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Linkage studies on DDT and dieldrin resistance
in species A and species B of the Anopheles gambiae
complex
A. M. HARIDI1

Linkage studies in A. gambiae species A showed that the two autosomal markers
diamond (Di) and collarless (c) belonged to different linkage groups: Di on linkage
group 2 and c on linkage group 3. With the aid of the two markers it was possible to estab-
lish the linkage relationship between the genes for DDT resistance and for the two types
of dieldrin resistance. The DDT resistance gene in species A assorted independently of c
and was found to be linked with Di at a map distance of 26.3 units. The genes for the two
types of dieldrin resistance, dominant and incompletely dominant, were found to be allelic.
The major gene for dieldrin resistance was shown to be linked with the gene for DDT
resistance in linkage group 2 at a map distance of 35.3 units. This suggested that Di and
the dieldrin resistance gene were some 61.6 units apart.

DDT resistance in Anopheles gambiae species A
was first reported in the Upper Volta (10) and also
in Togo. Resistance to DDT among species B was
discovered in the Sudan in 1970. The inheritance of
DDT resistance in both species A and species B was
found to be monofactorial, the genetic factor being
dominant in species A from Togo and species B
from the Sudan and incompletely dominant in spe-
cies A from Upper Volta (11).

Dieldrin resistance was usually found to be incom-
pletely dominant (i.e., hybrids were intermediate in
resistance) in Anophelini and Culicini and in other
insects of medical importance where resistance has
been found (3). Among the A. gambiae complex,
dieldrin resistance was incompletely dominant in all
strains of species B (5). Dieldrin resistance in a spe-
cies A strain from the Ivory Coast was found to
be dependent on a single dominant genetic factor (4);
this was different from the incompletely dominant
type that was found in species B. Subsequent studies
on the inheritance of dieldrin resistance in A. gam-
biae species A and species B established two distinct
types of resistance, one completely dominant and
the other incompletely dominant. The dominant
type of dieldrin resistance has so far been found only
in species A, while the incompletely dominant type

1 Senior Entomologist, Malaria Division, Ministry of
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has been found in both species A and species B.
Whether these two types of resistance are due to
the effect of the same gene locus or different loci
will be discussed later.
The location of genes for insecticide resistance in

specific chromosomal loci was first established in
Drosophila melanogaster (9). The relatively recent
availability of markers has now made it possible
to locate genes for resistance to DDT, dieldrin, and
organophosphorus compounds, and to draw linkage
maps in Musca domestica and in Aedes aegypti.
Because of the lack of suitable markers in Anopheles,
little work on linkage has been attempted. In a com-
prehensive review, Kitzmiller & Mason (6) described
the available mutants found till 1967 in the Anopheles
species. In A. gambiae the autosomal mutants,
diamond and collarless, were described (7). These
markers were utilized in the present study to deter-
mine the loci of DDT resistance, and of dominant
and incompletely dominant dieldrin resistance in
A. gambiae species A and species B.

MATERIAL AND METHODS

Description of the muitants

Collarless (c). Mason (7) isolated this marker in
A. gambiae species A. The wild-type larvae have
white pignent in the form of a collar on the thorax,
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but the mutant larvae lack this white pigment and
have no collar. This marker is inherited as a single
autosomal recessive with full penetrance and good
viability.
Diamond (Di). This marker was described by

Mason (7) in larvae of both A. gambiae species A
and species B. It expresses itself as a black pigmented
diamond-shaped area in the dorsal thorax and first
abdominal segment. It is present in both sexes in
the early larval stages but is lost in male fourth
stage larvae; female larvae retain the black diamond
throughout larval life. Thus diamond is sex-limited
to females and is inherited as a single autosomal
dominant gene. In the linkage crosses, larvae show-
ing the diamond were best selected in the fourth
stage.

Dieldrin resistance. There are two types of dieldrin
resistance in A. gambiae s.l., i.e., dominant and
incompletely dominant. The genetic factor for in-
completely dominant and dominant dieldrin resist-
ance are provisionally designated Rdl"1 and Rdl-2
respectively. As to incompletely dominant dieldrin
resistance (Rdl-1), individuals homozygous for Rdl-l
survive exposure to 4% dieldrin for 2 h; hetero-
zygous individuals survive exposure to 0.4% dieldrin
for 1 h but die on exposure to 4% dieldrin for 2 h.
With dominant dieldrin resistance (Rdl-2), both homo-
zygotes and heterozygotes can survive exposure to
4% dieldrin for 2 h.
DDT resistance (RDDT). Resistance is monofac-

torial and dominant in some strains and incom-
pletely dominant in others. Mosquitos homozygous
for DDT resistance largely survive exposure to 4%
DDT for 1 h. Mosquitos heterozygous for DDT
resistance also survive one hour's exposure to 4%
DDT.

Strains studied. Several strains of A. gambiae
species A and species B, resistant to DDT and diel-
drin, were employed in this study. The resistant
strains were repeatedly selected till they became
completely homozygous for resistance. Two suscep-
tible strains, one each from species A and species B,
were also used. A description of each strain is
given below.
TogDDT, a DDT-resistant species A strain, origin-

ated from Hlande-Wogba in Togo and was colon-
ized in May 1969. Resistance was found to be mono-
factorial and dominant. The colony shows the
marker Di.
UV, a DDT-resistant species A strain, was initiated

from eggs obtained from Bobo Dioulasso in Upper

Volta. DDT resistance was monofactorial and incom-
pletely dominant.
Tog/A, a species A strain homozygous for domi-

nant dieldrin resistance, originated from Djakpata
Kondji in Togo and was colonized in 1965. The
colony was selected for homozygosity to the mark-
er Di.
LMP4, a species A strain, originated from Kpain,

Liberia, in 1959. The colony was homozygous for
incompletely dominant dieldrin-resistance and for
the marker Di.
MA7, a species A strain, originally from Mongul

in Mauritania, was colonized in 1965. The strain was
selected for homozygosity to incompletely dominant
dieldrin resistance and to the marker Di.
ManRR, a species A strain from Man, Ivory Coast,

was colonized in 1962. It is homozygous for incom-
pletely dominant dieldrin resistance.
SUD 19, a species B strain, originated from

Elguneid in central Sudan in March 1970. The colony
is homozygous for incompletely dominant dieldrin
resistance. It does not show the marker Di.
IBAD, a species A strain, originated from Ibadan,

Nigeria, and was colonized in 1966. The strain is
susceptible to both DDT and dieldrin and is homo-
zygous for the wild type alleles of the mutants Di
and c.

16C, a species A strain from Lagos, Nigeria, was
colonized in 1951. The colony is susceptible to DDT
and is homozygous for the marker c.
MAKSS, a species B strain, is susceptible to both

DDT and dieldrin. The colony originated from
Makzan in Democratic Yemen in 1962. It is homo-
zygous for the marker Di.

Rearing technique

Stocks were reared in an insectary at a tempera-
ture of approximately 27°C and a relative humidity
of about 75%. Females were fed twice weekly on
blood meals from anaesthetized guinea pigs. The
oviposition interval was three days under laboratory
conditions. Eggs laid in small bowls lined with filter
paper were kept for 48 h to hatch. The larvae were
reared in groups of 100-200 at a temperature of
approximately 27°C and they were supplied with a
piece of turf with micro-organisms which provided
nourishment. Second and subsequent stage larvae
were further fed with small amounts of finely ground
" Farex " twice daily. After pupation, the pupae
were strained off and placed in cages for emergence.
The time taken for development from egg to adult
was approximately ten days.
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Crossing technique

Crosses between resistant and susceptible strains
were accomplished either by mass matings or by
induced copulation (2). Marked mosquitos were indi-
vidually selected at a larval stage, preferably in the
fourth instar stage of larvae. The emerging marked
females were selected for resistance and crossed with
the susceptible unmarked males. The F1 progeny
were selected first for the marker and at a dis-
criminating dose for resistance. The F1 double
heterozygotes were then backcrossed with the suscep-

tible unmarked parent. The backcross progeny

were reared and tested as single families. Backcross
gravid females were placed individually in labelled
7.5 cm x 2.5 cm glass vials, which were then covered
by a piece of netting. A small amount of water was

added to the vials for oviposition. Single egg batches,
only one from each female, were counted and left
for 48 h to hatch. Then the number of first stage
larvae were counted for each family and the batches
showing a hatch of less than 70% were discarded.
Larvae of single families were reared separately in
larval bowls as described before. The rearing pro-

cedures were standardized as far as possible to obtain
adults of reasonable size for testing. Only families
that gave a high yield of adults from first stage
larvae were tested and included in the results; those
yielding less than 50% were discarded. The pro-

genies of the backcross were first classified into
marked and unmarked individuals, and each pheno-
type was then exposed to the discriminating doses
of insecticide separately. The results from each indi-
vidual family were recorded separately and analysed
statistically for linkage between the marker and the
resistance gene in each family.

Testing technique

The mosquitos were tested in the adult stage by
the adult testing procedure, according to the World
Health Organization adult mosquito susceptibility
test. The following discriminating doses were used:

(a) 0.4% dieldrin for one hour's exposure to kill
the susceptible strain; the resistant heterozygous and
homozygous individuals would survive this dose.
(b) 4.0% DDT for one hour's exposure to kill the
susceptible strain; the resistant heterozygous and
homozygous individuals would survive this dose.

RESULTS

Linkage between Di and c

Mason (7) described the two autosomal markers
diamond and collarless, which are the only ones so

far described in A. gambiae s.l. As it was not known
whether the two markers were linked, studies were

carried out to find out whether Di and c were linked
or on separate chromosomes, before performing
linkage studies involving insecticide resistance. To
this end, crosses involving the two markers were

made. The strain MA7 homozygous for Di and for
the wildtype collar (Di c+/Di c+) was crossed with
the 16C strain without diamond and homozygous
for c (Di+ c/Di+ c). The F1 hybrids were backcrossed
with the double recessive 16C parent. The backcross
diamond larvae obtained were classified into the
two respective phenotypes, collar and collarless.
The chi-square value for the segregation of Di

and c in the pooled data of 13 families (Table 1)
confirmed the hypothesis of independent assortment
(X2 = 0.21, P= 0.5). The chi-square heterogeneity test
showed the families to be uniform in showing inde-
pendent assortment of Di and c (X2 = 3.23, P= 0.99).
There are three pairs of chromosomes in Anophe-

lini, one pair of heterosomes and two pairs of auto-
somes. The sex linked group is referred to as linkage
group 1 and the two autosomal groups as linkage
groups 2 and 3. If c were assigned arbitrarily to
linkage group 3 (WHO, unpublished document,
1966), then Di must be on linkage group 2.

Linkage between RDDT and c

The TogDDT strain homozygous for RDDT and
for the wild-type allele collar (RDDT c+/RDDT c+) was

Table 1. Backcross segregation of the markers Di and c in A. gambiae species A

No. of Total no. Diamond Diamond Diamond Linkage Heterogeneity
families of 4th stage larvae and and 2r2larvae collar collarless x4 P x2 P

13 1 976 478 234 244 0.21 0.5 3.23 0.99
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Table 2. Backcross segregation of the genes RDDT with c and Di in A. gambiae species A

No. of Genes Total Linkage Heterogeneity
families involved tested Parental Recombinants Parental

2 Px P x P

9 RDDT and c 771 198 214 163 196 0.37 0.5 3.44 0.9

22 RDDT and Di 1 259 427 143 186 503 286.89 0.0001 32.48 0.05

hybridized with the 16C susceptible strain homo-
zygous for the markers c (R+ c/R+ c). F1 hybrids were
backcrossed with the double recessive parent.
The chi-square linkage test (page 33 of Mather (8)),

applied to the backcross progenies, did not show a
significant departure from what might have been
expected on the basis of independent assortment of
RDDT and c (Table 2: x2= 0.37, P> 0.5). A chi-square
heterogeneity test (page 17 of Mather) indicated that
the families were homogeneous by showing indepen-
dent assortment of RDDT and c (x2 = 3.44, P> 0.9).
Therefore RDDT and c were not linked.

Linkage between RDDT and Di

Females of a TogDDT colony homozygous for DDT
resistance and for the marker Di (RDDT Di/RDDT Di
were hybridized with the IBAD strain of susceptible
wild-type males (R+ Di+/R+ Di+). The doubly hetero-
zygous F1 females (RDDT Di/R+ Di+) were then
backcrossed with the doubly recessive parent.
As shown in Table 2, the chi-square linkage test

calculated for the pooled data of 22 backcross fam-
ilies was highly significant (X2 = 286.89, P <0.0001),
indicating linkage between Di and RDDT. The chi-
square heterogeneity test was not significant
(x2= 32.48, P> 0.05). Only 4 of the 22 families failed
to show linkage between Di and RDDT, and this was
probably due to the effect of differential mortality
and misclassification of Di. However, the results
strongly indicated that Di and RDDT were linked.
Linkage having been established, it was desirable

to estimate the linkage value between RDDT and Di.
This was calculated from the pooled data by apply-
ing a computation to remove the complication result-
ing from the misclassification of Di. Bailey's formula
(5.3 on page 73 of (1)) was used because it allowed
for misclassification in one of the factors in a double
backcross. From the totals observed in the 22 famil-
ies the recombination fraction of Di and RDDT

equalled 24.1 ±1.4. The map distance between Di
and RDDT was calculated from the Kosambi trans-
formation formula 10.16 (page 151 of Bailey (1)).
With the above formula the map distance of
Di-RDDT was 26.3 map units on linkage group 2.

Linkage between dieldrin resistance and Di

Mason (1964) a studied linkage between c and
the genes for both dominant and incompletely domi-
nant dieldrin resistance in A. gambiae species A and
species B. His results showed that the two resistance
genes (Rdl-l and Rdl-2) assorted independently of c.
These results did not produce an answer to the prob-
lem of whether the two resistance genes were allelic.
This is important since dominant dieldrin resistance
in A. gambiae species A is the only exception to the
incompletely dominant type found in other anophe-
line species.

Since dieldrin resistance factors are not linked
to c on linkage group 3 and at the same time they
are not sex linked, they must then be linked to Di
on linkage group 2. A series of four crosses between
four different strains were designed to examine the
hypothesis that the dieldrin resistance gene was on
linkage group 2 and to find out whether dominant
and incompletely dominant dieldrin resistance were
controlled by the same locus.

Linkage between Rdl-2 and Di

The Tog/A colony homozygous for dominant diel-
drin resistance and for Di (Rdl-2 Di/Rdl-2 Di) was
crossed with a species A susceptible wild-type strain,
IBAD, (R+ Di+/R+ Di+). The doubly heterozygous
females (Rd-2 Di/R+ Di+) were backcrossed with

a Mason, G. F. Cytogenetics and genetics of strains in
the Anopheles gambiae complex. Thesis, University of
London, 1964.
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Table 3. Backcross segregation of the dieldrin resistance factors Rd-' and Rdl-2 with Di in A. gambiae species A
and species B

No. of Genes Total Linkage Heterogeneity
Strain families involved tested Parental Recombinants Parental

P x P

TogA 18 Rdl-2 and Di 1 319 327 307 337 348 0.73 0.3 17.70 0.3

LMP4 18 Rd]-' and Di 1 331 326 323 328 354 0.63 0.3 27.77 0.02

MA7 8 Rd]-' and Di 471 120 111 121 119 0.10 0.7 1.20 0.99

SUDB 7 Rd]-' and Di 458 108 119 101 130 0.71 0.3 7.28 0.2

the doubly recessive parent. The chi-square test
(Table 3) indicated no significant departure from
what might have been expected from the hypothesis
of independent assortment of Di and Rdl-2 (X2 = 0.73,
P> 0.3). The chi-square heterogeneity test indicated
that the families were homogeneous by showing
independent assortment of the two genes (X2 = 17.70,
P> 0.3). Therefore linkage between Di and Rdl-2 was
not indicated.

Linkage between Rdl-l and Di

Two species A strains, LMP4 and MA7, homo-
zygous for Rdl-l and Di were hybridized with the
IBAD susceptible wild-type strain. The backcross
progenies of single families from both crosses were
obtained and assayed. The results of the linkage test
in the two crosses were in agreement with the hypo-
thesis of independent assortment of Rdl-1 and Di.
As shown in Table 3, the chi-square value for LMP4
segregation was X2 = 0.63, P> 0.3, and for MA7 was
X2= 0.10, P> 0.7. There was no heterogeneity be-
tween the families in both crosses, as was indicated
by the chi-square heterogeneity test.
The species B strain, SUD 19, homozygous for

dieldrin resistance and for the normal allele for Di
(Rdl-l Di+/Rdl-l Di+), was hybridized with a suscep-
tible species B strain (MAKSS), homozygous for the
marker Di (R+ Di/R+ Di). The doubly heterozygous
F1 females (Rdl-l Di+/R+ Di) were then crossed with
susceptible wild-type males of the IBAD species A
strain.
The results of the backcross segregation are pre-

sented in Table 3. The linkage test indicated inde-
pendent assortment of Di and Rdl-l in species B,
as was found in species A (X2=0.71, P>0.3). The
families tested were homogeneous in showing the
absence of linkage between Di and Rdl-l (X2 = 7.28,
P> 0.2).

It would appear from the above results that the
two genes for dieldrin resistance, Rdl-l and Rdl-2,
assort independently of Di. The families in the four
types of crosses were uniform in showing indepen-
dent assortment of Di and both dieldrin resistance
factors. On the other hand, no evidence was obtained
of linkage to collarless on linkage group 3.a These
results therefore suggest the following possibilities.
(a) The two genes Rdl-l and Rdl-2 are allelic occupy-
ing the same locus which is linked to Di. The locus
of dieldrin resistance is far from Di, probably on
opposite arms of the chromosome. (b) The two
resistance genes are different and occupy separate
loci on the same chromosome arm. Both loci are
situated relatively far from Di. (c) The two genes
are different and situated on separate chromosomes.
(d) Both resistance factors are not linked to Di.
On the basis of the present evidence, it is very

difficult to decide which possibility is the most
plausible. An allelism test was therefore designed to
verify the four hypotheses.

Test of allelism in dieldrin resistance
In a test of allelism, a cross was made between

mosquitos showing the two types of dieldrin resist-
ance (Rdl1l/Rdl-l x Rd1-2/Rd1-2). The F1 progeny
(Rdl-l/Rdl-2) were screened on 4.0% dieldrin for 2 h
and then outcrossed with the susceptible parent.
When screening the outcross progeny on 0.4% diel-
drin for 1 h (the dose that kills the susceptible
strain), one of the following conditions could be
expected.

(a) If the two genes were allelic, then the progeny
of this cross would not be a backcross but a parental
cross and there should be no mortality. (b) If the
two genes were at different loci on the same chromo-

a See footnote on page 444.
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Table 4. Pooled data on the percentage mortality
(after exposure to 0.4 % dieldrin for 1 h) among the
outcross progenies of Fl double heterozygous (Rd"-1
R+/R+ Rdl-2) females with susceptible species A
males

Cross No. of Total Mortality
families tested (%)

1 21 1 755 0.6

2 22 2206 2.5

3 4 353 1

some, crossing over would produce a susceptible
class. By exposing the progeny of the outcross to
0.4% dieldrin some mortality would be expected,
the degree of which would depend on the amount
of crossing over between the two genes. (c) If the
two genes were on separate chromosomes, there
would be 25% mortality.
The relationship between the two types of dieldrin

resistance was tested by crossing each of the three
strains of the incompletely dominant type to a strain
of the dominant type (TogA), namely, LMP4 x TogA,
ManRR x TogA, and SUD19 x TogA. The F1 pro-
geny were outcrossed with a susceptible species A
strain. The outcross progeny of single families were

exposed to 0.4% dieldrin for 1 h to verify the three
possibilities mentioned above. Most of the families
derived from all three crosses showed no mortality
on exposure to the discriminating dose, i.e., indicat-
ing there was no recombination between the two
genes. The results are presented in Table 4. A maxi-
mum of 2.5% mortality was observed in the families
of one cross; families derived from the other crosses
showed average mortalities of 0.6 and 1 %. The results
therefore agree with the hypothesis that the two
dieldrin resistance factors are allelic.

Tests of allelism in DDT resistance
Crosses were made between TogDDT (of domi-

nant DDT resistance) and UV (of incompletely
dominant DDT resistance) to test for allelism of the
DDT resistance factors. As shown in Table 5, very

low mortality was observed in the outcross progeny;

the average mortality in the total numbers tested
was 8%. Such a level of mortality is less than that
observed in the parent colony or in the hybrids of
either parent. The results therefore provide strong
evidence for allelism of the DDT resistance factors
in TogDDT and UV.

Linkage between RDDT and Rdl-2

The results of the allelism tests indicated that the
two genes Rdl-l and Rdl-2 might be allelic. This was
further supported by the result of the linkage test
of the two resistance genes and Di. In both cases
the cross-over value was about 49%. These results
favour the hypothesis discussed earlier, i.e., that the
two genes were allelic, but their loci were widely
separated from the Di locus. The DDT resistance
factor was shown to be linked to Di at a map
distance of 25.3 map units. Now RDDT could be
utilized as another marker between dieldrin resist-
ance and Di to test for the validity of this hypothesis.
If the dieldrin resistance factor was actually linked
to Di, it'should show evidence of linkage to RDDT.
The procedure for examining this hypothesis was

as f9llows. The TogDDT strain homozygous for
DDr resistance was selected for homozygosity to
dominant dieldrin resistance. The doubly resistant
strain (RDDT Rdl-2/RDDT Rdl-2) was then crossed with
the susceptible species A IBAD strain (R+ R+/R+R+).
The F1 doubly resistant heterozygous adults (RDDT
Rdl-2/R+ R+) were backcrossed with the susceptible
strain. The backcross progenies of single families
were reared to adulthood and then exposed first to
4.0% DDT for 1 h, after which the survivors were
screened on 0.4% dieldrin for 1 h. This was done
in order to reveal quantitatively the DDT heterozy-
gotes (RDDT R+/R+ R+) and the doubly resistant
heterozygotes (RDDT Rdl-2/R+ R+) in the backcross
progeny. The survivors of 4.0% DDT should show
about 50% mortality on exposure to 0.4% dieldrin
if there was no linkage between RDDT and Rdl-2.
A significant deviation from the 1: 1 ratio would
be an indication of linkage between the two resistance
factors. The results are presented in Table 6. The
chi-square linkage test was highly significant
(X2= 130.0, P <0.0001) indicating linkage between
RDDT and Rdl-2. The families were found to be homo-
geneous in showing linkage as indicated by the
heterogeneity test (X2 = 17.30, P> 0.3). Thus Rdl-2 was
linked to RDDT and also to Di in linkage group 2.
The recombination fraction of RDDT and Rdl-2

was 30.4±1.5. Transformation according to the
Kosambi formula 10.16 (page 151 of Bailey (1))
produced a map distance of 35.3 units.
Linkage of Rdl-2 to linkage group 2 having been

established, it was now possible to estimate the map
distance of Di to Rdl-2. By adding the map distances
Di to RDDT (26.3 units) and RDDT to Rdl-2 (35.3 units),
the map distance between Di and Rdl-2 would be
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Table 5. Percentage mortality (after exposure to 4.0 % DDT for 1 h) among the Fi
progeny of the cross between two DDT resistant species A strains (TogDDT x UV),
and among the outcross progenies of the Fi females with IBAD susceptible males

No. of No. of No. of Total no. MortalityCross faiis eg ave
of adults Motaitfamilieseggs larvae ~~~tested(%

TogDDT x UV 3 250 235 213 15.5

(TogDDT x UV) 6 552 530 451 8.0
Fl x IBAD

61.6 units. It is thus clearly evident that the locus
for dominant dieldrin resistance is situated at a

relatively great distance from Di as discussed before.
Since the genetic evidence suggested that Rdl-l and
Rdl-2 were allelic, it would therefore follow that the
map distance of Di to Rdl-l would also be 61.6 units.
Thus the locus for dieldrin resistance is far from Di,
probably on opposite arms of the chromosome. This
would explain the results obtained earlier in which
dieldrin resistance gave the impression of indepen-
dent assortment from Di.
Both the allelism and linkage tests indicate that

there is a single gene for dieldrin resistance which
may now be designated as Rdl instead of Rdl-l
and Rdl-2. Dominant dieldrin resistance may involve
gene(s) additional to the major one. The position
of this oligogene in relation to the genes for DDT
resistance and Di can now be tentatively given in
the first map to be constructed for any anopheline
species, namely, for species A of the A. gambiae
complex.

26.3 35.3
I I- I

Di RDDT Rdl

DISCUSSION

The absence of morphological markers has limited
the number of linkage investigations and the con-

struction of linkage maps in anophelines. It was

possible by means of the available autosomal mark-
ers to set out a skeletal framework for the linkage

groups in A. gambiae species A. The two autosomal
morphological markers Di and c were shown to
assort independently and hence Di was arbitrarily
assigned to linkage group 2 and c to linkage group 3.
Subsequently, linkage tests were performed to study
the genetics of insecticide resistance in greater detail.
In TogDDT, the resistance factor (RDDT) was in-
herited independently of c and was found to be
linked to Di at a map distance of 26.3 units. The
same locus probably controlled DDT resistance in
the UV strain of species A, since the resistance fac-
tors of the two strains were allelic. Whether the
same locus controls DDT resistance in species B
remains to be established.
The dominant dieldrin resistance found in some

strains of A. gambiae species A is an exception to
the incompletely dominant type usually found in
other anophelines and many other insects resistant
to dieldrin. The problem of whether the differences
between the two types of dieldrin resistance were

due to the effect of different genes was examined
by a series of linkage and allelism tests. Studies by
Mason a proved that both the dominant (Rdl-2) and
incompletely dominant (Rdl-1) dieldrin resistance fac-
tors were not linked to collarless on linkage group 3.
His results implied that dieldrin resistance factors
were on the second linkage group. In the present
study, two point test crosses between Rdl-l Rdl-2
and Di failed to confirm that there was any linkage
because of the relatively long map distance between

a See footnote on page 444.

Table 6. Backcross segregation of RDDT and Rdl-2 in A. gambiae species A

No. ofYield DDT
DDT resistance screened Linkage HeterogeneityNof of

of resist-
on 0.4 % dieldrin for 1 h

2families adults ance RDDT and Rd]-2 RDDT and R+ X2 P X2 p

18 1 823 905 630 275 130.0 0.001 17.4 0.3
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Di and the dieldrin resistance genes. However, link-
age of dieldrin resistance to Di was proved when
RDDT was utilized as an additional marker. Here the
evidence of linkage of Rd1-2 and RDDT was clearly
established. Therefore, by inference, Rdl-2 must be
linked to Di. The map distance between Di and Rdl-2
calculated by the Kosambi method was 61.6 map
units. Thus Di and Rdl-2 were widely separated.

The linkage evidence suggested that Rdl-l and Rdl-2
were probably allelic. This was supported by the alle-
lism tests which also clearly showed that Rdl-l and
Rdl-2 were allelic. Therefore it is reasonable to con-
clude that the major genes (oligogenes) of dominant
and incompletely dominant dieldrin resistance are
allelic; the difference in the expression of dominance
is probably due to the influence of modifying gene(s).
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RESUME

ETUDES DE LINKAGE SUR LA RESISTANCE AU DDT ET A LA DIELDRINE CHEZ L'ESPECE A
ET L'ESPECE B DU COMPLEXE ANOPHELES GAMBIAE

Les especes A et B du complexe Anopheles gambiae
ont fait l'objet d'etudes de linkage 'a l'aide de mutants
afin de determiner le locus de la resistance au DDT et
de la resistance a la dieldrine.
On a demontre que les marqueurs morphologiques

diamond (Di) et collarless (c) sont independants et situes
sur des chromosomes differents, Di appartenant au
groupe de linkage 2 et c au groupe de linkage 3.
Dans l'espece A, le gene de la resistance au DDT

(RDDT) est dispose independamment de c et est associe
a Di dans le groupe de linkage 2 a une distance corres-
pondant sur la carte de linkage a 26,3 unites. Dans
l'espece A du Togo et de la Haute-Volta, les genes des
deux types de resistance a la dieldrine, dominante ou

partiellement dominante, sont probablement alleliques
et sous la ddpendance du meme locus. Les facteurs
genetiques de la resistance dominante (Rdl-2) et partielle-
ment dominante (Rdl-1) it la dieldrine, chez les especes A
et B, sont alidliques et on peut considerer le facteur de la
resistance comme unique (RWl).
Dans l'espece A, le gene de la resistance a la dieldrine

appartient au groupe de linkage 2 et est associe au gene
de la resistance au DDT dont il est distant de 35,3 unites
et au marqueur diamond dont il est distant de 61,6
unites.
On a dresse une carte provisoire montrant la situation

des genes dependant du groupe de linkage 2 dans l'espece
A d'A. gambiae.
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