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Abstract

Ethanol, a naturally synthesized compound by Saccharomyces cerevisiae yeast through alcoholic
fermentation, has previously been studied as a renewable alternative to traditional fossil fuels.
However, current challenges of engineering S. cerevisiae strains for ethanol production remain: low
ethanol productivity, inefficient substrate catabolism, and a buildup of toxic products to'inhibitory
levels. In this study, we proposed a method of metabolic rewiring via the deletion of the pda? gene,
which leads to pyruvate dehydrogenase (PDH) deficiency. The Apda? mutant strain was created by
CRISPR Cas-9 knockout using the constructed pCRCT-PDA1 plasmid..Subsequently, mutant
candidates were screened by PCR and Sanger sequencing, confirming a 17 bp deletion in the pda1
gene. The wild-type and mutant strains were analyzed for growth under aerobic and anaerobic
conditions in glucose and glycerol, as well as ethanol production‘and tolerance. The Apda1 mutant
displays a ~two-fold increase in anaerobic ethanol production and an aerobic growth defect with no
observed increase in ethanol production. The mutantistalso hyper tolerant to ethanol, which allows a
faster buildup of products in growth media with minimal reduction in growth. This new S. cerevisiae
strain deficient in PDH may provide a solution to the efficient and abundant synthesis of biofuels such

as ethanol by redirecting metabolic flux and altering stress response.
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Fermentation; Ethanol
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Improved Ethanol Tolerance and Production in Pyruvate
Dehydrogenase Mutant of Saccharomyces cerevisiae

Anna Yang

Mentors: Tahina O. Ranaivoarisoa, Arpita Bose

Introduction

The consumption of fossil fuels and increasing greenhouse gas emissions that. accompanies
fuel combustion demand the developments of more sustainable alternatives." Ethanol is a
carbon-neutral, renewable biofuel that has been studied as an alternative to traditional fossil fuels to
decrease carbon emissions.! Despite its numerous environmental benefits, further efficient and
affordable synthesis of ethanol remains an obstacle to more competitive commercialization.?
Saccharomyces cerevisiae yeast is characterized by its split aerobic/anaerobic metabolic pathways,
specifically its ability to produce ethanol through alcoholic fermentation in the presence of a carbon
source such as glucose, glycerol, or cellulose — glucosebeing'the preferred carbon source for
fermentation.® Previous literature suggests that even under fully aerobic conditions, glucose excess
causes yeast to repress its aerobic respiration pathway in favor of fermentation in a process known as
the Crabtree effect.* This is due to an energetic overflow in sugar metabolism, an evolutionarily
favorable process to accelerate glucose intake under limited respiratory capacities. However, the
efficiency of glucose to ethanol conversion in-wild-type yeast is suboptimal and is further hindered by
the toxicity of ethanol to microbes including yeast. The small, amphipathic nature of ethanol molecules
enhances its permeability through cell membranes. High concentrations of ethanol in a growth medium
hinder cellular growth and division by disturbing protein folding and thus the metabolic activity of yeast
cells.®

Modifying metabolic pathways to increase ethanol production rate has been studied
extensively, but previous.studies have focused primarily on downregulating genes involved in glycerol
synthesis (GPD, GDH, ADHyand PDC) to improve ethanol yield at the expense of biomass
production.® However, glycerol and other biomass compounds are crucial for cellular processes such
as'esmoregulation, and their hindrance results in decreased growth rates in mutant strains.®

Pyruvate is a key intermediate located at the entrance of the citric acid cycle, which acts as a
gateway between glycolysis and aerobic respiration. The pyruvate dehydrogenase complex (PDH), its
E1a subunit encoded by the pda7 gene, catalyzes the decarboxylation of pyruvate into acetyl-CoA,
which is a precursor to oxidation in the aerobic respiration pathway. In the case of a PDH mutation, the
combined expression of PDC, ADH, and ACS genes allows for limited acetyl-CoA synthesis via the
PDH bypass.” However, the relatively low affinity of cytosolic pyruvate decarboxylase (PDC) for
pyruvate compared to pyruvate dehydrogenase (PDH) indicates a preference for pyruvate metabolism
through the PDH complex.® We observed that the deletion of the pda? gene disrupts PDH function,

directing glucose intake toward alcoholic fermentation without completely abolishing aerobic



respiration, the primary source of ATP production in respiratory yeast cells. By identifying this
metabolic-synthetic balance in PDH-negative S. cerevisiae, we were able to increase ethanol yield

while maintaining a stable specific growth rate under anaerobic conditions.

Methods

Strain, Media, and Growth Conditions

The S. cerevisiae strain BY4741 (MATa his3A1 leu2A0 met15A0 ura3A0)is'an
S$288C-derivative laboratory strain used in this study.® Yeast cultures were grown in a standard YPD
medium (1% yeast extract, 2% tryptone, 0.5% glucose) at 30°C with a shaking speed of 200 rpm
pre-transformation. After transformation with the uracil (URA) containing plasmid pCRCT-PDA1, cells
were selected for plasmid incorporation by growing for 48 hours on-a synthetic complete dropout uracil
(SC-URA) agar plate. Pre-cultures were grown overnight in 5 mL of YPD medium with 0.5% glucose

before each growth experiment.

Construction of the Recombinant pCRCT-PDA1 Plasmid

The pCRCT plasmid was used to perform single gene homology-integrated CRISPR-Cas9
knockout in S. cerevisiae BY4741.as described in the methods of Bao."® The pCRCT plasmid was a
gift from Huimin Zhao (Addgene-plasmid # 60621; http://n2t.net/addgene:60621; RRID:

Addgene 60621) and purchased.from Sigma.

The donor insert-fragments (132 bp, 142 bp, 132 bp) were constructed by two rounds of
overlap extension PCR (OE-PCR) with the listed primers (Table 1). The first round of thermocycling
constructs the template fromshort.fragments with overlap regions. In the second round of
thermocycling, the template was amplified with primers F1 and R3 for a second round of PCR

reactions to amplify the donor fragments.

Table. Primers used to construct the candidate PDA1 donor inserts by OE-PCR.

Donor Insert 1

Primers Sequence
F1 5-AGAGGTCTCACCAAAACTTTTATGAGAGGTGCCTCAGTGA-3
R1 5'-CATAAGAGACACCTACCCATCAATTCAGCCAGAACGGCTTTCACTGA

GGCACCTCTCATA-3



F2

5-ATTGATGGGTAGGTGTCTCTTATGGTAAGGGTGGTTCCATGCACCTTT
ACGCTCCAGGC-3

R2 5-ACCGGTCTCGCTCTAAAACATCAATTCAGCCAGAACGGCAAGCCTGG
AGCGTAAAGGTGC-3

R3 5-ACCGGTCTCGCTCTAAAACA-3

Donor Insert 2

Primers Sequence

F1 5-AGAGGTCTCACCAAAACTTTTATGAGAGGTGCCTCAGTGA-3’

R1 5’-CATAAGAGACACCTACCCATCAATTCAGECCAGAACGGCTTTCACTGA
GGCACCTCTCATA-3’

F2 5-ATTGATGGGTAGGTGTCTCTTATGGTAAGGGTGGTTCCATGCACCTTT
ACGCTCCAGGC-3

R2 5-ACCGGTCTCGCTCTAAAACCCCTTACCATAAGAGACACCAAGCCTGG
AGCGTAAAGGTGC-3’

R3 5-ACCGGTCTCGCTCTAAAAC-3

Donor Insert 3

Primers Sequence

F1 5-AGAGGTCTCACCAAAACTTCACTTTTATGAGAGGTGCCTCAGTGA-3

R1 5-CACCCTTACCATAAGAGAATCAATTCAGCCAGAACGGCTTTCACTGA
GGCACCTCTCATA-3

F2 5-TGAATTGATTCTCTTATGGTAAGGGTGGTTCCATGCACCTTTACGCTC
CAGGCTTCTATG-3

R2 5-ACCGGTCTCGCTCTAAAACATCAATTCAGCCAGAACGGCATAGAAGC
CTGGAGCGTAAAG-3

R3 5-ACCGGTCTCGCTCTAAAACA-3

The resulting insert DNA is cloned into the pCRCT plasmid through Golden Gate Assembly.

The pCRCT plasmid was digested with the Bsal restriction enzyme at two sites to remove a 459 bp

fragment. Donor insert fragments 1, 2, and 3 were independently cloned into three Bsal digested



pCRCT samples and ligated with T4 ligase to assemble the recombinant plasmids (Fig. 1A). The
pCRCT-PDA1 plasmids were amplified by transformation into E. coli DH5a cells made competent
through calcium chloride washes. The competent cells were heat shocked at 42°C for 30 seconds and
recovered on ice for 5 minutes. The transformed cell suspension was plated on an ampicillin LB
medium for selection. Colony PCR and sequencing were performed to verify successful transformants
(Fig. 1C).

SNR52 promoter
Bsal

\
C
2\ ' Bsal
SUP4 terminator bp
SV40 NLS
500 —
200 —
100 —
CAP binding site
lac promoter
\
tracrRNA
ADH2 terminator
SV40 NLS C
DR-2
DR-2 bp
8000 —
N 5000 —
RHR-2
LU LHR 3000 —
\ O\ DR-1 2000 —
O\R2
Fl— H‘SUP4 terminator 1000 —
i SV40 NLS 750 —
pCRCT-PDA1
10,480,bp 500 —
250 —
100 —

tracrRNA

ADH2 terminator

Figure 1. Construction and replication of the recombinant pCRCT-PDA17 plasmid. (A)
Plasmid maps of the pCRCT and pCRCT-PDA1 plasmids. Red regions represent the
replaced and inserted fragments. (B) Gel electrophoresis of 3 candidate donor fragments
constructed by overlap extension PCR (OE-PCR). Lane 1, RB-MK8 DNA marker; Lanes 2-4,
PDA1 donor insert fragments 1, 2, and 3. (C) Gel electrophoresis following colony PCR using
pCRCT VF and VR primers in post-transformation E. coli DH5a. Lane 1, RB-MK8 DNA
marker; Lane 2, 750 bp sequence of pCRCT-PDA1 (DI 3) in successful transformants; Lane

3, cells transformed with the original pCRCT plasmid (positive control).



Transformed E. coli cells were grown in a liquid LB medium with 0.1% ampicillin overnight at
37°C. The plasmid extraction protocol was performed on the overnight-incubated cell cultures,

resulting in pPCRCT-PDA1 plasmid stocks that can be used or stored at -80°C.

Disruption of the pdal Gene in BY4741 Yeast by CRISPR-Cas9

pCRCT-PDA1 plasmids were transformed into S. cerevisiae BY4741 using the LiAc/SS carrier

DNA/PEG method developed by Gietz and Schiestl." Three serial dilutions of the transformed cell
suspension (200 ul, 20 ul, and 2 ul) were plated on SC-URA agar plates for selection. A negative
control with wild-type BY4741 yeast and a positive control with cells transformed with pCRCT were
also plated to ensure that the transformation was successful and an absence of colonies for pda1-
yeast can be attributed to the mutation. Colonies were selected for colony PCR.amplification of the
pda1 gene and sequenced for a 17 bp deletion that introduces a premature stop codon
(p.Met182llefsTer186). The mutant was verified for successful disruption using PCR and Sanger

sequencing of PDH by sequence alignment.

Growth Assays

To determine the effect of carbon source-concentration on the specific growth rates of
PDH-negative S. cerevisiae, cells were inoculated in 200 yL of YPD medium with glucose (0.1%,
0.5%, 1%, 2.5%, 5%, 10%, and 20%)or glycerol (0.5%) as their sole carbon source. Ethanol was
added to 0.5% glucose cultures inwarious concentrations (1%, 2%, 5%, 8%, and 10%) to measure
ethanol stress response and tolerance in pda7- and wild-type cells under a standardized carbon
supply. The cells were culturéd in‘96-well microplates at 24°C with a shaking speed of 200 rpm and
optical density measurements were taken every 15 minutes at 600 nm over a 48-hour incubation
period. Growth rates were calculated by averaging the maximum specific growth rates (Um.y) of five
independently cultured biological replicates during exponential growth (n=5). All assays were
performedaerobically and then repeated under anaerobic conditions achieved by purging the medium
in anaerobic-eulture vials with anoxic N,/CO, for 5 minutes and vacuuming for 10 minutes. All
anaerobic/inoculations were performed in an anaerobic chamber and the 96-well plates were sealed

using microplate sealing film throughout growth to ensure the absence of oxygen.

Ethanol Colorimetric Assays

Aerobic and anaerobic ethanol production of pda1- and wild-type cultures were measured for
glucose concentrations of 0.5%, 2.5%, 5%, 10%, and 20% using the Ethanol Assay Kit provided by
BioAssay Systems (catalog no. ECET100; BioAssay Systems, Hayward, CA, USA). 3.33 uL of cell
cultures with an initial OD of 1.8 were inoculated into 200 yL of liquid YPD medium in each well of a

96-well microplate for 48 hours at 24°C, 200 rpm. After 48 hours of growth, the supernatant was



extracted and diluted with ethanol assay buffer to make a 10% solution, and enzymatic assays were
performed according to the Ethanol Assay Kit protocol from BioAssay Systems. Ethanol
concentrations were estimated by measuring absorbance at 670 nm after incubating at 37°C for 30
minutes and converted to nmol/uL using a standard curve. Concentrations were an average of 5

replicates graphed as percentages (n=5).

Statistical Analysis

Statistical analysis was conducted on the growth and ethanol production data to .determine
significance. Unpaired, two-tailed t-tests were performed between mutant and wild-type pisx averages
for all concentrations of glucose, glycerol, or ethanol to confirm growth differences. Similarly, t-tests
were performed between mutant and wild-type ethanol production averages toindicate a significant
production increase in mutant cells. This statistical method was chosen because of non-categorical
data and independent groups. The cut-off p-value for significance is defined as p=0.05, which

indicates a meaningful difference between the two experimental groups.

Results and Discussion

Growth Defects in Apdal Mutant Under Aerobic Conditions

To examine the aerobic and anaerobic growth differences between the wild-type and Apda1
mutant strains, the specific growth rates were calculated using growth curves graphed from ODg,
measurements. Figure 2A shows.growth curves of mutant and wild-type cells grown aerobically under
1% glucose, to specifically emphasize the impact of the pda? deletion. Grown aerobically under 1%
glucose, the mutant initially demonstrated slower growth during exponential phase but eventually
plateaued at‘a higher OD than the wild type (p<0.01) (Fig. 2A). After 48 hours, the mutant reached a
final OD of 1.68, while the wild type only reached an OD of 1.40 (Fig. 2A). While a reduced specific
growth rate implies a deficiency in cellular metabolic rate, a higher maximum OD suggests a potential
increase in toxicity tolerance because cell division was impeded less by a buildup of ethanol. A
broader range of glucose concentrations (0.1% - 20%) was represented in Figures 2B and 2C. Under
aerobic conditions, the mutant displayed growth defects with decreased specific growth rates for all
glucose concentrations examined (p<0.001) (Fig. 2B). The results suggest that a deficiency in the
pyruvate dehydrogenase enzyme causes low acetyl-CoA concentrations and ATP synthesis in the cell,
decreasing aerobic metabolism in the mutant strain. Anaerobically, the growth difference between the
two strains is insignificant (p>0.05) (Fig. 2C). The mutant displays a significant growth advantage in
anaerobic conditions for all glucose concentrations examined (p<0.001), while the wild type shows no

preference for either environment for glucose concentrations under 5% (p>0.05), and only shows



anaerobic growth advantages for glucose concentrations over 5% (p<0.001) (Fig. 2). Both the wild
type and mutant strains’ growth rates peak at 5% glucose concentration regardless of the presence of
oxygen, after which the rate plateaus, and decreases due to a limit in the rate at which glucose can be
metabolized.
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Figure 2. Specific growth rates of yeast cultures under various glucose concentrations
and oxygen availability. (A) Growth curves graphed as ODyg, values taken over 24 hours
for the Apda1 mutant strain in comparison to the wild type BY4741 yeast grown aerobically in
YPD containing 1% glucose (n=5). (B and C) Specific growth rates (hr'') of the mutant and
wild type strains grown with 0.1% - 20% glucose under aerobic (B) and anaerobic (C)
conditions. Specific Growth rates (hr') were calculated using ODgy,, measurements and
averaged across 5 biological replicates (n=5). Uncertainty bars represent +SD. Significance
is determined by unpaired, two-tailed t-tests (*p<0.05, **p<0.01, ***p<0.001).



One source of uncertainty during growth is the oxygen removal process for the anaerobic
cultures. Anaerobic media was created and inoculated in the anaerobic chamber, but the growth
process in the microplate reader may have let small amounts of oxygen into the sealed wells of a
microplate. This could be responsible for the marginal differences between the two strains observed
during anaerobic growth. Another source of uncertainty is that differential ethanol production was not
considered when measuring growth rates. Due to a higher ethanol concentration present in the mutant
cultures (see the following section), the ethanol in the medium could not be controlled, thus introducing

a glucose-independent factor negatively affecting mutant growth rates.

Mutants Lacking PDH Display Increased Ethanol Production in Anaerobic and
High-Glucose Aerobic Conditions

The effect of the pda1 gene deletion on yeast metabolism was determined by comparing the
net ethanol production of mutant and wild-type cells with a loss of function mutation. Ethanol
production was quantified colorimetrically in cell culture media,after:24 hours of growth in both aerobic
and anaerobic conditions (Fig. 3). Aerobically, the mutant demonstrated a marginally higher ethanol
yield only when the glucose concentration was high; for-example, under 10% glucose (p=0.023).
When grown at lower glucose concentrations, there/was:no significant difference in ethanol production
between the strains (p>0.05) (Fig. 3A). Anaerobically, however, the mutant consistently produced
more ethanol regardless of the glucose coneentration in the medium (p<0.05) (Fig. 3B). Anaerobic
ethanol production in Apda? mutants demonstrated an increase ranging from 45.1% to 100.7%
compared to the wild type yeast for all glucose concentrations examined (Fig. 3B). Anaerobic ethanol
production in wild type cells plateaus at 10%, as there is no difference in production between 10% and
20% glucose (p>0.05), whereas Apda? mutants grown with 20% glucose still showed a 16.97%
increase in ethanol yield"ecompared to cultures grown at 10% glucose (p<0.05). This delayed plateau in
mutant fermentation suggests a.heightened capacity for Apda? cells to metabolize glucose
anaerobically.
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Figure 3. Ethanol production of mutant and wild-type yeast-cultures fermented under
various glucose concentrations. Ethanol concentration in-solution was assayed
colorimetrically by ODg,, measurements after performing.enzymatic reactions on
supernatants from aerobic cultures (A) and anaerobic cultures (B) after 48 hours of growth in
media containing 0.5% to 20% glucose. Ethanol-production was averaged across 5 biological
replicates (n=5). Uncertainty bars represent.£SD. Significance is determined by unpaired,
two-tailed t-tests (*p<0.05, **p<0.01, ***p<0.001).

The observed increase in ethanel production in Apda1 mutants is perhaps due to a redirection
of metabolic flux in the absence of the pyruvate dehydrogenase (PDH) enzyme. Located at the
entrance of the citric acid cycley, PDH catalyzes the decarboxylation of pyruvate into acetyl-CoA, which
acts as a gateway to the aerobic breakdown of glucose through cellular respiration (Fig. 4). A loss of
function mutation in the E1a subunit, encoded by the pda? gene, causes the PDH enzyme to become
dysfunctional and unable to convert pyruvate to acetyl-CoA. The buildup of excess pyruvate in the cell
is metabolized anaerobically into'ethanol. Thus, ethanol production in the mutant is higher both in
anaerobic conditions, and aerobic conditions under an excess supply of glucose (Fig. 3). To
compensate for the lack of PDH function, a PDH bypass mechanism is able to synthesize a limited
amount.of acetyl-CoA in Apda? mutants.” This reaction, catalyzed by the PDC, ADH, and ACS genes,
converts pyruvate to acetaldehyde, to acetate, and finally, to acetyl-CoA. The final acetate to
acetyl-CoA reaction requires the hydrolysis of ATP, unlike the direct decarboxylation of pyruvate into
acetyl-CoA by PDH.” Because Apda? mutants energetically prefer the PDH pathway over the bypass,
the strain is fully respiratory only when glucose supply is limited (Fig. 3A).
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Figure 4. Proposed pathways of glucose metabolism in wild-type and Apda7 mutant
yeast. Metabolic flow was analyzed for cells under wild-type aerobic (A), wild-type anaerobic
(B), mutant aerobic (C), and mutant anaerobic (D) growth conditions. The conversion of
pyruvate to acetyl-CoA is completed either through PDH or the PDH bypass. Preferred
pathways are denoted in green, and the product conversion rate is further distinguished by
thickness."Red arrows denote a loss of function mutation of the PDH enzyme in Apda1

mutants.'%'?

During aerobic growth, wild-type cells prefer to metabolize glucose via the aerobic respiration
pathway through the Krebs cycle and electron transport chain. The conversion of pyruvate to
acetyl-CoA, a crucial step at the entrance of the Krebs cycle, can be completed either through PDH or
the PDH bypass, which is a combined pathway utilizing the pyruvate decarboxylase (PDC), aldehyde
dehydrogenase (ADH), and acetyl-CoA synthetase (ACS) genes (Fig. 4). Wild type cells use both
functional pathways aerobically but prefer the direct conversion through PDH (Fig. 4A). The mutant is
forced to use the bypass under aerobic conditions to continue using the electron transport chain,
which is preferred to fermentation due to its high ATP output (Fig. 4C). However, because the bypass

operates slower, ATP synthesis is impeded, reducing mutant growth rate. There are marginal
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differences in aerobic ethanol production, but mostly insignificant because fermentation doesn’t
generate the ATP needed for the cells to grow.

During anaerobic growth, however, the electron transport chain is dysfunctional lacking
oxygen as the ultimate electron acceptor. Therefore, the combined pathways of glycolysis and Krebs
cycle contribute to the buildup of NADH and the lack of NAD*, which needs to be regenerated through
fermentation to maintain redox balance. An increase in ethanol production allows the more efficient
conversion of NADH to NAD". In Apda1 mutants, this process is preferred to the energetically
unfavorable PDH bypass and allows glycolysis to continue by reducing the buildup of cellular NADH:

Comparing the ethanol production and growth rates of the Apda? mutant yeast provides
insight into the optimal growth conditions for fermentation. Culturing Apda1 mutant cells anaerobically
at 5% glucose experimentally produces 69.66% of the theoretical yield, whereas the wild type
produces only 41.82% of the theoretical yield (Fig. 3B). At 5% glucose, this 66.55%.increase in
experimental ethanol production for Apda? mutants accompanies an optimized.anaerobic growth rate
of 0.183 hr' (Fig. 2A).

The maijor source of uncertainty in analyzing the cause of‘the ethanol production increase is
the lack of differentiation between the mutant pathway redirection (Eig. 4) and the possibility of
increased ethanol tolerance in mutants (Fig. 5). The results do not clearly indicate whether the
observed difference in production is mainly due to an intrinsic change in metabolic flux favoring
fermentation, or if the higher mutant OD reached in @anaerobic conditions contributes to the ethanol
production. Further studies could be conducted'to’pinpoint the specific cause of the excess ethanol
produced. Mapping protein expression could confirm the proposed pathway changes in Figure 4 or

point to a change in expression in another gene that contributes to ethanol tolerance.

Increased Ethanol-Tolerance in Apdal Mutants

Tolerance to various concentrations of ethanol in growth media is measured through ODgyq
measurements, from which theimaximum specific growth rate is calculated as a proxy for ethanol
resistance.‘/Aerobically, Apda7? mutants displayed a significant growth advantage in media containing
around 5% - 8% ethanol (Fig. 4A). Lower and higher concentrations yielded no significant difference in
growth rate (p>0.05). Anaerobically, Apda1 mutants were more ethanol resistant compared to the wild
type‘in all ethanol-containing environments observed (p<0.05) (Fig. 4B). Both strains generally
demonstrated reduced growth as concentration increases, due to the lethality of ethanol against yeast
cells. At concentrations at or exceeding 10% ethanol, cells were unable to grow anaerobically (Fig.
4B). Glucose abundance was controlled at 0.5% in all cultures to ensure growth rate remained
independent of glucose availability.
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Figure 5. Ethanol tolerance of yeast cultures exposed to various concentrations of
ethanol, measured by specific growth rates. Specific growth-rates (hr') of the Apda?
mutant strain in comparison to the wild-type BY4741 yeast grown in YPD containing 1% -
10% ethanol under aerobic (A) and anaerobic (B) conditions. Growth rates were calculated
using ODg,, measurements and averaged across 5 biological replicates (n=5). Uncertainty
bars represent £SD. Significance is determined-by unpaired, two-tailed t-tests (*p<0.05,
**p<0.01, ***p<0.001).

Ethanol tolerance, especially during anaerobic growth, is important for increasing net ethanol
production. Apda1 mutants are able to reach a higher OD compared to wild-type yeast in sublethal
ethanol-containing environments, and the increased cell viability allows an overall increase in ethanol
synthesis rate. According to the data, the growth advantage of Apda? mutants was not counteracted
by the increase in ethanol concentration in growth media over time resulting from a higher
fermentation rate, as mutant cells-continue to grow faster even as more ethanol accumulates in the
medium (Fig. 3 and 5). The increase-in ethanol tolerance is hypothesized to be attributed to the
intensified selective pressure among Apda1 mutants favoring ethanol-resistant cells. Due to a higher
fermentationrate and thus, higher net production of ethanol, only tolerant Apda1 cells were able to
survive and pass on their acquired resistance to future generations. Another possibility is that the
Apda1 mutant upregulates alcohol dehydrogenase (ADH) expression due to an increased need to
convert acetaldehyde to acetate as a step of the PDH bypass, reducing the buildup of the toxic

aldehyde in the cell.

Growth Advantage of Apdal Mutants Grown Aerobically in Glycerol

When grown aerobically with 0.5% glycerol as the sole carbon source, Apda? mutants show a

significant growth advantage over the wild type (p=0.0083), but this difference is not observed when
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both strains are grown in 0.5% glucose (p>0.05) (Fig. 6A). Both strains preferred metabolizing glucose
over glycerol, however, demonstrated by their higher specific growth rates for glucose (Fig. 6A).
Neither strains showed growth when grown with glycerol anaerobically, as opposed to the fermentable
sugar glucose (Fig. 6B). When exposed to 5% ethanol in addition to the standard 0.5% glucose

supply, Apda1 mutants showed a consistent improvement in ethanol tolerance for both aerobic and
anaerobic growth (p<0.005).
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Figure 6. Glucose, glycerol, and ethanol metabolism‘among Apda? and wild-type
yeast. (A and B) Mutant and wild-type yeast show.differential preference for glucose and
glycerol as sole carbon sources under aerobic (A).and anaerobic (B) environments. (C)
Ethanol tolerance, measured by the growth rate of cultures grown on 0.5% glucose exposed
to 5% added ethanol. Growth rates (hr').were calculated using ODg,, measurements and
averaged across 5 biological replicates.(n=5). Uncertainty bars represent +SD. Significance
is determined by unpaired, two-tailed t-tests (*p<0.05, **p<0.01, ***p<0.001).

Glycerol is generally'considered to be a non-fermentable carbon source for most S. cerevisiae
strains, meaning that oxygen is required for the metabolism of glycerol." Because a mutation in the
pda1 gene affects.the aerobic metabolic pathway, it is surprising that a growth advantage is observed
in Apda1 mutant grown on glycerol: Because PDH is not directly involved in the conversion of glycerol
into dihydroxyacetone phosphate (DHAP) to be used by the cell, it is hypothesized that the PDH
deficiency in-mutants alters’gene expression patterns in other genes related to glycerol metabolism or
that there.was a change in flux of metabolites in the Apda1 mutant. However, in both strains, glycerol
was unable to be fermented anaerobically, demonstrating that such changes did not compensate for
the inability of yeast to convert glycerol to ethanol (Fig. 6B).
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Figure 7. Proposed pathways of glycerol metabolismin wild-type and Apda7 mutant
yeast. Aerobic metabolism of glycerol was analyzed for the wild type (A) and mutant (B)
grown in 0.5% glycerol as their sole carbon source: The conversion of pyruvate to acetyl-CoA
is completed either through PDH or the PDH bypass in wild-type cells but only through the
bypass in Apda? mutants. Ethanol is not'produced as glycerol is a non-fermentable carbon
source. Preferred pathways are denoted.in green, and the product conversion rate is further
distinguished by thickness. Red arrows denote a loss of function mutation of the PDH

enzyme in Apda1 mutants.!®

Glycerol can be metabolized by wild-type cells directly into acetyl-CoA through PDH, and
subsequently, enter the Krebs.cycle and electron transport chain. Grown in glycerol, wild-type cells
result in a greater.net buildup of NADH compared to the Apda? mutant, due to the simultaneous
procession of-both the PDH and the PDH bypass pathways (Fig. 7A). The Apda1 mutant degrades
pyruvate through the PDH bypass, producing fewer molecules of NADH (Fig. 7B). Due to yeast’s
inability to convert the excess NADH into NAD* by fermentation, metabolism slows for wild-type cells

when grown on glycerol as the sole carbon source.
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Conclusion

The deletion of pda? in S. cerevisiae BY4741 causes an absence of the pyruvate
dehydrogenase enzyme, a key enzyme responsible for the conversion of pyruvate to acetyl-CoA at the
entrance of the Krebs cycle. The PDH deficiency is shown to impede the aerobic growth of mutants,
which can be attributed to the redirection of pyruvate to the less energetically favorable PDH bypass.
Anaerobically, mutants supplement the lack of PDH and a nonfunctioning electron transport-chain by
using fermentation to maintain the NADH/NAD" balance in the cell. Furthermore, the Apda7 mutant
cultures demonstrate an increased growth rate and a higher final OD under ethanol.stress, as well as
an improvement in glycerol metabolism. These combined changes in responseto the PDH defect
cause an observed increase in ethanol production ranging from 45.1% to 100.7% depending on the
glucose supply. This increase in ethanol production is an important observation and will aid future
sustainable production of renewable biofuels such as ethanolifrom other carbon sources. These data
also provide context for future research in creating strains beneficial for ethanol production. Further
studies can be conducted to determine the cause of the.ethanol tolerance increase by mapping the
expression levels of genes proposed to play a role in complementing the PDH deficiency in mutants,
such as the PDC, ADH, and ACS genes involved‘in the PDH bypass.
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