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Abbreviations

ACC1 - acetyl-CoA carboxylase 1 coding gene
agRNA - anti guide RNA

AMP - adenosine monophosphate

ATP - adenosine triphosphate

CRISPR - clustered regularly interspaced short palindromic repeats
crRNA - CRISPR RNA

DGAL1 - diacylglycerol acyltransferase coding gene
DMSO - dimethyl sulfoxide

GFP - green fluorescent protein

HDR - homology-directed repair

FAS - fatty acid synthase complex

gDNA - genomic DNA

gRNA - guide RNA

LB - lysogeny broth medium

NHEJ - non-homologous end joining

OD 600 - optical density measured at 600 nm

PAM - protospacer adjacent motif

PCR - polymerase chain reaction

PEG - polyethylene glycol

PGI1 - glucose-6-phosphate isomerase coding gene
SDS - sodium dodecyl sulfate

TAG - triacylglyceride

TALEN - transcription activator like effector nuclease
ZFN - Zinc-finger nuclease

XPK - phosphoketolase

YOGE - yeast oligo-mediated genome engineering
YPD - yeast extract peptone dextrose medium



Introduction

The sustainability of fossil fuel production and usage as well as concerns about food security have
been the central socio-economic and environmental challenges for several years. One way of
reducing the environmental impact is to use microbial cell factories for production of fuel and other
chemicals currently produced from oil or feed crops such as sugarcane or oil palm. Microbial cell
factories are not competing with resources used for food production (Koutinas et al., 2014) since it
is possible to use biological waste or biomass hydrolysate as a substrate.

Non-conventional yeasts like Rhodotorula toruloides are naturally capable of consuming several
different carbon sources derived from lignocellulosic hydrolysates like glucose, xylose and acetate,
even without the need to purify these substrates (Bonturi et al., 2017). To improve the yields of cell
factories even further and therefore make them more economically viable it is essential to develop
strains to produce higher titers of product and to be able to utilize wider variety of substrates.
Rhodotorula toruloides, an oleaginous yeast, is capable of accumulating lipids to at least 67.5% dry
cell mass (Li et al., 2007). That fact alone makes it a good option to use in a cell factory. Additionally,
R. toruloides is capable of growing under a range of environmental stressors (pH, salts, H,0,)
present in lignocellulosic hydrolysates (Wen et al., 2020). This makes it a potential yeast to further
study its metabolic pathways to improve its characteristics.

In this thesis the role fo phosphoketolase in Rhodotorula toruloides was investigated by knocking
out the phosphoketolase gene using the CRISPR/Cas9 method. The chosen target was the
phosphoketolase gene which impacts the lipid accumulation in several ways, although the exact
mechanism is not yet fully understood. After the phosphoketolase knockout the genotype of
mutants was verified with Sanger sequencing and compared with the wild type strain to evaluate
the effect of the knockout. Growth characteristics of confirmed mutants with genotype change in
phosphoketolase gene were examined by cultivating them in mini-bioreactors and comparing
results with the wild type strain. The goal was to understand the impact of knockout of
phosphoketolase on R. toruloides growth rate by comparing the specific growth rates of the
mutants to specific growth rate of the wild type strain.



1. Literature review

1.1 Yeast-based cell factories

Yeast-based cell factories can offer a sustainable alternative to many commodities currently made
from fossil fuels or feedstock. This would be beneficial for environmental sustainability as well as
global food security. Possible products range from biofuels to pharmaceuticals (Donot et al., 2014).
First published results of producing lipids from yeast are from 1878 (Von Nageli, 1878).
Subsequently over the decades different yeasts and substrates were examined for their potential
of lipid production. First biochemical explanation describing lipid accumulation in oleaginous yeasts
was published in 1979. It was determined, that lipid synthesis is caused by the accumulation of ATP
and the depletion of AMP in nitrogen-limited cells (Botham and Ratledge, 1979). During the last
decades the amount of oleaginous yeast research has increased significantly. The goal is to replace
palm and soybean oil with a more sustainable oil source and develop a way to produce second
generation biofuels.

Small scale commercial production of yeast based cell factories started in 1939, when several
industrial processes were developed for protein production using yeasts. These processes remained
on a smaller scale, between 10 and 60 tons per year (Lundin, 1950). In 1971 British and Italian joint
venture called ltalproteine built first large-scale (100000 tonnes per year) factory to produce
protein using Yarrowia lipolytica. Unfortunately the production did not start due lack of regulatory
approval of the product (Groenewald et al., 2014). First attempt to commercialise lipid production
using Cutaneotrichosporon oleaginosus to produce cocoa butter equivalent was made in 1980s, but
it did not succeed financially due to drop in product price and competition from palm oil based
products (Abeln and Chuck, 2021).

1.2 Rhodotorula toruloides

Rhodotorula toruloides is an oleaginous yeast which is able to synthesize lipids and carotenoids.
Lipogenesis is a secondary metabolic process and takes place when there is excess amount of
carbon in substrate and at the same time there is a scarcity of nitrogen for protein synthesis
(Papanikolaou and Aggelis, 2011). Under such conditions the cellular growth is limited and carbon
is used for lipid synthesis (Ageitos et al., 2011). Regardless of the carbon source, higher carbon to
nitrogen ratios increase lipid yields but decrease the specific growth rate (Lopes et al., 2020).

The bioproducts produced by Rhodotorula toruloides are also of great interest, especially lipids,
enzymes, and carotenoids. Wild-type and engineered strains of Rhodotorula toruloides are truly
oleaginous. They produce lipids at high titer making them promising organisms for the production
of lipid-based chemicals such as biofuels, lubricants, surfactants, solvents, waxes, creams, and
adhesives (Ageitos et al., 2011; Zhang et al., 2016a, 2016b). Rhodotorula toruloides can metabolize
various substrates, including non-detoxified lignocellulosic hydrolysates (Bonturi et al., 2017,
Papanikolaou and Aggelis, 2011). The ability to produce lipids and high-value co-products from a
low-cost substrate is an important economic consideration when producing biodiesel from
microbial oils (Koutinas et al., 2014).

1.2.1 Key genes involved in lipogenesis

Transcriptomic and proteomic analysis of Rhodotorula toruloides in nitrogen limited conditions has
identified over 2000 genes with altered transcript abundance and over 500 genes with altered
protein abundance during lipid accumulation phase. The central part of lipogenesis is fatty acid



synthase complex (FAS) where palmityl-CoA is formed from acetyl-CoA and malonyl-CoA, with
NADPH as a co-factor (Zhu et al., 2012).

In R. toruloides, the FAS consists of two subunits: the B-subunit (Fas1), containing acyltransferase
(AT) and enoyl reductase (ER) domains, and the a-subunit (Fas2), which includes two acyl carrier
proteins (ACP), dehydratase (DH), ketoacyl reductase (KR), ketoacyl synthase (KS),
malonyl/palmitoyl transferase (MPT), and phosphopantetheine transferase (PPT) (Zhu et al., 2012).
Since FAS is a complex molecular machine, most of the research on improving lipid yield is dedicated
to different enzymes which are upstream from FAS and therefore are able to provide increased flux
of substrates to FAS. The other limiting factor to fatty acid biosynthesis is the availability of NADPH.
It is shown that when NADPH is provided at higher rates, the lipid accumulation lasts longer
(Ratledge and Wynn, 2002). In silico studies have shown that one successful strategy is using
growth-linked triacylglyceride (TAG) production which means that mutants are forced to carry flux
through TAG reactions to reach optimal growth rates. Another way of increasing lipid production is
knocking out the glucose-6-phosphate isomerase coding gene (PGI1) (Castafieda et al., 2018).
Increased lipid production can also be achieved by overexpression of acetyl-CoA carboxylase
(ACC1) and diacylglycerol acyltransferase (DGA1) expressing genes (Zhang et al., 2016b).

1.2.2 The role of phosphoketolase

One of several genes likely impacting lipid yield is phosphoketolase (XPK) which catalyses the
cleavage of sugar phosphates. This includes the conversion of D-xylulose 5-phosphate to
glyceraldehyde 3-phosphate and acetylphosphate offering a more efficient way to supply acetyl-
CoA for fatty acid biosynthesis (Lopes et al., 2020). Studies of oleaginous yeast Yarrowia lipolytica
have shown, that overexpression of XPK leads to improved lipid accumulation. The mechanism
behind this improvement is that synthesis of acetyl-CoA via XPK is more efficient than the route via
glycolysis pathway - 2.3 fewer moles of glucose is needed to syntesize one mole of triolein
(Kamineni et al., 2021).

XPK also plays a role under nitrogen-limited growth phase. It is observed, that phosphoketolase
reaction saves carbon by converting D-xylulose 5-P directly to acetyl residue and glycerol-3-
phosphate when compared to alternative pathway via transketolase until pyruvate decarboxylation
which requires several reactions. However, the alternative pathway via transketolase is preferred
by the cells since it distributes more carbon to oxidative pentose phosphate pathway (Pinheiro et
al., 2020). This conclusion is contested by a proteome study (Tiukova et al., 2019) where proteomic
analysis was not able to determine which pathway was actually used for xylulose-5-phosphate
metabolisation.

These examples show, that the role of phosphoketolase in cell growth as well as lipid accumulation
is complex and full understanding requires more studies on the topic.

1.2.3 Advances in Rhodotorula toruloides genome engineering

One of the ways to change the metabolic behaviour of the cell is to switch off the gene which
encodes the enzyme catalysing certain reaction in a metabolic pathway. This can be achieved by
introducing a frame shift in the coding region of the gene causing the premature ending of the
translation by premature stop codon or the change in resulting amino acid sequence which changes
the structure of the enzyme causing it to no longer catalyse the original reaction. There are various
methods for creating a yeast mutant with a knocked out gene: Zinc-finger nucleases (ZFN) (Wang
et al., 2013), yeast oligo-mediated genome engineering (YOGE) (DiCarlo et al., 2013), transcription



activator like effector nucleases (TALEN) (Li et al., 2011), traditional selection marker-based method
(Koh et al., 2014) and CRISPR/Cas9 (Schultz et al., 2022).

Zinc-finger nucleases were the first programmable nucleases. This method uses proteins designed
to bind to specific sequence of DNA and place a nuclease protein to the cleavage site to make a cut.
This method is suitable for producing gene knockouts. The advantage of ZFNs is that they can target
any DNA sequence, but the downside is the complexity and cost required to design and produce
the needed zinc finger proteins (Chandrasegaran, 2017). The method is reported to work in
Saccharomyces cerevisiae (Wang et al., 2013), but so far there are no reported cases of Rhodotorula
toruloides modified by ZFNs.

TALENSs are also one possible way to introduce a gene knockout, since the gene editing mechanism
is simiar to ZFNs. The method also uses nucleases to cleave DNA as well as proteins to bind to
specific cleavage site. Using TALEN method for gene knockout has been reported in oleaginous
yeast Yarrowia lipolytica (Rigouin et al., 2017), but not yet in Rhodotorula toruloides.

Yeast oligo-mediated genome engineering is a method which allows to introduce knockouts and
mutations, although the method is more suitable for site-directed mutagenesis (DiCarlo et al.,
2013). Since none of the methods described above have been reported to be used in R. toruloides,
the only available option was to use the CRISPR/Cas9 method, which is described in more detail in
chapter 1.3.

1.3 CRISPR/Cas9

CRISPR, short for Clustered Regularly Interspaced Short Palindromic Repeats, is adaptive immune
system in prokaryotes that uses RNA-guided nuclease to cut double-stranded DNA. The system
contains the cluster of Cas genes, noncoding RNAs and a set of repetitive elements. These elements
are interspaced by sequences of DNA targets known as protospacers. Each protospacer is next to
protospacer adjacent motif (PAM) sequence. There are three types (I, Il, and Ill) of CRISPR/Cas
systems, which have all these parts, but differ in the ways the target sequence is detected and
cleaved (Ran et al., 2013).

One of the most studied CRISPR systems is the type Il system with nuclease Cas9 (Jinek et al., 2012),
CRISPR RNA (crRNA) array which encodes the guide RNAs containing 20 nt guide sequence and a
partial direct repeat which guides Cas9 to 20 bp DNA target based on complementarity (Ran et al.,
2013). The system requires target DNA to be preceded by 5'-NGG-3’ PAM sequence (Jinek et al.,
2012).



Target (20bp) » PAM
5 . AATGGGEAGGACATCOATGTCACCTCCAATGACTAGGGTGGGCANCCAL . . 37

DNA target LEEREELIEET Tl LT
3’ ..TTACCCCTCCTGTAGC FACAGTGGAGGTTACTGATCCCACCCETTGGTG. . 5
AR RARARRARRRARERE
5’ GUUUUAGAGCUAG »
STIERTIIA
sgRNA GUUCAACUAUUGCCUGAUCGGAAUAAAAUL CGALA
1t GAA
AAAGUGGCACCGA
111G
3"_UUUUUUCGUGGCU Cas9

Figure 1. RNA-guided Cas9 nuclease (yellow) is targeted to genomic DNA (blue) by single stranded gRNA consisting of 20
nt guide sequence (blue) and scaffold (red) paired with target sequence, directly upstream from PAM. Adapted from (Ran
et al, 2013).

The CRISPR/Cas system can be used to disable a gene by introducing a cleavage site in the coding
region of the gene. After nuclease has cut both strands of the DNA, the cellular repair mechanisms
activate and start repairing the DNA. There are two main ways for the DNA damage repair to occur:
the error-prone non-homologous end joining (NHEJ) process or homology-directed repair (HDR)
process. HDR requires a template of DNA to be present and in case there is none the NHEJ
mechanism is used (Ran et al., 2013). NHEJ is known to cause errors in DNA repairing (inserting or
deleting one or more nucleotides) it is suitable to use if the goal is to disrupt a gene (Otoupal et al.,
2019) since it is likely to cause a frame shift in the gene which makes the enzyme encoded by the
gene dysfunctional. NHEJ is the prevailing mechanism in R. toruloides [Koh et al. 2014].

1.4 Overview of microbial growth characterisation techniques

One of the most common ways to characterise microbial growth is to measure the specific growth
rate of the culture. The growth rate can be measured as a change of optical density (OD) in the
culture over time and then is used to calculate specific growth rate based on the readout
(Mytilinaios et al., 2012).

The culture is grown in a liquid medium. The simplest way to evaluate OD from liquid medium is to
grow the culture in shake flasks in the incubator and to take samples manually and measure the OD
after every specific time period. For more automated approach bioreactors can be used. There are
many different types available, but one of the common features is automated measuring of key
parameters (OD, pH, CO; emission) during the fermentation.

The fermentation for strain characterisation is done in a batch process (Koch, 1881) which means
inoculating the fixed volume of medium and not adding any more substrate during the
fermentation. To minimise the variables affecting the growth rate the culture is usually grown in a
chemically defined medium, where the amount of all the substrates is strictly controlled (Zhang,
1999).



2. Aims of the thesis

Rhodotorula toruloides has unique metabolic properties that enable a naturally high biosynthesis
of intracellular lipids. Phosphoketolase is part of this metabolic network and its is shown to behave
differently depending on growth conditions and growth phase. Exact role and impact of
phosphoketolase to lipogenesis is not yet fully understood. The goal of this work is to obtain single
gene knockout in Rhodotorula toruloides to elucidate the role of phosphoketolase during
lipogenesis. This thesis has two goals:

e To perform a CRISPR/Cas9-mediated phosphoketolase knockout in yeast Rhodotorula

toruloides.
e To evaluate the role of phosphoketolase on R. toruloides growth characteristics.
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3. Materials and methods
3.1 Strains

Rhodotorula toruloides strain IFO0880 (Coradetti et al., 2018) was used as a parental strain for a
knockout experiment. Yeast cultures from -80 °C stock were inoculated in 50 mL of YPD in shake
flasks and grown overnight at 30 °C with stirring at 200 rpm. Yeast grown on YPD agar plates was
incubated at least two days at 30 °C after plating and stored at 4 °C for not more than 4 weeks. YPD
agar plates with G418 antibiotic were used for yeast transformation.

The plasmid pPB0.202 in E. coli was obtained from Joint BioEnergy Institute (jbei.org), part ID
JBEI223791 and stored in -80 °C. “TOP10 competent cells” (Thermo Scientific) strain of E. coli was
used for vector cloning. E. coli was grown in 3 mL liquid lysogeny broth (LB) at 37 °C with stirring.
For storage and strain screening, LB agar plates were used. For all applications, the E. coli cultures
were incubated overnight at 37 °C.

3.2 20-nucleotide target sequence choice

For the design of guide RNAs targeting XPK gene in the R. toruloides IFO0880 genome (Coradetti et
al., 2018), the online tool CCTop (Stemmer et al., 2015) was used and target at convenient position
with high efficacy score was chosen. Since this tool does not yet cover Rhodotorula species,
Ganoderma lucidum, being the only representative of the Basidiomycota division, as the reference
genome for sgRNA target site evaluation was chosen. Candidate CRISPR/Cas9 target (Table 1.) was
identified using the following criteria: 23-mers ending with NGG (Streptococcus pyogenes), efficacy
score by CRISPRater (Labuhn et al., 2018) above 0.74 (high efficacy), set custom overhangs CGCA
and AAAC. To identify potential off-target sites in the R. toruloides IFO0880 genome, the 23
nucleotide sequence (with 2 upstream nucleotides because 25 is the minimum sequence length to
get a positive query) of gRNA was used as a query in a JGI Mycocosm Blast search of the R. toruloides
IFO0880 reference genome sequence v4.0 (Coradetti et al., 2018) with parameters: “E=1e5;
Filter=True BLOSUM®62”. Alignments were manually examined.

Table 1. Guide RNAs for CRISPR/Cas9 targeting a cleavage site in exon 1 of XPK gene (transcript ID 13510) in R. toruloides
strain I[FO0880.

Name Type Sequence GC content, %
1573 | gRNA | 5-CGCAGATGCAGAGGAAGTTGACCA-3’ 54.2
1574 | agRNA | 5’-AAACTGGTCAACTTCCTCTGCATC-3’ 45.8

11
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3.3 CRISPR/Cas9 vector cloning

Oligonucleotides 1573 and 1574 were prepared for cloning by diluting each in distilled water to
0.25 mM concentration in reaction volume 20 pL and hybridised in thermocycler (Eppendorf Nexus
Mastercycler) using the program described in Table 2.

Table 2. Thermocycler program for oligonucleotide hybridisation.

Temperature, °C Time, min

95
90
85
80
75
70
65
60
55
50
45
40

vl |l v ulv|l v kR R R R

After hybridisation the guide RNAs (Figure 2, nucleotides in bold are the sticky end overhangs) were
ligated into pPB0.202 plasmid using Bsal restriction enzyme to make a cut in the plasmid and T4
ligase enzyme to ligate the hybridised guide RNA into the plasmid. Bsal restriction enzyme (Thermo
Scientific) recognises 5’-GGTCTCN-3’ and 5’-NNNNNGAGACC-3’ cutting sites and in pPB0.202
plasmid produces two cuts with sticky end overhangs (Figure 2).

5’ -CAGAATT CGCAAGAGACCCCGGCATTGGTCTTCAGACC-3'
3’ -GTCTTAAGCGT TCTCTGGGGCCGTAACCAGAAGTCTGG-5'

5’ -CGCAGATGCAGAGGAAGTTGACCA-3’
3’ -CTACGTCTCCTTCAACTGGTCAAA-5’

5/ -TTTATAGAAGACAACAGTCGGTCTCA GTTTTAGAGCTAGAAATA-3'
3’ -AAATATCTTCTGTTGTCAGCCAGAGTCAAA ATCTCGATCTTTAT-5'

Figure 2. Bsal cutting sites (yellow marks the recognition sequence, cyan marks the N nucleotides) of pPB0.202 plasmid
next to hybridised guide RNA. Matching overhangs are marked with bold.

Oligonucleotides were cloned into a purified pPB0.202 plasmid in a 200 puL PCR tube. Each reaction
of 5 uL contained 0.25 pL Bsal (Eco31) restriction enzyme (Thermo Scientific), 0.25 uL T4 ligase
(Thermo Scientific), 0.5 pL T4 ligase buffer (Thermo Scientific), 0.5 uL hybridised oligomers, 0.5 uL
pPB0.202 plasmid stock (10 ng / pL) and 3 pL distilled water. Ligation mixture was digested in
thermocycler (Eppendorf Nexus Mastercycler) using the program described in Table 3.
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Table 3. Thermocycler program for pPB0.202 plasmid digestion-ligation.

Temperature, °C Time, min Number of cycles
Initial restriction 37 10 1
Ligation 16 5 5
Restriction 37
Final restriction 37 5 1

After digestion pPB0.202 plasmids with ligated gRNAs were transformed into E. coli cells. The
bacterial culture was pipetted over ice into 1.5 mL tubes, 50 uL to each tube. 5 L of digested
ligation mixture was added to each tube and the tubes were left on ice for 20 minutes. After that
the heat shock was done to enter plasmids into the bacterial cells: the tubes containing bacterial
culture and ligation mixture were kept in thermoblock for 1 minute at 42 °C and then on ice for 2
minutes. After heat shock 100 pL of chilled liquid LB culture was added to each tube and incubated
at 37 °C for 45 minutes. After incubation the culture was plated to Petri dishes containing LB agar
and kanamycin and incubated overnight. Single colonies from plates were inoculated into 4.5 mL
liquid LB with 4.5 pL kanamycin and incubated overnight at 37 °C to increase the copy number of
plasmids. After incubation, bacterial colonies were screened for fluorescence under UV light. The
plasmid contains a gene for green fluorescent protein, which gets removed when the guide RNA
ligation is successful. The plasmids were extracted using the FavorPrep Plasmid Extraction kit (Ping
Tung, Taiwan) according to manufacturer specifications.

3.4 Yeast transformation

Resulting plasmids were transformed into R. toruloides according to the lithium acetate method
described in (Bonturi et al., 2022). Yeast culture in liquid YPD medium was grown overnight at 30
°C in shake incubator. Next morning, the culture was diluted to OD 600 of 0.2 and divided into 15
mL tubes with 5 mL of culture in each. The tubes with the culture were incubated at 30 °C until OD
600 reached 0.8. After that the culture was transferred to 50 mL tubes, centrifuged for 10 minutes
at 3000 g, growth medium was removed and cells were resuspended in 25 mL of sterile water and
centrifuged again for 10 minutes at 3000 g. After that the water was removed and the cells were
resuspended in 1 mL 100 mM LiAc per 8 OD units of culture. 500 uL of suspension was transferred
to 1.5 mL tube for each transformation reaction. The tubes were centrifuged for 30 s at 3000 g and
the supernatant was removed.

To each tube was added 240 pl polyethylene glycol (PEG) 4000 (50% weight to volume ratio), 36 pL
1.0 M LiAc, 24 pL sterile water, 10 pL Salmon Sperm DNA (10 mg/mL), 50 uL extracted plasmid DNA.
10 pg of the vector was used for each transformation reaction of 800 pL resulting in vector
concentration of 12,5 ng/uL. The mixture was vortexed until the pellet dissolved and incubated for
30 minutes at 30 °C. After incubation 34 pL dimethyl sulfoxide (DMSQO) was added to each tube and
heat shock was done at 42 °C for 15 minutes. After heat shock the tubes were centrifuged for 30 s
at 3000 g, supernatant was removed. This step was done twice. The cells were then transferred to
15 mL tubes with 2 mL liquid YPD and incubated overnight. After incubation the tubes were
centrifuged, 1 mL of supernatant was removed and the rest was plated to YPD agar plates with
G418 antibiotic 200 ug/mL and incubated at 30 °C for 2 days. The transformants were restreaked
to new plates to get single cell colonies and replated on a fresh YPD plate.

13



3.5 Screening

Screening was performed in two stages. Primary screening was performed using diagnostic PCR
check for the presence of Cas9 gene in the genome. Secondary screening was done with preparative
PCR in combination with Sanger sequencing. Preparatory PCR stage was necessary to provide
sufficient nucleotide concentration of the selected region from XPK gene to be sequenced. Samples
with unsuccessful nucleotide amplification were excluded from sequencing. Same R. toruloides
transformant strains were used for all the screenings as well as the wild type for negative control.
Primary screening was performed on 2™ generation transformants, while secondary was done on
3" generation transformants.

Firstly, transformants were used for genomic DNA extraction as described in (Looke et al., 2011).
Biomass was picked from selected colonies on a plate and transferred to PCR tubes. 100 uL 0.2 M
LiAc with 1% sodium dodecyl sulfate (SDS) was added and the mixture was heated for 10 minutes
at 75 °Cin a thermocycler (Eppendorf Nexus Mastercycler). After that the mixture was transferred
to 1.5 mL tubes, 300 pL 96% ethanol was added and vortexed for 30 s. Tubes were centrifuged for
3 minutes at 21000 g, supernatant was discarded, the pellet was resuspended in 300 puL 70% ethanol
and centrifuged for 3 minutes at 21000 g. Supernatant was discarded and the pellets were dried at
37 °Cfor an hour to evaporate the remaining ethanol. 50 pL distilled water was added to the pellet,
vortexed and centrifuged for 1 minute at 21000 g. Nucleic acid concentration in supernatant was
measured with NanoDrop One (Thermo Scientific).

Diagnostic PCRs were done in 200 puL PCR tubes using DreamTaq 2x Green PCR Master Mix (Thermo
Scientific). Reaction mixture contained 1 pL forward primer (10 mM), 1 pL reverse primer (10 mM)
(Table 4.), 0.5 yL template DNA, 2.5 uL distilled water and 5 pL polymerase master mix. PCR
reactions were performed using the thermocycler programs (Table 5). Annealing temperatures
were calculated by manufacturer’s online calculator (Thermo Fisher online calculator).

Table 4. Primers for Cas9 gene screening.

Primer ID Type Target Sequence
1446 Forward primer | Cas9 gene 5’-GGAGTCGCGGGACGCCAAC-3’
1449 Reverse primer Cas9 gene 5’-ACACGTTGGCGTCCCGCGA-3’

Table 5. Thermocycler program for a diagnostic PCR of Cas9 gene screening with DreamTaq 2x Green PCR Master Mix
(Thermo Scientific).

Temperature, °C Time, min Number of cycles
Initial denaturation 95 5 1
Denaturation 95 0.5 35
Annealing 68 0.5
Extension 72 1.5
Final extension 72 2 1

PCR products were visualised and separated on agarose gel. The gel contained 1.25% agarose
(Invitrogen) in 1x TAE buffer. 8 uL Atlas Clearsight (Bioatlas) DNA stain was added to visualise the
DNA. Quick-Load Purple 2-Log DNA Ladder (New England Biolabs) was added to evaluate the length
of amplicons. Gel electrophoresis was performed at 160 V for 20 minutes.
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For secondary screening the DNA was extracted from transformants as described in (LGoke et al.,
2011). Preparative PCR reaction for was performed in 200 pL PCR tubes using Platinum SuperFi 2x
DNA polymerase master mix (Thermo Scientific). Reaction mixture contained 2 pL forward primer
for XPK gene (10 mM), 2 uL reverse primer for XPK gene (10 mM) (Table 6.), 2 uL template DNA, 4
pL distilled water and 10 pL Platinum SuperFi polymerase master mix (Thermo Scientific).
Thermocycler program for Platinum SuperFi PCR reaction is described in Table 7. Annealing
temperatures were calculated by manufacturer’s online calculator (Thermo Fisher online
calculator).

Table 6. Primers for XPK gene screening.

Primer ID Type Target Sequence
1343 Forward primer | Exon 1 of XPK gene | 5’-CCTCCCTCTCACTCTTGCAC-3’
1344 Reverse primer | Exon 1 of XPK gene | 5'-CACGCTGTCCAGTCAAAGAA-3’

Table 7. Thermocycler program for a preparative PCR of XPK gene screening with Platinum SuperFi polymerase master
mix (Thermo Scientific).

Step Temperature, °C Time, min Number of cycles
Initial denaturation 95 3 1
Denaturation 95 0.5 35
Annealing 63 0.5
Extension 72 1
Final extension 72 5 1

PCR products were visualised and separated on agarose gel. The gel contained 1.25% agarose
(Invitrogen) in 1x TAE buffer. 8 uL Atlas Clearsight (Bioatlas) DNA stain was added to visualise the
DNA. Quick-Load Purple 2-Log DNA Ladder (New England Biolabs) was added to evaluate the length
of amplicons. Gel electrophoresis was performed at 160 V for 20 minutes.

Samples with signal at 550 bp length had DNA extracted from the gel using FavorPrep FavorPrep
GEL/PCR Purification Kit (Ping Tung, Taiwan) according to manufacturer specifications and
extracted DNA was used for Sanger sequencing. Nucleic acid concentration was measured with
NanoDrop One (Thermo Scientific). For future use the positive knockout strains were grown in liquid
YPD overnight, diluted to a final concentration of 60% glycerol and stored at -80°C.

3.6 Growth characterisation

R. toruloides mutants as well as the wild type pre-culture from -80°C stock was inoculated in 50 mL
YPD at 30°C and 200 rpm overnight. Overnight cultures were centrifuged at 3000 g for 5 minutes,
supernatant was removed and the cells were washed with distilled water. This cycle was repeated
three times in total. After washing stage the cell culture was diluted to OD 600 value of 0.8 and 1
mL of that was inoculated to 10 mL liquid chemically defined Delft medium (Lahtvee et al., 2017) in
50 mL spin tube. The medium contained 20 g/L xylose as a sole carbon substrate, minerals, trace
elements and vitamins (Table 8). High carbon to nitrogen ratio of (80 mol/mol) was chosen so the
switch from exponential growth phase to lipid accumulation phase would take place at relatively
low values of OD 600 to make the measurements more accurate.
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Table 8. Composition of medium for mutant strain characterisation according to Lahvtee et al. 2017. Trace elements and
vitamins solution prepared according to (Verduyn et al., 1992).

Component Amount, per liter of medium

D-xylose 20g
(NH4)2SO4 5 g

0.5 g of MgS0,4 x 7H,0 05¢g
KH2P04 3 g

K2HPO4 52¢g
Trace elements solution 1000X 1mL
Vitamin solution 1000X 1ml

Yeast strains were cultivated in a batch regime at 30 °C in aerated reverse spin regime using Biosan
RTS-8 Plus (Riga, Latvia). Starting parameters for growth characterisation: OD 600 0.8, pH 7, 3
replicates of each strain. The mini-bioreactors were equipped with real-time optical density
measuring at 600 nm (OD 600), calibrated to optical density of up to 55 using the same yeast
cultures (in-built 8-point calibration). For manual optical density measurements at the beginning
and at the end of growth experiment cell density meter (Fisher Scientific) was used. Experiment
was continued until no increase in OD 600 was observed. Wild type strain in the same condition
was used as a negative control. The growth phases were determined graphically by plotting the
change of OD 600 values on a logarithmic scale over time. The increase of OD 600 was measured
automatically every half an hour and resulting growth curves were used to determine the growth
phases and specific growth rate. To find the best fit for OD 600 measurements to be used in specific
growth rate calculations, the specific growth rate was calculated over extended period of time
(Equation 1.) in both exponential an nitrogen-limited growth phases.

ln ODend - ln ODstart

tgrowthrate = P
end start

Equation 1. The formula used to compute average growth rate over a time window preceding the elapsed time value at
tgrowthrate for each 30-minute interval. ODeng — OD 600 value at the end of time window, ODstart— OD 600 value at the end
of time window, teng— elapsed time at the end of time window, ts.art — elapsed time at the start of time window.

Specific growth rate was computed from OD 600 data using MS Excel (Redmond, Washington, USA)
by fitting exponential trend line to selected growth period. The specific growth rate was expressed
as the exponent of the trend line equation (Equation 2.).

OD =t=xeH

Equation 2. Exponentian trendline equation where OD — optical density, t — elapsed time and p — specific growth rate,
represented on a logarithmic scale as a slope of the trendline.

Student’s t-test was used to determine whether the differences in specific growth rates of mutant
strains were statistically significantly different from the specific growth rate of the wild type strain.
MS Excel’s built-in function was used to calculate the p-values of 2-tail Student’s t-test.
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4. Results

4.1 CRISPR/Cas9 strategy

CRISPR/Cas9 system in R. toruloides used in this study works by integrating the genes on the plasmid
pPB0.202 into cell’s genomic DNA. The integration is achieved by using selectable drug marker
cassette that encodes nourseothricin resistance (NAT'). Functional elements of the plasmid are
placed under several promoters. Elements under pSNR52 promoter are ribozyme, guide RNA and
guide RNA handle. Cas9 is expressed by pGADPH promoter and NAT" under pTUB2 promoter. All of
these three regions are followed by terminators. (Supplementary Figure 1.) (Otoupal et al., 2019).
This design results in the expression of Cas9 nuclease combined with guide RNAs which then
proceed to locate and cut the target site.

Additionally several selectable marker sequences are present on the plasmid which are used for
screening purposes. G418 and bacterial kanamycin antibiotic resistancy genes are used to screen
for transformants since only the cells containing the gene are able to grow in the presence of
antibiotic. Green fluorescent protein (GFP) gene upstream GDP1 is used to screen for correct gRNA
ligation into plasmid after the cloned vector is transformed to E. coli. The restriction sites (Bsal) for
gRNA are placed at both ends of a GFP coding gene (Supplementary Figure 1.), so successful ligation
means the GFP is no longer present afterwards and transformants containing the plasmid with
gRNA can be screened under UV light. That makes it possible to pick E. coli colonies with negative
response of fluorescence under UV light for further plasmid copy number increasing and plasmid
extraction.

4.2 Confirmation of phosphoketolase knockouts in R. toruloides

16 yeast colonies were present on the YPD plate with added G418 antibiotic after the first yeast
transformation step. All the colonies on the plate were assumed to be successful transformants,
since the integration vector contained an antibiotic resistancy gene (G418). Each transformant was
passed through a single colony stage and screened for a Cas9 gene integration (primary screening)
in the genome because that is a necessary precondition for CRISPR/Cas9 construct to be expressed
in a cell. For first screening diagnostic PCR check confirmed that all colonies, except #16, showed at
least faint signal for amplicon size of 1.1 kilobase pair confirming Cas9 gene integration (Figure 3).

6'7. 8 9 10 11 12 13 14 15 16 WT

GG s ~ & L d €D - L I

-

Figure 3. Agarose gel image showing the genotyping results of Cas9 gene fragment (1.1 kbp) amplification in R. toruloides
IFO0880 transformant colonies (#1 - #16) and the wild type (WT).

Secondary screening was done to confirm the knockout genotype. For that the genomic DNA was
extracted from the R. toruloides mutants, fragments of the XPK gene for up to 3 parallel samples
were amplified using the preparative PCR method. Samples with strong band on the gel at 550 bp
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region had the DNA extracted from the gel (Supplementary figure 2.), nucleotide concentration
measured (Supplementary table 2.). Three samples #3B, #7A, #7B were dropped from the
sequencing due to unsuccessful PCR amplification step causing no genomic material to be present
on gel (Supplementary Table 2. and Supplementary Figure 2.). Sequencing confirmed insertion or
deletion in 13 out of 16 transformants (Table 9.). Detailed results and alignment with R. Toruloides
IFO0880 wild type are presented in Supplementary materials section S4, demonstrating that the
sequencing had a good quality readout.

Table 9. Summary of sequencing results for the R. toruloides IFO0880 3rd generation XPK knockouts.

Transformant Change, bp Name
1 +1 XPK-A+1
2 -2 XPK-A-2
3 -8 XPK-A-8
4 +1 XPK-A+1
5 +1 XPK-A+1
6 +1 XPK-A+1
7 not sequenced
8 -11 XPK-A-11
9 +1 XPK-A+1
10 -7 XPK-A-7
11 -1 XPK-A-1
12 not sequenced
13 -10 XPK-A-10
14 +1 XPK-A+1
15 +1 XPK-A+1
16 not sequenced

The Sanger sequencing confirmed that transformants display a variety of different changes in the
genotype, ranging from insertion of 1 bp to deletion of 11 bp. 1 bp insertion was observed for
transformants #1, #4, #5, #6, #9, #14 and #15. 2 bp deletion was observed in transformant #2. 8 bp
deletion was observed in transformant #3. 11 bp deletion was observed in transformant #8. 7 bp
deletion was observed in transformant #10. 1 bp deletion was observed in transformant #11. 10 bp
deletion was observed in transformant #13.

All observed indels caused a frame shift (Figure 5.), which means that the protein translated from
XPK gene should have different primary structure downstream from cleavage site and would be
dysfunctional and effectively behave as if the XPK gene would not exist. Six of the mutants showed
1 bp insertion (strain IFO0880 XPK-A+1) to the genome. This mutation is caused by Cas9 protein
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creating a 1 nucleotide 5’ overhang which is filled in by DNA polymerase and then ligated (Lemos
et al., 2018).

LeuMetGlnArgLysLeuThr LysAspAspValLys

W CrANGORSAGERRGHTGA-BERACGACGACGTCAAGE

LeuMetGlnArgLysLeuAsnGlnGlyArgArgGln
1 CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
4 CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
5 CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
6A CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
6B CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
9A CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
9B CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
14A CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
14B CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
15A CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC
15B CTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGC

LeuMetGlnArgLysLeulys GlyArgArgGln
2A  CTGATGCAGAGGAAGTTGA-[AAGGACGACGTCAAGC
2B CTGATGCAGAGGAAGTTGA-[AAGGACGACGTCAAGC

LeuMetGlnArgLysLeu ArgArgGln
3A  CTGATGCAGAGGAAGTTGHE - CGACGTCAAGC
3C  CTGATGCAGAGGAAGTTGH - CGACGTCAAGC

LeuMetGlnArgLysLeu Ser Gln
8  CTGATGCAGAGGAAGTTGH- - Afcrcance
LeuMetGlnArgLysLeu ThrThrSerSer

10 CTGATGCAGAGGAAGTTGH- [ CGACGTCAAGC

LeuMetGlnArgLysLeu ProArgThrThrSerSer
11A CTGATGCAGAGGAAGTTGI—CCAAGGACGACGTCAAGC
11B CTGATGCAGAGGAAGTTGI—CCAAGGACGACGTCAAGC

LeuMetGlnArgLysLeu ThrSerSer
13A CTGATGCAGAGGRAGTTGH- e ACGTCAAGC
13B CTGATGCAGAGGAAGTTGH- A CGTCAAGC

Figure 4. Genotype comparison of the wild type R. toruloides IFO0880 XPK gene region in exon #1 with the sequenced
knockout transformants of 3" generation (1 -6, 8 - 11, 13 - 15). Matching indels are grouped together. Green marks the
guide RNA sequence, yellow marks the PAM sequence, cyan marks the inserted nucleotide, magenta marks the deleted
nucleotides. Translated amino acid sequence is presented above nucleotide sequence. A-C refer to replicates of the same
transformant.
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4.3 Growth characteristics of XPK knockout strains

Since XPK-A+1 is a different mechaism causing the mutation, these mutants were left out of the
characterisation. Strains IFO0880 XPK-A-2, XPK-A-8, XPK-A-11, XPK-A-7, XPK-A-1, XPK-A-10 and the
wild type were grown in a chemically defined medium at nitrogen limitation (C/N ratio of 80
(mol/mol) with xylose 20 g/L as a sole carbon source to compare their specific growth rate during
the exponential growth and nitrogen-limitation phases with the wild type strain of R. toruloides.
Xylose was chosen as a substrate since phosphoketolase is part of the 5-carbon sugar assimilation
pathway and any significant change in metabolism should be more pronounced in that case. The
growth phases were determined graphically by plotting the change of OD 600 values on a
logarithmic scale over time (Figure 6.). The phase change from exponential growth phase to
nitrogen-limited growth phase for all strains can be observed between 45 to 50 hours after
inoculation. The final OD 600 values ranged from 35 to 45 (Supplementary Table 2.). For exponential
growth phase, the 10-hour time window with highest average growth rate between 20 and 45 hours
from inoculation for calculating the specific growth rate was selected. For nitrogen-limited phase a
12-hour window with the highest R? value between 45 h and 70 h after inoculation was selected,
since this phase lasted longer and the curve fitting was more accurate.
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Figure 5. Growth curves of R. toruloides IFO0880 phosphoketolase knockout strains (XPK-A-2, XPK-A-8, XPK-A-11, XPK-A-
7, XPK-A-1, XPK-A-10) and the wild type cultivated in chemically defined medium with xylose (20g/L) as a single carbon
source.

During the exponential growth phase the values of specific growth rate ranged from 0.105 h to
0.235 h! (Table 10., Supplementary figure 6.), which is close to reported specific growth rate of
0.14 h! measured in in similar experimental conditions (Monteiro De Oliveira et al., 2021).
Student’s 2-tailed t-test confirmed statistically significant (p < 0.05) difference of specific growth
rate for XPK-A-2 mutant in exponential growth phase (p = 0.003). These results are inconsistent,
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since all mutants should behave identically under similar conditions. The reason for inconsistency
may stem from the inaccuracies in preparing the growth medium.

Table 70. Specific growth rates (h1) and 2-tail Student t-test p-values of R. toruloides IFO0880 mutant strains (XPK-A #2 -
#10) compared against the wild type during exponential growth phase cultivated in a chemically defined medium with
xylose as a sole carbon substrate (20 g/L) at starting C/N ratio of 80 mol/mol.

XPK-A-2 XPK-A-8 | XPK-A-11 | XPK-A-7 XPK-A-1 | XPK-A-10 | wild type
Sample A 0.197 0.224 0.145 0.132 0.113 0.134
Sample B 0.211 0.134 0.140 0.125 0.114 0.112 0.131
Sample C 0.235 0.143 0.109 0.175 0.118 0.120 0.105
Average 0.215 0.167 0.131 0.144 0.116 0.115 0.123
2-tail t-test p-value 0.003 0.220 0.624 0.326 0.590 0.435

During the nitrogen-limited growth phase the values of specific growth rate ranged from 0.047 h!
to 0.053 h! (Table 11., Supplementary figure 8.) which is close to reported specific growth rate of
0.07 h™* measured in in similar experimental conditions (Monteiro De Oliveira et al., 2021).

Table 11. Specific growth rates (h'1) and 2-tail Student t-test p-values of R. toruloides IFO0880 mutant strains (XPK-A #2 -
#10) compared against the wild type during nitrogen-limited growth phase cultivated in a chemically defined medium
with xylose as a sole carbon substrate (20 g/L) at starting C/N ratio of 80 mol/mol.

XPK-A-2 XPK-A-8 | XPK-A-11 | XPK-A-7 XPK-A-1 | XPK-A-10 | wild type
Sample A 0.051 0.047 0.053 0.052 0.054 0.047
Sample B 0.051 0.047 0.052 0.052 0.053 0.052 0.047
Sample C 0.054 0.046 0.053 0.051 0.052 0.053 0.050
Average 0.052 0.047 0.053 0.052 0.053 0.053 0.048
2-tail t-test p-value 0.029 0.261 0.007 0.015 0.030 0.007

Student’s 2-tailed t-test confirmed statistically significant (p < 0.05) difference of specific growth
rate for all mutants (p range from 0.007 to 0.030) except XPK-A-8 (p = 0.261) in nitrogen-limited
phase confirming statistically significant change in specific growth rate compared to wild type.
Average increase of the growth rate of mutants with statistically significant difference is 10% when
compared to the wild type strain.
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5. Conclusions

CRISPR/Cas9 method was used to create a phosphoketolase knockout strains of Rhodotorula
toruloides. The mutant strains were then investigated for the change in genotype and growth rate
compared to the wild type strain.

Sequencing confirmed 13 mutant strains out of 16 strains produced with random integrative
transformation. 3 of the mutants were dropped from sequencing due to failed PCR. This means
that all sequenced strains were confirmed as mutants. CRISPR/Cas9 method utilizing random
integration is suitable for producing knockout mutants of XPK in R. toruloides.

Characterisation of knockout strains in a chemically defined medium with xylose as a sole carbon
source showed a statistically significant change in one of the mutants in exponential growth phase
and in all mutants except one in nitrogen-limited growth phase.

Repeated experiment is needed to evaluate the effect of XPK knockout in exponential growth
phase, since the results of this work show statistically significant differences in growth rates where
there should be no such differences. Most likely reason for that is limited accuracy in growth
medium preparation.

Nitrogen-limited growth phase showed statistically significant increase in specific growth rates in
all the mutants except one. The increase of the growth rate among the mutants with statistically
significant difference is 10%. This can be useful in biotechnological applications where lipids are the
product of R. toruloides based cell factories. Increased specific growth rate in lipid accumulation
phase can mean less time needed for fermentation to complete.
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Annotatsioon

Rhodotorula toruloides on mittekonventsionaalne 6line parm, mis on suuteline kasvama erinevatel
substraatidel ja tootma lipiide, karotenoide ja muid aineid mida on vdimalik biotehnoloogiliselt
toota. Kaesolev t66 uuris Rhodotorula toruloides’e fiisioloogiat kasutades selleks CRISPR/Cas9
meetodit et valja lilitada fosfoketolaasi geen. Meetod andis tulemuseks mitu erineva genotiilbiga
mutanti mille kasvukiiruse iseloomustamiseks kasvatati neid mini-bioreaktorites kstiloosi sisaldavas
keemiliselt maaratletud so6tmes. Bioreaktori eksperimendist saadud kasvukdverate pdhjal maarati
mutantide erikasvukiirused eksponentsiaalses ja lammastikupiiranguga kasvufaasis.
Eksponentsiaalses kasvufaasis varieerusid erikasvukiirused margatavalt, aga ei olnud statistiliselt
olulised vidlja arvatud lhe mutandi puhul. Lammastikupiiranguga kasvufaasis oli varieeruvus
tunduvalt madalam ja k&igil mutantidel peale tihe oli erikasvukiiru ligi 10% kdrgem kui looduslikul
organismil.

To0 eesmargid taitusid — mutantide loomine Onnestus ja muutust nende fisioloogias
lammastikupiiranguga kasvufaasis oli vGimalik demonstreerida. Erikasvukiiruse kdrge varieeruvus
eksponentsiaalses kasvufaasis viitab vajadusele tulevikus bioreaktori katset tdapsemini ette
valmistada, et seda vdhendada. Kérgem erikasvukiirus lammastikupiiranguga kasvufaasis aitab
tulevikus tapsemini selle kasvufaasi kestvuse pdhjal eksperimendi kogukestvust ennustada.
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Abstract

Rhodotorula toruloides is nonconventional oleaginous yeast capable of growing on various
substrates and producing lipids, carotenoids and other biotechnologically interesting products. This
thesis evaluated the the effect of a phosphoketolase knockout on cell growth of Rhodotorula
toruloides by knocking out phosphoketolase gene using CRISPR/Cas9 method. The knockout
method produced several mutant strains with different genotypes which were grown in a
chemically defined medium using xylose as a single carbon source in mini-bioreactors. The growth
curves from bioreactor experiment were used to determine specific growth rates in exponential
and nitrogen-limited growth phases.

The specific growth rates showed significant variance, but no statistically significant change for
mutants in exponential growth phase except in case of one mutant strain. Nitrogen-limited growth
phase showed statistically significant increase of 10% with low variance in specific growth rate over
wild type strain.

The aims of the thesis were achieved — mutants were successfully created and the change in the
mutant physiology in nitrogen-limited growth phase was demonstrated. The variance in specific
growth rate in exponential growth phase points to improvements needed in future experiment
preparation. The confirmed increase of specific growth rate in nitrogen-limited phase can be useful
for planning the expected length of future experiments.
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Supplementary materials
S1 pPB0.202 plasmid map
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Supplementary figure 1. Map of pPB0.202 plasmid.
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S2 Preparative PCR for XPK gene of 3" generation transformants
1 2A 2B 3A 3B 3C 4 5 6A 6B 7A 7B 8 9A 9B 10 1l1A 11B

13A 13B 14A 14B 15A 15B H20

Supplementary figure 2. Preparative PCR results on agarose gel for R. toruloides IFO0880 3" generation transformants
amplifying genomic DNA fragment from XPK gene.
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S3 Preparative PCR nucleotide concentration

Supplementary table 1. Nucleotide concentration of XPK gene segment from preparative PCR extracted from gel.

Sample | Nucleotide concentration, ng/uL
1 149
2A 139
2B 14.0
3A 115
3C 9.1
4 194
11.7
6A 11.3
6B 12.7
7A -0.1
7B 0.5
8 10.1
9A 9.7
9B 9.7
10 9.8
11A 8.0
11B 6.9
13A 7.4
138 6.2
14A 10.1
148 10.4
15A 8.8
158 12.2
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S4 Sanger sequencing results of 3" generation transformants

WT CGCTGATGCAGAGGAAGTTG-ACCAAGGACGACGTCAAGCCTCGGT

gRNA 1573

1 CGCTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGCCTCGGT

AN AA AN & AR

2A CGCTGATGCAGAGGAAGTTG-A=-AAGGACGACGTCAAGCCTCGGT

A AMA (- A A AR

2B CGCTGATGCAGAGGAAGTTG-A=-AAGGACGACGTCAAGCCTCGGT

T o

3A CGCTGATGCAGAGGAAGTTG========= CGACGTCAAGCCTCGGT

AWM A

3C CGCTGATGCAGAGGAAGTTG-======== CGACGTCAAGCCTCGGT

e T

4 CGCTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGCCTCGGT

5 CGCTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGCCTCGGT

Supplementary figure 3. Genotype comparison of wild type R. toruloides IFO0880 strain exon #1 region of XPK gene with
sequenced transformants (1 — 5). Alignment includes read quality data. gRNA is annotated with yellow, PAM sequence
with pink. Inserted or deleted nucleotides in mutant strains are marked with red.
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WT CGCTGATGCAGAGGAAGTTG-ACCAAGGACGACGTCAAGCCTCGGT
gRNA 1573

e e W A

6A CGCTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGCCTCGGT

et ol oo
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9A CGCTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGCCTCGGT

e o L

9B CGCTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGCCTCGGT

T Lo

10 CGCTGATGCAGAGGAAGTT=-====== GACGACGTCAAGCCTCGGT

L oVl At

11A CGCTGATGCAGAGGAAGTTG-=CCAAGGACGACGTCAAGCCTCGGT

Supplementary figure 4. Genotype comparison of wild type R. toruloides IFO0880 strain exon #1 region of XPK gene with
sequenced transformants (6A— 11A). Alignment includes read quality data. gRNA is annotated with yellow, PAM sequence
with pink. Inserted or deleted nucleotides in mutant strains are marked with red.
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WT CGCTGATGCAGAGGAAGTTG-ACCAAGGACGACGTCAAGCCTCGGT

gRNA 1573

AN AN

11B CGCTGATGCAGAGGAAGTTG-=CCAAGGACGACGTCAAGCCTCGGT

A e Ay
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15B CGCTGATGCAGAGGAAGTTGAACCAAGGACGACGTCAAGCCTCGGT

Supplementary figure 5. Genotype comparison of wild type R. toruloides IFO0880 strain exon #1 region of XPK gene with
sequenced transformants (11B — 15B). Alignment includes read quality data. gRNA is annotated with yellow, PAM
sequence with pink. Inserted or deleted nucleotides in mutant strains are marked with red.
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S5 Growth rate calculation of knockouts during the exponential phase
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Supplementary figure 6. Specific growth rates of R. toruloides IFO0880 XPK knockout mutants in exponential growth
phase, expressed as OD 600 measurements, presented at logarithmic scale. Exponential trendline added to 10-hour time
window with highest average specific growth rate between 20 and 45 hours from inoculation and specific growth rate
calculated from that trendline.
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Supplementary figure 7. Specific growth rates of R. toruloides IFO0880 wild type strains in exponential growth phase,
expressed as OD 600 measurements, presented at logarithmic scale. Exponential trendline added to 12-hour time window
with highest average specific growth rate between 20 and 45 hours from inoculation and specific growth rate calculated
from that trendline.
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S$6 Growth rates in nitrogen-limited phase
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Supplementary figure 8. Specific growth rates of R. toruloides IFO0880 XPK knockout mutants in nitrogen-limited growth
phase, expressed as OD 600 measurements, presented at logarithmic scale. Exponential trendline added to 12-hour time
window with highest average specific growth rate between 45 and 70 hours from inoculation and specific growth rate

calculated from that trendline.
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Supplementary figure 9. Specific growth rates of R. toruloides IFO0880 wild type strains in nitrogen-limited growth phase,
expressed as OD 600 measurements, presented at logarithmic scale. Exponential trendline added to 12-hour time window
with highest average specific growth rate between 45 and 70 hours from inoculation and specific growth rate calculated

from that trendline.
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S7 Final OD 600 values

Supplementary table 2. Manually measured OD 600 values at the end of the experiment of R. toruloides IFO0880 XPK
knockout mutants and the wild type IFO0880 strain cultivated in chemically defined medium. Standard deviation refers
to three biological replicates, except in case of XPK-A-1 where only two replicates are present

Replicate
Strain A B C Average SD
XPK-A-2 43 37 34 38.0 4.6
XPK-A-8 44 45 42 43.7 1.5
XPK-A-11 32 34 40 35.3 4.2
XPK-A-7 34 38 37 36.3 2.1
XPK-A-1 36 44 40.0 5.7
XPK-A-10 35 41 41 39.0 35
wild type 38 36 39 37.7 1.5
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