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Abstract 
 

The human gut microbiome is a vast ecosystem of microorganisms that play an important 
role in human metabolism, immunological function, and even inflammatory gut diseases. 
Metagenomics research on the human gut microbiome has demonstrated the presence of DNA from 
dietary yeast species like Saccharomyces cerevisiae. However, it is unknown if the S. cerevisiae 
detected in metagenomics studies is solely from dead dietary sources or if they can live and 
colonize the human gut like their close relative Candida albicans. While S. cerevisiae can adapt to 
low oxygen and acidic environments, it has yet to be explored whether it can metabolize mucin, 
the primary carbon source found in the mucus layer of the human gut. Mucins are large, gel-
forming, highly glycosylated proteins that make up a majority of carbohydrate sources in the gut 
mucosa. This work determined that S. cerevisiae can utilize mucin as their main carbon source 
which results in a significant reduction in cell size. Additionally, an aspartyl protease named Yps7, 
part of a family containing known homologues to mucin-degrading C. albicans proteins in S. 
cerevisiae, is important for growth on mucin media. To further identify biological pathways 
required to grow optimally in mucin, both a transcriptome analysis on wild type cells (BY4743) 
and a chemogenomics screen was performed. In total, 2131 genes demonstrated significant 
differential expression in mucin media, and 30 genes upon their deletion impacted their growth on 
mucin. Both these screens suggest that mitochondrial function is required for proper growth in 
mucin, which was further elucidated by the change in mitochondrial morphology and oxygen 
consumption in yeast cells upon mucin treatment. Indeed, the uncharacterized open reading frame 
YCR095W-A is required for growth on mucin as the deletion mutant showed dysfunction in 
mitochondrial morphology and cellular respiration, further suggesting a potential role in 
mitochondrial function. Importantly, this project serves as the initial step towards establishing if 
our most common dietary fungus can survive in the mucus environment of the human gut.  
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1.0 Introduction 

 

1.1 The human gut microbiome 

 

The human gut microbiome is a vast community of microorganisms that are involved in the 

homeostasis of our gut physiology, metabolism and nutrient uptake, and even immune system 

functionality1,2. Since the Human Microbiome Project, many more data extensive studies focusing 

on the gut microbiome have been conducted to elaborate on how human genetics and microbial 

interactions affect our health3–5. These projects include highly regarded metagenomics initiatives 

like the European Metagenomics of the Human Intestinal Tract (MetaHIT)6, the American gut 

microbiome analysis of lean and obese twins7 and the Japanese gene ontology analysis of the gut 

microbiome8. The major finding from these hallmark studies was to not think of the microbiome 

in terms of only microbial composition, but also in terms of functionality. Individual microbial 

communities will vary yet still serve the functions of a healthy, stable microbiome. 

Studies have shown that many gastrointestinal (GI) diseases have been correlated to 

microbial dysbiosis in the gut1. Microbial dysbiosis can be caused by many factors that include 

individual genetics, diet, pharmaceutical usage and disease9,10. In fact, the recent upsurge of 

metagenomics research in this field, in which DNA is extracted from faecal or gut biopsy samples, 

has focused on the correlations between gut microbiota and human disease11. It is the stable balance 

of many different microorganisms in the gut that lead to overall good health. Similarly, changes in 

the levels of specific microorganisms or a combination of microorganisms have been associated 

with disease9. Hence, it is critical that we understand the microbiome composition of both the 

healthy and diseased gut. 
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1.2 Gut fungi and Saccharomyces cerevisiae 

 

Although mainly focusing on bacteria, the development of high-throughput metagenomics 

has also led to research on the fungal community within the gut in relation to the impact of diet and 

pathogenesis12–16. Our collection of fungal microbiota (ie. mycobiome) are typically characterized 

as either residing within/on the human body (indigenous) or taken up from the environment 

(exogenous). This is important as it explains the variability observed in all microbiome studies, due 

in large part to the geographical location and dietary regimens of the studies’ cohorts17,18.  

Currently, and unlike the bacteriome, there is no consensus on a core mycobiome, nor a 

consensus on the symbiosis between gut fungi and the host. However, research has aimed to 

determine what gut fungal species healthy individuals possess by using sequencing methods that 

focus on conserved regions of ribosomal RNA in the 18S or internal transcribed spacer 1 (ITS1) 

regions. One metagenomics study by Nash et al. (2017)19 extracted DNA from stool samples of 

147 healthy volunteers over the course of one year, looking at both conserved regions. Despite high 

variability between volunteers among the core species comprising their mycobiomes, 

Saccharomyces cerevisiae, Malassizia restricta and Candida albicans were detected in each 

individual volunteers’ samples among 92.2%, 78.3% and 63.6% of all 147 volunteers, respectively. 

This suggests that these three species may be resident microbes in the human GI tract and interact 

with the overall gut microbiome. Another study by Strati et al. (2016)20 took both culture-

dependent and culture-independent approaches to determine a core mycobiome among 111 healthy 

subjects and changes due to age and gender. Although no significant differences were observed in 

fungal population among age groups (excluding higher richness through ITS1 sequencing in infants 

and children compared to adults), there was a higher number of fungal isolates and fungal diversity 

in female volunteers compared to male volunteers. As previously stated, metagenomic studies 
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cannot differentiate between live fungi residing in the gut or dead fungal remnants from the 

environment as the cause for the detection of specific fungal species in these studies17,19. 

However, it is believed that fungi have an important role in human health. For example, 

research has been conducted on Saccharomyces boulardii as a probiotic additive in the food 

industry, as well as a medical treatment for diarrhea, cholera and inflammatory bowel disease21. 

Interestingly, in a 2015 review of gut microbiome publications, only 15 fungal species were 

reported in five or more studies22. The most commonly reported in these studies were the closely 

related Candida spp. and Saccharomyces spp. Candida albicans is the most frequently studied 

fungus regarding the impact of the mycobiome on human health because of its virulent ability in 

immunocompromised individuals23,24. But despite being one of the most abundant fungi in most 

human diets, Saccharomyces cerevisiae (ie. budding yeast) has been often overlooked by C. 

albicans during discussions of microbial impact within diseased individuals. 

S. cerevisiae is one of the most common dietary fungi due in large part to its utilization 

during the production of bread and alcoholic beverages by fermentation25,26. Regarding the role of 

S. cerevisiae in human health, research still remains inconclusive. S. cerevisiae is known to reduce 

symptoms of enteritis/colitis in mice and humans16,21,27,28. Conversely, S. cerevisiae was shown to 

increase intestinal damage and permeability when inoculated in germ-free mice, due to the 

enhancement of host purine metabolism and induction of uric acid synthesis29. Though the latter 

study uses unrealistic inoculation of yeast via oral gavage, the idea that dietary yeast will always 

be a commensal organism within a host remains to be determined. 

Current high-throughput culture-independent studies for determining fungal composition 

have typically discovered S. cerevisiae in stool samples12–16,30, with only two studies detecting S. 

cerevisiae from mucosa samples by polymerase chain reaction (PCR)31,32. This finding does not 

conclude whether identified S. cerevisiae genetic material came from colonized cells in the human 
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gut, or dead/dormant cells passing through the GI tract. Most recently, faecal samples taken from 

infants immediately after birth were cultured with fungal selection drugs and found identifiable 

aerobic and anaerobic fungi in 31% and 39% of all infants, respectively33. In another study, 

researchers have looked at the shift in mycobiota between eutrophic, overweight and obese 

individuals34. Stool samples from healthy individuals from various age groups have also been 

analyzed both through culture-dependent and culture-independent methods, tied with phenotypic 

assays to determine fungal isolates adaptability to gut conditions20. As early as 2015, researchers 

have looked at fungal composition of the human microbiome in a culture-dependent manner, 

seeking differences in lung microbial communities between healthy individuals and patients 

afflicted with cystic fibrosis35. However, all culture-dependent studies have admitted the difficulty 

in obtaining conclusions due largely to the lack of reproducibility of culture-dependent analyses, 

emphasizing very little on the exact species identified. 

It remains to be determined if the S. cerevisiae identified in any metagenomic studies reflect 

colonized or dead yeast. Yet, for any organism to survive in the gut, they must be able to adapt to 

gut conditions such as low oxygen content36, slightly acidic pH37, body temperature, and a mucus-

rich environment38. While S. cerevisiae is known to adapt to low oxygen and acidic environments, 

it is currently not known whether it can live off the resources found in the mucus layer of the human 

gut. 

 

1.3 Mucin 

 

The epithelium of the gut is covered in a mucus layer that serves to lubricate the passage of 

food, as well as to protect host cells from intestinal damage and pathogen invasion38. This layer is 

composed of water, salts, immunoglobulins, secreted proteins and mucin39, the latter constituting 
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the most abundant supply of carbohydrates found in the gut. Mucins are large, gel-forming, highly 

glycosylated proteins ranging from 200 – 200,000 kDa in size40. These proteins are usually 

protected from proteases in the environment due to the large abundance of O-linked 

oligosaccharides surrounding the protein core38,40. Upon initial glycosylation, 10 or more sugar 

moieties can be further attached, leading to a large heterogeneric network of galactose, fucose, N-

acetyl galatacosamine and N-acetyl glucosamine41. A schematic overview of mucin structure can 

be found in Figure 1. 

Mucin plays an important role in the gut environment. In the colon, the crypt goblet cells 

are responsible for secreting these proteins that reinstate the barrier42–44. Structurally, there are two 

types of mucin glycoproteins: transmembrane mucins (ex. Muc1, Muc4) that are anchored to 

epithelial cells, and gel-forming mucins (ex. Muc2, Muc5AC) that are excreted to form large, 

densely packed polymers. These dense glycoproteins also retain water, and upon linkage causes its 

gel-like property43,44. Both types serve their purpose in the colon, which is known to have a dual 

layer system. As the inner layer mucins remain firmly attached and serve to protect the intestinal 

membrane, the outer layer is loose and allows microbes to reside45. This outer layer is possible due 

in part to cleavages of Muc2 mucin without disrupting the polymeric gel network45. 

There are several studies that replicate the mucus layer of the human epithelium, namely 

using Pseudomonas aeruginosa for research on cystic fibrosis46–48 or Candida albicans for research 

on candidiasis49,50. Unsurprisingly, research on fungi characterization in mucin media has mainly 

focused on C. albicans. Upon exposure to mucin in liquid media, C. albicans cells were observed 

to have unicellular ellipsoidal morphology rather than their typical hyphae or distinct round yeast 

structure49. Interestingly, C. albicans has the unique virulence ability to switch among various 

cellular morphologies, therefore masking detection by the host until conditions favour its switch to 

its virulent hyphae form50–53. 
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Unlike C. albicans, it is presently not known if S. cerevisiae can utilize mucin 

glycopolymers as an energy source to live within oxygen-limiting, mucus niches such as those 

found within the gut, nor is it known if the S. cerevisiae detected in metagenomics studies are 

reflective of live yeast living in the gut. 

 

1.4 S. cerevisiae response to carbon limitation 

 

In the environment and even industrial food processing, researchers have been interested in 

the response to nutrient limitation by S. cerevisiae54. It is commonly reported that in various 

nutrient-deprived conditions, repression was observed for genes involved in ribosomal biogenesis 

and protein translation55,56. Sensing nutrients in the environment also plays a factor in the overall 

response to nutrient limitation, including transcriptional regulation. Growth rate dependent 

organization of the transcriptomic response was shown to be mainly determined by cell sensing of 

environmental nutrients, and the activation of PKA-dependent signalling cascades57,58. However, 

due to the structure of mucin, it is unknown whether sensors for carbon or nitrogen sources in the 

environment are key to yeast survival in the gut. Just like how the food and beverage industry has 

taken keen interest in yeast adaptation to nutrient-deprivation59; when regarding an environment as 

limiting as the human gut, it is important to understand the transcriptomic changes that may occur. 

 Under carbon or glucose limiting conditions, genes involved in the tricarboxylic acid cycle, 

oxidative phosphorylation and oxidative stress were upregulated, while low/moderate affinity 

hexose transporters and cell proliferation were downregulated60,61. Another prominent gene known 

to be activated under carbon-limiting conditions is SNF1, encoding an AMP-activated kinase 

known to promote respiratory metabolism, glycogen accumulation, gluconeogenesis, autophagy 

and the glyoxylate cycle62. Regarding nutrient sensing, glucose sensing is conducted via the 
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interactions of the Snf3-Rgt2 regulatory complex, the Snf1-Mig1 glucose repression pathway and 

the Ras-cAMP pathway63. Moreover, amino acid sensing by the Ssy1-Ptr3-Ssy5 system induces 

the synthesis of amino acid transporter genes and subsequent amino acid metabolism64. 

 In terms of morphology, both C. albicans and S. cerevisiae cells can transition from their 

single-cell budding yeast form into multicellular filaments, allowing for invasive or pseudohyphal 

growth in response to different nutrient-limiting conditions65–67. Regulation of these pathways are 

dependent on cAMP-PKA and MAPK pathways involved in nutrient sensing67,68. An important 

protein activated in both pathways is Flo11, a cell surface protein that mediates filamentous 

growth69. This protein, along with the histone deacetylase complex, the Rim101 signalling pathway 

and other transcriptional regulators like Mit1, Tec1, Flo8 and Mss11 are essential for activation of 

filamentous growth70. Another critical protein in the activation of filamentous growth during 

carbon limitation is Msb2, a glycoprotein and glucose sensor at the plasma membrane71. Although 

the mechanism by which Msb2 senses carbohydrates like glucose in the environment is not entirely 

known, the cleavage of its extracellular domain by the aspartyl protease Yps1 has been found to be 

required for overall filamentous growth72. Another MAPK protein that is associated with aspartyl 

proteases is Hog1, one of the primary signalling proteins involved in the hyperosmotic stress 

response. Hog1 regulates glycerol synthesis to combat hyperosmotic conditions73 and 

osmoresponsive transcription factors like Msn2/Msn4, Hot1, Sko1/Acr1, Smp1, which are 

essential for various stress responses74. There is evidence for aspartyl proteases like Yps7 

interaction with proteins specific to the HOG1 mitogen-activated signalling pathway like Ssk275. 

These interactions between signalling proteins of the PKA and MAPK pathways, along with the 

proteolytic activity of plasma membrane proteins, permit yeast cells to optimize resources in 

nutrient limiting environments by changing their transcriptome and cellular morphology. 
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1.5 The role of aspartyl-proteases in the S. cerevisiae stress response 

 

Some fungi have proteins that allow them to break down mucin and live within the mucus 

layer of the gut. For example, extensive research on C. albicans has demonstrated the importance 

of a family of 10 secreted aspartyl proteases (SAPs) for fungal pathogenicity76. Aspartyl proteases 

work optimally under acidic pH to cleave peptides using two aspartic acid side chains in their 

catalytic domain77. Gene expression of SAPs have been associated with adhesion and hyphae 

formation53,78. SAPs also contribute to virulence by breaking down host defense mechanisms, such 

as the natural antimicrobial peptide histatin 579,80, the integral E-cadherin found among epithelial 

cell junctions81, and the protective mucosal barrier82. 

Interestingly, the significance for breakdown of the mucosal barrier does not seem to be 

only for supporting penetration. One study has shown that C. albicans has the ability to utilize 

mucin as the major carbon and nitrogen source in liquid and solid media82. Although the 

mechanism is still not clear, Sap2 western blot detection and biotin-labelled mucin degradation on 

a zymogram demonstrated the importance of this particular SAP for mucin breakdown, coinciding 

with research on clinical isolates of C. albicans82,83. 

S. cerevisiae shares 90% of its genome with C. albicans84, including protein homologues 

to SAPs named Yapsins (Yps), a family of aspartyl proteases. There are six known Yps proteins, 

of which only Yps1, Yps2 and Yps3 are characterized on the Saccharomyces Genome Database 

(https://www.yeastgenome.org/). A schematic overview of known and hypothesized functions for 

Yps proteins can be found in Figure 2. Regarding peptide sequence, Yps1, Yps2 and Yps3 share 

50% sequence identity, while Yps6 more closely resembles Bar1 (an aspartyl-protease involved in 

pheromone response), and Yps7 more closely resembles Pep4 (a vacuolar protease involved in the 

activation of other vacuolar proteases and plasma membrane transporters)85. Yps1 and Yps3 share 
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the most amino acid sequence similarity to SAPs, with Yps3 showing the highest identity to C. 

albicans Sap2. Yps1 and Yps3, both glycosylphosphatidylinositol(GPI)-anchored proteases, have 

been shown to be most functional at pH 5-685,86, similar to the average pH of the human colon37. 

Moreover, Yps3 was shown to be a highly glycosylated protein, which may be attributed to the 

regulation of its secretion by the cell upon cleavage of the GPI-anchoring signal at its C-

terminus85,87, similar to Sap2 secretion by C. albicans. 

The majority of research on Yps proteins focus on their potential role in cell wall 

integrity88,89. Interestingly, for uncharacterized Yps7, the synthetic lethality phenotype observed 

within slt2Δyps7Δ cells suggests a compensatory role for loss of the PKC1-SLT2/MPK1 cell wall 

maintenance pathway90. Other studies have looked at the ability of Yps proteins’ to target 

misfolded GPI-anchored proteins for degradation86,91. Furthering on their involvement in protein 

degradation, they have even been demonstrated to cleave proteins in the external environment, 

which is an issue in the industrial production of recombinant proteins using S. cerevisiae92. 

Altogether, their potential role in resource collection by mucin degradation and mucosal resource 

uptake by their involvement in stress response pathways like cell wall maintenance has yet to be 

explored. 

 

1.6 The interplay between mitochondrial function and carbon-limiting conditions 

 

The mitochondrion is extremely important for eukaryotic cells to extract energy from 

environmental resources. In S. cerevisiae, there are four main complexes along the inner 

mitochondrial membrane that constitute the electron transport chain which, along with reducing 

agents produced in the tricarboxylic acid cycle, conclude with the synthesis of adenosine 

triphosphate (ATP) through oxidative phosphorylation93. S. cerevisiae also possesses the ability to 
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satisfy its energy requirements by fermentation, a cytoplasmic process that generates ATP by 

converting specific (fermentable) carbon sources to ethanol94. Although some genes are located 

within the mitochondrial genome, most mitochondrial associated genes are located in the nucleus, 

which encode for proteins involved in activation of mitochondrial translation and the tricarboxylic 

acid cycle, as well as the synthesis of mitochondrial structural proteins95–97. This is important as 

protein sorting of the 15-20% of all proteins into the mitochondria is essential for proper cellular 

function98. Under normal conditions, mitochondria form tubular networks along the cell cortex, 

whose integrity is balanced by fusion and fission events dependent on cell growth and extracellular 

cues99–101. These many processes all occur simultaneously to ensure proper functionality of the 

organelle during the yeast cell cycle. 

S. cerevisiae has become a standard model organism for studying both mitochondrial 

function and dynamics under different conditions and genetic backgrounds95,100. It is known that 

mitochondrial ultrastructure, internal membrane organization, protein synthesis and mitochondrial-

associated gene transcription can drastically change depending on the cell’s functional state102. In 

turn, these affect the overall morphology of the mitochondria. For example, respiring yeast have 

been shown to increase synthesis of mitochondrial proteins by 10-20 fold compared to non-

respiring yeast, which also leads to a 3-fold increase in mitochondrial size55. 

The mitochondrion of S. cerevisiae has been studied under various nutrient-limitation 

conditions. Adaptation of the yeast cell through structural and functional changes permit the most 

efficient growth under stressful conditions. Studies have shown that under stress, fission and 

mitophagy is often induced103. Yeast cells grown in nitrogen-limiting media with fermentable 

carbon sources demonstrate rapid mitochondrial turnover104. Conversely, yeast cells grown in 

nitrogen-limiting media with non-fermentable carbon sources showcase low amounts of 

mitophagy104. Studies have also shown inhibition of mitochondrial degradation when deleting 
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HOG1 or SLT2 genes involved in the MAPK signalling pathway for osmotic and cell wall stress105, 

conditions which can be similar to yeast grown in the presence of media containing thick mucin 

glycoproteins. In glucose-limiting conditions, aerobically grown yeast cells demonstrate strictly 

respiratory glucose metabolism, as well as have short and round mitochondria similar to those of 

yeast grown in ethanol106. Interestingly, yeast cells grown anaerobically under glucose-limiting 

conditions demonstrate strictly fermentative glucose metabolism, as well as have large, branched 

mitochondria similar to those of yeast grown in non-limiting glucose106. These differences in 

mitochondrial dynamics could potentially elucidate how S. cerevisiae may grow in the mucus 

environment of the gut. 

 

1.7 Hypothesis and aims 

 

I hypothesize that Saccharomyces cerevisiae can grow in a mucin environment, with changes 

in gene expression impacting cell structure and metabolism. I pursued two different aims for this 

project: 

Aim 1: To determine whether S. cerevisiae can utilize and adapt to metabolizing mucin. 

Aim 2: To identify pathways required for S. cerevisiae growth in mucin. 
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2.0 Materials and Methods 

 

2.1 Yeast strains, plasmids, primers and media 

 

 All yeast strains, plasmids and primers used in this study are listed in Table S1, Table S2 

and Table S3, respectively. Strains that were created for this project were generated by the PCR-

mediated deletion and modification of chromosomal genes protocol outlined in Longtine et al. 

(1998)107, and confirmed via growth on drug selection (G418, NAT, HYG [Multicell]) or nutrient 

deprivation, and PCR. Other strains were taken from the Saccharomyces cerevisiae Deletion 

Mutant Array108 (GE, CAT#YSC1053) and GFP collection109 (Thermo, CAT#95702). Cells were 

grown in standard yeast-peptone media created using final concentrations of 10 g/L yeast extract 

(Multicell), 20 g/L bacteriological peptone (Multicell), and 0.33 g/L of L-tryptophan (Sigma-

Aldrich); or synthetic media (synthetic complete [SC] or synthetic dropout [SD]). All synthetic 

media were created using 6.7 g/L of yeast nitrogen base (YNB) with ammonium sulfate (Multicell) 

and 2.06 g/L of standard amino acid mix (for SC) or dropout mix (for SD). Water-soluble carbon 

sources were added after autoclave sterilization at final concentrations of 2% dextrose (YPD) and 

0.5% Type III porcine gastric mucin (YPM) (Sigma-Aldrich, M1778). Mucin was partially purified 

as described by Glenister et al. (1988)110, and stock solutions were further sterilized by autoclave 

similarly to Terra et al. (2010)111 at 121°C for 15 min. Agar plates were created using a final 

concentration of 20 g/L agar (BioShop) added prior to autoclave. For sorbitol dot assays, media 

plates were created using a final concentration of 1M sorbitol added prior to autoclave. 
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2.2 Dot assays 

 

 Strains were grown overnight at 30°C in YPD. Cultures were then re-inoculated into 5 mL 

of YPD to an OD600 of 0.1 and incubated at 30°C. Once they reached log phase, cultures were 

washed twice in YP or SD (no dextrose), diluted to an OD600 of 0.2 in YP or SD as indicated. Dot 

assays were performed by spotting 3 uL of 10-fold serial dilutions (OD600 = 0.2, 0.02, 0.002, 

0.0002) on indicated media plates and incubated for 2-6 days at indicated temperatures, depending 

on the assay. Images of dot assays were taken using the Bio-Rad ChemidocTM XRS system under 

EPI-white light illumination and ImageLab software. 

 

2.3 Time course growth and morphological assessment 

  

 Diploid (BY4743) strain was grown overnight at 30°C in YPD. Cultures were then re-

inoculated into 50 mL of YPD to an OD600 of 0.1 and incubated at 30°C. Once they reached log 

phase, cultures were washed twice in YP and resuspended in 10 mL of YP. Cell suspensions were 

diluted to an OD600 of 0.1 in 50 mL of indicated media and incubated for six days at 30°C. On 

each day, 100 uL was aliquoted from each culture for cell counting on a hemocytometer under a 

standard light microscope. Additionally, 5 mL was aliquoted from each culture, spun down and 

resuspended in SC (no dextrose) for brightfield imaging (0.006s exposure time, 100% gain) using 

the Leica DMI 6000 fluorescent microscope (Leica Microsystems GmbH, Wetzler, Germany) 

equipped with a Sutter DG4 light source (Sutter Instruments, California, USA), Ludl emission filter 

wheel with Chroma band pass emission filters (Ludl Electronic Products Ltd., NY, USA) and 

Hamamatsu Orca AG camera (Hamamatsu Photonics, Herrsching am Ammersee, Germany). 
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2.4 RNA extraction 

 

 Diploid (BY4743) strain was grown in triplicate in 50 mL of YPD at 30°C to log phase. 

Once they reached log phase, cultures were washed twice in YP and resuspended in 10 mL of YP. 

Cell suspensions were diluted to an OD600 of 0.1 in 100 mL of YP and YPM, and incubated until 

log phase (one day) at 30°C. Cell counts were performed as previously described in order to 

normalize each sample at harvest. Cells were washed in dH2O, transferred to 2 mL screw-capped 

tubes and pellets were flash frozen in liquid nitrogen. Pellets were resuspended in 200 uL of 

breaking buffer (2% Triton X-100, 1% SDS, 100 mM NaCl, 100 mM Tris-HCl [pH8.0], 1 mM 

EDTA) and 200 uL of a phenol:chloroform:isoamyl alcohol mixture (125:24:1, pH 4.5) (Thermo, 

CAT#AM9720) was added to each sample. 0.5 mm glass beads (BioSpec, CAT#11079105) were 

added to just under the sample meniscus, and tubes were vortexed for 3.5 min. Samples were 

centrifuged at max speed for 25 min at 4°C, and the aqueous phase was aliquoted into a clean 1.5 

mL microcentrifuge tube. Total RNA was ethanol precipitated out of solution and resuspended in 

nuclease-free water. Three DNase treatments using DNaseI (Promega, CAT#M6101) for one hour 

at 37°C were performed to remove genomic DNA, and subsequently purified using the RNA Clean 

and Concentrator-25 kit (ZymoResearch, CAT#R1017). RNA integrity was assessed by gel 

electrophoresis using a 0.8% agarose gel. RNA purity was assessed through two different ways: 1) 

the Thermo Scientific Nanodrop 2000 spectrophotometer and 2) Agilent Bioanalyzer RNA 6000 

Nano quantification kit, the latter used specifically for RNA-sequencing (Agilent, CAT#5067-

1511). 
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2.5 qRT-PCR 

 

 RNA samples were converted to cDNA using the iSCRIPT cDNA synthesis kit (Bio-Rad, 

CAT#170890). All primers (see Table S3) used for qPCR were obtained from ThermoFisher and 

evaluated for their efficiency by conducting qPCR on pooled cDNA samples. Primers are as 

follows: 1) BAR1 F: 5'-AGGAGATGTATTACGCAACA-3', R: 5'-

GGTAAGCAGAAGGGATTGCT-3'; 2) YPS1 F: 5'-CATCGCAGGTTCTCGGTAAG-3', R: 5'-

CTAGCGAGTCCCCGTAAAGC-3'; 3) YPS2 F: 5'-GATGATTACGAGCTGGTGGA-3', R: 5'-

TGTCGACAAGCACAGTAACT-3'; 4) YPS3 F: 5'-AGCAGTCTTAACTAGTCCGG-3', R: 5'-

TCGATCTCTTGCTGAGTTCA-3'; 5) YPS5 F: 5'-GCTGACATTGCCTATTGCAA-3', R: 5'-

GAGGTGGTAGTAGAACGAGG-3'; 6) YPS6 F: 5'-GCATCTTGTTTGGTGCAGTG-3', R: 5'-

ATCCCAGGATTTGAGCCAAG-3'; 7) YPS7 F: 5'-GCAAAGTCTGGAACCTCTTC-3'; R: 5'-

GTTGACCGGGAGTGCCAAAT-3'. Serial dilutions of 1:5 were used to determine the most 

optimal annealing temperature for each primer set. qPCR was performed using the SsoFastTM 

EvaGreen® Supermix (Bio-Rad, CAT#172-5201) and conducted on the BioRad CFX-96 using the 

standard two-step annealing procedure: 95°C for 3 min followed by 40 cycles of 95°C for 10 s, and 

57°C for 10 s. Cycle threshold (CT) values were obtained and used for analysis. Fold changes were 

calculated using the ΔΔCT method112 using the reference gene BAR1, which had the lowest 

difference in gene expression between YPM and YP media among the five candidates tested 

(Supplemental Figure S2). Three biological replicates and three technical replicates were used for 

each sample. Statistical analyses with the two-tailed unpaired t-test was performed for statistical 

significance with the GraphPad Prism software. 

 

 



 18 

2.6 Protein lysate 

 

 GFP-tagged strains were grown overnight at 30°C in YPD. Cultures were then re-inoculated 

into 200 mL of YPD to an OD600 of 0.1 and incubated at 30°C. Once they reached log phase, 

cultures were washed twice in YP and resuspended back in 10 mL of YP. Cell suspensions were 

diluted to an OD600 of 0.1 in 500 mL of YP, YPM and YPD and incubated for one day at 30°C. 

Cell counts were taken in order to normalize cell harvests to the lowest concentrated culture. After 

harvest, cells were lysed using the trichloroacetic acid (TCA) procedure113. Briefly, cells were 

washed in 1 mL of ice-cold 20% TCA and pellets were flash frozen in liquid nitrogen. Cell pellets 

were subsequently resuspended back in 200 uL of ice-cold 20% TCA. 0.5 mm glass beads 

(BioSpec, CAT#11079105) were added to just under the sample meniscus, and cells were lysed 

mechanically by beadbeating. Cell debris and glass beads were removed by centrifugation. Whole 

cell extract (WCE) was resuspended in 400 uL of Laemmli loading dye (50 mM Tris [pH 6.8], 2% 

sodium dodecyl sulfate, 0.1% bromophenol blue, 10% glycerol, 100 mM β-2-mercaptoethanol) 

and stored at -80°C. 

 

2.7 Quantitative western blotting 

 

 Prepared WCEs were boiled at 95°C for 10 min and separated by SDS-PAGE using the 

10% TGX Stain-FreeTM FastCastTM Acrylamide Kit (Bio-Rad, CAT #1610183) at 180V for 1.5 

hours. Acrylamide gels were activated using the Bio-Rad ChemidocTM XRS system under UV light 

and ImageLab software. Proteins were transferred onto a nitrocellulose membrane using the Bio-

Rad Semi-Dry Trans-Blot TurboTM Transfer System at 25V for 7 min. Membranes were visualized 

under UV light once again to measure total protein content in each lane. Blocking was performed 



 19 

with 5% non-fat milk powder dissolved in phosphate buffer saline (PBS) with 1% Tween20 for 

two hours. Following this, membranes were incubated overnight at 4°C with GFP primary antibody 

(Sigma, CAT#11814460001). On the next day, membranes were washed with PBS-Tween three 

times and incubated with anti-mouse secondary antibody (Bio-Rad, CAT#170-6516) for two hours. 

Lastly, immunoblots were developed with ClarityTM Western ECL (Bio-Rad, CAT#170-5061) and 

protein bands were visualized with the Bio-Rad ChemidocTM XRS system. 

 

2.8 GFP microscopy 

 

 GFP tagged strains were grown and prepared for microscopy similarly as in section 2.03. 

Brightfield (0.006s exposure time, 100% gain) and GFP fluorescence using FITC filters (8s 

exposure time, 100% gain) were taken across multiple fields of view on the 63X oil-immersion 

objective. Quantification of abundance was performed by using the total corrected cell fluorescence 

(TCCF) method as described by McCloy et al. (2014)114. 

 

2.9 RNA sequencing 

 

New England Biolabs rRNA-depleted (Yeast RiboZero) stranded library preparation and 

RNA sequencing using the Illumina NovaSeq6000 S2 PE100 were conducted by the Genome 

Quebec Sequencing Centre at McGill University. Reads were aligned to the Saccharomyces 

cerevisiae genome assembly R64-1-1 using STAR115 and differential expression analysis was 

performed using DESeq2116 by the Canadian Centre for Computational Genomics (C3G), a node 

of the Canadian Genomic Innovation Network supported by the Canadian government through 

Genome Canada. Transcripts with a FDR adjusted p-value ≤ 0.01 were considered to be 
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differentially expressed. In brief, reads were trimmed using Trimmomatic117 from the 3’-end and 

filtered by setting a phred score cut-off of at least 30 and also have a length of at least 32 bp. 

Estimated transcript abundances via the metric fragments per kilobase of exon per million 

fragments mapped (FPKM) was performed using Cufflinks118. Gene ontology analysis was done 

using DAVIDv6.8119. 

 

2.10 Genome-wide chemogenomics screen 

 

 The Saccharomyces cerevisiae MATa yeast deletion mutant array (~4200 strains) was 

arrayed in duplicate on YPD agar (condensed to 1536 colonies per plate) supplemented with G418 

using a Singer RoTor HDA (Singer Instruments). Using these condensed plates, colonies were 

pinned onto triplicate YP and YPM agar plates and incubated for 30°C. The number of days for 

incubation depended on when each condensed plate had the lowest difference in average colony 

size between media, leading to a range of 2-4 days. Images were taken using the Bio-Rad 

ChemidocTM XRS system under EPI-white light illumination and growth was assessed using 

SGAtools as described by Wagih et al. (2013)120. Colonies were aligned to gene names via R 

ver1.1.453 software. Average growth scores on each medium were assessed by comparing strain 

growth on YPM to YP, and calculated ratios for every strain were ranked on whether they 

demonstrated improved growth on mucin (ie. positive impact, larger colonies) or decreased growth 

on mucin (ie. negative impact, smaller colonies). This was done through two different approaches: 

1) by comparing average colony size of each strain from YPM to YP, and 2) by comparing each 

pinned colony of each strain from YPM to YP. Combining the top 30 strains from the positive 

impact group (Supplemental Table S4) and negative impact group (Supplemental Table S5) by 

using each approach, these hits were confirmed by conducting dot assays on YPD, YP and YPM 
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(Supplemental Figure S5). Strains were subsequently categorized into three groups: 1) YPM > YP, 

2) YPM = YP (but growth was less than WT strain on YPM), and 3) YPM < YP. 

 

2.11 Mitochondrial morphology and abundance 

 

 Cit1-RFP strains were grown overnight at 30°C in YPD medium. Cultures were then re-

inoculated into 50 mL of YP, YPM and YPD to an OD600 of 0.1 and incubated at 30°C. After one 

day, 5 mL of culture was harvested and cells were resuspended in SC media for brightfield (0.006 

sec exposure time, 100% gain) and red fluorescence (0.5 sec, 100% gain) for mitochondrial 

morphology using the FITC filters portion of the Leica setup (see section 2.03). Z-stacked images 

taken at 0.2 uM steps for a total of 30 planes were taken at multiple fields of view in order to 

capture at least 50 cells per sample on the 63X oil-immersion objective. Mitochondrial (ie. Cit1-

RFP) abundance was quantified using the TCCF method114, normalized to WT cell fluorescence in 

the same medium. 

 

2.12 Seahorse assay 

 

Strains were grown overnight at 30°C in YPD. Cultures were then washed in YP, re-

inoculated into 120 mL of YP and YPM to an OD600 of 0.1 and incubated at 30°C for one day. To 

make 2% ethanol supplemented YP (YPE) cultures, overnight strains were re-inoculated into 50 

mL of YPE to an OD600 of 0.1 and incubated for six hours. Poly-L-lysine (Sigma, CAT#25988-

63-0) was added to the Agilent Seahorse XF96 plates (CAT#101085-004) by pipetting 30 uL of 

0.1 mg/mL into each well and incubating on a rocking platform for five minutes. Plates were 

allowed to dry for two hours prior to experiment. Sensor cartridges for the Seahorse assay were 
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incubated with calibrant at 37°C for two hours as well. After incubation, cultures were split into 

three falcon tubes (40 mL each), and resuspended into minimal media (0.167% YNB, 0.5% 

ammonium sulfate). Cell counting was performed to determine cell concentration, and cell 

suspensions were diluted such that each well containing 180 uL of suspension had 5x10^5 cells. 

The plate contained three technical replicates and six blanks per medium. The plate was centrifuged 

at 500 rpm for 3 min and incubated at 30°C for 30 min. To stop mitochondrial oxygen consumption 

during the Seahorse assay, 0.05% sodium azide was added as described by Srikumar et al. 

(2013)121. Oxygen consumption rate was measured before and after the addition of sodium azide 

on the Agilent Seahorse XFe96 system. Two-tailed unpaired t-test was performed for each deletion 

mutant against the WT strain for statistical significance with the GraphPad Prism software. 

 

2.13 Statistical Analysis 

 

 To assess statistical significance, two-tailed unpaired t-tests were performed since all 

analyses involved comparing two independent groups. Tests and standard deviations were 

calculated for at least three experimental replicates using the GraphPad Prism 8 software 

(GraphPad Software Inc., La Jolla, California).  
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3.0 Results 

 

3.1 S. cerevisiae can utilize mucin as a carbon source but reduces cell size 

 

As it is currently unknown whether S. cerevisiae can grow in the presence of mucin, my 

initial objective was to assess the growth and morphology of S288C wild type (WT) BY4743 yeast 

on solid and liquid media with 0.5% mucin (Figure 3A). This concentration of mucin was chosen 

due to previous work conducted on C. albicans49, and takes into consideration the difficulty of 

creating high concentrations of a mucin working solution. This work showed that S. cerevisiae 

growth is not hindered by mucin on agar plates (YPM) and may have improved growth over agar 

with no major carbon source (YP) (Figure 3B). Similarly, S. cerevisiae had significantly better 

growth in liquid YPM compared to cells grown in YP alone (Figure 3C). Subsequently, when 

mucin adapted yeast (2nd generation – frozen) were cultured in YPD and re-inoculated in YPM, 

cells displayed no significant difference in growth and doubling time to 1st generation YPM cells 

(Supplemental Figure S1C and S1D). Furthermore, S. cerevisiae cells remain their characteristic 

round shape in YPM (Figure 3D) but were significantly smaller than cells grown in YPD and YP 

(1.8-fold and 1.4-fold, respectively) (Figure 3E). Similar to the growth curve analyses, when 1st 

generation YPM cells were re-inoculated into YPD and YP, they reverted back to a normal size. 

Taken together, this work suggests that S288C yeast cells are remodelling their metabolism and 

morphology to utilize mucin and that the improved growth on mucin is not a reflection of acquired 

mutations. 
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3.2 The aspartyl protease Yps7 is important for S. cerevisiae growth on mucin 

 

C. albicans possesses secreted aspartyl proteases (SAPs) that can break down mucin in 

growth media82, but it is presently not known if S. cerevisiae has similar proteins. I used the NCBI 

Basic Local Alignment Search Tool (BLAST) and identified two protein homologues to C. 

albicans’ SAPs found in S. cerevisiae, Yps1 and Yps3. These Yapsin (Yps) proteins are part of a 

family of six aspartyl proteases that also include Yps2, Yps5, Yps6 and Yps7, many of which 

remain uncharacterized. As Sap2 activity is induced upon mucin exposure82, I first asked if any 

YPS genes are induced in mucin medium. Through qRT-PCR, both YPS3 and YPS7 were 

significantly induced 1.6-fold and 4-fold in YPM, respectively (Figure 4A). In parallel, I assessed 

the importance of individual Yps proteins for growth on mucin by conducting dot assays on YPD 

and YPM using knockout mutants for each of the six YPS genes found in S. cerevisiae (Figure 4B). 

While the majority of deletion mutants had no drastic impact on growth when compared to the WT, 

yps7Δ displayed the most growth deficiency on YPM compared to the WT. 

As Yapsin family members could be functionally redundant, I constructed double and triple 

knockout mutants with genes that had either high similarity to C. albicans’ SAPs (yps1Δ, yps3Δ) 

or promising dot assay results (yps7Δ) and assessed growth on mucin media. While the 

yps1Δyps7Δ and yps3Δyps7Δ displayed mild growth defects similar to yps7Δ, the triple knockout 

mutant (yps1Δyps3Δyps7Δ) had reduced growth on YPD and a severe growth defect on YPM 

(Figure 4C). This suggests that Yps1, Yps3 and Yps7 are functionally redundant for a yet to be 

identified biological function. The upregulation of YPS7 mRNA and the observable growth defect 

of yps7Δ cells on mucin suggest that Yps7 is important for S. cerevisiae growth on mucin media, 

and in its absence Yps1 and Yps3 can partially grow on mucin. 
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3.3 Yps7 displays differences in subcellular localization in mucin medium compared to YPD 

and YP 

 

 As the genetics suggests Yps1, Yps3 and Yps7 may have functional redundant roles for 

growth on mucin, I next assessed their subcellular localization and abundance. Their subcellular 

localizations were assessed in YPD, YP and YPM using C-terminal tagged GFP-strains for each 

Yps protein. Similar to what was previously reported in YPD122, Yps1-GFP displayed diffuse 

cytoplasmic staining, while Yps3-GFP displayed diffuse staining along with potential enrichment 

of a subfraction at the mitochondria (Figure 5A). Additionally, incubation in YP or YPM did not 

change the localization of Yps1-GFP and Yps3-GFP, though there may be a reduction of Yps3-

GFP at the mitochondria, which would require further exploration. In contrast, Yps7-GFP appears 

compartmentalized in YPD and YP, likely at the vacuole as predicted for other Yps proteins in 

high-throughput studies123. Upon incubation in YPM, Yps7-GFP signal becomes more diffuse 

across the cytoplasm. By quantifying GFP fluorescence, I determined that Yps7-GFP was 

significantly increased in YPM compared to YPD (Figure 5B). This provides further evidence that 

Yps7 may have a distinct role for growth in mucin conditions. 

 

3.4 Mucin induces cellular stress but yps7Δ growth deficiency is not rescued after alleviating 

osmotic or cell wall stresses 

 

Yps proteins have been shown to be involved in MAPK signalling through the activation 

of Msb272. These include pathways that induce filamentous growth, pheromone response and the 

HOG pathway124. Due to the density of mucin glycoproteins in the medium, it is also possible that 

osmotic stress could be a potential factor for the reduction in growth upon deletion of YPS7. To 
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assess this, I transformed single (yps7Δ), double (yps1Δyps7Δ, yps3Δyps7Δ) and triple 

(yps1Δyps3Δyps7Δ) knockout mutants with the high copy p5476 overexpression plasmid for 

HOG1, which is the primary activator of the hyperosmotic stress response73, and conducted dot 

assays on SD medium with dextrose (SD-Leu; control), SD-Leu + 1 M NaCl (osmotic stress) and 

mucin (SM-Leu). As expected, growth deficiency in hog1Δ in the presence of 1 M NaCl was 

rescued after exogenous expression of HOG1 (Figure 6A). However, there was no growth 

deficiency observed for any yps7Δ strains on NaCl medium. Further, there was no growth 

deficiency observed in hog1Δ grown on mucin medium. There does appear to be a weak 

hyperosmotic sensitivity observed in the yps1Δyps3Δyps7Δ when grown in NaCl, however 

overexpression of HOG1 did not rescue any growth deficiencies in the yps7Δ strains on YPM. This 

indicates that the Yps proteins tested are not required to buffer osmotic stress and that growth on 

mucin does not require the HOG pathway. 

Although there is little information known about the biological function of Yps7, previous 

research suggests it may be involved in cell wall integrity89,125. Therefore, I next asked whether 

mucin has an impact on cell wall integrity via Yps7. I assessed the growth of yps7Δ, yps1Δyps7Δ, 

yps3Δyps7Δ and yps1Δyps3Δyps7Δ on YPM grown at 37°C with and without the addition of 1 M 

sorbitol. Sorbitol is a known osmotic stabilizer and is often added to the media at elevated 

temperatures in order to rescue the growth deficiency of knockout mutants with defects in cell wall 

integrity124,126. Slt2 is a mitogen-activated protein kinase that regulates cell wall integrity and its 

deletion is commonly used as a control for sorbitol rescue during growth at 37°C127. As expected, 

slt2Δ displayed mild but reproducible growth defects at 37°C on YPD (Figure 6B). In contrast, 

slt2Δ could not grow on mucin at 37°C, suggesting that mucin treatment is affecting cell wall 

integrity since addition of sorbitol rescues its growth defect on mucin medium. In addition, while 

at 30°C there was no observable genetic interaction, yps1Δyps7Δ displayed a mild growth defect 
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at 37°C on mucin medium. While sorbitol could rescue the growth defects of yps1Δyps7Δ, no 

rescue was observed for the growth defects of yps1Δyps3Δyps7Δ at 37°C on mucin medium. 

Therefore, although the growth defects of yps7Δ strains in mucin are not entirely due to cell wall 

processes, mucin does seem to produce a cell wall stress that may involve one of the Yps proteins 

(Yps1). 

 

3.5 RNA-sequencing demonstrates drastic transcriptome remodelling during growth in 

mucin and the importance of mitochondrial-associated genes 

 

 To take a more global approach, I compared the transcriptomes of S. cerevisiae growth in 

the absence or presence of mucin. RNA samples were extracted from cells cultured in YP and YPM 

for one day at 30°C, and subsequently analyzed via Illumina sequencing. Each sample had >90% 

read alignment to the S. cerevisiae genome assembly R64-1-1, accounting for approximately 5000 

genes. Principal component analysis demonstrated clustering of sample replicates and variance can 

be mainly attributed to sample group (Supplemental Figure S4A). In total, 2131 genes showed 

significant differential expression comparing cells grown in YPM to cells grown in YP with an 

FDR adjusted p-value ≤ 0.01 (Supplementary Figure S4B). This includes all significantly 

differentially expressed genes, with no fold change cut-off. These parameters were chosen in order 

to include a known control for gene regulation in mucin conditions, which was Yps7. Yps7 was 

upregulated 1.5-fold based on sequencing (data not shown). 

To determine pathways regulated by S. cerevisiae during growth in mucin, I assessed the 

top 50 upregulated (Table 1) and downregulated (Table 2) genes for gene ontology (GO) analyses 

using DAVIDv6.8119. Among the upregulated genes, there was an enrichment for gene products 

involved in mitochondrial function including ATP synthase biogenesis (p = 0.00273) (ATP22, 
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Table 1 – Top 50 upregulated genes in YPM compared to YP ranked by fold change. 

Rank Systematic Name Gene Name Fold Change P-Value FDR 
1 YJR068W RFC2 15.89 1.30e-09 9.74e-07 
2 YPL270W MDL2 15.12 1.09e-07 7.74e-06 
3 YHL026C YHL026C 14.88 3.78e-08 4.06e-06 
4 YPL160W CDC60 13.06 6.26e-07 2.35e-05 
5 YPL283C YRF1-7 11.19 1.32e-05 1.64e-04 
6 YNL071W LAT1 9.43 2.41e-06 5.53e-05 
7 YDR278C YDR278C 9.20 7.06e-04 3.02e-03 
8 tQ(CUG)M CDC65 6.40 1.73e-05 1.96e-04 
9 YLR315W NKP2 5.89 9.31e-06 1.32e-04 
10 YDR350C ATP22 5.78 5.73e-08 5.44e-06 
11 YPR091C NVJ2 5.56 5.31e-05 4.23e-04 
12 YDR203W YDR203W 5.56 2.26e-05 2.34e-04 
13 YPL200W CSM4 5.53 7.04e-09 1.97e-06 
14 YER168C CCA1 5.42 9.13e-07 2.98e-05 
15 YLR133W CKI1 5.35 1.09e-07 7.74e-06 
16 YDR492W IZH1 5.26 1.45e-06 3.91e-05 
17 YDL118W YDL118W 5.19 3.04e-06 6.46e-05 
18 YOR343C YOR343C 5.08 3.21e-10 4.50e-07 
19 YDR014W-A HED1 4.86 1.63e-08 3.29e-06 
20 YGL171W ROK1 4.49 2.05e-05 2.18e-04 
21 YNR020C ATP23 4.46 9.13e-08 6.90e-06 
22 YDL237W AIM6 4.45 7.27e-05 5.27e-04 
23 YHL007C STE20 4.31 2.29e-07 1.23e-05 
24 YKL187C FAT3 4.21 1.33e-07 8.86e-06 
25 YJR072C NPA3 4.20 5.28e-07 2.11e-05 
26 YDR301W CFT1 4.18 1.99e-07 1.12e-05 
27 YER154W OXA1 4.12 9.84e-07 3.06e-05 
28 YLR203C MSS51 4.11 2.35e-08 3.60e-06 
29 YFR042W KEG1 4.10 2.35e-06 5.42e-05 
30 YPL161C BEM4 4.05 4.37e-06 8.32e-05 
31 YPR143W RRP15 4.04 7.61e-06 1.17e-04 
32 YFR041C ERJ5 3.98 9.55e-08 7.06e-06 
33 YLR397C AFG2 3.89 2.25e-08 3.60e-06 
34 YDR320W-B YDR320W-B 3.78 1.38e-06 3.81e-05 
35 YBR260C RGD1 3.70 2.70e-05 2.68e-04 
36 YIL065C FIS1 3.68 3.48e-05 3.17e-04 
37 YIL021W RPB3 3.67 3.11e-04 1.59e-03 
38 YHR150W PEX28 3.65 6.30e-06 1.03e-04 
39 YOR268C YOR268C 3.63 2.69e-09 1.13e-06 
40 YJR094W-A RPL43B 3.60 4.54e-06 8.52e-05 
41 YGL066W SGF73 3.58 1.11e-05 1.49e-04 
42 YOL099C YOL099C 3.58 4.83e-04 2.24e-03 
43 YLR190W MMR1 3.57 3.46e-08 4.01e-06 
44 YNL312W RFA2 3.55 6.50e-06 1.05e-04 
45 YLR447C VMA6 3.53 4.19e-09 1.57e-06 
46 YMR138W CIN4 3.52 6.06e-06 1.00e-04 
47 YER055C HIS1 3.51 2.30e-03 7.73e-03 
48 YKR023W RQT4 3.44 1.40e-05 1.71e-04 
49 YLR191W PEX13 3.44 1.86e-07 1.08e-05 
50 YOR245C DGA1 3.41 5.54e-06 9.64e-05 
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Table 2 – Top 50 downregulated genes in YPM compared to YP ranked by fold change. 

Rank Systematic Name Gene Name Fold Change P-Value FDR 
1 YPL227C ALG5 -21.47 1.05e-09 8.80e-07 
2 YOR372C NDD1 -15.73 3.84e-11 1.29e-07 
3 YNL273W TOF1 -14.46 3.52e-11 1.29e-07 
4 YNL047C SLM2 -13.73 4.19e-10 4.50e-07 
5 YHR214W YHR214W -13.05 3.78e-08 4.06e-06 
6 YLR164W SHH4 -11.85 2.18e-08 3.60e-06 
7 YGL248W PDE1 -11.37 4.32e-04 2.05e-03 
8 YBR056W-A MNC1 -10.78 2.93e-10 4.50e-07 
9 YHR107C CDC12 -9.66 3.37e-10 4.50e-07 
10 YHR206W SKN7 -9.47 1.36e-08 3.25e-06 
11 YLR385C SWC7 -9.31 1.97e-09 1.02e-06 
12 tE(UUC)Q tE(UUC)Q -8.53 1.91e-09 1.02e-06 
13 YMR155W YMR155W -8.21 1.73e-07 1.04e-05 
14 snR18 snR18 -8.02 2.18e-08 3.60e-06 
15 YJR105W ADO1 -7.96 2.92e-07 1.45e-05 
16 YBR131W CCZ1 -7.94 7.46e-08 6.12e-06 
17 YGL253W HXK2 -7.89 6.13e-07 2.33e-05 
18 YGR033C TIM21 -7.88 7.36e-07 2.64e-05 
19 YAR020C PAU7 -7.80 2.65e-05 2.65e-04 
20 YNR018W RCF2 -7.79 1.80e-07 1.05e-05 
21 YIL051C MMF1 -7.59 3.62e-06 7.28e-05 
22 YOR079C ATX2 -7.46 3.75e-05 3.33e-04 
23 YFL060C SNO3 -7.45 1.61e-09 1.02e-06 
24 YLR294C YLR294C -7.32 1.43e-07 9.25e-06 
25 YDL097C RPN6 -7.19 5.34e-07 2.12e-05 
26 YMR288W HSH155 -6.99 2.11e-09 1.02e-06 
27 YHR020W YHR020W -6.72 1.92e-08 3.60e-06 
28 YLR434C YLR434C -6.53 2.69e-09 1.13e-06 
29 YPL233W NSL1 -6.50 7.22e-06 1.13e-04 
30 YGL169W SUA5 -6.36 5.78e-08 5.44e-06 
31 YML070W DAK1 -6.34 1.14e-04 7.44e-04 
32 YMR238W DFG5 -6.30 7.40e-06 1.15e-04 
33 YML057W CMP2 -6.30 1.58e-05 1.86e-04 
34 YLR086W SMC4 -6.29 4.68e-10 4.50e-07 
35 YMR006C PLB2 -6.07 2.44e-08 3.60e-06 
36 YHR031C RRM3 -6.04 4.61e-04 2.16e-03 
37 YGL068W MNP1 -6.03 1.50e-08 3.25e-06 
38 YGR224W AZR1 -5.94 3.31e-08 3.97e-06 
39 YKL122C SRP21 -5.80 1.62e-07 1.00e-05 
40 YMR218C TRS130 -5.70 3.03e-08 3.71e-06 
41 YKL193C SDS22 -5.65 9.38e-09 2.52e-06 
42 YNR042W YNR042W -5.56 7.91e-06 1.20e-04 
43 YOL155C HPF1 -5.52 6.58e-08 5.70e-06 
44 YIL151C ESL1 -5.48 3.39e-05 3.14e-04 
45 YGL174W BUD13 -5.32 1.32e-04 8.36e-04 
46 tE(UUC)M tE(UUC)M -5.26 2.42e-08 3.60e-06 
47 YKL150W MCR1 -5.22 1.20e-07 8.20e-06 
48 YHR214W-A YHR214W-A -5.19 8.85e-05 6.10e-04 
49 YBR146W MRPS9 -5.15 5.18e-09 1.83e-06 
50 YFR019W FAB1 -5.11 1.36e-06 3.78e-05 
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ATP23, OXA1) and positive regulation of mitochondrion organization (p = 0.00837) (ATP22, FIS1, 

MSS51) (Figure 7A). Another GO category enriched for was organelle fission (p = 0.0363) (CSM4, 

FIS1, HED1, NKP2, NPA3, RFA2, STE20), a common feature of the mitochondrion. Among the 

downregulated genes, there was an enrichment for gene products involved in the mitotic cell cycle 

process (p = 0.0504) (BUD13, CDC12, NDD1, NSL1, SDS22, SMC4, TOF1) and cell division (p = 

0.0541) (BUD13, CDC12, DFG5, NSL1, SDS22, SMC4) (Figure 7B). Overall, this suggests that 

cells require mitochondrial function to metabolize mucin and that progression through the cell 

cycle is potentially affected in mucin. 

  

3.6 Chemogenomics screen showcases various essential biological processes during growth 

on mucin and highlights the importance of mitochondrial function 

 

 To complement the transcriptome analysis, I screened the Saccharomyces cerevisiae 

Deletion Mutant Array108 for genes that when deleted modulate growth on mucin (Figure 8A). The 

deletion mutant collection was first screened on both YP and YPM, and any mutants that displayed 

differential growth were confirmed by dot assay. The screen identified 30 genes that when deleted 

resulted in improved growth (YP growth < YPM growth, 19 genes), decreased growth (YP growth 

> YPM growth, 2 genes) or had no impact on their growth but were growth deficient compared to 

the WT (YP growth = YPM growth, 9 genes) on YPM compared to their growth on YP (Figure 

8B). There were no deletion mutants that showed improved growth on YPM compared to the WT. 

However, despite showing improved growth on YPM compared to their growth on YP, there were 

five genes that showed similar growth to the WT on YPM upon their deletion (MDM35, MRS2, 

PEX19, VPS15, YIM2). 
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Genes identified in the screen were categorized by biological process using their 

descriptions listed in the Saccharomyces Genome Database. Deletion mutants that displayed 

improved growth on YPM compared to their growth on YP were implicated in mitochondrial 

function (LPD1, MDM35, MRS2, MZM1, QCR9), protein sorting or vacuolar function (GRR1, 

VPS3, VPS27, VPS73), transcription and RNA processing (DEF1, RAI1), signalling (SNF1, SOK1), 

among others. Interestingly, SNF1 is known to be important for S. cerevisiae growth in poor carbon 

conditions and even regulates filamentous morphology71. YPS7 also appeared on this list, as the 

growth defect is more enhanced in YP compared to YPM. It is possible that Yps7 may be important 

for overall growth in poor conditions when resources are scarce. 

 The only two deletion mutants that displayed reduced growth on YPM compared to their 

growth on YP were CCM1 and YCR095W-A. Ccm1 is a mitochondrial 15S rRNA-binding protein 

that is involved in the stabilization of COB and COX1 pre-mRNAs, two components of the electron 

transport chain128. Ycr095w-a is a putative protein of unknown function that has low localization 

signal to mitochondria129. This further suggests the importance of mitochondrial function in regards 

to growth in media with mucin as the main carbon source. 

 

3.7 Mitochondria fission and biogenesis is induced upon deletion of CCM1 and YCR095W-A 

during growth in mucin 

 

 Both the transcriptome and chemical profiling suggest the mitochondria is playing an 

important role in the ability of S. cerevisiae to utilize mucin. The only two strains that were 

confirmed to grow worse on YPM compared to YP were also implicated in some way to the 

mitochondria. Hence, I next looked at the impact of mucin on mitochondrial morphology. I 

assessed mitochondrial morphology of WT, ccm1Δ and ycr095w-aΔ cells that expressed Cit1-RFP. 
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CIT1 encodes citrate synthase, the enzyme responsible for the conversion of acetyl coenzyme A 

(acetyl-CoA) into citrate at the beginning the tricarboxylic acid cycle and is a common 

mitochondrial marker130,131. As expected, the mitochondria in WT cells grown in YPD were tubular 

and localized around the periphery of the cell, while the mitochondria in WT cells grown under 

carbon-limiting conditions of YP became shorter, more abundant and distributed throughout the 

cell (Figure 9A). Interestingly, the mitochondria of cells grown in YPM seem to resemble a state 

in between YP and YPD mitochondria. Further, there is a clear increase in the abundance of Cit1-

RFP upon incubation in YP and YPM (Figure 9B), suggesting an increase in mitochondrial 

biogenesis and that cells consider mucin medium a carbon-limiting condition. Unsurprisingly, 

since Ccm1 is required for the stabilization of electron transport chain pre-mRNAs, ccm1Δ cells 

showed reduced mitochondrial content in YPD, while in ycr095w-aΔ cells the mitochondria 

appeared to be similar to WT. Upon incubation in YP and YPM, morphological changes were even 

more enhanced within ccm1Δ and ycr095w-aΔ cells (Figure 9A). Additionally, RFP fluorescence 

was significantly higher in ccm1Δ and ycr095w-aΔ cells compared to WT cells grown in YPM 

(Figure 9B). Thus, cells respond to the deletion of CCM1 or YCR095W-A as if further starved of 

carbon sources and induce mitochondrial fission and biogenesis in mucin conditions. 

 

3.8 Mitochondrial function is disrupted upon deletion of YCR095W-A during growth in mucin 

 

 The changes in morphology suggest there may be changes in mitochondrial function when 

grown in mucin conditions. To assess mitochondrial function, I measured the oxygen consumption 

rate (OCR) of strains grown in the presence of mucin. Strains were grown in minimal media 

containing either no carbon source (water), a non-fermentable carbon source (ethanol) or mucin, 

and OCR was measured before and after the addition of 0.05% sodium azide. Sodium azide is used 
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to shut down oxygen consumption from mitochondria by binding and inhibiting the function of 

cytochrome c oxidase of the electron transport chain132. I observed that the OCR of WT cells was 

significantly higher in the presence of a carbon source, with the highest OCR observed in mucin 

conditions (Figure 10A). Despite having Cit1-RFP expressed in mitochondria, the OCR of ccm1Δ 

cells was significantly lower in all conditions compared to the WT (Figure 10B). This is not 

unexpected as null mutants for CCM1 are known to have dysfunctional mitochondria and therefore 

have reduced growth on non-fermentable carbon sources95. In contrast, the OCR of ycr095w-aΔ 

cells was only significantly lower than WT cells in YPM. This suggests that the product of 

YCR095W-A has a distinct impact on the mitochondria and overall growth when mucin is the main 

carbon source. 
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4.0 Discussion 

 

4.1 Impact of mucin on growth and morphology 

 

Previous research on C. albicans has demonstrated its ability to break down mucin as an 

energy source49,50,82. This work showed that by adding a similarly low concentration of mucin to 

solid or liquid media, cells were able to grow better than in the absence of mucin (Figure 3B and 

3C). This suggests that cells were able to metabolize mucin as the main energy source in growth 

medium. Regarding cell morphology, there was a distinct reduction in growth for cells in mucin 

compared to cells in glucose (Figure 3D and 3E). This was expected as it is known that poor carbon 

sources will have smaller critical size requirements before cells progress out of G1 phase133. 

Surprisingly, cells grown in mucin were still smaller than cells grown in medium with no major 

carbon source at all. Since cell cultures are more concentrated in YPM over YP at any given time, 

this suggests that progression out of G1 phase occurs faster due to a lower critical size requirement 

in mucin conditions. These changes provide evidence that the reduction in cell size may be an 

adaptive response to the specific mucin conditions cells are encountering. 

The regulation of genes involved in the cell cycle, which dictates the overall size and 

morphology of the cell, is heavily dependent on the carbon sources available in the environment133. 

As expected, several genes involved in the progression through mitosis also appeared in the 

transcriptome data. NDD1, encoding an activator of the CLB2 cluster of genes required for 

mitosis134, was drastically downregulated in mucin conditions by 16-fold (Table 2). Additionally, 

CDC12, which encodes the only component of the septin ring that is essential for cytokinesis135, 

was downregulated 10-fold (Table 2). Cell size regulators like SDS22, whose gene product is 

involved in chromosome stability and localizes Glc7 to the nucleus in order to activate transcription 
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of metabolic and physiological processes during cytokinesis136, was observed to be downregulated 

6-fold (Table 2). This is complimented by the fact that regulators for increasing cell size like 

SFP1137 and SCH9138 were also downregulated in mucin conditions by 1.5-fold and 1.6-fold, 

respectively (data not shown). These changes provide further evidence that this reduction in cell 

size may be an adaptive response to the specific mucin conditions cells are encountering. Despite 

an expected downregulation of mitotic cell division in limited carbon conditions like mucin culture, 

by reducing critical size requirements, the cell is not arrested in mucin and still progresses through 

the cell cycle. 

 

4.2 Aspartyl-proteases like Yps7 are important but not involved in potential responses to cell 

wall integrity or osmotic stress under mucin conditions 

 

In terms of C. albicans, previous studies have demonstrated the importance of SAPs in the 

breakdown of mucin for host penetration and nutrient collection82,83. These proteases work best 

under acidic conditions and are often implicated in the virulence of the opportunistic pathogen in 

the gut environment76,77. This study was the first to compare SAPs to homologues found in S. 

cerevisiae (similar proteases called Yapsins [Yps]), for their role in mucin breakdown. It was 

shown that YPS7 mRNA was upregulated 4-fold by the addition of mucin (Figure 4A). YPS7 was 

also observed to be upregulated 1.5-fold in mucin conditions through RNA-seq (data not shown). 

This is in contrast to research on C. albicans that demonstrated that SAP2 and SAP5 mRNA was 

downregulated when exposed to similar concentrations of mucin in culture, despite their role in gut 

colonization49. The fact that SAP2 and SAP5 mRNA was downregulated in mucin culture and thus 

weakening the virulence of C. albicans could be explained by the inability of culture environments 

to permit adhesive, hyphal growth, which is tied to SAP expression84. Essentially, if environmental 
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conditions favour C. albicans filamentation and invasiveness as opposed to remaining persistent 

and commensal, the organism will become virulent and utilize virulence traits50,139,140. Therefore, 

the drastic upregulation of YPS7 in yeast that has not adapted to a host gut environment provides 

evidence that S. cerevisiae may not follow the same regulatory constraints as its pathogenic 

counterpart. 

The majority of research on Yps proteins investigate the growth impact of multiple YPS 

gene deletions under stress conditions89,92. My work was the first to look at YPS deletion mutants 

under a different carbon source than glucose. Creation of single, double and triple deletion mutants 

for the various YPS genes showed particular importance of the uncharacterized YPS7 for growth 

on mucin medium (Figure 4B and 4C). Interestingly, deletion mutants for YPS1 and YPS3 which 

encode the Yps proteins with the highest amino acid sequence similarity to SAPs demonstrated 

very little or no growth defects on mucin medium (Figure 4B and 4C). This finding was in line 

with the qPCR data and suggests that YPS7 induction is specific to the cellular response to growth 

on mucin. 

Previous studies demonstrated Yps1 and Yps3 sub-cellular localization to be either at the 

plasma membrane or secreted into the extracellular environment87,91, and their function is mainly 

attributed to the breakdown of misfolded GPI-anchored proteins under normal conditions86. In the 

presence of mucin, GFP-tagged Yps1, Yps3 and Yps7 was observed to be diffused throughout the 

cell (Figure 5A). There also appears to be an induction of Yps7-GFP in mucin conditions (Figure 

5B). There may be a few reasons for this diffusion. Localization has yet to be tested for these 

proteins under carbon-limiting conditions. It may benefit the cell to direct proteolytic processes 

throughout the cytoplasm for resource scavenging in scarce conditions. This would be 

advantageous after the uptake of mucin glycoproteins from the environment. Yps7-GFP seems to 

be compartmentalized in the vacuole when cells are not grown in mucin (Figure 5A) and could 
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provide an example of mucin-specific proteolytic activity in the cytoplasm. In fact, high-content 

databases using fluorescence microscopy have demonstrated cytoplasmic localization for Yps1-

GFP and Yps7-GFP, while Yps3-GFP seemed to be partially localized to the mitochondria even in 

normal growth conditions122,129. Yps3 may aid in the degradation of proteins at or within the 

mitochondria for proper import functioning, an important process for growth in stressed and non-

stressed conditions as seen with the transcription factor Pdr3 (see section 4.3). Interestingly, 

truncated forms of Yps1 and Yps3, such that they do not possess the signalling peptide for transport 

to the plasma membrane, have been shown to still have proteolytic activity in the cytoplasm of 

cells85,86. As previously demonstrated with Yps3 by Olsen et al. (1999)85, these truncations may 

just occur naturally and localize proteases to specific sites based on cellular needs. Preliminary 

western blots have demonstrated this may be the case, with small sized protein detected in Yps3-

GFP WCE (Supplemental Figure S3). Further, it cannot be ruled out that protein transport may also 

be impacted in these carbon-limiting conditions, evident in the chemogenomic profile for S. 

cerevisiae growth in mucin (Figure 8). Nonetheless, it seems that Yps7 is the most important Yps 

protein for growth in mucin conditions. 

The structure of dense mucin glycoproteins may induce osmotic stress on cells in growth 

media. Their abundance of carbohydrates surrounding the peptide core could cause a hyperosmotic 

response in cells. Cho et al. (2010)92 demonstrated that combinatorial YPS deletion mutant strains 

(ie. deletion of three YPS genes or more) resulted in decreased tolerance to high salt concentrations 

in YPD. RNA-seq data also showed that SKN7 was significantly downregulated by 9-fold in mucin 

conditions (Table 2). During hypo-osmotic stress, phosphorylation of the stress sensor Sln1 begins 

the phosphorelay cascade to Ypd1 and lastly to the transcription factor Skn7, a key regulator for 

the reinforcement of the cell wall124. Downregulation of SKN7 suggests the activation of the 

opposing hyperosmotic stress (high osmolarity glycerol [HOG]) pathway in which 
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dephosphorylated Sln1 results in the blockage of the phosphorelay signal and accumulation of 

active dephosphorylated Ssk1, which induces expression of the mitogen-activated protein kinase 

Hog1124. However, there were no growth defects observed in hog1Δ when grown in mucin medium 

(Figure 6A). Moreover, though there seemed to be a partial rescue in yps1Δyps3Δyps7Δ cells 

grown in NaCl, overexpression of HOG1 still did not rescue the growth defects observed in the 

majority of yps7Δ mutants in mucin medium (Figure 6A). Any potential osmotic stress induced by 

mucin does not appear to be the reason for yps7Δ mutant growth deficiency. 

Other studies on YPS deletion mutants determined that conditions which impact the cell 

wall are detrimental to cell viability in these deletion mutants. Krysan et al. (2005)89 looked at the 

impact on single YPS knockouts in the presence of cell wall disrupting compounds. Deletion of 

YPS1 showed the most growth deficiency, affected by Congo Red disturbance of chitin/β-glucan 

fibril formation and caffeine induced cell wall stress, while deletion of YPS7 showed unique growth 

deficiency to calcofluor white disruption of chitin polymer formation. My study was the first to 

investigate whether the gel-like polymeric structure of mucin in the growth medium could induce 

stress on the cell wall. There does seem to be cell wall stress induced by mucin at high temperatures, 

as seen in the slt2Δ control and mildly in yps1Δyps7Δ (Figure 6B). The role YPS1 plays in MAPK 

pathways72 may be the reason for this slight growth deficiency and should be further explored in 

future studies. However, the growth deficiency observed in other yps7Δ mutants was not rescued 

upon the addition of 1 M sorbitol. Any mucin impact on cell wall integrity does not appear to be 

the main factor for growth deficiency in yps7Δ mutants. 

Regulation for aspartyl proteases is not fully understood. In C. albicans, the regulation of 

SAPs is mainly correlated to virulent activity of the organism, such as during phenotypic switching 

to hyphal growth, or in the presence of extracellular host proteins83. For S. cerevisiae, Yps proteins 

are typically attributed to the response against cell wall stress89, or the elevation of calcium/sodium 
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salts in the environment141. RNA-seq data suggests some evidence of the involvement of genes 

associated to pseudohyphal growth like CDC65, STE20 and DFG5 (Table 1 and 2). After testing 

for stresses that Yps proteins are known to be involved in, the growth deficiency observed in yps7Δ 

mutants may simply be their importance in the breakdown of mucin for uptake or eventual 

metabolism in the mitochondria. Directly linking Yps7 proteolytic activity to mucin breakdown 

will help understand how S. cerevisiae can metabolize mucin from the environment. 

 

4.3 Impact of mucin on mitochondrial morphology and function 

 

Exactly how mucin glycoproteins are broken down by yeast is still speculative. In such a 

stressful environment, cells are limited in carbohydrate sources that provide the cell with energy to 

grow and proliferate. By limiting carbon, genes in mitochondrial processes like the tricarboxylic 

acid cycle and oxidative phosphorylation are upregulated60,61. Mitochondria typically undergo 

fission and mitophagy during stress103. Moreover, yeast grown in carbon-limiting conditions in the 

presence of oxygen have been shown to demonstrate strictly respiratory glucose metabolism as 

well as have short and round mitochondria106. Similar conditions in the absence of oxygen have 

showed strictly fermentative glucose metabolism with large, branched mitochondria106. Through 

transcriptomics and chemogenomics screening, this work has demonstrated the importance of the 

mitochondria and cellular respiration for mucin metabolism.  

The synthesis of ATP through oxidative phosphorylation concludes at the ATP synthase 

complex142. There was an enrichment of ATP synthase complex biogenesis (ATP22, ATP23, 

OXA1) in the list of top 50 upregulated genes (Figure 7A). Oxa1 acts as an insertase which embeds 

proteins from the mitochondrial matrix into the inner membrane143. Both Atp22 and Atp23 are 

inducers for the synthesis of Atp6, a subunit of the hydrophobic domain of the complex144,145. Atp6 
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is essential for ATP synthase activity and is hypothesized to produce the rotational force for the 

Oli1 ring of the hydrophobic domain, which transfers this coupling force to the hydrophilic 

catalytic domain for ATP synthesis142. This upregulation in proteins that support ATP synthase 

subunit insertion into the inner mitochondrial membrane, along with the upregulation of Atp6 

inducers for increased complex activity, should also increase the amount of ATP synthesis within 

cells grown in mucin conditions. 

Other effectors of mitochondrial structure and synthesis of electron transport chain units 

were also found in the RNA-seq data and chemogenomics screen. In fact, 11 of the top 50 

upregulated genes are associated to mitochondrial function (Table 1). Among them, MSS51 and 

FIS1 were part of the enriched category for mitochondrial organization. Mss51 is important for 

Cox1 protein synthesis and incorporation into the cytochrome c oxidase complex146. Moreover, it 

was expected that in limited carbon conditions, mitochondrial fission would occur106. Fis1 is one 

of the main proteins involved in mitochondrial fission147, and was found to be upregulated 4-fold 

in mucin conditions (Table 1). Indeed, live-cell fluorescence imaging using Cit1-RFP labelled 

strains showed induced short mitochondria in YPM compared to YPD (Figure 7A). Regarding the 

screen, this work revealed mitochondrial-associated genes that demonstrated better growth in YPM 

compared to their growth on YP, but still worse growth compared to the WT in YPM upon their 

deletion (MZM1, QCR9) (Figure 8). Among these, Mzm1 is a protein aiding in the assembly of 

cytochrome-bc1 complex148. Additionally, Qcr9 is one of the non-catalytic subunits of the 

cytochrome-bc1 complex that provides structural stability149. Since these deletion mutants 

demonstrated greater growth in YPM compared to YP, this may suggest that cells still benefit from 

having any carbon source in their growth medium. However, deletion mutants for these genes 

showed less growth in YPM compared to the WT strain (Supplemental Figure S5). This provides 
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further evidence that oxidative phosphorylation and the proper functioning of the electron transport 

chain is important for growth in mucin conditions. 

Due to the presence of a carbon source, even as complex as mucin, it was expected that 

there would be mitochondrial-associated genes that when deleted, resulted in worse growth in the 

presence of mucin compared to no carbon source at all. From the chemogenomics screen, CCM1 

and YCR095W-A were genes that fit this profile and also grew worse in YPM compared to the WT 

upon their deletion (Figure 8 and Supplemental Figure S5). As mentioned previously, CCM1 is 

involved in the stabilization of cytochrome-bc1 transcripts128. Its deletion is also known to result 

in a petite phenotype, meaning dysfunction in the metabolism of non-fermentable carbon sources95. 

YCR095W-A encodes for a protein of unknown function that has low localization signal to 

mitochondria129. WT mitochondria tagged with Cit1-RFP displayed short structures localized 

throughout the cell in mucin medium (Figure 9A), similar to yeast grown in ethanol or aerobic, 

glucose-limiting chemostat cultures106. As expected, deletion of CCM1 and YCR095W-A resulted 

in similar mitochondrial morphology and further induction of mitochondrial biogenesis in YPM 

compared to YPD (Figure 9A and 9B). Regarding function, WT mitochondria increased OCR in 

the presence of mucin (Figure 10A), which can be attributed to the induction of mitochondrial 

biogenesis. Surprisingly, while deletion of YCR095W-A did not significantly impact OCR under 

water or ethanol conditions, there was a significant decrease in OCR in mucin conditions (Figure 

10B). This result indicates that despite more mitochondria in the presence of mucin (Figure 9A and 

9B), oxygen consumption was disrupted upon deletion of YCR095W-A. Unfortunately, no previous 

work has been conducted on this putative gene, and its amino acid sequence bears no resemblance 

to other proteins in S. cerevisiae S288C or other yeast species. The characterization of this protein, 

both in its structure and localization, could help determine a functional role during mucin 

metabolism and overall stress in carbon-limiting conditions.  
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Previous transcriptomics research has shown common regulation of CCM1 and YCR095W-

A by the transcription factor Pdr3150,151. Pdr3 is involved in the regulation of the pleiotropic drug 

response152 and is a key component of the retrograde response in yeast, whereby mitochondrial 

signals influence nuclear gene expression153. PDR3 is known to be induced transcriptionally during 

mitochondrial deficiency, and overexpression results in the suppression of mitochondrial import 

defects154. Pdr3 activation is also carbon source dependent, as it was demonstrated that BY4742 

cells in a background lacking mitochondrial DNA inhibited PDR3 transcription when grown in 

raffinose but not in glucose155. Moreover, it is attributed to the regulation of a large proportion of 

significantly differentially expressed genes (p = 1.09E-13)156 under mucin conditions (data not 

shown). In fact, these large-scale studies showed that all known mitochondrial-associated genes 

that appeared in the top 50 lists and chemogenomics profile are regulated in some way by 

Pdr3150,151. Therefore, furthering work on Pdr3 may elucidate an active role in the regulation of 

genes as a response to signals from mitochondria during growth in mucin conditions. 
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5.0 Conclusion 

 

In this study, I sought to determine whether S. cerevisiae can utilize mucin as an energy 

source and the key processes that permit the yeast to grow, similar to other fungi that colonize the 

human gut. Through classical growth assays, RNA sequencing and chemogenomics screening 

methods, this work showed that even the common laboratory S. cerevisiae S288C strain can grow 

in media with mucin as the main carbon source. This work also identified the importance of the 

aspartyl protease Yps7 to grow in mucin media and further characterized the morphological and 

transcriptomic impact on cells grown in mucin conditions. These remodelling events shed light on 

the significance of the mitochondria for cells to grow and metabolize mucin, and determined the 

specific importance of the putative protein Ycr095w-a for growth on mucin. This work 

complements previous microbiome research which mainly uses culture-independent metagenomics 

techniques and supports S. cerevisiae as a gut colonizer as opposed to just an environmental 

organism passing through the GI tract. By understanding how the most common dietary fungus can 

live in a mucin-rich environment, we can further our knowledge on the interactions occurring in 

the gut microbiome that impact human health.  
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7.0 Contributions of Collaborators 

 

Genome Quebec performed the RNA-sequencing experiments and the Canadian Centre for 

Computational Genomics (C3G) curated the differential expression data using sequencing reads. 

Dylan Singh, an undergraduate student in the Translational Molecular Medicine program, 

conducted the qRT-PCR experiments.  
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Supplemental Table S1 – Strain list. 
 

Strain Genotype Source 
YKB1079 (BY4741) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Brachmann et al. 

(1998)157 
YKB1117 (BY4743) MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
Brachmann et al. 

(1998)157 
YKB1118 (BY4742) MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 Brachmann et al. 

(1998)157 
YKB4828 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 

yps1Δ::KANMX 
DMA Collection (GE) 

YKB4829 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps3Δ::KANMX 

DMA Collection (GE) 

YKB4830 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps5Δ::KANMX 

DMA Collection (GE) 

YKB4831 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps7Δ::KANMX 

DMA Collection (GE) 

YKB4832 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps6Δ::KANMX 

This study 

YKB4835 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps1Δ::NATMX 

This study 

YKB4836 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps3Δ::NATMX 

This study 

YKB4837 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps7Δ::NATMX 

This study 

YKB4897 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps1Δ::NATMX yps7Δ::KANMX 

This study 

YKB4898 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps3Δ::NATMX yps7Δ::KANMX 

This study 

YKB4899 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps1Δ::KANMX yps3Δ::NATMX 

This study 

YKB4900 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps1Δ::KANMX  yps3Δ::NATMX yps7Δ::HYGMX 

This study 

YKB4901 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
YPS1-GFP::HIS3 

This study 

YKB4902 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
YPS3-GFP::HIS3 

Ghaemmaghami et al. 
(2003)109 

YKB4903 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
YPS7-GFP::HIS3 

Ghaemmaghami et al. 
(2003)109 

YKB4907 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
CIT1-RFP::URA3 

This study 

YKB4908 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
ccm1Δ::KANMX 

DMA Collection (GE) 

YKB4912 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
ycr095w-aΔ::KANMX 

DMA Collection (GE) 

YKB4916 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
CIT1-RFP::URA3 ycr095w-aΔ::KANMX 

This study 

YKB4917 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
slt2Δ::KANMX 

DMA Collection (GE) 

YKB4919 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
hog1Δ::KANMX 

DMA Collection (GE) 

YKB4942 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
CIT1-RFP::URA3 ccm1Δ::KANMX 

This study 

YKB5003 MATa his3Δ1 1eu2Δ0 met15Δ0 ura3Δ0 
[- LEU2] 

This study 

YKB5004 MATa his3Δ1 1eu2Δ0 met15Δ0 ura3Δ0 This study 
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Strain Genotype Source 
[HOG1 - LEU2] 

YKB5005 MATa his3Δ1 1eu2Δ0 met15Δ0 ura3Δ0 
hog1Δ::KANMX  [- LEU2] 

This study 

YKB5006 MATa his3Δ1 1eu2Δ0 met15Δ0 ura3Δ0 
hog1Δ::KANMX  [HOG1 - LEU2] 

This study 

YKB5007 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps7Δ::KANMX  [- LEU2] 

This study 

YKB5008 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps7Δ::KANMX  [HOG1 - LEU2] 

This study 

YKB5009 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps1Δ::NATMX  yps7Δ::KANMX  [- LEU2] 

This study 

YKB5010 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps1Δ::NATMX  yps7Δ::KANMX  [HOG1 - LEU2] 

This study 

YKB5011 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps3Δ::NATMX yps7Δ::KANMX  [- LEU2] 

This study 

YKB5012 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
yps3Δ::NATMX yps7Δ::KANMX  [HOG1 - LEU2] 

This study 

YKB5013 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps1Δ::KANMX  yps3Δ::NATMX yps7Δ::HYGMX  [- 

LEU2] 

This study 

YKB5014 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps1Δ::KANMX  yps3Δ::NATMX yps7Δ::HYGMX  

[HOG1 - LEU2] 

This study 

YKB5015 MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 
yps2Δ::KANMX 

DMA Collection (GE) 
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Supplemental Table S2 – Plasmid list. 
 

Plasmid Components Source 
PKB5 pFA6a-natMX6 Longtine et al. (1998)107 

PKB6 pFA6a-kanMX6 Longtine et al. (1998)107 

PKB25 pRS425 Christianson et al. (1992)158 
PKB194 pFA6a-GFP(S65T)-HIS3MX6 Gift from Adam Rudner Lab (uOttawa) 
PKB311 pFA6a-hphMX6 Gift from Adam Rudner Lab (uOttawa) 

- p5476-HOG1 Ho et al. (2009)159 
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Supplemental Table S3 – Primer list. 
 

Primer Sequence Description Source 
OKB1329 5'-CTGTCAAGTTGAACAAGGAAACCAC-3' For qPCR of TDH3. 5' 

forward internal primer 727 bp 
downstream of start codon. 

Dacquay 
et al. 

(2017)160 
OKB1330 5'-CAACGTGTTCAACCAAGTCGACAA-3' For qPCR of TDH3. 3' reverse 

internal primer 8 bp upstream 
of stop codon. 

Dacquay 
et al. 

(2017)160 
OKB2300 5'-GCCTTCTACGTTTCCATCCA-3' For qPCR of ACT1. 5' forward 

internal primer 387 bp 
downstream of start codon. 

Dacquay 
et al. 

(2017)160 
OKB2301 5'-CGTAAATTGGAACGACGTGA-3' For qPCR of ACT1. 3' reverse 

internal primer 626 bp 
upstream of stop codon. 

Dacquay 
et al. 

(2017)160 
OKB2757 5'-CATCGCAGGTTCTCGGTAAG-3' For qPCR of YPS1. 5' forward 

internal primer 43 bp 
downstream of start codon. 

This 
study 

OKB2758 5'-CTAGCGAGTCCCCGTAAAGC-3' For qPCR of YPS1. 3' reverse 
internal primer 1553 bp 
upstream of stop codon. 

This 
study 

OKB2759 5'-AGCAGTCTTAACTAGTCCGG-3' For qPCR of YPS3. 5' forward 
internal primer 29 bp 

downstream of start codon. 

This 
study 

OKB2760 5'-TCGATCTCTTGCTGAGTTCA-3' For qPCR of YPS3. 3' reverse 
internal primer 1379 bp 
upstream of stop codon. 

This 
study 

OKB2761 5'-AGGAGATGTATTACGCAACA-3' For qPCR of BAR1. 5' forward 
internal primer 118 bp 

downstream of start codon. 

This 
study 

OKB2762 5'-GGTAAGCAGAAGGGATTGCT-3' For qPCR of BAR1. 3' reverse 
internal primer 1519 bp 
upstream of stop codon. 

This 
study 

OKB2763 5'-GATCTTCGGTTATGCCCGGT-3' For qPCR of ZWF1. 5' 
forward internal primer 134 bp 

downstream of start codon. 

This 
study 

OKB2764 5'-AACTGTTCGACCTTAGAGTCA-3' For qPCR of ZWF1. 3' reverse 
internal primer 1264 bp 
upstream of stop codon. 

This 
study 

OKB2765 5'-ATATTCCAGGATCAGGTCTTCCGTAGC-3' For qPCR of TAF10. 5' 
forward internal primer 386 bp 

downstream of start codon. 

Teste et 
al. 

(2009)161 
OKB2786 5'-GCAAAGTCTGGAACCTCTTC-3' For qPCR of YPS7. 5' forward 

internal primer 87 bp 
downstream of start codon. 

This 
study 

OKB2787 5'-GTTGACCGGGAGTGCCAAAT-3' For qPCR of YPS7. 3' reverse 
internal primer 1586 bp 
upstream of stop codon. 

This 
study 

OKB2790 5'-
GTAGTCTTCTCATTCTGTTGATGTTGTTGTTG-3' 

For qPCR of TAF10. 3' 
reverse internal primer 88 bp 

upstream of stop codon. 

Teste et 
al. 

(2009)161 
OKB2839 5'-GATGATTACGAGCTGGTGGA-3' For qPCR of YPS2. 5' forward 

internal primer 195 bp 
downstream of start codon. 

This 
study 
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Primer Sequence Description Source 
OKB2840 5'-TGTCGACAAGCACAGTAACT-3' For qPCR of YPS2. 3' reverse 

internal primer 1490 bp 
upstream of stop codon. 

This 
study 

OKB2841 5'-GCTGACATTGCCTATTGCAA-3' For qPCR of YPS5. 5' forward 
internal primer 282 bp 

downstream of start codon. 

This 
study 

OKB2842 5'-GAGGTGGTAGTAGAACGAGG-3' For qPCR of YPS5. 3' reverse 
internal primer 103 bp 

upstream of stop codon. 

This 
study 

OKB2843 5'-GCATCTTGTTTGGTGCAGTG-3' For qPCR of YPS6. 5' forward 
internal primer 781 bp 

downstream of start codon. 

This 
study 

OKB284* 5'- ATCCCAGGATTTGAGCCAAG -3' For qPCR of YPS6. 3' reverse 
internal primer 727 bp 

upstream of stop codon. 

This 
study 
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Supplemental Table S4 – Top screen hits resulting in a positive impact on growth in YPM 
compared to YP upon their deletion. 
 

Systematic 
Name 

Gene 
Name 

YPM/YP Ratio 
(Approach 1a) 

YPM/YP Ratio 
(Approach 2b) 

YGR183C QCR9 2.09 3.51 
YLR131C ACE2 2.07 2.07 
YGL246C RAI1 1.96 2.07 
YJL101C GSH1 1.92 3.87 

YMR245W YMR245W 1.81 1.89 
YOR082C YOR082C 1.79 1.79 
YDR349C YPS7 1.76 1.81 
YGR244C LSC2 1.72 1.68 
YLR420W URA4 1.70 1.67 
YJR090C GRR1 1.68 1.76 
YEL022W GEA2 1.67 1.41 
YDR006C SOK1 1.66 1.81 
YGR130C YGR130C 1.66 1.66 
YPR139C LOA1 1.64 1.91 
YCR022C YCR022C 1.63 1.65 
YGR150C CCM1 1.61 1.57 
YKL054C DEF1 1.60 2.35 
YDR493W MZM1 1.60 1.61 
YDR358W GGA1 1.59 1.61 
YDR056C EMC10 1.59 1.62 
YLR447C VMA6 1.58 2.50 
YPR043W RPL43A 1.58 1.56 
YJR105W ADO1 1.58 1.61 
YCR023C YCR023C 1.57 1.56 
YBR261C TAE1 1.57 1.58 
YDR352W YPQ2 1.56 1.56 
YPL119C DBP1 1.56 1.56 

YMR244C-A COA6 1.56 1.60 
YHL001W RPL14B 1.56 1.83 
YDR378C LSM6 1.56 1.56 

YKL053C-A MDM35 1.54 2.86 
YPL156C PRM4 1.33 2.15 

YHR039C-B VMA10 1.21 2.11 
YJR048W CYC1 1.49 1.99 
YHR149C SKG6 1.41 1.88 
YOR295W UAF30 1.47 1.88 
YMR011W HXT2 1.34 1.88 
YLR055C SPT8 1.52 1.87 
YLL009C COX17 1.39 1.86 
YOR062C YOR062C 1.35 1.78 

YGR146C-A YGR146C-A 1.39 1.75 
YMR115W MGR3 1.52 1.72 
YMR151W YIM2 1.50 1.68 
YGL104C VPS73 1.14 1.68 
YDL065C PEX19 1.50 1.68 

a – average ratio of average colony size on YPM to YP for each strain. 
b – average of the average ratio of each pinned colony size on YPM to YP for each strain. 
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Supplemental Table S5 – Top screen hits resulting in a negative impact on growth in YPM 
compared to YP upon their deletion. 
 

Systematic 
Name 

Gene 
Name 

YPM/YP Ratio 
(Approach 1a) 

YPM/YP Ratio 
(Approach 2b) 

YNR006W VPS27 0.30 0.53 
YBR097W VPS15 0.53 0.47 
YOR334W MRS2 0.56 0.57 
YMR304W UBP15 0.63 0.66 
YMR058W FET3 0.64 0.66 
YFR048W RMD8 0.67 0.82 
YPL066W RGL1 0.67 0.67 
YMR303C ADH2 0.67 0.72 
YAL012W CYS3 0.69 0.78 
YGL223C COG1 0.70 0.73 
YMR057C YMR057C 0.70 0.73 
YML112W CTK3 0.71 0.71 
YKR055W RHO4 0.71 0.71 
YAR015W ADE1 0.71 0.73 
YDR477W SNF1 0.71 0.60 
YHR017W YSC83 0.72 0.66 
YDL197C ASF2 0.72 0.71 
YCR026C NPP1 0.73 0.73 
YJL184W GON7 0.74 1.06 
YDL109C YDL109C 0.74 0.76 

YCR095W-A YCR095W-A 0.74 0.75 
YHR194W MDM31 0.74 0.70 
YOR332W VMA4 0.75 0.77 
YDL216C RRI1 0.75 0.67 
YAL011W SWC3 0.76 0.82 
YBR291C CTP1 0.76 0.79 
YOL052C SPE2 0.76 0.83 

YOL053C-A DDR2 0.76 0.85 
YCR027C RHB1 0.76 0.71 
YDL124W YDL124W 0.76 0.72 
YCR025C YCR025C 0.89 0.68 
YFL018C LPD1 1.43 0.70 
YDR484W VPS52 0.77 0.71 

YCR024C-A PMP1 0.92 0.74 
YBR295W PCA1 0.77 0.75 
YDR495C VPS3 0.76 0.77 
YIL138C TPM2 0.76 0.77 

a – average ratio of average colony size on YPM to YP for each strain. 
b – average of the average ratio of each pinned colony size on YPM to YP for each strain.  
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• Contact company administration for sector insight and support in business development. 
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