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Abstract

Toward the development of an adipic acid-tolerant production host in

Saccharomyces cerevisiae

[ain Summerby-Murray

Adipic acid is used in the production of a range of important products, notably nylon, but
its production using traditional means relies on petroleum precursors and is environmentally
damaging. The production of adipic acid from renewable sources using microbial cell factories
has generated significant interest yet fails to compete economically with its petro-based
alternative, partly due to the large expense required for post-fermentation processing. Using
a low pH fermentation strategy, downstream acidification costs can be decreased, which
will help with raising the economic viability of bio-based adipic acid. We screened a large
collection of tentatively acid tolerant strains of Saccharomyces cerevisiae to assess adipic
acid tolerance and later characterised top adipic acid tolerant strains for suitability as adipic
acid production hosts. Top strains were mostly diploid and had growth yields in adipic
acid roughly 5x higher than the non-tolerant strain CEN.PK113-7D. Furthermore, we show
that adipic acid tolerance is an inducible phenotype — pre-adaptation in adipic acid reduces
latency upon subsequent exposure to adipic acid. Next, we investigated transcriptional
changes by way of RNAseq. Gene content was largely the same across 4 different strains
of S. cerevisiae. Exposure to adipic acid caused cell-wide transcriptional changes in both
tolerant and non-tolerant strains. Differences in gene expression, especially in stress response,
provided an explanation for the adipic acid tolerant phenotype but, for a more complete
picture, more work is still required. Finally, as a proof of concept for the validity of
acid tolerant production strains, we expressed aroZ, necessary for the first step in adipic
acid production from the shikimate pathway, in an adipic acid tolerant strain and showed
increased PCA, an adipic acid precursor, accumulation when grown at low pH and under
adipic acid stress compared to a similarly engineered adipic acid-sensitive CEN.PK113-7D.
Our results emphasize the utility of adipic acid tolerant strains for the production of adipic
acid. Other carboxylic acid may also benefit from similarly acid tolerant production strains,
which could help improve bio-based alternatives in the chemicals industry and reduce our

reliance on petroleum-based products.
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Chapter 1

Introduction

1.1 Petroleum-based chemical production and the shift

toward bio-manufacturing

The worldwide use of fossil fuels is known to be detrimental to the environment,
largely due to the production of greenhouse gasses, a major driver of climate change!.
The chemicals industry represents a major energy consumer and contributes roughly 7%
of man-made greenhouse gas emissions worldwide?. Due to its reliance on fossil fuels and its
greenhouse gas emissions, there is growing concern for the detrimental environmental effects

of the chemicals sector?.

One solution to deal with excessive petroleum usage is the development and
use of carbon-neutral bio-manufacturing processes whereby materials are converted into
useful products by exploiting microorganisms, either through endogenous pathways or with
the introduction of engineered metabolic pathways*. The yeast Saccharomyces cerevisiae,
filamentous fungus Aspergillus niger, and bacterium FEscherichia coli are among the most
commonly used and best studied microbial cell factories although non-traditional platform
species are becoming more widely used®. The production of a wide range of useful
chemical products has been achieved in a variety of different microorganisms including
biofuels®, pharmaceuticals”, and food additives®. Some chemicals are specific targets of
bio-manufacturing, yet others are used as building blocks — so called platform chemicals —
for later conversion to valuable end products®. Of these, carboxylic acids are an important

kind of chemical building block: their characteristic carboxyl group'® makes them versatile



and able to undergo diverse chemical conversions to different products®”. In 2004 the
US Department of Energy identified many carboxylic acids as having high potential to
be produced from biomass'!; since then a number of these potential high value products
have been produced in microbial cell factories such as lactic acid'?, succinic acid'®, and

3-hydroxypropionic acid .

1.2 Adipic acid

Adipic acid is a dicarboxylic acid'® primarily used in the production of nylon, as

1617 Adipic acid ranks as one

17;18

well as in plasticizers, lubricants, and as a food additive
of the top bulk chemical products, with annual production exceeding 3 million tons
Despite its importance as a bulk chemical product, there are major concerns over the
detrimental environmental effects associated with adipic acid production — in 2016 adipic
acid accounted for roughly 20% of total petrochemical-related CO, release in the USA %20,
Current petroleum-based production of adipic acid relies on the conversion of benzene
to a mixture of cyclohexanone and cyclohexanol via the oxidation of cyclohexane. The
cyclohexanone:cyclohexanol mixture is then converted to adipic acid by catalytic conversion
in the presence of nitric acid?' (Figure 1.1). This process releases 1 mole nitrous oxide, a

potent greenhouse gas, per mole adipic acid??.

Due to its ubiquity as a chemical product, the noxious environmental damage caused
by its production using traditional means, and fluctuating cost of petroleum precursors, there
is substantial need to develop bio-based adipic acid. In addition, adipic acid is well suited
for bio-manufacturing due to its potential as a platform chemical?® and is uniquely situated

as a dicarboxylic acid with no known natural production %24,
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Figure 1.1: Adipic acid is traditionally produced from petrochemical
precursors. Benzene, a petroleum derivative, is reduced to cyclohexane
via nickel catalysis at high pressure. Cyclohexane is oxidized to a
cyclohexanone:cyclohexanol mixture which is converted to adipic acid
in the presence of nitric acid. Adapted from Van de Vyver et al.?!

1.2.1 Bio-manufacturing adipic acid and its precursor

cts,cis-muconic acid

A number of different strategies in the production of adipic acid have been employed
with varying degrees of success. Production of adipic acid and its precursor cis,cis-muconic
acid (ccM) from a variety of pathways and organisms is shown in Table 1.1. Over the last
two decades end product yields have improved steadily both in traditional microbial factories

5;25

as well as in emerging microbial cell factories such as in Pichia species



Table 1.1: Strategies used in the production of adipic acid and its
precursor cis,cis-muconic acid. Unless otherwise noted, production

refers to adipic acid.

Date Species* Description Production Reference
2002 E. coli Degradation of cyclohexanol and cyclohexanone by NA
orthologous expression of genes from Acinetobacter, 20527
Arthrobacter, and Rhodococcus species
2002 E. coli ccM  production via shikimate intermediates using 36.8 g/L ccM
orthologous KpAroZp, KpAroYp, and AcCatAp 2
expression followed by chemo-catalytic hydrogenation to
adipic acid
2009 NA Degradation of lysine to adipic acid NA ’o
2012 S. cerevisiae  ccM production by way of shikimate intermediates 1.56 mg/L ccM w0
2015 Thermobifida Reverse adipate pathway. First known natural production 2.23 g/L
fusca 2
2015 NA Conversion of glutaric acid or furan dicarboxylic acids to  NA
adipic acid by oxidation-hydrodeoxygenation Bz
2016 Pseudomonas Improved ccM production through improved PCA  4.92 g/L ccM
putita decarboxylase activity by co-expression of flavin-derived 5
cofactors
2018 S. cerevisiae  ccM production by way of shikimate intermediates 5.1 g/L ccM
along with feedback inhibition of aromatic amino acid o
metabolism
2018 E. coli Reconstructed reverse adipate pathway from T. fusca 68 g/L .
2018 Candida Degredation of fatty acids to adipic acid by disrupting C6 50 g/L
tropicalis acyl chain degradation %0
2019 E. coli Codon optimized conversion of DHS to ccM in a 64.5 g/L ccM?
DHS-overproducing strain o
2020 S. cerevisiae  Biosensor-aided mutageneis to identify ~mutants 20.8 g/L ccM¥

with DHS
catecholl,2-dioxygenase activity

improved dehydrogenase and

38

* NA denotes that the process is a proposed method that hasn’t necessarily been shown in practice

1 current highest known production

Initial attempts showed some success by producing adipic acid from the degradation
Arthrobacter, and

However, since this approach required the use of cyclohexanol, a

of cyclohexane and cyclohexanol using genes from Acinetobacter,
Rhodococcus species?”.
petroleum derived product, as a feedstock, this approach is not preferred. Other approaches
make use of the 3-ketoadipate pathway found in Pseudomonas®® and Acinetobacter® species.
Here, catechol, an intermediate in the conversion of benzoate to acetyl-coA and succinyl-coA,
is converted to ccM. Again, this approach is not preferred since benzene is derived from
petroleum and is toxic to the production host. Alternatively, adipic acid from sugar is often

preferred due to the high yield — theoretically 0.9 moles adipic acid per mole glucose — as

4



well as lower estimated operating costs'”.

Of particular interest to this thesis is the heterologous ccM production from the

130

shikimate pathway, first shown in S. cerevisiae by Weber et al.””| in which carbon flux is

diverted from the native metabolism to the orthologous pathway at 3-dehydroshikimate
(DHS) (Figure 1.2). DHS is oxidized by the DHS dehydrogenase AroZp to produce
protocatechuic acid (PCA) then PCA undergoes a conversion by the action of the PCA
decarboxylase AroYp to catechol (CAT). In the first iterations of this pathway CAT was
converted to ccM by CatAp, however more recent iterations make use of the catechol
dioxygenase Hqd2p instead®!. Recent studies have greatly improved metabolite yields
through this pathway — from 1.56 mg/L ccM® to 20.8 g/L in S. cerevisiae®® and 64.5 g/L
in E. coli®” — yet the final conversion of ccM to adipic acid remains poor. The conversion of
ccM to adipic acid can be carried out using two groups of enzymes: the Old Yellow Enzymes
(OYE) and enoate reductases (ER). OYEs have low activity and are generally overshadowed
by ERs. Recent discoveries and improvements in ERs have shown significant promise*!*2.

However, until this strategy becomes more widely implemented, many studies continue to

report ccM yield as a proxy for adipic acid.
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Figure 1.2: The introduction of heterologous genes allows for
diversion of 3-dehydroshikimate (DHS) toward adipic acid (ADP).
DHS is converted to protocatechuic acid (PCA) by the DHS
dehydrogenase AroZp. The conversion of PCA to catechol (CAT) is
carried out by the PCA decarboxylase AroY followed by conversion of
CAT to cis, cis-muconic acid (ccM) by the catechol dioxygenase Hqd2.
Initial attempts at producing ADP relied on the chemical conversion
of ccM to ADP by metal catalysts whereas recent advances in enoate
reductases (ER) improved the biological conversion*!. Adapted from
Pyne et al.?* and Joo et al.*!.

Despite recent improvements in bio-manufacturing, many products are not

17;43

economically competitive with their petroleum-based counterparts . Economic viability

is dependent on four main factors: yield, titer, price of feedstock, and downstream processing



costs. Recent analysis suggests that improvements in these main areas will allow bio-based
production of 26 chemicals to become economically viable with 17 of those being as or
more cost-effective than their petro-based counterparts®®. According to this model, current
bio-adipic acid has an internal rate of return (IRR) of 3% compared to an IRR of roughly 30%
for petro-adipic acid. By increasing titers to 100 g/L, decreasing downstream processing cost
and feedstock costs, and improving yield, the IRR for bio-adipic acid could rise as high as
55%. While the complete implementation of this model is still a long way off, improvements

in yields and titers are steadily improving.

One area which is not improving at the same rate is the cost of downstream
processing, which can account for as much as 50% of the total production cost**. Due
to the acidic nature of the product, traditional bio-production of adipic acid uses base
addition to counteract the buildup of H+ ions (Figure 1.3), which would otherwise impose
significant toxicity upon the microbial cell factories. However, in conditions that are optimal
for production in current E. coli and S. cerevisiae production strains, adipic acid exists
largely in its dissociated and semi-dissociated state. Acidification is required to purify the
acid form for later use; this adds significant cost since acidifying 1 mole of adipic acid requires

1 mole of sulfuric acid**.
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Figure 1.3: Adipic acid losses its protons sequentially. At neutral
pH, adipic acid exist primarily in its dissociated form but as the pH
decreases, more and more adipic acid exists in its un-dissociated form.
Producing adipic acid at pH 5 results in only 15% production of the
protonated form, requiring later acidification of the semi-protonated
and de-protonated forms. Most yeasts grow readily at pH 5. The
media pH drops as adipic acid is produced, which requires the addition
of base to maintain a set pH. Additionally, at pH 5, adipic acid
is produced primarily in its dissociated and semi dissociated state,
which necessitates downstream treatment with acid to revert to the
protonated form. This acidification adds substantially to the cost of
biomanufacturing. The use of acid tolerant strains at low pH avoids
the use of base addition and results in the protonated acid form being
the dominant product. Adapted from Karlsson et al.*’

An alternative approach is to use acid tolerant production strains, either by



engineering current production strains to be more tolerant or by adapting naturally tolerant
strains to produce the compound of interest. These approaches generally focus on yeasts,
which tend to perform better at low pH than bacteria®®. By using a strain that can tolerate
low pH and high levels of acid, base addition is no longer required, and the product is
predominantly in its undissociated form, which avoids the need for downstream acidification.
The combination of removing base addition and acidification contribute to greatly reducing
the cost of production. Previous attempts at using acid tolerant strains have shown success.
For example, in 2018 an acid tolerant strain of Pichia kudriavzevii was used to produce 135
g/L lactic acid at pH 3.6"7.

1.3 Exploring causes of acid tolerant phenotypes

1.3.1 Carboxylic acid tolerance in yeast

Due to its role as a model organism and the importance it has in a range of
industries, S. cerevisiae has been studied extensively to elucidate its response to carboxylic
acids and low pH. Due to the ubiquity of carboxylic acids and the potentially harmful effects
to intracellular homeostasis, natural processes exist to adapt to and diminish the effects of
these compounds on cell fitness. Much is already known about the effects of various organic
acids, genes related to acid tolerance, and the transcriptional changes that these acids invoke

(reviewed in Mira et al.?®).

Transcriptomic studies in yeast have shown that carboxylic acid induced stress
is complex and tolerance to this stress can be dealt with using different mechanisms.
Exposure to carboxylic acids triggers multifaceted gene expression remodelling and changes
to biochemical processes, including expression of proton-removing transporters, cell wall
reorganization to restrict acid diffusion, changes to metal metabolism*’, and the activation of
anti-reactive oxygen species pathways®’. This response is mediated by several transcription
factors that affect a cell-wide network of genes. For example, the transcription factor Haal
regulates roughly 85 different genes in S. cerevisiae® . Protective mechanisms can work
against a broad range of acid stresses, such as by the recruitment of multi drug resistance

3 or be specific to

transporters and H+ ATPases®? or the activation of heat shock proteins
the characteristic of the acid involved, as seen with the expression of HAA 1, which decreases

with increased acid lipophilicity®.



1.3.2 Non-traditional yeast strains represent a poorly understood

source of tolerant phenotypes

Despite the presence of acid tolerant gene networks in S. cerevisiae, most common
laboratory strains are not acid tolerant. As pH drops below 5 most S. cerevisiae experiences
reduced growth; below pH 2.5 growth is severely restricted and cells quickly die®°°.
Conversely, many non-Saccharomyces yeast can withstand low pH environments as well
as high levels of carboxylic acids. For example, Zygosaccharomyces bailit can withstand
up to 800 mM acetic acid whereas S. cerevisiae dies after exposure to 20-120 mM acetic
acid®. Indeed, the number of extremophile phenotypes in non-Saccharomyces yeast make
them candidates of significant interest for several applications yet challenges with genetic
manipulation of these strains often make S. cerevisiae a more desirable host due to how well

studied it is.

Between these two extremes are an increasingly well characterized group of
non-conventional, i.e. non-lab, S. cerevisiae strains that offer a compromise between tolerant
but poorly studied yeast species and well characterized but acid susceptible strains of S.
cerevisiae. Recent efforts to better characterize these strains have shown that a huge variation
of phenotypes exists within this single species®”. For example, the strain S. cerevisiae
var. boulardii, despite having a near identical genome to the reference strain S288¢°®, has
many different metabolic and physiological characteristics: it is tolerant to low pH, extreme

temperature, and organic acids®®, probably due to a number of gene duplications®’.

1.4 RNAseq - a tool for exploring gene expression and

more

Over the last two decades, as sequencing technologies have improved, RNA
sequencing (RNAseq) experiments have taken over from microarray-based gene expression
experiments.  RNAseq improves upon many of the challenges faced by microarray
experiments — such as nonspecific probe-oligomer binding, the necessity of prior knowledge of
the sequences being tested, and lack of comparability between samples®! — while also offering

%2 RNAseq experiments generally follow a standard approach:

single nucleotide resolution
RNA is extracted from cells, often exposed to different conditions then reverse transcribed to

cDNA. Next, cDNA libraries are prepared and sequenced using Next-Generation Sequencing

10



(NGS) technologies. Bioinformatic tools are used to map reads to a reference genome or
transcriptome; reads per feature are then counted and analysed®. Using RNAseq not only
provides insight into gene expression but can also be used to explore genetic variations,
gene fusions®% and novel transcript expression®. The RNAseq process requires several
steps and tools to take RNA from different samples and convert it to gene expression
differences. This process can vary greatly depending on different factors including species,
depth of coverage, sample conditions, and sequencing parameters. Despite the complexity,

6

an ever-expanding toolkit of software’” makes RNAseq experiments increasingly accessible

and powerful.

Many studies use RNAseq to identify phenotype-genotype interactions, which can
be especially useful when looking for certain phenotypes. In 2017 Dong et al.®® took
an RNAseq approach to investigate the effects of acetic acid on gene expression. They
reported changes in expression for roughly 800 different genes, including those associated
with amino acid and carbohydrate metabolism, ribosome and protein synthesis, transporters
and permeases, and cell wall organization. Since many of the effects of acid stress are shared
— for example QDR3% and PMA1%% — across different acids*®, transcriptomics studies for
any similar carboxylic acid provide insight into the effects of adipic acid on gene expression.
While other studies have investigated the causes of improved adipic acid tolerance®, to our
knowledge, a comprehensive investigation of the genes associated with adipic acid stress has

not yet been conducted using RNAseq.

1.5 Aims and rationale

Given the need to lower our environmental footprint from the production of adipic
acid, our reliance on adipic acid-based products, and the fluctuating cost of petroleum
precursors, it is essential to produce adipic acid from renewable sources. Current bio-based
adipic acid fails to compete with its petro-based alternative yet it could eventually
out-compete petro-based if the cost associated with its production could be lowered. One key
area in which cost could be lowered is in downstream processing, of which a major component
is the cost associated with post-production acidification to convert acid salts into their acid
form. By using acid tolerant production strains, we can keep the pH during production

relatively low to keep the acid in its protonated form, thereby lowering production costs.

Here, we screen a large collection of S. cerevisiae for adipic acid tolerant phenotypes

11



and characterize these adipic acid tolerant strains for later use. Next, we investigate the
causes of adipic acid tolerance by comparing transcript levels between adipic acid tolerant
strains and the non-tolerant CEN.PK113-7D during adipic acid stress by way of RNAseq.
Finally, we demonstrate the utility of adipic acid tolerant strains for the production of adipic
acid and its precursors by showing improved accumulation of the adipic acid precursor PCA

in an engineered adipic acid tolerant strain compared to CEN.PK113-7D.

12



Chapter 2

Materials & Methods

2.1 Yeast strain screening

2.1.1 Strains and media

A collection of yeast strains was received from Lallemand Inc., denoted in this thesis
as L001-L501. A selection of strains is described in Table 2.1 while the complete list of strains
is found in the appendix. Yeast cultures were grown in YPD (10 g/L yeast extract (YE),
20 g/L tryptone, 20 g/L dextrose), YPS (10 g/L YE, 20 g/L tryptone, 20 g/L sucrose), or
YNBG (6.8 g/L Yeast Nitrogen Base supplemented with 20 g/L glucose) supplemented as
necessary with adipic acid. Where noted, media were supplemented with potassium citrate
and HCI or NaOH to maintain a set pH.

13



Table 2.1: Selection of screened strains used in this thesis

Strain Description * Source
CEN.PK113-7D MAT, ura3-52 MAL2-8C SUC2 Euroscarf
L433 Wine Lallemand
L248 Wine Lallemand
L401 Wine Lallemand
L451 Wine Lallemand
L411 Wine Lallemand
L434 Wine Lallemand
L465 Wine Lallemand
L489 Ingredients Lallemand
L295 Beer Lallemand
033 Fruit juice drink NCYC accession 3040

* Descriptions of Lallemand strains provided by Lallemand

2.1.2 Library screening

An automated screening method was developed to ensure accurate and repeatable
results across the large number of strains screened in this thesis. Strains arrayed on YPD-agar
were used to inoculate liquid media cultures, which were grown overnight. Cultures were
diluted into an intermediate culture plate such that a chosen volume of inoculum resulted in a
set starting ODgg using a custom Python script (available on github at ConcordiaMartinLab)
and a Biomek FXp automated liquid handler (Beckman Coulter, USA). Strains were
inoculated to an ODgyy of 0.1 in 100 pL. YNBG with (pH 2.8) and without (pH 4.8) the
addition of 20 g/L adipic acid and cultured with 200 rpm shaking for 3 days at 30 °C .
ODgoo readings were taken every 24 hours using a plate reader (TECAN, CH). Using the
screening method described above, select acid tolerant strains were re-screened in a larger
volume to ensure reproducibility at scale. Strains were cultured in 1 mL YNBG with and
without adipic acid. ODgg readings were taken every 24 hours using Sunrise (TECAN, CH)

plate readers.

2.1.3 Ploidy determination

Strain ploidy was determined for select acid tolerant strains by flow cytometry
following a previously described method™. In short, exponential cultures (ODgy  0.6)
were fixed in 1 mL 70% (v/v) ethanol overnight before being washed and suspended in 50

mM sodium citrate. Cultures were treated with 0.5 mg/mL RNase A then stained with

14



25 ug/mL propidium iodide in 50 mM sodium citrate overnight. For each sample 10,000
events were captured using an Accuri C9 flow cytometer (BD Biosciences, USA). Data were
analysed using Accuri flow software and a custom Python script (available on github at

ConcordiaMartinLab) to compare fluorescent peaks and estimate genome size compared to
the known haploid strain CEN.PK113-7D.

2.1.4 Acid tolerance inducibility

To determine if tolerance to adipic acid is an inducible phenotype, select strains
were pre-cultured in YNBG with 0, 10, or 20 g/L adipic acid for 4 hours before being each
inoculated into YNBG with 0 or 20 g/L adipic acid. Cultures were kept at 30 °C with 200
rpm shaking for 48 hours. ODgo was measured every 5 minutes using Sunrise plate readers
(TECAN, CH). Growth characteristics were analysed using a custom R script (available on
github at ConcordiaMartinLab).

2.2 Transcriptomics analysis

2.2.1 RNA extraction and sequencing

In order to assess causes of adipic acid tolerance in the identified adipic acid
tolerant strains, gene expression was compared between non-tolerant and tolerant strains
after exposure to adipic acid using RNAseq. Strains CEN.PK113-7D, 1433, 1248, 1295,
and 033 were cultured in potassium citrate-buffered YNBG (pH 3.2) with and without
the addition of 5 g/L adipic acid and grown to an ODggy of 0.8. RNA was extracted
using the Ambion RiboPure — Yeast kit (Thermo Fisher Scientific, USA). In short, cell
membranes were disrupted with Zirconia beads and shaking in phenol:chloroform:isoamyl
alcohol. RNA was separated from polysaccharides, proteins, and cell debris by removing the
aqueous layer then purified using glass fiber filters. Residual DNA was removed by treating
samples with RNAse free DNasel. RNA sample quality control was carried out using a
Tapestation 4150 (Agilent, USA). Next, cDNA libraries for sequencing were generated by
the Centre d’expertise et de services Génome Québec from RNA samples using NEBNext
Ultra IT Directional RNA Library Prep Kit for Illumina (NEB). These cDNA libraries were

sequenced using the Illumina NovaSeq6000 platform at Génome Québec using the following

15



parameters: paired end 100 bp reads and 25 million reads per sample. Sequencing data were

accessed from the Génome Québec Nanuq server for analysis.

2.2.2 Bioinformatic workflow

In order to assess differential gene expression between the various strains
and conditions, RNAseq sample data were processed following the well described
STAR-HTseq-EdgeR pipeline (reviewed by Corchete et al™) or, when reference genomes
were not available, using the Trinity pipeline™ in combination with EdgeR ™. The analysis
was carried out in Omicsbox version 2.0.36 except where otherwise noted. Figure 2.1 shows
a schematic of the analysis pipeline including an additional workflow required for strains

without a reference genome.

~ Rawsequencing filess
~ Sequence download and md5 sum check
" FASTQ quality check (FASTQC) Alternate workflow for un-sequenced strains
r - - - TTTTTTTTTT TS \
FASTQ pre-processing (Trimmomatic) —IL> de novo Assembly (Trinity) |
|
Processed read alignment (STAR) | Transcriptome-based alignment (Bowtie2) |
| |
Gene count (HTseq/RSEM) | Completeness assessment (BUSCO) |
|
Differential Analysis (EdgeR) \\ Clustering (CD-HIT) :
| |
I}

Annotations (BLAST2GO,InterProScan)

Figure 2.1: RNAseq analysis workflow used in this thesis. Samples
from all strains and conditions were pre-processed using FastQC
and Trimmomatic. Strains with reference genomes were analysed
using the STAR-HTseq-EdgeR pipeline. Strains without reference
genomes had reference transcriptomes built using Trinity. The de
novo transcriptome assembly was verified using BUSCO and Bowtie2,
clustered using CD-HIT, with functional annotations provided by
Blast2Go and InterProScan. After completing the Trinity alternate
pipeline, samples without reference genomes returned to the standard
pipeline by way of RSEM gene counts. Differential gene expression
analysis was done using EdgeR. All of the above was carried out using
the Omicsbox interface.
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2.2.3 Quality control and pre-processing

Sequence data were received from Génome Québec in FASTQ format. Raw
sequences underwent quality control using FastQC™, which assesses sequences according
to 9 different metrics, including quality per sequence and per base, GC content, and
length distribution across a given library. Sequence files were pre-processed to trim low
quality bases, filter short reads, and remove adapter and contaminating sequences using
Trimmomatic™ with the following parameters: paired-end reads, custom adapter sequences

(NEBnext Dual), Adaptive Quality trimming, with other parameters set to default.

2.2.4 Read alignment

Two different strategies were used for read alignment depending on whether
reference sequences were available. Reads from strain CEN.PK113-7D were aligned directly

6 using the Spliced Transcripts Alignment to a

to a previously sequenced reference genome
Reference (STAR) algorithm ™" version 2.7.9a with default parameters. Strains 433, 1.248,
1295, and O33 were aligned to de novo transcriptomes, described below, using RNASeq by
Expectation Maximization (RSEM) ™ version 1.3.3 following de novo transcriptome assembly

with Trinity 2.

2.2.5 de novo transcriptome assembly

For reads to be counted and gene expression analysis performed, reads must be
aligned to a reference. Since reference genome sequences are not available for strains
L433, 033, 1248, and 1295, it was necessary to build a reference transcriptome using a

%79 version 2.12.0 and

workflow that makes use of the de novo sequence assembler Trinity
its associate tools. Following the reconstruction of strain transcriptomes, reads were aligned

using Bowtie2®" version 2.4.1 to confirm the integrity of the assemblies.

In order to quantify the quality of the de novo assembly, expected gene content was
assessed using Benchmarking Universal Single-Copy Orthologs (BUSCO)®! from OrthoDB®?.
Each strain was compared to the Saccharomycetes class using a Basic Local Alignment Search
Tool (BLAST) e-value cutoff of 1073. The Trinity process results in multiple sequences per

"Trinity gene", i.e. for a 1000 bp gene Trinity sees a read from 1-800 bp as separate from a
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read from 1-1000 bp even though both reads are from the same biological source. In order
to reduce the redundancy created during de novo assembly, similar sequences were pared
down to the fewest distinct sequences using the clustering algorithm CD-HIT®. Following
clustering, "Trinity genes" were annotated with Blast2Go® and InterProScan®® to provide

functional annotations.

2.2.6 Differential expression analysis

Gene count tables were constructed using HTseq® and RSEM. Where necessary,
sequences were queried against the Saccharomycotina clade with BLAST. Successful hits
were used to link biological genes to the "Trinity genes". Gene names were then appended
to de novo read counts using a custom R script. Differential Expression (DE) analysis was
performed with EdgeR™®" with data normalized using the Trimmed Mean of M (TMM)
method®. For each strain, pairwise DE analysis was carried out between samples derived
from cultures in which adipic acid had been supplemented and their corresponding adipic
acid-free cultures. In Omicsbox, the "Robust" option was enabled to better handle outliers.
For each strain MDS plots were generated in Omicsbox to visualize differences in samples
due to culture conditions. DE genes (DEGs) were determined by considering Fold Change
(FC) and False Discovery Rate (FDR). For the purposes of this study, genes with a logs(FC)
of 1 or greater were considered to have a difference in gene expression and those with an
FDR less than 0.05 were considered to be significant. Functional enrichment analysis was
visualized using gProfiler® and STRING® using the list of DEGs identified using EdgeR.

2.3 Yeast strain engineering

2.3.1 Plasmids

Plasmids, described in Table 2.2, were maintained in E. coli grown in Lysogeny
Broth (LB) supplemented with antibiotics where appropriate. Plasmids were purified from
E. coli stocks using the GeneJET Plasmid Miniprep kit (Thermo Fisher Scientific). DNA
used as parts for plasmid construction was amplified using Phusion High Fidelity DNA

polymerase.
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Table 2.2: Plasmids used in this thesis

Plasmid Progenitor Description Reference

pBB94 NA ColE1°" 211°"% Prpp-KanMXE-Trpr Pryge-Cas9-Toyc:r [2x Bsal o
protospacer|

pBB95 NA CO]EIOTi 2].107‘1. PTEF‘Hng‘TTEF PRNRz-CaSQ-TCYC1 [2)( Bsal o1
protospacer]| ‘

2.3.2 pCas and gRNA design

In order to carry out genetic manipulations, CRISPR-Cas9 directed modifications
of the yeast genome were carried out using a 20 nucleotide guide sequence with homology to
a specific locus to direct Cas9 endonuclease activity and cause a double stranded break at
the target site”?. The inclusion of a donor DNA fragment, with homology regions flanking
the double stranded break, allows for homology directed repair (HDR) which results in the
integration of the donor DNA sequence at the targeted site”®*. Guide RNA sequences
were designed using Benchling with off target scores calculated as previously described”.
Guide RNA expression cassettes were created using overlapping oligonucleotides containing
the guide sequence as well as overhanging ends compatible with a pre-built Cas9 plasmid
system?!; the unique guide sequence was then assembled into the Cas9 plasmid in vivo by

homologous recombination.

2.3.3 Yeast transformation

Yeast was transformed using a lithium acetate (LiAc)/polyethylene glycol (PEG)

protocol adapted from Gietz and Schiestl?®

. Strains were cultured overnight before being
diluted to an ODggy of 0.1 and grown to a final ODggy of 0.8. Pellets from the cultures were
then washed in water followed by 100 uM LiAc before being suspended in transformation
mix — 100 pL 50% (w/v) PEG 3350, 5.6 puL 3M LiAc, and 4.4 pL 10 mg/mL salmon sperm
DNA per reaction — and added to 40 puL of DNA in water. Samples were then incubated
at 30 °C for 30 minutes followed by 42 °C for 30 minutes before being recovered in 600 puL

YPD and plated on selective media.
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2.3.4 Colony PCR

Following genetic manipulation via CRISPR-Cas9 and selective plating, the
resulting colonies were analyzed by colony PCR to confirm the desired genetic modification
had occurred. Cells from individual colonies were suspended in 40 pl. water; half the
suspended cells were kept in reserve while the rest were boiled for 2 minutes. PCR was
carried out using 2.5 ul. of the boiled yeast-water mix along with 3 ul. of 2x Phire Plant
Direct PCR Master Mix (Thermo) and 600 nM of each forward and reverse primer per
reaction. PCR products were visualized by gel electrophoresis and band size compared to

the theoretical size given a correct manipulation.

2.3.5 aroZ integration

The first step in the production of adipic acid from yeast using the shikimate
pathway makes use of the DHS dehydrogenase AroZp. An expression cassette for AROZ built
using Podospora anserina AROZ (GenBank accession CAD60599) under the control of the
strong promoter P,q1 77 with flanking regions specific for Flagdeldt site 18”® had previously
been built and integrated into CEN.PK113-7D by Mohamed Nasr in our laboratory
(unpublished). This AROZ cassette was amplified off genomic DNA from the previous
integration using primers ISMFgF18F and ISMFgF18R (Table 2.3) and sequence verified.
Using this as a template for homology directed repair, the resulting PCR product was
transformed into strains CEN.PK113-7D and 1433 along with a CRISPR-Cas9 expression
plasmid®! containing a geneticin or hygromycin resistance cassette and gRNA specific for
Flagfeldt site 18, resulting in strains S17 and S20 (Table 2.3). Following selective plating
for the CRISPR-Cas9 plasmid, resulting colonies were verified for the correct integration of
the AROZ cassette by colony PCR using primers [SMaroZF and ISMaroZR and sequence

verified.
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Table 2.3: Strains and primers used for AROZ integration

Strains
Name Progenitor Description Reference
CEN.PK113-7D - MAT, ura3-52 MAL2-8C SUC2 Euroscarf
L433 - - Lallemand
S17 CEN.PK113-7D Ppgr1-PaAROZ-Tygqp1 This study
S20 L433 Ppgr1-PaAROZ-T 41 This study
Primers
Name Sequence (5'-3") Description
ISMFgF18F TGTGCACAAAGGCCATAATA Amplify AROZ cassette out of Flagfeldt site 18
ISMFgF18R AAAGCTGGCTCCCCTTAGACAA  Amplify AROZ cassette out of Flagfeldt site 18
ISMaroZF CAAGGCAGCGGATAAAGACAAC Confirm integration of AROZ
ISMaroZR CAAGGCAGCGGATAAAGACAAC Confirm integration of AROZ

2.3.6 Metabolite analysis

To demonstrate the viability of adipic acid tolerant production strains we first
sought to show that these strains are better at producing the adipic acid precursor
PCA at low pH and under adipic acid stress than strains from the the non-tolerant
CEN.PK113-7D background. Metabolite production was analyzed using High Performance
Liquid Chromatography (HPLC), as previously described®!. Strains S17 and S20 were
cultured in 15 mL of potassium citrate-buffered YPS, supplemented with 20 g/I. adipic acid
where needed, and incubated at 30 °C with 200 rpm shaking. Media were supplemented
at 72 hours and again at 144 hours with 1/10th volume 40% (w/v) sucrose to account
for evaporation. After 8 days, 500 uL of each culture was centrifuged at 15,000 x g for 5
minutes. The supernatants were passed through a 0.2 uM filter and diluted 10x in 50 mM
phosphate buffered saline (PBS, pH 7.6) so that sample concentrations fell within the linear
range during quantification. Culture supernatants were analyzed using a Thermo Finnigan
Surveyor HPLC equipped with a FAST-ACID column (Bio-Rad) coupled with a Waters 3100
refractive index (RI) detector. Samples were resolved isocratically in 10 mM sulfuric acid
at 65 °C with a flow rate of 0.8 mL/min. Protocatechuic acid was detected using a UV /vis
detector at 210 nm. The determination of metabolite concentration from chromatogram
data was done by comparing sample peak area to a linear standard curve produced using
reference standards (Sigma-Aldrich) from 0 to 6.25 mM. The limit of detection (LOD) was
calculated using LOD = 30/m where o is the standard deviation of known concentrations

and m is the slope from the standard curve; LOD was determined to be 14 ng/L. Samples

21



were run in quadruplicate for each strain-condition combination and data is shown as mean

4+ standard error.
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Chapter 3

Results

3.1 Screening and characterisation of adipic acid tolerant

strains

A collection of 500 yeast strains were screened to select for adipic acid tolerance
first using a high-throughput method then again using a low-throughput but higher volume
method to confirm the results of the high-throughput method for strains exhibiting tolerance
to adipic acid. Top adipic acid tolerant strains were selected based on a comparison of growth
yields —i.e. how much biomass compared to starting biomass, in our case measured by optical
density /turbidity to determine number of cells— in adipic acid and without the addition of
adipic acid. Ploidy of the top acid tolerant strains was determined by propidium iodide
staining and showed ploidy distribution similar to previously reported levels®”. Finally, the
adipic acid tolerant phenotype was shown to be inducible: pre-treatment in adipic acid

improved growth and reduced latency in strains exposed to adipic acid stress.

3.1.1 Our collection of strains displays a wide range of adipic acid

tolerant phenotypes

A collection of 500 tentatively acid tolerant strains were obtained from Lallemand
Inc. In order to assess tolerance to adipic acid, these strains were screened using a

high-throughput method to compare growth yields in adipic acid to growth without adipic
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acid. To do so, strains were inoculated in 100 ul. YNB supplemented with 20 g/L glucose
with and without 20 g/L adipic acid and grown for 48 hours. During this time, growth
was measured by ODggo in a TECAN plate reader. Upon completion, the strains showed a
wide range of adipic acid tolerant phenotypes (Figure 3.1): some strains grew well in both

conditions while others were unable to grow at all in the acid condition.
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3.1.2 Top adipic acid strains grow well with and without adipic acid

supplementation

Since the ultimate goal is to produce adipic acid, we wanted the top strains to be
able to grow well in adipic acid to reduce product toxicity. A subset of the most suitable
strains was selected from the strain collection by comparing growth yields for each strain
in adipic acid to its growth without adipic acid (Figure 3.2). Strains with a growth ratio
of 1, i.e. strains that can grow as well in adipic acid as in non-acid media, are desirable.
However, growth ratio alone is not enough to select the top strains since some strains have a
growth ratio near 1 but poor growth yields in both conditions. Consequently, the list of top
candidate strains was determined by selecting strains with an ODggo after 48 hours greater
than 1.5 in YNBG and a growth ratio close to 1. Note that, while non-S. cerevisiae strains
were present in the 500 strain collection, only the 473 S. cerevisiae strains were considered

for work following the screening phase.

2.5 2.5

Distance to line Distance to line
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ODggo in YNBG + 20 g/L
adipic acid

ODgqo in YNBG + 20 g/L
adipic acid

d
0
®

0.5

 ODey in YNBG ' © ODggo in YNBG '
Figure 3.2: Top adipic acid strains were identified by comparing
growth yields after 48 hours with and without adipic acid. Strains
with a ratio close to 1 and with an ODgyg greater than 1.5 in YNBG
were selected for further characterisation (right).
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3.1.3 Top strains outperform lab strain CEN.PK113-7D in adipic

acid

Next, strain growth yield was assessed in larger volumes to confirm the
high-throughput results and to assess scalability . Top adipic acid tolerant strains were
inoculated in 1 mL YNB with 20 g/L glucose with and without 20 g/L adipic acid. ODggg
was measured after 48 hours using a TECAN plate reader. The top adipic acid tolerant
strains showed growth yields 2-5 times greater in adipic acid compared to the lab strain
CEN.PK113-7D (Figure 3.3). Most strains, including CEN.PK113-7D, grew equally well in
YNBG yet, in adipic acid, even the adipic acid tolerant strains showed variable growth —e.g.
1433 has higher ODggo than L410.

e 5.0 YNBG
3 45
-8 4.0 [ | :(l:liSG + 20 g/L adipic
A~ 3.5
N 30 |
L 2.5 ooooooooo [ i ! | '
8 20 .........
U= 15
C 10
S 05
& oo
¥YINOUAAANMONMNMMNONAT HOOIOTNNNOVOAHLMOAIDAATINMOMWOMM
o AOANONOOONMNMTET ANONAANANANNOSTTOVOVOOTTONAEATOSTONM
FAIVRN A B RIS IR B RUES R AR
(1N}
O
Strain
Figure 3.3: In larger volumes, top adipic acid tolerant strains
consistently showed more desirable growth characteristics than the
lab strain CEN.PK113-7D. Data is ordered by decreasing ODggo in
adipic acid and shown as mean 4 standard error of 3 replicates.
3.1.4 Top adipic acid tolerant strains are mostly diploid
Changes to ploidy can have significant effects on fitness in yeast”. Many

commercial and tolerant yeasts are found with >2n genomes and genome-wide copy number
changes'?’, which are associated with adaptation to stresses and improved fitness both in S.

! and in other fungi'??. Ploidy also influences later genetic manipulations, with

cerevisiae
haploids being generally preferred to manipulate while diploids and aneuploids are more

tolerant to different conditions. To assess ploidy in our top adipic acid tolerant strains, each
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strain was stained with propidium iodide, a DNA intercalating agent. Using flow cytometry,
propidium iodide induced fluorescence — an approximation of DNA content within each cell
— was compared to the lab strain CEN.PK113-7D, a known haploid (Table 3.1). Most of
the acid tolerant strains had an estimated genome size roughly twice as large as the haploid
CEN.PK113-7D and were consequently considered diploid. Others, notably 1221, 1443,
and 1394, had significantly larger estimated genomes and were closer to tetraploidy. Of
the strains shown here only four, L441, 1393, 1473, and L420, had estimated genomes only
slightly larger than CEN.PK113-7D.

Table 3.1: Most of the top adipic acid tolerant strains are diploid.
Ploidy was approximated by measuring propidium iodide stained DNA
and comparing levels with the known haploid strain CEN.PK113-7D.
Ploidy is presented as a ratio of the haploid: a ploidy of 2 represents
twice as much DNA as CEN.PK113-7D. Genome size estimates are
based on comparison to CEN.PK113-7D.

Strain Estimated Genome Size (Mbp) Ploidy | Strain Estimated Genome Size (Mbp) Ploidy
CEN.PK113-7D 11.65 1 L445 28.20 2.42
L005 28.20 2.42 L446 22.68 1.94
L221 45.37 3.89 L433 23.91 2.05
L345 25.13 2.15 L457 21.46 1.84
L403 25.13 2.15 L465 24.52 2.10
L394 38.13 3.27 L461 23.91 2.05
L395 24.52 2.10 L469 25.75 2.21
L396 20.23 1.73 L471 22.07 1.89
L406 23.91 2.05 L473 18.39 1.57
L410 25.13 2.15 L472 22.68 1.94
L407 25.75 2.21 L420 15.94 1.36
L474 24.52 2.10 L423 26.36 2.26
L476 22.68 1.94 L427 24.52 2.10
L401 23.91 2.05 L429 25.13 2.15
L399 29.43 2.52 L411 23.91 2.05
L486 24.52 2.10 L415 25.13 2.15
L219 25.75 2.21 L.482 26.36 2.26
L441 17.78 1.52 L1483 22.07 1.89
L440 23.91 2.05 L393 16.55 1.42
L443 33.72 2.89 L485 24.52 2.10
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3.1.5 Tolerance to adipic acid is an inducible phenotype in the top

adipic acid tolerant strains

Previous reports have shown that exposure to acid stress has inhibitory effects on
growth*®9%103  After exposure, only a fraction of cells are able to continue growth. This
results in a latency period where growth is not observed until the tolerant cells within the
population can repopulate the culture. The latency period caused by acid stress is dose- and
strain-dependent " and gives the cells time to adapt their cellular processes to deal with
the acid stress*®. Latency can be reduced by pre-treatment — cells that are pre-adapted to
a stress show decreased latency upon subsequent exposure to that acid stress%103,

In order to assess if tolerance to adipic acid is similarly inducible, the adipic acid
tolerant strain 1433 and non-tolerant strain CEN.PK113-7D were pre-cultured in YNBG
supplemented with 0, 10, or 20 g/L adipic acid for 4 hours. Each pre-culture was inoculated
to a set starting ODggg of 0.1 into YNBG supplemented with 0, 10, or 20 g/L adipic acid and
ODgoo was measure over 48 hours (Figure 3.4). For cultures grown in YNBG alone, growth
was largely independent of pre-culture. For CEN.PK113-7D, growth in 20 g/L adipic acid was
largely inhibited regardless of the pre-culturing regime. However, for L.433, cultures grown
in YNBG supplemented with 20 g/L adipic acid performed better after being pre-cultured
in adipic acid compared to pre-cultured in YNBG alone. Pre-culture in 20 g/L adipic acid
made 1433 better able to grow in high levels of adipic acid compared to the intermediate
pre-culture of 10 g/L adipic acid which, in turn, provided better growth than pre-culturing

without adipic acid.
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Figure 3.4: Tolerance to adipic acid is inducible. Strains were
pre-cultured in YNBG supplemented with 0, 10, or 20 g/L adipic
acid before being inoculated in YNBG supplemented with 0 or 20 g/L
adipic acid. ODgpp measurements were taken every 5 minutes for 48
hours using a TECAN Sunrise platereader. Data are shown as mean
of 4 replicates + standard error

3.2 Comparative gene expression

Comparative gene expression analysis from RNAseq experiments provides insight
into the causes behind a phenotype. Previous work, such as Dong et al®®, has shown the wide
range of genes affected by acid stress. Here, we show that gene expression is altered in both
adipic acid tolerant and non-tolerant strains that undergo adipic acid stress. Furthermore,
we provide comparisons between the adipic acid stress response of adipic acid tolerant strains
to the adipic acid non-tolerant strain CEN.PK113-7D. Five strains, the adipic acid tolerant
L433, 1248, and O33 and non-tolerant strains CEN.PK113-7D and L1295, were cultured with
and without adipic acid stress. RNA from each strain and condition was extracted, converted

to cDNA, and sequenced for gene expression analysis.
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3.2.1 Sample separability determines identification of Differentially

Expressed Genes

The identification of Differentially Expressed Genes (DEGs) is predicated on
expression differences between different conditions, in our case presence or absence of adipic
acid in the culture medium. It is therefore necessary to assess RNAseq samples both for
consistency within treatment — i.e. that samples in the same treatment group have a
similar response — and for separability between conditions. To do so, multidimensional
scaling (MDS) analysis was carried out using EdgeR™. Briefly, each sample is represented
by multiple dimensions with each dimensional axis representing the expression data of a
single gene. Dimensionality reduction algorithms collapse samples data to compare overall
dimensional similarities between samples. Samples with similar gene expression profiles
across all axes are separated by less distance than samples with less similar total gene
expression profiles. For each strain, sample similarities were compared to determine how
well we can separate gene expression values from adipic acid treated cells from untreated
samples (Figure 3.5). Percent variability explained by the first and second dimension are
49.8 and 30.8 for CEN.PK113-7D, 58.4 and 28.7 for 433, 41.7 and 34.7 for 033, 53.4 and
23.9 for 1,248, and 47.9 and 33.6 for L295. In the cases of CEN.PK113-7D, L433, O33, and
[.248, adipic acid treated samples cluster distinctly from the untreated samples. However,
within these strains there exists differences in gene expression profile distinguishability, which
influences downstream identification of DEGs. For example, L.248 shows separation between
treated samples and untreated samples only on the x-axis but, when considering the y-axis
alone, sample conditions are indistinguishable. The same is true to a lesser extent in O33. For
033 and 1.248 the number of DEGs is noticeably lower than CEN.PK113-7D and L433, both
of which had much more convincing separability (see Figure 3.6b below). For 1295, four of
the six samples, two from the untreated group and two from the adipic acid treated group, are
indistinguishable using this method. Consequently, since sample-condition distinguishability
is essential for the identification of DEGs, samples from 1295 were removed from further

analysis.
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Figure 3.5: MDS plots reveal good separation of conditions per
strain except in L295. MDS was used to visualise differences in
samples from different conditions for each strain. X-axis represents
dimension 1. Strains CEN.PK113-7D, 1433, 1248, and O33 show
distinguishable grouping of the acid-treated samples compared to the
un-treated samples. For strain 295 sample variability is harder to
attribute to condition; consequently DE is obscured.

After confirming that there was sufficient sample variability between conditions,
DEGs were determined from gene expression data by pairwise differential expression analysis
using EdgeR™. Expression data were normalized using the Trimmed Mean of M-values
method **1%°. Genes were considered DE by selecting those with a fold change (FC) between
the treated samples to untreated samples greater than 2 and with a False Discovery Rate
(FDR) less than 0.05. DEGs for each strain are represented in Figure 3.6a, with significantly
up-regulated genes shown as blue points and significantly down-regulated genes shown in
yellow. Genes that were below the FDR cutoff are shown in grey while genes that are
significant but who do not show sufficient FC are shown in black. The number of DEGs varied
greatly between strains (Figure 3.6b). For CEN.PK113-7D, 356 genes were up-regulated
and 210 down-regulated under adipic acid stress. Likewise, 225 up-regulated and 240
down-regulated genes were identified in 1.433; 177 up-regulated and 93 down-regulated in
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L248; 51 up-regulated and 6 down-regulated in O33. The full list of DEGs identified per

strain is available in the appendix.
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Figure 3.6: A DEGs identified in strains CEN.PK113-7D, 1433,
L.248, and O33 after exposure to adipic acid. Each DEG is represented
by a coloured dot: significantly up-regulated and significantly
down-regulated in blue and yellow. Genes are not considered DE if
they have a FC between -2 and 2 or if the FDR is greater 0.05. B
Total number of DEGs identified in CEN.PK113-7D, L1433, L248, and
033.
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3.2.2 Adipic acid stress results in cell-wide transcriptional changes

Exposure to adipic acid results in the differential expression of various genes.
Within the four strains a total of 1366 genes were differentially expressed. The top
differentially expressed genes, ranked by FDR, for each strain are shown in Figure 3.7, Figure
3.8, Figure 3.9, and Figure 3.10. Relative gene expression is shown by normalised counts
with genes highly expressed in the adipic acid-treated samples (A1, A2, A3) in blue and
genes lowly expressed in the treated samples in yellow, compared to the un-treated samples
(Y1, Y2, Y3). For each strain, a maximum of 75 genes, selected by lowest FDR, is shown;
the full list of DEGs per strain is available in the appendix.
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Figure 3.7: Top differentially expressed genes identified in
CEN.PK113-7D. DEGs were identified using EdgeR™ with only the
top 75, ranked by lowest FDR, shown here. Relative gene expression,
as shown by normalised gene count, is shown in blue and yellow
for genes with high and low expression, respectively, from the adipic
acid-treated samples compared to un-treated samples.
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Figure 3.8: Top differentially expressed genes identified in [.248.
DEGs were identified using EdgeR™ with only the top 75, ranked
by lowest FDR, shown here. Relative gene expression, as shown by
normalised gene count, is shown in blue and yellow for genes with high
and low expression, respectively, from the adipic acid-treated samples
compared to un-treated samples.
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Figure 3.9: Top differentially expressed genes identified in 1.433.
DEGs were identified using EdgeR™ with only the top 75, ranked
by lowest FDR, shown here. Relative gene expression, as shown by
normalised gene count, is shown in blue and yellow for genes with high
and low expression, respectively, from the adipic acid-treated samples
compared to un-treated samples.

37



Adipic acid Adipic acid

+ = + =

RCK1 HXT8
COX26 THI4

_{

AIM33 SAN1
BSC1 POL2
SPS1 ENV9
IMD2

IMD3

ADH5

MHF1

MAM1

FAA4

PTR2

SSP1

YHB1

AGP1 033
DPH5

ADH6

1ISU2
|

ADHT1 Relative expression
ERC1 IHigh

Medium
Low

Figure 3.10: Top differentially expressed genes identified in O33.
DEGs were identified using EdgeR™. Relative gene expression, as
shown by normalised gene count, is shown in blue and yellow for genes
with high and low expression, respectively, from the adipic acid-treated
samples compared to un-treated samples.

The large number of DEGs among different strains makes analysis complex
and necessitates a bioinformatic workflow to derive biological significance from the genes
identified. Indeed, direct gene-by-gene comparisons are cumbersome and do not provide

much functional value!%°

. Comparisons of Gene Ontology (GO) offer a simpler and more
complete way of assessing large gene lists for functional enrichment patterns. In this method,
each gene is described by molecular function, pathways in which it is involved, and cellular
localization; by grouping genes by function or process we can gain better insight as to the

biological effects of adipic acid stress.
Identified DEGs were annotated with GO terms using gProfiler® and STRING ™.
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94.8% of the identified DEGs were linked to GO terms. Overall, 259 unique GO terms
were assigned to DEGs, representing a wide range of cellular responses including translation
and ribosomal protein production, carboxylic acid metabolism, aerobic respiration, and
oxidoreductase activity. Within these terms there is significant overlap. Not only are genes
multiply assigned with different terms but many of the terms, due to the hierarchical format
of GO terms, are redundant — e.g. ALD2 is annotated with GO:0006082, GO:0019752,
GO0O:0032787, and GO:0043436, among others, which translates to organic acid metabolism,
carboxylic acid metabolism, monocarboxylic acid metabolism, oxoacid metabolism. The
term-within-term approach of GO terms provides depth to biological function yet can also
provide a false sense of the range of affected processes. While enriched terms such as
cellular process, metabolic pathways, and cytoplasm are very broad and found in both
the up-regulated and down-regulated gene lists, they do provide evidence of the cell-wide

transcriptional changes caused by adipic acid stress.

3.2.3 Gene clustering identifies up- and down-regulated subsets
of differentially expressed genes in adipic acid tolerant and

non-tolerant strains

Gene clustering identifies up- and down-regulated subsets of differentially expressed
genes in adipic acid tolerant and non-tolerant strains. Up- and down-regulated gene lists
were grouped using a previously described Markov cluster algorithm (MCL) for proteins!‘7 in
STRING™. Briefly, gene-based protein similarities are represented as a network of connected
nodes. Pairwise node interactions are iteratively weighted and compared until a stable gene
network is achieved. MCL clustering of up-regulated genes reveals 109 different clusters
(Figure 3.11a), of which 57 contained at least 3 genes. The top clusters by gene count
were related to translational and ribosomal genes (90), RNA processing and biogenesis
(65), DNA replication, DNA repair, and cycle related genes (31), respiration, redox, and
proton transmembrane transport (16), fatty acid biosynthesis and cell membrane regulation
(12), aromatic amino acid biosynthesis(11), sterol biosynthesis (11), protein folding and
localization (10), and cell wall organization (10). Down-regulated genes were clustered into
158 groups (Figure 3.11b), with 33 containing at least 3 genes. Among the largest gene
clusters were those related to respiration and proton transmembrane transport (12), fatty
acid and carboxylic acid metabolism (10), autophagy (10), carbohydrate metabolism (9),
and TCA cycle (7).
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Figure 3.11: MCL clustering of total up-regulated (A) and
down-regulated (B) genes identified under adipic acid stress in strains
CEN.PK113-7D, L1433, L.248, and O33 show distinct grouping. Each
node represents a gene product with edges showing interaction.
Up-regulated gene clusters showed enrichment of genes related
to ribosomes and translation, RNA processing, DNA repair,
respiration and redox, cell membrane regulation, and protein folding.
Down-regulated genes clustered in fewer number but represent
proton transport, fatty acid and carboxylic acid metabolism, and
carbohydrate metabolism.

3.2.4 Strain-by-strain responses to adipic acid stess reveal similar

overarching pathway enrichment

DEG analysis on a strain-by-strain basis reveals differential gene expression profiles.

Clusters of genes were primarily associated with gene expression, respiration and the

mitochondria, oxidoreductase activity, and transporter activity. Below, prominent gene

clusters are described for up- and down-regulated processes per strain.

CEN.PK113-7D

CEN.PK113-7D had a large number of up-regulated genes including those related to

translation (80 genes such as RPP-, RPL-, and RPS-family genes), DNA replication (MCMJ,
MCM6, MCM2, POL1, POL2, POL32, POL30) and repair (RCF5, MSH2, RFC3), ribosome
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biogenesis (NOP58, NOP13, HAS1, RRP3, RPA43) and RNA modification (TRM11, PUS/,
EMG1), tRNA metabolism (HTS1, ALA1, MES1, FRS1, TYS1, CDC80), sterol biosynthesis
(ERG1, ERG2, ERGS, ERGY, ERG11, ERG26, ERG20, NCP1, MVD1, ELO1, ELOS,
OLE1) and fatty acid biosynthesis (IZH2), lysine biosynthesis (LYS1, LYS2, LYS4, LYS9,
LYS12, LYS21, ACO2) and related 2-oxocarboxylic acid metabolism (LYS/, LYS21, LYS12,
ACO2), cysteine and methionine biosynthesis (MET3, MET10, MET14, MET16, MET22,
SAMY4, IRC7, CYS3), cell wall metabolism (GASS, UTR2, YPS3, CRH1), aromatic amino
acid biosynthesis (AROS8, AROJ, TYRI1, TRP2), protein folding (SSZ1, ZUO1, ZPR1,
YAR1), and MAPK signalling (PXL1, RHO2, MYO1). Of the down-regulated genes in
CEN.PK113-7D, the largest clusters included fatty acid catabolism (CIT3, PDH1, ICL2)
and oxidation (POT1, MDHS3, FOX2, DCI1, ECI1), amino acid catabolism (EDH3, KGD?2,
MDHS3, FOX2, DCI1, POT1, FDH1, CITS, ICL2, PDH1, PDC5, ADH2, ARO10, AROY,
UGA1, CTT1), transmembrane transporter activity (PMA2, ARP/, ATP6, ATP15, COXS,
COX5B, COX6, COX7, COXS8, COX13, COX17, CTR1, CTR3, HXT5 ARO2 POR2,
CRC1, DURS3, SSUL1), various oxidoreducatases (e.g. FDH1, ADH2, COX-family genes,
ALD5), and glutothione transferases (GTO1, GRX1, ECM}, GTT1).

L433

Similarly, up-regulated genes in strain [433 included those related to gene
expression (e.g. PPM2, PDRI16, MOTI1, TRMI11) especially of genes related to the
mitochondrion (HTS1, MRPS34, RMS26, MRPL22, MRPLS35 MRP7) as well as RNA
processing and maturation (DEG1, RPM2, PRP16, PAP1, PPM2, TRM11, NOP/, NOPY,
RRPY). Furthermore, genes related to mitochondrial translation were enriched (AEP2,
MRPL22, MRPL35, MRPL40, MHR1, MRPS35, HTS1, NAMY9, TUF1) as were processes
related to targeting of proteins to the mitochondrion (TIM12, TIM23, TOM71, ECM10,
HOT13, HSP60, SSC1). Respiration (COX6, COX13, PUF3, RIP1, QCR2, QCR6, CYC(1,
ALG2, CIT1) and transmembrane transport were also up-regulated (FCY2, HOT13, JENI,
PORI1, ATP16, QCR2, QCR6, TIM23, TIM11, PEX25 SSC1, PAM18, COX6, COX13,
PTR2). Finally, DNA repair processes (ECOI1, PSF2, MCM4, POL32, TOPI1) and
protein re-folding (SSC1, HSP60, ECM10) were also up-regulated under adipic acid stress.
Meanwhile, down regulated genes included those related to carbohydrate metabolism (ALDS3,
HBT1, IMAZ) and import (HXT5, HXT7, HXT11, HXT13), MAPK signalling (MIDZ2,
KDX1, MKK2), glutathione transferases (ECM4, GTT1), thiamine synthesis (SNOZ,
THI20, THI11, THI22), reduction in expression of H+ ATPases (VMAS5, VMAG), and
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decreased transporter expression. Interestingly, the up-regulated transporters tended to
be related to the mitochondrial membrane and respiration (COX6, COX13, RIP1, SSC1,
POR1, SPF1, TIM23, QCR6, QCR21, ATP16, HOT13, TIM11, TIM71) whereas the
down-regulated transporters were related to sugar uptake or associated with the plasma
membrane (VAMS, VMAG, MTM1, HXT5, HXT6, HXT7, HXT11, HXT13, SAM3, UGA/,
ATY7, PXA1, FAT1).

L248

L.248 showed increased expression of genes related to stress responses (HSP104,
HSP26, HSP78, CTT1, TPS1, TSL1, NTH1, HSP42, IGD1, PIC?, SUP35), increased
respiration (QCR6, QCRY, CYC1, COR1, SDH1, COA2, COA4, COX15) and related proton
transmembrane transport (QCR6, QCR9, COR1, RIP1) as well as up-regulation of NADH
oxidation (NDI1, NDE1). Additionally, amino acid export was increased (AQR1, PRM7)
along with increased carboxylic acid metabolism (CIT1, ACH1, MAE1, KGD1). Fewer and
less clear clusters were identified of the down-regulated genes but those identified included
decreased expression of genes related to cell division (GINj, MYO1, ACM11, CLB2),
autophagy (PEPS3, ERS1, RAS1, YPT7), and mitochondrial membrane proteins (MDM10,
SAM50).

033

While relatively few DEGs were identified in strain O33, clustering analysis still
managed to show enriched pathways including the up-regulation of ethanol and related
amino acid catabolism to alcohols (ADH1, ADH2, ADH5), increased oxidoreductase activity
(DLD3, ADH1, ADH2, ADH5, ADHG), and increased GTP and GMP biosynthesis (IMD2,
IMD3). Due to the low number of down-regulated DEGs no clustering was possible. Notably,

the hexose transporter HXT§ was down-regulated.
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3.2.5 Gene content, but not gene expression, is consistent between

adipic acid tolerant and non-tolerant strains

One of the ways that different phenotypes can arise is through different gene
content. For example, in section 3.3 below we show that the integration of a single gene
changes non PCA producing strains into PCA producing strains. Analysis of the S. cerevisiae
pan-genome, i.e. the collection of all genes contained within the species, estimates that it
comprises between 7,000 and 8,000 genes®"19%19 ~ Of these, roughly 75% are considered core
genes that are found across 95% of all species of S. cerevisiae'". While non-core genes may
offer avenues for different phenotypes, often gene content alone is not enough to explain
intra-species variation!"”, which can rely instead on factors complementary to gene content

such as chromosomal rearrangement '

111>‘

and differential gene expression (review by Sumner

and Avery

Together, the genomes of 1433, 1248, and O33 contain 1941 unique — i.e. not
repeated between the three strains — genome features not found in CEN.PK113-7D. Features
were further clarified by removing putatively annotated and broadly defined — e.g. 'reductase
activity’ rather than a gene identifier — features, which left 515 genes not shared between
CEN.PK113-7D and the adipic acid tolerant strains. On its face, this suggests that gene
content may be the driver of different levels of adipic acid tolerance. However, many of
these non-shared genes were not DE (453/515) and, of those that were DE, many of the
DEGs took part in similar processes or had the same function as in CEN.PK113-7D. For
example, SDH3 was DE in CEN.PK113-7D but not in any of the adipic acid tolerant strains
while SHH3, an SDHS3 paralog, was DE in the adipic acid tolerant strains. Similarly,
COX17 was found in adipic acid tolerant strains but not CEN.PK113-7D whereas the
CXO017 homolog COX23 was. Of the genes not common between the adipic acid tolerant
strains and CEN.PK113-7D 166 were determined to be paralogs. Additionally, 27 DEGs were
identified as being non-common between CEN.PK113-7D and the adipic acid tolerant group
after accounting for paralogous genes and non-specific annotations. These genes include
ARN2, THI11, COA2, AADI16 (a relative of CEN.PK113-7TD:AAD14), SOR2, HSP42,
MPHS3, IMAS5 (similar to CEN.PK113-7D:IMA1 and CEN.PK113-7D:IMA2), PRM7, MCH?2
(similar to CEN.PK113-7D:MCH1, CEN.PK113-7TD:MCH/, and CEN.PK113-7TD:MCH5)
COS7, SAMS, SNO3, HXT11, RRT15 SGE1 aka NOR1, JEN1, FSP2 (similar to
CEN.PK113-7D:IMA1), ENV9, HXTS8, SHR5, IMD2 (similar to CEN.PK113-7D:IMD3).
Within this subset of DEGs, only some stand out as having potentially beneficial function

for improved adipic acid tolerance. For example, the multidrug transporter SGFEI, the
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carboxylate /proton symporter JENI, and the monocarboxylic acid transporter MCHZ2.

While gene content may be nearly identical between CEN.PK113-7D and the adipic
acid tolerant strains, gene expression and consequently phenotype varies. Differential gene

expression analysis shows that a variety of genes are oppositely expressed in the adipic acid
tolerant group compared to CEN.PK113-7D, highlighted in Table 3.3.

Table 3.3: Certain genes are oppositely expressed between the adipic
acid tolerant strains and CEN.PK113-7D

Gene Acid tolerant Non-tolerant
L433 033 L.248 CEN
ADH2 up down
ALG13 up down
ARO10 up down
COX13 up down
COX6 up down
CTT1 up down
DCI1 up down
FZO1 up down
GSM1 up down
HSP26 up down
PTR2 up up down
QRI7 up down
REC114 up down
RIP1 up up down
SDH1 up up down
STL1 up down
TPN1 up down
YIG1 up up down
CDC21 down up
DAL3 down up
DAL7 down up
ERG3 down up
GEX1 down up
GIN4 down up
HXT6 down up
LYS2 down up
MTQ1 down up
MYO1 down up
NUP188 down up
PCL1 down up
POL2 down up
RFC5 down up
RPS1b down up
SCW4 down up
SKG6 down up
SWI1 down up
TOS4 down up
VMAS down up

Continued on next page
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Gene Acid tolerant Non-tolerant
L433 033 L248 CEN
YCS4 down up

3.2.6 Gene expression analysis reveals different pathway effects in
adipic acid tolerant strains compared to CEN.PK113-7D

DEG comparison between CEN.PK113-7D and the adipic acid tolerant group
shows that some pathways are similarly affected during adipic acid stress while others
are differentially expressed. Both the adipic acid tolerant strains and CEN.PK113-7D
undergo increased gene expression, although the exact genes involved vary as shown by
the up-regulation of RPS- and RPL-family genes in CEN.PK113-7D and by up-regulation
of DRS1, RPA4, MAK21, BUD22, NOP7, and UTP-family genes in the adipic acid tolerant
group. Pathways with different expression during adipic acid stress include genes related to
stress responses, particularly protein folding. In the adipic acid tolerant strains genes such
as HSP104, HSP60, HSP26, HSP42, HSP78, ECM10, MDJ1, and SSC1 were up-regulated
whereas only one similar gene, HSP105, was enriched in CEN.PK113-7D. Furthermore, the
adipic acid tolerant strains showed increased oxidoreductase activity through genes related
to respiration and central metabolism such as IMD2, IMD3, ADH5, ADHI1, ADH2, ADHG,
CTTI1, KGD1, SOR1 and related NADH dehydrogenase activity (COX6, COX15, COX26,
CYC7, CYC1, QCR6, QCRY). In CEN.PK113-7D oxidoreductase activity is also increased
but is largely related to different processes from the adipic acid tolerant strains such as
ergosterol biosynthesis (FRG1, ERG}, FRG3, ERG11, ERG20, NCP1), aromatic amino
acid metabolism (ARO2, ARO4, PDC1, PDC5, ALD5, TYR1), and lysine biosynthesis from
aminoadipate (LYS12, LYS1, LYS2, LYS9, ACO2). Both groups show some variability
when it comes to overall transporter activity. In the adipic acid tolerant strains genes with
mitochondrial transporter activity are up-regulated (TIM23, NDI1, COX6, COX15, QCRG,
QCRY9, COR1, HOT13, PAM18) while similar genes are down-regulated in CEN.PK113-7D
(COX3, COXT7, COX13, COX5B, COX4, COX6, COX8, ATP15, ATP4, SHA2, SDHS, SDHJ,

MDHT1), consistent with previous work?>.

In terms of carbohydrate metabolism, the two groups had varying expression. Some
genes were up-regulated in both adipic acid tolerant strains (ADHS, ADH6, ADH1, ADH2,
YIG1) and CEN.PK113-7D (ADL5, ADHG6, PDC5, PDC1) while others were down-regulated
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in adipic acid tolerant strains (GTTI, ECM4, UGX2, ADH/, ALD3, ENO1, MIG3) and
CEN.PK113-7D (UGX2, ADH2, ALD2, ALD3). Notably, a number of hexose transporters
(HXT6, HXT5, HXT7, HXT11, HXTS8, HXT13) and related genes such as IMA4, which
encodes an a-glucosidase, were down-regulated in the adipic acid tolerant strains but not
in CEN.PK113-7D. Thiamine related genes (THI5, THI11, THI22, THI20, THI73) were
down-regulated only in adipic acid tolerant strains as was amino acid biosynthesis (HIS5,
LEU2, LYS2) and fatty acid oxidation (PCS60, PAA2, PAT1, PXA1).

3.3 Production of adipic acid precursors in acid tolerant

yeast

The identification of differential gene expression between adipic acid tolerant strains
and the non-tolerant CEN.PK113-7D shows that, while gene content remains similar,
genomic regulation influences adipic acid tolerance. In the context of adipic acid production,
an ideal production strain would make use of this differential gene expression to better
convert biomass to adipic acid at low pH and with minimal effects of product toxicity. Here
we confirm that an adipic acid tolerant strain is better able to produce protocatechuic acid,

an adipic acid precursor, at low pH and under adipic acid stress.

3.3.1 The adipic acid tolerant LL433 has improved production of the
adipic acid precursor protocatechuic acid during low pH and

adipic acid stress

The previously described pathway to produce adipic acid and its precursor ccM
requires carbon flux out of the shikimate pathway. The first heterologous step is the
conversion of DHS to PCA by the DHS-dehydratase AroZp. In order to evaluate the viability
of ccM or adipic acid production from an adipic acid tolerant host, a copy of AROZ was
integrated at Flagfeldt site 18 under control of the strong promoter P, in the acid tolerant
strain [L433 and in the non-tolerant strain CEN.PK113-7D, resulting in strains S20 and S17
respectively. Each of these four strains was cultured in potassium citrate buffered-YPS set
to pH 3 or pH 5 or supplemented with 20 g/L adipic acid set to pH 3. Cultures were
maintained at 30 °C for 8 days and fed with 1/10th volumes of 40% (w/v) sucrose on days
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3 and 6 to account for evaporation and to add sugar. Following this culture regime, sample
supernatants were analyzed by HPLC for PCA production (Figure 3.12). In the parent
strains CEN.PK113-7D and L433 no PCA was detected in any of the growth conditions.
In terms of absolute PCA production, S17 and S20 accumulated similar amounts of PCA
when grown at pH 5: 0.27 £ 0.03 g/L and 0.26 + 0.04 g/L, respectively. At pH 3 S17
outperformed S20 and produced 0.6 4+ 0.02 g/L compared to 0.28 + 0.03. When grown in
adipic acid S20 produced 0.6 £+ 0.08 g/L compared to S17 production of 0.25 + 0.05 g/L.
When normalized to cell density, PCA production per OD600 in S17 was 0.02 4+ 0.003, 0.03
+ 0.001, and 0.031 + 0.006 g/L/ODgg for pH 5, pH 3, and 20 g/L adipic acid respectively.
For S20, PCA production per OD was 0.02 4+ 0.003, 0.02 + 0.002, 0.07 £ 0.003 g/L/O Dggo.
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Figure 3.12: The adipic acid tolerant strain S20 accumulates more
PCA than the non-tolerant S17 at low pH and under adipic acid stress.
PCA accumulation was measured by HPLC in strains CEN.PK113-7D,
1433, S17, and S20 after 8 days of culturing in YPS at pH 3, pHb5, or
with 20 g/L adipic acid (pH 3). PCA was not detected in the parent
strains CEN.PK113-7D and L433 but was detected in S17 and S20.
PCA accumulation in S20 supplemented with 20 g/L adipic acid was
significantly greater than all other strain-condition pairs (p-value <
0.01) compared using a two sample t-test. PCA accumulation was
determined by comparing HPLC spectra peak height with that of a
linear standard curve and normalised to ODgy. Data are shown as
mean of 4 replicates + standard error.
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Chapter 4

Discussion

Bio-based production of adipic acid offers a less environmentally damaging and
potentially more economically viable alternative to traditional petroleum based methods.
To make this switch not only do microbial cell factories have to withstand and produce high
levels of adipic acid they also would, ideally, do so at low pH so that downstream processing,
particularly the major cost of acidification of adipate to adipic acid, can be minimised. Here
we emphasize the utility of acid tolerant strains of S. cerevisiae as production hosts and

sources of important phenotypes for the industrial production of organic acids.

4.1 Screening

Our initial high-throughput screen for adipic acid tolerance showed that our 500
strain collection had a wide range of phenotypes after exposure to adipic acid. Roughly half of
the strains had a higher growth yield in adipic acid than CEN.PK113-7D, with the top strains
having a growth yield roughly twice as high as that of CEN.PK113-7D (Figure 3.1). The use
of micro-titer plates for initial screening, especially when coupled with large collections,
is widely used due to compatibility with automation and high-throughput methods as

12 However, these high-throughput methods

well as lower costs compared to shake flasks
do not always scale well and can necessitate secondary, high volume but low-throughput
screening'’®.  To confirm results of the high-throughput screening we implemented a
secondary screening using larger volumes. In this second screen, the difference between

our top adipic acid strains and CEN.PK113-7D was even greater — a 5 fold increase in media
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volume led to the top strains reaching a growth yield nearly 5 times greater than that of
CEN.PK113-7D (Figure 3.3).

One of the important factors in selecting a production strain is the amount of
resources required to maintain the strain during production. Consequently, prototrophs are
often preferred over auxotrophs, which would otherwise require supplementation, e.g. with
vitamins or amino acids, resulting in increased costs. Indeed, the prevalence of prototropic
industrial strains can sometimes hinder strain development due to the lack of auxotrophic

4 and can necessitate the use of

markers used for selection during genetic manipulation'®
alternative selection such as through the use of antibiotics. Out of the 500 strains screened
for adipic acid tolerance, growth in YNBG was consistent across most strains (Figure 3.1),
suggesting that most strains were prototropic. Of the strains that grew poorly in YNBG most
also grew poorly in adipic acid. It is unclear if this is due to auxotrophic strains being limited
by metabolic deficiencies or if mis-inoculation occurred during the screening process. Due to
the large number of samples to be screened — 500 strains in 2 conditions and 4 replicates each
— and due to the high-throughput approach necessary for this screening, mis-inoculation was
not immediately identifiable. It is therefore possible that some strains identified as having low
adipic acid tolerance are actually highly tolerant but were mis-inoculated and consequently
mis-identified. However, the high number of strains with high adipic acid tolerance identified
in the screening make it unlikely that we are missing much when it comes to a theoretical
strain masked by mis-inoculation. Interestingly, strains that grew well in adipic acid tended
come from L400-L500 series strains. Further clarification from Lallemand showed that these
strains were largely isolates from winemaking. Wine strains have been shown to have high
tolerance for ethanol but also for organic acids such as citric acid''®. Tolerance to adipic
acid is perhaps not surprising since there is well documented overlap between mechanisms

against ethanol stress and organic acid stress, such as the expression of H+ ATPases®%!!

and changes to plasma membrane lipid composition #5511,

Ploidy determination revealed that most of the top adipic acid tolerant strains
identified in this screening were diploid or close to diploid based on comparison with
the genome of CEN.PK113-7D (Table 3.1). However, when using the propidium iodide
staining method there is some uncertainty over absolute classification of strain ploidy. For
example, strain 1473 was identified as having a genome 1.57 times greater in size than the
haploid CEN.PK113-7D — should this be classified as a haploid, perhaps with an increased
number of non-core genes absent in CEN.PK113-7D, or as a diploid with a smaller total

gene content, or as some kind of aneuploid? Additional methods, such as karyotyping via
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electron miscroscopy !¢ or in combination with quantitative PCR!''", may be necessary to
fully elucidate ploidy in this strain collection. Regardless, the prevalence of non-haploids
in our subset of adipic acid tolerant strains is expected. In a large scale characterisation of
yeast strains, Peter et al. showed that 87% (694/794) of strains from a wide range of sources
were diploid and further demonstrated that diploid strains had significantly increased overall
fitness compared to those of any other ploidy level®”. In this same study, aneuploids were
shown to have overall less fitness than euploids as a whole, although the overwhelming
majority of euploids were diploid whereas triploid and tetraploid strains alone actually
had lower fitness than either aneuploids or diploids. On the surface, the lowered fitness
of aneuploid strains may seem detrimental for adaptation in environmental stress. However,
reports suggests that aneupoidy provides an increased fitness advantage in the form of
"bet hedging": under normal conditions aneuploids have decreased fitness and increased
proteomic stress '"%!1® but are sometimes better able to withstand extreme stress due to allelic
variation!!?. With this in mind, it is perhaps not surprising that the haploid CEN.PK113-7D
is less tolerant than our diploid adipic acid tolerant strains. However, ploidy itself was not
enough to increase adipic acid tolerance: growth characterisation of the diploid CEN.PK122
under adipic acid stress had both a final growth yield and maximum growth rate similar to
CEN.PK113-7D - i.e. much lower than the adipic acid tolerant strains (not shown).

4.2 Comparative gene expression

Transcript analysis of strains under adipic acid stress identified DEGs, which can
provide insight into causes behind adipic acid tolerant phenotypes. However, between the
four strains in which DEGs were identified, there were noticeable differences in the number
of DEGs per strain — CEN.PK113-7D (358 up, 208 down), L433 (198 up, 204 down), [.248
(145 up, 73 down), O33 (36 up, 6 down), 1295 (0 up, 0 down). This difference is most
likely due to differences in sample variability — i.e. unwanted variation —, which influences
how well variation between conditions can be measured, and not actual differences between
strains. When sample variability was low between samples of the same treatment group
but high between the two treatment conditions, we were able to detect DEGs in similar
quantities to previous work. Dong et al. reported similar numbers of DEGs — 300-500 both
up- and down-regulated — at three different times points after exposure to acetic acid®.
But when sample variability was poor — i.e. when dimensionality analysis showed overlap

between samples from different conditions — our ability to detect DEGs was greatly reduced.
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In the most extreme case of poor sample variation between conditions, that of L295, no
DEGs were detected. The direct link between sample variation and DEG determination
make it unlikely that L295 truly had no differential gene expression under adipic acid stress.
Rather, the lack of identifiable DEGs may be remedied by improved sample preparation
and experimental design. In a remarkable RNAseq study using 48 replicates per condition,
Gierlinski et al. show that so-called "bad" replicates can significantly affect gene count and
recommend the use of at least 3 and sometimes up to 6 replicates'?’. Even in strains in which
we identified DEGs, the use of increased replicate number may provide an avenue to improve
distinguishability between conditions when paired with the removal of outlier replicates. For
example, sample A2 from 1248 had, in the case of several DEGs, relative expression closer
to that of the 3 untreated samples (Figure 3.8). Conesa et al. emphasise that there are
no set standards for assessing variations between samples but support the use of principal
component (PC) analysis, analogous to the MDS analysis performed above, to ensure that
samples cluster together per condition'?'. Recently, Chen et al. reported the use of robust
PC analysis methods that could detect outliers not detected using classical PC analysis, and
later validated that the removal of these outliers resulted in gene expression that more closely
matched biological reality'*?. Overall, a more robust approach is to increase the number of
replicates so that poor samples, as determined by PC analysis, can be removed while still

allowing significant findings to be derived from the remaining replicates.

Differential gene expression analysis revealed cell-wide transcriptional changes
upon adipic acid stress both in the non-tolerant CEN.PK113-7D and in the adipic acid
tolerant strains. Using MCL to group related genes we show that common transcriptional
changes exist between tolerant and non-tolerant strains (Figure 3.11). Many of the
pathways highlighted during clustering — such as pH homeostasis, amino acid metabolism,

48;55;123

protein folding stabilization — are broadly similar with previous works Previously

the carbonic anhydrase-expressing NCE103 was reported to be down-regulated under

55

acetic acid stress We report that NCE103 expression was similarly down-regulated
in CEN.PK113-7D under adipic acid stress but that NCE103 expression was actually
up-regulated in L433. NcelO3p, previously linked with improved tolerance to oxidative
stress!??, catalyses the hydration of CO5 to HCOj3 reversibly and may play a role in improved
intracellular de-acidification of 1433 over CEN.PK113-7D. The H+ ATPase Pmalp has

18125 Dong et al. report down-regulation

previously been linked to weak acid tolerance
of PMA1 and its relative PMA2 under acetic acid stress; we show that PMA2 is heavily
down-regulated — a nearly 25-fold decrease — in CEN.PK113-7D while, strangely, PMA1 is

actually up-regulated 3 fold. Interestingly, neither PMA1 nor PMAZ2 is DE in any of the
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acid tolerant strains. Previous work has put forward the use of Pmalp overexpression as
a mechanism for generating industrial strains with improved acid tolerance!?’; perhaps the
lack of PMA1/PMA2 down-regulation in our adipic acid tolerant strains is a natural analog
for this engineered approach. Genes related to protein folding and stress response play

26 Under adipic acid stress, we

an important role in maintaining proper cellular function'
show that genes related to the stress response and protein folding were DE such as HSP60),
ECM10, HSP104, HSP26, and SUP35. Of the 13 common stress-related genes found under
acetic acid stress and adipic acid stress, 11 were DE similarly to those affected by acetic
acid®. Protein synthesis is crucial to produce the proteins necessary to carry out cellular
activity. Here, we report that the expression of genes related to protein synthesis is greatly
increased after exposure to adipic acid stress: 90 genes were up-regulated across our 4 strains.
However, other reports show that gene expression related to protein synthesis is generally

95127128 - Out of 31 DEGs common between our adipic acid
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decreased upon cellular stress
exposure and the acetic acid exposure of Dong et al”’, all but 2 are oppositely expressed —
down-regulated in acetic acid and up-regulated in adipic acid. While there are differences
in differential gene expression specific to different acids depending on lipophilicity, length,
and functional groups*®, the disparity in protein synthesis-related gene expression may be
better explained not as a difference in acid-specific transcriptional responses but rather by
the time of measurement after response. Dong et al collected RNA samples 45, 120, and
240 minutes post-exposure whereas we collected RNA only 240 minutes after adipic acid
exposure. While Dong et al report wide spread down-regulation of genes related to protein
synthesis, these are found mostly in samples collected 45 minute post-exposure. They also
show that the expression of genes related to protein synthesis rebound from the initial
down-regulation after 2.5 hours. The temporal component is especially noticeable when
comparing genes associated with transcription networks. Previous works have identified
several genes whose expression influence the acid stress response, notably WAR1, HAAI,
MSN2, MSN/, RIM101, and PDR1**°*. With the exception of MSN/ and HAA1 in 1433,
each of these transcription factor-expressing genes were identified during transcriptional
analysis in all 4 strains. However, none of the genes were identified as DE. Due to the
broad specificity of these transcription factor genes, it is unlikely that adipic acid does not
affect their expression. By collecting RNA samples sooner after adipic acid exposure we
might expect to see expression changes in these genes similar to those identified in similar
organic acids %%,

Gene content was compared and showed very little difference between the adipic

acid tolerant strains and CEN.PK113-7D. Previous works have identified core genes within
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S. cerewsiae and suggest that, even in the most extreme cases, nearly all genes are similar
between strains %1% We show that the number of genes was comparable between our strains
— 4320 for CEN.PK113-7D, 4472 for 1.248, 4102 for 033, and 4900 for L.433 — and that many
of the genes that are different between strains were not DE under adipic acid stress. Of the
DEGs found in the adipic acid tolerant groups that were not identical to CEN.PK113-7D,
most were either paralogous or homologous with genes from CEN.PK113-7D. Furthermore,
even un-shared DEGs that were not homologs or paralogs were often later identified as genes
with different names but similar functions to genes found in CEN.PK113-7D. Despite this,
there were some genes that were identified as being present in the adipic acid tolerant strains
but not in CEN.PK113-7D including AAD16, ARN2, THI11, RRT15 HXT11, COA2, and
JENI1. JENI is notable among these genes since previous work has linked JEN-family genes
to carboxylic acid transport and tolerance in S. cerevisiae'®, P. kudriavzevii ', and K.
marzianus . While JEN1 was only DE in a single adipic acid tolerant strain, L433, its
expression in the other two adipic acid tolerant strains was just below the cutoff for being
considered a DEG — 1248 exhibited a 1.9 FC increase while 033 showed a 2.4 FC increase
but an FDR of 0.1. Other than JENI there seems to be no immediately identifiable single
mechanism by which the genes unique to the adipic acid tolerant strains could influence adipic
acid tolerance, although perhaps more complex synergistic effects are at play. Strangely,
some of the genes that we identified as unique to the adipic acid tolerant strains have
previously been shown to exist in the CEN.PK background, including JENI and SGEI.
During testing of the de novo transcriptome assembly workflow we used CEN.PK113-7D
to compare the reference-based and de novo-based methods and corroborated the high
comparability between Trinity and sequence-first methods shown by Grabherr et al™>. While
JEN1, SGE1, and some other genes were not identified using a reference-based approach, de
novo assembly based differential gene expression analysis (not shown) suggests that JENI
and SGEI1 are part of the CEN.PK113-7D genome. The reason for this disparity is not
immediately clear but further supports that gene expression, not gene content, plays a larger
role in adipic acid tolerance. Overall, we show that the transcriptional response to adipic
acid stress is complex and multi-faceted. While variation in the expression of various genes
exists between the adipic acid tolerant strains and the non-tolerant CEN.PK113-7D, further
work is still required to confirm the main causative genes behind adipic acid tolerance. We
have identified genes not found or not DE in CEN.PK113-7D (see appendix) and genes
that are DE but in opposite ways between the tolerant and non-tolerant strains (Table 3.3).
Future work to elaborate on these genes might benefit from the use of combinatorial gene
overpression /repression to identify which genes and combinations of genes provide improved

adipic acid tolerance with the smallest cost.
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4.3 Utility of adipic acid tolerant strains in producing

adipic acid precursors

The oxidation of DHS by AroZp is the first step in the heterologous pathway that
diverts flux from the shikimate pathway to adipic acid®’**. We were unable to complete
this full pathway at this time but instead used PCA, a product of AroZp’s action on DHS,
accumulation as a proof of concept. We show that PCA accumulation at pH 5 was the
same in the S17 and S20, both in terms of absolute PCA and PCA production normalised to
ODggo. At low pH without adipic acid, S17 outperformed S20 in total PCA accumulation but
not after normalisation. At low pH and under adipic acid stress S20 accumulated roughly
twice as much PCA than S17 both in absolute PCA and after normalisation. Normalised
PCA accumulation was significantly higher in S20 at pH 3 with adipic acid than any other
condition, which supports the use of adipic acid tolerant strains as adipic acid production
hosts. Pyne et al showed nearly 2 g/L PCA in a CEN.PK113-7D background strain®* yet,
under similar conditions, our CEN.PK113-7D-derived S17 only produced 0.27 g/L PCA.
Importantly, the strain used by Pyne et al was missing ARO3 and ARO4 but expressed a
feedback resistant copy of ARO4 to prevent feedback inhibition by aromatic amino acids
(Figure 1.2). Assuming that the this 7 fold increase in PCA can be achieved through
ARO3 and ARO/ deregulation alone, we might expect to see substantial increases in PCA
production in the adipic acid tolerant strains by using a similar approach, especially when
comparing PCA production at low pH and under adipic acid stress where PCA production
was already nearly twice as high in the adipic acid strain. Future work is still required to
achieve ccM or adipic acid production in our adipic acid tolerant strains but, when coupled
with methods such as deregulation of arol ** and gene overexpression®®, this seems promising

in the search to produce adipic acid and its precursors in high quantities at low pH.

4.4 Conclusion

This study showed that a wide range of adipic acid tolerant phenotypes exists across
a large collection of suspected acid tolerant strains. Further characterisation of top adipic
acid strains revealed that they are largely diploid and that tolerance to adipic acid can be
induced by pre-adaptation. Gene expression comparisons suggest that gene expression, but

not gene content, is the driver of adipic acid tolerance within our top adipic acid tolerant
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strains. The introduction of the orthologous DHS dehydratase AroZp into an adipic acid
tolerant strain resulted in increased accumulation of PCA, an adipic acid precursor, at low
pH and under adipic acid stress compared to the non-tolerant CEN.PK113-7D. Future work
is necessary to implement the complete adipic acid pathway in acid tolerant yeast but our
preliminary results support the utility of adipic acid tolerant strains of S. cerevisiae as
adipic acid production hosts. By improving the low pH fermentation of adipic acid we can
lower overall costs of renewable based adipic acid and reduce our dependency on, and the

detrimental effects of, petroleum-based adipic acid.
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Chapter 5

Appendix

5.0.1 Tentatively acid tolerant strains

Table 5.1: Strains obtained from Lallemand used in our screening
for adipic acid. Strains are, here known, annotated with information
regarding their isolation location.

List of tentatively acid tolerant strains

Identifier Description Identifier Description Identifier Description Identifier Description
L001 Wine L444 Wine L501 Cheese L102 Lab
L002 Beer L456 Wine L343 ‘Wine L203 Sake
L003 Cheese L434 Wine L432 Beer L301 Wine
L004 Wine L444 Wine L501 Cheese L102 Lab
L005 Beer L456 Wine L343 ‘Wine L203 Sake
L006 Cheese L434 Wine L432 Beer L301 Wine
L007 Wine L444 Wine L501 Cheese L102 Lab
L008 Beer L456 Wine L343 ‘Wine L203 Sake
L009 Cheese L434 Wine L432 Beer L301 Wine
LO010 Wine L444 Wine L501 Cheese L102 Lab
LO11 Beer L456 ‘Wine L343 ‘Wine L203 Sake
L012 Cheese L434 Wine L432 Beer L301 Wine
L013 Wine L444 Wine L501 Cheese L102 Lab
L014 Beer L456 Wine L343 ‘Wine L203 Sake
LO015 Cheese L434 Wine L432 Beer L301 Wine
L016 Wine L444 Wine L501 Cheese L102 Lab
LOo17 Beer L456 Wine L343 ‘Wine L203 Sake
LO018 Cheese L434 Wine L432 Beer L301 Wine
L019 Wine L444 Wine L501 Cheese L102 Lab
L020 Beer L456 Wine L343 ‘Wine L203 Sake
L021 Cheese L434 Wine L432 Beer L301 Wine
L022 Wine L444 Wine L501 Cheese L102 Lab
L023 Beer L456 Wine L343 ‘Wine L203 Sake
L024 Cheese L434 Wine L432 Beer L301 Wine
L025 Wine L444 Wine L501 Cheese L102 Lab
L026 Beer L456 Wine L343 ‘Wine L203 Sake
Lo27 Cheese L434 Wine L432 Beer L301 Wine
L028 Wine L444 Wine L501 Cheese L102 Lab
L029 Beer L456 Wine L343 ‘Wine L203 Sake
L030 Cheese L434 Wine L432 Beer L301 Wine
L031 Wine L444 Wine L501 Cheese L102 Lab
L032 Beer L456 Wine L343 ‘Wine L203 Sake
L033 Cheese L434 Wine L432 Beer L301 Wine

Continued on next page
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List of tentatively acid tolerant strains

Identifier Description Identifier Description Identifier Description Identifier Description

L034 Wine L444 Wine L501 Cheese L102 Lab
L035 Beer L456 Wine L343 ‘Wine L203 Sake
L036 Cheese L434 Wine L432 Beer L301 Wine
L037 Wine L444 Wine L501 Cheese L102 Lab
L038 Beer L456 Wine L343 ‘Wine L203 Sake
LO039 Cheese L434 Wine L432 Beer L301 Wine
L040 Wine L444 Wine L501 Cheese L102 Lab
L041 Beer L456 ‘Wine L343 ‘Wine L203 Sake
L042 Cheese L434 Wine L432 Beer L301 Wine
L043 Wine L444 Wine L501 Cheese L102 Lab
L044 Beer L456 Wine L343 ‘Wine L203 Sake
L045 Cheese L434 Wine L432 Beer L301 Wine
L046 Wine L444 Wine L501 Cheese L102 Lab
L047 Beer L456 Wine L343 ‘Wine L203 Sake
L048 Cheese L434 Wine L432 Beer L301 Wine
L049 Wine L444 Wine L501 Cheese L102 Lab
L049 Wine L444 Wine L501 Cheese L102 Lab
L049 Wine L444 Wine L501 Cheese L102 Lab

5.0.2 DEGs identified by RN Aseq in strains CEN.PK113-7D, L433,
L248, and O33

Table 5.3: List of identified differentially expressed genes in strains
CEN.PK113-7D, L433, L.248, and O33

CEN.PK113-7D L433 L248 033
up down up down up down up down
RRP3 FMP16 ISC10 VPS35 MSA1 PBY1 BSC1 THI4
ELO1 FMP10 RRP9 MTC1 STP3 MSF1 AGP1 ENV9
ELO3 AYR1 RPA190 GEX1 MSH4 TOS4 HUG1 HXTS8
TPI1 FMP23 PPR1 GAP1 PTC2 APN1 PTR2 POL2
LYS2 FMP46 SMF2 ADH4 RDH54 GIN4 COX26 YJU2
LYS4 FMP45 GAS1 YMRO18 HLR1 YDL121C TPO4 SAN1
LYS1 FMP40 CBC2 VEL1 RIMS8 PCL1 PES4
LYS9 MCH1 SQT1 RAS1 1GD1 NUP192 RCK1
RRT2 TPK2 DEG1 GAT3 YBR184W NUP188 CcYycCr
GAS5 All TPN1 SIP18 NNF2 SUV3 YHB1
DINT GRX1 PUF3 SCW10 RIP1 RAS1 OSW1
GRX3 MCH4 AIM32 MCD1 SDH1 THI4 BNA2
MCHS5 GRX5 RFC4 LYS2 HOT13 MDM10 MND1
GRX8 TPN1 PRP16 MTF2 COX15 RPS1A AIM33
HEM13 FOX2 MCM4 CSE4 UBCS8 RPS1B FAA4
PDC5 PDC6 YPL272C SMK1 IXR1 DAL7 DLD3
PDC1 ZIP2 FKS3 YNLO10W SUN4 GSH2 ISU2
RAX1 VPST73 NOC4 MCH2 SUT1 EDS1 SPS1
RAX2 MCP1 FCF2 HEM14 SUR2 ZRT1 SHR5
OAC1 PDH1 FLO5 YPL041C SUR1 BUDS GEX1
MCM5 HED1 YNL035C HIF1 VPS13 AAD3 ADHS5
MCM6 MDM36 NOG2 MTM1 PLM2 YLLO58W ADH6
MCM2 RSB1 LIA1 CBF1 UBR2 RKI1 ADH1
TYET7 COG5 DAK2 RFA3 PUF3 ARN2 ADH2
RPS15 PMA2 YHRO097C AUS1 COA4 SWI4 MHF1
RPS11B PUT1 TUF1 MCK1 COA2 SWI5 IMD2
RPS12 AQY1 RBG1 CSH1 SMM1 PEP3 IMD3
RPS13 COQ4 SMY2 RFC5 TPS1 UBC12 ERC1
RPS31 GSM1 ARO10 AIM45 DRE2 YPTT HXT14
AQR1 AIM2 TRM11 PHMT7 YKRO075C RTR1 HXT10
RPS1B ARA2 NOP4 ICY1 AQR1 IRR1 ANS1
RPS10B MLS1 NOP2 UGA4 DAK2 HOS3 TNA1

Continued on next page
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CEN.PK113-7D L433 L248 033
up down up down up down up down
RPS20 COX3 NOP7 TSC13 MLF3 THI11 CDA1
RPSO0A COX4 NOP9 YORO059C MLH2 YHR192W SSP1
DAL3 COX6 GSM1 MDM30 YFRO57TW ENV11 MAM1
MTW1 COX7 HEM1 HEF3 HEM1 EGD1 DPH5
DAL7 COX8 DRS1 YSP3 HEM3 YIM1
HSP150 MDH1 QCR6 YLRO12C COR1 ACM1
DAK2 MDH3 QCR2 DAL3 YOR1 GEA1
THI6 SNO1 YPRO0O27C MTW1 MLP1 CDC73
RPS16A SFA1 DNM1 RSF2 TIM23 CDC21
RPS14B ARO9 SER2 ORM?2 LAC1 ECM10
PMA1 HFD1 TYW1 DNF2 UTR2 GEF1
RPS8A SNZ1 COT1 SEG1 MDJ1 PPA2
RPS19B RCF1 HRK1 YKL161C MUM3 DURS3
PUS4 COX5B TIM12 YNL115C CPA2 GNA1
PUS1 KGD2 RBS1 BPT1 DSE1 ADH4
RPS7A KGD1 TIM11 AQY1 DSE2 MXR2
RPS6A GTO1 FCY2 RSC30 YML122C KRS1
TRM11 COX13 TIM23 RBK1 ARP7T SAM50
TRM10 COX17 COX6 RFS1 YCRO006C TUB2
RPS17A MEC3 NCE103 YLR149C SWH1 YNRO066C
TYR1 SOD2 YNLO17C FARI11 IRA2 HIS5
EMG1 GTT1 ARG2 AMS1 KGD1 YMLO037C
RPS9A GCV1 MHR1 IMO32 AADI16 MYO1
RPS18B MEF2 UTP4 TDH1 RCK1 PIG1
THS1 MEI5 ERG20 COSs7 CYC1 LEU2
TYS1 OM45 AEP2 ROG3 YPS6 ERG3
THR1 ZTA1 FLO5 BUD3 YPS1 CLB2
RPS4A GCY1 PMT4 YILO8OW YIR042C SEC27
RSR1 MEK1 PMT2 YPL216W RTS3 SEC11
SET6 HOP2 YELO025C MDE1 CHL4 PRI1
SET2 HOR7 CTK1 TIM17 HOM3 SEC39
SES1 COB YCG1 SAN1 CcYT2 PRM1
ARD1 HSP26 FHL1 SNF6 SOR2 ERS1
UTR2 HSP12 ARO2 SAM3 MVP1 CDC9
PEA2 FZO1 MAK21 PIG1 HOS1 HST4
AAH1 DCI1 CDC60 YKLO69W HSP26 SKG6
PMU1 HSP31 SFB3 UGX2 DCI1 YUH1
CTF18 RSM10 REC114 ULA1 HSP42 TEX1
DSF2 GUD1 IMP3 YDL218W GLT1 TFC8
CGR1 FAA2 ECM13 SRT1 HSP78 LOT6
AROS8 FIT3 ECM16 BUL1 FRE1 FET4
ARO4 QRI7 UPS3 MDL1 GLY1
ARO2 FYV10 ECM10 CPA2 MNN4
SWE1 HXT5 PET309 YORO012W GUP2
MAK21 GMC2 GCD7 GOR1 CAF120
DEDS81 SPO22 GCD6 AVT1 YIG1
1ZH2 SPG1 CDC14 SNO2 TSL1
RPS23A RMD5 CLB4 ROT2 RME1
RPS24B SPG5 CDC11 HNT1 ACH1
RPS21A SPG4 CCs1 EIS1 ISU1
SWI4 GUT1 SSC1 1ZH4 IST2
ART5 YIG1 YDL180OW FDH1 ISW2
RPS22A ATG3 DBP2 ERG1 CIT1
SEC63 PXA1l SFK1 HTB1 SUP35
WRS1 ATG9 NPP2 PRE5 PXR1
SFG1 ATGS8 YER137C RTC4 CDC20
RPS27A POR2 MRPS35 YLRO040C ECM11
SFH5 ACH1 YPP1 HXT13 CDC34
RPS28A POT1 PRMT7 HXT11 ECM13
RPS25A CRC1 MID1 SSA3 NRP1
ARX1 ISU1 RPA43 YPI1 EGT2
RPS26B CAB2 CYC1 GPA1 ZDS1
PER1 SPR3 COX13 SEC17 ARP10
IRC7 ATO2 FUS1 YCs4 RPP1B
TIP1 MAMS33 UTP25 DBP1 MET17
RPA43 ATP6 GPI1 HFM1 CBF2
RPS29A ATP4 UTP13 MID2 MET28
TIR4 CIT2 MMR1 CPS1 RNR2
CGI121 CIT3 PAP1 MIG3 PHO4
TAE1 ACO1 BMS1 CPR2 ADR1

Continued on next page

59



CEN.PK113-7D L433 L248 033
up down up down up down up down
NPT1 SHE4 AFI1 COX10 MPH3
YPS3 RMR1 YNLO58C COX18 ADY?2
MVD1 ALD3 RPM2 RRT15 CSR2
RPL2A ALD2 TRM1 PRR1 CBP2
RPL38 ACS1 TRP3 UTP11 ALG13
RPL39 PEX22 SRP40 YDR374C QCR6
RPL30 REG2 RLI1 OSW2 QCR9
RPL32 PPA2 MRD1 RTR1 SRM1
ASC1 TKL1 PNT1 GCR2 IMAS5
NPY1 DURS3 NDI1 SPC97 PIC2
RPL1A DMC1 ASN2 ENO1 SAM1
RPL25 IKS1 ASN1 YILO60W HSP104
RPL28 HYR1 FLO1 GPM2 HAP4
RPL29 BOP2 MPA43 GTT1 NTH1
HOG1 NAS2 FZO1 ATG17 TEC1
RLF2 CAT2 RSM27 ATG19 RGM1
RPL4A CATS8 RSM26 YORO19W CTS1
TRM9 YMR31 PSF2 ATG14 SSC1
EFB1 GND1 YPL0O14W ASH1 CTT1
TRP2 FBP1 GLR1 LSG1 PRK1
RPL10 BXI1 PSE1 SOL4 GCD10
YHM2 ICL1 ESF2 HBT1 PRMT7
DCD1 ICL2 PWP1 THI73 PRMS5
CYS3 VAB2 AST1 HORT7 GPI2
HO ADH2 HSP60 THI20 RPM2
RPL9A EHD3 MRP7 THI22 RAD16
CHS3 AIM36 FAF1 LSP1 NDE1
CHS7 AIM46 SXM1 HOS3 MAE1
ASN1 MRPL6 STE4 SGE1 NDI1
RPL6A AIMA41 SKT5 THI11 VID24
RPL8B AIM19 MSS51 GDB1 COS111
METS3 UGA1 GPI12 TRX1 NUM1
RPL7B UGA4 QRI7 YNLO018C JID1
SCP160 MPM1 SGN1 HTB1 RAD59
MES1 AROS80 MRT4 FAA2 MAM3
BNI5 CBP4 PDR16 NUT1 DPH5
BNI4 MPS2 PAM18 STB4 BAP2
PFK27 MPS3 BFA1 GYP7 MRS3
EFT1 ARO10 STL1 DTR1 PSK2
ISC1 SAF1 URB1 YKL151C SKS1
THI80 AMS1 URB2 GDH3 YOR228C
OLE1 SAE3 JEM1 BAT2 IRC18
HXT6 LEE1 FUN30 YCR101C YDRO8OW
FRM2 XYL2 SPF1 MAS1
DCV1 NCE102 YIG1 TSA2
POL1 IME4 YTA12 HPA2
POL2 IME1 JEN1 FAL1
POL5 UGX2 MBA1 JIP3
LCB1 SRT1 MSC6 IFM1
YIH1 RGI1 HTS1 HXT6
ATF2 FDH1 POR1 HXT7
FAS1 REC114 YBR184W HXT5
FAS2 CTR1 YEH2 INP54
FRS1 CTR3 MSI1 PCS60
FAR1 PAI3 TOM1 SPO13
EXG2 CTT1 MRPL35 TFS1
HPM1 TMT1 MRPL40 YEA4
YIP3 FUM1 MRPL22 PXA1l
ATM1 IBA5T CIT1 FAT1
CIS3 PRM2 SHE2 MSE1
UNG1 ERR3 SHE1 APC2
ACM1 ATG38 YGRO15C APC5
PXL1 ATG31 SPT8 CABS5
NUP188 ATG36 LCP5 CAB2
ALA1 CDA2 TOP1 NRD1
NOP13 SSQ1 POL32 VMAS5
ACO2 RAD28 PEX25 SDS24
SPS1 ATG16 RPC17 VMAG6
SHE3 ATG19 ALG7 SCW4
SHE1 ATG14 HDA1 PTA1

Continued on next page

60



CEN.PK113-7D L433
up down up down up down up down
CRH1 ATG11 NAM9 CAD1
ALDS5 PRX1 FCY21 PGK1
POL30 INH1 RIP1 ALD3
POL32 HBT1 GRE2 ADE12
NOP58 SSU1 ATP16 REG2
RPC11 RAD34 YNG1 PEX27
ZUO1 OXR1 YGRO054W RIMS8
FSF1 CMC2 ECO1 SHH4
ALG5 MRP8 SLX5 YET3
ALG3 ALG13 SDH1 YET2
NRK1 STL1 PTR2 XBP1
ATX2 EST2 HOT13 YND1
FSH1 OoPT2 ALO1 YRM1
RPC25 PDRI10 TGL1 YBRO16W
DUT1 DHH1 MOT1 ECM3
ALK1 AGX1 TOMT1 ECM4
DUS3 CEM1 YJR054W ECM5
YAR1 ECI1 PLC1 PET130
SEN34 PCH2 EPL1 YJL160C
CCW14 SUE1 YKR005C GAD1
CAX4 PCI8 BUD22 TCB1
RPC40 RIP1 PPM2 USA1
KIP2 ECM4 YPRO022C MKK2
ADE3 GRE1 TPA1 YKLO050C
RPL16B ATP15 RPC40 FSP2
RPL17B SDH6 RPC82 CNN1
ADH6 SDH5 RIX1
RPL14B SDH4 KIN3
RPL15A SDH3 YDR249C
MET16 SDH2 DIC1
MET22 SDH1 RAM1
MET14 GAD1 VIP1
MET10 PTR2
RTT109 ETR1
PRP43 RRI2
PYK2 DIA4
ADO1
CBF5
CsI2
RNR1
LDS2
PHO3
RFC5
RFC3
TMA19
KAR1
PMI40
VAS1
TUB4
TIF11
ILS1
CSR1
ILV1
SRB2
ILV3
HIS7
NMA111
SISs1
SAC1
FTRI1
RPL12B
RPL13A
YSY6
RPL11A
SRM1
HAM1
SRL1
HRP1
MYO1
RPL26B
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CEN.PK113-7D

L433

L248

033

up

down

up

down up

down

up

down

RPL27A
SAM4
HAS1

ERG11
ERG20
ERG26
LYS21
LYS12
KSS1
PIS1
CDC45
CDC60
ECM22
ERG1
ERG3
ERG2
ERG4
CDCz21
CTP1
CTS2
SSA2
NCP1
SSB1
RPBS8
YCs4
TEF4
ERO1

RPL20A
PRM5

RPL21A
MIG2

UTP22
PANG6
PANS5

UTP15
HSL1

RPL24B

RPL22A
CLN2

RPL23A
RPL5
RPL3
DOT1

SNU13

WWM1
PRY3
PRY1
KCH1
SSP1
MRC1

SAP155
RPPO
RPS2
MIS1
SKG6
RPS5
INM1
SSZ1
YDJ1
PSA1
LOH1
DPB2
RHO2
HCH1

PDR17

RPL33A
URA2
URAG6
STM1

RPL36B
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L433
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up
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up
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up
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up

down

RPL37B
OYE2
RPL34B
RPL35B
ZPR1
CMR1
BSC1
TOF1
HTS1
YRF1-5
GIC1
YEH1
YVH1
RIF1
VMAS5
VMAT
SCW4
MSH2
PKR1
DHR2
DYS1
GIM5
TOS6
TOS4
HUA2
GIN4
BBP1
JJJ3
SLT2
GRC3
RPL40A
PCL1
RPP1A
RPP1B
RTT10
RPL42A
USB1
RPP2A
RPP2B
RPL43B
SUN4
SHB17
UBC4
BUD31
RRM3
BUD17
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