RESEARCH COMMUNICATIONS

14. Office Intemnational des Epizooties, In Manual of Standards for
Diagnostic  Tests and Vaccines, Bovine Viral Diarthea, France,
2004, 5th edn, chapter X.

15. Gilbert, S. A., Burton, K. M., Prins, S. E. and Deregt, D., Typing
of bovine viral diarthea viruses directly from blood of persistently
infected cattle by multiplex PCR. J. Clin. Microbiol., 1999, 37,
2020-2023.

16. Greiser-Wilke, 1., Dittmar, K. E., Liess, B. and Moennig, V., fn-
munofluorescence  studies of biotype specific expression of bovine
viral diarthea virus epitopes in nfected cells. J. Gen. Virol., 1991,
72, 2015-2019.

17. Vileek, S., Hemring, A. J., Herring, J. A., Nettleton, P. F., Low-
ings, J. P. and Paton, D. J., Pestivirus isolated from pigs, cattle and
sheep can be allocated into at least three genogroups using poly-
merase chain reaction and restriction endonuclease analysis. Arch.
Virol., 1994, 136, 309-323.

18. Boye, M., Kamstrup, S. and Dalsgaard, K., Specific sequence ampli-
fication of BVDV and hog cholera virus and sequencing of BVDV
nweleic acid. Ver. Microbiol., 1991, 29, 1-13.

19. Hertig, C., Pauli, U., Zanoni, R. and Peterhans, E., Detection of
bovine viral diarthea (BVD) virs using polymerase chain reac-
tion. Vet. Microbiol., 1991, 26, 65-76.

20. Harpin, S., Mehdy Elahi, S., Comaglia, E., Yolken, R. H. and
Ehlzhary, Y., The S3-untranslated region squence of a potential new
genotype of bovine viral diathea virus. Arch. Virol., 995, 140,
1285-1290.

21. Vileek, S. et al, Bovine viral diarthea virus genotype 1 can be
separated into at least eleven genetic groups. Arch. Virol, 2001,
146, 99-115.

22. Park, J. S., Moon, H. I, Lee, B. C., Hwang, W. S., Yoo, H. S.,
Kim, D. Y. and Park, B. K., Comparative analysis on the Samntrans -
lated region of bovine viral diarthea virus isolated in Korea. Res.
Vet Sci., 2004, 76, 157-163.

23. AvalosRamirez, R., Orlich, M., Thiel, H. J. and Becher, P., Evi-
dence for the presence of two novel pestivirus specics. Virology,
2001, 286, 456-465.

24. Bolin, S. R., Immunogens of bovine viral diarthea virus. Vetr. Mcro-
biol., 1993, 37, 263-271.

25. Deng, R. and Brock, K. V., Molecular cloning and nucleotide -
quence of a pestivius genome, noncytopathogenic bovine viral
diarrhea virus strain SD1. Virology, 1992, 191, 867-869.

26. Tijssen, P., Pellerin, C., Lecomte, J. and Van Den Hurk, J., Immu-
nodominant E2 (gp53) sequences of highly virulent bovine viral
diarthea group II viruses indicate a close resemblance to a subgroup
of border disease viruses. Virology, 1996, 217, 356-361.

27. Van Rijn, P. A, Van Gennip, H. G. P., Leendertse, C. H., Bru-
schke, C. J. M., Paton, D. J., Moorman, R. J. M. and van Oirschot,
J. T., Subdivision of the pestivirus genus based on envelope glyco-
protein E2. Virology, 1997, 237, 337-348.

28. Rumenapf, T., Unger, G., Strauss, J. H. and Thiel, H. J., Processing
of the envelope glycoproteins of pestiviruses. J. Virol, 1993, 67,
3288-3294.

29. Couvreur, B. et al., Genetic and antigenic variability in bovine viral
diathea virus (BVDV) isolates from Belgium. Virus Res., 2002,
85, 17-28.

30. Nagai, M. ef al., Phylogenetic analysis of bovine viral diarrhea vruses
using five different genetic regions. Virus Res ., 2004, 99, 103-113.

31. Saliki, J. T., Fulton, R. W., Hull, S. R. ad Dubovi, E. J., Microti-
tre virus isolation and enzyme immunoassays for detection of Bwine
Viral Diarthea Virus in cattle serum. J. Clin. Microbiol., 1997, 35,
803-807.

ACKNOWLEDGEMENTS. We thank Department of Biotechnology,
New Delhi for providing necessary funds and IVRI, Bhopal for provid-
ing infrastructural facilities.

Received 24 May 2004; revised accepted 14 September 2004

CURRENT SCIENCE, VOL. 83, NO. 1, 10 JANUARY 2005

Baseline susceptibility of the
American bollworm, Helicoverpa
armigera (Hibner) to Bacillus
thuringiensis Berl var. kurstaki
and its endotoxins in India

Krishnappa Chandrashekar, Archana Kumari,
Vinay Kalia and Govind T. Gujar*

Division of Entomology, Indian Agricultural Research Institute,
New Delhi 110 012, India

Baseline susceptibility of larvae of the American bollworm,
Helicoverpa armigera (Hiibner) to Bacillus thuringiensis
Berl var. kurstaki was studied by a diet incorporation
method. Ninetysix hour median lethal concentrations
(LCsp) of Bt var. kurstaki strains and parasporal crystal
toxins varied widely for neonate larvae of different
populations. Insect populations from nine locations in
India showed differences in their susceptibility to Bt var.
kurstald  strains and individual Cry toxins, viz. CrylAa
10.5, CrylAb 128, CrylAc 162, HD-1 14.1 and HD-73
5.7-fold. Insect populations obtained from pigeon pea
crops at Navsari from December 2000 to January 2001,
and at Delhi from October 1998 to November 2000
showed temporal variation in their susceptibility to Bt var.
kurstali HD-1 and HD-73. Temporal variation in insect
susceptibility was correlated with temperature at these
two locations. Insect acclimation to pre-treatment
temperature influenced the susceptibility of the K gen-
eration to Br var. kurstaki. An increase in ambient tem-
perature (about 10°C) increased the susceptibility to Bt
var. kurstaki HD-73 by 7.5fold. The role of selection
pressure, host-plant, xenobiotic and other agroecologi-
cal conditions on the susceptibility of H. armigera is
discussed in relation to development of toleranceftesis-
tance and integrated pest management.

BACILLUS thuringiensis (Bf) is a spore-forming, Gramrposi
tive bacterium of ubiquitous occurrence, with as many as 50
serotypes or 63 serovars'. It produces proteinaceous crystal
(Cry) toxins, which are activated by proteases in the alka-
line conditions of the midgut. These activated toxins bind
with receptors on the brush border membrane vesicles of the
midgut epithelium and perforate the cell membrane, which
leads to ionic imbalance and eventual insect deatli. The Br
Cry toxins are grouped into 45 classes; many possessing
insecticidal-specific insecticidal activity, viz. Cryl, Cry9
(Lepidoptera), Cry2 (Lepidoptera and Diptera), Cry3, Cry7,
Cry8, Cryl4 (Coleoptera), Cry4, Cryl0, Cryll (Diptera) and
Cry5, Cry6, Cryl2-14 (nematodes) (http://www.biols.susx.
ac.uk/home/Neil_Crickmore/Bt/toxins2.html; http://bgsc.org).
Bt is an effective insecticide, relatively harmless to natu-
ral enemies, safe to the higher animals; and environmen-
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tally acceptable3. Presently, Bt forms about 90% of the
world bioinsecticide market.

In India, Br is registered for insect pest management in
agriculture and public health. The present usage of about
120 tonnes per annum of B¢ is likely to increase signifi-
cantly in view of its recommendation as a component of
integrated pest management for agricultural crops4’5. Since Bt
is amenable to genetic engineering, Bf transgenic crops like
cotton, chickpea, and cole crops are being dveloped and are
in various stages of commercialization in India as elsewhere
in the world®. Further, new strains of Br with enhanced
activity, altered host range and persistence are also being
developed to increase its usefulness T

Two insect pests targetted by Br as a conventional insec-
ticide as well as through transgenic technology are the dia-
mondback moth, Plutella xylostella Linn. and the American
bollworm, Helicoverpa armigera (Hiibner). The diamond-
back moth is a major pest of cole crops all over the world.
It has developed resistance to almost all kinds of insecti-
cides, including Bt under field conditions™’. The American
bollworm is a polyphagous insect pest of worldwide oc-
currence. In India, it is reported to cause crop damage worth
about US $1 billion per annum. It is a major pest of cotton,
pulses and some vegetables. The pest has defied many con-
ventional insecticides by developing resistance' ™!, but there
is potential for using B¢ against it, both as a conventional
insecticide and through expression of its toxins in trams-
genic plants.

It is necessary to study the toxicity of Bt and its Cry
toxins against H. armigera in order to rationalize its use. The
toxicity of Bt and of Bt transgenic cotton against H. ar-
migera has been reported carlier'”™'. In our earlier stud-
ies” we have extensively reported the toxicity of B var.
kurstaki HD-1 and HD-73 to different populations of A
armigera collected from various locations in the country
by discriminating dose bioassays and found a wide varia-
tion in their susceptibility. Since Bt usage against H. ar-
migera has been low in India, the baseline susceptibility of
H. armigera should be natural and relatively unaftected by
exposure to it. The baseline susceptibility of different popu-
lations of H. armigera will help in providing a database for
developing transgenic crops with the right kind and amount
of Cry toxin expression, and would also serve to monitor
spatial and temporal development of resistance in target
insect species, which is a primary regulatory requirement
for transgenic crop technology 3

The present communication therefore reports on the base-
line susceptibility of H. armigera to various Cry toxins and
comments on the possibility of development of resistance
in the test insect.

H. armigera were collected as larvae from agricultural
crops in Akola (20 42N, 77 OE), Amravati (20 54N, 77 42E),
Bathinda (30 12N, 74 54E), Bharuch (21 42N, 73 0E),
Delhi (28 36N, 77 12E; IARI), Guntur (16 18N, 80 24E),
Mansa (30 ON, 75 40E), Muktsar (30 30N, 74 S0E), and
Navsari (20 54N, 72 54E) in India and maintained in the
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laboratory on a chickpea-based semi-synthetic diet™ at 27
(£2)°C and 60-80% RH. The adults emerging from pupae
were offered 10% honey solution fortified with multivi-
tamins throughout their egg-laying period. About five pairs
of adults were kept in each jar. The eggs were laid on markin
cloth moistened with water and were kept in separate jars at
27°C. Neonate larvae were used for bioassays.

Acetone powders of the spore and crystal complex of Bt
strains HD-1 (4D4) and HD-73 (TO3A001), originally re-
ceived as gift from Bacillus Genetic Stock Center, Ohio
State University, Columbus, USA and Pasteur Institute, Paris,
France respectively, were prepared using the procedure
described by Dulmage et al”. Cells were cultured in nu-
trient broth at 30°C for 96 h and were harvested by centri-
fugation at 7000g for 10 min at 4°C. The pellet was
washed with 0.5 M sodium chloride and two times with sterile
distilled water to remove exoprotease activity. The pellet
was re-suspended in 6% lactose solution (at 1/10-1/20 the
volume of original broth) and stirred continuously for 30 min.
Four volumes of ice-cold acetone were added slowly and
stired for another 10min. The mixture was then filtered
through Whatman No 1 filter paper, dried in partial vac-
uum and stored at —4°C till further use.

Pure toxins of CrylAa, CrylAb and CrylAc were pre-
pared from recombinant Escherichia coli JM 103 strains
containing  hyper-expressing recombinant plasmid vectors
pKK223-3 (BGSC ECES52 crylda, ECES3 cayldc and
ECE54 cryidb) (gifts from Bacillus Genetic Stock Cen-
ter) following the procedure described by Lee et al®. E coli
cells were grown in nutrient broth containing 50 pg/ml
ampicillin at 37°C for 72h and were harvested by centri-
fugation at 7000g at 4°C (3K18, Sigma Laborzentrifugen
GmbH, Osterode am Harz, Germany) for 10 min. Cells were
suspended in lysis buffer (50mM Tris, 50 mM ethylene
diamine tetraacetate, 15% sucrose, lysozyme at 2mg/ml,
pH 8.0) and incubated for 4h. After incubation, lysis buffer
was replaced with Crystal Wash1 (0.5M sodium chlo-
ride and 2% Triton X100) and sonicated for 3min (Labso-
nic L, B Braun Biotech International GmbH, Melsungen,
Germany) on ice. The pellet was collected by centrifuga-
tion at 7000 g and washed three times with Crystal Wash-1,
three times with Crystal Wash2 (0.5M sodium chloride)
and three times with sterile distilled water. Finally the
pellet was solubilized in buffer (50 mM sodium carbonate,
10mM dithiothreitol, pH 10.5) at 37°C for 6h. The sper-
natant containing the toxin was collected following centri-
fugation at 7000g at 4°C for 10 min and stored at —20°C
till further use.

A known amount of acetone powder of HD-1 and HD-
73 was dissolved in the solubilizing buffer, then sonicated
for 3min, incubated at 37°C for 6h, and the toxin solu-
tion stored in small aliquots at —20°C until further use.

The toxin preparations were separated on discontinuous
sodium dodecyl sulphate—polyacrylamide gel electropho-
resis’’ with an 8% resolving gel. The toxin bands of the
samples were identified by comparing with known protein
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molecular weight markers. Protein was quantified by elut-
ing the Coomassie Brilliant Blue R-250 visualization dye
from the bands, and using bovine serum albumin as a stan-
dard as described by Ball”® The endotoxin contents of
the Bt preparations were HD-1 1.243pg mgfl, HD-73
0668 ugmg', CrylAa 12ugul’, CrylAb 1.55pgul’
and CrylAc 1.25 pgplﬁl. The viable spore counts per 100 mg
of acetone powder of HD-1 and HD-73 were 89.3% 10"
and 147 x 1010respectively, by spread plate counting.

Bioassays were carried out by a diet incorporation
method as described by Gujar et al” using toxin solutions
of CrylAa, CrylAb, and CrylAc and acetone powders of
the spore-crystal complex of B¢ strains HD-1 and HD-73.
CrylAa, CrylAb, and CrylAc toxin solutions were thor-
oughly mixed with a known weight of semi-synthetic diet
at room temperature. Different concentrations of HD-1 or
HD-73 acetone powders in water were added to the diet
during cooling (40°C). In both cases the diets were mixed
thoroughly and poured into small plastic containers, each
container serving as one replication. About six concentra-
tions ranging from 25 to 6000 }Lgf1 diet were used for each
bioassay with at least five replications per concentration. Ten
neonates were released on each container of treated diet.
The control consisted of semi-synthetic diet without toxin.
A minimum of 350 neonates was used for each bioassay. The
mortality was then pooled for each concentration. Concen-
trations giving a corrected mortality between 20 and 80%
at 96h were mostly used for calculation of median lethal
concentrations (LCso). The control mortality ranged from
0 to 15.8% in all bioassays. Experiments with mortality of
above 10% in the control were discarded and repeated. All
bicassays were carried out at 27°C and 60—80% RH, unless
stated otherwise.

Temporal variation of susceptibility of F| neonates from
the Delhi parental populations was studied by assaying eight
populations collected from week 39, 1998 to week 43, 1999

against HD-1 and six populations collected from week 41,
1999 to week 48, 2000 against HD-73. Similar studies were
carried out for insect population sampled thrice from pigeon
pea fields at Navsari from week 49, 2000 to week 5, 2001.
Insect susceptibility in terms of the LCso of HD-73 against
neonates using the bioassay method described above was
correlated with maximum and minimum tempematures at the
location from which the parental population was collected.

The F; generation insects from crops of pigeon pea at
Akola and from sunflower in Delhi were reared separately
on semi-synthetic diet at different temperatures, viz. 35-37°C,
24-27 and 15-20°C. The pupae were then transferred to a
rearing room at 27°C and 60-80% RH. The adults were
caged separately and allowed to lay eggs on markin cloth.
The neonates were bioassayed against the HD-73 prepara-
tion as described above. Larval growth and development
was recorded by weighing larvae/pupae individually and also
recording larval and pupal developmental periods.

Field-collected populations (Fo) were maintained in the
laboratory under three different temperature regimes, viz.
cold (a range of 16-21°C with a mean of 18.9°C), ambient
(a range of 23-25.5°C with a mean of 24.8°C) and hot (a
range of 33-35.5°C with a nean of 34.5°C) and the sus-
ceptibility of their neonate F; larvae to the HD-73 prepa-
ration determined as described above.

The mortality data were analysed using a maximum like-
lihood programme”, which incorporates correction for control
mortality. Resistance ratios were calculated by dividing
the LCso of field population by the LCso of the most susce-
ptible field population. Two populations were considered
significantly different in their susceptibility if their 95%
fiducial limits did not overlap30.

The populations collected from four different locations in
India differed in their susceptibility to CrylAa, CrylAb,
and CrylAc (Table 1). Amongst the Cry toxins tested,
CrylAc was most and CrylAa least toxic. The LCso for

Table 1. Toxicity of Cry toxins of Bt var kurstaki to neonates of H. armigera
Fiducial limit (95%)
Date of Date of LCso Slope =

Population collection Host crop bioassay (ug ")  Lower Upper SE.
CrylAa

Delhi 12 Oct. 1999 Pigeon pea 15 Oct. 1999 2600 1353 45823 1.3£0.5
Palam 11 Nov. 1999 Cauliflower 10 March 2000 384 233 553 1.7£0.4
Amravati 18 Nov. 2000 Pigeon pea 23 Dec. 2000 4050 2142 42000 1.2£04
Akola 25 Nov. 2000 Pigeon pea 20 Dec. 2000 574 447 707 3.1+£0.6
CrylAb

Delhi 12 Oct. 1999 Pigeon pea 17 Oct. 1999 691 482 1356 1.6£0.5
Palam 11 Nov. 1999 Cauliflower 28 Feb. 2000 54 38 71 2.4£0.4
Amravati 18 Nov. 2000 Pigeon pea 31 Jan. 2001 291 198 375 2.0x04
Akola 25 Nov. 2000 Pigeon pea 20 Dec. 2000 431 242 4106 0.7+£0.2
CrylAc

Delhi 12 Oct. 1999 Pigeon pea 15 Oct. 1999 206 51 354 1.1£0.4
Palam 11 Nov. 1999 Cauliflower 10 March 2000 23 3 44 1.6£0.4
Amravati 18 Nov. 2000 Pigeon pea 31 Dec. 2000 263 194 338 2.8%0.5
Akola 25 Nov. 2000 Pigeon pea 25 Dec. 2000 372 233 470 3.0+£0.6
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CrylAc toxin ranged from 229 (Palam population) to
372 g r (Akola population). CrylAb showed least toxi-
city to the Delhi population (LCse 691 pgfl) and toxicity
to the Palam population (LCso 54 ug 171). The population of
H  armigera collected from Amravati was the most toler-
ant to CrylAa (LCse 4050ug171), while the Palam popula-
tion was the most susceptible (LCs0384 uglﬁl).

The toxicity of the spore—crystal complex of HD-73 to
the different populations ranged from 22 to 123 ug I'. The
Palam population was the most susceptible (LCso 22ug171),
whereas the Delhi population (from IARI farm) was the
least susceptible (LCso 123 g 171). The HD-1 preparation
showed about 14.1-fold variation in its toxicity, with LCso
varying from 35 (Delhi population) to 494 ng r' (Amra-
vati population) (Table 2). The toxicity of the Cry toxins
and the spore—crystal complexes of HD-1 and HD-73 ran-
ged widely, viz. CrylAa 105, CrylAb 12.8, CrylAc 16.2,
HD-1 14.1 and HD-73 5.7-fold.

Temporal variation of susceptibility of Fi neonates of n-
sects collected from pigeon pea crops at Navsari resulted in
a substantial decrease in the toxicity of HD-73 fiom an
LCso of 40 ugT' at week 49, 2000 to 271 ugl” at week 5,
2001 (Figure 1a). Further, similar temporal variation of
susceptibility of F; neonates from the Delhi population to
Bt var. kurstaki HD-1 and HD-73 was found to correlate
with changes in maximum (not depicted) and minimum
temperature from 3 October 1998 to 30 November 2000
(Figure 1b5). Insect populations collected in weeks 42 and
43, 1998 showed significantly lower susceptibility compa-
red with that of week 39, but were more susceptible than
those collected in week 47 against HD-1. Insect suscepti-

bilities to HD-1 from week 47, 1998 to week 22, 1999 were
comparable, although susceptibility was at its lowest in week
13, 1999. The susceptibility decreased till week 43 of 1999
apparently following the decrease in temperature as the
winter peaked, and similarly, for increase in insect suscepti-
bility as winter gave way to summer. The insect susceptibi-
lity against HD-73 followed a similar trend but not as closely
as for HD-1.

Temperature acclimation of insects in the Fo generation
atfected the susceptibility of K neonates to Bt var. kurstaki
HD-73. As the temperature regime decreased from 35-37
to 15-20°C for the parental generation, Fi generation neonates
showed a decrease in susceptibility to the Bt var. kurstaki
HD-73 when tested at 27°C (Table 3). This was associated
with changes in larval growth and development (Figure 2).

The toxicity of Bt var. kurstaki HD-73 depended upon
the ambient temperature of bioassay (Table 4. There was no
significant difference in toxicity of Bt var. kurstaki HD-73
at cold (16-21°C) and ambient temperature (23-25.5°C),
but toxicity was significantly higher under hot conditions
(33-35°C).

Perusal of results on toxicity of Cry toxins against neo-
nates of H armigera belonging to different populations
showed that CrylAc was the most toxic, about 1.7-fold more
toxic than CrylAb, and 8.8fold more toxic than CrylAa.
The higher toxicity of CrylAc over other Cry toxins has
also been reported in H. armigera carlier' ' There was a
wide variation of about 10.5 to 16.2-fold in the suscepti-
bility of different populations tested for Cry toxins.

Although Bt var. kurstaki HD-1 based formulations are
mostly used for lepidopteran control, HD-73 showed higher

Table 2. Toxicity of Bt var kurstaki spore-crystal complexes to neonates of H. armigera

Fiducial limit (95%)

Date of Date of LGy —— Slope =
Population collection Host crop bioassay (ugl™)  Lower Upper SE.
HD-73
Delhi 12 Oct. 1999 Pigeon pea 18 Oct. 1999 31 5 53 1.3£0.4
Delhi 9 Nov. 1999 Cauliflower 6 Dec. 1999 113 89 140 1.8£0.2
Palam 11 Nov. 1999 Cauliflower 27 Feb. 2000 22 15 27 2.2£0.4
Delhi 3 Nov. 2000 Pigeon pea 14 Nov. 2000 123 90 157 1.6x0.2
Guntur 19 Dec. 1999 Cotton 20 April 2000 72 46 99 1.6£0.3
Bhatinda 23 Oct. 2000 Cauliflower 23 Nov. 2000 43 19 68 1.5£0.3
Akola 25 Nov. 2000 Pigeon pea 19 Dec. 2000 81 62 100 1.7x0.2
Muktsar 7 Nov. 2000 Cotton 29 Dec. 2000 50 39 60 3.3£04
Navsari -I 5 Dec. 2000 Pigeon pea 30 Dec. 2000 40 29 49 2904
Amravati 25 Nov. 2000 Pigeon pea 1 Feb. 2001 63 33 72 3.5+04
Mansa 21 Sep. 2000 Cotton 6 Nov. 2000 69 45 93 1.7£0.3
Bharuch 31 Jan. 2001 Pigeon pea 20 April 2001 91 73 112 2.6£0.4
HD-1
Delhi 12 Oct. 1999 Pigeon pea 17 Oct. 1999 54 37 74 1.6£0.2
Guntur 19 Dec. 1999 Cotton 2 Jan. 2000 175 115 250 1.5£0.3
Delhi 30 April 2000 Sunflower 14 June 2000 35 22 50 1.5£0.2
Akola 25 Nov. 2000 Pigeon pea 26 Feb. 2001 253 149 574 0.8x0.3
Amravati 18 Nov. 2000 Pigeon pea 3 Feb. 2001 494 304 804 1.2x0.3
Palam 11 Nov. 1999 Cauliflower 8 March 2000 105 75 148 1.1£0.2
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Figure 1. a, Temporal variation in susceptibility of H. armigera to Bt
var kurstaki HD-73 at Navsari and b, HD-1 and HD-73 in Delhi (IARI)
in relation to temperature (LCs, of HD-1 up to 13th week of 1999 are
givenin Gujar et al??).

toxicity than HD-1 by 3.2-fold. There was about 14.1-fold
variation in susceptibility of six H armigera populations
to Bt var. kurstaki HD-1. HD-73 showed 5.7-fold varia-
tion in toxicity amongst 12 populations studied. The higher
variability in toxicity of HD-1 suggests a need for further
extensive studies to optimize location specific use of Bt since
most of the commercial formulations like Biobit®, Dipel®,
Biolep®, Halt® are based upon Bt var. kurstaki HD-1 (a
mixture of CrylAa (28%), CrylAb (53%), CrylAc (19%),
Cry 2A and Cry2B (<0.1%) developed for use against H.
armigera and other lepidopteran insects™ >,

HD-73 showed relatively higher toxicity than CrylAc to
neonates of H. armigera despite the fact that the former
only contained CrylAc. The recombinant E. coli expressing

CURRENT SCIENCE, VOL. 83, NO. 1, 10 JANUARY 2005

CrylAc showed wider variability in its toxicity of about
16.2-fold amongst four populations in contrast to 5.7-fold
variation in toxicity of HD-73 amongst 14 different popula-
tions. The difference in range and intensity of toxicities
between E. coli CrylAc and HD-73 may be attributed to the
presence of spores in the latter that might have enhanced
its toxicity and lessened the variability. Contribution of spores
to the toxicity of Bt var. kurstaki strains has been reported
in H annigera13, for CrylAb and CrylC in Ephestia cau-
tella’® and Cryl A and Cry1C in P. xylostella’ .

The presence of about 16-fold variation in toxicity of
CrylAc and of similar magnitude for other Cry toxins in the
present study compares well with reports elsewhere. Simi-
lar ranges of toxicity of Dipel® and purified CrylAc protein
were reported in 15 geographically diverse populations of
Helicoverpa zea and Heliothis virescens collected from
several southern States, Hawaii and the Virgin Islands™®
and in H. virescens and H. zea in Georgia and South Caro-
lina States” to Bt The variability in susceptibility of differ-
ent populations of H zea (16 to 52-fold) and H. virescens
(17 to 71-old) to Bt commercial formulations like Javelin
WG®, Dipel ES” and Condor OF® was in contrast to that
found in respect of CrylA toxins. The LCso ranges of Bt
formulations and Cry toxins for field-collected populations
were similar to those for laboratory colonies of H. vires-
cens, but widely differed for H. zed”*. The high tolerance
of H armigera to Bt var. kurstaki was, however, reported in
China, which was attributed to its &tensive use and trans-
genic cotton cultivation®*. In contrast, limited use of Br as
a conventional insecticide and an area of about 85,000 ha
of Bt transgenic cotton out of 9mha in the country do not
seem to be enough to act as selection pressure to dvelop
tolerance or resistance in H. armigera.

The present study confirms variation in susceptibility of
H armigera to HD-1 and HD-73 reported earlier by us”,
and Dhawan and Simwat*’. The variation in susceptibility to
Bt var. kurstaki toxins may be attributed to the agroeco-
system that influences the test insect at physiological
level. The significant difference in insect susceptibility
for the population collected from the farmer’s fields of
cauliffower at Palam (a suburb about 12km from the IARI
farm in Delhi) and that on the same crop at the IARI farm
shows the importance of history of pest management tactics
in influencing B¢ toxicity. The conventional insecticides
used routinely by the farmers seem to enhance insect sus-
ceptibility to Br. The resistant/intoxicated insects tend to
divert their physiological resources towards meeting fitness
costs imposed upon by the selection pressure of conven-
tional neurotoxic insecticides. This makes them more vul-
nerable to other control agents like Bf acting on site other
than those belonging to conventional neurotoxicants .
Hence, Bt was found even more effective against insecti-
cide-resistant H. armigerals’46. It is therefore essential to
know the treatment history on the crop for developing
baseline susceptibility studies and monitoring for resis-
tance development 0
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Table 3. Toxicity of Bt var kurstaki HD-73 spore—crystal complex to F neonates of H. armigera reared
for a generation at different pre-treatment temperatures

Fiducial limit (95%)
Temperature Dateof Date of LGsg _— Slope £
O collection bioassay (ug ™ Lower Upper SE.
Insects collected from pigeon pea at Akola
35-37 25 Nov. 2000 19 Dec. 2000 21 6.0 33 2.7£0.8
24-27 25 Nov. 2000 19 Dec. 2000 81 62 100 1.7£0.2
15-20 25 Nov. 2000 26 Feb. 2001 308 224 565 1.6£0.3
Insects collected from sunflower at Delhi
35-37 30 April 2000 Aug 21, 2000 18 0.10 36 1.5£0.6
24-27 30 April 2000 June 14, 2000 34 21 45 1.7£0.3
500
? Lo b - ] Last inslee ive
5 60 a § P | : | Pups
= 50 2 350 L
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s W Pupa & 300
2 3 S
é 20 i 2 150
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Figure 2. Growth and development of H. armigera from two locations viz. Akola and Delhi at different temperatures.

b, Larval and pupal weights.

Table 4. Toxicity of Bt var kurstaki HD-73 spore-crystal complex to
neonates of H. armigera at different temperatures

Fiducial limit (95%)
Temperature LGso Slope £
({9)] wgh Lower Upper S.E.
1621 96 65 149 1.0£0.2
23-25.5 128 94 192 1.2£0.2
33-35.5 17 8 26 1.9£0.3

The variation in insect susceptibility to xenobiotics de-
pends upon the test insect, the selection regime and the
environment with respect to time. The American bollworm,
being a highly mobile and polyphagous pest, remains a chal-
lenge for interpreting estimates of inter-population vari-
ability in Bt susceptibility47. Among the factors involved,
the abiotic factor like temperature and biotic factor like
host plant seemed to influence susceptibility of insects to
Bt var. kurstaki significantly. As the crop matured and
ambient temperature decreased, the susceptibility of the
larvae also decreased. The winter months of December
and January seemed to slow the larval growth depending
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Temperature (°C)

a, Larval and mpal period;

upon temperature. The larvae grew healthier as larval period
increased with decrease in temperature, and hence their
progeny seemed to develop a good deal of tolerance or esis-
tance to Bt var. kurstaki HD-73. The role of body weight and
size in susceptibility to Br is discussed in the diamondback
moth® The susceptibility of H armigera appeared to fol-
low a cyclic pattern, initial decrease as winter progressed,
followed by increase in susceptibility in summer, more
clearly for HD-1 than HD-73. The pre-treatment temperature
acclimation of insect in Fo generation and the susceptibil-
ity of their F| progeny investigated under laboratory condi-
tions confirmed the role of pretreatment temperature
acclimation on the susceptibility of the progeny. Besides,
the ambient temperature also influenced the efficacy of Bt
as observed in the present study. Similar positive correla-
tion of temperature with toxicity of B¢ has been reported
in three species of the apple leafroller® and the oblique-
banded leafioller™; which suggests the importance of sea-
sonal influence under the field conditions. The host crops,
as they mature, develop defensive mechanisms in relation
to developmental controls’ ™ as well as in response  to
insect and pathogen attack™*. The induction of protease
inhibitor genes in crop plants may lead to intake and accu-
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mulation of protease inhibitor by target insect, which might
in turn influence insect susceptibility to Bt Besides, protease
inhibitors may inhibit insect growth and development by
inhibiting midgut proteases involved in digestion. The role
of plant phenolicsss, chlorogenic acid and polyphenol
oxidase®®, some furanocoumarins in celeriac (Apium  gra-
veolens)57 and of secondary plant metzbolites™ in influ-
encing toxicity of Bt to insects shows the importance of
plant-B¢ interaction in insect susceptibility. The suscepti-
bilities of H. virescens to Bt var. kurstaki were influenced
by host cropssg. Meade and Hare® examined the role of host
plant cultivars of celeriac (4. graveolens var. rapaceum)
and environment on the susceptibility of two noctuids, Spodo-
ptera exigua and Trichoplusia ni to Bt var. kurstaki NRD-
12 spore—crystal complex and its commercial formulation,
Javeln®™. The efficacy of Bt var. kurstaki was highest on
the resistant plant cultivar compared to the susceptible one.
This is due to the general stress that the insect undergoes
due to inadequate and/or suboptimal diet. The host plant
suitability for both insects decreased with increasing
plant age, which affected toxicity of Br. The environ-
mental influences also determined host plant suitability
for the two noctuids, which affected toxicity of Bz The LCsos
of Bt formulations was higher on cotton than on soybean
for H. virescens™.

Although the present study showed wide variation in
susceptibility to Bt, the development of resistance leading
to control failures under field conditions will, however,
depend up on the presence of initial frequency of the al-
leles, inheritance of resistance, selection pressure and insect
behaviour over a period of time. Considering the moderate
level of expression of CrylAc in Australian transgenic
cotton®' (of about 0.529 ppm in terminal leaves) vis-a-
vis H. armigera, ability of the bollworm to develop resis-
tance under selection pressure62, and possibility of pre-
sence of high level of resistance genes in the Australian
population63; the resistance problem needs to be addressed
discretely in a given ecosystem. It is essential that the
baseline monitoring of insect susceptibility should be con-
sidered an absolute necessity for resistance management in
the country.

1. Thiery, I and Frachon, E., Identification, isolation, culture and pres-
ervation of entomopathogenic bacteria. In Manual of Techniques
in Insect Rihology (ed. Lacey, L. A.), Academic Press, London,
1997, pp. 55-78.

2. Gill, S. S., Cowles, E. A. and Pietrantonio, P. V., The mode of action
of Bacillus thuringiensis endotoxins. Annu. Rev. Entomol., 1992, 37,
615-636.

3. Entwistle, P., Bailey, M. I., Cory, J. and Higgs, S., Bacillus thur-
ingiensis: An  Environmental  Pesticide, Theory and Practice,
Wiley and Sons, New York, 1993.

4. Butter, N. S., Battu, G. S., Kular, J. S., Singh, T. H. and Brar, J. S.,
Integrated use of Bacillus thuringiensis Berliner with some insec-
ticides for the management of bollworms on cotton. J. Entomol.
Res., 1995, 19, 255-263.

5. Puri, S. N., Murthy, K. S. and Sharma, O. P., Integrated pest manage-
ment in cotton, ext. folder 5, NCIPM and Ministry of Agriculture,
New Delhi, 1998.

CURRENT SCIENCE, VOL. 83, NO. 1, 10 JANUARY 2005

10.

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Hilder, V. A. and Boulter, D., Genetic engineering of crop plants for

insect resistance — a critical review. Crop. Prot., 1999, 18, 177-191.

. Koziel, M. G., Carozzi, N. B., Currier, T. C., Warren, G. W. and

Evola, S. V., The insecticidal crystal proteins of Bacillus thuringien-
sis: Past, present and future uses. Biotechnol. Genet. Eng. Rev., 1993,
11, 171-228.

. Talekar, N. S., Management of diamondback moth and other crucifer

pests. Proc. 2nd Int. Workshop, Asian Vegetable Research Develop-
ment Center, Taiwan, 1992.

. Sivapragasam, N. A., Loke, W. H., Hussan, A. K. and Lim, G. S,

The management of diamondback moth and other crucifer pests.
Poceedings of the 3rd Intemnational Workshop, Malaysian Agric.
Res. and Dev. Inst, Malaysian Plant Protection Society, Kuala
Lumpur, Malaysia, 1996.

Armes, N. J., Jadhav, D. R. and DeSouza, K. R., A survey of insecti-
cide resistance in Helicoverpa armigera in Indian subcontinent.
Bull. Entomol. Res., 1996, 86, 499-514.

Kranthi, K. R., Jadhav, D., Wanjari, R., Kranthi, S. and Russell,
D., Pyrethroid resistance and mechanisms of resistance in field
strains of Helicoverpa armigera (Lepidoptera: Noctuidae). J. Econ.
Entomol., 2001, 94, 253-263.

Dabi, R. K., Sharma, H. C. and Shinde, V. K. R., Bioefficacy of
Bacillus  thuringiensis Berliner against Heliothis armigera Hilbner
on gram (Cicer arietinum Linn.). Entomon, 1979, 4, 343-345.

Kulkarni, U. V. and Amonkar, S. V., Microbial control of Helico-
verpa armigera (Hb): Part Ibrelative toxicity of spores and crys-
tals of Bacillus thuringiensis varieties to H. armigera and their dfi-
cacy in field control. Indian J. Exp. Biol ., 1988, 26, 708-711.

Liao, C., Heckel, D. G. and Akhurst, R., Toxicity of Bacillus thur-
ingiensis insecticidal proteins for Helicoverpa armigera and Heli-
coverpa  punctigera  (Lepidoptera: Noctuidae), major pests of
cotton. J. Invertebr. Pathol., 2002, 80, 55-63.

Fakrudin, B., Badari Prasad, P. R., Prakash, S. H., Krishna Reddy,
K. B, Patil, B. V. and Kuruvinashetti, M. S., Baseline resistance
to CrylAc toxin in cotton bollworm, Helicoverpa armigera (Hubner)
in South Indian cotton ecosystem. Curr. Sci., 2003, 84, 1304-1307.
Padidam, M., The insecticidal crystal protein CrylAc from Baci-
lus  thuringiensis is highly toxic for Heliothis armigera. J. Inver-
tebr. Pathol., 1992, 59, 109-111.

Pree, D. J. and Daly, J. C., Toxicity of mixture of Bacillus thur-
ingiensis with endosulfan and other insecticides to cotton boll-
worm Helicoverpa armigera. Pestic. Sci., 1996, 48, 199-204.

Tan, W.-J., Liang, G.M. and Guo, Y. Y., Mechanism of resi stance
alleviation in Helicoverpa armigera (Lepidoptera : Noctuidae) to
pyrethroid caused by Bacillus thuringiensis pretreatment. J. Econ.
Entomol., 1998,91, 1253-1259.

Duffield, S. J. and Jordan, S. L., Evaluation of insecticides for the
control of Helicoverpa armigera (Hubner) and Helicoverpa punc-
tigera (Wallengren) (Lepidoptera : Noctuidae) on soybean, and the
impliation for field adoption. Aust. J. Entomol., 2000, 39, 322-327.
Bambawale, O. M. et al, Performance of Bt cotton (MECH162)
under Integrated Pest Management in farmers’ participatory field
trial in Nanded district, Central India. Curr. Sci., 2004, 86, 1628
1633.

Kranthi, K. R., Kranthi, S. and Wanjari, R. R., Baseline suscepti-
bility of Cryl toxins to Helicoverpa armigera (Hubner) (Lepidop-
tera: Noctuidae) in India. Int. J. Pest Manage., 2001, 47, 141-145.

Gujar, G. T., Archana Kumari, Kalia, V. and Chandrashekar, K.,
Spatial and temporal variation in susceptibility of American bol-
worm, Helicoverpa armigera  (Hibner) to Bacillus thuringiensis
var. kurstaki. Curr. Sci., 2000, 78, 995-1001.

Witkowski, J. F. er al., Expert panel on insect resistance manage-
ment. In Health and Environmental Science Institute Proceedings
(ed. Porter, L.), International Life Sciences Institute, Washington,
DC, 1999.

Nagarkatti, S. and Prakaash, A., Rearing of Heliothis armigera
(Hiibner) on an artificial diet. Tech. Bull. of the Commonwealth

173



RESEARCH COMMUNICATIONS

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

174

Institute of Biological Control, Bangalore, 1974, vol. 17, pp. 169—
173.

Dulmage, H. T., Correa, J. A. and Martinez, A. J., Coprecipitation
with lactose as a means of recovering the spore-crystal complex of
Bacillus thuringiensis . J. Invertebr. Pathol ., 1970, 15, 15-20.

Lee, M. K., Milne, A. Ge and Dean, D. H., Location of Bombyx mori
receptors  binding region of a Bacillus thuringiensis 8-endotoxin.
J. Biol. Chem., 1992,267, 3115-3121.

Laemmli, U. K., Cleavage of structural proteins during the assembly
of the head of bacteriophage T,. Nature 1970, 227, 680—685.

Ball, E. H., Quantification of proteins by elution of Coomassic
Brilliant Blue R from stained bands after sodium dodecyl sulfate
polyacrylamide gel electrophoresis. Anal  Biochem., 1986, 155,
23-27.

Ross, G. E. 8., Maximum likelihood programme. The numerical
algorithms Group, Rothamsted Experiment Station, Harpenden, UK,
1977.

Litchfield, J. T. and Wilcoxin, F., A simplified method of evaluat-
ing dose-effect experiments. J. Pharmacol. Exp. Therap., 1949, 96,
99-103.

Bohorova, N. et al, Susceptibility of four tropical lepidopteran
maize pests to Bacillus thuringiensis Cryl-type insecticidal toxins.
J. Econ. Fntomol., 1997,90, 412-415.

Chakrabarti, S. K., Mandaokar, A., Kumar, P. A. and Sharma, R. P.,
Efficacy of lepidopteran specific deltaendotoxins of Bacillus thurin-
giensis against Helicoverpa armigera. J. Invertebr. Pathol 1998,
72, 336-337.

Luttrell, R. G., Ali, A,, Young, S. Y. and Knighten, K., Relative
activity of commercial formulations of Bacillus thuringiensis against
selected noctuid larvae (Lepidoptera: Noctuidae). J. Entomol. Sci.,
1998, 33, 365-377.

Luttrell, R. G., Wan, L. and Knighten, K., Variation in susceptibility
of noctuid (Lepidoptera) larvae attacking cotton and soybean to puri-
fied endotoxin proteins and commercial formulations of Bacillus
thuringiensis. J. Econ. Entomol., 1999, 92, 21-31.

Mohan, M. and Gujar, G. T., Geographic variation in larval sus-
ceptibility of the diamondback moth, Plutella xylostella (L) (Lepi-
doptera: Plutdlidae) to Bacillus thuringiensis spore—crystal mixtures
and purified crystal proteins and associated resistance development
in India. Bull. Entomol. Res ., 2002, 92, 489-498.

Johnson, D. E. and McGaughey, W. H., Contribution of Bacillus
thuringiensis spores to toxicity of purified cry proteins towards
Indian medmoth larvae. Curr. Microbiol., 1996, 33, 54-59.

Tang, J. D. et al., Toxicity of Bacillus thuringiensis spores and
crystal proteins to resistant diamondback moth (Plutella xylo-
stella). Appl. Environ. Microbiol., 1996, 62, 564-569.

Stone, T. B. and Sims, S. R., Geographic susceptibility of Helio-
this virescens and Helicoverpa zea (Lepidoptera: Noctuidae) to
Bacillus thuringiensis. J. Econ. Entomol., 1993, 86, 989-994.

Payne, G., Hasty, M., Meara, O. C. and Dugger, P., Susceptibility
of field collected populations of tobacco budworm and cotton boll-
wormm to various insecticides. 1995-1998. In Proc. Beltwide Cot-
ton Conf. (ed. Richter, D.), Orlando, Florida, USA, 3-7 January
1999, National Cotton Council of America, Memphis, 1996, vol. 2,
pp. 1178-1181.

Shen, J., Zhou, W., Wu, Y., Chen, J., Shuqiao, Chen, G. and Lin,
P., Early detection of resistance to Bacillus thuringiensis in Heli-
coverpa armigera (Hibner) (Lepidoptera: Noctuidae) in China. Res.
Pest Manage., 1996, 8, 46—47.

Zhao, J.-I., Lu, M. G., Fan, X. L., Wei, C., Liang, G. M. and Zhu,
C. C., Resistance monitoring of Helicoverpa armigera to Bacillus
thuringiensis i North China. Res. Pest Manage., 1996, 8, 20—
21.

Shen, J., Zhou, W., Wu, Y., Lin, P. and Zhu, X. F., Early resis-
tance of Helicoverpa armigera (Hibner) to Bacillus thuringiensis
and its relation to the effect of transgenic cotton lines expressing
bt toxin on the insect. Acta Entomol. Sin., 1998, 41, 8-14.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Wu, K, Guo, Y. and Lv, N., Geographic variation in susceptibility
of Helicoverpa armigera (Lepidoptera: Noctuidae) to Bacillus
thuringiensis insecticidal protein in China. J Econ. Entomol.,
1999,92, 273-278.

Dhawan, A. K. and Simwat, G. S., Evaluation of different biopes-
ticides against cotton bollworm Helicoverpa armigera (Hiibner).
In Ecological Agriculture and Sustainable Development (eds
Dhaliwal, G. S. et al), Indian Ecological Society, Ludhiana and
CRRID, Chandigarh, Proc. Int. Conf. Ecological Agriculture and
Sustainable Development, 15-17 November 1997, Chandigarh, 1998,
vol. 2, pp. 274-280.

Roush, R. T. and McKenzie, J. A., Ecological genetics of insecti-
cide and acaricide. Annu. Rev. Entomol., 1987, 32, 361-380.

Dabi, R. K., Puri, M. K., Gupta, H. C. and Sharma, S. K., Syner-
gistic response of low rate of Bacillus thuringiensis Berliner with
sublethal dose of insecticides against Helicoverpa armigera Hiib-
ner. Indian J. Ent., 1988, 50, 28-31.

Fitt, G. P., The ecology of Heliothis species in relation to agroeco-
system. Annu. Rev. Entomol., 1989, 34, 17-52.

Liu, Y.-B., Tabashnik, B. E. and Johnson, M. W., Larval age affects
resistance to Bacillus thuringiensis in diamondback moth (Lepi-
doptera: Plutellidae). J. Econ. Entomol., 1985, 88, 788-792.

Toriatti, C., Pasqualini, E. and Delaiti M., Effectiveness of Bacil-
lus thuringiensis Berliner on three species of apple leafrollers. Bull.
Inst. Entomol. Univ. Bologna, 1996, 50, 73-93.

Li, S. Y., Fitzpatrick, S. M. and Isman, M. B., Effect of temperature
on toxicity of Bacillus thuringiensis to the obliquebanded leafrol-
ler (Lepidoptera: Tortricidae). Can. Entomol., 1995,127, 271-273.
Rosenthal, G. A. and Janzen, D. H., Herbivores: their Interaction
with Secondary Plant Metabolites, Academic Press, New York, 1979.
Godbole, S. A., Krishna, T. G. and Bhatia, C. R., Purification and
characterization of protease inhibitors from pigeon pea (Cajanus
cajan (L) Millsp) seeds. J. Sci. Food Agric, 1994, 64, 87-92.

Ryan, C. A., Protease inhibitors in plants: Genes for improving &-
ferses against insects and pathogens. Anmu. Rev. Phytopathol., 1990,
28 425-449.

Jouanin, L., Bonade-Bottino, M., Girard, C., Morrot, G. and Giband,
M., Transgenic plants for insect resistance. Plant. Sci., 1998, 131,
1-11.

Sivamani, E., Rajendran, N., Senrayan, R., Ananthakrishnan, T. N.
and Jayaraman, K., Influence of plant phenolics on the activity of
deltaendotoxin of Bacillus thuringiensis var. galleriae of Heliothis
armigera. Entomol. Exp. Appl., 1992, 63, 243-248.

Ludlum, C. T., Felton, G. W. and Duffey, S. S., Plant defenses:
Chlorogenic acid and polyphenol oxidase enhance toxicity of Ba-
cillus thuringiensis var. kurstaki to Heliothis zea. J. Chem. FEcol.,
1991,17, 217-237.

Trumble, J. T., Moar, W. J., Brewer, M. J. and Carson, W. G., Impact
of UV radiation on activity of linear furanocoumarins and Bacillus
thuringiensis var hurstaki against Spodoptera exigua: implications
for tritrophic interactions. J. Chem. Fol ., 1991,17, 973-987.

Daly, J. C. and Fitt, G. P., Efficacy of Bt cotton plants in Australia —
What is going on? In World Cotton Research Conferenced, Abstr.
6-12 September, Athens, Greece, 1998, p. 182.

Luthy, P., Hofmamn, C., Jaquet, F. and Hutter, R, Inactivation of
deltaendotoxin  of Bacillus thuringiensis by plant extracts. FEx-
perientia, 1985, 41, 540.

Meade, T. and Hare, J. D., Effects of genetic and environmental host
plant variation on the susceptibility of two noctuids to Bacillus thur-
ingiensis. Entomol. Exp. Appl., 1994, 70, 165-178.

Adamczyk, J. J. and Sumerford, D. V., Potential factors impacting
seasorrlong expression of Cry lAc in 13 commercial varieties of
Bollgard® cotton. J. Insect. Sci., 2001, 1, 13-18.

Kranthi, K. R., Kranthi, S., Ali, S. and Banerjee, S. K., Resistance
to CrylAc &Sendotoxin of Bacillus thuringiensis in a laboratory
sdected strain of Helicoverpa armigera (Hiibner). Curr. Sci., 2000,
78, 1001-1004.

CURRENT SCIENCE, VOL. 88,NO. 1, 10 JANUARY 2005



RESEARCH COMMUNICATIONS

63. Akhurst, R., James, B. and Bird, L., Resistance to Ingard® cotton
Proc. 10th Australian Cotton
http://cotton.pi.csiro.av/Publicat/conf/coconf00/AREA

bollworm, Helicoverpa armigera.
Conf. 2000,
WIDE/25/25 htm.

ACKNOWLEDGEMENTS. We thank Prof Donald Dean, Ohio State
University, Columbus, USA for providing E. coli cultures. We also thank
TARI and ICAR for funding. Thanks are also due to Drs M. B. Patel, A.
Shah and H. N. Vyas, College of Agriculture, Navsari; R. M. Machhi,
Agric. Res. Stn, Gujarat Agric. Univ., Bharuch; Renuka Rajurkar, Shivaji
College, Akola; S. A. Nimbalkar and N. G. V. Rao, Dr Panjabrao
Deshmukh Krishi Vidyapeeth, Akola; S. K. Kapoor, Punjab Agric. Univ.,
Ludhiana and Rosaiah, Agric. Res. Stn, Andhra Pradesh Agric. Univ.,
Lam for help with insect collection, and to Dr M. Mohan for critical
reading of the manuscript.

Received 26 December 2003; revised accepted 16 August 2004

A new species of frog (Ranidae,

Rhacophorinae, Philautus) from the
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A new frog of the genus Philautus is described from
Wayanad district in the Western Ghats of India. It dif-
fers from all its congeners by the combination of
webbed fingers, nearly fully webbed toes and a dis-
tinct dermal fringe along the outer margin of the fore-
and hind limbs. Philautus nerostagona sp. nov. exhibits
several characteristics suggesting that it is strongly
adapted to life in the upper layers of the rainforest.

THE discovery of quite a number of undescribed frog and
caecilian species in India'™* during the past decade illus-
trates that our knowledge on the amphibian diversity of this
region is still far from complete. While the ground- and
shrub level of rainforests in the subcontinent is now being
explored intensively, it remains difficult to investigate the
lowest (subterranean) and highest layers (canopy) of these
habitats. During our exploration of the anmurans in the West-
em Ghats of India, we located an undescribed frog inhabit-
ing the canopy layer (between ca. 10-20m) of the forests
in Kalpatta, Wayanad district. The glandular belly, the large
unpigmented eggs and the fully endotrophic development
identify this taxon as a member of the genus Philautus.

*For correspondence. (e-mail: fbossuyt@vub.ac.be)
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Philautus nerostagona sp. nov. (The species epithet is the
combination of two Greek words —nero, water and stagona,
drop —and refers to the call resembling drops falling down in
water.) Holotype: Bombay Natural History Society (BNHS),
Mumbai, Maharashtra, India, BNHS 4244, an adult male
collected by S.D.B. on 20 July 2000 at an altitude of 1000 m
asl, from Kalpatta, 11°3&N, 76°08'E, North of the Pal-
ghat Gap, Wayanad district, Kerala, India; Paratypes:
BNHS 4245 (adult male), collected by Anil Zachariah on 4
June 1999, and BNHS 4246 (adult male), collected by S.D.B.
on 1 August 2000 from the same locality as the holotype.

Diagnosis: Philautus nerostagona is easily distinguished
from all species in the genus by a combination of the pre-
sence of webbing between the fingers, nearly fully webbed
toes, a distinct dermal fringe along the outside of the
fore- and hind limbs, and a tongue with a pointed papilla.

The description (all measurements in mm) of the holotype
(Figures 1a and 2) follows terminology used clsewhere™:
Small size (SVL 34.0); head (Figure 25) broader than long
(HW 13.7; HL 12.6; MN 10.6; MFE 9.1; MBE 4.8); out-
line of snout in dorsal view rounded, in profile rounded, its
length (SL 5.3) longer than the horizontal diameter of the
eye (EL 4.4); canthus rostralis sharp, loreal region obtusely
concave, interorbital area slightly concave, equal (IUE
3.2) to upper eyelid (UEW 32) and internasal distance
(IN 3.2); distance between anterior margins of eyes (IFE
6.8) 1.7 times in distance between posterior margins of
eye (IBE 11.7); nostrils oval, closer to tip of snout (NS
1.6) than to front of eyes (EN 3.5); pupils oval, horizon-
tal; tympanum distinct, rounded, its diameter (TYD 2.0)
less than half the diameter of the eye, larger than distance
from tympanum to eye (TYE 1.0); vomerine teeth absent;
tongue large (9.8x5.7), emarginate, with a pointed papilla;
supratympanic fold distinct, from posterior corner of upper
eyelid to base of forelimb; no co-ossified skin on skull.

Forelimbs (FLL 7.4) shorter than hand (HAL 10.6; TFL
6.3; Figure 3 a); dermal fringe along the outside of the fore
limbs; relative length of fingers: I<II<IV<II; tips of

fingers with disks, oval, with distinct circummarginal
grooves; fingers, with lateral dermal fringe moderately
webbed; subarticular tubercles prominent, rounded, sngle,

M2 and IV2 absent; prepollex rather distinct and oval;
supemumerary tubercles distinct, prominent on palm and
second and third fingers.

Hind limbs moderately long, heels touch with limbs folded
at right angles to the body; shank nearly five times longer
(TL 17.1) than wide (TW 3.6), as long as the thigh (FL 17.1),
and longer than distance from base of internal metatarsal
tubercle to tip of toe IV (FOL 14.3); length of toe IV (FTL
8.8) 2.6 times in distance from heel to tip of toe IV
(TFOL 23.1); relative length of toes: I<II<III<V<IV; tips
of toes with discs, rather wide compared to the toe width,
with a distinct circummarginal groove; toes nearly fully
webbed (Figure 3b); a distinct dermal fringe along the out-
side of the hind limbs, ending with a well-developed spinu-
lar projection on the heel; subarticular tubercles distinct,
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