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Evolution by Mutation
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S Evolution by Mutation

* Mutant gene of DNA sequence:

- Substitation, Insertion/Deletion, Recombination, Daplication,
Gene Convelslion

- Spread through 3 population by genetic drift and/or natural
selection and cveﬂtlaﬂy is fixed in3 specles

> Nuclectide substitution can be divided into two classes:

- Transitions: Substitution of 3 purine by purine (A, G) or 3
pyrimidine by 3 pyrimidine (CT)

- Transversions: The othar types.

> More specific properties:

- Frameshift mofation, nonsense muatation, synonymous ol silent
substitutions, hon-synohymous o dmine 3cid replacement
substitution

- Transposons, gene conversions, hotizontal gene transfer,
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5

Jukes-Cantor

F
A

o The nucleotide substitution occurs at any
site with equal frequency, and that at each
site 3 nucleotide changes to of the three
remaining nucleotides with a probability
of o per year.

> Probability of a cha nge of a nucleotide to
anotherisr=3 o

¢ g, = Proportion of identical nucleotides
between two sequences

q{q = (1-2|') C[t +(2/5) ¥ (1_qt)
d(®) =1 - 3/5(1-e8%3)
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| o Kimura 2 Parameters

he rate of transitional substitution per site per year = o

|
¢ The rate Df-tl'ar?sm-'5|'5iar?a| substitution per site per year =
2B

o Total substitutionrate, r=a+ 2 B

> Riis the propotrtion D(ICIEH"&ICE|| transition-type
pairs AG, GA, CT, TC

> Qs the proportion of identical transversion-
type pairs AG, GA, CT, TC

R(E) = (1/4)(1- 2 e @Bt 188 1)
QM) = (1/2)(1 -8 )
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= Other Models

> Ta[ima & Nei:
— Substitutions that seem to be rather
insesnsitive to various clis’curl'ving Fac’cc:rrs_

> Tamura:
— Takes into account varying GC content
* Hasegawa et al. (HKY)
> Rzhetsky & Nel
> Tamura & Nel
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Matching and Alignment
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5 Inexact Matching

> Example: Eit Distance Problem:
- Edit distance between two hioh::g ical
sequences
- May correspond to:
> Evolutionary Distance
¢ Functional Distance
> Structural Distance
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B Edit Distance

o Simp|es’c distance function corresponds to:
EDIT DISTANCE
> Atomic Edit Functions:
— Insertion AATCGG +— AATACGG
~ Deletion AATACGG > AATCGG
- Substitution AATCGG +— AATAGG

* A composite ed it function

~ Function Composition of Atomic
Edit Functions
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o Cost of 3 Composite Edit Function

o> (Based on the cost or distance for Atomic
Edit Functions)

> Given: Two strings S;and S,

Distance(S,, 5-) = min { cost(E) | E(S)) = S-}
Where

E = composite ed it function mapping 5; to 5,.
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B Some Properties of Distance Function

* Assume:
(V e= Atomic Edit Function) cost(e) = cost(e™)

= DiStanCECS-[; 52) = DiStanCE(SE, 51) 5}’mmfff.~*f
- Distance(S4, S = O
- Distance(5,, 5,) + Distance(S,, S3) > Distance(S;, S3)

Triangle Inequality
> Simplest Cost Function:

— Each atomic edit tinction is of unit cost
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Edit Operations

< |: Insertion -:::'1(3 character into the first
S‘EI’ir}g 51

o D: Deletion -::n(a character from the first
S‘EI’ing 51

o R: Replacement (or Substitution) of a
character in the first string S, with a
character in the second string S.

o M. f‘v’laf{fl"ll"}g (|C|EI’TE|‘E‘;I)
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o Edit Transcript

> The complete ed it
function is described by
Example: an "edittranscript’

o EDIT TRANSCRIPT

=ce{D M R I}
GATT A CA
4 4 1] > Example (in left).
TTCGGCATT - Edit tra nscript =
DD apal 0 [ R]T | papa [ 1] DD MIRIMMII

i 2 345 § (7 - Edit Distance =
+1+0+1+1+1+0+0+1+1=7
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5 Levenshtein (or Edit) Distance

T

o Edit Distagnce between two strings S, and S, is defined as
the minimum number of atomic edit operations -
inseltions, deletions (indels), and substitutions — needed
to transform the first string into the second

o Optimal Transcript = An edit transcript corresponding to
the minimum numbel of atomic edit operations of unit

cost.

EDP

The Edit Distance Problem

s to compute

— the edit distance between two qiven strings, 3
with

ong

— an optimal edit transcript that describes the

ment)
Made by A-PDF PPT2PDF =~



— Dynamic Programming Calculation of Edit Distance
S

o Define:

DC1L1) = Min nhum ber oFa’cDm ic edit operations
heeded to transform the first i characters ::HCS1
into the first | characters of s,

= EditDistance(5[1..1], S;[1.41)
Sl=n 1Sl=m
Distance(S;, S;) = D(n,m)
< Dynamic Programming: 5 components:

.

— Recurrence Relation
~ Tabular Computation
_ -l_l -‘ll-._-'l-'-‘ll-l
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| o Recurrence

¢ Base Relation:
T [-‘||':|:"I|':'IMI = |:_"'|
- EditDistance(h k) =0

o Fecurrence [Fe

ations:
- In1 coordinate:

DCLO) = DOI=1,0)+ (5[] deleted)
- DCO,i) = D(O,j-1)+ (S, 1] inserted)
DCi-1,[-1) | DCi-1,]) AT S L IcEiR
- EditDistanceCS (1,01, X =i (i deletions)
Tl - EditDistance(h, S,[1.[1) =] (] insertions)
[_‘“fl,|—1ﬁ' _'['jlfll‘\ - 1n I"Dth CDDI'dthCS:
% DCH) = min {DC-1]) +1, (5111 deleted)
o | —1
{DCI]-10+1, (51j] inserted)

{D{'l-—#].[—’] )+ ﬂfl,[” (substn or |T_13’(C|1}
AG D =1 if S,[i]# S, [j]; O otherwise.
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B Efficient Tabular Computation of Edit Distance
| =

¢ Recursive Implementation k- 290rm) _time computation

¢ Bottom-up computation

(n+1)x (m+1) distinct values for DGi,j) to be computed
> Dynamic Programming Table of size (n+1)x (m+1)
- String 51 corresponds to the rows (Verticgl Axis)
- String 5_2 L:c:nl'l'espc:.whds to the columns (Horizontzl Axis)
¢ Fill gt DO & First Colump
o Fill out DO, j) + First Row

> Fill out rows DG,j) + Lett—to-Right (incregsing i)
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The Algorithm

o fori=0tondo
DG,0O) «i;
for =Ctom do
D(O,|) « ji
fori=1ton do
for =1to m do
DG, i) < min[ DG-1,i)+1,
DG, -1)+1,
DG-1,j-1) + AG)) ]
O
¢ Time complexity = O(nm)
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AATCOG

1 23 4
(Edit Script=

EAMIEMED
(sol2) - ~TAGGC

AATCGG -

125 =%
(Edit Script =

| MEMMD)



!l'_

e Trace Back

T

> Extracting Optimal Ed it Transcript:
> Seta pointer from:
- Cell(i,j) = CellGi,i-1), if DG,j) = DG, j-1)+1
Horizontal Edge = |, Insertion
- CellGi,j) — CellG-1,i), if DG,j) = DG-1,()+1
Vertical Edge = D, Deletion
— Cell(i,j) = CellGi-1,j=1), if DCi,j) = DCGi-1,=1)+AG,|)
Diagonal Edge = R, Substitution, if AG,j)=1
M. Match, if AG,j) = O.
o Optimal Edit Transcript can be computed in
O(n+m) additional time
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s GAPS: The Scoring Model

> Basic operations:

— Sequencing Errors or Ew::r|u1':|'::vnary processes
DFMH'EHHDHS and Selections

- Substitution: Cha nges one base to another.
- Gaps: Insertions or Deletions:

Adds or removes 3 base.

> Total Score Assigned to an Alignment=

- Sum DF’cerms Fa:::r each a||'<_:] ned pair ::n( bases
p|us terms for each Jap.
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Total Score of an Alignment with Gaps

o Total Score Assighed to an A|ignment
- Corresponds to |r::~:_:] of the
- Relative likelihood that the two sequences are
related compared to being unrelated.
¢ Assumptions:
— Mutations or Sequencing Errors at di#&l*enf

sites in a sequence occur independently.
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T Substitution Matrices

o Notation: x and y = Pairs mFseque nces,
xI=nand lyl = m.
X,y € (A+G+C+T)
- x; = it symbol in x
-y = it symbol in y
¢ Random Model, R:
P(xyIR) =TIq, I1q,,

- q, = probability that the letter “a” occurs
independently at 3 given site.
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o Random Model vs. Alkternative Model

e

o Alternative Model, M.

¥ P(Ky I M) = H P}»i. Y|
- pyp = Pra:::l'val'vﬂi’cy that the letters “3” and “b”
have each been derived independently from
some common letter.

¢ Log-Odds Ratio (LOD):

s(a,b) = In (p.,./q, q.)
* P(xyIM)/P(xyIR) =TT (p,; i/ 4. q.,)
= [Texpls(x,y;)] = explX s(x, y,)]
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= Score

¢ Score = In [ P(xyIM)/P(x,yIR) ]
=Y s(x, y;) =s(xy)
o Score Matrix or Substitution Matrix:

A ) i =1 i > B | 5

T | -T2 |-T]- P A M

! | st & A *(Point Accepted Mutation)
o
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o T-PAM Matrix

e

o Let M be 3 probability transition matrix.
M..=Pr(a & b),
-3 b =chracters

o p.=Pr("3" occurs in a string)

N 1(# = The number of times the mutation a
& b was observed to occur.

‘( —fazk‘(w&’( TF
o K =1-PAM Evc:-|u‘c|mnaly distance

— "The amount of evolution that will cha nge
in { ~hararters An EIVEI*age.""“
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g5 T-PAM Matrix

o m, = ﬂ /(KE p.),

M.o=T-m, M =f /(Kfp)=C( /f)m.
o o-PAM Matrix = M«
o M =lim, _ M

* Score,(a,b) =10 log,, M*. /p,

> Sequence comparison with 40 PAM, 120
PAM & 250 PAM score functions. ..
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5_".:, Ga PS:

¢ g = length of 3 qap,
exponentially distributed ~ Exp(i)
f(g) = h e
> P(g) =f(g) T1q,
Ih P(g) =-Lg+Ink+sumlnqg,
=-d-(g-1)e (Affine Score Model)

- d = Gap-open Penalty
- e = Gap-Extension F’ena|’cy
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Multiple Sequence Alignment
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o Multiple Sequence Alignment

Detn:Given strings S;, S, ...S, a multiple
(global) alignment maps them to strings
5 S5 ..., S (by inserting chosen
spaces) such that

1.1 =150=--- =151 and
Removal c:(spaces, from S’ contracts it
to S, for1<i<I.

!\J
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— Value of 3 Mu|‘cip|& Global Alignment

e

o The sum a::ncpairs (SP) value for a multiple globa
alignment A of k strings is the sum of the values
of all Cy - pairwise a||'g nments induced by A.

o Given: Two strings S;and S,. The expanded
strings S’y and 5’5 correspond to a pairwise

alignment.
o d(x,y) = distance between two characters x and
Y

=1, ifx=yand O, ifx =y
¢ O(x,-) =o(-y) =1
¢ Distance(S, S'5) = 2, 3(S,[i1, S5[i1),
where | = |5%|=15'5.
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— Optimal Global Alighment

> An optimal SP(global) alignment of
strings S, S5, ..., S, is an alignment that has
a mMinimum PmssiHe sU m—c::r(—pairs value
for these strings among all possible
mu |'Ei|:>|e sequence a|Ignmen'E5.
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o) Generalization of DP

o Assume 5= 155 = --- =15l = n.
o The generlized k-dimensional DP table has (n+1)k

entries,

o Each entry depends on 2% — 1 adjacent entries.
_ DG, 0, ...,0) =i

= RO, 15, e D)= 15

- D00, L0 =,
- D(iq, i;w_, "'ik) = miﬂgig;ﬂ“k] [
D[ Loy Il-IJ. ' ] iE -:':

]
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B Complexity

> The time and space complexity of the
generalized DP solution of the multiple
alignment problem is = O((2n)*)

> Theorem: The optinmal SP alignment
problens is NP-complete

o |n the worst-case, one cannot expect to
do much better unless P=NP
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"o P-Time Heuristics

> A Polynomial Time Approximate
Algorithm for Multiple String Alignment:

> Assumption about the distance function:
- Triangle Inequality:
Vetars xy,2 0002) £ BCxy) +8(y,2)

alx. %} 20

Vchar, x
> DS, S5)

2 Value of the min. global alignment
of S, & S,.
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Algorithm

= |HPLI'E: J)T= ‘[51 52, e Sl,_;}
> Step 1: Find S, € T that minimizes
Xser s PGy 5)
- Time Complexity = O(k? n?)
— C,o DP each taking O(n?) time

- Call the remaining strings S5, ..., S,
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"o The ith Step

> Step i: Assume Sy, .S, have been aligned as 5';,
gl

> Add S: Run DPtoalign S, & S, = 5" and §'

- Adjust S, ..., S’ by adding spaces where spaces
were added in S,

? S’lI S;lf £y 5|’ =}3|||'grjed Sx’lr 5#2: iy S#r
— Length(S) instepi = in.
- DP(5';, S) takes OCi n?) time
> Total time Complexity
= Ol p4) +¥ 0 n?) =0OCk?*n?)
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g1 Competitiveness

M = Alignment induced by the
algmll‘chm

> d(i,|) = Distance M induces on pair §, 5

> M = Optimal alignment
o 2S5P(M) =2 1k3'—1 ;.:|k d(i, )
P |¢|'<d(|, I) +d(1,))
(Triangle Inequality)
= E| ’Tk3| 1. |:r=|kd'[I ) + Ei=1kzi=1, ]:tik d(lxp
(Symmetly}
= Tk (k) d (10 S k k) 4
=W l-NS. kAT D
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Competitiveness

kDS <)
=T, j | DG, i

G kDS, )
3 Dl\_j.,[# :li“'. +E| 1 i;éz [_'"l*--:'z.r :li"l

|"'-."- iy -'|
ey El Tk 1 [T'\'I“:'k-" ':li’:
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Local Al Ignment Problem
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"'{"‘

local F\|i<_:] nment Problem

¢ Finding substrings of high similarity:

> Given two strings, S, and S-: They may
have reglons that are |c::.-ca||y hic_:]Hy similar.
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g;‘; LAP: Local A|Ignment Problem

> Glven: Two S‘EI’iHQS 51 a”d 5;2

> Find: Su bstrings o CSang B S, whose
similarity (in terms of an object
function—e.q., optimal global alignment
value) is maximum over all pairs of
substrings from S;and S-

V = Max, S BT 52 distance(a, B)
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Ex3 mp|e

3

r“{ "“:,.l = E,L{r“x \.-,.l =

P

oy

¢ qlx-)=d(-x) = -1
¢ g=axd byl S,
B=axbacsC 5,

o

ke

Local Alignment:

4 X 4 e
| i |

g o= » 4
e ot i (e
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Naive Complexity

> Note: (1) Let 5,1 = n and IS-] = m.

- Total number of substrings of S, = Ciura = O(0?)
- Total number of substrings of S, = Croera = Ol
- Naively, O(n?m?)candidate substrings need to be
globally aligned by 3 DP algorithm of complexity
Odal 1Bl
> Complexity of the resu Iting a|g:::r|1':|1rn
= O(n® m?)
> (2) An improved algorithm (SWAT, Sm ith-
Waterman) reduces the time comp|e.:=: ity to
O(nhm)
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2 | LSAP:Local Suffix Alignment Problem

& A restricted version of the LAP,

< Given: Two strings 5 and S5 and two indices i =
IS and | = IS,
— A = S[1..i] prefix of S,
=B= 531101 prefix of S,

> Find: A suffix (possibly empty,2.) of A (o, =
Si[k..i1) and a suffix of B, (]:-GSSIHy emp’cy ) of
B, (B =S,[1.{1) that i es 3 linear objective

Fu nction V(a, B) over all pairs of suffixes :::Ff-\
and B, [0
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s Objective Function

> V(i) = maxy < s, p = sufsai V(O B)
= Value of the c:p’cima| local suffix
alignment for the given index pair i, |.

£ o Byl Ak )
= Value of the c::.-p’cima| local a|ignmen’c.

) —

Sy o= |Tja_§.,;l
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e Op’cima| Local A|ignmen{: Rec. Eqns.

e

SV EmaXi<, j<m V(i)

o o =suf 1.1, B = suf S,[1.]]

o v =v(i, )= V(a, B)

> Consider an Dp{:ima| suffix a|ignmen’c with o =
suf S.[1..i1 and B = suFS;,w_[“l..[]

o CaseT: o0 = B = A (= empty string)
- Base: V(a, B) =0
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e Op’cima| Local A|ignmen{: Rec. Eqns.

e

o Case 2: o= A, o= oo S,[i] and
S.[1] matches "-"
- Ind(A): V(a,B) = V(a, B) +d(5I[i1, -)
o ...or 5[i] matches S-[|]
(B=p oS
- 1nd(Q): V(a,p) = V(a', B') +d(5;i1, S5[{1)
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e Op’cima| Local A|ignmen{: Rec. Eqns.

e

°©Case3:B=A B=P oSljl and
S-[j] matches "-"
_Ind(B): V(a,B) = V(a, B) +d(=, S[iD)
o ...or 5[i] matches S-[|]
(oo=a o5lil)
- 1nd(Q): V(a,p) = V(a', B') +d(5;i1, S5[{1)

Made by A-PDF PPT2PDF



[

—

B

"'{"‘

Recurrence Equ ation

< V(i J) = maxy - fsir, B=-s |'Ff::[1..|J V(a, )
> Base: v(i, Mo v =0
(W(0,0) = \(i,0) = W(O,j) = 0)
¢ Induction: v(i, ). , .o =max[O,
v(i-1,)) +d(5001,-),
v(i, -1+ d(-, S;[j1),
v(i-1,j=1), d(5 111, Sy[41) ]

Made by A-PDF PPT2PDF



5

Dynamic Programming Table

1_
A

o (with Traceback)
> Compute all v(i,|) entries: CDIT?P'E;{ ity = O(hm)

> Find v = (7", [) by finding the largest value in
any cell: Complexity = O(hm)

o Trace the pointer back from from V(I ) until a
cell is reached with value v(i',|) =0:

Complexity = O(n+m)
¢ Results: .= S[i 1N C S and B=SI[| . [1CS,
> Total Complexity = O(nhm) = O(S, IS,
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Example

I_
I

5 ¥ a x b a E 5 I I

i i o o o @ i i 3 . 2

P - _ _ i i o - - ) ) o
q o o o o ) B o i 3 o £
r i _ i _ i ) - i ) 1 i
a 2 o o 2| 1 o O I | @ o o
X i 2| =T 1 | 3 | &2 | &1 & 2 3
a o 1 ) A T3 12 POl =4 | &3 | 2 | &1
b o o o 12 12 S =4 | 3 |+2 | «T |+0D
e o [ a0 215 45 | 221 12 1B 5| «4 | 3
5 o o o o o T3 T2 T3 S 7 | ]
L3 i o i i i 12 1 s 17 —0 [ +0
v | o |l ol olo|lol4+1 o]z | 96 |e5]es
q o o o . i o o T2 15 | +4 |+ 4
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i Dealing with Gaps

> A dap is any “maximal consecutive run of
spaces” in a single string of 3 dlven
alignment.

A c 3 c ¢ ¢ 3 t|E

o I "
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o Gaps

> Initial Gap

— A qap may be bordeted on the right by the first chamcter of 3 string.
= Final Gap

— A qap tmay be bordered on the left b?r{:l’.ne st charmeter of 3 string.
o Internal Gap

— A qap may be bordered on both left 3 hd right

> Simple Gap Penalty Model— Constant W¢, W,

r
|

— Egch qap cortributes 3 constant penalty = W,
— ¢(x,x) =2,dx,y) = -2, d(x,-) = d(-y) = O

- = q3ps = k Then

- Value of an alignment = 2.} 4(5,[i1, S,0i1) = kW

9
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T Bim|ag|’ca| Motivations for Gap Models

- Unequa| Crossing-over in Meiosis

- DNA slippage during replication

— Insertion of tra nsposa ble elements ("Jumping
Genes"”)

— Insertion by retroviruses

— Translocation between chromosomes
> Examples G(Ahgnmen’c with daps:

— cDNA matching problem

~ Processed Pseudo-gene Problem
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B Gap Weights

+ Constant:
~ Each qap hasa perwaltv -:F"L" "
- Each space [s free dCu -l =d(-0 = O,

i AFﬁ ne.

- Gap initiation weight = W

- 3 P Extension we I'gh‘c = '1-%-"5

- Each dap Dif|cr1_f__]fh q h3s 3 peng |’c:; of "L-"'x-"g +

> Convex:

- Each dap Dif|er1_<__]th q has 3 peng |’c;—_ff of W !

> Arbitrary:

= E"lLl'.I dap DHL"‘I'I-:JH] g has a penalty of v

(¢ { =3k Htmw function
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General Model

> Arbitrary:

- Each gap of length g has a penalty of W, +o(q) W
where wid) = al'Htl':il";,f Furction

-1 -

5.!'

- w(d) = O constant

- () =g linear/at fine

- o(q) = In g convex
o Total Cost under constant model
EF’Tl d(51[|]; Sz[l]) - (#gaPS) Wg
s Total Cost under affine model

2 d(S5i1, S51i1) - (#gaps) W, - (#spaces)
W

5
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Sop Arbitiary Gap Weight Model

* Dynamic Programming
(Needleman & Wunsch)
> Given two strings S;and S, start by aligning the
pl*eﬁ;{es
- S = S411..1] and
e Wi
o There are three diFFere nt cases to consider. ..
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| o Case 1
o S[i1 is aligned to a
character S‘EI‘iC‘Ehf to
: the left cﬂfa character
5001 ,
_ \ S5 141
N _mm
-t L - B
S5 L
S,1 |
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Case 2

o S[i1 is aligned to a
character 5’c|*icf|y to
A0 the I'iglﬁ: of 3

' \ character 5[]l
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Case 3

L
-+ S — =
% L

S,1 |
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> 5[i1 and S;[j] are
aligned opposite each
other:

~ Subcase A

501 = 5,11)
~ Subcase B

Silil = 5,51]]




el Auxiliary Vaiables

o X (i) =

MAX i gnments for case 1 d1staNCeCS, (101, S5 [T..11)
o Xp(i|) =

MAX, )i ments for cpse 2 d1stance(S[1.1], S, [1.1)
o X(i]) =

MAX, g nments for case 5 distance(S,[1.11, S5[1..41)

o VCi1) = maxC LD, Xe (i), XeCi))
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"o Recurrence: Base

& A - [T
o Notation: L = “undefined
- _\I _\I = I_“"'I _‘.lll = o l"-.'._"'I .-"I =
o 5'~.L LA =00k v_;kl . oy Mgl | ok
o X (O0)=1, X,G,0) = —(i), 0,00 =1
L. o F o | = et i .-ml T l-li-ll-l\ll
! 'K"Rl'“l:"_'\l-“l":‘llfl - J__f HRU '-:" J_l.. .“‘mR'-..'-.__‘i',|,a —':ﬂ"u_|,-'
o I'-ll_.-"r |"': I'“—-‘II.-' I-._-HI :;I = L':_-Hlf I'.-"'. |"'-| |I:HI I = (D |:| :;Il' I'.-"r ':'.,:.II . |:'| = |:| :l
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Recurrence: Induction

s Kf;(‘lx
> X,
* Xe(i,

i?*Oand i?*“O:

) = V(i1 1) +d (5,11, So1{)
) = maxg <1 (V( k) - o(-k))

)= maxg - (V) - o-D)

S V(i]) = max(X (), Xa i) Xe(i )
> Each V(i,|) can be computed in time
OC(i+j)
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—

S Total Time Complexity

1!-

o Let IS/ =nand IS.|=m.

o The recurrence can be evaluated with 3
Dynamic Programming Table of space
cmmp|exlty = O(nm) and in time
complexity = O(n*m+m-=n)
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55 Affine Gap Model-Recurrence

s SWAT : Smith-Waterman
& Mmclifyinc_:] the recurrence equations for
the affine case:

" 5 " T r . B B . - - ™y
_ X(0,00=0, X{(1,0) =1, R
U oy 'H'Ikl = v "-\"le = _Il,-" Jis I'.-'-._'. N oy -xl =
.--\.LII.\_IR_ s R ) J_. .-x-\.lel-In_ r L} '\lg | L \5. -"\-LI'H.I‘— .|_.' J_
- X (0,0) =1, X[ 0)=1, Xe(O[) =-W~ W
= WEe)=0 V(TL0) = -W -1 W, V(O,[) =-W - |
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e Recurrence: Induction

O and RECl

- T“‘ZSI:.[«*[;I = 1x—-’rffl'—'|,|1_’| )+ d'f.f::'*[[l'], 5 [l]:
o XG0, = max(X,G, |‘_’[ eV L R = WL =W,
/G, 1-1)-W-W,)

'lhr AT

= max [, |- 1” V(i | TN T =W,
¢ Rpliojd = max(L, XpQi-1, 1) =W, XG-17) — W, =W,
1"'.""r|-._|—’[ |s'—l-"'i —Illr'{irsj'
= max[Xp(-T1; j), V(-T1,))-W,] =W,
o "l.."rll":l |.__.' I'“Iﬁ'q'.\'k"-xl_kl |_,|'l.. H\\R.‘|#| Si"-»lr|--"|-"|
> E3c 4 ! Vi, |
alignment with atfine gap weights can be comp Lll.-—'-_-hi
3 DPtable of rspace ang time cor pli |r-:':a|+_'_: = O{(rnm )
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Heuristic Alignment
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2 | Heuristic Alignment Motivation

¢ O(m n) time complexity:
arge databases with hig_h querty taffic

~ too slow for
~ heuristic methods do fast approximation to dynamic
programming
o FASTA [Pearson & Lipman, 1988]

o BLAST [Altschul et al., 1990]
— BLAST heuristically finds high scoring seqment pairs
(HSPs):
¢ identical length segments from 2 sequences with statistically
sigrﬂ,l'iiica ht match scores
> le. undapped local alignments

> key tradeoff sensitivity vs. speed
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o BLAST Overview

e

o Basic Local A|Ignmen£ Search Tool

> BLAST heuristically finds high scoring
segment pairs (HSPs):

— identical |eng‘ch segments from 2 sequences
with s’ca’cis’cicaﬂy sigh ificant match scores

- i.e. ungapped local alignments
- key tradeoff: se nsitivity vs. speed

o Sensitivity is just the ratio of
- # signiﬂcan’c matches in DB

— # significant matches detected
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K| Lo

BLAST Overview

> glven: query sequence q, word |er}g£h W,
wolrd score threshold T, sedment score

threshold S

_ compihe a list :::F""words” thatscoreatleast T
when compared to words from q

- scan data

— extend al
segment

base for matches to wotds in list

matches to seelc h I |1-5-::a::1|*ing

DAllrs

o return: segment pairs scoring at least S
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Scan nir}g the Database

¢ sejrch database
occurrences of T-.IEI“_;,*'
wolds approach.
— build 3 DFA that
recognizes all query words
- tun DB sequences thl'oclgh
DFA
- remember hits
o use Mealy paradigm
(accept on transitions) ta
save space and time
- consider3 OFA to
recoghlize the quely wiods:
QL, OM, ZL
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« consider a DFA to recognize the query words: QL,
QM, 7L

~QvE

-ECCEP[ 411
red transiions



Extending Hits

o extend hits in both Scorelc) > score(b) - g/
directions (without
allowing gaps)

> terminate extension
in one direction when

current extension ¢

score falls certain -
diS‘ta nce l'v.f |DW I"ES{T best extj[mmnb
score for shorter

I

L™ o

extensions .
nitial hit

> return segment pairs
scoring at least S
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1:

s BLAST the right tool/

* may fail to find all HSPs
- may miss seeds IHHI'&SHDH.TIS
too stl'lrﬂ_gcr?t

~ extension Is greedy

s

¢ empirically, 10 to 50 times
faster than Smith-Waterman

_\_"'\..

arde impact:

— NCBI's BLAST server handles
maore than 30,000 queries
day

— The ultimate |o'n'—|:_xlr?g fruit:
most used bicinformatics
progiam; most cted paper in
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o the two-hit methed
— dqapped BLAST
— P5l-BLAST
o all are airmed at

increasing sensitivity
while lirmit ng toan-time

— Altschul etal., Maucleic
Acids Research 1997




Whole Genome Alignment
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s The MUMmer System

o Delcher et al., Nucleic Acids Research,
1999
> given genomes A and B

~ find all maximal, unique, matching
subsequences (MU M:s)

— extract the |c::ngest possiHe set ofma’cc hes
that occur in the same order in both genomes

- close the daps
- output the a|ignme nt
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| o Step T: MUM Decomposition

> maximal unique
match (MUM):.
— occurs exactly once in
both genomes A and

tcgatcGACCCGTATCCAGTACGAATCgactta B
atttctgGACCCGTATCCAGTACGAATatctact ~ hot contained in any

p B Z] |f::r?g_.:i|' MUM
- o key insiglﬁ:-

MISMATCHES n,v,d'L .'5” |J C":'H:F':Ilfﬁ'-l_ h{__,

part of the global
glighment
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MUM with Suffix Tree

fRracegacct

i
)
o
v
/

A
i F: ':II]
| gt e

/ [ ™, ™
Biigacch; hee |||-=-:E-___."" G WE accgacct et

i ' J Ly i A

m _:.l | 5 .'._l 8 |_!I_ | &
gans :.y '|: HaL .:::l_- "'t,__

3] [2] [s] [e]

Frpe froimy Db o1 il e Ak Reseairh 57, 1939

cach ineinal ok
represents A repealed sequenci

In a preprocessing step, build 3
suffix tree for genomes Aand B
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+ add suffixes for both
denomes A and B to tree

o label cach leaf node with
genome It represents

Genorme A ocac gl

Genome B: oord

acgitt




o Suffix Trees

e

> can build in linear time (in lengths of
genomes)

o can identify all MUM:s in linear time (one
scan of tree)

o space complexity is linear (exactly one leaf
and at most one internal node for each

base)
o main parameter of system: length of
shortest MUM that should be identified
(20 - 50bp here)
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Step 2: Find Longest Subsequence

> sort MUMs 3ccording
to position in
genome A
> solve variation of
Longest Increasing
Subsequence (LIS)
problem to find
sequences in
S S P S ascending order in
Gemae ;| —=7=— —f= == both genomes

l:-':'r'lll i h i ;
L]

. = S ~ requires Ok log k)
—=T time where k is
humber of MUMs

Crenae 7 : - _I_
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= Step 3: Close the Gaps

S Pa|ymmrphic reglons
- short ones: a||'g n them with dynam IC
programming method

- long ones: call MUMmer recursively w/
reduced min MUM |Eng‘c|1

> Handle: SNPs, Repeats, and Indels
separately, case-by-case.
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s s MUMmer the right tool?

> Problems with low homology regions.

- Dist3 n’c|y related dgenomes with very low
homoh::gies_
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The More the Merrier

Algorithm
BLAST
WWABA

LSH-ALL-PAIRS

BLASTS
PattermHunter
BLAT
CHAOS
PASH
REPULEr

Lo o o e L

Homology Seed

exact k-mer

wobble base degenerate k-mer

randomly projected k-mer with <d
mismatches

discontinuous exact k-mer

discontinuous exact k-mer
exact or inexact k-mer
exact or inexact k-mer

discontinuous exact k-mer
maximal exact repeat

Tt Tepeat
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Indexing

scanned with
DFA*

Array

Sorted Array

Hash Table
Hash Table
Hash Table
T-Trie
Hash Table
Suffix Tree

Factor Oracle

Reference
[31]
[32]
[33]

[34][35]
[36]
[37]
[38]
[39]
[40]
[41]



S Summary

. .“»-‘*Lar?*;f inhovative seque 3
detailed comparative genomics studies.

— [ecent ﬁﬁqnﬁﬁhtﬂ L|p|lu_atlorﬁq in mammalian Jenommes (with

identity level *90%) can be detected using BLAST ahd many
other tools,

e fol

o They use exact or inexact k-mers 35 homology seeds for
|Cﬁ_h

extension. As hc:'r‘rﬁcﬂoq*f levels become
lower, ‘che*,”:rw L|rﬁtc:| 3 dilernma between sensitivity and
computatior,

- ho ﬁ?D|ogaL45 Sﬁ_gmerﬂ:s.

2NCY

— segmental duplications, or

— homology-Fased phylogentic distances.
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Summary

To improve sensitivity they must rely on exhaustive
sealches of exact matches with short mers or inexact
matches with longer mers,
— 3nd thus encounter too mahy Eﬂsc—posl'tl'x-*cs. to be later Fi|‘cer¢d
thl'oclgh an expensive post-processing step.
Or, if more stringent search criteria (longer mers with
more exact matches) are used to improve efficiency,
— then these algorithms Gl to detect low-homology reqions,
such as ancient duplication events, -
In order to detect less-recent duplications, orthologous
genes have been used as “anchors” to map out the
duplication blocks. But, for obvious reasons, they are
unsuitable for identifying duplications that are not
subject to strong selection process, e.q., regions
containing only non-coding regions.
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Prizm
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T PRIZM

e It uses 3 Bayesian scheme.
— Itis efficient...Linear time,

— It computes homologous regions between
two genomes even when the homology level
drops to a value around 65%.

* |ncorporates background knowledge about
genome evolution, by expelimenting with severa
priors (honinformative improper priotr,
exponential and Gamma priors, and priors based
on Juke-Cantor one parameter and Kimura's two
parameters models of evolution).

® The results appear to be unaftected by these
choices, while the computational efficiency is only
il Al afbartad b what prior is emp | '
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A Simple Observation

S I-Immr::h::c_:]y is hard to compute but easy to
verify. Quadratic vs. Linear time.
- Can a probabilistic approach replace

hondeterminism/! |FSD, we cah expect 3

probabilistic linear time algorithm.
- Un||'|<e|y,' But if we can use priors based on the

underlying distributions, there is hc:q::-e_

- Many colﬂpu’ca’ciona| biology proHems share
this feature!
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S Homology Curve

e The algorithm quickly produces 3 function called
“homology curve”

— The valae of this function at 3 location on the first genome is
sl'ﬁ?p|:; the hl'r__]hest local homobgy level c::iia short redion
stiaddling that location in the second genome.

— The structure of this curve, [the distribution of the homalogies
jcross the whole genome, its correlation with the composition of
the underlyving regions (e.q.. coding vs. noncoding, CG-content
stability 3nd H¢.~|F~[|I’rf ). ete.] can tell us how the two genomes are
related in terms of )

* avolutions ry dista hees,

. paﬂernsa{fcansehﬂtion,and

o mechanistns of evolution and selection that acted since their
divergence.
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Probes
Z2E
|
¥
g |
1
L
4
i

_ Padiw |

The genomic sequences undercomparison: A) M. genitalium
(Y-axis)and M. pneumoniae (X-axis), computed using 300

probes from six iterations, taking about 5 seconds using a
=== -~*“mized algorithm
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= Homalegy tesi - 40 fX

EE;;L Ingwt | Mes Distelbastion | Intervals | Probes Dobug |
——

Homology
AR ARE

b

The mouse chyomosome 18 and rat dhyomosome 1 share a syntfenic
region about 200D at the beginning of the two chromosomes
{arrow).
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= Homology fest

Fput | Mes Distrbation | Indnrests | Piobes  Homaloay | Dishug |

45 | ] 1 | I
a e (}T da+T =007 BT T+(E0d 1 Ze+{108 1 de=005 1 Gear= 008 1 Be=[E

Siep Slege 1 _HIII'II-

Aligrumant betweaen Mouse Chromosome & and
human chromosome 4.

Made by A-PDF PPT2PDF (5, 105.3), and takes about 45 seconds.



Homology Curve

An m-mer is 3 word c:nc|eng’c|1 m . selected from
either genome.

Consider a location in the first genome, Gylal
and a short window, starting at a.

Wi o = Gila, a+m=1]
Compate this window with 3 word oFequa|
|eng‘cﬁ from the second genome starting at
G [B]:

W, 6= GIB, B+m = 1]

Define the |'fa:::mc::|r:rgy level for the locations
G,lal and G5[B] and a window of size m as
hﬂ}('G-[[ﬂr]r Gg[ﬂ], m)=(1/m) Z-F1m_1 ][Gﬂﬂf*ﬂ = G2[a + ¥]'
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Homology Curve

e Let us define, h(a) to denote the |1|'c_:]|1est
homology level for genome Gy at position a.
and CDITJPH":ECI with respect to G5

h({l) = maxqi B<G2l-m hm)(G-[[ﬂ], 'CIhE[Blr m)

¢ The “homology curve” for the first genome, Gy
with the respect to the second genome G, is
then defined as:
h - [1..(31 -m—1] — [0, 1]

A h(ﬁ)
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B2 PRIZM

e

S Rep|acinc_;] nhon-determinism with 3
probabilistic quessing scheme.
— The probability distributions are based on
biologically meaningful priors.

- Using these priors it quesses 3 local homobgy
curve, and designs and Perﬁ:rms an in silico
experiment.

~ It uses the results to veriﬁr its quess (in linear
time) and refines the local hc:rmoh::rgy curve
and the proba l'wi||’cy distributions for the next
iteration.
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— Probabilistic quesses

e Use 3 Bayesian scheme and a boosting approach
to mocliFy the probability distributions of the
"quessing experiments” from one iteration to
next.

o Ateach iteration, 3 sequence of words with a
speciﬁc distribution is selected from one
denome, and is op’clmaHy pal*’cﬁ:ioned into
groups for “in silico experiments" invo|ving

— exact-match search,
— inexact-match search with one error,

— irexact match search with two errors, etc.
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-, Probabilistic quesses

e These searches can be emcienﬂy
conducted over the second genome,
— Assuming that the other genome has been

preprocessed and stored in an efficient data
structure (e.q., suffix arrays or hash table).

— From the results of the experiments, 3
Bayesian estimator can compute the local
homology levels for the genome, and use it
to verlfy and sharpen the probabilistic
distributions for the next iteration.

e The algorithm converges to the true local
homology levels after a few iterations.
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B In Silico Experiments

¢ Letb B=1G2 /b, w, w. m, Ng Ny ..., N, (k<m, and
in our applications usually k = %) ) be some pre-specified
parameters.
~ Choose k+1 random subsets, 50/ 51 -+ -/ S of words
each of length m, randomly (ili.d. uniform) from
Gqlo, a+w—1], such that

1Sol = N, ISl = Ny, .. ., and IS,] =

- Wrﬁ ider L inthe second qenome of length b:
-G, B, B+h—1] et Xg Ky . ., Xy respectively)
h: defined 3s the gl m*hfil of m-mers from set S
Sy . . .. S, respectively) that match exactly (with one,
two and so on up ol mismatches, respectively) to

an m-mel in G,[B, p +b=11.
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7 Experiment Design

> By examining the sensitivity (o(Xi/Ni)/oh =

a'i[h]) we can divide the interval for h into three
intervals: [1/4, 0,1 = [1/4, (m—2)/m], (6, 6,] =
[((m—2)/m, (m—1)/m] and (6, 1] ~
((m—1)/m, 11, such that the choices of
(Ng,N;, N,) are based on the following mixed
strategies:

Ny = (K/b) [ pmfh) dh

N, = (K/3bm) [o*? pu(h) dh

N, = (2K/9b(m2 -m)) [, p;,(h) dh
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B In Silico Experiments

o Thus .‘*{i'S foriin [0.k] are binomially distributed random
vall ose parameters d&pcﬂ?d oh the hf::r‘rﬁc:bqw level h.

&

Je can es ’urﬂ’ite the loc:
estimatols:

° | homology by the following robust
{ h1Xg Xg e X )
= [t hpChlXg ... X,) dh
= Jo' hpCh) pCXg, wan Xybh) dh/ [ pCh) pCXg .o X 1h) dh
Iy, compute the mean, standard deviation and
conbi ]‘Fr?._._ of the homology function over Bg

— Let B = arg maxg mean(Bg). Then the homology function is
estimated at a. by mean(Bg.).
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Conditional Probabilities

r=bpm3 _{ Clm,jl 3
5= X Clm,jl b=t (1 = h)I
b=(1—s)1—r,)

3=1—b=s.+r.—sr.

P(HK], \'\_ "\{I-';Ih) X H| a| A h”l =i
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= Initial Priors

o Using Jukes-Cantor: the random variable r represents
the 1ate of ]‘P substitution per site per vear,

— |nthis mo ]‘ s ssumed that nac |Pﬂ~t|d
substitution occurs at any nucleotide .
Fre quency and {3t each site 3 huclecti TP e h’ir“q-‘“ tﬂ
one of the three remaining huc leatides with 3
probability a. pel vear. r=3 o

— The substitution rate is often hulw 3t functions
less important sites th’ir? at functionally more
mportant sites.

- 3521 r e~ ExpDnEr?-tiaHl): Fw(j') = je~ " |nthat case

pCh) ~(4h —1)3/8T-1
- Case 2 r ~ Gamma(, v): fp(r) = W e~ =T (V). In
that L
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— Initial Priors

> A more camp|ex structures arise 3s we
consider multi-parameter models: e g,
Kimura's Two-Parameter Method. In this
model, the rate of transitional
substitution per site per year () is
assumed to be cllgeren’c from that of
transversional substitution (2p).

h=(1-P)1-Q)
P=(1/4) (1 — 2e H&'PT + ¢~ 8pT)

O=01/2) (1 — &5bT)
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— Initial Priors

o Assume thata ~ Exponentia |(lm) and p ~
Exponential(i;) and they are independent

pCh) = (i, ;/8T?)

f O1 (1 — P)2+CosiB¥8T(2| + P — {)Ca—2p)/8T
(h — 2P + p2)—10/4T
/CCh+P —1)(h— 2P +P2){P.
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S0 Refi ning Priors

e

e In iteration i, let us consider an interval | with k
ha:::moh:rgy estim ates:

(M O1), (Ko O3 ), sam, { Wy, O )

¢ Assume that the homology values hy, h,, .. h,
is sampled from a distribution

h ~ N(p, 62).
o Furthermore, we assume the Fa:::”c::rwing:
n~ N t9)
r=(c?+12) 1~ T (a, B).
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— New Prior

— Prior = Kummer's hypergeome‘cr ic function
of order 1
fChiz t, o, B)
~ [SV72 pa-2 | /Al = r12) e Brdr
~Flo—1 0 —=1/2,—B/1%)
~ ((h-8)2 + 2 B) /2 12)-o
- Estimates
£ ll'i}
v ) =)
/P =( (62 +2)T1)
a/B?={62 +12)"2)_ (g2 +12)"1)2
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Optimizing the parameters

o The parameter cholces 31e 33 follows:

Let the number of Blocks (b) and the number i:«i_fwfﬂ-.iom (w,) be
chosen 3 priori based on the needed resolution for homology.
We may LI]G'G"-'-L-" these parameters so that b= O(/(G5)) and w=
G(X/(Gﬂ} We 3ssign K =01) amount of vork to 3 reqion
defined by 3 L_Dmhhatlon of any '-'-|r"f__]|r" bloclk with any '-'-|I"lf_'||r"
window,

Thus the amount of work is I'Dclglﬂg K(G{G, )/ (wb) = O(G1+G2)
pel Itergtion.

The mer size palameter 'm’is chosen so Hﬂtfhe IDPaHHJW of 3
“hit" in 3 block containing 3 homologous sequence much hlthl
than in 3 randem block:

(b/4m) « B(hy, G)m
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To be continued...
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