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SUMMARY OF PROJECT

The effect of pH on the growth constants of anaerobically grown baker’s yeast was determined using the PENNCELL reactor system, at a temperature of 37.0 ± 0.1oC and using pH values of 4, 5, 6, and 7. The effect of pH on anaerobic growth constants was subsequently compared to the growth constants of aerobically grown yeast. 
A 5-minute nitrogen treatment at 0.5 L/min N2 kept the oxygen concentration at a level suitable for anaerobic respiration (3 ppm). A negative correlation between growth constant and pH was found, with growth constants ranging from 2.7x10-3 ± 2x10-4 at pH 7 to 3.5x10-3 ± 1x10-4 at pH 4. There was no statistical difference between the growth constants at pH 5 and pH 6. The comparisons of individual growth constants of anaerobic and aerobic yeast growth were inconclusive. However, anaerobic yeast grew an average of 1.2 times faster than the aerobic yeast.

OBJECTIVES

The primary objective of this investigation was to examine the effect of environmental conditions on anaerobic cell culture kinetics. More specifically, to determine the effect of pH on anaerobic cell growth of yeast using the PENNCELL reactor system.

The specific aims of this investigation were as follows:

· To determine and compare growth constants of yeast grown anaerobically at a temperature of 37.0 ± 0.2 oC at pH values of 4, 5, 6, and 7; and

· To compare the effect of pH on growth constants of anaerobically grown yeast and their aerobically grown counterparts.

BACKGROUND

There are two ways in which Saccharomyces cerevisiae produces ATP: cellular respiration and fermentation. In this experiment the yeast produced ATP solely from fermentation. Fermentation of yeast depends on glycolysis, which does not actively use oxygen. It does not go through the Krebs cycle, since the Krebs cycle requires oxygen.1

The pH of the experiment was expected to decrease during the experiment. One of the byproducts of yeast glycolysis is the H+ ion. In this experiment, the extracellular pH of the growth medium was specifically controlled to counter the pH decrease observed in uncontrolled experiments. 


From the results of group R1, 2000, the anaerobic growth rate constant of Saccharomyces cerevisiae without pH control was 0.0032 min-1.  This translates to a doubling time of 213 ( 5 min. The pH in the experiment decreased from 6.38 to 5.29 over the course of 2.5 hours.2  The effect of pH on the anaerobic growth rate of Saccharomyces cerevisiae was expected to be significant since H+ ions are directly involved in the fermentation process. Moreover, the difference between extracellular pH and intracellular pH would also influence the growth rate of yeast since active pumping of H+ ions either in or out of the cell requires extra ATP.


The internal pH of Saccharomyces cerevisiae is 5.2 ( 0.4.3  A difference between the intracellular and extracellular pH of yeast causes the diffusion of H+ ion. A higher extracellular pH (implying lower H+ concentration) drives the H+ ions out of the yeast cells, and the yeast cell must actively pump in the H+ ion in order to maintain a stable internal pH. Conversely, a lower extracellular pH (thus higher H+ concentration) causes H+ ion to diffuse into the cell, and the cell must pump out the H+ ions to maintain a stable internal pH. Since ATP is used in the active H+ pumping as well as in yeast growth and reproduction, the growth rate of yeast is expected to be higher when less active pumping is required.


The anaerobic growth rate constants of Saccharomyces cerevisiae were not expected to be significantly different from the aerobic growth of yeast2.  To test the hypothesis, the results in this experiment were compared to the results obtained from aerobically grown yeast under the same pH conditions (Group W5 2002).

THEORY AND METHODS OF CALCULATION


Initially, an Absorbance vs. Time graph was used to ensure that the yeast were in the log phase. A Ln (absorbance) vs. Time graph was then constructed to perform a regression of the data. The uncertainties of the slope were calculated using 95% confidence intervals, and then used to compare the growth rate constants at different pH values. The differences in growth rates were considered significant if the growth rate constants for individual pH values lay outside of the 95% confidence interval of the others.


Similarly, the anaerobic growth rate of each pH value was compared to the aerobic growth rate of each pH value using the 95% confidence interval.


A linear regression line was constructed using the anaerobic growth rate and pH values. A z-test was performed to test the significance of pH differences on yeast growth.

MATERIALS AND APPARATUS

· Materials outlined in Lab Manual (Exp. 1, page 3)

· 1 M HCl and NaOH
· N2 tank

· 2 50-mL Titrating burette (( 0.05mL)
· Cell Counter

METHODS

Before the addition of yeast, nitrogen was bubbled into the system to create an anaerobic environment. In the first week, N2 was bubbled at 0.25 L/min for 30 minutes. In the following weeks, N2 was bubbled at 0.5 L/min for 5 minutes after discussion with the lab coordinator. The magnetic stirrer was set at 200 rpm during week 1 and 300 rpm for weeks 2 and 3 to compensate for the lack of mixing due to aeration. 

Figure 1 was used to determine the initial amount of acid or base needed to reach the requisite pH.4  Acid or base was added slowly over the course of 20 minutes to ensure that the yeast cells were not “shocked” by drastic environmental pH changes. 

To maintain a constant pH, acid or base was added once the observed value on the pH meter was ± 0.1 for pH values 6 and 7, and ± 0.05 for pH values of 4 and 5. The yeast were grown for 2.5 hours, and the growth rate constant was calculated at the end of the experiment using an exponential regression curve.
RESULTS


Figure 1 shown below is a plot of pH vs. time for anaerobically grown yeast at 37.0 ± 0.2 oC without pH control. During anaerobic yeast growth, the total decrease in pH was 1.089 pH units. This data was taken from Group R1 2000.
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Figure 1: pH vs. time for anaerobically grown yeast at 37.0 ± 0.2 oC. The slope of the

graph is –0.0062, and the total decrease in pH is 1.089.


Figure 2 shown below is a graphical representation of the exponential growth phase of anaerobically grown yeast. The slopes of these data points represent the growth constant, (, for pHs of 4-7. These growth constants are 3.5x10-3 ( 1x10-4 (95% confidence interval), 3.1x10-3 ( 2x10-4, 3.0x10-3 ( 1x10-4, and 2.7x10-3 (2x10-4 for pHs of 4, 5, 6, and 7, respectively.
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Figure 2: Ln(Absorbance) vs. time was plotted to show the exponential growth curve for pH values 4 through 7.  The linear regression statistics for all pHs values are shown below.

	 pH
	Coefficients
	Standard Error
	t Stat
	P-value
	Lower 95%
	Upper 95%

	
	0.003464
	7.18E-05
	48.22632
	3.43E-26
	0.003316
	0.003612

	
	0.003132
	8.7E-05
	36.02279
	2.09E-22
	0.002953
	0.003312

	
	0.003066
	6.55E-05
	46.81405
	2.56E-24
	0.002931
	0.003202

	
	0.002714
	7.48E-05
	36.27677
	8.35E-22
	0.002559
	0.002868



The growth constants for anaerobically grown yeast at pH values of 4 through 7 are listed in Table 1 below, alongside their aerobic counterparts (data from group W5 2002). For the anaerobic yeast, the growth constants at pH 5 and 6 are not significantly different because each one lies within the other’s 95% confidence interval. There is also a negative correlation between pH and anaerobic growth constants. For the aerobic yeast, none of the growth constants were significantly different. pH had no statistical effect on the aerobic growth constants. Comparing the anaerobic and aerobic growth constants, only those values for pH 4 and 6 are statistically different.
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Table 1: Growth Constants for Anaerobically and Aerobically 

Grown Yeast.


Table 2 shows the doubling times for anaerobically grown yeast at pH values of 4 through 7. Substitution of the growth constant into the equation (d = ln2/, where (d is the doubling time for the yeast culture, yielded the values shown below. There is a negative correlation between pH and doubling time.
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Table 2: Doubling time for anaerobically grown yeast with 

95% confidence intervals.


Figure 3 shows doubling time vs. pH for anaerobic yeast growth at 37.0 ± 0.2 oC. There is a positive correlation between pH and doubling time. A z-test performed on the data showed that the slope is significantly different from zero.
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Figure 3: Doubling time vs. pH for anaerobically grown yeast.

ANALYSIS AND DISCUSSION

At a constant temperature of 37.0 ± 0.2oC, growth constants were calculated for anaerobically grown yeast at four different pH values. Yeast concentrations were determined by measuring the absorbance of samples at five-minute intervals. To ensure that the absorbance would be directly proportional to the number of yeast, the spectrophotometer was calibrated using a cuvette that contained a sample of the growth medium before yeast was added.  The spectrophotometer was set at a wavelength of 550 nm and was calibrated before each individual measurement.


To determine the growth constants, the natural log of the absorbances divided by the initial absorbance were plotted against the time elapsed in the trial. This effectively linearized the exponential growth curves and facilitated statistical analysis of the data. All regression lines possessed R2 values that exceeded 0.98, indicating a strong correlation between the linear regressions and the raw data.


At pH values of 4, 5, 6, and 7, the growth constants and their 95% confidence intervals were 3.5 x 10-3 ± 1 x 10-4, 3.1 x 10-3 ± 2 x 10-4, 3.0 x 10-3 ± 1 x 10-4, and 2.7 x 10-3 ± 2 x 10-4 respectively. Graphical illustration of the relationship between these growth constants and pH values established a negative correlation. Table 1 indicates that the growth constants are pH dependent. A subsequent z-test showed that the slope was significantly different from zero. Minimal variation existed between the individual measurements. In fact, at pH values of 5 and 6, there was no statistical difference between the growth rate constants. The trend of the data, however, showed decreasing growth rate constants with increasing pH. The pH dependence can be clearly seen by comparing the constants at the two extreme pH values measured. At a pH of 7, the growth rate constant of the anaerobically grown yeast was smaller than that of yeast grown at a pH of 4 by 21.7%.


Aerobically grown yeast exhibited markedly different behavior than that of anaerobically grown yeast.  All the anaerobically grown yeast possessed higher growth rate constants than their respective aerobically grown counterparts. This agreed with literature data that yeast prefer anaerobic respiration to that of aerobic respiration.  (Walker 148-149). However, factoring in the uncertainties of both results yielded only two data sets that were statistically different. The other two lie within each other’s 95% confidence intervals. As a result, comparison between the aerobic and anaerobic growth yielded inconclusive results.  


Whereas anaerobically grown yeast exhibited pH dependent behavior, aerobically grown yeast did not vary within pH values of 4 and 7. The growth rate constants of group W5 for pH values of 4, 5, 6, and 7 were 2.5 x 10-3 ± 5 x 10-4 (95% confidence interval), 3.0 x 10-3 ± 4 x 10-4, 2.28 x 10-3 ± 7 x 10-5, and 2.5 x 10-3 ± 2 x 10-4 respectively.  These values showed no statistical difference from each other.  In addition, no trend was apparent in the data, indicating the lack of pH dependence.


The internal cellular pH of yeast remains constant at 5.2 ± 0.4 within the pH values examined by this group.  To maintain a constant pH, yeast utilize the membrane protein H+-ATPase as a proton pump.  This protein accounts for 50% of the membrane proteins in yeast.  The protein works to pump protons out of the cell in acidic environments and expends ATP to pump them inside in basic environments.  One of the initial steps in glycolysis requires 2 protons.  In an acidic environment, the concentration gradient between the intracellular and extracellular environment allows for the passive diffusion of protons inside of the cell.  Thus, no ATP must be expended to bring in the protons necessary to initiate glycolysis.  In a more basic environment (i.e. pH = 7), H+-ATPase must continually expend ATP both maintaining the intracellular pH and bringing in protons for glycolysis.  (Walker 83-84)  To grow and reproduce, yeast must expend ATP.  As a result, fewer ATP are taken up for non-reproductive purposes and the yeast can grow faster.  This behavior is clearly shown in the results for the trials at pH 4 and 7.  At the lower pH, the doubling time was 200 ± 8 minutes.  At the higher pH, where more ATP must be expended to maintain proper growing conditions, the doubling time increased to 260 ± 10 minutes.  The intermediate pH values of 5 and 6 also exhibited this behavior, but since they were both within 0.4 pH units of the internal cellular pH, the difference between the two was insignificant.  


The differences of the growth rate constants between the aerobically and anaerobically grown yeast can be explained by the differences in their metabolic processes. In a low oxygen environment of 3 ppm, the primary metabolic pathway is glycolysis.2  Glycolysis has a net production of 2 ATP per glucose that is catabolized.  Respiration, the metabolic pathway of aerobically grown yeast, has a net production of 38 ATP.  Since respiration produces 19 times more ATP than glycolysis alone, the energy expended to maintain internal pH has a smaller net effect on the overall growth of the yeast.  As a result, aerobically grown yeast exhibit no significant pH dependence between pH values of 4 and 7.  


The amount of 1M HCl and 1M NaOH to keep the pH constant varied for the different pH values.  For the trial at pH 4, only 3 ± 0.5 mL were necessary throughout the entire run.   For the trial at pH 7, however, 49 ± 0.5 mL of 1M NaOH were used.  Figure 1 shows that anaerobic yeast growth produces protons.  As a result, yeast can maintain a low pH on their own. Under basic conditions, however, NaOH must be added continuously to counteract the protons produced during metabolic cycles.

CONCLUSIONS

1. The growth constants of anaerobically grown yeast were determined as follows:

- At pH 4, 3.5x10-3 ± 1x10-4
- At pH 5, 3.1x10-3 ± 2x10-4 

- At pH 6, 3.0x10-3 ± 1x10-4 

- At pH 7, 2.7x10-3 ± 2x10-4
2. There is a negative correlation between the growth constant of anaerobically grown yeast and the pH of the environment in which they are grown.

3. Comparisons of the growth constants of anaerobically and aerobically grown yeast at fixed pH were inconclusive.

Additionally, it is recommended that in future experiments related to the effect of pH on anaerobic yeast growth, the investigators consider the following:

· For anaerobic yeast growth, set the stirrer in the PENNCELL reactor system to 300 rpm in order to ensure that contents are well mixed;

· Use the Cell Counter to measure actual yeast cell counts;

· Perform 4 additional trials at pH values of 3.5, 4.5, 5.5, and 6.5 to provide a better basis of comparison between anaerobic and aerobic yeast growth;

·  Incorporate Lab View Software and other equipment to automatically control pH.
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