PCR using specific primers (864, 865) and the restriction enzyme Rsal.
Allele UFMG790 is a not digested PCR product of ~142 bp, while allele UFMGR435
is a digested PCR product to create a fragment of ~130 bp.

PCR results were identified on 2.5% agarose gel and the standard DNA marker used for
size determination was Q4 ladder which lies on the first lane, other lanes demonstrate a
particular tetrad. Alleles of UFMG790 (presented as value 3 in Appendix IV) and
alleles of UFMGRA435 (presented as value 4 in Appendix V).



Table 3-4 Non-Mendelian inheritance of some candidate genes of the
tetrads in the cross UFM790XUFMGR435

UFMG790 UFMGR435
Allele 4:0 3:1 0:4 1:3 2:2
weel 4 - 1 - 43
cdc25 8 - 3 - 37
mak?2 3 - 1 - 44
mprl 25 - - 23
pyp2 28 - 1 - 19
ste20 28 - 5 - 15
winl 4 - 29 - 15
ruml 28 - 6 - 14
leul 1 - 1 - 46
ura4 1 - 1 - 46

A diploid from the cross of the two Brazilian strains was sporulated on SPA5 medium.
Tetrads were separated and the spores were grown on YSE5 medium for 4-6 days.
They were then patched onto YES5, PMG+Leucine and PMG+ Uracil medium and
growth was checked after 3 days in order to identify the segregation of the markers.
The following spores were then genotyped using PCR and restriction enzyme digestion

for the desired allele.

Table 3-5 Summary table of descriptive statistics of candidate genes.

Gene Strain Mean |s.d No Two-sample Z-| P value
test

weel UFMG790 11.25 111 102 5.702 1.17E-08
UFMGR435 10.43 0.86 90

cdc25 UFMG790 10.94 1.21 106 1.251 0.21
UFMGR435 10.75 0.90 86

mak2 UFMG790 10.95 1.08 100 1.242 0.21
UFMGR435 10.76 1.07 92

mprl UFMGT790 10.72 0.99 146 -3.028 0.002
UFMGRA435 11.31 1.21 46

pyp2 UFMG790 10.84 1.09 150 -0.426 0.67
UFMGR435 10.93 1.06 42

ste20 UFMG790 10.85 1.03 140 -0.234 0.81
UFMGR435 10.90 1.21 52

winl UFMGT790 10.83 1.07 46 -0.231 0.81
UFMGR435 10.87 1.08 146

ruml UFMGT790 10.89 1.01 140 0.473 0.63
UFMGR435 10.80 1.25 52
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3.3 Conclusion

This chapter report data that demonstrate that size variation in the two
Brazilian strains is associated with variation within or close to the weelgene. The
effect of this variant is large: 26% of the inherited component of the variance.
Although the variants segregating in the UFMGR435 of protein sequence are
oriented with a partial loss of function as assayed in the laboratory stain (see chapter
4), they contribute little or nothing to the difference in cell length between
UFMG790 and UFMGR435. Thus supporting results was derived by two

experimental approach and needs to be checked by higher resolution mapping.

Our work also confirmed that the function of weelobserved in the lab strain is
conserved in the natural isolates. Thus deletion of the weel coding region is
associated with a reduction in cell length at septation. The observations were only
made on diploid cells as we were unable to recover haploid UFMG790 or
UFMGR435 weelD cells. The weelD lab strain is also liable to diploidization
(Booher and Beach, 1988; Broek et al., 1991; Hamada et al., 1996; Moreno and
Nurse, 1994; Thuriaux et al., 1978) but clearly the level of diploidization are much
higher in these natural isolates. It is not clear whether this is caused by a real
phenotypic difference between the natural isolates and the lab strain or whether it is a

consequence of that the natural isolates are homothallic.

Analysis of our cross for contribution of other candidate genes to the size
difference indicated a small but significant contribution of the histidine
phosphotransferase protein Mprl. Interestingly, the contribution of variants within
this gene are transgressive. Analysis of homothallic cross also observed extensive
Non-Mendelian segregation within individual tetrads. The causes of this behaviour
are not known.

91



Overall the results of this chapter suggest that the natural isolates of S. pombe
can be used to identify genes involved in cell cycle variation but that determining the

sequence variants that are responsible for this variation is difficult.
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4 The  functional consequences of weel
polymorphisms found in natural isolates of S.
pombe

4.1 Introduction

In chapter 3 we showed that the variation in sizes at division was strongly
linked to variation at the weellocus in a cross between two Brazilian strains;
UFMGR435 and UFMG790. The allelic swap experiments described in chapter 3
were however inconclusive with respect to whether the weel polymorphisms in
UFMGR435 contributed to the variation in cell length seen between the strains
UFMGR435 and UFMG790. Thus the question was posed whether the weel

polymorphisms segregating in UFMGR435 were functionally significant.

To address this question we used both bioinformatics and experimental
approaches. The bioinformatics results are not consistent but together they do not
exclude the possibility that the P605S and C841G variants partially compromise the
function of weel The experimental results demonstrate that this variant is indeed a

partial loss of function variant.

The single nucleotide polymorphisms of weelin the UFMGRA435 isolate are
not the only weelpolymorphisms segregating in our collection of S. pombestrains.
Bioinformatic analysis of the weelsequences entire the collection was investigated
by our colleague Matt Loose who identified a total of 11 haplotypes (Table 4.1). The
polymorphism in weelof individual haplotype is illustrated in (Figure 4.1). We
followed a general strategy for the bioinformatics and experimental approaches to
investigate the function of the weelallele segregating in UFMGRA435 and the same
approaches were also applied to all of the weelpolymorphisms segregating in the

entire collection. The purpose of this exercise was to determine whether there was
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any correlation between the size of the cells of the respective strains and their
functional consequence of their weel allele. One of the single nucleotide
polymorphism P493L present in the Tequilla strain UWOPS 94.422.2 was shown to
have a strong effect upon weelfunction but has a length at septation that is similar to
that of the lab strain; 11.4nm. This observation and the rest of our analyses
demonstrates that weelis not the only determinant of cell length at septation and
indicate that further genetic analyses will identify additional genes involved in cell

cycle control in S. pombe

Table 4-1 Protein sequence polymorphisms at the weel gene in natural
isolates of S. pombe.

Haplotype | Polymorphism No of strains Length Meanzs.d. m
1 T/S(156) 1 11.51+1.57
2 N/K (203); C/G(841) 5 10.61+0.94
3 SIA(346); TIN(434) 1 15.43+1.94
4 V/IA(414) 3 12.70+2.41
5 P/L(493) 1 11.94+0.86
6 V/1(764) 9 12.52+1.33
7 Q/L(770) 16 12.19+2.04
8 lab strain 32 12.12+1.28
9 C/G(841) 23 11.96+1.04
10 P/S(605);C/G(841) 6 10.04+0.36
11 K/N (152) 3 11.53+0.33

Polymorphisms were identified by Dr Matt Loose. Strains were sized by microscopy as
described in materials and methods and then the mean of the lengths at septation of the strains
containing the respective haplotypes were calculated. (The number of cells measured was at least
80 cells for each strain).
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Figure 4.1 Weel protein polymorphisms in natural isolates of S.

pombe.

The figure relates the position of the polymorphisms listed in Table 4.1 to the
functional architecture of the protein identified in pombase.

In this chapter we firstly show the bioinformatics analysis of the weel

polymorphisms. Secondly, we show the role of functional consequences of the

variants of weel Finally, we measure the effect of these variant alleles on the cell

size of 975 h* (laboratory strain).
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4.2 Results

4.2.1 Bioinformatic analysis of weel sequence polymorphisms

We aimed to investigate the functional significance of the sequence
polymorphisms using two closely related bioinformatic approaches. Firstly we
looked for evolutionarily conserved residues in the sequences. We download 21

fungal and yeast weelprotein sequences from FungiDB (http://fungidb.org/fungidb)

(Stajich et al.,, 2012) and then aligned them at the EBI Muscle page

(http://www.ebi.ac.uk/Tools/msa/muscle),  worked  through the alignment
polymorphic residue by residue and identified four residues that were conserved
between S. pombeand one or more other yeast or fungi and in which there were
polymorphisms in the Brazilian isolates. The conserved residues that are also
polymorphic are prolines 493 and 605, valine 764 and glutamine 770. The
evolutionary conservation of these sequences suggested that they may be of
functional significance. Cysteine 841, a polymorphic residue in UFMGR435 was not

conserved in the fungi (Figure 4.2, 4.3, 4.4 and 4.5).
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Figure 4.2 Sequence conservation around proline residue 493 of S.

pombe Weel protein.

The figure shows the alignment of the Muscle output around the residues
corresponding to proline 493 (highlighted in red) of S. pombé&Veel.
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Figure 4.3 Sequence conservation around proline residue 605 of S.

pombe Weel.

The figure shows the alignment of the Muscle output around the residues

corresponding to proline 605 (highlighted in red) of S. pombé&Veel.
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Figure 4.4 Sequence conservation around valine 764 and glutamine
770 of S. pombe Weel.

The figure shows the alignment of the Muscle output around the respective residues
(highlighted in red) of S. pombéVeel.

Figure 4.5 Lack of sequence conservation around cysteine 841 of S.

pombe Weel.
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Figure shows the alignment of the Muscle output around the respective residue
(highlighted in red) of S. pombéNVeel.
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The second approach was to use the Blink tool at SIFT (Sorting Intolerant

from Tolerant) prediction program (http://sift.bii.a-star.edu.sg) to estimate the likely

effect of the individual polymorphisms upon function. SIFT also uses homology and
alignment as the basis of the functional predictions. SIFT scores range from 0-1
where if the SIFT score between 0-0.05 the amino acid substitution is predicted to be
damaging that is effect the protein function. If however the SIFT score above 0.05
then SIFT predicts that the amino acid substitution is tolerated (Kumar et al., 2009;

Ng and Henikoff, 2003).

Table 4-2 Sift scores for weel variants identified in natural isolates of

S. pombe.
No. of Length Sift
Haplotype | Polymorphism strains |Meanzs.d.m [score
1 T/S(156) 1 11.51+1.57 0.91
2 N/K (203); C/G(841) 5 10.61+0.94 0.51/0.25
3 S/A(346); TIN(434) 1 15.43+1.94 0.94; 0.62
4 VIA(414) 3 12.70+2.41 0.76
5 P/L(493) 1 11.94+0.86 0.02
6 V/1(764) 9 12.52+1.33 0.41
7 Q/L(770) 16 12.19+2.04 0.31
8 Lab strain 32 12.12+1.28 1
9 C/G(841) 23 11.96+1.04 0.25
10 P/S(605);C/G(841) 6 10.04+0.36 0.35/0.25
11 K/N (152) 3 11.53+0.33 0.51

The data show the output from the Blink tool at http://sift.bii.a-star.edu.sg/ to estimate
the effect of the sequence variation in weelupon function

SIFT mainly assumes that deleterious substitution is more likely to occur at
position that tend to be conserved throughout evolution, so substitution at these
position can affect protein function (Kumar et al., 2009; Ng and Henikoff, 2003).
There were discrepancies between the two approaches. Thus P605 for example
showed conservation within the fission yeasts but this substitution was predicted to
be without effect by SIFT. The C841 showed no conservation yet was predicted by

SIFT as possibly having a small effect. These important discrepancies probably arise
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from the fact that SIFT would have based its alignment on a wider set of sequences
than fungal weelorthologues and that it used a different alignment tool; PSI-Blast
which is regarded as less effective than MUSCLE for aligning protein sequences.
However both approaches suggested that the P493L substitution was likely to have a
powerful effect upon protein function.

4.2.2 Experimental analysis of the functional consequences of
weel sequence polymorphisms

Given the importance of understanding the functional consequences of the
sequence variation in the Weel protein both with respect to the variation in cell
length at septation in the Brazilian strains and throughout the collection we set out to
determine experimentally whether the sequence polymorphism found in UFMGR435
was functional. The approach that we took to addressing this question made use of a
standard allelic swap strategy (Figure 4.6); we substituted the weelcoding region of
the 975h" (u r a-¥8geh’) strain with a counter selectable ura4 gene and then
replaced the ura4 gene with the coding region from the variant strain of interest.
Clones were first of all screened by standard PCR (section 2.3.3.1, Figure 4.7) and
after the knock-in step checked by long range PCR (Figure 4.8). The variant residues
in the swapped clones were then confirmed by DNA sequencing. We then measured
the sizes of the different strains at septation using microscopy and P values were
determined by Student’s t-test (Figure 4.9). The results were informative in that they
illustrated the limits of the bio-informatics approaches and demonstrated that indeed
partial loss of function alleles of weelwere segregating in the natural isolates. None
of the variants up and until position threonine 434 had a detectable effect upon size at
septation but after that all of the variants either alone or in combination reduced cell
size. None of the variants corresponded to a gain of function and increased cell size.

The strongest loss of function mutation was that predicted by SIFT to have the
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greatest effect namely P493L. It is worth mentioning that we could not examine the
functional consequence of one of these polymorphisms which is V7641 present in
the Must of Brazilian cachaca strain UFMGAG602 even though the transformation had
been done for five times. This lead to the conclusion that this allele could be lethal on

the lab strain background.

Figure 4.10 explains the correlation coefficient between SIFT scores and
experimental scores (experimental scores is explained in table 4.3) of the functional
consequence of individual polymorphism. It also explains the correlation coefficient
between haplotype scores and experimental scores. The result reveals that there is a
negative correlation between the SIFT and experimental (Figure 4.10 A). However,
there is no relationship between the haplotype scores and the experimental scores
(Figure 4.10B). This suggests that there are other alleles segregating in the natural

isolates that have an impact on size variation.
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Table 4-3 Experimental scores for weel variants on laboratory stain background.

Plasmid | Polymorphism Meants.d. m |Experimental score m |Sift score
1 T/S(156) 14.00+0.13 0.24 0.91

2 N/K (203); C/G(841) 12.06+0.37 2.18 0.51/0.25
3 SIA(346); TIN(434) 13.34+0.48 0.9 0.94/ 0.62
4 VIA(414) 14.0020.24 0.24 0.76

5 P/L(493) 11.45+0.48 2.79 0.02

6 V/I(764) failed - 0.41

7 Q/L(770) 12.26+0.41 1.98 0.31

8 Lab strain (975 h") 14.24+0.34 0 1

9 P/S(605) 11.91+0.19 2.33 0.35

9 C/G(841) 12.25+0.32 1.99 0.25
10 P/S(605);C/G(841) 11.71+0.33 2.53 0.35/0.25
11 K/N (152) 13.91+0.12 0.33 0.51

The average lengths of the septated cells + the standard deviation (s.d.) are shown. The obtained data for
experimental score was obtained by subtraction the average cell length of the respective variant from the
average cell length of the laboratory strain.

Step 1
uirad Figure 4.6 Substituting the weel

coding sequence in the 975 h+ strain
>< >< of fission yeast with alleles derived
from natural isolates.

1kb wee7 Step 1 Replacement of the weelgene with ura4.
The knockout targeting vector is illustrated above
975h" genome at the weellocus, where the ura4
marker is flanked by 336bp (left) and 638bp
(right) arms of genomic sequences beside weel
allele. Cells were selected for ura4” on PMG
medium lacking uracil. Step 2 Knocking in the
variant weel allele of the isolates. Again the
knockin vector is illustrated above 975h" genome

\ Select for URA"

[T

Step 2

e — at the weellocus, the left and right arms have
\l\ X 336pb and 638pb respectively of genomic
| sequence. The two arms of homology encompass a
p— cassette containing the variant weelallele. This
substitution causes the cells losing uracil
Salect for 5-FOAF prototrophy and gaining a polymorphic weel
Selection of ura- cells was carried out using 5-

fluoroorotic acid (5-FOA).

wee ! mutant
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Figure 4.7 PCR Screening to identify weel knock in alleles.
1. Map shows the region of amplification for weel locus before and after

substitution of the coding region with ura4.

2. A PCR amplification of weelcoding region using primers 716 and 717 carried
out in order to identify clones containing weelcoding sequences, the observed
fragment size is consistent with the predicted size of 519bp. Lane, 1, 7, 13 Q4
ladder; Lane 2, 3 and 4: PCR product of swapped weelallele of natural isolates;
Lane 5: PCR positive control strain (975h"); Lane 6: negative control; weelura4
knock out cell. B, PCR to show loss of ura4 coincident with integration of the
weelcoding sequence at the weellocus track 12 shows the positive control PCR

for this reaction in which the weel:ura4DNA was used as a template.
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Figure 4.8 Identification of weel allele in swapped clones by long

range PCR and sequence comparison.

1. Schematic representation of the long range PCR product corresponding to the 3.6
kb wild type sequence (right) and 2.8 kb to the knocked out weel cell (left).

2. Gel analysis of the long rang PCR product. Lane 1: DNA marker Q4; Lane 2, 3
and 4: PCR product of swapped weel allele of the natural isolates; Lane 5: PCR
product of positive control which is start cell (975h"); Lane 6: PCR product of
negative control weel knocked out cell.

3. Sequences analysis of differences between the laboratory strain and the natural
isolate strain UFMGR435. A&B, sequence trace of polymorphism region in
UFMGR435 and the nucleotide variant is underlined (T); C, The P605S
substitution in the corresponding region.
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Figure 4.9 comparison of the proportional effect of weel allele
polymorphism on the cell length in 975h" strain.

Cells were grown to mid exponential phase in YES5 low glucose, collected, and then
sized at septation stage of the cell cycle, using a Metamorph (Universal Imaging) v6.1.
The microscope that was used for this purpose was a Zeiss Axioscop microscope, 100
X objectives. 100 individual cells were sized of 5 independents colonies of the
respective polymorphism. P values were determined by Student’s t-test which was
statistically significant for some variants (P493L, P605S, Q770L and C814G). While
other alleles showed to be neutral.
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Figure 4.10 Correlation between the bioinformatic prediction and

experimental effect of the amino acids substitution.

A. Shows the relationship between SIFT score and experimental score. SIFT score
(X-axis) is the predicted effect of the amino acid substitution. The experimental
score (Y-axis) is obtained by subtracting the average cell length of each
polymorphism from the average cell length of the 975h" strain 14.25 m (Table
4.3). There is a strong negative correlation between the SIFT score of the
polymorphisms and the experimental score (r2-0.92, P<0.0002).

B. Demonstrates the correlation between the haplotype score and experimental score.
Haplotype score (X axis) is the subtracted score of the average cell length of the
haplotype in the collection from the average cell length of the laboratory strain
(haplotype 8 Table 4.1) at septation. There was no relation (r2 0.007, P<0.83).
Dots represent the values that are presented in the tables (A and B).
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4.3 Conclusion

The aim of this chapter was to investigate the effects of the sequence
polymorphisms in the Weel protein that are segregating in natural isolates upon
protein function using both bio-informatics methods and by the effects of the
respective polymorphism upon cell size at septation in the laboratory strain

background.

The two approaches were consistent with respect to polymorphisms up to
residue 434 and showed that sequence variation in this region of this protein was
without functional consequences. Both indicated that the P493L substitution found in
the Tequila strain UWOPS 94.422.2 was damaging. This is an important result
because the cell length of UWOPS 94.422.2 is 11.94+0.86mm and so there must be
variation segregating in this strain that compensates for the partial loss of function of
the Weel protein. The experimental results also showed that the P605S, C841G
variation present in UFMGR435 was functionally significant. Although these results
raise the possibility that indeed it is the coding variation within the weel gene that is
responsible for the linkage to weel seen in the cross described in Chapter 3 it is also

possible that linked polymorphisms contribute to the results reported there.

Comparison of the results in (Figures 4.2-4.3) and Table 4.2 with the
experimental data represented in (Figure 4.9) showed that in general the bio-
informatics approaches under predicted the functional consequences of the variation.
Thus C841G had a SIFT score that was above the threshold for significance (0.05)
and showed no conservation amongst 21 yeast and fungal sequences but had clear
functional consequences. This result emphasizes the obvious point that experimental

analyses is often of some merit even when analysing large data sets.
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5 Analysis of a cross between heterothallic
derivatives of UFMG790 and R435 in order to map
QTLs affecting at septation in these Brazilian
isolates.

5.1 Introduction

In chapters 3 and 4 we tested the idea that sequence variation in the weelgene
was responsible for some of the 2.5nm difference in cell length at septation seen
between the strains UFMG790 and R435 however the results were contradictory.
Thus analysis of a cross between homothallic derivatives of the two strains suggested
that variation at or close to weelwas indeed a significant factor in determining the
differences in length at septation between the two strains. Consistently the 605P/S
841C/G polymorphism present in the weelallele of UFMGR435 was associated with
a partial loss of Weel protein function when assayed on the laboratory strain
background. However this allele showed little or no effect on length at septation
when assayed on the critical UFMG790 background. The cause of this discrepancy
was unclear. Indeed it is hard to reconcile these three pieces of data mechanistically.
We therefore wanted to understand better the genetic basis of the difference in cell
length at septation seen between these two isolates and, in particular, to map more
precisely the sequence variants at and around weelthat are responsible for this

difference. We therefore extended our genetic analysis.

In the cross between homothallic strains described in chapter 2 we had typed the
segregants at a total of only 10 markers scattered across the genome permitting
limited resolution of the genetic mapping. In addition there was evidence of
extensive non-Mendelian segregation of some markers within the cross. We want to
establish a general methodology for identifying and analysing at single variant

resolution QTLs in natural isolates of S. pombend thus we needed to overcome
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these limitations of the homothallic cross. We therefore established heterothallic
derivatives of UFMG790 and R435 which were reciprocally marked at ura4 and
leul These strains allowed us to establish a second cross which we have compared
with the first for non-Mendelian segregation. In order to improve the resolution of
the genetic mapping of QTL affect cell length at septation we have sequenced 96
segregants from this cross and have analysed the data using the R/qtl package
implemented in R. The results confirm the results of the homothallic cross and place
a major QTL at or close to weelbut do not allow us to identify causative variants.
Improved resolution will require more segregants or the use of a different approach
to QTL mapping such as the use of a bulk segregant approach following advanced

inter-crossing.

5.2 Results

5.2.1 Construction of heterothallic derivatives of isolates
UFMG790 and R435 suitable for genetic analysis

We derived two reciprocally marked strains suitable for genetic analysis. These
strains were Nott444 (UFMGR435, ura4”: hyg MP ZBPNAT, h) and Nott 446
(UFMG 790, ura4 ‘BP Kan, leuf ura4, h"). The h strain, Nott444, was rendered
heterothallic by deleting the MP donor at the mating type locus using a hygromycin
resistance marker flanked with attP and attB sites for the f C31 integrase and the h*
strain was isolated by selecting for a strain that did not stain with iodine. Mating
types were confirmed by PCR and the auxotrophic markers were checked by

growing the strains on selective media with a particular supplement (Figure 5.1).
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Figure 5.1 Genetic modifications of the heterothallic cross.
A. Complementing auxotrophic and drug resistance markers. Cells were streaked on

selective medium (PMG) with a either leucine or uracil supplement and YES5
with either hygromycin or G418to check the ability of antibiotic resistance. The
cells were grown at 32°C for >72 h and then phenotype was confirmed. UFMG790
and UFMGR435 are prototrophic grow on selective medium (PMG lacking
supplements) but cannot grow on YES5+hyg and YES5+G418. Whereas, their
derivatives (Nott446 and Nott444 respectively) are auxotrophic and antibiotic
resistance; Nott446 is G418-resistant and cannot grow on PMG medium lacking
leucine. Nott444 is hyg-resistant and cannot grow on PMG medium lacking uracil.
. PCR analysis of the mating type in heterothallic strains. Homothallic cells
(UFMG790 and UFMGRA435) give two bands of about 987bp and 729bp, while
heterothallic cells (Nott446h" and Nott444h™ cells give bands of ~987bp and 726bp
respectively. 731h" and 35h™ positive controls of h* and h".
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5.2.2 Characterization of the cross between Nott444 and
Nott446

We wanted first of all to determine the viability of the spores arising from the
cross. We did this in two ways which gave broadly consistent results. A total of 60
tetrads were dissected and isolated a total of 149 haploid clones indicating viability
of approximately 62%. We also isolated spores at random from the tetrads and

determined a viability of approximately 76% following plating onto YES.

An important problem posed by the heterothallic cross was to understand the
cause of the high levels of non-Mendelian segregation. We therefore typed spores
from a total of 24 tetrads for eight markers using PCR and restriction enzyme
digestion analysis (Figure 5.2). The results (Table 5.1) showed less non-Mendelian
segregation than we had seen in the homothallic cross (Table 3.4) but was in the
same direction with respect to the parental strains and those markers showing high
levels of non-Mendelian segregation in the homothallic cross such as ste20and rum1

also showed high levels of non-Mendelian segregation in the heterothallic cross.

Table 5-1 Non-Mendelian inheritance of some candidate genes of the
tetrads in the heterothallic cross Nott444XNott446

444 446
Allele 4:0 3:1 0:4 1:3 2:2
cdc25 - - 1 - 23
mprl - - 2 - 22
pyp2 1 - - - 23
ste20 - - 7 - 17
winl 1 - R - 23
ruml - - 7 - 17
leul 1 - - - 23
ura4 - - 1 - 23

A diploid from the cross of the Brazilian heterothallic strains was sporulated on SPA5
medium. Tetrads were separated via micromanipulation and the spores were grown on
YSES5 medium for 4-6 days. They were then patched onto YES5, PMG+Leucine and
PMG+Uracil medium and growth was checked after 3 days in order to identify the
segregation of the markers. The following spores were then genotyped using PCR and
restriction enzyme digestion for the desired allele.
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Figure 5.2 Allele analysis of the segregants from the cross between
444 and 446 strains
A. Xbal polymorphism of the cdc25 allele. PCR reactions were performed usi

200 =
185 +—

ng

primers (848, 849) and the restriction enzyme Xbal. The digested PCR products with
Xbal generated two fragments of ~180, ~120 pb for allele 446 and a not digested PCR

product of ~300 bp for allele 444.

B. Bglll polymorphism of the pyp2 allele. The polymorphisms of pyp2 allele were
investigated by PCR using specific primers (860, 861) and the restriction enzyme
Bglll. Allele 444 is a not digested PCR product of ~193 bp, while allele 446 is a

digested PCR product to create two fragments of ~ 111 and 82 bp.

C. Bcll polymorphism of the ste20allele. The genetic variations of ste20allele were
investigated by PCR using specific primers (862, 863) and the restriction enzyme Bcll.
The digested PCR products with Bcll generated a 167, 103 bp fragment for allele 446

and a not digested PCR product of ~270bp fragments for allele 444.

D. Dnpll polymorphism of the mprl allele. The polymorphisms of mprl allele were
investigated by PCR using specific primers (850, 851) and the restriction enzyme Rsal.

Allele 446 is a not digested PCR product of ~200 bp, while allele 444 is a digest
PCR product to create a fragment of ~185 and 85 bp.
PCR results were identified on 2.5% agarose gel and the standard DNA marker us

ed

ed

for size determination was Q4 ladder which lies on the first lane, other lanes
demonstrate a particular tetrad. Alleles of 446 (presented as value 3 in Appendix V)

and alleles of 444 (presented as value 4 in Appendix V).
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5.2.3 Mapping of QTLs

We chose to use random spores to map the QTLs affecting cell length in the cross

(Figure 5.3).

444 >< 446
ura4:hyg, MP:BP nat, h- l urad: BPkan, leu1: ura4, h*

Wash with SDW Patch single colony
—_— —_—
Recover prototroph
SPA5S PMG PMG 3 days

24 hrs 3-4 days

1:10 glusulase enzyme Streak a single colony

10-15 minutes Geneotyping markers

@
O

YES5 SPAS
48 hrs

Streak a single colony
Random spore analysis

1:200 glusulase enzyme

)
-

27°C Overnight

A

YESS

3-4 days SPAS
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Genomic DNA isolation

of 96 individuals p Ppool of segregants whole 7| mapping
genome sequencing

Figure 5.3 General approaches for QTL mapping in Brazilian
heterothallic cross.

Diagram illustrates QTL mapping by pooled segregant whole-genome sequencing in
Brazilian heterothallic strains. Tetrad dissection was used to analyse segregation of the
variant in the cross. While, random spore analysis was used for mapping genes
involved in cell length determination. 95 yeast meiotic segregants were used to
identify causative genes involved in cell length determination traits.
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We chose this approach rather than analysis of tetrads because we wanted to
maximize the number of recombination breakpoints in the spores that we analysed.
We therefore germinated 96 randomly picked spores, sized at least 50 individual
septating cells from each and sequenced all 96 strains. Analysis of the lengths at
sepation showed that the distribution was approximately normal with a mean of

11.36mand a standard deviation of 1.36m (Figure 5.4)
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Figure 5.4 Cell length at septation in 96 F1 spores of the heterothallic
cross between Nott444 and Nott446

Cell length distribution in 96 F1 spores from Nott444 and Nott446 cross. Individuals
are grouped into seven groups by length at 0.5 um intervals.

One segregant, 13, had a length at septation of 19 mnwhich was six standard
deviations from the mean and was excluded from the analysis. In conclusion we
considered that the segregants from this cross were suitable for mapping of the QTLs

associated with differences in length at septation.
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We extracted DNA from each of the 96 strains derived from the cross, the
DNA samples were paired end sequenced and then the variants extracted to produce
a vcf file for each strain. All of this bio-informatic analysis was done by William
Brown and by Johan Harin in Nicebut for the sake of completion I outline the steps
which led to the vcf files. The sequencing library adaptors were removed from the

initial fastg files with scythe (https://github.com/scythe) and then the sequences

trimmed on quality using sickle (https://github.com/sickle). The fastq files were then

aligned using BWA (http://bio-bwa.sourceforge.net/bwa.shtml) to a reference

sequence that was based on the laboratory strain but modified to take into account
the derived 2.227,883bp pericentromeric inversion of chromosome | that is present in
the laboratory strain and its close relatives but absent from these Brazilian strains.
This generated SAM files which were converted to BAM files and then filtered on
the flags 99, 147, 83 and 163 using SAMTOOLS to select those reads which mapped
in the correct orientation and were in the correct size range. The filtered sets were
then merged using SAMTOOLS, duplicates removed using Picard tools and then
sorted and indexed with SAMTOOLS. Finally the vcf files were generated using the
GATK. A csv file was generated using an inhouse script by Matt Loose, edited on
the command line to remove hanging punctuation and get it into the correct format
for R/qtl and then finally run in R/qtl http://www.rqtl.org// following the protocols
set out in the “Brief Tour of R/qtl” set out on the web site and following the Youtube

videos https://www.youtube.com/watch?v=wDFM3mIKKHU and

https://www.youtube.com/watch?v=180Zq34mkMg. This analysis and the results

were carried out both in Nottingham and by our collaborators in Nice and identical
results were obtained by both groups. The analysis that we present below will be

refined but the main points will not change. First of all the majority of the markers
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segregate approximately 50:50 although (Figure 5.5) there are some that are

segregating aberrantly and need to be filtered out in a more refined analysis.
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Figure 5.5 Segregation of sequence variants amongst 95 segregants
following crossing between Nott444 and Nott446.

34208 markers were typed by sequencing and the frequency of segregation across the
95 segregants analysed reported. AB325691 is a contig derived from chromosome |11
that has yet to be integrated into the assembly. MTR is the mating type region and MT
the mitochondrial DNA.

116



50 —

N
o
|

LOD-score
S
|

)
o
l

10

I I I [ I I
0 0.1 0.2 0.3 0.4 0.5
recombination frequency

Figure 5.6 Plot of LOD scores versus recombination fractions for
34208 variants in a cross amongst 95 segregants following crossing
between Nott444 and Nott446

Patterns of segregation of the variants analysed by either LOD score or by

recombination fraction were consistent (Figure 5.6) indicating that the mapping was

correct.
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Figure 5.7 . Plot of LOD score for the presence of a QTL affecting
length at septation scores versus position for 34208 variants in a
cross between Nott444 and Nott446.

The results of the mapping of the QTLs (Figure 5.7) affecting length at septation
identified peaks on Chromosome | at 3,674,447 and on IlI close to weel(716,312 -
731312) at 701, 781. Variants of possible significance lie are indicated by the red
dotted line in Figure 5.7 and include a region of about 300kb on chromosome I and
375kb on chromosome Ill. The peak on chromosome | accounts for 21.8% of the
inherited component of the trait variance and the peak on chromosome |11 for 26.5%

of the trait variance. The consistency between these data and all of the previous
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results suggests that indeed variants at or close to weeland that one or more variants
at or close to | 3674447 plays a significant role in size determination in this cross.
The obvious candidate for the chromosome 111 locus is weelalthough the position of
the one or more causative variants remains to be determined. There are more than
100 genes in the chromosome | interval and it is pointless to speculate which contain
contributory variants. It is however worth pointing out that there are no obvious
candidates in this interval and thus this finding suggests that higher resolution

mapping of this interval would be of merit.

5.3 Conclusion

This chapter demonstrates that we have established a methodology for
identifying genes whose polymorphisms affect cell length at septation in natural
isolates of S. pombeThese results thus open a new chapter in the study of the
eukaryotic cell cycle. It may be argued that experimental analyses have told us all
that can be known about the control of the cell cycle in S. pombend this chapter
will contain nothing of any significance. However all of the previous work on the
cell cycle in S. pombevas carried out in just a single strain using a single approach.
Understanding the cell cycle is a problem of such significance and S. pombas such a
good system for the study of this problem that it seems certain that further work on
analysing the genetic basis of variation in cell cycle control in natural isolates will

yield new insights into this important problem.
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6 General Discussion

Cell length has been shown to vary among natural isolates of S. pombestrains
(Brown et al., 2011). It has been shown that environmental conditions have a great
influence on the cell size determination. In other words, size is an adaptive trait that
is related to the type of medium upon which the cells are growing the sort of nutrient
medium (rich or poor) (Davie and Petersen, 2012). Studies in S. pombehave
advanced our knowledge of the control mechanisms that drive mitotic cell cycle
progression, but researchers have used one standard laboratory strain. This thesis has
aimed to develop a useful method capable of assessing the relationship between
sequence variations and the length determination within a natural population of S.
pombe We want to understand the genetic architecture of the variation present in
natural isolates of S. pombdoth because it is of general interest in terms of defining
the way in which the architectures of different species varies and in specific terms
because we would like to be able to use natural variants as reagents for identifying
new genes in cell autonomous traits. We therefore selected two isolates from two
different environments, a cachaca distillery (UFMG790) and Pitanga fruit
(UFMGRA435), to map quantitative trait loci that control cell size variation in this
complex trait. Dissecting the genetic architecture of the complex trait is a major
challenging in a modern biology (Mackay et al., 2009; Mackay, 2001a). Yeast is an
ideal model system for quantitative genetic but S. cerevisiadas mainly been used
for this purpose (Deutschbauer and Davis, 2005; Liti and Schacherer, 2011,
Steinmetz et al., 2002). Here, we used natural isolates of S. pombevhich they have
not been used previously and carried out two QTL mapping experiments. First of all
we used a cross between homothallic derivatives of UFMG790 and UFMG R435 and

a small collection of polymorphic markers in candidate genes to show that variation

120



at or close to weelaccounts for by 26% in the inherited component of the variance in
cell size of the F1 offspring from these two Brazilian strains. The results from this
preliminary genetic analysis were limited by the small number of markers that we
used and by the fact that there was evidence for extensive non-Mendelian
segregation in the cross. The cause of this non-Mendelian segregation was not known
but it would limit the power of any further genetic analysis if widespread. Therefore
we carried out a second cross between heterothallic derivatives (Nott444 and
Nott446) of these two strains. This reduced the problem of non-Mendelian
segregation. We generated 96 random segregants from (Nott444/Nott446) cross. We
measured the cell length of each individual to obtain a raw phenotype database. As
predicted by phenotype distribution (Figure 5.4), cell length variation seems to be
controlled by multiple QTLs. We show that the variation in cell length among F1
segregants is due mainly to natural sequence variants within Chromosome |, 11l and
Chromosome MTR in a percentage of 21.8, 26.5 and 21.3 respectively (Figure 5.7).
Similar work has been done in natural population of budding yeast to measure the
length of telomere using QTLs showed that the length of telomere is controlled by
multiple QTLs (Liti et al., 2009). Previous experimental work has also identified
other genes that have effect on cell size and growth rate (Coudreuse and Nurse, 2010;

Navarro and Nurse, 2012).

weelis a gene that was identified during the original work on understanding the
cell cycle and played a key role in defining Cdc2 as the kinase that drives entry into
cell division. Weel inhibits mitotic entry until the cell reached to the required size
and its activity is fundamental to the cell cycle in many organisms, including
budding yeast, fission yeast and vertebrates (Booher et al., 1993; Den Haese et al.,

1995; Featherstone and Russell, 1991; Lundgren et al., 1991; Parker and Piwnica-
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Worms, 1992; Russell and Nurse, 1987b; Sia et al., 1996). Many other genes have
role in regulating the mitotic entry including cdc25 plol, Pomland so on (Moseley
et al., 2009; Ohkura et al., 1995; Russell and Nurse, 1986) and probably there are
genes which remain to be discovered and their role in this regulation with respect to
the size. We have investigated the relationship between the weelpolymorphism and
the size variation in the two Brazilian strains and found that size variation in these
strains is linked with variation within or close to the weelgene. The effect of this
variant was 26% ( Table 3.2) which is consistent with the inherited component of the
trait variance on the chromosome Il (26%), where the obvious candidate for the
chromosome 11l locus is weeXFigure 5.7). We have also demonstrated that the
function of weelobserved in the lab strain is conserved in the natural isolates. Thus
deletion of the weelcoding region is associated with a reduction in cell length at
septation. This has been observed only on diploid cells as we were unable to recover
haploid UFMG790 or UFMGR435 weeIpcells. The weelplab strain is also liable to
diploidization (Booher and Beach, 1988; Hamada et al., 1996; Thuriaux et al., 1978).
The results of analysing the contribution of other candidate genes to the size
difference revealed a transgressive inheritance as the histidine phosphotransferase

protein Mpr1 suggested a small contribution in size determination (Table 3.5).

Based on the experimental evidence that weelp expression in
Schizosaccharomyces ponbesults in a small cell phenotype, expression of variant
weelin natural isolates should result in a small cell size phenotype and in an
advancement G2 phase. We therefore tested this hypothesis by investigating the
individual effects of variant weelallele that are segregating in natural isolates upon
protein function using both bio-informatics methods and by investigating the effects

of the respective polymorphism upon cell size at septation in the laboratory strain
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background. We have found that the experimental evidence and the bio-informatics
methods were consistent with respect to polymorphisms up to residue 434 and
showed that the sequence variation in this region was without functional
consequences. We have also shown that the P493L substitution in the strain UWOPS
94.422.2 has a significant effect on the cell length of the lab strain. This finding
consistent with the Blink tool at SIFT (Sorting Intolerant from Tolerant) prediction
program that estimates the likely effect of this polymorphisms upon function is
damaging. We have also found that the P650S, C841G variation present in
UFMGR435 is functionally significant although the bio-informatics approaches
shows under predicted the functional consequence of this variant since the SIFT
score was above the threshold for significance (0.05) (Figure 4.9, Table 4.2). These
results suggest that some of weelpolymorphism had not effect because a single
amino acid difference does not alter the function of Weel protein. However, other
SNPs had a significant effect upon protein function which is more likely due to the

change at protein structure or shape (Schaefer and Rost, 2012).

Finally, we conclude that; 1) we have established a method that can be implicated for
analysing cell autonomous traits in S. pombe so further work on analysing the
genetic basis of variation in cell cycle control in natural isolates will yield new
insights into this important problem. As a result we claim that the worldwide
collection of this yeast can be used as reagents to detect loci specific effect on any
other biological traits. 2) We propose that the investigation into the variation in cell
size in natural isolates can reveal the complex molecular mechanisms that control
this trait. Understanding these molecular pathways is biologically significant as they

are linked to the regulation of the cell cycle.
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Appendix |

List of oligoes used in this study

Lab Oligonucleotide sequence Purpose

number

46 AGAAGAGAGAGTAGTAGTTGAAG Primers used to screen h*and h’

47 ACGGTAGTCATCGGTCTTCC

48 TACGTTCAGTAGACGTAGTG

716F CGCCTACTCGTAACCCATTT Primers used to amplify region of polymorphism in

717R GCCTTGAAAGTTGTCCTTGC weelallele of Nott3 and Nott4

811F CACAATTCCATTCCTACTATTC Primers used for amplifying the targeting sequence of

KK16R | CTAAGCTTATCGATACCGTCGA deleted weelin which 811F is subjected to weeland
KK16 ura4

816F GCTCTCTTGCCTTTGTTTTCTTC Primers used for amplifying the targeting sequence

KK16R | CTAAGCTTATCGATACCGTCGA used to disrupt weelin which 811F is subjected to
weeland KK16 ura4

813F ATTTATTAAACATTTCTCTTTTTTTG | Long range PCR of weelallele

815R ACAGTCGGGATTCGAACTTTATG

714F CGCCTGAGGTTCTTGCTAAC Primers used for sequencing swapped weelallele in

814F TAAACCTTTTAGAGACTCTTGTTCTC| the laboratory strain background

868F TATCTATTTTTTTGTTAAATTG

869F GAAGTTTCTTTTCTTCCTCCATG

870F GAGTACAGGTCTTTTATCCAAG

894F AAGTATGCAGTGAAAAAGCTCAAGG

715R TTTTGGAAGCCATTCCCTTA

808R GTTTTTTCCACAGGGTCTTCAACTTG

848F CAGCACTATTGCTTACAGCTTTAAG | Primers used to amplify cdc25polymorphism in Nott3

849R TGGTCGTGTTGCTCGACTGACTAC | and Nott4

850F TCTCTACGCAGTCGTGATGG Primers used to amplify mprl polymorphism in Nott3

851R GGGGGAAAGAAAGGCTAGGT and Nott4

860F GTATGAGGCGGGAAGTGAGA Primers used to amplify pyp2 polymorphism in Nott3

861R TGTGCACCCAGAAGTGATGT and Nott4

862F CGGATGGTTCCAACAAAAAG Primers used to amplify ste20polymorphism in Nott3

863R ACAAACCTGTCTTCGGCAGT and Nott4

864R GCTCGAATCAAACCGGTTTCTGTA | Primers used to amplify winl polymorphism in Nott3

865F CAAGTTAACATTATTCGCTCGTG and Nott4

866F TTTTTCGGGGGAAAAGAATC Primers used to amplify rum1 polymorphism in Nott3

867R CAAAGGAACCTGACGAGGAA and Nott4

833F ACTTCTCGCTGCTCTGATCC Primers used for amplifying probe of outside in weel

834R TAGGGTATGCGTTCCACTCC knocked out

894F AAGTATGCAGTGAAAAAGCTCAAGG| Primers used for amplifying probe in deleted region of

895R CTGGGGGTTAGAAGAAGATCCATG | weelknocked out
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Appendix I

Nottingham | Genotype Original Source Note

lab number designation

2 WT, h*° UWOPS 94.422.2 Tequila Swap allele study

3 WT, h*° UFMG 790 Brazilian cachaca Intercross of 3 with 4
4 WT, h® UFMG R435 Brazilian Eugenia uniflora Intercross of 3 with 4
6 WT, h* UFMG A602 Must of Brazilian cachaca Swap allele study

12 WT, h*° UFMG R428 Frozen pulp of Eugenia uniflora Swap allele study

13 WT, h”° UFMG A1152 Must of Brazilian cachaca Swap allele study

35 WT, h" CBS 2628 Palm wine Swap allele study

63 WT, h* Y470 Unknown Swap allele study

68 ur a-#u8a&" 975 Nurse’s lab weelknockout study
106 WT, h™° CLIB 845 Unknown Swap allele study

110 WT, h"° CBS 1043 Unknown Swap allele study

167 WT, h*° NBRC10568 IFO 10568 <- VKM Y-1349-1 (W.1. Golubev) Swap allele study

268 ur a4 ekanattP, h’B UFMG 790 Lab stock Cross of 268 with 303
269 ur a4 ekanattt, h’B UFMG R435 Lab stock Cross of 269 with 302
302 ur a 4 eekanattbt Bu 1 &;h® ur al UFMG 790 Lab stock Cross of 302 with 268
303 ur a attBkanattP,| e u 1 &;h® ur a] UFMG R435 Lab stock Cross of 303 with 269
380 ur a4 akanattP,wB e 1 &: :°u r a| UFMG R435 This study wee1knockout study
381 ur a4 akanattP,wB e 1 &:; h®U r a] UFMG R435 This study weelknockout study
382 ur a4 sekanattb,tvB e 1 s:;, bi°U r a] UFMG 790 This study weelknockout study
383 ur a4 aekanattb,tvB e 1 s:;, b°U r a] UFMG 790 This study weelknockout study
400 ur awee 1l e, hfur a4 975 This study weelknockout study
401 ur awee la,h"ur a4 975 This study weelknockout study
444 ur a4 emakh P ge:natattb, b B UFMG R435 This study Cross of 444 with 446
446 ur a4 sekanattPt Buleae;h ur|UFMG 790 This study
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Appendix Il

a. Two way analysis of variance (ANOVA) of the Brazilian cross.

Source of variation | d.f Sum of squares | Mean Square F
Weel 1 36.14 36.14 31.49 P<0.001
Ura/Leu 1 0.57 0.57 0.71 ns
Error 204 245.16 1.20
Total 206 278.10 1.35

b. Basic data for the mean cellength of the progeny
Progeny Mean s.d No. Mean square
WeelUFMG790 from cross 1&2 11.31 1.08 108
WeelUFMGR435 from cross 1&2 10.48 0.98 100 o4
UFMG790 cross 3 11.98 0.66 52 0.44
UFMGRA435 cross 4 10.0 0.94 53 0.90
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Appendix IV

In the tables below we provide the results on the performance of DNA typing for
identifying segregation of candidate genes of the tetrads from diploid in the cross of
homothallic derivative of the two Brazilian strains. Value 3 represents the UFMG790
strain and 4 represent the UFMGR435 strain. Cross 1: UFMG790 X UFMGR435
(ur a:atBkanattP, h° X ur a:at®kanattP, | e u:drad, h®); Cross 2:
UFMGR435 X UFMG790 (u r a:atikanattP, h*® X uradA::attB-kan-attP,
| e u:drad h).

Cross 1

Tetrads

Genotype of candidate genes

weel

Leul

cdc25

mak?2
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pyp2

ste20

winl
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14
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wWlwlw
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B E
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Appendix V

In the tables below we provide the results on the performance of DNA typing for
identifying segregation of candidate genes of the tetrads from diploid in the cross of
heterothallic derivative of the two Brazilian strains. Value 3 represents the

UFMG790 (Nott446) strain and 4 represent the UFMGR435 (Nott444) strain.

Nott4 (u r a 4 eema h P ge:natattP, )BX Notté (u r a 4 se-kan-attP, ulee; :

h").
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