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Multiple sequence alignment by consensus
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An algorithm for multiple sequence alignment is given that
matches words of length and degree of mismatch chosen by the
user. The alignment maximizes an alignment scoring function.
The method is based on a novel extension of our consensus
sequence methods. The algorithm works for both DNA and protein
sequences, and from earlier work on consensus sequences, i1t is
rossible to estimate statistical significance.

INTRODUCTION

Sequence alignment is an important problem motivated by
molecular biology and many computer algorithms have been devised
to accomplish alignments. Most of the results have been for two
sequences. The analytical work began with the paper of
Needleman and Wunsch(l) who solved the problem of maximum
similarity alignment for two sequences. Later Sellers(2) gave a
related dynamic programming algorithm for minimum digtance
alignment of two sequences. These algorithms were extended to
cover multiple insertions and deletions by Waterman et al.(3).
In Vaterman (1984)(4) the subject of sequence comparisons is
reviewed. It 1s clear that, while the two sequence case has
been adequately solved for many cases, the situation for
alignment of more than two sequences is quite different. Next
we review the history of approaches to multiple sequence
alignment. Then we glve a new algorithm for multiple sequence
alignment that is based on a novel extension of our consensus
sequence methods.

Sankoff(B8) gave the first treatment of which we are aware
that considered multiple sequence alignment. His method
requires a tree relating the sequences and employs dynamic
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programming as well as parsimony. For comparing R sequences of
length N, the method takes time proportional to 2°N® (0(2™NF))
and storage O(NR). Only small sequences are practical even when
R=3. Sankoff et al.(6) apply the algorithm, modified somewhat,
to 58 sequences. In Waterman et al.(3) a similar algorithm is
presented which does not assume a tree. The time and space
requirements are similar.

More recently, Waterman and Perlwitz(7), apply the geometry
of geodesics to sequence alignment. The idea of sequence is
extended so that a "nucleotide" is a mixture of A,C,G,T and ¢
(deletions). The basic algorithm is based on dynamic
programming, and the sequences are aligned and merged two at a
time. Vhen the relationships between the sequences are
understood, as when a correot evolutionary tree 1is avallable,
the method works very well. Still 1t is a pairwise algorithm
and the final alignment is dependent on the order in which the
sequences are prooessed.

Computer science has studied what they call string matching
problems, beginning with Wagner and Fischer (they prefer
"string" to sequence)(8). In Itoga(1981)(9) the string merging
problem is studied, and Hsu and Du(1984)(10) consider the
longest common subsequence of a set of strings. None of these
authors seem aware of the earlier results described above.

Sobel and Martinez(11) approach sequence matching as a
regions problem, where their algorithm is based on locating all
exact repeats of patterns which occur in the sequence set. The
method of finding repeats takes O(NlogN) operations(12). The
best set of regions making up the alignment is found by longest
path methods from computer science. This is perhaps the only
practical method avallable for more than three sequences until
the present paper. ,

Some interesting results have been obtained for protein
sequences. There it is thought that gaps should receive a
constant penalty, regardless of length. Fredman(13) improved
the algorithms to o(Ns) for aligning 3 sequences of length n
with the constant gap penalty, whereas the direct extension of
Vaterman et al. is o(§®). Murata et al.(14) give a similar
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improvement. Johngon and Doolittle(18) give a method, not
guaranteed to be globally optimal, which is based on the
progressive evaluation of selected segments from each sequence.

There are two recent methods designed to align multiple
sequences that require more discussion. That of Sobel and
Martinez(11l) is based on aligning segments common to the
sequences; 1t is frequently of interest to align patterns with
some degree of mismatch, insertion, and/or deletion. There may
be no segment common to all the sequences. The method of
Johnson and Doolittle(15) is based on aligning segments found
within a window of width W and for R sequences of length N has
running time proportional to O(R(N-W)¥* 1). For small R this is
a practical method, but is not practical for a larger number of
sequences. Next we present our method to overcome some of these
difficulties.

DESCRIPTION OF THE METHOD
¥e begin with a set of R sequences of length N
81,1%1,2 *--- B x
85,183 2 ---- 8y g
8p.1%r,2 " OR,N

These sequences can be taken to be initially aligned on some
biologically determined feature. The alignment is, of course,
unknown except approximately. It is the purpose of this paper
to give an algorithm aligning the sequences by matohing or
aligning on words of a given size. The usual methods of
sequence analysis align on single letters, that is words of
length 1.

A concept basic to our algorithm is that of consensus word.
The definition has been given in earlier work (Waterman et al.
(1984)(18) and Galas et al.(1985)(17)) and will be briefly given
here. First, take a fixed word size(length) k and a word w of
length k. There are 4k such words in DNA and 20k in proteins.
Next, define the window width W. This parameter gives the width
of sequence in which a word can be found and thus defines the
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amount of shifting allowed in matching consensus words. The
sequences starting at column j+1 with window width ¥ appear as

8),3+41%1, 342 "0 %1, 34w
82, 35+1%2, 342 " %2,34¥
aR,j+1aR,j+2 ceee 8R4y

First, we search the first sequence of the window for matches
to our word w. An exact match to w is called a d=0 neighbor
wvhile a l-letter mismatch from w is called a d=1 neighbor, and
s0 on. It i1s possible to include insertions and deletions in
this 1list of neighbors. Ve may decide, e.g., to limit the
amount of mismatch to d4-=0,1,2 and not find w in a portion of
sequence unless 1t is within this neighborhood. Let 9.4 equal
the number of lines that the best ocourrence of w is as a d-th
neighbor. BEach of these ocourrences receives weight Ad’ The
score of word w in this window is

8 (w) = I Aq.
J+1, 34V ddw,d

A best word 1s word w‘ satisfying

s (w‘) - max s (w).
341, J+W w o )+1, J+VW

The idea of the algorithm is to align on consensus words,
attempting to maximize the sum of the scores of the words.
Before the practical algorithmsg are presented, a more general
concept of alignment on words 1s presented.

Now we define a partial order on words. The words vy and LAY
satlsfy Wy < Wy if the occurrences of v in sequence i are to
the left of the occurrences of Vg in sequence i (and do not
intersect) for i=1 to R. It 18 not necessary for Wy or w, to
have occurrences in all sequences. Implicit in the definition
is a window width ¥ and neighborhood specification. The goal of
an optimal alignment is to find words vy wvhich satisfy

max{tizls(wi) Py < Wy ... )

(It is frequently desirable to require s(wi)zc for all i, where
¢ is some outoff value.) It is not possible to accomplish this
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goal in reasonable time, but it is possible to come quite close.
¥e now define two practical algorithms.

Next w, W, means that consensus words w, and W, oan be found
in non-overlapping windows, each word satisfying as usual the
window width and neighborhood constraints. The modified
optimization problem is to satisfy

T = max{zizls(wi) : wllwzl...}.

There is a straightforward reoursion to find T. Let '1‘1 be the
maximum sum for the sequences from base 1 to base i:

&1’1 “ee &1'1
62'1 e 8.2'1
aR,l cee aR’i

Then Ti satisfies
T, = max{'rJ * By, t LWL S 98 i-x}

B T g =Ty~ ..."To"T1" ... =T
if y-x+1<k. This algorithm runs in time approximately
proportional to NszB vhere B = neighborhood size. Here the
factor of WRB accounts for the consensus word algorithm with a
window width ¥. (This is an overestimate since the actual
windows vary from k to W in width.)

If much shifting 1s necessary to match the sequences, T is an
underestimate and misses some of the relevant matching. To

overcome this problem, the definition of T is modified to

8 = max{sJ * 8y, ¢ W s 3 s 1-x}.

= 0. Also 8, S 0

where sJ+1 1 is the largest scoring consensus word in the

window from j+1 to i such that all ocourrences of the consensus
word are to the right of the consensus words for SJ. This
algorithm is not guaranteed to be equal to the global maximum,
but it is much more useful than T.

EXAMPLE
The algorithm is now i1llustrated with an alignment of 34 &S
sequences from E. coll and related organisms that were obtained

9099




Nucleic Acids Research

hHHsUwohﬁuuwadetaUQUUUUUtUQUUHCUUtOHOUUQHMmmu 900999919V1190¥I109006 ey 3beebb0  oove bo33
1O¥DOVLIDIOOIVIVYIDDOYe66H UthQuutuUUUUUH<9wuUquhHUUGHhQHUUO&UUBOUmMMuumm J¥9dIdeE Hoog

0932130900921 199 L OVYVYO99IDL00WNDI01010e663  Hyabed
LOVIOD900901I9900I¥VYIOLILOIOVOI0I910e663  Hyabes

D9¥I21360byna9006 e ebe J995e0ve Hoso
199031 360B10090006eebeebio  eore boso

LI9LIVIDOI0931001IVIIYVYOD9ILI0IOV0I0IVIS6eh ) OV¥I990¥DIeBB1O0¥DI0VORbRR  IbRREES  eore Booy

LI1IID0¥ODDL09YIIIVIIIIYeHEE L¥LO19933LI999I¥IINIOLOTLISIILLSOEo
UHHuahc4<Uhuthwa<a<uouuoaaoyUUH¢¢UuawaﬂatataﬂuuhUU¢

VYYVYOODII9VVYILIDIVOVDEHHH
LOWYO0D00000v00w 36 9ebbb  151300V090666e anioes

¥9192090090199%36% Hebbb 191199¥9990I¥VISIOVL

L1OVODDIOOWYOOVIYOVYOVEI6Y  yijoey

LIOVDODLOOVYIOVIVYYYOVH161  yojoey

3668 DD919¥3999VIVYYYOLo9VYID 06e
19991090vo0366R19ebeR 991910009vw0bbbe  393oey
099¥0090100eb6R Ioebeb  99009y999¥I0001091 30
090¥0090100ebbeoebeb 1511000091196666 woibes
D90¥0091190866eLybbeb 19100000901¥E666 9rabeq
D9IVYID0100ebbeLybbeh  39100110101W00¥991 6%
099Y¥00911903b6eIaReeh  591001000WNBEEE 999308
099¥1091190366e 086 5510000059¥0099991 363
O9¥YD090090ehbe oRbeb  191000001106666 5yibes
ODW¥D0D0090ebbRISebRS  151503001116666 Dy3bes

wuuumoumomdudaauummmuumamomu ooee Hoogy

&UUummuomuvtstuuuuvmmuovmmmmu DORRHNIVIY

' QO ewsS Tm
T 03 dn pue ‘gep ‘P=3 Uyt § w3 TI037Te Aq seousnbes yvNwI Sg P2 Fo JuswuBITe uy ‘1 oan3ig

3¥D3 DVYODOODe oven 96606 ybibe ol X ol e Re) feTele o
IBDD DIYDEDOR deer  HooYISEOhERIES] 990¥YI99
IeDD DYIDOIDY  IVOHOBH6S, 66 Vil
IPDD DYIHI003 OVII6Bbb L0606 ed0950660 Y1l
82D DIID00D®  HWOLDIBIL Hesbeoessggobey YVol

hhBUHU44HH04¢G¢UUUH<GUHHBUUHUEGUHUUQQPGHUOM&UM S0OVI¥DID9I9911109YL

UUUH&GUUUHtUUUUmUatttwa004010900049040000004<4
IeDR 11990006 oeee sbHeh lbobeqeny 9919921119
3600 990006 seee 96666 16o6e3e30990660 ¥iio

LVLYYYVYOLIDDVIIVIDIOOVYIIOWYSeORD YVYOO051¥D0D119100e0e QLOOVOVIVIDVLIYIOh) 9911

1¥3ebe ¥91990¥1IVIOI00VYIIOVYORoRD V!
¢uunmuumoma9¢aucumumuumnmmmu eoee 6Hooo
993539636 yyioI0bee libbeoogeoee Hooq
wUumaoumumtuoauoummMuumu D990edee Hooe
913e500606¥ 101 106ve 360k eoee bHooh
wﬁumMUUUUM0010990000uumwmomu eoee Hoob
oveebooboby yyoiobeeyibevbes eoee bBooe
<¢mmmoumum<00900mmmmwauummwo eoee Hooo
9938550606¥)51010bee336ee60 eoee Hood
9938600606V 1010bve 360660 eoee boobh
wwummuumuo<usaoHUUmmuummmmau esee booe

1I¥O9¥IIDIVOIIIOVIVYYeEEH HuwuyUUHHGUUHuuaaUQHtwﬂdauwuuwauwhthtttUthhtUU&UﬁﬁuUOUu

JL95YO00IY0L IOV LYYV YLI0D199009¥199990010683
1¥99999001990199e36% 9v999100900¥0099906663  Dw3b63
L¥999990919901998 368 HY999I001999¥I000VEBEY  oy3663

10099¥3090090366e19e6e69919599VYL1016063  Dy3663
o) (o) lehoelel ok ll oA 51 1)) 9919DVOVYYYIID0930e]
QLOOVYDIODIVIIBbeLORbeh 191w0000101966637  9ibes
O90D9¥DIDDIVIIBERIORbRT 1510000119666  9ibes
LIVOVYOLODIVDIb6eIDebeb 151yD00011196667  9ibes
LL39OVII0DLNOVIORISe Deb3b  1¥dd0D11096663019v3667
LVO9O¥I090IvORbbe DRbeh 191¥000010196663  9ibes
L¥099¥D00L0VVBbbeLoRbeb 151vD00010196663 53667
-L¥D9OVI0DI0VYbbbRIoR6eD DDIVID0D10106667  93bes

mmmm..mmmm.............m@wu....ummu....uwmuumum......UUMmuummmmmo..mumm.mUUu.umuu..

YOOWYOEBoBLD0YIYoRRes o] 16D Jjoee Hooo
<uuuwUQGUUUUwumcduHU<¢UUU<U<QOUUHH¢D
4000900¢UUGUUU¢¢¢UBUttwouﬁutﬂwuuasﬁu

11UuwuOaUuUU¢0¢¢<thuuquHU¢¢UUUUu
ucummuumumcpuuuuummmuumo 299030®e booo
wwummuumuutumo<uuwmmmummmmmu JoeEDODD]

.uuummuomuumuuoﬂuummmmummummu 3oee bBooo

wuummuumuutuuaduommm@uwmummu Joee booo

tuUUwUUtha<¢uo¢¢¢uawm¢0¢uau¢4uuua
993ebo0bobylyviooreebibesben 30e® boobg
¥o3Iebo0bobyIoll00eeehbrebes Joee boob
9931eb00bobY I 90eeRbIbREhED 3Joee Hoob

90091Y¥IIILLOLIDeDE O199YOVIYIDVIVIbES 9937
800 DILO0DOP DEOP  B6I6VIVIOOIVILINDIS63 o4
800 D11J030% deey  66ebyiriovoieio 1919¥D21
1¥D0 DIIDO09F deoe ummm<oouwma<ua¢uu00u 21
1BOD YYIDIoOP deje wotdutuummUMUUQUummu o1
3¥0D DIIDIOVT JeR  HoYYHISobeIebognIbby BM
Je00 D1l910%ese)ibbed LIVIDDIVOIVOIDLIIOL
3800 Hyrooode oees  BLEBynbobeleloynabhba 2L
IBOD HL19000® deee Lbebyobobeqeen ¥OIOV1DD
3800 uaauuoumomuammmmttmummummuuwuomu 1L
jend UHHQUUUmumuammum<<mummumouwwuomu 11

¥OOLIVOOLLIV2oP®  B6331060621015193667 D01y
3IeDD)IYHIDIOE doee mmumhumuomuMuupuummu 201
001I9000¥o0ee 991909909¥LYIDI9L9IDIDIINY
DDLLODDDYOORE 9DI909909VIIDDI9IOIIIIILYY
LSRRI leleel Sl V¥DDLI999091IVILO9IODII099L
1EDD DIYHOOOP Deew ¥o9uDOroberessng1bby 219
3000 gyoiodedoeeb 6336 obebejenyygoeby 1291
382D DIv¥DIovedeed 5616 ummomumuutoummu 1091,
Jedd DIYDHIoOe dove mmuuﬂummmmumuuﬂuummu 121
LIUDIDLIO¥OIDDE  HDOYEAI3IYEobeIRdOYDa6hy 1093
3000 L¥9100€  H3oyb6ielbobeiedoynobby 1093
IB2D DLVDIDOE  HODI66I6YDbobeIe0d9066Y  a19L
IEDD JO¥DIVE  HID1LEH6IBOIBOBRIONN0D0E6Y o9y

uuum.ummm..mmum..mummumuu..umwu

oopyIoe ‘g
doptoe -
yrIow -oy
urtes -qu
buny -dsp
CTUS “qqu
W jeaym
woildaiig
DOV0ID T
Au -doody
ed> -doodl
e{dortds
najsed -5
s1A31q °g
¥ 3dea3s
A31q -oe
FITA -oeq
Sopioe ‘g
o1eays -g
usydIT g
17Iqns g
I0TYo01g
T3sdoeuy
wrsyy -yg
Jenbe -yg
warqni -y
oo00RIRg
Thnzae -5
JUTA -ozy
InoTy d
eTYDTUSg
oeqojoyq
TebIng g
10D '3

SNSuUasuod

9100




Nucleic Acids Research

from the collection of Olsen and Pace. They can be found in
GenBank or the review paper of Erdmann et al.(18).

An alignment of these sequences by algorithm § with k=4 and
W=68, allowing up to 1 mismatch is given in Fig. 1. The
parameter A, = (k-d)/k, vhere 4 equals the number of mismatches.
Algorithm T which does not allow overlapping windows has score
304.75, while algorithm S has score 364.00. Some scores for
various choices of the parameters are given next:

¥ = window width k = word gize # _mismatches 8
6 4 (o] 117.00
6 4 1 364.00
8 4 0 196.00
8 4 1 487.25
8 () 0 23.00
8 <] 1 124.00
8 8 2 269.17
10 6 o} 82.00
10 3] 1 213.87
10 6 2 320.00
DISCUSSION

The existing multiple sequence alignment programs based on
our algorithm are written for DNA sequences, but they can easily
be extended to proteins. (We plan to do this.) The largest
protein word possible is k=3, since 203-8,000, vhile words with
k=8 or 9 1g possible with DNA. Whenever the amino acid alphabet
is decreased from the usual 20-letter alphabet, k can be
increased.

Another feature we have not included in our program is a cost
for unmatched letters (deletions/insertions). This could easily
be done as Martinez does, for example, but we are not yet
persuaded of the necessity here.

Statistical significance is always an issue in sequence
alignment. Frequently the sequences are randomly permuted, and
the optimal alignment scores obtained from the random sequences.
Statistical significance is estimated from these scores. Here
we have a more direct approach. It is possible to calculate the
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probability that a word occurs in the specified neighborhood and
in the window of one sequence. Then the binomial distribution
or the theory of large deviations (for large R)(16) can be used
to caloulate the probability of ever seeing a matched word in L
out of the R sequences. By requiring this probability to be
small (e.g., .01), we can be assured that every matched word in
an alignment is significant at that level of significance.

The implementation for DNA sequences 1s written in the C
language and is available from the author. Please inquire for
details.

The 58 sequences were received from Gary Olsen and Norm Pace.
Assistance from Mark Eggert and Felicitas Smith is greatly
appreciated.

This work was supported by grants from the System Development
Foundation and the National Instutes of Health(GM 36230).
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