




















Figure 8. Optimal and suboptimal alignments produced by IMSA for
the /uky instance for Reference 3 (medium). We show the SP and CS
scores. The difference between the two alignments is highlighted in
grey.
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Figure 9. Optimal and suboptimal alignments for the /¢pg instance
of Reference 5.
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These figures highlight the capability of IMSA to
produce optimal and suboptimal alignments. Thanks to
this ability, more tools are available to the biologists
to better understand and study the proteins evolution
process.

The results shown in all experiments were obtained
by using the following experimental protocol: population
size d =10, cloning parameter dup = 1, age parameter
T = 33, maximum number of objective function evalu-
ations Tna = 2 x 10° and 50 independent runs. The par-
ameter values have been selected inspecting the literature
on the clonal selection algorithms (45,49,53). Moreover,
we used the following substitution matrices:

e BLOSUM45 for Reflvl and Ref 3, with
GOP = 14,GEP =2,

e BLOSUMBG®G2 for Reflv2, Ref 2, Ref 4 and Ref 5, with
GOP =11,GEP = 1;

e BLOSUMSO for Reflv3, with GOP = 10,GEP = 1.

Table 2 shows the average SP score obtained by
the described alignment tools on every instance set of
BALIBASE v.1.0. As it can be seen in this table, IMSA
performs well on the Reference 2 and Reference 3 sets.

Table 2. SP values given by several methods on the BALIBASE v.1.0
benchmark (http://bips.u-strasbg.fr/fr/Products/Databases/BAliBASE/)
for multiple sequence alignment

Ref. 1 Ref. 2 Ref. 3 Ref. 4 Ref. 5 Overall
82) (23) (12) (12) (12) (14D

Aligner

DIALIGN (30) 77.7 384 288 852 836 627
CLUSTALX (22) 853 583 408 36.0 70.6 58.2

PILEUPS (21) 822 428 333 59.1 638 56.2
ML_PIMA (25) 80.1 37.1 340 704 572 55.7
PRRP (34) 86.6 54.0 487 134 70.0 54.5
SAGA (35) 70.3  58.6 462 28.8 64.1 53.6

SB_PIMA (25) 81.1 379 244 726 507 533

MULTALIGN (20) 823 5.6 27.6 292 627  50.6

IMSA 80.7 88.6 774 702 820 (79.7+5.6)
(78.47.80.92)

For IMSA we report mean and standard deviation (n=+ o), and confi-
dence interval, about 95% of the data are within 1.96 SD of the mean.
Best results are in boldface.

The values obtained help to raise the overall score,
which is higher compared with the results published by
the Bioinformatics platform of Strasbourg (http://bips.u-
strasbg.fr/en/presentation.php). In Table 3, we show the
ability of IMSA to improve and to refine the best initial
alignment produced by CLUSTALW-seeding on the
BALIBASE v.1.0 benchmark. In all references, IMSA
improves the initial alignments, producing an overall
average SP score 10.5 times better than the initial ones.
By this feature, IMSA yicelds an effective refinement
methodology.

In Table 4, we show the average SP and CS values
obtained by the tools on every group of instances belong-
ing to the BALIBASE v.2.0 database. The table also rep-
resents the accuracies of the produced alignments. The
values used in Table 4 are drawn from data reported in
(26). IMSA obtains comparable values of SP score on
Reference 1, Reference 2 and Reference 5—despite the
fact that the value obtained on Reference 3 is the fourth
best value. This table also shows that future efforts should
focus on improving the CS metric. The last column of the
Table 4 (see Results Section) indicates the average number
of the improved alignments (NIA), with respect to the
initial population produced by CLUSTALW-seeding,
which was described in Section.

To further evaluate the real performance of the
proposed IMSA, Table 5 reports how many best align-
ments are produced by IMSA, with respect to
CLUSTALW-seeding. We present the average SP and
CS values obtained on each reference belonging to
the BALIBASE v.2.0 database. Even in this version of

Table 3. Performance of IMSA with respect to the initial population
P~ produced by CLUSTALW-seeding, on BALIBASE v.1.0
benchmark

Aligner Ref. 1 Ref. 2 Ref. 3 Ref. 4 Ref. 5 Overall
(82) (23) (12) (12) (12) (141)
CLUSTALW-seeding 77.1 63.1 63.7 657 784 69.2
IMSA 80.7 88.6 774 702  82.0 79.7
Improvement +3.6  +255 +13.7 +45 +3.6 +10.5

Best results are in boldface.

Table 4. Alignment accuracies given by several methods on the BALIBASE v.2.0 benchmark (http://bips.u-strasbg.fr/fr/Products/Databases/

BAIiBASE2/) for multiple sequence alignment (26)

Aligner Ref. 1 (82) Ref. 2 (23) Ref. 3 (12) Ref. 4 (12) Ref. 5 (12) Overall (141) NIA
SP CS SP CS SP CS SP CS SP CS SP CS
SPEM (26) 90.8 83.9 93.4 57.3 81.4 56.9 97.4 90.8 97.4 92.3 91.5 78.6 1
MUSCLE (34) 90.3 84.7 64.4 60.9 82.2 61.9 91.8 74.8 98.1 92.1 91.0 78.7 1
ProBCons (27) 90.0 83.9 94.0 62.6 82.3 63.1 90.9 73.6 98.1 91.7 90.8 78.4 1
T-CorreE (24) 86.8 80.0 93.9 58.5 76.7 54.8 92.1 76.8 94.6 86.1 88.2 74.6 1
PRALINE (37) 904 83.9 94.0 61.0 76.4 55.8 79.9 53.9 81.8 68.6 88.2 73.9 1
CrusTaLW (23)  85.8 78.3 93.3 59.3 72.3 48.1 83.4 62.3 85.8 63.4 85.7 70.0 1
IMSA 83.4 65.3 92.1 41.3 78.6 36.2 73.0 31.9 83.6 56.9 (82.1£9.2) (46.3+£6.9) 52

(79.55,84.64)

(44.38.,48.21)

BALIBASE v.2.0 (51) includes all alignments present in the first version, where all alignments have been verified and ‘hand-constructed’ from the
literature. Test alignments are scored with respect to BALIBASE core blocks, regions for which reliable alignments are known to exist (27).
For IMSA, we report mean and standard deviation (p=+o), and confidence interval, about 95% of the data are within 1.96 SD of the mean.

Best results are in boldface.
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BALIBASE, IMSA produces better alignments than the
initial ones, thus again showing its refinement ability.

For sake of completeness, we tested IMSA with two
immunological aligners, ClonAlign and AIS. Tables 6
and 7 show the comparisons. In both cases, IMSA out-
performs ClonAlign and AIS.

Table 5. Performance of IMSA with respect to the initial population
PY=9 produced by CLUSTALW-seeding, on BALIBASE v.2.0 bench-
mark BALIBASE v.2.0 (51) includes all alignments present in the

first version, where all alignments have been verified and
‘hand-constructed’ from the literature (27)

Aligner CLUSTALW- IMSA Improvement
seeding

SP CS SP CS SP CS
Ref. 1 (82) 77.1 64.9 834 653 +6.3 +0.4
Ref. 2 (23) 85.5 40.7 92.1 413 +6.6 +0.6
Ref. 3 (12) 68.3 349 78.6 362 +10.3 +1.3
Ref. 4 (12) 64.1 29.9 73.0 319 +8.9 +2.0
Ref. 5 (12) 73.8 51.4 83.6  56.9 +9.8 +5.5
Overall (141)  73.7 443 82.1 463 +8.4 +2

Best results are in boldface.

Table 6. IMSA versus AIS (57), each entry reports the SP value

Instance Sequences BW (58) AIS (58) IMSA
laboA 5 0.622 0.646 0.759
451c 5 0.321 0.538 0.773
9rnt 5 0.783 0.804 0.954
kinase S 0.308 0.399 0.644
2cba 5 0.653 0.761 0.754
Ippn 5 0.605 0.623 0.987
2myr 4 0.236 0.385 0.285
Left 4 0.728 0.739 0.880
Itaq 5 0.747 0.817 0.946
lubi 17 0.267 0.393 0.897
kinase 18 0.186 0.270 0.905
lidy 27 0.295 0.346 0.854
Average 0.479 0.560 0.810

Best results are in boldface.
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In Table 8 is shown the comparison among IMSA and
some of the most popular alignment algorithms, as
ProsCons (27), PCMA (54), MUSCLE (34), CLusTALW
(23) and COBALT (55). These experiments have been
done on BALIBASE version 3.0 (52), which containing
218 alignments, and it is organized in the same way as
the version 2.0, but with larger sequence collections that
contain more outlier sequences. Tables 8 shows ‘quality
assessment score (Q-score)’, that is an average over all
datasets in the benchmark, and the relative running time.

Looking the results with respect the Q-score column is
possible to see as IMSA is comparable with all alignment
algorithms, showing the third best performance, behind
only to ProBCons and PCMA algorithms, although it
seems to be slower from a running time point of view.
In fact, as shown in the last column of the same table,
IMSA presents a larger running time with respect to the
other algorithms, except PRoBCons whose running time is
the highest.

Tables 9 and 10 show, respectively, the average SP and
Total-Column (TC) scores, obtained on BALIBASE 3.0
data set. For this kind of comparison, as done in (56),
we labelled the five categories of the BALIBASE bench-
mark as RV1* RV20,...,RV50, where the first class is
further divided into two subcategories (RV11 and RV'12).

Also on this kind of comparisons is possible to see as
IMSA provides comparable alignments in term of quality,
as determined via the used score metrics.

Table 8. IMSA versus COBALT (55), ProCons (27), PCMA (54),
MUSCLE (34) and CrLusTALW (23)

Aligner Q-score Running time
ProBCons (27) 86.41 32h 11 min
PCMA (54) 85.75 5h 39min
IMSA 84.68 30h 58 min
COBALT (55) 84.44 4h 38 min
MUSCLE (34) 82.35 1h 18min
CLUsTALW (23) 75.37 1h 21 min

The comparison was done using BALIBASE 3.0 (53) as benchmark.
Best results are in boldface.

Table 7. IMSA versus ClonAlign (58), each entry reports the pair of values (SP, CS)

Instance ClonAlign (59) Clustal (59) Muscle (59) T-Coffee (59) IMSA

laab (1.000, 1.000) (0.940, 0.881) (1.000, 1.000) (1.000, 1.000) (1.000, 1.000)
laho (1.000, 1.000) (0.920, 0.857) (1.000, 1.000) (1.000, 1.000) (1.000, 1.000)
2trx (0.707, 0.500) (0.707, 0.500) (0.644, 0.386) (0.752, 0.591) (0.996, 0.614)
Itgxa (0.849, 0.833) (0.914, 0.933) (0.785, 0.700) (0.753, 0.667) (0.991, 0.921)
Iwit (1.000, 1.000) (0.873, 0.683) (1.000, 1.000) (0.980, 0.951) (0.898, 0.871)
larSa (0.977, 0.957) (0.986, 0.976) (0.995, 0.994) (0.982, 0.970) (1.000, 0.968)
gal4 (0.666, 0.459) (0.698, 0.541) (0.746, 0.430) (0.683, 0.422) (0.584, 0.506)
glg (0.907, 0.845) (0.956, 0.908) (0.986, 0.982) (0.987, 0.986) (0.880, 0.830)
lamk (0.993, 0.982) (0.996, 0.991) (0.996, 0.991) (0.996, 0.991) (1.000, 1.000)
lgdoal (0.779, 0.679) (0.908, 0.835) (0.862, 0.732) (0.934, 0.884) (0.882, 0.763)
451c (0.707, 0.469) (0.649, 0.429) (0.622, 0.367) (0.717, 0.469) (0.773, 0.619)
Average (0.871, 0.793) (0.868, 0.752) (0.876, 0.780) (0.889, 0.812) (0.909, 0.826)

Best results are in boldface.
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Table 9. Average SP score for IMSA and several alignment
algorithms, on BALIBASE 3.0 data-set

Aligner RVIL RV12 RV20 RV30 RV40 RV50

MUSCLE (fast) (34)  0.4904 0.8303 0.8359 0.7076 0.6904 0.6823
MAFFT (fast) (59) 0.4801 0.8161 0.8404 0.7345 0.7187 0.7089

MAFFT v6 0.4790 0.8066 0.8096 0.6801 0.6610 0.6985
(parttree, n = 50) (59)
MAFFT (59) 0.4914 0.8258 0.8459 0.7437 0.7347 0.7253
GRAMALIGN (56) 0.5089 0.8328 0.8270 0.6855 0.7239 0.6903
KaLign (60) 0.5029 0.8504 0.8410 0.7389 0.7259 0.7299
CLUSTALW (fast) (23) 0.4748 0.8367 0.8258 0.6843 0.6705 0.6715
MUSCLE (34) 0.5578 0.8583 0.8548 0.7492 0.7623 0.7384
CLUSTALW (23) 0.4908 0.8197 0.8219 0.6841 0.6950 0.6698
PSALIGN (61) 0.5924 0.8804 0.8720 0.7554 0.7937 0.7739
T-CorrEee (24) 0.5181 0.8650 0.8660 0.7588 0.7452 0.7715
IMSA 0.5638 0.8660 0.8690 0.7565 0.7534 0.7628

Best results are in boldface.

Table 10. Average Total-Column (TC) score for IMSA and several
alignment algorithms, on BALIBASE 3.0 data set

Aligner RV11 RV12 RV20 RV30 RV40 RV50

MUSCLE (fast) (34) 0.2421 0.6349 0.2599 0.2457 0.2614 0.2719
MAFFT (fast) (59) 0.2354 0.6209 0.3094 0.2910 0.3108 0.3087

MAFFT v6 0.2461 0.6320 0.2978 0.2987 0.3104 0.3435
(parttree, n = 50) (59)
MAFFT (59) 0.2532 0.6256 0.3168 0.3158 0.3073 0.3303
GRAMALIGN (56) 0.2993 0.6701 0.2917 0.2503 0.3292 0.3006
KALIGN (60) 0.2538 0.6749 0.2765 0.2955 0.3253 0.3223
CrustaLW (fast) (23) 0.2317 0.6651 0.2680 0.2513 0.2808 0.2752
MUSCLE (34) 0.3217 0.6961 0.3077 0.3087 0.3484 0.3397
CrusTALW (23) 0.2395 0.6417 0.2602 0.2478 0.3024 0.2658
PSALIGN (61) 0.3503 0.7384 0.3517 0.2992 0.3951 0.3816
T-CorrEeE (24) 0.2716 0.6986 0.3257 0.3637 0.3659 0.3974
IMSA 0.3397 0.7119 0.3335 0.3245 0.3899 0.3823

Best results are in boldface.

Table 11. Running time necessary to align all data set of
BALIBASE 3.0

Aligner Running time (s)
MUSCLE (fast) (34) 200
MAFFT (59) 376
GRAMALIGN (56) 453
KALIGN (60) 886
MUSCLE (34) 4086
CrustaLW (23) 5813
PSALIGN (61) 101403
IMSA 110073
T-CoFFrEE (24) 252384

Finally, in Table 11 are presented the running times
necessary to align all data set for all alignment algorithms
shown in Tables 9 and 10.

FINAL REMARKS

We have designed a Clonal Selection Algorithm, called
IMSA, to address the Multiple Sequence Alignment
problem. This algorithm includes a new method to

generate the initial population (CLUSTALW-seeding),
and two specific ad-hoc mutation operators. To measure
the alignment quality produced by IMSA, we have used
the classical benchmark BALIBASE versions 1.0, 2.0 and
3.0. A favourable feature of IMSA is the ability of
generating more than a single suboptimal alignment, for
every MSA instance. This behaviour is due to the stochas-
tic nature of the algorithm and of the populations evolved
during the convergence process. This feature will help
the decision maker to assess and select the biologically
relevant multiple sequence alignment. The alignment
process is not affected by the presence of distant se-
quences, and this can be considered another advantage
of IMSA. Another important feature of the designed
algorithm is that IMSA can be used by other aligners as
a local search procedure to properly explore promising
candidate solutions or regions of the search space.
Experimental results on BALIBASE v.1.0 show that
IMSA is superior to PRRP, CrustaLX, SAGA,
DIALIGN, PIMA, MULTIALIGN and PILEUPS;
while on BALIBASE v.2.0 the algorithm shows interesting
results in terms of SP score with respect to established and
leading methods, e.g. CLustaALW, T-Corree, MUSCLE,
PRALINE, ProBCons and Spem. Although the scoring
function used by IMSA produces high SP values and
low CS scores, future work will focus on the improvement
of the CS score values using the T-Coffee scoring function.
Using the same benchmark (BALIBASE v.2.0) IMSA was
also compared with two immunological aligners. From
these comparisons, IMSA shows best performances, and
hence best alignments, than both ClonAlign and AIS.
For completeness, IMSA has been compared with
the state-of-the-art alignment algorithms also on the
BALIBASE v.3.0 benchmark. Also in this new testbed,
IMSA shows good alignments, which are comparable
with the state-of-the-art methods, as MUSCLE (FasT),
MAFFT (Fast), MAFFT v6 (PARTTREE, n = 50),
MAFFT, GRrRaMALIGN, KALIGN, CLUSTALW (FAST),
MUSCLE, CLustaALW, PSALIGN, and T-COFFEE.
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