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Release 140:    32.5 million records
    37.9 billion nucleotides

Average doubling time ≈ 12 months
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The Growth of GenBank

http://www.ncbi.nlm.nih.gov/BLAST/
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Outline
• Back up talk about genesis of an idea
• Global alignment Needleman-Wunsch
• Local alignment Smith-Waterman
• Scoring matrices
• Need heuristic
• FASTA
• How does Blast work?
• How you optimize Blast searches
• Blast Variants

Why do we align sequences?

• To discover functional, structural and
evolutionary similarities

• Because “similarity” may be an indicator of
“homology” and thus provide some insight
into function or gene identification.

Origins of “similar” sequences
Gene 
Duplication
Speciation

   Species A             Species B

A

A1 A2

A1 A2 A1 A2

Gene 
Duplication

A1 A2

Gene  Conversion Horizontal Gene Transfer

Genome biases for A/T, G/C,   Serine/Glycine rich sequences;
Low complexity sequences, e.g.  LLLLLLLL, ATATATATA
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Algorithms: definition

Webster’s definition:
  “a procedure for solving a mathematical

problem in a finite number of steps that
frequently involves a repetition of an
operation; or broadly: a step-by-step
procedure for solving a problem or
accomplishing some end”

Alignments

• Alignment types:
– global/local
– gapped/ungapped
– pairwise/multiple

• In what follows we will focus on pairwise
alignments.

Pairwise Alignment
• There are two types of pairwise alignments

– Global (Needleman-Wunsch)
• Compare two sequences in their entirety
• Insert gaps as necessary to make the sequences the

same lengths
– Local (Smith-Waterman)

• Compare a portion of one sequence to a portion of
another

• Look for the “best” possible alignment of sub-
regions

Global vs Local Alignment

• Global
L G P S S K Q T G K G S - S R I W D N

L N - I T K S A G K G A I M R L G D -

• Local
- - - - - - - - G K G - - - - - - - -

- - - - - - - - G K G - - - - - - - -

Substitutions, Insertions, Deletions

• Mutation: one of
– switch from one nucleotide to another
– insertion
– deletion

• Substitution: a switch in nucleotides which spreads throughout most
of a species.

• Substitutions, insertions and deletions passed along two independent
lines of descent cause a divergence of the two sequences from the
original (and from each other):

                                                        cgggtatccaa
   cggtatgcca
                                                        ccctaggtccca

Example

• For the previous example
 cggtatgcca→ cgggtatccaa , ccctaggtccca, the two

descendent sequences align as follows

       c   g   g   g   t   a   -   -   t   -   c   c   a  a
      c   c   c    -    t   a   g  g  t   c   c   c   -   a

• “-” (indel) represents an insertion or
deletion.
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Alignments (cont.)

• Given two sequences, find an “optimal” alignment
between them and use it to answer the questions stated
above.

• What is an “optimal” alignment?
• Need a way to compare alignments.

– Attach a score to each alignment.
– This should reflect the likelihood that this alignment was produced

as a consequence of divergence from a common ancestor.

Scoring schemes
• Given a scoring scheme,

– an optimal alignment between two sequences is one with the best
score (there might be more than one optimal alignment).

– the score of the sequence pair is such a best score.
• Using the scores of sequence pairs one can:

– investigate the hypothesis that two sequences diverged from a
common ancestor

– use the alignment of a pair of sequences that are judged to be
related in order to discover common patterns.

– by comparing scores among different species, get information to
help reconstruct the phylogenetic tree that relates them all.

Types of scores

• Similarity Scores: the higher the score, the
more closely related are the two aligned
sequences.

• Distance scores (or distance measures): the
lower the score, the more closely related
the sequences.

   In what follows we will use similarity score.

GAP PENALTIES
Linear = #gaps x penalty

Affine = Opening penalty + #gaps x extension penalty

LENGTH OF GAP

P
E
N
A
L
T
Y
 
O
F
 
G
A
P

AFFINE
GAP
PENALTY

SIMPLE
GAP
PENALTY

Substitution Matrices

• A 4×4 (NA) or a 20×20 (AA) symmetric matrix.
• Example:

1. s(X,Y)=1 if X=Y, -1 otherwise.

• In what follows we will assume that a scoring
scheme, consisting of a substitution matrix and
a gap penalty function, is given.

Example

• Let s(X,Y)=1 if X=Y, -1 otherwise and use
a linear gap score with d=-2. Then the
score of the alignment

       c    t    t    a    g    -    g    -    -
      c    a    t    -    g    a    g    a    a
is   1  –1  +1  -2 +1  -2  +1   -2 - 2 = -5
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Naïve approach

Exhaustive search:
• List all possible global gapped alignments

of x and y.
• For each such alignment, compute its score

using the given scoring scheme.
• Find the maximum of the scores and the

corresponding alignment(s).

Needleman-Wunsch algorithm (1970)
Gotoh’s version (1982)

• This is an example of dynamic
programming algorithm:
– break the problem into sub-problems of the

same kind
– build the final solution using the solutions for

the sub-problems.

Align: COELACANTH and PELICAN

COELACANTH
P-ELICAN--

COELACANTH-
PELICAN--

Scoring system:  Match = +1
Mismatch = -1
Gaps = -1

Two possible (out of many) global alignments

--ELACAN--
--ELICAN--

The best local alignment

H

-

T

-

N

N

A

A

C

C

A
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L
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-

C   O  E  L   A   C  A  N  T   H
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E
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Sequences align when we are on the diagonal, when gaps are 
Introduced, we move vertically (or horizontally).

Alignment types and their scores

Global - penalize all gaps

Fit one inside another - only penalize
gaps in the shorter sequence

Local - only penalize gaps within the
region aligned

• Global
L G P S S K Q T G K G S - S R I W D N

L N - I T K S A G K G A I M R L G D -

• Local
- - - - - - - - G K G - - - - - - - -

- - - - - - - - G K G - - - - - - - -

B(i,j)= max {B(i-1,j-1) +s(i,j), B(i-1,j)-d, B(i, j-1)-d}

Xi
Yj

Xi
-

-
Yj

Global Alignment (Needleman Wunsch) - Linear gap model

Fitting one sequence into another - Linear gap model

Local Alignment  (Smith Waterman) - Linear gap model

F(i,j)= max {F(i-1,j-1) +s(i,j), F(i-1,j)-d, F(i, j-1)-d}

L(i,j)= max {L(i-1,j-1) +s(i,j), L(i-1,j)-d, L(i, j-1)-d}
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Example

• x=gaatct, y=catt (m=6 and n=4)
• s(X,Y)=1 if X=Y, -1 otherwise
• d=2

Example (cont.)

• 3 optimal alignments:
gaatct gaatct gaatct
c-at-t ca-t-t -cat-t

Database Searching
• Database Searching ≠ Sequence alignment
• Similarity ≠ Homology
• Similarity is a measure of “sameness”.  It is expressed as a

percentage, and it does not imply any reasons for the
observed sameness, it is simply a measure of the observed
likeness.

• Homology is an evolutionary term used to describe
relationship via descent from a common ancestor.
Homologous things are often similar, but not always, for
example the flipper of a whale and your arm, or the DNA
sequence for Actin in humans and chickens.  Homology is
NEVER expressed as a percent, either you are related or
you aren’t.

Similarity and Homology

• Sequence homology can be reliably inferred from
statistically significant similarity over a majority of the
sequence length.

• Non-homology CANNOT be inferred from non-similarity
because non-similar things can still share a common
ancestor.

• Homologous proteins share common structures, but not
necessarily common sequence or function.

Origins of similarity NOT based
on common ancestry

• Similarity is often observed in regions of low sequence
complexity, I.e. SSSSSS or ATATATATATAT, such
similarity is also almost always local and will not span the
length of the sequences being compared.

• Similarity can also be caused by underlying biases in
nucleotide or amino acid usage

• Similarity can be caused by shared motifs that have been
acquired.

Similarity Assessment

• Our assumption is that unrelated sequences will behave
like random sequences

• Biological sequences are not random, so the statistics of
extreme value distributions apply.

• Scores for matches are influenced by the scoring matrix
used

• Sensitivity and Selectivity are affected by choice of
matrix and choice of database (redundancy and size).

• Choice of search molecule (query)
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Sensitivity  and Selectivity
• Sensitivity is a measure of your ability to find all the true

matches
• Selectivity is a measure of your ability to not erroneously

include false matches
• Database searching is a balancing act between sensitivity

and selectivity.  The factors that affect searches most are:
– Scoring matrix
– Gap model and Gap penalties
– Filtering of low complexity regions (or not)
– Size and redundancy of database

A quick talk about probability

• What fraction of a nucleotide database will
contain a hit to the letter “A”?

• To “AT”
• To “ATCG”
• In a protein database, what fraction will hit

“W” Tryptophan?
• Are biological sequences random?

Scoring Matrices

• Scoring Matrices are designed to detect signal
above background, to detect similarities beyond
what would be observed by chance alone

• The simplest scoring mechanism is match = 1,
mismatch =-1, but these values don’t work well
for biological data.

• Because amino acids affect structure and
reactivity, not all of the 400 aa pairs can be
treated via a unitary match/mis-match matrix

Matrix differences

• PAM matrices are based on an explicit evolutionary
model, BLOSUM on an implicit model

• PAM matrices based on mutations observed throughout a
global alignment, BLOSUM is based on conserved
regions (blocks) which contain no gaps

• In BLOSOM, not all mutations are counted equally
(similar sequences are clustered and together)

• PAM matrices were the first matrices, BLOSUM matrices
came later.  For most applications, BLOSUM 62 is the
default scoring matrix.

Matrix rules of thumb

• Need different levels of sensitivity
– Close relationships (Low PAM, high Blosum)
– Distant relationships (High  PAM, low Blosum)
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Dot Plot Nuts & Bolts
Dot Plot: Word Size = 1

    g  c  t  g  g  a  a  g  g  c  a  t
g   *        *  *        *  *
c      *                       *
a                  *  *           *
g   *        *  *        *  *
a                  *  *        *
g   *        *  *        *  *
c      *                       *
a     *  *           *
c      *                       *
t         *                          *

Dot Plots Nuts & Bolts
Dot Plot: Word Size = 2

    g  c  t  g  g  a  a  g  g  c  a  t
g   *                       *
c                              *
a                     *
g               *
a                     *
g   *                       *
c                              *
a
c      *
t

Dot Plot Nuts & Bolts
Dot Plot: Word Size = 3

    g  c  t  g  g  a  a  g  g  c  a  t
g                           *
c
a
g
a
g                           *
c
a
c
t

MMRKLAILSVSSFLFVEALFQEYQCYGSSSNTRVLNELNYDNAGTNLYNELEMNYYGKQENWYSLKKNSRSLGENDDGNN
NNGDNGREGKDEDKRDGNNEDNEKLRKPKHKKLKQPGDGNPDPNANPNVDPNANPNVDPNANPNVDPNANPNANPNANPN
ANPNANPNANPNANPNANPNANPNANPNANPNANPNANPNANPNANPNVDPNANPNANPNANPNANPNANPNANPNANPN
ANPNANPNANPNANPNANPNANPNANPNANPNANPNANPNANPNANPNKNNQGNGQGHNMPNDPNRNVDENANANNAVKN
NNNEEPSDKHIEQYLKKIKNSISTEWSPCSVTCGNGIQVRIKPGSANKPKDELDYENDIEKKICKMEKCSSVFNVVNSSI
GLIMVLSFLFLN

MKNFILLAVSSILLVDLFPTHCGHNVDLSKAINLNGVNFNNVDASSLGAAHVGQSASRGRGLGENPDDEEGDAKKKKDGK
KAEPKNPRENKLKQPGDRADGQPAGDRADGQPAGDRADGQPAGDRAAGQPAGDRADGQPAGDRADGQPAGDRADGQPAGD
RADGQPAGDRAAGQPAGDRAAGQPAGDRADGQPAGDRAAGQPAGDRADGQPAGDRAAGQPAGDRADGQPAGDRAAGQPAG
DRAAGQPAGDRAAGQPAGDRAAGQPAGNGAGGQAAGGNAGGGQGQNNEGANAPNEKSVKEYLDKVRATVGTEWTPCSVTC
GVGVRVRRRVNAANKKPEDLTLNDLETDVCTMDKCAGIFNVVSNSLGLVILLVLALFN

Plasmodium falciparum circumsporozoite protein
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Database Searching

• Applied Considerations
– The choice of search algorithm influences the

sensitivity and selectivity of the search
– The choice of matrix determines both the

pattern and the extent of substitution in the
sequences the database search is most likely to
discover

Protein vs Nucleotide

• Which molecules should you search with?
• Which databases should you search,

nucleotide or protein?

The “Universal” genetic code.  WARNING: There are others!

Remember your translation frames

Each strand has three reading frames.  Frames 1-3 indicate the
top or “+” strand and frames 4-6 indicate the bottom or “-”
strand.  Sometime the notation is +1, +2, +3 and -1, -2, -3

Why can’t we just look at the
DNA sequence for the protein?

• It was one thought that we might be able to
calculate a minimum mutation matrix, i.e.
one in which the minimum number of steps
needed to change from one aa to another
we counted.  The problem is, because of
the degeneracy of the genetic code, often
likely and unlikely mutations would
receive the same score

Database search algorithms need
to impose some sort of heuristic

• Because we cannot realistically search
large databases for optimal alignments

• So, we use heuristic approaches to simplify
the search

• These approaches are good, but they are
not guaranteed to find “the optimal
alignment”
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The FASTA approach
William Pearson

• Apply a dot-plot like approach to rapidly find regions of
similarity.

• Instead of comparing each residue in two sequences,
FASTA looks for patterns of k-tuples (words).

• When “k” number of consecutive “hits” are found (4-6 for
DNA, 1-2 for protein k-tups) a scoring matrix is applied to
identify the highest scoring segments

• Apply Smith Waterman algorithm to find the optimal
alignment within the area searched

FASTA Nuts & Bolts
Create a list of words for the query sequences (W=2 for AA W=6 for nt):
g c t g g a a g g c a t
g c t g g a
  c t g g a a
    t g g a a g
Compare the words from the two sequences for

identical words using dot plots.  Only attempt SW
Alignment on “hits” that are on the same diagonal
within some distance of each other

Courtesy: William Pearson

“*”=Expected
“=“ = Observed

Courtesy: William Pearson

BLAST
BLAST = Basic Local Alignment Search Tool
BLAST uses a word based heuristic similar to that of FASTA 
to approximate a simplification of the SW algorithm known as 
the “maximal segment pairs” algorithm

MSP alignments are valuable because their statistics (Karlin, 
Altschul) are well understood

Basic BLAST does not allow gaps, thus, the evolutionary model
requires that there be a long region of sequence that has evolved 
without insertions or deletions (indels) that would disrupt the 
alignment

Alignment Overview
Sequence alignment takes place in
a 2-dimensional space where
diagonal lines represent regions of
similarity. Gaps in an alignment
appear as broken diagonals. The
search space is sometimes
considered as 2 sequences and
sometimes as query x database.

Sequence 1

alignments gapped alignment

Search space

• Global alignment vs. local alignment
– BLAST is local

• Maximum scoring pair (MSP) vs. High-scoring pair (HSP)
– BLAST finds HSPs (usually the MSP too)

• Gapped vs. ungapped
– BLAST can do both
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Basic BLAST Algorithms
• BLASTN - compares a nucleotide query to a nucleotide database
• BLASTP - compares a protein query to a protein database
• BLASTX - compares a nucleotide query sequence translated in all

reading frames against a protein sequence database
• TBLASTN - compares a protein query sequence against a nucleotide

sequence database dynamically translated in all reading frames.
• TBLASTX - compares the six-frame translations of a nucleotide

query sequence against the six-frame translations of a nucleotide
sequence database. Please note that tblastx program cannot be used
with the nr database on the BLAST Web page.

The 5 Standard BLAST Programs

Cross-species gene prediction.
Searching for genes missed by
traditional methods.

NucleotideNucleotideTBLASTX

Identifying transcripts similar to a
known protein (finding proteins not yet
in GenBank). Mapping a protein to
genomic DNA.

ProteinNucleotideTBLASTN

Finding protein-coding genes in
genomic DNA.

NucleotideProteinBLASTX

Identifying common regions between
proteins. Collecting related proteins
for phylogenetic analysis.

ProteinProteinBLASTP

Mapping oligonucleotides, amplimers,
ESTs, and repeats to a genome.
Identifying related transcripts.

NucleotideNucleotideBLASTN

Typical UsesQueryDatabaseProgram

BLAST
• BLAST is less sensitive than Smith-

Waterman
• Basic BLAST uses a word size of 3 for

proteins and is more sensitive than FASTA
(even though FASTA uses a word of size 2)

• Basic BLAST uses a word size of 11 or 12
for nucleic acid sequences

• The Heuristic is applied to the words in
BLAST via a “threshold value, T” for
alignments of words.

Blast in a Nutshell

Query Sequence M V G A S T P R Q G A I L V R W S

P R Q

P R E

P K Q

P K E

H R Q

H T Q

A A A

Below

Threshold

Neighborhood

Words

Word

The BLAST Algorithm:
Seeding (W and T)

Sequence 1

word hits

RGD 17

KGD 14

QGD 13

RGE 13

EGD 12

HGD 12

NGD 12

RGN 12

AGD 11

MGD 11

RAD 11

RGQ 11

RGS 11

RND 11

RSD 11

SGD 11

TGD 11

BLOSUM62
neighborhood

of RGD

T=12

• Speed gained by minimizing search space
• Alignments require word hits
• Neighborhood words
• W and T modulate speed and sensitivity
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The BLOSUM MATRICES are int(log2 *3)

‘munge’ factor

Blast Extension
Database Sequence

T G Y A A S S S T Y M Q V G P R E G V L K
                                                                   P R E G A I 

Word has a “hit”
Extend the word

Database Sequence

Q
u
e
r
y

Database Sequence

Q
u
e
r
y

Result= 2 HSP’s Score 768
Score = 243

When does extension stop?

• When you hit the end of the sequence
• Or more likely when the “score” drops off by

some number “X” from its optimal score
• The extension has no hope of achieving some

minimal cut off score (~55-70, for BLOSUM 62)
• Note: in older versions of blast (prior to 2.0),

there is no gapping  If there are multiple hits to a
given gene that are not continuous, the are
reported as “HSP”s. These HSP’s need to be
manually assembled into an alignment.

The Statistics
• The score is literally the score of your alignment

according to the chosen substitution matrix and
gap penalty (Sum based on each pair of residues).

• Since different matrices will give different scores
for the same sequence,  a normalized “bit” score
is provided that removes the effects of scoring
matrix upon the score. The bigger the bit score,
the better.

• The E value is the probability of observing the
null hypothesis.  The null hypothesis is that the
observed database hit occurred by chance (for this
given query, matrix and database [size]).
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Some common parameter values

• Normal word sizes for proteins are W=3
with T = 14 or W=4 with T=16.

• Normal word sizes for nucleic acids are
W=11 or W=12

• The default scoring matrix for nucleic acid
sequences is (+1, -3) for NCBI BLAST and
(+5, -4) for WUBLAST

Gapped BLAST & PSI BLAST

Gapped BLAST(Blast2.0)
3 Changes to the Algorithm

• Threshold for neighborhood word generation was
decreased.

• Criterion for extending word pairs modified, there
must be two hits on the same diagonal within
some distance X, (this gives an increase in speed)

• Smith-Waterman calculations are used to produce
the final alignment on successful extensions (thus,
it will contain gaps)

Word Extension
• In the older versions of BLAST, if a word

pair with a score above T was encountered
when screening the DB, it was extended.

• In the newer version, two non-overlapping
words located at some distance X (the
“hitdist”)from each other must hit the same
sequence in the DB before an extension is
performed.

• To maintain sensitivity, must lower the
value of T.  This yields more hits, but few
are extended.

Database Sequence

Q
u
e
r
y
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Database Sequence

Q
u
e
r
y

Result=
1 gapped sequence 

Score 1140

Smith Waterman
Gap zone

The BLAST Algorithm:
2-hit Seeding

word clustersisolated words

• Alignments tend to
have multiple word
hits.

• Isolated word hits
are frequently false
leads.

• Most alignments
have large ungapped
regions.

• Requiring 2 word hits on the same diagonal (of 40 aa for
example), greatly increases speed at a slight cost in sensitivity.

Gapped Alignment
• Original BLAST found many HSP’s and used all

to generate a SUM statistic
• If you gap then you only need to find only one

rather than all ungapped alignments.
• T is lowered to achieve more hits on  initial scan
• Only pairs of hits on the same diagonal within

some distance “H” are extended
• Gapped alignments are achieved via dynamic

programming to extend the pairs of aligned
residues in both directions within some window
of gap tolerance.

PSI-BLAST
• Distant relationships are often best detected

by motif or profile searches rather than
pairwise comparisons

• BLAST uses a generalized matrix
• PSI-BLAST automatically generates a new

matrix based on the output from the
previous BLAST search.

• May not be as sensitive as motif search but
is very general and easy to use.

3 Changes to Algorithm

• Criterion for extending word pairs
modified, this gives an increase in speed

• Ability to create gapped alignments added
• BLAST searches may be iterated, with a

position-specific matrix generated from
significant alignments found in round i
used in round i + 1.

      A  R  N  D  C  Q  E  G  H  I  L  K  M  F  P  S  T  W  Y  V
20 N  0  0  3 -2 -4  2  0  0 -2  0  0  2 -2 -4 -3  2  0 -5 -3 -3 
21 S -2  0  3  0 -4  0  0  0 -2 -4 -4  1 -3 -4 -3  2  2  4 -3 -3 
22 G  1  0  2 -2 -3  0 -2  1  2 -2  0  1 -2 -3 -3  1 -2 -4 -3  0 
23 W -2  2  1  1 -4  0  1  0  2 -1 -3  0 -3  2 -3  1 -2  3 -2 -3 
24 D -3  0  0  4 -4 -1  3 -3  1 -2  0  0 -2 -4  0 -2  0 -5 -3 -1 
25 Q -2  0  1  0 -4  2  3  0 -2 -1 -4 -1 -3 -3 -3  1  2 -4  0 -3 

A PSSM (position specific scoring matrix) for PSI-BLAST

The 20 Amino acids
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Show help page
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Availability of Sequenced Genomes
You can find it if its not there!

Aquifex
Thermodesulfobacterium

Thermotoga

Flavobacteria

Cyanobacteria

Proteobacteria Green nonsulfur
bacteria

Gram+
bacteria

Spirochetes
Euryarcheota

Crenarcheota

Animals
Fungi

PlantsSlime molds

Flagellates

Microsporidia
Giardia

Bacteria 74 Archaea 16 Eucarya 14

New Figures: 286 completed, 743 Prok and 532 Euk in progress

There are 2 Blast Variants

• NCBI BLAST
(http://ncbi.nlm.nih.gov/BLAST/) or via
local install

• WUBLAST (http://blast.wustl.edu/) for
information.  This program is most often
used at database web sites and for local
installs.

Essential BLAST Parameters
• W = word size
• T =  neighborhood word score threshold 

(varies by word size and matrix used)
• V = number of descriptions to report
• B = number of alignments to report
• M= value of a nucleotide match (-r ncbi blast)
• N = value of a nucleotide mismatch (-q ncbi blast)
• X = word hit extension drop off score
• E = Expected frequency of chance occurances
• S = Score at which a single HSP would satisfy E
• -matrix = defines a matrix to use
• -filter = defines a specific filter program
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Command line BLAST

Format:  algorithm db query options
Example: blastp nr myprot.txt -

matrix=pam70 V=10 B=10
Example: blastn nt mynuc.txt M=5 N=-4

E=1.0e-5
Example: blastn nt mynuc.txt M=5 N=-4

E=1.0e-5 > blast.out

Making your own BLAST DB
• Any sequence file of fasta formatted sequences can

be turned into a BLAST DB.
• How you do this depends on which BLAST variant

you are using.
• NCBI BLAST-protein DB: formatdb -p T myseqfile
• NCBI BLAST-nucleotide DB: formatdb -p F myseqfile
• WUBLAST - proteinDB: xdformat -p myseqfile
• WUBLAST-nucleotideDB: xdformat -n myseqfile

Practical Exercises

• Install the WU-BLAST program in linux
• Make your own custom BLAST-searchable

database
• Run a command-line BLAST search in

Linux
• Run a PSI-BLAST search at NCBI
• Download BLAST results from NCBI


