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Abstract

Recognition of coding sequences in a complete genome
is an important problem in DNA sequence analysis. Their
rapid and accurate recognition contributes to various rel-
evant research and application. In this paper, we aim
to distinguish the coding sequences from the non-coding
sequences in a prokaryote complete genome. We select
a data set of 51 available bacterial genomes. Then, we
use the global descriptor method on the coding/non-coding
primary sequences and obtain 36 parameters for each
coding/non-coding primary sequence. These parameters
are used to generate some spaces, whose points represent
coding/mon-coding sequences in our selected data set. In
order to evaluate this method, we perform Fisher’s linear
discriminant algorithm on it and get relative satisfactory
discriminant accuracies. The average accuracies of the
global descriptor method (36 parameters) for the training
and test sets are 97.81% and 97.49%, respectively. Finally,
a comparison with Z curve methods using the same data set
is undertaken. When we combine our method with the Z
curve method, higher accuracies are obtained. This good
performance indicates that the global descriptor method
of this paper may complement the existing methods for the
gene finding problem.

1. Introduction

As more and more genomic sequences, in-
cluding those of bacteria and archaea, are avail-
able in public databases such as Genbank at
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ftp://ncbi.nlm.nih.gov/genbank/genomes/, many  re-
search works have been carried out on genomic sequences.
Recognition of coding sequences in a genome contributes
to the automatic genome annotation process. So there
is a demand for prediction techniques that can rapidly
and accurately distinguish the coding sequences from the
non-coding sequences in a complete genome [1].

Existing well-known protein-coding prediction methods
are generally divided into two categories [2]: one is based
on statistic analysis, such as ZCURVE [1], GeneMarks [3]
and Glimmer [4]; the other is based on similarity alignment,
such as CRITICA [5] and ORPHEUS [6]. Recently, Tech
and Merkl [7] combined ZCURVE, Glimmer and CRITICA
into a technique named YACOP. Chen et al. [8] proposed a
new system to recognize protein coding genes in the coro-
navirus genomes. If they are used separately, the Z curve
method has a better performance as noted in [1,9]. Hence
we will compare our method with the Z curve method only.

In this paper, we attempt to recognize the coding se-
quences from the non-coding sequences in a prokaryote
complete genome. We use the 51 bacteria genomes which
were used previously by our group [10] to test our meth-
ods. The Z curve method has achieved much success in
recent years [1,11]. Dubchak et al. [12] first proposed the
protein-chain descriptor method to predict protein folding
classes. Recently our group proposed a global descriptor
(GD) for DNA sequences and used it to identify promoters
[13]. Here we propose to use this technique to distinguish
coding and non-coding sequences in a genome. There are
36 parameters from the global descriptor method. Fisher’s
linear discriminant algorithm shows that the average accu-
racies of the global descriptor method (36 parameters) for
the training and test sets are 97.81% and 97.49%, respec-
tively. From a comparison of sensitivity, specificity, accu-
racy and correlation coefficient with the Z curve method [1],



our method proposed here may play a complementary role
to the existing methods for the gene finding problem.

2 Materials

We selected 51 complete genomes of archaea and eu-
bacteria available from the public databases Genbank at the
web site ftp://ncbi.nlm.nih.gov/genbank/genomes/. We use
all coding and non-coding sequences with length greater
than 300 bp in the complete genomes of these 51 prokary-
otes. This data set is the same as that used in Ref. [10]. For
information about the categories, species names and abbre-
viation of names, number of coding and non-coding regions
of the selected 51 prokaryote complete genomes, one can
refer the Table 1 in Ref. [10]. Then we divide the data into
training and test sets randomly. A set of 80% of coding/non-
coding sequences is regarded as a training set, and the set of
the remaining 20% of coding/noncoding sequences as a test
set.

3 Method

Global descriptor of coding/non-coding se-
quence (GD)

The global descriptor method was proposed first by
Dubchak et al. [12] for predicting protein folding classes
based on a global protein chain description. The protein-
chain descriptor consists of overall composition, transition,
and distribution of amino acid attributes. Relevant further
research has also been performed in Refs. [15-18]. Recently
our group proposed a global descriptor (GD) for DNA se-
quences and used it to identify promoters [13]. Here we
outline the global descriptor of DNA sequences in Ref. [13]
in the following.

The global description contains three parts: composition
(Comp), transition (Tran) and distribution (Dist). In
order to explain the method, we suppose that a sequence
consists of only two kinds of letters (A and B). The com-
position is used to measure the frequency of occurrence
of each kind of letters in the sequences. For example,
for the sequence: BABBABABBABBAABABAB-
BAAABBABABA, there are 14 As and 16 Bs, hence the
frequencies for A and B are 100.00 x 14/(14+16) = 46.67,
100.00 x 16/(14 + 16) = 53.33, respectively. These two
numbers represent the first part of the global description,
Comp. The second part, T'ran, characterizes the percent
frequency with which A is followed by B or B is followed
by A. For example, for the above sequence, there are 21
transitions of this type, that is, (21/29) x 100.00 = 72.14.
The third part of the global description, Dist, measures the
chain length within which the first, 25%, 50%, 75% and

100% of certain type of letters are located, respectively.
For example, for the above sequence, the first, 25%,
50%, 75% and 100% of Bs are located within the first,
6th, 12th, 20th and 29th nucleotides, respectively. The
Dist descriptor for Bs is thus: 1/30 x 100.00 = 3.33,
6/30 x 100.00 = 20.00, 12/30 x 100.00 = 40.00,
20/30 x 100.00 = 66.67 and 29/30 x 100.00 = 96.67.
Likewise, the Dist descriptor for As is 6.67, 23.33,
53.33, 73.33 and 100.00. As a result, the global descrip-
tion for the above sequence is (Comp;Tran; Dist) =
(46.67,53.33;72.14;6.67, 23.33, 53.33, 73.33, 100.00, 3.33,
20.00, 40.00,66.67,96.67). A more detailed description
of global description of sequences can be found in Refs.
[12,15-18].

The global description for the coding/non-coding se-
quences can be computed by similar procedures. As the
coding/non-coding sequences consist of four types of nu-
cleotides (A, C, G and T), there are 4 parameters for Comp,
6 parameters for T'ran (6 cases: A is followed by C, by G,
by T respectively; C is followed by G, by T respectively;
and G is followed by T) and 20 parameters for Dist. Over-
all, a total of 30 parameters are used to construct a global
description of a coding/noncoding sequence.

The Entropy Density Profile (EDP) model is a global
statistical description for a DNA sequence, which employs
Shannon’s artificial linguistic description for a DNA se-
quence of finite length like an open reading frame (ORF)
[19]. Zhu et al. [19] developed a new non-supervised gene
prediction algorithm for bacterial and archaeal genomes
based on EDP. Here we describe such method briefly. If
p; (1 = 1,2,3,4) are the frequencies for the four types of
nucleotides of a coding/non-coding sequence, then an EDP
vector S = {s;} inferred from {p;} is used to represent
the sequence with an emphasis on the information content,
where ¢ is the index of the four kinds of nucleotides. The
EDP s; are defined as [19]

1
s; = 100.00 x (—Epi logp;), 1=1,2,3,4, (1)

4
where F = — > p; log p; is the Shannon entropy.
i=1
It was shown that P = p? + p3 + p3 + p] is a
useful statistical quantity for analysis of DNA sequences
[20,21], which was called a nucleotide composition con-
straint of genomes [8]. As a result, we obtain 6 parameters
$1, S92, 83, S4, I/ and P from EDP.

Overall, combining the above two description systems,
we get 36 parameters from the global descriptor for a
coding/non-coding sequence.



4 Results and discussion

From the method described in the Methods section, we
get a total of 36 parameters. We use Fisher’s linear discrimi-
nant algorithm [22-24] to calculate the discriminant accura-
cies in order to evaluate our methods. We randomly divide
all coding and non-coding sequences into two sets respec-
tively. A set of 80% of coding/non-coding sequences is re-
garded as a training set, and the set of the remaining 20% of
coding/noncoding sequences as a test set.

Fisher’s discriminant algorithm is used to find a classifier
in the parameter space for a training set. The given train-
ing set H = {x1,X2," -, Xy} is partitioned into n; < n
training vectors in a subset H; and ny < n training vec-
tors in a subset Ho, where n; + no = n and each x; is
a k-dimensional vector, represented by one point in the x-
dimensional parameter space. Then H = H; U Ha. We
need to find a parameter vector w = (wy,wsa, -, w,)"
for the r-dimensional space such that {y; = w’x;}7_; can
be classified into two classes in the space of real numbers.
If we denote

1 .
mj=-— Y x, j=12 @
J x;€H;
S;= > (xi—my)e—my)T, =12 (3
XiEHj
Sy =81 + S, “4)

then the parameter vector w is estimated as S,;' (m; —my)
[14]. As a result, Fisher’s discriminant rule becomes: “as-
sign x to Hy if Z(x) = (m; — my)TS; [x — $(my +
msy)] > 0 and to Hs otherwise” [14].

The discriminant accuracies for resubstitution analysis
are defined as

_ No. of all correct coding discriminations
~ No. of coding sequences in the training set’

®)

Pc

No. of all correct non-coding discriminations

Pre = No. of non-coding sequences in the training set’

(6)
For the tests, the discriminant accuracies g. and g, are de-
fined similarly by changing “training set” to “test set” in
Egs. (5) and (6), respectively.

In order to evaluate the correct prediction rate and reli-
ability of a predictive method, the sensitivity (.5,,), speci-
ficity (Sp), accuracy (A.) and correlation coefficient (C'C)
are also used [1]:

S, =TP/(TP + FN), 7

S, =TP/(TP + FP), (8)

Ao = (S0 +5,)/2, ©)

CcC =
(TP x TN) — (FP x FN)

V(TP + FP)(TN + FN)(TP + FN)(TN + FP)’
(10)
where T'P denotes the number of correctly recognized cod-
ing sequences, F'N the number of coding sequences rec-
ognized as non-coding sequences, F'P the number of non-
coding sequences recognized as coding sequences, and T'N
the number of correctly recognized non-coding sequences.

Then we use the algorithm (eqs. (5) and (6)) to calcu-
late the discriminant accuracies for the different methods.
The discriminant accuracies for all 51 prokaryote genomes
using the GD method are listed in Table 1. From Table 1,
we can see that the G D method works well in the coding se-
quence recognition problem. However, from Table 1 in Ref.
[10], we also can see that there are a few genomes with less
than 40 non-coding regions. So on these genomes in Table
1, the results are over-fitting which is visible in lower test-
ing than training performance. This is the limitation of our
method.

From Fisher’s discriminant algorithm, we calculate the
four quantities defined in Egs. (7)-(10). The average results
are listed in Table 2.

In the past few years, multifractal analysis has been suc-
cessfully applied in many fields [25-27]. Zhou et al. [10]
applied multifractal analysis in the distinction of coding and
non-coding sequences in complete genomes. So we com-
pare our method with the multifractal analysis method pro-
posed in Ref. [10] using the same data set. In Ref. [10],
for all 51 prokaryotes, their average discriminant accuracies
Des Pres gc and gy can reach as high as 72.28%, 88.65%,
72.53% and 84.18% respectively. From Table 1, it is clear
that the GD method has a better performance. The aver-
age discriminant accuracies for the 51 prokaryote genomes
using the GD method can reach 97.81%, 8§1.99%, 97.49%
and 78.47%, respectively. We also perform the method pro-
posed in Ref. [14] on our data set. The results are not sat-
isfactory. Their average discriminant accuracies p., Pnec, e
and gy are 67.93%, 60.43%, 67.79% and 60.06%. So this
method is not useful for our problem.

The Z curve method [1] has achieved much success in
the gene finding field. Consequently, we perform a com-
parison with the Z curve method. It can be seen from Ta-
ble 2 that our methods have similar prediction accuracies to
those of the Z curve method (33 parameters) which Guo et
al. used to recognize protein-coding genes in bacterial and
archaeal genomes [1]. It means that our method proposed
here is comparable with the best existing methods for the
gene finding problem.

The main aim of this work is to develop efficient al-
gorithms that can distinguish coding sequences from non-
coding sequences in a genome. Once all open reading




Table 1. The discriminant accuracies for the 51 organisms using
the G D method.

Table 2. The average prediction accuracies for the test-
ing sets made up of all coding sequences and non-coding
sequences for 51 bacteria genomes using three methods.

Tool Sn(%) | Sp(%) | Ac(%) | CC

Z curve method(33 parameters) 97.08 99.69 98.39 0.73

G D method(36 parameters) 97.86 98.94 98.40 0.70

G D+Z curve method(69 parameters) 98.28 99.41 98.85 0.83

Species Pe DPne qc Qne
Paer 99.86% | 89.24% | 99.33% | 89.09%
NmenA 87.50% | 90.08% | 87.29% | 87.50%
Smel 99.43% | 90.20% | 99.19% | 93.33%
Mpul 97.70% | 93.06% | 99.30% | 94.74%
Rpro 92.16% | 67.74% | 90.15% | 60.32%
Buch 99.76% | 81.48% | 98.10% | 92.86%
Cpneul 98.09% | 88.42% | 98.98% | 79.17%
Ctra 98.05% | 80.56% | 97.60% | 83.33%
Synecho 98.15% | 86.17% | 98.80% | 85.90%
Tpal 99.73% | 73.33% | 99.46% | 50.00%
Ccre 99.64% | 84.00% | 99.13% | 94.00%
EcolKM 97.41% | 87.00% | 97.95% | 84.00%
EcolOH 97.43% | 85.39% | 96.98% | 78.87%
Cjej 99.50% | 85.19% | 93.34% | 57.14%
Mpneu 97.54% | 86.46% | 93.94% | 80.00%
pNGR234 | 98.35% | 78.57% 100% 60.71%
Mthe 99.54% | 85.71% | 99.09% | 68.75%
HaloNRC | 99.64% | 86.39% | 99.15% | 83.72%
Atum 99.15% | 83.92% | 99.01% | 84.00%
Bhal 98.59% | 83.03% | 98.87% | 82.73%
Mjan 98.59% | 81.43% | 98.35% | 80.00%
Nmen 97.65% | 79.80% | 96.77% | 77.63%
Pmul 99.08% | 80.34% | 98.16% | 80.00%
CaceA 98.66% | 82.51% | 99.08% | 76.74%
Xfas 93.60% | 81.85% | 95.57% | 78.82%
MtubH 99.18% | 78.07% | 99.32% | 81.58%
MtubC 99.55% | 68.33% | 99.04% | 64.44%
Uure 98.87% | 77.14% | 96.43% | 88.89%
CpneuA 97.27% | 84.15% | 96.88% | 80.95%
Cpneu 97.67% | 86.73% | 97.42% | 72.00%
Spyo 97.10% | 75.00% | 98.01% | 77.55%
Aful 98.14% | 81.44% | 96.64% | 64.00%
Tmar 98.89% | 75.00% | 98.22% | 53.33%
Llac 97.77% | 79.80% | 97.77% | 82.00%
Ssol 95.26% | 84.05% | 94.35% | 84.85%
Pabyssi 98.37% | 76.58% | 98.52% | 78.57%
Hinf 96.34% | 78.62% | 95.13% | 83.78%
Hpyl 97.57% | 77.45% | 97.85% | 73.08%
Nost 96.31% | 84.98% | 97.09% | 84.68%
Mgen 96.67% | 79.49% | 94.44% | 60.00%
Bbur 98.06% | 85.71% | 97.42% 100%
Aquae 98.40% | 79.27% | 96.64% | 71.43%
SaurN 97.76% | 86.52% | 97.82% | 88.24%
Tvol 95.66% | 8291% | 96.75% | 72.50%
Aero 98.71% | 74.26% | 99.24% | 78.82%
Taci 96.30% | 86.81% | 95.68% | 75.00%
SaurM 98.04% | 87.07% | 96.62% | 86.41%
Bsub 98.76% | 83.24% | 99.03% | 81.40%
Spne 95.52% | 73.11% | 94.72% | 68.33%
Phor 92.16% | 67.74% | 90.15% | 60.32%
Mlep 80.82% | 76.89% | 80.62% | 75.97%

frames (ORFs) in a genome are extracted by certain meth-
ods, our methods can determine with high accuracy which
ORF is a coding sequence. So our methods may play a com-
plementary role to the existing methods for the gene finding
problem.
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