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Abstract: 

The process by which eukaryotic microorganisms preferentially utilise glucose as a carbon source is 

coordinated by a network of sensory and signalling pathways, which converge at the transcriptional 

level to control the function of a conserved regulatory mechanism known as carbon catabolite repression 

(CCR). In the fission yeast, Schizosaccharomyces pombe, CCR is mediated by Scr1, a C2H2 zinc finger 

transcriptional repressor orthologous to Saccharomyces cerevisiae Mig1, and Aspergillus nidulans 

CreA. In addition, a conserved co-regulatory complex, comprised of Tup11, Tup12 and Ssn6 proteins 

(hereafter Tup/Ssn6), is required for maximal transcriptional repression. Also implicated in this process 

is the transcriptional activator, Rst2, which in the absence of glucose, induces the expression of 

gluconeogenesis and sexual differentiation genes. To date, the molecular mechanism of CCR in 

S.ipombe has not been characterised in depth, and so there is limited knowledge of the range of genes 

that are subject to transcriptional repression, or of the functional relationship between Scr1, Tup/Ssn6, 

Rst2, or other factors that influence the establishment and/or maintenance of CCR.  

 

This study combined genetic techniques with a suite of high-throughput sequencing approaches to 

investigate the process of CCR in S. pombe. RNA-seq and ChIP-seq approaches showed that Scr1 

represses approximately 2% of the S. pombe genome in the presence of glucose including hexose 

uptake, glycolysis, TCA cycle, pentose phosphate pathway, and gluconeogenesis genes. In addition, 

unexpected roles for Scr1 in the regulation of iron homeostasis and stress-induced meiosis were 

discovered, integrating Scr1 and CCR more broadly into the regulation of general metabolism and stress 

responses in S.ipombe. Biochemical pulldown approaches showed that Scr1 physically interacts with 

the Tup/Ssn6 complex in vitro and further ChIP-seq showed co-localisation of Tup11 with Scr1 at gene 

promoters in glucose-sufficient conditions. Interestingly, Tup11 was shown to remain at the promoter 

of certain target genes that were activated in the absence of glucose, suggesting roles for the Tup/Ssn6 

complex in gene activation. Additional ChIP-seq analysis of Rst2 in the absence of glucose revealed 

localisation to gene promoters formerly repressed by Scr1 in glucose-sufficient conditions. 

Surprisingly, Rst2 was also found to co-localise with Scr1 and Tup11 at certain genes in the presence 

of glucose suggesting unforeseen regulatory roles for this factor in glucose-sufficient conditions and 

hinting at a potential competitive or co-operative relationship between Scr1 and Rst2 at these genes. 

 

In addition to increasing knowledge of CCR, these findings also have important biotechnological 

implications. S. pombe is industrially utilised to produce bioethanol, a renewable biofuel of significant 

environmental and economic importance. In a concurrent approach, an S. pombe isolate used for 

industrial scale bioethanol production from sugarcane molasses was analysed for modifications to 

carbon metabolism, CCR or other processes. Whole genome sequencing identified structural variation, 

including a 100kb duplication of a subtelomeric region in chromosome III, and potential evidence for 
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horizontal gene transfer of coding sequences from Schizosaccharomyces octosporus. Further 

transcriptomic analysis identified a distinct transcriptional signature of this industrial isolate in both 

laboratory media and the molasses feedstock. Importantly, regulatory rewiring of central carbon 

metabolism and stress response pathways was evident. Finally, direct examination of CCR within this 

strain via Scr1 ChIP-seq, revealed significant plasticity with respect to the number of Scr1 targets, 

particularly in the molasses feedstock where Scr1 was associated with multiple actively transcribed 

genes, suggesting alteration of the CCR pathway within the industrial strain genetic background.  

 

Overall, this study has shown that CCR in S. pombe forms a core regulatory network that responds to 

glucose primarily at the transcriptional level to facilitate the regulation of a range of metabolic processes 

in both laboratory and industrial contexts. Thus, this work significantly improves our understanding of 

the CCR process in S. pombe and forms an important resource for the study of carbon regulation in 

eukaryotes. These findings will also be useful for the development of fission yeast strains that possess 

improved bioethanol production characteristics. 
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1 Introduction: 

 

In all organisms, a major hallmark of adaptation to a stimulus is the reprogramming of the cellular 

transcriptional profile to induce the expression and/or enforce the repression, of specific subsets of 

genes in the correct temporal, spatial, and stoichiometric amounts. This process requires the coordinated 

action of sensory pathways, which first detect a change in the local environment, and in turn, transmit 

this information as an intracellular signal that modulates the activity of downstream transcriptional 

machinery resulting in gene induction or repression. Significant research effort has been dedicated to 

the investigation of such regulatory mechanisms in various organisms and systems (reviewed in, Barnett 

and Entian 2005, Blount 2015). Elucidation of regulatory processes in model systems has been 

fundamental, allowing researchers to infer the similarities and differences that exist between these 

systems and those of higher eukaryotes, including humans, thereby providing insight into the 

fundamental nature of our own biology. This is of great importance to medicine and impacts our ability 

to treat afflictions that stem from misregulation or malfunction of these processes such as diabetes, 

cancer and various neurodegenerative diseases (reviewed in, Smith and Snyder 2006). Additionally, 

many biological processes occurring within living cells can be utilised for food and beverage production 

as well as other biotechnological and industrial applications (Buckholz and Gleeson 1991, Schuller and 

Casal 2005, Lange et al. 2012). Thus, understanding these naturally occurring phenomena also benefits 

our ability to harness and adapt these systems to produce advanced materials, foodstuffs and 

pharmaceuticals.  

 

Fungi are particularly well suited as model eukaryotic systems for the study of how transcriptional 

regulatory processes elicit responses to environmental stimuli because different species can exhibit 

distinct transcriptional regulatory programs in response to their niche environment (reviewed in, 

Blackwell 2011). Moreover, unlike more complex eukaryotes such as plants or metazoans, in which 

individual cells are supplied with a relatively consistent extracellular environment via the xylem/phloem 

or the blood, microbial eukaryotes including filamentous fungi and yeasts exist in direct contact with 

the outside world, and so are exposed to more volatile environmental conditions. Even slight shifts in 

the availability of core nutrients can have a significant impact on cellular metabolism and physiology, 

and so these species must possess efficient regulatory mechanisms to survive and thrive in the face of 

these challenges.  

 

One of the most important stimuli affecting eukaryotic cells is the level of nutrients in the local 

environment. Among the plethora of nutrients required for the growth and proliferation of eukaryotic 

cells, carbon is one of the most important, since the survival of all eukaryotes is dependent on the ability 

to efficiently acquire and assimilate carbon from the environment. Carbon metabolism provides cells 
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with the means to generate energy in the form of adenosine tri-phosphate (ATP), and to drive 

biochemical processes that form the basic building blocks required to synthesise essential cellular 

products, grow and divide. In its organic form, the most abundant sources of carbon are sugars, which 

commonly exist in simple monosaccharide (e.g. glucose, fructose, galactose or xylose) or disaccharide 

forms (e.g. sucrose or maltose). The importance of sugars as biological molecules has necessitated most 

organisms to possess a sugar-centric carbon metabolism architecture, whereby sugars from the 

extracellular environment are imported into the cell and metabolised via glycolysis into carbon 

intermediates, which in turn fuel the vital cellular processes of aerobic respiration or anaerobic 

fermentation. Although many fungi and yeasts have acquired mechanisms allowing them to utilise a 

range of different sugars and other carbon sources for growth, simple hexose monosaccharides, such as 

glucose, are preferred over other carbon sources as they can be rapidly catabolised without modification, 

and so, require no additional energy expenditure. 

 

In these microbial eukaryotes, glucose is not only a key metabolite, but also an important signalling 

molecule mediating the regulation of metabolic, transcriptional and developmental programs of the cell 

(see review, Broach 2012). Research into the process of carbon metabolism in these organisms has 

unveiled the presence of highly flexible regulatory systems that coordinate carbon acquisition and 

metabolism in fluctuating environmental conditions, as responses to changes in nutrient availability are 

required for successful and continued cellular function, proliferation or development. The essential 

nature of carbon metabolism for the survival of living organisms coupled with the medical and industrial 

relevance of the process has led to great interest in developing an improved understanding of the 

biological underpinnings of its regulation in eukaryotes. The following sections focus on central carbon 

metabolism and the processes that regulate it in fungi. 

 

1.1 Central carbon metabolism: 

The fundamental requirement of carbon for all living organisms has necessitated the evolution of a 

network of cellular pathways that assimilate environmental carbon-containing compounds. At the core 

of these pathways is the process of central carbon metabolism (CCM), the conserved set of anabolic 

and catabolic chemical reactions performed by the cell, which require carbon containing compounds as 

input and primarily results in the biosynthesis of precursor metabolites and ATP energy as the output. 

In yeasts and fungi, CCM is comprised of glycolysis and the pentose phosphate pathway (PPP), which 

precede two major energy producing pathways through which cells can generate energy for their needs: 

aerobic respiration via the Tricarboxylic Citric Acid (TCA) cycle or through the anaerobic fermentation 

of carbon intermediates into ethanol and carbon dioxide (Figure 1.1).  
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In this context, there are three main steps of the carbon metabolism pathway:  

1) Extracellular hydrolysis of complex carbohydrates into simple hexoses  

2) Transport of simple hexoses into the cell  

3) Intracellular conversion of hexoses into precursor metabolites and energy via glycolysis 

and the TCA/fermentation pathways.  

 

This section explores current knowledge of these three components of the carbon metabolism cycle in 

microorganisms including yeasts and fungi.  

 

1.1.1 Mechanisms of sugar transport into cells: 

All cells import sugars from their environment to be metabolised intracellularly. Basic hexoses (i.e. six-

carbon sugars) such as glucose and fructose, and larger sugar molecules cannot readily diffuse across 

cellular membranes. To facilitate the transfer of sugar molecules through this barrier, cells possess 

hexose transporters, which enable sugar uptake from the local environment. Hexose transport proteins 

are classified into the sugar-porter (SP) subset of the Major Facilitator Superfamily (MFS), a conserved 

protein family whose members are typified by a twelve trans-membrane domain protein architecture 

(Marger and Saier 1993). Aside from sugars, other major classes of MFS transporters are involved in 

the transport of drugs, amino acids, nucleosides, vitamins, inorganic and organic anions and cations as 

well as a range of other metabolites (Pao et al. 1998).  

 

The SPs comprise the largest of the MFS classes and are evolutionarily conserved, containing proteins 

from archaea, prokaryotic and eukaryotic organisms. In eukaryotes two primary types of hexose 

transporters exist within the SP subset: those that operate by uniport and those that operate by proton 

(H+) symport (Pao et al. 1998). In fungi, many hexose transporters operate via uniport mechanisms, i.e. 

energy-independent facilitated diffusion, that transports substrates from a higher concentration outside 

the cell, through the cell membrane and into a low concentration intracellular environment (Figure 1.2). 

High affinity transporters, which are required when scarce amounts of extracellular substrate are 

available, can transport hexoses against this concentration gradient in an energy-dependent, usually 

proton-symport or ion-symport coupled manner (Deak 1978, Wright et al. 1994). Alternatively, MFS 

transporters can operate via the energy-dependent exchange of substrates across the cell membrane in 

an antiport fashion.  
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Figure 1.1 Overview of the major central carbon metabolism (CCM) pathways in fungi. 

The main branches of CCM: glycolysis, the pentose phosphate pathway, fermentation, and the 

TCA cycle are shown. The electron transport chain is not represented. The first step of carbon 

metabolism involves uptake of hexoses, such as glucose and fructose (HEXT), lactose (LACT) 

and galactose (GALT), or non-fermentable compounds such as glycerol via transmembrane 

transport proteins. Dedicated transport proteins exist in some species to import more complex 

carbohydrates such as sucrose (SUCT) or maltose (MALT) through the cell membrane for 

intracellular hydrolysis. Inside the cell most carbon compounds feed into the glycolytic trunk. 

Pentose sugars such as xylose are processed through the pentose phosphate pathway prior to 

their entry into the glycolytic trunk directly or via other cellular pathways. Pyruvate is produced 

from glycolysis, resulting in the net gain of 2 ATP per hexose molecule and the oxidation of 2 

molecules of nicotinamide adenine dinucleotide (NAD+) to reduced nicotinamide adenine 

dinucleotide (NADH). Pyruvate is processed in one of two major ways for the generation of 

ATP energy, fermentation or the TCA cycle. Fermentation results in the production of CO2 and 

ethanol byproducts, and regenerates 2 NAD+, which can be oxidised again via glycolysis. The 

TCA cycle requires oxygen and generates approximately 32-36 molecules of ATP per hexose. 

Fermentation is the predominant mode of metabolism in Crabtree-positive fungi such as 

Saccharomyces cerevisiae or Schizosaccharomyces pombe whereas the TCA cycle is the 

predominant mode of metabolism for Crabtree-negative fungi such as Candida albicans and 

Aspergillus nidulans. G-6-P = glucose 6-phosphate, F-6-P = fructose 6-phosphate, F-1,6-P2 = 

fructose 1,6-biphosphate, GA-3-P = glyceraldehyde 3-phosphate, DHAP = Dihydroxyacetone 

phosphate, 1,3-diPG = 1,3-bisphosphoglycerate, 3PG = 3-phosphoglycerate, 2PG = 2-

phosphoglycerate, PEP = phosphoenolpyruvate, Xul5P = xylulose 5-phosphate, E4P = 

erythrose 4-phosphate, Rul5P = ribulose 5-phosphate, S7P = sedoheptulose 7-phosphate, 6PG 

= 6-phosphogluconate, αKG = α-ketoglutarate, SuccCoA = Succinyl-CoA, OAA = oxaloacetate. 
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The ability to maintain an optimal rate of sugar uptake in environments where sugar concentrations can 

vary is advantageous. Eukaryotes usually possess an array of genes encoding hexose transporters with 

different affinities (Km) and/or capacities (Vmax). For example, the genomes of humans, S.icerevisiae 

and S. pombe contain 13, 20 and 8 hexose transport encoding genes, respectively, whereas the E. coli 

genome contains just one SP family hexose transporter (Table 1.1). Many of these transporters have a 

range of potential substrates such as glucose, fructose, lactose, xylose or mannose to name a few. Thus, 

by modulating the expression of genes encoding hexose transport proteins with different Km and Vmax 

for different substrates, such as upregulating lower affinity, higher capacity transporters (higher Vmax) 

in glucose-sufficient conditions, or higher affinity transporters (lower Km) in glucose-deficient 

conditions, cells can maintain an optimal rate of sugar uptake under a range of different environmental 

circumstances (reviewed in, Horak 2013).  

 

One of the most well studied eukaryotic hexose transport systems is that of S. cerevisiae, which 

possesses a family of 20 hexose transport genes that operate via facilitated diffusion (reviewed in, Boles 

and Hollenberg 1997, Leandro et al. 2009). HXT1-HXT17 and GAL2 encode proteins that mediate the 

uptake of hexose sugars including glucose, fructose and galactose into the cell, while two additional 

Hxt-like proteins, encoded by SNF3 and RGT2, appear to have lost their hexose transporting capability 

and instead act as sensory receptors that monitor extracellular sugar concentrations (Section 1.2.2) 

(Ozcan et al. 1996a). Paralogous Hxt proteins show high sequence similarity and all possess the twelve 

transmembrane domain architecture typical of MFS transporters (Marger and Saier 1993). Early studies 

characterising the S. cerevisiae HXT gene family led to the development of the RE700A strain, which 

is deleted for the HXT1-HXT7 genes and is unable to uptake glucose nor grow on media with glucose 

as the sole carbon source (Reifenberger et al. 1995). This suggested that these HXT genes encode and 

constitute the major glucose transport machinery of the cell. Expression of any one of the HXT1,2,3,4,6 

or HXT7 genes in RE700A was enough to restore growth of this strain on glucose medium (to near wild 

type levels for HXT2, HXT3 and HXT7), suggesting a level of redundancy in the hexose transport system 

(Reifenberger et al. 1995). The functional characteristics of the remaining S. cerevisiae Hxt transporters, 

Hxt8 - Hxt17, are less well understood and deletion of these genes either individually, or in combination, 

shows no obvious defect in growth or ability of the cell to utilise different carbon sources (Wieczorke 

et al. 1999). However, with the exception of HXT12, hexose transport function was demonstrated for 

these HXT genes through overexpression of each in a hxt1-17 and gal2 null genetic background enabling 

growth on one of glucose, fructose, mannose or galactose conditions (Ozcan and Johnston 1999, 

Wieczorke et al. 1999). 
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Figure 1.2 Types of MFS hexose transporters in fungi. Most fungi possess hexose 

transporters from the sugar-porter subset that operate via energy-independent facilitated 

diffusion in a uniport fashion where hexoses (dark hexagons) are taken up along a 

concentration gradient from high to low (dark grey triangle). Other MFS transporters operate 

to maintain hexose uptake under low sugar concentrations. These high affinity transporters 

generally operate via energy-dependent symport or antiport mechanisms where ATP energy 

is expended to transport hexoses across the cell membrane. These transport modes commonly 

operate via proton (H+) symport, whereby ATP is expended to pump protons out of the cell 

following simultaneous hexose and proton import. Another energy-dependent mechanism is 

antiport, whereby a substrate and a proton, or ion such as Na+ are exchanged across the 

membrane.  
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Glucose transport has been investigated in species other than S. cerevisiae but remains less extensively 

characterised. Both high and low affinity hexose transport mechanics have been shown in industrially 

and medically relevant yeasts such as Schizosaccharomyces pombe (Heiland et al. 2000), Candida 

albicans (Fan et al. 2002), Yarrowia lipolytica (Lazar et al. 2017), Kluyveromyces lactis (Billard et al. 

1996, Diezemann and Boles 2003), and the filamentous fungi Aspergillus nidulans (Dos Reis et al. 

2013, Forment et al. 2014) and Neurospora crassa (Wang et al. 2017).  

 

An early study of hexose transporters in S. pombe identified just six genes, ght1-6+, which together 

allow glucose, fructose and gluconate uptake (Heiland et al. 2000). Further studies have revealed that 

galactose is imported into the S. pombe cell in a Ght2 dependent manner (Matsuzawa et al. 2013). 

Sequencing of the S. pombe genome revealed two additional hexose transport genes, ght7+ & ght8+, 

which may also play a role in sugar uptake but have not been studied (Wood et al. 2002). Individual 

expression of S. pombe ght genes in the S. cerevisiae RE700A strain (Reifenberger et al. 1995) showed 

that Ght1, Ght2, Ght5 and Ght6 alone could restore growth on glucose or fructose (Heiland et al. 2000). 

Furthermore, as the Km for Ght5 is similar to that of wild type S. pombe, it was proposed that Ght5 is 

the predominant hexose transporter within S. pombe (Heiland et al. 2000). A more recent study of 

S.ipombe Ght transporters confirmed that Ght5 is the most highly expressed hexose transporter and is 

the only ght gene required for growth under low (< 0.08% w/v) concentrations of glucose (Saitoh et al. 

2015).  

 

1.1.2 Glycolysis, respiration and fermentation: 

Following uptake, glucose and fructose hexose sugars enter the glycolysis pathway. The first and 

perhaps most important step for intracellular glucose metabolism is the phosphorylation of these sugars 

at the carbon-6 position by cellular hexokinases, generating glucose-6-phosphate (Figure 1.1). 

S.icerevisiae contains two hexokinases encoded by the HXK1 and HXK2 genes that perform this 

function (Stachelek et al. 1986). The phosphorylated hexoses are then processed through the core 

glycolytic trunk by a host of enzymes that are highly conserved amongst eukaryotes. This multi-step 

enzymatic process results in the production of two molecules of pyruvate and reduced nicotinamide 

adenine dinucleotide (NADH), and a net gain of two molecules of ATP per glucose/fructose molecule. 

From here, pyruvate is further processed through either the Tricarboxylic/citric acid (TCA) cycle, 

resulting in the production of 32-36 ATP molecules, or through the fermentation pathway resulting in 

the regeneration of NAD+ and the formation of carbon dioxide (CO2) and ethanol by-products (Figure 

1.1). 
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Table 1.1 The hexose transport systems of selected prokaryotes and eukaryotes. 

Species # Genes Substrates Method References 

Metazoan 

Homo sapiens 13 
GLUT1-
GLUC12, 
HMIT 

Glucose, 
fructose 
galactose, 
mannose 

Facilitated 
diffusion 
(GLUTs) 
H+ symport 
(HMIT) 

Zhao and Keating (2007) 

Yeast/Fungi 

Saccharomyces 
cerevisiae 

20 

HXT1-17, 
GAL2, 
SNF3, 
RGT2 

Glucose, 
fructose 
galactose, 
mannose 

Facilitated 
diffusion 

Reifenberger et al. (1997) 

Aspergillus nidulans 6 
hxtA-E 
mstE 

Glucose, 
fructose, 
mannose, 
galactose 

Proton (H+) 
symport 

Dos Reis et al. (2013) 
Wei et al. (2004) 
Forment et al. (2006) 

Schizosaccharomyces 
pombe 

8 ght1-8+ 

Glucose, 
fructose, 
gluconate 
(Ght3) 

Proton (H+) 
symport 

Heiland et al. (2000) 
Wood et al. (2002) 

Kluyveromyces lactis 6 
frt1, hgt1, 
kht1, kht2, 
kht3, rag1 

Glucose, 
fructose 
galactose 

Mixed 

Diezemann and Boles (2003) 
Billard et al. (1996) 
Weirich et al. (1997) 
Goffrini et al. (1990) 

Pichia stipitis 3 sut1-4 

Glucose, 
fructose, 
xylose, 
galactose 

Facilitated 
diffusion 

Jeffries et al. (2007) 
Weierstall et al. (1999) 

Bacteria 

Escherichia coli 2 
ptsG 
manXYG 

Glucose, 
fructose, 
mannose, 
glucosamine 

Facilitated 
diffusion 

Bouma et al. (1987) 
Erni et al. (1987) 

Zymomonas mobilis 1 glf 

Glucose,  
fructose, 
xylose,  
mannose 

Facilitated 
diffusion 

Parker et al. (1995) 

 

  



Introduction 

10 

Of the two major routes of pyruvate metabolism, the TCA cycle results in the largest energy output, but 

is repressed in the absence of oxygen and is slower than fermentation. In contrast, fermentation can 

occur anaerobically, but produces less ATP and results in accumulation of ethanol/lactate and CO2 by-

products. In many species, aerobic conditions trigger the respiration of pyruvate via the TCA cycle, 

however some species such as S. cerevisiae and S. pombe, have evolved to preferentially undergo the 

fermentation of pyruvate in the presence of oxygen. This process is usually accompanied by repression 

of enzymes involved in aerobic respiration (Polakis et al. 1965). This respiro-fermentative phenomenon, 

known as the “Crabtree effect” after Herbert Crabtree who observed a similar mechanism taking place 

in malignant cells, results in preferential fermentation of sugars into ethanol in the presence of glucose 

and oxygen (Crabtree 1928, De Deken 1966, Flores et al. 2000). The Crabtree effect appears to have 

evolved independently in Saccharomycete and Schizosaccharomycete yeasts (Alexander and Jeffries 

1990, Lin and Li 2011, Hagman et al. 2013) and is characterised by the repression of respiration, 

induction of glycolysis and preferential fermentation of pyruvate (Figure 1.3). In contrast, the Crabtree 

effect appears rarely in filamentous fungi, which predominantly metabolise carbon through the TCA 

cycle.  

 

Although fermentation produces far less ATP than respiration, the process is more rapid than respiration 

and accelerates in the presence of high amounts of sugar. Thus, cells can achieve acceptable levels of 

ATP generation without the requirement for oxygen. Similar to many cancer cells, which display an 

increased glycolytic rate (referred to as the “Warburg effect”) compared to non-malignant tissues, 

increased rates of glycolysis and fermentation allows Crabtree-positive species to compete more 

effectively with surrounding microorganisms (reviewed in, Diaz-Ruiz et al. 2011). The secretion of 

ethanol produced via fermentation is also thought to inhibit the growth of ethanol-sensitive competitors, 

giving Crabtree-positive species a growth advantage despite their respiro-fermentative growth profile 

(Piškur et al. 2006).  

 

In S. cerevisiae, ethanol can be re-assimilated aerobically as a non-fermentable carbon source following 

the “diauxic shift”, which occurs in the absence of glucose and involves the reprogramming of cellular 

metabolism for aerobic respiration instead of fermentation. This allows the yeast cell to continue to 

utilise all available carbon (Piškur et al. 2006, Christen and Sauer 2011). In contrast, S. pombe cannot 

re-assimilate ethanol efficiently due to an incomplete glyoxylate cycle, and requires small amounts of 

glucose to be present for re-assimilation of non-fermentable compounds such as ethanol or glycerol 

(Flury et al. 1974, Eraso and Gancedo 1984). Previous work has suggested that this requirement is 

because gld1+ and fbp1+, two genes key for utilisation of glycerol, are not induced by glycerol alone 

and require the presence of limiting glucose or alcohols (Matsuzawa et al. 2010, Matsuzawa et al. 

2012b). Others have postulated a minimum glucose “threshold” level critical to trigger mitochondrial 

function, which may also contribute to this phenomenon (Takeda et al. 2015). Other species such as C. 
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albicans and Y. lipolytica are non-respiro-fermentative (i.e. Crabtree-negative) and predominantly 

process pyruvate through the TCA cycle (Flores et al. 2000, Christen and Sauer 2011). This allows 

these species to accumulate higher biomass yields than Crabtree-positive species (Hagman et al. 2013).   

 

1.1.3 Metabolism of complex carbohydrates: 

Although simple hexose sugars such as glucose or fructose are preferred as carbon sources, it is 

important for cells to be able to utilise more complex carbohydrates and other carbon sources to sustain 

their energy requirements when these sugars are unavailable. These more complex molecules require 

the expression and activity of additional enzymes for hydrolysis or conversion into simpler sugar 

molecules or secondary metabolites. There are two main pathways in which complex sugars can be 

assimilated by a cell. The first is through the production and secretion of an enzyme(s) that hydrolyses 

the extracellular carbohydrate molecule into simple sugar components that can be transported into the 

cell via the endogenous hexose transport machinery. The alternative is direct import of complex 

carbohydrates by specialised transmembrane transporters and subsequent intracellular enzymatic 

conversion. In some cases, organisms possess and utilise both pathways. For example, S. cerevisiae 

possesses two modes of sucrose utilisation. The SUC2 gene encodes an invertase (β-fructofuranosidase) 

that is secreted into the periplasmic space to hydrolyse extracellular sucrose (Carlson et al. 1981). 

Alternatively, sucrose can also be imported into the S. cerevisiae cell via the Agt1 sucrose/H+ symporter 

and potentially other uncharacterised transporters (Stambuk et al. 1999, Stambuk et al. 2000). Here it 

can be hydrolysed via an intracellular Suc2 (Suc2i) isoform produced via an alternate SUC2 

transcription start site that omits the SUC2 secretion signal encoding sequence (Carlson and Botstein 

1982, Williams et al. 1985).  

 

In many cases, the ecological niche of a species reflects the variety of carbon sources that it may 

encounter and utilise for growth. The yeasts S. cerevisiae and S. pombe are found primarily in sugar-

rich environments such as orchards, wineries, breweries and on rotting fruit and vegetables (Jeffares et 

al. 2015, Zheng and Wang 2015). These species can metabolise a range of carbohydrates including 

sucrose, maltose, and raffinose in addition to simple hexoses. However, these yeasts cannot efficiently 

metabolise cellodextrins such as cellobiose, cellulose or pentose sugars such as xylose, both of which 

are key components of plant cell wall material. In contrast, such complex carbohydrates are commonly 

utilised by a wide range of filamentous fungi that primarily occupy wood, soil and plant environments 

(reviewed in, Klein and Paschke 2004). For example, Trichoderma reesei and Neurospora crassa are 

two well-known fungi that can utilise lignocellulosic materials (reviewed in, Aro et al. 2005). These 

fungi can metabolise both cellodextrins and pentose sugars efficiently to suit their environmental niches 

and this is the basis for interest in developing these species, and the enzymes they contain, as 

biocatalysts for use in lignocellulosic biofuel production (Section 1.3).  
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Figure 1.3 The twin fates of pyruvate. In Crabtree-positive species such as S. cerevisiae and 

S. pombe, pyruvate is preferentially processed through the fermentation pathway following 

glycolysis rather than the TCA cycle (thick black arrows). This produces CO2 and ethanol, which 

are secreted by the cell. In these species, the presence of glucose actively represses genes 

involved in the TCA cycle (Glucose repression) and induces glycolytic genes (Glucose 

induction) resulting in higher throughput through glycolysis and fermentation. Less biomass 

is accumulated since less energy is produced compared to aerobic respiration via the TCA 

cycle, which predominates in Crabtree-negative species such as Candida albicans. Adapted 

from Johnston (2005) and Dashko (2014). 
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Regardless of the default metabolic profile of an organism, to succeed in an environment with 

fluctuating nutrient availability requires an efficient and highly regulated system of uptake and 

assimilation of preferred carbon sources to avoid excess energy expenditure and optimise growth. 

Understanding the genetic processes by which cells control what carbon sources are being utilised at 

the present time has been the subject of intense research and investigation as it not only underpins a 

crucial aspect of eukaryotic cell biology, but also has important implications for industrial processes, 

and human disease, in which affected cells commonly display misregulation or malfunctions in these 

processes (reviewed in, Ducker and Rabinowitz 2017). This prioritisation of carbon sources is enforced 

through multiple genetic control mechanisms that predominantly operate at the level of transcription 

and are collectively termed carbon catabolite repression.  

 

 

1.2 Transcriptional regulation of carbon metabolism in yeast: 

Carbon catabolite repression (CCR) is a regulatory network that works to maintain energy homeostasis 

within the cell through the active repression of genes required for non-preferred carbon source 

utilisation in the presence of glucose. CCR has been extensively characterised in the budding yeast S. 

cerevisiae where it is thought that this process evolved to allow the yeast cell to compete more 

effectively with surrounding microorganisms by promoting an optimal rate of glycolysis derived energy 

production (Pfeiffer and Morley 2014). In S. cerevisiae, the invertase encoding gene SUC2, which is 

required for sucrose utilisation, was identified as an easily detectable and assayable CCR reporter gene. 

SUC2 is strongly repressed in the presence of glucose and is derepressed upon glucose limitation and 

so has been used as a tool to dissect the genetics of CCR in S. cerevisiae (Neigeborn and Carlson 1984). 

The plethora of research that has followed has revealed multiple sensory and downstream regulatory 

mechanisms that together make up a highly complex and cell wide regulatory network that responds to 

glucose primarily at the transcriptional level (reviewed in, Gancedo 1998, Carlson 1999, Rolland et al. 

2002, Broach 2012, Kayikci and Nielsen 2015). Furthermore, many of these processes are conserved in 

other eukaryotes suggesting that CCR is a core regulatory response of the eukaryotic cell. This section 

focuses on three of the most important and well characterised subroutines within the CCR regulatory 

network in S. cerevisiae and other fungi: the core signalling mechanism (Mig1/Snf1 pathway) and two 

glucose sensing mechanisms (Snf3/Rgt2/Rgt1 and Git3/Gpa2/PKA pathways). Interplay between these 

systems is crucial for the proper regulation of a wide range of genes including those involved in central 

carbon metabolism and non-preferred carbon source utilisation.  

  



Introduction 

15 

1.2.1 The central carbon catabolite repression pathway:  

1.2.1.1 A core transcription factor mediates the CCR response: 

In yeasts and filamentous fungi, the central CCR response is controlled by one or more related C2H2 

zinc finger transcription factor proteins, which are active in the presence of glucose and ultimately cause 

the transcriptional repression of a wide range of target genes. In S. cerevisiae, the central CCR repressor 

is Mig1 (multicopy inhibitor of GAL1), first identified as SSN1 (suppressor of snf-1) in a screen for 

suppressors of snf1 (sucrose non-fermenting-1) mutations (Figure 1.4, Carlson et al. 1981, Carlson et 

al. 1984). In the presence of glucose, Mig1 is located inside the nucleus (De Vit et al. 1997). Here it 

binds to a cis-acting GC-rich DNA recognition motif 5’-SYGGGG-3’ found within promoter regions 

of glucose regulated S. cerevisiae genes including SUC2 (Nehlin and Ronne 1990, Lundin et al. 1994). 

Mig1 establishes a transcriptionally silent chromatin state through association with additional 

regulatory factors including the Tup1/Ssn6 complex (Section 1.2.1.2, Treitel and Carlson 1995) and the 

hexokinase Hxk2, which plays a regulatory role in CCR independent of its metabolic role in glycolysis 

(Ahuatzi et al. 2004, Ahuatzi et al. 2007, Peláez et al. 2010, Vega et al. 2016). Chromatin remodelling 

and modifying machinery such as the SWI/SNF complex and/or histone de-acetylase (HdAc) proteins 

are subsequently recruited to the gene promoter and are required for the complete establishment of a 

chromatin architecture that is refractory to transcription (Section 1.2.1.2, reviewed in, Rando and 

Winston 2012). 

  

Multiple microarray based studies have been conducted to identify Mig1 target genes (Hu et al. 2007, 

Westholm et al. 2008), which include genes required for the utilisation of non-preferred carbon sources 

such as sucrose, SUC2 (Lutfiyya and Johnston 1996), and maltose, MAL61-63 (Hu et al. 1995) as well 

as hexose transport, HXT2-4 (Ozcan and Johnston 1995, 1996), and gluconeogenesis, CAT8 and FBP1 

(Hu et al. 2007). Mig1 also regulates a number of genes indirectly via the repression of transcription 

factor encoding genes, including GAL4 and CAT8 (Nehlin et al. 1991, Hedges et al. 1995). This 

capability expands the Mig1 regulon to encompass those genes under the control of these other 

transcription factors in the presence of glucose. These secondary transcription factors are themselves in 

control of some very important cellular processes. For example, Cat8 is a key transcriptional activator 

for the gluconeogenesis response and is required for activation of FBP1 upon glucose deprivation 

(Hedges et al. 1995, Hiesinger et al. 2001). Moreover, Gal4 is a well-studied transcription factor that is 

strongly induced in the presence of galactose and drives the expression of galactose metabolic genes 

(Hopper et al. 1978). 
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Figure 1.4 Mig1/Snf1, Snf3/Rgt2/Rgt1 and GPCR-cAMP-PKA pathways in S. cerevisiae. 

Selected components of three key regulatory pathways that control gene expression in 

response to glucose in S. cerevisiae are shown. In the presence of glucose, Mig1 is activated 

via the essential phosphatase Glc7/Reg1 and represses expression of alternate carbon source 

utilisation and gluconeogenesis genes in association with Tup1/Ssn6 and Hxk2. In this 

condition, Rgt1 responds to glucose via the Snf3 and Rgt2 glucose sensors to repress HXT 

genes in association with Mth1/Std1 and Tup1/Ssn6. In glucose-deficient conditions, the Gpr1 

G-coupled protein receptor stimulates Gpr2 to induce Cyr1 cAMP production. Glycolytic 

activity also stimulates Ras-GTP mediated activation of Cyr1. Cyr1 removes Bcy1 inhibition of 

PKA (Tpk), which then enters the nucleus and inhibits the action of multiple targets, including 

Rgt1 and Adr1, via phosphorylation. In the absence of glucose, Snf1 is activated by upstream 

kinases and enters the nucleus via Gal83. Here, it phosphorylates Mig1 (black circle with “P”), 

resulting in its nuclear export and the derepression of alternate carbon source utilisation 

genes. Snf1 also activates gluconeogenesis genes and ethanol and fatty acid utilisation genes 

via phosphorylation of the Cat8, Sip4 and Adr1 transcription factors.  These pathways overlap 

at both the transcriptional and post-translational levels to co-ordinate the cellular response to 

glucose. Thus, Mig1/Snf1, Snf3/Rgt2/Rgt1, and Gpr1-cAMP-PKA are interlocking pathways 

that control the expression of alternate carbon source utilisation, hexose uptake and 

gluconeogenesis genes. Adapted from Broach (2012). 
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mig1- loss of function mutants are viable and exhibit an increased vegetative growth rate (Yoshikawa 

et al. 2011). Furthermore, mig1- cells exhibit derepression of Mig1 target genes, such as SUC2, in the 

presence of glucose (Nehlin and Ronne 1990). Two MIG1 paralogs, MIG2 and MIG3 (Yer028), were 

identified from the S. cerevisiae genome sequence (Goffeau et al. 1996). These proteins were shown to 

influence the regulation of distinct subsets of Mig1 controlled genes, suggesting a hierarchy whereby 

Mig2 and Mig3 serve to fine tune the regulation of subsets of genes controlled by Mig1 (Westholm et 

al. 2008). Consistent with this hypothesis, glucose-regulated target genes are not significantly 

derepressed in mig2- or mig3- loss of function mutants (Lutfiyya and Johnston 1996, Lutfiyya et al. 

1998). Therefore, it is accepted that Mig1 is the primary CCR effector in S. cerevisiae (Westholm et al. 

2008).  

 

MIG1 orthologs in other fungi such as A. nidulans creA (Dowzer and Kelly 1991), S. pombe scr1+ 

(Tanaka et al. 1998), C. albicans MIG1 (Zaragoza et al. 2000) and T. reesei cre1 (Strauss et al. 1995) 

are also required for the repression of glucose-repressible genes in the presence of glucose suggesting 

that this model of regulation is conserved amongst many fungi. In contrast to S. cerevisiae Mig1 and 

A.inidulans CreA, few S. pombe Scr1 target genes – except for inv1+ (invertase), gld1+ (glycerol de-

hydrogenase), fbp1+ (fructose bis-phosphatase) and ght5+ (hexose transporter) – have been described 

(Tanaka et al. 1998, Hirota et al. 2006, Matsuzawa et al. 2010, Saitoh et al. 2015). Loss of scr1+ function 

results in the loss of repression and the inappropriate expression of these genes in the presence of 

glucose, indicating that Scr1 is chiefly responsible for their regulation (Tanaka et al. 1998, Hirota et al. 

2006, Matsuzawa et al. 2010, Saitoh et al. 2015). The full extent of Scr1 regulated genes is yet unclear, 

with no genome-wide studies characterising Scr1 function reported to date.  

 

The N-terminal C2H2 zinc finger domain is highly conserved amongst Mig1 orthologs suggesting that 

these proteins may also target similar DNA motifs (Figure 1.5A). Indeed, A. nidulans CreA was found 

to bind the DNA motif: 5’ - SYGGRG - 3’, which is similar to that of Mig1 (Cubero and Scazzocchio 

1994). Conservation amongst CCR effectors in most fungi and yeasts appears restricted to the zinc 

finger domain (Figure 1.5B). To date there has been little functional characterisation of Mig1-like 

factors outside of the zinc finger domain. Nonetheless, it has been shown that the physical interaction 

of Mig1 with Snf1 (Section 1.2.1.3), Hxk2, and potentially the Tup1/Ssn6 co-repressor (Section 1.2.1.2) 

is mediated through Mig1’s variable C-terminal domain (Treitel and Carlson 1995, Treitel et al. 1998, 

Papamichos-Chronakis et al. 2004, Ahuatzi et al. 2007). Therefore, investigating CCR effector 

transcription factors in other important fungi is of considerable importance.  
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1.2.1.2 The global co-repressor Tup1/Ssn6 is required for CCR: 

At gene promoters, Mig1 recruits a nuclear localised co-repression complex, Tup1/Ssn6 (Figure 1.4, 

Treitel and Carlson 1995). Tup1/Ssn6 is conserved in eukaryotes from yeast to metazoa including 

Drosophila melanogaster (Groucho), Caenorhabditis elegans (Unc-37/D2021) and Homo sapiens 

(UTX/UTY/HirA/TLE1) (reviewed in, Smith and Johnson 2000, Malave and Dent 2006). Plants also 

contain homologs of Tup1/Ssn6, for example, Arabidopsis thaliana contains the LEUNIG (LEU) and 

LEUNIG_HOMOLOG (LUH) Tup1 orthologs and the SEUSS and SEUSS-LIKE (SLK1-3) Ssn6 

orthologs that are believed to perform similar regulatory roles to their yeast counterparts (reviewed in, 

Lee and Golz 2012). The Tup1/Ssn6 co-repressor was first described in S. cerevisiae where the Tup1 

and Ssn6 proteins were found to form a high molecular weight complex comprised of four Tup1 

subunits to one Ssn6 subunit (Williams et al. 1991, Varanasi et al. 1996). The Tup1/Ssn6 co-repressor 

is recruited to gene promoters by numerous DNA-binding proteins and plays fundamental roles in the 

regulation of specific gene families involved in many different cellular processes including carbon 

metabolism, gluconeogenesis, hypoxia and DNA damage responses among others (Hedges et al. 1995, 

Huang et al. 1998, Kastaniotis and Zitomer 2000, Hiesinger et al. 2001).  

 

S. cerevisiae Tup1 contains at least three important protein domains, each of which is thought to play a 

role in its function (Smith and Johnson 2000). The N-terminal domain is required for interaction with 

the Ssn6 protein (Varanasi et al. 1996). Next, the central domain has been shown to be required for the 

repressive activity of the protein complex and association with N-terminal tails of histones H3 and H4 

(Edmondson et al. 1996). Last is the C-terminal domain, which contains a number of conserved 

Tryptophan (W) and Aspartic acid (D) repeats spaced approximately 40 residues apart (Williams and 

Trumbly 1990, Sprague et al. 2000, Matsumura et al. 2012). This “WD40” repeat region of Tup1 is 

conserved across species and is thought to be important for the tertiary assembly of the Tup1 protein 

into a β-propeller like conformation that is common across Tup1 orthologs and thought to be important 

for tetramerization, and to facilitate interaction with other cellular proteins (Smith et al. 1999, Li and 

Roberts 2001). The Ssn6 protein is characterised by an N-terminal tetracotripeptide repeat (TPR) 

domain (Schultz et al. 1990). This region is thought to mediate interactions between Ssn6 and other 

proteins including targeting transcription factors such as Mig1, thus ensuring correct recruitment of the 

complex to specific genomic positions (Keleher et al. 1992, Smith et al. 1995, Tzamarias and Struhl 

1995).    
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Considerable experimental evidence from several laboratories has proposed multiple non-exclusive 

models of Tup1/Ssn6 co-repressor action (reviewed in, Malave and Dent 2006). Tup1/Ssn6 can interact 

with hypo-acetylated tails of histones H3 and H4 (Edmondson et al. 1996) and recruit additional 

chromatin modifying factors, including class I and II HdAcs, which are believed to initiate a chromatin 

remodelling cascade and establish a transcriptionally silent promoter state (Watson et al. 2000, Wu et 

al. 2001, Davie et al. 2003). Tup1/Ssn6 has also been shown to have genetic and physical interactions 

with multiple components of the S. cerevisiae RNA Pol II Mediator complex, that plays a vital role in 

transcription initiation. Multiple studies suggest that Tup1/Ssn6 may inhibit Mediator function by 

blocking its access to the RNA Pol II machinery (Kuchin and Carlson 1998, Gromöller and Lehming 

2000, Papamichos-Chronakis et al. 2000, Han et al. 2001, Zhang et al. 2002, Malave and Dent 2006). 

 

Tup1 and Ssn6 homolog proteins have been identified and characterised in other fungal species, such 

as A. nidulans RcoA and SsnF (Hicks et al. 2001, Garcia et al. 2008), N. crassa RCO-1 and RCM-1 

(Yamashiro et al. 1996, Kim and Lee 2005) and C. albicans Tup1 and Ssn6 (Braun and Johnson 1997, 

Hwang et al. 2003). In S. pombe, two Tup1 orthologs, Tup11 and Tup12, have been described (Mukai 

et al. 1999). These proteins interact with S. pombe Ssn6 and have been shown to comprise the 

Tup1/Ssn6-like co-repression complex (Tup/Ssn6) in fission yeast (Mukai et al. 1999, Janoo et al. 2001, 

Fagerström-Billai and Wright 2005). Interestingly, it appears that both Tup11 and Tup12 are present in 

most co-repression complexes formed within fission yeast, however the exact stoichiometry of the 

complex is unclear. Furthermore, at certain loci, individual Tup11 or Tup12 subunits may be required 

for transcriptional repression (Fagerström-Billai et al. 2007). A tup12- mutant was shown to possess a 

poor growth phenotype compared to wild type and a tup11- mutant in the presence of KCl and CaCl2, 

indicating it plays additional roles in the osmotic stress response and suggesting some divergent roles 

of the two paralogs in fission yeast that are yet to be explored in greater depth (Fagerström-Billai and 

Wright 2005). Loss of either tup11+ or tup12+ has minimal impact on fbp1+ expression in the presence 

of glucose, however loss of both genes confers ectopic fbp1+ expression suggesting that, in terms of 

carbon metabolism and CCR, Tup11 and Tup12 appear to be functionally redundant (Mukai et al. 1999, 

Janoo et al. 2001, Fagerström-Billai and Wright 2005). Moreover, it appears that, unlike S.icerevisiae 

SSN6, S.ipombe ssn6+ is essential for viability (Fagerström-Billai et al. 2007). Given that loss of the 

A.inidulans SSN6 ortholog, ssnF, is also lethal (Garcia et al. 2008), additional roles of Ssn6 homologs 

likely exist within other fungi that are not yet fully understood. Other findings show that Fep1, a 

negatively-acting GATA transcription factor controlling iron homeostasis in S. pombe, recruits the 

Tup/Ssn6 co-repressor by directly binding Tup11 and not Ssn6, which supports the hypothesis that Ssn6 

function may be different in S. pombe than in S. cerevisiae (Znaidi et al. 2004). 
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Figure 1.5 Fungal CCR effectors are conserved within the zinc finger DNA binding 

domain. A) Protein sequence alignment of the twin zinc finger DNA-binding domains in Mig1 

and its orthologs from other fungi including S. pombe, C. albicans, A. nidulans, T. reesei and 

Kluyveromyces lactis. Asterisks indicate the conserved cysteine and histidine residues in the 

first (ZF-1) and second (ZF-2) zinc finger regions. B) Sequence identity contingency table of 

the proteins shown in (A). Numbers indicate percentage protein sequence identity. Blue 

shaded area indicates identity between proteins within the zinc finger region (i.e. the region 

shown in A). Red shaded area indicates identity between proteins outside the zinc finger 

region. Intensity of colour correlates with the degree of conservation. Sp = 

Schizosaccharomyces pombe, Sc = Saccharomyces cerevisae, Ca = Candida albicans, An = 

Aspergillus nidulans, Tr = Trichoderma reesei, Kl = Kluyveromyces lactis. 
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In the context of the CCR response in S. cerevisiae, the Tup1/Ssn6 co-repressor is recruited to Mig1-

targeted gene promoters in the presence of glucose and is required for the alteration of local chromatin 

architecture to a transcriptionally silent state. Physical interaction between Mig1 and Ssn6 was shown 

using yeast two-hybrid and co-immunoprecipitation (Co-IP) based approaches (Treitel and Carlson 

1995, Papamichos-Chronakis et al. 2004). No direct physical interaction between Tup1 and Mig1 has 

been described suggesting that Tup1/Ssn6 is recruited to Mig1 targeted promoters through Mig1-Ssn6 

interaction. These studies have enabled the construction of an overarching model of CCR establishment 

in S. cerevisiae in which Mig1, after becoming active in response to the upstream glucose signal, is 

trafficked into the nucleus where it binds target gene promoters. It then recruits the co-repressor 

Tup1/Ssn6, resulting in the recruitment of a cascade of chromatin remodelling factors at the target 

promoter, ultimately resulting in transcriptional repression (Figure 1.6). However, this regulatory 

network may be more complex than previously thought. Recent evidence suggests that Mig1 also 

physically interacts with nuclear-pore components suggesting these proteins are important for CCR 

establishment at target gene promoters (Sarma et al. 2011). However, this hypothesis has not been 

independently confirmed and the involvement of Tup1/Ssn6 in this paradigm is unknown. Furthermore, 

Tup1/Ssn6 has been shown to remain at certain loci following glucose depletion and in some conditions, 

appears to act as a co-activator of gene expression, possibly by aiding recruitment of SWI/SNF, 

Mediator and/or SAGA complexes (Conlan et al. 1999, Papamichos-Chronakis et al. 2002, Proft and 

Struhl 2002, Tanaka and Mukai 2015). Finally, recent evidence of Tup1/Ssn6 action suggests that the 

primary function of the co-repressor is to mask the activation domain of recruiting proteins, thus 

preventing gene activation (Wong and Struhl 2011). Thus, there are multiple questions that remain 

about the function of Tup1/Ssn6 complexes within eukaryotic cells as well as indications that the CCR 

mechanism may not be a standardised response that operates uniformly across all species and at all 

genomic loci.  

 

1.2.1.3 AMP-activated kinase regulates the CCR response:  

Upon glucose deprivation, Mig1-mediated CCR is ablated by a conserved AMP-activated protein 

kinase (AMPK), Snf1 (Figure 1.4, Celenza and Carlson 1986, Papamichos-Chronakis et al. 2004). 

AMP-activated protein kinases are an important class of regulatory proteins that are evolutionarily 

conserved across all eukaryotes. They play crucial roles as energy sensors within the cell and are 

primarily responsible for monitoring and controlling cellular processes in response to glucose 

availability (reviewed in, Hedbacker and Carlson 2008, Ghillebert et al. 2011, Crozet et al. 2014, Sanz 

et al. 2016). The SNF1 gene was discovered in a mutagenesis screen for S.icerevisiae mutants that were 

unable to utilise sucrose, a carbon source classically utilised as a model for non-preferred carbon source 

utilisation (Carlson et al. 1981). Two loci, SNF1, and SNF4, identified from this screen were later found 
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to encode components of the AMPK protein kinase complex (Celenza and Carlson 1989, Celenza et al. 

1989). Following their characterisation in yeast, AMPK complexes were later discovered in higher 

eukaryotes including worms (AAK: AMP activated kinase), insects (AMPK), humans (AMPK) and 

plants (SnRK1) (Ghillebert et al. 2011, Crozet et al. 2014). AMPKs typically exist within heterotrimeric 

protein complexes composed of a catalytic AMPK subunit (α), an AMPK regulatory subunit (γ), and 

an additional scaffolding component(s) (β), which is thought to aid in protein complex stability and 

localisation within the cell. Multiple possible configurations of the AMPK complex can exist within a 

single organism due to the presence of multiple genes encoding some or all of the AMPK complex 

subunits. For example, S. cerevisiae contains a single gene encoding each of the α AMPK subunit 

(SNF1) and the γ regulatory component (SNF4), but possesses three genes that encode β structural 

scaffolding components (GAL83, SIP1, SIP2) (Yang et al. 1992, Yang et al. 1994). Different 

combinations of Gal83, Sip1, and Sip2 with Snf1 and Snf4 components enables the diversification of 

AMPK regulatory activities across a range of cellular processes, including metabolism, meiosis, spore 

formation, and cellular aging in a context sensitive manner (Jiang and Carlson 1997, Schmidt and 

McCartney 2000, Vincent et al. 2001). However, the primary role of Snf1 AMPK is in the CCR 

response, where it is required for adaptation to glucose limitation.  

Activity of Snf1 is controlled by the extracellular glucose concentration perceived by the cell (Jiang 

and Carlson 1996). In glucose-sufficient conditions, the essential Glc7 protein phosphatase I complex, 

in association with Reg1, deactivates Snf1 via de-phosphorylation (Tu and Carlson 1994, 1995). This 

activity causes a conformational change in the Snf1 complex allowing Snf4 to release the auto-

inhibitory domain of Snf1, which then inhibits further activity of the Snf1 catalytic domain, resulting 

in no further kinase activity (McCartney and Schmidt 2001). The Snf1 complex also relocates to the 

cytoplasm in this inactive state (Figure 1.4, Vincent et al. 2001). Thus, glucose is an inhibitor of AMPK 

activity, which in turn prevents AMPK-mediated inhibition of CCR. Glc7/Reg1 may also act to 

dephosphorylate cytoplasmic Mig1 in glucose-sufficient conditions, permitting its import into the 

nucleus and the establishment of transcriptional repression of glucose repressible genes (Figure 1.4, De 

Vit et al. 1997).  

Upon glucose limitation, Snf1 is activated via phosphorylation of Thr210 by one of three redundant 

upstream protein kinase kinases (PKKs): Tos3, Sak1 or Elm1 (Treitel et al. 1998, Hong et al. 

2003, Nath et al. 2003, Sutherland et al. 2003, Papamichos-Chronakis et al. 2004). Of these 

kinases, Sak1 (Snf1 activating kinase 1) is suggested to be the predominant driver of Snf1 activation 

since it forms a stable protein complex with Snf1 whereas Tos3 and Elm1 interact only transiently 

with the kinase (Liu et al. 2011). That said, it remains unclear whether individual Snf1 upstream 

activating kinases are required to perform phosphorylation of other specific residues of Snf1 in 

addition to Thr210. Furthermore, it is unknown exactly how the glucose signal is transmitted to these 

upstream protein kinase kinases to elicit activation of Snf1 and the subsequent abolition of CCR.
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Figure 1.6. The recruitment model of CCR in S. cerevisiae. In the presence of glucose 

(dark blue hexagons), Snf1 is inactivated by the Glc7/Reg1 phosphatase complex allowing 

Mig1 to enter the nucleus and bind to the promoter of glucose-repressible genes such as 

SUC2. Here, Mig1 acts as a pioneer factor, recruiting Tup1/Ssn6, which in turn recruits HdAcs 

and chromatin remodelling complexes (e.g. SWI/SNF), resulting in alteration of the local 

chromatin structure to a form refractory to transcription. This process may or may not 

involve nucleosome (dark grey circles) shuffling, exchange or eviction at the gene promoter. 

In the absence of glucose, Snf1 is activated via phosphorylation at Thr210 by upstream 

protein kinase kinases (Sak1, Tos3, Elm1, Section 1.2.1.3). It enters the nucleus via association 

with Gal83 and phosphorylates Mig1 resulting in its dissociation from the gene promoter and 

nuclear export via the Msn5 exportin. Classical theories have suggested that Tup1/Ssn6 is 

also removed from the gene promoter but more recent evidence suggests otherwise (Wong 

and Struhl 2011). Presence of Tup1/Ssn6 at the gene promoter in the absence of Mig1 may 

be important for recruitment of chromatin remodelling complexes (e.g. SWI/SNF) and 

transcriptional co-activators (SAGA, Mediator), which ultimately results in remodelling of 

the local chromatin to a state amenable to gene expression.  
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Once activated by the low-glucose signal, Snf1 is imported into the nucleus via association with the 

Gal83 β subunit (Vincent et al. 2001) where it phosphorylates or otherwise influences the activity of a 

host of transcription factors, including the Mig1 repressor and the activators Adr1, Cat8 and Sip4, 

ultimately resulting in a dramatic change to the transcriptional landscape of the cell through the 

subsequent induction and derepression of a host of genes in response to glucose limitation (Figure 1.4,  

Lesage et al. 1996, Randez-Gil et al. 1997, Ratnakumar et al. 2009). Mig1 phosphorylation by Snf1 

destabilises the DNA-bound Mig1-Tup1/Ssn6 CCR complex resulting in its dissociation from the 

promoter of target genes, such as SUC2 and GAL1 (Papamichos-Chronakis et al. 2004), and triggers 

the exclusion of Mig1 from the nucleus via the Msn5 chaperone (De Vit et al. 1997, DeVit and Johnston 

1999). Removal of Mig1 from the nucleus in this fashion prevents ectopic repression of glucose 

repressible genes under glucose-limited or starvation conditions. Thus, Snf1 regulates both the 

structural integrity of the CCR complex at the DNA binding level as well as the sub-cellular localisation 

of Mig1. snf1 or snf4 loss of function mutants cannot grow on carbon sources other than glucose or 

fructose due to an inability to remove Mig1 mediated CCR (Usaite et al. 2008), confirming the original 

observations of Carlson and colleagues during their snf mutant screen (Carlson et al. 1981, Celenza and 

Carlson 1986). These observations highlight the antagonistic roles of Mig1 and Snf1 controlling the 

CCR response within S. cerevisiae. 

 

Recently a SNF1 ortholog, ssp2+ was characterised in fission yeast and was shown to encode an AMPK 

that operates in a similar manner to Snf1, by phosphorylating nuclear localised Scr1 (the S.ipombe Mig1 

ortholog) and causing its exclusion from the nucleus under limiting glucose (Matsuzawa et al. 2012a). 

Like the S. cerevisiae Snf1 complex, Fission yeast Ssp2 forms a heterotrimeric complex with its βγ 

subunits Amk2 and Cbs2 (Townley and Shapiro 2007). Loss of ssp2+ results in inappropriate repression 

of Scr1 target genes such as gld1+ in the absence of glucose, mimicking the phenotype of an S. cerevisiae 

snf1 loss of function strain (Matsuzawa et al. 2012a). Importantly, the Snf1 Thr210 residue is conserved 

in Ssp2 (Thr189). An Ssp2Thr189Ala mutant was unable to accumulate inside the nucleus in the absence 

of glucose suggesting that this residue is crucial for proper activation of the kinase and that Ssp2 is 

regulated in a similar manner as Snf1 (Valbuena and Moreno 2012). Furthermore, the Ssp1 calmodulin 

dependent kinase was shown to be required for phosphorylation of Ssp2 at Thr189 suggesting it plays 

a similar role to S. cerevisiae Sak1, Tos3 and Elm1 (Valbuena and Moreno 2012). Although a partial 

structure of the Ssp2 protein has been solved (Townley and Shapiro 2007), the full range of downstream 

targets of Ssp2 are yet to be elucidated in S. pombe. 
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1.2.2 Glucose sensing and signalling pathways: 

1.2.2.1 The Snf3/Rgt2/Rgt1 pathway: 

As discussed above, S. cerevisiae contains two Hxt-like sensory proteins, Snf3 and Rgt2, that monitor 

the extracellular concentration of glucose (Ozcan et al. 1996a). These glucose “transceptors” are 

proteins that detect environmental glucose levels and relay this signal to modulate the activity of the 

Rgt1 transcription factor that primarily controls HXT gene expression (Figure 1.4, Ozcan and Johnston 

1995, Ozcan et al. 1996b). The Snf3 and Rgt2 proteins are similar in sequence and structure to other 

Hxt proteins within S. cerevisiae but lack the ability to transport glucose into the cell (Ozcan et al. 

1996a). Instead, it was shown that Snf3 can detect and respond to low levels of extracellular glucose 

whereas Rgt2 detects and responds to high glucose levels (Ozcan et al. 1996a). The cytoplasmic C-

terminal tails of Snf3 and Rgt2 are long compared to other Hxt proteins (~200 amino acids) and are 

important for the glucose signalling process (Ozcan et al. 1998). These tails are dissimilar except for a 

25 amino acid region found twice in Snf3, and once in Rgt2. Deletion of the C-terminal tail region 

containing these repeats results in the loss of Snf3 and Rgt2 ability to influence HXT gene expression 

in response to glucose. Furthermore, fusion of the Snf3 C-terminal region onto Hxt1 or Hxt2 confers 

glucose signalling capability, suggesting that this region is necessary and sufficient for signalling 

(Ozcan et al. 1998).  

 

The Snf3/Rgt2 signal is transmitted to the Rgt1 transcription factor, which can function as both a 

repressor and activator of transcription (Ozcan et al. 1996b, Mosley et al. 2003). Rgt1 is a member of 

the Gal4-like family of zinc binuclear cluster (Zn2Cys6) transcription factors and possesses a simple 

DNA binding motif: 5’ - CGGANNA - 3’ (Kim et al. 2003). In the absence of glucose, Rgt1 binds to 

the promoter of HXT1-4, and HXK2 genes and mediates their transcriptional repression (Ozcan and 

Johnston 1995, Ozcan et al. 1996a, Ozcan and Johnston 1996, Ozcan et al. 1998, Palomino et al. 2005). 

Interestingly, SUC2 was also shown to be repressed by Rgt1 in these conditions (Gancedo et al. 2015). 

Rgt1 associates with the paralogous co-repressors Mth1 and Std1, which are required for full repression 

of Rgt1 target genes in the absence of glucose (Lakshmanan et al. 2003). Furthermore, the Tup1/Ssn6 

complex also associates with Rgt1/Mth1/Std1 under these conditions via interaction between Rgt1 and 

Ssn6 (Tomás-Cobos and Sanz 2002). High glucose concentrations stimulate the Snf3 and Rgt2 sensors, 

resulting in disassociation of Mth1 and Std1 from Rgt1, and their translocation to the plasma membrane 

where they are phosphorylated by the Yck1/2 casein kinases causing their inactivation, ubiquitination 

by SCFGrr1, and proteasomal degradation (Flick et al. 2003, Moriya and Johnston 2004, Kim et al. 2006, 

Pasula et al. 2007). Rgt1 is subsequently hyper-phosphorylated by protein kinase A (PKA), which 

inhibits Rgt1 binding to target gene promoters and allows activation of HXT gene expression (Palomino 



Introduction 

28 

et al. 2006). Recent reports also implicate Tup1/Ssn6 in the inhibition of Rgt1 DNA binding in the 

absence of Mth1 (Roy et al. 2013). 

 

Snf3/Rgt2-like transceptors have been identified in several other species to date including C. albicans, 

K. lactis, Yarrowia lipolytica, Candida glabrata and Pichia stipitis suggesting that transceptor-

mediated glucose signalling is conserved amongst budding yeasts (Palma et al. 2007). Interestingly, no 

transceptor-like functions have been identified in S. pombe to date and there are no obvious indications 

of the presence of this type of hexose signalling protein within the S. pombe genome (Wood et al. 2002). 

The functions of Ght7 and Ght8 have not been fully elucidated and may indeed possess receptor-like 

functionality akin to the Snf3/Rgt2 system. That said, no S. pombe Ght proteins contain an elongated 

C-terminal domain like Snf3/Rgt2 (Saitoh et al. 2015). Furthermore, ght7 is lowly expressed and does 

not appear to encode a secretion signal peptide, which was found in all seven other ght genes in 

S.ipombe, suggesting that this gene may not encode a functional hexose transporter (Saitoh et al. 2015). 

Previous work has shown that S. pombe contains a G-protein coupled receptor based glucose sensing 

pathway that impinges upon PKA (Hoffman and Winston 1990, Hoffman and Winston 1991, Byrne 

and Hoffman 1993, Nocero et al. 1994). Therefore, there may be no Snf3/Rgt2-like transceptor based 

glucose sensory system in fission yeast, in contrast to other yeast species (Palma et al. 2007). 

 

1.2.2.2 The GPCR-coupled cAMP/PKA pathway: 

G-protein coupled signalling pathways are one of the most common methods by which eukaryotes sense 

extracellular stimuli and transduce them into intracellular signals. The presence of these systems is 

ubiquitous across eukaryotes, from yeasts and filamentous fungi to humans where they have been 

shown to influence multiple cellular pathways including growth, sexual development, metabolism, 

proliferation, aging, stress tolerance and development (reviewed in, Bahn et al. 2007). G-proteins exist 

in heterotrimeric protein complexes composed of alpha (Gα), beta (Gβ) and gamma (Gγ) subunits that 

are coupled to an associated seven transmembrane domain receptor (GPCR) at the cell membrane, 

usually via the Gα subunit (Hepler and Gilman 1992). S. cerevisiae and S. pombe each contain two Gα 

subunits and one Gβ and Gγ subunit. These components form the basis of two well characterised G-

protein coupled receptor (GPCR) systems in each yeast: one dedicated to sensing mating pheromones 

and another dedicated to sensing glucose (reviewed in, Hoffman 2005b, 2005a).   

 

In the context of GPCR-mediated detection of glucose, the involvement of individual Gα, Gβ and Gγ 

subunits differs between S. cerevisiae and S. pombe. In S. cerevisiae, the GPCR Gpr1, is stimulated by 

the presence of glucose and acts through a monomeric G-protein alpha subunit, Gpa2, to drive increased 

intracellular cAMP production via the Cyr1 adenylate cyclase, which is also independently activated in 

a Ras-GTP dependent fashion (Figure 1.7A, Toda et al. 1985, Mbonyi et al. 1988, Lorenz and Heitman 
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1997, Yun et al. 1997, Xue et al. 1998, Yun et al. 1998, Kraakman et al. 1999, Rudoni et al. 2001, 

Colombo et al. 2004, Peeters et al. 2006). cAMP accumulation results in the cytoplasmic activation of 

PKA (Tpk) via cAMP-dependent inactivation of Bcy1, the inhibitory domain of Tpk (PKA), and its 

subsequent trafficking to the nucleus (Toda et al. 1987, Griffioen et al. 2000). Inside the nucleus, active 

PKA phosphorylates several regulatory proteins including Msn2, Msn4, Sko1, Yak1 and Gis1 causing 

significant changes in the transcriptional landscape of the cell (Martínez-Pastor et al. 1996, Pedruzzi et 

al. 2000, Pascual-Ahuir et al. 2001, Malcher et al. 2011Thevelein, 1999 #1806). Importantly, active 

PKA was found to phosphorylate Rgt1, causing its inactivation and dissociation from HXT gene 

promoters (Kim and Johnston 2006, Roy et al. 2013, Roy et al. 2014), and also the Snf1 upstream kinase 

Sak1 (Barrett et al. 2012). Thus, the PKA pathway links glucose signals from the Gpr1/Gpa2 GPCR 

system to the other CCR pathways, Mig1/Snf1 (Section 1.2.1) and Snf3/Rgt2/Rgt1 (Section 1.2.2.1).  

 

In S. pombe the Git3 GPCR interacts with the Gα component of a heterotrimeric G-protein at the cell 

membrane composed of Gpa2 (Gα), Git5 (Gβ) and Git11 (Gγ) (Figure 1.7B, Landry et al. 2000, Welton 

and Hoffman 2000, Landry and Hoffman 2001). In contrast to budding yeast, the S. pombe Ras 

homolog, Ras1, is not required for the activation of the downstream adenylate cyclase, Git2 (Fukui et 

al. 1986, Hoffman and Winston 1991). Instead, this function appears to be solely performed by Gpa2 

(Ivey and Hoffman 2005). Three additional genes, git1+, git7+ and git10+, have also been shown to 

function in this pathway (Schadick et al. 2002, Kao et al. 2006, Alaamery and Hoffman 2008). Like S. 

cerevisiae, activation of Cyr1/Git2 results in increased cAMP levels (Hoffman and Winston 1991). 

Increased cAMP inhibits Cgs1, the regulatory domain of fission yeast PKA (Pka1) resulting in the 

activation and nuclear import of PKA (Matsuo et al. 2008, Gupta et al. 2011a, Gupta et al. 2011b). 

Inside the nucleus, activated PKA catalyses the inactivation via phosphorylation of Rst2, a key 

transcriptional activator of fbp1+ (gluconeogenesis) and ste11+ (sexual development) expression 

(Higuchi et al. 2002).  

 

The importance of the GPCR-cAMP-PKA systems in S. cerevisiae and S. pombe for glucose signalling 

also differ. Previous work has shown that S. cerevisiae Gpr1 only binds glucose with weak-affinity and 

instead binds sucrose with higher affinity (Lemaire et al. 2004). Furthermore, gpr1 or gpa2 loss of 

function mutations were shown to have little effect on gene expression in response to glucose addition 

(Zaman et al. 2009). In contrast, loss of function mutations in any of S. pombe git3+, gpa2+, git5+, or 

git11+, confer a defect in cAMP signalling resulting in ectopic induction of fbp1+ in the presence of 

glucose (Hoffman and Winston 1990, Hoffman and Winston 1991, Byrne and Hoffman 1993, Nocero 

et al. 1994, Welton and Hoffman 2000). Overall, this suggests that, unlike S.icerevisiae, the GPCR-

cAMP-PKA pathway is a predominant mechanism for glucose sensing in S.ipombe, however it remains 

unknown if/how this system links to the Scr1/Ssp2 mediated CCR pathway in fission yeast.   
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Figure 1.7 The GPCR-cAMP-PKA dependent glucose sensing pathways of S. cerevisiae 

and S.Ipombe. In S. cerevisiae (A) cAMP-dependent PKA responds to glucose via a G-protein 

coupled receptor (GPCR) within the cell membrane. In S. cerevisiae the GPCR, Gpr1, binds 

glucose, stimulating monomeric Gpa2 to activate the Cyr1 adenylate cyclase. Cyr1 

independently responds to activation by Ras-GTP. Both pathways stimulate cAMP production, 

which inactivates the inhibitory domain Bcy1, allowing Tpk1-3 (TPK, a.k.a PKA) activity. PKA 

regulates multiple transcription factors including Msn2, Msn4, Yak1 and Sko1 resulting in 

repression of stress response genes in the presence of glucose. cAMP levels are regulated by 

Pde1,2 resulting in Tpk1-3 inactivation in the absence of glucose. In S. pombe (B) a 

heterotrimeric G-protein (Gpa2, Git5, Git11) is stimulated by the Git3 GPCR in the presence of 

glucose. Gpa2 directly activates adenylate cyclase (Git2/Cyr1) resulting in cAMP production 

and activation of PKA via inhibition of the PKA inhibitory domain Cgs1.  PKA phosphorylates 

Rst2 resulting in its inactivation and the repression of gluconeogenesis (i.e. fbp1+) and mating 

(i.e. ste11+) genes. In glucose-deficient conditions, the S. pombe cAMP specific 

phosphodiesterase, Cgs2, depletes cytoplasmic cAMP levels, resulting in repression of PKA and 

Rst2 activation. 
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Overall, transcriptional regulation is one of the most common, yet efficient methods by which 

eukaryotic cells adapt to changes in their local environment. The interconnected nature of the core CCR 

mechanism and other pathways creates a complex regulatory network that can fine tune gene expression 

in response to subtle changes in extracellular glucose concentrations to maximise sugar uptake and 

energy metabolism. Proper functioning of this process is crucial for energy homeostasis in eukaryotes 

and so, it is important from a disease context, but also has important implications for industrial processes 

that utilise yeasts or filamentous fungi to produce molecules of value. This area requires continued 

research to advance our understanding of, and ability to manipulate, eukaryotic cell biology.  

  

 

1.3 Industrial applications of eukaryotic CCM:  

In addition to being key model systems for research purposes, eukaryotic microorganisms are also 

incredibly useful as biological platforms to produce consumables, pharmaceuticals and other molecules 

of high-value. For example, S. cerevisiae has been used for centuries to produce bread, ale, wine and 

sake; and more recently to produce biofuels such as bioethanol (reviewed in, Sicard and Legras 2011, 

Petrovic 2015). Most of these processes make use of the key ability of yeast to ferment sugars into 

ethanol and carbon dioxide via the Crabtree effect (Section 1.1).  

 

In recent years, increasing global attention has been placed on the development and production of 

alternative sources of renewable energy to combat declining global fossil fuel reserves and the threat of 

environmental catastrophe brought about by climate change. Historically, potential solutions have 

included nuclear, wind, solar and geothermal power. However, biofuels standout as a complimentary, 

and readily available potential replacement for petroleum, which comprises a major proportion of fossil 

fuel consumption in the United States annually (www.eia.gov/mer, U.S Energy Information 

Administration 2017). Biofuels are produced via the metabolism and/or fermentation of biomass by 

industrially harnessed biological (i.e. living organisms) or non-biological (i.e. chemical) processes. A 

major advantage of biofuels is that they are produced from renewable feedstocks and so are sustainable 

energy sources. Globally, bioethanol is currently the most widely adopted biofuel and at least 64 

countries now have established mandates to promote its adoption as a mainstream transportation fuel. 

 

1.3.1 First and second generation bioethanol: 

Bioethanol production is an industry where the processes of CCM and CCR are vital to efficiency and 

output, since most bioethanol production processes rely on microorganisms to convert feedstock sugar 

molecules into ethanol. Currently, most bioethanol is produced using “first-generation” biofuel 

technologies whereby agricultural crops, such as corn and sugarcane, are harvested for their starch or 
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sugar content, which is then used as a feedstock for microbial fermentation (Figure 1.8). These 

feedstocks require little pre-processing to generate basic hexose sugars compatible for fermentation by 

yeast or bacterial platforms. Although first-generation biofuels are less complex to produce, there are 

significant economic disadvantages associated with their production such as increased usage of crops 

for fuel instead of food (reviewed in, Naik et al. 2010). 

 

Recently, research interest has focussed on “second generation” bioethanol technologies that primarily 

utilise lignocellulosic plant biomass as the feedstock for fermentation (Figure 1.8). Lignocellulose is 

the primary component of the plant cell wall and is the most abundant biological material on the planet. 

It can be sourced cheaply in large quantities and there is a near unlimited supply of lignocellulosic 

material waiting to be tapped for biofuel production. Despite this, there are significant challenges 

associated with its use for bioethanol production. Chiefly, common industrial microorganisms such as 

S. cerevisiae cannot utilise lignocellulosic biomass without extensive genetic engineering or pre-

treatment of the feedstock to release the basic glucose molecules required for fermentation (reviewed 

in, Kim et al. 2012b). These methods are energy and time intensive and so are not yet economically 

viable. Alongside S. cerevisiae, a range of microorganisms have been harnessed for industrial scale 

bioethanol production, each of which possess certain advantageous characteristics that make them 

attractive for use as industrial biocatalysts (Table 1.2). There is great research interest in engineering 

cellulolytic properties specific to some fungi into current yeast-based ethanol production platforms to 

allow simultaneous metabolism and fermentation of lignocellulosic feedstocks (Matano et al. 2012, Van 

Rensburg et al. 2012). 

 

1.3.2 Bioethanol technologies rely on the efficient fermentation of sugars: 

Regardless of the feedstock, all bioethanol production relies on efficient sugar metabolism and 

fermentation (Figure 1.8). Understanding the biological underpinnings of carbon metabolism and 

fermentation in industrial organisms has therefore been of significant research interest as this 

knowledge may allow the engineering of strains that possess improved fermentation characteristics. A 

key characteristic of S.icerevisiae and other industrially utilised fermentative yeast species that makes 

them attractive for bioethanol production is their Crabtree-positive growth profile (Crabtree 1928, 

Romo et al. 1965), which results in large volumes of ethanol with little energy wasted in the creation of 

excess biomass. However, these species also possess disadvantages that can limit the effectiveness of 

industrial fermentations. Yeasts are a niche-adapted group of organisms that exist primarily in sugar 

rich environments (reviewed in, Goddard and Greig 2015, Marques et al. 2016). The metabolic 

responses of these yeasts have been sharpened over millions of years of evolution to enable these 

organisms to survive and thrive under these environmental conditions. 
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As discussed above, eukaryotes such as S. cerevisiae and S. pombe preferentially utilise glucose and, in 

its presence, repress genes required for alternate carbon source utilisation via the CCR mechanism 

(Section 1.2). This process is problematic for efficient fermentation of common bioethanol feedstocks, 

which are often comprised of co-mixtures of different carbohydrates including glucose, as CCR ensures 

that glucose is consumed first before non-preferred sugars. For example, many common feedstocks 

such as cane sugar or molasses are rich in sucrose, a non-preferred carbon source, as well as glucose 

and fructose. Thus, feedback mechanisms such as CCR can severely impact the throughput of CCM 

and impede industrial performance. Multiple studies have focussed on the metabolic engineering of S. 

cerevisiae to decouple CCM from CCR and enable co-fermentation of mixed sugar substrates (reviewed 

in, Kim et al. 2012b). Mutation of both MIG1 and HXK2 was shown to enable the co-fermentation of 

galactose, sucrose or ethanol alongside glucose (Klein et al. 1999, Raamsdonk et al. 2001). However, 

disadvantages such as defects in glucose metabolism were found to limit fermentation efficiency (Klein 

et al. 1999, Raamsdonk et al. 2001). In addition to the effects of CCR on fermentation, most 

S.icerevisiae yeast strains cannot utilise five carbon sugars such as xylose or long chain hexose 

polymers such as cellulose for fermentation, both of which are common substrates in lignocellulosic 

feedstocks. Significant research effort has been applied to engineer yeast and bacterial strains that 

possess these capabilities. Various genetic engineering and adaptive evolution studies have resulted in 

S. cerevisiae strains that can utilise both xylose and cellobiose (Galazka et al. 2010, Almeida et al. 2011, 

Cadière et al. 2011, Zhang and Geng 2012, Bergdahl et al. 2013).  

 

Other factors that can impact carbon metabolism and fermentation concern the stress tolerance of the 

yeast/bacterial biocatalyst. Common stressors during industrial fermentations can include temperature, 

pH, osmotic and ethanol stress (Zheng and Wang 2015). Furthermore, the presence of contaminating 

organisms or toxins often found in more complex feedstocks such as molasses or lignocellulosic 

substrates can also impose stress on the industrial organism and affect its growth and/or fermentation 

capacity (Dorta et al. 2005). Continued passaging through an environment under artificial selection has 

been shown to force the evolution of industrial strains that can better withstand such pressures, or 

possess improved fermentation characteristics (Cakar et al. 2005, Stanley et al. 2010, Cadière et al. 

2011, Lee et al. 2015). Furthermore, certain wild and industrial S. cerevisiae isolates have been shown 

to possess naturally increased stress tolerance and/or fermentation phenotypes compared to the 

laboratory type strain S228c suggesting that genetic diversity is a key component of industrial 

performance (reviewed in, Borneman et al. 2013a, Borneman et al. 2013b, Steensels et al. 2014, 

Steensels and Verstrepen 2014).  
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Table 1.2 Features of microorganisms utilised for bioethanol production 

Species 
Crabtree 
status 

CCR Advantages Disadvantages Reference(s) 

Yeast/Fungi      

Saccharomyces 
cerevisiae 

Crabtree 
positive 

Yes  • Extensively 
characterised 

• Crabtree-positive 

• Sequenced genome  

• Extensive genetic 
toolbox 

• Reassimilates ethanol 

• cannot utilise 
lignocellulosic biomass 

Steensels 
(2014) 
Piškur et al. 
(2006) 

Schizosaccharomyces 
pombe 

Crabtree 
positive 

Yes  • Crabtree-positive 

• Sequenced genome  

• Extensive genetic 
toolbox  
 

• Less well 
characterised cf. 
Sicerevisiae 

• cannot utilise 
lignocellulosic biomass 

Saithong et al. 
(2009) 
Choi et al. 
(2010) 
Benito et al. 
(2016) 

Brettanomyces 
bruxellensis  

Crabtree 
positive 

Yes  • Ferments cellobiose 

• Acidic pH resistant 

• Ethanol resistant  

• Slow growth rate 

• Reassimilates ethanol 

• Produces undesirable 
by-products (e.g. 
acetic acid, phenols) 

Steensels et al. 
(2015) 

Kluyveromyces 
marxianus 

Crabtree 
negative  

Yes  • Thermotolerant 

• Broad substrate 
spectrum 

• Fast growth rate 

• Sequenced genome 

• No recognised type 
strain 

• Limited biochemical 
and physiological 
information 

• Crabtree-negative 

Fonseca et al. 
(2008) 
Rodrussamee 
et al. (2011) 

Trichoderma reesei Crabtree 
negative 

Yes • Produces cellulases 

• Utilises xylose 

• Crabtree-negative Schmoll (2003) 

Bacteria 
     

Zymomonas mobilis N/A Yes • High ethanol 
productivity 

• Tolerant to 
increased  
ethanol and sugar 
concentrations 

• Genetically 
manipulable 

• Limited substrate 
range 

• Susceptible to pH, 
temperature and ionic 
liquid stressors 

• Growth on sucrose 
produces undesirable 
byproducts (e.g. 
levan) 

 

Sprenger 
(1996) 
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Many industrial and wild isolates have been investigated for novel genetic variation that may be 

applicable to the industrial setting. Basso et al. (2008) analysed almost 350 different S. cerevisiae strains 

isolated from various ethanol plants or research organisations in Brazil, finding considerable genetic 

and phenotypic variation (Basso et al. 2008). More recently, genomes from industrial yeast strains 

isolated from beer (Gallone et al. 2016) sake (Akao et al. 2011), wine (Li et al. 2014) and ethanol 

(Argueso et al. 2009, Babrzadeh et al. 2012, Zheng et al. 2012a, McIlwain et al. 2016) related settings 

have been sequenced and analysed. These studies have revealed incredible phenotypic and genetic 

variation existing amongst S. cerevisiae industrial isolates including instances of eukaryote to eukaryote 

gene transfer (Novo et al. 2009). How this genetic variation and/or other factors such as stress (as 

discussed above) impacts gene regulation, particularly within the processes of CCM and CCR, remains 

to be fully explored. One recent study examined the transcriptome of the industrial S. cerevisiae 

bioethanol strain PE-2 both under typical fermentation and co-aggregated (non-sterile) fermentation 

conditions (Carvalho-Netto et al. 2015). Significant transcriptional reprogramming, including 

upregulation of genes involved in acid tolerance in the co-aggregated samples were reported, suggesting 

that stress factors can significantly impact industrial fermentations and that industrial strains may be 

better able to withstand these conditions. Further work has suggested that improved tolerance to ethanol, 

temperature or osmotic stress within S. cerevisiae isolates may be correlated with human-associated 

environments (Zheng and Wang 2015). This domestication of yeast strains via human association is 

thought to be a major determinant of the variation observed in industrial yeasts (reviewed in, Sicard and 

Legras 2011). 

 

Less intense research focus has been given to other species used within industrial processes. Multiple 

studies in T. reesei, a key cellulolytic fungus, have focussed more specifically on the transcriptomic 

response of cellular processes including CCM and CCR to lignocellulose or other substrates (Ries et al. 

2013, Antoniêto et al. 2014, Huang et al. 2016). Furthermore, recent studies have revealed considerable 

genetic and phenotypic variation within wild collections of S. pombe including phenotypes that may 

benefit winemaking applications (Jeffares et al. 2015, Benito et al. 2016). Other studies have focussed 

on the bioethanol production capabilities of S. pombe from molasses and cassava (Saithong et al. 2009, 

Choi et al. 2010, Abubaker et al. 2012). However, few industrially relevant strains of S. pombe, 

particularly those that are used to produce bioethanol, have been genetically characterised and there is 

little published knowledge of genomic or transcriptomic variation that exists within industrial S. pombe 

isolates. Deficiencies in our understanding of S. pombe CCR limit the efficiency of industrial processes 

that harness this organism.   
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Figure 1.8 First vs. second generation bioethanol production. Complexity of the initial 

feedstock is a barrier to cost-effective bioethanol production. Currently three major feedstock 

types are utilised for bioethanol production, Sugar, starch or lignocellulosic biomass. Sugar 

feedstocks are simple to produce and generally require no additional processing prior to 

fermentation. Starch feedstocks generally require hydrolysis of polymerised sugars into the 

base hexoses compatible with fermenting microorganisms such as yeasts or bacteria. More 

recalcitrant are lignocellulosic biomass feedstocks that require extensive pre-treatment and 

enzymatic hydrolysis to reduce the plant cell wall polymers into basic sugar molecules. 

Currently this extensive pre-processing prevents lignocellulosic bioethanol (second-

generation bioethanol) from reaching widespread commercial application. 
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For example, Wilmar Bioethanol Ltd. is a leading bioethanol producer in Australia that utilises S. pombe 

for the industrial scale production of commercial-grade ethanol from sugarcane molasses, a process 

which relies on the efficient fermentation of the sugars within molasses into ethanol by S. pombe. 

Previous work in our laboratory showed that the Wilmar isolate possesses improved growth and ethanol 

production in molasses compared to wild type S. pombe suggesting it has adapted modified mechanisms 

of carbon metabolism, stress resistance and/or CCR within the industrial environment (Quenault 2009). 

Thus, there is significant potential to explore the genetic basis underlying this diversity within an 

industrial isolate of S. pombe in the context of these processes. 

 

Overall, improved understanding of the processes that govern the metabolism of an organism, such as 

CCM and CCR, will allow the metabolic engineering of strains that possess improved industrial 

performance. Furthermore, investigating how wild and industrial isolates adapt these mechanisms for 

industrial or phenotypic advantage can yield new knowledge of these processes in an organism that can 

be further investigated by conventional research methods in the laboratory genetic background.  

 

 

1.4 This study: 

Carbon metabolism and the processes that regulate it have been well characterised in S. cerevisiae 

through intense study over several decades. Characterising these processes in diverse fungi, particularly 

those with industrial or medical importance is now required to improve our knowledge of, and ability 

to manipulate, CCM and CCR in eukaryotes. The overarching aim of this study was to improve our 

knowledge of the S. pombe CCR process. The following questions were used to frame this investigation:  

 

1.4.1 What genes are controlled by CCR in S. pombe? 

S. pombe possesses similar core CCR machinery to S. cerevisiae and other fungi yet mechanistically, 

the process remains poorly defined. Several aspects of S. pombe CCR have been identified that differ 

from S. cerevisiae, including altered cAMP/PKA glucose signalling, the absence of a Snf3/Rgt2/Rgt1 

like system, and the essential nature of S. pombe ssn6+. Therefore, in depth analysis of the CCR process 

in S. pombe was expected to yield further insight into functional differences to CCR in other eukaryotes. 

Importantly, the genes that are targets of Scr1 in glucose-sufficient conditions remain largely 

uncharacterised. Work presented in Chapter 3 aimed to define the genes subject to repression by the 

Scr1 transcription factor using combined RNA-seq and ChIP-seq approaches. 
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1.4.2 What interactions exist between the key regulators of CCR in S. pombe? 

Both Scr1 and the Tup/Ssn6 complex are required for CCR in S. pombe. However, the functional 

relationship between Scr1 and Tup/Ssn6 complex or any other factors has not been characterised. 

Moreover, the process of gene activation upon glucose depletion remains an area lacking in functional 

understanding in S. pombe, despite the Rst2 transcription factor being implicated in this process along 

with Tup/Ssn6 (Hirota et al. 2006). Studies described in Chapter 4 investigated the physical and 

functional relationship between Scr1 and the Tup/Ssn6 complex using various genetic and biochemical 

approaches. Further ChIP-seq analyses were employed to investigate the localisation of Scr1, Tup11 

and Rst2 at chromatin to determine the dynamic relationship between these factors in the context of 

CCR.  

 

1.4.3 Is the CCR response different in S. pombe strains accustomed to an 

industrial fermentation environment?  

Differences in CCM in industrially relevant strains may indicate differences in the function or regulation 

of CCR, which is of great biological interest. The Wilmar S. pombe isolate was selected for its improved 

performance in the industrial molasses fermentation environment and is capable of increased growth 

and ethanol production compared to laboratory wild type S. pombe under simulated molasses 

fermentation conditions (Quenault 2009). These phenotypes suggest that this strain possesses improved 

carbon metabolism, stress resistance and/or ethanol production characteristics within the industrial 

environment. Work presented in Chapter 5 investigated the Wilmar industrial isolate at the phenotypic, 

genomic and transcriptomic levels to determine the genetic basis underlying its improved performance 

compared to laboratory S. pombe. Further ChIP-seq analysis defined the Scr1 regulon in the Wilmar 

background, both in laboratory culture and simulated industrial fermentation conditions, to investigate 

potential differences in the CCR process between the two genetic backgrounds.



 

40 

 

 

 

 



Materials and Methods 

41 

2 Materials and Methods: 

2.1 Strains, media, supplements and growth conditions: 

All S. pombe, S. cerevisiae and E. coli strains used in this study are shown in Table 2.1 

 

2.1.1 S. pombe: 

S. pombe yeast extract plus supplements (YES) medium, Edinburgh Minimal Medium (EMM), and 

Sporulation agar plus supplements (SPAS) medium were prepared as described in Sabatinos et al. 

(2010). Alternatively, EMM was prepared using Sunrise EMM minus glucose mix as per the 

manufacturers recommendations. Unless stated otherwise, media contained 3% (w/v) glucose as a 

carbon source and 225mg/L each of adenine, histidine, leucine, lysine and uracil supplements as 

described in Sabatinos et al. (2010). For plate media, 2% (w/v) Bacto agar (Oxoid) was added prior to 

autoclaving for 20 min at 151°C. For antibiotic selection, G418 (Geneticin, Gibco) was added where 

required to YES media at 100mg/L to media cooled to 50°C post-autoclaving. 2-deoxy-glucose (2-

DOG) was added where required to a final concentration of 1mM. Molasses PT10 medium contained 

22.2% (v/v) Wilmar molasses, 0.6% (w/v) ammonium sulphate, 0.4% (w/v) potassium dihydrogen 

orthophosphate and was buffered to pH 4.2-4.5 with sulphuric acid (Wilmar Bioethanol, pers. comm.). 

For solid media, 3% (w/v) agar (Bacto) was added prior to autoclaving. S. pombe strains were cultured 

at 32°C unless stated otherwise. Liquid cultures were agitated in a shake flask incubator (INFORS HT) 

at 190 rpm. Other alterations to growth media are stated in the text where applicable. For RNA-seq and 

ChIP-seq cultures, strains were cultured in 50mL YES medium containing 3% (w/v) glucose for four 

hours at 32°C with shaking.  

 

2.1.2 S. cerevisiae: 

S. cerevisiae yeast peptone dextrose plus adenine medium (YPDA) was prepared with the addition of 

40mg/L adenine. Synthetic defined medium (SD) was prepared as previously described (Bergman 

2001). Amino acid supplement mixtures were prepared by dissolving each required amino acid in 

reverse osmosis (RO) water to a final concentration of 10x after Bergman et al. (2001) and autoclaved. 

Amino acid mixes were added to SD base medium to a final concentration of 1x to generate SD dropout 

media as required. Solid plates were generated as in Section 2.1.1. S. cerevisiae strains were cultured at 

30°C with 250 rpm agitation in a shake flask incubator (INFORS HT) for liquid cultures. For yeast two-

hybrid selection of positive interactions, Aureobasidin A (Clontech) and/or X-α-Gal 

(Clontech/Sigma/Gold Biotechnology) were added to SD media at a final concentration of 125ng/mL 

and 20 mg/L respectively.  
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2.1.3 E. coli: 

MAX Efficiency® DH5α™ (Invitrogen) or Subcloning efficiency™ DH5α™ chemically competent 

cells (Invitrogen) were used for E. coli cloning work. E. coli strains were cultured in 1xYT or 2xYT 

medium (Sambrook and Russell 2001). For antibiotic selection, Ampicillin (Sigma) or Kanamycin 

(Gibco) were added to final concentrations of 150mg/L and 50mg/L respectively. E. coli strains were 

grown at 37°C with agitation in a shake flask incubator (INFORS HT) at 210 rpm for liquid cultures.  

 

2.2 S. pombe genetic techniques: 

2.2.1 Genetic crosses: 

For S. pombe crosses, single colonies of parent strains of compatible mating types (h+/h-) were mixed 

on SPAS plates or in liquid SPAS media. The crosses were incubated at 26°C (with shaking for liquid 

cultures) to stimulate the sexual pathway. Crosses were monitored periodically under a microscope 

(Section 2.3.3) for the presence of tetrads between 36 and 72 hours post SPAS inoculation. Once a large 

proportion of tetrads had formed, crosses were used for tetrad dissection. 

 

2.2.2 Tetrad dissection: 

A loopful of cells from a cross containing a high proportion of mature tetrads was transferred to a YES 

plate and tetrads were isolated and dissected using a Singer Sporeplay+ microscope. Spores from 

dissected tetrads were incubated at 32°C. After 3-4 days of growth, plates were replica plated to 

appropriate selective media to test for segregation of selectable markers as required. Alternatively, 

colonies were patched to YES media prior to genotyping via colony PCR (Section 2.4.1) and/or re-

streaking/replica plating onto other selective media types.  

 

2.2.3 S. pombe diploid isolation & manipulation: 

To isolate S. pombe diploids, parental strains possessing compatible mating types (h+/h-) and ade6 alleles 

(ade6-m210/ade6-m216) were crossed as in Section 2.2.1. After 24-32 hours incubation at 26°C, a 

sample of the cross was streaked to EMM-adenine and incubated at 32°C. Resulting pure white colonies, 

which indicate intragenic complementation of the parental ade6 alleles, were patched to YES medium 

and kept at 34°C to maintain vegetative diploid growth and suppress meiotic sporulation. Pink colonies 

were avoided as these likely contained haploid, adenine stressed cells. Propagation of diploids for 

transformation was performed in liquid YES medium at 34°C with shaking. Diploids were sporulated 

on SPAS media at 26°C and tetrads were isolated and dissected as in Section 2.2.2 after 24-36 hours.   
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Table 2.1 Strains used in this study. 

Strain Species Genotype  Source 

Y9 S. pombe h90 Monahan Lab 

Y38 S. pombe h90 Monahan Lab 

Y39 S. pombe h- ura4-D18 leu1-32 ade6-m210 Monahan Lab 

Y44 S. pombe h- Monahan Lab 

Y46 S. pombe h+ Monahan Lab 

Y50 S. pombe h+ ura4-D18 leu1-32 ade6-m216 Monahan Lab 

Y47 S. pombe h+ ura4-D18 leu1-32 ade6-m216 tup11::ura4+ tup12::ura4+ scr1::ura4+ Monahan Lab 

Y49 S. pombe h+ ura4-D18 leu1-32 ade6-m216 tup11::ura4+ tup12::ura4+ Monahan Lab 

D51 S. pombe h+ ura4-D18 leu1-32 ade6-m216 scr1-TAP KanMX6 This study 

D52 S. pombe h+ ura4-D18 leu1-32 ade6-m216 scr1-TAP KanMX6 This study 

D59 S. pombe h- ura4-D18 leu1-32 ade6-m216 scr1::ura4+ This study 

D60 S. pombe h+ ura4-D18 leu1-32 ade6-m216 scr1::ura4+ This study 

D96 S. pombe h+ ura4-D18 leu1-32 ade6-m216 tup11-TAP KanMX6 This study 

D101 S. pombe h+ ura4-D18 leu1-32 ade6-m216 rst2-TAP KanMX6 This study 

D102 S. pombe h+ ura4-D18 leu1-32 ade6-m216 rst2-TAP KanMX6 This study 

Y23 S. pombe h90 Wilmar Ltd. 

Y24 S. pombe h90 Wilmar Ltd. 

D75 S. pombe Y23 h90 scr1-TAP KanMX6 This study 

D155 S. pombe h+ ura4-D18 leu1-32 ade6-m216 scr1::KanMX6 This study 

D156 S. pombe h- ura4-D18 leu1-32 ade6-m216 scr1::KanMX6 This study 

D163 S. pombe h+ scr1::KanMX6 This study 

D165 S. pombe h- scr1::KanMX6 This study 

D177 S. pombe h- scr1-TAP KanMX6 This study 

D178 S. pombe h+ scr1-TAP KanMX6 This study 

D179 S. pombe h90 scr1::KanMX6 This study 

D181 S. pombe h90 scr1::KanMX6 This study 

D183 S. pombe h- ura4-D18 leu1-32 ade6-m210 scr1-FLAG ura4+ This study 

D185 S. pombe h- ura4-d18 leu1-32 ade6-m210 tup11-FLAG ura4+ This study 

D202 S. pombe h+ scr1-TAP KanMX6 tup11-FLAG ura4+ This study 

D205 S. pombe h- scr1-TAP KanMX6 tup11-FLAG ura4+  This study 

D206 S. pombe h+ scr1-FLAG ura4+ tup11-TAP KanMX6 leu1-32 ade6-m216  This study 

D207 S. pombe h- scr1-FLAG ura4+ tup11-TAP KanMX6 leu1-32 ade6-m216  This study 

SS89 S. pombe h- ura4-D18 leu1-32 ade6-m210 rmt5::KanMX6 Stephanie Sian 

Y2H 
Gold 

S. cerevisiae 
MATa, trp1-901, leu2-3, 112, ura3-52, his3-200, gal4Δ, gal80Δ, 
LYS2::GAL1UAS–Gal1TATA–His3, GAL2UAS–Gal2TATA–Ade2, URA3::MEL1UAS–
Mel1TATA, AUR1-C MEL1 

Clontech 

Y187 S. cerevisiae 
MATα, ura3-52, his3-200, ade2-101, trp1-901, leu2-3, 112, gal4Δ, met–
, gal80Δ, MEL1, URA3::GAL1UAS -GAL1TATA-lacZ 

Clontech 

DH5α E. coli 
F–, Φ80lacZΔM15, Δ(lacZYA-argF), U169, recA1, endA1, hsdR17 (rK–, 
mK+), phoA, supE44 λ– thi-1, gyrA96, relA1 

ThermoFisher 
Scientific 
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2.3 Cell quantification and microscopy: 

2.3.1 Cell quantification: 

A Brightline hemacytometer (Hausser Scientific) was used for cell counts. Briefly, 10μl of cell culture, 

diluted as appropriate, was applied to the hemacytometer and the following formula was used to 

determine number of cells per mL culture:  

 

(
# 𝑡𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 

# 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑥 16
)  𝑥 4 𝑥 𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 =  106 𝑐𝑒𝑙𝑙𝑠/𝑚𝐿 

 

Where “# squares counted” = the number of large squares out of a possible 25 on the hemacytometer 

grid that were counted to obtain the numerator value.  

 

The Optical Density (OD) of liquid cultures was determined using a Shimazdu UC-1601 

spectrophotometer calibrated using sterile growth medium. The absorbance in 1mL samples, diluted as 

appropriate to keep within the linear range of the instrument, were analysed in 1cm microcuvettes at a 

wavelength of 595nm (OD595) for S. pombe or 600nm (OD600) for S. cerevisiae.     

 

2.3.2 Microscopy: 

An Olympus BH-2 compound microscope was used for routine cell visualisation and counting. For 

strain imaging, cells were fixed using either heat or ethanol fixation prior to microscopy (Sabatinos and 

Forsburg 2010). For heat fixation to slides, 5μl from a log phase culture (OD595 0.5-1.0) was pipetted 

onto a glass microscope slide and heat fixed at 70°C for 60 seconds or until dry. For ethanol fixation, 

1mL of log phase culture was pelleted in a benchtop centrifuge at full speed for 15 seconds and 

resuspended in 1mL 70% (v/v) ethanol and stored at 4°C. Cells were washed and resuspended in 1x 

Phosphate buffered saline (PBS, Sambrook and Russell 2001). 10μl fixed cell culture was added to clear 

glass slides and allowed to dry. To mount cells to slides, 4μl of mounting medium (10mg/mL w/v p-

phenylenediamine in 1M Tris diluted 1:10 in glycerol) was added to cells before overlay with a glass 

coverslip. Where required, DAPI and Aniline Blue stains were added alongside the mounting medium 

to final concentrations of 1ug/mL and 0.5mg/mL respectively. Cover slips were sealed with clear nail 

polish for preservation and later viewing. Strains were imaged using DIC microscopy and/or ultraviolet 

(UV) light filtering for visualisation of DAPI staining on an Olympus BX60 microscope with an 

Olympus SPOT CCD camera (Diagnostic Instruments) and adjusted for colour and contrast in Adobe 

Photoshop™ CC 2017. 
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2.4 Molecular biology protocols: 

2.4.1 Oligonucleotides, PCR, nucleic acid purification and sequencing: 

Oligonucleotide primers used in this study are detailed in Appendix 1.1. Freeze-dried primer stocks 

obtained from manufacturers (IDT, Geneworks, Sigma) were diluted to 100mM and stored at -20°C. 

Primer stocks were diluted tenfold to 10mM for experimental use.  

 

For PCR, OneTaq 2x PCR master mix was used for standard PCR reactions (New England Biolabs). Q5 

Hot-Start polymerase 2x master mix was used for high-fidelity PCR reactions (New England Biolabs). 

A general PCR procedure consisting of initial denaturation and hot-start polymerase activation (94°C - 

5 min), 30-35 cycles of denaturation (94°C - 30 sec), annealing (50°C - 30 sec) and extension (68/72°C 

– 1 min) and a final extension (68/72°C - 5 min), was applied unless stated otherwise. Annealing and 

extension temperatures were modified to suit the primers and polymerase used. All PCR reactions were 

performed using a Biorad C1000 or Biorad iCycler 582BR thermal cycler at a total reaction volume of 

25μl or 50μl.  

 

For colony PCR, a small sample of cells (S. pombe or E. coli) from a fresh colony (under 1 week old) 

was inoculated into 20μl sterile water inside a 200μl PCR reaction tube. These cells were subjected to 

15 minutes incubation at 100°C followed by 10 minutes at 4°C in the thermocycler. Tubes were then 

removed to ice and the remaining PCR components added. Standard PCR amplification followed.  

 

PCR products were purified using the ethanol precipitation method (Sambrook and Russell 2001) and 

eluted in 10-20µl Elution Buffer (10mM Tris-Cl pH 8.0, Qiagen) or sterile water. Alternatively, the 

Qiagen QIAquick® column PCR Purification Kit (Qiagen) was used to purify PCR products. Samples 

were eluted in 30 or 50μl Qiagen elution buffer and quantified as described below. S. pombe genomic 

DNA (gDNA) was prepared from 10mL seed cultures using a phenol-chlorophorm based extraction 

method and diluted to 100ng/μl prior to PCR analysis (Hoffman and Winston 1987). Alternatively, a 

rapid gDNA extraction protocol was performed for S. pombe and S. cerevisiae samples as described 

previously (Looke et al. 2011). Briefly, cells were resuspended in a 200mM Lithium acetate (LiAc), 1% 

(v/v) SDS solution and incubated for 15 minutes in a 70°C water bath. 300μl of cold absolute ethanol 

was added, then each sample was vortexed briefly and spun at full speed in a benchtop centrifuge at 

room temperature for 3 minutes. The resulting precipitate was washed in 70% ethanol, resuspended in 

80μl of Qiagen elution buffer and spun as previous for 1 minute to pellet cellular debris. The supernatant 

was transferred to a fresh tube and 1.5μl was used per PCR reaction. Total RNA was extracted from 

cultured cells using the hot phenol method after Lyne et al. (2003). Genomic DNA and total RNA 

samples were stored at -20°C and -80°C respectively.  
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Plasmid DNA (pDNA) was purified from 5mL 2xYT E. coli overnight cultures (Sambrook and Russell 

2001) using the Qiaprep® Spin Miniprep Kit (Qiagen) as per the manufacturer’s instructions and diluted 

to 10-100ng/μl prior to experimental use. Plasmids used in this study are shown in Table 2.2. Plasmid 

maps are shown in Appendix 1.2. Purified pDNA was stored at -20°C. 

 

Concentration of all nucleic acid preparations was determined using a NanoDropTM ND-1000 

spectrophotometer calibrated using the nucleic acid diluent (usually sterile water or Qiagen elution 

buffer). For higher accuracy quantification, a QubitTM 2.0 flourometer was used to determine DNA, 

RNA and protein concentrations as per the manufacturers’ instructions (Invitrogen). 

 

Samples of pDNA or purified PCR fragments were sequenced using the Sanger method at MicroMon, 

Monash University, Clayton, Victoria, Australia (https://platforms.monash.edu/micromon/) or the 

Melbourne University Pathology sequencing service, University of Melbourne, Parkville, Victoria, 

Australia. Genomic DNA and total RNA samples were submitted to Macrogen or the Australian 

Genome Research Facility (AGRF) respectively for Illumina HiSeq 2000/2500 sequencing. ChIP 

sequencing was conducted at the laboratory of Dr Chris Koon Ho Wong at the University of Macau, 

Macau, China on an Illumina HiSeq 2500. 

 

2.4.2 Agarose Gel Electrophoresis: 

For all agarose gels, analytical grade agarose (Promega) was dissolved into the required volume of 1x 

TAE buffer prepared as described (Sambrook and Russell 2001). Unless stated otherwise, DNA 

fragments were separated on 1% (w/v) Agarose gels at 90V. 1kb and 100bp DNA ladders (New England 

Biolabs) were used where indicated at the recommended concentration. Gels were stained in 0.5 μg/ml 

ethidium bromide and de-stained in distilled H2O (dH2O) before visualisation on a BioRad GelDoc XR+ 

imaging system. The Qiagen QIAquick® column Gel Extraction Kit (Qiagen) was used to recover DNA 

fragments from agarose gels. 

 

2.4.3 Restriction endonuclease digestion, product purification, ligation and cloning:  

Restriction digestion reactions were performed using New England Biolabs® buffers, restriction 

enzymes and bovine serum albumin (BSA) at the recommended concentrations. Standard digestion 

reaction volume was 10µl, scaled according to the total quantity of nucleic acid being digested. The 

default incubation time for digestion was two hours at 37°C. Where appropriate, restriction enzymes 

were denatured post-reaction in a water bath at the recommended inactivation temperature. Digested 

pDNA was visualised via agarose gel electrophoresis (Section 2.4.2) and gel purification using the 

QIAquick® Gel Extraction Kit (Qiagen) was performed where required. Purified DNA was eluted in  

https://platforms.monash.edu/micromon/
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Table 2.2 Plasmids used in this study. 

Strain Plasmid Name Key Features Source/Ref 

P8 pKS-ura41 
Used for amplification of S. pombe gene deletion 
constructs. ura4+ selection. 

Bähler et al. (1998) 

P7 pFA6a1 
Analogous to pFA from S. cerevisiae studies. Used for 
amplification of S. pombe gene deletion constructs. 
KanMX6 selection. 

Wach et al. (1994) 
Wach (1996) 

P10 pFA-TAP-4A1 Encodes TAP tag cassette. KanMX6 selection. Gould et al. (2004) 

D147 pFA-5FLAG1 Encodes 5x FLAG tag cassette. KanMX6 selection. This study 

D209 pFA6a-ura4 pFA6a with the KanMX6+ cassette replaced by ura4+ This study 

D151 pFA-5FLAG-ura41 Encodes 5x FLAG tag. ura4+ selection.  This study 

N/A pGBKT71 
Encodes Gal4 DNA binding domain for Yeast Two-hybrid 
studies 

Clontech 

N/A pGADT71 
Encodes Gal4 Activation domain for Yeast Two-hybrid 
studies 

Clontech 

D85 pGBKT7-scr1 pGBKT7 containing full length scr1+ CDS This study 

D130 pGBKT7-scr11-142 pGBKT7 containing Scr1 aa. 1-142 encoding sequence This study 

D132 pGBKT7-scr1135-564 pGBKT7 containing Scr1 aa. 135-564 encoding sequence This study 

1 Plasmid map shown in Appendix 1.2 
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30µl sterile water or elution buffer, quantified using a Nanodrop ND-1000 (Thermo-Scientific, Section 

2.4.1) and stored at -20°C until required. DNA ligations were performed as previously described by 

Sambrook and Russell (2001) using T4 DNA Ligase (Promega) and a 1:3 ratio of vector to insert, 

calculated using an online ligation ratio calculator (http://www.insilico.uni-

duesseldorf.de/Lig_Input.html). Ligation reaction volume was 10µl. Vector only (V/O) and vector + 

ligase (V+L) controls were performed for each set of ligations to control for incomplete digestion and 

self-ligation events. The entire ligation reaction was added to competent E. coli cells prior to 

transformation.   

 

2.4.4 E. coli transformation: 

DH5α™ competent cells (Section 2.1.3) were transformed using the heat shock method after Sambrook 

and Russell (2001). Transformants were selected by growth on 1xYT media containing 150µg/mL 

Ampicillin or 50µg/mL Kanamycin (Section 2.1.3). A cell cracking procedure was used to confirm the 

presence of the required insert within the pDNA of individual E. coli transformants (Sambrook and 

Russell 2001). E. coli colony PCR, pDNA purification and restriction digestion and/or Sanger 

sequencing methods were also used to confirm the presence of the required insert (Section 2.4.1).  

 

2.4.5 S. pombe transformation: 

S. pombe transformation was performed using the Lithium Acetate procedure as previously described 

(Bähler et al. 1998). Isolation of ura4+ transformants was achieved by selection on EMM-uracil media. 

For KanMX6+ (G418R) transformations, transformed cells were plated onto standard YES, incubated at 

32°C for 18-24 hours, then replica plated onto YES + G418 (100µg/mL) to select for KanMX6+ 

transformants. Correctly targeted construct integration events were confirmed by PCR using checking 

oligos detailed in Appendix 1.1, and Sanger sequencing was performed to ensure tagging constructs had 

integrated in-frame with the endogenous gene CDS (Section 2.4.1).     

 

2.4.6 Dilution spot plating: 

Overnight seed cultures were counted to obtain the number of cells/mL (Section 2.2). From this count, 

the volume of seed culture containing 1x108 cells/mL was determined. This volume was pelleted in a 

bench top microcentrifuge (13.2k rpm, 4 min, 21°C) and resuspended in 1mL sterile water, giving 1x108 

cells/mL. 100μl of this cell suspension was added to the leftmost well on a sterile 96-well plate and a 

series of ten or five-fold serial dilutions were performed. These culture samples were applied to desired 

plate media using a set of ethanol sterilised replica plating pins and incubated at 32°C or as otherwise 

http://www.insilico.uni-duesseldorf.de/Lig_Input.html
http://www.insilico.uni-duesseldorf.de/Lig_Input.html
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indicated. Growth was monitored over 2-5 days and imaged using a BioRad GelDoc XR+ imaging 

system.  

 

2.4.7 Pulsed Field Gel Electrophoresis (PFGE):  

Chromosomal plugs were generated from mid-logarithmic phase laboratory wild-type (Y44, 972h-), 

Wilmar-A (Y24) and Wilmar-P (Y23) S. pombe YES 3% (w/v) glucose cultures using previously 

described methods (Brown 1988, Brown et al. 1990). Chromosomes were then separated on 0.8% (w/v) 

certified megabase agarose (Biorad) gels using a CHEF DR III system (BioRad) and 1x TAE buffer 

prepared as previously described (Sambrook and Russell 2001). Control wild-type S. pombe (972h-) and 

S.icerevisiae (S288c) plugs (BioRad) were used as size standards. Electrophoresis was conducted over 

48 hours with an applied current of 2V/cm (90V total) and a 20 to 30 minute gradient switch time at an 

angle of 106°. The buffer temperature was circulated at 14°C. Following electrophoresis, gels were 

stained in 0.5 μg/ml ethidium bromide and visualised on a UV transilluminator.  

 

2.4.8 Yeast Two-hybrid library construction and screening: 

Clontech® Y187 and Y2H Gold S. cerevisiae strains, the Clontech® Matchmaker Gold system and 

included yeast vectors pGADT7 and pGBKT7 were used for all Yeast Two-Hybrid (Y2H) analyses 

(Table 2.1, 2.2). An S. pombe Y2H library was constructed inside S. cerevisiae strain Y187 using the 

Make your own “Mate and Plate” Y2H library system (Clontech). A 1:1 ratio of total RNA from 

S.ipombe cells grown in YES 3% (w/v) glucose or YES 3% (v/v) glycerol was used as input for library 

construction. Library cDNA was co-transformed alongside the pGADT7-Rec vector (Clontech) into 

S.icerevisiae strain Y187 as per the YeastmakerTM Yeast transformation system 2 protocol (Clontech). 

Resulting library cells were collected and 1mL aliquots were dispensed into screw-cap tubes and stored 

at -80°C.  

 

Y2H library screening was performed for DBD-Scr1, DBD-Scr11-144 and DBD-Scr1135-565 fusion 

proteins as per the Matchmaker Gold system (Clontech). Briefly, full length scr1+ CDS, scr1+ CDS 

encoding amino acids 1-144 and scr1+ CDS encoding amino acids 135-565 were amplified using oligos 

O-365/O-366, O-365/O-462 and O-463/O-366 respectively (Appendix 1.1). Constructs were purified 

and digested with XmaI and SalI (Section 2.4.3). XmaI/SalI digested constructs were ligated into 

XmaI/SalI digested pGBKT7 and transformed into E. coli resulting in DBD-Scr1, DBD-Scr11-144 and 

DBD-Scr1135-565 plasmids. Clones were confirmed by restriction digestion and Sanger sequencing and 

isolated as above (Section 2.4.1, 2.4.4). DBD-Scr1, DBD-Scr11-144 and DBD-Scr1135-565 plasmids and 

the control plasmid DBD-p53 (Clontech) were transformed into S. cerevisiae strain Y2H Gold using the 
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YeastmakerTM Yeast transformation system 2 protocol (Clontech) and transformants were selected on 

SD-Trp medium. Fusion protein expression was confirmed by Western Blot (Section 2.5.3).  

 

For library screening, strains expressing the bait Gal4 DBD fusion protein of interest were grown to 

mid-logarithmic phase (OD600 ~ 0.8) in 50mL SD medium lacking tryptophan, harvested by 

centrifugation and resuspended in 50mL 2xYPDA in a 2L Erlenmeyer flask. An aliquot of the Y187 

Y2H library strain was added and both strains were left to mate at 30°C for 24-28 hours with gentle 

agitation (40 rpm) in a shake flask incubator (INFORS HT) to prevent cells settling to the bottom of the 

flask. The cross was harvested by centrifugation and plated onto SD – leucine, tryptophan (DDO) media 

containing X-α-Gal and Aureobasidin A (DDO/X/A). The screen was incubated for 4-6 days at 30°C or 

until blue colonies had formed. Blue colonies were patched to DDO/X/A and, additionally, SD – leucine, 

tryptophan, adenine, histidine (QDO) media containing X-α-Gal and Aureobasidin A (QDO/X/A) and 

recovered at 30°C. An alternative approach was also used to screen an S. pombe cDNA library against 

DBD-Scr1. S. pombe Y2H library cDNA, prepared as described above, was co-transformed alongside 

pGADT7-Rec (Clontech) into the Y2H Gold derived strain Y2H26 (DBD-Scr1, Table 2.1). Cells 

containing both bait and prey plasmids were selected on DDO media and tested for reporter gene 

activation on QDO media.   

 

To rescue library pDNA from positive Y2H screen clones, overnight 3mL cultures grown in DDO 

medium were pelleted by centrifugation and resuspended in 200μl 67mM KH2PO4. 10μl Zymolyase-

20T (Nacalai Tesque) solution (1.2M Sorbitol, 10mM Tris-HCl pH 8.0, 10mM CaCl2, 1% (v/v) β-

mercaptoethanol, 0.7mg/mL Zymolyase-20T) was added and cells were incubated at 37°C 250 rpm for 

1 hour. Cells were then pelleted and processed as per the Qiaprep plasmid miniprep kit (Qiagen). 

Plasmid DNA was eluted in 50μl elution buffer (10mM Tris-HCl pH 7.5) and 10-20μl was used for 

transformation into chemically competent dH5α™ E. coli (Section 2.4.4). E. coli transformants were 

selected on 1xYT media containing 150μg/mL Ampicillin to recover the AD-library prey plasmid. The 

insert sequences within recovered AD-library plasmids were Sanger sequenced using oligo O-504 

(Appendix 1.1). Positive screen clones were retested against the original bait protein and an empty 

pGBKT7 vector to control for auto-activation of the library prey fusion protein.  

 

2.4.9 ChIP-seq library construction: 

ChIP-seq library construction was performed at the laboratory of Dr. Chris Koon Ho Wong at the 

University of Macau, China, using a modified version of a protocol described previously (Wong et al. 

2013). The full protocol is detailed in Appendix 1.3. In total, 1-10ng of ChIP purified DNA (Section 

2.5.5) was used for library preparation. DNA SizeSelector-I beads (Aline Biosciences) were used for 
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size selection and purification steps. Library quality and quantity were determined using DNA high 

sensitivity microchips on a Bioanalyser 2100 (Agilent). 

 

2.5 Biochemistry and protein biology protocols:  

2.5.1 Yeast whole cell lysate preparation:  

S. pombe and S. cerevisiae whole cell protein lysates were prepared as follows. 50mL of mid-logarithmic 

phase culture or 10mL of overnight culture was pelleted by centrifugation at 4°C, 1000rpm, 3 min, 

washed in ice-cold sterile H2O and resuspended in 500μl Workman extract buffer (WEB). WEB 

contained 40mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) pH 7.4, 350mM NaCl, 

0.1% (v/v) NP40 and 10% (v/v) glycerol (Appendix 1.4). For protease inhibition, cOmplete™ Ultra 

EDTA-free protease inhibitor tablets (Roche) were dissolved in WEB to a final concentration of 1x (1 

tablet per 50mL). Additionally, phenylmethylsulfonyl fluoride (PMSF) was added to a final 

concentration of 100mM and re-added approximately every 7 minutes throughout the procedure to 

account for its limited half-life in aqueous solutions (hereafter WEB+PI). All protein purifications were 

carried out on ice. Glass beads (Sigma) were added to each sample to the level of the meniscus and cells 

were beaten in a vortex (VortexGenie 2) for 10 minutes total in 5 minute pulses with 5 minutes on ice 

in between. A red-hot 25 gauge needle was used to pierce the top and bottom of each sample tube and 

the supernatant and cellular debris were separated from the beads by centrifugation of the sample tube 

contents into a secondary collection tube (4°C, 1000rpm, 3 min). The whole cell lysate was transferred 

to a fresh microfuge tube on ice and clarified further by centrifugation for 10 minutes at 4°C, 14k rpm. 

The supernatant was removed to a fresh tube and stored at -80°C. Concentration of whole cell protein 

preparations was determined using QubitTM 2.0 Protein Assay fluorimetric quantification (Life 

Technologies). 

 

2.5.2 SDS-PAGE & gel staining applications: 

Novex® Bolt® PAGE apparatus, denaturing reagents and 1.0mm 4-12% Bis-Tris gels were used for 

Sodium dodecyl-sulphate poly-acrilamide gel electrophoresis (SDS-PAGE, Life Technologies). SDS-

PAGE was conducted in 1xMES running buffer (Life Technologies) at 165V for 40 minutes. Where 

required, gels were stained with Coomassie Brilliant Blue (BioRad). Alternatively, for increased 

sensitivity, silver staining of SDS-PAGE gels was performed using the SilverQuestTM silver staining kit 

(Invitrogen). SeeBlue® Plus 2 (Invitrogen), Novex® Sharp (Invitrogen) or Mark12TM (Invitrogen) 

unstained protein standard markers were used as recommended by the manufacturer. 
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2.5.3 Western blotting: 

SDS-PAGE separated proteins were transferred to PVDF membranes (Invitrogen) using Novex® Bolt® 

transfer apparatus as per the manufacturers’ instructions (Life Technologies). Alternatively, transfer was 

performed using the iBlot® system with nitrocellulose mini gel transfer stacks (Life technologies). 

Following transfer, membranes were washed in 1x Tris buffered saline (TBS) or phosphate buffered 

saline (PBS) containing 0.1% Tween20 (Sigma) (1x T/PBST) and blocked for 60 minutes in 1x T/PBST 

+ 5% (w/v) skim milk powder at room temperature. Next, four 5 minute washes in 1x T/PBST were 

conducted. Membranes were probed for one hour at room temperature with 10mL blocking solution plus 

antibody as described in the text. Antibodies used in this study are detailed in Table 2.3. Antibodies 

were used at the dilution recommended by the manufacturer. CSIRO derived αMouse-HRP and αFLAG 

M2 antibodies were used at 1:5000 and 1:2000 dilutions respectively. The membrane was washed again 

as previous and either probed again with an appropriate secondary horseradish peroxidase (HRP) 

conjugated antibody, or, in the case of primary HRP-conjugated antibodies, taken directly for 

visualisation. Secondary antibodies were probed to membranes for 1 hour at room temperature followed 

by 4 x 5 minute washes in P/TBST as previous. To visualise immunoblots, ClarityTM Western ECL 

substrate (BioRad) was applied to the membrane as recommended by the manufacturer and incubated 

at room temperature for 5 minutes. Finally, the membrane was drained, wrapped in plastic cling-film, 

and exposed to Carestream® Kodak® BioMax® light X-ray film (Sigma) in a darkroom for varying 

exposure lengths as required using Carestream® Kodak® Developing and Fixing solutions (Sigma). 

Blot films were digitised at high resolution using a flatbed scanner. 

 

2.5.4 Tandem Affinity Purification (TAP) and Mass Spectrometry: 

S. pombe strains Y50 (wild-type), D51/D52 (Scr1-TAP), D96 (Tup11-TAP), D202/205 (Scr1-TAP, 

Tup11-FLAG) and D206/207 (Tup11-TAP Scr1-FLAG) were purified using a modified version of the 

previously described TAP protocol (Gould et al. 2004). The full TAP protocol including composition of 

solutions is detailed in Appendix 1.4. Each strain was cultured in 3-4L YES medium to mid-logarithmic 

phase (OD595 ~ 0.5). Cells were harvested by centrifugation, washed once with chilled sterile water and 

once with WEB+PI, and snap frozen in a dry ice + ethanol bath before storage at -80°C. Cell pellets 

were transferred to stainless steel canisters and submerged in liquid nitrogen. After reaching temperature 

equilibrium, canisters were transferred to a RetschTM Mixer Mill MM200 where cells were cryogenically 

pulverised using 5 cycles at maximum speed for 2 minutes/cycle. A 5-minute incubation in liquid 

nitrogen was conducted between each cycle. Cell powder was transferred to 9mL WEB+PI and 

resuspended thoroughly. The whole cell protein extract was clarified by ultracentrifugation using a 

Beckman Coulter OptimaTM L-90K Ultracentrifuge (70.1 Ti rotor) prechilled to 4°C at 40k rpm for one 

hour.  
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Table 2.3 Antibodies used in this study. 

Name Cat # Manufacturer Host Application 

αMyc-Tag (9B11) 2276 Cell Signalling Mouse Western Blot primary against Myc-Tag 

αHA-Tag (12CA5) ab16918 Abcam Mouse Western Blot primary against HA-Tag 

αTAP-Tag  CAB1001 ThermoFisher Rabbit Western Blot primary against TAP-tag 

αRNA PolIISer5 

(3E8) 
04-1572 Merck Rabbit RNA PolIISer5 Phospho-CTD ChIP antibody  

αGal4-AD ab135398 Abcam Mouse 
Western Blot primary against S. cerevisiae 
Gal4 Activation domain 

αProtein-A  
(SPA-27) 

P2921 Sigma Mouse ChIP antibody against Protein A (TAP-tag) 

αPAP-HRP P1291 Sigma Rabbit 
Western Blot antibody against Protein A 
(TAP-tag) – HRP conjugated 

αRabbit-HRP ab97051 Abcam Goat 
Goat derived Western Blot secondary 
antibody against Rabbit – HRP conjugated 

αMouse-HRP N/A CSIRO Goat 
Goat derived Western Blot secondary 
antibody against Mouse – HRP conjugated. 
Produced at CSIRO Parkville. 

αFLAG M2 N/A CSIRO Mouse 
Mouse derived Western Blot primary 
antibody against FLAG-tag. Produced at 
CSIRO Parkville. 

 

 

  



Materials and Methods 

54 

IgG SepharoseTM 6 Fast Flow affinity resin (GE Healthcare) was packed into Poly-Prep® 

Chromotography columns (Biorad) for the primary affinity column. 3μL of 1M CaCl2 was added for 

each 1mL eluted from the primary column to adjust for the calcium lost during the first round of 

purification. Calmodulin SepharoseTM 4B affinity resin (GE Healthcare) was packed into fresh columns 

for the secondary affinity purification. TAP purified proteins were eluted with 2-6mL calmodulin elution 

buffer (CEB) containing 2mM EGTA and incubated for 30 minutes on a nutator before being collected 

and concentrated to ~250μl in an Amicon® Ultra-15 Centrifugal filter unit (EMD Millipore) in an 

eppendorf benchtop centrifuge at 4°C, 4k rpm. Where required, salt concentration of WEB buffer was 

adjusted from 350mM to 150mM for lower stringency screening. TAP purified protein samples were 

precipitated with trichloro-acetic acid (TCA) after Link & LaBaer (2011), and submitted to the 

Australian Proteomics Analysis Facility (APAF), NSW, Australia, for 1 dimensional Liquid 

Chromatography and Mass Spectrometry (1D LC-MS) on a Triple TOF 5600 Mass spectrometer (AB 

Sciex) using a Eksigent Ultra nanoLC system (Eksigent) and a Halo C18, 160Å, 2.7μm, 150 μm x 10 

cm analytical column. Peptides were scanned against all S. pombe entries within the SwissProt protein 

database using Mascot software (Matrix Science Ltd) with a significance threshold of P < 0.01 and a 

cut-off score of 27.  

 

2.5.5 Chromatin Immuno-precipitation (ChIP): 

The full CHIP protocol including composition of solutions is detailed in Appendix 1.5. Cells were 

cultured to mid-logarithmic phase (OD595 ~ 0.7) in YES medium at 32°C and crosslinked using 1% (v/v) 

formaldehyde for 30 minutes at room temperature on a rotating platform. 2.5mL 2.5M glycine was added 

to quench the crosslinking reaction. After 10 minutes of quenching, cells were collected by 

centrifugation, washed twice with ice cold 1x PBS, snap frozen in a dry ice/ethanol bath and stored at   

-80°C. Cells were resuspended in 400μl ChIP lysis buffer (LB140) and lysed in a FastPrep®-24 bead 

beater (MP-Bio) using 0.5mm zirconia/silica beads (Daintree Scientific). 5 full speed pulses of 1 minute 

ON and 4 minutes OFF (cells placed on ice during the OFF phase) were conducted and >95% cell lysis 

was confirmed under a light microscope. The insoluble chromatin fraction was isolated and sheared to 

200-500bp using a Bioruptor® Plus sonicator (Diagenode). Optimal sonication parameters were defined 

as 5 x 9 minute cycles of 30 seconds ON and 60 seconds OFF (7.5min total sonication time). Ice water 

was replenished after each cycle to prevent heat build-up within samples. For RNA PolIISer5 ChIPs, 5μl 

of Mouse anti-RNA polymerase II subunit B1 (phospho-CTD Ser5) clone 3E8 antibody (Table 2.3) was 

coupled to 100μl Goat anti-mouse IgG Dynabeads® (Life Technologies). For Protein A ChIPs, 4μl of 

mouse anti-protein A antibody (Sigma P2921) was coupled to 100μl Pan Mouse IgG Dynabeads® (Life 

Technologies). Antibody to bead couplings were conducted at 4°C overnight on a non-magnetic rotator. 

0.5mg total protein, as determined by QubitTM Protein Assay fluorimetric quantification (Life 

Technologies), and 100μl antibody coupled Dynabeads were added to each immuno-precipitation (IP). 
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IPs were carried out overnight at 4°C on a non-magnetic rotator. The following day, IPs were washed 

twice with LB140, WB140, WB500 and TE buffers. Magnetic beads were resuspended during each 

wash. For each buffer, the second wash was incubated at room temperature for 5 minutes on a slowly 

rocking platform. IPs were eluted into 200μl Qiagen elution buffer (10mM Tris-HCl pH 8.0) and 

quantified using the DNA high sensitivity assay on a QubitTM 2.0 flourometer (Life Technologies).  

 

2.6 Computational methods & bioinformatic analyses: 

A complete list of RNA-seq and ChIP-seq samples used in this study can be found in Appendices 1.6 

and 1.7 respectively. Quality control of RNA-seq and ChIP-seq sequencing data can be found in 

Appendices 1.8-1.11. Custom scripts for analysis of data from various experiments have been included 

in Appendix 2.  

 

2.6.1 General methods and tools: 

Statistical analysis was performed using the R computing environment v3.3.1-v3.3.3. Microsoft® Office 

Excel 2013 was used for data visualisation. Biomatters Ltd. Geneious software v9-10 (Kearse et al. 

2012) was used for routine sequence analysis including oligonucleotide design, DNA and amino acid 

sequence analysis, multiple sequence alignment, motif analysis and phylogenetic tree building, Sanger 

sequencing assembly and restriction digest design. ClustalX v2.0.1.1 and MEGA v6.06 programs were 

also used for multiple sequence alignments and phylogenetic tree building (Larkin et al. 2007). The 

Python programming language v2.7 and v3.6 was used for general data analysis including generation of 

custom coverage graphs. 

 

2.6.2 RNA sequencing and analysis: 

RNA-seq libraries used in this study were constructed and sequenced in three batches at the Australian 

Genome Research Facility (AGRF), Melbourne, Victoria, Australia. Total RNA was depleted for 

ribosomal RNAs (rRNA) as per the Illumina TruSeq library generation protocol and sequenced using 

an Illumina HiSeq 2500 platform. The first batch of libraries were constructed using the Illumina TruSeq 

unstranded protocol whereas samples from batches two and three were constructed using the Illumina 

TruSeq stranded protocol. A 100bp single-end sequencing strategy was applied for all RNA-seq 

samples. Standard sample de-multiplexing, adapter trimming and quality filtering steps were performed 

as part of the AGRF sequencing service. Resulting datasets were obtained from AGRF in fastq format. 

All RNA-seq samples used in this study are summarised in Appendix 1.6. 
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2.6.2.1 RNA-seq data pre-processing & alignment: 

The following pre-processing, alignment and QC measures were applied to all RNA-seq samples 

discussed in this thesis. FastQC v0.11.5 was used to independently determine the quality of sequencing 

data obtained from AGRF (Babraham Bioinformatics 2010). If required, Trim_Galore! v0.4.3, a 

wrapper script for the Illumina sequence data cleaning tool Cutadapt v1.12, was used to clean remaining 

Illumina adapter sequences from read data and to remove bases with a Phred quality score < 20 (Martin 

2011, Krueger 2016). The gap-aware read aligner Tophat2 v2.1.1 (Kim et al. 2013) was then used to 

align reads of acceptable quality to the S. pombe reference genome (ASM294 v2.25) using the following 

parameters: --max-intron-size 5000 --library-type fr-firststrand (for stranded 

samples) or --library-type fr-unstranded (for unstranded samples). Wilmar-A and Wilmar-

P RNA-seq datasets were also aligned to their respective de novo assembled genomes (Section 2.6.4) 

and analysed separately. Aligned datasets were sorted and indexed using Samtools v0.1.19 (Li et al. 

2009).  

 

2.6.2.2 RNA-seq data QC 

Default data QC procedures following alignment were as follows. Reproducibility between sequenced 

biological replicates was determined via Pearson correlation of Tophat2 BAM files using Deeptools2 

v2.5.3 (Ramírez et al. 2016). Principal components analysis (PCA) of RNA-seq samples was performed 

with the DESeq2 v1.16.1 plotPCA function (Love et al. 2014). Batch effects in the data were estimated 

based on PCA and Pearson correlation clustering results. Correction of batch effects was performed 

using the removeBatchEffect function from the limma v3.30.6 R package (Ritchie et al. 2015). A 

customised plotPCA function was generated and used to visualise batch effect corrected samples 

(Appendix 2.1).  

 

2.6.2.3 Wild type S. pombe & scr1- mutant specific RNA-seq data QC: 

A strong Pearson correlation between replicates of the same condition and strain was confirmed for all 

sequenced samples (Appendix 1.8). Principal components analysis (PCA) was used to examine batch 

effects in the data (Appendix 1.8). Library strandedness was included as a factor in the generalised linear 

model (GLM) within the DESeq2 software for all differential gene expression analysis (Section 2.6.2.5). 

This adjustment reduced batch effects due to library type and largely corrected grouping of samples by 

condition and strain (Appendix 1.8). Samples of acceptable quality were taken for further analysis. 
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2.6.2.4 Wilmar-A and Wilmar-P specific RNA-seq data QC: 

A strong Pearson correlation between replicates of the same condition and strain was confirmed for 

almost all Wilmar-A and Wilmar-P samples (Appendix 1.9). Three outlying samples were identified: 

WT Glycerol-glucose R1, Wilmar-A Sucrose R2, and Wilmar-P Molasses R2, which clustered more 

strongly with samples from other conditions suggesting increased variability within these datasets. 

Principal components analysis (PCA) was used to examine batch effects as in Section 2.6.2.3 (Appendix 

1.9). Library strandedness was included as a factor in the generalised linear model (GLM) within the 

DESeq2 software for all differential gene expression analysis (Section 2.6.2.5). This adjustment reduced 

batch effects due to library type and largely corrected grouping of samples by condition and strain 

(Appendix 1.8). Further inspection of batch effect corrected samples indicated that the Wilmar-A 

sucrose R2 clustered more closely to samples derived from glucose-deficient conditions (Appendix 1.8). 

Given the variability in Wilmar-A sucrose RNA-seq datasets, these samples were removed from all 

further analysis. All other samples were suitable for further analysis. 

 

2.6.2.5 Differential gene expression testing: 

The featureCounts v1.5.2 package (Liao et al. 2014) was used to determine total numbers of reads 

mapping to genomic features using the following parameters: -O -M -T 4. For stranded libraries, the 

-s 2 parameter was set to indicate the libraries were fr-stranded. Summarised read count datasets were 

used as input for differential gene expression analysis using DESeq2 (Love et al. 2014) within the R 

computing environment. Cutoffs were applied to the resulting differentially expressed gene lists to select 

only high confidence DEGs. In short, genes with a Log2 Fold Change (Log2FC) greater than 1 or less 

than -1 (corresponding to a 2-fold upregulation or a 0.5-fold downregulation) and a False Discovery 

Rate (FDR) adjusted p-value (Padj) less than 0.05 were considered differentially expressed and taken for 

further analysis. 

 

2.6.3 ChIP sequencing and analysis: 

ChIP-seq libraries used in this study were sequenced in two batches on an Illumina HiSeq 2500 at the 

University of Macau, Macau, China. Two independent biological replicates were sequenced per ChIP 

condition as well as a single input control replicate per genetic background for each carbon condition 

analysed. A 65bp single-end sequencing strategy was used for the first batch of libraries whereas a 100bp 

paired-end strategy was used for samples from batch two. Sample demultiplexing was performed by Mr. 

Lakhansing Pardeshi using standard Illumina scripts (bcl2fastq). All resulting ChIP-seq datasets were 

obtained in fastq format. All ChIP-seq samples used in this study are summarised in Appendix 1.7. 
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2.6.3.1 ChIP-seq data pre-processing, alignment and data QC: 

FastQC was used to determine the quality of read data (Babraham Bioinformatics 2010). Trim_Galore! 

(https://github.com/FelixKrueger/TrimGalore), a wrapper around the read trimming tool Cutadapt was 

used to trim adapter sequences from reads and to filter bases of Phred quality score < 20 (Martin 2011). 

High quality ChIP-seq reads were then mapped to the S. pombe reference genome (ASM924 v2.25) 

using Bowtie2 v2.3.1 (Langmead 2010) with the following parameters:  --very-sensitive-

local --minins 0 --maxins 600 -t --threads 8. Aligned datasets were sorted and 

indexed using samtools v0.1.19 (Li et al. 2009). Reproducibility between ChIP-seq replicates was 

assessed using Pearson correlation, PCA and fingerprint analysis using Deeptools2 (Ramírez et al. 

2016). 

 

2.6.3.2 Wild type S. pombe ChIP-seq data QC: 

A strong Pearson correlation between RNA Pol IISer5, Scr1, Tup11 and Rst2 ChIP-seq replicates was 

confirmed using Deeptools2 (Appendix 1.10). PCA analysis reiterated Pearson correlation results. 

Fingerprint analyses showed clear enrichment across the genome except for Scr1 Glycerol ChIP-seq 

samples. All samples were deemed suitable for further analysis. 

 

2.6.3.3 Wilmar-P ChIP-seq data QC: 

A strong Pearson correlation between Wilmar-P ChIP-seq samples was confirmed using Deeptools2 

(Appendix 1.11). The correlation between samples was confirmed by PCA analysis. Fingerprint analysis 

showed clear enrichment of Wilmar-P Scr1 and Wilmar-P RNA PolIISer5 in all conditions examined 

except for Wilmar-P Scr1 Glycerol ChIP-seq samples. All samples were deemed to be of suitable quality 

for further analysis.  

 

2.6.3.4 ChIP-seq peak calling, filtering and annotation: 

ChIP-seq peak calling was performed using MACS2 v2.1.1 (Feng et al. 2012) with the following 

parameters: -bw 300 --gsize 12.5E6 -B -q 0.01 -m 4 50 -extsize 150 —fix-

bimodal. MACS2 peak calls were performed independently for each replicate against an input ChIP 

control derived from the same genetic background and carbon source. The Irreproducible Discovery 

Rate (IDR) statistic v2.0.2 (https://github.com/nboley/idr) (Landt et al. 2012) was calculated for pairs 

of ChIP-seq replicates and used to filter MACS2 peak calls for reproducible and high quality peaks. 

High confidence peak calls that passed the IDR threshold were annotated to genome features and 

analysed using the ChIPseeker v1.10.2 and ChIPpeakAnno v3.8.2 R packages (Zhu et al. 2010, Yu et 

https://github.com/FelixKrueger/TrimGalore
https://github.com/nboley/idr
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al. 2015). Annotated peaks for each condition were then manually curated. Only significant IDR peaks 

with a score > 540 and a fold enrichment over background > 5 were considered for annotation. By 

default, peaks were annotated to the nearest downstream protein-coding gene. In cases where a peak lay 

between two divergent gene promoters, both genes were annotated to the peak. Peaks annotated to a 

ncRNA feature but with another downstream protein-coding gene nearby were annotated to the ncRNA 

and to the downstream gene. Peaks where the nearest gene feature was over 2kb away were annotated 

to the closest genomic feature (usually a ncRNA).  

 

2.6.3.5 Peak motif analysis: 

To identify enriched DNA sequence motifs, DNA sequences 50bp and 200bp either side of the summit 

of significant ChIP-seq peaks were extracted from the S. pombe genome (ASM294 v2.25) using a 

custom shell script based on BEDtools v2.26.0 (Appendix 2.2, Quinlan and Hall 2010). Only significant 

peaks were used to reduce the likelihood of false positives in the dataset. Sequences surrounding each 

peak summit were used as input for the MEME-ChIP (Machanick and Bailey 2011, Ma et al. 2014) and 

RSAT peak-motifs webservers (Medina-Rivera et al. 2015). Software was calibrated to find motifs with 

length = 6-8bp and any number of occurrences within individual peaks. Discovered motifs were 

compared against known motifs in the JASPAR Fungi, Yeastract, and cisBP S.icerevisiae databases. 

Geneious v10 was used to identify specific motifs within peak sequences (Kearse et al. 2012).  

 

2.6.4 Whole genome sequencing (WGS) and analysis:  

2.6.4.1 Wilmar strain genome resequencing: 

Library construction and sequencing of genomic DNA extracted from Wilmar-A and Wilmar-P was 

performed by Macrogen® (South Korea) on an Illumina HiSeq 2000 platform using a 100bp paired-end 

sequencing strategy with an average insert size of 250bp. Sequence datasets were obtained in fastq 

format. Demultiplexing, adapter trimming and quality filtering was performed by Macrogen. Quality 

assessment of the raw sequence data returned by Macrogen was carried out using FastQC (Andrews and 

Rothnagel 2014). Acceptable sequence reads were then mapped to the S. pombe reference genome 

(ASM294 v2.20, PomBase, Wood et al. 2012) using the Bowtie2 short read aligner (Langmead 2010) 

with the following settings: --sensitive --minins 0 --maxins 700. Aligned datasets were 

sorted and indexed using samtools v0.1.19 (Li et al. 2009). Qualimap was used to determine mapping 

quality and statistics of the resulting binary alignment map (BAM) files (Garcia-Alcalde et al. 2012). 

Reference genome coverage graphs were constructed by averaging the read coverage within a sliding 

window (10kb window, 1kb step) across each chromosome using a customised Python script (Appendix 

2.3). 
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2.6.4.2 Variant analysis: 

Genomic variants (SNPs, INDELs and MNVs) were called from the mapped reads using freebayes 

v1.1.0 (Garrison and Marth 2012) with the expected ploidy set to 1 (haploid). Variants were annotated 

using snpEff v4.3b (Cingolani et al. 2012b). Quality > 30 and depth of sequencing > 10 filters were 

applied using snpSift v4.3b (Cingolani et al. 2012a). Variant data in variant call format (VCF) from 

previously sequenced S. pombe isolates in Jeffares et al. (2015) were downloaded from the European 

Nucleotide Archive (ENA, accession code: PRJEB2733 and PRJEB6284) and merged with Wilmar-A 

and Wilmar-P variant data using VCF-tools v0.1.15 (Danecek et al. 2011). The SNPrelate v1.10.2 

(Zheng et al. 2012b) and SNPhylo v20160204 (Lee et al. 2014) packages was used to analyse relatedness 

of the Wilmar isolates vs. the strains in the Jeffares et al. (2015) study and generate a phylogeny based 

on hierarchical clustering of SNP variation among the strains. Default settings for SNPRelate were used 

except for a linkage disequilibrium cutoff score of 0.1.  

 

2.6.4.3 De novo genome assembly: 

de novo assembly of the Wilmar-A and Wilmar-P raw sequencing reads was performed using Velvet 

v1.2.07 (Zerbino and Birney 2008). Velvet-optimiser v2.2.5, a wrapper script around the Velvet program 

(http://bioinformatics.net.au/software.velvetoptimiser.shtml) was used to determine the optimal k-mer 

parameters for each assembly using “highest N50” as the criterion for k-mer size selection. Following 

assembly, the PAGIT v1.64 (Post Assembly Genome Improvement Toolkit) suite was used to improve 

the assembly. This involved the sequential usage of ABACAS, IMAGE, iCORN and RATT programs 

(Assefa et al. 2009, Otto et al. 2010, Tsai et al. 2010, Otto et al. 2011) as per the protocol detailed in 

Swain et al. (2012). de novo assemblies were aligned using nucmer (Kurtz et al. 2004). Open reading 

frames were determined using Biomatters Ltd. Geneious software v10 and BLAST (National Center for 

Biotechnology Information (NCBI) 2012) was used to identify the nature of these coding regions.  

 

2.6.5 Gene ontology enrichment and gene-list overlap analysis: 

Overlap between gene lists was determined using the Venny v2.1.0 webserver (Oliveros 2007-2015). 

The hypergeometric probability distribution was used to determine significance of overlapping gene 

lists via the phyper function in R v3.3.3. Gene ontology enrichment was determined using LAGO 

(Logically Accelerated GO term finder) using an adjusted p-value threshold of 0.05 (Boyle et al. 2004) 

(http://go.princeton.edu/cgi-bin/LAGO) and gene sets were categorised into S. pombe biological process 

GO Slims using the Generic Gene Ontology Term Mapper (http://go.princeton.edu/cgi-

bin/GOTermMapper). Large GO term lists were summarised with REViGO using default settings for 

S.ipombe (Supek et al. 2011).  

http://bioinformatics.net.au/software.velvetoptimiser.shtml
http://go.princeton.edu/cgi-bin/LAGO
http://go.princeton.edu/cgi-bin/GOTermMapper
http://go.princeton.edu/cgi-bin/GOTermMapper
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3 Scr1 plays diverse roles in gene regulation in response to 

glucose.  

 

3.1 Introduction: 

S. pombe, like S. cerevisiae and most yeasts and filamentous fungi, preferentially utilises glucose as a 

source of carbon and represses genes required for non-preferred carbon source utilisation through the 

process of CCR (Section 1.3). In S. pombe this process is mediated by the activity of Scr1, a C2H2 zinc 

finger transcription factor orthologous to S. cerevisiae Mig1 and A. nidulans CreA (Tanaka et al. 1998). 

Studies in all three organisms have shown that the function of these negatively-acting transcription 

factors is tightly regulated by the local glucose concentration. In S. pombe, as for S. cerevisiae Mig1 

and A. nidulans CreA, a shift from glucose-deficient to glucose-sufficient conditions triggers the rapid 

nuclear import of Scr1 (Hirota et al. 2006). Inside the nucleus, Scr1 presumably binds the promoter 

regions of multiple genes required for non-preferred carbon source utilisation and enforces their 

transcriptional repression. Although microarrays have shown that numerous genes are regulated by 

Mig1 (Hu et al. 2007, Westholm et al. 2008) and CreA (Mogensen et al. 2006), only a handful of such 

genes have been confirmed for Scr1. These include invertase (inv1+), glycerol de-hydrogenase (gld1+) 

and fructose bis-phosphatase (fbp1+) (Tanaka et al. 1998, Janoo et al. 2001, Matsuzawa et al. 2010). 

More recently, Scr1 was also implicated in the regulation of the ght5+ hexose transporter encoding gene 

in response to glucose availability (Saitoh et al. 2015). Loss of scr1+ function results in the loss of 

repression and the inappropriate expression of these genes in the presence of glucose, indicating that 

Scr1 is chiefly responsible for their regulation.  

 

In the absence of glucose, Scr1 is exported out of the nucleus (Hirota et al. 2006, Matsuzawa et al. 

2012a, Saitoh et al. 2015). Although it remains unclear exactly how Scr1 is transported between the 

nucleus and cytoplasm, the regulation of this process in a glucose dependent manner appears dependent 

on a homolog of the Snf1 AMP-activated kinase (AMPK) Ssp2, the Ca2+/calmodulin dependent kinase 

kinase (CaMKK) Ssp1, and the phosphatase inhibitor Sds23, as loss of any one of these components 

causes Scr1 to remain localised to the nucleus in the absence of glucose (Matsuzawa et al. 2012a, Saitoh 

et al. 2015). This results in inappropriate repression of Scr1 target genes in glucose-deficient conditions, 

presumably because Scr1-mediated CCR cannot be alleviated as Scr1 remains bound to the gene 

promoter. 
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As mentioned above, microarray studies have revealed that large numbers of genes are targeted by both 

Mig1 (Hu et al. 2007, Westholm et al. 2008) and CreA (Mogensen et al. 2006) suggesting that the 

eukaryotic CCR response controls a wide range of cellular processes. Two more recent studies in the 

cellulolytic fungus, Trichoderma reesei, used RNA-sequencing (RNA-seq) techniques to identify genes 

that are differentially expressed in a Δcre1 mutant relative to wild type T. reesei in response to glucose, 

cellulose or sophorose carbon sources (Antoniêto et al. 2014, Antonieto et al. 2016). These studies 

revealed hundreds of genes that appear to be CRE1 regulated in T. reesei. Previous studies established 

similar GC-rich consensus DNA binding motifs for Mig1 (5’ – SYGGGG – 3’) and CreA (5’ – 

SYGGRG – 3’) using in vitro gel mobility-shift assays, suggesting that CCR effectors in multiple 

species bind similar DNA motifs (Cubero and Scazzocchio 1994, Lundin et al. 1994). Indeed, the 

promoters of multiple CRE1 regulated T. reesei genes also contain consensus CreA (5’ – SYGGRG – 

3’) sites. 

 

In S. pombe, outside of those genes that have been studied directly, it remains unclear what genes are 

under Scr1 control or whether Scr1 plays additional regulatory roles in the absence of glucose. 

Considering the range of genes regulated by its orthologs Mig1, CreA and CRE1, one would expect 

that Scr1 plays a role in the regulation of many additional genes in S. pombe. Importantly, these 

aforementioned studies have relied on the identification of consensus Mig1/CreA/CRE1 DNA binding 

motifs to assign whether genes are directly or indirectly regulated by their respective transcription 

factors and so, little information is available regarding the genomic localisation of the CCR effector in 

these species during growth on a repressing carbon source. Work presented in this chapter sought to 

define genes that are regulated by glucose in S. pombe and, within this context, improve upon current 

knowledge of fission yeast CCR by examining the genome-wide regulatory roles of Scr1 in response to 

glucose-sufficient and glucose-deficient conditions using combined RNA-seq and ChIP-seq 

approaches.  
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3.2 Results: 

3.2.1 Identification of glucose responsive S. pombe genes by RNA-seq: 

An RNA-seq approach was employed to identify genes whose expression was altered in glucose-

sufficient vs. glucose-deficient carbon conditions. Wild type S. pombe was cultured in YES 3% (w/v) 

glucose media for four hours before being washed thoroughly in distilled water and split across four 

different carbon conditions: YES 3% (w/v) glucose, YES 3% (w/v) sucrose, YES 3% (v/v) glycerol + 

0.1% (w/v) glucose or YES 3% (v/v) glycerol and incubated for a further four hours (Figure 3.1). These 

conditions are hereafter referred to as glucose, sucrose, glucose-deficient and glucose-starved 

respectively. The four-hour timepoint was chosen as an estimate of the point at which the transcriptomic 

response to the carbon shift had reached equilibrium. This time point has been used previously for 

similar studies (Saitoh et al. 2015). RNA was harvested from two biological replicates per condition 

and submitted to the Australian Genome Research Facility for sequencing on an Illumina HiSeq 2500 

platform. This yielded an average of 14.9 million 100bp single-end reads per RNA-seq sample (Table 

3.1).  

 

RNA-seq sequence data was cleaned of sequencing adapters, quality filtered and mapped to the 

S.ipombe reference genome in three independent batches as described earlier (Section 2.6.2, Appendix 

1.6). Pearson correlation showed strong reproducibility between sequenced biological replicates 

(Appendix 1.8). A batch effect was detected following read count summarisation in samples from batch 

A due to the unstranded nature of the sequencing libraries (Appendix 1.8). The limma and DESeq2 

packages (Love et al. 2014, Ritchie et al. 2015) were used to determine the extent of this batch effect 

and to adjust for the strandedness of the sequencing libraries (Appendix 1.8). Subsequent differential 

gene expression testing was performed for all pairwise combinations of carbon conditions with the 

library type incorporated as a factor in the generalised linear model (GLM) to adjust for biases present 

in the read count summarisation due to library strandedness (see section 2.6.2.3). Results of this analysis 

are summarised in Table 3.2. Only genes with a Log2 Fold Change (Log2FC) greater than 1 or less than 

-1 (corresponding to a 2-fold up- or a 0.5 fold down-regulation respectively) and a False Discovery Rate 

(FDR) adjusted p-value (Padj) less than 0.05 were considered as differentially expressed genes (DEG) 

and taken for further analysis. 

 

Overall, 2374 genes were differentially expressed in at least one pairwise comparison between any 

combination of conditions in wild type S. pombe, equating to approximately 46% of genes in the 

genome that can respond to the carbon condition (Figure 3.2). Full lists of these genes can be found in 

Appendix 3.1. A large proportion of the total number of DEGs (1749, 73.6%) were differentially 

expressed only in the glucose-starved vs. the glucose condition, suggesting that glycerol as the sole 

carbon source elicits an extreme carbon starvation response in S. pombe, leading to a massive shift in 
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transcriptional activity. To tease apart specific responses of S. pombe to the different carbon conditions 

tested, DEGs identified from pairwise comparisons of each carbon condition were examined in greater 

detail. 

 

3.2.1.1 Growth in glucose or sucrose elicit similar transcriptomic responses: 

Comparison of the wild type grown on sucrose to the glucose condition identified just two differentially 

expressed genes, ght3+ and ght5+ (both upregulated), suggesting that these conditions elicit very similar 

transcriptional responses in wild type S. pombe. Interestingly, inv1+, the invertase responsible for 

sucrose metabolism in S. pombe (Tanaka et al. 1998) was not significantly upregulated in sucrose 

suggesting that the regulation of this gene may be more tightly controlled than ght5+ or ght3+. 

Considering the similarity between the glucose and sucrose conditions, further comparisons were 

conducted using the glucose condition as a baseline.  

 

3.2.1.2 Large-scale reprogramming of the S. pombe transcriptome in response to glucose-limitation 

is exacerbated upon glucose-starvation:  

In total, 368 genes (257 up and 111 down) were identified in the glucose-deficient condition relative to 

glucose (Figure 3.3A). In contrast, 1934 genes (1000 up and 934 down) were differentially expressed 

in the glucose-starved condition relative to glucose (Figure 3.3B). Finally, 1607 genes (1000 up and 

934 down) were differentially expressed in the glucose-starved condition relative to the glucose-

deficient condition confirming that most of the genes found to be differentially expressed in the glucose-

starved condition are due to starvation stress responses and probably not due to actual glucose limitation 

(Table 3.2). Many ncRNAs were also significantly differentially expressed in each pairwise comparison 

between conditions. These ncRNAs were not examined in detail but can be found in Appendix 3.2.  

 

Comparison of the list of DEGs in glucose-deficient and glucose-starved conditions revealed that the 

gene sets overlap strongly despite there being many more genes identified in the glucose-starved 

condition (Figure 3.4A). Further gene ontology (GO) analysis revealed both overlapping and distinct 

sets of significantly enriched GO terms for each carbon condition (Figure 3.4B). Genes involved in 

carbohydrate metabolic processes were significantly upregulated in both conditions suggesting that 

glucose deficiency/starvation causes increased expression of genes that function in carbon acquisition 

and metabolism. Furthermore, nucleolus, ribosome biogenesis and nuclear lumen ontologies were 

downregulated in both conditions reflecting a reduced cell cycle rate typical of growth in glycerol 

containing media.  
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Figure 3.1 Design of RNA-seq shift growth experiments. Two independent wild type (Y50, 

Y39), scr1::ura4+ (D59, D60) and scr1Δ (D163, D165) strains were inoculated into 50mL YES 3% 

glucose medium to an initial optical density (OD595) ≈ 0.08. Cells were cultured at 32°C for 4 

hours with shaking at 190rpm. At the 4-hour mark, each strain was harvested by centrifugation, 

washed twice with sterile water and resuspended in YES medium without a carbon source. 

Cultures were split evenly into 50mL of YES 3% glucose, YES 3% sucrose, YES 3% glycerol + 

0.1% glucose and YES 3% glycerol medium. Cultures were incubated for a further four hours 

as previous after which the RNA harvesting procedure was conducted (Section 2.4.1). These 

RNA samples were used as input for library preparation and sequencing. 
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Table 3.1 Summary of RNA-seq experiments. 

Sample Replicate Strain Condition 
Library 
Type 

Batch 
# Reads  

(millions) 
Q30 
(%) 

Average 
Read 

Length 

Total 
mapped 

(%) 

Mapped 
uniquely 

(%) 

Multi-
mapping 

(%) 

Unmapped 
(%) 

R72 R1 Wild type Glucose unstranded A 14.8 96.1 97.8 98.3 95.1 3.2 1.7 

R73 R1 Wild type Sucrose unstranded A 14.9 97.4 97.7 98.3 95.2 3.1 1.7 

R74 R1 Wild type Glucose-deficient unstranded A 15.3 97.6 97.8 98.4 95.0 3.4 1.6 

R81 R1 scr1::ura4+ Glucose unstranded A 14.3 96.0 97.8 98.3 95.0 3.3 1.7 

R82 R1 scr1::ura4+ Sucrose unstranded A 15.5 96.1 97.8 98.4 95.1 3.3 1.6 

R83 R1 scr1::ura4+ Glucose-deficient unstranded A 17.9 97.6 97.8 98.4 95.3 3.1 1.6 

R86 R2 Wild type Glucose fr-stranded B 14.8 98.4 98.1 98.2 95.5 2.7 1.8 

R87 R2 Wild type Sucrose fr-stranded B 14.5 98.3 97.9 97.8 94.8 3.0 2.2 

R88 R1 Wild type Glucose-starved fr-stranded B 15.1 97.6 98.3 98.3 95.8 2.5 1.7 

R95 R2 scr1::ura4+ Glucose fr-stranded B 15.0 97.5 98.2 98.1 94.9 3.2 1.9 

R96 R2 scr1::ura4+ Sucrose fr-stranded B 14.8 97.7 98.0 98.3 95.0 3.3 1.7 

R97 R1 scr1::ura4+ Glucose-starved fr-stranded B 15.1 96.4 98.2 98 94.9 3.1 2.0 

R110 R2 Wild type Glucose-starved fr-stranded C 14.0 99.8 98.7 98.4 95.7 2.7 1.6 

R119 R2 scr1::ura4+ Glucose-starved fr-stranded C 14.5 99.9 98.7 98.5 95.8 2.7 1.5 

R120 R1 scr1Δ Glucose fr-stranded C 14.4 99.9 98.7 98.6 95.5 3.1 1.4 

R121 R1 scr1Δ Sucrose fr-stranded C 14.5 99.8 98.7 98.6 95.1 3.5 1.4 

R122 R1 scr1Δ Glucose-starved fr-stranded C 15.3 99.8 98.7 98.5 95.5 3.0 1.5 

R126 R2 Wild type Glucose-deficient fr-stranded C 15.4 99.8 98.7 98.4 95.2 3.2 1.6 

R129 R2 scr1Δ Glucose fr-stranded C 14.0 99.9 98.7 98.6 95.5 3.1 1.4 

R130 R2 scr1Δ Sucrose fr-stranded C 15.5 99.8 98.7 98.5 95.2 3.3 1.5 

R132 R2 scr1::ura4+ Glucose-deficient fr-stranded C 14.9 99.9 98.7 98.4 95.0 3.4 1.6 

R133 R1 scr1Δ Glucose-deficient fr-stranded C 14.4 99.8 98.8 98.5 95.1 3.4 1.5 

R134 R2 scr1Δ Glucose-deficient fr-stranded C 15.3 99.8 98.7 98.6 95.2 3.4 1.4 

R135 R2 scr1Δ Glucose-starved fr-stranded C 14.0 99.8 98.7 98.4 95.0 3.4 1.6 

    Average 14.9 98.5 98.3 98.4 95.2 3.1 1.6 
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Table 3.2 Summary of wild type S. pombe RNA-seq DGE analysis. 

Condition 1 Sucrose 
Glucose-
deficient 

Glucose-
starved 

Glucose-
deficient 

Glucose-
starved 

Glucose-
starved 

Condition 2 Glucose Glucose Glucose Sucrose Sucrose 
Glucose-
deficient 

DEGs & ncRNAs 2 578 2615 551 2625 2307 

Total DEGs 2 368 1934 313 1952 1607 

# Upregulated1 2 257 1000 226 1008 783 

# Downregulated2 0 111 934 87 944 824 

Total DE ncRNAs  0 210 681 238 673 700 

# Upregulated1 0 49 467 29 449 596 

# Downregulated2 0 161 214 209 224 104 

1 Upregulated in Condition 1 relative to Condition 2 

2 Downregulated in Condition 1 relative to Condition 2 
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Figure 3.2 Glucose influences the expression of many genes in S. pombe. Heatmap of 

RNA-seq gene expression data for the 2374 protein-coding genes that were significantly 

differentially expressed in at least one pairwise comparison between any pair of carbon 

conditions in wild type S. pombe. Gene expression is represented as Log2(FPKM) and row-

normalised into Z-scores. Conditions are colour coded per the key. Dendrograms indicate 

hierarchical clustering of genes generated using Pearson correlation. 
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Figure 3.3 S. pombe exhibits distinct transcriptional responses to glucose deficiency or 

glucose starvation. Volcano plots of Log2FC (x-axis) vs -log10 adjusted p-value (y-axis) is 

shown for each S. pombe protein-coding gene for the A) glucose-deficient vs. glucose 

conditions, and B) glucose-starved vs. glucose conditions. Black points indicate genes that 

failed to meet the significance cut-offs imposed by the RNA-seq analysis (“Not Significant”). 

Blue (“Downregulated”) and Red (“Upregulated”) points indicate genes that met both Log2FC 

(-1 > Log2FC >1) and adjusted p-value (Padj < 0.05) thresholds. Parentheses indicate number 

of genes in each category. Genes of interest are labelled. 
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Figure 3.4 Distinct and overlapping gene ontologies are enriched in glucose-deficient vs. 

glucose-starved conditions. A) Venn diagrams indicate overlap between the significantly 

upregulated (left) and downregulated (right) genes discovered from glucose-deficient vs. 

glucose (yellow) and glucose-starved vs. glucose (blue) comparisons. Areas are proportional 

to total number of DEGs indicated in brackets below each subset label. P-values were 

calculated using the hypergeometric probability distribution. B) Gene ontology enrichment 

profiles for differentially expressed genes from each comparison between conditions as in A) 

showing shared and unique GO term enrichment. GO terms enriched in upregulated (red) and 

downregulated (blue) gene subsets are indicated. 
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The set of GO terms uniquely enriched in the glucose-deficient condition – carbon metabolism, aerobic 

respiration, generation of precursor metabolites and energy and oxidation-reduction process related 

ontologies – reflected a shift in the cellular metabolism toward respirative rather than fermentative 

growth. No ontologies were uniquely downregulated in this condition. In contrast, for the glucose-

starved condition, autophagy and hexose transport related ontologies were upregulated reflecting the 

carbon stress cells experience in this condition. Multiple gene ontologies were uniquely enriched in the 

subset of genes downregulated in this condition including methylation, rRNA metabolism, tRNA 

metabolsm and ncRNA processing. This observation is typical of S. pombe cells undergoing autophagy 

and reflects the shutdown of protein and RNA metabolic processes, which are known to occur during 

this starvation response (reviewed in, Mukaiyama et al. 2010).  

 

Since GO ontologies related to central carbon metabolism (CCM) pathways were significantly enriched 

in both glucose-deficient and glucose-starved conditions, the expression of genes involved in CCM 

pathways were examined to determine the extent of their regulation by glucose. Most genes involved 

in these pathways were upregulated in glucose-deficient and glucose-starved conditions compared to 

the glucose condition (Figure 3.5A). The Log2FC magnitude of these genes was generally higher in 

glucose-starved conditions reflecting the increased magnitude of transcriptional change that occurs 

within the cell in response to this condition (Figure 3.5B). A surprising exception to this observation 

were genes involved in glycolysis, including hxk2+, pgi1+, pfk1+, pgk1+ and fba1+, which were generally 

unchanged or repressed in glucose-starved compared to glucose conditions. 

 

Overall, the data presented here suggest that S. pombe cells, when exposed to glucose-deficient 

conditions, radically alter their transcriptional profile to adopt a respirative mode of metabolism, 

allowing the maintenance of energy production in the absence of a fermentable carbon source by 

promoting the expression of genes that function in respiration via the TCA cycle, carbon acquisition 

and non-preferred carbon source metabolism. In glucose-starved conditions, the transcriptional 

response becomes even more extreme, with further upregulation of carbon acquisition genes such as 

hexose transporters, induction of autophagy related processes, and repression of rRNA, ribosome, tRNA 

and ncRNA metabolic processes. 
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3.2.2 Generation of biological tools for Scr1 RNA and ChIP sequencing experiments: 

The identification such large numbers of glucose regulated genes in S. pombe prompted further 

investigation to classify genes that are glucose regulated in the context of Scr1-mediated CCR. The 

regulon of the Scr1 transcription factor is poorly understood in S. pombe and is known to repress the 

expression of only a handful of genes including inv1+, fbp1+, gld1+ and ght5+ (Tanaka et al. 1998, Janoo 

et al. 2001, Matsuzawa et al. 2010, Saitoh et al. 2015). These genes were upregulated in the absence of 

glucose suggesting that these and other genes involved in central carbon metabolism may be regulated 

by Scr1. To expand on this previous knowledge, the genome-wide Scr1 regulon in S.ipombe was 

examined using RNA-seq and ChIP-seq techniques. Both techniques required the construction of 

modified scr1+ alleles.  

 

3.2.2.1 Generation of a complete scr1Δ deletion strain: 

Previous studies investigating Scr1 function have utilised an S. pombe strain containing a scr1::ura4+ 

disruption allele as a proxy for Scr1 loss of function (Tanaka et al. 1998, Janoo et al. 2001, Hirota et al. 

2006, Matsuzawa et al. 2010). This allele was originally generated via a disruption strategy whereby 

the ura4+ cassette was cloned into an XbaI site within the scr1+ CDS (Figure 3.6A & B). Sanger 

sequencing revealed that this disruption allele contains an intact scr1+ promoter and zinc finger 

encoding region at the 5’ end of the CDS (Figure 3.6C). Thus, it is theoretically possible for a truncated 

peptide containing the Scr1 N-terminal Zn finger domain to be expressed within the scr1::ura4+ strain, 

which may have unknown consequences on experimental results and interpretation. Interestingly, no 

complete scr1Δ deletion allele has been described in the literature to date, nor is it present in the 

S.ipombe whole genome deletion project, or associated Bioneer commercial S. pombe deletion library 

(Kim et al. 2010, Spirek et al. 2010).  

 

For the purposes of this study investigating scr1+ function and the S. pombe CCR pathway, a complete 

scr1Δ deletion strain was required. A linear construct containing the KanMX6 cassette, which confers 

resistance to the antibiotic drug G418 (Geneticin), and 100 base pairs of scr1+ CDS 5’ and 3’ flanking 

sequence on either end was amplified using oligos O-373/O-374 after the strategy described in Bähler 

et al. (1998) and used for LiAc based transformation of haploid S. pombe strain Y50 (Table 2.1, Section 

2.4.6). Multiple attempts were unsuccessful in generating any G418 resistant colonies (data not shown). 

For further attempts, the length of homologous flanking sequence was extended to improve integration 

efficiency via a two-step PCR amplification method to generate constructs containing approximately 

300bp or 800bp of scr1+ CDS flanking DNA sequence after Krawchuk & Wahls (1999) (Figure 3.7A). 

Transformation of these longer constructs into haploid cells resulted only in off-target integration events  
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Figure 3.5 Central carbon metabolism is upregulated in response to glucose limitation 

or starvation. A) Schematic of central carbon metabolism in S. pombe including carbohydrate 

metabolism, hexose transport, pentose phosphate pathway, glycerol metabolism, glycolysis, 

fermentation, and TCA cycle components. Selected genes encoding proteins operating within 

each pathway are indicated. Compounds produced throughout the various biochemical 

reactions are labelled. The key indicates colouring scheme of gene labels as per their Log2FC 

in wild type S. pombe in glucose-deficient vs. glucose conditions. B) Log2FC values for each 

gene shown in A) in wild type S. pombe. Increasing intensity of red (upregulated) or blue 

(downregulated) colouring from the midpoint (0) of white (unchanged) indicates magnitude 

of Log2FC. Green squares indicate significantly differentially expressed genes in each condition 

based on Padj < 0.05. Metabolite abbreviations from A) as follows: G6P = glucose-6-phosphate, 

F6P = fructose-6-phosphate, F1,6P = fructose-1,6,bisphosphate, GA3P = glyceraldehyde 3-

phosphate, DHAP = dihydroxyacetone phosphate, G3P = glycerol 3-phosphate, 1,3diPG = 1,3-

bisphospho-glycerate, 3PG = 3-phospho-glycerate, 2PG = 2-phospho-glycerate, PEP = 

phosphoenolpyruvate, AcCoA = acetyl co-enzyme A, 2-OHe-ThPP = 2-hydroxy thiamine 

pyrophosphate pyruvate, αKG = α-ketoglutarate, sucCoA = succinyl-CoA, OAA = oxaloacetate. 

  



Chapter 3 

77 
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Figure 3.6 Nature of the scr1::ura4+ disruption allele. Tanaka et al. (1998) generated the 

original scr1::ura4+ disruption allele used in this study (Tanaka et al. 1998). A) The allele was 

generated by inserting an XbaI digested ura4+ cassette (red box) into the XbaI site within a 

cloned scr1+ CDS sequence downstream of the zinc finger encoding domain (dark grey boxes) 

and replacing the endogenous scr1+ allele with the disrupted allele via homologous 

recombination. B) Model of the resulting scr1::ura4+ allele. C) Zoomed selection of Sanger 

sequencing reads confirming scr1::ura4+ disruption and potential read-through from oligo O-

176 as shown in B). D) Model of a putative peptide containing the Scr1 zinc finger domain 

arising from expression from the scr1+ promoter in the scr1::ura4+ strain. 
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Figure 3.7 Generation of a complete scr1Δ deletion strain. A) Schematic for scr1+ knockout 

using the KanMX6+ cassette. Black bars indicate regions homologous to the sequences 

immediately upstream and downstream of the scr1+ CDS. Length of homologous region within 

individual knockout constructs is indicated. B) PCR amplification across scr1+ locus using oligos 

O-283/O-284 as shown in (A) identifying heterozygous scr1+/scr1Δ diploid S. pombe 

transformants. C) Representative selection of dissected tetrads from scr1+/scr1Δ transformants 

on YES 3% glucose medium. Putative reduced growth phenotype segregates 1:1 with G418 

resistance (KanMX6+) and the scr1Δ allele (red circles). D) Growth phenotypes of wild type 

(WT), scr1Δ and scr1::ura4+ strains on YES and YES + G418 media showing no obvious growth 

defect in either mutant. A non-CCR related strain (SS89, Table 2.1) containing the KanMX6+ 

marker was used as a positive control for G418 resistance (KanMX6+). 
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as determined by PCR screening of over 100 putative G418 resistant transformant colonies across 

multiple independent experiments (data not shown). The failure to isolate an scr1Δ strain indicated that 

the complete loss of scr1+ may negatively influence cell viability, or that the scr1+ locus possesses a 

very low frequency of homologous recombination. To address the former point, subsequent attempts to 

delete scr1+ were undertaken within a diploid background. A diploid strain was first generated by 

crossing the haploid strains Y50 and Y39, which possess complimentary ade6- alleles (Table 2.1).  

 

Diploids were selected on EMM medium lacking adenine and maintained on YES 3% (w/v) glucose 

medium at 34°C. Fresh diploid colonies (h+/h- ade6-m210/ade6-m216 ura4-d18/ura4-d18 leu1-

32/leu1-32) were used to generate a cell culture for LiAc transformation (Section 2.2, 2.4.6). The three 

previously described transformation constructs (containing 100bp, ~300bp or ~800bp of scr1+ CDS 

flanking sequence) were transformed into this diploid strain and transformants were selected on YES 

media containing G418. PCR screening of 20 diploid transformants identified four that contained a 

heterozygous deletion of the scr1+ locus (Figure 3.7B). Subsequent sporulation, tetrad dissection and 

phenotype testing on YES medium with or without G418 showed that haploid scr1Δ cells were viable, 

but with an apparent reduced growth phenotype (Figure 3.7C). Interestingly, this phenotype was no 

longer evident in subsequent culturing and analysis of these mutants by dilution spot assays on YES 

medium suggesting that this putative growth defect can be compensated for at the population level 

(Figure 3.7D). Alternatively, the scr1Δ mutant may be slow to germinate but this possibility was not 

examined in detail. Overall, these results indicate that the scr1Δ strain, like scr1::ura4+, is viable and is 

consistent with transcriptomic data (Section 3.2.3) suggesting that there are no major functional 

differences between the scr1Δ and scr1::ura4+ alleles. 

 

3.2.2.2 Generation of TAP tagged Scr1 for use in ChIP experiments: 

ChIP requires an antibody directed against the protein of interest for immuno-precipitation (reviewed 

in, Furey 2012). Since no anti-Scr1 antibody was available, a strain expressing epitope tagged Scr1 was 

generated using the Tandem Affinity Purification (TAP) tag. The TAP tag was chosen since it can also 

be used for biochemical purifications of Scr1 containing protein complexes (see Chapter 4). A linear 

DNA construct encoding the TAP tag as described in Gould et al. (2004), and the KanMX6+ selectable 

marker cassette was introduced into S. pombe strain Y50 in-frame with the 3’ end of the endogenous 

scr1+ CDS, excluding the scr1+ stop codon (Figure 3.8A, Section 2.4, Table 2.1). Transformants were 

selected on YES media containing G418 and confirmed by PCR using oligos O-286/O-355 (Appendix 

1.1) and Sanger sequencing across the Scr1 CDS-TAP tag junction (data not shown). Three independent 

strains (D51-53, Table 2.1) possessing a correct scr1-TAP fusion allele were then shown to express a 

fusion protein of the expected size via western blot analysis (Figure 3.8B). Furthermore, the inv1+ gene 

was repressed in the Scr1-TAP background in the presence of glucose (Figure 3.8C) and the strain 
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displayed a normal growth profile on YES media containing glucose as the sole carbon source (Figure 

3.8D). These results indicated that the introduction of the C-terminal TAP tag had no negative effect on 

the function of Scr1.  

 

3.2.3 Defining the Scr1 regulon via RNA-seq and ChIP-seq analyses: 

To identify genes that are regulated by Scr1 in both glucose-sufficient and glucose-deficient carbon 

conditions an RNA-seq approach was employed. scr1+ disruption (scr1::ura4+) and deletion (scr1Δ) 

S.ipombe strains were cultured for RNA-seq sample generation as previously described (Section 3.2.1, 

Figure 3.1). RNA was harvested from two biological replicates of each scr1- mutant strain per condition 

and sequenced on an Illumina HiSeq 2500 platform. This process yielded an average of 14.9 million 

100bp reads per single-end RNA-seq sample (Table 3.1).  

 

RNA-seq sequence data pre-processing, quality filtering and mapping was performed as described for 

earlier wild type S. pombe RNA-seq samples (Section 2.6.4). The limma and DESeq2 packages were 

used to adjust for the strandedness of the sequencing libraries (Love et al. 2014, Ritchie et al. 2015). 

FPKM values were calculated per sample for each coding region and averaged across all replicates to 

give an average FPKM expression value for each gene in each condition per strain (see Appendix 3.3). 

Similarities in the overall transcriptomic profile of the scr1::ura4+ and scr1Δ mutants were then 

assessed using linear regression. Average FPKM profiles were strongly correlated for the two mutant 

strains (R2 > 0.95) in each condition suggesting that the transcriptomic response of the scr1::ura4+ and 

scr1Δ strains to the four different carbon sources tested was similar (Figure 3.9). This result 

corresponded with earlier Pearson correlation and PCA of Tophat2 BAM files (Section 2.6.2.3), 

suggesting that there are no major functional differences between these mutant alleles, and that the 

disruption allele as described in earlier studies is a faithful representation of scr1- loss of function. 

Therefore, differential gene expression analysis was conducted with scr1::ura4+ and scr1Δ RNA-seq 

samples considered to be replicates of the same condition, giving a sample size of 4 (n=4) for each 

carbon condition for the hereafter named, “scr1- mutant” background.  

  

Differential gene expression testing was performed to compare wild type S. pombe to scr1- mutant 

RNA-seq samples, for each carbon condition. As before, genes with a Log2FC greater than 1 or less 

than -1 (corresponding to a 2-fold up- or 0.5-fold down-regulation) and a False Discovery Rate (FDR) 

adjusted p-value less than 0.05 were considered differentially expressed and taken for further analysis 

(Section 2.6.3). This analysis returned a list of genes that were differentially expressed in the scr1- 

mutant background relative to wild type S. pombe for each condition (Table 3.3, Appendix 3.4).  
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Figure 3.8 Generation of a TAP-epitope tagged Scr1 expression S. pombe strain. A) 

Schematic of the Scr1-TAP tag construct amplified from plasmid P10 (Table 2.2) using oligos 

O-346/O-347 (Appendix 1.1) and its integration in-frame with the scr1+ CDS. Black boxes 

indicate 100bp regions of similarity used to target the construct for homologous 

recombination into the S. pombe genome. B) Western blot of wild type and scr1-TAP (D51) 

strain whole cell protein lysates using an α-Protein A-HRP antibody at 1:1000 dilution (Table 

2.3, Section 2.5.3). Expected size of the Scr1-TAP fusion protein indicated on right hand side 

of panel. C) Semi-quantitative RT-PCR of inv1+ (using oligos O-118/O-121) and hcs1+ (loading 

control, using oligos O-116/O-117) for wild type and scr1-TAP (D51) strains grown in YES 3% 

(w/v) glucose, or YES 3% (v/v) glycerol. D) Spot dilution assays of wild type and scr1-TAP (D51) 

cells on YES with or without G418. Results shown are representative of three independently 

generated Scr1-TAP expressing strains. 

 

  



Chapter 3 

85 

 

 

  



Chapter 3 

86 

Numerous non-coding RNAs and other non-coding elements (such as snoRNAs and tRNAs) were also 

identified. While not the primary focus of this study, these elements were also catalogued and can be 

found in Appendix 3.5.  

 

To gain a better understanding of genes that are directly or indirectly regulated by Scr1, the binding of 

Scr1 across the S. pombe genome was also profiled using Chromatin Immuno-Precipitation sequencing 

(ChIP-seq). ChIP was performed on wild type S. pombe and Scr1-TAP cells. Scr1 binding was 

examined in cells grown in three different carbon conditions: YES 3% (w/v) glucose (glucose 

condition), YES 3% (w/v) sucrose (sucrose condition) and YES 3% (v/v) glycerol (glucose-starved 

condition) and cells were cultured for ChIP using a similar shift culture strategy as per earlier RNA-seq 

analysis (Figure 3.10, Section 2.5.5). To examine active transcription in each carbon condition, further 

ChIP experiments targeting C-terminal domain (CTD) serine-5 phosphorylated RNA Polymerase II 

(RNA Pol IISer5) were performed in either wild type (Y9) or Scr1-TAP (D51/D52) backgrounds (Table 

2.1, Section 2.5.5). 

 

ChIP DNA was processed through a custom Illumina Tru-seq library generation and sequencing 

procedure after Wong et al. (2013) (Section 2.4.9). ChIP-seq libraries were generated for two 

independent biological repeats of each ChIP condition as well as an input control for each condition. 

Resulting sequence datasets were processed as described in Section 2.6.3. A summary of the sequencer 

output and genome alignment metrics is shown in Table 3.4. Data QC, as described in Section 2.6.3.1-

2, showed strong reproducibility between biological replicates and clear enrichment over the input 

control for the Scr1 ChIP glucose and sucrose conditions (Appendix 1.10). Enrichment was less evident 

for the glycerol condition, which is consistent with reports that Scr1 is excluded from the nucleus in the 

absence of glucose (Hirota et al. 2006, Saitoh et al. 2015). All RNA PolIISer5 samples showed clear 

enrichment over the input (Appendix 1.10). These results suggest that the sequenced ChIP experiments 

were successful in enriching for Scr1 and RNA PolIISer5 bound regions. 
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Figure 3.9 Linear regression analysis of scr1::ura4+ vs scr1Δ mutant RNA-seq samples. 

Regression analysis was performed using average FPKM values from samples grown in A) 

glucose, B) sucrose, C) glucose-deficient or D) glucose-starved conditions. Each point 

represents the FPKM correlation for one gene. Correlation (Adj R2), Intercept, Slope and P-

value (P) of the line of best fit (red line) are indicated above each plot. 
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Table 3.3 Summary of scr1- mutant DGE analysis. 

Metric 
Condition 

Glucose Sucrose 
Glucose-
deficient 

Glucose-
starved 

DE genes & 
ncRNAs 

164 122 150 1725 

Total DE genes 81 53 102 1112 

# Upregulated 70 46 88 635 

# Downregulated 11 7 14 477 

Total DE ncRNAs  85 69 48 613 

# Upregulated 27 16 25 161 

# Downregulated 58 53 23 452 
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Figure 3.10 Design of ChIP-seq shift growth experiments. Cells were inoculated into 50mL 

YES 3% (w/v) glucose to an OD595 ~ 0.08 and cultured to mid-logarithmic growth phase (OD595 

~0.5-0.7). At this point, cells for the glucose ChIP experiments were crosslinked using 

formaldehyde at room temperature and processed according to the ChIP protocol (Section 

2.5.5). For the sucrose and glycerol ChIP conditions, independent OD595 ~0.5-0.7 cultures were 

harvested by centrifugation, washed twice in sterile H2O and resuspended in either 50mL YES 

3% (w/v) sucrose or YES 3% (v/v) glycerol and incubated as previous for a further 4 hours. 

Following this shift, cells were crosslinked using formaldehyde at room temperature and 

processed according to the ChIP protocol (Section 2.5.5). 
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3.2.4 Multiple biological pathways are impacted by loss of scr1+ in glucose-sufficient 

conditions: 

From the analysis of scr1- mutant RNA-seq, a total of 81 (approximately 1.5% of genes in the genome) 

genes were significantly differentially expressed in the glucose condition. 70 of 81 (86%) DEGs were 

significantly upregulated in the scr1- mutant, consistent with the primary role of Scr1 as a transcriptional 

repressor (Figure 3.11A). A significant overlap between these genes and those found within the subset 

of DEGs upregulated in wild type S. pombe in glucose-deficient conditions was observed reflecting the 

role of Scr1 within the broader context of glucose regulated genes in S. pombe (Figure 3.11B). Among 

the significantly upregulated subset of genes in the scr1- mutant background were three genes 

previously reported to be under Scr1 control: inv1+, gld1+ and ght5+ (Tanaka et al. 1998, Matsuzawa et 

al. 2010, Saitoh et al. 2015). These results support the findings of these previous studies that Scr1 is 

responsible for the transcriptional repression of these genes in the presence of glucose, and validates 

the quality of the generated RNA-seq data. The top 40 upregulated genes in the glucose condition is 

shown in Table 3.5. 

 

In contrast, just 11 DEGs (13.5%) were downregulated in the scr1- mutant (Table 3.6). Further 

inspection revealed that 5 of these DEGs were dubious coding sequences or annotated sequence 

orphans. Six protein-coding genes remained whose expression was decreased in the scr1- mutant 

background. Since Scr1 has not been shown to have gene activation activity, it is possible that these 

genes are indirectly regulated by Scr1. The list of 70 upregulated genes was analysed for enriched GO 

categories using the logically accelerated GO term finder (LAGO, Boyle et al. 2004). Single organism 

carbohydrate metabolic process (GO:0044723), hexose transmembrane transport (GO:0035428), 

monosaccharide transport (GO:0015749), hexose transport (GO:0008645), single-organism 

carbohydrate catabolic process (GO:0044724), carbohydrate metabolic process (GO:0005975), 

carbohydrate catabolic process (GO:0016052) and carbohydrate transmembrane transport 

(GO:0034219) ontologies were significantly enriched, supporting the role of Scr1 as a transcription 

factor regulating central carbon metabolism processes in S. pombe (Table 3.7). Other ontologies also 

within the significantly enriched list included galactose metabolic process (GO:0006012) and signal 

transduction involved in conjugation with cellular fusion (GO:0032005) suggesting that galactose 

utilisation and genes involved in the meiotic pathway are also regulated by Scr1. 
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Table 3.4 Summary of Scr1-TAP and RNA Pol IISer5 ChIP-seq experiments. 

Sample 
# 

Strain Replicate Condition Treatment 
Sample 

Type 
Library 
Type 

# Reads  
(millions) 

Q30 
(%) 

Avg 
Read 

Length 

Mapped  
(%) 

Mapped 
uniquely  

(%) 

Mapped 
> 1 (%) 

Unmapped 
(%) 

ChIP_01 Scr1-TAP R1 Glucose α-Protein A ChIP Single end 0.3 94.5 63 34.48 29.33 5.15 65.52 

ChIP_02 Scr1-TAP R2 Glucose α-Protein A ChIP Single end 3.4 97.2 66 41.4 32.58 8.82 58.6 

ChIP_03 Scr1-TAP R1 Sucrose α-Protein A ChIP Paired end 5.9 97.6 91 8.8 7.11 1.69 91.2 

ChIP_04 Scr1-TAP R2 Sucrose α-Protein A ChIP Paired end 8.9 95.8 91 97.29 74.2 23.09 2.71 

ChIP_05 Scr1-TAP R1 Glycerol α-Protein A ChIP Paired end 3.3 96.7 92 97.59 89.6 7.99 2.41 

ChIP_06 Scr1-TAP R2 Glycerol α-Protein A ChIP Paired end 5.2 85.1 89 98.28 88.26 8.53 3.21 

ChIP_07 Scr1-TAP R1 Glucose N/A INPUT Single end 3.4 95.2 64 94.13 81.21 12.92 5.87 

ChIP_09 Scr1-TAP R1 Sucrose N/A INPUT Paired end 2.7 96.7 92 95.56 78.15 17.41 4.44 

ChIP_11 Scr1-TAP R1 Glycerol N/A INPUT Paired end 2.8 96.7 92 70.85 86.63 9.3 4.07 

ChIP_12 Wild type R1 Glucose α-RNA Pol IISer5 ChIP Single end 0.6 96.8 64 86.16 81.03 5.13 13.84 

ChIP_13 Scr1-TAP R2 Glucose α-RNA Pol IISer5 ChIP Single end 1.9 97.3 66 95.46 88.26 7.2 4.54 

ChIP_14 Scr1-TAP R1 Sucrose α-RNA Pol IISer5 ChIP Paired end 5.9 96.1 85 9.71 7.11 1.69 91.2 

ChIP_15 Scr1-TAP R2 Sucrose α-RNA Pol IISer5 ChIP Paired end 3.0 96.7 91 99.54 90.51 8.18 1.3 

ChIP_16 Scr1-TAP R1 Glycerol α-RNA Pol IISer5 ChIP Paired end 3.3 98.5 93 98.25 89.6 7.99 2.41 

ChIP_17 Scr1-TAP R2 Glycerol α-RNA Pol IISer5 ChIP Paired end 2.3 97.2 91 98.77 89.4 6.91 3.69 

      Average 3.5 95.9 82.0 75.1 67.5 8.8 23.7 
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Figure 3.11 Genes involved in multiple cellular pathways are upregulated in the absence 

of Scr1 on glucose. A) Volcano plot of log2 fold change (x-axis) vs -log10 adjusted p-value (y-

axis, log scale) is shown for each S. pombe protein coding gene. Black points indicate genes 

that failed to meet the significance cut-offs imposed by the DGE analysis. Blue 

(“Downregulated”) and Red (“Upregulated”) points indicate genes that met both log2 fold 

change (-1 > Log2FC >1) and adjusted p-value (Padj < 0.05) thresholds. Genes of interest are 

indicated. B) Venn diagram detailing overlap of genes differentially expressed in the scr1- 

mutant relative to wild type on glucose (“scr1- mutant glucose DEGs”, blue) to the genes 

differentially expressed in wild type S. pombe grown in glucose-deficient vs. glucose conditions 

(“WT glucose-deficient vs. WT glucose DEGs”, red). Areas are proportional to the total size of 

each pool. P-value indicates significance of overlap between the datasets computed using the 

hypergeometric probability distribution. Percentages indicate proportion of total pool within 

each subset. 
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Table 3.5 Top 40 upregulated genes in the scr1- mutant background on glucose. 

Gene Description Log2FC Padj 

inv1 external invertase, beta-fructofuranosidase  5.232 3.5E-18 

gld1 mitochondrial glycerol dehydrogenase Gld1  4.781 3.9E-38 

SPCC794.04c amino acid transmembrane transporter (predicted)  4.752 4.2E-35 

ght5 hexose transmembrane transporter Ght5  4.633 8.1E-82 

SPCC191.10 Schizosaccharomyces pombe specific protein  4.399 7.9E-09 

rsv1 transcription factor Rsv1  4.240 4.7E-33 

ght3 hexose transmembrane transporter Ght3  4.214 4.5E-113 

ght4 hexose transmembrane transporter Ght4  3.824 2.4E-83 

mug108 Schizosaccharomyces specific protein Mug108  3.710 2.1E-32 

ght1 hexose transmembrane transporter Ght1  3.345 2.1E-31 

zwf2 glucose-6-phosphate 1-dehydrogenase Zwf2  3.321 5.0E-14 

gal10 UDP-glucose 4-epimerase/aldose 1-epimerase Gal10  3.268 2.0E-10 

mug14 adducin  3.218 9.3E-08 

mei2 RNA-binding protein involved in meiosis Mei2  3.155 5.6E-21 

SPAC29A4.22 dubious  3.129 4.2E-12 

SPCC1235.18 dubious  3.056 6.7E-07 

plb1 phospholipase B homolog Plb1  3.018 1.9E-33 

mug114 Schizosaccharomyces pombe specific protein Mug114  2.988 2.8E-05 

SPCC1235.17 dubious  2.942 5.3E-17 

rbd3 rhomboid family protease  2.715 3.9E-38 

SPBC660.05 WW domain containing conserved fungal protein  2.667 1.6E-11 

SPAC27D7.11c But2 family protein  2.601 3.2E-24 

SPCC1235.01 Schizosaccharomyces specific protein  2.585 2.8E-63 

mug146 Schizosaccharomyces specific protein Mug46  2.405 4.6E-10 

SPBPB7E8.02 PSP1 family protein  2.278 8.3E-12 

gal1 galactokinase Gal1  2.262 9.7E-07 

SPCC417.16 cytochrome c oxidase subunit (predicted)  2.163 5.9E-21 

SPBC32H8.15 dubious  2.057 2.1E-02 

nep2 NEDD8 protease Nep2  2.053 5.3E-16 

scr1 transcription factor Scr1  2.004 4.7E-09 

aes1 enhancer of RNA-mediated gene silencing  2.003 1.4E-02 

agl1 maltose alpha-glucosidase Agl1  1.991 5.0E-03 

gdh1 NADP-specific glutamate dehydrogenase Gdh1 (predicted)  1.950 2.9E-07 

rga3 Rho-type GTPase activating protein Rga3  1.938 3.7E-08 

gal7 galactose-1-phosphate uridylyltransferase Gal7  1.923 9.9E-08 

SPCC417.15 dubious  1.923 2.8E-08 

hri1 eIF2 alpha kinase Hri1  1.861 7.1E-12 

SPBC660.16 phosphogluconate dehydrogenase, decarboxylating  1.848 3.3E-09 

mdh1 malate dehydrogenase Mdh1 (predicted)  1.794 5.9E-13 

isp5 amino acid permease Isp5  1.745 9.3E-04 
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Table 3.6 Downregulated genes in the scr1- mutant background on glucose. 

   

Gene Description Log2FC Padj 

SPBC1685.17 dubious -2.75694 2.70E-11 

cnp3 CENP-C -2.40552 2.09E-09 

SPAC977.15 dienelactone hydrolase family -2.2886 4.18E-08 

SPBPB2B2.01 amino acid permease (predicted) -2.26182 5.90E-03 

abp2 ARS binding protein Abp2 -1.97932 6.93E-15 

SPBC713.13 dubious -1.64538 1.49E-04 

dak2 dihydroxyacetone kinase Dak2 -1.4811 1.12E-02 

SPAC922.09 dubious -1.48008 3.67E-02 

SPBC13G1.15c sequence orphan -1.26653 9.88E-03 

SPAC1F8.08 sequence orphan -1.24642 8.18E-04 

pfl3 cell surface glycoprotein (predicted), DIPSY family -1.01059 6.47E-03 
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Genes within the upregulated subset were also categorised using slimmed biological process gene 

ontology (GO slim) terms using the Generic gene ontology term finder (http://go.princeton.edu/cgi-

bin/GOTermMapper). From 64 genes that could be assigned a GO slim term, transmembrane transport 

(13 genes, GO:0055085), carbohydrate metabolic process (11 genes, GO:0005975), carbohydrate 

derivative metabolic process (8 genes, GO:1901135), signalling (7 genes, GO:0023052), conjugation 

with cellular fusion (6 genes, GO:0000747), regulation of transcription (6 genes, GO:0006355), 

nucleobase-containing small molecule metabolic process (6 genes, GO:0055086) and generation of 

precursor metabolites and energy (5 genes, GO:0006091) were among the most frequently occurring 

GO slim terms (Figure 3.12).  

 

Further investigation of the transmembrane transport category revealed the presence of three hexose 

transport genes: ght3+, ght4+ and ght1+ in the upregulated gene set, in addition to ght5+, suggesting Scr1 

regulates multiple hexose transporters in S. pombe. The expression values of each of the eight hexose 

transporters in the scr1- mutant were examined. Except for ght2+, which showed little difference in 

expression in the scr1- mutant, and ght7+, which was barely expressed in either wild type or scr1- mutant 

background, all other ght genes showed increased expression in the scr1- mutant vs. wild type S. pombe 

(Figure 3.13A). In particular, ght5+ was significantly upregulated (Log2FC = 4.62) in the absence of 

Scr1, which is consistent with previous reports claiming that ght5+ is the most widely expressed hexose 

transporter in S.ipombe in glucose deficient conditions (Saitoh et al. 2015). ght6+ and ght8+ also showed 

increased expression in the scr1- mutant but were not present in the DEG dataset due to narrowly failing 

one of the two cutoffs imposed by the RNA-seq analysis (Figure 3.13B). Therefore, it is probable that 

ght6+ and ght8+ are also regulated by Scr1, meaning that six of the eight hexose transporter encoding 

genes in S. pombe are regulated by Scr1.  

 

Other transmembrane transport genes present in the upregulated DEG subset were isp5+ (amino acid 

permease), anc1+ (mitochondrial adenine nucleotide carrier), tgp1+ (predicted glycerophosphodiester 

transmembrane transporter), SPAC23D3.12 (predicted inorganic phosphate transmembrane 

transporter), SPAC869.05c (predicted sulfate transmembrane transporter), SPBPB2B2.01 and 

SPCC794.04c (predicted amino acid permeases) (Figure 3.12), suggesting that Scr1 regulates additional 

metabolite transport pathways in addition to hexose transport.   

 

Genes involved in CCM pathways were also significantly upregulated in the scr1- mutant. Such genes 

included inv1+ (β-fructofuranosidase, a.k.a. invertase) and agl1+ (α-glucosidase); the galactose 

metabolic genes gal10+, gal1+ and gal7+; other central carbon metabolism and TCA cycle genes 

including hxk2+ (hexokinase), cit1+ (citrate synthase),   

http://go.princeton.edu/cgi-bin/GOTermMapper
http://go.princeton.edu/cgi-bin/GOTermMapper
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Table 3.7 Enriched GO terms in the scr1- mutant glucose DGE dataset. 

GO ID Term Type1 Padj List BG Genes 

GO:0044723 
single-organism 
carbohydrate metabolic 
process 

BP 3.15E-04 12 134 

agl1, dak2, gal1, gal10, gal7, 
gld1, hxk2, inv1, SPAC4G9.12, 
SPACUNK4.10, SPBC660.16, 
SPCC794.01c 

GO:0005975 
carbohydrate metabolic 
process 

BP 1.6E-03 12 156 

agl1, dak2, gal1, gal10, gal7, 
gld1, hxk2, inv1, SPAC4G9.12, 
SPACUNK4.10, SPBC660.16, 
SPCC794.01c 

GO:0035428 
hexose transmembrane 
transport 

BP 1.8E-03 4 8 ght1, ght3, ght4, ght5 

GO:0015749 
monosaccharide 
transport 

BP 1.8E-03 4 8 ght1, ght3, ght4, ght5 

GO:0008645 hexose transport BP 1.8E-03 4 8 ght1, ght3, ght4, ght5 

GO:0044724 
single-organism 
carbohydrate catabolic 
process 

BP 2.9E-03 7 47 
agl1, gal1, gal7, gld1, hxk2, inv1, 
SPAC4G9.12 

GO:0044262 
cellular carbohydrate 
metabolic process 

BP 8.1E-03 9 99 
agl1, dak2, gal1, gld1, hxk2, inv1, 
SPAC4G9.12, SPACUNK4.10, 
SPBC660.16 

GO:0016052 
carbohydrate catabolic 
process 

BP 8.6E-03 7 55 
agl1, gal1, gal7, gld1, hxk2, inv1, 
SPAC4G9.12 

GO:0034219 
carbohydrate 
transmembrane transport 

BP 1.7E-02 4 13 ght1, ght3, ght4, ght5 

GO:0008643 carbohydrate transport BP 2.4E-02 4 14 ght1, ght3, ght4, ght5 

GO:0019318 hexose metabolic process BP 3.1E-02 6 46 
gal1, gal10, gal7, hxk2, 
SPACUNK4.10, SPCC794.01c 

GO:0032005 
signal transduction 
involved in conjugation 
with cellular fusion 

BP 3.4E-02 5 29 cgs2, map1, rgs1, spk1, ste7 

GO:0006012 
galactose metabolic 
process 

BP 3.6E-02 3 6 gal1, gal10, gal7 

1 BP = Biological process 

 

  



Chapter 3 

98 

 

Figure 3.12 GO Slim summary of DEGs upregulated in glucose. The set of DEGs in the 

glucose condition were categorised using the GO slim term mapper 

(http://go.princeton.edu/cgi-bin/GOTermMapper). The top represented biological process 

categories are shown with number of genes in each category indicated by the bar plot. 

Characterised genes within each category are indicated to the right of the barplot. 

 

http://go.princeton.edu/cgi-bin/GOTermMapper
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SPCC306.08c (predicted malate dehydrogenase), SPAC4G9.12 (predicted glucokinase), SPCC794.01c 

(predicted glucose-6-phosphate 1-dehydrogenase), SPACUNK4.10 (predicted glyoxylate reductase), 

zwf2+ (predicted glucose-6-phosphate 1-dehydrogenase), gdh1+ (predicted NADP-specific glutamate 

dehydrogenase) and idn1+ (glucokinase) (Figure 3.12). This regulation of alternate carbon source 

metabolism, TCA cycle and pentose phosphate pathway genes is consistent with the Crabtree-positive 

growth profile of S. pombe and reports in S. cerevisiae that show repression of TCA cycle genes by 

Mig1-mediated CCR (Westholm et al. 2008).  

 

The expression of genes involved in CCM pathways was further investigated in the scr1- mutant 

background (Figure 3.14). Except for mel1+ (α-glucosidase) and dak2+ (di-hydroxyacetone kinase), all 

other genes involved in these pathways in S. pombe showed either unchanged or upregulated expression 

relative to the wild type in the glucose and sucrose conditions. Most of the upregulated genes were 

involved in carbohydrate metabolism, hexose transport, fermentation and the TCA cycle reflecting the 

earlier GO enrichment analysis (Table 3.6). This analysis suggests that Scr1 predominantly regulates 

genes required for alternate carbon source metabolism and hexose uptake, but also regulates key TCA 

cycle genes such as mdh1+ and cit1+ in glucose-sufficient conditions. In wild type S. pombe, few CCM 

genes showed unchanged or reduced expression in the glucose-deficient condition relative to glucose 

(Figure 3.5). Thus, it is likely that Scr1 achieves regulation of cellular processes in conjunction with 

other transcription factors that also regulate CCM gene expression. 

 

Intriguingly, several genes that function in the S. pombe sexual cycle (see reviews, Yamamoto 1996, 

Harigaya and Yamamoto 2007, van Werven and Amon 2011) were also significantly upregulated in the 

scr1- mutant background (Figure 3.12, Table 3.7). Many of these genes are targets of Ste11 (Mata and 

Bahler 2006), which was itself shown to be upregulated in the scr1- mutant background (see below). 

Thus, Scr1 may directly regulate these genes in addition to Ste11, or these genes may be indirectly 

regulated by Scr1 through its repression of ste11+ in the presence of glucose. The expression of Ste11 

target genes in the scr1- mutant was further investigated (Table 3.8). Eight Ste11 target genes were 

significantly upregulated in the scr1- mutant background: ste11+, mei2+, spk1+, rgs1+, ste7+, map1+, 

ubp11+ and SPBC359.06. A further 6 Ste11 target genes failed one of the two cutoffs imposed by the 

DGE analysis: ran1+/pat1+ (Log2FC = 0.85), ste6+ (Padj = 0.12), gpa1+ (Log2FC = 0.65), ste4+ (Log2FC 

= 0.81), rum1+ (Log2FC = 0.43) and SPBC3F6.01c (Log2FC = 0.46). These results confirm that in the 

scr1- mutant background, multiple sexual differentiation and meiosis genes are significantly 

upregulated suggesting that in surplus glucose conditions, Scr1 acts to repress S. pombe sexual 

development, possibly via negative regulation of the Ste11 transcription factor. 
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Figure 3.13 Scr1 regulates most S. pombe hexose transporters. A) FPKM values for ght1-

8+ in the wild type (dark grey) and scr1- mutant (light grey) grown in glucose medium. Bar 

height represents the mean FPKM value across replicates. Error bars indicate the mean 

standard error. The y-axis is split at FPKM = 500-1000. B) Log2FC and Padj for each gene from 

the DESeq2 DGE analysis. DEG cut-offs imposed were Log2FC > 1 or < -1 and Padj < 0.05. Both 

thresholds were required for a gene to be considered differentially expressed. For each cut-

off, pass (green shading) and fail (red shading) are indicated. 



Chapter 3 

102 

 

 

Figure 3.14 Carbon metabolism, hexose transport and TCA cycle genes are upregulated 

in the absence of Scr1. A) Schematic of central carbon metabolism in S. pombe including 

carbohydrate metabolism, hexose transport, pentose phosphate pathway, glycerol 

metabolism, glycolysis, fermentation, and TCA cycle components. Genes encoding enzymes 

catalysing each step of the pathway are indicated. Individual compounds produced 

throughout the various biochemical pathways are labelled. The key indicates colouring of gene 

labels per their expression profile in the scr1- mutant background in the glucose condition. B) 

Ratios of gene expression (ratios of gene FPKMs) for each gene shown in A in the scr1- mutant 

background vs. wild type S. pombe. Most genes possess an increased expression ratio vs. wild 

type. G6P = Glucose-6-phosphate, F6P = Fructose-6-phosphate, F1,6P = Fructose-

1,6,bisphosphate, GA3P = Glyceraldehyde 3-phosphate, DHAP = Dihydroxyacetone 

phosphate, G3P = Glycerol 3-phosphate, 1,3diPG = 1,3-Bisphospho-glycerate, 3PG = 3-

Phospho-glycerate, 2PG = 2-Phospho-glycerate, PEP = Phosphoenolpyruvate, AcCoA = Acetyl 

Co-enzyme A, 2-OHe-ThPP = 2-hydroxy thiamine pyrophosphate pyruvate, αKG = α-

Ketoglutarate, sucCoA = Succinly-CoA, OAA = Oxaloacetate. 

  



Chapter 3 

103 

 

 

  



Chapter 3 

104 

 

In addition to ste11+, two other transcription factor encoding genes were upregulated in the scr1- mutant 

background indicating that Scr1 may also indirectly regulate other cellular functions through these 

transcription factors (Figure 3.12). One of these genes, map1+, encodes a transcription factor involved 

in S. pombe meiosis and sexual development as discussed above. The third transcription factor encoding 

gene significantly upregulated in the scr1- mutant background was rsv1+ (Figure 3.12). rsv1+, which is 

upregulated during the middle to late stages of meiosis, is required to maintain cell viability in stationary 

phase and encodes a C2H2 zinc finger transcription factor whose DNA binding domain is similar to 

that of Scr1 (Hao et al. 1997). Previous reports have indicated that Rsv1 acts as a repressor of central 

carbon metabolism genes during meiosis, including genes found in the present analysis to be regulated 

by Scr1, including dak2+, ght1+, ght3+, ght4+, ght8+, gti1+, hxk2+ and plb1+, suggesting it may either 

supplement or compete with Scr1 activity at certain genes and/or play a role in the meiotic pathway 

(Mata et al. 2007). The results presented here suggest that Scr1 negatively regulates rsv1+ in glucose 

sufficient conditions, limiting its expression to conditions of carbon stress where it is crucial for 

viability. 

 

Other genes identified as significantly upregulated in the scr1- mutant background possessed GO slim 

annotations for signalling pathways. These genes included the cAMP-specific phosphodiesterase 

encoding gene cgs2+, and the kinase encoding genes hri1+ (eukaryotic initiation factor 2α kinase) and 

mcs6+ (cyclin-dependent protein kinase activating kinase). Other genes in this subset included the 

meiosis related genes: plb1+, rga3+; rgs1+ and ste7+ as described above, and the cyclin encoding gene, 

pas1+. Interestingly, Cgs2 has been shown to negatively regulate the cAMP-specific PKA signal 

transduction pathway in S. pombe, which is a known repressor of ste11+ expression (Davidson et al. 

2004). Mcs6 is an essential cyclin-dependent kinase activating kinase (Cak) that has been shown to be 

a direct activator of Cdc2 in S. pombe (Hermand et al. 2001). As overexpression of mcs6+ was shown 

to have no apparent phenotype in S. pombe, the effect of its upregulation in the scr1- mutant is unclear 

(Buck et al. 1995). The mammalian HRI-related protein, Hri1, is one of three eukaryotic initiation factor 

2α kinases in S. pombe, which modulates translational activities of the cell via phosphorylation of the 

α-domain of eukaryotic translation initiation factor 2 (eIF2α) (Zhan et al. 2002, Zhan et al. 2004). 

Previous studies have shown that hri1+ is induced under nitrogen stress and the entry to stationary phase 

via the Sty1 MAPK stress response pathway (Martin et al. 2013).  The regulation of these critical 

signalling kinases by Scr1 suggests additional levels of control of CCR to repress stress response 

pathways and minimise perturbations to the cell cycle under conditions of nutritional sufficiency. Thus, 

Scr1 appears to play additional roles in the transcriptional control of translational activities and 

regulation of the cell cycle in S. pombe. 
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Table 3.8 Selected Ste11 targets identified in the scr1- mutant DGE dataset. 

Gene Description Log2FC1 Padj
1 

In scr1-  
RNA-
seq 

dataset 

ste11 transcription factor Ste11 1.593 6.07E-12 YES 

SPBC359.06 adducin 3.218 9.33E-08 YES 

ubp11 ubiquitin C-terminal hydrolase Ubp11 1.170 2.19E-07 YES 

rgs1 regulator of G-protein signaling Rgs1 1.623 8.44E-07 YES 

ran1/pat1 serine/threonine protein kinase Ran1/Pat1 0.850 7.66E-06 NO 

map1 MADS-box transcription factor Map1 1.158 1.25E-04 YES 

gpa1 G-protein alpha subunit 0.641 8.48E-04 NO 

ste4 adaptor protein Ste4 0.812 2.29E-03 NO 

ste7 meiotic suppressor protein Ste7 1.419 2.40E-03 YES 

spk1 MAP kinase Spk1 1.197 1.14E-02 YES 

rum1 CDK inhibitor Rum1 0.433 1.87E-02 NO 

SPBC3F6.01c serine/threonine protein phosphatase (predicted) 0.456 2.93E-02 NO 

ste6 guanyl-nucleotide exchange factor Ste6 1.167 0.1287 NO 

1 Bold type indicates failure of the specified cutoff 
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Overall, RNA-seq analysis of the scr1- mutant background vs. wild type S. pombe in the glucose 

condition revealed a multitude of upregulated genes involved in carbon assimilation and related 

metabolic pathways. While these gene categories were expected to appear in the list of upregulated 

genes in the scr1- mutant background given previous studies examining the regulon of prominent Scr1 

orthologs, the presence of genes involved in other cellular pathways, such as sexual differentiation and 

meiosis, signalling processes and transcription factors such as rsv1+ was unexpected and suggests that 

Scr1 likely plays novel roles in a number of additional regulatory pathways within S. pombe in response 

to glucose-sufficient conditions.  

 

3.2.5 The transcriptomic response of the scr1- mutant to sucrose is similar to glucose: 

Sucrose is considered a non-preferred carbon source for S. pombe and S. cerevisiae, as de-repression of 

invertase expression is required for the hydrolysis of sucrose into glucose and fructose (reviewed in, 

Marques et al. 2016). Since invertase is strongly repressed in the presence of glucose, it was expected 

that transcriptomic differences would be apparent between the glucose and sucrose conditions in the 

scr1- mutant background. Surprisingly, the sucrose condition was found to elicit a very similar 

transcriptomic response to glucose in the scr1- mutant background relative to wild type S. pombe (Figure 

3.15). This result was consistent with the admixture observed between scr1- mutant glucose and sucrose 

RNA-seq samples in earlier Pearson correlation analysis (Appendix 1.8). In total, 66 genes were 

significantly differentially expressed in the sucrose condition, which was 15 less than the glucose 

condition. A significant overlap was observed with 60 DEGs shared between the two conditions (Figure 

3.15A & B) suggesting that the reduced number of DEGs in sucrose was not due to inherent differences 

in the two datasets. A closer investigation of Log2FC and Padj values for the genes uniquely appearing 

in either glucose or sucrose condition showed that many genes only narrowly missed one of the two 

cutoffs imposed by the DGE analysis. Of the 21 genes unique to the glucose DEG dataset and not 

present in the sucrose DEG dataset, 8 genes – nep2+ (Log2FC = 0.98), ste11+ (Log2FC = 0.85), ste7+ 

(Log2FC = 0.96), spk1+ (Padj = .052), ubp11+ (Log2FC = 0.91), map1+ (Log2FC = 0.75), mpn1+ (Log2FC 

= 0.84) and pas1+ (Log2FC = 0.91) – narrowly missed one of the two cutoffs imposed by the RNA-seq 

analysis. The same was true for three of the six genes unique to the sucrose condition: ght6+ (Padj = 

0.055), msa1+ (Log2FC = 0.91) and SPBC25B2.08 (Log2FC = 0.98). Comparison of Log2FC values for 

DEGs detected in either condition revealed a general decrease in the magnitude of Log2FC for genes in 

the sucrose condition compared to the glucose condition (Figure 3.15C). A potential explanation for 

this observation could be that the sucrose condition elicits a weaker level of repression compared to 

glucose since sucrose metabolism requires the partial derepression of CCR regulated genes including 

inv1+.   
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Furthermore, the similarity in the sets of DEGs between both conditions suggests that sucrose is also a 

repressing carbon source. This hypothesis is consistent with the fact that the glucose released following 

sucrose hydrolysis elicits CCR-mediated repression of inv1+ and other glucose-repressible genes.  

 

From the above analyses, a list of genes that were significantly differentially expressed in either glucose 

or sucrose conditions was defined. Genes that narrowly missed significance thresholds in one of the 

two conditions were included in this set of genes. In total, this gene set comprised 87 genes that are 

regulated by Scr1 in glucose-sufficient conditions (hereafter termed “glucose-sufficient” DEGs). The 

full list of genes in this subset and their descriptions is shown in Table 3.9. To address whether these 

genes are directly or indirectly regulated by Scr1, and to identify other direct Scr1 target genes that did 

not exhibit a significant change in expression in the scr1- mutant background, Scr1 ChIP-seq data as 

generated earlier (Section 3.2.3) was analysed.  

 

3.2.6 Scr1 binds an additional set of genes in glucose-sufficient conditions: 

Regions of Scr1 enrichment across the S. pombe genome significantly above input ChIP levels were 

calculated using MACS2 software (Feng et al. 2012) followed by quality filtering using the 

Irreproducible Discovery Rate (IDR) statistic (Li et al. 2011, Landt et al. 2012). MACS2 analysis 

returned a large number of peaks for each condition tested (Table 3.10). Subsequent processing of 

MACS2 peaklists through the IDR pipeline filtered the data for peaks that met reproducibility criteria 

across replicates, and which showed statistically significant enrichment over background input ChIP 

DNA levels. Each peak list was further filtered for peaks having a signal to noise ratio (signal value or 

fold enrichment) of 5 or greater to remove broad and/or spurious peaks that were observed particularly 

in highly transcribed or repetitive regions. This analysis returned a collection of high confidence peaks 

for each carbon condition (Table 3.10).  

 

Following peak detection, 112 and 157 high confidence peaks were obtained from the glucose and 

sucrose datasets respectively (Table 3.10). Only 2 of the Scr1 peaks detected for the glycerol condition 

by MACS2 passed the IDR criteria (2/572, 0.3%). However, when these peaks were visually inspected, 

they were found to be located within subtelomeric ribosomal DNA (rDNA) repeat regions on 

chromosome III and were not considered to be true peaks (shown in Appendix 3.6). The lack of Scr1 

enrichment at genomic loci in glucose-starved conditions is consistent with previous reports showing 

that Scr1 is rapidly removed from the nucleus in such conditions (Hirota et al. 2006, Matsuzawa et al. 

2012a, Saitoh et al. 2015).  
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Figure 3.15 The scr1- mutant background exhibits similar transcriptomic responses to 

glucose and sucrose. A) Venn diagram showing overlap of differentially expressed gene lists 

for the glucose and sucrose conditions. Circles are sized proportionally according to each 

dataset. Total numbers in each category are as indicated. Percentages indicate proportion of 

total pool within each subset. B) Significantly differentially expressed genes in the scr1- mutant 

background in glucose (blue) and sucrose (green) conditions plotted across genomic space. 

Selected genes are labelled. Tapered areas shaded in blue indicate chromosome centromeres. 

C) Examination of the magnitude of log2 fold changes (Log2FC) for each detected gene in 

glucose and sucrose conditions. Expression ratios for each gene detected in glucose vs sucrose 

conditions is shown. Heatmap is split into three categories: genes showing a reduced fold 

change expression ratio in the sucrose condition (top section), genes showing even expression 

ratio (middle section) and genes showing an increased fold change expression ratio in the 

sucrose condition (bottom section). The presence (green) or absence (red) of each gene in the 

list of DEGs identified from each carbon source in the scr1- mutant is shown to the right. Genes 

showing a reduced magnitude of Log2FC in one condition were more likely to fail DEG criteria.  
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Table 3.9 Scr1 regulated genes in "glucose-sufficient" conditions. 

Gene Chr Description 

ste7 I arrestin family meiotic suppressor protein Ste7  
spk1 I MAP kinase Spk1  
map1 I MADS-box transcription factor Map1  
SPAC869.05c I sulfate transmembrane transporter (predicted)  
mpn1 I RNA processing protein (predicted)  
pas1 I cyclin Pas1  
SPAC922.09 I dubious  
dak2 I dihydroxyacetone kinase Dak2  
gld1 I mitochondrial glycerol dehydrogenase Gld1  
ght3 I hexose transmembrane transporter Ght3  
mug108 I Schizosaccharomyces specific protein Mug108  
mei2 I RNA-binding protein involved in meiosis Mei2  
SPAC29A4.22 I dubious  
plb1 I phospholipase B homolog Plb1  
mug114 I Schizosaccharomyces pombe specific protein Mug114  
SPAC27D7.11c I But2 family protein  
agl1 I maltose alpha-glucosidase Agl1  
rga3 I Rho-type GTPase activating protein Rga3  
hri1 I eIF2 alpha kinase Hri1  
isp5 I amino acid permease Isp5  
idn1 I gluconokinase  
rgs1 I regulator of G-protein signaling Rgs1  
SPACUNK4.10 I glyoxylate reductase (predicted)  
hxk2 I hexokinase 2  
ssa1 I heat shock protein Ssa1 (predicted)  
hsp9 I heat shock protein Hsp9  
SPAC23D3.12 I inorganic phosphate transmembrane transporter (predicted)  
cit1 I citrate synthase Cit1  
gti1 I gluconate transmembrane transporter inducer Gti1  
sib2 I ornithine N5 monooxygenase (predicted)  
SPAC1F8.08 I Schizosaccharomyces pombe specific protein  
SPAC977.15 I dienelactone hydrolase family  
msa1 I RNA-binding protein Msa1  
SPAC806.11 I dubious  
SPAPJ695.02 I Schizosaccharomyces pombe specific protein  
SPBC32H8.15 II dubious  
nep2 II NEDD8 protease Nep2  
aes1 II enhancer of RNA-mediated gene silencing  
ste11 II transcription factor Ste11  
met17 II homocysteine synthase Met17  
ubp11 II ubiquitin C-terminal hydrolase Ubp11  
pfl7 II cell surface glycoprotein (predicted), DIPSY family  
anc1 II mitochondrial adenine nucleotide carrier Anc1  
SPBC19C7.04c II conserved fungal protein  
pfl3 II cell surface glycoprotein (predicted), DIPSY family  
SPBPB2B2.01 II amino acid transmembrane transporter (predicted)  
rsv1 II transcription factor Rsv1  
ght4 II hexose transmembrane transporter Ght4  
gal10 II UDP-glucose 4-epimerase/aldose 1-epimerase Gal10  
mug14 II adducin  
rbd3 II rhomboid family protease  
SPBC660.05 II WW domain containing conserved fungal protein  
SPBPB7E8.02 II PSP1 family protein  
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gal1 II galactokinase Gal1  
scr1 II transcription factor Scr1  
gal7 II galactose-1-phosphate uridylyltransferase Gal7  
gnd1 II phosphogluconate dehydrogenase, decarboxylating  
mcs6 II TFIIH associated cyclin-dependent protein kinase Mcs6  
tgp1 II glycerophosphodiester transmembrane transporter (predicted)  
SPBC13G1.15c II Schizosaccharomyces pombe specific protein  
SPBC713.13 II pseudogene 
abp2 II ARS binding protein Abp2  
cnp3 II kinetochore protein, CENP-C ortholog Cnp3  
SPBC1685.17 II Schizosaccharomyces pombe specific protein  
SPBC25B2.08 II Schizosaccharomyces pombe specific protein  
SPCC1322.10 III cell wall protein Pwp1  
inv1 III external invertase, beta-fructofuranosidase  
SPCC794.04c III amino acid transmembrane transporter (predicted)  
ght5 III hexose transmembrane transporter Ght5  
SPCC191.10 III Schizosaccharomyces pombe specific protein  
ght1 III hexose transmembrane transporter Ght1  
zwf2 III glucose-6-phosphate 1-dehydrogenase Zwf2 (predicted)  
SPCC1235.18 III dubious  
SPCC1235.17 III dubious  
SPCC1235.01 III Schizosaccharomyces specific protein  
mug146 III Schizosaccharomyces specific protein Mug46  
SPCC417.16 III mitochondrial protein associated with respiratory chain (predicted)  
gdh1 III NADP-specific glutamate dehydrogenase Gdh1 (predicted)  
SPCC417.15 III dubious  
mdh1 III malate dehydrogenase Mdh1 (predicted)  
SPCC191.01 III Schizosaccharomyces specific protein  
SPCC1529.01 III transmembrane transporter (predicted)  
gst1 III glutathione S-transferase Gst1  
cgs2 III cAMP-specific phosphodiesterase Cgs2  
ght6 III hexose transmembrane transporter Ght6  
SPCC330.03c III NADPH-hemoprotein reductase (predicted)  
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Genome-wide analysis of high-confidence peak regions discovered in the glucose and sucrose 

conditions showed that the majority of Scr1 enrichment occurred upstream of the transcriptional start  

sites (TSS) of genes (Figure 3.16A). As such, there was a strong bias toward peaks occurring within 

promoter regions (Figure 3.16B, 3.16C). This observation is typical of transcription factor ChIP-seq 

studies and was in line with expectations that Scr1 binds gene promoters to repress transcription during 

the CCR response. Only minor differences in the enrichment profiles of Scr1 were apparent between 

the glucose and sucrose conditions suggesting that the genome regions bound by Scr1 in the two 

conditions are mostly the same. Each ChIP-seq peak was automatically annotated to the nearest genome 

coding feature using the ChIPseeker R package (Yu et al. 2015). This analysis was followed by manual 

inspection of each peak call per criteria described earlier (Section 2.6.4). In cases where a peak was 

located between divergent features, the peak was assigned to both coding regions. Overall, a total of 

139 unique features were annotated to the 112 peaks in the glucose condition, and 154 from the 157 

peak set in the sucrose condition. Significant conservation of genome feature annotations was apparent 

between the two datasets, with 126 genome features (75.4%) shared between the two conditions and 

just 13 (7.8%) and 28 (16.8%) unique to the glucose and sucrose conditions respectively (Figure 3.16D). 

This result revealed limited differences in Scr1 activity between the two carbon conditions with respect 

to the genes that are bound and presumably regulated by Scr1, and was consistent with the previous 

RNA-seq analysis. Genes identified by the ChIP analysis as bound by Scr1 in one condition but not the 

other were visually inspected on a per biological replicate basis for Scr1 enrichment to determine the 

nature of the differences between the two datasets. Of the 13 coding features unique to the glucose 

condition, 12 showed irreproducible enrichment across replicates in the sucrose condition and one 

showed enrichment that failed to meet the IDR significance threshold (Appendix 3.7). Similarly, of the 

28 coding features unique to the sucrose dataset, 10 showed irreproducible enrichment across replicates 

in the glucose condition and 18 showed enrichment in both glucose replicates but failed to meet the 

IDR significance threshold (Appendix 3.7). 

 

Thus, few genomic regions were discovered where Scr1 was present in one condition but not in the 

other suggesting that the binding profiles of Scr1 in the two carbon conditions is mostly the same, and 

that the differences observed are more likely due to biological noise within the replicates of the glucose 

and sucrose Scr1-ChIP samples. With an increased number of biological replicates, it is likely that Scr1 

will be shown to reproducibly bind these coding regions in glucose-sufficient conditions. These 

observations are detailed further in Appendix 3.7. For the analysis that follows, a final list of coding 

features bound by Scr1 in glucose-sufficient conditions was defined as the 126 coding regions that were 

bound by Scr1 in both glucose and sucrose conditions. This list consisted of 102 protein coding genes 

and 24 annotated ncRNAs or other features (see Appendix 3.8 for full list).  
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Table 3.10 Summary of Scr1-TAP ChIP-seq experiments. 

Scr1-TAP ChIP-seq 
Condition 

Glucose Sucrose Glycerol 

Replicate R1 R2 R1 R2 R1 R2 

MACS2 peaks 265 906 3121 1222 643 3578 

Reproducible peaks 193 960 572 

IDR significant peaks1 112 196 2 

Total high confidence peaks2 112 157 0 

Total feature annotations 139 154 0 

Protein-coding genes 115 123 0 

ncRNAs or other features 24 31 0 

1 Peaks above IDR significance threshold score of 540 (i.e. < 0.05) 

2 Significant IDR peaks with fold enrichment over input > 5  
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Figure 3.16 Global analysis of Scr1-ChIP reveals similar binding profiles in glucose and 

sucrose conditions. A) Binding profiles of Scr1 in the glucose (pink) and sucrose (teal) 

conditions. Each gene in the genome has been centered at the transcription start site (TSS) 

and frequency of reads mapping to the 3kb region up and downstream of the TSS in each case 

has been averaged across all genes. The plotted line shows the average frequency of sequence 

reads arising from Scr1 ChIP-seq in each condition. The coloured region indicates a 95% 

confidence interval. B) Automatic annotation of significant Scr1 peaks to genome coding 

regions was performed using ChIPseeker and the proportion of peaks overlapping Promoter, 

3’ UTR, 5’UTR or Exon regions was calculated and plotted as a percentage with results from 

glucose (pink) and sucrose (teal) conditions shown. C) Proportion of Scr1 binding sites lying 

within defined distances up or downstream of the gene TSS. D) Venn diagram showing overlap 

of genome features (protein-coding genes and ncRNAs) bound by Scr1 in each carbon 

condition. Circles are sized proportionally according to each dataset. Percentages indicate 

proportion of total pool within each subset. 
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3.2.7 Scr1 bound regions contain multiple enriched sequence motifs: 

At the protein sequence level, the C2H2 zinc finger domains of Scr1 and related CCR transcription 

factors in other fungi are strongly conserved (Figure 1.5A). Outside of the Zn finger domain however, 

sequence conservation between Scr1 orthologs is dramatically reduced (Figure 1.5B). The DNA 

recognition motif of A. nidulans CreA, SYGGRG, has been previously elucidated and was shown to be 

similar to that of S. cerevisiae Mig1, SYGGGG, yet more degenerate (Nehlin and Ronne 1990, Dowzer 

and Kelly 1991, Nehlin et al. 1991, Kulmburg et al. 1993, Lundin et al. 1994). To date, a DNA 

recognition motif for Scr1 has not been described, however the zinc finger of Scr1 appears most similar 

to C. albicans Mig1, A. nidulans CreA, and T. reesei CRE1 (Figure 1.5B) suggesting that these proteins 

all likely share a similar consensus DNA recognition motif. To identify putative motifs in the promoter 

regions of genes found to be directly regulated by Scr1, the 200bp and 50bp of DNA sequence 

immediately surrounding the summit of each significant Scr1 ChIP-seq peak detected in the glucose 

and sucrose conditions was extracted from the S. pombe reference genome (ASM294v2.25, Section 

2.6.5.1) and analysed using MEME-ChIP and Regulatory Sequence Analysis Toolkit (RSAT) 

peakmotifs software (Machanick and Bailey 2011, Ma et al. 2014, Medina-Rivera et al. 2015). 

 

Across both MEME and RSAT programs, in both the 200bp and 50bp peak datasets, the most 

significantly enriched motif was the 5’ – CCAATC – 3’ motif, a known target of the HAP complex in 

S. pombe, S. cerevisiae and A. nidulans (Figure 3.17, McNabb et al. 1997, Kato et al. 1998). This motif 

was found in approximately 28% and 21% of Scr1 peaks in the 200bp dataset analysed by RSAT and 

MEME (p-value = 9.1e-13 and 3.7e-07 respectively), and was predominantly centrally located within the 

peak sequences. A second significant motif, 5’ - ACATCA – 3’, was discovered by RSAT and was 

predominantly located at the 3’ end of centered peak sequences. This motif was present in 23% and 

13% (p-value = 1.5e-04 and 0.011 respectively) of peaks from the 200bp and 50bp peak datasets and was 

similar to the DNA recognition motifs of S. cerevisiae Cst6 and Sko1, which are basic leucine-zipper 

(bZIP) transcription factors of the ATF/CREB family and function in the regulation of stress responses 

(Sko1) and utilisation of non-preferred carbon sources (Cst6) (Nehlin et al. 1992, Garcia-Gimeno and 

Struhl 2000, Liu et al. 2016). Thus, it is possible that orthologous S. pombe ATF/CREB family 

transcription factors also bind to the promoter of certain Scr1 targeted genes to modulate their 

expression in accordance with cell stress response pathways.  

 

Interestingly, a Mig1/CreA-like motif was not among the most significantly enriched motifs in either 

MEME or RSAT analysis of the 200bp datasets. However, analysis of the 50bp dataset revealed a 

significantly enriched Mig1/CreA-like motif, 5’ – GTGGGG – 3’ present in approximately 15% of  

 

 



Chapter 3 

117 

 

 

 

 

 

 

Figure 3.17 Multiple DNA sequence motifs are significantly enriched in Scr1 bound 

regions. Three enriched DNA motifs from MEME-ChIP and RSAT peak-motifs analysis of 50bp 

and 200bp centered Scr1 ChIP-seq peak sequences from the glucose and sucrose conditions 

are shown in descending order of statistical significance (DNA motif 5’ -> 3’). Distribution of 

motif occurrences within peak sequences are shown (Motif distribution). X-axis = position in 

peak relative to summit (-200:+200 or -50:+50 for motif #3). Y-axis = cumulative number of 

sites across all peak sequences. Significant hits from RSAT and MEME-Tomtom motif analysis 

showing proteins possessing similar DNA binding motifs from JASPAR non-redundant fungi, 

Yeastract S. cerevisiae and cisBP S. cerevisiae motif databases (Yeast motifs). S. pombe 

ortholog(s) of S. cerevisiae proteins identified are shown (S. pombe ortholog). 
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Scr1 peak sequences (p-value = 0.03). This motif was also identified by MEME in the 50bp peak 

sequences, however it was not significantly enriched (p-value = 2.0e03). The lack of a strongly enriched 

Mig1/CreA-like binding site in Scr1 ChIP-seq peak dataset suggests that the DNA binding preferences 

of Scr1 may be more degenerate than CCR orthologs in other fungi such as S. cerevisiae or A. nidulans. 

Alternatively, a lack of statistical power may have affected the results of the analysis. Furthermore, the 

presence of other significantly enriched motifs including HAP complex and ATF/CREB bZIP-like 

motifs, in the promoters of Scr1 bound genes suggests that some Scr1 regulated loci are also subject to 

HAP complex and ATF/CREB family transcription factor regulation. It remains unknown whether Scr1 

interacts with these other factors at the gene promoter to ensure correct regulation of these genes in 

glucose sufficient conditions or whether these factors compete with Scr1 for control of gene expression. 

 

3.2.8 Few genes are primarily dependent on Scr1 for their regulation: 

Scr1 ChIP peaks in glucose-sufficient conditions were assigned to 103 protein-coding genes. This 

number was greater than the number of DEGs detected in the earlier RNA-seq analysis suggesting that 

there are additional genes that are bound by Scr1 whose expression was either not significantly altered 

in the scr1- mutant background, or whose regulation is not primarily dictated by the carbon source 

within the growth medium and potentially require other induction signal(s) (Section 3.2.2.3). Analysis 

of peak enrichment showed that Scr1 was enriched in the promoter of just 29 of 87 (33.3%) genes 

detected in the glucose-sufficient gene set defined previously via RNA-seq analysis (Figure 3.18A). 

This left a total of 58 genes unique to the glucose-sufficient DEG RNA-seq dataset that appeared to be 

indirectly regulated by Scr1, and a further 101 genes unique to the ChIP-seq dataset that appeared to be 

bound by Scr1 but whose expression was not significantly altered in the scr1- mutant background. This 

result provides further evidence to suggest that Scr1 regulates S. pombe transcriptional programs via 

indirect regulation of other genes, and that Scr1 directly contributes to the regulation of many genes, 

but in many cases, does not appear primarily responsible for their regulation.  

 

The 29 genes that were both significantly differentially expressed in the scr1- mutant background and 

directly bound by Scr1 represent a subset whose expression is dependent on the activity of Scr1 (Figure 

3.18B, Table 3.11). This gene set (hereafter termed “Scr1 dependent”) included multiple key Scr1 

regulated genes involved in carbohydrate metabolic processes (gal1+, gal10+, gld1+, hxk2+, zwf2+ and 

inv1+) and transmembrane transport (ght1+, ght3+, ght4+ and gti1+). The rsv1+ and scr1+ genes were also 

present in this subset suggesting that Scr1 negatively regulates its own expression as well as that of 

rsv1+ in glucose-sufficient conditions.  
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Since an obvious Scr1 motif was not detected using the above de novo enrichment methods, the peak 

sequences identified in the promoter of these 29 Scr1-dependent genes were examined for potential 

Scr1 motifs. All peak sequences upstream of Scr1-dependent genes contained at least one 5’ – 

SYGGRG – 3’ motif; most contained multiple SYGGRG motifs (Figure 3.19). Thus, like S.icerevisiae 

Mig1 and A. nidulans CreA, Scr1 likely also binds 5’ – SYGGRG - 3’ motifs. Interestingly, many loci 

also contained HAP complex (5’ – CCAATC – 3’) or ATF/CREB-like (5’ – ACATCA – 3’) binding 

motifs (Figure 3.19). In many cases these motifs occurred close to an Scr1 motif suggesting that 

regulatory overlap between these and/or other transcription factor may contribute to gene expression 

control. 

 

GO term enrichment analysis was conducted for the 74 protein-coding genes directly bound by Scr1 

but not significantly differentially expressed in the RNA-seq dataset (hereafter “Scr1 direct”, Table 

3.12). This revealed enrichment for multiple glycolysis and TCA cycle ontologies including: glycolytic 

process (GO:0006096), glucose catabolic process (GO:0006007), pyruvate metabolic process 

(GO:0006090), oxidation-reduction process (GO:0055114), ADP phosphorylation (GO:0006757) and 

pyridine-containing compound metabolic processes (GO:0072524) (Table 3.13). Iron assimilation by 

reduction and transport (GO:0033215) was also significantly enriched, as were the cellular component 

ontologies: plasma membrane (GO:0005886) and cell periphery (GO:0071944). The presence of 

multiple additional glycolysis and TCA cycle genes in this dataset confirms observations in the earlier 

RNA-seq analysis, which showed that Scr1 contributes to the transcriptional control of these processes 

(Figure 3.14). Furthermore, the fbp1+ gene, encoding fructose bis-phosphatase, which catalyses a key 

gluconeogenesis reaction was also bound by Scr1, suggesting that Scr1 represses gluconeogenesis in 

glucose-sufficient conditions (Table 3.12). 

 

The reductive iron metabolism genes frp1+, fip1+ and fio1+ were also bound by Scr1 suggesting some 

role for Scr1 in the transcriptional control of reductive iron assimilation in S. pombe, an association that 

has not been shown previously. The fact that these genes were not significantly altered in their 

expression in the scr1- mutant background suggests that additional factors also play roles in the 

regulation of these genes. For example, Fep1, a GATA transcription factor, is a known repressor of 

these genes in iron-replete conditions (Pelletier et al. 2002). Furthermore, Php4, a key component of 

the S. pombe HAP complex, and Grx4, a Fep1 inhibitory protein have both been shown previously to 

be involved in regulation of iron homeostasis genes (reviewed in, Labbé et al. 2013). Finally, the 

SWI/SNF chromatin remodelling complex was also shown to negatively regulate the expression of 

these genes in iron-replete conditions (Monahan et al. 2008). Thus, it is possible that Scr1 cooperates 

with this machinery at these gene loci to regulate the S. pombe reductive iron assimilation pathway.  
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Figure 3.18 A core set of genes are Scr1-dependent. A) Venn diagram showing overlap of 

genes identified as differentially expressed in glucose-sufficient conditions in the scr1- mutant 

background (RNA-seq) vs. genes directly bound by Scr1 in glucose-sufficient conditions (ChIP-

seq). Circles are sized proportionally according to each dataset. Percentages indicate 

proportion of total pool within each subset. B) Significantly differentially expressed genes in 

the scr1- mutant background in glucose-sufficient conditions (blue) and genes directly bound 

by Scr1 in glucose-sufficient conditions (green) plotted across genomic space. Genes present 

in both datasets are labelled. Tapered areas shaded in blue indicate chromosome centromeres. 
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Figure 3.19 Promoters of Scr1-dependent genes contain putative Scr1, HAP complex and 

ATF/CREB factor binding sites. The ChIP-seq peak regions identified in the promoter of the 

29 Scr1-dependent genes were examined for the presence of SYGGRG (Mig1/CreA, blue), 

CCAATC (HAP complex, green) or ACATCA (ATF/CREB-like, red) motifs. Peak sequences are 

represented by black bars. Motifs on positive strand point right. Motifs on negative strand 

point left. fbp1+ and ght5+ are included as positive controls. Position in peak is shown via the 

top scale in base pairs.  
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The 58 genes that were not bound by Scr1, yet were differentially expressed in the RNA-seq dataset 

(i.e. indirectly regulated by Scr1) were also examined using GO enrichment analysis. Pheromone-

dependent signal transduction involved in conjugation (GO:0000750) was the only significantly 

enriched GO term (p = 0.018). Genes mapped to this ontology included map1+, rgs1+, spk1+ and ste7+, 

all of which are targets of the meiotic regulator, Ste11 (Table 3.8, Section 3.2.2.3). Additional GO Slim 

analysis revealed the broader functions of genes in this category. Transmembrane transport (9 genes, 

GO:0055085), conjugation with cellular fusion (6 genes, GO:0000747), carbohydrate metabolic process 

(6 genes, GO:0005975), signalling (6 genes, GO:0023052), regulation of transcription (5 genes, 

GO:0006355), cofactor metabolic process (3 genes, GO:0051186) and ascospore formation (2 genes, 

GO:0030437) were among the most frequently occurring GO slim terms (Figure 3.20).  

 

In addition to the enrichment of Ste11 targets in this category, both ste11+ and map1+, key drivers of 

the meiotic response were themselves present in this subset suggesting Scr1 indirectly regulates sexual 

reproduction and stress responses in S. pombe through other transcriptional machinery. Additional 

genes involved in carbohydrate metabolism including agl1+, dak2+ and gal7+, which were significantly 

upregulated in the scr1- mutant background, also appeared to be indirectly regulated by Scr1.  

 

Overall, the combined approaches of RNA-seq and ChIP-seq have revealed a striking array of genes 

and other coding features that appear to be targeted by the Scr1 transcriptional repressor during the 

CCR response in S. pombe. In sum, 126 coding regions (comprising 102 protein coding genes and 24 

ncRNAs or other features) were directly bound by Scr1 with high confidence in either glucose or 

sucrose conditions with limited additional features detected in either condition. The 102 protein coding 

genes bound by Scr1 in both glucose and sucrose conditions, representing approximately 2% of the 

protein coding genes in the S. pombe genome, are involved in a range of cellular processes including 

alternate carbon source metabolism, hexose transport, glycolysis, TCA cycle, transmembrane transport, 

signalling pathways, transcriptional regulation, reductive iron assimilation, stress responses and mating 

and sexual reproduction pathways. (Figure 3.21). Furthermore, comparison with earlier RNA-seq 

analysis revealed 58 genes that were indirectly regulated by Scr1, probably via its regulation of other 

transcription factor encoding genes such as rsv1+ or atf1+, or because of metabolic changes caused by 

scr1+ loss of function. Ultimately, this analysis indicates that Scr1 plays more wide-ranging regulatory 

roles in S. pombe metabolism than previously understood.      
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Table 3.11 Scr1-dependent genes. 

Gene Chr Description 

gld1 I mitochondrial glycerol dehydrogenase Gld1  

ght3 I hexose transmembrane transporter Ght3  

mug108 I Schizosaccharomyces specific protein Mug108  

plb1 I phospholipase B homolog Plb1  

hxk2 I hexokinase 2  

ssa1 I heat shock protein Ssa1 (predicted)  

hsp9 I heat shock protein Hsp9  

gti1 I gluconate transmembrane transporter inducer Gti1  

SPAC806.11 I dubious  

nep2 II NEDD8 protease Nep2  

rsv1 II transcription factor Rsv1  

ght4 II hexose transmembrane transporter Ght4  

gal10 II UDP-glucose 4-epimerase/aldose 1-epimerase Gal10  

SPBC660.05 II WW domain containing conserved fungal protein  

SPBPB7E8.02 II PSP1 family protein  

gal1 II galactokinase Gal1  

scr1 II transcription factor Scr1  

SPBC660.16 II phosphogluconate dehydrogenase, decarboxylating  

inv1 III external invertase, beta-fructofuranosidase  

SPCC794.04c III amino acid transmembrane transporter (predicted)  

SPCC191.10 III Schizosaccharomyces pombe specific protein  

ght1 III hexose transmembrane transporter Ght1  

SPCC1235.18 III dubious  

SPCC1235.01 III Schizosaccharomyces specific protein  

SPCC417.16 III cytochrome c oxidase subunit (predicted)  

gdh1 III NADP-specific glutamate dehydrogenase Gdh1 (predicted)  

SPCC1529.01 III transmembrane transporter (predicted)  

cgs2 III cAMP-specific phosphodiesterase Cgs2  

zwf2 III glucose-6-phosphate 1-dehydrogenase Zwf2 (predicted)  
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Table 3.12 Scr1 direct gene targets. 

Gene Chr Description 

loc1 I ribosome biogenesis protein Loc1 (predicted)  

puf5 I pumilio family RNA-binding protein Puf5 (predicted)  

mug115 I Schizosaccharomyces pombe specific protein Mug115  

acp2 I F-actin capping protein beta subunit Acp2  

bdf2 I BET family double bromodomain protein Bdf2  

rrp1 I ATP-dependent DNA helicase/ ubiquitin-protein ligase E3 (predicted)  

SPAC26H5.09c I oxidoreductase involved in NADPH regeneration (predicted)  

sfp1 I transcription factor Sfp1 (predicted)  

pex7 I peroxin-7 (predicted)  

pyp2 I tyrosine phosphatase Pyp2  

gto1 I alpha-glucosidase (predicted)  

SPAC977.17 I MIP water channel (predicted)  

SPAC56F8.15 I Schizosaccharomyces pombe specific protein  

gln1 I glutamate-ammonia ligase Gln1  

psu1 I cell wall protein Psu1, beta-glucosidase (predicted)  

SPAC1002.16c I carboxylic acid transmembrane transporter (predicted)  

SPAC110.05 I Schizosaccharomyces pombe specific protein  

ppk1 I serine/threonine protein kinase Ppk1 (predicted)  

SPAC16A10.01 I DUF1212 family protein  

SPAC17A2.10c I Schizosaccharomyces pombe specific protein  

SPAC17A2.11 I Schizosaccharomyces pombe specific protein  

pma1 I P-type proton ATPase, P3-type Pma1  

pfl2 I flocculin Pfl2  

SPAPB15E9.02c I dubious  

SPAC27E2.11c I Schizosaccharomyces specific protein  

SPAC25B8.12c I unknown HAD superfamily hydrolase  

fip1 I iron permease Fip1  

fio1 I iron transport multicopper oxidase Fio1  

SPAC9E9.01 I dubious  

pet1 I phosphoenolpyruvate transmembrane transporter Pet1  

SPAC2H10.01 I transcription factor, zf-fungal binuclear cluster type (predicted)  

pho84 II inorganic phosphate transmembrane transporter (predicted)  

tgp1 II glycerophosphodiester transmembrane transporter (predicted)  

zfs1 II CCCH tandem zinc finger protein, human Tristetraprolin homolog 

SPBP8B7.32 II dubious  

fbp1 II fructose-1,6-bisphosphatase Fbp1  

adn1 II adhesion defective protein  

SPBC36.02c II spermidine family transmembrane transporter (predicted)  

ssn6 II transcriptional corepressor Ssn6  

pho1 II acid phosphatase Pho1  

ptr2 II PTR family peptide transmembrane transporter Ptr2  

cta3 II P-type ATPase, potassium exporting Cta3  

SPBPB2B2.05 II peptidase family C26 protein  

gpd3 II glyceraldehyde 3-phosphate dehydrogenase Gpd3  

SPBC8E4.02c II Schizosaccharomyces pombe specific protein  

gsf1 II transcription factor, zf-fungal binuclear cluster type Gsf1  
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usp102 II U1 snRNP-associated protein Usp102  

ght2 II hexose transmembrane transporter Ght2  

SPBC530.11c II transcription factor, zf-fungal binuclear cluster type (predicted)  

atf1 II transcription factor, Atf-CREB family Atf1  

tdh1 II glyceraldehyde-3-phosphate dehydrogenase Tdh1  

alr2 II alanine racemase Alr2 (predicted)  

SPBPB21E7.08 II pseudogene 

byr2 II MAP kinase kinase kinase Byr2  

pgk1 II phosphoglycerate kinase Pgk1 (predicted)  

fba1 II fructose-bisphosphate aldolase Fba1  

SPBC1652.01 II ribosomal RNA processing element (RRPE)-binding protein  

frp1 II ferric-chelate reductase Frp1  

pfk1 II 6-phosphofructokinase pfk1  

exg1 II glucan 1,6-beta-glucosidase Exg1  

fhn1 II plasma membrane organization protein Fhn1  

zwf2 III glucose-6-phosphate 1-dehydrogenase Zwf2 (predicted)  

ght8 III hexose transmembrane transporter Ght8 (predicted)  

SPCC320.03 III transcription factor (predicted)  

SPCC11E10.01 III cystathionine beta-lyase (predicted)  

wtf11 III wtf element Wtf11  

tpx1 III thioredoxin peroxidase Tpx1  

mae2 III malic enzyme, malate dehydrogenase, Mae2  

sap1 III switch-activating protein Sap1  

mug24 III RNA-binding protein, rrm type  

SPCC569.05c III spermidine family transmembrane transporter (predicted)  

adh1 III alcohol dehydrogenase Adh1  

SPCC576.17c III pyridoxamine/pyridoxine/pyridoxal transmembrane transporter 

gsf2 III galactose-specific flocculin Gsf2  
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3.2.9 Loss of scr1+ elicits distinct transcriptomic responses in glucose-deficient and 

glucose-starved conditions: 

The glucose-deficient condition (YES 3% (v/v) glycerol + 0.1% (w/v) glucose) is widely used in 

S.ipombe research. Since the small amount of glucose cannot sustain prolonged cell growth, cells are 

forced to transition from fermentative to respirative metabolism for the utilisation of glycerol 

(Matsuzawa et al. 2010, Oda et al. 2015). Earlier work showed that a significant shift in the 

transcriptional landscape of the cell occurs as a result of this switch (Figure 3.2, 3.3A, Table 3.2). 

Differential gene expression analysis comparing wild type S. pombe and scr1- mutant cells in glucose-

deficient conditions was conducted with the expectation that there would be minimal transcriptomic 

differences between the two strains due to Scr1 being excluded from the nucleus in glucose-deficient 

conditions (Hirota et al. 2006, Saitoh et al. 2015). Surprisingly, 102 genes were significantly 

differentially expressed in the scr1- mutant background relative to wild type S. pombe (Table 3.3) 

suggesting that loss of Scr1 somehow also impacts cellular transcription in glucose-deficient conditions.  

 

Most DEGs were upregulated (88 up- vs. 14 down-regulated) in the scr1- mutant background compared 

to wild type S. pombe (Figure 3.22A). Among the most strongly upregulated DEGs were CCM genes: 

inv1+, agl1+ and gld1+; the key gluconeogenesis gene, fbp1+; mating and meiosis related genes: mfm3+, 

mfm1+, mam3+, spo13+ and pfl6+; and reductive and non-reductive iron assimilation genes: frp1+, frp2+ 

and str3+ (Table 3.14). Overlap analysis of the set of 87 “glucose-sufficient” genes identified in the 

earlier RNA-seq of the scr1- mutant background were compared with DEGs identified in glucose-

deficient conditions. Just 24 genes (14.5% of the total pool) were present in both datasets suggesting 

largely distinct transcriptional responses to glucose-sufficient and glucose-deficient conditions in the 

scr1- mutant (Figure 3.22B). Multiple Scr1-dependent genes were present in the set of 24 genes common 

to both categories including inv1+, gld1+, ght3+, agl1+, gdh1+, ssa1+, cgs2+, mug108+ and abp2+. It is 

possible that altered expression of these genes in the scr1- mutant during pre-shift culturing in YES 3% 

(w/v) glucose was exacerbated following the shift to glucose-deficient conditions resulting in 

significantly increased expression relative to wild type S. pombe. 

 

To determine the specificity of this transcriptomic response to the loss of scr1+, the 102 DEGs identified 

in the scr1- mutant background in glucose-deficient conditions were compared to the 368 DEGs in wild 

type S. pombe in glucose-deficient vs. glucose conditions. 49 (11.6% of the total pool) DEGs were 

shared between the two gene sets, whereas 53 genes (12.6% of the total pool) were differentially 

expressed only in the scr1- mutant background. These 53 genes represent the specific effect of scr1- on 

S. pombe transcription in the glucose deficient condition. Thus, the loss of scr1+ may also have some 

specific effect on the ability of S. pombe to adapt to a shift from glucose-sufficient to  
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Table 3.13 Significantly enriched GO terms unique to the Scr1 ChIP dataset. 

ID Term Type1 Padj List BG Genes 

GO:0005886 plasma membrane CC 6.51E-05 19 253 
byr2, cta3, fhn1, fio1, fip1, frp1, ght2, ght8, gsf2, pfl2, pho1, 
pho84, pma1, SPAC16A10.01, SPAC27E2.11c, SPBC36.02c, 
SPCC569.05c, SPCC576.17c, tgp1 

GO:0006090 pyruvate metabolic process BP 6.41E-04 7 31 adh1, fba1, gpd3, mae2, pfk1, pgk1, tdh1 

GO:0046031 ADP metabolic process BP 8.79E-04 6 21 adh1, fba1, gpd3, pfk1, pgk1, tdh1 

GO:0006006 glucose metabolic process BP 1.54E-03 7 35 adh1, fba1, gpd3, pfk1, pgk1, tdh1, zwf2 

GO:0061621 canonical glycolysis BP 2.04E-03 5 14 fba1, gpd3, pfk1, pgk1, tdh1 

GO:0006007 glucose catabolic process BP 2.04E-03 5 14 fba1, gpd3, pfk1, pgk1, tdh1 

GO:0006735 NADH regeneration BP 2.04E-03 5 14 fba1, gpd3, pfk1, pgk1, tdh1 

GO:0009185 
ribonucleoside diphosphate metabolic 
process 

BP 2.70E-03 6 25 adh1, fba1, gpd3, pfk1, pgk1, tdh1 

GO:0006757 ATP generation from ADP BP 3.01E-03 5 15 fba1, gpd3, pfk1, pgk1, tdh1 

GO:0046496 nicotinamide nucleotide metabolic process BP 3.10E-03 8 54 adh1, fba1, gpd3, pfk1, pgk1, SPAC26H5.09c, tdh1, zwf2 

GO:0019362 pyridine nucleotide metabolic process BP 3.57E-03 8 55 adh1, fba1, gpd3, pfk1, pgk1, SPAC26H5.09c, tdh1, zwf2 

GO:0033215 iron assimilation by reduction and transport BP 3.70E-03 3 3 fio1, fip1, frp1 

GO:0046939 nucleotide phosphorylation BP 4.32E-03 5 16 fba1, gpd3, pfk1, pgk1, tdh1 

GO:0071944 cell periphery CC 7.31E-03 22 444 
acp2, byr2, cta3, fhn1, fio1, fip1, frp1, ght2, ght8, gsf2, gto1, pfl2, 
pho1, pho84, pma1, SPAC16A10.01, SPAC27E2.11c, SPBC36.02c, 
SPCC569.05c, SPCC576.17c, tdh1, tgp1 

GO:0019320 hexose catabolic process BP 8.23E-03 5 18 fba1, gpd3, pfk1, pgk1, tdh1 

GO:0009132 nucleoside diphosphate metabolism BP 8.42E-03 6 30 adh1, fba1, gpd3, pfk1, pgk1, tdh1 

GO:0006733 oxidoreduction coenzyme metabolic process BP 1.78E-02 8 68 adh1, fba1, gpd3, pfk1, pgk1, SPAC26H5.09c, tdh1, zwf2 

GO:0031226 intrinsic component of plasma membrane CC 4.86E-02 8 78 ght2, ght8, gsf2, pfl2, pho84, pma1, SPAC27E2.11c, SPCC576.17c 

1 BP = Biological Process; CC = Cellular component 
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Figure 3.20 Scr1 indirectly regulates multiple genes involved in meiosis, stress responses 

and the TCA cycle. Results of GO slim summarisation of genes differentially expressed in the 

scr1- mutant background but not directly bound by Scr1. Genes were categorised using the 

GO slim term mapper (http://go.princeton.edu/cgi-bin/GOTermMapper). The top represented 

biological process categories are shown with number of genes in each category indicated by 

the bar plot. Members of each category are indicated to the right of the barplot. 

http://go.princeton.edu/cgi-bin/GOTermMapper
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glucose-deficient conditions (Figure 3.22C). Few directly Scr1 regulated genes were among this 53-

gene subset indicating that the transcriptomic response observed is probably not due to a lack of Scr1 

regulation (Table 3.15). These 53 DEGs were enriched for cell periphery, cellular iron ion homeostasis 

and cellular response to glucose GO categories (Table 3.16) suggesting that loss of scr1+ results in 

altered iron and glucose homeostasis gene expression in glucose-deficient media.  

 

The transcriptional response of the scr1- mutant to glucose-starved conditions vs. wild type S. pombe 

was even more extreme than for glucose-deficient conditions. 1108 genes (631 up and 477 down) were 

significantly differentially expressed in the scr1- mutant background compared to wild type S. pombe, 

which suggests large-scale remodelling of the transcriptome in response to glucose-starvation in the 

scr1- mutant (Figure 3.23A). A significant overlap was observed between this 1108 gene set and the 

1934 DEGs identified in the wild type background in glucose-starved vs. glucose conditions (Figure 

3.23B). 600 (24.6% of the total pool) genes were shared between the two gene sets whereas 508 genes 

(20.8% of the total pool) were differentially expressed only in the scr1- mutant background.  

 

Comparison of the up- or downregulated genes within these two gene sets revealed extremely low 

overlap with just 77 upregulated genes (Figure 3.23C) and 33 downregulated genes (Figure 3.23D) 

shared between the two sets of DEGs. This result suggests that for genes that are transcriptionally altered 

in the scr1- mutant background in response to glucose starvation, many respond in an opposing fashion 

to those in wild type S. pombe (i.e. some genes that are upregulated in wild type S. pombe in glucose-

starved vs. glucose are downregulated in the scr1- mutant vs. wild type S. pombe in glucose-starved 

conditions and vice versa). Although this observation might be explained by metabolic level changes 

within the scr1- mutant background compared to wild type S. pombe in the glucose-starved condition, 

a cytoplasmic role for Scr1 cannot be completely discounted and additional research is required to fully 

understand the cause of the transcriptional differences between the two strains in the absence of glucose. 

 

Next, GO categories significantly enriched in the subsets of genes differentially expressed in the scr1- 

mutant background in glucose-starved conditions were examined and compared to those for glucose-

deficient conditions to determine whether common biological pathways unique to the loss of scr1+ are 

affected in these conditions. Few GO categories enriched in the scr1- mutant in the glucose-deficient 

condition (Table 3.16) were shared with the GO categories enriched in the glucose-starved condition 

suggesting the overall transcriptomic responses are distinct between the two conditions.  
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Figure 3.21 Scr1 is involved in the regulation of a diverse range of cellular processes in 

S. pombe. Schematic diagram of the Scr1 regulon incorporating results from RNA-seq and 

ChIP-seq analysis. Directly regulated genes are shown in red, indirectly regulated genes in 

blue. Genes dependent on Scr1 for their regulation are shown in bold type. Under glucose-

sufficient conditions Scr1 acts to repress genes involved in a wide range of cellular functions. 

Relatively few of these genes appear primarily dependent on Scr1 for their regulation 

suggesting Scr1 cooperates with other regulatory machinery to achieve transcriptional control. 

In the absence of glucose, Scr1 is inactivated by the Ssp2, cAMP-activated protein kinase 

allowing derepression of genes under its control.



Chapter 3 

134 

 

Figure 3.22 The scr1- mutant background exhibits largely distinct transcriptomic 

responses in glucose-sufficient vs. glucose-deficient conditions. Volcano plot of Log2FC 

(x-axis) vs -log10 adjusted p-value (y-axis) is shown for each S. pombe protein-coding gene for 

the scr1- mutant background vs. wild type S. pombe in the glucose-deficient condition. Black 

points indicate genes that failed to meet the significance cut-offs imposed by the RNA-seq 

analysis (“Not Significant”). Blue (“Downregulated”) and Red (“Upregulated”) points indicate 

genes that met both Log2FC (-1 > Log2FC >1) and adjusted p-value (Padj < 0.05) thresholds. 

Parentheses indicate number of genes in each category. Genes of interest are labelled. B) Venn 

diagram comparing the previously defined set of 87 “glucose-sufficient” Scr1 regulated genes 

(blue) to the 102 DEGs in the scr1- mutant in glucose-deficient conditions from (A) (green). 

Genes within the overlapping subset are shown. Scr1 direct targets are bolded. C) Venn 

diagram comparing the 102 DEGs in the scr1- mutant in glucose-deficient conditions (green) 

from (A) to the 368 DEGs identified in wild type S. pombe in glucose-deficient vs. glucose 

conditions (red). Areas are proportional to the size of each dataset. Total numbers in each 

category are as indicated. Percentages indicate proportion of the total pool allotted to each 

category. P-values indicate significance of overlap between datasets calculated using the 

hypergeometric probability distribution.
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Surprisingly, a significant overlap was observed between the up- and downregulated DEGs in the 

glucose-deficient and glucose-starved conditions respectively, albeit far more genes were differentially 

expressed in the glucose-starved condition (Figure 3.24A). Cytoplasmic translation, ribosomal subunit, 

ribonucleoprotein complex and peptide metabolic process gene ontologies were uniquely enriched in 

the upregulated DEGs in the scr1- mutant in glucose-starved conditions. Similar ontologies were 

enriched in the downregulated genes in wild type S. pombe in glucose-starved vs. glucose conditions 

(Figure 3.24B) suggesting that genes involved in these processes show increased expression in the scr1- 

mutant background relative to wild type S. pombe in the glucose-starved condition. Other gene 

ontologies uniquely downregulated in the glucose-starved condition included DNA-integration, DNA 

polymerase activity, DNA recombination and cell surface gene ontologies. These results again reflect 

metabolic level differences between wild type S. pombe and the scr1- mutant background in glucose 

starved conditions. 

 

Overall, large scale remodelling of gene expression occurs in S. pombe in response to a shift from 

carbon-sufficient to carbon-deficient media. Although the cause of the observed differences in 

transcriptomic activity between the scr1- mutant background and wild type S. pombe in glucose-

deficient and glucose-starved conditions remains unclear, loss of scr1+ appears to render cells 

susceptible to a more extreme transcriptional response in glucose-starved conditions despite evidence 

that Scr1 is normally excluded from the nucleus in these conditions (Hirota et al. 2006). The observed 

differences in gene expression may, in part, be due to technical aspects of the RNA-seq experiment. 

Since scr1- mutant cells were shifted from glucose to glucose-starved conditions during culturing, mis-

regulation of genes in the scr1- mutant during growth in this pre-shift culture may have been further 

exacerbated upon the shift to glucose-deficient/starved medium. However, genes for which Scr1 was 

not found to regulate either directly or indirectly were also significantly differentially expressed in 

glucose-deficient conditions suggesting that there may be other yet unclear effects of scr1- loss of 

function on cellular transcription in the absence of glucose. Loss of scr1+ could also result in changes 

to the cell at the metabolic level resulting in altered expression patterns of certain genes in glucose-

deficient and starved conditions. Finally, Scr1 might play some hitherto unknown cellular function 

within the cytoplasm in the absence of glucose. It is possible that multiple factors contributed to the 

altered transcriptional profiles of the scr1- mutant in glucose-deficient/starved conditions and further 

research is required to fully unravel the effects of carbon starvation from carbon deficiency and the role 

of Scr1 within this context.  
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Table 3.14 Top 30 upregulated genes in the scr1- mutant in the glucose-deficient 

condition. 

Gene Description Log2FC Padj 

ght7 hexose transporter Ght7 (predicted) 5.13 3.9E-18 

agl1 alpha-glucosidase Agl1 3.61 1.0E-09 

fbp1 fructose-1,6-bisphosphatase Fbp1 2.94 1.5E-06 

mfm3 M-factor precursor Mfm3 2.92 3.3E-03 

SPCC794.04c membrane transporter (predicted) 2.77 1.1E-11 

SPBPB2B2.06c phosphoprotein phosphatase (predicted) 2.69 4.6E-04 

SPBPB21E7.10 sequence orphan 2.58 4.5E-04 

gld1 mitochondrial glycerol dehydrogenase Gld1 2.47 3.5E-10 

frp1 ferric-chelate reductase Frp1 2.31 7.2E-03 

mfm1 M-factor precursor Mfm1 2.28 3.5E-02 

mam3 cell agglutination protein Mam3 2.16 3.3E-20 

inv1 beta-fructofuranosidase 2.15 5.3E-03 

str3 siderophore-iron transporter Str3 2.12 3.2E-02 

frp2 ferric-chelate reductase Frp2 (predicted) 2.04 2.3E-02 

SPCC794.16 dubious 1.99 4.4E-05 

SPAC3G9.11c pyruvate decarboxylase (predicted) 1.93 1.1E-04 

SPAC977.13c SPAC977.13c 1.91 2.0E-03 

spo13 sporulation specific guanyl-nucleotide exchange factor Spo13 1.91 2.3E-04 

tms1 hexitol dehydrogenase (predicted) 1.87 6.9E-04 

lsd90 Lsd90 protein 1.84 2.7E-02 

isp3 sequence orphan 1.83 1.9E-06 

SPBPB2B2.05 peptidase family C26 protein 1.77 1.1E-02 

isp5 amino acid permease Isp5 1.74 1.0E-03 

SPAC6B12.03c HbrB family protein 1.73 1.4E-04 

fhn1 Fhn1 plasma membrane organization protein 1.73 1.5E-02 

pfl6 cell surface glycoprotein, adhesion molecule (predicted) 1.65 4.0E-02 

mug108 sequence orphan 1.63 2.4E-07 

SPAC1002.16c nicotinic acid plasma membrane transporter (predicted) 1.61 7.5E-04 

pil2 meiotic eisosome BAR domain protein Pil2 1.60 2.6E-02 

tam13 sequence orphan 1.59 2.7E-04 
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Table 3.15 DEGs unique to the scr1- mutant background on glucose-deficient conditions. 

Gene Chr Description 
Scr1 

Direct?1 
mam3 I cell agglutination protein Mam3  NO 
str3 I siderophore-iron transporter Str3  NO 
SPAC977.13c I pseudogene NO 
pil2 I meiotic eisosome BAR domain protein Pil2  NO 
thi9 I thiamine transmembrane transporter Thi9  NO 
SPAC23C11.06c I hydrolase (inferred_from_context)  NO 
mug133 I S. pombe specific UPF0300 family protein 2  NO 
SPAC32A11.02c I conserved fungal protein  NO 
SPAC1071.13 I dubious  NO 
mug86 I acetate transmembrane transporter (predicted)  NO 
gto1 I alpha-glucosidase (predicted)  YES 
mug161 I CwfJ family protein, splicing factor (predicted)  NO 
btn1 I battenin CLN3 family protein  NO 
SPAC750.06c I S. pombe specific DUF999 protein family 4  NO 
sqt1 I ribosome assembly protein Sqt1 (predicted)  NO 
SPAPB24D3.07c I Schizosaccharomyces pombe specific protein  NO 
SPAC1B2.06 I Schizosaccharomyces pombe specific protein  NO 
SPAP14E8.05c I UPF0136 family mitochondrial protein  NO 
glt1 I glutamate synthase Glt1  NO 
SPAPJ695.02 I Schizosaccharomyces pombe specific protein  NO 
SPAC23H4.05c I Schizosaccharomyces pombe specific protein  NO 
ght7 II hexose transmembrane transporter Ght7 (predicted)  NO 
mfm3 II M-factor precursor Mfm3  NO 
frp1 II ferric-chelate reductase Frp1  YES 
frp2 II ferric-chelate reductase Frp2 (predicted)  NO 
SPBPB2B2.05 II peptidase family C26 protein  YES 
fhn1 II plasma membrane organization protein Fhn1  YES 
srx1 II sulfiredoxin  NO 
SPBC8E4.05c II fumarate lyase superfamily  NO 
ish1 II LEA domain protein  NO 
cta3 II P-type ATPase, potassium exporting Cta3  YES 
cho1 II phosphatidyl-N-dimethylethanolamine N-methyltransferase  NO 
pfl7 II cell surface glycoprotein (predicted), DIPSY family  NO 
sam1 II S-adenosylmethionine synthetase  NO 
SPBC725.03 II pyridoxamine 5'-phosphate oxidase (predicted)  NO 
dni2 II tetraspan protein implicated in mating Dni2 (predicted)  NO 
SPBC30D10.14 II dienelactone hydrolase family (predicted)  NO 
git5 II heterotrimeric G protein beta subunit Git5  NO 
SPBC18E5.09c II Schizosaccharomyces specific protein  NO 
SPBC8D2.18c II adenosylhomocysteinase (predicted)  NO 
SPBC16A3.02c II mitochondrial conserved protein (predicted)  NO 
SPBP19A11.02c II Schizosaccharomyces pombe specific protein, predicted GPI anchored  NO 
cnp3 II kinetochore protein, CENP-C ortholog Cnp3  NO 
spo13 III sporulation specific guanyl-nucleotide exchange factor Spo13  NO 
SPCPB1C11.03 III cysteine transmembrane transporter (predicted)  NO 
SPCC569.09 III Schizosaccharomyces specific protein  NO 
cbf12 III CBF1/Su(H)/LAG-1 family transcription factor Cbf12  NO 
srk1 III MAPK-activated protein kinase Srk1  NO 
cgs2 III cAMP-specific phosphodiesterase Cgs2  YES 
mmt1 III mitochondrial iron ion transmembrane transporter Mmt1 (predicted)  NO 
ecl1 III extender of the chronological lifespan protein Ecl1  NO 

1 YES indicates gene is a direct target of Scr1 in glucose sufficient conditions 
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Table 3.16 Enriched GO terms for genes unique to the glucose-deficient condition. 

ID Term Type1 Padj List BG Genes 

GO:0005886 plasma membrane CC 1.54E-04 13 253 

cta3, fhn1, frp1, frp2, ght7, 
git5, ish1, mfm3, mug86, 
pil2, SPAC750.06c, 
SPBP19A11.02c, thi9 

GO:0071944 cell periphery CC 7.52E-04 16 448 

cta3, fhn1, frp1, frp2, ght7, 
git5, gto1, ish1, mam3, 
mfm3, mug86, pfl7, pil2, 
SPAC750.06c, 
SPBP19A11.02c, thi9 

GO:0055082 
cellular chemical 
homeostasis 

BP 1.04E-03 8 96 
cgs2, cta3, ecl1, frp1, frp2, 
git5, mmt1, str3 

GO:0006879 
cellular iron ion 
homeostasis 

BP 1.26E-02 4 20 frp1, frp2, mmt1, str3 

GO:0071333 
cellular response to 
glucose stimulus 

BP 1.77E-02 3 8 cgs2, ecl1, git5 

GO:0010255 
glucose mediated 
signaling pathway 

BP 1.77E-02 3 8 cgs2, ecl1, git5 

GO:0009749 response to glucose BP 1.77E-02 3 8 cgs2, ecl1, git5 

GO:0055072 iron ion homeostasis BP 2.25E-02 4 23 frp1, frp2, mmt1, str3 

GO:0000293 
ferric-chelate reductase 
activity 

MF 3.59E-02 2 2 frp1, frp2 

GO:0032092 
positive regulation of 
protein binding 

BP 3.59E-02 2 2 git5, srk1 

GO:0001678 
cellular glucose 
homeostasis 

BP 3.74E-02 3 10 cgs2, ecl1, git5 

GO:0042592 homeostatic process BP 4.05E-02 8 158 
cgs2, cta3, ecl1, frp1, frp2, 
git5, mmt1, str3 

1 BP = Biological Process; CC = Cellular component; MF = Molecular function  
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Figure 3.23 The scr1- mutant background exhibits an extreme transcriptomic response 

to glucose starvation. Volcano plot of Log2FC (x-axis) vs -log10 adjusted p-value (y-axis) is 

shown for each S. pombe protein-coding gene for the scr1- mutant background vs. wild type 

S. pombe in the glucose-starved condition. Black points indicate genes that failed to meet the 

significance cut-offs imposed by the RNA-seq analysis (“Not Significant”). Blue 

(“Downregulated”) and Red (“Upregulated”) points indicate genes that met both Log2FC (-1 > 

Log2FC >1) and adjusted p-value (Padj < 0.05) thresholds. Parentheses indicate number of 

genes in each category. Genes of interest are labelled. B) Venn diagram comparing the 1108 

genes differentially expressed in the scr1- mutant to wild type S. pombe in glucose-starved 

conditions (green) to the 1934 genes differentially expressed in wild type S. pombe between 

glucose and glucose-starved conditions. C) Venn diagram comparing the upregulated DEGs 

in each gene set from B. D) Venn diagram comparing the downregulated DEGs in each gene 

set from B. Areas are proportional to the size of each dataset. Total numbers in each category 

are as indicated. Percentages indicate proportion of the total pool allotted to each category. 

P-values indicate significance of overlap between datasets calculated using the 

hypergeometric probability distribution. 
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Figure 3.24 Distinct gene ontologies are enriched in the scr1- mutant in response to 

glucose-deficient vs. glucose-starved conditions. A) Venn diagrams indicate overlap 

between the significantly upregulated (left) and downregulated (right) genes discovered from 

the scr1- mutant glucose-deficient vs. glucose (yellow) and glucose-starved vs. glucose (blue) 

comparisons. Areas are proportional to total number of DEGs indicated in brackets below each 

subset label. P-values were calculated using the hypergeometric probability distribution. B) 

Gene ontology enrichment profiles for differentially expressed genes from each comparison 

as in A) showing shared and unique GO term enrichment. GO terms enriched in upregulated 

(red) and downregulated (blue) gene subsets are indicated. 
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3.2.10 Loss of scr1+ results in ectopic meiosis in carbon and nitrogen replete conditions: 

Multiple meiosis and sexual differentiation genes were significantly upregulated in the scr1- mutant 

background in the presence of glucose (Section 3.2.2). Thus, it was of interest to determine the effect 

of scr1- mutation, if any, on mating under nutrient sufficiency. A scr1Δ h90 strain was constructed by 

crossing the heterothallic strain D163 (h- scr1Δ) to the canonical homothallic Leupold 968 strain, Y9 

(h90). Tetrads were dissected and haploid progeny possessing the parental scr1Δ allele and a complete 

mating type locus were confirmed by PCR and growth assays on YES 3% (w/v) glucose + G418 

medium (data not shown).  

 

Next, both wild type h90 and scr1Δ h90 cells were cultured on YES at 32°C, and the mating temperature, 

26°C. Although no mating structures were observed for either strain after two days at 32°C (data not 

shown), zygotic tetrads were observed in the scr1Δ population at 26°C (Figure 3.25A). DAPI staining 

confirmed the presence of four meiotic spores within the tetrads identified in the scr1Δ population 

confirming the occurrence of meiosis despite the carbon and nitrogen replete conditions. This 

observation was confirmed across two independent scr1Δ h90 strains. Few mating structures were 

detected in the wild type population suggesting this meiosis phenotype is likely due to the loss of scr1+. 

Counts of the proportion of tetrads within scr1Δ h90 populations revealed a significant increase 

compared to wild type h90 S. pombe (Figure 3.25B). To ascertain any growth defects of the resulting 

progeny from these ectopic meiosis events, tetrads from the scr1Δ population grown on YES at 26°C 

were dissected onto YES and spore viability was examined after four days of growth at 32°C. No 

obvious impact to viability was observed suggesting that meiosis had completed successfully (Figure 

3.25C). Finally, normal mating structures were detected for both wild type and scr1Δ cells on 

sporulation agar with supplements (SPAS) medium at 26°C, confirming that the scr1Δ strain exhibits 

wild type meiosis and sporulation under standard mating conditions (Figure 3.25D).  

 

Overexpression of ste11+ has been previously associated with ectopic meiosis in nutrient-replete 

conditions (Sugimoto et al. 1991). This observation is consistent with the ectopic meiosis phenotype 

observed above, since ste11+ was found to be significantly upregulated in the scr1- mutant background 

in glucose-sufficient conditions (Table 3.8). However, ChIP-seq analysis showed that Scr1 does not 

directly regulate ste11+ or any of the other upregulated meiosis genes, suggesting that another 

mechanism is responsible for the observed upregulation of ste11+ and associated meiosis genes and the 

ectopic meiosis phenotype observed in the scr1- mutant background. Another explanation may involve 

the Scr1-dependent gene cgs2+ (Figure 3.21), which encodes a cAMP-specific phosphodiesterase 

(Matviw et al. 1993). In wild type S. pombe, nutrient limitation results in the upregulation of cgs2+, 

which in turn catalyses a reduction in cellular cAMP levels and inactivation of PKA, triggering meiosis 

via subsequent expression of ste11+ and other meiosis genes (reviewed in, Hoffman 2005b). 
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Thus, derepression of cgs2+ in the scr1- mutant background in carbon and nitrogen replete conditions 

may drive this ectopic meiosis phenotype. In sum, these results suggest that the loss of scr1+ function 

in a homothallic h90 background causes the upregulation of ste11+ and associated meiosis genes, 

including cgs2+, which drives the ectopic induction of meiotic differentiation in nitrogen and carbon 

replete conditions. 

 

 

3.3 Discussion: 

Work presented in this chapter utilised genome-wide techniques to define genes in S. pombe whose 

transcription is dictated by the environmental glucose concentration and, within this context, determine 

the extent of Scr1-mediated control over this response in different carbon contexts. Previously, 

knowledge of gene regulation by Scr1 in S. pombe was limited to genes that had been directly studied 

such as inv1+, gld1+, fbp1+ and ght5+ (Tanaka et al. 1998, Janoo et al. 2001, Hirota et al. 2006, 

Matsuzawa et al. 2010, Saitoh et al. 2015). This work prompted the present study whose aim was to 

determine, in a genome-wide context, the genes under Scr1 control and the effects of Scr1 mutation. 

This work has shown that Scr1 is involved in the regulation of a wide range of cellular processes 

including a novel role as a suppressor of stress and mating responses in sufficient carbon conditions in 

addition to its known roles as the primary glucose repressor in S. pombe. 

 

3.3.1 A wide range of genes are regulated by glucose in S. pombe: 

Glucose is a primary source of energy for all living organisms and conditions of glucose deficiency can 

provoke wide ranging cellular responses. Previous studies in S. cerevisiae have shown that the 

expression of approximately 40% of the genes in the genome are altered by two-fold or greater upon a 

shift from glucose-deficient to glucose-sufficient medium, or vice versa (DeRisi et al. 1997, Wang et 

al. 2004, Brauer et al. 2005, Kresnowati et al. 2006, Zaman et al. 2009). Similar numbers of genes were 

observed in the present study, with a total of 2374 genes differentially expressed in at least one pairwise 

comparison between any combination of conditions, equating to approximately 46% of genes in the 

genome, which can respond to changes in environmental carbon conditions. 1934 of these DEGs were 

identified in glucose-starved vs. glucose conditions equating to approximately 37.7% of the protein-

coding genes in the S. pombe genome. Finally, 1607 genes were differentially expressed in glucose-

starved vs. glucose-deficient conditions. These observations suggest that the response to nutrient 

starvation has a significant impact on the transcriptional landscape of the S. pombe cell (Table 3.2, 

Figure 3.3).  
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Figure 3.25 Loss of scr1+ function results in ectopic meiosis in a homothallic background 

under nutrient replete conditions. A) DIC and DAPI stained images of wild type h90 and scr1Δ 

h90 cells grown on YES 3% glucose at 26°C. White arrowheads indicate presence of asci 

containing four meiotic nuclei. Scale bars = 20µm. B) Histogram showing percentage tetrads 

out of at least 1000 counted cells sampled at random from wild type h90 and scr1Δ h90 cells 

grown in YES 3% glucose medium at 26°C for 54 hours. Error bars reflect the mean standard 

error of the proportion of tetrads across three independent biological replicates. C) 

Representative selection of three dissected tetrads obtained from scr1Δ h90 grown on SPAS or 

YES 3% glucose medium at 26°C. Tetrads were dissected onto YES and cultured at 32°C for 

four days. D) DIC and DAPI stained images of wild type h90 and scr1Δ h90 cells grown on SPAS 

medium at 26°C. Scale bars = 20µm. 
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At the four-hour timepoint used in this study, few significant differences in gene expression were 

observed between glucose and sucrose suggesting that the two conditions elicit a similar transcriptional 

response in wild type S. pombe (Table 3.2). This result was interesting given that derepression of inv1+, 

and potentially other genes, is required for sucrose metabolism, yet Inv1 activity directly produces 

repressing carbon sources (i.e. glucose). The similarities between RNA-seq and Scr1 ChIP-seq 

signatures in wild type cells grown in sucrose as the sole carbon source (Figure 3.2, 3.16D) suggests 

there is sufficient glucose produced during growth on sucrose to maintain CCR and thus a glucose-like 

transcriptional signature. Thus, at the four-hour timeframe, sucrose may also be considered a repressing 

carbon source for S. pombe growth. However, it is possible that differences between the two conditions 

were too subtle to be identified by the analysis performed in this study. Studying an earlier series of 

timepoints, or examining the transcriptomes of single cells undergoing growth on sucrose may help to 

tease apart transcriptional differences between glucose and sucrose conditions.  

 

368 DEGs were identified in glucose-deficient vs. glucose conditions, representing a set of genes that 

respond to glucose-deficiency in S. pombe (Table 3.2). GO terms relating to glycolysis and the TCA 

cycle were strongly enriched in this subset and most genes involved in these pathways displayed strong 

upregulation in the glucose-deficient condition (Figures 3.4, 3.5). In contrast, most fermentation genes, 

except for pdc201+ and adh1+, were unchanged or showed reduced expression compared to glucose. 

Although genes involved in meiosis were not significantly enriched, multiple meiotic genes such as 

ste11+, mei2+ and map1+ were significantly upregulated in the glucose-deficient condition. These results 

complement a recent study that examined the transcriptomic response of S.ipombe to glucose-deficient 

conditions, identifying 763 DEGs in glucose-deficient vs. glucose conditions using a similar RNA-seq 

approach (Malecki et al. 2016). Similar enrichment of GO categories was observed in the Malecki et 

al. (2016) gene set including enrichment of carbohydrate metabolism and meiosis genes. Thus, 

conclusions regarding the genes regulated by glucose in S.ipombe are in line with previous work.  

 

The discrepancy in total DEGs detected between the present study and Malecki et al. (2016) is likely 

due to differences in experimental design and data analysis. In the present study, S. pombe was cultured 

in glucose to mid-log phase before being shifted to glucose-deficient media and cultured for an 

additional four hours. In contrast, Malecki et al. (2016) cultured S. pombe to mid-log phase in glucose-

deficient media directly, which may have enabled an increased number of transcriptomic changes to be 

significantly detected cf. the present study. Further timecourse microarrays of S. pombe during 

adaptation to glucose-deficient conditions in the Malecki et al. (2016) study revealed a sharp increase 

in the total number of DEGs within 1h following the shift to glucose-deficient media, which decreased 

substantially by the 4h mark (the timepoint analogous to the 4h timepoint used in the present study). 

This observation suggests that gene expression has mostly stabilised by the 4h mark after exposure to 

glucose-deficient conditions, following significant earlier transcriptional reprogramming, and only 
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those genes required for maintenance of growth in the new carbon condition appear differentially 

expressed vs. the glucose condition. Together, these results suggest that there are different subsets of 

genes that are required early in the shift to glucose-deficient conditions vs. late, reflecting previous 

studies in S. cerevisiae, which show that different subsets of genes are induced or repressed in a 

temporal manner following a switch from glucose-sufficient to glucose-deficient medium (DeRisi et al. 

1997, Brauer et al. 2005).  

 

In the Malecki et al. study (2016), a marked increase in DEGs towards the 24h mark post shift to 

glucose-deficient media was observed (Malecki et al. 2016). After 24h post-shift, the trace amounts of 

glucose in the media have likely been consumed and cells should be subsisting on glycerol alone, 

however S. pombe cannot efficiently utilise glycerol as a sole carbon source (Matsuzawa et al. 2010), 

suggesting that this transcriptional response is more likely due to carbon starvation. Consistent with this 

hypothesis, different GO categories were enriched in glucose-starved conditions vs. glucose-deficient 

conditions. For example, genes involved in hexose transport and autophagy processes were induced, 

whereas genes involved in energy consuming processes such as ribosome biogenesis, tRNA and rRNA 

processing were repressed (Figure 3.4). This observation suggests an alteration in the metabolic state 

of the cell under glucose-starved conditions that promotes autophagy and represses superfluous energy 

consumption as a mechanism of survival.  

 

3.3.2 Scr1 is directly involved in the regulation of a core set of S. pombe genes:  

The accepted function of the CCR repressor in microbial eukaryotes is to negatively regulate non-

preferred carbon source utilisation genes in glucose-sufficient conditions. This is true for many 

eukaryotic microorganisms including S. cerevisiae, A. nidulans, T. reesei and C. albicans (Nehlin and 

Ronne 1990, Dowzer and Kelly 1991, Strauss et al. 1995, Zaragoza et al. 2000). To study this function 

in S. pombe, a complete knockout of scr1+ was generated and examined alongside a previously reported 

scr1::ura4+ disruption strain (Tanaka et al. 1998). No significant differences were observed between 

the scr1Δ deletion and the previously reported scr1::ura4+ disruption strain suggesting that the 

scr1::ura4+ disruption is a faithful representation of scr1Δ loss of function.  

 

RNA-seq identified a consensus set of 87 genes that were differentially expressed in the scr1- mutant 

background in glucose-sufficient conditions (Table 3.9). On glucose, 86% of these DEGs were 

upregulated in the scr1- mutant background supporting the primary role of Scr1 as a transcriptional 

repressor (Section 3.2.4). Further ChIP-seq analysis of TAP tagged Scr1 revealed a core set of 29 Scr1-

dependent genes both bound by Scr1, and differentially expressed in the scr1- mutant background, 

suggesting Scr1 is key to their regulation in glucose-sufficient conditions (Figure 3.18A, Table 3.11). 

101 additional Scr1 bound genome features (Scr1-direct target genes) were identified whose expression 
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was not significantly altered in the scr1- mutant background and so either require an appropriate 

induction signal in addition to the absence of repression, or are not primarily dependent on Scr1 for 

their regulation (Table 3.12, Appendix 3.8). Additionally, 58 DEGs identified from RNA-seq in the 

scr1- mutant background, but not bound by Scr1, were classified as Scr1-indirect target genes (Figure 

3.18A). Together these analyses revealed genes involved in multiple cellular pathways, including 

carbon metabolism, hexose transport, galactose utilisation, glycolysis, TCA cycle, reductive iron 

assimilation, core stress responses and sexual differentiation, implicating Scr1 in the regulation of these 

processes.  

 

inv1+ and gld1+ were both directly regulated by Scr1 and were significantly upregulated in the scr1- 

mutant background in glucose-sufficient conditions. Consistent with these findings, both genes are 

known targets of Scr1-mediated CCR in S. pombe (Tanaka et al. 1998, Matsuzawa et al. 2010). In 

contrast, agl1+, which encodes an α-glucosidase involved in maltose utilisation, was significantly 

upregulated in the scr1- mutant background in glucose sufficient conditions, but was not bound by Scr1 

in glucose or sucrose conditions. In addition to agl1+, S. pombe contains three further α-glucosidase 

encoding genes, mal1+, gto1+ and gto2+, none of which were differentially expressed in the scr1- mutant 

background in glucose or sucrose conditions (Appendix 3.4). However, gto1+ was found to be a direct 

target of Scr1 (Table 3.12). Studies have shown that agl1+ is the predominant maltase in S. pombe (Kato 

et al. 2013a). That Scr1 was not significantly enriched at the agl1+ promoter suggests that other factors 

may also control expression of the gene (Appendix 3.8). For example, the Atf1/Pcr1 transcription 

factors are known to bind the agl1+ promoter and are required for induction of agl1+ in the presence of 

maltose (Kato et al. 2013a). Since atf1+ was a direct target of Scr1 (Figure 3.21, Table 3.12), regulation 

of agl1+ may occur indirectly via Scr1-mediated regulation of atf1+ expression. Overall, these results 

implicate Scr1 in the transcriptional control of genes required for sucrose, maltose and glycerol 

utilisation pathways in S. pombe in both a direct and indirect fashion.  

 

Interestingly, the zwf2+ (glucose-6-phosphate 1-dehydrogenase) and tal1+ (transaldolase) genes, which 

encode two key enzymes for the pentose phosphate pathway (PPP), were also upregulated in the scr1- 

mutant background, but only zwf2+ was a direct target of Scr1 (Figure 3.17, Table 3.12). The PPP is 

crucial for the generation of NADPH, ribose-5-phosphate and erythrose-4-phosphate, which are 

required for redox reactions, nucleic acid synthesis and aromatic amino acid synthesis, respectively 

(reviewed in, Flores et al. 2000). Furthermore, pentoses such as xylose, can be natively assimilated as 

a carbon source via the PPP in some fungi such as A. nidulans and K. lactis but not in S. cerevisiae or 

S.ipombe without prior metabolic engineering (reviewed in, Jeffries and Jin 2004). Glucose was 

previously shown to repress multiple PPP enzymes in S. pombe at the transcriptional level (Mehta et al. 

1998). This knowledge is consistent with results of the present study, which suggest a role for Scr1 in 

the regulation of PPP gene expression. However, the indirect nature of Scr1 regulation of tal1+, coupled 
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with the fact that other PPP genes were not found to be Scr1 targets, suggests that additional factors 

also contribute to PPP regulation in S. pombe. 

 

Scr1 was shown to regulate at least 7 of the 8 hexose transporters (ght1-6+ and ght8+) in the S. pombe 

genome (Section 3.2.2.3, 3.2.3.3). All ght genes except ght7+ showed increased in expression in the 

scr1- mutant background on glucose as the sole carbon source (Figure 3.13), and Scr1 was bound 

directly to the promoter of all but ght5+ and ght7+ in glucose or sucrose conditions. Notably, significant 

Scr1 enrichment was not observed immediately upstream of ght5+, however significant enrichment 

further upstream of the gene was observed, which suggests that cis-acting transcriptional control of 

ght5+ expression by Scr1 may occur more distally to the gene locus (see Appendix 3.9). This hypothesis 

supports an earlier study, which showed that ght5+ is under Scr1 control (Saitoh et al. 2015). The 

remaining ght genes, except for ght7+, were shown in this study and previous studies to be regulated in 

a glucose-dependent manner suggesting that Scr1-mediated CCR may play a role in their regulation 

(Figure 3.5, Heiland et al. 2000, Saitoh et al. 2015). The expression pattern of ght7+ was especially 

interesting. The gene was barely expressed in wild type S. pombe in any condition tested in the present 

study, which is consistent with previous results (Saitoh et al. 2015). However, ght7+ was significantly 

upregulated in the scr1- mutant background in both glucose-deficient and glucose-starved media, 

conditions where Scr1 is exported from the nucleus (Appendix 3.4). ChIP-seq revealed that Scr1 was 

not bound at ght7+ in glucose or sucrose conditions suggesting that loss of scr1+ indirectly affects the 

regulation of ght7+. Previous work has shown upregulation of ght7+ during meiosis (Mata et al. 2007). 

Since loss of scr1+ was shown to induce ectopic meiosis in nutrient-replete conditions (Figure 3.25), it 

is possible that this phenomenon is connected to the increased expression of ght7+ in glucose-

deficient/starved media in the scr1- mutant background, however this requires further investigation. The 

role of Ght7 on S. pombe metabolism under glucose-deficient/starved conditions is also unclear. Ght7 

shares 73% protein identity with Ght5; however, it appears to lack a secretion signal peptide (Saitoh et 

al. 2015). It is possible that Ght7 localises to other organelles and not to the plasma membrane, in 

contrast to the other Ght proteins in S. pombe. Therefore, it will be interesting to further examine the 

localisation of Ght7 in S.ipombe cells, particularly those undergoing carbon stress and/or meiosis, to 

further elucidate the role of Ght7 in S. pombe.  

 

ght5+ has been shown in multiple studies to be the most strongly expressed and most important hexose 

transporter in S. pombe for growth on low glucose media (Heiland et al. 2000, Saitoh et al. 2015). In 

wild type S. pombe, ght5+ was second to ght8+ in terms of overall expression in the glucose condition, 

but was more strongly upregulated in glucose-deficient or glucose-starved vs. glucose or sucrose 

conditions, and exhibited a log2 fold upregulation of 4.6 in the scr1- mutant background in the glucose 

condition (Figures 3.5, 3.13). Other Ghts are thought to have preference for alternate carbohydrate 

substrates and so likely possess alternate modes of regulation that induce their expression under these 
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carbon contexts. For instance, ght2+, which is a direct target of Scr1, but was not significantly 

differentially expressed in its absence, has been implicated in galactose uptake and is required for UDP-

galactose synthesis from extracellular galactose (Matsuzawa et al. 2013). Furthermore, Ght3 and Ght4 

are thought to primarily transport gluconate into the cell, and Ght6 appears to have a higher affinity for 

fructose than glucose (Heiland et al. 2000). Thus, the Ght proteins are likely optimised for different 

carbon sources that are secondary to glucose, and Scr1 regulation of hexose transport genes ensures 

optimal carbon source uptake according to the extracellular glucose concentration.    

 

Multiple layers of regulation exist to fine tune the expression of hexose transport genes in S.icerevisiae 

in accordance with the extracellular glucose concentration (Sections 1.21, 1.3.2.1), including the core 

Mig1/Snf1 CCR pathway and the Snf3/Rgt2/Rgt1 and cAMP-dependent PKA glucose sensing 

pathways (reviewed in, Horak 2013). In contrast, S.ipombe contains no Snf3/Rgt2-like glucose sensing 

mechanism and other factors that may control ght expression remain unknown. It is possible that 

glucose-sensing via the cAMP dependent PKA pathway contributes to ght gene regulation; however, 

this question has not been investigated. The present study has shown that ght1+, ght3+, ght4+, ght5+ and 

likely ght6+ and ght8+ are dependent on Scr1 for their regulation, as loss of scr1+ function leads to 

significant upregulation of these genes in the presence of glucose. Thus, Scr1 appears to be the major 

factor controlling hexose uptake in S. pombe. That the majority of S. pombe ght genes are largely 

dependent on a single factor suggests that regulation of hexose transport may be less sophisticated in S. 

pombe than in S. cerevisiae. Both yeasts inhabit a similar range of natural environments, many of which 

are rich in sugar. For instance, many wild S. pombe strains have been isolated from saccharine 

environments including rotting fruit samples, vineyards and kombucha tea, among others (Jeffares et 

al. 2015). Given that S. pombe utilises a smaller range of carbohydrates for growth than S. cerevisiae 

(reviewed in, Flores et al. 2000), it may have little need for alternate modes of hexose transporter gene 

regulation other than the Scr1-mediated CCR pathway.  

 

The galactose utilisation genes gal1+ and gal10+ were found to be Scr1 regulated via RNA-seq and 

ChIP-seq (Table 3.11). Consistent with this, previous reports showed that these genes are repressed in 

the presence of glucose (Matsuzawa et al. 2011). Scr1 was bound at the divergent gal1+ and gal10+ 

promoters suggesting it plays a direct role in their regulation (Appendix 3.8). gal7+, which was not 

bound directly by Scr1, lies immediately downstream of gal10+, and so may share cis-acting Scr1 

regulation with gal10+. The S. pombe gal genes are located at the sub-telomeric right end of 

chromosome II (Wood et al. 2002) and so are thought to be subject to gene silencing via RNAi-mediated 

telomeric heterochromatin spreading that has been shown to extend up to 50kb into the chromosome 

sub-telomeric region (Kanoh et al. 2005, Matsuzawa et al. 2011). This process may explain why the 

canonical Leupold S. pombe 972h- genetic background cannot utilise galactose as a sole carbon and 

energy source despite possessing the genes required for its import and metabolism (Matsuzawa et al. 
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2011). Galactose utilisation in S. pombe is unlike S. cerevisiae, which readily metabolises galactose and 

has an extremely well characterised system of galactose utilisation that is driven by the Gal3, Gal4 and 

Gal80 proteins (reviewed in, Traven et al. 2006). S. pombe lacks Gal3, Gal4 and Gal80 homologs and 

so any potential mechanism of galactose utilisation is likely different from S. cerevisiae.  

 

Interestingly, the S. pombe strain FG2-8 possesses native galactose utilisation ability (Matsuzawa et al. 

2011). FG2-8, a derivative of the canonical Leupold 972h- genetic background, was generated via 

ectopic expression of a proofreading deficient DNA polymerase variant encoded by the cdc6-1 allele, 

resulting in numerous sequence level mutations. This strain was shown to possess increased expression 

of genes in the sub-telomeric right end of chromosome II, including gal1+, gal7+ and gal10+. Matsuzawa 

et al (2011) then confirmed that gal gene expression was unchanged in a in a wild type S. pombe 

background swi6Δ mutant, suggesting that the upregulation seen in FG2-8 was not due to a defect in 

Swi6-mediated telomeric heterochromatin formation (Matsuzawa et al. 2011). In the present study, no 

significant differences in the expression of genes surrounding the gal gene cluster were detected 

suggesting that telomeric silencing via Swi6 is unperturbed in the scr1- mutant (Appendix 3.4). Taken 

with the findings of the Matsuzawa et al. (2011) study, these results support the role of Scr1 in the 

regulation of the galactose utilisation genes in S. pombe.  

 

Matsuzawa et al. (2011) also found that ectopic overexpression of the chromosome II region 

encompassing the gal genes and the SPBPB2B2.11 gene (a predicted nucleotide-sugar 4,6-dehydratase) 

in a wild type background allowed growth on EMM medium containing galactose suggesting that 

expression of these genes is sufficient to allow galactose utilisation (Matsuzawa et al. 2011). Given all 

the above, an obvious question to ask is does scr1- loss of function permit growth on galactose as the 

sole carbon source? Preliminary growth assays found that the scr1::ura4+ mutant was unable to grow 

on EMM media containing 2% (w/v) galactose (data not shown), suggesting that other factors are 

required for galactose utilisation in S. pombe. Considering that all four genes overexpressed by 

Matsuzawa et al. (2011) in the wild type background – gal1+, gal7+, gal10+ and SPBPB2B2.11 – were 

upregulated in the scr1- mutant in the present study (Appendix 3.4, SPBPB2B2.11 did not meet the Padj 

threshold), the level of upregulation of the gal genes in the scr1- mutant background may have been 

insufficient to permit galactose utilisation. It is unknown whether Scr1 or other CCR machinery is 

affected in the FG2-8 strain. However, given that other genes in the vicinity of gal1+, gal7+ and gal10+ 

also show derepression in FG2-8 (Matsuzawa et al. 2011), it is likely that further genetic factors affect 

the expression of these genes. Thus, further analysis is required to ascertain other factors that may play 

a role in the utilisation of galactose in S. pombe. 

 

Consistent with the status of S. pombe as a Crabtree-positive yeast, Scr1 was also implicated in the 

repression of genes functioning within glycolysis, gluconeogenesis and the TCA cycle. Scr1 bound to 
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the promoter of multiple genes in these pathways in glucose-sufficient conditions including fba1+, 

gpd3+, pfk1+, pgk1+, tdh1+, fbp1+, and mae2+ (Table 3.12). Interestingly, these genes were not 

significantly upregulated in the scr1- mutant background. In contrast, the TCA cycle genes cit1+ and 

mdh1+ were significantly upregulated in the scr1- mutant background in glucose-sufficient media but 

were not directly bound by Scr1. In wild type S. pombe, a shift from glucose to the glucose-deficient 

condition resulted in upregulation of the majority of glycolysis and TCA cycle genes including those 

not regulated by Scr1 (Figure 3.5). These results suggest that Scr1 is a contributing factor to the 

regulation of glycolysis and TCA cycle genes and that other factors, in conjunction with Scr1 are also 

important for regulation of these pathways.  

 

In S. cerevisiae, transcriptional control of glycolysis, gluconeogenesis and TCA cycle genes is achieved 

by a range of transcription factors including the activators Cat8 and Sip4 (gluconeogenesis, Hiesinger 

et al. 2001), Gcr1/2 (glycolysis, Holland et al. 1987, Uemura and Jigami 1992), the HAP complex 

(mitochondrial & TCA cycle genes, Forsburg and Guarente 1989, Lascaris et al. 2004) and the CCR 

transcription factors Mig1 & Mig2 (Nehlin et al. 1991, Lutfiyya and Johnston 1996). Thus, there are 

numerous overlapping regulatory signals governing glycolysis and TCA cycle genes in S. cerevisiae, 

that coordinate its metabolism in line with its Crabtree-positive metabolic profile (reviewed in, Broach 

2012). In S. pombe, regulation of these processes is less well understood. The enrichment of HAP 

complex and ATF/CREB factor binding motifs in the promoter of Scr1 regulated genes suggests that 

regulatory overlap between Scr1 and other regulatory proteins may also play a role in the regulation of 

carbon metabolism in S. pombe (Figure 3.17, 3.19). However, further studies are required to fully 

elucidate the functional relationship between these factors and determine the exact role of Scr1 within 

this broader regulatory context.   

 

3.3.3 Scr1 likely co-ordinates with other transcriptional machinery to achieve 

regulation of certain genes: 

ChIP-seq analysis revealed a set of 102 protein-coding genes (and 24 ncRNAs) that were directly 

regulated by Scr1 in glucose-sufficient conditions (Section 3.2.6). This number represents 

approximately 2% of the total protein-coding sequences in the S. pombe genome. Compared to the 

DEGs in glucose-sufficient conditions in the scr1- mutant background, just 29 genes were common to 

both subsets suggesting that relatively few genes are primarily dependent on Scr1 for their regulation 

in response to the glucose signal (Table 3.11). Thus, at the 74 remaining gene loci, multiple factors in 

addition to Scr1 likely contribute to gene regulation, and it is likely that regulatory signals in addition 

to the glucose signal are required at some of these genes to significantly influence their expression in 

accordance with this co-operation in their regulation.  
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Consistent with the hypothesis that other factors contribute to the regulation of genes bound by Scr1 

was the discovery of multiple enriched DNA sequence motifs in Scr1 bound regions. Most significant 

was 5’ – CCAATC – 3’, the HAP complex binding motif (Section 3.2.3.3). The S. pombe HAP complex, 

composed of products of the php2+, php3+ and php5+ genes, has been previously implicated in the 

activation of fbp1+ in glucose-deficient conditions by maintaining an open chromatin structure at the 

gene promoter, which is lost upon php5Δ deletion (Janoo et al. 2001, Asada et al. 2015). Scr1 is known 

to repress fbp1+ in glucose sufficient conditions (Hirota et al. 2006), suggesting that the HAP complex 

may antagonise Scr1-mediated repression at fbp1+ and potentially other Scr1-regulated genes that 

contain HAP complex binding motifs. Although less is known about the regulatory roles of the HAP 

complex in glucose-sufficient conditions, the results of the present study suggest a deeper regulatory 

relationship between Scr1 and the HAP complex than previously understood.  

 

The HAP complex also plays a key role in iron homeostasis and repression of genes encoding iron 

utilising proteins via additional association with Php4 in iron-deficient conditions (Mercier et al. 2008, 

Labbé et al. 2013). This process involves additional coordination with the master regulator of iron 

homeostasis in S. pombe, Fep1, a GATA transcription factor that negatively regulates a set of genes 

required for iron acquisition and storage in iron-replete conditions (Pelletier et al. 2002, Pelletier et al. 

2003). Fep1 has also been shown to interact with Tup11 in yeast two-hybrid experiments suggesting 

Fep1 brings the S. pombe Tup/Ssn6 complex to the promoter of iron metabolism genes to perform its 

repressive function (Znaidi et al. 2004). In addition, the SWI/SNF chromatin remodelling complex has 

also been shown to localise to the promoter of reductive iron assimilation genes in S.ipombe (Monahan 

et al. 2008). The discovery that Scr1 directly regulates the reductive iron assimilation genes fip1+, fio1+ 

and frp1+ in glucose-sufficient conditions was surprising as Scr1 has not previously been implicated in 

S. pombe iron metabolism. It remains unclear what role Scr1 has at the promoter of these genes in 

conjunction with the HAP complex, Fep1, Tup/Ssn6 and other potential regulatory components to 

achieve transcriptional control of reductive iron assimilation in S.ipombe. Regardless, this is but one 

example of gene loci where multiple regulatory components converge to achieve transcriptional control.  

 

The ATF/CREB-like DNA recognition motif, 5’ - ACATCA - 3’, was also enriched in Scr1 ChIP-seq 

peak regions. This, and similar motifs are targeted by bZIP transcription factors in many eukaryotes 

including S. cerevisiae and S. pombe (Vincent and Struhl 1992, Wahls and Smith 1994). Many bZIP 

transcription factors regulate stress responsive genes within the cell (Shiozaki and Russell 1996). In 

S.ipombe the Atf1, Pcr1 and Atf21 transcription factors control expression of genes involved in a range 

of stress responses including nutrient stress (Chen et al. 2003, Mata et al. 2007). Genes regulated by 

Scr1, such as fbp1+ and agl1+, have been shown previously to be Atf1 regulated (Janoo et al. 2001, Kato 

et al. 2013a). Given that bZIP domain containing proteins other than Atf1/Pcr1/Atf21 exist in S. pombe, 
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further studies will be required to fully elucidate the binding preferences of these transcription factors 

in the context of genes also bound by Scr1.  

 

3.3.4 Scr1 indirectly regulates genes involved in mating and stress responses: 

An scr1Δ h90 mutant exhibited ectopic meiosis in carbon – and nitrogen – replete conditions suggesting 

that Scr1 also acts to repress sexual differentiation (Figure 3.25). Additional RNA-seq and ChIP-seq 

showed that multiple meiosis genes, including ste11+, were significantly upregulated in the scr1- mutant 

but were not directly bound by Scr1 (Figure 3.21, Table 3.12), indicating that Scr1 indirectly regulates 

these genes. The cgs2+ gene, which was both directly bound by Scr1 and significantly differentially 

expressed in the scr1- mutant background in glucose-sufficient conditions may drive this ectopic mating 

phenotype in the absence of Scr1. cgs2+ encodes a cAMP-specific phosphodiesterase that is lowly 

expressed in the presence of glucose but induced upon nutrient starvation and functions in the cAMP 

dependent PKA pathway in S. pombe (Matviw et al. 1993, Davidson et al. 2004). Cgs2 performs an 

antagonistic function to the S. pombe adenylate cyclase, Cyr1, by converting cellular cAMP to AMP, 

thus reducing cAMP levels within the cell. In turn, this relieves cAMP-dependent inhibition of Cgs1, 

the inhibitory subunit of PKA, which is subsequently able to inhibit the activity of PKA (Matsuo et al. 

2008, Gupta et al. 2011b, Gupta et al. 2011a). Thus, Cgs2 is an inhibitor of PKA.  

 

Inactive PKA results in the induction of a range of genes involved in gluconeogenesis, stress and 

meiosis including fbp1+ and ste11+ via the Rst2 transcription factor and the SAGA transcriptional co-

activator (Kunitomo et al. 2000, Helmlinger et al. 2008). In previous studies, ectopic overexpression of 

cgs2+ in S. pombe resulted in an abnormal decrease in cellular cAMP and the onset of stress and mating 

pathways in nutrient replete conditions (Mochizuki and Yamamoto 1992). This study has shown that 

cgs2+, is a direct target of Scr1 and is significantly upregulated under glucose-sufficient conditions in 

the scr1- mutant background, thus linking the glucose-sensing cAMP-dependent PKA pathway with the 

Scr1-mediated CCR response for the first time. It is possible that this ectopic expression of cgs2+ is 

enough to drive activation of ste11+ and other meiosis genes in the presence of glucose via misregulation 

of PKA signalling; however, this hypothesis requires further investigation. If so, this would suggest that 

Scr1 indirectly suppresses the meiotic differentiation pathway through its control of cgs2+.  

 

Multiple other transcription factors are directly regulated by Scr1, suggesting that Scr1 may also have 

indirect control over the regulon of these proteins. One notable example is rsv1+, a C2H2 zinc finger 

transcription factor required for maintenance of cell viability in stationary growth phase (Hao et al. 

1997). rsv1- mutants do not exhibit defects in vegetative growth, mating or sporulation growth phases, 

but rapidly lose viability when grown to saturation (Hao et al. 1997). Intriguingly, Scr1 and Rsv1 

possess similar zinc finger DNA binding domains (Figure 1.5), suggesting that they may bind similar 
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DNA motifs. A previous study found that rsv1+ is induced during meiosis in a Mei4 dependent manner, 

and used microarrays to assess genome-wide gene expression in an rsv1Δ mutant background across a 

12-hour timecourse of cells undergoing meiotic differentiation (Mata et al. 2007). Although no major 

changes to meiotic genes were detected in the mutant, a set of 24 genes were consistently upregulated 

in the rsv1Δ mutant suggesting Rsv1 is also a repressor of transcription. 17 of these genes, including 

many involved in carbon metabolism, are directly bound by Scr1 in glucose-sufficient conditions, 

including gti1+, ght1+, ght3+, ght4+, ght8+, hxk2+, gnd1+, gld1+ and SPCC794.01c (Appendix 3.8). In 

fact, most of these genes are dependent on Scr1 and were significantly upregulated in the scr1- mutant 

background (Table 3.11). Since Scr1 was found to not bind DNA in the absence of glucose, it seems 

unlikely that Scr1 and Rsv1 would occupy the same promoters at the same time. Therefore, Rsv1 may 

complement Scr1 activity by maintaining repression of certain Scr1-dependent genes in the absence of 

glucose. As the rsv1Δ mutant showed no meiotic phenotype, these Rsv1 target genes are potentially 

superfluous during stationary phase and their expression may lead to catastrophic energy depletion in 

stationary phase cells unable to undergo meiosis (i.e. heterothallic cells) or disseminated spores, for 

instance. Thus, rsv1+ possibly represses expression of these genes to conserve cellular energy and thus 

maintain viability until environmental conditions become more favourable. Further functional and high-

throughput experimental work, such as ChIP-seq, is required to fully elucidate the roles of Rsv1 in S. 

pombe. 

 

The atf1+ gene encoding a primary ATF/CREB bZIP type stress responsive transcription factor is also 

directly regulated by Scr1, linking CCR with the Sty1 MAPK pathway in S. pombe. Atf1 responds to 

Sty1 MAPK stress response pathway signalling to induce gene expression under various stress 

conditions including, UV, oxidative and osmotic stresses (Takeda et al. 1995, Shiozaki and Russell 

1996, Wilkinson et al. 1996, Degols and Russell 1997, Chen et al. 2003). Atf1 has also been shown to 

regulate cAMP dependent PKA signalling via modulation of chromatin structure at the aforementioned 

cgs2+ locus (Davidson et al. 2004). Stress and mating are closely linked in S. pombe, and Atf1 is a key 

activator of Ste11 expression in response to stress (Takeda et al. 1995, Ohmiya et al. 2000). Unlike 

S.icerevisiae, which readily mates in nutrient rich media and undergoes meiosis only under nutrient 

limitation, S. pombe mates only in conditions of nutrient stress and undergoes meiosis immediately 

following sporulation (Hoffman et al. 2015). Thus, it makes sense that Scr1 would repress stress 

responses in nutrient-replete conditions. Interestingly, atf1+ was not significantly upregulated in the 

scr1- mutant background, suggesting other factors maintain predominant control over atf1+ expression 

in a carbon-independent manner. Supporting this hypothesis, atf1+ was shown previously to be induced 

under oxidative stress by the Pap1 transcription factor (Song et al. 2009). Thus, the role of Scr1 in atf1+ 

regulation may be to maintain repression under non-stressful conditions. This situation is similar to the 

one in which the fbp1+ gene is repressed by Scr1 in the presence of glucose, but is not significantly 

upregulated in an scr1- background due to the requirement of induction by Rst2, that occurs only in 
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glucose-deficient conditions (Hirota et al. 2006). The fact that Scr1 was directly bound at the promoters 

of genes encoding multiple other transcription factors that were not upregulated in the scr1- mutant, 

including sfp1+, zfs1+, gsf1+, SPAC2H10.01, SPBC530.11c, and SPCC320.03, suggests that induction 

of these genes is also required in addition to relief of repression by Scr1. This work provides a platform 

for further exploration of the impact of Scr1 regulation on these transcription factors to fully understand 

the wider implications of Scr1 mis-regulation on the biology of S. pombe.  

 

3.3.5 Conclusions and future directions: 

This study utilised RNA-seq to examine the range of genes that are subject to regulation by glucose in 

S. pombe. Strong and largely distinct transcriptional responses were revealed in cells cultured under 

glucose-deficient or glucose-starved conditions. Glucose-deficiency promoted expression of meiotic 

and stress response genes as well as genes involved in carbohydrate metabolism, glycolysis and the 

TCA cycle, reflecting the need for cells to prioritise alternate carbon source utilisation and adopt a more 

respirative, rather than fermentative, mode of metabolism for survival. On the other hand, glucose-

starvation resulted in upregulation of hexose transport and autophagy genes and downregulation of 

genes involved in energy consuming processes such as ncRNA, tRNA and rRNA processing, indicating 

adoption of a quiescent cell state in the absence of useable carbon.  

 

Further RNA-seq and ChIP-seq examined the roles of Scr1 within this context of glucose-regulated 

gene expression. Unexpected roles of this transcription factor were revealed in biochemical pathways 

outside of its core function as the principal glucose repressor in S. pombe. Scr1 was shown to be vital 

for the suppression of stress and meiosis genes in glucose-sufficient conditions as well as directly 

regulating multiple genes involved in carbon metabolism, hexose transport and reductive iron 

metabolism. Genes encoding the MAPK responsive Atf1 transcription factor as well as multiple other 

transcriptional regulators and signalling proteins were also direct targets of Scr1, integrating CCR and 

nutrient acquisition pathways more broadly into the regulation of general metabolic and stress responses 

in S. pombe. Interestingly, loss of scr1+ had a significant impact on transcription in cells cultured in 

glucose-deficient and glucose-starved media, both conditions where Scr1 is thought to be excluded from 

the nucleus. These results further indicate the intertwined nature of CCR, nutrient signalling pathways 

and other cellular metabolic functions in S. pombe and suggest that Scr1 may also be important for gene 

regulation not only in nutrient replete conditions, but also for modulating the transcriptional response 

in situations where glucose becomes scarce. These newfound roles for Scr1 in S. pombe shed new light 

on the relationship between carbon metabolism, energy homeostasis and general stress responses, and 

provide impetus for further investigation into the connection between these pathways in S. pombe. Of 

particular interest to future research will be how Scr1 co-ordinates, co-operates and/or competes with 

other regulatory components of the cell to achieve transcriptional control of its target genes. 
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4 Roles of Scr1, Tup/Ssn6 and Rst2 in the S. pombe CCR 

network: 

4.1 Introduction: 

In eukaryotic microorganisms where CCR has been studied, including S. pombe, S. cerevisiae, 

C.ialbicans, T. reesei and A. nidulans, the role of the core transcriptional repressor is to target genes for 

repression in the presence of glucose by binding target genes and recruiting additional cellular factors 

to establish repression. One such factor is the Tup1/Ssn6 complex (reviewed in, Smith and Johnson 

2000), named after the components of the protein complex initially discovered in S.icerevisiae (Keleher 

et al. 1992, Tzamarias and Struhl 1994). The Tup1/Ssn6 complex is a conserved co-regulatory complex 

required for transcriptional repression in these fungi and many other eukaryotes such as Caenorhabditis 

elegans (Unc-37/D2021) and Drosophila melanogaster (Groucho) (Jimenez et al. 1997, Fisher and 

Caudy 1998, Grbavec et al. 1998, Grbavec et al. 1999). 

 

Tup1/Ssn6 complexes function in gene regulation through at least five different mechanisms (Section 

1.2.1.2, Smith and Johnson 2000, Malave and Dent 2006). Common to all is the requirement for 

interaction between the Tup1/Ssn6 complex and other transcriptional regulatory machinery, particularly 

transcription factors, as localisation of the corepressor to the correct gene targets is critical for 

transcriptional repression, and Tup1/Ssn6 complexes do not appear to directly bind DNA. The ability 

of Tup1/Ssn6 complexes to influence the function of histones, and potentially the organisation of 

chromatin, via interaction with histone tails and chromatin remodelling and modifying machinery such 

as SWI/SNF, SAGA and HdAc enzymes appears to be a core function of these complexes (Malave and 

Dent 2006). Previous studies suggest that re-organisation of Tup1/Ssn6 interactions with other factors 

at the gene promoter in response to the presence or absence of glucose is a main driving force affecting 

gene expression and that Tup1/Ssn6 remains at the gene promoter regardless of glucose concentration 

(Wong and Struhl 2011). Despite extensive characterisation, particularly in S.icerevisiae, the complete 

picture of the repression mechanism of Tup1/Ssn6 remains unclear. 

 

In S. pombe, components of the Tup1/Ssn6 complex are encoded by the TUP1 orthologs tup11+ and 

tup12+, and the SSN6 ortholog, ssn6+ (Mukai et al. 1999, Fagerström-Billai and Wright 2005). S.ipombe 

Tup11 and Tup12 possess a similar domain structure to S. cerevisiae Tup1, with conservation of the N-

terminal Ssn6 interaction domain, central histone binding domain, and C-terminal WD40 repeat domain 

(Section 1.2.1.2, Mukai et al. 1999, Janoo et al. 2001, Znaidi et al. 2004). Moreover, the S. pombe Ssn6 

domain structure is largely conserved with S.cerevisiae Ssn6, however it appears essential for viability 

in S. pombe (Fagerström-Billai et al. 2007). That S. pombe contains two Tup1 orthologs appears unique 

amongst other studied fungi, and, aside from a putative additional role of Tup12 in the osmotic stress 
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response, the two proteins appear to be functionally redundant and present together in the majority of 

S. pombe Tup1/Ssn6 complexes (Fagerström-Billai and Wright 2005, Fagerström-Billai et al. 2007). 

The S. pombe Tup1/Ssn6 complex (hereafter Tup/Ssn6) has been less well characterised than its 

S.icerevisiae counterpart, and, in the context of CCR, the functional relationship of Tup/Ssn6 with Scr1, 

the primary CCR effector in fission yeast, remains poorly defined. Previous studies showed that loss of 

both tup11+ and tup12+ function results in de-repression of fbp1+, which mimics an scr1- phenotype, 

suggesting a genetic interaction between tup11+, tup12+ and scr1+ (Janoo et al. 2001). Further work 

showed that Scr1 and Tup11/12 co-localise at fbp1+ and repress expression of the gene in the presence 

of glucose (Hirota et al. 2006). Beyond these observations, little is known about the functional 

relationship between Scr1 and Tup/Ssn6 in terms of their physical interaction or co-occupancy at other 

gene promoters.  

 

The activity of Tup/Ssn6 complexes is also thought to be important in the process of adaptation to 

glucose-deficient conditions. In S. pombe, this process is controlled by the Rst2 transcriptional activator, 

which acts as an antagonist of Scr1-mediated repression and is required for the activation of genes 

required for survival in glucose-deficient conditions including the key gluconeogenesis gene,  fbp1+, 

and the master regulator of meiosis, ste11+ (Kunitomo et al. 2000, Hirota et al. 2003). Co-localisation 

of Scr1 and Rst2 with Tup/Ssn6 at the fbp1+ promoter in glucose-sufficient or glucose-deficient 

conditions was associated with gene repression and activation, respectively, suggesting both 

transcription factors may interact with, and influence the function of, Tup/Ssn6 in different carbon 

contexts (Hirota et al. 2006).  

 

The dynamics of how these factors operate at gene promoters has not been investigated in S. pombe on 

a genome-wide scale to date. As such, the full range of genes under Tup/Ssn6 and Rst2 control is 

unclear, as is how this gene set compares with the regulon of Scr1 within the broader context of CCR. 

Work presented in this chapter examined the dynamic regulatory roles of Tup11 and Rst2 in response 

to glucose-sufficient and glucose-deficient conditions and compares these findings to the Scr1 regulon 

on a genome-wide scale using ChIP-seq. Further work investigated physical interactions between Scr1 

and other components of the cell, including Tup/Ssn6, using biochemical affinity purification and yeast 

two-hybrid approaches.  
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4.2 Results: 

4.2.1 Analysis of Tup11 localisation via ChIP-seq: 

In S. pombe, CCR requires the coordinated activity of Scr1 and Tup/Ssn6 (Janoo et al. 2001, Hirota et 

al. 2006). Having identified on a genome-wide scale, direct targets of Scr1 in S. pombe (Chapter 3), it 

was of interest to also examine the genome-wide localisation of Tup/Ssn6 at gene promoters. As 

previous work has shown that Tup11, Tup12 and Ssn6 are present in the majority of S. pombe Tup/Ssn6 

complexes, tagging of a single component, such as Tup11, should reflect the activities of the entire co-

repression complex (Fagerström-Billai et al. 2007). Thus, the genomic localisation of Tup11 at gene 

promoters was examined using a ChIP-seq approach and compared to that generated for Scr1. Since no 

Tup11 antibody was available, a C-terminally TAP tagged Tup11 expressing strain (Tup11-TAP) was 

generated using a similar approach as previously described for TAP tagging of Scr1 (Figure 4.1A, 

Section 3.2.2.2). Transformants possessing correct integration of the TAP construct were identified by 

PCR using oligos O-393/O-382 (Appendix 1.1, data not shown). Transformants were validated by 

Sanger sequencing (data not shown) and western blot analysis (Figure 4.1B). No obvious differences in 

growth of the Tup11-TAP strain were observed when grown alongside wild-type S. pombe on YES 

medium suggesting that the addition of the TAP tag had no detrimental effect on cell growth (data not 

shown). ChIP was performed using chromatin extracted from Tup11-TAP expressing cells grown in 

either YES 3% (w/v) glucose (hereafter “glucose” condition), 3% (w/v) sucrose (hereafter “sucrose” 

condition) or 3% (v/v) glycerol (hereafter “glucose-starved” condition) using an approach previously 

described for Scr1-TAP ChIP experiments (Section 2.5.5, Figure 3.10). Illumina high-throughput 

sequencing was performed for two biological replicates of each Tup11-ChIP condition. Data QC and 

analysis was performed as previously described (Section 2.6.3, Appendix 1.10). All samples were of 

acceptable quality for further analysis and are summarised in Table 4.1. The resulting ChIP-seq datasets 

were aligned to the S. pombe reference genome (ASM294 v2.25, Section 2.6.3.1) and regions of Tup11 

enrichment were identified using the MACS2 and IDR methodology and annotated using the 

Chipseeker R package (Yu et al. 2015). Peaks were manually curated using guidelines detailed in 

Section 2.6.3.4.  

 

A total of 253, 174 and 456 significant peaks were observed in the Tup11 glucose, sucrose and glucose-

starved ChIP conditions respectively (Table 4.2). For the glucose condition, Tup11 peaks were assigned 

to 298 genome features including 238 protein-coding genes and 60 ncRNAs or other features. In the 

sucrose condition, Tup11 peaks were assigned to 211 genome features including 169 protein-coding 

genes and 42 ncRNAs or other features. Lastly, the Tup11 peaks in the glucose-starved condition were 

assigned to 460 genome features including 375 protein-coding genes and 85 ncRNAs or other features. 

Full lists of Tup11 ChIP-seq targets in each condition can be found in Appendix 4.1. 
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Examination of the distribution of Tup11 peaks in all three growth conditions revealed a strong 

preference for enrichment in the promoter region of coding features (Figure 4.2A). The majority were  

within 1000bp upstream of the gene TSS with few cases of more distal or intergenic enrichment (Figure 

4.2B). Interestingly, in glucose and sucrose conditions, enrichment was predominantly observed 5’ of 

the TSS whereas in the glucose-starved condition, the distribution of Tup11 enrichment was shifted in 

the 3’ direction and was more evenly distributed around the TSS, consistent with the hypothesis that 

different factors recruit the Tup/Ssn6 complex during glucose-sufficient and deficient conditions 

(Figure 4.2A & C). 194 Tup11 bound genome features (38.5% of the total pool) were unique to the 

glucose-starved dataset, which is consistent with the larger number of genome features bound by Tup11 

in this condition (Figure 4.2D). Just 24 and 1 genome features were unique to the glucose and sucrose 

growth conditions respectively. 180 (35.7% of the total pool) genome features were bound by Tup11 in 

all three growth conditions, identifying a core set of genes bound by Tup11 irrespective of carbon 

conditions. Significant enrichment for carbohydrate metabolic process, iron assimilation, oxido-

reduction coenzyme metabolic process, generation of precursor metabolites and energy, carbohydrate 

transport, plasma membrane and cell periphery gene ontologies were observed for this subset (Table 

4.3). Many of these Tup11-bound genes were found earlier to be direct targets of Scr1 (Chapter 3), 

suggesting that Scr1 and Tup11 co-localise at these genes in glucose-sufficient conditions, and that 

Tup11 remains at these genes in the absence of glucose.  

 

4.2.2 Scr1 and Tup11 co-localise at gene promoters in glucose-sufficient conditions:  

Further examination of genome features bound by both Scr1 and Tup11 revealed a significant overlap 

between the two datasets, with almost all Scr1 bound features also bound by Tup11 in glucose (Figure 

4.3A) and sucrose (Figure 4.3B) conditions. Most genome features bound by Scr1 but not Tup11 in the 

glucose condition possessed non-significant enrichment for Tup11, suggesting that there are few loci, 

if any, where Scr1 is present without Tup11 (Table 4.4). In contrast, for the sucrose condition several 

loci enriched for Scr1 showed no significant Tup11 enrichment suggesting that either biological noise 

or partial derepression due to growth in sucrose could have impacted Tup11 enrichment at these loci.  

 

Investigation of the inv1+ locus, a well-studied target of CCR requiring both Scr1 and Tup11 activity, 

showed clear co-localisation of both factors at the previously reported regulatory site in the inv1+ 

promoter, which lies within the SPCC191.10 CDS (Figure 4.3C, Ahn et al. 2012). This co-localisation 

was consistent across all features bound by Scr1 and Tup11 (Figure 4.3D). Thus, Scr1 and Tup11 co-

localise at the gene promoter in glucose-sufficient conditions to negatively regulate gene expression. 
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Figure 4.1 Generation of a TAP-epitope tagged Tup11 expressing strain. A) Schematic of 

the Tup11-TAP tag construct amplified from plasmid P10 (Table 2.2) using oligos O-387/O-

388 (Appendix 1.1) and its integration in-frame with the tup11+ CDS. Black boxes indicate 

100bp regions of similarity used to target the construct for homologous recombination into 

the S. pombe genome. CBP = Calmodulin binding peptide, TEV = Tobacco Etch Virus protease 

cleavage site, 4x PrA = 4 tandem repeats of Staphylococcus aureus Protein A. B) Western blot 

of wild-type (Untagged) and Tup11-TAP whole cell protein lysates using anti Protein A-HRP 

conjugated antibody at 1:1000 dilution (Sigma PAP 1291). Whole cell extracts were prepared 

from cells cultured in YES 3% (w/v) glucose (Section 2.5.1). Expected size of Tup11-TAP is 

shown by the 100 kDa marker. 
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Table 4.1 Summary of Tup11 and Rst2 ChIP-seq experiments. 

 

 

Sample # Strain Rep Condition Treatment Type Library Type 
# Reads 

(millions) 
Q30 
(%) 

Avg 
Read 

Length 
(bp) 

Mapped 
uniquely 

(%) 

Mapped 
> 1 
(%) 

Unmapped 
reads 

(%) 

Total 
mapped 

(%) 

ChIP_11 Tup11-TAP R1 Glucose α-Protein A ChIP Paired end 3.9 96.1 90.7 86.38 11.02 2.6 98.01 

ChIP_12 Tup11-TAP R2 Glucose α-Protein A ChIP Paired end 6.0 97.5 90.8 86.79 10.98 2.23 98.87 

ChIP_13 Tup11-TAP R1 Sucrose α-Protein A ChIP Paired end 3.8 95.0 90.7 79.04 18.78 2.18 98.61 

ChIP_14 Tup11-TAP R2 Sucrose α-Protein A ChIP Paired end 4.8 98.4 89.3 78.1 20.04 1.86 99.18 

ChIP_15 Tup11-TAP R1 Glucose-starved α-Protein A ChIP Paired end 5.6 95.6 89.2 84.99 11.98 3.02 97.66 

ChIP_16 Tup11-TAP R2 Glucose-starved α-Protein A ChIP Paired end 2.9 98.4 89.3 88.66 8.77 2.57 98.27 

ChIP_17 Rst2-TAP R1 Glucose α-Protein A ChIP Paired end 4.9 96.8 89.2 79.74 17.0 3.26 97.3 

ChIP_18 Rst2-TAP R2 Glucose α-Protein A ChIP Paired end 4.9 97.0 89.2 81.88 14.83 3.28 97.4 

ChIP_19 Rst2-TAP R1 Sucrose α-Protein A ChIP Paired end 2.6 94.2 89.4 76.55 22.14 1.31 99.2 

ChIP_20 Rst2-TAP R2 Sucrose α-Protein A ChIP Paired end 4.7 98.2 90.7 69.84 27.87 2.3 99.01 

ChIP_21 Rst2-TAP R1 Glucose-starved α-Protein A ChIP Paired end 3.5 97.2 90.8 86.79 9.62 3.58 96.97 

ChIP_22 Rst2-TAP R2 Glucose-starved α-Protein A ChIP Paired end 3.1 98.0 89.1 87.63 8.45 3.92 96.74 

      AVG 4.3 96.9 89.9 82.2 15.1 2.7 98.1 
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Table 4.2 Tup11 ChIP-seq peak calling results. 

 Glucose Sucrose 
Glucose-
starved 

Replicate R1 R2 R1 R2 R1 R2 
MACS2 peaks 1781 842 3577 2918 3022 2995 

Reproducible peaks 654 2272 2099 

IDR significant peaks1 381 181 655 

Total high confidence peaks2 253 174 456 

Total feature annotations 298 211 460 

Protein-coding genes 238 169 375 

ncRNAs or other features 60 42 85 

1 Peaks above IDR significance threshold score of 540 (i.e. < 0.05)  

2 Significant IDR peaks with fold enrichment over input > 5 
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Figure 4.2 Global enrichment analysis of Tup11 ChIP-seq. A) Binding profiles of Tup11 in 

the glucose (red), sucrose (green), and glucose-starved (blue) conditions. Each gene in the 

genome has been centered at the transcription start site (TSS) and the frequency of reads 

mapping to the 3kb region up and downstream of the TSS in each case has been averaged 

across all genes. The plotted line shows the average frequency of sequence reads arising from 

Tup11 ChIP-seq in each condition. The coloured region indicates a 95% confidence interval. B) 

Automatic annotation of significant Tup11 peaks to genome coding regions was performed 

by ChIPseeker and the proportion of peaks overlapping Promoter, UTR, Exon or intergenic 

regions was calculated and plotted as a percentage with results from glucose and sucrose and 

glucose-starved conditions shown. C) Proportion of Tup11 binding sites lying within defined 

distances up or downstream of the gene TSS. D) Proportional Venn diagram showing overlap 

of genome features (protein-coding genes and ncRNAs) bound by Tup11 in glucose (red), 

sucrose (green) and glucose-starved (blue) conditions following manual curation of 

ChIPseeker annotations.  
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Notably, Tup11 remained localised at the inv1+ promoter in the glucose-starved condition although Scr1 

was no longer present (Figure 4.3C). While Tup11 enrichment was maintained at the “glucose” site in 

the glucose-starved condition, an additional and unique site more proximal to the promoter was also 

observed (Figure 4.3C). This pattern of Tup11 enrichment suggests that Tup11 can be recruited to 

alternate regulatory sites within the same gene promoter by different transcriptional machinery in the 

absence of glucose. Furthermore, inv1+ is induced in the absence of glucose (Chapter 3), suggesting that 

the Tup/Ssn6 complex may also play a role in gene activation in the glucose-starved condition via co-

ordination with other transcription factors and/or chromatin remodelling machinery.  

 

4.2.3 Does Scr1 form a stable interaction with the Tup/Ssn6 complex? 

Given the strong co-localisation of Scr1 and Tup11 on chromatin, it is possible that Scr1 and Tup/Ssn6 

also physically interact. To test this possibility, a Tandem Affinity Purification (TAP) approach was 

utilised. TAP is an established biochemical method commonly used to purify and identify protein 

complexes. Key to the method is a dual-affinity tag fused to the protein of interest. This enables two 

independent rounds of column affinity purification, resulting in isolation of the target protein and 

interacting proteins at high purity, which can then be identified through mass spectrometry approaches 

(reviewed in, Xu et al. 2010). A Scr1-TAP expressing strain was previously constructed (Chapter 3) 

and was used for TAP screening procedures as described in Section 2.5.4. Scr1 TAP experiments were 

conducted using cells grown in YES 3% glucose medium, conditions in which Scr1 is known to be 

actively bound to gene promoters and repressing transcription (Chapter 3).  

 

Purification of Scr1-TAP and subsequent silver staining revealed multiple bands that were not present 

in an untagged control TAP purification (Figure 4.4A). Subsequent 1-dimensional liquid 

chromatography and mass spectrometry (1D LC-MS) was used to determine the identity of proteins co-

purifying with Scr1 (Section 2.5.4). Surprisingly, few proteins were identified in the mass spectrometry 

analysis of the Scr1-TAP sample and no Tup/Ssn6 complex members were identified (Table 4.5). Of 

those identified, most were highly abundant proteins such as Act1 (actin), Adh1 (alcohol 

dehydrogenase) or ribosomal proteins that were either present in the untagged mock control sample, or 

had been previously shown to be common S. pombe TAP false positives (Pancaldi et al. 2012). Only 

one protein, the 14-3-3 protein Rad24, was identified in the Scr1-TAP sample but not the untagged 

control and is not a noted false positive according to Pancaldi et al. (2012). 14-3-3 proteins are 

ubiquitous in eukaryotes and function in the regulation of multiple cellular processes by binding a 

diverse array of signalling proteins (reviewed in, Aitken 2006).  
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Table 4.3 Tup11 core regulon enriched GO terms. 

GO ID GO Term Type1 Padj Total Genes2 

GO:0005975 
carbohydrate metabolic 
process 

BP 3.25E-09 25 
adh1, adh4, exg1, fbp1, gal1, gal10, gas1, gld1, gnd1, gpd3, gpm1, gto1, hxk2, inv1, pfk1, 
pgk1, pyk1, pyr1, SPACUNK4.16c, SPBP23A10.11c, SPCC757.12, tdh1, tpi1, tps1, zwf2 

GO:0033212 iron assimilation BP 5.64E-04 5 fio1, fip1, frp1, sib2, str3 

GO:0006733 
oxidoreduction coenzyme 
metabolic process 

BP 1.61E-04 13 adh1, adh4, gnd1, gpd3, gpm1, hxk2, pfk1, pgk1, pyk1, SPAC26H5.09c, tdh1, tpi1, zwf2 

GO:0006091 
generation of precursor 
metabolites and energy 

BP 2.80E-05 15 
adh1, adh4, gnd1, gpd3, gpm1, hxk2, mae2, mdh1, pfk1, pgk1, pyk1, pyr1, SPCC417.16, tdh1, 
tpi1 

GO:0016052 carbohydrate catabolic process BP 1.08E-05 13 fbp1, gal1, gld1, gnd1, gpd3, gpm1, hxk2, inv1, pfk1, pgk1, pyk1, tdh1, tpi1 

GO:0072524 
pyridine-containing compound 
metabolic process 

BP 7.58E-05 13 adh1, adh4, gnd1, gpd3, gpm1, hxk2, pfk1, pgk1, pyk1, SPAC26H5.09c, tdh1, tpi1, zwf2 

GO:0055114 oxidation-reduction process BP 2.36E-04 14 
adh1, adh4, gpd3, gpm1, hxk2, mae2, mdh1, pfk1, pgk1, pyk1, SPAC26H5.09c, sua1, tdh1, 
tpi1 

GO:0008643 carbohydrate transport BP 3.52E-03 6 ght1, ght2, ght3, ght4, ght8, gti1 

GO:0046034 ATP metabolic process BP 3.49E-04 12 adh1, adh4, gpd3, gpm1, hxk2, pfk1, pgk1, pma1, pyk1, SPCC417.16, tdh1, tpi1 

GO:0046939 nucleotide phosphorylation BP 9.13E-06 8 gpd3, gpm1, hxk2, pfk1, pgk1, pyk1, tdh1, tpi1 

GO:0044459 plasma membrane part CC 1.53E-05 19 
amt1, fip1, gas1, ght1, ght2, ght3, ght4, ght8, gsf2, pfl2, pho1, pho84, plb1, pma1, 
SPAC23D3.12, SPAC27E2.11c, SPCC553.10, SPCC576.17c, SPCC757.12 

GO:0071944 cell periphery CC 5.47E-04 35 

acp2, amt1, bfr1, cta3, ecm33, fhn1, fio1, fip1, frp1, gas1, ght1, ght2, ght3, ght4, ght8, gsf2, 
gto1, pfl2, pho1, pho84, plb1, pma1, SPAC16A10.01, SPAC186.03, SPAC23D3.12, 
SPAC27E2.11c, SPBC36.02c, SPBC3H7.02, SPBP23A10.11c, SPCC553.10, SPCC569.05c, 
SPCC576.17c, SPCC757.12, SPCC794.04c, tdh1 

GO:0022857 
transmembrane transporter 
activity 

MF 1.31E-03 26 
amt1, anc1, bfr1, cta3, fip1, ght1, ght2, ght3, ght8, hmt1, per1, pet1, pho84, pma1, 
SPAC1002.16c, SPAC1399.01c, SPAC23D3.12, SPAC8C9.12c, SPAC977.17, SPBC36.02c, 
SPBC3H7.02, SPCC1529.01, SPCC569.05c, SPCC576.17c, SPCC794.04c, str3 

1 BP = Biological process; CC = Cellular component; MF = Molecular function 

2 Genes in bold are also direct targets of Scr1 in glucose and sucrose conditions
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Figure 4.3 Scr1 and Tup11 co-localise at gene promoters. Proportional Venn diagrams 

showing overlap of genome features bound by Scr1 (blue) and Tup11 (green) in glucose (A) 

and sucrose (B) conditions. P-values indicate significance of observed overlap between the two 

datasets calculated using the hypergeometric probability distribution. (C) Genome browser 

visualisation of Scr1, Tup11 and RNA PolIISer5 enrichment in glucose, sucrose and glucose-

starved conditions at the inv1+ locus. RNA PolIISer5 enrichment is expressed in heatmap format. 

Read depth scale is indicated in the top left corner of each panel. Black arrows indicate 

positions of significant peaks for both proteins. (D) Binding profiles of Scr1 (blue) and Tup11 

(green) in the glucose condition. Each gene in the genome has been centered at the 

transcription start site (TSS) and frequency of reads mapping to the 3kb region up and 

downstream of the TSS in each case has been averaged across all genes. The plotted line shows 

the average frequency of sequence reads arising from Scr1 ChIP-seq in each condition. The 

coloured region indicates a 95% confidence interval. 
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Rad24 interacts with, and modulates the function of, a wide range of S. pombe proteins including cell 

cycle signalling machinery such as Cdc25, and the Ste11 transcription factor (Lopez-Girona et al. 1999, 

Kitamura et al. 2001). Rad24, and its paralog, Rad25 are also required for the translocation of the Byr2 

kinase from the cytoplasm to the plasma membrane in nitrogen deficient conditions (Ozoe et al. 2002). 

Importantly, the Rad24 homologs in S. cerevisiae, Bmh1 and Bmh2, were shown to interact with Mig1 

in both targeted and high-throughput studies (Krogan et al. 2006, Parua and Young 2014).  

 

The Tup11, Tup12 and Ssn6 proteins were not observed in the Scr1-TAP mass spectrometry analysis 

suggesting that either they do not physically interact with Scr1, or that they do not form a stable 

interaction with Scr1 that could be detected by this method under the conditions tested. To account for 

the latter possibility, further Scr1-TAP experiments were performed at a reduced salt concentration of 

150mM (previously 350mM) to preserve potentially weaker or transient physical interactions between 

Scr1 and other proteins. Mass spectrometry of these purified protein samples revealed only a single 

protein, Mgl1 (mitochondrial acylglycerol lipase), which was not present in the untagged control, and 

was reproducibly purified across two independent biological replicates (Table 4.5). Mgl1, is highly 

abundant within vegetatively growing cells (Marguerat et al. 2012) and was present only at low 

abundance within the TAP purified sample and so likely represents a false positive interaction with 

Scr1. Moreover, Rad24 was not observed in the low salt Scr1-TAP samples and therefore was not 

pursued further. Overall, these results suggest that Scr1 does not form a stable stoichiometric protein 

complex with any other protein factors, including members of the Tup/Ssn6 complex.  

 

Next, an opposing approach was taken whereby Tup11 containing protein complexes were purified by 

TAP pulldown using the Tup11-TAP strain described previously (Section 4.2.1). Previous work has 

shown that Tup11, Tup12 and Ssn6 interact to form a stable protein complex (Fagerström-Billai and 

Wright 2005). Moreover, Tup11, Tup12 and Ssn6 appear to be present in the majority of Tup/Ssn6 

complexes distributed within the S. pombe cell (Fagerström-Billai et al. 2007). Thus, it was assumed 

that purification of Tup11 would reflect the activities of the entire co-repression complex. TAP 

purification using the Tup11-TAP strain was performed at the standard 350mM salt concentration 

(Section 2.5.4) and a silver stained gel of the final protein purification revealed three strong bands not 

present in the untagged control (Figure 4.4B). Subsequent mass spectrometry analysis confirmed that 

Tup11, Tup12 and Ssn6 were strongly enriched in the Tup11-TAP pulldown samples (Table 4.5). Aside 

from these proteins, just four other proteins were enriched in the Tup11-TAP sample. Two of these, 

Cam1 (calmodulin) and Pmt3 (SUMO) are likely false positives owing to their high abundance within 

the cell (both proteins), and presence on the anti-Calmodulin beads used in the TAP protocol (Marguerat 

et al. 2012, Carpy et al. 2014). Furthermore, a previous report showed Tup/Ssn6 can be SUMOylated 

in response to hyperosmotic stress (Oeser et al. 2016), suggesting that the Pmt3 present in the Tup11 

TAP sample is unlikely to represent free SUMO. Although the remaining two proteins, Mok12  
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Table 4.4 Analysis of genome features enriched for Scr1 but not Tup11. 

Condition Gene ID Gene Tup11 Peak? IDR1 FE2 

Glucose SPAC1039.02 SPAC1039.02 YES 1000 4.98 

Glucose SPAC17A2.11 SPAC17A2.11 YES 376 4.41 

Glucose SPAPB15E9.06 SPAPB15E9.06 YES 973 4.64 

Glucose SPBC1718.07c zfs1 YES 946 4.56 

Glucose SPBP8B7.32 SPBP8B7.32 YES 977 4.58 

Glucose SPBC19C2.07 fba1 YES 887 4.61 

Glucose SPCC191.10 SPCC191.10 YES 871 4.67 

Glucose SPNCRNA.1065 SPNCRNA.1065 NO N/A N/A 

Glucose SPNCRNA.144 SPNCRNA.144 NO N/A N/A 

Glucose SPNCRNA.93 SPNCRNA.93 NO N/A N/A 

Glucose SPNCRNA.1604 SPNCRNA.1604 NO N/A N/A 

Glucose SPAC12G12.04 mcp60 NO N/A N/A 

Glucose SPAC56F8.14c mug115 NO N/A N/A 

Sucrose SPNCRNA.872 eta2-antisense-1 NO N/A N/A 

Sucrose SPAC13G7.02c ssa1 NO N/A N/A 

Sucrose SPNCRNA.990 cbh1-antisense-1 NO N/A N/A 

Sucrose SPSNORNA.06 snoZ3 NO N/A N/A 

Sucrose SPAC27D7.12c but1 NO N/A N/A 

Sucrose SPAC4G9.16c rpl901 NO N/A N/A 

Sucrose SPBC1718.07c zfs1 NO N/A N/A 

Sucrose SPNCRNA.1604 SPNCRNA.1604 NO N/A N/A 

Sucrose SPBP8B7.32 SPBP8B7.32 NO N/A N/A 

Sucrose SPBC30B4.03c adn1 NO N/A N/A 

Sucrose SPNCRNA.1625 SPNCRNA.1625 NO N/A N/A 

Sucrose SPSNORNA.21 snoU14 NO N/A N/A 

Sucrose SPBC29A10.08 gas2 NO N/A N/A 

Sucrose SPBC3H7.05c SPBC3H7.05c NO N/A N/A 

Sucrose SPBCPT2R1.07c SPBCPT2R1.07c NO N/A N/A 

Sucrose SPBC2F12.04 rpl1701 NO N/A N/A 

Sucrose SPCC622.09 htb1 NO N/A N/A 

Sucrose SPCC1223.03c gut2 NO N/A N/A 

1 Meets IDR threshold score of > 540 

2 Meets Fold enrichment (FE) score of > 5 
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Figure 4.4 Tandem affinity purification of Scr1 and Tup11. Silver stained SDS-PAGE of 

Scr1-TAP (A) and Tup11-TAP (B) TAP-purified protein samples at 350mM salt concentration. 

Gels are representative of at least three independent biological repeats. Size markers indicate 

ladder marker protein sizes in kilodaltons (kDa). Bands corresponding to the indicated proteins 

were determined by mass spectrometry analysis of TAP purified protein samples.  
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(alpha-1,3-glucan synthase) and Prp5 (WD40 repeat containing protein) may indeed interact with 

Tup11, their extremely low abundance in the Tup11-TAP samples suggested that both proteins were 

likely false positive hits (Table 4.5). That Scr1, Fep1 or Cbf11 were not identified in the mass 

spectrometry from Tup11 TAP samples suggests that Tup/Ssn6 does not form a stable stoichiometric 

complex with these transcription factors. Alternatively, it is possible that interactions between Tup/Ssn6 

and other proteins are chromatin dependent and are unstable through the TAP procedure performed in 

this study.  

 

Considering the results above, a third strategy was pursued whereby Scr1-TAP or Tup11-TAP 

purifications were performed in the presence of FLAG-tagged Tup11 or Scr1 respectively, allowing the 

potential binding partner to be followed by western blot. To generate endogenously-expressing FLAG 

tagged Scr1 and Tup11 isoforms, a linear DNA construct encoding five repeats of the FLAG tag, the 

ura4+ selectable marker cassette and 100bp of scr1+ or tup11+ 3’ CDS flanking sequence was amplified 

from plasmid D151 (Table 2.2) using oligos O-346/O-347 (scr1) and O-387/O-388 (tup11) (Appendix 

1.1) and transformed into the S. pombe strain Y39 (Table 2.1, Figure 4.5A & B). Transformants were 

selected on EMM-uracil media, and correct integration of the FLAG-tag construct was confirmed by 

PCR using oligos O-355/O-286 (scr1) or O-393/O-382 (tup11) (Appendix 1.1) and Sanger sequencing 

(Section 2.4.1, data not shown). Expression of Scr1-FLAG and Tup11-FLAG fusion proteins of the 

expected size was confirmed by western blot (Figure 4.5C). To generate strains expressing the desired 

Scr1-TAP + Tup11-FLAG and Scr1-FLAG + Tup11-TAP combinations, the appropriate strains were 

crossed on SPAS medium. Tetrads were dissected after two days of mating, and were genotyped by 

PCR and growth under appropriate selection (Section 2.2.1, 2.2.2).  

 

To investigate binding between Scr1 and Tup11, TAP purifications were performed using the Scr1-

TAP + Tup11-FLAG (D202/205) and Scr1-FLAG + Tup11-TAP (D206/207) strains at 350mM salt as 

previously described (Section 2.5.4). Purified protein samples were probed via western blot analysis 

after the first and second affinity purifications for the presence of the TAP and FLAG tagged proteins. 

For both pulldowns, the correct TAP tagged proteins were detected in the input, first affinity and second 

affinity purification samples, confirming the success of each experiment (Figure 4.6). The same samples 

were then probed using an anti-FLAG antibody. In the Scr1-TAP purified samples, Tup11-FLAG was 

detected in the input, first and second affinity purifications suggesting that Tup11 does indeed interact 

with Scr1 in vitro. In the Tup11-TAP pulldown samples, Scr1-FLAG could be detected in the input and 

weakly in the first affinity purification, but not in the second. Mass spectrometry analysis of the second 

affinity column purified TAP samples revealed no new information compared to previous results. These 

observations were consistent across two independent biological replicates. Overall these experiments 

suggest that Scr1 and the Tup/Ssn6 complex do physically interact however their association is likely 

transient, reflecting the dynamic nature of CCR regulation in S. pombe. 
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Table 4.5 Scr1 and Tup11 TAP mass spectrometry results. 

Purification 
Salt (NaCl) 

Conc 
Gene ID1 Name1 Description1 

# Unique 
peptides 

% Protein 
coverage 

Scr1-TAP 350mM SPBC1D7.02c Scr1 Transcription factor 14 46.5 

Scr1-TAP 350mM SPAC8E11.02c Rad24 14-3-3- protein 2 8.1 

Scr1-TAP 150mM SPBC1D7.02c Scr1 Transcription factor 5 12 

Scr1-TAP 150mM SPCC5E4.05c Mgl1 
Mitochondrial 
acylglycerol lipase 

1 3.4 

Tup11-TAP 350mM SPAC18B11.10 Tup11 
Transcriptional co-
repressor 

30 57.2 

Tup11-TAP 350mM SPBC23E6.09 Ssn6 
Transcriptional co-
repressor 

25 30.5 

Tup11-TAP 350mM SPAC630.14c Tup12 
Transcriptional co-
repressor 

29 47.8 

Tup11-TAP 350mM SPBP22H7.07 Prp5 WD repeat protein 1 3.2 

Tup11-TAP 350mM SPAC3A12.14 Cam1 Calmodulin 2 14.7 

Tup11-TAP 350mM SPBC365.06 Pmt3 SUMO 2 16.2 

Tup11-TAP 350mM SPBC32H8.13c Mok12 
alpha-1,3-glucan 
synthase 

1 0.4 

1 Proteins shown were present in two biological repeats of the TAP protocol and were not observed in 

the untagged control. 
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Figure 4.5 Generation of Scr1-FLAG and Tup11-FLAG expressing strains. A) Schematic of 

the 5xFLAG-tag construct amplified from plasmid D151 (Table 2.2) using oligos O-346/347 

(scr1) or O-387/O-388 (tup11) (Appendix 1.1) and its integration in-frame with the scr1+ (A), 

and tup11+ (B) CDS. C) Western blot of whole cell protein extracts from wild type (Untagged), 

Scr1-FLAG and Tup11-FLAG strains using a Mouse anti-FLAG M2 primary antibody at 1:1000 

dilution (CSIRO) and a Goat anti-Mouse HRP conjugated secondary antibody at 1:10,000 

dilution. Scr1-FLAG and Tup11-FLAG sizes are 66 and 73 kDa respectively, and the 70kDa 

marker indicates expected positions on the blot. Blots shown are representative of two 

independent biological replicates. 
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Figure 4.6 Scr1 and Tup11 physically interact in vitro.  Western blots showing presence of 

Scr1-FLAG in Tup11-TAP purified protein samples and Tup11-FLAG in Scr1-TAP purified 

protein samples. IN = input whole cell protein lysate. 1st = Protein eluted from primary affinity 

column following TEV cleavage. 2nd = Protein eluted from secondary affinity column following 

elution with EGTA. The α-TAP panel indicates western blot probed with anti-TAP monoclonal 

antibody (Pierce CAB1001). The α-FLAG panel indicates western blot probed with anti-FLAG 

M2 monoclonal antibody (CSIRO). No Tag represents wild-type protein lysate as a negative 

control. FLAG and TAP labels indicate unrelated FLAG and TAP-tagged positive control protein 

samples respectively. Sizes of proteins in 1st and 2nd samples in the α-TAP panel show reduced 

size cf. the IN sample due to TEV cleavage of the Protein A portion of the TAP tag. Relative 

size markers are shown on the right hand side of each panel. Blots shown are representative 

of two independent biological replicates. 
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4.2.4 Analysis of Scr1 protein-protein interactions via yeast two-hybrid: 

The data presented above suggests that Scr1 and the Tup/Ssn6 complex do physically interact, but does 

not definitively indicate what Tup/Ssn6 components directly participate in this interaction. To address 

this hypothesis, and identify other factors that Scr1 interacts with, a yeast two-hybrid (Y2H) approach 

was employed. An S. cerevisiae strain expressing a Gal4 DNA binding domain (DBD) - Scr1 (DBD-

Scr1) fusion protein (Table 2.1) was constructed by firstly cloning the scr1+ CDS in-frame with a Gal4 

DBD encoding sequence on plasmid pGBKT7 (Table 2.2) and then transforming S.icerevisiae strain 

Y2H Gold (Clontech) with this vector (Section 2.4.8). Expression of the DBD-Scr1 fusion protein was 

confirmed by western blot analysis (data not shown). Growth assays confirmed that expression of the 

DBD-Scr1 fusion protein was not inhibitory to yeast growth on YPDA, and that DBD-Scr1 could not 

auto-activate and is therefore an appropriate Y2H bait strain (data not shown).  

 

Next, Ssn6, Tup11 and Tup12 activation domain (AD) fusion protein constructs were generated in 

plasmid pGADT7 and into introduced into the S. cerevisiae strain expressing DBD-Scr1 to examine 

direct interactions between Scr1 and the components of the Tup/Ssn6 complex. No direct interaction 

was detected for AD-Tup12 or AD-Ssn6 + DBD-Scr1 (Appendix 4.2). AD-Tup11 could not be 

examined due to the fusion protein causing autoactivation of Y2H reporter genes (Appendix 4.2). 

Examination of direct interactions were then observed in the opposing orientations, i.e. AD-Scr1 + 

DBD-Tup11, DBD-Tup12 or DBD-Ssn6. A positive interaction between AD-Scr1 and DBD-Tup12 

was observed under the highest stringency selection (Appendix 4.2), however no interactions were 

observed for AD-Scr1 + DBD-Tup11 or DBD-Ssn6. Overall, despite the observation of a strong 

interaction between AD-Scr1 and DBD-Tup12, the absence of any interaction in the opposite direction 

meant that no definitive conclusions from these experiments could be drawn. 

 

To identify factors that can potentially interact directly with Scr1, an S. pombe Y2H library was 

generated within S. cerevisiae strain Y187 using a 1:1 mixture of glucose and glycerol grown wild type 

(Y44, Table 2.1) S. pombe total RNA (Section 2.4.8). Library complexity and viability met 

recommended benchmarks set by the Clontech “Mate and Plate” library system suggesting that the 

S.ipombe library was of acceptable quality for screening (data not shown). Multiple Y2H screens were 

then performed using DBD-Scr1 as the bait protein, however a severe reduction (approximately tenfold) 

in the mating efficiency of DBD-Scr1 with the library strain was observed compared to a positive 

control bait strain expressing a murine p53 Gal4-DBD fusion protein (Appendix 4.2). This observation 

was consistent across at least five independent experiments. As such, only 4 positive screen hits could 

be identified for the DBD-Scr1 bait due to the screening of extremely low numbers of DBD-Scr1/AD-

library diploid cells. Plasmid rescue and Sanger sequencing of these library clones revealed two 18S 

rRNA encoding sequences, a sequence encoding the translation elongation factor Elf1a and one very 
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short sequence with no apparent similarity to any protein in S. pombe when investigated by BLASTx 

(Appendix 4.2). These were considered false positive interactions and were not pursued further, despite 

strong growth under the most stringent selection conditions available for the Y2H screen (data not 

shown). To circumvent the mating requirement, Y2H library cDNA was co-transformed into the DBD-

Scr1 bait strain alongside the pGADT7-Rec vector (Section 2.4.8) however this resulted in low 

transformation efficiency and no positive hits could be identified. Two additional screens were 

performed with DBD constructs expressing truncated forms of Scr1 (DBD-Scr11-144 and DBD-Scr1135-

565, Section 2.4.8), but such efforts did not return any clear results other than additional false positives 

(Appendix 4.2). Overall, preliminary evidence suggests that Scr1 may be able to directly interact with 

Tup12, however the technical issues experienced with Y2H experiments limited further analysis and 

interpretation of the data. 

 

4.2.5 Tup11 regulates a host of genes independent of Scr1 in both glucose-sufficient 

and deficient conditions:  

Tup11 is known to bind other transcription factors in S. pombe such as Fep1, the master negative 

regulator of iron metabolism genes, and Cbf11, a CBF1/Su(H)/LAG-1 family transcription factor that 

controls cell cycle and lipid metabolism processes (Znaidi et al. 2004, Pelletier et al. 2005, Pancaldi et 

al. 2012, Prevorovsky et al. 2015). Thus, loci enriched for Tup11 but not Scr1 likely correspond to 

genes regulated by other transcription factors that also recruit the Tup/Ssn6 complex. 165 and 73 

genome features were enriched for Tup11 but not Scr1 in glucose or sucrose conditions respectively 

(Figure 4.3A & B). Comparing these two sets, just 16 Scr1-minus, Tup11-positive loci were unique for 

sucrose suggesting that there are minimal differences in overall Tup11 enrichment independent of Scr1 

between glucose and sucrose conditions (data not shown). For subsequent analysis, glucose and sucrose 

gene sets were combined into a single, non-redundant set of 186, Scr1-independent, Tup11-regulated 

genome features in glucose-sufficient conditions (Appendix 4.3). 

 

GO analysis of these genome features showed significant enrichment for carbohydrate metabolic 

process, fungal-type cell wall and external encapsulating structure gene ontologies, suggesting that 

Tup11 is involved in carbon metabolism and regulation of cell wall biosynthesis independent of Scr1 

(Table 4.6). Further GO Slim analysis identified additional gene categories that were not significantly 

enriched (Figure 4.7). Twenty transmembrane transporter encoding genes were identified within this 

non-redundant subset, including the iron and zinc ion transporter encoding genes shu1+, str1+, str3+ and 

zrt1+. This observation is consistent with known roles of Tup/Ssn6 in the regulation of iron uptake genes 

via interaction with the Fep1 transcription factor (Znaidi et al. 2004, Pelletier et al. 2005). Fourteen 

transcription factor genes were also enriched for Tup11, including ste11+ (mating and meiosis), ace2+ 

(cell separation), atf21+ (stress responses and spore production), cbf12+ (cell cycle progression), fep1+ 
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(iron metabolism), loz1+ (zinc metabolism), mbx2+ (cell adhesion & flocculation) and rsv2+, further 

implicating Tup/Ssn6 in the regulation of biological processes controlled by these proteins (Sugimoto 

et al. 1991, Pelletier et al. 2002, Alonso-Nunez et al. 2005, Morita et al. 2011, Matsuzawa et al. 2012c, 

Corkins et al. 2013, Prevorovsky et al. 2015).  

 

194 genome features (146 protein-coding genes and 41 ncRNAs or other features) were bound by Tup11 

only in the glucose-starved condition (Figure 4.2D). Although no significant gene ontology enrichment 

was observed, GO slim summarisation indicated a range of functions of the protein-coding genes within 

this subset (Figure 4.8). The most well represented categories included transmembrane transport (17 

genes), signalling (14 genes), carbohydrate derivative metabolic processes (11 genes) and 

transcriptional regulation (11 genes). Genes involved in the mitotic cell cycle and conjugation with 

cellular fusion (i.e. meiosis and sexual differentiation) processes, including cdc18+, wee1+ and ste6+ 

were also bound by Tup11, implicating the Tup/Ssn6 complex in the regulation of sexual differentiation 

in the absence of glucose. Compared to the glucose and sucrose conditions, a distinct set of transcription 

factor encoding genes were enriched for Tup11 in the glucose-starved condition, including gaf1+, hsr1+ 

and prr1+, which function in the regulation of chronological lifespan, stress responses (particularly 

osmotic and oxidative stress) and meiosis (Ohmiya et al. 2000, Greenall et al. 2002, Calvo et al. 2012, 

Kim et al. 2012a, Ohtsuka et al. 2012), and sak1+, which functions in the regulation of the mitotic cell 

cycle (Garg et al. 2015). These findings are consistent with previous studies implicating Tup/Ssn6 in 

osmotic stress pathways and suggests expanded roles of the complex in mitotic and meiotic processes 

within S. pombe (Greenall et al. 2002, Fagerström-Billai and Wright 2005). These results also support 

the hypothesis that Tup11 is recruited by different factors in glucose-sufficient vs. starved conditions 

to regulate distinct subsets of genes.  

 

Considering the Tup/Ssn6 complex does not appear to bind DNA itself, but is recruited to chromatin 

by other DNA-binding proteins, it was of interest to analyse DNA binding motifs enriched within the 

Tup11 peaks. All Tup11 peak sequences from glucose, sucrose and glucose-starved conditions were 

combined, centered on the peak summit, and used as input for MEME-ChIP and RSAT peak-motifs 

analysis (Section 2.6.3.5). Significant motifs observed, in descending order, included the HAP complex 

motif CCAATC (P = 6.3E-14, present in 20.45% of peaks), the Forkhead motif GTAAACAA (P = 5.9E-

13, present in 17.01% of peaks), the ATF/CREB motif TAACGA (P = 2.8E-10, present in 16.79% of 

peaks), the Mig1/CreA-like motif CCCCAC (P = 4.2E-05, present in 16.36% of peaks) and the Ace2-

like motif CCATCC (P = 9.5E-04, present in 16.79% of peaks) (Figure 4.9). These findings are consistent 

with previous studies that have shown genetic interactions between 
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Table 4.6 GO enrichment of Scr1-independent Tup11 bound genes in glucose-sufficient 

conditions. 

GOID Term Padj Type1 List BG Genes 

GO:0005975 
carbohydrate 
metabolic 
process 

7.72E-05 BP 20 146 

adh4, agl1, ags1, cfh2, gas1, gas2, gpm1, 
gut2, mok13, pvg5, pyk1, pyr1, 
SPAC26F1.07, SPACUNK4.16c, 
SPBC2G2.17c, SPBP23A10.11c, 
SPCC757.12, tpi1, tps1, zwf1 

GO:0044723 

single-
organism 
carbohydrate 
metabolic 
process 

1.44E-04 BP 18 124 

adh4, agl1, ags1, cfh2, gas1, gas2, gpm1, 
gut2, mok13, pvg5, pyk1, pyr1, 
SPAC26F1.07, SPACUNK4.16c, 
SPBP23A10.11c, tpi1, tps1, zwf1 

GO:0016051 
carbohydrate 
biosynthetic 
process 

9.37E-04 BP 12 63 
ags1, cfh2, gas1, gas2, gpm1, mok13, pvg5, 
pyr1, SPACUNK4.16c, SPBP23A10.11c, tpi1, 
tps1 

GO:0009277 
fungal-type 
cell wall 

1.17E-03 CC 9 34 
ags1, ecm33, gas1, gas2, meu10, mok13, 
mug56, SPBC2G2.17c, SPBP23A10.11c 

GO:0030312 
external 
encapsulating 
structure 

1.60E-03 CC 11 55 
ags1, ecm33, gas1, gas2, meu10, mok13, 
mug56, SPAC186.03, SPBC2G2.17c, 
SPBP23A10.11c, SPCC757.12 

GO:0005618 cell wall 1.60E-03 CC 11 55 
ags1, ecm33, gas1, gas2, meu10, mok13, 
mug56, SPAC186.03, SPBC2G2.17c, 
SPBP23A10.11c, SPCC757.12 

1 BP = Biological process; CC = Cell component 
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Figure 4.7 GO slim analysis of Scr1-independent, Tup11 regulated genes in glucose and 

sucrose conditions. GO slim categories are shown on the left. Histograms indicate number of 

genes in each category. Selected genes in each category are shown beside each histogram. 
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Figure 4.8 GO slim analysis of Scr1-independent, Tup11 regulated genes in glucose-

starved conditions. GO slim categories are shown on the left. Histograms indicate number of 

genes in each category. Selected genes in each category are shown beside each histogram. 
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Figure 4.9 Tup11 peaks are enriched for multiple known transcription factor binding 

motifs. Top 5 enriched DNA motifs from RSAT peak-motifs analysis of 50bp and 200bp 

centered Tup11 ChIP-seq peak sequences are shown in descending order of statistical 

significance (DNA motif 5’ -> 3’). Distribution of motif occurrences within peak sequences are 

shown (Motif distribution). X-axis = position in peak relative to summit (-200:+200 or -50:+50). 

Y-axis = cumulative number of sites across all peak sequences. Significant hits from RSAT and 

MEME-Tomtom motif analysis showing proteins possessing similar DNA binding motifs from 

JASPAR non-redundant fungi, Yeastract S.icerevisiae and cisBP S. cerevisiae motif databases 

(Yeast motifs). S. pombe ortholog(s) of the S.icerevisiae proteins identified are shown (S. pombe 

ortholog). 
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tup11+ and the transcription factor encoding genes php5+ (S. pombe HAP complex), atf1+ and pcr1+ 

(ATF/CREB factors) and scr1+ (Mig1/CreA ortholog) (Janoo et al. 2001, Greenall et al. 2002, Hirota 

et al. 2003, Asada et al. 2015). The enrichment of Tup11 at multiple HAP complex and Atf1 regulated 

genes including fbp1+ provides further evidence that these transcription factors may also recruit 

Tup/Ssn6 to their target gene promoters. Overall, these results support the role of Tup/Ssn6 as a global 

co-regulator in S.ipombe that is recruited to chromatin by DNA-binding transcription factors and 

modulates expression of target genes in response to a range of environmental stimuli.  

 

4.2.6 Analysis of Rst2 localisation via ChIP-seq: 

Given the ChIP-seq experiments investigating Scr1 and Tup11 localisation, it was of interest to study 

other factors that might also play a role in CCR. Rst2 has been previously shown to antagonise Scr1 

repression by activating fbp1+ expression in the absence of glucose (Higuchi et al. 2002, Hirota et al. 

2006). Rst2, which responds to cAMP-dependent PKA-mediated glucose signalling, also binds to the 

promoter of, and induces ste11+ in response to glucose-deficient conditions (Kunitomo et al. 2000). 

Since Rst2 and Scr1 share a highly conserved C2H2 zinc finger domain (Figure 1.5), it was of interest 

to examine the relationship between Scr1, Tup11 and Rst2 at chromatin on a genome-wide scale. To 

this end, Rst2 ChIP-seq experiments were conducted as previously described for Scr1 and Tup11 

(Section 2.5.5). Since no Rst2 antibody was commercially available, Rst2 was TAP-tagged at its C-

terminus using the same knock-in approach described earlier for the generation of Scr1-TAP and 

Tup11-TAP strains (Figure 4.10A, Section 3.2.2.2, 4.2.1). Expression of a fusion protein of the correct 

size was determined by western blot analysis (Figure 4.10B) and, as for the Scr1-TAP and Tup11-TAP 

strains, no obvious growth defects were observed in the Rst2-TAP strain compared to wild type 

S.ipombe when grown on YES medium (data not shown). Illumina high-throughput sequencing was 

performed for two biological replicates of each Rst2-ChIP condition (Table 4.1). Data QC and analysis 

was performed as previously described and is described in detail in Section 2.6.3. All samples were of 

acceptable quality for further analysis. The resulting ChIP-seq datasets were cleaned and aligned to the 

S. pombe reference genome (ASM294 v2.25) and peaks representing regions of Rst2 enrichment were 

identified using the MACS2 and IDR methodology (Section 2.6.3). Peaks were annotated to genes using 

the Chipseeker R package (Yu et al. 2015) and final peaklists were manually curated using guidelines 

detailed in Section 2.6.3.  

 

104, 98 and 402 high confidence peaks were observed in the Rst2 glucose, sucrose and glucose-starved 

ChIP conditions respectively (Table 4.7). Full lists of Rst2 ChIP-seq targets in each condition can be 

found in Appendix 4.4. Analysis of the Rst2 global localisation profile in each of the growth conditions 

showed a similar enrichment profile to Tup11. Overall, Rst2 was most strongly enriched immediately 

5’ of the TSS of genes (Figure 4.11A).  
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Figure 4.10 Generation of a TAP-epitope tagged Rst2 expressing S. pombe strain. A) 

Schematic of the Rst2-TAP tag construct amplified from plasmid P10 (Table 2.2) using oligos 

O-457/O-458 (Appendix 1.1) and its integration in-frame with the rst2+ CDS. Black boxes 

indicate 100bp regions of similarity used to target the construct for homologous 

recombination into the S. pombe genome. B) Western blot of wild-type (Untagged) and Rst2-

TAP whole cell protein lysates using Sigma PAP P1291 antibody at 1:1000 dilution (Table 2.3). 

The blot shown is representative of two independent biological repeats. The 100kDa marker 

indicates the expected size of the Rst2-TAP fusion protein.  
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Consistent with previous analysis of Rst2 function, most genome features (299, or 68.3% of the total 

pool) were bound by Rst2 only in the glucose-starved condition (Figure 4.11B, Hirota et al. 2006). 

Interestingly, like Tup11, the distribution of Rst2 enrichment in the glucose-starved condition was 

shifted 3’ toward the TSS compared to the glucose or sucrose conditions suggesting that in glucose-

starved conditions, Rst2 may bind additional or different sites within gene promoters and potentially 

recruit transcriptional co-regulators to these sites to modulate gene expression in this condition (Figure 

4.11A). Just 1 and 10 genome features were uniquely bound by Rst2 in sucrose and glucose respectively 

suggesting that most genes bound by Rst2 in glucose-sufficient conditions are also bound by Rst2 in 

glucose-deficient conditions (Figure 4.11B).  

 

The 299 genome features bound by Rst2 only in glucose-starved conditions were significantly enriched 

for carbohydrate metabolic process, plasma membrane component, small molecule catabolism and 

generation of precursor metabolites and energy gene ontologies, supporting known core functions of 

this transcription factor (Table 4.8). Additional GO Slim analysis showed multiple strongly represented 

functional categories including transmembrane transport (25 genes), carbohydrate metabolic process 

(23 genes), generation of precursor metabolites and energy (14 genes) and signalling (17 genes) (Figure 

4.12). Multiple transcription factors were also present including ste11+, a known target of Rst2 

(Kunitomo et al. 2000) and both rsv1+ and rsv2+, which are required for stationary phase viability and 

were shown previously to be induced during meiosis (Mata et al. 2007).  

 

A previous study identified a conserved motif CCCCTC, designated the “stress response element of 

Schizosaccharomyces pombe” (STREP) that is specifically bound by Rst2 in vitro, and is found in the 

promoters of ste11+ and fbp1+ (Higuchi et al. 2002). Enriched motifs in all identified Rst2 peaks were 

analysed as for Tup11 and Scr1 peak sequences (Section 2.6.3.5). Like Scr1 and Tup11 ChIP-seq 

analyses (Section 3.2.7, 4.2.5), the most significantly enriched motif was the CCAATC HAP complex 

motif (Padj = 2.1E-10, present in 18.96% of peaks) (Figure 4.13). Other significantly enriched motifs 

included the Forkhead motif GTAAACAA (P = 2.3E-07, present in 17.02% of peaks), the ATF/CREB 

motif TAACGA (P = 1.2E-06, present in 10.25% of peaks), the Upc2-like motif TAACGA (P = 1.2E-06, 

present in 10.25% of peaks) and the Opi1-like motif CGAACC (P = 1.1E-03, present in 17.99% of 

peaks). The Mig1/CreA-like motif CCCCAC, which most closely resembles the proposed Rst2 STREP 

motif, was significantly enriched only in the 50bp set of Rst2 peak sequences and at very low frequency 

(P = 4E-03, present in 6.96% of peaks). Overall, the STREP motif was not significantly enriched in either 

set of Rst2 peak sequences. A specific search for the STREP motif in the 200bp Rst2 peak sequences 

was then conducted. Of the 517 unique peak sequences identified across all Rst2 ChIP-seq experiments 

just 84 (16.2%) contained at least one occurrence of the STREP motif. This finding suggests that the 

binding preferences of Rst2 in vivo may be more plastic than previously reported using in vitro assays. 
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Table 4.7 Rst2 ChIP-seq peak calling results. 

 Glucose Sucrose Glucose-starved 
Replicate R1 R2 R1 R2 R1 R2 

MACS2 peaks 2324 2158 1526 2409 2154 1627 

Reproducible peaks 1236 1071 1005 

IDR significant peaks1 139 120 412 

Total high confidence peaks2 104 98 402 

Total feature annotations 122 100 413 

Protein-coding genes 87 73 323 

ncRNAs or other features 35 27 90 

1 Peaks above IDR significance threshold score of 540 (i.e. < 0.05)  

2 Significant IDR peaks with fold enrichment over input > 5 
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Figure 4.11 Global enrichment analysis of Rst2 ChIP-seq. A) Binding profiles of Rst2 in the 

glucose (red), sucrose (green), and glucose-starved (blue) conditions. Each gene in the genome 

has been centered at the transcription start site (TSS) and the frequency of reads mapping to 

the 3kb region up and downstream of the TSS in each case has been averaged across all genes. 

The plotted line shows the average frequency of sequence reads arising from Rst2 ChIP-seq in 

each condition. The coloured region indicates a 95% confidence interval. B) Proportional Venn 

diagram showing overlap of genome features bound by Rst2 in glucose (red), sucrose (green) 

and glucose-starved (blue) conditions following manual curation of ChIPseeker annotations.  
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4.2.7 Scr1, Tup11 and Rst2 co-localise at multiple hexose transport, glycolysis and 

TCA cycle genes in glucose-sufficient conditions: 

Interestingly, 122 and 100 genome features were bound by Rst2 in both glucose and sucrose conditions, 

respectively, while a core set of 69 genome features (15.8% of the total pool) were bound by Rst2 in all 

three conditions (Figure 4.11B). This finding suggests that at some loci, Rst2 binds and is potentially 

involved in gene regulation in glucose-sufficient conditions (Table 4.7), which contrasts with previous 

studies suggesting that Rst2 is inactivated by PKA in the presence of glucose and is inactive in this 

condition (Higuchi et al. 2002). The core set of 69 genome features was significantly enriched for 

plasma membrane and carbon metabolism related gene ontologies suggesting that Rst2 plays a role in 

the regulation of genes involved in these processes in both glucose-sufficient and deficient conditions 

(Table 4.9). Many of these genes are also direct targets of Scr1 and Tup11 in glucose-sufficient 

conditions, suggesting that Rst2, Scr1 and Tup11 all localise to these genes and are involved in their 

regulation in the presence of glucose (Chapter 3, Section 4.2.1).  

 

Analysis of the peak binding profiles of Rst2, Tup11 and Scr1 in the glucose condition revealed 

strikingly similar enrichment patterns immediately 5’ of the TSS for each factor suggesting that these 

proteins may co-localise at gene promoters in glucose and sucrose conditions and influence gene 

expression in either a competitive or co-operative fashion (Figure 4.14A). Examination of genome 

features bound by Scr1, Tup11 and Rst2 revealed 81 and 75 features bound by all three factors in 

glucose (Figure 4.14B) and sucrose (Figure 4.14C) conditions (full lists in Appendix 4.5). This set 

included multiple carbon metabolism related genes including ght8+ (Figure 4.14D). In contrast, just 3 

and 11 loci were enriched for Scr1 and Rst2 but not Tup11 in glucose and sucrose, respectively. 

Together, these results indicate that Scr1 and Rst2 can co-localise at certain loci in glucose-sufficient 

conditions to regulate gene expression through a process that potentially also involves Tup11. Since the 

ChIP-seq experiments described in this study were conducted on a population of cells, it is also possible 

that the results observed reflect a heterogeneous population. Thus, further work to define whether Scr1 

and Rst2 can in fact co-occupy gene promoters within individual cells is required.  

 

GO analysis of the 81 and 75 genome features bound by Scr1, Tup11 and Rst2 in glucose and sucrose 

conditions, respectively, revealed significant enrichment for plasma membrane and cell periphery 

components as well as multiple genes involved in glycolysis and the TCA cycle (Table 4.10). Genes 

encoding plasma membrane components included the hexose transporters ght1+, ght3+, ght4+ and ght8+, 

glucose sensory components git3+ and gpa2+, the brefeldin A efflux pump bfr1+ and the MAPKKK 

encoding gene, byr2+. Glycolysis and TCA cycle genes included adh1+, eno101+, fba1+, hxk2+, mae2+, 

pfk1+, pgk1+, tdh1+ and SPCC417.16 (mitochondrial protein associated with respiratory chain). The 

pentose phosphate pathway gene zwf2+ was also bound by all three factors.  



Chapter 4 

199 

 

Table 4.8 GO enrichment of Rst2 bound genes unique to the glucose-starved condition. 

GO ID Term Type1 Padj List BG Genes 

GO:0044723 

single-organism 
carbohydrate 
metabolic 
process 

BP 1.78E-04 22 124 

adh4, fbp1, gal1, gal10, gas1, gas2, 
gld1, gnd1, gpd3, gpm1, gut2, inv1, 
pvg1, pyr1, rga5, SPAC22F8.05, 
SPAC26F1.07, SPACUNK4.16c, 
SPBP23A10.11c, tpi1, tps1, zwf1 

GO:0005975 
carbohydrate 
metabolic 
process 

BP 8.53E-04 23 146 

adh4, fbp1, gal1, gal10, gas1, gas2, 
gld1, gnd1, gpd3, gpm1, gut2, inv1, 
pvg1, pyr1, rga5, SPAC22F8.05, 
SPAC26F1.07, SPACUNK4.16c, 
SPBP23A10.11c, SPCC757.12, tpi1, 
tps1, zwf1 

GO:0031226 

intrinsic 
component of 
plasma 
membrane 

CC 6.54E-03 15 78 

aah3, amt1, amt3, ctr4, gas1, gas2, 
ght2, ght5, SPAC1786.02, 
SPAC23D3.12, SPBC1683.01, 
SPCC1322.10, SPCC553.10, 
SPCC757.12, SPCC965.13 

GO:0044282 
small molecule 
catabolic 
process 

BP 2.27E-02 14 76 

aru1, car2, dtd1, fbp1, gal1, gld1, 
gnd1, gpd3, gpm1, gut2, 
SPAC186.03, SPAC26F1.07, 
SPCC1223.09, tpi1 

GO:0006091 

generation of 
precursor 
metabolites 
and energy 

BP 4.81E-02 14 81 
aco1, aco2, adh4, cit1, cyc1, gnd1, 
gpd3, gpm1, nde2, pdc101, pdc201, 
pyr1, tpi1, zwf1 

1 BP = Biological process; CC = Cell component 
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Figure 4.12 GO Slim analysis of genes bound by Rst2 only in glucose-starved conditions. 

GO slim categories are shown on the left. Histograms indicate number of genes in each 

category. Selected- genes in each category are shown beside each histogram. 
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Enrichment of all three factors at these genes suggests that Scr1 and Rst2 may compete for binding at 

these gene loci or that both proteins are potentially required for proper regulation of this subset of genes, 

possibly by modulating the function of the Tup/Ssn6 complex.  

 

Given that Scr1 and Tup/Ssn6 co-localisation elicits repression of target genes such as inv1+ (Chapter 

3, Section 4.2.2), whereas Rst2 and Tup/Ssn6 may facilitate gene activation of genes such as fbp1+ 

(Hirota et al. 2006), co-localisation of the two transcription factors at loci also occupied by Tup11 may 

indicate competition for the Tup/Ssn6 complex. Loci showing enrichment for Scr1, Tup11 and Rst2 

(Appendix 4.5) were analysed to gain further insight into the nature of Scr1-Rst2-Tup11 dynamics at 

the gene promoter in glucose-sufficient conditions. If Scr1 and Rst2 do in fact compete for control of 

Tup/Ssn6 function at these genes then the absence of one factor may “tip the balance” in favour of the 

opposite factor, which should result in changes to gene expression compared to wild-type S. pombe 

cells. To test this hypothesis, previously generated RNA-seq data from wild type and scr1- mutant S. 

pombe cells (Chapter 3) was examined for a non-redundant set of 80 protein-coding genes bound by 

Scr1, Tup11 and Rst2 in glucose, sucrose or both conditions (Figure 4.15A). 

 

Consistent with the expectation that genes bound by both factors should increase in expression in the 

scr1- mutant background, most genes displayed increased expression in the scr1- mutant relative to 

wild-type S. pombe in both conditions (Figure 4.15B). Generally, increased expression of a gene in the 

scr1- mutant background correlated with the fact that Scr1 and Rst2 were both bound to the gene in that 

condition. Although for some genes, Scr1 and Rst2 binding was only observed in one of the two 

conditions, and this did not always correlate with increased expression in that condition in the scr1- 

mutant background. Furthermore, some genes displayed reduced expression in the scr1- mutant 

background compared to wild-type S. pombe. Although biological noise and statistical cutoffs likely 

affected these observations, additional factors likely also contribute to transcriptional regulation for 

some genes and may play a more important role in the regulation of those genes than Scr1/Rst2. It is 

important to note that Rst2 localisation was not directly examined in an scr1- mutant background, thus 

it is unclear whether loss of Scr1 has an effect on Rst2 localisation. Another yet unexplored possibility 

is that Rst2 may act as a repressor of some genes in glucose or sucrose conditions and thus complement 

Scr1 activity. Therefore, the purpose of Scr1 and Rst2 co-localisation at gene promoters in glucose-

sufficient conditions remains to be explored in further detail. 
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Table 4.9 GO enrichment of Rst2 bound genes in all conditions. 

GOID Term Type1 Padj  List BG Genes 

GO:0005886 
plasma 
membrane 

CC 2.15E-04 15 253 

bfr1, byr2, ght4, ght8, git3, gpa2, pfl2, 
pho1, pho84, plb1, pma1, 
SPAC27E2.11c, SPBC36.02c, 
SPCC794.04c, tgp1 

GO:0055114 
oxidation-
reduction 
process 

BP 4.17E-03 8 82 
git3, gpa2, hxk2, mae2, pfk1, pgk1, 
SPAC26H5.09c, tdh1 

GO:0061621 
canonical 
glycolysis 

BP 8.89E-03 4 13 hxk2, pfk1, pgk1, tdh1 

GO:0044459 
plasma 
membrane part 

CC 1.49E-02 9 127 
ght4, ght8, gpa2, pfl2, pho1, pho84, 
plb1, pma1, SPAC27E2.11c 

GO:0071944 cell periphery CC 1.54E-02 17 448 

acp2, bfr1, byr2, ght4, ght8, git3, 
gpa2, pfl2, pho1, pho84, plb1, pma1, 
SPAC27E2.11c, SPBC36.02c, 
SPCC794.04c, tdh1, tgp1 

GO:0006090 
pyruvate 
metabolic 
process 

BP 1.79E-02 5 30 hxk2, mae2, pfk1, pgk1, tdh1 

GO:0046939 
nucleotide 
phosphorylation 

BP 2.20E-02 4 16 hxk2, pfk1, pgk1, tdh1 

GO:0031667 
response to 
nutrient levels 

BP 3.35E-02 6 55 
atf1, byr2, git3, gpa2, pho1, 
SPBC1652.01 

GO:0006091 

generation of 
precursor 
metabolites and 
energy 

BP 3.60E-02 7 81 
git3, gpa2, hxk2, mae2, pfk1, pgk1, 
tdh1 

GO:0019320 
hexose 
catabolic 
process 

BP 3.63E-02 4 18 hxk2, pfk1, pgk1, tdh1 

1 BP = Biological process; CC = Cell component 
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Figure 4.13 Rst2 peaks are enriched for multiple known transcription factor binding 

motifs. Top 5 enriched DNA motifs from RSAT peak-motifs analysis of 50bp and 200bp 

centered Rst2 ChIP-seq peak sequences are shown in descending order of statistical 

significance (DNA motif 5’ -> 3’). Distribution of motif occurrences within peak sequences are 

shown (Motif distribution). X-axis = position (bp) in peak relative to summit (-200:+200 or -

50:+50). Y-axis = cumulative number of sites across all peak sequences. Significant hits from 

RSAT and MEME-Tomtom motif analysis showing proteins possessing similar DNA binding 

motifs from JASPAR non-redundant fungi, Yeastract S.icerevisiae and cisBP S.icerevisiae motif 

databases (Yeast motifs). S. pombe ortholog(s) of the S.icerevisiae proteins identified are shown 

(S. pombe ortholog). 
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Figure 4.14 Scr1, Tup11 and Rst2 co-localise at gene promoters in glucose-sufficient 

conditions. A) Superimposed ChIP-seq binding profiles of Scr1 (Blue), Tup11 (Green) and Rst2 

(Red) in the glucose condition. Each gene in the genome has been centered at the transcription 

start site (TSS) and frequency of reads mapping to the 3kb region up and downstream of the 

TSS in each case has been averaged across all genes. The plotted line shows the average 

frequency of sequence reads arising from Scr1, Tup11 or Rst2 ChIP-seq. The coloured region 

indicates a 95% confidence interval. Proportional Venn diagrams showing overlap of genome 

features bound by Scr1, Tup11 and Rst2 in glucose (B) and sucrose (C) following manual 

curation of ChIPseeker annotations. D) Genome browser visualisation of the ght8+ locus 

showing enrichment of Scr1, Tup11, Rst2 and RNA PolIISer5 in glucose, sucrose and glucose-

starved conditions. Coloured bars under peaks indicate areas of significant enrichment over 

background. The black arrow indicates a binding position in the ght8+ 5’ UTR occupied by all 

three factors in glucose and sucrose conditions. Scales indicate depth of coverage normalised 

to 1x S.ipombe genome size. 
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4.2.8 Tup11 and Rst2 bind to overlapping but distinct sets of genes in glucose-starved 

conditions: 

Rst2 co-localises with Tup/Ssn6 at the fbp1+ locus in the absence of glucose, promoting the remodelling 

of the local chromatin structure to a state amenable to transcription (Hirota et al. 2006). To examine the 

Tup/Ssn6, Rst2 relationship on a genome-wide scale, genome features bound by both Rst2 and Tup11 

in the glucose-starved condition were directly compared. A significant overlap was observed between 

the Rst2 and Tup11 ChIP-seq feature sets with 343 genome features (64.7% of the total pool) enriched 

for both factors suggesting that Rst2 and Tup11 co-regulate a similar set of genes, and that, like for 

fbp1+, Rst2 may also modulate Tup/Ssn6 function at these loci in glucose-deficient conditions (Figure 

4.16A). This gene set was enriched for multiple carbon metabolism, ion transport and cell wall related 

gene ontologies (Appendix 4.6). The 70 genome features bound by Rst2 but not Tup11 in glucose-

starved conditions were enriched for tRNA related gene ontologies (Appendix 4.6). In contrast, the 117 

genome features bound by Tup11 but not Rst2 in glucose-starved conditions was enriched for iron 

assimilation, cellular iron ion homeostasis and oxidation-reduction processes (Appendix 4.6). YES 

media is rich in iron, and so it is possible that Tup11 localises to these loci to mediate the repression of 

iron metabolism genes in these conditions via direct association with Fep1 (Pelletier et al. 2002, Pelletier 

et al. 2003, Znaidi et al. 2004). 

 

As for the glucose condition, overlapping co-localisation of Rst2 and Tup11 was observed at the 

genome-wide level in the glucose-starved condition (Figure 4.16B). This included co-localisation at 

inv1+, which is required for sucrose assimilation and is induced in the absence of glucose (Figure 4.16C, 

Tanaka et al. 1998). These results implicate Rst2 and Tup11 in this process and suggest that Rst2 may 

also bind the Tup/Ssn6 complex. Genes known to be induced by Rst2 in the absence of glucose, 

including fbp1+ and ste11+, were also present within the subset of genes bound by both factors. The set 

of 343 genome features was significantly enriched for plasma membrane and cell wall components as 

well as hexose transport and metabolism, glycolysis and energy generation, and ammonium and ion 

transport biological processes (Table 4.12). Using previously derived RNA-seq data from wild type 

S.ipombe grown in glucose, sucrose or glucose-starved conditions (Chapter 3), 198/343 (57.7%) genes 

bound by both Rst2 and Tup11 in the glucose-starved condition, showed increased expression in that 

condition vs. the glucose or sucrose conditions suggesting that Tup11 might contribute to the activation 

of these genes in the absence of glucose (Figure 4.16D). GO categories enriched in this gene set were 

similar to those enriched in the set of genes significantly upregulated in wild type S. pombe cells grown 

in glucose-deficient or glucose-starved conditions (Chapter 3) suggesting that Rst2 and Tup11 may play 

important roles in the activation of these genes in the absence of glucose. Further analysis is now 

required to determine whether Tup/Ssn6 performs a functional role in the activation of these genes in 

glucose-starved conditions. 
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Table 4.10 GO enrichment of genes bound by Scr1, Tup11 and Rst2 in glucose and 

sucrose conditions. 

GO ID Term Padj Type1 List BG Genes 

GO:0005886 plasma membrane 1.74E-07 CC 21 253 
bfr1, byr2, fhn1, ght1, ght3, ght4, ght8, 
git3, gpa2, gsf2, pfl2, pho1, pho84, plb1, 
pma1, tgp1 

GO:0006090 
pyruvate metabolic 
process 

3.57E-07 BP 9 30 
adh1, atd1, eno101, fba1, hxk2, mae2, 
pfk1, pgk1, tdh1 

GO:0055114 
oxidation-
reduction process 

3.20E-06 BP 12 82 
adh1, atd1, eno101, fba1, git3, gpa2, 
hxk2, mae2, pfk1, pgk1, SPAC26H5.09c, 
tdh1 

GO:0006733 
oxidoreduction 
coenzyme 
metabolic process 

4.96E-06 BP 11 68 
adh1, atd1, eno101, fba1, hxk2, pfk1, 
pgk1, SPAC26H5.09c, SPAC3H5.11, tdh1, 
zwf2 

GO:0046031 
ADP metabolic 
process 

9.87E-06 BP 7 20 
adh1, eno101, fba1, hxk2, pfk1, pgk1, 
tdh1 

GO:0061621 canonical glycolysis 1.57E-05 BP 6 13 eno101, fba1, hxk2, pfk1, pgk1, tdh1 

GO:0009117 
nucleotide 
metabolic process 

1.92E-05 BP 15 161 
adh1, atd1, eno101, fba1, git3, gpa2, 
hxk2, pfk1, pgk1, pma1, SPAC26H5.09c, 
SPAC3H5.11, SPCC417.16, tdh1, zwf2 

GO:0006006 
glucose metabolic 
process 

2.24E-05 BP 8 33 
adh1, eno101, fba1, hxk2, pfk1, pgk1, 
tdh1, zwf2 

GO:0006091 

generation of 
precursor 
metabolites and 
energy 

3.31E-05 BP 11 81 
adh1, eno101, fba1, git3, gpa2, hxk2, 
mae2, pfk1, pgk1, SPCC417.16, tdh1 

GO:0071944 cell periphery 5.24E-05 CC 24 448 

acp2, bfr1, byr2, fhn1, ght1, ght3, ght4, 
ght8, git3, gpa2, gsf2, gto1, pfl2, pho1, 
pho84, plb1, pma1, SPAC27E2.11c, 
SPBC36.02c, SPCC569.05c, SPCC576.17c, 
SPCC794.04c, tdh1, tgp1 

GO:0044459 
plasma membrane 
part 

5.83E-05 CC 13 127 
ght1, ght3, ght4, ght8, gpa2, gsf2, pfl2, 
pho1, pho84, plb1, pma1, SPAC27E2.11c, 
SPCC576.17c 

GO:0019693 
ribose phosphate 
metabolic process 

2.7E-04 BP 12 121 
adh1, eno101, fba1, git3, gpa2, hxk2, 
pfk1, pgk1, pma1, SPCC417.16, tdh1, 
zwf2 

GO:0031226 
intrinsic 
component of 
plasma membrane 

2.7E-04 BP 10 79 
ght1, ght3, ght4, ght8, gsf2, pfl2, pho84, 
pma1, SPAC27E2.11c, SPCC576.17c 

GO:0046034 
ATP metabolic 
process 

2.8E-04 BP 9 61 
adh1, eno101, fba1, hxk2, pfk1, pgk1, 
pma1, SPCC417.16, tdh1 

GO:0019674 
NAD metabolic 
process 

3.6E-04 BP 7 32 
eno101, fba1, hxk2, pfk1, pgk1, 
SPAC3H5.11, tdh1 

GO:0019637 
organophosphate 
metabolic process 

2.4E-03 BP 17 297 

adh1, atd1, eno101, fba1, git3, gpa2, 
hxk2, pfk1, pgk1, pho1, plb1, pma1, 
SPAC26H5.09c, SPAC3H5.11, 
SPCC417.16, tdh1, zwf2 

GO:0035428 
hexose 
transmembrane 
transport 

2.8E-03 BP 4 8 ght1, ght3, ght4, ght8 

GO:0005887 
integral 
component of 
plasma membrane 

8.5E-03 CC 7 50 
ght1, ght3, ght4, ght8, pho84, pma1, 
SPCC576.17c 

1 BP = Biological process; CC = Cellular component 
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Figure 4.15 Expression of genes bound by Scr1 and Rst2 in the scr1- mutant background. 

A) Venn diagram showing overlap of protein-coding genes bound by Scr1, Tup11 and Rst2 in 

glucose and sucrose. B) Heatmap of gene expression for each of the genes described in A) in 

wild-type (WT) S.ipombe or the scr1- mutant background (Chapter 3) on glucose or sucrose. 

Gene expression is expressed as log2 transformed FPKM adjusted for sequencing depth and 

row-normalised into Z-scores. The key indicates the level of expression per gene relative to 

the entire row. The dendrogram indicates hierarchical clustering based on Pearson correlation 

of the heatmap results. Coloured boxes indicate significant enrichment of both Scr1 and Rst2 

at that gene in glucose (green), sucrose (red) or both (blue) conditions. Coloured circles 

indicate increased expression in the scr1- mutant background vs. wild-type S. pombe for each 

gene in glucose (green), sucrose (red) or both conditions (blue). Genes showing no increase in 

expression in the scr1- mutant background relative to wild-type S. pombe in either glucose or 

sucrose conditions are indicated by white circles. The fbp1+ gene, while bound by Scr1 in 

glucose and sucrose, is not shown due to a lack of significant enrichment of Rst2 in either 

condition.   
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4.3 Discussion: 

In eukaryotes, gene regulation is not controlled by DNA binding transcription factors alone. Instead, 

multiple co-factors are required for repression/activation of target genes. These transcriptional co-

regulators are recruited to effect structural change at the chromatin level or to antagonise other proteins 

at the gene promoter, ultimately resulting in transcriptional change. In the context of CCR, the Tup/Ssn6 

complex is localised to Scr1 targeted gene promoters in the presence of glucose, where it recruits 

additional factors to establish a repressive chromatin structure, and is required for full repression of 

glucose-repressible genes. While the previous chapter focussed on the role of Scr1 in S.ipombe CCR, 

work in this chapter examined interactions between Scr1 and the S. pombe Tup/Ssn6 complex, as well 

as the Rst2 transcriptional activator to better understand the mechanistic dynamics of S. pombe CCR in 

response to glucose availability.  

 

4.3.1 Tup/Ssn6 physically associates with Scr1 during CCR:  

Evidence of a physical interaction between Scr1 and Tup11 was obtained via a dual-affinity biochemical 

co-immunoprecipitation approach confirming that Scr1 physically interacts with the Tup/Ssn6 complex 

to regulate gene expression in the presence of glucose (Figure 4.6). This result is consistent with 

previous studies in S. cerevisiae showing that Mig1 physically interacts with Tup1/Ssn6 and that the 

two co-localise to gene promoters in the presence of glucose to enforce the repression of target genes 

(Treitel and Carlson 1995, Papamichos-Chronakis et al. 2004). Although an interaction was observed 

between Scr1 and Tup11 via western blot, mass spectrometry failed to identify Tup11 or any other 

interacting proteins in TAP pulldowns of Scr1-TAP, an observation that was replicated at a reduced salt 

concentration. Moreover, Scr1 was not observed via mass spectrometry analysis of Tup11-TAP 

pulldowns. These results suggest that Scr1 does not form a stable stoichiometric protein complex at the 

gene promoter. Protein-protein interactions involving Scr1 are likely to be dynamic in nature 

considering the speed at which Scr1 is removed from the nucleus in the absence of glucose (Hirota et 

al. 2006). Furthermore, these interactions may be dependent on the local chromatin environment, which 

is presumably disrupted by the TAP procedure. These possibilities might explain why TAP coupled 

with mass spectrometry analysis, as conducted in this study, failed to identify expected or novel 

interacting proteins in pulldowns of Scr1 or Tup11.  

 

Subsequent Y2H experiments to dissect the nature of the Scr1-Tup/Ssn6 interaction were largely 

unsuccessful due to problems with autoactivating fusion proteins and inconsistent results from control 

interactions between components of the Tup/Ssn6 complex. Future attempts to investigate Scr1-

Tup/Ssn6 interactions could make use of alternate biochemical approaches such as Co-IP in single 

deletion backgrounds for each component of the complex, or chemical crosslinking of protein  
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complexes prior to pulldown and identification by mass spectrometry (referred to as XL-MS, Holding 

2015, Leitner et al. 2016). This approach will allow more detailed dissection of the nature of Scr1-

Tup/Ssn6 interaction. Alternatively, since the interaction appears to be transient and potentially 

dependent on chromatin, methods more sensitive to these context-dependent interactions may be 

beneficial. For example, previous work has described TAP experiments performed on nuclear enriched 

fractions prepared from human embryonic kidney 293 (HEK 293T) cells (Campden et al. 2015). 

Isolation and TAP of S.ipombe in a similar fashion may enhance the sensitivity of detection for protein-

protein interactions that are specific to the nucleus. Alternatively, proximity-dependent labelling 

methods such as BioID, a method originally developed for mammalian cells, that uses a biotin ligase 

fused to a target protein of interest, can be used to screen for protein-protein interactions based on 

proximity (Roux 2013, Roux et al. 2013, Kim et al. 2016). Proteins interacting with (i.e. coming into 

close proximity to) the target protein are biotinylated and can be biochemically purified and identified 

through mass spectrometry. This technique has recently been adapted to both S. cerevisiae and S. 

pombe, and has been used to investigate the localisation of proteins within the budding yeast 

mitochondrion (Williams et al. 2014, Hwang and Espenshade 2016).  

 

Additional ChIP-seq analysis of Tup11 revealed enrichment at a wide range of S. pombe genes 

implicating the Tup/Ssn6 complex in the regulation of diverse biological processes in S. pombe 

including carbon metabolism, glycolysis, and the TCA cycle, metal ion homeostasis, sexual 

development and stress responses. Tup11 targets encompassed almost all previously identified targets 

of Scr1 (Chapter 3) in the presence of glucose or sucrose suggesting that Scr1 regulates a subset of 

Tup11 target genes (Figure 4.3). It remains unclear whether Scr1 or other transcription factors that 

interact with Tup/Ssn6 in S. pombe act as pioneer factors that bring Tup/Ssn6 to the DNA, or whether 

the Tup/Ssn6 complex remains DNA bound and transcription factors are exchanged according to 

different environmental signals to perform their distinct transcriptional functions. Previous work in 

S.icerevisiae, suggests that the complex remains localised to the DNA regardless of the environmental 

carbon conditions and acts primarily by binding and masking the function of transcriptional activation 

domains of other proteins (Wong and Struhl 2011). Consistent with this observation, just 44 genome 

features (8.8% of the total pool) were bound by Tup11 only in glucose or sucrose conditions suggesting 

that Tup11 is not displaced from the majority of its target loci in the absence of glucose (Figure 4.2). 

Furthermore, both Tup11 and Tup12 are present at the fbp1+ promoter in an scr1- background grown in 

glucose, suggesting that Scr1 is dispensable for Tup/Ssn6 localisation at fbp1+ (Hirota et al. 2006). It 

will be interesting to examine this possibility on a genome-wide scale, particularly since Rst2 was found 

to co-localise with Scr1 and Tup11 at multiple genes in the glucose and sucrose conditions, suggesting 

that it may also bind the Tup/Ssn6 complex (Figure 4.14). Further ChIP-seq of Tup/Ssn6 components 

in scr1Δ and rst2Δ single and double deletion backgrounds will help to further elucidate the exact mode 

of Tup/Ssn6 recruitment in S. pombe in the context of CCR.  
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Figure 4.16 Tup11 co-localises with Rst2 at gene promoters in glucose-starved 

conditions and may promote gene activation. A) Proportional Venn diagram showing 

overlap of genome features bound by Tup11 and Rst2 in glucose-starved conditions. 

Percentages indicate proportion of the total pool. P-value indicates significance of the 

observed overlap between the two datasets calculated using the hypergeometric probability 

distribution. GO terms enriched in the unique subsets of either factor are indicated. B) 

Superimposed binding profiles of Tup11 and Rst2 in the glucose and glucose-starved 

conditions. Each gene has been centered at the transcription start site (TSS) and frequency of 

reads mapping to the 1kb region up and downstream of the TSS has been averaged across all 

genes. The plotted line shows the average frequency of sequence reads arising from Tup11 or 

Rst2 ChIP-seq. The coloured region indicates a 95% confidence interval. C) Genome browser 

view of Tup11, Rst2 and RNA Pol IISer5 ChIP-seq enrichment at inv1+ in glucose, sucrose and 

glucose-starved conditions. Significant regions of Tup11 and Rst2 enrichment are indicated by 

black arrows D) Heatmap of gene expression for genes bound by Tup11 and Rst2 from A) in 

wild-type (WT) S. pombe in glucose, sucrose and glucose-starved conditions. Gene expression 

is expressed as FPKMs adjusted for sequencing depth and row-normalised into Z-scores. The 

key indicates the level of expression per gene relative to the entire row. The dendrogram 

indicates hierarchical clustering using Pearson correlation of the heatmap results. Enriched GO 

categories and representative genes are shown to the right for specific clusters within the 

heatmap. 
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4.3.2 Tup11 and Rst2 directly regulate biological processes independently of CCR:  

In the glucose condition, Tup11 localised to 165 genome features independently of Scr1, confirming 

regulatory roles for Tup11 outside of the CCR process (Figure 4.3A, Appendix 4.3). Cell wall related 

gene ontologies were enriched in this gene set (Table 4.6). The cell wall is the first point of contact with 

the outside world and so is key to the survival of many fungi (reviewed in, Bowman and Free 2006). 

Interestingly, Tup11 orthologs in the pathogenic fungi, C. albicans, Cryptococcus neoformans and 

Aspergillus niger, have known roles in the regulation of cell wall related genes (Braun et al. 2000, Lee 

et al. 2009, Schachtschabel et al. 2013). Loss of the Tup11 ortholog in these species attenuates 

pathogenicity, and in C. albicans, promotes hyphal development and invasive growth (Braun et al. 

2000, Murad et al. 2001b, Lee et al. 2009). Cell wall related genes regulated by Tup11 in S.ipombe 

included ags1+, an essential gene required for normal cytokinesis (Cortes et al. 2012), and the cell wall 

protein encoding genes mok13+, ecm33+, gas1+ and gas2+. Presumably, these genes are misregulated in 

the absence of Tup11, which may contribute to the known flocculation phenotype of S. pombe tup11- 

tup12- double mutants (Kang et al. 2010).  

 

Rst2 and Tup11 co-occupied the promoter of 343 genes in the absence of glucose, suggesting that Rst2 

may also physically interact with Tup/Ssn6 (Figure 4.16A). This co-localisation extended to genes not 

regulated by Scr1 including a range of transmembrane transporters, such as amt1+ and amt3+ 

(ammonium), ctr4+ (copper), zrt1+ (zinc) and msy1+ (calcium) (Table 4.11, Appendix 3.8). Some of 

these genes are known to be induced during cellular stress (Chen et al. 2003). For example, msy1+ is 

induced, and is required for viability, under hypo-osmotic shock (Nakayama et al. 2012, Nakayama et 

al. 2014). These findings implicate Tup11 and Rst2 in the regulation of these genes in glucose-starved 

conditions, which is known to induce general stress responses in S. pombe (Chapter 3, Chen et al. 2003, 

Malecki et al. 2016). Key to the S. pombe stress response is the ATF/CREB transcription factor Atf1, 

which responds to the Sty1 MAPK general stress response pathway (Wilkinson et al. 1996, Lawrence 

et al. 2007, Song et al. 2009). ATF/CREB factor motifs were enriched in Tup11 and Rst2 peak 

sequences suggesting possible co-regulation of these loci either in concert or in competition with Tup11 

and Rst2 (Figure 4.16D, Table 4.11). Co-regulation of genes by these factors is also seen elsewhere. 

For example, Atf1, Tup/Ssn6 and Rst2 are known to promote expression of the gluconeogenesis gene 

fbp1+ in the absence of glucose (Janoo et al. 2001, Asada et al. 2015). Independently of Rst2, Tup11 

localised to multiple iron metabolism genes, which is consistent with known recruitment of Tup/Ssn6 

to iron metabolism genes by Fep1 (Znaidi et al. 2004, Pelletier et al. 2005). In contrast, Rst2 bound to 

multiple tRNA loci independently of Tup11 suggesting a novel role in the regulation of tRNA 

expression (Appendix 4.6, Figure 4.16A). Ultimately, this study has revealed biological processes other 

than CCR that are regulated by Tup11 and Rst2.  
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Table 4.11 GO enrichment of genes bound by Tup11 and Rst2 in the glucose-starved 

condition. 

GO ID Term Type1 Padj List BG Genes 

GO:0006091 

generation of 
precursor 
metabolites and 
energy 

BP 2.54E-06 22 81 

aco1, aco2, adh1, adh4, cyc1, eno101, fba1, 
gnd1, gpd3, gpm1, hxk2, mae2, nde2, 
pdc101, pfk1, pgk1, pyk1, pyr1, SPCC417.16, 
tdh1, tpi1, zwf1 

GO:0008645 hexose transport BP 1.79E-03 6 8 ght1, ght2, ght3, ght4, ght5, ght8 

GO:0005975 
carbohydrate 
metabolic 
process 

BP 2.25E-07 32 146 

adh1, adh4, eno101, exg1, fba1, fbp1, gal1, 
gal10, gas1, gas2, gld1, gnd1, gpd3, gpm1, 
gto1, gut2, hxk2, inv1, pfk1, pgk1, pvg1, 
pyk1, pyr1, SPAC26F1.07, SPACUNK4.16c, 
SPBP23A10.11c, SPCC757.12, tdh1, tpi1, 
tps1, zwf1, zwf2 

GO:0006734 
NADH metabolic 
process 

BP 2.92E-07 12 20 
eno101, fba1, gpd3, gpm1, gut2, hxk2, nde2, 
pfk1, pgk1, pyk1, tdh1, tpi1 

GO:0034220 
ion 
transmembrane 
transport 

BP 1.49E-02 28 188 

amt1, amt3, anc1, cta3, ctr4, fio1, fip1, ght3, 
gti1, mae1, mfc1, mfs3, msy1, per1, pet1, 
pho84, SPAC1002.16c, SPAC23D3.12, 
SPAC8C9.12c, SPBC1683.01, SPBC36.02c, 
SPBC3H7.02, SPCC569.05c, SPCC576.17c, 
SPCC794.04c, SPCC965.13, SPCPB1C11.02, 
zrt1 

GO:0006090 
pyruvate 
metabolic 
process 

BP 7.70E-07 14 30 
adh1, adh4, eno101, fba1, gpd3, gpm1, hxk2, 
mae2, pdc101, pfk1, pgk1, pyk1, tdh1, tpi1 

GO:0055114 
oxidation-
reduction 
process 

BP 5.19E-04 19 82 
aco1, aco2, adh1, adh4, cyc1, eno101, fba1, 
gpd3, gpm1, gut2, hxk2, mae2, nde2, pfk1, 
pgk1, pyk1, SPAC26H5.09c, tdh1, tpi1 

GO:0019693 
ribose phosphate 
metabolic 
process 

BP 5.20E-03 22 121 

adh1, adh4, cyc1, eno101, fba1, gnd1, gpd3, 
gpm1, hxk2, nde2, pfk1, pgk1, pma1, pyk1, 
SPAC1399.04c, SPBC2G5.05, SPCC417.16, 
tdh1, tpi1, urg2, zwf1, zwf2 

GO:0032787 
monocarboxylic 
acid metabolic 
process 

BP 2.56E-02 19 105 
adh1, adh4, eno101, erg31, fba1, gnd1, 
gpd3, gpm1, hxk2, mae2, ole1, pdc101, pfk1, 
pgk1, pvg1, pyk1, SPAC186.03, tdh1, tpi1 

GO:0009132 

nucleoside 
diphosphate 
metabolic 
process 

BP 7.19E-05 12 29 
adh1, adh4, eno101, fba1, gpd3, gpm1, hxk2, 
pfk1, pgk1, pyk1, tdh1, tpi1 

GO:0015696 
ammonium 
transport 

BP 1.82E-02 7 15 
amt1, amt3, mfs3, SPBC36.02c, 
SPCC569.05c, SPCC576.17c, SPCC965.13 

GO:0046034 
ATP metabolic 
process 

BP 7.22E-04 16 61 
adh1, adh4, cyc1, eno101, fba1, gpd3, gpm1, 
hxk2, nde2, pfk1, pgk1, pma1, pyk1, 
SPCC417.16, tdh1, tpi1 

GO:0005618 cell wall CC 2.89E-02 13 55 
aah3, ecm33, gas1, gas2, gto1, mug56, pho1, 
plb1, SPAC1786.02, SPAC186.03, 
SPBP23A10.11c, SPCC757.12, tdh1 

GO:0031225 
anchored 
component of 
membrane 

BP 2.51E-02 10 33 
aah3, ecm33, gas1, gas2, gsf2, pfl2, 
SPAC1786.02, SPAC27E2.11c, SPCC553.10, 
SPCC757.12 

 1 BP = Biological process; CC = Cell component. 
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4.3.3 Do Scr1 and Rst2 compete or co-operate at gene promoters?  

Interestingly, Rst2 was found to co-localise with Scr1 in the promoter of 63 and 61 protein-coding genes 

in glucose and sucrose conditions, respectively (Figure 4.15A). This observation contrasts with previous 

work suggesting that Rst2 plays an antagonistic role to Scr1, becoming active in the absence of glucose 

and replacing Scr1 at the fbp1+ promoter to drive gene expression (Hirota et al. 2006). The gene set 

bound by both Scr1 and Rst2 in glucose-sufficient conditions was enriched for carbon metabolism, 

glycolysis and TCA cycle related gene ontologies, with multiple plasma membrane protein coding 

genes, including hexose transporters and glucose signalling components, also enriched (Table 4.10). 

These genes are key to the metabolism of carbon in S. pombe and so binding of Scr1, a repressor, and 

Rst2, an activator, at these loci in the presence of glucose suggests that the two transcription factors 

may regulate these genes in either a competitive or co-operative fashion.  

 

If the two factors indeed compete, what do they compete for? Possibilities include DNA binding sites, 

association with the Tup/Ssn6 complex or something else entirely. Importantly, Tup11 was also 

enriched at the genes bound by both Scr1 and Rst2, suggesting potential competition between Scr1 and 

Rst2 for association with the Tup/Ssn6 complex. Furthermore, the similarity of Scr1 and Rst2 zinc 

finger DNA binding domains (Figure 1.5) coupled with the strong co-localisation of Scr1 and Rst2 at 

gene promoters (Figure 4.14A & D) suggests that the two factors likely bind a similar DNA sequence 

motif. Rst2 was shown previously to bind the STREP motif, CCCCTC, in vitro and this motif is present 

in the promoters of fbp1+ and ste11+ (Kunitomo et al. 2000, Higuchi et al. 2002). In the present study, 

motif analysis of Rst2 peak sequences returned no standout Rst2 binding motif except for a weakly 

enriched STREP-like motif, CCCCAC (Figure 4.13). The reverse complement of this motif was 

identified in Scr1 ChIP-seq peak sequences (Figure 3.17). Thus, the two proteins may bind and compete 

for these similar DNA recognition motifs. Although, since no standout DNA recognition motif was 

identified in the ChIP-seq peak sequences for either transcription factor, the binding preferences of Rst2 

and Scr1 may be more degenerate than previously understood, and further direct analysis is required to 

confirm the DNA binding specificity of these proteins. 

 

Further analysis of RNA-seq expression data generated in Chapter 3, for a subset of 80 protein-coding 

genes bound by Scr1, Tup11 and Rst2 in glucose and/or sucrose conditions showed that most increased 

in expression in the scr1- mutant background despite the presence of Tup11 (Figure 4.15B). This result 

supports the idea that Scr1 and Rst2 compete for control over these loci, and that in the scr1- 

background, Rst2 can bind these gene promoters without competition and force their activation, 

possibly by modulating the function of Tup/Ssn6 and/or downstream chromatin remodelling machinery. 

A similar phenomenon was reported previously in S. cerevisiae whereby the Yox1 transcriptional 

repressor competes with the forkhead transcriptional activator, Fkh2, for binding to the Mcm1 protein 
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at a subset of Mcm1 regulated cell-cycle genes (Darieva et al. 2010). Scr1 and Rst2 may compete in a 

similar fashion, not only for DNA binding but for physical association with Tup/Ssn6 whereby Scr1-

Tup/Ssn6 association promotes transcriptional repression while Rst2-Tup/Ssn6 association promotes 

transcriptional activation. In support of this hypothesis, both Rst2 and Tup11 co-occupy the same sites 

in the promoters of many genes, including inv1+ (Figure 4.16C), which also show strong RNA Pol IISer5 

enrichment in the glucose-starved condition (where Scr1 is absent), suggesting that both Rst2 and 

Tup/Ssn6 play a role in their activation. These conclusions rely on the assumption that scr1- loss of 

function does not impact Tup11 or Rst2 localisation at chromatin, since Tup11 or Rst2 ChIP-seq in an 

scr1- background was not performed in this study. As discussed above, further ChIP-seq experiments 

of Tup/Ssn6 components in scr1Δ or rst2Δ deletion backgrounds will help to fully elucidate the 

regulatory relationship between Scr1, Tup/Ssn6 and Rst2. 

 

An alternative explanation for Rst2 binding at these Scr1 regulated loci in glucose-sufficient conditions 

may be that the two proteins co-operate to provide additional regulatory sensitivity to the S. pombe cell. 

ChIP-seq performed in this study suggests that in glucose-starved conditions, Rst2 is involved in the 

activation of genes that are repressed by Scr1 in glucose-sufficient conditions (Table 4.9, Figure 4.12). 

Convergence of Scr1 (CCR pathway) and Rst2 (cAMP/PKA pathway) transcription factors at key genes 

regulated by these control mechanisms suggests that the two pathways contribute to regulation of carbon 

metabolism in multiple carbon contexts in S. pombe. In S. cerevisiae, a subset of Mig1 target genes are 

also regulated by interconnected glucose sensing pathways including Snf3/Rgt2/Rgt1, cAMP/PKA 

(Section 1.2.2.1-2, Figure 1.4) and the Mig1 orthologs Mig2 and Mig3 (Westholm et al. 2008). These 

pathways provide the budding yeast cell multiple layers of regulation to fine tune gene expression in 

dynamic environmental conditions (reviewed in, Turcotte et al. 2010, Broach 2012). Given that S. 

pombe contains no Snf3/Rst2-like system, nor any obvious Scr1 paralogs (unlike Mig2/Mig3 in S. 

cerevisiae), dynamic changes in the localisation of Scr1 and Rst2 at a locus may serve to fine-tune gene 

expression in changing environmental conditions. Thus, the additional binding of Rst2 at Scr1-regulated 

loci in the presence of glucose might indicate a “poised” transcriptional state, providing S. pombe an 

avenue to rapidly modulate transcription in response to fluctuations in glucose availability and thus, 

allowing the cell to further optimise glucose uptake in changing carbon environments.  

 

Given that Rst2 activity is negatively regulated in the presence of glucose by PKA, how can Rst2 be 

present at these loci in glucose? Moreover, why are only select genes bound by Rst2 in the presence of 

glucose given the wider range of Rst2 targets bound by the transcription factor in glucose-starved 

conditions (Figure 4.11B, Appendix 4.4)? These questions raise the possibility that additional Rst2 

control mechanisms exist, which regulate its localisation and/or function in glucose-sufficient 

conditions, in addition to cAMP/PKA. For example, it is possible that unknown factors recruit Rst2 to 

certain loci in glucose-sufficient conditions. In support of this hypothesis, previous work has shown 
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that PKA inactivation of Rst2 is not absolute, and that some Rst2 protein remains inside the nucleus in 

glucose-sufficient conditions (Higuchi et al. 2002). This observation is consistent with the results of the 

present study and previous work, which shows that nitric oxide can induce Rst2 activity in the presence 

of glucose (Kato et al. 2013b). Thus, there is preliminary evidence that indicates the presence of 

additional Rst2 control mechanisms in S. pombe that are yet to be identified.  

 

Another possibility is that Scr1 recruits Rst2, and the two proteins physically interact at the gene 

promoter. However, Rst2 was not detected in Scr1-TAP purifications conducted in the present study 

(Table 4.5). It should be noted that ChIP-seq experiments in the present study were conducted on a bulk 

population of cells and so reflect an average of the ChIP-seq signal from many cells. Thus, it is possible 

that heterogeneous signals exist within the cell population. Thus, it is difficult to conclusively determine 

from the current data whether Scr1 and Rst2 co-occupy gene promoters or whether the results from one 

or more subpopulations of Scr1-bound and Rst2-bound loci were averaged to produce the observed 

results. In summary, Scr1 and Rst2 may compete for binding to DNA, for control over the Tup/Ssn6 

complex or for both. It will be of interest to further examine Scr1 and Rst2 localisation in glucose-

sufficient conditions to fully elucidate the functional relationship between these factors at chromatin.   

 

4.3.4 Does Tup/Ssn6 function as a co-activator of gene expression? 

Tup/Ssn6 complexes generally act as co-repressors, which facilitate chromatin remodelling around a 

gene locus to a transcriptionally silent state (reviewed in, Smith and Johnson 2000). The long-standing 

model of CCR, termed the “recruitment model”, suggests that DNA bound transcription factors recruit 

Tup/Ssn6 to target gene promoters, which results in alterations to chromatin via further recruitment of 

chromatin remodelling machinery such as SWI/SNF, ultimately resulting in repression of target gene 

expression. This complex then dissociates from the promoter upon glucose limitation (Figure 1.6). In 

contrast to this model, previous work in both S. cerevisiae and S. pombe has shown that the Tup/Ssn6 

complexes remain at the gene promoter in glucose-deficient conditions and may promote coactivator 

recruitment and gene expression (Hirota et al. 2006, Wong and Struhl 2011). This observation was 

validated in S. pombe in the present study on a genome-wide scale. These results suggest that the 

Tup/Ssn6 complex should not be labelled solely as a transcriptional co-repressor since its function may 

be modulated by both transcriptional repressors and activators (Figure 4.17).  

 

Rst2 ChIP-seq revealed strong co-localisation with Tup11 in the glucose-starved condition suggesting 

that the two components may physically interact at the gene promoter to co-ordinate gene expression 

(Figure 4.16A & B). Indeed at many loci, co-localisation of both factors correlated with strong RNA 

PolIISer5 enrichment (Figure 4.16C). Furthermore, analysis of RNA-seq datasets generated in Chapter 3 

showed that most genes bound by both Rst2 and Tup11 were upregulated in glucose-deficient vs. 
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glucose-sufficient conditions suggesting that the Tup/Ssn6 complex may play additional roles in gene 

activation or may facilitate the recruitment of chromatin remodelling and/or modifying machinery to 

perform this function (Figure 4.16D). 

 

Multiple instances of S. cerevisiae Tup1/Ssn6 acting as a co-activator of gene expression exist (Conlan 

et al. 1999, Papamichos-Chronakis et al. 2002). A prominent example is the regulation of the osmotic 

stress pathway in S. cerevisiae by the Hog1 kinase (Proft and Struhl 2002). Sko1, an ATF/CREB 

transcriptional repressor, recruits Tup1/Ssn6 to repress osmotic stress genes under non-stressful 

conditions. However, under osmotic stress, Sko1 is phosphorylated by Hog1, turning it into a 

transcriptional activator that, along with Tup1/Ssn6, is required for recruitment of transcriptional 

coactivators including SAGA, and the chromatin remodelling complex SWI/SNF for activation of 

osmotic stress response genes (Proft and Struhl 2002). Under stress, tup1 cells are unable to recruit 

SWI/SNF or SAGA to Sko1 regulated loci suggesting that Tup1 is required for both repression and 

derepression of Sko1 target genes.  

 

In S. pombe, Tup/Ssn6 has not been shown to physically associate with SWI/SNF or SAGA 

coactivators. However, both complexes physically localise to promoter regions shown in this study to 

also be occupied by Tup11. For example, the inv1+ promoter contains two predicted regions of Tup11 

enrichment (Figure 4.3C), both of which correspond to regions previously identified as being occupied 

by SWI/SNF and SAGA in glucose-deficient conditions (Ahn et al. 2012). SWI/SNF and SAGA 

localisation to these regions is key to inv1+ activation in the absence of glucose (Ahn et al. 2012). Since 

Rst2 also co-occupies these positions in the inv1+ promoter, it is possible that association of Rst2 with 

Tup/Ssn6 is required for recruitment of SWI/SNF and SAGA in the absence of glucose. Thus Tup/Ssn6 

may function as a co-activator of gene expression in S. pombe.  
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Figure 4.17 Interlocking repression and de-repression dynamics govern CCR in S.ipombe. 

In the presence of glucose, Scr1 is trafficked to the nucleus where it represses the expression 

of a host of genes involved in hexose transport, alternate carbon source utilisation, 

gluconeogenesis, glycolysis, TCA cycle, reductive iron assimilation, cAMP signalling and 

transcription in association with the Tup/Ssn6 complex. Glucose is sensed in S.ipombe by a G-

protein coupled receptor, Git3, that stimulates cAMP production via the G-protein α subunit 

Gpa2, and the Git2/Cyr1 adenylate cyclase. Increased cellular cAMP levels removes Cgs1 

inhibition of PKA, which enters the nucleus and phosphorylates Rst2, thus removing its ability 

to activate ste11+ and a host of other target genes including stress/mating genes such as atf1+, 

which is also under Scr1 repression. A subset of Rst2 is excluded from the nucleus under these 

conditions. In the absence of glucose, Ssp2 is activated by the upstream calmodulin dependent 

kinase Ssp1, and enters the nucleus. Here it phosphorylates Scr1, resulting in its nuclear export 

and the derepression of alternate carbon source utilisation genes. Glucose deficiency results 

in induction of cgs2+, a cAMP specific phosphodiesterase formerly under Scr1 repression. Cgs2 

catalyses a reduction in cytoplasmic cAMP, leading to inhibition of PKA via Cgs1, and activation 

and nuclear import of Rst2, which induces the expression of multiple genes formerly repressed 

by Scr1, in addition to stress and mating genes as described above. Rst2 activity also involves 

Tup/Ssn6. Thus, these two pathways overlap at both the transcriptional and post-translational 

levels to co-ordinate the cellular response of S. pombe to glucose.  
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4.3.5 Conclusions and future directions: 

Together with the results from Chapter 3, this study has detailed for the first time the nature of carbon 

catabolite repression and derepression with respect to the Scr1, Tup/Ssn6 and Rst2 proteins in S.ipombe. 

From this work, an overarching model of CCR in S. pombe can be established, whereby Scr1 and Rst2 

colocalise with Tup/Ssn6 at target gene promoters and modulate its function under different carbon 

contexts (Figure 4.17). Scr1 was shown to physically interact with Tup11 in vitro and both proteins 

were strongly co-localised at Scr1 target genes suggesting that Scr1 physically interacts with Tup/Ssn6 

at gene promoters in vivo to enable the repression of transcription in glucose-sufficient conditions. 

Tup11 was found at virtually all Scr1 target genes as well as a range of genes independent of Scr1 in 

glucose-sufficient conditions, reflecting its roles as a global regulator of gene expression. In the glucose-

starved condition, Tup11 localised to an overlapping but largely distinct set of genes compared to the 

glucose and sucrose conditions, indicating its regulatory functions are controlled in a carbon dependent 

manner. Further ChIP-seq of Rst2 revealed strong co-localisation with Tup11, and both distinct and 

overlapping patterns of enrichment at gene promoters compared to Scr1 and Tup11.   

 

To fully understand the dynamic nature of transcriptional regulation at the gene promoter, it is necessary 

to further dissect the relationship between transcription factors, coregulators and other cellular proteins. 

One area for further exploration is the nature of Tup/Ssn6 recruitment to gene promoters. Further ChIP-

seq experiments examining Tup11 localisation in an scr1Δ and/or rst2Δ mutant backgrounds will shed 

light on Tup11 localisation at Scr1/Rst2 target genes and may lead to an improved understanding of co-

repressor recruitment. It will also be of interest to study enrichment of these factors at DNA in glucose-

deficient conditions (i.e. 3% (v/v) glycerol + 0.1% (w/v) glucose). This analysis will enable correlation 

of transcription factor binding with the previously generated gene expression data in this condition 

(Chapter 3) that will be important to understand the transition from glucose-sufficient to deficient 

conditions at the transcriptional level. Furthermore, establishing a thorough understanding of the 

physical interactions that occur at the gene promoter throughout the CCR process is required. As 

discussed above, further Co-IP or BioID experiments may identify new binding partners of Tup11, Scr1 

and Rst2. Knowledge of these physical interactions will be essential to develop an improved 

understanding of the co-ordination of protein complexes at gene promoters during carbon catabolite 

repression and de-repression.  
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5 Comparative analysis of an S. pombe isolate used for 

industrial-scale bioethanol production. 

 

5.1 Introduction: 

Various yeast species have been associated with human activities for centuries, and today play a vital 

role in the production of consumable foodstuffs such as breads, ales, wines as well as pharmaceuticals 

and industrial products, such as biochemicals and biofuels (reviewed in, Sicard and Legras 2011, 

Borneman et al. 2013b). Prior to the advent of high throughput sequencing technologies, yeast strains 

were selected for industrial application based on observable phenotypic criteria (i.e. those strains 

exhibiting observable and desirable phenotypes for bread making, wine fermentation or ethanol 

production) and/or narrowly focussed genetic studies. With this emphasis on observable traits, the 

genetic diversity underpinning these phenotypes largely remained a mystery.  

 

Today, high-throughput sequencing technologies allow the investigation of entire genomes of industrial 

microorganisms to identify the intrinsic genomic and transcriptomic features associated with favourable 

phenotypes. Industrial and food biotechnology are two sectors with a significant amount to gain by 

identifying the genetic basis of favourable phenotypes in this way. Indeed, numerous genomic studies 

of S. cerevisiae wine, beer, sake and bioethanol producing isolates, along with naturally occurring 

“wild” strains from around the world have been reported (Gallone et al. 2016). The declining cost of 

high throughput sequencing technologies broadened such analyses beyond S. cerevisiae, to a wide range 

of industrial isolates from other species including Pichia pastoris and Trichoderma reesei, which are 

currently utilised for recombinant protein production and for the production of cellulase enzymes 

respectively (Gupta et al. 2016, Love et al. 2016). With respect to renewable bioethanol technology, 

whole genome sequencing studies have revealed a significant degree of variation existing within 

currently utilised S. cerevisiae industrial bioethanol strains, including significant cross-hybridisation, 

examples of horizontal gene transfer and genomic rearrangement (Argueso et al. 2009, Babrzadeh et al. 

2012, Li et al. 2014, McIlwain et al. 2016).  

 

S. pombe has considerable potential for application in industrial fermentation processes, especially 

bioethanol production from high-sugar feedstocks such as those derived from sugarcane, as it possesses 

a similar respiro-fermentative (Crabtree-positive) growth profile, that drives the preferential 

fermentation of sugars in the presence of oxygen (Section 1.1). Interestingly, this metabolic profile 

appears to have evolved independently in the Saccharomyces and Schizosaccharomyces lineages 

(Hagman et al. 2013). This finding is supported by previous work showing that S. pombe lacks a 

complete glyoxylate cycle, rendering it incapable of efficiently utilising ethanol and other non-
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fermentable compounds as a sole carbon source (De Jong-Gubbels et al. 1996, Rhind et al. 2011). While 

this deficiency limits the range of substrates that S. pombe can utilise for growth, it also limits the 

reassimilation of ethanol as a carbon source when fermentable sugars become depleted, which is 

advantageous for industrial ethanol production. Like S. cerevisiae, S. pombe also exhibits tolerance to 

osmotic pressure, making it suitable for high viscosity feedstocks (reviewed in, Hohmann 2002).  

 

With these advantages, it is surprising that S. pombe has not been explored in greater detail as a platform 

for industrial scale processes, particularly for bioethanol production. This may be due, in part, to a lack 

of information regarding genotypic and phenotypic variation within the S. pombe species. One principal 

advantage of S. pombe from a scientific research perspective is that most laboratory strains are isogenic 

to a single strain lineage, the 972h- lineage originally isolated by Urs Leupold in the late 1940s (Fantes 

and Hoffman 2016). Widespread research conducted in this strain has enabled inferences to be made 

system-wide in this S. pombe, sidestepping potential complications in data interpretation due to 

differences in genetic background. However, widespread study of the Leupold 972h- strain (hereafter 

referred to as the “laboratory strain”) has left current S. pombe researchers with limited knowledge of 

the natural genetic variation occurring within the S. pombe species globally.  

 

In Queensland, Australia, Wilmar Ltd. utilises a wild strain of S. pombe as a biological platform for the 

industrial-scale fermentation of sugarcane molasses into bioethanol (Section 1.3). Wilmar utilises a 

semi-continuous fermentation process, which operates over a five to six-day period, and uses a total 

feedstock volume of ~800kL. The process returns on average 200kL ethanol per day following 

distillation and further processing (Wilmar Ltd pers. comm.). Molasses is a by-product of sugarcane 

processing, generated following crystallisation of sucrose sugars from cane sugar syrup. It contains 

~40-45% (w/w) fermentable sugars, predominantly in the form of sucrose, and is cheap and plentiful, 

particularly following harvest season, making it an ideal feedstock for bioethanol production. Molasses 

is also used for bioethanol production in other locations around the world, particularly where sugarcane 

is grown, including Brazil, India and Thailand (Zanin et al. 2000, Ghosh and Ghose 2003, Bloyd and 

Foster 2014). Work in this chapter details the phenotypic, genomic and transcriptomic characterisation 

of the Wilmar industrial fission yeast isolate with focus given to the similarities and differences 

exhibited by these strains vs. laboratory S. pombe, particularly in the context of carbon metabolism and 

CCR.   
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5.2 Results: 

5.2.1 The Wilmar isolates are distinct strains of the species S. pombe: 

The Wilmar isolate was originally supplied by Chematur Engineering (http://chematur.se/), a European 

company commissioned to install the current fermentation infrastructure in use by Wilmar Ltd. The 

strain was selected based on its performance in early molasses fermentation trials where it was found 

to out-perform an S. cerevisiae strain previously utilised by Wilmar Ltd. (Wilmar Ltd. pers. comm.). 

No other information regarding the genetic or geographic origins of the Wilmar isolate could be 

supplied by Wilmar Ltd. (Wilmar Ltd. pers. comm.). The original vial containing the Wilmar isolate as 

supplied to Wilmar Ltd. by Chematur Engineering was acquired for this study (Figure 5.1A). This strain 

is hereafter named Wilmar-A (A for “ancestral strain”). Repeated recirculation of Wilmar-A through 

the industrial molasses feedstock by Wilmar Ltd. over time resulted in the generation of Wilmar-P (P 

for “production strain”), a representative of the strain used currently by Wilmar Ltd. Wilmar-A therefore 

represents the original evolutionary state of the Wilmar strain lineage at the outset of the Wilmar 

Bioethanol operation. In contrast, Wilmar-P is a genetic descendant of Wilmar-A, isolated after repeated 

passaging through the industrial molasses fermentation environment. The exact length of time and/or 

number of generations that Wilmar-P was recirculated through the molasses environment is unclear 

(Wilmar Ltd. pers. comm.). Regardless, a sample of the Wilmar-P strain was also obtained from Wilmar 

Ltd for this study. In the present study, the Wilmar isolates were compared to reveal adaptations that 

are specific to the time this strain has spent in the industrial environment, and contrasted with the 

laboratory S. pombe strain to determine the genetic adaptations that have occurred along the common 

Wilmar strain lineage (Figure 5.1B).  

 

In a previous phenotypic characterisation study of Wilmar-A and Wilmar-P, microscopic analysis 

confirmed a rod shaped cellular morphology, cell division via binary fission and the synthesis of a four 

spored ascus during meiosis; features which are typical of S. pombe (Quenault 2009). In contrast, both 

Schizosaccharomyces japonicus and Schizosaccharomyces octosporus are known to produce eight 

spored asci during meiosis (reviewed in, Niki 2014). Furthermore, Schizosaccharomyces cryophilus, 

the final, and most recently isolated species in the Schizosaccharomyces genus, grows poorly at the 

optimal S.ipombe growth temperature of 30-32°C (Helston et al. 2010). In addition to these 

morphological characteristics, Sanger sequencing of the internal transcribed spacer region #2 (ITS2), a 

locus commonly used to distinguish fungal species (Fujita et al. 2001, Ciardo et al. 2010), confirmed 

both Wilmar-A and Wilmar-P to be distinct S. pombe strains (Quenault 2009). Interestingly, the 

Wilmar-P isolate was shown to produce increased amounts of ethanol compared to the laboratory 

S.ipombe strain, however it did so in a less efficient manner in terms of total sugar consumption to 

ethanol output (Quenault 2009). 

http://chematur.se/
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5.2.2 Wilmar-P exhibits improved molasses growth and stress tolerance versus 

Wilmar-A and the S. pombe laboratory strain: 

Laboratory S. pombe can utilise a limited range of carbon sources for growth including glucose and 

fructose hexoses and more complex sucrose, maltose or raffinose di/tri-saccharides. Non-fermentable 

compounds such as glycerol cannot be utilised as the sole carbon source but are metabolised in the 

presence of small amounts of glucose (Matsuzawa et al. 2010). To examine growth phenotypes of 

Wilmar-A and Wilmar-P in comparison to the laboratory S. pombe strain, a series of spot plate dilution 

assays in the presence of different carbon sources were conducted (Section 2.4.6). scr1::ura4+ and 

scr1::ura4+ tup11::ura4+ tup12::ura4+ strains were included to facilitate comparison between Wilmar-

A, Wilmar-P and laboratory S. pombe mutants lacking CCR. Tenfold serially diluted cultures were 

spotted to YES medium containing 3% (w/v) glucose, fructose or sucrose as the sole carbon source and 

grown at 32°C (Figure 5.2A). Growth was identical across all strains and carbon conditions.  

 

Next, growth was examined on the same carbon sources in the presence of the toxic glucose analog 2-

deoxyglucose (2-DOG). Growth of all strains was unaffected on glucose + 2-DOG and completely 

inhibited on sucrose + 2-DOG. In contrast, Wilmar-A and Wilmar-P exhibited strong resistance to 2-

DOG in the presence of fructose, whereas growth of the laboratory S. pombe strain was completely 

inhibited. The scr1::ura4+ and scr1::ura4+ tup11::ura4+ tup12::ura4+ strains also exhibited 2-DOG 

resistance under these conditions, however this phenotype was not as striking compared to the Wilmar 

strains, implying that the Wilmar phenotype may be explained by factors other than the loss of CCR 

machinery. Previous studies have suggested that 2-DOG resistance is associated with altered hexose 

uptake (Novak et al. 1990) or upregulation of the odr1+ gene encoding an uncharacterised hydrolase 

(Vishwanatha et al. 2016). Hexose transport genes were shown to be upregulated in the scr1- mutant 

background (Chapter 3). Thus, the Wilmar isolates may possess altered modes of hexose uptake, 

utilisation and/or CCR compared to laboratory S. pombe. 

 

Further spot-dilution assays were conducted to test growth responses of the above strains on molasses 

medium. The molasses formulation derived by Wilmar Ltd. for lab-scale culturing of the Wilmar strain 

prior to use in industrial-scale fermentations contains 22.2% (v/v) molasses, ammonium sulphate, 

potassium di-hydrogen orthophosphate and is buffered to pH 4.2-4.5 (Section 2.1.1). Growth of 

Wilmar-P was significantly increased compared to Wilmar-A and laboratory S. pombe on molasses 

medium at 32°C, whereas no growth difference was observed on YES (Figure 5.2B). The experiment 

was repeated with an increased incubation temperature of 37°C to simulate heat stress conditions that 

can occur during industrial fermentations (reviewed in, Gibson et al. 2007).   
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Figure 5.1 Genesis of the Wilmar isolate. A) The Wilmar strain was provided by Chematur 

Engineering for the Wilmar Ltd bioethanol operation. The original isolate, termed Wilmar-A, 

represents the initial genetic state of the Wilmar strain. Following repeated passaging through 

molasses feedstocks, a second sample of the Wilmar strain was isolated. This strain, termed 

Wilmar-P, is a representative of the current strain used by Wilmar Ltd. for the industrial scale 

production of bioethanol. B) This study aims to identify differences between the Leupold 972h- 

(“laboratory S. pombe”) strain and Wilmar strain genetic backgrounds. Furthermore, since 

Wilmar-P was derived from Wilmar-A, specific adaptations that have arisen since the onset of 

the Wilmar bioethanol operation will also be examined. 
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Figure 5.2 Wilmar-P exhibits 2-DOG and temperature resistance, and improved growth 

on molasses. A) Spot plate dilution assays on YES media containing 3% (w/v) glucose, 3% 

(w/v) fructose or 3% (w/v) sucrose, with or without 1mM 2-DOG. Tenfold serial dilutions are 

represented from a starting concentration of 108 cells/mL (leftmost) to a final concentration of 

105 cells/mL (rightmost). B) Spot plate dilution assays on YES 3% (w/v) glucose and molasses 

medium at 32°C or 37°C. For A) and B) images were taken following 48 hours incubation at 

the indicated temperature and are representative of at least three independent biological 

repeats. 972h- = Leupold laboratory S. pombe strain. 
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Under these conditions, growth of Wilmar-A, scr1::ura4+ and scr1::ura4+ tup11::ura4+ tup12::ura4+ 

was impaired on YES medium compared to the laboratory strain, while Wilmar-P displayed the 

strongest growth. On molasses medium, no growth of the laboratory strain was detected suggesting the 

combined stressors of temperature and the growth media were detrimental to growth. In contrast, the 

molasses growth phenotypes of Wilmar-A and Wilmar-P observed at 32°C were maintained at 37°C. 

Interestingly, no growth of the scr1::ura4+ or scr1::ura4+ tup11::ura4+ tup12::ura4+ strains was 

observed on molasses at either temperature suggesting that factors other than CCR may be more 

important for growth on molasses. Taken together, these results show that Wilmar-P possesses 

improved growth in the molasses feedstock even under heat-stress conditions that are detrimental to the 

growth of other S. pombe strains.  

 

 

5.2.3 The Wilmar isolates karyotypically differ from laboratory S. pombe:  

Previous work has shown that extensive karyotypic variation and chromosomal rearrangement exists 

within naturally occurring populations of S. pombe (Brown et al. 2011). To examine karyotypic 

differences to laboratory S. pombe (Figure 5.3A), the chromosomal composition of Wilmar-A and 

Wilmar-P was analysed using Pulsed Field Gel Electrophoresis (PFGE, Section 2.4.7). Like laboratory 

S. pombe, Wilmar-A and Wilmar-P were each found to possess three chromosomes (Figure 5.3B). 

Chromosomes II and III appeared larger in both Wilmar isolates whereas chromosome I was seemingly 

unchanged, suggesting the Wilmar-A and Wilmar-P genomes are larger than the laboratory strain 

genome. This size difference may be due, in part, to potential differences in the number of ribosomal 

DNA (rDNA) repeats present at the telomeres of Chromosome III (Schaak et al. 1982, Wood et al. 

2002). Subtle differences between Wilmar-A and Wilmar-P were also apparent, with Chromosome II 

appearing slightly larger in Wilmar-P and chromosome III appearing slightly smaller. These macro-

genomic structural changes are indicative of chromosomal rearrangement events, which have occurred 

along the Wilmar strain lineage prior to and/or since the onset of use of this strain for industrial molasses 

fermentation.  
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Figure 5.3 Wilmar-A and Wilmar-P contain macro-genomic structural variation. A) 

Karyotypic map of the Leupold 972h- laboratory S. pombe strain genome showing the three 

chromosomes with sizes of non-redundant regions indicated. Black regions indicate 

centromeres (CEN). TEL = telomere, rDNA = ribosomal DNA repeats located at the telomeres 

of chromosome III. B) Pulsed field gel electrophoresis of S. pombe 972h-, Wilmar-A and Wilmar-

P strains. A commercial S. pombe standard (Biorad #1703633) is included as a control for the 

canonical S. pombe strain. Sizes of control chromosomes are shown on right in megabases 

(Mb). Results shown are representative of three independent biological replicates.   
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5.2.4 Whole genome sequencing of Wilmar-A and Wilmar-P strains: 

To better understand the phenotypic and genomic differences observed in the Wilmar strains, a whole 

genome sequencing (WGS) strategy was undertaken. Genomic DNA was extracted from cultures of 

Wilmar-A and Wilmar-P grown in YES 3% (w/v) glucose medium and sequenced using an Illumina 

100bp paired-end strategy with an average insert size of 250bp (Section 2.4.1, 2.6.4). Approximately 

2.4 and 2.5 gigabases of sequence data was obtained for Wilmar-A and Wilmar-P equating to ~194X 

and ~204X coverage of the laboratory strain genome respectively (Table 5.1). Close to 90% of 

sequenced bases for each isolate achieved a Phred quality score of 30 or greater (Q30 = minimum 99.9% 

base calling accuracy) with approximately 96% of the data being Q20 or greater (Q20 = minimum 99% 

base calling accuracy). These results confirm that the whole genome sequence data was of suitable 

quality for further analysis.  

 

Sequence data was mapped to the S. pombe laboratory strain genome (ASM294 v2.20) using the 

Bowtie2 read aligner (Section 2.6.4, Langmead 2010). Qualimap, a tool to examine the quality of short 

read alignment to reference genomes (Garcia-Alcalde et al. 2012), revealed that 94% and 96% of reads 

from Wilmar-A and Wilmar-P respectively, successfully mapped to the laboratory strain genome (Table 

5.2). The 5.56% of Wilmar-A and 3.73% of Wilmar-P reads that did not map may represent novel 

genetic sequences present in the Wilmar strain genomes. Greater than 99% of the laboratory strain 

genome was covered by sequences from both Wilmar-A and Wilmar-P indicating a high degree of 

similarity between the laboratory and Wilmar genetic backgrounds. Actual reference genome coverage 

was 182X for Wilmar-A and 196X for Wilmar-P.  

 

5.2.4.1 Gene loss in the Wilmar isolates is concentrated around chromosome II telomeres:  

To examine differences in the genetic content of the Wilmar strains, sequences of at least 50bp to which 

no reads mapped (i.e. zero read coverage) were binned and examined at the sequence level. This analysis 

identified 235 and 248 zero coverage regions totalling 78.4kb and 73.4kb present in the laboratory 

S.ipombe genome but not represented in the Wilmar-A and Wilmar-P genomes respectively (Appendix 

5.1). No regions of zero coverage were clearly unique to either Wilmar-A or Wilmar-P suggesting that 

differences in the total size of zero coverage regions between the isolates is due to subtle variation in 

either the raw sequence datasets or the read mapping results. Next, the genome features (i.e. protein-

coding genes, pseudogenes or non-coding RNAs) intersecting regions of zero-coverage were 

determined. A total of 66 unique genome features were identified with zero read coverage fully or 

partially encompassing coding sequences, or affecting 5’ or 3’ untranslated regions (UTRs) (Table 5.3). 

28 protein-coding genes were significantly affected by overlapping zero coverage regions in both 

Wilmar-A and Wilmar-P (Table 5.3).   
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Table 5.1 Results of Wilmar isolate whole genome sequencing. 

Statistic Wilmar-A Wilmar-P 

Total number of sequenced reads 24,239,134 25,466,578 

Total number of base pairs sequenced 2,448,152,534 2,572,124,378 

% Reads Q30 or greater 89.52 89.69 

% Reads Q20 or greater 96.93 97.02 

% Ambiguous base calls (N) 0.002 0.002 

% G/C content  35.46 35.68 

Estimated reference genome coverage 194x 204x 

 

 

 

 

 

 

 

Table 5.2 Wilmar isolate Bowtie2 mapping statistics. 

Statistic Wilmar-A Wilmar-P 

% Mapped reads 94.4% 96.3% 

% Unmapped reads 5.6% 3.7% 

% Properly paired reads 94.4% 96.3% 

% Mapped reads, both in pair 93.2% 95.2% 

% Mapped reads, singletons 1.3% 1.1% 

% Duplicated reads (estimated) 54.9% 57.5% 

Coverage mean 182.4X 195.9X 

Coverage standard deviation 470.4 411.7 

Mapping quality mean 39.3 39.3 

Insert size median 259 247 

% Reference genome covered >99% >99% 

 

  



Chapter 5 

236 

Table 5.3 Zero sequence coverage regions intersecting protein-coding genes within the Wilmar strain background. 

Chr Start End Length Name Feature type Description Feature region affected 

I 12716 12994 278 SPAC212.08c gene GPI anchored protein (predicted) 3' coding region 

I 28961 29394 433 SPAC212.01c gene S. pombe specific DUF999 family protein 2 Majority of coding region 

I 2944688 2945143 455 SPAPB2C8.01 gene cell surface glycoprotein, adhesion molecule (predicted) 3' coding region 

I 5569261 5569501 240 SPAC750.06c gene S. pombe specific DUF999 protein family 4 Majority of coding region 

II 5674 6151 477 SPBC1348.01 gene S. pombe specific DUF999 protein family 5 Majority of coding region 

II 35112 36288 1176 SPBC1348.12 gene transcription factor (predicted) Majority of coding region 

II 44694 46836 2142 SPBPB8B6.02c gene urea transporter (predicted) Entire gene 

II 47056 49071 2015 SPBPB8B6.03 gene acetamidase (predicted) Entire gene 

II 47369 51220 3851 grt1 gene transcription factor Grt1 (predicted) Entire gene 

II 56984 57037 53 SPBPB8B6.06c gene CRCB domain protein 5' UTR  

II 58136 58307 171 eno102 gene enolase (predicted) 3'UTR 

II 59636 59704 68 eno102 gene enolase (predicted) 5' coding region 

II 60553 61205 652 SPBPB21E7.02c gene phosphoglycerate mutase family Entire gene 

II 64487 64660 173 SPBPB21E7.04c gene human COMT ortholog 2 5' UTR  

II 65519 65620 101 SPBPB21E7.04c gene human COMT ortholog 2 5' coding region 

II 66842 67225 383 SPBPB21E7.05 gene sequence orphan Entire gene 

II 356239 358079 1840 SPBC1271.08c gene sequence orphan Majority of coding region 

II 358067 359852 1785 SPBC1271.07c gene N-acetyltransferase (predicted) Entire gene 

II 524655 524763 108 SPBC1685.12c gene dubious 5' UTR  

II 671551 671618 67 pfl3 gene cell surface glycoprotein (predicted), DIPSY family 5' coding region 

II 4420902 4421116 214 pfl5 gene cell surface glycoprotein (predicted) Majority of coding region 

II 4461820 4462134 314 mug180 gene esterase/lipase (predicted) 3' UTR  

II 4466517 4467612 1095 SPBPB2B2.05 gene peptidase family C26 protein Entire gene 

II 4469018 4471207 2189 SPBPB2B2.06c gene phosphoprotein phosphatase (predicted) Entire gene 

II 4475953 4476674 721 SPBPB2B2.08 gene conserved fungal protein Entire gene 

II 4478687 4480222 1535 SPBPB2B2.09c gene 2-dehydropantoate 2-reductase (predicted) Entire gene 

II 4482234 4483799 1565 gal7 gene galactose-1-phosphate uridylyltransferase Gal7 Entire gene 



Chapter 5 

237 

II 4483683 4487313 3630 SPBPB2B2.11 gene nucleotide-sugar 4,6-dehydratase (predicted) Entire gene 

II 4484023 4487569 3546 gal10 gene UDP-glucose 4-epimerase/aldose 1-epimerase Gal10 Entire gene 

II 4488322 4490271 1949 gal1 gene galactokinase Gal1 Entire gene 

II 4503038 4503134 96 SPBPB2B2.18 gene sequence orphan Exon 3 

II 4506844 4507229 385 SPBCPT2R1.01c gene S. pombe specific DUF999 protein family 9 Majority of coding region 

II 4514070 4514377 307 SPBCPT2R1.04c gene S. pombe specific DUF999 protein family 10 Majority of coding region 

III 31524 31740 216 SPCP20C8.02c gene S. pombe specific UPF0321 family protein 1 5' UTR  

III 43545 43629 84 nic1 gene NiCoT heavy metal ion transporter Nic1 5' UTR  

III 937803 938567 764 SPCC24B10.20 gene short chain dehydrogenase (predicted) Entire gene 

III 1647689 1648537 848 SPCC663.08c gene short chain dehydrogenase Majority of coding region 

III 2427705 2427780 75 SPCC569.05c gene spermidine family transporter (predicted) 3'UTR 

MT 5564 6247 683 cox1 gene cytochrome c oxidase 1 (predicted) Intron 1  

MT 5564 6247 683 SPMIT.02 gene mitochondrial DNA binding endonuclease (predicted) Majority of coding region 

MT 10877 13357 2480 cob1 gene cytochrome b, Cob1 (predicted) Intron 1  

MT 10877 13280 2403 SPMIT.06 gene mitochondrial DNA binding endonuclease (predicted) Majority of coding region 
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Among these were genes involved in galactose utilisation: gal1+, gal7+ and gal10+ (Figure 5.4A) and 

two predicted transcription factor encoding genes: grt1+ and SPBC1348.12. Interestingly, the largest 

zero-coverage regions were distributed in the subtelomeric regions of Chromosome II, with fewer 

genome features impacted by loss of read coverage in chromosomes I or III (Figure 5.4B). Subtelomeric 

regions have been associated with increased rates of recombination in many eukaryotes, including 

S.ipombe (Bisht et al. 2008). Therefore, genomic recombination events at the subtelomeres of 

chromosome II may explain the variation in read coverage and total chromosome size observed in the 

Wilmar isolates. 

 

5.2.4.2 Non-synonymous mutations affect almost half of the genes in the Wilmar strain background: 

Aside from genomic rearrangement and gene loss events, sequence level variation can also contribute 

significantly to phenotypic differences. Single nucleotide polymorphisms (SNPs), multiple nucleotide 

variants (MNVs), and insertions and deletions (INDELs) were detected in each of the Wilmar isolates 

(Section 2.6.4.2). A complete list of SNPs and INDELs identified in the Wilmar strains is shown in 

Appendix 5.2. Similar total variant numbers (combined total of SNPs, MNVs and INDELs) were 

detected within the Wilmar-A and Wilmar-P isolates with 47,004 and 46,971 respectively (Table 5.4). 

Most (96.7%) variants were shared between the two strains, reaffirming the relatedness of the Wilmar 

isolates (Figure 5.5A). 17,579 and 17,604 SNPs were detected within protein-coding genes in Wilmar-

A and Wilmar-P. Most of these were synonymous SNPs (11,651 in Wilmar-A and 11,666 in Wilmar-

P). Similar numbers of non-synonymous SNPs (NS-SNPs, 5928 in Wilmar-A and 5938 in Wilmar-P) 

were detected between the two strains. Just 52 and 62 NS-SNPs were unique to Wilmar-A and Wilmar-

P respectively (Figure 5.5B). These NS-SNPs occurred primarily in sequence orphans, pseudogenes, 

cell surface glycoproteins and transposable elements (see Appendix 5.2). Overall, these observations 

suggest that there are few unique differences between Wilmar-A and Wilmar-P at the sequence level, 

and that variation observed in comparison to laboratory S. pombe is largely due to the common genetic 

background of the Wilmar strain.  

 

Next, the genes affected by NS-SNP mutations in both Wilmar isolates were examined. 2301 and 2298 

genes within the laboratory S. pombe reference genome contained at least one NS-SNP in Wilmar-A 

and Wilmar-P respectively (Table 5.4). Since laboratory S. pombe contains around 5144 protein coding 

genes, almost half of the protein-coding genes in the laboratory S.ipombe strain are affected by at least 

one NS-SNP in the Wilmar background, with many genes containing multiple NS-SNPs (Figure 5.5C). 

Of the affected genes, most contained less than 5 NS-SNPs (91%). The most heavily altered genes were 

dhc1+, encoding dyenin heavy chain protein (32 NS-SNPs) and SPAC26F1.08c, encoding an 

uncharacterised protein (31 NS-SNPs). 
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Two ght genes, ght1+ and ght7+, were affected by 11 and 12 NS SNPs respectively, suggesting that the 

function of these hexose transporters might be altered in the Wilmar strains. The set of 199 genes most 

heavily affected by NS-SNPs (i.e. those containing 6 or more NS-SNPs) were examined for enriched 

GO terms. This identified multiple significantly enriched ontologies relating to reproduction, meiosis, 

nucleic acid metabolism and chromosomal organisation (Figure 5.5D). Since CCR was of particular 

interest to this study, scr1+, tup11+, tup12+ and ssn6+, were examined for sequence variants in the 

Wilmar strains. Four NS-SNPs were discovered within scr1+, one in tup11+, two in tup12+ and four in 

ssn6+ with no differences between Wilmar-A and Wilmar-P (Figure 5.5E). No obvious deleterious 

effects on the function of any protein due to these NS-SNP mutations were apparent, with each variant 

falling outside important protein domain encoding regions in each gene.  

 

A recent study isolated and sequenced the genomes of 57 genetically distinct populations of S. pombe 

originating across 5 continents from a variety of environments including wine, cane sugar, tequila, grape 

juice, African millet beer and molasses (Figure 5.6A, Jeffares et al. 2015). Comparison of Wilmar strain 

genome sequences with those from the Jeffares et al. study was conducted to identify the genetic origins 

of the Wilmar isolate within the context of this collection of S. pombe isolates. Variant SNPs identified 

in the 57 distinct S. pombe populations were downloaded from the European Nucleotide Archive (ENA, 

accession code: PRJEB2733 and PRJEB6284) and merged with those discovered in Wilmar-A and 

Wilmar-P strains (Section 2.6.4.2). The SNPRelate package (Zheng et al. 2012b) was used to conduct 

principal components analysis (Figure 5.6B) and construct a phylogeny based on hierarchical clustering 

of 1113 SNP positions within each of the 59 strains (Figure 5.6C). Strains from Europe and America 

largely clustered according to their geographic origin whereas those from Asia, Africa and Australia 

were interspersed between these two major clusters. Interestingly, the Wilmar isolates clustered within 

the broader subset of European strains, suggesting potential European genetic origins of the Wilmar 

strain background. Interestingly, the Leupold 972h- strain (JB22) was determined to be an outlier via 

PCA analysis (Figure 5.6B) but clustered with other European isolates via hierarchical clustering 

(Figure 5.6C), consistent with its proposed Swiss origins (Egel 2010, Fantes and Hoffman 2016). The 

PCA and clustering results reflect earlier analysis by Jeffares et al. (2015), however further molecular 

and phylogenetic analysis is necessary to more precisely place the Wilmar isolates within this 

phylogeny of S. pombe isolates.  
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Figure 5.4 Gene loss in the Wilmar background is concentrated around the telomeres of 

chromosome II. A) IGV genome browser view showing loss of reference genome coverage in 

the indicated region of the chromosome II right subtelomere. This region contains multiple 

protein coding genes, which have been lost from the Wilmar background, including the 

galactose utilisation gene cluster: gal1+, gal7+ and gal10+. B) Genomic locations of coding 

regions (protein coding genes – blue, pseudogenes – green or ncRNAs – red) affected by a 

region of zero read coverage of at least 50bp in length are shown. Arrows indicate regions of 

highest gene loss. No major differences were observed between Wilmar-A and Wilmar-P.  
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5.2.4.3 Wilmar-P contains a 100kb duplicated region in the right arm of chromosome III: 

The high read depth permitted identification of regions of putative copy number variation, that is, 

regions of increased read coverage compared to the mean chromosomal coverage. Since S. pombe 

strains exist primarily in a haploid state, regions with coverage approximately double that of the mean 

coverage (or greater) were flagged as potential regions of copy number variation (CNV). Average 

sequence coverage within overlapping 10kb sliding windows across the laboratory strain genome was 

computed and the summarised coverage data was plotted per chromosome for both Wilmar-A and 

Wilmar-P (Section 2.6.4.1, Figure 5.7). This revealed the presence of a CNV region unique to Wilmar-

P in the left arm of chromosome III. This region of approximately 100kb in length possessed an average 

coverage of approximately twice that of the average for the entire chromosome and therefore, is likely 

the result of a duplication event. The duplicated region contains 38 protein-coding genes, 12 annotated 

non-coding RNAs and a single tRNA encoding sequence (Table 5.5). No significant enrichment of gene 

ontologies was apparent within this gene set. Instead, a wide range of functions and cellular processes 

were represented, which may contribute to the industrial performance of the Wilmar strain (Figure 5.8).  

 

GO Slim summarisation of the duplicated gene set identified six genes involved in transmembrane 

transport (Table 5.6). Among these genes were the hexose transporters, ght5+ and ght6+. As discussed 

previously, S. pombe contains eight hexose transporter encoding genes (ght1-8+) with ght5+ being the 

most strongly expressed and important for viability under low glucose concentrations (Saitoh et al. 

2015). Moreover, Ght6 possesses a higher affinity for fructose than glucose (Heiland et al. 2000). Scr1 

regulates both ght5+ and ght6+ in glucose-sufficient conditions (Chapter 3), therefore duplication of 

ght5+ and ght6+ might result in increased expression of these genes, potentially benefiting the ability 

of Wilmar-P to acquire and metabolise sugars.  

 

A variety of other GO slim annotations were present within this gene subset (Table 5.6). Specific genes 

of note within the duplicated region included ark1+ (aurora-B kinase), which is involved in multiple 

cellular processes related to chromatin segregation and mitotic and meiotic cytokinesis (Leverson et al. 

2002). Genes involved in transcriptional regulation, such as the ATP-dependent DNA helicase encoding 

gene fft2+, Set3 complex (histone deacetylation) subunit encoding gene hif2+, and a predicted C6 

transcription factor encoded by the SPCC320.03 gene, were also present. Finally, genes annotated to 

carbohydrate derivative metabolic processes included sdh3+ (succinate dehydrogenase) and 

SPCC1235.04c (FAD synthetase). Sdh3 encodes a component of the mitochondrial electron transport 

chain complex II required for respiration-dependent energy homeostasis within the cell. It is possible 

that duplication of these genes could benefit carbon acquisition and metabolism in Wilmar-P and 

possibly contribute to its improved growth phenotypes observed compared to Wilmar-A and the 

laboratory S. pombe strain.  
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Table 5.4 Wilmar isolate variant analysis. 

Statistic Wilmar-A Wilmar-P 

Total variants 47004 46971 

Shared variants 46910 

Total SNPs 39125 39116 

Synonymous SNPs 11651 11666 

Non-synonymous SNPs 5928 5938 

Unique NS-SNPs 52 62 

Total number of genes affected  
(% of all genes) 

2301 (45%) 2298 (45%) 

Number of genes with 3 or more NS-SNPs 756 757 

Total MNVs 2411 2418 

Total insertions 3033 3007 

Total deletions 2435 2430 
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Figure 5.5 Almost half of laboratory S. pombe genes are affected by non-synonymous 

mutations in the Wilmar background. A) Venn diagram showing overlap of all variants 

(SNPs, MNVs and INDELs) detected in Wilmar A and Wilmar-P. B) Venn diagram showing 

overlap of non-synonymous SNPs (NS-SNPs) detected in Wilmar A and Wilmar-P. Percentages 

indicate proportion of the total non-redundant pool present in each subset. C) Number of NS-

SNPs per gene in the Wilmar strain background. Callouts indicate the number of genes with 

1-6 NS-SNPs. D) GO term enrichment analysis for genes within the Wilmar background 

containing 6 or more non-synonymous SNPs. E) Protein models of the core CCR machinery 

Scr1, Tup11, Tup12 and Ssn6 with domain structure and predicted NS-SNP mutations shown. 

Domain structure was derived from UniProt profiles for each protein. Mutations were identical 

in Wilmar-A and Wilmar-P. Amino acid substitutions are indicated by IUPAC labelling above 

each NS-SNP. 
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Figure 5.6 The Wilmar isolate displays genetic similarity to European S. pombe strains. 

A) Map showing the continental origin of the 57 genetically distinct S.ipombe isolates derived 

from Jeffares et al. (2015). B) Principal components analysis of relatedness of Wilmar-A and 

Wilmar-P to these 57 isolates based on SNPs identified in each strain with a linkage 

disequilibrium threshold of 0.1 or less. Strains of interest, including Wilmar-A, Wilmar-P and 

the Australian strains: JB930, JB953 and JB1154 are labelled. The Leupold 972h- strain, JB22, 

clustered away from the main group of wild S. pombe strains as indicated by the arrow. Origin 

of each strain is coloured as per the key. C) Phylogenetic tree calculated from hierarchical 

clustering analysis of SNP variation among the 59 strains, showing relatedness of Wilmar 

strains to other S. pombe isolates. Strains are colour coded as in (B). Shapes indicate type of 

substance strain was originally isolated from. No shape is assigned to strains without this 

information.  
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Figure 5.7 Wilmar-P contains a 100kb duplication in chromosome III. Chromosome 

coverage plots showing average sequencing coverage of Wilmar-A (blue) and Wilmar-P (red) 

sequence data across each chromosome of the S. pombe laboratory strain genome. Plots were 

calculated using a 10kb sliding window with a step size of 1kb. Chromosome maps, as in Figure 

5.3A, are shown above each coverage plot for reference. Y-axis indicates read depth and is 

capped at 800. The average read depth across the chromosome is indicated. X-axis shows 

position within each chromosome with the total length of each in the laboratory strain genome 

indicated. Repetitive regions, including centromeric (CEN), telomeric (TEL) and ribosomal DNA 

(rDNA) repeats are collapsed into single sequences within the laboratory strain reference 

genome sequence resulting in sharp increases in total read-depth at these locations due to 

reads from multiple repeats in the Wilmar strain genomes mapping to a single, collapsed 

sequence representing the repeat region. Smaller regions of increased read coverage likely 

indicate other repetitive elements such as transposons within the Wilmar strain genomes. One 

large region of approximately double the average chromosome read-depth, specific to 

Wilmar-P is shown in chromosome III (arrow). 
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Figure 5.8 Genetic content of the Wilmar-P duplicated region. Zoomed in coverage graph 

specific to the 100kb duplicated region showing coverage of Wilmar-P (red line) versus 

Wilmar-A (blue line). The chromosome plot shows locations of genome features present within 

this 100kb region. Coloured icons next to feature labels indicate annotated biological process 

GO slim categories for that feature. Shapes indicate different feature types. GO slim 

annotations and feature types are indicated by the key. 
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Table 5.5 Genes within the Wilmar-P duplication. 

Gene Description Feature type 

 SPNCRNA.455  non-coding RNA (predicted)  ncRNA 

 SPCC330.07c  membrane transporter (predicted)  protein_coding 

 alg11  alpha-1,2-mannosyltransferase Alg11  protein_coding 

 SPCC330.09  rRNA processing protein Enp2 (predicted)  protein_coding 

 pcm1  P-TEFb-cap methyltransferase Pcm1  protein_coding 

 btb1  BTB/POZ domain protein Btb1  protein_coding 

 sdh3  succinate dehydrogenase (ubiquinone) cytochrome b subunit   protein_coding 

 SPNCRNA.1112  antisense RNA (predicted) possible alternative UTR  ncRNA 

 rpc37  DNA-directed RNA polymerase III complex subunit Rpc37  protein_coding 

 rpl2402  60S ribosomal protein L24 (predicted)  protein_coding 

 SPCC320.14  threo-3-hydroxyaspartate ammonia-lyase (predicted)  protein_coding 

 SPCTRNAGLU.09  tRNA Glutamic acid  tRNA 

 SPNCRNA.456  non-coding RNA (predicted)  ncRNA 

 SPNCRNA.457  antisense RNA (predicted)  ncRNA 

 ark1  aurora-B kinase Ark1  protein_coding 

 atp23  mitochondrial inner membrane peptidase Atp23 (predicted)  protein_coding 

 SPCC320.11c  RNA-binding protein involved in ribosome biogenesis (predicted)  protein_coding 

 srp72  signal recognition particle subunit Srp72 (predicted)  protein_coding 

 hem15  ferrochelatase Hem15 (predicted)  protein_coding 

 SPNCRNA.1113  antisense RNA (predicted)  ncRNA 

 SPCC320.08  membrane transporter (predicted)  protein_coding 

 SPCC320.06  conserved fungal protein  protein_coding 

 SPNCRNA.1114  intergenic RNA (predicted)  ncRNA 

 mde7  RNA-binding protein Mde7  protein_coding 

 SPCC320.05  sulphate transporter (predicted)  protein_coding 

 SPCC320.04c  GTPase Gem1 (predicted)  protein_coding 

 SPCC320.03  transcription factor (predicted)  protein_coding 

 SPNCRNA.1115  intergenic RNA (predicted) possible alternative UTR  ncRNA 

 SPNCRNA.458  non-coding RNA (predicted)  ncRNA 

 SPNCRNA.1116  intergenic RNA (predicted)  ncRNA 

 SPCC1235.01  sequence orphan  protein_coding 

 bio2  biotin synthase  protein_coding 

 SPCC1235.03  SMR domain protein possibly involved in DNA repair  protein_coding 

 SPCC1235.04c  FAD synthetase (predicted)  protein_coding 

 fft2  SMARCAD1 family ATP-dependent DNA helicase Fft2 (predicted)  protein_coding 

 SPNCRNA.1117  antisense RNA (predicted) possible alternative UTR  ncRNA 

 vma21  vacuolar H+-ATPase assembly protein Vma21 (predicted)  protein_coding 

 sif1  Sad1 interacting factor 1  protein_coding 

 fta7  CENP-Q homolog Fta7  protein_coding 

 pdh1  DUF1751 family protein  protein_coding 

 hif2  Set3 complex subunit Hif2  protein_coding 

 sec6  exocyst complex subunit Sec6  protein_coding 

 mpc1  mitochondrial pyruvate transmembrane transporter subunit   protein_coding 

 mug146  meiotically upregulated gene Mug46  protein_coding 

 SPNCRNA.1118  antisense RNA (predicted)  ncRNA 

 ght6  hexose transporter Ght6  protein_coding 

 SPCC1235.17  dubious  protein_coding 

 ght5  hexose transporter Ght5  protein_coding 

 dga1  diacylglycerol O-acyltransferase Dga1  protein_coding 

 SPNCRNA.1119  intergenic RNA (predicted)  ncRNA 

 wtf3  pseudogene wtf element Wtf3 (no methionine)  pseudogene 
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Table 5.6 GO Slim summary of protein-coding genes within the Wilmar-P duplication. 

GOID GO Slim term Total # Genes 

GO:0055085 transmembrane transport 6 
SPCC320.05, SPCC320.08, 
SPCC330.07c, ght5, ght6, mpc1 

GO:0006355 
regulation of transcription, DNA-
templated 

3 SPCC320.03, fft2, hif2 

GO:0016192 vesicle-mediated transport 3 pdh1, sec6, sif1 

GO:0051186 cofactor metabolic process 3 SPCC1235.04c, bio2, hem15 

GO:1901135 carbohydrate derivative metabolic process 3 SPCC1235.04c, alg11, sdh3 

GO:0006325 chromatin organization 3 ark1, fft2, hif2 

GO:0042254 ribosome biogenesis 2 SPCC320.11c, SPCC330.09 

GO:0000070 mitotic sister chromatid segregation 2 ark1, fta7 

GO:0002181 cytoplasmic translation 2 SPCTRNAGLU.09, rpl2402 

GO:0061024 membrane organization 2 sif1, srp72 

GO:0007005 mitochondrion organization 2 SPCC320.04c, atp23 

GO:0055086 
nucleobase-containing small molecule 
metabolic process 

2 SPCC1235.04c, sdh3 

GO:0006461 protein complex assembly 2 atp23, vma21 

GO:0006486 protein glycosylation 1 alg11 

GO:0000281 mitotic cytokinesis 1 ark1 

GO:0070647 
protein modification by small protein 
conjugation or removal 

1 btb1 

GO:0005975 carbohydrate metabolic process 1 alg11 

GO:0023052 signaling 1 SPCC320.04c 

GO:0006605 protein targeting 1 srp72 

GO:0006766 vitamin metabolic process 1 bio2 

GO:0006520 cellular amino acid metabolic process 1 SPCC320.14 

GO:0006091 
generation of precursor metabolites and 
energy 

1 sdh3 

GO:0006351 transcription, DNA-templated 1 rpc37 

GO:1901990 
regulation of mitotic cell cycle phase 
transition 

1 ark1 

GO:0007126 meiotic nuclear division 1 ark1 

GO:0051604 protein maturation 1 atp23 

GO:0016071 mRNA metabolic process 1 pcm1 

GO:0006629 lipid metabolic process 1 dga1 
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Aside from repetitive centromeric and telomeric regions, multiple smaller regions of localised CNV 

were detected in both Wilmar strains (Table 5.7). Two such regions, which possessed increased depth 

of coverage consistent with sequence duplication, contained the copper transporter encoding gene 

ccc2+, and the di-hydroxyacetone kinase encoding gene dak2+ respectively (Figure 5.9A & B). A third 

region containing the alpha glucosidase mal1+ gene also displayed increased depth of coverage, but was 

inconsistent across the length of the coding region (Figure 5.9C). It is interesting to speculate that 

additional copies of the genes described above could benefit the metabolic properties of the cell 

particularly for those genes specifically amplified in Wilmar-P, however this requires further 

investigation. 

 

5.2.4.4 De novo assembly of the Wilmar-A and Wilmar-P genomes reveals additional genetic 

material possibly acquired by horizontal gene transfer: 

From the PFGE and genome re-sequencing experiments described above, it was clear that the Wilmar 

strain genomes contained additional genetic material not present in the laboratory strain genome. To 

identify unique sequences in these isolates, a de novo assembly approach was undertaken. Assembly of 

the sequenced reads was performed for each isolate using the Velvet algorithm with an optimal k-mer 

size of 75bp (Section 2.6.4.3). This initial assembly resulted in the generation of 915 contiguous 

sequences (contigs) for Wilmar-A and 958 for Wilmar-P with an N50 of 59.9kb and 55.5kb respectively 

(Table 5.8). In both cases, less than half of these contigs were larger than 1kb. Since a short read length 

(100bp) and insert size (250bp) was used for this project, these contigs under 1kb in length may 

represent sequences present within repeat regions that have failed to assemble into larger contigs due 

to the read length being shorter than the repeat length. This is a known limitation of de novo assembly 

of repetitive genomic regions (reviewed in, Ekblom and Wolf 2014).  

 

Next, the Post Assembly Genome Improvement Toolkit (PAGIT) was used to improve the assembly of 

each strain genome (Section 2.6.4.3, Swain et al. 2012). First, ABACAS was used to order and orient 

Velvet assembled contigs against a concatenated S. pombe laboratory strain reference genome sequence 

(ASM294 v2.20, Assefa et al. 2009). This process identified gaps in each assembly and returned a list 

of contigs that did not align to the laboratory strain reference genome. In total, 699/915 (76.4%) contigs 

from the Wilmar-A assembly and 763/958 (79.6%) from Wilmar-P were aligned to the laboratory S. 

pombe strain genome, leaving 216 and 197 unordered contigs respectively (Table 5.8). 699 and 763 

gaps in the Wilmar-A and Wilmar-P assemblies remained following ABACAS ordering. Next, IMAGE 

was used iteratively to close gaps in the ordered assembly of each Wilmar strain via localised 

realignment of the raw sequence reads surrounding gap junctions (Tsai et al. 2010), resulting in the 

combination of multiple contigs into longer genome scaffolds. 
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Table 5.7 Loci showing putative CNV in the Wilmar genetic background. 

Name Description Chr N1 

dak2 dihydroxyacetone kinase Dak2  I 2n 

SPAC869.05c sulfate transmembrane transporter (predicted)  I 2n 

mal1 maltase alpha-glucosidase Mal1  II 2n 

ccc2 copper transporting ATPase Ccc2 (predicted)  II 2n 

new22 mug2/mug135/meu2 family  III 2n 

SPCC1884.01 Schizosaccharomyces pombe specific protein  III 2n 

SPCC1682.06 Schizosaccharomyces specific protein  III 2n 

SPCC569.03 mug2/mug135/meu2 family  III 2n 

1 Predicted copy number of locus given observed sequencing depth 
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Figure 5.9 Additional loci exhibit CNV in the Wilmar strain background. IGV browser 

visualisation of Wilmar-A and Wilmar-P whole genome sequencing read-depth at the A) ccc2+, 

B) dak2+ and C) mal1+ loci. Read–depth scale is indicated on the right of each coverage track. 

Genome features of interest are labelled below. Gene coding regions (CDS) are indicated by 

increased thickness of blue gene tracks. 
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Afterward, 277 and 309 gaps remained in the Wilmar-A and Wilmar-P genome assemblies that could 

not be resolved using the original sequence data (Table 5.8). Unordered contigs less than 1000bp were 

then discarded from the analysis. Finally, the Rapid Annotation Transfer Tool (RATT) was used to 

transfer gene models and other annotations present on the laboratory S. pombe genome onto the draft 

Wilmar assemblies (Otto et al. 2011). RATT identifies orthologs based on conservation of synteny 

between the reference and query surrounding the gene in question. Thus, RATT has the additional 

benefit of determining regions of reduced/no synteny between the draft Wilmar genomes and the 

laboratory reference. 5000 (97.2%) and 5016 (97.5%) of 5144 gene models were correctly transferred 

from the laboratory S. pombe strain genome to the draft Wilmar-A and Wilmar-P genomes respectively, 

again reflecting the conserved nature of the Wilmar and laboratory S. pombe genetic backgrounds. Thus, 

just 132 and 114 gene models could not be transferred by RATT to the Wilmar-A and Wilmar-P 

genomes.  

 

Dotplots resulting from alignment of each draft genome assembly against the laboratory S. pombe strain 

genome using LASTZ (Harris 2007) showed significant sequence similarity with no obvious structural 

rearrangements (Figure 5.10). Interestingly, the region containing the 100kb duplication in Wilmar-P 

failed to assemble into a discrete contig suggesting that the original and duplicated sequences were 

likely collapsed into a single contiguous region in the Wilmar-P assembly. Both Wilmar strain genomes 

showed high sequence similarity consistent with the fact that they are derived from the same genetic 

background. Both de novo assemblies were of similar total size to the laboratory S. pombe genome 

(Table 5.8). This result contrasts with the earlier PFGE analysis, which showed increased genetic 

content within the Wilmar strains (Figure 5.3). This discrepancy is likely explained by the unordered 

contig sequences discovered in both strain genomes, which failed to align to the laboratory S. pombe 

genome.  

  

Unordered contigs #232 from Wilmar-A and #88 and #113 from Wilmar-P were manually integrated 

into the respective genome assemblies based on RATT synteny analysis, leaving 31 and 24 unordered 

contigs > 1kb in length from Wilmar-A and Wilmar-P, totalling 209.5kb and 201.1kb respectively 

(Table 5.8). Considering the high degree of similarity between the Wilmar and laboratory S. pombe 

genomes, these contigs likely represent genetic material that is not present within the laboratory 

S.ipombe strain, is highly repetitive, or is significantly rearranged such that alignment to the laboratory 

strain genome was no longer possible. Alignment of the unordered contigs from Wilmar-A against those 

of Wilmar-P revealed that small contigs under 5kb consisted primarily of repetitive sequences that were 

found to align to multiple contigs from the Wilmar-P assembly (Table 5.9).  
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Table 5.8 Wilmar-A and Wilmar-P de novo assembly statistics. 

Program Statistic Wilmar-A Wilmar-P 

Velvet 

Optimal kmer value for assembly 75 75 

Contigs assembled 915 958 

Length of largest contig 246,570 bp 246,557 bp 

Length of shortest contig 149 bp 149 bp 

Average contig length 13,625 bp 13,010 bp 

Median contig length 515 bp 559 bp 

# contigs > 1kb 389 413 

Assembly N50 59,977 bp 55,543 bp 

Total assembly size 12,557,604 bp 12,558,501 bp 

ABACAS 

Ordered contigs 699 763 

Ordered contigs > 1kb 370 397 

# Gaps post ordering 699 763 

# Gaps due to contig overlap 402 429 

# True gaps 297 334 

Minimum true gap size 2 bp 2 bp 

Maximum true gap size 87,258 bp 122,063 bp 

Median of true gaps 559 bp 446 bp 

Total size of true gaps 631,716 bp 742,911 bp 

N50 of true gaps 9,703 bp 20,175 bp 

Total size of ordered contigs 12,220,174 bp 12,100,392 bp 

Unordered contigs 216 197 

Unordered contigs >500bp 38 28 

Unordered contigs > 1kb 31 24 

IMAGE 

Total size of unordered contigs 209,593 bp 201,136 bp 

Total size of unordered contigs > 1kb 205,552 bp 198,310 bp 

Total size of unordered contigs < 1kb 4,041 bp 2,826 bp 

Current gaps in assembly 277 309 

RATT 
Annotations transferred correctly 5000 5016 

Annotations not transferred 132 114 
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Aside from these repetitive contigs, each unordered contig larger than 5kb in Wilmar-A generally had 

an equivalent unordered contig in the Wilmar-P assembly of roughly the same size suggesting that the 

non-repetitive additional genetic content in Wilmar-A and Wilmar-P is similar (Table 5.9). 

 

Next, putative open reading frames (ORFs) with a minimum length of 500bp were detected within the 

non-repetitive additional contigs from Wilmar-A and Wilmar-P using OrfM (Woodcroft et al. 2016). 

This revealed 65 and 69 putative ORFs from Wilmar-A and Wilmar-P respectively (Appendix 5.3). 

BLASTp was used to identify the nature of these putative coding regions. The protein products of 

S.ipombe genes located in subtelomeric regions of chromosome II were identified, including aat1+, 

alr2+, vba2+, tlh1+ and ght7+. That these S.ipombe sequences failed to assemble into the primary 

genome assemblies of Wilmar-A and Wilmar-P suggests that the subtelomeric regions containing these 

genes have undergone structural rearrangement in the Wilmar background. This hypothesis is consistent 

with previously described loss of read coverage at the subtelomeres of chromosome II, and the increased 

total size of this chromosome compared to laboratory S. pombe (Figure 5.3, 5.4). The predicted ORFs 

were largely the same between Wilmar-A and Wilmar-P, with just six ORFs unique across the isolates. 

BLASTp revealed these ORFs to be S. pombe sequences that had failed to assemble into the primary 

genome assembly (Appendix 5.3). One exception was Wilmar-P contig #624, which contained three 

predicted copies of the mal1+ gene (Table 5.10). This gene was previously found to possess increased 

but inconsistent depth of coverage in both Wilmar strains (Figure 5.9C).  

 

For multiple sequences, the top BLASTp hit was not to an S. pombe sequence, but to a sequence from 

the related species, Schizosaccharomyces octosporus (Table 5.10). For example, Wilmar-P contig #181 

(Wilmar-A contigs #22 & #23 respectively) contained 10 predicted S.ioctosporus sequences. For most 

of these, the BLASTp identity to the S. octosporus sequence was >95%, whereas the nearest S.ipombe 

ortholog was between ~45-80% (Appendix 5.3). Furthermore, contigs #181 and #691 from Wilmar-P 

showed conserved synteny at the DNA level with a region in supercontig 6.3 in the S.ioctosporus 

genome, indicating that these sequences have possibly originated from S. octosporus and not S. pombe 

(Figure 5.11A). The S. octosporus genes that are represented in the Wilmar strain genomes included an 

alcohol dehydrogenase (SOCG_01908), elongation factor 1-gamma (SOCG_01903) arylsulfatase 

(SOCG_01907), aromatic amino acid transferase (SOCG_01904) and an alpha-ketoglutarate dependent 

sulfonate dioxygenase (SOCG_01905). DNA alignment of this putative alcohol dehydrogenase 

sequence and orthologous sequences from S. pombe, S. octosporus and S.ijaponicus revealed that the 

Wilmar-P sequence was most similar to the orthologous sequence from S. octosporus (Figure 5.11B). 

Aside from alcohol dehydrogenase, which has an obvious role in fermentation, it is unclear what 

biological effect the other S. octosporus genes might have in the Wilmar strains. Further work is 

required to determine whether these additional gene sequences are expressed in the Wilmar background 

and if so, whether they have a biological function.  
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Figure 5.10 The de novo assembled Wilmar strain genomes exhibit strong similarity to 

the laboratory S. pombe genome. Whole genome alignment dot plots of de novo assembled 

Wilmar-A and Wilmar-P genomes vs. the laboratory S. pombe strain genome (left & middle 

panels) and vs. each other (right panel). All genomes were concatenated, and subsequently 

aligned using nucmer (Kurtz et al. 2004). The red dots indicate similarity between the two 

genomes. Blue lines on the left and middle panels indicate chromosomal boundaries in the 

laboratory strain genome (from left: chr I, chr I, chr III, MT). X and Y-axes indicate position in 

concatenated sequence for each genome. 
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Table 5.9 Summary of additional Wilmar strain contigs. 

Wilmar-A 
Contig # 

Length (bp) 
Wilmar-P 
Contig # 

Length 
(bp) 

Predicted 
ORFs 

323 53612 616 53940 16 

22* 23 362 832 23011/17783/3440/2517 181 36558 14 

695 25864 959 25734 7 

252 15052 195 15293 5 

1350 14005 1325 14275 4 

22* 23011 691 7199 4 

465 8388 N/A N/A 2 

N/A N/A 624 6937 3 

N/A N/A 1433 6044 1 

899* 443* 92 2412/1913/1713 783 4890 1 

79 2868 136 3155 2 

1699* 3763 1539 2970 0 

899* 443* 737* 2412/1913/1474 362 2418 0 

1412* 1541 1247 2188 1 

1699* 876 504* 3763/2696/1900 1725 2180 0 

907 2096 1273 2054 0 

191* 155* 2244/1866 232 2044 3 

694 2037 N/A N/A 0 

N/A N/A 1423 2031 2 

1248 2139 1605 1368 1 

191* 155* 2244/1866 134 1297 1 

1412* 1541 946 1239 1 

737* 1474 1013 1178 0 

1699* 3763 1280 1154 0 

899* 737* 2412/1474 802 1142 3 

1* 2715 778 1038 0 

N/A N/A 1261 928 1 

N/A N/A 580 794 1 

N/A N/A 1634 562 0 

1* 504* 2715/1900 1143 538 0 

* indicates that contig in Wilmar-A aligns to multiple listed Wilmar-P contigs 
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Table 5.10 BLASTp analysis of novel ORFs in Wilmar-P. 

Wilmar-A 
 contig 

Wilmar-P 
contig 

#  

Top BLASTp Hit 
Query 
Length 

Query 
Cover 

% 

Identity 
% 

E-Value 
Feature 
Name 

Description Species 

22 181 1 SOCG_01901 CRCB domain-containing protein  Schizosaccharomyces octosporus 316 94 100 0 

22 181 2 SOCG_01903 elongation factor 1-gamma  Schizosaccharomyces octosporus 257 88 100 0 

22 181 3 SOCG_01904 aromatic amino acid aminotransferase  Schizosaccharomyces octosporus 535 91 100 0 

22 181 4 SOCG_01905 
alpha-ketoglutarate-dependent sulfonate 
dioxygenase  

Schizosaccharomyces octosporus 218 94 100 0 

22 181 5 SOCG_01905 
alpha-ketoglutarate-dependent sulfonate 
dioxygenase  

Schizosaccharomyces octosporus 255 78 99 4E-142 

22 181 6 SOCG_01906 Arylsulfatase  Schizosaccharomyces octosporus 583 96 100 0 

362 181 7 SOCG_01907 alcohol dehydrogenase  Schizosaccharomyces octosporus 714 98 100 0 

23 181 8 SOCG_16325 hypothetical protein  Schizosaccharomyces octosporus 258 82 99 3E-155 

23 181 9 SOCG_01145 hypothetical protein  Schizosaccharomyces octosporus 195 73 82 6E-83 

23 181 10 SOCG_06266 hypothetical protein  Schizosaccharomyces octosporus 1810 98 96 0 

23 181 11 N/A N/A N/A 428 N/A N/A N/A 

23 181 12 N/A N/A N/A 597 N/A N/A N/A 

23 181 13 N/A N/A N/A 683 N/A N/A N/A 

832 181 14 Tlh1 sub-telomeric helicase RecQ Schizosaccharomyces pombe 242 59 92 2E-85 

695 959 1 Fex1 CRCB domain protein Fex1 Schizosaccharomyces pombe 320 97 97 0 

22 691 2 SOCG_01898 Oligopeptide transporter 7  Schizosaccharomyces octosporus 685 91 100 0 

22 691 3 SOCG_01899 hypothetical protein  Schizosaccharomyces octosporus 626 93 99 0 

22 691 4 SOCG_01900 NADPH-dependent FMN reductase  Schizosaccharomyces octosporus 222 91 100 1E-150 

N/A 624 1 Mal1 maltase alpha-glucosidase Mal1 Schizosaccharomyces pombe 423 99 92 0 

N/A 624 2 Mal1 maltase alpha-glucosidase Mal1 Schizosaccharomyces cryophilus 577 98 50 0 

N/A 624 3 Mal1 maltase alpha-glucosidase Mal1 Schizosaccharomyces pombe 184 100 100 1E-128 

79 136 1 ORF777 partial (mitochondrion) Schizosaccharomyces octosporus 455 98 70 0 

79 136 2 ORF777 partial (mitochondrion) Schizosaccharomyces octosporus 437 72 58 1E-110 
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Figure 5.11 Unordered sequences in the Wilmar background are syntenic to genomic 

regions in S.ioctosporus. A) Genome alignment dot plot showing preserved synteny at the 

DNA sequence level between a region of the S. octosporus supercontig 6.3, and the Wilmar-P 

unordered contigs #181 and #691. Dotplot was generated using LASTZ (Harris 2007). The 

blue dots indicate similarity between the two sequences. The “Identity” panel indicates DNA 

sequence identity: green regions = perfect identity, and yellow regions = mismatches. 

Predicted gene order on S. octosporus supercontig 6.3, which is conserved in the two Wilmar-

P contigs is shown below plot. The X-axis indicates the position in S. octosporus supercontig 

6.3. A predicted sequence encoding an alcohol dehydrogenase (SOCG_1907-1) is shown in 

bold. B) The predicted alcohol dehydrogenase encoding sequence (SOCG_1907-1) was 

extracted from Wilmar-P contig #181 and used to generate a Neighbour-joining phylogeny 

based on a DNA sequence alignment against CDS sequences from orthologous genes in 

laboratory S.ipombe (adh8+), Wilmar-P (adh8+), S. octosporus (SOCG_1907) and S. japonicus 

(SJAG_1986). The S. pombe adh1+ CDS was used as an outgroup. Tree branch support values 

are the result of 100 bootstrap replicates. 
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5.2.5 Examination of Scr1 localisation within Wilmar-P: 

The genetic and phenotypic variation discovered within the Wilmar isolates, particularly the 2-DOG 

and temperature resistance, the regions of CNV and sequence level polymorphism, as well as instances 

of gene gain and loss, hinted at potential functional differences in carbon metabolism and/or CCR within 

the Wilmar background. Therefore, it was of interest to characterise CCR in the Wilmar-P isolate and 

compare it to laboratory S. pombe, as differences identified could provide insight into the CCR process, 

its impact on industrial performance, or potential genetic engineering approaches to improve bioethanol 

yields. Construction of an scr1+ knockout within the haploid Wilmar-P strain was attempted by 

transformation of a linear DNA construct containing the KanMX6 cassette and 100, ~300 or ~800bp of 

Wilmar-P scr1+ flanking sequence into Wilmar-P using strategies described earlier (Section 3.2.2.1). 

These attempts were all unsuccessful. As the Wilmar isolate is both prototrophic and homothallic 

(Quenault 2009), isolating and maintaining Wilmar strain diploids was not an available option and 

therefore, deleting scr1+ within a diploid background, as done previously in the laboratory strain 

background (Section 3.2.2.1), was not attempted.  

 

Instead, ChIP-seq of Scr1 in Wilmar-P was chosen as a method to study CCR function by examining 

Scr1 localisation within Wilmar-P. A C-terminally TAP-tagged isoform of Scr1 within the Wilmar-P 

strain was successfully constructed using methods described earlier (Section 2.4.1, 2.4.5). 

Transformants were confirmed by PCR using oligos O-286/O-355 (Appendix 1.1), Sanger sequencing 

across the scr1+-TAP tag fusion junction, and western blot analysis confirming expression of a protein 

of the expected size (Appendix 5.4). Wilmar-P Scr1 ChIP was performed using cells cultured in YES 

3% (w/v) glucose (hereafter “glucose condition”), YES 3% (w/v) sucrose (hereafter “sucrose 

condition”), YES 3% (v/v) glycerol (hereafter “glucose-starved condition”) and molasses medium 

(hereafter “molasses condition”). ChIP experiments targeting Wilmar-P RNA Pol IISer5 were also 

performed to examine active transcription in each carbon condition in Wilmar-P. To facilitate 

comparison with Wilmar-P, additional Scr1-TAP ChIP and RNA-PolIISer5 ChIP experiments were 

conducted in molasses medium for the laboratory strain background using strains D51/D52 (Table 2.1).  

 

ChIP-seq library construction, sequencing and data QC were performed as previously described 

(Section 2.4.9, 2.6.3). All ChIP-seq datasets were mapped to the laboratory strain reference genome 

(ASM294 v2.25). Wilmar-P ChIP-seq datasets were also mapped to the de novo assembled Wilmar-P 

genome. A summary of the ChIP sequencing and mapping statistics is shown in Table 5.11. Quality 

control procedures performed on the resulting sequence data showed high reproducibility between 

replicates from Wilmar-P Scr1 and RNA PolIISer5 ChIP-seq samples for all conditions tested (Section 

2.6.3.3). Thus, the Wilmar-P ChIP-seq data was of suitable quality for further analysis. 
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Table 5.11 Summary of laboratory S. pombe and Wilmar-P Scr1 and RNA Pol IISer5 ChIP-seq experiments. 

Strain Rep Condition Treatment 
Sample 

Type 
Library  
Type 

Reads 
(106) 

Q30 
(%) 

Avg 
Read 

Length 
(bp) 

% mapped = 1  % mapped > 1 % unmapped  Total % mapped  

Lab  
Wilmar-

P 
Lab 

Wilmar-
P 

Lab 
Wilmar-

P 
Lab 

Wilmar-
P 

Wilmar-P Scr1-TAP R1 Glucose α-Protein A ChIP Single end 1.12 96.5 64 77.4 83.94 13.4 7.8 9.2 8.27 90.8 91.73 

Wilmar-P Scr1-TAP R2 Glucose α-Protein A ChIP Single end 2.8 97.6 66 46.06 50.1 9.33 5.24 44.61 44.16 55.39 55.84 

Wilmar-P Scr1-TAP R1 Sucrose α-Protein A ChIP Paired end 3.81 97.7 89 73.08 87 23.56 10.4 3.36 2.6 97.28 98.19 

Wilmar-P Scr1-TAP R2 Sucrose α-Protein A ChIP Paired end 1.96 90.9 89 76 88.02 20.35 8.94 3.65 3.04 97.53 98.32 

Wilmar-P Scr1-TAP R1 Glucose-starved α-Protein A ChIP Paired end 1.89 90.7 89 86.3 90.64 8.98 5.26 4.73 4.1 95.59 96.33 

Wilmar-P Scr1-TAP R2 Glucose-starved α-Protein A ChIP Paired end 2.43 92 89 86.87 91 8.53 4.94 4.6 4.06 95.75 96.42 

Wilmar-P Scr1-TAP R1 Molasses α-Protein A ChIP Paired end 2.51 92.8 89 78.26 87.47 16.62 8.74 5.12 3.79 95.56 96.86 

Wilmar-P Scr1-TAP R2 Molasses α-Protein A ChIP Paired end 4.94 96 90 73.92 85.64 20.65 10.1 5.43 4.27 95.55 96.75 

Wilmar-P Scr1-TAP R1 Glucose N/A Input Single end 3.45 97.65 63 84.76 90.73 12.25 7.65 2.99 1.62 97.01 98.38 

Wilmar-P Scr1-TAP R1 Sucrose N/A Input Paired end 2.19 96.8 92 73.56 84.56 19.91 9.5 6.53 5.93 97.13 97.82 

Wilmar-P Scr1-TAP R1 Glucose-starved N/A Input Paired end 2.7 97.4 92 84.57 89.2 10.35 7.06 5.08 3.74 97.45 98.79 

Wilmar-P Scr1-TAP R1 Molasses N/A Input Paired end 2.99 97.9 92 85.11 89.93 10.47 7.37 4.42 2.69 97.28 98.96 

Wilmar-P Scr1-TAP R1 Glucose α-RNA PolIISer5 ChIP Single end 2.07 97.3 64 88.8 90.98 6.22 4.54 4.98 4.48 95.02 95.52 

Wilmar-P Scr1-TAP R2 Glucose α-RNA PolIISer5 ChIP Single end 2.55 97.9 66 88.92 91.57 7.73 5.56 3.34 2.87 96.65 97.13 

Wilmar-P Scr1-TAP R1 Sucrose α-RNA PolIISer5 ChIP Paired end 3.09 96.9 92 87.18 91.85 10.13 6.22 2.69 1.93 98.05 98.98 

Wilmar-P Scr1-TAP R2 Sucrose α-RNA PolIISer5 ChIP Paired end 3.73 97.5 90 88.3 92.06 9.26 6.03 2.44 1.91 98.39 99.1 

Wilmar-P Scr1-TAP R1 Glucose-starved α-RNA PolIISer5 ChIP Paired end 3.97 96.5 92 89.62 91.81 7.08 5.36 3.3 2.84 97.59 98.12 

Wilmar-P Scr1-TAP R2 Glucose-starved α-RNA PolIISer5 ChIP Paired end 3.91 97.8 90 90.57 92.55 6.04 4.63 3.39 2.82 97.34 97.99 

Wilmar-P Scr1-TAP R1 Molasses α-RNA PolIISer5 ChIP Paired end 3.49 98 90 68.08 70.15 6.65 4.88 25.27 24.97 75.54 75.92 

Wilmar-P Scr1-TAP R2 Molasses α-RNA PolIISer5 ChIP Paired end 3.2 97.7 90 87.6 90.78 9.32 6.61 3.08 2.62 97.87 98.45 

Lab Scr1-TAP R1 Molasses α-Protein A ChIP Paired end 4.79 95.1 90 83.96 N/A 14.4 N/A 1.6 N/A 98.9 N/A 

Lab Scr1-TAP R2 Molasses α-Protein A ChIP Paired end 5.7 97.4 89 82.48 N/A 15.1 N/A 2.5 N/A 98.9 N/A 

Lab Scr1-TAP R1 Molasses N/A Input Paired end 2.49 97.6 92 83.67 N/A 13.8 N/A 2.5 N/A 99.4 N/A 

Lab Scr1-TAP R1 Molasses α-RNA PolIISer5 ChIP Paired end 3.81 96.9 92 88.91 N/A 8.6 N/A 2.5 N/A 98.3 N/A 

Lab Scr1-TAP R2 Molasses α-RNA PolIISer5 ChIP Paired end 3.44 98 90 89.27 N/A 8.9 N/A 1.8 N/A 99.0 N/A 

     AVG 3.16 96.34 85.24 81.73 86.50 11.91 6.84 6.36 6.64 94.54 94.28 
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The Wilmar-P Scr1 ChIP-seq data aligned to the Wilmar-P de novo genome assembly was manually 

examined for evidence of Wilmar-P Scr1 enrichment within the additional contig sequences discovered 

in the Wilmar-P strain genome. Wilmar-P Scr1 did not appear to bind any predicted regulatory 

sequences of the genes within these Wilmar-P contigs. For a small number of contigs, such as Wilmar-

P contig #783 and #362, regions of diffuse Scr1 enrichment were observed. Earlier analysis showed 

that these and other additional contigs within the Wilmar-P assembly contained repetitive sequences 

similar to laboratory S. pombe telomeric and subtelomeric repeat regions (Section 5.2.3.4). Such regions 

can produce erroneous enrichment in ChIP-seq experiments due to their repetitive nature and increased 

copy number (Pickrell et al. 2011), and so these were considered to be false positives and were not 

pursued further. Having confirmed that no significant enrichment of Scr1 occurred in sequences unique 

to Wilmar-P, all further analysis of Wilmar-P Scr1 ChIP-seq data was performed with the Wilmar-P 

sequence data mapped to the laboratory S. pombe strain genome (ASM294v2.25) as this approach 

would enable direct comparison with laboratory S. pombe Scr1 ChIP-seq datasets (Chapter 3). ChIP-

seq peak identification using MACS2 and peak reproducibility analysis via the IDR statistic was 

conducted for each carbon condition (Section 2.6.3.4). As before, annotated ChIP-seq peaks were 

manually curated and final peaklists and annotations associated with peaks were compiled alongside 

data obtained for Scr1 in the laboratory S. pombe background grown under glucose, sucrose, glucose-

starved and molasses conditions (Table 5.12). Full lists of genes and ncRNAs annotated to Wilmar-P 

Scr1 ChIP-seq peaks in YES media, and Wilmar-P and laboratory S.ipombe ChIP-seq peaks in 

molasses, can be found in Appendix 5.5. 

 

For Wilmar-P Scr1, 124 and 103 peaks were detected in the glucose and sucrose conditions respectively. 

As seen earlier for Scr1 in laboratory S. pombe (Chapter 3), no high confidence peaks were detected for 

Wilmar-P Scr1 in the glucose-starved condition suggesting that Wilmar-P Scr1 does not bind DNA 

under these circumstances. 305 peaks were detected in molasses suggesting potentially expanded roles 

of Scr1 in Wilmar-P under this condition. In comparison, just 214 peaks were present in the laboratory 

S. pombe Scr1 ChIP-seq on molasses. Wilmar-P Scr1 ChIP-seq enrichment was concentrated 

immediately upstream of the TSS of genes in glucose, sucrose and molasses (Figure 5.12A). This 

enrichment pattern was identical to laboratory S. pombe Scr1 in the same conditions suggesting that 

preferential binding of Scr1 to gene promoter regions in the two strains is conserved.  

 

In terms of genome features annotated to ChIP-seq peaks, 148 features (127 protein coding genes and 

21 ncRNAs) were bound by Wilmar-P Scr1 in glucose, 125 features (102 protein coding genes and 23 

ncRNAs) were bound in sucrose and 343 features (267 protein-coding genes and 76 ncRNAs) were 

bound in molasses (Table 5.12).  
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Table 5.12 Wilmar-P Scr1 ChIP-seq results vs. laboratory S. pombe. 

Condition Glucose Sucrose Glucose-starved Molasses 

Strain 
Lab  

S. pombe1 
Wilmar-P 

Lab  
S. pombe1 

Wilmar-P 
Lab  

S. pombe1 
Wilmar-P 

Lab  
S. pombe 

Wilmar-P 

Replicate R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 R1 R2 

MACS2 peaks 265 906 387 229 3121 1222 1820 217 643 3578 1020 1871 4252 4496 965 1077 

Reproducible peaks 193 202 960 175 572 533 3633 849 

IDR significant peaks2 112 124 196 108 2 2 587 305 

Total high confidence peaks3 112 124 157 103 0 0 214 305 

Total feature annotations 139 148 154 125 0 0 203 343 

Protein-coding genes 115 127 123 102 0 0 156 267 

ncRNAs or other features 24 21 31 23 0 0 47 76 

1 Laboratory S. pombe Scr1 ChIP-seq data as per Table 3.10             
2 Peaks above IDR significance threshold score of 540 (i.e. P < 0.05)             
3 Significant IDR peaks with fold enrichment over input > 5             
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A significant overlap was evident between the Wilmar-P and laboratory S. pombe Scr1 ChIP-seq 

datasets for all three conditions, suggesting that the activity of Scr1 in laboratory S. pombe and Wilmar-

P is largely conserved (Figure 5.12B-C). 

 

Comparing the protein-coding genes bound by Wilmar-P Scr1 in glucose and sucrose revealed strong 

concordance, with 96 genes shared between the two datasets and just 31 and 6 protein coding genes 

unique to the glucose and sucrose conditions respectively (Figure 5.13A). This core set of 96 protein-

coding genes bound by Wilmar-P Scr1 in both glucose and sucrose conditions was significantly 

enriched for multiple gene ontologies observed previously to be associated with Scr1 function in 

laboratory S. pombe, including central carbon metabolism, glycolysis, hexose transport, ATP and 

NADH homeostasis, metal ion transmembrane transport, nutrient sensing and signalling biological 

processes, and plasma membrane and cell periphery cell component gene ontologies (Table 5.13), 

which reflects previous ChIP-seq analysis of laboratory S. pombe Scr1 (Chapter 3).  

 

Next, protein-coding genes unique to the Wilmar-P Scr1 ChIP-seq glucose and sucrose datasets were 

examined. No significant GO enrichment was observed for these gene sets. The 6 genes unique to the 

sucrose dataset included inv1+ and the stress response transcription factor encoding gene atf1+. Visual 

inspection of these loci showed similar levels of Wilmar-P Scr1 enrichment in both glucose and sucrose 

conditions, however peaks were not significant in the glucose condition due to reduced reproducibility 

between replicates (Appendix 5.6). Thus, it is possible that these genes are bound by Wilmar-P Scr1 in 

both conditions. Genes unique to the glucose dataset included transmembrane transporter encoding 

genes, including the hexose transporter ght2+, the ammonium transporter amt1+ and the mitochondrial 

adenine transporter amt1+. Central carbon metabolism genes, including agl1+, exg1+, gnd1+, mdh1+ and 

tpi1+, and transcription/signalling protein encoding genes gpa2+, map2+, srk1+, and atf21+, were also 

unique to the glucose dataset. In contrast to the above finding, visual inspection of these genes revealed 

no evidence of Scr1 enrichment in sucrose suggesting that Scr1 binds these genes only in the glucose 

condition. Although biological variability may have been a contributing factor, these results 

nevertheless reflect potentially altered dynamics of Scr1 function within Wilmar-P grown in different 

carbon sources that may impact overall gene expression in this strain compared to laboratory S.ipombe.  

 

Previous ChIP-seq analysis of laboratory S. pombe revealed a core set of 102 protein-coding genes 

bound by Scr1 in both glucose and sucrose conditions (Section 3.2.6). The core set of 96 protein-coding 

genes bound by Wilmar-P Scr1 in both glucose and sucrose conditions were compared to the  
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Figure 5.12 The global DNA binding characteristics of Scr1 are similar in laboratory 

S.ipombe and Wilmar-P. A) Binding profiles of laboratory S. pombe and Wilmar-P Scr1 in 

glucose, sucrose and molasses conditions. Each gene in the genome has been centered at the 

transcription start site (TSS) and frequency of ChIP-seq reads mapping to the 3kb region up 

and downstream of the TSS are shown averaged across all genes. The plotted line shown 

represents the average frequency of reads mapping to that location. The coloured region 

indicates a 95% confidence interval. Venn diagrams showing overlap of genome features 

(protein-coding genes and ncRNAs or other features) annotated to ChIP-seq peaks between 

laboratory S. pombe Scr1 and Wilmar-P Scr1 in B) glucose, C) sucrose and D) molasses 

conditions. Areas are proportional to total number indicated in brackets below each subset 

label. Significance of overlapping gene sets was calculated using the hypergeometric 

probability distribution (see methods). Percentages indicate proportion of the total pool.  
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Figure 5.13 Laboratory S. pombe Scr1 and Wilmar-P Scr1 share a core gene regulon. A) 

Overlap of protein-coding genes bound by Scr1 in Wilmar-P on glucose and sucrose. B) 

Overlap of protein-coding genes bound by Scr1 in both glucose and sucrose conditions (the 

“core” Scr1 regulon) in laboratory S. pombe and Wilmar-P. Areas are proportional to total 

number indicated in brackets below each subset label. Significance of overlapping gene sets 

was calculated using the hypergeometric probability distribution (see methods). Percentages 

indicate proportion of the total non-redundant pool present in each subset. C) Heatmaps of 

Scr1 (red) and RNA PolIISer5 (blue) ChIP-seq enrichment at genes bound by Scr1 in either 

glucose or sucrose (top row, “Scr1 bound genes”) or all other genes (bottom row, “non-Scr1 

bound genes”) for Wilmar-P and laboratory S. pombe in glucose and sucrose conditions. 

Heatmaps are centered on the 1.5kb ± TSS for each gene. Data from two merged biological 

ChIP-seq replicates were background corrected using input ChIP-seq sample for that carbon 

condition, per strain, and sequencing depth normalised to 1x reference genome coverage (1x 

RPGC) using deeptools2 (Ramírez et al. 2016). Scales indicate the Z-score range applied to the 

dataset. 
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laboratory S. pombe Scr1 core dataset to define the conservation of the Scr1 regulon across both strain 

backgrounds. A significant overlap of 77 genes (63.6% of the total pool) was observed between the two 

datasets confirming that Scr1 regulates similar subset of genes in the laboratory S. pombe and Wilmar-

P strain backgrounds (Figure 5.13B). Visualisation of genome-wide Scr1 and RNA PolIISer5 enrichment 

for both strains revealed generally reduced enrichment of Scr1 in the sucrose condition for both strains, 

but no obvious differences in RNA PolIISer5 enrichment across all samples was detected (Figure 5.13C). 

 

Next, genome features bound by Scr1 uniquely in either strain were considered. 25 protein-coding genes 

were bound only by laboratory S. pombe Scr1 in glucose and sucrose conditions, compared to 19 

protein-coding genes bound only by Wilmar-P Scr1 (Figure 5.13B). Although no gene ontologies were 

significantly enriched in either of these subsets, GO slim summarisation revealed carbohydrate 

metabolism, regulation of transcription and transmembrane transport ontologies as the most well 

represented across both subsets (Figure 5.14). The laboratory S. pombe unique subset contained two 

genes known to be Scr1 regulated that have been lost from the Wilmar-P genome, gal1+ and gal10+. 

Other gene categories unique to the laboratory S. pombe Scr1 dataset included conjugation with cellular 

fusion (byr2+, exg1+, zfs1+), DNA recombination (atf1+, rrp1+), chromatin organisation (atf1+, rrp1+), 

mitotic cytokinesis (zfs1+), DNA replication (rrp1+), DNA repair (rrp1+) and meiotic nuclear division 

(atf1+). Genes unique to the Wilmar-P Scr1 dataset included multiple carbohydrate metabolism genes 

(eno101+, gas2+, gpm1+, tps1+) and genes involved in transcriptional regulation (git3+, oca2+).  

 

The Wilmar-P Scr1 ChIP-seq peak sequences were examined for enriched Scr1 DNA binding motifs. 

Peak regions identified by Wilmar-P Scr1 ChIP-seq in glucose and sucrose conditions were extracted 

from the Wilmar-P genome, combined, and centered on the 50bp or the 200bp surrounding the predicted 

peak summit (Section 2.6.3.5). Centered peak sequences were examined for the enrichment of 6-8bp 

motifs using MEME-ChIP and RSAT peak-motifs as described previously, and the results were 

compared to laboratory S. pombe Scr1 (Section 3.2.7). As seen in the laboratory S.ipombe Scr1 ChIP-

seq, the HAP complex CCAATC motif was the most significantly enriched motif in Wilmar-P Scr1 

50bp and 200bp peak sets, present in 38% (p-value = 4.3e-17) and 22% (p-value = 5e-11) of 200bp and 

50bp centered peaks, respectively (Figure 5.15). A second motif, ATGACGT, was also significantly 

enriched in both peak sets, and was present in 31% (p-value = 8.9e-06) and 19% (p-value = 5.1e-06) of 

200bp and 50bp centered peaks, respectively. This motif, which was also enriched in the laboratory 

S.ipombe Scr1 ChIP-seq dataset, is similar to CREB/ATF family basic leucine zipper (bZIP) 

transcription factor motifs. RSAT identified similarities between this motif and those of the S. cerevisiae 

Sko1 and Cst6 bZIP transcription factors. A third motif, GTGGGG, a Mig1/CreA-like motif similar to 

that previously identified in laboratory S. pombe Scr1 ChIP peaks, was also enriched in the 200bp 

peakset where it was present in 29% (p-value = 5.4e-05) of Wilmar-P Scr1 peaks. 
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Table 5.13 Enriched gene ontologies for the Wilmar-P Scr1 core regulon. 

GOID TERM Type1 Padj Total Genes 

GO:0005886 plasma membrane CC 3.53E-09 26 
cta3, fhn1, fio1, fip1, frp1, gas2, ght1, ght3, ght4, ght8, git3, gsf2, pfl2, pho1, 
pho84, plb1, pma1, SPAC16A10.01, SPAC23D3.12, SPAC27E2.11c, 
SPBC36.02c, SPBC3H7.02, SPCC569.05c, SPCC576.17c, SPCC794.04c, tgp1 

GO:0061621 canonical glycolysis BP 2.21E-08 8 eno101, fba1, gpd3, gpm1, hxk2, pfk1, pgk1, tdh1 

GO:0046031 ADP metabolic process BP 5.05E-08 9 adh1, eno101, fba1, gpd3, gpm1, hxk2, pfk1, pgk1, tdh1 

GO:0006090 pyruvate metabolic process BP 1.49E-07 10 adh1, atd1, eno101, fba1, gpd3, gpm1, hxk2, pfk1, pgk1, tdh1 

GO:0009132 
nucleoside diphosphate metabolic 
process 

BP 2.57E-06 9 adh1, eno101, fba1, gpd3, gpm1, hxk2, pfk1, pgk1, tdh1 

GO:0005996 monosaccharide metabolic process BP 5.33E-05 10 adh1, eno101, fba1, gpd3, gpm1, hxk2, pfk1, pgk1, tdh1, zwf2 

GO:0006733 
oxidoreduction coenzyme metabolic 
process 

BP 7.59E-05 11 adh1, atd1, eno101, fba1, gpd3, gpm1, hxk2, pfk1, pgk1, tdh1, zwf2 

GO:0009141 
nucleoside triphosphate metabolic 
process 

BP 1.86E-04 11 adh1, eno101, fba1, gpd3, gpm1, hxk2, pfk1, pgk1, pma1, SPCC417.16, tdh1 

GO:0072521 
purine-containing compound 
metabolic process 

BP 0.0003549 13 
adh1, cgs2, eno101, fba1, git3, gpd3, gpm1, hxk2, pfk1, pgk1, pma1, 
SPCC417.16, tdh1 

GO:0006091 
generation of precursor metabolites 
and energy 

BP 0.0004778 11 adh1, eno101, fba1, git3, gpd3, gpm1, hxk2, pfk1, pgk1, SPCC417.16, tdh1 

GO:0005975 carbohydrate metabolic process BP 0.0020393 14 
adh1, eno101, fba1, gas2, gld1, gpd3, gpm1, gto1, hxk2, pfk1, pgk1, tdh1, 
tps1, zwf2 

GO:0055086 
nucleobase-containing small molecule 
metabolic process 

BP 0.0037063 15 
adh1, atd1, cgs2, eno101, fba1, git3, gpd3, gpm1, hxk2, pfk1, pgk1, pma1, 
SPCC417.16, tdh1, zwf2 

GO:0033215 
iron assimilation by reduction and 
transport 

BP 0.0057972 3 fio1, fip1, frp1 

GO:0035428 hexose transmembrane transport BP 0.007755 4 ght1, ght3, ght4, ght8 

GO:0006811 ion transport BP 0.0095457 16 
cta3, fio1, fip1, frp1, ght3, pet1, pho84, pma1, SPAC1002.16c, SPAC23D3.12, 
SPBC36.02c, SPBC3H7.02, SPCC569.05c, SPCC576.17c, SPCC794.04c, tgp1 

1 BP = Biological Process, CC = Cellular component 
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Figure 5.14 GO slim analysis of genes uniquely bound by Scr1 in Wilmar-P and laboratory 

S. pombe in YES media. GO Slim summarisation of genes uniquely bound by Scr1 in 

laboratory S. pombe (blue) or Wilmar-P (red) in both glucose and sucrose conditions. GO slim 

categories are shown on the left. Histograms represent number of genes in each category. 

Genes of note in each category are shown beside each histogram. 
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Overall, the DNA binding properties of Wilmar-P Scr1 were similar to laboratory S. pombe Scr1 on 

YES media suggesting that Scr1 function is largely conserved between the two strains under these 

conditions (Figure 5.16). Given that no significant amino acid sequence differences were found within 

the DNA binding domains of the two proteins, this result is not entirely unsurprising. The subtle 

differences in Scr1 enrichment observed between the two strains in glucose and sucrose conditions 

might be explained by slight variation between ChIP-seq replicates and/or sequence level 

polymorphisms within Scr1 binding regions. Further experimental work is required to fully elucidate 

the binding preferences of Scr1 in both laboratory S. pombe and Wilmar-P backgrounds.  

 

 

5.2.6 RNA-seq reveals significant transcriptional differences within the Wilmar 

strains: 

The extent of genomic variation within the Wilmar isolates and the observed differences in Scr1 

enrichment in Wilmar-P suggested that transcriptional differences could also be a factor influencing 

observed phenotypes of these strains. To compare the transcriptomic responses of the Wilmar isolates 

to laboratory S. pombe, RNA-sequencing of Wilmar-P and Wilmar-A was performed and the data 

compared with previously generated laboratory S. pombe RNA-seq datasets (Chapter 3). RNA was 

generated from Wilmar-A and Wilmar-P cultures grown in the same growth conditions as previous 

(Figure 3.1) and sequenced on an Illumina HiSeq 2500 platform (Section 2.6.2). This process yielded 

an average of 14.7 million 100bp reads per single end RNA-seq sample (Table 5.14).  

 

Adjustment for batch effects and mapping to the S. pombe reference genome was conducted as 

described in Section 2.6.2 and Appendix 1.9. SNPs, INDELs and other genomic variants within the 

Wilmar strain genomes may affect mapping of Wilmar strain reads to the laboratory S. pombe reference 

genome. A slight decrease (2-3%) in the total percentage of reads from Wilmar strain samples mapping 

to the laboratory S. pombe reference genome was observed compared to reads from laboratory S. pombe 

RNA-seq samples. It was unclear whether this difference was due to decreased read mapping efficiency 

in the Wilmar strain samples or whether those unmapped reads originate from unique sequences within 

Wilmar strain background. Read mapping rates to the Wilmar-A/P genomes was comparable with 

laboratory S. pombe samples suggesting that the latter explanation is more likely and that read mapping 

was not adversely affected. Data QC identified considerable variation between Wilmar-A sucrose 

biological replicates (Appendix 1.8), which could not be corrected by batch effect adjustment, 

suggesting another source for this variability (Section 2.6.2.4). Thus, Wilmar-A sucrose samples were 

removed from all further RNA-seq analysis.   
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Figure 5.15 Multiple DNA sequence motifs are enriched in the Wilmar-P Scr1 ChIP-seq 

dataset. Top 3 enriched DNA motifs from RSAT peak-motifs and MEME-ChIP analysis of 50bp 

and 200bp centered Wilmar-P Scr1 ChIP-seq peak sequences from the glucose and sucrose 

conditions are shown in descending order of statistical significance (DNA motif 5’ -> 3’). 

Distribution of motif occurrences within peak sequences are shown (Motif distribution). X-axis 

= position in peak relative to summit. Y-axis = cumulative number of sites across all peak 

sequences. Significant hits from RSAT and MEME-Tomtom motif analysis showing proteins 

possessing similar DNA binding motifs from JASPAR non-redundant fungi, Yeastract 

S.icerevisiae and cisBP S. cerevisiae motif databases (Yeast motifs). S. pombe orthologs of 

S.icerevisiae proteins identified are shown (S. pombe ortholog). 
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Figure 5.16 Summary of the Wilmar-P Scr1 regulon on YES media. Schematic diagram of 

the Scr1 regulon in Wilmar-P incorporating results from earlier ChIP-seq analysis of laboratory 

S. pombe Scr1 (Chapter 3). Scr1 directly regulates a core set of genes in both laboratory 

S.ipombe and Wilmar-P (blue region). Other genes appear bound by Scr1 only in laboratory 

S.ipombe (green region) or Wilmar-P (red region). Refer to the Appendix 5.5 for full lists of 

genome features regulated by Scr1 in Wilmar-P in glucose and sucrose conditions. 



Chapter 5 

281 

 

 

 

 

 

 

 



Chapter 5 

282 

 

Initially, the genes identified by ChIP-seq as being bound by Scr1 in laboratory S.ipombe or Wilmar-P 

were examined for differences in gene expression across all conditions. Of the 77 protein-coding genes 

bound by Scr1 in both laboratory S. pombe and Wilmar-P in glucose and sucrose, most showed 

consistent expression across both strains (Figure 5.17A). Interestingly, rsv1+, gld1+, ght1+, fip1+ and 

fio1+ showed increased expression in Wilmar-P compared to laboratory S. pombe despite Scr1 binding 

to the promoter of these genes in Wilmar-P in this condition (Section 5.2.5). Of 31 genes bound by Scr1 

in glucose and sucrose conditions only in the laboratory strain, mae2+, pho84+, exg1+ and 

SPAC2H10.01 showed higher expression in the laboratory strain compared to Wilmar-P, suggesting 

that other factors must take precedence over Scr1 for the regulation of certain genes (Figure 5.17B). In 

contrast, gal1+ and gal10+ showed extremely low expression, which was most likely due to a small 

number reads mismapping to these regions in the laboratory strain genome. This observation is 

consistent with the loss of these genes from the Wilmar strain background. Of the 20 genes bound 

uniquely by Wilmar-P Scr1 in glucose and sucrose, most showed unchanged expression across the two 

strains (Figure 5.17C). Overall, this analysis suggests that the expression of genes differentially bound 

by Scr1 in laboratory S.ipombe and Wilmar-P are not significantly impacted by the presence or absence 

of Scr1, and so Scr1 likely plays only a minor role in the regulation of these genes. Alternatively, these 

genes may respond differently to environmental conditions not tested in this analysis, for which the 

presence or absence of Scr1 might play a more substantial role. 

 

Next, the expression levels of the 66 genome features (50 protein-coding genes and 16 ncRNAs) 

overlapping regions of zero read coverage in the Wilmar-A and Wilmar-P WGS dataset (Section 

5.2.3.1) were examined. In contrast to laboratory S. pombe, the expression level of 42 (29 protein-

coding genes and 13 ncRNAs) of these genes was extremely low or absent entirely (Figure 5.18). Most 

of these genome features either completely or partially overlapped a region of zero coverage (Table 

5.3), suggesting these genes have been either fully or partially lost within the Wilmar strains. Examples 

of such genes included gal1+, gal7+, gal10+, grt1+, and eno102+. For some genes, expression in 

laboratory S. pombe was low across all conditions making comparison to the Wilmar isolates difficult. 

Other genes such as pfl3+, pfl5+ and nic1+, appeared unaffected by zero coverage regions as they showed 

expression levels similar to laboratory S. pombe across the conditions tested.  
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Table 5.14 Summary statistics of Wilmar-A, Wilmar-P and laboratory S. pombe RNA-seq experiments. 

 Strain Rep Condition Library Type Batch 
 # Reads  

(x106) 
Q30  
(%) 

Avg Read  
Length (bp) 

Total % 
mapped 

% mapped 
uniquely  

% mapped > 1 
% unmapped 

reads 

Lab 
Wilmar- 

A/P 
Lab 

Wilmar- 
A/P 

Lab 
Wilmar- 

A/P 
Lab 

Wilmar- 
A/P 

Laboratory  R1 Glucose unstranded A 14.8 96.09 97.77 98.3 N/A 95.1 N/A 3.2 N/A 1.7 N/A 

Laboratory  R1 Sucrose unstranded A 14.9 97.45 97.71 98.3 N/A 95.2 N/A 3.1 N/A 1.7 N/A 

Laboratory  R1 Glucose-starved unstranded A 15.3 97.56 97.78 98.4 N/A 95.0 N/A 3.4 N/A 1.6 N/A 

Wilmar-P R1 Glucose unstranded A 15.2 97.63 97.84 96.1 97.9 92.9 96.5 3.2 1.4 3.9 2.1 

Wilmar-P R1 Sucrose unstranded A 14.9 95.97 97.78 96.1 97.9 92.6 96.4 3.5 1.5 3.9 2.1 

Wilmar-P R1 Glucose-starved unstranded A 14.2 96.03 97.84 96.0 97.9 92.6 96.3 3.4 1.6 4 2.1 

Wilmar-A R1 Glucose unstranded A 14.8 96.13 97.88 95.9 97.8 92.6 96.4 3.3 1.4 4.1 2.2 

Wilmar-A1 R1 Sucrose unstranded A 15.3 97.59 97.81 96.1 97.8 92.9 96.4 3.2 1.4 3.9 2.2 

Wilmar-A R1 Glucose-starved unstranded A 16.1 96.10 97.82 95.8 97.7 92.7 96.3 3.1 1.4 4.2 2.3 

Laboratory  R2 Glucose fr-firststrand B 14.7 98.36 98.07 98.2 N/A 95.5 N/A 2.7 N/A 1.8 N/A 

Laboratory  R2 Sucrose fr-firststrand B 14.4 98.30 97.89 97.8 N/A 94.8 N/A 3 N/A 2.2 N/A 

Laboratory  R1 Glucose-deficient fr-firststrand B 14.9 97.63 98.26 98.3 N/A 95.8 N/A 2.5 N/A 1.7 N/A 

Wilmar-P R2 Glucose fr-firststrand B 14.7 97.37 98.13 95.8 97.6 93.2 96.3 2.6 1.3 4.2 2.4 

Wilmar-P R2 Sucrose fr-firststrand B 13.9 97.41 98.10 96.0 97.7 93.0 96.2 3 1.5 4 2.3 

Wilmar-P R1 Glucose-deficient fr-firststrand B 14.3 97.56 97.92 94.5 97.3 91.7 96.0 2.8 1.3 5.5 2.7 

Wilmar-A R2 Glucose fr-firststrand B 15.1 97.58 98.31 96.0 97.9 93.1 96.5 2.9 1.4 4 2.1 

Wilmar-A1 R2 Sucrose fr-firststrand B 15.1 98.42 98.25 96.1 98.0 92.6 96.4 3.5 1.6 3.9 2 

Wilmar-A R2 Glucose-deficient fr-firststrand B 14.6 97.66 98.26 94.9 97.7 91.3 96.3 3.6 1.4 5.1 2.3 

Laboratory  R1 Molasses fr-firststrand B 15 97.64 98.40 98.5 N/A 95.2 N/A 3.3 N/A 1.5 N/A 

Wilmar-P R1 Molasses fr-firststrand B 14.7 97.50 98.15 95.8 97.7 91.7 95.8 4.1 1.9 4.2 2.3 

Laboratory  R1 Molasses fr-firststrand B 13.9 97.46 98.12 97.8 N/A 94.8 N/A 3 N/A 2.2 N/A 

Wilmar-P R2 Molasses fr-firststrand B 14.6 97.38 98.60 95.9 97.9 89.1 95.4 6.8 2.5 4.1 2.1 

Laboratory  R2 Glucose-starved fr-firststrand C 14 99.79 98.73 98.4 N/A 95.7 N/A 2.7 N/A 1.6 N/A 

Wilmar-P R2 Glucose-starved fr-firststrand C 14.1 99.83 98.75 94.9 98.0 91.8 96.5 3.1 1.5 5.1 2 

Wilmar-A R2 Glucose-starved fr-firststrand C 14 99.94 98.71 94.9 97.9 92.1 96.7 2.8 1.2 5.1 2.1 

Laboratory  R2 Glucose-deficient fr-firststrand C 15.3 99.79 98.72 98.4 N/A 95.2 N/A 3.2 N/A 1.6 N/A 

Wilmar-P R2 Glucose-deficient fr-firststrand C 14.5 99.91 98.85 96.1 98.1 92.6 96.4 3.5 1.7 3.9 1.9 

Wilmar-A R2 Glucose-deficient fr-firststrand C 14.8 99.86 98.78 95.9 97.9 92.5 96.2 3.4 1.7 4.1 2.1 
    AVG 14.72 97.85 98.19 96.61 97.82 93.33 96.28 3.28 1.54 3.39 2.18 

1 Bold rows indicate samples removed from differential gene expression analysis due to inconsistencies between biological replicates  
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Previously, WGS of Wilmar-A and Wilmar-P identified 8 genes (ccc2+, dak2+, mal1+, new22+, 

SPAC869.05c, SPCC1884.01, SPCC1682.06 and SPCC569.03) showing increased sequencing depth 

of coverage consistent with an increase in copy number (Table 5.7). Increased copy number may result 

in increased expression of these genes in the Wilmar strains relative to their single copy counterparts in 

laboratory S. pombe. Upon inspection of each gene in Wilmar-A and Wilmar-P, only ccc2+ and 

SPCC1682.06 (Schizosaccharomyces specific protein) displayed consistently increased expression 

compared to laboratory S. pombe across all the carbon conditions tested (Figure 5.19A). Other genes 

showed increased expression compared to laboratory S. pombe in a carbon source dependent manner. 

For example, dak2+ was strongly induced in glucose-deficient conditions but showed similar expression 

to laboratory S. pombe in glucose, sucrose (except for Wilmar-A) and glucose-starved conditions. 

mal1+, new22+ and SPAC869.05c showed reduced expression across all conditions compared to 

laboratory S. pombe despite their predicted increased copy number, suggesting that these genes may 

have been affected by genomic structural rearrangements or other regulatory changes in the Wilmar 

background. Expression of the remaining genes was largely consistent across laboratory S. pombe, 

Wilmar-A and Wilmar-P suggesting increased copy number had little effect on their expression.  

 

The expression of the 51 genome features present in the Wilmar-P duplicated region (Figure 5.8, Table 

5.5) was examined. Surprisingly, there was little difference in the Log2FC values for each gene between 

Wilmar-A and Wilmar-P suggesting that duplication of these genes did not result in significantly 

increased gene expression in Wilmar-P (Figure 5.19B). Interestingly, ght5+ showed increased 

expression in both Wilmar strains in glucose and sucrose conditions compared to laboratory S. pombe 

supporting the hypothesis that the Wilmar background possesses altered regulation of hexose transport 

genes. Overall these results suggest that in the context of the carbon conditions under analysis in this 

experiment, increased gene copy number was not correlated with increased gene expression in most 

cases in the Wilmar strain background. 

 

Next, expression of the ORFs discovered on the additional contigs within the Wilmar genetic 

background (Section 5.2.4.4) were investigated in Wilmar-P. Wilmar-P derived RNA-seq samples were 

aligned to the Wilmar-P genome assembly, and FPKM expression values for the ORFs on these 

additional contigs were calculated for each carbon condition. Of the 70 ORFs examined within the 

additional Wilmar-P contigs, 57 were lowly expressed with an average FPKM value below 20 across 

all conditions tested (Table 5.15). Of the 13 expressed ORFs with average FPKM above 20, six were 

predicted S. octospous genes originating on contig #181.  
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Among these, were ORFs predicted to encode S. octosporus CRCB domain-containing protein 

(XP_013020308), elongation factor 1-gamma (XP_013020309), aromatic amino acid aminotransferase 

(XP_013020310), arylsulfatase (XP_013020312), alcohol dehydrogenase (XP_013020313) and 

hypothetical protein SOCG_01145 (XP_013015871). The remaining 7 expressed ORFs represented 

S.ipombe genes that were not assembled into the primary Wilmar-A or Wilmar-P genome assembly 

(Table 5.15). The three putative maltase encoding sequences on contig #624 were only lowly expressed 

(FPKM <20) across most conditions . 

 

Expression of the 13 S. octosporus ORFs across the different carbon conditions tested revealed, for 

some ORFs, patterns consistent with carbon-dependent gene regulation. For example, S.ioctosporus 

alcohol dehydrogenase (XP_013020313), elongation factor 1-gamma (XP_013020309) and aromatic 

amino acid aminotransferase (XP_013020310) all displayed increased expression in glucose-deficient 

and glucose-starved conditions (Table 5.15). Since Scr1 was shown to not directly bind the promoter 

regions of any of these ORFs through ChIP-seq analysis (Section 5.2.5), other factors may be 

responsible for this regulation. For future work, it will be of interest to further investigate the impact of 

these potentially horizontally transferred S.ioctosporus sequences on the metabolism of Wilmar-P. 

 

5.2.6.1 Comparison of Wilmar-A and Wilmar-P transcriptome signatures:  

Differentially expressed genes were calculated for all pairwise comparisons of Wilmar-A, Wilmar-P 

and laboratory S. pombe RNA-seq samples for each condition using DESeq2 (Love et al. 2014). A 

summary of this analysis is shown in Table 5.16. Full results of the Wilmar-A vs. Wilmar-P and 

Wilmar-A and Wilmar-P vs. laboratory S. pombe differential gene expression analysis are shown in 

Appendix 5.7 and 5.8. Just 28, 24 and 26 protein-coding genes were significantly differentially 

expressed in Wilmar-P compared to Wilmar-A in glucose, glucose-deficient and glucose-starved 

conditions respectively, suggesting limited transcriptomic divergence between the two strains grown in 

YES media (Table 5.16). Few DEGs were common between the three conditions in either the 

upregulated or downregulated datasets (Figure 5.20A & B). However, DNA helicase genes, including 

the sub-telomeric genes tlh1+ and tlh2+, and genes encoding domain of unknown function (DUF) #999 

family proteins were upregulated in Wilmar-P in all three conditions (Appendix 5.7). In contrast, the 

rsv2+ gene was downregulated in Wilmar-P relative to Wilmar-A in both glucose and glucose-deficient 

conditions. Furthermore, the potassium export ATPase encoding gene, cta3+ was downregulated in 

Wilmar-P in all three conditions. Overall, RNA-seq analysis of Wilmar-A and Wilmar-P revealed little 

transcriptional divergence between the two strains on YES media reflecting the results of previous WGS 

analysis of Wilmar-A and Wilmar-P.   
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Figure 5.17 Genes uniquely bound by Scr1 show minimal change in gene expression. 

Heatmap of RNA-seq gene expression data for the 77 protein-coding genes bound by Scr1 in 

glucose and sucrose conditions in A) laboratory S. pombe and Wilmar-P, B) laboratory S.ipombe 

only, and C) Wilmar-P only. Log2 FPKM gene expression values are represented. Strains and 

conditions are colour coded as per the key. Dendrograms indicate hierarchical clustering of 

samples and genes performed using Pearson correlation. 
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Figure 5.18 Expression of genes affected by loss of sequence coverage within the Wilmar 

background. Heatmap of RNA-seq gene expression data for the 66 genome features affected 

by a region of zero genome coverage of at least 50bp in the Wilmar background. Log2 FPKM 

gene expression values are represented. Strains and conditions are colour coded as per the 

key. Dendrograms indicate hierarchical clustering of genome features performed using 

Pearson correlation. Dark circles indicate genome features showing decreased expression in 

Wilmar-A and Wilmar-P compared to the laboratory S. pombe strain, consistent with gene loss.  
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Figure 5.19 Expression of genes exhibiting CNV within Wilmar-A and Wilmar-P. A) 

Heatmap of RNA-seq gene expression data for the 8 protein-coding genes found to exhibit 

localised CNV in Wilmar-A and Wilmar-P. Gene expression is presented as log2 fold change 

(Log2FC) compared to laboratory S. pombe gene expression. B) Heatmap of RNA-seq gene 

expression data for the 51 genome features found within the Wilmar-P duplication. Gene 

expression is presented as log2 fold change (Log2FC) compared to laboratory S. pombe gene 

expression. Strains and conditions are colour coded per each key. Dendrograms indicate 

hierarchical clustering of samples performed using Pearson correlation.   
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Table 5.15 Expression of ORFs discovered within additional contigs of the Wilmar-P genome. 

Contig 
ORF  

# 
Sequence  

ID 
Description Species 

FPKM1,2 

Gluc Suc Def Stv Mol 
Mean  
FPKM 

616 1 Aat1 Amino acid permease (predicted) Schizosaccharomyces pombe 54.80 63.25 37.59 6.77 26.47 37.78 

616 2 Alr2 Alanine racemase (predicted) Schizosaccharomyces pombe 0.85 1.49 0.45 0.00 0.00 0.56 

616 3 SPBC359.01 Amino acid permease (predicted) Schizosaccharomyces pombe 12.56 14.35 9.88 6.10 7.52 10.08 

616 4 SPBPB10D8.07c Membrane transporter (predicted) Schizosaccharomyces pombe 40.49 35.66 34.41 42.04 27.74 36.07 

616 5 SPBPB10D8.02c Arylsulfatase (predicted) Schizosaccharomyces pombe 1.73 0.31 1.22 0.14 0.05 0.69 

616 6 SPBPB10D8.01 Cysteine transporter (predicted) Schizosaccharomyces pombe 1.62 0.51 0.60 0.11 1.66 0.90 

616 7 SPBC460.05 Membrane transporter (predicted) Schizosaccharomyces pombe 0.63 0.54 0.76 0.08 0.12 0.43 

616 8 SPBC460.04c Alpha-ketoglutarate-dependent sulfonate dioxygenase Schizosaccharomyces pombe 0.13 0.11 0.20 0.04 0.14 0.12 

616 9 Vba2 vacuolar amino acid uptake transporter Schizosaccharomyces pombe 12.21 10.78 8.88 3.11 11.25 9.25 

616 10 XP_013022173 Phalate transporter Schizosaccharomyces cryophilus 0.58 0.69 1.19 0.65 0.62 0.75 

616 11 N/A N/A N/A 0.47 0.62 0.79 0.00 0.00 0.38 

616 12 XP_013020305 Oligopeptide transporter 7 Schizosaccharomyces octosporus 0.28 0.31 0.29 0.12 0.07 0.21 

616 13 gb|ODV95720.1 hypothetical protein PACTADRAFT_76154 Pachysolen tannophilus 0.07 0.06 0.08 0.00 0.05 0.05 

616 14 XP_013022167 Amino acid permease (predicted) Schizosaccharomyces cryophilus 0.22 0.18 0.57 0.32 0.07 0.27 

616 15 XP_013020311 Alpha-ketoglutarate-dependent sulfonate dioxygenase Schizosaccharomyces octosporus 0.41 0.34 0.74 0.50 0.35 0.47 

616 16 SPAC869.05c Sulfate transporter (predicted) Schizosaccharomyces pombe 0.17 0.16 0.80 0.13 0.35 0.32 

181 1 XP_013020308 CRCB domain-containing protein Schizosaccharomyces octosporus 30.95 29.84 28.97 16.10 45.73 30.32 

181 2 XP_013020309 elongation factor 1-gamma Schizosaccharomyces octosporus 26.14 20.12 142.37 1139.93 50.16 275.74 

181 3 XP_013020310 aromatic amino acid aminotransferase Schizosaccharomyces octosporus 9.28 7.54 15.55 208.49 17.71 51.71 

181 4 XP_013020311 alpha-ketoglutarate-dependent sulfonate dioxygenase Schizosaccharomyces octosporus 6.40 5.51 5.52 4.23 2.50 4.83 

181 5 XP_013020311 alpha-ketoglutarate-dependent sulfonate dioxygenase Schizosaccharomyces octosporus 6.44 5.35 5.39 3.44 0.69 4.26 

181 6 XP_013020312 arylsulfatase Schizosaccharomyces octosporus 20.92 17.05 29.16 10.49 25.35 20.59 

181 7 XP_013020313 alcohol dehydrogenase Schizosaccharomyces octosporus 43.60 44.59 191.90 3185.41 26.25 698.35 

181 8 XP_013019555 hypothetical protein SOCG_16325 Schizosaccharomyces octosporus 6.06 4.58 5.58 2.26 6.57 5.01 

181 9 XP_013015871 hypothetical protein SOCG_01145 Schizosaccharomyces octosporus 59.17 36.45 108.77 110.90 84.53 79.96 

181 10 XP_013020847 hypothetical protein SOCG_06266 Schizosaccharomyces octosporus 16.49 16.80 13.36 0.92 5.42 10.60 

181 11 N/A N/A N/A 0.37 0.52 2.04 1.28 1.50 1.14 

181 12 N/A N/A N/A 0.55 0.64 2.76 1.46 1.71 1.42 

181 13 N/A N/A N/A 0.58 0.66 2.91 1.45 1.73 1.47 

181 14 Tlh1 sub-telomeric helicase RecQ Schizosaccharomyces pombe 1.27 2.29 1.85 0.12 0.79 1.26 

959 1 Fex1 CRCB domain protein Fex1 Schizosaccharomyces pombe 45.95 54.42 48.68 28.15 87.99 53.04 

959 2 SPBPB8B6.05c L-asparaginase (predicted) Schizosaccharomyces pombe 95.59 92.46 53.51 14.64 117.63 74.76 

959 3 Ght7 hexose transporter Ght7 (predicted) Schizosaccharomyces pombe 0.08 0.31 50.06 2.06 0.00 10.50 
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959 4 XP_013016587 zinc finger protein Schizosaccharomyces octosporus 0.00 0.00 0.00 0.00 0.00 0.00 

959 4 SPBC1348.12 zinc finger protein Schizosaccharomyces pombe 0.00 0.00 0.00 0.00 0.00 0.00 

959 5 SPBC1348.10c phospholipase (predicted) Schizosaccharomyces pombe 8.00 7.28 9.32 4.26 9.85 7.74 

959 6 SPBC1348.09 short chain dehydrogenase (predicted) Schizosaccharomyces pombe 0.00 0.05 0.00 0.96 0.00 0.20 

959 7 SPBC1348.08c cell surface glycoprotein (predicted) Schizosaccharomyces pombe 0.68 0.57 0.72 0.33 0.20 0.50 

195 1 Tlh1 RecQ type DNA helicase Tlh1 Schizosaccharomyces pombe 0.00 0.12 0.11 0.00 0.00 0.05 

195 2 SPAC977.14c aldo-keto reductase family protein Schizosaccharomyces pombe 0.46 0.23 0.20 1.20 2.15 0.85 

195 3 SPBCPT2R1.02 sequence orphan Schizosaccharomyces pombe 0.32 0.27 9.21 0.47 1.66 2.39 

195 4 SPAC977.01 hypothetical protein SPAC977.01 Schizosaccharomyces pombe 0.00 0.25 1.66 0.96 0.44 0.67 

1325 1 XP_019017037 hypothetical protein PICMEDRAFT_59519 Pichia membranifaciens 0.00 0.11 0.08 0.12 0.00 0.06 

1325 2 GAV28591.1 hypothetical protein PMKS-002062 Pichia membranifaciens 0.00 0.09 0.41 0.08 0.00 0.12 

1325 3 XP_013270515 hypothetical protein Z518_06931 Rhinocladiella mackenziei 0.24 0.17 1.00 0.22 0.00 0.33 

1325 4 SPAC869.05c sulfate transporter (predicted) Schizosaccharomyces pombe 2.37 3.02 6.91 15.74 0.77 5.76 

691 1 N/A N/A N/A 0.38 0.46 0.65 0.66 1.38 0.71 

691 2 XP_013020305 Oligopeptide transporter 7 Schizosaccharomyces octosporus 2.47 1.90 2.06 0.88 6.01 2.67 

691 3 XP_013020306 hypothetical protein SOCG_01899 Schizosaccharomyces octosporus 5.88 5.41 5.49 19.22 9.76 9.15 

691 4 XP_013020307 NADPH-dependent FMN reductase Schizosaccharomyces octosporus 13.38 12.99 12.49 10.08 4.60 10.71 

624 1 Mal1 maltase alpha-glucosidase Mal1 Schizosaccharomyces pombe 6.57 9.72 24.45 6.30 8.53 11.11 

624 2 Mal1 maltase alpha-glucosidase Mal1 Schizosaccharomyces cryophilus 12.80 11.59 20.83 31.71 10.56 17.50 

624 3 Mal1 maltase alpha-glucosidase Mal1 Schizosaccharomyces pombe 15.18 13.29 16.47 23.44 10.19 15.71 

1433 1 SPBPB2B2.07c hypothetical protein SPBPB2B2.07c Schizosaccharomyces pombe 0.64 0.69 0.39 14.90 0.15 3.35 

136 1 ORF777 partial (mitochondrion) Schizosaccharomyces octosporus 0.11 0.02 0.00 0.03 0.36 0.10 

136 2 ORF777 partial (mitochondrion) Schizosaccharomyces octosporus 0.08 0.25 0.17 0.27 1.42 0.44 

1247 1 Tf2-11 retrotransposable element Tf2-11 Schizosaccharomyces pombe 36.26 30.05 23.67 48.76 50.95 37.94 

232 1 cox101 probable maturase cox101 Schizosaccharomyces pombe 1.25 1.07 0.83 1.20 2.13 1.30 

232 2 cox1 intron-1 Uncharacterized cox1 intron-1 Schizosaccharomyces pombe 0.04 0.08 0.09 0.00 0.00 0.04 

1423 1 N/A N/A N/A 4.55 4.18 5.28 0.00 0.81 2.96 

1423 2 Wtf4 wtf element Wtf4 Schizosaccharomyces pombe 6.66 7.68 8.34 60.94 3.04 17.33 

1605 1 SPCC1884.01 sequence orphan Schizosaccharomyces pombe 3.04 2.97 2.90 18.10 2.07 5.82 

1605 1 cox1 intron-1 Uncharacterized cox1 intron-1 Schizosaccharomyces pombe 0.04 0.08 0.09 0.00 0.00 0.04 

946 1 Tf2-12 retrotransposable element Tf2-12 Schizosaccharomyces pombe 66.11 52.78 44.10 60.23 96.67 63.98 

802 1 XP_014506722 PREDICTED: uncharacterized protein LOC106766512 Vigna radiata var. radiata 0.00 0.00 0.00 0.00 0.00 0.00 

802 2 SBT02789.1 PIR Superfamily Protein Plasmodium ovale curtisi 0.04 0.04 0.00 0.00 0.00 0.01 

802 3 SBT02789.1 PIR Superfamily Protein Plasmodium ovale curtisi 0.03 0.03 0.00 0.00 0.00 0.01 

1261 1 SPAC212.04c hypothetical protein Schizosaccharomyces pombe 45.72 41.07 26.73 190.11 33.21 67.37 

1 Gluc = glucose, Suc = sucrose, Def = glucose-deficient, Stv = glucose-starved, Mol = molasses 

2 Red notation indicates low expression across all conditions 
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5.2.6.2  Comparison of Wilmar-A and Wilmar-P transcriptome signatures to laboratory S. pombe:  

The overall transcriptional differences between the Wilmar isolates and laboratory S. pombe were 

analysed. Overall, a total of 833 protein-coding genes were significantly differentially expressed in 

Wilmar-A or Wilmar-P compared to laboratory S. pombe in at least one of the three conditions tested, 

suggesting that the Wilmar strains possess a different transcriptional signature then laboratory S.ipombe 

in YES medium (Figure 5.21A). Significant overlap was observed between the sets of differentially 

expressed genes in Wilmar-A and Wilmar-P compared to laboratory S. pombe in glucose (Figure 

5.21B), glucose-deficient (Figure 5.21C) and glucose-starved conditions (Figure 5.21D). However, 

increased numbers of uniquely differentially expressed genes were apparent in the glucose-deficient 

and glucose-starved conditions, possibly indicating differences in the transcriptional response of the 

Wilmar strains to nutrient stress. 

 

DGE analysis of each Wilmar isolate vs. laboratory S.ipombe in the glucose condition identified 199 

DEGs for Wilmar-A (109 upregulated and 90 downregulated) and 152 for Wilmar-P (57 upregulated 

and 95 downregulated) (Table 5.16). The majority of these DEGs were shared between the two strains 

(Figure 5.21B). Analysis of enriched gene ontologies revealed the broader functions of genes 

differentially expressed across the two strains compared to laboratory S. pombe in the glucose condition 

(Figure 5.22). Most ontologies upregulated in both Wilmar isolates were transposon related (e.g. DNA 

integration, DNA recombination, endopeptidase and endonuclease activity) suggesting possibly 

enhanced expression and/or copy number of transposons in the Wilmar background vs. laboratory S. 

pombe. In the subset of downregulated genes common to both Wilmar-A and Wilmar-P, many transport 

related gene ontologies were present including anion transport, amino acid transport, organic acid 

transport and carboxylic acid transport GO terms. Galactose metabolic process was also enriched in the 

downregulated gene subset in both strains, consistent with the fact that gal1+, gal7+ and gal10+ genes 

have been lost from the Wilmar background.  

 

Interestingly, multiple metal homeostasis related gene ontologies, including cellular metal ion 

homeostasis and oxidoreductase activity, were enriched in the subset of genes uniquely upregulated in 

Wilmar-A, suggesting potentially enhanced activity of metal ion metabolism pathways in Wilmar-A. 

In contrast, the uniquely upregulated genes in Wilmar-P relative to laboratory S. pombe were enriched 

for plasma membrane and cell periphery gene ontologies potentially reflecting enhanced transport of 

molecules into or out of the cell in Wilmar-P.   
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Table 5.16 Summary of Wilmar strain DGE analysis. 

Condition Glucose Sucrose Glucose-deficient Glucose-starved Molasses  

Comparison1 
WIL-A  

vs  
Lab 

WIL-P 
vs  

Lab 

WIL-P  
vs  

WIL-A 

WIL-P  
vs  

Lab 

WIL-A 
vs  

Lab 

WIL-P 
vs  

Lab 

WIL-P  
vs  

WIL-A 

WIL-A  
vs  

Lab 

WIL-P  
vs  

Lab 

WIL-P 
vs  

WIL-A 

WIL-P  
vs  

Lab 

DE genes & ncRNAs 354 285 43 313 388 247 40 718 976 49 440 

Total DE genes 199 152 28 159 241 154 24 423 520 26 207 

# Upregulated 109 57 10 47 146 68 10 211 274 11 52 

# Downregulated 90 95 18 112 95 86 14 212 246 15 155 

Total DE ncRNAs  155 133 15 154 147 93 16 295 456 23 233 

# Upregulated 33 17 0 13 59 10 0 65 87 1 27 

# Downregulated 122 116 15 141 88 83 16 230 369 22 206 

1  WIL-A = Wilmar-A, WIL-P = Wilmar-P, Lab = Laboratory S. pombe
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Interestingly, for the downregulated genes, the Wilmar-A subset was also enriched for cell periphery 

and plasma membrane cell components, potentially indicating differences in plasma membrane 

transport kinetics between Wilmar-A and Wilmar-P.  

 

Next, genes differentially expressed in the Wilmar isolates in glucose-deficient and glucose-starved 

conditions were examined. In the glucose-deficient condition, 241 (146 up and 95 down) and 154 (68 

up and 86 down) genes were differentially expressed in Wilmar-A and Wilmar-P respectively, relative 

to laboratory S. pombe. A greater number of genes were differentially expressed in the glucose-starved 

condition, with 423 genes (211 up and 212 down) for Wilmar-A and 520 genes for Wilmar-P (274 up 

and 246 down). For both conditions, a significant overlap was observed between the subsets of DEGs 

suggesting that the overall transcriptional responses in glucose-deficient/starved conditions are similar 

in Wilmar-A and Wilmar-P (Figure 5.21D & E). However, the global transcriptomic profiles (Figure 

5.21A), and GO term enrichment analysis revealed subtle differences between the subsets of genes 

differentially regulated in the two strains relative to laboratory S. pombe (Figure 5.23). As seen for the 

glucose condition, several gene ontologies enriched in the subset of upregulated genes in both Wilmar 

isolates in the glucose-deficient condition were transposon related (Figure 5.23). Similarly, genes 

annotated to galactose metabolic processes were downregulated in both strains in glucose-deficient and 

starved conditions. Metal ion transport related ontologies were upregulated in both Wilmar-A and 

Wilmar-P in both conditions suggesting enhanced expression of metal ion acquisition pathways in the 

absence of glucose compared to laboratory S. pombe. 

 

Several gene ontologies were uniquely enriched in the subsets of genes differentially expressed in either 

strain in glucose-deficient or starved conditions. In the glucose-deficient condition, plasma membrane, 

fluoride transport and nucleobase metabolism gene ontologies were enriched in the subset of 

downregulated genes unique to Wilmar-A (Figure 5.23). In the same condition, plasma membrane and 

cell periphery components were upregulated in the subset of genes unique to Wilmar-P, again reflecting 

differences in transport kinetics and/or the composition of proteins at the cell membrane between the 

two strains. In the glucose-starved condition, the subset of genes significantly upregulated only in 

Wilmar-A were enriched for electron transport, cellular respiration, and ATP metabolism related 

biological processes indicating the induction of respiration in Wilmar-A in response to the complete 

loss of glucose. These changes were accompanied by a specific downregulation of genes involved in 

mitosis. In contrast, the genes uniquely upregulated in Wilmar-P vs. laboratory S. pombe in the glucose-

starved condition were enriched for ribosome related ontologies (Figure 5.23). Overall, this analysis 

indicates differences in the responses of Wilmar-A and Wilmar-P to both glucose-sufficient and 

glucose-deficient and glucose-starved conditions relative to laboratory S. pombe.  
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Figure 5.20 Limited transcriptional variation exists between Wilmar-A and Wilmar-P. 

Venn diagrams showing differentially expressed genes in Wilmar-P relative to Wilmar-A in 

glucose, glucose-deficient and glucose-starved conditions. A) Upregulated genes. B) 

Downregulated genes. Percentages indicate proportion of total pool. 
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Figure 5.21 Wilmar-A and Wilmar-P exhibit distinct transcriptomic signatures on YES 

media compared to laboratory S. pombe. A) Heatmap of RNA-seq gene expression data for 

the 833 protein-coding genes that were significantly differentially expressed in Wilmar-A or 

Wilmar-P compared to laboratory S. pombe in at least one of the four conditions tested. Gene 

expression values are represented as row normalised log2(FPKM) and shown as Z-scores. 

Strains and conditions are colour coded as per the key. Dendrograms indicate hierarchical 

clustering of samples and genome features performed using Pearson correlation. Proportional 

Venn diagrams indicate number of significantly differentially expressed genes discovered 

within Wilmar-A (blue) and Wilmar-P (red) compared to laboratory S. pombe in B) glucose, C) 

glucose-deficient and D) glucose-starved conditions. P-values were calculated using the 

hypergeometric probability distribution (Section 2.6.5). Percentages indicate proportion of the 

total non-redundant pool present in each subset. 
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Figure 5.22 GO enrichment profile for genes differentially expressed in glucose and 

sucrose conditions within the Wilmar isolates. Gene ontology enrichment profiles for genes 

differentially expressed in Wilmar-A, Wilmar-P or both strains vs. laboratory S. pombe in the 

glucose condition. GO terms enriched in upregulated (red) and downregulated (blue) DEG 

subsets are indicated.  
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Figure 5.23 GO enrichment profile for genes differentially expressed in glucose-deficient 

and glucose-starved conditions within the Wilmar isolates. Gene ontology enrichment 

profiles for genes differentially expressed in Wilmar-A, Wilmar-P or both strains vs. laboratory 

S. pombe in glucose-deficient and glucose starved conditions. GO terms enriched in 

upregulated (red) and downregulated (blue) DEG subsets are indicated. Symbols indicate 

carbon condition(s) for which each GO term was enriched. 
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Of special interest to this study was the transcriptional regulation of central carbon metabolism (CCM) 

pathways, including glycolysis, fermentation and the TCA cycle. Expression of genes involved in these 

pathways was specifically examined in Wilmar-A and Wilmar-P relative to laboratory S. pombe to 

identify potential regulatory differences in these core metabolic pathways. Of the 53 genes investigated, 

only 12 were significantly altered in Log2FC terms, in any condition in Wilmar-A or Wilmar-P (Figure 

5.24A). Examination of gene expression across all conditions (Figure 5.24B) revealed strong 

downregulation of gal1+, gal7+, gal10+ and eno102+, which is consistent with the loss of these genes 

from the Wilmar background (Section 5.2.4.1). Expression of glycolysis and TCA cycle genes were 

mostly unchanged or slightly increased in the glucose and glucose-deficient conditions for both Wilmar-

A and Wilmar-P, indicating a similar pattern of expression to laboratory S. pombe (Chapter 3). Certain 

genes acting in glycerol metabolism (e.g. gld1+) and the fermentation pathway (e.g. pdc102+ and 

pdc201+) were upregulated across all conditions in both Wilmar strains with the latter indicating an 

increased fermentative capacity compared to laboratory S. pombe, which is consistent with previous 

analysis (Quenault 2009).  

 

Further analysis of Scr1 enrichment at these CCM related genes in Wilmar-P on glucose and sucrose 

conditions revealed an overlap between Scr1 localisation and increased expression vs. laboratory 

S.ipombe. This phenomenon was observed for ght1+, ght5+, inv1+, zwf2+ and fbp1+, which were 

previously defined as Scr1 target genes in laboratory S. pombe and Wilmar-P (Chapter 3, Section 5.2.5). 

Perhaps most striking were the hexose transport genes, most of which showed increased expression 

relative to laboratory S.ipombe in glucose, sucrose and glucose-deficient conditions, yet reduced 

expression in the glucose-starved condition (Figure 5.24B). All of these genes, except ght7+, were 

shown to be directly Scr1 regulated and repressed in laboratory S. pombe in glucose-sufficient 

conditions (Chapter 3). Thus, ght genes in the Wilmar background showed altered patterns of expression 

compared to laboratory S. pombe. Given that Wilmar-P Scr1 was found to bind most of these ght genes 

in glucose and sucrose conditions, this observation indicates an altered mode of CCR regulation of 

hexose transport in the Wilmar background (Section 5.2.5, Figure 5.24A).  

 

Overall, these results suggest that the transcriptional regulation of CCM is altered in the Wilmar 

background. Multiple genes repressed by Scr1 in both laboratory S. pombe and Wilmar-P showed 

increased expression in both isolates in the glucose and sucrose conditions despite Scr1 enrichment at 

these loci in Wilmar-P. These results therefore suggest reduced sensitivity to CCR mediated repression 

in the Wilmar background and/or increased positive regulatory influence of other transcriptional 

machinery, as factors affecting the regulation of these genes in the Wilmar strains.  
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5.2.7 The industrial molasses condition induces Scr1 regulatory plasticity and distinct 

transcriptomic responses in Wilmar-P:  

The molasses condition provides an industrially relevant context to study Scr1 activity in Wilmar-P 

compared to laboratory S. pombe. Since molasses medium is significantly different in composition from 

YES medium used to examine Scr1 localisation and transcriptional responses in glucose, sucrose, 

glucose-deficient and glucose-starved conditions, the two were not directly compared and the molasses 

condition was analysed independently. Of interest was the localisation of Scr1 in laboratory S. pombe 

and Wilmar-P when grown in molasses, and the impact it has on the overall transcriptomic signature of 

the Wilmar-P strain compared to laboratory S. pombe; particularly because of the improved growth 

phenotypes exhibited by Wilmar-P in this condition (Figure 5.2B). 

 

Earlier analysis of molasses ChIP-seq data revealed similar enrichment profiles of Wilmar-P and 

laboratory S. pombe Scr1 in the molasses condition (Figure 5.12A), however Wilmar-P Scr1 was bound 

to a larger number of genome features (Figure 5.25A, Table 5.12). 143 protein-coding genes were bound 

by both laboratory S. pombe Scr1 and Wilmar-P Scr1 in molasses. GO analysis of these genes showed 

significant enrichment for carbon metabolism related gene ontologies similar to those previously 

identified for Scr1 in both strains in glucose and sucrose conditions, suggesting Scr1 performs its core 

regulatory roles in both strains in the molasses condition (Figure 5.25B). The protein-coding genes 

uniquely bound by Scr1 in laboratory S. pombe or Wilmar-P in the molasses condition were examined 

to determine differences in Scr1 functionality between the two strains. Just 13 genes were uniquely 

bound by laboratory S. pombe Scr1 on molasses. This gene set was significantly enriched for galactose 

metabolism related ontologies due to the presence of the ga1+, gal7+ and gal10+ genes previously shown 

to be Scr1 regulated (Chapter 3) but lost in the Wilmar background (Section 5.2.3.1). GO slim 

summarisation revealed additional genes functioning in transmembrane transport, cellular amino acid 

metabolic processes, and regulation of mitotic cell cycle phase transition (Figure 5.26).  

 

In contrast to the laboratory S. pombe dataset, 123 protein-coding genes were uniquely bound by Scr1 

in the Wilmar-P strain suggesting that Scr1 possesses expanded regulatory roles in Wilmar-P in 

molasses. Surprisingly, no significant GO term enrichment was apparent for this gene set at the p < 0.05 

level. Subsequent GO Slim summarisation revealed a variety of predicted gene functions within the 

dataset (Figure 5.26). 17 genes involved in transmembrane transport functions were present, including 

genes involved in iron ion transport and metabolism: fet4+, frp1+, shu1+, str1+ and str3+.  
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Figure 5.24 Transcriptional control of central carbon metabolism is altered in Wilmar-A 

and Wilmar-P. A) Schematic of central carbon metabolism in the Wilmar strains including 

carbohydrate metabolism, hexose transport, pentose phosphate pathway, glycerol 

metabolism, glycolysis, fermentation, and TCA cycle components. Genes encoding enzymes 

catalysing each step of the pathway are indicated. Individual compounds produced 

throughout the various biochemical pathways are labelled. The key indicates colouring of gene 

labels per their expression profile in the Wilmar-P strain in the glucose condition. Filled or 

open squares indicate the presence or absence, respectively, of Scr1 at that gene promoter in 

either glucose or sucrose conditions. B) Heatmap of log2FC ratios obtained from differential 

gene expression (DGE) analysis for each gene shown in (A) for Wilmar-A and Wilmar-P vs. 

laboratory S. pombe in glucose, sucrose, glucose-deficient and glucose-starved conditions. 

Wilmar-A sucrose samples were not used for DGE analysis due to low reproducibility between 

biological replicates (Appendix 1.8). Intensity of red colouring indicates magnitude of 

upregulation vs laboratory S. pombe. Intensity of blue colouring indicates magnitude of 

downregulation vs laboratory S. pombe. G6P = Glucose-6-phosphate, F6P = Fructose-6-

phosphate, F1,6P = Fructose-1,6,bisphosphate, GA3P = Glyceraldehyde 3-phosphate, DHAP = 

Dihydroxyacetone phosphate, G3P = Glycerol 3-phosphate, 1,3diPG = 1,3-Bisphospho-

glycerate, 3PG = 3-Phospho-glycerate, 2PG = 2-Phospho-glycerate, PEP = 

Phosphoenolpyruvate, AcCoA = Acetyl Co-enzyme A, 2-OHe-ThPP = 2-hydroxy thiamine 

pyrophosphate pyruvate, αKG = α-Ketoglutarate, sucCoA = Succinly-CoA, OAA = 

Oxaloacetate. 
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Figure 5.25 Wilmar-P Scr1 possesses enhanced regulatory roles in molasses compared 

to laboratory S. pombe Scr1. A) Heatmaps of Scr1 (red profiles) and RNA PolIISer5 (blue 

profiles) ChIP-seq enrichment at genes bound by Scr1 in laboratory S. pombe and Wilmar-P in 

the molasses condition. Genes bound by Scr1 in both strains (top row, “Both”), Wilmar-P Scr1 

only (middle row, “Wilmar-P”) or laboratory S. pombe Scr1 only (bottom row, “Laboratory”) are 

shown. Scr1 and RNA PolIISer5 enrichment heatmaps are centered on the 1.5kb ± TSS for each 

gene. Data from two merged biological ChIP-seq replicates were background corrected using 

an input ChIP-seq sample for that carbon condition, per strain, and sequencing depth 

normalised to 1x reference genome coverage (1x RPGC) using deeptools2 (Ramírez et al. 

2016). Scales indicate the Z-score range applied to the dataset. B) GO term enrichment for 

protein-coding genes bound by Scr1 in both strains on molasses. Total gene numbers in each 

category, and Bonferroni adjusted p-values (Padj) are shown. 
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Additional transmembrane transporter encoding genes included the amino acid permease genes isp5+ 

and per1+, the zinc transmembrane transporter zrt1+ and the calcium ion channel encoding gene msy1+. 

These results suggest that Wilmar-P Scr1 is more directly involved in the regulation of amino acid and 

metal ion homeostasis in molasses than laboratory S. pombe Scr1.  

 

12 genes involved in transcriptional regulation were also present in the subset of genes uniquely bound 

by Wilmar-P Scr1, including the transcription factor encoding genes ace2+, esc1+, gaf1+, loz1+, pho7+, 

prr1+, rst2+, sre2+ and toe1+ as well as the transcriptional regulator clr5+ (Figure 5.26). Interestingly, 

most of these factors are associated with activation of stress and/or sexual differentiation genes in 

S.ipombe, which suggests that Wilmar-P Scr1 may have developed a more direct role in the regulation 

of these processes than laboratory S. pombe Scr1 in the molasses condition. For instance, Rst2, as seen 

in Chapter 4, activates the expression of multiple genes containing an S. pombe stress response element 

(STREP) in their promoter in the absence of glucose. Such genes include the key meiotic regulator, 

ste11+, and the primary gluconeogenesis gene fbp1+ (Higuchi et al. 2002). Similarly, both Gaf1 and 

Clr5 have been implicated in ste11+ regulation via distinct pathways. Gaf1 is required to repress ste11+ 

expression in the absence of nitrogen preventing cells from entering the meiotic pathway (Kim et al. 

2012a). Clr5 is a silencing factor shown to negatively regulate multiple genes including ste11+ and the 

mating type region in S. pombe (Hansen et al. 2011). Esc1 is required for the induction of sexual 

conjugation upon nutrient starvation (Benton et al. 1993). Morover, Prr1 has been implicated in the 

stress-activated mitogen-activated protein kinase A (MAPK) pathway and is involved in tolerance to 

salt and ROS stressors. Finally, loss of prr1+ leads to ectopic meiosis in the presence of nitrogen 

(Greenall et al. 2002, Calvo et al. 2012). None of these factors were found to be Scr1 regulated in 

laboratory S. pombe or in Wilmar-P on YES media, suggesting that the response observed here is 

specific to Wilmar-P Scr1 in the molasses condition. Multiple genes functioning in signalling processes 

were also present within the Wilmar-P Scr1 molasses dataset, including genes related to cell cycle 

signalling (cdc25+, cig2+ and pyp2+) and the MAPK stress response pathway (srk1+) (Figure 5.26). Other 

gene ontologies present at high frequency in the subset included cell wall organisation or biogenesis, 

cofactor metabolic process, conjugation with cellular fusion, regulation of mitotic cell cycle phase 

transition, DNA replication, and generation of precursor metabolites and energy.  

 

Overall, the array of genes uniquely bound by Scr1 in Wilmar-P suggest a more central role in 

metabolism for Scr1 in molasses in this strain than in laboratory S. pombe, which potentially influences 

the regulation of a wider range of genes involved in metal ion homeostasis, transcriptional regulation, 

carbohydrate metabolism, stress responses and cell cycle signalling processes (Figure 5.27). It is 

possible that this additional Scr1 activity contributes to the improved ability of Wilmar-P to grow on 

molasses (Figure 5.2D).  
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It is important to note that although these genes appear to be directly regulated by Scr1 in Wilmar-P 

and not in laboratory S. pombe, presence of a transcription factor at a gene promoter is not always 

synonymous with a significant change in gene expression, as evidenced by results shown in previous 

chapters (Chapter 3 and 4). Thus, it was crucial to also examine the transcriptional differences between 

Wilmar-P and laboratory S. pombe in the molasses environment to gain further insight into these 

potentially expanded roles of Scr1 within the Wilmar-P strain.  

 

To compare the transcriptomic response of laboratory S. pombe and Wilmar-P to the industrial molasses 

environment, additional RNA-seq experiments were performed using RNA gathered from cells grown 

in the molasses condition, sequenced and analysed as described in Section 2.6.4. Overall, 207 protein-

coding genes and 233 ncRNAs were significantly differentially expressed in Wilmar-P compared to 

laboratory S. pombe on molasses (Table 5.16). 155 (74.8%) of these DEGs were downregulated in 

Wilmar-P suggesting that Wilmar-P primarily suppresses gene expression within the molasses 

environment (Figure 5.28A). Interestingly, of the 123 protein-coding genes bound uniquely by Scr1 in 

Wilmar-P on molasses, just 9 also showed a significant change in expression (Figure 5.28B). This 

observation was consistent with previous analysis of PolIISer5 enrichment at these genes, which showed 

only subtle differences in enrichment for the genes bound specifically by Wilmar-P Scr1 (Figure 

5.25A).  Analysis of the expression of these genes in Wilmar-P and laboratory S. pombe on molasses 

revealed mostly identical expression patterns (Figure 5.28C). Thus, it remains unclear what role 

Wilmar-P Scr1 plays in the regulation of these additional target genes in the molasses condition. 

 

Further analysis of the expression patterns of the complete set of genes bound by Wilmar-P Scr1 in the 

molasses condition revealed several that showed increased expression in Wilmar-P but not laboratory 

S. pombe, despite the presence of Scr1 at the gene promoter, suggesting that Wilmar-P Scr1 may be 

associated with transcriptional activation at certain genes in molasses. One key example was the 

brefeldin A efflux pump encoding gene, bfr1+, which confers increased growth in the presence of 

brefeldin A when overexpressed (Figure 5.29A, Nagao et al. 1995a). Increased RNA PolIISer5 

enrichment was observed across bfr1+ in Wilmar-P compared to the laboratory S. pombe gene as were 

higher mRNA levels (Figure 5.29A). bfr1+ was also significantly upregulated in Wilmar-P compared 

to laboratory S. pombe on molasses (Figure 5.28A). Interestingly, Scr1 enrichment was also observed 

at bfr1+, but only in Wilmar-P, suggesting that the presence of Scr1 at the bfr1+ promoter may have 

some role in its increased expression. A second example was the clr5+ gene, which as discussed above, 

is a negative regulator of meiosis related genes in S. pombe (Figure 5.29B, Hansen et al. 2011). Like 

bfr1+, binding of Scr1 to the clr5+ promoter was associated with increased RNA PolIISer5 enrichment 

and increased transcription in Wilmar-P, but not laboratory S. pombe, in the molasses condition. Since 

both Bfr1 and Clr5 are involved in the suppression of, and/or tolerance to stress responses in S. pombe, 

 



Chapter 5 

312 

Figure 5.26 GO slim analysis of genes showing differential Scr1 enrichment on molasses. 

GO Slim summarisation of genes uniquely bound by Scr1 in laboratory S. pombe (blue) or 

Wilmar-P (red) in the molasses condition. GO slim categories are shown on the left. Histograms 

represent number of genes in each category. Genes of note in each category are shown beside 

each histogram. 
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Figure 5.27 Summary of the Wilmar-P and laboratory S. pombe Scr1 regulon in molasses. 

Schematic diagram of the Scr1 regulon in Wilmar-P and laboratory S. pombe in molasses. In 

both strains, Scr1 directly regulates a core set of genes involved in a range of cellular functions 

(blue region). Other genes bound by Scr1 only in laboratory S. pombe (green region) and 

Wilmar-P (red region) are shown.  
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Figure 5.28 Wilmar-P primarily suppresses gene expression in molasses. Volcano plot of 

log2 fold change (x-axis) vs -log10 adjusted p-value (y-axis) is shown for each S. pombe protein-

coding gene. comparing Wilmar-P gene expression to laboratory S. pombe gene expression in 

molasses is shown for each S. pombe protein-coding gene. Black points indicate genes that 

failed to meet both log2 fold change (-1 > Log2FC >1) and adjusted p-value (Padj < 0.05) 

thresholds. Red and blue points indicate genes that are significantly up- or downregulated in 

Wilmar-P relative to laboratory S. pombe respectively. Genes of interest are labelled. B) Venn 

diagram showing overlap of genes differentially expressed in Wilmar-P on molasses (blue) vs. 

genes uniquely bound by Wilmar-P Scr1 on molasses (red). Areas are proportional to total 

number indicated in brackets below each subset label. Percentages indicate proportion of the 

total non-redundant pool present in each subset. C) Heatmap of log2 adjusted FPKM 

expression values for the genes uniquely bound by Wilmar-P Scr1 in the molasses condition 

in Wilmar-P and laboratory S.ipombe. Dendrogram indicates hierarchical clustering of genes 

performed using Pearson correlation. Selected genes showing altered expression in Wilmar-P 

compared to laboratory S. pombe are labelled. 
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Figure 5.29 Genes bound by Wilmar-P Scr1 in molasses are associated with gene 

activation. Genome browser visualisation of Scr1 ChIP-seq, RNA PolIISer5 ChIP-seq and RNA-

seq coverage for the molasses condition in laboratory S. pombe and Wilmar-P at the A) 

bfr1+and B) clr5+ loci. Read–depth scale is indicated on the top left of each coverage track. 

Molasses RNA PolIISer5 ChIP-seq is shown as a heatmap with scale as indicated. Genome 

features of interest are labelled below. Gene coding regions (CDS) are indicated by increased 

thickness of blue gene tracks. 
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these results suggest that Wilmar-P Scr1 has developed additional roles in stress tolerance or 

suppression. However, whether Wilmar-P Scr1 acts as a transcriptional activator of these genes, or 

whether its presence facilitates the binding of other factors at the gene promoter to induce gene 

expression remains unclear and requires further investigation.  

 

Next, the subset of downregulated genes in Wilmar-P on molasses were examined for enriched GO 

categories that might explain the previously observed phenotypes of Wilmar-P on molasses. Cell 

surface and plasma membrane cellular component ontologies were significantly enriched, suggesting 

repression of membrane associated protein encoding genes in Wilmar-P in the molasses condition 

(Table 5.17). Further, GO Slim summarisation revealed several meiosis, sexual differentiation and 

stress response related genes in the downregulated subset in Wilmar-P on molasses (Figure 5.30). Genes 

in these categories included the transcriptional regulators ste11+ and map1+, which are both key players 

in S. pombe meiosis, and indirectly regulated by Scr1 in laboratory S. pombe (Chapter 3). Other 

downregulated genes involved in these processes included byr1+, mfm2+, pac2+ and spk1+. These results 

suggest that Wilmar-P suppresses meiosis and stress response genes in the molasses environment.  

 

Interestingly, the subset of 52 genes upregulated in Wilmar-P on molasses was significantly enriched 

for transmembrane transporter, respiratory chain complex and electron transport chain gene ontologies 

(Table 5.18), suggesting that in Wilmar-P genes involved in aerobic respiration are upregulated within 

the molasses environment, indicating at least partial circumvention of the Crabtree effect. That these 

genes were not also upregulated in Wilmar-P in YES media suggests that something within the molasses 

environment is responsible for this transcriptomic response. The upregulation of multiple 

transmembrane transporter genes, including two key efflux pump encoding genes bfr1+ and caf5+, 

further suggest that Wilmar-P has adapted an improved ability to withstand the challenging molasses 

environment, possibly through an improved ability to remove toxic substances from the cell. It is 

probable that these transcriptomic changes contribute to the improved growth of Wilmar-P in the 

molasses environment.  

 

Overall, analysis of Wilmar-P in the industrial molasses feedstock revealed downregulation of stress 

and mating pathway genes, upregulation of multiple transmembrane transport proteins including known 

toxin efflux pump encoding genes, and upregulation of electron transport chain components. Together, 

these results suggest that Wilmar-P is less susceptible to stressors within the molasses environment, and 

points to a partial alleviation of the Crabtree effect in this strain. Multiple genes directly regulated by 

Wilmar-P Scr1 in molasses were upregulated compared to laboratory S. pombe indicating potential 

differences in Wilmar-P Scr1 function. It will be of interest to future work to further characterise the 

role of Scr1 in the activation of these genes in the molasses condition.  
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Table 5.17 Enriched GO terms for Wilmar-P downregulated gene set on molasses. 

GO ID GO Term Type1 Padj Total Genes 

GO:0005886 
Plasma 
membrane 

CC 2.3E-03 21 

cfh2, fex2, gsf2, mfm2, mfs1, pmp31, pun1, 
rsn1, shu1, SPAC212.01c, SPAC750.06c, 
SPAC869.03c, SPAC869.05c, SPAC977.09c, 
SPBC1271.03c, SPBC1348.07, SPBC1348.10c, 
SPBPB10D8.04c, SPBPB10D8.05c, 
SPBPB10D8.06c, SPBPB10D8.07c 

GO:0044459 
Plasma 
membrane 
part 

CC 2.2E-02 13 

cfh2, fex2, gsf2, pun1, shu1, SPAC212.01c, 
SPAC750.06c, SPAC977.09c, SPBC1348.07, 
SPBC1348.10c, SPBPB10D8.05c, 
SPBPB10D8.06c, SPBPB10D8.07c 

GO:0009986 Cell surface CC 2.3E-02 11 
gsf2, gto2, mal1, pfl7, pfl9, shu1, SPAC212.01c, 
SPAC750.06c, SPAC977.09c, SPBC1348.07, 
SPBC1348.10c 

GO:0031224 
Intrinsic 
component of 
membrane 

CC 3.5E-02 46 

cfh2, cox1101, cox1102, dsd1, fex2, gsf2, imt2, 
itr1, mae1, meu22, mfs1, mug180, ost5, per1, 
pmp31, pun1, rsn1, shu1, SPAC11D3.19, 
SPAC1399.01c, SPAC14C4.07, SPAC18B11.03c, 
SPAC1F8.08, SPAC3H1.08c, SPAC56F8.07, 
SPAC688.16, SPAC750.06c, SPAC869.03c, 
SPAC869.05c, SPBC1271.08c, SPBC1348.07, 
SPBC1773.12, SPBC460.05, SPBPB10D8.01, 
SPBPB10D8.04c, SPBPB10D8.05c, 
SPBPB10D8.06c, SPBPB10D8.07c, SPCC569.06, 
vba2, vph2, wtf17, wtf19, wtf25, wtf6, wtf9 

GO:0005575 
Cellular 
component 

CC 3.8E-02 18 

mat1-Mc, SPAC8E11.12, SPAPJ691.02, 
SPAPJ695.02, SPBC1685.17, SPBC2A9.14, 
SPBC460.02c, SPBCPT2R1.02, SPBPB21E7.11, 
SPCC188.14, SPCC569.01c, SPCC569.02c, 
SPCC569.04, SPCC737.04, SPCC757.02c, 
SPCC757.06, SPCP20C8.02c, tam12 

GO:0016052 
carbohydrate 
catabolic 
process 

BP 2.27E-05 9 
eno102, gal1, gal7, gto2, mal1, mel1, 
SPBC1683.04, SPBC2G2.17c, SPBC8E4.04 

1 BP = Biological Process, CC = Cellular component 
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Figure 5.30 GO slim analysis of genes differentially expressed in Wilmar-P on molasses. 

GO Slim summarisation of genes significantly upregulated (red) or downregulated (blue) in 

Wilmar-P compared to laboratory S. pombe on molasses. GO slim categories are shown on the 

left. Histograms represent number of genes in each category. Genes of note in each category 

are shown beside each histogram. 
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5.3 Discussion:  

This chapter has detailed the genomic and transcriptomic characterisation of the Wilmar fission yeast 

isolate, which is utilised at industrial scale for the commercial production of bioethanol from sugarcane 

molasses. The Wilmar-P strain exhibited phenotypic differences including improved growth in the 

molasses feedstock and resistance to 2-deoxyglucose and increased temperature compared to Wilmar-

A and laboratory S. pombe. Whole genome sequencing of Wilmar-A and Wilmar-P revealed genetic 

variation at both the karyotypic and DNA sequence-levels that is not present in the Leupold 972h- 

laboratory strain, including additional gene coding sequences that appear to originate from 

S.ioctosporus. Few major differences on the genomic level were observed between the two Wilmar 

isolates except for a 100kb duplication of a region in the right arm of chromosome III unique to Wilmar-

P. RNA-seq analysis of Wilmar-A and Wilmar-P revealed transcriptomic differences that reflect altered 

metabolic preferences of the Wilmar strains compared to laboratory S.ipombe. Moreover, ChIP-seq 

analysis in Wilmar-P confirmed that the core function of Scr1 as a DNA binding transcription factor is 

conserved in Wilmar-P. However significant plasticity with respect to Scr1 target genes, particularly on 

the molasses feedstock, was apparent, suggesting that Scr1 in Wilmar-P has been enhanced and/or 

modified to perform a more central role in metabolism and regulation of the response to the extracellular 

environment. It is possible that repeated passaging of Wilmar-P through the molasses feedstock has 

given rise to these phenotypes. To our knowledge, this study comprises the first detailed genome and 

transcriptome-scale examination of a wild S. pombe isolate used in an industrial setting. 

 

 

5.3.1 Variation existing within in the Wilmar genome highlights the untapped 

potential of novel genetic content within non-laboratory S. pombe strains: 

Historically, S. pombe has been utilised primarily as a model to study eukaryotic cell biology and has 

played only a limited role in biotechnological research and industry. In part, this is because the majority 

of S.ipombe research taking place within the S. pombe 972h- strain background, originally developed as 

a research system by Urs Leopold in the 1950’s (Fantes and Hoffman 2016). As such, our understanding 

of the genetic and phenotypic variation within S. pombe populations is lacking. Considering that 

S.ipombe is a geographically diverse species, it is possible that untapped genomic variation exists in the 

wild that may be of value to industrial processes. Recent studies have emerged in support of this 

hypothesis, with multiple laboratories reporting a striking array of genetic and phenotypic variation 

existing within geographically distinct populations of S. pombe (Brown et al. 2011, Fawcett et al. 2014, 

Jeffares et al. 2015). 
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Table 5.18 Enriched GO terms for Wilmar-P upregulated gene set on molasses. 

GO ID GO Term Type1 Padj Total Genes 

GO:0022857 
transmembrane 
transporter activity 

MF 1.41E-03 12 
bfr1, caf5, ccc2, cob1, cox1, 
cox2, cox3, mfs2, SPAC23D3.12, 
SPAC4G9.20c, SPBC887.17, thi9 

GO:0070069 cytochrome complex CC 7.56E-03 4 cob1, cox1, cox2, cox3 

GO:0009055 electron carrier activity MF 9.28E-03 4 cob1, cox1, cox2, cox3 

GO:0098803 respiratory chain complex CC 1.62E-02 4 cob1, cox1, cox2, cox3 

GO:0045333 cellular respiration BP 1.97E-02 5 cob1, cox1, cox2, cox3, gpa2 

GO:0055114 
oxidation-reduction 
process 

BP 2.29E-02 6 
atd1, cob1, cox1, cox2, cox3, 
gpa2 

GO:0022904 
respiratory electron 
transport chain 

BP 2.62E-02 4 cob1, cox1, cox2, cox3 

GO:0015074 DNA integration BP 3.33E-02 3 Tf2-11, Tf2-7, Tf2-8 

GO:0015980 
energy derivation by 
oxidation of organic 
compounds 

BP 3.78E-02 5 cob1, cox1, cox2, cox3, gpa2 

GO:0016491 oxidoreductase activity MF 3.97E-02 10 

atd1, cob1, cox1, cox2, cox3, 
SPAC750.08c, SPAC8E11.10, 
SPBC12C2.04, SPBC23G7.10c, 
SPCC4B3.06c 

GO:0009060 aerobic respiration BP 4.01E-02 4 cox1, cox2, cox3, gpa2 

GO:0022891 
substrate-specific 
transmembrane 
transporter activity 

MF 4.33E-02 9 
caf5, ccc2, cob1, cox1, cox2, 
cox3, SPAC4G9.20c, SPBC887.17, 
thi9 

GO:0015002 
heme-copper terminal 
oxidase activity 

MF 4.41E-02 3 cox1, cox2, cox3 

GO:0043140 
ATP-dependent 3'-5' DNA 
helicase activity 

MF 4.41E-02 3 mcm6, tlh1, tlh2 

GO:0004129 
cytochrome-c oxidase 
activity 

MF 4.41E-02 3 cox1, cox2, cox3 

GO:0016676 

oxidoreductase activity, 
acting on a heme group of 
donors, oxygen as 
acceptor 

MF 4.41E-02 3 cox1, cox2, cox3 

GO:0043138 3'-5' DNA helicase activity MF 4.41E-02 3 mcm6, tlh1, tlh2 

GO:0016675 
oxidoreductase activity, 
acting on a heme group of 
donors 

MF 4.41E-02 3 cox1, cox2, cox3 

1 BP = Biological Process, CC = Cellular component, MF = Molecular function 
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Most recently, Jeffares et al. (2015) analysed the genetic and phenotypic variation existing within 57 

non-clonal S.ipombe isolates, revealing significant sequence-level variation. Integration of SNP data 

from that study revealed that the Wilmar isolates were most similar to strains isolated in Europe, based 

on principal components analysis and hierarchical clustering of SNPs within the Wilmar and Jeffares 

et al. (2015) strains (Figure 5.6A). These results suggest a European origin for the Wilmar isolate, which 

fits with the fact that Chematur Engineering, who originally supplied the Wilmar strain, is based in 

Europe. Analysis from both Jeffares et al. (2015) and the present study showed only weak clustering of 

strains by geography (Figure 5.6). Thus, this prediction should be confirmed by further analysis. Unlike 

the study of Brown et al. (2011), which observed limited phenotypic variation, further characterisation 

of the 57 Jeffares et al. (2015) isolates revealed considerable phenotypic variation, suggesting that 

naturally occurring S. pombe isolates may indeed harbour phenotypes of interest for application in an 

industrial setting.  

 

Considering that S. pombe is increasingly being explored for application in industrial processes, 

including winemaking (Benito et al. 2014, Benito et al. 2016, Mylona et al. 2016), bioethanol (Saithong 

et al. 2009, Choi et al. 2010, Abubaker et al. 2012), heterologous protein production (Idiris et al. 2006, 

Giga-Hama et al. 2007, Abe et al. 2009, Takegawa et al. 2009), and drug discovery (Demirbas et al. 

2011), it is of considerable interest to perform similar profiling of a range of S.ipombe isolates for 

industrially relevant phenotypes, as this may identify new strains suitable for application in the 

industrial setting. In a recent study, Benito et al. (2016) described a profiling study of 75 S. pombe 

strains isolated from a globally diverse range of environments for phenotypes relevant to winemaking. 

The authors identified three strains exhibiting promising oenological phenotypes including increased 

malic acid deacidification, and reduced accumulation of biogenic amines and ethyl carbamate 

precursors, indicating that, at least for winemaking, wild S. pombe strains are a promising reservoir for 

favourable genetic variation. Moreover, an earlier study detailed the isolation and characterisation of a 

wild S.ipombe isolate, CHFY0201, which exhibited ~83% theoretical ethanol yield from a liquefied 

cassava feedstock and so was proposed as a suitable platform for bioethanol production (Choi et al. 

2010). While the Benito et al. (2016) and Choi et al. (2010) studies did not perform any molecular 

analysis to identify the genetic basis of the variation described, both studies indicate that a potential 

treasure trove of as yet, untapped genetic variation exists within non-laboratory S. pombe isolates that 

is ripe for further exploration. 

 

Profiling of other types of genetic variation, such as gene gain and loss events, in naturally occurring 

isolates may also lead to novel findings. Genome resequencing and de novo assembly of the Wilmar 

strain genomes identified 29 protein-coding genes that have been lost completely or partially (i.e. 

predicted to be non-functional) within the Wilmar background. Gene gain was of particular interest to 

this study, with the finding that the Wilmar-A and Wilmar-P genomes contained ORFs with near-perfect 
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amino acid sequence identity to genes from S. octosporus (Table 5.3, Table 5.10). One region in 

particular (Wilmar-P contigs #181 & #691, Wilmar-A contigs #22 & #23) contained 10 putative 

S.ioctosporus ORFs syntenic with those found in the native S.ioctosporus genome, suggesting that 

horizontal gene transfer (HGT) has occurred between the two species somewhere along the lineage of 

the Wilmar strain (Figure 5.11A). HGT commonly occurs in prokaryotes, but is rare in fungi, and the 

mechanisms underlying the process are not well understood (reviewed in, Keeling and Palmer 2008, 

Fitzpatrick 2012). The near perfect sequence identity of the putative S.ioctosporus sequences within the 

Wilmar background suggests that this putative HGT event has occurred relatively recently, but before 

the onset of use of the Wilmar strain for industrial bioethanol production, as both Wilmar-A and 

Wilmar-P contain the same S. octosporus-related genetic content. Analysis of a putative S. octosporus 

alcohol dehydrogenase encoding sequence within Wilmar-P showed clear incongruency between the 

gene tree and the predicted Schizosaccharomyces species tree (Rhind et al. 2011), lending further weight 

to this HGT hypothesis (Figure 5.11B). Jeffares et al. (2015) found 17 putative additional genes 

amongst the 57 isolates with varying degrees of sequence identity to homologs in other Ascomycete 

fungi, however none of these occurred in syntenic blocks, or possessed such strong sequence 

conservation to Schizosaccharomycete genes as those observed in the Wilmar isolates. Since few 

genuine instances of HGT have been described in S.ipombe to date, further work is required to confirm 

the origins of these additional sequences in the Wilmar isolates. In particular, additional whole genome 

sequencing of the Wilmar strains using long read or large insert (a.k.a. mate-pair) library technology 

will allow improved genome de novo assembly and precise localisation of these novel genetic elements 

within the Wilmar strain genomes. This seemingly novel discovery of genomic admixture between 

Schizosaccharomycete species suggests new avenues for genetic variation to arise in S. pombe that may 

impact survival in different environments and/or performance in the industrial setting. It is now of 

interest to search within the genomes of greater numbers of wild and industrial S.ipombe isolates for 

similar gene gain events. Furthermore, since the functional significance of these additional genes in the 

Wilmar background is unclear, it is also of interest to delete these regions, and examine fitness changes 

in the Wilmar strains across multiple growth conditions. 

 

In contrast to S. pombe, several instances of novel genetic elements existing within industrial 

S.icerevisiae strains have been reported (Borneman et al. 2008, Novo et al. 2009, Borneman et al. 2011). 

A study by Borneman et al. (2011) described multiple novel ORFs existing in S. cerevisiae wine and 

beer strains that are not present in the S228c reference strain and are predicted to impact industrially 

relevant phenotypes. One such gene is RTM1, which is present in multiple distillery strains and was 

shown previously to enhance resistance to molasses toxicity (Ness and Aigle 1995). Although the 

mechanism of Rtm1-derived resistance to molasses has not been fully elucidated, the gene is associated 

with telomeric SUC loci and is often present in multiple copies in S.icerevisiae distillery strains 

(reviewed in, Manente and Ghislain 2009). Furthermore, no clear S. pombe ortholog of RTM1 has been 
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described. A separate study functionally characterised the FSY1 gene, encoding a high affinity fructose 

symporter that is thought to have been horizontally acquired from Saccharomyces pastorianus in the 

wine S. cerevisiae strain EC1118, which permitted enhanced growth in fructose as the sole carbon 

source when expressed in a hxt1-7Δ null strain (Galeote et al. 2010). Furthermore, a novel 17kb DNA 

element predicted to encode 5 genes, including two transcription factors, has been described that is 

present in at least 7 wine/beer S.icerevisiae strains (Novo et al. 2009, Borneman et al. 2011). 

Phylogenetic and synteny analysis suggested that this cluster appears to have been horizontally 

transferred from Zygosaccharomyces ballii and is present in up to three copies within individual 

S.icerevisiae wine/beer strains (Borneman et al. 2011). Like the S. octosporus regions within the Wilmar 

isolates, genes within this cluster showed near-perfect nucleotide sequence identity to their Z. ballii 

orthologs suggesting that horizontal transmission of large DNA elements may be a mechanism by which 

novel genetic variation can be generated in microbial eukaryotes.  

 

These studies highlight the potential phenotypic benefits of genomic plasticity and the acquisition of 

novel genetic content, although such events may be more prevalent in S. cerevisiae than S. pombe due 

to an increased propensity for genomic structural and copy number variation (reviewed in, Gorter de 

Vries et al. 2017). S. pombe spends most of its lifecycle in a haploid state, only entering a transient 

diploid state during stress-induced meiosis (Hoffman et al. 2015). In contrast, S.icerevisiae readily 

mates in nutrient rich conditions and can exist vegetatively in diploid form, requiring a nutrient-stress 

signal to undergo meiosis (Duina et al. 2014). Furthermore, stable triploid and polyploid S. cerevisiae 

strains have been isolated or created in the laboratory, and other events, such as dioecy, specific 

aneuploidies, and intraspecific hybridisation have been recorded in industrial or wild isolates (Al Safadi 

et al. 2010, Bellon et al. 2013, Gallone et al. 2016, Zhang et al. 2016, Zhu et al. 2016, Krogerus et al. 

2017). Analysis of S. cerevisiae strains following evolutionary engineering (adaptive laboratory 

evolution) experiments, whereby strains are selected for improved growth following sustained exposure 

to a defined stress condition(s), have revealed large scale copy number changes that in some cases have 

been directly linked to the strain phenotype (reviewed in, Gorter de Vries et al. 2017). Thus, there appear 

to be multiple mechanisms by which S. cerevisiae can generate genetic variation to promote adaptation 

and survival in response to environmental challenges in natural or industrial contexts. 

 

Such options may not be available to obligately haploid cells, which raises the question of how diversity 

arises in the S. pombe species. Although this question has not been explored in depth, the observed 

plasticity at telomeric sequences in the Wilmar background might suggest a mechanism by which 

S.ipombe can acquire novel genetic elements that may impact industrially relevant phenotypes. One 

study by Brown et al. (2011) analysed a collection of 84 S. pombe isolates (81 natural isolates and 3 

laboratory strains), discovering significant karyotypic variation amongst distinct populations of S. 

pombe, including extensive rearrangement of subtelomeric DNA and translocation of ribosomal DNA 
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(rDNA) repeat regions from chromosome III to other chromosomes. That study also described increased 

rearrangement of genomic DNA around telomeres, which is consistent with the observed structural 

variation in chromosome II, and zero-coverage regions at the subtelomeres of chromosome II in both 

Wilmar-A and Wilmar-P (Figure 5.4). Furthermore, a large duplication of a subtelomeric region in 

chromosome III was observed in Wilmar-P that contained, amongst others, the ght5+ and ght6+ genes 

(Figure 5.7, 5.8). These observations support the hypothesis that genome plasticity, particularly at 

telomeres, may be a key mechanism driving increased genetic variation in wild S. pombe populations. 

It is also intriguing that the Wilmar-P contigs #181 and #691, described above as being highly conserved 

and syntenic to equivalent regions in S. octosporus, appear to originate from a subtelomeric region of 

S.ioctosporus supercontig 6.3 (Figure 5.11A). Brown et al. (2011) were able to pinpoint specific 

genome rearrangement events using a series of centromere proximal and distal probes in Southern blot 

experiments following PFGE separation of whole chromosomes from several wild S. pombe isolates. 

Although the nature of the genomic rearrangements within the Wilmar isolates was not investigated in 

this study, it is of interest to determine the exact nature and location of genomic rearrangements in the 

Wilmar background. Further long read/long insert genome sequencing, as described above, is required 

to answer these questions. Perhaps more important is understanding whether these events have any 

phenotypic effect in the industrial or laboratory setting. Thus, further work to specifically delete these 

regions from the Wilmar background, or re-engineer them in a laboratory background, is needed to 

determine the biological consequences of these rearrangements, and provide a functional explanation 

for this plasticity at S.ipombe telomeres.  

 

 

5.3.2 The transcriptional profile of the Wilmar background is distinct from laboratory 

S. pombe and reflects altered metabolic preferences: 

As S. pombe usage in the industrial setting continues to grow, demand for strains exhibiting novel and 

industrially favourable phenotypes will increase. Although studies investigating genetic and phenotypic 

variation within wild S. pombe isolates are a step in the right direction, functional knowledge of how 

this variation impacts gene expression at the transcriptomic level, particularly in industrially relevant 

strains, is required. To this end, RNA-seq was utilised to generate genome-wide transcriptional profiles 

of Wilmar-A and Wilmar-P in YES media in a range of carbon conditions.  

 

On a genome-wide level, few genes were significantly differentially expressed between Wilmar-A and 

Wilmar-P in YES media (Table 5.16, Figure 5.20). However, the genome-wide transcriptional profiles 

of each strain suggested subtle differences between Wilmar-A and Wilmar-P that were not significant 

at the thresholds used in this study (Figure 5.21A). In contrast, a range of genes were significantly 

differentially expressed in Wilmar-A and Wilmar-P compared to laboratory S. pombe, suggesting the 
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Wilmar isolates possess a distinct transcriptomic signature (Figure 5.21). In particular, transposon 

encoding sequences (Tf elements) were upregulated in both Wilmar-A and Wilmar-P strains in YES 

media compared to laboratory S. pombe in both glucose and glucose-deficient conditions (Figure 5.22, 

5.23). Previous studies have shown that the laboratory S.ipombe genome contains only Tf-type 

transposable element family members, of which 13 copies are apparent (Bowen et al. 2003). Analysis 

of transposon integration events in 56 non-clonal S.ipombe isolates revealed over 1000 LTR insertion 

sites, 78% of which were not present in the Leupold 972h- reference strain (Jeffares et al. 2015). Many 

of these insertion sites were found upstream of the TSS of genes. In particular, stress response genes 

were disproportionately targeted by retrotransposon integration events suggesting transposon insertion 

upstream of these genes may be advantageous to survival under environmental stress conditions (Guo 

and Levin 2010, Feng et al. 2013). Considering that exposure of Wilmar-P to the molasses condition 

during the industrial fermentation process has likely involved the activation of stress response pathways, 

it is possible that this process has resulted in increased transposon activity in the Wilmar-P strain. 

However, the same is not true for Wilmar-A, which has had limited molasses exposure (Figure 5.1A). 

Therefore, it is possible that stressors experienced by Wilmar-A prior to its use in the Wilmar Ltd. 

fermentation environment has resulted in the increased transposon activity observed in both Wilmar 

strains, which may have impacted their transcriptional profiles. It is unclear whether Tf-type 

transposons are more highly expressed in the Wilmar strains compared to laboratory S. pombe, or that 

there are simply more copies of transposons in these strains. For future work, it will be necessary to 

investigate the transposon burden in Wilmar-A compared to Wilmar-P to determine the impact of 

exposure to the industrial molasses environment on transposition events, as this may have yet unforseen 

effects on the biology of the Wilmar strain. Since previous work has shown a putative bias for 

transposon insertions upstream of stress response genes (Guo and Levin 2010, Feng et al. 2013), it will 

also be of interest to correlate transposition events with expression levels of these genes, particularly 

considering the significantly altered expression of key stress pathway genes, including ste11+, map1+, 

srk1+, and clr5+, in Wilmar-P in molasses (Figure 5.28A).  

 

In both Wilmar-A and Wilmar-P, 8 genes showed increased depth of coverage consistent with copy 

number variation (Table 5.7). One of these genes, mal1+, showed surprising inconsistency in read 

coverage across the length of the gene CDS (Figure 5.9C). Later de novo assembly of the Wilmar-P 

genome revealed sequences not present in the laboratory S. pombe genome encoding three mal1+ like 

repeats (Table 5.10). This inconsistency in read coverage could therefore be due to mismapping of 

sequence reads between these repeats and the endogenous gene. Given that mal1+ showed reduced 

expression in Wilmar-P compared to laboratory S. pombe across all conditions tested (Figure 5.19A, 

Appendix 5.8), it is also possible that this locus has been damaged by duplication and/or rearrangement 

events in the Wilmar strain.  
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Another of these genes, the copper transporting ATPase, ccc2+ showed consistent upregulation in both 

Wilmar isolates compared to laboratory S.ipombe across all carbon conditions tested, including 

molasses (Figure 5.19A, 5.28A). Copper is a core nutrient that plays an important role as a cofactor for 

many processes in eukaryotes, including aerobic respiration, iron homeostasis, detoxification, and 

assimilation of carbon and nitrogen sources (reviewed in, Kim et al. 2008a), but in excess is known to 

be inhibitory to yeast growth and fermentation (Peña et al. 1998). Supporting this knowledge, loss of 

the S. cerevisiae ccc2+ homolog, CCC2, negatively affects both iron uptake and aerobic respiration 

(Yuan et al. 1995). Although the function of ccc2+ has not been extensively studied in S.ipombe, 

additional copies of ccc2+ may improve the ability of the Wilmar strains to resist potentially increased 

concentrations of copper within molasses feedstocks, or to more efficiently acquire and/or utilise 

available copper within the industrial environment to maintain metabolic homeostasis. ccc2+ was shown 

by Brown et al. (2011) to be duplicated in the clonal isolate clusters NOTT 141, NOTT 143, and in the 

independent isolate CBS 2777 suggesting that amplification of the ccc2+ locus may be a recurring 

feature of non-laboratory S.ipombe strains. It will be interesting to study ccc2- loss of function in the 

Wilmar background in the molasses condition, as increased expression of aerobic respiration and 

electron transport chain genes was observed in Wilmar-P (Figure 5.28A).  

 

Analysis of the expression patterns of central carbon metabolism (CCM) genes revealed differences in 

gene expression between the Wilmar isolates and laboratory S. pombe suggesting altered regulation of 

CCM in the Wilmar background (Figure 5.24). Hexose transport genes (particularly ght1+ and ght5+, 

the major hexose transporter in S. pombe (Saitoh et al. 2015)), invertase (inv1+), glycerol dehydrogenase 

(gld1+) and genes involved in the pentose phosphate and fermentation pathways (zwf2+, pdc101+, 

pdc102+)  were significantly upregulated in Wilmar-A and Wilmar-P, compared to laboratory S. pombe, 

in glucose or sucrose conditions (Figure 5.24B). Intriguingly, many of these genes were found to be 

targets of Scr1 in both Wilmar-P and laboratory S.ipombe under these conditions, suggesting that CCR 

has potentially been modified in the Wilmar background, or that the Wilmar strains possess reduced 

sensitivity to CCR. Interestingly, expression of the inv1+ and ght5+ genes were further increased in 

Wilmar-P relative to Wilmar-A, suggesting that additional modifications to the regulation of these genes 

have taken place in Wilmar-P. Specific to Wilmar-P was a duplication in the right arm of chromosome 

III containing 38 protein-coding genes, including ght5+, which might explain its increase in expression 

compared to Wilmar-A (Figure 5.7, 5.8). Indeed, many genes within this duplicated region in Wilmar-

P showed increased expression compared to Wilmar-A across the carbon conditions tested (Figure 

5.19B). Although differences in the genes regulated by CCR between laboratory and industrial strains 

of S. pombe or other eukaryotic microorganisms has not been investigated in detail, differences in the 

expression of genes involved in CCM have been well documented in industrial isolates of S.icerevisiae, 

T. reesei, and K. marxianus (Druzhinina et al. 2006, Li et al. 2010, Gao et al. 2015, Huang et al. 2016). 
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Together these studies suggest that CCM processes are modulated in response to different 

environmental contexts and so are an important aspect of eukaryotic adaptation to industrial processes.  

 

Such phenotypes are thought to be the result of strain domestication via human associated selection. 

Multiple studies in S. cerevisiae have revealed an association between strain domestication and 

industrially favourable phenotypic variation, including changes in gene expression, metabolism, colony 

morphology, genome structure, genome copy number, and transposon activity (Fay and Benavides 

2005, Hyma et al. 2011, Wohlbach et al. 2014, Samani et al. 2015, Gallone et al. 2016, Yue et al. 2017). 

For example, many S. cerevisiae beer strains exhibit hallmarks of domestication including increased 

stress tolerance and reduced sexual reproduction (Gallone et al. 2016). The subtle differences in gene 

expression observed between Wilmar-A and Wilmar-P in YES media (Figure 5.21A), together with the 

improved phenotypes of Wilmar-P (Figure 5.2) might indicate the beginnings of domestication in 

Wilmar-P. In support of this hypothesis, significant upregulation of stress tolerance genes such as bfr1+, 

and repression of sexual reproduction genes, such as ste11+ were observed in Wilmar-P compared to 

laboratory S. pombe in the molasses condition (see below, Figure 5.28A). For future work, it will be 

important to validate these findings by also examining Wilmar-A transcription in the molasses 

condition. This work will provide critical information regarding the specific transcriptional changes that 

have occurred in Wilmar-P due to molasses exposure. 

 

 

5.3.3 Scr1 regulatory plasticity suggests potentially novel roles for CCR, particularly 

in response to the molasses environment:  

In the molasses condition, Wilmar-P showed a significantly altered gene expression profile compared 

to laboratory S. pombe (Figure 5.28A, Table 5.16). Specifically, genes involved in respiration and the 

electron transport chain were upregulated in Wilmar-P, suggesting that the Crabtree effect may be 

attenuated in Wilmar-P in molasses and flux through the TCA cycle and electron transport chain 

increased. Since Scr1 is a major determinant of the Crabtree effect in S. pombe (Chapter 3), one 

explanation for this observation could be that Scr1 activity is decreased in the molasses condition in 

Wilmar-P. However, Scr1 ChIP-seq experiments showed expanded activity of Scr1 in molasses, with 

an additional 123 protein-coding genes uniquely bound by Scr1 in Wilmar-P but not the laboratory 

strain (Table 5.12, Figure 5.25A). Together, these results indicate enhanced regulatory roles for Scr1 in 

the Wilmar-P strain. What has caused this significant increase in the number of Scr1 targets in Wilmar-

P in the molasses condition? Given that this response appears specific to molasses, it is unlikely that 

NS-SNPs in Wilmar-P scr1+ resulting in altered protein function, or SNPs in gene promoters generating 

novel Scr1 binding sites, as shown previously in Saccharomyces species (Schaefke et al. 2015), are 

valid explanations for this phenomenon. Instead, the findings of this study suggest that Scr1 is 
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modulated differently in Wilmar-P compared to laboratory S. pombe. It is possible however that the 

post-translational functions of Scr1, including physical associations with other proteins, are affected by 

NS-SNP mutations in Wilmar-P scr1+ specifically in the molasses environment. This hypothesis 

requires further direct investigation in the Wilmar background. 

 

CCR is known to affect the efficiency of industrial fermentation processes that utilise mixed sugar 

feedstocks (e.g. molasses) as it limits simultaneous fermentation of preferred and non-preferred carbon 

sources (reviewed in, Barnett and Entian 2005). Previous studies have focussed on deleting/mutating 

the genes encoding CCR effectors for the improved production of products of value, including biofuels 

and recombinant proteins (Klein et al. 1996, Nakari-Setälä et al. 2009b, Nakari-Setälä et al. 2009a, 

Portnoy et al. 2011, Lin et al. 2014, Zou et al. 2015). For example, knocking out S.icerevisiae MIG1, 

alleviated the CCR of genes required for metabolism of maltose in the presence of glucose and enabled 

the simultaneous metabolism of both sugars (Hu et al. 1995, Klein et al. 1996, Lin et al. 2014). In 

T.ireesei, deletion of the CRE1 gene, orthologous to scr1+, in the industrial protein production strain 

VTT-D-80133, resulted in increased heterologous enzyme production (Nakari-Setälä et al. 2009a). 

These studies suggest that genetic engineering in industrial strains can circumvent challenges to process 

efficiency imposed by CCR. However, some studies have shown pleiotropic effects following CCR 

abolition, including adverse effects on growth rate and fermentation performance (Klein et al. 1996, 

Gimeno-Alcañiz and Matallana 2001). These studies are consistent with present findings that CCR is 

involved in the regulation of a range of other processes outside CCM and that the regulatory roles of 

this process may be different in laboratory and industrial contexts. Work in the present study suggests 

that removal of CCR in the Wilmar background is unlikely to result in improved ethanol production on 

the molasses feedstock since laboratory S. pombe cells lacking scr1+ or scr1+, tup11+ and tup12+ failed 

to grow on molasses (Figure 5.2B). Moreover, work in previous chapters showed that CCM, CCR and 

stress responses are closely linked in S.ipombe, with Scr1 playing a key role in the repression of nutrient-

stress induced meiosis in the presence of sufficient glucose (Chapter 3). Thus, Scr1 may be important 

for Wilmar strain growth and stress tolerance in the molasses environment. Studying the phenotype of 

Wilmar-A and Wilmar-P scr1- loss of function mutants on molasses is required to determine the 

importance of Scr1 in the Wilmar background for molasses growth. Additionally, it will be of interest 

to perform ChIP-seq and RNA-seq experiments on laboratory S. pombe and/or the Wilmar strains grown 

in YES media containing molasses as the sole carbon source, as this approach may allow differences 

due to media type (i.e. YES vs molasses) to be decoupled from differences in the genes regulated by 

Scr1 in the different strain backgrounds.   

 

Overall, these findings suggest that the growth environment can significantly alter the regulatory targets 

of Scr1 in S. pombe. However, further work is required to fully elucidate the impact that these changes 

have on the physiology of the cell. An important next step in defining the role of Scr1 will be to study 
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scr1- loss of function in the Wilmar background and other wild S. pombe isolates. It will be also be of 

interest to investigate the localisation of other key transcription factors, such as Rst2 and the Tup/Ssn6 

complex for example, in the Wilmar background to determine whether this enhanced pattern of 

enrichment is unique to Scr1 or is also found in other important regulatory machinery.  

 

5.3.4 The industrial performance of Wilmar-P is in part due to its ability to withstand 

stressors within the molasses environment: 

Tolerance to stress factors within the local environment significantly impacts the efficiency of industrial 

strains (reviewed in, Deparis et al. 2017). Molasses is a complex feedstock that presents multiple 

challenges to growth, including high sugar loading, osmotic pressure, contaminating microorganisms, 

residual toxins and/or chemicals from the sugarcane harvesting process, variable levels of base 

nutrients, minerals, and variable pH levels. Wilmar-P showed a significant growth advantage on 

molasses compared to Wilmar-A and laboratory S.ipombe (Figure 5.2B). In this and previous studies, 

Wilmar-P was also shown to exhibit resistance to increased temperature, the toxic glucose analog 2-

DOG and the DNA damage agent hydroxyurea, suggesting it has developed mechanisms that enable it 

to tolerate these pressures (Figure 5.2A & B, Quenault 2009).    

 

RNA-seq analysis of Wilmar-P grown in molasses revealed significant transcriptomic differences 

compared to the laboratory strain (Figure 5.28A). Importantly, two genes encoding ATP-binding 

cassette type efflux transporters, bfr1+ and caf5+, were significantly upregulated in Wilmar-P on 

molasses (Figure 5.28A, Table 5.18). Overexpression of these genes has previously been associated 

with brefeldin A and caffeine resistance respectively in S. pombe (Nagao et al. 1995a, Nagao et al. 

1995b, Benko et al. 2004). In contrast, loss of bfr1+ function results in sensitivity to a range of drugs 

including caffeine, brefeldin A, cerulenin, clotrimazole, cycloheximide and 4-nitroquinoline oxide 

(Iwaki et al. 2006, Calvo et al. 2009). It is unclear whether the molasses used by Wilmar Ltd. contains 

these, or other substances that might be inhibitory to S. pombe growth, however upregulation of bfr1+ 

and caf5+ potentially improves the ability of Wilmar-P to export toxic substances out of the cell and so 

contribute to the improved growth phenotype of Wilmar-P on molasses compared to Wilmar-A and 

laboratory S.ipombe. Interestingly, bfr1+ and caf5+ were significantly upregulated in Wilmar-A 

compared to laboratory S. pombe on YES media suggesting stress phenotypes may be upregulated in 

Wilmar-A in rich media (Appendix 5.8). Although detailed phenotypic analysis of the Wilmar isolates 

was not a primary focus of this study, future analysis focussing on the growth responses of Wilmar-A 

and Wilmar-P to a range of drugs and stress agents including brefeldin A and caffeine is required to 

confirm the functional impact of the upregulation of bfr1+ and caf5+ in the Wilmar strains. 
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No structural changes were observed at the bfr1+ locus suggesting that this upregulation is most likely 

due to changes at the transcriptional or post-transcriptional levels. Intriguingly, ChIP-seq of Scr1 in 

Wilmar-P and laboratory S. pombe grown on molasses revealed significant enrichment of Scr1 at the 

bfr1+ promoter in Wilmar-P, but not laboratory S. pombe (Figure 5.29A). This enrichment was 

associated with both the increase in bfr1+ mRNA levels, and increased RNA PolIISer5 enrichment (Figure 

5.29A). Both bfr1+ and caf5+ are activated by the Pap1 transcription factor in response to a variety of 

stress signals including oxidative and nutrient stress (Kudo et al. 1999, Madrid et al. 2004, Kim et al. 

2008b, Calvo et al. 2012), however pap1+ expression was unchanged in Wilmar-P in molasses 

(Appendix 5.8). Potentially, the upregulation of bfr1+ in molasses indicates some role for Scr1 in the 

activation of gene expression in the Wilmar-P strain.  

 

Overexpression of ATP-binding type cassette efflux transporters has been associated with increased 

tolerance of S. cerevisiae industrial strains to alkane biofuels and other stressors and, more recently, to 

multi-drug resistance phenotypes in clinical isolates of Candida albicans, suggesting these transporters 

are key to the removal of toxic substances from the cell (Ling et al. 2013, Kell et al. 2015, Popp et al. 

2017, Rocha et al. 2017). For future work, it will be interesting to functionally define the contribution 

of Bfr1, Caf5 and other ATP-binding cassette type efflux transporters to the growth of S. pombe on 

molasses using single/multiple gene deletions in the Wilmar-P background and overexpression of 

bfr1+/caf5+ genes in laboratory S. pombe. From an evolutionary engineering standpoint, it will also be 

of interest to examine the expression of these genes in Wilmar-A grown in molasses to identify any 

specific modifications to their regulation that have occurred in Wilmar-P due to the time it has spent in 

the molasses environment. 

 

Alongside upregulation of efflux transporters, sexual differentiation response genes, ste11+ and map1+, 

and mitogen-activated protein kinase (MAPK) pathway genes, byr1+ and spk1+, were specifically 

downregulated in Wilmar-P compared to laboratory S. pombe on molasses (Figure 5.28A). Previous 

work in S. pombe, S. cerevisiae and C. albicans has shown that the MAPK cascade induces sexual 

differentiation in the presence of stress stimuli (reviewed in, Bahn et al. 2007). Thus, reduced expression 

of MAPK and sexual differentiation genes in Wilmar-P on molasses potentially promotes its ability to 

proliferate under conditions normally associated with cell cycle arrest in the laboratory S. pombe strain 

due to overwhelming stress signals.  

 

Given that Scr1 was not found at the promoters of these genes in Wilmar-P on molasses, this 

downregulation could instead be caused by the silencing factor encoding gene clr5+ (Hansen et al. 2011) 

or any of the other stress response related transcription factors to which Wilmar-P Scr1 was uniquely 

bound in the molasses condition (Figure 5.26). Like bfr1+, clr5+ was significantly upregulated in 

Wilmar-P compared to laboratory S. pombe on molasses (Figure 5.28A). Furthermore, Scr1 was bound 



Chapter 5 

336 

to the clr5+ promoter in Wilmar-P on molasses (Figure 5.29B). Hansen et al. (2011) previously found 

a strong overlap between those genes regulated by Ste11 and Clr5, and that ste11+ itself is also a target 

of Clr5 mediated repression, suggesting that Scr1 may directly play a role in this upregulation of clr5+ 

and, indirectly, the repression of Ste11 and other stress response genes in Wilmar-P in the molasses 

condition. In support of this hypothesis, Wilmar-P Scr1 was not bound to the promoters of MAPK or 

sexual differentiation genes in the molasses condition.    

  

Ultimately, stress responses are the result of a complex interplay between sensory and signalling 

machinery that is still not completely understood despite intense research across multiple eukaryotic 

systems. Stress constitutes a major challenge to the efficiency of industrial processes. Wilmar-P has 

developed an improved ability to withstand these challenges in the molasses environment. However, 

further work is required to discern the true genetic basis behind this phenotype. Future work will benefit 

from additional comparisons between Wilmar-A and Wilmar-P in the molasses environment, as this 

approach will reveal adaptations specific to the Wilmar-P strain. Currently, it is unclear whether the 

transcriptomic variation observed in Wilmar-P on molasses is inherent in the Wilmar background, or 

whether it is the result of specific adaptations that have occurred during the time Wilmar-P has spent in 

the molasses environment. Since both bfr1+ and clr5+ show upregulation and enrichment for Scr1, it is 

also crucial to study the impact of scr1- loss of function in the Wilmar strains, particularly in the 

molasses condition. This analysis may reveal novel functions or modifications to the main CCR effector 

that have occurred in the Wilmar background. Unfortunately, an scr1- knockout could not be generated 

in this study despite multiple attempts using up to 800bp of Wilmar-P scr1+ flanking sequence to target 

the deletion construct (data not shown). It is possible that loss of scr1+ in Wilmar-P more strongly 

impacts viability than in laboratory S. pombe. For future work, other technologies such as CRISPR/Cas9 

could be used to specifically knockout scr1+ in Wilmar-P. CRISPR has already been applied to the S. 

pombe system and provides an alternate strategy for manipulating genes recalcitrant to classical 

knockout techniques (Jacobs et al. 2014, Rodriguez-Lopez et al. 2016).  

 

 

5.3.5 Conclusions and future directions: 

Wilmar-P was shown to possess genomic and transcriptomic variation compared to laboratory S. pombe 

and Wilmar-A as well as modified mechanisms of Scr1 activity, particularly within the molasses 

environment where Scr1 appears to function as both a repressor and an activator at different loci. 

Although the full impact of this variation on the overall metabolism and phenotypic variation of 

Wilmar-P remains to be fully elucidated, it is probable that specific adaptations have occurred along the 

Wilmar linage to produce a strain optimised for growth on the molasses feedstock used by Wilmar Ltd 

for industrial-scale bioethanol production. This adaptation likely comprises modifications to the 
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transcriptional regulation of CCM, which may be inherent in the Wilmar-A strain and have been further 

modified in Wilmar-P, and an improved ability to tolerate stress factors within the industrial molasses 

fermentation environment. Both factors indicate that alterations to the CCR process have likely occurred 

in the Wilmar background and, consistent with this hypothesis, significant plasticity with respect to the 

genes directly regulated by Scr1 in Wilmar-P was observed, particularly in the molasses feedstock. To 

our knowledge, this analysis comprises the first in-depth genomic and transcriptomic characterisation 

of an industrially utilised strain of S.ipombe. This study is therefore an important first step that 

highlights the considerable differences that can exist between industrial fission yeast strains and the 

canonical Leupold 972h- laboratory strain background in the context of carbon metabolism and overall 

gene regulation, and paves the way for future research specifically investigating these processes in S. 

pombe and other industrial microbes of importance. 

 

Future work must investigate whether the observed variation in the Wilmar background is functionally 

relevant in the context of industrial molasses fermentation. Specifically, the phenotypic consequences 

of genomic and transcriptomic variation in the Wilmar strains should be investigated by deleting regions 

of interest and/or re-engineering them in a laboratory S. pombe background. The specific contribution 

of Scr1 to the phenotypes observed in Wilmar-P is also of importance, particularly in the context of 

Scr1 plasticity in the molasses condition, and Scr1 association with actively transcribed genes in 

Wilmar-P in this condition. It is therefore of considerable interest to study Wilmar-A/P cells lacking 

Scr1. Finally, similar genome-wide analyses in other S. pombe industrial strains will provide an 

important point of comparison to the findings within this chapter and may identify recurrent 

modifications that underlie industrial phenotypes of interest. We are now in the post-genomic era for 

many eukaryotic microorganisms, so linking phenotypes of interest to the underlying genomic and 

transcriptomic variation in industrially relevant strains is readily achievable. Furthermore, investigation 

of these strains at the metabolomic and proteomic levels will allow multi-level integration of multiple 

sources of information to achieve a true systems-level understanding of industrially relevant 

microorganisms. Ultimately, it is hoped that these studies will improve our understanding of the genetic 

basis behind industrially relevant phenotypes, and enable advanced metabolic/genetic engineering of 

“designer” strains, which possess improved industrial capabilities.  
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6 Perspectives: 

 
Regulation of transcription is a fundamental mechanism by which eukaryotic cells adapt to intra-and 

extracellular signals. Nutrients, particularly carbon, act as key stimuli that govern transcriptional 

regulatory programs in all organisms, and deficiencies in carbon metabolism can have severe 

consequences on cell viability. In humans, diabetes, some cancers, various neurodegenerative diseases 

and aging have been linked to deficiencies in carbon metabolism and/or energy homeostasis pathways. 

Carbon metabolism is also vital for the virulence of important eukaryotic microbial pathogens such as 

C. albicans or Cryptococcus neoformans (reviewed in, Lee and Munro 2014). Furthermore, carbon 

metabolism is key to the success of many industrial processes such as bioethanol production, which 

relies on efficient fermentation (Chapter 1). Understanding how cells both sense carbon, and regulate 

carbon metabolic processes across different conditions and contexts is therefore a vital area of research 

that will directly impact our ability to recognise, prevent and treat disease as well as develop next 

generation technologies and therapeutics that utilise, manipulate or disrupt, this key aspect of eukaryotic 

biology.  

 

As the principal mechanism regulating carbon metabolism, CCR is a critical process that acts to 

maintain energy homeostasis within microbial eukaryotes. In this study, the CCR mechanism of 

S.ipombe was examined on a genome-wide scale and from this work, three key themes were identified: 

First, that Scr1-mediated CCR regulates a broader transcriptional program under glucose-sufficient 

conditions than previously thought. Second, that initiating and alleviating CCR is a complex regulatory 

process requiring the activity of additional co-regulatory machinery and transcription factors not 

previously thought to function under such conditions. And finally, that the CCR process is adaptable to 

different conditions, as shown by the plasticity with respect to Scr1 target genes in the Wilmar-P isolate 

in molasses, and its association with the promoters of actively transcribed genes in molasses. Together, 

these findings encompass one of the most comprehensive genome-wide analyses of the CCR regulon 

in a eukaryote to date. And from this work, an improved understanding of the genes regulated by the 

CCR process in S. pombe, and the regulatory relationships between factors involved in this process, has 

emerged. These findings will serve as an important base of knowledge for future studies that seek to 

functionally define the CCR process in S.ipombe or other eukaryotes, or that aim to manipulate the 

processes of CCR or central carbon metabolism for therapeutic, pharmaceutical or biotechnological 

purposes.   
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6.1 Scr1 mediates a broad transcriptional program in S. pombe: 

As an organism adapted to a sugar-rich lifestyle, it is crucial that S. pombe cells possess an efficient and 

dynamic mechanism of transcriptional control that responds to the extracellular glucose concentration 

and optimises uptake of glucose from the environment. This study showed that the magnitude of 

transcriptional change in response to glucose availability is consistent with previous high-throughput 

studies in S. cerevisiae, A. nidulans, T. reesei and S. pombe, reaffirming that glucose has a significant 

impact on cellular homeostasis in these microbial eukaryotes (DeRisi et al. 1997, Druzhinina et al. 2006, 

Mogensen et al. 2006, Malecki et al. 2016). Within the context of genes that respond to glucose, the 

Scr1 regulon was defined using combined RNA-seq and ChIP-seq techniques, revealing an array of 

biological processes that are regulated by CCR in S. pombe including alternate carbon source utilisation, 

hexose transport, glycolysis, gluconeogenesis and the TCA cycle (Chapter 3). Scr1 was also linked to 

the regulation of genes in other pathways including reductive iron assimilation, meiosis and the MAPK 

stress response pathway. Thus, CCR is a core regulatory process, which governs these key metabolic 

processes within the broader context of general metabolism in S. pombe (Figure 4.17). Future work that 

aims to functionally define the role of Scr1 in the regulation of specific genes or biological pathways 

will further improve our knowledge of CCR in this organism and may reveal novel associations with 

other regulatory machinery.  

 

Carbon and/or nitrogen limitation forces S. pombe to undergo cell cycle arrest and, if possible, stress-

induced meiosis (Shiozaki and Russell 1996, Luche and Forsburg 2009, Masuda et al. 2016). This 

process is governed by Ste11, which is repressed in the presence of sufficient nutrients (Mata and Bahler 

2006, Mata et al. 2007). Loss of scr1+ resulted in significant upregulation of ste11+ and other key 

meiosis genes including mei2+ and map1+, resulting in ectopic meiosis in carbon and nitrogen sufficient 

conditions (Chapter 3). Thus, a novel role for Scr1 as a repressor of the meiotic response in the presence 

of sufficient glucose was identified. Further ChIP-seq determined that Scr1 does not directly regulate 

ste11+ or other meiosis genes that were upregulated in the scr1- mutant. Instead, CCR and the meiotic 

response in S. pombe appear to be linked via the cAMP-dependent PKA glucose signalling pathway via 

cgs2+, encoding cAMP-specific phosphodiesterase, which directly affects the activities of PKA within 

the cell (Matviw et al. 1993, Wang et al. 2005) and is upregulated in the absence of Scr1 (Chapter 3). 

Although the exact mechanism of CCR involvement in repression of meiosis under glucose-sufficient 

conditions is yet unclear, these results bring the S. pombe glucose sensing (GPCR-cAMP-PKA) and 

signalling (Scr1-mediated CCR) pathways into direct association for the first time. Further analysis of 

the crosstalk between CCR and the glucose-mediated cAMP/PKA signalling pathway is now required 

to fully dissect the overlapping nature of glucose sensing and signalling in S.ipombe and how these 

pathways influence cell fate decisions in response to nutrient availability.  
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6.2 Co-regulatory factors are key to the initiation and alleviation of CCR: 

Roles of the Tup/Ssn6 co-repressor and the Rst2 transcriptional activator in S. pombe CCR were also 

examined in this study (Chapter 4). Scr1 and the Tup/Ssn6 complex were shown to physically interact 

in vitro. Furthermore, Tup11 and Scr1 co-localised at gene promoters in the presence of glucose, 

suggesting that the S. pombe Tup/Ssn6 co-repressor is targeted to gene loci by Scr1. This observation 

is consistent with studies of Mig1 and Tup1/Ssn6 in S. cerevisiae (Treitel and Carlson 1995) and 

confirms that transcription factor and co-repressor dynamics are crucial for CCR in these eukaryotes. 

Moreover, Tup11 was present at almost all Scr1 bound locations in glucose-sufficient conditions 

(Chapter 4). Intriguingly, Tup11 remained at the promoter of the majority of target genes in the absence 

of glucose, and many of these genes were actively transcribed under these conditions, suggesting 

additional roles for Tup/Ssn6 in gene activation. Additional attempts to identify binding partners of 

Tup11 (except for Tup12 and Ssn6) or Scr1 were unsuccessful and so the nature of the Scr1-Tup11 

interaction remains unclear. These difficulties suggest that interactions formed between Scr1 or Tup11 

and other proteins at the gene promoter are likely transient in nature and dynamic in their assembly and 

disassembly. Since Scr1 is known to be rapidly imported and exported from the nucleus in response to 

glucose levels, transiently interacting factors may indeed enable greater flexibility when a rapid 

adaptation response is required by the cell (Hirota et al. 2006).  

 

Rst2 bound to the majority of Scr1 target genes in glucose-starved conditions confirming its role as an 

antagonist of CCR (Chapter 4). These targets included genes involved in hexose transport, carbohydrate 

metabolism, glycolysis, the TCA cycle and gluconeogenesis (Figure 4.17). Thus, Rst2 is an important 

factor for induction of glucose-repressed genes in the absence of glucose. The precise overlap of Scr1 

and Rst2 binding at gene promoters combined with observed similarities in their zinc finger DNA 

binding domains suggests that the two factors share similar DNA binding preferences. Intriguingly, in 

glucose-sufficient conditions, both Scr1 and Rst2 were present at the promoter of genes involved in 

hexose transport, glycolysis, response to nutrient levels and transmembrane transport, suggesting the 

activity of the two transcription factors is not mutually exclusive (Chapter 4). Tup11 was also present 

at these loci suggesting that multiple regulatory components are required at the promoter to ensure 

correct regulation of these genes in response to glucose. Two main explanations are possible for the co-

localisation of Scr1 and Rst2 at these promoters in glucose-sufficient conditions. First, it is possible that 

Scr1 and Rst2 compete at these loci, possibly for control or association with the Tup/Ssn6 complex. 

Supporting this hypothesis, expression of most genes bound by both Scr1 and Rst2 was increased in the 

scr1- mutant background in the glucose condition (Chapter 4). Second, Scr1 and Rst2 may co-operate 

at these loci, potentially enabling the cell to fine-tune gene regulation in response to independent 

environmental signalling pathways or subtle changes in nutrient levels.  
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This potential competition or co-operation between Scr1 and Rst2 at gene promoters in the presence of 

glucose is a fascinating insight into a potentially deeper level of transcriptional complexity employed 

by S. pombe cells to ensure optimal control over gene expression. In eukaryotes, it is common for 

multiple factors to play roles in the regulation of the same gene; however, the specific mechanisms 

behind this process in the context of S. pombe CCR are poorly understood and are likely context 

specific. Therefore, a key next step will be to supplement the knowledge gained in the present study 

with studies that dissect the physical and functional relationships between Scr1 and other factors, such 

as Tup/Ssn6, Rst2 or other cellular machinery that are required for the establishment, maintenance and 

alleviation of CCR. The comprehensive characterisation of the Scr1, Tup/Ssn6 and Rst2 regulons in 

this study provides a strong platform from which to conduct this research and will help to reveal a 

clearer picture of the dynamic nature of carbon metabolism, its regulation by CCR, and interactions 

between CCR and other regulatory processes in S. pombe and potentially in other eukaryotes.  

 

6.3 Transcriptional rewiring of CCR may benefit industrial performance:  

In recent decades, significant research effort has been invested to engineer microbes that can efficiently 

produce molecules of value (reviewed in, Lee et al. 2008, Atsumi and Connor 2010, Lee et al. 2012, 

Peralta-Yahya et al. 2012, Vinuselvi et al. 2012, Nielsen 2013, Steensels et al. 2014). From these efforts, 

a range of studies have been published that describe the genomic and transcriptomic diversity 

underlying phenotypic variation found within commercial and naturally-occurring isolates of 

industrially relevant species (Carreto et al. 2008, Li et al. 2010, Borneman et al. 2011, Babrzadeh et al. 

2012, Dunn et al. 2012, Lewis et al. 2014, Li et al. 2014, Gao et al. 2015, Gallone et al. 2016, McIlwain 

et al. 2016). However, the characterisation of industrial and wild strains of species other than S. 

cerevisiae remains sorely lacking. To our knowledge, this study is the first comprehensive genome-

wide analysis of an industrially relevant S. pombe strain (the Wilmar isolate) used to produce bioethanol 

at commercial scale (Chapter 5). A strength of this study was the analysis of the Wilmar isolate at two 

different evolutionary timepoints: at the onset of the bioethanol production operation, prior to molasses 

exposure (Wilmar-A), and following repeated passaging through the industrial molasses environment 

(Wilmar-P). 

 

Stress tolerance, is a key factor determining the success of industrial fermentations, particularly when 

a complex feedstock such as molasses is utilised (Devantier et al. 2005, Fernández-López et al. 2012, 

Tao et al. 2012). In line with this knowledge, Wilmar-P cells cultured in the molasses feedstock showed 

significant downregulation of stress & mating response marker genes including byr1+ and ste11+ relative 

to laboratory S.ipombe. Additionally, toxin efflux pump encoding genes bfr1+ and caf5+, and 

mitochondrially encoded cytochrome c oxidase components, were significantly upregulated in Wilmar-

P in this condition. Upregulation of efflux transporters may allow Wilmar-P to eliminate toxic 
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compounds from the cell, thus reducing the overall stress burden on metabolic processes. Furthermore, 

increased expression of cytochrome c components indicates an increased throughput through the 

electron transport chain, and suggests that the Crabtree-effect may be reduced in Wilmar-P, which might 

result in increased metabolism of carbon via aerobic respiration rather than by fermentation in the 

molasses condition. Regulatory rewiring of CCM pathways was also evident in the Wilmar background, 

with several key CCM genes, including ght5+ and inv1+ upregulated in Wilmar-P vs. laboratory S. 

pombe, despite the presence of Scr1 at these gene promoters. Together, these results provide 

transcriptomic evidence in support of earlier phenotypic studies that point to Wilmar-P possessing 

increased resistance to stressors and improved growth capabilities within the industrial molasses 

fermentation environment. It is likely that this capability affords Wilmar-P greater capacity to 

proliferate, and likely contributes to its improved industrial performance relative to Wilmar-A and 

laboratory S. pombe.  

 

Intriguingly, expansion of the number of genomic targets of Scr1 in both laboratory S. pombe and 

Wilmar-P was observed in the molasses condition, suggesting that environmental conditions can 

modulate the genes that are regulated by CCR. The expanded Wilmar-P Scr1 regulon encompassed 

metal ion acquisition and multiple transcriptional regulatory genes, many of which are involved in 

induction of stress responses. These observations suggest that the CCR process, although key to 

metabolic homeostasis in S. pombe, is malleable to regulatory rewiring in response to industrial and 

biological pressures. Such adaptation may have occurred in Wilmar-P, resulting in an extension of the 

regulatory impact of CCR to genes involved in cellular stress responses. Contrary to this hypothesis, 

increased gene expression was associated with Scr1 localisation in molasses at key stress tolerance loci 

including bfr1+ and clr5+ in Wilmar-P, but not laboratory S. pombe suggesting that Scr1 may play some 

role in activation of these genes in Wilmar-P (Chapter 5).  

 

Many bioethanol production processes utilise mixed-sugar substrates as a feedstock for fermentation. 

Since it controls the metabolism of alternate carbon sources, CCR directly impacts fermentation 

efficiency and throughput. Genetic engineering of CCR has been proposed as a mechanism for 

bypassing endogenous limitations on carbon source co-utilisation (reviewed in, Ostergaard et al. 2000). 

However simply removing genes encoding key CCR components may have secondary effects 

detrimental to overall industrial performance. Thus, a nuanced understanding of the regulatory systems 

governing carbon metabolism in an organism is required to develop strains optimised for ethanol 

production. By coupling multiple high throughput sequencing approaches, this study provides insight 

into the regulatory differences in CCR between industrial and laboratory fission yeast isolates. Results 

of this study will no doubt be of benefit to future research in S. pombe and other eukaryotes particularly 

in the context of understanding of how these organisms perceive and react to changes in their 

environment on a transcriptional level and how the regulatory mechanisms governing this process differ 
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in industrial isolates. Furthermore, continued sequencing coupled with phenotypic analysis of industrial 

and naturally occurring S.ipombe isolates will form an important part of future research investigating 

the links between genotypic and phenotypic variation. Ultimately, this research will be important to 

determine the genetic basis of favourable phenotypes in naturally occurring S. pombe isolates and to 

engineer S. pombe strains that exhibit improved industrial performance. 

 

6.4 Developing a holistic understanding of CCR in eukaryotes: 

Since the initial discovery of Mig1 (Nehlin et al. 1991), a plethora of studies have revealed a highly 

detailed picture of the CCR mechanism of S. cerevisiae (see reviews, Gancedo 1998, Rolland et al. 

2002, Barnett and Entian 2005, Gancedo 2008, Kayikci and Nielsen 2015). Though less well studied, 

findings in other eukaryotes such as C.ialbicans, C. neoformans, T. reesei, A. nidulans, and now 

S.ipombe, suggest that CCR impacts cellular metabolism on a broad scale and is a key factor in virulence 

or industrial performance in many species (Zaragoza et al. 2000, Murad et al. 2001a, Westholm et al. 

2008, Portnoy et al. 2011, Caza et al. 2016). Thus, there is significant impetus to further our knowledge 

of CCR in these and other important fungi to develop a holistic understanding of CCR in eukaryotes.  

 

The utilisation of high-throughput sequencing to study transcriptional processes has revolutionised our 

ability to understand on a genome-wide scale, gene regulatory networks such as CCR. The combination 

of genetic techniques and mutant analysis with RNA-seq, ChIP-seq, and whole genome sequencing in 

this study provided key insight into the CCR regulon in S. pombe compared to previous studies in other 

fungi that have utilised array based methods. Continued application of these technologies will enable 

comparative pan-species analyses of transcriptional regulatory networks and will identify aspects of the 

CCR mechanism that are conserved, and which are crucial for certain phenotypes. However, since 

transcription is not always correlated with protein expression or metabolite levels in eukaryotic cells 

(Gygi et al. 1999, Gry et al. 2009, Maier et al. 2009, Payne 2015), integrating these studies with high-

throughput metabolomic and/or proteomic approaches, such as those described previously in S. pombe 

(Matsuyama et al. 2006, Pluskal et al. 2010, Klein et al. 2013), is required to understand the dynamic 

regulatory networks that are controlled by CCR and the roles of individual factors within this process 

at the post-translational level. Bringing together multiple layers of insight in this fashion will allow the 

development of a system-wide understanding of CCR and its control over metabolic processes in 

S.ipombe (reviewed in, Wang 2017). Together, this information will allow inferences to be made 

regarding the functional impact of individual components of the CCR mechanism on the overall biology 

of the S. pombe cell and may reveal new avenues of research to target individual components, or 

combinations thereof, for therapeutic or industrial benefit.  
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Comparing genome-wide datasets in these simple organisms with studies in higher eukaryotes, 

including mammalian systems, will also be key to the development of novel and improved therapies for 

a range of conditions that arise due to malfunctions in CCM pathways. For example, there is renewed 

interest in the development of small-molecule inhibitors for key glycolytic components to combat the 

Warburg (a.k.a Crabtree) effect exhibited by many cancers (reviewed in, Pelicano et al. 2006, Wong et 

al. 2017). Since many components of mammalian cells key to these processes are conserved in yeasts 

such as S. pombe, these organisms are an important staging ground to design and test novel therapeutic 

inhibitors of factors key to this process. Improved system-wide knowledge of metabolic processes in S. 

pombe and other model systems will therefore improve our ability to produce therapeutics, which may 

reduce the societal and economic burden of cancer and other chronic diseases.     

 

In addition, the novel roles for Scr1 in the Wilmar-P strain with respect to the genes that are subject to 

repression in the industrial molasses feedstock that were discovered in this study suggests that there is 

still far more to learn about the complexity and plasticity of transcriptional regulatory networks within 

fission yeast, and indeed eukaryotes at large, across both environmental and genetic contexts. In higher 

eukaryotes, including humans, Drosophila and Caenorhabditis species, initiatives such as ENCODE 

and modENCODE have set about comprehensively characterising regulatory elements across a range 

of conditions and genetic backgrounds (reviewed in, Brown and Celniker 2015, Qu, 2013). Currently, 

similar initiatives do not exist for yeasts, despite the immense power of yeast genetics and the potential 

to couple such datasets with genome-wide deletion sets and genetic interaction maps that already exist 

for these organisms (Kim et al. 2010, Giaever and Nislow 2014, Costanzo et al. 2016). This deficiency 

represents a missed opportunity to further enhance our understanding of gene regulation in microbial 

eukaryotic species, including S. pombe and S. cerevisiae, and define to a much higher resolution the 

regulatory factors that influence and control the CCR response in these organisms. 

 

Overall, the combined application of genetic, biochemical and high-throughput sequencing approaches 

provided important and much needed insight into the CCR mechanism in S. pombe. In particular, this 

study has characterised the genes that are regulated by CCR and the dynamic nature of CCR 

establishment across a range of environmental conditions and S. pombe genetic backgrounds. Despite 

the numerous questions that have stemmed from this work, it is now clear that in S.ipombe, CCR forms 

a core regulatory network that responds to glucose primarily at the transcriptional level to facilitate the 

regulation of a range of metabolic processes in both laboratory and industrial strain contexts. Thus, this 

study provides an important platform for future investigations into the CCR process in S. pombe, 

particularly in the context of Scr1, Tup/Ssn6 and Rst2 and their role in the regulation of central carbon 

metabolism and the cellular energy economy. 
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8 Appendices:  

 

The Appendices of this thesis have been included in electronic format due to the large amount of data 

generated during this study.  

 

The below guide details the contents of the appendices. 

 

 

Appendix 1 - Methods 

Contains methods and maps of plasmids used during this study. 

    A1.1    Oligonucleotides used in this study 

    A1.2    Maps of plasmids used in this study 

    A1.3    ChIP-seq library construction full method 

    A1.4    Tandem affinity purification full method 

    A1.5    Chromatin immunoprecipitation full method 

    A1.6    Complete list of RNA-seq samples described in this study 

    A1.7    Complete list of ChIP-seq samples described in this study 

    A1.8    Data QC for laboratory S. pombe and scr1- mutant background RNA-seq  

    A1.9    Data QC for Wilmar-A and Wilmar-P RNA-seq  

    A1.10   Data QC for ChIP-seq performed in laboratory S. pombe    

    A1.11   Data QC for ChIP-seq performed in the Wilmar background 

 

 

Appendix 2 - Scripts 

Contains bioinformatic scripts developed during this study for the analysis of RNA-seq, ChIP-seq and 

Whole genome sequencing datasets. 

    A2.1    RNA-seq analysis scripts 

    A2.2    ChIP-seq analysis scripts 

    A2.3    Whole genome sequencing analysis scripts 
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Appendix 3 - Chapter 3 Appendices 

Contains appendices pertaining to Chapter 3 of this thesis.  

    A3.1    Wild type S. pombe vs wild type S. pombe RNA-seq differentially expressed genes 

    A3.2    Wild type S. pombe vs wild type S. pombe RNA-seq differentially expressed ncRNAs 

    A3.3    Wild type S. pombe, scr1::ura4+ and scr1Δ FPKMs per condition 

    A3.4    Wild type S. pombe vs scr1- mutant background RNA-seq differentially expressed genes 

    A3.5    Wild type S. pombe vs scr1- mutant background RNA-seq differentially expressed ncRNAs 

    A3.6    Scr1 ChIP-seq regions of erroneous enrichment in the glucose-starved condition 

    A3.7    Scr1 ChIP-seq unique peak calls in glucose and sucrose conditions 

    A3.8    Scr1 ChIP-seq complete results 

    A3.9    Analysis of Scr1 enrichment at ght5+  

 

Appendix 4 - Chapter 4 Appendices 

Contains appendices pertaining to Chapter 4 of this thesis. 

    A4.1    Tup11 ChIP-seq complete results 

    A4.2    Scr1 Y2H pairwise and screen analysis results 

    A4.3    Scr1 independent Tup11 target genes 

    A4.4    Rst2 ChIP-seq complete results 

    A4.5    Genome features bound by Scr1, Tup11 and Rst2 

    A4.6    Genome features bound by Tup11 and Rst2 

 

Appendix 5 - Chapter 5 Appendices 

Contains appendices pertaining to Chapter 5 of this thesis. 

    A5.1    Wilmar-A and Wilmar-P WGS zero coverage regions 

    A5.2    Complete list of Wilmar background SNPs and INDELs 

    A5.3    Analysis of additional contig sequences and ORFs in the Wilmar background 

    A5.4    Construction of Wilmar-P Scr1-TAP strain  

    A5.5    Wilmar-P Scr1 ChIP-seq complete results 

    A5.6    Reproducibility of peak calls between laboratory S. pombe and Wilmar-P Scr1 ChIP-seq 

    A5.7    Wilmar-A vs Wilmar-P RNA-seq complete results 

    A5.8    Laboratory S. pombe vs Wilmar-A & Wilmar-P RNA-seq complete results 
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