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ABSTRACT

The accuracy of multiple sequence alignment pro-
gram MAFFT has been improv ed. The new version
(5.3) of MAFFT offers new iterative refinement opti-
ons, H-INS-i, F-INS-i and G-INS-i, in which pairw ise
alig nment infor mation areincorpor ated into objectiv e
functi on. These new options of MAFFT show ed higher
accur acy than currently available methods inclu ding
TCoffee version 2 and CLUSTAL W in benchm ark
tests consis ting of alignments 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 desktop com puter. We also examined the
effect of the numb er of homo logues includ ed in an
alignment. For a multiple alignment consi sting of
I 8 sequen ces with low similarit y, the accuracy was
improved (2B10 percentage points) when the
sequenc es were aligned together with dozens of
their close homo logues (E-value , 10" °P10 ?°) col-
lected from a database. Such improvement was gen-
erally observed for most methods, but remark ably
large for the new options of MAFFT proposed here.
Thus, we made a Ruby script , mafftE.rb, whic h align s
the input sequence s together with their close homo-
logues colle cted from SwissProt using NCBI-BLA ST.

INTRODUCTION

Multiple alignmentis an important tool for computational
analyss of nucleotde or aminoacid sequencesMAFFT (1)
is one of the faste$ methodsamang the currenty available
multiple alignmenttools (2), and usedin severl projecs,
such as Pfam (3), ASTRAL (4) and MEROPS (5). In
MAFFT,aninitial alignmentis constuctedby the progressive

method6,7)andthenrebPnedytheiterative rebnenentmethod
(8,9). The outline of procedure of the previous version of
MAFFT is brieRBy explainedbelow andin the lower part of
Tablel.A usercansekectanappr@riatestraegyfromthefastest
one(FFT-NS1) to themostaccurateone (FFT-NS-i).

Progressive alignment (1). A rough distarcebeweenewely par
of input seguercesisrapidly cdculatedbased onthe number of
6-tuplesshared by the two sequerces (1,10,11). A guidetreeis
congruded from the distances with the UPGMA method (12)
with madifiedlinkage (seeswppemertary maerial onour web
page http://www.biophys kyoto-u.acjp/~katoh/prograns/align/
mafft/suppl/). Input sequerces are progressvely aligned (6,7)
following the branching order of the guidetree. This procedure
isreferredto asFFT-NS-1.

Progressive alignment (2). Theinitial distan@ matrixis less
reliable than that basedon all pairwise alignments. We can
obtainmore reliable distane@ matrix by using the FFT-NS-1
alignment(1,11,13). Progessivealignmentis re-perforned
basednthenewtree calculaedfrom thenewdistancematrix.
This methodis referredto asFFT-NS2.

Iterative refinement. The FFT-NS-2 alignmentis further
improvedby the iterative refinement method(8,9) that opti-
mizes the weighted sumof-pairs (WSP) score proposedby
Gotoh (14), using an apprximate groupto-group alignment
algorithm (1) and the tree-cependet restriced partitioning
technique (15). This procedureis referredto asFFT-NS-i.

For the progress/e alignmentprocesss, a fast Fourier trans-
form (FFT) approximaion (1) is usedin the FFT-NS-2,
FFT-NS-1 and FFT-NS-i options (collectively denoed as
FFT-NS-[12] hereaftey. Whenthe sequacesunderconsid-
eraton arehighly conseved,thes options requireCPUtimes
effecively proportionalto averagesequacelengh L for amino
acid or nucleotide sequace alignmens conssting homo
logues of a single gene.Note thatit is not L log L, although
FFT takesL log L operations.This is becase CPU time
required by the FFT phaseis much smallerthanthat by the
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Table 1. Optionsof version5.3 (upper)andthe previousversion(lower) of MAFFT

FFT  Initial distance Guidetree(s) Iterativerefinement Alignment  Command

matrix score
G-INS-i o Globaf UPG-nf On WSP+9 mafft --maxiter ate 1000 --globalp  air
H-INS-i FASTA-SW® UPG-nf On WSP+|9 mafft --maxiter ate 1000 --fastswp air
F-INS-i FASTA® UPG-nf On WSP+9 mafft --maxiter ate 1000 --fastapa ir
H-INS-1 FASTA-SV® UPG-nf mafft --maxiter ate 0 --fasts  wpair
FFT-NS-i  On 6-tuplée’ UPG-ma2*f  On WSP' mafft --maxiter ate 1000
FFT-NS-2  On 6-tuplée’ UPG-nma2®f mafft --maxiter ate O —retre e 2
FFT-NS-1  On 6-tuple? UPG-nf mafft --maxiter ate 0 -retre el
NW-NS-i 6-tuplée’ UPG-ma2*  On WSP' mafft --maxiter ate 1000 --nofft
NW-NS-2 6-tuplée’ UPG-nma2®f mafft --maxiter ate O —-retree 2 --nofft
NW-NS-1 6-tuple? UPG-nf mafft --maxiter ate 0 --retree 1 --nofft

3All pairwisealignmentsarecomputel by global alignmentwith an FFT approximaton. The FFT approxmationis disabledin the progressivalignmentstage.
PAll pairwisealignmentsarecomputedwith FASTA (25) with the SmithBWaterrmn optimization.

All pairwisealignmentsarecomputel with FASTA (25) without the SmithBWaterran optimization.

dDistancematrix is calculatedbasedon the numberof 6-tuplessharedby two sequenceél, 10).

*UPGMA treewith a modified linkage (for detail seeSupplenentaryMaterial).

'Guidetreeis recalculatecbasedon the first alignmentandprogressivelignmentis re-performel (1,13).

90Importancdd) valueis consideredcasdescribe in text.

PWSPscoreis optimizedthroughtheiterative refinement (14).
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Figure 1. TheCPUtimesrequiredfor varioussizesof alignmens. Sequenceweregeneratedisingthe ROSEprogram(29). (A andB) Averagelength(L) of input
sequencegersusCPUtime. The numberof sequencés 40. Averagedistanceamonginput sequences 100PAM (A) (percentagidentity! 35B85)pr 250PAM
(B) (percentagidentity! 15P65)(C andD) Thenumberof inputsequencegV) versusCPUtime. Averagesequencéengthis 300.Averagedistanceamongnput
sequencess 100 PAM (C) or 250 PAM (D). SeeTable 1 for command-lineoptionsfor eachstrategyin MAFFT. Optionsof otherprogramsareasfollows:
TCoffee,default;

PROBCONSgdefault;

CLUSTAL W, default;

MUSCLE-i, muscl e -maxi ters 16;

MUSCLE-2,muscle  -maxite rs 1

MUSCLE-fast, muscle -sv -maxi ters 1 -diagsl -dist  ancel kbit20_ 3.



dynamic programming (DP) phase,unless extrernely long
sequaceslike genomic sequacesare input. The slopesof
the FFT-NS-[2i] lines areindeed nearto 1 in Figure 1A.

MAFFT alsooffersthreeoptionsNW-NS-[12i] with full DP
(16) for thesarre part.In contrastto the caseof FFT-NS-[lZiL,
the time conplexity of full DP optionsis proportiona to L%,
independentlyto the similarity amang input sequaces.In
mog casesan FFT-basedstrategyresultsin the sane align-
mert asthat by the corresponéhg option with full DP. The
differencein accuracywasnotstatisticdly signbcantbetwea
the alignmentsgeneatedwith andwithout the FFT approxi-
mation in all case we tested.

The paranetersof MAFFT, suchasgappenaltiesandscor-
ing matrix, have not beenminutely investigaed becauseof
limitation in the number of referece alignmens avaiable
when it hadbeendevebped.Recently, large reference align-
mert databasg suchas HOMSTRAD (17), SABmark (18)
andPREFAB(11),havebeenindependetly establisied.They
are valuable resaurces to select good parametersfor a
sequ@ce alignmentprogramas well asto evaluae the per-
formarce of a program.

CLUSTAL W is a widely utilized progam of multiple
sequace alignment.Other algaithms havetried to improve
on the accuracyof CLUSTAL W. Gotoh (19) devebped
PRRPN andfound signibcantimprovementby the iterative
rePnenent method that usesthe WSP score as objective
function. TCoffee (20) employs progressive strategy but
achievedthe highest accuacy (1,21,2). This is becase
TCoffee constucts a multiple sequencealignmentby com-
bining informaton derivedfrom heteogeneousoures,such
as a globd multiple alignment and locd alignmens.
Although this ability is of gred value, TCoffee requires a
large CPU time proportiona to N°. Thus, it is hardto apply
TCoffee to a large alignment conssting of dozens of
sequaces.Theaccuracyof TCoffee hasrecentlybeenfurther
improved in verson 2 when conmpared with version 1.
Recenly, Edgar (11,23 implementedprogressiveand itera-
tive rePnemat alignmentstrategiesin MUSCLE. Although
the algorithms of major optionsof MUSCLE seemsimilar to
NW-NS-[2i] explained above, MUSCLE has an original option,
MUSCLE-fag, which is fasterand lessaccuraé than other
options of MUSCLE in most case. Do et al. (manuscipt
submitted) proposed a new method, PROBCONS, whose accu-
racy is comparableor slightly higherthanTCoffee version2.

In MAFFT verson 5.3,(i) paraméerswereoptimizedbased
onanumkerof referencalignmentsand(ii) threenewstraegies
(G-INSH, H-INS-i andF-INS-i; colledively denoedas[GHF]-
INS-i hereaftey were introduced. In an attemptto improve
alignmentaccuracy [GHF]-INS-i usesa TCoffee-like appro
ach (20) in incorporatingall pairwise alignmentinformation
into anobjectivefunction.lterativerePnenentfor theobjective
function canbe performedn rea®nabletime, as[GHF] INS-i
wasdesignedo havelow computatioral complexity.

It wassuggestd thattheaccuacyof amultiple alignmentof
distantly related sequencess improvedif they are aligned
togeher with a numker of their homdogues (24), becase
the informationfrom mary sequencess expeded to redue
the Onoise(@9). Howeve, this possibiity hasnot beenquan-
titatively examired for recently devebpedmethods We also
evaluaedthe effectof the numberof homdoguesinvolvedin
an alignment
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MATERIALS AND METHODS
Intro ducing pairwise alignment information

MAFFT version 5.3 has three new iterative rePnenent
options, G-INS-i, H-INS-i and F-INS-i. In the® three strat-
egies,all pairwisealignment informationare included when
construting a multiple alignment.Threedifferent algarithms
for all pairwise alignmentwere tested;G-INS-i usesglobal
alignmentwith an FFT approximaion (1), wherea the other
two options ([HF]-IN S-i) incorpoiate local alignment infor-
mation. To obtan local alignment information, H-INS-i
uses the fasta34 progam of the FASTA version 3.4t24
(25). F-INS-i usesa modiked fasta34program in which the
SmithBWatermanoptimization is disabled. The [HF]-INS-i
optionsdo not useFFT.

The outlines of the algorthms of [GHF]-INS-i are
asfollows:

(i) Aninitial distan@matrixis constuctedfrom thepairwise
scokes, instead of shared6-tuples, using the equatim
shown in (1) anda guidetree is build with the UPGMA
method with modified linkage Unlike FFT-NS-[2i]
explainedabove,the re-constrgtion of guidetreeis not
performed,becaweit did notprovidesigrificantimprove-
mert in accuracyin our tests.

(i) Eachpairwisealignmentsdividedintogap-freesegmerg
andnumbern is assignedo eachsegnent. The informa-
tion of thesesegnentsis storedn asetof arraysscorg S(s,
t, n)], whichrepresentshealignmentscoee of thenth gap-
freesegmenbetweersequacess andz, length [L(s, ¢, n)]
of thealignedsegnent(s, ¢, n), postion [P(s, ¢, n)] in each
of sequencesandz, andtheimportancevalue [E(s, ¢, n)]
thatis calculated,asdescribedelow,fromthescoeofthe
segmenendhow frequentlytheresidue areinvolvedin
gap-freesegmerd. We denote(s, ¢, p, ¢) 2 P (s, t, n) if the
pthsiteof sequenceisalignedtothegth siteof sequacer
in alignedsegment(s, ¢, n).

(i) The frequency value f(s, p), which represats how fre-
quenty the pth site of sequ@ce s is involved in gap-
free segnents,is calculaed as

HardpayRPiaanS
ft8$% w,a

natég

wherew, istheweighting factor[for definitionsee(7)] for
sequacet. The importan@ value E(s, ¢, n) for aligned
segmentis calculakd as

HAAARRPHAAS ., A A
Etsaan$% [HASE AYS o oo siong
e 2L Bsaéan$

We definetheimportancematrix I(s, ¢, p, ¢) betwee the

pth site of sequence andthe gth site of sequacer as
|

Efsaan$ it Hadpag$2 Phaans

8805/ % 0
IHsadpaq$ % 0 otheawise

(iv) An alignmentof a subsé of given sequaces, which
is geneated during the procedurs of progessiveand
iterative refinement methods is referredto as OgrapO.
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To align groupsi andj, matrix H(groug, groug, p, q) is
constuctedas
H#groupagroupapag$
s2 grouR@r2 groupy
% wal Banapsinass & W' IhaBpaqsga
sar
where A(s, p) is the pth aminoacid residueon sequence
s. M is ascorebetweerapairof aminoacidsa andb. The
scole matrices examned in this study are descriked in
the Oparaeter optimizationGsection. w,, is a weightng
factor betwee sequacess andr. A weighting scheme
proposedby Thompsoner al. (7) is usedin progresi/e
alignment stage,and a weighing schemeproposedby
Gotoh (14) is usedin iterative refinement stage. W’ is a
weighting factor, whichwassetat 2.7 in the currentver-
sion, fortheimportan@value.Thealignmentbetweernwo
groupsis computel by applyingthe DP algarithm (16) to
matrix H(,,,) at eachstepof progressivealignment. The
alignment producedby this procedureis referred to as
[GHF]-INS-1. Of thes three progressivestrateges, we
evalatedthe H-INS-1 optiononly.

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

To redue the CPU time consumedy this step, highly con-
senedregiorsareanchoredaindexcludedrom re-alignmentf

they arefound (19,23. Conseved regionsareidentibed only
from sequacesimilarity, without consteringthe importance
matrix (,,,), in the currentverson.

Performanc e evaluation

An up-to-dateverson of HOM39 (26) wasextractedrom the
July 2004 releaseof HOMSTRAD (17) (http://www-cryst.
bioc.cam.aaik/~honstrad/) basedon two criteria used in
(26). HOMSTRAD is a curaed databasef strucural align-
merts of homdogous proteinswhose coordindes are avail-
able Each entry of HOMSTRAD, a strucural alignment,
is extended by introducing homologais sequenceswith
CLUSTAL W. Only thealignmens basedon structurd super
position were usedin this study. Out of 1033 entriesof the
HOMSTRAD, 55 entries (19.7% pairwise idertity, 7.69
sequaces and 159 aligned residues on avelage) were
extracted for the evaluation of alignment accuracy This
datasets referredto as OHOMOOIn this paper -

We made the OHOM20,00DM+500and OHDM+1000
datasetsby extendng eachentry of HOM+0 in a way sim-
ilar to PREFAB (11). Amino acid sequaces similar
(E-value< 10 *°) to eachmembe of anentrywerecolleded
from the SwissProtdatabasdrel. 43) using BLAST (27) and
addedto the entry.If morethann (=20, 50 or 100) sequ&ces
were colleded,werandanly selecedn sequacesto beadded.
Only aminoacid positionsof the sequencethatwererepoted
to show signibcantsimilarity by BLAST were added.The
accuacy of an alignmentwas measued by the fraction of
columns aligned idertically to the reference alignment.
When we evaluatedthe accuracy the n sequacesaddedto
the HOM+n wereremoved.

SABmark (18) vergon 1.65 was downoaded from http://
bioinformatics.vub.adbetdatabasedatabasg.html. SABmark
is desgnedto asses the performane of protein sequence
alignment algorithms and consistsof two parts,the Twilight
Zoneset(with OveryowGsimilarity; referredto asthe TWI set
in this papej andthe Superfaniy set(with Olow®imilarity;
referredto as SUP) The TWI set was mainly usedin the
presentstudy to examire the abilities of algorithmsfor align-
ing distanty related sequencesThe TWI set was also
extendedin the same manneras descriled above. Theseare
hereafterreferredto as OTW+rO(n = 0, 20 and 50). The
accumcyvaluefp, theratio of the numter of correctlyaligned
residue divided by the length of referencealignment, was
calculatedusing the scoe.pl script provided by the auttors
of SABmark The accuacieswere separatgl consideredfor
two subsetsOnesubsé(dendedasTWIf +r) includesonly the
sequacepairsclassifedto thesameamily by VanWalle ez al.
(18), andthe other subsé¢ (dendedasTWIs+n) consiss of the
sequacepairsclassbednotto thesamefamily butto thesame
supefamily.

The PREFAB (11) verson 3 datasetwas dowrloaded
from http:/Mwww.drive5.@m/muscleprefab.htm The accu-
racy was measued using Q, the numter of correctly aligned
residuepairs divided by the numberof residuepairsin the
referencealignment(11).

Parameter optimization

Gapopernng penaltyS”” andthe offset value S* [for dePni-
tionssee(1)] weredetaminedto providethe highestaccuracy
of the FFT-NS-2 strategyfor the TWIf+0 set using golden
secton search (28). We examined bPve scoling matrices
(BLOSUMA45, 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.kyob-u.a.jp/~katoh/
programs/égn/mafft/. The fasta34program of the FASTA
packagg(25) mud beinstalledto runthe H-INS-i option. The
F-INS-i option requiresa one-linemodibcdion of the source
codeof thefasta34rogam(seesuppkementarymateral onour
webpage, http://www.biophyskyoto-u.acjp/~katoh/frograms/
align/mafft/suppl). The G-INS-i option requiresno addtional
packageThe performanesweremeasuedona2.8 GHz Xeon
processowith 1 GB of RAM running SuSELinux 9.0.Thegcc
version3.3.1 compilerwas usedwith the O-O30ptimization
option.

We also macke a Ruby script mafftE.rb that aligns input
sequacestogetherwith their homologwes automaticdly col-
lected from local databaser SwissProtusing NCBI-BLAST.

RESULTS AND DISCUSSION

We evalatedthe performane of MAFFT vergon 5.3 using
the HOM, TWIf, TWIs andPREFAB datesets,andconpared
it with thoseof severalmethodsdevebpedby othe groups
including TCoffee version2.02 (20), CLUSTAL W verson
1.83 (7), PROBQONS version 1.06 and MUSCLE version
3.41 (11,23). As for MUSCLE, the mog accusate option



wasused which probablycorrespadsto NW-NS-i of MAFFT
(seeTable1).

Impr ovementin accuracy attained by new
parameter set

The golden sectionsearchprovided the optimal parameers
of 1.53for §?” and0.123for S* whenthe FFT-NS-2 option

was appliedto the TWIf+0. Of the bve matricesexamired,

BLOSUMG62 showed the highest accuacy. The improvement
in accuacy from the previous paraméer set (JTT2@,

S = 2.40,5 = 0.06) was! 5 percentagepoints. Although

thenew parametesetwasnot optimal for otheroptionsor for

othe dataset$HOM, TWIs andPREFAB), thenewparameer

set provided geneerlly higher accuracythan the previous
paranetersetby ! 5 percentaggoints,asshownin Supple-
mertary Material. Accuracy valuesfor variouscombindions
of $°” andS“ arealsoshownin Supplementay Material. Note
that comparisonsbetwe& MAFFT and othe methodsbased
on othe than TWIf+0 are important, becase FFT-NS-2
option of MAFFT wastunedfor TWIf+0. The resuls of the
conmparisonsare descibed below.

Impr ovementin accuracy by introduci ng pairwi se
alignment information

Tables 2, 3and4 showtherestits of benchmak testsusing the
HOM, TWIf, TWIs and PREFAB datasetsrespectivdy. The
differencein accuracybetwe@ [GHF]-INS-i and FFT-NS-i
wasat most6%, which correspon@d to the improvenent by
introducing the straegy preentedin this paper.As notedin
Materials and Methods,the W’ value was set at 2.7 in the
calculationsshown in Tables 2, 3 and4. Howeve, the optimal
W valuethat providedthe highest accumcy differed depend
ing on the numker of homologes, sequencesimilarity and
other conditions.The accuracyalueson variousW’ value are
shown in Supplenentary Material. For new straegies pre-
sentedhere further investigaton is necessar to determire
the optimal parameers including the W’ values and the
paranetersfor pairwisealignments.

The differencein accuracyamag newly proposedstrat-
egies,G-INS-i, H-INS-i and F-INS-i wassmadl. A slight ten-
dencywas observedthat G-INS-i is suitablefor alignmens
consising of largenumberof sequencesvherea F-INS-i and
H-INS-iaresuitabkfor alignmens consising of smallnumber
of sequaces.In addition,G-INS-i is expectedo be not suit-
able for alignmens with large gaps,asit usesall pairwise
globd alignmens. AlthoughG-INS-i usesan FFT approiima-
tion for the all pairwise alignment processijts accuracywas
virtually idertical to that of a strategyin which full DP was
performed for this process (datanot shown).

Redudng CPU time

Inthe[GHF]-INS-istrakgiesall pairwisealignmentanditerat-
ive rePnemat processesare time consumig. Figure 1 ABD
shows the CPU time asthe function of the sizesof sequace
data geneated by the ROE program(29). The CPU time
consumeddy all pairwise alignment processcan be redued
by appracimations, suchasbandedalignmentimplementedin
FASTA (F-INS-i usesit) or the FFT approximaion (G-INS-i
usesit), althoughthe latter is effective only for highly con-
sened sequaces.
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Table 2. Comparison of performamres of several methods based on
55 alignmentsin HOM tests

Method Dataset  Accuracy(%) Improvenent CPUtime (s)
G-INS-i
HOM+0 4258 N 44.31
HOM+20 52.06 +9.48 182.3
HOM+50 53.85 +11.% 514.2
HOM+100 54.61 +12.0° 1405
H-INS-i
HOM+0  43.2¢° N 38.68
HOM+20 49.56 +6.36° 151.2
HOM+50 53.37 +10.% 426.8
HOM+100 53.29 +10.1° 1110
F-INS-i
HOM+0  43.14 N 32.06
HOM+20 51.26 +8.1% 122.0
HOM+50 53.72 +10.6° 342.0
HOM+100 53.57 +10.4 758.4
H-INS-1
HOM+0  38.5% N 14.30
HOM+20 46.0C +7.45 73.81
HOM+50 48.8C" +10.3 237.9
HOM+100 48.35 +9.8C° 636.6
FFT-NS-i
HOM+0 4357 N 32.57
HOM+20 4957 +6.00° 73.84
HOM+50 50.68 +7.17 155.87
HOM+100 50.7% +7.16 365.8
FFT-NS-2
HOM+0 35.94 N 6.22
HOM+20 45.06" +9.1% 15.23
HOM+50 44.42 +8.48 26.46
HOM+100 43.6F +7.67 43.46
PROBCONSL.06
HOM+0  47.95 N 91.13
HOM+20 51.78 +3.83 590.1
HOM+50 51.59 +3.64 2237
HOM+100 51.81 +3.86 7634
MUSCLE-i 3.41
HOM+0  43.44 N 37.20
HOM+20 45.94 +2.50 113.6
HOM+50 46.9C° +3.46 403.7
HOM+100 48.07 +4.6F 719.4
TCoffee2.02
HOM+0  43.49 N 486.4
HOM+20 48.26 +4.7T 5007
HOM+50 49.71 +6.2F 28250
HOM+100 49.94 +6.45 71390
CLUSTAL W 1.83
HOM+0 36.77 N 16.29
HOM+20 36.57 £0.20 87.98
HOM+50 37.3% +0.56 2425
HOM+100 36.77 +0.00 620.6

Thehighestaccuracyvaluewithin eachdatasets in boldface.
*Thedifferencefromthehighesticcuracyvasshowrto besignificant(P <0.01)
by boththe Wilcoxon testandthe Friedman test.

PThe Wilcoxon test showeda significant difference but the Friedmantest
did not.

“Theimprovemenof scorefrom HOM+0 wasshownto besignificant by both
the Wilcoxon testandthe Friedmantest.

“The Wilcoxon testshoweda significant improvemen but the Friedmantest
did not. SeeTable 1 for command-lineoptionsfor eachmethodin MAFFT.
Commandhine optionfor MUSCLE-iis muscle -maxiter s 1000 .

The CPU time for the iterative rePnemat processcan be
slightly reducedby alwaysacceptingthe new alignmentpro-
ducedby groupto-groupre-alignmentwithout calcultion of
WSP+ score.Notethatthe WSP+l scoremay becone worse
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Table 3. Comparisorof performarcesof severalmethodsbasedon 209 alignmens in TWI tests

Method Dataset TWIs TWIf CPU
o (%) Improvement fo (%) Improvement time (s)

G-INS-i

TWI+0 20.7%8 N 41.68 N 232.1

TWI+20 27.38 +6.65° 47.08 +5.3%F 747.4

TWI+50 29.58 +8.85° 51.11 +0.4%F 1724
H-INS-i

TWI+0 23.36 N 42.78 N 154.1

TWI+20 26.3C° +2.94 47.40 +4.6F 467.0

TWI+50 27.87 +4.51° 50.2¢ +7.51° 1102
F-INS-i

TWI+0 22.03 N 43.21 N 155.8

TWI+20 25.8¢ +3.7F 47.12 +3.91° 405.1

TWI+50 27.28 +5.27 4758 +4.3¢ 882.8
H-INS-1

TWI+0 18.28 N 38.20" N 30.29

TWI+20 22.48 +4.20 43.8F +5.61° 144.6

TWI+50 24.7F +6.4F 4576 +7.56° 460.6
FFT-NS-i

TWI+0 18.16' N 37.46 N 124.1

TWI+20 21.64 +3.48 40.88 +2.2F 303.8

TWI+50 22.76 +4.60° 44.8% +7.4F 565.6
FFT-NS-2

TWI+0 12.8¢ N 30.27 N 19.41

TWI+20 16.14 +3.25° 33.54 +3.3% 44,54

TWI+50 17.49 +4.60° 37.08 +6.87 77.36
PROBCONSL.06

TWI+0 22.06 N 44.48 N 234.0

TWI+20 22.7¢ +0.73' 43.8F D0.67 1747

TWI+50 22.53% +0.47 44.86 +0.38 6889
MUSCLE-i 3.41

TWI+0 15.67 N 36.38 N 382.3

TWI+20 17.98 +2.31° 36.68 +0.30 999.9

TWI+50 19.6F +3.94 38.17 +1.79 2152
TCoffee2.02

TWI+0 21.8¢ N 44.20 N 1378

TWI+20 22.8F +1.0L 4456 +0.36° 13900

TWI+50 21.8% +0.05' 4518 +0.98 82200
CLUSTAL W 1.83

TWI+0 12.76 N 34.28 N 31.52

TWI+20 11.72 D1.04 33.5¢ £0.69 152.7

TWI+50 12.9F +0.15 34.9% +0.67 458.8

Seethefootnoteof Table2.

by re-alignnent,asMAFFT employsanappraimateDP algo-
rithm for group-tegroupalignmentdescrited previoudy (1).
According to our test, this roughiterative strategygaveless
accurte results for alignments of few sequaces, such
as HOM+0, TWIf+0 and TWIs+0. Howeve, this strategy
performedwell for alignmentscomposedof a large numker
of sequences such as HOM+50, +100, TWIf+50 and
TWIs+50. Its accuacy was sometines rather higher than
that of G-INS-i (datanot shown).

FFT-NSi is the most accuraé option in the previous
version.The accuracyhasbeenimprovedby introducing the
newoptionsHoweve, whenthehighestccuracysnotrequired
for the alignment, the FFT-NS-i option may be still usefd,
considering the balance betwee computatimal time and
accuacy.

Comparison with other methods

For alignments involving dozens of sequencegHOM+n,
TWIs+n and PREFARB n a 0), new strateges preentedhere

([GHF]-INS-) outperbrmed other methods including
TCoffee and PROBQONS, in accuacy as shown in
Tables2, 3 and4. According to the PREFAB test(Table 4),
the difference was large when the input sequaces were
distantlyrelated.

Resultsof the HOM+0 and TWI+0 tests are shown in
Tables 2 and 3, respectivey. In these casesthe numter of
input sequacesis small (! 8). We carried out two moretests
basedon BAIIBA SE (30) andthe SUP setof SABmark, for
which close homologies have not beenadded. PROBGONS
outperformed [GHF]-INS-i by 13 percenage points for
BAIIBASE, wherea [GHF]-INS-i options outpeformed
PRCBCONS by 1B3percenage points for the SUP set of
SABmark.In mod of case of suchsmallalignmens, TCoffee,
PROBCONS and three new strategies ((GHF]-INS-i) of
MAFFT were small in accuacy. Howeve, for the HOM+0
ted, the accuracyof PROBGONS was remarkably high as
shown in Table 2; the differencefrom H-INS-i was 5% and
staistically sigriPcantaccoding to the Wilcoxon ted.



Table 4. Accuracyvaluesof severalmethodsfor the PREFABtests

Method Identity (%) CPU

0b20 20Db40 40B70 700100 All time (s)
G-INS-i 46.75 82.77 96.30 98.60 68.85 16030
H-INS-i 48.22 83.32 9583 98.64 69.70 15060
F-INS-i 48.00 83.35 9583 98.62 69.61 9007
H-INS-1 46.1% 8216 9542 98.60 68.27 9910
FFT-NS-i 4577 80.9% 93.8% 9855 67.48 4176
FFT-NS-2 43.1¢ 7957 932% 9847 65.74 930.4
FFT-NS-1 40.9¢ 77.50 93.46 98.59 63.92 666.2
TCoffee2.02 4530 82.3¢ 9520 98.62 67.96 973600
PROBCONSL.06 45.6% 82.10 95.0F 9818 67.95 142200
MUSCLE-i 42.7F 80.43 9543 98.28 66.05 13260
MUSCLE-fast 38.44 76.65 9342 97.91 6244 544.1
CLUSTAL W 33.96 74.14 9354 97.85 59.45 12970

(default)

Thehighestaccuracyaluewithin eachpercenidentity rangeisin bold letters.
#Thedifferencefromthehighestaccuracyasfoundto besignificant(? <0.01)
by boththe Wilcoxon testandthe Friedman test.

PThe Wilcoxon testshoweda significantdifferencebut the Friedmantestdid
not.SeeTablel for commandine optionsfor eachstrategyn MAFFT. Options
of otherprogramsareasfollows:

TCoffee,default;
PROBCONSdefault;
MUSCLE-i, muscle -maxiters
MUSCLE-fest, muscle -sv
kbit20_3;

CLUSTAL W (default),default.

1000;

-maxiters 1 -diagsl -distanc el

The CPUtimesof [GHF]-INS-i wereseveraltimessmaller
thanthose of TCoffee and PROBCGONS.

Effect of the number of homologuesinvolvedin an
alignment

As expeded, the accuracyof a multiple alignment tendedto
increae with increasingnumberof homologesinvolved in
the alignment. Although observedmore or less for most
methods this tendencywas remarkable for MAFFT. The
improvement by adding close homdogues becamesmdl,
when the postion-specibc gap penalty (1) was disabled
(datanot shown). Thus, this technique probaly contributel
to the improvenent. The position-pecibc gap penalty
(1,7,923) was motivatedby a consterationasfollows. In a
groupto-group alignmentprocess, eachgroup of sequaces
may containgaps.If the gapis newly introducedat the same
postion asone of suchexiging gaps,the new gapshoutl be
lesspenalizd,becasethenewandexistinggapsareprobably
resuting from a singe insertionor deletionevent

According to the HOM tests(Table 2), the improvements
by addirg 50100homologles were at most! 10 percent-
age points and statistcally signbcantaccordng to both the
Wilcoxon testand the Friedman test. The improvementwas
conmparablewith thatby introducing thestrucuralinformation
of one or two proteins(26), and rather larger than that by
modibcaion of algorithm (from FFT-NSi to [GHF]-INS-i)
preentedin this paper.Similar resultswere obtainedfor the
TWIf+rn andTWIs+n datasetshown in Table3. The accuracy
values undervariouscondtions (n» and E-values)are shown
in Supplematary Material The maximum accuracy was
obtaned in the caseof n > 50 or n > 100 and thresholdof
E-value= 10 °p10 %°.
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Theseresuls suggestheimportanceof including anumber
of homdoguesfor obtaininganaccuatesequacealignment
An ability to handk a largenumber of sequecesis therefore
importantfor a multiple sequencalignmentprogram.

Perspectives

Thereare severalissuesfor furtherimprovementin accuracy
andspeed (i) TCoffee hasa merit thatit cancombinealign-

merts basedon different principles. OOSullign et al. (26)

reportal thattheaccuacyof amultiple alignmentis improved

when structurd information of manyprotensis included. We

areplanring to enableMAFFT to include structurd informa-

tion. (i) Theremight be a more efbcient way to collea and
selectthe homdoguesfrom databasgfor improving theaccu-
racy of an alignment. For exampg, we shouldexcludevery

closehomologesof asequacealreadyinvolvedin thealign-

mert, becawse suchclose homdoguesare expeded to bring

little information.

SUPPLEMENTARY MATERIAL
SupplenentaryMaterial is availableat NAR Online.
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