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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 [1]. 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, 3]. Certain oligo-
nucleotides may be preferred or avoided because they
optimize protein binding and codon-mediated regulation
of translation [4, 5]. Physical constraints such as dinu-
cleotide stacking energies, curvature and superhelicity of
DNA also influence the order of nucleotides [6—8]. 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

Correspondence: Dr. P. A Noble, Belle W, Baruch Institute for Marine
Biology and Coastal Research, University of South Carolina,
Columbia, SC 29208, USA (Tel: +803-777-3928; Fax: +803-777-3935;
E-mail: noble@biol.sc.edu)

Keywords: Fingerprinting / Visual image / Genomic heterogeneity /
Genome organization

© WILEY-VCH Verlag GmbH, 69451 Weinheim, 1998

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. pneumoniae, Methanococcus jannaschii, Haemophilus
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—11]. DNA sequences of Synechocystis
sp. [12, 13] and E. coli were obtained from http://
www.kazusa.or.jp/cyano/cyano.htmt 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, 15]
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/
M pneumoniae/Herrmann/Download.html and Him-
melreich et al. {17, 18]. The complete DNA sequences of
H. pylori, T. 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., CCGQG), 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-
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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
10° 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 10 bp, and
ribosomal proteins, located from 84 to 85 X 10* 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. 1), 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 ail 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, t0
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, 18}, 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 valucs of sections of the Haemophilus influenzae Rd genome are conse-
cutively ordered from the Noil 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 er al. [10], Himmelreich er al. [17, 18], Fleischmann et al. [9] and
Bult er al. [11], respectively

Location by base pak- Number of
Organism Variance GC content —Star End Combined {] Putative identification:
M. genitaium 4.26-11.27 0.37-0.44 168001 177000 3 maA
12.07 0.39 192001 195000 1 ribosomal proteins (7pL28, rpL22, rpL2, rpS19, PSS, OL16 )
11.04-11.16 0.40-0.41 222001 228000 2 sttachment protein (MgPa operon), hypothetical protein
10.03 0.39 255001 258000 1 pyruvets kinase
12.28 0.37 330001 338000 1 Py y and dihydrofipoamic (pa )
11.38 0.39 429001 432000 1 RNA polymerase (/poC )
M_pneumonise 4.76-6.39 0.49-0.52 15001 27000 4 repetitive DNA sequences REPMP1, REPMP2/3, REPMP4 & REPMPS,
hypothetical proteins, ADP1_MYCPN achesin P1
634 0.46 83001 36000 1 putative lipoprotein, repetitive ONA sequence REPMP2/8,
ADP1_MYCPN adhesin P1 presursor homolog
3.69-6.56 0.43-0.46 84001 93000 4 m A, repetitive DNA sequences REPMP1 & REPMPS, hypothetical proteins
6.53 0.46 168001 171000 1 DNA polymerase lll (dhaf ), uracil phosphoribosyitransterase (4o ),
hypothetical protein
6.18 0.43 183001 186000 1 ATP-binding proteins (msbA & pmd1 )
5.81-6.06 0.45 198001 204000 2 DNA gyrase (@yTAB ), sery-tRNA synthetase (serS )
6.03 0.44 267001 270000 1 phosphoglycerste mutass (pgm )
5.90-6.41 0.44-0.46 387001 393000 2 RNA polymerase beta chain (rpo8C )
6.43 0.51 411001 414000 1 repetitive DNA saq REPMP2/3. ADP1_MYCPN adhesin P1 presursor
4.76-4.86 0.44-0.49 456001 462000 2 repetitive DNA sequence REPMP4 and REPMPS, tRNA,
hypothetical proteins, ADP1_MYCPN achesin P1 precursor,
Na(+) transiocating ATPase subunit J
6.17-6.41 0.43-0.45 465001 471000 2 pitative ipoprotein, tRNAS, 30 K adhesion-reiated protein,
y € oxidase polypeptide | & y protein (hmw 3)
605 0.44 663001 666000 1 RNAS, pyruvate kinase
€31 0.43 744001 747000 1 o ol p profipoproteln diecyiglyceryt transferase,
eiongation factor G
4.77 0.46 762001 765000 1 excinuclease ABC subunit B (1B ),preprotein transiocase (SecA )
644 0.44 792001 795000 1 ribosomal proteln, initiation fector (nfA ), methionine smino peptidase,
adenyl kinase, preprotein transiocase subunit (secY )
H influenzse 3.05-3.72 0.45-0.49 123001 129000 2 me
3.38 0.48 243001 248000 1 mF
686 0.43 249001 252000 1 iongine-5* y and GMP (GuaAB )
697 041 306001 309000 1 ribonuciease PH (/ph ), tRNA synthetase (gnex )
7.47 0.41 531001 534000 1 No predicted coding regions
6.23 0.44 561001 564000 1 urease genes (uroCE )
3.474.55 0.44-0.46 624001 630000 2 mA
3.18-4.19 0.44-0.48 657001 663000 2 ™8
7.58 0.41 684001 687000 1 Putative biotin sulfoxide reductase (bis C)
3.43-4.66 0.44-0.46 771001 777000 2 me
6.42 0.42 795001 798000 1 DNA polymerase il (dnaE )
7.47 0.42 840001 843000 1 ribosomal proteins (/pL23, rpL2, 1pS19, L22, 1pS3, IpL16, IpL29, PS17 )
7.40 0.41 1086001 1089000 1 transketolase 1 (Tk1A ), hypothetical protein
5.31-7.49 0.45-0.48 1569001 1590000 7 Mu-ike bacteriophage
3.37-3.53 0.45-0.47 1815001 1821000 2 m
M jannaschi 9.58 0.39 75001 78000 1 methyl coenzyme M reductase i (nrtABG )
6.01-11.96 0.48-0.63 153001 159000 2 maA
7.71-12.24 0.43-0.63 636001 645000 3 m8
9.85-10.19 0.38-0.39 768001 774000 2 methyl coenzyme M reductase (imcrABCDG )
1.7 0.37 1107001 1110000 1 Y (WOADFG )
9.01-9.67 0.39 1181001 1137000 2 yiviok "] VIRAG ), poly (mvh8 )
y (rwag )
E. coll 3.00-3.05 0.49-0.52 222001 231000 1 mi
3.25 0.50 924001 927000 1 ATP-dependent Cip protease ATP-binding subunit (ciA ), Initiation Tactor-
(F-1, ifA ), leucyl/phenylaiany-tRNA-protein transterase (3at )
3.54 0.49 1863001 1866000 1 hypothetical protein

2.82-3.22 0.51-0.53 2724001 2730000 2 G , heat shock protein (cipB )
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280-293

343

2.81-2.82
2.69-3.01

280-3.55

2.72-3.24

8.51

Q.53

0.47

0.52
0.51-0.54

0.47-0.53

0.51-0.53

0.48

3420001
3450001

3939001
4032001

4161001

4206001
4494001

3426000
3453000

3945000
4038000
4173000

4212000
4497000

ribosomal protein (rps/ ), p
PinO protein (pin0 )

mc
mA

mB , UDP-N- (mur8 ),

vitamin B12 receptor (btuB ),

racemase (murf ), biotin operon repressor and biotin-[acetyl-CoA
)] (birA ), lambda protek

nmE

prophage (intB ), hy icsl pr , Inserth n

Kinase (co2A ), gutamate

is2K

Table 2. Subsections of M. genitalium, M. pneumoniae, H. influenzae, M. jannaschii and E. coli having the highest variances were sequentially
ordered by genetic position. Gene identification are based on Fraser et al. [10], Himmelreich et al. {17, 18], Fleischmann et al. [9] and

Bult er al. [11], respectively

Location by base pai:
M Varisnce GC content Start End
M. genitallum 35.80 0.24 1 3000
35.16-37.36 0.28-0.27 9001 15000
35.61 0.27 354001 357000
4117 0.26 420001 423000
34.29 0.27 441001 444000
32.98-47.94 0.25-0.29 459001 465000
34.17-35.42 0.27 474001 477000
39.83 .27 489001 492000
33.94-40.77 0.24-0.26 516001 522000
34.22 Q.27 528001 531000
34.95 0.27 546001 549000
M. preumonise 21.41-24.89 0.31-0.32 60001 66000
24.07-33.86 0.27-0.32 93001 99000
21.85-32.04 0.31-0.32 135001 141000
24.91-25.63 0.31 243001 248000
25,23-26.53 0.30-0.81 606001 612000
22.85 0.33 684001 687000
M infvenzae 22.96 0.32 264001 267000
23.90-32.48 0.27-0.30 918001 924000
20.88 0.37 1119001 1122000
20.89 0.30 1473001 1476000
2271 0.30 1479001 1482000
22.25 0.82 1491001 1494000
20.67-28.2 0.83-0.33 1764001 1770000
M jannaschil 34.75-36.62 0.26-0.27 120001 126000
35.06 0.268 758001 801000
43.05 0.24 9995001 1002000
34.25-34.85 0.27-0.28 1185001 1161000
E cof 11.07 0.58 171001 174000
13.22-18.79 0.63-0.85 282001 288000
10.01 0.59 522001 525000
10.36 0.37 S87001 570000
13.35 0.3% 582001 585000

DNA polymerase Hi (dna¥ ), heat shock protein (anaJ )

DNA polymerase ill (dnaf, dnaH ), methylene-tetralydrofolate
dety (folD), hyp P L protein 56

modification protein (rmKk), thiophene and foran oxidizer (2dhF- )
high affinity transport system protein P87, ATP-binding protein P29,

transport system permease protein P69
nitrogen fixation protein (nifS ), hypothetical proteins
tRNA sy (BeS ), (cpR )
ribonuciease Il "
arginyHtRNA (oS ), ical pi
hypothetical proteins, GTP-binding protein (spg )
joal pr , i proteins (59, pL18 )
typothetical proteins
hypothetical GTP-binding protein, ibosomal protein (/pL 79 )
not classified
restriction enyzme (hsdS )
spermidine/putrescine transport ATP-binding protein,
phosphocarrier protein Hor (ptsi )

putative iipoprotein, PTS system mannitol-specific component IIA,
mannitol-1-phosp S-detry

Type | restriction enzyme (h5dRS ), S-formty| tetrahydrofoiate cycio-igase

putative lipoprotein, repetitive DNA secquence REPMP1

ical o , (arsC)
y proteins, /sg locus protein,
giycosyl trenferase (igtD )
type il dification (ECOP15 ), hy ical p
phosphate reguion sensor end Y ins (PhoR & phoB )

periplasmic phosphate-binding protein (pstS ), feritin like protein (rsgA ),

L protein, yuthase (t7pE )

Hindlli restriction endonucieass (hind IiiR), hypothetical proteins,
DNA polymerase Iil chi subunit (hoiC )

Isg locus hypothetical proteins

type ! dification yp protein,
tamdem proteins A2, A3, B2, and B3
poly ride bé is protein M, hyp ical protein

type | restriction enzyme
terrichrome-binding periplasmic protein (MuD )
ferrichrome transport protein (Mu )

hypothetical proteins

RhsD protein (rhsD ), hy protein
phage proteins

transcriptional reguiatory protein (sppY ), protease precursor (ompT )
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1471 0.62 729001 732000
11.39 0.38 735001 738000
1088 0.36 1209001 1212000
10.16 0.38 1542001 1545000
10.50 0.39 1635001 1638000
10.47 .58 2070001 2073000
12.40 0.35 2103001 2108000
10.05 0.56 2214007 2217000
.79 0.36 2466001 2469000
12.00 0.36 2781001 2784000
nn 0.58 2844001 2847000
12.83-17.15 0.33-0.35 2985001 2994000
14.56 0.35 3264001 3267000
1095 0.37 3579001 3582000
11.52 0.59 3612001 3615000
10.45 0.38 3630001 3633000
10.87 0.59 3759001 8762000
13.29-16.43 0.33-0.37 3795001 3804000
10.34 0.59 4509001 4512000

rhsC protein precursor (rhsC )
hypothetical protein (ybfD )

S-metin ine-specific st
DNA-ivertase (pin ), hypothetical proteins
nitrite extrusion protein (narl/ ), hypothetical proteins (yddG )
hypothetical proteins

fhypothetical proteins

hypotheticai proteins (ye/EMG ), o-antigen polymerase (77c )
hypothetical proteins (yehWxY )

hypothaetical proteins

A (merA ),

P ™8, cryptic prophage pr CP4-57
hy 3,4and S (hyeCDE )
hypothetical proteins

o e dehy (tde8 ),
tdcABC operon transcriptional activators (tdcAR )

hypothetical proteins (Y2 )
hypothetical proteins, nicket-binding and transport proteins (nkAB )
hypothetical proteins (yALM )

protein (yhaSC )

repetitive ssquence responsible for duplication withing the chromosome (sA )

hypothetical proteins
Lipopolysaccharide synthesis (7MsCGLKYABSP )
ironQii) dicit t and [

(fecBCDE )

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 (c/ipAB), initiate protein
synthesis (inf4), synthesize peptidoglycan (murlB) [20,
21], 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 III (dnak,
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. preumoniae, H. influenzae and M. jannaschii genome
is difficult, however, since these bacteria have not been
as well studied as E. co/i. 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 (rasACD) 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 3600 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
(fhu)- and nickel (nik)-binding and transport proteins,
and iron-dicitrate (fec) transport and permease proteins.
The significance of this finding is difficult to ascertain
because fhu, nik, and fec 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 [25].

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 (appY) and an outer membrane protease (ompT)
(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 (mcrd) 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, 30]. 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 ciear. 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 and/or 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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