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Abstract BLBI1 is a new Bacillus thuringiensis kurstaki
strain, isolated from a Tunisian soil sample. Assay of toxic-
ity of BLB1 crystal proteins resulted in an LC50 of
70.32 ng of toxin per mg of flour against third instar Ephes-
tia kuehniella with confidence limits of (31.6-109.04 ng).
This LC50 is less than that of the commercial strains HD1
used as a reference. The characterization of this strain by
scanning transmission electron microscopy, analysis of its
cry genes content by PCR-sequencing, and analysis of its d-
endotoxin patterns demonstrate that it belongs to the same
subgroup than HD1, but ruled out the involvement of cry
gene content or protoxin activation in the hypertoxicity of
this strain. Taking into account the d-endotoxin/spore ratio
for each strain, and by allowing the estimation of the pro-
duction level per spore, it might be concluded that BLB1
production is the highest, when compared with that of HD1.
On the basis of its toxicity, BLBI could be considered as a
strain of great interest and would allow the production of
quantities of bioinsecticides at low cost.

Keywords Bacillus thuringiensis - Cry protein - HDI -
Ephestia kuehniella - Hypertoxicity
Introduction

Bacillus thuringiensis is an aerobic, spore-forming, gram-
positive bacterium that synthesizes crystalline proteins
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during sporulation (Bechtel and Bulla 1976). These pro-
teins are specifically toxic to insect larvae and are widely
used as bioinsecticides against lepidopteran, dipteran, and
coleopteran pests. Crystal proteins from numerous strains
have been classified according to the similarity of their
amino acid sequences and their insecticidal specificity
(Hofte and Whiteley 1989).

In general, most Lepidopteron-specific B. thuringiensis
toxins are known to be synthesized as a protein crystals
composed of protoxin molecules of 130-140 kDa which,
upon ingestion by larvae of a susceptible species, are dis-
solved by alkaline midgut fluid and proteolytically pro-
cessed to an active toxin of 60 kDa. Subsequently, the
active toxin binds to specific receptors on the surface of
midgut epithelial cells, followed by the insertion of the
hydrophobic region of the toxin molecule into the cell
membrane and formation of a transmembrane pore, which
eventually results in cell lysis. Disruption of the gut epithe-
lium leads to starvation, septicaemia, and ultimately to
death of the intoxicated larvae. Gut protease—toxin interac-
tions are complex and poorly understood (Rouis et al. 2007;
2008). The toxin’s secondary structure and the toxin recep-
tors on insect midgut epithelial cells are important determi-
nants of toxin specificity (Knowles 1994; Masson et al.
1994; Schwartz et al. 1997) and it is likely that even a mod-
est amount of overdigestion may alter toxin specificity or
alternatively, impair binding of the toxin to its receptor
resulting in loss of activity (Pang and Gringorten 1998).
Indeed, it has been shown that differential protoxin proteol-
ysis by the gut juice of different larvae can effect toxicity.

For decades, worldwide screening followed by isolation
and characterization of new B. thuringiensis strains has
been carried out to discover strains with novel or particu-
larly high insecticidal activities (Bravo et al. 1998; Ibarra
et al. 2003; Martinez et al. 2005; Monnerat et al. 2007).
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In the present work, we describe the novel interesting B.
thuringiensis kurstaki strain named BLB1. The latter was
isolated from Tunisian soil sample and identified by
ARDRA and by genomic DNA RFLP pulse field gel elec-
trophoresis (PFGE) as B. thuringiensis kurstaki showing a
very high insecticidal activity against Lepidoptera, com-
pared to hundreds of B. thuringiensis strains isolated in
Tunisia. The purified BLBI1 crystals were subjected to elec-
tron microscopy observation, and their d-endotoxin content
and activation were studied. On the other hand, BLB1 cry
genes type and copy numbers were determined by PCR-
sequencing and real time PCR.

Materials and methods
Bacterial strains and growth conditions

BLB1 was a B. thuringiensis strain newly isolated in our
laboratory. B. thuringiensis subsp. kurstaki HD1 (Carozzi
etal. 1991) was used as reference strain. Luria-Bertani
(LB) (Sambrook et al. 1989) and T3 (Travers et al. 1987)
culture media were used for the growth of B. thuringiensis
strains in order to, respectively, extract DNA and follow the
parasporal crystal formation during growth.

Chromosomal DNA extraction, restriction endonuclease
cleavage, and PFGE

Chromosomal DNA was extracted by the technique of Her-
rel etal. (1995); for restriction endonuclease cleavage,
3mm slices of agarose embedded samples plugs were
cleaved with Nofl and Smal enzymes according to the man-
ufacturer’s recommendations (biotools, Spain). Samples
were first equilibrated in the recommended restriction
buffer for several hours at the optimal temperature of each
enzyme (Notl, 37°C and Smal, 25°C). Then fresh restric-
tion buffer and 20 U of enzyme were added to plugs and
incubated overnight.

Cleaved plugs were loaded onto a 1% agarose gel
[pulsed field certified agarose (Bio-Rad) prepared in 0.5x
Tris borate—-EDTA running buffer) and electrophoresis was
performed with the Bio-Rad CHEF-DRII system. Electro-
phoresis was run at 6 V/cm and 14°C with ramping from
5.3 to 66 s over 19.5 h for Smal, but for Notl the running
condition consists on two blocks: 4-8 s for 10 h and 8—40 s
for 11 s at 6 V/cm and 14°C.

ARDRA analysis of PCR amplicons
16S rDNA fragments were amplified using a 19-mer for-

ward primer (B-K1/F, 5'-TCACCAAGGCRACGATGCG-3")
and a 18-mer reverse primer (B-K1/R1, 5'"CGTATTCAC
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CGCGGCATG-3') designed by Yang etal. (2006). The
ARDRA technique is performed using five restriction
enzymes: Taql, Mspl; Mboll, and Alul, having 1, 2, 3, 4,
and 5 recognition sites, respectively, based on the sequence
of the B. thuringiensis 16s tDNA retrieved from Gen-Bank.
PCR products were purified using WIZARD PCR purifica-
tion columns (Promega, Australia) and were eluted in a
final volume of 40 pl. A 5-pl sample of purified PCR
amplicon was digested with 5 U of individual restriction
enzyme in a 20-pl reaction volume for 4 h using the condi-
tions recommended by the manufacturer. The restriction
fragments were electrophoresed through a 2% agarose gel
followed by ethidium bromide staining.

Bioassays

Bioassays were carried out using third instar Ephestia
kuehniella, kindly provided by the Institute of Olive Tree,
Sfax, Tunisia, as described by Tounsi et al. (2005). Fifty
percent lethal concentration (LC50) for each strain was cal-
culated after 48 h, from pooled raw data by probit analysis
using programs written in the R. language (Venables and
Smith 2004). The control for bioassays was performed
using the B. thuringiensis strain HD1.

Electron microscopy

The spore-crystal mixture was deposited on a carbon-
coated electro microscopy grid and stained with uranyl ace-
tate. Images were recorded using a Transmission Electron
microscope (CM120- Philips), operating at 100 kv, on a
CCD camera.

Bioinsecticide production

Bacillus thuringiensis strains were grown in the liquid
medium described by Zouari et al. (1998). This medium
contains 15 g/l glucose, 5.4 g/l ammonium sulphate, 5 g/l
yeast extract, and 5 g/l glycerol. The following minerals
were used (g/1): KH,PO,, 1; K,HPO,, 1; MgSO,, 0.3;
MnSO,, 0.01; and FeSO,, 0.01. The pH was adjusted to 7
before sterilization. In each shaker flask, 1 g of CaCO; was
added for pH stabilization. Flasks, containing 50 ml of cul-
ture medium, were incubated 72 h at 30°C and 200 rpm in a
rotary shaker.

PCR amplification and DNA sequencing

A number of previously described primers, listed in
Table 1, were used in the PCR analysis (Jaoua et al. 1996)
to identify known cry-type genes present in the strain
BLB1. PCR assays were performed in a reaction mixture
containing 20 ng of B. thuringiensis chromosomal DNA,
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Table 1 Toxicity of Bacillus thuringiensis strains against third instar
E. kuehniella larvae

Strain LC50 (ng of toxin/ CL Slope

mg of flour)
HD1 130.65 107.15-154.15  0.010 £ 0.007
BLB1 70.32 31.6-109.04 0.007 £ 0.007

Bioassays were carried out using third instar E. kuehniella, kindly pro-
vided by the Institute of Olive Tree, Sfax, Tunisia, as described by
Tounsi et al. (2005). Fifty percent lethal concentration (LC50) for each
strain was calculated after 48 h from pooled raw data by probit analysis
using programs written in the R. language (Venables and Smith 2004).
The control for bioassays was performed using the B. thuringiensis
strain HD1

10 mM Tris—HCl, 50 mM KCl, 400 uM of each dNTP,
0.2 pM each primer, 2.5 mM MgCl,, 1.25 UI Taq polymer-
ase (Pharmacia, Vienna, Austria). Thermal cycler condi-
tions consisted of a single denaturation step (3 min at 94°C)
followed by the 35-cycle program with an initial denatur-
ation at 94°C for 45 s. For all the primers used, the PCR
annealing temperature was 50°C and extension was per-
formed at 72°C for 1 min and 30s. PCR fragments were
analyzed by submarine gel electrophoresis (Sambrook et al.
1989). Expected-size fragments were excised and purified
by the Wizard PCR Clean up system (Promega Inc., Madi-
son, WI, USA), and their respective identity confirmed by
direct sequencing using an ABI model 3100 automated
sequencer (Applied Biosystems, USA). The procedures for
fragments’ purification from gels and dye-terminator cycle-
sequencing followed the manufacturers’ recommendations.

Qualitative PCR conditions

The qualitative PCR assay was performed using 100 ng of
genomic DNA as template in a volume of 25 pl. The reac-
tion mixture contained 1x PCR buffer (10 mM Tris—HCI,
pH 8.3, 50 mM KCI), 200 uM of each dNTPs, 2.5 mM
MgCl,, and 1 unit Hot Start Taq (Biotools, Spain). The
PCR amplifications were carried out on a GeneAmp_9700
thermal cycler using the following program: a 94°C initial
denaturation step for 5 min; followed by 40 cycles of 94°C
denaturation for 30 s, 55.9°C annealing for 30 s, and 72°C
extension for 30 s; and a 72°C final extension for 10 min.
For the crylA genes, we used: CRY1AQL forward primer
(5" GCGACTATCAATAGTCGTTAT-3') and CRY1AQR
reverse primer (5'-CCAATCTCTAGAATCCGGTC-3").

Solubilization, proteolysis assay and SDS-PAGE
of d-endotoxins

Total crystals (a mixture of bipyramidal and cuboidal crys-
tals) from strains BLB1 and HD-1 were purified as reported

by Lee et al. (2001) and treated with 0.05 M Na,CO;, pH
9.5, containing 0.01% B-mercaptoethanol for 30 min at
37°C. This procedure allows the solubilization of only the
bipyramidal crystals. Solubilzed protoxins were incubated
with soluble proteinase extract from E. kuenhniella third
instar larvae at 1:50 (V/V) and commercial trypsin and
chymotrypsin at different ratios in a final volume of 25 pl
at room temperature with constant agitation for different
incubation periods. Samples were separated by sodium
dodecyl sulfate 10% polyacrylamide gel electrophoresis
(SDS-PAGE). Proteins were visualized by coomassie blue
staining.

Biomass and d-endotoxin yield determination

Microscopically, we observed that after 72 h, the cultures
were composed of a mixture of spores, crystals, and
minor cell debris. The number of spores was estimated by
the determination of colony-forming units (CFU), at the
end of the experiments. Culture samples were heated at
80°C for 10 min and appropriate dilutions were plated on
solid LB medium. J-endotoxin concentration was deter-
mined as follows as described by Zouari et al. (1998),
Zouari and Jaoua (1999) and Ghribi et al. (2007): 1 ml of
culture medium was centrifuged for 10 min at 10,000g
and the pellet was washed twice with 1 M NaCl and twice
with distilled water. The pellet was then suspended in
1 ml of 50 mM NaOH (pH 12.5). After 3 h of incubation
at 30°C, total protein in the supernatant was measured by
using Bio-Rad reagent (Bio-Rad Protein assay, Cat. 500-
0006). Because of the potential for contamination of
spore—crystal mixtures by dissolved proteins, the strain
HDI1 was used as a reference. The yield of d-endotoxin
production was calculated as following: J-endotoxin
(mg/l) divided by CFU (spores/l). The data related to
determination of J-endotoxin production were the aver-
age of three replicates of two separate experiments for
each cultural condition. They were statistically analyzed
by using SPSS software (version 100; Duncan’s test per-
formed after ANOVA).

Preparation of cry proteins for bioassays

Spore—crystal mixtures of each bacterial strain culture
were centrifuged for 10 min at 10,000 rpm and the pel-
lets were washed twice with 1 M NaCl and twice with
distilled water and then lyophilized. d-endotoxins in
lyophilized spore—crystal mixtures were further solubi-
lized in 50 mM NaOH and their concentrations were
determined using Bio-Rad reagent (Bio-Rad Protein
assay, Cat. 500-0006). The strain HD1 was used as a ref-
erence.
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Results and discussion

Identification of B. thuringiensis BLB1 strain using
ARDRA-ribotyping and pulse field gel electrophoresis of
digested genome

In this study, we found that the PFGE of macrorestricted
BLB1 and control kurstaki strain HD1 genomic DNA with
Smal and Nofl (Fig. 1) showed clearly the same PFGE
fingerprint, consisting a minimum of 22 bands ranging from
35kb to 1.1 Mb (Fig. 1) suggesting that BLB1 is a B. thur-
ingiensis kurstaki strain. The PFGE technique with Smal
for DNA macrorestriction is highly discriminatory and a
reproducible method for bacteria typing (Liu and Wu
1997). This result was confirmed by the fact that BLBI
showed the same 16S rDNA ARDRA profile than HD1
using Taql, Alul, Mboll, and Mspl restriction enzymes
(data not shown).

BLBI1 strain crystals ultrastructure analysis

The ultrastructure of the crystals from BLB1 was obtained
by transmission electron microscopy. As shown in Fig. 2
two types of crystal morphology were observed: bipyrami-
dal and cubic. The one with a bipyramidal shape is

a b
MW HDI1 BLB1 MW HDI1 BLBI1

) Kb
588

588 388

388 201
145

291

145

07 97

48,5

48,5

Fig. 1 PFGE patterns of Smal (a) and Notl (b)—cleaved DNA of
BLB1 and HD1 Bacillus thuringiensis strains
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Fig. 2 Transmission electron micrographs of BLB1 extracellular
crystals and spores amplified 3,000 x. bc Bipyramidal crystal, cc cubi-
cal crystal, sp spore. The inserts a and b show further details of the
crystals

typically associated with Cryl toxins whereas the cubic
square crystal contains most probably Cry2 toxin (Hofte
and Whiteley 1989). The enormous difference of shape
between the two types is in agreement with the fact that this
strain showed the highest lepidopteron activity. Indeed, as
reported by Bobrowski et al. (2002), although the correla-
tion between the type of crystal morphology and the level
of insecticidal activity is not clear, several previous studies
have confirmed that the more toxic strains to lepidopteran
larvae form bipyramidal crystals.

BLB1 insecticidal activity investigation

In a previous study, bioassays were performed with third
instar E. kuehniella larvae in order to identify the most
potent strains and to allow their exploitation for the optimi-
zation of biological control programs. The B. thuringiensis
strain BLB1, a novel B. thuringiensis isolate obtained from
Tunisian soil sample, showed the highest activity against
this larva in our laboratory collection.

When compared to the commercial strain HDI1
(Table 1), assay of BLB1 crystal proteins resulted in an
LC50 of 70 ng of toxin per mg of flour against E. kuehni-
ella with confidence limits of (32-108 ng/mg). LC50 of
HD1 was 137 ng of toxins per mg of flour with a confi-
dence limit of (111-167 ng/mg). These results were
obtained with a slope of 0.01. No mortality was observed in
the negative control. These results show that LC50 of
BLBI is almost two times lower than that of HD1. The new
strain exhibited a significantly greater potency than the
standard strain HD1 against lepidopteron insect E. kuehni-
ella. It was then applied for further analyses.
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Table 2 Primers used in PCR

Primers Sequence (5" — 3') Reference
Lep2A CCGAGAAAGTCAAACATGCG Geiser et al. (1986)
Lep2B TACATGCCCTTTCACGTTCC Geiser et al. (1986)
Cry2A ACTATTTGTGATGCGTATAATGTA Theunis et al. (1998)
Cry2B AATTCCCCATTCATCTGC Theunis et al. (1998)
o ) CryllaA ACTATTTGTGATGCGTATAATGT Shin et al. (1995)
Aindicate forwardprimersand B jp. g AATTCCCCATTCATCTGC Shin et al. (1995)
indicate backward primers
BLB1 cry gene content 1200 o
10 B T
) ) ;.;l‘ 1000 10,8-" o
One of the most important factors which could play a key W 900 =23 D, 190
role in this difference of toxicity is the cry genes content. 'i :'Tz o 4 10,06 3
In general, the type of cry genes present in a strain corre- § 00 9 1? / 1600
lates in some extent with its insecticidal activity. Thus, ¥ “‘;‘; J 22 7' ::
- 4 d - 1
the identification of the gene content in a strain can be § o 9 j’ y 0
used to predict or confirm its insecticidal potential. The E mi‘ A &0
. . . ot 4 100
presence of Cryl, reported to be active against Lepidop- u: SR EENERD” - JERNEEE ANUENE W 5
teron insects and Cry2 forming typical cuboidal crystals, 100+ : 100
0 2 4 6 8 W0RMILIBDZNIZBNREHNNEN WU

was then checked in our new isolate. The kurstaki HD-1
strain was used as reference strain since harboring the
crylAa, crylAc, crylAb, crylla, and cry2 genes. The pre-
diction of the presence of the genes cryl and cry2 was
done by PCR using primers designed by several authors
(Table 2). PCR Fragments with expected sizes of 908,
986, 720, and 625 bp corresponding, respectively, to
crylAa—crylAc, crylAb, crylla, and cry2 were obtained
(data not shown). All these fragments were sequenced in
both directions and alignment with known cry genes
(EMBL/Gen Bank) revealed identities of 100% with the
last mentioned genes.

To estimate and compare the copy number of crylA
genes between BLB1 and HDI, real time quantitative PCR
assays were performed using plasmid DNA as template and
crylA gene specific primers. HD1, HD1CryB, HD1Cry-
BpHTblue-crylAc, and BNS3 strains were used as controls
(Fig. 3). A clear difference in the threshold cycle (Ct) sug-
gesting a quantitative variation of these genes. Indeed, Ct
values are 22.7, 10.8, 10.06, 9.3, and 9.13 corresponding,
respectively, to HD1 CryB, BNS3, HD1, HD1CryBpHT-
blue-crylAc, and BLBI1 strains. The BLB1 crylA copy
number was significantly higher than HDI1 strain one
(P < 0.05) which could be one of the factors responsible of
its hypertoxicity.

BLBI1 protein profiles and ¢-endotoxin proteolysis
activation

As mentioned above, the difference of toxicity could be a
result of the expression level or the difference in copy num-
ber of the crylA genes contained in both strains. Protein
profile of crystal protein extract of BLB1 strain was then

Cwrla

Fig. 3 Amplification graph for the cryl/A genes assay by real time
PCR. A HD1-CryB, B BNS3, C HD1-CryB PHT blue-crylAc, D HD1,
EBLBI1

BLE1 M

F KDa | kDa
' - Y - 77
-

. - 66
g~
45
-
el 45 .

Fig. 4 SDS-PAGE analysis of the protein profile of BLB1 (a) and
HD1 (b) crystals

analyzed and compared to that of HD1. Both profiles were
similar and showed one band of around 130 kDa which
supported that cryl genes were expressed (Fig. 4). Another
band corresponding to Cry2 protein (~70 kDa) was also
observed.

The higher lepidopteron activity observed with the strain
BLB1 could be associated with enhancement of one or
more steps in the cascade of events involved in the mode
of action of these d-endotoxins (Ferré et al. 1995). The char-
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Fig. 5 SDS-PAGE analysis of the protoxin 130 kDa activation of
BLB1 and HD1 with: a E. kuehniella midgut juice, b trypsin (ratio pro-
toxine: protease ~2,000:1) and ¢ chymotrypsin (ratio protoxine: prote-
ase 266:1). a, b lines 1-6 protoxin incubated with proteases for 15, 30,
60, 120 min, 6, and 13 h, respectively; for figure ¢ lines 1-5 protoxin
incubated with proteases for 15, 30, 120 min, 6, and 13 h, respectively.
NC non cleaved, M protein molecular weight markers

acterisation of this strain was then completed by the
activation assays of the protoxin 130 kDa (containing the
presumed products of cryl genes) by midgut homogenate
of E. kuehniella and commercial trypsin, and chymotrypsin
at different times of incubation. HD1 was used as control.
As shown in Fig. 5, there was no major difference in prote-
olytic patterns of BLB1 and HD1 in the three cases. How-
ever, it is interesting to notice that the observed profile in
the case of chymotrypsin cleavage (Fig. 5c) was obtained
by protoxine: protease ratio of 266:1. In the case of trypsin
and using the same ratio, the stable toxin band was
observed very early (5 min, data not shown) suggesting that
the trypsin is more active on both toxin mixtures. There-
fore, the assay was repeated with a lower concentration
protease (Fig. 5b, ratio protoxine: protease ~2,000:1). On
the other hand and when the three patterns were compared
we observe that the one obtained by larvae homogenate was
vary similar to that obtained by the trypsin, indicating the
presence of high trypsin and low chymotrypsin levels in the
midgut. The presence of predominant trypsin-like activity
in the midgut homogenate of E. kuehniella has been also
reported in many other insects (Christeller etal. 1992;
Marchetti et al. 1998; Shao et al. 1998, Mohan and Gujar
2002). Therefore, our results ruled out the involvement of
proteases activity in the enhancement of BLBI1 toxicity
compared to HD1. Extensive studies on the interaction of
the BLBI1 toxins with E. kuehniella midgut may reveal the
relative importance of receptor binding or other factors in
this toxicity.

Study of the BLB1 spore and -endotoxin production

On the basis of its toxicity, BLB1 is of a great importance
from practical point of view since it could be possible to
produce large quantities of bioinsecticides with less cost.
That is why we look for the comparison of the §-endotoxins
production between this strain and the reference strain
(HD1). Results are summarized in Table 3. A reduction of
40% of the final spore titres and an improvement of 178%
in J-endotoxin synthesis yield were obtained with BLB1
strain compared to HD1. Therefore, taking into account
these results, it might be concluded that BLB1 production
is the highest.

Table 3 Study of the d-endotoxin production of Bacillus thuringiensis kurstaki

Strain Toxin (mg 1 CL CFU (IOIOSpore/l) CL Toxin yield [mg toxin (lOIOSpores)*l] CL
HD1 669 624.43-713.57 230 214.8 vs.245.2 291 2.76-3.06
BLB1 707.67 660.25-755.09 140 113.6-166.4 5.20 4-6.4

Bacillus thuringiensis strains were grown in the liquid medium described by Zouari et al. (1997). This medium contains 15 g/l glucose, 5.4 g/l
ammonium sulphate, 5 g/l yeast extract, and 5 g/l glycerol. The following minerals were used (g/1): KH,PO,, 1; K,HPO,, 1; MgSO,, 0.3; MnSO,,
0.01; and FeSO,, 0.01. The pH was adjusted to 7 before sterilization. In each shaker flask, 1 g of CaCO; was added for pH stabilization. Flasks,
containing 50 ml of culture medium, were incubated 72 h at 30°C and 200 rpm in a rotary shaker
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