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Abstract The inhibitory activity of bovine pancreatic
trypsin inhibitor (aprotinin), a natural polypeptide and a
proteinase inhibitor, was demonstrated on gut proteinases
of three lepidopteran borers of sugarcane using commer-
cially available aprotinin. A synthetic gene coding for
aprotinin, designed and codon optimized for better
expression in plant system (Shantaram 1999), was trans-
ferred to two sugarcane cultivars namely CoC 92061 and
Co 86032 through particle bombardment. Aprotinin gene
expression was driven by maize ubiquitin promoter and the
plant selection marker used was hygromycin resistance.
The integration, expression and functionality of the trans-
gene was confirmed by Southern, Western and insect
bioassay, respectively. Southern analysis showed two to
four integration sites of the transgene in the transformed
plants. Independent transgenic events showed varied levels
of transgene expression resulting in different levels (0.16—
0.50%) of aprotinin. In in vivo bioassay studies, larvae of
top borer Scirpophaga excerptalis Walker (Lepidoptera:
Pyralidae) fed on transgenics showed significant reduction
in larval weight which indicated impairment of their
development. Results of this study show the possibility of
deploying aprotinin gene for the development of transgenic
sugarcane cultivars resistant to top borer.
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Introduction

Sugarcane, Saccharum spp. hybrid, is an important
tropical crop grown for its diverse uses such as pro-
duction of sugar, ethanol, paper, etc. The cultivated
sugarcane is a product of hybridization and repeated
clonal selection over a period of time from a large
seedling population. This selection process has resulted
in clones superior in certain characters like yield and
sucrose but deficient in certain other characters like
disease or pest resistance. Developing a cultivar with
several desirable traits through conventional breeding is a
difficult process due to the complexities of the genetic
makeup of the crop such as high polyploidy and heter-
ozygosity. A major constraint in increasing productivity
of the crop is biotic stresses such as insect pests, espe-
cially tissue borers. In India, the shoot borer
Chilo infuscatellus Snellen, internode borer Chilo sac-
chariphagus indicus (K.) (Lepidoptera: Crambidae) and
top borer Scirpophaga excerptalis Walker (Lepidoptera:
Pyralidae) together pose a major threat to the crop.
Among these three borers, top borer infestation causes
yield losses of 30-51% (Pandey et al. 1997; Madan and
Singh 2001). Even systemic insecticides are generally
ineffective against this borer as neonate larvae enter the
plants within a few hours of eclosion and remain inside.
Also, crop canopy hinders frequent application of
insecticides. Since breeding resistant cultivars by con-
ventional methods is a long-drawn process, transgenic
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technology with insect resistant genes would be a viable
alternative.

The advances in genetic transformation technology
and knowledge on gene expression have led to rapid
progress in using genetic engineering for crop improve-
ment and crop protection against insect pests (Romeis
et al. 2006). The potential use of this technology to
generate transgenic plants for pest control using different
molecules, such as proteinase inhibitors, plant lectins,
ribosome inactivating proteins, secondary plant metabo-
lites, delta endotoxins, vegetative insecticidal protein
from Bacillus thuringiensis (Bt) and related species, and
small RNA viruses, either alone or in combination with
the Bt genes (Bates et al. 2005), has now been widely
recognized.

Considerable efforts have been made to develop
resistance to different borers in sugarcane using genes
coding for CrylAb (Arencibia et al. 1997), CrylAc
(Weng etal. 2006), snowdrop lectin (Allsopp and
McGhie 1996; Irvine and Mirkov 1997; Nutt et al. 1999)
and soybean proteinase inhibitors (Falco et al. 2003).
The importance of transgenes as a valuable source of
resistance to enhance IPM strategies in sugarcane has
been highlighted (Lakshmanan etal. 2005). Bovine
pancreatic trypsin inhibitor, also known as aprotinin, a
natural polypeptide obtained and purified from cow’s
lungs, is widely used as a therapeutic agent in cardiac
surgery (Davies et al. 1997). It inhibits serine proteinases
(Laskowski and Kato 1980) such as trypsin, chymo-
trypsin, plasmin and kallikrein (Zhong et al. 1999).
Because of the trypsin inhibitory nature (Burgess et al.
2002), it has the potential to be used in genetic trans-
formation to produce insect resistant plants, including
sugarcane. In earlier experiments involving aprotinin, a
tobacco transgenic expressing about 1.4% of the toxin
produced 41% mortality of Spodoptera litura larvae in
feeding bioassay (Shantaram 1999). Bovine spleen try-
spin inhibitor, a homologue to aprotinin, showed an
expression level of 0.5% of total soluble protein in
tobacco which affected both survival and growth of late
first instar larvae of Helicoverpa armigera (Christellar
et al. 2002). Similarly, larvae of Wiseana sp. caterpillar
feeding on white cloves expressing aprotinin showed
reduced growth rate (Voisey et al. 2001). In this article,
we report the first ever work on the development of
transgenic sugarcane using aprotinin and its evaluation
against sugarcane top borer S. excerptalis. As a prelude
to this study, we convinced ourselves of the potential of
aprotinin as a candidate for plant protection by exam-
ining its effect on three major borers of sugarcane in
in vitro bioassays.
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Materials and methods
In vitro insect bioassay
Preparation of gut homogenate

Neonate and third instar larvae of C. infuscatellus,
C. sacchariphagus indicus and S. excerptalis were used for
the assay. In the case of neonate larvae, whole larvae were
used as such whereas third instar larvae were etherized,
alimentary canals were dissected out and fat bodies
adhering to them were carefully teased and removed. The
whole larvae or the midguts were homogenized in ice-cold
20 mM Tris—HCI buffer (pH 9.0), centrifuged at 9,400g for
20 min at 4°C and the supernatant was used for studying
enzyme activity.

Assay of inhibitory activity of aprotinin on gut proteinases

Assays were performed in small volumes in microtitre
plates following the method of Oppert et al. (1997). The
protein content of the homogenate was estimated by fol-
lowing Bradford (1976). In the case of neonate larvae,
25 pg of protein was incubated with 0.625, 1.25 and 5 pg
of aprotinin whereas for third instar larvae 50 pg of protein
from borer gut was incubated with a concentration range of
0.125-10.0 pg of aprotinin. The reaction volume was made
up to 100 pl with protein assay buffer [0.5 M Tris—HCI
(pH 8.2), 0.02 M CaCl,] and incubated at 37°C for 30 min.
To this, 100 pl of 0.5 mg/ml stock of BApNA (N-a-ben-
zoyl-DL-arginine p-nitroanilidine), a trypsin specific
substrate prepared in the assay buffer was added. The
reaction was allowed to proceed for 30 min at 37°C.
Hydrolysis of BApNA by proteinases produces an intense
yellow color due to the liberation of p-nitroaniline. Inhi-
bition of proteinases by proteinase inhibitor leads to a
decrease in the color intensity, which was measured at
410 nm. The reaction was stopped with the addition of
40 pl of 30% acetic acid solution. In both cases, insect
protein without the inhibitor served as control and the
protein assay buffer as blank. All tests were repeated thrice.

Plant transformation
Gene construct

The plasmid construct (pSB 203) used for the transfor-
mation had the synthetic gene coding for aprotinin under
the control of maize ubiquitin promoter and hygromycin
as the plant selection marker (Fig. 1). The codon for the
aprotinin gene used in the present study was optimized
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for better expression in plant system. The synthetic gene
was made in the laboratory by a combination of syn-
thesis of oligonucleotides in our own machine and a
PCR to fill in the gaps. Once the gene was synthesized,
it was cloned and sequenced to make sure that there
were no errors. Several proof reading polymerases were
tried to obtain 100% error-free sequence (Shantaram
1999). Plasmid was isolated and purified from the
transformed E. coli by alkali lysis method (Sambrook
et al. 1989).

Plant tissue culture and callus initiation

Embryogenic calli were produced from 6 to 8-month old
healthy shoot tips of the sugarcane (Saccharum spp.
hybrid) cultivars Co 86032 and CoC 92061 in the modified
MS-I (Murashige and Skoog 1962) medium containing
3 mg/l 2,4-D, 10% coconut milk, 100 mg/l myoinositol
with 20 g/l sucrose.

Biolistic bombardment and regeneration

Biolistic bombardment of sugarcane calli was performed
following Birch (2000). Friable and embryogenic calli of
2-3 mm size were pretreated in MS-O medium
(MSI + Sorbitol 50 g/l + Mannitol 50 g/1) 4 h prior to
bombardment. Bombardment of the gene construct pSB
203 was carried out using the Bio-Rad PDS 1000/He bio-
listic system at a pressure of 1,100 psi of helium. The
bombarded calli were incubated in the dark at 25°C for
24 h after which they were transferred to MSI 30 selection
media (MS with 30 mg/l hygromycin). After 20-25 days,
vigorously growing hygromycin resistant calli were trans-
ferred to MSI 50 (MS with 50 mg/l concentration of
hygromycin). The hygromycin resistant calli that prolifer-
ated on MSI 50 selection media were transferred to
regeneration media MSIV (MSI + kinetin 1 mg/l + NAA
0.5 mg/l 4+ 50 mg/l hygromycin) and incubated at 25°C
with 16 h light and 8 h dark cycle. When green shoots
reached 10-12 cm height, they were transferred to rooting
medium (White 1943) with 5 mg/l of hygromycin. Rooted
plants were transferred to pots containing a mixture of
sterilized sand, soil and farmyard manure. The pots were
covered with polyethylene bags to maintain humidity.
After a period of 15 days, the acclimatized plantlets were
transferred to green house.

Fig. 1 The construct map of CaMV35S
pSB 203 T(L) poly A

Hyg R

Molecular analysis for transgene integration
PCR analysis

Putative transgenics along with the untransformed control
plants were subjected to PCR analysis. Genomic DNA was
isolated following the method described by Doyle and
Doyle (1990). PCR was carried out for detecting the
aprotinin gene in the first generation putative transgenics
(Vo) using aprotinin forward (5-GGAATTCATGAGGC
CAGACT-3) and Nos reverse (5'-CGTCATGCATTACA
TGTT-3') primers to amplify the 330 bp fragment.

Southern transfer and hybridization

The Southern transfer and hybridization was carried out in
third vegetative generation transgenics (V3) as described by
Sambrook et al. (1989). A measure of 50ug of genomic
DNA from putative transgenics and untransformed control
plants was digested with HindIIl enzyme, electrophoresed
on 1% agarose gel and transferred onto nylon membrane
(Hybond+, Amersham Biosciences). Southern hybridiza-
tion was carried out with a o*?P-dCTP-labelled fragment
containing aprotinin and the promoter sequence (2.2 kb) as
probe, excised from pSB 203 by digesting with Sacl and
HindIIl enzymes.

Western blot analysis

Total soluble protein extracted using the buffer [Tris
(pH 7.0) 0.05 M, fS-mercaptoethanol 2%, glycerol 10%]
from the third leaves of V5 transgenics and untransformed
control plants were used for Western analysis and enzyme
assays. After separation in a 15% SDS-PAGE (Laemmli
1970), the proteins were electro-blotted onto PVDF mem-
brane (Amersham Biosciences) and aprotinin was detected
using a rabbit polyclonal antibody to aprotinin (Sigma)
following standard protocol (Ausubel et al. 1987). The
electro transfer of protein was carried out from gel to
membrane for 1 h at 100 V with cooling in a blot transfer
apparatus with transfer buffer (5.8 g Tris, 2.93 g glycine,
200 ml methanol and the volume made up to 11 with
water, pH 8.4). The membrane was air dried and after a
brief wash in methanol it was incubated in TTBS solution
(100 mM Tris—Cl (pH 7.5), 150 mM NaCl and 0.1%
Tween 20) for 1 h at room temperature with constant
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agitation on a rocking platform. After adding the primary
polyclonal antibody prepared at 1:1,000 dilution in TTBS,
the membrane was incubated for 1 h. The membrane was
later washed thrice with TTBS, each wash lasting for 10-
15 min. Next, secondary antibody (anti-rabbit IgG conju-
gated to alkaline phosphatase) was added at 1:500 dilution
and the membrane was incubated for another hour. The
membrane was then washed with TBS (TTBS without
Tween 20). Chromogenic detection was carried out using
reagents BCIP/NBT (5-bromo-4-chloro-3-indolyl phos-
phate/nitro blue tetrazolium). The membrane was placed in
chromogenic visualization buffer freshly prepared by
adding 33 pl of NBT stock (100 mg NBT in 2 ml of 70%
DMF) to 5 ml alkaline phosphate substrate buffer
[100 mM Tris—C1 (pH 9.5), 100 mM NacCl, 5 mM MgCl,]
followed by 17 pl of BCIP stock (100 mg BCIP in 2 ml of
100% DMF). When an indigo colour developed, the reac-
tion was stopped by washing the membrane in distilled
water. The membrane was air dried and photographed.

Estimation of aprotinin in transgenics

The protocol followed was similar to that described under
in vitro insect bioassay above. A measure of 50 ng of total
sugarcane leaf protein was added to 5 pg of bovine pan-
creatic trypsin in a microtiter plate. The reaction volume
was made up to 100 pl using the assay buffer [0.5 M Tris—
HCI (pH 8.2), 0.02 M CaCl,] and incubated at 37°C for
30 min. The absorbance was measured at 410 nm in an
ELISA reader. The amount of aprotinin was estimated by
comparing with the standard values obtained by incubating
5 pg of trypsin with different quantities of aprotinin pre-
pared in the same buffer as used for the extraction of leaf
protein. The estimated aprotinin values were expressed as
percentage over the total soluble proteins in the sample.

In vivo insect bioassay

Sugarcane leaf spindles having grownup larvae or pupae of
top borer were collected from farmers’ fields and main-
tained on moist sand beds in polyvinyl cages for the
emergence of moths. Fresh uninfested cane tops with
leaves trimmed were maintained at the center of the cage
for oviposition by the moths emerging from infested
spindles. Upon oviposition, leaf bits bearing egg masses
were separated and maintained on moist filter paper in
plastic containers. On eclosion, active neonate larvae were
selected and inoculated on 10 transgenic events of CoC
92061, three transgenic events of Co 86032 and untrans-
formed control plants of the respective cultivars. Tops of
six canes in each transgenic and untransformed controls
were inoculated with three neonate larvae each plant
between the +1 and +2 leaves in the crown with a moist
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camel hairbrush trimmed to a few bristles. For each inoc-
ulation, equal numbers of transgenic and untransformed
control plants were taken in accordance with the number of
neonate larvae obtained on that day of eclosion. Prior to the
inoculation of larvae, the plants were checked and freed of
general predators. Shoot tops of test plants were excised on
the 20th day of inoculation of neonate larvae and param-
eters, such as the number of midribs tunneled, length of the
tunnel, length of unfed spindle core and weight of larvae in
the inner core were recorded in transgenics of Co 86032
and CoC 92061 along with the respective untransformed
control plants.

Data analysis

Data were analyzed following Gomez and Gomez (1984).
Top borer feeding parameters were subjected to square root
transformation, analysis of variance and Duncan’s multiple
range test for mean comparison. Further, aprotinin content
was correlated with feeding parameters to assess their
interdependence.

Results
Inhibitory activity of aprotinin on insect gut trypsin

Inhibitory activity of aprotinin was represented as per-
centage of residual trypsin obtained after the hydrolysis
of BapNA by trypsin in in vitro bioassays. At the lowest
aprotinin concentration of 0.625 pg, the residual trypsin
obtained in neonate larvae of shoot borer, internode borer
and top borer was 33.6, 24.8 and 9.3%, respectively
(Fig. 2). The residual trypsin for third instar of shoot
borer, internode borer and top borer at the lowest apro-
tinin concentration of 0.125 pg was 55.0, 65.0 and 20.7%
respectively. The amount of aprotinin needed to bring
about 50% inhibition of gut proteinases of third instar
larvae was 0.25 pg for shoot borer and 2.5 pg for
internode borer whereas 0.125 pg was sufficient to bring
about nearly 80% inhibition in top borer (Fig. 3). Thus,
in both stages of the three different borers, aprotinin
showed the highest inhibitory effect on gut proteinases of
top borer.

Sugarcane transformation

Transgenics expressing aprotinin were generated for two
sugarcane cultivars, i.e. Co 92061 and Co 86032 through
particle bombardment. In both cultivars, around 10%
transformation frequency (number of transgenic events
over the number of calli bombard) was obtained. Twenty-
three putative transgenics that showed resistance to



Plant Cell Rep (2009) 28:175-184

179

40

-+ Shoot borer
-# Internode borer
-*- Top borer

20

10

% residual gut proteinase

0.63 1.25 5.00
Aprotinin concentration (mg)

Fig. 2 Inhibition of trypsin by different concentrations of aprotinin in
gut bioassay of neonate larvae of sugarcane borers
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Fig. 3 Inhibition of trypsin by different concentrations of aprotinin in
gut bioassay of third instar larvae of sugarcane borers

hygromycin were established in green house. Out of these,
16 proved to be true transgenics expressing aprotinin.

PCR and Western analysis

Sixteen PCR positive plants amplifying the expected
fragment of 330 bp (Fig. 4) were subjected to Western
analysis to examine the transgene expression and integrity
of aprotinin produced by the transgenic plants (Fig. 5).
This experiment showed the presence of a 6.5 kDa protein
in the transgenics with a clear band similar to that of the
commercial aprotinin used as a positive control, which was
absent in the untransformed control plant.

Southern analysis

In Southern analysis with the genomic DNA of three
transgenic events of CoC 92061 and three of Co 86032

Fig. 4 PCR analysis of transgenics. Lanes 1-3 T1-T3 (cv. CoC
92061), 4-6 P1-P3 (cv. Co 86032), 7 untransformed control plant (cv.
Co 86032), 8 positive control (pSB203), 9 1 kb DNA marker
(Fermentas)

SR +— 6.5 kDa

Fig. 5 Western blotting analysis for the expression of aprotinin in
transgenics. Lanes [ positive control (commercial aprotinin), 2
untransformed control (cv. Co 86032), 3—4 T1-T2 (cv. CoC 92061),
5-6 P1-P2 (cv. Co 86032)

22 kb =—

Fig. 6 Southern blot analysis showing stable integration of 2.2 kb
fragment containing aprotinin with the ubi promoter in transgenics of
cv. Co 86032 and CoC 92061. DNA samples were digested with
HindIlll. Lanes I untransformed control, 2—4 transgenics of cv. Co
86032, 5 uncut transgenic of cv. Co 86032, 6 positive control, 7
untransformed control, 8-10 transgenics of cv. CoC 92061

expressing higher levels of aprotinin, all the transgenic
lines defined two or more integration sites of the transgene
with a maximum of four (Fig. 6).

Quantification of aprotinin expression in transgenics
The amount of aprotinin ranged from 0.16 to 0.50% in

transgenic plants of CoC 92061 (Table 1) and from 0.20 to
0.26% in transgenic plants of Co 86032 (Table 2).

@ Springer



180

Plant Cell Rep (2009) 28:175-184

Table 1 Larval feeding pattern of top borer (Scirpophaga excerptalis) in transgenics of sugarcane cultivar CoC 92061 with aprotinin gene

Plant no. Aprotinin level Mean no. of Mean midrib Unfed spindle Mean larval
(%) midrib tunnels tunnel length (cm) core (cm) weight (mg)
Tl 0.34 33+ 05%b 9.8 £13ab 24 +0.7a 0.06 £ 0.04 a
T2 0.16 20+ 0.5 ab 15.0 £ 1.7 ab 80+ 14a 150+ 1.7b
T3 0.34 1.0+ 04 a 50+ 08a 40+ 14a 14 £ 0.5 ab
T4 0.37 1.3+ 0.5 ab 10.0 £ 1.2 ab 31£1.1a 04+02a
TS 0.42 1.6 £ 0.7 ab 7.0+ 10a 42+ 13a 43+ 09 ab
T6 0.35 1.3 £ 0.6 ab 65+ 14a 26 +09a 42+ 1.0 ab
T7 0.30 1.0+ 05a 13.0 £ 1.1 ab 40+ 16a 14.0 £+ 3.1 ab
T8 0.40 1.3 £ 0.6 ab 15.0 £ 1.3 ab 34+ 13a 11.3 £ 33 ab
T9 0.50 2.0 £ 0.6 ab 21,0+ 1.2b 6.0+ 21a 11.1 £ 22 ab
T10 0.31 1.6 +£ 0.9 ab 9.0 £ 2.0 ab 31+£07a 31+ 14ab
Control 0.08 1.5+ 09 ab 17.0 £ 1.7 ab 75+ 17a 441 £37¢
I 0.015 ™ —-0.199 ™ —0.576 ™ -0.707"

Means followed by the same letter in a column are not significantly different (P > 0.05) by Duncan’s multiple range test; analysis of variance

12 transformed values

performed on (x + 0.5)
ns not significant
* P <0.05

* Figures are mean + SE values

" Correlation between aprotinin content and larval feeding parameter

Table 2 Larval feeding pattern of top borer (Scirpophaga excerptalis) in transgenics of sugarcane cultivar Co 86032 with aprotinin gene

Plant no. Aprotinin Mean no. of Mean midrib tunnel Unfed spindle Mean larval

level (%) midrib tunnels length (cm) core (cm) weight (mg)
P1 0.24 20+ 04"a 130+ 15a 25+07a 24+05a
P2 0.20 25+04a 10.1 £22a 33+11a 53£10a
P3 0.26 25+05a 70+ 13a 09+£02a 30+ 06a
Control 0.082 20+£02a 121 £ 24 a 25+ 10a 138 £12b

Means followed by the same letter in a column are not significantly different (P > 0.05) by Duncan’s multiple range test; analysis of variance

172

performed on (x + 0.5)" transformed values

? Figures are mean + SE values

In vivo insect bioassay

In CoC 92061, the transgenics T3 and T7 had signifi-
cantly lower number of midribs tunneled than T1; the
transgenics T3, TS5 and T6 had significantly shorter tunnel
length than T9 (Table 1). In Co 86032, however, the
number of tunnels and tunnel length did not differ sig-
nificantly between transgenic and untransformed control
plants (Table 2). The unfed spindle core measured as the
distance at which larvae were located from the meristem
after 20 days of feeding, an index of the progress in larval
feeding activity in the core of the meristem, did not vary
between transgenic and untransformed control plants of
both CoC 92061 and Co 86032. Neonate larval mortality
was seen in the midribs of transgenic plant P3 of Co
86032 only (Fig. 7). Both CoC 92061 and Co 86032
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showed significant reduction in mean larval weight
compared to control (Fig. 8). However, in CoC 92061,
larval weight in different transgenics varied widely with
overlapping significant differences while in Co 86032
transgenics did not show significant differences. Aprotinin
content, mean tunnel length, unfed spindle core and mean
larval weight did not show congruence among different
transgenics in either cultivar. For example, larval weight
in the transgenics T1 and T4 was significantly less than
that in T2 and control of CoC 92061, though the number
and length of tunnels were on par or even higher than in
control plants. Correlation analysis among these variables
showed significant negative relationship between aprotinin
content and larval weight in CoC 92061 (Fig. 9). How-
ever, aprotinin content was not significantly related to any
other parameter.
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Fig. 7 Dead top borer larva in the midrib of transgenic P3 (cv.
Co086032)

a b

Fig. 8 Top borer larvae collected from a untransformed control and
b transgenic (T4) sugarcane (cv. CoC 92061) 20 days after infestation
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Fig. 9 Correlation between aprotinin content and top borer larval
weight in cv. CoC 92061

Discussion

The objective of the present study was to generate trans-
genic sugarcane expressing aprotinin that would show
resistance to borer pests. As a prelude, inhibitory activity of
aprotinin was evaluated against three sugarcane borers in
in vitro bioassay as a simple approach to evaluate the
potential effectiveness of proteinase inhibitors (Christellar
and Shaw 1989) though in vivo methods have also been
used for bioassay (Baszczynski et al. 1998). Although the
insecticidal action of proteinase inhibitors is largely
attributed to inhibition of digestive enzymes in the insect
gut, depletion of essential amino acids due to over-secre-
tion of digestive enzymes in the presence of inhibitors is
suggested to cause most of the toxicity symptoms (Ryan
1990). Regardless of the mechanism of toxicity, aprotinin
was more effective on gut proteinases of top borer than
shoot borer and internode borer. Such differential effec-
tiveness of aprotinin suggested the qualitative and
quantitative differences in proteinases characteristic of
their taxonomic affiliation, the genus Scirpophaga being
more susceptible than the genus Chilo. In a similar in vitro
bioassay with insects belonging to different taxonomic
groups, including a species of Scirpophaga, aprotinin
inhibited midgut proteinases to varying levels (Shantaram
1999) reaffirming the differential response of different
species of insects. Our results (Figs. 2, 3) showed that
trypsin inhibition in both neonate and third instar larvae of
top borer was not dependent on aprotinin concentration,
though the other two borers displayed some dosage-
dependent response. However, at a comparable concen-
tration of 1.25 pg of aprotinin, the difference in trypsin
inhibition between neonate larvae and third instar larvae of
top borer was only about 10%. This indicated that trans-
genics expressing aprotinin can be effective against
neonate as well as grownup stages of top borer.
Encouraged by the positive results of in vitro assays of
aprotinin, two popular cultivars of sugarcane were trans-
formed with the gene coding for it after codon optimizing
for better expression in plants. Southern hybridization in
six transgenics showed multiple integration of the trans-
gene as evidenced by multiple bands. Direct transformation
methods are known to produce complex events in which
multiple copies of the introduced DNA get integrated at
one or several loci in the recipient genome (Christou 1992;
Saul and Potrykus 1990) and transgene copy number is
known to influence gene expression either positively or
negatively (Hobbs et al. 1993). In Southern analysis of
maize transgenics expressing aprotinin, only one transgenic
line had five or fewer copies of the transgene whereas 20 or
more copies of aprotinin and bar genes were co-integrated
in others (Zhong et al. 1999). In the present study, South-
ern analysis showed that the integration sites varied
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between two and four which is below the expectation of
above five in case of transgenics produced through particle
bombardment. The fewer integration sites observed could
possibly be a result of stringent selection in the early stages
in which transgenics with higher integration sites/copy
numbers, and the consequent lack of expression of the
selectable marker due to gene silencing, would have been
eliminated. Southern analysis performed for a limited
number of transgenics in the present study precluded the
establishment of a relationship between expression of
aprotinin and the copy number. Western blot analysis has
demonstrated that the size of aprotinin expressed in trans-
genics was same as that of the commercial aprotinin, which
is of mammalian origin, suggesting their structural simi-
larity. Aprotinin was detected in varying levels (0.16—
0.50%) in all transgenics that expressed the transgene.
Such variation in the expression of different proteinase
inhibitors was observed in transgenics of other crops too:
aprotinin (0.012-0.44%) in seeds of maize (Zhong et al.
1999); potato proteinase inhibitor (0.35-2.3%) (Duan et al.
1996), cowpea trypsin inhibitor (CpTi) (0.3-2.7%) (Xu
et al. 1996), corn cystatin (2.4%) (Irie et al. 1996) and
aprotinin (0.4—1.3%) (Shantaram 1999) in rice; CpTi (up to
1%) (Hilder et al. 1987) and aprotinin (0.3—1.9%)
(Shantaram 1999) in tobacco. The expression levels of
aprotinin in the present study were comparable to those in
maize reported by Zhong et al. (1999) whereas they were
lower than those in rice and tobacco (Shantaram 1999).
In the in vivo bioassay with neonate larvae of top borer
on transgenics expressing varying levels of aprotinin,
larval feeding parameters did not show definite trends,
except for a few significant differences among transgenics
of CoC 92061 for the number of midribs tunneled and
tunnel length. Although the number or length of tunnels
did not differ between resistant and susceptible groups of
plants (Mukunthan 1984), a later study on the mechanism
of resistance to the borer established that resistance
operated only in the midrib and not in the spindle
(Mukunthan 1990). Despite the exceptions of a few
transgenics in the present study, midrib did not seem to
be the site of active resistance as there was no evidence
of mortality of neonate larvae in midribs of these plants.
Also, the lack of variation in unfed spindle core did not
indicate spindle too as the active site of resistance. This
suggested the lack of differential expression of aprotinin
in midrib and spindle, probably due to the constitutive
promoter used, to levels that could inhibit larval growth in
the two successive feeding stages. The significant larval
weight loss in transgenic plants of both Co 86032 and
CoC 92061 indicated that aprotinin had a cumulative
antibiotic effect on larval growth as a consequence of its
feeding in midrib and spindle. Maximum larval weight
reduction was greater in CoC 92061 (99.8%) than in Co

@ Springer

86032 (82.9%), probably due to the inherent varietal
difference in borer resistance, besides the interactive
effect of aprotinin integration. Although larval develop-
mental rate did not differ between resistant and
susceptible genotypes in top borer (Mukunthan and
Mohanasundaram 1996), distinct poor weight gain was
observed in internode borer larvae on traditional resistant
cultivars which was attributed to antibiosis as the mech-
anism of resistance (David 1979). Leaf tissues from
sugarcane transgenics with soybean kunitz trypsin inhib-
itor and soybean Bowman-Birk inhibitor significantly
retarded the growth of Diatraea saccharalis larvae as
compared to leaf tissue from untransformed plants (Falco
et al. 2003). In other crops too, proteinase inhibitors
generally affected survival and growth of lepidopteran
larvae (Voisey et al. 2001; Christeller et al. 2002), though
mortality was also reported (Shantaram 1999) apparently
due to higher protein expression levels. These observa-
tions indicate that proteinase inhibitors, in general, affect
the growth and development of larvae, though not result
in their mortality. This contention also gains support from
the significant reduction in larval weight gain in the
taxonomically different cane grub Antitrogus consan-
guineus fed on roots of transgenic sugarcane expressing
potato proteinase inhibitor II or snowdrop lectin (Nutt
et al. 1999; Allsopp et al. 2000). Transgenic plants rarely
result in 100% control but help to retard insect growth
and development (Estruch et al. 1997) thereby reducing
the loss inflicted by them on crop plants. The significant
reduction in larval weight (up to 99.8%) observed in the
present study could confer two advantages: reduced
intensity of damage to the crop in the current brood and
decreased populations in the subsequent broods. This
would be of greater advantage in subtropical India where
top borer exhibits distinct brood pattern.

The present studies indicate that introduction and
expression of aprotinin encoding gene into sugarcane cul-
tivars can be an effective strategy for conferring
considerable level of protection against top borer. Despite
the lower susceptibility of shoot borer and internode borer
to aprotinin in in vitro studies, it is possible that transgenics
expressing the toxin may show a lower level of field tol-
erance to these borers too. Engineering aprotinin or other
proteinase inhibitors in conjunction with Bt toxins or lec-
tins, by either cross breeding of primary transformants or
multiple gene insertions, would probably enhance the
resistance levels of sugarcane transgenics. This approach
would also address the problem of resistance to proteinase
inhibitors in insects (Jongsma and Bolter 1997).
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