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One sentence summary: Whole genome sequencing of Saccharomyces cerevisiae strain CEN.PK113-7D using nanopore technology sequencing yielded a
near complete reference genome with 770 Kbp of undisclosed novel genetic information.
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ABSTRACT

The haploid Saccharomyces cerevisiae strain CEN.PK113-7D is a popular model system for metabolic engineering and systems
biology research. Current genome assemblies are based on short-read sequencing data scaffolded based on homology to
strain S288C. However, these assemblies contain large sequence gaps, particularly in subtelomeric regions, and the
assumption of perfect homology to S288C for scaffolding introduces bias. In this study, we obtained a near-complete
genome assembly of CEN.PK113-7D using only Oxford Nanopore Technology’s MinION sequencing platform. Fifteen of the
16 chromosomes, the mitochondrial genome and the 2-um plasmid are assembled in single contigs and all but one
chromosome starts or ends in a telomere repeat. This improved genome assembly contains 770 Kbp of added sequence
containing 248 gene annotations in comparison to the previous assembly of CEN.PK113-7D. Many of these genes encode
functions determining fitness in specific growth conditions and are therefore highly relevant for various industrial
applications. Furthermore, we discovered a translocation between chromosomes III and VIII that caused misidentification
of a MAL locus in the previous CEN.PK113-7D assembly. This study demonstrates the power of long-read sequencing by
providing a high-quality reference assembly and annotation of CEN.PK113-7D and places a caveat on assumed genome
stability of microorganisms.
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INTRODUCTION

Whole genome sequencing (WGS) reveals important genetic in-
formation of an organism that can be linked to specific pheno-
types and enable genetic engineering approaches (Mardis 2008;
Ng and Kirkness 2010). Short-read sequencing has become the
standard method for WGS in the past years due to its low cost,
high-sequencing accuracy and high output of sequence reads. In
most cases, the obtained read data is used to reassemble the se-
quenced genome either by de novo assembly or by mapping the
reads to a previously assembled closely related genome. How-
ever, the sequence reads obtained are relatively short: between
35 and 1000 bp (van Dijk et al. 2014). This poses challenges as
genomes have long stretches of repetitive sequences of several
thousand nucleotides in length and can only be characterised
if a read spans the repetitive region and has a unique fit to the
flanking ends (Matheson, Parsons and Gammie 2017). As a re-
sult, de novo genome assembly based on short-read technolo-
gies ‘break’ at repetitive regions preventing reconstruction of
whole chromosomes. The resulting assembly consists of dozens
to hundreds of sequence fragments, commonly referred to as
contigs. These contigs are then either analysed independently or
ordered and joined together adjacently based on their alignment
to a closely related reference genome. However, reference-based
joining of contigs into so-called scaffolds is based on the assump-
tion that the genetic structure of the sequenced strain is identi-
cal to that of the reference genome—potentially concealing ex-
isting genetic variation.

Previous genome assemblies of the Saccharomyces cerevisiae
strain CEN.PK113-7D have been based on homology with the
fully assembled reference genome of S. cerevisiae strain S288C
(Cherry et al. 2012; Nijkamp et al. 2012). CEN.PK113-7D is a hap-
loid strain used as a model organism in biotechnology-related
research and systems biology because of its convenient growth
characteristics, its robustness under industrially relevant condi-
tions and its excellent genetic accessibility (Canelas et al. 2010;
Nijkamp et al. 2012; Gonzalez-Ramos et al. 2016; Papapetridis
et al. 2017). CEN.PK113-7D was sequenced using a combination
of 454 and Illumina short-read libraries, and a draft genome was
assembled consisting of over 700 contigs (Nijkamp et al. 2012).
After scaffolding using MAIA (Nijkamp et al. 2010) and linking
based on homology with the genome of S288C, it was possible
to reconstruct all 16 chromosomes. However, there were large
sequence gaps within chromosomes and the subtelomeric re-
gions were left unassembled, both of which could contain rele-
vant open reading frames (ORFs) (Nijkamp et al. 2012). Assum-
ing homology to S288C, more than 90% of missing sequence
was located in repetitive regions corresponding mostly to sub-
telomeric regions and Ty-elements. These regions are geneti-
cally unstable as repeated sequences promote recombination
events (Pryde, Huckle and Louis 1995); therefore, the assump-
tion of homology with $288C could be unjustified. Ty-elements
are present across the genome: repetitive sequences with vary-
ing length (on average ~6 Kbp) resulting from introgressions of
viral DNA (Kim et al. 1998). Subtelomeric regions are segments
towards the end of chromosomes consisting of highly repeti-
tive elements making them notoriously challenging to recon-
struct using only short-read sequencing data (Bergstrom et al.
2014). While Ty-elements are likely to have limited impact on
gene expression, subtelomeric regions harbour various so-called
subtelomeric genes. Several gene families are present mostly
in subtelomeric regions and typically have functions determin-
ing the cell’s interaction with its environment, such as nutrient
uptake (Carlson, Celenza and Eng 1985; Naumov, Naumova and

Louis 1995; Jordan et al. 2016), sugar utilisation (Teste, Francois
and Parrou 2010) and inhibitor tolerance (Denayrolles et al. 1997).
Many of these subtelomeric gene families therefore contribute
to the adaptation of industrial strains to the specific environ-
ment they are used in. For example, the RTM and SUC gene fam-
ilies are relevant for bioethanol production as they increase in-
hibitor tolerance in molasses and utilisation of extracellular su-
crose, respectively (Carlson, Celenza and Eng 1985; Denayrolles
et al. 1997). Similarly, MAL genes enable utilisation of maltose
and maltotriose and FLO genes enable calcium-dependent floc-
culation, both of which are crucial for the beer brewing industry
(Teunissen and Steensma 1995; Lodolo et al. 2008; Brown, Murray
and Verstrepen 2010). As is the case for Ty-elements, subtelom-
eric regions are unstable due to repetitive sequences and homol-
ogy to various regions of the genome, which is likely to cause
diversity across strains (Pryde, Huckle and Louis 1995; Brown,
Murray and Verstrepen 2010; Nijkamp et al. 2012). Characteris-
ing and accurately localising subtelomeric gene families is thus
crucial for associating strain performance to specific genomic
features and for targeted engineering approaches for strain im-
provement (Bergstrom et al. 2014).

In contrast to short-read technologies, single-molecule se-
quencing technologies can output sequence reads of several
thousand nucleotides in length. Recent developments of long-
read sequencing technologies have decreased the cost and in-
creased the accuracy and output, yielding near-complete as-
semblies of diverse yeast strains (Mcllwain et al. 2016; Gior-
dano et al. 2017). For example, de novo assembly of a biofuel
production S. cerevisiae strain using PacBio reads produced a
genome assembly consisting of 25 chromosomal contigs scaf-
folded into 16 chromosomes. This assembly revealed 92 new
genes relative to S288C amongst which 28 previously uncharac-
terised and unnamed genes. Interestingly, many of these genes
had functions linked to stress tolerance and carbon metabolism
that are functions critical to the strains industrial application
(MclIlwain et al. 2016). In addition, rapid technological advances
in nanopore sequencing have matured as a competitive long-
read sequencing technology and the first yeast genomes assem-
bled using nanopore reads are appearing (Goodwin et al. 2015;
Mcllwain et al. 2016; Giordano et al. 2017; Istace et al. 2017; Jansen
et al. 2017). For example, Istace et al. sequenced 21 wild S. cere-
visiae isolates and their genome assemblies ranged between 18
and 105 contigs enabling the detection of 29 translocations and
four inversions relative to the chromosome structure of refer-
ence S288C. In addition, large variations were found in several
difficult to sequence subtelomeric genes such as CUP1, which
was correlated to large differences in copper tolerance (Istace
et al. 2017). Nanopore sequencing has thus proven to be a potent
technology for characterising yeast.

In this study, we sequenced CEN.PK113-7D using Oxford
Nanopore Technology’s (ONT) MinION sequencing platform.
This nanopore de novo assembly was compared to the previous
short-read assembly of CEN.PK113-7D (Nijkamp et al. 2012) with
particular attention for previously, poorly assembled subtelom-
eric regions and for structural variation potentially concealed
due to the assumption of homology to S288C.

MATERIALS AND METHODS
Yeast strains

The Saccharomyces cerevisiae strain ‘CEN.PK113-7D Frankfurt’
(MATa MAL2-8c) was kindly provided by Dr P. Kotter in 2016
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(Entian and Kotter 2007; Nijkamp et al. 2012). It was plated on
solid YPD (containing 10 g/l yeast extract, 20 g/l peptone and 20
g/1 glucose) upon arrival, and a single colony was grown once
until stationary phase in liquid YPD medium and 1 mL aliquots
with 30% glycerol were stored at —-80°C since. The previously
sequenced CEN.PK113-7D sample was renamed ‘CEN.PK113-7D
Delft’ (Nijkamp et al. 2012). It was obtained from the same source
in 2001 and 1 mL aliquots with 30% glycerol were stored at -80°C
with minimal propagation since (no more than three cultures on
YPD as described above).

Yeast cultivation and genomic DNA extraction

Yeast cultures were incubated in 500-mL shake flasks contain-
ing 100 mL liquid YPD medium at 30°C on an orbital shaker set at
200 rpm until the strains reached stationary phase with an ODgg
between 12 and 20. Genomic DNA of CEN.PK113-7D Delft and
CEN.PK113-7D Frankfurt for WGS was isolated using the Qiagen
100/G kit (Qiagen, Hilden, Germany) according to the manufac-
turer’s instructions and quantified using a Qubit® Fluorometer
2.0 (ThermoFisher Scientific, Waltham, MA, USA).

Short-read Illumina sequencing

Genomic DNA of CEN.PK113-7D Frankfurt was sequenced on
a HiSeq2500 sequencer (Illumina, San Diego, CA) with 150 bp
paired-end reads using PCR-free library preparation by Novo-
gene Bioinformatics Technology Co., Ltd (Yuen Long, Hong
Kong). All Illumina sequencing data are available at NCBI
(https://www.ncbi.nlm.nih.gov/) under the bioproject accession
number PRJNA393501.

MinION sequencing

MinION genomic libraries were prepared using either nanopore
Sequencing Kit SQK-MAP006 (2D-ligation for R7.3 chemistry),
SQK-RADO001 (Rapid library prep kit for R9 chemistry), or SQK-
MAPOO7 (2D-ligation for R9 chemistries) (Oxford Nanopore Tech-
nologies, Oxford, UK). Two separate libraries of SQK-MAPO006 and
one library of SQK-RAD001 were used to sequence CEN.PK113-
7D Delft. Only one SQK-MAPO0O07 library was used to sequence
CEN.PK113-7D Frankfurt. With the exception of the SQK-RADO001
library, all libraries used 2-3 ug of genomic DNA fragmented in
a Covaris g-tube (Covaris) with the ‘8-10 kbp fragments’ settings
according to manufacturer’s instructions. The SQK-RADOO1 li-
brary used 200 ng of unsheared genomic DNA. Libraries for
SQK-MAP006 and SQK-MAPO07 were constructed following the
manufacturer’s instructions with the exception of using 0.4x
concentration of AMPure XP Beads (Beckman Coulter Inc., Brea,
CA, USA) and 80% EtOH during the ‘End Repair/dA-tailing mod-
ule’ step. The SQK-RADO001 library was constructed following the
manufacturer’s instructions. Prior to sequencing, flow cell qual-
ity was assessed by running the MinKNOW platform QC (Oxford
Nanopore Technology). All flow cells were primed with prim-
ing buffer and the libraries were loaded following the manufac-
turer’s instructions. The mixture was then loaded into the flow
cells for sequencing. The SQK-MAPO006 library of CEN.PK113-7D
Delft was sequenced twice on a R7.3 chemistry flow cell (FLO-
MIN103), and the SQK-RADOO1 library was sequenced on a R9
chemistry flow cell (FLO-MIN105)—all for 48 h. The SQK-MAP007
library for CEN.PK113-7D Frankfurt was sequenced for 48 h on a
R9 chemistry flow cell (FLO-MIN104). Reads from all sequenc-
ing runs were uploaded and base-called using Metrichor desk-
top agent (https://metrichor.com/s/). The error rate of nanopore
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reads in the CEN.PK113-7D Frankfurt and Delft was determined
by aligning them to the final CEN.PK113-7D assembly (see sec-
tion below) using Graphmap (Sovi¢ et al. 2016) and calculating
mismatches based on the CIGAR strings of reads with a mapping
quality of at least 1 and no more than 500 nt of soft/hard clip-
ping on each end of the alignment to avoid erroneous read align-
ments due to repetitive regions (i.e. paralogous genes, genes
with copy number variation). All nanopore sequencing data are
available at NCBI under the bioproject accession number PR-
JNA393501.

De novo genome assembly

FASTA and FASTQ files were extracted from base-called FAST5
files using Poretools (version 0.6.0) (Loman and Quinlan 2014).
Raw nanopore reads were filtered for lambda DNA by align-
ing to the Enterobacteria phage lambda reference genome (RefSeq
assembly accession: GCF.000840245.1) using Graphmap (Sovi¢
et al. 2016) with —no-end2end parameter and retaining only un-
mappeds reads using Samtools (Li et al. 2009). All reads ob-
tained from the Delft and the Frankfurt CEN.PK113-7D stock
cultures were assembled de novo using Canu (version 1.3) (Ko-
ren et al. 2017) with —genomesize set to 12 Mbp. The assemblies
were aligned using the MUMmer tool package: Nucmer with
the -maxmatch parameter and filtered for the best one-to-one
alignment using Delta-filter (Kurtz et al. 2004). The genome as-
semblies were visualised using Mummerplot (Kurtz et al. 2004)
with the —fat parameter. Gene annotations were performed us-
ing MAKER2 annotation pipeline (version 2.31.9) using SNAP
(version 2013-11-29) and Augustus (version 3.2.3) as ab initio
gene predictors (Holt and Yandell 2011). S288C EST and pro-
tein sequences were obtained from SGD (Saccharomyces Genome
Database, http://www.yeastgenome.org/) and were aligned us-
ing BLASTX (BLAST version 2.2.28+) (Camacho et al. 2009). Trans-
lated protein sequence of the final gene model was aligned us-
ing BLASTP to S288C protein Swiss-Prot database. Custom made
Perl scripts were used to map systematic names to the anno-
tated gene names. Telomere repeat sequences (TELO7R of size
7306 bp and TELO7L of size 781 bp) from the manually curated
and complete reference genome for S. cerevisiae S288C RefSeq
assembly accession: GCA_000146045.2 obtained from SGD were
aligned to the assembly as a proxy to assess completeness of
each assembled chromosome. SGIDs for TELO7R and TELO7L are
5000028960 and S000028887, respectively. The Tablet genome
browser (Milne et al. 2013) was used to visualise nanopore reads
aligned to the nanopore de novo assemblies. Short assembly
errors in the Frankfurt assembly were corrected with Nanop-
olish (version 0.5.0) using default parameters (Loman, Quick
and Simpson 2015). Two contigs, corresponding to chromosome
XII, were manually scaffolded based on homology to S288C. To
obtain the 2-um native plasmid in CEN.PK113-7D, we aligned
$288C’s native plasmid to the ‘unassembled’ contigs file pro-
vided by Canu (Koren et al. 2017) and obtained the best aligned
contig in terms of size and sequence similarity. Duplicated re-
gions due to assembly difficulties in closing circular genomes
were identified with Nucmer and manually corrected. BWA (Li
and Durbin 2010) was used to align Illumina reads to the scaf-
folded CEN.PK113-7D Frankfurt assembly using default parame-
ters. Pilon (Walker et al. 2014) was then used to further correct as-
sembly errors by aligning Illumina reads to the scaffolded Frank-
furt assembly using correction of only SNPs and short indels
(-fix bases parameter) using only reads with a minimum map-
ping quality of 20 (-minmgq 20 parameter). Polishing with struc-
tural variant correction in addition to SNP and short indel
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correction was benchmarked, but not applied to the final assem-
bly (Additional File 1, Supporting Information).

Analysis of added information in the CEN.PK113-7D
nanopore assembly

Gained and lost sequence information in the nanopore assem-
bly of CEN.PK113-7D was determined by comparing it to the pre-
vious short-read assembly (Nijkamp et al. 2012). Contigs of at
least 1 Kbp of short-read assembly were aligned to the nanopore
CEN.PK113-7D Frankfurt assembly using the MUMmer tool pack-
age (Kurtz et al. 2004) using show-coords to extract alignment
coordinates. For multimapped contigs, overlapping alighments
of the same contig were collapsed and the largest alignment
length as determined by Nucmer was used. Unaligned coor-
dinates in the nanopore assembly were extracted and consid-
ered as added sequence. Added genes were retrieved by ex-
tracting the gene annotations in these unaligned regions from
the annotated nanopore genome; mitochondria and 2-pm plas-
mid genes were excluded for the lost sequence, unaligned se-
quences were obtained by aligning the contigs of the nanopore
assembly to the short-read contigs of at least 1 kb using the
same procedure as described above. Lost genes were retrieved by
aligning the unaligned sequences to the short-read CEN.PK113-
7D assembly with BLASTN (version 2.2.31 +) (Camacho et al.
2009) and retrieving gene annotations. BLASTN was used to
align DNA sequences of YHRCTy1-1, YDRCTy2-1, YILWTy3-1,
YHLWTy4-1 and YCLWTy5-1 (obtained from the Saccharomyces
Genome Database; SGIDs: S000007006, S000006862, S000007020,
5000006991 and S000006831, respectively) as proxies for the loca-
tion of two known groups of Ty-elements in S. cerevisiae, Metaviri-
dae and Pseudoviridae (Kim et al. 1998), in the CEN.PK113-7D
Frankfurt assembly. Non-redundant locations with at least a 2
Kbp alignment and an E-value of 0.0 as determined by BLASTN
were then manually inspected.

Comparison of the CEN.PK113-7D assembly to the
5288C genome

The nanopore assembly of CEN.PK113-7D and the reference
genome of $288C (Accession number GCA_000146045.2) were an-
notated using the MAKER? pipeline described in the ‘De novo
genome assembly’ section. For each genome, a list of gene
names per chromosome was constructed and compared strictly
on their names to identify genes names absent in the cor-
responding chromosome in the other genome. The ORFs of
genes identified as absent in either genome were aligned using
BLASTN (version 2.2.31 +) to the total set of ORFs of the other
genome and matches with an alignment length of half the query
and with a sequence identity of at least 95% were listed. If one of
the unique genes aligned to an ORF on the same chromosome,
it was manually inspected to check if it was truly absent in the
other genome. Merged ORFs and misannotations were not con-
sidered in further analysis. These alignments were also used to
identify copies and homologues of the genes identified as truly
absent in the other genome.

Gene ontology analysis was performed using the Gene On-
tology term finder of SGD using the list of unique genes as the
query set and all annotated genes as the background set of genes
for each genome (Additional File 2A and 2C, Supporting Informa-
tion). The ORFs of genes identified as present in S288C but absent
in CEN.PK113-7D in previously made lists (Daran-Lapujade et al.
2003; Nijkamp et al. 2012) were obtained from SGD. The ORFs

were aligned both ways to ORFs from SGD identified as unique
to S288C in this study using BLASTN. Genes with alignments of
at least half the query length and with a sequence identity of at
least 95% were interpreted as confirmed by the other data set.
In order to analyse the origin of genes identified as unique to
$288C, these ORFs were aligned using BLASTN to 481 genome
assemblies of various S. cerevisiae strains obtained from NCBI
(Additional File 3, Supporting Information) and alignments of at
least 50% of the query were considered. The top alignments were
selected based on the highest sequence ID and only one align-
ment per strain was counted per gene.

Chromosome translocation analysis

Reads supporting the original and translocated genomic archi-
tectures of chromosomes III and VIII were identified via read
alignment of raw nanopore reads. First, the translocation break-
points coordinates were calculated based on whole-genome
alignment of CEN.PK113-7D Delft assembly to $288C with MUM-
mer. A modified version of S288C was created containing the
normal architectures of all 16 chromosomes and the mito-
chondrial genome plus the translocated architecture of chro-
mosomes III-VIII and VIII-III. The first nearest unique flanking
genes at each breakpoint were determined using BLASTN (ver-
sion 2.2.31 +) (Zhang et al. 2000; English et al. 2012) in reference
to both S288C and the Delft CEN.PK113-7D nanopore assembly.
Raw nanopore reads from CEN.PK113-7D Delft and Frankfurt
were aligned to the modified version of S288C, and nanopore
reads that spanned the translocation breakpoints as well as
the unique flanking sequences were extracted. Supporting reads
were validated by re-aligning them to the modified version of
$288C using BLASTN.

RESULTS

Sequencing on a single nanopore flow cell enables
near-complete genome assembly

To obtain a complete chromosome level de novo assembly of
Saccharomyces cerevisiae CENPK113-7D, we performed long-read
sequencing on the ONT MinION platform. A fresh sample of
CEN.PK113-7D was obtained from the original distributer Dr P.
Kotter (further referred to as ‘CEN.PK113-7D Frankfurt’), cultured
in a single batch on YPD medium, and genomic DNA was ex-
tracted. CEN.PK113-7D Frankfurt was sequenced on a single R9
(FLO-MIN104) chemistry flow cell using the 2D ligation kit for the
DNA libraries producing more than 49x coverage of the genome
with an average read-length distribution of 10.0 Kbp (Fig. S1,
Supporting Information) and an estimated error rate of 10% (Fig.
S2, Supporting Information). We used Canu (Koren et al. 2017)
to produce high-quality de novo assemblies using only nanopore
data. Before correcting for misassemblies, the assembly con-
tained a total of 21 contigs with an N50 of 756 Kbp (Table S1, Sup-
porting Information). This represented a 19-fold reduction in the
number of contigs and a 15-fold increase of the N50 in compar-
ison to the short-read-only assembly of the first CEN.PK113-7D
draft genome version (Nijkamp et al. 2012) (Table 1).

Most chromosomes of the nanopore de novo assembly are sin-
gle contigs and are flanked by telomere repeats. Genome com-
pleteness was determined by alignment to the manually curated
reference genome of the strain S288C RefSeq assembly acces-
sion: GCA_000146045.2 (Table S2, Supporting Information). The
two largest yeast chromosomes, IV and XII, were each split into
two separate contigs, and two additional contigs (31 and 38 Kbp
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Table 1. Comparison of 454/Illumina and nanopore de novo assem-
blies of CEN.PK113-7D.

CEN.PK113-7D CEN.PK113-7D

Delft Frankfurt
Data Short read Nanopore Nanopore
Contigs (>1 Kbp) 414 24 20
Largest contig 0.210 Mbp 1.08 Mbp 1.50 Mbp
Smallest contig 0.001 Mbp 0.013 Mbp 0.085 Mbp

N50 0.048 Mbp
Total assembly size 11.4 Mbp

0.736 Mbp
11.9 Mbp

0.912 Mbp
12.1 Mbp

Summary of de novo assembly metrics of CEN.PK113-7D Delft and CEN.PK113-7D
Frankfurt. For the short-read assembly, only contigs of at least 1 Kbp are shown
(Nijkamp et al. 2012). The nanopore assembly of CEN.PK113-7D Delft is uncor-
rected for misassemblies while CEN.PK113-7D Frankfurt was corrected for mis-
assemblies.

in length) corresponded to unplaced subtelomeric fragments. In
particular, the assembly for chromosome XII was interrupted in
the RDN1 locus—a repetitive region consisting of gene encoding
ribosomal RNA estimated to be more than 1 Mbp long (Venema
and Tollervey 1999). Since no reads were long enough to span
this region, the contigs were joined with a gap.

Manual curation resolved chromosome III, chromosome IV
and the mitochondrial genome. Chromosome IV was frag-
mented into two contigs at a locus of 11.5 Kbp containing two
Ty-elements in S288C (coordinates 981 171-992 642). Interest-
ingly, the end of the first contig and the start of the second contig
had 8.8 Kbp of overlap (corresponding to the two Ty-elements)
and one read spanned the repetitive Ty-elements and aligned
to unique genes on the left and right flanks (EXG2 and DIN7,
respectively). We therefore joined the contigs without missing
sequence resulting in a complete assembly of chromosome IV.
For chromosome III, the last ~27 Kbp contained multiple telom-
eric caps next to each other. The last ~10 Kbp had little to no
coverage when re-aligning raw nanopore reads to the assem-
bly (Fig. S3, Supporting Information). The coordinates for the
first telomeric cap were identified, and the remaining sequence
downstream was removed resulting in a final contig of size of
347 Kbp. The original contig corresponding to the mitochondrial
genome had a size of 104 Kbp and contained a nearly identical
~20 Kbp overlap corresponding to start of the S. cerevisiae mi-
tochondrial genome (i.e. origin of replication) (Fig. S4, Support-
ing Information). This is a common artefact as assembly algo-
rithms generally have difficulties reconstructing and closing cir-
cular genomes (Venema and Tollervey 1999; Mcllwain et al. 2016).
The coordinates of the overlaps were determined with Nucmer
(Kurtz et al. 2004) and manually joined resulting to a final size of
86 616 bp.

Overall, the final CEN.PK113-7D Frankfurt assembly con-
tained 15 chromosome contigs, 1 chromosome scaffold, the
complete mitochondrial contig, the complete 2-um plasmid and
two unplaced telomeric fragments, adding up to a total of 12.1
Mbp (Table 1 and Table S3, Supporting Information). Of the 16
chromosomes, 11 were assembled up until both telomeric caps,
4 were missing one of the telomere repeats and only chromo-
some X was missing both telomere repeats. Based on homology
with S288C, the missing sequence was estimated not to exceed
12 kbp for each missing (sub)telomeric region. Furthermore, we
found a total of 46 retrotransposons Ty-elements: 44 were from
the Pseudoviridae group (30 Ty1, 12 Ty2, 1 Ty4 and 1 Ty5) and 2
from Metaviridae group (Ty3). The annotated nanopore assembly
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of CEN.PK113-7D Frankfurt is available at NCBI under the bio-
project accession number PRJINA393501.

Comparison of the nanopore and short-read
assemblies of CEN.PK113-7D

We compared the nanopore assembly of CEN.PK113-7D to a pre-
viously published version to quantify the improvements over
the current state of the art (Nijkamp et al. 2012). Alignment of the
contigs of the short-read assembly to the nanopore assembly re-
vealed 770 Kbp of previously unassembled sequence, including
the previously unassembled mitochondrial genome (Additional
file 4A, Supporting Information). This gained sequence was rela-
tively spread out over the genome (Fig. 1A and B) and contained
as much as 284 chromosomal gene annotations (Additional file
4B). Interestingly, 69 out of 284 genes had paralogues, corre-
sponding to a fraction almost twice as high as the 13% found in
the whole genome of S288C (Wolfe and Shields 1997). Gene on-
tology analysis revealed an enrichment in the biological process
of cell aggregation (P = 9.30 x 107%); in the molecular functions
of mannose binding (P = 3.90 x 10#) and glucosidase activity
(P =7.49 x 1073); and in the cellular components of the cell wall
(P = 3.41 x 107) and the cell periphery component (P = 5.81 x
107). Some newly assembled genes are involved in central car-
bon metabolism, such as PDC5. In addition, many of the added
genes are known to be relevant in industrial applications includ-
ing hexose transporters such as HXT genes and sugar polymer
hydrolases such as IMA and MALx2 genes; several genes relevant
for cellular metal homeostasis, such as CUP1-2 (linked to copper
ion tolerance) and FIT1 (linked to iron ion retention); genes rel-
evant for nitrogen metabolism in medium rich or poor in spe-
cific amino acids, including amino acid transporters such as
VBAS5, amino acid catabolism genes such as ASP3-4 and LEU2 and
amino-acid limitation response genes such as many PAU genes;
several FLO genes that are responsible for calcium-dependent
flocculation; and various genes linked to different environmen-
tal stress responses, such as HSP genes increasing heat shock
tolerance and RIM101 increasing tolerance to high pH.

To evaluate whether previously assembled sequences were
missing in the nanopore assembly, we aligned the nanopore
contigs to the short-read assembly (Nijkamp et al. 2012). Less
than 6 Kbp of sequence of the short-read assembly was not
present in the nanopore assembly, distributed over 13 contigs
(Additional file 4C). Only two ORFs were missing: the genes BIO1
and BIO6 (Additional file 4D). Alignment of BIO1 and BIO6 se-
quences to the nanopore assembly showed that the right end
of the chromosome I contig contains the first ~500 nt of BIO1.
While BIO1 and BIO6 were present in the nanopore sequences,
they are absent in the final assembly likely due to the lack of
long-enough reads to resolve the repetitive nature of this sub-
telomeric region.

Overall, an additional 770 Kbp sequence containing 284
genes was gained, while 6 Kbp sequence containing two genes
was not captured compared to the previous assembly. In ad-
dition, the reduction from over 700 to only 20 contigs clearly
showed that the nanopore assembly is much less fragmented
than the short-read assembly (Table 1).

Comparison of the nanopore assembly of
CEN.PK113-7D to S288C

To identify unique and shared genes between CEN.PK113-7D
and S288C, we compared annotations made using the same
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Figure 1. Overview of gained and lost sequence and genes in the CEN.PK113-7D Frankfurt nanopore assembly relative to the short-read CEN.PK113-7D assembly and
to the genome of S288C. The two unplaced subtelomeric contigs and the mitochondrial DNA were not included in this figure. (A) Chromosomal location of sequence
assembled in the nanopore assembly which was not assembled using short-read data. The 16 chromosome contigs of the nanopore assembly are shown. Chromosome
XII has a gap at the RDN1 locus, a region estimated to contain more than 1 Mbp worth of repetitive sequence (Venema and Tollervey 1999). Centromeres are indicated
by black ovals, gained sequence relative to the short-read assembly is indicated by black marks and 46 identified retrotransposon Ty-elements are indicated by blue
marks. The size of all chromosomes and marks is proportional to their corresponding sequence size. In total, 611 Kbp of sequence was added within the chromosomal
contigs. (B) Relative chromosome position of sequences and genes assembled on chromosome contigs of the nanopore assembly which were not assembled using
short-read data. The positions of added sequence and genes were normalised to the total chromosome size. The number of genes (red) and the amount of sequence
(cyan) over all chromosomes are shown per 10th of the relative chromosome size. (C) Relative chromosome position of gene presence differences between S288C and
CEN.PK113-7D. The positions of the 45 genes identified as unique to CEN.PK113-7D and of the 44 genes identified as unique to S288C were normalised to the total
chromosome size. The number of genes unique to CEN.PK113-7D (red) and to S288C (purple) are shown per 10th of the relative chromosome position.

method for both genomes (Additional Files 2A and 2C). We iden- CEN.PK113-7D based on short-read WGS (Nijkamp et al. 2012).

tified a total of 45 genes unique to CEN.PK113-7D and 44 genes
unique to S288C (Additional Files 2B and 2D). Genes located in
regions that had no assembled counterpart in the other genome
were excluded: 20 for S288C and 27 for CEN.PK113-7D. Interest-
ingly, the genes unique to either strain and genes present on
different chromosomes were found mostly in the outer 10% of
the chromosomes, indicating that the subtelomeric regions har-
bour most of the genetic differences between CEN.PK113-7D and
$288C (Fig. 1C).

In order to validate the genes identified as unique to S288C,
we compared them to genes identified as absent in CEN.PK113-
7D in previous studies (Additional file 2D, Table 2). A total of
25 genes of S288C were identified as absent in CEN.PK113-7D
by array comparative genomic hybridisation analysis (Daran-
Lapujade et al. 2003), and 21 genes were identified as absent in

Of these genes, 19 and 10 respectively were identified as genes
in S288C by our annotation pipeline and could be compared to
the genes we identified as unique to S283C. While 19 of these 29
genes were also absent in the nanopore assembly, the remaining
10 genes were fully assembled and annotated, indicating they
were erroneously identified as missing (Table 2).

In order to determine if the genes unique to S288C have ho-
mologues elsewhere in the genome of CEN.PK113-7D or if they
are truly unique, we aligned the ORFs of the 44 genes identi-
fied as unique in S288C to the ORFs in the nanopore CEN.PK113-
7D assembly. A total of 26 genes were completely absent in the
CEN.PK113-7D assembly, while the remaining 18 genes aligned
to between 1 and 20 ORFs each in the genome of CEN.PK113-7D
with more than 95% sequence identity, indicating they may have
close homologues or additional copies in S288C (Additional file
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Table 2. Presence in the nanopore assembly of genes identified as absent in CEN.PK113-7D in previous research.

Not analysed

Absent in assembly Present in assembly

Daran-Lapujade etal.  YALO64C-A, YALO66W, YAR047C,

YHL046W-A, YILO58W, YOLO13W-A

YALO65C, YALO67C, YBRO93C, YCRO18C,
YCR105W, YCR106W, YDR038C, YDRO39C,
YHLO047C, YHL048W, YNRO70W, YNRO71C

YALO69W, YDR036C, YDRO37W,
YJL165C, YNROO4W, and YPL277C
(misannotated as YOR389W)

and YNR074C

Nijkamp et al. Q0140, YDR543C, YDR544C, YDR545W,
YILO46W-A, YLR154C-H, YLR156C-A,
YLR157C-C, YLR159C-A, YOR029W and

YORO082C

YBR0O93C, YCRO40W, YCRO41W, YDRO38C,
YDR039C and YDR040C

YDRO36C, YHLOOSC, YHRO56C
and YLRO55C

For genes identified as absent in CEN.PK113-7D in two previous studies, the absence or presence in the nanopore assembly of CEN.PK113-7D is shown. A total of 25
genes were identified previously by aCGH (Daran-Lapujade et al. 2003) and 21 genes were identified by short-read genome assembly (Nijkamp et al. 2012). Genes that
were not annotated by MAKER? in §288C could not be analysed. Genes with an alignment to genes identified as missing in the nanopore assembly of at least 50% of
the query length and 95% sequence identity were confirmed as being absent, while those without such an alignment were identified as present. The presence of these
genes was verified manually, which revealed the misanotation of YPL277C as YOR389W.

2D). Gene ontology analysis revealed no enrichment in biolog-
ical process, molecular functions or cell components of the 26
genes without homologues in CEN.PK113-7D. Five genes with-
out homologues were labelled as putative. However, there were
many genes encoding proteins relevant for fitness under specific
industrial conditions, such as PHO5 that is part of the response
to phosphate scarcity, COS3 linked to salt tolerance, ADH7 linked
to acetaldehyde tolerance, RDS1 linked to resistance to cyclohex-
imide, PDR18 linked to ethanol tolerance and HXT17 that is in-
volved in hexitol uptake (Additional file 2D). In addition, we con-
firmed the complete absence of ENA2 and ENA5 in CEN.PK113-
7D that are responsible for lithium sensitivity of CEN.PK113-7D
(Daran-Lapujade et al. 2009).

In contrast, to determine if the genes unique to CEN.PK113-
7D had homologues elsewhere in the genome of S288C or if
they were truly unique, we aligned the ORFs of the 45 genes
identified as unique in CEN.PK113-7D to the ORFs of S288C.
A set of 16 genes were completely absent in S288C, while the
remaining 29 aligned to between 1 and 16 ORFs each in the
genome of S2838C with more than 95% sequence (Additional File
2D). Gene ontology analysis revealed no enrichment in biolog-
ical processes, molecular functions or cell components of the
16 genes unique to CEN.PK113-7D without homologues. How-
ever, among the genes without homologues, a total of 13 were
labelled as putative. The presence of an additional copy of IMAT,
MAL31 and MAL32 on chromosome III was in line with the pres-
ence of the MAL2 locus that was absent in S288C. Interestingly,
the sequence of MAL13, which belongs to this locus, was diver-
gent enough from other MAL-gene activators not to be identified
as homologue. Additionally, when performing the same analysis
on the 27 genes on the two unplaced contigs of the CEN.PK113-
7D assembly, 7 of them did not align to any gene of S288C
with more than 95% sequence identity, indicating that these un-
placed telomeric regions were highly unique to CEN.PK113-7D.

Since the genome of CEN.PK113-7D contained 45 ORFs that
were absent in S288C, we investigated their origin by aligning
them against all available S. cerevisiae nucleotide data at NCBI
(Additional File 3). For each ORF, we reported the strains to which
they aligned with the highest sequence identity and the se-
quence identity relative to S288C in Additional File 2B. For most
genes, several strains aligned equally well with the same se-
quence identity. For 13 ORFs, S288C is among the best matches,
indicating these ORFs may come from duplications in the $288C
genome. However, S288C was not among the best matches for
32 ORFs. In these, laboratory strain ‘SK1’ was among the best
matches nine times, the west African wine isolate ‘DBVPG6044’

S288C:

CHR 1l

(—l Ty-element

CHR VII

(—' Ty-element ]—[ Ty-element I—)
CEN.PK113-7D:

CHR 1l

~<—{ Ty-element |—tEu2| [wEs1 >~

CHR VII ’fDuplicated

-
(—{ Ty-element HLEUZI

Figure 2. LEU2 and NFSI duplication in chromosome VII of CEN.PK113-7D.
The nanopore assembly contains a duplication of LEU2 and part of NFS1 in
CEN.PK113-7D. In S288C, the two genes are located in chromosome III next
to a Ty element. In CEN.PK113-7D, the two genes are present in chromo-
some III and in chromosome VII. The duplication appears to be mediated by
Ty-elements. Note that the additional copy in chromosome VII is present in be-
tween two Ty-elements and contains only the first ~500 bp of NFS1. The dupli-
cation is supported by long-read data that span across the LEU2, NFS1, the two
Ty-elements and the neighbouring flanking genes (not shown).

appeared eight times, laboratory strain ‘W303’ appeared seven
times, the Belgian beer strain ‘beer080’ appeared three times and
the Brazilian bioethanol strain ‘bioethanol005’ appeared three
times. Interestingly, some grouped unique genes were most re-
lated to specific strains. For example, the unique genes identified
on the left subtelomeric regions of chromosome XVI (YBL109W,
YHR216W and YOR392) and of chromosome VIII (YJL225C and
YOL161W) exhibited the highest similarity to DBVPG6044. Sim-
ilarly, the right end of the subtelomeric region of chromosome
I1I (YPL283W-A and YPR202) and of chromosome XI (YPL283W-A
and YLR466W) were most closely related to W303.

Interestingly, the nanopore assembly revealed a duplication
of LEU2, a gene involved in synthesis of leucine that can be used
as an auxotrophy marker. In the complete reference genome of
S. cerevisiae S288C, both LEU2 and NFS1 are unique, neighbour-
ing genes located on chromosome III. However, gene annota-
tions of the assemblies and raw nanopore reads supported ad-
ditional copies of LEU2 and NFS1 in CEN.PK113-7D located on
chromosome VII (Fig. 2). The additional copy contained the com-
plete LEU2 sequence but only ~0.5 kb of the 5" end of NFS1. In
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Figure 3. Overview of chromosome structure heterogeneity in CEN.PK113-7D Delft for CHRIII and CHRVIII that led to the misidentification of a fourth MAL locus in a
previous short-read assembly study of the genome of CEN.PK113-7D. Nanopore reads support the presence of two chromosome architectures: the normal chromosomes
11 and VIII (left panel) and translocated chromosomes III-VIII and VIII-II (right panel). The translocation occurred in Ty-elements, large repetitive sequences known to
mediate chromosomal translocations in Saccharomyces species (Fischer et al. 2000). Long reads are required to diagnose the chromosome architecture via sequencing:
the repetitive region between KCC4 and NFS1 in chromosome III exceeds 15 Kbp, while the region between SPO13 and MIP6 in chromosome VIII is only 1.4 Kbp long.
For the translocated architecture, the region from NFS1 to MIP6 in chromosome III-VIII exceeds 16 Kbp and the distance from SPO13 to KCC4 in chromosome VIII-III is

nearly 10 Kbp.

CEN.PK113-7D and S288C, the LEU2 and NFS1 loci in chromo-
some III were located adjacent to Ty-elements. Two such Ty-
elements were also found flanking the additional LEU2 and NFS1
loci in chromosome VII (Fig. 2). It is likely that the duplication
was the result of a translocation based on homology of the Ty-
elements that resulted in local copy number increase during its
strain development program (Entian and Kotter 2007).

Long-read sequencing data reveals chromosome
structure heterogeneity in CEN.PK113-7D Delft

CEN.PK113-7D has three confirmed MAL loci encoding genes for
the uptake and hydrolysis of maltose: MAL1 on chromosome
VIII, MAL2 on chromosome IIl and MAL3 on chromosome II (Ad-
ditional file 2A). A fourth MAL locus was identified in previous
research on chromosome XI based on contour-clamped homo-
geneous electric field electrophoresis (CHEF) and Southern blot-
ting with a probe for MAL loci (Nijkamp et al. 2012). However, the
nanopore assembly revealed no additional MAL locus despite
the complete assembly of chromosome XI. The CEN.PK113-7D
stock in which the fourth MAL locus was obtained from Dr P.
Kotter in 2001 and stored at -80°C since (further referred to as
‘CEN.PK113-7D Delft’). In order to investigate the presence of the
potential MAL locus, we sequenced CEN.PK113-7D Delft using
nanopore MinION sequencing. Two R7.3 flow cells (FLO-MIN103)
produced 55x coverage with an average read-length distribution
of 8.5 Kbp and an R9 flow cell (FLO-MIN103) produced 47 x cover-
age with an average read-length distribution of 3.2 Kbp (Fig. S1).
The error rate was estimated to be 13% (Fig. S4) after aligning
the raw nanopore reads to the CEN.PK113-7D Frankfurt assem-
bly. These reads were assembled into 24 contigs with an N50 of
736 Kbp (Table S1).

Alignment of the assembly of CEN.PK113-7D Delft to the
Frankfurt assembly showed evidence of a translocation be-
tween chromosomes III and VIII (Fig. S5, Supporting Informa-
tion). The assembly thus suggested the presence of two new
chromosomes: chromosomes III-VIII of size 680 Kbp and chro-
mosome VIII-III of size 217 Kbp (Fig. 3). The translocation

occurred between Ty-element YCLWTy2-1 on chromosome III
and long-terminal repeats YHRCdelta5-7 on chromosome VIII.
These repetitive regions were flanked by unique genes KCC4 and
NFS1 on chromosome III and SPO13 and MIP6 on chromosome
VIII (Fig. 3). Nanopore reads spanning the whole translocated or
non-translocated sequence anchored in the unique genes flank-
ing them were extracted for CEN.PK113-7D Delft and Frankfurt.
A total of eight reads from CEN.PK113-7D Delft supported the
translocated chromosome III-VIII architecture (largest read was
39 Kbp) and one 19 Kbp read supported the normal chromosome
III architecture. For CEN.PK113-7D Frankfurt, we found only one
read of size 23 Kbp that supported the normal chromosome III
architecture but we found no reads that supported the translo-
cated architectures. These data suggested that CEN.PK113-7D
Delft was in fact a heterogeneous population containing cells
with recombined chromosomes III and VIII and cells with orig-
inal chromosomes III and VIII. As a result, in addition to the
MAL2 locus on chromosome III, CEN.PK113-7D Delft harboured
a MAL2 locus on recombined chromosome III-VIII. As the size of
recombined chromosome III-VIII was close to chromosome XI,
the MAL2 locus on chromosome III-VIII led to misidentification
of a MAL4 locus on chromosome XI (Nijkamp et al. 2012). By re-
peating the CHEF gel and Southern blotting for MAL loci on sev-
eral CEN.PK113-7D stocks, the MAL2 on the translocated chro-
mosomes III-VIII was shown to be present only in CEN.PK113-7D
Delft, demonstrating that there was indeed chromosome struc-
ture heterogeneity (Additional File 5).

DISCUSSION

In this study, we obtained a near-complete genome assembly of
Saccharomyces cerevisiae strain CEN.PK113-7D using only a single
R9 flow cell on ONT’s MinION sequencing platform. Fifteen of
the 16 chromosomes as well as the mitochondrial genome and
the 2-pum plasmid were assembled in single, mostly telomere-to-
telomere, contigs. This genome assembly is remarkably unfrag-
mented, even when compared with other S. cerevisiae assemblies
made with several nanopore technology flow cells, in which 18

Downl oaded from https://academ c. oup. con fensyr/article-abstract/17/7/fox074/ 4157789
by Techni sche Universiteit Delft user
on 01 February 2018



to 105 chromosomal contigs were obtained (Mcllwain et al. 2016;
Istace et al. 2017). Despite the long-read lengths obtained by
nanopore sequencing, the ribosomal DNA locus in chromosome
XII could not be completely resolved. In practice, this would re-
quire reads exceeding 1 Mb in length, which current technology
cannot yet deliver.

The obtained nanopore assembly is of vastly superior qual-
ity to the previous short-read-only assembly of CEN.PK113-7D
that was fragmented into over 700 contigs (Nijkamp et al. 2012).
In addition to the lesser fragmentation, the addition of 770 Kbp
of previously unassembled sequence led to the identification
and accurate placement of 284 additional ORFs spread out over
the genome. These newly assembled genes showed overrepre-
sentation for cell wall and cell periphery compartmentalisation
and relate to functions such as sugar utilisation, amino acid up-
take, metal ion metabolism, flocculation and tolerance to vari-
ous stresses. While many of these genes were already present
in the short-read assembly of CEN.PK113-7D, copy number was
shown to be an important factor determining the adaptation of
strains to specific growth conditions (Brown, Murray and Ver-
strepen 2010). The added genes may therefore be very relevant
for the specific physiology of CEN.PK113-7D under different in-
dustrial conditions (Brown, Murray and Verstrepen 2010). The
ability of nanopore sequencing to distinguish genes with vari-
ous similar copies is crucial in S. cerevisiae as homologues are
frequent particularly in subtelomeric regions, and paralogues
are widespread due to a whole genome duplication in its evolu-
tionary history (Wolfe and Shields 1997). Besides the added se-
quence, 6 Kbp of sequence of the short-read assembly was not
present in the nanopore assembly, mostly consisting of small
unplaced contigs. Notably the absence of BIO1 and BIO6 in the
assembly was unexpected, as it constituted a marked differ-
ence between CEN.PK113-7D and many other strains that en-
ables biotin prototrophy (Bracher et al. 2017). Both genes were
present in the nanopore reads, but were unassembled likely due
to the lack of reads long enough to resolve this subtelomeric
region (a fragment of BIO1 is located at the right end of chro-
mosome I). Targeted long-read sequencing in known gaps of a
draft assembly followed by manual curation could provide an
interesting tool to obtain complete genome assemblies (Loose,
Malla and Stout 2016). Alternatively, a more complete assembly
could be obtained by maximising read length. The importance
of read length is illustrated by the higher fragmentation of the
CEN.PK113-7D Delft assembly compared to the Frankfurt one,
which was based on reads with lower length distribution despite
higher coverage and similar error rate (Table 1, Figs S1 and S5).
Read-length distribution in nanopore sequencing is highly in-
fluenced by the DNA extraction method and library preparation
(Fig. S1). The mitochondrial genome was completely assembled,
which is not always possible with nanopore sequencing (McIl-
wain et al. 2016; Giordano et al. 2017; Istace et al. 2017). Even
with identical DNA extraction and assembly methods, the mi-
tochondrial genome cannot always be assembled, as illustrated
by its absence in the assembly of CEN.PK113-7D Delft. Overall,
the gained sequence in the nanopore assembly far outweighs
the lost sequence relative to the previous assembly, and the re-
duction in number of contigs presents an important advantage.

The use of long-read sequencing enabled the discovery of
a translocation between chromosomes III and VIII, which led
to the misidentification of a fourth MAL locus on chromosome
XI of CEN.PK113-7D (Nijkamp et al. 2012). Identification of this
translocation required reads to span at least 12 Kbp due to the
large repetitive elements surrounding the translocation break-
points, explaining why it was previously undetected. While the
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translocation did not disrupt any coding sequence and is un-
likely to cause phenotypical changes (Naseeb et al. 2016), there
may be decreased spore viability upon mating with other CEN.PK
strains. Our ability to detect structural heterogeneity within a
culture shows that nanopore sequencing could also be valuable
in detecting structural variation within a genome between dif-
ferent chromosome copies, which occurs frequently in aneu-
ploid yeast genomes (Gorter de Vries, Pronk and Daran 2017).
These results highlight the importance of minimal propagation
of laboratory microorganisms to warrant genome stability and
avoid heterogeneity that could at worst have an impact on phe-
notype and interpretation of experimental results.

The nanopore assembly of CEN.PK113-7D constitutes a vast
improvement of its reference genome that should facilitate its
use as a model organism. The elucidation of various homologue
and paralogue genes is particularly relevant as CEN.PK113-7D
is commonly used as a model for industrial S. cerevisiae applica-
tions for which gene copy number frequently plays an important
role (Brown, Murray and Verstrepen 2010; Gorter de Vries, Pronk
and Daran 2017). Using the nanopore assembly as a reference
for short-read sequencing of strains derived from CEN.PK113-
7D will yield more complete and more accurate lists of SNPs
and other mutations, facilitating the identification of causal
mutations in laboratory evolution or mutagenesis experiments.
Therefore, the new assembly should accelerate elucidation of
the genetic basis underlying the fitness of S. cerevisiae in vari-
ous environmental conditions, as well as the discovery of new
strain improvement strategies for industrial applications (Oud
et al. 2012).

SUPPLEMENTARY DATA

Supplementary data are available at FEMSYR online.
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