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Reading materials

“A general method applicable to the search for similarities in the
amino acid sequence of two proteins”, Needleman, SB and Wunsch,
CD. J. Mol. Biol. 48:443-453, 1970

“Identification of Common Molecular Subsequences”, Smith, TF and
Waterman, MS. J. Mol. Biol. 147: 195-197, 1981

The Smith/Waterman algorithm

3. https://www.ncbi.nlm.nih.gov/BLAST/tutorial/Altschul-1.html

Other recommended background:

1.

“An improved algorithm for matching biological sequences”, Gotoh,
O. J. Mol. Biol. 162:705-708, 1982

The efficient form of the Needleman/Wunsch and Smith/Waterman
algorithms.

“Optimal alignment in linear space”, Myers, E. W. and Miller, W.
CABIOS 4: 11-17, 1988.

More advanced reading: a divide and conquer method to reduce the
memory cost from O(n”2) to O(n)



The simple but
powerful dot plot
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A DNA dot plot of a human zinc finger
transcription factor (GenBank ID NM_002383),
showing regional self-similarity



Sequence comparison algorithms

® Simple identity (as in C's strcmp())
® Hashing

® L ongest common substring



Longest common substring

4 C A G C C U C G C U U A G

00 00 00 00 00 00 00 00 00 00 00 00 00 00
00 00 10 00 00 00 00 00 00 00 00 00 10 00
00 00 10 07 00 00 00 00 00 00 00 00 10 07
00 o0 00 07 03 00 10 00 00 00 10 1.0 00 07
oo o0 o0 10 03 00 00 07 10 00 00 07 07 10
o0 10 00 o0 20 3 03 10 03 20 07 03 03 03
o0 10 07 o0 100 30 17 13 10 13 17 03 00 00
00 00 20 07 03 17 27 13 10 07 10 13 13 00
00 00 07 17 03 13 27 23 100 07 17 20 10 10
00 00 03 03 13 10 23 23 20 07 17 27 17 10
00 00 00 13 00 10 10 20 33 220 17 13 23 27
00 00 10 00 100 03 07 07 20 30 17 13 23 20
00 10 00 07 10 20 07T ¥ 17 30 27 13 10 20
00 00 07 10 03 07 17T 03 27 17 27 23 10 20
o0 00 00 17 07 03 03 13 13 23 13 23 20 20

Ralel ol el al Sels R Eal S A

Fu:. 1. H jmatrix generated from the application of eqn (1) to the sequences A-A-U-G-C-C-A-U-U-G-A-
C-G-G and C-A-G-C-C-U-C-G-C-U-U-A-G. The underlined elements indicate the trackback path from the
maximal element 3-30.

Smith and Waterman, JMB, 1981, 147, 195-197



Analysis of algorithms and big-O notation

Measure the Complexity of an algorithm: O()
® strcmp: O(n)

® |longest common substring: O(nm)



Pattern matching algorithms

® Brute force
® Knuth/Morris/Pratt: a finite state automata solution

® Regular expressions and nondeterministic finite state automata



Dynamic programming sequence
alignment algorithms
® Needleman/Wunsch global alignment
® Smith/Waterman local alignment

® Linear and affine gap penalties



Needleman/Wunsch global alignment (1970)

« Two sequences X = X;...Xx,and Y =y,...y,,

 Let F(i, ) be the optimal alignment score of X; ;
of Xuptox;and Y, ;of YuptoY;(0O<i=n 0=j<
m), then we have

F(0,0)=0

Fi-1,j—-1)+s(x,y;)
F(i, j)=max< F(i—1, j)—d
F(@,j-1)—d




Needleman/Wunsch global alignment (1970)

F(0,0)=0
F(-1, J-1) F(, J-1) F(i-1, ]

J
B -d F(i, j)=max{ F(i-1, j)-d
S(X”yJN l J kF(i’j_j_)_d

F(I-1, J')—d>F(i,J')




Smith/Waterman local alignment (1981)

« Two sequences X = X;...Xx,and Y =y,...y,,

* Let F(l, J) be the optimal alignment score of X, ;
of XuptoxjandY, ;of YuptoY;(0<i=n, 0<j=
m), then we have

F(0,0)=0

e

0

Fli—1 j—1)+s(x.y;)
F(i, j)=max{ F(i—1, j)—d

F(Gi, j—1)—d

"



®Linear: w(k) =kd
® Affine: w(k) = d + (k-1) e
® Let M(i,)), 1,(1j), 1(1j)be the best scores up to (i,j):
® M(i,)): x; Is aligned to y;;
® | (i,)): x Is aligned to a gap;
® | (1)) y; Is aligned to a gap

then we have

Linear and affine gap penalties

(M (@i-1 j—1)+5(x, ;).

M, j)=maxq I, (1-1, J-1)+s(X;, ¥;),

I, (1, J) = maxy

"

1,1 -1 +5(x, Y,);

(M (i-1 j)-d,

L (-1 ])-e
(M, j-1)-d,

I, (I, J) = maxs

1,6, j-D-e
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Blast

Contents
 Reading materials
 |Introduction to BLAST

 Inside BLAST
 Algorithm
o Karlin-Altschul Statistics
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Reading

Karlin, S, and SF Altschul (1990), “Methods for assessing the statistical
significance of molecular sequence features by using general scoring
schemes”, PNAS 87:2264-68

Altschul, SF, Gish, W, Miller, W, Myers, E, Lipman DJ (1990)

, '‘Basic Local Alignment Search Tool”, J. Mol. Biol. 215:403-410

Supporting materials

Altschul, SF(1991), “Amino Acid substitution matrices from an information theoretic
perspective”, J. Mol. Biol. 219:555-65

Altschul, SF (1993), “A protein alignment scoring system sensitive at all evolution
distances”, J. Mol. Biol. 36:290-330

Altschul, SF, and W. Gish (1996), “Local alignment statistics”, Methods Enzymol.
266:460-80

Altschul, SF, Bundschuh, R, Olsen, R, and T Hwa (2001). “The estimation of statistical
parameters for local alignment score distributions”, Nucl. Acids. Res. 29:351-61
Karlin, S, and SF Altschul (1993). “Applications and statistics for multiple high-scoring
segments in molecular sequences”. PNAS, 90:2264-68

Pearson, WR (1998), “Empirical statistical estimates for sequence similarity searches”,
J. Mol. Biol. 276:71-84.



Introduction to BLAST

« What is BLAST

 Basic Local Alignment Search Tool
« Why BLAST
» Quickly search a sequence database



5 Alignment in Real Life (30 years ago)

One of the major uses of alignments is to find
sequences in a database

The current protein database contains about
108 residues!

« Searching a 10° long target sequence requires to
evaluate about 10! matrix cells...

... which will take about three hours in the rate of
10% evaluations per second.

« Quite annoying when, say, 10° sequences are
waiting to be searched. About four months will be
required for completing the analysis! .



Introduction to BLAST

o Different versions of BLAST
« NCBI-BLAST
« WU-BLAST (now AB-BLAST)



D_iff_elrent BLAST programs: according to the query and database

Program Query Database

blastp protein protein
blastn nunlemtidnuclemide

blastx Cnunlemtide
protein 4—®—> protein

tblastn nuclectid D
protein 4—®—> protein

thlastx Cnunlemtide nuclemtidD
protein ‘—®—> protein

21



BLASTP 3.0PE-AB [2009-10-30] [linux26-x64-I32LPF64 2009-11-17T18:52:53]

Copyright (C) 2009 Warren R. Gish. All rights reserved.

Unlicensed use, reproduction or distribution are prohibited.

Advanced Biocomputing, LLC, licenses this software only for personal use
on a personally owned computer.

Reference: Gish, W. (1996-2009) http://blast.advbiocomp.com

Query= RUlA_HUMAN
(282 letters)

Database: /home/ccwei/courses/g and p/C.elegans/Proteome/ws 215.protein
24,705 sequences; 10,879,267 total letters.
Searching....10....20....30....40....50....60....70....80....90....100% done
Smallest
Sum

High Probability
Sequences producing High-scoring Segment Pairs: Score P (N) N
KO8D10.3 CE07355 WBGene00004386 locus:rnp-3 Ul small nucl... 378
K08D10.4 CE28597 WBGene00004385 1locus:rnp-2 Ul small nucl... 332
C50D2.5 CE38492 WBGene(00016808 status:Confirmed UniProt:Q... 113 7.4e-08
F46A9.6 CE08260 WBGene(00003172 locus:mec-8 mecanosensory ... 111 5.8e-07
RO9B3.2 CE16307 WBGene00011155 RNA recognition motif. (ak... 91 2.6e-05 1
D2089.4b CE30509 WBGene00004207 1locus:ptb-1 status:Partia... 86
TO1D1.2g CE41586 WBGene00001340 locus:etr-1 status:Confir... 95
T23F6.4 CE18963 WBGene(00004315 locus:rbd-1 RNA recognitio... 85 8.1e-05
TO1D1.2a CE12942 WBGene(00001340 1locus:etr-1 RNA-binding p... 95

3.2e-53
1.5e-51

1

5.4e-05
6.5e-05

9.0e-05

22



>K08D10.3 CEQ7355 WBGene(00004386 locus:rnp-3 Ul small nuclear
ribonucleoprotein
A status:Confirmed UniProt:021323 protein 1d:AAA98033.1
Length = 217

Score = 378 (138.1 bits), Expect = 3.2e-53, Sum P(2) = 3.2e-53
Identities = 69/116 (59%), Positives = 89/116 (76%)

Query: 5 ETRPNHTIYINNLNEKIKKDELKKSLYATIFSQFGQILDILVSRSLKMRGQAFVIFKEVSS 64
+ PNHTIY+NNLNEK+KKDELK+SL+ +F+QFG+I+ ++ R KMRGQA ++FKEVSS

Sbjct: 3 DINPNHTIYVNNLNEKVKKDELKRSLHMVFTQFGEIIQLMSFRKEKMRGQAHIVFKEVSS 62

Query: 65 ATNALRSMQGFPFYDKPMRIQYAKTDSDI IAKMKGTEVXXXXXXXXXXXXSQETPA 120
A+NALR++QGEFPEFY KPMRIQYA+ DSD+I++ KGTEV E PA

Sbjct: 63 ASNALRALQGFPFYGKPMRIQYAREDSDVISRAKGTFVEKRQKSTKIAKKPYEKPA 118

Score = 179 (68.1 bits), Expect = 3.2e-53, Sum P(2) = 3.2e-53
Identities = 33/77 (42%), Positives = 49/77 (63%)

Query: 206 PNHILFLTNLPEETNELMLSMLENQFPGFKEVRLVPGRHDIAFVEEFDNEVQAGAARDALQ 265
PN+ILEF +N+PE T + +F+QFPG +EVR +P D AF+E+++E + AR AL
Sbjct: 141 PNNILFCSNIPEGTEPEQIQTIFSQFPGLREVRWMPNTKDFAFIEYESEDLSEPARQALD 200
Query: 266 GFKITONNAMKISFAKK 282
F+IT + + FA K

Sbijct: 201 NFRITPTQQITVKFASK 217



WARNING: HSPs involving 198 database sequences were not reported due to the
limiting value of parameter B = 250.

NOTE: You may want to consider using a low-complexity sequence filter to
reduce the number of spurious matches that may be appearing in the
output. See the filter option at
http://blast.advbiocomp.com/doc/parameters.html#filter.

Parameters:

ctxfactor=1.00
E=10

Query - As Used ----- ----- Computed ----
Frame MatID Matrix name Lambda K H Lambda K H

+0 0 BLOSUM62 0.318 0.135 0.401 same same same
Q=9,R=2 0.244 0.0300 0.180 n/a n/a n/a

Query
Frame MatID Length Efflength E SW T X E2 S2
+0 0 282 282 99 673 1122 0.38 34

43 0.42 37

Statistics:



Statistics:

Database: ../C.elegans/Proteome/ws_215.protein

Title: ws_215.protein

Posted: 4:57:53 PM CST Mar 9, 2017

Created: 9:21:18 PM CST Oct 27, 2016

Format: XDF-1

# of letters in database: 10,879,267

# of sequences in database: 24,705

# of database sequences satisfying E: 448

No. of states in DFA: 619 (141 KB)

Total size of DFA: 361 KB (2136 KB)

Time to generate neighborhood: 0.00u 0.00s 0.00t Elapsed: 00:00:00

No. of threads or processors used: 1

Search cpu time: 2.22u 0.00s 2.22t Elapsed: 00:00:03

Total cpu time: 2.27u 0.00s 2.27t Elapsed: 00:00:03

Start: Thu Mar 16 17:08:03 2017 End: Thu Mar 16 17:08:06 2017
NOTES ISSUED: 1
WARNINGS ISSUED: 1



Heuristic Search

Rather than struggling to find the optimal
alignment we may save a lot of time by
employing heuristic algorithms

« Execution time is much faster

« May completely miss the optimal alignment

* Two important algorithms

— BLAST
— FASTA

26



Basic Intuition 1: Seeds

Observation: Real-life matches often contain
long strings with gap-less matches

Action: Try to find significant gap-less
matches and then extend them

27



Basic Intuition 2: Banded DP
Observation: If the optimal alignment of
s and t has few gaps, then path of the

. . . t
alignment will be close to diagonal N
Ba
V(i,i+k/2) Out of range e S
- )
V(i, i+k/2+1) V(i+1, i+k/2+1)
Action: To find such a path, it suffices

to search in a diagonal band of the

matrix.

 If the diagonal band consists of k diagonals
(width k), then dynamic programming takes
O(kn). 28
« Much faster than O(n?) of standard DP.



Banded DP for Local Alignment

Problem: The banded diagonal needs not be
the main diagonal when looking for a good
local alignment

 Also the case when the lengths of s and t are
different

Solution: Heuristically find potential
diagonals and evaluate them using S
Banded DP




Basic Local Alignment Search Tool (BLAST)

Publications:
 Ungapped BLAST — Altschul et al., 1990
 Gapped BLAST, PSI-BLAST - Altschul et al., 1997

® Input:
* Query (target) sequence — either DNA, RNA or Protein

« Scoring Scheme — gap penalties, substitution matrix
for proteins, identity/mismatch scores for DNA/RNA

 Word length w—typical is Ww=3 for proteins and w=11 for
DNA/RNA

Output:
« Statistically significant matches 20


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=pubmed&dopt=Abstract&list_uids=2231712&query_hl=7&itool=pubmed_docsum

Running BLAST



NCBI BLAST - web site

BLAST

Home Recent Results Saved Strategies Help [Sign In] [Register]

rMCEL BLASTS blastp suite
blastn J blastp ]_I}Ias't)( | _thiastnn | thlastx |
ELASTP programs search protein databases using a protein query. Reset page Bookmark
Enter Query Sequence L] I =)=l =l (EECTES
Enter accession number, gi. or FASTA sequance & Clear
=TOO045 , hharnasr :
MRLGGGOLWSEELMNLGESF IQTHNDPSLELF QC AVCHEF TTDHNLDHLGLHNMMNVERSLSEDEWKAVHMGDSY | —
OCKELCRYNTOLEANF OLHCKTDEHVOEYVOLYWAHIKEGGKANEVRLKECWATIGNPVHLECHNACDYYTHSLER
LRLHTVHNSRHEASLKELYKHL OOHESGVEGESCYVHCWLCHN YS THEAKLMNL IOHVRSMEHORSESLRELQRL
OKGLPEEDEDLGOIFTIRRCPSTDPEEAIEDVEGPSETAADPEELAKDOEGGASSSOAEKELTDSPATSIE
Query subrange &
From | |
To | |
Or, upload file [ [ .. | e
Job Title [Too048 human,
Enter a descriptive title for your BELAST search &l
[ Align two or more sequences &
Choose Search Set
Database | Mlon-redundant protein seguences (nr) - | =]
Organism |
Opticmal N N N A S =
Enter arganism comimon narme, binomial, or tax id. Only 20 top taxa will be shown, &
Entrez Queary | |
Optional . .
Enter an Entrez gquery to limit search &
Program Selection
Algorithm @& blastp (protein-protein BLAST)
O PSI-BLAST (Position-Specific terated BLAST)
O PHI-BLAST (Pattern Hit Initiated BLAST)
Choose a BLAST algorithm e
Search database nr using Blastp protein-protein BLAST
[CIshow results in a new window
= Algeorithm parameters [l
bt | Doi




NCBI BLAST - result summary

Recent Results Saved Strategies [Sign In] [Register]

CBLASTS blastp suite’ Formatting Results - SVWS3ICFSTO1TRN

Edit and Resuhrit Savwe Search Strategies eFormatting options B D owvwynlo=d

TOoO00A8_ huirman,

CDuery ID Icl|=17F1s Database MRName e
Description TOoOOoOOa2, harman, Description L0l mon—redundant GenBank CcDs
rMolecule twvpe amino acid translations+PDE+SwissProt+PIR+PRE
Ouery Length =723 e=cluding envircnmental samples from YWGEsS
pProjects
Progrars BLASTP 2.2.21+ bCitaticmn
Other reports: BSearch Sumimar [T a=ormorm report=s] [Distance trese of results] [HMultiple asligrnrment] MEw

= Sraphic SuUumimary

w Show CConser~-ed Darmains

FPutative consernved domains hawve been detected. click on the image

seo 1000 i =z 000 zs00 =T

bBelow for detailed results.

-+

Query Seg.

=recific DMA baze conbach= fp 0p DMHA bindins =ike b
ONA bindina =ite s =recific DONA basze contact= Jh Ok
=rpecific DONA baze conbtact= b Ok
DNA bindina =ite Juu

=rpecific ONA baze contachs

ONA Bindina =ite
Specific hits

Ny
=
e

Hulti—donains

Distribution of 808 Blast Hits on the OQuery Sequence @&

MMouse-ower to showe defline and scores, click to showvy alignrments

Color key for alignment scores

<O <20 =50 80 -200 =200

1
1100 1SS0 =00 =F5S0

P

- Descriptions

= Adignments




CBI BLAST - predict function

Recent Results Saved Strategies
Formatting ResuUlts - SVW23ICFS7o1TMN
Edit and Resubkbm Sawe Search Strategies e Formatting options e Diowvwnload
TOO0O0AS. huirran,
CQuery ID Icl|8171is Database Name i
Description Tooo4as, hurman, Description Al mon-redundant SenBank COS=
rMolecule twpe amino acid translations+ OB+ SwissErot+ PIR+«FRE
CQuery Length =2va3 excluding enwircnmental samples from WSS
projects
Prograrmm BLASTP 2.2.21+ BCitation
Other reports: BSearch Summary [Tasonomy reports] [Distance tree of results] [MMultiple alignment
- Sraphic Surmimmanry”
- Descriptions
S o e =

Seguernces prodiicirng Sdigndi Eicant aligronernteess CE4A =2 ramliae
Al | = O1o9Ss 1) alpha— Fetoprotein enmhiancer binding protbedir [EI. - - s7a0 o.o =
erln | et a4 sz 2 1) mdirie Fimgesr homesodomain protbtosin [Homo Sopdicsras] - - - ao7s o.o =
e |l NME_ _oOo=221e. 2 | ST lHrmdirg Eralnmooripteic;n Eaotmor 1 [Heoros —=oipd- - - aors o. o =
= Ff | ==& O01 1 0=51 & - 1| PRPEDICTEID = ST — koG oradd Goracy Crarnsacrdpited or Eamcto o o o = e - i R - | EE
= Ff | ==& o011 0=s05 - 1 | PRPEDICTEID = A'I‘—}:Iinding t)’:angc)’:iption Eamcto o o o a= =1 i R - | EE
et | xEe _SS1i09= _ 1 | EEED T TED - similar to Alpha— fetoprotein enha. . . asad [ =1 =]
ref | XE_ 0015001921 .1 | EREDTOTED: Similar o AT motif kbinding £ao- o - as== o.o r=a
e | P S4sc3a99 . = | EREBEDTOTED = sdimilar +to SAlpha—- Fobtoprobein =obioa . - - as =0 o.o =]
ref |l XE_O0107Fse=2-97F o 1| EFREDTOTED = Sdimilar o SAlpha— Foboprolboin =. - - a7 Fe o.o =]
ref | XEP_ zZzcacsa . = | FREDICTED: Similar o SAlpha Eoctoproioin enlia . . - avFsa o. o =]
ref | ME O=Zl1SZ== . = | A rmotiE Bbharndirng E£aotor L [MI1ii= rmiisec1alii=] aes=a o .o s
b | Bl 1l a1 e . 4| AT motifE bainding Eactor L [PIii= miai=-11lii=] aso= o .o =3
=p |l oSl SES .4 | =ZFHxS MOoirseE PecMame: FLull==inc ETinger homeoclosx 2o - - - a4 a7 [ =
ref | XE_ 00150923 0 1| EREDTOTED: Similar o Slpha— fetoprotein e o o asm o o.o =
gl | St 21 53 0 1) ik riowrr: [Homo =opicsras] a9 ss o.o =
rTe=Ff|xe_ alaz==0 . = | EFRED T OTELD = sdradilar o Sdlplhia— Eotbtoprotodirm smlao . - - az=s o. o =
== | ZZEe OO01 327129 0 4] PR EDILCTEI = =drad 1 = = Sl plha— fetoprotaedir = . - 2= i R - | EE
ref | xp aem=s==4a 0 = | PEEDITCOTED :  wra: £ 2= k0= [Damnio =er4io] ===0 o .o s
ol | e rTaenTFE o o 1| Zfh>3 proteirn [Muas muascialias] =75 [ =1 =
gb | EDT.OS=15 . 1 | =imnme Ffinger homeodomadirn 4 [MMuas muascialias] =a~va o.o =
reF | HE_S27T 2aa0 .. = | EREBCTOTED = =dirie Fimogesr homesokhose 2 Hisoform 500 - - - = e e o.o =
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This tree was produced using BLAST pairwise alignments. imore...
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NCBI BLAST batch jobs

Batch BLAST jobs
(1) input "batches" of sequences into one form and
retrieve the results

Select a BELAST search page form the main ELAST home page. Mext you can either cut and paste multiple FASTA sequences from a
text file into the main input box.

Enter Query Sequence

Enter accession number, gi, or FASTA sequence & Clear

GG RATCCCTAATGET GAT LT GAT GET CAGTACTAT CCAGGCCCAGCAGTCLETTTE &

=10 e
GTGTATCCAGAAGCCT TACAGGACACCTTCACT GAAGCCCCAGGCTTCTTCACTTCAGE TCC.m

Fseqd -
ATCTTCTGCCTGGACTCCACTGATGGTCAACGTGRYTGTARTCCCT GAGKHGGAGCCAGAGE T
<€ ) >

Or, upload file | Browse | ]

Or alternatively, you can use the browse button to import a local file from your computer.



Stand-alone BLAST

(1) NCBI standalone BLAST

You can retrieve BLAST execute files from NCBI ftp
sites ftp://ftp.ncbi.nlm.nih.gov/blast/executables/

(2) The WU-BLAST


ftp://ftp.ncbi.nlm.nih.gov/blast/executables/

Run BLAST in command line

BLAST
(1) Make a formatted database to use

execute command : formatdb (xdformat for WU-BLAST)

Input: fasta format sequences (database sequences)

output: formatted database , used by BLAST program



xdformat: create a WU-BLAST database

Purpose: produce databases for BLAST in XDF (eXtended Database
Format) from one or more input files in FASTA format; or report
XDF databases to standard output in FASTA format.

Create a database:
xdformat [-p|-n] [options] fadb

xdformat [-p|-n] -o xdbname [options] fadb...

Append sequences to an existing database:

xdformat [-p|-n] -a xdbname [options] fadb...

Report the contents of existing database(s) to stdout in FASTA
format:

xdformat [-p|-n] -r [options] xdbname...

Describe the contents of existing database(s):

xdformat [-p|-n] -i xdbname... i



Run BLAST in command line

BLAST use
Carry out BLAST program

execute command : blastn, blastp

Input: fasta sequences (query sequences), database,
parameters

output : resulted alignment file



Blastn parameters

BLASTN 3.0PE-AB [2009-10-30] [linux26-x64-I32LPF64 2009-11-17T18:52:53]

Copyright (C) 2009 Warren R. Gish. All rights reserved.
Unlicensed use, reproduction or distribution are prohibited.
Advanced Biocomputing, LLC, licenses this software only for personal use

on a personally owned computer.
Reference: Gish, W. (1996-2009) http://blast.advbiocomp.com
Notice: this program and its default parameter settings are optimized to find

nearly identical sequences rapidly. To identify weak protein similarities

encoded in nucleic acid, use BLASTX, TBLASTN or TBLASTX.
Usage:
BLASTN database queryfile [options]
Valid BLASTN options: E, S, E2, S2, W, T, X, M, N, ¥, Z, L, K, H, V and B

-matrix <matrix-name> use the specified scoring matrix (default matrix is

computed from M=+5 N=-4); be sure to consider changing #the



Blastn parameters

-Q <s> penalty score for a gap of length 1

-R <s> penalty score for extending a gap by each letter after the first
-top search only the top strand of the query

-bottom search only the bottom strand of the query

-mformat <n>[,outfile] specify alternate output format(s) (default 1)
-msgstyle <n> specify alternate informatory message style (default 0)
-filter <method> hard mask the query using the specified method (e.g.,

" seg" , "xnu" , n ccp" , "dust" or Hnone ")
-lcfilter hard mask lower case letters in the query sequence
-lcmask soft mask lower case letters in the query sequence

-topcomboN <n> report this number of consistent (colinear) groups of HSPs

44



PART II inside into BLAST



¥&% Mathematic model of sequence alignment

Alphabet of biological sequence
» Nucleic acid sequence
{AT,C,G}

» Amino acid sequence
{A,S,G,L,K,V,TP,ED,N,IQ,R,FY,CHMW}

Operation of sequence alignment
» Match (A,A)

» Replace (A,T)

> Delete (A, -)

» Insert (-, A)



~ Mathematic model of sequence alignment

How to define similarity between two sequences?

Distance

» Hamming distance

Mismatch number of two sequences with same length

» Edit distance
Operation number for one sequence transforming to another

ATCGGGO T ACT G
AT T AT T A

g = 48T  AGCAR AGCACLCA
Tadh  ACATE ACACACTA

.&]'{'"f}f}fir'[':KF'['fi -
MO - GGUTACTGA

Harorrang Distancels, t)= 2 3 & Edit distance 3



" Mathematic model of sequence alignment
How to quantify the distance

Scoring
Simple scoring function

(Match(A, A) =1
Replace(A,T) =0
| Delete(A, -) = Insert(-, A) = -1

-

Matrix for scoring
Matrix for nucleic acid sequence alignment

Matrix for amino acid sequence alignment



= Mathematic model of sequence alignment

Matrix for nucleic acid sequence alignment

(1) equivalence matrix
(2) BLAST matrix

(3) transition-transversion matrix

A|T |C |G A |T |C |G T |C |G
A |1 |0 |0 |O A |5 |44 |4 All |-5]-5]|-1
T 10 (1 |0 |O T (4|5 |4 |4 T 1 |-1|-5
c |0 |0 |1 (O C|4|-4|5 |4 C 111 |-5
G |0 |0 [0 |1 G |4 |4 |4 |5 G |-1 511




{&)) Mathematic model of sequence alignment

Matrix for amino acid sequence alignment

(1) equivalence matrix
(2) Point accepted mutation matrix (PAM)

(3) BLOSUM matrix
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'Mathematic model of sequence al
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Algorithm of BLAST

Motivation
(1) Speed up search process, reduce executive time
(2) effectively decrease store space

Feature
(1) Suit for huge data, especially for biological data
(2) Faster than Smith-Waterman algorithm



Algorithm of BLAST

» The main idea of BLAST is that there are often high-
scoring segment pairs (HSP) contained in a statistically
significant alignment.

» BLAST searches for high scoring sequence alignments
between the query sequence and sequences in the
database using a heuristic approach that approximates
the Smith-Waterman algorithm

» the BLAST algorithm uses a heuristic approach that is
less accurate than the Smith-Waterman but over 50 times
faster.



BLAST - Algorithm Outline

List all words of length wthat score at least T when
aligned with the query sequence s

Scan the database DB for seeds, namely words from
the list that appear in sequences of DB

Find High Scoring Pairs (HSPs) by extending the
seeds in both directions. Keep best scoring HSPs

Combine several HSPs using the banded DP
algorithm



Step 1: Listing High Scoring Words of Length W

Word length w=3

..GSVEDTTGSQSLAALLNKCKTPQGQORLVNOQWIKQPLMDK...

POG 18

PEG 15

PRG 14

PKG 14

High scoring | PNG 13

words PDG 13

PHG 13

PMG 13

PSG 13  Score threshold
pon 12 I1=13
PON 12










Step 4: Combining HSPs




BLAST - Notes

Listing words

 Higher T — lower sensitivity, faster execution time
Extracting seeds

 Use hash tables to make the process faster
Finding HSPs

 Only seeds located on the same diagonal with
some other seeds located at a distance smaller
than a threshold will be extended

Gapped alignment

« Will be triggered only for HSPs whose scores are
higher than the threshold



Karlin-Altschul stastitics

https://www.ncbi.nlm.nih.gov/BLAST /tutorial/Altschul-1.html



Karlin-Altschul stastitics

If we search two sequences X and Y with a scoring
matrix S;; to identify the maximal-scoring segment

pair, and if the following conditions hold:

1. The two sequences are i.i.d. and have respective
background distributions P,, and P, (can be the
same) ,

2. The two sequence are effectively “long” or

infinite and not too dissimilar in length,

3. The expected pairwise score sum i,j Py(i)P,(3)S;;
is negative,

4. A positive score is possible, i.e.
Py (1) Py(J)S;;>0 for some i and j.

Then Karlin-Altschul statistics tell us:



Karlin-Altschul statistics

® The maximal segment score has the close approximating
distribution:

Prob(S > x) ==1—exp(—K *exp™™)

where K and A are constants that can be calculated
according to

Karlin, S, and SF Altschul (1990), “Methods for
assessing the statistical significance of molecular

sequence features by using general scoring schemes”
PNAS 87:2264-68



Karlin-Altschul statistics

® The scores in the scoring matrix are implicitly

log-odds scores of the form:
Sij — Iog(Qij /(Px (i)PY (/A

where Q,; is the limiting target distribution of
the letter pairs (i,]j) in the MSP and A is the

unique positive-valued solution to the equation
- oS
> P (PR ())e™ =
1, ]

® The expected frequency of chance occurrence of

an MSP with score S or greater is:

E = KMNe *®



Karlin-Altschul statistics

® Another way to express the scores in the scoring

matrix: Sij _ |09b (Qij /(PX (i)PY (1))

where logarithms to some base b are used instead
of Natural logarithms. Then A is related to the
base of the logarithms as follows:

Alog.,b=1

® The expected length of the MSP is

E(L)= log(KMN)/H

where H is the relative entropy of the target and

background frequencies:

H = Z(Qu Iog(Qij (P (DR (1))



Karlin-Altschul statistics

® The expect score E of a database match is the
number of times that an unrelated database
sequence would obtain a score S higher than x by

chance. (The relationship of P-value and E-value)
—E
P~l-e

® Normalized score for different database search
S’=AS-1ogK

then, |
E =MNe™>



Karlin-Altschul statistics

® The “Edge Effect”
M’=M-E (L)
N’=N-E (L)
E’=KM’N’e-AS



Notes about the scores in Blast

What does a big score mean?

What you need to know about the scores
* K,A
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Sequence alignment tools other than BLAST
® BLAT

® Bowtie
BWA



Reading

Kent, W] (2002), "BLAT- the BLAST-like alignment tool”,
Genome Research, 12(4):656-64
Blat FAQ: http://genome.ucsc.edu/FAQ/FAQblat.html

Trapnell, C. and Salzberg, S. (2009), “How to map billions of
short reads onto genomes”, Nature Biotechnology, 27(5)455-
457

Li, Ruigiang, Li, Yingrui, Kristiansen, Karsten, and Wang, Jun
(2008), “"SOAP:short oligonucleotide alignment program”,
Bioinformatics, 24(5)713-714.

Langmead, B., Trapnell, C., Pop, M., and Salzberg, S. (2009),
“Ultrafast and memory-efficient alignment of short DNA
sequence to the human genome”, Genome Biology,10:R25.

Trapnell, C., Pachter, L., and Salzberg, S. (2009), “TopHat:
discovering splice junctions with RNA-seq”, Bioinformatics,
25(9)1105-1111.
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http://genome.ucsc.edu/FAQ/FAQblat.html

BLAT: Blast-Like Alignment Tool

® Not BLAST

® Indexed on database, stored in memory

® Need ~1G memory for human genome

® Need some extra time for database
Initialization (index)
® Can be 500 times faster than BLAST

® Can display results in the UCSC genome

browser

Kent, WJ (2002), “BLAT-the BLAST-like alignment tool”, Genome Research, 12(4):656-
64

Blat FAQ: http://genome.ucsc.edu/FAQ/FAQblat.html 72



http://genome.ucsc.edu/FAQ/FAQblat.html

BLAT

Designed to quickly find

 DNA sequences of 95% and greater similarity of
length 25 bases or more.

* Protein sequences of 80% and greater similarity
of length 20 amino acids or more.

In practice
« DNA BLAT works well on primates, and

« protein blat on land vertebrates
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BLAT—The BLAST-Like Alignment Tool
Timing of BLAT vs.WU-TBLASTX on a Data Set of 1000 Mouse Reads
against a RepeatMasked Human Chromosome 22

Method K N | Matrix Time
WU-TBLASTX 5 1 | +15/-12 2736s
WU-TBLASTX 5 1 |BLOSUMG62 2714 s
BLAT 5 1 |+2/-1 61s
BLAT 4 2 | +2/-1 37s

K: the size of the perfectly matching as a seed for an alignment
N: the number of hits in a gapless 100-aa window required to trigger a detailed alignment.
Matrix: column describes the match/mismatch scores or the substitution score matrix used.




Comparison of sequencing platforms (2019.2)

o " / / -0 " OVvVdoed " . .
O @ @ . 0 A . .. 0 Al 1OD0
S 650- 150- i Avera | Upto?2
ad ] 100 1000 150 36-300 2x250 ge 30k Mb
15M —
it of reac 96 0.4-2M 53-6B 25M 32-40B | ~500k | Up to 500
or rate 107M-3 | <10°-2 ~10"-3 ~107N-3 ~10"-3 ~1% Varies
0 $/Mbp 5000 ~5 <0.01 ~0.5 <0.001 ~0.3 ~0.1
~3 ~7 4-56 < 20 | As little as
hours | hours <3 days hours 13-38hr hours 5 mins
540Mb- Up to
ouahp 100Kb ~1Gb 1.6-1.8Tb 15Gb 48-6Tb 20 Gb 10-30Gb

* https://www.illumina.com/systems/

** https://www.pacb.com/products-and-services/sequel-system/



https://www.illumina.com/systems/
https://www.pacb.com/products-and-services/sequel-system/
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Paste in a query sequence to find its location in the the genome. Multiple sequences mayv be searched if
separated by lines starting with '>' followed by the sequence name.

File Upload: Rather than pasting a sequence. vou can choose to upload a text file containing the sequence.

Upload sequence: |
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How to map billions of short reads onto

genomes

Cole Trapnell & Steven L Salzberg

Mapping the vast quantities of short sequence fragments produced by next-generation sequencing platforms is a
challenge. What programs are available and how do they work?

Anew generation of DNA sequencers that can
rapidly and inexpensively sequence billions
of bases is transforming genomic science. These
new machines are quickly becoming the tech-
nology of choice for whole-genome sequencing
and for a variety of sequencing-based assays,
including gene expression, DNA-protein inter-
action, human resequencing and RNA splicing
studies'~. For example, the RNA-Seq proto-
col, in which processed mRNA is converted to
cDNA and sequenced, is enabling the identifi-
cation of previously unknown genes and alter-
native splice variants; the ChIP-Seq approach,
which sequences immunoprecipitated DNA
fragments bound to proteins, is revealing net-
works of interactions between transcription
factors and DNA regulatory elements® and
the whole-genome sequencing of tumor cells
is uncovering previously unidentified cancer-

Table 1 A selection of short-read analysis software

Open  Handles ABIl color Maximum read
Program Website source? space? length
Bowtie http:fbowtie.cbeb.umd.adu Yfas Mo None
BWA http:/mag.sourceforge.netbwa-man.shtmil Yes Yes MNone
Mag http:#'maq.sourceforge.net Yes Yfes 127
Mosaik http:bicinformatics. be.edu/marthlab/Mosaik Mo g None
Movoalign  http:dwww.novocraft.com Mo Mo MNone
SOAP2 http:{soap.genomics.org.cn Mo Mo &0
Z00M http:fwww. bioinfor.com Mo g 240

In this case, to make sense of the reads, their
positions within the reference sequence must
be determined. This process is known as align-
ing or ‘mapping’ the read to the reference. In
one version of the mapping problem, reads
must be aligned without allowing large gaps in

to understand why the mapping problems are
computationally difficult, which difficulties
have been overcome and what challenges and
opportunities remain.

Challenges of mapping short reads
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Sequence alignment/mapping

Aligning (mapping) billions of short reads

 Bowtie
« SOAP
« BWA

e Tophat
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a Spaced seeds

Burrows-\WWheeler

Referencs genorme
(= 32 gigabases)

Reaferance genome Short read
(= 3 gigabasas)

Short read

Chr

AT TS TACT CTAAT

Zhird ACTCCCE TACTC TAAT
Chrz Chrz
Chra Chra
Chrd Chr4
Concatenate imto
Extract seads single string
L —~ A
Position M
| Burrows-\Whaolar
Position 2 transform and indexing
CTEE CiETA ASTT AATG
i ion 1 v (2 glgabytes) pa v
ACTE EET AAaAT TAAT ACTS ST ACTS TARAT !! h"’“ﬂ-u_____ A TG TAICT CTAAT
ACTIE  wews AARADT  meww — L1 | '_lh_::h:-:-:_“‘q.__ - T
wwmn CCET wees TAAT Six sead L 2 | Look up A
AICTE ek e ek ke TAAT palr’E pE!-r’ __.a-—| 3 I ‘Euffle-E' Il  — h
raas  wxar Asac TRAT [ eaccs I 4 I of read o f,,a—""ﬂ
ACTGE OOET  wwws  wads fragment L5 | ,.--*"ff
wokdk  DCESET ASAD e I =] I AT TS TR T CTAAT

ilndex saead pairs

Seead indax
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Aokt B AT

AICTG

Hits identify
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ganome wheara "

Look up each pair read is found =

of seeds in indax
Hits identify positions

-

- in ganomee whara

- spaced seaed pair

= is found
waan OOET  awss  TAAT [T
AICTE ek e ek ko TAAT Cﬂ'ﬂﬂrm hItE
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jp— B

— Report alignment 1o user -k

&

Convert each
hit back to
Jgenome location

Algorithms (a) based on spaced-seed indexing; (b) based on Burrows-
Wheeler transform
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Bowtie (Burrows-Wheeler transform)

aac aac aac
(a) $acaacg (c) $ g $ g $ g
aacg$ac a c a c Y aac c
acaacg$ a $ ~ac $ ™ a $
acaacg$—>acg$aca—+>gc$aaac a a ac a a a
caacg$a e ™ a c a
cg$acaa c a c a c a
g$acaac g c g c g c

(b)
g cg acg aacg caacg acaacg
$ g $ g $ g $ g $ g $ g
a c a c a c a c asT—> C a c
a $ a $ a $ a $ a‘\\\\§ a $
a a a a a a av——>a a a a a
c a c a c a c\\\\\g c a cE——a
c a c a ce<z>a c a c a c a
g c —— g c g c g ¢ g ¢

(a) The Burrows-Wheeler matrix and transformation for ‘acaacg'. (b) Steps taken by
EXACTMATCH to identify the range of rows, and thus the set of reference suffixes,
prefixed by 'aac'. (c) UNPERMUTE repeatedly applies the last first (LF) mapping to
recover the original text (in red on the top line) from the Burrows-Wheeler transform (in
black in the rightmost column).

Langmead et al. Genome Biology 2009 10:R25 do0i:10.1186/gb-2009-10-3-r25  go



Bowtie versus SOAP v1.10 and Maq v0.6.6

Bowtie -v 2 Server

SOAP

Bowtie

Maq

Bowtie

Maq

Platform CPU time

PC

Server

15m7s

91 h57m
35s

16 m41ls

17 h 46 m
35s

17 m5b8s

32h56m
53s

S

Reads
Wall clock mapped per
time

(millions)
15m4ls 33.8
91 h47 m 46 0.10
S
17m57s 29.5
17h53m7 0.49
S
18 m 26 s 28.8
32h 58 m 39 0.27

Peak virtual

memory Bowtie
footprint speed-up
(megabytes)

1,149 -

13,619 351X
1,353 -

804 59.8 X
1,353 -

804 107 X

Reads
aligned (%)

67.4

67.3

71.9

4.7

71.9

4.7

The performance and sensitivity when aligning 8.84 M reads from the 1,000 Genome project (NCBI

Short Read Archive: SRR001115) trimmed to 35 base pairs.

Langmead et al. Genome Biology 2009 10:R25 do0i:10.1186/gb-2009-10-3-r25



Comparison of short-read mapping methods

Software Reads time Result | Mapped
size

MAQ 70M - 34.3M 20,000 112s 270.8K 19,576

SOAP 70M 91.46s 792.8M 20,000 0.46s 1.9M 12,564/
12,954

SOAP 70M 91.46s 792.8M 3,251,337 83.97s 316.1M 2,055,104/
2,120,025

bowtie 70M  220s 81.9M 20,000 <ls 2.7TM 18,958/
19,573

bowtie 70M  220s 81.9M 3,251,337 77.2s 431.7M 3,086,705/
3,184,978

Reads: simulated by MetaSim version 0.9.1

Index: converted from virus sequences from NCBI



Comparison of short-read mapping methods

GPU CPU
Volume SOAP3-
Dataset  (Gbp) 9P (Full SA) SOAP3 BarraCUDA CUSHAW BWA Bowtie2 SeqAlto GEM CUSHAW2
Time Time Time Time Time Time Time Time Time

% (s) Mem. % (fold) Mem. % (fold) Mem. % (fold) Mem. % (fold) Mem. % (fold) Mem. % (fold) Mem. % (fold) Mem. % (fold) Mem.
realYHPE100 12.24  98.12% 1079 19  —10.60% 263 21.1 —639% 1403 41  —3.13% 4679 27 —414% 1603 49  —3.87% 1204 35 —048% 1425 72  —2.86% 354 45 —139% 1209 36
realYHPE150 56.23 97.16% 6,835 19.6 —28.33% 064 227 —1099%7.22 43 —10.11% 24.57 3.1 —8.05% 15.26 5.0 —745% 7.82 35 —3.65% 1769 7.2 —5.85% 376 5 —6.47% 8.04 36
SRR211279 5.07 9721% 439 184 —-6.83% 105 208 —508% 1342 41 —222% 5422 21 —281% 1627 49 —0.69% 1200 35 —048% 1729 72 —244% 411 46 —2.14% 12.03 36

The percentage of reads aligned and time consumption of aligners other than SOAP3-dp are recorded as the difference or ratio based on SOAP3-dp’s figures. The *%’ column represents ‘Properly paired’ for PE reads. ‘Mem.’ represents the
peak memory consumption in gigabytes during alignment,
doi:10.1371/journal.pone.0065632.t001

Luo R, Wong T, Zhu J, Liu C-M, et al. (2013) SOAP3-dp: Fast, Accurate and Sensitive GPU-Based Short Read Aligner. PLoS ONE
8(5): €65632. doi:10.1371/journal.pone.0065632
http://www.plosone.org/article/info:doi/10.1371/journal.pone.0065632



http://www.plosone.org/article/info:doi/10.1371/journal.pone.0065632

Summary

Long sequence alignment
« BLAST (accurate, but slow)
« BLAT (faster)

Short read mapping

 Bowtie (fast)
« BWA (fast)
« SOAP3 (faster)
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