
R ESEARCH  ARTICLE

doi: 10.2306/scienceasia1513-1874.2023.077
ScienceAsia 49 (2023): 754–759

Characterization of a novel ETX/MTX2 domain-presenting
parasporal crystal protein from Bacillus toyonensis HSY140
strain
Yinghong Jina, Yiming Huanga, Jiali Hea, Yangyang Wanga, Yuquan Xub, Ruiping Wanga, Wenfei Zhanga,∗

a Ministry of Education Key Laboratory for Ecology of Tropical Islands, Key Laboratory of Tropical Animal and Plant
Ecology of Hainan Province, College of Life Sciences, Hainan Normal University, Haikou 571158 China

b Biotechnology Research Institute, The Chinese Academy of Agricultural Sciences, Beijing 100081 China

∗Corresponding author, e-mail: wenfei2007@163.com, wfzhang@hainnu.edu.cn
Received 14 Sep 2022, Accepted 4 Jul 2023

Available online 12 Oct 2023

ABSTRACT: The soil-derived Bacillus toyonensis HSY140 strain was found to produce parasporal crystalline inclusions.
Genome sequencing and annotation did not find the three-domain Cry (3d-Cry) and Cyt toxins, but a novel mpp23-
like gene (918 bp) containing an ETX/MTX2 domain was detected. Alignment and phylogenetic analysis revealed
that the translated Mpp23-like protein had the highest homology to Cry23Aa1 (now named Mpp23Aa1, AAA22333.1).
Cloning and expression of the mpp23-like gene into the acrystalliferous Bacillus thuringiensis BMB171 (cry−) generated
a recombinant strain able to produce elliptical parasporal crystals with the same shape as those of the HSY140 strain.
Finally, bioassay experiments indicated that the expressed Mpp23-like protein did not exhibit any activity to the
lepidopteran insects of Plutella xylostella, Helicoverpa armigera, and Spodoptera exigua and the dipteran insect of Aedes
aegypti. Altogether, we have characterized for the first time a new toxin, Mpp23-like protein, responsible for the
formation of crystalline inclusions in B. toyonensis HSY140 strain.
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INTRODUCTION

Bacillus thuringiensis (Bt), a Gram-positive, spore-
forming, and parasporal crystal-secreting bacterium,
has been successfully applied worldwide as a microbial
insecticide or bio-pesticide to reduce the amount of
chemical pesticides [1, 2]. Within the genus Bacillus,
Bt presents similarities to other species such as Bacillus
cereus, Bacillus anthracis, Bacillus toyonensis, and Bacil-
lus wiedmannii [3, 4]. Bt is a ubiquitous gram-positive,
spore-forming bacterium, generally known to produce
parasporal crystals through the transcription of cry or
cyt genes during the sporulation phase of its life cycle.

Cry proteins can be divided into different groups
according to their homology and structure. The largest
group of Cry toxins comprises the well-known three-
domain “classical” model whereas other Cry toxins
pertaining to the “non-three-domain” category be-
long to distinct groups such as binary (Bin) toxin,
ETX/MTX2 toxin, and aerolysin [5–7]. Cry toxins
(e.g., Cry15, Cry23, Cry45, and Cry64) show features
of the ETX/MTX2 family which includes the Mtx2
protein from Lysinibacillus sphaericus and the Clostrid-
ium epsilon toxin. At present, there are only a few
studies addressing the role and function of these Cry
proteins. Baum et al [8] reported the Cry51Aa2 toxin
(ETX/MTX2 type) showed a median lethal concen-
tration (LC50) of 72.9 µg/ml against Lygus hesperus.
Liu et al [9] discovered that 2 ETX/MTX2 type Cry tox-
ins had high insecticidal activity against Hemipteran
pests. Nevertheless, the characterization of Cry toxins

belonging to the ETX/MTX2 group remains largely
unexplored.

In this study, the HSY140 strain was isolated, and
the formation of parasporal crystals was further ob-
served by scanning electron microscope (SEM). To gain
insight into parasporal crystal inclusions of the HSY140
strain, its draft genome was further sequenced. Re-
markably, genome annotation and gene expression
analysis indicated that the parasporal crystals are en-
coded by a novel mpp23-like gene (918 bp) containing
an ETX/MTX2 domain. Further, bioassay experiments
helped us to explore the properties of this toxin protein.

MATERIALS AND METHODS

Strains and plasmids

The HSY140 strain was isolated from a soil sample
of Limushan National Forest Park in Hainan province,
China, and preserved at College of Life Sciences,
Hainan Normal University. This strain was incubated
in BP medium (0.3% beef extract, 0.5% peptone, 0.5%
NaCl, 1.5% agar, pH 7.0–7.2) at 28 °C for parasporal
protein preparation [10, 11]. The parasporal inclu-
sions were observed under the oil lens optical mi-
croscope and scanning electron microscope (SEM) as
previously described [12].

Escherichia coli DH5α and JM110 were used for
common transformation and nonmethylated recombi-
nant plasmids, respectively. All E. coli strains were
grown at 37 °C in Luria-Bertani (LB) medium (1.0%
tryptone, 0.5% yeast extract, 1.0% NaCl, pH 7.2–7.4)
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supplemented with 100 µg/ml ampicillin for plasmid
selection. The plasmid pSTAB (15 µg/ml), contain-
ing ampicillin and erythromycin resistance genes, was
used as E. coli/Bt shuttle vector [13–15]. An acrystal-
liferous Bt mutant strain BMB171 [16] was used as the
host strain for spore-crystal protein expression.

Genome sequencing and annotation

The strain HSY140 was cultivated in LB medium for 6 h
at 28 °C, and then its genomic DNA was extracted and
purified by using a commercial genomic DNA isolation
kit (Tiangen Corporation Ltd., Beijing, China). The
draft genome was sequenced at Shanghai Majorbio
Bio-pharm Technology Co., Ltd. (Shanghai, China)
with paired-end sequencing technology (HiSeq 4000,
Illumina, Inc., USA) and assembled with SOAP de novo
v2.04 [17]. The Rapid Annotation using Subsystem
Technology (RAST) server online was performed for
the genome annotation [18]. The 16S rRNA was
identified by using EzBioCloud server and compared
with 16S rDNA sequences (Bacteria and Archaea) de-
posited in the GenBank database by BLASTN [19]. The
translated genes were aligned with the COG database
[20, 21] using National Center for Biotechnology In-
formation (NCBI) Basic Local Alignment Search Tool
(BLAST) [22] to elaborate their putative function. The
phylogenetic analysis with the genome sequences of
the HSY140 strain and several nearby neighbor species
downloaded from NCBI was performed using an or-
thologous average nucleotide identity tool (OAT) [23].

Bioinformatic analysis of the putative toxin
sequence

A stand-alone BLAST was applied to identify Bt toxins
of the HSY140 strain by searching against the com-
prehensive Bt toxin protein database, whose amino
acid sequences were downloaded from Bacterial Pes-
ticidal Protein Resource Center (https://www.bpprc.
org) [24]. The phylogenetic tree was constructed
by the neighbor-joining method using MEGA 11 with
1000 boot-strapping replications [25]. Signal pep-
tides and conserved domains were predicted using
the SignalP 5.0 tool [26] and InterPro database [27],
respectively. Based on the bioinformatic analysis, the
putative toxin encoded by orf_4894 gene was named
Mpp23-like, and the amino acid sequence of the toxin
was submitted online to SWISS-MODEL workspace to
model the three-dimensional space structure [28].

Molecular cloning and expression of the
mpp23-like gene

The mpp23-like gene was amplified by Polymerase
Chain Reaction (PCR) from the HSY140 strain ge-
nomic DNA using primers with a Pst I site added
to the forward primer (5′-aagcgtcgacGAT AAA GGA
GGA TTT ACA ATG ACAG-3′) and an EcoR I site
added to the reverse primer (5′-gacgggatccTTA ACT

Table 1 Genome properties and statistics of the HSY140
strain.

Feature Value

Genome size (bp) 6,603,054
DNA scaffold (bp) 753
DNA G + C content (%) 35.18
DNA coding (bp) 5,502,193
Scaffold N50 length (bp) 23,269
Total gene 7,539
Protein coding gene 7,383
RNA gene 156
Gene with function prediction 5406
Gene assigned to COG 5101
Gene with Pfam domain 4121
Gene with signal peptide 698
Gene with transmembrane helix 1918
CRISPR repeat 2

ATA AAT AGG GAT AGG TGA AC-3′). The fragment
was cloned into the shuttle vector pSTAB under the
control of cyt1A gene promoters and the STAB-SD sta-
bilizer sequence [29]. The recombinant plasmids were
demethylated by transformation into E. coli JM110.
Purified plasmids from this strain were then electropo-
rated into the acrystalliferous B. thuringiensis BMB171
strain (cry−) for protein expression. Positive clones
were confirmed by PCR and sequenced. The method
for Mpp23-like protein expression, extraction, and
quantitative analysis from the recombinant strains was
performed as described previously [30].

Bioassay

The spore-crystal pellets were harvested and washed
3 times with ice-cold 0.5 M NaCl containing 1 mM
phenylmethylsulfonyl fluoride (PMSF) [10, 31]. Then
the proteins were separated by Sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE).
The insecticidal activity of the Mpp23-like protein was
tested against second instar lepidopteran larvae of
Plutella xylostella [12], Helicoverpa armigera [32, 33],
and Spodoptera exigua [34, 35] and fourth instar lar-
vae of Aedes aegypti [30, 36] following the procedure
described previously [12].

Nucleotide sequence accession number

The Whole Genome Shotgun project has been de-
posited at GenBank under the accession with BioPro-
ject ID PRJNA856049.

RESULTS AND DISCUSSION

General features and draft genome sequence of
the HSY140 strain

Bacillus sp. HSY140 strain was isolated from soil sam-
ples based on parasporal crystals production observed
under the oil lens optical microscope (Fig. 1a). The
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Fig. 1 Spores (SP) and parasporal crystals (PCI) of HSY140 strain observed under (a) the ×100 oil lens optical microscope
and (b) the scanning electron microscope.

Fig. 2 Phylogenetic analyses of nine genomes of Bacillus sp. HSY140 strain and representative related Bacillus species by OAT.
The genomic sequences of B. cereus ATCC 14579 (NC004722), B. thuringiensis serovar kurstaki strain HD-1 (CP004870),
B. thuringiensis serovar israelensis strain 4Q7 (JEOC01000001), B. wiedmannii strain FSL W8-0169 (LOBC01000001),
B. toyonensis BCT-7112 (NC022781), B. mycoides strain ATCC 6462 (CP009692), B. licheniformis ATCC 14580 (CP000002),
and B. subtilis strain 168 (NC000964) were downloaded from NCBI for phylogenetic analysis.
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Fig. 3 The simulated spatial 3D structure and phylogenetic tree of Mpp23-like toxin. (a) Cry23Aa1 (PDB4rhz.1.A) selected
as a model for homology modeling in SWISS-MODEL. α-helices are depicted in red, and β-sheets are in green. (b) The
phylogenetic tree constructed by MEGA 11 using a neighbor-joining method with a bootstrap of 1,000 replications.

elliptical parasporal crystals and adherent spores were
further examined by SEM (Fig. 1b).

In order to identify the gene responsible for syn-
thesis of parasporal crystalline inclusions, genomic
DNA of the HSY140 strain was isolated and sequenced
by a high-throughput sequencing technology. The draft
genome revealed a total length of 6,603,054 base pairs
(bp) with an average coverage depth exceeding 200×
and an average GC content of 35.18% (see Table 1 for
full list of HSY140 strain features).

Blast search against the GenBank database showed
that the 16S rRNA gene sequence of the HSY140
strain was 99% identical to more than 20 sequences
of members of the Bacillus genus such as B. toyonensis
BCT-7112, B. thuringiensis ATCC 10792, and B. cereus
ATCC 14579. The phylogenetic tree was constructed
with the whole genome sequences of HSY140 strain
neighbor species using the OAT tool. Strikingly, results
revealed that the HSY140 strain shared high similarity
(96.67%) with B. toyonensis BCT-7112 (Fig. 2). Ac-
cording to current bacterial taxonomy, the HSY140
strain may belong to the species of B. toyonensis given
their average nucleotide identity (ANI) > 95% [23].

Identification of paraporal crystal gene with
ETX/MTX2 domain

To identify the gene responsible for the formation
of parasporal inclusions, gene prediction and anno-
tation were performed using BLAST searches against
the comprehensive Bt toxin protein database. BLAST
results revealed the protein encoded by the orf_4894
gene (918 bp) was identical to one putative cry toxin,
which was most similar to the known Cry23Aa1 toxin
(now named Mpp23Aa1; Percent identity: 26.2%;
Query Cover: 77%) [24]. Additionally, it also con-
tained an ETX/MTX2 domain (PF03318) located at
residue positions 46-280. Considering all these char-
acteristics, we named this new toxin Mpp23-like, a
protein consisting of 305 amino acid residues with
a molecular mass of 31.91 kDa without the signal
peptide.

With a Top score of 0.60 at GMQE (Global
Model Quality Estimate), Cry23Aa1 (Protein Data
Base: 4rhz.1.A) was used as the template for modeling
and building a homology model of Mpp23-like online.
Data regarding the three-dimensional (3D) structure of
both proteins showed some differences in the α-helix
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Fig. 4 Expression of Mpp23-like toxin gene. (a) Scanning
electron micrograph of recombinant B. thuringiensis BMB171
strains producing Mpp23-like (SP, Spores; PCI, parasporal
crystals). (b) SDS-PAGE analysis of Mpp23-like gene ex-
pressed in recombinant B. thuringiensis BMB171 strains.
Lane PM, the protein molecular weight marker (Sangon
Biotech, Shanghai, China); lane BMB171, the acrystalliferous
strain; lane Mpp23-like, the recombinant strain. Mpp23-like
proteins are indicated by arrows at 32 kDa.

between Cry23Aa1 and Mpp23-like proteins (Fig. 3a).
Results obtained from the constructed phylogenetic
tree indicated that this Mpp23-like protein was most
closely related to Cry23Aa1 (Fig. 3b).

Mpp23-like protein expression and bioassay

The mpp23-like gene was cloned into the vector of
pSTAB, and the purified plasmids were further elec-
troporated into the acrystalliferous B. thuringiensis
BMB171 (cry−) to allow protein expression. Recom-
binant strains were found to produce visible paras-
poral crystals with the same shape as those of the
HSY140 strain (Fig. 4a). The expected protein band
of about 32 kDa was demonstrated by SDS-PAGE elec-
trophoresis analysis (Fig. 4b). Finally, the expressed
Mpp23-like protein was conducted to bioassay to test
its insecticidal activity against lepidopteran insects of
P. xylostella, H. armigera, and S. exigua and a dipteran
insect of A. aegypti. However, Mpp23-like protein did
not exhibit any activity to the tested insects (data not
shown).

CONCLUSION

In this study, we conducted a whole-genome sequenc-
ing of B. toyonensis HSY140 strain. Gene prediction
and annotation, performed to find a cry or cyt gene
responsible for the synthesis of the crystalline inclu-
sions, allowed the identification of a novel Mpp23-
like toxin containing an ETX/MTX2 domain. Cloning
and expression of the mpp23-like gene into the acrys-

talliferous B. thuringiensis BMB171 generated a re-
combinant strain that was able to sporulate normally
in BP medium. Moreover, this strain produced clear
crystalline inclusions that were visible under scanning
electron microscopy. Furthermore, the bioassay results
showed that the Mpp23-like protein did not exhibit any
insecticidal activity against the tested insects, including
P. xylostella, H. armigera, S. exigua, and A. aegypti. In
conclusion, B. toyonensis HSY140 is able to produce
parasporal inclusions during sporulation just like Bt.
We found that the novel Mpp23-like protein belonging
to ETX/MTX2-type toxin is responsible for the produc-
tion of parasporal inclusions.
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