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Abstract

Bacillus thuringiensis serovar israelensis is the most widely used natural biopesticide against mosquito larvae worldwide. Its
lineage has been actively studied and a plasmid-free strain, B. thuringiensis serovar israelensis BGSC 4Q7 (4Q7), has been pro-
duced. Previous sequencing of the genome of this strain has revealed the persistent presence of a 235 kb extrachromosomal
element, pBtic235, which has been shown to be an inducible prophage, although three putative chromosomal prophages have
been lost. Moreover, a 492 kb region, potentially including the standard replication terminus, has also been deleted in the 4Q7
strain, indicating an absence of essential genes in this area. We reanalysed the genome coverage distribution of reads for the
previously sequenced variant strain, and sequenced two independently maintained samples of the 4Q7 strain. A 553 kb area,
close to the 492 kb deletion, was found to be duplicated. This duplication presumably restored the equal sizes of the replichores,
and a balanced functioning of replication termination. An analysis of genome assembly graphs revealed a transient association
of the host chromosome with the pBtic235 element. This association may play a functional role in the replication of the bacte-
rial chromosome, and the termination of this process in particular. The genome-restructuring events detected may modify the
genetic status of cytotoxic or haemolytic toxins, potentially influencing strain virulence. Twelve of the single-nucleotide variants
identified in 4Q7 were probably due to the procedure used for strain construction or were present in the precursor of this strain.
No sequence variants were found in pBtic235, but the distribution of the corresponding 4Q7 reads indicates a significant dif-
ference from counterparts in natural B. thuringiensis serovar israelensis strains, suggesting a duplication or over-replication in
4Q7.Thus, the 4Q7 strain is not a pure plasmid-less offshoot, but a highly genetically modified derivative of its natural ancestor.
In addition to potentially influencing virulence, genome-restructuring events can modify the replication termination machinery.
These findings have potential implications for the conclusions of virulence studies on 4Q7 as a model, but they also raise inter-
esting fundamental questions about the functioning of the Bacillus genome.

DATA SUMMARY

[llumina sequencing reads, corresponding to the Bacillus
thuringiensis serovar israelensis strain samples AM65-52,
ATCC 35646, 4Q7, and 4Q7,,, were deposited in National
Center for Biotechnology Information (NCBI) database
(https://www.ncbi.nlm.nih.gov/): as BioProject PRINA303961

(https://www.ncbi.nlm.nih.gov/bioproject/? term=
PRJNA303961) under SRR8467560 (https://trace.ncbi.nlm.
nih.gov/Traces/sra/?run=SRR8467560), SRR8474067 (https://
trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR8474067),
SRR11567778 (https://trace.ncbi.nlm.nih.gov/Traces/sra/?
run=SRR11567778) and SRR11565157 (https://trace.ncbi.
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lllumina sequencing reads, corresponding to the B. thuringiensis serovar israelensis AM65-52, ATCC 35646, 407, and 4Q7 , were deposited as
BioProject PRINA303961 under accession numbers SRR8467560, SRR8474067, SRR11567778 and SRR11565157, respectively. ONT sequencing
reads for 4Q7  were deposited under accession number SRR11575654. A version of the genome sequence of 4Q7 , consisting of two contigs
automatically assembled from Illumina and ONT reads with Unicycler software was deposited under accession numbers CP051858 and CP051859.
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nlm.nih.gov/Traces/sra/?run=SRR11565157), respectively.
Oxford Nanopore Technologies (ONT) sequencing reads for
B. thuringiensis serovar israelensis 4Q7,, were deposited as
SRR11575654 (https://trace.ncbi.nlm.nih.gov/Traces/sra/?
run=SRR11575654). A version of the 4Q7,, genome sequence
consisting of two contigs, automatically assembled from Illu-
mina and ONT reads with Unicycler software, was deposited
under accession numbers CP051858 (https://www.ncbi.nlm.
nih.gov/nuccore/CP051858) and CP051859 (https://www.
ncbi.nlm.nih.gov/nuccore/CP051859).

The sequencing reads SRR1174235 (https://trace.ncbi.
nlm.nih.gov/Traces/sra/?run=SRR1174235) and assembly
deposited under accession no. GCA_000585975.1 (https://
www.ncbi.nlm.nih.gov/assembly/GCA_000585975.1)  in
BioProject PRJNA238495 (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA238495), corresponding to sequencing
data for the strain sample referred to here as B. thuringiensis
serovar israelensis 4Q7, , , and reported in [1], and the set
of reads DRR002381 (https://trace.ncbi.nlm.nih.gov/Traces/
sra/?run=DRR002381) in BioSample SAMDO00015926 of
BioProject PRJDB2767 (https://www.ncbi.nlm.nih.gov/
bioproject/247315), corresponding to the strain B. thuring-
iensis LDC-391 cytotoxic to human cancer cells [2, 3], were
downloaded from the NCBI server (https://www.ncbi.nlm.
nih.gov/).

INTRODUCTION

Several lineages of the species Bacillus thuringiensis are widely
used as non-hazardous biopesticides [4]. The lineage designated
B. thuringiensis serovar israelensis is of particular importance,
because some of its members are highly effective against
mosquito larvae [5]. This lineage has been actively studied
since its discovery in 1976 [6], with characterization of the
molecular agents active against mosquito larvae [7, 8] and the
transfer of plasmids [9-11] in particular. A series of strains
has been constructed in which all plasmids have progressively
been eliminated, including those responsible for insecticidal
activity and conjugation [10]. In particular, the B. thuringiensis
serovar israelensis 4Q7 strain was thought to have been cured
of all the plasmids originally present in this lineage. However,
this strain was recently characterized further by draft genomic
sequencing [1], which revealed the presence of a remnant
plasmid, pBtic235, which was subsequently shown to be an
inducible prophage [12, 13]. The important chromosomal
modification identified in this strain was a deletion of about
492kb in the area including the replication terminus [1].
However, a comparison of the assembled contigs for this strain
with those of other B. thuringiensis serovar israelensis strains
revealed a significant difference in total size that could not be
readily explained without detailed scrutiny of the original raw
sequencing data [12]. Three predicted chromosomal prophages
were found to be absent in B. thuringiensis serovar israelensis
4Q7, accounting for 120kb [14]. We investigated the differences
between the B. thuringiensis serovar israelensis 4Q7 and the
genomes of other members of the lineage in more detail, with a
view to elucidating the reasons for differences in genome size, by

Impact Statement

We report a reanalysis of the Bacillus thuringiensis
serovar israelensis BGSC 4Q7 genome based on previous
and newly generated data for three independently main-
tained samples of the strain. Genome assembly from both
short and long reads revealed the presence of extraordi-
narily long inverted repeats in the vicinity of the chromo-
some replication terminus. One plasmid persisted after
the strain had been cured of all other plasmids. Our data
indicate that this extrachromosomal element, pBtic235,
formed a transient physical association with the bacterial
chromosome, but not through simple prophage-like or
transposon insertion. Instead, the inverted repeats were
extended, probably rendering the chromosome linear.
These data suggest the possible involvement of the
pBtic235 element in bacterial chromosome maintenance
via participation in the termination of chromosomal
replication, compensating for the loss of chromosomal
function and accounting for the persistence of pBtic235
in strains cured of other plasmids. This model genome
sheds new light on the possible functions of large plas-
mids in bacteria. In particular, if strains are cured of
the plasmids for use as model organisms, the integrity
of their genomes relative to their plasmid-containing
predecessors should be carefully checked. Further
studies are required, with modern sequencing technolo-
gies, to elucidate the exact structure of the genome of the
B. thuringiensis serovar israelensis 4Q7 strain.

reanalysing the raw sequencing data deposited in the National
Center for Biotechnology Information (NCBI) database by
Jeong et al. [1], and analysing sequencing data generated here
for two other samples of this strain that had been maintained
independently for more than 20years. The analysis was based
on a small number of available complete genome sequences
for this lineage [12, 15, 16]. We identified additional features
in the B. thuringiensis serovar israelensis 4Q7 genome, raising
questions not only about fundamental aspects of chromosome
maintenance, but also about the suitability of this strain as a
model for this important bacterium.

METHODS

Samples of the B. thuringiensis serovar israelensis
4Q7 strain and sources of raw sequencing data

Two laboratory samples of the B. thuringiensis serovar
israelensis 4Q7 strain were used for DNA preparation for this
study. These samples were obtained from the Bacillus Genetic
Stock Center (BGSC, Columbus, USA) by A. Sorokin and J.
Mabhillon (Louvain-la-Neuve, Belgium). They had been main-
tained independently for at least 25years, and are labelled
here as B. thuringiensis serovar israelensis 4Q7,  and 4Q7,\p
respectively. DNA was prepared from these strains as previ-
ously described [12], and sent to Eurofins GATC Biotech for
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the production of standard genomic DNA-fragment libraries
and sequencing reads on a HiSeq platform (Illumina). For
B. thuringiensis serovar israelensis 4Q7,, the same DNA
preparation was used to produce a DNA-fragment library
for a MinION run and base-calling for the generation of a
FASTQ file, in accordance with the manufacturer’s protocol
(Oxford Nanopore Technologies; ONT). The SRR1174235
sequencing reads, corresponding to a sequencing experi-
ment reported in [1] for B. thuringiensis serovar israelensis
4Q7,,» were downloaded from the NCBI server. A set of SRR
data for 91 B. thuringiensis and 480 Bacillus cereus genomes
was also retrieved from the NCBI database, with the species
names used as keywords. The genomic sequence of the
B. thuringiensis serovar israelensis AM65-52 strain used for
template-assisted assembly (variation analysis) was reported
in a previous study [12]. The same DNA preparations for
the B. thuringiensis serovar israelensis AM65-52 and ATCC
35646 strains, stored at —20°C for 2 years, were sent to Euro-
fins GATC Biotech for the production of standard genomic
DNA-fragment libraries and sequencing reads on a HiSeq
platform (Illumina). The read data for the B. thuringiensis
serovar israelensis ATCC 35646 strain were generated in two
sequencing campaigns, in 2017 and 2019. We found several
differences in the distribution of their alignments over the
template sequence, as illustrated in Fig. S1 (available with the
online version of this article). It has been reported that the
apparent shape reproducibility of random read distributions
may be related to the local G+C-content of the genomes
[17, 18]. This issue, related to the DNA-fragment library
preparation or base-calling protocol, does not influence the
conclusions of our work. The newly generated reads were used
to generate control read alignments. The main read alignment
results obtained for the B. thuringiensis serovar israelensis
4Q7,, sample (accession no. SRR1174235) were confirmed
with the Illumina data for the 4Q7,, and 4Q7,, samples. The
minor differences between the three samples of strain 4Q7
are discussed in Results.

Data analysis and release

SPAdes [19], Bwa-MEM [20] and Unicycler [21] tools
implemented on the paTrIC [22] and Galaxy [23] servers or
locally installed versions (SPAdes, 3.13.0; Unicycler, 0.4.7;
CANU, 1.6; Shasta, 0.1.0; Bwa, 0.7.12-r1039; bowtie2, 2.2.6;
minimap2, 2.17-r941; SAMtools, 1.9; vcttools, 0.1.13) were
used for the de novo assembly and/or template-assisted
mapping of sequencing reads. The local versions were
mostly used through the INRAE MIGALE bioinformatics
platform (http://migale.jouy.inra.fr). File contents were
visualized and sequence assemblies were analysed with
Tablet (version 1.16.09.06) [24], CGView (v. 1.7) [25] and
Bandage (v. 0.8.1) [26]. Statistical data were processed and
visualized with R software (v. 3.6.1) [27]. Screen shots of
the read distribution produced by these programs have
been provided to illustrate our findings. The genomic
sequence of the B. thuringiensis serovar israelensis HD1002
strain (accession no. NZ_CP009351), which is very closely
related to AM65-52 (accession no. CP013275), was used

to determine the positions of deletions and duplications
(Fig. 1b, ¢), this sequence being present in the IMG (Inte-
grated Microbial Genomes) database [28]. The HD1002
sequence presented in IMG was re-annotated, and its orien-
tation and starting position were modified relative to the
NZ_CP009351 sequence, according to the GenBank entry
for AM65-52. The newly produced sequencing reads, corre-
sponding to the AM65-52 and ATCC 35646 strains, and
the 4Q7, . and 4Q7,, samples of the 4Q7 strain used here,
were deposited as BioProject PRINA303961 under acces-
sion numbers SRR8467560, SRR8474067, SRR11567778
and SRR11565157, respectively. ONT sequencing reads
for the 4Q7,,, sample were deposited under accession no.
SRR11575654. The corresponding statistical data can be
retrieved under these accession numbers. A version of the
4Q7,,, genome sequence, consisting of two contigs automat-
ically assembled from Illumina data and part of the ONT
read set, obtained with Unicycler software, was deposited
under accession numbers CP051858 and CP051859.

RESULTS

Conflicts between the sizes of the de novo assembly
of 4Q7 Illumina reads and complete genome
sequences

A comparison of the total length of the contigs available
from the NCBI database for the B. thuringiensis serovar
israelensis 4Q7 strain (5.04 Mb, assembly accession no.
GCA_000585975.1) with the completely assembled
sequences of the chromosomes of the same subspecies (5490
to 5500 kb) [12] revealed a large difference in size, of about
500 kb, that requires explanation, although the error on this
estimate may be as large as 20 kb, due to problems assem-
bling rRNA-encoding regions or other complex repeats. We
first confirmed this finding by re-assembling the sequence
five times de novo, varying the assembly parameters in
SPAdes. We obtained very similar results (5040+0.010 kb
for 45 to 65 contigs with a length greater than 300bp).
Three main features of this sequence that could potentially
account for the difference in genome size between 4Q7 and
its relatives had already been detected. The first of these
features is a 492 kb deletion corresponding to the positions
between 1783 and 2275kb of the B. thuringiensis serovar
israelensis HD-789 genome (accession no. CP003763; or
2244 t0 2736 in AM65-52, accession no. CP013275; Fig. 1a),
used as a reference [1]. The second feature identified, the
pBtic235 plasmid, which remains present in B. thuringiensis
serovar israelensis 4Q7, provides an additional 235kb,
thereby decreasing the total estimated size of the precursor
chromosomal contigs to 5297 kb (5040+492-235). The third
feature identified is the three chromosomal prophages
recently detected and named regions 2, 3 and 6, at 3407
to 3452kb, 3511 to 3552 kb and 42778 to 4319 kb, respec-
tively, in the B. thuringiensis serovar israelensis AM65-52
genome (Fig. 1). These prophages account for a total of
127kb (45+41+41). All three prophages are absent from
the 4Q7 chromosome [14]. Taking these deletions and the
identity of the 235kb contig into account, about 76 kb of
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Fig. 1. Deletions and duplication on the B. thuringiensis serovar israelensis 4Q7 chromosome. (a) Distribution of lllumina sequencing
reads, in coverage per nucleotide, for the 4Q7 (top) and AM65-52 (bottom) strains, over the AM65-52 genome (accession no. CP013275).
The 492 kb deletion in 4Q7, corresponding to the 2244 to 2736 kb positions in AM65-52, is indicated by red arrows. Read coverage is
higher for the duplicated 553kb area from 2745 to 3298kb. The distribution image was copied from the Tablet interface panel and
modified slightly to improve its readability. The vertical and horizontal scales are linear, and the values are not shown. The distribution
shown corresponds to assembly from the SRR1174235 sequencing reads [1]. A very similar distribution was also obtained with the
reads for the 4Q7,; and 4Q7,, samples generated in this study (accession numbers SRR11567778 and SRR11565157; not shown). (b)
Coding sequence (CDS) map of the 2.235 to 2.75Mb region of the B. thuringiensis serovar israelensis HD1002 strain corresponding to the
492 kb deletion in 4Q7. Potentially essential genes are indicated by blue arrows. The red rectangle indicates the region close to 2622
kb in which GC-skew and the preferential orientations of CDS change sign, which is deleted in 4Q7. The 492 kb deletion includes the dif
site (5’-CCTATAATATATATTATGTTAACT-3’) mapping to this area [32]. (c) Circular map of the B. thuringiensis serovar israelensis HD1002
chromosome. The circles from the centre represent: 1, GC-skew; 2, G+C content distribution; 3, positions of repeated elements; 4 and
5, CDS in the anticlockwise and clockwise directions, respectively; 6, position scale for the circular genome. Red arrows indicate the
locations of prophages deleted in the 4Q7 strain. The red segment indicates the 492 kb deletion, and the blue solid arrow indicates the
area duplicated in this strain, the potential second copy is indicated by a dashed arrow. The source of information for the HD1002 strain
and figure design for (b) and (c) are from the IMG database of the DOE Joint Genome Institute [28]. Bti, B. thuringiensis serovar israelensis.

the consensus 5500 kb chromosome of the lineage remain
absent and unaccounted for in the 4Q7 strain assembly
(5297+127=5424kb). Assuming collinearity between the
4Q7 genome and the genomes of other B. thuringiensis
serovar israelensis strains, another key issue that remains
unresolved is how this bacterium stably maintains the
apparent asymmetry of its chromosome following this large
deletion. There is a very strong correlation between the
sites at which GC-skew (G-C/G+C contents in a window)
change sign and the positions of replication origins and
termination sites in circular bacterial chromosomes. Thus,
in terms of GC-skew or the majority orientation of protein-
encoding genes, the chromosomes are usually symmetric
around an axis linking the origin and termination sites of

replication [29]. Given its strength, this correlation is prob-
ably of biological significance. Deleting 492 kb, mostly from
one replichore, should lead to an imbalance in replication
complex progression, potentially leading to other restruc-
turing events, due to conflicts between replication and
transcription complexes moving in opposite directions in
particular [30, 31]. The deleted 492 kb region includes a site
at which the sign of GC-skew changes and the dif site [32],
corresponding to the region in which chromosomal replica-
tion is thought to terminate (Fig. 1b, ¢). The two replichores
in the B. thuringiensis serovar israelensis genome are not
of equal size (see Discussion), but a pure deletion of this
magnitude would be expected to render cells containing the
modified chromosome less viable.
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Template-assisted re-assembly of 4Q7 reveals
considerable overcoverage of an area near the
replication termination site

Template-assisted assembly, also referred to as mapping or
alignment, of the B. thuringiensis serovar israelensis 4Q7
reads revealed a key clue to the reaction of the bacterium
to the apparent disequilibrium of its genome. The 4Q7,,.
read data (accession no. SRR1174235) presented in Fig. 1(a)
show that, close to the large 492kb deletion, the coverage
of the genome by sequencing reads approximately doubles.
A similar increase in coverage was also observed with the
Illumina reads produced for the 4Q7,  and 4Q7,,, samples
(Fig. S2). We interpret this overcoverage as indicating the
presence of two copies of this 560kb area (corresponding
to the region from 2737 to 3298kb in the closely related
B. thuringiensis serovar israelensis AM65-52 strain) in the
genome of 4Q7. Such a duplication would essentially result
in an equalization of the sizes of the two replichores, because
the new putative replication termination site must be close to
the end of the duplicated area. The doubling of read coverage
actually corresponded only to the 8kb region between 2737
and 2745 kb (Fig. 1a), with a rapid increase from 1.2- to 2.0-
fold coverage in the preceding 553 kb. We investigated the
structure of this duplicated area, by scrutinizing assembly
variants with Bandage software [26], which analyses different
possibilities through visualization of the assembly graph (see
the results below and Discussion). Examples of multiple reads
(420 in total) corresponding to one third of the total reads
mapping to this chromosomal area (about 1100), confirming
the physical connection of unexpected DNA links in the
B. thuringiensis serovar israelensis 4Q7 genome, are presented
in Fig. 2(a). Therefore, we would interpret the total read data as
indicating that the entire 553 kb region, from 2745 to 3298 kb,
was duplicated as an inverted repeat (Fig. 1c). The 8 kb region
underwent several restructuring events that we were able to
resolve with Bandage (see below), but which could not be
definitively validated in this study. Surprisingly, we also found
multiple reads confirming the physical connection between
chromosomal and pBtic235 DNA (Fig. 2b). However, the
rest of the reads, again about two thirds (about 800) of the
total mapping to this area (1200 reads) corresponded to
this element being entirely assembled into a circular contig.
Moreover, we have no strong evidence for the integration of
all or part of this element into the chromosome. This event
would produce two entry sequences for the element and the
chromosome, but we detected only one for each. Taking this
finding and the gradient distribution of reads over this area
(Fig. 1a) into account, an alternative reasonable interpretation
of our data would be that, in this strain, chromosomal replica-
tion is preferentially terminated at several different points,
resulting in some over-replication of segments between 8 and
550kb in size. In some cases, the DNA of pBtic235 seems to
resolve chromosomal concatemers during the termination
of replication. It should be noted that this read distribution,
indicating duplication or over-replication of this chromo-
somal area, was not observed with reads corresponding to
B. thuringiensis serovar israelensis ATCC 35646 (not shown)

or AM65-52 (Fig. 1a). Duplication of the 553 kb region as an
inverted repeat restores the GC-skew pattern symmetry (not
shown); thus, optimizing the functioning of the replication
machinery.

Difference in read distribution corresponding to
prophage pBtic235 in environmental and 4Q7
strains

The extrachromosomal genetic element pBtic235 appeared
to be inducible and to be able to form biologically active
phage [13]. It is the only extra-chromosomal DNA element
remaining in B. thuringiensis serovar israelensis 4Q7 [12].
We compared the state of this element in the environmental
and artificially modified strains described here, by aligning
the Illumina reads for the B. thuringiensis serovar israelensis
ATCC 35646 and 4Q?7 strains, using the pBtic235 sequence
of AM65-52 as a template (Fig. 3). The reads of AM65-52
were also used, but were omitted from Fig. 3 for the reasons
explained in Methods (see also Fig. S1). Read coverage for
4Q7 samples was about 1.5 times higher in the areas extending
from 1 to 48.6 and 225.5 to 235.4kb for 4Q7,, and 4Q7,,
and in the areas extending from 1 to 15 and 210 to 235.4kb
for 4Q7,, (Fig. 3). Moreover, in 4Q7,, ., in the position corre-
sponding to 48586 bp in pBtic235, multiple reads were split
in two, upon alignment, with one part mapping to pBtic235
and the other to the chromosome, suggesting the existence
of a covalent link between this element and the chromosomal
DNA (Fig. 2b). A similar connection, described in more detail
below, was detected for the B. thuringiensis serovar israelensis
4Q7,, and 4Q7,, samples. Interestingly, the copy number of
pBtic235, estimated by read coverage (Table 1), was about
1.6 for all three samples of the 4Q7 strain, but only about 0.7
for all the environmental strains studied [12]. Nevertheless,
it should be noted that the complete circular pBtic235 DNA
was automatically assembled in one separate contig in our de
novo assembly analysis, as in a previous study [12]. Moreover,
this DNA was detected on electrophoresis and could be cured
from the cells [13]. We currently have no reasonable expla-
nation for this ambiguity. However, we cannot exclude the
possibility that this element is integrated into the chromo-
some, rendering the chromosome linear, in some bacterial
cells. As a precedent, an artificial stable linearization of the
Escherichia coli chromosome mediated by incorporation of
the N15 phage, was reported in a published study [33].

Single-nucleotide mutations and small deletions in
samples of the 4Q7 strain

Alignment of the B. thuringiensis serovar israelensis 4Q7
reads on the genomic sequence of strain AM65-52, used
as a template, revealed 26 small variations (Table 2). We
have excluded from Table 2 all regions containing non-
perfect and other complex repeats, such as rRNA or tRNA
gene clusters, for which ambiguity may be due to incorrect
assembly rather than real variation between strains. There-
fore, we considered only regions unique within the genome
or perfectly repeated. We compared these 26 locations with
other sequenced B. thuringiensis serovar israelensis strains, to
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Fig. 2. Examples of sequencing reads from SRR1174235 data confirming the inverted repeat and pBtic235-to-chromosome joins in the
B. thuringiensis serovar israelensis 4Q7 strain. (a) Reads confirming the inverted repeat join. Sequences of two reads extracted from the
SRR1174235 dataset for the 4Q7 strain are shown at the bottom. The corresponding BLASTn analysis against the B. thuringiensis serovar
israelensis HD1002 genome is indicated in the middle. Each splitting of a read (corresponding to the 2236245 and 3289716 bp positions
in HD1002) indicates the covalent join between two non-neighbouring template genome areas, shown at the top. Homology spots and
their links are indicated by red bars and arrows. The two reads shown were randomly selected from about 420 confirming this link. The
two sequences in the reads, non-adjacent in HD1002, are shown in italics and plain text. About 700 reads confirming the usual assembly
link, corresponding to 3289716bp in HD1002, for multiple B. cereus group genomes are also present in SRR1174235, but examples
are not shown. (b) Reads confirming the joins between the chromosome and the pBtic235 element. As in (a), two reads extracted from
SRR1174235 are shown at the bottom. The corresponding BLASTn analysis against the B. thuringiensis serovar israelensis HD1002
genome is indicated in the middle. Each splitting of a read indicates the covalent join between two non-neighbouring template genome
areas, shown at the top, with the chromosomal part on the right and the pBtic235 part on the left. Homology spots and their links
are indicated by red bars and arrows. The two reads shown were randomly selected from about 410 reads confirming the link. The
sequences in the reads corresponding to pBtic235 are underlined, and those corresponding to the chromosome are not underlined.
About 800 reads for pBtic235, and 900 reads for the chromosome, confirming the usual assembly for multiple B. thuringiensis serovar
israelensis genome structures are also present in SRR1174235, but examples are not shown.
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Fig. 3. Coverage of the pBtic235 sequence with reads generated from DNA from different strains The distribution images were copied
from the Tablet interface panel and have been modified slightly to improve readability. The reads for B. thuringiensis serovar israelensis
4Q7 strain samples (4Q7,,., 4Q7,. and 4Q7, ) and for the B. thuringiensis serovar israelensis ATCC 35646 strain, are shown from top
to bottom. The vertical scales are linear, and the values are not shown. The horizontal scale, in kb, is drawn below the figure. The
distribution for 4Q7,,. corresponds to the sequencing reads from SRR1174235 [1]. Distributions for 4Q7,., 4Q7 ,, and ATCC 35646 were
generated from the reads obtained in this study (accession numbers SRR11567778, SRR11565157 and SRR8474067, respectively).

reveal the variants specific to the studied samples of the 4Q7
strain. We found that 19 variants were present only in 4Q7
and, therefore, were acquired during its construction or main-
tenance, or were specific to the precursor, which is probably

the B. thuringiensis serovar israelensis 4Q2 or HD500 strain
[34, 35]. Twelve of these nineteen variants were present in
all three samples of 4Q7 studied and, thus, either appeared
during the construction of this strain or were present in its

Table 1. pBtic235 element copy number in different samples of B. thuringiensis serovar israelensis 4Q7 and in environmental strains (AM65-52, ATCC

35646 and BMP144)

Strain sample 4Q7 4Q7 4Q7IM AM65-52 ATCC 35646 BMP144

Plasmid reads 1903 671 698 236 416 587 202 988 830518 1070 076
Chromosomal reads 29299 563 10122752 5640 342 7914 340 26877 218 32319992
Plasmid copy number* 1.52 1.61 1.73 0.60 0.72 0.77

*Plasmid copy number was calculated as (plasmid reads/plasmid size)/(chromosomal reads/chromosomal size), where plasmid size is 235424
bp and chromosomal size is 5499731 bp.The data for the environmental strains were obtained from our previously published study [12].




Bolotin et al., Microbial Genomics 2020;6

Table 2. Summary of differences between the B. thuringiensis serovar israelensis BGSC 4Q7 strain and AM65-52

Variation in samples of Variation in other B. thuringiensis

4Q7*

serovar israelensis strains

AS - yes; KBC, JM - no

M - yes; KBC, AS - no

KBC, AS, JM - yes
KBC, AS, JM - yes

KBC, AS, JM - yes

AS - yes; KBC, JM - no
AS - yes; KBC, JM - no

AS - yes; KBC, JM - no

KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes
KBC, AS, JM - yes

KBC, AS, JM - yes

ATCC 35646, HD1002, HD789 - no

ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - yes
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - yes
ATCC 35646, HD1002, HD789 - yes
ATCC 35646, HD1002, HD789 - yes
ATCC 35646, HD1002, HD789 - yes
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - yes
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no
ATCC 35646, HD1002, HD789 - no

ATCC 35646, HD1002, HD789 - yes

Position in Nucleotide Amino acid

AM65-52 change change Annotation by RAST

50293 75bp del 25 aa del DNA-binding protein SpoVG

115294+ A>G Glu>Arg DNA-directed RNA polymerase beta
subunit

564011 T->del Frameshift Glycine betaine transporter OpuD

636259 AT->del No change Intergenic

875553 A>G Arg->His Hypothetical protein

1222626 C>G Ala>Pro BclA protein

1222630 C->G No change BclA protein

1222638 87bp del 29 aa del BclA protein

1355830 C>T Ser>Pro Bacitracin transporter BCRB

1529720 G>A No change Inner spore coat protein CotD

1529729 G>A No change Inner spore coat protein CotD

2764501 G>A Val->lle DedA family membrane protein

2860235 G>A No change Putative kinase

2958066 T>C Tle>Met Phosphohydrolase (MutT family protein)

3148593 A>C Tle>Arg Penicillin acylase II

3174075 A->del Frameshift Capsule biosynthesis protein CapA

3175718 T>C Asn->Ser MFS-type transporter YfkF

3229841 A>G No change Intergenic

3904125 C>T Met->Ile P-type Ca®*-transport ATPase

4018377 C>del No change Intergenic

4231259 G>C Ala>Pro Transcriptional regulator, AcrR family

4247985 G>T No change Intergenic

4573149 A->del No change Intergenic

4747124 9bp del 3 aadel VrrB protein

4787070 A>T Ile>Leu Sporulation kinase

4811263 A>C Asn->His Glycerate kinase

M - yes; KBC, AS - no ATCC 35646, HD1002, HD789 - no

KBC, AS, JM - yes ATCC 35646, HD1002, HD789 - no
KBC, AS, JM - yes

M - yes; KBC, AS - no

ATCC 35646, HD1002, HD789 - no

ATCC 35646, HD1002, HD789 - no

*Variations specific to a particular sample of the 4Q7 strain are underlined.

tRif* mutation in the B. thuringiensis serovar israelensis 4Q7 ,, sample.

precursor. Seven variants were also present in several other
B. thuringiensis serovar israelensis strains and, therefore, were
simply specific to AM65-52, used as a template for the read
alignment. Interestingly, seven other variants were present
in only one of the 4Q7 samples: three in 4Q7, and four in
4Q7,,. These variants probably arose during maintenance of
the strain samples, because the two samples were received
from the BGSC more than 25years ago. The 4Q7, , . sample
displayed no unique variation, presumably because it was
obtained from the BGSC very recently, specifically for the
genomic sequencing experiment [1]. The spontaneous muta-
tionat 115294 bp in 4Q7,,, confers the Rif* phenotype selected

for conjugation experiments. Three of the four variants in
the 4Q7, sample were located in the highly mutable BclA-
encoding gene, which contains many short repeats.

Sequencing of the 4Q7 , sample with nanopore
technology

In an effort to improve the assembly of the B. thuringiensis
serovar israelensis 4Q7 strain sequence, we generated long
sequencing reads for the 4Q7,,, sample with MinION tech-
nology (ONT). We generated an estimated 350 thousand reads
of 100 to 162755 bases in size (for the read size distribution
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see Fig. $3). The alignment of multiple reads with the assem-
bled contigs for the B. thuringiensis serovar israelensis genome
sequences indicated a mean identity of 95%, although similar
comparisons with other B. cereus group genomes revealed
identity levels of only 85-87% (not shown). An illustration of
ambiguities in the ONT reads that we used, relative to the Illu-
mina reads, is shown in Fig. S4. We first attempted to produce
a complete and clean 4Q7, , sequence with our set of available
ONT reads and cANU software [36], which was designed to
clean up assembled sequences using only error-prone long
reads. The software produced very small numbers of contigs
(no more than one), but estimation of assembled sequence
quality by comparison with available B. thuringiensis serovar
israelensis genomes nevertheless indicated an error level
of 0.5-1% (not shown), presumably due to a non-random
distribution of ambiguities in the reads. Alternatively, we
used both sets of data (Illumina and ONT) available for the
4Q7JM sample, and Unicycler software [21], which uses the
SPAdes algorithm [19], for the initial assembly graph, and
long reads for the resolution of assembly ambiguities. Use of
the entire set of ONT data generally resulted in the program
crashing or aborting, presumably due to multiple ‘co-cloning’
ambiguities in the long reads, which we estimated at about
2%. However, using cleaned data or randomly selected (for
example, by read-size interval) sets of about 50000 ONT
reads, we consistently obtained the reproducible assembly of
a linear chromosomal contig of 4865236 bp and a circular
235425bp element corresponding to pBtic235. ‘Consistently’
and ‘reproducible’ imply here that the use of several random
ONT read sets produced contigs of identical sizes. However,
as we demonstrated above in the analysis of read distributions
and search for relevant joins, the 553 kb terminal sequence of
the chromosomal contig should be duplicated, but the soft-
ware never automatically generated both of the joins required.
It was also unable to circularize the chromosomal contig.

An alignment of short Illumina reads over the chromosomal
part of the sequence and the pBtic235 element indicated
that the sequences of the B. thuringiensis serovar israelensis
4Q7,,, sample were slightly different from those 0f 4Q7, . and
4Q7 ,; close to the site of replication termination on the chro-
mosome and in the part of pBtic235 with overcoverage (Figs
S1and S2). In the chromosomal replication termination area,
the distribution for 4Q7,, - and 4Q7, revealed overcoverage
for one clear region of about 8 kb, which was absent from the
4Q7,, sample. Moreover, the Unicycler assembly generated
from Illumina data for one of these samples and ONT data for
4Q7,,, together yielded a linear chromosomal contig, slightly
variable in size, but about 4859 bp long, and a linear 8015bp
contig, absent from assembly for the 4Q7,,,. However, our
sequencing data could not resolve this area unambiguously
for any strain sample or join it to the rest of the chromo-
some assembly. Interestingly, this 8 kb contig contains a gene
encoding a RecQ-family helicase of potential relevance for the
maintenance of genome stability. This gene was absent from
the 4Q7,,, sample. Given that the 553kb inverted repeat is
located close to the replication termination area, we submitted
the 4865236 bp linear chromosomal and 235425bp circular

pBtic235 element contigs to the NCBI database under the
accession numbers CP051858 and CP051859, respectively,
as one of the best automatic assemblies of the B. thuringiensis
serovar israelensis 4Q7, genome obtained with the available
sequencing data.

Expert-assisted analysis of assembly graphs
suggests that there are linear forms of the 4Q7
genome

We were unable to obtain an unambiguous automatic
assembly of the region around the chromosomal replica-
tion termination site, even with the long reads provided by
ONT technology. Therefore, we performed a semi-manual
assembly graph analysis with Bandage software. Examples
of this analysis, for all three samples of the B. thuringiensis
serovar israelensis 4Q7 strain, are provided in Fig. 4. Bandage
can be used for the selection of concrete assembly pathways
from possibilities provided by an automatic assembler, taking
into account such information as read coverage, detaching
nodes (contigs) in situations in which multiple possible edges
(links) are suggested, and by using homology information to
guide solutions [26]. Thus, this software enables the expert to
choose the most probable unique assembly pathway. Based
on this analysis, we concluded that two of strain samples
analysed, 4Q7,, and 4Q7, , , have extremely similar, if not
identical, chromosomes (Fig. 4a, b). By contrast, 4Q7,, has
lost a small amount of DNA containing repeated sequences
in the vicinity of the chromosomal terminus of replication
(Fig. 4c). Moreover, the connection of the chromosomal part
of the assemblies to the pBtic235 element also differed greatly
between 4Q7IM and the other two samples (Fig. 5a, b, ¢, d).

For all strain samples, we found that assembly of the chromo-
somal part of the genome suggested the existence of a linear
form, presumably delimited by parts of the pBtic235 element
at the extremities. We observed no multiple read-through
ONT sequences that would provide a straightforward confir-
mation of chromosome circularization, providing indirect
support for the possibility of chromosome linearity. However,
additional direct reliable evidence is required before any firm
conclusions can be drawn on this point.

DISCUSSION

Our analysis of the available sequencing reads for the genome
of a model B. thuringiensis serovar israelensis 4Q7 strain
revealed an unusual read distribution, indicating the occur-
rence of unexpected major genome-restructuring events
during the construction or maintenance of this strain. We
demonstrate here that, in addition to the loss of plasmids,
prophages and a large (492kb) region of the chromosome
including the termination sequence for replication, the
B. thuringiensis serovar israelensis 4Q7 strain has undergone
several other chromosome-restructuring events. Our results
indicate that, in the 553 kb area extending from the 2745 to
3298kb positions in the reference genome B. thuringiensis
serovar israelensis AM65-52, genome sequencing coverage
for the 4Q7 strain gradually increases to twofold. We interpret
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Fig. 4. Bandage-assisted visualization of the assembly graphs and proposed resolution for the B. thuringiensis serovar israelensis 4Q7
genome. (a), (b) and (c) show the Bandage [26] visual presentation of the Bruijn graphs generated by the SPAdes assembler [19] for
the 4Q7,,., 4Q7,. and 407, samples, respectively. Curved grey, yellow and green lines, with thicknesses proportional to read coverage,
represent nodes (contigs). Only the part of genome close to the replication termination area and the connection to the pBtic235 element
node are shown. Thin black lines represent potential edges (links) that connect nodes, as proposed by the assembly software and
corrected following scrutiny by an expert. The results of expert intervention are shown from the left to the right graphs. The red and
black numbers on the cartoon on the left indicate the mean contig coverage and the number of reads supporting the edges proposed by
the software, respectively. The graphs furthest to the right correspond to the best assembly based on expert scrutiny. Grey closed curved
circular structures represent separate pBtic235 elements. The bacterial chromosome, thus, appears to be linear.
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Fig. 5. pBtic235 element-to-chromosome linkage on the genetic map of pBtic235. (a—c) Bandage presentation of assembly graphs for:
B. thuringiensis serovar israelensis 4Q7,, ONT reads assembled de novo with caNu (a), 4Q7,, lllumina reads assembled de novo with
SPAdes (b) and 4Q7, Illumina reads assembled de novo with SPAdes (c). Blue indicates the chromosome nodes, apart from the long
553 kb repeats, which are shown in green. In (b) and (c), the complex repeats, mostly corresponding to rRNA operons, are left unresolved.
The pBtic235 node is indicated in red. Dashed insets indicate enlargements of portions of assembly graphs close to the element-to-
chromosome connection. (d) A simplified genetic map of pBtic235 is shown on the right. Circles from the centre represent: 1, scale (0 to
235.4kb); 2, GC-skew; 3, G+C-content deviation from the mean; 4, CDS map; 5, coverage (black) with Illlumina reads for the 4Q7,,. sample;
6, coverage (blue) with Illumina reads for 4Q7,; 7, coverage (green) with lllumina reads for 4Q7 ,: 8, coverage (red) with ONT reads for
4Q7 . 9, scale and selected genetic markers for the plasmid-like module [13] of the element. For convenience, linear vertical value
scales are indicated for each read distribution. The same read distributions are presented in linear form on the left. Dashed lines indicate
the correspondence of regions with overcoverage in the linear and circular presentations of the distributions. The regions are identical
for 4Q7,, and 4Q7,,. Dashed arrows show the location of element-to-chromosome linkages confirmed with multiple sequencing
reads. Note the gradual increase in coverage at around 150 and 100kb, for the 4Q7 , and 4Q7,., and 4Q7,,. samples, respectively,
presumably due to the use of different active origins of replication. For 407, , the distribution corresponds to the sequencing reads from
SRR1174235 [1]. The distributions for 4Q7,, and 4Q7 , were generated from the reads obtained during this study (SRR11567778 and
SRR11565157). NGS, Next Generation Sequencing.
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this as indicating the occurrence of a duplication, resulting
in a very long inverted repeat. In addition to the deletion of
three putative prophages, each about 40kb long, this dupli-
cation probably equalizes the sizes of the two chromosomal
replichores, each extending from the replication origin to the
new replication termination area.

The 492 kb deletion removes the region corresponding to the
chromosomal replication termination site in the precursor
strain, which has been formally defined as an area of GC-skew
sign switching [32]. It is unclear how this loss is function-
ally compensated in the B. thuringiensis serovar israelensis
4Q7 strain. We suggest that replication is terminated at
several different sites on the new chromosome, within the
duplicated region. An intriguing hypothesis concerns the
possible role of the extrachromosomal element pBtic235 in
the termination of chromosomal replication, given that this
element encodes its own replication termination protein and
XerC recombinase, and the corresponding genes are located
close to the border with the region displaying overcoverage
during sequencing (corresponding to 225kb; Fig. 3). The
read distributions over the pBtic235 element are different
between the three 4Q7 strain samples studied and the envi-
ronmental strain ATCC 35646, which contains the standard,
albeit incomplete, natural B. thuringiensis serovar israelensis
plasmid set (environmental strain ATCC 35646 lacks the
toxin-encoding plasmid, pBtoxis). We detected multiple
reads joining the bacterial chromosome and the DNA of the
pBtic235 element (Figs 2b and 5). However, it is impossible
to determine, from our data, whether pBtic235, or part of
this element, was simply integrated into the chromosome.
Moreover, a recent publication reported that 4Q7 could be
cured of this element, and pBtic235 was itself identified as a
separate band on gel electrophoresis [13]. A natural B. thur-
ingiensis serovar israelensis strain was also recently sequenced
and found to lack a pBtic235 element [37]. Further studies of
4Q7 and strains similar to GSX002, the 4Q7 derivative cured
of pBtic235 [13], should provide an explicit model for the
complete genome structure and termination of chromosomal
DNA replication in these strains.

Formally, our identification of reads connecting the chro-
mosomal and pBtic235 element contigs can be illustrated
by a Bandage analysis of the Bruijn graph corresponding to
SPAdes de novo assembly (Fig. 4). The optimized automatic
assembly of short Illumina reads provides a complex picture,
with nodes that are clearly of double width, corresponding to
the doubling of coverage. The node corresponding to pBtic235
is connected to this structure in the form of a loop, suggesting
that there are reads joining them. The manual optimization
of assembly, with Bandage, and the splitting of this node with
double coverage into two and the detachment of pBtic235,
result in a fairly good assembly of the chromosome, albeit
different in the 4Q7,,, strain variant and the others, 4Q7,
and 4Q7_ . (Fig. 4¢).

KBC
We currently consider the best assembly of the data for the

B. thuringiensis serovar israelensis 4Q7,, sample obtained,
at least in terms of reproducibility, to be that obtained by
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the automatic application of Unicycler software to different
partial sets of the ONT data and all the Illumina data. This
conclusion is supported by the finding that the 4Q7,, and
4Q7,, samples are clearly different from the 4Q7 sample.
We interpret these differences between samples to be due to
rapid evolution of the genome of this strain. The assembly for
the 4Q7, sample lacks the 8015 bp contig and several smaller
contigs, but there are also several other small differences
between the sequenced samples. The proposed version of the
genome assembly is sufficient for many practical purposes
involving the experimental use of this strain. However, studies
of the rapid evolution of genome structure, including other
experimental methods, such as PFGE, would be required to
infer the correct, stable sequence.

The issues of chromosomal replication termination in
B. thuringiensis serovar israelensis strains and the rela-
tionship with the enigmatic pBtic235 element remain
intriguing. This non-integrated prophage [13] is the only
extrachromosomal element persisting in the 4Q7 strain
with no obviously profitable function for the host, after
multiple treatments [12, 14]. This element can be removed
by targeted elimination [13]. Interestingly, a component
of the chromosomal replication termination model, an
analogue of the Bacillus subtilis protein Rtp, which is thought
to be the functional counterpart of the E. coli protein Tus in
Gram-positive bacteria [38, 39], does not seem to exist in
the B. cereus group. However, pBtic235 encodes a protein,
BTF1_31667, displaying some similarity (48% identity)
to Rtp [13]. It could be speculated that pBtic235 provides
the chromosome with a means of terminating replication,
as we detected an association of the chromosome with
pBtic235. Slight over-replication was observed, in the form
of a higher than average coverage of the genome in terms
of the number of sequencing reads in the vicinity of this
gene (Fig. 5d). If this protein plays an important role, then
the chromosomal Rtp function should also be replaced by
another protein in the B. cereus group. Likely candidates
for this protein would include RecQ-family proteins, such
as that encoded by the AND24642 locus in B. thuringiensis
serovar israelensis AM65-52. A similar gene is also present
at a similar chromosomal site, close to the site of replication
termination, in B. subtilis (accession no. NP_389803), but
this gene has not yet been implicated in the termination of
replication.

Only 12 of the 26 minor variations between studied 4Q7
samples and AM65-52 genomes detected appeared to have
arisen during the curing of plasmids, as they differed from
other sequenced B. thuringiensis serovar israelensis strains
and were common to all 4Q7 samples. Seven other variants
were due to strain sample maintenance or other manipula-
tions, as they were unique to one of the three samples used.
The 4Q7,,. sample contained only variants common to the
other two 4Q7 samples. It should, therefore, correspond
to the strain sample in the BGSC collection. The list of
mutated genes and the nature of the amino-acid changes
encoded did not indicate that any of these mutations would
be likely to provide 4Q7 with new properties. Therefore,
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we assume that only the genome-restructuring events were
likely to have played an important role in adaptation to
plasmid-curing conditions.

The natural occurrence of long inverted repeats close to
the replication termination site in bacteria with circular
chromosomes appears to be rare, based on a recent analysis
of 1373 sequenced genomes [40]. According to the authors,
among bacteria that had not been manipulated artificially,
this property was found only in the branch of Lactobacillus
delbrueckii designated subsp. bulgaricus.

In the case described here, the B. thuringiensis serovar
israelensis 4Q7 strain was not selected for this property,
although the treatment of its precursors would certainly
have impaired plasmid replication, and the curing of natu-
rally acquired plasmids was tested in these precursors. The
most intriguing features of this strain are the large size of
the repeats (553 kb, versus only 38 kb in L. delbrueckii subsp.
bulgaricus [40]) for each copy of the duplicated region, and
the loss of its natural replication termination machinery,
for which the dif and xerCD genes were probably the most
important elements [32]. The aforementioned analysis of
1373 genomes [40] dealt only with deposited assemblies
and not with raw sequencing data. We investigated the
B. thuringiensis and B. cereus genomes further, by applying
a read alignment protocol to a set of 91 raw sequencing
reads for B. thuringiensis and 480 for B. cereus, using the
B. thuringiensis serovar israelensis AM65-52 chromosome
as the alignment template. We were able to detect only one
set of reads, DRR002381, in BioSample SAMD00015926,
corresponding to the B. thuringiensis LDC-391 strain,
which is cytotoxic to human cancer cells [2, 3], indicating
that this strain may also carry a large genomic duplica-
tion in the vicinity of its replication termination site (Fig.
S5). This analysis is very preliminary but, nevertheless, it
suggests that the duplication event reported here is rare, but
not unique, in the genomes of the B. cereus group.

The full impact of structural changes to the genome on
bacterial physiology and virulence in B. thuringiensis
serovar israelensis 4Q7 remains unclear, but several poten-
tial consequences can be foreseen. First, the deletion of the
prophage region 2 (3307 to 3451 kb in AM65-52), previ-
ously characterized under the name phIS3501 [14, 41],
leads to the formation of intact gene for the haemolytic
toxin HIyIl. The stable deletion of this prophage, therefore,
leads to the formation of a potentially important virulence
factor gene. In addition, the 553 kb duplication described
here encompasses the gene encoding the Nhe toxin, another
known virulence factor [42]. Hence, the duplication would
lead to a proportional increase in gene expression and, thus,
in virulence related to this factor. In addition, B. thuring-
iensis serovar israelensis 4Q7 and the natural strains of
this lineage appear to have a very different chromosomal
gene content, as shown by the previously detected 492 kb
deletion [1]. Conclusions about the behaviour of this strain
when used as a model for physiological or virulence studies,
therefore, should be drawn and interpreted with caution.

13

Funding information
A. B. and A. S. were supported by the French Agence Nationale de la
Recherche (ANR) — grant ANR-12-ADAP-0018 (project PathoBactEvol).

Acknowledgements

We thank the INRA MIGALE bioinformatics platform (http://migale.
jouy.inra.fr) team for providing us with access to computing facilities
and software. We thank Professor J. Mahillon for providing us with a
sample of the B. thuringiensis serovar israelensis 4Q7 strain. We thank
Alex Edelman and associates for editing the manuscript.

Author contributions

Conceptualization, A. B., D. L., A. S,; data curation, A. B., B. Q., H. R., A.
S.; formal analysis, A. B, B. Q., A. S.; funding, AB., M. G, D. L., A. S.;
investigation, A. B, B.Q., H. R, A. S.; methodology, A. B, B.Q., H.R,, A. S.;
software, A. B., B. Q., H. R, A. S,; resources, A. B, B.Q, H. R, D. L., A.S;
visualization, A. B., A. S,; supervision, H. R,, M. G., D. L., A. S,; validation,

A.B. B.Q., H.R,A.S,; manuscript preparation — original draft, A. B. and
A. S.; manuscript preparation — review and editing, A. B, H. R., M. G., D.
L, A S

Conflicts of interest
The authors declare that there are no conflicts of interest.

Ethical statement
No experiments were performed on humans or animals.

References
1. Jeong H, Park S-H, Choi S-K. Genome sequence of the acrystallif-
erous Bacillus thuringiensis serovar israelensis strain 4Q7, widely
used as a recombination host. Genome Announc 2014,2:e00231-14.

2. Poornima K, Saranya V, Abirami P, Binuramesh C, Suguna P et al.
Phenotypic and genotypic characterization of B.t.LDC-391 strain
that produce cytocidal proteins against human cancer cells. Bioin-
formation 2012;8:461-465.

3. Poornima K, Selvanayagam P, Shenbagarathai R. Identification
of native Bacillus thuringiensis strain from South India having
specific cytocidal activity against cancer cells. J Appl Microbiol
2010;109:348-354.

4. Raymond B, Federici BA. In defense of Bacillus thuringiensis, the
safest and most successful microbial insecticide available to
humanity - a response to EFSA. FEMS Microbiol Ecol 2017;93:fix084.

5. Ben-Dov E. Bacillus thuringiensis subsp. israelensis and its dipteran-
specific toxins. Toxins 2014;6:1222-1243.

6. Margalit J, Dean D. The story of Bacillus thuringiensis var. israelensis
(B.t.i.). J Am Mosq Control Assoc 1985;1:1-7.

7. Otieno-Ayayo ZN, Zaritsky A, Wirth MC, Manasherob R,
Khasdan V et al. Variations in the mosquito larvicidal activities of
toxins from Bacillus thuringiensis ssp. israelensis. Environ Microbiol
2008;10:2191-2199.

8. Monnerat R, Pereira E, Teles B, Martins E, Praga L et al. Syner-
gistic activity of Bacillus thuringiensis toxins against Simulium spp.
larvae. J Invertebr Pathol 2014;121:70-73.

9. Hu X, Hansen BM, Yuan Z, Johansen JE, Eilenberg J et al. Transfer
and expression of the mosquitocidal plasmid pBtoxis in Bacillus
cereus group strains. FEMS Microbiol Lett 2005;245:239-247.

10. Jensen GB, Wilcks A, Petersen SS, Damgaard J, Baum JA et al.
The genetic basis of the aggregation system in Bacillus thuring-
iensis subsp. israelensis is located on the large conjugative plasmid
pX016. J Bacteriol 1995;177:2914-2917.

11. Makart L, Gillis A Hinnekens P, Mahillon J. A novel T4SS-
mediated DNA transfer used by pX016, a conjugative plasmid
from Bacillus thuringiensis serovar israelensis. Environ Microbiol
2018;20:1550-1561.

12. Bolotin A, Gillis A, Sanchis V, Nielsen-LeRoux C, Mahillon J et al.
Comparative genomics of extrachromosomal elements in Bacillus
thuringiensis subsp. israelensis. Res Microbiol 2017;168:331-344.

13. Gillis A, Guo S, Bolotin A, Makart L, Sorokin A et al. Detection of the

cryptic prophage-like molecule pBtic235 in Bacillus thuringiensis
subsp. israelensis. Res Microbiol 2017;168:319-330.


http://migale.jouy.inra.fr
http://migale.jouy.inra.fr

Bolotin et al., Microbial Genomics 2020;6

20.

21.

22.

23.

24.

25.

26.

27.

28.

Gillis A, Fayad N, Makart L, Bolotin A, Sorokin A et al. Role of
plasmid plasticity and mobile genetic elements in the entomopath-
ogen Bacillus thuringiensis serovar israelensis. FEMS Microbiol Rev
2018;42:829-856.

Doggett NA, Stubben CJ, Chertkov O, Bruce DC, Detter JC et al.
Complete genome sequence of Bacillus thuringiensis serovar
israelensis strain HD-789. Genome Announc 2013;1:e01023-13.

Johnson SL, Daligault HE, Davenport KW, Jaissle J, Frey KG et al.
Complete genome sequences for 35 biothreat assay-relevant
Bacillus species. Genome Announc 2015;3:e00151-15.

Dohm JC, Lottaz C, Borodina T, Himmelbauer H. Substantial
biases in ultra-short read data sets from high-throughput DNA
sequencing. Nucleic Acids Res 2008;36:e105.

Minoche AE, Dohm JC, Himmelbauer H. Evaluation of genomic
high-throughput sequencing data generated on Illumina HiSeq and
genome analyzer systems. Genome Biol 2011;12:R112.

Bankevich A, Nurk S, Antipov D, Gurevich AA, Dvorkin M et al.
SPAdes: a new genome assembly algorithm and its applications to
single-cell sequencing. J Comput Biol 2012;19:455-477.

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J et al. The
Sequence Alignment/Map format and SAMtools. Bioinformatics
2009;25:2078-2079.

Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: resolving bacte-
rial genome assemblies from short and long sequencing reads.
PLoS Comput Biol 2017;13:e1005595.

Wattam AR, Davis JJ, Assaf R, Boisvert S, Brettin T et al. Improve-
ments to PATRIC, the all-bacterial bicinformatics database and
analysis resource center. Nucleic Acids Res 2017;45:0535-D542.

Afgan E, Baker D, Batut B, van den Beek M, Bouvier D et al. The Galaxy
platform for accessible, reproducible and collaborative biomedical
analyses: 2018 update. Nucleic Acids Res 2018;46:W537-W544,
Milne |, Stephen G, Bayer M, Cock PJA, Pritchard L et al. Using
Tablet for visual exploration of second-generation sequencing
data. Brief Bioinform 2013;14:193-202.

Grant JR, Arantes AS, Stothard P. Comparing thousands of circular
genomes using the CGView comparison tool. BMC Genomics
2012;13:202.

Wick RR, Schultz MB, Zobel J, Holt KE. Bandage: interactive
visualization of de novo genome assemblies. Bioinformatics
2015;31:3350-3352.

R Core Team. R: a Language and Environment for Statistical
Computing; 2014. http://www.R-project.org

Markowitz VM, Chen I-MA, Palaniappan K, Chu K, Szeto E et al. The
integrated microbial genomes system: an expanding comparative
analysis resource. Nucleic Acids Res 2010;38:0382-D390.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42.

Rocha EPC. The replication-related organization of bacterial
genomes. Microbiology 2004;150:1609-1627.

Merrikh H, Zhang Y, Grossman AD, Wang JD. Replication-
transcription  conflicts in  bacteria. Nat Rev  Microbiol
2012;10:449-458.

Merrikh H, Machén C, Grainger WH, Grossman AD, Soultanas P.
Co-directional replication-transcription conflicts lead to replication
restart. Nature 2011;470:554-557.

Hendrickson H, Lawrence JG. Mutational bias suggests that repli-
cation termination occurs near the dif site, not at Ter sites. Mol
Microbiol 2007;64:42-56.

Cui T, Moro-oka N, Ohsumi K, Kodama K, Ohshima T et al. Escheri-
chia coli with a linear genome. EMBO Rep 2007;8:181-187.

Clark BD, Boyle TM, Chu CY, Dean DH. Restriction endonuclease
mapping of three plasmids from Bacillus thuringiensis var.
israelensis. Gene 1985;36:169-171.

Goldberg LJ, Margalit J. A bacterial spore demonstrating rapid
larvicidal activity against Anopheles sargentii, Uranotaenia ungicu-
lata, Culex univittatus, Aedes aegypti, and Culex pipiens. Mosq News
1977,37:355-358.

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH et al. Canu:
scalable and accurate long-read assembly via adaptive k-mer
weighting and repeat separation. Genome Res 2017;27:722-736.

Fayad N, Patino-Navarrete R, Kambris Z, Antoun M, Osta M et al.
Characterization and whole genome sequencing of AR23, a highly
toxic Bacillus thuringiensis strain isolated from Lebanese soil. Curr
Microbiol 2019;76:1503-.

Dewar JM, Walter JC. Mechanisms of DNA replication termination.
Nat Rev Mol Cell Biol 2017;18:507-516.

Wake RG. Replication fork arrest and termination of chro-
mosome replication in Bacillus subtilis. FEMS Microbiol Lett
1997;153:247-254.

El Kafsi H, Loux V, Mariadassou M, Blin C, Chiapello H et al.
Unprecedented large inverted repeats at the replication terminus
of circular bacterial chromosomes suggest a novel mode of chro-
mosome rescue. Sci Rep 2017;7:44331.

Moumen B, Nguen-The C, Sorokin A. Sequence analysis of induc-
ible prophage phlS3501 integrated into the haemolysin Il gene
of Bacillus thuringiensis var israelensis ATCC35646. Genet Res Int
2012;2012:543286.

Granum PE, O'Sullivan K, Lund T. The sequence of the non-
haemolytic enterotoxin operon from Bacillus cereus. FEMS Microbiol
Lett 1999;177.:225-229.

the world.

Five reasons to publish your next article with a Microbiology Society journal

1. The Microbiology Society is a not-for-profit organization.
2. We offer fast and rigorous peer review — average time to first decision is 4—6 weeks.
3. Our journals have a global readership with subscriptions held in research institutions around

4. 80% of our authors rate our submission process as ‘excellent’ or ‘very good".
5. Your article will be published on an interactive journal platform with advanced metrics.

Find out more and submit your article at microbiologyresearch.org.



http://www.R-project.org

	Long inverted repeats around the chromosome replication terminus in the model strain ﻿Bacillus thuringiensis﻿ serovar ﻿israelensis﻿ BGSC 4Q7
	Abstract
	Data Summary﻿﻿
	Introduction
	Methods
	Samples of the ﻿B. thuringiensis﻿ serovar ﻿israelensis﻿ 4Q7 strain and sources of raw sequencing data
	Data analysis and release

	Results
	Conflicts between the sizes of the ﻿de novo﻿ assembly of 4Q7 Illumina reads and complete genome sequences
	Template-assisted re-assembly of 4Q7 reveals considerable overcoverage of an area near the replication termination site
	Difference in read distribution corresponding to prophage pBtic235 in environmental and 4Q7 strains
	Single-nucleotide mutations and small deletions in samples of the 4Q7 strain
	Sequencing of the 4Q7﻿JM﻿ sample with nanopore technology
	Expert-assisted analysis of assembly graphs suggests that there are linear forms of the 4Q7 genome

	Discussion
	References


