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Abstract

Helicoverpa armigera (Hiibner) larvae were collected from field crops and wild
hosts in India, Nepal and Pakistan from 1991 to 1995, and ninety eight laboratory
cultures established. Cypermethrin, fenvalerate, endosulfan, quinalphos, mono-
crotophos and methomy! insecticides were topically applied to 30-40 mg, first
laboratory generation larvae and resistance determined from log dose probit
bioassays. Significant levels of cypermethrin and fenvalerate resistance were found
in all field strains, demonstrating that resistance to at least some pyrethroids is now
ubiquitous in H. armigera populations in the Indian subcontinent; cypermethrin and
fenvalerate resistance levels ranged from 5- to 6500-fold and 16- to 3200-fold
respectively. Pyrethroid resistance levels were highest in the intensive cotton and
pulse growing regions of central and southern India where excessive application
of insecticide is common. In all field strains assayed, pre-treatment with the
metabolic synergist piperonyl butoxide (pbo), resulted in significant suppression of
pyrethroid resistance. However, in nearly all cases, full suppression of resistance was
not achieved. This residual non-pbo-suppressible resistance was most likely due to
a nerve-insensitivity resistance mechanism. Pbo-insensitive resistance was highest
in regions of India where insecticides were frequently applied to cotton and legume
crops. In some regions where insecticides were heavily overused, a second high
ordzr nerve-insensitivity mechanism (possibly a Super-Kdr type mechanism), may
have been present. Incipient endosulfan resistance (1~28-fold), was present through-
out India, Nepal and Pakistan, Low to moderate levels of resistance (2-59-fold),
were reported to the phosphorothionate group organophosphate, quinalph
India and Pakistan, but there was no evidence of significant resistance (0.4~3-fold),
to the phosphate group organophosphate, monocrotophos, under our bioassay con-
ditions between 1993 and 1994. H. armigera strains collected in Nepal in 1993 and
1994 were susceptible to quinalphos, but by 1995, 4~5-fold resistance was detected.
It is probable that much of the resistance to pyrethroid, organophosphate and
carbamate insecticides in the Indian subcontinent can be attributed to an inherited
or inducible mixed function oxidase complex. Non-pbo-suppressible resist
becomes significant in regions and periods in the season when insecticide selection
pressure on resistant H. armigera larvae on cotton and legume crops is very high,
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Introduction

The cotton bollworm, Helicoverpa armigera Hibner
(Lepidoptera: Noctuidae), is the major pest of cotton and
legumes in most regions of the Indian subcontinent. Annual
yield losses attributable to this pest in India alone are
estimated to be of the order of US$ 290-350 million per
annum (Indian Council of Agricultural Research, unpub-
lished data). In recent years, insecticide control of
H. armigera has become increasingly difficult, particularly
as its pest status on cotton has increased dramatically in
the past twelve years and over the last nine years it
has developed resistance to most chemical classes of insec-
ticides commonly used by cotton and legume growers in
he subcontinent. Insecticide resistance was first implicated

Materials and methods

Sample collection and hionssay

Third to sixth instar H. armigera larvae were collected
from a range of host plants at various times over four
cropping seasons between 1991 and 1995. Most collections
comprised 100-400 larvae sampled from usually one or
occasionally two to three nearby fields planted to the same
crop. In the laboratory, larvae were reared on a chickpea
flour based artificial diet. Laboratory cultures of each strain
were established from 50-300 moths. Bioassays were con-
ducted on 3040 mg F1 larvae using a topical application
procedure detailed previously (Armes ef al, 1992), based on
the standard Heliothis susceptibility test recommended by

in failures to control H. armigera on cotton in 1987,
when high levels of resistance to those J:yrethroids in
commercial use at the time were reported in bollworm
populations in south-east India (Dhingra et al, 1988;
McCaffery et al. 1989). Cotton yield losses in this re-
gion, resulting from field control failures during the
1987-88 season, were estimated at US$ 150 million
(N.M. Kishor, unpublished report). Prior to 1989, it was
believed that insecticide resistance was restricted to popu-
lations in the south-east India coastal cotton growiny
area (Dhingra ¢! al, 1988). However, bioassays conducte
between 1989 and 1991 showedL that cypermethrin-resistant

pop were ghout southem India
and tol to endosulfan, some organophosphates and
thomyl had i d significantly (Armes et al,

1992). By 1991, resistance to cypermethrin had been
reported in H. armigera from cotton crops in the northem
Indian state of Punjab (Mehrotra & Phokela, 1992)
where its pest status had changed from minor to majer
since 1988 and had, in some seasons displaced the
‘traditional’ cotton bollworm pests, Pectinophora gossypiella
Saunders and Earias spp., (Lepidoptera: Noctuidae).
Similarly, in Bangladesh, the pest status of H. amigera has
increased markedly since the late 19805 and in 1993 it
was reported that control with pyrethroid insecticides
was becoming less effective; resistance was implicated,
but this has yet to be confirmed by laboratory tests (Ibrahim
Ali, 1994).

A basic tenet of resistance management is that refugia
of unsprayed susceptible (or at least less resistant) insects
exist to decrease resistance frequencies by immigration and

b breeding with populations in heavily insecticid
treated crops (Tabashnik & Croft, 1962; Forrester ef al,
1993). Wltﬁ increasing reports of poor field control of
H. armigera with insecticides over large areas of India
and the likelihood that gene flow through migration had
been sufficiently high to introduce resistance alleles into
H. armigera populations in regions where insecticides were
little used (Armes ¢t al., 1994), it was important to confirm
the status of resistance to the major ical classes of
insecticides used by farmers for H. armigera control.
This paper reports the results of a resistance survey on
H, armigera collected from a wide range of host plants
subject to di insecticide selection pressures from
1991 to 1995 in India, Nepal and Pakistan. The aims
were to determine if refugia of susceptible H. armigera
existed in the major cotton and pulse growing regions of
India and to identify where resistance problems were
most acute. .

the E logical Society of America (Anon,, 1970).

In general, at least 48 larvae were treated at each of five
or more concentrations of technical grade insecticide in
analytical grade acetone. Using a microapplicator, 1.0 pl of
solution was applied to the dorsal thorax. Control larvae
we:'ejlruled w.itlh acetone alone. In p)"rtelhroid, assays

-] 'y -l & 4 7y "
this was applied to the thorax of larvae at a set rate of
50 pg/larva, 20~30 min prior to application of either cyper-
methrin or fenvalerate.

Treated larvae were held individually in 7.5-m! cells of
12-well, tissue culture plates (Linbro, ICN Flow Ltd), and
provided with excess chickpea-based artificial diet. End
roim mortality was assessed at 144 h after treatment;
arvae were considered dead if they were unable to
move in a co-ordinated manner when prodded. Control
mortality was uncommon and never exceeded 2%; where
necessary, correction was made with Abbott's formula
(Abbott, 1925).

Log dose probit (Idp) mortality regressions were com-
puted using MLP 3.08 software (Ross, 1987). Significance of
differences between treatments with and without pbo were
determined from Position 7° (test to determine whether
relative potencies differ from unity), and Parallelism 7 (test
to determine whether a common slope is adequate). Hetero-
geneity 7 tests were performed on all probit lines to
determine whether or not residual variation was consistent
with binomial sampling (Ross, 1987).

Rearing and bioassays were conducted at 25+ 2°C,
either under natural photoperiod (¢. 13:11h light:dark), at
the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), India, or constant 14:10 h light:dark at
the Natural Resources Institute (NRI), UK.

Wherever possible, farmers were interviewed to deter-
mine the number of insecticide sprays applied to their crop
up to the time of sampling. The data given in table 1 does
not include early season sprays (up to 40 days after sowing),
on cotton and legumes for control of l{hidi and jassids (e.g.
dimethoat tasy tophos), as these were
applied before H. armigera infestation occurred on the crop.

Insecticide susceptible strains
In view of the fact that no insecticide-susceptible H.
amigera strains of Indian origin were found during the
course of the study, three laboratory maintained susceptible
strains derived from Africa lndoglim were used for ldp

comparisons with the field collected strains. The Readiny
strain was obtained from Reading University, UK, nnd.)us
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been maintained in a number of laboratories for at least
15 years, and was believed to have originated from
southern Africa. The NRI strain was originally collected
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Sampling regions

Qarmmline lneabt

d into limati

from the Gedaref region of Sudan where insecticid

Samp tlons were cieg [0 3gro-cimati
regions ponding to the India Planning Commission's

were little used for H. amiigera control, and had been in
culture at NRI for over three years. The Nanjing strain
was from Nanjing Agricultural University, Jiangsu
Province, China, where it had been maintained in culture
for agpmximately two years. This strain was tolerant to
P YRR Y hanced metabolic detoxifica-
tion), and was therefore used only for endosulfan compari-
sons. Endosulfan was released for commercial use in China
after the Nanjing laboratory strain had been established.
Bioassays showed this strain to be fully susceptible to
endosulfan.

Resource Development Regions (see table 1 and fig. 1).
described by Geddes & [les (1991). They ranked major pests
and diseases in India in terms of economic importance and
identified H. armigera as ‘very important’ in regions 8, 9 and
13; ‘important’ in 3, 6, 10, 11 and 14; ‘significant’ in region
7. Nepal is divided into three cropping system zones
(Geddes & lles, 1991). H. armigera strains were collected
from two zones; the Tarai and Siwaliks zone which is the
main cropping region of the country on the low plains, and
from the Middle Mountains zone where it is a major pest
on vegetables, Pakistan has six major cropping zones

Table 1. Sources of Helicoverpa armigera strains collected as larvae from host plants between 1991 and 1995 and bicassayed in the F1

(excluding strains from the IAC farm).

Region, State Map  Collect Parental . No.of  Region, State Map  Collect  Parental  No. of
ref*  date host sprays ref®  date host sprays
Region 4 Malkapur, AP. 6 Nov. 91 Pigeonpea 3
Varanasi; UP. 45 Oct. 91 Pigeonpea 0 Ibrahimpatan, AP. 7 Dec. 91 Pigeonpea 0
Varanasi, UP. 45 Mar. 92 Chickpea 0 Homnabad, K. 11 Jan. 92 Chickpea 0
Varanasi, UP. 45  Apr. 92 Pigeonpea 0 Abilabad, AP. 13 Jan. 92 Chickpea 0
Varanasi, UP. 45 Oct. 93 Pigeonpea 0 Vikarabad, AP. 8 Feb. 92 Chickpea 0
Region 6 Narayankher, AP, 2 Feb. 92 Chickpea 0
New Delhi, Delhi 46  Nov. 91 Pigeonpea 0 Zahirabad, AP. 3 Feb. 92 Chickpea 1
Region 7 Coimbatore, TN, 15 Feb. 92 Chickpea 2
Dhenkanal, O. 44 Feb. 93 Cpea+Saff 0 Neredikonda, AP. 12 Oct. 92 Cot=P'pea 0
Raipur, MP. 43 Feb. 93 C'pea+Saff 0 Coimbatore, TN. 15 Oct, 92 Cotton 3
Durg. MP. 42 Feb. 93 Cpea+Must 0 Coimbatore, TN, 15 Feb. 93 Chickpea 0
Rajnandgaon, M.P. 41  Feb. 93 Pigeonpea 0 Narsapur, AP. 9 Apr. 93 Tomato 3
Deori. M. 40  Feb. 93 Cpea+Lin 0 Coimbatore, TN. 15 Nov, 93 Okna 2
Reggn ] Region 11
alpur, M.P. 39 Jan. 92 Chickpea 3-5 Pulladigunta, AP. 16 Aug. 91 Cotton 3
Region ¢ Jujjuru, AP, 20 Aug 91 Cotton 8
Tuljapur, M. 35 Oct. 91 Pigeonpea 1 Pulladigunta, PA. 16  Sep. 91 Cotton 1]
Nandur, M. 33 Oct. 91 Pigeonpea 0 Guntur, AP. 17 Sep. 91 Cotton 10
Badnapur, M. 27 Oct. 91 Pigeonpea 1 Guntur, AP. 17 Sep. 91 Cotton 8
Akola, M. 29 Oct. 91 Cotton 1 Nandigama, AP. 19 Sep. 91 -Cotton 4
Akola, M. 29 Oct. 91 Pigeonpea 1 Guntur, A.P. 17 Sep. 91 Cotton 3
Yavatmal, M. 31 Oct. 91 PpeatCot 5 Guntur, AP, 17 Oct. 91 Cotton 7
Rahuri, M. 26 Jan. 92 cﬁ.' e2 1 Guntur, A.P. 17 Dec. 91 Pigeonpea 4
Nashik, M. 25 Jan, 92 Chickpea 0 Pulladigunta, AP. 16  Dec. 91 Chickpea 0
Jhabua, M.P. 23 Jan. 92 Chickpea 0 Srikakulum, AP. 22 Jan. 92 Tomato 0
Kannod, MP. 4 Jan. 92 Chickpea 0 Guntur, AP, 17 Oct. 92 Cotton 6
Hinghanghat, M. 30 Jan. 92 Chickpea 0 Guntur, A.P. 17 Nov. 92 Cotton 1
Indapur, M. 36 Aug. 92 Mung bean 0 Guntur, AP, 17 Oct. 93 Cotton 11
Umd, M. 34 Sep. 92 Cotton 3 Bapatla, AP. 18 Mar. 94 Groundnut 56
Barsi Takli M 28 Sep. 92 Sorg+Cot 5 Rajahmundry 21 Jul 94 Cleome 0
la, M. 29  Sep. 92 SorgtCot 4 Region 13
Parbhani, M. 32 Oct. 92 PpeatCot 6 Vansada, G, 37 Jan. 92 Chickpea 0
Region 10 Dahod, G. 38 Jan. 92 Chickpea 1
Morangpalli, AP. 4 Jul 91 Cotton 2 Dahod, G. 38 Feb. 94 Chickpea 2
Morangpalli, 4  Aug 91 Cotton 6 Nepal
Morangpalli, 4 Sep.91 Cotton 10 'lr:khm. Gandaki 47 mh 93 Tomato Spr?
Shankarpalli, A.P. S Sep. 91 Cotton 8 Pokhara, Gandaki 47 y 94 Tomato Sprt
Adilabad, 13 Oct. 91 Ppea+Cot 9 Nepalganj, Bheri 48 Apr. 95 Chickpea  Spr?
Dichpalli, AP. 10 Oct. 91 Pigeonpea 0 Pol Candski 47 Apr. 95 Tomalo Sprt
Dharwad, K. 14 Oct. 91 Cotton 3 Pakistan
Shankarpalli, AP, S  Nov. 91 CpeatSun. 0 Bahawalnagar 49 Nov. 91 Cotton 5

States: A.P., Andhra Pradesh; G., Gujarat: K. Kamataka; M., Maharashtra: M.P. Madhya Pradesh; O, Orissa; T.N., Tamil Nadu; UP., Uttar
Pradesh.

*Map reference refers to fig. 1.

Host plants: Cot, cotton: Cpea, chickpea; Lin, linseed: Must, mustard; P'pea, pigeonpea: Saff, safflower; Sorg. sorghum: Sun, sunflower.

Insecticides: Spr, sprayed but no. of applications not known,.
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BAY OF
BENGAL

Fig. 1, Sampling locations where Helicoverpa armigera were collected in India, Nepal and Pakistan between 1991 and 1995 (refer to table 1
for key to locations).

(Geddes & lles, 1991). Only one strain was collected during
the course of this study, from the Northem irrigated plains,
where H. armigera is considered ‘very important' on cotton.

Insecticides

The following technical grade i des were used for
bioassays: ¢. 50:50 cis:trans thrin (900 g/kg:
Zeneca cals, UK); endosulfan (940 g/kg; Excel
Industries, India) fenvalerate (976 g/kg: Sumitomo Corp.,
Japan; methomyl (980 ont, France); mono-
crotophos (680 g/kg, tau Junker, India} lphos
g,z(g ﬂkg: Sandoz, ln:;):é_'lh synergist, pxp‘eﬂ.mh);r )bn(no:dd;

toxyether)-et yropyi onyl etl 900
kg), was obtained from (.‘mocldﬁdPer . ui.

Chemical Co
Results
Ninety eight strains were collected and bicassayed from
51 locations July 1991 and April 1995 (table 1,
fig. 1). For logistical reasons, by far the Jargest number of

samples were regions 9 and 10. By virtue.of the crops

. strains and variation in the

grown, and principally because of the absence of cotton and
pulses in the cropping systems, H. armigera is of minor
significance in regions 1 (primarily wheat, maize and rice),
2 and 3 (rice, tea, jute, potato), 12 (rice, coffee, coconut,
cassava) and 15 (Andaman, Nicobar and Lakshadweep

- Islands growing primarily coconut and rice). Therefore the

only major H. armigera source areas in India not covered by
this survey were regions: 5 (western Uttar Pradesh growing
wheat, nuxmm rice, chickpea), and 14 (western Rajasthan
growing chickpea, millet, wheat, mustard). Four strains were
obtained from two of the three cropping system zones
.rrecop\lud in}l::epal (Geddes & lles, 1991), one f;?:d the

araj region where H. armigera is an important pest ses
and three from the nm{eu mountains region where' H.
armigera was not ranked as a pest. A single strain was
obtained from Pakistan from cotton in the northern irrigated
plains where H. anmigera was ranked as very important.

Insecticide susceptible strains

Cypermethrin was assayed against two susceptible
LD, response was less, han
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3fold between these (table 2). Slopes were quite high
(average 2.4), and heterogeneity was not significant (Hetero-
geneity z*, P> 0.1). Fenvalerate was only tested on the
Reading strain on two occasions, approximately one year
apart. LDyy's and sl (average 2.1), did not change
between years. Similarly, quinalphos was tested against the
“same strain as was fenvalerate and on the same occasions;
no significant difference between LD,,s were recorded and
slopes were high in both tests (average 2.4). Endosulfan was
assayed on two occasions for each of two strains; there was
little variability in LD,ys (1.5-fold) and slopes, which were
high (average 3.0). A 4.6-fold variation in monocrotophos
LD50's was observed between the Reading and Nanjing
susceptible strains. The steepest slope (4.3) was recorded for
the Nanjing strain. Methomy! was only tested against one
strain on one occasion: the slope was reasonably high (2.0)
and heterogeneity was not significant (Heterogeneity %,
P>00).

Pyrethroid resistance

Cypermethrin LD,/'s ranged from 0.05-65 pg/larva
(table 3). All 98 Ffield strains recorded significant tolerance
or resist; pared to the lab y susceptible strains,
with resistance factors (RFs), ranging from 5- to 6500-fold.
Slope values for field strains ranged ?rom 0.6-2.6, compared
to 1.8-3.0 for the laboratory susceptible strains. Seventy-
five percent of field strains recorded Idp slope values lower
than the lowest slope for a susceptible strain (1.8),
suggesting phenotypic segregation. Only two of the field
strains recorded RFs of less than 10. These were from
Badnapur, Maharashtra (RF=5), from insecticide sprayed
pigeonpea in 1991 and from Nepal (RF=8), collected from
insecticide sprayed tomatoes in 1993. The Idp line of the
Nepal strain showed systematic curvilinearity and signifi-
cant heterogeneity (Heterogeneity 7%, P < 0.01), indicating
that, despite its low RF, the test population comprised a mix
of susceptible and resistant phenotypes.

Looking at the data overall, it was not possible to
identify obvious i bet ypermethrin resist-
ance levels and geographic regions. In part this may -be
because, for regions other than 9, 10 and 11, the number of
samples collected was small and collections were generally
maJ: only once. Within India, the northem reglons 4 and
6 where larvae were collected from unsprayed pigeonp
and chickpea, recorded the lowest ethrin resistance
levels (RFs 20~37), but the number of strains assayed was
small. All the high resistance levels (RFs > 100), were from
the central area of India comprising regions 7, 8, 9, 10 and
11 (plus one collection from Coimbatore in the south
peninsular). Region 11 consistently recorded very high
resistance levels (RFs > 1000). The Guntur district cotton
?rowing belt was prominent in this regard. Risk-averse
armers in this district regularly make 20~30 applications to
cotton crops in a season. Interestingly however, resistance
levels varied markedly over relatively short di For
example, in September 1991 five samples were collected in
region 11, each separated by a maximum of 58 km and RFs
ranged from 23~1700. Such large variations in resistance
are most likely a reflection of within-field selection in the
larval samples collected, as the highest resistance levels
(RFs of 670 and 1700), were recorded from fields with the
most intensive insecticide inputs (8-10 sprays on the
crop prior to the time of sampling). The single sample
collected in January 1992 from unsprayed tomatoes in
Srikakulum, recorded much lower resistance (RF=49), at a
time in the season when pyrethroid resistance in region 11
was expected to be at its peak because of intensive spraying
on cotton crops from September to November (see
Discussion). Although in region 11, Srikakulum is
approximately 370 km north-east of the main cotton belt.
and the strain was collected in a tribal region where
subsistence farmers rarely use pesticides. The highest
pyrethroid resistance level recorded since monitoring com-
menced in India in 1986, was the Bapatla sample collected
from heavily sprayed groundnut in March 1994 (RF=6500).

Table 2. Toxicity of topically nr lied insecticides to 30-40 mg Helicoverpa armigera
al

larvae derived from susceptible

ratory strains,

Insecticide/Strain n LDy (95% C.I) LDy Slope
(ug/larva) +SE.
Cypermethrin
ading susceptible 240 00062 (0.005-0.007) 0017 30103

Reading susceptible 288 00073  (0.006-0.009) 0025 24102

NRI susceptible 240 0017 (0.01-0.02) 013 18102
Fenvalerate

Reading susceptible 240 0.019 (0.01-0.02) 0083 20102

Reading susceptible 240 0018 (0.01-0.02) 0070 22%03
Endosulfan "

Reading sus 210 065 (0.55-0.78) 18 30404

Reading mcme;.ﬂble 212 063 (0.53-0.75) 17 30104

Nanjing susceptible 239 044 (0.36-0.53) 15 25403

Nanjing susceptible 240 067 057-0.79) 15 36205
Quinalphos

Rn&g susceptible 240 0,052 (0.04-0.07) 0.21 21£03

Reading susceptible 240 0.056 (0.05-0.07) 017 26403
Monocrotophos

Reading susceptible 240 0.87 (0.73-1.1) 36 2102

Reading susceptible 288 0.65 (050-085) 52 14102

Nlldin;l susceptible 240 0.19 0.16-021) 037 43305

Reading susceptible 248 0.13 0.11-0.17) 061 20£03 .
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Table 3. Toxicity of topically applied cypermethrin to 3040 mg larvae of field strains of Helicoverpa armigera.

Strain Map Collect n LD, (95% CJ) . . Do Slope RF*
ref. date (ug/larva) +S.E
Region 4
Varanasi 45 Oct. 91 822 0.20 (0.16-0.26) 13 16401 20
Varanasi 45 Mar, 92 261 0.31 (0.23-0.41) 21 1.6£02 31
Varanasi 45 Apr. 92 236 0.30 (0.23-0.39) 16 17402 30
Varanasi 45 Oct. 93 180 0.24 (0.19-0.31) 10 21103 24
Region 6
New Debhi 46  Nov. 91 237 037 (0.27-0.50) 24 16402 37
Region 7
eShenkm.l 4 Feb. 93 288 0.78** (0.63-0.95) 29 22%02 78
Raipur 43 Feb. 93 288 0.71 (0.59-0.86) 25 23402 7
Durg 42 Feb. 93 432 0.83° (0.66-1.2) 54 1.6£01 8
Rajnandgaon 41 Feb. 93 384 14" (1.1-1.8) 9.7 15401 140
Deori 40 Feb. 93 528 0.81 (0.62-1.1) 10 12101 81
R aup
pur 39 Jan. 92 157 25 (2.0-3.2) 80  26+04 250
Region 9
uljapur 35 Oct. 91 226 0.19 (0.14-0.28) 1.5 15402 1%
Nandur 33 Oct. 91 223 017 (0.11-0.26) 22 12402 17
Badnapur 27 Oct. 91 234 0.054 (0.04-0.07) 027 18%02 5
Akola 29 Oct. 91 234 027 (0.17-0.40) 43 11102 27
Akola 29 Oct. 91 285 012 (0.08-0.15) . 080 15102 12
Yavatmal 3 Oct. 91 334 0.17 (0.12-0.24) 26 11101 17
uri .26 Jan. 92 280 4.8 (3.7-6.3) 31 16102 480
Nashik 25 Jan. 92 202 0.72 (0.51-0.98) 49 15402 72
Jhabua 23 Jan. 92 195 0.72 (0.53~-1.0) 5.0 15402 72
Kannod 24 Jan. 92 298 0.31 (0.22-0.44) 44 11402 31
Hinganghat 30 Jan. 92 200 0.27 (0.21-0.34) 12 20103 27
Indapur 36  Aug. 92 243 0.89 (0.61-1.2) 69 14402 89
Umri 34 Sep. 92 411 30 (2.2-4.2) 67 1.0+£01 300
Barsi Takli 28 Sep. 92 243 0.66 (0.53~0.83) 34 18102 66
Akola 29 Sep. 92 241 097 (0.76~1.3) 55 17402 97
Parbhani 32 Oct. 92 250 0.64 (0.48-0.85) 45 15402 64
Region 10
Morangpalli 4 ko1 221 0.33 (0.26-0.42) 13 22403 33
Morangpalli 4 Aug. 91 197 13 (1.2-2.7) 20 12402 130
Morangpalli 4 Sep. 91 303 84 (6.1-12) 82 13+01 840
Shankarpalli 5 Sep. 91 245 0.44 (0.32-0.65) 35 14£02 44
Adilabad 13 Oct. 91 198 10 (0.72-1.4) 8.5 14402 100
Dichpalli 10 Oct. 91 265 0.46 (0.36-0.58) 25 1.8+0.2 46
Dharwad 14 Oct. 91 270 053 (0.42-0.67) 26 19102 53
Shankarpalli 5  Nov.91 230 0.43 (0.32-0.58) 2.8 1.6+0.2 43
Malkapur 6  Nov.91 261 0.38 (0.23-0.60) 10 09%0.1 38
Ibrahimpatan 7 Dec. 91 220 0.20 (0.13-0.31) 25 12101 20
Homnal 11 Jan. 92 260 11 (0.87-1.5) 5.6 1902 110
Adilabad 13 Jan. 92 173 12 (0.83-1.8) 13 13102 120
Vikarabad 8 Feb. 92 275 0.84 (0.60-1.2) 10 12402 84
Narayankher 2 Feb. 92 310 0.50 (0.29-0.78) 22 08401 50
Zahirabad 3 Feb. 92 181 0.90 .59-1.3) 11 12402 90
Coimbatore 15 Feb. 92 221 0.62° (0.47-0.81) 33 1.8+0.2 62
Neredikonda 12 Oct. 92 239 21 (1.5-3.1) 24 1.2£01 210
Coimbatore 15 Oct. 92 227 0.83 0.59-1.2) 7.5 13402 83
Coimbatore 15 Feb. 93 432 14° (1.1-1.8) 93 1.6£01 140
9 Apr. 93 336 0.58 (0.44-0.74) 41 1.540.1 58
Coimbatore 15 Nov. 93 235 025 (0.19-0.33) 17 15302 28
Region Il !
ulladigunta 16 Aug. 91 380 027 (0.19-0.43) 73 09101 27
Jujjury 20 Aug. 91 204 14 (0.95-2.1) 14 13402 140
Pulladigunta 16 Sep. 91 304 6.7 (4.7-9.9) 133 1.0+01 670
Guntur 17 Sep. 91 343 17 (13-25) 216 12£01 1700
Guntur 17 Sep. 91 230 0.46 (0.35-0.61) 2.8 16102 46
Nandigama 19 Sep. 91 237 053 (0.41-0.69) 32 1602 53
Guntur 17 Sep. 91 200 0.23 (0.15-0.36) 26 121401 23
Guntur 17 Oct. 91 254 14 (0.90-2.1) 28 10401 140
Guntur 17 Dec 91 280 12 (83-19) 286 09+01 1200
Pulladigunta 16 Dec. 91 268 0.93 (0.65-1.3) 12 12%0. 93

Table 3—continued opposite
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Table 3—continued from previous page
Strain Map  Collect " LD, (95% Cl) LDy Sl RF
ref. date - (ug/larva) . - +SE
Srikakulum 22 Jan. 92 215 0.49 0.37-0.64) 25 18402 49
Guntur 17 Oct. 92 245 037 (0.28~0.48) 25 15£02 3
Guntur 17 Nov.92 280 14 (7.6-28) 1027 06+£01 1400
Guntur 17 Oct. 93 276 34 (2.1-5.2) 102 09402 340
Bapatla 13 Mar. 94 213 65* (28~6689) - 06102 6500
Rajshmundry 21 Jul 94 198 0.73 0.49-1.0) 8.5 12102 n
Region 13
Vandada 37 Jan. 92 218 12 0.97-1.6) 5.9 19202 120
Dahod 38 Jan. 92 255 0.20 0.13-0.32) 54 091£0.1 20
Dahod 38 Feb. 94 237 033 (0.26-0.43) 16 19%0. 3
Nepal
okhara 47 Apr. 93 410 0082"  (0.06-0.11) 086 13%01 8
Pokhara 47 May 94 240 039 (0.31-0.48) 14 23%03 39
Nepalganj 48 Apr. 95 369 072 (0.60-0.87) 40 17102 n
7 Apr. 95 240 0.19 (0.15-0.26) 15 14102 19
Pakistan
Bahawalnagar 49 Nov. 91 200 46 (3.3-6.1) 24 18102 460

‘RF (resistance factor)=LD,, field strain/LD,, susceptible strain (from table 2).

Heterogeneity 7 ° significant at P < 0.05: ', P < 0.01.

Characteristically, for such highly resistant strains, the Idp
line slope was shallow (0.58), and showed obvious segre-
gation of phenotypes (Heterogeneity 7*, P < 0.01).

Resistance levels in regions 9 and 10 were similar (RFs
ranging from 5- to 840-fold), reflecting the similar insecti-
cide use patterns for H. armigera control on cotton and
legumes in south central India (typically 6~15 applications
to cotton and 2-5 to legumes). The highest resistance levels
were recorded either in strains collected from sprayed
cotton or from late season samples from legumes from
January onwards. High tolerance levels had developed even
on unsprayed crops, because of cumulative selection for
resistance over the earlier part of the season: firstly on
cotton and later on legumes, with most insecticide being
applied to field crops between September and December.

The three samples collected from chickpea in the west
Indian state of Gujarat (region 13), recorded moderate to
high cypermethrin resistance (RF=20-120).

In the middle mountains region of Nepal, cypermethrin
resistance was highest in 1994 (RF=39), when H. armigera
populations on tomato crops were high, necessitating. 2-6
insecticide sprays to contain bollworm damage. In 1995,
populations on tomato were lower, hence less frequent
insecticide applications were made, most probably account-
ing for the lower resistance levels (RF=19) at that time. The
highest cypermethrin resistance (RF=72), in Nepal was
recorded in the single strain collected from chickpea in the
Terai region. This is the most intensively cultivated region
in the country and insecticides are widely used.

The single H. armigera strain collected from sgnyed
cotton in the Bahawalnagar region of the Pakistan Punjab
in 1991 was highly resistant to rmethrin (RF=460).

At the ICRISAT Asia Center (IAC) farm, it was possible
to collect H. armigera larvae at fairly regular intervals over
three cropping seasons. LD, values are plotted in fig. 2 and
clear mv:ls resistance pattemns were apparent. Resistance
increased studeihy over each season reaching a peak in
samples collected from chickpea in March. This comrelated
with d '& id usba:: with p 'pril'eoll:c{ the
cropping season from September to March, A ions
in 1992 from chickpea and in 1993 from the wild host

hib seh

Lagascea mollis *(Comp d lower
(particularly in 1992). In 1994, residual soil moisture was
lower than previous years and rapid drying up of host plants
with the progression of the dry summer season precluded
finding significant H, armigera populations beyond March, so
no end of season decrease in resistance could be determined
in that year. Cypermethrin resistance levels were highest
over the 1991/92 season (maximum LDy,=8.1 pg/larva) and
lowest over 1993/94 (maximum LD,,=1.7 g/ larva).

Twenty strains from nine regions were assayed with
fenvalerate (table 4) and all were significantly resistant, with
RFs ranging from 16 to > 3000-fold. In general, resistance
levels were similar to those reported for cypermethrin tested
on the same strains, but on average, RFs were marginally
higher for fenvalerate.

Pho suppression of pyrethroid resistance

The effect of pre-treatment with pbo on cypermethrin
and fenvalerate resistance was assayed on 34 and 13 strains

e
~ s

TR R TR )
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Fig. 2. Seasonal es in LD, (ug/larva) of Helicoverpa armigera

s ¢ i oyl in in combination

with piperony! buhm(dond triangles) over three consecutive
cropping seasons from 1991 to 1994,
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Table 4. Toxicty of topi ied fenvalerate and effect of piperonyl butoxide in fenvalerate resistance in
et et e s sy

3040 mg larvae deri

strains of Helicoverpa armigera,

Strain - b;i:lp Collect date Fenvalerate alone . Fenval.+Pbo pretreatment
LD, RF LDy, Slope RF SR
(ug/larva) (ug/larva)
Reading - - 0.019 20 - 0018 22 - 1
susceptible
Region 4
Varanasi 45 Oct. 91 13 19 70 0.078 21 4 17
Region 6
New Delhi 4 Nov. 91 15 16 81 0022 17 1 68
Region 7
% 44 Feb. 93 15" 16 81 0.080 26 4 19
Raipur 43 Feb. 93 13 11 70 0,093 27 5 14
42 Feb. 93 1.7 10 92 0.11° 28 6 15
Rajnandgaon 41 Feb. 93 0.9 09 54 0.082 25 5 12
Deori 40 Feb. 93 16 14 86 0.075 18 4« 2
Region 9
Kannod 2 Jan. 92 0.83 16 45
Region 10
IAC 1 Mar. 92 60 12 3243
Coimbatore - 15 Feb. 93 25 17 135 0.090 25 528
IAC 1 Apr. 93 14 12 16 0.090 29 5 16
1AC 1 Jun. 93 093 12 50
1AC 1 Jul. 93 074 22 40 -0.028 17 2 26
Coimbatore 15 Nov. 93 058 0.8 31
Region 11
untur 17 Nov. 92 2 16 1189 23 17 128 10
Region 13
s.hod 38 Jan. 92 11 13 59
Dahod 38 Feb. 94 13 16 70
Nepal
okhara 47 Apr. 93 043 17 23
Pokhara 47 May 94 10 11 54 0.032 15 2 3
Nepalganj 48 Apr. 95 24 12 126 0.064° 24 4 38

‘RF (resistance factor)=LD,, field strain/LD,, Reading susceptible.
*RF (resistance factor)=LD,, field strain/LD,, Reading susceptible (both pretreated with pbo).

SR (synergist ratio)=LD,, without pbo/LD,, with pl

pretreatment,

Heterogeneity 7% *, significant at P < 0.05; **, P <0.01; ***, P <0.001.

respectively (tables 4 and 5). Pbo pre-treatment had no
significant effect on toxicity of cypermethrin and fenvalerate
to the Reading susceptible strain (Parallelism and Position,
7’ P> 005). All field strains recorded significant sup-
pression of pyrethroid resistance by pbo, with synergist
ratios ranging from 2-82 for cypermethrin and 1268 for
fenvalerate. However, with the exception of the New Delhi
strain, full suppression of pyrethroid resi by pbo
re-treatment was not achieved in any of the strains tested.
ypically, RFs for strains assayed with pyrethroid plus pbo
averaged 27-fold for thrin and 15-fold for fenvaler-
ate, indicating that mixull pbo-suppressible resi
was grester in the cyp hri d to
fenvalerate. Pbo-insensitive resistance was ly more
significant in the central Indian regions (7, 9, 10 and 11), and
highest in region 11 in strains collected from heavily
sprayed cotton, pigeonpea and groundnut. The Varanasi
and Nepal sirains recorded increasing levels of
insensitive resistance in three successive years
199193 for the Varanasi strains and 1993-95 for the Nepal

strains.

The IAC data provides evidence that pbo insensitive
mhmudod!obmmm;!heamh}m
from July-to February. Resistance factors from 5-

to 73-fold and 11- to 30-fold in the 1992/93 and 1993/94
seasons respectively (fig. 2). There was some recovery of
pbo suppression after March in 1991/92 and 1992/93. In
1993/94 no strains were collected after February.

Endosulfan resistance

Overall, resistance levels to endosulfan were quite low
with RFs ranging from 1-28 (table 6). On the basis of LD,
RFs, two strains out of the 46 assayed would be considered
susceptible, However, only the Srikakulum strain from
region 11 was probably truly susceptible on the basis of
high slope (24) and no significant heterogeneity (x’,
P > 0.05). la l:ll lc:fmh:' field nmﬁ:; Iugregnlcn of resistant
and suscept was likely, particularly in region
7 where sigr i ldtzpl?m heterog, P"*, o, P <008),
was recorded in three out of five strains assayed. The sample
from IAC collected from the wild host ea mollis, in july
1991, although recording a low LD,, of 0.50 a, the
Idp line showed systematic curvilinearity and significant
heterogeneity (x’, P <001), indicating that the strain
comprised a mixture of resistant and susceptible pheno-
types. RFs greater than 10 were recorded in regions 10 and
11. In all cases with the exception of a single end of season
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colhm:;n)“ at IAC M&:ewﬂd h?“t g::m My;‘d (iohn-

aceae), in 1993, were osts.

. SminsAgr:n the middle mountains zo’pn? of Nepal
recorded low resistance (2~4-fold). The single strain from
the Tarai and Siwaliks zone (where insecticide use was more
intensive), had 9-fold resistance.

Organophosphate resistance
Thirty seven strains were assayed with the nitrogen
ey s s wer sy wih he e
(OP), quinalphos (table 7). Low to moderate levels of
resistance were recorded relative to the Reading susceptible

strain. Interestingly, the two Neral strains collected in 1993
and 1994 from Pokhara were fully susceptible to quinalphos,
recording LD,y's in the range 0.047-0.063 ug/larva and
very steep Idp line slopes (3.3~4.4). However, in 1995, the
Pokhara strain was significantly resistant to quinalphos
(RF=6), and the slope had decreased appreciably (2.1)
Similacly, the 1995 Nepalgan] strain from the Tarai region
was also resistant (RF=4). Moderate levels of resistance
(RFs > 10) were recorded in strains from regions 9, 10 and
11 and the single strain from Pakistan.

Only two of the 11 strains assayed with monocrotophos
(ﬁhmphlte group OP), were more tolerant (RF=2-3) than
the Reading susceptible strain, indicating no or only low

Table S. Effect of piperonyl butoxide in suppressing cypermethrin resistance in 30-40 mg larvae derived from field strains of

Helicoverpa armigera.
Strain Ma{p Collect date Cypermethrin alone Cypermethrin+Pbo Pretreatment
ret.
LDy Sl LD,, Slope RF SR
(ug/larva) o (pg/larva)
Reading - - 00073 24 0.0066 23 - 1
susceptible
Region ¢ .
Varanasi 45 Oct. 91 0.20 16 0013 15 2 15
Varanasi 45 Apr. 92 0.30 17 0020 20 3 15
Varanasi 45 Oct. 93 0.24 21 0.099 18 15 2
Region 6
New Delhi 46 Nov. 91 037 16 0012 15 2 31
Region 7
Dhenkanal 44 Feb. 93 0.78 22 0.066 24 10 n
Raipur 43 Feb. 93 0.71 23 0,070 23 1 10
Durg 42 Feb. 93 083 16 0.18 18 27 5
Rajnandgaon 41 Feb. 93 14 15 014 17 2 10
Deort 40 Feb. 93 081 12 0.080° L7 %) 10
Region 9
Hinganghat 30 Jan. 92 027 20 0025 15 4 1
Indapur 36 Aug. 92 0.89 14 0.14 24 21 6
Urmri 34 Sep. 92 30 10 0.080 16 b3 38
Akola 29 Sep. 92 097 17 0095 18 1 10
Parbhani 32 Oct. 92 0.64 15 0.088 17 B 7
Region 10
Abilabad 13 Jan. 92 12 13 010 09 15 12
Vikarabad 8 Feb. 92 0.84 12 0.095 18 e} 9
Coimbatore 15 Feb. 92 062 18 011 16 by 6
Neredikonda n Oct. 92 21 12 021 14 2 10
Coimbatore 15 Oct. 92 0.83 13 0.10 17 15 8
Coimbatore 15 Feb. 93 14 16 olr 12 17 13
Narsa 9 Apr. 93 0.58 15 0.064 13 10 9
C tore 15 Nov. 93 025 15 0.080 20 12 3
on 11
untur 17 Dec. 91 12 09 13 17 197 9
l’ullam:a 16 Dec. 91 093 17 ol 12 17 9
Stikal 2 Jan. 92 049 18 0015 13 2 3
Guntur 17 Oct. 92 037 15 0042 20 9
Guntur 17 Nov. 92 14 06 10 25 151 14
Guntur 17 Oct. 93 34 09 040 23 [} 9
Bapatla 18 Mar. 94 65 06 080 16 121 82
Rmm
38 Jan. 92 0.20 09 0024 L al 4 8
Dahod 38 Feb. 94 043 19 0.080* 24 s 7
N
okhara 4 Apr. 93 0082 13 0013 19 2 )
Pokhara 4 May 94 039 3 0.073* 20 1 5
Nepalganj 48 Apr. 95 072 17 0077 18 1 9
gmumgo.wmm. ing susceptible (both pretreated with pbo).
Qw o) WM Mlt, 3
'xﬁ’.i..ﬁg.nnr<omf~ p<ool . -
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Table 6. Toxicity of topically applied endosulfan to 3040 mg larvae of feld strains of Helicoverpa armigera,

Strain M Collect " LD,, @%ClL) LDy
e R? date: - - - (ug/larva) P i?é .
Region ¢
Varansi 45 Oct.91 256 17 (13-2.1) 7719402 3
Varansi 45 Oct.93 187 34 (2.6-50) 2 16103 5
Region 6
R New Delhi 4% Nov. 91 336 22 (1.7-2.8) 16 15402 4
egion 7
Bhu\lml 4“ Feb. 93 288 21 (1.7-26) 10 19202 4
Raipur 43 Feb. 93 240 31 (24~4.1) 21 15402 . 8
Durg 42 Feb. 93 336 17 (1.3-2.1) 1 16202 3
Rajnandgaon 41 Feb 93 288 31 (23=4.3) 32 13302 8
Deori 40 Feb.93 288 L7 (12-2.3) 2 11202 3
ion 9
Il"fulixpur 35 Oct.91 245 10 (14-27) 17 143202 3
Akola 29 Oct.91 270 25 (1.8-3.7) 37 11202 4
Yavatmal 31 Oct. 91 249 29" (20~43) 27 1301 8
Rahuri 26 Jan92 5 44 (3.0~7.0) 70 11£02 7
Jhabua 1) Jan92 278 25 (1.8-3.6) 23 13402 4
Kannod 24 Jan92 170 29 (2.3-37) 10 25303 5
Hinganghat 30 Jan92 260 26 (1.7-39) 87 10£02 ¢
Umri 34 Sep. 92 246 48 (3.8-6.4) 2 19403 8
Barsi Takli 2 Sep.92 304 27 (2.1-3.6) 20 15502 4
Akola 29 Sep.92 252 26 1= | 1 20402 4
Parbhani 3 Oct. 92 208 45 (3.4-6.6) 29 16203 7
Region 10
1AC 1 ot 220 050" (0.39-065) 23 20%02 1
1AC 1 Aug. 91 275 90 (7.6-11) 23 31303 1
1aC 1 Sep. 91 208 10 (0.75-1.4) 63 16302 2
1aC 1 Nov.91 27 35 (28-45) 17 19£02
Malkapur 6 Nov. 91 192 14 (1.1-19) 60 20£03 2
Ibeahimpatan 7 Dec. 91 247 14 (1.0=2.1) 16 12402 2
Adilabad 3 Jan. 92 213 57 (4.4-74) 27 2003 9
Vikarabad ) Feb.92 227 28 (2.0-4.0) 2 14202 4
Narayankher 2 Feb.92 186 67 (5.1-9.3) 34 18203 10
IAC 1 Feb. 92 259 16 (12-22) 172 12302 25
Neredkonda 12 Oct.92 224 17° (13-2.2) 88 18£03 3
Coimbatore 15 Oct.92 289 39 (3.249) 18 19302 6
IAC 1 Apr.93 33 10 (73-10) 138 11201 16
Narsapur 9 Apr9) 38 68 (5.3-8.7) 49 1501 11
IAC 1 .93 279 30 (2.4-3.8) 15 19502 5
Coimbatore 15 Nov.93 289 24 (19-3.2) 13 18202 4
Region 11
dwjjury 20 Aug. 91 242 088 (0.69-11) 43 19302 1
Pulladigunta 16 Sep.91 429 39 (3.0-5.2) 4“ 12201 &
Guntur 17 Oct.91 286 16 (13-20) 81 18302 3
Guntur 17 Dec.91 206 18 (14-22) ] 23403 28
Srikakulum 2 Jan.92 240 049 (0.40-0.59) 17 24203 1
Guntur 17 Nov.92 282 90 (74-11) 40 20£02 14
Bapatla 18 M. 94 308 49 (3.8-6.4) 36 15202 8
Region 13
Vansada 37 Jn92 183 67 (5.1-89) 33 19403 10
Dahod 38 Jan.92 241 33 (26-43) 16 18402
Dahod 3 Feb.94 200 34 (26-4.4) 21 1602 8
Nepal
lr:khm 47 mr‘ 93 45 10 (0.78-1.2) 44 20402 2
Pokhara 4 y 94 288 18 (1.5-22) 85 19402 3
Nm\l 4@ Apr. 95 240 52 (42-63) 21 21402 9
P 47 Apr. 95 240 22 (1.7-3.0) 12 18403 4
*RF (resistance factor)=LD,, feld strain/LD,, susceptible strain (from table 2).
ty 3% ° tat P <005 *, P <001 **, P <0001,

Istance to this insecticide (table 8). In nearly all Carbamate resistance
cases ld Iinulopamdullw(dsll’wofthew Twd yed with the oxime cubamat
strains region 7 mordeddgnlﬂm l\etemgmty ‘welve strains were assa o amate,
P <0.05), and segregation of an allele for thomy! (table 9). High RFs (> 30-fold) were recorded in

resistance was likely. - one strain each from regions 9, 10 and 11. All three of these ..
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strains were collected from treated at least once with
insecticide. Low levels of incipient resistance (RF=2-5) were
found in the strains from Nepal, Pakistan and all other
locations in_India. .

Discussion
Pyrethroid resistance

This is the first study to examine insecticide resistance
in H. armigera over a broad geographic area in India and the
results indicate that resistance to cypermethrin and fenvaler.
ate was widespread between 1991 and 1995, with moderate
to very high ivels of resistance being recorded in all the
strains tested. The most highly resistant populations were

enerally found in the central and southem regions of India,
ft was from here that reports of inadequate control of H.
armigera were most frequent and concomitant numbers of
insecticide applications very high. L
Earlier resistance reports using standardized bioassay
techniques are only available for the southern Indian states
of Andhra Pradesh (McCaffery e al, 1989; Armes ¢t al,
1992), Tamil Nadu (Armes et al, 1992; Pasupathy &
Regupathy, 1994) and the northern states of Delhi, Punjab
nns Haryana (Mehrotra & Phokela, 1992). For Andhra
Pradesh, where regular resistance mohitoring has been
conducted since 1987, cypermethrin resistance levels have
continued to increase; RFs ranged from 40- to 750-fold
between 1987 and 1988 (McCaffery et al, 1989), 7- to
2100-fold between 1989 and 1990 (Armes ¢t al, 1992), and

Table 7. Toxicity of topically applied quinalphos to 30-40 mg larvae of field strains of Helicoverpa armigera.

Strain Map  Collect n LD, (95% Cl) LDy Slope RF*
ref. date (pg/larva) +SE
Region ¢
* Varanasi 45 Oct. 91 269 0.12 (0,10-0.15) 034 28102 2
Varanasi 45 Oct. 93 240 037 (0.27-0.51) 40 12102 7
Region 6
New Delhi 46 Nov. 91 288 0.28 (0.22-036) . 19 16102 5
Region 7
Dhenkanal 44 Feb. 93 288 ol (0.07-0.14) 050 14102 2
Raipur 43 Feb. 93 336 0.25* 0.19-0.33) 2.5 13101 5
Durg 42 Feb. 93 280 037 (0.28-0.48) 12 15402 7
Rajnandgaon 41 Feb. 93 336 0.26° (0.22-0.33) 14 18102 5
Deori 40 Feb. 93 288 0.26" (0.22-0.32) 1.0 22103 H
Region 9
Tuljapur 35 Oct. 91 2149 0.088 (0.06~0.12) 068 14402 2
Yavatmal 31 Oct. 91 240 0.24 (0.19-0.30) 11 20%02 4
Rahuri 26 Jan92 240 13 (0.85-2.0) 24 10£02 24
Jhabua 23 Jan.92 172 10 (0.75~1.5) 7.5 15402 19
Kannod 24 Jan. 92 240 26 (1.7-3.8) 36 L1£02 48
Hinganghat 30 Jan. 92 278 031 (0.26-0.38) 097 26+03 6
Region 10
1AC 1 Jun. 91 240 0.17 (0.14-0.21) 066 22102 3
1AC 1 Aug. 91 216 011 (0.09-0.14) 041 23403 -2
1AC 1 Nov. 91 34 10 (0.85-1.3) 42 21102 19
Homnabad 11 Jun. 92 240 20 (1.5-2.5) 8.8 20£02 37
IAC 1 Feb. 92 288 15 (1.2-2.0) 11 15402 28
IAC 1 Apr. 92 280 0.47 (0.38-0.57) 21 20402 9
IAC 1 Nov. 92 294 043 (0.33~0.57) 18 14102 8
IAC 1 Nov. 92 240 0.21 (0.14-0.29) 91 14102 4
IAC 1 Apr. 93 288 0.66* (0.51-0.82) 35 18402 *)
Narsapur 9 Apr. 93 384 095 (0.75-1.2) 5.4 17402 18
1AC 1 Jul 93 in 0.29 (0.24-0.37) 17 17102 5
Coimbatore 15 Nov, 93 238 0.22 (0.18-0.27) 091 21102 4
Region 11
ladigunta 16 . Sep. 91 144 034 (0.23-0.51) 20 17403 6
Guntur 17 Sep. 91 240 32 (2.4-40) 18 17202 59
Guntur 17 Dec. 91 200 070 (0.53-0.95) 46 16103 3
Guntur 17 Nov. 92 288 12 (0.93-1.5) 77 16£02 22
R«shn 13
ahod 38 Jan.92 256 037 (0.28-0.52) 31 14402 7
N Dahod 38 Feb. 94 242 0.15* (0.12-0.18) 0.57 22103 3
?:Hun 47 . 93 257 0.063  (0.056-0.070) 012 44104 1
Pokhara 47 y 94 192 0047  (0040-0.058) 011 33105 1
Nm“ 48 Apr.95 288 021 (0.18-0.28) 073 24102 4
P 47 Apr.95 240 030 (0.20-0.40) 12 21103 H
Pakistan
Bahawalnager 49 Nov.91 271 086  (0.49-11) S0 17402 16

at P <008

RF (resistance factor)=LD,, field strain/ LD,, susceptible strain (from table 2).
Heterogenelty 7. * significant 0
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Table 8. Toxicity of topically applied manocrotophos to 3040 mg larvae of field strains of Helicoverpa armigers.

Strain Collect L} LDy (95% Cl) LDy
k.? date (ug/larva) :g?‘
7
“ Feb. 93 432 081"  (0.54-L1) 15 ot 1
Raipur 4 Feb. 93 384 0.48%*  (0.29-0.69) 9.0 10401 06
Durg 42 Feb. 93 288 046 (0.35-0.59) 32 151202 06
Rajnandgaon 41 Feb. 93 432 064" (0.46-0.85) 95 1101 08
Deori 40 Feb. 93 432 034" (0.23-046) 47 11301 o4
Region 10
IAC 1 Apr.93 432 181 (1.2-26) %) 09%01 2
1AC 1 93 3 0.66 (0.49-0.84) 62 13102 09
fon 11
tur 17 Oct. 93 336 26 (2.0-3.3) 20 15402 3
Rcslon 13 -
N ahod 38 Feb.94 285 096 0.72-13) 89 1302 1
eIro‘ll:h.m 47 Apr. 93 33 o7 (0.55-0.92) 61 14%01 1
Pokhara 47 May 94 288 037 (0.29~0.46) 20 18402 05

“RF (resistance factor)=LD,, field strain/LD,, susceptible strain (from table 2).
Heterogeneity x: °, significant at P < 0.05; *, P <0.01; ***, P < 0.001.

20- to 6500-fold between 1991 and 1994 (this study). Two
strains were collected in Tamil Nadu between 1989 and
1991 and these were highly resistant to cypermethrin (RFs
> 140-fold) (Armes et ? 1992); four strains were assayed
between 1992 and 1993 and a slight reduction in cyper-
methrin resistance levels was indicated (25- to 140-fold
resistance). This may be partly due to a real reduction in
pyrethroid use on cotton in the Coimbatore region where
the strains were collected. Regional Departments of Agricul-
ture in Tamil Nadu were discouraging pyrethroid use to
reduce sucking pest resurgence. There was also a realization
that field control of bollworms with the available
pyrethroids had become less effective in recent years (A.
Regupathy, personal communication).

In northern India, cypermekhrin RFs of 4-fold and 3- to
4-fold were reported in 1987 (Dhingra et al, 1988), and
1988-1989 (Mehrotra, 1990), respectively. Our data, which
records RFs of 20- to 37-fold in the Varanasi and New Delhi

straing colleded bekween 1991 And 1993 wgges! that
n H.

nnmgm populations in northem India. ln a parlllel s!udy.
dlscnmmahng dose monitoring showed that, by 1993,

ies In northern India were
slml]lr to those in central and southern India (Armes ¢t al.
1994). Cotton farmers in northem India experienced severe
H. armigera control problems during the 1993/94 and
1994/95 seasons because populations were excephonally
high and spray failures common. Prior to 1993, farmers in
the Indian Punjab typically applied 5-9 insecticide sprays to
cotton, but poor control from 1993 onwards necessitated
frequent repeat applications and 10-25 sprays were not
uncommon. During the 1994/95 season, it was estimated
that approximately 30% of the ted cotton yield in the
northem lndhn slales of Punjab |nd Harylm were loskfdue
to H.
urrmgml and leaf curl virus transmitted by whiteflies (Anon.,

Table 9. Toxicity of topically applied methomyl to 30-40 mg larvae of field strains of Helicoverpa armigera.

Strain Maj Collect n LD,, (95% Cl1) LDy Slope RF
ref!7 date (ug/larva) $SE
Region 7
42 Feb. 93 320 067 (0.50~0.91) 58 12101 ]
ion 9 .
26 Jan. 92 240 47 (3.5=7.1) 41 14202 36
Kannod 24 Jan. 92 360 038 (0.20-0.47) 27 15%02 3
Region 10
1AC 1 Nov. 91 240 50 (3.3~8.4) 129 09102 3
1AC 1 Dec. 91 249 028 0.20~0.36) 15 17402 2
Homnabad 11, Jan92 280 0.29 (0.19-0.41) 39 110l 2
IAC 1 Apr.92 240 0.25 (0.19-0.34) 18 1502 2
11
Rm 17 Dec.91 280 21 (16-27) 154 15202 162
Region 13
D: 38 Feb. 94 289 043 (0.31-0.63) 70 11t02 3
N
okhara 47 May 94 240 028 (0.22-0.38) 19 15402 2
Nepalganj 8 Apr95 288 14 (1.1-19) 11 14302 11
Pakistan
49 Nov. 91 240 045 (0.33~0.86) 12 10401 4

'RF (resistance factor)=LD,, field strain/LD,, susceptible strain (from table 2).
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1995). From the evidence ted, it is likely that increas-
ing pyrethroid resi in norther India in recent

years contrbuted significartly to hese p
The single strain collected from cotton in Bahawalnag;

ing reversion to lower resistance levels at that time. An
exception to this was the very high cypermethrin resistance

. (6500-fold), reported from the strain collected from an

Pakistan, in November 1991 was highly resistant to cyper-
methrin (RF=460-fold). During the 199192 season, H.
armigera populations on cotton were very high and even
10-13 insecticide applications compared to the usual 6-8 in
- previous years, did not achieve satisfactory control on many
arms (D. Chamberlain, personal ication). The situ-
ation in the Indian Punjab was similar. It was also in 1991
that significant levels of rmethrin resistance in H.
armigera were confirmed there (Mehrotra & Phokela, 1992).
As Bahawalnagar is only about 60 km west of the border
with the Indian Punjab, it is likely that the H. ammigera
populations are contiguous. In 1991, Ahmad et al. (1995)
also reported high levels of cypermethrin resi (RFs
29-168), for the first time from widely spaced locations
across the Pakistan Punjab.

p d H. armigera on groundnut over
large areas in the Bapatla region in March 1994, when
farmers applied 56 sprays between February and March in
an attempt to contain the outbreak.

A similar seasonal p ing of cyp
frnuenties was reported in discriminating dose monitoring
studies conducted at IAC and Guntur between 1990 an
1995 (Armes ¢t al, 1994 Armes unpublished data). At
present, it is not known whether end of season resistance
dilution is a result of immigration of less resistant popu-
lations or a competitive d.im?vu\hgt of resistant genotypes
in the absence of insecticide selection.

bhe ioh

Pyrethroid resistance mechanisms

The discovery of high levels of cy hein and
fenvalerate resistance in the strain collected from the Tarai
zone of Nepal was not a surprise in view of its proximity
to the Indian state of Uttar Pradesh (zone 4). However,

ppreciablé levels of pyrethroid resi in the Pokhara
strains are more noteworthy as the area is located in a valley
sutrounded by mountains, where the lowest elevations are
of the order 3000m above sea level. Independent local
selection of resistance is possible. but seems unlikely in view
of the fact that H. armigera is only a pest on toes and

In all the strains tested, pbo was a synergist for
{pry ."d £, 1 tmdimab; .t babali

c
l’ g b

ion was an important py id resi mech-
anism in larval H. armigera. The Tact that ful suppression of
resistance was never achieved in any strain suggests that
tabolic detoxification was probably only one of two or
more_mechani ferring pyrethroid
On the basis of mechanisms studies on H. ammigera in
Australia, it is likely that the non-pbo-synergizable com-
ponent was a result of the presence of nerve-insensitivity or
tration resi hani ination of both

Capsicum spp. in this region and insecticide use on these
crops was not excessive, Dispersal of resistant moths from
India seems the most likely cause (although unproven), for
the introduction of resistance alleles into populations in this
region, highlighting the extensive gene flow that can occur
in H. armigera, as Eas been observed in Australia (Daly &
Gregg, 1985).

The fact that all the strains collected during this survey,

ora

(Gunning e al, 1991, 1995). Both mechanisms have been
shown to exist in H. amigera populations in India: West &
McCaffery (1992) demonstrated tﬁat nerve-insensitivity was

resent to varying degrees in H. armigera strains collected
From Maharashtra an: Andhra Pradesh in 1992, and the
frequency of resistant individuals in a population carrying
the nerve-insensitivity allele was greater in strains collected
from insecticide treated cotton crops. Padma Kumari ¢t al.
(1995) have shown that reduced cuticle pecmeability confers

including those from remote areas, were resistant to
hein and fenval i sioni )

to hrin in some northem Indian H.

is is
i oo

b4 t hd
further evidence that pyrethroid resistance is
in H. armigera populations across the Indian

M (s

armigera popul

usually confers only a low

‘The implication is that the susceptible allele is probably now
rare (Armes et al., 1992). Further work is needed to establish
the extent of ist hroi

S r
order resistance (Gunning ef al, 1991, 1995), it is most likely
that nerve-insensitivity is the major contributor to the non-
b ible resistance. The high order pbo-insensitive

to other p d com-
pounds, although some degree of

poo-supp

istance to all molecul

ded in this study in strains collected from

is likely. -
Clearly, resistance levels recorded for all localities were
highly dependent upon the time in the cropping season
when the strains were collected. Both from the [AC data
(fig. 2), where regular collections were made over three
seasons and from data for areas such as Guntur, where 35
collections were made during each of the 1991/92 and
1992/93 seasons, it can be seen that steep increases in

intensively sprayed cotton and le crops, particularly
from coastal Andhra Pradesh, may be indicative of a second
high order nerve-insensitivity allele, but this is only specu-
lative at this stage. Super-Kdr was reported in H. armigera
strains in Australia in the early 19805 when pbo-insensitive
resistance levels were of the order of 100-fold (Gunning
et al, 1991); in this study we have recorded levels of up to
197-fold. In bo::\ countries, such high order resistance was
fated wit

resistance between August and March, coinciding ive use of i ides against
with the period of H. armigera infestation on a pyrethroid-esistant H. armigera over multiple generations in
of insecticide treated crops (typically cotton-pigeonp

crops (typ

chickpea). At IAC for example, pyrethroid resistance typi-
dlymﬂ&wl&foﬂovcrthemmudhm
Guntur where insecticide use was much greater, 19-
to In nearly all cases, late season (April-May),
e o o g ppation nd e ot
a feature srmigera

use during the summer period. Such conditions would result
in significantly reduced resist lection pressure, allow-

a season.
For the Hyderabad region, our data indicate that pbo-
insensitive resistance increases during the season, most
robably as a result of the cumulative selection effect of
rrzqnenllmediddzn ications on the three to five H.
armigera generations on cotton and crops
between August and January. n&p resistance
appears to increase again at the end of the poﬁw season
(gom March onwards), when little insecticide is used on field
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crops in central India. It is therefore, that reduced
pyrethroid resistance at this lime may result from the
d ing importance of nerve-insensitivity resi once

S 1P
PG

i pressure is éd. In'support of this
there is preliminary evidence for a fitness deficit associated
with nerve-insensitivity (AJ). West & AR. McCafery,
unpublished dah);Si ilarly, in An.:sm!ia, itis believe'd that

It has been shown in OP oxidative resistant housefly
strains that degradation of the P=O bond and concomitant
activation of P=S into P=O are increased over tible
strains (Oppenodrth. 1985). The latter bioactivation should
in theory result in greater sensitivity to the toxicant but is
largely overruled by detoxication. This is further compli-
%d by strong inhibition of detoxication of the resultant

comp by its P=5 p (Welling et al, 1974).

the sig in py

pressure, brought about by the introduction of a manage-

ment strategy, was mxmﬂble for the shift in pyrethroid
ist hani m nerve-insensitivity to oxidati

metabolism (Forrester et al, 1993).

Endosulfan resistance

Our bioassay data show that low level (2- to 28-fold),
endosulfan resistance is a feature of H. armigera throughout
the sampling range. In general, strains from northem India
and Nepal were less tolerant than those collected in central
and southem India, Resistance levels have not changed
markedly in India since 1987 when the peak RF recorded
in the coastal Andhra Pradesh cotton region was 13
(McCaffery et al. 1989). The highest recorded RF in this
study was 28 from the same region. However, even low
levels of endosulfan resistance appear to be associated with
unreliable control of H. armigera. On the IAC farm for
example, endosulfan has given very poor control of H.
armigera even when tolerance was only 5- to 10-fold. In
coastal Andhra Pradesh, 13-fold resistance was sufficient to
render this chemical ineffective for H. armigera control
(McCaffery et al, 1989). Similarly in Australia, 20- to 30-fold
resistance caused control problems on cotton crops in the
mid 1970s (Kay, 1977; Gunning & Easton, 1994).

Organophosphate resistance

In southem India, resistance to quinalphos has increased
appreciably since 1989-91, when levels were 2- to 9-fold
(Armes et al, 1992). In part, this is likely to be due to the
i ing popularity of quinalphos for cotton pest control
in recent years, parliculaﬂy in Andhra Pradesh where it is
considered superior to the available pyrethroids. In the low
rainfall dryland cotton tracts where water availability for
spraying is sometimes a problem, quimlphos‘dlust is popular.

We believe that a similar scenario occurs in phosphoro-
thionate resistant H. armigera in India. The apparent lack of,
or very low levels of, resistance to monocrotophos indicates
that insensitive AChE mechanisms and. glutathione s-
transferases are probably of minor importance in OP
resistant H. armigera in India at the present time. Enhanced
metabolic detoxification, by mfos, possibly as a result of
pyrethroid cross resistance, seems to be (although untested
to date), the most likely mechanism responsible for phos-
phorothionate OP resistance. Certainly it is clear from our
survey, that quinalphos resistance was highest in regions
9-11 where the pyrethroid resistance problem was most
acute.

Carbamate resistance

The number of strains assayed with methomyl were
quite small, but the data indicate that low level resistance
was widespread. Interestingly. in all three strains where RFs
were greater than 30-fold, high levels (RFs >150), of
pyrethroid resi were also ded. It is considered
that even low level methomyl resistance is sufficient to
cause field control failures, as methomyl is not very toxic
to H. armigera larvae (Gunning et al, 1992).

Methomy! has only been used widely in India over the
past four seasons, so it is difficult to account for such rapid
independ, i development. Even earlier data indi-
cated that pyrethroid resistant H, armigera populations in
intensive insecticide use areas of south India were resistant
to methomyl as early as 1990 (Armes et al, 1992). Prior to
this, methomyl had only been Imported into India as a
one-off emergency measure in an attempt to control the
very high populations of pyrethroid resistant H. armigera on
cotton crops in coastal Andhra Pradesh in 1988,

Carb istance is considered to result from mech-
anisms conferring enhanced mfo detoxification or insensitive

This may be the reason for the high quinalp
levels reported in reg\ion 9. Conversely, we found no
o

AChE (Oppenorth & Welling, 1976; Eto, 1990; Sun, 1992).
It is feasible therefore that methomy! resi has resulted

significant change in the status of resi [

tophos to that reported in 1986-87 (McCaffery et al, 1989),
and H wm{{na remained susceptible or only slightly
tolerant in all regions.

OP cross resistance is likely to be related to chemical
structure of the insecticides concemed. The significant
difference in resistance between the two test OPs,
mmhm and monocrotophos, may wel be due to the fact

. A insecticides (e.¢. quinalph

largely act as AChE inhibitors through an oxidative frans-
formation catalysed by mixed function oxidases (mfo) (Eto,

om Py d cross resistance to specific microsomal

oxidases, but this needs clarification by synergist and in vitro

investigation. In Australia however, it is believed that

boov] resi developed independently and cross
L4 14 7

resistance has not been inferred, but in this case methomyl

had been widely used on crops such as sweet com and
tobacco for many years (Gunning ef al., 1992).

Conclusions
It seems probable that a large prolpmbn of the

1990), and/or by hydrolytic action of phosph
hydrolases (Price, 1991). Classically, resistance to the

te type OPs is attributed to insensitive AChE
mechanisms  (Oppenoorth, 1985), and it has been
demonstrated phos susceptibility in H.
armigera s unaffected by oxidative inhibitors (Forrester ef al.,
1993).

to certain p y quinalp
in H. armigera in India can be attributed to an efficent
inherited or inducible mfo complex similar to the situation
which exists in Plutella sylostella Linnaeus (Lepidoptera:
Plutellidae) (Cheng ¢f al,, 1992), and Spodoptera frugiperda J.E.
Smith (Lepidoptera: Noctuidae) (Yu, 1991). Unfortunately,
prior to field failures resulting from pyrethroid resistance, no
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H. ammigera resi itoring had been conducted in
India, so the status of resistance to endosulfan, OPs and
_carbamates before the detection of pyrethroid resistance is
not known. It does however seem likely that, in view of the
fact that the first wides?md field failures in cotton were
ibutable to pyrethroid resistance, overuse of these chemi-
cals was the main cause of the cross resistance patterns
evident today.

The fact that resistance to cypermethrin and fenval
is now so widespread in H. armigera populations in the
Indian subcontinent, even in regions where insecticides
are little used, suggests that it is too late to consider
implementation of strategies to contain the further spread
of resistance to these molecules. Clearly a stable level of

taboli disted pyrethroid resi s present
throughout the Indian subcontinent and refugia of suscepti-
bles probably no longer exist. The high mobility and genetic
mixing of H. armigera populations is most likely resp |
for this, Even a low immigration rate can facilitate the
rapid spread of resistance alleles between isolated popu-
lations (Caprio & Tabashnik, 1992). It appears probable
that nerve-insensitivity and possibly also high order nerve-
insensitivity (Super-Kdr) genes contributed to the very high
resistance levels reported for some H. armiigera populations,
It is likely that Kdr confers a fitness cost as very high levels
of pyrethroid resistance only feature in areas where insecti-
cides are over-used. It is likely, therefore, that with careful
area-wide control over the use of insecticides, we could see
a marked reduction in the magnitude of pyrethroid resist-
ance through loss of the nerve-insensitivity alleles and
reversion to more stable lower level metabolic mediated
pyrethroid resistance. It is reasonable to assume that resist-
ance levels could be reduced from the current 100- to over
1000-fold levels commonly recorded in cotton growing
regions, to 20- to 60-fold simply by moderating insecticide
use on cotton and legume crops.

In the short term, insecticide resist gement
should aim to significantly reduce selection for nerve-
insensitivity resistance. This suggestion follows experiences
in Australia, demonstrating that good control of mfo
mediated resistant H. armigera can still be achieved with
pyrethroids through careful targeting of applications and
use of metabolic synergists (Forrester et al, 1993).

Currently, inseckici?es are grossly over-applied in most
cotton growing regions. In many cases the number of
applications could be significantly reduced without any
detrimental effect on cotton yields (Armes, unpublished
data). Clear benefits would result from reduced conventional
insecticide inputs, not only from a reduction in the intensity
of resistance, but also from a concomitant increase in the
success of biological control for secondary pests. Incorpor-
ation of pest-specific biorational pmicif]:? lnto spray
schedules would further augment these benefits.
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