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ABSTRACT

Completion of eukaryal genomes can be difficult
task with the highly repetitive sequences along the
chromosomes and short read lengths of second-
generation sequencing. Saccharomyces cerevisiae
strain CEN.PK113-7D, widely used as a model or-
ganism and a cell factory, was selected for this
study to demonstrate the superior capability of very
long sequence reads for de novo genome assem-
bly. We generated long reads using two common
third-generation sequencing technologies (Oxford
Nanopore Technology (ONT) and Pacific Biosciences
(PacBio)) and used short reads obtained using lI-
lumina sequencing for error correction. Assembly
of the reads derived from all three technologies re-
sulted in complete sequences for all 16 yeast chro-
mosomes, as well as the mitochondrial chromosome,
in one step. Further, we identified three types of
DNA methylation (5mC, 4mC and 6mA). Compari-
son between the reference strain S288C and strain
CEN.PK113-7D identified chromosomal rearrange-
ments against a background of similar gene con-
tent between the two strains. We identified full-length
transcripts through ONT direct RNA sequencing
technology. This allows for the identification of tran-
scriptional landscapes, including untranslated re-
gions (UTRs) (5’ UTR and 3’ UTR) as well as differen-
tial gene expression quantification. About 91% of the
predicted transcripts could be consistently detected
across biological replicates grown either on glucose
or ethanol. Direct RNA sequencing identified many

polyadenylated non-coding RNAs, rRNAs, telomere-
RNA, long non-coding RNA and antisense RNA. This
work demonstrates a strategy to obtain complete
genome sequences and transcriptional landscapes
that can be applied to other eukaryal organisms.

INTRODUCTION

The genome of the most well studied eukaryotic model
organism, Saccharomyces cerevisiae strain S288c, was se-
quenced and released in 1996; it was the first complete, high
quality genome sequence of an eukaryal organism (1). Since
then, the development of DNA sequencing technologies has
yielded scientific breakthroughs that enable us to obtain
and analyze genomic DNA sequences at a faster, more eco-
nomical pace (2). As of August 2017, the NCBI genome
database lists >500 Saccharomyces genomes and 4600 eu-
karyal sequenced genomes. However, <1% (35 genomes) of
these are classified as ‘complete genomes’, which harbor
contiguous chromosomal sequence(s) without gaps (defi-
nition by NCBI); this includes 1 animal (Caenorhabditis
elegans), 29 fungi and 5 protists. All of these have rela-
tively small genome sizes, most <100 Mb. Thus, >99% of
the eukaryal genomes are drafts, and virtually all of the
larger genomes are incomplete. There are many limitations
of draft genomes, which can lead to misinterpretations (e.g.
see (3)). Complete genome status should be the objective for
a genome-sequencing project, even though draft genomes
can provide most of the coding sequences that are suffi-
cient to gain functional insights about an organism. Once
a genome is obtained, transcriptional analysis can be per-
formed to improve gene annotation and identify dynamic
signatures of gene expression. Traditional RNA-Seq has
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been widely employed in several studies as a powerful tool
for transcriptomics (4).

The small percentage of complete genome sequences
in both eukaryotes (as mentioned above) and prokary-
otes (5) strongly indicates the difficulties and high cost
of properly locating and ordering DNA segments ob-
tained from assemblers as well as resolving ambiguities
or discrepancies among reads for a completely assem-
bled genome sequence (3). One major limitation lies in
reads generated from DNA sequencing technologies. First-
generation sequencing technology (6) can generate mod-
erately long and accurate reads, but is a slow and expen-
sive method for obtaining the high sequencing depth re-
quired for genome assemblers. Second-generation sequenc-
ing technologies (7) (such as Illumina, 454 and Ion-torrent)
can generate massive amounts of reads with high accu-
racy, although the reads are too short to allow for the de
novo assembly of complete genomes (8), resulting in pieces
of DNA rather than chromosomal-sized contiguous se-
quences. Nevertheless, DNA spanning technologies from
BioNanoGenomics, 10X Genomics, and Dovetail cHiCago
sequencing company can produce long pieces of DNA se-
quence (with a mean span length of 30-250 kb depend-
ing on the technology) from short reads. Third-generation
sequencing technologies can generate very long reads at
the single-molecule level, though the error rate is high. Pa-
cific Biosciences (PacBio) has developed Single Molecule
Real Time (SMART) technology that offers two sequencing
strategies—continuous long read (CLR) and circular con-
sensus long read (CCS). The error rate of raw reads derived
from CLR approach is around 13% (7.,9). The high level of
error can be reduced to <1% (7) with the CCS approach
(multiple passing), which involves sequencing shorter DNA
pieces, typically lower than 25 kb, several times. Oxford
Nanopore Technologies (ONT) has developed a portable
sequencing device called MinION that is able to perform
single-molecule DNA sequencing (10) and, recently, cDNA
sequencing (11). The DNA sequencing by ONT also offers
two chemistries—1D and 1D? for the latest version of flow
cell R9.4/R9.5. The raw reads generated by 1D chemistry
have a sequencing error rate similar to PacBio CLR, with
possible read lengths of more than 300 kb (10). By using
1D? chemistry, the mean error rate can be improved to <4%,
although the throughput will be reduced by half when com-
pared to the 1D chemistry. In addition, both PacBio and
ONT can directly detect DNA methylation (12-14), provid-
ing additional valuable information for epigenetics.

The S. cerevisiae strain CEN.PK113-7D, the offspring
of parental strains ENY.WA-1A and MC996A, is used ex-
tensively in academic and industrial research, especially in
metabolic engineering and systems biology, due to a com-
bination of ease of genetic manipulation and a fast growth
rate (15). Based on systems biology analysis by Canelas
et al. (16), the phenotypic differences between CEN.PK113-
7D and S288C are mainly observed in protein metabolism
and ergosterol biosynthesis. Having a high quality complete
genome for this strain is important for a detailed mech-
anistic understanding at the systems biology level. Otero
et al. (17) first performed whole-genome sequencing of the
CEN.PK113-7D strain using short reads (35 bp) with 18X
coverage to identify single nucleotide variations (SNVs)
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compared to the S288c strain. Some of these SNVs were
related to metabolic differences between the two strains.
Later, Nijkamp et al. (18) performed a de novo assem-
bly of the CEN.PK113-7D strain genome, with sequences
from a GS FLX+ system, 454 Life Sciences (average read
length of 350 bp) and Illumina short reads (2 x 50 bp).
The result was a draft genome sequence, with 565 contigu-
ous DNA sequences (contigs) instead of the contiguous 16
chromosomes. Recently, third-generation sequencing was
used to sequence the genomes of S. cerevisiae strain S288C
and other isolates (19-21). The promising results from the
de novo assembly of ONT+Illumina and PacBio+Illumina
gave a high degree of sequence scaffold continuity—=>99%
accuracy when compared to the reference genome sequence
of S288C. However, the sequence of all 16 chromosomes
was still not complete (19).

In this study, we performed whole-genome sequencing
of the CEN.PK113-7D strain with a combination of three
sequencing technologies: PacBio, ONT and Illumina (22)
to obtain a complete genome sequence by de novo assem-
bly. We also performed a genome comparison between the
S288C and CEN.PK113-7D strains. Further, we identified
the transcriptional landscapes of the CEN.PK 113-7D strain
under diauxic growth conditions, using ONT direct RNA
sequencing technology.

MATERIALS AND METHODS
Genomic DNA extraction and cell cultivation

Saccharomyces cerevisiae CEN.PK113-7D (MATa MAL2-
8¢ SUC2, obtained from Dr Peter Kotter, Frankfurt, Ger-
many) was cultivated overnight in 15 ml of yeast extract
peptone dextrose (YPD) medium (10 g/1 yeast extract, 20
g/1 of peptone and 20 g/1 of glucose). We used the Blood
& Cell Culture DNA Mini Kit (Qiagen, Hilden, Germany)
to extract genomic DNA from 3 ml of the overnight yeast
culture (~5 x 108 cells). The protocol recommended by the
manufacturer was modified for yeast cells in the following
steps: (1) the lyticase digestion was extended to 1 h, (2) the
spheroplasts were centrifuged at 2000 x g for 5 min, (iii)
proteinase K digestion was performed at 60°C for 2.5 h, (iv)
RNase A was added after the proteinase K digestion, (v)
RNase A incubation was performed overnight at 37°C and
the final elution volume was reduced to 1 ml of buffer QF
and (vi) after the precipitation with isopropanol, the DNA
was spooled by inverting the tube, recovered with a pipette
tip, washed in 1 ml of cold ethanol 70%, dried at room tem-
perature for 10-20 min and dissolved in 0.1x TE buffer (1
mM Tris, 0.1 mM EDTA, pH 8.0).

RNA extraction and cell cultivation

We extracted RNA from S. cerevisiae CEN.PK113-7D cul-
tivated in 50 ml of defined media as previously described
(23) with 20 g/l of glucose, 7.5 g/l of (NH4),SO,, 14.4
g/l of KH,PO4 and the pH adjusted to 6.5 with NaOH.
We sampled the culture on two different time points: mid-
exponential growth on glucose (~4.3 x 107 cells/ml) and
oxidative growth on the ethanol/fermentation products
(~2.6 x 10® cells/ml). At each sampling point, we quickly
transferred 15 ml of the sample into a 50 ml conical tube
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half-filled with ice pellets, centrifuged it at 2000 x g for 5
min, snap froze it on liquid nitrogen and stored it at -80°C.
We used the RNeasy Mini Kit (Qiagen, Germany) to ex-
tract RNA from 3 to 4 x 10® frozen cells with the proto-
col recommended by the manufacturer. The cells were dis-
rupted in 2-ml tubes filled with 500 mg of acid-washed glass
beads (425-600 pm particle size of Lysing Matrix C, MP
Biomedicals) using a FastPrep-24 Instrument (MP Biomed-
icals, California, USA) at 6.0 m/s for 40 s. We used the total
RNA obtained from the three biological replicates for direct
RNA sequencing following manufacturer recommendation
on the starting amount of poly-A RNA of 500 ng.

Library preparation and genomic DNA sequencing by PacBio

We produced one PacBio library using the SMRTbell™
Template Prep Kit version 1.0 according to manufacturer’s
instructions. In brief, we sheared 10 wg of genomic DNA
per library into 20 kb fragments using the Megaruptor sys-
tem, followed by an exo VII treatment, DNA damage repair,
and end-repair before ligation of hairpin adaptors to gener-
ate a SMRTbell™ library for circular consensus sequencing.
We then subjected the library to exo treatment and PB AM-
Pure bead wash procedures for clean-up before it was size-
selected with the BluePippin system with a cut-off value of
9000 bp. We used one SMRTcell™ to sequence the DNA li-
brary on the PacBio Sequel instrument using the Sequel 2.0
polymerase and 600 min of movie time. The high quality
PacBio reads are deposited in an SRA database under Bio-
Project:PRINA398797, SRP116559.

Library preparation and genomic DNA sequencing by ONT

We performed genomic sequencing using the Rapid Se-
quencing Kit for genomic DNA SQK-RADO002 (ONT,
USA), The protocol of the library preparation is provided
in Supplementary link. The DNA library was eluted and
loaded onto a flow cell for sequencing. We accomplished
the flow cell loading in three steps: (i) draw back a small
volume to remove any bubbles, (ii) prime the flow cell and
(iii) add 75 wl of sample to the flow cell via the sample port
in a dropwise fashion. We sequenced the genomic DNA on
a single R9.5/FLO-MIN107 flow cell on a MinlON Mk1B
for 48 h. We further base-called the signal files (.fast5) using
Albacore version 1.2.6 (ONT, USA). The high quality DNA
reads from ONT are deposited in an SRA database under
accession number BioProject: PRINA398797, SRP116559.

Library preparation and direct RNA sequencing by ONT

We performed direct RNA sequencing using the Direct
RNA Sequencing protocol for the MinION with the SQK-
RNAO001 kit (ONT, USA), which recommends 500 ng of
poly-A RNA for input. We purified poly-A RNA from to-
tal RNA of either glucose condition or ethanol conditions.
In all, we used about 222-550 ng of poly-A RNA puri-
fied from glucose and ethanol conditions as the input for
library preparation, in adherence to the kit protocol. The
protocol of the library preparation is provided in Supple-
mentary link. We then loaded the library onto a flow cell
(the same way of the DNA sequencing described previ-
ously) and sequenced the polyadenylated RNA on a single
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R9.5/FLO-MIN107 flow cell on a MinION MkI1B for 48
h. For base calling, we used the local-based software Alba-
core version 2.1.0. The high quality RNA reads from ONT
are deposited in an SRA database under accession number
BioProject:PRINA398797, SRP116559.

Bioinformatics and statistical analysis

De novo assembly and polishing. We first filtered the raw
reads from both ONT sequencings using a mean quality
score cutoff of 9 in the Albacore software (version 1.2.6)
to obtain ONT high quality ONT reads. We obtained high
quality PacBio reads from SMART link software using the
default setting. Only reads longer than 500 bases were kept
as high-quality reads and used for further analyses. The
high quality reads from both ONT and PacBio were identi-
fied in their overlap using GraphMap software version 0.52
(24).

For de novo assembly of the reads, we used Canu software
version 1.5 (25) (at default parameters) with three strategies:
(1) use ONT reads alone, (ii) use PacBio reads alone and
(ii1) use both ONT and PacBio reads. We will call the con-
tigs obtained from the genome assemblies ONT _assembly,
PacBio_assembly and OP_assembly, respectively. We used
Pilon software version 1.22 (26) to further polish the assem-
bled contigs with Illumina reads of our previous published
data (22) to obtain a high quality genome.

Genome comparison, computational annotation, and methy-
lation analysis. With the complete S288C genome and
annotation information (version R64) from the Saccha-
romyces Genome Database (SGD), we used MUMMER
software version 3 for global genome comparisons of the
assemblies with the S. cerevisiae strain S288C genome (27).
We selected the best assembly contigs result (OP_assembly)
to perform genome annotations. We annotated the open
reading frames (ORFs) of coding sequences (CDSs)
and RNA non-coding sequences on the CEN.PK113-7D
genome by the similarity search using the ORF sequences
of the S288C query against the CEN.PK113-7D genome se-
quence using Blat software version 36 (28). In addition, we
employed ab initio CDS calling using AUGUSTUS soft-
ware version 2.5.5 (29) to identify possible new CDSs in the
CEN.PK113-7D genome that were probably not present in
S288C. For the local genome comparisons, we used LAST
software version 1.04.00 (30) to identify synteny, inversion,
and translocation events between S288C and CEN.PK113-
7D chromosomes. Further, we called the possible DNA
methylations at the signal level of DNA sequencing using
Nanopolish (default parameters) to identify SmC methyla-
tion (14) for ONT reads. For PacBio reads, we used blasr
(31) and employed kinetic tools from SMRT link software
version 4.0 to identify 4mC and 6mA methylations, using a
cut-off of P-value of 0.001 and >30 reads coverage. We took
the results derived from the genome’s features and compar-
isons and summarized and plotted them for global visual-
ization using Circos software version 0.69-4 (32).

Transcriptional landscape analysis.  We first filtered the raw
reads obtained from direct RNA sequencing with Alba-
core (version 1.2.6) using a quality score cutoff of 8 to ob-
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tain high quality reads. Then we employed GraphMap soft-
ware version 0.5.2 (24) to align the high quality reads on
the CEN.PK113-7D complete genome to identify transcrip-
tional landscapes. We used two strategies—direct chromo-
some alignment and transcript model guided alignment—to
map the direct RNA sequence reads. We quantified the
gene expression levels based on the transcript model guided
alignments by counting the number of mapped reads with
respect to the transcript location using bedtools software
version 2.26 (33). We performed the differential gene expres-
sion analysis in ethanol versus glucose conditions with the
negative binomial statistic approach on the DESeq?2 pack-
age (34). The P-value of each individual transcript was cor-
rected for multiple testing using the Benjamini—-Hochburg
method to generate adjusted P-values. We used the PIANO
package (36) to perform the gene set analysis of Gene On-
tology (GO), which is the control vocabularies describe gene
function, and relationships that are organized in a hierar-
chical structure (35). We selected the GO terms that have
adjusted enrichment P-value less than 10e-6 and plotted a
heatmap. In addition, we re-analyzed the Illumina RNA-
Seq data from our previous study (22) by only mapping
the reads on the CEN.PK113-7D complete genome using
Stamy aligner version 1.0.31 with the default parameters
(37). To compare the dynamic range of direct RNA se-
quencing (this study) with traditional RNA-Seq (Illumina
RNA-Seq data from our previous study (22)), we calculated
the mean coverage depth based on the mapped reads for
each transcript for both datasets (see detail of calculation
in the Supplementary text). We used the distribution of the
mean coverage depth of each biological replicate for the dy-
namic range comparison. To identify UTR regions, we de-
veloped a Python script in-house for mapping the 5’ and 3’
ends of gene boundary detected by direct RNA sequencing
by searching for a sharp reduction in signals at both ends of
mapped reads. The regions between gene boundaries and
ORFs can be defined as 5’ and 3’ UTRs at 5’ and 3’ ends of
a given transcript, respectively.

The details of all bioinformatics commands used and the
Python script are provided in Supplementary text.

RESULTS
Third-generation sequencing long reads

We generated high quality sequencing reads with third-
generation sequencing using both ONT and PacBio. We
obtained about 130 000 reads from ONT MinION, corre-
sponding to 830 million bases (Mb) of data, with an Nj
(the shortest sequence length at 50% of sequenced bases) of
12 500 bases; this corresponds to a 69-fold genome coverage
for the yeast genome. Using the CCS chemistry of PacBio,
we generated a higher number of reads (~739 000), with
4 900 Mbp of data with an N5, of 8700 bases. Although
the PacBio had shorter average read length, the larger num-
ber of reads resulted in a 408-fold coverage, about six times
greater than obtained with the ONT sequencing. The de-
tails of the third-generation sequencing reads are provided
in the supplementary Table TSI. The distribution of the
read lengths (Figure 1A) shows that ONT generated longer
reads than PacBio. We investigated the overlap of reads be-
tween ONT and PacBio and found a high level of over-
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lap (Figure 1B), even though the number of reads gener-
ated from PacBio were 5.6 times more than ONT. Surpris-
ingly, about 13% and 12% of the reads were specific (non-
overlapping) for ONT and PacBio sequencing, respectively.
The non-overlapping reads may reflect differences in sam-
ple preparation; the PacBio library preparation has a DNA
size selection procedure, whereas ONT does not have any
size selection.

De novo genome assembly

We performed de novo assembly using the Canu software
(25), with three strategies: (i) use ONT reads only, (ii) use
PacBio reads only and (iii) use both ONT and PacBio reads.
For each strategy, we polished the assembly (base correc-
tion) using short reads (Illumina) and the Pilon software
(26). The resulting de novo assembly for all three methods
produced full-length, contiguous DNA sequences for nearly
all of the chromosomes and the mitochondria genome,
with a length comparable to the S288C chromosomes (see
the assemblies statistic in supplementary Table TS2). No-
tably, in all three cases, the assembled 2-micron plasmid
is much longer than the known length of around 6.3 kb,
as shown in Table 1. Interestingly, the ONT _assembly (ob-
tained from strategy 1 has the best results, in terms of the
correct number of known chromosomes (18 contigs = 16
chromosomes plus mitochondria plus 2-micron plasmid).
The PacBio_assembly (obtained from strategy 2) has 19
contigs, caused by a broken mitochondrial chromosome.
The OP_assembly (obtained from the strategy 3), has the
highest number of contigs (21 contigs), with three addi-
tional pieces of telomere DNA and two additional pieces
associated with the 2-micron plasmid, which had a similar
size when ONT or PacBio reads were used alone. Unex-
pectedly, a contig derived from OP_assembly joined ChrVII
with ChrXIII at their telomeric regions, as shown in supple-
mentary Figure S1. We investigated the mapped reads from
ONT, PacBio, and Illumina on the joined chromosome re-
gion and found a clear breakpoint, then separated ChrVII
and ChrXIII.

The 2-micron plasmid sequence obtained from all of our
assemblies (ONT, PacBio and OP) is longer than the re-
ported length of the 2-micron plasmid for strain S288C. We
further investigated the long 2-micron contigs and found
that the Canu assembler (25) had difficulty discriminating
the extra depth from the multi-copy 2-micron plasmids (see
supplementary Figure S2).

The complete genomes (all chromosomes) from the three
assembly strategies were very similar, with a DNA iden-
tity of 99.95% and a similar number of CDS ORFs by
the ab initio method AUGUSTUS (29). We decided to use
OP_assembly to represent the whole genome of S. cere-
visiae strain CEN.PK113-7D for further analysis and com-
parison because we believe that combining the reads will
give the highest sequencing depth, leading to a high con-
fidence genome sequencing. Moreover, the OP_assembly
has the highest average identity (see Table 1) when com-
pared to Illumina reads if the broken mitochondria chro-
mosome found using PacBio_assembly is not considered.
We further evaluated the assembly completeness by iden-
tifying telomeric repeats, which we found on both ends of
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Figure 1. Summary of DNA sequencing reads from ONT and PacBio. (A) Histogram plot showing the distribution of read length of high quality of DNA
sequencing reads. ( B) The read overlap plot between ONT and PacBio. The red and blue colors represent the DNA sequencing reads from ONT and
PacBio, respectively.

Table 1. The summary of de novo assembly results of S. cerevisiae strain CEN.PK113-7D obtained from the three strategies comparing it to the genome
of S. cerevisiae strain S288C

Feature CEN.PK113-7D S288C
ONT_assembly (69X) PacBio_assembly (408X) OP_assembly(477X) SGD
chrl 224 821 241274 235019 230218
chrll 806 426 820 406 827088 813184
chrlIl 319119 369 115 367275 316 620
chrlV 1504 163 1518 811 1518534 1531933
chrV 577 655 593 818 579 053 576 874
chrVI 272 158 278 189 286 399 270 161
chrVII 1123142 1138 579 113 7891 (**205 1454) 1090 940
chrVIII 560 935 577 405 577 241 562 643
chrIX 441 593 461 772 452 809 439 888
chrX 764 537 759 892 777 694 745 751
chrXI 679 352 690 875 680 699 666 816
chrXIT 1117833 1078 292 1114 766 1078 177
chrXIII 912 255 913 070 913563 (**2051454) 924 431
chrXIV 776 471 801 157 778 019 784 333
chrXV 1091 066 1101379 1 105 746 1091 291
chrXVI 948 593 965 730 979 195 948 066
chrmt 86 132 *53 964 86 343 85779
*27 063
Total length (main+mt) 12 206 251 12 462 516 12 417 334 12157 105
2-micron 147 349 71725 144 927 6318
2-micron - - 61 136 -
telomere - - 76 064 -
telomere - - 49 485 -
telomere - - 45615 -
# contigs intotal 18 19 21 18
# Ab initio CDS 5624 5531 5554 5 465
Avg identity*** 99.3 99.6 99.6 NA

“The length of the two broken contigs of mitochondrial chromosome.

**The length of the missed assembly contig before manually broken.

*** Average identity of the assembly contig comparing with Illumina read before the polishing step.
NA = not applicable.
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all of the main chromosomes as illustrated in Figure 2. The
S. cerevisiae strain CEN.PK113-7D complete genome has
been deposited in Genbank (accession numbers CP022966—
CP022982).

Comparative genomics between the S288C and CEN.PK113-
7D

The CEN.PK113-7D genome was first compared to the
S288C genome by MUMMER (27), yielding a global aver-
age DNA identity of 99.5%, (see the dot plot in supplemen-
tary Figure S3). The number of identified SNVs are 24 071;
this number is comparable with previous reports (18,22).
Interestingly, the number of identified insertion-deletions
(INDELSs) detected is 13 732, which is around four times
higher than reported from experiments using short reads
(18,22), possibly due to homopolymer problems commonly
observed when using PacBio and ONT.

The complete CEN.PK113-7D genome is shown in Fig-
ure 2A.a. The read coverage from the ONT, PacBio, and
Ilumina, as illustrated in Figure 2A.d, reveals the unusual
high sequencing depth, linked with high DNA copy num-
bers for the mitochondrial chromosome, and also in the
middle of chromosome XII, which contains a cluster of re-
peated rRNA genes. In S288C, rRNA genes are also found
in the long repeat region of 9.1 kb on Chromosome XII.
To ensure that the assembly results are valid, we investi-
gated the read alignment over the region. We found some
long reads that span over the long repeat region, as seen in
supplementary Figure S4. The larger mitochondrial DNA
content has been previously reported to show an increase in
cell growth and nuclear DNA replication (38), reflecting the
mid-log phase sampling point.

DNA methylation plays important roles in various cellu-
lar regulation pathways and is also known to be responsible
for epigenetic modification, which is associated with human
diseases (39). Methylation in the upstream region of coding
sequences can slow down the transcription process. S. cere-
visiae has been used as an expression host to study higher
eukaryote 5-methylcytosine (SmC), because the yeast is
thought to contain no 5mC, as reported by Hattman et al.
(40) and Capuono et al. (41). Using third-generation DNA
sequencing technologies, the 4-methylcytosine (4mC) and 6-
methyladenine (6mA) can be captured on the PacBio reads
(12) and 5SmC can be captured on ONT reads (14). Re-
sults of DNA methylation analysis are illustrated in Fig-
ure 2A.c. The Nanopolish software (14) identified only 40
5mCs, compared to thousands of methylation sites for 4mC
and 6mA; none of the SmCs are located in the upstream
region of ORFs for the CEN.PK113-7D genome; this is
consistent with other results obtained experimentally by
LC-MS/MS methods (41). SMART link software identi-
fied 6946 4mC and 4688 6mA with 359 sites and 297 sites lo-
cated in the upstream region of ORFs, defined as 200 bp be-
fore the start codon and corresponding to the typical length
of the yeast core promoter, as reported by Lubliner et al
(42).

All assembled contigs from the previous study of Ni-
jkamp et al. (18) can be almost perfectly mapped to our as-
sembled genome with a 99.8% DNA identity, as illustrated
in Figure 2A.e, indicating the comprehensive quality of our
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genome. The result from the assembly based on short reads
(in Figure 2A.e) shows the difficulty in mapping the termi-
nal regions of the chromosome, close to telomeres. More-
over, the assembly based on short reads missed the mito-
chondrial chromosome and the middle region of chromo-
some XII, where we found the unusual sequencing depth in
our study.

Due to the high percentage DNA identity of the two
yeast genomes (CEN.PK113-7D and S288C), which are
the same species, we used the annotated protein-encoding
ORFs (5,996 ORFs) of the strain S288C genome to directly
query the CEN.PK113-7D genome using the Blat software
(28), and identified 5,969 ORFs that hit as illustrated in
Figure 2A.f. The hits resulted in 6,173 loci (annotated as
CDS ORFs) on the CEN.PK113-7D chromosomes, indi-
cating some genes had been duplicated. We found that 23
ORFs were absent in the CEN.PK113-7D genome (see sup-
plementary Table TS3). This is less than previously reported
by Nijkamp et al. (18), indicating problems from unknown
gaps that possibly derived from collapsed tandem repeats
in the assembly based on short reads (see supplementary
Table TS3). Eighteen of the absent ORFs are in the set of
previously reported missing genes; only five of the absent
ORFs are uniquely identified in this study, possibly due to
the different versions of S288C genome annotation used in
the two studies. To look for possible additional ORFs in
CEN.PK113-7D, we employed ab initio gene calling (29),
and yielded 52 ORFs that have high similarity to known
proteins in the Uniprot database, indicating a high confi-
dence for these additional ORFs (see supplementary Table
TS3). Furthermore, all 417 genes of non-translated RNAs
(e.g. tRNA, rRNA, snRNA, snoRNA) of S288C hits on
the CEN.PK113-7D genome by direct sequence queries re-
sulted in identification of 412 loci in the CEN.PK113-7D
genome.

We used LAST software (30) for a detailed chromo-
some comparison between the CEN.PK113-7D and S288C
genomes and identified a total of 555 regions of chromoso-
mal rearrangements. Considering only the regions >1 kb,
there are 35 regions identified as synteny, translocation, or
inversion of the chromosomes illustrated in Figure 2A.b
(see supplementary Table TS4). We further examined the
32 regions that contain ORFs and found 12 synteny re-
gions on chromosomes I'V, VIII, IX, and XII as well as two-
inversion regions on chromosome VII, as illustrated in Fig-
ure 2B (see supplementary Figure S5). The two largest syn-
teny regions are 50 kb on chromosome IV with 28 ORFs
and 13.5 kb on chromosome IX with 7 ORFs. The two
two-inversion regions carry three retrotransposon-related
ORFs. We also found 19 chromosome translocations with
35 ORFs on 9 chromosomes, as illustrated in Figure 2C.
Interestingly, chromosome VII of S288C translocates into
many chromosomes of CEN.PK113-7D (see supplementary
Table TS4).

CEN.PK113-7D transcriptional landscape and quantifica-
tion
We explored the transcriptional landscape using direct

RNA sequencing over two metabolic stages of diauxic
growth: respiro-fermentative growth on glucose and oxida-
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Figure 2. The complete CEN.PK113-7D genome obtained from de novo assembly and its comparisons. (A) A Circos plot shows the genome comparisons.
Lane a) The CEN.PK113-7D chromosomes (I-XVI) and the mitochondrial chromosome (mt) are plotted in different colors. Lane (b) S288C chromosomes
and the crossed vertical lines represent the confidence chromosome rearrangement regions (> 1 kb) between the two stains. Lane (c) The crossed vertical line
plot shows the location on the chromosome of DNA methylation sites 4mC, 6mA and SmC illustrated from the outer ring to the inner ring, respectively. The
methylation sites that do not locate on the upstream region of ORFs are plotted in gray. The red and blue crossed vertical lines represent the methylation
sites located on the upstream region of ORFs of 4mC and 6mA, respectively. Lane (d) DNA sequencing depth coverage plots, yellow, red and blue represent
the data obtained from Illumina, PacBio and ONT reads, respectively. Lane (¢) Gray bars represent the location of the assembled contigs obtained from
Nijkamp ez al. The cyan color represents the missing regions (gaps) that cannot be captured by the short reads assembly from Nijkamp ez al. Lane (f) The
Venn diagram compares the hits of S288C CDS ORFs hit on the CEN.PK113-7D genome. The star indicates the additional ORFs from ab initio gene
calling obtained with AUGUSTUS software. On the right-hand side, the circos plot shows the results obtained from chromosomal rearrangement analysis
between CEN.PK113-7D and S288C for synteny in panel (B) and translocation in panel (C). The chromosomes of CEN.PK113-7D are plotted in white
on the top. The chromosomes of S288C are plotted in different colors on the bottom. The telomere regions were marked on the end of each chromosome

in black. A close-up of the inversion is provided in supplementary Figure S5.

tive growth on ethanol. Averaged across four biological
replicates, we obtained ~530,000 high quality reads with
Nso of 1150 bases, corresponding to ~509 MB (59X of to-
tal transcripts length) for growth on glucose and ~623 000
high quality reads with N5y of 1263 bases, corresponding to
~623 MB (72X of total transcripts length) for growth on
ethanol (see detail in supplementary Table TS5). We then
evaluated the error rate of the aligned direct RNA sequence
reads based on the reference genome sequence following
Quick ez al. (43) and found that, on average, the direct RNA
sequencing read has 88% identity and 12% error (see detail
in supplementary table TS6).

As shown in Figure 3A, the distribution of high quality
direct RNA sequencing reads obtained from both growth
conditions have similar shapes, indicating a transcriptome

signature of CEN.PK113-7D that can be captured by se-
quencing. Moreover, the distribution of direct RNA se-
quencing reads agrees with the distribution of transcript
lengths obtained from gene annotations. The direct RNA
sequencing reads were further aligned to the CEN.PK113-
7D genome, and the level of expression of individual tran-
scripts, with respect to the gene calling and annotation,
were determined by simply counting the number of mapped
reads on the individual transcripts. We found that ~91%
of the predicted transcripts (5433 from 5994) can be con-
sistently detected across the four biological replicates of
growth on either glucose or ethanol. Under the same cri-
terion, out of the 492 non-translated transcripts, almost all
of them (398 or 81%) did not pass the criterion (see supple-
mentary Table TS7). The absence of non-translated tran-
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Figure 3. Summary of the direct RNA sequencing data. (A) The histogram plot shows the distribution of read length of high quality reads obtained from
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(B) Bar plots of the detected highly expressed transcripts are presented as an average normalized count with standard error over four biological replicates
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left middle and right box, respectively. (C) The bubble scatter plots show the relationship between the fraction of detected full-length transcripts by the
direct RNA sequencing with the transcript length and the level transcript expression. The violin-boxplots on the right show the overall distribution of the

fraction of detected full-length transcripts.

scripts is likely due to the experimental method of extract-
ing transcripts, which was based only on the presence of a
poly(A) tail by the poly(A) selection strategy. This would
exclude polymerase III transcripts. We further explored
the mapped direct RNA sequence reads to the 479 known
spliced genes in the genome and found that 80 spliced genes
(17%) were not expressed at all in any of the growth con-
ditions used in the experiments. We found only 10 spliced
genes (2%) that had direct RNA sequence reads covering
less than 95% of total exon length. The rest (389 spliced
genes) had direct RNA sequence reads mapped covering
their exons (see supplementary Table TSS).

Only a few transcripts are highly expressed. There are
only 22 transcripts with >5000 direct RNA sequencing
reads mapped for either growth condition, as illustrated
in Figure 3B. As expected, the well-known glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) is one of the most
abundant mRNAs. It is the most abundant transcript dur-
ing growth on glucose, and the third-most abundant dur-
ing growth on ethanol. Besides this, TDH2, which is the

homolog of GAPDH, is also highly expressed under both
growth conditions. The three key transcripts of enzymes
for glycolytic pathways, the 3-phosphoglycerate kinase
(PGK1), glycerate phosphomutase (GPM1) and fructose-
1,6-bisphosphatase aldolase (FBAI) are highly expressed
under both growth conditions. In addition, transcripts en-
coding the translation elongation factor TEFI and the par-
alog TEF2 were found to be constitutively high expressed.
The constitutively high expression of PGKI and TEFI,2 are
in agreement with a study by Partow et al., who reported
high performance of the promoters of these transcripts in a
yeast expression vector (44). The three transcripts of eno-
lase (ENOI), the major form of pyruvate decarboxylase
(PDC1) that is key for alcoholic fermentation, and alcohol
dehydrogenase (4DHI) involving in ethanol production,
were specifically highly expressed during growth on glu-
cose, as expected, clearly reflecting the respiro-fermentative
metabolism. Faster growth of cells on glucose than on
ethanol resulted in overexpression of three ribosome-related
transcripts (RPL41A4, RPS31, RPS12) and a transcript cod-
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ing cell wall mannoprotein (CCWI12). On the other hand,
highly expressed transcripts encoding heat shock proteins
(HSP26, HSP12), oxidative stress protection, and overex-
pression of many stress related transcripts (SIP18, TMA10,
GREI, DDR2, HOR7) were specifically observed in growth
on ethanol, reflecting oxidative stress. Moreover, CIT2 en-
coding citrate synthase (peroxisomal isozyme) was overex-
pressed during growth on ethanol, indicating that the gly-
oxylate shunt is active.

The ONT technology enables very long sequencing reads,
a capability we explored in detection of full-length tran-
scripts from the obtained direct RNA sequencing data. The
direct RNA sequence reads that have 95% covered of the
total transcript length were considered the full-length tran-
script reads and were used to calculate the fraction of full-
length transcript detected. As seen in the violin-boxplots
in Figure 3C, most of the detected transcripts have around
70% full length, with a small influence by the growth con-
dition (see supplementary Figure S6 for violin-boxplot of
detected full-length transcripts for individual sample). As
expected, the fraction of detected full-length transcripts de-
clined with increasing transcript length but independent of
expression level, as illustrated in the bubble plots of Figure
3C (see supplementary Figure S7 for the plot of detected
full-length transcripts versus expression level of transcript
in detail). It is interesting that the direct RNA sequencing
can detect full-length transcripts over 5kb. The heterogene-
ity of individual transcript lengths may reflect information
about RNA turnover.

An important goal of transcriptome analysis is differen-
tial gene expression identification. We first evaluated the
intrinsic variability of transcriptome data using principle
component analysis and found clear separation (90% of
variance capture by PC1) between the two growth condi-
tions as illustrated in Figure 4A. A simple count of the
number of direct RNA sequence reads mapped to individ-
ual transcripts can be used as a proxy for quantification of
gene expression that is a very similar approach to the tra-
ditional short read RNA-Seq. Therefore, we employed the
DESeq2 method (34) to estimate the transcript-level statis-
tic of transcriptional changes between growth on ethanol as
summarized in the MA plot and violin-boxplot of adjusted
P-values illustrated in Figure 4B and C. We further evalu-
ated the biological sense of differential gene expression re-
sults using gene-set enrichment analysis (36), as illustrated
in Figure 4D. The identified enrichment GO terms show
reasonable explanations, in terms of known physiology of
the classic diauxic growth pattern in yeast. For example,
the GO terms related to transcription and translation pro-
cesses were up-regulated in growth on glucose, which is in
agreement with the higher growth rate on glucose than on
ethanol. It is known that after glucose depletion, ethanol,
which is a fermentative product, will be utilized through
oxidative metabolism; this is in agreement with the up-
regulated GO terms related to TCA cycle, glyoxylate shunt,
and mitochondria electron transport. Lack of nutrients and
accumulation of toxic metabolites in the growth on ethanol
products were revealed by the up-regulated GO terms, re-
sponses to stress, catabolic processes, and beta-oxidation.

We further compared the dynamic range of transcript de-
tection between direct RNA sequencing using ONT and
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traditional RNA-Seq (using Illumina technology obtained
from our previous study (22)). Based on the read mapping
results as shown in Figure 4E, the number of mapped reads
obtained from the Illumina dataset is about ten times higher
than the ONT dataset due to the different read lengths (200
bp for Illumina, compared to >1000 bp for ONT). There-
fore, the total length of mapped reads (that is, the total num-
ber of bp sequenced) was used instead to fairly compare
the sequencing depth. We found that the ONT dataset has
about half amount of the Illumina dataset, corresponding
to about 64X and 118X of transcripts length, respectively
(see Supplementary Table TS9 for more details). The dis-
tribution of the library size-corrected mean coverage depth
across the transcripts for each biological replicate of Illu-
mina and ONT dataset is illustrated in Figure 4F to com-
pare dynamic ranges (see supplementary Figure S8 for the
same data without library size correction). Both datasets
have similar dynamic ranges across the different biologi-
cal replicates, except e0 and gl, which have much lower
sequencing depths than the other replicates (see Supple-
mentary Table TS9). The dynamic range comparable to the
lower half of the sequencing depth of direct RNA sequenc-
ing data might be reflective of the different methodologies.
For RNA-Seq, the RNA is first converted to cDNA, then
amplified, sequenced, and mapped back to the transcript. In
contrast, for direct RNA sequencing, the RNA is sequenced
directly.

We examined regions of chromosomes to get an idea of
the local transcriptional landscape structures. Figure SA il-
lustrates the simultaneous detection of mature and prema-
ture mRNA for the CENPK_0H0066W (RPL27A, Riboso-
mal 60S subunit protein L27A) locus. Figure SA shows re-
sults for mapping the reads using GraphMap software (24)
with non-guided mapping (Figure 5A, upper panel), com-
pared to the transcript model guided mapping (Figure 5A,
lower panel), which results in a very clean mapping signal
for the exons. In another example (Figure 5B), we found
an unexpected region that shows evidence of a polymerase
II missed termination on the first ORF, which continues to
transcribe until the termination of the second gene. These
two genes are located in the region of 492 500 to 494 500
on Chromosome VIII. The two ORFs, CENPK_0H0281W
(PTH1, Peptidyl-Trna Hydrolase) and CENPK_0H0282W
(ERGY, Farnesyl-diphosphate farnesyl transferase), are il-
lustrated in Figure 5B. We then compared the Polymerase
I missed termination on the locus between direct RNA se-
quence reads (upper panel) with ‘traditional’ RNA-Seq re-
sults from short reads (lower panel). The long reads give a
clear signal in support of read-through from the first tran-
script. In contrast, the short reads that are aligned in the
region between the two ORFs are not firm covered, re-
sulting in a lower-confidence signal possibly leading to a
missed identification. We further explored the region and
found that CENPK_0H0281W has no polyadenylation sig-
nal sequence (see Supplementary Figure S9); thus, it is likely
that properly terminated full length transcripts of this gene
would not be enriched in the poly(T) purification step. This
reveals uncommon transcriptional regulation of the second
gene (homolog to ERGY), which is a key gene in the sterol
biosynthesis pathway in yeast. Moreover, the coverage plots
clearly show that direct RNA sequence reads provide a ho-
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Figure 4. The summary results of transcript quantification and differential gene expression analysis. (A) Principle component analysis plot of individual
sample (circle) of yeast cell growth ethanol (magenta) and glucose (cyan color). (B) Violin-boxplot (square root transformed y-axis) shows the distribution
of statistical adjusted P-values calculated using the DEseq2 method. The red line represents the yeast cell growth ethanol (magenta) and glucose (cyan color)
adjusted P-value cut-off of 1e-20. (C) MA plot obtained from DEseq2 package. The red dots represent the transcripts that had adjusted P-values lower
than the cut-off. The logFC represents the expression ratio of ethanol growth over glucose growth. (D) Heatmap illustration of the directional enrichment
score of gene-set enrichment analysis of gene ontology using the PIANO package. Magenta represents the up-regulated scores on ethanol growth and cyan
represents the up-regulated scores on glucose growth. (E) Bar plots show the comparison of DNA sequencing library size between ONT and Illumina
datasets in terms of number of reads and amount in gigabases. The average values are presented with standard error over quadruplicate for each growth
condition. (F) Violin-boxplots show the comparison of dynamic range in library size (Gb) corrected read count (log2) of the Illumina and ONT datasets
across biological replicates (¢ = ethanol growth, g = glucose growth, b = batch growth, ¢ = chemostat growth).
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Figure 5. Transcriptional landscape structure examples illustrated by the snapshots of mapped reads using the IGV software. For panels A-F, i) shows the
transcript structure(s), ii) indicates depth coverage, iii) details the mapped long reads of direct RNA sequence data. Red and blue represent the forward and
reverse direction of mapped reads, respectively. iv) Shows details of mapped short reads of RNA-Seq data. (A) The different read alignment strategy shows
that the non-guided exon alignment, illustrated in the upper panel, visually detects pre-mature transcripts that miss in guided exon alignment, illustrated in
the lower panel. (B) The presence of dual transcribed of THI1 and ERG?9. (C) The evidence of telomere RNA and (D) The evidence of polyadenylated long
non-coding RNA. (E) The evidence of polyadenylated ribosomal RNA. (F) The presence of antisense transcript. (G) The length distribution of 5UTRs
(upper panel) and 3'UTRs (lower panel) of this study compared with Nagalakshmi ez al. represented in red and green, respectively.

mogeneously distributed signal over any ORF transcript.
This even distribution is not seen in traditional RNA-Seq
results. The ‘bumpy’ grey distribution seen in Figure 5B
lower panel, compared to the relatively smooth grey band
in the upper panel means the short reads have a less ho-
mogeneous distribution, possibly due to uneven amplifica-
tion that needs further investigation at a similar sequencing
depth.

Surprisingly, we found some high-confidence non-coding
exon ORFs that have direct RNA sequence reads mapped
(Figure 5C, D, and E). The locus CENPK_0L.0245C, with
homologs to 35S rRNA (RDN37-1,2), predicted to be pro-
cessed to 25S and 18S rRNA genes, has direct RNA se-
quence reads mapped indicating polyadenylation of the
transcripts from this locus, and these rRNA genes might
be transcribed by polymerase II rather than polymerase
III. These findings are consistent with the discovery of
polyadenylation on yeast rRNA by Kukai and cowork-

ers (45) that used specific primers to probe polyadeny-
lated rRNA. Interestingly, we found a signal of direct
rRNA sequence reads in the region around the locus
CENPK_0L0245C on both ethanol and glucose conditions
(see supplementary Figure S10). This region of chromo-
some XII has an unusually high DNA sequencing coverage
depth, as shown in Figure 2A.d, and contains many copies
of TRNA genes, based on predicted gene annotations. We
found the polyadenylated rRNA transcript of telomerase
RNA gene (TCL1), required for telomere replication at the
locus CENPK _0B0178W, that is consistent with the study of
Chapon et al. (46). In addition, we found polyadenylation
of along non-coding RNA transcript, which is the key regu-
lation of the molecule (47), on the locus CENPK_0J0330C
homologs to LTRI involved in mating-type control of ga-
metogenesis. We also found a polyadenylated antisense
transcript from the 5’ region of CENPL_0L0204W homolog
to regulation of RNA polymerase I (RRNY), an encoding
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transcription factor member of upstream activation factor
(UAF) family (Figure 5F).

It is well-known that UTRs can impact mRNA process-
ing, gene expression, and protein synthesis. We identified
most of the 5 UTRs and 3’ UTRs of CEN.PK113-7D us-
ing our direct RNA sequencing data, and compared it to
those found in strain S288C, as reported by Nagalakshmi
et al. (48). As shown in the histograms in Figure 5G, the
identified 5" and 3’ UTRs of the both studies are in agree-
ment.

DISCUSSION
DNA library prep and read length is important for assembly

De novo assembly of eukaryotic genomes, which have large
genome sizes and many repetitive regions, has made it al-
most impossible to obtain complete contiguous sequences
of chromosomes with current short-read-based technology.
The short read lengths obtained from second-generation se-
quencing make the problem mathematically hard in spite of
high coverage, even though several algorithms have been de-
veloped to help overcome this problem (49). In our study, we
used third-generation sequencing methods (with both ONT
and PacBio) that yield very long reads, leading to success-
ful de novo assembly of complete sequences of all 16 main
yeast chromosomes in one step. Interestingly, even though
the sequencing depth coverage of ONT reads was 6-fold
lower than for the PacBio reads, the ONT _assembly yielded
contiguous chromosome sequences for all 16 chromosomes.
The PacBio_assembly had a small problem assembling the
mitochondria chromosome, which could be the result of
excessive DNA sequencing depth in combination with the
short length of the mitochondrial chromosome. We could
possibly improve this by adjusting the coverage depth when
performing the assembly. The slightly better results ob-
tained with ONT assembly compared to PacBio_assembly
could be due to the longer N5 of the reads, which would
provide longer pieces of DNA to anchor contigs The shorter
read length distribution of PacBio reflects a different way of
preparing the starting DNA for sequencing library prepara-
tion. Based on the PacBio sequencing protocol, we sheared
the DNA before we made the sequencing library. This op-
timizes the CCS chemistry, as performance drops for DNA
fragments longer than 25 kb. In contrast, we did not shear
DNA for ONT sequencing library preparation. It is likely
that shearing of the DNA is not completely random, and
assembly across some breakage ‘hot spots’ could be diffi-
cult. Further, it is reasonable to assume that having very
long reads is an important factor to obtain the complete
sequence of eukaryal organisms through de novo assembly.

Repetitive regions and high copy numbers of small pieces of
DNA in the genome cause difficulty with de novo assembly

Large eukaryal genomes typically contain several highly
repetitive regions; these represent one of the biggest techni-
cal challenges when performing de novo assembly on short
reads (50). The yeast S. cerevisiae, which is the subject of
this study, has few repetitive regions (compared to plant or
animal genomes, for example), except for telomere regions.
These repetitive regions caused assembly errors in joining
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the ends of chromosomes VII and XIII when the sequenc-
ing depth was increased by combining the ONT and PacBio
reads. In addition, the OP_assembly resulted in an addi-
tional three contigs from telomeres that cannot be joined
to any chromosome. This kind of problem will be ampli-
fied in larger eukaryal genomes, such as human genomes,
which contain repetitive sequences in more than half of
the genome (51). Obtaining very long reads that can cover
repetitive regions will, however, reduce assembly difficulties.

S. cerevisiae has many copies of the 2-micron plasmid,
with a size of around 6.3 kb, which is shorter than the
Nso length of ONT and PacBio reads. Interestingly, the
most abundant reads’ lengths, observed as a spike in the
histogram in Figure 1A, are similar to the size of the 2-
micron plasmids. We further found that more than 7,899
ONT reads and > 1400 PacBio reads cover the full-length of
the 2-micron plasmid; however, few of the PacBio reads that
match the 2-micron plasmid are full-length (see the distribu-
tion in supplementary Figure S11). The high abundance of
2-micron plasmid reads might confuse the assembler into
connecting them into longer multi-copy plasmid chimeric
assemblies (see supplementary Figure S2). Therefore, natu-
ral plasmids, which are commonly found in fungi and some
plants (52), need to be carefully annotated during genome
assembly.

Genome annotation: the next important step

Genome annotation is the next important step after genome
sequences are achieved. Annotation is a challenging and
time-consuming task that requires manual curation from
experts and the research community to obtain high-quality
results (53). Even with the most studied eukaryote, S.
cerevisiae, high quality gene annotation requires curation.
Therefore, we have provided the CEN.PK113-7D genome
browser for the yeast community to curate and validate the
current annotation. The browser includes processed infor-
mation of the complete genome sequence, automated gene
annotation, DNA methylation sites, direct RNA sequence
alignments, and 5 and 3’ UTR location prediction using
the JBrowse software (54). The CEN.PK113-7D genome
browser is freely available at http://genomebrowser.uams.
edu/cenpk1137/.

Direct RNA sequencing enables single molecule quantifica-
tion

Traditional RNA-Seq by short reads requires the con-
version of transcripts to complementary DNA (cDNA)
and amplification before measurement through second-
generation sequencing. These two procedures introduce ar-
tifacts and biases as seen in the non-uniform signal of cov-
erage plots in Figure 5B (ii), lower panel; however, direct
RNA sequencing provides a solution—single molecule de-
tection (Figure 5B (ii), upper panel).

The dynamic total RNA and mRNA concentrations in
the cell at different cellular states directly impact analysis of
the transcriptome, and have been simplified under the as-
sumption that cells produce similar levels of RNA per cell as
well as using similar amounts of total RNA as the beginning
step without internal spike control, leading to erroneous in-
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terpretations, as reported by Loven et al. (55). Therefore, us-
ing a known amount of mRNA as starting material without
amplification through direct RNA sequencing gave an accu-
rate transcript quantification on differential gene expression
analysis using negative binomial statistic and functional en-
richment analysis. Furthermore, our differential analysis re-
sults suggested that there is no need to develop a new statis-
tical analysis pipeline to analyze direct RNA sequence data,
as existing tools can be employed effectively.

The error-prone long reads obtained from direct RNA
sequencing are the main limitation in studying RNA edit-
ing and modifications. However, the long reads are good
for transcript abundance detection whether or not a refer-
ence genome is available. As reported in this study, how-
ever, around 30% of detected transcripts are not full-length,
which may possibly impact transcript quantification if there
is not a reference genome available. The full-length tran-
script detection capability of direct RNA sequencing allows
us to (i) accurately identify the structure and boundary of
the transcript, (i) detect unexpected transcriptional events
and (iii) capture transcript heterogeneities and dynamics,
which are important phenomena in elucidating transcrip-
tional regulations. The standard direct RNA sequence re-
lies on the enrichment of poly-A transcripts; thus, only
polyadenylated transcripts can be detected. This means that
probing the eukaryotic transcripts derived from polymerase
I and III, as well as prokaryotic transcripts, is not covered
in the current protocol.

CONCLUSION

Here we show that combining long reads of third-
generation sequencing technology with matured bioinfor-
matics analysis allows for full assembly of an eukaryal
genome. We demonstrated that the superior scaffolding
of long reads, obtained from careful extraction of high
molecular weight DNA that minimizes shearing, enables
the de novo assembly of a high quality, complete eukaryotic
genome sequence. These results imply the transition from
a ‘draft genome era’ to the ‘complete genome era’, allow-
ing for a solid foundation for comparative genomics. Never-
theless, there is the major boundary of financial feasibility
or sequencing cost, as the cost per bp sequenced of third-
generation sequencing technologies is still more expensive
than second-generation sequencing. Transcriptional land-
scape identification by direct RNA sequencing enables ac-
curate determination of the encoded mRNA location, dif-
ferential gene expression quantification, and structure iden-
tification of polyadenylated transcripts, free from the bias of
DNA amplification. We believe that Direct RNA sequenc-
ing will become a versatile tool for transcriptome analy-
sis in the ‘complete genome era’ of the future. It should
be noted that the results presented here are for a relatively
small, well defined organism (yeast). However, in dealing
with larger genomes from animals and plants, a combina-
tion of higher sequencing depths and longer reads may be
needed to overcome their bigger genome size, higher com-
plexity, and higher ploidy for genome assembly. Similarly,
transcriptome analysis through direct RNA sequencing for
higher eukaryotes will require more sequencing depth than
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for S. cerevisiae, which has a low number of spliced genes,
to be able to quantify transcriptional isoforms.
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