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Abstract This paper presents a new evolutionary method, namely, a Two Phase evolutionary algo-
rithm for multiple sequence alignments. This method is composed of different types of evolutionary
algorithms, that is, an evolutionary progressive multiple sequence alignment method (abbreviated
to ET) and Sequence Alignment by Genetic Algorithm (abbreviated to SAGA). The former is em-
ployed to obtain efficiently good quality of multiple alignments and the latter to improve them
much better. The basic idea was obtained from analysis of the characteristics of the two evolution-
ary methods, that is, the ET and SAGA can compensate each other’s weak points. Experimental
evaluation shows that the proposed Two Phase method can generate good quality of multiple align-
ments.

1 Introduction

The multiple alignment of nucleotide or amino acid sequences is an essential
problem since multiple alignments are used to detect homology between new se-
quences and existing sequences [1]. The rate of appearance of new sequence data is
continuously increasing. Therefore, the development of efficient and accurate meth-
ods for multiple alignments is always required. The majority of multiple alignment
algorithms is based on the ’progressive’ approach of Feng and Doolittle [2] or its
variations [3-5].

One major well known problem with the progressive approach is trapping at lo-
cal minimums. This problem is due to the ’greedy’ nature in constructing the guide
tree. There is no guarantee that good quality of solutions will always be found. That
is, any wrong choice made at early stage in the alignment process cannot be corrected
later. The only way to correct this is to use an iterative or stochastic procedure [6-
8]. SAGA (Sequence Alignment by Genetic Algorithm) [9] is one of the stochastic
procedure, which is developed based on GAs [10] and it is capable of finding good
multiple alignment. And it needs high computation time to get good results. We have
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developed another evolutionary approach, called evolutionary tree-base method (ET).
Computer Experiment was performed for some datasets obtained from BALiBASE
(Benchmark Alignment dataBASE) [11] and showed that our ET method was supe-
rior to well-known methods such as SAGA, T-Coffee [12], MUSCLE [13], MAFFT
[14], and ProbCons [15].

The objective of this research is to improve furthermore the accuracy of the
ET method. To achieve this goal, we need to overcome the weak points of the ET
method. That is, in the ET there is no one-one correspondence between the genotype
and phenotype. Therefore, lots of alignments (phenotype) can not be generated from
any chromosome (genotype). The other weak point is its fast convergence at local
minimum solutions.

By overcoming the weak points, in this paper, we propose a Two Phase evolu-
tionary multiple alignment based on the ET and SAGA in which the application of
SAGA as the second phase searching redeems the weak points of the ET method used
in the first phase. Experimental evaluation shows our achievement by comparing with
SAGA, T-Coffee, MUSCLE, MAFFT, ProbCons and the ET.

2 Evolutionary Multiple Alignments

Here we explain two kinds of evolutionary multiple alignment approaches used
in the new method; SAGA (Sequence Alignment by using Genetic Algorithm) and
the ET (Evolutionary Tree-base) method. The former was developed in [9] and it is
the frontier research of evolutionary computation for the multiple alignment prob-
lems. In SAGA, chromosomes represent directly multiple alignments and the ge-
netic operators are performed directly on the alignments. That is, the phenotype and
genotype are the same, the one-one correspondence. Therefore, flexible searching
of alignments is possible since all the alignments can be represented as a chromo-
some, however, it is not so efficient to find good quality solutions. On the other
hand, in the ET, chromosomes correspond to guide trees which are transformed into
multiple alignments by progressive alignment and genetic operators are carried out
on guide trees. That is, there is no one-one correspondence between the phenotype
and genotype. Lots of multiple alignments can not be generated from a chromosome
(guide tree). However, the ET can find very efficiently good quality of alignments
since the searching space is drastically reduced by the guide tree representation of
the genotype.

2.1 Sequence Alignment by using Genetic Algorithm (SAGA)

SAGA, which is developed based on the simple genetic algorithm, is starting
from completely unaligned sequences. In SAGA, the initial population is randomly
generated. In order to generate new population, evaluation, selection and genetic
operators (crossover or a mutation) are used.
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Genetic Operators

Two types of operators are used in SAGA, one is crossover and the other is
mutation. Two types of crossover are also implemented in SAGA: one-point and
uniform crossover.

(i) One point crossover: Figure 1 shows the one point crossover between two
selected parents [9]. In Fig.1, the arrow position on Parent Alignment 1 is randomly
selected, which is cut at that position. The left part of the cut position has four
residues. Parent Alignment 2 is cut such that the left part of the cut position must
have four residues. Before connecting the discarded parts of both parents, the left
and right parts of Parent Alignment 2 are made equal length by inserting null signs.
After that the right part of Parent Alignment 1 and the left part of Parent Alignment
2 are combined to generate Child Alignment 1. Child Alignment 2 is produced by
combining the left part of Parent 1 and the right part of Parent 2. According to the
fitness, only one of the two generated children is selected for the next generation.

Parent Alignment 1 Parent Alignment 2
GKMIN - - -VDEVGGEAL - - - WGKVNVDEVG - GEAL
K NEEE - - - VGGEAL - WD - - EEEVG - QEAL|
KV G - -AHAGEY GAEAL WGKVA - HAGEY GAEAL
E KM] GGHA- - GEY GAEAL WS K\E>GHAGE - YGAEAL

Child Alignment 1 lChild Alignment 2

WD - - KVINEEE - - - VG GEAL - OKM|- - NEEE VG - GEAL
WGKY - - |G - - AHAGEY GAEAL GKV|GA - HAGEY GAEAL
WSKYV - GHA - - GEYGAEAL LY GHAGE - YGAEA

- - WGKV|N - - - VDEVGGEAL - | GKM|- - NVDEVG - GEAL

gKV - - NVDEVG - GEAL
DKV - - NEEE VG - GEAL
GQKVGA - HAGEY GAEAL
SKMGGHAGE - YGAEAL

Chosen Child Alignment

Figure 1: One point crossover between two parent alignments [9]

(ii) Uniform crossover: Figure 2 shows the uniform crossover process [9]. In
this figure “*” mark indicates the common residues between two selected parents.
Child Alignment from these two parents is generated by swapping blocks between
them where each block is randomly chosen (or selected based on the best score).

Mutation (Gap insert): In this case, one parent is randomly selected. In order to
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Parent Alignment 1 Parent Alignment 2
* * * *
KIIVNVDEV - - EAL WG -[|K]|V - - NVDEV|GJ|GE - AL
KIIVNEEE V - -}|G|IGEAL| W - DO|K]|V - - NEEEV]||G||G - EAL
KIIVGAHAGEY]|G[IAEAL W - Q| K|VGAHAGEY||G||AEA - L
K [V GGHAGEY | |GIIAEAL - WS K |VGGHAGEY]||G|A EAL -

*

K

L

V - - NVDEV||G|JGEAL
V - - NEEE V||G|JGEAL
VGAHAGEY| EAL
VGGHAGEY||JJAEAL

[P EoNvEn)

Child Alignment
Figure 2: Uniform crossover [9]

generate a child, the sequences of the parent are split into two groups. The sequence
numbers of each group are randomly selected. The length of the gaps and the posi-
tions of each group where gaps will be inserted are randomly selected. In each group
the same length of gaps will be inserted in the same position of all sequences.

The genetic operators of this method are primitive in which the operators can
change small parts of parents and all possible solutions can be probabilistically ob-
tained. Though SAGA is not so efficient to find good quality of solutions but the
one-one correspondence and the primitiveness of the genetic operators are important
characteristic.

2.2 Evolutionary Tree-base Method

The progressive alignment algorithm utilizes the pair-wise alignment algorithm
of Needleman and Wunsch [16] iteratively in order to obtain a multiple sequence
alignment and to construct a guide tree to depict the relationship between sequences.
The major problem of the progressive approach is trapping at local minimums and a
way to overcome this problem is to use iterative procedure with progressive approach.

In order to make the tree-base method as iterative process, GA is introduced to
find good guide trees. For this purpose, guide trees are represented by chromosomes
in the ET method. And then the initial chromosomes from the same sequences are
generated by using Dynamic Programming (DP) with random selection. The random
selection mechanism is used for generating various chromosomes (guide trees). Note
that the DP generates only one guide tree in the conventional tree-base method. That
is, a number of chromosomes can be generated by using the DP with the random
selection. After generating initial chromosomes, evaluations, selection and operators
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(crossover and mutation) are iteratively performed to generate new populations. The
algorithm of this process is shown in Fig. 3.

Generate initial chromosomes Using operators, generate new
(using DP and random selection) chromosomes from selected chromosomes
] @nd continue until no change occurred.

T

Selection (Select higher fitness chromosomes)

Evauation (fitness function)

A 4

Figure 3: Evolutionary Tree-base algorithm

Fitness Evaluation

In order to evaluate the fitness value of a chromosome, the multiple alignment
is constructed from the chromosome. For example, Figure 4 shows the process of
generating the multiple alignment for the following five sequences. G1 corresponds
to the alignment between Seq 2 and Seq 3, G2 between Seq 1 and Seq 4, and G3
between Seq 5 and the result of G1. Finally the multiple alignment is obtained by
aligning the results of G3 and G2. The order of consecutive pair-wise alignments is
determined by the guide tree shown at the left side of the figure.

Seq 1: NFS; Seq 2: NYLS; Seq 3: NKYLS;
Seq 4: NFLS; Seq 5: NKLS

The fitness of the chromosome is measured by the following SPM (Sum of pair)
method.

Seq 2: NYLS N-YLS
= | nKyLs |[$ 6L

Seq3: NKYLS

NK-LS N-F-S
Seq5: NKLS & G1mmp | N-YLS | —G3 N-FLS

NKYLS NK-LS
Seq1: NFS NE—S N-YLS
Seq4: NFLS > | nes v NYLS

Figure 4. Multiple alignment of guide tree (chrasnme)

Sum of Pair Method (SPM)

By using the SPM the fitness of a chromosome can be determined by using (1),
(2) and (2¢).

L
s=Y5 (1)
I=1
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where,
N-1 N
S = Z Z cost(A/A;) )
i=1 j=i+1

Here, S is the cost of the multiple alignment. L is the length (columns) of alignment;
S, is the cost of [-th column of L length. N is the number of sequences, A; (A;) the
aligned sequence i( ) and cost(A;,A;) is the alignment score between the two aligned
sequencesA; and A;. WhenA; # ‘-’ and A; #°-’ then cost(A;,A))is calculated from
PAM250[17], mutation probability matrix. The cost function includes the sum of the
substitution costs of the insertion/deletions using a model with affine gap penalties
shown in (2c).

G=g+nx (2¢)

Here, G is gap penalty, g is the cost of opening a gap, x is the cost of extending
gaps by one and # is the length of the gap. By this way, the fitness of a chromosome

is calculated. This scoring method is applied on all chromosomes and determines
their scores. All the chromosomes are ranked according to their fitness.

Selection

To select chromosomes for the next generation, the roulette wheel method is
used. The number of occurrences of a chromosome is proportional to its fitness.

Genetic Operators

Crossover: In order to generate new chromosomes by using crossover, two chro-
mosomes are randomly selected. In the evolutionary tree-base method, there are two
ways to do crossover between selected chromosomes.

(i) Subtree selection method: A subtree is randomly selected from one parent
chromosome. The sequences included in the subtree are removed from the other
parent chromosome and a rooted tree is reconstructed by connecting the remaining
parts according to the relation in the original tree. That is, the nearest nodes are
always connected to be a rooted tree. Then the reconstructed tree from the second
parent and the selected subtree from the first parent are connected together to make a
new guide tree. Note that all the sequences should be always in the new guide tree.
This process is shown in Fig. 5. In this figure, (a) and (b) show two selected parents,
(c) shows subtree which is selected from (a) {1 0}, here “1” means the right branch
of (a) and “0” means the left side of the right branch of (a), (d) shows the remaining
tree after the sequences of the subtree are discarded from (b), and (e) shows new
chromosome after adding (c) and (d).

(ii) Tree uniform order method: In this crossover, firstly some sequences are
randomly selected from one parent. The selected sequences are connected according
to the relation in the original tree to construct a rooted tree. The selected sequences
are removed from the other parent and a rooted tree is reconstructed by connecting
the remaining parts according to the relation in the original tree. That is, the nearest
nodes are always connected. Then the reconstructed tree from the second parent and
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Figure 5: Subtree selection method

the selected subtree from the first parent are connected together to make a new guide
tree. Note also that all the sequences should be always in the new guide tree. This
process is shown in Fig. 6. In this figure, (a) and (b) show two selected parents, (c)
shows the new tree which is randomly selected sequences from (a) according to the
randomly selected mask pattern {0 1 101100 }, (d) shows the remaining tree after
the sequences of the subtree are removed from (b), (e) shows a new chromosome
after adding (c) and (d).

Mutation: In the mutation, one parent is randomly selected. Then the two se-
quences of the selected parent are randomly selected and exchange their position,
and then a new chromosome is generated. Figure 7 is an example of the mutation:
(a) shows the selected parent in which P1 and P2 show the randomly selected two
sequences. (b) shows a new chromosome generated by exchanging the positions of
these two sequences.

The steps of the ET method are repeated iteratively, generation after genera-
tion. During these generation cycles, new pieces of alignment appear because of the
operators. The selection makes sure that the good pieces survive and the dynamic
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setting of the operators helps the chromosomes to be improved by creating the chil-
dren it needs. This process will continue until the fitness value of the chromosome
per generation is reached to the saturation. Though the ET method reaches to the
local minimum very quickly, however, the solution at the local minimum is better
than the final solution of other methods. The ET method is capable of finding better
quality solutions within small number of generations than other methods. This is an
important characteristic of the ET method.

3 Two Phase Evolutionary Multiple Alignments

3.1 Reinforcement of Evolutionary Tree-base Method

The authors developed the evolutionary tree-base method. As explained in the
previous section, the ET can efficiently obtain good quality of multiple alignments.
Table 3.1 shows some results of experimental evaluation. We can observe that the ET
can search better quality of multiple alignments comparing with well-known meth-
ods. However, the ET can be easily trapped at local minimums comparing with
SAGA. Figure 8 shows the solution curves of the ET and SAGA. The ET can im-
prove very quickly solutions but has converged at early stage, while SAGA is slow
to improve solutions but the convergence is also slow. From the enlarged view of
Fig. 8, we observed that the ET has converged after 200 generations and SAGA has
converged after 500 generations. The convergent point of the ET is quite earlier than
SAGA. Therefore, the ET and SAGA may compensate for each other’s weak points
if we combine both evolutionary approaches.

Table 3.1. Summary of BAIIBASE Test results

BAIIBASE SAGA T-Coffee MUSCLE MAFFT ProbCons ET
Data set
(score) (score) (score) (score) (score) (score) (score)
Ref. 1
(1aboA) -512 -762 -679 -291 -462 -494 -220
Rel. 2 8054 7067 7912 8549 8587 8106 9988
(1aboA)
Ref. 3
; 7855 1070 1372 6830 7404 7992 9173
(1idy)
Ref. 4
-7484 -10955 -8806 -6698 -6579 -7226 -5381
(1mfa)
Ref.5 53435 32305 54496 56315 56238 54935 59377
(Kinase3)

3.2 Two Phase Approach

In this paper, we propose a Two Phase evolutionary method. The first phase is
to search efficiently and quickly a set of good solutions with the ET and the second
phase with SAGA is to improve the searched solutions. This combination is quite
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Figure 8: The solution curves of the ET and SAGA

reasonable since the ET is good at searching good quality solutions but its conver-
gence is fast relatively while SAGA is slow to find good solutions but its convergence
is also slow.

Our proposed Two Phase method starts from completely unaligned sequences.
At first a number of guide trees (chromosomes) are generated by the DP and random
selection and the ET starts searching from the initial population and continues un-
til the new generation is failed to update the highest fitness chromosomes for long
time. That is, the ET method is converged at some local minimums. The multiple
alignments found by this convergence should be good quality but we need more ac-
curate solutions. And then the second phase starts from the multiple alignments with
SAGA. The multiple alignments generated in the first phase are transferred into the
initial generation of the second phase. Note that a chromosome in SAGA represents
a multiple alignment itself. The second phase should be stopped when the evolution
in SAGA is saturated.

4 Experimental Evaluation

In order to evaluate our proposed method, we did experiments for input datasets
obtained from two resources; BAIIBASE and the NCBI database [18]. For compar-
ison, we employed softwares such as SAGA, T-Coffee, MUSCLE, MAFFT, Prob-
Cons, and the ET. Among these softwares, source programs of only SAGA and the
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ET are available to the authors and the remaining ones are utilized through the online
services [19]. On using the online softwares, we got the final multiple alignment re-
sults corresponding to each input sequence set and the multiple sequence alignment
was evaluated by the same objective function (SPM).

We experimented for five sequence sets from BAIIBASE. The results are shown
in Table 4.1. The rows Ref.1, Ref.2, ..., Ref.5 represent the input sequence sets and
the columns correspond to the methods. Therefore, each cell shows the SPM score
of the method specified by the column for the input data of the row. From Table 4.1,
we observed that our proposed Two Phase method obtains better quality of solutions
than the others. Except for the Two Phase method, our ET was superior to the others.

Table4.1. Summary of Test results of BAIIBASE Datasets

BAIIBASE | SAGA | T-Coffee | MUSCLE | MAFFT | Probcons ET | TwoPhese
Data set

(score) (score) (score) (score) (score) (score) (score) (score)
Ref. 1
(o) 512 762 -679 201 -462 -494 -220 202
Ref.2 8054 9067 7912 8549 8587 8106 9088 10133
(1aboA)
Ref. 3
i 7855 1070 1372 6830 7404 7992 9173 9285
Ref. 4

7484 -10955 | -8806 -6698 -6579 7226 -5381 -5164
(1mfa)
Ref 5 53435 32305 | 54496 56315 56238 54935 50377 50309
(Kinase3)

We carried out the experiments for ten sequence sets with different lengths taken
from the NCBI database. The score values of the experiments were also calculated
by the SPM, and are summarized in Table 4.2. From the comparisons of the exper-
imental results, we observed that the Two Phase approach has the best performance
for the accuracy of solutions. Except for the Two Phase method, the ET could obtain
better solutions than any other methods for each experiment.

Computation Time

The computation time of our proposed Two Phase method is quite longer than
the other methods. However, practically we can relax the problem of the computa-
tion time. Figure 9 represents an example of increasing highest fitness value (score)
in searching with the ET. We can see that the final highest fitness could be obtained
much earlier than the time the searching stopped. We can see in Table 4.3 that the
computation time in the case of 2,054 generations was 4,690.05 seconds but the high-
est score was obtained at generation 1,054, which is observed in the enlarged view of
the graph in Fig. 9. In such case, the computation time to reach the highest score was
about 2406.94 seconds. Moreover, such a situation can be seen in the first phase. In
the Two Phase method, the ET method can obtain much earlier the final fitness value
of the first phase. For example, the computation time of the ET method for 1,015
generations was 2004.00 (CPU time) seconds, but the highest score was obtained at
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Table 4.2. Summary of Test results of NCBI Datasets

Data No. of Sequence | SAGA T MUSCLE MAFFT ProbCons ET Two Phase
Coffee

set sequences length (score) (score) (score) (score) (score) (score) (score)
1 7 153 -1826 1598 2419 2447 2225 2496 2546
2 12 74 2740 6634 7105 6846 6513 7742 7831
3 15 603 -40098 -38411 -28423 -28297 -50741 -3782 -3488
4 21 996 115453 140166 -100802 -104781 -171058 -39573 -39053
5 18 495 -40554 -51367 -34221 -35742 -56067 -10867 -10708
6 20 849 -74373 -88668 -62143 -62821 -100389 -15521 -15503
7 16 440 -29564 -17229 -7800 -8461 -27832 14579 14765
8 26 1012 196529 158502 -120571 -124287 -172690 -63737 -63495
9 18 841 11231 53046 102465 111289 60099 141388 141649
10 19 155 -17120 -3448 3635 5009 6950 7778 8702

generation 15. Therefore, the ET needed only 30.06 seconds to reach the final solu-
tions of the first phase. Table 4.3 shows the computation time of SAGA, T-Coffee, the
ET, and the Two Phase method when we execute them for the NCBI dataset shown in
Table 4.3. In the experiment, we used Windows XP environment on Pentium M pro-
cessor with 1.40 GHz. The programs for SAGA, the ET, and the Two Phase method
were developed with C language. The computation time of T-Coffee was provided
from the server. We could not measure the computation time for MUSCLE, MAFFT,

and ProbCons.

Figure 9: Score-Generation output by Two Phase method 1st experiment

Score

2600
2500 - J
2560
2400 2540
2520
2300 +
2500
2200 - 2480 .
1000 1020 1040 1060
400 800 1200 1600 2000
Generation

The number of generations required to obtain the highest score value can not be
determined before searching. However, searching programs may judge the situation
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Table 4.3. Summary of Computation Time of Second Group Test Results

SAGA T-Coffee ET Two Phase
Dat CPU Effective cPU CPU Effective CPU Effective
seta time for computation time for time computation time computation time
total time for good computat for total time for better for total for optimum
computat solution comp computat solution computat solution
. ion (sec.) . )
ion (sec.) (sec.) ion (sec.) (sec.) ion (sec.) (sec.)
1 208.50 57.192 1.88 2004.00 30.06 4690.05 2406.94
2 200.40 47.415 3.90 1087.00 47.83 1535.00 803.42
3 | 316680 148238 3028 | 36365.00 8305.77 118254'4 6777542
4 11260.80 5979.49 94.24 32811.00 4104.67 1022543'5 56458.89
5 3061.56 1481.80 29.97 28406.00 2556.54 60223.03 31683.34
6 5534.56 2792.19 69.84 19259.07 1209.47 58521.20 30360.8
7 1032.24 72.05 27.80 11249.00 1132.77 38223.45 20216.38
8 | 1053408 3516.28 7211 | 3554624 452859 1341537'4 75479.17
9 | soe93s 3214.02 70000 | 5003128 1417341 1425;76'5 81596.8
10 918.49 153.11 10.87 3446.36 633.10 10076.55 5707.36

of the convergence. For example, we can set the condition of the convergence: the
searching program can judge its convergence if the predetermined number of genera-
tions has passed since the last update of the best fitness. So, if we introduce a proper
predetermined number for judging of the convergence, we can reduce drastically the
computation time of the Two Phase method.

Actually, the main goal of the Two Phase method is to find out a better qual-
ity of multiple alignments, which is verified through the experimental evaluation.
However, the computation time of the Two Phase method is quite longer than others
even though we can reduce drastically the computation time by setting the condi-
tion of the convergence. The time problem may be solved by parallelizing the Two
Phase method though this issue is beyond the scope of this paper. There are lots of
researches on parallel processing of evolutionary computation.

An example of an alignment obtained by proposed Two Phase method is shown
in Fig. 10. This figure shows the multiple alignment for laboA_ref2 from BAI-
iBASE, Reference 2. The score of this alignment according to SPM is 10,133.

5 Conclusions

This paper proposed a new evolutionary method, namely, a Two Phase evo-
lutionary algorithm for multiple sequence alignments. This method is composed
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Figure 10: An example of multiple alignment by Two Phase method

of different types of evolutionary algorithms: an evolutionary progressive multiple
sequence alignment method (ET) and Sequence Alignment by Genetic Algorithm
(SAGA). The former is employed to obtain efficiently good quality of multiple align-
ments and the latter to improve them much better. Experimental evaluation showed
that the proposed Two Phase method can generate good quality of multiple align-
ments.

As future works, we need to reduce the computation time by tuning genetic
parameters such as population size, crossover rates, and by investigating a proper
condition and its implementation for switching the phases. Moreover, parallel pro-
cessing of the Two Phase method should be also effective.
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