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Abstract— The nucleotide usage patterns vary not only from 
organism to organism, but also between genes in the same 
genome. Each genome has its own characteristics. This unique 
identity, called genome signature, of a genome is 
multidimensional. One of the ways to probe into this area is to 
analyze the nucleotide sequence composition of the genome. In 
this paper, the nucleotide compositional structure of SARS 
Corona virus which is the cause of the Severe Acute Respiratory 
Syndrome (SARS) is analyzed. Both the mono, di and tri 
nucleotides compositions are explored to find out the genomic 
nucleotide pattern. The Kohonen’s self-organizing map neural 
network model is used as a tool to analyze the strengths of 
different nucleotide signatures of the genome. The analysis 
reveals that SARS virus is Thymine dominated, AT-rich and has 
the dinucleotide signature as qualitatively best signature, 
although codon and RSCU based SOM results in clearer cluster 
maps. 
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I. INTRODUCTION

The comparative genomic studies show that organisms use 
nucleotides in a non-random, species specific fashion.  The 
nucleotide compositional constraints, due to environmental 
pressures, affect both coding and noncoding regions and 
influence not only the structure but also the function of the 
genome [3]. Hence, the analysis of the nucleotide arrangement 
becomes crucial. But, predicting how much variation in 
nucleotide usage exists in a genome can be quite a difficult 
and challenging task. This article explores the nucleotide 
patterns that are buried in SARS genome. 

As the molecular sequence data continue to grow 
exponentially due to the various sequencing projects, the 
nucleotide pattern analysis becomes crucial. The abundance of 
the genomic data, calls for new tools and techniques to 
identify biologically relevant features in the sequences. One of 
the recent tools to analyze the bio-sequence data is the Self-

Organizing Map (SOM) invented by Teuvo Kohonen [8], [9]. 
The SOM neural network was applied successfully to a variety 
of problems, such as to extract uncommon sequences [2], to 
categorize interspecies genes [5], to analyze the codon usage 
[6], to classify prokaryotic and eukaryotic genomes [1], to 
identify atypical sequence composition [12], to discover 
motifs [13], to discover new groups in human endogenous 
retroviral sequences [15]. The list is endless. But none of them 
analyzed the SARS Corona virus composition using the SOM 
neural network. 

SARS is an atypical form of pneumonia that first appeared 
in November 2002 in Guangdong Province, China. On April 
7, 2003, WHO announced that it was generally agreed that a 
newly identified corona virus is the major causative agent of 
SARS. The SARS virus belongs to a class of viruses known as 
coronaviruses. They are distinguished by the presence of a 
single-stranded plus-sense RNA genome about 30 kb in length 
[14]. The genome has all the features characteristic of a 
coronavirus, but is sufficiently different from all previously 
known coronaviruses to represent a new coronavirus group. 
The SARS Corona virus genome contains five major open 
reading frames (ORFs) that encode the replicase polyprotein 
(rep); the spike (S), envelope (E), and membrane (M) 
glycoproteins; and the nucleocapsid protein (N) in the same 
order and of approximately the same sizes as those of other 
coronaviruses. [4], [16]. The nucleotide sequence can be 
obtained from the NCBI Genbank website  

In this paper the nucleotide compositional analysis of SARS 
Corona virus is done with the aim to find out the strengths of 
different nucleotide signatures with the help of the SOM 
neural network. The SARS Corona virus genome is taken for 
this study. The complete genome sequence is got from the 
NCBI (Refseq: NC_004718, GenBank: AY274119). The 
length of the genome is 29,751 nucleotides (nt). It has 40% 
GC content and there are 13 genes with 14 protein coding 
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segments. The DNA content has linear topology. There are no 
structural RNAs or pseudo genes. As much as 97% of the 
genome is used for coding. It has two large overlapping 
reading frames (ORFs) encompassing 71% of the genome. 
These are the non-structural polyproteins with 6880 
nucleotides and 4189 nucleotides. The third largest gene is the 
structural spike protein consisting of 1241 nucleotides. There 
are as many as 8 hypothetical proteins. 

The rest of the paper is organized as follows. In the second 
part, the monomer and dimmer nucleotides are explored to 
find out the compositional pattern of the virus. The third part 
deals with the codon compositional patterns. The fourth part 
explains the necessary concept of Relative Synonymous  

 
 
Codon Usage (RSCU) along with detailed RSCU analysis 

of the SARS Corona virus and the fifth part gives a short 
review of the Kohonen Self-Organizing Feature Map. The 
final part analyses the genomic nucleotide patterns 
simultaneously with the help of the SOM in order to find out 
the strengths of various signatures, followed by the conclusion. 

II. MONO AND DINUCLEOTIDE PATTERNS OF SARS  
It is well known that both individual genes and entire 

genomes can vary significantly in nucleotide composition [3]. 
In fact, one of the most striking features of genomes is the 
range of nucleotide compositions represented. Some 
organisms have genomes that are disproportionately rich in 
guanine and cytosine (G and C), while others have DNA that 
is rich in adenine and thymine (A and T). For example, 
Borrelia burgdorferi has an overall GC content of only 25.5% 
in its coding DNA, while Mycobacterium tuberculosis has a 
GC content of 65.9% [17]. So, the nucleotide compositional 
variations of a genome form the basis of the genome signature. 
 
Analyzing the usage of the nucleotides in SARS genome, we 
see that Adenine and Thymine are used more than the 
Guanine and Cytosine. The usage priority order goes from 
Thymine, Adenine, Guanine and Cytosine in a descending 
order (Fig. 1). Therefore, the SARS virus has A & T rich 
nucleotide composition. It is evident from the overall GC ratio 
which is only 40.76% whereas the AT ratio is 59.23%. This 
AT bias leads to the possibility of high amount of AT-rich 
codons. Therefore, SARS virus would encode proteins rich in 
the Phenylalanine(F), Tyrosine(Y), Methionine(M), 
Isoleucine(I), Asparagine(N), and Lysine(K) amino acids. At 
the same time we can expect that the Glycine(G), Alanine(A), 
Arginine(R) and Proline(P) amino acids will be less since 
these are GC-rich amino acids and the GC percentage of the 
SARS genome is low. 

As far as the protein coding genes are concerned, there are 
14 protein coding genes in the SARS corona virus. The 
nucleotide patterns of these 14 genes are given in the figure 
(Fig. 2). The global genomic bias of Thymine and Adenine 
amino acids is reflected in all the genes. It is interesting to 
note the signature of each protein coding genes in terms of the  

 

 

 
 
 

 
 

Fig .2 
 
 
 
number of various nucleotides. In Replicase gene Thymine 

dominates followed by Adenine guanine and Cytosine. In this 
way the mono nucleotide signature can be framed as TAGC. 
Similarly we can form the nucleotide signatures of the other 
genes. For Spike gene we have the signature as TACG (S), 
and other signatures are TACG, ATCG, TACG (Eprotein), 
TAGC, TAGC, TACG, TACG, TACG, TAGC, 

ACGT(Capsid), ACGT, CGAT respectively. Looking at the 
signatures, we can see that signatures starting with T are 
dominating (10 numbers) which is nothing but the reflection 
of the genomic domination of Thymine. Adding the 

    
Fig. 1 

Fig. 3 
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percentages of each amino acid can make the signature more 
unique and not repetitive. 

III. TRI-NUCLEOTIDE PATTERNS OF SARS  
Codon usage pattern can reveal many things about a 

genome as well as the genes of a genome. Codon usage 
patterns vary not only from organism to organism, but also 
between genes in the same genome. Predicting how much 
variation in codon usage exists in a genome can be quite a 
difficult task. Variation in codon usage bias within a genome 
suggests many factors like translational selection and 
mutation-drift etc. [18]. Each and every genome has a 
particular codon bias. Then a gene from that genome must 
have the same pattern of codon bias. If it is not the case, then 
the deviation from the genomic codon bias can be measured 
and used as an index that can be used for various gene 
identification or similarity detection purposes.  The 64 codon 
usage pattern is given in Fig.3 with the percentages. 

The genomic bias of SARS protein encoding genes is 
shown in the following figure (fig 4). The thick line represents 
the codon usage variations of SARS corona genome. The 
milder lines show the codon variations of 14 protein coding 
genes of the genome. One could see clearly that some genes 
have large deviations from the genomic codon pattern. 
Especially, the Envelope gene (06E), and the hypothetical 
genes eight (08H6), ten (10H7), eleven (11H8a) are highly 
biased (around 60%). These genes are highly contaminated 
and changed from the global pattern of codons. This fact 
implies that large amount of translational selection and 
mutation drift has occurred in these genes. Since these codon 
biases are due to the necessity, these protein coding genes may 
be highly expressed compared to the other genes that do not 
have high genomic bias. 

More complex nucleotide signatures can be framed using 
the codon counts. Such signatures are formed for SARS 
genome and all of its protein coding genes that are taken from 
the NCBI. From the figures given in ‘SARS Protein Coding 
Gene Signatures’ (Fig. 5), it is clear that each protein coding 
gene has got its own unique signature while the genome has 
got the overall genomic signature. 

Apparently it looks as if there is no correspondence 
between the genomic signature and the individual genes. In 
general the codon pattern analysis needs large number of 
codons which is possible only in long genes. One can see that 
the larger genes comparatively kept up the signature trend of 
the genome. For example the first gene has kept up the trends 
of the genomic signature. 

IV. RELATIVE SYNONYMOUS CODON USAGE  
The variation in nucleotide composition is usually most 

pronounced at the synonymous codon positions of genes. In  a 
given code, codons that encode the same amino acid are called 
synonymous codons, while those encoding different amino 
acids are non-synonymous codons. The specificity of the 
synonymous codon usage is found not only across the 
genomes but also across the genes within a genome. The 
synonymous codon usage depends very much on the 
nucleotide bias of the particular genome [6]. The Genome 
Hypothesis postulates that genes in any given genome use the 

same coding pattern with respect to synonymous codons. 
Genes in an organism or in related species generally show the 
same pattern of codon usage [11]. 

Most codons have at least one synonymous alternative with 
the exception of those coding Methionine and Tryptophan. 
Within the protein-coding regions of most sequenced 
genomes, the occurrence of synonymous codons does not 
appear to be random. In other words, genomes seem to display 

 
Fig. 4 

 
Fig. 5 
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a clear preference for one codon over a synonymous 
alternative. This preference is known as the synonymous 
codon usage pattern of a genome. Relative Synonymous 
Codon Usage (RSCU) measure for codon ‘i’ is calculated 
using the formula RSCUi = Obsi/Expi where Observedi is the 
observed number of occurrences of codon 'i', and Expectedi is 
the expected number of occurrences of the same codon (based 
on the number of times the relevant amino acid is present in 

the genome and the number of synonymous alternatives to 'i', 
assuming a uniform choice of synonymous codons) [12]. 

 
In order to make the data more compatible with the 

mathematical methods used, the log10 of each RSCUi value is 
found in order to center the value around zero so that the 
resulting value is positive if the codon is used more than 
expected in that genome and negative if the codon is used less 
than expected. For each sequence, RSCU values are calculated 
for each of the 59 codons with synonymous alternatives. 

The relative synonymous codon usages of SARS Corona 
virus is given in a graphical form in Fig. 6. The downward 
bars from the origin denote the negative measures and the 
upward bars denote the positive measures of the RSCU values. 
One can see that many codons are used less than the expected 
values. The first capital letter of the label denotes the amino 
acid and the next three letters denote the codon nucleotides. 
For example, the codons GCA, GCC, GCG, and GCT codes 
for the Arginine amino acid. Out of the four codons, GCA and 
GCT are used more than the expected value, while GCC and 
GCG are used less. This means that SARS Corona virus 
prefers GCA and GCT than the other two codons for coding 
the Arginine amino acid. 

In order to identify more subtle patterns of nucleotides, 
SOM neural network is used as a tool. The general algorithm 
is given in the next section of the article. This method has the 
ability to automatically cluster the similar genome sequences 
together. This architecture consists of a two-dimensional 
output “lattice” of weight vectors. During training of the 
SOM, the weight vectors end up representing various popular 
patterns in the dataset and similar patterns are clustered 
together in neighboring areas of the output lattice. The result 
is that we can easily visualize variation within a dataset of 
patterns. 

V. REVIEW OF SOM ALGORITHM 

The Self-Organizing Map (SOM) is an unsupervised neural 
network algorithm, used to visualize and cluster high-
dimensional data. The SOM is based around the concept of a 
lattice of interconnected nodes, each of which contains a 
model and in our case it is a vector of relative frequency ratios 
of mono, di, codon or RSCU. The models change during 
training to become similar to common or repeated patterns in 
the training set. Similar models are clustered together. The 

SOM used in our analyses of SARS virus is 12x8 nodes in a 
rectangular lattice configuration. The full SOM training 
algorithm is explained elsewhere [10]. but we summarize for 
our use here:  

1) A gene’s characteristic vector is loaded form the 
training dataset. 

2) The lattice node is found whose gene character 
model most closely resembles the input vector. This 
node is denoted as the ‘winning node’. 

3) The winning node’s model, W, as well as a certain 
number of ‘neighborhood bubble’ node models, are 
changed to be more similar to the input vector using 

 
4) If all vectors in the training dataset are processed, we 

say that an epoch has been completed. 
5) Repeat the above four steps until number of desired 

epochs are over or desired error limit is reached. 

VI. SOM FOR SIGNATURE STRENGTH IDENTIFICATION 
With the help of the SOM neural network the SARS Corona 

virus genome is studied in order to identify the strengths of 
various genomic signatures based on monomer, dimmer, 
codons and RSCU patterns. For the purpose of our study, 250 
genomic sequences are artificially generated. Each of these 
sequences is made up of 29,751 nucleotides. Out of these 250 
sequences, 50 are made randomly, and the other 200 
sequences are created with the bias weightages of monomers, 
dimmers, codons, and amino acids of the SARS Corona virus. 
Along with these 250 artificial sequences, the original 
sequence is also added to the dataset consisting of 75,67,501 
nucleotides. The above process is adopted to study the 
uniqueness of genomic signatures of closely resembling 
genomes and the ability of SOM to recognize these subtle 
differences in these sequences. 

The frequency ratios of monomers, dimmers, codons, and 

 
Fig. 6 
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Fig. 7 

 
Fig. 8 

 
Fig. 10 

 
Fig. 9 

the RSCU values of these genomes are calculated to create 
various characteristic vectors. The dimensions of these input 
vectors for the SOM neural network are of 4 and 16, while for 
the codon vector is 64. The SOM neural network is chosen 
precisely to deal with such large dimensional data. The RSCU 
vector contains all the 59 possible codons leaving aside the 
Methionine and Tryptophan amino acids which do not have 
synonymous codons and three stop codons. These different 
characteristic vectors are fed into the SOM in order to train the 
neural network for clustering them into proper groups.  

The figure (Fig. 7) shows the clustering of the genomic 
sequences based on the monomer signature. As seen in the 
picture, that the strength of the signature can only separate the 
random sequences from non-random sequences that are 
coding the SARS Corona virus. The monomer signature is not 
capable of separating groups within the coding genomes.  This 
proves the basic fact that the nucleotide patterns are not 
random in any given genome sequence. 

 
 
 
 
 

The clustering based on 
the dimmer signature is 
capable of identifying the 
groups within the coding 
genomic sequences (Fig. 8). 
This scenario proves the 
fact that dinucleotide is 
unique to each organism 
and varies from genome to 
genome. But, the identified 
clusters are not separated as 
clearly as the random 
sequences from the coding 
sequences. Though the ‘C’ 
group and ‘D’ group seems 
to be mingling, the other 
representation like ‘hit ratio 
diagram’ (which is not 
shown here) of SOM 
clusters shows that it is not 
so. This shows that this 
signature is stronger than 
the monomer signature. The 
original SARS Corona virus 
is clearly identified and 
placed in the middle of 
SARS like di-nucleotide 
patterns. 

The SOM clustering on 
the basis of the codon 
frequency ratio (Fig. 9) 
shows clearer separation of 

the different SARS virus groups. The A and B types of 

sequences have, though appears mixed, many have found 
unique neuron. These are the sequences generated using the 
amino acid frequency weights and base frequency weights. 
The difference between these two types of sequences is very 
subtle and close. This may be the reason for grouping them 
together. It can also be interpreted as the limit of codon 
signature to segregate the different groups. In other words, it 
is the measure of the codon signature strength. 

Looking at the picture of the SOM clusters based on the 
RSCU values (Fig. 10), again we see a clear cut grouping of 
the random, dinucleotides, and codons biased sequences. 
There is a little attempt to classify the mixed groups of 
monomer and amino acid biased sequences. There is an empty 
neuron in the SOM map. Above this neuron there are four 
neurons containing only the ‘B’ type sequences and there are 
two neurons below containing only the ‘A’ type sequences. 
This attempt is also found in the codon based SOM clustering. 
Therefore, the RSCU based signature is equally stronger as 
the codon based signature.  

 
In all the three (Di, 

Codon, RSCU) SOM 
clustering pictures, the 
original SARS genome is 
placed well in the middle of 
the group based on which 
the SOM map is 
constructed. This indicates 
that the original sequence 
has strong dual nucleotide 
signatures: dinucleotide 
signature and trinucleotide 
or codon signature. 

The inability to divide 
the biased sequences based 
on the amino acid counts and monomer counts, reveal the fact 
that the monomer mutations and amino acid mutations do not 
radically change the strength of the signature. The second fact 
is that these mutations do not turn the sequences into a random 
sequence. They stand as a unique group separated from the 
random sequence group. A relaxation factor does exist in the 
basic identity of the coding genome sequence. This implies 
that there may be inevitable 
mutations due to the 
environmental pressures 
and other causes. But they 
do not affect the basic 
nature of the whole genome 
and their di and tri 
nucleotide signatures. In 
other words, the basic 
identity of the genome is 
unaltered due to the small 
changes in the genomic 
sequences. 
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Fig. 12 

Fig. 11 

 
The quality of the 

above SOM maps 
may reveal more 
information about the 
strengths of the 
genomic signature. 
Two quality 
measures of the four 
SOM maps are 
calculated and 
plotted for the 
comparative analysis. 
The first measure is 
the quantization error (Qe) that calculates the average distance 
between each input vector and its ‘best matching unit’ (BMU) 
[10]. Therefore, the small value of Qe is more desirable. 
Hence, the accuracy is minimum for the RSCU and codon 
value based SOM and less than one, which are acceptable, for 
the monomer and dimmer value based SOM. The best quality 
is achieved by monomer SOM map followed by the dimmer 
SOM map. 

Another quality measure of the SOM map is the 
topographic error (Te). It describes how well the SOM 

preserves the topology 
of the studied data set 
[7]. It calculates the 
average ratio of the 
number of nodes for 
which the first and the 
second winners are 
not neighbours to each 
other. Therefore small 
value of Te is more 
desirable. Unlike the 
quantization error it 
considers the structure 
of the map. The 
dimmer based SOM 
map has achieved the 
best topographic 
quality followed by 

the monomer and then the codon and RSCU based SOM 
maps. 

 
Comparing both the qualities, the dimmer based SOM has 

achieved the overall best quality, by having 0.5 quantization 
error and 0.12 topographic error. So, the dinucleotide 
signature is the strongest of all signatures as it enables to 
cluster the closely similar genomic sequences and separate 
them as individual groups. 

VII. CONCLUSION 
From the above analysis of the mono nucleotide 

composition of the SARS virus, shows that the majority of the 
protein coding genes have the signature with T start and this is 
due to the genomic domination of Thymine nucleotide. The di 

nucleotide analysis shows that the genome is AT-rich genome. 
The tri nucleotide analysis shows that the protein coding genes 
do have unique codon signatures. The SOM based cluster 
analysis reveals that the monomer signature is more than 
enough to separate the coding genomes from the random 
genome sequences. But to find the clusters among the coding 
genomes, we need higher order signatures based on the 
relative frequency of the dinucleotides, codons, and RSCU. 
The experiments prove that the dinucleotide signature is 
qualitatively best signature, while the codon and RSCU 
signatures give clearer cluster separation. Also, it has to be 
noted that none of these signatures got the strength to cluster 
and separate the amino acid frequency wise biased genomic 
sequences from the monomer frequency wise biased genomic 
sequences. Some new nucleotide signatures may be studied to 
explore the possibility of clustering them also. 
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