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Abstract — This project is an attempt to evaluate the credibility limits
from the pairwise sequence alignment of orthologous human and rodent
gene sequence pairs through a modified implementation of
BALSA(Bayesian algorithm for local sequence alignment), which includes
centroid alignment, and hamming distance not in BALSA as well as
sampling alignments which already were implemented by Webb (2001).
The currently tested data set is a group of upstream DNA sequences of
24 pairs of orthologous human and rodent genes.
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[. INTRODUCTION

Sequence alignment is a widely used fundamental concept in biological
applications such as RNA and protein structure prediction and is actively
studied. However, when we consider assessing uncertainty and
confidence of a proposed alignment, it is very hard for us to have
confidence in an optimized alignment in terms of probability; it usually
has a very low probability. We introduce a centroid alignment which
minimizes the distance from sampled alignments and a global credibility
measure.

This project adds a centroid alignment and credibility limit to the original
BALSA. It was originally initiated in AM 282-2 (statistical inference in
computational molecular biology) in the spring semester of 2007. In the
spirit of that course, the primary goals of this project have been to
identify and explore the credibility limits from the given data set.
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The rest of the paper is structured as follows: section 2 will describe
background knowledge: global sequence alignment, local sequence
alignment, posterior distribution of the alignments, and Bayesian
inference. Section 3 and 4 will describe Bayesian algorithms of the local
and global sequence alignment as the main structure of the project.
Section 5 will describe centroid alignments. Section 6 will describe
credibility limits. Section 7 will describe performance results. The
conclusion will follow.

II. BACKGROUND KNOWLEDGE
1. Global Sequence Alignment

A global sequence alignment seeks to find the best alignment between
two entire sequences. Needleman and Wunsch(Durbin 1999) designed the
algorithm for the global sequence alignment. This is actually based on
the dynamic programming. We have to consider three parts of the
procedures: initialization, recurrence, and backtrace, before developing
the matrix.

The three parts are as follows :

Initialization :
Matrix( i1, O) and Matrix( O, j) are set to indel * i and
Indel *j:1=0, -, nand j =0, ---, m.
n and m are the length of sequence 1 and sequence 2 respectively.
Indel means the cases of insertion and deletion.
Recurrence :

Matrix(i -1, j —1) + scoring(S,;, S, ;)
Matrix( i, j) = max <{Matrix(i —1, j) +indel
Matrix(i, j —1) + indel

“Scoring” function is a positive integer number as



a reward in the case that the i™ character of sequence 1 and

the j™ character of sequence 2 are matched and any negative
integer number as a penalty in the case that the i™ character of
sequence 1 and the j™ character of sequence 2 are not matched.
“Indel” function (insertion and deletion) is a negative integer
number as a penalty in the case that the i" character of sequence
is matched with ‘ — ‘, which we call insertion or j" character of
sequence 2 is matched with ‘ =, which we call deletion.

We can fill in a maximum value among the above three directions
in each cell in the matrix using the recurrence procedure. We
maintain a pointer to this maximum value.

Back trace :
The global optimal alignment can be found by following the
pointer defined in the recursive step.

2. Local Sequence Alignment

Local sequence alignment tries to find the best alignment between two
subsequences. Smith and Waterman(Durbin 1999) designed the algorithm
for local sequence alignment. This is also based on the dynamic
programming. When we compare it with global sequence alignment, the
procedure is almost the same except in a few cases. We have to also
consider three parts of the procedures: initialization, recurrence, and
backtrace, before developing the matrix.

The three parts are as follows :

Initialization :

Matrix( i, O) and Matrix( O, j) are setto 0:1=0, -, nandj =0, -+, m.
n and m are the length of sequence 1 and sequence 2 respectively.

Recurrence :



Matrix(i —1, j —1) + scoring(S,;, S, ;)
Matrix(i —1, j) +indel

Matrix(i, j —1) + indel

0

Matrix( i, j) = max

“Scoring” function is identical to that described for Needleman-
Wunch.

Backtrace :
Backtrace is also the same as Needleman—-Wunsch except for
Starting with the cell that has the maximum value

3. Bayesian Inference

When we think about the pairwise sequence alignment in terms of
Bayesian analysis, we can consider that the observation data is the given
sequence data, and the unknown parameter is the gap penalty. The
posterior distribution which is made by a likelihood times the prior
information probability allows us to get the joint probability. The
posterior distribution of the gap penalty is solved using the conditional
probability called the Bayes’ theorem.

Mathematical notation of the posterior distribution is
P(AB) _ P(B|AP(A) _ P(BIAPA)

P(AIB) =
P(B) P(B) 2.P(BIAP(A)

A 1s the unknown parameter which indicates the gap penalty and B is the
observed data which indicate the given sequence data. P(A) is prior
probability.

1. BAYESIAN ALGORITHM OF LOCAL SEQUENCE ALIGNMENT

BALSA actually returns the posterior probability matrix of the alignments



whose cell includes the probability normalized by the total sample size.

Firstly, I am going to describe the forward recursive algorithm to find the
posterior probability of the alignment. Before describing the algorithm, I
am going to define the notation and equations used in the posteriors. For
a pair of sequences, the observed data are R® = {R®--R®W} and R® =

{R®--R@}, Let A be a matrix that characterizes an alignment whose (,

i)—entry is defined as :

i

_|1if R™ is aligned with R{?
0 otherwise

It 1s called a sample matrix which has two natural conditions, ZA” <1

and » A ;<1 in R®and R®,
j

6(r*,r?) is defined as the joint distribution of a pair of aligned residues,
6(r', 0) and 8(r?, 0), the marginal distributions. 8 denotes a set of
matrices analogous to scoring matrices. Typical scoring matrices
correspond to the logarithm of residue interactions:

log¥, ,=1logd(r, r?) —logb(r*, 0) - logd(0, r?).
T 1 J 1 j

The equation of the posterior probability of @ and A (gap opening and
extending penalty) given R®and R® is as follows:

P(R®,R®|6,A)P(6,A)

P(6, A| R® R®) =
> P(R®,R?|0,A)P(6,A)
0, A

P(@,A) = 1/N,,, where N, is the number of the scoring matrix and gap

penalty pairs in the chosen series. Uniform priors are employed.
Next, P (R®,R?|4,A), posterior probability, is found.
Its equation is as follows:

P( R(l),R(Z) | 9,/\) — ZP(R(l),R(Z) | A,H)P(Al ﬂ«oyﬂe)
A



z P(R(l), R(Z) | A, e)ﬂkg(A)ﬂlg(A)_kg(A)
— _A

Zikg(A')/ilg(A')fkg(A')
0
<

e

A =(4,,4,) is a set of predefined gap odds ratios.

kg (A) lg (A)—kq (A)
ﬂog /'Leg 9

P(A| 4, A.) = Ko (A) 21 (A)—k, (A)
: Z/I o (M) 2l g
Av 0 e

Webb(2001) used the 5 following components to get the partial sum up
to residues 1 and j in sequence 1 and sequence 2, respectively at each
step of algorithm to get the sums in the numerator of equation 2: match,

start, end alignment each in ri(l’ and rj2 insertion in sequence 1, deletion

in sequence 1. The algorithm can be written as follows (Webb 2001):

A. A match at ri‘l) and rj(z) can follow a match, insertion, deletion or

new alignment from partial sums with indexes (i-1, j-1):
Pm(, j) = { Pm(i-1, j-1) + Pi(i-1, j-1) + Pd(-1,j-1) + PnG-1, j-
DI (r®, rj(z))

B. An insertion in sequence 1 can follow partial sums with indexes (i-
1, j). If the last move was an insertion, then a gap is being

extended, 4,. If the last move was a match, either continued or the
beginning of a new alignment, a new gap is being introduced, A, :

Pi(i, j) = APiGi-1, ) + A4, {Pm(-1, ) + PnG-1, )}
C. Accordingly, the same follows for a deletion:

Pd@, j) = APdG, j-1) + A4, {Pm(, j-1) + Pn(, j-1)}

D. Starting an alignment at r® and r® is matching those two



residues as if they are the first two residues in the sequences:

Pn(, j) = ¥ (r®, r®)
E. The partial sum of ending r® and r® is the sum of all possible
i j
paths beginning anywhere prior to r® and rj(z’ and ending at r®

and ﬁ”i

Pe(i, j) = Pm(, j) + Pi(i, j) + Pd(, j) + Pn(, j)
F. Finally, the partial sum of all alignments beginning at any point

prior to r® and rj(z) 1s the sum of all possible paths ending at any
point prior to and including ¥ and r®:

i J
PG D= D> Pekl) = S PRY,RD|A G A0P 1 ®
A

k=1 1=1
= PG, ) 6(RY 0)0(0,R®)
1
The initial conditions are: Pm(i, 0), Pi(i, 0), Pd@, 0), Pn(i, O) and Pe(j,
0) =0 and Pm(0, j), Pi(0, j), Pd(0, j), Pn(0, j) and Pe(0, j) =0
respectively.
Webb (2001) also used a similar method as the recursive algorithm

above to get the sums of the denominator of equation 2. Initial
conditions are the same.

A. Nm(, j) = Nm@G-1, j-1) + Ni(i-1, j-1) + Nd@i-1, j-1) + Nn(i-1, j-1) }
Ni(i, j) = ANiG-1, ) + A {Nm(@-1,j) + NnG-1, )}

Nd@, j) = ANdG, j-1) + A4, {Nm(, j-1) + Nn(G, j-1)}

Nn(, j) =1

Ne(, j) = Nm(, j) + Ni(, j) + Nd(, j) + Nn(, )

B o 0w

F. NG, = zi Ne(k,1)

k=1 1=1
Finally, the posterior probability for i"™ scoring matrix and gap is as



p.(i, )

NG
@ (i)
2N, )

Secondly, Webb(2001) describes how to draw the representative sample

of alignments using a sampling backtrace algorithm. The sampling

algorithm is split into 3 steps:

A. The parameters € and A are sampled from the posterior

B.

C.

distribution, above P(R®,R? |6,A).

An endpoint from backtrace is sampled from all the possible end
points. Thus, endpoint(k, 1) is chosen from Pe(i, j) :i=1, -, ;] =
1,--, J. The next move is sampled from 4 choices, matching,
inserting, deleting or beginning the alignment at (k, 1), according
to the probabilities, Pm(k, 1)/Pe(k, 1), Pi(k, )/Pe(k, 1), Pd(k, 1)/Pe(k,
D, Pn(k, D/Pe(k, ).

Afterwards, each choice of the next point depends on the previous

one:

1) If the last choice was a “match”, Pm(k, 1), r® and r® are

matched, we add A,,= 1 in the above samples’ matrix and (k,

1) becomes (k-1, 1-1). We can take one of 4 choices, Pm(k,
D/Pelk, D, Pitk, D/Pe(k, D, Pdk, D/Pe(k, D, Pn(k, D/Pe(k, 1),
respectively.

2) If the last choice was an “insert”, a gap is inserted into
sequence 1 and (k, 1) becomes (k-1, 1). An insert is preceded
by a match, insert or begin alignment. The next choice is
sampled from Pm(k, 1)/[Pm(k, 1) + Pi(k, 1) + Pn(k, D], Pi(k, 1)/
[Pm(k, ) + Pik, ) + Pn(k, D], Pn(k, )/ [Pm(k, D + Pi(k, 1) +
Pn(k, D].

3) If the last choice was a “delete”, (k, 1) becomes (k, 1-1). The
next choice is sampled from Pm(k, 1)/[Pm(k, ) + Pdk, 1) +
Pn(k, D], Pdk, 1)/ [Pm(k, 1) + Pdk, ) + Pn(k, D], Pn(k, 1)/
[Pm(k, ) + Pd(k, ) + Pn(k, D].

4) If the last choice was a “begin a new alignment”, we also add



A, = 1 in the above samples’ matrix, and the sample is

completed.

IV. BAYESIAN ALGORITHM OF GLOBAL SEQUENCE ALIGNMENT

The Bayesian algorithm of global sequence alignment also returns the
posterior probability matrix whose cells contain the marginal probability
of the alignment normalized by the total sample size. The only difference
between the Bayesian algorithm of local and global sequence alignment is
the initialization and formula of the recursive forward algorithm. I am
going to describe the forward recursive algorithm to find the posterior
probability.

Liu (1999) used the 4 following components to get partial sum up to
residues 1 and ] in sequence 1 and sequence 2, respectively at each step

of the algorithm: match, alignment each in ri(l) and rjz, Insertion 1in

sequence 1, deletion in sequence 1.
The algorithm can be written as follows:

A. A match at ri(l) and rj(z) can follow a match from partial sums with
indexes(i-1, j-1):
Pm(, ) = PG-1,i-D¥ (r®, r®)

B. An insertion in sequencel can follow partial sums with indexes(i—1,
i). If the last move was an insertion, then a gap is being

extended, 4,. If the last move was a match, a new gap is being
introduced, A, :

Pi(i, ) = {APi(i-1, ) + A, {Pm(G-1, D} ¥ (r?, )



C. Accordingly, the same follows for a deletion:

Pd(, j) = [A4PdG, j-1) + 2, {Pm(, j-1) + Pi(i, j-1D}] ¥ (e, rj(z))
D. The partial sum of ending r® and rj(z) 1s the sum of all possible
paths beginning anywhere prior to r® and rj(z) and ending at r®

and rj(z) ;

Pe(i, j) = Pm(, j) + Pi(i, j) + PdG, j)

The initial conditions are: Pm(0,0) = 1, Pm(, 0), Pi(i, 0), Pd(i, 0), and Pe(,
0) =0 and Pm(O, j), Pi(0, j), Pd(0O, j), and Pe(0, j) =0 respectively.

V. CENTROID ALIGNMENT

We introduce the centroid alignment starting from the classic optimal
alignment. When we think about it, an optimal alignment always tries to
find the alignment which has the maximum score. It typically has a very
small probability. We introduce the centroid alignment which is composed
of the aligned pairs of nucleotides whose marginal probability is greater
than 0.5 in the generated sample matrix. The centroid alignment is
actually the alignment that minimizes the distance from all possible
alignments in the given pairwise sequence alignment. We approximate
the centroid by calculating the alignment which minimizes the distance
from a representative sample of the alignments.

The algorithm of the centroid alignment is simply as follows:

A. Draw a representative sample of p, p=1000, alignments by sampling
directly from their posterior distributions in BALSA
B. Make a matrix, A°of centroid alignment which is initialized by O

C. Record Afj = 1 if and only if its probability of each pair is greater than



0.5 from the samples matrix, A ;, based on posterior probability 1i.e.

A{j =1,if A;>0.5 (Ai'j 1S a samples matrix composed of

probabilities which are obtained from sampling )
The alignment of two sequences from A° is called the “centroid
alignment “

VI. THE DISTRIBUTION OF DISTANCES AND CREDIBILITY LIMITS

We can measure the distance between all possible sequence alignments
and the centorid alignment using the hamming distance. For example, we
suppose that we have two binary based matrices of size (mxn) whose
cells are each composed of 1 if two residues from each sequence is
aligned, otherwise, 0. Thus, we can measure the distance between two
binary matrices by subtracting one matrix from another. We can use the
hamming distance to do it. Mathematical expression is as follows:
For Matrix A and B,
Distance (A, B) = iil A, -B,|

i=1 j=1

The algorithm of the hamming distance is simply as follows:

A. Draw a representative sample of p, p=1000, alignments by
sampling directly from their posterior distribution in BALSA

B. Calculate the distances from the centroid alignment to each
sample alignment based on the posterior probability

C. Rank these alignments by their distance, D,= D(A ,A°) from

th

the centroid alignment A° and D, which is i sample

distance
D. Calculate distances based on 85, 90, and 95% from the rank
list



E. Evaluate credibility from the above limit distance

VII. PERFORMANCE RESULTS

[ used a set of 24 human — rodent sequence pairs (Thompson, 2004) to
access centroid alignment and credibility measures. This set of
sequences represents 3-kb upstream regions from orthologous gene
pairs. I used the last 1000 sequence pairs of those regions in the 24
human — rodent sequence pairs.

All sequence pairs are evaluated using BALSA with a sample size of
1000 to attain the estimated alignment distributions from sampling,
centroid alignment, and credibility intervals. I also used a scoring matrix
of pam DNA and gap opening and extension penalties of —-14 and -2
respectively.

1. CENTROID ALIGNMENTS

The centroid alignment is actually the alignment that minimizes the
distance from all possible alignment in the given pairwise sequence
alignment. To display this alignment and the base pair alignment
probabilities, I used a mesh and an “imagesc” function in Matlab. Figures
la, 1b, 1c, and 1d give example outputs of the alignment display for
Bayesian local and global sequence alignment respectively a human-
rodent NM001927/NM010043.1. If the colors of each dot are close to red,
the probability of the centroid alignment is close to 1. On the other hand,
if the colors of each dot are close to blue, the probability of the centroid
alignment is close to O.
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Figure 1. Centroid alignments graphs for human — rodent NM_001927 vs

rodent sequence index

NM_010043.1. (a) 3D graph (b) 2D graph for Bayesian local sequence alignment
(c)3D graph (d) 2D graph for Bayesian global sequence alignment

2. Credibility Limits

Credibility Limits are generated by examining the distribution of the
distances of the alignments in the posterior space of alignments from the
centroid alignment. [ used 85%, 90%, and 95% as credibility intervals. |
represented those percentiles for the 24 human — rodent orthologous
sequence pairs from the distribution of distances which is generated by
examining the distances from the centroid alignment to each sample’s
alignment. [ used four methods for credibility limits measures: BALSA,
Bayesian global sequence alignment, global optimal sequence alignment,
and local optimal sequence alignment. | got those two optimal alignments
using match=2, mismatch = -1, and indel = -2. I allowed them instead of
the centroid alignment to get the credibility limits. Figure 2 is an example
output of the human-rodent NM_001927/NM_010043.1. Table 2
represents all credibility limit values of 85, 90, 95% in Bayesian Local
Sequence Alignment. We got 495, 521, and 621 as average credibility
limits for each 85,90, and 95%.
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Figure 2. distribution of credibility limits of 85, 90, 95% for the centroid
alignments using BALSA in human NM_001927 vs. rodent NM_010043.1

human vs. rat 85% 90% 95%

NM_001927 vs. NM_010043.1 505 533 574

NM_001042 vs. NM_012751.1 481 504 541




NM_002479 vs. NM_031189 862 869 878
NM_002476 vs. NM010858 794 1046 1055
NM_003281 vs. NM_017184 414 435 466
NM_000257 vs. NM_080728.2 829 991 1089
NM_002471.1 vs. NM_010856 457 515 566
NM_001100 vs. NM_009606.2 604 647 1170
NM_000747 vs. NM_009601 301 323 357
NM_001885 vs. NM_012935 162 174 188
NM_005205 vs. NM_009943 283 334 399
NM_000258 vs. NM_010859.2 417 455 534
NM_000432 vs. NM_001035252.1 433 497 667
NM_005368 vs. NM_013593 481 523 590
NM_000290 vs. NM_018870 492 546 595
NM_005159 vs. NM_009604 483 539 629
NM_000321 vs. NM_009029 381 421 489
NM_003186 vs. NM_011526 465 495 542
NM_000751 vs. NM_021600 358 405 465
NM_006172.2vs. NM_012612 425 447 482
NM_000109 vs. NM_007868 430 446 468
NM_000080 vs. NM_009603 458 494 554
NM_005159 vs. NM_009608 434 528 727
NM_001824 vs. NM_007710 319 354 413
Average Distance 469.5 521.7083 601.5833

Table 2. Credibility limits of 85, 90, and 95% for the centroid alignments using

BALSA in 24 human-rodent sequence pairs

Figure3 i1s an example output of the human NM_001927 vs. rodent
NM_010043.1. Table 3 represents all credibility limits value of 85, 90,
95% in Bayesian global sequence alignment. We got 540, 585, and 653 as
average credibility limits for each 85,90, and 95%
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296,297,297, 297,297, 297, 297,297, 297, 298, 296, 230, 294, 299,299, 293, 299, 239, 293, 300,300, 300, 301, 301,
01,301,
301,301,300, 302,303, 303, 303, 303, 304, 305, 305, 306, 305, 305, 305, 306, 305, 306, 307, 307, 307, 307, 308, 308,
308, 308,309, 309,309, 309, 309,309,309, 311,311, 311,311, 311,312,312, 312,313, 313, 313,313, 314, 31 4, 315,
315,315,
315,316,315, 315,315,315, 315,315,318, 31 7,317, 317, 31 7, 31 7317, 317, 317,317, 317, 317,318, 318, 319,319,
318,318,319, 318,319, 318, 320,321,321, 321,321, 321, 321, 322,322, 322, 373, 323, 323, 323,324, 324, 325, 325,
326,326,
325,325,325, 325,325, 325, 326,327, 327, 327,327, 321, 327, 328, 328, 329, 379, 328, 329, 328,329, 329, 330, 330,
330,330,331, 331,331, 331, 331,331, 331, 331,331, 331, 332, 333,333, 333, 333, 333, 333, 333,333, 334, 336, 335,
335,336,
336, 336, 338, 336,336, 335, 337, 337, 338, 338, 338, 338, 339, 338,339, 339, 339,338, 338, 338,339, 340, 340, 340,
340,341,341, 341,342, 342, 343, 343, 343, 343,343, 343, 344, 344,344, 346, 345, 345, 345, 345,345, 345, 345, 345,
346,346,
346,346, 347, 347,347, 347, 347, 347, 348, 349,349, 349, 0, 351,351, 351, B2, 352, 352, 362,363, 353, B4, 354,
355, 355, 556, 365, 355, 355, 366, 357, 357, 257,357, 357, 567, 567, 357, 357, 58, 358, 350, 560, 350, 350, 569, 359,
360, 360,
51, 361,361, 361,351, 362, 363, 353, 363, 363, 365, 365, 365, 365, 365, 367, 367, 557,360, 364, 569, 369,

70,370, 370, 370,370, 370, 00,371, 3N, 301, 3N, 37, N2, 72, 372, 32, 3,373, 373, 34, 376, 3, I, T,
37,376, 37, 76,377, 377, 377,377, 377, 397, 377, 377, 78, 379,379, 360, 361,381, 361,391, 361, 368, 2,362,
353,365, 365, 366, 355, 397, 357,397, 369, 399, 359, 365, 359, 390, 332, 353, 363,394, 354, 395, 395, 396, 396, 395,
395,396, 397, 98,398, 35, 400,400, 401, 401, 401, 402, 402, 403, 403, 403, 403,403, 406, 405, 405, 408, 407,407,
407,408, 405, 409,409,409, 10,411, 412,412, 413,413, 414, 414,415, 415, M 7,417, 417, 417,417,418, 419,419,
419,419, 420,421,421, 422, 423,423, 423, 423, 423, 425, 475, 427,427, 427, 427,428, 428, 429, 429, 43, 432,433,
433,433, 434, 434, 435, 475, 435,435, 435, 437, 439, 435, 40, 441,443, 443, 443,443, 444, 444, 445, 445, 407,443,
443,443, 451, 451,452, 452, 453, 453, 453, 454, 455, 455, 455, 457, 458, 453, 459, 455, 453, 451, 462, 462, 453, 465,
455, 465, 455, 465, 450, 450, 469,459, 471, 471, 471, 4T3, 474, 475, 475, 475, 476,477, 400, 400, 431, 401 . 402,403,
454,487, 457, 487, 438, 455, 489,483, 491, 431,491, 498, 493, 495, 436, 456, 496,500, 501 , 501 . 503, 54, 04, 505,
508,508, 511,511,511,511, 513,513,515, 516,51 7.517. 518,518, 518,519, 59,521, 521 , E2. 522, 523, 23,526,
525,525, 525, 526, 526, 525, 527,528, 529, 529, 530, 531, 31, 531, 531, 522, 533,534, 534, 534,535, 536, 37,537,
537,539, 539, 540,540, 540, 541,541, 542, 543,543, 543, 543, 544, 544, 545, 545,545 546, 547,547, 547, 47 54T,
547,547, 547, 549,549, 549, 549,549, 549, 550,550,551, 551, 561, 552, 553, 563,553, 553, 553,554, 554, 554, 556,
555, 555, 55, 556, 556, 557, 557,557, 557, 557, 555, 550, 559, 959, 580, 560, 560,561, 561 . 551 561, 562, 562 563,
563,563, 554, 565, 555, 556, 5677, 567, 557, 558, 568, 568, B9, 569, B89, 589, 70,571, 572, 572,573,673, 573,573,
573,573, 5, 576, 575, 57, 577,577, 577, 578,579, 578, 579, 540, 581, 581 , 551, 581, 554, 595, 566, 547, E7, 565,
539,599, 599, 590,590, 591, 591,591, 53, 593,593, 598, 593, 594, 594, 594, 595,595, 596, 597,595, 590, 99,601,
01 E01, 603, 503, 603, 504, 604,504, 04, 605, 605, 606, 605, 505, 608, 506, E07.607, 607, 607,609,611 615,617,
617.617.621, 621,621, 621, 621,622, 623, 23,623, 623, E25, 625, 626, 627, 627,627, 628, 30, 630 630, £31 631
634,635, B35, 635, B35, 635, 637,637, 639, 540, 61, 541, B4z, 643,647, 647, 651,653, 655, £656, 657, 658, B61 663,
654, 565, BE5, 663, 570, 675, 677, 695, 666, 595, 690, 598, B33, 695, 697, 701, 704,707, 721, 723,741, 753, |
seawsarwsans Cregibility Linit (65,90, 5] resssrsssrsr

The credibility limit gf 85% : 5T

The credibility limit gf 90% : 5%
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Figure 3. distribution of credibility limits of 85, 90, 95% for the centroid
alignment using BAGSA in human NM_001927 vs. rodent NM_010043.1

human vs. rat 85% 90% 95%
NM_001927 vs. NM_010043.1 570 595 630
NM_001042 vs. NM_012751.1 552 580 619
NM_002479 vs. NM_031189 680 718 788
NM_002476 vs. NM010858 358 394 447
NM_003281 vs. NM_017184 448 508 616
NM_000257 vs. NM_080728.2 495 519 554
NM_002471.1 vs. NM_010856 544 577 619
NM_001100 vs. NM_009606.2 454 654 965
NM_000747 vs. NM_009601 389 427 508
NM_001885 vs. NM_012935 216 227 245




NM_005205 vs. NM_009943 297 332 389
NM_000258 vs. NM_010859.2 394 435 489
NM_000432 vs. NM_001035252.1 806 870 952
NM_005368 vs. NM_013593 1111 1120 1134
NM_000290 vs. NM_018870 1179 1246 1328
NM_005159 vs. NM_009604 481 511 563
NM_000321 vs. NM_009029 386 422 484
NM_003186 vs. NM_011526 761 814 907
NM_000751 vs. NM_021600 443 463 502
NM_006172.2 vs. NM_012612 486 516 555
NM_000109 vs. NM_007868 499 515 538
NM_000080 vs. NM_009603 401 449 490
NM_005159 vs. NM_009608 504 597 760
NM_001824 vs. NM_007710 520 556 604
Average Distance 540.5833 585.2083 653.5833

Table 3. Credibility limits of 85, 90, and 95% for the centroid alignments using

BAGSA in 24 human-rodent sequence pairs

Figure 4 1s an example output of the human NM_001927 vs. rodent
NM_010043.1. Table 4 represents all credibility limits value of 85, 90,
95% in a global optimal alignment. We got 889, 933, and 997 as average
credibility limits for each 85,90, and 95%

354,370, 373, 319,387,389, 396,419, 429, 433,435, 436, 441, 446, 454, 45, 455, 457, 463, 455, 465, 4T5, 475,477,
478,478, 483, 485, 485, 487, 459,491, 493, 500,610,511, 513, 61 3,513,517, 617,519, 520, 524, 525, 528, 526,527,
527,827,
529,529, 532, 532,534, 536, 535,537, 537, 539,539, 539, 539, 539,539, 541 , 541,543, 543, 545, 548, 543, 549,551,
551,652, 553, 566, 557, b5V, B58, 558, BE0, 551,661, 562, 563, 563,564, 566, 565,566, 566, 569,571, 571, 571,571,
571,572,
573,573,579, 575,575, 57, 577,577, 579, 579,580, 581, 551, 552,583, 585, 555,585, 565, 536, 567, 587, 537,589,
589,590,580, 591,591, 591, 891,531, 593, 593, 593, 553, 593, 584,595, 5596, 595, 595, 596, B35, 596, 597, 597,598,
539,539,
539,698, 589, 539, 500, 500, 801,601, 601, 601,602, 603, 503, 504,604, 506, 605, 605, 6065, 607, 607, 608, 509,609,
G11,611,613,.613,614,614, 614,615,615, 615,615,617, 61 7,61 7,617,618, 618,619, 619, 619, 620, 620, 821,621,
621,621,
621,622, 622, 622, 627, 622, 623,623, 623, 624,624, 624, 626, 626,626, 626, 626, 626, 627, 627, 627, 627, 627,627,
B28, 628, 629, 629, 629, 629, 29,630, 630, 630,630, 631, 631, 632,632, 633, 633,633, 633, £35, 635, 636, 635,635,
635,635,
B35, B35, 635, 636, 637, 638, 638,638, 639, 639,639, 639, B39, 640,640, B40, 640,641, 641, B42, B42, B43, 643,643,
643,643, 643, 645, 645, 645, BAS, 645, 645, BA6, 647, 647, BT, 647,647, 648, 648,649, 643, 649, 651, 651, €61 651,
651,652,
B53, 653, 653, 663, 653, 653, B53, 654, 655, 655, 655, 655, 67, £67,657, 657, 657, 657, 657, 665, 658, 658, £69,659,
659,659, 659, 651,661,661, B51,661, 651, 651,661, 662, B52, 652,662, BE2, 653,663, 663, 653, 663, BA3, 654,664,
666,666,
B65, 665, 665, 665, 667, BE7, 657,667, B67, 657,667, 667, 657, 668, 668, 663, 669, 669, 663, B3, 663, 670, 670,670,
B70,671, 671, 671,671,672, 672,672, 673, 673,673, 673, 573, 674,674, 675, 675,675, 6%, 675,675, 678, 676,677,
B77.677,
677,677,677, 673,679, 679, 630,681, 681 , 631,682, 682, £33, 633,683, 684, 634, 684, 684, 634, 685, 686, 635,685,
685, 686, 686, 557, 687, 657, B57, 657, 563, 630,689, 689, 539, 599,689, 589, 639,691, 691, 631,691, 691, 691,691,
631,683,




633,633, 693, 633,693, 633, £33, 654, 634, B95, 695, 66, B35, 635, 695, 656, A96, 636, 637, 637,697, 638, 639,659,
639,638, 639, £33, 700, 700, 700, 701, T2, 702, 702, 702, 103, 103, 703, 708, M3, 703, 705, 104, 704, 704, 705, 705,
705, 705, 706, 707, 707, 703, 08, 708, 708, W09, 704, 709, 103, 103, 709, 708, 104, 708, 708, 710, 710, 7L T, T,
TP T T T, T2, T3 713,713, 713,715, 713, 714, T 4,718, 718, 716,715, 715, 716, T16, 716, 716, 717,
TR T, T8 TS, 718,79, 718,718, 20,720, 121,721, 21,721 121, T2, 2R, TER, TE3,TeE, 123, 723, T2,
123,723, 723, 723,726, 725, 726, 726, 128, W26, V26, 12T, 127, 127, 127, 127, 727, 128, 725, 728,728, 728, 729, 729,
728,728, 728, 730,731, 731, 731, 731, 731, 733,733, 733, 133, 734, 736, 736, 736, 736, 73, 73T, 73T, 737, 73T, 73,
738,738, 738, 738,739, 739, 739, 739, T30, W1, T4, TA, 142, 142,743, 743, 744,744, 744, 746,746, 745, 746, 745,
146, 746, 747, 747,748, 743, 749, 749, 748, 748,744, 180, B0, 1,761, 761, 1,751, 76l , B2, Th2, 752, T3, 753,
753,753, 753, 753, 795, 798, 795, 796, 795, 7, TR, 197, =T, 17, 75T, 157, 79, 759, 75, 759, 799, 753, 760, 751,
761,761, 761, 62,763, TE3, 763, 763, Th3, 163, Th4, 764, 164, T84, T4, 766, 765, TEE, TG, 765, TEE, 165, 65, 766,
766, 766, 785, W'Y, e, TEY, 757, 766, 768, W68, 769, 789, "8, TR0, 70, VW, T, P, T3, T3, T8, 103, T3, T8,
T3, T3, T, TR TS, TS, TS, TE, T8, TS, TR, T, I, T, T AT, T, T8, T8, T8, 774, 178, 1A, T,
779,779, 779, 779,779, 779, 720, 781, a1, 781,782, 763, 763, 783, 784, 784, 785, 785, 786, 785, 785, 766, 786, 756,
TET, 78T, TEY, 789,789, 789, 789, 788, 789, 789, 789, 789, 790, 790, 790, 790, 790,751, 791, 781,791, 791, 192, 793,
793,793, 794, 794,795, 796, 795, 795, 796, 796, 796, 797, 197, 797, 747, 797, 745, 798, 795, 799,799, 798, 799, 800,
800,801, 801, 801,802, 803, 803, 803, 803, A05, 805, B0, 505, 805, 805, 806, 806, 806, 806, 817,807, 807, 807, 808,
808,808, 808, 809,809, 809, 810,810,810, 811,511, 811,511, 811.511.812, 813,813,815, 814,514,815, 816,817,
817,817,817, 817,817, 817,819,819,819, 821,821, 821, 822, 822,823, 825, 825, 826, 825, 826,827, 823, 828, 829,
830,831, 831, 831,832, 833, 833. 833. 33, 833,554, B34, 535, 835. 535, 836, 836, 837, 837, 837,835, 833, 835,839,
839,841, 841, 841,843, 643, 843, 644, 546, B46, 845, B47, 847, 847,546, 549, 849,848, 843, 660,851, 652, 863, 656,
B56,857, 857, 850,861, 053, 553, 053, 563, 563,864, 564, 855, 655, 866, 667, 670, 872, 873, 673,876, 878, 677,677,
§76, 878, 663, 633, 866, 657, 559, 651, 8%, 837,902, 803, 909, 909,913, 823, 528, 828, 529, 938,947, 975,
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The credibility limit of 85% : B0B
The credibility limit af 90% - 825
The credibility limit of 95 % - 851

Figure 4. distribution of the credibility limits of 85, 90, 95% for the global
optimal alignment in human NM_001927 vs. rodent NM_010043.1

human vs. rat 85% 90% 95%
NM_001927 vs. NM_010043.1 806 825 851
NM_001042 vs. NM_012751.1 1123 1135 1155
NM_002479 vs. NM_031189 776 821 879
NM_002476 vs. NM010858 820 852 901
NM_003281 vs. NM_017184 634 686 832
NM_000257 vs. NM_080728.2 820 850 901
NM_002471.1 vs. NM_010856 1008 1036 1076
NM_001100 vs. NM_009606.2 787 886 1150
NM_000747 vs. NM_009601 621 754 861
NM_001885 vs. NM_012935 321 331 347
NM_005205 vs. NM_009943 305 346 407
NM_000258 vs. NM_010859.2 575 606 674
NM_000432 vs. M_001035252.1 1365 1417 1491
NM_005368 vs. NM_013593 1655 1662 1674
NM_000290 vs. NM_018870 1443 1520 1571
NM_005159 vs. NM_009604 827 863 918
NM_000321 vs. NM_009029 981 1044 1121
NM_003186 vs. NM_011526 1329 1396 1432
NM_000751 vs. NM_021600 991 1010 1032
NM_006172.2 vs. NM_012612 695 721 758
NM_000109 vs. NM_007868 820 836 855




NM_000080 vs. NM_009603 771 790 827

NM_005159 vs. NM_009608 835 952 1101
NM_001824 vs. NM_007710 1049 1073 1117
Average Distance 889.875 933.8333 997.1215

Table 4. Credibility limits of 85, 90, and 95% for the global optimal alignments

in 24 human-rodent sequence pairs

Figure 5 is an example output of the human NM_001927 vs. rodent
NM_010043.1. Table 5 represents all credibility limits value of 85, 90,
95% 1in the local optimal alignment. We got 1112, 1135, and 1167 as
average credibility limits for each 85,90, and 95%
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477,480, 487, 459,494, 494, 505,510,511, 511,515,519, 520, 522, 525, 527, 527,528, 525,529,530, 532, 534, 537,
537,530,540, 542,544, 544, 544,545, £45, B4T, 545, 549, 549, 551, B52, 554, 554, 554, 554, BB6, 557, 557, 567, 557,
560,562, 562, 565,568, 572, 574,576, 576, 576,576, 579, 579,579,579, 519, 531, 582, 582, 533, 584, 584, 585, 585,
566, 556, 586, 536,506, 505, 506, 556, 565, 539,500, 590, 530,531,591, 591, 592, 552, 553, 593,593, 594, 594, 504,
545,536, 596, 596, 596, 597, 537,539, 600, 603,603, 604, 604, 604, 605, 606, £06, 606, 606, 606, 607, 607, €18, 608,
609,609,609, 610,611,611,611,611,613, 614,614,615, 615,616,616, 616,616,617, 518,618,618, 618,618,620,
620,620,621, 621,622, 622, 623,624, 624, 624,626, 65, 626, B25, 626, 626, £26, 626, 627, 627,627, 628, B28, 628,
629,629, 630, 630,630, 631, 631,632, 632, 632,632, 633, 634, B34, 634, 636, 635,635, 636, 635, 636, 637, 637,637,
635,639, 539, 640,540, 640, 640,641, 542, 542,642, 642, 643, 643, 543, 543, 543,643, 644, 644, 544, 646, 545, 647,
B47,647, 648, 649,651, 651, 881,651, 651, 62,663, 653, 663, E64, 654, 654, £66, 656, 657, B57, 659, 659, B9, 659,
BB0.661, 682, 663, 663, 664, BG4, 664, 664, B65, 665, B85, 65, B66, 566, 657, BG, 663, 70, 670,671, 671,673,674,
674,674,674, 675,675, 676, 676,677, 677, 678,678, 680, 630, B82, 683, 683, 685, 685, 666, 636, 686, 656, E37, 688,
683,638,691, 692,604, 633, 701,701, 704, 705,707,708, 710,711,712, 712,714,714, 715,715,716, 716,718,718,
720,720,721, 721,722, 123, 723,124, 12, 127,728, 129, 129, 720, 731, 732, A5, 736, 76, 757, 739, 730, 2, 742,
744,744, 748, 747,747, 748, 748,750, 761, 156, 756, 756, 7, 67, 159, T80, 60, 761, 761, 761, 763, 763, 167, 768,
T6&, 768, 769, P69, 769, TE9, 69, 7T, TN, TN T2, 102, TS, TS, 14, T4, T4, T8, T, T8, T8, T, 180, 780,
TE0,TE1, 761, 761,762, 763, a4, 754, 764, 704,704, 764, 765, 785, 786, 766, AT, TE7, 7E7, 756, 766, 790, T80, 790,
91,791,792, 793,793, 794, 734,795, 796, 795, 796, 797, 798, 798, 198, 799, 793,800, 801 . 801,801, 801, 802, 803,
803,803, 804, 805,805, 805, 806,807, 807, 803,808, B0S, 805, 209,809, 819,809,810, 811,811,811,812,813,813,
813,814,814, 814,814, 815, 815,815,815, 816,816, 817,81 7,817,817, 817,818,818, 818,819,819, 820, 820,820,
820,820,821, 821,822, 822, 823,523, 524, 524,624, 824, 824, 825, 825, 825, 525, 525, 526, 526, 828, 828, 525, 528,
628,629,629, 831,631, 032, 632,632, B33, 533,034, 034, 634, 835, 835, 036, 636, 636, 637,637,637, 635, €65, 630,
835,638, 838, 839,839, 838, 840,540, 841, 841,541, 841, 841,842, 842, B43, 843, 843, 844, 844, 845, 845, BI5, B4B,
846,847,847, 847,647, 847, 848,548, 645, 46,548, 543, 848, 845, 849, 849, 843, B850, 850, &60, 851, 851, 851,851

862,852, B52, 862,863, 853, 863,854, B854, B64,864, B54, 65, B66, B56, 856, 567,857, B57, 567, 858, 658, 558, 858,
855,858, 854, £59, 659, 559, 860,860, 861, 851,661, 861, 861,552, 862, BE2, 952, 863, 863, 863, 863, 864, 564, 864,
864,864, BEE, 865, 665, BEG, B66, BEE, 666, B66, 866, BE6, 667, B67, 868, 853, 568, 668, 868, 558, 868, 869, 559, 869,
869,859, 870, 870,870, 870, 870,870, 870, 871,872, 872, 672, 872,872, 872, 872,872, 872, 873,873, 873, 573,873,

873,873,873, 874,874, 874, §74, 874, 874, 575, 875, 875, §75, €75, 876, 875, 576,576, 878, 76,876, 875, 676,876,
877,878,878, 578,878, 878, 678,878, 879, 579,879, 879, §79, 79, 879, 8749, 574, 880, BE0, 630, 680, 840, 630, 880,
880,851, 881,831,881, 882, 832, 882, 882, 832, 883, 883, 533, 833, 854, 884, B34, 884, B84, 835, 885, 826, 536, 896,
806,887, 580, 558, 686, 669, 639,889, BE3, 859, 830, B30, 530, 490,830,891, 691,531,891, 691,631,891, 632,892,
892,892, 892, 593, 893, 893, 893,894, 894, 894, 594, 894, 894, 894, 894, 8%, 595,595, 896, 896,895, 8%, 897,897,
897,697, 857, 697, 897, 697, B97, 896, 053, 596, 590, 633, £96, B9, 696, 095, £95, 898, 093, 695,699, 899, 639,599,
833,900, 500, 500, 500, 900, 901,901, 801,501, 501, 901, 501, 902, 802, 802, 902,902, 502, 903, 303, 503, 904,904,
904,904, 304, 904, 304, 906, 905, 905, 806, 905, 905, 906, 905, 906, 306, 905, 907,907, 908, 903, 908, 905, 905,909,
909,909, 808,910,910,910,910,911,911,911,911,911, 912,91 2,912,912, 912,913,913,913,913,914, 914,914,
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Figure 5. distribution of distances and credibility limits of 85, 90, 95% for the
local optimal alignment in human NM_001927 vs. rodent NM_010043.1

human vs. rat 85% 90% 95%

NM_001927 vs. NM_010043.1 908 919 939

NM_001042 vs. NM_012751.1 965 979 1003




NM_002479 vs. NM_031189 927 1012 1054
NM_002476vs. NM010858 1221 1385 1394
NM_003281 vs. NM_017184 1751 1752 1757
NM_000257 vs. NM_080728.2 1514 1527 1550
NM_002471.1 vs. NM_010856 1148 1152 1158
NM_001100 vs. NM_009606.2 1659 1664 1674
NM_000747 vs. NM_009601 507 523 551
NM_001885 vs. NM_012935 462 469 481
NM_005205 vs. NM_009943 1321 1322 1328
NM_000258 vs. NM_010859.2 1636 1639 1647
NM_000432 vs. NM_001035252.1 1505 1514 1554
NM_005368 vs. NM_013593 858 874 917
NM_000290 vs. NM_018870 1260 1279 1307
NM_005159 vs. NM_009604 1518 1528 1546
NM_000321 vs. NM_009029 1073 1092 1117
NM_003186 vs. NM_011526 921 945 971
NM_000751 vs. NM_021600 797 821 882
NM_006172.2 vs. NM_012612 789 811 842
NM_000109 vs. NM_007868 673 688 706
NM_000080 vs. NM_009603 870 893 937
NM_005159 vs. NM_009608 732 793 1029
NM_001824 vs. NM_007710 1679 1682 1686
Mean Distance 1112.25 1135.958 1167.917

Table 5. Credibility limits of 85, 90, and 95% for the local optimal alignments in

24 human-rodent sequence pairs

When we compare above the means of the credibility limits of the 4
methods, we recognize that the centroid alignment has the best
performance: credibility limits of centroid alignment using BALSA,
centroid alignment using Bayesian Analysis of Global Sequence
Alignment, the global optimal alignment, and the local optimal alignment.



CONCLUSION

We evaluated the credibility limits of pairwise sequence alignment using
the centroid alignment given a procedure for drawing samples from the
posterior distribution based on Bayesian local and global sequence
alignments, and also evaluated the credibility limits of two sequence
alignments using the global and local optimal sequence alignment given a
procedure for extracting samples from the posterior distribution. They
give us error limits for optimal alignments and reliable alignments from
all possible alignments. When we compare four credibility limits of 85%,
90%, and 95% using four methods, we concluded that the average
credibility limits of BALSA are optimal. The reason why the credibility
limits of those two optimal alignments are broader than the reliable
alignments of Bayesian local and global sequence alignment is that the
former are not minimum average distances; they are not average
distance alignments from drawing samples alignments from the posterior
distribution. The credibility limits measures allow us to make sure that
we determine inconsistencies in subsequent procedures dependent of the
pairwise alignment. Thus the credibility limits provide the useful
information to the pairwise alignment with little cost.
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APPENDIX

BALSA source code changes

[ added the centroid alignment, credibility limits, and local optimal
alignment code into the original BALSA code. I also created Bayesian
global sequence alignment code modifying the BALSA, and I added global
optimal alignment code into it.

Centorid alignment results of 24 human-rodent orthologous gene pairs

in Bayesian local sequence alignment
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Centroid alignment results of 24 human-rodent orthologous gene pairs

in Bayesian global sequence alignment
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18. human-rodent : NM_003186/NM_011526
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19. human-rodent : NM_000751/NM_021600
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NM_006172.2/NM_012612
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21. human-rodent : NM_000109/NM_007868
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hurnan 21 vs rodent21 human 21 vs rodent21
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22. human-rodent : NM_000080/NM_009603
human 22 ve radent22 human 22 vs rodent22
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23. human-rodent : NM_005159/NM_009608
hurnan 23 vs rodent23 human 23 vs radent23
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24. human-rodent : NM_001824/NM_007710
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