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ARTICLE INFO ABSTRACT

Edited by Dr Yong Liang Bacillus thuringiensis subsp. israelensis (Bti) spherical parasporal crystal contains several insecticidal proteins used
as environmentally safe alternative to toxic chemical pesticides. The exploration of a Bti strain isolated from
Qatar QBT220 genes encoding the §-endotoxins responsible of the insecticidal activities revealed the alteration of
a 14-kb DNA region including the §-endotoxins cryl0A and cyt1C genes of pBtoxis plasmid. The presence of all
the insecticidal genes except cryl0A and cyt1C was explained by a structural instability of the plasmid pBtoxis.
However, when compared with the Bti reference strains H14 and QBT217 that carry all 8-endotoxins coding
genes, it was found that QBT220, has a significantly higher insecticidal activity against the dipteran insect Aedes
aegypti larvae despite of the plasmid pBtoxis structural instability due to the alteration of cryl10A and cytIC genes.
In addition, QBT220 showed the highest 3-endotoxin synthesis per spore, compared with that of the wildtype
strains. These findings confirm that the altered genes cryl10A and cyt1C are not mandatory for Bti insecticidal
activities and on the other hand show a possible inhibitory effect played by the 2 proteins Cry10A and Cyt1C on
the insecticidal activities of the other insecticidal proteins. In addition, the QBT220 increased &-endotoxins
synthesis per cell, makes this strain a good candidate for possible applications in the industrial production of
bioinsecticides.
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1. Introduction stage (Poopathi and Archana, 2012; Mittal, 2003). The efficacy and the

low potential for development of resistance among the target species are

Bacillus thuringiensis israelensis (Bti) is a Gram-positive, spore form-
ing, aerobic, soil microbe that has larvicidal properties against dipteran
insects owing to their parasporal crystal proteins (Lacey, 2007; Mittal,
2003). They are known widely for their ability to kill mosquito larvae
when ingested by the latter (Jacups et al., 2013). These insecticidal
proteins are highly target specific with next to none harmful effect on
other species including humans (Lacey, 2007; Merritt et al., 1989; Roh
et al., 2007). Compared to the chemical insecticides, used widely today,
Bti proteins have very low potential to develop any resistance among the
target insects and do not lose their efficiency in the process (Lee and
Scott, 1989). Due to the advantages, various Bacillus thuringiensis species
have been studied and adopted for commercial production of insecti-
cidal products against various insects. These insecticides occupy 10% of
all insecticidal markets and about 97% of all biological insecticides
available in the market today (Brar et al., 2005).

The toxicity of the Bti towards Dipteran insects is due to the insec-
ticidal spherical protein crystals produced by Bti during its sporulation
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attributed to the different 3-endotoxins that form the spherical crystal
(Palma et al., 2014). These §-endotoxins consist of several Cry (crystal)
proteins and Cyt (cytolytic) proteins. The protein crystals, when inges-
ted by the larvae, reach its midgut and gets solubilized into different
§-endotoxins. The solubilized endotoxins (pro-toxins) are then activated
(to toxins) by specific midgut enzymes. The activated Cry toxins bind to
specific cell receptors to initiate cell lysis and consequent larval death
(Zhang et al., 2018). The activated Cyt toxins, on the other hand, have a
non-specific detergent like action on the cells (Ben-Dov E, 2014; Palma
et al., 2014; Cohen et al., 2011). The combined dual mode of action not
only increases the efficiency of the Bti, but also, delays the onset of any
resistance among the insects (Ben-Dov, 2014; Wirth et al., 1997, 2005).
In Bti, the insecticidal §-endotoxin proteins are encoded by genes carried
by a large 128 kb plasmid called pBtoxis (Berry et al., 2002). The cry
genes present on this plasmid include cry4A, cry4B, cryl0A and cryl1A.
The plasmid also carries three main cyt genes cytlA, cyt1C and cyt2B.
These genes are controlled by sporulation dependent promoters and are
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hence expressed only during the sporulation stage (Wang et al., 2013).
During sporulation along with the spores, parasporal protein crystals are
formed, consisting of four main insecticidal proteins; Cry4A, Cry4B,
Cryl1A and CytlA (Berry et al., 2002). In addition, minor traces of
Cry10A and Cyt2B can also be detected (Lee et al., 1985; Garduno et al.,
1988). On the other hand, Cyt1C protein has been undetectable because
of either the low quantity or the instability of the transcript (Mana-
sherob et al., 2006). Among these minor insecticidal proteins, Cryl10A
and Cyt2B have been reported to enhance the insecticidal activity of
Cry4A and Cry4B when present in high quantities; provided by cloning
individual cryl0A and cyt2B genes into acrystalliferous Bti strain with
strong promoters (Valtierra-De-Luis et al., 2020). In case of CytlC,
insecticidal activity and the synergistic function were reported to be
absent (Itsko et al., 2005).

Previous studies have shown that pBtoxis plasmid might sometimes
be subjected to structural instability leading to DNA rearrangements in
pBtoxis, as reported in a Bti strain BUPM97 (Zghal and Jaoua, 2006;
Schnepf et al., 1998) that showed the absence of cry4B and cry10 gene
and that significantly reduced the insecticidal activity of BUPM97.

In this article, another case of pBtoxis plasmid structural instability is
evidenced in another Bti strain isolated in Qatar, revealing an alteration
of an important region including cryl0A and cyt1C genes and a signifi-
cantly high delta-endotoxin synthesis per cell and high insecticidal ac-
tivity against the dipteran insect Aedes aegypti larvae in spite of the
plasmid pBtoxis structural instability and consequent loss of Cry10A and
Cyt1C toxins.

2. Materials and methods
2.1. Bt strains and culture conditions

The study focuses on the Bacillus thuringiensis israelensis strain
QBT220 previously isolated in the lab from Qatari soil. This Bti strain
produces smooth spherical parasporal crystals during sporulation stage
along with its spores. For the §-endotoxin production, two reference
strains were used as positive controls, the Bti strain H14 (Schnepf et al.,
1998) and another local Bti strain QBT217 (Nair et al., 2020). The
negative control used in the study was the strain Bti 4Q7 (Schnepf et al.,
1998), which is Bti H14 that has lost all its plasmids and hence does not
produce any parasporal crystals during sporulation. All the strains were
grown in Luria Bertini medium (Sambrook et al., 1989) and incubated at
30 °C overnight. A single isolated colony was transferred every time
from an overnight LB agar plate of each strain to the sporulation T3
broth (Travers et al., 1987; Zouari et al., 1998). The cultures were then
incubated at 30 °C for 96 h until complete sporulation was achieved.

2.2. Dipteran insects and raring conditions

The dipteran insect Aedes aegypti Bora Bora was used for the insec-
ticidal bioassay. The eggs of A.aegypti were obtained from Laboratoire de
Lutte contre les Insectes Nuisibles (LIN), Montpellier, France on filter papers.
These eggs were then transferred to water and allowed to develop into
3rd instar larvae by incubation at 26 (+ 2) °C with a 12:12 h light & dark
photoperiod.

2.3. Quantitative insecticidal bioassay and statistical analysis

The quantitative bioassays were performed by the standard protocols
of WHO (WHO, 2005). The 3rd instar larvae were added to 100 ml water
in plastic cups. Each concentration was triplicated, and the larvae were
exposed to the spore-crystal mixture at 27 (+ 2) °C with 12:12 light and
dark photoperiod. The number of dead and live larvae were counted
after 24 h. Each concentration was tested in triplicate and % of killed
larvae are presented as mean + /- standard deviation error values. Probit
analysis software (WHO, 2005) was used to determine the LCsp.
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2.4. Detection of Bti toxins genes by polymerase chain reaction (PCR)

The Bti 8-endotoxin genes content was explored by PCR, using con-
trol strains Bti H14 and Bti 4Q7. The plasmid DNA was isolated from
these strains by alkaline lysis and alcohol precipitation method (Sam-
brook et al., 1989). The primers used in this study and the list of genes
studied are mentioned in Supplementary Table 1. The amplifications
were obtained using the Applied Biosystems 96 wells Veriti Thermal
Cycler (USA) using the protocol from Jaoua et al. (1996) with necessary
modifications. The amplified products were loaded and run on a 1.2%
agarose gel with Ethidium bromide to stain the DNA and observed under
Uv.

2.5. Plasmid regional mapping

Primers were designed in order to amplify about 750-1000 kb
fragments in pBtoxis plasmid of the region between cry4B gene and
cytlC gene. The details of the primer are given in Supplementary
Table 2. The PCR were run using the same protocol as above. The
reference strain H14 was used as positive control and strain 4Q7 was
used as negative controls. The amplified PCR products were run on 1.2%
agarose gel with Ethidium bromide as the staining solution.

2.6. Isolation and purification of spore-crystal mixture

Bt strains were cultured for 96 h in Soya meal starch based medium
(Starch, 15 g/I; Soyameal, 25 g/1; Calcium carbonate, 20 g/1; Monop-
otassium phosphate, 1 g/l; Dipotassium phosphate, 1 g/1; Manganese
sulphate, 0.01 g/; Magnesium sulphate, 3 g/1; Ferrous sulphate, 0.01 g/1;
pH7 (Zouari et al., 1998). Then the mixtures spores/crystals were
collected by centrifugation at 4,000 rpm. The pellets were washed with
NaCl 1 M, then with cold water thrice. Then, the spore-crystal mixtures
were resuspended in NaOH 50 mM for 1 h to solubilize the crystals, then
centrifuged at 14000 rpm for 5 min. The solubilized §-endotoxins were
transferred to a fresh tube and stored at 4 °C.

2.7. Determination of the -endotoxins concentration in Soya meal starch
based medium

The determination of the §-endotoxin concentration was estimated
by the Bradford’s method (Bradford, 1976). 20 pl of the solubilized
§-endotoxins was added to 1 ml of Bradford reagent and incubated for
15 min. Then the optic density (OD) was measured at 595 nm. A stan-
dard graph of OD versus protein concentration of Bovine serum albumin
(BSA) allowed the determination of the §-endotoxins concentrations.
The non-crystal forming strain 4Q7 was used as a negative control. The
CFU (colony forming unit) was estimated by plating serial dilutions on
LB medium. The -endotoxins yield per spore is calculated by dividing
the concentration of -endotoxins synthesised per ml by the CFU per ml.

3. Results and discussion
3.1. Evaluation of the presence of Bti endotoxin genes by PCR

Eight Bti important genes (cry4A/cry4B, cryl1A, cytlA, cyt2B, cry10,
cytl1C, p19, p20) carried by the plasmid pBtoxis (Supplementary Fig. 1)
and responsible for the Bti insecticidal activities, were explored by PCR
using specific the pairs of primers listed in Supplementary Tables 1 and
2. The results of the PCR amplifications (Supplementary Table 3)
showed that the Qatari QBT220 had all the expected Bti genes cry4A,
cry4B, cryllA, cytlA, cyt2B, p19 and p20. It was noticed that the Bti
QBT220 showed the presence of all the important endotoxin and
accessory protein coding genes except cry10 and cyt1C.

Analyzing the positions of the genes on pBtoxis plasmid of reference
strains Bti H14, it was realized that the two missing genes are placed next
to each other on this mega plasmid. Also, the gene cry10 and cyt1C are
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downstream of another important gene cry4B. As the cry4B gene is
present in QBT220, it was necessary to check the entire region down-
stream from cry4B to understand the possible structural instability that
is responsible for the absence of cry10 and cytIC genes.

3.2. Investigation of plasmid structural instability by regional mapping

Knowing the sequence of the pBtoxis plasmid DNA, walking tech-
nique was applied where primers were designed to amplify overlapping
specific regions of about 1 kb each. Primers were designed for the region
between the positions 30 kb and 50 kb in pBtoxis. This region of pBtoxis
contains the two genes under investigation, cryl0A and cyt1C. This re-
gion also includes the gene cry4B, which was shown by PCR to be pre-
sent in the reference H14 as well as in QBT220. The primer sets F1-R1,
F1-Dip1B, Dip1A-Dip1B and Dip1A-R1 gave the expected PCR products
for the reference as well as QBT220; while all other primer sets gave
expected PCR products for the reference strain H14 only, but not for
QBT220 (Fig. 1). As mentioned in this figure, all the horizontal red lines
indicate the regions that could not be amplified in the pBtoxis plasmid of
QBT220 but were amplified correctly when using the pBtoxis of the
reference strain H14. These data demonstrate that in QBT220, a very big
region of about 14-kb was altered in QBT220. This region is comprised
between the position of the primer DiplB and the primer Cy1C-2.

This is considered as pBtoxis, plasmid structural instability occurring
in QBT220 but not in all explored strains. Such structural instability was
reported for other Bti strains isolated in north Africa, but also accom-
panied with the reduction of insecticidal activities (Zghal and Jaoua,
2006).

Therefore, it was necessary to explore QBT220 §-endotoxins pro-
duction and insecticidal activities and compare with those of the refer-
ence strains to understand the effect of plasmid structural instability.

3.3. Investigation of the insecticidal activity of QBT220 against Aedes
aegypti larvae

The quantitative bioassay for Bti H14 against 3rd instar Aedes aegypti
larvae was performed using different concentrations to estimate its LC50
value (Fig. 2). Among the concentrations tested, all the tests for con-
centrations of 0.01 pg/l and below could not kill any larvae. On the
other hand, all tests for concentrations of 0.25 pg/1 and above could kill
100% of larvae. The concentration (estimated LC50) that killed about
50% of the tested larvae was 0.1 pg/1. This estimated LC50 was used to
check the efficiency of the local Bti strain QBT220. Spore-crystal mixture
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Fig. 2. Estimation of lethal concentration (50%) of the reference strain Bti H14.
Red dot shows the LCso value of Bti H14 that killed about 50% of the tested
larvae. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

of QBT220 was diluted to get a 100 ml solution of concentration 0.1 pg/1
(estimated LC50 of H14). QBT220 at this tested concentration could kill
more than 70% of the tested larvae. The Bti strain QBT220 was further
studied to estimate its LC50. The larvae were treated with five different
concentrations of spore-crystal mixture of QBT220. After 24 h of treat-
ment, the number of live and dead larvae were counted, it was found
that QBT220 could kill more than 50% of larvae even at 0.075 pg/1
(Table 1).

Probit analysis software showed that the calculated LCsq for the
reference strain H14 was 0.095 pg/1. On the other hand, the calculated
LCso for QBT220 was 0.06 pg/1 (Table 2). It was concluded by statistical
analysis that the local Bti strain QBT220 was the most efficient when
compared to the commercially used reference strain H14.

3.4. Estimation of the 5-endotoxin production by the highly insecticidal Bt
strain QBT220

The investigation of the &-endotoxin synthesis per spore by the
candidate highly insecticidal Bt strain QBT220, using the reference
strains H14 and QBT217 as positive controls, was carried out for 72 h at
30 °C to allow complete sporulation and synthesis of crystals. Then, the
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Fig. 1. QBT220 pBtoxis plasmid 50 kb region PCR mapping. The green arrows indicate the forward primers and the orange arrows indicate the reverse primers
(listed in Supplementary Table 2); the green lines depict the PCR products obtained as expected and red lines depict the region where no amplifications were obtained
with corresponding primers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1
Quantitative bioassay of Bt QBT220 strain §-endotoxins against 3rd instar
larvae of Aedes aegypti.

Concentrations (ug/1) Average of killed larvae (%)”

0.005 0

0.03 20.7 £ 2.9
0.05 41.3+2.9
0.075 60.3 +5.8.
0.1 71.3+9.5
0.125 89.0 + 3.0
0.25 100

@ Different concentrations of QBT220 §-endotoxins were used in Bioassays
against 25 larvae of 3rd instar larvae of Aedes aegypti. Each concentration
was tested in triplicate and % of killed larvae are presented as mean + /-
standard deviation error values. Probit analysis software showed that the
calculated LCs for the reference strain H14 was 0.095 pg/1 and the calcu-
lated LCso for QBT220 was 0.06 pg/1 (Table 2).

Table 2
Probit analysis of quantitative bioassay of Bti QBT220 and H14 against 3rd
instar larvae of Aedes aegypti.

Strains Probit analysis output
H14 LC50 (%) LC (ug /D 95% Fiducial CI
Lower Upper
0.094797 0.0675826 0.1329701
QBT220 LC50 (%) LC (ug /D 95% Fiducial CI
Lower Upper
0.060121 0.0452774 0.0798318

95% fiducial limit indicates the range of LC50 for each strain tested.

8-endotoxin concentration and the CFU per ml were determined.

It was noticed that QBT220 had the lowest cell growth with a CFU of
1013.33 (+/- 75.35) x 10° CFU/ml when compared with the two control
strains H14 (1883.33 (+/- 93.86) x 10° CFU/ml) and QBT217 (1370.00
(+/- 95.39) x 10° CFU/ml) (Table 3, Fig. 3). The control strain H14
showed the highest &-endotoxin production of 147.251 (+/- 1.73) pg/
ml, followed by QBT217, 111.895 (+/- 8.73) ug/ml and QBT220 with
101.858 (+/- 4.57) ug/ml (Table 3, Fig. 3). These data demonstrate that
QBT220 had the highest 3-endotoxin synthesis per spore of 100.94 (+/-
2.95) x 10°° ng/cell, followed by QBT217 with 81.71 (+/- 3.02) 10° ng/
spore and H14 with 78.48 (+/- 2.99) x 107 ng/spore (Table 3, Fig. 3).
QBT220 showed the highest production capacity. This could be attrib-
uted to the loss of plasmid DNA. Several studies have been conducted
where the plasmid DNA or the genomic DNA are mutated to lose huge
sections of “unwanted genes” to enhance the expression of proteins of
interest (Manabe et al., 2011; Li et al., 2016). This could be due to the
loss of genes expressing inhibitory proteins and proteolytic proteins or
simply due to lesser number of genes to be transcribed and translated
(Suarez et al., 2019).

Table 3
Determination and statistical analysis of 6-endotoxin yield for Qatari Bti strains
with references in soya meal starch based.

Strains §-endotoxin (ug/ Cell biomass (10%) 8 endotoxin content (ng/
ml) cfu/ml 10° cfu)
H14 147.251 + /- 1883.33 + /- 93.86 78.48 + /- 2.99
1.73
QBT217 111.895 + /- 1370.00 + /- 95.39 81.71 + /- 3.02
8.73
QBT220 101.858 + /- 1013.33 + /- 75.35 100.94 + /- 2.96
4.57

Positive control is Bti strain H14; Negative control is Bti strain 4Q7; + /- stan-
dard deviation error values
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Fig. 3. Comparing the protein yield per spore (ng/10° cfu) of Qatari Bti strains
with references in soya meal starch based medium. Bti H14 is the positive
control; Bti 4Q7 is the negative control; Qatari Bti strains: QBT217, QBT220;
error bars are standard error values plotted for positive and negative values.

4. Conclusion

In conclusion, the Bti strain QBT220, isolated from Qatar, showed a
pBtoxis plasmid structural instability evidenced by the alteration of a
region of 14-kb carrying the genes cry10 and cyt1C encoding two of its
insecticidal proteins. These findings confirm the existence of another
case of pBtoxis plasmid DNA structural instability in a Qatari Bti strain,
which is consistent with other such cases reported, like the one in north
African region (Zghal and Jaoua, 2006).

From these reports, it was expected that the plasmid structural
instability in Qatari Bti strain would also have some effect on its
§-endotoxin production capacity and insecticidal activity as the Bti
toxins have synergistic effect on insect larvae (Schnepf et al., 1998;
Monnerat et al., 2014). As reported by Carvalho et al. (2018), even after
intensive selection pressure, Aedes aegypti larvae remain more suscep-
tible when exposed to all Bti crystal proteins rather than to individual
§-endotoxin, due to well-known crystal proteins synergistic effects.

But, despite of the observed plasmid structural instability and the
absence of two insecticidal §-endotoxin genes cry10 and cyt1C, QBT220
was found to be even more insecticidal than the reference H14. These
findings not only confirm the phenomenon of pBtoxis structural insta-
bility observed rarely in Bti strains, but also show that the deleted genes
cry10A and cyt1C are not crucial in Bti toxicity.

In case of insecticidal activity, Cryl0A protein has a synergistic
function but as it is expressed in such low quantity in Bti, its absence may
not show a significant loss of insecticidal activity. On the other hand,
absence of Cyt1C can enhance the insecticidal activity. Cyt1C protein
consists of an N terminal that resembles other Cyt proteins in its family,
but the C terminal is unique to Cyt1C. Unlike other Cyt proteins, with
non-specific and detergent like cytolytic action, Cyt1C possess a mem-
brane receptor binding C terminal similar to that of Mosquito-larvicidal
Mtx-1 toxin (Berry et al., 2002). From these reports, it is clear that Cyt1C
can bind to larval midgut but has no insecticidal property. In other
words, CytlC can compete with larval midgut membrane binding
Cry4A/4B, which is completely lost in case of QBT220 and hence shows
higher insecticidal activity against Aedes aegypti larvae. This is the first
report of the possible inhibitory effect of Cyt1C reported in a Bti strain.
The absence of certain genes and hence their associated proteins has
ensured that Qatari Bti strains QBT220 has a significantly lower LC50
value than the reference strains H14. Further studies need to be done to
quantitatively evaluate this competition between the Cyt1C protein and
the Cry4A/Cry4B proteins. Also, there is a speculation of how the genes
encoding insecticidal Cyt1A has evolved from that of the Cyt1C by losing
the specific membrane binding domain and hence contributing highly to
the insecticidal activity (Manasherob et al., 2006) of Bti. Does that mean
that Cyt1C is now “redundant” and hence lost in QBT220?

In case of §-endotoxin production per spore, QBT220 showed the
highest production capacity. This could be attributed to the loss of
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plasmid genome. Several studies have been conducted where the
plasmid DNA or the genomic DNA are mutated to lose huge sections of
“unwanted genes” to enhance the expression of proteins of interest
(Manabe et al., 2011; Li et al., 2016). This could be due to the loss of
genes expressing inhibitory proteins and proteolytic proteins or simply
due to lesser number of genes to be transcribed and translated (Suarez
et al., 2019).

In conclusion, it is clear that QBT220 would be an excellent candi-
date for industrial production of bioinsecticides due to both its high
insecticidal activities and &-endotoxin production. As reported by Nair
etal. (2018), a mutated Cyt1A protein from another Qatari Bti strain had
enhanced its anti-cancer activity as compared to the reference strain
H14. Similarly, a naturally occurring QBT220 needs to be explored
further to confirm the hypotheses made here as it could help understand
many unanswered questions regarding Bti toxicity and the evolution of
Bti §-endotoxins.
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