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SYNOPSIS
Practical applications of radioactive isotopes in medicine,
science, and industry have multiplied enormously during the past
five years. In this paper, the author attempts to gather what is
known about the use of radioactive isotopes in the research on
malaria control.
The development of the uranium pile for large-scale production
of radioisotopes and technical progress in the making of reliable
electronic equipment have greatly contributed to the application
of radioactive tracers in biological research. The present knowledge
of radioisotopes in mosquito and in insecticide research is discussed.

Applications of radioactive isotopes in medicine, science and industry
have multiplied enormously during the past five years. In comparison
with other natural sciences the use made of radioisotopes in medical entomology is still on a moderate scale and the relevant information is scattered
in many periodicals and sporadic reports.
The present review attempts to gather what is known about the use of
radioactive isotopes in research on mosquitos bearing on problems of
malaria control. It is obvious that the results of work carried out on
mosquitos other than Anopheles and also on other insects will have to be
taken into account whenever the information is relevant. It is also felt that
a brief summary of the basic data on the physics of radioisotopes will not
be out of place.
Radioactive Tracers
It was realized in the early days of nuclear physics that natural radioactive
elements may exist in forms having different atomic weights but identical
chemical properties. Groups of such elements called isotopes were described in 1910, and a few years later Hevesy and Paneth initiated the use
of radium, thorium and actinium for tracing minute quantities of stable
elements mixed with the radioactive indicators. The discovery in 1934 of
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artificial radioactive isotopes speeded up the application of this technique
but the real impetus dates from the post-war period and is due to the
development of the uranium pile for large-scale production of radioisotopes
and to technical progress in the making of reliable electronic measuring
equipment.
Each chemical element exists in the form of two or more isotopes which
have the same electrical charge on the atomic nucleus but different number
of neutrons and therefore a slightly different atomic mass. But since all
the isotopes of an element have the same number of electrons, they possess
almost identical chemical and biological properties. Some of these isotopes
are stable while others are not. The instability of isotopes can be natural
(in the case of radium, thorium, etc.) or can be induced by artificial means.
The nuclei of unstable isotopes undergo spontaneous disintegration and
change into nuclei of different elements. This change is accompanied by the
phenomenon of radioactivity, namely, the emission of elementary particles
or the release of electromagnetic energy in the form of gamma rays, or both.
Charged elementary particles emitted by the disintegrating nucleus are alpha
(slow-moving positively charged nuclei of helium), beta (fast-moving
negative or positive electrons) or others. The gamma rays are bursts
(quanta) of very short electromagnetic radiation, travelling with the velocity
of light and not deflected by electric fields.
Any nucleus emitting particles or electromagnetic radiation releases
energy, the amount of which is measured in million electron-volts (MeV).
The higher the released energy the easier the detection in samples which
usually contain only infinitesimal traces of the radioactive substance.
The speed of the disintegration of a given nucleus or the rate of decay of
a radioisotope is usually expressed in terms of half-life, namely, the period
at the end of which there remains only half of the radioactivity initially
present. In the case of radioactive phosphorus (P-32) with the atomicmass number 32 (total number of protons and neutrons in the nucleus),
the half-life of the element is 14.3 days. Thus a source containing this
isotope will retain after 14.3 days half of its activity, after 28.6 days one
quarter of it, and so on.
All particles and gamma rays induce ionization, the former direct, the
latter mainly indirect. This ionization can be detected and, thus, radioisotopes can be specifically traced through a series of complicated chemical
and physical reactions.
The ionizing effect produced by the emission of particles or gamma rays
can be picked up and transformed into electrical impulses, each of which
represents one nuclear disintegration. The activity of a source is measured
by the rate of disintegrations (counts) per unit time. A more specific and
generally accepted arbitrary unit of activity of a source is the " curie ", based
originally on a radium standard producing approximately 3.7 million million disintegrations per second. This unit of activity is too large for routine
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biological work; fractions of this unit such as 1/1000 of a curie (millicurie
or mc) or 1/1 000 000 (microcurie or ,uc) or even 1/1000 million (millimicrocurie or m,uc) are more commonly used in biological applications.
The specific activity of a source is the total activity of the sample in
relation to the unit of its weight or volume.
The amount of radiation absorbed by a biological system is measured
by the amount of ionization produced in a unit volume of air. The accepted
arbitrary unit of the quantity of absorbed X-rays or gamma radiation is a
roentgen (r) representing a total integrated dose. The rate at which the
ionization is effected is measured in terms of roentgens per hour. The
biological effectiveness of beta particles and of gamma rays is approximately
the same, providing that their respective energies are similar, but the
penetrating power of the latter is greater.
Two types of application of radioisotopes for biological research are
common: (1) tracer application and (2) activation analysis. In the first type
of application the specific radiation is used to detect the presence of the
isotope and also to measure its amount. It is thus possible to mix a minute
quantity of the radioisotope with a stable material and it will follow this
material and behave in every way like it except in one respect : it will emit
radiation which will betray its presence. The sample is thus "marked"
or " tagged " or " labelled ".
In the second type of application, particularly valuable in biochemistry,
it is possible to detect small quantities of certain elements by exposing the
material containing them to a neutron flux of an atomic pile and then
measuring the activity and specificity of the new element thus produced.
Since the tracer is usually highly diluted during the experiment, its
original specific activity must be sufficiently high to enable the final sample
to be counted efficiently and quickly. The theoretically desirable high
specific activity of the source is in biological practice often a disadvantage
because of the side-effects of the high radiation.
The relationship between the level of specific activity of the source and
the threshold of sensitivity of the method employed can be shown by the
following example. If the original active solution contains 1/10 mc of radioactivity in 1 ml, then the standard counting equipment one should be able
to detect the radioactive substance in dilutions as high as 1 to 1 million or
1 to 10 million. With more sensitive apparatus this limit might be extended
by a factor of 100 to 1000 and thus many elements can be traced in dilutions
up to 10 million higher than detectable by chemical means.
In most tracer applications, it is not necessary to know the absolute
amount of radioactive material present at any stage, and only relative
measurements based on some reference source are required. If an aliquot
part of the original mixture is retained as a reference sample and measured
under the same conditions as the final investigated sample the corrections
for the decay of the radioisotope are automatically made.
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The choice of a tracer for biological experiments depends on 3 factors:
the type of radioactive emission, the half-life and the physiological specificity.
Type of emission and its energy
Most of the tracers commonly used are beta and/or gamma active.
The beta particles can be more efficiently counted with the standard equipment, have less damaging effect on the investigated biological system and
are safer to use. The gamma radiation is, however, essential when the tracing
technique requires working at a distance from the labelled sample.
The greater the energy of any particular type of radiation, the greater
will be its penetrating power, and it is convenient to classify radiations as
" hard ", " medium " and " soft ". " Hard" radiations may be taken as
those having an energy greater than 1 MeV, "medium ", between 0.2 and
1.0 MeV and " soft" those having an energy below 0.2 MeV. This rough
classification is nevertheless of value in connexion with the choice of detecting apparatus, the degree of shielding required for protection and the
suitability of an isotope.

Half-life
The half-life must be neither too short nor too long, though the second
condition needs qualifying. If the radioisotope decays too fast then the loss
in transport is considerable and only few experiments can be carried out
sufficiently quickly. On the other hand, the long persistence of a radioisotope may interfere with the metabolism and reproduction of the investigated
biological system.

Physiological specificity
Not all chemical elements take the same part in the metabolism of the
investigated organism and live tissues vary in their composition. Elements
which form an intrinsic part of the metabolic process are the only ones
that can be justifiably used as tracers. Naturally this does not apply to
simple physical tagging.
Table I gives a list of radioisotopes used in biological research.
With small amounts of not unduly active or not too long-lived radioisotopes used in biological research the risk to the investigator is slight. Precautions should be observed, however, when handling the main source
containing the active stock solution.
This applies especially to long-lived isotopes such as calcium-45, iron-55
and strontium-90 which are particularly dangerous when ingested.
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TABLE 1. RADIOISOTOPES USED IN BIOLOGICAL RESEARCH
Element

Element Isotope
Isotpe

|

of
Type
rTaYdiaetiyofn
radiationMeV

Energy of
radiation in

Half-life

Hydrogen

H-3

beta -

0.018

12.5 years

Carbon

C-14

beta-

0.16

5 500 years

Sodium

Na-22

beta +
gamma

0.54
1.27

2.6 years

beta-

1.39
2.20

15 hours

gamma

Na-24

Phosphorus

P-32

beta-

1.70

14.3 days

Sulfur

S-35

beta

0.17

87.1 days

Calcium

Ca-45

beta-

0.26

Iron

Fe-59

beta gamma

0.36
1.20

Zinc

7n-65

beta +
gamma

0.33
1.12

Strontium

Sr-89
Sr-90 *

betabeta -

1.46
0.53 (2.2)

Bromine

Br-82

betagamma

0.47
1.25

Iodine

1-131

beta gamma

0.6

1-135

betagamma

1.0
1.8

0.4

*
Strontium-90 mixed with strontium-89 may be obtained as a fission product, the ratio of Sr-89
to Sr-90 depending upon the age of the material. Since Sr-90 is the parent of yttrium-90, the decay
of Sr-90 is always accompanied by the hard 2.2 MeV beta radiation from Y-90.

Detecting equipment

The choice and value of detecting equipment depends on the type of the
radioisotope used and the degree of sensitivity required by the investigation.
Counting methods are always necessary for the detection of low activities, while for coarser or purely qualitative work the continuous currents
produced in ionization chambers (monitors) can be used and calibrated
in relation to the degree of activity. In the most commonly used counting
method the Geiger-Muller (G-M) tube records the number of nuclear
disintegrations per unit time.
Whenever an ionizing radiation produces free electrons inside the tube
an electrical impulse is registered. G-M counters are particularly suitable
for the accurate detection of beta particles emitted with an energy above
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0.2 MeV. The use of liquid counters in which the radioactive solution
surrounds the G-M tube increases the sensitivity of the technique. For
beta particles with energies below 0.2 MeV the source must be placed inside
the counter and the technique is more elaborate. The usual counting
efficiency of a routine G-M tube is about 10 % which means that it registers
only 1 out of 10 disintegrations. Greater efficiency of detection from low
energy sources such as C-14 or H-3 can be achieved by gas-filled G-M
counters or by " proportional counters " which require a more complicated
electronic equipment.
G-M counters can also be used for the detection of gamma radiation
which produces an indirect ionization by impact on the wall of the G-M
tube. The efficiency of G-M counters for the quantitative detection of
gamma radiation of less than 1.3 MeV is very low (about 1 %). A new type
of detecting equipment is the electron- or photo-multiplier in which the
primary electrons generated by the impact of gamma rays strike a sensitive
surface and produce scintillations that can be subsequently amplified and
electronically recorded. These " scintillation counters " are 50 times more
efficient than G-M tubes and the equipment is inherently more rugged.
They are being increasingly used for the quantitative detection of gamma
radiation. It is possible that they will eventually supplant the G-M tubes
also for the detection of beta particles.
Moreover, by the employment of some recently developed liquid
scintillators the volume available for detection can be made much larger
and the pulse-height discrimination becomes possible. Thus it becomes
feasible to do accurate summation of 2 or 3 isotopes in a mixture by counting
in the zone of maximum energy for the particular isotope.
Since both the beta particles and the gamma rays have an ionizing
effect on the sensitive emulsion, they can be detected by the blackening of the
photographic plate which reveals not only the presence of the radioisotope
but also its spatial distribution in the sample and approximately its amount.
Autoradiography, as this method is called, is logically a branch of the
tracer technique and can be used for macroscopic samples as well as
microscopic sections and blood smears.
Radioisotopes are increasingly used in conjunction with paper chromatography. In this method, the mixture of labelled compounds is separated
on the chromatogram which is then automatically scanned by an endwindow G-M tube or a photographic plate is placed in contact with the
paper strip and reveals where the concentration of the labelled compound
occurs.
The use of stable isotopes for biological research is potentially as promising as the use of radioactive isotopes and is hampered only by technical
difficulties and particularly by the need of a mass spectrometer-a complicated and expensive apparatus. A new method, originating from the use
of short-wave radar during the war, was recently developed and has a very
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promising future. It is based on the phenomenon of the specific electromagnetic resonance of different elements or their isotopes when exposed
to a narrow beam of a microwave having a definite spectrum. The
microwave resonance spectroscopy needs much simpler equipment than
that used for mass spectrometry and has aroused considerable interest in
the use of stable isotopes which are safe in handling and are devoid of
side-effects on the investigated biological system.
Radioisotopes in Mosquito Research

It is of interest that the use of radioisotopes in entomological research
originated in Britain where in 1935 Hamilton added Polonium-212 to the
feeding medium of green-peach aphids (Myzus persicae) to study the
quantity of sap removed from the plant and the amount of ingested material
returned to it during the next feeding period of the insect. In 1939, Patton
and Craig investigated the excretion of radioactive sodium by the meal
worm.
During the past few years the amount of research using radioisotopes
has increased greatly particularly in agricultural entomology. Mealy bugs,
fruit moths, wire-worms, aphids, screw-worm flies, blowflies, fruitflies,
spiders, houseflies, blackflies, cockroaches, etc., were studied by means
of the new technique.
The information sought pertained to many aspects of ecology such as
dispersal range, food preferences, habitat, predation, growth and metamorphosis, biochemistry, genetic changes, etc., and cannot be reported
here. One of the most interesting practical applications of radioisotopes
is undoubtedly the recent successful control of the screw-worm fly (Callitroga macellaria and C. hominivorax) achieved by the US Department
of Agriculture on the island of Curasao and based on the release of a great
number of male flies sterilized by a previous exposure to the gamma radiation
from a Cobalt-60 bomb (Pearson 28).
This was based on the experimental work of Bushland & Hopkins 11
who obtained sterile males of the fly after irradiating pupae by X-rays or
gamma rays.

Ecology of mosquitos a
The first application of radioisotopes for the study of the flight dispersal
of mosquitos was that of Bugher & Taylor 10 who pointed out that this
a General problems referring to the use of radioisotopes for marking mosquitos in the field were discussed
at a special meeting held under the chairmanship of Professor P. A. Buxton at the London School of Tropical
Medicine and Hygiene in September 1953. A few references in the text are based on the unpublished report

of this meeting (" London meeting ", 1953).
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method of marking insects was nearly ideal since it combined the ease of
mass application with the minimum amount of manipulation, persistence
of the " tag ", its ease of recognition and freedom from biological side-effects.
Bugher & Taylor 10 working with Aides aegypti used in their preliminary
experiments radioactive phosphorus (P-32) as Na2HPO4 added to a glucose
solution on which adult mosquitos fed and became radioactive. This
procedure was however discarded in favour of administration of the radioactive isotope to larvae as a larval bath.
Tissues of Aides aegypti contain an appreciable amount of calcium
and it was tempting to use the radioactive isotope of this element. The
radioactive calcium (Ca-45) was however difficult to prepare and to use
on account of its low radiation energy. It seemed, therefore, reasonable to
use in its place strontium (Sr-89) which has a shorter half-life than calcium
but a higher radiation energy. Moreover, the chemical similarity of strontium
and calcium is such that the first element might be taken up by the mosquito
in lieu of calcium (Bugher a).
During their preliminary experiments Bugher & Taylor 10 found that
both phosphorus and strontium are readily taken up by Aides aegypti in
the larval stage, absorbed mainly during the last two larval instars, and
passed to adult mosquitos in amounts proportional to the concentration
of the isotope in the larval bath. An initial concentration of P-32 of 10-20
m,tc per ml of bath produced adult mosquitos with a radioactivity between 2 and 16 mjtc depending on the concentration of larvae and feeding conditions.
Strontium-89 (as SrCl2 solution) added at the concentration of 20 mpc
per ml produced adults of Aides aegypti with a mean radioactivity of 6.4
mpc. In growing larvae there was a considerable concentration of radioactive material. Satisfactory radioactivity for marking purposes was of the
order of 1-5 m,uc per adult mosquito and this was obtained with a small
amount of any of the two isotopes, approximately between 2.5 and
5.0 m,tc per ml per larva.
Both phosphorus and strontium were satisfactory for labelling mosquitos though the latter was preferred because of a slower rate of decay.
Toxic effects of the two isotopes were not evident as long as their concentrations in the larval bath did not exceed 200 m,uc per ml. Recognition
of labelled mosquitos exhibiting radioactivities of 1 mtc or less was easy
with a conventional G-M tube.
The orientation of the mosquito under the tube was unimportant and
the absorption effect of mosquito tissues was negligible. The subsequent
loss of radioactivity of live mosquitos was insignificant unless oviposition
intervened. With a standard density of larvae in the radioactive bath it
was possible to estimate the number of emerging adults by dividing the
a Bugher, J. C. (1948) In: Yellow Fever Research Institute, Annual report ... for the year 1948, Nigeria
(Unpublished document)
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amount of radioisotope disappearing from the bath by the average mosquito
radioactivity.
The use of P-32 for marking of Aedes aegypti was reported independently
by Hassett & Jenkins. 16 The two authors found in their preliminary experiment that in a concentration of the larval bath of 10 uc per ml third and
fourth instar larvae developed normally and adults emerged between
6 to 10 days after the immersion in the radioactive solution. The mean
radioactivity of the emerged adults was approximately 60 m,tc of P-32 corresponding to about 5 x 10-15 g of P-32. Most of the uptake of the tracer
occurred when the larvae were in the third and fourth instar and very
little was absorbed in the pupal stage.
Yates et al. 40 suggested a dosage of P-32 of 10 m,uc per larva per ml,
while Provost 30 used this isotope at a concentration of about 20 m/c per
larva per ml.
Recently, Bruce-Chwatt & Hayward9 found that at P-32 concentration
-between 15 and 20 m,uc per ml of the larval bath adult Aedes aegypti emerged
with a radioactivity averaging 1-2 m,uc per adult mosquito.
It seems that for marking purposes this concentration will not interfere
with the normal behaviour of larvae or adults and is just sufficient for their
detection for one month from the day of release. It is certain that for
marking purposes a dose of over 5 m,tc per adult mosquito is excessive.
There is some disparity of results reported by various authors with
regard to the proportion between the concentration of the radioactive
isotope in the larval bath and the resulting mean radioactivity of the adult
mosquito. It seems that this disparity is due to the fact that the density
of larvae per ml of bath and the amount of larval food (which adsorbs a
considerable proportion of radioactivity) were not always standardized.
TABLE II. FIELD RELEASES OF MARKED AIDES AEGYPTI

Tracer

Number of
released
A. aegypti

Bath concentration in
muc per ml

Number of
recaptured

Mean radioactivity per

Maximum
distance of

P-32

5000

23

15 (0.3%)

15.8 m,tc

450

P-32

9 200

85

27 (0.3%)

2.4 m,uc

850

Sr-89

10 000

24

34 (0.3%)

4.2 m,uc

1 100

Sr-89

252000

19

240 (0.1%)

mitc

3800

* 1 foot

=

mosquitos

mosquito

1.8

recapture

30 cm

Early investigations on the flight dispersal of radioactive mosquitos
were carried out by Bugher & Taylor 10 whose results are shown in Table II.
10
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It was found that released Aedes aegypti were distributed largely by
wind drift. The maximum life span in the last release was 28 days. Males
and females travelled the same maximum distance but the survival of males
was only a fraction of that of females.
Mosquitos other than Aides aegypti were marked with radioisotopes
for the study of their flight range and the results of these experiments are
shown in Table III quoted mainly after Jenkins 19 and Dahm.14
In addition to species shown in Table III other mosquitos were labelled
with radioisotopes: Aides sticticus, Aides vexans, Aides pullatus, Aides
excrucians, Aedes atropalpus, Aides africanus, Aedes luteocephalus, Aedes
stokesi, Culex pipiens, Anopheles quadrimaculatus, Anopheles gambiae, and
Anopheles maculipennis atroparvus.
TABLE III. RESULTS OF FIELD INVESTIGATIONS ON THE FLIGHT RANGE OF
MOSQUITOS MARKED WITH RADIOISOTOPES

Country

Species

Number
released

[Percent-i Maximum

age
recov-

fligh

range

ered

Radio-

isotope

~~(m
~~~~iles)

istp

Source of
finformation
inomin

Aedesaegypti

Nigeria

276000

0.11

0.75

P-32
Sr-89

Bugher&Taylor'"

Aedes communis

Churchill,
Canada

3
million

0.005

1

P-32

Jenkins &
Hassett *2

Aedes
nigromaculis

California,
USA

400000

0.12

1.9

P-32

Thurman &
Husbands 38

Culex tarsalis

California,
USA

10 000

?

1

P-32

Thurman &
Husbands 38

Addes taeniorhyn-

Florida,
USA

1

million

0.03

males: 2
females:

P-32

Provost

chus

30

up to 20

Aedes flavescens

Saskatchewan,
Canada

470 000

0.006

0.5

P-32

Shemanchuk 31

Psorophoraconformis,
P. discolor

Arkansas,

50000

0.09

6

P-32

US Public Health
Service

Anopheles

Brazil

3 000

?

* 1 mile

=

USA

]

0.5

J Th-226

Aragao 1

1.6 km

In a few instances the method of labelling was different from the immersion of larvae in the radioactive solution. Yates et al.40 made adult Aides
sticticus radioactive by feeding them on rats injected with 0.375 (mc) of
P-32. The same author reared Culex tarsalis in water to which faeces from
rats injected with P-32 were added. Hassett & Jenkins 17 labelled a series
of adult Aiedes aegypti, Aedes atropalpus, Culex pipiens and Anopheles
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quadrimaculatus by feeding them on radioactive animal blood, raisins,
sugar solution, plant nectars, etc. Radioactive Aides aegypti were also
produced by Kuper & Pelc 24 by feeding them on sugar solution to which
P-32 or S-35 were added in concentrations varying between 0.2 and 3.0 m,uc
per ml.
The use of radioisotopes for marking seems to be of particular potential
value in studies on Anopheles aquasalis in the West Indies. This mosquito
occurs in vast numbers in the adult stage though its breeding places are
sparsely dispersed over extensive swamps. They rest out of doors and can
only be recovered on vegetation or when biting. Laboratory colonies cannot
be established since this mosquito mates only out of doors. The adults
are readily injured by any handling and marking by dusts produces a high
mortality (Senior-White, London meeting, 1953).
It may be possible to mark large numbers of mosquitos by providing
blood-meals from a host fed, watered or injected with a radioactive substance. The use of one or more large bait animals for marking wild populations of adult A. aquasalis is not easy since an injection of a dose of 1.7
curies of P-32 would be required and this would have to be repeated. Such
high dosage would be dangerous to the animal (Winteringham, London
meeting, 1953).
Marking of some tree-hole breeding mosquitos such as Aides africanus,
Aides luteocephalus and Aedes stokesi was carried out successfully in the
field by adding a solution of radioactive strontium to the water contained
in the tree-hole. This procedure is, however, unreliable and wasteful since the
absorption of radioisotopes on the organic debris in the tree-hole is very
pronounced (Bugher a).
Other ecological investigations carried out with the use of radioisotopes
included a study of feeding habits of Aiedes communis in Canada (West &
Jenkins 35). The food preferences of males and females were followed up
by P-32 introduced in very small amounts into various species of flowering
plants simply by placing their stems in the solution of the tracer. Predation
habits and food chains in mosquitos were investigated by the same authors
at Hudson Bay, Canada, and by Thurman & Husbands33 in California.
Labelled larvae of Aedes communis and Aides nigromaculis were preyed
on by chaoborines, caddis fly, water beetles, dragon-fly nymphs and damselfly nymphs which then became radioactive. Food chains involving algae,
plankton, aquatic insects, fish, crabs, birds and bats were studied at Bikini
after the explosion of the atomic bomb.
The potential use of radioisotopes in population studies of insects was
first pointed out by Bugher & Taylor 'I who suggested that the release and
subsequent recapture of labelled mosquitos would give the dilution factor
of the number of marked to wild mosquitos and could serve for an estimate
a Bugher, J. C. (1948) In: Yellow Fever Research Institute, Annual report ... for the year 1948, Nigeria
(Unpublished document)
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of the total mosquito population of the area, providing that capture stations
are sufficiently numerous and suitably placed. The same authors indicated
the possibilities of radioisotope marking techniques for the study of agedistribution and longevity of separate batches of mosquitos emerging on
successive days. This technique was partly used by Provost 30 in his study
of dispersal habits of Aedes taeniorhynchus in Florida.
For some mosquitos (Aedes aquasalis), a large number of marked adults
could be obtained only by repeated releases over a period of many days or
weeks. This has no effect on determining flight range but, as the total period
of release increases, estimations of age become extremely uncertain if the
original level of intake of the radioactive substance is not certainly known
for each recovered marked adult (Buxton, London meeting, 1953).
This difficulty might be overcome by administering simultaneously two
radioactive isotopes of one element, one of the isotopes having a halflife of about 2-3 weeks and the other of many years, and the latter emitting
gamma as well as beta radiation. Strontium isotopes might be suitable.
By selective monitoring of gamma and beta radiation from the recaptures,
the gamma would provide the measure of the initial intake of radioactive
substance by the individual, and the beta radiation at recapture could be
related to this level to provide the age of the specimen (Putman, London
meeting, 1953). This presupposes no differential loss of the two radioactive isotopes by oviposition or other route during the life of the mosquito.
This factor of loss, if substantial, requires further consideration (Buxton,
London meeting, 1953).
On perusing the published results of ecological research using radioisotopes in mosquitos, one feels that many possibilities of the new technique
have not yet been explored and that even the existing methods have not
been used to the degree which they justly deserve.
In all investigations mentioned here the radioactivity of mosquitos was
detected routinely by means of a G-M counter. In the case of Anopheles
bellator, Aragao, who used a 1: 100 000 thorium nitrate solution, employed
-a different and extremely laborious method of detection, consisting of
the dissection of Malpighian tubules out of each specimen, microincineration on the slide, exposure of the ash for at least 17 days in contact
with an Ilford G5 X-ray plate and study of the alfa tracks on autoradiographs thus produced.
It seems that for investigations such as flight range, natural habitat,
etc., in which the qualitative distinction between the marked and unmarked
captured adults is sufficient, even the routine G-M counting equipment can
be dispensed with.
Mosquitos exhibiting a radioactivity of at least 1 m,c produce distinctive
autoradiographs when mounted dry on X-ray films (Kodak Crystalex)
after an exposure not exceeding 24 hours. About 500 mosquitos can be
easily mounted on one such film and this method of detection compares

RADIOISOTOPES FOR RESEARCH ON AND CONTROL OF MOSQUITOS

503

favourably with the counting procedure as far as simplicity, reliability
and, above all, economy are concerned (Bruce-Chwatt & Hayward 9).
Mosquito physiology, disease transmission and biological effects of radiation
Early work of Patton and Craig some 15 years ago on excretion of
radioactive sodium by the meal worm was followed by several studies on
the metabolism of radioactive manganese and barium in wasps, radioiodine
in Drosophila, radiocarbon in Drosophila, grasshoppers, spiders etc.
First observations pertaining to the use of radioisotopes in mosquito
physiology were those of Bugher & Taylor 10 and of Hassett & Jenkins.16 It
was found that P-32 and Sr-89 are absorbed through the mouth, cuticle
and anal papillae of Aides aegypti chiefly during the last two larval stages,
while the absorption by pupae is practically nil. Little excretion of the two
isotopes occurs in the adult stage in the male or in the virgin female. With
both radioisotopes the adult female of Aides aegypti exhibited nearly twice
as much radioactivity as the males. This observation was recently confirmed
by Bruce-Chwatt & Hayward 9 who found that while the dry weight of
females of Aides aegypti was 1.6 times that of males reared in identical
conditions the amount of radioactivity due to P-32 was 2.5 times higher in
the female.
Bugher & Taylor observed a significant loss of radioactivity in females
of Aedes aegypti after oviposition. More P-32 was lost as a result of
oviposition than Sr-89 and the eggs from a phosphorus-labelled female were
approximately four times as radioactive as those from a strontium-labelled
Aides aegypti. This finding indicates the potential usefulness of the use of
radioactive isotopes for the study of chemical transformations in the
process of egg development. A study of the distribution of radioactivity
in Aides aegypti by Bugher & Taylor revealed that in females a high ratio
of P-32 was concentrated in hind legs, while none was found in the wings.
Very high proportions of P-32 and Sr-89 were found in Malpighian tubules
of both sexes.
The distribution of phosphorus and strontium in Aedes aegypti 1-2
weeks old was investigated by Bugher a and found to be as follows in terms
of the percentage of total radioactivity of the mosquito:
P-32
Sr-89

. . .
. .

Head

Thorax

Wings

Legs

Abdomen

5.5
3.3

28.9
27.5

0.4
0.6

36.6
38.8

28.6
29.7

There was some evidence that in newly emerged Aedes aegypti the
amount of radioactivity in the legs is relatively small and that it increases
considerably some time after the emergence from the pupal case.
a

Bugher, J. C. (1948) In: Yellow Fever Research Institute, Annual report ... for the year 1948, Nigeria

(Unpublished document)
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Differential distribution of radioactive strontium in bodies of males
and females of Aedes aegypti, Anopheles gambiae and Anopheles maculipennis atroparvus was studied by Bugher, Taylor & Bruce-Chwatt (unpublished data) and the following preliminary figures were obtained for means
of proportional radioactivity in dissected parts (taking the whole radioactivity in the mosquito as 100):
Legs

.............

Proboscis, palps, antennae . .
Head ...... . . . . . . .
.
Salivary glands ..... . . .
Thorax ...... . . . . . .
Midgut ...... . . . . . .
.
Malpighian tubules .... . .
Wings ...... . . . . . . .
Abdomen (after removal of midgut
and Malpighian tubules). . .
.

Aiedes aegypti

Anopheles
gambiae

28.5
1.4
2.0
0.3
28.1
0.5
22.6
0.5

7.8
1.8
2.0
0.1
12.5
1.5
54.0
0.2

4.5
0.7
2.0
0.1
16.7
0.9
49.5
0.2

15.5

24.0

24.8

Anopheles
atroparvus

The exchange of sodium between the haemolymph of Aides aegypti
and the external medium was studied by Treheme 8 by placing larvae with
blocked mouth or anal papillae in a balanced solution of Na-24. It was
found that sodium can enter the haemolymph either through the mouth
or through papillae and that the rate of uptake is relatively independent of
the concentration of sodium but affected by variations of the temperature.
Little work has been done with radioisotopes on problems of disease
transmission by mosquitos. Jenkins & Hassett 22 showed that Hydromermis,
a nematode parasite of Aides communis, emerging from the radioactive
host was also radioactive. Hahn, Haas & Wilcox 15 observed that P-32
ingested by adult Aedes aegypti arrests the development of Plasmodium
gallinaceum in the mosquito host in the oocyst stage. This effect of the
irradiation of oocysts of P. gallinaceum in the mosquito was confirmed by
Terzian.32
Nevertheless, Kuper & Pelc 24 working with several batches of Aiedes
aegypti infected with P. gallinaceum and fed on sugar solution with the
addition of P-32 found that a delay in the formation of oocysts and sporozoites depends on the strength of the radioactive solution. It was slight
with a concentration of the feeding solution equal to 0.2 mc per ml, while
more pronounced with a concentration of 0.5 or 1.0 mc/ml. Sporozoites
were formed even at a concentration of 1.0 mc/ml though the infection was
transmitted to new chicks only when the concentration of P-32 in the feeding
solution did not exceed 0.2 mc/ml.
When radioactive sulfur (S-35) was used no delayed development of
oocysts or sporozoites of P. gallinaceum was observed at a concentration
of 0.5 mc/ml of the sugar solution. The authors produced the first autoradiographs of oocysts in sections of the midgut of Aides aegypti.
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Bugher a succeeded in transmitting the yellow fever virus through a
radioactive Aedes aegypti and compared the mean virus content in radioactive mosquitos with that of non-radioactive controls. There was no
difference between the two experimental batches. The possibility of
extending radioactive feeding studies to include labelled virus transmissions
was suggested by Lashbrook and Loring who succeeded in incorporating
P-32 into the tobacco mosaic virus.
Bugher & Taylor 10 and Hassett & Jenkins 16 reported that high concentrations of P-32 interfere with the pupation of full grown larvae of Aides
aegypti: at concentrations between 200 and 300 m,uc per ml of larval bath
most of the larvae remain active but pupation is considerably delayed.
Larvae of Aedes aegypti are able to tolerate much higher concentrations
of radioactive isotopes up to 2240 m,uc per ml for 3 weeks and most of them
remain apparently normal without pupating, though when the much
delayed pupation occurs pupae are not viable and die before their total
emergence from the larval pelt (Bruce-Chwatt & Hayward 9).
Adult females of Aides aegypti emerging after a retarded pupation from
a larval bath at 200 m,uc P-32 per ml do not lay eggs after mating and show
an apparent atrophy of ovaries (Bugher & Taylor 10). Similar observations
were made by other authors on Drosophila, houseffies and Culex species
treated by X-rays.
Aides aegypti bred out in a larval bath containing radioactive strontium
at a concentration of 162 mMc/ml produce appareittly normal adults. The
males show motile spermatozoa, without any obvious difference in their
morphology; the ovaries of females appear to be smaller and darker than
in normal mosquitos. The two sexes mate normally and there are motile
spermatozoa in the spermathecae of females. Nevertheless, oviposition
is grossly impaired and the short stumpy and pale eggs produced in small
numbers do not hatch. Anopheles atroparvus reared in the same conditions
are much less affected and although their eggs are radioactive (100 eggs =
0.3 m,tc) they are fertile. Larvae of the second generation produced from
these eggs are very slightly radioactive and produce normal adults (Bugher,
Taylor & Bruce-Chwatt, unpublished data).
Radioactive phosphorus given to female Aides aegypti in sugar solution
is lethal within 48 hours at a concentration of 3 mc/ml while 1 mc/ml
is relatively well tolerated (Kuper & Pelc 24).
The amount of gamma radiations required to kill several species of
mosquitos was investigated by Hassett & Jenkins 18 by means of radioactive
tantalum and cobalt. It was found that on the average a dose of 16 00032 000 roentgens inhibits reproduction and 64 000 are lethal. Terzian 8S
reported that 30 000-40 000 r of X-rays will kill adult Aides aegypti in
12-21 days.
a Bugher, J. C. (1948) In: Yellow Fever Research Institute, Annual report ... for the year 1948, Nigeria
(Unpublished document)

506

L. J. BRUCE-CHWAIT

Since Muller's discovery of about 20 years ago that X-rays induce
mutations in live organisms, a number of data on genetic effects of radiations
was collected by many workers. The use of radioisotopes permits the
transfer of the source of the effective radiation right inside the living
cell and for a considerable period. Most of the work on the genetic effect
of radioisotopes was carried out on Drosophila and nothing is known about
it on mosquitos.
All radioisotopes can be expected to be mutagenic, particularly those
which are physiologically active, since the radiation is brought inside the
tissues. In addition to the external mutagenic action of the detectable
radiation an additional source of mutagenicity must be considered in the
form of the transmutation of atoms (namely, P-32 into S-35) incorporated
into the chromosomes and genes themselves (Bateman 5).
In Drosophila the addition of P-32 to the food of adult males was found
to be the most effective method of producing genetic changes and autoradiographs of female spermathecae after mating indicated the presence of
radioactive spermatozoa from males. In the early experiments it was
found that the ratio of visible mutations to recessive lethals was four
times higher with ingested radioactive phosphorus than for an approximately equal dose of X-rays (Bateman & Sinclair 6.
FIG. 1. AUTORADIOGRAPHS OF A SERIES OF A. AEGYPTI LABELLED WITH P42
AND EXHIBITING VARYING RADIOACTIVITIES

Upper row-males: 1.0, 1.8, 3.0, 4.0, 18.0 miAc.
Lower row-females: 2.5, 3.8, 5.0, 14.8 m1tc.

A later study showed, however, that comparative qualitative investigation
of mutagenic effects of P-32 and X-rays is beset with great difficulties due
to the inherent differences of the two treatments. It was confirmed, however,
that the mutation rate in male Drosophila reared in the radioactive medium
showed an additional peak of about 8 % mutations measured by the frequency of hyperploids. It was considered that the external and the internal
radiation were about equally responsible for it (Bateman 4).
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Radioisotopes in Insecticide Research
The first attempt at using radioisotopes for insect control dates from
1931 when radium was used for the study of the solubility of lead arsenate.
A considerable amount of research was carried out during the recent years
on agricultural insecticides such as parathion and similar organic phosphorus compounds, on fumigants such as methyl-bromide and on pyrethrins. On the residual insecticides used in malaria control most of the
attention was devoted to DDT but work on BHC is now being actively
carried out.
It would be impossible to summarize here the present status of the
biochemistry of residual insecticides but a mention of the general line of
research will be of interest. The modern biochemical approach to the
problem of the mechanism of insecticidal action was well summarized by
Winteringham: 36
" The fact that a given weight of a biological poison is ultimately able to affect a relatively
enormous weight of animal tissue shows that the poison interferes with the essential
link in a chain of vital process such as enzyme systems. In order to be effective an enzyme
poison must reach the sensitive cells or sites of action in a toxic form and in a sufficient
concentration. The relation between the dose of the insecticide absorbed by a given
weight of tissue must be known and different chemicals should be compared at similar
molar concentrations in the insect tissue and in enzyme active preparations to avoid
errors due to purely physical factors such as cuticle permeability etc. Therefore the absorption and distribution of the insecticide must be studied quantitatively. Secondly the
chemical fate of the substance must be studied to understand the defence mechanism
of the insect which may degrade or synthesize the poison to some innocuous derivative.
Thirdly it is necessary to study the metabolism of the poisoned insect as compared with
the normal one."

Recent developments of radioactive tracer techniques combined with
paper chromatography opened new possibilities for research on insecticide
biochemistry particularly with regard to the study of the absorption,
distribution and metabolism of insecticides. An example of such study was
given by Winteringham's work 37a on the degradation of DDT by resistant
houseffies. An analogue of DDT was prepared in which radioactive bromine
(Br-82) was substituted for chlorine. The labelled insecticide was injected
into normal and DDT-resistant flies. Twenty-four hours later the insecticide and any metabolic products of it were extracted from both flies and
the metabolites were separated by paper chromatography. The radioactive zones on the chromatogram were quantitatively estimated by scanning the paper strip with an end-window G-M counter and plotting the
counts against the distance on the strip. The results showed that in the
resistant fly more than half of the DDT was degraded to an ethylene
derivative while in the normal fly the insecticide was unchanged. On the

508

L. J.

BRUCE-CHWAT1

other hand, the normal flies absorbed after 48 hours about 50 % of the
insecticide while the resistant flies absorbed only 6 % of it.
Similar problems were studied in the housefly by Lindquist 27 using DDT
labelled with radioactive carbon. Acetone extracts from resistant and
normal flies showed that the resistant fly metabolizes the insecticide into a
non-toxic product.
Recently, Le Roux & Morrisson 26 using DDT labelled with radioactive
carbon came to the conclusion that the resistance is a complex phenomenon
depending on reduced penetration through the cuticle, slower internal
distribution, higher speed of degradation and excretion and also some
unknown protective factor which decreases the toxicity of the insecticide
even when the latter is applied direct to the nervous ganglia of the resistant
fly.
A series of interesting studies on the fate of DDT used for spraying of
food crops was conducted by Winteringham. The bromine-labelled DDT
analogue was sprayed on wheat grain which was subsequently milled, made
into bread and fed to animals. About one-quarter of the insecticide was
found to be present in the bread baked from the contaminated flour but a
relatively small fraction of the DDT metabolite was detected in the excreta
of animals. A similar experiment with labelled methyl bromide used as a
fumigant of wheat grain showed that there was no evidence of the toxicity
of this compound used in standard amounts (Winteringham 37).
Technical BHC consists of a mixture of 4 isomers, only one of which is
active, and it is important to know the exact gamma-isomer content in
investigated samples. Techniques such as infra-red spectroscopy, polarographic estimation and chromatographic analysis give results which might
be dissimilar for each different method. A way of determining the gammaisomer content of BHC was developed two years ago by Craig, Trayon &
Brown12 using chlorine-36. A new method using the long-life isotope
C-14 was recently described by an I.C.I. (Imperial Chemical Industries)
research group (Hill, Jones & Palin 18a).
This method of isotope dilution analysis is based on adding a known
weight of radioactive BHC gamma isomer labelled with C-14 to a known
weight of a sample of technical BHC, dissolving the mixture and extracting
a proportion of gamma BHC for purification. The content of the gamma
isomer can be calculated from the ratio of the radioactivity of the combined extracted labelled gamma isomer of BHC to the radioactivity of
the initially labelled gamma isomer.
Another interesting method investigated by Winteringham,36 is based on
the preparation of chromatograms of unknown mixture of BHC isomers,
irradiation of the chromatogram in the neutron flux of the Harwell atomic
pile and finally quantitative scanning of the chromatogram for the presence
of radioactive sulfur derived from the nuclear irradiation of chlorine
in BHC.
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The C-14 labelled gamma isomer of BHC is now used for the investigation of resistance mechanism to BHC in ffies. Adult flies were exposed to
deposits of gamma isomer of BHC labelled with C-14. The rate of the
" pick-up " in resistant and in non-resistant flies was first determined by
removing the toxicant remaining on the cuticle of the insect and then inside
its body, by combustion to carbon dioxide and conversion to barium
carbonate for assessment of the amount of the radioisotope.
It was found that in flies the resistance to the gamma isomer of BHC
is not due to reduced penetration and not to detoxification. The resistant
flies contained in their bodies from larva to adult enough of the toxicant
to kill normal flies in a few minutes (Bradbury, Nield & Newman 8).
A more recent investigation showed that both normal and resistant
flies convert the absorbed gamma isomer of BHC into a water-soluble
compound; in the resistant flies the rate of this conversion is twice as high
as in the controls (Bradbury & Standen 7).
An important and hitherto curiously neglected application of radioisotopes with a high gamma energy is that for assessment of physical properties
of insecticide formulations and dispersal patterns from spraying equipment.
Ladd, Masley & Hartnett 25 and Jenkins & Davis 20 used radioactive gold
(Au-198) for testing the efficacy of airplane sprays and it appears that
this technique is very promising particularly for the study of aerosol
behaviour. Thorium nitrate solution was recently used for this purpose
by Barragat.3
One should perhaps emphasize at the end of this review that it would
be wrong to assume that the use of radioisotopes is a guarantee of miraculous discoveries. Radioisotopes are exquisitely sensitive and specific
analytical tools but they are not more than tools and the results obtained
depend entirely on the judicious approach to the whole research problem
on which they will be used.
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RItSUMIJ
Le marquage des insectes par les isotopes radioactifs a permis d'elucider certains
problemes de physiologie et d'ecologie insolubles par d'autres m6thodes. Le d6veloppement recent de techniques facilitant l'emploi des radioelements a intensifie les
recherches biologiques. L'auteur passe en revue celles qui ont ete effectuees sur des
insectes nuisibles aux cultures ou vecteurs de maladies.

510

L. J. BRUCE-CHWATI

Des larves d'Aedes aegypti, plongees dans un bain radioactif absorbent facilement,
surtout au cours des deux derni6res mues, le radiostrontium et le radiophosphore. Ces
deux radioelements se retrouvent chez le moustique adulte; en utilisant des bains contenant 15-20 m,uc par ml, on observe chez le moustique adulte des quantites de radiation
de l'ordre de 1-6 muc. I1 a 6te possible, de cette maniere, de d6terminer la port6e du vol
d'Aedes aegypti (150-300 m) et ceile d'autres moustiques (Aedes, Culex, Anopheles) qui
variait de 0,8 A plus de 3 km. Les effets nocifs des radiations ne se sont fait sentir sur les
larves et les stades ulterieurs de developpement qu'A partir de concentrations depassant
200 m,uc par ml de bain. D'autres methodes ont ete appliquees pour faire penetrer les radioelements dans les organismes vivants: incorporation de radioel6ments aux aliments,
immersion des tiges de veg6taux dans des solutions radioactives. Cette derniere technique a ete utilisee, par exemple, pour decouvrir les pref6rences alimentaires d'Aedes
communis, au Canada. Les divers maillons d'une chaine alimentaire ont pu etre reconstitues grace aux radioisotopes, allant des algues aux chauves-souris, en passant par le
plancton, les insectes aquatiques, les crabes, les poissons, les oiseaux.
La r6sistance des mouches aux insecticides, etudiee par les traceurs radioactifs, s'est
montree un phenomene complexe, dont certains aspects ont pu etre precises: p6n6tration
r6duite de l'insecticide A travers la cuticule, distribution plus lente A l'int6rieur de l'organisme, degradation et excretion plus rapide; une protection de nature indeterminee
intervient en outre, qui diminue la toxicit6 de l'insecticide, meme lorsque celui-ci est
applique directement sur les ganglions nerveux de la mouche.
Par l'intermediaire d'isom&re gamma marque par le carbone-14, on a montre que
la resistance des mouches au HCH n'est due ni A une pen6tration reduite de l'insecticide
A travers la cuticule ni A la d6toxification. Les mouches resistantes contenaient assez de
substance toxique pour tuer une mouche normale en quelques minutes.
L'emploi de chlore-36 et de carbone-14 permet de mesurer de fagon plus pr6cise que
par les autres methodes la proportion d'isom&re gamma dans le HCH technique.
Une application des radioisotopes, pleine de promesses, est la determination de l'aire
de dispersion des aerosols repandus sur les cultures par avion, au moyen de radio6l6ments
A fort rayonnement gamma incorpor6s aux insecticides.
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