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Abstract

Results of the study on the following tests for separation of irradiated pests from untreated ones
are reported: (a) test for identification of irradiated mites (Acaridae) based on lack of fecundity of
treated females; (b) test for identification of irradiated beetles based on their locomotor activity; (c)
test for identification of irradiated pests based on electron spin resonance (ESR) signal derived from
treated insects; (d) test for identification of irradiated pests based on changes in the midgut induced by
gamma radiation; and (e) test for identification of irradiated pests based on the alterations in total
proteins of treated adults. Of these detection methods, only the test based on the pathological changes
induced by irradiation in the insect midgut may identify consistently either irradiated larvae or adults.
This test is simple and convenient when a rapid processing technique for dehydrating and embedding
the midgut is used.

1. INTRODUCTION

Irradiation of agricultural commodities is an effective quarantine measure and disinfestation
method against stored product pests [1]. Unlike chemical techniques, irradiation has the advantage of
not leaving toxic residues, is technically efficacious, economically feasible and can be safely used for
disinfesting a wide variety of agricultural products and materials [2].

In general, a dose of 0.3 kGy is recommended for quarantine treatment, and doses up to 1 kGy
are suggested for radiation disinfestation of agricultural products [3]. These effective doses have no
detrimental effects on most commodities being treated [4], but do not produce immediate mortality of
stored product pests [5, 6]. This can be disadvantageous if the product is for immediate export and
there is a zero tolerance for insects. Live mites, for example, present in an agricultural product will
be of concern to quarantine and/or storage personnel. Therefore, to use irradiation as an effective
quarantine control, a simple and quick method is needed to establish if live insects found within
commodities at the point of import have been irradiated [1, 7]. Studies on this subject have been
limited, and there are few appropriate practical techniques for the identification of irradiated pests [8,
9]-

We studied the following detection methods (tests) for separation of irradiated pests from
untreated ones: (a) a test for identification of irradiated mites based on lack of fecundity of treated
females; (b) a test for identification of irradiated beetles based on their locomotor activity; (c) a test
for identification of irradiated pests based on electron spin resonance (ESR) signals derived from
treated insects; (d) a test for identification of irradiated pests based on changes in the midgut induced
by gamma radiation; and (e) a test for identification of irradiated pests based on the alterations in total
proteins of treated adults. The results obtained are reported in the present paper.

2. MATERIAL AND METHODS

2.1. Identification of irradiated mites

The bulb mite, Rhizoglyphus echinopus (F. et R.), was isolated from rotting onions in January
1987. These mites have been kept in a laboratory on yeast at 89% R.H., and 25+l°C. The mold mite,
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Tyrophagus putrescentiae (Schrank), has been cultured at this laboratory for several years on wheat
germ at 85+5% R.H. and 25+l°C. Inert deutonymphs were isolated from the stock culture, and on the
following day all adults emerged. After 2-3 days, females and males were irradiated with 0.0
(control), 0.3, 0.6, 0.9, and 1.2 kGy of gamma radiation. After the treatment, mites were paired and
transferred into rearing cages with food (yeast or wheat germ). The rearing cages were stored at 25°C
and 85% R.H. The number of eggs laid was recorded at 2-3-day intervals.

Cages containing food infested with acarid mites were irradiated with the following doses of
gamma radiation: 0.0 (control), 0.2, 0.3, and 0.6 kGy. Treated cages were stored for one, two, three or
more weeks in darkness at 25+l°C and 85+5% R.H. After these periods, live adult mites were
isolated and placed into separate rearing cages supplied with food. Usually, 20 females per treatment
were prepared for microscopic study.

Females that were irradiated and females from the stock colonies (not treated) were mounted on
glass slides with Hoyer's modification of Berlese's medium. A drop of mounting medium was placed
in the center of the slide and the mite specimens were transferred by a needle from alcohol or directly
from the culture. A cover glass was placed over the mite and medium after orientation of the mite
specimens under a stereoscopic binocular microscope. Generally, a single female was mounted on
each slide. Females mounted on glass slides were studied under a microscope to determine the number
of eggs visible within their bodies.

2.2. Locomotor activity of irradiated adults of the grain weevil and the rice weevil

Adults of the grain weevil, Sitophilus granarius (L.), and the rice weevil, S. oryzae (L.), were
studied. The insects were from laboratory cultures on wheat grain at ca. 70% R.H. and 25°C in
darkness. Beetles isolated from the cultures were irradiated with the following doses of gamma
radiation: 0.0 (control), 0.25, 0.5, 0.75, and 1.0 kGy (dose rate - ca. 40 Gy/min.). Treated insects were

stored for several days at ca. 70% R.H. and 25°C in darkness. Every day, irradiated beetles were used
for determination of their locomotor activity.

Locomotor activity of irradiated insects was studied with the method of Wiygul and Haynes
[10]. For each test, a piece of paper (ca. 25 x 35 cm) was prepared with 2.5 cm and 20 cm diameter
circles drawn in the center. Then a small plastic funnel was placed in the 2.5 cm diameter circle, and
ten beetles were placed in the funnel. Two minutes later (period of orientation) the funnel was
removed, and the beetles were allowed to crawl for 1-5 minutes. A count was then taken of the insects
that had crawled out of the 20 cm diameter circle. The procedure was replicated three times for a
complete test. The score was computed as the percentage of beetles that moved out of the 20 cm
diameter circle during the test period.

Additional tests were conducted to compare the effects of gamma radiation with the effects of
some adverse environmental conditions on the locomotor activity of storage beetles. Groups of beetles
were kept in glass jars without food for 3, 5, and 7 days. After these periods of time, insects were

tested by the method outlined above. Another group of weevils was placed in a refrigerator (+3°C) for
24 hr, then removed, kept at a room temperatures, and tested for their locomotor activity.

2.3. Electron spin resonance (ESR) signal derived from irradiated insects

Adults of the confused flour beetle, Tribolium confusion (DuVal.), were irradiated with 0
(control), 0.75, and 1.0 kGy of gamma radiation, whereas adults of the rice weevil, S. oryzae, were
given 0 (control), 0.25, 0.5, 0.75, and 1.0 kGy (dose rate = ca. 64 Gy/min.). Two weeks after

irradiation, insects were killed by a temperature of 65°C, slowly dried, and used for ESR
spectroscopic studies.
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Additional experiments have been performed in order to show the effects of high (>1 kGy)
doses of gamma radiation on the ESR peak height (= spin concentration) in adults of the rice weevil
irradiated with the following doses of gamma radiation: 0 (control), 1, 3, 5, and 7 kGy. Three groups
of weevils were studied: Group I insects were irradiated 4 weeks before the ESR recording; Group II
insects were irradiated 2 weeks before the ESR recording, and Group HI insects were irradiated a few
days before the ESR recording.

Between 17.7 and 33.9 mg of dead insects and their fragments were weighed and transferred
into a quartz ESR tube, with 5 mm outside diameter. The ESR spectra were recorded at ambient
temperature with a Bruker ESP 300E spectrometer in X-band by staff of the Institute for Nuclear
Chemistry and Technology, Warszawa-Zeran, Poland. Peak heights of ESR signals were measured
with ESR software, and normalized to the material weight. Generally, the methods used by
Stachowicz et al. [11] were followed.

2.4. Changes in the midgut of the confused flour beetle induced by gamma radiation

Adults of T. confusion, of different ages, from a laboratory culture maintained at 27+l°C and

60+5% R.H., were irradiated in a ^^Co irradiator with the following doses of gamma radiation: 0
(control), 0.1, 0.3, and 0.5 kGy. The treated and untreated (control) insects were kept in separate jars
with wheat flour and powdered yeast (5%) for 2 or 3 weeks. After this period, beetles were fixed with
2.5% buffered glutaraldehyde for 3 hr., using 0.1 M cacodylate buffer, pH 7.2. Insects were then
washed several times with the same buffer, dehydrated in a standard alcohol series and acetone, and
embedded in Spurr's resin. Transverse semi-thin sections were cut on the LKB-8800 microtome,
mounted on slides, stained with toluidine blue, and observed under a light microscope.

2.5. A rapid method of detection of irradiated insects: Changes in the midgut of larvae of the
Indian meal moth induced by irradiation

Fifth instars of the Indian meal moth, Plodia interpunctella, were selected from a laboratory

culture maintained at 27+1 °C and 60+5% R.H. on crushed peanuts. Larvae were irradiated in a ^Co
irradiator with 0.3 kGy dose of gamma radiation (dose rate = ca. 30 Gy/min.). The treated and
untreated (control) larvae were kept in separate jars with food for 2, 7, and 14 days. After these
periods, larvae were prepared for histological analysis.

Buffer and fixative were prepared according to the formulas described by Hayat [12]. Plastic
embedding mixture was prepared from components purchased from Polysciences Inc. (Warrington,
PA) according to the schedule for embedding suggested by Shearer and Hunsicker [13]. A small part
of a larva in which the midgut is located was cut and fixed for 30 min in Karnovskys fixative at room
temperature, and then rinsed three times for 2 min each step in 0.1 M cacodylate buffer (pH=7.4).
Next, tissues were quickly dehydrated in 70% ethanol and in 1,4-dioxane, infiltrated with the
resin/dioxan mixture and pure resin. After infiltration, the material was transferred to capsules

containing embedding mixture and polymerized at 80°C for 3 hr. Transverse semi-thin sections were
cut on the LKB-8800 microtome, mounted on slides, stained with toluidine blue, and observed under a
light microscope.

2.6. Alterations in total proteins of irradiated adults of the confused flour beetle

2.6.1. Insects

Adults of the confused flour beetle, T. confusum, reared at 25°C and 60+5% R.H. on a medium
consisting of bleached enriched wheat flour and brewers yeast (19:1) were used. The insects were
taken, without determining their sex, from mass cultures which had been maintained at the Warsaw
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Agricultural University. Groups of beetles were irradiated within the medium in a ^ C o irradiator
(dose rate = ca. 35 Gy/min.). The following doses were given: 0.1, 0.3, or 0.5 kGy. A Fricke
dosimeter was used for dosimetry [14]. A control group of beetles was not irradiated.

After the treatment, beetles were kept in Petri dishes with rearing medium. Dishes were stored

in thermostatically-controlled cabinets at 25±1°C and 60+5% R.H. On the 5th, 8th, 1 lth, 14th, 17th,
20th, 23rd, and 26th day after the treatment, 10 insects in each group were selected for preparation of
homogenate samples. Samples were pooled to avoid variability in electrophoretic patterns noted in
individual insects [15].

2.6.2. Preparation of homogenate samples

Selected adults were washed free of the rearing medium with a buffer containing 10 mM
sodium phosphate buffer, 100 mM KC1 and 1 mM EDTA, pH 7.5. The cleaned insects were crushed
in a mortar with 250 pL of the sample buffer to which 0.1 mM serine protein inhibitor, PMSF, was
added. The resulting suspension was then transferred to the Potter homogenizer. Samples were packed
in ice during the homogenization process to avoid melanization. Each homogenate was centrifuged
for 6 min at 15,000g. The supernatant (100 jiL) was pipetted into Eppendorf vials containing 10 pL
of sample buffer (0.0625 M Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 5% 2-mercaptoethanol,
0.001% bromophenol blue), mixed and stored in a freezer at -70°C.

2.6.3. Electrophoresis procedures

The Laemmli method for slab gel electrophoresis was followed [16]. Seven percent and 25%
separation gels were used. The sample mixture (8 \xL) and the mixture of known molecular weight
markers (14.3, 18.0, 24.0, 45.0, and 66.0 kDa; Sigma-Aldrich Chemie GmbH) was loaded into each
electrophoresis well. The running buffer was 1% SDS, 0.192 M glycine, 0.025 M Tris, pH 8.3.
Samples were run at 150 V until the dye front moved to the end of the gel. Gels were removed from
the plate and stained for 30 min with 2 g/L Coomassie R-250 blue in 10% acetic acid and 20%
methanol. Gels were destained in a solution of 7.5% acetic acid and 5% methanol in water.

2.6.4. Densitometric analyses

Destained gels were scanned with a laser Personal Densitometer (Molecular Dynamics) at the
following parameters: pixel size - 50 ]im, 12 bytes per pixel. Each SDS-PAGE electrophoretic pattern
of protein fractions was analyzed with a PC 468 DX2 computer and the Image Quant program
(Molecular Dynamics), setting the option for automatic detection of electropherogram peaks and for
integration of the area under the curves. Data on the protein concentration relative to stain intensity
were thus obtained.

2.6.5. Statistical procedures

Data were studied as averages wherever possible. The statistical differences among the groups
were evaluated with Student's /-test for significant differences of means with a probability of 5% or
less [17].

3. RESULTS

3.1. Identification of irradiated mites

Results of previous studies [18, 19] indicated that the number of infecund pairs of acarid mites
(Acaridae) increases with the increase of the irradiation dose. We observed also that females of the
bulb mite, Rhizoglyphus echinopus (F. et R.), treated with a dose of 1.0 kGy laid a few eggs, but after
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the treatment with 1.2 kGy, almost all pairs were infecund. Dose of 0.1 kGy or higher decreased
significantly the fecundity of females. Females irradiated with 0.25 kGy laid 87% less eggs than the
controls. Mites treated as adults produced eggs over a longer period than those irradiated as
deutonymphs. Males and females irradiated with 0.6 or 0.8 kGy produced eggs during the 1st, 2nd and
3d week after the treatment.

Fecundity of irradiated young females and males (1-2 days after last molting) of the mold mite,
Tyrophagus putrescentiae (Schrank), was greatly affected. The higher the irradiation dose, the higher
the percentage of infecund females, i.e., non-laying eggs. Fecundity and fertility of females was
decreased considerably. Mites irradiated with 0.6 kGy or higher doses were almost infecund; females
produced only a few eggs which were dead. Irradiated females produced eggs during the first weeks,
being infecund thereafter.

Results presented in Table I indicate that all untreated females of the bulb mite contained 1-5
eggs within their bodies. Number of eggs visible within the female body decreased considerably after
irradiation with 0.2 kGy. There were no females with 5 eggs, and only two with 4 eggs. The number
of females without eggs increased during the next weeks after treatment. After the 3d post-treatment
week, there were only 2 females with a single egg and four with 2 eggs. After the 5th or 6th week,

TABLE I. NUMBER OF EGGS VISIBLE WITHIN THE BODY OF IRRADIATED FEMALES OF
THE BULB MITE, R ECHINOPUS. DATA WERE RECORDED EACH WEEK AFTER
TREATMENT.

Dose
(kGy)

0.0

0.2

0.3

0.6

Week after
treatment

1
2
3
4
5
6

1
2
3
4
5
6

1
2
3
4
5
6

1
2
3
4
5
6

Number

0
0
1
1
2
2
2

2
1
14
16
19
20

2
11
15
18
19
20

6
12
15
17
20
20

of females

1
2
2
3
5
1
1

5
11
2
3
1
0

9
4
3
2
1
0

6
3
4
2
0
0

with

2
4
5
2
7
3
4

9
8
4
1
0
0

8
4
2
0
0
0

6
5
1
1
0
0

indicated

3
8
6
5
4
6
5

3
0
0
0
0
0

1
1
0
0
0
0

2
0
0
0
0
0

number of eggs

4
4
5
6
1
7
6

1
1
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

5
2
1
3
1
1
1

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

145



almost all females were without eggs. As the irradiation dose increased, the number of eggs recorded
in the body of females decreased. Females irradiated with 0.6 kGy had no more than 3 eggs. After the
4th post-treatment week females had no eggs.

The mold mite was less fecund than the bulb mite, and only exceptionally 5 eggs were found in
the body of untreated female. Usually, 2-3 eggs were visible within their bodies. With an increase of
dose, the number of eggs in females decreased. Females, which were irradiated with 0.6 kGy and
isolated during the 1st week after treatment, had 1-3 eggs. Later, no eggs were found in their bodies
(Table II).

The results obtained show that a test based on lack of fecundity of treated mites may be used
for detection of irradiated mites.

TABLE H. NUMBER OF EGGS VISIBLE WITHIN THE BODY OF IRRADIATED FEMALES OF
THE MOLD MITE, T. PUTRESCENTIAE. DATA WERE RECORDED EACH WEEK AFTER
TREATMENT.

Dose
(kGy)

0.0

0.2

0.3

0.6

Week after
treatment

1
3
4

1
2
3
4
5
6

1
2
3
4
5
6

1
2
3
4
5
6

Number

0
0
1
1

0
9
11
14
18
20

0
10
13
17
19
20

0
20
20
20
20
20

of females

1
5
4
3

3
2
3
3
1
0

3
1
2
1
1
0

5
0
0
0
0
0

with

2
8
5
5

6
6
5
2
1
0

4
7
5
2
0
0

6
0
0
0
0
0

indicated

3
5
6
8

4
2
1
1
0
0

5
2
0
0
0
0

1
0
0
0
0
0

number of eggs

4
2
4
2

2
1
0
0
0
0

2
0
0
0
0
0

0
0
0
0
0
0

5
0
0
1

0
0
0
0
0
0

0
0
0
0
0
0

0
0
0
0
0
0

3.2. Locomotor activity of irradiated adults of the grain weevil and the rice weevil

One day after irradiation, the locomotor activity of the grain weevil treated with 0.25-0.5
kGy doses was high and similar to the control. Activity of beetles treated with 0.75 and 1.0 kGy doses
was reduced by 36.7% and 80%, respectively. In the next post-treatment days, the locomotion of
treated beetles decreased as the dose of radiation increased. However, beetles treated with the lowest
dose, 0.25 kGy, were yet as active as the controls.
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Weevils irradiated with 1.0 kGy were the most affected. In the first and second day after
irradiation, only 50-56% beetles were able to move outside the 20 cm circle during 5 min. In the 5th
day after the treatment with 1.0 kGy, grain weevils moved slowly, and none was able to pass the
circle. In the 10-12th day after irradiation with 0.5 and 0.75 kGy doses, grain weevils seemed to be
moribund, and only a small part of them moved outside the 20 cm circle.

The rice weevil responded to irradiation treatment in a similar way. In the first and second day
after irradiation treatment, the locomotor activity of control and treated beetles was similar. In the
next days, the effect of radiation dose on the locomotion of insects was evident. In the 5th day after
irradiation, only rice weevils treated with 0.25 kGy were as active as the controls. In the 6th-9th day
after the treatment, beetles irradiated with higher doses were not able to move out of the circle during
5 min.

Adverse environmental conditions such as lack of food or low temperature experienced by
insects before the test had a slight effect on the locomotion of storage beetles. A slight decrease of
locomotor activity was noted in the rice weevil and the grain weevil which were starved for a period
of 5 and 7 days, respectively. Insects kept at low temperature for 24 hr., and then removed to a room
temperature, started to move within 7 minutes, and within the next 30-40 minutes all or almost all
beetles were able to move outside the 20-cm circle. A hour after the removal of beetles from a low
temperature to a room temperature, all insects were as active as the controls.

3.3. Electron spin resonance (ESR) signal derived from irradiated insects

Results of the introductory experiment, in which nonirradiated adults of the rice weevil were
studied, showed that the insects derive a strong natural signal, much stronger than in a bone, spices
and herbs, seeds, nuts and other materials.

Natural (native) signals found in the rice weevil and the confused flour beetle were not
enhanced by irradiation with doses up to 1.0 kGy. ESR spectrum of nonirradiated adults of the
confused flour beetle was very similar to that of insects irradiated with a dose of 1.0 kGy. However,
the intensity of the ESR signal induced in irradiated adults of the rice weevil was somewhat smaller
than that of unirradiated insects. ESR spectra of adults of the rice weevil and the confused flour beetle
were similar, but they differed with the ESR peak intensity.

Values of ESR peak intensity obtained from rice weevils irradiated with doses up to 1.0 kGy
are shown in Figure 5. The peak heights decreased by 10-15% as the dose of radiation increased to 1.0
kGy. The peak heights obtained from the confused flour beetle were variable, and are thought to be
not affected by irradiation with a dose of 1.0 kGy or lower.

After the irradiation of insects with a 1 kGy dose, a high spin concentration recorded in control
beetles of the rice weevil decreased by ca. 5% to 23%, depending on the group of insects studied.
After a slight, non-significant decrease of the spin concentration caused by a 1 kGy dose in Group III,
it increased considerably after the treatment with a 3 kGy dose. In the other groups of insects, the
further decrease of ESR peak height in the rice weevil, even by 31%, was induced by the irradiation
treatment with a 3 kGy dose. However, higher doses of gamma radiation produced the gradual
increase of the ESR signals, reaching the control value at a dose of 7 kGy.

3.4. Changes in the midgut of the confused flour beetle induced by gamma radiation

3.4.1. Normal structure of the midgut of the confused flour beetle

The midgut is the main site for digestion and absorption of the products of digestion, and is a
very metabolically active tissue. The midgut of adults of the confused flour beetle consists of single
layer of columnar epithelium placed on a basement membrane. This membrane forms fine folds in the
direction to the gut lumen. The next is an inner circular muscle layer and outer bundle of longitudinal
muscles.
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The epithelium is made up of columnar cells and tiny regenerative cells. Columnar cells have
relatively large and oval nuclei, usually present in the central portion of each cell. They have also
microvillae on the lumen side that provide a large membrane surface to aid in both secretion of
digestive enzymes and absorption. Microvillae are covered with plasmolemma, and create the tight
structure called the brush border, which is visible under a light microscope. The peritrophic
membrane was not found in the lumen of the gut.

The old epithelium is replaced by new cells produced by the regenerative nidi. Regenerative
cells in the midgut of the confused flour beetle are located in small folds of the midgut in an atypical
way. They do not lie, as is usually the case, between epithelial cells, but are located in evaginations of
the midgut wall, forming pounchlike deverticula known as the regenerative crypts.

The outer layer of the midgut is made up of circular muscles and rare bundles of longitudinal
muscles. The longitudinal muscles are less developed than the circular muscles (see also [20]).

3.4.2. Effects of gamma radiation on the midgut of the confused flour beetle

Histopathological changes were found to increase progressively with the increased dose of
gamma radiation and with post-radiation time interval.

On the second week post-treatment, the pathological changes in the midgut of T. confusum
adults treated with 0.1 kGy were evident. The normal and regular structure of the secretory epithelium
was disintegrated. The epithelial cells were enlarged and elongated into the lumen of the gut. Walls of
epithelial cells were separated one from another, and often disappeared. Cytoplasm from the broken
cells flowed into the lumen of the gut. The cytoplasm of the intact cells was vacuolated. The nuclei
were irregularly distributed within the cytoplasm, enlarged or damaged, with the chromatin grains
found in the cytoplasm. The basement membrane was separated in several places from the muscle
layer to form large folds in the direction to the gut lumen. The brush border was absent in many
places. The lumen was filled with the damaged epithelial cells and the muscle layer was much thicker
than it in non-irradiated insects.

Degeneration of the epithelium was more pronounced in insects irradiated with a 0.3 kGy dose
of gamma radiation. Epithelial cells with large vacuoles were present in the lumen together with the
fragments of disintegrated cells. Enlarged or destroyed nuclei were present in the gut lumen. The
brush border was absent and the regenerative nidi were not visible. The basement membrane was
separated in some places from the muscle layer, forming large folds in the direction to the gut lumen.
Only a layer of muscles, thicker than in the control, was intact. Diverticula located along the midgut
were reduced, and their epithelium was completely destroyed.

A dose of 0.5 kGy of gamma radiation brought about the most severe damage to the midgut of
the confused flour beetle. The histopathological changes at this dose were similar to those of the
adults treated with a 0.1 kGy dose and studied at the 3rd week after the treatment. The epithelium was
completely missing, and as a result the gut lumen was enlarged considerably. Only the muscle layer
was well visible with a few fragments of the disintegrated epithelium in the midgut. However, intact
muscle layer was much thicker than it in non-irradiated insects. The muscle fibers were loose and
swelled. Nuclei of the muscle cells seemed to be enlarged. Changes in the fat body and/or nutrient
storage cells occurred as a consequence of the degeneration of the midgut. The fat body was
significantly reduced in adults of T. confusum within 3 weeks after irradiation with a 0.1 kGy dose or
higher (see also [20]).
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3.5. A rapid method of detection of irradiated insects: Changes in the midgut of larvae of the
Indian meal moth induced by irradiation

3.5.1. Normal structure of the midgut of larvae of the Indian meal moth

Adults of the Indian meal moth are not feeding, so only larval stages are responsible for
accumulation of nutrient materials in sufficient amount to support adult life activities and
reproduction. The midgut of larvae comprises the largest portion of their alimentary system, and it is
the main side for digestion, and is very metabolically active tissue. The midgut of the larvae of the
Indian meal moth consists of layer of the epithelium placed on a very thin, but well visible, basement
membrane. The next is an inner circular muscle layer and outer bundles of longitudinal muscles,
which are weakly developed.

The epithelium is made up of columnar cells, goblet cells, and small regenerative cells.
Columnar cells have large, oval nuclei usually present in the central portion of each cell. Apical
surface of each columnar cell bordering with the lumen is covered with microvillae, which create the
tight structure called the brush border. Goblet cells, usually pear-shaped, are interspersed among the
columnar cells. Their cytoplasm is reduced, and the apical border of the cell surface invaginates to
form a deep cavity. In this cavity, there are numerous cytoplasmic extensions, similar to the
microvillae of the epithelial cells, when are observed under the light microscope. Flat nucleus of the
goblet cell is located basally, below its cavity. Small groups of tiny and undifferentiated regenerative
cells are scattered along the basal portion of the epithelium, and form structures called the
regenerative nidi. The epithelium of the midgut secretes a thin peritrophic membrane which surrounds
the food contents in the lumen of the midgut.

3.5.2. Effects of gamma radiation on the midgut of larvae of the Indian meal moth

Histopathological changes in the midgut of larvae of the Indian meal moth were found to
increase progressively with the post-radiation time interval. On the second day after the irradiation
treatment with a 0.3 kGy dose, some pathological changes in the larval midgut were already evident.
Of all structures of the midgut, the regenerative nidi were found to be the most affected. Soon after
the treatment, the cytoplasm of regenerative cells vacuolated, and as a result, these cells enlarged. At
the second day after irradiation, all regenerative nidi were completely destroyed, and their places in
the epithelium were filled up with mass cell fragments. The peritrophic membrane was probably
broken, that it was difficult to distinguish this structure in the gut lumen containing food material. The
other structures of the midgut were intact. The goblet cells preserved even cytoplasmic extensions in
their cavities. It was also noted that nuclei of the columnar cells of the epithelium moved up into their
apical part.

On the 7th day after irradiation, the changes in the midgut were very distinct. The peritrophic
membrane disappeared in the gut lumen. Numerous epithelial and goblet cells elongated into the
midgut lumen. The cytoplasm of the columnar cells was extensively vacuolated, and their nuclei were
enlarged. The brush border of the epithelial cells degenerated in many places, but it was yet well
visible at those cells which were less affected by the treatment. Cytoplasmic extensions of the goblet
cells degenerated, and their fragments were often noted in the cavity of goblet cells. The cavity of
some goblet cells enlarged as a result of the disappearance of these cytoplasmic extensions. All
regenerative nidi were lost, and the basement membrane formed many folds as a result of the muscle
contraction.

On the second week after irradiation, the pathological effects were the most severe.
Degeneration of the epithelium was more pronounced than in larvae examined on the 2nd and 7th day
after the treatment. The most striking effects included the presence of vacuolated epithelial cells,
often without membranes, in the gut lumen. The nuclei were irregularly scattered in the vacuolated
cytoplasmic mass. The basement membrane was completely lost, but intact muscle layer was much
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thicker than it in non-irradiated insects. All structures of the midgut stained more deeply in irradiated
larvae than in the control.

3.6. Alterations in total proteins of irradiated adults of the confused flour beetle

The results of the electrophoretic separation of the proteins revealed several protein bands from
homogenate samples of irradiated and control adults of the confused flour beetle. There were so many
different protein bands that it was not possible to detect protein bands that show any shifts or
separations between the irradiated and control beetles of the confused flour beetle. However, the
electropherograms of the irradiated samples exhibited a significant decrease in intensity (density) of
most protein bands. The total proteins decreased as the dose of gamma radiation increased.

There was a clear decrease in total proteins of adults of the confused flour beetle following
irradiation, especially at the highest dose (0.5 kGy). On the basis of the relative area under the curve
generated by densitometric scans, if the control at the 5th day post-treatment is assumed as 1.00, the
value of total proteins was lowered by 8% in insects irradiated with a 0.1 kGy dose, and by 48% in
insects treated with a 0.5 kGy dose. During this experiment, the total proteins increased in the control,
but this value fluctuated in the treated insect, without the tendency for increase. At the 1 lth day, the
value of total proteins in the controls reached the highest level; at the 14th day the value decreased
somewhat, and it remained at this level up to the 17th day. At the 20th day it again increased, and
decreased at the 26th day after the treatment. The highest values of the total protein content of insects
irradiated with 0.1 kGy and 0.3 kGy was observed at the 14th day after treatment; the values
decreased after the 17th day and again gradually increased, reaching the initial control value at the
26th day. The relative percentage of total proteins in insects irradiated with a dose of 0.5 kGy was
always much lower than in the control or in the treatments with 0.1 or 0.3 doses. The maximal values
of total protein content were observed at the 14th and 17th day after irradiation (Table III).

TABLE in. ALTERATIONS IN TOTAL PROTEIN CONTENT (%) OF THE BODY OF THE
CONFUSED FLOUR BEETLE, T. CONFUSUM, AS A FUNCTION OF DOSE AND TIME

ELAPSED AFTER IRRADIATION.

Dose (kGy)

0.0

0.1

0.3

0.5

Protein
5
1.00

0.92

0.67

0.52

content (%)
8
1.03

0.98

0.71

0.44

at days after irradiation*
11
1.54

1.14

0.95

0.66

14
1.21

1.46

1.10

0.76

17
1.24

0.87

0.88

0.75

20
2.21

0.97

0.77

0.64

23
2.10

0.99

0.86

0.43

26
1.73

1.02

1.05

0.56

* The control at the 5th day after the treatment is assumed as 1.00 (100%).

More pronounced alterations in total proteins of the confused flour beetle were found when the
density of low (<16 kDa) molecular weight protein fractions were compared with that of medium (16-
23 kDa) and/or high (>23 kDa) molecular weight protein fractions (Table IV). In control insects, the
relative percent of low (<16 kDa) molecular weight proteins ranged from 15.2-20.7%; proteins of 16-
23 kDa comprised 26.2-30.0% of all proteins, while the fraction >23 kDa was represented by 50.0-
56.6% proteins throughout observation period.

In irradiated insects, the relative percent of low (<16 kDa) molecular weight proteins was ca.
twice that in the control; that of the 16-23 kDa proteins was similar to that in the control, while the
>23 kDa fraction decreased considerably. These changes were related to the radiation dose and the
time elapsed after the treatment (Table IV).
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TABLE IV. PERCENT OF AREA UNDER THE CURVE OF DENSITOMETRIC SCANS
COMPRISED BY LOW (<16 kDA), MEDIUM (16-23 kDA) AND HIGH (>23 kDA) MOLECULAR
WEIGHT PROTEIN FRACTIONS IN THE CONTROL AND IRRADIATED ADULTS OF THE

CONFUSED FLOUR BEETLE.

Dose of gamma
radiation

(kGy)

0.0

0.1

0.3

0.5

Days after
irradiation

5
8
11
14
17
20
23
26

5
8
11
14
17
20
23
26

5
8
11
14
17
20
23
26

5
8
11
14
17
20
23
26

Percent of area under the densitometric curve
comprised by indicated protein fractions
<16kDa

33.8
36.8
20.0
15.2
20.7
20.4
17.2
18.3

37.3
34.1
41.4
35.2
30.1
39.4
48.7
49.2

36.9
29.2
34.4
27.0
27.5
44.3
49.2
43.0

43.3
47.0
45.7
39.6
47.4
47.4
39.5
44.5

16-23 kDa

27.4
28.0
30.0
29.8
29.3
27.3
26.2
27.1

26.7
25.7
26.7
24.2
26.7
24.0
24.9
23.8

24.6
29.5
23.3
20.9
26.2
27.9
28.1
31.2

20.8
24.8
22.5
25.9
23.6
25.5
32.0
29.4

>23kDa

38.8
35.2
50.0
55.0
50.0
52.3
56.6
54.6

36.0
42.2
33.9
40.6
43.2
36.6
26.4
27.0

38.5
41.3
42.3
52.1
46.3
27.8
22.7
25.8

35.9
28.2
31.8
34.5
29.0
27.1
33.5
26.1

4. DISCUSSION

Irradiation has proven technically effective and in some cases unique as a quarantine treatment
for a number of fruits, vegetables, cut flowers and other products [21]. A research program was
initiated in 1985, with the purpose of determining the radiation doses required to provide quarantine
security from insects and other pests infesting food and agricultural commodities in trade. After
completion of the program, a dose of 0.15 kGy was recommended for fruit fly disinfestation, whereas
a dose of 0.3 kGy of gamma radiation was suggested to provide quarantine security against all stages

151



of other arthropod pests [3]. At these low doses, death of pests is generally not immediate [6]. This
can be a disadvantage of the treatment if the product is for immediate export, and there is a zero pest
requirement. Particularly in food irradiated for quarantine purposes, it must be ascertained that still
living insects are not able to survive or proliferate. Thus, there is an urgent need for an accurate
technical procedure, able to determine that irradiation has taken place and been administered at the
correct dose.

A simple test is needed to ensure the quarantine personnel that the pest has been irradiated and
it does not pose a risk. Development of a practical technique for the identification of irradiated pests
was recommended by the ICGFI Task Force Meeting on Irradiation as Quarantine Treatment (Chiang
Mai, Thailand, Feb. 17-21, 1986) [7].

An ideal method for detection of irradiated insects should be: (1) specific for irradiation and not
influenced by other processes, (2) accurate and reproducible, (3) have a detection limit below the
minimum dose likely to be applied to agricultural commodity as a quarantine treatment, (4) applicable
to a range of pests, (5) quick and easy to perform, and (6) capable of providing an estimate of
irradiation dose [3]. None of the developed methods for detection of irradiated insects fulfill all these
requirements. Thus, there is an urgent need for an accurate technical procedure able to determine that
irradiation has taken place and been administered at the correct dose. Studies on this subject have
been limited, and there are a few techniques developed for the identification of irradiated pests [9, 22-
26].

A test has been developed on the basis of a radiation-induced distinct decrease in the size of the
supraoesophageal ganglion of the treated fruit flies of the family Tephritidae [23, 24]. This test fulfills
the objective of estimating the effectiveness of the quarantine treatment, but more work is needed to
establish whether these changes are really radiation specific.

Lescano et al. [24] examined use of both biochemical and anatomical techniques to detect
irradiated larvae and pupae of Bactrocera tryoni (Froggatt). They found that electrophoretic protein
profiles for control and irradiated larvae were similar, irrespective of their age at which irradiation
occurred. They concluded that electrophoretic techniques do not identify consistently either irradiated
larvae or pupae of the fruit fly. However, Yulo-Nazarea et al. [25] in a study on SDS-PAGE profile of

protein from ^^Co irradiated fruit fly larvae at a dose of 100 Gy showed the absence of a specific
protein band which is an integral part of the bands of proteins that appear only at the pupal and adult
stages. They concluded that the absence of Gs protein in the SDS-PAGE gel pattern of pupae could be
used as a marker for irradiated fruit flies by the quarantine personnel of the importing country.

Nation et al. [26] found that control larvae of the Caribbean fruit fly, Anastrepha suspensa
(Loew), rapidly melanized, whereas larvae irradiated at >20 Gy failed to show typical melanization
after freezing and thawing. Assays of phenoloxidase in control and irradiated larvae showed greatly
decreased enzyme activity. They developed a simple spot test for phenoloxidase that produced a red
color with a crushed control larvae and no color with a larva irradiated at >25 Gy. This simple spot
test may be used for identification of Caribbean fruit fly larvae.

4.1. Identification of irradiated mites

A test to verify that a mite pest has been irradiated and is incapable of reproduction may be
based on the infecundity of treated females [18, 19]. Acarid mites (Acaridae) produce eggs almost
throughout their life-span. Irradiated mites produce eggs during the first weeks, being unfecund
thereafter. Thus, the counting of any eggs visible within the bodies of females isolated from irradiated
or untreated products may help to identify the mites subjected to irradiation. Detection of acarid mites
irradiated with 0.3 kGy or higher doses of gamma radiation may be performed as follows:

- isolate about 20 mite females;
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- prepare microscopic slides;
- count eggs visible within female bodies.

If females have no eggs within their bodies, it might be assumed that they were irradiated and
do not pose a risk to a storehouse. If some (1-6) eggs are visible within female body, one may
conclude that they were not irradiated or the dose used was low.

4.2. Locomotor activity of irradiated adults of the grain weevil and the rice weevil

Doses of ionizing radiation ranging from 0.3 to 1.0 kGy are suggested for radiation
disinfestation of agricultural products [27]. These sublethal doses not only cause the sterility,
accelerated mortality, inhibition of development in treated insects [28], but also affect their behavior.
E.g., the complex series of events involved in insect courtship and mating are often interrupted at
several points by irradiation [10, 28]. The propensity to fly and duration of each flight is decreased in
irradiated insects [29].

The ability to fly and disperse from release sites has been investigated extensively in irradiated
insects for the sterile insect release technique (SERT) needs. The SIRT requires that the mass cultured
and irradiated insects should exhibit similar vigor as native. In contrast, the locomotor activities
(walking) and dispersal of stored-product pests irradiated with sublethal and/or sterilizing doses have
received a little attention [10, 30]. However, it is important to know how pests respond, in terms of
locomotor activity, to radiation doses recommended for disinfestation. Therefore, we undertook the
study on the effects of gamma radiation on the locomotor activity of storage beetles.

We found that locomotor activities of irradiated insects, and as a consequence, their ability to
disperse are greatly affected by gamma radiation. Two related storage beetles, the grain weevil and
the rice weevil, respond, in terms of locomotor activity, to gamma irradiation rather in a similar way.
Activity of these insects is negatively correlated with both the dose applied and the time elapsed after
irradiation. After several post-treatment days, the debilitating effects of radiation reduce activity of
the storage weevils to virtually zero.

Changes in the behavior and ability to disperse are of great importance in the application of
radiation for the control of stored product insects. Results obtained [30, and this paper] indicate that
insects irradiated within the product will not move for a long distance (reduced locomotion activity),
and their ability to infest new batches of a product seems to be limited (reduced dispersal).

With data on the percentage of the grain weevils and the rice weevils that moved outside a 20
cm diameter circle during 5 minutes, it is possible to discriminate the insects irradiated with >0.5 kGy
doses from those treated with a 0.25 kGy dose, or untreated. Thus, the locomotor test of Wiygul and
Haynes [10] may be used for detection of irradiated stored product insects [30].

Adverse environmental conditions such as lack of food, food quality or low temperature
experienced by insects before the test have a slight effect on their locomotion. Because locomotor
activity reflects physiological conditions of insects [31], these and other factors should be considered
when using the locomotion test for the identification of irradiated insects.

4.3. Electron spin resonance (ESR) signal derived from irradiated insects

Electron spin resonance (ESR, also known as electron paramagnetic resonance, EPR) is a
spectroscopic method for detecting unpaired electrons, e.g., free radicals, which are formed during
irradiation in heterogeneous biological materials. Generally, free radicals are so short lived that they
cannot be readily detected but if trapped in hard, relatively dry components of food, such as bone,
shell or seeds, their presence can be confirmed by ESR spectroscopy with high specificity and

sensitivity (10"^ M). ESR spectroscopy is now established as a qualitative test for the detection of
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irradiated fruits, vegetables, spices, herbs and nuts, or food containing bone such as poultry, pork, and
fish [32-34].

Recently, Stewart et al. [35] have demonstrated the potential of ESR spectroscopy for both the
qualitative and quantitative detection of irradiated Norway lobster, Nephrops norvegicus, using the
signal induced in the cuticle of the tail. The signal in both irradiated and unirradiated cuticle is
complex because of the presence of the Mn^+ signal. Although the intensity of the signal decreases

with storage at 4°C, there is no difficulty in detecting it even 28 days after irradiation. Therefore, it
was of interest to investigate if the ESR spectroscopy can be used for detection of irradiated insects.

The aim of the present study was to examine the ESR signal derived from insects or their
fragments, and determine the effect of various irradiation doses on the intensity of the signal. Results
obtained indicate that non-irradiated insects and their fragments derived a strong natural ESR signal.
The natural signal in unirradiated beetles seems to be possibly related to melanin or melanin-type
pigments, which are abundant in insects. The natural and strong ESR signals were also found in non-
irradiated strawberries, and were also attributed to melanin-type pigments [36].

Peak heights obtained from the confused flour beetle were variable, and are thought to be not
affected by irradiation with a dose of 1.0 kGy or lower. The ESR peak heights decreased by 10-15%
in the rice weevil as the dose of radiation increased up to 1 kGy. However, this reduction of peak
heights (= signal strength) is too small to be used as a criterion for detection of irradiated rice weevils.
In contrast, irradiation dose had a highly significant effect (P<0.001) on the signal intensity from tail
cuticle of the Norway lobster and the overall response was linear within the wide dose range [35].

The results obtained indicate that the ESR spectroscopy cannot be used for detection of stored
product beetles, irradiated with doses recommended for radiation disinfestation of agricultural
products.

4.4. Changes in the midgut of the confused flour beetle induced by gamma radiation

Ionizing radiation affects dividing cells, and in sufficient doses will sterilize pupae and adults
by preventing eggs and sperm development or by introducing lethals into the embryo if sperm
production is not completely inhibited. Except for gonads, adult insects have few tissues that undergo
cell divisions. There are cells that may increase in size in adult insects, but do not divide. Longer lived
insects are likely to have some cell divisions in the midgut to replace old cells of the epithelial lining.
The dividing regenerative cells are particularly sensitive to radiation and damage to them may result
in loss of midgut epithelium and death [28].

If degenerative changes in the midgut are positively correlated with both the dose and time
elapsed after irradiation exposure, a pathological syndrome of effects may be used for a rapid and
efficient method to identify irradiated insects. In the present study, the histological studies on the
effects of gamma radiation on the midgut of the confused flour beetle, Tribolium confusum DuVal.,
are reported.

Changes in the midgut structure of the confused flour beetle, T. confusum, observed after
irradiation were: (1) destruction of regenerative nidi; (2) elongation and enlargement of epithelial
cells; (3) vacuolization of the epithelial cells; (4) fading of cell boundaries in the epithelium; (5)
damage of nuclei (chromatin grains scattered throughout the cytoplasm of epithelial cells); (6) loss of
the brush border; and (7) disintegration and further loss of the epithelium. These observations are in
agreement with the findings of Jafri and Ismail [37], Ashraf et al. [38], Brower and Ashraf [39],
Quereshi et al. [40], Riemann and Flint [41], and Vinson et al. [42], which investigated the midgut of
irradiated larvae or adults of T. confusum, Plodia interpunctella, Tenebrio molitor, Schistocerca
gregaria, Anthonomus grandis, and Heliothis virescens, respectively.
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The most pronounced effect of irradiation treatment was the destruction of regenerative cells of
the midgut which prevented the replacement of the secretory cells of the epithelium. As result, the
epithelium disappeared and the gut lumen enlarged. Regenerative nidi of all insects species studied
were found to be very susceptible to low doses of irradiation. Cell divisions in regenerative nidi of T.
confusum larvae were inhibited within 24 hr. after irradiation with a dose of 0.1 kGy [37]. The same
effect was observed after 4 days in P. interpunctella [38], S. gregaria [40], and A. grandis [41, 43]. A
dose as low as 0.0855 kGy inhibited the cell divisions and enlarged cells of regenerative nidi in the
midgut of Heliothis virescens [42].

Midgut muscle seems to be very resistant to irradiation. Only the increase of thickness of
muscles, probably as a result of their contraction, was observed. This contraction resulted also in
formation of basement membrane folds which were more pronounced in irradiated than in non-treated
insects. Riemann and Flint [41] suggested also that holes in the epithelium resulting from the
destruction of regenerative nidi are often not detectable because of the muscle contraction.

Irradiation of adults of the confused flour beetle with low doses (e.g., 0.1 kGy) resulted in
enlarged epithelial cells elongated into the lumen of the gut. These cells were vacuolated. Among
them, regenerative nidi were not found. More severe changes in the midgut were observed in T.
confusum adults treated with a dose of 0.3 kGy. The most important were vacuolization of the
epithelial cells, or fading of all boundaries in the epithelium. The gut lumen was filled with
disintegrated epithelial cells. The highest tested dose (0.5 kGy) caused the complete disintegration,
and loss of the epithelium, damage to the basement membrane, and loss of muscle layer. The damage
to midgut of T, confusum increased with the intensity of the dose of gamma radiation and with the
time elapsed after irradiation exposure [20].

Physical causes other than ionizing radiation producing disintegration of the epithelium in the
insect midgut as a result of destruction of regenerative nidi are unknown. Because the degenerative
changes in the midgut are positively correlated with both the dose and time elapsed after irradiation
exposure, a pathological syndrome of irradiation effects on the midgut may be used for a rapid and
efficient method of identification of irradiated insects.

4.5. A rapid method of detection of irradiated insects: Changes in the midgut of larvae of the
Indian meal moth induced by irradiation

Ionizing radiation affects dividing cells which are undifferentiated [44, 45]. Except for gonads,
insects have few tissues that undergo cell divisions. Adults and larvae have some cell divisions in
small groups of undifferentiated cells in the midgut. These cells called the regenerative nidi divide to
replace old epithelial cells exhausted by secretory activity. Recently, Szczepanik and Ignatowicz [20]
suggested that an indicator that could be used easily for identifying irradiated insects may lie in the
post-radiation pathological syndrome of the insect midgut. We have shown that the degenerative
changes in the midgut of the confused flour beetle, Tribolium confusum DuVal., are positively
correlated with both dose and time elapsed after irradiation exposure.

The test for identification of irradiated pests should be rapid, simple and convenient. However,
the classical procedures used in studies on the histopathology of irradiated insects [20, 37-43] are time
consuming. Midgut tissues are usually fixed for 24 hr. in Bouin's fixative, then dehydrated in a
standard alcohol series, and cleared in cedarwood oil before embedding in paraffin [38].

In this study, we tried a rapid method for embedding tissues [12] to determine if this method
enables the satisfactory preservation of cell and tissue structures in the midgut of larvae of the Indian
meal moth, Plodia interpunctella Hiibner. This method uses 1,4-dioxane as the final dehydrating
agent and Polybed 812 as the embedding medium [13].

Information on the histopathology of the midgut of irradiated larvae of the Indian meal moth
was provided by Ashraf et al. [38]. They found that the degenerative changes in the midgut are
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positively correlated with the dose. Damage ranged from moderate disruption of epithelial cells 4 days
after treatment with 0.05 kGy to almost complete histolysis following a 0.5 kGy dose. The additional
objective of this research was to determine if the damage to larval midgut of the Indian meal moth
increases with the time elapsed after irradiation exposure.

Results obtained support the opinion that the regenerative nidi are particularly sensitive to
radiation and damage to them results usually in loss of midgut epithelium, followed by the insect
death [46]. Muscle layers were found to be the most resistant to irradiation.

We noted that all regenerative nidi were destroyed already on the 2nd day after irradiation of
larvae with a 0.3 kGy dose, whereas the other structures of the midgut were rather intact. On the 7th
day after the treatment, the more changes in the midgut were noted. The brush border was damaged,
cytoplasm of the columnar cells was vacuolated, and the muscles were contracted. On the 14th day
after irradiation, the pathological effects were the most severe resulting in the total disintegration of
the epithelial lining. However, the epithelium was not completely missing, like it was found in larvae
of the confused flour beetle, Tribolium confusum DuVal., irradiated with a 0.5 kGy dose and
examined on the 3rd week after the treatment [20].

The pathological changes in larval midgut of the Indian meal moth increase with the time
elapsed after irradiation exposure. Because the degenerative changes in the midgut of larvae of the
Indian meal moth are positively correlated with both the dose [38] and time elapsed after irradiation
exposure (this paper), a pathological syndrome of irradiation effects on the midgut may be used for an
efficient method of identification of irradiated insects. When the destruction of regenerative nidi, lack
of brush border, and vacuolated epithelial cells are observed within the transection of the midgut, then
one may suspect that the pest was irradiated a few days ago. When the total disintegration of the
midgut is observed, one may conclude that the pest was irradiated with a high dose a few days ago, or
with a low dose, but several days ago.

A rapid processing technique for dehydrating and embedding the larval midgut involving 1,4-
dioxane and Polybed 812 produced consistent results. Using this technique, we were able to process
the insect midgut from fresh tissue to sectionable embedded blocks within 5 hours. This technique,
which is rapid and convenient, may be used at the quarantine laboratories, when a pathological
syndrome of irradiation effects on the midgut is used for detection of irradiated insects.

4.6. Alterations in total proteins of irradiated adults of the confused flour beetle

Separation and identification of macromolecules using polyacrylamide gel electrophoresis
(PAGE) show some potential for adaptation as an analytical technique for detecting radiation-
induced changes in protein biosynthesis. Biochemical techniques that detect irradiated larvae of fruit
flies were considered by Yulo-Nazarea et al. [25], Yulo-Nazarea and Manoto [47], and Lescano et al.
[24]. Additionally, in the current study, we determined quantitative and qualitative changes in total
proteins of adults of the confused flour beetle, Tribolium confusum DuVal., in order to examine the
ability of this biochemical technique to detect irradiated insects. Comparisons between the irradiated
and control beetles were made following polyacrylamide gel electrophoresis of whole-body
homogenates.

The results of the electrophoretic separation of the proteins (SDS-PAGE) revealed several faint
protein bands from homogenate samples of irradiated and control adults of the confused flour beetle,
Tribolium confusum DuVal. However, it was not possible to detect protein bands that showed any
shifts or separations between the irradiated and control beetles of this insect. Lescano et al. [24] found
that electrophoretic protein profiles for non-irradiated and irradiated larvae of Bactrocera tryoni were
similar, irrespective of the age at which irradiation occurred.

This study has shown a general depletion of total proteins in irradiated adults of the confused
flour beetle, T. confusum. In general, the total protein content decreased as the dose of gamma
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radiation increased. Irradiation produced major modifications in total proteins of T. confusum beetles.
The protein electropherograms showed a decrease in intensity of >23 kD protein macromolecules, and
an increase in density of <16 kD protein bands. However, these clear changes in electrophoretic
patterns cannot be used to distinguish irradiated and non-irradiated insects, as these alterations are not
specific for irradiation. Different insect pathogens and parasites produce similar effects.

Newton et al. [48] have shown a general depletion of all protein macromolecules in T.
castaneum larvae infected with Nosema whitei. Glinski and Jarosz [49] revealed a reduction of total
proteins in hemolymph of drone brood, Apis mellifera, parasitized by Varroa jacobsoni. The parasite
alters both the electrophoretic patterns and densities of blood proteins, especially of low molecular
weight cathodal protein fractions. Weiser and Lysenko [50] found that in the greater wax moth larvae,
Galleria mellonella, infected with the protozoan Nosema plodiae there was an increase of "D peaks"
(protein bands) with a decrease of "A peaks". According to these investigators, the infection appeared
to cause a transfer of proteins from "A peaks" to "D peaks". A similar protein transfer was detected in
the present research involving T. confusum adults and the irradiation treatment.

Viral infections also produce major modifications in insect proteins. For example, van der
Geest and Craig [51] reported a decrease in total solid protein plasma content of the variegated
cutworm, Peridroma saucia, during an infection with a nuclear polyhedrosis virus (NPV). Watanabe
[52] demonstrated a decrease in the concentration of two protein bands from the hemolymph of the
armyworm, Pseudaletia unipuncta. Heavy viral infections greatly reduced all of the bands.

Electrophoretic protein spectra vary considerably in individual insects [15], often in relation to
differences in their physiological status [53], in different populations of the same insect species, and
also during their development and growth [54, 55]. Pupation and emergence of the adult seems to be
associated with several changes, preferably in the composition of low molecular weight protein
fractions. The great variability of insect protein spectra is an important disadvantage of the
biochemical method of detecting irradiated insects.

New protein bands appear in larvae, pupae, and adults of different insects as their development
proceeds. For example, the appearance of newly synthesized protein fractions and loss of other
hemolymph proteins is associated with the development of the Colorado potato beetle [55]. Proteins
specific for certain stages of insect development were found in Blattella germanica [56], in
Calliphora [57], Pieris brassicae [58], Apis mellifera [54], Leptinotarsa decemlineata (Jarosz, 1990),
Dacus dorsalis [25, 47], and Bactrocera tryoni [25].

Yulo-Nazarea et al. [25, 47] found that the SDS-PAGE profile of pupae irradiated as larvae
showed the absence of a specific protein band that appeared only during the 1st day of pupation. They
suggested that this difference could be used to detect irradiated pupae of B. dorsalis. Lescano et al.
[24] found the same band in B. tryoni after the 3rd day of pupation. They concluded, however, that the
delayed appearance of this new band in B. tryoni makes the electrophoretic procedures unsuitable for
detecting irradiated pupae of this species because both irradiated and control pupae have the same
banding pattern 2 days after pupation. Furthermore, the lack of a specific protein band within the
electrophoretic pattern is not only caused by irradiation treatment. Young and Lowell [59] studied
hemolymph of the cabbage Iooper, Trichoplusia ni, during a NPV infection and observed the loss of
three normal proteins from the hemolymph with a generalized decrease of all other major protein
bands. Thus, the electrophoretic procedures seem to be unsuitable for detecting irradiated insects
because (1) they are not specific for irradiation and are influenced by other processes (pathogens,
parasites); (2) they are not reproducible due to the great variability in protein patterns generated by
individual and population diversity; and (3) they are not quick and easy to perform at the quarantine
laboratory.

This study has shown not only a general depletion of total proteins in irradiated adults of the
confused flour beetle, but also major modifications in total proteins. These pronounced changes
observed in insects irradiated with both high (0.5 kGy) and low (0.1 kGy) doses of gamma radiation
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suggest that the irradiation treatment may alter the overall soluble protein composition in treated
insects. Changes in the overall soluble protein composition in treated insects are the result of protein
depletion, e.g., during post-irradiation starvation of insects caused by the loss of digestive function of
the midgut [60]. Also possible are specific biochemical changes in the content of the total proteins
induced only by ionizing irradiation. Irradiation may inhibit the production of one or more enzymes,
rather than alter the enzymatic reaction involved in the process of protein synthesis. However, further
electrophoretic studies on the effects of irradiation on insect protein composition are needed before
further conclusions are drawn.

5. CONCLUSIONS

Diverse methods for detection of irradiated insects are considered. We studied the possibility of
using the following tests: (a) test for identification of irradiated mites (Acaridae) based on lack of
fecundity of treated females; (b) test for identification of irradiated beetles based on their locomotor
activity; (c) test for identification of irradiated pests based on electron spin resonance (ESR) signal
derived from treated insects; (d) test for identification of irradiated pests based on changes in the
midgut induced by gamma radiation; and (e) test for identification of irradiated pests based on the
alterations in total proteins of treated adults. Of these detection tests, only the test based on the
pathological changes induced by irradiation in the insect midgut may identify consistently either
irradiated larvae or adults. Further investigations on the other tests are needed before the
recommendation on their use for detection of irradiated insects are formulated.

Degenerative changes in the midgut of insect larvae and adults are positively correlated with
both the dose and time elapsed after irradiation exposure. Therefore, a pathological syndrome of
irradiation effects on the midgut may be used as an efficient method for identification of irradiated
insects. When the destruction of regenerative nidi, lack of brush border, and vacuolated epithelial
cells are observed within the transection of the midgut, then one may suspect that the pest was
irradiated a few days ago. When the total disintegration of the midgut is observed, one may conclude
that the pest was irradiated with a high dose a few days ago, or with a low dose, but several days ago.
This test is quick and convenient when a rapid processing technique involving 1,4-dioxane and
Polybed 812 for dehydrating and embedding the midgut is used. Using this technique, a trained person
is able to process the insect midgut from fresh tissue to sectionable embedded blocks within 5 hours.
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