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Abstract
Virgin male and female Indianmeal moths, Plodia interpunctella (Hubner),
.
were mated soon after
emergence or delayed from mating for 1–5 d, to determine the effect of age at mating on the number of
spermatophores transferred by males to females, number of eggs laid (fecundity), egg viability, and adult
longevity. When male and female moths were mated without delay, all females mated successfully. On
average, each mated female had 2.2 spermatophores and laid 161 eggs. About 99% of the eggs laid were
viable. Fecundity and egg viability were signiﬁcantly and positively correlated with the number of
spermatophores/female. For each day that mating of virgin male or female P. interpunctella was delayed,
fecundity decreased by about 25 eggs. Egg viability decreased by 22%/d only when females were delayed from
mating. Males delayed from mating for 5 d were unable to inseminate females. However, about 23% of
females had one spermatophore when females or both males and females were delayed from mating for 5 d.
On average, 22–39 non-viable eggs were laid by a female in treatments where male or female moths were
delayed from mating for 5 d. Similarly, unmated (virgin) females laid 33 non-viable eggs. These results suggest
that methods that can delay and disrupt mating may be effective behavioral strategies for managing this
important pest of stored commodities and processed foods. r 2002 Elsevier Science Ltd. All rights reserved.
Keywords: Indianmeal moth; Mating delay; Egg production; Egg viability

1. Introduction
Delaying mating has been shown to have a signiﬁcant effect on the number of spermatophores
transferred by males to females, number of eggs laid (fecundity), and egg viability in insect pests
belonging to several families of Lepidoptera (Kehat and Gordon, 1977; Ellis and Steele, 1982;
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Henneberry and Clayton, 1985; Lingren et al., 1988; Wakamura, 1990; Unnithan and Payne,
1991; Walker, 1991; Proshold, 1996; Knight, 1997; Spurgeon et al., 1997; Fadamiro and Baker,
1999). The effects of delayed mating on reproductive performance of stored-product moths have
not been extensively investigated. To our knowledge, there is only one paper (Mbata, 1985) that
brieﬂy described the effects of delaying female mating on oviposition in the Indianmeal moth,
Plodia interpunctella (Hubner),
.
an important pest of raw and processed cereals worldwide (Sinha
and Watters, 1985).
In the present investigation, we examined in detail the effect of male, female, and both male and
female age at mating on the number of spermatophores transferred to females, fecundity, egg
viability, and adult longevity. This information will be useful in developing mating disruption
strategies using pheromones (Jones, 1988a, b; Knight, 1997) and ultrasound (Acharya and
McNeil, 1998) for suppressing P. interpunctella populations.

2. Materials and methods
2.1. Insects
Cultures of P. interpunctella were reared on a poultry-mash diet (Subramanyam and Cutkomp,
1987) at 281C, 65% r.h., and 14 h light:10 h dark cycle. The diet (200 g) in 0.95-l glass jars was
seeded with approximately 200 eggs. Corrugated paper spools, placed above the diet in each jar,
served as pupation sites for wandering larvae. Pupae collected from spools were sexed using
characters described by Butt and Cantu (1962). Male and female pupae were placed in separate
0.95-l jars. Jars were checked twice daily, and moths (0–12-h-old) that emerged were used in
experiments.
2.2. Mating treatments
There were a total of 18 mating treatments (see Table 1). Newly emerged virgin females were
paired with newly emerged virgin males or with 1–5-d-old virgin males (treatments 1–6). Newly
emerged virgin males were paired with 1–5-d-old virgin females (treatments 7–11), and 1–5-d-old
virgin females were mated with virgin males of the same age (treatments 12–16). In each of these
treatments, ﬁve females were paired with ﬁve males. In two of the treatments, ﬁve newly emerged
virgin females were not paired with males (treatment 17), and ﬁve newly emerged virgin males
were not paired with females (treatment 18).
Each treatment was replicated 3–6 times by introducing the appropriate number of moths in
0.95-l glass jars. After moth introduction, jars were covered with wire mesh screens (1.58 mm2
holes) ﬁtted to metal lids. The jars were inverted over 9-cm diameter glass Petri dishes to collect
the eggs that dropped through the mesh. All jars were held in the same growth chamber used for
rearing the insects. Petri dishes and jars were checked daily between 8:00 a.m. and12:00 noon local
time, to count the number of eggs laid and number of dead moths. Jars were checked until all
adults were dead.
Eggs collected daily were placed in 25 mm diameter  10 mm high plastic Petri dishes. These
dishes were placed above 10 g of P. interpunctella rearing diet held in 0.47-l glass jars, so that
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Table 1
Effects of delayed mating by male, female, or both male and female Plodia interpunctella on preoviposition period and
spermatophore transfer
Treatment Treatment
Preoviposition No. females No. spermatophores/ Percentage of females with 0–4
no.
period (d)
dissected
female (Mean7SE)a spermatophores/female
a
Female Male (Mean7SE)
0
1
2
3
4
age (d) age (d)
1b
2c
3c
4b
5d
6c
7c
8c
9c
10c
11c
12e
13e
14d
15c
16c
17c

0
0
0
0
0
0
1
2
3
4
5
1
2
3
4
5

0
1
2
3
4
5
0
0
0
0
0
1
2
3
4
5
female

0.6770.21b
1.0070.26b
0.3370.21b
0.5070.29b
1.0070.00b
2.6770.42a
1.5070.22
2.1770.17
3.0070.00
4.0070.00
5.0070.00
1.0070.00
2.0070.00
3.0070.00
4.0070.00
5.0070.00
2.1770.54a

16
29
30
20
24
30
30
29
30
29
30
15
15
21
30
30

2.2470.12a
1.8370.19ab
1.5770.29bc
0.8570.05ef
0.6270.17efg
0.0070.00i
1.7370.15bc
1.4070.25cd
1.0370.06de
0.5270.07fgh
0.2070.07hi
1.8070.12abc
1.0770.07de
0.8570.05ef
0.3370.07ghi
0.0370.03i

0.0
0.0
0.0
15.0
37.5
100.0
0.0
3.4
6.7
55.2
76.7
0.0
0.0
14.3
66.7
76.7

6.3
34.5
60.0
85.0
62.5
0.0
46.7
69.0
86.7
34.5
23.3
33.3
93.3
85.7
33.3
23.3

62.5
44.8
26.7
0.0
0.0
0.0
36.7
13.8
6.7
10.3
0.0
53.3
6.7
0.0
0.0
0.0

31.3
20.7
10.0
0.0
0.0
0.0
16.7
10.3
0.0
0.0
0.0
13.3
0.0
0.0
0.0
0.0

0.0
0.0
3.3
0.0
0.0
0.0
0.0
3.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

a

Means in a single column followed by different letters are signiﬁcantly different (Po0:05; least squares means test).
n ¼ 4 replications.
c
n ¼ 6 replications.
d
n ¼ 5 replications.
e
n ¼ 3 replications.
b

larvae hatching from eggs could infest the diet. These jars were held at the same environmental
conditions mentioned above. After 1 week, dishes were checked for eggs that failed to hatch. Egg
viability in each dish was determined from the number of eggs out of the total that hatched. Dead
female moths were collected and preserved in vials containing 100% ethanol. Females were
dissected under the stereomicroscope to determine the number of spermatophores in the bursa
copulatrix (Lum, 1979).
2.3. Data analysis
A completely random design was used for the experiments. Only the percentage of egg viability
data were transformed to angular values (Zar, 1984) before analysis to stabilize variances across
the treatments. Data on the number of spermatophores transferred to females, preoviposition
period, number of eggs laid, egg viability, or adult (male or female) longevity were subjected to
one-way analysis of variance using the PROC GLM procedure (SAS Institute, 1990), to determine
treatment differences. Treatment means were separated using the least squares means test at the
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a ¼ 0:05 level (SAS Institute, 1990). For each treatment, the frequency distribution of females
with 0–4 spermatophores was expressed as a percentage of the total females dissected. Linear
regressions (SAS Institute, 1990) were used to determine the relationship between mating delay (in
days) and each of the biological responses observed, and between any two biological responses.

3. Results
3.1. Effects of delayed mating on preoviposition period
Preoviposition data in treatments where female mating was delayed were not subjected to
statistical analysis, because the preoviposition period was confounded with the number of days
females were delayed. Comparisons among treatments 1–6 and 17 (Table 1) showed signiﬁcant
differences (F ¼ 7:28; df=6, 32; P ¼ 0:0001). The preoviposition period was about 2–3 d in virgin
females or males delayed from mating for 5 d. In treatments where males were delayed by 0–4 d,
females laid eggs within 1 d, and these treatments were not signiﬁcantly different from one another
(P > 0:05). In treatments where mating by females was delayed (treatments 7–16), eggs also were
laid within a day.
3.2. Effects of delayed mating on spermatophore transfer
The number of spermatophores obtained per female varied signiﬁcantly among the treatments
(F ¼ 21:45; df=15, 66; P ¼ 0:0001). The highest mean number of spermatophores (2.24/female)
was observed when males and females were paired without delay (treatment 1) (Table 1). In this
treatment, about 63% of females had two spermatophores while 31% had three spermatophores.
The number of spermatophores per female decreased signiﬁcantly when mating by males, females,
or both sexes was delayed. Spermatophore transfer did not occur when 5-d-old males mated with
0-d-old females (treatment 5). Generally, 0–3 spermatophores were found in females, and the
maximum number observed was four in two treatments (treatments 3 and 8). The frequency
distribution of spermatophores also varied among the treatments. All females had at least one
spermatophores if mating delay by males, females, or both was p1 d.
The number of spermatophores per female decreased (Po0:01) as a function of male delay
(Y ¼ 2:3020:44X ; n ¼ 6; R2 ¼ 0:983), female delay (Y ¼ 2:1520:32X ; n ¼ 6; R2 ¼ 0:749), or
both male and female delay (Y ¼ 2:1720:45X ; n ¼ 6; R2 ¼ 0:982).
3.3. Effects of delayed mating on fecundity
Fecundity was different among treatments 1–17 (F ¼ 36:08; df=16, 85; P ¼ 0:0001). More eggs
were laid when there was no mating delay (treatment 1) than in any other treatment combination
(Table 2). Virgin females laid about 33 eggs. In treatments where females, males, or both sexes
were delayed by 5 d, fecundity was not signiﬁcantly different (P > 0:05).
There was a positive relationship (Po0:01) between fecundity and number of spermatophores
per female (Y ¼ 18:59 þ 55:72X ; n ¼ 6; R2 ¼ 0:941). Fecundity decreased (Po0:01) as a function
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Table 2
Effect of delayed mating on fecundity, egg viability, and adult longevity of Plodia interpunctella
Treatment
no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
a

Mean7SEa

Treatment
Female
age (d)

Male
age (d)

No. eggs/female

Egg viability
(%)

Male longevity
(d)

Female longevity
(d)

0
0
0
0
0
0
1
2
3
4
5
1
2
3
4
5
female

0
1
2
3
4
5
0
0
0
0
0
1
2
3
4
5

161.3715.4a
120.379.4b
115.9716.9b
72.977.9c
57.7711.0cde
22.474.7f
107.4714.7b
78.178.2c
71.977.6c
30.974.6ef
38.577.2def
116.9716.5b
68.3710.1c
66.4711.5cd
36.973.4ef
27.175.4f
32.575.9ef

99.270.3a
99.470.4a
99.174.9abc
86.779.3abc
92.176.7ab
0.070.0f
96.371.5ab
90.872.7bc
73.475.8de
6.875.9f
0.070.0f
98.170.6ab
83.475.5cd
58.4715.1e
18.5715.2f
0.070.0f
0.070.0f

4.270.3e
4.970.1de
4.970.2de
5.470.1bcd
6.570.3a
6.270.1ab
5.670.4bcd
5.670.3bc
5.970.4ab
6.070.4ab
5.870.4abc
4.970.5cde
4.870.2de
5.470.2bcd
6.070.3ab
6.070.0ab

5.370.4efg
6.170.3abcde
5.070.5fg
4.770.2g
5.970.3abcde
6.770.3a
6.270.2abcd
6.570.3ab
6.370.2abc
6.670.2a
6.670.2a
5.470.3defg
5.370.3efg
5.770.3bcdef
6.370.2abcd
6.470.1ab
5.670.3cdef

male

5.770.2bc

Means within each column followed by different letters are signiﬁcantly different (Po0:05; least squares means test).

of male delay (Y ¼ 157:84226:44X ; n ¼ 6; R2 ¼ 0:974), female delay (Y ¼ 142:0224:28X ; n ¼ 6;
R2 ¼ 0:893), or both male and female delay (Y ¼ 144:69226:02X ; n ¼ 6; R2 ¼ 0:92).
To show shifts in oviposition as a function of male age at mating, the mean daily oviposition
data were plotted over a 9-d period using data from treatments 1–6 and 17 (Fig. 1). In all seven
treatments, very few or no eggs were laid during the ﬁrst day. When newly emerged females were
mated with newly emerged or 1-d-old males, most of the eggs (roughly 60%) were laid on the third
and fourth day after mating. When newly emerged females were mated with 2–3-d-old males,
52–70% of the eggs were laid on the second and third day after mating. Females mated with 4-dold males laid about 90% of the eggs between the second and ﬁfth day after mating. Females
mated with males delayed by 5 d laid most of the eggs 5 d after mating, and very few eggs were laid
on the ninth day after pairing.
3.4. Effects of delayed mating on egg viability
Egg viability varied among the treatments (F ¼ 36:08; df=16, 85; P ¼ 0:0001). Egg viability
among treatments in which 0–4-d-old males were mated with newly emerged females was not
different (P > 0:05) (Table 2). However, egg viability decreased when females or both males and
females were delayed from mating for X2 d, and the decrease in egg viability as a function of
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0
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0
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Newly emerged virgin females paired with newly emerged virgin males
Total eggs laid, N = 2581

Newly emerged virgin females paired with 1-d-old virgin males
N = 3609

Newly emerged virgin females paired with 2-d-old virgin males
N = 3477

Newly emerged virgin females paired with 3-d-old virgin males
N= 1458

Newly emerged virgin females paired with 4-d-old virgin males
N = 1385

Newly emerged virgin females paired with 5-d-old virgin males
N = 672

20
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0
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0

Newly emerged virgin females only
N = 520
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6

8
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Time (days)
Fig. 1. Daily oviposition patterns of unmated female Plodia interpunctella and newly emerged females mated
with 0–5 d-old males. For each treatment, total number of eggs laid (N) represents eggs laid by all females.

moth age was greater in these treatments when compared with treatments where only males were
delayed from mating. This indicated that egg viability was more closely related to female than
male age.
There was a positive relationship (Po0:01) between egg viability and number of
spermatophores per female (Y ¼ 10:86 þ 51:55X ; n ¼ 6; R2 ¼ 0:749). However, there was no
relationship between egg viability and male delay. There was a negative relationship between egg
viability and female delay (Y ¼ 116:9222:3X ; n ¼ 6; R2 ¼ 0:839), and male and female delay
(Y ¼ 113:9221:7X ; n ¼ 6; R2 ¼ 0:931).
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3.5. Effects of delayed mating on adult longevity
Average female longevity among treatments ranged from 5 to 7 d and male longevity from 4 to
7 d (Table 2). A comparison among treatments showed that mating delay had a small, but
signiﬁcant, effect on the longevity of males (F ¼ 3:81; df=16, 71; P ¼ 0:0001) and females
(F ¼ 4:3; df=16, 71; P ¼ 0:0001). The longevity of both virgin males and females was similar
(5.6 d).
Linear regressions indicated a positive relationship (Po0:05) between female longevity
(Y ) and female delay (Y ¼ 5:71 þ 0:21X ; n ¼ 6; R2 ¼ 0:661) or both male and female
delay (Y ¼ 5:12 þ 0:25X ; n ¼ 6; R2 ¼ 0:843). However, female delay was not linearly
related (P > 0:05) to male delay. Male longevity was positively related only to male delay
(Y ¼ 4:26 þ 0:44X ; n ¼ 6; R2 ¼ 0:886).
In general, the adverse effects observed when both male and female P. interpunctella were
delayed from mating were not additive, and more closely resembled those observed in treatments
where only the females were delayed from mating.

4. Discussion
The preoviposition period observed in our study was not affected when males were delayed
from mating for 1–4 d. However, the preoviposition period was signiﬁcantly longer (2.7 d) when
males were delayed from mating for 5 d, and the preoviposition period (Table 2) and oviposition
patterns (Fig. 1) were similar to those observed with unmated females (treatment 17). In general,
there was a negative relationship between preoviposition period and number of spermatophores
per female. The preoviposition period of the spiny bollworm, Earias insulana Boisduval, also was
signiﬁcantly prolonged in unmated females, enabling the female to delay oviposition until after
mating (Kehat and Gordon, 1977).
The presence of a spermatophore in female P. interpunctella is indicative of successful mating
(Brower, 1975). Brower (1975) paired ﬁve newly emerged P. interpunctella males with a similar
number of newly emerged females and found that 98% of the females had successfully mated, and
on average, each female had 2.5 spermatophores. In our study, when ﬁve newly emerged male and
female P. interpunctella were paired without delay, all females mated successfully, and on average,
each female had 2.2 spermatophores (Table 1).
Plodia interpunctella fecundity was highest when there was no mating delay (Table 2), and a
positive relationship between the number of spermatophores per female and fecundity suggests
that multiple mating could increase egg production. Multiple-mated females of the European corn
borer, Ostrinia nubilalis (Hubner)
.
also deposited a signiﬁcantly larger portion of their egg
complement relative to single-mated or unmated females (Fadamiro and Baker, 1999). Similar
positive correlations between mating frequency and egg production were observed in the red
bollworm, Diparopsis castanea Hampson (Marks, 1976), green-veined white butterﬂy, Pieris napi
L. (Wilkund et al., 1993), true armyworm, Pseudaletia unipuncta (Hawthorne) (Sv.ard and McNeil,
1994), cabbage looper, Trichoplusia ni (Hubner)
.
(Ward and Landolt, 1995; Landolt, 1997), and
spruce budworm, Choristoneura fumiferana (Clemens) (Delisle and Hardy, 1997). We do not
believe that the number of spermatophores is necessarily related to increased egg production in
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P. interpunctella. Brower (1975) reported that the number of times a female mated was not related
to the number of eggs laid. Similarly, Steele (1970), using a closely related stored-product moth
(almond moth, Ephestia cautella (Walker)) reported that the number of eggs laid was similar (389–
406) when females mated one to three times. Therefore, oviposition in P. interpunctella appears to
be stimulated directly or indirectly by the transfer of sperm by males to females (Norris, 1933;
Lum and Arbogast, 1980). The increased egg production in multiple-mated females may be due to
the transfer of nutrient secretions, pigments, inorganic ions, proteins, juvenile hormones and
ecdysteroids by males to females during copulation (Benz, 1969; Henneberry and Clayton, 1984;
Park et al., 1998).
We found that for each day mating was delayed, there were 0.32–0.45 fewer spermatophores
and 24–26 fewer eggs produced per female. The decreased number of spermatophores with age
could be due to fewer successful matings by males or females. In the tobacco budworm, Heliothis
virescens (F.), male accessory sex gland secretions were essential for spermatophore formation,
egg maturation, and fecundity (Ramaswamy et al., 1997; Park et al., 1998). A decrease in the
quantity and quality of accessory gland secretions and hormones transferred to females during
copulation, or total absence of these secretions (Park et al., 1998), with increasing male P.
interpunctella age may have resulted in decreased or no spermatophore formation and reduced egg
production. Similarly, as female P. interpunctella aged, they were perhaps less receptive to males,
and this could have resulted in a decrease in the number of spermatophores per female.
Furthermore, the decreased number of spermatophores in female P. interpunctella that were
delayed from mating may be due to the degenerated oocyte relics that prevented male
spermatophores from reaching the bursa copulatrix. Lum (1982) reported that newly emerged
female P. interpunctella that were prevented from mating produced oocyte relics due to
oosorption in the bulla seminalis (Lum, 1979). These relics obstructed the sperm translocation
when mating eventually occurred (Lum, 1983).
Park et al. (1998) proposed a mechanism by which mating by male H. virescens enhances egg
production. The male during copulation transfers juvenile hormone, which directly triggers egg
production. In addition this hormone also triggers the female’s corpora allata to produce more
juvenile hormone, consequently resulting in increasing egg production. For females that are
delayed from mating, the absence of this paternal investment results in the retention of the
unfertilized oocytes, because the female’s corpora allata are not triggered to produce and release
the necessary juvenile hormone required for oocyte development (Park et al., 1998). Retention of
mature oocytes in unmated female P. interpunctella was reported by Mbata (1985). He found that
the number of oocytes in the ovaries of female P. interpunctella that were not delayed or those
delayed from mating for 2 or 5 d were similar. Females that were not delayed from mating laid 246
eggs, while those delayed for 2 or 5 d laid 34% or 65% fewer eggs (Mbata, 1985). We found that a
2-d mating delay by females resulted in a 52% decrease in fecundity, while a 5-d delay resulted in a
76% decrease (Table 2). Unmated female P. interpunctella in our study laid about 33 eggs,
whereas in a study reported by Mbata (1985) unmated females laid about 24 eggs.
The daily oviposition patterns of female P. interpunctella (Fig. 1), where males and females were
mated without delay or where the male was delayed by 1 d, were comparable to those reported by
Mbata (1985). He reported that about 34–58% and 84–97% of the eggs were laid by P.
interpunctella within 2–4 d after mating, respectively. Quick commencement of mating and shorter
preoviposition periods (Mbata, 1986) could have contributed to the early egg laying observed
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when 2–4-d-old males were mated with newly emerged females. The oviposition patterns of
females mated with 5-d-old males and virgin males were similar, because in both cases, females
lacked spermatophores.
Egg viability was affected more by female than male age. Egg viability did not decrease until
males were 5-d-old. The 5-d-old males failed to inseminate the females (Table 1). Consequently,
sperm were unavailable to fertilize the eggs. The eggs laid by females in this treatment were similar
to those laid by virgin females, and in both cases the eggs failed to hatch. As indicated above,
mating and transfer of paternal investment is important for egg maturation, oviposition, and egg
viability (Henneberry and Clayton, 1984; Ramaswamy et al., 1997; Park et al., 1998). Viability of
P. interpunctella eggs decreased by 22% for each day female mating was delayed. The decrease in
egg viability with female age may be due to eggs not being fertilized. The number of degenerating
oocyte relics in unmated females increases with age, and this could have prevented
spermatophores from reaching the bursa copulatrix when these females were eventually mated
with males (Lum, 1982, 1983). Although data were not collected, some of the eggs that failed to
hatch in our experiments were not embryonated. Proshold (1996) observed that embryonation of
the gypsy moth, Lymantria dispar (L.), eggs decreased with female age, and eggs laid by older
females were less viable than those laid by younger females.
Lum and Flaherty (1969) reported that mated P. interpunctella moths lived for approximately
5–7 days. The mean adult longevities for mated moths (Table 2) in our study fell within these
ranges. The linear relationships we observed between longevity of either male or female and
corresponding male, female, or both male and female delay may have been confounded with the
days the moths were delayed. For example, in the 5 d delay treatment, it is impossible for moths to
have lived for o5 d. Delayed mating by males did not affect female longevity and vice versa.
Brower (1975) also did not ﬁnd any relationship between the number of times a female mated and
its longevity. In our study, unmated females lived the same duration as those that mated without
any delay, while unmated males lived 1.5 d longer than males that mated without any delay. From
a practical standpoint, mating delay did not have a great impact on adult longevity. Similar results
between delayed mating and longevity were observed with L. dispar (Proshold, 1996), but not with
the shoot stem borer, Chilo partellus (Swinhoe) (Unnithan and Payne, 1991). Increased female
longevity associated with mating delay has been reported in several other species of Lepidoptera
(Ellis and Steele, 1982; Proshold et al., 1982; Henneberry and Clayton, 1985; Lingren et al., 1988).
In conclusion, the number of eggs laid and egg viability were signiﬁcantly reduced when adult
male, female, or both male and female P. interpunctella were delayed from mating. Delaying
females as opposed to males from mating had a greater impact on egg laying and egg viability.
These results suggest that techniques such as the use of high-pheromone concentrations (Jones,
1988a, b) or ultrasound (Mullen and Tsao, 1971; Acharya and McNeil, 1998), which can delay or
disrupt mating, would be an effective behavioral management strategy to suppress populations of
this important stored-product moth.
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