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Abstract. We have studied the relative contribution
of inversions, transpositions, deletions, and nucleo-
tide substitutions to the evolution of Chlamydia tra-
chomatis and Chlamydia pneumoniae. The minimal
number of rearrangement events required for con-
verting the gene order structure of one genome into
that of the other was estimated to 59 + 6 events,
including 13% inversions, 38% short inversions, and
49% transpositions. In contrast to previous findings,
no examples of horizontal gene transfer subsequent
to species divergence were identified, nor any evi-
dence for an excessive number of tandem gene du-
plications. A statistical model was used to compare
nucleotide frequencies for a set of genes uniquely
present in one species to a set of orthologous genes
present in both species. The two data sets were not
significantly different, which is indicative of a low
frequency of horizontal gene transfer events. This is
based on the assumption that a foreign gene of dif-
ferent nucleotide content will not have become com-
pletely ameliorated, as verified by simulations of the
amelioration rate at twofold and fourfold degenerate
codon sites. The frequencies of nucleotide substitu-
tions at twofold and fourfold degenerate sites, dele-
tions, inversions, and translocations were estimated
to 1.42, 0.62, 0.18, 0.01, and 0.01 per site, respec-
tively.
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Introduction

Questions concerning bacterial evolution have so far
primarily been attacked by phylogenetic reconstruc-
tions based on individual gene sequences. The results
of such studies have provided information about the
evolutionary histories of the analyzed genes, but these
may not necessarily reflect the history of the organ-
isms—if such a history can be defined. The increasing
number of fully sequenced genomes now enables a
more thorough analysis of gene flows and mutations
affecting genomic architectures. Important questions
concern the causes and consequences of genomic re-
arrangements and whether horizontal gene transfer
events have occurred to such an extent that phylo-
genetic reconstructions based on individual gene se-
quences are doomed to failure (Doolittle 1999).
Comparative genomics have already made it ap-
parent that the evolution of microbial genomes can-
not solely be modeled by small-scale mutations, such
as substitutions and local insertions/deletions. Large-
scale rearrangement events play a crucial role in
shaping the sizes and architectures of genomes. By
superimposing complete genomic structures onto
established phylogenetic relationships, it may be
possible to reconstruct the order of rearrangements



and/or to determine the relative frequencies at which
transposition, deletion, insertion, and inversion
events occur. Such measures may then be incorpo-
rated into global methods for phylogenetic recon-
structions based on gene order structures rather than
on individual gene sequences.

The simplest way of using genomic information
for phylogenetic purposes is to identify shared,
atypical gene order structures and use these as diag-
nostic tools for sets of strains, species, genera, or
subdivisions. A more sophisticated approach is to
align all genes in a segment or a genome and deter-
mine the minimal number of events (inversions,
transpositions, deletions, and insertions) required for
converting the order of genes in one genome into that
of the other. This distance-based approach has so far
mainly been applied to mitochondrial and chloro-
plast genomes, some of which are very recombino-
genic and therefore ideal for this kind of analysis. For
example, Sankoff and others (1992) reconstructed a
mitochondrial phylogeny based on edit distances
derived from pairwise comparisons of gene orders
and insertion/deletion frequencies.

The number of breakpoints between two genomes
is another general measure of genomic distances that
does not require any prior understanding of the bio-
logical nature of the different types of rearrangement
events (Watterson et al. 1982). This methodology has
recently been applied to studies of animal phylogeny,
as inferred from mitochondrial gene order structures
(Blanchette et al. 1999). Previous attempts to find
optimal methods for reconstructing the ancestral ge-
nome structures on a tree with a fixed topology have
been made by iterative heuristics (Blanchette et al.
1997; Sankoff and Blanchette 1998). An unresolved
task in all of these methods is to distinguish the true
evolutionary pathway from the multitude of recon-
structions that are equally optimal. A partial solution
is to extract information about invariant aspects of
the reconstructions (Blanchette et al. 1999).

Whereas inversions and transpositions can in
principle be examined and quantified by methods
such as those described above, horizontal gene
transfer events are harder to trace. Unless an align-
ment of gene orders of several closely related species
is available, recently introduced genes may only be
detected if they are in some way different from the
genes of the host genome in which they reside. The
methods currently used to identify aliens are based on
codon biases and nucleotide frequency statistics
(Lawrence and Ochman 1998; GarciaValle et al.
1999; Garcia-Vallve et al. 2000). For example, Law-
rence and Ochman (1998) estimated the proportion of
horizontally transferred genes to be about 18% in
Escherichia coli based on an analysis of nucleotide
frequency statistics, codon usage patterns, and the
codon adaptation index.
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Pairs of closely related genomes represent the best
source of data for studies of the frequencies at which
rearrangement events occur. Fortunately, more and
more genomes from closely related strains and species
are being sequenced. For example, the 1.0 Mb ge-
nome of Chlamydia trachomatis and the 1.2 Mb ge-
nome of Chlamydia pneumoniae have recently been
published (Stephens et al. 1998; Kalman et al. 1999;
Benson et al. 2000). The genome of C. pneumoniae
contains 1052 genes as compared to 894 genes in the
genome of C. trachomatis. To date as many as three
strains of C. pneumoniae (CWL039, AR39, J138) and
two strains of C. trachomatis (MoPN, serovar D)
have been sequenced (Read et al. 2000; Shirai et al.
2000). A dot plot analysis of C. trachomatis and C.
pneumoniae has shown that numerous chromosomal
rearrangements have occurred since the two genomes
diverged from each other (Read et al. 2000). The
most notable of these rearrangements is two large
DNA inversions at the regions surrounding the ori-
gins of replication and termination (Fig. 1). The dif-
ference between the C. trachomatis strains is mainly
confined to a 50 kb plasticity zone near the origin of
replication (Read et al. 2000). Likewise, the sole dif-
ference between the C. pneumoniae strains CWL029
and AR39 is an inverted DNA segment upstream of
the uridine kinase gene and AR39 contains a novel
4523 nucleotide circular single-stranded phage not
found in CWL029 (Read et al. 2000).

The purpose of this paper was to quantify the
frequencies of insertions, deletions, inversions, and
transpositions in relation to the frequencies of nu-
cleotide substitutions in the Chlamydia genomes. The
results of our analysis indicate that the major factors
influencing the structure of the Chlamydia genomes
are nucleotide substitutions and deletions. We have
found no evidence of frequent horizontal gene
transfer events, nor for an excessive number of genes
that are tandemly repeated in any of the two ge-
nomes.

Materials and Methods

Inference of genome rearrangements. The genome sequences of C.
trachomatis (AE001273) and Chlamydiophila pneumoniae CWL029
(AE001363) were obtained from GenBank. A list of gene orders
was obtained from the Chlamydia Genome Project (Stephen, per-
sonal communication). A gene order permutation is available on
request. Gene order permutations were analyzed using the program
Derange II (Blanchette et al. 1996). Derange II attempts to mini-
mize a weighted sum of three operations: transpositions, inversions,
and inverted transpositions, where different weights give different
results. The program was extended to distinguish between short
and long operations (Eriksen et al. unpublished). The optimization
of weights was done as described (Eriksen et al. unpublished).

The binomial mutation model. Following Sueoka (1962), we
assume that the choice of GC or AT at a given third codon position
is made by an independent binomial experiment with the proba-
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bility given by the GC3 content. We obtain the following statistical
model: With x being the GC3 content of a certain gene of length n
codons in a position where the probability of GC is p, the sto-
chastic variable nx has Bin(n,p) distribution. Since 7 is large (more
than 100), we may approximate with the normal distribution

N(np,\/np(1 — p)). We can normalize to an N(0,1) distribution of
“g-values” by defining:
x—p
§=—F )
p(1=p)/n

The GC3 content shows a significant large-scale variation over
the genomes in question, so we estimate the probability of GC at a
given position by the GC3 content in a window of 5000 nucleotides
centered on the gene of interest. A smaller window may cause over-
fitting of our model to the data, while a larger may average out
local effects.

For comparison of g-value distributions to each other, the
Kolmogorov-Smirnov method (see for example p. 670, Edward and
Mishra 1988) was used. In this test, a deviation measure K is de-
fined as the maximal difference between the cumulative distribu-
tions, scaled by the square root of N, the number of sampled
values:

K = max |F(x) — Fy(x)|VN, )

where F(x) is the sampled distribution and Fp(x) is the expected
distribution. The higher K-value, the more significantly different
are the distributions.

Substitution rates. The rates of synonymous substitutions were
estimated from the synonymous divergences using standard mod-
els, such as the Kimura 2-parameter model (K2P). In highly A + T
biased genomes, like Chlamydia, it is important to use substitution
models that allow for nucleotide biases. With sufficient amount of
data it is possible to apply the most general model where all sub-
stitution rates (kac, kaa, ... Where kac is the rate with which A is
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Schematic illustration of gene order structures in Chlamydia trachomatis and Chlamydia pneumoniae. ORI = origin of replication;

replaced by C) may be different, but assuming that AG and TC
differences are equivalent (Berg 1995). For the twofold and the
fourfold degenerate codons these rate matrices apply:

kca  koa  krta
kac - kac krc 3)
kac kcc - krc
katr ket ket -

) Q4f:

kGA+/<CT:|

sz = |:/\’AG +hkrc
2

Similar rate matrices can be calculated for the synonymous sub-
stitutions in the threefold and sixfold degenerate codons (Berg
1995). As in other substitution models, the matrices provide esti-
mates of the substitutions rates based on the observed nucleotide
differences in pairwise sequence alignments and considering all
possible pathways (Berg 1995). Here, it is assumed that the rates
are the same in both lineages, and if not, an average value is cal-
culated. Thus, no information is provided about the direction of
events from the ancestral node.

Results

Minimal Genome Rearrangement Scenarios

A gene order based alignment of the two Chlamydia
genomes using a gap size of 10 genes identifies 43
segments that are located in different relative posi-
tions on the chromosomes. These have an average of
19 genes per segment, ranging from two genes to 170
genes. The locations and orientations of the 13 largest
segments are schematically shown in Fig. 1. Within
these rearranged segments, many local rearrange-



Table 1. Proportion of rearrangement operations separating the
two Chlamydia genomes

Operation Proportion (%)
Inversion 13
Short Inversion 38
Transposition 49

The rearrangement frequencies were inferred from a modified
version of Derange II (Blanchette et al. 1996).

ments of different types have occurred. To estimate
the contribution of inversions, transpositions and
inverted transpositions to the observed rearrange-
ments within and among segments, we calculated the
number of architectural changes required for recon-
structing one genome from the other. These measures
provide a minimal estimate of the number of rear-
rangement events that have occurred since the two
genomes diverged.

A gene order permutation was obtained by com-
paring the exact gene order information of the two
genomes. It has previously been shown that short
inversions, which only affect a single gene, occur
predominantly at the recombination boundaries
(Tillier and Collins 2000b). Short inversions were
considered separately with the help of a modified
version of the previously developed software Derange
IT (Blanchette et al. 1996). This program minimises a
weighted sum of three operations: transpositions,
inversions, and inverted transpositions, where differ-
ent weights yield different results (Blanchette et al.
1996). The modified version of the program is also
capable of distinguishing between local and long
distance operations (Eriksen et al. unpublished).
Weights were taken from the best results of a simu-
lated data set of about 750 genes, i.e. comparable to
the Chlamydia data set (Eriksen et al. unpublished).

The proportions of rearrangement events required
to convert the order of genes in one genome into that
of the other are presented in Table 1. The relative
frequencies of inversion and transposition events are
51% and 49%, respectively. The uncertainty level in
our experiment is about 5% of the true value for all
operations, if the mean of the transpositions and the
inverted transpositions are considered. The total
number of events was estimated to 59 £ 6 events for
the Chlamydia data (Table 1). Short rearrangements
represented the majority of sorting events (Fig. 2),
with single gene inversions ranging from 77 bp to 1610
bp, with an average of 444 bp in C. trachomatis and
454 bp in C. pneumoniae. This is not significantly dif-
ferent from the mean gene size in C. trachomatis (350
bp) and C. pneumoniae (345 bp), if taking into account
that the data set with the inverted genes may be slightly
biased due to a few single gene inversions of large sizes.

It has previously been shown that inversions and
translocations occur in a symmetric manner (Read
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et al. 2000; Tillier and Collins 2000b), as schemati-
cally illustrated by the symmetric location of frag-
ments 3, 8, 11, 12, and 13 in Fig. 1. Indeed, inverted
blocks of more than 10 genes and transposed blocks
of more than five genes were predominantly sorted by
Derange II in a symmetric manner during the con-
version of one genome into the other, while shorter
rearrangement events appeared to be more randomly
distributed. For example, of 10 inversions of more
than two genes, seven were sorted in a symmetric
manner. Likewise, 19 out of 27 translocations were
accounted for by symmetric reorganizations.

The neighborhoods and chromosomal locations of
a representative set of single gene inversions identified
by Derange II within segments and at rearrangement
boundaries are schematically shown in Figs. 3 and 4.
At least 14 of the 22 single gene inversions performed
during the sorting procedure can unambiguously be
identified as real single gene inversions, as inferred
from their genomic neighborhoods. Three of these
are flanked by genes with similar orientation (Fig.
3A), while four inversions are flanked by genes ori-
ented in either a convergent or divergent manner
(Fig. 3B and C). Five single gene inversions are lo-
cated at the boundaries of rearranged segments (Fig.
3E), as also observed by Tillier and Collins for several
recombination boundaries (Tillier and Collins
2000b).

Taken together, our analysis demonstrates that
inferences of minimal rearrangement scenarios by
automatic procedures not only provides good dis-
tance measures but also reconstructs events that are
biologically meaningful. The overall rearrangement
frequency since the divergence of C. trachomatis and
C. pneumoniae was estimated to less than one large
inversion event per 100 genes and one translocation
event per 100 genes on the average.

Low Frequency of Tandemly Repeated Genes

It has been previously reported that the presence of
tandemly repeated genes is a characteristic feature of
the Chlamydia genomes (Read et al. 2000). To ex-
amine this in more detail, each genome was searched
internally for paralogs using each individual gene as a
query sequence. Indeed, hits with significant scores
were often observed to neighbouring genes. However,
a closer inspection revealed that most sequences (with
the exception of oppA1/2, CPn0369/370, CPn0537/
538, CPn0842/843, and CPn1006/1007 and the pmp
genes) did not align over their entire length as would
be expected for duplicated genes. The observed scores
were found to be the result of short overlapping
stretches of sequences at the ends of neighboring
genes. Thus, contrary to previous reports (Read et al.
2000) we were unable to find any evidence for an
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Fig. 2.  Size distribution of (A-C) transpositions, (D) inversions, and (E-F) deletions. The transposition of each segment results in the

creation of three novel fragments. The size distribution of (A) the shortest, (B) the middle, and (C) the longest of these novel fragments are
shown. The size distribution of deletions is estimated from the size distribution of unique genes in (E) C. trachomatis and (F) C. pneumoniae.

unusually high frequency of tandemly repeated genes
in the Chlamydia genomes.

In total, we have identified 11 genes that are du-
plicated twice or more in C. pneumoniae but repre-
sented by single gene sequences in C. trachomatis.
The most highly duplicated gene is pmp, which codes
for a polymorphic outer membrane protein. One of
the pmp genes in C. trachomatis (CT871) is present in
14 copies in C. pneumoniae. All of the 14 copies ex-
hibit a base composition pattern that is typical of
C. pneumoniae genes (data not shown). However, in
the absence of an out-group, intra-genomic duplica-
tions in one genome can not be distinguished from
deletions in the other genome. Taken together, the
data suggests that the duplication frequency is less
than one gene duplication per 100 genes on the
average since the divergence of C. trachomatis and
C. pneumoniae.

Placing Lateral Gene Transfers in Perspective

Frequencies of lateral gene transfers have previously
been inferred from analyses of nucleotide frequency
statistics. For example, Lawrence and Ochman used
G+ C content values and codon usage data to esti-
mate the fraction of lateral gene transfers in E. coli
(1997, 1998) and other bacteria (Ochman et al. 2000).

Likewise, Garcia-Vallvé et al. (2000) used a statistical
analysis of nucleotide patterns that also takes into
account parameters such as gene position and amino
acid content to identify horizontally transferred
genes. However, a major limitation with these and
other similar methods is the difficulty to define cut-off
levels that distinguish the outliers from the typical
genes since the overall distribution is not fully known
(Koski et al. 2001).

The availability of complete genome sequence data
from two or more closely related species offers a new
perspective to this problem. Since it is unlikely that
the same set of genes would have been acquired in-
dependently at homologous positions, candidates for
recent transfers should be searched among the set of
genes that are uniquely present in either of the two
genomes (Koski et al. 2001). The task is then reduced
to distinguishing between genes lost in one genome
versus those introduced in the other genome. Our
approach for solving this problem is to examine the
extent to which the unique genes are equilibrated with
the internal mutation bias of the orthologous genes.

There are 70 genes uniquely present in C. tracho-
matis and another 214 genes uniquely present in C.
pneumoniae. These are quite randomly distributed
around the genome (Fig. 5). A majority of the unique
genes are singletons (45-65%), with the average
number of genes per cluster being 2.3 in C. tracho-
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scription of neighboring genes.

matis and 2.5 in C. pneumoniae (Fig. 2). The largest
cluster of unique genes contains 22 genes in C. tra-
chomatis and 14 genes in C. pneumoniae, respectively.
Correspondence analysis (Johnson and Wichern
1992) was used to investigate whether the non-or-
thologous genes share some unusual codon usage
characteristics. No clusters were identified for those
genes (Fig. 6A), suggesting that the unique genes as a
group are not associated with abnormal nucleotide
frequency statistics.

To quantify any deviations from genome-specific
base composition features, we applied the binomial
mutation model (Equation 1) to the data set of un-
ique genes. Here, the orthologous genes were used as
our reference data set for genes that have not been
horizontally transferred since the two Chlamydia
species diverged. The orthologous genes displayed
essentially the same g-distribution as the unique genes

(Fig. 6B); the deviation measures K = 0.95 in C.
pneumoniae and K = 0.77 in C. trachomatis as would
appear by chance in 15% and 30% of the experiments,
respectively. This suggests that a majority of the un-
ique genes have a base composition pattern that is
compatible with the overall genome-specific codon
usage pattern.

However, this does not per se imply that the un-
ique genes have been vertically transmitted from a
shared ancestral genome, since the earliest gene
transfers may have undergone complete ameliora-
tion. To approach this problem, we have studied
substitution frequencies and estimated the time it
takes for a foreign gene to become completely ame-
liorated at its synonymous sites. The mean Ka and
Ks values for 474 orthologous gene sequences were
estimated to be 0.21 and 1.22, respectively, with Li’s
method (1993). Since the Ks value is close to satu-
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Chromosomal location of the short inversions in C. trachomatis and C. pneumoniae. The x-axis represents the order of genes in C.

trachomatis and the y-axis the order of genes in C. pneumoniae. The positions of short inversions are indicated. Letters refer to the categories

of inversions described in Fig. 3.

ration, the complete substitution matrices at twofold
and fourfold degenerate sites was estimated using a
correction model that accounts for base composition
variation (Berg 1995). For the twofold and fourfold
degenerate sites in the 474 aligned orthologous gene
pairs the rate matrices can be described as:

Oui— T . 0.89
SA NV WT S
T . 021 061 043
(4)
ot — 014 - 1.1 040
YT 1038 098 - 012
10.55 0.74 0.25

where ¢ is the divergence time. From these (Berg
1995) the mean number of substitutions per synony-
mous site was estimated to Ks®” = 0.62 and
Ks“? = 1.42. The profile of substitutions in the rate
matrix indicates that there is a strong bias for con-
versions between G and C nucleotides, as also ob-
served by Rocha and Danchin (2001).

To minimize the effects of strand-specific muta-
tional biases, the orthologous gene set was divided

into two sets of genes located on either of the two
strands. For the set of genes located on the leading
strands (253 alignments) and the lagging strands (181
alignments) in both genomes the following matrices
were found:

M- 0.18 0.62 0.437
leading 0.11 : 099 043
0, 1= ,
041 1.07 . 0.14
0L0.57 0.72 0.28 - 5)
ro- 0.20 0.63 0427
lagging 0.16 . 1.34 0.51
0.35 0.92 . 0.08
10.53 0.80 0.17 ]

The exchange rates for G and C nucleotides are
very high and near to saturation on both strands. As
a result, inverted genes are expected to equilibrate
more rapidly with the GC skew values of their new
host strand (Tillier and Collins 2000a, 2000c) than the
horizontally inserted genes will equilibrate with the
overall G + C content.
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To search for selective constrains on nucleotide
substitutions, we compared the substitution matrices
for the highly expressed set of genes to the complete
set of genes. The twofold degenerate set is par-
ticularly useful for this purpose since they are not
sensitive to strand specific effects on nucleotide
substitutions. Based on a set of putatively highly
expressed genes (ribosomal protein genes and elon-
gation factor genes) we found a real-value answer for
the twofold degenerated codons (Ks®” = 0.84),
which is slightly higher than the mean frequency of
substitutions per synonymous site for the com-
plete set of genes (Ks®” = 0.62). Similar results
were also obtained for the fourfold degenerate sites
using the Kimura  two-parameter  model
[(Ks®D = 1.14 (full data set), Ks“? = 1.13 (leading
strand), and Ks“? = 1.05 (highly expressed genes)].
Thus, in contrast to previous findings (Romero
et al. 2000), we found no significant difference in
synonymous substitution frequencies for genes
with putatively different expression profiles. This
suggests that selection plays only a weak, if any
role in determining synonymous substitution fre-
quencies.

Finally, we used the substitution matrices to
estimate the time before a foreign gene is com-
pletely ameliorated at its synonymous sites. The
following differential equation describes the mutation
model:
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dp 1
—_ —_0P(t 6
= 50P() (6
which has the solution:

P(1) = &2'P(0) (7)

where P(¢) is a vector describing nucleotide concen-
trations and P(0) is the initial value from when the
gene enters the cell (Berg 1995). Using this informa-
tion the following relation was found,

GC(1) = GO + (GCL = GC™)e ™/ (8)

All times are in units of the time of divergence and
GC5,™ represents the G + C content at third codon
position of the host, i.e. the value that all foreign
genes will equilibrate towards, and 1/t is a combi-
nation of the rate constants for GC and AT nucleo-
tide substitutions. To determine the value of t we
have simulated the changes in G + C content from a
variety of starting conditions (GC'~°) using the data
in the substitution matrices for twofold and fourfold
degenerate sites (see above). The simulations provide
a series of GC content values at any given ¢ for each
starting point. By inserting these values and plotting
the logarithm of the equation against time, the nu-
merical value of 1/t can be estimated from the slope.
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thologous genes. Plot of the two most prominent axes generated by
the COA of the RSCU values from the (A) C. pneumoniae and (B)
C. trachomatis genomes. The open circles correspond to genes

The standard deviation of 1/t was determined by a
jack-knifing procedure with 100 replication steps.
Here, the substitution matrix was recalculated 100

patterns in unique genes versus orthologous genes. The g-values
(Equation 1) are plotted on the x-axis for both set of genes and the
frequency on the y-axis.

times based on a random set (50%) of the alignment.
From this simulation procedure the following values
were obtained:



33

0.9 T T T

0.1 A . - L
0 0.5 1 1.5 25 3
Time [divergence |
Fig. 7. Rate of amelioration in G + C content at fourfold degenerate sites for sequences with different initial G + C content values.

{ Ty = 1.440.07 o)

‘L'4f =1.4+0.07

Figure 7 shows the approximate rate of amelio-
ration in G + C content for a set of different initial
values (GC40).

The results suggest that genes with significantly
different G + C content values prior to insertion
would have been detected as foreign genes in the
modern Chlamydia genomes.

Since we were unable to obtain any evidence for
horizontal gene transfers in Chlamydia, we suggest
that most of the genes unique to one species are the
result of deletions in the other genome. If so, ap-
proximately 225,000 nucleotides may have been de-
leted, which corresponds to a deletion frequency of
more than 10 genes per 100 genes per genome since
the divergence of C. trachomatis and C. pneumoniae.

Discussion

The fixation rates for nucleotide substitutions are well
characterised for numerous genes in many organisms,
including several bacterial pathogens. The availabil-
ity of complete genome sequence data for closely re-
lated bacterial species now enables us to measure with
the same precision the frequencies at which other
genomic mutations occur. How do the rates of re-
arrangements (inversions and translocations) and
indels (insertions and deletions) compare to the rates

of nucleotide substitutions? To what extent do hori-
zontal gene transfer events contribute to the changes
of microbial genomes? Can rates of genomic muta-
tions be used to describe the divergence of any two
genomes in a way that takes into account all of the
different processes whereby microbial genomes
evolve?

A major problem when trying to approach these
questions concerns the reliability of the methods used
for inferring rearrangement and horizontal gene
transfer events. For example, it has often been argued
that sorting algorithms such as those used by De-
range are of limited biological value since they only
provide minimal estimates of divergences and the
sorting steps may be quite different from the actual
rearrangement events. Indeed, it should be stressed
that several rearrangement scenarios can be recon-
structed for genomes such as those of Chlamydia that
are separated by 50 or more rearrangement events. A
particular problem is that we do not know a piori
what kind of weights to use for the sorting opera-
tions. For the analysis of the Chlamydia dataset, we
have devised a simulation scheme to find appropriate
weights (Eriksen et al. unpublished). Using these
weights, we estimated the frequencies of large inver-
sions and translocations to one event per 100 genes,
respectively.

So, how does this automatic sorting procedure
correlate with putative rearrangement events inferred
by manual comparison of the two Chlamydia ge-
nomes? The lessons learnt from our case study shows
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that inferences of minimal rearrangement scenarios
based on circa 50 sorting steps not only provides
good distance measures but also reconstructs rear-
rangements events that are biologically meaningful.
For example, derange II successfully sorted a ma-
jority of the differently organized gene blocks in a
symmetrical manner, in accordance with the sugges-
tion that the DNA at the replication fork is particu-
larly vulnerable to recombination events (Tillier and
Collins 2000b). Likewise, the analysis provides evi-
dence for a strong bias towards short inversions, in
accordance with previous suggestions (Tillier and
Collins 2000b).

Horizontal gene transfer is another process that
induces major genomic alterations. Phylogenetic
methods have been used to search for and confirm
selected examples of horizontal transmission (Koski
et al. 2001), based on the assumption that the trans-
ferred genes will have an evolutionary history that is
different from that of the host genome. The recent
development of tools for automatic, large-scale
phylogenetic reconstructions has simplified these an-
alyses, making it possible to trace the evolutionary
history not just of a few selected genes, but of all
genes in a genome (Sicheritz-Ponten and Andersson
2001). Such a “phylogenomic” approach has shown
that a majority of bacterial genes display a phyloge-
netic relationship that is characteristic of the domain
in which they reside, suggesting that the separation of
Bacteria and Archaea into two domains is robust
(Sicheritz-Ponten and Andersson 2001).

However, there are many problems associated with
these large-scale phylogenetic approaches concerning
the accuracy of the methods. For example, many gene
comparisons violate some of the fundamental prin-
ciples required for phylogenetic reconstructions, such
that the functional constraints should be the same for
all genes being compared, which is far from always
the case. The interpretations of the resulting trees are
therefore very complicated and atypical placements
of genes in phylogenetic trees are not necessarily an
indication of horizontal gene transfer events. Vice
versa, the lack of phylogenetic support for transfer is
not proof that it did not occur, since transfers be-
tween closely related species can not be detected by
this method. Not surprisingly, there is currently a
heated debate about the extent to which horizontal
gene transfer events have occurred in microbial evo-
lution (Doolittle 1999; Kurland 2000).

An alternative method that has also been used to
search for recent horizontal gene transfer events is to
identify genes with base composition features that
deviate from the normal pattern. This is based on the
assumption that recently introduced genes are likely
to have codon usage patterns that reflects the genome
from which they were derived, rather than the host
genome in which they reside. Unfortunately, also this

method has its problems and limitations, as discussed
in a recent reclassification of horizontal gene transfer
events in Escherichia coli and Salmonella typhimurium
based on positional orthologs, codon features, and
phylogenetic methods (Koski et al. 2001). For ex-
ample, it is extremely difficult to define a cutoff level a
priori that distinguishes genes with a ““normal” pat-
tern from genes with an “abnormal” pattern. And
even if such a cutoff level can be defined, there may be
many different explanations for any observed devia-
tions, such as different selective pressures and/or
temporary gene inactivation events. Another com-
plication is that, although the frequency of nucleo-
tides is relatively homogenous over bacterial
genomes, the variation may still be on a scale that
affects the results. Genes also have different lengths
and short genes have greater stochastic variation than
long genes. For all of these reasons, identifying hor-
izontal gene transfer events by using measures based
on codon preference statistics is not a trivial task.

This is illustrated by the contradictory results of
our study and a recent study of the frequencies of
horizontal gene transfers in a number of microbial
genomes, including Chlamydia (Garcia-Vallvé et al.
2000). Our analysis is based on the assumption that
the best candidates for recent horizontal gene trans-
fers should be found in the sets of genes that are
uniquely present in one of the two Chlamydia ge-
nomes. Most of these are hypothetical genes or genes
that are not found outside the genus Chlamydia,
making it unlikely that they have been introduced
from a foreign source by horizontal gene transfer.
Indeed, we have shown that the G + C content
values at third codon positions for the unique genes
follow the same distribution function as for the or-
thologous genes. Furthermore, a study of ameliora-
tion rates suggests that alien genes with a significantly
different G + C content prior to the insertion would
have been identified as foreign genes, even if the in-
sertion occurred shortly after the divergence of the
two species (Fig. 7). Based on these results we con-
clude that no or only few horizontal gene transfer
events have occurred into the Chlamydia genomes
from other distant genomes.

This result is in striking contrast to that of Garcia-
Vallvé et al. (2000) who identified 55 genes in C.
pneumoniae and 36 genes in C. trachomatis with
atypical base composition features, which they in-
terpret as recent horizontal gene transfer events. A
closer inspection of the gene sets identified as putative
transfers shows that 41 of the 55 genes in C. pneu-
moniae have orthologs in C. trachomatis, and vice
versa for 31 of the 36 putative transfers in C. tra-
chomatis. In other words, 75% of the putative trans-
fers in C. pneumoniae and 86% in C. trachomatis have
orthologs in the other species. These values are sim-
ilar to the overall genomic fraction of orthologous



genes (75% and 90%, respectively), suggesting that
the genes identified as putative transfers represent a
random set of the total gene pool. Indeed, out of the
31 and 41 putative transfers with orthologs in both
genomes only five are shared between the two, which
we interpret as a negative result of the integrity of the
method used and/or to insufficient data.

Garcia-Vallvé et al. (2000) suggests that the results
of their analysis should be taken as conservative
predictions of lateral gene transfers. Our results
suggest just the opposite. Likewise, only a few puta-
tive transfers were identified in an analysis of dinu-
cleotide frequencies in the Chlamydia genomes
(Hooper and Berg 2002). Considering the lifestyle of
Chlamydia, low frequencies of horizontal gene
transfer events are to be expected since the interior of
eukaryotic cells represents a very isolated growth
habitat and the probability that other bacteria are
present in the same cells as those invaded by Chl-
amydia should be very low. For all of these reasons, it
seems more likely that a majority of the genes
uniquely present in one species represent recent gene
loss in the other species. This result is also consistent
with the observed mutation bias for deletions ob-
served in studies of neutral sequence evolution in the
obligate intracellular parasite Rickettsia prowazekii
and its close relatives (Andersson and Andersson
1999a, 1999b, 2001). Indeed, most obligate intracel-
lular bacteria are thought to have undergone reduc-
tive genome evolution with massive losses of genetic
information and extensive rearrangements (Ander-
sson and Kurland 1998).

If two genomes have not gained a single gene since
their divergence, searches for genes with atypical base
composition features may be seriously flawed due to
the absence of representative outliers with a signifi-
cantly different pattern. Thus, intra-genomic com-
parison of nucleotide frequency statistics is a badly
suited method for identifying horizontal gene transfer
events (Koski et al. 2001), particularly in genomes
with low frequencies of such events. We suggest that
such inferences should be based on comparative an-
alyses of base composition features of orthologous
and unique gene sets in pairs of closely related ge-
nomes, as done for E. coli and S. typhimurium (Koski
et al. 2001) as well as for Chlamydia in this case study.
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