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Abstract

An algorithm and a program have been developed which en-
able optimal alignments of biological sequences on an 8-bit
microcomputer. The compiled program can process sequences
up to 1000 residues on a Commodore 64. Since this program
was written originally in the BASIC language, it may readily
be adapted to other microcomputers with small changes.

Introduction

Recent advances in the isolation and characterization of DNA
sequences from a variety of sources have increased the neces-
sity for investigating the degree of similarities among these
sequences. Needleman and Wunsch (1970) have devised an
elegant algorithm that determines the maximum alignments
between two sequences. This algorithm has been modified by
Sellers (1974) to measure evolutionary distances and further
modified by Waterman et al. (1976) to deal with any length
of gaps. Although this algorithm is highly useful for compar-
ing a pair of DNA sequences, its use has been limited to main
frame computers or minicomputers.

There has been an increasing use of microcomputers in
research as they are much less expensive and easier to use
than main frame computers. It is, therefore, highly desirable
to develop a program which will allow the optimal alignments
of DNA sequences on a microcomputer. Gotoh (1982) has
reported an algorithm which saves a huge space of memory
when the gap weight has a form of w, =uk+v (k is the gap
length and u,v (u=0,v=0) are constants). This algorithm
yields an evolutionary distance in a very small memory space.
However, the D matrix which produces an evolutionary
distance must be backtracked in order to obtain optimal
alignments (Gotoh, 1982; Goad and Kanehisa, 1982; Smith
et al., 1981; Taylor, 1984) and the amount of elements
necessary for the alignments is more than a microcomputer
can accommodate. Therefore, it is still extremely difficult to
obtain the optimally matched alignments on a microcomputer
through direct application of this algorithm. For this reason,
little application of a microcomputer to obtain optimal align-
ments of DNA sequences has been accomplished so far (for
example see Soll and Roberts, 1984).
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In this paper, we describe an improved algorithm and a pro-
gram which can investigate the similarity between a pair of
DNA sequences up to 1000 residues on an 8-bit microcom-
puter and print out the optimal alignments. This program is
also applicable to align amino acid sequences.

Systems and Methods

Hardware

A Commodore 64 equipped with a 5-inch, single-sided, single-
density disk drive (Commodore 1541) was used as a
microcomputer. The printer and CRT used were Commodore
1526 and Zenith data systems, respectively.

Software

The DNA sequence data were prepared by a word processing
program ‘Paper Clip’ to produce sequential files. The align-
ment program was written in the BASIC language for Com-
modore 64 and compiled by the BASIC compiler ‘PETSPEED’
(Oxford Systems, UK).

Algorithm for a microcomputer

In order to apply the optimal alignment algorithm of Water-
man et al. (1976) to a small microcomputer, it is essential to
make the memory size used in the program small. By the ap-
plication of Gotoh’s algorithm (1982), a huge amount of
memory can be saved. However, the route for the optimal
alignments must be backtracked from the right bottom elements
of the D matrix guided by the path matrix (Gotoh, 1982; Goad
and Kanehisa, 1982; Smith et al., 1981; Taylor, 1984). There
is no space in a small microcomputer to store either the whole
D matrix or the path matrix.

In order to backtrack the route in a microcomputer, the D
matrix was divided into small submatrices and parts of the sub-
matrices are calculated twice. This procedure made it possible
to obtain optimally aligned sequences in a small memory size.
Actually, D matrix of (M+ 1) X(N+1) order was divided in-
to small submatrices D, j of (L+1)? order (Figure 1). M and
N are the lengths of sequences under comparison and L is
determined from the maximum matrix size which the micro-
computer can accommodate in the core memory with the pro-
gram and other variables. Here, 0<i<M/L, 0<j<N/L
(i and j are integers). The L value used for Commodore 64
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Fig. 1. Submatrices in the D matrix. The D matrix was divided into small submatrices of D. .. The D. . submatrices of (6 X6) order (i.e., L=5) are shown
here for explanation. In the program, the L value of each D, . submatrix is 90. The arrays in the boxes were shared with the neighboring submatrices and
stored in the diskette in the first run. The weight values ust:dJ here were d=—1 for matched residues, d=+1 for mismatched residues, and k+2 for gap.

was 90. These submatrices shared the same element at the
border arrays with the neighboring submatrices (arrays in the
boxes in Figure 1).

The D matrix by Waterman et al. (1976) is described by
the following relations.

D(R,S)=Min[D(R—-1,S—-1)+d, P(R,S), Q(R,S)]

P(R,S)=Min[D(R—k,S)+w,]

IsksR
Q(R,S)=Min[D(R,S—k)+w,]

isksS

(d is a matching weight between two aligned residues.)
P(R,S) (or Q(R,S)) can be written as follows.

P(R,S)=Min{Min[D(R-k,S) +w, [, Min[D(R —k,S)+ V\{_k]]

I1<k=<A

=Min{Min[D(R ~k,S)+w,],Min[DR —A—k,S) +w,, ]}

I=k=R-A

A+l1s<ksR

I<k<A

According to Gotoh’s algorithm (1982), D matrix calcula-
tion can be done in MN steps in the case that the gap weight
has the form of w,=uk+v. When this form of gap weight
was applied,

P(R,S)=Min{Min[D(R—k,S) +w, ],P(R—~A,S)+uA]}

Isk<A
IfR=(L X )+Aand S=(L X j)+B(l<A<L,I<BsL),
then  D(R,S)=D; j(A,B), P(R,S)=Pij(A,B) and
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Q(R,S)=Qij(A,B) in the D;; submatrix. Therefore,
P(R,S)=P; Ji(A,B) =Min[MinfDi J'-(A —k,B)+w,],P, j'(O,B) +uAj
IsksA
and
Q(R,S)=Q, j(A,B)=Minl{I\:Iil;[Di jAB=k)+w,]Q; j(A0)+uBj
sks=s
From these relations, it is possible to generate the D, j sub-
matrix independent of other submatrices once the values of
D; j(0,0), D; j(A,O), D; ;(0,B), Pij(O,B), Q; ;(A,0)
(A,B=1, 2, . ., L) are given. Since the submatrices were
overlapped at the borders in the case of 1<i<M/L and
1 <j<N/L,
D;;(0.B)=D;_, j(L,B), P;;(0,B)=P;_, ;(L,B)
D; ;(A,00=D;;_(AL), Q; j(A,O)=QiJ~_1(A,L)
D;0,00=D;;_,(0.L)
Then, the elements in D submatrix can be determined from
the relations below.
D; j(A,B)=Min[D; (A~1,B=1)+d, P; ;(A,B), Q; {(A,B)]

P; j(A,B)=Min{Min[D; (A~k,B)+w], P,_; (L,B)+uA}
1sksA
Q; j(A,B)=Min[Min[D; (A, B~k)+w,], Q; j_(A,L)+uB}

IsksB
Therefore, a part of any submatrix is reproduced without
calculation of the D matrix from the beginning if the values
of D;;_,1(0,L), D;_, {(L,B), P;_ {(L,B), D;;_,(A,L) and
Qij_l(A,L) (A,B=1, 2, . ., L) have been memorized be-
forehand. In the case of i=0 and/or j=0, the following values
were used as initial conditions.

D, o(A,0)=P,; o(A,0)=uA+v+(L X i) (I=A<L)

D, j(O,B)=Q0 j0.By=uB+v+(L X j) (1=B=<L)

Dg ((0,0)=0

In practice, the complete set of elements in the D matrix
were first obtained through the calculation of all submatrices.
In this calculation, Gotoh’s algorithm (1982) was applied to
each submatrix. After calculation of each submatrix, the values
of D; ;(O,L), D; i(L,B), P; (L,B), D; ;(A,L), Q; ;(A,L) obtain-
ed were stored on a diskette. It was not necessary to input
these values from the diskette in order to obtain the other sub-
matrices in the first calculation, since these submatrices were
calculated successively. These values were used to backtrack
the path matrix later.

After calculation of all submatrices, parts of the submatrices
were recalculated using the boundary values stored in the
diskette. The recalculation was started from the submatrix at
the rightmost bottom of the D matrix (Figure 2) in order to
obtain the routes for optimal alignments. Actually, the sub-
matrix of D, ; was first recalculated with the path matrix using
the values D;_, ;(L,B), P;_; {(L.B), D;;_(A,L), Q;;_(A,L)

and Dij_l(O,L) (A,B=1,2, .., L) which were stored in the
diskette. Here, i and j are integers of
M-D/L-1<is(M-1)/Land (N—-1)/L-1<j<(N-1)/L,
respectively.

When the second calculation of this submatrix was finish-
ed, a route for the optimal alignment was traced up to the edge

Q
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Fig. 2. (a) Submatrix calculation in the second run and the route for the op-
timal alignment. In order to obtain optimal alignments, parts of the submatrices
were recalculated (hatched area) starting from the rightmost bottom of the
D matrix (D, ; submatrix in this case). A route for the first alignment is in-
dicated by solid line. The positions and elements in path matrix at the bran-
ching points (in the circles) were memorized. Another possible route is
indicated by broken line. (b) Two possible alignments obtained by this pro-
gram. Evolutionary distance (D(M,N)) is also printed out.

of the submatrix directed by the path matrix. Then, the sub-
matrix and path matrix were erased for the next submatrix
which was linked to the alignment route obtained. Through
successive input of the boundary values from the diskette, cal-
culation of the submatrices terminated at the origin of the D
matrix. Only parts of the submatrices which are related to the
alignments were recalculated (Figure 2).

At the end of the recalculation, only one route for an op-
timal alignment and the branching points which lead to the
other alignments were memorized in the core memory of the
computer. The first alignment was obtained by this route. After
a print-out of this alignment, parts of the submatrices were
recalculated from the branching points to obtain the other
alignments. Possible alignments were thus obtained by
repeating this procedure.

Figure 3 shows a typical output of the optimal alignments
of nucleotide sequences of human beta-globin and mouse
beta(minor)-globin genes (Lawn et al., 1980; Konkel et al.,
1979) obtained by this program. The weight of alignments (d
value) was fixed to be —1 for matched residues, +1 for mis-
matched residues, and the gap weight (w,) was k+2 in the
program. Execution times are presented in Table I.

The total size of the BASIC program including the matrices
and variables was 31380 bytes and compiled program was
37154 bytes. These sizes can be changed according to the size
of submatrices.
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GTBAGTCT -ATGGGACCCTTGATBTTTTCTTTCCCCTT -CTTTTCTATGGTTAAG - TTCATGTCAT -AGGAAGGGGAGAA
SEESEENS SE8ES S8 & 8388 36288 E &% 238E X & X B8% & B8  SEBES $56 8%
GTGABTCTBATGGGCACCTCCTGEETTTCCTTCCCCTGGLTATTCT - ~-GC TCARCC TTCC TATCAGAAGGARAGGG ~-GRA

GTAA--C-AGBBTACAGTT TAGA - ~-ATGGBARARCABGACGAATGA - TTGCATCAGTE TGGAAGTC TCAGBATCGTTTTAGT
* & & 2888 283833 63 86 % & 283 S48 & BEEEE 8 %8 83 X 893 ¢
GCGATTCTAGGBAGCAGTTTCGATGATGG TG TBTBGATE - -TGAATTG -~ - TBAGTGTTGA -~ -CT-AG-A--GTTT- -GG

TTCTTTTATTTGCTGTTCATARCAATTGTTTTCTTTIGTTTAATTCTTGCTTTCTTTTTTTTTCTTCTCCGCAATTTTTA
3 2558888 % $33 2 8 & 33 8 t $8% & % ¢ 4% 35 2 & 83 &2 s
ATATTTTATTCTCTACTCAGARATTGCTGCTCCCTCTC - -~ - = ACTCT-GTTCTGTTCTTCTBTGTTGTC----ATTTCCT

CTATTATACTTAATBCC TTAACATTGTBTATAACA - - ~ARABBARA TATC TC TBAGA TACATTAAG TRAC TTARARRRAA
58 & & $3%% & $EER  $% &% s S8 3 % & & $8% &% 3% s
CTTTCTTGOTTARA-GTTTTRATTTTCAGTTGCACTT T TRAABTGCAT-~CTTTTATCTACTTICTOT--~TTT-~-=-~~

ACTTTACACAGTCTGCCTAGTACATTACTATTTGGARATATATETGTGC TTATTTGCATATTCATAATCTCCCTACTTTAT
L2 22 IR B $8% $83 8388 & %S 3 ¢ & & % 3% 2% & R L 12 2]
~CTTTTGAAATATATCCTGBTATCTTACTC TGAGGACAARARGA - ~ - ~ ~ TAARATB-ATTCTC-TGATC - -~~-~ CTTT--

TTTCTTTTATTTTTAATTGATACATAATCATTATACATATTTATEGE TTA-AAGTEBTRATGTTTTAATATG TG TACACAT
s s $5 S35 33 ssEes 8% % 53 2 35888 $3 & #3832
~--CCAC-ABTTCTAAT-BA--------~- ATTATA--------~— BGBGCGATAATTEGC - - -TTTTAGBATAGE -ACA-AT

ATTOACCAAATCAGGGTA-ATTTTGCATTTGTRATTTTAARAAATECTTTCTTCTTTTAATA-TACTTTTTTGTTTATCT
& s 3% S3E SUEBERS ¥ 25& 228 8 3 3 % & & SBE% ¥ SEBBBSE B35 &
AAGGA-~=~~=~=~~ AGAGTATATTTTG--TGGCTARATTT-——--- TE-TGTGT-CATAGRATARATTCTTTTTTATTITIT--

TATTTCTRATACTTTCCCTAATC TCTTTC TTTCAGGBCAATAATBATACAATE TATCATGCC TCTTTBCACCATTCTAAR
s38%% % 33 58 $888% % SSEEEE & £ 222 1] *%8 2832 3 L ]
TATTTATTAT-~---~--~-oomo TTT-TTTCATAG-AATAATTCT -~~~ - TATCARAA----TTG-ACCAGT----A

CAATRACAGTGATAATTTCTBGG TTRAGGCAATAGCAATATTTCTGCATATARARATATTTCTGCATATARATTGTARC TGA
L2 2] E 22 (12 % 88 33 % & 2% & % & 5 ¥ (22222
BAACC-CAG-----~~ -~ CTG-~=mmmweomae CCATTTTAC--C-~----- TATGTTTGRARGATTA----TRACTG -

TGTARGAGBTTTCATATTGC TAATAGCAGC TACAATCCAGC TACCATTCTGC TTTTATTTTATGG TTBGGATAAGGCTGE
' % 8 SE% 288 28 % *s L] * EX%% e %% $2i8 1 1% 11
--TAA-A- -TTCCAT-TTGA-AATCB - -GC - -C - -TTCAGC -~ - -AT-~- ~CTTBTATT---- - BTTG--=--=-===u=

ATTATTCTGAGTCCAAGC TRGGCCCTTTTGCTANTCATGTTCATACCTC TTATCTTCCTCCCACAG

3 L 2 2 s

83 5% $% X ¥%2% 3 % % SEREEEe

------ CT----=-~--CTA----CTT--------CATATTGATGCGTCTTCTGT ~-CTTCCCACAG

MATCHED NO.( %)= 441

Fig. 3. An example of the optimal alignment printed out by this program. These sequences are 850 bp from the second intron of the human beta-globin
gene (Lawn er al., 1980) and 628 bp from the second intron of the mouse beta(minor)-globin gene (Konkel er al., 1979).

Table 1. Execution times of the program. The execution time was measured
starting from the moment when the input of DNA sequences into the micro-
computer from the diskette was completed.

DNAs (bp) D matrix calc. Backtracking Total
45 - - 33 s
90 - - 2 min 04 s
180 5 min 18 s 4 min 36 s 9 min 54 s
360 26 min 42 s 9 min 15 s 35 min 57 s
720 112 min 37 s 18 min 23 s 131 min 00 s
1000 222 min 00 s 25 min 29 s 247 min 29 s

Operation of the program

At first, sequence data must be prepared using the word pro-
cessing program ‘Paper Clip’ or any other program in the form
of sequential files. The alignment program only requires se-

quential files of sequence data.

In the alignment program, sequence names (file names) and
sequence positions to be compared must be typed-in from the
keyboard. After this has been done, the program will start
calculation.

Applicability of the program

It is not difficult to apply this program to other microcom-
puters through minor changes in the program, mainly in the
file control. However, a compiler program is necessary to deal
with DNAs of large sizes. For example, the compiled pro-
gram can execute 1000 bp DNAs in 4 h (Table I). On the other
hand, BASIC program takes about 66 hours to process the
same length of DNAs.

It is also possible to deal with sequences of longer than 1000
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residues with small modifications in the program at the ex-
pense of execution time. A program for Commodore 64 or
a print-out of the BASIC program will be available on request.
For the program, please send a blank 5-inch, single-sided
diskette to us.
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