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Abstract

According to the physiochemical property of the base at the first site, the 16 kinds of
dinucleotides are classified into four groups. Based on such classification, we propose a novel
graphical representation of DNA sequence without loss of information due to overlapping and
crossing of the curve with itself. This representation allows direct inspection of compositions
and distributions of dinucleotides and visual recognition of similarities/dissimilarities among
different sequences. A 6D vector is exploited as quantitative descriptor from this
representation, which can display both the global and local features of DNA sequences in a
6D phase space. The applications in similarities/dissimilarities analysis of the complete
coding sequences of B globin genes of eleven species illustrate their utilities.

1. INTRODUCTION

Sequence alignment is the basic studying strategy for both DNA and protein sequences
analysis in bioinformatics. With the exponential growth of DNA sequences resulted from the
developments of sequencing techniques, many scientists from all kinds of researching fields

are attracted to exploit the secrets of life. However, it is difficult to obtain biological informat-
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ion directly from these sequences composed of only four kinds of characters A, G, C and T.
Facing such complicated sequences, one has to integrate several tools to do simple analysis of
DNA sequences in many cases. Recently, graphical representations are well-regarded which
can not only transform DNA sequences into visual curves but also offer effective numerical
descriptors. Because of its convenience and excellent maneuverability, methods based on
graphical representation have been extensively applied in relevant realms of bioinformatics.
In 1983, Hamori and Ruskin firstly proposed a graphical representation to describe DNA
sequence [1]. Since then, quite a few models based on different mechanisms have been
outlined. According to the dimensions of the space in which the sequences are plotted, all the
graphical representations can be classified into five categories ranging from 2D to 6D [2]. But
this means of classification can not exhibit the essences of these models, because the
dimensions are changeable sometimes in practical applications. In this paper, we classify
these representations into three categories according to their biological basis, i.e., individual

nucleotide [3—15], dinucleotide [16-20] and trinucleotide [21, 22], respectively.

Among all the representations based on individual nucleotides, Z curve is the most
successful one [23, 24]. For a DNA sequence with N bases, the cumulative occurrence
numbers of A, G, C and T are denoted by 4,, G,, C, and T, respectively. Then, the

Z-transform can be accomplished by the following equations !:

x, =(4,+G,)—(C,+T)
y,=(4,+C)-(G,+T,) (n=1,2,...,N).
z,=(4,+T)-(G,+C)

In this way, a DNA sequence is converted into a unique curve in 3D space based on plot
sets (X, Vn, 2n). It seems that Z curve does not lose any biological information of the sequence,
because it especially uses the classifications of chemical structure on purines/pyrimidines (A,
G)/(C, T), amino/keto groups (A, C)/(G, T) and strong—weak hydrogen bonds (A, T)/(G, C),

and one can recover the original DNA sequence from Z curve.

If assigning (1, 1), (=1, 1), (=1, —1) and (1, —1) to represent A, G, C and T, respectively, the
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four kinds of bases ban be distributed into the four quadrants of Cartesian 2D coordinates as

shown in Fig.1.

>0

Figurel: distribution of the four kinds of bases in Cartesian 2D coordinates

In Fig.1, each kind of base is numerically represented by a 2D coordinate (x, y). Obviously,
if x>0, the corresponding base must be A or T, otherwise G or C, then x>0/x<0 correspond to
weak H-bond/strong H-bond groups. Similarly, y>0 denotes that the corresponding base is A
or G, otherwise C or T, then y>0/y<0 correspond to purine/pyrimidine groups. In this way, an
arbitrary DNA sequence can be transformed into a 3D curve by plotting sets (x,, y,, n). Here,
(x4, yn) are the assignments in Fig.1, n=1, 2, 3, ..., N, N is the length of given sequence.
Obviously, the relation between the primary sequence and the 3D curve is unique. This kind
of graphical representation is called walking model. Supposing z=x*y, x and y are positive or
negative synchronously when z>0, which denotes the corresponding base is A or C according
to Fig.1. Similarly, x and y are opposite numbers when z<0, the corresponding base is G or T.
Therefore, z corresponds to the amino/keto groups. Now, we define the following three

parameters:

n n n
u,,= Zx[ U, = Zy[ U, = ZZ/. ,n=1,2,3,...,N.
i=1 i=1

i=1

Meaningfully, it is found that u., , u,,, and u. , are equivalent to the three components z,, x,
and y, of Z curve, respectively. Therefore, Z curve is also a walking model from this

viewpoint. Besides Z curve, some other models based on individual nucleotides are also
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proposed [3—15]. Nandy [5] constructed a graphical model by assigning A, G, T and C to the
four directions, (—x), (+x), (—y) and (+y), respectively, along the positive and the negative
Cartesian coordinate axes. But such a representation of DNA is accompanied by some loss of
information associated with crossing and overlapping of the resulting curve by itself.
Recently, a model based on double vectors [15] is proposed to represent DNA sequence
without loss of information, with which the author apply to do analysis of
similarities/dissimilarities among different sequences, but there are some disappointed results

in the similarities matrix.

Comparing with individual nucleotide, dinucleotide and trinucleotide have more
advantages in sequence analysis [25-27]. Regretfully, those models based on individual
nucleotides cannot represent dinucleotide and trinucleotide directly. To do this work,
complicated statistics have to be done [24], some models even can not be used to denote the
information of dinucleotide and trinucleotide at all. Because of the limitation of visualization,
models based on trinucleotides are fewer [22]. Recently, some researchers outlined different
graphical representations based on dinucleotides and apply them in similarity analysis of
different sequences [16-20], but most of the calculations are complex and their initial

assignments cannot reflect the distributions of dinucleotides.

Motivated by previous works, we propose a novel graphical representation without loss of
information based on dinucleotides in this paper. Comparing with other models, this novel
representation has following merits: (a). This model allows direct inspection of compositions
and distributions of dinucleotides in DNA sequences. (b). It has excellent maneuverability.
From this representation, quite a few alternative parameters can be deduced, which can be
used to denote global and local information of DNA sequence. (c). This representation
provides more information. Based on this representation, a simple approach is outlined for
analysis of similarities/dissimilarities of DNA sequences among different species based on a
6D vector, which does not need complex calculations. This novel representation can provide
convenient tools of sequence analysis for both computational scientists and molecular

biologists.
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2. CONSTRUCTION OF THE NOVEL GRAPHICAL
REPRESENTATION
The four kinds of bases A, G, C and T can buildup 4% = 16 kinds of dinucleotides.
According to the category of the base at the first site of dinucleotide, the 16 kinds of

dinucleotides can be divided into the four quadrants of a Cartesian 2D coordinates, as shown

in Fig.2.
3
2 GC GG AG  AC
1 GT  GA AA AT
=0
- cT  cA A TT
2 cc  ©G 6 TC

Figure 2: 16 kinds of dinucleotides distributed in Cartesian 2D coordinates

In this way, each kind of dinucleotide is numerically represented by a 2D coordinate (x, y).
The signs of x and y are decided by the category of the base at the first site of dinucleotide,
that is, {+, +}>A, {—, +}=G, {—, -} >C and {+, —} >T. The absolute values of x and y are
decided by the base at the second site, that is, (|x|=1, |y|=1)—=A, (x|=1, [yF2)—>G, (x|=2,
ly[=2)—>C, (|x|=2, [y=1)>T. An intact dinucleotide is described by integrations of x and y.
Take (-2, 1) for example, the negative sign of x and the positive sign of y denote the base at
the first site of corresponding dinucleotide is G, the absolute value of x and y are 2 and 1,
respectively, which denote the base at the second site is T, then (=2, 1) represents the

dinucleotide of GT.

Now, let’s consider all the dinucleotides of an arbitrary DNA sequence. Supposing S =
s15253...sy1s @ DNA sequence with N bases, then the number of dinucleotides is N—1. We
have plot sets #(S) = #s152) A5253). .. HSnSn+1)... to convert S into a 3D curve, where, @(s,5,+1)

= (Xn, Y 1), (Xu, y») 1s the 2D coordinates of dinucleotide of s,s,+; as introduced in Fig.2, and
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n=1,2,3,..., N—1. The curve composed of all the dots of ¢ is the novel graphical
representation (for convenience, we call it D—curve in this paper, i.e., curve based on
dinucleotides). In Table 1, corresponding values of x, y and n of sequence ATGGTGCACC

are listed, and Fig.3 presents its D—curve.

Table 1: values of corresponding parameters of D—curve of sequence ATGGTGCACC

Dinucleotides X y n z X y z
AT 2 1 1 2 2 1 2
TG 1 -2 2 -2 3 -1 0
GG -1 2 3 -2 2 1 -2
GT -2 1 4 -2 0 2 -4
TG 1 -2 5 -2 1 0 —6
GC -2 2 6 —4 -1 2 -10
CA -1 -1 7 1 -2 1 -9
AC 2 2 8 0 3 =5
cC -2 -2 9 -2 1 -1

From Fig.2, we find that when x>0, the first base of dinucleotide is A or T, while when x<O0,
the first base is G or C, and then x divides the 16 kinds of dinucleotides into two groups, i.e.,
weak H-bond/strong H-bond groups. Similarly, >0 denotes the first base of dinucleotide is
A or G, while y<0 denotes the first base is C or T, and then the 16 kinds of dinucleotides are
also divided into two groups by y, i.e., purine/pyrimidine groups. Following the similar steps

in the section 1, we define z= x*y and

n n n
x'n:Zx,, y'n:Zyi, Z'H:Zzl,nZI,Z,...,Nfl.
i=1 i=1 i=1

Obviously, when z>0, the first base of dinucleotide is A or C, while when z<0, the
corresponding base is G or T, then z divides the 16 kinds of dinucleotides into two groups, i.e.,
amino/keto groups. In conclusion, the 16 kinds of dinucleotides can be classified into two
groups in three ways by x, y and z, respectively, as presented in Table 2. Therefore, we can
obtain detail information of dinucleotides from x, y and z, and x', ' and z’ embody their
cumulative effects, respectively, which can be used to exhibit the local and global features of

corresponding sequence. The values of z, x', y" and z’ of sequence ATGGTGCACC are also
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presented in Table 1.

According to the construction of D—curve, a random DNA sequence can be converted into a
unique 3D curve containing no loops based on (x, y, ), which avoids loss of information due
to overlapping and crossing with itself. Besides, one can also obtain other forms of curves
based on the alternative invariants inferred from D—curve, such as plot sets (x', )/, z), and so

on. However, we notice that the initial assignments analogous to Fig.2 are not unique,
according to statistical theory, there are 4 | x4 | = 576 kinds of assignments. That is, different

curves can be obtained by different initial assignments. Nevertheless, we can only obtain a
unique 3D curve of DNA sequence according to the designation in Fig.2. Since the zigzag
curve does not represent the genuine molecular geometry, we are not interested in the unique
relationships between the initial assignments and the possible numbers of 3D curve, but are

interested in its numerical representations that may facilitate analysis of DNA sequences.

Table 2: the 16 kinds of dinucleotides classified into two groups in three ways by x, y and z,

respectively.

Groups X Groups v Groups z

Weak AA  AG AC AT AA  AG AC AT AA  AG AC AT

Purine Amino
H-bond TA TG TC TT GA GG GC GT CA CG cCC (T
Strong GA GG GC GT CA CG cC (T GA GG GC GT
Pyrimidine Keto

H-bond CA CG CcC CT TA TG TC TIT TA TG TC TT
10
o4
8
7-
]
<]
ad
54
2
1 —7
\\\ ——
T X a2 =B

3

Figure 3: D—curve of sequence ATGGTGCACC.
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3. ANALYSIS OF SIMILARITIES/DISSIMILARITIES AMONG
DIFFERENT DNA SEQUENCES

Analysis of similarities/dissimilarities of DNA sequences among different species is one of
the main motivations of graphical representations, as is reflected by related papers [10-13,
15-22, 28-31]. In previous works, most researchers applied their approaches to the coding
sequences of the first exon of B globin genes. Nandy and his partners suggested that
researchers should apply their graphical techniques to complete genes, or at least to the
complete coding sequences, so that an unambiguous point of contact is available for
comparing to the real world [2]. In this section, we perform similarities analysis on the
complete coding sequences of  globin genes among 11 species based on D—curve. Table 3

lists the information of corresponding sequences.

Table 3: the complete coding sequences of B globin genes of 11 species

Species NCBIID Location of each exon Length of (“Jomplete CDS
Human Uo01317 62187...62278, 62409...62631, 444
Goat M15387 279.‘.364:@;:71;3821‘.‘1749 438
Opossum 103643 467...558, 672...894, 2360...2488 444
Gallus V00409 465...556, 649...871, 1682...1810 444
Lemur M15734 154...245, 376...598, 1467...1595 444
Mouse V00722 275..367,484...705, 1334...1462 444
Rabbit V00882 277..368,495...717, 1291...1419 444
Rat X06701 310...401, 517...739, 1377...1505 444
Gorilla X61109 4538...4630, 4761...4982, 5833...5881 364
Bovine X00376 278...363,492...714, 1613...1741 438
Chimpanzee X02345 4189...4293, 4412...4633, 5484...5532 376

3.1. Graphical alignments of different DNA sequences

For a given DNA sequence, we can obtain its D—curve by plot sets (x, y, n). Projecting this
3D curve into the 2D x—y coordinates, one can direct observe the compositions and densities
of all kinds of dinucleotides. Fig.4A shows the projections of D—curves of the 11 species
presented in Table 3, where the compositions and densities of all the 16 kinds of dinucleotides

in the primary sequence are marked by different colors. A close observation of Fig.4A shows
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that most of the 11 sequences are rich in dinucleotide of TG, while lack of TA and CG,
information of other dinucleotides can also be inspected intuitively according to the colorbar.
In addition, we can see that Gorilla and Chimpanzee have the most similar compositions and
densities of dinucleotides, then they have closest evolutionary distance, which is accordant
with actual evolutionary evidence, while Opossum and Gallus have the most dissimilar
compositions of dinucleotides with other species, this is also coincident with the fact that
Gallus is non—mammal and Opossum is the most remote species from others. The
evolutionary correlations among other species can also be inferred from Fig.4A. Furthermore,
the lines linking the neighboring dinucleotides can imply their co—occurrence frequencies and
correlations (the numbers of the lines observed may be less than practical situations because

of overlapping), too.

The results of Fig.4A indicate that D—curve can provide convenient tool for exhibiting the
compositions and densities of dinucleotides. Next, we introduce another utility of this novel
representation in exhibiting distributions of dinucleotides in DNA sequence. As have been
discussed in Table 2, x, y and z denote three types of groups of dinucleotides, which are weak
H-bond/strong H-bond groups, purine/pyrimidine groups and amino/keto groups,
respectively. Thereafter, we defined x', y’ and z' as their accumulative effects. In Fig.4B, we
present the 2D curves based on x’, y' and z' vs. n of the 11 species, from which we can
observe the distributions of each group of dinucleotides according to the fluctuations of the
curves. Take Human for example, the curve based on x’ decrease monotonously, which is
caused by the dominant x<0, then the corresponding sequence must be richer in dinucleotides
of strong H-bond group, and the results of sequence analysis show that the percentage of
weak H-bond group is 43.57% and that of strong H-bond group is 56.43%. In the similar
way, we can analyze other curves, such as curves based )’ and z'. Still taking Human for
example, the curve based on )’ is almost a horizontal line around y'=0, which indicates that
the content of dinucleotides of purine group is approximately equal to that of pyrimidine
group, then this is consistent with the fact of 50.34% (percentage of purine group) and

49.66% (percentage of pyrimidine group); comparing with the former two kinds of curves,
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Figure 4: Graphical representations of the complete coding sequences of 3 globin genes of
11 species. A: The projections of the D—curves on 2D x—y coordinates; B: The 2D curves
based on x', y' and z'.
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curve based on z' vibrates more sharply in some local regions, but the decreasing trend is still
obvious, which indicates that the corresponding sequence is richer in dinucleotides of keto
group, this is also consistent with the actual instances of 45.37% (percentage of amino group)
and 54.63% (percentage of keto group). Among all the 11 species, the curve of Gallus based
on z' fluctuate most greatly, from which we can find there is a decreasing trend before the
position about #»=100, then the former fragment with 100 bases is richer in keto group, while
after n=100, the slope changes suddenly from negative to positive and the curve fluctuates
occasionally with obvious increasing trend, then the amino group is becoming more dominant
gradually. Furthermore, we can compare the distributions of each group of dinucleotides
according to the magnitudes of the slopes of corresponding curves. For example, the curves
based on x’ of all the 11 species have trends of decreasing monotonously, from Fig.4B, one
can easily find that Opossum has the smallest slope, which indicates its percentage of
dinucleotides of strong H-bond group is the smallest, just the opposite, the slope of Gallus is
the biggest one, which indicate its percentage of dinucleotides of strong H-bond group is the
biggest, these results are entirely consistent with the actual situations (the percentages of
strong H-bond group of the 11 species are listed in turn: Human—56.43%, Goat—55.38%,
Opossum—51.69%, Gallus—59.37%, Lemur — 55.76%, Mouse — 55.76%, Rabbit — 54.18%,
Rat — 53.27%, Gorilla — 56.20%, Bovine — 54.01%, Chimpanzee — 56.27%). According to the
discussions above, we can also recognize similarities/dissimilarities among these sequences
from the curves based on x’, y' and z’ in Fig.4B. A close observation shows that Human —
Gorilla, Human — Chimpanzee, Gorilla — Chimpanzee are the most similar species, while
Opossum and Gallus are the most dissimilar species with others, evolutionary correlations
among other species can also be inferred in the same way, and these results coincide with that

of Fig.4A perfectly.

3.2. Quantitative analysis of Similarities/dissimilarities of DNA sequences with

numerical descriptors

Up to now, there are quite a few algorithms and programs based on different scoring

matrices for sequence alignment, such as BLAST [36] and Clustal [37], which can
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quantitatively describe similarities/dissimilarities of DNA sequences. Along with the
extensive application of graphical representation in bioinformatics, more and more authors
apply their presentations to numerically analyze similarities among different sequences. For
example, Randic et al. have proposed E matrix, M/M matrix, L/L matrix and L*/L* matrix,
and used their eigenvalues as descriptors to do analysis of similarities/dissimilarities of DNA
sequences [6]. These methods were proved to be useful and used by many authors. However,
these matrices become too large to calculate the eigenvalues when DNA sequence is very
long, and the computations are very complex. Furthermore, there is some loss of information
associated with these matrices [8]. Then, exploiting more convenient and precise methods to
analyze similarities of different DNA sequences is necessary, which is helpful in evolutionary
related researches. In this section, we put emphasis on the utilities of D—curve as numerical
descriptors in quantitative analysis of similarities/dissimilarities among the 11 DNA

sequences presented in Table 3.

The results of Fig.4 have validated the efficiencies of the invariants deduced from D—curve
in qualitatively representing DNA sequences. With these parameters, one can not only obtain
the information of compositions but also distributions of dinucleotides, which enable us to
extract efficient numerical descriptors to represent DNA sequence. In section 2, we discussed
the significances of x, y, z and x', )/, z/. Here, we employ a vector composed of six

components {m,, m,, m., m,, my, m-1} as quantitative descriptor of DNA sequence, namely,

] N—IL
=yt

n=1

where my, is the mean value of corresponding component, Le{x, y, z, x,, ¥, z.'}. The
underlying assumption is that if two vectors point to a similar direction, the corresponding
DNA sequences are similar. Using Euclidean distance as criterion of sequence
similarities/dissimilarities, the smaller the Euclidean distance is, the more similar the DNA
sequences are. That is to say, the distances between evolutionary closely related species are

smaller, while those between evolutionary disparate species are larger. The Euclidean
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distance between two sequences can be defined as follows:

6
D(S,S) = [ 22 =V)y
v=l

Where, V* and Vvs’ are the vth component of the 6D vector V' of sequences S; and S,

respectively. In this way, we obtain the matrix of similarities/dissimilarities of the 11 species

presented in Table 4.

From Table 4, we find Gallus (the only non—-mammal among them) and Opossum (the most
remote species from the remaining mammals) are most dissimilar to others among the 11
species. On the other hand, Gorilla—Chimpanzee has the smallest distance, so they are the
most similar species pairs. Take Human for example, Human—Gorilla, Human—Chimpanzee
have smaller distance, so they are more similar species pairs. Evolutionary correlations
among other species can also be obtained, these results coincide with Fig.4, and similar

results are also obtained in recent papers by different approaches [18-20, 22, 32-35].

Table 4: matrix of similarities/dissimilarities of the complete coding sequences of 3 globin
genes of 11 species based on 6D vector.

Species Huma  Goat  Opossu  Gallu Lemu Mous Rabbit Rat  Gorill Bovin  Chimpanze

Human 0 3139 48701 7046  31.75 3027 35575 41.65 13.63  30.68 14.00
Goat 0 52295  99.82 1781 5680 12.648 59.75 3560  9.001 28.078
Opossum 0 8579 4198 44.69 51.136 3880 37.57 43.88 35.876
Gallus 0 98.86 4543 10499 5320 6584 97.84 74.025
Lemur 0 5438 10.123 5859 3374 11.17 25.943
Mouse 0 61.183 1943 2141 5343 29.424
Rabbit 0 6542 3991 1126 32.037
Rat 0 29.19 5556 34.822
Gorilla 0 32.18 8.185
Bovine 0 24.071
Chimpanze 0

The main motivation of D—curve is to describe the information of dinucleotides of DNA
sequence. To further test the correlation between D—curve and actual information of

dinucleotides, we outline a 16D vector based method to analyze similarities/dissimilarities
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among different sequences, which is defined as follows:

16
D(S,,S,) =2 (BF =R") .
u=1

Where, P’ and Pus’ are the usage frequency of each kind of dinucleotide in sequences S;

and S, respectively. For example, the occurring times of dinucleotide of GT in sequence
ATGGTGCACC is 2, and there are altogether 9 dinucleotides, then the usage frequency of
GT is 2/9 = 022. Based on this 16D vector, we calculate the matrix of
similarities/dissimilarities of the complete coding sequences of B globin genes of the 11

species, and the results are presented in Table 5.

From Table 5, we find Gallus and Opossum are most dissimilar to others among the 11
species. On the other hand, Gorilla—Chimpanzee has the smallest evolutionary distance. Take
Human for example, Human—Gorilla, Human—Chimpanzee have smaller distance, so they are
more similar species pairs. Evolutionary distances among other species can also be obtained;

these results are perfectly consistent with that of Table 4.

Table 5: matrix of similarities/dissimilarities of the complete coding sequences of 3 globin
genes of 11 species based on 16D vector.

Species Huma  Goat Opossu  Gallus Lemu Mous  Rabbi Rat Gorill ~ Bovin  Chimpanze

Human 0 0.039  0.0481  0.071  0.031 0.031 0.034 0.035 0.018 0.0442 0.0188
Goat 0 0.0475  0.085  0.034 0.044 0.043 0.051 0.036 0.0242 0.039
Opossum 0 0.083  0.042 0.052 0.045 0.045 0.048 0.0416 0.0475
Gallus 0 0.083  0.055 0.085 0.071 0.082  0.09 0.0828
Lemur 0 0.050  0.026  0.054 0.026 0.0415 0.0224
Mouse 0 0.051  0.025  0.041 0.0479 0.0442
Rabbit 0 0.052  0.035  0.0451 0.0338
Rat 0 0.044  0.0468 0.0451
Gorilla 0 0.0411 0.0099
Bovine 0 0.0422
Chimpanze 0

To give a quantitative index describing the efficiency of D—curve, we calculate the

Pearson’s correlated coefficient (PCC) between Table 4 and Table 5. The PCC is a measure of
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the correlation (linear dependence) between two variables or matrices X and Y, giving a value
between +1 and —1 inclusive. It is widely used in the sciences as a measure of the strength of

linear dependence between two variables or matrices [38], which is defined as

1
X —FZXZY |
2 b 2 2 b 2
\/(ZX NZ(ZX)XZY Nz(ZY))

PCC(X,Y)=

N is the number of the samples of matrices X and Y, here, the value of N for Tables 4 and 5 is
11. The calculating result shows PCC = 0.9032 and P—value = 1.54x107%, that is, the
efficiencies of the equations based on the 6D and 16D vectors are equivalent, which further

verify the ability of D—curve in exhibiting the information of dinucleotides.

Table 6: scoring matrix of the complete coding sequences of 3 globin genes of 11 species
based on ClustalW2.

Species Human Goat Opossum Gallus Lemur Mouse Rabbit Rat Gorilla Bovine Chimpanzee
Human 100 84 73 74 84 82 88 81 99 86 96
Goat 100 71 70 83 79 84 79 82 94 80
Opossum 100 70 69 72 73 71 72 71 70
Gallus 100 71 72 72 71 74 71 72
Lemur 100 78 84 78 84 83 81
Mouse 100 81 89 82 79 79
Rabbit 100 80 88 85 86
Rat 100 81 78 78
Gorilla 100 85 99
Bovine 100 82
Chimpanzee 100

The basis of the methods for similarities analysis of DNA sequence introduced above is
numerical descriptor, which is different from the programs based on scoring matrices. Among
the programs on the basis of scoring matrices, Clustal is a typical one. ClustalW2 is the
newest release with a general purpose multiple sequence alignment program for DNA or
proteins. For comparison, we perform multiple sequence alignment for the 11 sequences with

ClustalW2 (http://www.ebi.ac.uk/clustalw/) [37], and the results are presented in Table 6.
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Thing to note is that the scoring in Table 6 are opposite to Tables 4 and 5. In the latter, the
smaller the Euclidean distance is, the more similar the DNA sequences are, while in Table 6,
the bigger the scoring is, the more similar the DNA sequences are. From the scoring matrix,
we find the scores of Gallus and Opossum are far less than others, which imply they are most
dissimilar to other species. On the other hand, Chimpanzee — Gorilla and Human — Gorilla are
the most similar pairs. Human — Chimpanzee and Goat — Bovine have bigger scorings, and
then they have smaller evolutionary distances. Other evolutionary correlations among other
species can also be inferred from Table 6, which are perfectly consistent with the results
obtained in Tables 4 and 5. In addition, we also calculate the Pearson’s correlated coefficient

(PCC) between Table 4 and Table 6, the result shows PCC = —0.7710, P-value = 4.52x10 .
3.3. Discussion

In this section, we analyze similarities/dissimilarities among eleven orthologous DNA
sequences of the complete coding genes of B globin genes using the novel representation,
which comprise two efforts: (a). With the help of the visual function of D—curve, we display
the features of dinucleotides of DNA sequences in a visible space, which allows to direct
identifying similarities among the studied sequences. (b). Based on D—curve, 6 invariants are
exploited as descriptors to numerically represent DNA sequences, which can embody the
information of dinucleotides perfectly, as is verified by the comparison of the results of
similarities analysis using different algorithms and program. Furthermore, another advantage
lies in its excellent operability and accuracy, and then D—curve can provide more convenient

tools to facilitate related researches.

4. CONCLUSION

Visualization and numerical descriptors are the essential functions of graphical
representations. In the past several years, quite a few presentations have been outlined. Most
of the incipient models are based on individual nucleotides, but with the development of
bioinformatics, the specific significances of dinucleotides are highlighted for special

attentions, whereupon more and more graphical representations based on dinucleotides are
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outlined. Considering dinucleotides instead of individual nucleotides has more advantages,
which can be seen from recent researching papers [39, 40]. According to the physiochemical
property of the base at the first position of dinucleotide, the 16 kinds of dinucleotides are
classified into four groups. Based on such classifications, we propose a novel graphical
representation of DNA sequence without loss of information due to overlapping and crossing
of the curve with itself in this paper. This representation reasonably utilize the positive and
negative signs of x and y as well as their derivatives to embody DNA sequences, which can
not only direct describe information of dinucleotides without complex calculations but also
provide more information, such as compositions and distributions of dinucleotides. From this
model, six variables are deduced as quantitative descriptors, which help to exhibit global and
local features of DNA sequence. Furthermore, two simple methods based on 6D and 16D
vectors are outlined for similarities/dissimilarities analysis among different sequences,
respectively, and the results validate the abilities of D—curve in describing DNA sequence
quantitatively. On the other hand, we compare the similarities/dissimilarities matrices based
on the 6D and 16D vectors with the scoring matrix obtained by Clustal W2, a typical multiple
sequence alignment program, and the results show that the evolutionary correlations obtained
by the three different methods are perfect consistent. Therefore, this novel representation can
provide more effective and convenient tools for sequence analysis, such as sequences

alignment, extracting features of DNA sequences.
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