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Abstract Insecticides based on crystalline toxins of
Bacillus thuringiensis are very good biological plant
protection products. However, the spectrum of activity
of some toxins is narrow or resistance among insects
has been developed. We tested the insecticidal activity
of crystals of the B. thuringiensis MPU B9 strain alone
and supplemented with Vip3Aa proteins against
important pests: Spodoptera exigua Hiibner (Lepi-
doptera: Noctuidae), Cydia pomonella L. (Lepi-
doptera: Tortricidae) and Dendrolimus pini L.
(Lepidoptera: Lasiocampidae). The Cry toxins were
more active for D. pini but less active against S. ex-
igua and C. pomonella than Vip3Aa. Supplementation
of Cry toxins by small amounts of vegetative insec-
ticidal proteins demonstrated synergistic effect and
significantly enhanced the toxicity of the insecticide.
The results indicate the utility of Cry and Vip3Aa
toxins mixtures to control populations of crops and
forests insect pests.
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Introduction

Bacillus thuringiensis are Gram-positive bacteria
producing several toxins with activity against proto-
zoans, mites, nematodes, and insects. The lethality of
B. thuringiensis towards a wide range of insects,
including lepidopteran, dipteran and coleopteran lar-
vae, is attributed largely to crystal proteins (Cry)
produced during sporulation (Palma et al. 2014). In
vegetative stage of growth other toxins are produced,
named vegetative insecticidal proteins (Vips). Vipl
and Vip2 proteins act as binary toxins and show
activity against Coleoptera, whereas Vip3 are active
against Lepidoptera (Chakroun et al. 2016).

Some of the Cry toxins are applied as plant
protection products because they are not toxic to
vertebrates, rapidly degrade in the environment, and
therefore do not accumulate in the soil, water or
animal tissues. Due to the short half-life they do not
exert a strong selective pressure in the environment,
which might lead to the acquisition of resistance by
insects. Production cost of these biological agents is
relatively low. Another advantage is the lack of
negative impact of these preparations on the soil fauna
(Villaverde et al. 2014). Moreover, the use of biopes-
ticides in crop protection leads to decreased levels of
pesticide residues in foods and, as a result, to lower
risk level for the consumer (Czaja et al. 2015).
Therefore, the utilisation of bioinsecticides containing
B. thuringiensis toxins is strictly in line with the
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principles of integrated pest management, provided
that they are effective and safe (Villaverde et al. 2014).

Presently there are over 400 B. thuringiensis-based
formulations that have been registered in the market
and most of them contain insecticidal proteins and
viable spores, though the spores are inactivated in
some products. Usually they are used as foliar sprays.
An alternative method for delivering the toxins to the
target insect is expression of the toxin-encoding genes
in transgenic plants (George and Crickmore 2012).
The use of B. thuringiensis (Bt) crops provides
benefits in insect control, reduction of technical
difficulties and costs associated with spraying the
plants and reducing the amount of mycotoxins (e.g.
fumonisin) in maize grain (Koch et al. 2015). How-
ever, continuous exposure of insects to toxins pro-
duced by genetically engineered plants contribute in
decreasing susceptibility of pests population.
Recently, reduced efficacy of Bt crops caused by
field-evolved resistance has been reported for some
populations of five of 13 major pest species examined,
compared with resistant populations of only one pest
species in 2005 (Tabashnik et al. 2013a). Also the
strategy of using transgenic plants for pest manage-
ment is often not possible (e.g. in forests) or is
restricted by law.

In spite of the fair insecticide effect of crystalline
proteins, some insects are not sensitive to their action.
Various strategies are undertaken to increase the
effectiveness of insecticides based on the
B. thuringiensis toxins, including modifications such
as toxin truncation, improvement of activation,
domain swapping, site-direct mutagenesis, and pep-
tide addition (Deist et al. 2014). Creation of mixtures
containing different toxins isolated from a few strains
of B. thuringiensis is another strategy of bioinsecti-
cide development (Konecka et al. 2015).

Different types of Cry toxins may interact syner-
gistically to increase the mortality of target insects.
The mixtures should contain toxins having the lowest
similarity and different mechanism of action, since
then they have the highest activity. This can also
broaden the biopreparation activity spectrum of target
pests (Fernandez-Luna et al. 2010; Tabashnik et al.
2013b). Insects resistant to one type of toxin, e.g.
CrylAc, may be sensitive to other, e.g. Vip3 (Qian
et al. 2015). However, interaction type between Bt
proteins against crop pests cannot be easily predicted.
Sometimes the same toxin combination in an
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insecticide acts synergistically, additively or antago-
nistically on different insect species, even from the
same order (De Schrijver et al. 2015). Taking these
factors into consideration, a special kind of pyramided
transgenic Bt crops have been designed to raise
activity and delay evolution of resistance in pests.
This strategy proved to be optimal for genetically
engineered crops (Carriere et al. 2015). The aim of the
study was to evaluate the interaction effect of com-
binations of B. thuringiensis toxin crystals and vege-
tative insecticidal protein mixtures in important pests:
Spodoptera exigua Hiibner (Lepidoptera: Noctuidae),
Cydia pomonella L. (Lepidoptera: Tortricidae) and
Dendrolimus pini L. (Lepidoptera: Lasiocampidae),
and to determine mixtures with synergistic (and
possibly the highest) activities of toxins, which could
be used on non-transgenic crops and when spraying is
the only possible method of insecticide application,
e.g. in forest protection.

Materials and methods
Toxin isolation

B. thuringiensis MPU B9 strain isolated from the
intestine tracts of C. pomonella (Konecka et al. 2007)
was used as a crystal protein gene source. Crystals
were isolated according to the method described by
Guz et al. (2005) with some modifications. The strain
MPU B9 was cultured on Brain Heart Infusion (BHI,
Oxoid) with addition of bacteriological agar (15 g 17";
Biocorp) at 30 °C, for 20 h. Subsequently, bacterial
cells were spread on sporulation medium plates and
cultured at 30 °C for another 4-5 days in order to
attain sporulation. The degree of sporulating cells was
estimated by staining a culture sample with amido
black and carbol fuchsin, followed by examination
under standard light microscope. Crystal-spore mix-
ture was then collected from plates, washed in 1 M
NaCl and twice in distilled water (each time cen-
trifuged at 3000 x g for 30 min), and finally suspended
in 50 mM Tris- HCI pH 7.5 with 10 mM KCI. The
suspension was then put on ice and sonicated with ten
pulses, 10 s each (22 kHz frequency, 14 mm ampli-
tude) using a UD-11 automatic ultrasound disintegra-
tor. Next, in order to separate crystals from spores, the
suspension was put on discontinuous sucrose gradient
(67,72,79, 87%) and centrifuged (13,000 g, 50 min,
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22 °C) Sorvall Evolution RC (Thermo Scientific)
using swing bucket rotor. Layers containing crystals
were collected and washed three times with sterile,
demineralized water. The purity of crystals was
estimated under light microscope, preceded with
staining step performed according to the procedure
mentioned above. Crystals suspended in sterile dem-
ineralized water were then frozen (—80 °C) and
lyophilized in vacuum (133 x 10~ mBar) for 24 h.
Lyophilized samples were kept dry at 4 °C until use.
For bioassays, a portion of lyophilizate was suspended
in 50 mM Tris, pH 8.0 and the concentration (ng of dry
weight per pl) was adjusted to desired values.

The composition of the proteins forming crystals
was determined by mass spectrometry. Crystal pro-
teins were solubilized and separated in SDS-PAGE.
Bands corresponding with Cry toxins were cut out
from the gel and enzymatically degraded to obtain
oligopeptides. Separation of the peptides was done
with liquid chromatography. The masses of peptide
fragments were determined by Orbitrap Spectrometer
(Thermo). Peptide fragments match was resolved in
Mascot software (http://www.matrixscience.com).

Expression and isolation of Vip3Aa proteins was
performed according to our previous work (Baranek
et al. 2015). Briefly, E. coli strains with vip3Aa-
bearing expression plasmids were cultured in LB broth
with 100 pg mI™" ampicillin, and subsequently
induced with 1 mM IPTG. After incubation, the cells
were centrifuged, frozen and disrupted using lyso-
zyme treatment and sonication. Lysates were then
centrifuged at 14,000x g for 20 min, filtered through
0.22 um PVDF syringe filters, and dialyzed in 14 kDa
MWCO tubes against 50 mM Tris, pH 8.0. The
concentration of Vip proteins present in lysates was
estimated densitometrically.

Insect toxicity bioassays

In order to estimate the toxicity of B. thuringiensis
MPU B9 protein crystals, Vip3Aa58 and Vip3Aa59
proteins, as well as mixtures of these insecticidal
factors, three insect pest species were employed:
S. exigua, C. pomonella, and D. pini. Toxicity assays
were carried out by using identical procedure as
previously described (Baranek et al. 2015). Briefly, for
LCs5( estimation of MPU B9 crystal toxins, lyophilized
crystals were suspended in 50 mM Tris, pH 8.0, and
administered on the surface of insect diet in six

different concentrations (36 insects per concentra-
tion). Assays were performed in three repetitions.
Differences between LCs( values of different Bt toxins
were considered statistically significant when fiducial
limits did not overlap. For Cry-Vip interaction tests,
toxin mixtures and separate mixture components were
administered in different concentrations, with 24
insects ascribed to each. Two repetitions were done.
All of the tests were carried out for ten days after
which dead insects were counted. Mortality correction
was done by using Abbot’s formula (O’Callaghan
et al. 2012).

Determination of interaction between crystalline
and vegetative insecticidal proteins

We evaluated potential synergism or antagonism for
each toxin combination. A synergistic effect is
observed when the activity of some mixtures is greater
than expected, based on the activities of the individual
components. Antagonism is characterized by a signif-
icantly reduced observed toxicity compared to the
expected toxicity of the mixture (Li and Bouwer
2014). We used the method as described previously by
Tabashnik et al. (2013b) based on the assumption that
the proportion of larvae surviving exposure to a
combination of toxins is a product of the proportions
of larvae that survive exposure to each of the toxins
separately. For the mixture of two (Cry and Vip) toxins
expected value of survival can be calculated using the
formula:  S(ryvipiexp = S(cry)obs X S(vip)obs, ~ Where
S(eryvipyexp 18 the proportion of larvae expected to
survive exposure to a combination of Cry and Vip
toxins, Sicry)obs 1 the observed proportion of larvae
that survived exposure to Cry toxin, and Syip)obs 18 the
observed proportion of larvae that survived exposure
to Vip toxin. Survival correction was done by using
Abbot’s formula (O’Callaghan et al. 2012). The
expected mortality (M) for larvae exposed to a
combination of toxins was calculated using equation:
Mexp = (1 - S(cryvip)exp) x 100%.

For each of the combination of toxin concentrations
tested, we used Fisher’s exact test with two-tailed
probability to determine if a significant difference
(p < 0.05) occurred between the observed and
expected number of dead and alive larvae. Interaction
was considered synergistic when observed mortality
was higher than expected and antagonistic when
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observed mortality was lower than expected. When no
relevant difference occurred, only additive effect
between two toxins was assumed.

Results

Larvicidal activity of crystalline and vegetative
toxins

Results of mass spectrometry analysis revealed the
presence of Cry 1Aa, 1 Ba, 1Ca, 1D, and 9E toxins in
the crystals of MPU B9 strain. The bioassays demon-
strated activities of the crystals as well as Vip3Aa58
and Vip59 against S. exigua, C. pomonella and
D. pini. No significant differences in the activity
against  S. exigua and C. pomonella between
Vip3Aa58 and Vip3Aa59 were found and these
proteins were more active than the crystals of MPU
B9 isolate. In contrast, Cry toxin was more active
against D. pini than Vip3Aa59 (Table 1).

Insecticidal activity of toxin combinations

Insecticidal activity of mixtures containing Bt crystals
and Vip proteins against C. pomonella is presented in
Table 2. The results showed that synergism occurred
in a few combinations. For all mixtures with Cry toxins
in concentration 250 ng cm ™2 (less than half of LCs
value), synergism was observed upon addition of Vip
toxins (10, 50 and 100 ng cmfz). Even the addition of
10 ng cm ™2 of Vip toxins to 250 ng cm™* of MPU B9
Cry proteins caused the death of 60% or more insect
larvae. Using higher dose of Cry toxins in the mixture,
closer to the concentration that causes the death of
50% of the larvae, resulted in additive effect only.

Synergism was also observed between Cry and Vip
toxins against S. exigua (Table 3). High insecticidal
activity was observed at a dose as low as 10 ng cm ™2
MPU B9 crystals and 2.5 ng cm ™2 of Vip3Aa58 toxin.
For a mixture containing 100 ng cm™? of crystals and
2.5 ng cm~ 2 of Vip3AaS8 protein, strong synergism
and high insecticidal activity were observed (mortality
higher than 90%). Toxin combination containing the
same amount of crystal toxin but with Vip3Aa59
protein also demonstrated synergism between these
compounds, but the activity was lower. However, it
still resulted in the death of more than 50% of the
insect larvae.

Assessment of insecticidal activity of crystals and
Vip toxin mixtures to D. pini was difficult because
the insect cannot be continuously reared in labora-
tory and it is necessary to collect larvae in the field
and quarantine them. This resulted in lower number
of test insects available for research and slightly
different approach regarding toxin concentration
arrangement. Since our previous studies have shown
higher activity of Vip3Aa59 than Vip3Aa58 to
D. pini (Baranek et al. 2015), we applied only the
former in activity tests. The values of LCs, for
D. pini were significantly higher than those for S.
exigua and C. pomonella (Table 1). However, we
also observed synergistic activity of some Cry and
Vip combinations against D. pini (Table 4). Syner-
gistic effect against D. pini was observed for
mixtures containing crystals/Vip3Aa59 at the dose
of 91/84ngcm > (total amount of tox-
ins = 175 ng cm™%) and 182/167 ng cm™* (total
amount of toxins = 349 ng cm™?). In toxicity
assays for all three of the tested insects, for all
toxin combinations except one, the observed mor-
tality of larvae was higher than expected. However,

Table 1 Insecticidal
activity of Bacillus

Insect Toxin

LCsp (ng cm’z) 95% fiducial limits

thuringiensis toxins against Lower Upper
pests
C. pomonella MPU B9 crystals 590 460 750
Vip3A58 210 110 390
Vip3Aa59 240 130 450
S. exigua MPU B9 crystals 570 460 720
Vip3Aa58 15 2 60
Vip3Aa59 17 5 50
D. pini MPU B9 crystals 760 600 950
Vip3Aa59 1450 1230 1700
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Table 2 Efficacy of Bacillus thuringiensis MPU B9 crystals, Vip3Aa58, Vip3Aa59 and their combinations against Cydia pomonella

Toxin Concentration (ng cm™?) Mortality (%) p (Fisher’s exact test)
Observed (+SE) Expected
MPU B9 crystals 250 30 (£4) - -
500 50 (£13) - -
Vip3Aa58 10 10 (£2) - -
50 30 (+0) - -
100 40 (£19) - -
Vip3Aa59 10 5(£2) - -
50 20 (+4) - _
100 25 (£8) - -
MPU B9 crystals + Vip3Aa58 250 4+ 10 65 (£2) 37 0.014
250 + 50 75 (+£4) 51 0.020
250 +100 100 (£0) 58 <0.001
500 + 10 65 (£19) 55 0.406
500 + 50 80 (£17) 65 0.173
MPU B9 crystals + Vip3Aa59 250 4+ 10 60 (£6) 33 0.014
250 + 50 67 (£0) 44 0.040
250 4100 85 (£2) 48 <0.001
500 + 10 58 (£13) 53 0.538
500 + 50 75 (£8) 60 0.190

only some of the cases were statistically significant.
There was no case of antagonistic interaction.

Discussion

Mass spectrometry studies of B. thuringiensis MPU
B9 crystal composition showed the presence of Cry
1Aa, 1Ba, 1Ca, 1D, and 9E. Earlier gene identification
by PCR in the genome of this strain showed also the
presence of cryll, cry2Ab and cry9B (Konecka et al.
2007). The absence of Cry1I toxins was not surprising
because, unlike other Cry proteins, they are produced
as soluble proteins during vegetative growth of
bacteria and do not accumulate as crystals (Tailor
et al. 1992). The lack of Cry2Ab in crystals indicates
that there was no expression of the cry2 gene in MPU
B9 strain. This leads to a conclusion that estimation of
the toxin composition in crystal solely on the basis of
the PCR identification of genes in bacterial DNA is
insufficient.

The composition of the proteins forming crystals of
B. thuringiensis MPU B9 strain suggested that they

should have high activity against Lepidoptera, espe-
cially since earlier studies have pointed at the syner-
gism possibility between these toxins. Synergistic
interactions have been proven between CrylAa and
CrylC toxins against Helicoverpa armigera and
S. exigua (Xue et al. 2005; Li and Bouwer 2014), as
well as CrylC and Cry9Aa against H. armigera (Li
and Bouwer 2014). In addition, toxicity of CrylA
against Agrotis ipsilon and S. exigua and CrylC to
S. exigua can be increased by Manduca sexta cadherin
fragments which have synergistic properties (Abdul-
lah et al. 2009). Gao et al. (2010) have revealed
synergy between CrylAa toxin and CrylAb, CrylAa
as well as Cry1Ca, CrylAc and CrylCa, CrylAc and
CrylCb, CrylAb, and CrylCa, CrylAb and CrylBa,
CrylAc and CrylBa against Chilo suppressalis. On
the other hand, the mixture of CrylAa and CrylAb
was antagonistic in toxicity to Sesamia inferens. There
is no data about the interaction of Cry1A and Cry1D as
well as CrylB and Cry9. Konecka et al. (2015) have
observed synergistic activities of mixtures consisting
of crystals isolated from two isolates of B. thuringien-
sis against C. pomonella. These mixtures displayed
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Table 3 Efficacy of Bacillus thuringiensis MPU B9 crystals,

Spodoptera exigua

Vip3Aa58, Vip3Aa59 and their combinations against

Toxin Concentration (ng cmfz) Mortality (%) p (Fisher’s exact test)
Observed (£SE) Expected
MPU B9 crystals 10 3 (£2) - -
100 8 (+4) - -
Vip3AaS8 0.1 0 (£0) - -
0.5 8 (£0) - -
2.5 38 (+4) - -
Vip3Aa59 0.1 0 (£0) - -
0.5 6 (£2) - -
2.5 15 (£2) - -
MPU B9 crystals + Vip3Aa58 10 4+ 0.5 15 (£6) 11 0.623
10 + 2.5 61 (£2) 40 0.019
100 4 0.1 10 (£2) 8 1.000
100 4 0.5 24 (£8) 15 0.292
100 4 2.5 94 (£6) 43 <0.001
MPU B9 crystals + Vip3Aa59 10+ 0.5 11 (£2) 9 0.735
10 + 2.5 33 (£0) 18 0.036
100 + 0.1 8 (+4) 8 1.000
100 + 0.5 19 (£2) 14 0.380
100 4 2.5 57 (£ 10) 22 <0.001

higher toxicity against insect than commercial biopes-
ticide Foray based on B. thuringiensis, recommended
for reduction of the number of pests in plant
protection.

Vegetative insecticidal proteins Vip3A are also
active against a broad range of lepidopteran pests.
However, the range of insects susceptible to this toxin
is not the same as Cryl. Since the discovery of Vip
toxins, possible synergism between them and delta-
endotoxin has been suggested (Donovan et al. 2001).
Our study directly showed synergism between crystals
containing Cry toxins and Vip3Aa proteins. Combi-
nations of these toxins had high activity against
economically important pests of woodlands (D. pini),
orchards (C. pomonella) and crop fields (S. exigua).
To date, only a few studies have identified interactions
between certain Cry and Vip toxins against S. exigua.
Zhu et al. (2006) have shown that B. thuringiensis
YBT 1520 strain producing CrylAa, 1Ab, 1Ac, and
Cry2 toxins after transformation with a plasmid
containing the gene coding for synthesis of Vip3Aa7
had 10-fold more toxicity against S. exigua, than non-
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transformed parental strain. However, the transformed
strain had the same level of toxicity against H.
armigera as that parental YBT 1520 strain.

The synergy and the high activity of the composi-
tion containing Cry and Vip3Aa toxins against
C. pomonella was observed at much lower doses than
for toxins administered separately. To our knowledge,
there has been no study about the insecticidal activity
of Cry and Vip proteins compositions towards this
organism. Fighting C. pomonella is difficult because
the larvae bore tunnels inside apples, pears, plums, and
apricots. The only possible moment for the insecticide
action is a short period when larvae dwell on the
surface. Pests hidden within the fruit are unavailable
for insecticides, including the most conventional
chemical preparations and pesticides based on Bac-
ulovirus CpGV. Recently, sensitivity decrease of the
insect to chemical preparations has been noted (Grigg-
McGuffin et al. 2015), so demonstration the synergis-
tic interaction between crystals and Vip proteins and
high activity of Cry toxins and Vip3A mixtures is
promising to fight C. pomonella. In our study,
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Table 4 Efficacy of Bacillus thuringiensis MPU B9 crystals, Vip3Aa59 and their combinations against Dendrolimus pini

Toxin Concentration (ng cm™?) Mortality (%) p (Fisher’s exact test)
Observed (+SE) Expected
Vip3Aa59 84 0 (£0)
167 2 (£D)
334 5 (£0)
668 21 (+4)
1336 48 (£6)
2672 68 (£15)
5348 93 (£8)
16,043 100 (£0)
MPU B9 crystals 91 0 (£0)
182 13 (+4)
364 37 (£13)
728 48 (£6)
1458 68 (£15)
2917 78 (£10)
5834 92 (+0)
MPU B9 crystals + Vip3Aa59 91 + 84 10 (£6) 0 0.027
182 4 167 42 (+4) 14 0.001
364 4334 57 (£15) 40 0.100
728 + 668 73 (£13) 59 0.123
1458 + 1336 90 (£10) 83 0.421
5834 + 5348 100 (£0) 99 1.000

insecticidal activity of B. thuringiensis MPU B9
crystals and vegetative insecticidal protein (used
separately and in combination) was also tested against
D. pini. LCsq of Vip3Aa59 toxin and was nearly two-
fold higher than the Cry toxins. Moreover, a strong
synergistic interaction was found between these two
factors towards D. pini, indicating that formulations
containing both proteins can be effective in combating
this dangerous pest of conifers.

Several authors have also observed synergisms and
high insecticidal activity of Vip and crystal toxin
mixtures against different lepidopteran pests: Anticar-
sia gemmatalis, Chrysodeixis includes (Crialesi-Le-
gori et al. 2014), S. albula, S. cosmoides, S. frugiperda
(Bergamasco et al. 2013), S. exigua, C. suppressalis
(Yu et al. 2012) and Diatraea saccharalis (Lemes
et al. 2014). However, the authors have also noticed
antagonistic Cry/Vip interactions in other insects. In
silico analysis has revealed that the Vip3Aa-CrylAc
fusion protein has strong affinity against receptors of

A. ipsilon, Pectinophora gossypiella, S. exigua and
S. litura. Therefore, it should have high activity
against lepidopteran cell receptors in general, and
hence has a potential to be efficient broad-range
insecticidal protein (Ahmad et al. 2015). However,
fusion gene encoding CrylAc-Vip3Aal4 led to
acquisition of chimeric protein, which retained toxi-
city of CrylA, but partially lost that of Vip3Aal4
when tested against H. armigera, S. litura and
Plutella xylostella (Saraswathy et al. 2008). Other
chimeric protein obtained after fusing Vip3Aa7 with
N terminus of Cry9Ca improved toxicity against
P. xylostella larvae (Dong et al. 2012).

In our study we did not observe any antagonism,
though the synergism occurred only in some combi-
nations. In the case of high amount (closing to LCs or
exceeding it) of one or both toxins, synergic phe-
nomenon was not noticed. Similar results were
obtained by Wei et al. (2015) for Helicoverpa
armigera. Probably there was a significant damage
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done to the intestinal epithelial cells caused by one
component and the second additive had little signif-
icance. The fact that the same combination of proteins
act synergistically or antagonistically may be an
indication that there are different types of interactions
within the host, depending on the insect species.
Several authors suggest that antagonism occurs when
two or more toxins attach to the same receptor,
whereas synergism occurs when toxins bind to differ-
ent receptors. For example CrylAa (or CrylAc) and
Vip3Aa toxins do not compete with each other
because they bind to different cell receptors (Sena
et al. 2009; Qian et al. 2015).

Development of insect-resistant transgenic plants
expressing the B. thuringiensis toxin-encoding genes
provided effective control against important pests and
cost reduction associated with spraying (Koch et al.
2015). However, constant pressure of one-toxin plants
on insects causes resistance occurrence. Recently,
Tabashnik et al. (2013a) have revealed reduced
efficacy of Bt crops for some populations of pest
species examined, compared with data from 2005. To
delay the onset of resistance in insects, multi-toxin
crops can be used. Simultaneously expression of
Vip3A and different Cry proteins in plants is a
beneficial feature because crops are more effectively
control against pests and additionally risk of resistance
development is reduced (Carriére et al. 2015; Chen
et al. 2010).

In our opinion similar effects can be obtained when
composition of toxin crystals and vegetative insecti-
cidal proteins will be used as a spray. B. thuringiensis
insecticide formulations usually contain a high pro-
portion of living spores which could cause an imbal-
ance in the natural bacterial population. Bacterial
spores can survive in forest ecosystem for several
months (Konecka et al. 2014). The use of insecticides
that do not contain endospores is safer for the
environment (Sanchis et al. 1999). Expression of
B. thuringiensis toxin genes in heterologous bacterial
hosts, for example in Pseudomonas fluorescens, and
killing the bacteria after the formation of the crys-
talline inclusions allowed to get insecticides without
spores. Such preparations are already commercially
available. The Mycogen company produce insecticide
MVP® used in controlling insects of the order
Lepidoptera and formulation M-Trak effective against
insects of the order Coleoptera (Sanchis 2012).
Recently, delta-endotoxin production by a sporeless
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B. thuringiensis strain was developed and obtaining
inexpensive insecticide containing no spores can be a
lot easier (Khedher et al. 2014). We believe that the
addition Vip3Aa toxin to insecticides containing only
B. thuringiensis crystals contribute to the better pests
control and reduce the risk of resistance development.

In conclusion, this study revealed that the applica-
tion of an insecticide containing the crystals of Cry
toxins and Vip3A proteins seems to be a promising
alternative to chemical preparations and bioinsecti-
cides containing only one type of B. thuringiensis
toxin. Occurrence of the synergism between two
components depends on the proportion of their
concentration in mixtures. The mixtures used as a
spray are particularly justified in the protection of
forests, crops grown on small fields and areas where
the use of transgenic plants which produce insecticidal
toxins is not feasible. Furthermore, due to the different
mechanism of Cry and Vip toxins action, the risk of
insect resistance to the preparation is low.

Acknowledgements This research was supported by Grant
No. 2011/01/B/NZ9/00699 from National Science Centre,
Poland, in 2011-2015.

Compliance with ethical standards

Conflict of interest The authors declare that they have no
conflict of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons license, and indicate if changes were made.

References

Abdullah MAF, Moussa S, Taylor MD, Adang MJ (2009)
Manduca sexta (Lepidoptera: Sphingidae) cadherin frag-
ments function as synergists for CrylA and Cry1C Bacillus
thuringiensis toxins against noctuid moths Helicoverpa
zea, Agrotis ipsilon and Spodoptera exigua. Pest Manag Sci
65:1097-1103

Ahmad A, Javed MR, Rao AQ, Khan MAU, Ahed A, Din S,
Shahid AA, Husnain T (2015) In-silico determination of
insecticidal potential of Vip3Aa-CrylAc fusion protein
against lepidopteran targets using molecular docking.
Front Plant Sci 6:1081

Baranek J, Kaznowski A, Konecka E, Naimov S (2015) Activity
of vegetative insecticidal proteins Vip3Aa58 and


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Interaction between toxin crystals and vegetative insecticidal proteins 657

Vip3Aa59 of Bacillus thuringiensis against lepidopteran
pests. J Invertebr Pathol 130:72-81

Bergamasco VB, Mendes DRP, Fernandes OA, Desidério JA,
Lemos MVF (2013) Bacillus thuringiensis Cry1lalO and
Vip3Aa protein interactions and their toxicity in Spo-
doptera spp. (Lepidoptera). J Invertebr Pathol 112:152-158

Carriere Y, Crickmore N, Tabashnik B (2015) Optimizing
pyramided transgenic Bt crops for sustainable pest man-
agement. Nat Biotechnol 33:161-168

Chakroun M, Banyuls N, Bel Y, Escriche B, Ferré J (2016)
Bacterial vegetative insecticidal proteins (Vip) from
entomopathogenic bacteria. Microbiol Mol Biol Rev
80:329-350

Chen Y, Tian JC, Shen ZC, Peng YF, Hu C, Guo YY, Ye GY
(2010) Transgenic rice plants expressing a fused protein of
crylAb/Vip3H has resistance to rice stem borers under
laboratory and field conditions. J Econ Entomol
103:1444-1453

Crialesi-Legori PCB, Davolos CC, Lemes ARN, Marucci SC,
Lemos MVF, Fernandes OA, Desidério JA (2014) Inter-
action of Cryl and Vip3A proteins of Bacillus
thuringiensis for the control of lepidopteran insect pests.
Pesq Agropec Bras 49:79-87

Czaja K, Goralczyk K, Strucinski P, Hernik A, Korcz W,
Minorczyk M, Lyczewska M, Ludwicki JK (2015)
Biopesticides—Towards increased consumer safety in the
European Union. Pest Manag Sci 71:3-6

De Schrijver A, De Clercq P, De Maagd RA, van Franken-
huyzen K (2015) Relevance of Bt toxin interaction studies
for environmental risk assessment of genetically modified
crops. Plant Biotechnol J 13:1221-1223

Deist BR, Rausch MA, Fernandez-Luna MT, Adang MJ, Bon-
ning BC (2014) Bt toxin modification for enhanced effi-
cacy. Toxins 6:3005-3027

Dong F, Shi R, Zhang S, Zhan T, Wu G, Shen J, Liu Z (2012)
Fusing the vegetative insecticidal protein Vip3Aa7 and the
N terminus of Cry9Ca improves toxicity against Plutella
xylostella larvae. Appl Microbiol Biotechnol 96:921-929

Donovan WP, Donovan JC, Engleman JT (2001) Gene knockout
demonstrates that vip3A contributes to the pathogenesis of
Bacillus thuringiensis towards Agrotis ipsilon and Spo-
doptera exigua. J Invertebr Pathol 78:45-51

Fernandez-Luna MT, Tabashnik BE, Lanz-Mendoza H, Bravo
A, Soberén M, Miranda-Rios J (2010) Single concentration
tests show synergism among Bacillus thuringiensis subsp.
israelensis toxins against the malaria vector mosquito
Anopheles albimanus. J Invertebr Pathol 104:231-233

Gao Y, Hu Y, Fu Q, Zhang J, Oppert B, Lai F, Peng Y, Zhang Z
(2010) Screen of Bacillus thuringiensis toxins for trans-
genic rice to control Sesamia inferens and Chilo suppres-
salis. J Invertebr Pathol 105:11-15

George Z, Crickmore N (2012) Bacillus thuringiensis applica-
tions in agriculture, Chapter 2. In: Sansinenea E (ed)
Bacillus thuringiensis biotechnology. Springer, Dordrecht,
pp 19-39

Grigg-McGuffin K, Scott IM, Belleros S, Chouinard G, Cormier
D, Scott-Dupree C (2015) Susceptibility in field popula-
tions of codling moth Cydia pomonella (L.) (Lepidoptera:
Tortricidae) in Ontario and Quebec apple orchards to a
selection of insecticides. Pest Manag Sci 71:234-242

Guz K, Kucinska J, Lonc E, Doroszkiewicz W (2005) Differ-
entiated pattern of protein composition of crystalline
inclusions of newly isolated Bacillus thuringiensis strains
from Silesia in Poland. Pol J Microbiol 54:263-269

Khedher SB, Jaoua S, Zouari N (2014) Overcome of carbon
catabolite repression of bioinsecticides production by
sporeless Bacillus thuringiensis though adequate fermen-
tation technology. Biotechnol Res Int, Article ID 698587

Koch MS, Ward JM, Levine SL, Baum JA, Vincini JL, Ham-
mond BG (2015) The food and environmental safety of Bt
crops. Front Plant Sci 6, Article 283

Konecka E, Kaznowski A, Ziemnicka J, Ziemnicki K, Paetz H
(2007) Analysis of cry gene profiles in Bacillus
thuringiensis strains isolated during epizootics in Cydia
pomonella L. Curr Microbiol 55:217-222

Konecka E, Baranek J, Bielinska I, Tadeja A, Kaznowski A
(2014) Persistence of the spores of Bacillus thuringiensis
subsp. kurstaki from Foray bioinsecticide in gleysol soil
and on leaves. Sci Total Environ 472:296-301

Konecka E, Hrycak A, Kaznowski A (2015) Synergistic effect
of Bacillus thuringiensis crystalline toxins against Cydia
pomonella (Linneaus) (Tortricidae: Lepidoptera). Entomol
Gen 35:157-166

Lemes ARN, Davolos CC, Legori PCBC, Fernandes OA, Ferré
J, Lemos MVF, Desiderio JA (2014) Synergism and
antagonism between Bacillus thuringiensis Vip3A and
Cryl proteins in Heliothis virescens, Diatraea saccharalis
and Spodoptera frugiperda. PLoS ONE 9(10):e107196

Li H, Bouwer G (2014) Evaluation of the synergistic activities
of Bacillus thuringiensis Cry proteins against Helicoverpa
armigera (Lepidoptera: Noctuidae). J Invertebr Pathol
121:7-13

O’Callaghan M, Glare TR, Lacey LA (2012) Bioassay of bac-
terial entomopathogens against insect larvae. In: Lacey LA
(ed) Manual of techniques in invertebrate pathology, 2nd
edn. Academic Press, London, pp 101-127

Palma L, Mufioz D, Berry C, Murillo J, Caballero P (2014)
Bacillus thuringiensis toxins: an overview of their biocidal
activity. Toxins 6:3296-3325

Qian Z, Li-zhen C, Qiong L, Yan Z, Ge-mei L (2015) Toxicity
and binding analyses of Bacillus thuringiensis toxin
Vip3Aa in CrylAc-resistant and -susceptible strains of
Helicoverpa armigera (Hiibner). J Integr Agric 14:347-354

Sanchis V (2012) Genetic improvement of Bt strains and
development of novel biopesticides, Chapter 12. In:
Sansinenea E (ed) Bacillus thuringiensis biotechnology.
Springer, Dordrecht, pp 215-228

Sanchis V, Gohar M, Chaufaux J, Arantes O, Meier A, Agaisse
H, Cayley J, Lereclus D (1999) Development and field
performance of a broad-spectrum nonviable asporogenic
recombinant strain of Bacillus thuringiensis with greater
potency and UV resistance. Appl Environ Microbiol
65:4032-4039

Saraswathy N, Nain V, Sushmita K, Kumar PA (2008) A fusion
gene encoding two different insecticidal proteins of
Bacillus thuringiensis. Indian J Biotechnol 7:204-209

Sena JAD, Hernandez-Rodriguez CS, Ferré J (2009) Interaction
of Bacillus thuringiensis Cryl and Vip3A proteins with
Spodoptera frugiperda midgut binding sites. Appl Environ
Microbiol 75:2236-2237

@ Springer



658

J. Baranek et al.

Tabashnik BE, Brévault T, Carriere Y (2013a) Insect resistance
to Bt crops: lessons from the first billion acres. Nat
Biotechnol 31:510-521

Tabashnik BE, Fabrick JA, Unnithan GC, Yelich AJ, Masson L,
Zhang J, Bravo A, Soberén M (2013b) Efficacy of genet-
ically modified Bt toxins alone and in combinations against
pink bollworm resistant to CrylAc and Cry2Ab. PLoS
ONE 8(11):e80496

Tailor RJ, Tippett 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. Mol Microbiol
6:1211-1217

Villaverde JJ, Sevilla-Moran B, Sandin-Espana P, Lopez-Goti
C, Alonso-Prados JL (2014) Biopesticides in the frame-
work of the European Pesticide Regulation (EC) No
1107/2009. Pest Manag Sci 70:2-5

Wei J, Guo Y, Liang G, Wu K, Zhang J, Tabashnik BE, Li X
(2015) Cross-resistance and interactions between Bt toxins
CrylAc and Cry2Ab against the cotton bollworm. Sci Rep
5, Article 7714

Xue JL, Cai QW, Zheng DS, Yuan ZM (2005) The synergistic
activity between CrylAa and CrylC from Bacillus
thuringiensis against Spodoptera exigua and Helicoverpa
armigera. Lett Appl Microbiol 40:460-465

YuX, LiuT, SunZ, Guan P, Zhu J, Wang S, Li S, Deng Q, Wang
L, Zheng A, Li P (2012) Co-expression and synergism
analysis of Vip3Aa29 and Cyt2Aa3 insecticidal proteins
from Bacillus thuringiensis. Curr Microbiol 64:326-331

@ Springer

Zhu C, Ruan L, Peng D, Yu Z, Sun M (2006) Vegetative
insecticidal protein enhancing the toxicity of Bacillus
thuringiensis subsp. kurstaki against Spodoptera exigua.
Lett Appl Microbiol 42:109-114

Jakub Baranek received his PhD degree in biological
sciences, biotechnology discipline in 2014. Afterwards, he
was a research fellow at Charles Sturt University, Australia.
Currently he is an assistant professor in Department of
Microbiology at Adam Mickiewicz University, Poznan,
Poland. His research work has been mainly concerned with
the molecular biology of microorganisms and the biological
control of insect pests.

Edyta Konecka is an assistant professor, full-time working at
Department of Microbiology, Adam Mickiewicz University in
Poznan, Poland, on insecticidal activity of Bacillus thuringien-
sis crystalline toxins, the usefulness of bacteria in plant
protection and maternally inherited microbial endosymbionts
in Arthropoda.

Adam Kaznowski is a full professor in Microbiology, the
Head of Department of Microbiology and the director of
Institute of Experimental Biology at Adam Mickiewicz
University in Poznan, Poland. His work focuses on the
mechanisms of bacterial pathogenicity, antibiotics resistance
and the use of biological control agents as insecticides.



	Interaction between toxin crystals and vegetative insecticidal proteins of Bacillus thuringiensis in lepidopteran larvae
	Abstract
	Introduction
	Materials and methods
	Toxin isolation
	Insect toxicity bioassays
	Determination of interaction between crystalline and vegetative insecticidal proteins

	Results
	Larvicidal activity of crystalline and vegetative toxins
	Insecticidal activity of toxin combinations

	Discussion
	Acknowledgements
	References


