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Abstract

We have analysed protein coding and intergenic sequences in the Borrelia burgdorferi (the
Lyme disease bacterium) genome using di�erent kinds of DNA walks. Genes occupying the
leading strand of DNA have signi�cantly di�erent nucleotide composition from genes occupying
the lagging strand. Nucleotide compositional bias of the two DNA strands reects the aminoacid
composition of proteins. 96% of genes coding for ribosomal proteins lie on the leading DNA
strand, which suggests that the positions of these as well as other genes are non-random. In the
B. burgdorferi genome, the asymmetry in intergenic DNA sequences is lower than the asymmetry
in the third positions in codons. All these characters of the B. burgdorferi genome suggest that
both replication-associated mutational pressure and recombination mechanisms have established
the speci�c structure of the genome and now any recombination leading to inversion of a gene
in respect to the direction of replication is forbidden. This property of the genome allows us to
assume that it is in a steady state, which enables us to �x some parameters for simulations of
DNA evolution. c© 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

1.1. Replication-associated mutational pressure

The bacterial chromosome is a double-stranded DNA molecule. Each DNA molecule
is built of two antiparallel (Watson and Crick) strands (see Fig. 1a). Each of these
strands is a directional structure with one end termed as 5′ and the other as 3′. Eubac-
terial chromosomes usually are circular and have only one origin of replication (where
replication starts in both directions) and one termination region (where the two repli-
cation forks meet and replication ends) (Fig. 1a). The B. burgdorferi genome is rather
exceptional – it is linear, and replication forks move until they reach the ends of the
chromosome. DNA synthesis is semi-conservative, which means that after replication
in the new DNA molecule one strand is the old one (matrix) and the other is the newly
synthesised one. Synthesis of a new strand is possible only in one direction: from the
5′ end to the 3′ end. Since matrix strands are antiparallel to newly synthesised strands,
the mechanisms of replication of the two strands have to be di�erent. In fact one strand
is synthesised continuously – it is called leading (Fig. 1a) and the other is synthesised

Fig. 1. The topology of replication and transcription of bacterial circular chromosome. Synthesis of a new str-
and is possible only in one direction: from the 5′ end to the 3′ end. One strand is synthesised continuously –
it is called leading (a – solid line) and the other is synthesised discontinuously by joining fragments and it
is called lagging (dotted line) The role of the leading=lagging strand is switched at the origin of replication
(Ori) and at the terminus of replication (Ter). The two parts of the chromosome from the origin to the
terminus of replication are called replichores, usually of approximately the same length. Gene 2 in (b) is
located on the leading strand, because its coding strand is replicated as the leading strand and the direction
of transcription (also from 5′ end to the 3′ end of the gene) is the same as the direction of replication fork
movement.
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discontinuously by joining fragments (dotted line in Fig. 1a) and it is called lagging
[1,2]. In eubacterial circular genomes the role of the leading=lagging strand is switched
at the terminus of replication. At this point the leading strand becomes lagging and
vice versa. The same kind of topological switch is at the origin of replication. The part
of the chromosome from the origin to the terminus of replication is called a replichore
[3]. Usually the two replichores in a eubacterial genome are approximately of the same
length. Di�erent mechanisms of replication of the two DNA strands implicate di�er-
ent mutational pressures which introduce speci�c nucleotide substitutions into newly
synthesised DNA strands ([4–12]; for a review see [13–15]). That is why a speci�c
bias in DNA nucleotide composition between leading and lagging strands is observed
in eubacterial chromosomes [3,14,16–29].

1.2. Transcription-associated mutational pressure

To understand the relations between gene location and the structure of chromosome,
description of another process – gene transcription – should be superimposed on the
replicating chromosome. A protein coding gene is a fragment of double-stranded DNA
which codes for a single polypeptide chain. It is arbitrarily accepted that one strand
of a gene is called the coding strand (sense strand or non-transcribed strand) and the
other the non-coding, anti-sense or transcribed strand (Fig. 1c). A gene is de�ned
as located on the leading strand if its coding strand is replicated as leading and the
direction of transcription (also from 5′ end to the 3′ end of the gene) is the same as
the direction of replication fork movement (gene 2 in Fig. 1b). Replication-associated
mutational pressure is not the only mechanism introducing compositional bias into the
DNA molecule. Asymmetric nucleotide substitutions could also occur during transcrip-
tion of genes [13,22,30,31]. Since transcription-associated mutational pressure prefer-
entially a�ects the non-transcribed strand of genes, its local e�ect observed on one
DNA strand (i.e. leading) depends on the location of the gene on the chromosome,
while replication-associated mutational pressure a�ects uniformly the whole replichore
from the origin to the terminus of replication. It is relatively easy to separate the e�ect
of replication from the e�ect of transcription by subtracting or adding the values of
asymmetry of Watson (W) strand and the asymmetry of Crick (C) strand [26–28,32].

1.3. Asymmetry introduced by protein coding functions

Both replication- and transcription-associated mutational pressures introduce substitu-
tions into DNA strands “not seeing” positions in codons. Nevertheless, protein coding
sequences have their own asymmetry connected with coding functions. This asym-
metry is forced by selection for speci�c amino acid composition of coded proteins,
and has a very speci�c character – each position in codons shows signi�cantly di�er-
ent nucleotide composition [14,33–36] and di�erently responds to mutational pressure
introducing nucleotide substitutions. All these mechanisms are responsible for estab-
lishing speci�c “coding asymmetry” of bacterial genomes [28,37–40]. Let us assume
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that replication-associated mutational pressure results in purine-rich leading strand and
that the coding strands of genes are also rich in purines. Thus, if a gene is located
on the leading strand (according to the convention accepted above), both trends – that
connected with coding functions and that implicated by mutational pressure – cumulate.
But when a gene with its purine-rich coding strand is located in inverted position, then
its transcribed pyrimidine-rich strand is located on the leading, purine-rich strand. It is
obvious that under the same replication-associated mutational pressure, the frequencies
of mutations in these two genes will be di�erent. Since some mutations are accepted
and accumulate, one can expect di�erent nucleotide composition of genes located on
leading and lagging DNA strands. That should be true only in the case of relatively
rare recombination events, which means that the coding sequence stays relatively long
in the same position, cumulating non-random substitutions. This phenomenon is very
clearly seen in the B. burgdorferi genome.

2. Materials and methods

All calculations were done on the B. burgdorferi genomic sequence [41] downloaded
from www.ncbi.nlm.nih.gov.

2.1. DNA walks

To show correlations in nucleotide composition of the B. burgdorferi genome,
we have performed di�erent kinds of DNA walks. These methods were described
in detail previously [32] and many technical issues are presented at our www site:
http:==smORFland.microb.uni.wroc.pl. We have analysed distribution of individual nu-
cleotides along the DNA strand by performing detrended DNA walks. In this kind
of walks the walker moved one unit up in two-dimensional space when it visited the
analysed nucleotide, and down when it visited a di�erent nucleotide. The value of its
movement down was corrected in such a way that the walk ended at y = 0. Val-
ues on the x-axis represent position on chromosome. This kind of detrended walks
was performed also when other compositional biases of the genome were analysed.
For the analysis of protein coding sequences we have used a speci�c modi�cation of
two-dimensional DNA walks of Berthelsen et al. [42]. We have analysed separately
the composition of �rst, second and third positions in codons and we have presented
the results as three separate DNA walks on one plot, called a spider. Analyses were
done separately for each Open Reading Frame (ORF) or for all ORFs found in the
genome spliced together. In the latter case the resulting plot was called a genomic spi-
der. We have also performed DNA walks separately for spliced ORFs lying on leading
or lagging strands, or on Watson or Crick strands. The last DNA walks enable showing
the di�erences in nucleotide composition of codon positions between ORFs situated on
leading and lagging strands. DNA walks performed for spliced ORFs show average
trends in nucleotide composition of particular positions in codons, while DNA walks
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Fig. 2. DNA walks performed in two-dimensional space separately for each position in codons for gene
BB0512, 6500 bp long, with co-ordinates on chromosome: 172 165–174 331 bp, situated on the leading
strand. Three DNA walks were done independently for each nucleotide position in codons. The �rst walker
starts from the �rst nucleotide position of the �rst codon and jumps every third nucleotide until the end of
the examined sequence has been reached. Similarly, the second and the third walkers start from the second
and the third nucleotide positions of the �rst codon, respectively. The three walks together have been called
a spider and a single walk has been called a spider leg. Every jump of a walker is associated with a unit
shift in the two-dimensional space depending on the type of nucleotide visited. The shifts are: (0,1) for G,
(1,0) for A, (0;−1) for C and (−1; 0) for T.

done separately for each ORF enable parameterisation of individual coding sequences.
We have used parameters describing individual ORFs (i.e. their spiders). They were:
arcus tangent [(G–C)=(A–T)] for the �rst, second, and third positions in codons. Using
pairs of these parameters it was possible to prepare distributions of ORFs on the �nite
surface of torus projection.

3. Results and discussion

3.1. Correlations in nucleotide composition of coding sequences

Examples of DNA walks performed in two-dimensional space separately for each
position in codons are presented in Fig. 2. Gene BB0512 described by these walks,
6500 bp long, is situated on the leading strand, and its co-ordinates are 172 165–174
331 bp. Its function has not been found yet. Each walk starts at the start translation
codon of the analysed gene. The walk representing the �rst positions in codons is called
leg 1. Leg 2 and leg 3 represent DNA walks performed for the second and the third
positions in codons, respectively. Trends in nucleotide composition of each position are
signi�cantly di�erent. One could argue that correlations in nucleotide composition of
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Fig. 3. Distribution of ORFs longer than 100 codons on the torus projection. Each ORF is represented
by a point with co-ordinates: (a) arcus tangent [(G–C)=(A–T)] for the �rst position against arcus tangent
[(G–C)=(A–T)] for the second position; (b) arcus tangent [(G–C)=(A–T)] for the �rst position against arcus
tangent [(G–C)=(A–T)] for the third position.

codon positions have to be very speci�c for individual genes. Thus, we have performed
this analysis for every ORF longer than 100 codons in the B. burgdorferi genome. In
case of overlapping ORFs the longer one was chosen. To describe the obtained set of
ORFs, we have plotted arcus tangent [(G–C)=(A–T)] for the �rst positions against arcus
tangent [(G–C)=(A–T)] for the second positions, and against arcus tangent [(G–C)=
(A–T)] for the third positions. Note that arcus tangent [(G–C)=(A–T)] corresponds to
the angle between the x-axis and the leg describing the analysed position. The resulting
plots are distributions of points representing individual ORFs on torus projections (Fig.
3a and b). We have two distinct sets of ORFs forming two compact groups of points
on the plot, especially when the �rst and the third positions in codons are taken into
consideration.

3.1.1. The e�ect of gene position on its nucleotide composition
The two sets of ORFs observed in plot 3b correspond to sets of ORFs situated on

the leading DNA strand (upper right part of the plot) and lagging strand (close to the
centre). This means that codon composition of B. burgdorferi genes depends strongly
on the direction of their transcription in relation to the direction of movement of
replication fork. The most sensitive to location on chromosome are the third positions
in codons (y-axis in Fig. 3b). It is very clearly seen in DNA walks performed for
ORFs spliced separately from leading and lagging strands (Fig. 4). In two sets of
ORFs very strong correlations are seen in the �rst and the third positions. However,
while in the �rst positions purines prevail in both sets, the third positions of ORFs
situated on the lagging strand are relatively rich in adenine and cytosine and the third
positions of ORFs on the leading strand are rich in guanine and thymine. There is
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Fig. 4. Spiders representing spliced ORFs longer than 100 codons; (a) ORFs located on the lagging strand,
(b) ORFs located on the leading strand.

Fig. 5. Detrended DNA walks on whole B. burgdorferi chromosome, strand W; (a) walker moved up when
the visited nucleotide was a purine and down when it was a pyrimidine, analyses were done separately for the
pairs A–T and G–C. (b) Analysis of relative abundance of each of four nucleotides along the chromosome.

a very weak correlation in nucleotide composition of the second position in codons
of ORFs situated on the leading strand. That is why the set of these ORFs forms
a belt in Fig. 3a. Much better, comparative results were obtained in detrended DNA
walks performed to analyse relative abundance of particular nucleotides along the whole
DNA strand (Fig. 5). The plots are normalised in such a way that the values on
y-axes, representing relative abundance of nucleotide, can be compared. Values on
x-axes represent positions on chromosome. The B. burgdorferi genome is linear and the
origin of replication is situated in the middle of the chromosome. Thus, the extrema of
the plots represent the point where the leading=lagging role of DNA strand switches, in
fact it is the origin of replication. Some authors argue that the correlation seen in codon
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composition of ORFs is a result of substitutions introduced during transcription. If it is
true, the substitutions introduced during transcription should introduce the same trends
in DNA composition independent of the strand (leading versus lagging). Thus, when
the asymmetry introduced to ORFs of the leading strand is added to the asymmetry
of ORFs of the lagging strand, it should cumulate. If replication-associated processes
are responsible for the compositional asymmetry of ORFs, it should be of di�erent
sign for ORFs on leading and lagging strands. This asymmetry will cumulate when
the asymmetry of the leading strand is subtracted from the asymmetry of the lagging
strand. We have performed additions and subtractions of DNA walks on spliced ORFs
situated on W strand and C strand. The results of such DNA walk transformations are
presented in Fig. 6. It is obvious that replication-associated mechanisms are responsible
for the asymmetry of coding sequences in the B. burgdorferi genome. The asymmetry
introduced by transcription-associated mechanisms is invisible in this genome.

3.2. DNA asymmetry introduced by replication-associated mutational pressure into
coding and intergenic sequences

For further analysis of the B. burgdorferi genome, we subtracted DNA walks per-
formed separately for each position in codons. The results were compared with the
asymmetry in intergenic sequences (Fig. 7). The results indicate that replication-
associated mutational pressure inuences composition of intergenic sequences as well as
each position of codons. However, the results of this inuence are di�erent for di�erent
positions in codons. Since replication does not “see” positions in codons, the di�er-
ences between positions in accumulation of substitutions must be a result of selection.
If we assume that the di�erences observed between the ORFs of leading and lagging
strands are the result of replication-associated mutational pressure, we have to assume
that there should be enough time to accumulate many mutations in coding sequences,
which means that positions of genes in the genome are conserved and recombination
with inversion is forbidden in this genome or it is an extremely rare event. There is a
question implicated by such structure of the genome. Were the positions of genes on
the chromosome pre-established in the past randomly or not? We have analysed the
positions of genes coding for ribosomal proteins and found that 96% of these genes are
coded by the leading strand. Thus, we suppose that positions of other genes are also
non-random and that they were established non-randomly. From the biological point of
view, one should expect that genes are positioned on chromosome in such a way that
the probability of mutation is the lowest. Then the killing e�ect of mutational pressure
is the lowest. Since the probability of substitution under a given replication-associated
mutational pressure for the same sequence depends on the direction of this sequence
in relation to the replication fork movement, positions of genes are important. Thus it
should be possible to �nd some resemblance between composition of coding strands
of genes located on the leading strand and anti-sense strands of genes located on
the lagging strand. In fact we have found in the B. burgdorferi genome two sets of
genes located on the two DNA strands with very similar sequences on the leading
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Fig. 6. Addition and subtraction of detrended DNA walks. In the upper part, the scheme of chromosome
partition for leading=lagging parts and the location of ORFs are depicted. The upper line in the scheme
represents C strand. It is analysed from the left end, thus, its �rst part is leading and at Ori its role switches
to lagging. The upper two plots present detrended DNA walks describing nucleotide composition of ORFs
lying on Watson strand and Crick strand, respectively. Lower left plots are the results of subtraction of
walks on C strand from the corresponding walks on W strand. Lower right plots are the results of addition
of walks on C strand to the corresponding walks on W strand.
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Fig. 7. Results of subtraction of detrended DNA walks on the spliced ORFs of strand C of B. burgdorferi
from detrended DNA walks on spliced ORFs lying on strand W. Analyses were done separately for the �rst,
the second and the third positions in codons (a, b, and c, respectively) and compared with the walks on
spliced intergenic sequences (d).

strand, thus, with similar mutational pressure acting on them. These genes code for
trans-membrane proteins. Their nucleotide compositions are depicted by spiders shown
in Fig. 8. Spiders of genes lying on the leading strand are very similar to the spiders
done for the anti-sense of genes lying on the lagging strand and vice versa. In this
�gure relative positions of these genes on chromosome are also shown. These very
genes have to be analysed with the assumption that they are in the phase relation shown
in the lower part of Fig. 8. This phase relation is not accidental. In many genomes
over 23 of all overlapping ORFs overlap in this phase relation [43,44]. We have proven
that it is even possible to generate a coding sequence by another coding sequence
in the anti-sense in this phase relation. Note that spiders performed for the coding
strands of these genes di�er signi�cantly only in the third positions. These positions
overlap in sense and anti-sense strands and their nucleotide compositions correspond
to the composition of the third positions of other genes situated on the leading or the
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Fig. 8. Spiders performed for genes coding for trans-membrane proteins, lying on the leading strand (upper
left) and the lagging strand (lower right). Spiders done for complementary (anti-sense) sequences of these
genes are presented in the lower left and upper right parts of the �gure, respectively. The phase relations
between the coding sequences and their anti-sense sequences are shown under the plots.

lagging strands. Furthermore, the asymmetry in third positions resembles that of inter-
genic sequences. In this phase relation the �rst position in the sense strand corresponds
to the second position in the anti-sense strand and the second position in the sense
strand corresponds to the �rst position in the anti-sense strand. In the second position
of these very genes thymine and cytosine prevail, which means that in the anti-sense
of the �rst positions adenine and guanine prevail. This is a general feature of all cod-
ing sequences. Since the composition of the sense strand of trans-membrane genes
lying on the leading strand resembles the composition of the anti-sense strand of
genes lying on the lagging strand, the mutational pressure acting on these two sets of
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genes is the same. The signi�cant di�erence between these two classes of genes is in
their third positions in codons. These positions are degenerated. In half of codons a
substitution does not change the sense. In 60 codons (of 64 all codons) any transition
in the third position does not change the sense.

4. Conclusions

In the B. burgdorferi genome genes are non-randomly positioned on chromosome –
on the leading or lagging strand – and they have stayed at their position for a long
time. It seems that translocation of genes with inversion in regard to the replication
fork movement in this genome is not allowed. As a result, di�erences between genes
lying on leading and lagging strands are observed. These di�erences are a result of
accumulation of nucleotide substitutions introduced by replication-associated mutational
pressure. Mutational pressure does not recognise codon structure of protein coding
sequences, therefore, it introduces mutations independently of the role of a nucleotide in
coding for the amino acid. It is selection which is responsible for removing deleterious
mutations according to di�erent rules for di�erent positions in codons. The two e�ects,
that of mutational pressure and that of selection, are responsible for establishing very
speci�c di�erences in asymmetry in each position in codons and between DNA strands.
If we assume that evolutionary mechanisms tend to optimise the e�ect of mutation
pressure leading to the nucleotide composition of a sequence which is the least prone
to mutate under the given mutational pressure, we can try to �nd the mutational pressure
establishing DNA composition of intergenic sequences which is the least deleterious for
coding sequences lying on the two DNA strands. The next paper presents the results of
our �rst attempts to simulate mutational pressure under selection conditions depending
on positions in codons.
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