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In the literature, we can find several heuristics for solving the multiple sequence alignment problem. The 

vast majority of them makes use of flags in order to modify certain alignment parameters; however, if  

no flags are used, the aligner will run with the default parameter configuration, which, often, is not the  

optimal one. In this work, we propose a framework that, depending on the biological characteristics of the 

input dataset, runs the aligner with the best parameter configuration found for another dataset that has  

similar biological characteristics, improving the accuracy and conservation of the obtained alignment. To 

train the framework, we use three well-known multiobjective evolutionary algorithms: NSGA-II, IBEA, 

and MOEA/D. Then, we perform a comparative study between several aligners proposed in the liter- 

ature and the characteristic-based version of Kalign, MAFFT, and MUSCLE, when solving widely-used 

benchmarks (PREFAB v4.0 and SABmark v1.65) and very-large benchmarks with thousands of unaligned 

sequences (HomFam). 

 

 

 

1. Introduction 

 
Multiple sequence alignment (MSA) [2,3,39], is an NP-hard 

optimization problem in molecular biology [11]. Basically, it is 

defined as the alignment of three or more nucleotides/amino acids 

sequences simultaneously. 

Given a set of k unaligned sequences S:  s1, s2, . . ., sk   defined 

over an alphabet Σ (aminoacids or nucleotides alphabet), a multiple 

sequence alignment of S is defined as S∗: {s1
∗  , s2

∗  , . . ., s
k
∗ }, where the 

length of the k sequences is exactly the same. The MSA (S∗) is defined 

over the alphabet Σ , that is, the same alphabet as S with an 

additional gap symbol ( ). 

Therefore, a MSA is achieved by inserting a number of gap sym- 

bols to the different sequences of S to obtain k sequences with 

the same length. The MSA is commonly represented by means of 

matrix, where the rows are the sequences and the columns are the 

aligned symbols. Each column contains at least one symbol of the 

alphabet Σ (i.e., a column containing only gap symbols is not per- 

mitted). Finding an optimal alignment is an NP-hard optimization 
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problem with a complexity equals to O(k2kLk) [48,47], where L is 

the maximum length of the k unaligned sequences of S. 

An illustrative example of multiple sequence alignment  will 

help to understand the problem: 

 
 

According to [30], conservation is crucial to increase the biolog- 

ical significance of an alignment; so, an accurate MSA is critical 

for finding strong biological facts about proteins. The multiple 

sequence alignment is also an important step to infer phylogenetics 

relationships among the different input sequences [12,17]. Finally, 

a well-formed alignment helps us to determine which genes may 

be susceptible to suffer mutation. 

As we mentioned before, the MSA problem is an NP-hard 

optimization problem where the complexity becomes prohibitive 

when the number of input sequences increases. In the literature, 
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we find exact methods (such as dynamic programming) that can- 

not handle the MSA problem in a reasonable  amount  of  time 

when the number of sequences is greater than a few sequences 

[23]. Therefore, approximate methods have been proposed to find 

pseudo-optimal alignments [8]. These methods may be included 

in three different groups: progressive-based methods, consistency- 

based methods, and iterative refinement methods. 

The first group contains the well-known progressive-based 

methods [18]. These approaches computes a distance matrix for 

every pair of unaligned sequences; then, they make use of any hier- 

archical clustering algorithm with the aim of building a guide-tree. 

The last step consists in using the guide-tree to construct the align- 

ment. They have been considered the main gear in new aligners. 

Among the main progressive-based aligners, we find: Clustal W [44], 

Clustal ▲ [38], PRANK [25], Fast Statistical Alignment [7], Kalign 

[22], DIALIGN-TX [42]. 

The consistency-based methods focus on building a database 

with local and global alignments between every pair of input 

sequences. These approaches start by harnessing the information 

contained within regions that are consistently aligned among a set 

of pairwise superpositions. The objective is to realign pairs of pro- 

teins through both global and local refinement methods, [13]. In 

the consistency-based group, we can find very well-known aligners, 

such as Tree-based Consistency Objective Function For alignment 

Evaluation (T-Coffee) [31], PROBabilistic CONSistency-based multi- 

ple sequence alignment (ProbCons) [10], ProbAlign [33], MSAProbs 

[24]. 

The third and last group includes the iterative refinement align- 

ers. These aligners make use of a progressive methodology in order 

to build a preliminary alignment. Then, they perform a number of 

iterations for correcting any gap error produced during the progres- 

sive alignment. Basically, at each iteration, the approach divides 

the guide-tree into two subtrees that will be re-aligned in order to 

obtain an improved alignment. In the literature, we can find sev- 

eral iterative refinement aligners, among the most important ones 

are: MUltiple Sequence Comparison by Log-Expectation (MUSCLE) 

[14] and Multiple Alignment using Fast Fourier Transform (MAFFT) 

[20]. In this group, we can find some evolutionary and/or genetic 

algorithms techniques for the MSA problem: VDGA [28], GAPAM 

[29], MO-SAStrE [32], HMOABC [35], H4MSA [36]. 

The vast majority of the aforementioned methods makes use of 

flags to modify certain alignment parameters. The use of different 

values for these parameters leads to different alignments; there- 

fore, a proper parameter configuration of the aligner is critical to 

obtain an accurate output. In case of using no flag, the aligner will 

use a default parameter configuration, which is proposed by the 

developers of the aligner. 

Unfortunately, the alignment produced by considering the 

default parameter configuration is not always the best choice, the 

main reason lies in the fact that the default parameters are those 

that gave the developers best average accuracy in their training sets 

(different for each aligner). In this work, we propose a framework 

that, depending on the biological characteristics of the input set of 

sequences, runs the aligner with the best parameter configuration 

found for a different set of sequences with similar biological char- 

acteristics, improving the accuracy and conservation of the final 

alignment. The framework requires a characteristics-configuration 

file, that is, the best parameter configuration found for several sets 

of unaligned sequences with different biological characteristics. 
According to [19], the problem of finding an optimal parameter 

configuration of an aligner is commonly treated as an optimization 

problem. In this work, we tackle this problem by using multiobjec- 

tive optimization: given a set of unaligned sequences, we need to 

find the best parameter configuration for an aligner that simulta- 

neously maximizes the accuracy and conservation of the alignment 

obtained. Multiobjective optimization has been applied in a wide 

variety of real-world application domains with successful results 

[34,37]. 

The main contributions of the manuscript are: 

 
• A characteristic-based framework for improving the accuracy and 

conservation of any aligner. 
• A set of biological characteristics that describes any input set of 

unaligned sequences. 

• The use of three well-known multiobjective evolutionary algo- 

rithms when optimizing the parameters of Kalign, MAFFT, and 

MUSCLE. The selected algorithms  are:  the  dominance-based 

Fast Non-Dominated Sorting  Genetic  Algorithm  (NSGA-II)  [9], 

the Indicator-based Evolutionary Algorithm (IBEA) [51], and the 

Multiobjective Evolutionary Algorithm based on Decomposition 

(MOEA/D) [49]. 
• A comparative study between the characteristic-based version 

of three well-known aligners (Kalign, MAFFT, and MUSCLE) and 

several aligners proposed in the literature. In the comparative 

study, we study the advantages of the proposed framework when 

dealing with well-known benchmarks, such as PREFAB v4.0 and 

SABmark v1.65; and very-large benchmarks with thousands of 

unaligned sequences (HomFam). 

 
The rest of the paper is organized as follows. In Section 2, we 

explain the multiobjective parameter optimization problem and 

detail the characteristic-based framework. Section 3 contains the 

comparative study on the effectiveness of the framework, compar- 

ing the accuracy of the framework with other aligners published in 

the literature. Finally, in Section 4, we summarize the conclusions 

extracted from the study and describe some lines of future work. 

 
2. Methodology 

 
This section is divided into two  parts.  On  the  one  hand, 

we describe the multiobjective parameter optimization problem 

and the multiobjective approaches used. On the other hand, we 

explain how the characteristic-based framework works, including 

an example for a better understanding. 

 
2.1. Multiobjective parameter optimization problem 

 
Multiple sequence aligners commonly use parameters that 

determine the behaviour of the aligner; therefore, an optimal 

selection of values for these parameters is crucial for obtaining 

alignments with a higher level of biological significance. In the 

literature, the Q-score and TC-score [14] have been employed to 

measure the biological significance of an alignment: 

• Q-score (quality score, f1). It indicates the number of correctly 

aligned residue pairs divided by the number of residue pairs in the 

reference alignment (true alignment); it is also known as Sum- 

of-Pairs (SP) score. 
• TC-score (total column score, f2). It is the number of correctly 

aligned columns divided by the number of columns in the refer- 

ence alignment; it is also known as Column Score (CS). 

 
In this work, given a multiple sequence aligner, the problem 

of finding the best configuration for its parameters has been for- 

mulated as a multiobjective optimization problem (MOP), where 

the final goal is to find an optimal parameter configuration that 

simultaneously optimize the Q-score (f1) and TC-score (f2). 

In the following, we state the problem in a more formal way: 

maximize    F (x) = (f1(x), f2(x)) 

subject  to    x ∈ ▲ 
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where a solution x is a vector of n decision variables (parameters 

of the aligner): x = x1, . . ., xn . The upper and lower bound of each 

component of x, constitute a decision space (▲). 

The two objective functions (f1 and f2) need to be maximized, 

constituting a multi-dimensional space: F: ▲ → R2; which is com- 

monly known as objective space (R2). For each solution x = {x1, . . ., 
xn in the decision space, there exists a point z = z1, z2 in the 
objective space. 

In multiobjective optimization is necessary to compare solu- 

tions in order to decide which one is better. Thus, two solutions are 

compared on the basis of whether one dominates the other solu- 

tion or not. Therefore, a solution x1 is said to dominate the other 

solution x2, if and only if the following conditions are satisfied: 

 
1. The solution x1 is no worse than x2 in all objective functions, or 

fi(x1) ≥ fi(x2) for all i ∈ {1, 2}. 

2. The solution x1 is strictly better than x2 in at least one objective 

function, or fi(x1) > fi(x2) for at least one index i ∈ {1, 2}. 

 
We denominate a solution x* as Pareto-optimal or non-dominated 

solution if no solution in ▲ dominates x*. The set of all non- 

dominated solutions in ▲ is known as Pareto front. 

To find a set of non-dominated solutions that simultaneously 

maximizes the Q-score (f1) and the TC-score (f2), we employ Mul- 

tiobjective Evolutionary Algorithms (MOEAs). In the last years, 

several MOEAs have been proposed. We may classify them into 

three groups: 

 

• Dominance-based. These approaches treat a MOP as a whole and 

use the Pareto dominance relationship among the solutions for 

driving them towards the Pareto front. 
• Indicator-based. These MOEAs make use of an indicator function 

to evaluate a set of solutions; the hypervolume measure [52] has 

been often used as indicator function. 
• Decomposition-based.  These  algorithms  divide  the  MOP  into 

diverse single-objective problems. They associate each individ- 

ual solution with a particular scalar optimization problem with 

the aim of allocating computational resources to different parts 

of the Pareto front. 

 
In this work, we have selected one MOEA from each group in 

order to compare their performance when solving the bioinfor- 

matics MOP taken into account. The dominance-based MOEA is 

the Fast Non-Dominated Sorting Genetic Algorithm (NSGA-II) [9], the 

indicator-based is the Indicator-based Evolutionary Algorithm (IBEA) 

[51], and the decomposition-based is the Multiobjective Evolution- 

ary Algorithm based on Decomposition (MOEA/D) [49]. 

NSGA-II tries to obtain a new population (offspring population 

Q) from an original one (parent population P) by applying classi- 

cal genetic operators, such as selection, crossover, and mutation. 

Then, both populations, offspring and parent, are mixed into a new 

population R. This new population is sorted into categories (ranks) 

according to their relationship of dominance. After that, the best 

individuals are selected to create a new parent population for the 

next generation. To choose among individuals with the same rank 

(when necessary), their crowding distance is taken into account 

and individuals with the highest distance are selected. 

IBEA uses an arbitrary indicator to compare a pair of candi- 

date solutions. Furthermore, any additional diversity preservation 

mechanism such as fitness sharing, is no longer required. Dif- 

ferently than other approaches, the IBEA only compares pairs of 

individuals instead of the entire approximation sets. 

MOEA/D is based on conventional aggregation approaches in 

which a MOP is decomposed into a number of scalar objective 

optimization subproblems. The objective of each subproblem, is 

a weighted aggregation of the individual objectives. Neighbour- 

hood relations among these subproblems are  defined  based  on 

the distances between their aggregation weight vectors; thus, a 

subproblem i is a neighbour of a subproblem j if and only if the 

weight vector of subproblem i is close to that of subproblem j. Each 

subproblem is optimized in the MOEA/D by mainly using informa- 

tion from its neighbouring subproblems. The main advantage of 

MOEA/D is that it commonly obtains a well representative set of 

Pareto-optimal solutions that are uniformly distributed along the 

Pareto front. 

 
2.2. Characteristic-based framework 

 
The characteristic-based framework requires three input ele- 

ments: an aligner (executable), a characteristic-configuration file for 

the given aligner, and a set of unaligned set of sequences. 

On the one hand, the characteristic-configuration file consists of 

a number of lines with the following structure: 

A1;A2;A3;B1;B2;C1;C2;C3;C4;C5;<best-parameter- 

configuration> 

We find three different groups of characteristics (A, B, and C), a 

total of 10 characteristics: 
 

• Characteristics A: 

Ⓧ Number of unaligned sequences. 

Ⓧ Average length of the unaligned sequences. 
Ⓧ Standard Deviation of the Length. 

• Characteristics B: 

• Average Kimura Distance (evolutionary distance, [21]) between 

each pair of unaligned sequences. 
• Standard deviation of the Kimura Distance. 

• Characteristics C: 

• Percentage of amino-acids with electrically charged side chains 

(Positive): Arginine (R), Histidine (H), and Lysine (K). 
• Percentage of amino-acids with electrically charged side chains 

(Negative): Aspartic Acid (D) and Glutamic Acid (E). 
• Percentage of amino-acids with polar uncharged side chains: 

Serine (S), Threonine (T), Asparagine (N), and Glu- 

tamine (Q). 
• Percentage  of   special   amino-acids   cases:   Cysteine (C), 

Selenocysteine (U), Glycine (G), and Proline (P). 
• Percentage of amino-acids with hydrophobic side chains: 

Alanine (A), Valine (V), Isoleucine (I), Leucine (L), 

Methionine (M), Phenylalanine (F), Tyrosine (Y), and 

Tryptophan (W). 

 
The features/characteristics within the group A refer to the num- 

ber and length of the input unaligned sequences. In group B, we find 

features related to the evolutionary distance between each pair of 

unaligned sequences (average and standard deviation). Finally, in 

group C we find the side-chain features (in %),: weak acid (positive), 

weak base (negative), polar, special, and hydrophobic. A compre- 

hensive explanation of the amino-acids classification appears in 

[43]. 

The first step is the creation of the characteristic-configuration 

file from a training database, that is to say, several sets  of 

unaligned sequences with different biological features. For each 

set of unaligned sequences within the training database, we use 

multiobjective optimization (NSGA-II, MOEA/D and IBEA) to obtain 

a set of non-dominated solutions (aligner configurations) in terms 

of Q-score (f1) and TC-score (f2). Then, we select one of the non- 

dominated configurations and with the biological features, they are 

stored in the characteristic-configuration file. The process of select- 

ing one solution in  a  set  of  non-dominated  solutions  is  known 

as decision making. In this work, we take from the set of non- 

dominated solutions, the solution with the highest value of HV. 



  

 

 

 
 

Fig. 1.   Characteristic-based framework flowchart. 

 

We continue explaining the flowchart of the characteristic- 

based framework (see Fig. 1). In this flowchart, we find the 

following steps: 

 
 

• Extract the biological features (see previous section) from the 
input set of unaligned sequences: characteristics A (A1, A2, A3), 

characteristics B (B1, B2), and characteristics C (C1, C2, C3, C4, and 

C5). 
• Obtain the parameter-configuration. 

Normalize (in the 0–1 range) the characteristics A, B, and C of 

the input set and also the characteristics A, B, and C included 

in the characteristic-configuration file. 

Obtain the closest parameter configuration in terms of char- 

acteristics A, B, and C by using the Euclidean Distance; we 

refer to it as parameter-configuration-A, parameter- 

configuration-B, and parameter-configuration-C. 
• In parallel, run the aligner with the parameter- 

configuration-A, parameter-configuration-B, and 

parameter-configuration-C, and also with the default 

parameter configuration (aligner with no flag). Note that, the 

framework uses four threads, each  one  in  charge  of  running 

the given aligner with a different parameter-configuration 

and evaluating the output alignment in terms of accuracy and 

conservation. 
• Return the alignment with the highest accuracy and conservation 

value. 

 
For example, given the following set of unaligned sequences: 

 
• GKGDPKKPRGKMSSYAFFVQTSREEHKKKHPDASVNFSEFSKKCSER 

WKTMSAKEKGKFEDMAKADKARYEREMKTYIPPKGE (83) 
• MQDRVKRPMNAFIVWSRDQRRKMALENPRMRNSEISKQLGYQWKMLT 

EAEKWPFFQEAQKLQAMHREKYPNYKYRPRRKAKMLPK (85) 
• MKKLKKHPDFPKKPLTPYFRFFMEKRAKYAKLHPEMSNLDLTKILSK 

KYKELPEKKKMKYIQDFQREKQEFERNLARFREDHPDLIQNAKK (91) 
• MHIKKPLNAFMLYMKEMRANVVAESTLKESAAINQILGRRWHALSRE 

EQAKYYELARKERQLHMQLYPGWSARDNYGKKKKRKREK (86) 

 
and the following characteristic-configuration file: 

 
<conf1>;6;94.34;16.17;0.2900;0.1330;16.91;8.93;7.59; 

14.69;51.88; 

<conf2>;4;88.48;3.07;0.4700;0.0980;23.14;18.66;13.40; 

23.31;21.49; 

Ⓧ 

Ⓧ 



  

 

 

 
Table 1 

List of parameters for Kalign v2.04, MAFFT v7.215 and MUSCLE v3.8. 

Aligner Parameter Description 

Kalign v2.04 −gpo Gap open penalty 

−gpe Gap extension penalty 

−tgpe Terminal gap penalties 

−bonus A constant added to the substitution matrix 

−tree Guide tree method: nj (neighbor−joining) or upgma (Unweighted Pair Group Method with Arithmetic Mean) 

−z Parameter used in the wu−manber based distance calculation 

MAFFT v7.215 −op Gap opening penalty at group−to−group alignment 

−ep Offset value, which works like gap extension penalty 

−lop Gap opening penalty at local pairwise alignment 

−lep Offset value at local pairwise alignment 

−lexp Gap extension penalty at local pairwise alignment 

matrix Substitution matrix: BLOSUM matrix (Henikoff, 1992), JTT PAM number (Jones, 1992), or Transmembrane PAM 

number (Jones, 1994) 

MUSCLE v3.8 profile Profile score (−le, −sp, or −sv) 

diagonal Diagonal optimization (nothing, −diags1, −diags2, or −diags) 

anchor Anchor Optimization (−noanchor or −anchors) 

−cluster1 Cluster method in iteration 1: upgma, upgmb, or neighborjoining 

−cluster2 Cluster method in later iterations: upgma, upgmb, or neighborjoining 

−distance1 Distance measure for iteration 1: kmer6 6, kmer20 3, kmer20 4, kbit20 3, kmer4 6 

−distance2 Distance measure for later iterations: kmer6 6, kmer20 3, kmer20 4, kbit20 3, pctid kimura, pctid log 

−gapopen Gap opening penalty 

−gapextend Gap extension penalty 

−hydro Window size for determining whether a region is hydrophobic 

−hydrofactor Multiplier for gap open/close penalties in hydrophobic regions 

objscore Objective score used by tree dependent refinement: sp=sum−of−pairs score, spf=sum−of−pairs score (dimer 

approximation), dp=dynamic programming score, ps=average profile−sequence score, xp=cross profile score 

−root1 Method used to root tree in iteration 1 and 2: pseudo, midlongestspan, minavgleafdist 

−root2 Method used to root tree in later iterations: pseudo, midlongestspan, minavgleafdist 

−SUEFF Constant used in UPGMB clustering 

−weight1 Sequence weighting scheme in iteration 1 and 2: none=all sequences have equal weight, henikoff=Henikoff 

&Henikoff weighting scheme, henikoffpb=Modified Henikoff scheme as used in PSI−BLAST, clustalw=CLUSTALW 

method, threeway=Gotoh three−way method 

−weight2 Sequence weighting scheme in later iterations: none=all sequences have equal weight, henikoff=Henikoff 

&Henikoff weighting scheme, henikoffpb=Modified Henikoff scheme as used in PSI−BLAST, clustalw=CLUSTALW 

method, threeway=Gotoh three−way method 

−center Center parameter 

 

<conf3>;8;88.33;14.66;0.2432;0.0327;7.77;13.92;27.27; 

23.12;27.92; 

<conf4>;4;139.82;22.23;0.2400;0.1030;17.01;9.20;14.61; 

18.55;40.63; 

<conf5>;2;95.44;23.76;0.5300;0.1260;19.00;4.95;20.19; 

5.27;50.59; 

<conf6>;2;140.23;29.08;0.4600;0.1220;29.23;12.33; 

15.43;8.66;34.35; 

 
The Step 1 is to calculate the biological characteristics A, B, and 

C of the input unaligned sequences: 

 
• Characteristics A: 

Ⓧ 4 unaligned sequences. 

Ⓧ 86.25 of average length. 
Ⓧ 2.95 of standard deviation. 

• Characteristics B: 
• 0.2384 of average Kimura distance. 
• 0.0321 of standard deviation. 

• Characteristics C: 
• 28.94% of positive amino-acids. 
• 12.46% of negative amino-acids. 
• 15.13% of uncharged amino-acids. 
• 8.75% of special amino-acids. 
• 34.73% of hydrophobic amino-acids. 

 
Therefore, it is summarized as: 

 
<input>;4;86.25;2.95;0.2384;0.0321;28.94;12.46;15.13; 

8.75;34.73; 

Then, in Step 2.1, we normalize the characteristics A, B, and C of 

the input set and those included in the characteristic-configuration 

file: 

 
<input>;0.3333;0.0000;0.0000;0.0000;0.0000;0.9865;0.5475; 

0.3831;0.1928;0.4356 

 
<conf1>;0.6667;0.1499;0.5060;0.1769;1.0000;0.4260;0.2903; 

0.0000;0.5222;1.0000 

<conf2>;0.3333;0.0413;0.0046;0.7942;0.6532;0.7163;1.0000; 

0.2952;1.0000;0.0000 

<conf3>;1.0000;0.0385;0.4482;0.0164;0.0064;0.0000;0.6543; 

1.0000;0.9895;0.2116 

<conf4>;0.3333;0.9924;0.7379;0.0054;0.7028;0.4306;0.3100; 

0.3567;0.7361;0.6298 

<conf5>;0.0000;0.1702;0.7964;1.0000;0.9306;0.5234;0.0000; 

0.6402;0.0000;0.9576 

<conf6>;0.0000;1.0000;1.0000;0.7599;0.8910;1.0000;0.5384; 

0.3984;0.1880;0.4231 

 
In the Step 2.2, we compute the Euclidean Distance from the 

input set to each line in the characteristic-configuration file in terms 

of characteristics A, B, and C: 

 
Euclidean Distance (A): 0.62; 0.04; 0.80; 1.24; 0.88; 1.45 

Euclidean Distance (B): 1.02; 1.03; 0.02; 0.70; 1.37; 1.17 

Euclidean Distance (C): 0.98; 1.06; 1.43; 0.84; 0.94; 0.03 

 
In the last step (Step 3), we run in parallel the aligner with the 

default configuration and the selected parameter-configurations: 



  

 

 

 
 

Fig. 2. Improvement of hypervolume obtained by the MOEAs in the six subfamilies of BAliBASE v3.0 for the three aligners (Kalign v2.04, MAFFT v7.215 and MUSCLE v3.8). 

 

<conf2>, <conf3>, and <conf6>. Finally, we return the best align- 

ment obtained. 

 

 
3. Experimental  results 

 
This section is devoted to empirically demonstrate the advan- 

tages of using the proposed characteristic-based framework. 

Firstly, we start by solving the multiobjective parameter optimiza- 

tion problem for three selected aligners by using three well-known 

multiobjective optimization algorithms. Then, we present a com- 

parative study on the improvements obtained by using the 

proposed framework with different aligners and diverse biologi- 

cal benchmarks. Finally, we deal with very-large multiple sequence 

alignment benchmark (up to 65,000 sequences) in order to show 

the scalability of the proposed framework in such scenarios. 

In our experiments, we have selected the following aligners: 

Kalign v2.04 [22], MAFFT v7.215 [20], and MUSCLE v3.8 [14]. These 

aligners were selected because, on average, they present a well- 

balanced behaviour in terms of alignment accuracy and running 

time. In Table 1, we list the set of parameters to optimize for the 

three aforementioned aligners (Kalign, MAFFT, and MUSCLE); the 

lower and upper bound of each parameter were taken from the 

documentation of each aligner. 

The experiments presented in this paper were run on a machine 

with four Intel Processors (2.3GHz) and 4GB RAM (Linux Operating 

System). 

 

3.1. Multiobjective parameter optimization 

 
In this subsection, we analyze the performance of three well- 

known multiobjective evolutionary algorithms when optimizing 

the parameters of Kalign, MAFFT, and MUSCLE (see Table 1). As 

we mentioned in Section 2, the selected multiobjective approaches 

are: NSGA-II (dominance-based), MOEA/D (decomposition-based), 

and IBEA (indicator-based). 

In this multiobjective study, we have employed a widely-used 

alignment benchmarks containing reference alignments: BAliBASE 

v3.0 [45]. This benchmark defines a total of 218 sets of sequences 

(extracted from the Protein Data Bank, PDB [4]). The alignment 

benchmark is organized in six subsets according to their families 

and similarities: RV11 contains 38 sets of sequences and it is formed 

by equidistant sequences, where sequences have less than 20% of 

identities and less than 35 insertions. RV12 is formed by 44 sets 

of sequences and includes families not included in the previous 

group with at least 4 equidistant sequences and identity percent- 

ages between 20% and 40%. RV20 consists of 41 sets of sequences 

and considers families including sequences with more than 40% of 
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Fig. 3.  Average Set Coverage (in %) comparison by pairs of MOEAs in average of the three aligners (Kalign v2.04, MAFFT v7.215 and MUSCLE v3.8). 

 

identities with a highly divergent sequence. RV30 contains 30 sets 

of sequences from different subfamilies that share more than 40% 

of identity between all their sequences but less than 25% between 

different subfamilies. RV40 is formed by 49 sets of sequences that 

share more than 20% of identity but containing large terminal inser- 

The corresponding hypercube for each member ai of set A is calcu- 

lated as follows: h(ai) = [ai1, r1] [aid, rd]. In this way, as it is 

shown in Eq. (1), the hypervolume of A is computed by the union 

of these |A| hypercubes, with repeatedly covered hypercubes being 

counted once, where L refers to Lebesgue measure [40]. 

tions. RV50 consists of 16 sets of sequences that share more than 

20% of identity but containing a large amount of internal insertions. 

The BAliBASE v3.0 were obtained from [15]. 

In this work, we have used two well-known multiobjective indi- 

 
HV (A, r) = L 

|A| 

 
i=1 

h(ai)   |  ai ∈   A

 

 
 

(1) 

cators: the Hypervolume (HV) [53] quality indicator and the Set 

Coverage [50] indicator. 

The Hypervolume measures the volume (in the objective func- 

tion space) covered by members of a non-dominated set of 

solutions. In a multiobjective optimization problem with d mini- 

mization objective functions, we calculate the size of the region of 

the objective space (hypervolume) of a non-dominated set of solu- 

tions A = {a1, . . ., an} bounded by a reference point r = (r1, . . ., rd). 

The HV metrics is not free from arbitrary scaling  of  objec- 

tives; however, this fact does not represent a problem in our study 

because the two objective functions to optimize, Q-score (f1) and 

TC-score (f2), are in the same range: [0–1]. Therefore, our reference 

point in this work is r = (1, 1), since f1 and f2  must be maximized. 

By using this multiobjective indicator, we can determine the con- 

vergence and diversity of the tested multiobjective approaches. 

If we take into account two sets of non-dominated solutions 

A = {a1, . . ., an} and B = {b1, . . ., bm}, the Set Coverage (SC) measures 
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Table 2 

Average HV (in %) obtained by the three multiobjective algorithms (NSGA-II, 

MOEA/D and IBEA) with the six subfamilies of the BAliBASE v3.0 benchmark and 

the three aligners under study: Kalign v2.04, MAFFT v7.215 and MUSCLE v3.8. We 

have highlighted the best values in bold. 
 

 Default NSGA-II MOEA/D IBEA 

(a) Kalign v2.04 [22][22]    

RV11 27.61 37.20 38.36 34.83 

RV12 72.93 80.38 80.52 78.36 

RV20 34.31 47.35 47.22 44.15 

RV30 42.03 48.47 48.65 46.41 

RV40 46.41 60.55 60.39 58.44 

RV50 38.94 50.57 50.38 47.82 

(b) MAFFT v7.215 [20][20] 

RV11 27.69 45.75 46.38 34.44 

RV12 77.29 87.85 87.88 85.15 

RV20 36.85 51.58 51.49 46.21 

RV30 46.00 62.51 63.05 54.19 

RV40 50.81 67.93 66.96 58.55 

RV50 51.53 65.27 65.32 57.75 

(c) MUSCLE v3.8 [14][14] 

RV11 24.04 38.02 38.39 32.02 

RV12 74.62 86.44 86.22 80.03 

RV20 33.65 48.71 48.71 42.13 

RV30 36.17 53.48 53.66 47.01 

RV40 41.91 56.76 56.73 50.31 

RV50 42.57 51.13 50.98 45.08 

 
 

Table                                                                                                                                       3 

Average set coverage (in %) for each pair of MOEAs in the six subfamilies of BAliBASE 

v3.0 benchmark with the three aligners (Kalign v2.04, MAFFT v7.215 and MUSCLE 

v3.8). 
 

A 

B 

NSGA-II NSGA-II 

MOEA/D IBEA 

MOEA/D 

NSGA-II 

MOEA/D 

IBEA 

IBEA 

NSGA-II 

IBEA 

MOEA/D 

(a) Kalign v2.04 [22][22] 

RV11 39.69 84.21 82.06 100 39.69 19.96 

RV12 74.24 97.73 86.48 98.86 38.26 38.64 

RV20 69.31 98.78 74.97 96.95 28.86 27.64 

RV30 77.50 98.33 61.52 96.67 36.04 33.33 

RV40 71.94 97.96 82.19 96.60 39.80 35.71 

RV50 71.88 100 74.06 100 37.50 34.38 

(b) MAFFT v7.215 [20][20] 

RV11 45.61 100 60.96 100 5.26 7.89 

RV12 69.70 100 81.04 100 20.45 19.32 

RV20 61.79 100 50.16 98.17 0 0 

 

 
 

Fig. 4. Pareto front obtained by NSGA-II, MOEA/D and IBEA in the dataset BB40021 

compared with the alignment obtained by the default parameter configuration of 

each aligner (Kalign v2.04, MAFFT v7.215 and MUSCLE v3.8). 

 
practical advices of the DE developers,2 the MOEAs will employ the 

DE/rand/1 scheme. In this way, given two individuals xa and xb, the 

child solution xc is computed as: 
  

xc + F · (xa − xb)    with probability CR; 
RV30 62.78 100 52.06 100 5.00 3.33 

RV40 65.61 100 65.65 100 17.35 17.35 

RV50 46.35 100 57.55 100 0 0 

xc = 
xc with  probability1 − CR. 

(3) 

(c) MUSCLE v3.8 [14][14] where CR and F are the crossover probability and the mutation rate. 

Following the practical advices of the DE developers,1 CR and F were 
set to 0.9 and 0.8; respectively. 

The stop criterion we have established for the multiobjective 

metaheuristics is based on the number of fitness evaluations: the 

evolution stops after 2000 evaluations. The total number of weight 
vectors (N) in MOEA/D is N = Cd−1 = C2−1 = 100, where the 
MOEA/D control parameter (H H+d−1 99+2−1 

the fraction of non-dominated solutions in B; which are covered by 

the non-dominated solutions in A (see Eq. (2)). 

) is 99 and the number of objectives 

(d) is 2. The population size in NSGA-II and IBEA was set to 100. 

In addition, for each test case and each multiobjective algorithm, 

we performed 30 independent runs to ensure a certain level of 

SC(A, B) 
|{b ∈ B; ∃a ∈ A : a    b}| 

|B| 
(2) 

statistical confidence. 

In Table 2, we present the average value of HV obtained by 

NSGA-II, MOEA/D, and IBEA in 30 independent runs for each test 

If SC(A, B) = 1, all points in B are dominated by or equal to points 

in A, whereas SC(A, B) = 0 means that none of the points in B are 

covered by the set A. As the dominance operator is not symmetric, 

it is necessary to calculate both SC(A, B) and SC(B, A), since SC(B, A) 

is not necessarily equal to 1 − SC(A, B). 

benchmark of BAliBASE v3.0. As we can see in Table 2, with respect 

to the baseline, the multiobjective approaches greatly improve the 

average value of HV in the six subfamilies of the benchmark with 

the three tested aligners (Kalign, MAFFT, and MUSCLE). As we can 

To present a fair comparison among the three multiobjective    

approaches (NSGA-II, IBEA, and MOEA/D), all of them will use 

exactly the same crossover and mutation operators. Following the 

2    http://www1.icsi.berkeley.edu/∼storn/code.html. 
1    http://www1.icsi.berkeley.edu/∼storn/code.html. 

RV11 55.51 100 59.43 95.61 9.65 8.27 

RV12 68.75 98.86 53.26 94.32 18.56 25.00 

RV20 53.58 100 43.69 98.78 3.74 3.66 

RV30 25.83 98.33 63.28 93.89 9.67 5.28 

RV40 51.77 100 58.38 93.20 14.12 14.63 

RV50 60.94 98.75 34.38 96.25 3.13 6.25 

 

http://www1.icsi.berkeley.edu/~storn/code.html
http://www1.icsi.berkeley.edu/~storn/code.html
http://www1.icsi.berkeley.edu/~storn/code.html
http://www1.icsi.berkeley.edu/~storn/code.html
http://www1.icsi.berkeley.edu/~storn/code.html
http://www1.icsi.berkeley.edu/~storn/code.html


  

 

 

 

 
 

Fig. 5. Decision making on BB40021. In (a), (c) and (e) appear the set of non-dominated solutions obtained by NSGA-II, MOEA/D and IBEA for the three selected aligners 

(Kalign, MAFFT and MUSCLE), respectively. In (b), (d) and (f), we mix the three sets, obtain the non-dominated solutions, compute the HV of each non-dominated solution 

and select the non-dominated solution with the highest value of HV (in red and/or asterisk). (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

 

observe in Table 2, for all the considered subfamilies, NSGA-II and 

MOEA/D obtain higher values of HV than IBEA. If we compare the 

performance of NSGA-II and MOEA/D, we notice that MOEA/D is 

the best option for optimizing Kalign (see Table 2(a)) and MAFFT 

(Table 2(b)). For MUSCLE aligner (Table 2(c)), these two algorithms 

(NSGA-II and MOEA/D) obtain very similar values of HV. In Fig. 2, we 

graphically show the improvements obtained by the three multi- 

objective algorithms in the six subfamilies of BAliBASE. In average, 

the HV improvements obtained by the dominance-based algo- 

rithm (NSGA-II) are: 10.38% (Kalign), 15.12% (MAFFT) and 13.60% 

(MUSCLE). These values are very similar to those obtained by the 

decomposition-based approach (MOEA/D): 10.55% (Kalign), 15.15% 

(MAFFT) and 13.62% (MUSCLE). On the other hand, reasonable HV 

improvements were obtained by the indicator-based algorithm 

(IBEA): 7.96% (Kalign), 7.68% (MAFFT) and 7.27% (MUSCLE). 

The next step is comparing the multiobjective approaches by 

pairs, using the SC indicator (see Table 3). As we observed in the 

HV comparison, there exist noticeable differences between IBEA 

and the other two approaches (NSGA-II and MOEA/D). In average, 

IBEA only dominates 34.1% (Kalign), 7.99% (MAFFT) and 10.16% 

(MUSCLE) of non-dominated solutions obtained by NSGA-II and 

MOEA/D; respectively. However, NSGA-II and MOEA/D dominate 

around 100% of the non-dominated solutions obtained by IBEA for 

the three tested aligners. If we compare NSGA-II and MOEA/D, we 

can see that NSGA-II dominates 67.4% (Kalign), 58.64% (MAFFT) 

and 52.73% (MUSCLE) of the non-dominated solutions obtained 

by MOEA/D, whereas MOEA/D dominates 76.88% (Kalign), 61.24% 

(MAFFT) and 52.06% (MUSCLE) of the non-dominated solutions 

obtained by NSGA-II. In Fig. 3, we present a graphical average SC 

comparison by pairs of approaches for the three aligners. 

In Fig. 4, for each aligner, we plot the Pareto front (dataset 

BB40021) obtained by each multiobjective algorithm (NSGA-II, 

MOEA/D and IBEA) and the default parameter values of the aligner. 

To summarize, we can say  that  the  decomposition-based 

approach (MOEA/D) is the best option for the parameter opti- 

mization of Kalign, MAFFT and MUSCLE. A similar performance is 

produced by the dominance-based algorithm (NSGA-II), while the 

indicator-based algorithm (IBEA) produces poor performance. 

 
 

3.2. Obtaining the characteristic-configuration file 

 
The main objective behind the previous multiobjective param- 

eter optimization study is to obtain a characteristic-configuration 

file for each aligner. As we saw, we have used three multiobjective 

evolutionary algorithms (NSGA-II, MOEA/D and IBEA) for optimiz- 
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Fig. 6. Improvement of Q-score obtained by the characteristic-based framework in the PREFAB v4.0 benchmark. 

 

ing the parameter configuration of Kalign, MAFFT and MUSCLE in 

the 218 datasets of BAliBASE v3.0. 

A multiobjective approach returns a set of non-dominated solu- 

tions for each of the 218 datasets of BAliBASE, where each solution 

is a different parameter-configuration of the aligner. 

However, in the characteristic-configuration file, only one 

parameter-configuration is required for each dataset. Therefore, 

we need to select one of them among the set of non-dominated 

solutions (parameter-configurations) provided by the multiobjec- 

tive approaches: this process is known as decision making. As we 

introduced in Section 2.2, for each dataset in BAliBASE, we perform 

the following decision making process: 

 
1. Given the set of non-dominated solutions obtained by NSGA- 

II (A), MOEA/D (B) and IBEA (C), create a new set of solutions 

D = A B C . 

2. Remove from D all the solutions dominated by any other solution 

in D, becoming D a set of non-dominated solutions. 

3. For each non-dominated solution in D, compute its value of HV. 

4. From D, select the parameter-configuration (non-dominated 

solution) with the highest value of HV. 

 
A decision making example is shown in Fig. 5, where the dataset 

BB40021 from the BAliBASE benchmark is used. As we may observe, 

to select one of the non-dominated solutions obtained by any of the 

multiobjective approaches, we have followed the aforementioned 

procedure. 

For each of the three selected aligners (Kalign, MAFFT and 

MUSCLE), we performed the decision making procedure over the 

218 datasets of BAliBASE benchmark, obtaining a characteristic- 

configuration file for each one. These characteristic-configuration 

files will be used in the following experiments in order to show the 

advantages of using the proposed framework. 

 
3.3. Testing the characteristic-based framework 

 
In this section, we present a  comparative  study  between 

the characteristic-based versions of Kalign, MAFFT and MUSCLE 

(fwk-Kalign, fwk-MAFFT and fwk-MUSCLE) and diverse multiple 

sequence aligners published in the literature with their default 

parameter configurations, such as: Kalign v2.04 [22], MAFFT v7.215 

[20], MSAProbs v0.9.7 [24], MUSCLE v3.8 [14], PASTA v1.6.4 [26], 

ProbAlign v1.4 [33], ProbCons v1.12 [10] and T-Coffee v11.0 [31]. 

Since the characteristic-based framework is run in parallel with 

four threads, MSAProbs, Clustal ▲, PASTA and T-Coffee, which are 

aligners that allow parallelism, were also run in parallel with four 

threads or processes. 

In the comparative study, we have used the following biological 

benchmarks: 

• PREFAB [14]. The Protein REFerence Alignment Benchmark (PRE- 

FAB) version 4.0 includes a collection of 1682 alignments. In 

PREFAB, two unrelated protein sequences are aligned by a 

structural-based algorithm. Then, each of these sequences is used 
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Table 4 

Comparison among fwk-Kalign, fwk-MAFFT, fwk-MUSCLE and diverse multiple 

sequence aligners published in the literature on the PREFAB v4.0 benchmark. We 

have highlighted the best and second best values in bold (dark gray) and italic (light 

gray), respectively. 
 

 

 

 
 

 

*: Required runtime (HH:MM:SS) for aligning all subsets of PREFAB v4.0. Note that, 

MSAProbs [24], Clustal ▲ [38], PASTA [26] and T-Coffee [31] were run in parallel (4 

threads/processes). 

 

 
to query a database by Position-Specific Iterative Basic Local 

Alignment Search Tool (PSI-BLAST, [1]), retrieving high related 

sequences. The two targets and the  resulting  sequences  are 

then combined in a multiple sequence alignment in order  to 

build the reference alignments. The reference quality is assessed 

on the original pair of sequences, by comparing against their 

structural alignment. PREFAB has been divided into four groups 

according to the percentage of identity (ID): [0–10%) (102 sets, 

where 0% ≤ ID < 10%), [10–20%) (702 sets, where 10% ≤ ID < 20%), 

[20–40%) (658 sets, where 20% ≤ ID < 40%) and [40–100%] (218 
sets, where 40% ≤ ID ≤ 100%). 

• SABmark [46]. The version 1.65 of the SABmark reference align- 

ments consists of 423 sets of sequences. These sets are divided 

into two families: Superfamily (315 sets) and Twilight (108 sets). 

On the one hand, the sequence similarity in the Twilight group 

is very low, between 0% and 25% identity. On the other hand, in 

the Superfamily group, the sequences share at most 50% identity. 

In this work, we have selected those datasets with a percentage 

of identity lower than 20%. Therefore, the SABmark is organized 

in two groups: sup [0–20%) (99 sets from Superfamily, where 

0% ≤ ID < 20%) and twi [0–20%) (78 sets from  Twilight,  where 

0% ≤ ID < 20%). 
• HomFam   [5].   The   HOMstrad   pFAM   benchmark   gives   very 

large sets of sequences to  be  aligned.  This  benchmark  con- 
sists of the single-domain Pfam  [41]  (version  25)  families 

which have  at  least  5  members  with  known  structures  in 

a  HOMSTRAD  [27]   structural   alignment.   According   to   [6], 

in the HomFam benchmark, a  number  of  proteins  had  the 

same amino acid  sequence  even  though  they  were  (cor- 

rectly) labelled differently in Pfam;  so,  duplicate  sequences 

were removed from the  HomFam  families  in  our  experi- 

ments. The HomFam benchmark is organized in four groups, 

depending on the number of sequences: [0–1 K) sequences (26 

datasets, where 0≤ sequences < 1000), [1–3 K) sequences (28 

datasets, where  1000 ≤ sequences < 3000),  [3–10 K)  sequences 

(29 datasets, where 3000 ≤ sequences < 10,000) and [10–65 K] 

sequences (11 datasets, where 10,000 ≤ sequences <65,000). 

In the comparative study, we use the Q-score and TC-score. 

These metrics were calculated by using the qscore program (devel- 

oped by Edgar, R.C. [16]). In the PREFAB benchmark, the reference 

alignments are pairwise [14]; therefore, the Q-score and TC-score 

result to be identical. For this reason, we only report the Q-score. 

 

 
 

Fig. 7. PREFAB v4.0 (runtime analysis). This plot represents the number of times that 

an aligner (Default, MSAProbs, ProbCons, ProbAlign, T-Coffee, Clustal ▲ and PASTA) 

is slower than each characteristic-based version of Kalign, MAFFT and MUSCLE. 

 
 

In the first place, we compare the different approaches by using 

the PREFAB v4.0 benchmark. In Table 4, we present the average Q-

score obtained by each method in the four groups of PREFAB. If  

we  focus  on  the  first  group  (0%  ID < 10%),  we  can  observe that 

the three best approaches are fwk-MAFFT (25.25%), fwk- MUSCLE 

(24.15%) and fwk-Kalign (24.04%), followed by MSAProbs 

(23.04%). In Fig. 6(a), we present the improvements obtained by the 

characteristic-based versions of MAFFT (+6.48%), MUSCLE (+5.04%) 

and Kalign (+4.84%) in the first group of PREFAB. In the second 

group of PREFAB (10% ID < 20%), we can see that the default ver- 

sions of Kalign, MAFFT and MUSCLE obtain the worst average of Q-

score. However, as we can see in Fig. 6(b), these aligners boost 

their accuracy by using the proposed framework, obtaining a rea- 

sonable improvement of Q-score: +7.05% (Kalign), +4.54% (MAFFT) 

and +4.79% (MUSCLE). In the second group of PREFAB, we find 

that MSAProbs (56.46%) and fwk-MAFFT (55.86%) are the two best 

methods, in terms of average Q-score. We continue with the third 

group of PREFAB (20%  ID < 40%). In Table 4, we can see that MAFFT, 

MUSCLE and Kalign obtain the lowest values of average Q-score; 

however, we notice that the characteristic-based versions of MAFFT 

and MUSCLE are the third (fwk-MAFFT, 83.63%) and fourth (fwk- 

MUSCLE, 83.50%) best approaches, with only MSAProbs (84.91%) 

and ProbAlign (83.91%) that are able to obtain higher results. The 

improvement obtained by the proposed framework in the third 



  

 

≤ ≤ 

 

 
 

Fig. 8. Improvement of Q-score and TC-score obtained by the characteristic-based framework in the SABmark v1.65 benchmark. 

 

group of PREFAB appears in Fig. 6(c). In the fourth and last group 

of PREFAB (40% ID 100%), we observe that fwk-MAFFT (95.39%), 

fwk-MUSCLE (95.08%) and fwk-Kalign (94.96%) are the three best 

approaches (see Table 4). In Fig. 6(d), we notice that the small 

improvement (an average of +1.41%) provided by the proposed 

framework is enough to allow Kalign, MAFFT and MUSCLE to over- 

come the results obtained by Clustal ▲ (94.75%) and ProbAlign 

(94.28%). If we summarize the results obtained by the different 

methods in the four groups of PREFAB, we can obtain the follow- 

ing top five ranking (in terms of Q-score): fwk-MAFFT (65.03%), 

MSAProbs (64.63%), fwk-MUSCLE (64.01%), fwk-Kalign (63.34%) 
and ProbAlign (62.92%). 

In the last column of Table 4, we present the required running 

time for aligning the 1682 datasets of PREFAB for each approach. 

On the one hand, the fastest approaches are clearly Kalign and 

fwk-Kalign, which require 3 and 4 min for aligning PREFAB. On the 

other hand, the slowest methods are T-Coffee (22 h, 15 min and 

44 s) and ProbCons (29 h,  4 min  and  24 s).  In  Fig.  7,  we  present 

the number of times that an aligner is slower than fwk-Kalign, fwk-

MAFFT and fwk-MUSCLE. If we compare the running time of the 

characteristic-based methods with MSAProbs and ProbAlign, we 

notice that MSAProbs is 104.65 times slower than fwk-Kalign, 

19.12 times slower than fwk-MAFFT and 8.40 times slower than 

fwk-MUSCLE. Moreover, ProbAlign is 250.32, 45.75 and 20.08 times 

slower than fwk-Kalign, fwk-MAFFT and fwk-MUSCLE respectively. 

We can conclude that fwk-MAFFT results to be the best option in 

PREFAB v4.0. It is able to obtain 65.03% of average Q-score in 22 min 

and 26 s, whereas the second best method (MSAProbs) requires 8 h, 

6 min and 24 s to obtain 64.63% of Q-score. 

In the second place, we continue studying the behaviour of the 

different aligners on the SABmark v1.65 benchmark. For this bench- 

mark, we have two different families: Superfamily and Twilight; 

from both families we have only tested  the  accuracy  (Q-score) 

and conservation (TC-score) of the  aligners  in  those  datasets 

with a percentage of identity lower than 20% (the most difficult 

ones). In Table 5, we present the average Q-score and TC-score 

obtained by the different approaches. If we focus on the first family 

(Superfamily), we observe that the characteristic-based frame- 

work boosts the alignment accuracy and conservation of Kalign, 

MAFFT and MUSCLE. This results in the three aligners being the 

ones with the best average values  of  Q-score  and  TC-score.  In 

Fig. 8(a), we can see that fwk-Kalign, fwk-MAFFT and fwk-MUSCLE 

are able to improve the Q-score obtained by their  default  ver- 

sions by +7.27%, +7.24% and +4.72%. The percentages of TC-score 

improvement appear in Fig. 8(b): +3.67% (fwk-Kalign), +5.04% 

(fwk-MAFFT) and +3.66% (fwk-MUSCLE). The second family is Twi- 

light and, as we may observe in Table 5, the highest value of Q-

score was obtained by MSAProbs and ProbAlign (31.72%), fol- 

lowed by ProbCons (31.19%) and fwk-Kalign (30.58%). As we can 

see in Fig. 8(c), the default versions of Kalign, MAFFT and MUS- 

CLE obtain a low value of Q-score: 23.55%, 22.16% and 24.86%. 

However, by using the characteristic-based framework, these val- 

ues are greatly improved: 30.58% (+7.03%, fwk-Kalign), 29.14% 

(+6.98%, fwk-MAFFT) and 30.07% (+5.21%, fwk-MUSCLE). The more 



  

 

 

 
Table 5 

Comparison among fwk-Kalign, fwk-MAFFT, fwk-MUSCLE and diverse multiple 

sequence aligners published in the literature on the SABmark v1.65 benchmark. 

We have highlighted the best and second best values in bold (dark gray) and italic 

(light gray), respectively. 
 

 
 

 

*: Required runtime (HH:MM:SS) for aligning all subsets of PREFAB v4.0. Note that, 

MSAProbs [24], Clustal ▲ [38], PASTA [26] and T-Coffee [31] were run in parallel (4 

threads/processes). 

 

Table 6 

Comparison among fwk-Kalign, fwk-MAFFT, fwk-MUSCLE and diverse multiple 

sequence aligners published in the literature on the HomFam benchmark. We have 

highlighted the best and second best values in bold (dark gray) and italic (light gray),  

respectively. 

 

 
 

Fig. 9. SABmark v1.65 (runtime analysis). This plot represents the number of times 

that an aligner (Default, MSAProbs, ProbCons, ProbAlign, T-Coffee, Clustal ▲ and 

PASTA) is slower than each characteristic-based version of Kalign, MAFFT and MUS- 

CLE. 

 

we obtain the following top five ranking  (in  terms  of  Q-score 

and TC-score): fwk-Kalign (34.06%, 13.06%), fwk-MUSCLE (34.65%, 

11.82%), MSAProbs (34.70%, 11.42%), fwk-MAFFT (33.84%, 12.13%) 

and T-Coffee (33.55%, 11.71%). 

If we focus on the required runtime for aligning SABmark, we 

can see that the vast majority of the aligners needs a few seconds 

(see the last column of Table 5). The two slowest approaches are 

T-Coffee and PASTA; it is interesting to highlight the poor perfor- 

mance of PASTA (13 min and 8 s) which was developed for aligning 

thousands of sequences; so, it is probably that many unnecessary 

computation were carried out. The fastest approaches are again 

Kalign (2 s) and fwk-Kalign (3 s). In Fig. 9, we compare the run- 

           ning  time  of  the  characteristic-based  approaches  and  the  other 
*: Required runtime (HHH:MM:SS) for aligning all subsets within the group in Hom- 

Fam benchmark. Note that, Clustal ▲ [38] and PASTA [26] were run in parallel (4 

threads/processes). 

 

conservative aligner in the Twilight family is fwk-Kalign, which 

obtains 12.00% of average TC-score, closely followed by T-Coffee 

(11.99%) (see Table 5). The poor TC-scores obtained by default 

MAFFT (6.28%) and MUSCLE (8.07) are improved by the proposed 

framework (see Fig. 8(d)): +3.92 (fwk-MAFFT) and +2.44% (fwk- 

MUSCLE). After analyzing the alignment accuracy and conservation 

obtained by the different approaches in the SABmark benchmark, 

aligners. If we compare MSAProbs and T-Coffee with fwk-Kalign, 

fwk-MAFFT and fwk-MUSCLE, we realize that MSAProbs and T- 

Coffee are 9.37 and 66.02 times slower than fwk-Kalign, 0.40 and 

2.83 times slower than fwk-MAFFT; and 0.72 and 5.09 times slower 

than fwk-MUSCLE. To summarize, we can say that fwk-Kalign 

results to be the best option for aligning SABmark v1.65 bench- 

mark when alignment accuracy/conservation and running time are 

considered. 

The last benchmark is HomFam, which contains datasets with 

many input unaligned sequences, from 68 to 64,993 sequences. As 

we have seen, the benchmark is divided into four groups, depend- 



  

 

 

 
 

Fig. 10. Improvement of Q-score obtained by the characteristic-based framework in the HomFam benchmark (<3000 sequences). 

 

ing on the number of unaligned  sequences.  In  this  comparison, 

we carry out the comparative study with Kalign, MAFFT, MUSCLE, 

Clustal ▲, PASTA, fwk-Kalign, fwk-MAFFT and fwk-MUSCLE. Note 

that, the aligners MSAProbs, ProbAlign, ProbCons and T-Coffee are 

computationally too expensive; therefore, they were ignored in the 

HomFam comparison. 

As suggested in [38], MUSCLE and MAFFT need to use specific 

flags for dealing with the biggest HomFam datasets in a reason- 

able amount of time. In the case of MUSCLE, when the number of 

sequences is greater than 3000 sequences, the -maxiter parameter 

is set to 2. In very large datasets of HomFam (more than 10,000 

sequences), MAFFT requires the –parttree flag for computing a very 

fast guide tree. Note that, the same conditions were applied to the 

characteristic-based versions of MUSCLE and MAFFT (fwk-MUSCLE 

and fwk-MAFFT). 

In Table 6, we show the average alignment accuracy (Q-score) 

and consistency (TC-score) for the aligners. As we may observe, in 

the first group of HomFam [0–1000) sequences, the characteristic- 

based approaches obtain the highest average Q-score and TC-score: 

fwk-MAFFT (89.15%, 76.20%), fwk-Kalign (89.10%, 77.38%) and fwk- 

MUSCLE (88.00%, 76.53%). On the other hand, the Clustal ▲ and 

PASTA obtain significantly lower values: Clustal ▲ (86.38%, 73.08%) 

and PASTA (85.26%, 68.98%). In Fig. 10(a) and (b), we present the 

percentage of improvement obtained by the use of the character- 

istic based framework. The second group of HomFam comprises 

those datasets with a number of sequences between 1000 and 

3000. As we can see in Table 6, the aligners with better results 

are  fwk-Kalign  (90.92%,  81.66%),  fwk-MAFFT  (91.17%,  80.73%) 

and Clustal ▲ (90.86%, 81.02%). The characteristic-based MUS- 

CLE (fwk-MUSCLE) achieves poor performance (80.81%, 63.86%); 

however, it is able to outperform  PASTA  (75.75%,  62.72%).  As 

we may observe in  Fig.  10(c)  and  (d),  the  average  percentages 

of  Q-score  improvement  and  TC-score  for  the  two  aligners  are 

+5.67% and +8.33%; respectively. For those datasets with a number 

of sequences between 3000 and 10,000 (third group in  Hom- 

Fam), we observe that fwk-Kalign (87.26%, 73.45%), fwk-MAFFT 

(85.63%, 70.94%) and Clustal ▲ (82.67%, 66.30%) are the three 

best options, followed by PASTA (81.12%, 66.60%) (see Table 6). 

The percentage of Q-score improvement showed in Fig. 11(a), 

indicates a great improvement provided by the proposed frame- 

work: +10.36% (fwk-Kalign), +11.41% (fwk-MAFFT) and +10.63% 

(fwk-MUSCLE). In addition, according to Fig. 11(b), good TC-score 

improvements are also achieved: +8.34% (fwk-Kalign), +5.25% (fwk- 

MAFFT) and +7.25% (fwk-MUSCLE). Finally, as we can  see  in 

Table 6, for the very-large datasets (>10,000 sequences) the best 

aligners are fwk-Kalign (71.50%, 52.81%) and fwk-MAFFT (72.38%, 

49.20%), which clearly overcome the results obtained by Clustal 
▲ (63.28%, 34.34%) and PASTA (55.84%, 40.80%). In Fig. 11(c) and 

(d), we can see the improvements provided by the framework with 

respect to Kalign, MAFFT and MUSCLE. In conclusion, we can say 



  

 

 

 

 
 

Fig. 11. Improvement of Q-score obtained by the characteristic-based framework in the HomFam benchmark (≥3000 sequences). 

 

that fwk-Kalign and fwk-MAFFT are the best options for dealing 

with the very-large HomFam dataset in terms of alignment accu- 

racy/conservation. 

In Fig. 12, we study the required runtime of each aligner in the 

HomFam benchmark. On the one hand, we can observe that MAFFT 

and fwk-MAFFT are clearly the fastest approaches for dealing with 

this benchmark. They require around 3 h to complete all the align- 

ments in HomFam, whereas the second fastest approach (Clustal 

▲) needs around 13 h, (so it is approximately 4.5 times slower than 

the fastest ones). The remaining aligners are much slower, spending 

more than 100 h in completing all the alignments. In Fig. 12(d), we 

compare the required runtime of each method in datasets with dif- 

ferent number of unaligned sequences. As we can see, fwk-Kalign 

is the fastest approach with a small number of sequences (0–1000 

sequences). However, fwk-MAFFT requires less running time when 

the number of sequences is greater than 1000. After analyzing the 

alignment accuracy/conservation, we concluded that fwk-Kalign 

and fwk-MAFFT were both very good options for solving the Hom- 

Fam benchmark; however, if we also take into account the required 

running time, it is clear that fwk-MAFFT is around 50 times faster 

than fwk-Kalign. 
After  applying  the  characteristic-based  to  three  well-known 

aligners (Kalign, MAFFT and MUSCLE) in three different bench- 

marks (PREFAB, SABmark and HomFam), we can conclude saying 

that the proposed framework greatly improves the performance of 

a given aligner, in terms of both alignment accuracy and conser- 

vation. In Fig. 13, for each benchmark, we compare the different 

approaches tested in terms of Q-score (x-axis), TC-score (y-axis) 

and required running time (size of the circle). As we may observe in 

Fig. 13(a) (PREFAB v4.0), the three characteristic-based approaches 

obtain very promising results with the lowest required running 

times. Something similar occurs in the SABmark v1.65 benchmark 

(Fig. 13(b)), where we can highlight the particular good perfor- 

mance of fwk-Kalign. Finally, in Fig. 13(c) (HomFam benchmark), 

we can observe that the fwk-MAFFT is extremely fast in compari- 

son with the other approaches, obtaining the second best result in 

terms of Q-score and TC-score. 

 
4. Conclusions and future work 

 
In this work, we proposed a multiobjective characteristic-based 

framework for boosting the alignment accuracy and conservation of 

a given aligner. By using multiobjective optimization, we construct 

a characteristic-configuration file, where depending on the biolog- 

ical characteristics of the input set of unaligned sequence, we find a 

set of best parameter configurations that simultaneously optimize 

the accuracy and conservation of the alignment. Then, given any 

set of unaligned sequence, we can extract their characteristics and 

find within the characteristic-configuration file a proper parameter 

configuration for the aligner. 



 

 
 
 
 

 
 

Fig. 12. HomFam (runtime analysis). Figures (a), (b) and (c) represent the number of times that an aligner (Default, Clustal ▲ and PASTA) is slower than each characteristic-based version of Kalign, MAFFT and MUSCLE. In figure 

(d) we compare the required runtime of each approach depending on the number of sequences. 
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Fig. 13. Illustrative comparison among the different MSA approaches in terms of Q-score (x-axis), TC-score (y-axis) and running time (size of the circle). 

 

Three different multiobjective optimization algorithms have 

been applied to find the best parameters configurations: a 

domination-based approach (NSGA-II), a decomposition-based 

approach (MOEA/D) and an indicator-based approach (IBEA). 

After analyzing the results obtained by NSGA-II,  MOEA/D  and 

IBEA on the parameter optimization of three well-known align- 

ers (Kalign v2.04, MAFFT v7.215 and MUSCLE v3.8), we can 

conclude that the  best  multiobjective  techniques  are  NSGA-II 

and MOEA/D. Then, we perform a decision making process  in 

order to obtain a characteristic-configuration file for each aligner, 

which will be used in a  comparative  study.  In  the  comparison, 

we study the advantages of applying the characteristic-based 

framework. Three different benchmarks were used: PREFAB v4.0 

(1682 datasets), SABmark v1.65 (177 datasets) and HomFam (94 

very-large datasets). We compare the accuracy and conservation 

obtained by the characteristic-based versions of Kalign,  MAFFT 

and MUSCLE with well-known aligners published in the literature: 

Kalign v2.04 (default parameters), MAFFT v7.215 (default parame- 

ters), MSAProbs v0.9.7, MUSCLE v3.8 (default parameters), PASTA 

v1.6.4, ProbAlign v1.4, ProbCons v1.12 and T-Coffee v11.0. All in 

all, we can conclude that the proposed framework greatly boost 

the performance of the aligners in the three tested benchmarks, 

highlighting a particular good performance in very-large datsets 

(>10,000 sequences). 
As future work, we intend to combine different aligners within 

the framework in order to boost the runtime and performance. 

The idea of using 3D structure characteristics to the framework 

is really interesting for incorporating specific knowledge to the 

framework. In addition, the main concept of the proposed frame- 

work (parameter optimization of a given tool) may be applied to 

other bioinformatics or engineering problems. 
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