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Outline of the Talk:

2 Global and Local Alignment

2 Alignment methods

2 Alignment tools: BWA and Smalt
2 Comparison of the results

0 Data visualisation



Biological Motivation
Why We Need Sequence Alignment

Inference of Homology

— Two genes are homologous if they share a
common evolutionary history.

— Evolutionary history can tell us a lot about
properties of a given gene

— Homology can be inferred from similarity
petween the genes

m Variation Detection — SNP, indel, CNV




Sequence Alighment

Global Alighment:

Goal: How similar are two sequences S, and S,

Input: two sequences S, S, over the same alphabet

Output: two sequences S’;, S’, of equal length
(S’ S’, are S;, S, with possibly additional gaps)

Example:

m S,= GCGCATGGATTGAGCGA

m 5,= TGCGCCATTGATGACC

= A possible alignment:
§’j= ~GCGC-ATGGATTGAGCGA
S’;= TGCGCCATTGAT-GACC--



Sequence Alignment (cont

L_ocal Alighment:

Goal: Find the pair of substrings in two input
sequences which have the highest similarity

Input: two sequences S;, S, over the same alphabet

Output: two sequences S’;, S’, of equal length
(S’,, S’, are substrings of S;, S, with possibly additional gaps)

Example:

s S,= ccecarcc - G2

n S,= TGcoec RN CC

= A possible alignment:
S’;= ATTGA-G
S’,= ATTGATG



Global vs. Local Alignment

The Global Alignment Problem tries to find
the longest path between vertices (0,0)
and (n,m) in the edit graph.

The Local Alignment Problem tries to find
the longest path among paths between
arbitrary vertices (i,)) and (/, J) in the edit
graph.




Global vs. Local Alignment conta)

Global Alignment

--T—-CC-C-AGT—-TATGT-CAGGGGACACG—A-GCATGCAGA-GAC

SR R R N 15 O A I O O O N
AATTGCCGCC-GTCGT-T-TTCAG----CA-GTTATG—T-CAGAT--C

Local Alignment—Dbetten alignment to find
conserved segment

tccCAGTTATGTCAGgggacacgagcatgcagagac
NERRERREREN
aattgccgcecgtcegttttcagCAGTTATGTCAGatc



Local Alignment: Example

4 Sequence 2

_— Compute a “mini”

............... LI I / Global Alignment to
D get Local

Global alignment

Sequence 1



Methods of DNA Sequence Alignment

« Dot matrix analysis

* The dynamic programming (DP) algorithm

» Burrows-Wheeler Index (BWA, Bowtie, SOAP2, etc)

« Hash table based algorithm (ssaha2, smalt, novoAlign, etc)



Dot Matrix Analysis

» A dot matrix analysis is a method for comparing two sequences
to look for possible alignment (Gibbs and Mclintyre 1970)

» One sequence (A) is listed across the top of the matrix and the
other (B) is listed down the left side

» Starting from the first character in B, one moves across the page
keeping in the first row and placing a dot in many column where
the character in A is the same

* The process is continued until all possible comparisons between
A and B are made

* Any region of similarity is revealed by a diagonal row of dots

« |solated dots not on diagonal represent random matches
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Smith-Waterman Algorithm

Only works effectively
when gap penalties are
used

In example shown
— match =+1
— mismatch =-1/3
— gap =-1+1/3k (k=extent
of gap)
Start with all cell values =0

Looks in subcolumn and
subrow shown and in direct
diagonal for a score that is
the highest when you take
alignment score or gap
penalty into account

c AG CCT CGC CT T A G

OO0Oreo-d44> 0060 14> >

1.0 0.0 0.0 2.0 1.3

Local alignment
score H=3.0

HIJ:maX{HI_l,J_l +S(a|,bj), maX{Hl_k’J 'Wk}, maX{HI

0.0 1.0 0.0 0.0 0.0 0.0
0.0 1.0 0.7 0.0 0.0 0.0
0.0 0.0 0.8 0.3 0.0 0.0
0.0 0.0 1.0 0.3 0.0 0.0

=

0.0 0.0 0.0 0.0 1.0 0.0
0.0 0.0 0.0 0.0 1.0 0.7
0.0 0.0 1.0 1.0 0.0 0.7
1.0 0.0 0.0 0.7 0.7 1.0
0.3 2.00.7 0.3 0.30.3

A--GCC
ATGCC

)

-Wi}, 0}



Mapping Score in Short Read Alignment

Read mapping score is used to assess the repetitive feature of the read in
the genome. With a maximum mapping score 50, we have:

10*(Smax o Smax2) It (Smap <=30)
map = 50 If (S, > 50)
Sax - Maximum alignment score (smith-waterman) of the hits on
genome; S, - second best alignment score of the hits on genome; Say
you have one read of 30 bases which has a few hits on the genome: Best

hit: exact match with S_ ., 30; Second best hit: one base mismatch with
Smaxz 29- The mapping score for this read is S,,, = 10;

S

29 21 30 14 25 27



Bfast

BioScope
Bowtie

BWA

CLC bio
CloudBurst
Eland/Eland?2
GenomeMapper
GnuMap
Karma

MAQ

Short Read Alignment Tools

MOM
Mosaik
MrFAST/MrsFAST
NovoAlign
PASS
PerM
RazerS
RMAP
Smalt
SSAHA?2
Segemehl

SegMap
SHRIMP
Slider/Sliderll
SOAP/SOAP2
Srprism
Stampy
vmatch
ZOOM



Overview of the BWA algorithm

Based on FM-index (Burrows-Wheeler Transform plus
auxilliary data structures) which enables fast exact
matching.

Short-read algorithm: alter the read sequence such that it
matches the reference exactly.

Long-read algorithm (BWA-SW): sample reference
subsequences and perform Smith-Waterman alignment
between the subsequences and the read.

Work for lHlumina and SOLID single-end (SE) and

paired-end (PE) reads; new component BWA-SW for
454/Sanger SE reads.
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Key Fealures

Fast and moderate memory (<4GB)
SAM output by default
Gapped alignment for both SE and PE reads

Effective pairing to achieve high alignment accuracy;
suboptimal hits considered in pairing.

Non-uniqgue read is placed randomly with a mapping
guality 0; all hits can be outputted in a concise format.

The default configuration works for most typical input
-Automatically adjust parameters based on read
lengths and error rates.

-Estimate the insert size distribution



Running BWA

Input: ref.fa, readl.fq, read2.fg and long-read.fq

Step 1: Index the genome (3 CPU hours for the human
genome):

bwa index -a is ref.fa

Step 2a: Generate alignments in the suffix array coordinate:
bwa aln ref.fa readl.fq > readl.sal
bwa aln ref.fa read2.fq > read2.sai

Step 3a: Generate alignments in the SAM format:

bwa sampe ref.fa readl.sai read2.sai readl.fq read2.fq >
aln.sam

Step 4a: Get multiple hits:

bwa samse -n 100 ref.fa readl.sal readl.fq
Step 2b: Use BWA-SW for long reads:

bwa bwasw ref.fa long-read.fq > aln-long.sam



SMALT Algoyithm

sequencing
reads K-mer hash genomic reference
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Non-overlap Hashing v Overlap Hashing
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Seguence Representation

Using two binary digits for each base, we may have the following
representations:

For any of the m/k no-overlapping k-tuples in the sequence, an
Integer may be used to represent the k-tuple in a uniqgue way

2K _
E=> B2 with E, =2%-1
1=1

where g =0 or 1, depending on the value of the sequence base
and E__ is the maximum value of the possible E values.



Hash Table. a 2-tuple hashing table of S1, S2 and S3

E k-tuple N Indices and Offsets

0 AA 1 219

1 AC 3 1, 9 2.5 2 11

2 AG 2 1,15 2,35

3 AT 2 2,13 3, 3

4 CA 7 2. 3 2.9 2.21 2,27 2 33 3,21 | 323
5 cc 4 1.21 2.31 3, 5 3, 7 7
6 CG 1 1.5 /
7 CT 6 723 2,39 2,43 3,13 3,15 3,17

8 GA 4 | /13 1,17 2.15 2.25 /

9 GC o // /

10 GG 5 1,25 1,31 2.17 2.29 31 /

1 GT 6 1,27 1,29 21 237 319

12 TA 3, 25 /

13 TC 1, 7 1,11 1,19 2.23 /2,41 3 11

14 TG 1,13 N\ 2, 7 3, 9 /

15 TT \ //

S2=(GTCAACTGCAACATGAGGAACATNCGACAGGCCCAAGGTCTTCCT)
S3=(GGATCCCCTGTCCTCTCTGTCAC




Query sequence:

S, = (TGCAACAT)

E K-tuple N; Indices and Offsets

0 AA 1 2,19

1 AC 3 1, 9 2, 5 2,11

2 AG 2 1,15 2,35

3 AT 2 2,13 3.3

4 CA 7 2, 3 2, 9 2,21 2,27 2233 3,21 2228
5 CC 4 1,21 2,31 3,5 3, 7

6 CG 1 1, 5

7 CT 6 1,23 2,39 2,43 3,13 3,15 3,17
8 GA 4 1, 3 1,17 2,15 2,25

9 GC 0

10 GG 5 1,25 1,31 2,17 2,29 3,1

11 GT 6 1,1 1,27 1,29 2, 1 2,37 3,19
12 TA 1 3,25

13 TC 6 1, 7 1,11 1,19 2,23 2,41 3,11
14 TG 3 1,13 2, 71 3,9

15 1T
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Running SMALT

0 Data files: genome_ref.fa, readl.fastq, read2.fastq
2 Hash the reference genome:

smalt index —k 13 —s 6 hash_ref genome_ref.fa
0 Generate alignments in the SAM format:

smalt map -1 800 —j 20 —o aln.sam -f samsoft hash_ref
readl.fastq read?2.fq

2 Where to download:
http://www.sanger.ac.uk/resources/software/smalt/



http://www.sanger.ac.uk/resources/software/smalt/

Burrows-Wheeler vs Hashing

seed (28 bp)
“hi-half  lo-half

BOWTIE/TOPHAT ] e . — £~ — 2 2

depth-15t by default, breadth-15t slower
no indels

seed (32 bp, optional)
Al

BWA 3 — A — 4 % | 3

breadth first,
upper bound on edit distance, e.g. max 5 mismatches in 100bp read. Can
deal with indels.

SMALT/SSAHA2 S m— - Z 7 Z3

", - | —

Exact matching k-segment (1 kmer) required.
Partial alignments (indels, splice junctions)



Burrows-Wheeler vs Hashing

« Strengths and weaknesses (trends)

— Burrows-Wheeler, e.g. bwa, bowtie
— Fast, esp. (multiple) exact matches
— High sensitivity at repetitive regions
— less robust at high genomic variation
— Hashing (overlapping k-mer words, e.g SMALT/SSAHA2, Stampy)
—  Slower (more memory hungry)
— Less sensitivity at repetitive regions
— tolerate high genomic variation
— partial alignments (junction reads) easier
— Flexible (multiple sequencing platforms)



Performance Assessment
on simulated reads

SSAHA? SMALT BWA
variation 1% 2% 5% 1% 2% 5% 1% 2% 5%

rate [10° pairs/h] 0.34 0.22 0.18 0.71 0.60 0.47 1.35 0.74 0.63
memory [GB] 38 38 38 33 33 33 23 23 23
mapped [%] 97.3 97.2 96.1 97.1 97.0 96.5 95.6 89.1 48.1

error [%] 0.09 0.16 0.49 0.08 0.14 0.44 0.09 0.17 0.41

human genome
10° read pairs 2 x 100 bp (insert 500)
20% of variations indels (max. 10)



mapped to wrong location [%]

Performance of mappers
(genome re-sequencing)

mapped fraction [%]

| o SMALT
A BWA
B + STAMPY
BOWTIE
III
li
| I I | — | |
50 60 70 80 90 100

Simulated for human genome:
4x108 x 100 bp single reads

190 variation of which 20% indels

14 bp maximum indel length

10

|

O ._|-—|7
1 2 3 4

indel length



fraction of discordant pairs [%]

15 20 25 30

10

Sensitivity Assessment
~ 2% genomic variation

| o SMALT

A STAMPY
BWA

X BOWTIE

¢ NOVOALIGN

0 20 40 60 80

mapped fraction [%]

100

Reads:
M. spretus
whole genome shotgun
2 x 108 bp, insert 250 bp
Reference:
M. musculus
NCBI build 37

* independently mapped reads

« Count discordant pairs as erroneous
mappings



fraction of discordant pairs [%]

25

20

15

10

Sensitivity Assessment

RNA-Se0

| o SMALT

| x BOWTIE

A STAMPY
BWA

0 20 40 60 80

mapped fraction [%]

100

data

Reads:
M. musculus C57B6
RNA-Seq data
2 X 76 bp, insert 320 bp
Reference:
M. musculus
NCBI build 37

* independently mapped reads

« count discordant pairs (> 10 kbp
apart) as erroneous mappings



SMALT Workflow
- S =
a/4A54/F E a

Reads

SAM BAM File




=

me e vew =m [ReQA Fille Format — fastq or fasta

@EPFROD1O3-806:6: 1108 Vs gauausry L

AGTACGATGATTCTGT T TCAAATGAACAT TAATGCAAT TTTATTTCCCCAGAAAAT GARATGCAAAGAAATTTATGAACTGTGTAGCAGGT TCAGAAARAT
+
HHGHHHHHHHHHHHHHHHHHHFHHHHHGHHHHHFHHHHHHHHHF FHHHGHHGGHHHHHH < FGGEHHFH=FF FF FGHHFHHHHGHFHFHHGHHH 7 HHHHH <=
@EPROD1O3-806:6:1108:7266 9303240 1
AAGGLCGLLGTCCCATCTGTCCCTGTCTOGCAGCAGACACACCATOGCACATGTCCACAGCAGGRAGAGGGATGCCGACTGOGGTRATGHGGGAGCCAGGGCAL
+

HHFHHHHHH ? HHHHHHGHEGHHGHFHHH P HGGHHHGGFHHFEFGHHHHGGFHHHHHFHGHHGHGFFHFEFFG=2FHFHF FGBF=FGFFGFHHEHHFFGFGH
@EPROD1OS-806:6:1108: 7440 9303240 1

ACTCAGTTCT CAGACCCAGAC CTAAGCCTCT TEGACTCTGLAT TTTAAAACCCT TCACTAACC CAGGATCAGCTTCTTGTATAGACAAGAAGAAAGCTTAAA
+

G=GFFGGGFFF 7 F<Fb6>=>>F>F8FGFGFG>> ; >?FEQFE5 7> ; 7>>7F7F=<EEFFFF=FF767*4* /5 (+=/+: ; ; >=6 ; >>9=>>4>>7>=>F8EFFG
@PROD1GO5-806:6:1108: 7400 9303840 1

TTGAGT CAACTCT CCACCCTCTCTATCACT TTCCCTGTATGTAGGCTAT T TTCCTCTGGOT AGAAAAAAMATGLATCCTTATGOAACAATATGGTCTCTGT
+
HHHGHHHGFHFHHGHHHHGHHHHHHHHFHHGHHHHFHHHHFGHHHHHHHHGHFHHGHH P H=F FFFGGFGFGHG<FEFFFFGG=G=GFFFFF T F=FGHHHHH

=PROD1GS-806:6:1108: 7338 9303040 1
AGTACGATGATTCTGT T TCAAATGAACAT TAATGCAAT TTTATTTCCCCAGAAAAT GAAATGCAAAGAAATTTATGAACTGTGTAGCAGGT TCAGAAAAAT
=PROD1G5-806:6:1108: 7266 9303240 1
AAGLOCGLLTCCCATCTGTCCCTOT CTGLAGCAGACACACCATOGCACATGTCCACAGCAGLGGAGAGGGATGCCGACT GLLLT AT GHGGLAGC CAGGGCALC
=PROD1G3-806:6:1108: 7440 9303240 1
ACTCAGTTCTCAGACCCAGAC CTAAGCCTCT TEACTCTGLAT T T TAAAACCCT TCACTAACCCAGRATCAGCTTCTTGTATAGACAAGAAGAAAGCTTAAA
=PROD1O3-806:6:1108: 7400 9303840 1
TTGAGT CAACTCT CCACCCTCTCTATCACT T TCCCTGTATGTAGGCTAT T T TCCTCTGGOT AGAAAAAAMATGLATCCTTATGGAACAATATGGTCTCTGT

=PROD1GS-806:6:1108: 7338 9303040 1
39 39 38 39 39 39 39 39 39 309 39 39 39 39 30 39 39 39 30 39 39 37 39 39 39 30 39 38 39 30
39 39 39 37 39 39 39 39 39 39 39 39 39 37 37 39 39 39 38 39 39 38 38 39 39 39 39 39 39 27
37 38 38 36 39 39 37 39 28 37 37 37 37 37 38 39 39 37 39 39 39 39 38 39 37 39 37 39 39 38
39 309 39 30 39 39 39 39 39 27 29

=PROD1GOS-806:6:1108:7266 9303240 1
39 39 37 39 39 39 39 30 39 30 39 39 39 39 39 39 38 39 36 38 39 39 38 39 37 39 39 39 30 30
38 38 39 39 39 38 38 37 39 39 37 36 37 38 39 39 39 39 38 38 37 39 39 39 39 39 37 39 38 30
39 38 39 38 37 37 39 37 36 37 37 38 28 24 37 39 37 39 37 37 38 23 37 28 37 38 37 37 38 37
39 39 36 39 39 37 37 38 37 38 39

=PROD1G3-B806:6:1108: 7440 9303240 1
38 28 38 37 37 38 38 38 37 37 37 30 37 27 37 21 29 28 29 29 37 29 37 23 37 38 37 38 37 38
29 29 26 29 30 37 36 24 37 36 20 30 29 26 30 29 29 30 37 30 37 28 27 36 36 37 37 37 37 28
37 37 30 21 22 919 9 14 20 7 10 28 14 10 25 26 26 29 28 21 26 29 29 24 28 29 29 10 29
29 30 29 28 29 37 23 36 37 37 38




- Edit: SaP  *#< READ-ONLY ##* =ER

File Commands Settings Help

search Cutoffs Quality

Consensus | TLTGEGGCGTGLCGAARCTCARRGGEGT TLGETAARCCAARTGTGEATGLGECTGARTETGLACAACTGLCAGLLGLGARCTGLEGCARGEGARCGLGE
1280 18590 1900 1910 1920 1930 1940 1930 1960 1

P L R LEGTGLGEGAACTCAARGLGLCGTTLCTARCCAATET GLCCTGRATCTLGLACAARCTLGLEAGLGELGLAACTLLEGE  GEGAACGEGL
PO COGLGTOLELGRAARCTCARAGLELT TGETAACCARTLTLG  GLGECTGAATCTGLACARCTGLLEAGLCLGLAACTLLCGE  GLGARCGLGE
22 ?2aaa2. | TG CGGEGTGLELCGARARCTCARAGLLEGTTGCTARCCARTLTG GCCTGAATCTGGACARCTGGCAGGEGLGAACTLLEGEA  CoLAARCGLGE
220 2aaat | T CGGEGTGELCGARARCTCARAGLEGT TGCTARCCARTLTG GCCTGAATCTGGACARCTGGCAGGEGLGARATLLEGEA  CLAARCGLGE
2000 ... 2 TG CGGEGTGGEGAACTCAAARGGLCGTTGCTARCCAATGETER GCCTGARTCTGOACARCTGLEAGGEGGAACTGECGEA  GARCGCGE
2C.. 2.0 2 TG CGGEGTGGEGAACTCAAARGGCGTTGCTARCCAATLTEG CETGARTCTGLACAACTGLCAGLLGLGARCTLLEGCAR  GARCGLGE
2200 2. 2| TGT  GGEGTGGEGAACTCAARGGCGTTGCTARCCAATLTGE CTGARTETGLACAACTGLCAGLGLGLGARCTLGLEGCAALG  ARCGLGE
2000 2. 2 TGT  GEGTGGEGAACTCAAARGLGCGTTGCTARCCAATLTGLA CTGARTETGLACAACTLLCAGLLGLGAACTLGLEGCAAL  ARCGLGE
2202 o TGTGE CGTGGEGAACTCAARGLCGTTGCTARCCAATLGTGEAT  CTGAATCTLGACAARCTGLEAGLEGLAACTLLEGEARLG  ARCGLEGL
22t | TGETGEG  GTGGLCGARACTCARAGGCGTTGCTARCCARTLTGCATG TGRAARTCTGGACARCTGLLAGGLGLAARCTLECGCAAGE  ACGLGLE
SOt | TETGEG  GTGGLCGAACTCARAGLLGTTGETARCCARTLTGLATG ARTCTGGACAACTGLEAGLCGLAACTGLEGEAAGCGA  GEGE
2. 2o . | TGTGEGGE  GGEGAACTCAARGGCGTTGCTARCCAATGTGEATLGE CTGGACAARCTGLCAGGEGLAACTLLEGEAARGEGAARCG L
2O <L TGTGEGGE  GGEGAARCTCARAGGCGTTGCTARCCAATLTGEATEGE TLGACARCTGLEAGLEGLARCTLLGEGEARGELAACGE

b I TGTGEGGEG  GLGARCTCARRGGCGT TLGCTAARCCAATGTGEATGGLEE GLACARCTGLEAGLCGLGAARCTGLECGEARGEGARCGED

b D TGTGEGGEG  CGARCTCARAGGLGTTGCTAARCCAARTLTGEATGLECT GACARCTGLGLAGLLGLGAARCTLGLLGCARGCLGARCLGLGE
o < TGTGEGLEGTG  GARCTCARAGGLGTTGCTARCCAATLTLGEATGLECT GACARCTGLLCAGLLLLAACTLELAGCARGCGARCLLGE
O TGTGEGGCGTG  RRETCAARAGGCGTTGCTARCCAATGTGEATGGCCTGA GACAARCTGGLAGGEGLAACTGLEGCARGEGAACGLGE
b S TGTGEGGLR RRCTCAAAGGCGTTLCTAARCCAATGTGEATGGECTGA GACAARCTGGLAGGEGLAACTGLEGCARGEGAACGLGE
L LG TGTGEGGEGTGE  ARCTCARAGGCGTTGCTARCCAATGTGEATLLECTGA ACAACTGGLCAGLGCGLARCTLGLEGCARGEGARCGLGE
oGl TGTGEGGEGTGE  ACTCARAGGCGTTGCTARCCAATLTGEATLLECTGAA CAARCTGLCAGLEGLAACTLLEGEARGEGAARCGEGL
oS TGTGEGLEGTGLE  ACTCARAGGCGTTGCTARCCAARTLTGCATLGECTLAA CAARCTGLCAGLELLARCTLLELGEARGELAARCLEGL
2O, TGTGEGLEGTGLE  ACTCARAGGCTTTGCTARCCAATLTGEATLLECTRAA CAARCTGLCAGLELLARCTLLELGEARGELAARCLEGL
PP TGTGEGLLGTGEEL  CTCARARGGLGTTGCTAARCCARTLTGEATGLECTGAAT CRACTGLCAGLELLAARCTLLEGEARGELAACGEGL
SO TGTGEGGCGTGEEG  CTCARAGGCGTTGETAACCAARTLTGEATLGLGCCTGAAT ARCTGGCAGGEGLARCTLLCGCARGEGAREGLEE
LI D TGTGEGGEGTGGEGA  TCARARGGCGTTGCTARCCAATLTGCATGGECTGAATE AARCTGGEAGLEGLAACTGLEGEAARGEGAACGEGL
> 2.4 .. TGTGEGGEGTGGEGA CAAARGGCGTTGCTARCCAATGTLCATLGLCCTGAATET ARCTGLEAGLEGLAACTGLEGEARGEGAARCGEGL
> ... 2., TGTGCEGGEGTGGEGAA  CAAARGGCGTTGCTARCCAATGTLCATLLCCTGAATET ACTGGEAGGEGEAACTGLEGEARGEGAARCGEGL
2 ?ve. 2., | TGTGCGGEGTGGED ARAGGELTTGETAACCAARTLTLCATGLCCTGAARTETG ACTGLEAGGELGLAACTLLLLEARGEGARCGELL
< ?... 2., | TGTGEGGEGTGGEGAAC  ARRGLGCGTTGCTARCCAATLTGLCATLLECTLAATETG ACTGLEAGGELGLAACTLLELGEARGEGAACGELL
2 ?ve. Su.. | TGTGCEGGEGTGGEGAAC  AAARGLGCGTTGCTARCCAATLTGLCATLLECTLAATETG ACTGGEAGGELGLAACTLLELGEAARGEGAACGEGL
2ol 2. | TETGAGGEGTAGCGAACT  AARGGEGTTGCTARCCARTLTGCATGLECTGRARTLTGE CTGLLCAGGCGLAARCTGELGCARGEGRARCGLGE
2o 2. TGTGCEGGEGTGGEGAACT  ARGGCGTTGCTARCCAATGTGCATGLCCTGAATETGE TGGCAGGLCGGARCTGLEGCARGCGAACGLGE

1875

Base confidence:Z323.8 (Prob. 1.000000) A=2323.8 C=-2328.0 G=-2328.5 T=-2328.5 *=-11005.7 Position 1934




- Edit: SaP  #+ READ-ONLY *#* ZIE=]

File Commands Settings Help

search Cutoffs Quality

Consensus | TGTGEGGCGTGLGEGAARC TEARAGLEGT TG TARCCAARTLTGEATGLGECTGAATETGLACAACT GLCAGGLGLAARCTLLCGEARGEGARCGEGL
1880 1890 1500 1910 1920 1930 1940 1950 1960 1

b 2 4 GEGTGLEGARCTCARAGGCGT TGETARCCAATGT GLGCCTGAATCTGLACARCTGLCAGLEGLGARCTLLEGE  GCGARCGLGE
2 PR CLGCGTLLEGAACTEARAGLGEGTTGCTARCCAATLTG  GLGECTGARTETGLACAACT GLGCAGLLGLAARCTLLCGE  GELGAARCGLEGLC
>ro. 2oo0r. TG CGGEGTGGLCGAACTCARAGGCGTTGETARCCAATGTG GCCTGAATCTGLRCARCTGLCAGLGLGLAACTLLEGEA  CGARCGLGLE
»r.. FEEM<. TG CGGCGTGGCGAACTCARAGGCGTTGCTARCCAATETE GCCTGAATCTGGABAACTGECAGEEGEARATECCGCH COARCECEE
B <... » TG CGGCGTGGLGAACTCARAGGCGTTGCTAACCAATGTG GCCTGAATCTGRACAACTGECAGGCGGAACTGEEGEA GAREGCEE
s xoo. » T EGGEGTGGLGAARCTCARAGGEGT TGETAARCCAATGTE CETGARTCTGLACARCT GLGCAGGLGLAARCTLLEGERAR  GRACGEGL
2rov xoo » TGT  GGEGTGGLCGARCTCARAGGEGT TGETARCCAARTGTGE CTGAATCTGGACAACTGECAGGCGGAAETGGEGEARG  AACGLGE
.. »o.. » | TGT  GEGWGGCGAACTCARAGGCGTTGCTARCCAATGTGLA CTGARTETGLACAACT GLGCAGGCGLAARCTLLCGEARG  ARCGEGC
Pro.ure.. O TGTGC  CGTGGCGAACTCARAGGCGTTGCTAACCAATGTGEAT  CTGAATCTGGACAACT GGCAGGCGGAACTGECGCARE  ARBGCGE
>rooure.s © TETGEG GTGGCGAACTCARAGGCGTTGETAACCAATLTGEATE  TGARTETGGACARCTGLGLCAGGLGLGARCTLLCGCARGE  ACGCGE
B ...<....» TBTGCG GTGGCGAACTCARAGGCGTTGLTARCCARTGETGCATE ARTCTGGACARCTGLCAGLLGEARCTLGEGEARGEGA  GCGE
it »...@ TGTGCGGC GGCBAACTCAAAGBCGTTGCTAACCAATGTGCATGEE CTGBACAACTGLCAGGLGLAACTLGLEGCAARGCGARCEG €
»i.oo. w...  TGTGEGGE  GGCGARCTCARAGGCGT TGETAARCCAARTGTGLATLGLE TGBACAACTBECAGGEGEAACTEGCGCARGCGARCEE
PIDREIE Dl TGTGEGGEG  GLGRARCTCARAGGEGT TGETAACCAATGTGCATLEEE GLEACARCTGLEAGLGEGEARCT GLGELCAAGCGAACGLG
S bt TGTGEGLGEG  CGRARCTCARAGGCGTTGETAACCAATGTLCATLLECT GACAACTGGCAGGLGLAACTLLCGEARGEGARCGEGL
Ll TGTGEGLEGTE  GARCTCARAGGCGT TGETAACCAARTGTLLATLLLCTE GACAACTGBCAGGCGEARCTEERBCARGCGAACGLGE
R o TGTGEGGCGTG  RACTCAARAGGEGT TGCTARCCARTGTGCATGRECTGA GACARCTGGLAGLEGLAARCTLGLEGEARGLCGARACGEGE
bR e TGTGEGGLG AACTCARAGGCGT TGLTARCCARTGTGCRATEGCCTGA GHCARCTGECAGGLGEEARCTGECGCARGCGARCGLGE
g I TGTGEGGEGTGE  ARCTEARAGGEGT TGETAACCAARTGTGCATLGLGECTGA ACAACT GLGCAGGCGLGAACTLLCGEARGCGARCGEGLC
G TGTGEGGEGTGE  ACTCARAGGEGT TGETAACCAARTGTGCATGLCCTGAA CAACTGLCAGGLGLAACTLGLEGCARGCGARCGLEGE
R TGTGEGLEGTGEE ACTCARAGGEGT TGETAARCCAARTGTLLATLGLECTLAA CAACTGLCAGLGLCGLAACTLGLELCARGCGARCGHLGE
it TGTGCGGEGTGEE  ACTCAAAGGCTTTGCTAACCAATGTGCATGGECTGAA CAACTLLCAGLGLGLAARCTLGLEGCARGCGARCGLGE
P TGTGEGLLCGTEEEG  CTCARAGGEGTTGETAACCAATGTLCATLLCCTLAAT CAACTGLCAGLLGLAACTLLLELCARGLGARCGLGE
R TGTGEGGCGTGEEG  CTCARAGGEGT TGCTARCCARTLTGCATGLGECTGAAT ARCTGGCAGGEGLAACTGLEGEARGLGARACGEGE
Pl B TGTGCGGEGTGEEGA  TCARAGGCGTTGETAACCAATGTGCATGLCETGAATE ARCTGGEAGGEGGARCTGLGEGCAAGEGAACGLGE
»oroot.o.. TIGTGEGGEGTGEEGA CARAGGEGTTGETAARCCAARTGTGLATLGLCCTGAATET ARCTGLEAGGEGGARCTGLGEGCAAGEGAACGLGE
»oCoe. oo THTGEGGEGTGGEGAR  CARRGGCGTTGETAARCCAARTGTGLATLGLCCTGAATET ACTGGCAGGCGGAACTGEEGCARGCGAREGLGE
> »... M | TBTGCGGCGRGECE ARAGGELT TGCTARCCAATLTGCATEGECTLARTETG ACTGGCAGGCGERACTEEGLCARGCGRARCEEGE
“ orov. 2o TGTGCEGGEGTGLCGAAE  ARAGGCLGT TGETAARCCARTGTGLATLLCCTGAATCETEG ACTGGCAGGEGGARCTBECGCARGCGARCELGE
>oroes .. TGTGCGGEGTGECGAARE  ARAGGCLGTTGETAACCAARTGTLGLATLGLLETGAATCTER ACTGLEAGLGELLAARCTGLEGCAAGELAACGLGE
».<¢... »... | TGEGEGGCGTEGCGAACT  AABGCGTTGCTARACCAATGTGCATGECCTGAATCTEE CTGGCAGGCGGAACTEEEGCARGEGARCGEGE
oo 2o, TGTGEGGEGTGGEGARCET  ARGGCGTTGETAARCCAARTGTGCATGLLCTGRATCTEER TGGCAGGCGGAACTGLECGEARGCGRARCGEGL

1874

Base confidence:2655.2 {Prob. 1.000000) A=-2660.0 C=2655.2 G=-2660.0 T=-2660.0 *=-12667.1 Position 1909
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File Edit wWiew Terminal Tabs

cigar:5:52 mlea529 140129 5M
135 M6 I 1M8D1M2D1M1e D 1M3D1M6II1IMA 2 M
1M7PDI1IMZ2D1IMI1S 2 1 2 9 1M

1 4 1 3 1M

I1

eI

M D MaD1mMmI1
M I M2D1MI1

D
D
1

B I1M4T3IM3ITITI1IM
myDDI1IMZ23D1IMA4DI1IM3IDZM?3
D1mM7
COCGCGGTTGAAAAA -GC-AAGCCAACGC-CAC-CCACCAGATGC--TTATTCCACCGGC
- - - - W— - —
REFERENCE: 3890063 COGCGCG-TTGAAAAAAGCGAAGCCAACGCACAAGCCACCA-ATGCGGTTATTCCACCGGE 3890120

QUERY : 91 CA-AATGGCCT-ATA-CTCGAT--AGC-ATCAGTT-CG-TGATCCACAGCTTGC--T--T 138
= S - SR
REFERENCE: 3890121 CAGAATG- CCTGATAACT-GATTTAGCGATCAGTTTCGGTGATCCACAACTGACCGTCCT 3890178

QUERY : 139 CCATCCA-GCCAGCCACTGACCATCCG-C-AGAAGACCACGLGCGTCCGCAGAAG-TGAAT 194
= i i I i - i
REFEREMNCE: 3890179 CCATCCACGCCAACCATTGACCATCCGGCGAGAAAACCACGGCOTCCGCAGAAGGTGGAT 3890238

QUERY : 195 TTGGC-TG-TGTTCG-TTAAATACTCAACCTCGCCCGCTTT-CGCCATGG-CACATAG-A 248
= = - W = i = = = = = =
REFEREMNCE : 3890239 T-GGCGTGGTTTTCGOGT TAAATACTCAACCTTGCC-GCTTTGCGC-ATGGGCACA-AGCA 3890294

QUERY : 249 ATTCGATTATCC-GCAAACAAAGCCA-CCATTCTCCTGACG-ATGCAAAGTAAATGCAG- 304
i W - voo- LAY - W i - wvodw -
REFEREMNCE: 3890295 ATCCGATTCTCCAGCACA-AATCCCAGCCATTCGCCTGATGGATGCCAGTTAAATGCAGA 3890353

QUERY : 305 CTGAATATCCGTTTTGTTITTGGGTTAACTGCC-CG- -TCOCCGCCCTOTOGGCACGATAAG 361
W Woo- - - i iwv
REFEREMNCE: 3890354 CTGAATATCCGTTITGTTATGGGTTAACTGGCGCGGCTCGCTGCCCTOGTOGGCGAGATAAG 3890413

QUERY : 362 CCCACA-TTGCACA-TGCCOTTATCCATCTGTGCGAGATTAAAGAAC-CGATTT---TAC 415
- - - - U___ U_ - - - — -
REFEREMNCE: 3890414 CC-ACAGTTGCACAATGCCGTTATC-ATCA---CGC-ATTAAA-AACGCGATITTGCGTAC 3890466

CCTGCGAATTACAAAGCGCACCCAGGTTGC -COGGAC-TTGAAACAACCCGAAAATAAGC
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Edit: MALT4™ ##¥ READ-ONLY

2E

File Commands Settings

Help

| Search |J Cutoffs || Quality

Consensus |RRTTRARKTTARTTHARKTAGRART TRARKT THKARRTHTRATGRRARTRTARTRRT AR TRTHARTRGRARTRRT AR AR THAKTRTART KGRAKT THAT TART THATGART THAKT THR

1343670 1343630 1343640 1343650 1343660 1343670 1343680 1343690 1343700 1343710 1343720 1343730 1
KT THEIKT TAKT THARKTCORART TTARKT TRRARKGKTHT TECKARTATART KT AR TATHAATHGRAK TR TAGKTRIKTRCKTGTAKTHGGAKT THAT TAKT THATGRAT THAKT THkq
KT TR TART THARKTHGR AT THARKT TRKARKTATHATGRK AR TATAT THKT AR TATAAXTHGRAG TRHTARKTAGG THAKTKTAKTHGRAGT THAT TAXTERATEAKT THAKT THkG
KT TR TART TRACKTAGRAT T THARKT TRRAT T TATHATGRKARTAT AR TR TR TATHAXTHGRAKTRRTATHTRIKTRAKT KT GRTHGRARKTHAT TART THATGARKTHART THkG
KT THERKT TAKT TCARKTAGRAXT THAGL T TRRARKTATGATERK AR TATAATRKT AR TATHOXTL KA T AR TARKTRIKTCAKTRT AR THGRAKRT THATTAXT TTATRAKT THAKT THHG
KT TCARKT TAKT THARKTAGR AT THARKT TLTARKTATRATERKARTATART KT ARTATHAXTHGRAKTRATARKTRIKTKAKT KT ARTCGRAKT THATT THT THATGAKT THART THkq
KT XK TART THARKTAGR AT THRARKT TRKCRKTATRATERKARTCTART KT AR TATHOXTHGRAKTRRTARKTRIKTCAKTRT ARTHGRAKT THAT TARTRRATRAKT THAKT THKG
KT THEKT TART THARKTAGR AT CHRAHORT TRRARKTATRATGRK AR TAT AR TRKT AR TATHOXTHGRAKTRRTARK TRIKTKAKTRT AR TEGRAKT THAT TAXT THATGAXT THARTTTAR
KT THRIKT TAKT TRACKTHGR AT THARKT TRKARKTATHATELGARTATART KT AR TATHOXTHGRAK TRRKARR TRIKTKAKTRT AATHGRAKT THATTACTTHATRAXT TTART THkq
KT THEKT TART THARKTAGR AT THARKT TRRARKTATRATRRK AR TAT AT RKT AR TATHOXTHGRAK TR TAAG TRIKTRAKT KT AR THGRAKGTHAT TAKT THATGAKT THART THkq
KT THERKT TAKT TRATETAGHAT THTHORT TRKARKTCTHATGRKARTAT AR T KT AR TATHOXTHGAGK TRRTARK TRIKTKAKTRT AR THGRATTTHATTAXT THATGAKT TARKTTHH4
KT THERKT TATT THARKTAGR AT THARRKTRKARKTATRATGRK AR TAT AR TRKT AR TATHOXTHGRAKTRRTARKTRIKTRAKTRT AT THGRAKT TAAT TAXT TRRTRAKT THATTTHH4
KT THEIORT TATT THARATAGIRKT THIORT THOKAIK TXTHAT GAIA TAT AT TC T AR TATHEXTEEHAK TRR TR TR TKAT THT AT THGRATTTHAT THAT THATGRATT THART Tk
KT THEORT TAKT THARATHGR KT THARKT THRARRTXTRAT GAKR TAT A THORT (R TA TP THGR QK TR TR TRIOKT KGR KT KT HGRAKT THAT AGKT THATGEKT THAKT THkg
RKTTCACKT TAAT THARKTHGLAKT THAHKT TIOKARKTXTRATEEHARTAT AAT KT AR TATHEXTHGRAL TOL TCRR TRIOKCKAL THT AR THGRAXT TTATTAXT THATGART THART THkg
KT THAGT TTART THARATHGREXT THAIORT THORKTXTRAT GAKA TAT A THOR TRK TH TATHGRAKTRRTATH TRIOKTKAKTRT QR THGRAT T THAT TAHT THATGEKT THAKT THkg
KT THEIORT TEAK TR AR EXT THAIORT TR TXTRAT GO TAT A00OKT A T T KT G KX TR TRk TRIOK TR T KT K TRGRAT T THAT TEHT THATGRKT THART kT
R TIOKIORT TEART THERATHGRAAT THAIORT TR THOAT IR TAT G THORT AR TA TR TR QX TRk TR TKAATHT (T RGRART THAT TEHT THATHEAT THART Tk
AT TTHAHKT TEKT THARKTHGREXT THAIOKT Tk TXTRAT KA TAT AAT KA TAT TR GRAK TR TRk TR TRGETRT AATHGRAKT THATAGHT THATEHHT THAKT Tk
KT THEIORT TART THARRTHGREAT THAIORT TR TXTRAT G TAT A X TH TP THAOK QI TR TAR THIOK TR KT TR GRART THTTTEHT THATGAKT THART Thkg
KT THEIOKT TAAKTRARKTAGRAKT THRAIORT THKAIK TR AT TEAKAIAKT A THORT Aok TA TR TR AR TROKTARORT AR TRAAT KT (kTR QI THAT THT THATGAKT THAKT Tk
KT THCAKT TAKT THARKTAGIRKT THRATHT TR TR THATGAAKK TAT A THRT Ak TA TR T GRAK TRKT QoK THIKTRAATRT ok THGRAKT THAT TRHTGRATHTHT THAKT Tk

Reference Guided 3D7 Assembly using PacBi
Total Bases: 20.5 Mb; N50: 1,368 bp

0 Reads

“ o

De novo Assembly using INlumina Reads
Total Bases: 23.6 Mb
ContigN50: 8 Kb

= Supercontig N30: 13.3 Kb

/]




~ Edit:{MALT4 " #4 READ-ONLY * SlEelE
File Commands Settings Help

| Search | I Cutoffs | Quality

Consensus | CCACKGARKGAATHATATARGTFGHKCHAKTAATARTTTTTTTTTGGAAAACTTATAAGATGARRCAAGAT TERGTAATARTTTTARAAGCCACTATARRXTHGAKTARAKTARKTCHAXGARAIT
00 1867510 1862520 18A2430 1862540 182550 186290 18A7570 1862580 1862590 18AZA00 186210  18AZ620
e CCAC AGATGARACARGATTEEETAATAATTTTARAAGCCACTATARAKTHEE* ARKAKTARCTCFAXGAGA
) >. . | CCACKGAXKGARKFATATA ACTATARRKTAGAKTATARTARKTCHARGARA
.o 0. | CCHCHGARGEARTHATATAXGTAGFCCARTAATAR ACTATAARATAGAKTARKRTARKTCHARGA%A
). >.. | CCACKGARFGART*ATATAAGTAGECKAKTAATA ACTATARRKTAGAKTAXAATARKTCCARGAR K
¢ C.. | CTACTGECH*GAATHATAT ACTATAARTTHGAKTAXARTARKTCHARGA%A
¢ (.. | CCACHGARYGAR ACTATARRKTAGACTAXARTARKTCARKGA%A
) >. . | CCACKGARAGA ACTATAARKTAGAKTARKRTARKTCHARGA%A
(oo <. | CCACKGAXKGAATRATATAXGTGE*CXARTAATAATTTTTTTTTGGAARACTTATA ACTATARRKTRGAKTAXARTARKTCHARGA%A
.. ACTATARKKTRGARTAXARTARKTCHARGA%A
S ACTATARRKTAGARTAXARTARKTCHARGA%A
.. CTATAARKTEEAKTARAKTART TCHARGAA
.. TATAARKTXGAKTARATTART TCHAKGA*A
b ATARAKTXARKTAKAKTARKTCRAKGAKA

i
N [ | | -

ie62433 P | i

Base confidence:-5.0 (Prob. 0.240253) A=-5.0 C=-5.0 G=-3.0 T=-5.0 "=-5.0 { AG=-69.0 Position 1862572 (1862572 ref)




= Edit: MALL4 *#¥ READ-ONLY #% 5EE
File Commands Settings Help

| Search ||' Cutoffs | Quality

Consensus [ *KTAKGHRAGLARKTAKT TACHTTHGRCAATAT TAATTARANNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNC TC TG TARTAGTCCCATATTTT T TAGTTCCCATATTG[ |
070720 2070730 2070740 2070730 2070760 2070770 2070780 2070790  Z070800 2070810 2070820 2070830 2070

Cowo | TTTAXGLLGLARKTAXTTHCHTTHG CTCTGTARTAGTCCCATATTTTTTAGTTCECATATTG

KETAGL**GLARKTARTT

KETARLHFHGLARATART TACCTTHLHC*ATATTAR

KETAXLCHGLARKTATTTHCHRTTRL*CLATATTAAT TAAA

KETARLHHGLARKTARTTTCHRTTRL*CHATATTAATTAAA

KETARLHRRGLARKTART THCHRTTLL*CHATATTAAT TAAA

KETARLHHGLARKTART THCATTRLGCH*ATATTAAT TAAA

T AT Tl T Tl T T

N [ | I -
2070715 ﬂ m

Base confidence: 0.0 (Prob. 0.500000) A= 0.0 C= 0.0 G= 0.0 T= 0.0 *= 0.0 / AA= 0.0 Position 2070798 (2070738 ref)
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