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1. Introduction

The DNA molecule is made up of four nucleotides or bases 

– adenine, thymine, guanine and cytosine. Its primary 

sequence can be visualized as a language written with an 

alphabet of four letters, the symbols being A, T, G, C. The 

DNA sequence can also be treated as a quaternary symbol 

string. As a language has words with meaning or message 

content, DNA has coding sequences. Earlier all non-coding 

sequences were thought to be ‘gibberish’ or ‘junk’ DNA. 

Sustained research has established that non-coding DNA 

has biological functions no less important than those of the 

coding sequences. DNA, like any language has its dialects, 

accents and pauses. Dialects correspond to different 

genomes. Accents in the spoken language help locate people 

geographically. The structure of repeats – type and copy 

number-can be compared to the accent of an individual

and taken as a genome signature. The Alu repeats for

the human genome are an example of a well-known

accent. Just as the information content of a language can be 

analysed, the information content of a DNA sequence can 

be analysed and lead to a better understanding about the 

sequence itself.

Since DNA encrypts the genetic code it cannot be a random 

sequence of four symbols. Computational biologists are 

interested in studying correlations between the occurrences 
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of nucleotides (bases) at different sites or positions occupied 

by the bases along the sequence. For computing correlations 

between nucleotide – nucleotide pairs we have to fi nd whether 

there are dependencies of occurrence of nucleotides along the 

sequence. That is, given a nucleotide, say α at site ‘i’ of the 

DNA sequence we want to fi nd the probability of occurrence 

of nucleotide β at site ‘j’ of the same sequence, where ‘j’ is a 

site ‘k’ bases downstream. From this conditional probability, 

we can then fi nd the correlation function between these two 

nucleotides or bases.

There are several ways in the literature of mathematically 

defi ning what is meant by ‘correlations’. As a measure 

for estimating correlations, we have chosen the Mutual 

Information function as defi ned by Shannon’s theorem 

(Shannon 1948) from Information Theory, since it is 

uniformly applicable to any system of study and has an easily 

understood defi nition. The objective (system independent) 

nature of Mutual Information as a measure of correlations is 

discussed in detail in Li (1990).

In order to compute the Mutual Information function, 

we have to reduce the DNA sequence to a quaternary string 

of numeric symbols say 0, 1, 2, 3 for bases A, T, G, C, 

respectively. Alternatively we may use a property of the DNA 

molecule to make the four symbols collapse to two, thereby 

converting it to a binary string of symbols.

One possible choice is to take the strength of

hydrogen bonding between A - T pair which is weak (W),

and that between the G - C pair which is strong (S).

This makes the DNA sequence a string of binary

symbols W and S.

If we have a DNA sequence of length N composed of bases 

α
i
, where α is one of the nucleotides A, T, G or C at position 

‘i’ on the sequence, 

     α
1
, α

2
, α

3
..........α

N.

Then the sequence of symbols α
i
 has to a be reduced to string 

of numbers before one can study the correlations hidden in 

the sequence.

For this purpose, we use the projection operator method of 

Voss (1992) and use U
α 
(i) = 1, if α

i 
the symbol at position i is 

α ; otherwise we take it as zero.

Let us consider the following small sequence for 

illustration.

If we consider site ‘j’, which is ‘k’ bases downstream from 

site ‘i’ that is 

     j = i + k.

We can defi ne a correlation function

Where α and β belong to the set {A, T, G, C}and the symbol 

<.......> denotes taking an average over the entire sequence. 

When α and β are different, equation (1) defi nes a cross-

correlation function and when α and β are identical, it 

defi nes on auto-correlation function.

However this is not the only way correlation functions are 

defi ned in literature. Sometimes, the expression is divided 

by ‘k’; in some references the defi nition that includes the 

covariance and variance of a distribution (of symbols in this 

case) is used. 

1.1 Mutual Information function

We have used the Mutual Information function M (k) as 

defi ned by Shannon (1948) and applied to biosequences by 

Li (1990, 1997) which, by defi nition is a weighted sum over 

all sixteen nucleotide – nucleotide correlation functions. 

It indicates in a single parameter the correlations, if any, 

between the symbols in a string.

If {x
i
} i = 1, 2,......N is to symbolize the sequence

string with N being the total number of bases or nucleotides 

and

are the independent frequencies of occurrence of base α ε 

(A, T, G, C) and base β ε (A, T, G, C) at position i and j of 

the sequence and N
α
 and N

β
 are the number of bases of type 

α and β, respectively, then the Mutual Information function 

M (k) is defi n ed as:

Where p
αβ

 (k) is the conditional probability of a base α ε (A, 

T, G, C) existing at site i with a base β ε (A, T, G, C) at a site 

j where j = i + k, and n is the number of symbols in the DNA 

alphabet or symbol string. The conventional units of M (k) 

are bits if the logarithm is taken to the base 2. If there was no 

mutual dependence of occurrence of nucleotides along the 

DNA sequence, then

          p
αβ

 (k) = p
α
 p

β 
.

And in that case the Mutual Information function M (k) as 

defi ned above is zero.

However, if 

    p
αβ

 (k) > p
α
 p

β
, 
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then the occurrence of nucleotides (bases) α and β are said 

to be positively correlated and the value of M (k) as defi ned 

above is positive.

If the sequence was totally random then M (k) would 

have a value that would be inversely proportional to N, the 

total number of nucleotides in the DNA sequence string (Li 

1997). N is taken to connote genome size or genome length 

and is measured in units of nt (nucleotides) or kb (kilobases) 

or Mb (megabases). Therefore, the minimum value of M 

(k) for a given DNA sequence for a prokaryote of genome 

size 4 Mb is typically 10–6. This is also called the ‘volume 

exclusion factor’ (Chechetkin and Turygin 1996).

We have n = 2 for binary and n = 4 for quaternary strings 

and these are said to be the alphabets denoting the number of 

symbols needed to defi ne the symbol string in either case. 

There are two other possible choices for binary alphabets 

to represent the DNA symbol string based on the chemical 

structure of the nucleotides A, T, G and C. These are: 

Purine (A/G) and pyrimidine (C/T)

Amino (A/C) and keto (T/G).

The species independence of the three-base periodicity 

which arises in coding sequences due to codon usage bias is 

shown clearly for all DNA sequences when we make a plot of 

M (k) versus the base separation k. We have analysed the entire 

genome analysis with the nucleotide – nucleotide correlation 

function for all possible sixteen combinations of correlation 

functions. M (k) is computed by varying base separation from 

1 to 105 or 0.1 Mb. For a typical bacterium, the size of the 

genome or genome length may be taken to be 2 Mb.

This means that we are probing short-range correlations 

say from (1–100) bases and also for base separation of 

the order of (100–3000) in length. The second upper limit 

corresponds roughly to the maximum possible length 

of coding sequences which can also be estimated from

M (k) versus k plots. Finally, there is the really long range 

estimation of correlations for (104–105) base separation, 

which is termed ‘asymptotic’ in this paper.

We fi nd that after we take the average of the data to 

smoothen out the three base periodicity, the repeat structure 

inherent in the DNA is revealed. In this work we look at the 

effect of strain difference on Mutual Information and then 

use it to detect similarities or differences in controversial 

cases such as that of certain strains of Bacillus thuringiensis 

and Bacillus cereus mimicking the Bacillus anthracis 

pathogen as claimed in Helgason et al (2000).

Earlier studies involving Mutual Information function 

include those by Berryman and Abbott (2004), Grosse et 

al (2000) and Holste et al (2003), to cite a few. They have 

applied it study to coding and non-coding regions separately 

or to analyse repeat structures but to our knowledge this is the 

fi rst study to use M (k) as a strain- discriminating function.

Another simple method often used for analysing 

periodicities of the DNA sequence is the method of Fourier 

Transforms and spectral analysis (Silverman and Linsker 

1986; Tiwari et al 1997; Lobzin and Chechetkin 2000; Swati 

2007). For circular sequences there is a simple relation 

between the autocorrelation functions as defi ned in equation 

(1) and the Fourier transform of the power spectra (Wiener-

Khintchine Theorem 1949). But this does not apply to linear 

sequences of prokaryotic and eukaryotic genomes (Lobozin 

and Chechetkin 2000). For such cases, direct evaluation of 

correlation functions is required and it is shown in this paper 

that determining the Mutual Information function gives 

information not only on the over- all content of the genome 

in a single parameter but each term of equation (1) may 

be used to observe the individual nucleotide - nucleotide 

correlation functions as well.

2. Materials and methods

The study has been done on several bacterial strains. The 

bacteria chosen were mostly different types of pathogens of 

differing genome lengths and compositions i.e. guanine and 

cytosine (GC) content. The genomic data were downloaded 

from Genbank which is available at the site maintained by 

NCBI: http://www.ncbi.nlm.nih.gov/. The compositional 

details, GC%, which is the percentage of GC taken together, 

relative to the total number of nucleotides in a given DNA 

sequence, has been taken from the Comparative Genometrics 

site maintained by the University of Lausanne at: http:

//www2.unil.ch/comparativegenometrics/.

All genomic data are given in table 1 of the Supplementary 

Material folder.

A program in C++ was written by Rithun Mukherjee1 to 

compute the Mutual Information function for all possible 

base separation beginning with k=1 and ending at (N/2) 

for circular sequences and (N-k) for linear sequences 

(chromosome and plasmids) where N is total number of 

bases or genome length.

The word size could be changed. For one word i.e. 

for value of k equalling 1, the 16 nucleotide – nucleotide 

correlation functions could be examined separately and 

their properly scaled sum generated to give the Mutual 

Information function M (k). The maximum alignment 

and repeat fi nding software MUMmer by Kurtz et al 

(2004) was used to corroborate the results obtained in

this study. This is an open source software available at:

http://mummer.sourceforge.net/. This software uses the 

Suffi x Tree method to fi nd maximal pairwise matches 

between megabases long genomic sequences, where regions 

of maximal match, insertions or deletions are shown visually 

through plots, known as MUMmerplots.

1Formerly at Center for Computational Biology and Bioinformat-

ics, SIT., Jawaharlal Nehru University, New Delhi 110 057.
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3. Results

The results for computing Mutual Information function M 

(k) for a given base separation k are plotted for different 

bacterial species and strains, the details of which are 

given in the legends below the fi gures. The M (k) for a few 

randomized sequences are shown as the minimum value 

expected for Mutual Information function which may be 

used as a basal reference level. These values agree well 

with the predicted value termed ‘volume exclusion factor’ 

(Chechetkin and Turygin 1996).

The nature of fi gures can be categorized in four main 

classes:

(i)  The Mutual Information function M (k), fi rst plotted 

without any smoothening as in fi gures 3 for Xylella 

fastidiosa strains and in fi gure 1 of Supplementary 

Material Folder. Then a smoothened plot of each 

strain is superimposed on the earlier plot.

Figure 1. Mutual information M(k) vs base separation k: T. tengcongensis:  Quaternary – red; quaternary (randomized sequence) – black; 

binary M/K – green; binary R/Y – blue; binary S/W – pink.
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Figure 2. Mutual information M(k) vs base separation k: for different bacteria: E. coli – red; D. radiodurans I – green; D. radiodurans II 

– blue; C. diphtheriae – pink;  C. tetani – black.
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(ii)   Figures 5, 9 and 14 are examples of M (k) 

smoothened by doing a sliding window averaging 

method over the entire data, taking the window 

size to be 3 bases to smoothen out the three-base 

periodicity due to codon usage bias shown in 

all the Mutual Information function plots. This 

smoothening results in the short sequence repeats 

(SSR) structure seen in the M (k) plots.

(iii)  The three-base periodicity can be removed by 

choosing a window size to be a multiple of three, 

for example any of the numbers 45, 51, 99 or 102 

may be taken to smoothen out the SSRs and reveal 

the structure for large-base separation. We have 

chosen the window size to be 51. Figures 1, 2 and 

11 are of this type.

(iv)  The remaining fi gures are a superimposition of two 

types of plots. First a plot of Mutual Information 

data is smoothened by window size 3 and then 

the same M (k) data smoothened by window size 

51 is superimposed on that. It may be noted that 

with values of M (k) getting smaller for k-values 

larger than 50,000 the variations in the asymptotic 

value of M (k), that is M (k) for large values of k 

are visible only after the random fl uctuations are 

smoothened out. The window size of 51 is an 

optimum size for this purpose.

(v)  Figures 6–20 are generated using the software 

MUMmer (Kurtz et al 2004). The reference 

sequence is plotted along the x-axis and the query 

sequence is plotted along the y-axis of each plot. If 

the match is maximal, one gets a perfect diagonal.

4. Discussion

4.1 General features of M (k) 

The effect of computing Mutual Information for a randomized 

sequence of a DNA molecule is shown in fi gure 1 for T. 

tengcongensis along with the relative information content of 

different binary string choices of S/W, R/Y, M/K. The highest 

information content - revealed by values of M (k) – is for the 

quaternary string, which is logically expected. It is worth 

noting that T. tengcongensis is an AT-rich genome and the 

R/Y binary choice has the highest information content among 

possible binary alphabet choices. The M(k) for the randomized 

sequence of this DNA is shown to be fl at as expected and 

corresponds to the minimum possible value coming from 

‘volume exclusion effect’ (Chechetkin and Turygin 1996). 

Figure 2 is a comparison of four phylogenetically dissimilar 

bacteria: E. coli, D. radiodurans chromosomes I and II, C. 

tetani and C. diphtheriae. This is included to indicate how M(k) 

patterns can vary widely with genomes of different species.

Figure 3 shows a comparison of two different strains 

of Xylella fastidiosa which have very similar information 

content. The very large base separation plots show some 

minor variation. The three-base periodicity is clearly shown 

and a smoothened plot over window size 51 is also included. 

The values of M(k) for asymptotic values of k show some 

variation as noted above. The repeat structure of the two 

strains may be different (Colleta-Filho et al 2001) and this 

may be responsible for the observed variation.

Figure 4 shows a remarkable difference between the 

two strains of P. marinus_ MIT-9313, which is a high light-

adaptative type and is able to grow at very low irradiances 

(greater ocean depth) and P. marinus _MIT-9312, which is 

a low light-adaptative type, and can only grow at higher 

irradiances (close to the ocean surface as discussed by 

Rocap et al 2002). Both are marine species that fl ourish at 

different oceanic depths and use different mechanisms for 

photosynthesis. When fi ve different strains of the marine 

Cyanobacteria Prochlorococcus spp were compared, four 

seem to group together and P. marinus_MIT-9313, the 

high light adaptive type seems quite different. It is larger in 

length and has a much higher GC%. (see table 1 and fi gure 

2 in Supplementary Material Folder ). From that fi gure it is 

apparent that the other three strains, P.marinus_NATL2A, 

P. marinus_marinus and P. marinus_ pastoris give Mutual 

Information plots which are very similar to P. marinus_MIT- 

9312. It may tentatively be concluded that all three are low 

light-adaptative strains.

In fi gure 5 we see the Mutual Information plots of six 

Mycoplasma species. Each is distinguishable and shows a 

different structure of SSR exhibiting a genomic difference 

at the primary sequence level. This may be contrasted with 

fi gure 10 of different strains of M. hyopneumoniae, which 

show an almost identical nature. 

However, we can deduce that different species appear to 

show different dependence of M (k) on base separation k and 

the difference in behaviour of M (k) points to a difference 

in the structure of the DNA sequence at the primary level. 

Bacterial strains on the other hand should show overall 

similar behaviour of M (k). We shall see that there are 

notable exceptions to both assumptions. One exception to 

M (k) of strains showing similar patterns is the case of the 

P.marinus MIT 9312 and P. marinus_MIT- 9313 strains as 

delineated above.

4.2 Clostridia: Clostridium perfringens strains

Figure 6 shows the plots for four strains of C. perfringens, 

C. novyi_NT and C. tetani_E88 with C. acetobutylicum as 

a counterpoint. The plots for smoothening over window size 

3 are remarkably similar in SSR structure and look different 

only for very large base separation. The very recently 

sequenced genome of C. novyi_NT seems to have slightly 
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higher mutual information content for large base separations 

and indicates the possibility of large copies of repeats. The 

unusually large value of M (k) for all Clostridia can possibly 

be related to the strand asymmetry seen with respect to the 

location of their coding sequences (Shimizu et al 2002). More 

than 80% of the coding sequences lie on the leading strand. 

The analysis of the reasons leading to relatively large values 

of asymptotic M ( k) is being done by the author at present.

The results of MUMmer software applied to genome 

sequences of C.tetani E88 and C. perfringens_13, and two 

Figure 3. Mutual information M(k) vs base separation k: X. fastidiosa strains 9a5c c – red; Temecula 1 – green; smoothened plot (window 

size 51) of mutual information: 9a5c – blue; Temecula 1 – pink.
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Figure 4. Mutual information M(k) vs base separation k : P. marinus strains: MIT-9313 – red; MIT-9312 – green: smoothened plot 

(window size 51) of   mutual information: MIT-9313 – blue; MIT-9312 – pink.
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strains of C. perfringens_13 and _SM101 are shown in 

fi gures 10 and 11 of the Supplementary Material Folder. 

There is little match seen between C. tetani_E88 and C. 

perfringens _13, but except for the deletion at around 1.2 

Mb, there is a good match in the sequence of the two strains 

of C. perfringens_13 and _SM101. Their plots of M (k) are 

also somewhat different at large values of base separation 

k. To search for sequence similarity between the plasmid 

Figure 5. Mutual information M(k) vs base separation k : Mycoplasma: M. genetalium – red; M. gallisepticum – green; M. pneumoniae_

M129 – blue; M. hyopneumoniae_232 – pink; M. capricolum_capricolum – light blue; M. synoviae – yellow.
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Figure 6. Mutual information M(k) vs base separation k : Clostridia: C. tetani – red; C. acetobutylicum – green; C. perfringens strains: 

13 – blue; ATCC-13124 – light blue; SM101 – pink; novyi-NT – orange; smoothened plot of mutual information: C. tetani – black; C. 

perfringens_13 – rust; C. perfringens_novyi-NT – yellow; C. acetobutylicum – grey.
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DNA, the C-C Correlation function for the plasmids of 

C. perfringens_SM101 and plasmids of C. perfringens 13 

and C. tetani were plotted. C. perfringens_SM101 has also 

encapsulated a prophage phi SM101, the C-C correlation 

function for which was also plotted. It appears that there is 

no sequence similarity between the various plasmid DNA. It 

can safely be concluded that there will be a difference in the 

functional ability of each. 

4.3 Escherichia coli strains

Figure 7 is plot for six strains of Escherichia coli: K12, 

UTI189, O157: H7 Sakai, O157:H7-EDL933, CFT073 and 

the recently sequenced 536 (Brzuszkiewicz et al 2006). 

Five of the strains show identical SSR structure but there 

is a striking departure in the M (k) plot of E. coli_O157:

H7-EDL933. The M (k) plots, smoothened by window 

Figure 7. Mutual information M(k) vs base separation k : E. coli strains: K12 – red; CFT073 – green; O157: H7-EDL933 – blue; O157:

H7 –Sakai-pink; UTI89 – light blue; 536 – yellow; smoothened plots of mutual information O157: H7-EDL933 – rust; O157: H7 – Sakai-

black; CFT073 – grey.
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Figure 8. Mutual information M(k) vs base separation k : Helicobacter pylori strains: 26695 – red; HPAG1 – green; J99 – blue; 

smoothened plot of mutual information: 26695 – pink; HPAG1 – light blue; J99 –yellow.
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size 51 show similar results in the variation of long-range 

behaviour. The two O157:H7 strains are compared with

the laboratory strain K12 by Hayashi et al (2000) and by

the author in a comparative study using the versatile 

software MUMmer (Kurtz et al 2004), the results of 

which are shown in the Supplementary Materials Folder 

in fi gures 12–15. The MUMmer plots obtained show that 

the pathogenic strain O157:H7-EDL933 has an insertion 

Figure 9. Mutual information M(k) vs base separation k: Yersinia: Y. pestis strains: KIM – red; CO92 – green; Antiqua – black; Nepal516 

– pink; biovar_Microtus – light blue; Y. pseudotuberculosis – blue.

0.1

0.001

1e-04

1e-05

1e-06

1e-07

1                       10                    100                   1000                 10000          100000

Figure 10.  Mutual information M(k) vs  base separation k : M. hyopneumoniae strains: 7448 – red; 232 – green; J – pink; M. synoviae_53 

-- blue; smoothened plot of mutual information: M. synoviae_53 – light blue; M. hyopneumoniae strains: J – black; 232 – yellow; M. 

synoviae_53 (randomized sequence) – grey.
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sequence which is different from that of all the other

strains sequenced and studied till date, including O157:

H7-Sakai. The other strains have large regions of max-

imal matches with each other, one example of which is 

shown in the fi gure 13 of the Supplementary Materials 

Folder. This is similar to the almost identical variation of 

the M (k) plots of all strains other than O157:H7-EDL933 

in fi gure 7.

Figure 11.  Mutual information M(k) vs base separation k : Ehrilichia and Anaplasmataceae: A. phagocytophilum – red; E. chaffeensis_

Arkansas – green; E. canis_Jake – pink; E. ruminantium_Gardel – light blue; E. ruminantium_Welgevonden – black; N. sennetsu_Miyayama 

– blue.
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Figure 12.  Mutual information M(k) vs base separation k : Chlamydiae: C. pneumoniae strains: CWL029 – red; AR39 – green; TW183 

– blue; J138 – yellow; C. muridarum – light blue; C. trachomatis – pink; smoothened plot of mutual information: C. muridarum – grey; C. 

pneumoniae strains: CWL029 – orange; J138 – black;  J138 (randomized sequence) – rust.
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4.4 Helicobacter pylori strains

Figure 8 shows highly similar plots for three strains of H. 

pylori. Even the large- range behaviour is strikingly similar. 

This may be due to the more than 90% sequence similarity 

as reported in Salama et al (2000). However, there are two 

regions of deletion in H. pylori 26695 and two distinct 

regions of insertion in H. pylori J138, which may account 

for the difference in their M (k) plots. Further analysis is 

required before fi rm conclusions can be drawn.

4.5 Yersiniae: Yersinia pestis strains

Yersinia pseudotuberculosis is shown as a counterpoint to 

the Y. pestis strains in fi gure 9. Y. pestis diverged from Y. 

pseudotuberculosis as recently as 20,000 years ago (Huang 

et al 2006) and there is a high level of homology at the DNA 

level. Their sequences are more than 90% alike and their 16 S 

rRNA are identical (Brubaker 1991), yet they differ markedly 

in their pathogenicity (Radnedge at al 2002; Hinchcliffe et 

al 2003). This behaviour is quite like that obtained for the B. 

cereus, B. anthracis and B. thuringiensis. These strains too 

possess plasmids with toxic genes, one that is common to all 

and others that are species- and strain-specifi c. The common 

plasmid called pLCR or pYV is found to be necessary for 

virulence. If it is lost, then the strain becomes avirulent. 

This holds even for the highly virulent strain Y. pestis which 

causes bubonic plague (Huang et al 2006).

4.6 Mycoplasmataceae: Mycoplasma hyopneumoniae 

strains

Figure 10 is a plot for the Mutual Information function for 

three strains of the porcine pathogen M. hyopneumoniae_

232, _7448 and J along with the avian pathogen Mycoplasma 

synoviae_53. There is some variation among the strains for 

long-range correlations as evinced by the M (k) plot in the 

fi gure. Mycoplasma synoviae also clearly shows a different 

SSR structure indicating that it belongs to a different species 

(Minion et al 2004; Vasconcelos 2005). M. hyopneumoniae_

J has a larger asymptotic value of M (k) than the other two 

M. hyopneumoniae strains. This is a noteworthy fact and in-

depth analysis will confi rm or negate as to whether the large 

asymptotic value of M (k) is due to the presence of a large 

number of copies of repeats (Berryman and Abbott 2004; 

Johansson et al 2004). 

4.7 Ehrlichiae: Ehrlichia ruminantium

The study of four different strains of Ehrlichia, compared 

and contrasted to Anaplasma phagocytophilum and 

Neorickettsia sennetsu Miyayama yield very interesting 

results as shown in fi gures 11 and 4 of the Supplementary 

Material Folder. The M (k) for Ehrlichia canis_Jake 

and Ehrlichia chaffeensis and three strains of Ehrlichia 

ruminantium fall close together, giving remarkably similar 

patterns but Anaplasma phagocytophilum, Anaplasma 

marginale and Neorickettsia_sennetsu_Miyayama M (k) are 

strikingly different. The similarity and differences between 

these closely related species is given in Dunning-Hotopp

et al (2006). The asymptotic value of M (k) of the Ehrlichiae 

is ten times larger than the Anaplasma species. Eight percent 

of the genomes of the E. ruminantium strains is occupied by 

large copies of variable number of tandem repeats (VNTR) 

as shown by Collins et al (2005). A recent study by Frutos

et al (2006) has shown that E. ruminantium strains have a 

much higher number of repeats than the Anaplasmas and 

that these repeat structures in the intergenic regions of E. 

ruminantium may be taken as a marker of their subspecies. 

The M (k) of E. ruminantium_Gardel and E. ruminantium_

Welgevonden are identical, so much so that apart from 

being cultured at different places from different sources 

they seem to be the same. There are also two accession 

numbers assigned to E. ruminantium_Welgevonden, NC_ 

006832 and NC_005925, as can be checked from the NCBI 

database. They too yield identical patterns.

4.8 Chlamydiaceae: Chlamydia pneumoniae strains

Figure 12 shows the Mutual Information function plots for 

four C. pneumoniae strains along with C. trachomatis and 

C. muridarum. The plot of M (k) smoothened over window 

size 3 shows the SSR structure and the difference between 

C.muridarum, C. trachomatis and C. pneumoniae strains is 

visible. The superimposed plot of M (k) smoothened over 

window size 51 shows that the asymptotic value of M (k) 

is larger for C. pneumoniae_J138 strain than the others 

shown in fi gure 12. The reason for this variation is still 

to be studied. The Mutual Information function for the 

randomized sequence of C. pneumoniae_J138 is also plotted 

to give the minimum possible value for M (k). 

4.9 Francisella tularensis and Legionella pneumophila 

strains

Figure 13 shows the Mutual Information function plots for 

fi ve strains of F. tularensis . Of these F. tularensis_tularensis 

strains are highly virulent and cause the disease tularaemia, 

whereas F. tularensis holarctica strains are mildly virulent 

and F. tularensis novidicida is avirulent. Figures 16 and 

17 of the Supplementary Materials Folder also show a 

dissimilarity at primary sequence level of F. tularensis 

Schu4 and F. tularensis_holarctica and similarity of the 

two strains of F. tularensis_holarctica. Of the two strains of
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F. tularensis_holarctica, one has a circular chromosome like 

most other bacteria and the other, F. tularensis_holarctica 

OSU18 has a linear chromosome. The superimposed plot in 

fi gure 13 shows a slight increase in asymptotic value of M (k) 

for F. tularensis_holarctica OSU18 vis-à-vis the asymptotic 

value of M (k) for F. tularensis_holarctica. There is a hint 

here that the behaviour of M (k) might be different for very 

large values of k. This bears further investigation since

the Mutual Information function for linear chromosomes

of eukaryotes shows an increasing trend which may be

due to the effect of telomeres. (D Swati, unpublished 

results). 

Figure 14 shows the remarkable repeat structure in the 

M (k) plots of the strains Paris and Lens of Legionella 

Figure 13.  Mutual information M(k) vs base separation k: F. tularensis strains: Schu4 – red; tularensis – green; holarctica – pink; 

holarctica-OSU18 -- light blue; novicida – blue; smoothened plot of mutual information: Schu4 – yellow; holarctica – rust; holarctica-

OSU18 – black.
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Figure 14.  Mutual information M(k) vs base separation k: L. pneumophila strains: Lens – red; Paris – green; Philadelphia-1 – blue; 

smoothened plot of mutual information: Lens – pink; Paris – light blue; Philadelphia-1 – black.
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pneumophila. The plot shows an identical periodicity 

of 500 nucleotides or bases for these two strains but the

L. pneumophila_ Philadelphia-1 strain from a different 

continent does not have this signature SSR [verifi ed through 

appropriate window-averaging as well as independent repeat 

fi nding software (Kurtz et al 2004)]. The environmental 

effects on development of different strains may be surmised 

from this (Cazalet et al 2004).

Figure 15.  Mutual information M(k) vs base separation k : Bacillus: B. anthracis_Ames_ancestor – red; B. cereus_ATCC-10987 – green; 

B. thuringiensis_konkukian-9727 – blue; B. subtilis_subtilis – pink; B. halodurans_C125 – light blue; O. iheyensis_HTE831 – black.
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Figure 16.  C-C correlation function vs base separation k:  B_anthracis_Ames_ancestor-pXO1 – red; B_anthracis_Ames_ancestor-pXO2 

– green; B_cereus_ATCC-10987-pBc – pink; B_thuringiensis_konkukian-9727-pBT – blue.
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4.10 Bacilli: B.anthracis and B. cereus strains

The comparison of three different strains of B. anthracis and 

B. cereus shows that they have remarkable identity (Ivanova 

et al 2003). It appears as if only one strain was being

plotted. This is shown in fi gure 3 of the Supplementary 

Material Folder. Figure 15 shows the results of a 

comparison between fi ve bacilli: Bacillus subtilis_ 

subtilis, B. halodurans_C-125, B. cereus_ATCC-10987,

B. thuringiensis_serovar_konkukian 97-27, B. anthracis_

Ames ancestor and Oceanobacillus iheyensis_ HTE831. 

In this plot B. subtilis_subtilis and B. halodurans and O. 

iheyensis_HTE831 all show different behaviour of Mutual 

Information function M (k) with respect to base separation k 

for large k. This is indicative of a genome signature. There 

are a host of articles that have studied the closely related B. 

anthracis, B. cereus and Bacillus thuringiensis. Only few 

SNPs separate the genomes (Read et al 2002). A plethora 

of wet laboratory work involving PCR (Radnedge et al 

2003), microarray (Zwick et al 2004),16S and 23S rRNA 

analysis (Cherif et al 2003; Hoffmaster et al 2004) and the 

work of Daffonchio et al (2006) draw confl icting results 

about whether this near-identity in sequence implies that 

these particular strains of B. cereus and B. thuringiensis 

have become as pathogenic as B. anthracis and may cause 

anthrax.

After the plasmids of each Bacillus was sequenced and 

studied it was surmised that the opportunistic pathogen B. 

cereus or the insect pathogen B. thurigiensis konkukian 

could mimic a strain of B. anthracis only if it had acquired 

the plasmid pXO1 or pXO2 of B.anthracis by a horizontal 

gene transfer event. In fi gure 16 we see that the behaviour 

of M (k) of the plasmid pBT of B. thuringiensis is different 

from the behaviour of M (k) of the plasmid - pBc of B. cereus 

and the plasmids pXO1 and pXO2 of B. anthracis_Ames. To 

ensure that the roles of plasmids are different, the nucleotide–

nucleotide correlation functions were studied. The results 

for the correlation function for C–C are displayed in fi gure 

16. The difference in the C-C correlation functions for the 

various plasmids is clearly seen. Therefore the toxicity genes 

that reside on the plasmids pXO1 and pXO2 and are partly 

responsible for causing the disease anthrax are probably not 

generated by any subsequence of the plasmids pBT of B. 

thuringiensis and plasmid pBc of B. cereus. A MUMmer plot 

of plasmids pXO1 and pXO2 show some sequence identity 

as shown in fi gure 20 of the Supplementary Materials folder. 

The MUMmer plot of pBT and pXO1 does not show any 

match. We can tentatively conclude that near-identity of 

sequences of chromosomal DNA does not lead to similar 

pathogenic behaviour. The structure and function of the 

plasmid and chromosomal DNA taken as a whole should be 

considered before confi rming the pathogenicity or otherwise 

of a particular bacteria. 

5. Conclusion

To summarize, we can draw the following conclusions:

•  M (k) can be used to select coding regions. The scale 

of an average coding region can be easily read from 

the M (k) versus k plot.

•  The behaviour of M (k) seems to depend on the GC%. 

More data should be generated to do a proper statistical 

analysis to draw this conclusion defi nitively.

•  The plot of M (k), after the three-periodicity is 

smoothened out, can be used to detect SSR if any.

•  The similarity and difference between M (k) of different 

strains are also revealed as shown by our limited but 

varied case studies. Mutual Information function M (k) 

can be taken as a genome signature and used to identify 

new and controversial bacterial strains.

•  The dramatic results of sequence similarity of B. 

anthracis_Ames with B. cereus ATCC 10987 and 

B. thuringiensis serovar_konkukian is because the 

sequences are more than 90% similar. So much so, 

that 16S rRNA and 23S rRNA analysis cannot reveal 

the differences (Helgason et al 2000). However, the 

role of plasmids should be studied in detail before 

drawing conclusions about the presence or absence of 

pathogens causing anthrax or any other disease.

•  The highly noteworthy difference shown in the M (k) 

plot of E. coli O157:H7-EDL933 from others points 

to a probable horizontal gene transfer (HGT) event, 

but confi rmation can only be done by doing wet-lab 

experiments or examining the sequence in segments 

and doing in-depth analysis.

•  The use of the Mutual Information function is seen 

to be effective in identifying new strains vis-a-vis 

existing completely sequenced strains. 

•  The comparable method of spectral analysis using 

Fourier Transforms does not yield the varied results that 

the method of Mutual Information does. Even in this 

study, where we have not used it to study frame-shifts 

or dinucleotide-dinucleotide correlations and have thus 

limited its utility, we have got a measure of average 

coding sequence length, SSR structure and large-range 

correlations by the use of just one computational 

method. While specifi c features such as pathogenicity 

cannot be decided by sequence analysis alone without 

resorting to proteomics, Mutual Information function 

can serve as a genome signature and hence be used to 

identify strain similarities and differences.
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