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Abstract

Strains of the species Komagataella phaffii are the most frequently used “Pichia pastoris” strains
employed for recombinant protein production as well as studies on peroxisome biogenesis,
autophagy and secretory pathway analyses. Genome sequencing of several different P pastoris
strains has provided the foundation for understanding these cellular functions in recent genomics,
transcriptomics and proteomics experiments. This experimentation has identified mistakes, gaps
and incorrectly annotated open reading frames in the previously published draft genome
sequences. Here, a refined reference genome is presented, generated with genome and
transcriptome sequencing data from multiple 2, pastoris strains. Twelve major sequence gaps from
20 to 6000 base pairs were closed and 5111 out of 5256 putative open reading frames were
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manually curated and confirmed by RNA-seq and published LC-MS/MS data, including the
addition of new open reading frames (ORFs) and a reduction in the number of spliced genes from
797 to 571. One chromosomal fragment of 76 kbp between two previous gaps on chromosome 1
and another 134 kbp fragment at the end of chromosome 4, as well as several shorter fragments
needed re-orientation. In total more than 500 positions in the genome have been corrected. This
reference genome is presented with new chromosomal humbering, positioning ribosomal repeats
at the distal ends of the four chromosomes, and includes predicted chromosomal centromeres as
well as the sequence of two linear cytoplasmic plasmids of 13.1 and 9.5 kbp found in some strains
of R pastoris.
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1. Introduction

Methanol utilizing yeast isolates from the Yosemite region of California were used to
establish the species Pichia pastoris, and selected by Phillips Petroleum for the large-scale
production of single cell protein. Subsequently, 2. pastoris clones capable of high cell
density growth on simple defined medium in 100,000 liter fermenters were deposited into
the yeast culture collections by Phillips Petroleum for patent protection; and work was
initiated in collaboration with scientists at the Salk Institute/Biotechnology Associate,
SIBIA, to use these £ pastoris strains for the expression of recombinant proteins (Cregg et
al., 2009). In 2009, a reclassification dictated that the P, pastoris strains most commonly
used around the world for protein production now belong to the species Komagataella
phaffii, and include the strains: NRRL Y-11430 from the Agriculture Research Service
culture collection (Peoria IL, USA), and NRRL Y-48124 (X-33, Invitrogen expression kit
strains, Carlsbad CA, USA) (Kurtzman, 2009, 2005). The same strain deposited in Peoria,
IL, as NRRL Y-11430 was also deposited in Utrecht, The Netherlands as CBS7435.

Although the genome sequence of the K. phaffii type strain NRRL Y-7556 (=CBS2612) is
not yet known, the first draft 2 pastoris genome (De Schutter et al., 2009), and subsequent
CBS7435 genomic data (Kberl et al., 2011) have accelerated £, pastoris research. Both
sequenced A pastoris strains, like most gene expression studies, build on the NRRL
Y-11430/CBS7435 strain or strains directly derived from those. For example, P, pastoris
GS115 was derived from the NRLL Y11430 strain by chemical mutagenesis and selection
for histidine auxotrophy (US Patent 4,879,231 A) and became one of the most frequently
used P, pastoris strains. More recently we reported the construction of an alcohol oxidase
(AOX1) gene knock out (mutS) variant of the CBS7435 strain by homologous
recombination and marker recycling employing an FRT/flipper recombinase based strategy
(Néatsaari et al., 2012). However, initial sequence data from this CBS7435 strain (aox1-) did
not match the published draft genome sequence as expected (i.e. outside of the AOX1
deletion). Although most data of RNA-seq experiments (Liang et al., 2012) and LC-MS/MS
based proteomics (Renuse et al., 2014) mapped to predicted open reading frames (ORFs) of
the published draft genomes, many were miscalled and additional new ORFs and alternative
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splice sites were recently identified. Here, state-of-the-art sequencing technologies including
long read sequencing is used in resequencing the genome of P, pastoris CBS7435 mutS.

With the advent of next generation sequencing technologies, Sanger-based shotgun
sequencing was replaced by massively parallel, short read sequencing methods such as
ABI’s SOLID or Illumina’s Solexa platforms. While this development allowed for higher
base coverage and cheaper per base sequencing costs, the assembly of short reads to
generate full length genome sequences remained challenging. Current draft genomes
(English et al., 2012) including the genomes of £ pastoris CBS7435 (Kuberl et al., 2011)
and A, pastoris GS115 (Schutter et al., 2009) reflect these previous limitations which can be
observed in gaps, insertions, deletions and rearrangements. Typically, repetitive genome
features, skewed GC distributions and other genomic complexities limit the methods used
for genome sequencing and assembly, giving rise to such errors (Quail et al., 2012a; Roberts
etal., 2013).

Currently Pacific Biosciences (PacBio) single molecule, real-time sequencing technology,
SMRT, provides an alternative. SMRT sequencing is a sequencing-by-synthesis approach
based on the real-time imaging of fluorescently tagged nucleotides which are incorporated
by a polymerase affixed at the bottom of a zero-mode waveguide (ZMW) well (Mccarthy,
2010). The advantages offered by this sequencing technology are two-fold. Generally, the
average read length of the PacBio RS platform is 8 kb — 15 kb. The availability of such long
reads acting as anchoring sequences substantially improves eukaryotic genome assemblies
and therefore the generation of high quality full length genome sequences. Compared to
other techniques, PacBio is limited by modest per base throughput and a high error rate of
approximately 13% observed in raw reads (Quail et al., 2012b); these errors are however
corrected for by the increased sequencing depth offered by shorter reads present in the
sequencing reaction.

Here new genomic sequence data from multiple closely related £ pastoris strains were
combined to provide a new reference genome for this powerful eukaryotic expression
system. For the first time, de novo sequencing of P pastoris strains has been performed
employing the Pacific Biosciences RSII platform (PacBio). In relation to the genome
sequence published in 2011 (Kberl et al., 2011) deletions, insertions, repeats and larger
inversions have been identified. By integrating the PacBio derived de novo genome sequence
with new Illumina HiSeq data, as well as more traditional Sanger sequencing data, a first
complete £ pastoris reference genome sequence has been generated.

2. Materials and methods

2.1 Strains

Strains used in this study are listed in table 1.

2.2 Strain Cultivation and DNA extraction

P, pastoris CBS7435 mutS (Naatsaari et al., 2012) and related strains overexpressing the s-
carotene biosynthesis pathway from Panfoea ananatis (Geier et al. 2015) were grown
overnight in 50 ml YPD medium (20 g/L peptone, 10 g/L yeast extract, 20 g/L dextrose) at
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28°C and 120 rpm. 1.5x10° cells were removed from the supernatant by centrifugation and
washed once with TE Buffer before resuspension in 1 ml yeast lysis buffer (1 M sorbitol,
100 mM EDTA, 14 mM B-mercaptoethanol). Spheroplasts were generated by addition of
100 pL of a zymolyase stock solution (1000 U/ml) and incubation of the suspension at 30°C
for 30 min. Spheroplasts, pelleted by centrifugation at 3220xg, 4°C for 10 min were
resuspended in 2 ml digestion buffer (800 mM guanidine HCI, 30 mM Tris-HCI, pH 8, 30
mM EDTA, 5% Tween-20 and 0.5% Triton X-100) supplemented with RNase A. 45 |IL of a
Proteinase K stock solution (21.4 mg/ml) were then added to the suspension followed by
incubation at 50°C for 30 min. Cellular debris were removed by centrifugation at 3220xg
(4°C for 10 min) and genomic DNA was then isolated from the obtained supernatant using
Genomic-tips 20/G (Qiagen, Hilden, Germany) according to the manufacturer’s instructions.
The concentration and quality of the isolated gDNA was determined spectrophotometrically
and via agarose gel electrophoresis.

P, pastoris strain BG08 (BioGrammatics Inc., Carlsbad; CA, USA) is a single colony isolate
from the Phillips Petroleum strain NRRL Y-11430 obtained from the Agriculture Research
Service culture collection. For genomic DNA isolation, zymolyase, Proteinase K and RNase
A were used. P, pastoris BG10 (BioGrammatics Inc, Carlsbad, CA, USA) was derived from
BGO08 using Hoechst dye selection to remove cytoplasmic killer plasmids.

2.3 Strain Cultivation and RNA extraction

The wildtype £ pastoris strain CBS7435, as well as related strains with deletions of the
dihydroxyacetone synthase (Adasi, Adas2, Adas1/das2) (Geier et al., 2015a), were cultivated
for 24 h on BMD2% (200 mM KP;j, pH 6.0, 20 g/L dextrose, 13.4 g/L yeast nitrogen base
and 0.4 mg/L biotin) at 28°C and 100 rpm. Cells were harvested by centrifugation (1000xg,
5 min) and used to inoculate 200 ml of BMM (as BMD2% but supplemented with 0.5%
methanol instead of dextrose) for growth to an ODggq of 8 at 28°C and 100 rpm. Samples for
RNA-seq analysis (150-300 mg wet cell weight, wcw) were drawn after 24 h growth on
glucose and 5 h growth on methanol; all cell samples were immediately frozen in liquid
nitrogen after removing the supernatant. Total RNA samples were prepared in duplicate
from 8 samples using a FastRNA™ Yeast SPIN kit (MP Biomedicals, Santa Ana, CA, USA).
Briefly, cell disruption was performed with 3x2 minute bursts, using a BioSpec Products
Mini—Beadbeater—96 (Bartlesville, OK, USA) and purified RNA samples were flash frozen
in liquid nitrogen before storage at —80°C. cDNA libraries were constructed using lllumina
TruSeq stranded mRNA library preparation kits and sequenced on an lllumina HiSeq 2500
platform. TruSeq libraries of two additional 2 pastoris strains expressing the B-carotene
biosynthetic pathway, either regulated by the constitutive GAP promoter or the inducible
AOX1 promoter, were also analyzed by RNA-seq; these samples were similarly drawn after
48 h growth on glucose and after 24 h of methanol induction, respectively. Additional
libraries were prepared from BG10 strains expressing a variety of heterologous proteins,
both intracellular and secreted. In total, 57 RNA-seq libraries were created and sequenced.

2.4 Sequencing and genome assembly

PacBio sequencing was performed on 10 ug of DNA by GATC Biotech (Konstanz,
Germany). Preparation of a large insert library and subsequent sequencing was performed on
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a PacBio RS Il instrument. No manual filtering of sequence reads was attempted and the
assembly could be done by using the HGAP 3 based de-novo assembly protocol with
standard settings, except for p_assembleunitig.genomeSize = 9000000 and
p_assembleunitig.xCoverage = 15. The software was provided by GATC in the SMRT Portal
Version 2.2.0. For A pastoris BG08 and BG10 paired-end genomic DNA sequencing was
performed by GeneWiz Inc. (New Jersey, USA) on an Illumina HiSeq 2500 platform. The de
novo assembled reference genome sequence was evaluated by comparison with previously
generated wildtype sequence data (Kiberl et al., 2011). In order to obtain the full genome
sequence, the deleted AOXZ ORF of the sequenced mutS strain was adjusted by in silico
complementation into the PacBio genome assembly employing CLC Genomics Workbench
software (Qiagen, Hilden, Germany).

2.5 Sequencing and transcriptome mapping

Library preparation was performed at the University of California, San Diego, Institute for
Genomic Medicine. RNA samples were analyzed on an Agilent 2200 TapeStation to
visualize intact ribosomal RNA prior to library preparation. Libraries were prepared using
an Illumina TruSeq mRNA preparation kit and libraries were barcoded for multiplexing
during sequencing. Subsequently, the libraries were size selected for >200 bp, with modes of
approximately 300 bp and 50 cycles of single-end sequencing was performed on an Illumina
HiSeq 2500 machine. Data was provided in standard FASTQ (Cock et al., 2009) format and
TopHat2 (Trapnell et al., 2009) was used to map reads to the PacBio genome assembly.

2.6 Gene prediction and functional sequence annotation

A de novo transcriptome assembly was generated from the single-end strand-specific RNA-
seq library using Trinity (Trinity version: trinityrnaseq_r20140717) (Manfred G. Grabherr et
al., 2013). Open reading frames (ORFs) were identified in the assembled transcripts using
the Perl script, transcripts_to_best_scoring_ORFs.pl (Trinity version:
trinityrnaseq_r2012-01-25p1). Consensus gene models were flagged in assembled
transcripts using a combination of the predicted ORFs and homology-based annotation as
evidence. Blast matches were made to the non-redundant database at NCBI, and Hidden
Markov Models (HMM) matches were made using hmmer3 (Finn et al., 2011; Sonnhammer
ELL, 1998) to models from PFAM (Finn et al., 2015) and TIGRfam (Haft et al., 2003).
These consensus gene models, based on the de novo transcriptome assembly were in turn
mapped to the £ pastoris genome assembly using gmap. These genome-mapped
transcriptome-derived gene models were then used to improve the SGI/ArchetypeR
eukaryotic gene prediction pipeline. The SGI/ArchetypeR eukaryotic gene prediction
pipeline is divided into two primary components — the first trains a HMM for gene
prediction and the second uses the trained HMM and any supporting gene evidence (e.g.,
genome-mapped transcriptome-derived gene models) to predict the final set of genes. A
high-quality training set of P pastoris gene models was obtained from the following series of
steps: 1) blastx search of the input genomic sequences against eukaryotic protein sequences
in UniProt (Consortium, 2015), 2) GeneWise (Birney Clamp, M., Durbin, R, 2004)
generation of more precise genomic alignments, with splice sites as needed, from the blastx
matches, and 3) filtering of the GeneWise output to ensure that predicted coding sequences
each have a valid start codon, a valid stop codon, no inner stop codons, overlap with a
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transcriptome-derived gene model. The resulting filtered gene models were then used to
train an HMM for the AUGUSTUS gene prediction algorithm (Grabherr et al., 2011; Stanke
et al., 2008). AUGUSTUS was then used to predict genes using the trained HMM, the
original input genomic sequences, and evidence provided in the form of transcriptome-
derived gene models, protein alignments, and negative evidence in the form of internal data
(which provides regions that are likely RNA non-coding and are therefore not good
candidates for gene coding regions). Finally, any full-length transcriptome-derived gene
models mapped to regions in the genomic sequence without any AUGUSTUS-predicted
genes were added to the final catalog of predicted genes. Having generated the ORFs they
were annotated through the ArchetypeR annotation pipeline (Robson et al., 2015).

2.7 ldentification of P. pastoris killer plasmids

In addition to the assemblies described above, a Velvet de novo assembly (Zerbino and
Birney, 2008) of paired-end Illumina data from the £ pastoris BG08 strain and PacBio
sequence data of the £ pastoris CBS7435 mutS strain resulted in the discovery of two high
coverage contigs with homology to K. /actis killer plasmid sequences (Schickel et al., 1996).
Subsequently the ORFs on both plasmids were identified by manually checking for ORFs
and gene by gene blastp. Both assembled contigs were flanked by inverted repeats.

2.8 Analysis of intron splicing

The TopHat 2.1.0 software tool was used to map individual RNA-seq data sets to the
genome sequence presented here with intron length limited to 3000 bases. In this analysis,
typically >98% of reads aligned to the genome sequence. A custom BioRuby (Goto et al.,
2010) script was then employed to combine all junction files and identify introns with GT—
AG ends. All TopHat alignments were then rerun, this time forcing the use of only GT—AG
introns with the “--no-novel-juncs” option. In all cases, forcing alignments to predetermined
splicing sites resulted in an ~0.1% increase in mapping. The resulting BAM files were
filtered using SAMtools (Li et al., 2009) to regions spanning the predetermined splicing
sites. The filtered BAM files for all experiments were combined and a mpileup output was
generated. Subsequently a custom BioRuby script was used to analyze the mpileup output
and to determine the splicing density at each predicted spliced nucleotide.

2.9 Identification of centromere regions

The P, pastoris strain used to visualize centromeres was a derivative of PPY12 (his4 arg4)
(Gould et al., 1992). To label the endoplasmic reticulum, this strain was transformed with a
HI54 integrating vector encoding DsRed.T1-HDEL as previously described (Bevis et al.,
2002). To label Cse4, PPY12 genomic DNA was used as a PCR template to amplify the
CSE4 gene, including 589 bp of upstream sequence and 294 bp of downstream sequence,
and this fragment was inserted into the polylinker of a pUC19 derivative containing the
Saccharomyces cerevisiae ARG4 gene (Rossanese et al., 1999). In-Fusion cloning was then
used to generate a chimeric gene encoding msGFP (Fitzgerald and Glick, 2014) fused to the
C-terminus of Cse4 with an intervening GSSGSSGSSGSS linker. This construct was
linearized with Spe/ for integration at the CSE4 locus, resulting in a tandem duplication of
CSE4in which one copy of the gene was fused to msGFP. Fluorescence microscopy was
performed as previously described (Papanikou et al., 2015). In brief, cells grown to
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logarithmic phase in a non-fluorescent minimal medium were compressed beneath a
coverslip, and a Z-stack of images in red, green, and transmitted light channels was collected
using a Leica SP5 confocal microscope. This Z-stack was then deconvolved and average
projected. Planning and simulation of cloning procedures, visualization of chromosome
organization, and identification of inverted repeats were performed using SnapGene or
SnapGene Viewer software (GSL Biotech, Chicago, IL).

3. Results and Discussion

3.1 Sequencing and assembly of the P. pastoris CBS7435 genome

Pacific Bioscience’s single, molecule real-time sequencing platform (SMRT) enabled the de
novo sequencing and assembly of the methylotrophic yeast strain 2. pastoris CBS7435 mutS
genome. Sequencing of a PacBio RS |1 library with an insert size of 8-12 kbp in a 1 movie
run mode resulted in 185,064 sequence reads with 948,348,000 sequenced bases. The de
novo assembly of PacBio sequence reads resulted in the identification of 31 unitigs with four
large unitigs of size 2.9 Mbp, 2.4 Mbp, 2.3 Mbp and 1.8 Mbp (table 2). Focus is on these
four large unitgs since most of the remaining unitigs correspond to fragmented
mitochondrial and killer plasmid DNA generated during the fragmentation and size selection
of PacBio libraries. By including the mitochondrial DNA sequence published in 2011, as
well as, the two killer plasmid sequences, and remapping the PacBio raw reads onto this
combinatorial data, 99.96% of all reads are correctly aligned. Two unitigs of 13.1 kbp and
9.5 kbp bearing homology to Kluveromyces lactis killer plasmid sequences were also
identified (Schickel et al., 1996).

Based on a comparison with published genome data of different 2 pastoris wildtype strains
(Kdberl et al., 2011; Schutter et al., 2009), and by using blast algorithm to align all four
unitigs to the P, pastoris CBS7435 genome, the four large unitigs correspond to the four
chromosomes of £ pastoris. The entire length of the £ pastoris genome sequence presented
here is 9.38 Mbp.

For the first time, a reference genome with four un-gapped chromosomes, telomere
sequences on each chromosome and ribosomal repeats is created. The chromosomes of
different yeast species, including £ pastoris, show regions of rDNA tandem repeats, variable
in number and located at the end of chromosomes (Kiberl et al., 2011; Rustchenko et al.,
1993; Schutter et al., 2009). Here, the new genome sequence data orient the chromosomes so
that these ribosomal repeats are at the distal “end” of each chromosome. This is done to
stabilize the more proximal genome and annotation numberings employed for cataloging the
genetic information. This results in “flipping” chromosome 1 relative to the first published
draft genome (figure 1, (Kiberl et al., 2011)). Moreover, chromosomal rearrangements
ranging from as few as 1 kbp to 134 kbp were found. One chromosomal fragment of 76 kbp
between two previous gaps on chromosome 1, 134.2 kbp fragment at the end of
chromosome 4, as well as, several shorter fragments of 2-3 kbp were reoriented (De
Schutter et al., 2009; Kuberl et al., 2011).

The genome sequence of P, pastoris CBS7435 published in 2011 (Kiberl et al., 2011) shows
12 gaps ranging from 20 bp to 6 kbp in size. Genome assembly with short sequence reads

J Biotechnol. Author manuscript; available in PMC 2017 October 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sturmberger et al.

Page 8

cannot assemble longer, highly repetitive sequence elements. Here, the longer PacBio reads
of up to 15 kbp allow these repetitive structure elements to be assembled and previously
existing gaps to be closed. Within these regions nine ORFs with altered annotations relative
to the previous genome sequences were identified and summarized in table 3. An increase in
size is also caused by additional bases within the open reading frame at the 3" end, and the
correction of splicing events occurring in these genes as exemplified in figure 2.
Interestingly, blastp database searches for protein homologues identified proteins involved in
cell flocculation (agglutination) and cell surface recognition.

In total we found more than 500 sequence differences relative to the 2011 published genome
(Kuberl et al., 2011). PCR amplification and Sanger sequencing of insertions and deletions
observed in putative coding regions confirmed the validity of the new reference sequence. In
34 out of 35 regions tested, the de novo assembled Pacific Biosciences sequence was
confirmed (data not shown).

Additionally, the improvement with this new reference genome is confirmed by mapping the
Roche 454 GS FLX Titanium reads to both the new reference genome and the 2011 genome
(Kdberl et al., 2011). More of the reads map to a combinatorial data set (de novo genome,
killer plasmids and mitochondrial DNA sequence) of the new reference genome than the
2011 sequence (99.96% vs 99.63%, respectively).

Furthermore, paired-end Illumina HiSeq reads from the strains BG08 and BG10
(BioGrammatics Inc., Carlsbad, USA) were aligned to the new reference genome sequence
to determine the differences between closely related £ pastoris strains. 2 base differences are
evident between BG08 and BG10 outside of the Killer plasmids, and 24 differences were
found between the BioGrammatics strains and the CBS7435 sequence presented here
(supplementary table S3). Except for one triple nucleotide insertion, all of the changes
affected single nucleotide deletions and insertions; no inversions or larger rearrangements
are found. Only small clonal variations occur between these closely related P, pastoris
strains, even after storage at different sites, for many years indicating defined molecular
manipulation can be precise with relatively little clonal drift.

In this study, 5256 potential ORFs are identified, of which 5111 can be verified on the basis
of either RNA-seq data or published peptide sequences (Renuse et al., 2014). In this manner
more than 50 new reading frames were identified (supplementary table S4) relative to the
2011 draft genome sequence (Kuberl et al., 2011). Under the growth conditions described in
this manuscript, no considerable transcript levels were found for 145 previously annotated
open reading frames. Neither evidence by RNA-seq experiments nor data from published
proteomics experiments (Renuse et al., 2014) find transcripts in these regions
(supplementary table S5). Additionally, 304 regions were identified to which transcript
sequence reads map without the presence of either an ORF >50 aa or ORFs showing
significant similarity to NCBInr protein database deposited entries (supplementary table S6).
These regions might contain non-coding RNA regulatory elements, such as described in S.
cerevisiae (Thompson and Parker, 2007; Wu et al., 2014) and Schizosaccharomyces pombe
(\Volpe et al., 2003; Wilhelm et al., 2008). One can speculate that similar cryptic unstable
transcripts (CUTS), such as those involved in the regulation of meiosis (Lardenois et al.,
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2011), histone methylation (van Dijk et al., 2011) and telomere length (Luke et al., 2008) in
S. cerevisiae, might exist Pichiaspecies as well. The RNA-seq data also contains reads for
overlapping ORFS, e.g. transcripts of two genes with opposite transcriptional orientation
showing elevated read coverage. These overlaps of sense-antisense gene pairs might have a
regulatory function in gene expression and silencing such as described in S. cerevisiae
(David et al., 2006; Drinnenberg et al., 2009; Nagalakshmi et al., 2008).

In order to create a reference sequence for the wildtype genome, the deleted AOX? gene of
the sequenced mutsS strain was complemented /n silico to generate the new full reference
sequence, which can be accessed from the NCBI web interface. Due to the large number of
changes in this genome compared to the previously published genomes, we propose to use
this new and completed whole genome sequence as a reference sequence for £, pastoris,
which should facilitate future omics and systems biology studies, as well as, precise genome
engineering approaches.

3.2 Alternative splicing and RNA-seq data mapping

To further refine the automated annotation performed on the genome sequence of £ pastoris
CBS7435, we performed an RNA-seq analysis using lllumina HiSeq sequencing data. An
Illumina HiSeq mRNA library was run with an average read length of 50 bp reads from
several different RNA samples of wildtype strains and strains harboring heterologous
expression cassettes. These data were then mapped against the genome sequence which
resulted in more than 98% of reads correctly aligned.

Figure 3 shows an example of three different events occurring in the analysis. In panel A, the
RNA-seq data confirm the automated annotation as successful mapping depends on a gap
opening in the reads. Alternatively, panel B and C depict two different examples in which
the RNA-seq reads do not confirm previous predicted splicing events. Previous intron mis-
calls in the 2011 draft genome sequence demonstrate: 1) in panel B, the mapped reads do not
substantiate the presence of an intron in this position, and 2) in panel C, the RNA-seq
mapping is forced to open a gap to correctly align to the genome sequence and therefore
indicated the presence of an intron at this position. Based on these strategies, all four 2
pastorfs chromosomes and their corresponding open reading frames were manually
corrected. The analysis resulted in the identification of 571 experimentally confirmed
spliced genes in the genome sequence presented here compared with 797 reported in 2011
(based on computational predictions).

In order to accurately map RNA-seq data onto the reference genome, it is important to allow
mapping software to consider not only the introns annotated to create the protein encoding
ORFs, but also splicing events that occur either outside these ORFs or as variants of the
major splicing events. Forty-six variant splice acceptors and 33 variant splice donors were
identified in the bed file outputs from TopHat. In addition, 11 exon “jumping” events were
found where genes containing multiple introns were spliced from the donor site of one
intron to the branch / acceptor site of a second intron. In general, alternative splicing occurs
at low frequency and is the result of faulty selection of the proper donor or acceptor. For
most cases that use an alternative splice acceptor, the same splice branch site is used and
either the next upstream or downstream AG relative to the proper splice acceptor is used. In
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addition to alternative splicing, a low-level of cryptic splicing events is observed in some
highly transcribed mRNAs. Additionally, a number of mRNAs have introns in their 5
UTRs, which were previously not annotated; annotations for these probable locations have
been included to help with the future identification of promoter-gene regions. A very small
number of genes appear to have 3" UTR introns. TopHat analysis of the complete set of
RNA-seq data revealed 828 splicing events where the intron was flanked by GT—AG and
there were at least 10 reads distributed across at least 4 experiments to support the existence
of an intron. These 828 loci were hand curated to remove all locations that fell on the wrong
strand of a highly transcribed mRNA or appeared to be the result of mis-mapping in genes
with repetitive sequences. A final set of 771 junctions was used to generate mapping data for
all RNA-seq experiments. A “.juncs” file (for use with TopHat —no-novel-juncs —raw-juncs
options) containing the 771 locations is provided in the supplementary data. 771 possible
splice sites can be confirmed by the current RNA-seq data. Wherever possible, the RNA-seq
data set and proteomics data was used to confirm the predicted ORFs, to evaluate
discrepancies in respect to translational starts and splice sites, and to re-evaluate or confirm
sequence differences from the transcriptome comparisons (Renuse et al., 2014). Not
surprisingly, for many ORFs the number of identified peptides was too low to clearly
confirm deep sequencing RNA-seq data from the currently available proteomics data sets.

3.3 Identification of putative P. pastoris centromeres

Budding yeast centromere sequences were originally identified in S. cerevisiae, where they
are as short as 120 bp (Biggins, 2013; Clarke and Carbon, 1985). Those centromeres can be
incorporated into plasmids to confer replicative stability (Clarke and Carbon, 1985), and can
be used to generate yeast artificial chromosomes (Noskov et al., 2010). It would therefore be
of value to identify centromere sequences for P, pastoris. However, centromere sequences
diverge rapidly during evolution and are quite variable among yeast species (Malik and
Henikoff, 2009; Roy and Sanyal, 2011), so homology searches of the £ pastoris genome
were unlikely to identify putative centromeres.

As a first step toward identifying 2. pastoris centromeres, we asked whether £ pastoris
resembles other yeasts in possessing the centromere-specific histone H3 variant Cse4
(Biggins, 2013). Indeed, a clear CSE4 homolog on chromosome two (2011 genome location
1026080..1026598 or 2016 genome location 1026960..1027478) was present on Chr2. P,
pastoris Csed was tagged with the monomeric superfolder GFP variant msGFP (Fitzgerald
and Glick, 2014). For visualizing nuclei, the cells also expressed ER-targeted DsRed-HDEL,
which fills the nuclear envelope with red fluorescence (Bevis et al., 2002). Figure 6 shows
that each cell contained a single green fluorescent spot in close proximity to the nuclear
envelope. This pattern is typical for budding yeasts, in which the centromeres are clustered
near the spindle pole bodies (Pearson et al., 2001). Therefore, it is inferred that P, pastoris
likely has centromeres that are functionally similar to those found in other budding yeasts.

A clue to the possible locations of P, pastoris centromeres came from visual inspection of the
chromosome annotation patterns. Figure 4 shows a portion of £ pastoris Chrl with the
predicted ORFs annotated in dark gray. The chromosome is densely packed with protein-
coding genes, but a single gap of 9 kbp was observed. Upon closer inspection, this region
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was found to contain a perfect inverted repeat of 1991 bp. A similar inspection of the other
three chromosomes revealed that each of them also has a single region of 9-11 kbp that is
largely devoid of predicted ORFs, and that contains perfect or near perfect inverted repeats
of 1991-2699 bp (table 4). Because centromeres tend to have few transcribed genes and
sometimes contain inverted repeats (McFarlane and Humphrey, 2010), the ORF-free regions
with inverted repeats are putative centromeres for 2. pastoris.

To confirm that the putative centromeres are largely devoid of transcribed genes, we
examined RNA-seq data. As shown in figure 5, each of the putative centromere regions
corresponds to a sharp and pronounced drop in the RNA-seq signal strength. When
transcriptional profiles were generated for the full chromosomes using 4 kbp windows at 100
bp intervals, the predicted centromeres corresponded to the minimum values in the plots
after telomere sequences were excluded (figure 5).

Independent evidence that these regions are £ pastoris centromeres came from a recent
analysis using a chromatin conformation capture assay called Hi-C (Varoquaux et al., 2015).
That study took advantage of centromere clustering, of the type shown in figure 6, to map
predicted centromere locations within approximately 20 kbp. The predicted centromere
locations closely match the regions identified here (table 4). Interestingly, the MAT7al and a2
locus on chr4 is found in between the 2 pastoris centromere inverted repeats. Hanson et al.
have determined that the flanking mating type inverted repeats are found in all four
orientations (Hanson et al., 2014). While the centromere repeats are smaller, it is still
possible that these can also undergo flipping and result in eight combinations at the end of
chr4. If the centromere function is defined solely by the inverted repeats and their spacing,
the resulting four possible arrangements of the centromeric core relative to immediate
flanking regions and the chromosome as a whole would be functionally identical. The core
and its relative orientation might potentially play a role during meiotic recombination and
chromosome segregation during sporulation of a diploid cell.

The combined data give high confidence that we have identified the four centromeres in 2
pastorfs. However, a rigorous demonstration will require further evidence, such as
crosslinking of nucleosome-associated Cse4 to the putative centromeres (Meluh et al., 1998)
or confirmation that the putative centromeres confer replicative stability to plasmids (Clarke
and Carbon, 1985).

3.4 P. pastoris killer plasmids

The dairy yeast K. /actis was one of the first yeast species proven to harbor a set of two
different linear DNA fragments, which enabled the cells to kill other yeasts by secreting an
exotoxin (Gunge et al., 1981). These plasmids have been termed yeast killer plasmids and
have so far been identified in several yeast genera such as Botryascus, Pichia, Debaryomyces
and Wingea (Cong et al., 1994; Hayman and Bolen, 1991; Wickner and Leibowitz, 1976;
Wickner, 1979; Worsham and Bolen, 1990). The genetic composition of these linear
plasmids seems to be quite conserved among those species. The K. /actis pGKL1/pGKL2
system has been extensively studied and resulted in the elucidation of plasmid encoded gene
functions (Butler et al., 1991; Gunge and Kitada, 1988; Gunge, 1986; Kikuchi et al., 1984;
Sor et al., 1983; Stam et al., 1986; Tokunaga et al., 1987). Banerjee and colleagues were the
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first to describe the presence of RNase resistant double stranded DNA molecules sensitive
towards DNase | digestion in the methylotrophic yeast £ pastoris (Banerjee et al., 1998).

Using paired-end Illumina data from a £, pastoris wildtype strain (BG08) and a £, pastoris
CBS7435 crtEB/Y strain expressing the B-carotene synthesis pathway (Geier et al., 2015b)
as well as PacBio sequence data of the £ pastoris CBS7435 mutS strain, two so far
unpublished sequences of differently sized linear plasmids with intact LTR sequences were
identified. These linear plasmids are 13.1 and 9.5 kbp in size and show homologues of
several annotated ORFs frequently found on killer plasmids from other yeast species such as
Kluveromyeces lactis, Pichia accaciae and S. cerevisiae. Among the coding sequences found
on the two plasmids are DNA polymerases, an RNA polymerase, a helicase, an mRNA
capping enzyme and several homologues to K. /actis killer plasmid proteins. Due to the
DNA size selection performed during PacBio library construction, the smaller killer plasmid
was lost entirely and the larger killer plasmid was significantly underrepresented in the
PacBio library. In lllumina data from a library prepared with ~ 500 bp inserts, the copy
number of the two killer plasmids was estimated at 80-100 in BG08 and P, pastoris
CBS7435 crtEBIY. In sequencing other wild type £ pastoris strains, approximately 25% of
sequencing data maps to killer plasmid sequences (supplementary figure S2), indicating
about 3 Mbp of total killer plasmid DNA relative to 9.38 Mbp of genomic DNA.

The 13.1 and 9.5 kbp large plasmids identified here show 8 and 6 ORFs, respectively (figure
7). These ORFs have high sequence identity to already known K. /actis killer plasmid
proteins as seen in table 5. Both £ pastoris killer plasmids showed very similar spatial
organization compared to K. /actisand S. cerevisiae plasmids (Schickel et al., 1996) with
regard to the order of the ORFs. Also the coding density is similarly high, with 90.9% and
91.8% of all nucleotides coding for proteins in the 13.1 kbp and 9.5 kbp £ pastoris killer
plasmids, respectively. ORF1 on the 13.1 kbp large plasmid shows high sequence identity to
a plasmid specific DNA polymerase. Together with ORF5 and ORF6, annotated as RNA
polymerase and RNA polymerase subunits, respectively, these putative genes most likely
allow for the replication and transcription of plasmid encoded genes (Jung et al., 1987;
Wilson and Meacock, 1988). ORF2, a potential mRNA capping enzyme and ORF3, a
helicase, could potentially stabilize the linear plasmid in the cytosolic space (Larsen et al.,
1998). On the basis of K. /actis killer plasmid protein functions we could also identify
potential DNA binding proteins (ORF4) and a terminal recognition factor (ORF8) which is
potentially responsible for the protection of linear DNA present in the cytosol by binding to
the LTR 12 sequences found at the outer boundaries of the plasmids (Schaffrath and
Meacock, 2001). As described, in S. cerevisiae the smaller 9.5 kbp plasmid contains a DNA
polymerase (ORF1) and several different ORFs with sequence identities to killer plasmid
toxins. The elements responsible for conferring toxicity are encoded on the smaller plasmid.
In K. lactis and other yeast species the heterotrimeric killer toxin is made up of three
different subunits, termed alpha, beta and gamma while a fourth protein coded on the same
plasmid functions as an anti-toxin (Stark and Boyd, 1986). Based on sequence homology
and localization on the plasmid, ORF4 might contain the alpha and beta subunit (Larsen et
al., 1998). Neither ORF2, ORF3, ORF5 nor ORF6 could be identified as the Killer toxin
gamma subunit or anti-toxin protein. Although Banerjee and colleagues were able to isolate
a DNase | digestible double stranded DNA fragment that was not susceptible to RNase
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degradation in £ pastoris (Banerjee et al., 1998), evaluation of 14 different 2. pastoris strains
for their killer activity showed no killer phenotype (Banerjee and Verma, 2000).

In the sequencing data presented here major components of the killer plasmid system, such
as the presence of DNA and RNA polymerases and putative open reading frames responsible
for plasmid integrity, have been found. However, none of the remaining ORFs could be
identified as homologues of the K. /actistoxin gamma subunit or the anti-toxin protein. The
lack of these proteins could potentially cause a loss of the killer phenotype and therefore
provide support for the finding of Banerjee and colleagues (Banerjee et al., 1998; nath
Banerjee and Verma, 2000).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Open reading frames (ORFs) identified in the closed gaps of the P. pastoris

chromosomes

Six small gaps of 60-200 bp as well as six larger gaps of 2—6 kbp present in the CBS7435
genome sequence could be closed. The ORFs found in these regions are marked with dark
triangles. In addition, the orientation of the four chromosomes was standardized to show the
ribosomal clusters at the 3" ends. The vertical lines marked on all four chromosomes

represent the annotation of ORFs.
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Figure 2. Multiple sequence alignment of P. pastoris CBS7435 genome sequence (2011) and the P.
pastoris CBS7435 reference genome sequence presented here

All alignments were performed using CLC Bio’s proprietary alignment algorithm. The dark
areas correspond to perfect nucleotide matches whereas white areas denote mismatches or
missing bases. N denotes bases missing in the 2011 genome sequence. A. The genes at
location 475309..477983 (chr2) of the 2011 sequence (top) and 475237..478581 (chr2) of
the 2016 sequence (bottom) were aligned against each other. B. The genes at location
2208981..2209753 (chr3) of the 2011 sequence (top) and 2214003..2221310 (chr3) of the
2016 sequence (bottom) were aligned against each other.
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Figure 3. Exemplary intron splicing site prediction as identified by mapping RNA-seq reads to
the P. pastoris reference sequence

A Gene at location 2262918..2263848 (chrl). Mapped reads verify the automated
annotation. B Gene at location 586755..589073 (chr4). Due to the presence of mapped reads
in the intron sequence the automated annotation had to be corrected. C Gene at location
579086..582205 (chr3). The intron identified in the RNA-seq data was incorporated into the
automated annotation. The bottom part of each figure shows the gene as present in the
genome sequence of £ pastoris CBS7435 published in 2011. The middle part corresponds to
the RNA-seq reads. CLC Genomics Workbench version 7 was used for visualizations and
manual corrections.
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Figure 4. P. pastoris chrl with the predicted ORFs annotated

The annotated ORFs are marked in dark grey. The putative centromere unique region is
marked in bright gray.
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Figure 5. Putative location of P. pastoris centromeres indicated by RNA-seq reads mapped to this
reference sequence

A-D corresponds to chromosomes 1-4. The putative centromere regions are largely devoid
of transcribed genes as can be seen by the marked drop in the RNA-seq signal strength. The
dark triangles correspond to the location of the putative centromere on each chromosome.
The 138 kbp mating type chromosomal inversion region is indicated by the dark bar on chr4.
The log scale plot shows the transcriptome density with 4 kbp windows at 100 bp intervals
normalized to the maximum density window of 900,000 for chrl.
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DsRed-HDEL Cse4-GFP Merged

Figure 6. Visualization of clustered centromeres in P. pastoris by confocal microscopy
This strain expressed DsRed-HDEL to label the endoplasmic reticulum in red. The ring

visible in each cell is the nuclear envelope. In addition, the strain expressed Cse4-GFP to
label centromeres in green. The merged image shows the two fluorescence signals overlaid
on a transmitted light image of the cells. A cluster of centromeres is visible at the nuclear
periphery in each cell. Scale bar, 2 pm.
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Figure 7. Genetic Organization of the two linear plasmids identified in P. pastoris
Based on the plasmid sequences we identified 8 open reading frames on the 13.1 kbp Killer

plasmid and 6 open reading frames on the 9.5 kbp killer plasmid. Both plasmids are flanked
by long terminal repeat sequences (LTR).
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Table 1

P, pastoris strains used in this study.

strain

Description

reference

P, pastoris CBS7435
P, pastoris CBS7435 mutS

wildtype strain received from CBS

AOX1 knockout derived from P, pastoris CBS7435

P, pastoris CBS7435 AdasIAdas?  dasi/dasZdouble knockout derived from P, pastoris CBS7435

P, pastoris CBS7435 crtEBIY B-carotene producing strain derived from £ pastoris CBS7435
P, pastoris PPY12 his4 arg4 auxotrophic strain

P, pastoris BG08 BioGrammatics Inc.

P, pastoris BG10 BioGrammatics Inc.

(Kberl et al., 2011)
(Naétsaari et al., 2012)
(Geier et al., 2015a)
(Geier et al., 2014)
(Gouldi et al., 1992)

Cat. No. PS001-01
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Summary of unitigs identified in the assembly of P. pastoris genomic DNA

Table 2

Page 26

The length, mean coverage and all protein coding sequences of the CBS7435 mutS strain are presented here.
Assembly metrics can be found in supplementary figure S1.

unitig designation length [bp] mean coverage  protein-coding sequences
1 chromosome 1 2894792 66.42 1601
2 chromosome 2 2396129 64.72 1355
3 chromosome 3 2263199 66.21 1264
4 chromosome 4 1825687 66.70 1036
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Table 5
Putative open reading frames identified on the 13.1 kbp and 9.5 kbp plasmids of P.

pastoris
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All protein sequences were analyzed using blastp (protein-protein blast) against the non-redundant protein
database. The protein entries showing the highest sequence identity to the query are summarized. No
homologues of the gamma toxin subunit or the antitoxin gene were identified on the two P, pastoris killer

plasmids.
3.1 kbp plasmid  Description Organism and sequence identity
ORF1 DNA-polymerase Debaryomyces hansenii 67%
ORF2 mRNA capping enzyme Pichia etchellsii 49%
ORF3 Helicase K. lactis 59%
ORF4 DNA binding protein Millerozyma acacia 54%
ORF5 RNA-polymerase K. lactis 57%
ORF6 RNA-polymerase subunit M. acacia 41%
ORF7 Killer toxin protein K. lactis 50%
ORF8 terminal recognition factor M. acacia 58%
9.5 kbp plasmid
ORF1 DNA-polymerase D. hansenii 55%
ORF2 Hypothetical protein no similarity
ORF3 Hypothetical protein no similarity
ORF4 Killer toxin protein K. lactis 46%
ORF5 Hypothetical protein no similarity
ORF6 Hypothetical protein no similarity
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