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ABSTRACT Raisins, almonds, and walnuts infested with pupae of the Indianmeal moth,
Plodia interpunctella (Hiibner), were treated with gamma radiation (14.4-92.1 krad). Ef-
fects of radiation on adult emergence and reproduction were similar in all commodities.
Adult emergence was reduced or eliminated at the two highest doses; adults that did emerge
were deformed and unable to mate successfully. Females from pupae irradiated with 26.9-
31.9 krad were completely sterile, whereas this dose only partially sterilized males. F, prog-
eny of irradiated parents showed a high degree of sterility; female progeny were less affected
than males. Presence of partially sterile males after irradiation with 26.9~31.9 krad does not
reduce the potential of this dose for eliminating infestations in dried fruits and nuts because
irradiated males are unlikely to mate with untreated unmated females within irradiated

products.
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THE FEDERAL DRUG Administration recently
amended its regulations to permit the use of ion-
izing radiation at doses =100 krad' (1 kGy) to in-
hibit maturation of fresh foods and to eliminate
infestations of arthropods in food (Young & Bowen
1986). Current practices rely primarily on chem-
ical fumigation, which may result in excessive res-
idues and damage in some foods. As a result, in-
terest in ionizing radiation as an alternative to
fumigation has been generated, particularly for
dried fruits and nuts in California.

The Indianmeal moth (IMM), Plodia inter-
punctella (Hiibner), is a major pest of dried fruits
and nuts. Considerable work has been done on the
effect of ionizing radiation on this insect. The pos-
sibility of developing a sterile insect release pro-
gram using radiation-sterilized IMM (Ashralfi et al.
1972a,b, Brower 1975, 1979, Ahmed et al. 1976),
along with the use of direct radiation treatments
to eliminate infestation in foods (Brower & Tilton
1970, 1971, 1972, Tilton et al. 1978), has been
investigated. The effect on all stages of the IMM
must be determined when direct radiation treat-
ments are considered, because any stage may be
present within the product.

The criteria for control with radiation treat-
ments depend on the stage being treated. Econom-
ically practical doses applied to IMM larvae may
reduce feeding, delay or halt development, or pre-

! We chose to use the older, more familiar rad for expressing
the absorbed radiation dose, even though the System Internation-
ale (SI) unit is the Gray {(Gy). 1 krad = 10 Gy.

vent successful pupation (Ashraf et al. 1971). Com-
parable doses applied to pupae and adults may not
affect longevity or survival of these stages, but may
cause partial or complete sterility (Brower 1976,
1981). The objective of our study was to assess the
effect of gamma radiation on IMM pupae in food-
stuffs, using pupal mortality and subsequent adult
fertility, longevity, and mating success to evaluate
treatments.

Materials and Methods

Two tests of similar design were done to deter-
mine the effect of radiation on IMM pupae. In the
first, evaluation was based on pupal mortality and
subsequent adult fertility. The second test also used
adult longevity, mating success, and progeny sex
ratios to evaluate radiation effect.

Test units consisted of glass canning jars (0.48
liter), in which the lid of each jar was replaced
with filter paper (9.0 cm) overlying copper screen
(40 mesh). All units were steam-sterilized before
the addition of 125 g of a selected commodity.
Foods tested were shelled “Nonpareil’ almonds,
‘Hartley’ walnut nutmeats, and raisins.

Mature 12-d-old IMM larvae were obtained from
stock cultures maintained continuously on a bran
diet (Finney & Brinkman 1967) in our laboratory.
Twenty larvae, segregated by sex, were placed in
each test unit. Larvae began spinning cocoons
within the food layer almost immediately. Five
test units of each sex for each of the three foods
were used at each of five treatment levels.
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Irradiation was done at the Sandia National
Laboratories in Albuquerque, N. Mex. Pupae were
irradiated on day 9 after infestation. The day be-
fore treatment, paper toweling was loosely packed
on top of the food in each jar to prevent shifting
and injury to the test insects during transit. Jars
were then wrapped in plastic foam sleeves and
packed in insulated plastic ice chests for shipment
by air freight to Albuquerque. Controls (0 krad)
were also shipped, but left untreated.

Applied doses were monitored by dosimeters
(TLD-400 [LiF]) added to test units before treat-
ment. After irradiation, the dosimeters were ana-
lyzed and the actual dose received by the test units
was determined. For the first experiment, average
applied doses were 15.7, 31.9, 60.7, and 92.1 krad.
Doses of 14.4, 26.9, 59.4, and 82.2 krad were re-
ceived in the second test.

Immediately after treatment, the units were re-
packed and returned to Fresno. All units were held
at 27°C and newly emerged adults were counted
and removed daily. After adult emergence ceased,
the material in each jar was carefully examined
for dead insects and pupal exuvia.

Fertility Studies: P, Generation. When suitable
numbers of emerging P, adults were available, ex-
periments were done to determine the effect of
radiation on reproductive potential. Three differ-
ent mating combinations were used: irradiated fe-
males crossed with irradiated males (I), irradiated
females outcrossed with untreated males (N), and
irradiated males outcrossed with untreated fe-
males. Crosses of untreated insects obtained from
control pupae were used as controls.

Each mating pair was placed in a plastic food
carton (0.48 liter). A hole (1 cm diameter) was cut
in each lid and covered with fine screen to provide
ventilation. Moths were allowed to mate and ovi-
posit within the cartons. Most eggs were laid with-
in a circular groove (1 mm deep) on the lid of the
carton. Egg viability was estimated by counting
the number of hatched and unhatched eggs pres-
ent on the lid. To facilitate observation of P, adults,
only a small amount (20 g) of the bran diet me-
dium was initially added to each carton to provide
food for neonate F, larvae. When both adults were
dead, an additional 80 g of diet was added to en-
sure an adequate food supply for the developing
larvae.

The cartons were held at 27°C and checked dai-
ly for F, adult emergence. Adults were collected
each day at 0830 hours and stored frozen for later
counting. Single, unmated adults emerging shortly
after 0830 hours were used in F, generation fertility
studies.

In the second experiment, P, adult longevity was
determined by examining the cartons daily. Dead
P, adults were removed and stored in 70% EtOH
after determination of their sex. Females were lat-
er dissected and the presence or absence of sper-
matophores was determined. The sex of F, adults
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Table 1. Percentage of adulis emerging from IMM pu-
pae irradiated in raisins, almonds, and walnuts
Dose Test 1 Dose Test 29
(krad) 90 3 (krad) 90 P
0 93a 94a 0 90a 89a
157 93a 93a 14.4 89%a 90a
31.9 92a 85b 26.9 84a 86a
60.7 72b 65¢ 59.4 57b 56b
92.1 Oc od 82.2 6c 3c

Values given are means of combined data for all commodities
(n = 300). Analysis of variance with arcsine transformation.

4 Column means followed by the same letter are not signifi-
cantly different (P > 0.05; Duncan’s {1955] multiple range test).

was also determined and sex ratios were calculat-
ed.

Feriility Studies: F, Generation. Adult progeny
from each P, mating combination were crossed in
three different mating combinations, designated as
F, female x F, male (F, intracrosses), F, female x
N male (outcrossed F, females), and N female x
F, male (outcrossed F, males). All procedures were
identical to P, fertility studies except that egg vi-
ability was not determined. Because irradiated P,
females were sterile at the higher treatment levels
and produced few progeny at 15.7-14.4 krad, only
progeny {rom outcrossed P, males were used in
the first test. In the second test, progeny of P, in-
tracrosses and outcrossed P, females treated with
15.7-14.4 krad were also used.

Data were subjected to analysis of variance; arc-
sine transformations were used on percentage of
adults emerging from irradiated pupae. Signifi-
cant (P < 0.05) treatment means were separated
by Duncan’s (1955) multiple range test. A x* test
used to evaluate F, sex ratios.

Results

Type of food did not significantly affect the re-
sponse of IMM to radiation. Because no significant
differences were found in adult emergence or
progeny numbers from walnuts, almonds, or rais-
ins, the data were combined for further analysis.

No adults emerged from pupae treated at the
highest dose (92.1 krad; test 1) (Table 1). The few
adults that emerged from pupae treated with 82.2
krad (test 2) were deformed and died almost im-
mediately after emergence. Emergence was re-
duced significantly compared with controls at 60.7-
59.4 krad in both tests, and the resulting adults
were weak, deformed, and unable to mate. No
significant reduction in adult emergence was found
at the lowest three doses (14.4, 15.7, and 26.9 krad),
whereas emergence from male pupae was reduced
at 31.9 krad.

Fertility Studies: P, Generation. Reproductive
studies were limited to the two lowest treatment
levels in both tests because only deformed adults
emerged at higher doses. In the second test, suc-
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Table 2. Viability of eggs and resulting numbers of adult progeny produced by IMM pupae irradiated in raisins,

almonds, and walnuts

Adult progeny?

Dose (krad) c % eggs hatching? Test 1 Test 2
TOSS
Test 1 (test 2)
Test 1 Test 2 N % N %
- PTOBENY  Leduction? 0. PIOgenY  reduction?
0 N¢ x Na 97.2 99.1 241.5a — 200.8a —
15.7 (14.4) I x I3 0.6 0 0.3¢c 99.9 1.3d 99.8
I¢ x Na& 1.7 1.9 0.6¢ 99.8 1.8d 99.1
N¢ x Ig 78.8 86.1 197.1b 18.4 156.0b 22.1
31.9 (26.9) 1o x 14 0 0 0c 100 od 100
19 x N& ¢} 0 Oc 100 od 100
Ne x I3 34.1 39.4 22.9¢ 90.5 48.4c 75.8

Values given are means of combined data for all commodities (test 1, n = 15; test 2, n = 30).
a Column means followed by the same letter are not significantly different (P > 0.05; Duncan’s [1955] multiple range test).

b Percentage reduction compared with control progeny numbers.

cessful mating was indicated by the presence of
spermatophores in the females. All control females
contained at least one spermatophore. The per-
centage of females with spermatophores in the
14.4-krad treatment was 93.3% in all crosses. In
the 26.9-krad treatment, the percentages of mated
females for intracrosses, outcrossed female, and
outcrossed male combinations were 64.3, 76.7, and
72.4%, respectively.

The average adult life span of untreated females
in the second test was 7.3 + 1.31 d (& = SD).
Treatment with 14.4 and 26.9 krad significantly
extended female life to 12.7 £ 2.73 and 9.7 +
2.75 d, respectively. Life spans of untreated adult
males averaged 9.6 + 2.02 d. Males irradiated with
14.4 krad lived 9.4 = 1.53 d. At 26.9 krad, life
spans of males were significantly shortened to 6.8 =
1.38 d.

Both egg viability and numbers of adult prog-
eny were greatly reduced compared with controls
in the intracrosses and outcrossed female combi-
nations at 15.7-14.7 krad (Table 2). No eggs
hatched in these combinations at 31.9-26.9 krad.
A slight reduction in eggs hatching and progeny
numbers occurred in the outcrossed male combi-
nations at 15.7-14.4 krad, with a greater decrease
at 31.9-26.9 krad.

Sex ratios of adult progeny from controls were
nearly 1:1. Progeny numbers from intracrosses and
female outcrosses at 14.4 krad were too low to
determine sex ratios accurately. Progeny sex ratios
from male outcrosses were slightly skewed in favor
of males (x2=12.2); males constituted 52.5% of
progeny. At 26.9 krad, male outcrosses produced
65.1% males (x2 = 132.5).

Fertility Studies: F, Generation. At the lower
treatment levels, the highest overall reduction in
F, reproductive capacity occurred when both par-
ents were irradiated (Table 3). F, progeny of out-
crossed irradiated males produced fewer offspring
than F, progeny of outcrossed irradiated females,
although the difference was not significant. The

reproductive capacity of female F, progeny was
consistently less affected than that of their male
counterparts.

The reproductive capacity of F, progeny of out-
crossed males was greatly reduced at 31.9-26.9
krad. Again, female progeny were slightly less af-
fected than males, but fertility was reduced by
=93.5% in all mating combinations.

Mating success followed a pattern similar to that
of progeny numbers. All control females and out-
crossed F, females at the lower treatment levels
contained spermatophores (Table 3). At the higher
treatment levels, the highest percentage of females
containing spermatophores occurred in the out-
crossed F, females. I, intracrosses and outcrossed
male combinations showed different percentages
of successful mating ranging from 20.0 to 86.7%.
Sex ratios of F, progeny were very close to 1:1.

Discussion

To obtain adequate control of IMM infesting
dried fruits and nuts, reproduction of the treated
insects must be stopped. The complete sterility of
females after irradiation with ca. 30 krad suggests
this dose is an adequate treatment level. Although
81.9-26.9 krad had little or no effect on adult
emergence from irradiated pupae, no viable eggs
were produced; therefore, the product received no
further damage. Our results agree with those of
Brower (1976), in which complete sterility of fe-
male pupae was obtained at 35 krad.

Males were only partially sterile at 31.9-26.9
krad. Brower (1976) found that 50 krad greatly
reduced the number of adult progeny of irradiated
males mated with untreated females, but sterility
was not complete, However, {or control purposes,
incomplete male sterility should not be considered
a disadvantage; within the treated product, irra-
diated males presumably will mate with irradi-
ated, sterile females. Treated males could produce
progeny only by mating with females invading the
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Table 3. Progeny numbers and mating success
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of Fy offspring of IMM pupae irradiated in raisins, almonds, and

walnuts
(krad Test 1¢ Test 28
Dose (krad) .
Test 1 (test 2) Parental cross F) cross No. o No. % % spermato-
progeny  reduction? progeny reduction® phores®
Control N¢ x N3 280.6a — 332.6a — 100
15.7 (14.4) 19 x Is Fi2 x Fi8 — — 1.5b 99.5 33.3
Fie x Né — — 84.0ab 74.7 100
Ne x Fia — — 22.0b 98.4 20.0
Ie x Né Fie x Fi8 o — 35.3b 89.3 33.3
Fi9 x Ng e —_ 176.7ab 46.9 100
Ne x Fié o — 107.5ab 67.8 70.0
Ng x 18 Fi12 x Fi8 3.9¢ 98.6 10.7ab 96.8 66.7
F192 x Ng 118.3b 57.8 164.7ab 50.5 100
Ne x Fi8 38.8¢c 86.2 58.0b 82.6 86.7
31.9 (26.9) Ne x Ia Fig x F18 16.8¢ 94.0 ob 100 46.7
F19 x Na 18.2¢ 93.5 5.0b 98.5 86.7
Ne x Fi8 7.3¢ 97.4 0b 100 40.0

@ Column means {ollowed by the same letter are not significantly different (P > 0.05; Duncan’s [1955] multiple range test).

b Percentage of reduction from control progeny numbers.
¢ Percentage of females with one or more spermatophores.

product after irradiation. These invading females
probably would be mated already, so the presence
of partially sterile males would not contribute sig-
nificantly to a posttreatment infestation.

Adults from pupae irradiated with 31.9-26.9
krad showed a decrease in the presence of sper-
matophores compared with controls, indicating a
decrease in successful mating. This is probably due
to somatic tissue damage resulting in subnormal
adults. Ahmed et al. (1976) studied the sexual
competitiveness of IMM irradiated as mature pu-
pae and found only a slight decrease in the com-
petitiveness of males irradiated with 50 krad. Fe-
males irradiated at that dose mated more often
than controls. However, Ahmed et al. (1976) chose
mature pupae for irradiation because adult devel-
opment was essentially complete and the least
amount of somatic tissue damage would result. The
stage irradiated in our studies was less developed
and more susceptible to somatic tissue damage.

The F, progeny of males irradiated as pupae
with 31.9-26.9 krad showed a high degree of
sterility. The reproductive capacity of female F,
progeny was less affected than that of male F,
progeny, but still showed a reduction in progeny
numbers of >93%. Successful mating of male F,
progeny was considerably reduced, also indicating
a decrease in sexual competitiveness.

Although the presence of partially sterile males
in the treated product should not present a threat
of reinfestation, these males may actually inhibit
posttreatment infestation in the manner of a sterile
insect release (Cornwell et al. 1966). However, our
results indicate that such males may not be com-
petitive with untreated males and would have lit-
tle impact on invading populations.

Previous work on the potential of gamma radia-
tion to control IMM populations in dried fruits and

nuts used eggs, young larvae, and ovipositing adults
as target stages (Brower & Tilton 1970, 1971, 1972).
Those studies suggested doses of 20-25 krad to
obtain practical levels of control. Qur studies sup-
port this recommendation because intracrosses of
IMM irradiated at 15.7-14.4 krad were very near-
ly sterile. However, because the life span of female
moths irradiated as pupae was extended by >5 d
with 15.7-14.4 krad, the use of 30 krad or higher
may be necessary to reduce female longevity. Also,
Brower & Tilton (1972) showed that a dose of 40
krad would probably be needed to prevent feeding
damage in packaged nutmeats. Our additional
studies (unpublished data) indicate that even 45
krad will not completely stop feeding damage
caused by older larvae, but 30 and 45 krad will
reduce damage considerably. Estimates of maxi-
mum/minimum dose ratios for most irradiator de-
signs range from 1.5:1 to 3:1, and so 40 or 45 krad
may be too high for product safety or to conform
with the new regulations. A minimum dose of 30
krad is recommended for practical control.

Acknowledgment

We thank the various commodity boards for their
supply of products and transportation and Rodney Fries
for supplying test insects. Thanks also to Jim Pierce and
Steve Glass (Sandia National Laboratories) for their co-
operation and patience, and to Anna Jimenez and Chris-
tina Nunez for their assistance. This study was support-
ed in part by a grant from the U.S. Department of
Energy.

References Cited

Ahmed, M. Y. Y., J. H. Brower & E. W. Tilion. 1976.
Sexual competitiveness of adult Indian meal moths



April 1987

irradiated as mature pupae. J. Econ. Entomol: 69:
719-72].

Ashraf, M., J. H. Brower & E. W. Tilton. 1971. Ef-
fects of gamma radiation on the larval midgut of the
Indian-meal moth, Plodia interpunctella (Lepidop-
tera: Phycitidae). Radiat. Res. 45: 349-354.

Ashrafi, 8. H., E. W. Tilion & J. H. Brower. 1972a.
Inheritance of radiation-induced partial sterility in
the Indian meal moth. ]J. Econ. Entomol. 65: 1265—
1268.

Ashrafi, S. H., J. H. Brower & E. W. Tilton. 1972b.
Gamma radiation effects on testes and mating suc-
cess of the Indian meal moth, Plodia interpunctelia.
Ann. Entomol. Soc. Am. 65: 1144-1149.

Brower, J. H. 1975. Gamma irradiation of adult Plo-
dia interpunctella: effects on mating, sterility and
number of progeny. Ann. Entomol. Soc. Am. 68:
1086-1090.

1976. Irradiation of pupae of the Indian meal moth
to induce sterility or partial sterility in adults. J. Econ.
Entomol. 69: 277-281.

1979. Substerilizing irradiation of Plodia interpunc-
tella males: effects on three filial generations. Ann.
Entomol. Soc. Am. 72: 716-720.

1981. Reproductive performance of inbred or outbred
F, and F, progeny of adult Indianmeal moth females
or males x females partially sterilized by gamma ir-
radiation. Ann. Entomol. Soc. Am. 74: 108-113.

JOHNSON & VAIL: INDIANMEAL MOTH PUPAL IRRADIATION

501

Brower, J. H. & E. W. Tilton. 1970. Insect disinfes-
tation of dried fruit by using gamma radiation. Food
Irrad. 11: 10-14.

1971. Insect disinfestation of peanuts by gamma ra-
diation. J. Ga. Entomol. Soc. 6: 199-203.

1972. Insect disinfestation of shelled pecans, almonds,
and walnuts by gamma radiation. J. Econ. Entomol.
65: 222-224.

Cornwell, P. B., J. O. Bull & J. B. Pendlebury. 1966.
Control of weevil populations (Sitophilus granarius
(L.)) with sterilizing and substerilizing doses of gam-
ma radiation, pp. 71-95. In P. B. Cornwell [ed.], The
entomology of radiation disinfestation of grain. Per-
gamon, London.

Duncan, D. B. 1955. Multiple range and multiple F
tests. Biometries 11: 1-42.

Finney, G. L. & D. Brinkman. 1967. Rearing the
navel orangeworm in the laboratory. J. Econ. Ento-
mol. 60: 1109-1111.

Tilton, E. W., J. H. Brower & R. R. Cogburn. 1978.
Irradiation disinfestation of cornmeal. J. Econ. Ento-
mol. 71: 701-703.

Young, F. E. & O. R. Bowen. 1986. Irradiation in
the production, processing and handling of food: fi-
nal rule. Fed. Regist. 51: 13376~13399.

Received for publication 7 July 1986; accepted 24
November 1986.




