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ABSTRACT 

A variety of experiments were carried out to determine the optimal growth 

conditions for newly developed strains of Escherichia coli expressing methylotrophic 

genes. Yeast extract was determined to be the ideal co-substrate for methanol 

incorporation into biomass, providing a statistically significant biomass yield from 

0.22 g biomass/ g yeast extract without methanol to 0.28 g biomass/ g yeast extract in 

the presence of methanol. Experiments were then conducted in continuous culture 

using varying yeast extract concentrations as a co-substrate with methanol in order to 

determine optimum growth conditions for methanol consumption. Finally, an adaptive 

evolution experiment was conducted in an attempt to induce a population of E. coli 

that showed improved growth on methanol over the genetically engineered base-strain.  
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Chapter 1 

INTRODUCTION 

1.1 Goals and Motivation 

With the global push towards development of alternative fuels there is a 

plethora of novel techniques being implemented to overcome the challenges presented 

by attempting to create cheap and renewable sources of energy. Biological avenues of 

fuel production are rapidly becoming more prevalent, such as the techniques for the 

production of corn ethanol being used nationwide. It thus follows that, as genetic 

techniques improve, these are also being incorporated into solving modern energy 

problems. One such approach makes use of previously established techniques of 

metabolic engineering to design and create microorganisms capable of production of 

fuel molecules. 

The basic technique of creating organisms capable of non-native metabolism 

lies in recombinant DNA. Recombinant DNA takes genetic material coding for the 

desired proteins from organisms that natively contain it, and incorporates these genes 

into the new organism hosts. These genes allow the organism to produce the proteins 

necessary for the desired metabolism. 

The appeal of using microorganisms for production of fuel lies heavily in the 

simplicity of implementation once an appropriate organism has been developed. Under 

the right conditions microorganisms can be very efficient compared with some large-

scale chemical processes and they are additionally self-replicating, and are thus able to 

replace themselves and operate continuously. Furthermore, each microorganism can 
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operate as a multi-stage process, thus avoiding the necessity for multiple actual stages 

in a production process.  

For our research we used Escherichia coli as a platform organism because of 

its tolerance to genetic alterations. The overall goal of the project is to create a strain 

of E. coli capable of utilizing methanol as a carbon source to produce butanol. The 

appeal of this type of research lies heavily in the availability of methane and methanol, 

as the former comprises the bulk of current natural gas stocks while technology is fast 

advancing to generate the latter. Although much of current natural gas stocks are 

currently not possible to reach
1
, there is still more than the current market can find use 

for, thus lowering the price of production and making it a cheap chemical feedstock
2
. 

Thus, this strain of E. coli would be capable of producing energy at a relatively low 

cost by using methanol as a growth substrate or co-substrate, along with sugar from 

renewable sources, for the generation of biofuel molecules. This process is made 

further appealing by the fact that it is a potential natural gas to liquid fuel pathway, 

which is currently something that is not cheaply available in modern fuel production 

techniques
3
. 

1.2 Overview of Strategy 

In order to produce an organism capable of methylotrophy it is necessary to 

incorporate the metabolic pathway for methanol incorporation. This pathway consists 

of two major steps: methanol oxidation and formaldehyde assimilation. The methanol 

oxidation step takes methanol and converts it to formaldehyde while the formaldehyde 

assimilation step takes the formaldehyde and converts it to fructose-6-phosphate 

which can then be further processed by the native metabolism of E. coli.  
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Once a strain has been constructed it is necessary to perform reactor 

characterization to determine efficiency and to optimize the genes by determining 

which donor organism provides the best genes for the desired product, as well as to 

determine in what proportion the genes should be expressed in the host organism in 

order to maximize production. Additionally, optimizing growth conditions, such as 

substrate concentrations, through reactor characterizations is an important step in 

determining an overall process that provides the desired results. These types of 

characterizations were the primary focus of the research that I conducted.  

In addition, there are potential benefits to running adaptive evolution 

experiments in order to possibly drive an organism towards successful growth on a 

non-native carbon source. The basic principle enlists the strategy of adding selection 

pressure in a continuous culture system in the hope that a beneficial mutant will arise
4
. 

This type of experiment is also herein discussed. 

1.3 Prior Developments 

Prior research has been conducted to determine the genes coding for enzymes 

responsible for methanol metabolism in native methylotrophs, in order to identify the 

optimal genes for applications in synthetic biology. This work is particularly important 

for projects such as this one, because in order to determine the best metabolic pathway 

for successful growth on methanol, it is necessary to ensure that the best enzymes are 

being used.  

In 1988, an NAD+-dependent alcohol dehydrogenase, exhibiting particular 

reactivity with methanol, was isolated from Geobacillus stearothermophilus
5
. 

Similarly, a study in 2013 identified NAD+-dependent methanol dehydrogenase genes 
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in Bacillus methanolicus to determine the full range of effectiveness of the different 

variations of the enzyme that they code for
6
.  

Several nucleic acid sequences were patented for varying degrees of alcohol 

dehydrogenase activity, and in particular for their ability to dehydrogenate methanol
7
. 

These results regarding effectiveness of enzymes were used during strain development 

to create an optimal strain of E. coli expressing the desired genes. 
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Chapter 2 

Early Strain Development 

The two main metabolic steps necessary for an organism to be methylotrophic 

are the methanol oxidation step and the formaldehyde assimilation step. In our primary 

strain the methanol oxidation step is accomplished using the methanol dehydrogenase 

(MDH) enzyme which takes methanol and converts it to formaldehyde. The gene 

coding for the MDH enzyme in our strain was cloned from G. stearothermophilus. 

The formaldehyde assimilation step is carried out via the ribulose monophosphate 

pathway (RuMP) which consists of the 3-hexulose-6-phosphate synthase (HPS) and 6-

phospho-3-hexuloisomerase (PHI) enzymes. The HPS enzyme converts formaldehyde 

to hexulose-6-phosphate and the PHI enzyme converts the hexulose-6-phosphate to 

fructose-6-phosphate which is subsequently converted to pyruvate and then to acetyl-

CoA by native metabolic pathways present in E. coli. Acetyl-CoA can be used by the 

cell for a variety of functions, including acting as a precursor for a butanol production 

pathway. The genes that code for the expression of the RuMP pathway enzymes were 

cloned from B. methanolicus. 
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Figure 1: Diagram of methylotrophic  metabolic pathway incorporating methanol  

dehydrogenase and the ribulose monophosphate pathway [Whitaker et al. 

Current Opinion in Biotechnology (2015)]
8
 

Additionally, both the vector containing the gene for the MDH enzyme and the 

vector containing the genes for the RuMP pathway, contained genes coding for 

antibiotic resistance, one for chloramphenicol and one for ampicillin, in order to apply 

selective pressure and increase the likelihood that the plasmid would be retained. 

Initially, the strain had the RuMP genes on a high copy vector and the MDH gene on a 

low copy vector because it was previously determined that the RuMP pathway is the 

rate determining step in the overall metabolic pathway. This, however, did not prove 

to provide any benefit in practical use, therefore both sets of genes were cloned on a 

high-copy vector to increase total amount of protein produced. It is important to note 

that while other strains were developed using genes from different organisms and with 

different levels of expression in the E. coli, the above strain produced the best results 

and is therefore what was later used in the kinetic characterizations and co-substrate 

determination. 
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Chapter 3 

Co-Substrate Determination 

3.1 Methods 

Kinetic characterization was done in batch experiments utilizing 5 liter, pH-

controlled tank reactors. It was quickly determined from small scale experiments that 

the strain is not capable of growth on methanol alone, and therefore we examined a 

variety of co-substrates in order to determine if improved growth on methanol in a co-

substrate in comparison to on the co-substrate alone, could be shown. All experiments 

were run in M9 minimal media at 37° C and at a pH between 6.8 and 7.2. The tank 

reactors were agitated at 125 rpm in order to ensure even concentration distributions as 

well as avoid the buildup of biofilms. We also maintained the dissolved oxygen level 

between 10% and 20% during the phase of exponential growth, in order to ensure 

optimal aerobic growth conditions for E. coli. The initial methanol concentration 

during each experiment was also held constant at 60 mM. The value of 60 mM was 

chosen because a previous experiment comparing cell viability over time in varying 

concentrations of methanol showed that methanol begins to be toxic to E. coli at 

around 250 mM, and it was desirable to operate significantly below that threshold to 

ensure that toxicity was not a contributing factor in these experiments. 
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Figure 2: Percent survival of cell cultures in various concentrations of methanol with 

respect to the media only control 

 

Figure 3: Diagram of reactors used for co-substrate determination experiments 
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Throughout the experiments, the cell concentration was monitored using 

spectroscopy to determine the optical density at a wavelength of 600 nm, which was 

used as a metric for growth. Substrate concentration, concentration of secondary 

metabolites, and methanol concentration were monitored over time using high 

pressure liquid chromatography in order to determine when the co-substrate had been 

completely consumed as well as to monitor rate of methanol loss. 

Two types of control experiments were run alongside these experiments. One 

type was run using the recombinant strain with complete metabolic pathways and in 

the same media and environmental conditions, but without methanol, in order to see if 

the presence of methanol provides growth benefits over the co-substrate alone. The 

other type was evaporation controls, in which a strain lacking the MDH genes but 

containing the RuMP genes was run in identical media and conditions to the main 

experiments in order to examine the background rate of methanol loss due to 

evaporation and stripping. The intent of this was to provide a baseline rate of methanol 

loss that could be subtracted from the rate of methanol loss found in the experiments 

and thus determine if there was any significant incorporation of methanol into the E. 

coli. 

The first co-substrate that was assessed was glucose. Glucose was an attractive 

option at first because of how well E. coli grows on it and additionally because it is 

easily detectable using HPLC and thus its concentration over time could be used to 

analyze growth kinetics. Glucose is also the standard growth substrate in labs and 

industry. The starting glucose concentration for all experiments was 4 g/L. 

The next co-substrate that was assessed was xylose, also in a concentration of 

4 g/L. This was considered as a potentially viable co-substrate due to the fact that the 
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tac promoter, is not repressed by xylose. Additionally, xylose is one of the most 

abundant monosaccharides on earth, because it is present in lignocellulosic biomass, 

making it an attractive industrial option. Thus it was hypothesized that using xylose as 

a co-substrate would increase the level of non-native protein expression in the cells 

and increase the ability of the cells to incorporate methanol. 

The final co-substrate that was evaluated was yeast extract. We hypothesized 

that yeast extract would give the E. coli enough substrate to begin growth on but not 

provide resistance to methanol metabolism, as all the yeast extract is providing the 

cells is amino acids to scavenge. Yeast extract was added to the media in a 

concentration of 1 g/L.   

All co-substrates were analyzed to determine which provided the best 

conditions for methanol consumption by comparing methanol loss rates as well as cell 

culture densities over time and thus calculating growth rates and carbon yields. The 

average yield was calculated using the equation: 

 

(eqn. 1)       𝑌𝑠𝑥 =
𝑑𝐶𝑥/𝑑𝑡

𝑑𝐶𝑠/𝑑𝑡
=

∆𝐶𝑥

∆𝐶𝑠
 

Where Cx is the concentration of cells, measured in g/L and Cs is the 

concentration of the co-substrate also measured in g/L. 

Additionally, methanol incorporation rate was calculated using the following 

equations: 

 

(eqn. 2)     −𝑟𝑠 =
𝑑𝐶𝑠

𝑑𝑡
=

∆𝐶𝑠

∆𝑡
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(eqn. 3)     𝑞𝑠 =
−𝑟𝑠

𝐶𝑥
 

 

3.2 Results 

Contrary to initial predictions all the experiments that were run with glucose 

produced unfavorable results, in which the reactor containing the recombinant strain 

and methanol showed much lower cell growth than the control reactor containing the 

strain without the MDH genes. As a result we plated samples of the culture from the 

failed reactors on different types of agar plates: ones with no antibiotics, 

chloramphenicol, ampicillin, and with both antibiotics, in order to determine if the 

decreased cell growth was caused by a loss of a plasmid and thus susceptibility to 

antibiotics. From these results it was determined that the culture was losing the MDH 

gene, resulting in death from the antibiotics present in the media.  

Similarly, in xylose, the results were not as favorable as initially hypothesized. 

In this case, although the strain retained both plasmids, there was no significant 

difference seen between the recombinant strain in methanol and the control for the 

recombinant strain in the absence of methanol.  

The results from the experiments utilizing yeast extract as the co-substrate 

were clearly far better than those obtained using glucose and xylose, and after the first 

experiment it could be seen that the recombinant strain grew to a higher cell density in 

the presence of methanol than it did in the absence of methanol when starting at the 

same cell concentration. These results were repeated and replicated very well, showing 

consistant increase in optical density in contrast to the non-methanol control, as well 

as an increase in methanol loss rate over the evaporation control.  
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Figure 4: Cell density over time for both a reactor containing methanol and yeast 

extract and a reactor containing only yeast extract, and methanol 

concentration over time 
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was 0.014 ± .004 g methanol/g biomass. These results were also determined to be 

statistically significant with p < 0.05. 

Table 1: Average biomass yields for the recombinant strain with or without methanol, 

and average rate of methanol loss for the recombinant strain and the 

strain without the MDH gene (* p < 0.05 in unpaired t-test) 

Average biomass yield (g 

biomass/ g yeast extract) 
 

+MeOH (0.28 ± 0.03)* 

-MeOH 0.22 ± 0.02 

Methanol Loss (g methanol /g 

cell dry weight *hr) 
 

+MDH (0.024 ±  0.004)* 

-MDH 0.014 ± 0.004 

 

3.3 Analysis 

The loss of the plasmid containing the MDH gene in the presence of glucose 

could be explained in a few different ways. The selective loss of the MDH could have 

been due to degradation of the antibiotic over time. Without the selective pressure, the 

E. coli would shift towards a population without the plasmid, thus avoiding 

unnecessarily using energy to replicate the DNA. This population would still be 

susceptible to any remaining antibiotic, thus killing the cells, but the selection pressure 

would not be enough to retain the plasmid. It is also possible that in the presence of 

glucose, which is a much more favorable substrate for growth than methanol, the cells 

shifted towards a population without the methanol incorporation genes due to the large 

energy difference between glucose metabolism and methanol metabolism. 

Additionally, glucose represses the tac promoter, which is the promoter used for our 

strain, thus further decreasing any possible growth benefits from methanol 

metabolism. After this result it was decided that glucose was not an appropriate co-
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substrate for future experiments. Additionally, following these experiments the strain 

was slightly altered to have a single plasmid construct containing all genes to avoid 

the loss of vectors in the future.  

The results of batch experiments in the presence of xylose indicate that 

methanol does not provide a significant growth benefit to our strain when using xylose 

as a co-substrate. Furthermore, the rate of methanol loss was not greater in the 

experiment than in the evaporation control which further proves that under these 

conditions methanol is not being incorporated into biomass. The results indicate that 

while xylose is not an inhibiting the genes required for growth on methanol, as was the 

case where the MDH vector was being rejected in the presence of glucose, there are no 

growth benefits associated with xylose as a co-substrate and thus it is also not a viable 

co-substrate to proceed with in further experiments. 

The results of batch experiments in the presence of yeast extract, however, 

clearly show an improvement in methanol incorporation. The combination of an 

increased rate of methanol loss over the evaporation control coupled with the data 

showing a higher carbon yield indicates strongly that methanol is being consumed by 

the E. coli and being incorporated into biomass. After obtaining these results it was 

decided that the best way to proceed is to continue to use yeast extract as a co-

substrate.  

These results are promising because they provide indication that the strain is 

capable of incorporating methanol into biomass. This also indicates that in the future, 

genes could be incorporated that would establish a metabolic pathway downstream for 

the production of a valuable metabolite. 
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Chapter 4 

Small Scale Chemostat at Various Yeast Extract Concentrations  

4.1 Methods 

After determining the optimal co-substrate for improved growth on methanol, 

it became desirable to examine how the cells function in a continuous culture. 

Analyzing relative steady-states in different conditions can provide insight into what is 

the best environment for methanol incorporation into the cell. 

In order to do this, experiments were run at a dilution rate of 0.2 hr
-1

 and 0.4 

hr
-1

, and at yeast extract concentrations of 0.25 g/L, 0.5 g/L, 0.75 g/L, and 1 g/L. Data 

were collected after roughly 48 hours following the beginning of the experiment in 

order to give the system sufficient time to achieve steady-state. The samples were 

analyzed for optical density at wavelength 600nm as well as for methanol 

concentration in the steady-state system in comparison to the feed concentration using 

high pressure liquid chromatography.  

 It was hypothesized that lowering the yeast extract concentration in the 

feed media would improve the rate of methanol incorporation into the cells due to 

increased pressure from the lower quantity of co-substrate.  
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Figure 5: Diagram of small-scale chemostat used for continuous culture experiments 

4.2 Results 

In these experiments there was a clear difference in the steady-state optical 

density between the four yeast extract concentrations used, as was expected. The 

steady-state optical density scaled roughly linearly for these four conditions. This 

trend was observed in both the 0.2 hr
-1

 and the 0.4 hr
-1 

dilution rate cases. 
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Figure 6: Steady-state optical densities for yeast extract concentrations of 0.25, 0.50, 

0.75, and 1.00 g/L at a dilution rate of 0.2 hr
-1
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Furthermore, as aforementioned, from these experiments it became clear that it 

would be impossible to gain any information about relative methanol consumption 

rates from this type of small-scale chemostat experiment due to the significant 

fluctuations from the aeration system. This forced the reevaluation of the method for 

characterization of relative success of a particular strain from rate of methanol 

consumption to the steady-state optical density versus a control. 
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Chapter 5 

Chemostat Characterizations at Low Yeast Extract Concentrations 

5.1 Methods 

The purpose of continuous culture experiments is to examine how different 

conditions alter steady-state. In our case the new goal was to, over time, decrease the 

concentration of yeast extract and examine how the steady-state changes at critically 

low concentrations of yeast extract to evaluate when the cells begin to become strained 

by the low quantities of co-substrate. 

Before this experiment began, it was shown through a C
13

 flux analysis, that a 

significant amount of the carbon being incorporated into the cell via our introduced 

metabolic pathways was being lost as CO2. One way that E. coli can regenerate 

ribulose-5-phosphate (Ru5P) (the substrate used in our strain for formaldehyde 

fixation) is by sending carbon from fructose-6-phosphate through the native oxidative 

pentose phosphate pathway.  This culminates in the formation of Ru5P and the loss of 

CO2. In order to combat this cycle and direct the carbon flux down the glycolysis 

pathway, two new strains were created, each one with a knock-out of one of the 

enzymes in the undesired pathway, glucose 6-phosphate-1-dehydrogenase (zwf) and 

phosphoglucose-isomerase (pgi) respectively, in addition to still containing the MDH 

and RuMP genes. These strains were chosen to be used for the adaptive evolution as 

they should provide improved growth on methanol with minimal carbon loss.  

The experiment was run at a dilution rate of 0.25 hr-1 with 60 mM methanol 

and an initial yeast extract concentration of 0.2 g/L because the previous experiment 
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involving continuous culture showed that these conditions put a strain on the cells, 

which was illustrated by fairly low optical density at steady-state, but the cells are still 

fairly far from the washout point, which is a necessary precaution to avoid accidental 

washout mid-experiment. 

After the cells had reached steady-state in 0.2 g/L yeast extract, the yeast 

extract concentration was lowered to 0.18 g/L. Subsequently, after the steady-state 

was reached at 0.18 g/L then the concentration of yeast extract was further lowered to 

0.15 g/L. 

5.2 Results 

The results from the experiment involving the strains with the knocked out pgi 

and zwf genes showed the approach to washout in low concentrations of yeast extract. 

At yeast extract concentrations of 0.2 g/L and 0.18 g/L the cell density remained 

approximately constant in both strains. However, after dropping the co-substrate 

concentration to 0.15 g/L yeast extract from 0.18 g/L, the cell density drops by 

roughly a factor of 2 for both strains.  
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Figure 7: Cell concentration over time in continuous culture at varying yeast extract 

concentrations and a dilution rate of 0.25 hr
-1

 

Two of the cultures being used for this experiment became contaminated so 

only three data points exist for the first steady-state data point after the yeast extract 

concentration was lowered to 0.15 g/L and only two data points exist for the final 

sample. 

5.3 Analysis 

From the results of the experiment in which the yeast extract concentration 

started at 0.2 g/L and was dropped over time we gained valuable information about the 

washout point of our strain at a dilution rate of 0.25 hr
-1

. The difference in steady-state 

optical density between the cultures at 0.2 g/L yeast extract and 0.18 g/L yeast extract 

was fairly small, but when the yeast extract was lowered to 0.15 g/L the steady-state 

optical density decreased by roughly 50%, indicating that this is very near the washout 

point. At this point the maximum growth rate in this substrate-limited condition is 



 22 

approaching the dilution rate, resulting in lower steady-state concentrations than 

would be expected based on proportional yield decrease due to less co-substrate. 

This data is important moving forward because adaptive evolution experiments 

are best run at a condition that is very near washout due to the higher selective 

pressure. By knowing that the washout point is around 0.15 g/L of yeast extract we are 

able to design an adaptive evolution experiment that will give us the best chance of 

selecting for a mutant that is better able to utilize methanol as a substrate for growth. 
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Chapter 6 

Adaptive Evolution 

6.1 Methods 

Following the determination that a yeast extract concentration of 0.15 g/L was 

fairly close to the washout point at a dilution rate of 0.25 hr
-1

 for our strain, an 

adaptive evolution experiment was started at that yeast extract concentration and 

dilution rate with 60 mM methanol. The goal was to determine whether a mutant could 

be selected for that was better able to utilize methanol as a substrate.  

The media was kept at a yeast extract concentration of 0.15 g/L and replaced 

every 3 days to ensure that the antibiotics were fresh and that the salts in the media did 

not begin to precipitate.  

It was decided that optical density would be used as the metric for 

measurement of growth success, and that any continuously seen increase from the 

initial steady-state over time could be indicative of a possible mutant that was better 

able to utilize methanol as a growth substrate. 

6.2 Results 

Over time the optical density was monitored in a yeast extract concentration of 

0.15 g/L and a methanol concentration of 60 mM in order to determine if a strain that 

was better able to consume methanol as a substrate would emerge. There exists some 

fluctuation in the data due to the difficulties associated with measurement of such 

small quantities of yeast extract, however there appears to be a trend in the data after 



 24 

around 150 hours showing that reactors 1 and 2 achieve a consistently higher steady-

state optical density than they did at the start of the experiment. 

 

 

Figure 8: Optical density over time for four chemostat reactors with 0.15 g/L yeast 

extract and 60 mM methanol at a dilution rate of 0.25 hr
-1

 

The other two reactors show roughly the same optical densities for the entirety 

of the experiment. 

The optical densities in reactors 1 and 2 at around 300 hours are around 0.1 

which is much higher than the average optical density of 0.077 for the controls done 

utilizing the same strain but without the MDH enzyme making it incapable of gaining 

a growth benefit from methanol. Shortly after this boost is observed, however, the 

optical density decreased to approximately the level at the start of the experiment. 
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6.3 Analysis 

From the observed data there appeared to be an increasing trend in the first two 

reactors towards an increased growth over that at the start of the experiment. This may 

have been due to fluctuation in media because following about a week of elevated 

optical densities, the cultures return to approximately the steady-state they were at 

during the beginning of the experiment.  

Adaptive evolution experiments often take months to carry out, depending on 

the organism being adapted. The variation in length of experiment depends on the 

doubling time, or generation time, for the individual organism, with those dividing 

quicker reaching a desired mutation more rapidly. In this case there was not enough 

time for a successful adaptive evolution experiment to be carried out, and the 

difficulties inherent in utilizing media with such low concentrations made it difficult 

to observe changes in steady-state. For future work it may be beneficial to scale up the 

experiment and therefore reduce the errors and challenges associated with operation 

on such a small scale. 
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Appendix A 

Construction of Small-Scale Chemostats 

The main body of the chemostats consists of 16x125mm glass tubes from 

Chemglass. The opening of the tubes is capped with a rubber stopper which is fixed 

into place by a plastic screw cap with a 9mm opening in the center.   

Air is delivered to the vessel through a 21 gauge needle that reaches to the 

bottom of the volume, thus ensuring even air distribution to the culture. The air flow 

also serves as the main source of agitation to the culture. Air is vented from the system 

using a 21 gauge needle in order to avoid pressure buildup in the vessel. Air is passed 

through a controller and then through a 4-way splitter, before finally being filtered and 

entering the reactors. 

Fresh media is flowed into the system using a 21 gauge needle that is 

suspended approximately 1 cm above the height of the liquid. Spent media and culture 

are removed from the system using an overflow system through a 21 gauge needle 

positioned at the desired height of the liquid. 

The fresh media being flowed into the vessel and the spent media and culture 

being removed are flowed through Masterflex Puri-flex rubber tubing with an inner 

diameter of 8mm. The flow is provided by Masterflex L/S peristaltic pumps fitted with 

multichannel heads. The pumps were calibrated using the tubing to determine curves 

of volumetric flowrate as a function of the displayed pump setting. 
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Figure A.1: Volumetric flowrate vs. pump setting for the pumps used for the small-

scale chemostats with 8mm rubber tubing 
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Appendix B 

Tabulated Data 

The data from an experiment run with 1 g/L yeast extract with or without 60 

mM methanol is tabulated below. The majority of the timepoints have entries for two 

technical replicates for both reactor conditions, indicated as “OD1” and “OD2”, with 

the average optical density for each timepoint listed under “Avg OD”. For the reactor 

containing methanol, the HPLC peak area is tabulated under MeOH peak, and then 

converted to methanol concentration and shown under “MeOH conc”. 
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Table A.1: Optical density over time for the strain containing all methylotrophic genes 

in 1 g/L yeast extract with or without 60 mM methanol, as well as the 

methanol concentration over time for the culture containing methanol 

 

The biomass yields and rate of methanol loss were tabulated for all 

experiments using yeast extract as a co-substrate in order to do statistical analysis. The 

tabulated data shows the average yield values, the standard deviation, and sample size 

for the conditions with methanol and for the control, along with the p value generated 

from an unpaired t-test. The average methanol loss rate, standard deviation, and 
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sample size are also shown for the MDH strain as well as the control lacking the gene, 

along with the p value generated from an unpaired t-test. 

Table A.2: Summary of biomass yield (g biomass/g yeast extract) and methanol loss 

rate (g methanol/g biomass*hr) for all large scale batch experiments 

performed with yeast extract as the co-substrate, along with average 

values, standard deviations, and p values for a un-paired t-test 

 
 

The optical densities for steady-state cultures at each concentration of yeast 

extract and each replicate for the experiment conducted in small-scale chemostat at a 

dilution rate of 0.2hr
-1

. The average optical density from technical replicates of optical 

density measurements for each biological replicate is also displayed as “avg OD” with 

“OD1” and “OD2” being the technical replicates. The HPLC peak area for methanol 

sampled from the culture is indicated as “MeOH” peak and this value converted into a 

concentration using a standard curve is indicated as “MeOH conc”. The methanol 

HPLC peak area in the fresh media is indicated as “media peak” while the 

concentration in the fresh media is indicated as “media conc”. The methanol loss rate 

from the cultures is calculated by multiplying the dilution rate by the difference in 

concentration in the media and in the culture and is shown under “consumption rate 

(including evaporation). This value is then averaged between biological replicates and 

normalized to average optical density and displayed highlighted in yellow.  
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Table A.3: Optical densities and methanol concentrations along with methanol loss 

rates for cultures at steady-state at various yeast extract concentrations  

 

 

The data collected for the adaptive evolution experiment is tabulated as optical 

density over time for each reactor used in the experiment. Reactors 3 and 4 were 

terminated early in order to do a control with the strain lacking the MDH gene in order 

to determine the background biomass yield on yeast extract at the dilution rate being 

used.  

Table A.4: Optical density for each reactor in the adaptive evolution experiment over 

time 

 


