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Tetranucleotide frequencies in microbial genomes 

A computational strategy for determining the variability of long DNA 
sequences in microbial genomes is described. Composite portraits of bacterial 
genomes were obtained by computing tetranucleotide frequencies of sections 
of genomic DNA, converting the frequencies to color images and arranging 
the images according to their genetic position. The resulting images revealed 
that the tetranucleotide frequencies of genomic DNA sequences are highly 
conserved. Sections that were visibly different from those of the rest of the 
genome contained ribosomal RNA, bacteriophage, or undefined coding 
regions and had corresponding differences in the variances of tetranucleotide 
frequencies and GC content. Comparison of nine completely sequenced bacte- 
rial genomes showed that there was a nonlinear relationship between vari- 
ances of the tetranucleotide frequencies and GC content, with the highest vari- 
ances occurring in DNA sequences with low GC contents (less than 0.30 mol). 
High variances were also observed in DNA sequences having high GC con- 
tents (greater than 0.60 mol), but to a much lesser extent than DNA sequences 
having low GC contents. Differences in the tetranucleotide frequencies may 
be due to the mechanisms of intercellular genetic exchange and/or processes 
involved in maintaining intracellular genetic stability. Identification of sections 
that were different from those of the rest of the genome may provide informa- 
tion on the evolution and plasticity of bacterial genomes. 

1 Introduction 

The existing order of nucleotides in prokaryotic chromo- 
somes specifies biological information according to the 
genetic code. The contiguity of nucleotide sequences is 
affected by many processes such as restriction enzyme 
systems that regulate foreign DNA invasion and provide 
DNA fragments for recombination [l]. The order of 
nucleotides is also a function of biases introduced 
during polymerase activities in DNA replication and 
repair. Such biases include discordance between specifici- 
ties of the deoxycytosine methylase and the very short 
patch DNA mismatch repair system [2, 31. Certain oligo- 
nucleotides may be preferred or avoided because they 
optimize protein binding and codon-mediated regulation 
of translation [4, 51. Physical constraints such as dinu- 
cleotide stacking energies, curvature and superhelicity of 
DNA also influence the order of nucleotides 16-81. For 
example, the less thermodynamically stable dinucleotide 
TA is more prevalent at sites involved in untwisting dou- 
ble-strand DNA than other dinucleotides [ 6 ] .  Presum- 
ably, these processes maintain genetic stability by pre- 
scribing the order of nucleotides in bacterial genomes. 
Further imposition on the order of nucleotides in DNA 
are due to the mechanisms of genetic change, which 
include deletions, insertions, transpositions, duplica- 
tions and recombinations of genetic material. These 
mechanisms alter the genetic composition of bacteria, 
providing numerous possibilities for variation [4]. Al- 
though conventional methods for calculating the simila- 
rities of DNA or protein sequences provide information 
on the evolution of genes, there is a paucity of methods 
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to investigate long DNA sequences (> 2500 bp). Such 
methods are needed to identify regions of microbial 
genomes affected by the mechanisms of genetic change 
and those processes involved in maintaining genetic sta- 
bility. This information is necessary to understand the 
evolution of microbial genomes. 

In this study, we explore variability in bacterial genomes 
by computing oligonucleotide frequencies for sections 
of genomic DNA. The oligonucleotide frequencies will 
be used for comparing these sections and identi- 
fying regions of the genome having similar and dissi- 
milar tetranucleotide frequencies. With the exception of 
sequences resulting from intracellular genetic exchange, 
all sections of a given genome may be expected to have 
similar oligonucleotide frequencies because they have 
been acted upon by the same mechanisms that maintain 
genetic stability. Exogenously acquired DNA sequences 
should have dissimilar oligonucleotide frequencies from 
those of its host because they have been acted upon by 
different mechanisms and therefore have different evolu- 
tionary histories. Moreover, DNA sequences encoding 
ribosomal RNA should be evolutionarily conserved 
because RNA plays an important role in protein 
synthesis. Since some bacteria exhibit more genetic and 
physiological diversity than others, variability of genomic 
DNA should be different among genetically unrelated 
bacteria, this being a function of dissimilar evolutionary 
processes. 

Here, we describe a computational strategy for ex- 
amining variability in long DNA sequences. This stra- 
tegy was used to examine the following bacterial 
genomes: Archaeoglobus fulgidus, Mycoplasma genitalium, 
M. p n eum o n iae, Meth an o co ccus jan nasch ii, Haem op hilus 
influenzae, Escherichia coli, Helicobacter pylori, Treponema 
pallidum and Synechocystis sp. Composite portraits of 
bacterial genomes were obtained by computing the tetra- 
nucleotide frequencies of sections of genomic DNA, 
converting the frequencies to color images and arranging 
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the images according to their genetic positions. In addi- 
tion, we calculated the variance of tetranucleotide fre- 
quencies in order to identify sections which were dissim- 
ilar from other regions of the genome. 

2 Methods 

DNA sequences and information pertaining to the loca- 
tion of genes and ribosomal RNA of H. influenzae, M. 
jannaschii, and M. genitalium were obtained from http:// 
www.tigr.org/ [9-111. DNA sequences of Synechocystis 
sp. [12, 131 and E. coli were obtained from http:// 
www.kazusa.or.jp/cyano/cyano.html and http://www.ge- 
netics.wisc.edu:80/index.html, respectively. Information 
pertaining to the location of genes and ribosomal RNA 
of E. coli were obtained from Yamamoto et al. [14, 151 
and Burland et al. [16]. Information pertaining to the 
location of genes and ribosomal RNA of M. pneumoniae 
was obtained from http://www.zmbh.uni-heidelberg.de/ 
Mgneumoniae/Herrmann/Download.html and Him- 
melreich et al. [17, 181. The complete DNA sequences of 
H. pylori, I: pallidum and A .  fulgidus were obtained from 
ftp.tigr.org. Di- and tetra-nucleotides frequencies were 
sequentially computed for 3000 bp sections of genomic 
DNA using a C++ program on a Unix computer. The fre- 
quencies were compiled into a spreadsheet (Microsoft 
Excel) and the frequencies of complimentary tetranu- 
cleotides (i.e.,  AAAA and TTTT) were added together. 
Variance of the tetranucleotide frequencies was com- 
puted for each 3000 bp section by using the equation: 

Variance = s^2/X (1) 

where s and X are the standard deviation and mean of 
complimentary tetranucleotide frequencies, respectively. 
The variance of the tetranucleotide frequencies equals 0 
when all possible tetranucleotide frequencies are equal. 
Composite portraits of bacterial genomes were assem- 
bled by converting tetranucleotide frequency data to text 
files and importing the files to Transform 3.01 software 
(Spyglass, Inc., Savoy, IL). These data were converted to 
colors using numerical thresholds preset by the user. For 
all images, thresholds of 0 (purple) and 50 (red) units 
were used. Tiff images were converted to Pict format 
and imported into MacDraw software. Variances of the 
tetranucleotide frequencies and GC values were graphed 
by using MS Excel and transferred as PICT images to 
MacDraw for image manipulation and labeling. 

3 Results and discussion 

The complete H .  influenzae genome is depicted in Fig. 1. 
Comparison of the horizontal bands showed that some 
tetranucleotides consistently had low or high frequen- 
cies. Tetranucleotides with low frequencies (Fig. 1, 
purple) were entirely composed of cytosine and/or gua- 
nine (e.g., CCGG), while tetranucleotides with high fre- 
quencies (yellow, orange and red) were composed of 
adenine and/or thymine (e.g., AAAA and/or TTTT). 
Examination of the fingerprints showed that some 
regions of the H. influenzae genome have distinctly dif- 

ferent tetranucleotide frequencies, as indicated by the 
colors, than those of other regions (Fig. 1). The most dis- 
tinctive fingerprints are those of the cryptic Mu-like bac- 
teriophage located in the region between 156 and 159 X 
lo4 bp [9]. Differences in the fingerprints were also 
apparent in regions of the genome encoding ribosomal 
RNA, located at 12,24,63,66,77 and 181 X lo4 bp, and 
ribosomal proteins, located from 84 to 85 X lo4 bp (Fig. 
1). Composite portraits of the genomes of the other bac- 
teria yielded similar results. Distinctive fingerprints were 
found in all bacterial species investigated (data not 
shown). Visual differences in the fingerprints in different 
regions of the H. influenzae genome were not due to 
extremely high or low tetranucleotide frequencies but 
rather to changes in the frequencies of many tetranucleo- 
tides. Furthermore, these regions had low variances and 
high GC values when compared to the rest of the 
genome (Fig. l), indicating that there might be a rela- 
tionship among fingerprints, variances of the tetranucleo- 
tides and GC content. 

3.1 Tetranucleotide frequencies and GC content 

To determine the relationship between variance of the 
tetranucleotide frequencies and GC content, we 
compared DNA sequences of nine completely sequenced 
bacterial genomes (Fig. 2). In general, genome sections 
having low GC values (i.e.,  less than 0.30 mol) had high 
variances, indicating that some tetranucleotides, presum- 
ably those rich in AT, occurred more frequently in DNA 
sequences than others (Fig. 2). High variances were also 
observed in sections having high GC values (i.e.,  greater 
than 0.60 mol), but not to the same extent as sections 
having low GC values. Figure 2 shows that the lowest 
variances of tetranucleotide frequencies occurred in sec- 
tions having GC values of approximately 0.50 mol, indi- 
cating that the frequencies of all possible tetranucleo- 
tides in these sections are more or less similar. Sections 
with low or high variances had GC values ranging from 
0.25 to 0.63 mol, indicating a nonlinear relationship 
between GC content and variance of tetranucleotide fre- 
quencies. 

We compared variance and GC values of two genetically 
related bacteria, M. genitalium and M. pneumoniae, to 
determine if any genome sections were similar. Variances 
and GC values overlapped for several sections of the 
genomes (Fig. 2). These findings are in agreement with 
Himmelreich et al. [17, 181, who showed that M. geni- 
talium and M. pneumoniae share many similar coding 
regions. However, the ranges of GC and variance values 
for these genomes were dissimilar (Fig. 2). For example, 
several sections of the M. pneumoniae genome had 
higher GC values and lower variances than sections of 
the M .  genitalium genome. Furthermore, sections of the 
M. pneumoniae genome, those having variances and GC 
values in the range of 4-9, and 0.41-0.44 mol, respec- 
tively, were not present in M. genitalium (Fig. 2). Since 
the genome of M. genitalium (0.58 Mbp) is smaller than 
that of M. pneumoniae (0.82 Mbp), it is possible that 
these sections are absent from the M. genitalium 
genome. Alternatively, these sections may be present in 
the M. genitalium genome but at much lower GC values 
and/or higher variances. 
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Figure 1. Fingerprints, variances of tetranucleotide frequencies, and GC \ r ~ l ~ c ~  of sections of the Haemophilus influenzae Rd genome are conse- 
cutively ordered from the Nor1 restriction site [9]. Each column of the color image represents the fingerprint obtained from the analysis of one 
DNA sequence (i.e., a 3000 bp section). Each row represents the frequency of a specific tetranucleotide and its complement. Tetranucleotides are 
arranged alphabetically on the y-axis. Each tetranucleotide is represented by a box, whose color is determined by its frequency, ranging from 
purple (low) to red (high). A star (*) identifies sections containing ribosomal RNA. The black bar identifies the location of the cryptic Mu-like 
bacteriophage. The variance and GC values were computed from the analysis of one section. 
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Figure 2. The GC content and variance of tetranucleotide frequencies by genome section. Each datum point represents the GC content and cor- 
responding variance obtained from the analysis of one 3000 bp DNA sequence. Labels: circle, chromosomal DNA; diamond, extrachromosomal 
DNA 58 kbp of M. jannaschii, triangle, 16 kbp DNA of M .  jannaschii. 
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Table 1. Subsections of M.genitalium, M. pneumoniae, H. influenzae. M. jannaschii and E. coli having the lowest variances were sequentially 
ordered by genetic position. Gene identification are based on Fraser et al. [lo], Himmelreich et al. [17, 181, Fleischmann et al. [9] and 
Bult ef al. [111, respectively 
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Table 1. continued 
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Table 2. Subsections of M. genitalium, M. pneumoniae, H.  injluenzae, M.  jannaschii and E. coli having the highest variances were sequentially 
ordered by genetic position. Gene identification are based on  Fraser et a/.  [lo], Himmelreich et a/.  [17, 181, Fleischmann et a / .  [9] and 
Bult et al. [Ill,  respectively 
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Comparing sections from within the same genome pro- 
vided information on the natural variation of microbial 
genomes (Fig. 2). In general, each genome consisted of a 
core of sections having similar GC and variance values. 
Even sections from the extrachromosomal elements of 
M. jannaschii have similar values to those of the core 
sections (Fig. 2). In addition, each genome possessed 
some sections which were notably dissimilar from those 
of the core, this phenomenon being particularly evident 
in large genomes, such as those of E. coli and Synecho- 
cystis sp. (Fig. 2) .  To determine the factors contributing 
to these dissimilarities, we examined sections of M. geni- 
talium, M. pneumoniae, H. influenzae, M. jannaschii and 
E. coli genomes having the lowest and highest variances 
(Tables 1 and 2). It is possible that variance of the tetra- 
nucleotide frequencies is an index to the genetic stab- 
ility of the section, with low variance sections being 
more genetically stable than high variance sections 
because all tetranucleotides are more or less consistently 
represented. Conversely, high variance sections, which 
contain strings of repeated oligonucleotides, may be 
more genetically unstable than low variance sections 
because these strings provide sites for deletions, inser- 
tions, transpositions, duplications and recombination of 
genetic material. Conserved sequences such as those 
encoding ribosomal RNA molecules, therefore, should 
be more genetically stable than other regions of the 
genome because variations in the structure of RNA may 
have a direct effect on cell viability. In contrast, sections 
of the genome which are involved in providing opportu- 
nities for genetic variation such as mutational ‘hotspots’ 
[19] should have high variances, this being a function of 
foreign DNA acquisition and/or the generation of new 
sequence through mutational or recombinational events. 
Regardless of genetic stability, sections with variances 
which are significantly different from the rest of the 
genome may represent DNA acquired from external 
sources by lateral transfer. 

Sections encoding ribosomal RNA in all genomes had 
low variances of tetranucleotide frequencies (Table 1). 
Moreover, low variances occurred in sections encoding 
important proteins. For example, sections coding for 
ribosomal proteins, pyruvate kinase and dehydrogenase, 
RNA and DNA polymerase, and DNA repair systems 
had low variances (Table 1). In E. coli, low variances 
occurred in sections encoding proteins that degrade 
carbon starvation proteins (clpAB), initiate protein 
synthesis (infA), synthesize peptidoglycan (rnurZB) [20, 
2 I], degrade amino-terminal residues and transfer spe- 
cific amino acids to acceptor proteins (aat) [22], synthe- 
size and retain biotin [23], and function as outer member 
receptors for the adsorption and transport of vitamin 
B12. However, sections of the M. genitalium genome 
which encode subunits of DNA polymerase 111 (dnaE, 
dnaH and dnaN) and heat shock proteins (dnaJ) had 
high variances (Table 2), indicating that the relationship 
between variance and functionality of molecules 
encoded by these sections is not clearly defined. 

Genome sections with high variances contained genes 
encoding a variety of different proteins (Table 2). Inter- 
preting the significance of high variances and function- 
ality of genes encoded by sections of the M. genitalium, 
M. pneumoniae, H. influenzae and M. jannaschii genome 
is difficult, however, since these bacteria have not been 
as well studied as E. coli. Nonetheless, sections having 
high variances often contained genes coding for restric- 
tion/modification enzymes and hypothetical proteins 
(Table 2). It is possible that a majority of these sections 
represent horizontally transferred DNA sequences since 
in E. coli, high variance sections often had GC content 
and gene codon usages which were considerably dif- 
ferent from that of the rest of the genome. For example, 
Rhs elements (rhsACD) have GC contents ranging from 
0.59 to 0.62 mol, which is the upper limit for the E. coli 
genome (Fig. 2). Rhs elements also have high variances 
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Figure 3. Variance of tetranucleotide frequencies as a function of genetic position. Sections of each genome were ordered by their respective 
genomic start site. Each datum point represents the variance of tetranucleotide frequencies obtained from a 3000 bp DNA sequence of chromo- 
some or extrachromosomal element (extra 1 and extra 2). 

which are considerably different from those of the rest 
of the E. coli genome (Table 2) .  These data, and data 
from previous studies [24], suggest that Rhs elements 
were derived from an organism possessing a high GC 
content. Furthermore, high variances in these elements 
may be attributed to genes encoding highly repeated 
peptide motifs. Other sections having high variances and 
high GC contents include those encoding ferrichrome mu)- and nickel (nik)-binding and transport proteins, 
and iron-dicitrate cfec) transport and permease proteins. 
The significance of this finding is dificult to ascertain 
because flu, nik, and f ec  encode proteins which perform 
similar functions. Yet, a recent review suggests that these 
genes arose by gene duplication and divergence events 
which preceded evolutionary divergence of species 1251. 

If this is true, it is unlikely that these genes were later- 
ally transferred to E. coli. Presumably, high variances in 
these sections can be attributed to strings of repeated 
oligonucleotides which are involved in protein structure 
and/or function. 

Many of the high variance sections in the E. coli genome 
have low GC contents (Table 2 ) .  For example, a high 
variance section encoding a transcriptional regulatory 
protein (uppy) and an outer membrane protease (omp7J 
(Table 2) has a GC content at the lower limits of the 
E. coli genome (Fig. 2). Previous studies have shown 
that the coding preferences and GC content of this sec- 
tion corresponds to a remnant lambdoid phage structure 
[26], and that this phage is responsible for transferring 
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the appY gene from an unidentified bacterium to E. coli 
[27]. The E. coli section containing the genes methyl- 
transferase (mcrA) and DNA invertase (pin) also has a 
high variance and low GC content (Table 2). This section 
is foreign DNA since these genes reside in the prophage 
el4 [28]. The E. coli sections containing the threonine 
dehydratase operon (tdcABC) is also regarded as foreign 
DNA since its codon usage and low GC content are dif- 
ferent from that of E. coli [29, 301. These examples 
demonstrate that high variances of the tetranucleotide 
frequencies in genome sections are often associated with 
foreign DNA. 

3.2 Variance of tetranucleotide frequencies and location 

The location of sections with low and high variances are 
shown in Fig. 3.  Sections having low variances were 
often adjacent and consisted of 1-7 sections (Table 1, 
Figs. 1 and 3), whereas sections having high variances 
consisted of 1-3 sections (Table 2, Figs. 1 and 3). 
Genome regions of extreme variance occurred regularly 
throughout the microbial genomes, implying that the 
phenomenon probably occurs in all bacteria. The signifi- 
cance of the distribution and number of adjacent sec- 
tions with similar variances is presently not clear. Fur- 
ther studies are needed to examine the regularity of the 
extreme variances and the presence/absence of specific 
oligonucleotides such as those involved in DNA replica- 
tion andlor mismatch repair. 

4 Concluding remarks 

The computation strategy described in this study was 
employed to develop a method for visualizing sections 
of microbial genomes. Tetranucleotide frequencies pro- 
vide information on the architecture of microbial 
genomes, identifying regions of the genome containing 
ribosomal RNA, ribosomal proteins, and bacteriophage. 
Variances of tetranucleotide frequencies can be used as 
an index to the architecture of microbial genomes since 
ribosomal RNA, ribosomal proteins, and bacteriophage 
have variances which are distinct from those of the 
median. Identification of sections that were different 
from those of the rest of the genome may provide infor- 
mation on the evolution and the plasticity of bacterial 
genomes. Differences in the tetranucleotide frequencies 
may be due to the mechanisms of intercellular genetic 
exchange and/or processes involved in maintaining intra- 
cellular genetic stability. 
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