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Supplemental Note 1. Flowcell performance

We chose to sequence the yeast genome so that we could carefully measure the accuracy
and other data characteristics of the device on a tractable and well-understood genome.
Our initial flow cells had somewhat low reliability and throughput, but improved substantially
over time (Supplemental Figure 1 ). This is due to a combination of improvements in
chemistry, protocols, instrument software, and shipping conditions. Some runs have
produced upwards of 490 Mb of sequencing data per flow cell over a 48 hour period. Six of
our highest yielding flow cells produced over 90% of the data generated for the assembly of
yeast W303, and the top two flow cells produced more than 60% of the data. The MinION
software can predict the number of functional pores before a run is started. In this study the
number of predicted functional pores ranged from fewer than 100 to over 400. We found
that if fewer than 350 functional pores were predicted, the resulting data amounts were
severely limited.
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Figure 1. Flowcell yield and read lengths over time. Blue bars indicate the minimum,
average and maximum length read from each flowcell. As the MAP program has
progressed there has been a general trend to higher flowcell yield driven by improved
library preparation and flowcell quality. Read lengths have remained constant over
the course of program. Flowcells used from 6/23/14 to 7/16/14 are R6 chemistry, all
remaining flowcells are R7.
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Supplemental Note 2. Nanopore sequencing production over time
To evaluate the productivity of each flow cell we examined the cumulative base generation
over time and found that sequencing throughput is nearly linear out to 48 hours. Although
the instrument can be run indefinitely, the predefined protocol suggests ending the run at
48hrs after which sequence production begins to taper off.

Figure S2. Yield over time bar chart. Displays the number of bases sequenced
over each hour of a 72 hour run. The sharp increase in the flowcell yield
observed at 24 hours is the point at which active pores are reselected and poor
performing pores can be replaces with fresh pores.
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Supplemental Note 3. Size selection and read lengths
The majority of the libraries used for this study were made with a shearing parameter of
10kb, without significant size selection. The stochastic loading of DNA fragments into
individual pores suggests that the length distribution of the resulting reads should mirror the
length distribution of the fragments in the sample. Figure S2A shows a Bioanalyzer trace for
a library sheared at 10kb. The peak at 17kb is the upper limit marker for the trace. The
majority of fragments are between 5 and more than 10kb. Figure S2B shows the fragment
distribution of the same library post-sequencing. As is the case of the bioanalyzer trace, the
majority of fragments are between 5 and more than 10kb indicating that many fragments
are full length fragments. Different shearing parameters are also evaluated, 10kb 20kb and
unsheared (Figure 2C). Like the previous figures, the mean fragment length was less than
the shearing target and there are many fragments at 3.5kb, indicating an abundance of
control DNA. As the input fragment size increased the sequencing fragment size increases
as well with no apparent impact on performance.

Figure S3A. Bioanalyzer traces prepared from an Oxford library sheared at 10kb
before and after adapter ligation. The large peak at 17k is the upper marker.
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Figure S3B. Fragment lengths derived from sequencing. The large peak at 3500
is a control DNA spike in. For visualization purposes this figure has been
truncated to 40000bp however that are a small number of reads that exceed that
cutoff.
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Figure S3C. Overlay of the fragment sizes at different shearing parameters. The
large peak at 3500 is a control DNA spike in. A clear increase in in average
fragment size is seen as shearing size is increased.
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Supplemental Note 4. Base-caller 5-mer performance
To evaluate the general performance of the base caller, the expected abundance of each
5mer was calculated from the W303 reference genome and the totality of all reads
generated by the flow cells. (Fifty-three out of 1024 5mers were found to deviate
significantly. The majority of these 5mers had runs of at least 3 of the same nucleotide.
Similar patterns of enrichment and depletion were seen for each of the different “types” of
read: template (Figure S3A), complement(Figure S3B) and “2D” (the consensus of the
template and complement reads) (Figure S3C). Figure S3D shows minor sequencing bias
at high and low GC regions. Table S1 lists the 5mers that deviate from the expected
abundance in the W303 genome. Fifty-three out of 1024 possible 5-mers were found to
deviate significantly from the expected abundance in the W303 genome. The majority of
these 5-mers had runs of at least 3 of the same nucleotide suggesting an enrichment for
homopolymer errors. The most deficient 5-mer was the nucleotide sequence TTTTT while
the most enriched was ACCCG relative to its actual presence in the genome. There are
many potential causes of this, including basecalling errors induced by homopolymers or
sequencing bias for or against GC rich regions as has been previously reported for other
sequencing technologies11
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Figure S4. Plots of abundance of each Kmer derived from the reference assembly
relative to the uncorrected ONT reads. Red points indicate Kmers whose abundance
deviates significantly from the expected. Top-left: Template only. Top-right:
Complement only. Bottom-left: 2D only.
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Supplementary Table 1. List of significant Kmers from Complement, Template,
2D and combined reads, values represent standard deviations from expected.
TTTTT was the most deficient Kmer in all cases. GGGGG was the most enriched in
the Template strands, CCCGC was the most enriched in the Complement stands
and ACCCG was the most enriched in the 2D and combined data.

10

Supplemental Note 5. Raw read accuracy and coverage

Figure S5A. Histogram of 1D and 2D read accuracy as determined by aligning the reads
to the reference genome using BLASTN. The 1D reads averaged 64% accuracy, while
the 2D reads average 70% accuracy. We speculate the bimodal distribution in the
accuracy of the 2D is explained by a failure in 2D basecalling for some of 2D reads so
that it reverts to 1D accuracy.
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Figure S5B. Average error rate over the length of the read (red). Green lines indicate
one standard deviation. 1000 reads with lengths between 9kb and 10kb were sampled
and error rate was calculated for 100 basepair sliding windows using blastn alignments
to the S288C reference genome
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Figure S5C. Distribution of alignment coverage across genome. The observed coverage
(black circles) approximates the expected Poisson distribution (red), although is better
represented as a negative binomial distribution with a larger standard deviation.
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Figure S5D. Plot of coverage relative to the GC content of the W303 genome.
Coverage (black dots) is mostly uniform at average GC content (30-50% GC) while
high and low GC content shows a more variable coverage profile.
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Supplemental Note 6. Nanocorr performance of yeast genome
The raw and error corrected reads, along with the final assemblies and parameters used for
the error correction and assembly can be found on the nanocorr website:
http://schatzlab.cshl.edu/data/nanocorr/

Figure S6A. Histogram of the percent identity of reads before and after error
correction with Nanocorr in yeast. After correction, the long read accuracy
improves to over 97% on average.
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Figure S6B. Dot plot of Nanocorr-corrected Oxford Nanopore assembly (yaxis) of yeast versus the reference genome (x-axis).
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Supplemental Note 7. Nanocorr performance of E. coli K12 genome
The raw and error corrected reads, along with the final assemblies and parameters used for
the error correction and assembly can be found on the nanocorr website:
http://schatzlab.cshl.edu/data/nanocorr/

Figure S7A. Histogram of the percent identity of reads before and after error
correction with Nanocorr in E. coli K12. After error correction, the long read
accuracy improves to over 98% on average.
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Figure S7B. Dot plot of Nanocorr-corrected Oxford Nanopore assembly (yaxis) of E. coli K12 versus the reference genome (x-axis). The nanocorr
corrected assembly consisted of a single near perfect contig shown here as
a single line along the diagonal, using dots to highlight the position of a few
residual differences to the reference.
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Supplemental Note 8 R7.3 performance
The chemistry of the Oxford Nanopore flowcells is dynamic and constantly evolving. We
have had the opportunity to test out new chemistries over the course of our MAP
participation. As the chemistry has evolved we have observed an improvement in both
percent identify and homopolymer representation and we expect to see further
improvements as time goes by.

Supplemental Figure S8A. Percent identity of 2D read from R7 and R7.3
flowcells. Average percent identity increased from 70% to 78%. Percent of
2D reads that align remain at 30%
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Supplemental Figure S8B. Plots of abundance of each Kmer derived from the
reference assembly relative to the uncorrected ONT reads. Red points indicate Kmers
whose abundance deviates significantly from the expected. AAAAA and TTTTT
remain the most significantly deviating 5-mers however a more linear trend is
observed between the 5-mers seen in the reference vs the 5-mers seen in the
nanopore data.
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Supplemental Note 9. Flow cell details
Date notes the data a flow cell was run as noted in Figure 1 of the main document.
06/23/14 – Performed using ONT supplied ligase, overnight motor incubation , 1 ug DNA
starting material
06/26/14 - Overnight motor incubation, 1 ug DNA starting material
07/01/14- Flowcell had been previously used for Lambda burn-in and washed per Oxford
protocol, 1 ug DNA starting material, overnight motor incubation
07/02/14 Flowcell had been previously used on 06/23/14 for W303 DNA and washed per
Oxford , 1 ug DNA starting material protocol, overnight motor incubation
07/04/14 Flowcell had been previously used on 06/26/14 for W303 DNA and washed per
Oxford protocol, 1 ug DNA starting material, overnight motor incubation
07/10/14-1 Ampure bead concentration was 0.4X for all wash steps, DNA was sheared
following Covaris instructions 1kb 1ug DN input, overnight motor incubation
07/10/14-2 DNA was sheared following Covaris instructions 10kb, 2ug DNA input, overnight
motor incubation
07/11/14-1 DNA was sheared following Covaris instructions 10kb, 2ug DNA input, overnight
motor incubation
07/11/14-2 1 Ampure bead concentration was 0.4X for all wash steps, DNA was sheared
following Covaris instructions 10kb, 2ug DNA input, overnight motor incubation
07/12/14 Ampure bead concentration was 0.4X for all wash steps, DNA was sheared
following Covaris instructions 10kb, 2ug DNA input, overnight motor incubation
07/16/14-1 DNA was sheared following Covaris instructions 10kb, 1ug DNA input ,
overnight motor incubation
07/16/14-2 DNA was sheared following Covaris instructions 10kb, 1ug DNA input, overnight
motor incubation
07/18/14-1 DNA was sheared following Covaris instructions 10kb, 1ug DNA input, overnight
motor incubation
07/18/14-2 DNA was sheared following Covaris instructions 10kb, 1ug DNA input, overnight
motor incubation
07/21/14 Flowcell was washed following Oxford protocol prior to DNA loading, DNA was
sheared following Covaris instructions 10kb, 1ug DNA input, overnight motor incubation
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07/23/14 DNA was sheared following Covaris instructions 10kb, 1ug DNA input, 30min
motor incubation
07/24/14-2 DNA was sheared following Covaris instructions 10kb, 1ug DNA input, 30min
motor incubation
07/25/14 DNA was sized selected post shearing with blue pippin (Sage) at >10kb, DNA
was sheared following Covaris instructions 10kb, 1ug DNA input, 30min motor incubation
07/18/14-1 Flowcell was washed following Oxford protocol prior to DNA loading, DNA was
sheared following Covaris instructions 10kb, 1ug DNA input, 30min motor incubation
07/28/14-2 flow cell QCd at 0 available pores and appeared to have a crack, DNA was
sheared following Covaris instructions 10kb, 1ug DNA input, 30min motor incubation
08/04/14 DNA was sheared following Covaris instructions 10kb, 1ug DNA input, 30min
motor incubation
08/05/14 DNA was sheared following Covaris instructions 10kb, 1ug DNA input, 30min
motor incubation
08/07/14-1 DNA was sheared following Covaris instructions 10kb, 2ug DNA input then split
into two equal aliquots prior to ligation, adapter mix allows to incubate for 5 minutes with
ligase prior to adding HP adapter, 30min motor incubation, 240ng DNA estimated added to
flow cell
08/07/14-2 DNA was sheared following Covaris instructions 10kb, 2ug DNA input then split
into two equal aliquots prior to ligation, adapter mix allows to incubate for 5 minutes with
ligase prior to adding HP adapter, 30min motor incubation, 240ng DNA estimated added to
flow cell
08/07/14-2 DNA was sheared following Covaris instructions 10kb, 2ug DNA input then split
into two equal aliquots prior to ligation, adapter mix allows to incubate for 5 minutes with
ligase prior to adding HP adapter, 30min motor incubation, 240ng DNA estimated added to
flow cell
08/07/14-3 DNA was sheared following Covaris instructions 10kb, 2ug DNA input then split
into two equal aliquots prior to ligation, adapter mix allows to incubate for 5 minutes with
ligase prior to adding HP adapter, 30min motor incubation, 240ng DNA estimated added to
flow cell
08/14/14-1 DNA was sheared following Covaris instructions 10kb, 2ug DNA input then split
into two equal aliquots prior to ligation, adapter mix allows to incubate for 5 minutes with
ligase prior to adding HP adapter, 30min motor incubation, 5ng DNA estimated added to
flow cell
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08/14/14-2 DNA was sheared following Covaris instructions 10kb, 2ug DNA input then split
into two equal aliquots prior to ligation, adapter mix allows to incubate for 5 minutes with
ligase prior to adding HP adapter, 30min motor incubation, 50ng DNA estimated added to
flow cell
08/14/14-3 DNA was sheared following Covaris instructions 10kb, 2ug DNA input then split
into two equal aliquots prior to ligation, adapter mix allows to incubate for 5 minutes with
ligase prior to adding HP adapter, 30min motor incubation, 5ng DNA estimated added to
flow cell
08/24/14 DNA was sheared following Covaris instructions 10kb, 2ug DNA input then split
into two equal aliquots prior to ligation, adapter mix allows to incubate for 5 minutes with
ligase prior to adding HP adapter, 30min motor incubation, 50ng DNA estimated added to
flow cell
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Supplemental Note 10. Materials and Methods
Yeast growth
An aliquot of yeast strain W303 was obtained from Dr. Gholson Lyon (CSHL). Four ml
cultures in 15 mL falcon tubes of yeast were grown in YPD overnight in at 32°C to ~1x108
cells. The cells were purified using the Gentra Puregene Yeast/Bacteria kit (Qiagen,
Valencia CA). DNA was stored at -20oC for no more than 7 days prior to use.

Library preparation
Purified DNA was sheared to 10kb or 20kb fragments using a Covaris g-tube (Covaris,
Woburn MA). Four ug of Purified DNA in 150 ul of DI water was loaded into a g-tube and
spun at 6000 RPM Eppendorff 5424 for 120 sec (10kb) or 4200 RPM for 120 sec (20kb). All
DNA was further purified by adding 0.4X AMPure beads. A twisted kimwipe was used to
remove all visible traces of ethanol from the walls of the tube. The beads were allowed to
air dry and DNA was eluted into 30ul of DI water.

The DNA concentration was measured with a Qubit fluorometer and an aliquot was diluted
up to 80 ul. Five ul of CS DNA (Oxford Nanopore, Oxford UK) was added and the DNA was
end-repaired using the NEBNext End Repair Module (NEB, Ipswich MA). The DNA was
purified with AMPure beads and eluted in 25.2 ul of DI water. DNA A-tailing was performed
with the NEBNext dA-Tailing module (NEB, Ipswich MA).

Blunt/TA ligase (NEB, Ipswich MA) was added to the A-tailed library along with 10 ul of the
adapter mix (ONT, Oxford UK) and 10 ul of HP adapter (ONT, Oxford UK). The reaction
was allowed to incubate at 25°C for 15 minutes. The DNA was purified with 0.4X of AMPure
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beads. After removal of supernatant, the beads were washed 1X with 150 ul Wash Buffer
(ONT, Oxford UK). After supernatant was removed the beads were briefly spun down and
then re-pelleted and the remaining supernatant was removed. A twisted kimwipe was used
to remove all traces of wash buffer from the wall of the tube. The DNA was resuspended in
25 ul of Elution Buffer (ONT, Oxford UK).

The DNA was quantified using a qubit to estimate the total ng of genomic+CS DNA in the
final library. Ten ul of tether (ONT, Oxford UK) was added to the ligated library and allowed
to incubate at room temperature for 10 minutes. Fifteen ul of HP motor was then added and
allowed to incubate for 30 minutes or overnight.

Between 5 and 250 ng of the pre-sequencing library was diluted to 146 ul in EP Buffer
(ONT, Oxford UK) and 4 ul of Fuel Mix (ONT, Oxford UK) was added and the the
sequencing mix. The library was immediately loaded on to a flow cell.

Libraries were sequenced using the MinION device for between 48 and 72 hours.
Whenever possible, DNA was handled with a wide bore pipette tip. Mixing of DNA with
reagents was done by flicking or preferably pipetting with a wide bore tip. All material loaded
onto a flow cell was loaded using a 1000 up pipette. Deviations from this protocol for each
flow cell can be found in supplemental methods.

Flowcell disposition
Flowcell were received on ice and immediately stored at 4oC. Ideally within 3 days each
flow cell was QC‟d with the minKnow software and the number of available pores was
25

recorded. The flowcells with 400 available pores or more were generally considered “good”
and used first. Immediately prior to library loading the flowcell was removed from the 20°C
refrigerator and flushed with 150ul of EP Buffer (ONT). The flowcell was allowed to incubate
at room temperature for 10 minutes followed by a second EP flush and incubation.

For flowcells that were washed prior to the addition of additional library; the flow cells were
washed with 150 ul of Solution A (ONT) followed by a 10 minute room temperature
incubation. One-hundred and fifty ul for solution B (ONT) was then added and the flowcells
were stored at 4°C until use. Prior to use the washed flowcells were flushed with EP Buffer
(ONT) as previously described.

Read Alignment and Error Characteristics
Yield over time data extraction, individual flow cell statistics calculation, fasta/fastq
generation were all performed using poretools2. Plots were generated using R (ggplot2)
and gnuplot. Overall accuracy was calculated by aligning the raw Oxford Nanopore reads
to the W303 pacbio assembly using Blast version 2.2.27+ with the following parameters:
-reward 5 -penalty -4 -gapopen 8 -gapextend 6 -task blastn -dust no -evalue 1e-10
High Scoring Segment Pairs were filtered using the LIS algorithm and a scoring function
that penalizes overlaps while maximizing alignment lengths and accuracy. Overall accuracy
was calculated by averaging the percent identity of all of the filtered HSP‟s derived from all
of the reads. Error rate over the read length was calculated by taking the HSP‟s from a
sampling of 1000 random reads in the dataset with read lengths between 9kb and 10kb.
The identity was calculated for 100bp sliding windows over the length of the alignment and
averaged over all of the alignments.
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Read Correction and Assembly
Raw reads were extracted from the h5 files generated by the basecaller. As part of the
Nanocorr algorithm, 30x coverage of 300bp paired end MiSeq data was then aligned to the
nanopore reads using blastn with the following parameters:
-reward 5 -penalty -4 -gapopen 8 -gapextend 6 -task blastn -dust no -evalue 1e-10
The Nanocorr algorithm then filters the alignments by first removing those contained within
a larger alignment and then an LIS Dynamic Programming algorithm was applied using a
scoring scheme to minimize the overlaps in the alignments. The filtered set of alignments
was then used to build a consensus using „pbdagcon‟
(https://github.com/PacificBiosciences/pbdagcon.git). The software and documentation for
the error correction software are available open source at
https://github.com/jgurtowski/nanocorr. The error correct nanopore reads were then
assembled using Celera Assembler version 8.2 (http://wgs-assembler.sourceforge.net/).
Alignments and dotplots were generated using „nucmer‟ and „mummerplot‟ from the
MUMmer version 3.23 package3.

Feature Quantification
Each assembly was aligned to the S288C reference genome using nucmer from the
MUMmer version 3.23 package. Alignments were filtered using the command delta-filter -1,
also from the MUMmer 3.23 package to find the best non-redundant set of contigs. The
non-redundant set of alignments was intersected with the feature coordinates from the
S288C annotation obtained from the Saccharomyces Genome Database using BEDTools4
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command intersectBed with the parameters : -u –wa –f 1.0. The features that were fully
contained in an alignment were included in the tally seen in Figure 3.
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