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Abstract: Bacillus thuringiensis (Bt) is a gram-positive and spore-forming bacterium that synthesizes
a wide diversity of proteins with insecticidal activity and which has demonstrated its potential and
safety as a biocontrol agent for more than four decades. However, several susceptible insect species
have been reported for evolving resistance, which demands screening for strains exhibiting novel
insecticidal properties. In this work, we performed the genome sequence analysis and insecticidal
characterization of a Bt strain designated Bt-UNVM_94, isolated from Argentina. Its genomic sequence harbours one coding sequence showing homology to the crystal protein Cry7Ga1 plus two
others showing similarity to Mpp2Aa3 (ETX/Mtx2) protein and a putative mosquitocidal protein
(NPP1). Cry7A and Cry7B are known to be distinctively active against some coleopteran and lepidopteran larvae, respectively. Spore-crystal mixtures used for SDS-PAGE analysis showed a band
corresponding to the predicted size of Cry7Ga-like protein (128 kDa). Bioassays performed also
with spore-crystal mixtures exhibited dual toxicity with 50% and 91% mortality against Cydia pomonella (Lepidoptera: Tortricidae) and Anthonomus grandis (Coleoptera: Curculionidae), respectively,
representing that we believe the first insecticidal activity report for a Cry7Ga-like protein. Screenings of novel Bt strains may provide proteins with novel insecticidal properties that can be used to
suppress insect resistance to the most used Bt-crops in agriculture.
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1. Introduction
Bacillus thuringiensis (Bt) is the best studied gram-positive entomopathogenic bacterium with many strains bearing plasmids that contain a wide variety of genes encoding
insecticidal proteins. This has bestowed Bt-based products as the most marketed microbial insecticides to date [1]. Crystal and cytolytic (Cyt) proteins are the best characterized
group of insecticidal proteins, and are synthesized during the stationary growth phase as
crystalline-parasporal inclusions showing toxicity against a wide range of invertebrates
[2–4]. Crystal proteins may be classified into several distinct groups according to their
homology and molecular structure [5]. The largest group is composed by the so-called
three-domain Cry proteins followed by Mpp, Tpp and other structural families including
Mpp2 (formerly Mtx2) and Tpp1/Tpp2 (formerly BinA/BinB) proteins typically produced
by Lysinibacillus sphaericus [6]. Three-domain Cry proteins are mainly toxic for lepidopteran, dipteran, coleopteran, hymenopteran larvae and nematodes [3,4,7]. These proteins
exhibit two different sizes of 70 to 130 kDa, generating smaller protease stable fragments upon proteolytic activation of their active forms [7,8]. L. sphaericus Tpp1/Tpp2, Mpp
and Mtx proteins are toxic against some dipteran larvae whereas Tpp and Mpp proteins
from Bt may be toxic for coleopteran and dipteran species [6].
Since Bt-based biopesticides were first commercialized in France around 1940 [9], the
identification of novel insecticidal genes encoding insecticidal proteins spanning wider
ranges of insect orders has been continuously increasing [10–12]. However, most of the Bt
strains and the insecticidal proteins used are known to be highly active against lepidopteran pests [13]. Strains showing toxic activity against coleopterans are limited and may
encode three-domain Cry7 proteins, which have shown distinct toxicity against some coleopteran (Cry7A) and lepidopteran (Cry7B) pests [3]. The finding of novel Bt strains producing different insecticidal proteins opens the possibility of discovering insecticidal proteins that could be used not only for controlling a wider range of insects but also for delaying insect resistance [14]. This work aimed to perform the genome sequencing and insecticidal characterization of a novel Bt strain, designated Bt-UNVM_94, isolated from
Cululú, Santa Fe province (Argentina).
2. Results
2.1. Strain Isolation and Characterization
Bt-UNVM_94 colonies exhibited the typical Bt morphology on nutrient agar with
matte-white colour, flat, dry and with uneven borders. Microscopic analysis revealed the
presence of Commassie-blue stained parasporal crystals (Figure 1A) that were later confirmed as rhomboidal-shaped crystals by using Scanning Electron Microscopy [15].
Protein patterns revealed that strain Bt-UNVM_94 produced a main band of 130
kDa that comigrates along with Cry1 and Cry4 bands from Bt svar. kurstaki (strain HD1)
and Bt svar. israelensis (strain HD-567), respectively (Figure 1B), which was consistent with
the predicted Cry7Ga-like molecular weight of 128 kDa.
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Figure 1. A) Morphological characterization of sporulated Bt-UNVM_94 strain. Parasporal crystals
were stained with Coomassie brilliant blue (1000 ) [16]. B) Electrophoretic analysis of crystal proteins of Bt strains. MW: molecular weight marker, lane 1: strain Bt-UNVM_94; lane 2: Bt svar.
kurstaki strain HD-1; lane 3: Bt svar. morrisoni strain tenebrionis DSM2803 and lane 4: Bt svar. israelensis strain HD-567. Black arrow marks Cry7Ga-like protein band.

2.2. Genome Sequencing and Analysis
The Illumina raw reads (>23 million) were trimmed and assembled into 43 contigs
totalling 6,136,970 bp, with a G+C content of 34,9%. Genome annotation was performed
with the NCBI Prokaryotic Genome Annotation Pipeline (2018 release) although it was
also annotated with RAST [17]. Annotated genome sequence contained 6,309 predicted
protein-coding genes plus 86 RNAs.
Bt-UNVM_94 harbours one CDS (coding sequence) showing 92% pairwise identity
with crystal protein Cry7Ga1 plus another CDSs showing 97% pairwise identity with an
Mpp (ETX/MTX2 family) pore forming protein from Bt (GenBank Accession Number
WP_065212007). This CDS also showed 42% pairwise similarity with Beta pore-forming
pesticidal protein Mpp2Aa3 at Bacterial Pesticidal Protein resource Centre [5]. Interestingly, we also found a third CDs showing 95% pairwise identity with a putative mosquitocidal protein from B. cereus (GenBank Acc. No. EEL19614).
The predicted gene encoding the Cry7Ga-like protein from strain Bt-UNVM_94 is
3,396 bp in size encoding an amino acid sequence of 1,131 residues and accounting for a
molecular weight of 128 kDa. This Cry7Ga-like protein sequence is identical in size and
molecular weight to the three domain Cry7Ga1 protein but showed a slightly longer Endotoxin_N conserved domain (InterPro ID IPR005639) with 12 ungapped amino acid residues (58-ISLLLNKLLSIL-69), located towards the N-terminus of the protein (Figure 2).
This Endotoxin_N domain has been described to participate into membrane insertion and
pore formation [2] whereas both domain Endotoxin_M (InterPro ID IPR001178) and Endotoxin_C (InterPro ID IPR005638) are widely accepted to be involved in receptor binding
[18]. This protein sequence also showed a Cry1Ac_D5 conserved domain (InterPro ID
IPR041587) toward the C-terminus. This conserved domain is found at the protoxin portion of some crystal proteins such as Cry1Ac [19].

Figure 2. Schematic representation of novel Cry7Ga-like protein from strain Bt-UNVM_94 and
reference Cry7Ga1 protein. Purple rectangles represent Pfam [20] conserved domains predicted
with InterProScan, namely: Endotoxin_N (N-terminal domain), conserved domain involved in
membrane insertion and pore formation, Endotoxin_M (central domain) and Endotoxin_C (Cterminal domain) involved in receptor binding. Cry1Ac_D5 domain is also showed towards the Cterminus. Identity graph represents pairwise identity over all pairs in the column (green 100%
identity, greeny-brown at least 30% and under 100% identity and red, below 30% identity). Red
rectangle depicts Endotoxin_N extension located at Cry7Ga-like protein. .

The Mpp coding sequence is 912 bp long and encodes a predicted protein sequence
of 303 amino acids with a molecular weight of 33 kDa. InterProScan search predicted a
putative signal peptide from residues 1 to 33 and an aerolysin-like ETX_MTX2 pore forming conserved domain from residues 84 to 290 (InterPro ID IPR004991).
The putative mosquitocidal protein CDs is 1,548 bp long and encodes a predicted
protein of 515 amino acids with a molecular weight of 57 kDa. Conserved domain search
with InterProScan showed a putative signal peptide sequence from residues 1 to 19, an
NPP1 necrosis inducing protein conserved domain (InterPro ID IPR008701) from residues
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50 to 253 and a RicinB_lectin_2 (InterPro ID IPR000772) conserved domain from residues
302 to 391.
No protein bands of 33 and 57 kDa corresponding to predicted Mpp or the mosquitocidal toxin, respectively, were observed in the SDS-PAGE gel (Figure 1).
2.3. Bioassays and Insecticidal Activity
Mixed spore-crystal suspensions of strain Bt-UNVM_94 exhibited dual toxicity with
50% and 91% mortality against C. pomonella (Lepidoptera: Tortricidae) and A. grandis (Coleoptera: Curculionidae), respectively.
3. Discussion
To date, Bt remains as the most successfully used bacterium for the biological control
of insect pests in agriculture. However, the most significant number of characterized Bt
strains and their insecticidal proteins have been reported to be active against lepidopteran
pests [13]. A smaller fraction of known Bt proteins have been described to show coleopteran toxicity, including: Cry3, Cry7 and Cry8 proteins [13]. Specifically, Cry7A and Cry7B
have been described for showing distinct toxic activity against coleopteran and lepidopteran larvae, respectively [3].
There was not any information available concerning the insecticidal activity or the
host range for Cry7G proteins from Bt. Strain Bt-UNVM_94 has shown dual toxicity
against both lepidopteran and coleopteran pests. The Mpp and Npp family proteins appear to have signal sequences and their corresponding bands do not appear in the SDS
PAGE analysis using Bt-UNVM_94 spore-crystal mixtures. As a result, we believe that the
toxicity data are likely to represent the first reported insecticidal activity for a Cry7G-like
protein (although we cannot rule out the other proteins in the observed insecticidal activity). Therefore, further studies need to be performed (e.g., by cloning and independent
expression) in order to determine the roles of each predicted protein in the insecticidal
activity of strain Bt-UNVM_94.
4. Materials and Methods
4.1. Bt Strain Isolation and Characterization
The Bt-UNVM_94 strain was isolated from soil samples collected in the province of
Santa Fe, Argentina, by following the methodology described by Palma (2015). The samples were obtained with a tubular soil sampler and consisted of ~20 g of soil. After collection procedure, samples were stored at 4 ºC in zip-lock bags until axenic isolation was
performed [21]. Each sporulated culture was then heat fixed onto a glass microscope slide
and stained with a Coomassie blue solution (0,133 % Coomassie Blue stain in 50 % acetic
acid) [16]. The identification of Bt-like parasporal crystals was performed by microscopic
examination The composition of Bt-UNVM_94 crystal proteins was determined by SDSPAGE following the procedure described by Pérez et al. (2017). Bt svar. kurstaki strain HD1, Bt svar. morrisoni strain tenebrionis DSM2803 and Bt svar. israelensis strain HD-567 were
used as reference [22].
4.2. DNA Purification, Sequencing and Genome Sequence Analysis
Total DNA isolation (chromosome and plasmids) was performed using the Wizard
genomic DNA purification kit (Promega) and purified DNA sequenced at Stabvida (Portugal) by using high-throughput Illumina sequencing technology with a genomic coverage of 1000  [23]. The raw Illumina reads obtained were first trimmed and assembled in
contigs by using Geneious R11 (www.geneious.com), with the de novo assembly tool and
default parameters. The resultant contigs were then analysed BLAST [24] using a customized non-redundant insecticidal toxin database. Genome annotation was performed with
the NCBI Prokaryotic Genome Annotation Pipeline (2018 release) although it was also
annotated with RAST [17]. Multiple sequence alignments and conserved domain searches
were performed using suitable tools included in Geneious R11 [25].
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4.3. Bioassays and Insecticidal Activity
The insecticidal activity of concentrated spore-crystal suspensions were assessed by
the diet incorporation method using neonate larvae of Cydia pomonella L. (Lepidoptera:
Tortricidae) and Anthonomus grandis B. (Coleoptera: Curculionidae) at concentrations of 5
and 1000 g/mL, respectively.
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