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ARTICLE INFO ABSTRACT

Keywords: Pseudozyma hubeiensis is a basidiomycete yeast that has the highly desirable traits for lignocellulose valorisation

Pseudozyma h”bel:e"-‘is of being equally efficient at utilization of glucose and xylose, and capable of their co-utilization. The species has

E;r:\ome sequencing previously mainly been studied for its capacity to produce secreted biosurfactants in the form of mannosylery-
seq

thritol lipids, but it is also an oleaginous species capable of accumulating high levels of triacylglycerol storage
lipids during nutrient starvation. In this study, we aimed to further characterize the oleaginous nature of
P. hubeiensis by evaluating metabolism and gene expression responses during storage lipid formation conditions
with glucose or xylose as a carbon source.

The genome of the recently isolated P. hubeiensis BOT-O strain was sequenced using MinION long-read
sequencing and resulted in the most contiguous P. hubeiensis assembly to date with 18.95 Mb in 31 contigs.
Using transcriptome data as experimental support, we generated the first mRNA-supported P. hubeiensis genome
annotation and identified 6540 genes. 80% of the predicted genes were assigned functional annotations based on
protein homology to other yeasts. Based on the annotation, key metabolic pathways in BOT-O were recon-
structed, including pathways for storage lipids, mannosylerythritol lipids and xylose assimilation. BOT-O was
confirmed to consume glucose and xylose at equal rates, but during mixed glucose-xylose cultivation glucose was
found to be taken up faster. Differential expression analysis revealed that only a total of 122 genes were
significantly differentially expressed at a cut-off of |logz fold change| > 2 when comparing cultivation on xylose
with glucose, during exponential growth and during nitrogen-starvation. Of these 122 genes, a core-set of 24
genes was identified that were differentially expressed at all time points. Nitrogen-starvation resulted in a larger
transcriptional effect, with a total of 1179 genes with significant expression changes at the designated fold
change cut-off compared with exponential growth on either glucose or xylose.

Differential gene expression
Nitrogen-starvation
Lipid accumulation

1. Introduction

Biobased production is foreseen as a key driver in the transition from
fossil resources towards sustainable production of chemicals and mate-
rials from renewable feedstocks (Scarlat et al., 2015; Soetaert and
Vandamme, 2006). Plant-derived triacylglycerols (TAGs), also known as
vegetable oils (Durrett et al., 2008), are already used in a wide-range of
products, including cosmetics, lubricants, coatings, polymers and pro-
duction of biodiesel (Belgacem and Gandini, 2008; Pinzi et al., 2009;
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Tao, 2007). Although vegetable oils are indeed of biological and
renewable origin, their production has sustainability issues since the
cultivation of the crops directly competes with arable land for food
production (Durrett et al., 2008; Luque et al., 2010). Their production
can also have detrimental effects on the environment, e.g. in the case of
oil-palm cultivations which lead to massive loss of rain-forest (Vijay
et al.,, 2016). An alternative to plant-based lipids is to use fatty acids
produced from single cell organisms such as fungi and algae (Blitzblau
et al., 2021; Thorpe and Ratledge, 1972). These so-called microbial oils
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can have properties similar to plant oils (Jenkins et al., 2015; Ma et al.,
2018) and the added benefit that they can be produced from non-edible
renewable feedstocks such as lignocellulose (Jin et al., 2015). Ligno-
cellulosic biomass is found in high abundance in agricultural and
forestry waste products (Balat and Balat, 2009) and is rich in sugars such
as glucose and xylose, up to ~ 60% and ~ 30%, respectively, depending
on the origin of the biomass (Foyle et al., 2007; Hamelinck et al., 2005;
Templeton et al., 2010). However, efficient utilization of all sugars in the
feedstock will be vital in order to establish economically feasible bio-
processes capable of replacing the current fossil-based production
(Nogue and Karhumaa, 2015). The ideal fatty acid-producing microbe
would therefore need to be able to accumulate high amounts of TAGs
while co-consuming glucose and xylose.

Yeasts are important players in large-scale bioprocesses since they
generally have a high robustness to harsh process conditions and, unlike
many bacteria, are insusceptible to phage infections (Hong and Nielsen,
2012; Mattanovich et al., 2014). Lipid accumulating yeasts are of a
particular interest for microbial fatty acid production since there are
several yeast species that qualify as oleaginous microbes, which are
defined as capable of storing lipids > 20% of their cell dry weight
(Ratledge and Wynn, 2002; Thorpe and Ratledge, 1972). Accumulation
of storage lipids, such as TAGs, is typically induced by cultivation of
oleaginous yeasts in the presence of excess carbon levels while limiting
the levels of another essential nutrient, such as a nitrogen, phosphorous
or sulphur source (Papanikolaou and Aggelis, 2011; Ratledge and Wynn,
2002). Certain species, including Lipomyces starkeyi, Rhodosporidium
toruloides and Yarrowia lipolytica, have, when cultivated in this manner,
been reported to accumulate up to ~ 60% lipids (Papanikolaou and
Aggelis, 2011). In a recent study, where close to 1200 yeast isolates were
screened for their ability to co-consume glucose, xylose, and L-arabinose
and produce lipids, only 12 oleaginous strains were capable of simul-
taneous sugar utilization (Tanimura et al., 2016). The most promising
isolate was the basidiomycete Pseudozyma hubeiensis IPM1-10 that had
the ability to utilize hexose and pentose sugars simultaneously, albeit
with a preference for glucose over xylose and L-arabinose (Tanimura
et al., 2016). These traits thus make P. hubeiensis a possible candidate for
fatty acid production from sugars found in renewable biomass.

P. hubeiensis was first described by Wang and colleagues after isola-
tion from plant leaves in China (Wang et al., 2006). Similar to its close
relatives in the Ustilaginales order, such as Moesziomyces antarcticus
(previously P. antarctica; Boekhout (1995); Li et al. (2019)), a majority
of the research on P. hubeiensis has focused on its capacity to produce
extracellular glycolipid biosurfactants such as mannosylerythritol lipids
(MELs) when grown on various oil substrates (Fukuoka et al., 2007;
Kitamoto et al., 1990; Konishi et al., 2008; Morita et al., 2007).
P. hubeiensis is also able to accumulate high amounts of intracellular
storage lipids (24.6 %; Tanimura et al. (2016)), which qualifies it as an
oleaginous yeast, a trait that has been somewhat overshadowed in the
literature by its MEL production. A few genomes in the Pseudozyma
genus have been sequenced, including one annotated P. hubeiensis
genome (strain SY62; Konishi et al. (2013)). Transcriptomics has been
performed in M. antarcticus and Moesziomyces aphidis to investigate the
mechanisms underlying the MEL production, but not with regard to the
comparison of growth on different sugars (Gunther et al., 2015; Morita
et al., 2014; Wada et al., 2020).

In this study, we investigated the P. hubeiensis strain BOT-O, which
we previously isolated from plant leaves and twigs in a greenhouse in
the botanical garden in Gothenburg, Sweden. The strain was initially
screened for growth and lipid production on xylose and showed higher
lipid production than any other strain isolated from the same environ-
ment (Qvirist et al., 2022). The aim of the study was to further char-
acterise the oleaginous nature of P. hubeiensis and its ability to naturally
co-utilise glucose and xylose, with a focus on physiology and gene
expression. Specifically, we wanted to investigate if P. hubeiensis BOT-O
has comparable lipid accumulation patterns to other oleaginous yeasts,
and if the observed equally efficient utilisation of glucose and xylose

Fungal Genetics and Biology 166 (2023) 103783

could be attributed to any specific gene expression patterns. To do this,
BOT-O was cultivated on glucose or on xylose, and samples from
exponential growth and from lipid accumulation during nitrogen-
starvation were analysed using RNA sequencing (RNAseq). In relation
to this, we also present the first long-read Nanopore MinION genome
sequence of a Pseudozyma strain and the first mRNA-guided genome
annotation for the species, to our knowledge.

2. Materials and methods
2.1. Strains and cultivation conditions

The oleaginous yeast strain P. hubeiensis BOT-O was previously iso-
lated from the Gothenburg Botanical Garden, Sweden (Qvirist et al.,
2022) and was cultivated at 30 °C. The strain was maintained on YPD
(20 g/L yeast extract, 10 g/L peptone, 20 g/L glucose) plates with 20 g/L
agar. The BOT-O cryostock solution was stored in 25 % (w/w) glycerol
at —80 °C. Growth on xylan was assessed after incubation at 30 °C for
three days on YP-plates (YPD without glucose) supplemented with 10 g/
L of different xylans: beech wood xylan, birch wood xylan and wheat
arabinoxylan.

A defined medium consisting of YNB (yeast nitrogen base, without
ammonium sulphate) supplemented with glucose and ammonium sul-
phate to a carbon-to-nitrogen (C/N) ratio of 80 was used to study dif-
ferential gene expression before and during nitrogen-starvation. The C/
N ratio was calculated based on mass, as previously described for Rho-
dotorula yeasts (Braunwald et al., 2013); in short, the g carbon to g ni-
trogen ratio in the medium was calculated by the assumption that
glucose contains 40.0 % carbon (72.06 g carbon e mol™! / 180.16 g
glucose e mol™1) and ammonium sulphate 21.2% nitrogen (28.02 g ni-
trogen e mol~! / 132.14 g ammonium sulphate ¢ mol™'). The final
medium, YNB-CN8O0, contained 1.7 g/L YNB (without ammonium sul-
phate), 20 g/L glucose or xylose, or 10 g/L glucose and 10 g/L xylose for
the mixed cultivation, 0.47 g/L ammonium sulphate, and a potassium
buffer (2.299 g/L KoHPOy; 11.83 g/1 KHoPOy) at pH 5.5.

Pre-cultures were prepared by inoculating single colonies in 250 mL
shake flasks containing 50 mL YPD and incubating overnight (~16 h) at
30 °C in a rotary shaker at 210 rpm. The pre-cultures were harvested by
centrifugation, washed with sterile de-ionised water, and used to inoc-
ulate 500 mL shake flasks using 120 mL YNB-CN80 medium inoculated
to an initial optical density at 600 nm (ODggonm) of 0.1. A Genesys 20
spectrophotometer (Thermo Fisher, Waltham, MA, USA) was used for
the OD measurements. The shake flasks were incubated at 30 °C and
210 rpm and sampled for differential gene expression at two consecutive
time points: at 8 h (t1), corresponding to exponential growth (non-
depleted nitrogen levels); and at 25 h (t3), corresponding to nitrogen-
depletion. The experiment was repeated for two different carbon sour-
ces (glucose and xylose), totalling four conditions: glucose t; and ty and
xylose t; and tp. The YNB-CN8O cultivations were performed in bio-
logical triplicates. Cultures were sampled for ODggonm, cell dry weight
(CDW), ammonium levels, pH, total RNA and total lipid content. The
CDW was determined in duplicates for all RNAseq time points. 1 mL of
each sample was filtered through a pre-weighed 0.45 pm poly-
ethersulfone membrane filter (Sartorius AG, Gottingen, Germany). The
filter was then washed with water and dried for 15 min in a microwave
oven at medium power. The filters were weighed with a micro scale
(Precisa Gravimetrics AG, Dietikon, Switzerland) immediately after
drying. Ammonium levels were determined using the Rapid Ammonia
Assay Kit (Megazyme, Ireland). RNA, sugar and lipid determinations are
described in separate sections below.

2.2. Extraction and sequencing of genomic DNA and total RNA
Genomic DNA (gDNA) from an overnight culture of P. hubeiensis

BOT-O grown in YPD medium was extracted using the Invitrogen Easy-
DNA gDNA Purification Kit (Thermo Fisher) by following Protocol #6 —
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Large Scale Isolation of DNA from Yeast Cells. The extracted gDNA was
quantified with a Qubit v3 fluorometer. The length of the DNA frag-
ments and DNA quality were checked on a 0.5% agarose gel. Long-read
sequencing was performed with a MinION sequencer (Mk1B, Oxford
Nanopore Technologies), using the Ligation Sequencing Kit (SQK-
LSK110, Oxford Nanopore Technologies, Oxford, UK) and a R9.4.1 flow
cell. Thirty-three fmol of gDNA was used for sample preparation with
the Ligation Sequencing Kit. Complementary short-read sequencing for
polishing the long-read assembly was done on an Ilumina MiSeq (2 x
250 bp; ‘Version2' chemistry) platform at SciLifeLab National Genomics
Infrastructure, Sweden.

Total RNA was extracted from the different YNB-CN8O cultivations
described above. A total of 12 samples were processed: two different
sugars at two different time points, with three biological replicates per
condition. Since the biomass concentration increased throughout the
cultivation starting from ODggonm Of 0.1, a larger sample volume was
collected at the earliest time point to obtain an adequate biomass
amount for RNA extraction; 2x 7.5 mL was sampled at t;, and 2x 4 mL at
tg, which was estimated to be enough for two technical replicates for the
RNA extraction, if needed. Samples were centrifuged immediately (5
min, 3,800 g, 4 °C). The supernatant was quickly discarded, and the
samples were quenched in liquid nitrogen and stored at —80 °C until
extraction. Cells were disrupted with a Precellys evolution bead mill
(Bertin Instruments, Montigny-le-Bretonneux, France) for four cycles
that were each run for 45 s at 6,000 rpm. After taking the different
biomass concentration in the samples from the different time points into
account, it was found that a volume of 7.5 mL of t; samples (ODgponm ~
0.6) and 1 mL of the t; samples (ODgoonm ~ 8) resulted in suitable RNA
yields. RNA was extracted using the RNeasy Mini Kit (Qiagen, Germany;
Purification of Total RNA from Yeast protocol). The optional DNase clean-
up step suggested by the manual of the kit was performed. RNAzap was
used to clear the workspace from any RNases and DNases. The RNA
quality was analysed using an Agilent 2100 Bioanalyzer. All samples had
a RIN value of > 5 with the exception of the t; glucose samples with RIN
values around 4. The RNA samples were sequenced at SciLifeLab Na-
tional Genomics Infrastructure, Sweden using the Illumina TruSeq
Stranded mRNA library kit with Poly-A selection and sequencing on an
Mlumina NovaSeq6000 (2 x 150 bp).

2.3. Lipid extraction and analysis

The fatty acids were extracted using the KOH/ethanol extraction
method described by Andlid et al. (1995), using the slight alterations
described in Qvirist et al. (2022). Samples were freeze-dried, and
weighed with a micro scale (Precisa Gravimetrics AG, Dietikon,
Switzerland). An internal C17:0 TAG standard (triheptadecanoic acid) at
a concentration of 4 mg/mL in toluene was added to the dry biomass
samples, with volumes adjusted to the CDW of the original sample, with
10 L for t; and 50 pL for to. Then, 2.5 mL of a 2.14 M KOH in 12 % EtOH
solution was added and incubated for 2 h at 70 °C using a heat block. To
acidify samples to a pH of 2, 1.25 mL of 5 M HCl were added, followed by
an extraction with 2 mL of hexane. In an effort to minimize losses in each
sample, the extraction step was repeated two more times with 1.5 mL of
hexane each. Pooled extracts were evaporated under a flow of nitrogen
gas at 40 °C. For methylation, 1 mL of 10% acetyl chloride in methanol
and 1 mL toluene were added, followed by another incubation for 2 h at
70 °C. Samples were resuspended in 0.4 mL milliQ and 2 mL petroleum
ether / diethyl ether (80:20) and thoroughly mixed. The collected upper
phase was then evaporated under a flow of nitrogen gas at 40 °C.
Samples were resuspended in 1 mL isooctane before analysis and stor-
age. The resulting fatty acid methyl esters (FAME) were analysed using a
GC-MS (Agilent technologies, USA: GC 7890A, MSD 5975C) with a DB-
WAX column (0.25x30 mm, 0.25 pm film thickness). The flow was
constant at 1 mL/min and helium was used as carrier gas. The fatty acid
content was calculated using the internal C17:0 standard.
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2.4. Chromatographic analysis of glucose, xylose and xylitol

The levels of glucose, xylose and xylitol in the cultivation broth were
quantified using high-performance liquid chromatography (HPLC).
Samples were prepared by collecting 1 mL culture broth and stored at
—20 °C. Before injection onto the column, all samples were filtered
through 25 mm nylon filters with a 0.2 pm pore size (VWR International,
Radnor, PY, USA) and diluted twice with Milli-Q ultrapure water. The
chromatography analysis was performed with a JASCO UV/RI HPLC
system (JASCO, Easton, MD, USA) fitted with a Rezex ROA-Organic Acid
H+ (8%) column (Phenomenex, Torrance, CA, USA) and a guard column
(Phenomenex, Torrance, CA, USA). The system was run at 80 °C at 46
bar with a 5 mM H,SO4 eluent solution, a 5% methanol wash buffer, an
eluent flow rate of 0.8 mL/min, and a 5 pL injection volume. The HPLC
was equilibrated for approximately one hour before each run, and
samples consisting of only Milli-Q water were injected at the start and at
the end of each run. Compounds were detected using the refractive index
(RI) detector of the system and quantified using a five-point dilution
series of a mixed standard containing glucose, xylose and xylitol. The
standard dilutions were injected twice in each run: once at the start, and
once at the end. Peaks were analysed with the ChromNAV software
(JASCO, Easton, MD, USA).

2.5. Genome assembly

The MinION reads from strain BOT-O were de novo assembled using
the following workflow. Reads were basecalled using Guppy (v4.2.2 +
effbaf8; Oxford Nanopore Technologies) with the dna r9.4.1_450bp-
s_hac.cfg config, and read quality was analysed with FastQC (v0.11.9;
Andrews (2010)). Porechop (v0.2.4; Wick et al. (2017)) with
—discard middle settings, and Nanofilt (v2.7.1; De Coster et al. (2018))
were used for read trimming and adapter removal. Five different as-
sembly algorithms were assessed for their performance on the BOT-O
long-read data: miniasm (v0.3_r179; Li (2016)) with the minimap2
mapper (v2.11; Li (2018)); Canu (v1.5; Koren et al. (2017)); Flye
(v2.8.2; Kolmogorov et al. (2019)), Shasta (v0.6.0; Shafin et al. (2020))
and SMARTdenovo (v20180219-5 cc1356; Liu et al. (2021)). SMART-
denovo was run either with its wrapper script (smartdenovo.pl), or by
manually calling on its sub-algorithms (wtpre, wtzmo, wtclp, wtlay,
wtens) and specifying input parameters as previously suggested (Jia
et al., 2020). Assembly quality was evaluated with Quast (v5.0.2;
Mikheenko et al. (2018)). The best assembly from this round (miniasm)
was chosen for further polishing. Error-correction using the base-called
reads were performed with Racon (v1.4.13; Vaser et al. (2017)) followed
by Medaka (v0.5.2; Oxford Nanopore Technologies). A last round of
long-read error-correction was done using Nanopolish (v0.13.2; Loman
et al. (2015)) with the non-basecalled raw signal (fast5) as indata; the
software was run together with bwa (v0.7.17; Li and Durbin (2009)) and
SAMtools (v1.10; Danecek et al. (2021); Li et al. (2009)). MUMmer-
dnadiff (v4.0.0rcl; Marcais et al. (2018)) was used to evaluate the
outcome of each error-correction step. As a final step, Illumina short-
read data were used to polish the assembly, which was done using
POLCA from the MaSuRCA package (v.3.4.2; Zimin et al. (2013); Zimin
and Salzberg (2020)). Contigs shorter than 10 kb were removed from the
assembly. BWA (v 0.7.17-r1188; Li and Durbin (2009)) and SAMtools
(v1.6; Li et al. (2009)) was used to map the Illumina short-read data to
the final, polished assembly to asses read depth across the contigs. Read
mapping of the Illumina reads to the assembly was used to assess the
uniformity of the coverage and possible aneuploidy across the contigs, as
per Borneman et al. (2011).

2.6. Phylogenetic analysis
18S phylogenetic analysis was performed by comparing the 18S

sequence identified in the BOT-O assembly with select 18S sequences
available from NCBI. Sequences from the Fungal 18S Ribosomal RNA


http://smartdenovo.pl

F. Mierke et al.

(SSU) RefSeq project (NCBI accession: PRJNA39195) was used when
available for the selected species. The 18S sequences were aligned using
MUSCLE (v5.1; Edgar (2004)) and the ends of the resulting Multiple
Sequence Alignments were trimmed to equal length with AliView
(v1.28; Larsson (2014)). Genome-wide phylogeny was analysed with
RealPhy (v1.12; Bertels et al. (2014)) using bowtie2 (v2.3.3.1; Lang-
mead and Salzberg (2012)) and SAMtools (v1.6; Li et al. (2009)).
Genome assemblies of a select number of Basidiomycota strains were
downloaded from NCBI (https://www.ncbi.nlm.nih.gov/genome/)
and analysed together with the final polished BOT-O assembly. A total of
24 different Basidiomycota genomes were used in the analysis, and the
final number of 16 strains was reached in an iterative manner by
removing too similar genomes. The phylogenetic trees were constructed
by RAXML (v.8.2.10; Stamatakis (2014)), which calculates phylogeny
based on the Maximum Likelihood method. RaxML was run with the
GTRGAMMA model and trees underwent 100 bootstrap iterations. The
final, bootstrapped trees were visualized with Dendroscope (v3.5.10;
Huson and Scornavacca (2012)) and were selected based on a previous
study suggesting that phylogram branches that are supported in > 70%
of the bootstrap iterations have a 95% probability of representing a true
clade (Hillis and Bull, 1993).

2.7. RNAseq data processing and transcriptome assembly

The sequence data from the 12 RNAseq samples (4 conditions with 3
biological replicates each) were pre-processed to prepare them for
downstream analysis, i.e. transcriptome assembly and differential gene
expression analysis. FastQC (v0.11.9; Andrews (2010)) was used to
assess read quality and MultiQC (v1.10.1; Ewels et al. (2016)) to over-
view the results from all 12 samples. The reads were treated with
TrimGalore (v0.6.1; https://github.com/FelixKrueger/TrimGalore)
running cutadapt (v2.3; Martin (2011)) for quality trimming and
adapter removal. The trimmed reads were mapped to the final BOT-O
genome assembly with Hisat2 (v2.2.1; Kim et al. (2019)) using the
—dta option, and the alignments were sorted and indexed with SAMtools
(v1.10; Li et al. (2009)). Mapping statistics were assessed with RseQC
(v2.6.4; Wang et al. (2012)).

Transcriptomes from each of the 12 samples were assembled using
StringTie (v2.1.4; Pertea et al. (2015)) with the Hisat2 alignments as in-
data. A non-redundant transcriptome was then generated using all 12
transcriptome assemblies using the StringTie —merge option. The final
transcriptome was used as transcript-level evidence for the genome
annotation pipeline.

2.8. Genome annotation

Gene models for the final BOT-O assembly were built using the
MAKER pipeline (v3.01.2-beta; Holt and Yandell (2011)). MAKER was
run iteratively in three rounds. The initial gene model was built with the
following in-data: 1) the final BOT-O assembly; 2) the StringTie-
assembled transcripts from BOT-O (4447 transcripts including iso-
forms) 3) in silico-inferred protein sequences from the P. hubeiensis SY62
gene model (7472 sequences; Uniprot proteome: UP000014071; Konishi
et al. (2013)), and 4) filtered repeat sequences identified in the BOT-O
assembly (described below; used to soft-mask the genome during the
MAKER runs).

Repeat sequences were de novo identified in the final BOT-O as-
sembly in order to reduce false discovery rates caused by e.g. transposon
insertions in gene regions. This was done with RepeatModeler (2.0.1;
Flynn et al. (2020)) calling on RepeatMasker (v4.1.1) and RMBlast
(v2.9.0-p2). RepeatModeler was run with the option -engine ncbi, the
RepBaseRepeatMaskerEdition-20181026 repetitive DNA elements
database (Bao et al., 2015) and the curated portion of Dfam (Hubley
et al., 2016) that came packaged with this version of RepeatMasker. The
identified repeat sequences were used to mine the P. hubeiensis SY62
proteome for transposons and remove any hits before inputting them to
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MAKER. Mining was done with TransposonPSI (v1.0.0; https://tran
sposonpsi.sourceforge.net) and transposon hits were removed from the
proteomes with a small pipeline consisting of fasta_removeSeqFromID-
list.pl (GAAS v1.2.0; https://github.com/NBISweden/GAAS), blastx
(v2.2.29+; Altschul et al. (1990)) and ProtExcluder (v1.2; Campbell
et al. (2014)).

The MAKER pipeline was run with three different ab initio gene
predictors: SNAP (v2013_11_29; Korf (2004)), GeneMark (v4.62; Lom-
sadze et al. (2014)) and Augustus (v3.2.3; Stanke et al. (2006)).
Augustus was trained in a Braker2 environment (v2.1.5-20210115-
€98b812; Bruna et al. (2021); Hoff et al. (2019)) using an intermediate
GeneMark (v4.62; Lomsadze et al. (2014)) model, the option -fungus,
and the Hisat2 mapped RNAseq data. Diamond (v0.9.31; Buchfink et al.
(2015)) was used for the filtering step of Braker2. tRNAs were detected
by tRNAscan-SE (v2.0.9; Chan et al. (2021)). Round one of MAKER was
run on just the in-data listed above without any ab initio models; for
round two, SNAP was trained on the MAKER gene model produced by
round one, whereas Augustus and GeneMark were trained on the
RNAseq data mapped to the complete genome assembly by Hisat2. For
the third round, the MAKER model from round 2 was used to train SNAP
and was used together with the Augustus and GeneMark models from
round 2 as in-data to generate a third iteration MAKER gene model. A
schematic overview of the gene prediction workflow can be found in
Figure S4 in Supplemental File S1. The gene models from the three
iterative rounds were assessed by the total number of predicted genes,
AED score (Eilbeck et al., 2009) and BUSCO completeness (v5.0.0;
basidiomycota_odb10 (v2020-09-10) database; Seppey et al. (2019)).
The model from round two was found to be the best in terms of these
metrics and was used for functional annotation.

Proteins were assigned Gene Ontology, Pfam, Superfamily and
Interpro annotations using InterproScan (v5.30-69.0; Jones et al.
(2014)). Functional annotations were added using a custom pipeline
centred around BLASTp (v2.11.0+; Altschul et al. (1990)). In an attempt
to harmonize the putative gene annotations with other yeasts by using
names from the model yeast Saccharomyces cerevisiae, an annotation
priority was established where the BOT-O proteins first were queried
against S. cerevisiae proteins (Uniprot proteome: UP000002311), and
remaining unannotated proteins were then in turn queried against
Basidiomycota proteins (Uniprot KB query “taxonomy:basidiomycota™).
The BOT-O proteins were blasted with local BLASTp databases built
from the Uniprot data using makeblastdb; the best hit for each query
protein was saved and the resulting list was threshold filtered to only
include hits with a blast e-value >=1e-06 and blast score of > 100.
AGAT (v0.6.0; Dainat (2021)) was used to apply the filtered best hits to
the annotation file. The results of the BLASTp rounds were validated by
analysing the protein sequences from BOT-O against S. cerevisiae (Uni-
prot proteome: UP000002311) and non-conventional yeasts Yarrowia
lipolytica (Uniprot proteome: UP000001300), Ustilago maydis (Uniprot
proteome: UP000000561) and Rhodosporidium toruloides NBRC0880
(Uniprot proteome: UP000239560) with Orthofinder (v 2.5.2; Emms
and Kelly (2019)). Based on the results, we decided to continue with the
S. cerevisiae Orthofinder results. Genes that resulted in the same ho-
mologous database hit were manually curated.

BOT-O proteins with homology to known secreted pathogenicity
proteins in U. maydis were analysed for signal peptides with Signal-P
(v5.0; Armenteros et al. (2019)). Analysis of the presence of proteins
involved in the infection of plants was done by homology analysis using
amino acid sequences from U. maydis virulence-related proteins
compiled from: Djamei et al. (2011); Doehlemann et al. (2011); Doeh-
lemann et al. (2009); Kamper et al. (2006); Redkar et al. (2015); Wahl
et al. (2010). The HMMER web server (https://www.ebi.ac.uk/Tools
/hmmer/; Potter et al. (2018)) was used to analyse candidate fatty
acid synthase genes from BOT-O and compare them to their homologs in
U. maydis.


https://www.ncbi.nlm.nih.gov/genome/
https://github.com/FelixKrueger/TrimGalore
https://transposonpsi.sourceforge.net
https://transposonpsi.sourceforge.net
https://github.com/NBISweden/GAAS
https://www.ebi.ac.uk/Tools/hmmer/
https://www.ebi.ac.uk/Tools/hmmer/
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2.9. Differential gene expression

The differential expression levels of the predicted BOT-O genes were
analysed in a total of four different comparisons: nitrogen depletion on
glucose compared to exponential growth on glucose (g2gl); nitrogen
depletion on xylose compared to exponential growth on xylose (x2x1);
exponential growth on xylose compared to exponential growth on
glucose (x1gl); nitrogen depletion on xylose compared to nitrogen
depletion on glucose (x2g2). Using the Hisat2 RNA-read mapping results
(described in Section 2.7 above), the read counts per gene were quan-
tified using subread-featureCounts (v2.0.0; Liao et al. (2013)). Differ-
ential expression was calculated with DESeq2 (v1.26.0; Love et al.
(2014)) using Rstudio v1.1.456 running R (v3.6.1, 2019-07-05; R Core
Team (2022)). Genes that did not fulfil the condition to have at least 5
reads in at least three of the RNAseq 12 samples (i.e. the four conditions
in three biological replicates each) were removed from the analysis.
DESeq2's built-in median-of-ratios normalization was used to normalize
the expression counts before the differential expression analysis. For the
principal component analysis (PCA) analysis, expression count data
were normalized with VST (variance-stabilizing-transformation). Gene
dispersion was analysed with DESeqZ2::estimateDispersions and tested
with Walds’s test (nbinomWaldTest). Multiple testing corrections were
performed using the Benjamini-Hochberg method for adjustments of p-
values, which is the default setting of DESeq2 (Love et al., 2014). Vol-
cano plots of the differential expression data were generated with
EnhancedVolcano (v1.4.0; Blighe et al. (2019)).

2.10. Metabolic pathway analysis

The KEGG mapper (Kanehisa and Sato, 2020) was used for recon-
struction of metabolic pathways. BOT-O genes were assigned K-numbers
for KEGG Orthology (KO) using the Assign KO tool (Kanehisa et al.,
2016) using Ustilaginaceae as a reference dataset. Due to size limitations,
the FASTA file containing all genes from the BOT-O assembly had to be
split into four separate files, each of which were subsequently used as
input for the KO assignment. The resulting K-number files were
concatenated and used as input for the pathway mapper. The results
were compared to the BOT-O functional annotation master table (Sup-
plemental File S2) and used to create a reconstruction of the central
metabolic pathways of P. hubeiensis. When gaps in the pathways were
found, manual curation of the BOT-O assembly was performed using
blastp and protein sequences corresponding to the missing reaction steps
from yeast species other than S. cerevisiae (mainly other oleaginous
yeasts). The overlay feature of the KEGG Mapper was used (Kanehisa
and Sato, 2020) to compare the results of the differential gene expres-
sion analysis of the two nitrogen-starvation conditions. The list of up-
and downregulated genes from the g2gl and x2x1 comparisons were
assigned K-numbers as described above and used as input for KEGG
Mapper.

2.11. Gene set analysis

Gene set analysis was performed with the Gene Set Enrichment
Analysis (GSEA) method (Subramanian et al., 2005) running in Piano
(v2.2.0; Varemo et al. (2013)) using the R setup described above. The
analysis was performed using the t-values from the four differential
expression datasets and the Gene Ontology terms from the functional
annotation. The method was run in 15 iterations for each differential
expression condition and a consensus result was compiled based on
median p-values.

3. Results
3.1. Long-read genome sequencing and assembly of P. hubeiensis BOT-O

The genome of the recently isolated P. hubeiensis BOT-O strain was
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sequenced and annotated to serve as a foundation for the subsequent
RNAseq experiments. The genome sequence was obtained using Oxford
Nanopore MinION long-read sequencing and the final assembly was
polished with Illumina short-read sequencing data to compensate for the
known high error rate of long-read sequencing (Zimin and Salzberg,
2020). A total of 309,260 reads with a mean read length of 28.5 kb were
generated during the MinION run, which corresponds to a sequencing
coverage of ~ 400x, assuming a P. hubeiensis genome size of 18.44 Mb
(Konishi et al. (2013). Since genome assemblers have been reported to
perform differently well on data from various species (Fournier et al.,
2017), five different long-read assemblers were benchmarked for their
performance with the BOT-O genome reads (Table S1 in Supplemental
File S1). Standard genome assembly metrics (total length, largest contig,
N50, N75, L50 and L75) were in general comparable among most as-
semblers (Table S1 in Supplemental File S1), but two assemblers stood
out as the best in terms of assembly completeness, i.e. lowest number of
contigs: miniasm with 33 contigs and Flye with 32 contigs. The miniasm
assembly was eventually chosen for further polishing based on its higher
number of contigs > 50,000 bp (31 compared to 23) and lack of uncalled
bases (N’s), see Table S1 in Supplemental File S1.

The final, polished P. hubeiensis BOT-O assembly had a size of 18.95
Mb and a GC content of 56.27% (Table 1), which is comparable to the
previously sequenced strain P. hubeiensis SY62 that had a size of 18.44
Mb and a 56.50% GC-content (Konishi et al., 2013). However, we report
a much higher contiguity: 31 versus 74 contigs for the BOT-O and SY62
assemblies, respectively. No obvious aneuploid regions were detected,
after mapping of the [llumina reads to the BOT-O assembly (Figure S1 in
Supplemental File S1). Contig completeness was assayed by looking for
the occurrence of repeating telomeric motifs, using the assumption that
contigs which capture full chromosomes should have several repeat
motifs at the 5’ and 3’ ends of contigs. The TTAGGG telomere motif has
been found to be evolutionary conserved in basidiomycetes (Guzman
and Sanchez, 1994; Ramirez et al., 2011) and several BOT-O contigs
indeed had several TTAGGG repeats at one end of the sequence
(Table S2 in Supplemental File S1). Two contigs (utg000015] and
utg0000241) had multiple TTAGGG repeats in both ends (6-9 repeats at
each contig end), indicating that these contigs might each represent a
full chromosome. An additional 13 contigs had > 5 repeats in only one
end.

3.2. Establishing the taxonomic relationship of BOT-O to other yeasts by
18S rRNA and genome-wide phylogenetic analyses

The polished BOT-O assembly was analysed for its taxonomic rela-
tionship to other yeast species in two complementary ways: by
extracting the 18S rRNA sequence from the assembly (Fig. 1A), and by a
whole-genome phylogeny approach (Fig. 1B). The BOT-O 18S sequence
was used to place P. hubeiensis in a larger yeast taxonomy context by
comparing it to different Ascomycota and Basidiomycota species
(Fig. 1A). The whole-genome phylogeny, which is based on identifying

Table 1
Metrics of the final BOT-O Assembly, compared to the previous genome anno-
tation for P. hubeiensis SY62.

P. hubeiensis strain BOT-O SY62
Number of contigs 31 74
Largest contig [bp] 2,382,866 1,398,671
Contigs > 50,000 bp 31 53
Total length [Mb] 18.95 18.44
GC content [%] 56.27 56.51
N50 [bp] 813,625 445,580
N75 [bp] 560,939 275,346
L50 8 13

L75 15 25

# N’s per 100 kbp 0.00 39.88

The lengths of all BOT-O contigs are listed in Table S2 in Supplemental File S1.
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Fig. 1. Phylogram of P. hubeiensis BOT-O in relation to other basidiomycete yeasts. Two different types of indata were used to establish the phylogeny: A: 185 rRNA
sequences from Asco- and Basidiomycota species; B: Whole-genome sequences from Basidiomycota species. The trees were built from whole-genome data using
RealPhy and the RAXML Maximum Likelihood method. A total of 100 bootstrap iterations were used to construct the final trees and the numbers at each branch are

the bootstrap values.
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local polymorphisms in shared loci across genomes (Bertels et al., 2014),
was unsuccessful at resolving longer evolutionary distances with
acceptable statistical support, and was in the end found to work best
when only Basidiomycota genomes were included (Fig. 1B). P. hubeiensis
has previously been shown to be closely related to the model Ustilagi-
nales species U. maydis using 28S phylogeny (Kurtzman et al., 2011), and
this was corroborated by both our phylogeny approaches (Fig. 1).
U. maydis was therefore selected for use as a reference genome for
P. hubeiensis in the downstream bioinformatics analyses when possible.

3.3. Physiological characterisation and identification of RNA sequencing
conditions

BOT-O was physiologically characterized in shake flask cultures
(Fig. 2) to identify relevant time points for collecting RNAseq-samples
and to confirm if the strain consumes glucose or xylose at equal rates
as has been reported for P. hubeiensis IPM1-10 (Tanimura et al., 2016). A
commonly used process condition to induce lipid accumulation in
oleaginous yeasts is cultivation in nitrogen limitation and carbon excess
(Ratledge and Wynn, 2002) and thus defined medium (YNB) with
ammonium sulphate as nitrogen source was used. To investigate effect
of different sugars on the gene expression, the medium was supple-
mented with either 20 g/L glucose or 20 g/L xylose at a carbon:nitrogen
ratio of 80 g/g (CN80). Cultivation on glucose or xylose resulted in
similar growth rates (umax) and similar sugar consumption rates (0-72
h); the growth rates were 0.23 h™! and 0.21 h™! on glucose and on
xylose, respectively, and the sugar consumption rates were 0.20 gL' 1'h”
and 0.19 gL-h ™! on glucose and on xylose, respectively (Fig. 2A and
2B). In both conditions, the sugars were not depleted at the end of the
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cultivation (72 h) with ~ 3.9 g/L glucose, and ~ 5.6 g/L xylose
remaining. No xylitol was detected in the samples from the xylose cul-
tivations (data not shown).

For each sugar, samples for RNAseq analysis and determination of
lipid content were taken at 8 h at which the cells were growing expo-
nentially (t;; time point 1), and at 25 h (ty; time point 2) at which time
the nitrogen was depleted for either cultivation, as determined by an
enzymatic kit (Fig. 2C). The total lipids measured at the different time
points further confirmed that the nitrogen-depleted samples at t, were
representative of lipid accumulation, reaching levels of around 300 mg
lipids/g CDW (Fig. 2D). Lipid composition profiles can be found in
Figure S2 in Supplemental File S1. There was no significant difference in
the amount of total lipids between the glucose and xylose cultivations at
the chosen time points (Fig. 2D; Student’s t-test). Intracellular storage
lipids were also visible with light microscopy (Figure S3 in Supplemental
File S1). In total, 12 samples were taken for RNAseq analysis (two
different sugars at two time points, in three biological replicates).

3.4. Genome annotation and reconstruction of key metabolic pathways

3.4.1. Gene prediction and functional annotation

Before differential gene expression analysis could be performed, the
RNAseq data was used to predict and annotate open reading frames
(ORFs) in the BOT-O genome assembly with the MAKER pipeline (Holt
and Yandell, 2011). The reads from the 12 RNAseq samples were used to
generate a transcriptome assembly for use as mRNA evidence in the
prediction pipeline. The assembly resulted in 4447 transcripts, including
isoforms. Repeat regions in the genome assembly were identified and
masked, as they can introduce bias during the gene prediction (Cantarel
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Fig. 2. Shake flask cultivation of BOT-O on glucose and xylose and RNAseq sampling time points. A: Growth measured as ODggonm. B: Sugar concentration for
glucose or xylose. C: Ammonia concentration. D: Lipid concentration in mg lipids/g CDW at t; and t, for both growth on glucose and on xylose. All experiments were
performed in biological triplicates and error bars represent the standard deviations. Samples for RNAseq were taken at two time points with t; = time point 1 during
exponential growth, and t, = time point 2 during nitrogen-starvation phase. Green and [ll = BOT-O on glucose, Blue and @ = BOT-O on xylose. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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et al., 2008). Seven recurring repeat-rich regions were identified in the
BOT-O assembly. The MAKER pipeline was trained and run in an iter-
ative manner (Figure S4 in Supplemental File S1). The resulting gene
models were assessed by three metrics: 1) the number of predicted genes
and their average length; 2) the Annotation Edit Distance (AED), which
is a gene prediction quality score measuring how well a given gene
prediction is supported by the supplied evidence, e.g. mRNA and protein
data (Eilbeck et al., 2009); and 3) the gene model completeness in terms
of evolutionary conserved genes, so called BUSCOs (Seppey et al., 2019).
All metrics improved from the first to the second round (Table 2;
Figure S5 in Supplemental File S1) which shows the importance of
training the subsequent iterations with the gene models produced by the
previous iteration of the pipeline. The third iteration resulted in very
similar results as the second, and to not risk generating an over-
predicted model, the second iteration was therefore chosen as the final
gene model. This model contained 6525 mRNA genes and 164 tRNA
genes, and 97.8% of the 1764 Basidiomycota BUSCOs could be identi-
fied among the predicted genes (Table 2). A total of 3301 introns were
discovered, with an average of 0.5 introns per gene (Table S3 in Sup-
plemental File S1). For comparison, we also subjected the P. hubeiensis
SY62 genome assembly (Konishi et al., 2013) to the same analyses and
found that the final BOT-O gene model had fewer ORFs than SY62 (6525
and 7472, respectively) and higher BUSCO completeness (97.8% vs
95.3%: Table 2).

The final gene model was functionally annotated based on homology
of the predicted BOT-O protein sequences to proteins of previously an-
notated yeasts, using a custom automated annotation pipeline running
BLASTp. To harmonize the gene names to standard yeast nomenclature,
an annotation decision hierarchy was implemented where BOT-O pro-
teins were first annotated by homology to the Saccharomyces cerevisiae
reference genome (Engel et al., 2014). Proteins that had no significant
homology hits in S. cerevisiae were subsequently annotated based on
homology to all proteins listed in the Basidiomycota taxonomy in the
Uniprot database (UniProt Consortium, 2019). A total of 5260 (or 79%)
of the predicted ORFs were successfully assigned functional annotations,
including 164 tRNA loci. The remaining 1429 genes were annotated as
hypothetical proteins (Supplemental File S2).

3.4.2. Reconstruction of relevant metabolic pathways in P. hubeiensis BOT-
(0]

Based on the functional annotation, we were able to reconstruct
several central metabolic pathways in P. hubeiensis BOT-O in full (Fig. 3).
Genes involved in glycolysis, pentose phosphate pathway (PPP) and TCA
cycle were clearly identified (see Sheet “2. Pathway assignment” in
Supplemental File S2). The genes involved in the well-studied pathway
for production of MELs (Konishi et al., 2008; Morita et al., 2007; Rau
et al., 2005) were identified based on homology to the MEL pathway in
U. maydis (Hewald et al., 2006) and P. tsukubaensis (Saika et al., 2016)

Table 2
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(Fig. 3). While the degree of homology to the best BOT-O candidate
proteins varied between each MEL enzyme, the corresponding candidate
genes were located back-to-back in a gene cluster on contig utg0000211
(PHBOTO_003088-92), which is also how the MEL pathway genes are
organized in U. maydis (Hewald et al., 2006).

Candidate genes for the fungal xylose reductase/xylitol dehydroge-
nase (XR/XDH) pathway (Fig. 3) were identified by manual curation.
Xylulokinase (XKS) is part of the PPP, and thus a BOT-O XKS
(PHBOTO_001564) could be identified based on homology to the
S. cerevisiae gene. The XR and XDH had to be identified by comparison to
proteins from other xylose-utilizing yeast species, since S. cerevisiae
cannot naturally utilize xylose (Hahn-Hagerdal et al., 2007). Three pu-
tative XRs (PHBOTO_000425, PHBOTO_002476, PHBOTO_004254) and
four potential  XDHs (PHBOTO_000427, PHBOTO_003491,
PHBOTO_005823, PHBOTO_006563) were found when using the
commonly studied Xyllp and Xyl2p enzymes from Scheffersomyces stip-
itis (Uniprot: P31867 and P22144), but no single best candidate could be
discriminated based on the results. Eight candidate XRs have been
identified in Ustilago bevomyces (Lee et al., 2016), a species from a genus
much closer related to Pseudozyma than Scheffersomyces (Fig. 1). Protein
homology to the single xylose dehydrogenase proposed in U. bevomyces
(Uniprot: AOAOB4ZXX9; Lee et al. (2016)) suggested that
PHBOTO_003491 encodes a XDH. Homology to UbXR1 (Uniprot:
AOAOB5A1B2), which has been verified to have a strictly NADPH-
dependent XR activity (Lee et al., 2016), suggested that
PHBOTO_004254 encodes an XR. UbXR3 has been demonstrated to have
dual preference for xylose and arabinose and proposed to catalyse the
first step of the arabinose assimilation (Lee et al., 2016); it had a ho-
molog in PHBOTO_005965. BOT-O has been verified to grow on arabi-
nose (data not shown).

A common trait among oleaginous yeasts is the presence of the ATP-
citrate lyase (ACL) enzyme, and many non-oleaginous yeasts, such as
S. cerevisiae, lack the ACLI gene (Boulton and Ratledge, 1981; Ratledge
and Wynn, 2002). In BOT-O, the PHBOTO_001285 locus was identified
as a likely ACL1 gene based on homology to R. toruloides. Other key
genes related to the oleaginous phenotype, such as ACCI1, CTP1 and FAS
were also identified in BOT-O (Fig. 3). The fatty acid synthase complex
has been shown to differ between different fungal species and is
commonly distributed across two subunits, for instance in S. cerevisiae
(Zhu et al., 2017). The established reference strain U. maydis 521 has
been shown to have a single-chain FAS gene (Teichmann et al., 2007;
Wernig et al.,, 2020), and upon further investigation we saw that
U. maydis has two very similar genes encoding for FAS: UMAG_10339, a
putative 3-hydroxyacyl-[acyl-carrier-protein] dehydratase that has been
shown to have the FAS function (Uniprot: AOAOD1C5S0; Wernig et al.
(2020)), and UMAG_06460 (Uniprot: AOAOD1DNX1; Teichmann et al.
(2007)), which is listed as FAS2 in Uniprot. These two U. maydis FAS
genes were homologous to PHBOTO_002928 and PHBOTO_006517

Assessment of genome assembly and annotation completeness by analysis of evolutionary conserved Basidiomycota genes, so-called BUSCOs (Benchmarking Universal

Single-Copy Orthologs).

Gene model Number of predicted ORFs Average length of the predicted Complete Fragmented Missing
(excluding tRNA) CDSs (bp) BUSCOs BUSCOs BUSCOs

BOT-O assembly (before annotation) - - 1738 (98.5%) 9 (0.5%) 17 (1.0%)

BOT-O annotation, round 01 6392 1759.92 1601 (90.7%) 31 (1.8%) 132 (7.5%)

BOT-O annotation, round 02 (Final 6525 1811.46 1725 (97.8%) 12 (0.7%) 27 (1.5%)
model)

BOT-O annotation, round 03 6493 1819.63 1728 (97.9%) 9 (0.5%) 27 (1.6%)

P. hubeiensis SY62 annotation (reference 7472 1668.42 1681 (95.3%) 33 (1.9%) 50 (2.8%)
genome)

BOT-O annotations were performed in an iterative manner using the MAKER pipeline. The “BOT-O assembly” contains all the genomic nucleotides, whereas the BOT-O
and SY62 annotation rounds only include the nucleotides from the predicted Open Reading Frames (ORFs). The average length per gene was calculated using the
coding sequences (CDSs), i.e. introns were excluded. BUSCO percentages were calculated based on the total 1764 genes of the basidiomycota_odb10 (2020-09-10)
database. The gene model from BOT-O annotation round 02 was chosen for all downstream analysis, based on this benchmarking and on the AED score plots (Figure S5

in Supplemental File S1).
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Fig. 3. Reconstruction of main metabolic pathways in P. hubeiensis BOT-O based on the functional annotation of the genome, and differential expression of the
involved genes. The network, reconstructed using KEGG, the Saccharomyces Genome Database (SGD) and BLASTp, includes glycolysis (orange), the pentose phos-
phate pathway (yellow), the TCA cycle (blue), lipid biosynthesis, triacylglycerol biosynthesis and f-oxidation (all different shades of green), as well as MEL
biosynthesis (grey) and specific transport processes. Differential gene expression data for each gene in all four analyzed comparisons are presented in the circles next
to the gene names: g2gl - nitrogen-starvation versus exponential growth on glucose; x2x1 - nitrogen-starvation versus exponential growth on xylose; x1g1 -
exponential growth on xylose compared to glucose; x2g2 - nitrogen-starvation on xylose compared to glucose. Compound abbreviations: G6P: D-glucose-6P, F6P: D-
fructose-6P, FBP: D-fructose-1,6P,, DHAP: dihydroxyacetone phosphate, GL3P: glycerol-3P, GA3P: D-glyceraldehyde-3P, 1,3BPG: glycerate-1,3P,, G3P: glycerate-3P,
G2P: glycerate-2P, PEP: phosphoenolpyruvate, OA: oxaloacetate, AKG: a-ketoglutarate, SucCoA: succinyl-CoA, Suc: succinate, Fum: fumarate, Mal: (S)-malate, AAL:
acetaldehyde, AcCoA: acetyl-CoA, MaCoA: malonyl-CoA, GCL6P: D-glucono-1,5-lactone-6P, GC6P: D-gluconate-6P, Xyl: xylitol, Xu: D-xylulose, Ru5P: D-ribulose-5P,
R5P: D-ribose-5P, X5P: D-xylulose-5P, E4P: D-erythrose-4P, S7P: D-sedo-heptatose-7P, ME: mannosylerythritol, MEL: mannosylerythritol lipid, Ac-[acp]: acetyl-
[acp], AcetoAc-[acp]: acetoacetyl-[acp], (R)-3-HB-[acp]: (R)-3-hydroxybutanoyl-[acp], B-2-E-[acp]: but-2-enoyl-[acp], PA: phosphaditic acid, DAG: diacylglycerol,
TAG: triacylglycerol. Gene name abbreviations are according to SGD or other oleaginous yeasts. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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(Figure S6 in Supplemental File 1), according to Blast and HMMR ana-
lyses. Based on the multitude of shared domains (Figure S6 Supple-
mental File S1) and how the closely related U. maydis has two FAS genes,
we propose that both of these BOT-O genes encode a fatty acid synthase
and thus name them FASA (PHBOTO_002928) and FASB
(PHBOTO_006517). The putative enzymes required for production and
degradation of the TAG storage lipids were also identified (Fig. 3),
including the diacylglycerol O-acyltransferase (encoded by DGA1) and
Lrolp acyltransferase known to be essential for TAG formation (Oelkers
et al., 2002), as well as the B-oxidation genes (PXA1/2, FAA2, POT1,
FOX2, POX1).

The close taxonomic relationship to the plant pathogen U. maydis
(Fig. 1) also prompted us to examine whether P. hubeiensis BOT-O con-
tains homologs to U. maydis genes for infection and tumor formation on
plant tissue. U. maydis and related smut fungi infect their plant hosts by
means of secretion of so-called effector proteins (Lanver et al., 2017) and
it has been shown that genes are evolutionary conserved among related
plant-infecting smut fungi, including Pseudozyma species (Benevenuto
et al., 2018; Schirawski et al., 2010; Sharma et al., 2019). Indeed, 42 of
55 assessed U. maydis virulence-related proteins had homologs in BOT-
O, including 18 secreted hydrolases for breakdown of plant cell-walls
(Supplemental File S3). 33 of the BOT-O homologs had a secretion
signal peptide (Supplemental File S3), which is a typical trait for
U. maydis plant infection-related proteins (Lanver et al., 2017). As a
control experiment, we also compared the U. maydis proteins to the non-
plant pathogenic yeast S. cerevisiae. There were only very few potential
homologs in S. cerevisiae (10 of 55), and these mostly included gluco-
sidases and sucrose transporters, but no virulence factors (Supplemental
File S3).

3.5. Differential gene expression

Expression levels for each predicted ORF were calculated using the
RNAseq reads from the four conditions: exponential growth on glucose
or xylose (gt; and xt;), and nitrogen-starvation on glucose or xylose (gt
and xty). A total of 690 mRNA genes and 122 tRNA genes with low read

mapping, i.e. genes that did not fulfil the cut-off criteria of > 5 reads in
> 3 of the 12 samples, were omitted from the analysis, which left 5880

x1g1

g2g1

238 4

18

654
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genes to be analysed. Notably, 616 of the 812 omitted genes (76%) had
zero read counts in all samples (Supplemental File S2), suggesting that
they were either not expressed in our samples, or that they were
incorrectly predicted ORFs that lack biological activity. The reproduc-
ibility of the biological replicates was assessed with a principal
component analysis (PCA), which confirmed the quality of the experi-
mental design (cultivation, RNA extraction and sequencing) since the
biological triplicates of the four conditions clearly clustered separately
from each other (Figure S7 in Supplemental File S1).

The differential gene expression analysis was performed in four
different comparisons: nitrogen-starvation versus exponential growth
on glucose (g2g1) and on xylose (x2x1); exponential growth on xylose
compared to glucose (x1gl); and nitrogen-starvation on xylose
compared to glucose (x2g2). A total 1207 different genes were found to
change their expression at the designated cut-off used in this study
(adjusted p-value < 10 and |logs fold change| > 2) across all four
conditions (Fig. 4). One single gene (PHBOTO_000828), annotated as
inorganic phosphate transporter PHO84, fulfilled the differential
expression cut-off in all four comparisons (Fig. 4), being downregulated
during exponential growth and upregulated during nitrogen-starvation
on both sugars. While many genes were differentially expressed dur-
ing nitrogen-starvation compared to exponential growth on either of the
sugars (g2gl and x2x1; Fig. 5A-B), only few differentially expressed
genes were detected when comparing glucose and xylose at either time
point (x1g1l and x2g2; Fig. 5C-D). In addition to analysing the differ-
entially expressed ORFs at a single-gene level, Gene Ontology (GO) term
enrichments in the four comparisons (g2gl, x2x1, x1gl, x2g2) were
assessed using gene set analysis (Figs. 6-7).

3.6. Transcriptional changes between glucose and xylose during
exponential growth and nitrogen-starvation

Since BOT-O grew equally well on glucose and xylose with regard to
growth rate (Fig. 2), we hypothesised that only minor transcriptional
changes would be seen between the sugars, since such changes are often
linked to changes in growth rate (Regenberg et al., 2006). Indeed, only
73 genes fulfilled the designated differential expression cut-off when
comparing xylose and glucose during exponential growth (x1gl;

X292

x2x1
13

11 193

20
17

Fig. 4. Venn diagram illustrating the 1207 genes found to be differentially expressed at the designated cut-off across all four comparisons. g2g1 - differential gene
expression during nitrogen starvation on glucose; x2x1 - differential gene expression during nitrogen starvation on xylose; x1g1 - differential gene expression during
exponential growth on xylose compared to glucose; x2g2 - differential gene expression during nitrogen-starvation on xylose compared to glucose. The single gene
found to be differentially expressed in all conditions was PHO84 (PHBOTO_000828).
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Fig. 5. Volcano plots displaying all differentially expressed genes for all 4 conditions: A: differential gene expression during nitrogen-starvation on glucose (g2g1); B:
differential gene expression during nitrogen-starvation on xylose (x2x1); C: differential gene expression during exponential growth on xylose compared to glucose
(x1g1); D: differential gene expression during nitrogen-starvation on xylose compared to glucose (x2g2). The number of up- and downregulated genes in the different
conditions are listed with arrows representing the direction of regulation. The following differential expression significance cut-offs were used throughout the study:
p-value < 10° (plotted as the dashed horizontal line as -logo(p) > 5) and |log, fold change| > 2 (vertical dashed lines in the figure).

Supplemental File S2). Most of these, 51 of 73, were upregulated on
xylose, and included xylose pathway genes such as XKSI1 and XYL2.
Thirteen of the 73 genes encoded hypothetical proteins, some of which
were successfully annotated with GO terms (Sheet “5. DE x1_vs_gl” in
Supplemental file S2). When comparing glucose and xylose at time point
2 (nitrogen-starvation; x2g2), the same number of genes (73) fulfilled
the designated differential expression cut-off when comparing the two
sugars, but not necessarily the same genes as at time point 1 (x1gl).
When compiling the x1g1 and x2g2 datasets, a total of 122 different
genes displayed changes in expression, out of which 24 genes were
common to both comparisons (Table 3).

We hypothesize that these 24 genes represent a core set of
P. hubeiensis genes that are highly differentially expressed between
growth on xylose and glucose. Most of these 24 genes (87.5%) were
upregulated on xylose during both exponential growth (x1gl) and
nitrogen-starvation (x2g2) and several were related to sugar uptake and
degradation. These included two highly upregulated putative p-xyla-
nases (PHBOTO_003675 and PHBOTO_006039), which implies that
xylan-degradation in BOT-O is co-regulated with other xylose metabolic
genes (XKS1 and XYL2). Several Pseudozyma species have been reported
to secrete xylanases (Adsul et al., 2009; Borges et al., 2014; Faria et al.,
2015) and we therefore assessed the capacity of BOT-O to grow on plates
containing xylan as the sole carbon source. It was found that xylans
derived from various types of plants indeed were able to support growth
(Figure S8 in Supplemental File S1).

Other genes in this xylose core set were related to uptake and utili-
zation of other carbon sources than xylose, including homologs related
to galactose transport and metabolism (GAL2 and GALI10), glycerol
catabolism (GCY1), hexose transporters (HXT8/13), a mannose-6-
phosphate isomerase (PHBOTO_006511), a cutinase
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(PHBOTO_005903) and a carboxylic ester hydrolase
(PHBOTO_004937). The upregulation of these genes during xylose
cultivation (x1g1 and x2g2) suggests that growth on xylose as a carbon
source is perceived by the cell as being less optimal than growth on
glucose, in the sense that the cell seems to be expressing genes related to
uptake and metabolism of a range of non-glucose carbon sources. The
putative MAL31 maltose permease gene (PHBOTO_003640) was
downregulated on xylose during exponential growth (x1g1) but upre-
gulated during nitrogen starvation (x2g2), and the putative mitochon-
drial D-lactate dehydrogenase gene DLDI (PHBOTO_001232) was
upregulated during exponential growth and downregulated during ni-
trogen starvation (Table 3), which implies that their function during
xylose assimilation is dependent on exponential growth and nutrient-
starvation respectively. Only one gene, the putative drug/proton anti-
porter gene YHK8 (PHBOTO_004167), was downregulated in both
comparisons (exponential growth and nitrogen starvation; Table 3),
suggesting that it has a role in assimilation of glucose but not xylose.

The indications from the proposed xylose core gene set (Table 3) that
growth on glucose might be the preferred carbon source prompted us to
perform an additional round of physiological characterization using
mixed sugars, with 10 g/L each of glucose and xylose (Fig. 8). While the
maximum growth rate (0.24 h™?), final OD and nitrogen-depletion time
(25 h) were comparable to the previous experiment on single sugars
(Fig. 2), the strain clearly preferred glucose over xylose (Fig. 8), with
sugar consumption rates (0-72 h) of 0.14 gL th™! for glucose and 0.08
gL'th™! for xylose. However, both sugars were used simultaneously,
despite the difference in consumption rate (Fig. 8B), and the total sugar
consumption rate (0.22 gL’lh’l) was similar to the single sugar culti-
vations (Fig. 2).

The differentially expressed sugar comparison gene sets (x1gl and
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Fig. 6. Gene set analysis for the sugar comparison during exponential growth or nitrogen starvation. A: differential gene expression during exponential growth on
xylose compared to glucose (x1g1), and B: differential gene expression during nitrogen-starvation on xylose compared to glucose (x2g2). Squares show GO terms
shared between both conditions and the same direction of enrichment (up-regulation or down-regulation); diamonds show GO terms shared between both conditions
with directional changes in enrichment. A p-value cut-off of < 0.009 was used to select the final data.
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Fig. 7. Gene set analysis for the nitrogen comparison on glucose or xylose. A: differential gene expression during nitrogen-starvation on glucose (g2gl), and B:
differential gene expression during nitrogen-starvation on xylose (x2x1). Circles show GO terms shared between both conditions and the same direction of
enrichment (up-regulation or down-regulation). A p-value cut-off of < 0.001 was used to select the final data.
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Table 3

Core set of genes found to fulfill the designated differential expression cut-off
(adjusted p-value < 10 and |log, fold change| > 2) in both sugar compari-
sons: exponential growth on either glucose or xylose (x1gl) and nitrogen-
starved growth on either glucose or xylose (x2g2). A more detailed version of

this list can be found in Sheet “8. Sugars core set” in Supplemental File S2.

Locus name Suggested annotation Gene Logs fold Log, fold
name change change
x1gl X282
PHBOTO_000828  Inorganic phosphate PHO84 2.18 2.53
transporter
PHBOTO_001232 D-Lactate DLD1 2.69 —2.44
dehydrogenase
[cytochrome] 1,
mitochondrial
PHBOTO_001564  Xylulose kinase XKS1 4.51 2.78
PHBOTO_001594 Hexose transporter HXT8 4.17 2.52
PHBOTO_001681 Hypothetical protein - 4.98 3.77
PHBOTO_002497  Zn(2)-C6 fungal-type - 4.30 2.84
domain-containing
protein
PHBOTO_002755  Polygalacturonase PGU1 3.37 5.61
PHBOTO_003056  Glycerol 2-dehydroge- GCY1 5.47 4.84
nase (NADP(+))
PHBOTO_003491  D-Xylulose reductase XYL2 2.48 3.23
PHBOTO_003550 Galactose transporter GAL2 3.85 3.72
PHBOTO_003630  Carboxylic ester - 3.85 5.54
hydrolase
PHBOTO_003640  Maltose permease MAL31 -3.69 2.74
PHBOTO_003675 p-Xylanase - 5.87 10.01
PHBOTO_004167  Probable drug/proton YHK8 —7.86 —2.68
antiporter
PHBOTO_004810  Sugar transporter STL1 5.58 2.70
PHBOTO_004937  Carboxylic ester - 2.76 5.44
hydrolase
PHBOTO_004942  Non-reducing end o-L- - 2.41 6.48
arabinofuranosidase
PHBOTO_005858  Bifunctional protein GAL10 2.86 5.56
PHBOTO_005903  Cutinase - 2.18 4.95
PHBOTO_005904  Hypothetical protein - 2.49 3.87
PHBOTO_005943  Glycoside hydrolase - 6.08 3.48
PHBOTO_005944 Low glucose sensor SNF3 9.07 6.91
PHBOTO_006039  Endo-1,4--xylanase - 7.54 8.14
PHBOTO_006511  Mannose-6-phosphate - 9.71 3.44

isomerase

x2g2) were also analysed for their enrichments of GO terms (Fig. 6).
Overall, the x1g1 gene set analysis revealed many GO terms related to
nutrient transport and metabolism (Fig. 6A). Eight out of 60 total sig-
nificant GO terms were shared between exponential growth (x1gl;
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Fig. 6A) and nitrogen-starvation (x1g1; Fig. 6B). Five of the eight terms
changed their direction from being enriched for downregulated genes
during exponential growth (x1gl) to being enriched for upregulated
genes during nitrogen-starvation (x2g2): TCA cycle (GO:0006099), and
GO terms related to protein import and rRNA (GO:0030150,
G0:0003735, GO:0000462, GO:0006364).

3.7. Transcriptional changes during nitrogen-starvation on glucose or
xylose

A total of 946 genes were found to be differentially expressed during
nitrogen-starvation on glucose (g2gl; Figs. 4 & 5A), with 577 upregu-
lated and 369 downregulated genes. It was found that 206 of the 946
differentially expressed genes encoded hypothetical proteins, but only
30 of these were annotated with GO terms. Very similar counts were
found for the xylose nitrogen-starvation case (x2x1; Figs. 4 & 5B), with a
total of 923 genes fulfilling the designated differential expression cut-off
(608 upregulated, 315 downregulated; 195 of 923 encoded hypothetical
proteins, 27 with at least one associated GO term). The fatty acid
biosynthesis pathway was clearly differentially expressed during both
nitrogen-starvation conditions (g2g1 and x2x1), as visualized using the
KEGG Mapper overlay function (Figure S9 in Supplemental File S1).

In all, there was a much more drastic change in transcriptional
profile upon nitrogen starvation than when comparing the assimilation
of xylose and glucose (Fig. 5). A total of 1178 different genes were found
to be differentially expressed during the nitrogen-starvation compari-
sons (g2g1 and x2x1), and 690 of these were differentially expressed on
both sugars, which likely indicates a core set of genes related to the
nitrogen-starvation response of P. hubeiensis BOT-O (Sheet “7. N-star-
vation core set” in Supplemental File S2). While the 690 genes in the set
are too many to discuss on a single-gene level, some physiologically
relevant highlights included putative genes related to fatty acid
biosynthesis (FASB, POX1, FOX2), MEL pathway genes (EMT1, MAC1/
2), ammonium transport (MEP2), mitochondrial oxaloacetate transport
(OAC1), pyruvate decarboxylase (PDCI1), aldehyde dehydrogenase
(ALD2), fructose-1,6-bisphosphatase (FBP1), as well as xylose reductase
XR1 (PHBOTO_004254).

About 80 ribosomal protein genes and genes related to ribosomal
activity were detected among the downregulated genes in the nitrogen-
starvation core set (Sheet “7. N-starvation core set” in Supplemental File
S2). Signs of ribosomal protein down-regulation were also observed in
the Bioanalyzer electropherograms of the extracted RNA: the six
nitrogen-starvation time point samples had consistently smaller peaks
and lower RNA Integrity Number (RIN) values compared to the
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Fig. 8. Simultaneous sugar consumption cultivation experiment. The experiment was run for 72 h, with equal concentrations of glucose and xylose (10 g/L each) in
shake flasks with a YNB base and ammonium sulphate as nitrogen source. A: Growth measured as ODgoonm. B: Sugar concentration for glucose (k, red) and xylose (I,
turquoise), as well as nitrogen concentration (@, grey). All experiments were performed in biological triplicates and error bars represent the standard deviations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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exponential growth samples (Figure S10 in Supplemental File S1).

As for the gene set analysis, the general trend for both nitrogen-
starvation on glucose (g2gl) and on xylose (x2x1) was that a majority
of the GO terms were enriched for downregulated genes (Fig. 7), which
makes sense from a physiological point-of-view since the cellular state
changed from exponential growth to carbon storage. Furthermore, 23
out of a total of 39 GO terms were found to be shared between nitrogen-
starvation on glucose and nitrogen-starvation on xylose (Fig. 7). Six
shared GO terms were enriched for upregulated genes: two trans-
membrane transport terms, hydrolase activity, oxidation-reduction
process and two RNA polymerase II DNA binding GO terms (Fig. 7A and
B). 15 shared GO terms were enriched for downregulated genes and
were related to rRNA, translation and protein folding. The two
remaining shared GO terms were related to methionine biosynthetic
process and methyltransferase activity.

4. Discussion

4.1. A high-quality P. hubeiensis genome assembly was obtained using
long-read genome sequencing and transcriptome-guided genome
annotation

To date, only two strains of P. hubeiensis have been subjected to
whole-genome sequencing: SY62 (Konishi et al., 2013) and NBRC
105055 (Genbank: GCA_001736105.1). The sequence of the latter does
however lack annotation and has a very high degree of fragmentation
(21.32 Mb distributed in 9,793 contigs, compared to the 18.44 Mb in 74
contigs for SY62). The low contig count in the final BOT-O assembly can
be directly attributed to the long-read data generated by the MinION,
and to how five different long-read assemblers were benchmarked for
their performance on the reads (Table S1 in Supplemental File S1).
While some long-read sequencing studies with Ascomycota yeasts have
had good results with e.g. Canu and SMARTdenovo (Istace et al., 2017,
Olaetal., 2020), these assemblers were vastly outperformed on the BOT-
O data by miniasm and Flye (Table S1 in Supplemental File S1).
SMARTdenovo did not perform well in our initial benchmarking and
was therefore omitted from the assembler screening, but we were at a
later stage able to improve its performance by careful tweaking of each
of the assembler’s sub-algorithms (Table S1 in Supplemental File S1).
This shows that SMARTdenovo is a very promising assembler for long-
read data, but that it might require careful parameter adjustment to
run well. These results contribute to the increasing number of studies
showing how different assemblers have varying performance on
genomic material of different origin (Fournier et al., 2017; Jiinemann
et al., 2014; Molina-Mora et al., 2020; Sun et al., 2021; Wick and Holt,
2019), which highlights the importance of performing assembler
benchmarking prior to deciding on the final assembly algorithm. There
are numerous factors that affect the quality of an assembly and it has for
instance been shown that computational complexity increases with
increasing ploidy (Kyriakidou et al., 2018) or repeat-rich regions (Howe
et al., 2021), and some assemblers may be better tailored to deal with
these complexities than others.

Prior to the differential gene expression analysis, a transcriptome
was de novo assembled from the 12 RNAseq samples and used as bio-
logical evidence for the gene prediction pipeline. Experimental mRNA
evidence is known to improve prediction of intron-exon boundaries
(Wang et al., 2009), and while P. hubeiensis is considered an intron-poor
fungus (Lim et al., 2021), the final BOT-O genome assembly nevertheless
contained introns. Our gene model resulted in a lower number of
identified ORFs than the SY62 annotation (6540 and 7472, respec-
tively), which can probably be attributed to the longer average gene
length in BOT-O (2188 bp, compared to 1668 bp in SY62; Table 3). This
was also reflected in the increase in complete BUSCOs and the decrease
in fragmented BUSCOs in BOT-O compared to SY62 (Table 3). These
results suggests that the lower number of genes in our mRNA-guided
gene model might represent a better prediction of splice events and,
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consequently, gene sizes. The number of predicted ORFs in the final
BOT-O annotation was indeed closer to another RNAseq-supported
annotation: M. aphidis DSM 70725 (previously Pseudozyma aphidis)
that identified 6011 genes (Gunther et al., 2015).

Despite being a distant yeast relative, we prioritized finding
S. cerevisiae homolog names and applying their annotations and gene
names to the predicted BOT-O genes in order to facilitate comparisons
with other yeast annotations also using S. cerevisiae nomenclature. In
this manner, 3657 BOT-O ORFs (56%) were annotated by S. cerevisiae
homologs. The remaining ORFs were annotated based on basidiomy-
cetes proteins, which for instance resulted in identification of genotypes
typical for oleaginous yeasts (ACL1) and biosurfactant producers (the
MEL pathway). This strategy generally worked well for the central
metabolic pathways, as evidenced by the small-scale metabolic recon-
struction (Fig. 3), but also resulted in several different BOT-O genes
being annotated with the same S. cerevisiae homolog. To address this, we
manually curated 1138 “duplicate” annotations: the best scoring
BLASTYp hit for each of the duplicate S. cerevisiae proteins was assigned
the functional annotation, and the other duplicates were annotated as
encoding protein of putatively similar activity. Another challenge with
using S. cerevisiae as a benchmark to annotate P. hubeiensis is that the
former has undergone a whole-genome duplication event during its
evolutionary history, and thus many S. cerevisiae genes have multiple
paralogous copies (Kellis et al., 2004). Indeed, during the reconstruction
of the central metabolic pathways (Fig. 3), several glycolysis and TCA
cycle reactions that are associated with multiple paralogues in
S. cerevisiae only had one candidate gene in BOT-O; e.g., glyceraldehyde-
3-phosphate dehydrogenase that has three paralogs in S. cerevisiae,
ScTdhlp/2p/3p, but only one in P. hubeiensis, PHBOTO_002420.

4.2. BOT-O consumes glucose or xylose at equal rates and only 73 genes
changed expression levels between the sugars during exponential growth

Equally fast consumption of hexoses and pentoses is a desired trait
for industrial applications of lignocellulose fermenting yeasts (Hahn-
Hagerdal et al.,, 2007; Nogue and Karhumaa, 2015). Another
P. hubeiensis strain, IPM1-10, has previously been reported to consume
glucose, xylose or arabinose at similar rates when provided as sole
carbon sources, and being capable of co-consumption of the three sugars
with a preference for glucose (Tanimura et al., 2016). Likewise, BOT-O
displayed an equal aerobic consumption rate of glucose or xylose (0.20
gL1h™!, and 0.19 gLh™); Fig. 2) when growing on single sugars.
During co-cultivation on a glucose and xylose mixture, simultaneous
consumption of glucose and xylose occurred, but just like for
P. hubeiensis IPM1-10 (Tanimura et al., 2016), BOT-O consumed glucose
faster (0.14 gL' "'h™! for glucose and 0.08 gL 'h™! for xylose; Fig. 8).
However, the total sugar consumption rate in the glucose and xylose
mixture (0.22 gL h™!) was in the same range as the rates of the single
sugar cultivations (0.20 gL h ™!, and 0.19 gL'"h ™).

In many other yeasts that naturally utilize xylose, or have been
engineered to do so, xylose consumption does not fully start in glucose-
xylose mixed sugar cultivations until glucose has been depleted
(Agbogbo et al., 2006; Dos Santos et al., 2013; Gong et al., 2012; Hou
et al., 2017; Kumar and Gummadi, 2011; Ribeiro et al., 2021; Ryu et al.,
2016; Shin et al., 2015; Yamada et al., 2017; Yu et al., 2014; Zhao et al.,
2008). Compared to these species, BOT-O displayed much slower sugar
consumption rates, but the fact that it was able to simultaneously
consume both glucose and xylose makes it stand out among xylose-
utilizing yeasts. In total, we were only able to find records of two
yeast species other than P. hubeiensis reported to be capable of simul-
taneous glucose-xylose consumption without delayed xylose-
assimilation: Cystobasidium iriomotense (Tanimura et al., 2018) and
Cutaneotrichosporon cutaneum (Guerfali et al., 2018; Hu et al., 2011).
These three are thus highly relevant species for future studies on the
mechanisms yeast glucose-xylose co-utilization.

With the similar growth and sugar consumption rates during
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cultivation of glucose or xylose in mind (Fig. 2), we hypothesized that
the differential gene expression patterns would be similar on either
sugar. Indeed, only 73 genes displayed significant expression difference
on xylose as compared to glucose during exponential growth (Fig. 4;
Sheet “5. DE x1_vs_g1” in Supplemental File S2). The 73 genes included
ORFs like XKS1, XYL2, ALD4, PHO84, PCK1 and MAEI. In general, genes
related to central carbon metabolism did not change their expression
levels much between sugars (Fig. 3), which suggest that there is a high
degree of co-expression of these pathways in the presence of glucose or
xylose. Another possible implication of these results is that the similar
sugar utilization rates might be caused not so much by the genes that
were differently expressed, but rather the high number of genes that had
a baseline expression in both cases (see e.g. normalized counts per gene
in Sheet “2. Pathway assignment” in Supplemental File S2). In future
studies, it would therefore be highly relevant to investigate this co-
expression pattern further, and for instance see if genes related to hex-
ose and xylose metabolism are regulated by the same transcription
factors in P. hubeiensis.

As for the key genes encoding enzymes for catabolism of xylose and
its resulting metabolites, it was found that the XR candidate genes (XR1:
PHBOTO_004254 and XR3: PHBOTO_005965) did not increase their fold
change above the threshold value of logs 2. XR1 had consistently high
normalized read counts (17325 + 1601 and 21974 + 918 on glucose
and xylose respectively; Supplemental File S2), meaning that it was
expressed during growth on both sugars. XYL2 (PHBOTO_003491) was
only upregulated during growth on xylose, with log, fold changes of 2.5
and 3.2 during exponential growth and nitrogen starvation respectively.
The U. bevomyces XR3 protein used to identify PHBOTO_005965 has
been shown to catalyse the first step of arabinose assimilation (Lee et al.,
2016) and P. hubeiensis BOT-O and other P. hubeiensis strains have
indeed been shown to grow on this sugar (Tanimura et al., 2016). Xylitol
accumulation is a commonly reported symptom of inefficient XR/XDH
pathways due to unbalanced NAD(P)H requirements of the two en-
zymes, as often observed in engineered S. cerevisiae strains (Matsushika
et al., 2009). The absence of xylitol in the HPLC chromatograms of the
xylose cultivation samples thus indicates an efficient redox balance over
the BOT-O XR/XDH pathway. The number of putative XRs and XDHs
identified in BOT-O might indicate that multiple paralogs work together
to improve the mass flow through the pathway.

Several putative hydrolases were co-expressed with the xylose
pathway and sugar transporter genes when grown on xylose compared
to glucose (Table 3). These included a p-xylanase (PHBOTO_003675), a
cutinase (PHBOTO_005903), a polygalacturonase (PHBOTO_002755),
and two carboxylic ester hydrolases (PHBOTO_004937,
PHBOTO_004937). Their upregulation during xylose conditions in-
dicates that the presence of xylose prepares the cell for plant matter
degradation and that a panel of different hydrolases, such as xylanases
and cutinases, are needed to infect and degrade the plant. Several
Pseudozyma and Moesziomyces species have been reported to secrete
extracellular xylanases (Adsul et al., 2009; Borges et al., 2014; Faria
et al., 2019; Faria et al., 2015), and we were able to confirm that xylan
can be used as a sole carbon source by BOT-O (Figure S8 in Supple-
mental File S1). Cutin is a biopolymer consisting of ester-linked C16 and
C18 fatty acids and a main constituent of the plant cuticle layer, which
covers the above-ground parts of plants and serves as a protective barrier
(Chen et al., 2013). Xylose has previously been found to strongly induce
the expression of a cutinase capable of biopolymer degradation in
M. antarcticus, but induction was not observed in M. aphidis,
P. tsukubasensis and P. rugulosa (Watanabe et al., 2014). The putative
cutinase (PHBOTO_005903) found in the BOT-O xylose core set suggests
that P. hubeiensis has this phenotype, but it remains to be verified in vivo.
The possibility to cultivate P. hubeiensis directly on solid plant matter,
and on biopolymers such as xylan and cutin for production of its native
lipid and biosurfactant products makes this species a promising host for
bioprocessing.

The gene set analysis complemented the single gene analysis by
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analysing GO term enrichments across all genes that were differentially
expressed across the different conditions. When comparing the expres-
sion on sugars during exponential growth (x1g1), GO terms enriched for
upregulated genes on xylose included PPP (GO:0009051) and detection
of glucose (GO:0051594). A representative of the latter term was the
glucose-related membrane protein gene SNF3 that was upregulated on
xylose with a logy fold change of 9.0 and 6.9 at time point 1 and time
point 2, respectively, despite growing well on xylose (Fig. 2). In some
yeasts, Snf3p acts as a glucose transporter, but in S. cerevisiae it has
evolved into a low glucose concentration sensor (Ozcan et al., 1996),
and the “detection of glucose” GO term might therefore be defined based
on the type of function found in S. cerevisiae. Transmembrane transport
terms (GO:0055085, GO:0022857) were enriched for upregulated genes
on xylose at both time points (x1gl and x2g2) and included sugar
transporters such as HXT8, HXT17, and GAL2. In S. cerevisiae, the
galactose transporter Gal2p is also capable of transporting xylose
(Hamacher et al., 2002), but the substrate affinities of the putative GAL2
(PHBOTO_003550) remains to be verified.

The number of transcriptional changes at the designated differential
expression cut-off in the BOT-O glucose and xylose comparisons (x1g1
and x2g2) seems to be low compared to other transcriptomics studies on
yeasts naturally capable of xylose assimilation, such as Scheffersomyces
stipitis CBS 6054 (Yuan et al., 2011) and Candida intermedia CBS 141442
(Geijer et al., 2020). While these studies have used slightly different
approaches and cut-offs and are therefore not directly comparable, we
speculate that the similar consumption rate of the two sugars in BOT-O is
related to the low amount of differentially expressed genes between the
conditions. The P. hubeiensis glucose-xylose co-consumption trait (Fig. 8)
either implies that the transporter affinity is lower to xylose than to
glucose, or that glucose catabolite repression is activated to some degree
during presence of multiple sugar types, despite the equal rates on the
single sugars. Glucose catabolite repression have been shown to vary
between yeasts. For instance, SNF3 is not related to glucose repression in
the naturally xylose utilizing yeast K. marxianus, and instead SNF1 and
HXK1 seem to fill this role (Hua et al., 2019). In S. stipitis, deletion of
HXK1 has been found to derepress xylose utilization (Dashtban et al.,
2015). Neither SNF1 nor HXK2, a paralog to HXK1, fulfilled the desig-
nated differential expression cut-off in BOT-O. However, sugar signal-
ling pathways in yeasts are regulated by post-translational modifications
such as phosphorylations (Santangelo, 2006), and not necessarily by
expression levels. Yeast sugar signalling pathways have primarily been
studied with hexose sugars such as glucose and galactose using the
model yeast S. cerevisiae, which cannot naturally grow on xylose, and
thus the current knowledge of the effect of xylose on the sugar signalling
network is limited (Brink et al., 2021). The difference in sugar con-
sumption rate during co-consumption — but not during cultivation on
single sugars — indicates that some degree of repression is active, but it is
difficult to predict which genes cause this. Future studies dedicated to
P. hubeiensis sugar sensing and signalling will likely be needed to in-
crease the understanding of the underlying mechanisms of this pheno-
type. Attempts at transforming BOT-O have not yet been successful, and
therefore efficient genetic engineering protocols have to be developed
before genetic validation of putative mechanisms in this new, natural
isolate can be achieved. Assessment of the transcriptional profile during
glucose-xylose mixed sugar cultivation would also be of high relevance.

4.3. Nitrogen-starvation resulted in an oleaginous phenotype and a
considerable change in gene expression in BOT-O

The nitrogen-starvation sampling points were chosen based on a time
point where the ammonium in the medium was depleted and the strain
was clearly accumulating lipids, as observed by microscopy and quan-
tified by GC-MS. The lipid accumulation reached ~ 30% of cell dry
weight on either sugar at the nitrogen-starvation time points, which
clearly qualifies BOT-O as an oleaginous species, but there is likely room
for increasing the total accumulated lipids by optimization of C/N ratios,
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bioprocess design and lipid turnover minimisation.

The nitrogen-starvation conditions resulted in a drastic change in the
transcriptional profile, on both glucose and xylose media (1178 unique
genes were differentially expressed in g2g1 and x2x1). This is expected
from a cell transitioning from nutrient-unlimited exponential growth to
starvation and has also been observed in other oleaginous yeasts (Zhu
et al.,, 2012). In BOT-O, genes in the central metabolic pathways dis-
played generally higher logs fold changes on nitrogen-starvation than
during the sugar comparison conditions (Fig. 3). Genes for production of
cytosolic acetyl-CoA and its subsequent conversion to storage lipids
were expressed during nitrogen-starvation conditions, but the log; fold
changes and normalized read counts varied between genes and not all of
them fulfilled the designated differential expression cut-off. In BOT-O,
we discovered a single-gene FAS complex, just like in its relative
U. maydis. However, we found not one, but two putative genes that each
encode a single FAS complex: FASA and FASB. These putative FAS genes
in BOT-O had vast differences in log, fold changes, suggesting that they
share the same function but are induced under different conditions. The
FASA candidate (PHBOTO_002928) had a consistently high normalized
read count (15 k-25 k reads) in all samples and time points (see e.g.
Sheet “2. Pathway assignment” in Supplemental File S2). However,
FASB (PHBOTO_006517) was highly up-regulated in the nitrogen-
starved glucose and xylose cultures (logs 9.5 and 3.4 times, respec-
tively), and was, in terms of normalized read count, one of the most
highly expressed genes in the glucose time point 2 samples (222784 +
9734 normalized reads; Supplemental File S2). We hypothesize that
BOT-O FASA and FASB have the same function but are induced by
different conditions: FASA might be constitively expressed for produc-
tion of basal amounts of lipids, while FASB might be triggered by ni-
trogen starvation.

The oleagenicity-related ACL1 (PHBOTO_001285) gene candidate
also had consistently high normalized read counts in all conditions
(Supplemental File S2). Compared to the read levels of many other
genes, FASA and ACL1 were highly expressed throughout all conditions,
suggesting that they have physiologically important roles also during
exponential growth and cell proliferation. Basal levels of lipids (~5% of
CDW), likely related to cell structure, were indeed observed in the
exponential growth samples (Fig. 2D). The other predicted fatty acid
pathway genes had normalized counts of > 1000 reads in all samples
(Supplemental File S2). Similar trends of basal transcription levels for
fatty acid pathway genes before and after nitrogen-starvation have also
been observed in Y. lipolytica (Morin et al., 2011) and R. toruloides (Zhu
et al., 2012). Many of the fatty acid genes, as well as genes involved in
TAG biosynthesis, did display a fold-change increase during nitrogen-
starvation, but most were below the logs 2-fold-cut-off applied in this
study.

The mannosylerythritol lipids (MEL) pathway for production of
secreted glycolipid biosurfactants was also strongly upregulated during
nitrogen-starvation (Fig. 3 and Supplemental File S2), with three puta-
tive genes (EMT1, MAC1, MAC2) reaching log, fold changes of 2.8-9.2
on either sugar; MATI, the last gene of the pathway (Fig. 3), was up-
regulated 2.3 times on glucose and 1.5 times on xylose. The fold
change was slightly higher for the MEL pathway when grown on glucose
than on xylose, but how this affects MEL accumulation levels is not
possible to extrapolate from the current data. Since the current study
was focused on intracellular storage lipid accumulation in P. hubeiensis,
measurements of MELs were outside of the scope of the project; how-
ever, nitrogen-starvation has in fact been shown to increase MEL pro-
duction in other Pseudozyma species (Faria et al., 2014). The up-
regulation of the MEL genes during nitrogen-starvation strongly in-
dicates that MELs were produced by BOT-O in parallel to the lipid
accumulation phase, and while previous studies mainly produced MELs
from vegetable oils, the metabolic pathway for production of MELs from
glucose has been described (Morita et al., 2014). It is therefore likely
that the measurement of only the intracellular storage lipids might have
underestimated the total BOT-O lipid production as it did not include the
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extracellularly stored MELs.

Two of the major GO terms enriched with up-regulated genes after
nitrogen-starvation (Fig. 7) were transmembrane transport
(G0:0055085) and transmembrane transport activity (G0:0022857)
with over 150 genes that were differentially expressed in either glucose
or xylose. During nutrient starvation, yeast cells will attempt to scavenge
for the limited nutrients in various ways, one of which is increased
transporter expression (Conrad et al., 2014). In BOT-O, the MEP2
ammonium transporter candidate gene (PHBOTO_002135) increased its
expression during nitrogen-starvation on glucose and on xylose by logs
3.7 and 2.6 fold respectively, which could indicate that the cell is trying
to scavenge any available nitrogen from the environment; MEP2 was
also highly upregulated during nitrogen-starvation in the oleaginous
yeast R. toruloides (Zhu et al., 2012), and has been related to pseudo-
hyphal growth for nutrient scavenging in S. cerevisiae upon nitrogen-
starvation (Lorenz and Heitman, 1998). Likewise, transcripts of two
BOT-O putative oligopeptide transporter genes (PHBOTO_004291 and
PHBOTO_004987) increased by logz 3.3 and 4.3-fold on glucose or
xylose, which indicates that the cell is trying to satisfy its nitrogen de-
mand by scavenging for short peptides that can be broken down to their
respective amino acids and wused as nitrogen supply. GAPI
(PHBOTO_000497), putatively encoding a general amino acid permease,
also fulfilled the designated differential expression cut-off on glucose
during nitrogen-starvation (g2g1), but not in any of the other conditions.
Several genes with homology to S. cerevisiae PHO84, which encodes an
inorganic phosphate transporter, changed expression after nitrogen-
starvation: PHBOTO_006079 and PHBOTO_000024 increased more
than logy 2-fold (Supplemental File S1) whereas PHBOTO_000828
decreased by over logs 4.6-fold on both sugars. This implies that BOT-O
was not only limited in nitrogen at the time point 2 samples, but possibly
also in phosphate, which was neither measured nor controlled in the
cultivation.

The gene set analysis for the nitrogen-starvation differential
expression conditions also revealed that GO-terms related to ribosomal
processes and translational initiation were enriched with downregulated
genes (Fig. 7). Down-regulation of expression of genes coding for ribo-
somal proteins has also been observed in nitrogen-starvation RNAseq
studies in yeasts (Aliyu et al., 2021; Duncan and Mata, 2017; Pomraning
et al., 2016; Tesniere et al., 2018; Zhu et al., 2012), as well as in a
filamentous fungus (Twumasi-Boateng et al., 2009). The overall lower
RIN values observed in the six nitrogen-starved RNA samples are likely
also related to the ribosomal down-regulation pattern. The RIN is
calculated from multiple parameters, but two of the main contributors
are the 28S:18S ribosomal peak area ratio and the 28S peak height; the
latter being one of the first peaks to decrease during total RNA degra-
dation (Schroeder et al., 2006). While high RNA integrity in the samples
will always be desirable due to its correlation to increased RNAseq data
quality (Romero et al., 2014), our results suggest that the RIN value can
be misleading for assessment of RNA sample quality from non-growth
conditions, e.g. during nitrogen-starvation.

A link between nitrogen-starvation and ribosomal downregulation
can be found in the Target of Rapamycin (TOR) signalling pathway,
which is found in yeasts, plants and mammals and induces genes related
to cell growth upon sensing of available nitrogen sources (Conrad et al.,
2014; Inoki et al., 2005; Zhang et al., 2018). Several key TOR pathway
genes in S. cerevisiae such as NPR2/3, IML1, GTR1/2, KOG1, TORI,
LST8, SCH9, TAP42 and PPH21 (Hughes Hallet et al., 2014; Zhang et al.,
2018) had homologs in BOT-O (Sheet “2. Pathway assignment” in
Supplemental File S2), and we thus hypothesize that the TOR signalling
pathway functions in a similar manner in P. hubeiensis (Fig. 9). The key
signal element of the TOR pathway is the TORC1 complex (Fig. 9),
which in yeasts has been shown to be able to be formed with either
Torlp or Tor2p as one of the subunits (Beauchamp and Platanias, 2013).
The BOT-O functional annotation gave the same single significant hit for
Torlp and Tor2p: PHBOTO_003178. Sensing of utilizable nitrogen
sources by TOR pathway proteins in S. cerevisiae results in a signal
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Locus name Annotation

PHBOTO_001885
PHBOTO_000560
PHBOTO_002956
PHBOTO_000609
PHBOTO_002922
PHBOTO_000023
PHBOTO_003002
PHBOTO_000233

Vacuolar membrane-associated protein Imllp
Nitrogen permease regulator 2 Npr2p
Nitrogen permease regulator 3 Npr3p
GTP-binding protein Gtrlp

GTP-binding protein Gtr2p

Target of rapamycin complex 1 subunit Koglp
Target of rapamycin complex subunit Lst8p
Serine/threonine-protein kinase Sch9p

Type 2A phosphatase-associated protein
Tap42p

Serine/threonine-protein phosphatase PP2A-1
catalytic subunit Pph21p

PHBOTO_005964

PHBOTO_004216

PHBOTO_003178
PHBOTO_004690

Serine/threonine-protein kinase Tor2p

Transcriptional regulatory protein Gatlp

Lipogenesis (TAG synthesis)

e Stress response

e Amino acid permeases

* Retrograde pathway

e Metabolic pathways for
alternative nitrogen sources

Fig. 9. Overview of key elements of the S. cerevisiae TOR signalling pathway found to have homologs in P. hubeiensis BOT-O. The TOR pathway senses nitrogen
availability and induces the ribosomal translational machinery upon presence of nitrogen and represses it during absence of nitrogen via the Sch9p kinase. The so-
called PP2A branch (here represented by Tap42p/Pph21p) regulates genes that control stress response, utilization of alternative nitrogen-sources and lipogenesis.
Arrows with arrowheads: induction signals; arrows with hammerheads: repression signals.

Adapted from Bracharz et al. (2017); Conrad et al. (2014); Hughes Hallet et al. (2014); Madeira et al. (2015); Zhang et al. (2018)

cascade that induces the Sch9p kinase (homologous to
PHBOTO_000233), which in turn induces expression of genes related to
protein and ribosomal biogenesis by direct induction of the genes
(Hughes Hallet et al., 2014; Zhang et al., 2018), see Fig. 9. S. cerevisiae
also has an additional parallel control over the same ribosomal
biogenesis genes in form of the Dot6p/Tod6p transcriptional repressors,
that are inactivated upon sensing of available nitrogen by TOR (Lippman
and Broach, 2009). No significant homologs to S. cerevisiae Dot6p/
Tod6p were however found in BOT-O. All proteins annotated as Dot6p/

Tod6p in Uniprot at the time of writing were in fact only found in
ascomycete yeasts, which further implies that basidiomycetes either do
not possess this additional layer of control over the ribosomal biogenesis
genes, or have an alternative mechanism using proteins that do not share
homology to those of S. cerevisiae. In addition to gene expression level
regulation, the TOR pathway has also been implicated in induction of
selective ribosome degradation by autophagy during nitrogen starvation
in S. cerevisiae (Kraft et al., 2008). Absence of nitrogen sources thus seem
to send a clear signal to down-regulate the rate of translation, by
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simultaneously limiting expression of new ribosomal proteins and
increasing the degradation rate of certain ribosomal proteins.

Sensing of absence of nitrogen by the TOR pathway has been linked
to lipid production via Gatlp and GIn3p in S. cerevisiae (Madeira et al.,
2015) and in the oleaginous yeast Trichosporon oleaginosus (Bracharz
et al., 2017). We believe that this might also be the case for P. hubeiensis
since a majority of the TOR pathway elements were conserved in BOT-O
(see Sheet “2. Pathway assignment” in Supplemental File S2). All BOT-O
TOR pathway homologs were basally expressed during all four com-
parisons with the sole exception of KOG1, which was downregulated on
exponential growth. However, as was discussed above for the sugar
signalling case, the fact that signalling pathways function mainly by
protein—protein interactions and phosphorylations (Hyduke and Pals-
son, 2010) means that transcriptomics cannot capture these signalling
events. Nevertheless, the genes regulated by the TOR pathway, such as
ribosome-related genes (Huber et al., 2011), were clearly down-
regulated in BOT-O.

5. Conclusions

While P. hubeiensis is among the lesser studied yeasts in literature —
partly due to its first isolation only 16 years ago at the time of writing
(Wang et al., 2006) - it possesses several biotechnologically relevant
traits such as accumulation of MELs and intracellular storage lipids, and
secretion of hydrolases for breaking down biomass, such as glycosidases
and xylanases. It furthermore grows almost equally well on glucose or
xylose. This is an uncommon and desirable trait among yeasts that
makes it a promising candidate for biological valorisation of
lignocellulose-derived sugar mixtures. All these traits give BOT-O a great
potential to become an industrial strain. The current study has increased
the knowledge on glucose and xylose utilization in P. hubeiensis, as well
as its oleaginous phenotype, by analysing the differential gene expres-
sion response during exponential growth and nitrogen-starvation. By
using the acquired mRNA data as evidence in the gene prediction
pipeline, we have generated the first transcriptome-supported
P. hubeiensis genome annotation. While more studies are needed to
elucidate the mechanisms of glucose repression and transporter affin-
ities during mixed-sugar cultivations, we believe that the data presented
in the current study will be a useful asset not only for future studies on
P. hubeiensis, but also for studies on other xylose-assimilating yeasts and
oleaginous yeasts.
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