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Abstract

Seven markers or tests that can be applied to 3rd instars of the Caribbean fruit fly as indicators
of exposure to ionizing radiation are described, including (1) whole body melanization, (2)
phenoloxidase spot test, (3) quantitative phenoloxidase measurement, (4) measurement of the ratio
between size of the supraesophageal ganglion and the proventriculus, (5) development of imaginal
discs, (6) number of hemocytes in one ul of hemolymph, and (7) larval weight. The markers work
best and are most definitive when larvae are exposed to at least 50 Gy no later than the first day of the
3rd instar. All of the tests are sensitive enough to be applied to a single 3rd instar larva. Combinations
of some of the tests could be used on a single larva. Tests (1) and (2) are easiest to use and require no
specific technical training, and seem to have the most potential for practical use in quarantine.

1. INTRODUCTION

The safety and efficacy of irradiation as a treatment of fruits, vegetables, and other food
products is well established [1]. In addition irradiation of commodities is an effective way to control
insects of quarantine importance, and can help prevent the spread of economically important insects
to new areas with produce shipments [1], [2], [3], [4]. Moreover, irradiation is cost effective and
environmentally sound.

One factor that creates some problems in irradiation of food products to control insects is that it
takes extremely high dosages of radiation to immediately kill insects. These high dosages are well
above the limits that can be applied to fresh fruits or vegetables, and most other food products. The
reasons that insects are so hard to kill with radiation are at least three-fold. First, insects do not
depend upon cellular transport of oxygen, such as in the case with vertebrate red blood cells, a system
in vertebrates that is extremely sensitive to radiation. Relatively high dosages of irradiation do not
alter the ability of insects to supply oxygen through the tracheal system to their tissues. Second,
although insects do have cellular defense mechanisms against invading bacteria and other foreign
agents similar to the vertebrate immune system, those defense mechanisms are not so easily damaged
by radiation as is the immune system of vertebrates. Third, in the larval and adult stages, insects have
only a few cells that have to undergo division, a process known to be highly susceptible to damage by
exposure to irradiation. The main times of rapid and extensive cell division in most insects are during
embryonic development in the egg, reorganization during pupation, and formation of eggs and sperm.
At these particular times, insects are very sensitive to irradiation. In addition cell division occurs in
the midgut of most insects as new cells grow in to replace old worn-out cells, and in the epidermal
cell layer just beneath the cuticle, in which new cells are produced at each molt; these processes can
be damaged by irradiation also. In a natural environment, insects are likely to occur simultaneously in
all stages - as eggs, larvae, pupae, and adults. Thus, a portion of almost any population is likely to be
sensitive to irradiation while another portion of the population is relatively resistant.

1.1. Imaginal discs are sensitive to irradiation.

Insects that pass through a complete metamorphosis, i.e., egg, larva, pupa, and adult, have
within the larval body small clusters of undifferentiated embryonic cells called imaginal discs. There
are independent groups of these discs for the various tissues that must be constructed in the adult,
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including such structures as wings, legs, compound eyes, gonads, and numerous other adult
structures. The imaginal disc cells divide to provide enough cells for an adult structure. Divisions take
place slowly during larval life, but occur rapidly late in the last larval stage and early in the pupal
stage. At these times an individual is very sensitive to damage by irradiation. Insects with complete
metamorphosis include some of the insects of greatest concern in quarantine, such as tephritid fruit
flies, moths, and beetles.

Insects with incomplete metamorphosis do not have a pupal stage, but the larval (nymphal)
insect gradually transforms into an adult. Although the immature forms in these insects already have
many adult features, such as compound eyes and general body shape, they still have to have cell
division to develop wings (if the adult is winged) and internal reproductive tissues. Thus, they also
have sensitive times to irradiation.

There is interest within the food industry and scientific community in easy to apply techniques
to verify whether living insects found in a shipment have or have not been irradiated. Such methods
would serve to back-up certificates of irradiation that every commodity will carry from the irradiation
facility, and can quickly allay fears that inevitably occur when a living insect of quarantine
importance is found. Thus, a data-bank of insect species, treatment dosages, abnormalities caused,
and potential detection techniques is needed. The objective of our work has been to seek markers in
insects exposed to irradiation. This report describes markers in larvae of the Caribbean fruit fly,
Anastrepha suspensa (Loew) and another dipteran, Musca domestica L.

2. MATERIALS AND METHODS

2.1. Insects.

Eggs and larvae of the Caribbean fruit fly, A. suspensa, were provided by the Florida
Department of Agriculture and Consumer Services (FDACS) mass-rearing laboratory. Pharate first
instars within 5-6 hours of hatching, and instars 1, 2, and 3 were irradiated on the first day of the
instar with varying dosages of gamma rays from a '37cs source maintained by the USDA Medical
and Veterinary Laboratory and by FDACS in Gainesville, FL. Some larvae were also irradiated with a
linear accelerator operated by the FDACS in Gainesville. Details of the measurement of
phenoloxidase activity with 2-methy 1-3(3,4-dihydroxyphenyl)-DL-alanine (2-methyl-DOPA) as a
substrate have been published [5]. Procedures for dissection and measurement of the supraesophageal
ganglion and proventriculus have been published [6].

2.2. Hemocyte counts.

Hemolymph (1 ul) from a small puncture in the body wall of a larva was collected in a 1-ul
micropipet and added to 49 uJ of SBP saline-stain solution [7] for a 50-fold dilution of the
hemolymph. The hemolymph sample was mixed thoroughly with the SBP saline-stain and a drop
added to the counting area of an AO Spencer Bright-Line Hemacytometer chamber. The ruled squares
for counting human white cells were used, and hemocytes in ten squares, each 1 mm^ x 0.1 mm deep,
were counted. The number of hemocytes per cubic millimeter (= 1 ul volume) of hemolymph was
calculated as follows:

hemocytes/ul = sum of hemocytes in 10 squares x dilution factor

3. RESULTS

Seven markers in larvae of the Caribbean fruit fly exposed to irradiation are listed in Table I.
The results from various experiments designed to validate the markers are presented in Tables II-VI,
and in Figures 1 and 2.
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TABLE I. MARKERS OF IRRADIATION IN CARIBBEAN FRUIT FLY

LARVAE

Marker Nonirradiated Irradiated

1. Whole body melanization melanization no melanization

2. Phenoloxidase spot test red color no color
3. Phenoloxidase measurement high activity low activity
4. Supraesophageal/proven-

triculus ratio 1.9 1.0
5. Imaginal disc development large small or not developed
6. Hemocytes/ul hemolymph >29000 <1000
7. Larval weight 14mg/larva 2-7 mg/larva

4. DISCUSSION

4.1. Whole body melanization.

This is the easiest and least difficult test to perform. Late 3rd instars that have been irradiated
prior to the molt into 3rd instars do not melanize when exposed to room temperature after having
been frozen for a few minutes to kill them. The irradiated larvae remain cream-colored to slightly
gray, while control larvae treated similarly turn black in 5 to 10 minutes [5]. A simple application of
this test is to freeze any "wiggler" or living larva of a fruit fly found in an irradiated commodity for a
period of 15 minutes (or longer) to kill it and disrupt normal physiological control of enzyme activity
in the body of the larva. Upon removal of the (normally white to cream colored) larva from the
freezer, it can be placed on a table top or other observation surface and allowed to warm to room
temperature. Almost immediately a non-irradiated larva begins to darken due to oxidation of phenolic
compounds in the body, and within a few minutes becomes dark brown to black. Darkening is caused
by action of the enzyme phenoloxidase, which normally exists in an inactive form in living larvae.
Irradiation of Caribbean fruit fly larvae in the 1st or 2nd instar with at least 20 Gy [5] prevents the
development of cells that synthesize phenoloxidase, and an irradiated larva does not darken.

Irradiation does not prevent the enzyme from functioning; it prevents the synthesis of the
enzyme. The dosage that prevents the synthesis of phenoloxidase may vary with different insect
species. Phenoloxidase is rapidly synthesized by Caribbean fruit fly larvae late in the 3rd instar (see
section below), and irradiation after this time is too late to stop phenoloxidase synthesis.

Whole body melanization does not occur in 1st and 2nd instars of the Caribbean fruit fly
regardless of irradiation or non irradiation status because these stages have too little phenoloxidase
(synthesis not yet started) for significant darkening to occur [5].

4.2. Spot test for phenoloxidase activity (qualitative test).

This test is similar to the whole body melanization test [5] in larvae. A single late 3rd instar
that has been irradiated in an earlier instar can be tested for phenoloxidase activity by crushing the
larva in a drop of water and adding 1 drop of the crushed larva to a test paper (transparency film or
similar nonabsorbent paper or film) containing a dried spot of 100 \ig of 2-methyl dihydroxyphenyl
alanine (2-Methyl DOPA in phosphate buffer, pH 6.5). Lack of red color development indicates lack
of phenoloxidase and exposure to ionizing radiation. Control, nonirradiated larva readily produce the
red color that later turns to black. Test papers for the spot test can be prepared and stored for future
use. The substrate, 2-Methyl DOPA, is stable for months in the spot on the transparent film. Dried
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spots from testing an irradiated larva (no color or slightly yellow due to tissue color of the insect) and
from a control (nonirradiated) larva (red turning to black spot) can be preserved as a permanent
record for comparison with new tests or for later documentation of test results.

TABLE II. PHENOLOXIDASE ACTIVITY IN SUPERNATANTS FROM WHOLE BODY
HOMOGENATES OF MATURE 3rd INSTARS IRRADIATED AT STAGES INDICATED

Units* of phenoloxidase / mg protein (± SD)

STAGE
IRRADIATED**

1ST INSTAR

2NDINSTAR-EXP.1

EXP.2

3RD INSTAR

IRRADIATION DOSE
OGY

514.5a
± 107.4

686.3a
±152.2

450.9a
± 12.0

318.2a
±80.9

50 GY

*** 22.0b
±10.5

8.8b
±2.5

0.6b
±0.4

35.1b
±9.7

150 GY

25.2b
± 8.4

11.1b
±3.8

1.9b
±0.4

34.8b
±12.6

250 GY

54.3b
± 12.7

58.2b
±8.3

8.6b
±7.0

35.0b
±8.9

MATURE 3RD-EXP.1 645.4a 616.2a 573.3a 372.9b
±172.0 ±45.1 ±92.5 ±44.0

EXP.2 397.5a 325.3b 356.5b 271.6c
±7.9 ±35.8 ±14.1 ±5.3

*A unit of Phenoloxidase is the amount of enzyme producing a change in absorbance of 0.01/min at
475 nm, pH 6.5, at 30 C. **Each instar was irradiated on the first day of the instar, except mature 3rd
instars, which were irradiated as mature larvae emerging from the food. Mean values in a row
followed by the same letter are not significantly different (P > 0.05).

4.3. Quantitative measurement of phenoloxidase activity.

Phenoloxidase can be quantitatively measured in one larva in the 3rd instar. Table II shows that
late 3rd instars that were irradiated prior to molting into the 3rd instar had approximately 10% or less
of the normal level of phenoloxidase. Enzyme activity that is 10% of normal does not produce a red
or black color in the spot test described above.

Although phenoloxidase activity was reduced at the 250-Gy dose when mature 3rd instars were
irradiated (Table II), much of the enzyme had already been formed before irradiation, as shown in
Table III. The whole body content of phenoloxidase is very low in Caribbean fruit fly larvae until late
in the 1st day of the 3rd instar, but then synthesis of phenoloxidase begins to occur rapidly. By the
2nd day of the 3rd instar, specific phenoloxidase activity (activity per unit of body protein) is high
and continues to rise during the 3rd day of the instar (Table III). Following pupariation, the
phenoloxidase level gradually falls.
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TABLE III. PHENOLOXIDASE ACTIVITY IN SUPERNATANTS FROM WHOLE BODY
HOMOGENATES OF VARIOUS STAGES OF THE CARIBBEAN FRUIT FLY

Units*

2nd INSTAR

Transition to
3rd INSTAR2

3rd INSTAR

Pupariation

of phenoloxidase / mg protein (±

AGE WITHIN INSTAR

< 1 Day

ND1

24.2
±14.0

49.73

± 15.8

373.54

±98.6

1 Day

53.3
±20.9

41.1
±20.6

340.3
±29.1

2 Days

69.2
±48.8

325.5
±85.6

47.6
±16.6

SD)

3 Days

432.5
± 35.3

114.8
±40.1

*A unit of Phenoloxidase is defined as the amount of enzyme producing a change in absorbance of
0.01/minat475nm, pH 6.5, at 30 C.
1 ND = not determined
2 The 2nd instar molts into the 3rd instar late on the 2nd day of the instar. Individuals were selected
that showed visible mouthhooks for both 2nd and 3rd instars; i.e., the 2nd instar cuticle was not yet
ecdysed.
3 3rd instar, 2-3 hr old
4 1 hour after pupariation

4.4. Growth of the supraesophageal ganglion.

The supraesophageal ganglion in the medfly [8] and several Bactrocera spp. of fruit flies [9],
[10] failed to grow normally in insects irradiated as young larvae, and a ratio of the size of the
ganglion divided by size of the proventriculus was indicative of irradiation. Using similar procedures,
we found the same general results in Caribbean fruit fly larvae [6]. The cross sectional area of a plane
through the two supraesophageal ganglionic hemispheres, or width across the top of the two
supraesophageal ganglionic hemispheres, divided by the cross sectional area or width of the
proventriculus, respectively, gave values < 1 if larvae were irradiated with 20 Gy or greater dosages,
as compared to normal control ratios of >1.9.

These dissections and measurements must be made with 20 - 30 X magnification. Dissection
takes some practice and skill, and if only a few larvae were found in a commodity, there will be little
margin for error or poor dissection. Consequently, it does not seem likely that this marker will be a
useful one in routine quarantine applications.

4.5. Growth of imaginal discs

The imaginal discs are small groups of undifferentiated cells in the larvae of those insects that
undergo a complete metamorphosis, i.e., that have a pupal stage. The imaginal discs contain cells that
will grow into characteristic adult structures during pupal transformation. The discs grow little in the
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early instars of Caribbean fruit fly larvae, but they grow extremely rapidly by mitotic cell divisions in
the 3rd instar, probably as a result of hormonal stimulation. Radiation damage that prevents normal
cell division means that not enough cells will be available at pupation to form the adult structures. An
imperfectly formed adult may develop, or one that is sterile, or possesses other defects, but usually
development is aborted and the fly dies in the pupal stage. Relatively low dosages of radiation are
sufficient to damage the imaginal discs. The imaginal discs of Caribbean fruit fly larvae irradiated
with at least 50 Gy do not develop normally [6]. In addition to interfering with cell division,
irradiation probably introduces many genetic and biochemical defects in the DNA of the cells. Thus,
adult structures cannot develop or develop imperfectly because there are not enough cells, and
possibly because of numerous biochemical and genetic defects induced by radiation.

The imaginal discs for the compound eyes, legs, and some other structures can be observed and
abnormalities noted in the same dissections prepared to observe the supraesophageal ganglion and
proventriculus. However, because of the difficulties and constraints imposed by dissection of small
larvae, observation of the imaginal discs will not be a satisfactory marker of radiation exposure in
quarantine administration.

4.6. Lack of hemocytes (blood cells) in irradiated larvae.

Larvae irradiated with at least 50 Gy at hatching have only 1 to 2% as many hemocytes as non-
irradiated larvae (Table IV). To observe and count hemocytes requires the collection of 1 ul of
hemolymph from a puncture in the body cuticle of a larva. Care must be taken not to puncture the gut
or to get gut contents in the sample. The hemolymph sample is added to 49 ul of a dye/fixative
solution [8], and a drop is placed on a hemacytometer counting slide used in the clinical measurement
of red and white blood cells in humans. Hemocytes are counted in 1 square mm X 0.1 mm deep
marked areas (the white cell counting area). Counting 10 such areas allows one to express the total
hemocyte count as hemocytes per cubic mm. Late 3rd instar Caribbean fruit fly larvae have a total of
about 30,000 cells per cubic mm of hemolymph (1 cubic mm = 1 \i\ volume). Student's unpaired /-test
for data in Table IV is highly significant (r=15.2, P= < 0.0001). It is clear, even without statistics, that
larvae irradiated with at least 50 Gy have extremely few hemocytes, while normal control 3rd instars
have >29,000 cells per ul hemolymph. Hemocytes are produced primarily from the division of small
hemocytes called prohemocytes [11], and a rapid increase in the number of circulating hemocytes
occurs late in the 2nd day of the 3rd instar as shown in Figure 1.

4.7. Reduction in size of irradiated larvae.

Irradiated larvae are substantially smaller than nonirradiated larvae at every stage, but the size
difference is particularly striking in late 3rd instars seeking a pupariation site (Table V).

TABLE IV. NUMBERS OF HEMOCYTES PER ul HEMOLYMPH IN CONTROL
AND IRRADIATED (50 Gy AT HATCHING) 3rd INSTARS OF Anastrepha suspensa.

MEAN ± SD OF 3 DETERMINATIONS

Replicate Control Irradiated

1 27833 ± 3912 467 ±462

2 30967 ± 3875 150± 132

3 28717 ± 9624 33 ±29
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TABLE V. WEIGHT OF CONTROL
AND IRRADIATED LATE 3rd INSTARS

Irradiation Weight/larva
dose (Gy) mg

0 (control) 14.2
5
10
20
50
75
100
150

12.4
10.4
10.8
7.3
4.7
5.1
2.6

Table VI - PHENOLOXIDASE ACTIVITY IN 4-DAY-OLD THIRD INSTARS OF
THE CARIBBEAN FRUIT FLY PARASITIZED WITH THE PARASITOID

Diachasmimorpha longicaudata

Units* phenoloxidase Percent of
Stage/treatment per mg protein (± SD) control value

Control larvae 351.2±119.2a 100

Parasitized on 1 st
dayof3rdinstar 129.2 ± 76.3*>c 37

Parasitized on 2nd
day of 3rd instar 40 .6±9 .2 b 12

Parasitized on 3rd
day of 3rd instar 265.2 ± 60.3ac 76

A unit of phenoloxidase is defined as the amount of enzyme producing a change in absorbance of
0.01/min at 475 nm, pH 6.5, at 30 C. Means followed by the same superscript are not significantly
different (P > 0.05).

Larvae were irradiated at hatching with the doses indicated. Groups of 10 larvae were weighed, and
the weight recorded is the average weight per larva. Weight and size alone may not be definitive
indicators of irradiation because inadequate nutrition can be a factor in final weight obtained in
insects. However, in conjunction with several of the other markers noted in Table I, weight can be a
useful part of the decision making process relative to determining if irradiation has occurred. Larvae
may be smaller and weigh less because irradiation probably damages midgut cells which produce the
digestive enzymes and which also absorb the products of digestion. In addition, irradiation probably
damages the epidermal cells beneath the cuticle that are responsible for the synthesis of new cuticle at
each molt. These cells must divide in order to provide a larger body size with each molt.
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Figure 1 - Temporal increase in hemocytes in nonirradiated 3rd
instar Caribbean fruit fly
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Figure 2 - Reduction in phenoloxidase activity during days 1-4 in 3rd instars of the housefly
irradiated as 1st instars

4.8. Parasitization can influence phenoloxidase in Caribbean fruit fly larvae

The phenoloxidase system and encapsulation of foreign objects by hemocytes are two of the
recognized defense systems used by insects against attack by foreign invaders. These defense
mechanisms may be compromised by irradiation and by successful parasitism. We have conducted
one brief experiment which does indeed show that phenoloxidase activity is lowered in Caribbean
fruit fly larvae parasitized by Diachasmimorpha longicaudata. Larvae were parasitized by allowing
female parasitoids to lay eggs in 3rd instar Caribbean fruit fly larvae on the 1st, 2nd, or 3rd day that
larvae were in the 3rd instar. Measurements of phenoloxidase activity [5] were made on the 4th day
when larvae started to crawl out of the food seeking a pupariation site. The results, presented in Table
IV, confirm that parasitism lowers the specific activity of phenoloxidase, presumably by destroying
tissues (cells) that synthesis the enzyme. When parasitoids of this species are successful in
establishing themselves in larvae, they eventually kill their host.
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4.9. Parallel results with Musca domestica, another dipteran

Irradiation with dosages as low as 10-20 Gy caused significant reduction in phenoloxidase
activity and in numbers of hemocytes in mature 3rd instar larvae of the housefly, Musca domestica,
when newly hatched 1st instars were irradiated with 137cs. Phenoloxidase activity in the 3rd instars
that were irradiated as 1st instars is shown in Figure 2. Hemocytes in the hemolymph of control,
nonirradiated larvae appeared only very late in 3rd instars. Less than 100 hemocytes per ul of
hemolymph could be found on day 2 of the 3rd instar, but by day 3 the value was 13,770/ul, with the
number rising to 45,460/ul on day 4. Late on day 4 and on day 5 larvae left the food seeking a
pupariation site.

5. CONCLUSIONS

We have identified seven markers that can be used to determine if a 3rd instar Caribbean fruit
fly has been irradiated with at least 50 Gy in an early instar. The tests can be applied to a single larva.
The whole-body melanization and the phenoloxidase spot tests are the easiest tests to perform, and
require no special skills or training. Several of the tests can be used in combination; for example, a
3rd instar can be weighed, a sample of hemolymph taken for a count of the hemocytes, and the larva
can be crushed for the phenoloxidase spot test. The tests are not valid if radiation occurs later than the
1st day of the 3rd instar. By this time in the life of a Caribbean fruit fly larva, synthesis of
phenoloxidase, growth of the supraesophageal ganglion, production of hemocytes, and overall growth
of the larva are well advanced. It is inhibition of these physiological events by irradiation in an early
instar that is the basis for the markers. The tests are not adequate to identify with certainty the dosage
that larvae have been exposed to, but they are valid indicators of irradiation at well below the
currently approved dosage of 250 Gy for quarantine control of fruit flies.

Mansour and Franz [12] have shown low activity of phenoloxidase and prevention of
melanization in Mediterranean fruit fly larvae that were irradiated at or near hatching. We have
shown reduced phenoloxidase, lack of melanization, and lack of hemocytes after irradiation of 1st
instars of houseflies, Musca domestica. Thus, it seems probable that the methods described here will
be generally applicable to dipterans although the exact dosage of radiation that causes the
physiological changes will probably vary with species. For example, very dramatic reductions of
phenoloxidase activity in 3rd instars can be achieved by irradiating housefly 1st instars with as little
as 10-15 Gy, and few if any survive to the 3rd instar after irradiation with 25 GY, but as shown in the
data of this paper, somewhat greater dosages are required to achieve the same reduction in
phenoloxidase activity in Caribbean fruit flies.

Caribbean fruit fly larvae that are parasitized by the parasitoid Diachasmimorpha longicaudata
have lower levels of whole-body phenoloxidase, and it is possible that a nonirradiated, but parasitized
3rd instar larva could be mistaken for one that had been irradiated because of the lower activity of
phenoloxidase. This should not be of any consequence to quarantine officials, however, because fruit
fly larvae parasitized with this parasitoid do not successfully emerge as adult fruit flies. The
parasitoid is used as a biological control of the Caribbean fruit fly in some citrus production area of
Florida.

First and second instars of tephritid fruit flies are extremely small and hard to detect in cut fruit
or produce. Nevertheless, if these small stages should be found, it is unfortunate that the tests
described do not work on the 1st or 2nd instar. The activity of phenoloxidase cannot be measured in
just one 1st or 2nd instar larva because activity is too low. Moreover, the two early instars have not
synthesized hemocytes, so they cannot be counted. Radiation damage to the supraesophageal ganglion
and to imaginal discs is not detectable with reliability in the 1st and 2nd instars.

Some of these tests may be applicable to other groups of insects of quarantine importance, such
as beetles and moths. However, case by case study is necessary to determine if these tests, or some
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other tests that can be developed, actually work. It is important to recognize that the greatest damage
caused by the dosages of irradiation used in fruit and vegetable treatments occurs in cells that are in
an embryonic state, such as the imaginal disc cells, or in the process of division. Damaged cells may
not be able to synthesize some of their normal products, such as the enzyme phenoloxidase. If
phenoloxidase or some cellular product already has been synthesized prior to irradiation exposure,
then it is unlikely that irradiation will be reflected in any measurable decrease or change in the
enzyme or product. Thus, it is important to determine when in the various life stages of an insect it is
sensitive to irradiation. Greater problems in detection are presented by insects with long larval
development through several instars, such as many beetles and moths, as opposed to the short larval
developmental time and few instars of fruit flies. Detailed study will be required to look for changes
that irradiation treatment might influence.
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