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The advent of automated DNA sequencing techniques has led to an explosive growth in the number and length
of DNAs sequenced from different organisms. While this has resulted in a large accumulation of data in
the DNA databases, it has also called for the development of suitable techniques for rapid viewing and
analysis of the data. Over the last few years several methods have been proposed that address these issues
and represent a DNA sequence in a compact graphical form in one-, two- or three-dimensions that can be
expanded as necessary to help visualize the patterns in gene sequences and aid in in-depth analysis. Graphical
techniques have been round to be useful in highlighting local and global base dominances, to identify regions
of extensive repetitive sequences, differentiate between coding and non-coding regions, and to be indicative
of evolutionary divergences. Analysis with graphical methods have also provided insights into new structures
in DNA sequences such as fractals and long range correlations, and some measures have been developed
that help quantify the visual patterns.
This review presents a comprehensive study of the graphical representation methods and their applications
in viewing and analysing long DNA sequences and evaluates the merits of each of these from a practical
viewpoint with prescriptions on domains of applicability of each method. A discussion on the comparative
merits and demerits of the various methods and possible future developments have also been included.

1. Introduction
The surge of genomic information, specially after the
inception of the Human Genome Project and sequencing
of the complete genome of several organisms including
Escherichia coli (-4-SMbases, Blattner et al 1997),
yeast Saccharomyces cerevisiae (- 12.5 Mbases, Johnston
1996), bacterium Haemophilus influenzae Rd (1,830,137
base pairs, Fleischmann et al 1995) demands quick
development of visual and computational methods to
work with this immense volume of data. So far the
research works have concentrated mainly on studying
individual gene sequences, their structures and functions
corresponding primarily to transcriptions, regulatory signals, identification of introns and exons, repetitive
sequences, nucleotide frequencies, etc. At the genome
level, however, where the DNA sequences are considered

in their totality, issues relating to various characteristics
of gene sequences are now beginning to be addressed;
viz., whether there are any overall patterns to the
arrangement of the bases, whether there are long range
correlation between nucleotides within a gene, whether
there are any short or long range periodicities, etc.
Implicit in all these queries is also the problem of what
would be the best manner of representing such sequences
so that they can be reasonably assessed, visualized, tested
and studied. As more and more sequences are added to
the sequence databanks, researchers have to resort to
analytical tools that are not only fast and efficient but
are also geared to addressing a myriad new queries that
could not be adequately addressed by the previous
methods.
Although there are many efficient ways of automatically
searching and analysing DNA sequences (Fitch 1966;
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Sankoff 1972; Korn et al 1977; Maizel and Lenk 1981;
Staden 1982, 1984a, b, c, t990; Wilbur and Lipman 1983),
few of these methods rely on the unique capability of
the human visual pattern recognition system to enhance
the search procedure. Recently, some suggestions of aural
tone coding and manual coIour-coding of sequences have
also been given in restricted contexts (Burdon 1984;
Hayashi and Munakata 1984), but the methods that are
radically different and appear quite promising are the
graphical representation techniques proposed by several
authors (Hamori and Ruskin 1983; Lathe and Findlay
1984; Gates 1986; Jeffrey 1990; Peng et al 1992; Nandy
1994a, b,c; Leong and Morganthaler 1995) where a
sequence is plotted in a graph with a one-to-one correspondence. There have also been indirect methods of
analysing DNA sequences such as the diagrammatic
techniques of Zhang and Zhang (1991), and the sequence
landscape method of Clift et al (1986) but in this review
we focus on the direct representation techniques and
describe the various analyses that can be done on the
sequences using such techniques.

2. Graphical representation techniques
2.1

Three-dimensional graphical analysis techniques

One of the first attempts towards developing a graphical
technique for representing DNA sequences was that of
Hamori (Hamori and Ruskin 1983; Hamori 1985) by the
G- and H-curves. The G-curves are generated in a virtual
5-dimensional space whose orthogonal co-ordinates are
each assigned to the four DNA nucleotides and to an
integer characterizing the position of a nucleotide on a
DNA chain. It is drawn in a computer by reading the
DNA sequence data and directing the G-curve along the
A-axis by one unit if the first nucleotide is A, along
the C-axis if it is C, and so on (Hamori 1994). The
position axis is incremented by one unit after each
nucleotide is drawn and the procedure is continued until
the 3'-end is reached. The resulting line drawing is a
continuous curve zig-zagging along the position axis in
5-D space. However, as remarked by Hamori, because
of human inability to comprehend 5-D geometry, G-curves
are useful only conceptually and not as a means of
visual representation (Hamori 1994).
H-curves on the other, represent projection of the
cryptic G-curves into humanly comprehensible 3-D space.
In this method, the information content of a nucleotide
sequence is converted from the four letter A, C,G, T
description into a three-dimensional space curve (called
H-curve) which can be handled and manipulated by
conventional mathematical or geometrical techniques and
which can aid in the visual identification of regions of
interest. The positive z-direction is used to count the

number of nucleotides in the sequence. At each point
of z on the corresponding xy-plane the four corners
(NW, NE, SE and SW as four points of the compass)
are taken to represent the four bases A, C, G, T. Basic
rule for constructing the sequence map is to move one
unit in the corresponding direction depending on which
nucleotide is being plotted and draw a connected line
of all such points plotted, one for each unit in the
z-direction (figure 1). Thus a repeating structure like
A C G T A C G T A C G T A C G T . . . will generate a spiral along
the z-axis and other sequences will generate corresponding
patterns which the authors have referred to as H-curves.
For displaying a long sequence on the computer screen
without distortions due to local fluctuations in base
composition, a smoothing technique chn be applied in
which the average composition of a group of nucleotides
is taken as the vector to be plotted. Depending on the
size of the window chosen, this has the effect of smoothing out local details, but leaves the overall graph intact.
By appropriately choosing the scaling along the z-axis
a fragment or the whole of the gene can be fitted on
the computer screen for display at time. Using the
computer, different projections can be displayed as well
as stereo projections for 3D views; a FORTRAN program,
HYLAS, has been developed (Hamori et al 1989) to
generate the three-dimensional H-curve representation of
a DNA sequence or its two-dimensional and stereo
equivalents. Hamori and Ruskin (1983) have analysed
the bacteriophage MI 3 in their scheme and have identified
regions of sharp changes in base composition with the
aid of this method. Other viral genomes such as the
human immunodeficiency virus (HIV) and the EpsteinBarr virus (EBV) genomes have also been studied using
this representation.
2.2

Two-dimensional graphical analysis techniques

Several authors have proposed representing DNA
sequences using two-dimensional coordinate schemes.
2-D graphical techniques have emerged as a very powerful
tool for the visualization and analysis of long DNA
sequences. These techniques provide useful insights into
local and global characteristics and the occurrences,
variations and repetitions of the nucleotides along a
sequence which are not as easily obtainable by other
methods.
In 2-D graphical techniques two types of methods are
commonly used: methods based on fractal principles and
methods based on graphs that are directly plotted in a
Cartesian co-ordinate system.
2.2a Fractal representation: Fractal geometry discovered by mathematician Benoit B Mandelbrot in the 1970s,
describes objects that are self-similar, or scale symmetric.
A fractal, in mathematics, is a geometric shape having

Graphical representation of DNA sequences
the property such that each small portion of it can be
viewed as a reduced scale replica of the whole, i.e., a
fractal is an entity that possesses invariance or self-similarity at all magnifications. Mandelbrot has stated that
the dimension of a fractai must be used as an exponent
when measuring its size. The result is that a fractal
cannot be treated strictly in one, two or any other
whole-number dimensions. Instead, it must be handled
mathematically as though it may have some fractional
dimension. Mandelbrot has shown that mountains, clouds,
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aggregates, galaxy clusters, and other natural phenomena
are similarly fractal in nature, and fractal geometry's
application in the sciences has become a rapidly expanding
field. Fractal properties have been used to compress still
and video images on computers. Fractal structures are
found in biology in abundance: neural networks, coral
shapes, brain structures, etc., are some of the familiar
examples. Attempts to use the concepts of fractal
geometry and compression to genome analysis problems
is another area of its diverse applications.
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Figure 1. (a) The selected base vector assignments for drawing the H-curves of the Hamori-Ruskin model. (b) Perspective
front view of an H-curve representing the nucleotide sequences shown on the right. The curve was constructed by joining head
to tail the 4 base vectors in a descending direction according to the nucleotide composition of the sequence. For details please
refer to Hamori and Ruskin 1983. (Reproduced with permission from Hamori and Ruskin 1983.)
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(i) CGR: The Chaos Game Representation (CGR) of
DNA sequences, initiated by Jeffrey (1990), has received
widespread attention for searching global patterns in long
DNA sequences. Based on a technique from chaos theory,
the method produces a dot pattern that reveals inherent
fractat structures. Mathematically, the chaos game is
described by an iterated function system which is a set
of pairs of linear equations, each pair of the form
x = ax + by + e, y = cx + dy + f computing the new value
of x and y co-ordinates. In the CGR method of analysing
DNA sequences, four corners of a square are denoted
by A, C, G and T. The first nucleotide in a DNA sequence
is represented by a point at the middle of the line
connecting the centre of the square and the corner which
matches the first nucleotide. The second nucieotide is
represented by the midpoint of the line connecting the
first nucleotide point and the corner point designated by
the letter code of the second nucleotide. The process is
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l;igure 2. The plotting of the five-base sequence GTCGC irt
the chaos generator model as described in the text. Note that
each base is plotted in its respective quadrant and that its
position within the quadrant is guided by the preceding sequence.
E.g., of the two points in the C-quadrant, one is in the *TC'
subquadrant and the other in the 'GC' subquadrant. (Reproduced
with permission from Burma et al 1992.)

continued until the last nucleotide is reached (figure 2).
If no prominent pattern exists in the sequence, the A C G T
sequence is expected to be filled up with uniformly
distributed points. However, if patterns exist, such as
repeated nucleotides or segments or absence of certain
nucleotides or combinations, one would observe inside
the square regions of dense or light to void populations
of points. Jeffrey (1990) has pointed out some fundamental properties of his CGR method as follows:
(a) There is a one to one correspondence between the subsequences of a gene and points of the CGR, up to the
resolution of the screen. Therefore, any visible pattern in
CGR corresponds to some pattern in the sequence of bases.
(b) The resolution of the screen limits the detail that
may be shown on any one CGR. However, as with all
fractal representations, any portion of the picture may
be magnified, revealing finer structures.
(c) Adjacent bases in the sequence are not plotted adjacent
to each other (except when the first point is close to a
corner and the next base in the sequence is the same).
Being close in the CGR does not mean being close in
the sequence.
(d) Two close points may correspond to different sequences.
(e) The visible patterns in the CGR represent global as
well as local patterns. A density or scarcity of points
in a region corresponds to a large or small number of
sequences with suffixes corresponding to the region.
(f) Due to the correspondence between points on the CGR
and the sequence, any mathematical characterization of the
CGR is a characterization of the underlying sequence.
The studies carried out by Jeffrey (1990) reveal that
vertebrate CGRs show distinct regions of sparse points
which Jeffrey labelled as 'double-scoop' patterns (see,
however, figure 3), invertebrates show less patterns than
those found in vertebrates, slime moulds and plants give
distinct patterns with parallel striations while phages
exhibit very sparsely populated sequences below the A - G
diagonal and bacterial genes produce squares filled with
uniformly distributed points. Dutta and Das (1992) have
demonstrated mathematically the origin of such patterns
in relation to nucleotide compositions (see later in this
review).
Burma et al (1992) have developed a program called
"Genome Mapping' to carry out detailed CGR studies
of DNA sequences. This program includes features like
'colour code' and 'step up' which are useful when certain
points in the ACGT box have overlaps due to repetitive
sequences. Another feature of interest is 'Zoom function'
which helps the user to find the sequences of points up
to a string length of nine. This software has been
implemented on a Silicon Graphics Iris 4-D series workstation running NEWS (Network Extensibte Window
System). The software has been written in C language
in a UNIX environment.

Graphical representdtion of DNA sequences
(ii) Long range correlation: Peng et al (1992) investigating long range orders in DNA sequences found the
surprising result that nucleotides at any position appeared
to be related to nucleotides hundreds and thousands of
positions away. In their method, the DNA-walk model,
Peng et al constructed a graph of the DNA sequence
in which a step is taken upwards if the nucleotide is
pyrimidine or a step down if it is purine and continue
likewise to m o v e upwards and downwards as the sequence
progresses, counting base numbers along the x-axis. In
a random sequence of purines and pyrimidines such a
plot tends to exhibit zero vertical displacement after
several thousand bases are counted. For short range
correlations also, this leads to null displacement over
several thousand bases although individual groups of
steps may lead to tangible displacements. I f long range
correlation exists, however, there wilt be a net displacement for the complete walk. Mathematically, if u(0 is
the length of the step for the ith nueleotide, the net
displacement after traversing I nucleotides is given by

difference between average of the square and the square
of the average.

F 2 (t)-= [ay(/)l2 - ay(t)',
where

ay(t) = y(t~ +/) - y(l,)),
where 1 will be a fixed unit for the correlation estimation
and lo taken as a starting point wherefrom the Ay(l)
would be calculated for 10= 1, 2, 3 . . . . and a v e r a g e s t a k e n
to get the F(/). It turns out that F ( l ) ~ l ~/2 in the case
of random sequences and for short range correlations in
the asymptotic case; but in case where the correlation
is long range such that no characteristic length can be
assigned, the fluctuation is defined by a power law
F(/) ~ P with a ;e 1/2.
The analysis by Peng ez al (1992) covering 24 different
sequences led to the following conclusions:

I

y(t)-- ~
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O n e can then define a root mean square fluctuation
F2(/) about the average of the displacement as the

G

(a) Intron-containing genes exhibit long range correlations.
(b) The degree of correlation is scale invariant, i.e., it
is the same over distances of several orders of magnitude
of nucteotide positions.
(c) The long range correlation is independent of the
particular gene. or encoded protein.
(d) The quantitative scaling of the correlation is of
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Figure 3. A CGR diagram of the rat embryonic myosin heavy
chain gene. This plot shows a wide scatter of points and a
blurring of the familiar double-scoop pattern of mammalian
CGRs arising from the base distribution charaemrislics in the
intron segments that constitute almost 75% of the sequmcc.
(Reproduced with permission from Nandy and Nandy 1995.)
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Figure 4, Diagram showing the regions of high and low
density of points in the genome mapping plots of the mitochondrial DNA sequence of man (Homo sapiens, 16569 bases),
mouse (Mus musculus, 16295 bases) and fin whale (Balaenoptera
physalus, 16398 bases). Dotted regions represent particular
strings that occur with higher frequency in the DNA sequence.
Note the self-similarity in the diagram as we go down to finer
subdivisions of the square. The regions of depletion arise from
the rare occurrence of strings ending with CGC, of which
OCGC is practically absent. (Reproduced with permission from
J. Biosci. 1992 17 395--41 I.)
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power-law form reminiscent of other phenomena having
self-similar or fractal origin, and such correlations are
generally associated with the existence of a nonequilibrium dynamic process.
(e) Significantly, such correlation is not observed for
any of the intronless cDNA segments investigated which
appear to exist in an equilibrium state.
That intronless genes show no long range correlation
effects is also corroborated by the observations of Li
and Kaneko (1992) who had analysed DNA sequences
by using a "mutual information function" which is a
measure of the influence that one symbol in a string of
symbols has on the identity of another symbol elsewhere
in the string. They have reported presence of long range
correla/ion in the gene of the coagulation factor in human
blood which has 76% introns.
In another analysis of over 25000 gene sequences
containing more than 50 million nucleotides. Voss (1992)
showed that DNA sequences contain long range powerlaw correlation (fractals) as well as short-range periodicities. The mathematical model used by Voss is based
on the fractional Brownian motion. Here the quantity of
interest to be calculated is the correlation function
cx(T) = (x(t)x(t + 7)} which is related to the spectral density
function. Voss observed that assigning a number to each
symbol in a non-numeric sequence or a walk displacement
along a direction introduces numeric correlation. To avoid
such problems he has used equal-symbol multiplication
defined as x~x,. = 1 if x n = x ~ and 0 otherwise. A binary
projection operator is used to select the elements of
x n that are equal to a selected symbol k. By applying
the projection operator to the four symbols A, C, T and
G in the case of human cytomegalovirus strain AD169,
he found many positive and negative correlations between
the different bases. From the spectral density function
calculations on a large number of sequences from DNA
databank that included organisms of all classes, he concluded that, (a) long range fractal correlations exist in
DNA sequences, (b) the degree of correlation as measured
by a spectral exponent varies systematically with evolutionary category and (c) short range periodicities of
period 3 are prominent while other periods (e.g., 9) are
also present. The fractal correlations have been seen to
extend over large ranges of nucteotide positions, with
the smallest for phage and bacteria and extending to
over t00,000 bases for the higher classes.
2.2b Two-dimensional Cartesian co-ordinate systems:
A graphical plot of a gene sequence in two-dimensions
necessarily faces the problem of choice of two axes to
represent the four nucleotides and base number. The
random-walk plot of Peng et al (1992) used the x-axis
to count the ~umber of bases, while the sequence was
considered as a string of purines and pyrimidines in
which the cumulative sum of pyrimidines-purines was

plotted along the y-axis. To plot the effect of the four
bases, however, one simple procedure is to choose the
four cardinal directions to represent the content of the
four bases in the sequence. This method was first proposed
by Gates (1986) and rediscovered independently by Nandy
(1994a, b) and Leong and Morgenthaler (1995). The
method essentially consists of plotting a point corresponding to a base by moving one unit in the positive
or negative x- or y-axis depending on the defined association of a base with a cardinal direction; the cumulative plot of such points produces a graph that
corresponds to the sequence of bases in the gene fragment
under consideration. Thus, in the Gates axes system one
would move one unit in the positive x-direction for a
C, along the positive y-direction for a T, the negative
x-direction for a G and the negative y-direction for an
A, implying an effective cumulative plot of the count
of instantaneous C-G against T-A; the Nandy plot is
predominantly G-A vs. C-T (figure 5), while the Leong
and Morgenthaler plot axes count A-C against T-G.
tt was pointed out by Nandy and Nandy (1995) that
there are three possible independent axes system to plot
a two-dimensional graph of a gene sequence, and in fact
the three systems mentioned above cover the three
orthogonal systems. What is important is to choose the
system most appropriate to the problem at hand. The
Gates plot axes selection was motivated by the redundancy
of the genetic code which determines that an initial C
in a codon triplet is more restrictive than an initial A.
The Nandy plot axes system was based on separation
of purines and pyrimidines into two axes as well as
minimising effect of transition type mutations; Nandy
and Nandy also mentioned that the choice of axes system

C

r

C-T

A eF-- 9 ~>,G

:

Exr
c over T

,I•

T
[XCl$$

/

A over G

Over A

G-A

JJ/ Excess
ToverC

Figure 5. The co-ordinale system for drawing the two-dimensional graphical representation of DNA sequences in the Nandy
plot. (Reproduced with permission from Nandy 1994.)

Graphical representation of DNA sequences
could be prompted by preponderance of dinucleotide
frequencies.
The benefit of the two-dimensional graphical representation is that it provides visual clues to base dominances over different regions of a sequence and can, in
the case of conserved genes, show typical patterns that
can be used for gene identification. Nandy and Nandy
(1995) showetl the importance of this representation in
revealing the underlying structures by an analysis of the
rat MHC gene segments plotted on various axes systems.
Gates (1986) has offered several examples of the use
of this technique in the analysis of DNA sequences in
which it is evident that various types of repetitive
segments, exon and intron sequences, etc., can be visualized. Particular sub-sequences of interest such as restriction enzymes sites, start and stop codons or particular
generic recognition " b o x e s " or "sites" can be highlighted with differing intensities or cotours on graphics
monitors, particular regions of interest can be enlarged
for examination in more detail, comparison of two
sequences can be accomplished by their simultaneous
representation in space, where general homologies can
be discovered on inspection, the graphs can be examined
for local behaviour along short segments, and could in
particular show the global structure of long sequences,
These and many other applications have made this plot
one of the most studied among the graphical representations. Some of these applications are described in
detail below.
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that these gaps represent the traditional autocovariances
of the base sequences and that the lags between the
successive occurrences of a particular base could give
indications of clustering and sparseness in the sequences.
They also showed that this type of plot could be generalized to the investigation of lagged correlations between
two sequences and constitute in general a more focused
way of visualizing various patterns in DNA sequences.
A novel method to display the patterns in a set of
aligned sequences was proposed by Schneider and
Stephens (1990). For each position in the aligned
sequences the frequency of each base is determined and
the characters representing the bases are stacked on top
of each other in sorted order with the most common
ones on top and the height of each letter made proportional
to its frequency. The height of the entire stack is adjusted
in turn to signify the information content of the sequence
at that position. The resulting diagram, named a Sequence
Logo by the authors, can then be studied to determine
not only the consensus sequence but also the relative
frequency of the bases and the information content
(measured in bits) at every position in a sequence. Figure
6 shows the sequence logo for the T7 RNA polymerase
binding site. The authors have made sequence logos
easily accessible through the Internet by setting up a
web
page
at
http:llwww-lmmb.ncifcrf.gov/~tomsl
sequencelogo.html where a number of other examples
are also given. The original paper is available at http://

www-lmmb.ncifcrf.govl-tomslpaperttogopaperlindex.html

Other two-dimensional systems: The Line extension format of Lathe and Findlay (1984) describes a
2.2c

different technique for displaying sequence characteristics
in which the four bases are displayed in a line extension
format: for each sequence one gets a series of long and
short vertical lines on either side of the x-axis which
measures the base count, e.g., purines above and pyrimidines below. Significant features that can be resolved by
visual inspection are: (i) purine and pyrimidine rich
sequence segments; (ii) G/C rich and A/T rich regions
have extended and retracted aspects; (iii) simple rotation
through horizontal axis converts a diagram to one of its
complimentary strand. Lathe and Findlay (1984) expected
such a line extension format to be inherently machine
readable and could be transferred from printed page to
an information retrieval system.
Leong and Morganthaler (1995) addressed the question
of determining periodicities in positions of bases, or
groups of bases, through a Gap plot representation. The
method counts the gaps between the occurrences of
specified bases, or groups of bases, and plots the lags
between the appearances in the form of a histogram.
Periodic appearances of a base will show up as periodic
peaks and troughs in the histogram amplified by the
harmonic frequencies. Leong and Morganthaler also show

Figure 6. Sequence logo diagram of the T7 RNA polymerase
binding sites in the bacteriophage T7 genome (upper dia.) and
the pattern that is required for T7 RNA polymerase alone to
function (lower din.). The first transcribed base is just to the
right of the 2 bit high vertical bars. The 17 natural promoter
regions were used to generate the upper logo and 53 promoter
variants were used to generate the lower logo. (Reproduced
with permission from Schneider and Stephens 1990.)
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enhanced by having the black and white figures replaced
with colour ones to make the Iogos more easily identifiable. Several types of information are now incorporated
on these web-site logos including base numbering, scale
in bits with tic marks, a sine wave to indicate orientation
of a binding site on DNA, 5' and 3' or N and C to
indicate orientation of the strand, etc. Further information
may be obtained from the web site http://wwwlmmb.neifcrf.govt-toms/
2.3

One-dimensional graphical representations

The most widely used representation of a DNA sequence
is of course the letter series representation which has
been used for almost all analyses so far including statistics
such as base composition, di-, tri-, and multi-nucleotide
base frequencies, presence of palindromes, splice junctions, coding and non-coding regions, etc. It is the
complexity of analysing these in this kind of one,
dimensional representation that led to various graphical
forms. Visualization of the sequences in a onedimensional format was proposed recently by Singh and
Krawetz (1995) who used colour code (DNAView method)
to represent and print DNA sequences as long as 100
kb in length on a single page. The representation is
made on specific coiour scheme to highlight local
aggregate properties of large DNA segments. DNA segments of interest like exons, introns, repetitive elements
and splice sites can be emphasized using overlays. A
confidence expression for a given sequence, represented
by colour intensity has also been incorporated and this
is proportional to the number of times a base is sequenced.
The method has been programmed into a graphical tool,
called DNAView, that can operate on IBM-PC, Macintosh,
Sun and SGI workstations.

3. Applications
The visual clues provided by graphical methods present
a unique approach to finding answers to several queries
of biological interest and which can be expected to be
very useful in analysing long DNA sequences. While
the 2D-representations have been applied to a wide
variety of problems, all the graphical representation techniques have been used for the analyses of different
aspects of DNA sequences.

variations in the sequences arising out of mutational and
morphological changes. In each of the graphical systems
described in this review, it is possible to tabulate characteristic patterns and shapes that can be then used to
identify an unknown sequence or family. This global
homology concept is a unique feature of graphical representations and can form a valuable tool in rapid
identification of genes in new sequences.
Thus, the CGR method of Jeffrey (1990) can differentiate between vertebrates and bacterial sequences, for
instance, by the patterns of high density points and voids
that are characteristic of these genomes. Hamori has
used his H-curves to compare the sequences of several
HIV genomes and other retroviruses (Hamori and Varga
1988) and found the regions of similarities and dissimilarities very informative; e.g., the analysis of the $3
region of the EIAV and similar region of HIV-1 curves
revealed striking differences that implied completely different coding functions and led to the suggestion that
both regions might have roles in the packing of the
genomic RNA molecule in the capsid. Nandy (1994a)
reported consistency of patterns in his two-dimensional
graphical plot of the globin genes across various species:
the pattems for the a , ~ , e , ~ , and the 7 gtobins were
characteristic of each globin type and sufficiently different
to enable reasonably accurate identification of the type
of globin (figure 7). In fact, this consistency of patterns
is noticed across conserved gene families and can be
expected since conserved genes have considerably high
degree of homology.
In the larger context of biological significance, what
these patterns imply in a global sense is not completely
understood, but that they exist is very much in evidence.
While analysing DNA sequences, related sequences are
likely to exhibit signature patterns. Burma et al (1992)
constructed 20,000 base random sequences and found
that such sequences do not lead to any distinct pattern;
however, when they limited the randomization by giving
weights to particular bases, patterns started to appear.
According to them, a pattern usually emerges if the
sequence is skewed in base composition and is rich in
repetitive sequences or shows rare occurrence of certain
sequence motifs. Once a series of such patterns are
generated from a database, any new sequence can be
classified after matching with the library of patterns.
3.2 Repetitive sequence analysis

3.1 Global homology and conserved patterns
Base sequence composition and distribution in the
sequences of a family of homologous genes are similar
to a large extent. Since the curves generated in a graphical
representation of the sequences reflect the general pattern
of base distribution, it follows that the graphical shapes
will remain visually similar even in the case of minor

Repetitive segments are a common feature in long DNA
sequences and are often interpreted as a convenient evolutionary path towards gene amplification and propagation.
These sequence features are quite readily identifiable in
graphical representation through their characteristic patterns. In the CGR representation, Burma et al (1992)
showed that the yeast mitochondrial genome exhibited
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genome. The CGR pattern of the complete genomic
sequence of the T7 bacteriophage has been shown to
contain an almost empty square near the middle, indicating
the lack of subsequences of length 4 (Jeffrey 1990).
Dutta and Das (1992) developed a mathematical characterization of the CGR patterns and predicted the missing
sub-sequence in the T7 genome to be GATC. The method
o f Burma et al (1992) also allows identification of strings
o f sequences that are rare or absent leading to voids in
certain regions of the plot which they term as holes.
Analyses of such holes in the CGRs of a gene family
can help identify subsequences that are preferentially
absent in such families.
Dutta and Das (1992) have also proposed an algorithm
for simulating CGR patterns by setting the frequencies
of different di- and tri-nucleotides that help in understanding the origin of the CGR patterns. For example,
G A T C and CTAG produce empty squares of the same
size but at different positions in the CGR. By setting
the probabilities of occurrence of different mono-, dior tri-nucleotide, it is possible to simulate hypothetical
sequences by trial and error until the simulated CGRs
match the known CGRs for different classes of genes.
Thus, if Po represents the frequency of dinucleotide ij
( i , j = A , G , C , T ) in any DNA sequence, then in any
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Figure 8. Map of the L. tarantolae kinetoplast maxicircle
DNA fragment (2759 bases, scale in thousands, axes ACGT).
Note the almost linear nature of the map arising primarily from
the fact that this fragment consists almost entirely of repeated
segments dominated by oligomers of the type AmT.. Similar
features are observed in the case of the chicken embryonic
non-muscle myosin heavy chain gene. (Reproduced with permission from Nandy and Nandy 1995.)

random sequence the probability of occurrence of any
of the four bases following a particular base i should
be 0.25, i.e., P..=0.25, for i,j= 1
4 so that
4

P~---1 (Dutta and Das 1992).
j=l

For real sequences, P0 may be higher or lower than 0-25
for some values of i and j, depending on the type of the
pattern. The simulated CGR of a hypothetical sequence
matching with the CGR of interest can be obtained by
iteration with different values of Pii" The algorithm can be
modified to include tri- or tetra-nucleotides for f'me adjustments. Dutta and Das (1992) showed that the interesting
observation of Jeffrey (1990) of the double-scoop patterns
of the vertebrate DNA sequences was due to the relative
scarcity of CG di-nucleotide in the gene sequences. In fact
according to these authors scarcity of any dinucleotide ran,
where m and n are adjacent vertices of the CGR square,
will produce a double scoop pattern.
3.4

Local base dominances

The fine structure of a graphical plot can serve to
highlight the relative local abundances of nucleotides in
a sequence. Thus, a segment lying parallel to the x-axis
in the Nandy plot implies that the difference of the C
and T bases-remains constant along that stretch of the
sequence; a vertical segment implies a similar constancy
between the A and G bases along the stretch. A repeated
motif will show up as a repeated pattern on the map
etc. However, dyads like AG and CT will appear as a
single point on the ACGT-axes system; display of such
motifs require help of complementary plots. A detailed
study using such an approach on the rat embryonic
skeletal myosin heavy chain gene by Nandy and Nandy
(1995) (figure 9) and the studies of Hamori (1989) show
the feasibility of highlighting local base abundances
through graphical representations of DNA sequences.
However, Nandy and Nandy ( 1 9 9 5 ) a l s o note that in
those cases where compositional variances of a gene or
its segment are low, the relevant maps may turn out to
be rich in structure as found in genes such as the rat
myosin heavy chain or as more generally found in the
exons. They found that in such cases the ratio
(G+C-A-T)/(A+C+G+T)
is less than 5%, but the
onset of a rich structural map can take place at slightly
higher ratios also. They also showed that the structural
complexity and variations in a plot could also provide
insights into the evolutionary history of a gene.
3.5

Exon-intron differentiation and identification

Identification of protein coding regions in DNA sequences
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genome. The CGR pattern of the complete genomic
sequence of the T7 bacteriophage has been shown to
contain an almost empty square near the middle, indicating
the lack of subsequences of length 4 (Jeffrey 1990).
Durra and Das (1992) developed a mathematical characterization of the CGR patterns and predicted the missing
sub-sequence in the T7 genome to be GATC. The method
of Burma et al (1992) also allows identification of strings
of sequences that are rare or absent leading to voids in
certain regions of the plot which they term as holes.
Analyses of such holes in the CGRs of a gene family
can help identify subsequences that are preferentially
absent in such families.
Dutta and Das (1992) have also proposed an algorithm
for simulating CGR patterns by setting the frequencies
of different di- and tri-nucleotides that help in understanding the origin of the CGR patterns. For example,
G A T C and CTAG produce empty squares of the same
size but at different positions in the CGR. By setting
the probabilities of occurrence of different mono-, dior tri-nucteotide, it is possible to simulate hypothetical
sequences by trial and error until the simulated CGRs
match the known CGRs for different classes of genes.
Thus, if P0 represents the frequency of dinucleotide ij
(i,j=A,G,C,T)
in any DNA sequence, then in any
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Figure 8. Map of the L. tarantolae kinetoplast maxicircle
DNA fragment (2759 bases, scale in thousands, axes ACGT).
Note the almost linear nature of the map arising primarily from
the fact that this fragment consists almost entirely of repeated
segments dominated by oligomers of the type AmT~. Similar
features are observed in the case of the chicken embryonic
non-muscle myosin heavy chain gene. (Reproduced with permission from Nandy and Nandy 1995.)

random sequence the probability of occurrence of any
of the four bases following a particular base i should
be 0.25, i.e., P;j=0.25, for i,j= 1. . . . . 4 so that
4

P0 = 1 (Dutta and Das 1992).
j=l

For real sequences, P;~ may be higher or lower than 0-25
for some values of i and j, depending on the type of the
pattern. The simulated CGR of a hypothetical sequence
matching with the CGR of interest can be obtained by
iteration with different values of Pq. The algorithm can be
modified to include tri- or tetra-nucleotides for fine adjustments. Dutta and Das (1992) showed that the interesting
observation of Jeffrey (1990) of the double-scoop patterns
of the vertebrate DNA sequences, was due to the relative
scarcity of CG di-nucleotide in the gene sequences. In fact
according to these authors scarcity of any dinucleotide mn,
where m and n are adjacent vertices of the CGR square,
will produce a double scoop pattern.
3.4

Local base dominances

The fine structure of a graphical plot can serve to
highlight the relative local abundances of nucleotides in
a sequence. Thus, a segment lying parallel to the x-axis
in the Nandy plot implies that the difference of the C
and T bases .remains constant along that stretch of the
sequence; a vertical segment implies a similar constancy
between the A and G bases along the stretch. A repeated
motif will show up as a repeated pattern on the map
etc. However, dyads like AG and CT will appear as a
single point on the ACGT-axes system; display of such
motifs require help of complementary plots. A detailed
study using such an approach on the rat embryonic
skeletal myosin heavy chain gene by Nandy and Nandy
(1995) (figure 9) and the studies of Hamori (1989) show
the feasibility of highlighting local base abundances
through graphical representations of DNA sequences.
However, Nandy and Nandy (1995) also note that in
those cases where compositional variances of a gene or
its segment are low, the relevant maps may turn out to
be rich in structure as found in genes such as the rat
myosin heavy chain or as more generally found in the
exons. They found that in such cases the ratio
(G + C - A - T)/(A + C + G + T) is less than 5%, but the
onset of a rich structural map can take place at slightly
higher ratios also. They also showed that the structural
complexity and variations in a plot could also provide
insights into the evolutionary history of a gene.
3.5

Exon-intron differentiation and identification

Identification of protein coding regions in DNA sequences

Graphical representation of DNA sequences
constitute one of the central problems of molecular
biology. Several methods have been proposed to identify
exon regions with varying degrees of success (Mount
1982; Iida and Sasaki 1983; Iida 1985; Staden 1984a,
b: Ohshima and Gotoh 1987; Shapiro and Senapathy
1987~ Reddy et al 1991: Kudo et al 1992; Kel et aI
1993; Holly and Karplus 1991). The widely used Staden
method uses 'gene search by content' and "gene search
by signal' for this purpose. Tiwari et al (1997) have
used Fourier transform to analyse intron and exon regions
of DNA sequences covering more than 5.5 million base
pairs from a wide variety of organisms to find that the
relative height of the peak at frequency f = t / 3 in the
Fourier spectrum is a good determinant of coding potential
with an overall accuracy that is comparable to other
techniques currently in use. Xiao et al (1995) have used
fractal dimensions to analyse introns and exons; they
found that the fractal dimension of exons (dI= 1-904) is
larger than that of introns (d/= 1.711) suggesting that
cxons are more irregular in their nucleotide configurations
than introns. The weight matrix method of Reddy et al
(1991) predicts potential splice sites with a success rate
of 87%, whereas near 90% accuracy in splice site recognition has been claimed by Kel et al (1993) through
their SYrEVIDEO computer program for functional site
analysis using a utility function. These and other
approaches such as the matrix of nucleotide frequencies
I00
I
SO

A--

,,G

T

o

-iO0 -

-1"50 -

+~0-

65

(Shapiro and Senapathy 1987), the perception function
(lida 1988). discrimination energy (Berg and yon Hippel
1988), neural networks (Holley and Karplus 1991), functional site classification (Kudo et at 1992), etc., achieve
a fair degree of accuracy, but necessitate a high level
of sophistication and complexity with loss of transparency,
especially in methc~ls using artificial intelligence techniques.
Visualization of DNA sequence patterns and the
observation of fine structural differences in the graphical
representations of intron and exon regions in mammalian
genes, on the other hand, gave rise to the possibility of
using such maps for identification of protein coding
regions in long DNA sequences. Hamori and Ruskin
(1983) in their study of the bacteriophage MI3 found
that close inspection of the H-curve revealed that the
respective starting points of all the genes were preceded
by short purine-rich regions which gave subtle signatures
that could be visually identified. Gates (1986) remarked
that the exon regions in the 2-dimensional representations
formed clusters of points. This was investigated by Nandy
(1996a, b) using chicken myosin heavy chain, tubulins,
heat shock proteins, globins and other genes. The Nandy
plot dispIay differences in the maps of introns and exons
arising out of intrinsic differences in their base compositions and distributions (Nussinov 1991; Nandy and
Nandy 1995), with exons tending to have a fairly
homogeneous Base composition, whereas the intron
regions tend to have a high preponderance of A, T or
G, C bases.-These regions show up in the graphical
representation as comparatively more open, filament-like
structures than the exons which tend to form more closed
curves leading to formation of dense clusters of points,
especially in the higher eukaryotic gene sequences. The
slope of the plot of such a sequence can therefore be
expected to show a more steady value over intron regions,
while over the exon regions the slope of the curve would
vary widely. By choosing a window length of W bases
and a starting point (xr y) at any convenient base number
j on the sequence, Nandy (1996a) defined the instantaneous slope sj at the point j as the ratio of the two
displacements ui(j) and u>.(j) and the average slope
as the average over the instantaneous displacements over
the window length W:

! ~ u~(j+O
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u+(j + i)
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Figure 9, The map of the rat embryonic skeletal myosin heavy
chain gene complete sequence (25759 bases) plotted in the
ACGT axis system. The regions marked in roman numerals
mark the predominant base distribution in each region as being:
I, base Nos 1-8816 A, C, G, T in almost equal ratio; 11,
8817-10976 is relatively A-rich. IlL 10977-24720 is AT-rich;
IV, 14401-24720 generally G-rich; V, 24721-25759 is mostly
T-rich.

(Nandy 1996a),

E

This averaging has the effect of smoothing out instantaneous fluctuations over the window length, without
disturbing the larger fluctuations occurring over longer
base sequences. A plot of the average slope against the
base number will differentiate between regions of small
and large fluctuation. In case of chicken MHC gene
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Figure 10. Comparative chart of the a-globin genes from
horse (1), orang-utan (2), rhesus monkey (3), and goat (4) as
obtained in the Nandy plot. (Reproduced with,,zcrmission from
Nandy 1994a.)
exon region encompassing exon numbers 16~19 with a
window value of 50, the exon regions are clearly identified
with large peaks while shallow flat curves represent the
intron regions. These features of large fluctuations in
the average slope in the exon segments compared to
those in the intron regions have also been demonstrated
for chicken tubulin gene, human thymidine kinase gene,
human al collagen type 1 gene, etc. Nandy (1996a)
noted, however, that this rule is not uniformly applicable:
in the case of the rat MHC gene with extremely complex
intron sequences, this rule breaks down as sharp fluctuations are seen along the entire length of the' sequence.
The standard techniques of Staden (1984c, 1990) for
predicting protein coding regions relies on base positional
frequency tables generated from a study of several identiffed g e n e s and provides good fits to known samples
by graphical means. The level of identification generated
by Nandy's technique is comparable in terms of numbers
of exon regions identified since both systems fundamentally rely on base compositional differences.
3.6

Quantitative measures in sequence comparisons

Graphical methods provide many visual clues to underlying patterns in DNA sequences and can be useful in
highlighting similarities and differences in the different
sequences. While these are generally qualitative in nature,
several efforts have been made to devise quantitative
measures of these similarities and differences for more
precise comparison of different sequences.
Nandy (1996b) has proposed three different techniques
to quantify the observed differences between the exon

and intron segment representations in the 2D plot. In
the first method, the density of points in a segment is
calculated as the number of points in the segment per
unit area of the plot. Method 2 takes average displacements
and its inverse as a measure of the differences between
intron and exon segments; if the inverse of the average
displacement is high, the displacement is smaller and
the clustering is more dense. Method 3 defines a fractal
coefficient for the clusters by considering the maximum
radial extent of a cluster in relation to the constituent
bases of the segment; the fractal coefficients are larger
if the bases are tightly packed in the graphical representation. Using these methods for the analysis of 35
genes with around 400 introns and exons covering over
a quarter million bases, Nandy (1996b) has shown from
a frequency plot that intron representations predominantly
form clusters of very low densities, and the frequency
of occurrence falls off exponentially rapidly with duster
density; the exons however, grow in clustering density
to around 0-8 per unit area and then fall off gradually.
Nandy and Raychaudhnry 0996, 1998) have postulated
similarity measures from base distributions to characterize
and enable gene comparison in the two-dimensional
representation. The similarity indices have been seen to
effectively relate sequences that appear close in the 2D
representation and provide a distance measure between
genes that are seen to be in accord with their evolutionary
histories.
Quantitative techniques in the CGR method have been
developed by Baranidharan et al (1994) by generating
similarity maps and difference maps for large genomic
sequences from the basic algorithm for plotting CGR
patterns. The similarity map between two genomic
sequences, SI and $2, is the CGR pattern of the
k-nucleotides (where k - - 1 , 2 , 3 . . . . n that are common
in both the sequences, while the difference map, ( S 1 $2), shows the presence of k-nucleotides in SI and not
in $2. Taking the three mitochondrial genomic sequences
for rodent, human and fin-whale from the EMBL database
which had provided striking visual impression of global
sequence homology (Burma et al 1992). they observed
that characteristic features started to emerge when k
nucleotides of values k > 7 were taken. They found
predominance of sequence structures like A T m and systematic absences of structures ending with CGC in the
rodent sequence, but no such clear indications were
observable for the human sequence. The similarity map
of rodent and human sequences for k = 7 and 8 has shown
that both the sequences contained A,T~, stretches but the
map for k = 9 showed a broken AT diagonal which indicates
that certain subsets of the A,T m repeat stretches are
absent and are of lower predominance in one of the
sequences, which in this case turned out to be the human
sequence. Again, the difference map at k = 7 does not
show any systematic features, which indicates that all
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the characteristic features like repeat motifs are present
in both the rodent and human sequences. At k = 8, the
A T diagonal started forming and systematic absence
of stretches ending with CGC were also observed. At
k = 9 , the rodent-human difference map resembles the
rodent map to a large extent; the AT diagonal was found
to be unique for rodent at this k-level.
To obtain an estimate of the commonality between
two sequences, the authors defined a "homology factor
(Hf)' between any two sequences as:

Hr =

Z~, rain (f~,(j), L2(J ))
4*
- '
~*~ (L,(J) +f.,2(J) - rain (LI (J), f.,,.(J)))
Baranidharan et al (1992)

where the function f,l(J) represents the number of
occurrences of the jth k-nucleotide in the sequence SI
and f.,2(J) similarly for the sequence $2. If ~l and ~2
are identical sequences, Hr= 1; if f~j and f,2 have no
common k-nucteotide between them, Hr=0. Thus H r is
dependent upon k and its value varies from 0 to 1. The
change in the homology factor H t with k-values in real
sequences could be used as an index to measure the
extent of the relatedness between two genomic sequences.
Thus, for the examples cited, they found that at each
value of k, Hf values for human and fin-whale were
much closer than those for human and rodent and led
to an ordering of the genome as rodent--fin whale--human by way of evolution. An important result obtained
by an extension of this method was the identification
of a common 52-nucleotide stretch in all the three
genomes at approximately the same location. Interestingly,
this 52-nucleotide stretch was a part of the 16S rRNA
gene in all three genomes.
In comparing several sequences, we note that sequence
logos (Schneider and Stephens 1990) provide a visual
rendering of patterns among a group of aligned sequences
with due weightage from frequency tables (see, e.g.,
figure 6). Such Iogos provide several types of information:
the predominant bases at each position, the relative
frequency of each base at each position, the information
content at that position, etc. Sequence logos can also
be extended to cover the case of aligned protein sequences
with a suitable algorithm to take care of the gaps in
the alignments. This combination of quantitative weightage without loss of information at each position of a
sequence segment and visual impact of a graphical
representation makes sequence Iogos a useful tool in the
identification of sequence conservation.
3.7

Evolutionary divergence and molecular phylogeny

Evolutionary relationships between different gene
sequences have been investigated also in other graphical

67

representations. Nandy (1994a) has shown that it is
possible to compare the evolutionary divergence of different globin genes using the Nandy plot and correlate
the results with evolutionary and phylogenetic relationship
of different mammalian species. Plotting of two or more
sequences on the same graph can show areas of strong
homologies as overlaps and shape similarities, while gaps
and shape differences may be attributed to differences
consequent to evolutionary and other changes. For
example, the superposition of the 8-globin gene sequences
from the human fl-globin gene cluster on chromosome
11 and that of the spider monkey (A. geoffroyi) shows
almost complete overlap. The superposition of a-globin
genes of goat, horse, rhesus monkey and orang-utan
shows the closest homology between rhesus monkey and
orang-utan while the graph of horse shows marked
difference (figure 10). These and the CGR studies of
Baranidharan et al (1994) mentioned above show that
graphical representations have the potential to develop
as a tool in molecular phylogenetic anatysis.
3.8 Long range correlations and fractal analysis
The observations of Peng et al (1992) from their DNA
walk model on the existence of long range correlations
in intron-containing genes raised interesting questions
about the role of introns and intron-containing genes
and their compositional aspects as compared with exons
and intronless ~enes. Some authors (Nee 1992) questioned
the methodology used by Peng et al (1992) while others
(Prabhu and Claverie 1992; Chatzidimitriou-Dreismann
and Larhammar 1993) found long range correlations in
both intronless and intron-containing genes thus negating
the conclusion of Peng et al that their observations can
be used as a general method to identify intronless
sequences.
Both Peng et al (1992) from their DNA walk graphs,
and Voss (1992) from a mathematical analysis had
concluded that gene sequences possessed a fractal nature.
This had also been observed by Jeffrey (1990) in the
CGR. Burma et al (I992) have observed that similar
CGR patterns are formed when sub-sequences of 17000
to 20000 bases of yeast mitochondrial genome are plotted
and have compared with that of the entire genome; this
indicates that patterns exhibited by a small percentage
of a genome reflect the global or overall pattern of the
complete genome which, in turn, supports the finding
of self-similarity in DNA sequences, observed by Jeffrey
(1990); they conjectured that this can be possible if at
least some of the genomic evolution are to occur through
gene duplication. Nandy and Nandy (1995) also hypothesized that repetitions arising out of gene duplication and
repetition which produce long linear structures in the
Nandy plot may lead to the results of long range correlation studies.
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3.9

Overlapping genes

Hamori and Varga (1989) have made a very interesting
application of the 3D representation to identify regions
of overlapping genes, the rare short DNA sequences
which simultaneously code for two different protein
fragments. They observed that the choices available for
synonymous codon selections should be more constrained
than the corresponding choices available in nonoverlapping genes and should be manifested by anomalies
in the prevailing quasi-uniform nucleotide composition
and distribution in the short overlap regions. Because
the spatial direction of H-curve regions is an accurate
measure of the local nucleotide composition, H-curves
would be expected to reflect these anomalies in a conspicuous manner. In fact an analysis of the COl AJRFN
region of the Neurospora crassa mitochondrial genome
shows a marked change in general shape of the H-curve
in the 37nt overlap zone. In view of this and other
examples, one could conclude that sudden changes in
general progression of the H-curves in a coding region
might imply presence of overlapping genes.
4.

Discussion and s u m m a r y

Clearly, graphical representations of DNA sequences can
provide a wide variety of information, some of which
are not easily available by other means. The principal
advantage remains, however, that graphical techniques
by virtue of being pictorial representations produce an
immediate first hand visually comprehensible impression
as compact displays of nucleotide distribution and their
salient features along the length of the sequence; and,
the simpler the technique the quicker this information
can be gained. Thus, the H-curve method of Hamori
and Ruskin (1983) enable visualization of the space
curve representation of a DNA sequence that can be
rotated, compressed, smoothed and marked to reflect
long-range nucleotide composition patterns, the 2D graphs
of Gates (1986), Nandy (1994a) and Leong and
Morganthaler (1995) show instantly the local and global
base dominances, the random-walk plot of Peng et al
(1992) demonstrates the purine-pyrimidine distribution
along the length of the sequences, while the CGR plots
of Jeffrey (1990) uniquely highlight the presence and
absence of short segments in the sequences. Closer and
detailed inspection of the graphs provide clues to much
more information of interest to the biologist from exonintron identification to overlapping genes, from gene
identification to changes that may have taken place in
genes with evolution. These techniques are unique in
the broad perspective they provide of the global distribution of bases in a gene and genomic sequence leading
to the possibility of using global homology as an identifier
of conserved genes and species families.

Which of the various graphical techniques one uses
would be subject to the particular queries at hand or
techniques to be employed; none is suitable for all
questions of interest. Thus, the three-dimensional H-curve
graphical method of Hamori and Ruskin (1983) can be
used to study regions of sharp changes or repeats in
base composition patterns or locate possible gene overlap
regions but is constrained by having to project a
three-dimensional image out of a two-dimensional computer screen. Two-dimensional graphical techniques, on
the other hand, can provide intricate details of a sequence
and could be, because of their simplicity, a natural choice
for study of base dominances over the length of the
sequence, or a quick method for visual identification of
several genetic sequences. These techniques have the
potential also to become a natural choice for comparative
genomics, and through detailed study, a tool for preliminary discrimination between coding and non-coding
regions.
Both, the 3D and 2D methods of graphical representation suffer, however from the problems of loss of
comparative detail at the high compression ratios that
are required to map very large sequences; the 2D methods
have additionally the problem of overlap of points. The
Chaos Generator Representation (CGR) method of Jeffrey
(1900) is, by construction, confined to a square grid and
sequences large or small are plotted on the same scale,
though sequences less than, say, about 2500 bases do
not show the structure very well. Some details are lost
in case of. large sequences here also, but since the
important queries are confined to identifying areas of
excess and depletion, the CGR technique remains a
useful tool for all sequences.
What is of additional interest in pursuing graphical
techniques as one method of sequence analysis is the
possibility that there could be embedded in DNA
sequences new information hitherto unknown which now
could become exposed with the availability of large
sequences and the right analytical tools. Thus, it was
Jeffrey's CGR technique that demonstrated the possible
existence of fractal structures in long DNA sequences,
which was subsequently confirmed by the works of Peng
et al (1992) and Voss (1992). Peng et af also suggested
the possibility of the existence of long range correlations
in intron-containing sequences, and although this is very
much disputed, the prospect of finding some long range
order in such sequences remain tantalizing. Further
developments in graphical representations could conceivably provide visual clues to more subtle and diverse
information.
In fact, with the addition of large genome length
sequences to the genetic databases, it will be necessary
to devise new techniques to view, analyse, characterize
and compare the various sequences; the current techniques
of viewing the letter series representation will clearly
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be inadequate, while automated analysing techniques may
miss out on new phenomena that may be embedded in
these sequences. This is where the new graphical representation techniques provide us with tools that are
rapid in their application, potentially able to address a
wide variety of problems, easily adaptable to analyses
of short to long sequences, and constitute the only
technique available today to gain a global view of the
base distribution preferences in genome length sequences.
There are several areas, however, where the graphical
techniques need considerable development before they
can become common tools of the biologists' trade. Graphical techniques lack precision in identifying specific
sequence motifs, they cannot be readily adapted to distinguish between reading frames and are not yet quantitative enough to precisely characterize gene sequences.
Some of these problems are being tackled by several
groups and hopefully a more complete set of analytical
tools will be available in the near future; the increasing
popularity of the Internet facilities such as the world
wide web also provides a viable media for popularizing,
and therefore developing, the graphical tools which then
could be put to good use by having these techniques
easily accessible on the web as Schneider and Stephens
(1990) have done for their sequence logo motifs. At the
current stage, graphical representations complement letter
series representations and together present a set of techniques that can be expected to help solve in a large
manner the mounting problem of sensibly viewing and
analysing the rapidly growing sequence databases.

Appendix A: Sources of raw data for graphical
analysis research
Availability of most recent biological DNA sequence
data in the conventional 4-letter code format, which is
the raw data for graphical analysis, is essential for the
type of work described above. On-line databases provide
the latest data instantly. One of the most frequently used
on-line database system is by using e-mail servers that
can retrieve particular sequence of user's choice, does
a variety of analysis on the retrieved data depending on
the user's request and send it over the e-mail system
to the user. An e-mail server is a program that waits
for an incoming e-malt from a user, interprets it and
responds according to the nature of the requests. Major
reasons for the popularity of sequence analysis methods
by use of e-mail are (i) service provider generally does
not charge anything for accessing their databases, (ii)
the method of sending a request and retrieving is almost
effortless to a user. (iii) it is very rapid; often the most
up-to-date data can be obtained within a matter of hours,
(iv) most of the major databases are updated very frequently, sometimes daily. Some of the popular e-mail
servers are as follows:
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BLAST e-mail server (USA): Employs the very popular
BLAST heuristic algorithm for finding and analysing
amino acids and nucleic acid sequences in protein/nucleic
acid databases at National Institute of Health, USA.
A manual for the method of usage can be obtained, also
by e-mail, by sending a request t ~ the server, e-mail
address: blast @ ncbi.nlm.nih.gov
BLOCKS e-mail server (USA): Compares a protein or
DNA sequence with a database of protein blocks that
are short ungapped segments corresponding to the most
highly conserved regions of proteins, e-mail address:
blocks @howard.fhcrc.org
EMBL NETSERV (Germany): Allows the retrieval of
EMBL, SWlSS-PROT entries and several other databases.
e-mail address: netserv@embl-heidelberg.de
EMBL QUICKSEARCH server (Germany): Based on GCG
package. Enables very rapid comparison of a nucleic
acid sequence with EMBL and GenBank databases, e-mail
address: quick @embl-heidelberg.de
Geneid e-mail server (USA): A system of artificial
intelligence for analysing vertebrate genomic DNA and
predicting exons and gene structure: geneid@darwin.
bu.edu
NCBI e-mail server (USA): Allows retrieval of sequences
from various databases, e.g., GenBank, EMBL, SWISSPROT, Pit, Kabal etc. e-mail address: retrieve@
ncbi.nlm.nih.gov
Ribosomal Database Project Mail server (USA): Provides
access to data on ribosomal sequences, e-mail address:
server@ rdp.life.uiuc.edu
For the first time user of these e-mail services, send
an e-mail to the selected service inscribing the subject
and the message body of the mail simply with the word
" H E L P " . The automated systems will inform the user
by e-mail how to use its resources and other information.
The other method of accessing on-line databases is
by the use of Internet servers. Internet is a vast network
of computers spanning the world that connects military,
government, educational, private, commercial etc., institutions and provides a wide range of information and
services. Even though the computers connected to Internet
use many different hardware and software platforms,
they all adhere to a fixed type of protocol (TCP/IP) as
a result of which data exchange between them can take
place at ease. By making use of the different Internet
tools one can easily access the online data bases. For
example, information about the yeast genome sequences
can be found at http://genome-www.stanford.edu/VL-
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yeast.html or at the E M B L address at http://www, emblheidelberg.de. It would also be useful to link to the
N C B I w e b s i t e for additional information at ftp:llncbi.
ntm, nih.govlgenbank/genomes.
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