VISUALIZING ASSEMBLY FOR NGS

Cydney Nielsen

BC Cancer Agency, Genome Sciences Centre
Vancouver, Canada
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Sequencing Technologies

First Generation Second Generation Third Generation

Pacific Biosciences SMRT

ABI 3730

Life Technologies SOLID

=

Oxford Nanopore MinlION

lllumina HiSeq



Sequencing Technologies

Second Generation

-

Roche/454

Life Technologies SOLID

lllumina HiSeq

Produce sequencing reads that are tens to hundreds of bases long
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Genome Assembly Challenges

Truth ..GTACGGCCCCAAAACCCCAAAACCCCAAAACCCCAAAACCCCAAAACCCCGAGCTA..

Read ..GTACGGCCCCAAAACCCC

CCCCAAAACCCCGAGCTA...
Overlap

.GTACGGCCCCAAAACCCCGAGCTA..

Assembly
Coverage frem— S—
/ E—— \
Pairs T L e
If” e ~“~= ~‘~=

Adapted from Schatz ef al.
Briefings in Bioinformatics, 2011



Assembly Visualization: Applications

* Finishing
— Involves closing gaps, correcting misassemblies and
improving the error probabilities of consensus bases

— often done manually; can be labour intensive and costly

» Algorithm development and iteration

— often valuable to inspect potential assembly errors

* |nvestigation of structural variation

— Detailed analysis of biologically relevant events in
resequencing data



Task 1 | Examining Nucleotide-Level Discrepancies



Task 1 ‘ Examining Nucleotide-Level Discrepancies

Aligned Reads
Window

File Mavigate Info Color Din Hisc Sort Help

Istandard.f asta.screen,ace,l I Contigl Sone Tagsl Pos: II clearl

Search for String| Compl Cont| Conpare Cont| Find Main Min| Err/10kb:| |313.29

770 780 790 800 810 820 830 4
| T | T | T T T T T T T T T

CONSENSUS GGGCTACAARGRAATTTT*TACTTTTAARRRAATCAGACAATAGGGATTCTAAGAGAGGCTTCATGACGGLTAAC
djs74-2361.s1 = GGGCTACARGARARTTTT*TACTTTTAEaRARTCAGACAATAGGGAT TCTARGAGAGGCTTCATGACGGETaAC
djs74-996.s2 = GGGCTACAAGARARTTTTATACTTTTARARAATCAGACARTAZGGAETCTAAGAGAGGCTTCATGACGGCTAAC
djs74-2689.s1 = GGGCTACAAGARATTTTHTACTTTTARARARAATCAGACAATAGGGAT TCTARGAGAGGCTTCATGACGGCTAAC
djs74-2350.s1 = GGGCTACAAGAAATTTT*TACTTTTARARAAATCAGACAATAGGGAT TCTARGAGAGGCTTCATGACGGCTAAC
djs74-1180.s1 = GGGCTACAAGRAATTTT*TACTTTTAARAAATCAGACAATAGGGAT TCTARGAGAGGCTTCATGACGGETAAC
djs74-564.s1 ® GGGCTACARGAARATTTT*TACTTT TARARARAATCAGACARTAGGGATT
djs74-423.s1 —~a GGGET(—‘«Er—‘cQGﬁﬁﬂTTTﬂ*‘UQETTTTﬂQﬂQﬁQTEQGﬂEﬁQTQGGGQTTI:TQQGQGQGGETTCQTGQEGGETQQE
djs74-1532.51 ~ gGGCTACAAGASEETT T*tACEEEEEaaAAATCAGACAaEaEBEatECTARGAGAEECEECatgacagctant
djs74-1802.s1 M GGGCTACARGARATTTIKTACTTT TARRAARTCAGACAATAGGGAT TCTARGAGAGGCTTCATGACGGETAAC
djs74=237 .51 e it
dsZ4=14828 s = ¥
(«l ﬁl i] Prevl uext,l ﬂ 2] »>| wrsor”jreads sorted by strand and then position d.i.sn.i.ssl ;
« Initially designed for Sanger sequencing
L]

Introduction of quality values (log transformed error
probabilities) was a significant contribution in
providing an objective criterion to guide finishing

Consed

David Gordon
and Phil Green



Task 1 ‘ Examining Nucleotide-Level Discrepancies

Aligned Reads e teviese ifo Golor vin wee 8t e

GGGCTACARGAARTTTTHTACTTTTARARAARTCAGACARTAGGGAT TCTARGAGAGGCTTCATGACGGCTAAC

GGGCTACARGARATTTT*TACTTTTAaaRAATCAGACAATAGGGATTCTARGAGAGGCTTCATGACGE
GGGCTACARGARATTTTHTACTTTTARRAAATCAGACAATAEGGAETC TARGAGAGGCTTCATGACGELTAAL
GGGCTACARGARATTTTHTACTTT TARRAARATCAGACAATAGGGATTCTARGAGAGGC TTCATGACGGETAAL

GGGCTACARGARATTTTHTACTTT TARAARARATCAGACAATAGGGATTCTARGAGAGGCTTCATGACGGETAAL
GGGCTACARGAAATTTTXTACTTTTARRAAATCAGACAATAGGGAT TCTAAGAGAGGC TTCATGACGGCTAAC
GGGCTACARGARATTTTHTACTTTTARRARATCAGACAATAGGGATT

ACTTTTARARAATCAGACAATAGGGATTCTAAGAGAGGCTTCATGACGGLTAAL

ACEtEEEEaAAATCAGACA A C
A AAAAAATCAGACAATAGGGAT TCTAAGAGAGGC T TCATGACGLL TAAL

C——
<] «<] <] Preo| Heut| 5| 2] >3] cursor|

Trace
Window

CTAC AAGAA ATTTT *TA C T T TT AA AAAA T C AGA C A

Consed
David Gordon




Task 1 ‘ Examining Nucleotide-Level Discrepancies

Aligned Reads
Window

TARRGARRGARATTARRGACTTTT T

TTAATGARRATGRAGCCACRRCGTA*CCCARACCTATGGE:

TRAAGACTTTTT TTTAATEARAA
TRAAGACTTTTT T
TRAAGACTTTTT T
TRARGACTTTTTAGAGTTTRATGAARA
GACTTTTT T JICCAC:
GACTTTTTAGAGTTTRATTARRA’
GACTTTTT TTTAATGAARATGAAGC
GACTTTT 1T
GACTTTTTAGAGTTTRATGRARA
GACTTTTT TTTAATRARRATGARGCCACRACGT]
GACTTTTTAGAGT TTRATRARRA’
GACTTTTT 7 T
GACTTTTTAGAGTT CAC
TTTEe T
GACTTTTTAGAGTTTRATIIRARA

TTTRATGRARAT

TTTAATGAAAA
T
TTTRATGRARATGRAGCCACARCGTA* |
TTTRATTAARRA

TTTRATGAARATI

=3

TTTRATGARRAT CAC: A*CC

GRAGCCACARCGTY
TTTRATGRARAT TA*CCI

TTTAATGAARATGAAGCCACAARCGTAX

G Ci
TTTAA ~CACIIRCGTA*CCC

TTTRATGAARRATGAAGC! TA*CCC
T CACAACGTA*CCH
ACH

TT CACARACGTA*CI

TT CACAACBTA*
T CaCAEmeTA™
CAC C

T GRAGCCACAACGT! Al
T “CAC
T CACH

T

i CACRACGTA*CCC!
TTAATGARARAT! TR
\TGAARATGAAGCCACAACGTA*CLCAN
RATGAARA

GARRATI
CO00OTEANGCECACANCLT XL

C
C

TATI

30-100x coverage of
50- to 100-base reads
from second generation
technologies pose a
challenge

Consed

David Gordon
and Phil Green



Task 1

Aligned Reads
Window

‘ Examining Nucleotide-Level Discrepancies

. Sorting by quality value is a

A

S C .
AAGAAATTAAAGACTTTT TAGAET TTRATGAARATGAARGCCACARCGTACCCAARCCTATGGGACAT u Sefu | g u I d e

AAGAARTTARAAGACT TTTTAGAGTTTRATGAARATGAARGCCACARCGTACCCAARCCTATGGGACAL
AAGAAATTAARGACTTTTTAGAGTTTAATEARAAT]
AGAAARTTAAAGACTTTTTAGAGTTTRATGABAATGARGC
AAATTARARGACTTTTTAGAGTTTRATGEAAAT]
ARTTAARGACTTTTTAGAGTTTRATGARAA CCaCar
TAABGACTTTTTAGAGETTAATCAARATGAACEAC]
AARGACTTTTTAGAI
TAARGACTTTTTAGAG

s el No longer need to inspect
TTTTTAGAGTTTRATGAAABTGEARCC] raW d ata u n d e rl yi n g a n
individual read

TTTTQGQETTTnﬂTGQQQQTGQQGECGCQRCETQCCC‘ o
AGTTTAATGAARATGAAGCCACARCGTACCT
AGTTTAATGAARATGAAGCCACARCGTACECA EP

AAGAART TAARGACTTTT TAGAGTTTAATGAAA

AAGAAATERAAGACTTETTAGAGTTTRATGAAA

AAGAAATTAAAGACTTTTTAGAGTTTAATGAAAAT

ARGARATTABAGAC TETTTAGAGTTGRABGAAAA

ARGARRETARAGACTTTTTAGAGTTTRATGAARATGA

TTTTAGAGTTTARATGARAATGAAGC

TEEEAGAGTTTAATGARAATGAAGC

TTTTTAGAGTTTRATGAARATGARGCCA
AAABAATTTTHAGAGT TTRATGAARAEGARGCCACAR
AAABACT T TBRGAGT TBRATGARRREBARGCCACART
AAAGAEIE TBEAGAG T THRABGAARAEGARGCCACARCGT

ARGAAATTAAAGACTTTTTAGAGTTTRATGAARATEA

ARGAAATTAAAGACTTTTTAGAGTTTRATGAARATG:

AAGARATTARAGALTTTTTAGAG TTTAATGARRATGARG

TTTTTAGAG
nﬁGﬂAnTTnAnBAETTTTTnGnE
AAAGACTTTTEABAGTTTEET|

AAGAAAT TAAAGACTTTT TAGAGTTTEAT)

TAGAGTTTAATGAAG
ARGAAATTAARAGACTTTTTABRGTTTAAT]
ARGAAATTAAAGACTTTTTAGAGTTTA
ARGARATTAAAGACTTTTTABAGTTTAAT|
ARGAAATTAAAGACTTTT TAGAG
ARGAAATTAAAGACTTTTTAGAGT T
ARGARATTAAAGACTTTTTAGAGTT
ARGARATTAAAGACTTTTTAGAGTT,
AAGAAAETAAAGACTTTTTAGAGTTT
ARGAAATTARAGACTTTTTAGAGTTT
AAGARATTAAAGACTTTTTAGAGTTTA
ARGARAETARAGACTITTTAGAGTTTAA,
AAGARABTAAAGACTTTTTAGAGTTTRATG
AAGAAAETAAAGEC TETTTAGAGTTTAAEG
AAGAAATTAAAGACTTTTTAGAGTTTAATGAA

AAATTARAGABTTTTTAGAGET TAATGAA
ARGARATTAAAG ETlTTTﬁﬁlTTTRETG A
RAATTARRGACT TTTTABRGTTTAATGARAETGEABC
ARGARATTAAAGACTTTTTAGAGTTTRATGEARA
QQGQQATTQQQGAETTTTTﬁlRlTTTE.TG::Q T
ETBAGAGTTTRATEARAREGAAGCCACARCE
AAGAAATTAAAGECTTTT THGEGETTART

ARGAAATTAAAGACTTTTTARAGTTTAAT
ARGARATTAAAGACTTTTTAGAETTTAAT O n S e
ARGAAATTAAAGACT TETTABAEETERET

AAGAAATTARAAGACT TTTTAGAETTTRAT)
A P«Qﬂ ARGCCACARCI
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ABAETTTTEA
AAGAAAT TAAAGACTTTTTA

P B ﬁﬁ GECHEQQEGTQCCCRQGEC D aVi d G O rd O n

QQGQQQTTQQQGQETTTTTQ E TTTAAT Aﬁﬁ t}

and Phil Green



Task 1 | Examining Nucleotide-Level Discrepancies

Contig View

* High quality discrepancies can be indicative of
misassemblies or nucleotide variants Hawkeye

Schatz et al., 2007; 2011



Task 1 | Examining Nucleotide-Level Discrepancies

38bp

820 bp 25,781,830 bp 25,781,840 bp 25,781,850 bp
| | | | |

‘E b

©-7)
EEEEsnEEEEENNEEEEEEEEEEEEREENEEN RN

TATTTCAAAAGCACTGACCGTTCCCTTGGTGCATTTTG

Integrative genomics viewer (IGV)
Robinson et al., 2011



Task 1

Highly
Discrepant
Positions Table

Assembly View

Navigating to discrepant positions

R B B

Coverage (green) Indels (magenta)

Non-indel discrepancies (yellow)

Examining Nucleotide-Level Discrepancies

Consed

David Gordon
and Phil Green



Task 2 | Inspecting Deviant Read Pairs



Task 2 | Inspecting Deviant Read Pairs

Deletion Normal sequence Insertion

DNA sample

Paired reads
(300 bp average
fragment size)

Alignment

Reference

sequence

Mapped | t | e er—
fragment size ' 500 bases ' 300 bases 100 bases

From Manske and KwiatkowskKi,
Genome Research, 2009



Task 2 | Inspecting Deviant Read Pairs

Indicate deviations as overlaid arcs

Assembly View

Filtered
inconsistent
pairs shown

Consed

David Gordon
and Phil Green



Task 2 | Inspecting Deviant Read Pairs

Indicate deviations with colour and clustering

Scaffold View

Hawkeye
SN Al | Schatz et al., 2011




Task 2 | Inspecting Deviant Read Pairs

[ YeYe)

Indicate deviations with colour and clustering
Scaffold View

ssssss

!!!!!

YYYYY

Evidence for a misassembly:

Orange bar: suspicious
P region (by AMOSvalidate)

Light blue bar: compression

Red: high density of
heterogeneous SNPs

- Hawkeye
I | T Schatz et al., 2011




Task 2 ‘ Inspecting Deviant Read Pairs

Use the y-axis to indicate insert size

i
(0]
w
S, 500 — Il Deletion
8
w
S Expected
E 300 - fragment —— W Normal sequence
g size
o
(]
Q.
& 100 4 -
=
Posit chromosom

IIIIIIIIIIIIIIIIIIIIIIIIIIIII
000000000000000000000000

LookSeq
Manske and Kwiatkowski, 2009



Task 3 | Investigating Contig Connectivity



Task 3 | Investigating Contig Connectivity

Scaffold View

| | _ _ _ Hawkeye
Contig order in the scaffold displayed in overview panel Schatz et al.. 2007



Task 3 ‘ Investigating Contig Connectivity

Inconsistent read pairs (red) indicate a misassembly

006 X Assembly View

Assembly View

Zoon InI Zoon llutI Zoon Origl Illhat to Shoul Contig Hrrangenentl Find Hain llinI Find Contigl I:

Disniss I P

Read coverage: line plots Consed

Read pairs: angled lines i
David Gordon
and Phil Green

Sequence similarity: curved lines



Task 3 | Investigating Contig Connectivity

Source DNA

Repeat R



Task 3 | Investigating Contig Connectivity

Assembled contigs

Collapsed repeat R



Task 3 | Investigating Contig Connectivity

Assembled contigs

Collapsed repeat R
Arcs = Read Pairs



Task 3 | Investigating Contig Connectivity

Assembled contigs

Collapsed repeat R
Arcs = Read Pairs

Arcs + linear ordering : gets complicated fast



Task 3 ‘ Investigating Contig Connectivity

ABYySS-Explorer
Nielsen et al., InfoVis 2009

Edge = contig
Vertex = overlap
Squiggle = contig length (one oscillation per 1000 bps)



Task 3 ‘ Investigating Contig Connectivity

ABYySS-Explorer
\Qg_ Nielsen et al., InfoVis 2009

Green = selected contig

~ _ Light Purple = selected contig has upstream
Edge = contig paired reads in this contig

Vertex = overlap Dark Purple = selected contig has downstream

Squiggle = contig length (one oscillation per 1000 bps) paired reads in this contig



Task 3 ‘ Investigating Contig Connectivity

ABYySS-Explorer
Nielsen et al., InfoVis 2009

Green = selected contig

~ _ Light Purple = selected contig has upstream
Edge = contig paired reads in this contig

Vertex = overlap Dark Purple = selected contig has downstream

Squiggle = contig length (one oscillation per 1000 bps) paired reads in this contig



Task 3 ‘ Investigating Contig Connectivity

ABYySS-Explorer
\%.) Nielsen et al., InfoVis 2009

2 (M,
SR
%

~ _ Light Purple = selected contig has upstream
Edge = contig paired reads in this contig
Vertex = overlap

9‘9&)
<

&

N

Green = selected contig

Dark Purple = selected contig has downstream
Squiggle = contig length (one oscillation per 1000 bps) paired reads in this contig



Task 3 ‘ Investigating Contig Connectivity

ABYySS-Explorer
Nielsen et al., InfoVis 2009

% Bﬁ
A
S
Edge = contig
Vertex = overlap Green = selected contig

Squiggle = contig length (one oscillation per 1000 bps) Blue = predicted scaffold



Task 3 ‘ Investigating Contig Connectivity

ABYySS-Explorer
Nielsen et al., InfoVis 2009

2 -
A
&
Edge = contig
Vertex = overlap Green = selected contig

Squiggle = contig length (one oscillation per 1000 bps) Blue = predicted scaffold



Task 4 | Assembly Evaluation



Task 4 ‘ Assembly Evaluation

Scaffold N50

Half of the
genome has
been assembled
into scaffolds
larger than the
N50 value

Contig size is a common metric of assembly quality

: : Features Libraries Scaffolds  Contigs  Reads '
[Scaffolds] N Scatfold Span Distribution
TotalScaffolds 21
TotalContigsinScaffolds 94
MeanContigsPerScaffold 4.48
MinContigsPerSeaffold 1 g 1 @
MaxContigsPerSeaffold 17 3 L R
.
TotalBasesinScaffolds 2812533
MeanBasesInScaffolds 133930. ll#
MaxBaseslnScaffolds 697038 . L = 1 °
N50ScaffoldBases 389571 25% 50% 5%
Count: 21 Max: 696045 NS50: 394623 Toual: 2824903
TotalSpanOfScaffolds 2824903
MeanSpanOfScaffolds 134519.1
MinScaffoldSpan 1356 u Contig Length Distribution
MaxScaffoldSpan 696945
IntraScaffoldGaps 73
2KbScaffolds 18 £ |
2KbScaffoldSpan 2820502 8 g
2KbScaffoldPercent 99.84 2
MeanSequenceCapSize 110.60 &
[Contigs] ]M
TotalContigs 2571 ¥ L ¥ L
TotalBasesinCantigs 3203592 o o o
MeanContigSize 1246.05 Count: 2571 Max: 128162 N50: 49305 Toual 3203582
MinContigSize 71
MaxContigSize 128162 O B
N50ContigBases 49305 |
) Size () Feature Density () Treemap (®) Green - Red () White - Red
| & = IR0
Viewing genome.bnk/ with 2571 contigs Contig Id:1 Size: 4118 Reads: 5089

Bar height = contig size
Bar width = relative fraction of the genome size

Hawkeye

Schatz et al., 2007; 2011



Task 4 ‘ Assembly Evaluation

File View Help

=&

= 100

%

ASSEMBLIES

W k29
M k30
K31
k32
k33
I k34
M k3s
k36

> L

B

sthmmes naviZhToR
SETTINGS
™ length
—_——
10% 10°
M labels

@ show extensions
O show neighborhood
number of extensions:

D
12 3 4 5102050100
O paired-end assembly
@ single-end assembly

[ paired-end contigs

M paired-end partners.

Apply

3 STATISTICS
Fragment Sizes (k28)

Library Orientation Min [Q1 |Median Q3 |Max Mean Stdev | Stdev/Mean Q factor
SRX000429 100% FR 186 208 215 223 246 215.52 10.03 4.66% 14.33
SRX000430 100%FR 434 475 488 502 542 488.36 17.92 3.67% 18.07

Scaffold Sizes

Statistics table

Assembly NS0 (bp) | Contiguity (bp) |Reconstruction (bp) | Span (bp) | Median k-mer coverage | n
k28 127397 778645 4644375 4644396

n (1>=200bp) |n (I>=N50) ‘

268 79 13

W\ pLoTS

NS5O plot

Weighted Percentile (NXX)

10000 20000 3 0,000 60,000

0,000 40,000 H
Contig Length (bp)

59

e

Count

50,000 8

V4

4641289

2409513

50 60 70
K-mer Coverage

8 9% 100 110

s NAVIGATOR (k28)

tayout: [EEEOUNEY (11) () & minimize energy

75
8

2
o

100-

o

/@01‘

single-end cont

id: 152~ (24177 bp; 56.8 kmer cov)

(@ Done. Elapsed Time: 0.021 seconds.

Coverage plots

R Paired-end Partners
inbound

outbound

d - e n
-27 22
-22 0.6

Contig
231760+
354

ABYSS-Explorer

d

e n
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Task 4 ‘ Assembly Evaluation

Bar colour

indicates number
of misassembly

features

discovered by
AMOSvalidate

Contig quality also an important consideration

:F:atur:s Libraries ~ Scaffolds  Contigs  Reads '

[Scaffolds]

TotalScaffolds 21
TotalContigsinScaffolds 94
MeanContigsPerScaffold 4.48
MinCoentigsPerScaffold 1
MaxContigsPerScaffold 17
TotalBasesinScaffolds 2812533
MeanBasesInScaffolds 133930. ll#
MaxBasesinScaffolds 697038
N50ScaffoldBases 389571
TotalSpanOfScaffolds 2824903
MeanSpanOfScaffolds 134519.1
MinScaffoldSpan 1356 u
MaxScaffoldSpan 696945
IntraScaffoldGaps 73
2KbScaffolds 18
2KbScaffoldSpan 2820502
2KbScaffoldPercent 99.84
MeanSequenceCapSize 110.60
[Contigs]
TotalContigs 2571
TotalBasesIinContigs 3203592
MeanContigSize 1246.05
MinContigSize 71
MaxContigSize 128162
N50ContigBases 49305 |
| & = IR0

v (@ Size () Feature Density () Treemap

Scaffold Span Distribution

500.0K

25%

50%

75%

Count: 21 Max: 696945 NS50: 334623 Total: 2824903

Contig Length Distribution

100.0K

25%
Count: 2571 Max: 128162 NSO: 49305 Totak 3203802

Ordering

[l

50%

Coloring

5%

Features

Features

Viewing genome.bnk/ with 2571 contigs Contig Id:1 Size: 4118 Reads: 5089

(®) Green - Red () White - Red

All Views

Bar height = contig size

Bar width = relative fraction of the genome size

Hawkeye

Schatz et al., 2007; 2011



Task 4 | Assembly Evaluation

Approximate coverage (%)

110

100
90
80 |
70
60
50 |
40 1
30 |
20

10

FRCurve - simultaneously measure connectivity and quality

Feature-Response curve (cumulative)

SUTTA

TIGR
ARACHNE
PCAP

CABOG

400 600 800 1000 1200 1400 1600
Feature threshold

Each contig has a number of
misassembly features (detected
by AMOSvalidate)

Sort contigs by size (largest first)
and tally genome coverage for
contigs with < threshold
missassembly feature counts

From Schatz et al.
Briefings in Bioinformatics, 2011



Task 5 | Making Sense of Complex Structures



Task 5 ‘ Making Sense of Complex Structures

o

A S Zli;\'?
gwgk
J 7o
¢ g
.%ﬁﬁ&;'

1 Mbp Mycoplasma capricolum genome ABYSS-Explorer




Task 5 ‘ Making Sense of Complex Structures

ABYSS-Explorer



Task 5 | Making Sense of Complex Structures

Contig 38

—— Contig 17 s Contig 32
——— ——

Contig 7

o | | ot |
Contig24 Contig 31 Contig 14
— gag-pol [ ITR 1]

Vertex = sequencing read
Edge = overlap

Use read clustering (not assembly
per se) based on sequence
similarity to identify structures of
repeat families

5320 reads from the Pisum
sativum (pea) genome
representing the Ty1/copia LTR-
retrotransposon Angela (CAP3
assembled contigs shown below)

Enabled identification of the most
common form of the Angela
element and three less frequent
deletions

From Novak et al.
BMC Bioinformatics, 2010



Summary | Where visualization is used

1 Nucleotide-Level Discrepancies
2 Deviant Read Pairs

3 Contig Connectivity

4 Assembly Evaluation

5 Complex Structures



Summary | Challenges

1 Must address multiple levels of resolution

2 Large data sets pose computational and
performance challenges

3 Rapidly changing field directly affected by
innovations in sequencing technology
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