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Early biochemical experiments measuring nearest neighbor
frequencies established that the set of dinucleotide relative
abundance values (dinucleotide biases) is a remarkably
stable property of the DNA of an organism. Analyses of
currently available genomic sequence data have extended
these earlier results, showing that the dinucleotide biases
evaluated for successive 50 kb segments of a genome are
significantly more similar to each other than to those of
sequences from more distant organisms. From this
perspective, the set of dinucleotide biases constitutes a
‘genomic signature’ that can discriminate sequences from
different organisms. The dinucleotide biases appear to reflect
species-specific properties of DNA stacking energies,
modification, replication, and repair mechanisms. The
genomic signature is useful for detecting pathogenicity
islands in bacterial genomes.
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Abbreviations
A adenine
C cytosine
G guanine
Pa-i pathogenicity island
T thymine

Introduction
This review focuses on three facets of what I term a
‘genomic signature’. My first objective is to identify
extremes, invariants, and contrasts in the components of
dinucleotide relative abundance values for groups of
prokaryotic organisms ([1,2,3••]; for eukaryotes, see [4,5]).
The second objective is to assess and interpret genomic sig-
nature differences among prokaryotes. The third objective
is to evaluate some currently accepted notions regarding the
evolution of organisms, and for the use of genome signa-
tures to monitor groups of prokaryotes in different samples
of medical, agricultural, and environmental interest.
Importantly, a genomic signature can be used for the pur-
poses of detecting ‘alien’ segments such as pathogenicity
islands in a bacterial genome.

Genomic signatures
Dinucleotide bias (dinucleotide relative abundance val-
ues) of a DNA sequence are assessed through the odds
ratios ρXY = fXY/fXfY where fXY is the frequency of the
dinucleotide XY and fX is the frequency of the nucleotide
X. For double-stranded DNA sequences, a symmetrized

version {ρ*
XY} is computed from corresponding frequen-

cies of the sequence concatenated with its inverted com-
plementary sequence. Our recent studies of DNA data
have demonstrated that the dinucleotide relative abun-
dance profiles {ρ*

XY} evaluated for disjoint ≥50 kb multi-
ple DNA contigs from the same organism are
approximately constant throughout the genome and are
generally more congruent to each other than they are to
those from 50 kb contigs of different organisms
[1,2,3••,4,5]. Related organisms generally have more
nearly equal dinucleotide relative abundance values than
do distantly related organisms. On this basis we refer to
the profile {ρ*

XY} of a given genome as its ‘genomic sig-
nature’ diagnostic of different classes of organisms. 

The genomic signatures defined above are equivalent to
the ‘general designs’ that were deduced by Subak-
Sharpe and collaborators more than twenty years ago,
using in vitro biochemistry to calculate nearest neighbor
frequencies [6–8]. It was observed that these dinu-
cleotide frequencies normalized for the component
mononucleotides are essentially the same in most organ-
isms for DNA fractions of differing sequence complexi-
ty (renaturation rate fractions), and for distinct base
compositional  fractions of DNA (density gradient).
These highly stable DNA doublets suggest that there
may be genome-wide factors that limit the composition-
al and structural patterns of a genomic sequence. If the
effect of these compositional properties on the physical
chemistry of DNA is the dominant influence, the impli-
cation is that each organism and/or its ancestors have
experienced different selective inputs. In the absence of
strong current selection, the dinucleotide compositions
should be especially conservative and likely to drift only
slowly with time. Dinucleotide relative abundances cap-
ture most of the departure from randomness in genome
sequences. Comparisons were made in terms of dinu-
cleotide, trinucleotide, and tetranucleotide relative
abundance differences, each normalized to factor out the
effects of the embedded base combinations [9]. Overall,
the dinucleotide, trinucleotide and tetranucleotide rela-
tive abundances between sequences correlate highly,
indicating that DNA conformational arrangements are
principally determined by base-step configurations.
Analysis of the distribution of dinucleotide relative
abundances (ρ*[XNkY]) separated by k = 0,1,2,...
nucleotides has shown that although values for zero sep-
aration are in many cases biased, those for separation by
one or more nucleotides are more nearly random and
thus uninformative [1]. 

What causes the uniformity of signature throughout the
genome? It pervades both coding and noncoding DNA,
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and hence cannot be explained by preferential codon
usage; however, see [10]. A reasonable explanation of the
constancy of the genomic signature relates to differences
in the replication and repair machinery of different
species, which either preferentially generate or preferen-
tially select specific dinucleotides in the DNA. These
effects might operate through context-dependent muta-
tion rates and/or DNA modifications and through local
DNA structures (base-step conformational tendencies)
(see concluding section for elaborations).

Dinucleotide relative abundance extremes in
different prokaryotic genomes
Table 1 summarizes the {ρ*

XY} profiles by highlighting
extremes for a broad collection of complete or extensive
prokaryotic genome sequence sets. The limited range of
the {ρ*

XY} values over multiple 50 kb contigs confirms
the essential invariance of the dinucleotide relative
abundance profile.

The dinucleotide TA is broadly under-represented in
most prokaryotic sequences at the level
0.50 ≤ ρ*

TA ≤ 0.82, exceptions include the Archaea
Pyrobaculum aerophilum (ρ*

TA ≈ 1.07), Methanococcus jan-
naschii (ρ*

TA ≈ 0.83), Sulfolobus sp. (ρ*
TA ≈ 1.01), and the

Gram-positive Clostridium acetobutylicum (ρ*
TA ≈ 0.93).

This under representation of the dinucleotide TA is also
pervasive in eukaryotic genomes but persistently not in
the virion of small eukaryotic viral organisms, nor in ani-
mal mitochondrial and plastid chromosomes [11–13].
Possible reasons for TA under representation may relate
to the low thermodynamic stacking energy of TA, which
is the lowest among all dinucleotides [14,15], to the high
degree of degradation of UA dinucleotides by ribonucle-
ases in mRNA tracts [16], and to the presence of TA as
part of many regulatory signals. In this last context, TA
suppression may help to avoid inappropriate binding of
regulatory factors. Evidence for untwisting and binding at
TA sites occurs in transcription initiation via protein
binding; for example, binding of TFIID at the TATA
box, binding of EcoRV to its dyad recognition sequence
GATATC; and binding of the γδ resolvase at crossover
points [17–19]. 

Under representation of the dinucleotide CG is promi-
nent in vertebrate sequences but not observed in most
invertebrates (e.g. insects and worms); CG is significantly
low in many protist genomes (e.g. Entamoeba histolytica,
Dictyostelium discordium, Plasmodium falciparum but normal
in Trypanosoma sp. and Tetrahymena sp.) and is pervasively
low in animal mitochondrial genomes [11] and small
eukaryotic viral genomes [13]. CG is under represented in
Mycoplasma genitalium, but not in Mycoplasma pneumoniae
and tends to be suppressed in the low G + C Gram-posi-
tive sequences of Streptococcus and Clostridium; CG is sig-
nificantly under represented in Borrelia burgdorferi and in
many thermophilic prokaryotes, including M. jannaschii,
Sulfolobus sp., Methanobacterium thermoautotrophicum,

Pyrococcus horikoshii and Thermus sp., but not in the ther-
mophiles P. aerophilum, or Aquifex aeolicus (see Table 1). At
the other extreme, CG is over represented in Bacillus
stearothermophilus , in halophiles, and also in several α- and
β-proteobacterial genomes (e.g. Rhizobium sp. and
Neisseria sp.) (see Table 1). All γ-proteobacterial
sequences show normal CG representations. 

Suppression of the dinucleotide CG in vertebrates has
usually been ascribed to the classic methylation/deamina-
tion/mutation mechanism causing mutation of CG to
TG/CA. Even where active CG methylases are present
and stimulate mutation events, however, it is not clear
that mutation pressure is the primary driving force.
Certainly, this hypothesis cannot account for the perva-
sive CG suppression in animal mitochondria that lack the
standard methylase activity. High CC/GG levels often
correlate with CG suppression. These data suggest that
nonmethylation mechanisms frequently underlie the
suppression of CG. From this perspective, wherever CG
is a ‘hot spot’ of mutation with potential deleterious func-
tional or structural consequences for DNA and proteins, a
reduction in CG occurrence would be selectively favor-
able. The occurrence of the 5-methyl group on cytosine
apparently influences the stability and conformation of
DNA. Replication error rates (including nucleotide mis-
incorporation and transient misalignments) are known to
be context dependent. For connections between CG rep-
resentations and immune system stimulations, see
[20,21]. It is clear that mechanisms underlying biased CG
representations are varied. 

The GC pair induces less structural distortions of the
helix. The dinucleotide GC is significantly high in γ-pro-
teobacterial sequences, in many β-proteobacterium
examples (Neisseria gonorrhoeae, N. meningitidis) and in a
number of low G + C Gram-positive bacterial genomes
(e.g. Bacillus subtilis and C. acetobutylicum) (see Table 1).
Unlike eubacteria, GC relative abundance values for
thermophiles are in the normal range. It is also striking
that all metazoan mitochondrial genomes entail CG sup-
pression and normal CA/TG relative abundance values
but have significant over representations of CC/GG.
Chloroplast genomes also feature high relative abun-
dance of CC/GG [11,12]. 

The two spirochaetes Treponema pallidum and B. burgdor-
feri contrast in ρ*

XY extremes for CG, GC, CC/GG
(Table 1). The CG representations of M. genitalium and
M. pneumoniae deviate but have congruent relative abun-
dance extremes for TA, AT and TT/AA dinucleotides.
The thermophilic methanogens M. jannaschii, M. ther-
moautotrophicum, and Archaeoglobus fulgidus differ across
their ρ*

XY profiles. C. acetobutylicum and B. burgdorferi are
significantly under represented in CG but significantly
over represented in GC. Mycobacterium tuberculosis is sig-
nificantly low for TA but significantly high for AT and this
is even more so for Rhodobacter capsulatus. The archaeal
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Table 1

Genome signature extremes and ranges.

Bacteria % Dinucleotide relative abundance extremes*
(number G+C CG GC TA AT CC TT TG AG AC GA
of samples) content GG AA CA CT GT TC

E. coli 51% +1.28 –0.75
(93) 1.23–1.32 0.71–0.79

H. influenzae 38% ++1.43 –0.75 +1.25
(37) 1.36–1.49 0.72–0.79 1.22–1.28

N. gonorrhoeae 53% ++1.32 +1.26 ––0.63 +++1.50 ––0.67
(18) 1.29–1.35 1.24–1.28 0.59–0.66 1.47–1.54 0.65–0.70

N. meningitidis 52% ++1.31 +1.27 ––0.64 ++1.44 ––0.70
(44) 1.25–1.36 1.24–1.33 0.60–0.71 1.37–1.50 0.66–0.75

R. capsulatus 67% –––0.33 +++1.61 +1.30 –0.71
(28) 0.26–0.40 1.49–1.74 1.24–1.36 0.68–0.74

H. pylori 39% +++1.56 –0.73 ++1.37 ––0.67
(33) 1.50–1.61 0.71–0.75 1.33–1.40 0.64–0.69

B. subtilis 44% +1.27 ––0.65 +1.24 –0.75
(84) 1.13–1.33 0.59–0.73 1.17–1.27 0.72–0.82

S. pyogenes 39% –0.71 –0.76
(20) 0.65–0.78 0.73–0.79

C. acetobutylicum 31% –––0.45 +1.28
(81) 0.39–0.53 1.22–1.34

M. leprae 58% –0.75
(34) 0.70–0.78

M. tuberculosis 66% ––0.57 +1.25
(88) 0.52–0.62 1.20–1.32

M. genitalium 32% –––0.39 –0.75 –0.77 +1.23
(12) 0.34–0.43 0.72–0.77 0.73–0.79 1.21–1.24

M. pneumoniae 40% –0.77 –0.71 ++1.30
(16) 0.74–0.81 0.67–0.73 1.28–1.34

Synechocystis sp. 48% –0.75 –0.75 ++1.36 ++1.32
(71) 0.72–0.79 0.72–0.78 1.32–1.39 1.27–1.36

D. radiodurans 67% –––0.49 +1.24
(61) 0.45–0.55 1.19–1.28

T. pallidum 53% –0.74
(23) 0.70–0.77

B. burgdorferi 29% –––0.48 ++1.47 –0.77 +1.29 ––0.69
(18) 0.44–0.54 1.39–1.52 0.75-0.78 1.23–1.33 0.67–0.71

C. trachomatis 41% –0.77 –0.76
(21) 0.74–0.79 0.74–0.79

A. aeolicus 43% –0.75 ––0.66 +1.24 +1.29 –0.74
(31) 0.72–0.80 0.64–0.69 1.21–1.26 1.26–1.30 0.72–0.76

M. jannaschii 31% –––0.32 ++1.38 –0.72
(33) 0.26–0.39 1.32–1.43 0.68–0.74

M. thermoautotrophicum 50% ––0.51 –0.76 –0.74 +1.25
(35) 0.49–0.54 0.72–0.80 0.70–0.79 1.23–1.27

A. fulgidus 49% –0.78 ––0.61 –0.77
(44) 0.72–0.83 0.58–0.65 0.73–0.80

P. horikoshii 42% ––0.62 +1.29 –0.74
(22) 0.57–0.66 1.26–1.33 0.71–0.77

P. aerophilum 51%
(44)

Halobacterium 60% ++1.32 ––0.63 ++1.37
(6) 1.27–1.37 0.48–0.68 1.36–1.39



genome P. aerophilum is normal (in the random range) in
all dinuleotide relative abundances. TT/AA is over repre-
sented in several proteobacteria, Mycoplasmas,
Synechocystis, Deinococcus radiodurans, in eubacteria such as
Neisseria sp., Helicobacter pylori, A. aeolicus, and among
eukaryotes in insects and worms but in all available
prokaryotic and eukaryotic genomic sequences no cases of
under representations of TT/AA are observed. High rep-
resentations of CC/GG are seen in Synechocystis,
B. burgdorferi, M. jannaschii, M. thermoautotrophicum,
A. aeolicus and P. horikoshii.

From a collection of 23 bacteriophages genomic similari-
ties and contrasts were investigated [2]. The authors
demonstrated that, first, phage genomes are endowed
with a distinct genomic signature pervading the entire
genome; second, the enteric temperate dsDNA phages
form a coherent group in contrast to the lytic dsDNA
phages; and third, the signatures of temperate phages,
whose replication and repair depends on host machinery,
converge toward the signatures of the hosts, whereas
autonomously replicating phages (T4, T7) diverge to
their own characteristic signatures. The gradient in simi-
larity to the host parallels the decline in the extent to
which the phage uses the complete replication and repair
machinery of the host and the duration of such use.
These observations support the hypothesis that the
intrinsic replication and repair mechanisms contribute
significantly to the constancy and uniqueness of the
species-specific dinucleotide relative abundances. 

All available complete viral genomes were examined for
extremes of dinucleotide relative abundances. With only a
few exceptions (all in the togavirus family), all small
(<30 kb) eukaryotic viral genomes are decisively CG sup-
pressed. This CG deficit prevails independently of viral
genomic organization and morphology (i.e. whether
dsDNA, dsRNA, ssDNA, or ssRNA [of positive or nega-
tive polarity], enveloped or not). The ρ*

CG measure of rel-
ative abundance does not correlate with the size of genome
or percent of C + G content [13]. 

d*-differences among prokaryotic sequences
A measure of the genomic difference between two
sequences f and g (from different organisms or from dif-
ferent regions of the same genome) is the dinucleotide
average absolute relative abundance difference calculated
as δ*(f,g) = (1/16) ΣXYρ∗

XY(f)–ρ*
XY(g) where the sum

extends over all dinucleotides. Most molecular evolution-
ists infer relatedness among organisms by comparing
sequences of homologous genes. A division of prokaryotes
into Bacteria and Archaea was made early on, on the basis
of comparisons of 16S RNA genes. With the much more
extensive databases now available, evolutionary recon-
structions can be generated from protein sequences as
well. While there is some correlation between trees gen-
erated from different genes, there are also major discrep-
ancies, especially depending on which class of proteins are
surveyed [22–24,25•,26]. Comparison of the signatures of
different genomes provides another measure of similarity
that can be utilized. 

Figure 1 presents a set of histograms generated by all pair-
wise δ*-differences among contigs of selected species.
Manifestly, the within-species histograms have statistically
smaller modes than between-species histograms. Figure 2
reports average δ*-differences based on multiple disjoint
50 kb contigs among 51 prokaryotic genomic sets of at least
100 kb aggregate length. These include 22 complete
genomes generally exceeding 1 Mb. 

For convenience I describe levels of δ*-differences for
some reference examples (all values multiplied by 1000).
‘Close’ indicates δ* ≤50; pervasive within species, and
between very similar species (e.g. human versus cow,
E. coli versus S. typhimirium). ‘Moderately similar’ indi-
cates 55≤ δ* ≤85 (e.g. human versus chicken, E. coli ver-
sus H. influenzae). ‘Weakly similar’ indicates 90≤ δ* ≤120
(e.g. human versus sea urchin, M. genitalium versus
M. pneumoniae). ‘Distantly similar’ indicates 125≤ δ* ≤145
(e.g. human versus Sulfolobus, M. jannaschii versus M. ther-
moautotrophicum). ‘Distant’ indicates 150≤ δ* ≤180 (e.g.
human versus Drosophila, E. coli versus H. pylori). ‘Very
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Table 1 (cont.)

*90% ρ* ranges are indicated for disjoint multiple 50 kb DNA samples
excluding the 5% lowest and 5% highest values. The average ρ* is
shown on the top line and the ρ* range below. – indicates significant
under representation (where ––– indicates ρ*≤ 0.50; –– indicates
0.50< ρ*≤ 0.70; and – indicates 0.70< ρ*≤ 0.78). + indicates significant
over representation (where + indicates 1.23≤ ρ*< 1.30; ++ indicates
1.30≤ ρ*< 1.50; and +++ indicates 1.50≤ ρ* ). Entries in normal range
0.78<ρ*<1.23 are omitted. Criteria and justifications for statistical
significance are found in Karlin and Cardon (1994). List of prokaryotic
sequence collections used for analysis: Escherichia coli (complete
genome 4.64 Mb); Haemophilus influenzae (complete genome
1.83 Mb); Neisseria gonorrhoeae (878 kb); Neisseria meningitidis
(2.21 Mb); Rhodobacter capsulatus (1.38 Mb); Helicobacter pylori
(complete genome 1.67 Mb); Bacillus subtilis (complete genome

4.21 Mb); Streptococcus pyogenes (985 kb); Clostridium
acetobutylicum (4.03 Mb); Mycobacterium leprae (1.68 Mb);
Mycobacterium tuberculosis (complete genome 4.41 Mb); Mycoplasma
genitalium (complete genome 580 kb); Mycoplasma pneumoniae
(complete genome 816 kb); Synechocystis sp. (complete genome
3.57 Mb); Deinococcus radiodurans (3.06 Mb); Treponema pallidum
(complete genome 1.14 Mb); Borrelia burgdorferi (complete genome
911 kb); Chlamydia trachomatis (complete genome 1.04 Mb); Aquifex
aeolicus (complete genome 1.55 Mb); Methanococcus jannaschii
(complete genome 1.66 Mb); Methanobacterium thermoautotrophicum
(complete genome 1.75 Mb); Archaeoglobus fulgidus (complete
genome 2.18 Mb); Pyrococcus horikoshii (1.09 Mb); Pyrobaculum
aerophilum (2.17 Mb); Halobacterium (318 kb collection of contigs of
H. halobium, H. salinarium and NRC-1 plasmid pNRC100).



distant’ indicates δ* ≥190 (human versus E. coli, M. jan-
naschii versus Halobacterium sp.).

How does within-species compare to between-species
average d*-differences? 
Average within-species δ*-differences (diagonal elements
of Figure 2) on average range from 12–52 (consistently
small), whereas the average between-species δ*-differ-
ences are generally greater and range from 35–333. The
uniformity of the genomic signature is far greater than that
of base composition where different segments of the same
genome can be more or less G + C rich. 

Do the archaeal genomes constitute a coherent group? 
There are many uncertainties and controversies regarding
divisions among prokaryotes (for recent reviews, see
[3••,23,24,25•]). For example, does the monoderm versus
diderm membrane classification of prokaryotes offer a rea-
sonable taxonomy [25•]? Are Archaea monophyletic or
polyphyletic? On the basis of 16S rRNA gene comparisons
[26,27] the Archaea were deemed monophyletic. This con-
clusion supports the three domains of life hypothesis
(Eubacteria, Archaea, Eukaryotes), viewed as being about
equally distant from one another and each ‘homogeneous’.
Woese, Pace and collaborators, however, accept a deep

split of the Archaea into Crenarchaeota (includes
Sulfolobus), Euryarchaeota (includes methanogens and
halophiles) and Korarchaeota [24]. Protein sequence com-
parisons and associated phylogenetic tree reconstructions
are even more conflicting relative to evolutionary relation-
ships [28]. Lake and collaborators [29], initially from analy-
ses of 16S rRNA gene comparisons, divide the prokaryotes
into eubacteria, halobacteria, and eocytes (hyperther-
mophilic sulfur-metabolizing bacteria; e.g. Sulfolobus),
indicating four domains. The tripartite description of
domains of life is increasingly under strong challenge
([3••,25•], see also below). 

With respect to genome signature comparisons, the closest
to Halobacteria sp. are the Streptomyces sequences (δ*-dif-
ferences ≈ 85; Figure 2). This also holds for the heat shock
protein (HSP70) and other protein comparisons. The next
closest δ*-differences to Halobacteria sp. are M. tuberculosis
and Mycobacterium leprae sequences (δ*-differences = 148
and 149, respectively). The δ*-differences of Halobacteria
sp. from most other prokaryotes exceed the extravagant
level of 250. In particular, the δ*-differences of
Halobacteria sp. to the archaebacterial sequences of
Sulfolobus sp. and M. jannaschii are very distant (δ* ≈ 255
and ≈ 320, respectively). 
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Figure 1

Histograms of δ* -differences based on
~50 kb contig samples of selected species.
Examples of distributions of all pairwise δ* -
differences between two different species or
within a single species are shown as
histograms. (a) The distribution of all δ* -
differences within E. coli, between E. coli and
H. influenzae, and between E. coli and
human. (b) The distribution of all δ* -
differences within T. pallidum, between
T. pallidum and E. coli, and between
T. pallidum and B. burgdorferi. (c) The
distribution of all δ* -differences within C.
acetobutylicum, between C. acetobutylicum
and M. jannaschii, and between
C. acetobutyicum and B. subtilis. The
abscissa is divided into intervals 0.002 in
length and the ordinate indicates the fraction
of pairwise δ* -differences within a given
interval.



Sulfolobus sp. sequences are moderately similar to C. aceto-
butylicum (δ* ≈ 87) and C. botulinum (δ* ≈ 85). Also
Sulfolobus sp. sequences are close to P. horikoshii with
δ* ≈ 74. All other comparisons with Sulfolobus sp. have
δ* >100 and most are >200. Thermophiles tend to be rela-
tively closer to vertebrate eukaryotes than to eubacterial
sequences, δ*-differences in the range 100–150 [3••,30],
whereas Halobacteria sp. are very distant (δ* >200) from ver-

tebrate sequences. Thus, the foregoing δ*-difference data
render a coherent description for the Archaea moot. More
generally, the three groups Gram-positive, Gram-negative,
and Archaea prokaryotes overall tend to be diverse and
intermeshed [3••]. The two thermophilic methanobacterial
genomes (M. jannaschii, M. thermoautotrophicum) are distant-
ly similar (δ* = 144) and very distant from the halobacterial
sequences (δ* ≥240), but weakly similar to the Sulfolobus
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Figure 2
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Average δ* -differences (multiplied by 1000) over all pairwise
comparisons among 50 kb sequence samples within species (diagonal
entries) and between species (non-diagonal entries). Number of
samples is indicated below the species abbreviations. The background
shades correspond to the average δ* -differences, changing gradually
from white (indicating δ* ≤50) to dark gray (δ* ≥200). γ-proteobacteria:
escco (Escherichia coli), salty (Salmonella typhimurium), klepn
(Klebsiella pneumoniae), haein (Haemophilus influenzae), bucap
(Buchnera aphidicola), psepu (Pseudomonas putida), pseae
(Pseudomonas aeruginosa), azovi (Azotobacter vinelandii).
β-proteobacteria: borpe (Bordetella pertussis), neigo (Neisseria
gonorrhoeae), neime (Neisseria meningitidis). α-proteobacteria: agrtu
(Agrobacterium tumefaciens), rhile (Rhizobium leguminosarum), rhime
(Rhizobium meliloti), braja (Bradyrhizobium japonicum), rhoca
(Rhodobacter capsulatus), ricpr (Rickettsia prowazekii).
δ-proteobacteria: myxxa (Myxococcus xanthus). ε-proteobacteria:
helpy (Helicobacter pylori). Gram-positive: bacsu (Bacillus subtillus),
bacth (Bacillus thuringiensis), staau (Staphylococcus aureus), lacla

(Lactococcus lactis), strpy (Streptococcus pyogenes), cloac
(Clostridium acetobutylicum), clobo (Clostridium botulinum), bacst
(Bacillus stearothermophilus), strco (Streptomyces coelicolor), strhy
(Streptomyces hygroscopicus), mycle (Mycobacterium leprae), myctu
(Mycobacterium tuberculosis), corgl (Corynebacterium glutamicum).
Mycoplasma: mycge (Mycoplasma genitalium), mycpn (Mycoplasma
pneumoniae). Cyanobacteria: synsp (Synechococcus sp.), anasp
(Anabaena sp.), synsq (Synechocystis sp.). Deinococcus: deira
(Deinococcus radiodurans). Spirochaetes: trepa (Treponema
pallidum), borbu (Borrelia burgdorferi). Porphyromonas: porgi
(Porphyromonas gingivalis). Chlamydia: chltr (Chlamydia trachomatis).
Thermophiles: thesp (Thermus aquaticus + Thermus thermophilus),
aquae (Aquifex aeolicus). Archaea: halsp (Halobacterium
halobium + Halobacterium salinarium + plasmid pNRC100), metja
(Methanococcus jannaschii), metth (Methanobacterium
thermoautotrophicum), arcfu (Archaeoglobus fulgidus), pyrho
(Pyrococcus horikoshii), pyrae (Pyrobaculum aerophilum), sulsp
(Sulfolobus acidocaldarius + Sulfolobus solfataricus).



sequences (δ* ≈ 120). These methanogens are very distant
from all proteobacterial genomes (generally δ* >220) and
weakly similar up to distant from low G + C sequences of
Gram-positive bacteria. 

Should rickettsial sequences be grouped with
a-proteobacteria? 
The rickettsial and ehrlichial groups are classified α-pro-
teobacteria, apparently on the basis of 16S rRNA gene
comparisons. Rickettsia, however, diverge drastically in
global genome composition from the classical α-proteobac-
teria. The standard α types consist of two major subgroups:
A1 including Rhizobium sp. and Agrobacterium tumefaciens
(soil bacteria), and A2 including R. capsulatus, R. spheroides,
and Paracoccus denitrificans (also found predominantly in
soil and/or marine habitats), several of the last capable of
anoxygenic photosynthesis. A third tentative group, A3
includes the rickettsial and ehrlichial clades (obligate intra-
cellular parasites). 

The following genome sequence comparisons indicate pro-
nounced discrepancies between A1 and A2 versus A3: first,
the A1 and A2 genomes are pervasively of high G + C con-
tent (generally ≥60%), whereas A3 genomes are of low
G + C content (<35%). Second, the δ*-differences among
A1 sequences are 35–63 and among the A2 sequences δ*-
differences are 65–90. The δ*-differences between A1 and
A2 sequences have the range 74–102 (see Figure 2). By con-
trast, the Rickettsia prowalzkii genome compared to A1 and
A2 show excessive δ*-differences, generally >200. Third,
available heat shock protein 60 (HSP60) (GroEL homo-
logues) sequences include several cases of A1 and A2, one
representative of the rickettsial family, and two examples of
the ehrlichial family. The representation also includes five

HSP60 eukaryotic functioning mitochondrial proteins and
five of chloroplast localization [31]. Alignment of the 41
HSP60 sequences by the ITERALIGN program [32]
shows that group A1 attains the best sequence alignments
to the mitochondrial sequences but  sequences of group A3
attain significantly worse alignments to the mitochondrial
sequences than do HSP60 sequences from classic Gram-
negative and Gram-positive bacteria (data not shown). 

Are spirochaetes close in genomic signature? 
We have available two complete Spirochaete genomes, B.
burgdorferi and T. pallidum. Their mutual δ*-difference
(188) indicates that these genomes are very distant.
Moreover, B. burgolorferi is very distant from all classic pro-
teobacteria (δ* values mostly >200, with the exception of
Buchnera aphidicola versus B. burgdorferi where δ* = 106).
Intriguingly, B. burgdorferi is moderately similar to C. aceto-
butylicum (δ* ≈ 87) and weakly similar to a number of other
low G + C Gram-positive sequences. The T. pallidum
genome is weakly similar relative to most γ and β-pro-
teobacterial and to sequences from several Gram-positive
bacteria but is very distant from the archaeal sequences.

Should H. pylori be classified as a proteobacterium? 
The δ*-differences of H. pylori to all prokaryotic sequences
exceed 110 and many exceed 200. The sequences weakly
similar to H. pylori include a few of the γ- proteobacterial
sequences and the B. burgdorferi genome. Unlike pro-
teobacterial genomes, however, where the tetranucleotide
CTAG is drastically under represented, the H. pylori
genome carries normal representations of CTAG. 

The H. pylori genome sequence has a known pathogenici-
ty island about 37 kb in length (cagA-region), putatively of
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Figure 3

Identification of alien segments in the
complete genome sequence of H. pylori by
local genomic characteristics in a sliding
window. (a) Plot of the C + G content.
Location of the known pathogenicity island
(Pa-i) in the H. pylori genome is indicated.
(b) δ* -differences with respect to genomic
average p* values. The plots were generated
using window sizes 50 kb (solid line) and
20 kb (dashed line). 



‘alien’ origin [33]. The cagA-region is the most deviant in
terms of genomic signature from the rest of the genome
(see Figure 3). Explicitly, the average δ*-difference
between cagA and all other H. pylori genomic segments of
the same length is 123, significantly higher than δ*-differ-
ences among all other segments (average 31, range 6–110).
It appears that δ*-differences might be useful for detecting
pathogenicity islands (see below). 

Are cyanobacterial genomes a homogeneous clade? 
In terms of δ*-differences, the three cyanobacterial
DNA sequence collections are not close (see Figure 2).
The cyanobacteria Synechocystis, Synechococcus, and
Anabaena do not form a coherent group and are as far
from each other as general Gram-negative sequences are
from Gram-positive sequences. 

Are thermophiles similar in genomic signature? 
The primitive eubacterial extreme thermophile A. aeolicus
is distant to Sulfolobus (δ* ≈ 134), and to A. fulgidus
(δ* ≈ 141), weakly similar to P. horikoshii (δ* ≈ 113) but
very distant to M. jannaschii (δ* ≈ 188) and M. thermoau-
totrophicum (δ* ≈ 179). Comparisons of A. aeolicus to classi-
cal Eubacteria generally show δ* >200. The explicit
δ*-difference to B. stearothermophilus is 257. Comparisons
among the other thermophiles are also broadly variable. 

Thus, there is no consistent pattern of δ*-differences
among thermophiles. More generally, in grouping prokary-
otes by environmental criteria (e.g. natural habitat proper-
ties, osmolarity tolerance, special chemical conditions)
reveal no correlations in genomic signature. 

Comparisons between the thermophilic methanobacterial
genomes M. jannaschii and M. thermoautotrophicum
M. jannaschii and M. thermoautotrophicum are mutually dis-
tant (δ* = 144) but very distant from the halobacterial
sequences (δ* ≥240) and weakly similar to the Sulfolobus
sequences. The δ*-differences of these methanogens to all
proteobacterial genomes are very distant (generally
δ* >250). Strikingly, the Cloistridium genomes are moder-
ately similar to M. jannaschii (δ* = 82) but farther from
M. thermoautotrophicum (δ* = 132) (Figure 2). The δ*-differ-
ence of the relic methanogen A. fulgidus to M. thermoau-
totrophicum is distant 165.

Genomic signature comparisons of chloroplast
genomes to bacterial genomes
Organellar (mitochondrial and chloroplast [plastid]) DNA
also maintain their intrinsic genomic signature. The princi-
pal observation is that levels of similarity among mitro-
chondrial genomes assessed by δ*-differences largely
parallel levels of similarity assessed by the δ*-differences
among the corresponding host genomes [4,5]. Comparing
the mitrochondrial genomic signature with its host genom-
ic signature, however, shows δ*-differences generally dis-
tant to very distant (δ* values mostly 130–230) with no
discernible pattern among the various eukaryotic clades [4].

There are currently available 11 completely sequenced
plastid genomes (see Figure 4). They divide into four
groups: five plastids of higher plants, three plastids from
primitive plants, two from algae (one green, one red) and
one from liverwort. The plastid genome sizes range from
about 120–150 kb with the two exceptions, the higher
plant Epifagus virginiana (70 kb) and the red-alga Porphyra
purpurea (191 kb). Examination of Figure 4 reveals that
the genomes of higher plants are mutually close to mod-
erately similar with corresponding δ*-differences between
17–77. Notably, the rice and maize plastid genomes are
very close (δ* = 17) almost like random samples of each
other. The liverwort plastid is only weakly similar to the
higher plant plastids. The primitive plants constitutes a
coherent group of moderately similar genomes
(δ* ≈ 36–64). The groups of the higher and primitive
plants show weak to distant similarity. The two algal
chloroplast genomes are mutually distant and both are dis-
tant from all the higher plants. The primitive plants and
algae, however, show generally weak similarity. 

Intriguingly, the aphid bacterium (indispensable
endosymbiont) Buchnera aphidicola is moderately to weak-
ly similar with respect to all chloroplast sequences
(Figure 4). By contrast, Anabaena sp. shows weak similari-
ty to the plastid groups of primitive plants and algae but is
distantly similar to the plastids of higher plants (Figure 5). 
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Figure 4

δ* -differences among chloroplast genomes. Average δ* -differences
(multiplied by 1000) over all pairwise comparisons among 50 kb
sequence samples. The background shades correspond to the
average δ* -differences, changing gradually from white (indicating
δ* ≤50) to dark gray (δ* ≥200). Nicta (tobacco), epivi (Epifagus
virginiana), orysa (rice), zeama (maize), pinth (pine), marpo
(liverwort), euggr (Euglena gracilis), cyapa (cyanelle Cyanophora
paradoxa), odosi (Odontella sinensis), chlvu (Chlorella vulgaris),
porpu (Porphyra purpurea).
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As expected, the higher plant chloroplast genome signa-
tures match best (moderately similar) with the plant A.
thaliana and liverwort mitochondrial sequences and with
fungal mitochondria. Generally, there is documented later-
al DNA transfer from chloroplasts to mitochondria in

plants [34] and the genomic signature comparisons are con-
sistent with this phenomenon [35]. 

Anomalies of the genomic signature in
bacterial pathogenicity islands
Complete genome sequencing projects of many of the
major pathogens are either available, in process, or of high
priority and will soon be forthcoming. Pathogenicity
islands (Pa-is) have been identified in Escherichia coli and
Salmonella typhimurium strains, in Vibrio cholerae, Yersinia
sp., P. aeruginosa and H. pylori [36••,37–40]. Given a bacte-
rial genome, how can genomic sequence analysis con-
tribute to detecting pathogenicity islands, determining
how they cause disease, and processes of host–microbe
interactions and to details on virulence factors (e.g.
invasins, adhesins, secretion pathways, sources of toxins)?
I outline four methods appropriate to this task:

1. C + G content anomalies. Take a sliding window (W) of
DNA sequence, say 20 kb or 50 kb length, and graph the
average C + G frequency. In some windows the C + G con-
tent significantly differs from the average window genom-
ic G + C content. This anomaly applies to the CagA region
of H. pylori. (This method is standardly used for detecting
deviant segments.)

2. Genomic signature divergence. Ascertain the genome δ*-
differences for each individual window (W) compared to the
average signature over all windows of the genome. An out-
lier of these determinations may portend a potential Pa-i.

3. Extremes of codon bias. For each window W collect all
genes FW of the window and calculate the codon bias of
FW with respect to the average gene in the genome [41].
Windows showing significantly high codon bias may reflect
a potential Pa-i or alien gene cluster. 

4. Extremes of amino acid usage. For window W, collect all
genes FW of the window. Compare the amino acid fre-
quencies of FW with the average amino acid usage of the
genome. Windows containing genes with significant over-
all amino acid usage deviations may reflect a Pa-i. 

I illustrate the use of first and second methods on the
genomes of H. pylori and M. tuberculosis. 

Possible virulence regions of H. pylori
H. pylori is a Gram-negative microaerophilic bacterium that
tends to colonize the low pH environment of the human
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Figure 5

δ* -differences between chloroplast and bacterial genomes. Average
δ* -differences (multiplied by 1000) over all pairwise comparisons
among 50 kb sequence samples. The background shades correspond
to average δ* -differences, changing gradually from white (indicating
δ* ≤50) to dark gray (δ* ≥ 200). For abbreviations of the chloroplast
genomes, see Figure 4. For bacterial abbreviations, see Figure 2.



stomach. About 50% of humans are infected by H. pylori but
only 10% are prone to overt clinical diseases. Patients with
peptic ulcer and some with adenocarcinoma often express
the CagA (cytotoxin associated gene A) antigen [33,38,42].

Figure 3 for sliding windows of 20 kb and 50 kb depicts,
respectively, C + G variation and the signature δ*-differ-
ences compared to the average signature for all windows of
the genome. Three regions stand out in the C + G plot:
R1 ≈ positions 445–475 kb; R2 ≈ positions 545–585 kb; and
R3 ≈ positions 1048–1068 kb. In the δ*-difference signa-
ture plot only regions R1 and R2 stand out; R2 is a recog-
nized Pa-i of H. pylori (CagA) and it shows the greatest
deviation in its genome signature. With respect to codon
bias, of the gene sets in each window, the Pa-i (that of R2)
entails the greatest codon bias, although the gene class of
R1 is also significantly codon-biased (data not shown). The
region R1 is replete in 23S rRNA genes. The segment com-
mencing at position 1470 kb is also rich in 23S genes. The
interval about 1590 kb encodes several restriction modifi-
cation systems and the region about 1050 kb contains mul-
tiple insertion sequences [42]. 

Possible virulence regions of M. tuberculosis 
M. tuberculosis is the causative bacterium of the world-
wide disease tuberculosis which is an intracellular
pathogen of mononuclear phagocytes especially adapted
to humans [37,40]. 

Figure 6 shows C + G variation and signature δ*-differ-
ences for 20 kb and 50 kb windows of the M. tuberculosis
genome. Two regions are outstanding in significant signa-
ture δ*-differences from the average global signature of

the 20 to 50 kb segments of the complete genome:
K1 ≈ positions 3730–3770 kb, and K2 ≈ positions
3925–3950 kb. Only K2 significantly deviates in C + G con-
tent. To our knowledge neither of these regions has been
identified or investigated as a pathogenicity island. We par-
ticularly call attention to K1. 

Mechanisms of the genomic signature
Genomic sequences display heterogeneity on many scales
and many authors have emphasized variation in G + C con-
tent (e.g. isochore compartments). DNA primary structure
is not physically or thermodynamically homogeneous, nor
is it random. Genomic dinucleotide structure is maintained
relatively homogeneous and constant in time apparently
by genome wide processes of replication, repair, and seg-
regation. Cell divisions involve DNA stacking on itself and
loopouts that need to be judiciously decondensed to
undergo segregation. The relatively slow change of dinu-
cleotide signature is influenced by context, accounted for
principally by dinucleotide base-step stacking energy,
duplex curvature, DNA packaging, context dependent
mutation processes, and nucleotide modifications.

The influence of the base step on DNA conformational
preferences is reflected in slide, roll, tilt, propeller twist,
and helical twist parameters [17–19]. For example, CG and
GC steps carry a strong preference for positive and nega-
tive slide, respectively [18]. The base step CC/GG in
C + G rich segments tends to exhibit large negative slide,
slight positive roll and variable twist, favoring an A-form
DNA conformation, whereas AA/TT steps primarily adopt
a B-form [18,19]. Calculations and experiments both indi-
cate that sugar-phosphate backbones are relatively flexible
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Figure 6

Identification of alien segments in the
complete genome sequence of
M. tuberculosis by local characteristics in a
sliding window. (a) Plot of the C + G content.
(b) δ* -differences with respect to genomic
average p* values. The plots were generated
using window sizes 50 kb (solid line) and
20 kb (dashed line) lengths of DNA. See text
for more details.



(e.g. [18]). Certain base sequences are associated with
intrinsic curvature, which can lead to bending and super-
coiling. Inappropriate juxtaposition or distribution of
purine and pyrimidine bases could engender steric clashes
[43]. For example, transient misalignment during replica-
tion is associated with structural alterations of the back-
bone in alternating purine-pyrimidine sequences. On the
other hand, purine and pyrimidine tracts have fewer steric
conflicts between neighbors [18,19]. The energetics of
base-step stacking also relates to electrostatic interactions
determined by the distribution of partial atomic charges
within the base pairs and the π-electrons of their aromatic
rings (e.g. GG/CC charge repulsion). Investigation of the
energy minima for the geometry of contiguous base pairs
in terms of slide, roll, tilt, and helical-twist parameters sug-
gests that the ten symmetric dinucleotides largely account
for the DNA structures observed with X-ray diffraction of
special synthesized oligonucleotides (e.g. [18,19]).
Dinucleotide properties, including stacking energies,
charge interactions and conformational tendencies, are
paramount in determining local DNA structure. For exam-
ple, whenever a DNA molecule is bent, the resultant DNA
configuration reflects local distortions in the double helix
at the level of dinucleotide steps. With metallointercalators
it has been demonstrated that DNA which contains a
π-stacked array of heterocyclic base pairs can promote
electron transfer reactions over long molecular distances
[44,45]. In particular, experimental studies have demon-
strated that GG dinucleotides in DNA sequences are ‘hot
spots’ for oxidative damage which accompanies long-range
charge transport through the DNA double helix. Thereby,
charge migration is sensitive to the intervening π-stack
formed by DNA base pairs and hence is useful for the
detection of mismatches [45]. 

The orientation of a DNA molecule relative to a protein
surface is determined mainly by the directional bending
preferences of the DNA, rather than by any sequence-spe-
cific protein–DNA contacts. Many DNA-repair enzymes
recognize shapes and lesions in DNA structures, rather
than specific sequences [46,47]. There appear to be biases
in replication efficiency and fidelity that depend on neigh-
boring base context, that is in turn related to stacking
structures [46,47]. The interaction of nucleosome position
with DNA-binding of mRNA is strongly affected by dinu-
cleotide arrangements [48]. 

Other general influences on DNA structure and content
include exposure to sunlight (e.g. effects of UV irradia-
tion), osmolarity gradients (e.g. salt concentration), acidity
and alkalinity tolerance, anaerobicity, extreme tempera-
ture, metal concentrations, ecological environment (habi-
tat variants, energy sources and systems, interacting fauna
and flora), and various stress conditions which often trigger
transposition events and alternative recombination path-
ways. Further factors that impact on genomic structure and
organization and change in DNA involve direct or indirect
transfer of genomic pieces between organisms, mediated

in part by viruses, bacteria, and animals and by exchanges
of plasmids or episomes. Environmental stress can
enhance conjugation, transposition, transformation, and
gene exchange across species lines [49]. 

Prokaryotic genomes are in a dynamic condition influ-
enced by natural genetic transformation (competence),
transposition, recombination, inversion, duplication,
deletion, and possible fusion events [50,51]. Nearly all
cells of H. influenzae and N. gonorrhoeae are competent,
whereas only ~10% of B. subtilis cells appear to be com-
petent for uptake of nonspecific DNA sequences. In B.
subtilis, competence is regulated by cell density, cell–cell
communication, and nutritional signaling dependence on
growth conditions. Therefore, in this case, DNA uptake
is likely to be mostly of similar DNA. Generally, although
exogenous DNA incorporation is widespread in bacterial
cells, nonspecific integration into the chromosome seems
to be rare. A major hypothesis concerning H. influenzae
(and some other bacteria) is that natural genetic compe-
tence evolved and is maintained for the purpose of
acquiring templates mediating repair of DNA lesions.
Other possible roles of natural genetic competence are
benefits of horizontal gene transfer (e.g. transfer of
antibiotic resistance determinants), repair of damaged
chromosomes (that are rescued by recombination with
exogenous homologous DNA), conversion of mutant alle-
les to functional alleles, or simply furnishing a good nutri-
ent source. Natural genetic transformation among
bacteria generally accepts DNA of a conspecific strain. In
the rare cases where it is not similar, we suggest that it is
rapidly made compatible to the genomic signature of its
new host [3••].

Conclusions
In summary, the pattern of dinucleotide relative abun-
dance values (genomic signature) is about the same for
every contig of at least 50 kb length but significantly dif-
ferent between genomes of distantly related organisms.
Mechanisms for the evolution and maintenance of the
genomic signature are unknown although there is data to
suggest that genome-wide processes, including DNA
replication and repair, contribute intrinsically to the
genomic signature [2,3••]. As illustrated above the genom-
ic signature is useful for detecting pathogenicity islands in
bacterial genomes and in conveying strong influences on
codon usages (see [10,41]). 

The analysis of the genomic signature for phylogenetic
analysis has the following advantages: first, it uses the
entire available genome sequence data for the organisms;
second, for 50 kb (or longer) contig samples over the
genome the genomic signature has remarkably small vari-
ance; third, it does not depend on finding and aligning
homologous genes; and fourth, it is unaffected by the pres-
ence of gaps and large rearrangement in the sequence.
Implicit in the data on genomic signatures is a challenge of
the proposal contending three domains of life. 
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