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Abstract - We show here how pathogenicity islands can
be analysedusing GenomeAtlases,which is a method for
visualising repeats,DNA structural characteristics, and
basecompositionof chromosomesand plasmids.Wehave
applied this methodto the E. coli plasmid pO157,and the
Y. pestisplasmid pPCP1. In both casespathogenicgenes
wereshownto differ in

�����
contentandstructural prop-

erties. Furthermore, examination of an antibiotic resis-
tance genecluster from S. typhimurium showedthat the
samewastrue for genesencodingantibiotic resistance.
Basecomposition, Escherichiacoli , Pathogenicityislands
, Salmonellatyphimurium DT104, Yerseniapestis

Intr oduction

With the availability of DNA sequences from pathogenic or-
ganisms, computational analysis of these organisms and their
toxicity has become feasible. We present here a method for
visualizing pathogenicity islands so that repetitive sequences
and anomalies in base composition or DNA structure be-
come visible. The GenomeAtlas is a wheelplot summariz-
ing such different properties of DNA [Jensen etal., 1999].
This method can be applied to both small plasmids and gene
clusters as seen in this work, but also to complete micro-
bial chromosomes. We have created GenomeAtlases for all
the fully sequenced microbial chromosomes that are pub-
licly available. These atlases are available on the internet at
http://www.cbs.dtu.dk/services/GenomeAtlas/.

To illustrate the usefulness of the GenomeAtlas for find-
ing genes responsible for pathogenicity, three GenBank en-
tries from different organisms were examined. pO157, a
92077 bp plasmid from the pathogenic E.coli strain O157:H7
(GenBank accession number AF074613), was chosen be-
cause it is in part responsible for the hosts pathogenic-
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ity and is believed to encode at least one toxic protein
[Burland etal., 1998]. pPCP1, a plasmid from Y. pestis
which carries two known virulence genes, was also selected.
Whereas infection of humans with strains of Y. enterocol-
itica and Y. pseudotuberculosis typically result in diarrhea
and abdominal pains, Y. pestis with the plasmid pPCP1
is the cause of the bubonic plague [Hu etal., 1998]. Fi-
nally, a cluster of five antibiotic resistance genes from S. ty-
phimuriumDT104 was selected (GenBank accession number
AF071555)[Briggs & Fratamico, 1999]. A recent outbreak of
this multidrug resistant Salmonellain Denmark resulted in the
death of two people [Molbak et al., 1999]. Multidrug resis-
tant Salmonellaare becoming increasingly difficult to treat
with antibiotics, and may become a major health concern in
the future.

Methods

To generate wheelplots, a number of parameters are calcu-
lated for the DNA double helix based on the nucleotide se-
quence. These parameters belong to three categories: Re-
peats, structural parameters, and parameters directly related
to the base composition. An atlas in which these parame-
ters are visualized as colored circles is made for each of these
three categories; in addition the combined GenomeAtlas sum-
marizing the most informative parameters is constructed.

Structural parameters

A number of measures for the local structure of DNA have
been devised, most of which are based on simple lookup ta-
bles of dinucleotide or trinucleotide values that have been ob-
tained by fitting either experimental results or theoretical es-
timates1.

1Pedersenet al., “A DNA structuralatlasof E. coli”, manuscriptsubmit-
tedto J.Mol. Biol.



Intrinsic curvature is a property of DNA that is closely
related to anomalous gel mobility, as DNA fragments
with high intrinsic curvature will migrate slower on poly-
acrylamide gels than markers with the same length. In
this work we have used the CURVATURE programme
[Shpigelman etal., 1993], which is based on a wedge model
[Trifonov & Sussman, 1980, Ulanovsky etal., 1986], for pre-
diction of intrinsic curvature. From a set of dinucleotide
values for the twist, wedge, and direction angles the three-
dimensional path of a 21 bp fragment is calculated. Curva-
ture profiles for longer sequences can thus be calculated us-
ing a 21 bp running window. Curves are often encountered
upstream of highly expressed genes such as the toxin genes in
pathogenicity islands [Bracco etal., 1989].

Next is the stacking energy, which relates to the inter-
action energy between adjacent basepairs in the DNA dou-
ble helix. The total stacking energy of a DNA segment
can be estimated from the set of dinucleotide values deter-
mined by quantum mechanical calculations on crystal struc-
tures [Ornstein etal., 1978]. All stacking energies are nega-
tive since base stacking is an energetically favourable interac-
tion that serves to stabilise the double helix. This means that
regions with large stacking energies are strongly stabilised
and therefore less likely to destack or melt than regions with
less negative stacking energies.

The position preference is a measure of helix flexibility
based on a set of 32 trinucleotide values giving the log-odds
of the minor groove facing outwards when wrapped around
a nucleosome core [Satchwell etal., 1986]. On this scale a
value of zero represents no preference of the trinucleotide
for specific positions in the nucleosomes, while large abso-
lute values means that the trinucleotide has strong prefer-
ence. Because large absolute values thereby implies that the
sequence is inflexible, a measure of flexibility is obtained
by removing the sign from the original trinucleotide values
[Pedersen etal., 1998]. On that scale low values correspond
to high bendability.

Basecomposition

The trivial way to parameterise the base composition is to
simply use the G-, A-, T-, and C-content. A drawback of this
representation is that the four parameters are mutually corre-
lated as they sum to 1. An alternative parameterisation for the
base composition is �	��
 , �
��
 , and ����� . In addition
to being mutually independent measures, they also have the
advantage of being easier to interpret in a biological context.

The �	��
 content is strongly correlated to the structural
parameters described above — especially the stacking energy.
����
 rich regions usually destack more readily, have a higher
intrinsic curvature, and are less flexible. Since the parameters
����
 and ����� have almost no correlation to the structural
properties of DNA, the ����
 content contains nearly all the

structural information arising from the mono-nucleotide com-
position. Pathogenic islands can often be detected from their
different ����
 content alone, which also influence almost all
the structural properties of DNA.

Repeatelements

Repeats are multiple copies of the same sequence at differ-
ent locations on a piece of DNA. We divide repeats into three
major categories: Simple repeats, symmetry elements (also
termed local repeats), and global repeats. All the different
types of repeats are found using the same basic algorithm
which finds the highest degree of homology for an � bp re-
peat within a window of length � .

Here we will only focus on repeats on the global scale,
where a direct repeat is a sequence that is present in at least
two copies on the same strand, whilst two copies located on
opposite strands will give rise to an inverted repeat. Global
repeats can arise from duplicated genes as well as from IS
elements which are often seen flanking pathogenic islands
[Hacker et al., 1997].

Resultsand discussion

The plasmid pO157

The atlas of pO157 (figure 1) reveals two strongly curved
����
 rich areas which destack more readily than the sur-
roundings. One consists primarily of the four EHEC-hly
genes, the other is composed almost entirely of the gene
L7095. Although no experimental evidence exists of the func-
tion of the proteins encoded by these genes, all four show
remarkable resemblance (99% identity) to a hemolysin toxin
protein (EHEC-hlyA) and three hemolysin transport proteins
(hlyB, hlyC, and hlyD) [Burland etal., 1998].

Not far from L7095an inverted repeat can be observed with
the two copies located upstream and downstream of the gene
itself. Considering also the aforementioned difference in base
composition observed for the gene, it can be suggested that
the repeats are in fact the boundaries of a foreign transposon
which has been integrated into the plasmid. This hypothesis
is supported by the presence of L7093, L7094and L7096, lo-
cated on either side of L7095, which are believed to code for
transposases. The function of the very large (3170 aa) protein
coded for by L7095is not entirely known, but the protein has
some similarity (approx. 22% identity) with a known cyto-
toxin from Clostridiumsordelii [Burland etal., 1998].

TheplasmidpPCP1

The associated genes pstand pim, encoding the pesticin and
pesticin immunity protein respectively are readily apparent
on the atlas from their high ����
 content (figure 2). The
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strongest structural signal is seen for the pim gene, which has
several highly curved regions and appears to destack more
readily. Although the pst gene itself shows no significant
structural motifs, the promoter region is highly curved, sug-
gesting high levels of expression [Bracco et al., 1989]. A
similar albeit weaker signal can be seen for pla, coding for
the plasminogen activator [Hu etal., 1998].

S.typhimurium DT104

As can be seen in table I, S.typhimuriumDT104 is resistant to
five antibiotics. The genes coding this resistance are clustered
together within a small region of the DT104 chromosome. A
GenomeAtlas of this region is shown in figure 3. The atlas
reveals a high ���� content for the ! -lactamase gene, which
also destacks readily and contains several peaks in intrinsic
curvature. This signal continues into the repeated region and
also encompasses the ammBgene. However, the remaining
antibiotic resistance genes show no appreciable difference in
any of the measurements.

Another striking feature of figure 3 are the long direct re-
peats located around the ends of the sequenced island. The
presence of nearby integrase genes suggests that parts of the
cluster might be foreign DNA integrated into the chromosome
itself. Furthermore the regions surrounding the ! -lac and
strep genes are identical. Possibly only one of these regions
were originally in DT104, while the other was (part of) a plas-
mid which was then inserted into the genome by cross-over
between the homologous regions on the chromosome and the
plasmid.

Transposons and other foreign regions are often involved
in an organisms pathogenesis. We have shown that the
GenomeAtlas is an effective tool for revealing these features
based on their differences in base composition, structural
properties, and the occurrence of nearby repeats.
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Fig. 1. The GenomeAtlas of E. coli plasmid pO157.
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Fig. 2. The GenomeAtlas of Y. pestispPCP1

4



Gene Product
IntA Integrase
Strep Res. to Streptomycin/spectinomycin
AmmA Res. to Quaternary ammonium compounds (disinfectants)
Chlor Res. to Chloramphenicol
RegT Regulation of Tetracycline resistance
Tetra Res. to Tetracycline
IntB GroEL-like/integrase fusion protein"

-lac Res. to
"

-Lactams (ampicillin etc.)
AmmB Res. to Quaternary ammonium compounds (disinfectants)
Sulph Res. to Sulphonamides

TableI. Genes present in the S.typhimuriumDT104 island
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