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Among the pests of cultivated plants, the Spodoptera species complex is one of the most important. This
genus is composed of polyphagous insects that attack, among other crops, cotton, corn, soy and castor
bean. In Brazil Spodoptera frugiperda has been recognized as a primary pest in cotton, and Spodoptera erid-
ania (Cramer) and Spodoptera cosmioides (Walker) species are important pests in cotton and soy. This
study was performed in 2008 and was focused on selecting and characterizing Bacillus thuringiensis
strains highly pathogenic to S. cosmioides, S. eridania and S. frugiperda and identifying Cry proteins toxic
to these species. One hundred strains that exhibited toxicity to Lepidoptera were evaluated through bio-
assay and the most toxic ones were characterized through morphologic, biochemical and molecular anal-
yses and LC50 values were determined. Since the cry1Aa, cry1Ab, cry1Ac and cry2Aa genes were present in
most of the toxic strains, recombinant Bt producing toxins encoded by representative genes from these
families, were individually tested. The Cry proteins showed different levels of toxicity to the three Spo-
doptera species, with Cry1Aa and Cry1Ab the most toxic to S. cosmioides, Cry2Aa the most toxic to S. erid-
ania and Cry1Aa, Cry1Ab and Cry2Aa most toxic to S. frugiperda. Cry1Ac, a component of some transgenic
cotton varieties such as Bollgard I, extensively used in Brazil, presented low toxicity to the three species
studied.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction control cost, and creating the potential for resistance, as well as
The species complex of the genus Spodoptera (Lepidoptera: Noc-
tuidae) has shown a high damage potential on several cultivated
plants. These insects attack cotton, corn and soy crops and have
frequently appeared in castor bean, sorghum, tomato, vegetables
and fruit cultures, causing significant feeding damage to different
organs of the plants (King and Saunders, 1984; Nora et al., 1989;
Bavaresco et al., 2003; Santos, 2007). In Brazil, Spodoptera fru-
giperda (Smith) is considered as a primary pest in corn and cotton
(Santos, 1997, 2007; Silvie et al., 2001) and the species Spodoptera
eridania (Cramer) and Spodoptera cosmioides (Walker) have been
reported as important pests in cotton and soy (Santos, 2007). The
occurrence of these species in agricultural systems composed of
soy, corn and cotton, which provide a continuous food source,
has demanded frequent insecticide applications, increasing the
ll rights reserved.

nnerat).
causing damage to the environment and risk to the agricultural
operators.

Among the alternative control measures available to decrease
environmental impact problems, is the use of the Gram-positive
bacterium Bacillus thuringiensis (Berliner). During the sporulation
process, this bacterium produces crystal inclusions composed of
Cry proteins that are toxic to a limited number of target insect lar-
vae but which cause no harm to non-target insects, vertebrates or
to the environment (Krieg and Langenbruch, 1981; Höfte and
Whiteley, 1989; Monnerat and Bravo, 2000). Because of this, com-
mercial products made of B. thuringiensis are used in the control of
pest insects and disease vectors (Borem, 2005; Vilas-Boas et al.,
2007) and some toxin genes have been inserted in transgenic
plants including cotton, corn and soy, often referred to as Bt plants
(Barroso and Hoffmann, 2007).

Although S. frugiperda is an important pest in America, there
have been few studies performed to select B. thuringiensis strains
toxic to this species (Hernandez, 1988; López-Edwards et al.,
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1999; Monnerat et al., 2007). Furthermore, there are no reports
detailing the screening of strains of this bacterium against other
members of the genus such as S. eridania and S. cosmioides. For this
reason, the present study focused on selecting and characterizing
B. thuringiensis strains pathogenic to S. eridania, S. cosmioides and
S. frugiperda; determining the level of susceptibility of theses spe-
cies to some individual Cry proteins and, thereby, determining the
possible impact of bio-insecticides or Bt plants on this insect
complex.
2. Materials and methods

2.1. Insects

The colonies of S. eridania, S. cosmioides were started with indi-
viduals originally collected from Brazilian cotton cultures from the
states of Mato Grosso and Bahia, respectively. The rearing of S. fru-
giperda was started with individuals originally from cotton culture
from the state of Paraná. The three species were reared on an arti-
ficial diet based on beans, yeast extract and flour extract (Parra,
2001). The rearing was performed in the Agricultural Institute of
Parana in an acclimatized chamber at 27 ± 2 �C, 60 ± 10% humidity
and photophase of 14 h. To obtain the eggs, the adults were placed
in plastic cages (10 cm diameter by 20 cm high), closed on the
upper extremity with tissue and on the lower extremity with a Pet-
ri dish. The adults were fed daily with an aqueous solution of 10%
(v/v) honey (Santos et al., 2005). From this mass rearing, we ob-
tained eggs that originated the 2nd generation laboratory caterpil-
lars used in bioassays.

2.2. Bacillus thuringiensis strains

One hundred B. thuringiensis strains, belonging to the Entomo-
pathogenic banks of the State University of Londrina and Embrapa
Genetic Resources and Biotechnology (Monnerat et al., 2007) iso-
lated from soil and water samples from different regions of Brazil
and previously identified as pathogenic to Lepidopteran species
of insects, were used in this work.

The HD-1 strain of B. thuringiensis subspecies kurstaki and
B. thuringiensis subspecies israelensis IPS-82 was obtained from
the Collection of B. thuringiensis and Bacillus sphaericus at the
Institut Pasteur, Paris.

2.3. Bioassays against S. eridania, S. cosmioides and S. frugiperda

Two types of bioassays were performed (i) selective: to identify
pathogenic strains; and (ii) dosing: to determine the lethal concen-
tration needed to kill 50% of the tested insects (LC50). The selective
bioassays were performed by spreading 150 ll of the final whole
culture of each B. thuringiensis strain (obtained through the culture
in NYSM medium (Yousten, 1984) in a shaker at 30 �C, 200 rpm for
72 h), onto the surface of artificial diet (Parra, 2001) previously
poured into 100 ml plastic cups and allowed to solidify to give a
surface area of 18 cm2.

After drying the spore/crystal mixture on the diet, 10 s instar
caterpillars were placed in each cup, in a total of three repli-
cates per strain. The insects were then left in an acclimatized
chamber at 27 ± 2 �C, 60 ± 10% humidity and photophase of
14 h. As a control, three cups were maintained without the bac-
terium. The procedure of the selective bioassay was the same
for each of the three species tested and was repeated twice.
The quantification of the dead caterpillars was performed on
the fifth day after the beginning of the bioassay. The strains
that caused at least 70% mortality were selected for further
study.
The 50% lethal concentration (LC50) was determined using
lyophilized suspensions of spores and crystals. The strains were
cultivated according to the method described above, centrifuged
at 14,000g for 30 min at 4 �C, frozen overnight and lyophilized in
a Labconco Lyphlock model lyophilizer for 18 h. Then, decreasing
concentrations (between 100 and 0.01 lg/ml) of the lyophilized
material diluted in sterile water were prepared and 150 ll of these
suspensions were spread over the artificial diet previously poured
in 100 ml cups, as described for the previous assay. In the S. fru-
giperda bioassays the caterpillars were individualized to prevent
cannibalism. The bioassays were repeated three times and kept
in an acclimatized chamber at 27 ± 2 �C, 60 ± 10% humidity and a
photophase of 14 h. The mortality data were evaluated on the fifth
day after the beginning of the assay and submitted to Probit anal-
ysis (Finney, 1971), to determine the LC50 values.

2.4. Characterization of the B. thuringiensis strains toxic to S. frugiperda,
S. cosmioides and S. eridania

The strains that caused at least 70% mortality to the three spe-
cies of Spodoptera were characterized according to their morphol-
ogy, protein profile and presence of cry genes.

2.5. Morphological characterization

The morphological characterization of the strains was per-
formed through scanning electron microscopy. The strains were
cultivated in NYSM agar medium at 30 �C for 72 h, then a loop full
of the strain was collected and diluted in sterile water. A 100 ll of
this dilution was deposited over metallic supports for drying dur-
ing 24 h, at 37 �C, covered with gold for 180 s by a Emitech metal-
izator model K550 and observed in a scanning electron microscope
Zeiss model DSM 962.

2.6. Characterization of proteins through SDS–PAGE

The characterization of the strains was performed by protein
electrophoresis in polyacrylamide gel (SDS–PAGE 10%). The pro-
teins were obtained according to the protocol described by Lecadet
et al. (1991), from material grown in NYSM for 72 h at 200 rpm and
30 �C. The HD-1 strain of B. thuringiensis subsp. kurstaki was used
as control.

2.7. Molecular characterization

The selected strains were characterized according to the pres-
ence of genes encoding Cry proteins. For this, PCR tests were per-
formed using specific primers designed to amplify the cry1, cry2,
cry3, cry4 genes and specific to identify cry1, cry2, cry4 and cry9
genes (Ceron et al., 1994, 1995; Bravo et al., 1998; Ibarra et al.,
2003; Lima et al., in press).

The DNA extraction was accomplished by adapting the protocol
described by Sambrook et al. (1989). The PCRs were performed in
0.2 ml polypropylene tubes in a MJ Research, Inc. thermocycler
(PTC-100TM). From each sample 2 ll of genomic DNA was trans-
ferred to a polypropylene tube containing 0.5 lM of each specific
primer, 0.2 mM of dNTP mix, Taq buffer 1� and 2.5 U of Taq DNA
polymerases in a total volume of 50 ll. The PCR products were
visualized in 1.5% agarose gels.

The HD-1 strain of B. thuringiensis subspecies kurstaki and B.
thuringiensis subspecies israelensis IPS-82 were used as controls.

2.8. Individual recombinant strains expressing Cry proteins

Mixtures of spores and crystals of Cry1Aa, Cry1Ab, Cry1Ac and
Cry2Aa proteins were obtained from recombinant B. thuringiensis
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strains that express individually the cry1Aa, cry1Ab, cry1Ac and
cry2Aa genes. The recombinant strains were constructed by cloning
genes in the shuttle vector pHT315 (Arantes and Lereclus, 1991)
and B. thuringiensis 4Q7 cells were transformed as previously de-
scribed (Lereclus et al., 1989). The purification protocol and the
bioassay protocol were the same as that used for the bioassays
using B. thuringiensis strains.
3. Results and discussion

3.1. Selective bioassay of the B. thuringiensis strains against
S. eridania, S. cosmioides and S. frugiperda

From the one hundred B. thuringiensis strains tested through the
selective bioassays, only seven (S997, S1905, S608, BR9, BR10,
BR37 and BR45), besides the standard HD-1 B. thuringiensis subspe-
cies kurstaki (Btk) presented toxicity above 70% to S. eridania, S. cos-
mioides and S. frugiperda species. Although there are reports in the
literature that the Spodoptera species presented low susceptibility
to the Btk based products (Morales and Novoa, 1992; Navon, 1993;
Bohorova et al., 1997; Nyouki et al., 1996), our bioassays showed
that the Btk HD-1 strain was highly pathogenic to the Spodoptera
species studied here.

The LC50 of the seven B. thuringiensis strains varied between
0.09 and 1.6 lg/ml to S. cosmioides, between 0.22 and 9.1 lg/ml
to S. eridania and between 0.35 and 2.2 lg/ml to S. frugiperda (Table
1). The lowest lethal concentrations to the S. cosmioides were
caused by the BR37 and S1905 strains. The BR10, BR37, BR45 and
S608 isolates were the most toxic to S. eridania, and BR9, BR37,
BR45 S608 and S1905 were the most toxic to S. frugiperda (Table 1).

3.2. Characterization of B. thuringiensis strains toxic to S. frugiperda,
S. cosmioides and S. eridania

The morphological characterization through scanning electron
microscopy allowed the detection of different crystal protein inclu-
sions. Strains S608, BR37 and BR45 produced bi-pyramidal and
spherical crystals (Fig. 1). The BR9 and BR10 strains, produced
three different types of crystals: bi-pyramidal, spherical and cuboi-
dal (Fig. 1). Strains S1905, S997 and HD-1 also presented these
three types of crystals, as described previously (Praça et al.,
2004; Monnerat et al., 2007). Microscopic examination of the crys-
tal morphology of a strain may provide some indication of its
insecticidal activity (Martin and Travers, 1989; Karamanlidou
et al., 1991; Meadows et al., 1992; Tailor et al., 1992; Lereclus
et al., 1993; Habib and Andrade, 1998; Saadoun et al., 2001). The
bi-pyramidal crystals may be related to the presence of Cry1 pro-
teins, efficient against Lepidoptera and Coleoptera insects, while
cuboidal crystals are associated with the Cry2 proteins, which
Table 1
LC50 from the seven B. thuringiensis strains against second instar caterpillars of S. cosmioid

Strain S. cosmioides S. eridania

LC50 (lg/ml) Fiducial limit (95%) LC50 (lg/ml)

HD-1 0.56 b* 0.26–1.04 3.4 c
BR9 1.0 b 0.7–2.30 1.6 b
BR10 1.6 b 0.70–3.56 0.41 a
BR37 0.09 a 0.03–0.16 0.28 a
BR45 0.90 b 0.60–1.28 0.49 a
S608 0.61 b 0.30–1.16 0.22 a
S997 – – 3.2 bc
S1905 0.40 ab 0.16–0.78 9.1 c

–, Not tested.
* Measures followed by the same letter, in the column, do not differ among themselves
show activity against lepidopterans and dipterans (Silva et al.,
2004).

The analysis of the proteins of the spore–crystal mixtures by
SDS–PAGE showed the presence of two main polypeptides of
approximately 130 and 65 kDa (Fig. 2). These molecular masses
are typical of lepidopteran active crystal-proteins from the Cry1
and Cry2 classes (Schnepf et al., 1998; Lereclus et al., 1993), consis-
tent with the results of our bioassays.

Using PCR with specific primers designed to detect cry1, cry2,
cry3, cry4 genes and specific for identification of cry1, cry2, cry4
and cry9, it was possible to determine which B. thuringiensis cry
genes were present in the strains. The gene profile presented in
Table 2 shows that strains S608, BR9 and BR10 carried cry1Aa,
cry1Ab, cry1Ac and cry2Aa genes, a profile similar to that previously
reported for the strains S997 (Praça et al., 2004) and S1905
(Monnerat et al., 2007). Strain BR37 carried eight genes, seven of
them belonging to the cry1 group, while strain BR45 had only the
cry1Ab, cry1E and cry2Aa genes. It is interesting to note that strain
BR10 also contained a cry3 gene and Cry3 proteins are associated
with toxicity to coleopterans (Monnerat and Bravo, 2000). Bourg-
ouin et al. (1988) reported that some B. thuringiensis strains may
carry only one gene, while others may have multiple different
genes. In the case of strain BR37, there appear to be at least seven
genes. The genes that were found most commonly in the new
strains reported here were cry1Ab and cry2Aa, which were found
in all of the strains. The cry1Aa gene was found in six strains, while
cry1Ac and cry1B were found in five. The genes that were found less
frequently were cry1C, cry1D and cry1F (once only) and cry1E
(occurring twice).

3.3. Toxicity of purified Cry proteins of B. thuringiensis

Due to the frequency at which the cry1Aa, cry1Ab, cry1Ac and
cry2Aa genes were found in the strains toxic to S. frugiperda, S. erid-
ania and S. cosmioides, tests were performed to evaluate the toxic-
ity of mixtures of spores and crystals of Cry1Aa, Cry1Ab, Cry1Ac
and Cry2Aa proteins.

The bioassays showed that there was a statistically significant
difference in the LC50 of the Cry1Aa, Cry1Ab, Cry1Ac and Cry2Aa
purified proteins when tested in S. eridania, S. frugiperda and S. cos-
mioides (Table 3). The Cry1Aa and Cry1Ab proteins were the most
toxic to S. frugiperda, Cry1Ab was the most toxic to S. cosmioides
and Cry2Aa the most toxic to S. eridania. It can be noted that
Cry2Aa showed low toxicity to S. cosmioides, Cry1Ac low toxicity
to S. frugiperda and Cry1Aa, Cry1Ab and Cry1Ac low toxicity to S.
eridania (Table 3).

Several studies performed with S. frugiperda have shown that
this insect presents variations in the susceptibility to different B.
thuringiensis toxins, probably related to the genetic variability
among different populations of the insect. Bohorova et al. (1997)
es, S. eridania and S. frugiperda after 5 days of bioassay.

S. frugiperda

Fiducial limit (95%) LC50 (lg/ml) Fiducial limit (95%)

2.17–4.72 1.4 b 0.69–2.80
1.30–2.14 1.0 ab 0.47–4.66
0.20–0.67 1.6 b 0.64–2.33
0.08–0.61 0.63 ab 0.46–1.03
0.32–0.72 0.35 a 0.18–0.60
0.16–0.29 0.87 ab 0.34–1.93
2.08–4.78 2.2 b 0.81–5.39
4.43–18.79 0.76 ab 0.40–1.60

by the fiducial limit, according to the Probit analysis.



Fig. 1. Scanning electron microscopy of spore–crystal mixtures of B. thuringiensis strains. 1, S608; 2, BR37; 3, BR45; 4, BR9; 5; BR10; cb, bipyramidal crystal; ep, spore; ce,
spherical crystal; cc, cuboidal crystal.

Fig. 2. Protein profile produced by the strains toxic to Spodoptera frugiperda,
S. exigua and S. cosmioides. 1, Rainbow molecular weight marker (GE); 2, S1905;
3, S997; 4, HD-1; 5, S608; 6, BR37; 7, BR9; 8, BR45; 9, BR10.

Table 2
Cry genes and protein profile present in B. thuringiensis strains.

Strains Gene profile

S1905 cry1Aa, cry1Ab, cry1Ac, cry1B and cry2Aa
S997 cry1Aa, cry1Ab, cry1Ac, cry1B and cry2Aa
HD-1 cry1Aa, cry1Ab, cry1Ac, cry2Aa, cry2Ab
S608 cry1Aa, cry1Ab, cry1Ac, cry1B and cry2Aa
BR37 cry1Aa, cry1Ab, cry1Ad, cry1C, cry1D, cry1E, cry1F and cry2Aa
BR9 cry1Aa, cry1Ab, cry1Ac, cry1B and cry2Aa
BR45 cry1Ab, cry1E and cry2Aa
BR10 cry1Aa, cry1Ab, cry1Ac, cry1B, cry2Aa and cry3
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reported that purified Cry1Ab protein was more toxic to S. fru-
giperda than the Cry1Aa, Cry1Ab and Cry1Ac proteins all together.
Waquil et al. (2004) observed that the Cry1Ab protein caused the
inhibition of the accumulation of biomass from the caterpillars of
S. frugiperda by approximately 90%. Van Rie et al. (1990) confirmed
that species of Spodoptera are tolerant to the Cry1Aa and Cry1Ab
proteins. Aranda et al. (1996) described that the Cry1Ab protein
produced by the HD-1 strain was not toxic to S. frugiperda and Lutt-
rell et al. (1999) observed low efficiency of Cry1Ac protein in the
control of S. frugiperda while Aguiar et al. (2006) reported that
the Cry2Aa protein presented toxicity to S. frugiperda. All the
authors worked with different populations of this insect. Monnerat
et al. (2006) have demonstrated toxicity differences of several B.
thuringiensis strains in S. frugiperda populations native in Mexico,
Brazil and Colombia and showed that this susceptibility occurred
due to the high genetic variability among the populations that re-
sulted in groups that did not present receptors to the Cry1D toxin
(the Brazilian population) or Cry1B (the Mexican population) and
were, therefore, insensitive to the respective toxins, although, the
Cry1C toxin showed average toxicity to the three populations
tested.



Table 3
Results of the dosing bioassays performed with purified Cry proteins effective on S. cosmioides, S. eridania and S. frugiperda.

Cry proteins S. cosmioides S. eridania S. frugiperda

LC50 (lg/ml) Fiducial limit (95%) LC50 (lg/ml) Fiducial limit (95%) LC50 (lg/ml) Fiducial limit (95%)

Cry1Aa 0.58 ab* 0.14–1.52 75 c 42.83–121.4 0.32 a 0.14–0.72
Cry1Ab 0.37 a 0.12–0.82 62 c 37.34–188.22 0.88 a 0.40–1.74
Cry1Ac 2.8 b 1.20–6.26 21 b 14.29–33.97 11 b 4.78–30.65
Cry2Aa 24 c 8.91– 171.1 1.0 a 0.42–2.36 1.9 ab 0.70–5.30

* Measures followed by the same letter, in the columns, do not differ among themselves by the Fiducial limit.
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All of these data must be carefully analyzed before selecting a
bio-larvicide or a B. thuringiensis transgenic plant. An important is-
sue is the susceptibility of different S. frugiperda populations and
the presence of different species of the Spodoptera complex. At
present, bio-insecticides are available for sale, which contain Btk
HD-1 expressing Cry1Aa, Cry1Ab, Cry1Ac, and Cry2Aa proteins or
which contain Bt subsp. aizawai (Bta), which produce Cry1Ab,
Cry1C and Cry1D proteins, which are toxic in variable levels to Spo-
doptera complex caterpillars in a manner that depends on the tar-
get species and on the different populations of S. frugiperda that
may be present in the field. Producers from the Distrito Federal re-
gion in Brazil have described a variable efficiency (sometimes high,
sometimes low) against S. frugiperda from the products made of
Btk and a good efficiency of Bta (unpublished reports). Since both
products both produce Cry1Ab protein among their arsenal of tox-
ins and we show Cry1Ab to be potent against S. frugiperda, it is pos-
sible that these reports of problems may be related to the
formulation of the product and the application technology, which
is not well developed in Brazil, rather than the efficiency of the
bacterium itself.

In Brazil, transgenic plants expressing the Cry1Ac toxin are also
available (registered or in the process of registration), such as
Bollgard I (Macintosh et al., 1990; Stewart et al., 2001, 2000;
Armstrong et al., 2007), DP90 and NUOPAL (Vohlk et al., 2007),
Bollgard II (which was developed through the incorporation of
the Cry2Ab toxin in Bollgard cotton) (Greenplate et al., 2000a,b),
DP50 (which expresses a greater concentration of Cry2Ab and
Cry1Ac toxic proteins (Bollgard II) (Santos, 2007), WideStrike
(expressing Cry1Ac and Cry1F) and VipCot (expressing the VIP3
protein, also derived from B. thuringiensis) (ICAC, International Cot-
ton Advisory Committee, 2004).

Vohlk et al. (2007) evaluated the efficiency of DP90 and NUO-
PAL transgenic cotton, presently registered in Brazil, which express
the cry1Ac gene. In the evaluation, damage caused by Pseudoplusia
includens (Lepidoptera: Noctuidae) and species of Spodoptera
(mainly S. eridania), were noted. According to the authors, it was
necessary to apply insecticide on these varieties due to damage
caused by these pests in order to ensure their control. In another
field study performed with DP90B and NUOPAL cultures, Miranda
et al. (2007) monitored the efficiency of these cultures on Alabama
argilacea (Lepidoptera: Noctuidae) and Heliothis virescens (Lepidop-
tera: Noctuidae) but again, additional insecticide applications for
the control of S. cosmioides were also necessary. The studies of
Miranda et al. (2007) and Vohlk et al. (2007) confirmed in Brazil
the low efficiency of Cry1Ac on S. cosmioides and S. eridania in crops
that produce this protein. The data obtained in this work showed
that Cry1Ac has low toxicity to these species and, thus, explain
the results obtained by the authors listed above.

The expression of the Cry2Ab protein in Bollgard II promotes an
increase in the insecticidal activity compared to Bollgard I cotton.
Studies confirm the greater efficiency of Bollgard II over Bollgard
(Penn et al., 2001; Voth et al., 2001), because it contains the Cry2Ab
and Cry1Ac proteins. Stewart et al. (2001) noted that no H. vires-
cens, S. frugiperda and S. exigua caterpillars survived to the pupal
stage when fed with Bollgard II, however, there was survival of cat-
erpillars of these species reared on Bollgard. In Brazil, field research
with the DP50 variety that expresses a greater concentration of the
Cry2Ab and Cry1Ac toxic proteins (Bollgard II – Monsanto) (Santos,
2007), were found to be efficient for the control of S. frugiperda
(Stewart et al., 2001, 2000). Bollgard II is not only effective against
pests controlled with Bollgard, but it satisfactorily controls Heli-
coverpa zea (Lepidoptera: Noctuidae), S. frugiperda, S. eridania and
Trichoplusia ni (Lepidoptera: Noctuidae) (Jackson et al., 2001; Chit-
kowski et al., 2003; Degrande and Fernandes, 2006; Li et al., 2007).

The data obtained in our study demonstrate the great impor-
tance of always performing susceptibility studies on each primary
or secondary target insect when choosing a strain or toxin for use
in the field. Secondary or less important pests of the cotton crop
may become primary pests, if the pest control is not well per-
formed. Using the results with the toxins studied in this work we
can understand the different species susceptibilities and, for exam-
ple, avoid reliance on use of Cry1Aa or Cry1Ab toxins to prevent
selection of S. eridania and promoting its ‘‘status” from secondary
pest to primary pest. Similarly, Cry2Aa can be seen to control S. cos-
mioides poorly and care must be taken to include other toxins
against this pest.

On the other hand, the construction of ‘‘pyramidal” transgenic
plants expressing more than one toxin may be a good alternative
for the control of Spodoptera complex species: in the case of the
species studied here, a good option would be the use of cry1Aa or
cry1Ab genes (encoding the toxins active against S. frugiperda and
S. cosmioides) and cry2Aa (encoding the toxin active against S. erid-
ania). In this context, biological products made of native Bt strains
that express these toxins would also be a recommended strategy.

For Integrated Pest Management (IPM), the formulation of new
insecticides made of B. thuringiensis strains and the development of
plants that express different Cry proteins are highly important for
the reduction of the potential resistance development of Spodop-
tera spp. The usage of bio-insecticides and plants that express
Cry protein diversity minimizes the selection pressure that induces
the resistance to Spodoptera complex in parallel areas and soy, corn
and cotton producing areas. The presence and the expression of
multiple toxins makes possible the development of plants that ex-
press cry genes as well as the formulation of bio-insecticides as an
instrument of Integrated Pest Management.
References

Aguiar, R.W.S., Martins, E.S., Fernandez, R.S., Melatti, V.M., Falcão, R., Monnerat R.,
Ribeiro, B.M., 2006. Avaliação da toxicidade da proteína recombinante
inseticida Cry2Ab de Bacillus thuringiensis subsp. kurstaki contra larvas de S.
frugiperda. Boletim de Pesquisa e Desenvolvimento, Brasília, vol. 139, 38p.

Aranda, E., Sanchez, J., Peferoen, M., Güereca, L., Bravo, A., 1996. Interactions of
Bacillus thuringiensis crystal proteins with the midgut epithelial cells of
Spodoptera frugiperda (Lepidoptera: Noctuidae). Journal of Invertebrate
Pathology 68, 203–212.

Arantes, O., Lereclus, D., 1991. Construction of cloning vectors for Bacillus
thuringiensis. Gene 108, 115–119.

Armstrong, J.S., Adamczyk Jr., J.J., Greenberg, S.M., 2007. Fall Armyworm
susceptibility to Bollgard I, Bollgard II, and Widestrike cotton as determined



162 K.B. dos Santos et al. / Biological Control 50 (2009) 157–163
by a leaf-dish assay. Abstract. Entomological Society of America Proceedings,
February.

Barroso, P.A.V., Hoffmann, L.V., 2007. Algodoeiro geneticamente modificado. In:
Freire, E.C. (Ed.), Algodão no Cerrado do Brasil. Associação Brasileira dos
Produtores de Algodão, Brasília, pp. 141–174.

Bavaresco, A., Garcia, M.S., Grutzmacher, A.D., Ringenberg, R., Foresti, J., 2003.
Biologia comparada de Spodoptera cosmioides (Walk.) (Lepidoptera: Noctuidae)
em cebola, mamona, soja e feijão. Ciência Rural, Santa Maria, vol. 33, pp. 993–
998.

Bohorova, N.E., Cabrera, M., Abarca, C., Quintero, R., Maciel, A.M., Brito, R.M.,
Hoisington, D.A., Bravo, A., 1997. Susceptibility of four tropical lepidopteran
maize pests to Bacillus thuringiensis CryI-type insecticidal toxins. Journal of
Economic Entomology 90, 412–415.

Bourgouin, C., Delécluse, A., Ribier, J., Klier, A., Rapoport, G., 1988. A Bacillus
thuringiensis subsp. israelensis gene encoding a 125-kilodalton larvicidal
polypeptide is associated with inverted repeat sequences. Journal of
Bacteriology 170, 3575–3583.

Borem, A., 2005. (Org.) Biotecnologia e meio ambiente, first ed. Folha de Viçosa,
Viçosa, v. 1, vol. 425, p. 2005.

Bravo, A., Sarabia, S., Lopez, L., Ontiveros, H., Abarca, C., Ortiz, M., Lina, L., Villa-
Lobos, F.J., Peña, G., Nuñez-Valdez, M.E., Soberón, M., Quintero, R., 1998.
Characterization of cry genes in Mexican Bacillus thuringiensis strain collection.
Applied and Environmental Microbiology 64, 4965–4972.

Ceron, J., Covarrubias, L., Quintero, R., Ortiz, A., Ortiz, M., Aranda, E., Lina, L., Bravo,
A., 1994. PCR analysis of the cryI insecticidal crystal family genes from Bacillus
thuringiensis. Applied and Environmental Microbiology 60, 353–356.

Ceron, J., Ortiz, A., Quintero, R., Guereca, L., Bravo, A., 1995. Specific PCR primers
directed to identify cryI and cryIII genes within a Bacillus thuringiensis strain
collection. Applied and Environmental Microbiology 61, 3826–3831.

Chitkowski, R.L., Turnipseed, S.G., Sullivan, M.J., Bridges Jr., W.C., 2003. Field and
laboratory evaluations of transgenic cottons expressing one or two Bacillus
thuringiensis var. Kurstaki Berliner proteins for management of noctuid
(Lepidoptera) pests. Journal of Economic Entomology 96, 755–762.

Degrande, P.E., Fernandes, M.G., 2006. O Brasil com Bt. In: Cultivar Grandes Culturas
120, Pelotas, Cultivar, RS, vol. 8, pp. 16–21.

Finney, D.J., 1971. Probit Analysis, third ed. Cambridge University Press, Cambridge.
333p.

Greenplate, J.T., Penn, S.R., Mullins, J.W., Oppenhuizen, M., 2000a. Seasonal CryIAc
levels in DP50B: the ‘‘Bollgard basis” for Bollgard II. In: Dugger, P., Richter, D.
(Eds.), Proceedings, 2000 Beltwide Cotton Conference. National Cotton Council,
Memphis, TN, pp. 1039–1040.

Greenplate, J.T., Penn, S.R., Shappley, Z., Oppenhuizen, M., Mann, J., Reich, B., Osborn,
J., 2000b. Bollgard II efficacy: quantification of lepidopteran activity in a 2-gene
product. In: Dugger, P., Richter, D. (Eds.), Proceedings, 2000 Beltwide Cotton
Conference. National Cotton Council, Memphis, TN, pp. 1041–1043.

Habib, M.E.M., Andrade, C.F.S., 1998. Bactérias entomopatogênicas. In: Alves, S.B.
(Ed.), Controle microbiano de insetos. Piracicaba, FEALQ, pp. 383–446, 1163p.

Hernandez, J.L.L., 1988. Évaluation de la toxicité de Bacillus thuringiensis sur
Spodoptera frugiperda. Entomophaga 33, 163–171.

Höfte, H., Whiteley, H.R., 1989. Insecticidal crystal protein of Bacillus thuringiensis.
Microbiological Reviews 53, 242–255.

International Cotton Advisory Committee (ICAC). Update Genetically Engineered
Cotton. The ICAC Recorder, Washington, vol. 22, No. 2, December, 2004, pp. 12–
15.

Ibarra, J., Rincón, C., Ordúz, S., Noriega, D., Benintende, G., Monnerat, R.G., Regis, L.,
Oliveira, C.M.F., Lanz, H., Rodriguez, M.H., Sánchez, J., Peña, G., Bravo, A., 2003.
Diversity of Bacillus thuringiensis strains from Latin America with insecticidal
activity against different mosquito species. Applied and Environmental
Microbiology 69, 5269–5274.

Jackson, R.E., Bradley Jr., J.R., Van Duyn, J.W., Burd, A.D., 2001. Efficacy of
Bollgard and Bollgard II cottons against bollworm, Helicoverpa zea
(Boddie) in field and greenhouse studies. In: P. Dugger, D. Richter
(Eds.), Proceedings, 2001 Beltwide Cotton Conference. National Cotton
Council, Memphis, TN, pp. 815–819.

Karamanlidou, G., Lambropoulos, A., Koliais, S., Manousis, T., Ellar, D., Kastritsis, C.,
1991. Toxicity of Bacillus thuringiensis to laboratory populations of the olive fruit
fly (Dacus oleae). Applied and Environmental Microbiology 57, 2277–2282.

King, A.B.S., Saunders, J.L., 1984. The Invertebrate Pests of Annual Food Crops in
Central America. Overseas Development Administration, London, 166 p.

Krieg, A., Langenbruch, G.A., 1981. Susceptibility of arthropod species to Bacillus
thuringiensis. In: Burges, H.D. (Ed.), Microbial Control of Pests and Plant Disease
1970–1980. Academic Press, London, pp. 837–896.

Lecadet, M.M., Chaufaux, J., Ribier, J., Lereclus, D., 1991. Construction of novel
Bacillus thuringiensis strains with different insecticidal activities by transduction
and transformation. Applied and Environmental Microbiology 58, 840–849.

Lereclus, D., Arantès, O., Chaufaux, J., Lecadet, M.-M., 1989. Transformation and
expression of a cloned d-endotoxin gene in Bacillus thuringiensis. FEMS
Microbiological Letters 60, 211–218.

Lereclus, D., Delécluse, A., Lecadet, M.M., 1993. Diversity of Bacillus thuringiensis
toxins and genes. In: Enwistle, P.F. et al. (Eds.), Bacillus thuringiensis, An
Environmental Biopesticide: Theory and Practice, fifth ed. John Wiley & Sons
Ltd., West Sussex, pp. 37–69.

Li, Y.X., Greenberg, S.M., Liu, T.X., 2007. Effect of Bt cotton expressing Cry1Ac and
Cry2Ab, non-Bt cotton and starvation on survival and development of
Trichoplusia ni (Lepidoptera: Noctuidae). Pest Management Science 63, 476–
482.
Lima, G., Aguiar, R., Martins, E., Gomes, A.C.M., Souza, M., Monnerat, R.G., Ribeiro, B.,
in press. Cry2A toxins from Bacillus thuringiensis expressed in insect cells are
toxic to two lepidopteran insects. World Journal of Microbiology and
Biotechnology.

López-Edwards, M., Hernández-Mendoza, J.L., Pescador-Rubio, A., Molina-Ochoa, J.,
Lezama-Gutiérrez, R., Hamm, J.J., Wiseman, B.R., 1999. Biological differences
between five populations of fall armyworm (Lepidoptera: Noctuidae) collected
from corn in Mexico. Florida Entomologist 82, 254–262.

Luttrell, R.G., Wan, L., Knighten, K., 1999. Variation in susceptibility of noctuid
(Lepidoptera) larvae attacking cotton and soybean to purified endotoxin
proteins and commercial formulations of Bacillus thuringiensis. Journal of
Economic Entomology 92 (1), 21–32.

Macintosh, S.C., Stone, T.B., Sims, S.R., Hunst, P.L., Greenplate, J.T., Marrone, P.G.,
Perlak, F.J., Fischhoff, D.A., Fuchs, R.L., 1990. Specificity and efficacy of purified
Bacillus thuringiensis proteins against agronomically important insects. Journal
Invertebrate Pathology 56, 258–266.

Martin, P., Travers, R., 1989. Worldwide abundance and distribution of Bacillus
thuringiensis isolates. Applied and Environmental Microbiology 55, 2437–2442.

Meadows, M.P., Ellis, D.J., Butt, J., Jarrett, P., Burges, H.D., 1992. Distribution,
frequency, and diversity of Bacillus thuringiensis in an animal feed mill. Applied
and Environmental Microbiology 58, 1344–1350.

Miranda, J.E., Barbosa, K.A., Couto, A.F., Fernandez, J.I., 2007. Flutuação populacional
e necessidades de controle químico de pragas em algodoeiro transgênico BT1.
Anais VI Congresso Brasileiro de Algodão, Abrapa, Amipa, Embrapa Algodão,
Uberlândia, CD-ROOM.

Monnerat, R.G., Batista, A.C., Medeiros, P.T., Martins, E., Melatti, V., Praça, L., Dumas,
V., Demo, C., Gomes, A.C., Falcão, R., Berry, C., 2007. Characterization of Brazilian
Bacilus thuringiensis strains active against Spodoptera frugiperda, Plutella
xylostella and Anticarsia gemmatalis. Biological Control 41, 291–295.

Monnerat, R.G., Queiroz, P., Orduz, S., Benitende, G., Cozzi, J., Real, M.D., Ibarra, J.,
Bravo, A., 2006. Genetic variability in Spodoptera frugiperda Smith populations
in Latin America is associated to variations in susceptibility to Bacillus
thuringiensis Cry toxins. Applied and Environmental Microbiology 72, 7029–
7035.

Monnerat, R.G., Bravo, A., 2000. Proteínas bioinseticidas produzidas pela bactéria
Bacillus thuringiensis: Modo de ação e resistência, first ed. In: Controle Biológico,
Embrapa, São Paulo, vol. 3, pp. 163–192.

Morales, G.G., Novoa, A.S., 1992. Selección de cepas de Bacillus thuringiensis para
control de insectos lepidópteros. Southwestern Entomologist 17, 63–67.

Navon, A. 1993. Control of Lepidopteran pests with Bacillus thuringiensis. In:
Entwistle, P.F., Cory, J.S., Bailey, M.J., Higgs, S. (Eds.), Bacillus thuringiensis, An
Environmental Biopesticide: Theory and Practice. John Wiley & Sons Ltd.,
Chichester, pp. 125–146.

Nora, I., Reis Filho, W., Stuker, H., 1989. Danos de lagartas em frutos e folhas de
macieira: mudanças no agroecossistema ocasionam o surgimento de insetos
indesejados nos pomares. Agropecuária Catarinense 2, 54–55.

Nyouki, F.F.R., Fuxa, J.R., Richter, A.R., 1996. Spore–toxin interactions and sublethal
effects of Bacillus thuringiensis in Spodoptera frugiperda and Pseudoplusia
includens (Lepidoptera: Noctuidae). Journal of Entomological Science 31, 52–62.

Parra, J.R.P., 2001. Técnicas de criação de insetos para programas de controle
biológico, sixth ed. Piracicaba, ESALQ/FEALQ, 134p.

Penn, S.R., Reich, B., Osborn, J., Embry, K., Greenplate, J., 2001. Quantification of
lepidopteran activity in a 2-gene product: a 2-year summary of Bollgard II. In:
Dugger, P.; Richter, D. (Eds.), Proceedings of the Beltwide Cotton Conference.
National Cotton Council, Memphis, TN, pp. 830–832.

Praça, L., Martins, E., Batista, A.C., Monnerat, R.G., 2004. Prospecção de estirpes de
Bacillus thurigiensis efetivas contra insetos da ordem Lepidoptera, Diptera e
Coleoptera. Pesquisa Agropecuária Brasileira 39, 11–16.

Saadoun, I., Al-Momani, F., Obeidat, M., Meqdam, M., Elbetieha, A., 2001.
Assessment of toxic potential of local Jordanian Bacillus thuringiensis strains
on Drosophila melanogaster and Culex sp. (Diptera). Journal of Applied
Microbiology 90, 866–872.

Sambrook, J., Fritsch, E. F., Maniatis, T., 1989. Molecular Cloning: Laboratory Manual,
second ed. CSHL, Cold Spring Harbor, NY.

Santos, K.B., Neves, P.M., Meneguim, A.M., 2005. Biologia de Spodoptera eridania
(Cramer) (Lepidoptera: Noctuidae) em diferentes hospedeiros. Neotropical
Entomology, Londrina 34, 903–910.

Santos, W.J., 2007. Manejo das Pragas do Algodão com destaque para o Cerrado
Brasileiro. In: Freire, E.C. (Ed.), Algodão no Cerrado do Brasil. Associação
Brasileira dos Produtores de Algodão, Brasília, pp. 403–521.

Santos, W.J., 1997. Manejo Integrado de pragas do algodoeiro no Brasil. In: Algodão,
Fundação MT, Rondonópolis, MT, Boletim 02, pp. 48–71, 107p.

Schnepf, E., Crickmore, N., Van Rie, J., Lereclus, D., Baum, J., Feiltelson, J., Zeigler, D.R.,
Dean, D., 1998. Bacillus thuringiensis and its pesticidal crystal proteins.
Microbiology and Molecular Biology Reviews 62, 775–806.

Silva, S.B., Silva-Werneck, J., Falcao, R., Oliveira Neto, O., Sá, M.F., Bravo, A.,
Monnerat, R.G., 2004. Characterization of novel Brazilian Bacillus thuringiensis
strains active against Spodoptera frugiperda and other insect pests. Journal of
Applied Entomology 128, 1–6.

Silvie, P., Leroy, T., Belot, J.L., Michel, B., 2001. Manual de Identificação das pragas e
seus danos no algodoeiro. Boletim Técnico, No. 34, Cascavel, Coodetec/Cirad-CA,
100p.

Stewart, S.D., Adamczyk, J.J.Jr., Knighte, K.S., Davi, F.M., 2001. Impact of Bt cottons
expressing one or two insecticidal proteins of Bacillus thuringiensis Berliner on
growth and survival of Noctuid (Lepidoptera) larvae. Journal Economic
Entomology 94, 752–760.



K.B. dos Santos et al. / Biological Control 50 (2009) 157–163 163
Stewart, S.D., Knighten, K.S., Davis, F.M., 2000. Efficacy of Bt cotton expressing two
insecticidal proteins of Bacillus thuringiensis Berliner on selected caterpillar
pests. In: Dugger, P., Richter, D. (Ed.), Proceeding of the Beltwide Cotton
Conference. vol. 2, National Cotton Council, Memphis, TN, pp. 1043–1048.

Tailor, R., Tippet, J., Gibb, G., Pells, S., Pike, D., Jordan, L., Ely, S., 1992. Identification and
characterization of a novel Bacillus thuringiensis delta-endotoxin entomocidal to
coleopteran and lepidopteran larvae. Molecular Microbiology 6, 1121–1217.

Van Rie, J., McGaughey, W.H., Johnson, D.E., Barnett, D.B., Van Mellaert, H., 1990.
Mechanism of insect resistance to the microbial insecticide Bacillus
thuringiensis. Science 247, 72–74.

Vilas-Boas, G.F.L.T., Peruca, A.P.S., Arantes, O.M.N., 2007. Biology and taxonomy of
Bacillus cereus, Bacillus anthracis and Bacillus thuringiensis. Canadian Journal of
Microbiology 53, 673–687.
Voth, R.D., Greenplate, J.T., Mann, J.E., Mullins, J.W., 2001. Bollgard� II cotton
technical review. In: Dugger, P., Richter, D. (Eds.), Proceeding of the Beltwide
Cotton Conference. National Cotton Council, Memphis, TN, p. 830.

Vohlk, P.H.F., Silvie, P., Takizawa, E., Almeida Melo, F.L., Dioum, C., Kaminski, E.,
Colpani, C.M., 2007. Avaliação e Manejo de pragas dos algodoeiros Bt: primeira
safra no Mato Grosso, Brasil. Anais. VI Congresso Brasileiro de Algodão,
Uberlândia: Abrapa, Amipa, Embrapa Algodão, CD-ROOM.

Waquil, J.M., Vilela, F.M.F., Siegfried, B.D., Foster, J.E., 2004. Atividade biológica das
toxinas do Bt, Cry1A(b) e Cry1F em Spodoptera frugiperda (Smith) (Lepidoptera:
Noctuidae). Revista Brasileira de Milho e Sorgo 3, 153–163.

Yousten, A.A., 1984. Bacillus sphaericus: Microbiological factors related to its
potential as a mosquito larvicide. Advances in Biotechnology Processes 3,
315–343.


	Selection and characterization of the Bacillus thuringiensis strains toxic to Spodoptera eridania (Cramer), Spodoptera cosmioides (Walker) and Spodoptera frugiperda (Smith) (Lepidoptera: Noctuidae)
	Introduction
	Materials and methods
	Insects
	Bacillus thuringiensis strains
	Bioassays against S. eridania, S. cosmioides and S. frugiperda
	Characterization of the B. thuringiensis strains toxic to S. frugiperda, S. cosmioides and S. eridania
	Morphological characterization
	Characterization of proteins through SDS–PAGE
	Molecular characterization
	Individual recombinant strains expressing Cry proteins

	Results and discussion
	Selective bioassay of the B. thuringiensis strains against 	S. eridania, S. cosmioides and S. frugiperda
	Characterization of B. thuringiensis strains toxic to S. frugiperda, 	S. cosmioides and S. eridania
	Toxicity of purified Cry proteins of B. thuringiensis

	References


