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ABSTRA CT: The insecticidal crystal proteins (ICP) of Bacilllls tlllIrillgimsis (Bt) have 
relatively short persistence when applied as foliar spray. The limited persistence of the ICI~ 
on the phyllosphere is mainly due to alkaline pH and UV radiation in the solar spectrum. In 
this regard, chemical adjutants, plant derived substances such as phenols and Ilavinoids have 
been employed to improve the persistence of the IC P. Alternatively. expression of ICP in a 
predominant phyllosphere bacterium has been shown to be useful in enhancing the persistence 
of the same. Therefore, Bacillus megaterilllll, a predominant phyllosphere bacterium of cabbage, 
was engineered to express the ICP of Bt subsp kllrstaki (Btk) through conjugal transfer. A total 
of seven stable transformants, viz., A3, B3, C3, E 1, E2, E3 & F were obtained in the above. 
Among them, 83 was highly toxic to the important pests of cabbage, Plutella xylostella (0.36 ng! 
em') and Crocidolo1llia billotalis (1.74 ng/cm'). Additionally. 83 had extended lysis (96 hours) 
and higher persistence (9 cfu/cm') as compared to the rest of the transformants and Btk. 
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INTRODUCTION 

Bacillus tllllrillgiel1sis (Bt) is a ubiquitous, 
gram positive soil bacterium that produces 
insecticidal crystal proteins (lCP) during 
sporulation. The various Bt formulations are 
successfully llsed in agriculture and public health 
with no adverse effect on non-target organisms 
including humans. The main factor limiting the field 
efficacy and frequency of application of Bt is the 

relative short persistence of ICP (about two days 
after application) due to various factors (Bora et 
al., 1994). Persistence ofIep is mainly limited by 
leafpH and UVrays, particularly UV-B (280-320 
nm) & UV-A (320-380 nm) in the solar spectrum 
(Sudarsan et al., 1994). Therefore, in order to 
increase the persistence, jaggery, chemical 
whiteners, plant secondary metab.}l ites I ike 
phenols, flavinoids, etc. have been usee; in the tank 
mix (Jacobs and Sundin. 200 I). Alternatively, 
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engineering the predominant phyl.losp~lere 
bacterium of cabbage to express the ICP IS a vIable 
approach (Bora et al., 1994; Downing et al., 2~00). 
Therefore, the predominant phyJ/osphere bacterIum, 
8. lIIegaleriulll of cabbage was transformed to 
express the ICP of Btk through conjugal trm~s!,er. 
Among the variolls transformants, the pronl1smg 
one was selected based on the toxicity and 
extended lysis and persistence on phyllosphere of 
cabbage. This approach is cost-effective and needs 
less time than developing transgenic plants 
(Feitclson ef al., 1992). 

MATERIALS AND METHODS 

a) Conjugation of Etk and B. mcgatcrilllll 

In a previous study, screening of Btk and B. 
lIIega!erilllll with different antibiotics showed that 
the former was susceptible to nalidixic acid (Nal) at 
7.5Jlg/ml and ri fampsin (Rit) at I OJ,tg/ml, while the 
later was resistant. In the present investigation the 
above antibiotics were lIsed in order to facilitate 
the selection of tranformants. 

Conjugation of Btk and B. mega!eriuIJI was 
carried out according to Bora et al. (1994). The log 
phase cultures ofBtk and B. megateriUfll were mixed 
in 5: I ratio and were spotted on sterile nitrocellulose 
paper which was placed on LB agar and incubated 
at 30°C, overnight. The putative transformants were 
selected by spreading 100 Jll of the serial di lutions 
(10- 1 to )0.-1) of the above conjugation mix on LB 
agar containing Nal and Rif (7.5 and 10Jlg/ml, 
respectively) and incubated at 30°C for 72 hours. 
Smears of colonies that appeared on the antibiotic 
plates were heat fixed, stained with crystal violet 
and observed under oil immersion (100 x) in a light 
microscope for the production of ICP. All the 
colonies that produced ICP were further purified 
by single colony isolation and maintained on 
nutrient agar at 4°C until further use. 

b) Microbiological and molecular characteriza
tion of the transformants 

Prior to microbiological and molecular 
characterization, stability ofICP production of the 
various putative transformants was checked by 20 
con tin uous su bCll lturi ng in L B agar. The 
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transformants were further characterized by (i) 
colony morphology (ii) visual estimation on the 
extent of lysis and (iii) sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (10%) (SDS
PAGE) (Laemmli, 1970). 

For comparing the colony morphology, the 
appearance of various transformants was compared 
with that of Btk and B. megateriul11. For visual 
estimation on the extent of lysis, the variolls 
transformants, Btk and B. megatcrilll1l were grown 
in LB agar and incubated at 30°C for 72 hours. 
Smears fj-OI1l the above cultures were heat fixed, 
stained with crystal violet and observed under oil 
immersion ( 100 x) in a light microscope at 24 hours 
interval for 96 hours. For SOS-PAGE, spore-crystal 
mixtures of the transformants, Btk and B. 
megateriul11 were digested in 2 N NaOH for one 
hour at room temperature and centrifuged at 8000 
rpm at five minutes. An aliquot of the supernatant 
was lIsed for protein estimation using Lowry's 
method (Lowry et al., 1951) and 30 111 of each culture 
was used for SDS-PAGE. Protein profiles were 
observed in a gel documentation system after 
staining the gel with Coomassie b"illiant blue-R2S0. 

c) Bioassay 

Stock culture of test insects, viz. PllItella 
xylostella and Crocidolomia binotalis were 
maintained on cabbage plants at the Division of 
Biotechnology, Indian Institute of Horticultural 
Research, Bangalore. 

The various transformants, Btk and B. 
megateriuJIl were grown on LB agar at 30°C for 72 
hours. The cells were harvested using a sterile 
plastic cell scrapper, homogenized on a magnetic 
stirrer in sterile distilled water and this suspension 
formed the crude-crystal preparation (CCP). An 
aliquot from the CCP from the above cultures was 
used for protein estimation lIsing Lowry's method 
(Lowry et al., 1951). Serial dilutions of the CCPwere 
prepared in sterile distilled watcr and 200 JlI of 
different dilutions were applied on both sides (@ 
100J,tl/side) of fresh cabbage leaf discs (62cm2

). 

Single treated leaf disc was placed in individual 
sterile plastic Petri plate and 20 Ilumbers of five
day-old larvae of P. xylos·tclla and C. billotalis were 
released separately. There were five replications for 



Enhanccll persistence or insecticidal crystal proteins 

eaeh treatment and an untreated control was also 
maintained. Mortality of the treated larvae was 
recorded at 24 hours interval and subjected to 
probit analysis (Abbott, 1925) and toxicity was 
expressed in ng/cm2. 

d) Persistence of the transformant on the 
phyllosphere of cabbage 

The promising transformant that exhibited 
highet' toxicity and extended lysis was selected for 
carrying out studies on persistence on the 
phyllosphere of cabbage. The most promising 
transformant, Blk and B. megateriulIl were grown 
on LB broth at 30°C for 72 hours. 200 ILl of I 00 
concentration of the above cultures were smeared 
@ I OO"tl/side on both surfaces of I 0 leaves of potted 
c~bb~ge plants. Treated leaves were identified by 
stlckmg a red colour tape on the petiole. There were 
five replications per treatment and an untreated 
control was also maintained. Observations on the 
persistence of the above cultures were made at 24 
hours interval for the first week after inoculation 
and later at weekly interval for three weeks. Asingle 
treated leaf was selected randomly, washed in 100 
1111 sterile distilled water, and centrifuged at 8000 
rpm at room temperature for 10 minutes. The pellet 
was resuspended in 100 ILl ofsterile distj lIed water 
and plated on LB agar containing Nal and Rif (7.5 
and 10 lLg/ml, respectively) and incubated at 30°C 
for 72 hours. To determine the persistence of Btk 
and B. l1legaferiul11, the pellet was plated on LB 
agar without antibiotics. Smears from the above 
cultures were heat fixed, stained with crystal violet 
and observed under oil immersion (100 x) in a light 
microscope for the production of ICP. Population 
of each culture was expressed as colony forming 
units per centimeter square (cfu/cm2). The data was 
subjected to analysis of variance (ANOVA). 

RESULTS AND DISCUSSION 

a) Conjugation and characterization of 
transformants 

Conjugation of Btk and B. megateriul1l 
yielded seven putative transformants, viz., B3, C3, 
E 1, E2, E3 and F. The colony morphology of the 
seven tmnsformants was the same as that of B. 

lIIegaterilll1l (Fig. I ). Light microscopic observations 
of the various transformants showed that all th~ 
transformants produced bipyramidal Icr (Fig.2). 
Therefore, it was clear that expression of leI> did 
not alter the colony morphology of the 
transformants indicating that the characteristics of 
B. lIlegaferilllll were intact and that could have 
facilitated the selection of the transfonnants in 
antibiotic medium. The variolls transformants 
produced bigger lep as compared to Btk. The 
average size of the ICP produced by the various 
transfonnants were l.g x 3.9 ILm (range - 1.6 to 2.1 x 
3.0t04.6 ILI11) as compared to Btk (\.0 x 2.3/1111, range 
- 0.9 to 1.3 x 1.5 to 3.0jtlll). Bigger size of the leI' 
produced by the transformants could be attributed 
to the relat ivcly larger size of IJ. 111 egal crill III cd Is 
as compared to Btk (Fig.2). Observations 011 thc 
lysis pattern showed that the transronnant B3 had 
extended lysis and complete lysis was observed 
after 96 hours which was similarly observed in H. 
lIIegaleriulIl (Table I). McGuire and Shasha (1990) 
recorded that a variety of environmental factors 
slIch as sunlight, temperature, rainfall, and UV 
radiation affect the field efficacy of microbial 
insecticides. Therefore, the extended lysis that was 
observed in the transformant B3 could be 
advantageolls to improve the field persistence of 
the ICP by not directly exposing the same to the 
UV radiation. SDS-PAGE profile showed that all the 
transformants had 140 kDa and 66 kDa bands as 
observed in Btk (Fig.3). This also confirmed the 
stable transformation and expression of ICP 111 

various transform ants. 

b) Bioassay 

Among the seven transformants, B3 was 
found to be highly toxic to both P xylastella (0.36 
ng/cm 2) and C. binota/is (l.74ng/cI11 1

). The 
difference in LCso value for P xylostella and C. 
billatalis wasO.59, 1.38, 7.25, 3.62, 2.65, 6.74, 1.45 
and 2.17 ng/cm2 for A3, B3, C3, E 1, E:, E3, F and 
Btk, respectively. There was no mor ality in B. 
megaterium treatment and untreated control. 
Comparison ofLC

5u 
values for the tram formant B3 

and Btk showed a variation of 0.63 and 1.42 ng/cm2 
for P. xylostella and C. binotalis, r~ -:pcctivcly 
(Table 2,3). There were two transformants, viz.,A3 
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Table 1. Lysis pattern of various transformants, Btk and B. megaterium (Bm) 

Culture 24 hours 48 hours 

Sporulation crystal Lysis Sporulation crystal Lysis 

A3 40% Not visible No lysis 100% Inside 70% 
the cell 

B3 40% Not visible No lysis 100% Inside 40% 
the cell 

C3 40% Not visible No lysis 100% Inside 70% 
the cell 

EI 50% Not visible No lysis 100% Inside 70% 
the cell 

E2 50% Not visible No lysis 100% Inside 70% 
the cell 

E3 60% Not visible No lysis 100% Inside 70% 
the cell 

F 70% Not visible No lySis [00% Inside 70% 
the cell 

Btk 90% Inside No lysis 100% Inside & out >75% 
the cell side the cell 

Bm 50% *** No lysis 100% *** 40% 

Sporulation 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

*** 

72 hours 

crystal Lysis 

Mostly outside 
the cell 100% 

Inside & outside 70% 
the cell 

mostly outside 100% 
the cell 

mostly outside 100% 
the cell 

mostly outside 100% 
the cell 

mostly outside 100% 
the cell 

mostly outside 100% 
the cell 

Outside the cell 100% 

*** 75% 

96 hours 

Sporulation crystal 

*** *** 

*** Comply. 
outside 
thecell 

*** *** 

*** *** 

*** *** 

*** *** 

*** *** 

NA NA 

*** *** 

Lysis 

*** 

100% 

*** 

*** 

*** 

*** 

*** 

NA 

100% 

! 

» 
(j) 

o 
7\ » 
Z 
~ 
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Bacillus thuringiensis subsp kurstaki 

Bacillus megaterium 

Transformant B3 

Figure 1. Colony morphology of Btk, B. megaterium and the transformant B3 
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Crystal 

Spore 

Vegetative cell 

Bacillus thuringiensis subsp kurstaki 

Vegetative cell 

Spore 

Bacillus megaterium (untransformed) 

r .. ... " Vegetative cell 
.#' • 
I' * . .. .. ... • 

" r"" ...... I 
,. , 

• '\; 

Spore "'~f-------I*""'" 

... -
Transfonnant 83, sporulation phase 

Transformant In. lysed phase 

Fig 2. Light microscopic images of various stages of Btk, B. megaler;uln and the transformant 
H3 
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and F that recorded higher toxicity against P. 
xylsotella as compared to Btk. Similarly, three 
transformants, viz., C3, Eland E2 had higher 
toxicity against C. binotalis as compared to Btk 
(Table 2 & 3). One of the reasons for higher toxicity 
of the transform ant B3 could be due to the large 
size of crystals and also due to differences in the 
protoxin composition of the crystals as compared 
to the other transformants and Btk. Similarly, Bora 
et al. (1994) observed that RS-1, a transformant of 
B. megateriul11, was highly toxic to the larvae of 
Helicoverpa armigera as compared to Etk. 

c) Persistence of the transformant 83 on 
phyllosphere of cabbage 

Studies on the persistence ofthe transformant 
B3, Btk and B. Illegaterium showed that the B3 
was recorded for up to 15 days after inoculation (9 
cfu/cm2

), whcreas Btk was recorded only for up to 
3 days after inoculation (2.67 cfu/cm2). The 
population level of B. megaterium was high 
and almost consistent throughout the period of 
experiment where it ranged from 132.33 to 174. 
33 cfu/cm2

• The reduction in the population 
level during the second day after application was 
38 and 155.67 cfu/cm2 for B3 and Btk, respectively, 
as compared to B. megaterium. A difference of 92. 
33.95.7,118.3,93.63, I 18.72and 132.7 cf'u/cm2 was 
observed between the transformant B3 and 
B. megaterilll1l during )'d, 41h, 51\ 6th , 7th and 15th 

days after inoculation whereas a huge difference 
of 156.33 and 171.66 cfu/cm2 was observed 
between Btk and B. megateriul1l during 2 nd and 
3 rd day of inoculation. Similarly a difference of 
117.67 and 79.33 cfu/cm2 was observed between 
the transformant B3 and Btk during 2nd and 3,,1 day 
after inoculation (Table-4). 

While selecting a suitable candidate 
phyllosphere bacterium for conjugal transfer, it is 
important to select one that belongs to the same 
genus of Bt. Since Btk and B. megateriulIl belonged 
to Bacillaceae, conjugal transfer could have been 
successful. Similarly expression of cry2A ofBt in a 
related bacterium like B. cereus resulted in high level 
of expression (Moar el al., 1994). Contrary to the 
above, expression of I CP of Bt in Pseudomollas 

cepacia that belongs to Pseudomonadaceae 
resulted in poor expression (Stock et al., 1990). 
Similarly when the mosquitocidal toxin gene cry4B 
of Bt was expressed in the cyanobacterium, 
AgmenellullI quatiruplicatllm, there was very 
low level of expression (Downing et al., 2000). 
The increased persistence of the transformant 
B3 as compared to Btk on the phyllospherc of 
cabbage could be due to the fresh production 
of insecticidal crystals by the surviving 
transformed cells through repeated cycles of 
vegetative and sporulation stages. The other 
factors such as leaf pH and germinant condition 
of the cabbage leaves would have heen 
suitable for the transformant B3 as against 
Btk (Caipo et al., 2002). Even though competitive 
interaction between the tral1sformant B3 and 
B. megaterillm was apparent, persistcnce of B3 
was higher (15 days after inoculation) than 
that ofBtk (three days after inoculation) (Table 4). 
Bora et al. (l994) and Sudarsan et al. (1994) 
reported that establishment of the microbial 
population depends on the leaf morphology 
and presence of recognition factors. Therefore, 
the phyl10spheric competence of the transformant 
B3 is partly similar to that of B. megateriulll 
so it could survive for a l<Jnger time as compared 
to Btk. In addition to the above factors, inter
specific competition and compositions among 
the different microbial communities on the 
phyllosphere determine the adaptation of the 
transfomlants on the leaf(Beattie and Lindow, 1999; 
Lindow and Leveau, 2002). 

The stability and quantity of the insecticidal 
crystals of Bt on the leaf surface are the two 
most limiting factors in obtaining satisfactory 
control of insect pests. In this regard, Bt 
formulations containing various encapsulating 
agents did not prevent the lo~s of sprays due to 
rain (Bora et al., 1994). Therefore, ICP produced in 
a leaf colonizing bacteria is a practicable alternative 
in improving the persistence on the phyllosphere 
as observed by Moar et al. (1994). Hence the 
transformant B3 could be mass produced to 
facilitate successful management of P. xylostella 
and C. billo/alis and other lepidopterans on 
cabbage. 
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Table 2. Toxicity of various transformants to Crocidolomia bblOtalis 

SINo. Cultures LCso (nglcm2) Slope (±SE) 95% Fiducial Limit 

Lower Upper 

I A3 2.01 1.93 (± 0.16) 1.69 233 

2 B3 1.74 0.I6(±0.0I) 1.72 l.76 

3 C3 7.76 1.41 (± 0.07) 7.62 7.90 

4 El 4.24 1.94 (±0.16) 3.92 4.56 

5 E2 3.16 2.56 (± 0.28) 2.60 3.72 

6 E3 7.74 0.86 (± 0.07) 7.60 7.88 

7 F 2.80 2.33 (±0.24) 2.32 3.28 

8 Bt subsp kurstaki 3.16 2.11 (±0.19) 2.78 3.54 

9 B. megaterium 0.00 0.00 (± 0.00) - -

10 Control 0.00 0.00 (±O.OO) - -

Table 3. Toxicity of various transformants to Pilitelia xylostella 

SINo. Cultures LCso (ng/cm2) Slope (±SE) 95% Fiducial Limit 

Lower Upper 

1 A3 1.42 0.91 (±0.08) 1.26 1.58 

2 B3 0.36 0.86 (± 0.0 I) 0.34 0.38 

3 C3 0.51 0.86 (±0.07) 0.37 0.75 
4 EI 0.62 1.17 (±0.02) 0.58 0.66 
5 E2 0.51 0.86 (± 0.0 I) 0.37 0.75 
6 E3 1.00 0.96(±0.01) 0.98 1.02 
7 F 1.35 0.99(±0.01) 1.33 1.37 
8 8t subsp kurstaki 0.99 0.96 (±0.01) 0.97 1.01 
9 B. megaterium 0.00 O.OO± 0.00) - -
10 Control 0.00 O.OO± 0.00) - -
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Table 4. Persistence ofthe transformant 83 as compared to Btk andB. megaterium on pbyllosphere of cabbage 

Culture Population (cfu/cml) 

2 DAI 3 DAI 4 DAI 5 DAI 6 DAI 7 DAI 15 DAI 21 DAI 

Transformant 83 127.00 82.00 64.00 45.70 38.70 27.00 9.00 0.00 
(11.29) (9.08) (8.03) (6.79) (6.26 ) (5.24) (3.08) (0.71 ) 

Btk 9.33 2.67 0.00 0.00 0.00 0.00 0.00 0.00 
(3.14) (1.77) (0.71 ) (0.71 ) (0.71 ) (0.71 ) (0.71 ) (0.7 J) 

B. megateriulII 165.00 174.33 159.7 164.00 132.33 145.72 141.70 157.00 

(12.86) (\3.22) (12.66) (12.83) (l1.53 ) (12.09) (11.92) (12.55) 
--~-

DAI - Days after inoculation, SEM - OAI P<O.OI CD'" 2.771 

Figures in parentheses are square root transformed values 

28 DAI 35 DAI 

0.00 0.00 
(0.71 ) (0.71 ) 

0.00 0.00 
(0.71 ) (0.71 ) 

176.70 \58.00 
(13.31 ) ( 12.59) 

Mean 

39.34 
(S.19 b) 

1.20 

( 1.05<) 

157.45 
(12.55') 
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:05 kDa 

97kDa 

66kDa 

43 kDa 

29kDa 

Legend: M- Marker, Lane 1 - Btk, Lane 2 - Btk (HD-I), Lane 3 - B. megaterium, 
Lanes 4 to 10 -transfonnantsA3, B3, C3, El, E2, E3, and F 

Fig 3. Protein profile of Btk, B. megaterium and various transform ants 
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