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Abstract—CpG islands (CGIs), rich in CG dinucleotides, 

are usually located in the promoter regions of genes in 

DNA sequences and are used as gene markers. 

Identification of CGIs plays an important role in the 

analysis of DNA sequences. In this paper, we propose a 

new digital signal processing (DSP) based approach using 

matched filters for the identification of CGIs. We also 

formulate a new/reliable CGI identification characteristic 

replacing the several existing probability transition tables 

for CGIs and non-CGIs. The peaks in matched filter 

output, obtained by correlating the CGI characteristic 

with the DNA sequence to be analyzed, accurately and 

reliably identify CGIs. This approach is tested on a 

number of DNA sequences and is proved to be capable of 

identifying CpG islands efficiently and reliably.   
 

I. INTRODUCTION  

CpG islands (CGIs) in DNA sequences have considerably 

high frequency of CG dinucleoetides as compared to non-

CGIs. The CGIs are associated with promoter regions of most 

genes and known to influence gene expression hence playing 

an important role in the identification of promoters and genes 

in DNA sequences [1][2]. It is known that, CGIs occur in and 

around the promoter regions of 50% to 60% of human genes, 

including most housekeeping genes (the genes which are 

essential for general cell functions) [3]. CGIs have also 

contributed significantly to our understanding of the 

epigenetic causes of cancer. In cancer cells, CGIs are found 

to undergo a dense hypermethylation leading to gene 

silencing. Hence, the DNA methylation profiles in CGIs can 

be used for early detection of cancer [4]. These are some of 

the reasons which make identification of CGIs indispensable 

for genome analysis and annotation.  

The initial CGI identification methods [5][6] relied on the 

following three characteristics of a CGI: (i) length of a CGI is 

at least 200 bp, (ii) G and C nucleotide content in a CGI is ≥ 

50%, and (iii) observed CpG to expected CpG ratio (o/e) in a 

CGI is ≥ 0.6. Typically, the length of a CGI varies from a few 

hundred to a few thousand base pairs (bp), but rarely exceeds 

5000 bp. Later on, sophisticated methods [7] utilizing two 

Markov chain models, one for CGIs and the other for non-

CGIs, were proposed. These two models differ in their 

respective model parameters which characterize the 

difference in transition probabilities between successive 

nucleotides in CGIs and non-CGIs respectively. In these 

methods, a DNA segment is defined as a CGI, if the log-score 

computed using the Markov model for a CGI is greater than 

that computed using the Markov model for a non-CGI. The 

parameters used for modeling CGIs and non-CGIs play a 

crucial role in identifying CGIs. However, CGI identification 

methods using different Markov model parameters sometimes 

produce inconsistent results. Digital filters for identification 

of CGIs have also been proposed with considerable success. 

These methods are similar to Markov chain methods but use 

digital filters to compute weighted log-score to identify CGIs. 

The method proposed in [8] uses a bank of IIR low-pass 

filters to identify CGIs by looking at the weighted log-scores 

of all filters together. This method is computationally 

demanding as it employs large number of filters in the bank. 

From the above discussion, it is evident that the CGI 

identification methods and the criteria used therein play an 

important role in the identification of CGIs. Therefore, there 

is a need for developing fast and efficient computational 

methods using more reliable CGI identification characteristic.   

In this paper, we propose a new DSP based approach using 

matched filters for identifying CGIs in DNA sequences. A 

new CGI identification characteristic is formulated which 

removes the ambiguity associated with the choice of the 

transition probability tables employed in some of the 

methods. Matched filters are then used to identify CGIs by 

detecting the corresponding locations of the CGI 

identification characteristic present in DNA sequences. The 
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approach is tested on several CGIs belonging to already 

annotated DNA sequences obtained from [10]. It is shown 

that the algorithm is simple to implement and yet able to 

identify CGIs reliably and efficiently as compared with other 

existing DSP based CGI identification methods.  

 

II. IDENTIFICATION OF CPG ISLANDS 

In this section a brief review of some of the existing DSP 

based CGI identification methods is presented.  

A. Markov Chain Approach 

In this method, a DNA sequence X of length N, represented 

as X = {x(n), x(n+1), …, x(n+N−1)} where each symbol 

( ) {A, C, T, G}x n ∈ , is considered as a first-order Markov 

chain [7]. This is due to the fact that the probability of a 

particular nucleotide occurring at x(n+1) depends only on the 

nucleotide having occurred at x(n). The transition 

probabilities for the CGI and non-CGI Markov models are 

given in Table I and Table II respectively [7]. pβγ
+ and pβγ

−

 
are  

the probabilities of transition from a nucleotide β to a 

nucleotide γ in a CGI and a non-CGI respectively. These 

transition probabilities pβγ
±

 
are calculated using   
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where, nβγ is the number of βγ dinucleoetides in the DNA
 

sequence. In a CGI, the probability of transition from the 

nucleotide base C to the base G is higher in comparison with 

that in a non-CGI.  

The probability of observing a windowed sequence Xn = 

{x(n), x(n+1), …, x(n+L−1)} of length L, assuming that it 

belongs to a CGI is given by 

 

P (Xn | CGI) = P ({x(n),…,x(n+L−1)} | CGI) 
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Similarly, the probability of observing Xn assuming it belongs 

to a non-CGI is 

   

      P (Xn | non-CpG) = P ({x(n),…,x(n+L−1)} | non-CGI) 
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If the value of P(Xn | CpG) > P(Xn | non-CpG), then it is 

concluded that the sequence Xn belongs to a CGI. Otherwise, 

it is more likely to be a non-CGI. Alternatively, by 

formulating a log-likelihood ratio, given by  
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it can be concluded that the sequence Xn belongs to a CGI or 

otherwise depending on whether ( )S n is greater than or less 

than zero.  

 

B. IIR Low-pass Filter Approach 

Byung-Jun Yoon et al. [8] have noted that the log-

likelihood ratio given in (4) can be expressed as:  
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where ( )nλ  is a sequence representing the log-likelihood ratio 

of a single transition given by 
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and, havg(n) is a simple averaging filter given by 
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TABLE I 

TRANSITION PROBABILITIES INSIDE THE CGI REGION 

 

+
βγp  A C G T 

A 0.180 0.274 0.426 0.120 

C 0.171 0.368 0.274 0.188 

G 0.161 0.339 0.375 0.125 

T 0.079 0.355 0.384 0.182 

 

 
TABLE II 

TRANSITION PROBABILITIES INSIDE THE NON-CGI REGION 

 

-
βγp  A C G T 

A 0.300 0.205 0.285 0.210 

C 0.322 0.298 0.078 0.302 

G 0.248 0.246 0.298 0.208 

T 0.177 0.239 0.292 0.292 
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Then, they proposed using a bank of M filters such that the 

transfer function in the k
th

 (k = 0, …, M-1) channel is given 

by 
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where, 0 1 10 ... 1Mα α α −< < < < < . The log-likelihood ratio 

obtained from the output of the k
th

 channel is given by  
 

 
( ) ( ) ( ).k kS n n h nλ= ∗  (9) 

 

The values of Sk(n) obtained for all k and n are then used to 

obtain a two-level contour plot. The bands corresponding to 

Sk(n) >0 determine the locations of CGIs. 

  

III. PROPOSED APPROACH 

Matched filters are used for detection of signals of known 

shape but unknown gain by maximizing the signal to noise 

ratio. Let’s consider that a DNA sequence X, is mapped to a 

corresponding binary indicator sequence XCG [9], and the CGI 

identification characteristic be formulated using a binary 

sequence { ( )}nφΦ = . Now, in the proposed approach matched 

filters are employed to determine the degree to which XCG 

resembles Φ . By employing an appropriate threshold on the 

matched filter output, we can arrive at a decision whether XCG 

is a CGI or not.  

 The following subsections explain in detail the steps 

involved in identification of CGIs in a DNA sequence using 

matched filters.  

A. Numerical Mapping of DNA Sequences 

Identification of CGIs involves determination of G and C 

content in a DNA sequence. Hence, we define a new binary 

indicator sequence XCG = {xCG(n)}, where 1 ≤ n ≤ N, such that 

xCG(n) = 1 indicates the presence of the nucleotides C or G, 

and xCG(n) = 0 indicates their absence at the location n in a 

DNA sequence of length N. For example, the DNA sequence 

X = {ATCCGAAGTATAACGAA} maps to the binary 

indicator sequence XCG = {00111001000001100}. 

B. CGI Identification Characteristic 

A CGI contains frequent occurrence of CG dinucleotide 

and at least 50% of its nucleotide content is due to C and G.  

These two properties of CGIs can be combined to formulate a 

CGI identification characteristic in the form of a binary 

sequence Φ = {1100110011…001100}. The length of Φ is 

chosen to be equal to the length of the sliding window, L, 

used. Obviously, as CG dinucleotides occur more frequently 

in a CGI, the 1’
s
 in Φ  appear as sets of two and the number 

of 1’
s
 constitute at least 50% of the elements in Φ . 

C. Matched Filtering 

The input DNA sequence X, of length N, is first mapped to 

an appropriate binary numerical sequence XCG. A sliding 

window of length L is used to evaluate if each of the 

windowed sequences Xn = {xCG(m)} where n = 1, 2,…, N-L+1 

and m = n, n+1, …, n+L-1, belong to a CGI or a non-CGI. 

This is accomplished by correlating the CGI characteristic, 

Φ , with the windowed sequence, Xn. The matched filter 

output of the n
th

 window is given by  
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If the value of y(n) is greater that an appropriate threshold η, 

then the windowed sequence Xn is considered to belong to a 

CGI. Consequently, all the peaks which are above the 

threshold η in the plot of the smoothened and normalized 

matched filter output y(n) versus the base location index n, 

are the locations of CGIs in the DNA sequence X.  

 

IV. RESULTS  

The proposed CGI identification approach based on 

matched filters is tested on the DNA sequence L44140 

(GenBank accession number) from the human chromosome 

Χ. The sequence is of length 219447 bp and has 17 CGIs 

whose exact locations can be obtained from the NCBI 

website [10]. Performance of the proposed approach is then 

compared with the existing DSP based CGI identification 

approaches such as Markov chain method [7] and IIR low-

pass filters method [8]. Fig. 1 shows the comparative 

performance of prediction of one of the CGIs in L44140, 

located between the nucleotides 3095 and 3426, by the three 

approaches mentioned above. A sliding window of length L = 

100 is considered for all the methods. 

Fig. 1(a) shows the performance of Markov chain 

approach, where log-likelihood ratio S(n) is plotted against 

base index of the sequence, n. The transition probability 

parameters given in Table I and Table II are used to calculate 

S(n). All the adjacent base locations, n, with S(n) > 0 are 

considered as a CGI. The exact location of the CGI (3095 to 

3426) is shown by the horizontal line at the threshold S(n) = 

0. One of the major drawbacks of this approach is the 

presence of a lot of false positives that falsely categorize non-

CGIs into CGIs.  

The contour plot in Fig. 4(b) shows the performance of IIR 

low-pass filter method [8] where the filter coefficient α is 

plotted against base index, n, of the sequence. The transition 

probability parameters given in [8] are used to calculate S(n). 

The orange/red regions located between base pairs 3000 and 

3250 in contour plot denote the locations of CGIs as they 

correspond to the regions with S(n) > 0. It can be seen that 

the exact locations of the CGIs (boundaries of the orange/red 

regions) are difficult to obtain. Moreover, the method is 

computationally expensive as it involves plotting of contour 

plots for values of α varying from 0.95 to 0.99 with a step 

size of 0.001.  

Fig. 1(c) shows the performance of the proposed matched 

filter based scheme in predicting the CGIs. Unlike the above 

mentioned methods, the proposed approach utilizes a unique 
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CGI identification characteristic, { ( )}nφΦ = , instead of the 

probability transition tables. Effectiveness of our scheme is 

readily seen in Fig. 1(c), which depict more contrasting peak 

with less number of false positives as compared to the other 

two methods. A threshold of η = 0.80 is used to identify CGIs 

in this method. The proposed approach eliminates the 

ambiguity associated with the choice of probability transition 

tables by using a simple yet reliable CGI identification 

characteristic { ( )}nφΦ = . Moreover, the proposed approach is 

computationally more efficient as compared to the other two 

methods as it involves calculating simple correlation and the 

lookup tables in the form of transition probabilities are 

eliminated. Finally, the {sensitivity (Sn), and specificity (Sp)} 

of the Markov model method, IIR low-pass filter method and 

the proposed matched filter approach for the test sequences 

considered are {0.55, 0.60}, {0.58, 0.61} and {0.73 and 0.76} 

respectively. 
 

IV. CONCLUSION  

In this paper, an efficient and reliable DSP based approach 

for identification of CGIs is presented.  It has been shown 

that the CGI prediction accuracy of the existing methods is 

greatly affected by the choice of the transition probability 

tables for CGIs/non-CGIs. The unique CGI identification 

characteristic proposed in our approach removes the 

ambiguity in choosing the appropriate probability transition 

tables. A matched filter has been employed to identify the 

locations of CGIs based on the peaks obtained by correlating 

the proposed CGI characteristic with the DNA sequence. 

Simulation results of the proposed approach have shown 

superior prediction accuracy in terms of sensitivity and 

specificity as compared with the other two DSP based CGI 

prediction methods.  
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(c) 

Fig. 1. Comparison of CGI identification using (a) Markov model 

method, (b) IIR low-pass filter method and (c) the Proposed matched 

filter approach. 
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