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A B S T R A C T

Soybean looper (Chrysodeixis includens) and Spodoptera group are important defoliators insects responsible for 
significant yield losses in soybean, cotton and maize in Brazil. Bioinsecticides and transgenic plants expressing 
insecticidal proteins from Bacillus thuringiensis are among the most used sustainable control methods for pest 
control in agriculture, especially for several lepidopteran species. To provide new components for insect control, 
this study aimed to select and characterize B. thuringiensis strains toxic to C. includens, S. cosmioides, S. eridania, 
and S. frugiperda. We performed initial bioassays with fifty B. thuringiensis strains for C. includens and selected 
four strains – 1608A, 726, 773, and 775E – that caused high larval mortality (100%) to be tested against Spodoptera 
species. These strains harbored cry insecticidal genes, megaplasmids, absence of β-exotoxin and showed two 
major proteins about 65 and 130 kDa in SDS-page attributed to Cry protein classes toxic to lepidopteran species. 
The 1608A and 775E strains also showed high toxicity to Spodoptera species that demonstrate great potential 
for B. thuringiensis-based bioproduct development and as sources of new insecticidal genes for transgenic crops 
for multiple pest control relevant in the Brazilian agricultural system.
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Introduction

The soybean looper, Chrysodeixis includens [Walker, 1858] 
(Lepidoptera: Noctuidae), is a polyphagous pest present in several 
countries of the American continent, with occurrence from the north 
of the USA to the south of South America. C. includens causes economic 
losses in diverse crops (Moscardi et al., 2012; Souza et al., 2019) and, it 
is considered one of the most important pests in soybean crop in Brazil. 
The Spodoptera genus are composed of important species of defoliator 
caterpillars, such as S. cosmioides, S. eridania and the fall armyworm, 
S. frugiperda (JE  Smith), responsible for significant losses in maize 
production in Brazil, African continent, India, and China (Goergen et al., 
2016; Guo et al., 2018; Sharanabasappa et al., 2018). Control of these 
insects is mainly achieved using chemical insecticides, and it requires 
control actions throughout most of the growing crop seasons. Biological 
control using Bacillus thuringiensis (Berliner) is promising alternative 
to control these insects.

B. thuringiensis is an aerobic Gram-positive bacterium that produces 
protein crystalline inclusions named Cry proteins during the stationary 
phase and encoded by different cry genes (Angus, 1954; Bechtel and 

Bulla, 1976). These genes are mainly present in the plasmids that 
are considered important elements of genetics bacterial, although 
some these genes may also be present on chromosome (Liu  et  al., 
2010). Crystal proteins are composed of one or more Cry and/or 
Cyt proteins, cytolytic proteins named delta (δ) endotoxins. These 
components determine B. thuringiensis pathogenicity (Schnepf et al., 
1998). B. thuringiensis strains also produce other types of insecticidal 
proteins, such as the vegetative insecticidal proteins (Vip) and secreted 
insecticidal proteins  (Sip), synthesized during the vegetative phase 
growth not forming any crystals. In addition, are capable of producing 
non-proteinaceous, thermostable and secretable secondary metabolites 
exhibiting non-specific toxic activity not only against a wide range of 
insects but also against mammals (Levinson et al., 1990). Due to these 
dangerous characteristics, it is important to detect isolates that produce 
β-exotoxins to no use them in biopesticide formulation (WHO, 1999).

The insecticide activities of entomopathogenic microorganisms 
such as B. thuringiensis have succeeded in promoting the pest control. 
The damage caused by the high incidence of defoliating caterpillars 
is constant in each crop. Therefore, is important the search for new 
isolates with toxic activities for different pest species for production of 
new agricultural products such as biopesticides, and the development 
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of transgenic plants (Lee  et  al., 2015; Mukhija and Khanna, 2018). 
The use of molecular strategies for the characterization of efficient 
B. thuringiensis isolates is widely applied and efficient to distinguish 
their properties mainly in relation to the gene content (Carozzi et al., 
1991; Valicente et al., 2010, Chandrasekaran et al., 2018).

In order to provide new components for insect control, this study 
aimed to select and characterize B. thuringiensis strains toxic to 
C. includens and three Spodoptera species (S. cosmioides, S. eridania 
and S. frugiperda).

Materials and methods

B. thuringiensis strains

Fifty strains of B. thuringiensis from Multifunction Microorganisms 
Collection of Embrapa Milho e Sorgo (Sete Lagoas, MG, Brazil) were 
used for bioassays against C. includens. These isolates were previously 
collected from soil samples and grain dust from different locations in 
Brazil (Valicente and Barreto, 2003). Each B. thuringiensis strain was 
inoculated into Petri dishes with Luria Bertani (LB) agar medium enriched 
with mineral salts (FeSO4, ZnSO4, MnSO4 and MgSO4) and incubated at 
29°C for 72 h for complete sporulation (Valicente and Mourão, 2008). 
Bacterial content was collected, diluted in 0.05% (v/v) Tween-20 and 
the spores counted with a Neubauer chamber.

Bioassays against C. includens

Artificial diet was poured on 128-well bioassay trays (BIO-BA-128, 
CD International Inc., USA) at a volume of 1 mL per well (Greene et al., 
1976; Valicente and Barreto, 2003). After solidification, 50 μL of the 
mixture of spores and crystals in a concentration of 109 spores/mL was 
applied on the diet surface. Neonate larvae were placed individually 
in each cell and sealed with a plastic lid. The bioassay consisted of 
three replicates with 32 larvae of C. includens for each B. thuringiensis 
strain, and water was used as negative control. The experimental design 
was completely randomize. Larvae were maintained at 26 ± 2°C and 
mortality assessed after three days. Mortality rate was calculated using 
the number of dead caterpillars / number of surviving caterpillar x 100. 
Percentage mortality data were transformed before analysis using 
the Box-Cox transformation (Box and Cox, 1964). The mortality was 
submitted to analysis of variance (ANOVA) and the means compared 
using Scott-Knott test with 5% of significance using Assistat 7.7 program 
(Silva and Azevedo, 2016). B. thuringienis strains that caused mortality 
above 70% were evaluated for the production of β-exotoxins, presence 
of cry genes, plasmid patterns, protein profiles, and used in bioassays 
against Spodoptera species.

Detection of cry insecticidal genes

DNA extraction was performed according Shuhaimi et al. (2001) 
and used as template for PCR with 18 primers designed to amplify the 
cry1, cry2, and cry9 insecticidal genes (Ceron et al., 1994; Ceron et al., 
1995; Valicente et al., 2010) (Table 1). The amplification reactions were 
carried out in a 25 µL reaction volume using 10 ng of genomic DNA, 
2 mM MgCl2, 0,125 mM of dNTP, 0.5 µM of each primer and 2 U of 
Taq DNA polymerase (KAPA Biosystems, USA). The amplified fragments 
were electrophoresed on a 1.5% (w/v) agarose gel, stained with GelRed™ 
(Biotium, USA) and photographed using L-PIX Image transilluminator 
(Loccus Biotechnology, USA).

Detection of β-exotoxin

The production of thermostable β-exotoxins by B. thurigiensis 
strains was performed using neonate larvae of S. frugiperda (Hornby 
and Gardner, 1987). Each strain was grown in LB medium enriched 
with mineral salts (Valicente and Mourão, 2008) and incubated at 
28°C for 144 h at 200 rpm. B. thuringiensis cultures were centrifuged 
at 10,000 x g for 10 min, and the supernatant autoclaved at 121°C for 
20 min. Filtration of the supernatant was performed using TTP brand 
paper filters with 0.22 μm. For the bioassays, 165 μL of the filtered 
supernatants were superficially applied in approximately 1 cm3 of 
artificial diet (Valicente and Barreto, 2003), and placed in plastic 
recipients sealed with a plastic lid. Each treatment consisted of three 
replicates with 24 larvae. Water was used as negative control and 
HD125 strain as a positive control (β-exotoxin producer). β-exotoxins 
production by B. thuringiensis strains were determined by larvae 
growth inhibition or high mortality of S. frugiperda after eight days 
of inoculation (Pinheiro, 2013). The treatment means were submitted 
to analysis of variance (ANOVA) and the means compared using 
Scott-Knott test with 5% of significance using Assistat 7.7 program 
(Silva and Azevedo, 2016). In addition, a PCR analysis performed to 
detect the presence of thuE gene in B. thuringiensis strains genome, 
that is strongly associated with the synthesis of type I of β-exotoxin 
(Sauka et al., 2014).

Plasmidial profile

The strains were submitted to two methods of plasmid extraction. 
The first extraction method was according to Fagundes et al. (2011) and 
the second using the commercial Maxi Plasmid Purification kit (Qiagen, 
USA) according to the manufacturer’s recommendations. To analyze 
the integrity and plasmid profile, the samples were electrophoresed 
on a 0.5% (w/v) agarose gel at 80 V. The gel was stained with GelRed 
(Biotium, USA) and photographed using L-PIX Image transilluminator 
(Loccus Biotechnology, USA).

Protein profile by SDS-PAGE

B. thuringiensis strains were inoculated in LB medium enriched with 
mineral salts and incubated at 30°C for 96 h at 245 rpm, until complete 
sporulation. Total proteins were purified (Valicente and Lana, 2008) and 
quantified by the Bradford method (Bradford, 1976) in the UV-mini-1240 
Spectrophotometer (Shimadzu, USA). Protein samples were treated 
with trypsin and incubated at 37°C for 2 h (Valicente and Lana, 2008). 
The reaction was inactivated with 1 mM PMSF (phenylmethylsulfonyl 
fluoride), and protein profile of B. thuringiensis strains analyzed by 
electrophoresis on 12% (w/v) polyacrylamide gel (SDS-PAGE). The gel 
was stained with coomassie brilliant blue R250 solution and molecular 
mass of the proteins was estimated by comparison to SeeBlue Plus2 
Pre-Stained Standard marker (Invitrogen, USA).

Bioassays against Spodoptera spp.

Mortality tests were performed with neonate larvae of S. eridania, 
S. cosmioides, and S. frugiperda with the B. thuringiensis strains that 
caused mortality above 70% in C. includens. The bioassays and statistical 
analysis were conducted following the same steps previously described 
for bioassays to C. includens.
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Results and discussion

Although C. includens it is an important pest of many crops as 
soybean, maize, cotton, wheat and bean, studies about its control 
with B. thuringiensis are scarce (Isakova et al., 2007; Barreto, 2012; 
Specht et al., 2015). To give some insights to these questions, we tested 
the efficiency of B. thuringiensis strains for C. includens larvae control 
and the mortality ranged from 4 to 100%, of which 92% of strains caused 
low mortality, less than 33%. Strains 1608A, 726, 773 and 775E caused 
high mortality of C. includens (100%) and therefore, were selected for 
molecular characterization and bioassays against Spodoptera species.

Some B. thuringiensis strains are capable of producing thermostable 
and secretable secondary metabolites exhibiting non-specific toxic 
activity, commonly known as β-exotoxins (Liu et al., 2014). No β-exotoxins 
activity was detected in the supernatants of 1608A, 726, 773 and 775E 
strains, demonstrated by low mortality against S. frugiperda that ranged 
from 8.3 to 13.0% without significant difference when compared to the 
negative control that caused low mortality of 8.3%. The positive control 
(HD-125 strain) caused 29.2% mortality against S. frugiperda differing 
significantly from the other treatments. We observed differences in 

larval weight, growth and development of S. frugiperda after eight days 
of exposure (Fig. 1). Average weight of larvae fed with supernatants of 
B. thuringiensis ranged from 26.4 to 32.1 mg differing from the positive 
control that showed an average weight of 0.55 mg, indicating that these 
strains did not produce β-exotoxins.

To confirm these results, a PCR analysis was performed to detect 
the presence of thuE gene. No amplification product was observed 
among select strains (Fig. 2). Therefore, the B. thuringiensis strains 
1608A, 726, 773 and 775E are safe to be used in large scale fermentation 
systems and formulations of biopesticides. Absence of β-exotoxins is a 
requirement for B. thuringiensis formulations used in Europe, the US, 
Canada, and Brazil since the exposure to these toxins pose a health risk 
(Glare and O’Callaghan, 2000).

The presence of insecticidal genes detected with specific primers 
for cry genes is widely used for characterization of B. thuringiensis 
strains, allowing the screening, classification, and prediction to their 
insecticidal activities (Jain et al., 2017). Amplification products with the 
expected size were observed for target genes, except for cry1Ea/cry1Eb 
genes. The genes cry1Ab, cry1G, cry2Ab, cry2Ac and cry2Ad were found 

Table 1 
Primers used for detection of cry insecticidal genes in Bacillus thuringiensis strains.

Primer sequences (5’-3’) Target gene Tm (ºC) Fragment size (bp) Reference

CGCCACAGGACCTCTTAT
cry1Ab 55 232 Valicente et al. (2010)

TGCACAACCACCTGACCCA

AATTTGCCATCCGTCGTA
cry1Ab 55 418 Valicente et al. (2010)

TTGTGGTAGAAGCGTAGCGA

GTTAGATTAAATAGTAGTGG
cry1Ac 53 180 Ceron et al. (1994)

TGTAGCTGGTACTGTATTG

CTTCATCACGATTGGAGTAA
cry1B 55 367 Ceron et al. (1994)

CATAATTTGGTCGTTCTGTT

AAAGATCTGGAACACCTTT
cry1C 58 130 Ceron et al. (1994)

CAAACTCTAAATCCTTTCAC

CTGCAGCAAGCTATCCAA
cry1D 55 290 Ceron et al. (1994)

ATTTGAATTGTCAAGGCCTG

GGAACCAAGACGAACTATTGC
cry1Ea/cry1Eb 56 147 Ceron et al. (1995)

5 GGTTGAATGAACCCTACTCCC

TAATAGGGCGGAATTTGGAG
cry1Fa1/cry1Fb 55 283 Valicente et al. (2010)

AAGCCCCAGTACATAATGAG

TGCGAATGAATTATGGGTC
cry1Fb1 55 377 Valicente et al. (2010)

CACAAAGTGTAACCAATTTTAC

ATATGGAGTGAATAGGGCG
cry1G 55 235 Ceron et al. (1995)

TGAACGGCGATTACATGC

GGGGCGACTAATCTCAATCA
cry2Aa 53 318 Fagundes et al. (2019)*

AGGTGTTCCCGAAGGACTTT

TGTTAAATGGATTTAGTGGTGCT
cry2Ab 53 201 Fagundes et al. (2019)*

CAAATGGCGTTAACAATGG

ACAGCAGTCGCTAGCCTTGT
cry2Ac 55 475 Fagundes et al. (2019)*

CAAATTGTGGATTGCCGTTA

ACGATATCGCCACCTTTGTC
cry2Ad 53 282 Fagundes et al. (2019)*

AGGTGTTCCTGAAGGGCTTT

TTATCGGGTGAATCTCTAGAACG
cry9 53 343 Fagundes et al. (2019)*

TGTTAAAGTCCCCGTTTTGC

CATAATAGGCGATGCAGCAA
cry9Aa 53 395 Fagundes et al. (2019)*

CTAACGAGCCACCATTCGTT

GTTGATACCCGAGGCACA
cry9A 60 571 Fagundes et al. (2019)*

CCGCTTCCAATAACATCTTTT

TCATTGGTATAAGAGTTGGTGATAGAC
cry9B 60 402 Fagundes et al. (2019)*

CCGCTTCCAATAACATCTTTT

AATAGACCAAATGGCGCAAG
cry9D 60 382 Fagundes et al. (2019)*

AATCCATTGCCGTCAAAGTC

*Unpublished data
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in all strains tested (Table 2). Cry1 and Cry2 class of proteins are related 
to toxicity against C. includens (Van Frankenhuyzen, 2009; Bel et al., 
2017, 2019), and for other lepidopteran species, including S. frugiperda 
(Knaak et al., 2010). Strain 1608A harbored several insecticidal genes, 
including cry9 class genes that are promising tools for pest control 
(Jansens et al., 1997) with toxic activity to several important insects, 
and a good strategy for delaying development of insect resistance in 
the field (Kuvshinov et al., 2001; Wang et al., 2018).

The diversity of cry genes in B. thuringiensis genome may occur 
due to environmental factors of the places and substrates that strains 
were collected. The investigation of isolates collected from different 

ecological and geographical sources enables relating gene content results 
to potential target insects and may be a good strategy for selecting new 
isolates with broad toxic activity (Djenane et al., 2017).

We used two methods of DNA extraction and both allowed 
to detect extrachromosomal DNA on agarose gel (Fig.  3). A single 
megaplasmid was observed in three out of four samples analyzed, 
with differences in their sizes, except for the strain 726, which did not 
show any megaplasmid when extracted with the method proposed by 
Fagundes et al. (2011). In contrast, the use of commercial kit allowed 
the detection of megaplasmids in all studied B. thuringiensis strains, 
specially in the strain 773 that showed two megaplasmids with different 
sizes. Only method reported by Fagundes et al. (2011) was efficient to 
detect a large number of small plasmids in all strains. Thus, this strategy 
showed to be better for analysis mainly of the small plasmids, while 
the use of commercial kit showed better for megaplasmids extraction.

The B. thuringiensis showed from 1 to 6 plasmids. Strains 726 and 
773 showed similar patterns of small plasmids, both presenting only 
one small plasmid with sizes of approximately 10,000 bp. Although 
these strains showed similar plasmid profiles, the DNA sequences of 
these plasmids may be different, which should be considered in future 
work (Fagundes  et  al., 2011). Although some studies have focused 
on the importance of megaplasmids as host sites for cry genes that 
encode bioinseticidal delta-endotoxins, small plasmids are also found 
in B. thuringiensis that contribute to the biology of their host (Li et al., 
2014). Thus, both molecules are important to be sequenced to detect 
presence of new insecticidal proteins.

The protein profile of all strains evaluated presented two main 
bands of pro-toxin of ~ 130 and ~ 65 kDa (Fig. 4). The protein patterns 
presented by the B. thuringiensis strains are related with the proteins 
of classes Cry1, Cry2, and Cry9 that are toxic to species of Lepidoptera 
order, and considered as a good alternative for the management for 
insect control (Crickmore  et  al., 2016). In this study the pro-toxins 
produced by strains were digested using the trypsin protease to 
simulate in vivo activity. After digestion, all strains showed toxins with 

Figure 1 Comparison of growth inhibitory symptoms of Spodoptera frugiperda larvae exposed to Bacillus thuringiensis β-exotoxins after eight days of inoculation. a: Positive 
control (strain HD-125); b: Negative control (water); c: Strain 773.

Figure 2 Amplified DNA fragments with the BEF/BER (a) and BEF1/BER1 (b) primers for detection of type I of β-exotoxins in Bacillus thuringiesis strains efficient against Chryso-
deixis includens. C+: Positive control (HD-125 strain); C-: Negative controle (water); MM: 1 Kb DNA ladder plus (Invitrogen, USA.

Table 2 
Characterization of genes in B. thuringiensis strains toxic to Chrysodeixis includens.

Target genes B. thuringiensis strainsa

1608A 726 773 775E

cry1Ab(1) x x x x

cry1Ab x

cry1Ac x

cry1B x

cry1C x x

cry1D x

cry1Ea/cry1Eb

cry1Fa1/cry1Fb x

cry1Fb x

cry1G x x x x

cry2Aa x x

cry2Ab x x x x

cry2Ac x x x x

cry2Ad x x x x

cry9 x x

cry9Aa x

cry9A x

cry9B x
a (x) Determines the presence of genes.
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To select B. thuringiensis strains with high activity against multiple 
insects, we tested the four strains efficient against C. includens in 
S. eridania, S. cosmioides and S. frugiperda. Strains 1608A and 775E 
showed mortality rates between 80-100% for the three species (F = 5.724; 
p < 0.0001; Fig. 5). The highest mortality was caused by 1608A strain, that 
caused 100% mortality against S. eridania and S. frugiperda, and 775E 
strain caused 100% mortality against S. eridania. Several lepidopterans 
species respond differently to the proteins tested, allowing to divide 
into groups of more permissive or less permissive to the activation 
of B. thuringiensis toxins (Van Frankenhuyzen, 2009). An important 
aspect is the selection B. thuringiensis strains with high toxic activity 
for more than one pest and that produce proteins with different modes 
of action for obtaining new formulations to be used in agriculture 
(Bobrowski et al., 2001; Bobrowski et al., 2003).

Some insects of genus Spodoptera and C. includens are commonly 
found in soybean fields, making it a concern in the management of 
these species if infestation occurs in the same period (Marques et al., 
2016; Silva et al., 2017; Sousa et al., 2019). The high insecticidal activity 
of B. thuringiensis strains described in this work makes them excellent 
candidates to C. includens, S. eridania, S. cosmioides and S. frugiperda 
control, a valuable tool in the Integrated Pest Management (IPM). 
Furthermore, their genome sequencing will contribute to deeper 
understanding of entomopathogenicity of these B. thuringiensis 
strains and as sources of new insecticidal genes for transgenic crops 
development.
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