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We have performed detrended DNA walks on whole prokaryotic genomes, on noncoding sequences and,
separately, on each position in codons of coding sequences. Our method enables us to distinguish between the
mutational pressure associated with replication and the mutational pressure associated with transcription and
other mechanisms that introduce asymmetry into prokaryotic chromosomes. In many prokaryotic genomes,
each component of mutational pressure affects coding sequences not only in silent positions but also in
positions in which changes cause amino acid substitutions in coded proteins. Asymmetry in the silent positions
of codons differentiates the rate of translation of mRNA produced from leading and lagging strands.
Asymmetry in the amino acid composition of proteins resulting from replication-associated mutational pressure
also corresponds to leading and lagging roles of DNA strands, whereas asymmetry connected with transcription
and coding function corresponds to the distance of genes from the origin or terminus of chromosome

replication.

There are many mechanisms in nucleic acids metabo-
lism that introduce asymmetry into nucleotide com-
position of the two DNA strands (for review, see
Francino and Ochman 1997; Mrazek and Karlin 1998).
DNA asymmetry can be described in terms of relations
between numbers of the four different nucleotides in
DNA strands, or it can be visualized in diagrams repre-
senting different kinds of DNA walks. Filipski (1990)
first interpreted the asymmetry in G/C content as a
result of asymmetric replication-associated mutational
pressure in viruses. Lobry showed asymmetry in
nucleotide composition of some prokaryotic genomes
by two-dimensional DNA walks (Lobry 1996a) and by
the analysis of sliding windows (Lobry 1996b). He
pointed out that this asymmetry changes its polarity at
the origin and terminus of chromosome replication,
where DNA strands change their role from leading to
lagging or vice versa. Later, Freeman et al. (1998),
Mrézek and Karlin (1998), Grigoriev (1998), and
McLean et al. (1998) described DNA strand asymmetry
in different numerical ways. Mechanisms that might
be responsible for the observed asymmetry have been
also discussed many times (Freeman et al. 1998; Grig-
oriev 1998; Mrazek and Karlin 1998). One of the ac-
cepted hypotheses states that the potential cause of
asymmetry is deamination of methylated cytosines,
which leads to thymines. Some investigators believe
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that this type of substitution differentiates between
sense and antisense strands of coding sequences, and
transcription mechanism introduces the asymmetry
into DNA strands (Beletskii and Bhagwat 1996;
Francino et al. 1996; Francino and Ochman 1997; Free-
man et al. 1998).

Intergenic noncoding sequences seem to be the
most likely to accumulate substitutions. However
asymmetry in the third position in codons, which
could be the effect of silent substitutions, is also ob-
served. These substitutions are not necessarily neutral;
they can lead to asymmetry in the distribution of genes
on the chromosome according to the rate of transla-
tion of their products. The average codon adaptation
index (CAI; Sharp and Li 1987) for genes on the leading
strand is different from that for genes located on the
lagging strand. Such effects were observed in the Esch-
erichia coli (Francino and Ochman 1997) and Borrelia
burgdorferi (McInerney 1998) genomes. These workers
observed preferences for transcription of the DNA
strand in the direction of replication rather than in the
inverse direction, which was reflected by higher num-
bers of coding sequences on leading than on lagging
strands in many genomes (Brewer 1990; Blattner et al.
1997; Kunst et al. 1997). Conversely, some experi-
ments have proved that the frequency of mutations
introduced into the nontranscribed DNA strand is
higher than those in the transcribed strand (Francino
et al. 1996).

Replication is thought to be another cause of
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strand compositional asymmetry in genomes. Al-
though it is not clear if replication of only one or both
strands is discontinuous (Okazaki et al. 1968; Kornberg
and Baker 1992; Wang and Chen 1992, 1994), the to-
pology of the replication fork requires different enzy-
matic mechanisms for the synthesis of leading and lag-
ging DNA strands with different error rates (Kornberg
and Baker 1992; Kunkel 1992; Waga and Stillman
1994). Moreover, some experiments have shown that
differences in processivity of leading and lagging DNA
strands may be responsible for the unequal fidelity of
replication of these two strands (Fijalkowska et al. 1998).
Usually, DNA asymmetry analyses of genomes
were performed on sliding windows. We have per-
formed detrended DNA walks for nucleotide composi-
tion analysis of coding and noncoding sequences. This
enables us to distinguish between the mutational effect
of replication and the effect of transcription and/or
coding functions (Cebrat et al.
1999). We have performed sepa-

that replication, as well as other mutational pressure
mechanisms, is responsible for introducing nucleotide
substitutions into DNA that are not silent and change
amino acid composition of coded proteins.

RESULTS

In Figure la detrended DNA walks on the Treponema
pallidum chromosome have been shown, illustrating a
nucleotide composition of ORFs of >150 codons, not
counting shorter ORFs from overlapping pairs of ORFs,
situated on the W strand (i.e., the coding strand lies on
the W strand). In the T. pallidum genome, [160% of
coding sequences are located on the leading DNA
strand. Because the walks in Figure 1a are presented in
the scale of the new sequence of the spliced ORFs, the
measure of asymmetry in coding density is the value of
shifts of the extrema at the middle of the x-axis. In

-2200

rate analyses of the two DNA s 58001 1y —A
strands: the Watson (W) strand w00 s500 e T
(GenBank), and the Crick (C) i f’““‘”“\w 2
strand (complementary to W). 1w il I
The asymmetry introduced by — , |usces 20 b — - —
replication-associated mecha- b, JOOU0 N 2000001 300000 o ”"‘%&W

P " f’f 2200 Y o

nisms into open reading frames
(ORFs) lying on the leading and .0
lagging DNA strands is of the re-
ciprocal sign. Thus, when de-
trended DNA walks on ORFs situ-
ated on the W strand in the scale a0
of the chromosome are added to

DNA walks performed on ORFs 1
from the C strand, the values of

-6200

’ st &MM

& s

g .
2200 ’wm,”i j’""’w position [bp]

v“#r“”& g position [bp] %, f

-6200

3800

1800

200 {{

asymmetry compensate each
other and disappear, leaving the
effect of asymmetry introduced ™* S

by other mechanisms (see Meth-
ods for details). In contrast, the
asymmetry in ORFs resulting '*7e
from their coding function or 7
transcription is of the same sign 4000
independent of their location on

-4200

1000

7, 100000 200000
&N e

-200
-2200

4200
— A 10000
7000
4000

10004

leading or lagging strands. Thus,
the addition of DNA walks cu- ™%
mulates asymmetry introduced -0
by mechanisms not related to gy
replication-associated mutational
pressure. Addition on both DNA
strands results in asymmetries
that are the result of the same,
unbalanced composition of
linked genes from complemen-
tary DNA strands.

In this paper we have shown

-11000

410 Genome Research
www.genome.org

-2000

position [bp]

-5000

-8000

-11000

Figure 1 Detrended DNA walks on T. pallidum ORFs longer than 150 codons. (a) All ORFs of
the W strand were spliced, and the walks were performed in the scale of the new sequence
(x-axis). The vertical line indicates the middle of the analyzed sequence; numbers on the y-axis
indicate the relative cumulative abundance of the nucleotide (see Methods). (b) The same
walks but the scale of the x-axis shows the position of ORFs on the chromosome. (¢,d) The same
kinds of walks done on the C strand. (e) The result of subtraction of walks presented on b and
d. (f) The results of the addition of walks presented in b and d. The terminus of replication is at
the extrema of the diagrams.
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these DNA walks numbers on the x-axis correspond to
coordinates of the walker on the sequences of spliced
conescutive ORFs situated on the W strand, not to their
real coordinates on the chromosome. Numbers on the
y-axis represent differences between the found number
of the analyzed nucleotide and its expected number if
ORFs were distributed evenly on the chromosome in-
dependently of W or C strands or leading/lagging DNA
strands. Figure 1b presents the same DNA walks for T.
pallidum but in the scale of the chromosome. In these
walks numbers on the x-axis represent the real coordi-
nates of ORFs on the chromosome. These walks lose
their information on coding density. The extrema have
to be in the middle of the plot, where the replication
terminus is situated. Figure 1, c and d, shows analogous
walks for the C strand. In Figure le the results of sub-
traction of the walks presented in Figure 1, b and d, (for
strands W and C) are presented. Let us assume (after
Beletski and Bhagwat 1996; Francino et al. 1996; Free-
man et al. 1998) that transcrip-

tion introduces asymmetry by g
preferentially high mutation rate
in the nontranscribed strand.
Then, whether the ORF is on a 4,
leading or a lagging strand,

6000

walks on the linear genome of B. burgdorferi, where the
origin of replication is in the middle of the chromo-
some (the center of x-axis). In all of these genomes the
leading strand is relatively richer in G than the lagging
strand. This is also true for other eubacterial genomes
(supplementary information available at www.genome.
org and http://smorfland. microb.uni.wroc.pl).

The analysis of DNA walks on W and C strands
done for the third positions in coding sequences and
for intergenic sequences of the T. pallidum genome is
shown in Figure 3. These results suggest that the asym-
metry introduced by replication-associated mutational
pressure into the third codon positions resembles that
of intergenic sequences. Analyses of the results of ad-
dition of DNA walks on intergenic sequences have not
shown any traces of asymmetry introduced by mecha-
nisms other than replication-associated ones.

Some mutations of the third positions in codons,
for example, almost all transitions, are silent, but oth-

asymmetry is of the same sign g
and subtraction should eliminate

it. Because the effect of asymme-

try introduced by replication is %
of the reciprocal sign on leading
and lagging strands, subtraction
cumulates it. Thus, Figure le rep-
resents the cumulative effect of
replication-associated muta-
tional pressure on ORFs lying on 54
both DNA strands. In contrast,
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Figure 2 The result of subtraction of the DNA walk on strand C from the DNA walk on strand
W for ORFs longer than 150 codons for the genomes of Chlamydia trachomatis (a); Mycobac-
terium tuberculosis (b); Escherichia coli (c); Helicobacter pylori (d); Haemophilus influenzae (e); and
Borrelia burgdorferi (f). In all plots but f the terminus of replication is in the center of the x-axis.
In the plot representing the B. burgdorferi genome, the origin of replication is in the center of
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Figure 3 The result of subtraction of the DNA walk on the C strand from the DNA walk on
the W strand for the third positions in codons (a) and the DNA walk on the W strand of
intergenic sequences (b) of the T. pallidum genome. To make possible a quantitative compari-
son of @ and b we have multiplied the values on the scale of y-axis for intergenic sequences—
sequences that do not belong to any ORF longer than 70 codons—by a factor of 1.8 (the
number of nucleotides in analyzed intergenic sequences was 1.8 times lower than the number

of nucleotides in the third positions.

ers are not and belong to the class of missenes muta-
tions. If we assume that most of the accumulated mu-
tations are in the fourfold-degenerated codons, in
which each mutation in the third position is silent, we
should find differences in the accumulation of muta-
tions in codons where transversions in the third posi-
tions are missense (twofold-degenerated codons). To
check this, we have performed separate walks on two-
fold- and fourfold-degenerated codons. Both classes of
codons accumulate mutations, and some of these mu-
tations (transversions in twofold-degenerated codons)
are of the missense class. The DNA walks presenting
asymmetric accumulation of mutations in the twofold-
and fourfold-degenerated codons in eubacterial ge-
nomes are presented at www.genome.org and http://
smorfland.microb.uni.wroc.pl.

Because a transversion even in the third positions
can change the encoded amino acid, we have per-
formed walks on amino acids coded by ORFs lying on
the two DNA strands, and we have subtracted and
added the resulting walks to separate the effect of rep-
lication-associated mutational pressure from the effect
of transcription and/or other effects. In Figure 4 the
effect of replication on amino acid composition of pro-
teins coded by genes on leading and lagging strands of
T. pallidum, Chlamydia trachomatis, and B. burgdorferi
genomes is shown. Analyzing the results of the sub-
traction of walks, we have found amino acids that pre-
vail on the leading or lagging strand in different ge-
nomes. In E. coli, Bacillus subtilis, T. pallidum, B. burg-
dorferi, and C. trachomatis Gly, Val, and Asp were coded
relatively more frequently on the leading strand,
whereas Ile, Thr, and His were more prevalent on the
lagging strand. Nevertheless, eubacterial genomes
differ significantly in prevalence of specific amino ac-
ids on leading or lagging strands (supplementary infor-
mation available at www.genome.org and http://
smorfland.microb.uni.wroc.pl). These results prove
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T ser et al. 1998) is connected to
: replication-associated muta-
tional pressure.

In the T. pallidum genome
no effects other than those con-
nected with the leading/lagging
role of DNA strands on protein
composition have been ob-
served. However, in large ge-
nomes (E. coli and B. subtilis) ad-
dition of DNA walks done for
ORFs from W and C strands dif-
ferentiates between regions
proximal and distal to the origin
of replication of the chromosome (Fig. 5). Note that
replication-associated effects divide chromosomes into
two replichores—left and right—with extrema in the
center of plots. Other effects that we have observed are
connected with proximal/distal parts of chromosomes
with extrema near the middle of replichores. The
trends at the left and right ends of the plot (Fig. 5) are
the same and reciprocal to the trends in the central
part of the plots. The central part of the plot corre-
sponds to the region close to the terminus of replica-
tion (from both sides), and both ends of plots corre-
spond to regions close to the origin of replication
(from both sides).

Thus, in the region close to the replication termi-
nus of the B. subtilis genome (Fig. 5) different trends are
observed for different groups of amino acids. Gener-
ally, hydrophobic amino acids are more abundant in
proteins coded by the proximal region of the chromo-
some, whereas hydrophilic amino acids are more abun-
dant in proteins coded by regions close to the terminus
of chromosome replication.

Information about the asymmetry in DNA nucleo-
tide composition that reflects the asymmetry in amino
acid composition of proteins can be shown in a more
degenerated form by analyzing DNA walks done for
the first, second, and third positions in codons (Fig. 6,
results for the B. subtilis genome). The asymmetry is
seen even in the second positions (Fig. 6¢), which are
crucial for the properties of the amino acids coded.
Still, the effect of the replication-associated mutational
pressure on the second positions is weaker (Fig. 6d)
than that of transcription and/or other coding func-
tions (Fig. 6¢). Especially in the second positions,
asymmetry is seen in the A/T ratio in proximal versus
distal parts of the chromosome. Asymmetry in the
third positions is seen for both leading versus lagging
strands (Fig. 6f) and proximal versus distal parts of
chromosomes (Fig. 6e).
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Figure 4 The effect of subtraction of walks on amino acids for
the genomes T. pallidum (a), C. trachomatis (b), and B. burgdorferi
(©). Numbers on the y-axis indicate the relative cumulative abun-
dance of amino acids.

DISCUSSION

The effect of replication-associated mutational pres-
sure on nucleotide compositional bias of eubacterial
chromosomes can be separated from the effects intro-
duced by other mechanisms. Usually, the transcription
itself and transcription-coupled repair are blamed for

introducing mutations into coding sequences. In such
cases, these substitutions should be similar, indepen-
dent of the location of the transcribed strand of the
gene on the leading or lagging DNA strand. If it is
purely an effect of transcription, it should be also in-
dependent of the distance from the origin or terminus
of replication, unless there is some other correlation
between the rate or frequency of transcription and the
location of genes on chromosome (in respect of proxi-
mal/distal location). In such a case, the observed trends
can be created by various nucleotide substitutions re-
sulting from different transcription rate in proximal
and distal regions of the chromosome.

We have observed some classes of substitution that
seem to be characteristic of ORFs lying in the same
region of the chromosome but in opposite directions.
For example, after the addition of walks, there is an
evident surplus of adenine over thymine in the second
positions of codons in the distal region of chromosome
in the B. subtilis genome. The bias observed in the three
positions of codons is affected very weakly by replica-
tion-associated mutational pressure (see subtraction of
walks in Fig. 6) and possesses some specific features:

600

400 A

200 4

-200 1 position [bp}

-400 -
300 1
200 A

100

-100 {1
-200 -
-300 4

-400 4

004 ...l lle

Figure 5 The effect of addition of walks on amino acids for two
groups of amino acids coded by the B. subtilis genome.
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subtilis genome (halves of repli-
chores from both sides of the ter-
minus) are relatively richer in ad-
enine in the second positions in
codons.

On the other hand, the non-
random topology of microbial
genomes can be a mechanism of
gene control by discrimination.
In fast-dividing cells, the copy
number of proximal genes can be

—aA2
-T2 up to eight times higher than
—62 that of distal genes (Cooper and

Helmstetter 1968). This reflects
the topology of replication when
the cell cycle is shorter than the
time needed for replication of the

poston®ll  whole chromosome. Neverthe-
less, it is possible that the compo-

sition of the third positions in

codons, influencing the rate of

——A3  translation, is superimposed on
_:‘; other levels of gene control. We
-3 have observed different codon

usage in proximal and distal re-
gions in relatively large genomes

A

000000

-100

3000000

-1000 %
-600
-2000
-1100

1800 -3000

-2100 -4000

Figure 6 Addition (g,c,e) and subtraction (b,d,f) of DNA walks performed on nucleotides in
different positions in codons of ORFs longer than 150 codons of the B. subtilis genome. (a,b)

First positions; (c,d) second positions; (e,f) third positions.

1. There is no correlation between this asymmetry and
types of substitutions in any other positions of
codons or intergenic sequences.

. It is not introduced by replication-associated muta-
tional pressure (it has the same sign for ORFs of
leading and lagging strands).

3. The A/T relations in the second positions reflect the

hydrophilic/hydrophobic amino acid composition
in coded proteins.

Thus, it seems reasonable to accept the hypothesis
that this effect is caused by nonrandom selection of
recombinants with preferential location of genes cod-
ing for hydrophobic (transmembrane) proteins near
the origin of replication. One can argue that this asym-
metry can be generated by insertion of phage genomes
or a local grouping of genes with the same composi-
tional bias. This might explain irregularities near the
origin of the B. subtilis genome, where >20 ribosomal
proteins are coded. Nevertheless, almost half of the B.
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of B. subtilis and E. coli (Fig. 6e),
but we have not found such dif-
ferences in the smaller genomes

position [bp]

o of Treponema or Borrelia (as ob-

served previously by Karlin et al.
1998). Thus, the relations in abun-
dance of products of proximal
versus distal genes can change un-
der different growing conditions.
Whereas the effect seen after
the elimination of replication-associated mutational
pressure seems to depend on recombinational events,
the role of replication-associated pressure itself in
amino acid composition of proteins is not so obvious.
Amino acid composition of proteins depends on the
location of coding genes on leading or lagging DNA
strands. In many genomes the effect of position on the
leading or lagging strand is seen not only in the third
codon position but also in the first position (Fig 6b). It
is difficult to assume that all of the accumulated sub-
stitutions are neutral. Thus, it seems that the selection
for appropriate positions of genes and/or codon usage
controlling rate of translation are also responsible for
the observed leading/lagging strand nucleotide com-
position asymmetry. The topology of the B. burgdorferi
genome supports this view. There is an extremely
strong effect of position on the leading versus the lag-
ging strand in that genome. Codon usage on both
strands is quite distinct (McInerney 1998), and coding
sequences of the two DNA strands are so different that
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they form two nonoverlapping sets of genes when
their contents are analyzed (data not shown). How-
ever, genes are not randomly distributed into these two
sets—all genes coding for ribosomal proteins are lo-
cated on the leading strand—which supports the hy-
pothesis that recombination is also responsible for the
specific distribution of the genes generating the
nucleotide bias in a genome. This could explain the
relative conservation of the general genetic map topol-
ogy of related bacterial genera, for example, Escherichia
and Salmonella (Wilkins 1988).

Because amino acid composition of proteins
strongly depends on the positions of their genes on the
chromosome, any phylogenetic analysis, as well as al-
gorithms recognizing coding sequences by content
sensors, should respect the location of ORFs on the
chromosome. Furthermore, for some genomes it is im-
portant to know only the leading/lagging positions
(i.e., T. pallidum, B. burdorferi, but for other genomes
additional information about proximal/distal location
might be required (i.e., E. coli, B. subtilis).

Data for Analysis and Methods

The results presented in this paper were obtained by
analysis of prokaryotic genomic sequences down-
loaded from the following: ftp://ftp.pasteur.fr (2/18/
98): B. subtilis (Kunst et al. 1997); http://utmmg.
med.uth.tmc.edu (2/16/98): T. pallidum (Fraser et al.
1998); http://www.genetics.wisc.edu (11/14/97): E. coli
(Blattner et al. 1997); http://www.ncbi.nlm.nih.gov
(10/13/97): Haemophilus influenzae (Fleischmann et al.
1995); http://www.ncbi.nlm.nih.gov (10/16/98): Heli-
cobacter pylori (Tomb et al. 1997); http://www.
ncbi.nlm.nih.gov (10/30/98): Mycobacterium tuberculo-
sis (Cole et al. 1998); http://www.ncbi.nlm.nih.gov
(11/13/98): C. trachomatis (Stephens et al. 1998); and
http://www.ncbi.nlm.nih.gov (3/3/98): B. burgdorferi
(Fraser et al. 1997). The data have not been updated
after the date of retrieval.

To show DNA compositional bias, different DNA
walks and their transformations were done. Detailed
descriptions of DNA walks, their possible interpreta-
tion, and nomenclature are according to Cebrat and
Dudek (1998).

To demonstrate local trends independent of cod-
ing functions, we performed detrended DNA walks, in
which we eliminated strong trends resulting from base
composition of coding ORFs (Cebrat et al. 1997; Cebrat
and Dudek 1998) because they mask the asymmetry of
strands introduced by mutational pressure.

To eliminate these coding trends we counted the
following value for a given ORF: J=[N] — (F X L),
where ] = the value of the walker jump for the OREF,
N = the number of nucleotides (A, T, G, or C) in the
analyzed positions of the ORF, F = the frequency of the
given nucleotide at the examined positions in the

whole set of analyzed ORFs, and L = the length of the
given ORF in codons. When intergenic sequences were
analyzed, F was the frequency of the nucleotide in the
whole set of intergenic sequences and L was the length
of the visited sequence in nucleotides. We applied an
analogous procedure to the distribution analysis of
amino acids on the chromosome. In this case, in the
above equation, we inserted the number of analyzed
amino acid residues instead of N and the frequency of
the given amino acid in the set of the analyzed ORFs
instead of F.

When walks for the two strands were added, the
walker visited nonoverlapping ORFs of both strands as
they appeared on the chromosome, scanned them in
the proper reading frame, and moved according to the
result of scanning. When the walks for the C strand
were subtracted from the walks for the W strand, the
value of the walker jump for each ORF in the C strand
was multiplied by — 1. Note that detrended walks done
in the scale of the chromosome lose their information
on asymmetry in the total length of ORFs on leading
and lagging strands. That is why addition of these
walks done for ORFs of W and C strands eliminates the
effect of replication associated with mutational pres-
sure and does not depend on differences in coding
density of leading versus lagging strands.

Auvailability of the Results

The detailed results of coding sequence asymmetry
for all eubacterial and archaebacterial genomes
completed so far are available on the World Wide
Web at the following addresses: www.genome.org and
http://smorfland.microb.uni.wroc.pl.
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