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A comparative analysis of in-frame dinucleotide abun-
dance, amino acid abundance and codon usage pattern
among bacterial genomes has been done in this study.
Dinucleotide abundance studies revealed that the abun-
dance value of a dinucleotide at the first position of
codons is less variable than its abundance at the sec-
ond or the third position in different bacterial genomes.
This is correlated with the similarities observed in the
relative abundance patterns of different amino acids
in different bacterial proteomes. A similarity in prefer-
ence for the occurrence of a keto nucleotide (G/T) at
the third position for leucine family box codons and a
pyrimidine nucleotide (C/T) at the third position for
arginine family box codons was observed in different
bacterial genomes. This indicates that apart from ge-
nome G + C content and tRNA abundance values, the
first two nucleotides of a codon might influence the
occurrence of a nucleotide at the third position of
codons.
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DINUCLEOTIDE composition frequencies in a bacterial ge-
nome can be considered as genome signatures as the fre-
quency values of a dinucleotide for different regions of a
genome remain similar'*. The reason for this similarity
in genomes in terms of dinucleotide abundance frequency
is not fully understood. Since bacterial genomes are mostly
composed of coding sequences’, the dinucleotide signa-
tures in the genome most probably have had their origins
from the differential codon occurrence frequencies neces-
sitated by the amino acid composition in the encoded pro-
teomes. In-frame analysis of dinucleotide abundance in all
open reading frames (ORFs) in genomes will enable de-
termination of dinucleotide abundance at the first, second
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and third positions of codons. Dinucleotide abundance
values at the first position will give a correlation among
the abundance of different amino acids in a genome. In fact,
the abundance of the dinucleotides GT, CC, AC, GC and
GG at the first position has a direct correlation with the
abundance of the amino acids valine, proline, threonine,
alanine and glycine respectively, that represents corre-
sponding amino acids (being encoded by synonymous
codons with these dinucleotides at the first position) in a
genome. Due to degeneracy among codons, study of di-
nucleotide abundance at the second and third positions
(which involves the third nucleotides of codons) will pro-
vide insights into the low and high abundance value of a
particular dinucleotide.

Synonymous codons in a family box of genetic code
have the same nucleotides at the first and second posi-
tions. Since any of the four nucleotides can occur at the
third nucleotide position in these codons, analysis of syn-
onymous codon usage pattern in different family boxes of
genetic code will reveal if there is any preference for the
occurrence of a particular nucleotide in a family box®.
The preferred nucleotide can be correlated with the ge-
nome G + C% and the tRNA occurrence, which are con-
sidered as the evolutionary forces acting on the codon
usage pattern of an 0rganism7’9. Moreover, comparative
analysis of codon usage pattern across the genomes might
reveal the presence of any other common factor playing
an important role in determining codon usage in these orga-
nisms. In this study we have determined dinucleotide
abundance frequency at the first, second and third posi-
tions in codons of all OREs in 14 different bacteria; amino
acid abundance frequency in the whole proteomes of 13
different bacteria; synonymous codon usage patterns in
genomes of 15 different bacteria and have done compre-
hensive analysis of these in-frame bacterial genomic and
proteomic data to understand the evolutionary pattern in
bacterial genomes.
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Table 1. Organisms analysed in this study
Genome Genome/

Serial no. Organism (strain) G+C% chromosome size (nt) Proteome size (aa)
1 Agrobacterium tumefaciens C58 (U. Washington) 59 2841490 829342 (87.54)*
2 Bacillus subtilis 168 43 4214630 NA
3 Clostridium acetobutylicum ATCC824 30 3940880 1123604 (85.53)
4 Escherichia coli K12 MG1655 50 4639675 1355794 (87.66)
5 Erwinia caratovora subsp. atroseptica SCR11043 50 5064019 NA
6 Helicobacter pylori 26695 38 1667867 498269 (89.62)
7 Haemophilus influenzae Rd KW20 38 1830138 522827 (85.70)
8 Lactobacillus acidophilus NCFM 30 1993564 572815 (86.19)
9 Listeria monocytogens 4b F2365 38 2905390 NA

10 Mycobacterium leprae TN 57 3268203 538773 (49.46)

11 Neisseria meningitidis 22491 51 2184406 587023 (80.62)

12 Nitrosomonas europaea ATCC 19718 50 2812094 799993 (85.34)

13 Pseudomonas syringae pv. phaseolicola 58 5928787 1811390 (91.65)

14 Pseudomonas aeruginosa PAO1 1448A 66 6264404 1859565 (89.05)

15 Ralstonia solanacearum GMI1000 67.9 3716413 1090514 (88.02)

16 Xanthmonas campestris pv. campestris ATCC 33913 65 5076188 1436776 (84.91)

17 Xyllela fastidiosa 9a5¢ 52.61 2679306 742365 (82.88)

18 Yersinia pestis KIM 47 4600755 NA

*Numbers in parentheses indicate percentage of chromsome/genome encoding the proteome.

Organisms having genome G + C% above 55 and below 45 are considered as higher genome G + C content (shown in bold) and
lower genome G + C content (shown in italics) respectively, in this study.

NA, Not analysed; Serial nos 7,14, 15 and 17 have not been analysed for dinucleotide abundance; Serial nos 2, 5, 6, 9, and 18 have
not been analysed for amino acid abundance, and serial nos 7, 14 and 17 have not been analysed for codon usage pattern.

Materials and methods

Only the potential protein coding regions of genome se-
quences [DNA sequences of CDS, excluding the introns
(FASTA format)] and proteome sequences [amino acid
sequences of CDS, (FASTA format)] of all the bacteria
analysed in this study were downloaded from the DNA
Data Bank of Japan (DDBJ), Genome Information Broker
site (http://gib.genes.nig.ac.jp). Gene names written be-
fore the potential ORF were replaced with ‘XXX’ and
similarly, names of polypeptides in a proteome were re-
placed with ‘X’. Dinucleotide analysis of all the ORFs of
an organism was performed using the ‘Dinsearch’ pro-
gram™. This program finds out the abundance values of
all the 16 dinucleotides at the first, second and third posi-
tions of codons of a given DNA sequence. Frequency of
dinucleotides was calculated by dividing the abundance
value of a dinucleotide at the first nucleotide position by
the total abundance of nucleotides at the first position of
codons. Similar method was used for dinucleotides at the
second and third positions of codons. Amino acid abun-
dance values in a proteome were calculated using the
computer program ‘Seqsearch’™. This program finds out
the abundance value of a sequence in a given proteome or
genome. Amino acid frequency in a proteome was calcu-
lated by dividing the amino acid abundance value by the
total proteome size. Codon abundance was calculated us-
ing the computer program ‘Trisearch’ (developed for this
study in our department). This program finds out the abun-
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dance of different trinucleotides occurring consecutively
in a given DNA sequence. So if a DNA sequence starts
with a reading frame, then this program gives information
about the abundance value of different codons. Compara-
tive analysis of the abundance values for a given dinu-
cleotide or trinucleotide or amino acid was done by
comparing the coefficient of variation of its abundance
frequency, which is calculated by dividing the standard
deviation value with the average value (percentage value
was not taken for convenience in calculation).

Results

Dinucleotide abundance frequency

Abundance values of dinucleotides at the first, second
and third positions of codons in all ORFs (protein coding
sequences) of 13 bacterial genomes having a wide range
of genome G + C content (Table 1) are presented in Fig-
ure 1a—c. In Figure 1a, dinucleotides such as AA, AT,
AG, TA, TC (mostly AT-rich) are more abundant in orga-
nisms with lesser G + C content (Bacillus subtilis, Clos-
tridium acetobutylicum, Helicobacter pylori, Listeria
monocytogenes, Lactobacillus acidophilus, Yersinia pes-
tis) and less abundant in organisms having higher genomic
G + C content (Agrobacterium tumefaciens, Mycobacterium
leprae, Pseudomonas syringe, Xanthomonas campestris).
An inverse correlation was observed in the case of GG,
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