
ABSTRACT 

ELLIS, AMELIA ANN. Development of Fluorescent Reporters to Measure Metabolic 

Oscillations in Single Saccharomyces cerevisiae Cells (Under the direction of Dr. Nicolas 

Buchler). 

 

While the 24-hour circadian rhythm is the best-known biological oscillator in Fungi, 

respiratory oscillations with a much shorter period have been measured in Saccharomyces 

cerevisiae, an important model organism for research and industrial purposes. These metabolic 

oscillations, called the Yeast Metabolic Cycle, are important for understanding how changes in 

metabolism might dysregulate the cell division cycle, as seen in cancer, or affect product yield 

by industrial yeast strains. To date, most research has relied on techniques that measure the 

average change in metabolic activity or gene expression across a population in a bioreactor. 

These bulk measurements obscure dynamics in potential subpopulations and individual cells. 

New insights should come from studying the Yeast Metabolic Cycle and its interaction with the 

cell division cycle in single cells. 

The purpose of my research has been to develop reporters of metabolic state and cell 

cycle state in single cells of budding yeast, Saccharomyces cerevisiae. First, I created a yeast 

strain with GFP fused to Ura7, a CTP synthase. Using fluorescent microscopy, I showed that the 

dynamic signal produced by the fluorescent Ura7 enzyme structures is a potential reporter of the 

Yeast Metabolic Cycle phase in single yeast cells. Then, I created another strain with TdTomato 

fused to Whi5, a repressor of cell cycle entry. This strain failed to produce sustained metabolic 

oscillations, and I will discuss possible reasons why. Last, I used another strain with a 

temperature sensitive allele of the master regulator of the cell cycle, Cdc28, to argue that 

metabolic oscillations persist in the absence of the cell cycle. 
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CHAPTER 1: INTRODUCTION 

Section 1.1: What is the Yeast Metabolic Cycle? 

When grown in a bioreactor, a population of yeast (Saccharomyces cerevisiae) will 

spontaneously synchronize their metabolism and exhibit collective oscillations in oxygen 

consumption with a period of 3-5 hours. This phenomenon is often called the Yeast Metabolic 

Cycle (YMC) or Yeast Respiratory Oscillation. The YMC was first observed when researchers 

measured consistent oscillations in pH and optical density of a continuous culture (Finn et al., 

1954; Küenzi et al., 1969). Subsequent research focused on the use of storage carbohydrates, 

such as glycogen, for energy and biomass during cell division and O2/CO2 gas exchange in the 

bioreactor as a metric for the rate of respiration in the yeast population (Meyenburg, 1969). 

These oscillations occur specifically in chemostat mode, where fresh media is flowed into the 

bioreactor at a constant rate and mixed cells and media are removed at the same rate (Novick et 

al., 1950; Küenzi et al., 1969; Meyenburg, 1969). This flow rate is known as the dilution rate and 

is set by the experimenter. A yeast population in a chemostat will grow to a critical density such 

that the population growth rate is limited by a chosen limited substrate and matches the media 

dilution rate set by the experimenter (Monod, 1950; Finn et al., 1954; Beck et al., 1968; 

Sheppard et al., 1999). 

Glucose is classically limited in order to keep the culture in an oxidative metabolic phase 

and due to its direct relationship between growth and energy (Beck et al., 1968). The sealed 

bioreactor is a continuous system with a propellor stirring and filtered air aerating the media at a 

set rate, creating a homogenous environment (Monod, 1950; Novick et al., 1950). Further control 

of the environment is achieved through immersed probes which measure changes in dissolved 

oxygen and pH (see Figure 1.1). The pH probes maintains constant pH by triggering the addition 
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of acid or base from connected, external containers. A metal thermal jacket and a thermometer 

work in conjunction to warm or cool the vessel to a target temperature. The data from these 

various sensors are recorded and displayed onto a computer which shows the user the real-time 

state of the active vessel.  

 

Figure 1.1: Experimental design for chemostat experiments. In our experiments, a 1L yeast 

culture is stirred at a constant rate (550 rpm) while temperature is held at a constant 30ºC, pH is 

held at 4, and fresh media is added and exhausted media is flowed out at the dilution rate (D = 

0.1 hr-1). After inoculation, yeast actively respire in batch mode using available glucose then 

ethanol byproduct before starvation. The bioreactor is then switched to chemostat mode. User 

interface shows dissolved oxygen content in the active vessel and allows for control over 

environmental conditions. 

 

 

Before achieving oscillations, the culture is grown in batch-mode, without the addition or 

removal of media. In this setting, the inoculated strain grows to saturation and depletes the 
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available glucose in the media through aerobic fermentation, building up the concentration of 

ethanol byproduct (Küenzi et al., 1969). The yeast will then undergo a metabolic event known as 

the diauxic shift wherein their metabolism switches to pure respiration in order to use ethanol as 

their carbon energy source (see Figure 1.1) (Küenzi et al., 1969; Galdieri et al., 2010). In a 1L 

bioreactor, the ethanol in the media is typically consumed in about 8 hours and the culture then 

starves (Küenzi et al., 1969). After a starvation period of about 8 hours, the media inflow and 

outflow pumps are started and the bioreactor functions in chemostat mode (see Figure 1.1). 

Metabolic oscillations typically occur within 24 hours of the addition of glucose-limited media.  

The metabolic synchrony is thought to be maintained through levels of metabolic 

byproducts (Goodwin, 1969; Murray et al., 2003; Cai et al., 2011). Experimenters observed an 

almost immediate shift in oscillation phase and premature entry into high oxygen consumption 

after injecting either acetaldehyde (Goodwin, 1969; Bier et al., 2000; Robertson et al., 2008) or 

dihydrogen sulfide (Murray et al., 2003; Blank et al., 2009) into a cycling chemostat. This 

suggested that these metabolites, which are known to be secreted by Saccharomyces cells, might 

be the synchronizing agents. Furthermore, experiments utilizing mutants lacking key metabolic 

enzymes show that the inability to produce these molecules leads to a lack of synchrony (Cai et 

al., 2011). 

Researchers also tested that the presence of these metabolic cycles are not exclusive to 

continuous, synchronized, chemostat experiments with laboratory yeast. Even though chemostat 

experiments usually involve a synchronization step such as starvation, metabolic oscillations 

have been measured in asynchronous chemostat cultures, showing that metabolic synchrony is 

not required for oscillations to occur in single cells (Silverman et al., 2010). Even wild S. 

cerevisiae strains isolated directly from a forest (Murphy et al., 2006) exhibited metabolic 
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oscillations under continuous conditions (Burnetti et al., 2015). Yeast metabolic oscillations also 

occur outside of the chemostat environment. For example, metabolic oscillations have been 

observed in cultures grown in batch-mode (Mochan et al., 1973; Slavov et al., 2011 a), as well as 

in cell-free extracts (Chance et al., 1964; Welch et al., 1985). This suggests that the YMC is a 

physiological phenomenon in single cells and is not purely an artifact of continuous culture 

conditions. 

 

Section 1.2: The Yeast Metabolic Cycle Regulates Transcription of the Yeast Exome  

The next generation of YMC researchers used gene expression profiling methods such as 

microarrays, mass spectrometry, and RNA-Seq to measure population-wide expression changes 

in oscillating cultures (Klevecz et al., 2004; Tu et al., 2005; Cai et al., 2011; Causton et al., 

2015). Bursts of respiration are associated with cAMP/PKA signaling, carbon catabolism and 

anabolism, and genome-wide changes in transcription (Klevecz et al., 2004; Tu et al., 2005; Cai 

et al., 2011). These experiments showed that the expression profiles of over 57% of the genes in 

the yeast genome oscillate with the YMC (Tu et al., 2005; Rao et al., 2011). Even housekeeping 

genes thought to be constitutive were oscillatory, showing that metabolic transcriptional 

oscillations are not restricted to only a few genes involved in carbon metabolism (Klevecz et al., 

2004). 

The aligned temporal signature of gene activation and bulk oxygen oscillations has 

provided a reference for overrepresented metabolic and cell cycle genes (Klevecz et al., 2004). 

The YMC gene expression profiles are divided into three phases: a reductive building or a 

decreasing phase of oxygen consumption (R/B), a reductive charging or a phase of low but 

increasing oxygen consumption (R/C), and an oxidative or a high oxygen consumption phase 
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(Ox) (Tu et al., 2005) (see Figure 1.2). Genes encoding mitochondrial proteins and DNA 

replication machinery are expressed in the R/B phase (Tu et al., 2005). The R/C phase is 

characterized by the breakdown of storage carbohydrates and increased expression of protein 

degradation machinery with the rationale that the cells are energetically investing in cellular 

division (Tu et al., 2005). Finally, growth genes necessary for anabolism and oxidative 

phosphorylation are highly expressed in the Ox phase of the YMC (Tu et al., 2005). 

 

Figure 1.2: Cartoon representation of real data showing the three temporal phases of a 

metabolic oscillation and the proposed timing of cell cycle START published by Tu et al., 

2005. Transcription of the majority of the yeast exome oscillates with the YMC with the most 

common period of 300 minutes. These genes can be split into three different groups that have a 

peak transcription at different metabolic phases. Cdc3 transcript levels, and that of many other 

cell cycle related genes, peak rate in the reductive building (R/B) phase (Tu et al., 2005). Ura7 

transcription peaks in reductive charging (R/C) phase (Tu et al., 2005). Met17 transcript levels, 

and that of many other amino acid synthesis related genes, peak in the oxidative (Ox) phase (Tu 

et al., 2005). The strain used in Tu et al. 2005 experiment has a longer YMC period than the 

strain used in our experiments.  
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The liquidation of storage carbohydrates is tightly regulated with the cell cycle (Küenzi et al., 

1969; Müller et al., 2003), specifically Cdk and PKA activity (Zhao et al., 2016). However, 

intracellular storage carbohydrate levels are sensitive to dilution rate, media recipe, and aeration 

making the exact timing of these liquidation events difficult to distinguish (Trevelyan et al., 

1956; Berke et al., 1957; Küenzi et al., 1969). 

Global analysis of the yeast transcriptome also allowed for the formulation of models to 

explain the logic of overlapping periodicity of metabolic and cell cycle activities with the YMC, 

such as the overlap of DNA replication and decreasing oxygen consumption during the R/B 

phase. Klevecz et al. hypothesized that yeast evolved to isolate DNA synthesis to a low oxygen 

consumption (R/B) to avoid exposure of nascent DNA to damaging free radicals produced in the 

cell during the oxidative (Ox) YMC phase (Klevecz et al., 2004). This model was reinforced by 

subsequent research which showed, using microarrays and time-lapse microscopy, that DNA 

replication seemed to be strictly separated from high oxygen consumption (Tu et al., 2005; Chen 

et al., 2007; Murray et al., 2007; Silverman et al., 2010). Using the same methods and a different 

lab strain, Slavov and Botstein found that under some conditions DNA synthesis is not strictly 

separated from high oxygen consumption, Ox phase (Slavov et al., 2011 b). These researchers 

asserted that the YMC serves a more regulatory function in timely energy expenditure, utilizing 

bursts of gene expression as opposed to constant, basal expression (Slavov et al., 2011 b). These 

differing models show the need for further research into the logic and mechanism of how these 

two biological oscillators interact. 
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Section 1.3: The YMC is Coordinated with the Cell Cycle in Complex Fashion 

The budding yeast cell division cycle (CDC) begins with a growth period, G1, in between 

the previous cell division event and the onset of DNA synthesis (Hartwell et al., 1974). The cell 

then transitions to S phase, committing to the cell cycle by passing the START restriction point, 

which triggers gene expression and DNA synthesis (see Figure 1.3) (Hartwell et al., 1974; 

Johnston et al., 1977). A second gap phase G2 extends until the mitotic M phase where the 

chromosomes are segregated to the emerging bud and the mother cell. At cytokinesis the new 

daughter cell eventually buds off of the mother cell (Hartwell et al., 1974; Johnston et al., 1977). 

Budding yeast usually do not have a distinguishable G2 phase because they enter mitosis 

immediately after the completion of DNA synthesis. As a result, G2 and M phase are often 

considered one phase (see Figure 1.3). 

 

 

Figure 1.3: A typical cell division cycle for budding yeast. DNA synthesis begins only after 

passing START. This specific example is of a single, haploid cell going through one cell 

division. A diploid cell cycle has the same phases.  
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The doubling time for a Saccharomyces cerevisiae cell at the optimal growth temperature 

of 30ºC in nutrient rich media is 1-2 hours (Meyenburg, 1969; Hartwell et al., 1974; Johnston et 

al., 1977). However, the growth rate in a chemostat is set by the dilution rate and the average cell 

cycle is much slower (6-10 hours) at typical dilution rates (D = 0.1 hr-1) where metabolic 

oscillations arise (Meyenburg, 1969). While scientists have long known that frequency of 

budding is coordinated with metabolic cycles, it remains less clear how a faster YMC period of 

3-5 hours interacts with a slower CDC period of 6-10 hours (Meyenburg, 1969; Robertson et al., 

2008). 

Small, newly budded cells (called daughters) must grow throughout G1 in order to pass a 

size threshold before passing START (Hartwell et al., 1974; Johnston et al., 1977). This 

coordination of cell growth with START controls the rate of cell division and ensures that 

smaller daughters do not prematurely enter the cell cycle (Hartwell et al., 1974; Johnston et al., 

1977). Cell growth, nutrients, and metabolites, such as acetyl Co-A, modulate the expression and 

activity of the G1 cyclin, Cln3 (Wittenberg et al., 1990; Tyers et al., 1992; Parviz et al., 1998; 

Shi et al., 2013). As its levels increase during G1, nuclear Cln3 binds and activates the main cell 

cycle regulator, Cdk1, which phosphorylates Whi5, triggering the exit of the transcriptional 

repressor from the nucleus and marking START (De Bruin et al., 2004). The nuclear exit of 

Whi5 activates expression of G1/S genes including those encoding G1/S cyclins (Cln1/2), and B-

type cyclins (Clb5/6) that are essential for passage through START (Reed et al., 1989; Cross, 

1990; Schwob et al., 1993; Tyers et al., 1993; Stuart et al., 1995). During S phase, Cdk1 then 

interacts with G2/M cyclins, Clb1-4, to trigger storage carbohydrate liquidation and promote 

entry into high oxygen consumption (Koch et al., 1996; Zhao et al., 2016). These interactions 

suggest a cyclical nature of cell cycle and metabolic cycle events where metabolic processes can 
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trigger START and passing START can trigger metabolic processes. However, single cell 

experiments have shown that approximately half of all cells metabolically cycling in the 

chemostat commit to a cell cycle each metabolic cycle (Küenzi et al., 1969; Tu et al., 2005; 

Robertson et al., 2008; Laxman et al., 2010; Slavov et al., 2011 b). As a result, the bioreactor 

contains a complex, heterogeneous population of cells in different phases of the metabolic cycle 

and cell cycle (Burnetti et al., 2015). 

 

Figure 1.4: Coupling of metabolic oscillations with budding, a cell division event. The 

dissolved oxygen trace from a cycling chemostat shows persistent, bulk metabolic oscillations, 

but only cells in S/G2/M exhibit significant growth and metabolic activity. Thus, only actively 

budding cells contribute to bulk changes in dissolved oxygen content. Each row shows a single 

cell example of potential subpopulations either remaining in G1 or progressing through the cell 

division cycle. About half of the cells in the chemostat will commit to the cell cycle every 

metabolic cycle. 
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Furthermore, metabolically synchronized cells do not all enter the cell cycle at the same time, 

with different cells likely staying in G1 for varying numbers of metabolic cycles before passing 

START (see Figure 1.4). Our goal is to elucidate this population structure in a cycling chemostat 

by measuring the metabolic state and cell cycle state in single cells. 

This complexity also raises questions of autonomy regarding oscillations in CDC and 

YMC activity. For example, will metabolic oscillations persist if the CDC is halted? Early 

research using time-lapse microscopy determined that a cell continues to grow, and is therefore 

metabolically active, even when the cell cannot enter the cell cycle due to a mutation in a gene 

required for division (Hartwell et al., 1977; Johnston et al., 1977). Researchers addressing the 

question of whether metabolic oscillations are autonomous from the cell cycle have utilized other 

methods of halting the cell cycle including inducible CDC promoters (Ewald et al., 2016), 

exposure to mating pheromone, nutrient deprivation, and single cell tracking through time-lapse 

microscopy (Papagiannakis et al., 2017). Using these methods, one group of researchers 

concluded that the YMC is not autonomous, but is entrained by the CDC. (Ewald et al., 2016; 

Zhao et al., 2016). Meanwhile, other researchers captured metabolic oscillations in the absence 

of the CDC, and concluded that the YMC is an independent oscillator (Slavov et al., 2011 b; Shi 

et al., 2013; Lee et al., 2014; Papagiannakis et al., 2017). To complicate matters further, there is 

notable strain-to-strain variation in YMC period. Research by Tu et al., where they see a 

metabolic cycle period of 300 minutes, was conducted using the lab S. cerevisiae strain, CEN.PK 

(Tu et al., 2005). Slavov and Botstein recorded a metabolic cycle period of about 100 minutes at 

the same dilution rate as in Tu et al. (Tu et al., 2005; Slavov et al., 2011 a). Another set of YMC 

experiments conducted by Cho et al. and further analyzed by Klevecz and Murray captured 

metabolic oscillations at periods as low as 40 minutes in the lab strain W101 (Cho et al., 1998; 



   

 

11 

Klevecz et al., 2001). Thus, the lack of consistency in experimental design and use of strains 

with different backgrounds, different synchronization and perturbation methods, and varying 

media recipes is likely the cause of conflicting data and interpretations. 

 

Section 1.4: Why Measure the YMC and CDC in Single Cells? 

Capturing synchronous oscillations has traditionally relied on the use of dissolved oxygen 

probes, which measure the bulk oxygen levels in the bioreactor. However, bulk measurements 

represent the average oxygen utilization by the yeast population and obscure individual cell 

dynamics. Most of the data generated in this way, even perturbation experiments using mutants, 

are reported as fold changes in protein levels from whole-cell extractions as compared to wild-

type (Klevecz et al., 2004; Blank et al., 2009; Laxman et al., 2013). Due to this lack of 

discernment between single cell and population signals, conclusions about whether every 

individual cell contributes to the bulk metabolic oscillations are unclear. For example, if a bulk 

oscillation signal disappears, the cause could be either the loss of metabolic oscillations in single 

cells or the inability for the oscillating cells to synchronize with one another. Distinguishing 

between these extreme scenarios is important for understanding the origin and maintenance of 

yeast metabolic oscillations. 

Early on, scientists recognized the importance of these two oscillators for the growth and 

timing of division for an individual cell, but conclusions on these carbohydrate energy dynamics 

were limited by a lack of single cell resolution (Meyenburg, 1969). More recently, researchers 

used single molecule RNA fluorescence in situ hybridization (smFISH) to discern if the 

population-wide transcriptional oscillations were occurring at the single cell level (Silverman et 

al., 2010). Based on previous microarray transcription profiles, the researchers chose mRNAs 



   

 

12 

with expression peaks at different phases in the YMC (Silverman et al., 2010). They constructed 

the in situ probes for these transcripts to measure the number of RNAs in fixed single cells. 

These experiments were performed using cells extracted from unsynchronized cultures grown in 

a chemostat that were fixed in formaldehyde and permeabilized so the probes diffuse and bind 

mRNA (Zenklusen et al., 2008; Silverman et al., 2010). They found that the individual cells still 

exhibited patterns of expression consistent with oscillations in YMC gene expression, even in the 

absence of population synchrony and glucose limitation (Silverman et al., 2010). While this way 

of measuring and inferring metabolic oscillations via single cell RNA snapshots of fixed cells 

sampled from a population is useful to capture the pattern of transcriptional oscillations, it does 

not provide insight on the coupling of metabolic oscillations with the cell division cycle in a 

single cell over time.  

One group of experimenters developed novel in vivo assays to follow metabolic 

oscillations in actively cycling, single cells (Papagiannakis et al., 2017). This group tracked the 

cell cycle using a Whi5-eGFP fusion and monitored both NAD(P)H via autofluorescence and 

ATP levels using a FRET sensor inside of the cells (Papagiannakis et al., 2017). These 

experiments were performed using unsynchronized cells trapped in a microfluidic device. They 

injected the yeast mating pheromone, alpha factor, into the minimal media inside the device in 

order to block the cell cycle before START and continued to measure NAD(P)H and ATP inside 

of the cells. They found that the individual cells still exhibited metabolic oscillations, even in the 

absence of synchrony, the cell cycle, or the chemostat environment (Papagiannakis et al., 2017). 

However, this experimental design relies on the use of a microfluidic device, which is a different 

environment than a chemostat and adds complexity when comparing conclusions. Another group 

measured glycolytic flux in single cells using exogenous, bacterial transcriptional repressors 



   

 

13 

which, in the presence of glycolysis byproducts, relieves repression of fluorescent protein 

transcription (Monteiro et al., 2019). However, these single cell assays required live-cell imaging 

in microfluidic devices, where the metabolic synchronization seen in the chemostat does not 

occur. Therefore, there is a need for a reporter of metabolic state and cell cycle state that is 

compatible with extraction and fixation from a cycling chemostat, e.g., a protein that responds to 

a change in cell state through a change in localization (Whi5). 

 

Section 1.5: Thesis Research Overview 

The goal of my Master’s thesis was to develop a fixable reporter of metabolic and cell 

cycle state, so that I could measure the yeast metabolic cycle or cell division cycle state in single 

cells sampled from a chemostat. In order to measure metabolic oscillations in single cells, I 

cloned a strain with green fluorescent protein (GFP) fused to the C-terminal end of CTP 

synthase, Ura7. The Ura7 enzyme forms filaments in low glucose conditions and these filament 

structures can be preserved through fixation and observed with fluorescent microscopy. Using 

this strain, I sampled multiple time points from a cycling chemostat, fixed the samples, and 

measured the metabolic state of single cells from the population using fluorescent microscopy. I 

will show that Ura7-GFP is a potentially useful reporter of metabolic state of single cells cycling 

in a chemostat (see Figures 2.2, 2.3, 2.4).  

I also created a yeast strain with fluorescent protein TdTomato fused to the C-terminus of 

the transcriptional repressor, Whi5. The exit of fluorescently-tagged Whi5 from the nucleus 

indicates that cells have committed to the cell cycle and passed START (Charvin et al., 2010). 

My goal was to develop a reporter of cell cycle state to track the YMC and CDC at the same time 
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in single cells. However, the Whi5-TdTomato strain ultimately failed to exhibit sustained 

metabolic oscillations and I will speculate upon possible reasons why (see Figure 2.5).  

Last, in order to test whether the YMC can oscillate independently of the CDC, I used a 

conditional mutant of the cyclin dependent kinase (Cdk1), cdc28-13. This mutant has a 

temperature-sensitive allele rendering the kinase inactive at the non-permissive temperature of 

37ºC. Because Cdk1 is essential and is considered the master regulator of the cell cycle, exposing 

this strain to the nonpermissive temperature is the “gold-standard” way of halting the cell cycle 

(Johnston et al., 1977). By comparing this mutant to the wild-type in a cycling chemostat 

switched to the nonpermissive temperature, I show and argue that metabolic oscillations persist 

when the cell cycle is halted. 
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CHAPTER 2: SINGLE CELL REPORTERS 

Section 2.1: Yeast Metabolic Cycle Reporter 

Section 2.1.1: Background 

The amount of glucose in a cycling, glucose-limited chemostat is low enough such that 

the yeast population stops respiring within several minutes of stopping the feed or their removal 

from the chemostat. As a result, real-time fluorescent reporters of metabolic state that produce 

signals not maintained after fixation require immediate analysis because the metabolic state of 

yeast sampled from a glucose-limited chemostat will change rapidly. Ideally, one would have a 

fluorescent reporter whose signal measuring the metabolic state of a yeast cell upon sampling is 

preserved during fixation. This preserved fluorescent signal would alleviate the problem of 

changing metabolism upon sampling. Unfortunately, many metabolic reporters are based on 

changes in fluorescence excitation or emission via the interaction of a metabolite with an 

engineered fluorescent protein. This fluorescent signal will often change upon fixation because 

metabolites will diffuse out of the cell. A solution to this problem is to use a fluorescent protein 

whose abundance or localization changes as a function of the metabolic state of a single cell. To 

this end, I sought to develop a real-time, quantifiable, fixable reporter of metabolic state that 

would allow for the preservation of the signal produced. 

One class of proteins from published literature was of particular interest to us due to the 

dynamic formation of filamentous structures, called cytoophidia, in the cytoplasm of yeast cells 

in response to different biochemical processes (Noree et al., 2010, 2014; Aughey et al., 2016). 

One such candidate is Ura7, a CTP synthase that is active at high levels of glucose inside of the 

cell and inactive in low levels of glucose (Noree et al., 2010, 2014). When inactive, free enzymes 

spontaneously aggregate to form puncta and filaments in the cytoplasm (Noree et al., 2010, 
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2014). Furthermore, URA7 transcription peaks at specific and consistent points of the metabolic 

cycle, approximately every 5 hours (Tu et al., 2005). Due to its filamentation in response to 

glucose and its transcriptional pattern, we hypothesized that Ura7 fused to a fluorescent protein 

could be a useful reporter of metabolic state of cells cycling in a glucose-limited chemostat. 

 

Section 2.1.2: Results 

In order to test our hypothesis that Ura7 is a useful reporter of metabolic state, I 

performed a chemostat experiment with a haploid Saccharomyces cerevisiae strain (NBY 845) 

with a GFP-tagged, endogenous Ura7 protein (see Section 2.7: Table 2: Yeast Strains). I fused 

GFP to Ura7 using previously published methods (see Section 2.6 Strain and Plasmid 

Construction) and primers (see Section 2.7: Table 1: PCR Primers). I grew our URA7-GFP 

strain, NBY845 in the chemostat, induced metabolic oscillations, and extracted and fixed 

samples at twelve different time points (see Figure 2.1). I then took 10 fluorescent images of 

each sample and measured the presence and length of the structures in each image for all twelve 

time points. This strain produced sustained metabolic oscillations for the duration of the 

experiment and after completing extractions (see Figure 2.1). 

Our goal was to investigate the change in the presence and length of Ura7 filaments 

across a single metabolic oscillation. Thus, I focused data analysis to nine time points that were 

extracted along a single metabolic oscillation (see middle of Figure 2.1). I followed a previously 

published image analysis protocol (Noree et al., 2014) using FIJI image analysis software to 

quantify the presence of Ura7-GFP foci or filaments and their lengths (see Section 2.6: Sampling 

and Data Collection).  
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Figure 2.1: Metabolic oscillations were achieved before, and maintained after, extracting 

samples for Ura7-GFP imaging. Extractions did not affect the bulk metabolic oscillation signal 

in chemostat. A total of 12 samples were extracted, but analysis focuses on middle 9 samples 

across a single oscillation. Time point numbers are labeled next to each extraction point. 

 

For consistency, I classified these structures using the same standard as Noree et al., even 

though they used different growth conditions for their Ura7- fluorescent protein fusion strain. 

Their criterion considers fluorescent structures shorter than 0.75m as foci and structures longer 

than 0.75m as filaments (see Figure 2.2). Our data show that ~30% of all the cells imaged from 

every sample had fluorescent structures, of which 30% were foci and 70% were filaments. These 

proportions match the published Noree et al. (2014) frequencies in low glucose levels, showing 
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that in a glucose-limited chemostat our strain behaves similarly to that of other groups (Noree et 

al., 2014).  

 

 

Figure 2.2: Example of fluorescent images taken of extraction sample at time point 6 at 

low, but increasing oxygen consumption. Microscopy shows a heterogeneous population of 

cells with and without fluorescent structures. Red arrows point to examples of a fluorescent 

Ura7-GFP focus (≤ 0.75 m) and a fluorescent Ura7-GFP filament (>0.75 m). The brightfield 

image is in upper right panel. The bottom right image is the fluorescent, FITC filtered image of 

same cells. The upper left image is the inverted FITC image. The bottom left image is the 

product of overlaying the brightfield image with the FITC fluorescent image. 

 

 

Given that Ura7 forms secondary structures during periods of low metabolic activity, we 

expected more fluorescent structures during low oxygen consumption. To test this, I plotted the 

presence/absence against the corresponding (DO) dissolved oxygen oscillation signature 

recorded from the experiment (see Figure 2.3A). Indeed, we did see an increase in the proportion 
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of cells with fluorescent structures (ps) in low oxygen consumption and a decrease in the 

prevalence of fluorescent structures in high oxygen consumption. To quantify this correlation, I 

plotted DO and ps (see Figure 2.3B) and calculated the Pearson’s correlation coefficient (cor = 

0.85) along with its statistical significance (p-value 0.003). This was done in R using the cor.test 

function. These data show a strong correlation between the two signals: as dissolved oxygen 

increases, so does the proportion of cells with fluorescent structure (see Figure 2.3B). This 

suggests that Ura7-GFP foci and filaments are a relevant reporter of metabolic state in single 

cells throughout the YMC. 
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Figure 2.3: Dissolved oxygen trace and proportion of cells with Ura7-GFP fluorescent structures are correlated over time.    

(A) The sample size of cells is next to each time point. Each time point includes the 95% confidence interval of estimated proportion 

of cells with fluorescent structure (ps), based on finite sampling from a binomial distribution (Wallis, 2013). For comparison, the 

dissolved oxygen (DO) trace is shown in blue. (B) Plot of DO versus ps along with a best-fit line. Pearson’s correlation test shows a 

statistically significant correlation (p-value = 0.003) between DO and ps (cor = 0.85).
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Figure 2.4: Dissolved oxygen trace and distributions of fluorescent structure lengths present in each sample. (A) Each 

extraction point is associated with a violin plot representing the distribution of fluorescent structure lengths, with the sample average 

length represented as a black point and the standard deviations as black bars. The number of structures measured is labeled above each 

violin plot and time point number is labeled along the x-axis. The distribution at time point 5 was significantly different from time 

points 3, 4, 6, 7, and 10 in post-hoc tests (respective p-values: 2.2x10-5, 8.1x10-5, 0.006, 0.04, 1.7x10-6). (B) The relationship between 

dissolved oxygen content and proportion of cells with structures and shading on the trendline representing standard error. With a p-

value of 0.563, Pearson’s correlation test shows that there is no statistically significant correlation between the signals produced by the 

dissolved oxygen trace and the change in the ratio of cells with fluorescent structures over time (cor = 0.24). 
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We further tested whether there might be a correlation between the length of Ura7-GFP 

filaments and DO (see Figure 2.4A). A Kruskal-Wallis test (non-parametric ANOVA) was used 

through R using the kruskal.test function. I concluded that there is at least one time point in 

which filament length distribution is significantly different from that of the other time points (p-

value 4.29x10-10). I then conducted a Wilcoxon rank sum test with a Bonferroni correction as a 

post-hoc test to the Kruskal-Wallis to compare the distributions of filament lengths at each time 

point through R using the pairwise.wilcox.test and p.adjust.method functions, respectively (see 

Figure 2.4). This analysis indicates that only the distribution of time point 5 is significantly 

different from most of the other time points (see Figure 2.4 description for p-values). Last, a plot 

of the mean filament size versus DO (Figure 2.3B) shows a statistically insignificant (p-value = 

0.563) and weak correlation (cor = 0.24) between mean filament size and DO. 

 

Section 2.1.3: Discussion 

The signature produced by the change in the proportion of total cells with fluorescent 

structure, either foci or filaments, is significantly correlated with the change in dissolved oxygen 

in the chemostat during metabolic oscillations. There were more cells containing fluorescent 

structures during low oxygen consumption, a phase when the population overall is less 

metabolically active. This is consistent with previous research which showed that the Ura7 

secondary structures were more common in conditions of lower metabolic activity induced by 

carbon nutrient stress (Noree et al., 2010, 2014). Thus, we are cautiously optimistic that Ura7 

may be a useful reporter of metabolic state of Saccharomyces cerevisiae cells and could provide 

a single cell alternative to bulk metabolic measurements of the YMC. 
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Further work is needed to gauge the extent to which Ura7-GFP filament formation is an 

accurate reporter of a metabolic state during metabolic cycling. I note that there is cell-to-cell 

heterogeneity in the presence of filaments across the population. Incomplete penetrance of the 

presence of filaments was also noted in prior experiments published by Noree et al. (2014) where 

only 30% of glucose-starved cells had filaments. It is possible that only 30% of cells were 

starved and all 100% of those cells formed filaments. This would mean that Ura7 is an accurate 

metabolic reporter. It is also possible that Ura7 is partially accurate and filaments are only 

present in 30% of cells, all of which are starved. Future experiments could test this by 

introducing RFP-tagged enzymes from the same cytoophidia-producing protein class that are 

also sensitive to glucose levels inside of the cells. If there is covariation in the presence of RFP 

and GFP filaments in the same starving cells, then this would suggest that Ura7 is accurately 

portraying the heterogeneity of metabolic state present at the level of cells in a population. If 

there is no correlation in the presence of RFP and GFP filaments across cells, then we would 

have to reconsider whether Ura7-GFP is a faithful metabolic reporter of single cells. 

The signature produced by the change in the distribution of fluorescent structure length is 

not significantly correlated with the change in dissolved oxygen in the chemostat during 

metabolic oscillations. It is possible that the lower sample sizes did not provide enough statistical 

power to capture significant differences in the distributions of lengths per time point. However, it 

is also possible that the length of fluorescent structures does not reflect a change in metabolic 

state with an obvious relationship to change in oxygen utilization as in the presence of 

fluorescent structure data. Perhaps the change in the fluorescent structure lengths captures 

information about the metabolic activity of a single cell that is presently ambiguous. If the 

proposed experiment using an RFP-reporting strain shows that the presence of Ura7 structure 
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captures population heterogeneity, then the less intuitive trace seen in the average length of 

fluorescent structure may be the result of this population heterogeneity. A follow-up experiment 

which measures the change in fluorescent structure length overtime with a greater sample sizes 

could, when compared to the proposed RFP experiment, provide further insight. 

 

 

Section 2.2: Cell Division Cycle Reporter 

Section 2.2.1: Background 

Whi5 is a transcriptional repressor that is present in the nucleus during the G1 phase of 

the budding yeast cell cycle (Charvin et al., 2010). This repressor is initially phosphorylated by 

Cln3/Cdk1 and subsequently exported from the nucleus at the G1/S transition, a cell’s 

commitment point for DNA replication and cell division. Thus, Whi5 localization, either to the 

nucleus during G1 or the cytoplasm throughout S/G2/M, is an indicator of cell cycle phase. 

Scientists have used fluorescent microscopy to image Whi5 fused to different fluorescent 

proteins such as GFP and mCherry to measure cell cycle state and the timing of the G1/S 

transition (Papagiannakis et al., 2017; Baumgartner et al., 2018). This cell cycle reporter is useful 

because the yeast cells can be sampled from a cycling chemostat, fixed, and the Whi5 

localization signal is robust to partial loss of fluorescence due to fixation.  

 

Section 2.2.2: Results 

I first tested to see if our strain (NBY863) with a fluorescently tagged Whi5 (see Table 2: 

Yeast Strains), produces metabolic oscillations in a chemostat environment. Unfortunately, the 

dissolved oxygen trace for the first starvation phase and switch to continuous growth was lost 

after our galvanic oxygen probe stopped working. Fortunately, I was able to switch to a different 
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oxygen probe (PreSense) and capture a single metabolic oscillation (see Figure 2.5). After this 

single oscillation, the dissolved oxygen signal damped and remained around 20%. I then starved 

the culture for 8 hours and started the addition of media for a second time to initiate metabolic 

cycles. The strain again produced one metabolic oscillation before returning to a constant 20% 

dissolved oxygen. I repeated this sequence a third time, only I induced starvation for just 3 hours, 

with the same results before stopping the experiment (see Figure 2.5). These preliminary results 

suggest that our Whi5-TdTomato strain is unable to sustain synchronous metabolic cycles, unlike 

the wild-type background strain. 

 

 

Figure 2.5: Metabolic oscillations, measured through the bulk dissolved oxygen trace, were 

not maintained by the Whi5-TdTomato strain. After producing 1 transient oscillation, 

dissolved oxygen trace dampens. Three starvation periods were induced in an attempt to regain 

synchrony, but strain did not produce sustained oscillations. The yellow stars represent points of 

change in the experiment: the switch to the optical PreSense probe, the first attempt to re-gain 

synchrony through starvation, the switch back to chemostat mode, and the second attempt to re-

gain synchrony through starvation, and the switch back to chemostat mode. 
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Section 2.2.3: Discussion 

TdTomato is one of the brightest fluorescent proteins developed for molecular biology, 

but it is also one of the largest (54 kDa) and has the potential to disrupt the function of fused 

proteins (Deluca et al., 2003). WHI5 deletion mutants are viable and generate smaller cells 

because they pass START earlier than wild-type yeast (Jorgensen et al., 2002; Soifer et al., 

2014). Although I did not detect significant changes in cell size in our Whi5-TdTomato strain, it 

is possible that TdTomato disrupts the function of endogenous Whi5 enough to destroy 

metabolic oscillations. Future experiments could verify this by testing whether whi5∆ deletion or 

whi5 hypomorphic alleles exhibit metabolic oscillations in the chemostat. One could also create 

strains with smaller RFP (e.g. mCherry) fusions to Whi5, which could have smaller effects on 

Whi5 compared to TdTomato. 

 

Section 2.3: Metabolic Oscillations Persist in the Absence of the Cell Cycle 

Section 2.3.1: Background 

The main regulator of the yeast cell cycle is Cdk1, encoded by the essential gene CDC28. 

This kinase interacts with G1 and G1/S cyclins to regulate G1 progression and induce START, 

as well as G2/M cyclins to regulate transcription and chromosome dynamics (Mendenhall et al., 

1988; Yu et al., 1996; Buscemi et al., 2000; Choy et al., 2013). Classical genetics experiments 

identified the importance of this regulator by studying deletion and conditional mutants. 

Experimenters found that deletion of CDC28 leads to a complete loss of strain viability and 

mutations to CDC28 have serious consequences to cell cycle progression and cell morphology 

causing large, unbudded cells stuck in G1 or halted G2/M elongated cells with only one nucleus 

(Mendenhall et al., 1988). One mutant from these experiments stands out as a gold-standard for 



   

 

27 

halting the cell cycle by blocking passage through START. This strain has a temperature 

sensitive allele which renders Cdk1 non-functional at the non-permissive temperature of 37ºC or 

warmer (Johnston et al., 1977; Buscemi et al., 2000). Thus, this strain maintains its viability at 

the permissive temperature while introducing the usefulness of temporarily halting the cell cycle 

at the restrictive temperature, making it a useful tool for studying oscillator autonomy in YMC 

research. The effects of cell cycle arrest on metabolic cycling can be measured through changes 

in dissolved oxygen concentration in an actively cycling chemostat. 

 

Section 2.3.2: Results 

In order to address questions about the autonomy of the YMC in the absence of the CDC, 

we performed a chemostat experiment using the cdc28-13ts strain. We also included the wild-

type strain, GZ240 which has the endogenous CDC28 to control for the unknown effects of 

increased temperature on the YMC in wild-type yeast. We set up this chemostat experiment as 

previously described with the exception that we initially maintained the vessels at room 

temperature, 23ºC (permissive temperature) in order to avoid potentially triggering the 

temperature sensitivity of the mutant strain at the usual chemostat experiment temperature of 

30ºC. After we achieved sustained metabolic oscillations in both vessels, we extracted two 

samples from each vessel and calculated the budding frequency. We then increased the 

temperature of the thermal jacket for both vessels to 38ºC (restrictive temperature), a temperature 

at which the wild-type strain continues to go through cellular division and the mutant strain will 

block at G1 and cannot enter the cell cycle. We held both vessels at 38ºC for about 24 hours and 

took three samples from each vessel to calculate the fraction of budded cells (i.e. cells in S/G2/M 

phase, which have passed START and are actively proliferating). 
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Notably, the mutant cdc28-13ts strain exhibited several oscillations at the non-permissive 

temperature before eventually damping and, as expected, the budding frequency dropped to 

almost zero (see Figure 2.6).The wild-type strain also produced several metabolic oscillations at 

the non-permissive temperature before eventually damping. However, unlike the cdc28-13ts  

 

Figure 2.6: Metabolic oscillations autonomously persist when the cell division cycle is 

halted in cdc28-13ts mutant strain. T=0 is the time at which the bioreactor was set to 

nonpermissive temperature. Metabolic oscillations are present, but dampen over time in the 

mutant and the wild-type. Both strains recover metabolic oscillations after switching back to 

23ºC. The mutant budding events are not completely absent. The wild-type strain continues to go 

through the cell division cycle (~30% budding fraction), whereas the mutant strain is mostly 

blocked in the G1 phase( < 5% budding fraction). 

 

strain, the wild-type budding frequency remained non-zero because the cells continued to 

proliferate at the warmer temperature. The cdc28-13ts strain, which is blocked in G1 at the 

restrictive temperature, exhibits a series of metabolic oscillations that is qualitatively similar to 
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wild-type strain. This suggests that the YMC oscillations persist in the absence of CDC 

oscillations to the same extent as wild-type cells with an active cell division cycle. Once we 

could no longer detect metabolic oscillations in either strain, we switched both vessels back to 

23ºC to avoid totally washing out the mutant strain and test whether both strains would resume 

metabolic oscillations. After about 24 hours at 23ºC, the wild-type strain started to produce 

metabolic oscillations. The mutant strain took longer to start oscillating again, presumably 

because the yeast cell density had to increase back to permissive temperature levels because 

these cells could not proliferate throughout the time at the restrictive temperature and were thus 

diluted by the chemostat feed. Synchrony and metabolic oscillations were recovered in both 

strains without having to re-starve the cultures. 

 

Section 2.3.3: Discussion 

This experiment introduced more questions to our initial investigation into the autonomy 

of the YMC. For example, follow up experiments are necessary to determine why the wild-type 

strain metabolic oscillations were not maintained at the higher temperature of 38ºC. This would 

help us understand the extent to which the temperature-sensitive mutant metabolic oscillations 

are similar or different from that of the wild-type at the restrictive temperature. Single cell 

resolution would also help distinguish whether the damping of oscillations is the result of a lack 

of metabolic oscillations in single cells or a lack of synchrony between oscillators in a population 

of cells. However, it is clear that the cdc28-13ts strain is an effective way of halting the cell cycle 

and provides a useful, dependable way of prodding at questions of oscillator autonomy. 

 

Section 2.4: Chemostat Media and Culture Conditions 



   

 

30 

Section 2.4.1: Chemostat Set-up 

All chemostat experiments were performed using the same minimal media recipe 

including: 0.1 g/L CaCl2 2H2O, 0.5 g/L Mg2(SO4) 7H2O, 2 g/L K2HPO4, 5 g/L (NH4)SO4, 1 g/L 

yeast extract, 70 ul/L 96% H2SO4 or until pH 4. After autoclaving the minimal medium, a 10x 

solution of heat-sensitive vitamins and glucose were filtered and injected into the vessels: 100 

uL/L trace salts 10000x, 0.02 Fe(SO4)2 7H2O, 10g/L glucose, and 100 uL/L Antifoam Sigma 

204. 

Cultures were grown in 50 mL of liquid YPD media overnight to saturation, centrifuged, 

washed with sterile water, and re-centrifuged. Washed cell pellets were then resuspended with 

100 mL of the 10x sugar+vitamin solution. The suspension was then inoculated into a 2-chamber 

Multifors bioreactor with 1-L fermenter vessels containing 900 mL of pre-sterilized synthetic 

media. Chambers contained a pO2 probe, thermocouple thermometer, and pH probe to measure 

dissolved oxygen and maintain the culture at 30ºC and pH of 4, see Figure 1. Culture pH was 

maintained by the automatic addition of 1M NaOH or 1M H2PO4 to counteract changes in pH 

caused by the yeast. Agitation stirrers at 550 RPM assisted with oxygen diffusion of filtered air 

pumped in at 1L per minute through the vessel, creating a well-mixed, oxygenated, and 

homogenous environment, see Figure 1. 

After the inoculation of the yeast+sugar+vitamin mixture, the culture was grown in batch 

mode until saturation. Without the addition of fresh media, the yeast consume the glucose via 

glycolysis and produce an ethanol byproduct. When the glucose in the media is exhausted, the 

yeast then undergo a diauxic shift where they begin consuming ethanol as a carbon source until 

the ethanol in the media is also exhausted. The culture then starves and the dissolved oxygen 

concentration in the bioreactor will then reach about 100% as respiratory processes halt (see 



   

 

31 

Figure 1.1). After about eight hours of starvation, the bioreactor was switched to chemostat mode 

where fresh media was added to the active vessels at a dilution rate of 100 mL per hour. Well-

mixed bioreactor content was removed at the same rate into a waste container. Metabolic 

oscillations typically emerged eight hours after the start of media feed. If oscillations did not 

occur or if they were not sustained throughout the day, then the media feed was turned off and 

culture was re-starved for six hours before reactivating media feed. 

 

 

Section 2.4.2: Alternate Probes and Media  

An alternative dissolved oxygen probe, PreSens Dipping Probe PSt.3, was used in 

experiments involving the Whi5-Tdtomato strain. The PreSens probe uses an oxygen sensitive 

foil, fluorescent excitation, and transmitted light via optical fibers to measure changes in 

dissolved oxygen in the chemostat. We switched to the PreSens probe because our galvanic 

dissolved oxygen probes were malfunctioning. This probe is equally as sensitive as the galvanic 

probe (Hill et al., n.d.).  

For routine yeast growth and manipulation, we used a rich, complex YPD media to grow out 

strains: 10g/L yeast extract, 20g/L peptone, 10mL/L 100x adenine, 10mL/L 100x tryptophan, 10 

mL/L 100x uracil, with 2% glucose and 20g/L granulated agar as needed. All flow cytometry 

experiments used synthetic, complete, defined media SCD: 10g/L succinic acid, 6g/L sodium 

hydroxide, 1.7g/L yeast nitrogen base without amino acids with ammonium sulfate, 2g/L amino 

acid and nucleic acid mix, and 2% glucose. Specific SCD media was necessary for selecting 

WHI5-TdTomato transformants using G418: 6.7 g/L yeast nitrogen base without amino acids and 

without ammonium sulfate, 20 g/L bacto-agar, 2 g/L amino acid and nucleic acid mix, 1 g/L 
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monosodium glutamate as a nitrogen source, 2% glucose, 20g/L granulated agar as needed, and 

300 mg/L G418 adjusted by active concentration.  

 

Section 2.5: Chemostat Sampling and Data Collection 

Samples were extracted from the vessels through an extraction port using single-use, 

sterile needles and syringes. 500 uL of the sample was fixed in 15mL falcon tubes filled with 

7mL 4% formaldehyde, for a final concentration of 3.7% formaldehyde, for 15 minutes on a 

single-drum, vertical rotating incubator at room temperature. The cells were then centrifuged at 

13,000 RPM for 3-5 minutes, washed in sterile PBS followed by another centrifugation before 

final resuspension in 50 uL of sterile PBS. Samples were stored at 4ºC until time of imaging. 3uL 

of the fixed cells in PBS was pipetted onto glass microscope slides, then covered with a glass 

coverslip and the edges sealed by clear nail polish. All samples were imaged within a week of 

fixation. 

All imaging of Ura7-GFP structures was performed using a DeltaVision Elite (GE) 

microscope with an excitation filter setting POL 32% transmittance for 0.15 seconds, and 

emission filter setting FITC 32% transmittance for 0.4 seconds. Each fixed sample was imaged at 

10 positions with about 50 cells per position using the 60x phase objective. At every position, a 

brightfield image was collected along with a series of fluorescent images taken down the z-axis. 

Each of the 44 z-stack images were 0.2 m thick, a total stack thickness of 8.83 m. Image 

analysis was performed using FIJI imaging software and fluorescent structures were determined 

and measured based on a previously published protocol (Noree et al., 2014).  
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Section 2.6: Plasmid and Strain Construction 

Section 2.6.1: Background Genotype 

GZ240 (mating type a), GZ241 (mating type ), and heterozygous diploid CDC28/cdc28-

13ts were gifts from Yuping Chen in the lab of Dr. Bruce Futcher and were previously described 

(Zhao et al., 2016). The genetic background of these strains is almost identical to the standard 

laboratory strain, S288C with a few exceptions. All GZ strains have repaired HAP1, which has a 

transposon interruption in the canonical S288C background strain. This transcription factor is 

sensitive to oxygen and heme present in the cell and the transposon interruption of this gene in 

making its function vital for oxygen utilization experiments. Additionally, four other alleles 

necessary for normal mitochondrial function: MKT1, SAL1, CAT5, and MIP1 have mutations in 

the S288C background. These alleles are known to be responsible for the high rate of formation 

of defective mitochondria (known as “petite” yeasts) in S288C. These alleles were restored in all 

GZ strains, making these laboratory strains closer to a wild-type genetic background (while 

almost identical to strains used in prior literature) (Zhao et al., 2016).  

Lastly, all GZ strains are prototrophic and can synthesize all amino acids and nucleic 

acids in minimal medium. Prior literature has shown changes in the period and amplitude of 

metabolic oscillations produced by Saccharomyces cerevisiae strains with mutations in amino 

acid and nucleic acid synthesis genes (Tu et al., 2007; Cai et al., 2011; Kuang et al., 2014; 

Causton et al., 2015; Mellor, 2016; Baumgartner et al., 2018). These datasets show that genes 

necessary for normal metabolic activity also affect metabolic cycling when disrupted. We 

created new lab strains in the prototrophic GZ background using drug resistance cassettes instead 

of standard auxotrophic markers. 
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Section 2.6.2: Wild-Type Strain 

A diploid parental strain was formed by mating two haploid strains, NBY809 and 

NBY828 to produce NBY837 with genotype CDC28/cdc28-13ts (Amberg et al., 2006 a). 

NBY837 is the parental strain for the URA7-GFP and WHI5-TdTomato constructs. The two 

reporter strains, URA7-GFP and WHI5-TdTomato, were cloned using techniques that rely on 

homologous recombination of transformed DNA fragments with genomic DNA. These 

fragments were flanked with DNA sequences, added via PCR primers, homologous to the 3’ 

untranslated region of a protein of interest in the yeast genome. The overall goal of these 

transformations was to tag a protein of interest with a fluorescent protein that could be seen using 

fluorescent microscopy after fixation of the cells. Both constructs were transformed into diploid 

strain NBY837 using a protocol for the high efficiency, heat-shock transformation of yeast 

(Amberg et al., 2006 b). 

All strains were first created in a diploid background. I isolated a diploid transformant 

that when grown in 1% potassium acetate, will undergo sporulation or meiosis to produce four 

haploid spores inside of the original diploid cell. I then dissected the spore-containing ascii. 

Using the glass needle of a dissection microscope, one can burst the ascus, separate the four 

spores on the plate, and know that the recombinant spores came from the same event of meiosis 

from a diploid parent. These four spores are called haploid segregants. Because meiosis follows 

Mendelian genetics, I can test my expectation that most of the transformants will be a single 

genome integration of our exogenous fragment (heterozygous). When replica plated onto drug-

containing media, I predict to see equal ratios of spores that can grow on the selection plates to 

ones that cannot. Equal ratios of resistant to non-resistant haploid segregants strongly suggest a 

single genomic integration. When all four spores can grow on the drug-containing media, this 
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strongly suggests multiple genomic integrations or a copy of our introduced DNA fragment 

integrated into loci on both chromosomes (homozygous) or possibly elsewhere in the genome. If 

none of the haploid segregants can grow on the drug-containing media, then I can test if our 

diploid transformant was a false positive (i.e. spontaneous drug resistance) or if the integrated 

DNA fragment has altered the function of the protein of interest in a way that has compromised 

the viability of the haploid segregant. For example, a large fluorescent protein fused to an 

essential protein may cause the protein to misfold. In a heterozygous diploid, this issue will 

likely go unnoticed because there is a functional, non-tagged allele encoding the essential protein 

on the other chromosome. In a transformed haploid strain, there would be only one copy of the 

gene encoding the protein and secondary mutations that suppress growth defects could 

accumulate. Thus, all of my transformants were made in a diploid yeast strain  followed by 

sporulation and isolation of haploid segregants to test for heterozygosity, identify whether gene 

fusions affect viability, and control against the possible accumulation of secondary mutations.  

 

Section 2.6.3: Strain Validation 

Once a transformed diploid strain was isolated, I first validate the expression of the 

fluorescent protein through flow cytometry using a MacsQuant VYB (Miltenyi Biotech, 

Bergisch-Gladbach, Germany). Single, drug-resistant colonies that were of average size when 

compared to other colonies on the plate were chosen and inoculated into synthetic complete 

liquid media and grown in a 30ºC shaker, at 200 RPM overnight. The liquid, synthetic complete 

media was chosen because it has less autofluorescence (as compared to YPD medium) while still 

providing the yeast with all necessary nutrients. These cultures were then diluted to OD660 of 0.1-

0.2 and grown for 3-5 hours in the same 30ºC shaker until they doubled at least once and were in 
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exponential growth phase, or OD660 of 0.4-0.6. I then diluted these cultures to OD660 of 0.1-0.2 

and transferred about 500 uL of the diluted culture to a centrifuge tube. The wild-type 

background strain acted as a negative control and was always included in these experiments. 

When available, a strain that expresses the fluorescent protein was used as a positive control. In 

this way, I was able to validate transformation success by comparing the fluorescent signal of the 

transformants to the negative and positive controls. Transformed colonies that exhibited an 

average fluorescent signal when compared to other fluorescent positive colonies from the same 

transformation were chosen for further testing. Flow cytometry data were visualized and 

analyzed using FlowJo software. After validation through flow cytometry, I induced meiotic 

division by inoculating the diploid strain into 3-5mL of liquid minimal, sporulation media using 

a previously published recipe and protocol (Amberg et al., 2006 a). These cultures grew in 15mL 

Falcon tubes, rotating on a vertical rotating drum at room temperature for 3-7 days or until ascii 

were fully formed. I checked for the progress and presence of ascii in the sporulating culture by 

pipetting 3 uL of the culture on a glass microscope slide and using the phase contrast setting on a 

standard Zeiss microscope. A sporulating culture is easiest to dissect when at least 5% of the 

cells in the culture contain all four spores in a closed ascus. I then treated the ascii-containing 

cultures with Zymolyase, which weakens the ascus membrane sac surrounding the spores, 

according to the previously published protocol and used a dissection microscope to separate the 

spores (Amberg et al., 2006 b). These haploid segregants were then screened to obtain a haploid 

strain with a fluorescently-tagged protein and either the temperature sensitive allele cdc28-13ts 

or the wild-type CDC28 allele. I tested for temperature sensitivity by creating a rectangular patch 

of yeast on a YPD plate and placing the plate in a 37ºC incubator overnight. Patches containing 
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yeast with the wild-type CDC28 allele would grow, creating a dense patch of yeast. Patches 

containing yeast with the temperature sensitive allele cdc28-13ts would not grow. 

 

 

Section 2.6.4: Ura7-GFP Strain 

Diploid strain NBY837 with one chromosomal copy of URA7-GFP:NatMX was 

constructed using standard cloning techniques (Longtine et al., 1998). The GFP and clonat 

resistance genes were PCR amplified from plasmid pNB1157 using a Phusion Hot Start 

polymerase with published primers (Zhang et al., 2018). These primers added 40 base pairs of 

homology to the 3’ untranslated region of the URA7 gene to generate a 2.2 kilobase pair product 

confirmed through gel electrophoresis, see Table 1. This product was transformed into NBY 837 

following the protocol for high efficiency transformation of yeast (Amberg et al., 2006 b). 

Transformed colonies were isolated and validated by comparing to a parental strain using flow 

cytometry and fluorescent microscopy. Each of the colonies showed fluorescence significantly 

above the wild-type. The strain with the average fluorescent signal was chosen for further testing 

as described above. The strain was sporulated and dissected using standard techniques described 

above (Schild et al., 1978). The YPD (yeast extract + peptone + dextrose, complex) plate with 

colonies grown from single tetrads was then replica plated onto a YPD plate with clonat to 

identify haploid segregants with URA7 or URA7-GFP:NatMX. The same plate was replica 

plated onto a fresh YPD plate and grown at 37ºC to test for temperature sensitivity to identify 

haploid segregants with CDC28 or cdc28-13ts. All tetrads exhibited an equal ratio of URA7 and 

URA7-GFP:NatMX, which is consistent with a single integration event in the parental diploid 

strain. I chose a haploid segregant, NBY845, that was resistant to clonat and could grow at 37ºC 

for future chemostat experiments. 
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Section 2.6.5: Whi5-TdTomato Strain  

A plasmid with homology to the 3’ untranslated region of WHI5, the TdTomato 

fluorescent protein gene, and a G418 resistance cassette was constructed using standard cloning 

techniques and was named pNB1211, see Table 3 (Longtine et al., 1998). The backbone of 

pNB1211 was plasmid pNB1195, a gift from the Lew Lab and originally created by the Tang 

Lab as pCT2001 (Liu et al., 2015). pNB1195 contains two fragments, each 300 base pairs of 

flanking homology to the 3’ untranslated region of WHI5, tandem fluorescent protein TdTomato, 

and an auxotrophic uracil selectable marker (Liu et al., 2015). In order to create a prototrophic 

Whi5-TdTomato strain, the selectable marker of this plasmid was changed using molecular 

cloning techniques from Ura3 to drug resistance cassette, KanMX. Plasmid pNB1158 was used 

to change the selectable marker in pNB1195 because it has a G418 resistance selectable marker 

gene and compatible restriction enzyme sites. Both plasmids were digested with restriction 

enzymes EcoRI-HF and BglII. Vector and insert fragments were extracted from 1% agarose gel 

and purified using the Monarch Gel Extraction Kit from New England Biolabs. The purified 

fragments were quantified, ligated, and transformed into a lab strain of competent E. coli cells. 

The transformed bacteria were plated on Luria-Bertani media plates with ampicillin and, after 

overnight growth, colonies were isolated and miniprepped using the QIAprep Spin Miniprep kit 

from Qiagen. The products were tested for the successful plasmid product through restriction 

enzyme digestion and gel electrophoresis. Predicted DNA fragments from restriction digest 

confirmed the presence and correct orientation of the KanMX cassette in the pCT2001 backbone. 

One colony from this transformation was saved and frozen as pNB1211. The new plasmid was 

then digested with restriction enzyme NotI-HF to produce a product of 3.9 kilobase pairs which 

was confirmed through gel electrophoresis, extracted, and purified using the Monarch Gel 
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Extraction kit from New England Biolabs before being transformed into NBY837. Colonies from 

the transformation selection plate, synthetic complete defined media with no ammonium sulfate 

and added G418, were isolated and, through flow cytometry, compared to wild-type negative 

control and a uracil deficient strain positive control containing the original pCT2001 TdTomato 

integration. All colonies had fluorescence above wild-type background, similar to that of the 

positive control. One colony with the average fluorescent signal was chosen for further testing. 

This CDC28/cdc28-13ts strain was sporulated in acetate media and dissected using standard 

techniques (Schild et al., 1978).  

 

Figure 2.7: Agarose gel showing results of colony PCR which validates Whi5-TdTomato 

strain, NBY 863. Lane 1 contains the NEB 1Kb plus purple ladder. Lane 2 contains a negative 

control PCR where no DNA was added to the PCR tube. Lane 3 contains a positive control PCR 

where plasmid DNA (pNB1211) was added to the PCR tube. Lane 4 contains the PCR product 

where the wild-type diploid genomic DNA was added to the PCR tube. Lane 5 contains the PCR 

product where the genomic DNA of NBY863 was added to the PCR tube. Lane 6 contains the 

PCR product where a different extraction of wild-type diploid genomic DNA was added to the 

PCR tube to add replicates. Land 7 contains the PCR product where a different extraction of 

genomic DNA of NBY863 was added to the PCR tube. 
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The YPD plate with colonies grown from single tetrads was then replica plated onto a 

plate containing G418 for selection. The same plate was replica plated onto a fresh YPD plate 

and grown at 37ºC to test for temperature sensitivity. Due to the equal ratios of tetrads that could 

grow on G418 or could grow at 37ºC, the transformation was considered successful. Tetrads 

were also confirmed for integration at the WHI5 locus using colony PCR and primers specific for 

the locus (see Figure 2.8; see Table 1: PCR primers). A tetrad that was resistant to G418 and 

could grow at 37ºC, mating type a was chosen as the WHI5-TdTomato strain for future chemostat 

experiments.  
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Section 2.7: Tables 

Table 1: PCR Primers 

Primer: Sequence: Description: 

URA7-GFP-F TAAGTACGATCTTGAGGCCGGCGAA

AACAAATTCAACTTTCGGATCCCCG

GGTTAATTAA 

Binds GFP from pNB1157 

with added homology to 3' 

untranslated region of URA7 

(underlined), (Zhang et al., 

2018). 

URA7-GFP-R CTTTGTTAATGCAGTAGACTTTTAAT

TCTAAAATTTTGATGAATTCGAGCTC

GTTTAAAC 

Binds clonat resistance 

cassette from pNB1157, 

with added homology to 3' 

untranslated region of URA7 

(underlined), (Zhang et al., 

2018). 

URA7-Test-F TCAAGATGTCATTGAAGGTA Test for presence of GFP-

NatMX in URA7 locus 

(URA7 homology 

underlined), binds upstream 

of insert in genome, (Zhang 

et al., 2018). 

URA7-Test-R AACTCAAGAAGGACCATGTG Test for presence of GFP-

NatMX in URA7 locus 

(URA7 homology 

underlined) using colony 

PCR, binds upstream of 

insert in genome, binds GFP 

gene. 

cPCR 3’ Whi5 

R 

AAAAAACTCGTACTACCACA Test for presence of 

TdTomato-KanMX in WHI5 

locus using colony PCR, 

binds 3’ untranslated region 

of WHI5 genome (homology 

underlined).  

KanMX R CACCATGAGTGACGACTG Test for presence of 

TdTomato-KanMX in WHI5 

locus using colony PCR, 

binds KanMX resistance 

cassette. 

KanMX ATG ATGGGTAAGGAAAAGACTCA Test for presence of 

TdTomato-KanMX in WHI5 

locus using colony PCR, 

binds ATG of KanMX 

resistance cassette. 
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Table 3: Plasmids for Cloning 

Plasmid Lab Label: Relevant Genes: Cloning: 

pNB1157 pFA6 backbone, GFP, NatMX 

cassette 

NBY838, NBY845 

pNB1158 pFA6 backbone, GFP, KanMX 

cassette 

NBY854, NBY863 

pNB1195 pNI8 backbone, TdTomato, 

CaUra3 

NBY854, NBY863 

pNB1211 pNI8 backbone, TdTomato, 

KanMX cassette 

NBY854, NBY863 

Table 2: Yeast Strains 

Strain 

Label: 

Genotype: Notes: 

NBY808 MATa, MKT1-30G, SAL1, CAT5-91M, MIP1-661T, 

HAP1 

GZ 240 (Futcher lab) 

NBY809 MAT, MKT1-30G, SAL1, CAT5-91M, MIP1-661T, 

HAP1 

GZ 241 (Futcher lab) 

NBY828 MATa, cdc28-13ts Created in GZ240 

(Futcher lab) 

NBY837 MATa/MAT, CDC28/cdc28-13ts NBY809 x NBY828 

NBY838 MATa/MAT, CDC28/cdc28-13ts, URA7/ura7-

GFP:NatMX 

Created in NBY837 

NBY845 MATa, CDC28, URA7-GFP:NatMX Haploid segregant of 

NBY838 

NBY854 MATa/MAT, CDC28/cdc28-13ts, WHI5/WHI5-

TdTomato:KanMX, 

Created in NBY837 

NBY863 MATa, CDC28, WHI5-TdTomato:KanMX Haploid segregant of 

NBY854 
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