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Abstract. Bacterial chromosomes are immense
polymers whose faithful replication and segregation
are crucial to cell survival. The ability of proteins
such as FtsK to move unidirectionally toward the
replication terminus, and direct DNA translocation
into the appropriate daughter cell during cell divi-
sion, requires that bacterial genomes maintain an
architecture for the orderly replication and segrega-
tion of chromosomes. We suggest that proteins that
locate the replication terminus exploit strand-biased
sequences that are overrepresented on one DNA
strand, and that selection increases with decreased
distance to the replication terminus. We report a
generalized method for detecting these architecture
imparting sequences (AIMS) and have identified
AIMS in nearly all bacterial genomes. Their increased
abundance on leading strands and decreased abun-
dance on lagging strands toward replication termini
are not the result of changes in mutational bias; ra-
ther, they reflect a gradient of long-term positive
selection for AIMS. The maintenance of the pattern
of AIMS across the genomes of related bacteria
independent of their positions within individual genes
suggests a well-conserved role in genome biology.
The stable gradient of AIMS abundance from repli-
cation origin to terminus suggests that the replicore
acts as a target of selection, where selection for
chromosome architecture results in the maintenance
of gene order and in the lack of high-frequency DNA
inversion within replicores.

Correspondence to: Jeffrey G. Lawrence; email: jlawrenc@pitt.edu

Key words: Genome evolution — FtsK — Re-
plication terminus — DNA strand bias — Muta-
tional bias — Natural selection

Introduction

Bacterial chromosomes are not simply collections of
genes; these polymers—up to 100,000 times longer
than the cells that contain them—are organized into
highly compacted nucleoids (Holmes and Cozzarelli
2000; Wu 2004) as supercoiled domains (Deng et al.
2004; Higgins et al. 1996; Stein et al. 2005), are
positioned at defined locations within the cytoplasm
(Gitai et al. 2005; Niki et al. 2000; Teleman et al.
1998; Wu and Errington 1998), experience intricately
timed replication (Cunningham and Berger 2005),
and move through the cytoplasm in precise, choreo-
graphed ways (Viollier and Shapiro 2004; Viollier
et al. 2004). Beyond encoding thousands of protein
and RNA products, as well as signals for their pro-
duction, DNA molecules must also carry information
that controls the tempo and mode of their own rep-
lication and segregation into daughter cells. While
numerous genetic, molecular biological, and bioin-
formatic techniques serve to identify DNA sequences
that are important because of the products they en-
code (that is, genes), finding sequences that are
important for the maintenance of the DNA molecule
itself has proven to be more difficult.

Global chromosome structure is suggested by the
nonrandom distribution of genes within replicores.
Single replication origins and termini typically
apportion bacterial genes nearly symmetrically into
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two approximately equally sized replicores. The
location of some genes relative to the replication
origin is known to be important—e.g., the proximity
of the Bacillus subtilus spolIR gene to the replication
origin allows its transcription from the newly formed
forespore, whereas the origin-distal location of the
spollAB gene prevents its encapsulation in the
forespore, allowing for " activation there (Dworkin
and Losick 2001). Furthermore, dnaA genes are sig-
nificantly associated with the replication origins.
Outside of such special cases, little significance to the
positions of other transcription units relative to the
replication origin has been postulated beyond the
potential for greater gene dosage of origin-proximal
genes (Liu and Sanderson 1995b, 1996). Yet we can
infer that gene order is constrained, since genetic
maps retain order in the face of mechanisms that can
rearrange them. More importantly, observed rear-
rangements are most often symmetrical with respect
to replication origins and termini (Eisen et al. 2000;
Mackiewicz et al. 2001; Sanderson and Liu 1998;
Suyama and Bork 2001; Tillier and Collins 2000),
suggesting that inversions that rearrange chromo-
some structure (i.e., those that move genes from
leading to lagging strands) are counterselected.

Beyond the distribution of genes, the nonrandom
distribution of certain oligomeric sequences is also
consistent with global chromosome structure. One
example is the ¢ recombination signal (Eggleston and
West 1997; Kowalczykowski et al. 1994; Kuzminov
1995; Myers and Stahl 1994); this octamer is highly
abundant on leading strands (El Karoui et al. 1999;
Uno et al. 2000) and serves to disable the RecD
exonuclease, allowing the RecBC recombinase to re-
pair double-stranded breaks efficiently via homolo-
gous recombination. The overabundance of ¢y
sequences is consistent with their origin by muta-
tional biases and maintenance by selection for func-
tion. That is, the signals that mediate global
chromosome architecture could arise by mutational
bias, where consistent replication from a single origin
allows for differences to accumulate between leading
and lagging strands (Lobry 1996; Lobry and Louarn
2003; Salzberg et al. 1998). Once placed under selec-
tion, differences between strands that arise by chance
would be maintained, and disruption of these pat-
terns would be detrimental (Capiaux et al. 2001;
Corre et al. 2000). That is, for the overabundance of y
sequences on leading strands to be identifiable, global
chromosome structure must exist.

The processes described above—replication ter-
mination and DNA segregation—involve the action
of proteins at the replication terminus. Therefore,
sequences enabling proteins to locate the replication
terminus are good candidates for those contributing
to chromosome architecture. One may expect these
sequences to accumulate near the replication termi-

nus since it is there that selection for their function
would be greatest. For example, the FtsK protein
translocates along DNA toward the dif site at the
replication terminus (Pease et al. 2005) and may
mediate segregation of chromosomes across the sep-
tum (Lau et al. 2003). FtsK delivers the XerCD re-
combinase to the dif site (Bigot et al. 2004; Ip et al.
2003; Li et al. 2003; Massey et al. 2004), where it acts
to resolve entangled chromosomes during cell divi-
sion (Blakely et al. 1991; Clerget 1991). The FtsK
protein must recognize strand-specific sequences to
enable its directional movement toward the replica-
tion terminus. Since the frequency at which DNA
translocases act is inversely proportional to the dis-
tance from the replication terminus, sequences would
be under strongest selection—and therefore at highest
abundance on their preferred strand—near the ter-
minus. This increase in abundance toward the repli-
cation terminus—beyond what would be predicted by
changes in mutational bias (Daubin and Perriére
2003)—can be taken as evidence for selection. Here,
we describe methods for detecting such sequences and
demonstrate that their distributions did not result
from mutational biases or chance.

Materials and Methods

Sequence Analysis

Sequences were downloaded from GenBank and analyzed using
DNA Master (cobamide2.bio.pitt.edu).

Nucleotide skew was calculated as (G — C)/(G + C)or (A-T)/
(A + T) at the third codon positions of protein-coding genes,
corrected for the direction of transcription. Global pairwise se-
quence alignments used the method of Needleman and Wunsch
(1970); alignment scores were obtained using the PAM 250 matrix
(Altschul 1991), normalized to the average length of the genes being
compared. Octamers were classified as matching IUB nondegen-
erate (GATC) and degenerate (RYMK) bases. Watson strands are
defined as the DNA strands—read 5" to 3'—reported in GenBank
files; Crick strands are defined as the complements of Watson
strands. Leading strands are defined as Watson strands down-
stream, and Crick strands upstream, of the replication origin.
Skewed octamers were detected as those sequences overrepresented
on leading strands; asymmetrically distributed octamers were de-
tected as sequences present in a particular region of a replicore at a
significantly higher abundance than predicted from their abun-
dance in the remainder of the replicore as measured by x> analysis.

Number of Sequences Defining the Replication Origin
or Terminus

Leading strands correspond to the Watson strands on one side of
the replication origin or terminus, and to Crick strands on the other
side. To locate these positions, a sliding-window analysis was
performed, where windows were defined as encompassing 80% of a
bacterial genome sequence, centered on a potential “break point.”
Strand-biased octamers defining a break point were enumerated as
those that were overrepresented on the Watson strand upstream
of the break point but overrepresented on the Crick strand



downstream of the break point. The numbers of biased octamers
would be maximal when the break points lie close to either the
replication origin or terminus, where Watson strands change from
leading strands to lagging strands.

Detection of Large Inversions and Insertions

Bacterial genomes were divided into segments (typically 10-100
kilobases [kb] in length) that were analyzed independently for
strand-biased octamers. The libraries of strand-biased octamers
generated for each genome segment were compared to each other.
If similar sequences were biased on the Watson strands of both
segments, these regions were viewed as being historically replicated
in the same direction; if similar sequences were biased on the
Watson strand of one segment and the Crick strand of another,
these regions were viewed as being historically replicated in
opposite directions. Pairwise similarity of octamer libraries was
calculated as the Jaccard (1912) coefficient of similarity, S;. Most
genomes could be described as having two large domains, where
the Watson strands of segments in one domain were biased in a
way similar to the Crick strands of segments in the other domain.
Large inversions that did not include the origin or replication ter-
minus were detected as regions where the strand bias of the Crick
strand resembled the strand bias of the Watson strand of neigh-
boring segments. Large insertions of foreign DNA—whose strand
bias would be different from the remainder of the genome—were
detected as regions where the libraries of strand-biased octamers
resembled neither the Watson strand nor the Crick strand libraries
of any chromosome segment. This pattern would also be reflected
in old inversions that had begun to ameliorate their nucleotide
composition (Lawrence and Ochman 1997).

Sequences Accumulating Near the Replication
Terminus

Octamers that accumulated in abundance toward the replication
terminus were initially detected as those that (a) exceeded 100
copies per genome, typically numbering at least one sequence per
10 kb of genomic sequence, (b) were overrepresented on the leading
strand, where typically > 70% of the sequences were found on the
leading strand, (c) showed abundance in a terminus-proximal
window—typically defined as 10 to 25% of the genome length—
that exceeded that predicted based on its abundance elsewhere, and
(d) showed this pattern on both replicores. Consistent increase in
abundance toward the replication terminus was verified by
regression of local octamer abundance against distance from the
terminus.

Correction for Mutational Bias

The abundances of nucleotides, dinucleotides, trinucleotides, and
tetranucleotides were calculated by sliding-window analysis. The
expected local abundance of octamers was calculated from the
relative abundance of constituent nucleotides, dinucleotides, tri-
nucleotides, or tetranucleotides. For n-mers of length j, where j <
8, the expected frequency of an octamer E; given the abundance of
constituent j-mers is defined as

9-j .

J

[10;
=l
J 9—j

j—1
[10;]

i=2

where Of is the frequency of the suboligomer of length j at position
i within the octamer. Therefore, the expected frequency (£) of an
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octamer based on the constituent tetramers is calculated as

EABCDEFGH = (PABCDPBCDEPCDEFPDEFGPEFGH)/(PBCDPCDEPDEF
PEFG)‘

Location of Maximum Octamer Abundance

Sequences that accumulate toward the replication terminus were
initially identified via their overabundance in the region adjacent to
the terminus. Linear regression was then used to determine if their
abundance increased toward the replication terminus. To identify
sequences which may accumulate to other, nonterminus locations
within the chromosome (either by chance or by selection), we found
those that were overabundant in sequence windows away from the
terminus. A quadratic regression of the local abundance of octa-
mers against distance of the region from the terminus was then
performed. Sequences which reached maximal abundance at a
position away from the terminus would show a local maximum (the
peak of the parabola) away from the terminus.

Results

Identification of Replication Origins and Termini

To identify sequences imparting chromosome archi-
tecture, replication origins and termini must be
identified in a robust fashion that is consistent across
genomes. Consistent replication initiation and ter-
mination at defined points results in strand biases due
to the mutational differences between leading and
lagging strands. Replication origins and termini can
be detected as points of inflection in cumulative
nucleotide skew plots (Lobry 1996), where a single
strand of DNA is synthesized as a lagging strand
upstream, and as a leading strand downstream, of the
replication origin. For example, replicore transitions
can be identified in the Rhodopseudomonas palustris
genome at ~500 and ~3100 kb as seen in plots of
cumulative GC and AT skew (Fig. 1A). To increase
the precision of our assignment, these positions were
refined to within ~5 kb by the identification of highly
skewed octamers that were tabulated based on crude
localization of the origin and terminus (Fig. 1B). In
the absence of a sufficiently strong single-nucleotide
bias to make an initial assignment, the change in
octamer abundance alone was used to identify the
replication origin and terminus by a sliding-window
analysis (Fig. 1D). Here, replication origins and ter-
mini were identified as those locations maximizing the
numbers of octamers that were overrepresented on
the Watson strands upstream—and on the Crick
strands downstream—of a particular location.
Examination of nucleotide skew alone does not
identify which inflection point corresponds to the
replication origin and which to the terminus. While
the dnaA gene is often encoded near the replication
origin and rRNA cistrons are often encoded on the
leading strands (Fig. 1C), these are not rigorous cri-
teria for localizing origins and termini. To augment
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Fig. 1. Establishing the locations of the origin and terminus in
completely sequenced bacteria: Rhodopseudomonas palustris.

A Cumulative third codon-position nucleotide skew. B Positions of
five octamers (GAGGAGAG, GAGGAGGG, GAGGGGAG,
GAGGGGGGEG, and GGCGAGGG) are represented as vertical
lines on either the Watson (top) or the Crick (bottom) strand. C
Cumulative average gene orientation for a 100-gene sliding win-
dow, where values are calculated as the proportion of genes tran-
scribed from the Watson strand. The diamond indicates the
approximate location of the dnaAd gene; arrows indicate the loca-
tion and orientation of the rRNA cistrons. D Break-point permu-
tation analysis; the numbers of octamers overabundant on the
Watson strand upstream of the break point which are also over-
abundant on the Crick strand downstream of the break point. E
Segmental analysis. Black squares denote regions where libraries of
Watson strand-biased oligomers are congruent (see Materials and
Methods), while white squares denote regions where libraries of
Watson strand-biased oligomers of one segment resemble Crick
strand-biased oligomer libraries of the other segment. Gray squares
denote regions with equivocal data.

these data, we examined gene orientation. Genes are
preferentially encoded on the leading strand, perhaps
to avoid polymerase collisions at genes under strong

selection (Rocha 2004; Rocha and Danchin 2003a, b).
Although cumulative gene orientation bias is too
crude to identify the replication origin precisely, it
may be used to assign the origin and terminus to
inflection points identified by mutational bias analy-
sis (Fig. 1B). While more precise localization of the
replication origin can be achieved by located dnaA
boxes (Mackiewicz et al. 2004), our estimates were
sufficiently accurate to enable the identification of
strand-biased oligomers.

Single replication origins and termini were estab-
lished in all large (>1000-kb) bacterial genomes
examined, indicating that mutational biases between
leading and lagging strands are universal features of
bacterial genomes. In most cases, the longest repli-
core represented between 50% and 55% of the chro-
mosome length (Table 1), suggesting that selection
operates to maintain replicores of approximately
equal lengths. The positions of the dnad genes were
often, but not always, near the replication origin, and
virtually all rRNA cistrons were replicated away
from the origin.

In some cases, more than two major inflection
points in cumulative nucleotide skew plots were ob-
served; for example, the Pasteurella multocida gen-
ome has six major inflection points (Lawrence and
Hendrickson 2004). Such patterns could result from
inversions, the insertion of foreign DNA with similar
strand biases, or the presence of multiple replication
origins and termini. In all such cases in Bacteria, we
inferred that inversions within replicores had pro-
duced regions of the genome with nucleotide skew in
the “opposite” direction, because (a) the multiple
regions did not reflect more than two symmetrical
replicores as was the case in other bacterial genomes
and archaeal genomes with likely multiple replication
origins (Zhang and Zhang 2003, 2005), and (b)
apparent large inversions were common in pathogens
with reduced genome sizes where comparisons with
the chromosomes of less virulent relatives could
delineate the extent of the inverted DNA (Liu and
Sanderson 1995a, b; 1996; Parkhill et al. 2003; Read
et al. 2000; Suyama and Bork 2001).

Identification of Large Inversions and Insertions

As noted above, the replication history of a DNA
segment is reflected in its accumulation of strand bias.
Therefore, large insertions and inversions that do not
include the replication origin or terminus can be de-
tected by their perturbation of nucleotide-skew and
octamer-skew patterns. To identify these regions, a
segmental analysis was performed, whereby the local
strand biases of individual segments were assessed
and compared (Fig. 1E). Here, regions of the chro-
mosome that have historically been replicated in the
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Continued

Table 1.

Number

Longest

Arm

%

Representative AIMS®

Skewed®

GC Origin Terminus

Size®

Family

Accession No.

Genome

TTTAGTTT

NF

42076

50.1%
51.5%
50.0%

911

456

28.6%
35.0%
46.2%

911

Spirochetes
Spirochetes

NC_004342

NC_001318

Borrelia burgdorferi

2231
156

4332
1861

NC_000853

Leptospira interrogans

NF

1086

- Thermotogae

Thermotoga maritima

“The genome size, replication origin, and replication terminus are reported as kilobases or kilobases from the first base of the sequence, except that a value of ‘1’ under ‘Origin’ denotes base 1 of the

sequence.

®Number of sequences with up to 2 degenerate bases, present at an abundance of 0.1/kb (0.05/kb), where 75% of the sequences were located on the leading strand.

“Sequences were initially identified as those at least 1.4-fold more abundant in the terminus-proximal 10% of each replicore than expected from the origin-proximal 75% of each replicore. Increases in

abundance toward the replication terminus were verified by linear regression of local abundance against genome position. Representative nondegenerate sequences are shown.

same direction will have the same sets of octamers
biased on their Watson strands. In contrast, large
inversions could be identified as regions within well-
defined replicores wherein octamers overrepresented
on Watson strands were overrepresented on the Crick
strands of neighboring segments (Lawrence and
Hendrickson 2004). Older large inversions can be
recognized as regions where the octamer strand bias
is not congruent with either adjacent leading or lag-
ging strands through the process of amelioration;
large (>25-kb) insertions will also give this appear-
ance.

Recent large inversions within replicores are typi-
cally not evident in bacterial genomes. That is, most
genomes showed two large replicores with consistent
nucleotide and octamer skew. Exceptions fell
into two classes. First, genomes of obligate endos-
ymbionts and intracellular pathogens—typically less
than 1000 kb in length—often showed signs of large-
scale chromosome rearrangements; examples include
the genomes of Buchnera, Wolbachia, Mycoplasma
pulmonis, M. genitalium, and Ureaplasma urealyti-
cum. In most cases, chromosomes were sufficiently
fragmented to preclude accurate identification of
replication origins and termini. Second, pathogens
with large genomes also showed rearrangements
compared to less virulent relatives with similarly sized
genomes. For example, Salmonella enterica serovar
Typhi shows substantial rearrangement relative to
less virulent salmonellae (Liu and Sanderson 1995b,
1996), and Bordetella pertussis is rearranged relative
to B. bronchiseptica (Parkhill et al. 2003). We
also detected inversions in E. coli (~650-740 kb),
Fusobacterium nucleatum (~530-650 kb), Helicob-
acter pylori (many), and Pasteurella multocida
(~1480-1560 and ~1880-1960 kb) and inversions
shared between Rickettsia prowezeckii and R. connori
(~360—400 and ~1560-1600 kb).

Identification of Sequences Under Selection

Chromosomes lacking large inversions were exam-
ined for octamers that increased in abundance toward
the replication terminus only on leading strands.
First, sequences that were overrepresented on leading
strands on both replicores were identified; this bias in
distribution could result solely from the mutational
bias inherent in DNA replication and therefore does
not in itself suggest that these sequences are under
selection. Table 1 reports the number of abundant
octamers (found at a frequency of >0.1 per kb)
which showed strong strand bias (more than 75%—a
3:1 bias—were located on the leading strand). With
these stringent criteria, between 0 and 42,000 se-
quences were identified in 40 bacterial genomes
examined. In genomes that lacked highly abundant
oligomers that were skewed to this degree, we iden-
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Fig. 2. The distribution of the GGGCAGGG octamer in the
R. palustris genome. This AIMS is present with 300 copies on the
leading strand and 12 copies on the lagging strand. Sequence
abundance is reported as number of AIMS per 50 kilobases within
the ~290-kb window.

tified skewed sequences that were found at least once
per 20 kb (Table 1).

Within these sets, we identified sequences under
selection as those that increased in abundance on the
leading strand toward the replication terminus. These
sequences were initially identified as those that were
overrepresented on leading strands in the terminus-
proximal regions of each replicore. To eliminate se-
quences which were serendipitously overabundant in
these regions—for example, if they were highly
abundant in genomic islands integrated near the ter-
minus region—the local abundance of each octamer
was calculated for intervals spanning from the repli-
cation origin to the terminus. Sequences under
selection were identified as those where the slope of
the linear regression of abundance vs. position was
significantly different from zero (Fig.2). In most
cases, the sequence also significantly decreased in
frequency on the lagging strands, thus leading to
greater strand bias near the terminus. In other cases,
the abundance was extremely low on the lagging
strand, precluding accurate assessment of changes in
abundance on this strand.

Table 1 shows examples of skewed sequences
increasing toward the replication termini in bacterial
genomes. For example, there are 312 copies of the
GGGCAGGG octamer in the R. palustris genome;
96% of the occurrences are on the leading strand, and
twice as many copies are found in the terminus-
proximal region of both replicores than would be
expected if sequences were distributed randomly
(Fig 2). This sequence was found to increase toward
the replication terminus in many genomes of prote-
obacteria (Table 1). We propose that skewed octa-
mers increasing in abundance toward the replication
terminus are under selection for maintenance of
chromosome structure. Therefore, we term these oc-
tamers architecture imparting sequences, or AIMS, to
denote their potential involvement in one or more
biological processes that use origin to terminus
polarity. While the role of each AIMS in cell biology
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is unknown, it is clear that the distribution of AIMS
represents selection operating above the level of the
gene and that this selection structures—i.e., provides
an architecture to—bacterial chromosomes.

Table 1 presents only a sample of potential AIMS,
not a definitive list of all sequences under selection for
function. There are many sequences which are less
numerous, are less strand-biased, or show a more
modest increase in abundance toward the replication
terminus which were excluded from this analysis.
That is, we chose threshold values so that sequences
that met our criteria could not have arisen by chance
alone (see below). In genomes where no sequences
were found to pass these criteria, we could identify
sequences that increased in abundance toward the
replication terminus that were less abundant, were
less strand-biased, or increased in abundance toward
the terminus to a lesser degree. However, this set of
sequences includes those whose distributions resulted
by chance, thus potentially confounding conclusions
drawn from their distributions.

AIMS were found in genomes of bacteria repre-
senting every major division, including multiple
representatives of Actinobacteria, Chlamydiae, Cy-
anobacteria, Firmicutes, Proteobacteria, and Spiro-
chetes (Table 1). AIMS were easily identified in
genomes of small size (e.g., the TTTAGTTT octamer
in the Borrelia burgdorferi genome; 911 kb) and large
size (e.g., the AGGAGGGC octamer in the Pseudo-
monas aeruginosa genome; 6264 kb). We could iden-
tify AIMS in genomes with a high GC content (e.g.,
TGGGGGAG in Streptomyces coelicolor;, 72.1%
GC), a high AT content (e.g., AAGAAGAT in
Clostridium acetobutylicum,; 30.9% GC), or a neutral
composition (e.g., TGGCTTTG in Prochlorococcus
marinus; 50.7% GC). AIMS were often GC-rich, even
in genomes with a high AT content (e.g., TAGGG
GATG in Enterococcus faecalis; 37.5% GC). AIMS
were also found in organisms with linear replicons
(e.g., Streptomyces, Borrelia, and Agrobacterium),
suggesting that functions utilizing at least some of the
AIMS are required for replication and segregation of
linear chromosomes. For example, such functions
may include DNA translocation across the division
septum.

In three instances, multiple, large replicons are
found in the same organism: Brucella melitensis,
Agrobacterium tumefaciens, and Sinorhizobium melil-
oti. In Brucella and Agrobacterium, the AIMS iden-
tified from one large replicon also appeared to be
skewed and increasing in abundance in the other
replicon (Table 1); some sequences were less abun-
dant on one replicon and, therefore, are not reported
in Table 1. This suggests that they are under selection
in both replicons in each organism. Sinorhizobium has
three replicons, including the large plasmids pSymA
(1354 kb) and pSymB (1683 kb). AIMS found in the
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Fig. 3. Distributions of AIMS are not explained by mutational
changes from origin to terminus in chromosomes. The accumula-
tion of the GGGCAGGG octamer on the (A) leading strand and
(B) lagging strand in the terminus-proximal region of the R. pa-
lustris genome, and the accumulation of the GAAGGGGA oct-
amer on the (C) leading strand and (D) lagging strand within the

Sinorhizobium chromosome (i.e., the largest repli-
cons) were also AIMS in the pSymB sequence. While
these sequences are not AIMS in the pSymA plasmid,
they are skewed to leading strands. Since both plas-
mids harbor repABC partitioning operons near their
respective replication origins, AIMS may not play as
large a role in their maintenance.

As a rule, we did not identify AIMS in genomes
<1000 kb in size; most genomes of this size class are
found in obligate pathogens and intracellular para-
sites (e.g., Buchnera, Mycoplasma). We do not inter-
pret this result as a lack of selection for polarity
elements in these taxa. Rather, extensive chromosome
rearrangements experienced by genomes of patho-
gens (Mira et al. 2001), coupled with the very small
size of these genomes limits the ability to find distri-
butions that are statistically significant. Also, as no-
ted above, replication origins and termini could not
be located with confidence in these genomes. As a
result, we were not confident of the sequence distri-
butions we could infer.

AIMS Do Not Arise from Changes in Mutational Bias
The underlying mutational biases vary along the

chromosome (Daubin and Perriére 2003); that is, GC
skew at third codon positions differs between genes

Bacillus subtilus genome. The observed local abundances of these
sequences are shown along with the expected abundance predicted
from the distributions of the seven constituent dinucleotides, six
trinucleotides, or five tetranucleotides as described under Materials
and Methods. Sequence abundance is reported as number of AIMS
(either observed or predicted) per kilobase.

that are origin-proximal relative to those that are
terminus-proximal. Therefore, one could infer that
some octamers may increase in abundance toward the
terminus strictly due to changes in mutational bias
alone. To correct for changes in mutational bias in
the terminus-proximal region, we quantitated the
changes in the nucleotide, dinucleotide, trinucleotide,
and tetranucleotide frequencies from the origin to the
terminus. For octamers under selection, their accu-
mulation near the replication terminus cannot be
explained by underlying changes in the distribution of
nucleotides, dinucleotides, trinucleotides, or tetranu-
cleotides. For example, Figs. 3A and B show the
abundance of the GGGCAGGG octamer in the
Rhodopseudomonas palustris genome; toward the
replication terminus, it clearly increases in abundance
on the leading strand and decreases in abundance on
the lagging strand. Yet the predicted abundance of
this octamer—as inferred from the abundance of its
constituent dinucleotides, trinucleotides and tetranu-
cleotides—does not change appreciably. If any, pre-
dicted abundances decrease toward the terminus on
the leading strand and increase on the lagging strand.
These data suggest that a simple change in muta-
tional bias from the replication origin to the terminus
is not responsible for the distribution of the
GGGCAGGG octamer in the R. palustris genome.
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Similar results are seen for the GAAGGGGA oct-
amer in the Bacillus subtilus genome (Figs. 3C and
D). We examined the distribution of all potential
AIMS listed in Table 1 and concluded that changes in
mutational biases alone cannot explain the distribu-
tion of any octamer increasing in abundance near a
replication terminus.

Sequences Only Accumulate in Abundance Near the
Replication Terminus

In identifying potential AIMS in bacterial genomes,
we required both a moderately high overall abun-
dance and a strong increase in abundance toward
the replication terminus. These criteria were estab-
lished so that changes in abundance could not be
attributed to chance. That is, given 16 million
degenerate octamers that are examined, one would
expect some to increase in abundance toward the
replication terminus strictly by chance; asking for
similar increases in both replicores reduces the
number of false positives but does not ecliminate
them. To ascertain how many sequences arise by
chance that increase in abundance toward a partic-
ular location, we examined genomes for sequences
which accumulated at other locations in the genome
to the degree shown by AIMS. If the numbers of
AIMS merely reflects chance, similar numbers of
sequences should be identified that accumulate to-
ward other locations in the genome.

As shown in Fig. 4, more sequences accumulate at
the replication terminus than any other location in
the genome. Moreover, those sequences appearing to
reach maximum abundance outside the terminus re-
gion were found in lower copy numbers than AIMS,
so their ‘“‘accumulation” at other chromosomal
locations was interpreted as resulting from chance.
That is, the numbers of sequences accumulating at a
nonterminus location represented the ‘“noise” pro-
duced by examining 16 million octamers. Therefore,
we interpret AIMS—that is, high-copy-number se-
quences that accumulate only at the replication ter-
minus in a way unexplained by underlying mutational
bias—as sequences under selection for function.

B Abundant and Accumulating
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Fig. 4. Sequences under selection accumulate at
the terminus, not other locations. Sequences that
accumulate toward a defined region within each
replicore were identified; the total count of
individual sequences is plotted (that is, the number
of different sequences multiplied by their
abundances). There are more sequences that
accumulate gradually and have their highest point
of abundance at the terminus than other regions of
the genome. The gray bars show the numbers of
sequences that are overrepresented within the
region specified. The black bars show the numbers
80 of sequences that have their maximal abundance
within the region specified.

The Sequence Distribution, Not Individual Sequences,
Is Under Selection

The accumulation of AIMS toward the replication
terminus could result from the nonrandom distribu-
tion of genes within genomes. For example, if mem-
brane proteins were located in the terminus proximal
region, sequences encoding membrane-spanning do-
mains may be overly abundant in this region. If this
were the case, then one would expect individual
occurrences of AIMS themselves—not merely their
distribution within the replicore—to be conserved
among genomes of closely related bacteria. As shown
in Table 1, we have identified AIMS in several sets of
closely related genomes, including the GGGCAGGG
octamer in numerous o-proteobacteria.

To determine if AIMS were under selection for
function in their resident proteins, we examined their
locations within orthologous genes among closely
related taxa. We found that the locations of AIMS
within orthologous genes were not conserved; rather,
only their distribution—and increase in abundance
toward the replication terminus—was shared among
these genomes. For example, the distribution of the
GGGCAGGG octamer increases in abundance
among all a-proteobacteria examined; these genomes
range in size from 3.7 to 9.1 MB (Fig. 5B). However,
the precise locations of these individual sequences
were not conserved among orthologous genes
(Fig. 5A), and the octamer was found in several
reading frames, in both the template and the non-
template strands, and in intergenic regions. These
data support the hypothesis that the distribution itself
is under selection, suggesting a unit of selection at the
level of the replicore, above the level of the individual
gene.

More importantly, the cellular functions that
require AIMS—candidates include the FtsK pro-
tein, which translocates to the dif site in the ter-
minus region during cell division—appear to
conserve their choice of AIMS. Table 1 shows
several cases of related organisms which share
AIMS, even though they share less than 90% se-
quence identity. For example, many o-proteobac-
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Fig. 5. Among closely related bacteria it is the sequence dis-
tribution that is conserved, not the absolute positions of the
sequences. A The frequency of each octamer—not a cumulative
frequency—within genomic regions is plotted as a function of the
distance from the terminus of replication. Abundance on the two
replicores is averaged. The GGGCAGGG octamer shows com-
parable distributions in genomes of four species of a-proteo-
bacteria, increasing in abundance on leading strands toward the
replication terminus. B AIMS within orthologous genes in the a-
proteobacteria do not occur in the same positions. Arrows de-
note the positions of AIMS; the direction of the arrow denotes
orientation. C Orthologues shared between the R. palustris and
the S. meliloti genomes. A total of 1666 genes (50% of the S.
meliloti gene complement) were reciprocal best matches with
adjusted alignment scores of 125 or above, providing a conser-
vative assignment of orthologues. Genes in the same orientation
are shown as squares, and those in the opposite orientation as
crosses.

teria share the GGGCAGGG octamer as an
AIMS. As shown in Fig. 5C, AIMS may be re-
tained even in the face of extensive chromosomal

rearrangements, consistent with strong selection for
AIMS.

Discussion

AIMS Are Widespread Among Bacterial Genomes

We have provided evidence that bacterial chromo-
somes contain sequences whose distributions suggest
that they are under selection for a function unrelated
to the genes in which they are found. The distribu-
tions of these sequences are consistent with their role
in specifying strand identity. That is, differential
abundance of sequences on leading and lagging
strands can be used to locate the terminus; selection
for this asymmetry will lead to increased abundance
on leading strands, and decreased abundance on
lagging strands, that is inversely correlated with dis-
tance from the replication terminus. While it is not
clear precisely what these functions may be, their
distributions are consistent with a role during DNA
replication and segregation. We have termed these
elements architecture imparting sequences, or AIMS.
It does not appear that the specific locations of AIMS
with respect to genes or transcripts are under selec-
tion as is the case with transcription promoters, p-
independent transcription terminators, binding sites
for regulatory proteins, translation start sites, or
translation stop sites. Rather, the distribution of
AIMS across the replicore reflects a gradient in
selection, where the entire replicore acts as a target of
selection, functioning above the level of the individ-
ual gene or operon.

We have identified AIMS in nearly every bacte-
rial genome we examined for which the identifica-
tion of the replication origin and terminus was
unambiguous (Table 1); the failure to identify
AIMS in some genomes likely reflects the strin-
gency of our search criteria rather than their ab-
sence from that genome. This suggests that AIMS
are not under selection for a function that is found
only in certain organisms, although the proteins
that mediate this function may differ among
organisms, leading to different AIMS being found
in different genomes. For example, ter sites within
the E. coli genome—bound by the Tus protein to
halt retrograde replication forks—are found in the
terminus-proximal region; but the rfus gene is not
found outside the proteobacteria (Andersen et al.
2000). In other bacteria, sequences like AIMS may
contribute to these functions. That is, the function
is likely important to all bacteria, but particular
sequences (like trer) will not be ubiquitous.

Inspection of Table 1 shows that genomes of clo-
sely related organisms often show similar AIMS. For
example, the GGGCAGGG octamer—or some clo-
sely allied sequence—not only is skewed in proteo-
bacterial genomes, but is increasing in abundance on
the leading strand toward the replication termi-
nus—that is, it is an AIMS. Similarly, the AAGAA-



GAT octamer appears as an AIMS in the genomes of
several Firmicutes, and Actinobacteria shared per-
mutations of the YGGGGGAG octamer. As shown
in Fig. 5, the common occurrence of AIMS in related
genomes is not a result of the sequence being con-
served within individual genes; rather, the pattern of
increasing abundance toward replication termini is
shared. Moreover, AIMS are conserved in the face of
extensive rearrangement of these chromosomes
(Fig. 5C). The common sets of AIMS among related
bacteria are consistent with shared, conserved
mechanisms that maintain chromosome architecture
in these organisms.

AIMS May Represent Longer, More Degenerate
Sequences Under Selection for Function

AIMS do not necessarily indicate the precise se-
quence acted on by a molecular mechanism; rather,
they are only sequences whose distributions must
have arisen from selection for their overabundance
near the replication terminus. The precise sequences
acting as targets of selection could be deduced from
the library of AIMS within a genome. First, in many
genomes sets of AIMS appear to represent a more
degenerate sequence. For example, both permuta-
tions of the GGGMAGGG octamer are AIMS in
Mesorhizobium loti, as well as both permutations of
the GRGCAGGG octamer in Pseudomonas aerugin-
osa (Table 1). Therefore, the distributions of the
nondegenerate sequences may reflect a more degen-
erate target of selection. Second, AIMS are detected
as octamers, while either shorter or longer sequences
may actually be under selection. In many genomes,
there are AIMS which have overlapping sequences,
such as the two octamer permutations of the AG-
GGCAGGG nonomer in Sinorhizobium meliloti and
Brucella melitensis or the three octamer permutations
of the YGGGGGAGC nonomer in Mycobacterium
tuberculosis (Table 1). Further inspection of these
nonomers has not yielded evidence that these longer
sequences might be the actual targets of selection;
longer sequences do not accumulate toward the ter-
minus to a greater degree than their constituent oc-
tamers. More thorough analyses may uncover some
examples, but the low abundance of sequences longer
than octamers precludes rigorous testing. More
importantly, longer sequences may be insufficiently
abundant to serve as polarizing elements. For
example, the FtsK protein appears to recognize and
reorient in response to sequence elements as fre-
quently as once per 2 kb (six times in 12 kb) in the
terminus region of the E. coli chromosome (Pease
et al. 2005), which may be accommodated by
degenerate octamers but likely not by longer se-
quences.
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Selection for Function Does Not Always Lead to
Accumulation Near the Replication Terminus

AIMS represent one class of sequences that oper-
ates to maintain chromosome architecture; AIMS
reflect selection for functions required at or near the
replication  terminus. Other sequences whose
importance is not restricted to this region may show
evidence for selection by virtue of their overrepre-
sentation on leading strands throughout the gen-
ome. For example, the 8-bp y sequence
(GCTGGTGQG) is recognized by the E. coli RecBC
helicase/exonuclease/recombinase complex, halting
the retrotranslocation of Holliday junctions at these
sites and instigating resolution of recombination
substrates (Myers and Stahl 1994). It has been no-
ted previously that y sites are more abundant than
would be expected (El Karoui et al. 1999). In the E.
coli genome, y sites are approximately 3.5 times
more abundant across the length of the replicore
than would be expected given its component tetra-
mers (Fig. 6A). As discussed elsewhere (El Karoui
et al. 1999; Uno et al. 2000), this increased abun-
dance is taken as an indication of replicore-wide
positive selection for function of this sequence.
Here, the y sequence prevents RecD-mediated deg-
radation of DNA strands, allowing for rapid rees-
tablishment of stalled replication forks. Since
selection for the function of y sequences is inde-
pendent of genome position, we would not expect
the abundance of yx to increase toward the terminus.
Unlike AIMS, the abundance of the y octamer does
not increase toward the replication terminus. Also
unlike AIMS, selection has not favored the in-
creased abundance of the y octamer on leading
strands and decreased abundance on lagging
strands, which would heighten strand bias; y is
actually somewhat more abundant than expected on
lagging strands (Fig. 6A).

All Sequences Accumulating Toward the Terminus Are
Not Necessarily Under Selection

The RAG octamer (RGNAGGGS) was identified
as a putative polarizing element in the E. coli
chromosome, possibly aiding in positioning the dif
site at the septum during cell division at the end of
bacterial chromosome replication (Bigot et al. 2004;
Capiaux et al. 2001; Corre and Louarn 2002). Al-
though the RAG octamer was postulated to act
within the terminus-centered 10-kb dif-activity zone
(Cornet et al. 1996; Pérals et al. 2000) or the 250-
kb FtsK zone (Corre and Louarn 2002, 2005), these
boundaries reflect the resolution of the bacterio-
phage-excision assays used to assess the negative
impact of placing AIMS in their non-permissive
orientation.
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Fig. 6. Distribution of octamers in the E. coli genome. The fre-
quency of each octamer—not a cumulative frequency—within
genomic regions is plotted as a function of the distance from the
terminus if replication. Abundance on the two replicores is aver-
aged. A Abundance of the y octamer. B Abundance of the RAGS
octamer. C The distributions of octamers that are strand-biased to
the same degree as the RAGS oligomer in the E. coli genome were
analyzed for positions of maximal abundance; the numbers of
oligomers whose distributions were maximal at eight separate
intervals (as determined by quadratic regression) are shown. The
dashed line denotes the mean of 2.25 oligomers.

In our analysis, the RAG sequence was not
reported as an AIMS in the E. coli genome (Ta-
ble 1), indicating that its distribution did not sat-
isfy our threshold criteria. The degenerate RAG
has 6 bases of information, making it a sufficiently
abundant octamer to analyze, and does accumulate
somewhat in abundance toward the replication
terminus (Fig. 6B). What is not clear is if this
increase in abundance is significant. The RAG
sequence increases in abundance on leading strands
toward the replication terminus 1.5-fold more than
would be expected based on the distribution of
underlying tetramers (Fig. 6B). Yet AIMS we
identified increased to a much greater degree; for
example, the degenerate AGGGCRGR octamer
increased 3.2-fold in abundance. It is possible that

the modest increase in abundance of the RAG
octamer—and similar avoidance on the lagging
strand—indicates that the RAG octamer is under
selection as an AIMS and merely fails to exceed
our threshold.

To determine if the degree to which the RAGS
sequence accumulates toward the replication termi-
nus is significant, we investigated whether sequences
accumulated to this degree at other locations in the
E. coli genome (Fig. 6C). We found that sequences
that accumulate in abundance to the same degree as
the RAG octamer were as likely to be found accu-
mulating toward nonterminus locations (Fig. 6C).
Since the ‘“‘accumulation” of octamers at nontermi-
nus locations reflects baseline noise, one cannot
conclude that the apparent increase in abundance of
the RAG octamer toward the replication terminus
reflects selection for function.

Importantly, a previously identified (Lawrence
and Hendrickson 2003), widely distributed (Table 1)
AIMS among proteobacteria, GGGCAGGG, has
now been implicated as a potential binding site for
the FtsK protein in Escherichia coli (Bigot et al.
2005; Levy et al. 2005). This is gratifying, as the
FtsK translocase is precisely the sort of protein that
would interact with AIMS. Although Levy et al.
(2005) point out that the GNGNAGGG octomer is
biased in the genomes of several bacteria, strand
bias alone does not provide evidence for selection
for function. Indeed, strand-biased oligomers may
arise by simple differences in mutational proclivities
of the DNA polymerases replicating leading and
lagging strands (Lobry 1996), and Table 1 shows
that genomes may have hundreds or even thousands
of octameric sequences that are strand biased. Fur-
ther analyses, such as those described herein, are
required to demonstrate the footprint of natural
selection.

Interplay of Mutation and Selection

Although the RAG octamer did not increase in
abundance more than one would expect at random
(Figs. 6B and C), it may still be under selection for
function. That is, the strand asymmetry we observe
may be sufficient for chromosome polarity to be
established. The increase in abundance toward the
replication terminus accentuates strand asymmetry,
which is also a feature we believe is under selection; if
natural mutational biases yield both sufficient se-
quence abundance and sufficient strand asymmetry,
then selection acting on these sequences will not
change their distribution in any detectable fashion.
The distribution of AIMS within a chromosome re-
flects a balance of mutation and selection, where a
gradient of selection from the replication origin to



terminus may increase the abundance of AIMS on
leading strands if mutation acts to defeat the required
asymmetry. When mutation does not defeat asym-
metry, selection is less evident.

In some genomes, strand asymmetry—that is,
nucleotide skew reflecting mutational biases—is more
evident than in others. For example, Firmicutes show
a much larger number of strand-biased oligomers
than other taxa (Table 1). The pattern may reflect
differences in DNA replication in these taxa; Firmi-
cutes utilize DNA polymerase harboring different
subunits to replicate their leading and lagging
strands, potentially leading to stronger strand asym-
metry (Rocha 2004). In addition, the strong bias of
genes to be encoded on leading strands (~80% in
Firmicutes) may lead to stronger strand differences.
Similarly, the prevalence of genes being encoded on
leading strands will result in transcription-coupled
repair processes acting differentially between the
strands. As a result, AIMS may be less evident in
such highly skewed genomes since mutation does not
defeat selected abundance distributions. That is,
while the distribution of AIMS reflects selection, the
absence of AIMS can not be regarded as an absence
of selection.

Impact of AIMS on Genome Evolution

Most genomes show two large replicores with con-
sistent strand asymmetry (Fig. 1E). In using this
asymmetry as an indicator of chromosome rear-
rangement, we could detect inversions without gen-
ome comparison and without ambiguity regarding
the polarity of the inversion (Darling et al. 2004).
Inversions have been described in many genomes that
include the replication origin or terminus (Eisen et al.
2000; Mackiewicz et al. 2001); these rearrangements
do not disrupt strand asymmetry and are not detected
in our analysis. Our findings suggest that most ge-
nomes are recalcitrant to inversion within replicores;
we found that only the genomes of obligate patho-
gens or symbionts contained significant numbers of
large inversions within replicores. This finding is
consistent with published findings for Salmonella
typhi (Liu and Sanderson 1995b, 1996), Bordetella
pertussis (Parkhill et al. 2003), and Wolbachia (Foster
et al. 2005). Therefore, one may ask why large
inversions within replicores—that is, those not
including the replication origin or terminus—are not
found in genomes of free-living, nonpathogenic bac-
teria.

Selection against some inversions has been dem-
onstrated in the Salmonella enterica genome (Mahan
and Roth 1991; Segall et al. 1988). The lack of these
“forbidden” inversions does not reflect the inability
to form them (Mahan and Roth 1991; Segall et al.
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1988). We propose that disruption of the distribution
of AIMS—rather than simply placing a gene on the
lagging strand or moving its position relative to the
replication origin—counterselects organisms which
contain large inversions within replicores. Such
inversions would place large numbers of AIMS in
their nonpermissive orientation and thus confer a
fitness defect. For example, if the FtsK protein relies
on AIMS to translocate toward the replication ter-
minus, the protein would receive incorrect orientation
information within large inversions. It has not es-
caped our attention that selection would also act to
limit the acquisition of genomic islands wherein
AIMS were present in large numbers in the nonper-
missive orientation.

Just as genomes of pathogens show a large
amount of gene loss (Andersson and Andersson
1999a, b; Cole et al. 2001)—reflecting an inability to
select for gene retention (Lawrence 2001; Lawrence
et al. 2001; Lawrence and Roth 1999)—inversions
also accumulate in these genomes. Such inversions
would be insufficiently detrimental to prevent the
persistence of strains bearing them. Pathogens often
have reduced population sizes and reduced rates of
recombination, thereby accelerating the fixation of
deleterious changes. Yet mispolarized AIMS would
still be problematic, and the removal of this DNA
may be beneficial. The deletion of inverted DNA
would likely not be a strategy employed by most
organisms, but it is a likely outcome for organisms
experiencing genome reduction (Andersson and
Andersson 1999a, b; Cole et al. 2001). The occur-
rence of large inversions in the genomes of some
symbionts (Mira et al. 2001) is consistent with this
hypothesis. We speculate that the removal of in-
verted DNA may provide a selective advantage to
DNA loss in organisms experiencing genome
reduction. That is, deletion of DNA may not always
be neutral or detrimental.

Conclusions

In bacterial genomes, where space is minimal and the
DNA is information rich, AIMS represent an elegant
solution to the problem of specifying the direction in
which landmarks like the replication origin and ter-
minus can be found. The large numbers of AIMS
ensure that, even as the tide of random mutation
disrupts individual sequences, the overall distribution
of these important signaling sequences is maintained.
We believe that AIMS are a common feature among
bacterial chromosomes and that a previously unrec-
ognized structure plays a role in influencing the
evolution of these genomes. Though the mechanism
by which most AIMS act has not been determined, it
is possible that perturbations of these sequence
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patterns are sufficiently disruptive to chromosome
maintenance that they are having, and have had, a
major role to play in the shape and content of bac-
terial chromosomes as we see them today.
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