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ABSTRACT

Examination of Organic Acid Tolerance in Non-Conventional Yeasts

James Andrew Bagley

Metabolic engineering of yeasts has proven an effective strategy for producing compounds
ranging from commodity chemicals to biologics. However, in the case of certain organic acids,
there is a toxicity barrier, which prevents commercial production from being viable. To address
this problem, we developed a strategy to characterize non-conventional yeasts and used it to
search fungal repositories for desirable phenotypes, in our case tolerance to adipic acid, a nylon
6,6 precursor. From publicly accessible yeast collections we selected and screened a collection
of 122 strains of yeasts. After finding strains that were tolerant to high concentrations of adipic
acid at an industrially relevant pH, suitable antibiotic markers were found and whole genome
sequencing and annotation was performed to enable future metabolic engineering efforts in
these strains. Annotated strains were examined for evidence of gene expansion in families
commonly associated with organic acid tolerance and candidate genes were identified for

further research.
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1. Thesis Goal and Objectives

To date, most metabolic engineering efforts have taken place in a select few microbial
species. However, to produce compounds such as organic acids at the high concentrations
required to be commercially viable, other robust hosts are necessary due to the inherent
cytotoxicity of organic acids. The goal of this thesis was to demonstrate a strategy to rapidly
find and genetically characterize organic acid-tolerant non-conventional yeasts. The strategy
involved a) initial screening of a collection of yeast species, b) in-depth characterization of
relevant phenotypes, c) SMRT whole genome sequencing of candidate strains, d) draft

annotation of candidate genomes.

As a demonstration for this strategy, we acquired a collection of non-conventional
yeast strains and screened them for tolerance to adipic acid, a commodity chemical used in
the synthesis of nylon 6,6 and our metabolic engineering target. To aid both reproducibility
and reusability of the generated data we preferentially used type strains and drew on strains
from public repositories rather than environmental isolates. After screening against adipic
acid, select strains were evaluated for tolerance to a suite of 8 different organic acids, to
identify whether stains were only tolerant to adipic acid or if there was cross tolerance to
other organic acids. At this stage additional strains that were phylogenetically close to those
identified in the initial screen were purchased and again tested for tolerance to organic acids.
Seventeen strains were ultimately sequenced and had their genomes assembled, 12 of the 17
were functionally annotated, and key protein families implicated in organic acid tolerance

were phylogenetically reconstructed.



2. Literature Review

2.1. Stressor tolerance in Saccharomycotina

As of March 2020, the order Saccharomycotina had 1850 published whole genome
assemblies from 460 different species available on GenBank. Being home to Saccharomyces
cerevisiae, arguably the best studied eukaryotic organism, the order has benefitted from a
deep understanding of most of the fundamental metabolic and signalling pathways. However,
as the majority of this understanding has been derived from one species, and arguably just
one strain of that species, details of how the specifics of metabolism vary from species to
species is yet undetermined. Recognising this issue, research has intensified on several other
well characterized species in the order. For example, Komagataella (Pichia) pastoris,
Kluyveromyces lactis, Candida albicans and Yarrowia lipolytica, have been not only
sequenced but also characterized to a high degree, though not to the same extent as S.

cerevisiae (Correia & Mahadevan, 2020; Shen et al., 2018).

However, these organisms still only represent five species of over 1000 identified in
the order, and there may still be many species with great scientific and economic potential
that are yet to be discovered. In particular, species with a tolerance for the extreme conditions
that can arise during metabolic engineering applications hold great potential to improve
bioprocess productivity. Table 1 shows a collection of highly tolerant yeasts and their
associated stressors. What is particularly useful about yeasts compared to other taxa is that
they remain culturable in standard lab conditions. While extremophilic bacteria may only be
culturable in anoxic, or hyperthermic conditions, the overwhelming majority of yeast species
can be cultivated and developed in the lab at room temperature with standard yeast media
(Kurtzman et al., 2011). While the extremophilic bacteria are more tolerant to the most

extreme conditions than are yeasts, working with difficult to cultivate microorganisms



increases the time to market for developing a bioprocess. Given the advantages of short
development times, adopting an easier-to-work-with organism that still provides significant

stress tolerance may be a trade-off worth making in many cases.

Table 1. Examples of highly tolerant yeasts and relevant stressors.

Species Family Stressor

Yamadazyma farinosa Debaryomyces 70% sorbitol (Louis et al., 2012)
Yamadazyma farinosa Debaryomyces 4M NaCl (Louis et al., 2012)

Pichia kudriavzevii Pichiaceae pH 2.0 (Park et al., 2018)

Pichia kudriavzevii Pichiaceae 50°C (Park et al., 2018)
Zygosaccharomyces rouxii Saccharomycetaceae  70% glucose (Solieri et al., 2014)
Pichia membranifaciens Pichiaceae 400 mM acetate (Konishi et al., 2017)

2.2. Organic acid tolerance in yeasts

Previous work on the tolerance of microorganisms to adipic acid and the conjugate
base, adipate, has found that the environmental pH has a huge impact (Karlsson et al., 2017).
While E. coli can grow in the presence of adipate at pH 7 with very little disturbance to
growth rate, even at concentrations as high as 650 mM, dropping the pH to 6 results in a
complete arrest at just 192 mM (Karlsson et al., 2017). S. cerevisiae by contrast was more
tolerant and able to grow at pH 5, even with a concentration of 650 mM, though with a
significant reduction in growth rate (Karlsson et al., 2017). However, both pH 6 and pH 5 are
higher than the pKa of adipic acid, meaning a majority of the added adipic acid was in the
dissociated form, which is much less toxic (Karlsson et al., 2017). In the case of sorbate
exposure in S. cerevisiae, a decrease in internal pH and an increase in energy expenditure due
to expulsion of weak acid anions are the two best documented effects (Piper et al., 2001;
Ullah et al., 2013), in E. coli an accumulation of anions in the cell has also been observed to

disrupt anion balance (Roe et al., 1998).



Zygosaccharomyces bailii has emerged as a frequently studied model for organic acid
tolerance in yeast, and a key tolerance mechanism that has been established is a reduction of
organic acid diffusion from the extracellular milieu into the cell. This reduction is mediated
by an increased proportion of sphingolipids in the plasma membrane (Lindahl et al., 2016)
and reduced intracellular pH (Dang et al., 2012). As is the case in S. cerevisiae, Z. bailii also
uses ATPases and anion pumps to reduce the toxic effects of internal accumulation of anions
and protons, however, previously mentioned mechanisms reduce the flux of organic acids
into the cell and therefore enable the growth of Z. bailii in more acidic conditions (Lindahl et
al., 2016; Palma et al., 2018), including growth in high concentrations of acetic acid below its
pKa of 4.8 (Stratford et al., 2013). Despite this general increase in tolerance to organic acids,
and low pH, Z. bailii grew similarly to S. cerevisiae in the presence of adipic acid (Karlsson
et al., 2017). P. kudriavzevii is a less characterized species than Z. bailii but was shown to be
tolerant to high concentrations of succinic acid at low pH (Xiao et al., 2014); however,
comparatively little research has been done on the mechanisms of its acid tolerance. The
research that exists suggests the use of arginine catabolism to maintain plasma membrane
electric potential, and more robust cell wall proteins are involved (Ji et al., 2020; Matsushika

et al., 2016; Park et al., 2018).

The distinction between tolerance for low pH conditions, and tolerance for organic
acids has been well documented (Fletcher et al., 2017). A yeast species able to grow in low
environmental pH will not necessarily tolerate the presence of organic acids (Fletcher et al.,
2017; Stratford et al., 2013). Additionally, the cell’s response and mechanisms of tolerance to
organic acids can vary both between organic acids and inorganic acids as well as between
different organic acids (Fletcher et al., 2017; Kawahata et al., 2006; Pereira et al., 2019).
Given this heterogeneity and the broad range of organic acids that are interesting

biotechnological targets (Abbott et al., 2009; Lin et al., 2014; Park et al., 2018; Pyne et al.,



2018; J.-L. Yu et al., 2018), investigating strategies to robustly assess tolerance of many yeast

species to a specific organic acid could prove highly fruitful.

2.3. Genomics of non-Saccharomyces Saccharomycotina

One aspect that makes broad scale screens of yeasts practical is the small genome
sizes of yeasts (typically 15 Mbp or less for a haploid), which makes them relatively easy to
sequence, requiring approximately 1/3 of a PacBio cell to sequence one genome with 90X
coverage. This has resulted in a plethora of available genomes, 1850 assemblies are available
for the species that make up the Saccharomycotina clade, and assembly and annotation tools
have been developed to aid in the analysis of new genomes from this clade (LRSDAY (Yue
& Liti, 2018), AyBraH (Correia et al., 2019), AyBraHAM (Correia & Mahadevan, 2020),
YGOB (Byrne, 2005), MGOB (Douglass et al., 2019), CGOB (Maguire et al., 2013)). These
tools have enabled annotation of new species and the dissection of gene function to be easier
than ever. The level of sequence availability has also enabled researchers to study the
evolutionary patterns of the order as a whole and can provide insights into both current yeasts
and the evolutionary conditions that produced them (Krassowski et al., 2019; Riley et al.,

2016; Shen et al., 2018).

To facilitate the development of Saccharomycotina species for industrial application,
new methods have been developed including multiplexed CRISPR-Cas9 knockouts, synthetic
and synthetic-hybrid promoters, standardized cloning methods with interchangeable parts,
landing pads and synthetic chromosomes for stable multiplexed integrations (Z. Liu et al.,
2017). While some of these methods are specific to S. cerevisiae, many can be applied more
broadly. Even the projects specific to S. cerevisiae, such as creation of curated parts toolkits

can be replicated and implemented in novel species, as has been demonstrated with both the



Y. lipolytica and K. marxianus golden gate toolkits (Larroude et al., 2019; Rajkumar et al.,

2019)

2.4. Metabolic engineering of non-Saccharomyces Saccharomycotina

Due to its status as a model organism, S. cerevisiae has the benefit of being one of the
best understood potential hosts for metabolic engineering applications (Lian et al., 2018). The
native central metabolic pathways are well understood, the phenotypic effects of individual
gene knockouts are characterized and there is an abundance of transcriptomics data available
to aid in troubleshooting pathway engineering (R. Yu & Nielsen, 2019). This has enabled the
metabolic engineering of S. cerevisiae to flourish, and the number of compounds that have
been made in high titres ranges from complex plant metabolites such as artemisinic acid (Ro
et al., 2006) and tetrahydroisoquinoline alkaloids (Pyne et al., 2020) to commodity chemicals
like succinic acid (Otero et al., 2013), and lactic acid (Porro et al., 1995). However, S.
cerevisiae 1s imperfect for the bioproduction of many products due both to its natural
tendency to accumulate ethanol, which diverts carbon away from product formation and to
the wide swings in gene expression between fermentative and respiratory growth phases (Ho

et al., 2018).

One of the first Saccharomycotina strains seriously investigated for use as a metabolic
engineering host, aside from S. cerevisiae, was Y. lipolytica (Beopoulos et al., 2009). The
species’ high acetyl-CoA flux is diametrically opposed to the strong glycolysis preference of
S. cerevisiae making it ideal for producing lipids, TCA intermediates and other acetyl-CoA
derived compounds (Beopoulos et al., 2009; H. Liu et al., 2019). The species naturally
accumulates lipids and is strictly aerobic and cannot ferment, unlike S. cerevisiae, which
ferments under aerobic conditions in the presence of high glucose concentrations (known as

the Crabtree effect). The result of this is Y. lipolytica is well suited for production of anything


https://www.zotero.org/google-docs/?5F8BAG

derived from acetyl-CoA such as triacyl glycerides, succinate, and carotenoids (Cui et al.,

2017; H. Liu et al., 2019; Yuzbashev et al., 2010).

K. marxianus is a thermotolerant, acid tolerant, rapid growing yeast, which has
fostered interest in it for metabolic engineering applications (Castro & Roberto, 2014;
Marcisauskas et al., 2019; Morrissey et al., 2015; Rajkumar et al., 2019). This has manifested
in the development of a K. marxianus toolkit, inspired by the yeast toolkit (YTK), which is
based on the same MoClo standard as the YTK allowing for interchange of CDSs (Lee et al.,
2015). The toolkit has so far been used to produce K. marxianus strains that have increased
flux to phenylalanine and 2-phenylethanol by adapting an established strategy for S.
cerevisiae, and to create NHEJ deficient mutants to decrease the risk of random integrations.
A manually curated metabolic model of K. marxianus strain DMKU3-1042 has also been

developed to facilitate metabolic engineering projects (MarciSauskas et al., 2019).

Part of the credit for successes in metabolic engineering of non-conventional strains
must be given to the transfer of knowledge from metabolic engineering of model species to
non-conventional species without having to replicate the years of systems biology research
that has been performed on S. cerevisiae. In an extreme case, one group successfully
produced lactic acid in four different species of yeast, using a single set of promoters and
terminators, and integrating into conserved rDNA, allowing a single genetic construct to be

used across species (Li et al., 2017).

While the development of these strains has been successful in their respective goals,
the strain selection process for metabolic engineering of non-conventional yeasts has
typically been either picked semi-arbitrarily based on general characteristics reported in the
literature, e.g., acid tolerance, lactose metabolism, or by environmental isolation. We

demonstrate the feasibility of a third approach, building a library of non-conventional strains



and then screening the collection with specific criteria relevant to our end goal, tolerance to
adipic acid. This approach is more conducive to replication by other groups than
environmental isolation as all the strains were sourced from publicly accessible depositories.
As the strains are tested for the specific condition we are interested in as opposed to relying
on what is in the pre-existing literature, we also improve our odds of finding the ideal strain
for our goal when compared to picking a strain semi-arbitrarily. As the tools to engineer new

organisms continue to advance, this strategy will become more and more advantageous

3. Materials and Methods

3.1. Yeast strains selection

A collection of 152 yeast strains were selected based on a mix of existing literature
indicating tolerance, while prioritizing phylogenetic diversity. Strains were ordered from

various public repositories in North America and Europe (Table 2).

Table 2. List of strains used in this study and deposit IDs. Depositor ID reflects which source was
used; alternate IDs are listed for ease of reference.

Code Species name Depositor ID NRRL CBS NCYC ATCC  Phaff
001 Barnettozyma californica 8860 CBS 8860

002 Barnettozyma californica 8866 CBS 8866

003 Barnettozyma pratensis 9055 CBS 9055

004 Buckleyzyma aurantiaca 68-251 Phaff Y-1581 317 32770  68-251
006 Candida apicola 1887 CBS 1887

007 Candida apicola 1888 CBS 1888

008 Candida argentea 3753 NCYC Y- 3753

63798

009 Candida argentea 3784 NCYC 3784

00A Candida asparagi 9770 CBS 9770

00E Candida boidinii 3092 CBS 3092

00F Candida boidinii 8251 CBS 8251

00G Candida boleticola 7847 CBS 7847

001 Candida californica 06-229 Phaff 06-229
00J Candida californica 04-1050 Phaff 04-

1050

00M Candida davenportii 3013 NCYC 9069 3013

OON Candida digboiensis 9800 CBS 9800
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Tetrapisispora arboricola Y-27308 NRRL

Tetrapisispora blattae 77-7 Phaff

Tetrapisispora fleetii Y-27350 NRRL
Torulaspora delbrueckii 69-34 Phaff
Torulaspora delbrueckii 492 NCYC
Ustilentyloma graminis 502 NCYC

Wickerhamiella sorbophila ~ Y-7921 NRRL
Wickerhamiella sorbophila 130 NCYC

Wickerhamiella sorbophila 82-593 Phaff

Wickerhamomyces 432 NCYC
anomalus
Wickerhamomyces 375 NCYC
anomalus
Zygoascus meyerae Y-6591 NRRL
Zygoascus meyerae 2544 NCYC
Zygoascus tannicolus 75-58 Phaff
Zygosaccharomyces bailii 1416 NCYC
Zygosaccharomyces bailii 1766 NCYC
Zygosaccharomyces bailii 1427 NCYC
Zygosaccharomyces bailii 417 NCYC
Zygosaccharomyces bailii 464 NCYC
Zygosaccharomyces bailii 1085 CBS
Zygosaccharomyces bailii Y-1404 NRRL
Zygosaccharomyces bailii 2446 CBS
Zygosaccharomyces bailii 2902 CBS
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04A Zygosaccharomyces bailii 563 NCYC Y- 685 563

12949

04B Zygosaccharomyces bailii 7315 CBS 7315

04C Zygosaccharomyces bailii 7316 CBS 7316

04D Zygosaccharomyces 1515 NCYC 1515 38993
bisporus

04E Zygosaccharomyces 1496 NCYC Y-7684 1083 1496 52407
bisporus

04F Zygosaccharomyces 1495 NCYC Y-7558 702 1495 52405 66-24
bisporus

04G Zygosaccharomyces 1498 NCYC 1498
bisporus

04H Zygosaccharomyces 1555 NCYC Y-7253 1555
bisporus

041 Zygosaccharomyces 2449 CBS 2449
bisporus

04J Zygosaccharomyces lentus 1601 NCYC 8516 1601

04K Zygosaccharomyces lentus ~ Y-27276 NRRL Y- 8574

27276
04L Zygosaccharomyces 2856 CBS 2856 56074
pseudobailii
04M  Zygosaccharomyces rouxii 40-319 Phaff 40-319

3.2. Strains revival and storage

Strains were received from the repositories either as freeze-dried pellets or colonies
on agar slants, in both cases they were inoculated into liquid yeast malt medium, containing 5
g/L of peptone, 3 g/L of yeast extract, 3 g/L of malt extract and 10 g/L of dextrose. After
inoculation, strains were grown at 30°C until fully saturated, allowing for up to a week at

which point they were frozen in 15% glycerol stocks in triplicate and stored at -80°C.

3.3. Screening strains for tolerance to low pH and organic acids

To screen for tolerance to low pH and organic acids, frozen strains were revived in
batches of 30 in YPD medium (20 g/L of dextrose, 20 g/L of peptone and 10 g/L of yeast
extract), in test tubes at 30°C. Once all strains were visibly turbid, they were back diluted
(1:20) into 180 uL of YPD in a shallow 96-well plate and left to grow for 8 hours, or until all
strains reached an OD600 of 1.8. After the second incubation the OD600 was read on a plate

reader and a custom Python script was used to create a CSV file with the absolute volumes of
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diluent and cell culture necessary to dilute each culture to an OD600 of 1.8. Dilutions were
then carried out using the Span-8 of a Biomek FXP liquid handling system to create an
intermediate plate with 30 strains in triplicate plus S. cerevisiae CEN.PK 113-7D as a control,
all at consistent OD600 of 1.8, plus media blanks. Both CEN.PK 113-7D and the media
blanks were also in triplicate. From the intermediate plates, a 10 uLL inoculum was drawn and
dispensed into a prepared experimental plate containing 170 pL of the relevant growth
medium. The final volume of each well was 180 pL and the starting OD600 of all testing

strains + CEN.PK 113-7D was 0.1.

Initial tests for organic acid tolerance were conducted of YPD based media, YPDcit
was standard YPD with 0.1 21.0 g/L, of citric acid added to decrease the pH to 3.0, and

YPDAA was standard YPD but with 20 g/L of adipic acid added, resulting in a pH of 3.7.

Organic acid tests conducted in minimal media used a common base of 20 g/L of
glucose, 5.1 g/L of YNB without amino acids and ammonium sulphate, 5.0 g/L of ammonium
sulphate and 150 mM of the organic acid being tested, with HC1 added dropwise to bring the

media’s pH to 2.8.

After inoculation, plates were sealed with parafilm and incubated at 30°C in Tecan
Sunrise plate readers for 48 hours. Plates were orbitally shaken for 15 minutes, allowed to

rest for 5 minutes before OD600 readings were taken and shaking was restarted.

3.4. Growth rate determination

For the initial set of strains, a simple area under the curve measurement was used to
assess the rate of growth, after blanking, the sum of the first 24 hours of OD readings was
taken and divided by the total number of reads per hour (3), providing a simple means to

compare yeast growth. As many strains were unable to grow, strategies for assessing growth
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rate which are dependent on growth curves following a diauxic growth model are unsuitable;

a simple area under the curve is more robust.

To compare the relative growth rates of strains in the presence of organic acid
inhibitors, growth curve data was exported from the plate readers and processed with a
custom Python script to cycle through the OD readings and determine the rate of OD increase
across each one-hour period using the formula below, where OD; and T refer to the OD
reading and read time of the later reading and ODo, To refer to the OD reading and read time
of the earlier reading.

log,(OD; /ODy)
T =Ty

While the formula can calculate growth between any two arbitrary timepoints, only
timepoints 1 hour apart were compared to minimize the impact of artifacts. Likewise, the first
2 hours were not used as the OD readings were often highly volatile immediately post-
inoculation, and most strains would be in their lag phase in this period. The result of this
analysis was a table of growth rates at each timepoint; to simplify data presentation, the

maximum growth rate was used for comparison between strains and growth conditions.

3.5. Genome sequencing

A collection of 17 acid-tolerant strains were selected for sequencing using PacBio
SMRT 2.0 technology. Genomic DNA was extracted using Qiagen Genomic DNA buffer set
and the Qiagen 20/G Genomic tips. After extraction DNA quality was assessed using both a
Tecan M200 infinite plate reader, equipped with a nanoquant adaptor and using the Quant-iT
Picogreen dsDNA quantification kit. The Picogreen assay was carried out in accordance with

the standard protocol provided by Thermofisher. DNA extracts which registered a DNA
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concentration of 200 ng/uL or higher when measured with both techniques and had a 260:280
ratio of 1.8-2.0 were delivered to Génome Québec for PacBio SMRT 2.0 sequencing and
DNA sequences were assembled using the PacBio SMRTpipe by Génome Québec. For
additional quality control purposes Génome Québec repeated the concentration and purity

assessments.

3.6. Genome annotation

To meaningfully evaluate commonalities and differences with respect to species and
correlate them to organic acid tolerance, the genomes require assembly and annotation,
consisting of gene finding and gene function prediction. The assemblies were provided by
Génome Québec as produced by the SMRTpipe assembly pipeline recommended by Pacific
Biosciences. Augustus (Stanke et al., 2004) was used to find putative genes in select
assemblies using the S. cerevisiae gene model packaged with Omicsbox, without hinting and
after masking repeated sequences with a hidden Markov model trained off the Dfam database
(Hubley et al., 2016). After finding putative ORFs, four different methods were used to create
functional annotations, InterProScan 5.52-86.0 (Jones et al., 2014), Blast2GO (Conesa et al.,
2005) using non-redundant protein sequences database limited to the Saccharomycotina
clade, EggNOG mapper (Huerta-Cepas et al., 2017) and searching the custom AyBraH

database for hits using TBLASTN.

3.7. Gene clustering & phylogenetic analysis

Genes were assigned into clusters using the AyBraH database categories, homologous
ortholog groups (HOGS) and the more specific fungal ortholog groups (FOGS) (Correia et
al., 2019). After assigning genes to HOGS and FOGS, the genes were translated to amino
acid sequences and a multiple sequence alignment was generated using Mega-X (Kumar et

al., 2018). In addition to the novel genomes sequenced, other Pichiacea species represented in
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the AyBraH database along with Y. lipolytica were included in the alignments. From the
multiple sequence alignments, phylogenetic tree generated with IQ-TREE2 (Minh et al.,
2020). Select phylogenetic trees were uploaded to iTOL for visualization and analysis

(Letunic & Bork, 2021).

4. Results

4.1. Strain selection

Strains were selected from a range of depositors on the basis of species diversity,
reported acid tolerance, and with a preference for type strains to increase repeatability. In
total 177 strains were considered from 105 species, of which 153 strains from 83 species
were finally ordered. From the 153 strains ordered 122 were successfully resuscitated in YM
medium at 30°C and frozen into cryogenic stocks. The final 122 strains represented 68

species from 29 different genera. A complete list of the 122 strains is available in Table 2.

4.2. Initial screening

The first screening experiment conducted in both YPD and YPD with 0.1 M citric
acid, the resultant pH in the acidic medium was 3.0. YPD was selected over a defined
medium as defined media are typically created to fulfil the nutritional requirements of a
specific species and we did not want to bias the results towards strains or species with
differing nutritional requirements. After screening 93 strains, the citric acid screen was
stopped, as while there were some strains that were unable to grow in YPDcit most strains
were able to grow completely uninhibited (Figure 1). This result was unexpected, and likely a
result of two features: A) citric acid being most toxic at a neutral pH when it is in its fully

protonated form where it can chelate calcium ions in the medium (Nielsen & Arneborg,
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2007), and B) strains that had previous literature evidence of acid tolerance were selected,

and the pH 3.0 condition was not sufficiently inhibitory.

After those initial results, strains which were unable to grow effectively in the
comparatively moderate pH 3.0 conditions were dropped and the selection was switched to
20 g/L of adipic acid. The remaining 29 strains that had not been tested in citric acid were
only tested in YPD or YPD + 20 g/L of adipic acid (YPDaa). The addition of adipic acid to
the medium dropped the pH from near neutral to approximately 3.7. As the pKa values of
adipic acid are 4.43 and 5.41, the drop in pH was sufficient to ensure that adipic acid instead
of the conjugate base, adipate, would be present in the media. Despite having a higher pH
than the initial citric acid screen, the correlation between growth in YPD and YPDaa media
was lower, R?2=0.685, vs R? = 0.905 for YPD.; (Figure 2), indicating that adipic acid did
influence the growth rate of several strains. This result enabled further testing to be done on a

smaller subsample of strains.
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Figure 1. Results of the initial organic acid tolerance screen using YPD and YPD with citric acid.
Growth is measured using the area under the curve (AUC) in each medium. Colours are used to group
strains run simultaneously. Rug plots on the X and Y axes show the distribution of each variable
independently. Each data point represents the average of a biological triplicate, strains on average had
a standard deviation of 2.2, indicating that the measures were consistent.

Despite being grown in a rich media some strains were still not able to grow to an
OD600 greater than 1.0 even without the presence of inhibitors; the exact reasons are
unknown and likely vary by strain but susceptibility to the environmental factors present in
microtiter plates such as a low dissolved oxygen, lack of an essential nutrient, rapid loss of
viability after exponential growth or specific temperature requirements may have contributed,
in addition some strains may have slower growth than expected and would have reached an

OD600 greater than one given sufficient time.

To select strains from the adipic acid screen to continue working with, two primary
criteria were used: tolerance to adipic acid (measured as relative area under the curve in
YPDaa when compared to YPD), and rapid growth in YPD (measured as relative area under

the curve of each strain compared to the control strain CEN.PK 113-7D).
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YPD 20 QL adipic acid YPD 20gvL ditnic acid WPD

Figure 2. Scatter plots of yeast growth in different media relative to one another, the mean of 3
biological replicates is displayed for each condition, with the growth being assessed by area under the
curve. CEN.PK113-7D had an AUC of 23.6 in YPD, 25.3 in YPD,;; and 17.1 in YPDaa, averaged
across 3 replicates.

The threshold for each criterion was set to 80%, therefore, to reach the next round of
screening each strain can grow no more than 20% slower in YPDaa than in YPD, and no
more than 20% slower in YPD than CEN.PK 113-7D. Together the criteria ensure selected
strains proliferate rapidly, making them easy to work with in the lab, and are able to thrive in

the acidic conditions that are conducive to economic organic acid production.

Applying these criteria produces a list of 15 strains (Table 3) down from the original
122. When examining the strains that passed both criteria, there is a clear over-representation
of Pichia strains relative to the initial collection. Of the fifteen, seven are in the Pichia genus,

making up 46.7% of the total versus only 10% of the whole strain collection. Not all Pichia
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species in the initial dataset passed both criteria however, including all 3 P. membranifaciens

strains (the type species of the Pichia genus), and 3 of 4 Pichia fermentans strains.

Table 3. List of non-conventional strains determined to be robust potential hosts.

Strain ID Depositor ID Species YPD AUC YPDaa AUC
00E 3092 CBS Candida boidinii 21.6 19.7
019 Y-7921 NRRL Candida sorbophila 28.5 24.7
01L 8880 CBS Cyberlindnera saturnus 18.7 18.7
01R 2530 NCYC Debaryomyces hansenii 19.9 20.9
01v 55 NCYC Pichia kudriavzevii 19.5 20.5
01w 4001 NCYC Pichia kudriavzevii 30.5 26.5
01X 1478 NCYC Kazachstania exigua 25.6 214
020 971 NCYC Kazachstania unispora 17.8 17.4
02G 562 NCYC Pichia fermentans 20.4 16.6
02M 2658 NCYC Pichia kudriavzevii 26.6 22.2
02N 872 NCYC Pichia kudriavzevii 18.2 19.9
02Q Y-27978 NRRL Pichia manshurica 17.3 14.8
02w 75-63 Phaff Pichia occidentalis 29.7 25.0
03P Y-27308 NRRL Tetrapisispora arboricola 22.6 19.5
03v 432 NCYC Wickerhamomyces anomalus 27.1 26.1

This overrepresentation of Pichia strains presents a useful opportunity to dig deeper
into the background and metabolism of these species, to potentially understand the
mechanisms underlying tolerance but also to find strains that are better suited to growing in
cheap media. Additionally, further probing of this genus may reveal even more tolerant

species.

4.3. The Pichia clade

The Pichia clade was a large and polyphyletic genus prior to 2011 where a taxonomic
reorganization reduced the size of the genus down to a monophyletic group of 30 species
within the order Pichiaceae. Pichia strains have been isolated from a diverse range of habitats
including sugarcane (Dhaliwal et al., 2011), sea mud (Qu et al., 2012), spoiled wines (Saez et

al., 2011), soil (Labbani et al., 2015) and fish guts (Mandal & Ghosh, 2013). As the Pichia
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strains already in our collection appeared to have a higher frequency of acid tolerance, we
expanded our collection to include 8 more strains, three of those strains were from species
previous not represented in the initial screen: Candida sorboxylosa, Pichia norvegensis and
Pichia exigua. C. sorboxylosa despite its name has been placed in the Pichia genus by whole

genome phylogenetic analysis (Shen et al., 2018).

Unfortunately, despite a significant research effort there is very little sharing of strains
between research groups, often groups isolate their own strain and have a specific phenotype
they test for. As a result, it is unclear which phenotypes are specific to strains and which are
common to all strains within a species or common to all species within the genus. Despite
that, in the literature, many of the isolates appear to grow in harsh acidic environments (Ji et

al., 2020; Park et al., 2018).

To characterize our strains systematically, an experiment was conducted to evaluate
the ability of each Pichia strain to grow in 8 different organic acids of varying chain lengths
and with either 1 or 2 carboxyl groups, at a consistent pH and a consistent concentration. The
acids tested were acetic acid, propionic acid, butyric acid, valeric acid, succinic acid, glutaric

acid, and adipic acid, each acid was tested at a concentration of 150 mM, and a pH of 2.8.

In addition to using a common pH and concentration across acids we sought to
evaluate the ability of strains to grow on defined media. An initial test revealed that strains
had significant variance in their ability to grow in YNB with standard composition, some
strains were unable to reach an OD600 of 1 in YNB, compared to 1.75 in YPD medium.
Existing literature indicated that myo-inositol was a limiting growth factor in some strains,
but supplementation had no effect in our case [data not shown]. An increase in the amount of
YNB from 1.7 g/L (YNBeg) to 5.1 g/L (YNBugel) did appear to alleviate the limitation and

allowed the affected strains to grow up to a maximum OD of 1.4 (Figure 3). Which
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component or components in the YNB were limiting is unknown, YNB is composed of a
mixture of 20 minerals and salts, any could have been limiting, glucose and ammonium
sulphate were added separately at 20 g/L and 5 g/L respectively. All future experiments in
minimal media utilized “YNBdel” as a growth medium to ensure results are reflective of each
strains potential. The individual component or components causing the growth malus could
have been determined through modifying the concentrations of each YNB component one at
a time however for the purposes of assessing organic acid tolerance, however establishing

nutritional requirements wasn’t a priority in this work.
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Figure 3. Comparison of growth in standard YNB medium vs growth in YNBg.1. Highlighted area
shows the standard deviation of 3 replicates. Composition of YNBg: 20 g/L glucose, 1.7 g/L. YNB;
Composition of YNBg.: 20g/L glucose, 5.1 g/L YNB.

Among dicarboxylic acids, the reference strain, S. cerevisiae CEN.PK 113-7D saw a
steady decrease in growth rate as the chain length of the organic acid increased, this trend
was also present in most of the Pichia strains, however in P. occidentalis, the growth rate
trended up with chain length, and in P. manshurica there was no consistent trend (Figure 4).

The trend for organic acids to become more toxic with increased chain lengths is consistent
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with the standard theory of organic acid tolerance, in which acids with longer chain lengths
are more lipophilic. In effect this means they can diffuse across the plasma membrane more
easily and thus, per molar unit will both acidify the cytoplasm more rapidly and need to be

expelled from the cell by transporters at an increased rate (Warth, 1988).

Similar to in the initial screen, several of the Pichia strains including P. heedi, P.
exigua, and P. nakasei were unable to consistently grow in the control condition (YPD or
YNB) (Figure 4). These strains were documented in the literature as being able to grow in
YNB, and at 30°C (Kurtzman et al., 2011) however in those experiments the strains were
allowed to grow for a week or longer, whereas in our experiment they were given only one
day to grow, possibly explaining the disparity in results. Candida sorboxylosa appeared to
grow more rapidly in acid conditions than in regular YNB (Figure 4), however physical
examination of the cultures revealed an extensive pellicle in acidic conditions which
interferes with OD600 values and makes the derived growth rates impossible to compare
between conditions. Surprisingly, none of the tested strains were able to grow in acetic,
propionic, butyric or valeric acids, indicating that at equimolar concentrations they are
significantly more toxic than dicarboxylic acids. As acetic acid has a similar logP in
octanol/water to adipic acid it was expected to have a similar level of toxicity; it is possible
that acetic acid has a lower activation energy for crossing the lipid bilayer due to its lower
molecular mass, and this results in the increased toxicity, a molecular dynamics simulation

could inform further why this was the case.
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Figure 4. Comparison of Pichia spp. growth rates in different organic acids. Each point represents the
growth rate of one strain in a specific condition reported as the mean of 3 replicates. All organic acid
containing media were pH adjusted to 2.8 after the addition of 150 mM of the respective organic acid,
YNB 2.8 is standard YNB based media but with the pH adjusted to 2.8 by addition of HCI.

4.4. Genome sequence and annotation

Given the results of the initial screen and follow up on the Pichia clade a hybrid
approach was taken for selecting strains to sequence. The top performing strains from the
initial screen, except for those which displayed extreme pellicle formation or flocculation,
were all sequenced, and additional strains from the Pichia clade were sequenced to provide a

more complete picture of strain and gene phylogeny.

The strains were sequenced using SMRT 2.0 to create assemblies that are as close to
chromosome level as possible (Table 4), the strategy produced good results with the
assemblies for most strains having under 20 contigs. Two of the strains, K. exigua — 01X and
P. membranifaciens — 01V appear to be heterozygous diploids, resulting in assemblies with

approximately double the expected base pairs and contigs. Pichia kudriavzevii — 02N also had
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a larger than expected genome size but while the ancestry of 01X and 01V were easily
resolved, the assembly for P. kudriavzevii — 02N had regions with high similarity to both P.
kudriavzevii but also some smaller contigs with high similarity to Debaryomyces hansenii,
examining the read coverage of the contigs showed 90% of contigs had a read coverage
between 85X and 95X, of the remaining 10%, 9.3% were between 62.9 and 80.8%. The range
of read coverages indicates it is possible that the sample had been contaminated, however not

all contigs with high D. hansenii similarity had a low read coverage.

Table 4. Summary of strains and corresponding assemblies. Genomic DNA was extracted using
Qiagen genomic DNA 20/G tips and sequenced on a Pacbio SMRT 2.0 sequencing platform by
Génome Québec. Sequence data was assembled by Génome Québec using SMRTpipe.

Species ID Genome size Polished assembly = Max contig
(Mbp) Contigs size (Mbp)

Pichia occidentalis 02w 12.6 27 43

Pichia occidentalis 04R 11.9 12 2.8

Pichia occidentalis 04Q 11.7 12 2.3

Pichia occidentalis L396 14.8 20 2.5

Pichia kudriavzevii 02N 22.1 218 2.4

Pichia kudriavzevii 02M 11 10 2.7

Pichia fermentans 02G 13.7 62 1.7

Pichia kluyveri 02L 11.3 20 3

Pichia membranifaciens 01v 19.4 73 1.9

Pichia manshurica 02Q 12 6 34
Wickerhamiella sorbophila 019 8.3 10 2.5

S. cerevisiae 033 12 18 1.5

S. cerevisiae 014 11.8 18 1.5
Kazachstania exigua 01X 26 39 2
Scheffersomyces amazonensis 03B 13.9 27 34
Wickerhamomyces anomalus 03V 15.1 30 1.8
Candida boleticola 00G 16.1 25 3
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Once the genomes were assembled, putative ORFs were annotated using Augustus
and repeat masking, as described in the methods. As none of the species had pre-trained gene
models, two gene models were used for each species, and if the two models were in
agreement (difference in total ORF count of <5%), the gene model from the best documented
species was used. If the gene models were not in agreement, then the strain was not annotated
further. For CUG-ser yeasts, the two gene models used were from C. albicans and S. stipitis

were used, for non CUG-ser yeasts, S. cerevisiae and K. phaffii gene models were used.

After predicting ORFs, putative gene ontologies were assigned using Blast2GO,
EggNOG and InterProScan (Conesa et al., 2005; Huerta-Cepas et al., 2017; Jones et al.,
2014) (Table 5). Predicted ORFs were also aligned to the pan-yeast proteome using a local
BLAST database comprised of annotated genes from 33 fungal species (Correia et al., 2019),
genes were assigned into the ortholog groups of their closest match to enable manual

annotation via examination of phylogenetic trees of orthologous groups.

Table 5. Results of annotating yeast species. GO mapping was accomplished using a combination of
Blast2GO, EggNOG and InterProScan, annotations from each program were compiled to predict
putative function based on homology.

Species ID Predicted ORFs GO Mapped

ORFs

Pichia occidentalis 02w 5016 4105
Pichia occidentalis 04R 5357 4793
Pichia occidentalis 04Q 5299 4743
Pichia kudriavzevii 02N 8894 7942
Pichia kudriavzevii 02M 5227 4716
Pichia fermentans 02G 6323 5288
Pichia kluyveri 02L 5219 4119
Pichia membranifaciens 01v 8826 7965
Pichia manshurica 02Q 5351 4758
Wickerhamiella sorbophila 019 4479 4063
S. cerevisiae 033 5643 5547

S. cerevisiae 014 5473 5391
Kazachstania exigua 01X 10298 9894
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To evaluate relatedness of the sequenced strains, a set of genes present in all strains
were concatenated and then aligned. From this alignment a phylogenetic tree was generated
(Figure 5). An interesting feature of the phylogenetic tree is that the placement of species
does not seem to correlate strongly to observed acid tolerance, with P. fermentans, one of the
least acid tolerant strains of the collection being clustered with P. occidentalis and P. kluyveri
strains, which are among the most acid tolerant strains. This suggests that the acid tolerance
phenotype may be older than the Pichia genus, rather than a recent evolution. The closest
related genus to the Pichia is the Saturnispora, which have not subject of much published
research, however strains of the second closest related genus, Brettanomyces, have been
observed growing at pH values as low as 2.0 (Conterno et al., 2006). Candida boidinii strains,
also in the Pichiaceae clade but more distantly related, have also been recorded as able to
grow in harsh acidic conditions (Osawa et al., 2009). As research on the Pichiaceae clade at
large is still in its infancy it’s difficult to assess how prolific tolerance to organic acids is in

this clade.

To date, the only gene from P. kudriavzevii or the Pichia clade proven to positively
influence acid tolerance when expressed in S. cerevisiae is the cell wall maintenance protein
GASI, and the mechanism by which it does so is unknown (Matsushika et al., 2016). To
identify putative causes of acid tolerance among these species, phylogenetic trees of genes
families that fall into a few categories that may be involved in acid tolerance were examined.
Gene families were determined based on TBlastN results of each gene against the AyBraH
database (Correia et al., 2019). The categories of interest were based off known mechanisms
of acid tolerance in other species and include: ABC transporters (Balzi & Goffeau, 1995;
Piper et al., 1998), cell wall maintenance proteins (Matsushika et al., 2016), decarboxylases
(Cibrario et al., 2020), MFS transporters (Pereira et al., 2019), fatty acid desaturases (Besada-

Lombana et al., 2017) and proton pumps.
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Figure 5. Phylogenetic tree showing relatedness of different Pichia spp. select species from AyBraH
as a reference. Phylogenetic tree based on concatenated proteins sequences of: NUO.02 (FOG00685),
NUO.06 (FOG00690), NUO.20 (FOG00709), CYS2 (FOG01372) and NUO assembly protein
(FOGO04021). The alignment and phylogenetic tree were generated using MEGA X.

In addition to the sequenced Pichia spp., Komagataella pastoris, Brettanomyces
bruxellensis, Ogataea polymorpha and Y. lipolytica from the AyBraH database were included
in the analysis to provide reference. Protein families were aligned with MUSCLE (Edgar,
2004) using the neighbour joining algorithm, and maximum likelihood trees were built using
[Q-tree 2 (Minh et al., 2020) with 1000 ultrafast bootstrap replicates and modelfinder
(Kalyaanamoorthy et al., 2017) to determine an appropriate substitution model. Predicted
genes with internal stop codons were dropped, as were genes that differed from the mean

amino acid length by more than 25%.

Pdr12p in S. cerevisiae is the principal weak acid pump and has been shown to be
induced in S. cerevisiae in the presence of adipic acid, and a knockout has increased
susceptibility to adipic acid toxicity (Fletcher et al., 2021). The gene is induced by Warlp in
the presence of organic acids, especially longer chain organic acids (Kren et al., 2003).

Examining Pdr12 protein family phylogenetic tree 2provides an interesting and unusual
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result: while the family has homologs present in K. pastoris and Y. lipolytica, there are no hits
in AyBraH for Pdr12 in O. polymorpha or B. bruxellensis. Additionally, there are several
orthologs in Pichia glade species (Figure 6). P. occidentalis, P. manshurica and P. kluyveri
each have 3 copies, P. fermentans, P. membranifaciens each have 2 (after considering 01V’s
putative heterozygous diploidy) and P. kudriavzevii has one. The Pdr12 family in the Pichia
clade is also subdivided into two clades, one clade is present only in P. occidentalis, P.
manshurica and P. kluyveri, whereas the other, usually in two adjacent copies on the
chromosome, is present in most Pichia strains. In each strain with a duplicate copy, the
duplicate copy is directly adjacent to the original, and the closest relative is the alternate
copy, suggesting that post-duplication there have been intramolecular recombination events
occurring in these strains, as it is unlikely that each strain experienced a recent gene
duplication event independently. As the upper, smaller clade of Pdr12 family proteins is
present only in P. kluyveri, P. manshurica and P. occidentalis and those three strains are the
most tolerant to the longer organic acids to which Pdr12 is specific, there is a strong
possibility that this subclade of transporters is involved as additional copies of Pdri2 in S.

cerevisiae have shown to increase tolerance to adipic acid (Pereira et al., 2019).
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Figure 6. PDR12p phylogenetic tree. Alignment generated with MEGA X, tree generated with 1Q-
TREE 2, visualization generated with EMBL iTOL. 01X refers to K. exigua 1478 NCYC, 01V refers
to P. membranifaciens 55 NCYC, 02Q refers to P. manshurica Y-27978 USDA, 02M refers to P.
kudriavzevii 2658 NCYC, 04R refers to P. occidentalis Y-6545 USDA, 02W refers to P. occidentalis
75-63 Phaff, 02G refers to P. fermentans 562 NCYC, 02L refers to P. kluyveri 05-608 Phaff. yli, ppa,
sce, opm and dbx refer to Y. lipolytica, K. phaffi, S. cerevisiae, O. polymorpha and B. bruxellensis
sequences from the Aybrah database.

The Agp2 protein family has also undergone expansion in the Pichia clade, while S.
cerevisiae has only one copy, there are three in most of the Pichia strains (Figure 7). The
biological function of Agp2 in S. cerevisiae is to act as a signal transducer to control
expression of other amino acid and polyamine transporters (Aouida et al., 2013). It’s possible
that this function is conserved in the Pichia strains, however given the large evolutionary
distance between S. cerevisiae and the Pichia clade it is difficult to say. What is interesting
however is the degree to which the copy numbers are stably preserved in the lower cluster of
Agp2 family proteins; given the stable inheritance it’s not unlikely that they have diverged,

and each have a distinct function.
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Figure 7. AGP2p phylogenetic tree. Alignment generated with MEGA X, tree generated with 1Q-
TREE 2, and visualization generated with EMBL iTOL. 01X refers to K. exigua 1478 NCYC, 01V
refers to P. membranifaciens 55 NCYC, 02Q refers to P. manshurica Y-27978 USDA, 02M refers to
P. kudriavzevii 2658 NCYC, 04R refers to P. occidentalis Y-6545 USDA, 02W refers to P.
occidentalis 75-63 Phaff, 02G refers to P. fermentans 562 NCYC, 02L refers to P. kluyveri 05-608
Phaff. yli, ppa, sce, opm and dbx refer to Y. lipolytica, K. phaffi, S. cerevisiae, O. polymorpha and B.
bruxellensis sequences from the Aybrah database.

PMA 1 has had a duplication event in P. occidentalis, with one of the copies
undergoing rapid divergence, as illustrated by branch lengths, there has also been a similar
event in K. exigua, with the strain having 4 copies, two of which being significantly diverged
(Figure 8). P. manshurica has also seen a duplication but there are no ancestral or genus wide

events. Lacking evidence to the contrary, a common mechanism for the whole genus is
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expected, it seems unlikely that this PMA I duplication in P. manshurica and P. occidentalis
is a primary driver of their acid tolerance, though it may boost the tolerance of these strains in

particular.

Tree scale: 0.1 + - 4
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Figure 8. PMA1p phylogenetic tree. Alignment generated with MEGA X tree generated with 1Q-
TREE 2, and visualization generated with EMBL iTOL. 01X refers to K. exigua 1478 NCYC, 01V
refers to P. membranifaciens 55 NCYC, 02Q refers to P. manshurica Y-27978 USDA, 02M refers to
P. kudriavzevii 2658 NCYC, 04R refers to P. occidentalis Y-6545 USDA, 02W refers to P.
occidentalis 75-63 Phaff, 02G refers to P. fermentans 562 NCYC, 02L refers to P. kluyveri 05-608
Phaff. yli, ppa, sce, opm and dbx refer to Y. lipolytica, K. phaffi, S. cerevisiae, O. polymorpha and B.
bruxellensis sequences from the Aybrah database.

Although Qdr3 is a transporter that has previously been shown to increase weak acid
tolerance in S. cerevisiae (Pereira et al., 2019), there were no members of the family present
in the K. exigua strain, and no duplications present in the Pichia clade strains (Figure 9).
Qdr3 is unlikely to be a major mediator of acid tolerance in the Pichia clade given that, and

the fact that it is not induced by the presence of organic acids in S. cerevisiae.
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Figure 9. QDR3p Phylogenetic tree. Alignment generated with MEGA X, tree generated with 1Q-
TREE 2, visualization generated with EMBL iTOL. 01X refers to K. exigua 1478 NCYC, 01V refers
to P. membranifaciens 55 NCYC, 02Q refers to P. manshurica Y-27978 USDA, 02M refers to P.
kudriavzevii 2658 NCYC, 04R refers to P. occidentalis Y-6545 USDA, 02W refers to P. occidentalis
75-63 Phaff, 02G refers to P. fermentans 562 NCYC, 02L refers to P. kluyveri 05-608 Phaff. yli, ppa,
sce, opm and dbx refer to Y. lipolytica, K. phaffi, S. cerevisiae, O. polymorpha and B. bruxellensis
sequences from the Aybrah database.

The Snqg2 family of ABC transporters has undergone many duplications in the Pichia
strains, and likely numerous homologous recombination events given the consistent high
copy number, and the fact that the proteins cluster with species (Figure 10). There is also a
cluster of proteins present only in P. kudriavzevii, P. manshurica, P. occidentalis and P.
membranifaciens (01V), mostly in two copies. Interestingly, the two copies present in P.
membranifaciens cluster separately with the P. manshurica homolog, this is unusual as in
most cases where P. membranifaciens has two copies due to its presumed heterozygous

diploidy they cluster most closely to each other (Figure 10).
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Figure 10. SNQ2p Phylogenetic tree. Alignment generated with MEGA X, tree generated with 1Q-
TREE 2, and visualization generated with EMBL iTOL. 01X refers to K. exigua 1478 NCYC, 01V
refers to P. membranifaciens 55 NCYC, 02Q refers to P. manshurica Y-27978 USDA, 02M refers to
P. kudriavzevii 2658 NCYC, 04R refers to P. occidentalis Y-6545 USDA, 02W refers to P.
occidentalis 75-63 Phaff, 02G refers to P. fermentans 562 NCYC, 02L refers to P. kluyveri 05-608
Phaff. yli, ppa, sce, opm and dbx refer to Y. lipolytica, K. phaffi, S. cerevisiae, O. polymorpha and B.
bruxellensis sequences from the Aybrah database.

5. Discussion

The developed workflow and strategy use many strains and few conditions, with the
aim to sample as broad a genetic diversity as possible and find the most suitable strain
possible. The approach shown enabled us to test a diverse range of organisms that previously

have had very little published research, including P. occidentalis, which is ultimately the
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tested species which appears to be most tolerant to adipic acid (Figure 4). P. occidentalis has
no prior research as a metabolic engineering host and the research on its acid tolerance has
primarily been from the perspective of food contamination (Arroyo Lopez et al., 2007;
Arroyo-Lopez et al., 2006), and thus would be an unlikely strain to include if we had reduced
screening capacity, though it was also isolated from grape skin and evaluated for potential as
a lactic acid producing strain (Park et al., 2018). Additionally, the high throughput yeast
cultivation techniques developed here could be paired to any analytic with sufficient
throughput, potentially aiding in media optimization or diagnosing issues with engineered

strains.

The identification of acid tolerance as a feature common in species from the Pichia
clade raises further questions about which specific organic acids they are capable of
tolerating, and whether the phenotype is also present in the adjacent Saturnispora and
Brettanomyces genera. The testing showed that most Pichia strains were able to tolerate short
to medium chain dicarboxylic acids in concentrations of 150 mM at a low pH with only a
minimal hit to the growth rate (Figure 4), and that lowering the pH of YNB with HCI resulted
in only a small increase in growth rate. Other groups have independently found certain strains
of Pichia were tolerant to high concentrations of both succinic acid and lactic acid (Park et
al., 2018; Xiao et al., 2014), but the numbers of strains tested are usually small, and they are
often environmental isolates, rather than type strains. We think this strategy of utilizing
common strains is essential for advancing research in non-conventional yeasts as it improves
inter-lab reproducibility and ensures that concepts inferred from one experiment can be

applied by other groups.

Looking at the phylogenetic trees revealed that neither ODR3 nor PDR 12 showed

consistently increased copy numbers across all strains, though most had at least one
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duplication of PDR12. P. kudriavzevii, which is among the most acid tolerant strains in the
collection showed none. The PDR 12 duplications may contribute to organic acid tolerance in
those strains that have them, but they clearly are not the primary driver in all strains, the

Pdr12 transporter may still mediate organic acid tolerance in these strains, however.

The SNQ2 family of transporters saw a comparatively high number of duplications,
present in all Pichia strains but due to intramolecular recombination, there are potentially
significant differences between the transporters in different species. Sng2 has been previously
found to be involved in tolerance to oxalic, malonic, formic, acetic, and propionic acids in S.
cerevisiae (Cheng et al., 2007), given the acid tolerance observed and the SNQ2 family

expansion, some involvement is expected in our strains.

AGP?2 codes for an environmental sensor in S. cerevisiae, and though the precise
substrate it recognizes is unknown it regulates the uptake of L-carnitine and polyamines
(Aouida et al., 2013). The AGP2-like family has evidence of both recent and ancestral
expansion (Figure 7), given the structural similarity between L-carnitine and dicarboxylic
acids, which Pichia species can import and metabolize (Kurtzman et al., 2011; Xi et al.,
2021), it is possible that one of the homologues may act as a regulator of organic acid import,
similar to the function of Snf3 with respect to sugars (Ozcan & Johnston, 1999). What is clear
is that there was an ancestral tandem gene duplication, as indicated by the consecutive gene
numbers across all sequenced strains; unlike the SNQ2 gene family there is also a clear
taxonomy, and the genes have also diverged since the duplications as indicated by branch

lengths (Figure 7).

Further investigation in the form of gene knockouts and overexpression experiments
would be necessary to confirm what role if any these genes play in organic acid tolerance,

and whether their upregulation could result in even more tolerance to organic acids. The
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recent development of a genetic toolkit for Pichia kudriavzevii provides a model for how this
work could proceed (Cao et al., 2020). Metabolic engineering of Pichia kudriavzevii has
already displayed that the acid tolerance phenotype results in measurable increases in
productivity of succinic acid at low pH (Park et al., 2018), which can potentially reduce the
operating costs of an organic acid bioprocess. Given the range of organic acids with industrial
relevance, the further development of these strains can be of significant economic interest (J.
Liu et al., 2017), and identifying causative proteins and systems in Pichia species for organic
acid tolerance could allow for their reconstruction in other yeasts, or enhancement in the

researched Pichia strains.

6. Conclusion

In this work we built on existing literature on non-Saccharomyces yeasts, assessing
the tolerance of 122 publicly accessible yeasts to organic acid stress and then sequencing and
annotating the genomes of the most tolerant strains. Based on those annotated genomes and
literature from other yeast species, we developed several hypotheses about which genes are
responsible for the organic acid tolerance phenotype. Acknowledging that while the organic
acid tolerance is likely polygenic, prior work showed that individual transporters can
significantly impact the ability of yeast to grow in the presence of specific organic acids
(Kren et al., 2003), and that even among transporters active on the relevant substrates the
degree to which tolerance is provided varies (Pereira et al., 2019). Given that, the
identification of new transporters with potentially superior transport activities could prove

valuable towards enabling organic acid cell factories.
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Additionally, the characterization and sequencing of additional strains in this clade
has the potential to enable metabolic engineering of these strains for production of organic

acids or other products.

Future work in this area would be to develop genetic tools in theses strains to test gene
knock-outs/knock-ins and empirically identify drivers of organic acid tolerance, the same
tools could also be used to produce strains that accumulate and excrete organic acids. Key to
achieving these goals would be the development of a CRISPR/Cas9 system, characterization
of promoters and terminators, an optimized transformation method, and identification of
functional centromeres. To improve the screening and characterization process used in this
work further, an even larger selection of strains could be used, the 122 strains present in this
study still don’t represent the full diversity of the Saccharomycotina clade. The incorporation
of additional factors of interest into the screen could similarly improve the results, screening
for important metabolic characteristics such as accumulation of side products or tolerance for
a specific medium could identify strains that would be even better suited for a specific

bioprocess
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