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ABSTRACT

A laboratory culture of Pectinophora gossypiélla (Saun-
ders) was entrained on a photo-period of rp 14:10.
Lights-on occurred at 0530 hours and lights-off at 1930
hours. At 3-hour intervals, beginning at 2400 hours
throughout a 24-hour period, male and female moths
were X-irradiated with 25 kr delivered at 1.0 kr per
minute. In a separate study male and female moths were
X-irradiated at 1500 hours with 25 Jkr at 4 different
dosage rates.

A highly significant difference was observed between
sexes of moths, time of X-irradiation, and dosage rates.

Female moths at all times were less sensitive to X-irradia-
tion than males, as measured by mean longevity. The
time of minimum sensitivity to X-irradiation in both
sexes occurred at 0600- hours, 14 hour after lights-on.

Maximum sensitivity in both sexes occurred at 1200.2/40

hours, 1.5 hours after lights-off. It appeared that sensi-
tivity to X-irradiation was correlated to moth activity.

As the dosage rate of X-irradiation was increased, the
biologic damage also increased, expressed as reduced

"longevity. At lower dosage rates moths were able to

recover and apparently repair radiation damage.

Experiments indicate that the pink bollworm, Pec-
tinophora gossypiella (Saunders), may be controlled
or eradicated through release of sterilized males in
the field (Noble 1969). Sterilization studies have
been carried out using both metepa, a chemosterilant,
and gamma-radiation, of which the radiation seems to
be the more practical for mass production of sterilized
males. Ouye et al. (1964) determined the optimum
sterilizing dosages. for pink bollworms treated as
pupae using gamma-radiation. Complete sterility in
males was accomplished with 55 kr and in females
with 40 kr. The longevity of adults emerging from
7-day-old pupae treated with 35 through 90 kr was
significantly shorter than that of the control. Pupal

. sensitivity to gamma-radiation was dependent on age

at time of treatment, the older pupae being less sus-
ceptible. In their study, no attention was given to the
effect of treatment time during the day on the sensi-
tivity of the moths to gamma-radiation, expressed as
mean longevity. '

The response of insects to photoperiod has'been
intensely studied in the past decade and Beck (1968)
listed several reasons for this increased interest..
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Insects, rats, and mice have been shown to vary in
response to physiological stress factors in relation to
the time of day in which the stress factor was ad-
ministered or the photoperiodic regime in which the
insects were reared. Pittendrigh (1961) reported a
difference in response to excessive heat in 2 groups
of Drosophila. His experiment was conducted 6
times throughout the day at 4-hr intervals and indi-
cated that the shorter the photoperiod the less rapid
the recovery at any time of day.

Several studies have indicated a circadian response
to selected narcotics and insecticides (Beck 1963; Fer-
nandez and Randolph 1966, 1967; Frudden and
Wellso 1968; Gains and Mistric 1952; Keller et al.
1956; Polcik et al. 1964) .

Pizzarello et al. (1963) found that rats X-irradiated
in the morning lived more than 130 days, whereas
those treated in the evening had a maximum survival
time of only 13 days. Rugh et al: (1963), using mice,
and Straube (1963), using rats, obtained what ap-
peared to be completely negative results in a similar
experiment. '

Pizzarello et al. (1964) repeated their experiments
using 2 strains of male mice maintained on an LD
cycle of 12:12, lights-on at 0700. The mice were irra-
diated at 4-hr intervals and both.strains were found
to be more sensitive at 0200 than at any other time.
They noted that the times chosen by Rugh et al.
(1963) for their comparisons fell on periods of equal
sensitivity on a cyclic curve. .

Two studies have been reported involving circadian
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rhythms and X-irradiation of insects. Harker (1964)
showed that X-ray dosages of 100-10,000 R have a
phase-shifting effect on the running activity of Peri-
planeta, the magnitude of delay being directly re-
lated to dosage. Rensing (1969) reports a circadian
rhythm in sensitivity to X-rradiation in Drosophila
melanogaster Meigen.” Using females of his wild
strain on a photoperiod of rp 12:12 (lights-on at
0800) , he obtained a 2-peaked rhythm of sensitivity.
Maximum sensitivity, measured in death rate and sur-
vival time, occurred at lights-on and lights-off. Mini-
mum sensitivity occurred 4 hr after lights-on and 6
hr after lights-off. The time of greatest sensitivity
coincided with maxima of nuclear size in various tis-
sues, presumed to correspond to the maxima of the
nucleolus volume and hormone synthesis.

Villee (1946) demonstrated the effect of X-ray dos-
age rate on pupation of Drosophila larvae. An ap-
proximate dose of 7.0 kr given in 1.25 min caused
much greater mortality before and after pupation
than when administered over 90 min. He concluded
that lethality depended not only on total dosage but
also on dosage rate.

The purpose of this study was to demonstrate (1)
that the time of day in which irradiation is adminis-
tered has an effect on survival of adult pink boll-
worms and (2) a relationship between dosage rate
and longevity.

MeTHODS AND MATERIALS.—Rearing the Pink Boll-

worm.—Pink bollworm moths were fed a 10% sucrose’

solution, and oviposition chambers were held in cli-
mate cabinets at 26.7°C, ca. 50% =rH, and a photo-
period of Lp 14:10, beginning at 0530 and ending at
1930 hr. Eggs on nonabsorbent, sterile cotton were
removed from the oviposition chamber and placed in
jars, sealed and held 4 days in the climate cabinet just
described until hatched. )

Newly hatched larvae were removed with a camel’s
hair brush and placed in l-oz plastic individual-
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portion cups, 3-5 larvae/cup, containing the rearing
medium developed by Shorey (1963). The cups were
placed. in cardboard flats and held in a rearing room
at 26.71.5°C, 7010% RrH and constant light until
the larvae reached the 3rd instar. They were then
transferred to climate chambers with the described
LD 14:10 photoperiod.

After pupation, the pupae were removed and
placed in a l4-0z plastic cup and allowed to emerge
into l-pint mason jars in the LD 14:10 climate cham-
bers. After emergence moths were collected daily by
cooling to 4.4°C for 8 min and aspirating into ovi-
position chambers or treatment petri dishes.

Treatment and Evaluation Procedure.—One to 2 hr
before irradiation, 24-hr-old moths, 25 of each sex,

were chilled and aspirated into separate 8.75-cm plas-

tic petri dishes, ventilated with 5.6-cm holes in the
lids covered with mosquito netting. The dishes were

then placed in the constantlight rearing room until -

treatment, irradiated, and returned to the rearing
room for the duration of the study.

Chilling may be regarded as a stress factor that
might elicit a variable physiological effect when ap-
plied at different times of day. In this study no un-
chilled control insects were used for separation of the
irradiation and chilling effects. However the non-
irradiated or control insects received the same degree
of chilling as the irradiated insects and at the same
time.

*The X-ray source was a General Electric Maximar
400 therapy unit modified previously (Ware and Ir-
win 1969) . The dosage rate of the unit was varied
by altering voltage input. A petri dish containing
25-30 moths was placed on a 1 rpm rotating platform
4.8 cm from the X-ray tube in the oil displacer cone
of the X-ray unit. Ozone produced during irradiation
was removed by a pressure/vacuum pump at a dis-
placement rate of 1.0 cfm.

Males and females were treated separately, 1 group

2400 0300 0600 0900

1200 1500 1800 2100 2400

TIME OF IRRADIATION
Fic. 1.—Longevity in. days of moths X-irradiated as 1-day-old adults at 3-hr intervals with 25 kr (1.0 kr/min).

Bar indicates dark portion of photoperiod.
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Table 1.—Combined longevity of male and female
moths X-irradiated as l-day-old adults at 3-hr intervals
with 25 kr (I kr/min).

Mean
Time of longevity®
irradiation in days
0600 17642 a
0900 12.490 b
2400 9.676 ¢
0300 9.075 cd
1500 7.835 cde
1200 7.460 cde
1800 6.790 de
2100 6.065 e

a Any 2 means followed by the same letter are not statistically
significant at the 5% level of significance as determined by least
squares method.

before and 1 after the hour, alternating this position
with each of the 4 replications, 25 moths/replicate.
‘Two separate experiments were run for the circadian
rhythm and dosage rate responses. To determine a
circadian rhythm in sensitivity, a sample of 1-day-old
moths was exposed to 25 kr at 1.0 kr/min, at a given
time of day. Eight times were used at 3-hr intervals
beginning at 2400 hr.

The test for the 0300-hr group was actually con-
ducted at 0600 hr. The clock in the climate chamber
was advanced by 3 hr 4 days beforg the 0300 irradia-
tions were administered to insure entrainment by the
shift in phase of the new photoperiod. The 0300
moths were removed from the climate chamber at
2200 hr the evening before, transferred to petri dishes,
and placed in the rearing room. Therefore, the moths
irradiated at 0300 hr were in the petri dishes 8 hr
before treatment. This was the only deviation from
the desired 1- to 2-hr holding period, and it was done
as a matter of convenience.

Four dosage rates were administered at 1500 hr
to determine the relationship between dosage rate
and sensitivity. The experiment was replicated 4
times, 25 of each sex/replicate, for each treatment
time and dosage rate. Four nonirradiated treatments
paralleled the dosage rate test at 1500 hr.

After treatment, each dish was chilled 5 minutes
at 44°C to facilitate moth handling. Moths were in-
dividually aspirated into l-oz plastic cups which were
sealed with a paper lid. A hole was punched through
the center of the lid to accommodate a 2-ml feeding
vial filled with adult food, 10% sucrose solution. The
cups were placed in cardboard flats and held in the
rearing room. The moths were examined daily, and
mortality was recorded. '

The longevity of each moth was recorded ds days
beyond treatment. Mean longevity of each replica-
tion was computed and punched on electronic data
cards which were programmed in a standard analysis
of variance.

REsuLTs aND DiscussioN.—Circadian Sensitivity to
X-Irradiation.—Adult pink bollworm moths of both

“ sexes showed an extreme variation in longevity after

X-irradiation (Fig. 1) and at all treatment times the
females were less sensitive to X-irradiation. Only at
1200 hr was there any close similarity in mean
longevity. - . .
Combining all treatment times, the variation be-
tween male and female longevity_was significantly

Vol. 63, n0.4

different at the 1% level as determined by analysis of
variance. Combining the male and female longevities
for each time of day, the variation between the lon-
gevity for the 8 times of day was also significantly dif-
ferent at the 1% level. No significant interaction be-
tween sex and treatment time was found using the
5% level of significance.

After the sexes were combined, the mean longevi-
ties for the times of treatment were arranged in a
decreasing order (Table 1). Treatments at 0600 and
0900 hr had extremely high mean longevities signifi-
cantly different, at the 5% level, from the other means
and from each other. The treatment at 2100 hr had
the lowest mean longevity and was significantly dif-
ferent from all morning treatments. Morning treat-
ments between 2400 and 0900 hr had higher means
than treatments between 1200 and 2100 hr, though
the significance of this difference was not examined.

Mean longevity can be used to determine signifi-
cant differences between treatments of X-irradiation
at different times of day, but this method of inter-
pretation might leave unnoticed the differences in the
times required to reach these means. Percent mortal-
ity was computed for 3-day intervals after the day of
treatment for each time of day and sex (Fig. 2, 3).

Males varied widely in mortality 3 days after X-irra-
diation (Fig. 2). On days 6 and 9 the variations were
still quite large, although the relative positions of the
treatment groups were unchanged. With increasing
time, the mortality of all treatment groups came closer
together with the exception of the 0600 treatment

"IOO
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F1c. 2—Male. mortality after X-irradiation with 25 kr
(1.0 kr/min) at 8 times of day.
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(Fig. 2) , which showed a near linear progression from
days 3 to 21. All other groups increased rapidly to
at least 59% by day 6. The 0600 treatment at all
times had higher mortality than the control group,
but with only 10.5% separating them on day 21,
whereas the next closest treatment group.was 16.5%
away. N :

The 0300 treatment resulted in thé highest mortal-
ity on day 3. This group was passed on day 6 by the
1800 and 2100 hr treatments- which maintained the
highest mortality and lowest mean longevity. The
1500 hr treatment showed the greatest increase in
mortality from day 8 to day 6. The treatments at
2400, 0900, and 1200 hr had very similar mortality
throughout the experiment. For males the results of
the first 6-9 days after treatment appeared to be the
most significant, since variation between groups was
greatest. The significance of this information lay in
the fact that, if these males were X-irradiated to pra-
duce sterilization, the moths with the least mortality
after 9 days would be the most effective in inseminat-
ing fertile females with sterile sperm.

Females showed extreme variation in mortality
from 6 to 21 days (Fig. 3). On day 3 the treatment
groups were tightly clumped with the exception of
the 1200 group, which had the lowest mean longevity
and the highest mortality on days 3, 6, 9, and 15. The
lowest increase in mortality occurred in the 0600- and
0900-hr groups, with the 0600 group being the lowest.
Treatment at 0600 resulted in higher mortality than
the controls at all times, but the difference on day 21
was only 3%. On day 21, groups treated in the after-
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~——— —— CONTROL
e

3 6 9 2 5 18 2l
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Fic. 3.—Female mortality after X-irradiation with 25
kr (1.0 kr/min) at 8 times of day.
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Fic. 4—Male and female longevity in days after X-
irradiation with 25 kr at 4 dosage rates.

noon (1200 through 2100 hr) had mortalities ranging
from 94 to 97%, whereas the groups treated in the
morning (2400 through 0900 hr) had mortalities
ranging from 61 fo 86%. This trend separating morn-
ing, afternoon, and evening treatments was estab-
lished and maintained on day 9. This is in complete
agreement with the earlier statement that morning
treatments permit a greater mean longevity than do
evening treatments.

Fig. 2 and 3 indicate that irradiation of either sex
at 0600 hr within the described photoperiod results
in the greatest longevity and the lowest rate of mor-
tality increase. Treatment of both sexes at 2100 hr
resulted in the lowest longevity and the most rapid
rate of mortality increase in males. Females exhibited
the most rapid rate of mortality increase from the
1200 hr irradiations.

Interpreting whole body irradiation data and cir-
cadian rhythms is extremely difficult because of pos-
sible tissue-specific thythms which might be masked
in the process. Rensing (1969) attributed the in-
crease in sensitivity to X-irradiation in Drosophila to
corresponding rhythmical changes in cell structures
and processes. From this he inferred that the nucle-
olus volume and hormone synthesis are also at a
maximum.

No physiological data, as those just reported, have
been reported for the pink bollworm. However,
Minis (1965) reported an oviposition rhythm in fe-
male pink bollworm moths entrained on a photo-
period of Lp 14:10. Oviposition began 1 or 2 hr be-
fore lights-off (1730 in the photoperiod of this study),
reached a peak 2.5 hr after lights-off (2200) and
tapered off until 2 hr before lights-on (0330) when
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Table 2.—Longevity of moths X-irradiated as 1-day-
old adults with 25 kr at various dosage rates.

Mean Combined
Dosage rate longevity mean longevity*
(R/min) Sex in days in days
Control M 20.09
Control F 20.50 20.295 a
1000 M 5.53
1000 F 10.14 7.852b
1500 M 3.81
1500 F 6.19 5.000 c
2000 M 3.02
2000 F 525 4.185 ¢
2500 M 2.76
2500 F 4.92 3.840 c

. 2Any 2 means followed by the same letter are not statistically
significant at the 5% level of significance as determined by least
squares method.

all oviposition ceased. Lukefahr and Griffen (1957)
observed that pink bollworm mating occurred be-
tween 0200 and 0500 hr but that 80% of oviposition
took place between 1800 and 2400.

Both sexes of the pink bollworm were nocturnal,
with male activity probably correlating closely with
female oviposition. Activity began at, or slightly be-
fore, lights-off and was suppressetl at lights-on and
through the photophase. Maximum sensitivity to
X-irradiation corresponded to Minis’ (1965) findings
that maximum activity occurs 2.5 hr after lights-off.
Minimum sensitivity to X-irradiation occurred 0.5 hr
after lights-on at the time when activity was first sup-
pressed. Thus occurrence of a circadian rhythm in
sensitivity to X-irradiation is probably dependent on
the corresponding circadian rhythm in activity and a
general rhythm in cellular processes.

Dosage Rate Response to X-Irradiation.—Fig. 4
presents results of the dosage rate study. Dosage rates
of 1000, 1500, 2000, and 2500 R/min of X-irradiation,
with a total dosage of 25,000 R, and a control, were
administered to 24-hr-old males and females at 1500
hr. The result was a gradually decreasing mean lon-
gevity with increasing intensity of irradiation (Table
2 and Figure 4) .

Combining the results of all dosage rates, differ-
ences between the mean longevity of both sexes were
found to be significantly different at the 1% level of
significance by an analysis of variance. Combining the
results for both sexes, differences between the control
and 4 dosage rates were also found to be significantly
different at the 1% level. No significant interaction
was found between sex and dosage rate at the 5%
level. Both the control and 1.0 kr/min treatments
were- found to be significantly different from the 3
other dosage rates at the 5% level as determined by
the least squares method. The control and 1.0 kr/
min treatments were also significantly different from
each other.

The evidence presented in this study supports the
results of Villee (1946) and Clark (1956). Pizzarello
and Witcofski (1967), generalizing on the effect of
dosage rate, explained that the effect will be lessened
the longer the time required to deliver a given dose
of radiation, and they presented the reasoning behind
this phenomenon. "
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