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Abstract. Substitution of casein and wheat germ with locally available ingredients (chickpea flour,
soybean flour, wheat husk and sawdust) hi the specified casein-wheat germ diet affected various
biological parameters of pink bollworm (PBW), Pectinophora gossypiella. The diet containing
chickpea flour performed significantly better and is more economical than the other diets tested. The
highest PBW field populations were recorded in the month of October when large numbers of fruiting
bodies were present in the cotton. Field behavioural observations revealed that mating and other
sexual activities of treated and native moths varied significantly with time of night and peak activity
was during 03:00-04:00 hours. Male moths treated with 100 Gy as mature pupae responded well to
gossyplure baited traps. The attraction of male moths to irradiated virgin females decreased
significantly with increasing doses of radiation. Male moths responded more readily to virgin
untreated females than to irradiated females. Field-cage studies demonstrated that irradiated moths
(100 Gy) released at a 50:1 treated to normal ratio at three week intervals reduced larval infestations
inside the cages to subeconomic level. Studies suggested that there is a great potential for integrating
the egg parasitoid, Trichogramma chilonis, with the sterile insect technique to control cotton
bollworms.

1. INTRODUCTION

Cotton, Gossypium hirsutum is considered the backbone of the agricultural economy of
Pakistan and accounts for one third of the country's foreign export earnings. It also supports
many agri-based industries particularly textile mills. Within Asia, Pakistan ranks third in
acreage and fifth in cotton production [1]. Unfortunately, seed cotton yield is very low in
Pakistan as compared with other cotton growing countries of the world. Among the various
factors responsible for the low yield include poor crop husbandry, low soil fertility and the
ravages caused by insect pests.

Bollworms cause major losses to the cotton crop in Pakistan [2]. Pink bollworm, PBW,
Pectinophora gossypiella (Lepidoptera: Gelechiidae) is the most injurious of the cotton
bollworms present. The number of insecticide applications used to control PBW per season
ranges between 10-17 [3] which creates problems such as the development of resistance,
disturbance in biological equilibrium and environmental pollution. Biological methods to
control PBW have been suggested for use in Pakistan due to their lower cost and as
alternatives to manage the development of resistance [4]. Among these biological methods,
the genetic control technique that utilizes ionizing radiation to induce sterility is one of the
potential components of integrated management of PBW.

Releases of partially sterile male moths are more effective in population suppression than the
use of fully sterile males [5]. Henneberry and Clayton [6] observed that reproduction of Fi
irradiated PBW male and female moths was reduced by at least 88% when they were crossed
with untreated males or females. Flint et al. [7, 8] reported that PBW treated with 100 Gy
were more effective at suppressing PBW infestations inside cages than were moths treated
with higher doses. The theoretical advantages of releasing partially sterile insects appear
promising, but the contribution of the Fi generation in suppressing field populations has not
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been completely documented. A radiation dose of 100 Gy applied to mature pupae or 150 Gy
applied to adults (<24h) is suitable for inducing Fi sterility in pink PBW [6, 9].

The impact of releasing sterile moths may be influenced by possible adverse
behavioural changes in the treated insects. Graham [10] observed that mass-reared and
irradiated PBW males were compatible with native males in mating with native females and
produced equal number of spermatophores. However, mass reared males have been reported
not to mate competitively with native females in field-cages [11] or as frequently with native
females in the laboratory [7, 12, 13].

The full potential of SIT/Fi sterility as an area-wide control strategy for PBW may
only be achieved when it is integrated with other management techniques, especially where
more than one species of bollworm exist. The introduction and conservation of parasitoids in
cotton fields is a good base for any sustainable integrated pest management program.
Generalist egg parasitoids belonging to the genus Trichogramma have contributed
significantly to the control of many lepidopterous pests [14]. The objective of our studies was
to examine the suitability of integrating Fi sterility with parasitoids and nematodes for the
control of PBW.

2. MATERIALS AND METHODS

2.1. Artificial diet for PBW

PBW can be successfully reared on casein-wheat germ diet, however, this diet is expensive
because of the high cost of the casein and wheat germ. We tested five different diets where we
replaced casein or wheat germ with locally available ingredients in order to reduce the cost of
rearing PBW (Table 1). Eggs were collected from females that had been reared on the casein-
wheat germ diet. One hundred neonate larvae were transferred to the test diet media and the
experiment was replicated four times. Insects were reared at 27±2°C, a relative humidity of
70±5% and a 14L:10D photoperiod. Several biological parameters were measured for insects
reared on the different test diets.

2.2. Population survey in the target area

In order to achieve effective control of PBW it is important to have information on its
incidence and field phenology. We conducted a population survey using Delta traps baited
with the pheromone gossyplure (a 50:50 mixture of Cis-Cis and Cis-trans isomers of 7,11-
hexadecadienyl acetate). The gossyplure strip was placed inside the trap bottom. Ten traps
were hung in the cotton field within the top 15 cm of the cotton foliage. The sticky surface of
each trap was renewed periodically and the traps were re baited every 2 weeks for the entire
season to maintain them at full catching efficiency. Traps were examined periodically for
moth catches. Other bollworms caught in the traps were also counted.

2.3. Behaviour of treated PBW in the field: Mating table studies

Laboratory-reared PBW were marked with fluorescent dye and treated with 100 Gy of
gamma radiation as mature pupae. Treated males were released in the cotton field at a ratio of
5:1, treated to native. The number and source (treated or native) of PBW males caught at
different hours of the night was assessed using gossyplure-baited traps. Mating tables as
described by Snow et al. [15] were placed in a cotton field. Twenty clipped-wing virgin
female PBW, ten each from treated (100 Gy) or native (collected from cotton bolls) sources
were placed into the mating tables. In another experiment, females from both sources were
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Table 1. Diet ingredients used in the different artificial diets tested for Pectinophora
gossypiella

Diet Ingredients
(sufficient to prepare

1L of diet)
Agar

Casein
Wheat germ

Soy Flour
Chickpea Flour

Wheat Husk
Sawdust

Sugar
Alphacel

Wesson's Salts
Methyl-P

Water
Choline Chloride 10%

Formaldehyde 10%
KOH22%

Vitamin Solution l

Casein-
Wheat
Germ

20.00 g
40.60 g
34.80 g

-
-
-
-

40.60 g
5.80 g
11.60g
11.90g
774 ml

11.60 ml
4.80 ml
5.80 ml
3.90 ml

Chickpea
Wheat
Germ

20.00 g
-

34.80 g
-

34.80 g
-
-

40.60 g
5.80 g
11.60 g
11.90 g
774 ml

11.60 ml
4.80 ml
5.80 ml
3.90 ml

Soy
Wheat Germ

20.00 g
-

34.80 g
34.80 g

-
-
-

40.60 g
5.80 g
11.60 g
11.90 g
774 ml

11.60 ml
4.80 ml
5.80 ml
3.90 ml

Casein
Wheat Husk

20.00 g
40.60 g

-
-
-

34.80 g
-

40.60 g
5.80 g
11.60 g
11.90 g
774 ml

11.60 ml
4.80 ml
5.80 ml
3.90 ml

Casein
Sawdust

20.00 g
40.60 g

-
-
-
-

34.80 g
40.60 g
5.80 g
11.60 g
11.90 g
774 ml

11.60 ml
4.80 ml
5.80 ml
3.90 ml

Vitamin Solution contains: 24 g D-pantothenic acid, 12 g nicotinic acid amide,6 g folic acid; 6 g riboflavin, 3 g
thiamin hydrochloride, 3 g pyridoxin, 0.24 g biotin; 0.012 g B-12, in distilled water to make one liter.

placed together in the mating tables. Experiments were replicated five times. Pairs found in
copula were collected at hourly intervals from 23:00 to 05:00 hours. Females were brought to
the laboratory and confined in oviposition cages to collect eggs. The eggs collected were
incubated and percent hatch was recorded.

2.4. Behaviour of treated PBW in the field: Trapping studies

The ability of irradiated females to attract males may play an important role in population
suppression especially when both sexes are irradiated and released. As such, this ability was
examined in our studies. Mature female PBW pupae were irradiated at 0, 50, 100, 150 and
200 Gy and kept separated by dose. Newly emerged females from each dose were used to bait
Delta traps. Five virgin females were confined inside small wire and gauze cages (5 x 3.5 cm)
and suspended inside the traps. The females were provided with a 10% sugar solution on a
cotton wick. Traps were hung at the level of plant canopy and placed in the field in the
evening. Male moths captured in each trap were counted and removed daily. The effect of
female age on their attractiveness to male moths also was determined.

2.5. Evaluation of Fi sterility in field-cages

Field-cage studies were conducted to evaluate the effect of Fi sterility for the control of PBW.
Six field-cages (1.8 x 1.8 x 1.8 m) were placed in a cotton field at the seedling stage. The
native population of PBW remaining inside the field-cages (mainly from diapausing larvae)
was monitored using gossyplure-baited traps and inspection of cotton fruiting bodies on a
weekly basis. After confirming there was no infestation inside the cages, five pairs of
laboratory-reared, untreated adult moths were introduced into the cages during the first week
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Table 2. Development data for various life stages of Pectinophora gossypiella on different
artificial diet

Biological Parameters

Length of larval period
(d)
Adult emergence (%)
Larval weight (mg)
Pupal weight (mg)
Pupal recovery (%)
Eggs per female
Percent Hatch
Longevity male (d)
Longevity female (d)

Casein
Wheat Germ

17.90 d

74.23 a

18.82a

12.17 a

72.75 a

148.47 a

68.12 a

13.20 a

12.47 a

Chickpea
Wheat Germ

20.55 c

61.02 b

17.64 b

11.87 s

61.50 b

103.80 b

62.75 b

9.93 b

10.00 b

Soy
Wheat Germ

24.58 b

48.00 c

14.85 c

9.42 b

44.50 c

69.60 d

55.90 °
8.33 c

9.46 b

Casein
Wheat Husk

24.27 b

55.81 b

18.45 a

7.26 c

49.75 c

92.86 c

69.38a

10.38 b

9.63 b

Casein
Sawdust
30.44 a

17.11 d

9.87 d

7.68 d

13.50 c

8.83 c

13.38 d

4.38 d

4.80 c

Means sharing the same letters are not significantly different (P < 0.05).

Table 3. Population fluctuation of pink, spotted and spiny bollworms during cotton season

Months Adult moths captured per trap per week
PBW Spotted BW Spiny BW

June 0.0 1.5 0.5
July 0.5 4.0 0.5
August 2.5 17.5 2.0
September 10.25 11.0 5.0
October 60.0 5.0 11.0
November 11.5 6.5 5.0
December 12.0 9.0 6.0

of August. In addition, 100 pairs of treated (100 Gy) adults were released into two of the
cages (20:1 irradiated to normal ratio) and 250 pairs into two other filed-cages (50:1 irradiated
to normal ratio). Two cages were kept as control and received only the untreated PBW.
Releases at these ratios were made into the cages at three week intervals; three total releases
in each cage. Rosette blooms and infestation in green bolls were recorded at weekly intervals.

2.6. Potential of Trichogramma chilonis to parasitize the eggs of cotton bollworms

Trichogramma chilonis was reared on eggs of the Angoumois grain moth, Sitotroga
cerealella. The parasitized eggs were placed individually in small transparent plastic
ampoules (0.5 x 2.5 cm sealed at both ends). Upon emergence, the parasitoid were sexed and
a single pair was released into vials containing fresh eggs of pink, spotted (Aerias vittella;
Lepidoptera: Noctuidae) and spiny (Aerias sp.) bollworms glued on paper cards. Parasitism
on each card was recorded. The effect of host egg age and parasitoid age on parasitism of
different bollworms eggs was recorded.
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2.7. Evaluation of the entomopathogenic nematode, Steinernema riobravis, for control
ofPBW

Steinernema riobravis was imported from Phoenix, AZ. A soil preserved nematode solution
(10%) was prepared and applied in 5, 10,15, 20 and 25 ml quantities to blotting paper in petri
dishes. Five diapausing larvae of PBW were exposed to the different nematode doses in each
petri dish. The experiment was replicated four times. The treated larvae were reared in the
laboratory at 27±2°C, 70±5% R.H and 14L:10D photoperiod Pupation and mortality of PBW
larvae was recorded for each treatment.

3. RESULTS

3.1. Artificial diet for PBW

A comparison of the biological parameters measured for PBW reared on the different test
diets is summarized in Table 2. Diet composition had a significant impact on various
biological parameters. The replacement of casein with chickpea or soybean flour and the
replacement of wheat germ with wheat husk or sawdust resulted in delayed pupation and
reduced pupal recovery. Larvae reared on the casein-wheat germ diet produced significantly
(P > 0.05) heavier pupae, higher pupal recovery and shorter larval and pupal developmental
times. The fecundity and fertility of the adults emerged reared on the casein, wheat germ diet
was also higher. The chickpea wheat germ diet was the most promising of the diets tested.
PBW reared on this diet performed significantly better than those reared on the other diets
tested. The other test diets did not prove effective for rearing PBW.

3.2. Population survey in the target area

Results of the PBW population survey using pheromone traps are presented in Table 3. The
moth population was very low during the hot months of summer i.e. May to July. The
population started to increase in July and continued growing through August and September.
Peak moth populations were recorded in October, after which the population started to
decline. Populations of spotted bollworm peaked in August, while populations of spiny
bollworm followed the same trends for PBW.

3.3. Behaviour of treated PBW in the field: Mating table studies

The number and source (treated or native) of PBW males caught at different hours of the
night in gossyplure-baited traps are presented in Table 4. For both groups, males were first
captured between 22:00-23:00, and peak captures occurred between 02:00-04:00 hours.

The number of mating pairs collected from mating tables containing treated, native or mixed
source clipped-wing females revealed that mating activity for both treated and native PBW
moths began at 23:00 hours. Peak sexual activity was recorded during the early morning
(02:00-03:00) when a total of 99 pairs were collected. The treated males responded well to
the calling behaviour of the native females. Furthermore, the lower number of treated females
found copulating with native males suggests that irradiation affected the sexual activity of the
treated females. However, calling behaviour occurred at similar times during the night in both
treated and native females.

The fecundity and fertility of clipped-wing PBW females collected in copula in mating tables
are presented in Table 5. Fecundity and fertility varied significantly for mating pairs collected
during different hours of the night. Significantly more eggs were laid by females collected
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Table 4. mean number of pectinophora gossypiella moths captured per trap baited with
gossyplure at different hours of the night

Collection hours Mean number males captured
Treated Native

0.0 c
0.0 e
1.5 d
1.5 d
1.7 d

2.35 c
11.68 b
19.85 a
2.95 c
2/7_c

Means sharing the same letters are not significant (P < 0.05).

Table 5. Mean number of eggs per female laid by Pectinophora gossypiella collected during
different hours of the night

20:00-21:00
21:00-22:00
22:00-23:00
23:00-24:00
24:00-01:00
01:00-02:00
02:00-03:00
03:00-04:00
04:00-05:00
05:00-06:00

0.0 g
0.0 g
1.0 f

1.75 e
1.5 ef
2.2 de
10.75 b
18.2 a
3.75 c
2.8 d

Hour of
Observation

23:00-24:00
24:00-01:00
01:00-02:00
02:00-03:00
03:00-04:00
04:00-05:00

Mean number of eggs

IMxNF
26.5 e
25.7 cd
35.9 b
37.8 ab
39.5 a
21.9 d

NMxIF
18.8 b
16.5 b
17.86 b
21.6 a
18.5 b
15.9 b

per female

N M x N F
24.2 d
27.8 c
36.96 b
41.8 a
37.5 b
29.8 c

EVIx
2.5
4.5
3.9
6.8
2.9
1.6

NF
c
b
b
a
c
d

Percent Hatch

NMxIF
7.1 d
10.6 b
8.9 c
12.6 a
8.9 c
5.2 e

NMx
66.7
56.9
70.8
86.7
71.1
60.5

NF
c
d
b
a
b
d

Means sharing similar letters are not significant (P < 0.05).
NM = Native male; NF = Native female; IM = Irradiated male; IF = Irradiated female

during early the morning (02:00-04:00) in all types of pairings. Untreated females mated to
untreated males had the highest fecundity, followed by untreated females mated to irradiated
males. Treated females mated to irradiated males failed to lay eggs. Fertility was significantly
higher for normal male x normal female crosses followed by normal male x irradiated female
and irradiated male x normal female.

3.4. Behaviour of treated PBW in the field: Trapping studies

The mean number of PBW males captured in traps baited with females irradiated at different
doses is shown in Table 6. Our results show that male moths responded to all female
treatments irrespective of irradiation dose. However, female attractiveness was significantly
reduced with increasing doses of gamma radiation. The response of males to traps baited with
untreated females was significantly higher than for traps baited with irradiated females.
Female age affected male moth capture. Captures of male moths was drastically reduced
when calling females were older that 2 days.
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Table 6. Mean number of Pectinophora gossypiella male moths captured in traps baited with
females irradiated at different doses of gamma radiation

Age of females
(days)

1
2
3
4
5

Number of moths captured

OGy
A 17.75 b
A 37.25 a
A 10.00 c
A 4.75 d
A 1.00 e

50 Gy
B 11.75 b
B 24.75 a
B 6.75 c
B 3.00 d
A 0.25 d

in female baited
treated with

100 Gy
B 10.25 b
C 18.00 a
B 5.75 c
B 1.75 d
A 0.50 d

traps* when

150 Gy
C 7.00 b
C 15.00 a
B 4.50 be
B 2.00 cd
A 0.50 d

females were

200 Gy
D 3.50 be
D 8.50 a
B 4.25 b
B 1.50 be

BO.Oc

*Each trap baited with five virgin females.
Letters on the left and right sides of the mean values show intra and inter column variations. Means sharing
similar letters are not significant (P < 0.05).

Table 7. Mean percent larval infestation of Pectinophora gossypiella in the flowers and green
bolls of cotton in field cages

Release Ratio
Irradiated : Normal

50:1
20:1

control

Percent larval

Flowers
4.93 b
6.71b
21.87 a

infestation in

Green bolls
5.24 b
8.57 b

21.35 a

Means sharing the same letters in each column are not significant (P < 0.05).

3.5. Evaluation of Fi sterility in field-cages

The data collected from cotton flowers and green bolls (Table 7) indicated that cages where
moths were released at a ratio of 50:1 had lower infestations (4.93% for flowers; 5.24% for
bolls) when compared to cages where moths were released at a 20:1 ratio (6.71% for flowers;
8.57% for bolls). PBW infestation was significantly higher in the flowers and green bolls of
the control cage.

3.6. Potential of Trichogramma chilonis to parasitize the eggs of cotton bollworms

Parasitism by T. chilonis of eggs from different cotton bollworms is shown in Table 8.
Parasitism was much higher in PBW eggs than in spotted or spiny bollworms. The parasitic
potential of a single T. chilonis female for PBW was 21.7 eggs per female as compared to
2.98 and 2.76 in spotted and spiny bollworms eggs, respectively. Furthermore, the parasitic
potential of T. chilonis decreased as the age of host eggs increased.

Parasitoid age also affected the parasitoid potential of T. chilonis. Freshly emerged parasitoids
parasitized significantly more eggs when compared to one and two-day old parasitoids (Table
9). In the case of spotted and spiny bollworms, freshly emerged (0-1 day) T. chilonis
parasitized only fresh bollworm eggs, whereas they successfully parasitized PBW eggs of up
to 3 days in age (Table 8).
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Table 8. Parasitic potential oi Trichogramma chilonis as influenced by the age of the host eggs

Age of host eggs
(days)

Potential parasitism in eggs of

0-1
1-2
2-3
3-4

PBW
21.7 a
16.0 b
4.6 c
0.7 d

Spotted Bollworm
2.98
0.0
0.0
0.0

Spiny Bollworm
2.76
0.0
0.0
0.0

Means sharing the same letters are not significant (P < 0.05).

Table 9. Effect of Trichogramma chilonis age on parasitization in eggs of different bollworm
species

Age of Parasite (days) PBW Spotted Bollworm Spiny Bollworm
0-1
1-2
2-3

25.5 a
4.9 b
0.7 c

3.1
0.0
0.0

3.3
0.0
0.0

Means sharing the same letters are not significant (P < 0.05).

Table 10. Mortality percentage in diapausing larvae of Pectinophora gossypiella treated with
nematodes

Quantity of Nematodes (ml) Mean mortality (%)
5
10
15
20
25

control

46.67 c
60.00 be
53.33 c

73.33 ab
86.66 a

0.0

Means sharing the same letters are not significant (P < 0.05).

3.7. Evaluation of the entomopathogenic nematode, Steinernema riobravis, for control
of PBW

The highest larval mortality was recorded in PBW treated with 25 ml of the 10% soil
preserved nematode solution (Table 10). No larval mortality was recorded in the control.
Percent pupation of larvae in the control was higher than in the treated larvae.

4. DISCUSSION

Economical production of laboratory insects is a major prerequisite for the successful
application of a sterile or Fi sterility release program. We report the substitution or
replacement of diet ingredients with locally available materials in order to reduce the cost of
rearing. In our studies casein was substituted with chickpea flour or soybean flour, and wheat
germ was replaced by wheat husk or sawdust. Pupal recovery, fecundity and fertility were
reduced in the chickpea flour diet when compared to the normal diet, however, the cost of the
chickpea diet is much more economical. Shaver and Raulston [16] substituted casein with
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soybean meal in the diet for tobacco budworm and reported that the cost of rearing was
drastically reduced. Raulston and Shaver [17] reported that agar and casein in the diet of
tobacco budworm contributed 54% of the total cost and that a low agar-casein diet reduced
the cost of rearing by 25%. Our results indicate that although the chickpea, wheat germ diet
was not as effective as the normal diet for rearing of PBW, this diet has some potential
because it performed well concerning larval development, fecundity and fertility of PBW. The
nutritional quality of this diet needs to be examined in the future.

Field surveys of PBW indicated that peak populations occur in the month of October. This
might be due to the presence of large number of available fruiting bodies in the cotton field. A
similar phenological pattern has been reported by other authors [18, 19]. Most of the
behavioural studies on PBW have been conducted in the laboratory or in field-cages. The
impetus to study the effect of gamma radiation on mating behaviour in PBW was heightened
following the discovery of inherited sterility in the progeny of partially moths [5]. Our field
behavioural studies on irradiated PBW indicated that males responded well to gossyplure-
baited traps when they had been treated with 100 Gy. However, others [13] have reported that
laboratory reared irradiated PBW males failed to mate as frequently (with native or
laboratory-reared females) as did the native or laboratory-reared, untreated males.

In our mating table studies, the highest number of males were attracted to and mated with
clipped-wing irradiated virgin females between 02:00 and 03:00 hours. However, Henneberry
and Keaveny [20] collected the highest number of mating native male and female PBW
between 19:00-22:00 and 01:00-05:00 hours. Female calling behaviour and male response
are primarily controlled by day length, temperature and the interaction of these two factors
[21]. Short days and cool temperatures result in earlier mating or trap response. Trap response
by PBW changed from early to late as the season progressed [20, 21, 22].

Our studies suggest that the ability of gamma irradiated female PBW to attract native males
was dose dependent, and attractiveness was significantly higher when females were treated
with 100 Gy. Releases of partially sterilized PBW at three week intervals at a ratio of 50:1
treated to normal, reduced the larval infestation to sub-economic levels inside field-cages.
These experiments showed that the number of progeny produced by the partially sterile moths
was limited and caused no significant damage to the crop. These results agree with those of
Bariola et al. [23] and Flint et al. [8]. The reduced larval infestation in cotton fruiting bodies
suggested an additive effect of induced and inherent sterility in PBW moths. As such, we
would suggest that releases of irradiated moths should be carried out more frequently than
three-week intervals to insure that sexually active, sterile or partially sterile males are always
present to mate with the native females.

Our studies showed T. chilonis preferred PBW eggs when compared to spotted and spiny
bollworms eggs. This preference might be due to the colour of the host eggs. Vinson [24]
reports that host egg colour plays a key role in the recognition process of parasitoids. Ashraf
et al. [25] observed that T. chilonis preferred green, yellow and white ovipositional substrates
when compared to blue, black, red and pink substrates. The colour of PBW eggs is light
yellow while spotted and spiny bollworm eggs are blackish gray. We suggest that T. chilonis
can be integrated with genetic methods for the control of PBW.
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