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Many strains from Bacillus thuringiensis are known for their
genomic robustness and antimicrobial potentials. As a result, the
quest for their biotechnological applications, especially in the
agroindustry (e.g., as biopesticides), has increased over the years.
This study documents the genome sequencing and probing of a
Fusarium antagonist (B. thuringiensis strain MORWBS1.1) with
possible biopesticidal metabolite producing capacity from South
Africa. Based on in vitro evaluation and in silico antiSMASH
investigation, B. thuringiensis strain MORWBS1.1 exhibited dis-
tinctive genomic properties that could be further exploited for in
planta and food additive production purposes.
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Over the years, the biotechnological relevance of bacteria
belonging to the genus Bacillus has been well documented.
Their usefulness, particularly in the agricultural industry as bio-
pesticides, biofungicides, bionematicides, and biostimulants
(alternatives to synthetic fertilizers and chemical pesticides) has
increased in the past decade (Adeniji et al. 2019b; Douriet-
G�amez et al. 2018; Egidi et al. 2016). Several strains from the
genus (e.g., Bacillus thuringiensis) are producers of beneficial
secondary metabolites (Chehimi et al. 2010; Daas et al. 2018)
that have been exploited for plant biostimulation, biofertilization,
and diverse biocontrol application (Azizoglu 2019; Sansinenea
and Ortiz 2012). These secondary metabolites such as bacterio-
cins, chitinases, lipopeptides, and zwittermycin are attributed to

be responsible for the antimicrobic and beneficial properties of
the species (Daas et al. 2018; Hao et al. 2015; Hollensteiner
et al. 2017).
In a previous investigation to identify candidate microbial

agents for the control of fusariosis, a disease that disrupts major
cereal grain trade globally (Adeniji and Babalola 2018) and is
caused by phytopathogenic Fusarium spp. (e.g., Fusarium cul-
morum, F. verticilliodes, and F. graminearum), B. thuringiensis
MORWBS1.1 was reported to exhibit antiFusarium properties
(Adeniji et al. 2019a). To obtain the pure culture of the
MORWBS1.1 B. thuringiensis isolate, 5 g of rhizosphere soil
from a maize farm in the North West South African province
was cultured on Bacillus HiCrome (Oxoid) selective agar based
on the manufacturer’s specifications. The isolate was molecu-
larly and phylogenetically characterized as having antagonized
F. culmorum and F. graminearium during an in vitro test on
potato dextrose agar (Oxoid)—antagonism attributed to the
bioactive metabolites produced by the isolate (Adeniji et al.
2019a). To further identify other beneficial biological proper-
ties of the strain in addition to its biofungicidal traits, we
sequenced its genome.
The Zymo Research Soil-Microbe DNA Miniprep genomic

isolation kit was employed for the extraction of the genomic
DNA of isolate MORWBS1.1. MORWBS1.1 genome sequenc-
ing was carried out at Molecular Research DNA (Shallowater,
TX, U.S.A.) using the Illumina MiSeq Reagent Kit v2 microsys-
tem based on their internal protocols. The Nextera DNA sample
preparation kit (Illumina) and Qubit double-stranded DNA high-
sensitivity assay kit (Life Technologies, Inc.), were employed
for library preparation and final library concentration, respec-
tively. To determine the library size, an Agilent 2100 Bioana-
lyzer (Agilent Technologies) was employed. This was followed
by library pooling and dilution to 12.0 pM. Using a 600-cycle
v.3 reagent kit (Illumina), having 12.03 average coverage, the
paired-end reads were sequenced. The Kbase online platform
(Arkin et al. 2016) was used for checking the quality of the
reads (FastQC v.1.0.1), while reads trimming, gaps closing, and
adaptor sequences removal were done using the Trimmomatic
app (v0.32) and Cutadapt app (v1.0.1). The resulting sequencing
reads were assembled using SPAdes (v3.13.0) on the KBase
platform. The Kbase contigs were then uploaded on the NCBI-
Prokaryotic Genome Automatic Annotation Pipeline (v4.2)
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(Pruitt et al. 2012), PATRICK online software server (v3.3.15)
(Wattam et al. 2017), and RAST and SEED online server (v2.0)
(Aziz et al. 2008; Overbeek et al. 2014) for annotation and com-
parative analysis. All of the bioinformatics analyses were per-
formed with default settings.
The MORWBS1.1 whole-genome sequence yielded 6,112,031

bp and 92 contigs. The GC-content and N50 statistics were
34.72%. and 220,282 bp, respectively. An aggregate of 6,411
coding genes was annotated (10 ribosomal RNAs [rRNAs], 42
transfer RNAs, eight crisper repeats, seven crisper spacers, and
one crisper array). A statistical comparison of the MORWBS1.1
genome with other major B. thuringiensis strains is shown
in Table 1. The analysis of the MORWBS1.1 subsystem is shown
in Figure 1 and, from the subsystem coverage, 1,683 and 4,719
hypothetical and functional proteins, respectively, were identified.
Furthermore, the subsystem feature counts also revealed six, 10,
12, and 53 features associated with sulfur, aromatic compounds,
phosphorus, and iron acquisition metabolism, respectively. Other
features include those associated with stress responses (43), regu-
lation and cell signaling (33), and secondary metabolism (9). The
antiSMASH (5.0.0rc1) (Blin et al. 2019) predicted 14 biosyn-
thetic clusters and bioproducts (e.g., zwittermicin, fengycin, thuri-
cin, polyxylopeptin, and bacillibactin) in the genome of strain
MORWBS1.1. A comparison of the predicted MORWBS1.1 bio-
synthetic genes with other major B. thuringiensis strains is sum-
marized in Figure 2.
The gene responsible for the synthesis of 4,5-DOPA dioxyge-

nase extradiol, a core betalain biosynthetic pathway enzyme

involved in the catalysis of betalain to betalamic acid (Christinet
et al. 2004), was predicted in the MORWBS1 genome (Table
2; Fig. 3). Betalain has been reported to exhibit antioxidant and
food additives properties (Adeniji et al. 2019b). Additionally,
the gene responsible for the synthesis of quercetin 2,3-dioxyge-
nase, a unique dioxygenase that relies completely on a mononu-
clear copper center for expression (Steiner et al. 2002), was
predicted in the genome. Quercetin 2,3-dioxygenase catalyzes
the insertion of molecular oxygen into polyphenol-flavonoids
such as quercetin (antioxidant and dietary supplement) (Fusetti
et al. 2002), which leads to the production of better degradable
bioproducts (e.g., phenolic carboxylic acid ester derivatives)
(Steiner et al. 2002) (Table 2; Fig. 4). At contig locations
11,656 to 12,739 (1 strand) and 7,950 to 9,930 (1 strand),
genes for antifungal chitinase biosynthesis were identified (Table
2). The secondary metabolites identified in the MORWBS1.1
genome sequence makes it a suitable candidate for further bio-
technological manipulation, particularly in the possible produc-
tion of biopesticides and food additives, and in indigenous in
planta biocontrol application in South Africa.
B. thuringiensis MORWBS1.1 was originally identified in

2017 and its 16S rRNA gene deposited in the GenBank with the
accession number MF098612.1. Genome project data has been
deposited at DNA Data Bank of Japan/European Nucleotide
Archive/GenBank under the accession JAASGY000000000;
GCA_011765855.1. The BioSample and BioProject designa-
tions for this project are SAMN11866291 and PRJNA544897,
respectively.

Table 1. Statistical comparison of Bacillus thuringiensis MORWBS1.1 genome with other major B. thuringiensis strainsa

B. thuringiensis
strain

GenBank ID;
assembly accession (NCBI) Size (bp)

G1C
numbers (%) Contigs

Number of
coding

sequences

Number
of RNA

(rRNA, tRNA)b

MORWBS1.1 JAASGY000000000.1; GCA_011765855.1 6,112,031 34.72 92 6,411 10, 42
YBT-1518 CP005935.1; GCA_000497525.2 6,002,284 35.31 7 6,877 44, 95
Bt185 CP014282.1; GCA_001595725.1 6,391,696 34.84 9 6,531 42, 107
ATCC 10792 CM000753.1; GCF_000161615.1 6,260,142 34.82 253 6,455 4, 91
SCG04-02 CP017577.1; GCA_002173755.1 5,436,019 35.30 51 5,463 45, 91
a Genome information for each strain is according to the data obtained from National Center for Biotechnology Information and Integrated Microbial
Genomes & Microbiomes system.

b Ribosomal RNA (rRNA) and transfer RNA (tRNA).

Fig. 1. Circular atlas of the distribution and subsystem summary of the Bacillus thuringiensis MORWBS1.1 genome annotations. Subsystem features
from the outer to inner rings comprise contigs, coding sequence (CDS) (both forward and reverse strand), RNA genes, CDS (both antimicrobial resis-
tance genes and virulence factors), G1C content, and skew. Genomic features illustrated as the forward and reverse strand are depicted by the CDS col-
ors (Wattam et al. 2017).
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Table 2. Notable genes predicted in Bacillus thuringiensis MORWBS1.1 genome

Featurea Product function Contig location Protein length DNA length

Gene Quercetin 2,3-dioxygenase 196,518–197,217 (1 strand) 232 699
Gene 4,5-DOPA dioxygenase extradiol 27,435–28,197 (2 strand) 253 762
Gene Zwittermicin A resistance protein ZmaR 210,088–210,859 (1 strand) 256 771
Gene Chitinase A1 and D A1: 7950–9,930 (1 strand) and

D: 11,656–12,739 (1 strand)
A1: 659 and D: 360 A1: 1,980 and D: 1,083

a Coding sequence type.

Fig. 2. Summary of the predicted MORWBS1.1 biosynthetic genes with reference to other major Bacillus thuringiensis strains.

Fig. 3. Location of the predicted gene for the biosynthesis of 4,5-DOPA dioxygenase extradiol enzyme.
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Fig. 4. Location of the predicted gene for the biosynthesis of quercetin 2,3-dioxygenase enzyme.
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