A short overview of longange
technologies for genome assembly
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Abstract | Several new genomics technologies have become available that offer long-read

Genetics sequencing or long-range mapping with higher throughput and higher resolution analysis
than ever before. These long-range technologies are rapidly advancing the field withimproved

volume 19, page5329'|' reference genomes, more comprehensive variant identification and more complete views of

346 (2018) transcriptomes and epigenomes. However, they also require new bioinformatics approaches
to take full advantage of their unique characteristics while overcoming their complex errors

and modalities. Here, we discuss several of the most important applications of the new
technologies, focusing on both the currently available bicinformatics tools and opportunities

for future research.



Genome assembly: Which technology for which step?
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2nd generation sequencing for genome assembly
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Longrange sequencing for genome assembi/G3
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Technology

l NGS sequencing

Key:

Sequence read

ﬂ Sanger read

(highest resolution)

[] [llumina TruSeq Synthetic Long Reads

D Oxford Nanopore MinION

(] pacBio SMRT

Genome optical map

Mate-pair insert

(lowest resolution)

Trends in Plant Science

Genome Mapping in Plant
Comparative Genomics.
Chaney, Lindsay et al.
Trends in Plant Science ,
Volume 21 , Issue 9, 770
780



PacBie>De novoAssembly
Input DNA 500310 000 ng 5Q00kb

Output Longread 16100 kb (ideally >360x coverage?)

Cost 1 sequel cel 5Gbc 1500%
Y 50x for a 100Mb genome

e VERIE S Continuous single long molecule
(span over repeat regions e.g.)

Drawbacks High basepair error rate (1615%)
False insertions
(costs+ processing time kigh gty of DNA

=lellalfeliykuil] Specialized assembly algorithm

- Hybrid error correction (with shontead) PBcRSpadesMaSuRCHAf <30x

- Seltcorrection (HGARPBcRCany MARVEL, FALCON)etter if enough coverage
- Rapid assembly without correctioM{niasm Minimap) but need final polishing

t 2f AAKAY3IY vdAGSNE ! NNB g tAf 2y X
Gapfilling: Pbjelly Cobbler

Scaffolding: LINKS




Nanopore->De novoAssembly
Input DNA 20¢ 10000 ng 1Q00kb

Output Longread 10200 kb (ideal coverage?)
http://lab.loman.net/2017/03/09/ultrareadsfor-nanopore/-> interesting protocol discussion
Cost 1 run- 1-15Gbg 1000$

Ve

Y ~50x for a 100Mb genome

Ao \VEllE Sl Continuous single long molecule
(Portable+ real time)

Drawbacks High basepair error rate (1615%)
False deletions/ homopolymer errors

=llellalfelingkuily Specialized assembly algorithm

- Hybrid error correction (with shomead) NanoCorrSpadesif <30x

- Seltcorrection Cany ->better if enough coverage

- Rapid assembly without correctioM{niasm Minimap) but need final polishing
PolishingNanopolish

Scaffolding: LINKS



http://lab.loman.net/2017/03/09/ultrareads-for-nanopore/

10xGenomics> De novdAssembly, scaffolding (phasing)
Input DNA 1ng >100kb

: S eceee ;uﬂ o 9% N - T fragmentation
Output Linkedreads 106200 kb = & k3 k | J
. . 10ijasrecao::d :I;m il per GEM /.ﬁ\\ y /\\g\\\ oy I”umlna
Cost One lane-1 library 2000$- 120Gb KiSeqgX | el b ated i/’!i) O JARY sequencing
Y Cheapg usually for larger genomes ong model;:u € '3 IZO ate Y
and barcode gl ool i
AG\ENIeos[SSIIl | ow costs; low requirement of DNA @000 _(DOG END 40 SRS+ SN0 00 short-
Link (cloud) reads for scaffolding RIS ©END SENEIS @ SHD €N HIEND e o reads ar
Phase information (2 haplotypes) v e emmen  JrOUpEd by
. SHN0O GED @ 0G0 @O N0 OWNID SOOI EE O™ 00 barCOdeS
Low error basepair error rate I ¢ ¢ GHNIG GRS ¢ e e - B

DOROOENIEOINENS ©© oD Dm0 CImDER 00EDIO OO

Drawbacks Not ideal for repeated regions
Sparse sequencing (no true single molecules)

llellplielaytlill] Specialized assembly algorithm: Supernova 2,0
Assembly/Scaffolding: ARCS
Misassembliesletection: Tigmint




HFC-> Scaffolding (phasing)

Input DNA 10 000 ng >100kb (50mg of fresh or fldiglzen tissue)

Output Pairs of reads from crodmking chromatin o
Proximity Ligation Approaches

(~mate pair?) >40kHL.00kb
Cost ~$10,000 including time/cost/sample prep ONA et s reconautod o

. chromatin.

and seq (require all is done there) |
Ao \VELIE S Longrange linkage information B N

Drawbacks Sparse sequencing (no true single molecules
With variable distance between pairs (2kiMb) u Dovetail™ Hi-C libraries st from

tissue or cell-culture and
endogenous chromatin is extracted HiRise™ Scaffolding
after fixation. Pipeline

lelliilelinklifey ScaffoldingfragScaff SALSA]IRIse O et




BioNanooptical mapping> Scaffolding

. hg19
Input DNA Fresh tissue for 500kbMb DNA fragments | Reference
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For more information



Useful links or references

https://www.slideshare.net/suryasaha/sequencki)17

https://ncgas.org/Blog Posts/Blog%20Images/sequencing%20technology%20comparisons.htm

Platform

PacBio SMRT
sequencing

Oxford Nanopore
sequencing

10X Genomics
Chromium

Hi-C-based analysis

BioNano Genomics
optical mapping

General characteristics and costs

Single-molecule long reads averaging
~10kb with some approaching 100 kb;
several fold more expensive than short
reads

Single-molecule long reads averaging
~10kb with some >1 Mb; several fold
more expensive than short reads

Linked reads spanning ~100 kb

derived from a collection of short-read
sequences; moderately more expensive
than short reads

Pairs of short reads (<100 bp)
formed from crosslinking chromatin
interactions; moderately more
expensive than short reads

Optical mapping of long DNA
molecules (~250kb or longer) labelled
with fluorescent probes; less expensive
than short reads

Major applications

De novo genome assembly,
structural variant detection, gene
isoform resolution and epigenetic
modifications

De novo genome assembly,
structural variant detection, gene
isoform resolution and epigenetic
modifications

De novo genome assembly and
scaffolding, phasing, detection of large
structuralvariants (>10kb) and single-
cell gene expression

Genome scaffolding and phasing

Genome scaffolding and detection of
large structural variants (>10kb)

Bioinformatics challenges

Raw reads have high error rates
dominated by false insertions; requires
new alignment and error correction
algorithms

Raw reads have high error rates
dominated by false deletions and
homopolymer errors; requires new
alignment and error correction
algorithms

Sparse sequencing rather than true
long reads; more complicated to
align, with poorer resolution of locally
repetitive sequences

Sparse sequencing with highly variable
genomic distance between pairs (1 kb
to 1 Mb or longer)

Limited algorithms to discover high-
confidence alignment between an
optical map and a sequence assembly


https://www.slideshare.net/suryasaha/sequencing-2017
https://ncgas.org/Blog_Posts/Blog Images/sequencing technology comparisons.htm

B I O I n fO rm atl CS Bioinformatics analysis Approach

tools

De novo genome assembly

Hybrid error correction

Self error correction

Long-read overlapping

Contig assembly

Using short reads or short-read
assemblies to correct raw long
reads

Correct raw long reads using
other raw long reads

Find pairs of reads that align to
each other

Arrange reads that overlapwith
each other to build a consensus
sequence

Selected methods

Nanocorr (I and Q)
MaSuRCA (land P)

PBcR (land P) (also
forjust long reads)

Spades(l,Pand O)
FALCON-sense (P)
pbdagcon (P)
MHAP (P and O)
Minimap (P and O)
DALIGNER (P and Q)
Canu (P and O)
FALCON (P)

Hinge (P)
MECAT (P and O)
Miniasm (O and P)
Spades(l,Pand O)

Supernova (G)

HGAP (P)

Flye (P)
MARVEL (P)

URL

https://github.com/jgurtowski/nanocorr
http://Mmwwgenome.umd.edu/masurca.html

http://mwwcbeb.umd.edu/software/PBcR/

http://biocinf.spbau.ru/spades
https://github.com/PacificBiosciences/FALCON
https://github.com/PacificBiosciences/pbdagcon
https://github.com/marbl/MHAP
https://github.com/lh3/minimap
https://github.com/thegenemyers/DALIGNER
https://github.com/marbl/canu
https://github.com/PacificBiosciences/FALCON
https://github.com/HingeAssembler/HINGE
https://github.com/xiaochuanle/MECAT
https://github.com/lh3/miniasm
http://cab.spbu.ru/software/spades/

https://support.10xgenomics.com/
de-novo-assembly/software/overview/welcome

https://github.com/PacificBiosciences/
Bioinformatics-Training/wiki/HGAP

https://github.com/fenderglass/Flye
https://github.com/schloi/MARVEL
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Bioinformatics
tools

Scaffolding Order and orient contigs into
chromosome sequences

Gapfilling Localized alignment and
assembly to improve an existing
assembly

Polishing Refine the consensus sequence

of a de novo assembly by a re-
analysis of how the rawreads
align

Architect (l)
ARCS (G)

BioNano Access (B)

FragScaff (H)
LINKS (P and O)
npScarf (O)
RAILS (Pand O)
SALSA (H)
PBJelly (P)

RAILS and Cobbler (P
and Q)

Arrow (A and P)
Nanopolish (A and O)
Pilon (A and )
Quiver (AandP)

Racon (A, P and O)

https://github.com/kuleshov/architect
https://github.com/bcgsc/arcs

https://bionanogenomics.com/support-page/
bionano-access/

https://sourceforge.net/projects/fragscatf/
https://github.com/warrenlr/LINKS
https://github.com/mdcao/npScarf
https://github.com/bcgsc/RAILS
https://github.com/machinegun/SALSA
https://sourceforge.net/p/pb-jelly
https://github.com/bcgsc/RAILS

http://www.pacb.com/
https://github.com/jts/nanopolish
https://github.com/broadinstitute/pilon

https://github.com/PaciticBiosciences/
GenomicConsensus

https://github.com/isovic/racon
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example: Use of HC Dovetail &8ioNanooptical mapping to improve a PacBio Assembly

Table 1 Number and characteristics of contigs and scaffolds for each of the five assemblies

PacBio (Pb) PacBio BioNano PacBio Dovetail PacBio BioNano PacBio Dovetail
(PbBn) (PbDt) Dovetail (PbBnDt) BioNano (PbDtBn)
Assembly software FALCON FALCON Irys FALCON HiRise FALCON Irys HiRise FALCON HiRise Irys
Contigs 1,073 1,073 1,121 1,125 1,121
Contig Length 396,973,838 356,573,042 396,973,838 396,573,042 356,973,934
Contig N50° 3,768,504 3768512 3,768,504 3,768,512 3768504
Scaffolds 1,073 593 1,005 965 042
Scaffold Length 396973838 401,421527 306,085,438 401,425,527 399,955 467
Maximum 5caffold Length 48815 22885216 19275758 12,137,306 12,557 854
Scaffold N50* /i::?:l\ 6,819834 6,895,511 12,137,306 12,557,854
———— - . - . \_/‘_ - - . . - . - u\\/
N50 =3Mb N50 =6Mb N50 =12Mb

Best pipeline order:
PacBio Assembly >-Biscaffolding BioNanaoScaffolding > PacBio Gap filling

Moll, K. M., Zhou, P., Ramaraj, T., Fajardo, D., Devitt, N. P., Sadowsky, M. J., ... & Silverstein, K. A. (2017). Strategies for optimizing BioNano
and Dovetail explored through a second reference quality assembly for the legume model, Medicago truncatula. BMC genomics, 18(1), 578.



example: Comparison of different technologies & methods

Mp=mate-pair
Supernova (= 10x) Bn=bionano
Falcon (spachig Dt=dovetalil

Discoval(= shortread)

A critical comparisonof technologies for a plargenomesequencingproject

Pirita PaajanenGeorgeKettleborough ElenalLopez

Girong MichaelGiolaj DarrenHeavendavidBaker AshleighLister, GailWilde, IngoHein lain
Macaulay GlennJ.BryanMatthew D.Clark

bioRxiv201830;doi: https://doi.org/10.1101/201830



