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Abstract

We report the complete sequence and analysis of pFR260, a
novel megaplasmid of 260,595 bp from the Bacillus thuringi-
ensis strain INTA Fr7-4 isolated in Argentina. It carries 7 insec-
ticidal genes: 3 cry8 copies previously reported, 2 vip1, and 2
vip2. Also, it carries a gene encoding a putative atypical Cry
protein. These genes are arranged in a region of approxi-
mately 105 kbp in size with characteristics of a pathogenic-
ity island with a potential coleopteran-specific insecticide
profile. DNA strand composition asymmetry, as determined
by GC skew analysis, and the presence of a Rep protein in-
volved in the initiation of replication suggest a bidirectional
theta mechanism of replication. In addition, many genes in-
volved in conjugation and a CRISPR-Cas system were detect-
ed. The pFR260 sequence was deposited in GenBank under
accession number KX258624. ©2017 S. Karger AG, Basel

M.F.B.and R.O.Z. directed different aspects of this work but are equal-
ly credited authors.

Introduction

The Bacillus cereus group is a genetically related fam-
ily of Gram-positive, rod-shaped, spore-forming bacteria
showing different virulence spectra. Plasmid members of
this group have been involved in pathogenicity as they
harbor genes encoding different toxins that affect their
respective hosts, including mammals and arthropods.
This group includes the well-studied species B. anthracis
(the causative agent of anthrax), the opportunistic food-
borne pathogen B. cereus, and the enthomopathogen B.
thuringiensis. These species may have emerged from a
common ancestor through genetic rearrangements lead-
ing to acquirement of the pathogenic gene sets [Gonzalez
et al., 1981; Hu et al., 2009].

B. thuringiensis produces crystal parasporal inclusions
composed of insecticidal proteins (Cry/Cyt) in the sporu-
lation phase of its life cycle. In addition, some B. thuring-
iensis strains also produce vegetative insecticidal proteins
(Vip) which are secreted during vegetative growth. The
study of genomic sequences has revealed that the insecti-
cidal genes of B. thuringiensis localize generally in plas-
mids and can be organized in an arrangement regarded
as pathogenicity island (PAI) [He et al., 2011; Murawska
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Table 1. Summary of pFR260 properties

Property Value
Total size, bp 260,595
G+C, % 33.1
CDS, n 217
Coding density, % 67
Average gene length, bp 813
Transposition-related genes, n 25
Hypothetical proteins, n 23
Insecticidal genes, n 7

etal., 2013]. Crystals and soluble secreted proteins have a
high specificity against insect hosts and they have gained
importance worldwide as an environmentally safe alter-
native to chemical insecticides to control insect pests
[Sauka and Benintende, 2008]. The usefulness of these
proteins has also prompted the search for new B. thuring-
iensis isolates in order to identify and characterize insec-
ticidal proteins with new specificities. It is also important
to find alternatives to overcome the emergence of insect
genetic resistance, particularly in transgenic crops ex-
pressing B. thuringiensis genes. In recent years, due to the
introduction of revolutionary next-generation sequenc-
ing technology, a large number of genomes from B.
thuringiensis isolates have been sequenced [Doggett et al.,
2013; He et al,, 2011; Murawska et al., 2013] in order to
discover new insecticidal proteins useful for biocontrol of
agricultural pests and vectors of diseases.

B. thuringiensis INTA Fr7-4 is a strain isolated from a
soil sample from the province of Misiones, Argentina. It
produces ovoid crystals with different levels of toxicity to
Lepidoptera and Coleoptera [Amadio et al., 2013; Navas
et al.,, 2014]. We previously reported the complete se-
quence of 3 plasmids of this strain, named pFR12,
pFR12.5, and pFR55 according to their molecular weight
in kilo-base pairs [Amadio et al., 2009]. The 2 smallest
plasmids were classified as cryptic as they only encode
genes with an obvious function involved in their replica-
tion, while pFR55 encodes genes homologous to proteins
involved in a conjugative machinery. These plasmids
have in common the lack of an insecticidal gene. Never-
theless, we found 3 cry8 genes in this strain, although their
localization in the complete genome remains unknown
[Amadio et al., 2013; Navas et al., 2014]. The product of
one of these genes, i.e., Cry8Pa3 [Navas et al., 2014],
showed significant toxicity against the coleopteran pest of
cotton, i.e., Antonomus grcmdis. In this paper, we present
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the complete sequence and analysis of pFR260, a mega-
plasmid from B. thuringiensis INTA Fr7-4 that encodes
the 3 previously described cry8 genes of this strain. These
genes are arranged within a region along with genes en-
coding other virulence factors known to be toxic mainly
to coleopteran insects. This plasmid region exhibits fea-
tures of a PAI with a novel combination of insecticidal
gene homologs.

Results and Discussion

Overall Features of the pFR260 Megaplasmid

We have previously identified 3 cry genes (i.e., cry-
8Qa2, cry8Kb3, and cry8Pa3) in B. thuringiensis strain
INTA Fr7-4 and showed that each gene encodes a protein
able to produce crystals when it is expressed individually
in a recombinant acrystaliferous strain [Amadio et al,,
2013; Navas et al., 2014]. The 3 reported plasmids of this
strain do not contain any cry8 gene. To find the localiza-
tion of the cry8 genes, the genome of INTA Fr7-4 was se-
quenced using Illumina technology.

A de novo genome assembly was done using a Velvet
assembler [Zerbino, 2010] and the obtained scaffolds
were filtered to select those with sequences similar to
those of plasmids from B. thuringiensis deposited in Gen-
Bank. Four scaffolds that aligned at their ends with the
sequences of the cry8 genes were identified. The imple-
mented gap-closing strategy generated a unique scaffold.
The assembly corresponded to the complete sequence of
a circular plasmid of 260,595 bp with an overall G+C con-
tent of 33.1%. On the basis of its origin and length, the
plasmid was named pFR260. Table 1 summarizes the
main properties of the plasmid.

A total of 283 coding sequences (CDS) were identified
in pFR260 using the RAST v2.0 [Aziz et al., 2008] server,
while 250 CDS were annotated using the PROKKA [See-
mann, 2014] annotation tool. Each CDS was analyzed in-
dividually as described in the Experimental Procedures.
As a result, 217 CDS were annotated. Putative functions
were assigned to 123 CDS that had significant similarity
to proteins of other organisms. Sixty-nine CDS were pre-
dicted to encode proteins with similarity to hypothetical
proteins, while 25 CDS did not show similarity to report-
ed proteins. tRNA and rRNA were not found in the
pFR260 sequence.

Figure 1 shows a representation of pFR260 in which
the CDS follow an overall equivalent distribution in both
strands (52 and 48%). Only 67% (176,481 bp) of the
pFR260 length represents coding regions. This low per-
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Fig. 1. Circular representation of pFR260.
The inner circle represents the GC skew
[(G - C)/(G + C)], with positive values in
orange and negative ones in purple. The
second circle corresponds to the G+C con-
tent, with an average value of 33.1% as a
base line. The third circle contains only the
cry8-truncated insecticidal gene. The 2
outer circles represent the predicted genes
on both strands. Blue arrows: insecticidal
genes; red arrows: transposon-related
genes; and green arrows: CRISPR-cas
genes. The numbers in the outer circle cor-
respond to base pairs. The region high-
lighted in yellow represents the pathoge-
nicity island. Colors refer to the online ver-
sion only.
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centage of coding density is in agreement with other plas-
mid studies reporting low gene densities due to the exis-
tence of large intergenic regions or truncated genes [Bult
et al., 1996; Fraser et al., 1997].

Plasmid Replication

pFR260_072 encodes a protein homologous to repli-
cases (Rep) which are essential for theta-replicating plas-
mids [del Solar et al., 1998]. It shows 100% identity to an
RepX protein from pBTHD521-5, a plasmid from the B.
thuringiensis serovar indiana HD521 [Lietal., 2015]. The
RepX protein of pFR260 possesses the conserved tubulin
motif (GGGTGTG) involved in GTP binding that is nec-
essary for protein functionality. Tinsley and Khan [2006]
demonstrated that a mutation in this motif abolishes
pXOl1 replication in B. anthracis.

An analysis to predict the directionality and the repli-
cation origin of pFR260 was undertaken through a cumu-
lative GC skew [(G - C)/(G + C)] study [Grigoriev, 1998;
Necsulea and Lobry, 2007]. DNA strand compositional
asymmetry is used to identify bidirectional theta-replica-
tion origins by detecting a site with a pronounced switch

Sequence of the pFR260 Plasmid from
B. thuringiensis INTA Fr7-4

in the cumulative GC-skew, while plasmids replicating
through unidirectional theta or rolling circle mechanisms
have no such switch in their cumulative GC skew [Saillard
etal., 2008]. In pFR260, we observed a profile pointing to
a bidirectional theta mechanism [Arakawa et al., 2009]
(online suppl. Fig. 1; for all online suppl. material, see
www.karger.com/doi/10.1159/000451056) in which pos-
itive values are found along the leader strand and negative
ones correspond to the lagged chain. The cumulative GC
skew changes sign at the origin and terminus positions.
The potential replication origin is located at the coordi-
nate 86,321 (online suppl. Fig. 1), 523 bp away from the
3" terminus of repX. The GC skew can also be observed in
Figure 1 (with positive values in orange and negative ones
in purple; colors refer to the online version only), where
the change in positivity agrees with the mentioned pre-
diction. Furthermore, the region 40 bp upstream and
downstream from the putative replication origin is en-
riched with A+T (~74%), which is characteristic of many
replicative regions [Huang et al., 2006]. The high propor-
tion of A+T would facilitate the required strand opening
for replication [Rajewska et al., 2012].

] Mol Microbiol Biotechnol 2017;27:43-54
DOI: 10.1159/000451056

45

Color version available online

Downloaded by

ucL

144.82.108.120 - 1/17/2017 2:01:31 PM



Table 2. Conjugation-related genes encoded in pFR260

CDS Start  End Strand Product Length, Organism of origin Identity,
amino acids %
pFR260_058 64,146 64,430 - membrane protein 94 B. thuringiensis serovar morrisoni 97
pFR260_059 65,261 65,524 - membrane protein 87 B. thuringiensis serovar morrisoni 100
pFR260_066 70,705 72,465 - conjugal transfer protein TraG 586 B. cereus Q1 71
pFR260_069 78,062 78,331 - conjugal transfer protein TraG 89 B. cereus 98
pFR260_085 99,165 100,025 + Flp pilus assembly protein CpaB 286 B. cereus 99
pFR260_088 102,303 103,235 + membrane protein 310 B. thuringiensis serovar morrisoni 98
pFR260_093 104,985 105,530 + membrane protein 181 B. cereus AH1134 86
pFR260_094 105,527 106,150 + membrane protein 207 B. thuringiensis serovar morrisoni 98
pFR260_117 133,990 137,994 + membrane protein 1,334 B. thuringiensis serovar indiana 98
pFR260_121 143,477 143,860 + membrane protein 127 B. cereus 98
pFR260_127 147,108 148,253 + membrane protein 381 B. cereus 97

Most plasmids of the B. cereus group belong to the
pAMPI family of replicons, which follow unidirectional
theta replication [Bruand et al., 1993; Huang et al., 2006;
Wilcks et al., 1999]. There is a lack of information in the
available literature about plasmids from B. thuringiensis
replicating via a bidirectional theta mechanism.

Conjugation-Related Genes

In analyses of the mechanism of conjugation in plas-
mids of the B. cereus group, the genes responsible for the
DNA transfer are grouped in a plasmid region called tra
[Poluektova et al., 2008; van der Auwera et al., 2005]. This
region encodes proteins of the type IV secretion system
(T4SS) responsible of DNA transportation between cells.

In plasmid pFR260 we found some putative conjuga-
tion-related genes, which are listed in Table 2. We identi-
fied the TraG conjugal protein homolog of VirD4. In
Agrobacterium tumefaciens, VirD4 is involved in energy
coupling for DNA transfer in the plasmid conjugative
machinery [van der Auwera et al., 2005]. pFR260 also en-
codes a pilus assembly protein (CpaB) and 8 membrane
proteins that could be implicated in cell-cell contact.

Plasmids with functional conjugation systems encode
other proteins that take part in T4SS as VirD2, VirB1,
VirV1l, and VirB4. Homologs of these genes were not
found in pFR260, indicating that this plasmid does not
code for all proteins required for a complete conjugative
cell machine. However, we have reported a plasmid
(pFR55) in B. thuringiensis INTA Fr7-4 with a putative
complete conjugative machinery and described the genes
involved in the tra region [Amadio et al., 2009]. We spec-
ulate that the presence of plasmid pFR55 provides the
proteins needed to complete a conjugative cell machinery
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for pFR260 in B. thuringiensis INTA Fr7-4. pFR260 could
have lost those genes from its sequence without losing its
conjugating ability. Further experiments are required to
demonstrate the conjugation ability for the plasmids of
B. thuringiensis INTA Fr7-4.

CRISPR-Cas System

CRISPR (clustered regularly interspaced short palin-
dromic repeats) are found in approximately 45% of se-
quenced bacterial genomes and 84% of sequenced ar-
chaeal genomes (http://crispr.u-psud.fr/crispr/CRISPR-
database.php). The CRISPR-Cas system provides ac-
quired immunity against foreign genetic elements such as
plasmids and phages [Barrangou et al., 2007; Marraffini
and Sontheimer, 2008]. CRISPR are often adjacent to a
cas (CRISPR-associated) operon that encodes proteins
involved in acquisition of that foreign DNA into the
CRISPR loci and in the interference stage in an analogous
way to iRNA in eukaryotic organisms [Marraffini and
Sontheimer, 2010].

In pFR260 we identified a CRISPR/Cas system that
consists of 3 CRISPR loci and 9 cas genes, 7 of which are
comprised of an operon (online suppl. Fig. 2A). Each
CRISPR locus contains direct repeats separated by short
segments of spacer sequences of exogenous origin. For
example, in pFR260, CRISPR 2 contains 10 direct repeats
and 9 spacers 33 bp in length (online suppl. Fig. 2B).

There are 3 types of CRISPR/Cas systems depending
on the mechanism of interference of exogenous DNA and
the different cas genes found [Makarova et al., 2011]. Ta-
ble 3 shows the properties of cas genes present in pFR260
and their assigned functions. The CRISPR sequences
found in pFR260 belong to the type I subtype C system
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Table 3. CRISPR-associated genes encoded in pFR260 and their features

CDS Start End  Strand Product Length, Organism of Identi- Function [Horvath and Barrangou, 2010]
amino origin ty, %
acids
pFR260_039 39,736 39,960 - Csd2 (Cas7) 74 B. cereus 98 association with Cas5, Cas8, and mature
pFR260_040 40,741 41,079 - Csd2 (Cas7) 112 B. cereus F65185 98 RNA for interference with the invading DNA
pFR260_041 42,038 42,328 - Cas2 96 B. cereus 100 recognition of invading DNA and integrati-
pFR260_042 42,338 43,369 - Casl 343 B. cereus 99 on into a CRISPR locus
pFR260_043 43,366 44,025 - Cas4 219 B. cereus VD169 98 not determined
pFR260_044 44,015 44,875 - Csd2 (Cas7) 286 B. cereus 99 association with Cas5 and mature RNA for
pFR260_045 44,878 46,797 - Cas8 639 B. cereus VD156 99  interference with the invading DNA
pFR260_046 46,798 47,517 - Cas5 239 B. cereus 100 RNA endonuclease activity for processing of
the CRISPR transcript into a mature RNA
pFR260_047 47,686 50,115 - Cas3 809 B. cereus 99  helicase/endonuclease, dsSDNA degradation

due to the combination of the distinct subtype-specific
cas genes. A similar CRISPR/Cas subtype I-C system has
been described for B. halodurans [Nam et al., 2012a, b].
Sequences from CRISPR/Cas systems from B. thuringien-
sis are publicly available in databases, although none of
them has been studied functionally.

Comparison of the CRISPR/Cas system identified in
pFR260 with that of other B. thuringiensis plasmids re-
sulted in the identification of 2 plasmids with a similar
CRISPR/Cas subtype I-C system. The most similar ar-
rangement was detected in pBT1850294 from the B.
thuringiensis strain Bt185, the DNA sequences of which
show 97.6% identity on average with the 7 cas genes of the
pFR260 operon [Shu et al., 2009]. Considering insecti-
cidal genes, pBT1850294 also carries the cry8 genes
cry8Eal and cry8Fal. A similar cas gene arrangement was
detected in pBTHD521-5 from B. thuringiensis serovar
indiana strain HD521 [Li et al., 2015] with 5 genes ho-
mologous to those present in pFR260.

Insecticidal Genes

pFR260 harbors 7 insecticidal genes with sequence
similarity to toxins within 3 different classes, i.e., 3 cry8
genes, 2 vipl genes, and 2 vip2 genes. pFR260_163,
pFR260_170, and pFR260_212 encode the respective
proteins Cry8Kb3, Cry8Pa3, and Cry8Qa2, which have
been characterized previously [Amadio et al., 2013; Navas
etal., 2014].

Along with these genes, pFR260 also contains an ORF
encoding 182 amino acids with 50% identity to a frag-
ment covering part of domains 2 and 3 of toxin Cry8Ba
(accession No. WP_003305800). The finding of an appar-
ent remnant of a cry8 gene suggests the loss of part of the

Sequence of the pFR260 Plasmid from
B. thuringiensis INTA Fr7-4

gene during the evolution of pFR260. The present com-
position of the insecticidal genes could represent a dy-
namic state during the formation of new insecticidal
genes within the great diversity in toxins observed in B.
thuringiensis isolates. The fact that this remnant is located
close to CDS with possible roles in transposition implies
that transposition is the most probable mechanism to ex-
plain the insecticidal gene distribution in different strains
[De Maagd et al., 2003], which is consistent with previous
observations of B. thuringiensis insecticidal genes flanked
by transposase sequences [Mahillon et al., 1994; Palma et
al., 2014a]. Plasmid pBtoxis from B. thuringiensis serovar
israelensis [Berry et al., 2002] also presents insecticidal
gene remnants in correlation with a high number of
transposition-related genes. Overall, 12% of the complete
CDS of pFR260 and 57% of truncated genes presented
similarities to transposition-related genes, suggesting
that a considerable amount of DNA transposition has oc-
curred during the evolution of pFR260.

In addition to cry8 genes, pFR260_188 encodes a pro-
tein with an ETX_MTX2 conserved domain. This do-
main is present in some Cry toxins (Cry15, Cry23, Cry33,
Cry38, Cry45, Cry51, Cry60, and Cry64) from B. thuring-
iensis homologous to Lysinibacillus sphaericus toxins
[Berry, 2012] and to the epsilon toxin of Clostridium [Bo-
kori-Brown et al., 2011]. Proteins of this group are pre-
dicted to fold into 1 domain tertiary structure in contrast
to the 3 domain structures of most Cry proteins. How-
ever, the mechanism of action seems to be similar, includ-
ing pore formation [Adang et al., 2014]. The deduced
amino acid sequence of pFR260_188 has a predicted mo-
lecular weight of 36 kDa and displays its highest identity
(35%) with the mosquitocidal toxin Mtx2/3 from L.
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Fig. 2. Neighbor-joining tree showing the phylogenetic relation-
ship among different available Vip1 and Vip2 proteins. Vip3Aal
was included as the out group.

sphaericus [Berry, 2012]. An intraspecies comparison to
other Cry toxins featuring the ETX_MTX2 domain in
B. thuringiensis showed identity levels below 10%.

pFR260_173/pFR260_174 and pFR260_208/pFR260_
209 are homologous to the binary Vip, i.e., vip2/vipl
pairs, produced by B. thuringiensis isolates that are se-
creted during the vegetative growth phase. They repre-
sent 2 different vip2/vipl operons according to their ar-
rangement in tandem, similarly to genes of this group re-
ported previously [Chakroun et al.,, 2016]. It has been
proposed that the cytotoxic protein corresponds to Vip2,
while Vipl would be involved in receptor binding and
transportation of Vip2 to the cytoplasm of the cell [De
Maagd et al., 2003]. The predicted molecular weights are
according to those described for Vip1 and Vip2 proteins
[Palma et al., 2014b].

All Vip proteins from INTA Fr7-4 share an identity
lower than 68% with reported sequences. Vipl proteins
from B. thuringiensis INTA Fr7-4 were named Vip1-02
and Vip1-04 and have a predicted molecular weight of
around 97 kDa. They share an overall 85% sequence iden-
tity, with differences located mainly in the last 250 amino

48 ] Mol Microbiol Biotechnol 2017;27:43-54
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acids of the C-terminus, as observed by Shi et al. [2004]
for other Vipl proteins. Vip2 proteins from the INTA
Fr7-4 strain, named Vip2-02 and Vip2-04, possess a pre-
dicted molecular weight of 55 kDa. They share an overall
99% sequence identity, and the most variable region with
the reported Vip2 proteins is located in a 60- to 70-amino
acid region from the N-terminus.

Vip2Adl is the most similar protein to both Vip2 from
INTA Fr7-4 (Fig. 2), with a sequence identity of 74 and
73% with Vip2-04 and Vip2-02, respectively. It has been
isolated from Brevibacillus laterosporus [Boets et al.,
2004] with reported toxicity against coleopteran insects.

Vip1Bbl from the B. thuringiensis strain PS177C8 is
the most similar protein to Vip1-02 reported from other
isolates, with 68% identity, whereas ViplAa2 from the B.
thuringiensis strain PS31F2 is the most similar protein to
Vip1-04, with 67% identity. Both proteins are part of a
patent reporting 9 vip genes toxic to Lepidoptera and Co-
leoptera [Feitelson et al., 1999, 2003].

Pathogenicity Island

An important feature of pFR260 is the distribution of
the insecticidal genes within a ~105-kbp region that ex-
hibits most of the characteristics of a bacterial PAI as de-
fined by Hacker and Kaper [2000]. This includes: the
presence of all of the virulence factors of the strain; a high
content of genes or pseudo-genes related to mobility such
as integrases, transposases, and IS; the boundaries of the
PAI composed by directed repeats; the presence of pro-
teins related to secretion systems; and a total length of
around 10-200 kbp [Hacker and Kaper, 2000].

Focusing on the insecticidal genes within the PAI, we
reported previously that cry8Kb3 and cry8Pa3 are coded
in the same strand separated by ~5.6 kbp [Navas et al.,
2014]. One of the vip2/vip1 operons reported in this work
is located ~5 kbp downstream from the cry8Pa3 gene.
Therefore, cry8Kb3, cry8Pa3, vip2-02, and vip1-02 are all
coded in proximate distances on the same strand (Fig. 3).
On the opposite strand, ~44 kbp downstream, the vip2/
vipl-04 operon and the previously reported cry8Qa2
[Amadio et al., 2013] are located in a relative position
similar to that described for their homologs in the other
strand. The regions between cry8 genes and vip operons
are highly conserved. Between both vip operons
pFR260_188, the potential ETX_MTX2 domain toxin, is
coded. The region corresponding to the PAI in pFR260 is
highlighted in Figure 1 in addition to Figure 3.

Cry8 proteins with toxicity against coleopteran in-
sects, including Cry8Pa3 from B. thuringiensis INTA Fr7-
4 [Navas et al., 2014], have been reported [e.g., Asano et
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al., 2003; Oliveira et al., 2011; Shu et al., 2009]. The bi-
nary toxins Vip2/Vip1 have been found to have specific-
ity to Coleoptera [Arnaut et al., 2011; Bi et al., 2015; Fei-
telson et al., 2003; Schnepf et al., 2003; Shingote et al.,
2013; Warren, 1997]. These families of genes have been
observed to occur together [Hernandez-Rodriguez et al.,
2009]. In particular, Bi etal. [2015] described a B. thuring-
iensis strain toxic to Scarabaeidae larvae carrying a cry8
gene, a cry8-like gene, and a vip1/vip2 operon, but no de-
scription about the organization of these genes in the ge-
nome was given. On the other hand, most of the PAI de-
scribed for B. thuringiensis [He et al., 2011; Murawska et
al., 2013] include crylA, cryll, cry2A, and vip3A genes,
which are typical of Lepidoptera-specific strains. To our
knowledge, this is the first report of coleopteran-specitfic
genes (cry8 and vip2/vipl) grouped in a plasmid region
with characteristics of a bacterial PAI.

Another virulence factor present in this region of
pFR260 is the hemolysin BL, a tripartite well-character-
ized toxin typically found in B. cereus strains [Priiss et al.,
1999], although it has been demonstrated to occur in B.
thuringiensis strains as a pathogenic assistance factor
[Zhu et al., 2015]. pFR260_204, pFR260_205, and
pFR260_206 are located in the PAI (Fig. 3) and have 97,
99, and 98% identity to the hemolysin BL-binding com-
ponent, hemolysin BL lytic component L1, and hemoly-
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sin BL lytic component L2 from B. cereus, respectively.
This suggests the ability of B. thuringiensis INTA Fr7-4 to
produce a different hemolysin, which may contribute to
its pathogenicity.

As mentioned before, there are a high number of
mobile element-related genes in pFR260. Within this
~105-kbp region there is an enrichment of mobile ge-
netic elements, mainly in the insertion sequences (IS) of
the families 1S200/1S605, 1S3, and IS4. Both limits of this
region are flanked by direct repeats that are part of an
IS1341, which belong to the IS605 family [He et al., 2015].
A PAT acquired by recombinant events through I1S605 el-
ements has been reported for Helicobacter pylori [Censini
et al.,, 1996]. For this reason, the presence of IS605 in the
boundaries of the pFR260 PAI could be responsible for its
being acquired by lateral transfer.

Comparison of pFR260 with Related Plasmids

The sequence of pFR260 does not show a global simi-
larity with any plasmid reported to date. In a comparison
with databases sequences, partial similarities with plas-
mids of the B. cereus group could be detected. One plas-
mid of each species (B. thuringiensis, B. cereus, and B. an-
thracis) that yielded the best BLAST hit was selected for
an individual comparison with pFR260 (Fig. 4a—c).
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pIS56-285 from the B. thuringiensis serovar thuringi-
ensis strain IS5056 shows detectable similarity with 135 of
the 217 predicted proteins in pFR260 (Fig. 4a). The host
strain was isolated from soil in Biebrza National Park (Po-
land) and produces a quasicuboidal bipyramidal crystal
composed of CrylAb21 highly toxic to Trichoplusia ni
larvae. Similarly to pFR260, pIS56-285 carries a PAI that
differs in the class and number of insecticidal genes, con-
sisting of 2 c¢ryl, 2 cry2, and a vip3 gene, giving a lepi-
dopteran-specific profile [Murawska et al., 2013]. The re-
gion of ~105 kbp corresponding to the PAI in pFR260 is
less conserved than the rest of the plasmid (Fig. 4a). The
few alignments within this region correspond to trans-
posase genes and the tripartite hemolysin. The limits of
both plasmid PAIs are conserved, encoding transposases.
This comparison shows that the plasmid backbone is
moderately conserved while the PAIs are the most differ-
ent regions between them. The differences in the insecti-
cidal gene families found in pIS56-285 and pFR260 are in
agreement with the different specificity against different
orders of insects.

Figure 4b and c shows alignment between pFR260 and
the most similar plasmids from B. cereus and B. anthracis,
respectively. They are: pPER272 from the B. cereus strain
AHB820 and BAP1 from the B. anthracis strain H9401.
Overall, 75 and 83 of the 217 predicted pFR260 proteins
showed detectable similarity to those plasmids, respec-
tively, encoding mainly membrane proteins, trans-
posases, and hypothetical and conjugation-related pro-
teins.

The comparison analysis demonstrated that pFR260 is
a novel plasmid with similarities to other plasmids of the
B. cereus group and differences mainly in the PAI region
with potential coleopteran-specific insecticidal genes.

In conclusion, B. thuringiensis INTA Fr7-4 harbors at
least 4 plasmids - 3 of them are small plasmids previous-
ly reported and the fourth is a megaplasmid of 260,595
bp, i.e., pFR260, described in this study. It contains 217
CDS, 40% of which have an unknown function and 12%
of which are related to mobile elements. pFR260 is char-

Fig. 4. Comparison of pFR260 with related plasmids. Linear rep-
resentation of the pFR260 alignment with pIS56-285 (a; accession
No.NC_020384.1), pPER272 (b; accession No. DQ889678.1), and
BAPI (c; accession No. CP002092.1). Protein-protein similarities
(as determined by TBLASTX comparisons of the complete plas-
mids) are indicated by lines, with the strength of the match in-
dicated by the intensity of the color. Lines in blue indicate that a
match is made with the reverse complement of the sequence.
Color refers to the online version only.
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acterized by the presence of a ~105-kbp region with fea-
tures of a PAI, containing 3 cry8 genes, 2 vip1, and 2 vip2,
different from each other, and a gene encoding an ETX_
MTX2 domain protein that may represent a new insecti-
cidal protein family. This gene profile attributes a puta-
tive coleopteran-specific activity to the strain, and it is in
agreement with the toxicity against Anthonomus grandis
previously detected [Navas et al., 2014]. pFR260 repre-
sents a novel megaplasmid from B. thuringiensis species.

Experimental Procedures

Strain and DNA Preparation

B. thuringiensis INTA Fr7-4 was obtained from the IMyZA-
INTA bacterial collection. Total genomic DNA was purified as fol-
lows: a 100-mL overnight culture of B. thuringiensis INTA Fr7-4
in LB medium was centrifuged at 4.080 g for 15 min at 4°C and
resuspended in 10 mL TE buffer (10 mM Tris-HCl, 1 mM EDTA,
pH 8) containing 10 mg/mL lysozyme. After 20 min of incubation
atroom temperature, SDS and RN Ase A were added to a final con-
centration of 1% and 40 pg/mL, respectively. After incubation for
1 h at 37°C, 5 mL 5 M NaCl was added and mixed thoroughly.
Three milliliters of 10% CTAB (cetyl trimethylammonium bro-
mide) in 0.7 M NaCl was added, followed by incubation for 20 min
at 65°C. DNA was extracted twice with an equal volume of chlo-
roform/isoamyl alcohol (24:1). DNA was precipitated with 0.6 vol-
umes of isopropanol. A stringy white DNA precipitate was trans-
ferred to a tube containing 70% ethanol using a disposable inocu-
lating loop. This wash was repeated twice. The dried pellet was
dissolved in TE buffer.

Sequencing, Assembly, and Gap Closure

Total DNA from B. thuringiensis INTA Fr7-4 was sequenced
using a long jumping distance library of 8 kbp and 2 x 150 bp run
on a MiSeq Illumina apparatus. De novo assembly was performed
using Velvet [Zerbino, 2010]. The obtained scaffolds were ana-
lyzed using BLASTN to filter only those with similarities to plas-
mids deposited in the GenBank database. Within this set, we iden-
tified scaffolds aligned to the previously reported cry8 genes [Ama-
dio et al., 2013; Navas et al., 2014]. The sequences of these genes
were used to guide the assembly of selected scaffolds and gap clo-
sure resulting in a unique scaffold representing a plasmid. In silico
gap filling was performed with GapFiller 1.10 [Boetzer and Pirova-
no, 2012], and the remaining gaps were closed using a primer
walking strategy. Primers were designed using a function included
in the GAP4 program from the Staden Package [Staden et al.,
1999]. AccuPrime™ High-Fidelity Taqg DNA Polymerase (Invitro-
gen) was used for PCR following the manufacturer’s specifications.
The annealing temperature was calculated using FastPCR software
according to the thermodynamic properties of the primers [Kalen-
daretal., 2009]. PCR products were sequenced using an ABI3130x]
(Applied Biosystem) sequencer. Sequences obtained by the Sanger
chain termination method were assembled onto the scaffold using
GAP4.
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Sequence Annotation

Automated annotation was performed using PROKKA [See-
mann, 2014], which uses Prodigal [Hyatt, 2010] as a gene-finder
tool and BLAST [Altschul et al., 1997] to make an alignment when
comparing to a database. We also tested the RAST server [Aziz et
al., 2008] annotation tool, which uses Glimmer3 [Delcher et al.,
1999] for gene prediction and makes the function assignment in
comparison to FIGfams families. The results were integrated and
corrected manually in Artemis v16.0 [Rutherford et al., 2000].
Manual curation included the analysis of BLASTP hits for each
CDS against the GenBank, Uniprot, and PFam databases. Func-
tion was assigned if the CDS and the hit shared at least 30% amino
acid identity across at least 70% of the CDS length. CDS displaying
less identity were annotated as “hypothetical proteins”, whereas
those displaying sequence identity to a gene of unknown function
were annotated as “conserved hypothetical proteins”. The trun-
cated genes were defined on the basis of the criterion for function
assignment when the hit protein coverage was less than 70%. CDS
smaller than 40 amino acids and truncated CDS were discarded.

Toxin Genes Analysis

Toxin genes were identified using the BtToxin_Scanner tool
(http://bcam.hzaubmb.org/BtToxin_scanner). Multiple sequence
alignment was generated using ClustalX2 [Larkin et al., 2007]. The
model of amino acid change used to compute the distance matrix
was that of Jones et al. [1992], and the neighbor-joining method of
clustering of Saitou and Nei [1987] was used to construct the phy-
logenetic tree. TreeView was used to plot the rooted tree diagram
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