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ABSTRACT

The stability of the structure of bacterial genomes is challenged by recombination events. Since major
rearrangements (i.e., inversions) are thought to frequently operate by homologous recombination between
inverted repeats, we analyzed the presence and distribution of such repeats in bacterial genomes and
their relation to the conservation of chromosomal structure. First, we show that there is a strong under-
representation of inverted repeats, relative to direct repeats, in most chromosomes, especially among the
ones regarded as most stable. Second, we show that the avoidance of repeats is frequently associated with
the stability of the genomes. Closely related genomes reported to differ in terms of stability are also found
to differ in the number of inverted repeats. Third, when using replication strand bias as a proxy for
genome stability, we find a significant negative correlation between this strand bias and the abundance
of inverted repeats. Fourth, when measuring the recombining potential of inverted repeats and their
eventual impact on different features of the chromosomal structure, we observe a tendency of repeats to
be located in the chromosome in such a way that rearrangements produce a smaller strand switch and
smaller asymmetries than expected by chance. Finally, we discuss the limitations of our analysis and the
influence of factors such as the nature of repeats, e.g., transposases, or the differences in the recombination
machinery among bacteria. These results shed light on the challenges imposed on the genome structure

by the presence of inverted repeats.

HE advances of the last decade on genome sequenc-

ing and pulsed field gel electrophoresis provide a
puzzling image concerning the organization and stabil-
ity of bacterial genomes. On one hand, many features
of genome organization have been found or further
unraveled, such as the impact of replication in imposing
compositional strand biases (Losry 1996) and con-
straining gene distribution (McLEAN et al. 1998). Cod-
ing sequences cover 90% of most bacterial genomes
and transcriptional regulation can be very complex, sug-
gesting selection for structural stability. On the other
hand, the genome structure is extremely fluid. Operons
are not well conserved between distant species (ITOH et
al. 1999) and gene content varies at a very high rate in
some bacterial lineages (CasjeNs 1998), partly because
of frequent horizontal transfers (OCHMAN et al. 2000).
Distinctive features of the organization of bacterial ge-
nomes, notably in relation to replication, have different
importance in different species (RocHA and DANCHIN
2001). Among groups such as Firmicutes, one observes
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very different compositional bias, as well as different gene
positional biases (RocHA 2002). Thus, the understand-
ing of the trade-offs between genome stability and the
requirements of genotypic diversity is becoming a major
issue in the study of genome evolution.
Intrachromosomal homologous recombination can
lead to deletions, duplications, translocations (for direct
repeats), and inversions (for inverted repeats; SMITH
1988; RoTH el al. 1996; RoMERO and Paracros 1997).
All these events change the genome composition, but
most of them do not induce very important shifts in its
structure. Indeed, large deletions are counterselected,
large insertions are rare, and large tandem duplications
are not observed in currently sequenced bacterial ge-
nomes, probably because they are too unstable. There-
fore, inversions have been regarded as one of the main
motors of chromosome structural change (Liu and
SANDERSON 1996; RoTH et al. 1996; HucHES 2000). Pair-
wise comparisons among completely sequenced ge-
nomes show that the first large chromosome re-
arrangements are caused by inversions (E1SEN et al. 2000;
TrieLier and Corrins 2000a; Zivanovic et al. 2002).
Currently, the sole exception to this rule is provided
by the comparison of Mycoplasma pneumoniae and M.
genitalium, which reveals several translocations and no
inversion (HIMMELREICH et al. 1997). However, inverted
repeats capable of mediating chromosomal inversions are
strongly underrepresented in these genomes, being
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presentup to 60 times less frequently than direct repeats
(RocHA and BLANCHARD 2002).

Itis difficult to define genome stability without experi-
mental support or a large number of very close ge-
nomes. Thus, we use replication compositional bias as
a proxy of genome stability. DNA replication is asymmet-
ric; one strand is replicated continuously (leading
strand) whereas the other is replicated in discrete steps
through the use of Okasaki fragments (lagging strand;
MARIANS 1992). Since the origins of replication in bacte-
ria, when they are known, seem to be unique, the asym-
metry in replication creates a durable asymmetry in the
structure of the chromosome (FrRaANK and LoBry 1999).
This leads to different nucleotide compositions in each
replicating strand, which seem to result from an essen-
tially neutral mutational bias (FRANK and Losry 1999;
TiLLiER and Corrins 2000b; RocHA and DANCHIN
2001). Thus, the intensity of the bias is shaped by the
strength of the mutational mechanism and by the rates
of genome rearrangement. Assuming that the strength
of the mechanism has small variations between genomes,
strand bias should be highly correlated to the stability
of the chromosome.

Chromosomal inversions seem to be rare in nature
but very frequent in the laboratory (LOUARN et al. 1985;
RotH et al. 1996). This suggests the existence of selec-
tion pressure for maintaining chromosomal structure.
As aresult of this, the large inversions observed in bacte-
rial genomes are symmetrical in relation to the origin
of replication (E1SEN et al. 2000; TrLLIER and COLLINS
2000a). Itis then important to understand how chromo-
somes face recombination events and especially inver-
sions. Here, we tackle this question by accounting for the
distribution of repeats capable of producing rearrange-
ments (inverted repeats). We also take into consider-
ation the effects of such potential rearrangements on
different elements of the chromosomal structure, in partic-
ular chromosome asymmetry and replication strand bias.

METHODS AND DATA

Data: Data on the complete bacterial genomes were
taken from Entrez Genomes (http:/www.ncbi.nlm.nih.
gov), and the annotations were taken from the GenBank
files. Except when noted otherwise, we used only one
strain for each species to avoid any bias in favor of
species represented several times in GenBank. This re-
sulted in a data set of 63 chromosomes, representing
58 bacterial genomes.

Identification of large strict repeats: To compute the
threshold minimal length of large repeats, we used a
statistic of extremes that takes into account the nucleo-
tide composition and the length of the genome (KARLIN
and OsT 1985). Among bacteria, the minimal length
for which the probability of finding one exact repeat
in the genome is <1%o is in the range 21-26 nucleotides
(nt) (P<0.001; RocHA etal. 1999a). The search for such

large, strictly identical repeats was done using Reputer
(KurRTZ and SCHLEIERMACHER 1999).

Deriving large nonstrict repeats: To investigate the
influence of genome structure on repeats, we identified
nonstrict repeats from strict repeats using an extension
process previously described (AcHAZ et al. 2000, 2002).
The method identifies nonstrict repeats by extending
both sides of strict repeats when they share significant
similarity in sequence. This is based on a local alignment
procedure (SMiTH and WATERMAN 1981). Nucleotide
frequencies differ widely between bacterial species and
identity matrix scores produce artificially longer repeats
in highly biased genomes. To avoid this effect, we used
an empirical scoring matrix for each chromosome,
which takes into account the frequencies of nucleotides
(AcHAZ et al. 2002). After comparing different methods
to build such a matrix, we used the one providing closer
average lengths for repeats detected in random genomes
with different nucleotide compositions (from very low
to very high values of G + C content). This scoring
matrix is the following:

match;; = —10 X In(p?), mismatch;; = 10 X In(p; X p;)
,
match,; = —10 X i X i X >In(p}),

i=A

Gap., = —4 X matchyy, GapOpcn =4 X Gap,y,

where p; is the frequency of the nucleotide ¢ in the
genome. This matrix provides scores of matches ranging
from 20 to 41 and scores of mismatches ranging from
—41 to —20. The score of matchy,; is either 7 or 8,
depending on the genome bias.

Strand compositional bias: Linear discriminant analy-
ses followed by skew analyses were used to identify ge-
nomes with significant strand bias, as in RocHA and
DAaNCHIN (2001). Once origin and terminus were identi-
fied, compositional strand bias was quantified in terms
of AGC skews. These are defined as the average differ-
ence in GC skews between the genes in the leading and
the lagging strand. AGC = (G — Gead) / (Geaa + Gat) —
(Gug — Gu)/(Gy + Gy, where X; is the nucleotide
frequency of the nucleotide X (i.e., G or C) in the genes
of strand i (i.e., lead or lag). This normalizes the replica-
tion biases in terms of the genome average bias in nucle-
otide composition.

MODELS OF GENOME REARRANGEMENT

Before proceeding, we must model the potential out-
come of recombination between repeats. We consider
arandom model where each copy of a repeat can recom-
bine with another copy of the repeat in a random way.
We further suppose that couples of repeats of identical
size recombine at identical frequency. Yet, two factors
are taken into account. First, since one expects larger
repeats to recombine more often than smaller ones (in
a linear fashion according to SHEN and HuaANG 1986;
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VuLic et al. 1997), we weight each repeat by its length
when computing indices of potential rearrangement.
Second, we incorporate the fact that recombination al-
ways proceeds between two copies of a repeat. A repeat
present in two copies recombines only in a single way
between the two copies. However, a repeat with three
copies (e.g., A, B, and C) can recombine in three differ-
ent ways (A with B, A with C, and B with C), each
resulting in different outcomes. Thus, because recombi-
nation takes place between pairs of repeats we count
the latter repeat as three couples of repeats. Therefore,
counting pairs of potentially recombining repeats is
equivalent to counting couples of repeats.

Assumptions: To accomplish this analysis we had to
proceed to several assumptions:

1. We implicitly assume that homologous recombina-
tion may proceed with all statistically significant large
repeats. Such minimal length varies from 21 to 26
nt depending on genome size and composition. In
fact, it corresponds to the minimal length require-
ments for the start of homologous recombination by
the RecBCD system in Escherichia coli and its func-
tional homolog AddAB in Bacillus subtilis, the only
bacterial species for which such studies have been
conducted (SHEN and Huanc 1986; RoBERTS and
CoHAN 1993).

2. We analyze the distribution of repeats as they occur
in the published genomes. Thus, we do not take into
account the changes of that distribution if rearrange-
ments do occur. Naturally, more refined models
should be developed in the future to tackle this ques-
tion. Such models should take into account the re-
sults of rearrangements on the relative positioning
of the other repeats (even though that is a very hard
computational problem), and the rate of repeat cre-
ation and loss.

3. Given the lack of experimental comparative studies
of recombination mechanisms and frequencies in
most bacteria, we implicitly assume that the frequency
of intrachromosomal recombination is the same in
different genomes. All bacteria here analyzed, except
Buchnera (SHIGENOBU et al. 2000), have RecA, the
major protein in homologous recombination path-
ways. However, the different elements of the homolo-
gous recombination pathways vary significantly be-
tween genomes (E1SEN and HANAWALT 1999).

4. We consider that all repeats are involved in the dy-
namics of the chromosome in the same way. Since
self-replicating repeated elements, such as IS, have
special dynamics, we analyze their influence sepa-
rately. We discuss the impact of violations to these
assumptions in the interpretation of the results.

Measures of global rearrangement: The inversion
produced by a recombination event between two occur-
rences of a repeat implicates the inversion of the region
between the repeats—the spacer. This element contains

less than half of the chromosome, by definition. A sim-
ple way of analyzing the potential for genome rearrange-
ment is simply to divide the total number of pairs of
inverted repeats by the length of the genome, thereby
computing a density of pairs of repeats. However, the analy-
sis of direct repeats has shown that the average spacer
length is different between genomes (ROCHA et al.
1999a). Also, the frequency of recombination between
copies of a repeat is expected to be proportional to the
repeat’s length. Therefore, a more precise measure for
the average rearrangement length potentially induced
by the inverted repeats in a genome is given by

1 % ELr,- X Lspi’

RL =
GL LrT

where Ry is the potential rearrangement length associ-
ated with the repeats in the genome; Lr;, the length of
the repeat i; Lsp;, its spacer length; G, the genome
length; and Lry, the sum of the repeats’ lengths.

Inversions and replication structure: Compositional
strand bias and chromosomal symmetry are differently
affected by recombination between inverted repeats
(Figure 1). By definition, copies of inverted repeats oc-
cur in different DNA strands. However, they can be in
the same type of replicating strand (i.e., both copies in
the same chirochore—either leading or lagging strand)
or in the same replichore (same replicating half of the
chromosome). If they are in the same replichore (%),
then an inversion will produce a shift of the spacer from
one replicating strand to the other, so that the sequence
of the spacer that was on the leading strand switches to
the lagging strand and vice versa. However, because in
this case the spacer does not include the origin or the
terminus of replication, the symmetry of the chromo-
some (i.e., the opposite placement of origin and termi-
nus of replication) will not be affected. Naturally, close
occurrences will induce small changes, whereas distant
occurrences induce large changes. One can then define
a measure of average strand switch (SS) potentially in-
duced by all  repeats in a genome as

1 % ELri X Lsp;
GL LrT

SS = = R, (for I repeats only).
Conversely, the spacer of a repeat with occurrences in
the same chirochore (/;) encompasses the origin or the
terminus of replication. In this case, an inversion will
not change the leading/lagging character of the spacer,
but may induce changes in the relative positions of the
origin and terminus of replication. The average asym-
metry switch (AS) induced by the inversion will be pro-
portional to the distance of the position of the center
of the spacer (P) to the closer origin/terminus of repli-
cation (Py/ier):

L 2P = Pyl X 2 X L,

AS = —
GL LrT

(for I repeats only).

Expected values: We determined the expected values
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F1Gure 1.—Examples of intrachromosomal recombination
between inverted repeats. Solid and shaded semicircles repre-
sent different replicating strands. (A) Repeats in the same
chirochore (I;) and symmetrical around the origin of replica-
tion. The inversion through recombination between 1 and 2
results in Ry, = Lspyy/ Gy, AS ~ 0, SS = 0. (B) Repeats in the
same chirochore (/;) and asymmetrical around the origin of
replication. The inversion through recombination between 1
and 3 results in Ry = Lspys/ G, AS = 2 X |Py, Po,|/ Gy, SS =
0. (C) Repeats in the same replichore (f). The inversion
through recombination between 4 and 5 results in Ry = Lspys/
G, AS = 0, SS = R,. Lsp; is the shortest distance between i
and jin the circle (i.e, the length of the spacer), G; is the
length of the genome, P;is the geometric center of the spacer
between the copies i and j, Py, is the position of the origin
of replication.

of R, SS, and AS under a model where pairs of copies
of repeats engage into recombination randomly. The
null model corresponds to a random placement of re-
peats in the chromosomes. Thus, approximate values
for the expectations of R;, SS, and AS can be easily
determined by simulation. Here, we detail the deriva-
tion of the exact expressions. Under the model of ran-
dom placement of repeats in the chromosome, the dis-
tance between two copies of a repeat is distributed
uniformly in the interval ]0, G;/2]. Therefore, the ex-
pected value of Ry is ¥ (1/Gy X G /4).

X[ G/2
43 G/2-1
J<ed G/2-2
0<e—» G/2-3
< 2 > 3
- AT > 2
=k >
I I
1 . G /2
replichore L

F1GURE 2.—Diagram depicting the rationale of the method
to determine the probability density function associated with
SS. Let us suppose the above replichore. A repeat will be
counted only if both copies occur in the same replichore. Let
us fixate the first copy of the repeat. If this copy is at position
1 (repeat 1), then the other copy has a uniform probability of
occurrence in the replichore except at position 1; i.e, it has a
uniform probability density in A; (which has a length of G, /2 —
1). Now suppose the repeat whose first occurrence is at position 2.
The second occurrence of this repeat has a uniform probability
of occurrence in Ay (which has a length of G;/2 — 2). A similar
reasoning applies to all repeats whose first copy is at positions
3 to G;/2 — 1. For these repeats, the second copy is distributed
with a uniform probability of occurrence in Az to Ag 5. A copy
at G/2 cannot have a second occurrence in the replichore.
Thus, the distribution of the length of the spacer (A) is a linear
function of the length of the replichore (i.e., itis alinear function
of G./2).

For the determination of the expected values of SS
and AS we assume, as previously, uniform distribution
for the distance between copies. For simplicity, but this
does not affect generality, we assume that all repeats
have the same length. Under these conditions, we call
SSi the strand switch associated with a repeat and allow
it to take one of two values: either the length of the
spacer (both copies in the same replichore) or 0 (both
copies in the same chirochore). Given the symmetry of
the system, the value SSi = 0 has a probability 0.5.
Thus, one has to determine only the expression for the
probability density function of SSi when repeats are in
the same replichore (which sums to 0.5). This results
in a function that depends linearly on the spacer length
(see Figure 2) and is constrained by two conditions: (i)
the cumulated probability is 0.5 and (ii) the function
evaluates to zero at G/2. Thus, the probability density
function is given by

S(x) = o+ Bx,

G, /2
constrained by (i) [ flx)dx = 0.5 and (ii) f(G./2) =0,
0

which results in a function

whose expected value is given by
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E(x) = J xf(x)dx = G /12.

Since SS is the sum of each partial SSi, divided by the
genome length, its expected value is . Excluding from
the analysis the repeats in the same chirochore, for
which SS = 0, the expected value becomes . A similar
reasoning applies to the determination of the expected
value of AS.

RESULTS AND DISCUSSION

Relative distribution of inverted repeats in bacterial
genomes: Absolute numbers of repeats: The distribution of
direct and inverted repeats in bacterial genomes has
recently been analyzed in the context of horizontal
transfer (RocHA et al. 1999a) and of repeat generation
(AcHAZ et al. 2002). These works have shown that bacte-
rial genomes contain a considerable amount of large
repeats. Furthermore, the abundance of such repeats
is highly variable among species. In our data set, one
finds a maximum of 66,860 pairs of inverted repeats in
Neisseria meningitidis and no inverted repeats in Chla-
mydia trachomatis (Table 1). Interestingly, both bacteria
are human pathogens and seem to have a functional
RecBCD system. However, C. trachomatis is an obligatory
and intracellular parasite, whereas Neisseria is neither.
Alow level of repeats is typical of obligatory intracellular
bacteria (see below). On the other hand, Neisseria is a
very extreme case of repeat abundance, mostly for ef-
fects of antigenic variation (SAUNDERS et al. 2000). For
clarityitis removed from most graphs where the number
of repeats is taken explicitly into account. The average
length of the repeats in the different genomes is nearly
always well above the lower threshold of statistical sig-
nificance. Indeed, the average length of strict repeats
in the genomes is 207 nucleotides.

Inverted repeats are underrepresented compared to divect ones:
One would expect to find more direct than inverted
repeats if selection acts toward minimizing inversions.
On one hand, inverted repeats may induce inversions.
On the other hand, if repeats originate mainly from
close direct repeats (ACHAZ et al. 2002), inversions are
required to create inverted repeats from direct repeats.
In any case, our analysis indicates that inverted repeats
are usually underrepresented compared to direct re-
peats: the ratio of inverted/direct repeats is almost al-
ways <1 (Figure 3). This still holds if one excludes close
direct repeats, which are thought to be the result of an
active process of duplication (AcCHAZ et al. 2002). The
strongest underrepresentation of inverted repeats tends
to occur when the total number of repeats is smaller.
This suggests that when repeats are avoided (e.g., by
structural reasons), inverted repeats are even more
strongly avoided, possibly because of their major role
in chromosomal inversions. Genomes saturated with re-
peats, e.g., Neisseria, show no difference between in-
verted and direct repeats, possibly because selection for

a direct positioning vs. the inverted becomes inefficient
atsuch a high level of repeat density (or possibly because
their recombination apparatus is less sensitive to re-
peats).

Rearrangement length: Although relative avoidance of
inverted repeats may suggest counterselection of se-
quences capable of producing inversions, many differ-
ent causes can underlie such avoidance. In particular, if
the magnitude of the rearrangements’ counterselection
were simply proportional to their length, one would
expect a selection for close repeats that could induce
small rearrangements. However, the average observed/
expected (O/E) Ry is 0.963, which is not significantly
different from 1 (P > 0.4, signed-rank test; Figure 4).
One is then inclined to think that although selective
pressure against rearrangements may cause the avoid-
ance of inverted repeats, relative to direct ones, there
is no systematic tendency toward the minimization of
the length of the potential rearrangement.

Support for the hypothesis that inverted repeats chal-
lenge the chromosomal stability: Analyses of close genomes:
The genomes presenting the lowest values of observed/
expected rearrangement length are the ones containing
fewer repeats, notably Chlamydia, some Mycoplasma, Ric-
kettsia, and Buchnera. These are also the genomes with
smaller inverted/direct ratios. Interestingly, recent
works have shown that many obligatory intracellular
bacterial genomes keep a remarkable synteny (SuvamMa
and BOrk 2001; WoLF et al. 2001). In light of their small
populations one would expect less efficient purifying
selection and therefore larger differences in gene order.
The observations that such genomes contain a reduced
recombination potential, especially when it involves in-
versions, may thus explain their stability. Recently, a sec-
ond genome of Buchnera has been published (Tamas
et al. 2002), which indicates that for 50 million years
these genomes remained strictly colinear, showing no
inversion. This is not surprising since these genomes
have both <10 large inverted repeats in their genomes
and a deficient homologous recombination machinery.
However, the other small stable genomes presenting few
repeats do code for both RecA and RecBCD or RecF-like
systems.

Closely related bacteria with very different repeat
abundance show increased levels of synteny loss. For
example, the strains KIM and CO92 of Yersinia pestis are
very closely related (average 99.9% of protein similarity)
but show a considerable amount of rearrangement in
their genomes (DENG et al. 2002). The closely related
Salmonella enterica typhi and typhimurium (mean protein
similarity of 98.6%) show only two large rearrange-
ments. This can be put into relation with their different
numbers of repeats: ~5000 in Y. pestis, many of them
insertion sequences, and <1000 in S. enterica typhimu-
rium (for genomes of similar lengths). The correlation
between abundance of repeats and genome stability
seems to be valid also in Archaea. A recent comparative
study of three Pyrococcus (Pyrococcus abyssi, P. horikoshii,
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TABLE 1
General results

Accession  Length AGC

Chromosome no. (kb) skew N N N/Ny, O/ER, O/ESS O/EAS
Aeropyrum pernix NC_000854 1670 — 572 1437  0.40 1.34 — —
Agrobacterium tumefaciens C58 chrl AE007869 2842 0.050 904 880 1.03 0.83 0.56 0.72
A. tumefaciens C58 chr2 AE007870 2075  0.039 241 295  0.82 1.00 0.42 0.76
A. tumefaciens C58 pl AT AE007872 543 — 6 43  0.14 1.32 — —
Aquifex aeolicus AE000657 1551 — 204 253 0.81 1.23 — —
Archaeoglobus fulgidus AE000782 2178 — 3092 3970  0.78 0.73 — —
Bacillus halodurans C-125 BA000004 4202 0.095 2245 4551  0.49 1.06 0.90 0.91
B. subtilis 168 AL009126 4215  0.084 407 755  0.54 1.14 0.68 1.04
Borrelia burgdorferii B31 AE000783 911 0.284 1 52 0.02 1.74 — —
Brucella melitensis 16M chr 1 AE008917 2117  0.067 786 1009 0.78 1.00 0.94 0.97
B. melitensis 16M chr 2 AE008918 1178  0.067 217 221  0.98 0.99 0.75 0.86
Buchnera APS AP000398 641 0.046 1 1 1.00 1.13 — —
Caulobacter crescentus CB15 AE005673 4017  0.035 2175 2213  0.98 0.97 0.84 0.84
Campylobacter jejuni NCTCI11168 AL111168 1641 0.142 11 123 0.09 0.75 0.70 0.52
Chlamydia muridarum MoPn AE002160 1069  0.269 16 47  0.34 0.14 0.21 0.05
C. pneumoniae CWL029 AE001363 1230  0.183 3 133 0.02 0.01 — —
C. trachomatis D AE001273 1046  0.251 0 12 0.00 — — —
Clostridium acetobutylicum ATCC824 AE001437 3941 0.228 208 966  0.22 0.96 0.36 1.24
C. perfringens 13 BA000016 3031 0.205 732 1011 0.72 0.74 0.92 0.64
Deinococcus radiodurans R1 chr 1 AE000513 2649 — 1637 1677 0.98 0.99 — —
D. radiodurans R1 chr 2 AE001825 412 — 14 51  0.27 1.09 — —
Escherichia coli MG1655 U00096 4639  0.051 3688 4394 0.84 0.98 0.93 0.83
Haemophilus influenzae Rd 142023 1830  0.064 381 646  0.59 1.69 0.73 1.95
Halobacterium sp. NRC-1 AE004437 2014 0.080 111 237  0.47 0.41 0.86 0.91
Helicobacter pylori 26695 AE000511 1668  0.064 143 595  0.24 1.22 0.96 1.22
Lactococcus lactis 1L1403 AE005176 2366  0.111 728 725  1.00 0.89 1.07 0.83
Listeria innocua Clip11262 AL592022 3011 0.091 246 383  0.64 0.87 0.33 0.84
L. monocylogenes EGD NC_003210 2945  0.098 94 335 0.28 1.02 0.61 1.05
Methanocaldococcus jannaschii L77117 1665 — 1372 4216  0.33 0.77 0.80 0.68
Mesorhizobium loti MAFF303099 NC_002678 7036 — 1116 1891  0.59 0.87 — —
Methanobacterium thermoautotrophicum AH — AE000666 1751 0.023 5917 9000 0.66 1.11 1.20 0.57
Mycoplasma genitalium G37 143967 580 — 22 699  0.03 1.40 — —
Mycobacterium leprae TN AL450380 3268  0.110 1134 1104 1.03 0.91 1.02 0.97
Mycoplasma prnewmoniae M129 NC_000912 816 — 303 2539  0.12 1.21 0.65 0.94
M. pulmonis UABCTIP ALL445566 964 — 114 1592  0.07 1.69 0.48 1.77
Mycobacterium tuberculosis H37Rv AL123456 4412 0.049 1198 2888 0.41 1.04 0.80 0.99
Neisseria meningitides 72491 AL162759 2184  0.115 66860 68354  0.98 1.02 0.94 0.98
Nostoc sp. PCC 7120 BA000019 6414 — 5868 8033  0.73 0.97 — —
Pasteurella multocida PM70 AE004439 2257 — 101 1436  0.07 1.10 — —
Pseudomonas aeruginosa PAO1 AE004091 6264  0.067 488 1081  0.45 1.30 1.11 1.20
Pyrococcus abyssi AL096836 1765 0.021 708 705 1.00 0.35 2.36 0.27
Pyrobaculum aerophilum IM2 AE009441 2222 — 923 4244 0.22 0.50 — —
Pyrococcus horikoshii OT3 NC_000961 1739  0.060 499 3395 0.15 1.80 1.99 0.24
Ralstonia solanacearum GMI1000 AL646052 3716 0.051 345 657  0.53 1.17 0.81 0.96
Rickettsia conorii Malish 7 AE006914 1269 0.084 1178 1348 0.87 0.98 0.91 0.98
R. prowazekit Madrid E AJ235269 1112 0.096 4 19 0.21 0.22 0.22 0.51
Salmonella typhimurium LT2 AE006468 4857  0.068 812 2120 0.38 1.28 0.96 0.79
Sinorhizobium meliloti 1021 AL591688 36564  0.035 5861 5963  0.98 0.96 0.98 0.96
Staphylococcus aureus N315 BA000018 2815 0.130 911 1419 0.64 1.01 0.92 0.92
Streptococcus pneumoniae TIGR4 AE005672 2161 0.174 8152 10954 0.74 1.04 0.89 0.88
S. pyogenes M1 AE004092 1852 0.135 237 241 0.98 1.16 0.75 0.79
Sulfolobus solfataricus P2 AE006641 2992 — 16671 21531  0.77 0.24 — —
S. tokodaii strain7 BA000023 2695 — 4260 8503  0.50 0.01 — —
Synechocystis PCC6803 AB001339 3573 — 1624 1799  0.90 1.02 — —
Thermoplasma acidophilum ALL139299 1565 — 40 1083  0.04 1.40 — —
Thermotoga maritima MSB8 AE000512 1861 0.036 1530 1732  0.88 0.87 0.68 0.47
Thermoplasma volcanium GSS1 NC_002689 1585 0.011 166 742 0.22 1.38 — —

(continued)
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TABLE 1
(Continued)
Accession  Length AGC

Chromosome no. (kb) skew M Ny N/Ny, O/ER. O/ESS O/EAS
Treponema pallidum pallidum AE000520 1138  0.176 34 170 0.20 0.68 0.54 0.45
Ureaplasma wrealyticum S3 AF222894 752 — 11 116  0.09 0.17 — —
Vibrio cholerae N16961 chr 1 AE003852 2961 0.094 1022 1117 091 1.07 0.96 0.85
V. cholerae N16961 chr 2 AE003853 1072  0.106 167 21545  0.01 0.95 0.93 0.92
Xylella fastidiosa 9abc AE003849 2679  0.207 576 1952  0.30 1.40 0.59 0.91
Yersinia pestis CO92 AL590842 4654  0.068 4915 5389  0.91 0.99 0.96 0.90

The GenBank accession numbers of the chromosomes, their length, their AGC skews, the number of repeats in inverse (V)
and direct (Np) sense, and their ratio (N;/Nyp), and the observed/expected (O/FE) ratios of R;, SS, and AS are shown. The chro-
mosomes for which there are no values of AGC skews, SS and AS, are the ones for which the origin and terminus of replication
could not be determined or for which there is no significant compositional strand bias (for AGC skews).

and P. furiosus) has indicated that P. furiosus is much
more subject to genome rearrangements (ZIVANOVIC et
al. 2002). The close comparison between these genomes
seemed to implicate repeats in these rearrangements.
Indeed, the comparison of the number of pairs of in-
verted repeats in these genomes (of nearly identical
genome length) is in good agreement with these obser-
vations: 503 for P. horikoshii, 711 for P. abyssi, and 2004
for P. furiosus.

The case of Rickettsia conorii: One major exception to
this trend concerns the comparison of Rickettsia conorii
with R. prowazekii. R. conoriiis 14% larger than R. prowa-
zekii, but the genomes are colinear, thus supposedly
stable, even though R. conorii contains 1180 inverted
repeats that have been proposed to replicate in a selfish
manner (OGATA et al. 2000) for only 6 inverted repeats
in R. prowazekii. A closer analysis of the former genome
indicates that its repeats are all small, since 70% of
repeats have between 25 and 30 bp, and only 2 repeats
are >85 bp. Since the genome does not contain a homo-
log of the RecBCD system, homologous recombination
is expected to follow the RecF pathway (SHEN and
Huanc 1986). The RecF pathway is thought to be in-
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FiGUure 3.—Distribution of the ratio of inverted (N;) over
direct (Np) repeats in the function of the total number of repeats
and corresponding histogram.

volved in restarting replication after replication fork
disassociation, and the importance of its role in homolo-
gous recombination has been disputed (COURCELLE et
al. 2001; AMUNDSEN and SMiTH 2003). For this pathway,
the minimal length of strict homology required to start
homologous recombination in E. c¢oli is much larger
than that required for the RecBCD pathway. It might
be as large as 90 bp, whereas it is 20-30 bp for the RecBCD
pathway (SHEN and HUANG 1986). It is thus quite possi-
ble that these repeats are not targeted by homologous
recombination in Rickettsia, because of the peculiarities
of its recombination machinery. This would explain the
stability of these genomes in spite of the large number
of small repeats.

Support to use replication composition bias as a proxy of ge-
nome stability: We have previously suggested a link be-
tween the number of repeats in a genome and the repli-
cation compositional strand bias (RocHA et al. 1999b).
Compositional replication strand bias seems to result
from a fast asymmetric mutational bias causing inverted
genes to adapt fast to the new strand (TILLIER and
CorLiNs 2000b). The magnitude of strand bias can vary
either by the intensity of the mutational bias or by pro-
cesses counteracting its establishment, such as genome
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Ficure 4.—Observed/expected median rearrangement
length of repeats in the bacterial genomes. The arrow indicates
the median (0.96), which is not significantly different from 1
(P> 0.4, signed-rank test).
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rearrangements. In this sense, important levels of strand
bias can be established only if the genomes are stable.
Among the 63 chromosomes, 44 exhibit a significant
replication bias. Genomes with significant strand bias
have a median of 394 repeats/genome, whereas the
remaining genomes have a median of 708 repeats/ge-
nome (even though the former genomes are 23%
larger). Moreover, genomes with significant strand bias
show a negative correlation (p = —0.30, P < 0.05, Spear-
man’s rank test) between the number of inverted re-
peats and the intensity of the bias (measured as AGC
skew). These results suggest that the chromosomal sta-
bility is highly challenged by inverted repeats. As a con-
sequence, in very stable chromosomes, the number of
inverted repeats might tend to be minimized.

How do inverted repeats challenge the chromosomal
stability? To tackle this question, we divided inverted
repeats into two categories: repeats in the same chiro-
chore (further labeled as I;) and repeats in the same
replichore (f; see MODELS OF GENOME REARRANGEMENT
and Figure 1). We also developed simple measures of
the impact of these repeats on AS and SS. AS measures
the consequences of potential rearrangements between
Ic. SS measures the consequences of potential rearrange-
ments between I;. Therefore the ratio of observed/
expected of these indices indicates the association be-
tween the positioning of repeats and the instabilities
they might induce on genomes.

Differences between 1. and Iy suggest selection for chromo-
somal stability: Repeats are causes of change in chromo-
somal structure, but the distribution and maintenance
of repeats is also constrained by the characteristics of
that structure. In genomes containing strong composi-
tional strand biases, the mutation pattern is similar for
both copies of I, but different for both copies of L
(RocHA and DancHIN 2001). Thus, faster divergence
between copies of L repeats, relative to I;, could lead
to differences in number and length between I; and I
(Table 2). If this is so, we should expect higher similarity
between copies of I; than between copies of k. Naturally
this hypothesis cannot be tested with the data on strict
repeats, which are identical (by definition). Therefore,
we extended by dynamic programming the exactrepeats
into larger nonstrict repeats by searching for significant
similarity at the edge of the strict repeats (as described
in METHODS AND DATA). The comparison of nonstrict
repeats confirms that /; are more numerous and longer
than I (Table 2). However, the average identity percent-
age does not differ between I; and L repeats. This sug-
gests that the different abundance of each type of re-
peats is not due to larger rates of divergence among I
repeats. The avoidance of L could then be a conse-
quence of negative selection on the distribution of re-
peats. Such selection pressure may have different ori-
gins. First, inversions change the relative distance of the
genes to the origin of replication. This is expected to
be counterselected in genomes selecting for highly ex-

et al.

TABLE 2

Comparison of I and I within strict repeats and
nonstrict repeats

Repeats Ic>L I.<IL  Pvalue (x? Total
Strict
N; 29 6 P <0.001 35
Length 27 8 P <0.01 35
Nonstrict
N* 25 8 P <0.01 34
Length 27 7 P <0.001 34
Identity % 18 16 NS 34

Here we compared the number of inverted repeats (NV;),
the average length, and, for nonstrict repeats, the average
percentage of identity. We analyzed genomes for which the
origin and terminus of replication could be well defined and
that had at least 10 repeats I; and 10 repeats k. There are 35
such genomes by considering strict repeats and 34 by consider-
ing nonstrict repeats (several strict repeats can be part of the
same larger nonstrict repeat). NS, not significant.

“For one genome (Helicobacter pylori 26695) I, = Ii.

pressed genes near the origin of replication. Second,
genes on the leading strand will be transferred to the
lagging strand and vice versa. This is also expected to
be counterselected for highly expressed genes and for
genomes containing two dedicated DNA polymerases
(Rocua 2002). Finally, it has been proposed that higher
levels of substitutions in inverted genes may lead to gene
loss (MACKIEWICZ et al. 2001).

Chromosomes tend to keep their symmetry: Using the posi-
tions of the origins and termini of replication, one can
determine the relative lengths of the two replichores.
We analyzed the 48 genomes for which the origin and
the terminus can be reliably predicted. In these ge-
nomes the length of the two replichores never differed
by >20%. Further, the ratio of the lengths of the smallest
over the largest replichores of each genome shows a
median of 0.95 (data not shown). Such similarity be-
tween replichore lengths is in good agreement with
the existence of a selective pressure against inversions
increasing the asymmetry of the chromosome. A similar
selection pressure has been observed in horizontal trans-
fer between strains of E. coli and Salmonella, since geno-
mic variation tends to occur in equal amounts on both
replichores, thus keeping chromosomal symmetry
(BERGTHORSSON and OcHMAN 1998). Further, inver-
sions between the rRNA operons of E. coli that strongly
change the symmetry of the chromosome have been
found to be severely detrimental (HiLL and Gray 1988).
This is also in good agreement with data indicating
preference for symmetrical rearrangements around the
origin and terminus of replication (EISEN et al. 2000;
TriLLIER and CoLLINs 2000a). It has been proposed that
such inversions could result from illegitimate recombi-
nation between the two newly replicated chromosomes
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F1GURE 5.—(A) Observed/expected values for the asymme-
try switch. The solid arrow indicates the median value (0.86).
(B) Observed/expected values for the strand switch. The solid
arrow indicates the median of the genomes with significant
compositional strand bias (0.80), whereas the shaded arrow
indicates the median for the other genomes (1.08).

at the moment of replication (TILLIER and COLLINS
2000a), but there is still no experimental evidence of
such a mechanism. The analyses of AS indicate O/F
ratios systematically smaller than one (average AS =
0.86, P < 0.001, signed-rank test; Figure 5). This indi-
cates that potential rearrangements caused by homolo-
gous recombination between I; tend to be symmetrical
and that such [ repeats may be less negatively selected.

Strand switch and replication compositional bias: An inver-
sion between two I switches the strands of the spacer
and thus switches the compositional biases in each
strand. The comparison of genomes with and without
significant compositional strand biases shows a different
median observed/expected SS (respectively, 0.80 and
1.08, P < 0.01, Wilcoxon test). Genomes lacking strand
compositional bias have a median observed/expected
SS not significantly different from 1 (median 1.08, not
significant), whereas the others show a ratio systemati-
cally smaller than one (median 0.80, P < 0.001, signed-
rank test). Further, among these genomes there is a
significant negative correlation between the potential
of repeats to induce strand switch and their genome
AGC skew (—0.553, P < 0.001, Spearman p; Figure 6).
Although the correlation is highly significant, the analy-
sis of its residuals shows a considerable dispersion and
two outliers, Streptococcus pneumoniae and N. meningitidis
(P<0.01). This is an indication that other factors affect
strand bias and/or that some of our basic assumptions
are oversimplified (e.g., the assumption of similar re-
combination mechanisms and frequencies in different
bacteria).

General picture: Both AS and SS indicate observed/
expected ratios systematically smaller than 1 (Figure 5),
and the differences between AS and SS are not statisti-
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F1Gure 6.—Strand switch (SS X N;) vs. the strand composi-
tion bias (AGC skew). Spearman’s rank correlation is —0.553
(P <<0.001). The cross corresponds to the genome of S. pneu-
moniae (excluded as an outlier, along with N. meningitidis; see
text).

cally significant. One should note that avoiding simulta-
neously AS and SS can be done it two different ways.
First, it can be done if the occurrences of repeats are
close. However, the analysis of R for all inverted repeats
and the relative abundance of I; and I; indicates that
is not the case. Second, it can be done by selecting the
placement of the two copies of repeats in the same
chirochore and in a symmetrical way around the origin
or the terminus of replication (see Figure 1). Our results
point toward the latter hypothesis.

The special role of transposases: Among the simplifica-
tions we have made at the beginning of this work, we
assumed that repeats induced rearrangements through
homologous recombination. This is an oversimplifica-
tion for some types of sequences and especially when
transposases are concerned. We have thus tried to fur-
ther analyze the impact of these elements in the induc-
tion of genome rearrangements. We have identified 40
bacterial genomes containing genes coding for putative
transposases, using the annotation files. As expected,
these genomes contain a much larger density of repeats
(4.5 times larger, P < 0.002, Wilcoxon test). Further,
the density of repeats correlates well with the number
of transposases (p = +0.45, P < 0.005, Spearman rank
test) with two clear outliers (S. solfataricus and S. pneu-
moniae). However, only 19% of the repeats directly con-
cern sequences coding for transposases. Part of the dif-
ference may be explained by the difficulty in identifying
unknown families of transposases or by the existence of
insertion sequence (IS) remnants that no longer con-
tain intact transposases. Only in three genomes (Bacillus
halodurans, Synechocystis C125, and Y. pestis) do transpo-
sase-coding sequences include >55% of the genome’s
inverted repeats (respectively, 76%, 74%, and 72%).

Genomes lacking IS have smaller ratios of inverted/
direct repeats (median 0.22) than genomes containing
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IS (median 0.69, P < 0.01), although both values are
significantly <1 (P < 0.01). There is also a positive and
similar effect of transposases on the O/FE values for AS
and SS, which tend to get closer to 1, with the existence
and with the number of transposases in the genome
(P < 0.01). Thus, the presence of transposases in shuf-
fling the genome seems to exceed the one of simple
repeats targeted by homologous recombination. It is
likely that their self-replicative behavior further shuffles
the chromosome.

CONCLUSION

The availability of complete genomes of close species,
or strains within a species, has brought to light the im-
portance of genome rearrangements in fashioning the
bacterial genome (HUuGHES 1999). Almost without ex-
ception, the first major rearrangements observed in re-
cently divergent bacterial strains or species concern in-
versions that are symmetrical around the origin and
terminus of replication. Here, we have tried to under-
stand the relation between such analyses and the poten-
tial for intrachromosomal rearrangements mediated by
the long repeats present in bacterial chromosomes. Se-
lective processes are probably at the basis of the different
abundance and characteristics of inverted repeats. These
repeats have important consequences for genome stabil-
ity, as we have seen, but they can also be under positive
selection for antigenic variation or gene dosage effects.
This seems to be a particular case of the trade-off be-
tween the necessity of generating genotypic diversity
and the problems that are derived from that need.

To be able to compare different genomes we were
forced to make several simplifying assumptions. Some,
e.g., the role of transposases, could be tackled in this
work, but most will have to be tested as more experimen-
tal works on homologous recombination in other bacte-
ria become available. In particular, it is of outmost im-
portance to determine the relative levels of homologous
recombination between repeats in different genomes
as well as the minimal lengths required for homologous
recombination. The results of this work suggest that
these requirements are likely to be different, since some
genomes, such as Neisseria, contain an astonishingly
high level of repeats. The genome of S. pneumoniae
shows particularly striking features, since it contains very
high numbers of repeats for its size and large numbers
of transposases (46 genes), but exhibits strong AGC
skews and 80% of the genes in the leading strand. Such
a well-ordered genome structure contrasts with the quan-
tity of elements capable of disrupting it. It remains an
open question if this is due to differences in the recom-
bination machinery or to other processes.

Most of the results we have presented are compatible
with the hypothesis that repeats challenge the structure
of bacterial chromosomes. We found low values of AS
and SS, a frequent association of repeat density with

differential stability of close genomes, and a systematic
underrepresentation of inverted repeats relative to di-
rect ones. However, one would have also expected to
find O/E R, values significantly <I, which was not the
case. However, considering only kL, O/E R, are <I,
resulting in O/ESS <1 (the underrepresentation of &
as compared to [ leads to that apparent randomness).
On the other hand, the lack of a global bias in R shows
that mechanisms creating repeats at short distances are
not biasing our results. O/L R, values close to 1 could
resultif the other elements contributing to the selection
of a stable chromosomal structure are not sensitive to
the length of the rearrangement. For example, selection
of operon structures should be equally effective on small
and on large rearrangements, since in both cases only
the two operons at the breakpoints of rearrangements
are disrupted (and this if repeats are inside different
operons). Considering that many large repeats in bacte-
ria are inside coding sequences (RocHA et al. 1999a),
selection for minimization of operon disruption would
be effective only through the avoidance of inverted re-
peats relative to direct ones (as observed). Thus, the
distribution of repeats in genomes would be constrained
by the structure of the chromosome in terms of replica-
tion, which is dependent on the length and the type of
rearrangement, and of some other factors, which are
possibly independent of the length of the inverted seg-
ments (ie, the rearrangement length). The relation
between the distribution of repeats in bacterial chromo-
somes and other genomic features is still a largely unex-
plored field. For example, several works have suggested
that nonpermissive intervals of rearrangement exist in
E. coli (SEGALL et al. 1988; Guijo et al. 2001) and that
some regions of the chromosome are particularly prone
to recombination events (LOUARN et al. 1991). Further
work will be required to tackle these questions.
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