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Abstract. We have elaborated a method which has1999. As a result of asymmetrical processes acting on
allowed us to estimate the direction of translocation ofDNA, bias in the base and codon composition of DNA
orthologs which have changed, during the phylogenystrands has been observed in many bacterial genomes
their positions on chromosome in respect to the leadindge.g. Lobry 1996; Freeman et al. 1998; Grigoriev 1998;
or lagging role of DNA strands. We have shown that theMclnerney 1998; McLean et al. 1998; Mrazek and Karlin
relative number of translocations which have switched1998; Salzberg et al. 1998; Lafay et al. 1999; Mack-
positions of genes from the leading to the lagging DNAiewicz et al. 1999; Rocha et al. 1999).
strand is lower than the number of translocations which Replication-associated mutational pressure seems to
have transferred genes from the lagging strand to thexert the strongest effect introducing bias in the base-
leading strand of prokaryotic genomes. This paradoxomposition between the two complementary DNA
could be explained by assuming that the stronger mutastrands of bacterial genomes (Mackiewicz et al. 1999;
tion pressure and selection after inversion preferentiallyTillier and Collins 2000a). For the first time it has been
eliminate genes transferred from the leading to the lagsuggested by Filipski (1990) for virus genomes, and by
ging DNA strand. Lobry (1996) for bacterial genomes. The DNA molecule
is built of two antiparallel strands. One of the strands is
Key words: Gene inversion — Mutation pressure — synthesized continuously (it is called the leading strand)
Ortholog — DNA asymmetry — Leading — Lagging and the other one, called the lagging strand, is synthe-
strand sized by joining Okazaki fragments (Kornberg and Baker
1992). The differences in replication of the two strands,
enzymological and architectural asymmetry of the repli-
cation fork, different processivities of polymerases, dif-
ferent error rates, and effectiveness of repair systems
) _ implicate different mutational pressures on the two DNA
There are many asymmetric processes which treat DNAirands. Higher rates of the introduction of errors into the
strands unequally. The most effective of them are Mutatagging strand has been shown experimentally (e.g.
tional pressures associated with replication and transcripryinh and Sinden 1991: Basic-Zaninovic et al. 1992:
tion, and uneven distribution of coding and signal se-yeaute and Fuchs 1993; Roberts et al. 1994; lwaki et al.
quences. For review see: Francino and Ochman 199%996: Thomas et al. 1996). However, Fijatkowska et al.
Mrazek and Karlin 1998; Frank and Lobry 1999; Karlin (1998) found that the mutation rate in gelaeZ of the
Escherichia colilactose operon is higher when inserted
into the leading strand than when incorporated into the

Correspondence toS. Cebrat;email: cebrat@microb.uni.wroc.pl;  12gging strgnd. . _
website:http://smORFland.microb.uni.wroc.pl In genetic terminology the location of the sense strand
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determines the described location of a gene. If the sensaf inversion processes should be observed. If we assume

strand is located on the leading strand, it is assumed thdbat the number of inversions of genes located on the

“the gene lies on the leading strand.” In prokaryotic ge-leading and lagging strands should be proportional to the

nomes, the leading and lagging roles of DNA strands aréiumber of these genes located at a specific DNA strand,

predetermined by location of the origin of replication andthe difference between the expected number and the

the terminus of replication. Thus, a gene stays at thewumber of “accepted” translocations should reflect the

same position in respect to the leading or lagging strandias in the killing of genes by selection. Thus, we should

as long as it is not inverted within the same replichore orobserve relatively more genes which were transferred

until it is translocated without inversion into the other from the lagging to the leading strand than genes which

replichore (replichores are the two halves of the genomé&ave been moved in the opposite direction. To show this,

which are replicated in opposite directions, Blattner et alWe have elaborated a method which enables us to deter-

1997). In this paper we use the teinversionto mean mine the direction in which the gene has changed its

when the position of a gene is switched from the leadingP0Sition in respect to the role of the DNA strand during

to the lagging strand or in the opposite direction. Since it€Plication.

has been found that rearrangements and gene shuffling in

bacterial genomes are very frequent (Mushegian and )

Koonin 1996; Tatusov et al. 1996; Kolsto 1997; Watan-Materials and Methods

abe et al. 1997; Bellgard et al. 1999; Itoh et al. 1999), it

seems important to analyze gene translocations regardingata for Analysis

the asymmetrical organization of bacterial chromosomes

and the leading and lagging roles of DNA strands. All analyses have been done on two pairs of genon@damydia
There is still no consensus about which strand—trachomatigStephens et al. 1998) versGspneumoniaékalman et al.

leading or lagging—is synthesized with higher fidelity. 1999), andBorrelia burgdorferi(Fraser et al. 1997) versiseponema

. llidum (Fraser et al. 1998). Their sequences have been downloaded
We have found that the divergence rate of genes locateﬁ’im ftp://www.ncbi.nim.nih.gov. The two pairs of genomes were cho-

on the lagging strand is statistically significantly higher sen pecause, according to parameters of asymmetry in each of these
than that of genes located on the leading strand (Szczenomes, the genes lying on the leading strand form a set distinct from
epanik et al. 2001). However, a lower divergence rate ighe set of genes lying on the lagging strand.

. AT : _ We have extracted amino acid sequences of orthologs of the studied
not a direct indication that the mutation rate on the lead genomes from Clusters of Orthologous Groups (COGs) downloaded 20

mg strand is IOW?"_'t 1S pos_5|ble that select.|0n for genesJanuary 2000 from ftp://www.ncbi.nim.nih.gov/pub/COG. COGs con-
lying on the leading strand is stronger. But if we assumeain proteins which are supposed to have evolved from one ancestral
that selection is responsible for the more conserved charotein (Koonin et al. 1998; Tatusov et al. 2000). In the construction of

acter of the genes on the leading strand, we should aslcOGs the authors have used the best-hit rule, but not an arbitrarily
! chosen statistical cut-off value. This approach accommodates both

Why are these genes located prEferentlaHy On_ the Ieadmgow— and fast-evolving proteins and makes COGs useful for evolution
strand? It seems reasonable to answer that it is becauggalyses. Orthologs extracted from COGs were identified with ORFs
the mutation pressure on the genes located on this strarainotated in data bases of analyzed genomes.

is lower. It has been recently shown that an inversion of For each pair of organisms, orthologs were classified into three

a gene in respect to the Ieading/lagging strand Causegé;oups e}ccordlng to _thelrlocatlon on the DNA strand: sequences_lylng
on leading strands in both compared genomes, sequences lying on

very fast accumulation of mutations in the very first pe-|agging strands in both compared genomes, and sequences which
riod after inversion (Tillier and Collins 2000b; Szcz- changed the strand—lying on the leading strand in one genome and on
epanik et al. 2001). Mclnerney (1998) concluded fromthe lagging strand in the other genome. Boundaries between leading
his results that there should exist selective advantage @nq szlgging strand_s (position Qforigin and terminus of replication) and

i . . _decisions concerning the location of genes on one of these strands were
transposm_ons of highly eXpr?ssed genes to the Iead'nget on the basis of the results of DNA walks describing nucleotide
strand. This statement takes into account the observatiogmpositional bias of DNA strands (Mackiewicz et al. 1999, see also:
that replication proceeds more slowly through a gene thaitttp://smorfland.microb.uni.wroc.pl).

is transcribed in the opposite direction to the replication

fork movement (its sense is located on the. I_aggingEstimation of the Rate of Divergence (Evolutionary
strand) (French 1992) because of head-on collisions quistances) of Orthologs

tween DNA and RNA polymerases (Brewer 1988).
Ther_efore' tran_sc“ptlor_] Of_ IOle expressed _genes WOl_JIdAmino acid sequences of COGs of the analysed genomes were aligned
not interfere with replication and interruption of their py the cLUSTAL W 1.8 v. program (Thompson et al. 1994). To

transcription should not be as deleterious as of highlyestimate evolutionary distances, pairwise distances (expressed by the
expressed genes. If it is true that the more conservethean number of amino acid substitutions per site) between sequences

genes located on the leading strand are more sensitive ﬂgeach COG were calculated with the program PROTDIST, from the

PHYLIP 3.5c package (Felsenstein 1993) using a model based on the

mutations and, when mutated, they could be more freTDayhoff PAM substitution matrix (Dayhoff et al. 1978). Only the clos-

quently killed (?"minated) by Selec'ti'on _thah the genesest orthologs in each COG have been analyzed.
located on lagging strand, the specific bias in the results For each group of orthologs (sequences lying on leading strands in
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both genomes, lying on lagging strands, and the ones which changetlable 1. The mean evolutionary distances (+SE) between orthologs
their positions), the mean value of the evolutionary distances waslassified into three sets according to their location on the DNA strand
counted. The statistical significance of differences between these val

ues was estimated with ANOVA Kruskal-Wallis test (Sokal and Rohlf B. burgdorferivs.  C. pneumoniaes.
1995). Sets of orthologs T. pallidum C. trachomatis
Determination of the Direction of Gene Transfer Lying on leading strand  1.28 (+0.04) 0.43 (£0.02)
Between the Leading and Lagging Strands Lying on lagging strand  1.39 (+0.08) 0.49 (x0.02)

9 gging Which switched strand ~ 1.48 (0.07) 0.59 (+0.05)

For all four genomes the distributions of all ORFs annotated in dataThe values are the mean numbers of amino acid substitutions per site

bases in the two dimensional space were prepared (Figs. 1 and 2). lpetween two genomes for each set of orthologs (counted on the base of

these distributions each gene is represented by a point whose X axitie Dayhoff PAM matrix model).

coordinate represents the value of the AT skew [(A - T)/(A+ T)] and

Y axis coordinate represents the value of the GC skew [(G - C)/

(G + C)] of the third codon positions of the gene. The AT skew and GC bution of its own strand. According to parameters of asymmetry, gene

skew values proved to be good parameters describing asymmetry ofP0114D,,,,{D.eParameter is larger than that for its ortholog. Thus,

DNA strands (Lobry 1996). it is most probable that gene TP0114 was transferred from the lagging
For each of the analysed genomes, two distinct sets representing the the leading strand recently and it still “remembers” compositional

genes from leading and lagging strands have been obtained. For each pfoperties of the previous strand.

these sets the coordinates of their centres of distributions have been

calculated. The coordinates of the centers are the mean values of AT

skew and GC skew of all genes in a given set. For each set the standard . .

deviation of the distances of genes from the distribution center havéR€Sults and Discussion

been calculated.

_ We have taken all pairs of orthologs inf:luded in CQGS, reprgsentedSince the Ieading and Iagging strands are exposed to

in both genomes of the analyzed pair which are localized on differentyite ot mytational pressures, inversion of a gene from

(leading/lagging) DNA strands. For each ortholog its distances (Eu-

clidean distances) from the two centers of distributidd¥ ¢f the two ~ ON€ strand to the other should lead to a very strong mu-

sets (leading and lagging strand genes) have been calculated separatégtional pressure in the very first period after inversion.

as follows: In Table 1 we have compared rates of divergence in three

D = VD?+D? B sets of orthologs:

where:D—distance of the given ortholog to the centre of distribution

of the given set, ® both orthologs lying on the leading strand,

® both orthologs lying on the lagging strand, and
D, = (x = X)/SDy, @) ® the set encompassing pairs of orthologs of which one
D, = (y- Y)/SD,, ®) has switched its position with respect to leading/

lagging DNA strand since the two genomes diverged.
X and SD,—mean value and standard deviation of AT skew of the

given set, .
Y and SD,—mean value and standard deviation of GC skew of the The three sets of analyzed OrthOIOgs for each pair of

given set, genomes statistically significantly differ in the rate of
x andy—AT and GC skew values of the analyzed ortholog. evolution when analyzed by the ANOVA Kruskal-
To decide which gene of a given ortholog pair switched its strand,vvaIIIS t_eSt (3 < 0'02)' Da.ta Clea_rly show that the, ,dlverf
we have compared their distances of the centers of sets of genes lying€nce in the group which switched their positions is
on leading and lagging strands. We have assumed that if a gene stajigher than among the other two groups. We have found
for a long time in the same position in respect to the leading/laggingthat it is true also for other pairs of closely related ge-
strand, its nucleotide composition fits better to the set it belongs to anchomeS (Szczepanik et al. 2001). This explains the results

it is closer to center of distribution of this set. If a gene has switched its ..
position recently, its distance to the center of its “new” set is greater.Of Fijatkowska et al. (1998), who found that gelaeZ of

Basing on this assumption we have checked the condition: the E-_ coli lactose ‘operon Cummates more mUtatior_‘S
when incorporated into the leading strand than when in-

Dlowr‘/Dlother> DZOWrJDZOther (4) H i i
corporated into the lagging strand. The usual location of

where:D,,,, and D*,,.—distance of the analyzed gene to the distri- the lactose operon in thi. coli genome is the lagging
bution centre of the gene set of its own and the other strand, respesstrand. Thus, the effect of inversion is observed, and the
tively. general conclusion of the authors that there is a universal

D?,,,andD?,,.—distance of the counterpart ortholog of the ana- . . . . .
lyzed gene to the distribution centre of the gene set of its own and thé.UIe that the rephcaﬂon-assomated mutation rate Is

other strand respectively in the other genome. higher for genes lying on the leading strand seems
If the above condition is true, the analysed gene has switched itsvrong. We have found that the divergence rate for genes
position, if not—its ortholog has. lying on the leading strand is lower than that for genes

For example (see Fig. 2), gene BB0203 from feburgdorferi Iying on the Iagging strand for almost all analyzed ge-
genome, lying on the lagging strand of the genome, is very close to the

gene set lying on this very strand. Its ortholog—gene TP0114 lying onnomes' . .
the leading strand of th&. pallidumgenome is closer to the centre of For our present studies we have chosen the péirs:

gene distribution from lagging strand than to the center of gene distritrachomatisversusC. pneumoniaeand B. burgdorferi
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Borrelia burgdorferi Treponema pallidum

0.9 - 0.9 4

-0.9 -0.6

-0.7 - -0.7 -

Chlamydia pneumoniae Chlamydia trachomatis

= |eading strand genes
4 lagging strand genes

Fig. 1. The distributions of genes from leading (circles) and lagging described in the Methods section). Pairs of orthologs betBednrg-
(triangles) strands in the genomeB: burgdorferi, T. pallidum, C.  dorferiandT. pallidumused as examples are: (1) BB0696—-TP0906, (2)
trachomatisandC. pneumoniaeCoordinates represent the AT and GC BB0551-TP0366, (3) BB0025-TP0474, (4) BB0450-TP0111, (5)
skew values in the third codon positions of the analyzed genes. Arrow8B0263-TP0926. Pairs of orthologs betwe@npneumoniaend C.
connect examples of pairs of orthologs which are localized on differentrachomatisused as examples are: (1) CPn0720-CT659, (2) CPn0263—
(leading/lagging) DNA strands. Arrow-head points to the ortholog CT221, (3) CPn0867-CT726, (4) CPn0956-CT805, (5) CPn0140-
which most likely has switched the strand (according to the procedureCT212.

versusT. pallidumbecause we were able to divide the strands form two distinct sets. Only f@hlamydiage-

sets of genes of these organisms into two distinct subnomes these sets partially overlap.

sets—those lying on leading strands and those lying on It is possible to recognize the orthologs which have

lagging strands. changed strand (according to the procedure described in
In Fig. 1 the distributions of genes in the space withMethods section and Fig. 2). In Fig. 1 arrows connect

coordinates representing the AT and GC skew values iexamples of pairs of orthologs which are localized on

the third codon positions are presented. In each of thelifferent (leading/lagging) DNA strands. Arrow-head

analysed genomes genes from leading and laggingoints to the ortholog which most likely has switched the
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Borrelia burgdorferi Treponema pallidum

0.44 4

-0.44 0.16

A
O the centre of leading strand genes BB0203
A the centre of lagging strand genes g 46 -0.46 4

Fig. 2. Graphical presentation of the method of determining the di- skew of the given gene set. Standard deviations of AT and GC skew
rection of the orthologs transfer between leading and lagging strands. XSDy, SD,, respectively) correspond to the length of the ellipses’ semi-
axis shows the values of the AT skew [(A - T)/(A+ T)] and Y axis— axes. One pair of orthologs found in tBe burgdorferi(gene BB0203)

the values of the GC skew [(G — C)/(G + C)] of the third codon posi- andT. pallidum(gene TP0114) genomes has been shown (connected by
tions of analyzed genes. Ellipses represent sets of genes lying on leadn arrow). For each ortholog its distances (Euclidean) from the center
ing and lagging strands in thi& burgdorferiandT. pallidumgenomes.  of the gene set of its owrD(,,) and the other strand(,.) have

The centers of ellipse¥( Y) correspond to mean values of AT and GC been calculated as described in the text.

strand. There are some pairs of orthologs of which onef orthologs which moved from the leading to the lag-
gene switched its position very recently (i.e. TP0114 inging strand should reflect the fraction of genes lying on
T. pallidum genome in Fig. 2) and “remembers” the leading strand in each of the two genomes. The same
nucleotide composition of the third codon positions char-should be true for the lagging strand genes. This is not
acteristic for its previous position. Some orthologs pos-the case. The numbers of “inverted” orthologs in both
sess intermediate values of AT and GC skew and ar@airs of analyzed genomes are shown in Table 2. The
located between centers of distributions of the two setsnull hypothesis that the numbers of genes located on the
They switched their strands earlier and have had moréeading or lagging strands correspond to the numbers of
time to accumulate mutations so they become more simiinversions in each direction has to be rejected with a high
lar to the genes of the new strand. Then, the distance toonfidence, withp < 0.001 when analyzed by chi square
the center of genes set of the new strand seems to lest. In each genome the relative numbers of orthologs
negatively correlated with the time which they have inverted from the lagging to the leading strand is higher
spent on it already. In fact, we have found such negativehan the number of orthologs inverted in the opposite
correlation (data not shown). direction. These results mean that the substantial fraction
The distributions of genes between the leading andf inverted genes from the leading strand to the lagging
lagging strands of analyzed genomes are shown in Tablstrand has been killed—such recombinants have been
2. In each of the analyzed genomes, the number of genediminated from populations. Since we have no method
located on leading DNA strands is significantly higher for estimating the real fraction of mutated genes elimi-
than the number of genes located on lagging strandsiated by selection we can only state that the difference
This phenomenon has been observed several times faretween the fraction of the killed genes inverted from the
many prokaryotic genomes (e.g. Freeman et al. 1998gading to lagging strand and killed genes inverted in the
McLean et al. 1998). We have assumed that if inversioropposite direction corresponds to the difference between
itself is a random process, the probability of inversion offractions of genes nested on the leading strand and the
a coding sequence in the direction from the leadingfraction of genes nested on the lagging strand.
strand to the lagging strand should reflect the fraction of In a more formal language we can write:
genes lying on the leading strand. Inversion in the op-
posite direction should reflect the fraction of genes lying Nig/Nig = Invg/1nVg, (5)
on the lagging strand. Thus, considering only the or-
thologs which have changed their positions, the fraction INVig = INVig_jiving + INVig-kitieds (6)
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Table 2. The number of genes on the leading and lagging strands of the analyzed genomes and the observed number of genes which switched
strands

Number of Genes Relative Number of Inversions
Switched from Switched from
leading to lagging to From leading to From lagging to
On leading On lagging lagging strand leading strand lagging strand leading strand
Genome strand {N,g) strand {N,g) (INVigjiving) (INVig_iiving) (INVigiiving/Nia) (INVig_jiving/Nig)
B. burgdorferi 564 286 24 27 0.043 0.094
T. pallidum 678 353 143 136 0.211 0.385
C. pneumoniae 576 476 55 55 0.095 0.116
C. trachomatis 497 396 14 20 0.028 0.051
INVig = INVigjiving + INVig-kitieds (7) deggneracy of genes with high Codon Adaptation In.—
dex is lower than average degeneracy of the genetic
SinceN,y/Nig > 1 andInVig jiing = INVig_iving: then: code).
INVig_kied > NVig-killed (8) _
Conclusions

where: N,y and Ni;—numbers of genes on the leading
and lagging strands, respectivelyy,y and Invi,—real  Our results indicate that the structure of bacterial chro-
(expected) numbers of inversions from the leading to thenosomes is not random. Inversion of genes with respect
lagging strand and in the opposite direction respectivelyto their location on the leading/lagging strand exposes
living—observed inversionskilled—inversions which these genes to a higher mutation rate. The more con-
have been eliminated by selection. served genes are located on the leading strand. Further-
The null hypothesis that the found numbers of inver-more, they are located on the leading strand because they
sions in each direction are equal to each other may baeed to be more conserved and protected from mutations.
accepted with a high confidence (when analyzed by chilransfer of these genes to the lagging strand causes a
square test). The statistically similar numbers of inver-higher mutation rate and selection leads to their elimina-
sions which “have survived” independently of the direc- tion with very high probability. On the other hand, genes
tion of inversions seem to prove that the analyzed gefocated on the lagging strand can accumulate relatively
nomes are at steady state. The bias in the distribution ahore mutations and still survive. That is why these genes
genes between leading and lagging strands is in equilibeould switch their position with respect to the leading/
rium condition in the analyzed genomes. lagging strand with a lower probability of being killed.
There are some premises which could explain why
recombinants with genes transferred from the leading t@cknowledgements. Funding sources: This work was supported by
the lagging strand are killed more often than recombi-The State Committee for Scientific Research, grants number 6 PO4A

nants with genes transferred in the opposite direction: 225-18 and 6 P04A 016 20. P.M. was supported by Foundation for
Polish Science.
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