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GFF Annotation files

Important file types: FASTA

A sequence in FASTA format begins with a single-line

description, followed by lines of sequence data. The description
line is distinguished from the sequence data by a greater-than

(">") symbol in the first column. The word following the ">"
symbol is the identifier of the sequence, and the rest of the line
is the description (both are optional).

There should be no space between the ">" and the first letter of
the identifier. It is recommended that all lines of text be shorter

than 80 characters. The sequence ends if another line starting
with a ">" appears; this indicates the start of another sequence.

Important file types: FASTA

>ehr1

ceer
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Important file types: FASTA

>seq0

TEKF
>seql

LKVIDNKECLKFKTDQAQEAKKMEKLNNIFFTLM
>seq2

>seq3

>seqs

Important file types: FASTQ

FASTQ format is a text-based format for storing both a

biological sequence (usually nucleotide sequence) and its
corresponding quality scores. Both the sequence letter and

quality score are each encoded with a single ASCII character
for brevity

Fastq format

Read Sequence
Beadildentileg @HYYD8:00025:00048

GGGTTTTCAGGGGAAAAGAAARA
+

DD7BBB7BBBBA5@?=/6666)
@HYYD8:00026:00046 "
Teccmamaos Read Sequence Quality

+
BBC=BB3737
@HYYD8:00027:00046

AAAAAARAR
+ 1°#$%5" ()*+, /0123456789 ; <=>7@ABCDEFGHIJIKLMNO)
:DBBCCBB& | | |
@HYYD8:00027:00049 33 59 64 73
CTGCAACGTTGACCCAT 0 26...31....... 40

+
@22BB<222-3344%34
@HYYD8:00029:00045

ACGATTGGTTTTTT TT TTTT

+
877 2;AA?AA*ARA; ?:>-67+55+5: @BBCCCCC&CB<C<?—

FASTQ: Data Format

* FASTQ

* Text based

* Encodes sequence calls and quality scores with ASCII characters

* Stores minimal information about the sequence read

* 4 lines per sequence

« Line 1: begins with @; followed by sequence identifier and optional

description
Line 2: the sequence
« Line 3: begins with the “+” and is followed by sequence identifiers and
description (both are optional)
Line 4: encoding of quality scores for the sequence in line 2

« References/Documentation
* http://mag.sourceforge.net/fastg.shtml
* Cock et al. (2009). Nuc Acids Res 38:1767-1771.

Quality scores

Phred Quality Score Probability of incorrect base call Base call accuracy
10 1lin10 90 %
20 1in 100 99 %
30 1in 1000 99.9%
40 1in 10000 99.99 %
50 1in 100000 99.999 %

Q = Phred Quality Scores
P = Base-calling error probabilities

Quality score encoding differ among the
platforms

@SEQ_ID
GATTTGGGGTTCAAAGCAGTATCGATCARATAGTARATCCATTTGTTCAACTCACAGTTT
¥

VEURQ{{ (PR ) $55HH) ($5%5%) L 1P 40 1)) $555CCF>>>>>>CCCCCCCES

T & =
1 [ ! | |
33 59 64 73 104 126
Format/Platform _Q eType ASCll encoding
Sanger Phred: 0-93 33-126
Solexa Solexa:-5-62 64-126
llumina 1.3 Phred: 0-62 64-126
llumina 1.5 Phred: 0-62 64-126
lllumina 1.8 Phred: 0-62 33-126  *** Sanger format!

Most analysis tools require Sanger
fastq quality score encoding




8/11/16

FASTQ Quality scores

55555555S5S855556555SSSSSSSSSSSESSESSSSS.

126

5 - Sanger Phred+33, raw reads typically (0, 40)
X - Solexa Solexat6é, raw reads typically (-5, 40)
I - Illunina 1.3+ Phred+6d, raw reads typically (0, 40)

L - Tllumina 1.8+ Phred+33, raw reads typically (0, 41)

http://en wikipedia.org/wiki/FASTQ_format

FASTQ Quality scores

55555555555555 5556555 5555SSSSSEEESESESSS

126

.4

s - sanger hred+33, (0, 40)
X - Solexa Solexat6, (-5, 40)
I- Illumina 1.3+ Phred=ss, (0, 40)
L - Illumina 1.8+ Phred+33, raw reads typically (0, 41)

Capital Letters are good!
http://en.wikipedia.org/wiki/FASTQ_format

SAM (Sequence Alignment/Map)

* SAM is the output of aligners that map reads to a
reference genome

* Tab delimited w/ header section and alignment
section
* Header sections begin with @ (are optional)
* Alignment section has 11 mandatory fields
* BAM is the binary format of SAM

http://samtools.sourceforge.net/

Mandatory Alignment Fields

Col _Field _ Type Regexp/Range Brief description

T QNAME String [!-7A-"1{1,255} Query template

2 FLAG Int [0,2'%-1] bitwise FLAG

3 RNAME String \*[[!-O+-<>-"1[!-"]*  Reference sequence NAME

4 POS Int [0,2%°-1] 1-based leftmost mapping POSition
5 MAPQ Int [0,2%-1] MAPping Quality

6 CIGAR  String \x|([0-9]+[MIDNSHPX=])+ CIGAR string

7 RNEXT  String \#|=|[!-0+-<>-"1[!-"1* Ref. name of the mate/next fragment
8 PNEXT Int [0,2%°-1] Position of the mate/next fragment

9 TLEN Int [-2%9+1,2%%-1] observed Template LENgth
10 SEQ String  \x| [A-Za-z=.]+ fragment SEQuence

11 QUAL  String  [!1-"]+ ASCII of Phred-scaled base QUALity+33

http://samtools.sourceforge.net/SAM1.pdf

Bitwise Flag

Bit  Description

1 0Ox1 _template having multiple fragments in sequencing
2 0x2 each fragment properly aligned according to the aligner
4 0x4 fragment unmapped
8 0x8 next fragment in the template unmapped
16 0x10  SEQ being reverse complemented
32 0x20  SEQ of the next fragment in the template being reversed
64 0x40 the first fragment in the template
21 0x80 the last fragment in the template

128
256 0x100 secondary alignment
512 0x200 not passing quality controls
1024 0x400 PCR or optical duplicate
0x20= 1611*2+1670*0 = 32

What is 777 Find greatest value without going

over
77-64 = 13 40
13-8= 5 8 What is 141?
5-4= 1 4
1-1= 0 1

CIGAR string

Op BAM __ Description
0 alignment match (can be a sequence match or mismatch)
insertion to the reference

deletion from the reference

skipped region from the reference

soft clipping (clipped sequences present in SEQ)

hard clipping (clipped sequences NOT present in SEQ)
padding (silent deletion from padded reference)

sequence matc}

sequence mismatch

29M 1D 9M 1D 9M 2D 21M 2D 18M 1D 70M

MU m U= O
ERE R
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SAM format

suevora

w3260
i3t

¢ 12— scratcn/Jh2SE3/ ref_sea/Rer.NCRESISLL. fasta /scrateh/n26S3/evolve_sea/
Tastq /3¢ ratchhI663/eve v, Saa/anpsea) H0B/ IH03. A2, 18454

A0UIS:111108:20031:24375 B3 OASL 1760
TARTAGCG: o TccaT
GTGOTGTATGAGGTCGARGGGAMACAAAGCCCCATTGTCCATAGAGT /000000, QFGOPFFFOFHFGONFFACFF 12 111-1GFEEe/,/~10A78/ (GG /</F/CIDFD<1100F/O1IGFBIIRD
GHGFLFFOFFHEEEBAHHHEFF/0G110F52HHGBOF CBFEGGRFFOD// 16HGF11CGB17A/ 7EG/ HFGCD1 0EOAGADGLGOHHF GUBORGEGIFSIAEDFGFFFAD. NM: 513 MD:Z:26T
7630t Path G110 812 TTOATA

oM = 19 192 GIAATACATOTICTOG0MA
L

veac; /086

D1 2: 12016 TOABGTC24CIZTTOGIOTIONGSTT  AS: 11

a1 X510 0C-2:CG0ACA
80-A0V3S 1:2 260 197 owsr 17 o

18100 101 SS20M .+ 19 200 GCOWTAGATGTICIGGCA
GOCTTAGCCAGTGCTACTARTAGCGLTTCTCCGATCCTGRTCRTGCTTT TTCCAMGGGGTGATATCCTTTT TTTCACCMGTAGGTEATETC
GTGTGTATOAGG! TeTa s FGFFrGe0a/FOFE
BCG/GGR0GFCOTDRD1=1500r T

EFTECEGGGDSS3: GGGADFFED.

60 ssnm - 19 a3 GEGAATAGATGTGCTGGOM

7o

SAM format gets converted to a BAM file

!;?“n\}ﬁ?un
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Annotation Formats

* Mostly tab delimited files that describe the location of genome
features (i.e., genes, etc.)

« Also used for displaying annotations on standard genome browsers
* Important for associating alignments with specific genome features
* Descriptions

GFF3 Format

GFF3 format is a flat tab-delimited file. The first line of the file is a comment that
identifies the file format and version. This is followed by a series of data lines,
each one of which corresponds to an annotation.Here is a miniature GFF3 file:

##gff-version 3

ctgl23 . exon 1300 1500 .
ctgl23 . exon 1050 1500 .
ctgl23 . exon 3000 3902 .
ctgl23 . exon 5000 5500 .
ctgl23 . exon 7000 9000 .

o

The ##gff-version 3 line is required and must be the first line of the file. It
introduces the annotation section of the file.

Columns:
Seqid, Source, Type, Start, End, Score, Strand, Phase, Attribute(Identifier)

GFF format

Bo "l nant Conbinator Lol rapast 63 1 336 o 0-TELO1L-XR;Name—TELO1L-XR:Notu—Te lomer Lcv20Xv205 Lements20comb ]
S6 mRNa 38 782 B pe N I0CVALOEBW-A_nRNA;Name=YALBGEN-A_TANA; Pa ont =YAL OSBW-A

o cos 2a80 2707 . Pt Parent=YALOGTW-A

Global and local approaches to aligning sequences

GLOBAL: Attempt to “match” and assess similarity between two entire sequences

z

. and then possibly “stick” (chain, net, thread) together local alignments to

obtain an overall comparison of the original sequences.
The second approach is more meaningful Q
(especially for long sequences, of different lengths, like whole

LOCAL: Find subsequences of high similarity

genomes)

Two protein or DNA sequences are unlikely to present a
straightforward overall “match”, even if they are closely
related.

Why? Substitutions are not the only process by which they diverge:
insertions, deletions and rearrangements
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Dynamic programming: Pairwise sequence alignment rerca

Create a matrix table for comparing sequences with one sequence along
each axis (size m+1, n+1)

BLAST: heuristic database search using local alignment
Basic Local Alignment Search Tool
.TLSRDQHAWRLS.. query sequence A cartoon for BLAST

QW (query word), size W=3. (parameters)
in partial alignment scores until score for entire sequence -
has been calculated: e {(RDQ,16) (RBQ, 14) ... (REQ, 12)... (RDB, 11) } For each QW, use the scoring matrix
- Assign score for each position i , progressing from [=]=l=l=] to form a neighborhood NB = {all words
top left to bottom right E of 4l = of size W with a score > T=11}
e[=lo]z]1]o]x
X § NhnnBnn «~TLSRDQHAWRLS.... Find match(es) to words belonging to NB
- Score rule: take maximum of the three choices EEELLE REQ in the subject (target) sequence
1. Take value from left, assign gap penalty (gap along left axis) A== lo [
2. Take value f ' ! elzlslslaT0]e \
ake value from top, assign gap penalty (gap along top axis) PP . For each match, use the scoring matrix
3. Take value from diagonal above left, assign match/mismatch score PR qz (cumulative) score and gap penalties to produce an HSP
Ao [l (High scoring Segment Pair), then extend
o = y !
efzlobe 1[0l alignment on both sides, until
- Repeat until table is completed. ,l:ﬁ T e 1 ®
el A
AC--TCG EEI Smin |, i (i .
Use trace-back to obtain full alignment: L score goes below S (minimurm hit
ACAGTAG alelalelof ]y score)
o[ [s[s[a]o]2]
* “BLAT on DNA is designed to quickly find sequences of 95% and greater
similarity of length 25 bases or more. “
Sequence reads Hash index Read identifiers associated

* “It may miss more divergent or shorter sequence alignments. It will find
perfect sequence matches of 20 bases. “

* “BLAT is not BLAST.”

* “DNA BLAT works by keeping an index of the entire genome in memory. The
index consists of all overlapping 11-mers stepping by 5 except for those
heavily involved in repeats.”

“The index takes uF about 2 gigabytes of RAM. The genome itself is not
kept in memory, allowing BLAT to deliver high performance on a reasonably
priced Linux box. “

* “The index is used to find areas of probable homology, which are then
loaded into memory for a detailed alignment.”

with each hash index

[ooTeTae ],
CTACGTgtc
[CGTGTeca) \

Read identifiers

NATURE METHODS SUPPLEMENT | VOL.6 NO.11s | NOVEMBER 2009

Short Read Applications

GGTATAC
ccATAG TATGCGCCC CGGAAATTT  CGGTATAC
CTATATGCG TCGGAAATT CGGTATAC

GC

CCA AcocTATT  ceccrca ieceer € indi
CC' AGGCTATAT  GCCCrace  AmATITGE o ATAC Finding the
& TSN seocc AAATTTGC  GTaTAC

— alignments is

typically the
cemmate” performance

COOARATIT bottl K
coomaTIT
TCGGAAATT Ott enec
CTATCGOAAA
cCIcGen  TTTacssT
GeCCTATES  AAATTTGE
c Geccratce  aaaTTeC  amc

CCATAGGCTATATGCGCCCTATCGGCAATTTGCGGTATAC

New alignment algorithms must address the
requirements and characteristics of NGS reads

« Millions of reads per run (30x of genome coverage)

« Short Reads (as short as 36bp)

« Different types of reads (single-end, paired-end, mate-pair, etc.)

« Base-calling quality factors

* Sequencing errors (~ 1%)

* Repetitive regions

* Sequencing organism vs. reference genome

« Must adjust to evolving sequencing technologies and data formats
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Indexing

* Genomes and reads are too large for direct approaches like
dynamic programming

* Indexing is required

! [c] s oL
$ [s] as
] [s] Anas
s/ \ s/ s [1] AnANAs -
[‘j [o] BANANAS -z O]
s/\ws NAS [Tw=z0b> nu
E‘I [2] NANAS
Suffix tree Suffix array Seed hash tables

Many variants,incl. spaced seeds

* Choice of index is key to performance

Suffix Array

00] gggtaaageataactatigatcaggegtt
01]

Find "ctat” in the reference

12] aactattgatcaggegtt

05] aagctataactatigatcaggcgtt
06] agctataactattgatcaggegtt
07] gotataactattgatcaggegtt
08] ctataactattgatcaggcatt
09] tataactatigatcaggcgtt

10] ataactatigatcaggegtt

1] taactattgatcaggegtt

12] aactatigatcaggegtt

13] actatigatcaggegtt

14]  ctattgatcaggegtt

15] tattgatcaggegtt

20] atcaggegtt
21] *tcaggegtt

02]
03) e
04] aaagotataactatigatcaggegtt 23] aggcg

t
10] - ataactattgatcaggogtt
16] atigatcaggegtt

[26] cgtt

08] ~clataactattgatcaggcgtt
14] ctatigatcaggogtt

19] gatcaggegtt

gogtt
[07] getataactatigatcaggogtt
ggogtt

29] t

22] caggegtt 1] taactatigatcaggcgt
23] aggegtt 09] tataactatigatcaggcgtt
24] ggegtt 15] tatigatcaggegtt

25] gegtt [21] tcaggegtt

26] cgtt 18] tgatcaggegtt

27] gt 28] tt

28] tt 17] tigatcaggegtt

29] t

[04] aaagctataactatigatcaggegtt

03] taaagctataactatigatcaggogtt
t

16] atigatcaggegtt (00] ~ gggtaaagctataactattgatcaggegtt
17] ttgatcaggegtt 01]  ggtaaagctataactattgatcaggegtt
18] tgatcaggegtt (02] gtasagctataactatigatcaggcgtt
19] gatcaggegtt 27) gtt

NGS Read Alignment
Burrows Wheeler Transformation (BWT)

Invented by David Wheeler in 1983 (Bell Labs). Published in 1994.
“A Block Sorting Lossless Data Compression Algorithm”

Burrows Wheeler Transformation

Text= c t g a a a c t g g t $

12 3 4

s 6 7 8 9

10 11

0

» Introduce S at the end and construct all cyclic permutations of Text

aSystems N}{e\sﬁgécef‘legenrul.e{ggghm:al Report No 124. Palo Alto, CA: Digital Equipment Corporation, c t g a a a c t g g t $
t a a c t g g t S ¢
« Originally developed for compressing large files (bzip2, etc.) g a a a c t g g t S c t
| " " a a a ¢ t g g t $ ¢ t g
* Lossless, Fully Reversible
3 a a ¢ t g g t $ ¢ t g a
+ Alignment Tools based on BWT: bowtie, BWA, SOAP2, etc. a (t: t g f ; $ : t g a a
c g 8 c g a a a
* Approach: t g % ; $ (t: t g a a a E
« Align reads on the f d ref , usi ficient index (FM ind c a a a ¢
e ale R ararte) e hen sl on hak sl on 4 scive  lghtly & 8 &
harder problem (two characters) etc. g t S ¢ t g a a a c t g
t S ¢ t g a a a c t g g
* Results in great speed and efficiency gains (a few GigaByte of RAM for the entire H.
Genome),%ther gpproaches requirz %ens o(f Gigantges gi memory and are much slower. S ¢ t g a a a ¢ t g g t
Burrows Wheeler Transformation
* Sort rows alphabetically, keeping of which row went where EXa Ct M atch | ng W|th F M | n d ex
$ ¢ t g a a a ¢ t g g]|t
a a a ¢ t g g t $ ¢ t]eg
a a c t g g t S ¢ t gl a aac aa a
a c t g g t S c t g al a —$ g $ g $ 9 $ g
a c a c a c — c
c t g a a a ¢ t g g t]|s a $ a $ s~ —4a $
c t g g t S ¢ t g a a| a a a a a / a / a a
g2 s a3 cotog g t S cfr sy TR mmen e
g g t $ ¢ t g a a a c|t g c_.—g ¢ g ¢ g ¢
g t S ¢ t g a a a c t g -
t $ ¢ t g a a a ¢ t gleg
t g a a a ¢ t g g t $|c * In progressive rounds, top & bot delimit the range of
t g g t $ ¢ t g a a afec rows beginning with progressively longer suffixes of Q

Burrows Wheeler Matrix

BWT(Text) =t g a a $ a t t g g ¢ ¢

1 3 4 5 0 6 2 8 9 10 1 7
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