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ABSTRACT

The accur acy of mult iple sequence alig nment pro-
gram MAFFT has been improv ed. The new vers ion
(5.3) of MAFFT offers new itera tive refi nement opti-
ons, H-INS-i, F-INS-i and G-INS-i, in whi ch pairw ise
alig nment infor mation are incorpor ated into objectiv e
functi on. These new opt ions of MAFFT show ed higher
accur acy than cur rently avail able methods inclu ding
TCof fee version 2 and CLUSTAL W in benchm ark
tests consis ting of alig nments of . 50 sequenc es.
Like the previousl y availa ble options, the new options
of MAFFT can handle hundr eds of sequenc es on a
stand ard deskt op com puter. We also examined the
effect of the numb er of homo logues includ ed in an
alig nment. For a multiple alignment consi sting of
! 8 sequen ces with low similarit y, the accur acy was
impr oved (2Ð10 percen tage points) when the
sequenc es were aligned together with dozen s of
their close homo logues (E-value , 10" 5Ð10" 20) col-
lected from a database. Such impr ovemen t was gen-
erally obser ved for mos t methods, but remark ably
large for the new options of MAFFT proposed here.
Thus, we made a Ruby script , maff tE.rb, whic h align s
the input sequence s together with their close homo-
logues colle cted from SwissPro t using NCBI-BLA ST.

INTRODUCTION

Multiple alignment is an important tool for computational
analysis of nucleotide or amino acid sequences. MAFFT (1)
is one of the fastest methodsamong the currently available
multiple alignment tools (2), and used in several projects,
such as Pfam (3), ASTRAL (4) and MEROPS (5). In
MAFFT,aninitial alignmentis constructedby theprogressive

method(6,7)andthenreÞnedbytheiterativereÞnementmethod
(8,9). The outline of procedure of the previous version of
MAFFT is brießy explainedbelow and in the lower part of
Table1.A usercanselectanappropriatestrategyfromthefastest
one(FFT-NS-1) to themostaccurateone(FFT-NS-i).

Progressive alignment (1). A rough distancebetweenevery pair
of input sequences is rapidly calculatedbased onthenumberof
6-tuplessharedby the two sequences (1,10,11). A guidetreeis
constructed from the distances with the UPGMA method (12)
with modifiedlinkage (seesupplementary material on our web
page,http://www.biophys.kyoto-u.ac.jp/~katoh/programs/align/
mafft/suppl/). Input sequences are progressively aligned (6,7)
following the branching order of the guidetree.This procedure
is referredto asFFT-NS-1.

Progressive alignment (2).Theinitial distancematrix is less
reliable than that basedon all pairwisealignments.We can
obtain more reliable distance matrix by using the FFT-NS-1
alignment (1,11,13). Progressivealignment is re-performed
basedonthenewtreecalculatedfrom thenewdistancematrix.
This methodis referredto asFFT-NS-2.

Iterative refinement. The FFT-NS-2 alignment is further
improvedby the iterative refinement method(8,9) that opti-
mizes the weighted sum-of-pairs (WSP) scoreproposedby
Gotoh (14), using an approximate group-to-groupalignment
algorithm (1) and the tree-dependent restricted partitioning
technique(15). This procedureis referredto asFFT-NS-i.

For the progressive alignmentprocesses, a fastFourier trans-
form (FFT) approximation (1) is used in the FFT-NS-2,
FFT-NS-1 and FFT-NS-i options (collectively denoted as
FFT-NS-[12i] hereafter). When the sequencesunderconsid-
erationarehighly conserved,theseoptions requireCPUtimes
effectively proportionaltoaveragesequencelengthL for amino
acid or nucleotide sequence alignments consisting homo-
logues of a singlegene.Note that it is not L log L, although
FFT takesL log L operations.This is because CPU time
required by the FFT phaseis much smaller than that by the
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Table 1. Optionsof version5.3 (upper)andthe previousversion(lower) of MAFFT

FFT Initial distance
matrix

Guidetree(s) Iterativerefinement Alignment
score

Command

G-INS-i Ona Globala UPG-me On WSP+Ig mafft --maxiter ate 1000 --globalp air
H-INS-i FASTA-SWb UPG-me On WSP+Ig mafft --maxiter ate 1000 --fastswp air
F-INS-i FASTAc UPG-me On WSP+Ig mafft --maxiter ate 1000 --fastapa ir
H-INS-1 FASTA-SWb UPG-me mafft --maxiter ate 0 --fasts wpair

FFT-NS-i On 6-tupled UPG-má2e,f On WSPh mafft --maxiter ate 1000
FFT-NS-2 On 6-tupled UPG-má2e,f mafft --maxiter ate 0 --retre e 2
FFT-NS-1 On 6-tupled UPG-me mafft --maxiter ate 0 --retre e 1
NW-NS-i 6-tupled UPG-má2e,f On WSPh mafft --maxiter ate 1000 --nofft
NW-NS-2 6-tupled UPG-má2e,f mafft --maxiter ate 0 --retree 2 --nofft
NW-NS-1 6-tupled UPG-me mafft --maxiter ate 0 --retree 1 --nofft

hWSPscoreis optimizedthroughtheiterativerefinement (14).

aAll pairwisealignmentsarecomputed by globalalignmentwith anFFT approximation. TheFFT approximation is disabledin theprogressivealignmentstage.
bAll pairwisealignmentsarecomputedwith FASTA (25) with theSmithÐWatermanoptimization.
cAll pairwisealignmentsarecomputed with FASTA (25) without theSmithÐWatermanoptimization.
dDistancematrix is calculatedbasedon thenumberof 6-tuplessharedby two sequences(1,10).
eUPGMA treewith a modified linkage(for detail seeSupplementaryMaterial).
fGuidetreeis recalculatedbasedon thefirst alignmentandprogressivealignmentis re-performed (1,13).
gÔImportanceÕ(I ) valueis consideredasdescribed in text.
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Figure 1. TheCPUtimesrequiredfor varioussizesof alignments.SequencesweregeneratedusingtheROSEprogram(29).(A andB) Averagelength(L) of input
sequencesversusCPUtime.Thenumberof sequenceis 40.Averagedistanceamonginputsequencesis 100PAM (A) (percentage identity ! 35Ð85)or 250PAM
(B) (percentageidentity ! 15Ð65).(C andD) Thenumberof inputsequences(N) versusCPUtime.Averagesequencelengthis 300.Averagedistanceamonginput
sequencesis 100PAM (C) or 250PAM (D). SeeTable1 for command-lineoptionsfor eachstrategyin MAFFT. Optionsof otherprogramsareasfollows:
TCoffee,default;
PROBCONS,default;
CLUSTAL W, default;
MUSCLE-i, muscl e -maxi ters 16;
MUSCLE-2,muscle -maxite rs 1;
MUSCLE-fast, muscle -sv -maxi ters 1 -diags1 -dist ance1 kbit20_ 3.
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dynamic programming (DP) phase,unless extremely long
sequenceslike genomic sequencesare input. The slopesof
the FFT-NS-[2i] lines are indeed near to 1 in Figure 1A.

MAFFTalsooffersthreeoptionsNW-NS-[12i] with full DP
(16) for thesamepart.In contrastto thecaseof FFT-NS-[12i],
the time complexity of full DP optionsis proportional to L2,
independently to the similarity among input sequences. In
most cases,an FFT-basedstrategyresultsin the same align-
ment as that by the corresponding option with full DP. The
differencein accuracywasnotstatistically signiÞcantbetween
the alignmentsgeneratedwith andwithout the FFT approxi-
mation in all cases we tested.

Theparametersof MAFFT,suchasgappenaltiesandscor-
ing matrix, havenot beenminutely investigated becauseof
limit ation in the number of reference alignments available
when it hadbeendeveloped.Recently, largereferencealign-
ment databases, such as HOMSTRAD (17), SABmark (18)
andPREFAB(11),havebeenindependently established.They
are valuable resources to select good parametersfor a
sequence alignmentprogramas well as to evaluate the per-
formance of a program.

CLUSTAL W is a widely utilized program of multiple
sequence alignment.Otheralgorithms havetried to improve
on the accuracyof CLUSTAL W. Gotoh (19) developed
PRRP/N and found signiÞcant improvementby the iterative
reÞnement method that uses the WSP score as objective
function. TCoffee (20) employs progressive strategy but
achieved the highest accuracy (1,21,22). This is because
TCoffee constructs a multiple sequencealignmentby com-
bining information derivedfrom heterogeneoussources,such
as a global multiple alignment and local alignments.
Although this ability is of great value, TCoffee requires a
largeCPU time proportional to N3. Thus, it is hard to apply
TCoffee to a large alignment consisting of dozens of
sequences.Theaccuracyof TCoffee hasrecentlybeenfurther
improved in version 2 when compared with version 1.
Recently, Edgar(11,23) implementedprogressiveand itera-
tive reÞnement alignmentstrategiesin MUSCLE. Although
the algorithmsof major optionsof MUSCLE seemsimilar to
NW-NS-[2i] explained above, MUSCLE hasan original option,
MUSCLE-fast, which is faster and less accurate than other
options of MUSCLE in most cases. Do et al. (manuscript
submitted) proposed a new method, PROBCONS, whose accu-
racy is comparableor slightly higherthanTCoffeeversion2.

In MAFFT version 5.3,(i) parameterswereoptimizedbased
onanumberof referencealignmentsand(ii) threenewstrategies
(G-INS-i, H-INS-i andF-INS-i;collectively denotedas[GHF]-
INS-i hereafter) were introduced. In an attempt to improve
alignment accuracy, [GHF]-INS-i usesa TCoffee-like appro-
ach (20) in incorporatingall pairwisealignmentinformation
intoanobjectivefunction.IterativereÞnementfor theobjective
functioncanbeperformedin reasonabletime, as[GHF] INS-i
wasdesignedto havelow computational complexity.

It wassuggested thattheaccuracyof amultiplealignmentof
distantly related sequencesis improved if they are aligned
together with a number of their homologues(24), because
the informationfrom many sequencesis expected to reduce
theÔnoiseÕ(19). However, this possibility hasnot beenquan-
titatively examined for recently developedmethods. We also
evaluatedtheeffectof thenumberof homologuesinvolvedin
an alignment.

MATERIALS AND METHODS

Intro ducing pairwise alignment information

MAFFT version 5.3 has three new iterative reÞnement
options,G-INS-i, H-INS-i and F-INS-i. In these threestrat-
egies,all pairwisealignment informationare included when
constructing a multiple alignment.Threedifferentalgorithms
for all pairwisealignmentwere tested;G-INS-i usesglobal
alignment with an FFT approximation (1), whereas the other
two options ([HF]-INS-i) incorporate local alignment infor-
mation. To obtain local alignment information, H-INS-i
uses the fasta34 program of the FASTA version 3.4t24
(25). F-INS-i usesa modiÞed fasta34program, in which the
SmithÐWatermanoptimization is disabled. The [HF]-INS-i
optionsdo not useFFT.

The outlines of the algorithms of [GHF]-INS-i are
as follows:

(i) An initial distancematrixisconstructedfromthepairwise
scores, insteadof shared6-tuples, using the equation
shown in (1) anda guidetree is build with the UPGMA
method with modified linkage. Unlike FFT-NS-[2i]
explainedabove,the re-construction of guidetreeis not
performed,becauseit didnotprovidesignificant improve-
ment in accuracyin our tests.

(ii) Eachpairwisealignmentisdividedintogap-freesegments
andnumbern is assignedto eachsegment.Theinforma-
tionof thesesegmentsisstoredin asetof arrays,score[S(s,
t, n)], whichrepresentsthealignmentscoreof thenthgap-
freesegmentbetweensequencess andt, length [L(s, t, n)]
of thealignedsegment(s, t, n), position [P(s, t, n)] in each
of sequencess andt, andtheimportancevalue [E(s, t, n)]
thatiscalculated,asdescribedbelow,fromthescoreof the
segmentandhow frequentlytheresidues areinvolved in
gap-freesegments.Wedenote(s, t, p, q) 2 P (s, t, n) if the
pthsiteof sequences isalignedtotheqthsiteof sequencet
in alignedsegment(s, t, n).

(iii) The frequency value f(s, p), which represents how fre-
quently the pth site of sequence s is involved in gap-
freesegments,is calculatedas

f sâp# $%
Xsâtâpâq# $2P sâtân# $

nâtâq

wtâ

wherewt is theweighting factor[for definitionsee(7)] for
sequence t. The importance valueE(s, t, n) for aligned
segmentis calculatedas

E sâtân# $%
Xsâtâiâj# $2P sâtân# $

iâj

f sâi# $& f tâj# $
2L sâtân# $

á S sâtân# $:

We definetheimportancematrix I(s, t, p, q) between the
pth siteof sequences andtheqth siteof sequencet as

I sâtâpâq# $%
P

n E sâtân# $ if sâtâpâq# $2 P sâtân# $
0 otherwise:

!

(iv) An alignment of a subset of given sequences,which
is generated during the procedures of progressiveand
iterative refinement methods, is referredto as ÔgroupÕ.
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To align groupsi andj, matrixH(groupi, groupj, p, q) is
constructedas

H groupiâgroupjâpâq# $

%
Xs2groupiât2groupj

sât

wstf bMMA sâp# $A tâq# $ & WII sâtâpâq# $gâ

where A(s, p) is thepth aminoacid residueon sequence
s. M̂Mab isascorebetweenapairof aminoacidsaandb.The
score matrices examined in this study are described in
the ÔparameteroptimizationÕsection. wst is a weighting
factor between sequencess and t. A weighting scheme
proposedby Thompsonet al. (7) is usedin progressive
alignment stage,and a weighting schemeproposedby
Gotoh (14) is usedin iterative refinement stage.WI is a
weighting factor, which wassetat 2.7 in thecurrentver-
sion, for theimportancevalue.Thealignmentbetweentwo
groupsis computed by applyingtheDPalgorithm (16) to
matrix H(,,,) at eachstepof progressivealignment.The
alignment producedby this procedureis referred to as
[GHF]-INS-1. Of these three progressivestrategies,we
evaluatedtheH-INS-1 optiononly.

(v) The [GHF]-INS-1alignmentis improvedby theiterative
refinement method([GHF]-INS-i), which optimizes an
objective scoredefined as the summation of the WSP
score (14) and the importance values defined above.
This score is referredto asWSP+Iin this paper.

To reduce the CPU time consumedby this step,highly con-
servedregionsareanchoredandexcludedfrom re-alignmentif
they arefound (19,23). Conserved regionsareidentiÞedonly
from sequencesimilarity, without consideringthe importance
matrix I(,,,), in the currentversion.

Performance evaluation

An up-to-dateversion of HOM39 (26) wasextractedfrom the
July 2004 releaseof HOMSTRAD (17) (http://www-cryst.
bioc.cam.ac.uk/~homstrad/) basedon two criteria used in
(26). HOMSTRAD is a curated databaseof structural align-
ments of homologous proteinswhose coordinates are avail-
able. Each entry of HOMSTRAD, a structural alignment,
is extended by introducing homologous sequenceswith
CLUSTAL W. Only thealignmentsbasedonstructural super-
position were usedin this study. Out of 1033 entriesof the
HOMSTRAD, 55 entries (19.7% pairwise identity, 7.69
sequences and 159 aligned residues on average) were
extracted for the evaluation of alignment accuracy. This
datasetis referredto asÔHOM+0Õin this paper.

We made the ÔHOM+20,ÕÔHOM+50Õand ÔHOM+100Õ
datasetsby extending eachentry of HOM+0 in a way sim-
ilar to PREFAB (11). Amino acid sequences similar
(E-value< 10" 10) to eachmember of anentrywerecollected
from the SwissProtdatabase(rel. 43) using BLAST (27) and
addedto theentry.If morethann (=20, 50 or 100)sequences
werecollected,werandomly selectedn sequencesto beadded.
Only aminoacidpositionsof thesequencesthatwerereported
to show signiÞcantsimilarity by BLAST were added.The
accuracy of an alignmentwas measured by the fraction of
columns aligned identically to the reference alignment.
When we evaluatedthe accuracy, the n sequencesaddedto
the HOM+n wereremoved.

SABmark (18) version 1.65 was downloaded from http://
bioinformatics.vub.ac.be/databases/databases.html.SABmark
is designed to assess the performance of protein sequence
alignment algorithmsandconsistsof two parts,the Twilight
Zoneset(with ÔverylowÕsimilarity; referredto astheTWI set
in this paper) andthe Superfamily set(with ÔlowÕsimilarity;
referred to as SUP). The TWI set was mainly usedin the
presentstudy to examine theabilities of algorithmsfor align-
ing distantly related sequences. The TWI set was also
extendedin the same mannerasdescribed above.Theseare
hereafterreferred to as ÔTWI+nÕ(n = 0, 20 and 50). The
accuracyvalue fD, theratio of thenumber of correctlyaligned
residues divided by the length of referencealignment, was
calculatedusing the score.pl script provided by the authors
of SABmark. The accuracieswere separately consideredfor
twosubsets.Onesubset (denotedasTWIf+n) includesonly the
sequencepairsclassiÞedto thesamefamily byVanWalleet al.
(18), andtheother subset (denotedasTWIs+n) consistsof the
sequencepairsclassiÞednotto thesamefamily butto thesame
superfamily.

The PREFAB (11) version 3 datasetwas downloaded
from http://www.drive5.com/muscle/prefab.htm. The accu-
racy wasmeasured using Q, the number of correctlyaligned
residuepairs divided by the numberof residuepairs in the
referencealignment(11).

Parameter optimization

Gap-opening penaltySop and the offset value Sa [for deÞni-
tionssee(1)] weredeterminedto providethehighestaccuracy
of the FFT-NS-2 strategyfor the TWIf+0 set using golden
section search (28). We examined Þve scoring matrices
(BLOSUM45, 62, 80, JTT100 and JTT200) and selected
the matrix providing the highest accuracy.

Availability

MAFFT waswritten in C, andrunson Linux, Mac OSX and
the Cygwin environmenton Windows.The MAFFT package
is available at http://www.biophys.kyoto-u.ac.jp/~katoh/
programs/align/mafft/. The fasta34program of the FASTA
package(25) must beinstalledto run theH-INS-i option.The
F-INS-i option requiresa one-linemodiÞcation of the source
codeof thefasta34program(seesupplementarymaterial onour
webpage,http://www.biophys.kyoto-u.ac.jp/~katoh/programs/
align/mafft/suppl/). TheG-INS-i option requiresno additional
package.Theperformancesweremeasuredona2.8GHzXeon
processorwith 1GBof RAM runningSuSELinux 9.0.Thegcc
version3.3.1 compilerwasusedwith the Ô-O3Õoptimization
option.

We also made a Ruby script mafftE.rb that aligns input
sequencestogetherwith their homologuesautomatically col-
lectedfrom local databaseor SwissProtusing NCBI-BLAST.

RESULTS AND DISCUSSION

We evaluatedthe performance of MAFFT version 5.3 using
theHOM, TWIf, TWIs andPREFAB datasets,andcompared
it with thoseof severalmethodsdevelopedby other groups,
including TCoffee version2.02 (20), CLUSTAL W version
1.83 (7), PROBCONS version 1.06 and MUSCLE version
3.41 (11,23). As for MUSCLE, the most accurate option
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wasused,whichprobablycorrespondsto NW-NS-i of MAFFT
(seeTable1).

Impr ovementin accuracy attained by new
parameter set

The golden sectionsearchprovided the optimal parameters
of 1.53 for Sop and 0.123for Sa when the FFT-NS-2 option
was applied to the TWIf+0. Of the Þve matricesexamined,
BLOSUM62 showed thehighest accuracy.The improvement
in accuracy from the previous parameter set (JTT200,
Sop = 2.40, Sa = 0.06) was ! 5 percentagepoints. Although
thenewparametersetwasnot optimal for otheroptionsor for
other datasets(HOM, TWIs andPREFAB), thenewparameter
set provided generally higher accuracy than the previous
parametersetby ! 5 percentagepoints,asshownin Supple-
mentary Material. Accuracyvaluesfor variouscombinations
of Sop andSa arealsoshownin Supplementary Material.Note
that comparisonsbetween MAFFT andother methodsbased
on other than TWIf+0 are important, because FFT-NS-2
option of MAFFT wastunedfor TWIf+0. The results of the
comparisonsaredescribed below.

Impr ovementin accuracy by introduci ng pairwi se
alignment information

Tables2,3 and4 showtheresults of benchmark testsusing the
HOM, TWIf, TWIs andPREFAB datasets,respectively. The
differencein accuracybetween [GHF]-INS-i and FFT-NS-i
wasat most6%, which corresponded to the improvement by
introducing the strategy presentedin this paper.As notedin
Materials and Methods,the WI value was set at 2.7 in the
calculationsshown in Tables2, 3 and4. However, theoptimal
WI valuethat providedthe highest accuracy differed depend-
ing on the number of homologues, sequencesimilarity and
other conditions.Theaccuracyvalueson variousWI valueare
shown in Supplementary Material. For new strategies pre-
sentedhere, further investigation is necessary to determine
the optimal parameters including the WI values and the
parametersfor pairwisealignments.

The differencein accuracyamong newly proposedstrat-
egies,G-INS-i, H-INS-i andF-INS-i wassmall. A slight ten-
dencywas observedthat G-INS-i is suitablefor alignments
consisting of largenumberof sequences, whereasF-INS-i and
H-INS-iaresuitablefor alignmentsconsisting of smallnumber
of sequences.In addition,G-INS-i is expectedto be not suit-
able for alignments with large gaps,as it usesall pairwise
global alignments.AlthoughG-INS-i usesanFFTapproxima-
tion for the all pairwise alignment process,its accuracywas
virtually identical to that of a strategyin which full DP was
performed for this process(datanot shown).

Reducing CPU time

In the[GHF]-INS-istrategies,all pairwisealignmentanditerat-
ive reÞnement processesare time consuming. Figure1 AÐD
shows the CPU time asthe function of the sizesof sequence
data generated by the ROSE program(29). The CPU time
consumedby all pairwise alignment processcan be reduced
by approximations,suchasbandedalignmentimplementedin
FASTA (F-INS-i usesit) or the FFT approximation (G-INS-i
usesit), althoughthe latter is effective only for highly con-
served sequences.

The CPU time for the iterative reÞnement processcan be
slightly reducedby alwaysacceptingthe new alignmentpro-
ducedby group-to-groupre-alignmentwithout calculation of
WSP+I score.Note that theWSP+I scoremaybecome worse

Table 2. Comparison of performances of several methods based on
55 alignmentsin HOM tests

Method Dataset Accuracy(%) Improvement CPUtime (s)

G-INS-i
HOM+0 42.58b Ñ 44.31
HOM+20 52.06 +9.48c 182.3
HOM+50 53.85 +11.2c 514.2
HOM+100 54.61 +12.0c 1405

H-INS-i
HOM+0 43.20b Ñ 38.68
HOM+20 49.56 +6.36c 151.2
HOM+50 53.37 +10.2c 426.8
HOM+100 53.29 +10.1c 1110

F-INS-i
HOM+0 43.14b Ñ 32.06
HOM+20 51.26 +8.12c 122.0
HOM+50 53.72 +10.6c 342.0
HOM+100 53.57 +10.4c 758.4

H-INS-1
HOM+0 38.55a Ñ 14.30
HOM+20 46.00a +7.45c 73.81
HOM+50 48.80a +10.3c 237.9
HOM+100 48.35a +9.80c 636.6

FFT-NS-i
HOM+0 43.57b Ñ 32.57
HOM+20 49.57b +6.00c 73.84
HOM+50 50.68b +7.11c 155.87
HOM+100 50.73b +7.16c 365.8

FFT-NS-2
HOM+0 35.94a Ñ 6.22
HOM+20 45.06a +9.12c 15.23
HOM+50 44.42a +8.48c 26.46
HOM+100 43.61a +7.67c 43.46

PROBCONS1.06
HOM+0 47.95 Ñ 91.13
HOM+20 51.78 +3.83d 590.1
HOM+50 51.59 +3.64d 2237
HOM+100 51.81 +3.86d 7634

MUSCLE-i 3.41
HOM+0 43.44b Ñ 37.20
HOM+20 45.94b +2.50 113.6
HOM+50 46.90a +3.46 403.7
HOM+100 48.07a +4.63c 719.4

TCoffee2.02
HOM+0 43.49b Ñ 486.4
HOM+20 48.26 +4.77c 5007
HOM+50 49.71 +6.22c 28250
HOM+100 49.94 +6.45c 71390

CLUSTAL W 1.83
HOM+0 36.77a Ñ 16.29
HOM+20 36.57a Ð0.20 87.98
HOM+50 37.33a +0.56 242.5
HOM+100 36.77a +0.00 620.6

Command-line optionfor MUSCLE-i is muscle -maxiter s 1000 .

Thehighestaccuracyvaluewithin eachdatasetis in boldface.
aThedifferencefromthehighestaccuracywasshowntobesignificant(P<0.01)
by boththeWilcoxon testandtheFriedman test.
bThe Wilcoxon test showeda significant differencebut the Friedmantest
did not.
cTheimprovement of scorefrom HOM+0 wasshownto besignificant by both
theWilcoxon testandtheFriedmantest.
dThe Wilcoxon testshoweda significant improvement but theFriedmantest
did not. SeeTable1 for command-lineoptionsfor eachmethodin MAFFT.
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by re-alignment,asMAFFT employsanapproximateDPalgo-
rithm for group-to-groupalignmentdescribed previously (1).
According to our test, this rough iterative strategygaveless
accurate results for alignments of few sequences, such
as HOM+0, TWIf+0 and TWIs+0. However, this strategy
performedwell for alignmentscomposedof a large number
of sequences, such as HOM+50, +100, TWIf+50 and
TWIs+50. Its accuracy was sometimes rather higher than
that of G-INS-i (datanot shown).

FFT-NS-i is the most accurate option in the previous
version.The accuracyhasbeenimprovedby introducing the
newoptions.However,whenthehighestaccuracyisnotrequired
for the alignment, the FFT-NS-i option may be still useful,
considering the balance between computational time and
accuracy.

Comparison with other methods

For alignments involving dozens of sequences(HOM+n,
TWIs+n andPREFAB; n ã 0), new strategiespresentedhere

([GHF]-INS-i) outperformed other methods, including
TCoffee and PROBCONS, in accuracy as shown in
Tables2, 3 and4. According to the PREFAB test (Table 4),
the difference was large when the input sequences were
distantlyrelated.

Resultsof the HOM+0 and TWI+0 tests are shown in
Tables 2 and 3, respectively. In these cases,the number of
input sequencesis small (! 8). We carried out two moretests
basedon BAliBA SE (30) and the SUPsetof SABmark, for
which closehomologueshavenot beenadded.PROBCONS
outperformed [GHF]-INS-i by 1Ð3 percentage points for
BAl iBASE, whereas [GHF]-INS-i options outperformed
PROBCONS by 1Ð3percentage points for the SUP set of
SABmark.In most of casesof suchsmallalignments,TCoffee,
PROBCONS and three new strategies ([GHF]-INS-i) of
MAFFT were small in accuracy. However, for the HOM+0
test, the accuracyof PROBCONS was remarkably high as
shown in Table 2; the differencefrom H-INS-i was5% and
statistically signiÞcantaccording to the Wilcoxon test.

Table 3. Comparisonof performancesof severalmethodsbasedon 209 alignments in TWI tests

Method Dataset TWIs TWIf CPU

fD (%) Improvement fD (%) Improvement time (s)

G-INS-i
TWI+0 20.73a Ñ 41.68b Ñ 232.1
TWI+20 27.38 +6.65c 47.00b +5.32c 747.4
TWI+50 29.58 +8.85c 51.11 +9.43c 1724

H-INS-i
TWI+0 23.36 Ñ 42.78 Ñ 154.1
TWI+20 26.30a +2.94c 47.40 +4.62c 467.0
TWI+50 27.87a +4.51c 50.29b +7.51c 1102

F-INS-i
TWI+0 22.03a Ñ 43.21 Ñ 155.8
TWI+20 25.80a +3.77c 47.12 +3.91c 405.1
TWI+50 27.25a +5.22c 47.59a +4.38c 882.8

H-INS-1
TWI+0 18.28a Ñ 38.20a Ñ 30.29
TWI+20 22.48a +4.20c 43.81a +5.61c 144.6
TWI+50 24.77a +6.49c 45.76a +7.56c 460.6

FFT-NS-i
TWI+0 18.16a Ñ 37.46a Ñ 124.1
TWI+20 21.64a +3.48c 40.88a +2.29c 303.8
TWI+50 22.76a +4.60c 44.85a +7.49c 565.6

FFT-NS-2
TWI+0 12.89a Ñ 30.27a Ñ 19.41
TWI+20 16.14a +3.25c 33.59a +3.32c 44.54
TWI+50 17.49a +4.60c 37.08a +6.87c 77.36

PROBCONS1.06
TWI+0 22.06 Ñ 44.48 Ñ 234.0
TWI+20 22.79a +0.73d 43.81a Ð0.67 1747
TWI+50 22.53a +0.47 44.86a +0.38 6889

MUSCLE-i 3.41
TWI+0 15.67a Ñ 36.38a Ñ 382.3
TWI+20 17.98a +2.31c 36.68a +0.30 999.9
TWI+50 19.61a +3.94c 38.17a +1.79c 2152

TCoffee2.02
TWI+0 21.80b Ñ 44.20 Ñ 1378
TWI+20 22.81a +1.01c 44.56b +0.36c 13900
TWI+50 21.85a +0.05d 45.18a +0.98c 82200

CLUSTAL W 1.83
TWI+0 12.76a Ñ 34.28a Ñ 31.52
TWI+20 11.72a Ð1.04 33.59a Ð0.69 152.7
TWI+50 12.91a +0.15 34.95a +0.67 458.8

Seethefootnoteof Table2.
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TheCPUtimesof [GHF]-INS-i wereseveraltimessmaller
than those of TCoffee andPROBCONS.

Effect of the number of homologuesinvolved in an
alignment

As expected, the accuracyof a multiple alignment tendedto
increase with increasingnumberof homologues involved in
the alignment. Although observedmore or less for most
methods, this tendencywas remarkable for MAFFT. The
improvement by adding close homologues becamesmall,
when the position-speciÞc gap penalty (1) was disabled
(datanot shown). Thus, this technique probably contributed
to the improvement. The position-speciÞc gap penalty
(1,7,9,23) wasmotivatedby a considerationas follows. In a
group-to-groupalignmentprocess, eachgroup of sequences
may containgaps.If the gapis newly introducedat the same
position asoneof suchexisting gaps,the new gapshould be
lesspenalized,becausethenewandexistinggapsareprobably
resulting from a single insertionor deletionevent.

According to the HOM tests(Table 2), the improvements
by adding 50Ð100homologues were at most ! 10 percent-
agepoints and statistically signiÞcantaccording to both the
Wilcoxon test and the Friedman test.The improvementwas
comparablewith thatby introducingthestructural information
of one or two proteins(26), and rather larger than that by
modiÞcation of algorithm (from FFT-NS-i to [GHF]-INS-i)
presentedin this paper.Similar resultswere obtainedfor the
TWIf+n andTWIs+n datasetsshown in Table3. Theaccuracy
values undervariousconditions (n andE-values)are shown
in Supplementary Material. The maximum accuracy was
obtained in the caseof n > 50 or n > 100 and thresholdof
E-value= 10" 5Ð10" 20.

Theseresultssuggest theimportanceof including anumber
of homologuesfor obtaininganaccuratesequencealignment.
An ability to handle a largenumber of sequencesis therefore
importantfor a multiple sequencealignmentprogram.

Perspectives

Thereareseveralissuesfor further improvementin accuracy
andspeed. (i) TCoffee hasa merit that it cancombinealign-
ments basedon different principles. OÕSullivan et al. (26)
reported thattheaccuracyof amultiplealignmentis improved
when structural informationof manyproteinsis included. We
areplanning to enableMAFFT to includestructural informa-
tion. (ii) Theremight be a moreefÞcient way to collect and
selectthehomologuesfrom databases for improving theaccu-
racy of an alignment. For example, we shouldexcludevery
closehomologuesof asequencealreadyinvolvedin thealign-
ment, because suchclose homologuesare expected to bring
little information.

SUPPLEMENTARY MATERIAL

SupplementaryMaterial is availableat NAR Online.
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