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Comparative analysis of chromosomal macrorestriction polymorphism of the two closely related Lactococcus
lactis subsp. cremoris strains MG1363 and NCDO763 revealed the presence of a large inversion covering half
of the genome. To determine what kind of genetic element could be implicated in this rearrangement, the two
inversion junctions of MG1363 and NCDO763 chromosomes were cloned and characterized. Nucleotide
sequence analysis showed the presence of one copy of the lactococcal IS905 element in each junction. Each copy
of this element contained the same nucleotide mutation that inactivates the putative transposase. Comparison
of the sequences surrounding the insertion sequence demonstrated that the large inversion arose from a
single-step homologous recombination event between the two defective copies of the IS905 element. The large
inversion presumably conferred no selective disadvantage on strain NCDO763 because this rearrangement did
not alter the oriC-terC symmetry of the chromosome and the local genetic environment.

During the last decade, the increasing number of available
chromosome maps has prompted reconsideration of existing
theories about the evolution of bacterial genome organization
(7, 16). It is now established that bacteria can be classified into
two groups based on genomic stability. The first group contains
bacteria in which the overall genomic organization is strongly
preserved, as for Escherichia coli (46), Salmonella typhimurium
(34), Clostridium perfringens (4), Lactococcus lactis (30), Myco-
plasma gallisepticum (56), Halobacterium salinarum (23), and
Thermus thermophilus (54), although chromosome rearrange-
ments do occasionally occur. The second group comprises spe-
cies in which the gene order is highly rearranged, such as
Salmonella typhi (37), Rhodobacter capsulatus (44), Helicobac-
ter pylori (26), Bacillus cereus (5), Leptospira interrogans (61),
and Pseudomonas aeruginosa (49).

Until recently, it was generally thought that large ($100-kb)
chromosomal inversions were rarely found in natural condi-
tions. However, there is increasing evidence that this kind of
genome rearrangement is not exceptional. In addition to the
well-known inversion between E. coli K-12 and S. typhimurium
LT2 (47), comparison of genomic maps at the interspecies
level recently revealed other inversions (12, 33, 36, 38, 41, 61).
For example, the chromosomes of S. typhi Ty2 and S. typhi-
murium LT2 differ by at least three inversions (35). Some large
inversions were also found when genome maps comparisons
were done at the intraspecies level (Table 1). In one study of 21
P. aeruginosa clone C isolates, as many as nine inversions were
observed (50).

It has been postulated that ribosomal (rrn) operons or in-
sertion sequences (IS) are the primary targets involved in in-
version formation by homologous recombination. However,
experimental data have been obtained only for cultured enteric
bacteria. In E. coli, the genetic elements implicated in five

spontaneous large inversions were characterized. Recombina-
tion between rrnD and rrnE operons caused the chromosomal
inversion in strain W3110 (24), whereas IS elements were re-
sponsible for the remaining inversions (IS3 for strain 1485IN
[27], IS5 for strains LN850 and LN1053 [39], and IS5 and IS1
for strain BHB2600 [3]). In S. typhi, rrn loci were implicated in
inversions solely on the basis of I-CeuI analysis (37). Only the
inversion junctions of strain 1485IN have been characterized
by nucleotide sequencing. In gram-positive bacteria, the inver-
sion junctions of only one spontaneous inversion have been
characterized at the nucleotide level (25) in Bacillus subtilis
166. This inversion is unlikely to have been caused by homol-
ogous recombination and probably occurred during the repair
process after g-ray irradiation. The nature of each of the ge-
netic elements involved in the other inversions described in
Table 1 is unknown, except for the inversion in a defined
lineage of Neisseria gonorrhoeae that could probably be medi-
ated by homologous recombination between pilE1-opaE and
pilS5-opaD regions (21).

L. lactis is a gram-positive mesophilic bacterium extensively
used for health and dairy applications (13). The low-resolution
chromosome maps of four independent lactococcal strains
have been constructed by pulsed-field gel electrophoresis
(PFGE). Two strains, DL11 (58) and IL1403 (30), belong to L.
lactis subsp. lactis, and the other two, MG1363 (31) and FG2
(9), are L. lactis subsp. cremoris strains. These two subspecies
have nucleotide sequences that diverge by 20 to 30% (11),
close to the level of divergence between E. coli and S. typhi-
murium. Comparison of physical maps of the four strains
showed an overall conservation of restriction site locations for
the two L. lactis subsp. lactis strains but not for the L. lactis
subsp. cremoris strain. At the genetic (i.e., gene order) level,
different kinds of rearrangements were observed. A large in-
version covering almost half of the chromosome (31) was iden-
tified by comparing strains of the two different subspecies, and
translocation or inversion of four discrete regions had occurred
between the two L. lactis subsp. cremoris strains (9). However,
as the genome comparisons were made between genetically
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unrelated strains, it is not possible to follow the genetic events
involved in these rearrangements.

To investigate the lactococcal genome plasticity, the ge-
nomes of L. lactis subsp. cremoris NCDO763 (also called ML3)
and MG1363 (19) were compared. Both strains are derivatives
of strain NCDO712 (10) and are the lactococcal strains studied
most extensively for genetic analysis and molecular biology.
Strains NCDO763 and MG1363 differ by only two genome
rearrangements: a 30-kb deletion and a large inversion (un-
published data). In this study, we report the identification of

this large chromosomal inversion, cloning of the four inversion
junctions (designated MG1363-inv1 and -inv2 for strain
MG1363 and NCDO763-inv1 and -inv2 for strain NCDO763),
and nucleotide characterization of the genetic element in-
volved in the rearrangement.

MATERIALS AND METHODS

Bacterial strains and plasmids. L. lactis subsp. cremoris NCDO763 (10) was
grown in M17 (55), and MG1363 (19) was grown in GM17 (M17 broth contain-
ing 0.5% glucose). E. coli DH5a (Life Technologies, Gaithersburg, Md.) was

TABLE 1. Large chromosomal inversions within species

Organism No. of
inversions

Size of inverted
region (%)

Inversion
junction(s) Reference

Eubacteria (purple)
Bordetella pertussis (6 strains) 2 10–25 ND 52
Escherichia coli K-12

LN850 and LN1053 2 40–47 IS5a 39
W3110 1 20 rrna 24
BHB2600 2 2–13 IS1 and IS5d 3
1485IN 1 36 IS3c 27

Neisseria gonorrhoeae (6 strains) 1 30 ND 21
Salmonella typhi (127 strains) 20 ND rrnb 37
Pseudomonas aeruginosa clone C (21 strains) 9 19–50 ND 50
P. stutzeri (20 strains) 4 ND ND 22

Eubacteria (gram-positive)
Bacillus subtilis

166 1 45 Nonhomologousc 25
60866 1 40 ND 57

Lactococcus lactis (2 strains) 1 50 ND 31
Mycoplasma hominis (5 strains) 1 50 ND 28

Eubacteria (spirochetes)
Leptopsira interrogans (2 strains) 1 40 ND 61

Archaebacteria
Halobacterium salinarum (3 strains) 1 10 ND 23

a Determined by Southern hybridization and genetic studies.
b Determined by I-CeuI restriction analysis.
c Determined by nucleotide sequence analysis.
d Determined by restriction analysis.

TABLE 2. Plasmids used

Name Description Reference

pRC1 Emr, 3.5-kb cloning vector constructed from pBluescript KSII (1) 29
pCL52 Emr, 2.4-kb cloning vector constructed from pBluescript KSII (1) Unpublished data
pCL102 5.5-kb HindIII fragment from strain NCDO763 in pRC1 This work
pCL132 3.2-kb HindIII fragment from strain NCDO763 in pCL52 This work
pCL133 Same as pCL132 but inserted in opposite orientation This work
pCL134 9-kb EcoRI fragment from strain NCDO763 in pCL52 This work
pCL136 1.7-kb EcoRV fragment from pCL134 in pCL52 This work
pCL137 Same as pCL136 but inserted in opposite orientation This work
pCL138 1.4-kb PCR product from strain NCDO763 in pCL52 This work
pCL139 Same as pCL138 but inserted in opposite orientation This work
pCL200 5.4-kb SacI fragment from strain MG1363 in pCL52 This work
pCL201 9-kb AccI fragment from strain MG1363 in pCL52 This work
pCL203 1.7-kb EcoRV fragment from pCL200 in pCL52 This work
pCL204 Same as pCL203 but inserted in opposite orientation This work
pCL206 1.5-kb BstXI fragment from pCL201 in pCL52 This work
pCL207 Same as pCL206 but inserted in opposite orientation This work
pCL208 1.5-kb AflIII-BstXI fragment from pCL201 in pCL52 This work
pCL209 Same as pCL206 but inserted in opposite orientation This work
pCL210 1-kb EcoRV-SacI fragment from pCL200 in pCL52 This work
pCL211 1-kb EcoRV fragment from pCL200 in pCL52 This work
pCL212 Same as pCL211 but inserted in opposite orientation This work
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grown in LB broth. Erythromycin was used at concentrations of 150 mg/ml for E.
coli and 5 mg/ml for L. lactis. Plasmids are listed in Table 2.

DNA manipulation. Lactococcal chromosome DNA was extracted as follows.
Cells were grown overnight in M17 or GM17 broth containing 50 mM DL-
threonine; 1 ml of cell suspension was centrifuged for 1 min (13,000 rpm), and
the cell pellet was suspended in 0.75 ml of SET buffer (20% sucrose, 20 mM
EDTA, 100 mM Tris [pH 8]) containing lysozyme (5 mg/ml). The mixture was
incubated at 37°C for 1 h. Then 100 ml of 10% sodium dodecyl sulfate and 20 ml
of proteinase K (25 mg/ml) were added, and incubation was continued at 60°C
for 15 min. An equal volume of a phenol-trichloroethane-isoamyl alcohol (25/
24/1) was added and mixed by vigorous shaking, and the mixture was centrifuged
for 10 min (13,000 rpm). The aqueous layer was removed and reextracted with an
equal volume of trichloroethane-isoamyl alcohol (24/1). Nucleic acids were pre-
cipitated with 2.5 volumes of ethanol after adjustments to 0.3 M NaCl and
collected by centrifugation for 10 min (13,000 rpm). The DNA pellet was washed
with 1 ml of 70% ethanol, dried for 5 min in a SpeedVac (Savant), and dissolved
in 100 ml of ultrapure water (MilliQ; Millipore, Bedford, Mass.) containing
RNase A (10 mg/ml). For PFGE analysis, high-molecular-weight chromosomal
DNA of L. lactis was prepared from agarose-embedded cells as described pre-
viously (31). Plasmid DNA from E. coli was isolated by using a Qiaprep spin kit
(small scale) or Qiagen plasmid midi kit (large scale) as instructed by the
manufacturer (Qiagen GmBH, Hilden, Germany). Enzymatic modification of
DNA (restriction, ligation, etc.) was performed as instructed by the manufactur-
ers. DNA was introduced in E. coli DH5a by electrotransformation in a Gene
Pulser (Bio-Rad, Hercules, Calif.) as recommended by the manufacturer.

PCR amplification and cloning of the NCDO763-inv2 region. A primer specific
for MG1363-inv1 (59-TTTATTCCTCCAACCTATTA-39) and another specific
for MG1363-inv2 (59-TAGAAATACGGTCCTGGTCA-39) were used to PCR
amplify (25 cycles of 95°C for 30 s, 48°C for 120 s, and 72°C for 120 s, followed
by a final polymerization step at 72°C for 4 min) the NCDO763-inv2 region. The
1.4-kb amplified DNA fragment was purified and cloned into EcoRV-digested
plasmid pCL52.

Electrophoresis and Southern hybridization. Classical 1% agarose gels were
made up in 0.1 M TBE (1 M TBE is 1 M Tris base, 1 M boric acid, and 20 mM
EDTA). PFGE was performed in a contour-clamped homogeneous electric field
system (Pulsaphor Plus; LKB-Pharmacia) in 0.05 M TBE as previously described
(32). Standard size markers were phage l DNA concatemers, obtained as de-
scribed by Waterbury and Lane (59), and a 1-kb DNA ladder (Life Technolo-
gies). Southern hybridization of dried agarose gels was performed as previously
described (31). Signals were detected with the BAS1000 bioimaging-analyzer
system (Fuji Photo Film Co., Tokyo, Japan) and analyzed with TINA version
2.07c software (Raytest Isotopenbgeräte GmBH).

DNA sequencing and nucleotide analysis. Automatic double-stranded DNA
sequencing was carried out (Génome Express SA, Grenoble, France) for both
strands, using universal, reverse, and appropriate synthetic primers. Sequence
data were assembled and analyzed with Clone Manager version 4.1 (Scientific &
Educational Softwares) and DNAsis version 7.00. DNA and protein sequence
similarity searches were carried out with FASTA (45).

Nucleotide sequence accession numbers. The GenBank accession numbers for
MG1363-inv1 and MG1363-inv2 sequences are AJ223960 and AJ223961, respec-
tively. The accession numbers for NCDO763-inv1 and NCDO763-inv2 sequences
are AJ223962 and AJ223963, respectively.

RESULTS
Characterization of the large chromosomal inversion in

strain NCDO763. Comparative analysis of ApaI and SmaI fin-
gerprints of the two genomes (Fig. 1a) revealed that the 69-
and 65-kb ApaI fragments of MG1363 were replaced by two
fragments of 120 and 19 kb and that the 325- and 130-kb SmaI
fragments of MG1363 were replaced by two fragments of 290
and 160 kb in NCDO763. This restriction polymorphism did
not change the overall size of either genome, as the sums of the
fragment pairs were the same (134 kb in MG1363 and 139 kb
in NCDO763 for ApaI; 455 kb and 450 kb for SmaI). The
simplest explanation for this rearrangement was a chromo-
somal inversion between the two chromosomes, because a sin-
gle inversion event does not change the total size of the ge-
nome but changes the size of two restriction fragments in each

strain (Fig. 1b). Various hybridization probes were used to
match the ApaI and SmaI fragments of MG1363 with their
counterparts in NCDO763. Despite complex hybridization pat-
tern, the 19-kb ApaI fragment used as the probe strongly hy-
bridized to the 130-kb SmaI and 69-kb ApaI fragments of
MG1363 and the 160-kb SmaI and 19-kb ApaI fragments of
NCDO763 (Fig. 2b). The 325-kb SmaI and 65-kb ApaI frag-
ments of MG1363 were associated with the 290-kb SmaI and
the 120-kb ApaI fragments of NCDO763, using the pepC gene
as a probe (data not shown).

The chromosomal inversion could also be demonstrated by
comparison of the restriction patterns generated with I-CeuI,
an endonuclease that recognizes a consensus sequence in the
23S rRNA gene of bacteria (40), followed by hybridization
using the ldh gene as the probe. This gene has been accurately
mapped to the MG1363 chromosome (31). The NotI/I-CeuI
double-digested fragments detected were of a size similar to
that expected in the case of an inversion (Fig. 1b).

Cloning the inversion junctions of the NCDO763 and
MG1363 chromosomes. The strategy used for cloning the
NCDO763-inv1 region is summarized Fig. 2a. As depicted in
this schematic, any restriction fragment located near the left
side of an inversion junction (probe 1) should hybridize with
the 19-kb ApaI and 160-kb SmaI fragments of the NCDO763
chromosome and with the 65-kb ApaI and the 325-kb SmaI
fragments of the MG1363 chromosome. A restriction fragment
located close to the right side of the junction (Fig. 2a, probe 3)
should hybridize with the 19-kb ApaI and 160-kb SmaI frag-
ments of the NCDO763 chromosome and with the 69-kb ApaI
and 130-kb SmaI fragments of the MG1363 chromosome.
However, a fragment carrying the inversion junction (Fig. 2a,
probe 2) should give a single hybridization signal with the
NCDO763 chromosome (19-kb ApaI and 160-kb SmaI frag-
ments) and two with the MG1363 chromosome (65- and 69-kb
ApaI fragments and 130- and 325-kb SmaI fragments).

Assuming that the 19-kb ApaI fragment of strain NCDO763
as a probe would generate a probe 2-type hybridization pat-
tern, this fragment was used to probe PFGE-separated SmaI
and ApaI fragments of the MG1363 and NCDO763 genomes.
The hybridization pattern was more complex than expected
(Fig. 2b), suggesting that the 19-kb ApaI fragment contained
one or several elements repeated along both chromosomes at
a high copy number. The unexpected absence of strong hybrid-
ization signals with the 325-kb MG1363 and 290-kb NCDO763
SmaI fragments could be explained only by a location of the
inversion junction near one of the two ApaI sites. The above-
mentioned strategy was then modified for a two-step cloning
procedure. A genomic library of HindIII-digested DNA from
strain NCDO763 was constructed and probed with the 19-kb
ApaI fragment. Among the positive clones isolated, two
HindIII fragments of 3.2 and 5.5 kb (pCL132 and pCL102,
respectively [Table 2 and Fig. 3]) generated hybridization pat-
terns consistent with their locations on either side of the in-
version endpoint (data not shown). No other HindIII fragment
containing the inversion endpoint could be cloned. A second
NCDO763 genomic library of EcoRI fragments was then con-
structed and probed with pCL132 and pCL102. Both fragments
hybridized with a 9-kb EcoRI fragment (pCL134). A restriction

FIG. 1. (a) PFGE of chromosomal DNA from strains MG1363 and NCDO763 digested with restriction enzymes ApaI and SmaI. Lanes: 1, lambda concatemer size
standards (each band is a 48.5-kb multimer); 2, NCDO763 DNA; 3, MG1363 DNA; 4, 1-kb DNA ladder. The sizes of fragments correlated with the large chromosomal
inversion are indicated beside each gel. Electrophoresis was carried out at 10 V/cm for 13 h at 13°C, with pulse times of 6 s for ApaI and 8 s for SmaI. (b) Physical
maps of MG1363 and NCDO763 chromosomes. Fragments are numbered as in reference 31. Arrows indicate the 59339 orientation of the gene. Abbreviations: Ap,
ApaI; Ce, I-CeuI; No, NotI; Sm, SmaI; IN, inversion region. The locations of fragments generated by a NotI/I-CeuI double digestion are shown between the maps. Black
lines indicate fragments the size of which has changed; asterisks indicate fragments hybridizing to the ldh probe.
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map of pCL134 was constructed (Fig. 3, NCDO763-inv1), and
hybridization experiments using various subfragments of
pCL134 as probes showed that the inversion endpoint was
localized into a 1.7-kb EcoRV fragment (pCL136) and corre-
sponded to the repeated element (data not shown) responsible
for the complex hybridization pattern observed with the 19-kb
ApaI fragment as probe (Fig. 2b).

The two inversion endpoints of the MG1363 chromosome
were cloned with two monocopy regions of pCL134 fragment,
located on either side of the repeated element, as the probe.
The first endpoint was obtained by isolating a 5.4-kb SacI
fragment (pCL200) that hybridized to probe pCL102, and the
second corresponded to a 9-kb AccI fragment (pCL201) that
hybridized to a subfragment of pCL132. Restriction maps of
these two fragments were constructed (Fig. 3, MG1363-inv1
and MG1363-inv2), and hybridization analysis demonstrated
that both regions contained the same repeated element as
carried by pCL134 fragment. The second inversion endpoint
of the NCDO763 chromosome (Fig. 3, NCDO763-inv2) was
obtained by PCR amplification using one primer located to
the right of the repeated element of the MG1363-inv2 re-
gion and the second located to the left of the repeated
element of the MG1363-inv1 region. Hybridization analysis
using the amplification product (pCL138) as the probe in-
dicated that the same repeated element as found in pCL134,
pCL200, and pCL201 was also present in pCL138 (data not
shown).

Sequence analysis of the four inversion endpoints. Plasmids
pCL136, pCL137, pCL138, pCL139, pCL203, pCL204,
pCL206, pCL207, pCL208, pCL209, pCL210, pCL211, and
pCL212 and parts of pCL132 and pCL133 (Fig. 3 and Table 2)
were sequenced to identify the repeated element involved in
the large inversion between the two chromosomes. Computer-
assisted analysis of the MG1363-inv1 (3,638 bp), MG1363-inv2
(2,942 bp), and NCDO-inv1 (2,896 bp) regions predicted five

open reading frames (ORFs) surrounding a 1,313-bp IS ele-
ment present in each region (Fig. 4). The nucleotide sequence
of the IS element was 99.9% identical to that of the previously
characterized lactococcal insertion sequence IS905a and 100%
identical to that of IS905b. The only difference between IS905a
and IS905b is the substitution of a C for a T at position 693 of
the published sequence, converting a glutamine codon to a
stop codon and truncating about half of the putative trans-
posase (14). A potential transcription terminator with a stem
of 20 nucleotides and a loop of 5 nucleotides (DG° 5 241.2
kcal/mol) was detected 296 nucleotides beyond ORF 2 of the
MG1363-inv1 region. The stem had four T residues at its 39
end, followed by three more T residues that are not part of the
stem. This structure is typical of rho-independent transcription
termination.

Computer-based comparison of the deduced amino acid se-
quences of the five ORFs against nonredundant protein se-
quence databases was performed. The C-terminal part of ORF
2 (53 amino acids) of the MG1363-inv1 region was 45.3%
identical to the C-terminal part of the ceo gene product from
the nisin-sucrose transposon Tn5306 of L. lactis. The ceo gene
encodes an N5-(carboxyethyl)ornithine synthase (EC 1.5.1.24)
involved in the synthesis of N-(CA)-amino acids (15). The
C-terminal part of ORF 1 (244 amino acids) was 33.7% iden-
tical to the yhaA gene product of B. subtilis. Based on protein
domain analysis (8), the ORF 1 and yhaA gene products could
be related to the aminoacylase (EC 3.5.1.14) enzyme family
(51). The 215-amino-acid product of the ORF located just
downstream from IS905 was 58.6% identical to the pcp gene
product of Streptococcus pyogenes. The pcp gene encodes a
pyrrolidone carboxyl peptidase (PCP; EC 3.4.19.1) which re-
moves N-terminal pyroglutamic acid residues from polypep-
tides (6). As E. coli K-12 strains are deficient in PCP activity
(42), it was possible to phenotypically test the pyrrolidonyl
peptidase activity of the MG1363-inv1 region by using a simple

FIG. 2. (a) General strategy for identification of a restriction fragment containing an inversion endpoint. Right, schematic representation of the MG1363 and
NCDO763 chromosomes. Open rectangles indicate fragments used as probes. Inversion junctions are indicated by black boxes. Restriction fragments are not drawn
to scale. Abbreviations: Ap, ApaI; Sm, SmaI. Left, expected hybridization patterns of PFGE-separated ApaI and SmaI fragments of NCDO763 (A) and MG1363 (B)
chromosomes with the various probes. (b) Hybridization of PFGE-separated MG1363 and NCDO763 DNA, using the 19-kb ApaI fragment as a probe. A pulse time
of 8 s was used. Lane M, lambda concatemer size standards; lane L, 1-kb DNA ladder. Hybridization was performed in the presence of 32P-labeled lambda and the
1-kb ladder.
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colorimetric assay (43). When pCL102 (containing the entire
pcp gene) was introduced into E. coli DH5a, the erythromycin-
resistant transformants were PCP1, indicating that the lacto-
coccal pcp gene was functional. The products of ORFs 4 and 5
of the MG1363-inv2 region were 27.7 and 29.2% identical to
those of ORFs 4 and 5 of Lactobacillus casei bacteriophage A2
(18). The protein encoded by ORF 5 was the putative large
subunit of phage terminase, a protein that mediates the spe-
cific interaction between the prohead of the virus and its DNA.
Sequence similarity comparisons for ORF 5 of the MG1363-
inv2 region were based on the in-frame fusion of the two parts
of ORF 5, after removal of the nucleotide sequence corre-
sponding to the entire IS905 element, including one of the
direct repeats.

The sequences upstream from the IS905 element of MG1363-
inv1 and NCDO763-inv2 regions were identical (Fig. 5). Se-
quence identity was also observed for regions downstream
from the IS905 elements of MG1363-inv1 and NCDO763-inv1.
No nucleotide divergence other than the reciprocal exchange
downstream from the IS elements was detected between
MG1363 and NCDO763 chromosomes. Therefore, the large
chromosomal inversion occurred by homologous recombina-
tion between the two inversely oriented copies of IS905.

DISCUSSION

This study has established for the first time that a sponta-
neous chromosomal inversion can be mediated by homologous
recombination between two inversely oriented copies of an IS
element in gram-positive bacteria. This genetic event led to a
large inversion of half of the chromosome, including the six rrn
operons. An inversion involving the same chromosomal re-
gions was detected when the chromosome maps of two lacto-
coccal strains of different subspecies were compared (31). As
the putative replication origin (oriC) of the lactococcal chro-
mosome was recently located near the rrnA operon (60), these
two inversions did not affect the distance of genes from oriC. It
is noteworthy that most naturally occurring inversions include
either the origin or the terminus of replication (terC) and do
not disrupt the oriC-terC symmetry. It was recently showed that
chromosome length variations of natural isolates of E. coli are
distributed symmetrically with respect to the replication origin
and terminus (2). Moreover, inversions restoring the chromo-
somal balance between oriC and terC have been found in S.
typhi and S. paratyphi A (35, 36). Altogether, these observa-
tions are consistent with there being selective forces maintain-
ing chromosome symmetry (17, 48), with only inversions that
do not change the diametrically opposed locations of oriC and

FIG. 3. Restriction maps of the four regions surrounding the inversion junctions. The various restriction fragments cloned are indicated by open rectangles, and
the corresponding plasmids are indicated. Black boxes show the DNA regions that were sequenced. Arrows indicate positions of the primers used for PCR amplification
of the NCDO763-inv2 region. Abbreviations: EI, EcoRI; H, HindIII; Ac, AccI; Af, AflIII; EV, EcoRV; S, SacI; Bx, BstXI; P, PstI.
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terC, or that restore this symmetry following other rearrange-
ments, being selectively fixed in natural conditions.

Any genetic event, including transposition, site-specific re-
combination, double-strand break repair, and homologous re-

combination, may account for the occurrence of large chromo-
somal inversions in natural conditions. However, inversion
junctions have been identified in only a few cases, and so it is
not known whether a particular type of genetic event is pref-

FIG. 4. Structures of the MG1363 and NCDO763 chromosomes. The genetic organization of the regions surrounding the inversion junctions was deduced from
sequence analysis. MG1363-inv1, MG1363-inv2, NCDO763-inv1, and NCDO763-inv2 are not drawn to scale of the chromosome. Arrows indicate the direction of gene
transcription. The location of terC is hypothetical.

FIG. 5. Nucleotide sequences of part of the IS905 elements and their flanking regions for the two chromosomes. IS905 is boxed, and only the sequences of both
28-bp indirect repeats and the stop codon generated by the C3T mutation are shown. Direct repeats resulting from the IS905 insertion are indicated in bold in the
MG1363-inv1 sequence and underlined in the MG1363-inv2 sequence.
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erentially associated with inversions. Nucleotide sequence
analysis of the four chromosomal regions of strains MG1363
and NCDO763 explained the mechanism that generated the
inversion in these strains. In contrast to the E. coli 1485IN
inversion, in which recombination between the two IS3 ele-
ments was accompanied by a deletion of more than 50 kb (27)
and probably associated with an IS3 transposition event, inver-
sion between strains MG1363 and NCDO763 required only a
single homologous recombination event between the two cop-
ies of the IS905 element.

Transposition of the IS905 element generates an 8-bp du-
plication at the target site (14). Sequence analysis of the chro-
mosomal regions at the vicinity of the IS element revealed the
presence of these two direct repeats on either side of the IS905
element in strain MG1363 (59-TCAATAAA-39 for the
MG1363-inv1 region and 59-TACTATGG-39 for the MG1363-
inv2 region). Therefore, strain MG1363 has the parental chro-
mosome structure and strain NCDO763 has the genome struc-
ture generated by the inversion. The presence of these
different direct repeats unambiguously demonstrates that the
two copies of IS905 were inserted into the MG1363 chromo-
some via independent transposition events, despite the C3T
transition that removed half of the transposase. As it is highly
improbable that the same mutation arose independently in
both IS905 copies after transposition, it is likely that (i) trans-
lational readthrough could occur at the stop codon (20), gen-
erating a low level of functional transposase, (ii) transposition
could generate defective copies of the element at relatively
high frequency, or (iii) transposase proteins present into the
cell could catalyze the transposition of nonfunctional elements.
To our knowledge, there is no precedent for any of these
patterns of behavior among prokaryotic IS elements. Thus,
there may be a new mode of transposition regulation involved
here, in addition to those already described (reviewed in ref-
erence 1).

The genetic organization of the MG1363 chromosomal sites
where the two IS905 elements are inserted is consistent with
the direct-selection hypothesis, which postulates that genomic
IS elements can occasionally become fixed in a bacterial pop-
ulation through the beneficial mutations they cause (53).
Transposition of the IS905 element should not disturb the
expression of the surrounding genes in the MG1363-inv1 re-
gion, because this element is integrated just downstream from
the putative rho-independent transcription terminator of ORF
2, and the presence of a perfect prokaryotic promoter 235
consensus (59-TTGACA-39) reading outward 5 bp from the
IR-R terminus is likely to create a new hybrid promoter for the
pcp gene. Transposition of the IS905 element into the
MG1363-inv2 region should confer a selective advantage on
the strain, because it disrupts a bacteriophage gene that is
essential for the lytic cycle.

The large chromosomal inversion described herein should
not have phenotypic effects on the fitness of strain NCDO763,
in comparison to strain MG1363, because it did not change the
symmetry of the chromosome and therefore should not confer
a selective disadvantage for replication of the NCDO763 chro-
mosome. In addition, the inversion did not affect the local
genetic environment, such as pcp gene expression in strain
NCDO763. However, sensitive competition experiments are
required to confirm that the inversion is neutral for cell fitness.
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