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Sorting of individual chromosomes by Flow Cytometry (flow-sorting) is an enrichment
method to potentially simplify genome assembly by isolating chromosomes from the
context of the genome. We have recently developed a workflow to sequence native,
unamplified DNA and applied it to the smallest human chromosome, the Y chromosome.
Here, we modify improve upon that workflow to increase DNA recovery from
chromosome sorting as well as sequencing vyield. We apply it to sequence and
assemble the largest human chromosome - chromosome 1 - of a Chinese individual
using a single Oxford Nanopore MinlON flow cell. We generate a selective and highly
continuous assembly whose continuity reaches into the order of magnitude of the human
reference GRCh38. We then use this assembly to call candidate structural variants against
the reference and find 685 putative novel SV candidates. We propose this workflow as a
potential solution to assemble structurally complex chromosomes, or the study of very
large plant or animal genomes that might challenge traditional assembly strategies.

Keywords: chromosome enrichment, nanopore sequencing, chromosome sequencing, chromosome sorting, flow
karyotyping, structural variation, genome assembly

INTRODUCTION

Structural genetic variation is abundant and has important functional impact (Conrad et al., 2010).
A human genome has been estimated to harbor more than 2,000 structural variants (SV), which are
typically defined as variants that affect at least 50 bp (Mills et al., 2011). They include balanced
(inversions, translocations) and unbalanced forms (insertions, deletions, duplications) (Mills et al.,
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2011). The functional impacts are mainly produced by altering
the number of copies of coding sequences, and thus the gene
expression levels, or disrupting coding or regulatory regions with
a potential effect not only in the closer genes but also extending
to hundreds of kilobases away (Weischenfeldt et al., 2013). SVs
have been associated both to Mendelian and common disorders,
although it is difficult to exactly define the phenotypic impact due
to the presence of many functional regions in the same variant, as
well as variable expressivity and penetrance even across family
(Weischenfeldt et al., 2013). Nevertheless, and despite of its high
abundance and potential impact, the study of SVs has been less
accelerated in comparison to single nucleotide variants and short
insertions and deletions (indels). It has been mainly limited by
the short reads generated by massive parallel sequencing
technologies and the relatively low coverage in large
sequencing efforts (e.g., 1,000 Genomes Project) (Huddleston
and Eichler, 2016). Also, determining the exact position and
mechanism of origin of SVs is not straightforward often due to
the presence of terminal repetitive sequences and recurrence, and
can be especially challenging in complex structural variants with
more than two breakpoints and overlapping or nested
rearrangements (Collins et al., 2017; Stephens et al., 2018). All
this makes difficult the generation of systematic catalogues of SVs
and the estimation of allelic population frequencies.

The recently emerging possibility to obtain reads of up to of
several Megabases in length on the Oxford Nanopore platform
represents an important advance for the study of structural
variants and genome assembly, as it greatly simplifies them
(Giordano et al,, 2017; Payne et al, 2019). These sequencing
technologies can be combined with enrichment strategies, from
capture by hybridization to Cas9 based methodologies, to restrict
the analysis to specific regions also increasing the sequencing
yield. Chromosome isolation is an alternative enrichment
strategy which will better maintain molecular integrity with the
potential of generating longer sequence reads (Jiang et al., 2015;
Kozarewa et al., 2015; Gabrieli et al., 2018).

We recently developed a workflow to isolate and sequence native
flow-sorted human Y chromosomes on an Oxford Nanopore
MinION device (Kuderna et al., 2019). We sought to apply this
method to other chromosomes to generate a population specific
long read assembly, namely for a chromosome 1 of a Chinese
individual. We show the generalizability and improve the protocol
in terms of DNA recovery and sequencing yield.

METHOD

Chromosome Isolation and Sequencing

Chromosome preparation, staining, sorting, DNA purification,
concentration and sequencing were performed as previously
described in (Kuderna et al., 2019) with some modifications
(see supplementary methods). Briefly, chromosomes were
prepared from a lymphoblastoid cell line derived from a
Chinese individual (Coriell, cat. no. HG00542) by using a
polyamine isolation method. Modifications: hypotonic solution
was incubated at 37°C for 20 min and polyamine isolation buffer
was incubated on ice for 30 min. Additionally, potassium citrate

was replaced by sodium citrate and sodium sulfite to a final
concentration of 10 and 25 mM respectively and incubated at
least 2 hours to enhance peak resolution in the flow karyotype.
Purification and concentration were carried out as previously
described with the exception that after SPRI bead purification
DNA was eluted in 20 ul of Low TE buffer. Libraries for
sequencing were prepared from the purified DNA following
the protocol of the Ligation Sequencing Kit SQK-LSK 109
(Oxford Nanopore Technologies). A 48 hours MinION run
was performed in a FLO-MIN106 flow cell.

Assembly, Error Correction, and SV Calling
We called bases from the raw fast5 signal data using Guppy (v.
2.2.2) with the following command line:

guppy_basecaller -i $input -s S$Soutput -
flowcell FLO-MIN106 -kit SQK-LSK109 -t 4
-disable pings

We mapped the base called reads onto GRCh38 using Minimap2
(Li, 2018) with the ont preset. We sorted the mappings and
converted them to bam using samtools (Li et al., 2009):

minimap2 -x map-ont -t8 -a hg38.fa
basecalled reads.fqg| samtools sort -@8 -O BAM
- -omapped_reads.bam

We unsuccessfully tried to assemble the raw reads into contigs
using canu (v. 1.8) (Koren et al., 2017) with default parameters
assuming a “genome” size of 250 Mb. This command used more
than 15 Tb of disk space and did not finish to yield a successful
assembly on our systems. To overcome the issue, we extracted
mappings on chromosome 1 and assembled only those:

canu -p HGO00542-chrl -d HG00542-chril
genomeSize = 250m -nanopore-raw
basecalled reads.chrl mappings.fqg

We corrected errors in the resulting contigs with Nanopolish
(v. 0.11.0) (Simpson et al., 2017). To this end, we remapped the
raw reads to the assembly as shown above. We then went on to
create a read db with nanopolish, and split the assembly into
chunks of 500 Kb with nanopolish_makerange.py and called the
variants of each chunk with nanopolish variants

nanopolish makerange.py -segment-length
500000 —overlap-length 1000 HGO0542- HG00542-
chrl.contigs.fasta | xargs -i echo nanopolish
variants -ploidy 2 -consensus -0
{}.consensus.roundl.vcf -w {} -r
basecalled_reads.fq -b HG00542- HG00542-
chrl.contigs.self-mappings.bam -g HG00542-
chrl.contigs.fasta | sh

We then incorporated the corrections into the assembly:

nanopolish vcf2fasta
chrl.contigs.fasta *vcf.

-g HG00542-

We aligned the resulted polished assembly to GRCh38 chrl
with MUMmer (Kurtz et al., 2004)
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nucmer -maxmatch -1 100 -c 500 hg38.
chrl.toplevel.fa. HG00542-chrl.contigs.
polished.fasta -prefix HG00542.
polished.rl.vs.hg38 chrl

We fed the resulting alignments to Assemblytics to obtain
candidates for SV

Assemblytics HG00542.polished.rl.vs.hg38
chrl.delta HGO00542.polished.rl.vs.
hg38 chrl.l1l0kanchor.50kmax 10000
bin/Assemblytics/

We generated an additional callset with Sniffles (v. 1.0.8)
(default parameters), using the previously mapped reads from
minimap2. For downstream analysis we only retained calls
annotated as “precise” by Sniftles:

sniffles -m mapped reads.bam -v

sniffles callset.vcf.

We filtered all calls that fall within 2 Mb of distance to the
centromere or telomeres.

Comparative Repeat Annotation
We ran repeatmasker (v. 4.0.7) with the same parameters on both
our assembly and GRCh38 to create comparable annotations:

RepeatMasker -e ncbi -pa 8 -s -species human
-no_is -noisy -dir. -a -gff -u assembly. fa

We calculated the divergence of each repeat to its consensus
using the “calcDivergenceFromAlign.pl” utility included in the
RepeatMasker package.

RESULTS AND DISCUSSION

We sorted 10 million individual chromosomes 1 from a
lymphoblastoid cell line derived from a Chinese individual
(HG00542) to obtain 5 pg of DNA from a total of 205x10°
cultured cells from six independent experiments (see
Supplementary Figure 1). Of that, we used 2 million sorted
chromosomes theoretically corresponding to 1ug of DNA
(Gribble et al., 2009). From this material, we constructed a library
using an Oxford Nanopore ligation kit and ran a single MinION
flow cell on it. Given limitations in DNA recovery from flow-sorted
material we have previously encountered, we have made
adjustments to the sorting and purification protocol (see methods
and supplementary methods). The higher DNA recovery and
higher loading amount on the flow cell yielded between 20 and
131 times more data from a single run than our previous efforts,
meaning that a single flow cell is now sufficient to assemble the
largest human chromosomes after flow-sorting it. These differences
are likely also attributable to improvements in the pore chemistry
and base-calling algorithms. After base calling with Guppy, we were
left with 2.5 million reads summing to 14.3 Gb of data with a read
length N50 of 15.4 Kb. Of them, 10.6 Gb mapped readily to
GRCh38, and 5.6 Gb to chromosome 1 (see Supplementary

Figure 2). The average coverage on chromosome 1 was 28.4 fold,
the coverage on the remaining chromosomes ranged from 0.7 fold
on chrX to 2.1 fold on chr19 (Figure 1). This amounts to an 8-fold
enrichment over a random sampling from bases along a diploid
male genome (see Supplementary Table 5). All other
chromosomes are depleted from the data, with depletion ranging
from 0.27 fold on chr4 to 0.61 fold on chrY. We find the average
depletion on non-target chromosomes to be more efficient in this
dataset compared to our previous effort on the Y chromosome (0.42
fold versus 0.61 fold). Nevertheless, we observe the enrichment on
the target chromosome to be less efficient compared to the Y
chromosome. This fact is likely attributable to the more
challenging physical separation of chromosome 1 in a human
flow karyogram, as the chromosome clusters are not as well
defined as e.g. the one of chrY (Supplementary Figure 1).

We assembled the raw data using Canu (Koren et al., 2017). To
this end, we removed reads that do not map to GRCh38 chr1 to ease
the computational load of the assembly (see Method). While this
might confound the assembly in regions of large insertions or
translocations, it significantly eases computational burden. We
polished remaining single base substitution and indel errors in
the resulting assembly with Nanopolish (Simpson et al., 2017). The
final assembly has a length of 227.8 Mb and consists of 154 contigs
with an N50 of 10.5 Mb. We aligned our assembly to GRCh38
chromosome 1, whose total resolved sequence length (i.e. excluding
“N” from the assembly) is 230.5 Mb. We find 98.8% of our assembly
to cover 97.6% of the reference (Figure 2, Supplementary
Table 4). The boundaries of our contigs are enriched in
segmental duplications and satellite repeats in the reference. We
observe the highest degree of fragmentation around the
centromeric region, which is littered with satellite repeats and
segmental duplications, and therefore particularly challenging to
assemble. Contigs mapping to these regions also show a drop off in
identity to the reference. The centromere on chromosome 1 of
GRCh38 is an 18 Mb long heterochromatic expansion flanked by
segmental duplications that is still unresolved, as in most other
human chromosomes (Jain et al., 2018).

20

Fold coverage
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FIGURE 1 | Fold coverage per chromosome. The sequencing is selective for
chromosome 1, with all other chromosomes being depleted from the data.
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FIGURE 2 | Dot-plot of HG00542 assembly versus GRCh38 chromosome 1.
The chromosomes are laid out on the respective axis and a dot denotes
aligned sequence between the two assemblies. Bars at the height of 250 Mb
on the Y axis show the positions of segmental duplications in GRCh38. The
assembly is largely colinear to the reference. The large black block in the
center of the dot-plot delimits the 18 Mb centromere of chromosome 1.

To assess repeat resolution, we produced a comparative repeat
annotation between our assembly and GRCh38 using repeatmasker
(Smit et al.). We find both assemblies to have very similar
proportions annotated as repetitive overall and for all given
repeat families. We then calculated the divergence of all
annotated repetitive elements to their consensus sequence to
create “repeat landscapes”. We find these landscapes to be highly
similar between the two assemblies. We measured repeat resolution
in our assembly as the proportion of bases annotated as a given
repeat type. We find them to be of comparable quality across all
major repeat types, with centromeric & telomeric satellite sequences
constituting an exception (Figure 3, Supplementary Figure 3,
Supplementary Table 1).

We then used the assembly to generate a call set of candidate
structural variants (SVs) against GRCh38. To this end, we aligned
our assembly to the reference using MUMmer (Kurtz et al., 2004)
and looked for patterns of SVs using Assemblytics (Nattestad and
Schatz, 2016). We additionally ran an orthogonal detection
approach by mapping the raw reads to GRCh38 and running
Sniffles (Sedlazeck et al., 2018). To minimize erroneous calls, we
excluded putative SVs within 2 Mb of the centromeric and telomeric
regions, as the higher degree of segmental duplications and
assembly fragmentation is more likely to yield false positive calls
(Audano et al., 2019). By this means, we identified 1,325 SV's with
Assemblytics and 940 with Sniffles along chromosome 1. We find
405 of the calls to intersect between the two sets, with 61.4% and
56.9% to be unique to Assemblytics and Sniffles, respectively (see
Supplementary Figures 4-8). Of the intersecting calls, we find 230
to lie within genic regions, and 8 to affect the coding portions of the
gene (Figure 4 and Supplementary Tables 2-3, 6-7).

We sought to assess novel SVs on the one hand, and population
frequencies of SVs that might have previously been described in
other datasets. To this end, we contrasted our calls against those
generated by the 1,000 genomes consortium (Sudmant et al.,, 2015),
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FIGURE 3 | Comparative repeat landscapes of GRCh38 chromosome 1 and
HG00542 chromosome 1. We find equal resolution across most repeat classes.

which used short-read data to detect SVs with several different
algorithms. This study detected 4,653 SVs on chrl among 2,504
individuals. Unsurprising, given the technological differences
between the two datasets, we find comparatively little overlap
between the two call sets with 466 SVs that overlap over 40% in
either of them. We calculated the frequencies of overlapping SVs in
each of the superpopulations of the 1,000 genomes data. After
removing variants with an allele count of 2 or less, and multiallelic
positions we find these SVs to reach the highest frequencies in east
Asian populations (20.5%); South Asian and American populations
exhibit similar frequencies (18.8% and 18.4%) followed by
European (14.7%) and lastly African (9.8%) populations (see
Figure 5 and Supplementary Figures 9-12). We additionally
contrasted our calls with more recently generated ones that also
used long-read assemblies for detection (Audano et al, 2019).
Among 15 individuals included in that study there are 6,646 SVs

Assemblytics | Sniffles
300
€
5 200
S
100
0 T T T T T T T T T T
0 250 500 750 1000 O 250 500 750 1000
SV Size
Assemblytics | | Sniffles
600
S 400
<)
© 200 I
0 - o _

0 2500 5000 7500 10000 O 2500 5000 7500

SV Size

10000

FIGURE 4 | Size distribution of SV calls from both Assemblytics and Sniffles
at different resolutions. Both call sets have clear peaks around 300 bp
corresponding to Alu-elements.
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along chrl. We find 291 SVs from our call set to overlap those. The
calls by Audano et al. include a Chinese individual (HX1) and one
from Korea (AK1) (Seo et al.,, 2016; Shi et al,, 2016). Among the
overlapping SVs, we find 108 deletions (or 44%) and 32 insertions
(64%) to also be present in both these individuals. Lastly, we identify
685 novel SV candidate loci that have not previously been described
in neither of the above datasets.

In summary, we generated a highly continuous and selective
assembly of the largest human chromosome from a Chinese
individual from flow-sorted native DNA. We show that
increased efficiency in DNA recovery from flow-sorted
chromosomes, as well as improvements in nanopore technology,
allow for single chromosome assemblies from a single MinION
flow cell and that as little as 28-fold coverage is sufficient to yield
an assembly with a contig N50 over 10 Mb. As with previous
reports, we still find room for improvement in terms of base
accuracy. We observe a deletion bias in our data, which we find to
be twice as frequent as insertions. However, given the constant
development in both pore design and base calling algorithms,
these issues are likely to improve in the near future.

It is worth noting that flow-sorting chromosomes only
constitutes a viable approach if the species’ chromosomes are
sufficiently distinct in terms of size and GC content. As an
example, human chromosomes 9-12 have size differences of up
to 6%. However, with our approach, they are hardly distinguishable
by flow karyotyping because of similar GC-content across them.
Conversely, human chromosomes 1-2 have a size difference of only
1.6%. Nevertheless, they differ more strongly in GC content, making
them clearly distinguishable by flow karyotyping. Addressing this
“sortability” of a species’ genome is achieved empirically. While
assembling mammalian genomes has become routine, there is stilla
large amount of plants and animals for which traditional whole-
genome shotgun assembly methods might be computationally
prohibitive given their massive genome sizes. We expect
assembling flow-sorted chromosomes to be a viable alternative in
these cases.
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FIGURE 5 | Population frequencies of SV discovered in our assembly that
overlap calls by the 1,000 genomes project. We find these SVs to be most
frequent in East Asian populations, followed South Asian and American,
European, and lastly African populations.

DATA AVAILABILITY STATEMENT

The sequencing data has been deposited at the European
Nucleotide Archive (ENA) under the accession PRJEB34445.
The assembly can be accessed under GCA_902652775.1.

ETHICS STATEMENT

Ethical review and approval was not required for the study on
human participants in accordance with the local legislation and
institutional requirements. Written informed consent for
participation was not required for this study in accordance
with the national legislation and the institutional requirements.

AUTHOR CONTRIBUTIONS

LK, MS-M, LB-M, TM-B, OF, and FC conceived the project. LK,
MS-M, LB-M, EJ, EL, OF, and FC designed the study. LK, MS-M,
LB-M, and MT performed the bioinformatic analysis. EJ, EL, RA,
ER, and AB performed the experimental analysis. All the authors
participated in the analysis of the data. LK, MS-M, LB-M, EJ, OF,
and FC wrote the manuscript.

FUNDING

This study was funded by grants RT12018-096824-B-C22 from the
Agencia Estatal de Investigacion-Ministerio de Ciencia, Innovacion
y Universidades (Spain) and FEDER (EU) to OF and FC, SAF2015-
68472-C2-2-R from the Ministerio de Economia y Competitividad
(Spain) and FEDER (EU) to FC, the Centro de Excelencia Severo
Ochoa, and by Direccié General de Recerca, Generalitat de
Catalunya (2017SGR-702). TM-B is supported by BFU2017-
86471-P (MINECO/FEDER, UE), U01 MH106874 grant,
Howard Hughes International Early Career, Obra Social “La
Caixa” and Secretaria d'Universitats i Recerca and CERCA
Programme del Departament d'Economia i Coneixement de la
Generalitat de Catalunya (GRC 2017 SGR 880). LK is supported by
an FPI fellowship associated with BFU2014-55090-P (MINECO/
FEDER, UE) and by an EMBO Short-Term Fellowship STF-8286.
LB-M is supported by a Formacié de personal Investigador
fellowship from Generalitat de Catalunya (2018_FI_B00072).
MS-M is supported by the Maria de Maetzu Programme (MDM-
2014-0370-16-3).

ACKNOWLEDGMENTS

We thank Nuria Bonet and Raquel Rasal (Servei de Genomica
UPF) for their help during the library preparation and sequencing.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2019.
01315/full#supplementary-material

Frontiers in Genetics | www.frontiersin.org

January 2020 | Volume 10 | Article 1315


https://www.frontiersin.org/articles/10.3389/fgene.2019.01315/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2019.01315/full#supplementary-material
https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Kuderna et al.

Chromosome Sorting for Nanopore Sequencing

REFERENCES

Audano, P. A,, Sulovari, A., Graves-Lindsay, T. A., Cantsilieris, S., Sorensen, M.,
Welch, A. E,, et al. (2019). Characterizing the major structural variant alleles of
the human genome. Cell 176, 663-675.e19. doi: 10.1016/j.cell.2018.12.019

Collins, R. L., Brand, H., Redin, C. E., Hanscom, C., Antolik, C., Stone, M. R,, et al.
(2017). Defining the diverse spectrum of inversions, complex structural
variation, and chromothripsis in the morbid human genome. Genome Biol.
18, 36. doi: 10.1186/s13059-017-1158-6

Conrad, D. F., Pinto, D., Redon, R., Feuk, L., Gokcumen, O., Zhang, Y., et al.
(2010). Origins and functional impact of copy number variation in the human
genome. Nature 464, 704-712. doi: 10.1038/nature08516

Gabrieli, T., Sharim, H., Fridman, D., Arbib, N., Michaeli, Y., and Ebenstein, Y.
(2018). Selective nanopore sequencing of human BRCA1 by Cas9-assisted
targeting of chromosome segments (CATCH). Nucleic Acids Res. 46, €87. doi:
10.1093/nar/gky411

Giordano, F., Aigrain, L., Quail, M. A., Coupland, P., Bonfield, J. K., Davies, R. M.,
et al. (2017). De novo yeast genome assemblies from MinION, PacBio and
MiSeq platforms. Sci. Rep. 7, 1-10. doi: 10.1038/s41598-017-03996-z

Gribble, S. M., Ng, B. L., Prigmore, E., Fitzgerald, T., and Carter, N. P. (2009). Array
painting: a protocol for the rapid analysis of aberrant chromosomes using DNA
microarrays. Nat. Protoc. 4, 1722-1736. doi: 10.1038/nprot.2009.183

Huddleston, J., and Eichler, E. E. (2016). An incomplete understanding of human
genetic variation. Genetics 202, 1251-1254. doi: 10.1534/genetics.115.180539

Jain, M., Olsen, H. E., Turner, D. J., Stoddart, D., Bulazel, K. V., Paten, B., et al.
(2018). Linear assembly of a human centromere on the y chromosome. Nat.
Biotechnol. 36, 321-323. doi: 10.1038/nbt.4109

Jiang, W., Zhao, X., Gabrieli, T., Lou, C., Ebenstein, Y., and Zhu, T. F. (2015).
Cas9-assisted targeting of CHromosome segments CATCH enables one-step
targeted cloning of large gene clusters. Nat. Commun. 6, 8101. doi: 10.1038/
ncomms9101

Koren, S., Walenz, B. P., Berlin, K., Miller, J. R,, Bergman, N. H., and Phillippy, A. M.
(2017). Canu: scalable and accurate long-read assembly via adaptive K-mer weighting
and repeat separation. Genorme Res. 27, 722-736. doi: 10.1101/gr.215087.116

Kozarewa, 1., Armisen, J., Gardner, A. F., Slatko, B. E., and Hendrickson, C. L.
(2015). Overview of target enrichment strategies. Curr. Protoc. Mol. Biol. 112,
7.21.1-7.2123. doi: 10.1002/0471142727.mb0721s112

Kuderna, L. F. K,, Lizano, E., Julia, E., Gomez-Garrido, J., Serres-Armero, A.,
Kuhlwilm, M., et al. (2019). Selective single molecule sequencing and assembly
of a human Y chromosome of African origin. Nat. Commun. 10, 4. doi:
10.1038/541467-018-07885-5.

Kurtz, S., Phillippy, A., Delcher, A. L., Smoot, M., Shumway, M., Antonescu, C., et al.
(2004). Versatile and open software for comparing large genomes. Genome Biol. 5,
R12. doi: 10.1186/gb-2004-5-2-r12

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N, et al. (2009).
The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078—
2079. doi: 10.1093/bioinformatics/btp352

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences.
Bioinformatics 34, 3094-3100. doi: 10.1093/bioinformatics/bty191

Mills, R. E., Walter, K., Stewart, C., Handsaker, R. E., Chen, K., Alkan, C,, et al.
(2011). Mapping copy number variation by population-scale genome
sequencing. Nature 470, 59-65. doi: 10.1038/nature09708

Nattestad, M., and Schatz, M. C. (2016). Assemblytics: a web analytics tool for the
detection of variants from an assembly. Bioinformatics 32, 3021-3023. doi:
10.1093/bioinformatics/btw369

Payne, A., Holmes, N., Rakyan, V., and Loose, M. (2019). BulkVis: a graphical
viewer for Oxford nanopore bulk FASTS5 files. Bioinformatics 35, 2193-2198.
doi: 10.1093/bioinformatics/bty841

Sedlazeck, F. J., Rescheneder, P., Smolka, M., Fang, H., Nattestad, M., von
Haeseler, A., et al. (2018). Accurate detection of complex structural
variations using single-molecule sequencing. Nat. Methods 15, 461-468. doi:
10.1038/s41592-018-0001-7

Seo, J. S., Rhie, A., Kim, J., Lee, S., Sohn, M. H., Kim, C. U,, et al. (2016). De novo
assembly and phasing of a Korean human genome. Nature 538, 243-247. doi:
10.1038/nature20098

Shi, L., Guo, Y., Dong, C., Huddleston, J., Yang, H., Han, X,, et al. (2016). Long-
read sequencing and de novo assembly of a Chinese genome. Nat. Commun. 7,
12065. doi: 10.1038/ncomms12065

Simpson, J. T., Workman, R. E., Zuzarte, P. C., David, M., Dursi, L. J., and Timp,
W. (2017). Detecting DNA cytosine methylation using nanopore sequencing.
Nat. Methods 14, 407-410. doi: 10.1038/nmeth.4184

Smit, A., Hubley, R., and Green, P. (2013-2015). RepeatMasker Open-4.0. http://
www.repeatmasker.org.

Stephens, Z., Wang, C., Iyer, R. K,, and Kocher, J.-P. (2018). Detection and
visualization of complex structural variants from long reads. BMC Bioinf. 19,
508. doi: 10.1186/s12859-018-2539-x

Sudmant, P. H., Rausch, T., Gardner, E. J., Handsaker, R. E., Abyzov, A.,
Huddleston, J., et al. (2015). An integrated map of structural variation in
2,504 human genomes. Nature 526, 75-81. doi: 10.1038/nature15394

Weischenfeldt, J., Symmons, O., Spitz, F., and Korbel, J. O. (2013). Phenotypic
impact of genomic structural variation: insights from and for human disease.
Nat. Rev. Genet. 14, 125-138. doi: 10.1038/nrg3373

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Kuderna, Solis-Moruno, Batlle-Masé, Julia, Lizano, Anglada,
Ramirez, Bote, Tormo, Marqués-Bonet, Fornas and Casals. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org

January 2020 | Volume 10 | Article 1315


https://doi.org/10.1016/j.cell.2018.12.019
https://doi.org/10.1186/s13059-017-1158-6
https://doi.org/10.1038/nature08516
https://doi.org/10.1093/nar/gky411
https://doi.org/10.1038/s41598-017-03996-z
https://doi.org/10.1038/nprot.2009.183
https://doi.org/10.1534/genetics.115.180539
https://doi.org/10.1038/nbt.4109
https://doi.org/10.1038/ncomms9101
https://doi.org/10.1038/ncomms9101
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1002/0471142727.mb0721s112
https://doi.org/10.1038/s41467-018-07885-5
https://doi.org/10.1186/gb-2004-5-2-r12
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1038/nature09708
https://doi.org/10.1093/bioinformatics/btw369
https://doi.org/10.1093/bioinformatics/bty841
https://doi.org/10.1038/s41592-018-0001-7
https://doi.org/10.1038/nature20098
https://doi.org/10.1038/ncomms12065
https://doi.org/10.1038/nmeth.4184
http://www.repeatmasker.org
http://www.repeatmasker.org
https://doi.org/10.1186/s12859-018-2539-x
https://doi.org/10.1038/nature15394
https://doi.org/10.1038/nrg3373
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
http://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

	Flow Sorting Enrichment and Nanopore Sequencing of Chromosome 1 From a Chinese Individual
	Introduction
	Method
	Chromosome Isolation and Sequencing
	Assembly, Error Correction, and SV Calling
	Comparative Repeat Annotation

	Results and Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


