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sure. Had the pillar been completely immersed in a solu-
tion or in soil, the rate of corrosion of the Delhi pillar
iron would have been comparable to modern iron and
steels. This has been verified by corrosion studies on
other ancient Indian phosphoric irons (for example, see
ref. 25). The passive film prevents ingress of atmospheric
corrosion due to the benign nature of the exposure envi-
ronment.

The wetting time (due to rainfall and atmospheric con-
ditions) of the Delhi iron pillar has been estimated for a
period of one year. A non-steady state heat-transfer mathe-
matical model has been applied to determine the wetting
of the Delhi iron pillar based on environmental condi-
tions. The estimated wetting times due to environmental
conditions were two orders of magnitude lower than those
due to rainfall. Based on the known wetting times, the an-
ticipated film thickness on the surface of the Delhi iron
pillar has been predicted, which is much higher than the
actual rust thickness on the pillar. The importance of the
protective passive film mechanism of corrosion resistance
of the Delhi iron pillar has, therefore, been emphasized.
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The Cry2A proteins of Bacillus thuringiensis are
promising candidates for management of resistance
development in insects due to their differences from
the currently used CrylA proteins, in structure and
insecticidal mechanism. The Cry2Aa and Cry2Ab pro-
teins isolated from recombinant Escherichia coli
strains harbouring indigenous c¢ry2Aa and cry2Ab
genes under the control of T7 promoter were tested for
toxicity against Helicoverpa armigera (Hubner). In ar-
tificial diet bioassay, inclusions containing Cry2Aa
and urea-solubilized Cry2Aa protein showed 100%
mortality of H. armigera at a concentration of 650 and
100 ng mlI™' after 48 and 72h respectively. On the
other hand, the Cry2Ab protein inclusions as well as
urea-solubilized Cry2Ab protein were not toxic to H.
armigera, probably due to lack of solubility in alkaline
condition and improper folding after urea solubiliza-
tion.

BACILLUS thuringiensis (Bt) is a soil bacterium that pro-
duces one or more crystalline inclusion bodies containing
specific insecticidal protein(s) or Sendotoxin(s)l. The fi-
nal toxicity of Bt is the result of a series of events, includ-
ing solubilization of crystal, activation of protoxin by gut
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proteases, recognition of binding sites on the brush-border
membrane and post binding events such as channel for-
mation and intracellular signalling2’3.

Transgenic Br-cotton expressing CrylAc has been per-
mitted for commercial cultivation in India during the year
2002; it primarily targets Helicoverpa armigera. Conti-
nuous exposure to a single kind of Bt toxin can lead to re-
sistance development in insects. Kranthi er al’ reported
76-fold resistance development in an Indian population of
H. armigera against CrylAc after ten generations of sele-
ction. However, the CrylAc-resistant H. armigera was
not cross-resistant to CryZAaS. Routine replacement of cry
genes or pyramiding of cry genes could be useful for ef-
fective control of insect pests by Bt transgenic plants.
Due to the difference in structure and insecticidal mecha-
nism®, cry2A genes are promising candidates for manage-
ment of resistance development in insects. The combination
of cry2Ab and crylAc gene in Bollgard® IT cotton has
been permitted for commercial use in USA. It has been
shown that Bollgard® II provides superior control of lepi-
dopteran pest and is expected to have positive implication
for resistance management, especially with respect to cot-
ton bollworm’. To the best of our knowledge the toxicity
of Cry2Ab protein against the Indian population of H.
armigera has not been studied so far. The Indian popula-
tions of H. armigera are significantly less susceptible to
Cry2Aa than CrylAcS’g. Variations of a single amino acid
can significantly influence the level of toxicity in Cry
proteinslo’“. Hence, the Cry2A proteins of new Bt isolates
may have more toxicity due to sequence variation. There-
fore, in the present study Cry2Aa and Cry2Ab proteins
encoded by genes cloned from new isolates of Bt were
tested for toxicity against cotton bollworm, H. armigera.

Cloning of cry2Aa orf3 and cry2Ab orf from indige-
nous Bt isolates (22-4 and 22-11 respectively) and their
expression in Escherichia coli were confirmed by partial
sequencing and by Western analysis respectivelylz. Re-
combinant E. coli, BL21 (ADE3) harbouring pET2Aa
(pET29a + cry2Aa orf3 of Bt strain 22-4), pET2Ab
(pET29a + cry2Ab orf of Bt strain 22-11) or pET29a vec-
tor alone were grown in LB broth containing kanamycin
50 ug/ml at 37°C till ODgpo=~0.6. Isopropyl [BD-thio-
galactopyranoside (IPTG) was added to each flask at a fi-
nal concentration of 1 mM. Cells were further grown at
37°C for another 6 h (ODgpo=~1.3). This was followed
by centrifugation and sonication of the cells in TE buffer
containing 1 mM PMSF, until more than 90% of the cells
were broken. Sonicated cells were centrifuged at 7000 g
for 15min at 4°C. The pellet was suspended in the TE
buffer containing 1.0% triton X-100 and washed twice in
the same buffer. Finally, the pellet was dissolved in a
small volume of sterile double distilled water. SDS-PAGE
analysis13 of proteins purified from recombinant E. coli
strains showed a prominent band of ~65kDa in case of
pET2Aa and pET2Ab, whereas there was no distinct band
of that size in case of pET control (Figure 1). Other
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prominent protein bands (below ~65kDa) as visualized
in Figure 1, were similar to the control. Alpha imager gel
documentation system (Alphalnnotech, USA) was used to
quantify the expressed Cry2Aa/Cry2Ab proteins (promi-
nent band of ~65kDa) in the Coomassie brilliant blue-
stained gel by densitometric scanning in comparison with
different concentrations (0.5 to 3.0 ug lane™!) of BSA as
standard. Based on the concentration of CryAa/Cry2Ab in
the cell extracts of E. coli, dilutions were made with sterile
double distilled water to get 650 and 1300ng ml™' of
Cry2Aa/Cry2Ab protein.

For bioassay experiments, a laboratory culture of H. ar-
migera which was originally initiated from field-collected
larvae, was obtained from the Department of Entomology,
Tamil Nadu Agricultural University (TNAU), Coimbatore
and reared on a semi-synthetic diet'*. Ten micro-litres of
Cry2Aa/Cry2Ab inclusions (650 or 1300 ng ml! protein)
was applied on the artificial diet contained in 1.8 ml cry-
ovial (Tarson®) and allowed to dry for 30 min. Neonate
larvae were released at the rate of one per vial and they
were closed halfway with a screw cap, leaving space for
gas exchange. All these processes were done in a laminar
airflow chamber. A treatment without Cry protein served
as control. Thirty larvae were used per treatment and each
treatment was replicated thrice. Mortality of larvae was
scored every 24h for seven days. The surviving larvae
were weighed on the 7th day. All the experiments were
carried out in a room with a photoperiod of 14:10 (L:D)
and at an average temperature of 27°C; 60% RH. Higher
dose of Cry2Aa protein (1300 ng ml™") resulted in 100%
mortality after 24 h, whereas lower dose (650 ng ml™') re-

kDa 1 2 3 4
205

Figure 1. Recombinant E. coli harbouring pET2Aa, pET2Ab and
pET29a (control) was grown in 25 ml LB broth with IPTG induction.
Cells were harvested by centrifugation and sonicated in TE buffer. After
partial purification, inclusions were suspended in 250 pl double dis-
tilled sterile water. Each sample (3.0 ul) was analysed on 0.8% SDS—
PAGE and stained with Coomassie brilliant blue R-250. Lane 1, Protein
molecular weight marker; lanes 2—4, Proteins from E. coli harbouring
pET2Aa; pET2Ab; and pET29a respectively.
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Table 1.

Toxicity of Cry2Aa and Cry2Ab protein inclusions against H. armigera

Mortality” (per cent)

Surviving larval weight on day 7 (mg)

Treatment Day 1 Day 2 Day 7 Mean = SD
Cry2Aa (650 ng ml™") 76.67 £3.5 100+ 0 100+ 0 -
Cry2Aa (1300 ng ml™) 100+ 0 100+ 0 100+ 0 -
Cry2Ab (650 ng ml™) 0.0 0.0 0.0 74.53+4.5
Cry2Ab (1300 ng ml™") 0.0 0.0 0.0 69.06 £ 3.4
Control 0.0 0.0 0.0 71.67+7.8
"Mean of three replications, 30 larvae for each replication.

sulted in 100% mortality of H. armigera neonates after kDa

48h. The Cry2Ab and control treatments did not show 205

any mortality of H. armigera till the 7th day. There was

no significant difference in the surviving larval weight 974

between the Cry2Ab and control treatments (Table 1). 68

These observations conclude that Cry2Aa proteins produ-

ced by recombinant E. coli was toxic, whereas Cry2Ab 43

proteins were non-toxic to H. armigera neonates.

In order to know the reasons for non-toxicity of Cry2Ab 29

protein, attempts were made to study the solubility of
Cry2Aa/Cry2Ab proteins in alkali and urea buffers. Ini-
tially, Cry2Aa/Cry2Ab protein inclusions were incubated
with 50 mM NaOH, 1 mM phenyl methyl sulphonyl fluo-
ride (PMSF) at pH 12.0 for 30 min and 60 min at 37°C,
with shaking. The samples were centrifuged at 10000 g to
remove undissolved material and the supernatant was
analysed on SDS-PAGE for the presence of soluble
Cry2Aa/Cry2Ab proteins. Solubilized Cry2Aa protein of
~65kDa was noticed in the supernatant after 30 and
60 min incubation whereas solubilized Cry2Ab protein of
~65kDa was not noticed (Figure 2). Other prominent
bands below 65kDa (Figure 2) are similar to those of
control (Figure 1, lane 4). The Cry2Ab protein was further
incubated for 6 h in NaOH buffer, but solubilized protein
was not detected even after 6 h of incubation (data not
shown).

Another attempt was made to solubilize the Cry2Ab
protein in carbonate/bicarbonate buffer (50 mM NayCOs/
NaHCOs;, 10 mM dithiothreitol) at different pH values,
viz. 82, 10.0, 105 and 11.2 for a maximum of 6h at
37°C. But Cry2Ab protein was not solubilized and hence
not detected in SDS-PAGE (data not shown). In order to
increase the solubility of Cry2Ab protein expressed in E.
coli, it was allowed to grow at a relatively low temperature
(25 and 30°C) and with low concentration of IPTG induc-
tion (0.5 mM). Proteins harvested from E. coli grown at
low temperature and with less concentration of IPTG in-
duction were subjected to solubilization in NaOH buffer
as described earlier. Again, solubilized Cry2Ab protein
could not be detected in SDS-PAGE (data not shown).
Alternatively, Cry2Aa/Cry2Ab protein inclusions were
solubilized in 8 M urea, 200mM NaCl, 10 mM dithio-
threitol, 0.1 mM PMSF, 50 mM NaHCOs; (pH 10.0) for
6h. The samples were centrifuged at 10000 g to remove
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Figure 2. Four milligram pellet of E. coli extract containing Cry2Aa
or Cry2Ab protein was mixed with 50 ul NaOH buffer and incubated
for 30 and 60 min. After incubation, samples were centrifuged and su-
pernatant was taken out. Residual pellet was resuspended in 50 ul of
double distilled sterile water. Ten micro-litres of soluble and insoluble
protein fraction was analysed on 0.8% SDS-PAGE and stained with
Coomassie brilliant blue R-250. Lane 1, Protein molecular weight
marker; lanes 2 and 3, Solubilized Cry2Aa and Cry2Ab protein respec-
tively, after 30 min of incubation; lanes 4 and 5, Residual pellet of
Cry2Aa and Cry2Ab obtained after 30 min of incubation; lanes 6 and 7,
Solubilized Cry2Aa and Cry2Ab proteins obtained after 1 h of incuba-
tion; lanes 8 and 9, Residual pellet of Cry2Aa and Cry2Ab after 1 h of
incubation.

undissolved material and the supernatant was dialysed
against the same buffer without urea for 16h at 4°C.
Solubilized proteins were analysed on SDS-PAGE. An
intact band of ~65kDa was recorded in the case of Cry2Aa
and Cry2Ab proteins (Figure 3). Other prominent bands
below 65 kDa shown in Figure 3 are similar to those of the
control (Figure 1, lane 4). Estimation of proteins and their
dilutions was made (as described earlier) with sterile double
distilled water to get 100 and 400 ng ml™! of Cry2Aa/
Cry2Ab protein.

Another bioassay experiment was conducted with urea-
solubilized and dialysed Cry2Aa/Cry2Ab proteins using
H. armigera neonates, as described earlier. H. armigera
neonates fed on Cry2Aa protein (100 ng ml )-coated diet
showed 100% mortality after 48 h. On the other hand, all
the larvae survived till the 7th day in case of solubilized
Cry2Ab protein treatments (100 and 400 ng ml™') as well
as control treatments. Larval weight recorded after seven
days did not show much variation between the control and
Cry2Ab treatments (Table 2). These observations conclu-
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Table 2. Toxicity of urea-solubilized Cry2Aa and Cry2Ab proteins against H. armigera

Mortality” (per cent)

Surviving larval weight on day 7 (mg)

Treatment Day 1 Day 2 Day 3 Day 7 Mean = SD
Cry2Aa (100 ng ml™") 35.63+£4.9 71.13 £6.7 100+ 0 100+ 0 -

Cry2Ab (100 ng m1™) 0.0 0.0 0.0 0.0 65.86 £ 6.4
Cry2Ab (400 ng ml™) 0.0 0.0 0.0 0.0 70.86 £ 6.1
Buffer control® 0.0 0.0 0.0 0.0 69.67£9.0
Control 0.0 0.0 0.0 0.0 72.43+7.1

"Mean of three replications, 30 larvae for each replication.
Urea buffer dialysed to remove urea.

kDa 12 3 4.5
205 = r
97.4 = .
68 - -
- -
43 -
29 . —
-

Figure 3. Pellet of E. coli cell extract containing Cry2Aa or Cry2Ab
was solubilized in urea buffer (in 1: 1 w/v ratio) for 6 h and centrifuged
to collect the supernatant. Residual pellets were resuspended in double
distilled sterile water. Supernatant was dialysed against a buffer with-
out urea. Dialysed Cry2A proteins and insoluble Cry2A proteins were
analysed on 0.8% SDS—PAGE and stained with Coomasie brilliant blue
R-250. Lane 1, Protein molecular weight marker; lanes 2 and 3, Urea-
solubilized Cry2Aa and Cry2Ab proteins; lanes 4 and 5, Residual
Cry2Aa and Cry2Ab proteins after urea solubilization.

ded that urea-solubilized Cry2Aa (produced by recombi-
nant E. coli) was toxic at the concentration of 100 ng mlfl,
but four times higher concentration of Cry2Ab was not
toxic to H. armigera neonates.

In the present study, we determined the toxicity varia-
tion of Cry2Aa and Cry2Ab proteins (87% homologus)
on the Indian population of H. armigera. In this context,
the cry2Aa and cry2Ab genes from new isolates of Bz, 22-
4 and 22-11 were expressed in E. coli under the control of
the T7 promoter. Bioassay experiment using cell extract
of recombinant E. coli expressing Cry2Aa protein showed
toxicity to H. armigera neonates, whereas cell extract of
recombinant E. coli expressing Cry2Ab protein did not
show mortality or growth inhibition of H. armigera neo-
nates. Solubility of Cry proteins at alkaline pH is the major
step that determines toxicity towards insects. Therefore,
solubilization studies were performed and the results
showed that Cry2Aa protein was soluble at alkaline pH,
but Cry2Ab protein was not soluble at alkaline pH rang-
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ing from 8.2 to 12.0 at different time intervals (30 min—
6 h). Solubility of foreign protein expressed in E. coli can
be improved by reducing the growth temperature and in-
ducer concentration'”. In this regard E. coli cells express-
ing the Cry2Ab protein were grown at 25 and 30°C with
reduced IPTG concentration (0.5 mM), but Cry2Ab protein
expressed at low temperature with reduced IPTG concen-
tration also could not be solubilized in alkali buffer.

Widner and Whiteley16 reported the expression of cry2Aa
and cry2Ab genes by lac promoter in E. coli. Earlier
workers'"!® have also expressed the cry2Aa genes in E.
coli under the control of the T7 promoter, and the expres-
sed Cry2Aa protein was biologically active. When a foreign
gene is expressed under the control of the T7 promoter, a
high-level expression could be achieved within 3—6h af-
ter induction. Therefore, we preferred T7 promoter-based
vector system for expressing cry2Aa and cry2Ab genes.
In the present investigation also cry2Aa and cry2Ab were
successfully expressed by the T7 promoter, but the
Cry2Ab inclusions were not soluble at alkaline pH, prob-
ably due to the amino acid sequence variation between
the Cry2Aa and Cry2Ab proteins.

High-level expression of protein in E. coli may result
in the formation of insoluble aggregates. To obtain solu-
ble active protein, the inclusion has to be denatured and
the released denatured protein is subsequently allowed to
refold"’. Similarly, aggregates isolated from E. coli cells
expressing Cry2Aa and Cry2Ab proteins were solublized
in a buffer containing 8 M urea. The Cry2Aa and Cry2Ab
proteins remain in solution after dialysis. The dialysed
sample of Cry2Aa protein (100 ng ml™") was toxic to H.
armigera neonates. In contrast, solubilized Cry2Ab protein
(400 ng ml™) proved nontoxic to H. armigera neonates.
This observation suggests that the Cry2Ab protein does
not refold correctly after urea solubilization.

Several Cry proteins have been expressed in hetero-
logous hosts like Bacillus p01ymixa20 and E. coli*"**, and
the proteins expressed in E. coli showed biological acti-
vity. To the best of our knowledge, there is no earlier re-
port where native (wild type) cry2Aa or cry2Ab gene
expressed in E. coli resulted in biologically inactive pro-
teins. However, Bosch et al.” reported that the engineered
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CrylA protein becomes insoluble and biologically inac-
tive when expressed in E. coli. Here we report that the
wild type Cry2Ab protein when expressed in E. coli was
not toxic, probably due to the lack of its solubility in al-
kaline pH and improper refolding after solubilization in
urea. Under similar conditions, when the cry2Aa gene
was expressed in E. coli it showed biological activity.
This information suggests that the amino acid sequence
variation between these two highly homologous proteins
plays an important role in their solubility and refolding
after solubilization in urea. Since cry2Ab gene is cryptic
in nature, another way to get biologically active Cry2Ab
protein is by expressing under the control of cry3A24
promoter in acrystalliferous Bt strain.

Proteins of indigenous cry2Aa genes cloned by Misra
et al.'’ did not show significant toxicity against H. armi-
gera, but were active against Spodoptera litura. The pro-
tein encoded by cry2Aa gene in our study showed 100%
mortality of H. armigera, and hence it could be useful for
the control of polyphagous H. armigera in Indian agricul-
ture. Further studies are being carried out to compare tox-
icity of the newly cloned Cry2Aa with that of CrylAc as
well as other Cry2Aa proteins against important crop
pests such as H. armigera, S. litura, Plutella xylostella,
etc.
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