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Abstract. In many bacterial genomes, the leading andnetic code, codon usage preferences, and base composi-
lagging strands have different skews in base composition preferences (i.e., G+C content). Sequences are also
tion; for example, an excess of guanosine compared tgubject to the stochastic effects of mutation. Recently,
cytosine on the leading strand. We find ti@itlamydia  analyses of complete sequences of several bacterial ge-
genes that have switched their orientation relative to thexomes have revealed another constraint: the asymmetries
direction of replication, for example by inversion, ac- in base composition with respect to the replication ori-
quire the skew of their new “host” strand. In contrast to entation (Lobry 1996a; McLean et al. 1998; Mek and
most evolutionary processes, which have unpredictabl®arlin 1998; Rocha et al. 1999; Tillier and Collins 2000).
effects on the sequence of a gene, replication-relateth most cases, the leading strand in replication is rich in
skews reflect a directional evolutionary force that causeguanosine (G) and thymidine (T) and the lagging strand
predictable changes in the base composition of switchegk rich in cytosine (C) and adenosine (A), resulting in
genes, resulting in increased DNA and amino acid sesequences having GC and AT skews. Replication orien-
quence divergence. tation significantly affects gene sequences, independent
N _of any coding biases, such as from amino acid or codon
Key words:  Base composition — Skews — Bacterial hreferences (Rocha et al. 1999; Lafay et al. 1999; Tillier
genomes — Replication orientation — Evolutionary 5nq collins 2000: Romero et al. 2000).
force — Evolutionary rate. To investigate the effect of base composition skews
on the evolution of genes, we performed pairwise com-
parisons of genomes and analyzed the sequences of those
Introduction genes that have switched orientation with respect to rep-
lication direction. For this, it was necessary to compare
Many forces act directly or indirectly on a gene and genomes that are similar enough that many orthologous
ultimately determine its sequence. Of primary impor-gene pairs can be clearly identified, but sufficiently di-
tance is selection for function of the gene prOdUCt in itSVerged that many genomic rearrangements and base sub-
particular environment, which includes not only the ex-stitutions have occurred. If the genomes have similar
terior environment of the organism but also the internalg+C content and GC skew, then differences in base com-
environment of the cell and the genome itself. At thepgsition of switched genes can be attributed solely to the
molecular level, DNA sequences are subject to the congifference in replication direction. The sequencila-
straints of the interactions with other mOlecuIeS, the gemyd|a genomes presented many examp|es of Ortho]ogs
that had switched replication orientation and the conse-
guences for the evolution of such genes were then ana-
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Materials and Methods ments are present, leading to many “switched” genes.
Both genomes have the same G+C content (41%) but

The complete genome sequencediytcoplasma genitalium, M. pneu- have_ Iarge GC sk_e_vvs (0'13 an_d 0.09, respectlvely on the

moniae, Helicobacter pylo26695 and J9SC. trachomatisSerovar D,  leading strand; Tillier and Collins 2000).

and C. pneumoniaCWL029 and their predicted coding regions were ~ We identified 732 unique orthologous pairs of genes

obtained from the NCBI FTP servéip.//ncbi.nim.nih.gov/genbank/ using FASTA analysis of the predicted coding regions of

genomes/bacteria/. _ _ , C. pneumonia®ersus those dof. trachomatisFor 47 of
FASTA 2 with BLOSUM50 matrix and with gap penalties of -12, Jhese orthologs, the coding strand (mRNA Synonymous

-2 was used to find homologs in pairwise comparisons of the predicte d he leadi di d
coding regions of genomes (Pearson 1990). Two coding regions wer(§tran ) was on the leading strand in one genome and on

considered orthologous and unique if they shared more than 3094h€ lagging strand in the other; these genes were defined
amino acid identity with a probability of less than 0.01 and for which as “switched” (Table 1). Several observations indicate
no other gene was found meeting these criteria and having at least hathat switched genes are functional: (1) They were iden-
the z-score of the better match. Uniqueness is an important criteria WQified by the same criteria as nonswitched genes (Ste-
eliminate repeated sequences and paralogs. phens et al. 1998; Kalman et al. 1999); (2) unique or-

The GC and AT skews are defined by the quantities (G-C)/(G+C) . h
and (A-T)/(A+T) respectively (Blattner et al. 1997), and have been 1010gS Of were found in the both genomes and include

used to measure the preference for G over C and A over T, of the stranth€ only copy of known genes, such as those encoding
replicated continuously (the leading strand), or of its complimentary pyruvate kinase, triosephosphate isomerase, and DNA
lagging strand in bidirectional replication of the chromosome. To de-topoisomerase |; (3) orthologs are approximately the

termine the replication orientation of genes we inferred the location ofsame Iength in both genomes, indicating that, despite

the origin and termination of replication in the two genomes from the - .
position of change in direction of the GC skew at third positions of substantial sequence divergence, premature stop codons

codons (Lobry 1996b, 1996c). Genes within 1% (in terms of the totaiN@ve been selected against. For simplicity, we will refer
sequence length) of these were not considered because the origins afd the other 685 genes that are located on the same strand
termination points have not been experimentally defined and thesén both genomes as “nonswitched.” For some analyses
points are probably not exact. the nonswitched genes were divided into two groups:

When appropriate, two-sampletests (not assuming equal vari- 581 ganeg that had moved to a different location but still
ances) were performed to evaluate the statistical significance of the

differences in base composition and amino acid divergence of switche@" _the Samf Stran? with respect to repl'cat'on direction,
versus nonswitched genes. In some cases, the distributions tested #ikefined as “moved”; and 404 genes that were located at

not normal and do not have the same shape. Since lack of normalitthe same relative position in both genomes, defined as
violates the assumptions of the¢est and the different shapes (and thus “nonmoved.” Because the moved and switched genes
variance) that of the Mann-Whitney test, we also used another nonpave both been subject to some kind of genome rear-

parametric dominance test (Cliff 1993) to determine if the differences t t Ivsis of th d
in skews for switched genes were significantly greater than that fof@Ngement process, separate analysis of the moved genes

nonswitched genes with 95% confidence. The dominance statistic iProvides a way to determine if changes in base compo-
given by d = Probability (P1 > P2) - Probability (P2 > P1), where sition might have resulted simply from processes of re-
Probability (P1 > P2) is the number of times a score from population 1grrangement.
is great_er th’ar? a score from population 2 divided by the product of the Figure 1 shows the distributions of the GC skew at
populations’ sizes. third codon positions for the switched and nonswitched
Chlamydiagenes. Third codon positions were chosen for
this figure because substitutions at these positions are the
Results and Discussion least likely to be influenced by additional effects of se-
lection for amino acid preference due to the redundant
nature of the genetic code and show the largest replica-
Of the closely related sequenced genomes available, wion-related skews (Tillier and Collins 2000). On aver-
found no switched genes in the tWwéycoplasmaspecies age, nonswitched genes on the leading strand in both
(M. genitaliumand M. pneumoniaeFraser et al. 1995; genomes show a large positive GC skew (solid symbols);
Himmelreich et al. 1996). The twd. pylori (26695 and those on the lagging strand have a large negative skew
J99) (Alm et al. 1999; Tomb et al. 1997) are too similar (open symbols). Switched genes (dashed lines) have, on
in sequence identity and have few clearly identifiableaverage, the skew of their current host strand. Although
“switched” genes (we identified only 10 from 1159 or- this analysis cannot determine in which genome the gene
thologous pairs). Lafay et al. (1999) analyzed switchedhas actually changed orientation, nor the extent of
genes the two spirochete genonBzsrelia burgoderfori  change in any given gene, Fig. 1 suggests that the
and Treponema pallidumbut these genomes are highly switched genes have undergone a change in base com-
diverged and have very different base composition. Theosition to acquire the skew of the new host strand.
two sequence@€hlamydiagenomes(. trachomatisand To examine the extent to which base composition has
C. pneumoniaeproved ideal for this analysis: these ge- changed as a result of switching strands, we performed
nomes share many homologous genes with a high levglairwise comparisons of GC skews. Figure 2 shows the
of synteny between the two genomes (Stephens et aflistributions for the difference between the GC skews (at
1998; Kalman et al. 1999). Several genomic rearrangeeach of the three codon positions) of orthologs in the two
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Table 1. Switched genes i€. trachomatisand C. pneumoniae

C. pneumoniae Length C. trachomatis Length Identity
PID (aa) PID (aa) Gene name (%)
4376365 401 3328406 434 CT017 hypothetical protein 58.4
4376366 274 3328405 243 CTO016 hypothetical protein 60.1
4376402 252 3328505 252 ACR family 66.7
4376404 189 3328619 190 YqgE hypothetical protein 58.2
4376405 147 3328620 149 YqdE hypothetical protein 59.2
4376406 232 3328621 243 Ribose-5-P isomerase A 53.4
4376490 229 3328540 229 YpdP hypothetical protein 49.3
4376492 373 3328599 373 Queuine tRNA ribosyl transferase 75.3
4376535 297 3328629 299 Yqfu hypothetical protein 79.8
4376544 244 3328536 240 Lysophospholipase esterase 52.1
4376590 123 3328497 120 Acyl-carrier protein synthase 51.7
4376688 160 3328499 154 CT102 hypothetical protein 44.8
4376724 317 3328395 317 CT007 hypothetical protein 58.0
4376769 286 3328807 279 Deoxyheptonate aldolase 60.6
4376770 65 3522894 64 CT382.1 hypothetical protein 43.8
4376899 328 3328921 315 Ferrochetalase 53.7
4376989 218 3328918 218 CT482 hypothetical protein 47.2
4376990 253 3328917 244 CT481 hypothetical protein 48.0
4377021 100 3329106 98 CT656 hypothetical protein 49.0
4377022 107 3329107 106 CT657 hypothetical protein 38.7
4377023 326 3329108 335 Predicted pseudouridine synthase 64.4
4377024 79 3329109 79 CT659 hypothetical protein 86.1
4377070 354 3329099 353 RecA recombination protein 83.0
4377071 181 3329098 179 Formyltetrahydrofolate cycloligase 36.3
4377072 429 3329097 425 CT648 hypothetical protein 61.4
4377073 195 3329096 193 CT647 hypothetical protein 30.6
4377074 464 3329095 460 CT646 hypothetical protein 32.6
4377077 872 3329092 858 DNA Topoisomerase | 70.9
4377101 981 3329033 955 CT590 hypothetical protein 58.2
4377183 193 3329182 185 Biotin synthetase 53.5
4377376 383 3329241 378 Oxononanoate synthase 33.6
4376358 485 3328751 486 Pyruvate kinase 72.4
4376368 429 3328404 435 ATPase 74.1
4376536 193 3328628 193 Phenylacrylate decarboxylase 64.2
4376537 298 3328627 303 Benzoate octaphenyltransferase 41.3
4376666 167 3328435 168 CT043 hypothetical protein 94.0
4376765 219 3328808 244 CT383 hypothetical protein 34.2
4376777 340 3328815 409 CT389 hypothetical protein 68.5
4376975 365 3328993 326 RNA methyltransferase 54.3
4377075 99 3329094 99 CT645 hypothetical protein 64.6
4377076 336 3329093 335 Predicted oxidoreductase 69.3
4377078 265 3329090 272 CT642 hypothetical protein 55.8
4377148 155 3328996 160 CT556 hypothetical protein 68.4
4377184 416 3329183 380 Rod shape protein 74.5
4377216 77 3329214 75 CT753 hypothetical protein 53.3
4377279 451 3329272 451 CT805 hypothetical protein 64.1
4377399 255 3328746 275 Triosephosphate isomerase 47.1

Protein identification numbers and gene names are given for the 47 ge@epieumonia@ndC. trachomatiswith one ortholog on the leading
strand (in bold) and the other ortholog on the lagging strand. The amino acid identity between the two orthologs is also given

genomes. A small difference in the GC skew was ob-of —0.17) its skew would change by 0.42. We found that
served at all codon positions even for orthologs on thethe distributions of skews at all codon positions of genes
same strand in both genomes, as expected bedause that have switched is statistically significantly different
trachomatisgenes have, on average, larger GC skewdrom those that have not switched (Fig. 2, see Materials
than C. pneumoniadFig. 1 legend). For example, if a and Methods); at third codon positions the differences
typical gene on the leading strand@ trachomatigav-  are so large on average that the shape of the distribution
erage third codon position skew of +0.25) remained onis completely different for switched and nonswitched
the leading strand i€. pneumoniaéskew of +0.10) its genes (Fig. 2C). The direction of the skew changes at
skew would change by only 0.15. In contrast, if it all codon positions is in the expected direction, i.e., an
switched to the lagging strand @f. pneumoniag¢skew increase in G on the leading strand and in C on the
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Fig. 1. Switched genes have the skew of their host strand. The dis—g 20 |
tributions of the GC skew measured at the third position of codons® 10 l
(GC3) for nonswitched genes on the leading (solid symbols) and lag- 1 I] I:I
ging strands (open symbols). The distributions for switched genes are 0 - l I -
given by corresponding solid and dashed lines. The average third po- 0.1 0_2 0_3 04 05 06 07 08 09 1
sition GC skew (+ standard deviation) for nonswitched and switched Difference in GC3 skew

genes on the leading and lagging strand€ itrachomatisare: 0.25 (+
0.13), 0.26 (+ 0.15), —0.18 (+ 0.15), -0.17 (* 0.20); anddnpneu- Fig. 2. Switched genes have a larger difference in GC skew than
moniaeare: 0.10 (+ 0.18), 0.11 (+ 0.21), -0.17 (x0.18), —0.22 (+ 0.22). nonswitched genes. The distribution of the absolute value of the dif-
ference in the GC skew calculated at the (i}, secondB), and third
(C) codon positions between the genesGn trachomatisand their
orthologs inC. pneumoniaeFilled and open bars show the distribu-
lagging strand (as shown in Fig. 1 for the third pOSitiOﬂS,tionS for switched and nonswitched orthologs, respectively.
and data not shown for positions 1 and 2). In contrast,
there is no significant difference between in the skews okimilar in their properties and often interchanged in an
genes that have moved elsewhere on the same stramtignment of two proteins sequences. The BLOSUM50
compared to those that have not moved (data not shownjnatrix used by FASTA (see Materials and Methods) de-
indicating that switching strands, not simply transposingfines the degree to which amino acids are similar.
to a new location, is the cause of the large change in Overall, the average amino acid identity for all the
skew observed for switched genes. The force to maintaigenes considered is 63.2% (standard deviation: + 15%)
base composition skews is thus strong enough that genesd the average amino acid similarity (see Materials and
that have inverted their orientation with respect to theMethods) is 83.5% (+ 9%) and the distributions of iden-
origin of replication appear to quickly accumulate muta-tity and similarity are essentially identical for the moved
tions toward the opposite skew. This leads to greater baseand nonmoved subsets of the nonswitched genes (Fig. 3,
composition differences and therefore a greater decreasspen and gray bars, respectively, and data not shown). In
in average DNA sequence identity between genes whereontrast, switched genes are on average more diverged
one ortholog has switched strands. (black bars), with an average amino acid identity of only
Because there is a significant difference in base com57.8% (+ 14.5%) and average similarity of 79.9% (+
position skew at all codon positions between switchedl0%) corresponding to statistically significant reductions
and nonswitched genes, we investigated whether thessf 8% and 4.3% in amino acid identity and similarity
differences might be substantial enough to affect amindrom genes that are in the same location or have moved
acid sequences between orthologs on different strandso another position on the same strand.
We investigated both amino acid identity and amino acid The amino acid identity and similarity of moved
similarity. Amino acid similarity counts the number of genes do not differ significantly from those of nonmoved
identical amino acids as well as amino acids that arggenesp = 0.12 for identity ang = 0.26 for similarity,
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30 4 _ bacterial genomes show some base composition skews,
25 - B Switched and the degree to which the evolution of sequences is
C'Moved affected would be expected to be correlated to the mag-
820 - ENotmoved nitude of the replication-related skew of the host ge-
315 - nomes. Switching strands not only leads to an increased
210 | evolutionary rate but the substitutions are in predictable
° direction (on average) toward a particular base compo-
5 - sition.
0 -
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