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The Potential Use of Sterile Hybrid Males
for the Eradication of Member Species of the

Anopheles gambiae Complex *
G. DAVIDSON, D.Sc.1

The eradication of certain insect pests of medical importance has already been achieved
in some countries by inundation of the natural populations with sterilized insects.

The crossing of member species of the Anopheles gambiae complex results in the
production of vigorous competitive males which are sterile. Crosses between the males of
the freshwater species, provisionally called species A and B, and the females of the salt-
water species A. melas and A. merus result in F1 generations almost entirely composed
ofmales, which again are sterile.

This paper reports the results of cage experiments in which adult sterile males from
these latter crosses were added to normal males and females in varying proportions and
larval seeding experiments in which larvae known to produce virtually nothing but sterile
males were added to normal larvae in varying proportions, reared together and the adults
allowed to emerge together and mate.

Both series of experiments resulted in a significant reduction in the fecundity of the
females and, in the adult series, strong evidence of superior mating ability of the sterile
males was given.

The potentiality of this method of species eradication is discussed in relation to present
difficulties experienced in the control or eradication of A. gambiae-transmitted malaria.

Among the numerous biological control methods
currently being considered for the eradication of
insect pests of medical importance (WHO Scientific
Group on the Genetics of Vectors and Insecticide
Resistance, 1964) the inundation of natural popu-
lations with sterilized insects has gained much
prominence, having been already successfully applied
in the eradication of the screw-worm fly (Cochlio-
myia hominivorax) from Curaqao (Baumhover et al.,
1955) and from Florida (Knipling, 1960). Actual
attempts to eradicate mosquitos in the field have
been made (Aedes aegypti by Morlan et al., 1962;
Culex tarsalis by Lewallen et al., 1965; and Anopheles
quadrimaculatus by Weidhaas et al., 1963) but with-
out success, though the scale of operations has been
limited.

* The investigations on which this paper is based were
supported by grants from the World Health Organization.

1 Reader in Entomology as Applied to Malaria, Ross
Institute of Tropical Hygiene, London School of Hygiene
and Tropical Medicine.

Sterilization has been achieved either by subjecting
the insects to gamma-irradiation (usually from a
cobalt-60 source) or by exposing them to chemo-
sterilants. Both methods have been shown to have
harmful effects on a proportion of the insects so
treated where dosages have been high enough to
produce effective sterilization (Davis et al., 1959;
Weidhaas & Schmidt, 1963; Mulla, 1964; Dame et
al., 1964; Donnelly, 1965; Potts, 1965), though of the
two it would seem that chemosterilants are the less
harmful. There is some evidence, however, that the
effects of chemosterilants are transient and that
sterilized insects can regain their fertility (Bertram,
1963). Both methods present some risk to the
human manipulators involved and somewhat elabo-
rate handling procedures are necessary.
The method here described involves the production

of sterile males by crossing 2 closely related species
of the Anopheles gambiae complex. This complex
comprises 5 sibling species (Davidson, 1964): the
2 saltwater-breeders A. melas from West Africa and
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A. merus from East Africa and 3 freshwater species
provisionally called species A, B and C. Species A
and B are widely distributed over the whole tropical
part of the continent of Africa and islands off its
coast; species C has so far been recorded only from
south-east Africa and Zanzibar. All the 20 possible
crosses between these 5 species result in hybrid male
sterility though the degree of this varies with the
parents involved in the cross. Six of the crosses
involving males of species A and B with females of
A. melas, A. merus or species C, produce F1 genera-
tions predominantly male. The other 14 result in
normal sex ratios. In contrast to the hybrid
males, the hybrid females are near normal in their
fertility.

Apart from being sterile, males from these crosses
appear to show all the attributes of hybrid vigour
and, as will be shown later, exhibit enhanced longevi-
ty and competitive mating ability. The existence of
crosses producing virtually nothing but sterile males
presents the possibility of introducing them into
breeding places in the egg stage rather than releasing
them somewhat haphazardly as adults.

Preliminary cage experiments in which sterile
hybrid males were added to normal males and
females in varying proportions, using sterile males
produced from reciprocal crosses between species A
and species B (crosses producing normal sex ratios),
have already been reported (WHO Scientific Group
on the Genetics of Vectors and Insecticide Resistance,
1964; Davidson et al., 1967). The proportions
varied from 10: 1: 1 (10 sterile males to 1 normal
male and 1 normal female) to 1/4: 1: 1. All the
proportions successfully reduced the number of
viabie eggs laid by the females and reduced the
fertilization rate of the females compared with
control cages without sterile males.

Here the results are described of 2 series of
experiments employing males from crosses producing
virtually nothing but sterile males. In some of the
tests, adult sterile males were caged in various
proportions with normal males and females, and in
other larval-seeding experiments, larvae known to
produce sterile males were reared in various pro-
portions with normal larvae, the emerging adults
being caged together and the subsequent sterilizing
effect being measured.

MATERIALS AND METHODS

The normal mosquito strains used in the ex-
periments were:

1. An insecticide-susceptible strain of species A
from Lagos, Nigeria, maintained as a colony in
London since 1951.

2. A dieldrin-resistant (semi-dominant) strain of
species B from Kano, Nigeria, maintained as a
colony in London since 1956.

3. A dieldrin-resistant (dominant) strain of species
A from Togo acquired in 1965.

4. A. melas from Liberia acquired in 1962.
5. A. merus from Tanzania acquired in 1962.

Sterile males were produced from the following
crosses:

1. Species-A (Togo) male x A. melas female.
2. Species-B (Kano) male x A. merus female.

3. Species-B (Kano) male x A. melas female.
4. Species-A (Togo) male x A. merus female.

The F1 from all 4 crosses consisted almost entirely
of males. In a sample of 2013 mosquitos counted
from the first cross, only 6 were found to be female.
Offspring from the 2 crosses involving males of
species A from Togo were tested for their sus-
ceptibility to dieldrin. The strains of both A. melas
and A. merus involved in these 2 crosses show
100% mortality when exposed to 0.4% dieldrin for
1 hour using the standard WHO adult-mosquito-
susceptibility test while the Togo species A shows
virtually no mortality after exposure to 4% dieldrin
for 2 hours. The hybrids from cross 1 showed a
mortality of 27% (376 males tested) on exposure to
0.4% dieldrin for 1 hour and of 47% (310 males
tested) on exposure to 4% dieldrin for 2 hours. The
hybrids from cross 4 showed a 50% mortality
(40 males tested) at the higher insecticide dosage.
Thus these sterile males showed intermediate
dieldrin-resistance, a factor of possible importance if
the introduction of sterile males is contemplated
after initial population reduction by insecticide
spraying.

Direct comparisons of longevity were made be-
tween males of the Kano species-B and hybrid males
from crosses 2 and 3. Equal numbers were placed in
similar cages on the same date and their survival was
determined after 2 weeks on a diet of glucose
solution. With cross 2, 84% of 126 hybrid males
survived as compared with only 44% of 126 species-B
males. With cross 3, 40% of 200 hybrid males
survived as compared with 28% of 200 species-B
males. The mosquitos being by themselves and
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exhibiting little apparent activity, a longevity com-
parison of such males may have little meaning, but as
will be shown in the detailed analyses of results
(Tables 1 and 2) there is certainly no evidence of
reduced survival of the hybrids.
The mating ability and sterility of the hybrid

males was tested by caging them with virgin females.
Oviposition was an indication that actual copulation
took place, since virgin females by themselves, though
capable of ovarian development after blood-feeding,
very seldom oviposit. The hatching of a few eggs
when the hybrid male was derived from the cross
between a species-B (Kano) male and an A. merus
female was definite proof of copulation. For ex-
ample, none of the 40 virgin species-A (Lagos)
females left for 3 days by themselves and given
I blood meal oviposited, while of 60 virgin species-B
(Kano) females left by themselves for 4-5 days and
given 1 blood meal, only 4 oviposited. When such
virgin females were caged with sterile males from
cross 1, 21 % of 78 species-A (Lagos) females
oviposited and 20% of 20 species-B (Kano) females
oviposited. Further tests using virgin females of
species B (Kano) and of a species A strain from Man,
Ivory Coast, caged with males of the other 3 crosses
have shown an average oviposition rate of 62%
(of 149 females) with a maximum rate as high as 73 %.
No viable ovipositions (among 100 examined) were
obtained from females left with males from the
2 crosses involving the A. melas females and the
cross between a species-A (Togo) male and an
A. merus female, showing that these males are
completely sterile. A significant proportion of the
ovipositions from females left with the males from
the cross between a species-B (Kano)- male and an
A. merus female did hatch, however (7 out of 13), and
though none were complete hatchings many showed
more than 10% of the eggs hatching. Microscopic
examination confirmed the difference between these
2 types of males. The former showed testes mainly
composed of spermatocytes with only a few partially
developed spermatozoa, and the latter showed testes
with a high proportion of developing spermatozoa,
some of which appeared normal.

This incomplete sterility of the males produced
from the cross between a species-B (Kano) male and
an A. merus female obviously makes deductions on
the sterilizing effect of these males difficult. In
Tables 1 and 2 the percentage ofovipositions hatching
is based on ovipositions showing any hatch, however
small. Moreover such small hatches were not
entirely confined to the females exposed to sterile

males. A small proportion of control females (5 % of
261 Kano females observed) also showed small
hatches. However, 19% (of 220 observed) of Kano
females, exposed to mixtures of their own males and
sterile males produced from the cross between a
species-B (Kano) male and an A. merus female, gave
rise to less than 10 larvae per oviposition, indicating
that a considerable proportioa were the result of
matings with sterile males.

Females which had laid sterile eggs after being
with males of the cross between a species-B (Kano)
male and an A. melas female were subsequently
caged with normal males of the species-B (Kano)
strain to see if a second, fertile mating would ensue.
Of 11 such females observed, none laid viable eggs
after being with normal males. Goma (1963), using
dieldrin-resistance as a marker, had previously shown
a very limited amount of multiple mating with
A. gambiae. George (1967) has produced evidence,
using irradiated and normal males of Aedes aegypti
(positively known to show multiple mating), that it is
the first mating which dictates the hatch-rate at least
of the first oviposition after exposure to both types
of males. If the present evidence for A. gambiae is
indicative of single matings being the normal habit,
this obviously augurs well for the future of this
method of control of A. gambiae.
Two series of experiments were carried out:
Adult series: sterile males were introduced into

1-ft-cube cages containing 20 males and 20 females
of a normal strain in proportions varying from one
quarter to four times the number of normal males
(i.e., 5-80 sterile males per cage). These were left
together for periods varying from 3 to 9 days, during
which time the females were given 1 blood meal.
At the end of the experiment the numbers of sur-
viving males and females were counted and the
females were tubed individually over water for
oviposition. The number of ovipositing females and
the number of these ovipositions which subsequently
hatched were recorded. Most of the normal males
and females were less than 1 day old at the start of
the experiments, when the females could be guaran-
teed to be in a virgin state. The sterile males varied
from less than 1 to 6 days old-within this range
their age seemed to have little effect on the results
obtained.

Larval series: standard larval-rearing bowls (10 in
(25.4 cm) diameter with water approximately 1 in
(2.5 cm) deep) each containing 100 (60 in each of
the 2 replicates in series 1) first-instar larvae of the
normal strains, were seeded with first-instar larvae
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of the crosses producing virtually all sterile males in
proportions varying from 1: 1 to 4: 1 (sterile: nor-
mal) assuming an equal sex ratio in the normal
strain (i.e., 50-200 sterile male larvae per bowl
containing 100 normal larvae). The larvae were
reared under standard insectary conditions at a
water temperature of 250C and fed on a proprietary
baby food of mixed cereals (Farex). Adults from
each bowl were allowed to emerge into 1-ft-cube
cages where they were lett for periods varying from
3 to 9 days during which time the females were
given 1 blood meal. At the end of this time the
surviving males and females were counted and the
females were tubed over water. The number of
ovipositions was then recorded as was the number of
these ovipositions which subsequently hatched. In
some of the experiments total counts of both dead
and live mosquitos were made to estimate total
yields of adults from larvae and in some the sur-
viving males were dissected to determine the pro-
portion showing sterile and normal testes.

RESULTS

The results of the adult series of experiments are
given in Table 1 and comprise 4 groups of experi-
ments using 3 different hybrid male and 2 different
normal strains.
Male survivals were so high, exceeding 90% in

some cases, that the time and trouble involved in
dissecting them to see whether there was any
difference in survival between normal and sterile was
not considered worth while in most cases. The few
dissections that were done (and these were of males
from cages where the mortalities were considered to
be abnormally high) showed little departure from
expected ratios. For example, dissection of 35 males
from cages with 1: 1 ratios of sterile and normal
males showed 43 % to be normal, and dissection of
116 males from cages with 2:1 ratios showed 36%
to be normal. In general fewer females survived than
males and there were indications that female
mortality increased as the total number of males
increased. This is taken to be a reflection of the
amount of mating activity in the cage. Usually the
number of females ovipositing showed an increase
with increasing numbers of males present. The
proportion of viable ovipositions declined with in-
creasing proportions of sterile males, at least up to
the proportion of 2 sterile to 1 normal: at this
proportion, an average of 18% of ovipositions

(from 269 females) hatched where the sterile male
was derived from crosses to the A. melas female and
37% (from 93 females) hatched where the sterile male
was derived from a cross to the A. merus female
(though some of these latter hatchings were un-
doubtedly the result of matings to " sterile " males;
see above). Many of these hatch rates, especially
from cages containing sterile males derived from
crosses to A. melas females, are considerably below
those expected from random matings and thus it can
be concluded that such males show an increased
mating ability compared with normal ones under
these cage conditions.

Sterile males 18 days old were less efficient at
competitive mating than those up to 6 days old. In
5 experiments at a proportion of 1: 1 (using males
from the cross, species-B (Kano) male x A. merus
female) hatch rates among ovipositions from females
left with males for 9 days were 38% (of 37 ovi-
positions) when the sterile males were 1 day old and
4-5 days old. When they were 18 days old the hatch
rate was 58% (of 19 ovipositions).
The results of the larval series of experiments are

given in Table 2 and comprise 3 groups of experi-
ments using 3 different hybrid males and 1 normal
strain.
Adult yields varied from 40% to 79% of the

expected, among females, and 52% to 88% among
males. Adult survivals, as determined at the end of
the holding period of 3-9 days, varied from 47% to
95% of emerging females and 43% to 99% of
emerging males. Male dissections, where made,
showed little departure from expected ratios, showing
no obvious differences in larval and adult survival
rates between sterile and normal males. Series I, in
particular, and also series II, showed increased
ovipositions from cages containing sterile males.
The proportion of viable ovipositions decreased as
the proportion of sterile males increased in all
3 series, though these decreases did not indicate
preferential mating by sterile males to the same
extent as in the adult series. An average of 26% of
ovipositions (from 81 females) hatched in experi-
ments where the sterile males, derived from crosses to
the A. melas female, were in the proportion of
2 sterile to 1 normal. Where the sterile males were
derived from the cross between a species-B (Kano)
male and an A. merus female and in the same pro-
portion, 33% of ovipositions (from 141 females)
hatched, though 23% of these hatches were small
(as compared with 7% of small hatches in the
control).
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TABLE 1

RESULTS OF CAGE EXPERIMENTS WITH ANOPHELES GAMBIAE STERILE MALES

Ratio Male survival Female survival Percentage Percentage
of sterile Nof replicate P of females of ovipositions
normales experiments Total males Peurevntal Total females Peurvetale ovipositing hatchinga

Series I. Normal strain-A. gambiae species A (Lagos)
Sterile males-from cross between a species A male (Togo) and an A. melas female (Liberia)

Left together 3-6 days. Sterile males 1-6 days old (mostly 1-3 days old)

0:1 19 381 75 380 77 23

1/4:1 7 175 67 140 67 41

1/2:1 7 210 68 140 67 24

1:1 11 440 81 220 77 48

2:1 8 474 64 158 56 38

3:1 6 477 83 120 53 38

4:1 6 600 78 120 48 35

Series 11. Normal strain-A. gambiae species B (Kano)
Sterile males-from same cross as in Series

Left together 3-5 days. Sterile males 1-5 days old (mostly 1-3 days old)

0: 1 21 420 84 421

1/4:1 9 225 81 180

1/2:1 10 300 70 200

1:1 18 720 83 360

2:1 12 720 84 240

3:1 11 882 89 220

4:1 9 910 91 180

88

46

74

78

73

75

72

27

35

40

35

54

54

50

98

67 (78)

47 (65)

28 (49)

12 (33)

22 (24)

24 (20)

83

69 (66)

48 (55)

37 (42)

15 (28)

14 (21)

14(16)

Series III. Normal strain-A. gambiae species B (Kano)
Sterile males-from cross between a species B (Kano) male and an A. me,us female (Tanzania)

Left together 4-9 days. Sterile males 1-2 days old (mostly 1 day old)
0:1 9 180 87 180 71 39 92

1/2:1 2 60 93 40 78 48 79(61)
1:1 8 320 81 I 160 70 47 48 (46)
2:1 9 540 76 180 69 51 37(31)

Series IV. Normal strain-A. gambiae species B (Kano)
Sterile males-from cross between species B (Kano) male and A. melas female (Liberia)

Left together 6-7 days. Sterile males 1-6 days old (mostly 1 day old)

0:1

1 :1

2: 1

3 1

4

3

7

80 76 80 83 50 80

120 83 60 73 57 15 (40)

420 90 140 75 56 28 (27)

160 96 40 63 38 27 (20)

a1 Figures in parentheses are the expected percentages assuming an equal mating ability of sterile and normal males.
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TABLE 2

EFFECT OF SEEDING LARVAL-REARING BOWLS WITH KNOWN NUMBERS OF NORMAL LARVAE
AND LARVAE PRODUCING STERILE MALES, ON THE FECUNDITY OF SUBSEQUENTLY EMERGING

FEMALES LEFT WITH EMERGING MALES FOR 3-9 NIGHTS

Series Ill
Series I Series II Normal strain-

Normal strain-A. gambiae Normal strain-A. gambiae A. gambiae species B
species B (Kano) species B (Kano) (Kano)

Sterile males from cross between Sterile males from cross between cross between a
a species A male (Togo) and an a species B male (Kano) and an ciesB me a

A. me/as female (Liberia) A. merus female (Tanzania) specaes Bniale (Kano)
female (Liberia)

Expected ratio of sterile:
normal males 0:1 1:1 2:1 3:1 4:1 0:1 1:1 2:1 3:1 4:1 0:1 1:1 2:1

Number of replicate
experiments 2 2 2 2 2 14 11 9 1 1 3 4 2

Adult yield (%)
Male 74 85 84 71 78 61 59 80 88 68 72 52 65
Female 73 71 76 75 79 58 60 68 58 58 40 40 56

Adult survival (%)
Male 76 92 99 82 91 85 80 93 96 43 57 55 53
Female 95 95 89 92 92 85 75 82 93 69 47 54 58

Surviving males a

Percentage normal 100 (100) 46 (50) 34 (33) 23 (25) 17 (20) 100 (100) 50 (50) 29 (33) ? (25) 26 (20) 100 (100) 51 (50) ? (33)
Percentage sterile 0 (0) 54 (50) 66 (67) 77 (75) 83 (80) 0 (0) 50 (50) 71 (67) ? (75) 74 (80) 0 (0) 49 (50) ? (67)

Percentage of surviving
females ovipositing 47 80 82 89 98 48 64 62 37 60 70 56 64

Percentage of oviposi-
tions hatching b 96 53 (48) 27 (32) 24 (24) 23 (19) 82 44 (41) 33 (27) 20 (21) 17 (16) 92 38 (46) 24 (31)

a Figures in parentheses are expected percentages assuming an equal sex ratio and equal survival of sexes.
b Figures in parentheses are expected percentages assuming equal mating ability of sterile and normal males.

DISCUSSION

Members of the Anopheles gambiae complex form
the principal vectors of malaria throughout most of
the continent of Africa. No completely satisfactory
method of control of these species has so far been
found. Dieldrin-resistance is widespread in 2 of
them (species A and B) throughout West Africa and
has now been reported in the Sudan and Madagascar.
The successful use of this insecticide or hexachloro-
cyclohexane (HCH) is therefore unlikely. Though
resistance to DDT has never been reported in the
A. gambiae complex, the incomplete mortalities
produced by this insecticide, due to its excito-
repellent effect, have in many instances been insuffi-

cient to intercept malaria transmission. Organo-
phosphorus and carbamate insecticides have been
tried but have limited effectiveness when applied to
mud surfaces. Searches for new imagocides and
larvicides are currently being made in the hope of
finding a satisfactory alternative chemical, but with-
out success so far.
The introduction of sterile males offers a potential

alternative method which, if successfully applied,
would lead to species eradication of any of the
5 member species of the A. gambiae complex. The
existence of crosses producing all, or nearly all,
sterile males eliminates any need for separation of
the sexes; introduction into the wild population can
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be in the egg stage. In this way the sterile males will
undergo their larval development under natural
conditions and will emerge at the right time and in
the right place to be in a position to compete with
normal males. The artificial broadcasting of insects,
sterilized by irradiation or by chemical, must be very
wasteful in this respect. In practice what would be
required to produce A. gambiae eggs which would
give rise to sterile males, would be an insectary
"factory " where the 2 species needed for the cross
would be maintained in large numbers and where
crossing between the male of one species and the
female of the other would be performed on a large
scale. Eggs from this cross would then be used to
seed existing natural breeding places.

It is generally agreed that the sterile-male method
can be successfully applied only to species occurring
in low densities (Knipling, 1964). The reproductive
potential being exceedingly high in most mosquitos,
and in A. gambiae s.l. in particular, attempts to apply
this method to such insects will, in all probability, be
limited to comparatively small isolated areas, either
in the dry season, when densities may be exceedingly
low, or after a round or two of insecticide spraying.
In the absence, or low prevalence, of resistance,
dieldrin or HCH may be the insecticides of choice.
The fact that sterile males resistant to these insecti-

cides can be bred may be of considerable survival
advantage under these conditions.

Recognizing the enormous gulf between the suc-
cessful application of this method in the laboratory
and in the field, Cuellar (1969) has attempted to
predict with computer calculation methods the
probable speed of events following the daily intro-
duction of " factory " sterile-male-producing eggs
into natural breeding places of A. gambiae s.l. He
concludes that clearance of breeding places is attain-
able if these eggs exceed a proportion of one-sixth
of the total number of eggs present. The shortest
possible time needed to clear a breeding place would
be roughly equivalent to the maximum length of life
of a female plus 2 aquatic-cycle intervals. The most
favourable ratio of " factory" to wild eggs was
calculated to be in the region of 1: 1 and eradication
might then be achieved within a period of approxi-
mately nine weeks. These calculations allow for the
possible occurrence in nature, of the very high yields
of adults which can be obtained from eggs reared in
the laboratory. It is thought that such high yields
are very unlikely in the field, however, and so the
estimates made will be over-estimates and the actual
numbers of " factory " eggs required may be less.
These predictions give added impetus to the need
for a field trial.
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R1tSUMIt

EMPLOI tVENTUEL DE MALES HYBRIDES STERILES POUR L'tRADICATION D'ESP-CES DU COMPLEXE
ANOPHELES GAMBIAE

L'auteur decrit l'experimentation mende a l'aide de
males steriles obtenus par croisement entre quatre
especes jumelles du complexe Anopheles gambiae:
A. melas, A. merus et deux varietes d'eau douce appelees
provisoirement A et B.
Le croisement entre males des especes A et B et femelles

d'A. merus et A. melas produit des generations F1 presque
uniquement composees de males steriles. La longevite
de ces hybrides est comparable a celle des males normaux.
Quant it leur aptitude a la copulation et 'a leur sterilite,
elle a ete verifiee 'a l'occasiQn du sejour dans une cagS
renfermant des femelles normales non fecondees.
Au cours d'une premiere serie d'experiences, des

males st6riles ont etd encages avec des specimens males
et femelles dans des proportions variant de 1/4 i 4 males
steriles par male normal. L'accroissement du nombre des
males hybrides par rapport au nombre de males normaux
a eu pour corollaire une reduction notable de la fecon-
dite des femelles. On a constate par ailleurs une supe-
riorite nette des males steriles en ce qui regarde l'activite
sexuelle.
La seconde serie d'experiences a consiste 'a introduire

dans une population de larves normales des larves
hybrides obtenues par croisement (donc destinees a
donner naissance it des individus en tres grande majorite
males) dans des proportions variant de 1/1 a 4/1 (male
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sterile/male normal). Apres elevage en commun, les
insectes adultes ont eu la facult6 de s'accoupler. Ici
encore, on a releve une diminution croissante de la fecon-
dite des femelles en fonction du nombre d'hybrides
introduits.

L'auteur examine les possibilites d'emploi de cette
methode dans la lutte contre les membres du complexe
A. gambiae, especes particulierement r6fractaires aux
mesures de lutte classiques et notamment aux traitements
par les insecticides.
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