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Abstract—A phase shift of triplet periodicity (TP) was used for search of 
potential DNA insertions in genes from 17 bacterial genomes. The mathematical algorithm for detection of 
these insertions has been developed. Sequences of 17220 bacterial genes with lengths more than 1200 
bases were analyzed with a purpose of searching genes with a phase shift of TP. The presence of a phase 
shift of triplet periodicity has been shown for the ~16% genes. We suppose that shifts of the TP phase may 
indicate the shifts of reading frame (RF) in genes after insertions of the DNA fragments with lengths 
which are not multiples of three bases.  
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I. Introduction 
Small insertions of DNA fragments in genes can take place rather frequently [1]. If the lengths of 

these insertions are not multiples of three bases, then such events lead to the shift in the reading 
frame after the insertion site. These insertions can significantly change the amino acid sequence 
coded by the gene and it is important to understand their contribution to the generation of reading 
frame changes [2]. At present, the mathematical methods used to find changes of the reading frame 
can be divided into two groups. Both of these groups share the same feature – the methods 
contained in them need some additional information in addition to the DNA sequence being 
considered. The first group of methods uses the external data that include the amino acid sequence 
data bank and uses special software for searching similarities. The second group of methods uses 
the nucleotide sequence of the analyzed gene to find shifts of the reading frame. A set of gene 
sequences which have the shifts of the reading frame is used as additional information. As a result, 
a search is made in the analyzed gene for some common properties intrinsic to DNA sequences in 
which such shifts have already been found.  

Earlier it was proposed an approach for revealing the potential reading frame shifts in genes by 
searching for the phase shift of triplet periodicity [3, 4]. This approach has one significant 
difference from the methods listed above. The difference is that detection of the possible positions 
of reading frame shifts in the gene does not require any additional information. This means that the 
approach proposed neither uses the database of amino acid sequences (additional information for 
the methods of the first group) nor requires the presence of DNA sequences with proven reading 
frame shifts (additional information for the methods of the second group). However, the proposed 
mathematical method [4] that allows detecting the triplet periodicity phase shift also has some 
disadvantages. The main disadvantage is that the method proposed can detect the triplet periodicity 
phase shift created by insertions of relatively short DNA sequences with lengths less than several 
tens of DNA bases. If insertion of a longer DNA fragment occurred, then this insertion can 
substantially change the triplet periodicity around the area of the phase shift that greatly complicates 
the detection of the triplet periodicity phase shift by using this method.  

There are two goals for the present study. Firstly, we would like to develop a new mathematical 
method for revealing triplet periodicity phase shifts [4] to account for possible reading frame shifts 
occurring due to insertions of relatively large DNA fragments (> 100 DNA bases). Secondly, we 
wanted to verify the presence of relatively long insertions (with length not multiple of three) in 
bacterial genes by applying the advanced algorithm. Our results show that approximately 16% of 
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bacterial genes from 17 studied genomes have the phase shifts of triplet periodicity that may be 
caused by insertions of relatively long DNA fragments in the genes. 

 
II. Method for the search of the phase shift of the triplet periodicity. 

 
A. Algorithm for the search of the phase shift of the triplet periodicity. 
We assume that the coding nucleotide sequence { ( ), 1,2,..., }S s k k L= =  is given, where each s(k) is 

chosen from the alphabet A = {a, t, c, g}, L is length of the sequence S, L is a multiple of three. Let 
us introduce three reading frames in the sequence S and denote them as T1, T2 and T3 . The base s(1) 
of the sequence S is the first, second and third codon base of the reading frames T1, T2 and T3, 
respectively. The reading frame T1 actually exists in the sequence S and the reading frames T2 and 
T3 can be considered as hypothetical ones. We also define three matrices of triplet periodicity M1(i1, 
i2), M2(i1, i2) and M3(i1, i2), which are the matrices of triplet periodicity defined for the reading 
frames T1, T2 and T3 for a part of a sequence S from i1 to i2. Let us denote this fragment as S(i1, i2). 
m1(i,j), m2(i,j) and m3(i,j) are the elements of the matrices that show the number of type i bases in 
the sequence S (i=1 for a, i=2 for t, i=3 for c, i=4 for g) in the codon position j (j can be 1, 2 or 3) 
for the reading frames T1, T2 and T3, respectively. Let x1 and x2 are two coordinates in a sequence S 
and let x1 and x2 are defined as L1+3n, where n=0,1,2,3,...,(L-L1)/3 and L1 is a multiple of three 
being in the range from 60 to 600. Let us consider the fragment of the sequence S(x1-L1+1, x1) for 
which we construct the matrix of triplet periodicity M1(x1-L1+1, x1) for the reading frame T1 of a 
sequence S. Let us also consider the fragments S(x2+1, x2+L1), S(x2+2, x2+L1+1) and S(x2+3, 
x2+L1+2) for which we construct the matrices of triplet periodicity M1(x2+1, x2+L1), M2(x2+2, 
x2+L1+1) and M3(x2+3, x2+L1+2) for the reading frames T1, T2 and T3, respectively, of a sequence S. 
If an insertion of DNA fragment with the length x2-x1+1 or x2-x1+2 DNA bases occurs right after 
the position x1 in the sequence S, then it creates a shift in the reading frame by one or two bases and 
the same shift of the triplet periodicity phase. In this case the matrix M1(x1-L1+1, x1) is more similar 
to the matrix M2(x2+2, x2+L1+1) or M3(x2+3, x2+L1+2), respectively. If, however, there are no 
insertions of nucleotides after the position x1, then the matrix M1(x1-L1+1, x1) is most similar to the 
matrix M1(x2+1, x2+L1) for x1=x2. It is a typical problem of searching for the change point [7] in 
symbolical sequence. Then we added the matrix M1(x1-L1+1, x1) to the matrix Mk(x2+k, x2+L1+k-1) 
to form the combined matrix M, and for k = 1,2,3 we calculated the mutual information for the 
combined matrix M using the following formula [5]: 
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as follows: 
1 14 1k kX I= − 1       (2) 

The value X1k (k=1,2,3) is a measure that indicates the level of the triplet periodicity in the 
combined matrix М=M1(x1-L1+1, x1)+Mk(x2+k, x2+L1+k-1). Sequence S (the nucleotide sequence of 
a gene) is not a random sequence since the triplet periodicity is observed in the gene. In this case we 
can not use X1k (k=1,2,3) as a measure of similarity between matrix M1(x1-L1+1, x1) and the 
matrices Mk(x2+k, x2+L1+k-1), k=1,2,3. Monte Carlo method is used to calculate the similarity 
measure between two matrices M1(x1-L1+1, x1) and Mk(x2+k, x2+L1+k-1). For this purpose, the 
sequences S(x1-L1+1, x1) and S(x2+1, x2+L1+3) are combined into one sequence SS(1, 2*L1+2), and 
this sequence is shuffled with keeping its triplet periodicity. To achieve this, we divided the 
sequence SS(1, 2*L1+2) into three subsequences. The first of them (denoted as C1) was obtained by 
choosing the bases in positions i=1+3n, where n=0,1,2,….from SS(1, 2*L1+2) sequence. The 
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second sequence C2 was obtained by choosing the bases in positions i=2+3n, and the third sequence 
of C3 was obtained by choosing the bases in positions i=3+3n. 

Next, the random number sequences R1, R2 and R3 were generated using a random number 
generator. They had the same length as the sequences C1, C2 and C3, respectively. Then we arranged 
the sequences of R1, R2 and R3 in ascending order and keep track of the permutations order for each 
sequence. Then we rearranged the bases in the sequences C1, C2 and C3 in the same way as we did it 
during arranging the sequences R1, R2 and R3 in ascending order. Upon such shuffling of the 
sequences С1, С2 and С3 we created a random sequence С. In the sequence С the positions i=1+3n 
were occupied by the bases of the sequence С1, the positions i=2+3n were occupied by the bases of 
the sequence С2 and the positions i=3+3n were occupied by the bases from the sequence С3. The 
length of the sequence С was equal to the length of the sequence SS(1, 2*L1+2), and the sequence С 
had the same base composition as the sequence SS(1, 2*L1+2). We generated 500 sequences С. 
Then each sequence С was divided back to the sequence S(x1-L1+1, x1) and S(x2+1, x2+L1), and for 
these two sequences we calculated X1k using the formula (2). For the set of the values X1k the mean 
value and variance D(X1k) were determined for k=2 and k=3. For this method of the sequence SS(1, 
2*L1+2) shuffling the values of X11 for SS(1, 2*L1+2) were equal to the values of X11 for each of 
the random sequences С. As the measure of similarity between the matrices M1(x1-L1+1, x1) and 
Mk(x2+k, x2+L1+k-1) we took the value: 

1 1
1

1( )
k

k
k
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Z

D X
−
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where k=2,3. Maximal similarity between the matrices M1(x1-L1+1, x1) and Mk(x2+k, x2+L1+k-1) 
(k=2,3) corresponds to the maximal value of Z1k for some k (k=2 or k=3 shows the insertion of 1+3n 
or 2+3n DNA fragment, correspondingly). The using of Monte Carlo method minimizes the 
influence of the triplet periodicity of the sequence S on the spectrum Z1k. It allows using Z1k as the 
quantitative measure of the relationship between the matrix M1(x1-L1+1, x1) and the matrices 
Mk(x2+k, x2+L1+k-1), k=2,3. If similarity between the matrices is absent, then the values Z1k (k=2,3) 
are small (typically, less than 3.0), and in the presence of such similarity Z1k values will be large. 
We should only determine the threshold level Z0 for Z1k, k=2,3. If Z0>Z1k, then it shows the absence 
of the statistically significant similarity between the matrices and the absence of triplet periodicity 
phase shift between coordinates x1 and x2. If Z0<Z1k, then it shows the presence of the similarity 
between the matrices and the existence of triplet periodicity phase shift between coordinates x1 and 
x2. Selection of Z0 is discussed below in the paragraph II.B.  

We changed x1 from L1 to L-L1+1 and x2 was changed from x1 to L-L1+1. Than for each value of 
x1 in the sequence S we calculated value of x2 which gives the maximum value of Z1k (k=2,3). Let 
such maximum be referred as mZ1k. Then the plots for mZ1k depending on x1 and x2 for k=2,3 were 
obtained. In these plots we joined the neighboring points by line for more clearness. Let us assume 
that we have the sequence S with insertion of a DNA fragment with the length not multiple of three 
bases between the positions 0

1x  and 0
2x . Then the maximum value for the dependence of mZ1k on x1 

occurs at the position 0
1x , and the maximum value for mZ1k depending on x2 will be observed near 

the position 0
2x (for the appropriate k). It means that the points of x2 tend to group near and after 

0
2x . 

If the insertion has the length equal to x2-x1+1, then the largest values of mZ1k are observed for k=1, 
and if the insertion had the length x2-x1+2, then the largest values of mZ1k are obtained for k=2. The 
graph of the mZ1k(x1) function is a "mountain", and the apex of this graph is observed for x1= 0

1x . 
The graph of the function of mZ1k(x2) looks like a "wall" and the boundary of a wall is a position 0

2x . 
Such graphs allow to predict the approximate (with accuracy up to several tens of bases) positions 

0
1x  and 

0
2x  in the gene. 

B. Application of Monte Carlo method to determination of Z0. 
To find the threshold value Z0, we used the gene sequences from 17 bacterial genomes from Kegg 

database. We created the random data bank by shuffling the bases of each gene sequence. It allows 
keeping the same length distribution for random sequences as for the studied genes from 17 
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bacterial genomes. To keep the triplet periodicity in the random sequence, the shuffling was 
performed in the same manner as it was described in the paragraph II.A. Upon shuffling of the 
sequences, only the triplet periodicity phase shifts caused by random factors are remained. As the 
result, the database of random sequences was created. Sequences from this data bank had the same 
length and triplet periodicity of each sequence as in the genes of 17 bacterial genomes studied. We 
chose the level of Z0 equal to 8.0 and calculated the number of the genes that had at least one value 
of mZ1k>Z0 for k=2 and 3 (as described in the paragraph II.A). This calculation was performed for 
the gene sequences from 17 bacterial genomes and for random sequences from the created data 
bank. For the level Z0=8.0 the number of the found triplet periodicity phase shifts in random 
sequences was about 22% from the number of shifts that we have revealed in 17 bacterial genomes. 
Therefore, the level Z0=8.0 can be chosen as the threshold level because an admixture of the triplet 
periodicity shifts due to purely random factors can be considered as being relatively small. The 
level of 22% was chosen in order to compare the results obtained in this paper with the results 
obtained previously [4]. 

 
III. Results and discussion 

 
The genes with the length more than 1200 bp from 17 bacterial genomes were analyzed by the 

method developed. To detect the phase shift of the triplet periodicity, at least 240 bases are 
required. For the correct statistical estimation, each cell of the matriсes M1(x1-L1+1, x1) and 
Mk(x2+k, x2+L1+k-1) should contain, on the average, not less than 10 values. We have 12 cells in 
each of M1(x1-L1+1, x1) and Mk(x2+k, x2+L1+k-1) matrices, and it gives the lower limit of L1=120. 
Therefore the genes taken for the study have a length of more than 1200 nucleotides in order to 
reduce the influence of boundary effects on the method’s ability to detect the triplet periodicity 
phase shift. The total number of genes in the studied genomes was 17220. The number of the genes 
with mZ1k >Z0 was determined for these genes. There were identified 1526 genes with insertions of 
the type 3n+1 and 1283 genes with insertions of the type 3n+2, n = 0,1,2 ..., for which mZ1k > Z0, 
i.e., the total number of the genes with the insertions was 2809. This amount constitutes 16.3% of 
the studied genes with a length more than or equal to 1200 bases. Concurrently, the random 
sequences from the created data bank were analyzed and 622 sequences with mZ1k >Z0 were found. 
Our analysis shows that the number of false positives in this case does not exceed 22%.  
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Fig.1 Dependence of the mZ13 on x1 (A) and x2 (B) for the gene encoding the ubiquinone 

oxidoreductase, chain G from the genome of E.coli (B2283 in database KEGG). 
 
Let us consider the example of the gene with revealed insertions for which mZ1k>Z0. The values 

mZ1k >4.0 are shown to reduce the influence of statistical noise on the plots. The example of the 
gene with insertion having length not multiple of three bases is shown in the fig. 1(A, B). This 
example shows that the gene encoding the ubiquinone oxidoreductase, chain G, from the genome of 
E.coli (B2283 in database KEGG) has 0

1x ≈850 and 0
2x ≈1100, i.e., insertion size is about 250 bases. 

This gene has the insertion which has the length equal to 3n+2, n≈83. 
The mathematical approach used in this paper is the expansion of the method which was used 

earlier to reveal the triplet periodicity phase shift [4]. In this work we have changed the 
mathematical method for the following positions. Firstly, two triplet matrices (to the left and to the 
right from the position x, see paragraph II.A) were compared using the level of similarity rather 
than using the level of a difference. It is more correct since it allows to ignore such position x, in 
which the matrix M1(x1-L1+1, x1) is not similar to any of the matrices Mk(x2+k, x2+L1+k-1), 
k=1,2,3.. This situation may arise due to the splicing of gene fragments and in this case the 
difference between the matrices M1(x1-L1+1, x1) and M2(x2+1, x2+L1) may be greater than the 
difference between the matrices M1(x1-L1+1, x1) and Mk(x2+k, x2+L1+k-1), k=2,3 due to the 
existence of certain classes of triplet periodicity [6]. In this case the splicing of genes could be 
identified as the phase shift of the triplet periodicity. The use of the similarity for the matrix 
comparison allows eliminating the possibility of identifying splicing of the genes with different 
triplet frequencies as triplet periodicity phase shift. Secondly, in this paper we have developed the 
approach for revealing insertions of long DNA fragments with lengths not multiple of three DNA 
bases. It is impossible to find the triplet periodicity phase shift upon insertion of long DNA 
fragments (>100 b.p.) in genes by the method proposed earlier [4]. The method proposed in the 
present work allows revealing triplet periodicity phase shifts after insertion of DNA fragment of any 
length (lengths should not be multiple of three DNA bases). We compared the results of this study 
with results that have been obtained previously [4] for the genes with a length greater than 1200 b.p. 
from bacterial genomes. Comparison was performed for the same level of the false positives 
number (~22%). This comparison shows that the examination of large DNA insertions allows to 
reveal about 2.4 times more genes with a phase shift of the triplet periodicity than it was revealed 
previously [4]. In addition, one can identify ~80% of genes with a phase shift, which were 
identified earlier. The remaining 20% of genes have no phase shift of the triplet periodicity, but 
rather the splicing of gene fragments took place. This error can occur in the algorithm developed 
earlier [4] because it uses the measure of matrices difference, as noted above. 

The results obtained show that unexpectedly large number of genes (~16%) have a phase shift of 
triplet periodicity (change points of triplet periodicity in gene sequences). Shift of the reading frame 
is likely to be relatively neutral mutation, which does not result in complete inactivation of the gene. 
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The results could be applied for search of genetic diseases which were arisen after the frame shifts 
in genes. 
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