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ABSTRACT

Summary: Multiple sequence alignment (MSA) is a central tool
in most modern biology studies. However, despite generations of
valuable tools, human experts are still able to improve automatically
generated MSAs. In an effort to automatically identify the most
reliable MSA for a given protein family, we propose a very simple
protocol, named AQUA for ‘Automated quality improvement for
multiple sequence alignments’. Our current implementation relies
on two alignment programs (MUSCLE and MAFFT), one refinement
program (RASCAL) and one assessment program (NORMD), but
other programs could be incorporated at any of the three steps.
Availability: AQUA is implemented in Tcl/Tk and runs in command
line on all platforms. The source code is available under the GNU
GPL license. Source code, README and Supplementary data are
available at http://www.bork.embl.de/Docu/AQUA.
Contact: muller@embl.de, bork@embl.de

1 INTRODUCTION
Multiple sequence alignment (MSA) of protein sequences is a
central tool in most modern biology studies. However, despite
generations of valuable tools, so far there has been no optimal
solution and human experts [using external information such as
3D structures (O’Sullivan et al., 2004)] are still able to improve
automatically generated MSAs (Pirovano et al., 2008; Waterhouse
et al., 2009). The next-generation sequencing technologies are now
producing massive amounts of data so that for large-scale analysis,
technical issues such as speed also becomes important parameters.
High-throughput comparative analyses require automated and fast
pipelines that include numerous MSAs as a starting point for
structural and functional studies (Thompson and Poch, 2006) and
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phylogenomic approaches (Dunn et al., 2008). Automatic high-
quality MSAs are crucial to guarantee the reliability and success
of such studies. Numerous methods are available to build MSAs
[e.g. MUSCLE (Edgar, 2004), MAFFT (Katoh and Toh, 2008),
ProbCons (Do et al., 2005) and PRANK (Loytynoja and Goldman,
2008)], to refine them [e.g. RASCAL (Thompson et al., 2003) and
REFINER (Chakrabarti et al., 2006)] and to assess their quality
[e.g. NORMD (Thompson et al., 2001) and MUMSA (Lassmann
and Sonnhammer, 2005)]. Nevertheless, despite the fact that these
methods often produce reliable results, some programs appear to
be more suitable for particular situations than others (Thompson
et al., 2005). In an effort to automatically identify the most reliable
MSA for a given protein family, we propose AQUA (Automated
QUality improvement for multiple sequence Alignments) a very
simple protocol, combining existing tools in the following three
steps:

• Computation of an initial MSA

• Refinement of the MSA

• Evaluation and selection of the best MSA

AQUA has been evaluated using carefully validated sets of MSAs
and applied to a large-scale dataset.

2 METHODS AND DATASETS
AQUA is described as follows (Fig. 1a): given a set of protein sequences,
we (i) first align them using one (or more) alignment program(s). In our
implementation, we use Muscle (v3.7) and Mafft (v6.611). Both of these
programs make use of heuristics to perform fast and reliable MSA, which
nevertheless can contain some errors. Therefore, (ii) a refinement step is
introduced to detect and correct these errors. For this post-processing, we
use the Rascal (v1.34) program. Finally, (iii) the NORMD (v1.3) program is
used to estimate the quality of each MSA produced in the previous steps. The
NorMD score gives information about the general quality of the alignment
[a NorMD >0.6 indicates a reliable MSA (Thompson et al., 2003)], but
can also be used to compare different versions of the same MSA. Thus,
we select the MSA with the highest NorMD value. We used the default
parameters for each program. Nevertheless, for large sets of alignments,
a mixture of different algorithms, parameter settings and post-processing
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Fig. 1. (a) Flowchart showing the strategy used in AQUA. ‘AQUA’
corresponds to the alignment quality obtained using our strategy (i.e selecting
the program with the highest NorMD). ‘Best selection possible’ corresponds
to the highest possible alignment quality (i.e selecting the program with the
highest score depending on the dataset used). (b) Quality distribution plot
using BAliBASE 3.0 based on column scores. (c) Quality distribution plot
for single copy orthologs based on SP scores. Scores are plotted for each
method in ascending order.

operations could be implemented. AQUA was tested using the following
datasets (see Supplementary Information):

− Dataset 1 is BAliBASE 3.0 (Thompson et al., 2005), a well-established
benchmark with 6255 proteins in 217 MSAs covering the major
problems encountered when building MSA. The MSAs computed by
AQUA were compared with the reference alignment provided, using
the column score (the percentage of correctly aligned columns in the
MSA), which tests the ability of the programs to align all the sequences
correctly and thus provides a greater distinction between the programs
(Thompson et al., 1999).

− Dataset 2 contains 100 alignments from single copy orthologs (1 protein
per genome) of 19 Metazoa amended with putative orthologs from
EST data of seven further animals (Creevey et al., manuscript in
preparation), i.e we added frequently incomplete sequences to increase
the demands on the dataset. The orthologs were taken from the
eggNOG database and belong to a subset of metazoan non-supervised
orthologous groups (meNOGs) (Jensen et al., 2008). Reference
alignments for this set were constructed manually and the accuracy of
our automatic alignments was assessed by comparing them with these
references. Here, the many sequence fragments lead to MSAs with few
complete columns, and hence the column score is unsuitable. Therefore,
we use the sum-of-pairs (SP) score (the percentage of correctly aligned
residue pairs in the MSA) (Thompson et al., 1999).

− Dataset 3 corresponds to the full meNOG dataset comprising 20 262
MSAs connecting 247 040 proteins from 19 metazoan. The dataset is
used to evaluate the performance and the contribution of the different
programs.

3 RESULTS AND DISCUSSION
The column score distributions of the BAliBASE set of alignments
(Fig. 1b) confirm that AQUA is able to increase the global MSA

quality compared with individual programs. As expected, AQUA has
the greatest effect on the more divergent cases (i.e. lower column
scores) and the smallest effects in highly conserved regions.

When analyzing the 100 alignments from metazoan single
copy orthologs, AQUA selects 62 MSAs from Mafft, 11 from
Mafft+Rascal, 18 from Muscle and 9 from Muscle+Rascal. Figure 1c
compares the resulting alignments with 100 manually constructed
MSAs. The SP score distributions clearly show that AQUA provides
alignment quality closer to what a skilled human being would create
than any of the programs individually.

Finally, the full meNOG dataset was used to assess AQUA in
high throughput. We noticed that >98% of the MSA computed
have a NorMD score >0.6, emphasizing the overall high quality
of the dataset. The MSAs selected are as follows: 9317 Muscle,
1935 Muscle+Rascal, 8011 Mafft and 999 Mafft+Rascal. The results
imply first that the refinement step can increase the quality of the
initial MSA in ∼15% of the cases and second that the employment
of more than one alignment program will considerably improve the
overall quality of large sets of MSAs.

Taken together, we showed that AQUA represents a simple and
reliable method to obtain a high-quality MSA. It can be applied
to a single alignment program with little extra computational cost
or to a selection of complementary alignment programs [e.g. 2D
aware programs such as PRALINE (Simossis and Heringa, 2005)
or Expresso (Armougom et al., 2006)] in parallel to ensure the
best quality final alignment, at the cost of increased computer time.
Future work will include the optimization of alignment programs
and parameters, as well as the construction of a new MSA by
combining optimally aligned regions from different candidate MSA.
In any case, AQUA not only gives an indication of the quality of
MSAs in large datasets, but their automatic improvement should
increase the signal-to-noise ratio in many genomics, proteomics and
phylogenetic studies.
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