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Abstract 

L ong in v erted repeats (LIRs) of DNA sequences longer than 30 kb are rare in prokary otes. Here, w e identified tw o 69.9-kb LIRs in the genome of 
Lactobacillus crispatus M247_Siena, a deriv ativ e of strain M247. Complete genome sequence of M247_Siena was determined using Nanopore 
and Illumina technologies, while genome str uct ure was analyzed using ultra-long Nanopore read mapping and polymerase chain reaction (PCR). 
In the parental M247 genome, there was only one copy of the 69.9-kb segment, while a 15.4-kb DNA segment was present instead of the 
second 69.9-kb segment cop y. B oth segments w ere delimited b y the same insertion sequences (IS 1201 and IS Lcr2 ), and PCR analysis of the 
M247 population re v ealed lo w rates ( ∼1.28 per 10 4 c hromosomes) of c hromosomal rearrangements in v olving these regions. In contrast, the 
69.9-kb LIRs in M247_Siena increased genomic inst abilit y, as e videnced b y tw o alternativ e chromosomal str uct ures detected at frequencies of 
23.3% and 76.7% ( ∼1 out of 5 chromosomes). Comparative analysis of L. crispatus genomes re v ealed no LIRs similar to those of M247_Siena. 
Ho w e v er, long repeats of other DNA segments and chromosomal rearrangements, mostly associated with insertion sequences, were detected 
in 8 and 9 out of 25 L. crispatus genomes, respectively, highlighting genomic inst abilit y as a trait of the species. 
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ong inverted repeats (LIRs) are palindromic DNA sequences
onger than 100 bp, either immediately adjacent or separated
y a unique sequence, found in both eukaryotic and prokary-
tic genomes [ 1 , 2 ]. LIRs can form intra-strand DNA sec-
ndary structures (e.g. hairpins) that act as replication stall
ites and promote intrachromosomal homologous recombina-
ion, resulting in genomic rearrangements such as transloca-
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tions, duplications, deletions, and inversions, ultimately lead-
ing to genome instability [ 3–7 ]. An elevated number of LIRs
in a genome does not necessarily correlate with increased
genome instability; rather, instability is directly proportional
to the size of the LIRs and inversely proportional to the
length of the unique sequence separating the LIRs [ 2 , 8 ]. LIRs
are found in high numbers in eukaryotic genomes [ 9–11 ],
while are less common in prokaryotes [ 12 ] mainly due to the
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activity of removal systems such as the Esc heric hia coli SbcC–
SbcD nuclease complex [ 1 , 6 , 13 ]. In prokaryotic genomes,
the following LIRs longer than 30 kb have been described:
(i) 553-kb LIRs in a Bacillus thuringiensis serovar israelensis
laboratory strain [ 14 ]; (ii) 70-kb LIRs in Pseudomonas ko-
reensis P19E3 [ 12 ]; and (iii) LIRs located at the replication
terminus, ranging from 38 to 76 kb, in five Lactobacillus del-
bruec kii ssp. bulg aricus strains [ 15 ]. Bacterial strains, which
are sub-cultured in specific laboratory media and conditions,
often for decades, adapt their genomes to these growth con-
ditions leading to the loss or amplification of genes that en-
hance in vitro fitness [ 16 , 17 ]. The Lactobacillus crispatus
M247 strain is a newborn fecal isolate studied for its pro-
biotic activity and reported to exert beneficial effects on in-
testinal inflammatory disorders, to help counteracting vaginal
dysbiosis, and likely contribute to papilloma virus clearance
[ 18–22 ]. We previously characterized the M247 genome [ 23 ]
revealing a single 2 336 109-bp chromosome (37% GC con-
tent) enriched in insertion sequences (ISs), which account for
> 10% of the genome length, and containing two novel mobile
genetic elements, including an integrative and mobilizable el-
ement carrying a bacteriocin biosynthesis gene cluster. In this
work, genome sequencing was performed on a derivative of
M247 that has been repeatedly sub-cultured and maintained
in our strain collection at the University of Siena since early
1996, hence named M247_Siena. The genome of this deriva-
tive strain was characterized by an unusual duplication of a
69.9-kb chromosomal segment producing LIRs located 224.4
kb apart. We investigated the impact of LIRs on genome stabil-
ity and discussed possible molecular mechanisms underlying
the generation of the M247_Siena LIRs. 

Materials and methods 

Bacterial strains and growth conditions 

The L. crispatus M247_Siena strain is a derivative of the
M247 strain [ 18 , 23 ], which was repeatedly sub-cultured and
maintained in the University of Siena laboratory strain collec-
tion since early 1996. M247_Siena was grown in de Man–
Rogosa–Sharpe (MRS) broth (Oxoid) or in MRS supple-
mented with 1.5% agar (BD Difco) at 37 

◦C in the presence
of a 5% CO 2 -enriched atmosphere. 

DNA purification and quantification 

Bacterial cells were grown at 37 

◦C in 500 ml of MRS broth un-
til reaching middle exponential phase (OD 590 of 1.9), and then
harvested by centrifugation (5000 × g for 30 min at 4 

◦C).
High-molecular-weight genomic DNA was purified using a
raffinose-based method, as reported for strain M247 [ 23–25 ].
Briefly, the cell pellet was vortex-mixed dry and incubated in
15 ml of protoplasting buffer [20% raffinose, 50 mM Tris–
HCl, pH 8.0, 5 mM ethylenediaminetetraacetic acid (EDTA),
4 mg / ml lysozyme] for 1 h at 37 

◦C. Protoplasts were cen-
trifuged (5000 × g for 5 min), and osmotic lysis was achieved
by resuspending the pellet in 15 ml of deionized H 2 O con-
taining 100 μg / ml proteinase K (Merck KGaA) and incubat-
ing for 30 min at 37 

◦C, with 0.5% Sodium Dodecyl Sulfate
(SDS) added after 15 min. Then, 0.55 M NaCl was added and
the mixture was incubated for 10 min at room temperature.
High-molecular-weight DNA was purified three times with 1
volume of chloroform–isoamyl alcohol (24:1, v / v) and precip-
itated with 0.6 volumes of ice-cold isopropanol and spooled
on a glass rod. The DNA was air-dried and resuspended in 10- 
fold diluted saline–sodium citrate (SSC) 1 × buffer, and then 

adjusted to 1 × SSC. The DNA solution was homogenized us- 
ing a rotator mixer and stored at +4 

◦C. DNA was quantified 

with a Qubit 4.0 Fluorometer (Invitrogen, Life Technologies) 
using the Qubit dsDNA BR Assay Kit (Thermo Fisher Scien- 
tific) and with a spectrophotometer (Implen). DNA integrity 
and size were assessed by horizontal gel electrophoresis using 
0.6% Seakem LE (Lonza) agarose in 0.5 × Tris–borate–EDTA 

running buffer. 

Illumina whole genome sequencing 

Illumina sequencing was performed at MicrobesNG (Uni- 
versity of Birmingham, UK) using the Nextera XT library 
preparation kit (Illumina), followed by sequencing on a No- 
vaSeq 6000 device (Illumina) (2 × 250 bp paired-end se- 
quencing). Illumina reads were trimmed with Trimmomatic 
v0.30 ( https:// github.com/ usadellab/ Trimmomatic ) [ 26 ] and 

analyzed with FastQC v0.11.5 ( https://www.bioinformatics. 
babraham.ac.uk/ projects/ fastqc/ ). Illumina reads properties 
are reported in Supplementary Table S1 . 

Nanopore whole genome sequencing 

Nanopore whole genome sequencing was carried out as al- 
ready described [ 23 , 27 , 28 ]. Briefly, sequencing libraries were 
prepared in 1.5-ml LoBind tubes (Sarstedt) using wide bore 
( ∅ 1.2 mm) tips for DNA manipulation to minimize physi- 
cal shearing. Genomic DNA size selection was obtained with 

0.5 volumes of AMPure XP beads (Beckman Coulter) ac- 
cording to manufacturer’s instructions. Two micrograms of 
size-selected DNA were used for library construction with 

the SQK-LSK 108 kit (Oxford Nanopore Technologies). Li- 
brary preparation was performed following the manufac- 
turer’s protocol with the following modifications: (i) incu- 
bation on a rotator mixer for 15 min and (ii) library load- 
ing beads (LLBs) were omitted. Finally, 1 μg of DNA li- 
brary was loaded onto an R9.4 flow cell (Oxford Nanopore 
Technologies). A 48-h sequencing run was performed on a 
GridION device (Oxford Nanopore Technologies) using Min- 
KNOW v.19.12.5. Real-time base calling was performed with 

Guppy v3.2.6 (Oxford Nanopore Technologies), filtering out 
reads with a quality cutoff < Q7. Base called reads were ana- 
lyzed with NanoPlot v1.18.2 ( https:// github.com/ wdecoster/ 
NanoPlot ) [ 29 ]. Nanopore reads properties are reported in 

Supplementary Table S1 . 

Genome assembly and annotation 

M247_Siena Nanopore reads were filtered twice with Filt- 
long v0.2.0 ( https:// github.com/ rrwick/ Filtlong ), first to 

retain reads longer than 80 kb (“-- min_length 80000 ”),
and then to obtain a 110 × coverage taking 2.3 Mb as 
the genome size estimate (“--target_bases 253000000 ”).
Filtered Nanopore reads were assembled with Unicy- 
cler v0.4.7 ( https:// github.com/ rrwick/ Unicycler ) [ 30 ].
The resulting circular contig was polished with Medaka 
v0.7.1 ( https:// github.com/ Nanoporetech/ medaka ) using 
Nanopore reads longer than 80 kb, followed by two 

additional rounds of polishing with Pilon v1.22 using 
Illumina reads ( https:// github.com/ broadinstitute/ pilon ) 
[ 31 ]. Assembly completeness was assessed with Ban- 
dage v.0.8.1 ( https:// github.com/ rrwick/ Bandage ) [ 32 ],
whereas assembly quality was evaluated with both Ideel 
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 https:// github.com/ mw55309/ ideel ) [ 33 ] and CheckM v1.1.3
 https:// github.com/ Ecogenomics/ CheckM ) [ 34 ]. BWA
0.7.17 ( https:// github.com/ lh3/ bwa ) [ 35 ] and minimap2
2.13 ( https:// github.com/ lh3/ minimap2 ) [ 36 ] were used to
lign Illumina and Nanopore reads to the assembled genome,
espectively. Genome read alignments were visually inspected
ith Tablet v1.17.08.17 ( https:// github.com/ cropgeeks/ tablet )

 37 , 38 ], and the coverage graph obtained from genome map-
ing with all Nanopore reads longer than 80 kb was used
o manually investigate and validate the genome structure.
he whole genome was automatically annotated with the
CBI Prokaryotic Genome Annotation Pipeline v4.10 [ 39 ].

n addition, manual annotation of DNA sequences of interest
as carried out by BLAST homology searches against the Na-

ional Center for Biotechnology Information protein database
 https:// blast.ncbi.nlm.nih.gov/ Blast.cgi?PAGE=Proteins , ac-
essed in October 2024) and Pfam (available under the
nterPro consortium at https:// www.ebi.ac.uk/ interpro/ ,
ccessed in October 2024), whereas KEGG orthol-
gy assignments were obtained using BlastKoala
 https:// www.kegg.jp/ blastkoala/ , accessed in October 2024)
 40 ]. Default parameters were used for all software, unless
therwise specified. 

enome analysis 

hromosomal structural variants were investigated us-
ng the Sniffles v1.0.12 structural variation caller ( https://
ithub.com/ fritzsedlazeck/ Sniffles ) [ 41 ] and the npInv v.1.24
ool ( https:// github.com/ haojingshao/ npInv ) [ 42 ] for non-
llelic homologous recombination (NAHR)-mediated ge-
omic inversion, and then visualized using the Integrative
enomics Viewer v.2.19.3. ( https://software.broadinstitute.
rg/ software/ igv/ , accessed in September 2024) [ 43 ]. The al-
ernative chromosomal structures of M247_Siena, detected
y npInv, were designed in silico and aligned to ultra-long
anopore reads ( > 80 kb in length). Aligned reads were
rocessed with samclip v.0.4.0 ( https:// github.com/ tseemann/
amclip ) with parameter “-- max 100 ” and then filtered
ith SAMtools ( https:// github.com/ samtools/ ) [ 44 ] using the

ommand “view ” with the parameter “- b ” specifying the
hromosomal region of interest to retain only reads span-
ing the repeated regions relevant for supporting the dif-
erent chromosomal structures. The previously described L.
rispatus M247 genome (GenBank accession no. CP088015 )
as used for genome comparison analysis [ 23 ]. In addition,
. crispatus complete genomes were downloaded from the
CBI Microbial Genome Database ( https://www.ncbi.nlm.
ih.gov/ genome/ browse#!/prokaryotes/ 1815/ , accessed in De-
ember 2024), with GenBank accession numbers provided
n Supplementary Table S2 . Prior to analysis, the complete
enome sequences were synchronized using Circlator v.1.5.5
 https:// github.com/ sanger-pathogens/ circlator ) [ 45 ] with op-
ion “fixstart ” to reorient and rotate each sequence based on
he coordinates of the dnaA gene to ensure the same starting
osition and polarity. Genome comparisons were conducted
ith the following tools: (i) Mauve v2.4.0 ( https://github.com/
ATRIC3/mauve-viewer ) [ 46 ], (ii) D-genies ( https://dgenies.
oulouse.inrae.fr/run , accessed in December 2024) [ 47 ], (iii)
last ( https:// blast.ncbi.nlm.nih.gov/ Blast.cgi ), (iv) Artemis
nd Artemis Comparison Tool (ACT) v17.0.1 ( https://
ithub.com/ sanger-pathogens/ Artemis/ blob/ master/ act ) [ 48 ],
v) MUMmer v3.23 ( https:// github.com/ mummer4/ mummer )
[ 49 ], and (vi) PopPUNK tool v2.6.5 ( https://github.com/
johnlees/PopPUNK ) [ 50 ] using the “--fit-model lineage ” pa-
rameter for data fitting as described [ 51 ]. Fisher’s exact test
was used to assess the odds ratio between the presence of re-
peats and genomic inversions in the genomes. Default param-
eters were used for all software, unless otherwise specified. 

PCR and Sanger sequencing 

PCR and direct PCR sequencing were carried out following an
already described protocol [ 52–55 ] to investigate the genome
structure of M247 and M247_Siena. Oligonucleotide primers
and their coordinates are reported in Supplementary Table S3 .
Specifically, primer pairs IF1110 / IF1111 and IF1118 / IF1119
were used to detect the right and left junctions of the first
69.9-kb DNA sequence with the chromosome in M247_Siena,
while primer pairs IF1118 / IF1120 and IF1111 / IF1121 were
used to detect the junctions of the second 69.9-kb DNA se-
quence with the M247_Siena chromosome. For M247, primer
pairs IF1110 / IF1111 and IF1118 / IF1120 were used to am-
plify the junctions of the 69.9-kb DNA sequence with the
chromosome, while IF1119 / IF1122 and IF1117 / 1121 were
used to amplify the junctions of the 15.4-kb DNA sequence.
Rearranged chromosomal structures in M247 were de-
tected with primer pairs IF1118 / IF1119 and IF1111 / IF1121
for the 69.9-kb DNA sequence, while IF1120 / IF1122 and
IF1110 / 1117 were used for the rearranged junctions of the
15.4-kb DNA sequence. Sanger sequencing was performed to
verify the PCR results for all rearranged junctions. 

Long-range PCR and direct PCR Nanopore 

sequencing 

In addition, long-range PCR reactions were performed on
the parental strain M247: primer pairs IF1502 / IF1503 and
IF1504 / IF1505 were used to amplify the junctions of the
69.9-kb DNA sequence with the chromosome producing
amplicons of ∼15 kb in length, while IF1506 / IF1508 and
IF1505 / 1509 were used to amplify the junctions of the
15.4-kb DNA sequence producing amplicons of ∼9 kb in
length. Analogously, rearranged chromosomal structures in
M247 were detected with primer pairs IF1504 / IF1506 and
IF1503 / IF1121 for the 69.9-kb DNA sequence producing
amplicons of ∼15 kb in length, while IF1508 / IF1505 and
IF1509 / IF1502 were used for the rearranged junctions of the
15.4-kb DNA sequence producing amplicons of ∼9 kb in
length. The long-range PCR products were purified using 1
volume of AMPure XP beads (Beckman Coulter) according to
the manufacturer’s instructions. Direct PCR sequencing was
performed on purified PCR products using the SQK-LSK 108
kit along with the EXP-NBD104 kit (Oxford Nanopore Tech-
nologies) for library construction according to manufacturer’s
instructions for amplicon sequencing, followed by a 2-h se-
quencing run on a GridION device (MinKNOW v.19.12.5) us-
ing an R9.4 flow cell (Oxford Nanopore Technologies). As for
genome sequencing, real-time base calling was performed with
Guppy v3.2.6 ( > Q7). Base called reads were aligned against
the M247 genome using nucleotide BLAST to verify the PCR
results. 

qPCR 

Quantitative PCR (qPCR) experiments were carried out with
the KAP A SYBR F AST qPCR Kit Master Mix Universal (2 ×)
(Merck KGaA) on a LightCycler 1.5 apparatus (Roche Di-

https://github.com/mw55309/ideel
https://github.com/Ecogenomics/CheckM
https://github.com/lh3/bwa
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https://github.com/mummer4/mummer
https://github.com/johnlees/PopPUNK
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
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Figure 1 . Sc hematic representation of L. crispatus M247 and its deriv ativ e M247_Siena genomes. In M247_Siena genome, an additional cop y of a 
69.9-kb DNA segment (red arrow) replaced a 15.4-kb DNA segment (blue arrow). The two 69.9-kb copies were arranged as long inverted repeats, LIR1 
and LIR2, separated by a 224.4-kb DNA segment (yellow arrow) containing the chromosomal origin of replication oriC . The 224.4-kb LIR-separating 
region in M247_Siena genome is in v erted compared to the 225.8-kb homologous region of M247. The LIRs and the 15.4-kb segment contained a copy 
of IS 1201 at 5 ′ end and a copy of IS Lcr2 at 3 ′ end. IS copies can contain nucleotides changes; 100% identical ISs are indicated with the same font style 
(bold or underlined). IS Lcr2 copies differ in two nucleotide changes, while IS 1201 copies differ in four nucleotide changes and six nucleotide insertions. 
LIRs positions on genome sequence (GenBank no. CP046589 ) are nucleotides 38 618–108 536 (LIR1) and nucleotides 2 129 303–2 199 215 (LIR2). To 
highlight in v ersion of the oriC containing DNA segment, LIR1 and LIR2 are represented as being 1 85 823 bp and 38 61 8 bp downstream of the 
chromosomal origin of replication on the right and left replichores, respectively. Figure is not scaled. 
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agnostics). The qPCR reaction mixture contained, in a final
volume of 20 μl, 1 × KAPA SYBR FAST qPCR reaction mix,
5 pmol of each primer, and 20 ng of bacterial gDNA. The
thermal cycling profile consisted of an initial 4-min denatura-
tion step at 95 

◦C, followed by 40 cycles of repeated denatura-
tion (10 s at 95 

◦C), annealing (15 s at 60 

◦C), and polymeriza-
tion (3 min and 30 s at 72 

◦C). The temperature transition rate
was 20 

◦C / s during the denaturation and annealing steps and
5 

◦C / s during the polymerization step. Serial dilutions of L.
crispatus M247 chromosomal DNA with known concentra-
tion were used to build a gyrB gene standard curve by plotting
the threshold cycle against the number of chromosome copies.
This external standard curve was used to quantify the number
of rearranged M247 chromosomal structures in each sample.
Primer pairs were the same used in endpoint short-range PCR
(see above and Supplementary Table S3 ). The frequency of re-
arranged M247 chromosomal structures was calculated as the
average of the rearranged DNA junctions frequencies. Melt-
ing curve analysis was performed to discriminate the desired
amplification products from primer–dimer products. 

Results 

Lactobacillus crispatus M247_Siena genome 

contains 69.9-kb long inverted repeats 

Genome sequencing was performed on an L. crispatus M247
derivative strain, maintained in our laboratory for over 20
years, which we named M247_Siena. The complete genome
sequence was obtained combining Illumina sequencing reads
with ultra-long Nanopore sequencing reads ( > 80 kb), which
resolved the genome complexity of the strain. Sequence anal-
ysis showed that the M247_Siena genome is organized in one
circular chromosome of 2 385 038 bp in length, contain-
ing 2336 open reading frames (ORFs) with an average GC
content of 37.07%. Compared to the parental M247 strain
[ 23 ], M247_Siena genome was 48 929 bp longer due to the
presence of an additional copy of a 69.9-kb long chromo- 
somal DNA segment, which replaced a 15.4-kb DNA seg- 
ment. The two 69.9-kb copies were arranged as long in- 
verted repeats (LIRs) located 224 440 bp apart. LIRs posi- 
tions on genome sequence (GenBank no. CP046589 ) are nu- 
cleotides 38 618–108 536 (LIR1) and nucleotides 2 129 303–
2 199 215 (LIR2). This duplication was associated with the 
inversion of the 224 440-bp DNA region separating the LIRs,
compared to the parental strain (Fig. 1 ). According to the 
genome schematic representation, LIR1 and LIR2 are located 

185 823 bp and 38 618 bp downstream of the chromosomal 
origin of replication on the right and left replichores, respec- 
tively. Nanopore read mapping integrated by PCR analysis 
confirmed that the genomic differences between M247 and 

M247_Siena are genuine ( Supplementary Fig. S1 ). Each 69.9- 
kb LIR harbored 72 ORFs and was delimited by a copy of 
IS 1201 at the 5 

′ end and by a copy of IS Lcr2 at the 3 

′ end (Fig.
1 and Supplementary Table S4 ). The LIRs differed by four nu- 
cleotide changes and a 6-bp insertion located in the IS 1201 

copy. Manually curated annotation assigned a putative func- 
tion to 59 out of 72 ORFs, including 18 genes encoding for 
metabolic enzymes, 18 for cellular signaling and cellular pro- 
cesses, 8 for transcriptional regulation, 3 rRNA, and 5 tRNA 

( Supplementary Table S4 ). In the parental M247 genome, the 
15.4-kb DNA segment, harboring 17 ORFs, also contained 

an IS 1201 and an IS Lcr2 copy at 5 

′ and 3 

′ ends, respectively 
(Fig. 1 and Supplementary Table S5 ). A putative function was 
assigned to 14 out of 17 ORFs including a peptidase, a pro- 
tease, a peroxide stress protein YaaA, and an ABC transporter 
system ( Supplementary Table S5 ). 

Chromosomal rearrangements in M247_Siena and 

parental M247 strain 

Since M247_Siena contained a large inversion compared to 

the parental strain, we investigated the presence of alterna- 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
https://www.ncbi.nlm.nih.gov/nuccore/CP046589
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
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Figure 2. ( A ) Detection and ( B ) quantification of chromosomal rearrangements in the M247_Siena genome. (A) Genome mapping with ultra-long 
Nanopore reads indicated the presence of chromosomal str uct ures A and B. In addition to the assembled structure A, the in v ersion of the 224.4-kb 
sequence containing the oriC (y ello w arro w) and flank ed b y the tw o LIRs (red arro ws) produced str uct ure B . (B) Chromosomal rear rangements occur red 
at a frequency of ∼1 per 5 chromosomes. Nanopore reads longer than 80 kb spanning LIRs and the respective flanking regions are indicated by gray 
lines and were generated with the Tablet v1.1 7.08.1 7 software. Figure is not scaled. 
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ools (Sniffles and npInv) and by mapping Nanopore reads
onger than 80 kb, which accounted for a 363 × genome cov-
rage. These approaches revealed the presence of two different
hromosomal structures, which we named structures A and B
Fig. 2 and Supplementary Fig. S2 ). Structure A resulted from
he genome assembly, while structure B was characterized by
he inversion of the 224 440-bp DNA region containing the
riC and flanked by the LIRs. Semi-quantitative analysis of
80 sequencing reads spanning both 69.9-kb LIRs revealed
hat 368 reads (76.7%) contained structure A, while 112 reads
23.3%) contained structure B (Fig. 2 ). Analysis of alterna-
ive chromosomal structures in the parental M247 genome
ailed to identify the presence of the 224 440-bp inversion,
hich was therefore investigated by long-range PCR analysis
sing PCR primers in different pair combinations. In addition
o structure I, which corresponds to the assembled genome,
nalysis of PCR amplicons suggested the presence of putative
lternative rearranged structures (II, III, IV , V , VI, VII) (Fig.
 ). It is likely that the inversion of the 225 800-bp segment
ontaining oriC produced structure II, whereas a larger in-
ersion (311 201 bp), including also the flanking 69.9- and
5.4-kb segments, produced structure III. Additional rear-
anged structures could derive from the duplication of the
9.9-kb segment and the 15.4-kb segment deletion (structure
IV) or from the duplication of the 15.4-kb segment and the
69.9-kb segment deletion (structure VI). In structures IV and
VI, the inversion of 225.8-kb DNA sequence could produce
structures V and VII, respectively. Real-time quantitative PCR
analysis indicated that rearranged structures occurred at a fre-
quency of ∼1.28 × 10 

−4 chromosomes (Table 1 ). 

Structural analysis of L. crispatus complete 

genomes suggests genome instability 

Analysis of 25 L. crispatus complete genomes available in
the NCBI database (accessed in December 2024), revealed
that these genomes contain DNA segments homologous to
the 69.9- and 15.4-kb segments found in M247 genome (Fig.
4 ), whereas the 69.9-kb segment duplication (LIRs), as re-
ported in M247_Siena, was not detected. The CO3MRSI1
and Lc1226 genomes contained a 15.4-kb segment delimited
by IS 1201 and IS Lcr2 as in M247, with an additional IS 982
inserted in strain Lc1226 ( Supplementary Table S6 ). In con-
trast, 13 genomes contained an IS 30 copy at the 3 

′ end, and
in 9 of these, the 5 

′ end lacked an insertion sequence, while, in
the remaining 10 genomes, the 15.4-kb segment was not de-
limited by insertion sequences. Insertions and deletions of ISs
and / or ORFs (up to 12.1 kb) were present at different posi-

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data


6 Colombini et al. 

Figure 3. Schematic representation of chromosomal rearrangements in M247 genome. Genome mapping with long-range PCR suggested the presence 
of alternative chromosomal str uct ures in addition to the assembled genome str uct ure I. The inversion of the 225.8-kb DNA sequence containing the oriC 

(y ello w arro w) produced str uct ure II, whereas a larger in v ersion including the flanking 69.9-kb (red arro w) and 15.4-kb (blue arro w) segments produced 
str uct ure III. Str uct ure IV contains a duplication of the 69.9-kb segment and 15.4-kb segment deletion, while str uct ure VI contains a duplication of the 
15.4-kb segment and 69.9-kb segment deletion. In v ersion of 225.8-kb DNA sequence in str uct ures IV and VI produces str uct ures V and VII, respectively. 
Frequencies of PCR junction fragments are reported in Table 1 . Chromosomal rearrangements occurred at a frequency of ∼1.28 × 10 4 chromosomes. 
Gray lines indicate PCR amplicons (numbered 1–8). Figure is not scaled. 
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tions within the DNA segment ( Supplementary Table S6 ). The
69.9-kb segment showed higher variability among genomes:
(i) 22 segments contained a duplication of ribosomal RNA
operon genes; (ii) 7 segments exhibited large deletions at the
5 

′ end, ranging from 8.7 to 22 kb; and (iii) various insertions
or deletions of ISs and / or ORFs were present ( Supplementary 
Table S7 ). Long direct and inverted repeats of other DNA seg-
ments ranging from 6 985 to 39 820 bp were detected in eight
genomes. Out of these, two repeats were associated with mo-
bile genetic element DNA, while the remaining six cases
mostly involved duplication of metabolic genes, similarly to
what was observed in the M247_Siena LIRs. Synteny analysis,
performed by pairwise genomic comparisons using the M247
genome as reference, identified large inversions in other nine
L. crispatus genomes, namely PMC201, VSI04, AB70, lc31,
VSI24, FDAARGOS_743, 2029, CO3MRSI1, and DC21.1
(Fig. 4 and Supplementary Fig. S3 ). These inversions spanned
the origin–terminus axis, involving both replichores, with re-
combination sites characterized by the presence of ISs in five
genomes, a group II intron in three genomes, and the 16S
rRNA gene in one genome. Although a statistically significant
correlation between the presence of repeats and genomic in-
versions was not identified (Fisher’s exact test, P = 0.1077),
four genomes (FDAARGOS_743, VSI04, 2029, CO3MRSI1) 
contained both a long repeat and a large inversion. Phyloge- 
netic analysis, conducted with PopPUNK, identified six parti- 
tioning clusters based on core genomic sequences (Fig. 4 ). The 
genomes containing duplications were distributed across dif- 
ferent clusters, while six out of the nine genomes containing 
large inversions were grouped into two clusters (Fig. 4 ). 

Discussion 

In this work, we reported the unusual genomic structure of 
M247_Siena, an L. crispatus M247 derivative maintained 

in our laboratory for over 20 years. The peculiarity of the 
M247_Siena genome is the presence of a 69.9-kb chromo- 
somal DNA segment duplication, resulting in inverted re- 
peats located 224.4 kb apart. Large structural variations have 
mostly remained undetected when sequencing genomes with 

short read technologies [ 56–60 ]. In addition, the formation 

of very long inverted repeats in bacterial genomes is con- 
sidered an extremely rare event; it has been reported that 
among over 9600 prokaryotic genomes, only a small subset 
(3%) contains long nearly identical repeats above 30 kb in 

length [ 12 ]. The mechanisms underlying the formation of 

https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
https://academic.oup.com/nargab/article-lookup/doi/10.1093/nargab/lqaf085#supplementary-data
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Table 1. Real-time PCR quantification of chromosomal junctions containing the ends of the 69-kb and the 15-kb DNA segments in the M247 genome 

a Concentrations of junction fragments are expressed as copies per chromosomes. 
b Copies of genomic structures are calculated as the average number of the junction fragments copies. 
c Frequency of putative rearranged genomic structures is expressed relative to the canonical chromosomal structure. Schematic representations of rearranged 
structures are shown in Fig. 3 . 

Figure 4. Lactobacillus crispatus complete genome structures and their genetic relatedness. Lactobacillus crispatus genomes contain DNA segments 
homologous to the 69.9- and 15.4-kb segments of M247, indicated with red and blue arrows, respectively. A duplication of the 69.9 kb as reported in 
M247_Siena was not found, while eight genomes contain a duplication of other DNA segments ranging in size from 6.9 to 39.8 kb, arranged as direct 
(DR) or in v erted (IR) repeats. T he siz e of duplicated segments is reported. A dditionally, synten y analy sis using M247 as reference indicated the presence 
of large in v ersions in other nine genomes ( Supplementary Fig. S3 ). The presence of long DNA repeats and inversion in a genome is reported as a black 
box in the heatmap. The phylogenetic tree was generated based on whole genome sequences using PopPUNK (branch lengths indicate the number of 
nucleotide substitutions per site as indicated by the scale bar), whereas six population clusters, indicated with dots of different color, were obtained 
from core genome sequences. Names of the genome strains are reported on the left. 
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LIRs are not yet fully understood. Hypothetically, LIRs arise
during DNA replication due to double-strand DNA breaks
near short inverted repeats, which fold back (intra-strand self-
annealing) and serve to prime DNA synthesis of the com-
plementary strand, thereby facilitating chromosomal rescue
by DNA damage repair mechanisms [ 15 ]. Genome compar-
ison of M247_Siena with its parental M247 strain identi-
fied a 15.4-kb chromosomal DNA segment, which was lost
and replaced by the 69.9-kb LIR2. DNA sequence analysis
of both 15.4- and 69.9-kb segments excluded the hypothe-
sis of a mobile DNA origin, as neither int / xis nor transfer
genes were found [ 61 , 62 ], and the GC content was compa-
rable to the rest of the genome [ 63 , 64 ]. The 69.9-kb DNA
segment contains genes encoding surface proteins likely in-
volved in L. crispatus adhesion to epithelial cells [ 65 , 66 ].
Thus, the presence of segment duplication likely resulting in
an increased gene dosage could improve adhesion, which is
a critical trait for probiotic persistence. Additionally, duplica-
tion of the d -lactate dehydrogenase gene may influence lac-
tic acid production, providing a competitive advantage to the
M247_Siena strain [ 67 , 68 ]. Both the 15.4- and 69.9-kb seg-
ments were delimited by the same ISs elements, namely IS Lcr2
and IS 1201 . ISs have been described as source of genomic in-
stability within bacterial genomes and can induce large chro-
mosomal inversions [ 69–72 ]. In line with this, our PCR analy-
sis revealed the presence of chromosomal rearrangements in-
volving the 69.9- and the 15.4-kb DNA segments in the M247
bacterial population, likely associated with the presence of
IS Lcr2 and IS 1201 copies. Homologous recombination can
lead to deletions, duplications, translocations (for direct re-
peats), and inversions (for inverted repeats) [ 73–76 ]. Indeed,
genome mapping with Nanopore reads showed the presence
of two alternative chromosomal structures in the M247_Siena
population characterized by a 224 440-bp inversion of the re-
gion flanked by the LIRs and containing the origin of repli-
cation. Of note, the M247_Siena inversion does not signif-
icantly alter the length of replichores, as reported for other
bacterial large chromosomal inversions [ 77 , 78 ]. The 69.9-
kb LIRs of M247_Siena represent large regions of homology
with 99.99% of sequence identity, which are likely subject to
nonallelic homologous recombination (NAHR), a mechanism
associated with recurrent DNA rearrangements [ 79 , 80 ]. In
principle, the LIRs could favor the formation of a very large
non-B DNA cruciform structure consisting of two 70-kb stems
and two 224-kb loops, where the single-stranded loops are
complementary and capable of reciprocally annealing. This
large cruciform would be possibly subject to random double-
strand breakage and could cause DNA polymerase stalling
with consequent large deletions [ 81 ]. Since we consistently de-
tected only two main chromosomal structures without dele-
tions, we speculate that NAHR is the most likely mechanism
involved in the generation of the chromosomal inversion ob-
served in M247_Siena. A semi-quantitative estimation by se-
quencing read counting showed that 112 out of 480 (23.3%)
ultra-long nanopore reads spanning the repeats contained the
inverted structure (Fig. 2 ), indicating that the chromosomal
structure is rearranged in ∼1 out of 5 bacterial cells. Quantita-
tive PCR performed on M247 DNA showed that the frequen-
cies of chromosomal rearrangements were significantly lower
( ∼1.28 out of 10 

4 cells), suggesting that the newly generated
LIRs of M247_Siena increased the intrinsic genomic instabil-
ity of the strain. Whole genome alignment of M247 with 25
other L. crispatus complete genomes revealed that no other
genome contains a repeated DNA sequence like M247_Siena 
and that in each genome a 69.9-kb and a 15.4-kb DNA ho- 
mologous segment are present. These findings support the hy- 
pothesis of a laboratory-based evolution of the M247 strain,
which led to its derivative M247_Siena. Furthermore, the 
genome alignment revealed that (i) eight genomes contain long 
DNA repeats (6.9–39.8 kb), in six cases the duplication in- 
volved metabolic genes, as observed in the M247_Siena LIRs 
( Supplementary Table S4 ), and (ii) nine genomes contain large 
inversions, mostly associated with IS elements. Thus, genomic 
instability is likely a trait of the L. crispatus species and a 
source of genomic diversity within the bacterial population,
as observed in other bacterial species [ 71 , 72 ]. 
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equence Read Archive (SRA), accession nos. SRR17479173 ,
RR17479172 , SRR10902282 , and SRR10902283 . Proper-
ies of sequencing reads generated in this study are reported in
upplementary Table S1 , whereas a list of complete genomes
sed for genome comparison can be found in Supplementary 
able S2 . 
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