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A Genetical Study on DDT-Resistance in the Trinidad
Strain of Aedes aegypti L.*

R. J. WOOD1

Previous genetical investigations on the Trinidad DDT-resistant strain ofAedes aegypti,
involving mass crosses with susceptible strains, had indicated that a single major semi-
dominant gene controlled resistance to DDT. The present study, in which single-pair
matings were made, indicates that the genetic control ofresistance is, in fact, more complex.
The considerable variation observed could not be interpreted in terms ofnormal segregation
at a single locus. At least three genetic factors appear to be involved: a major gene con-
ferring low resistance but of variable expression, a chromosomal modifier of the dominance
of this first factor, and a sex-dependentfactor that may or may not be chromosomal. Whether
the major gene for low resistance, variously modified, is also responsible for higher levels
of resistance remains uncertain.

DDT-resistance in the Trinidad strain of Aedes
aegypti has been investigated genetically by Coker
(1958) and by Qutubuddin (1958). Both studies
indicated that resistance is inherited as a single semi-
dominant factor although the two (sub-)strains
chosen for investigation (TR-1956 and STR-1958;
Fig. 1) differed in resistance level (LC50 = 2 ppm
and > 20 ppm respectively). Both studies took the
form of mass crosses and backcrosses to susceptibles.

In the present study, DDT-resistance in the Trini-
dad strain has been investigated by single-pair mat-
ings. Individual sibships have been compared in the
TR-1960 (sub-)strain (Fig. 1) and single-pair crosses
made between TR-1960 and the QS strain (Fig. 1).

MATERIALS

The strains referred to in this account are as
follows.

The TR strain (also known as TRIN) is resistant
to DDT, although resistance has declined over a
period of five years (Fig. 1). At the time of these
experiments the larval LC50 to DDT was 0.5 ppm
(TR-1960; Fig. 1).

The STR strain (also known as TRIN-HR) was
derived by Dr George B. Craig (personal com-
munication) from the original Trinidad stock by

* The work described was carried out during the author's
tenure of a NATO and DSIR Fellowship with the Institute
of Zoology, Pavia, Italy.

1 Department of Zoology, University of Manchester,
Manchester, England.

laboratory selection with DDT. Larval resistance to
DDT is more than 2500 times normal (LC50 >
20 ppm; Fig. 1).

The AS strain (also known as NIH) is susceptible
to DDT; the larval LC50 is 0.025 ppm (Fig. 1).

The QS strain (also known as QUEEN) is sus-
ceptible to DDT with a larval LC50 of 0.05 ppm
(Fig. 1).

METHODS

Virgin females and unmated males were paired and
fed in cages 15 cm square. The eggs were hatched in
an infusion of yeast and the larvae fed on a mixture
of ground dog biscuit and Biogerm, a commercial
wheat germ preparation. Pupae were placed in clean
water for emergence.

Larvae were tested with DDT at the fourth larval
stage using the test recommended by the WHO
Expert Committee on Insecticides (1960), extended
to cover a wide range of concentrations. The final
number of larvae tested at each concentration
generally exceeded 100, representing four individual
tests of 25 (or approximately 25) larvae made on
four separate days, in parallel with tests over an
extensive range of other concentrations and usually
in parallel with tests on other F1 and F2 stocks.
Where numbers did not reach 100, indication is made
in the appropriate section. The air temperature for
both rearing and testing was 28.5°C ± 2.0°C and the
relative humidity 71.5% ± 4.5 %.
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FIG. I

CONCENTRATION/
MORTALITY
REGRESSION LINES FOR
SEVERAL STRAINS AND
SUBSTRAINS OF AEDES
AEGYPTI EXPOSED AT
THE LARVAL STAGE TO
DDT a

a The dates Indicate the
time at which the tests were
carried out. The tests TR-
1958 and STR-1958 are quot-
ed from Coker (1958) and
Qutubuddin (1958) respect-
ively. The majority of points
plotted are based on tests
with more than 100 larvae;
for all points the number
exceeded 50.

FIG. 2
CONCENTRATION/
MORTALITY
REGRESSION LINES FROM
TESTS WITH DDT ON
LARVAE OF SEVERAL Fs
SUBSTRAINS DERIVED
FROM SINGLE PAIRS OF
THE TR-1960 STRAINa

a The majority of points
plotted are based on tests
with more than 75 larvae; for
all points the number ex-
ceeded 50.
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FIG. 3
15 SINGLE-PAIR MATINGS BETWEEN THE QS STRAIN AND SUBSTRAIN 138 OF TR-1960a

SINGLE PAIR CROSSES SINGLE PAIR CROSSES
138I X QSA QS9 X 138'

TtLtJff, G 0 ® 0 0 (
L 0 0 0

146 147 148 ' ' 149 150 151 152 153

r L , ~~~~~~~~~~, ~
154 155 156 157 158 159 160 161 162 163 164 165 166 167 168

SelectIon with
Sppm DDT

169 170

169a

Selection with
Sppm DDT

169 b

a The Individual F. stocks were mass-mated. In F2 substrain 165 and F4 substrain 169a, selection with DDT was applied.

SINGLE-PAIR SIB-MATiNGS WMIHIN THE TR STRAIN

As the first step towards investigating the genetical
control of DDT-resistance, single-pair matings were
made within the TR-1960 strain. Tests were per-
formed over a range of concentrations in the F2
larvae1 derived from 31 such single-pair matings.
The scale and range of resistance are indicated in
Fig. 2. The F2 substrain 82 was fully susceptible
(LC50 = 0.02); indeed it was slightly less tolerant
than the QS strain (Fig. 1); F2 substrain 133 was
highly resistant-more resistant than the TR-1956
stock (Fig. 1). Resistance was found at all levels
between these extremes.2 A number of regression
lines showed inflexions (plateaux) suggesting segre-
gation into more than one phenotype (e.g., No. 138
in Fig. 2), although some of the variation may have
been due to experimental error. In total these results
showed that the TR-1960 stock was heterogeneous
to a marked degree, containing susceptible as well as
resistant individuals. They failed to confirm that
resistance was due to a simple genetic mechanism
because inflexions on the concentration/mortality
regression lines were often found in positions other
than those expected from a single gene segregating

In one instance tests were performed on an F, (No. 138).
' F, substrain 122 was even more tolerant but was

tested at two dosages only (LC,, = 5 ppm).

normally. This question will be discussed more fully
in conjunction with the results outlined in the next
section.

SINGLE-PAIR RECIPROCAL CROSSES BETWEEN THE QS
SUSCEPTIBLE STRAIN AND F3 suBsTRAIN 138

It was planned to cross one of the more resistant
F2 substrains (e.g., 133) with the QS strain. However,
there was difficulty in obtaining more than a few
eggs from these more tolerant stocks because of a
high pupal and adult mortality, which eventually led
to their loss. Fortunately the rather less tolerant but
heterogeneous Fs substrain 138 had retained its
viability.

Fifteen single-pair reciprocal crosses were made
between the F3 substrain 138 and QS (Fig. 3). Tests
on the F2s from these crosses were made over a range
of 8-17 concentrations. The results show that four
out of the 15 F2s were fully susceptible to DDT (157,
159, 161, 163), the regression lines being indis-
tinguishable from one another and from the QS
strain (Fig. 4; Table 1). The remaining 11 F2s were
resistant to varying degrees, with a clear difference
between the reciprocal crosses (Fig. 4; Table 1).
(A difference between the reciprocal crosses had
been observed also in eight Fls which had been
tested (F1 substrains 146-153; Table 2; Fig. 3).)
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FIG. 4

CONCENTRATION/MORTALITY REGRESSION LINES
FROM TESTS WITH DDT ON LARVAE OF Fa SUBSTRAINS
FROM CROSSES BETWEEN THE QS STRAIN
AND SUBSTRAIN 138, INDICATING A DIFFERENCE
BETWEEN RECIPROCAL CROSSESa

00

161 / ,d

163-

162 166 * F2 from 1 38 parent
164 167

165 168 o----o F2 from 138 parent

158

56

a All points plotted are based on tests with more than 1000.004 0.01 0-02 0-05 0-1 0-2 0-5 1-0 2-0 5.0 *0.0 larvae. The susceptible F2s are plotted independently of those
Concentration of DDT in parts per million (log scale) showing some level of resistance.

TABLE 1
LETHAL CONCENTRATIONS OF DDT IN TESTS ON F2 LARVAE FROM SINGLE-PAIR

CROSSES BETWEEN THE QS STRAIN AND F3 SUBSTRAIN 138

Ref. | SexRef.of F of 138 LCpo LC25 LCso LCs5 LC75 LCgo LC.4No. of F2 parent

163 0.02 0.03 0.05 0.06 0.08 0.1 0.2

157 - - <0.05 0.05 0.1 0.15 0.2

159 - - 0.03 0.03 0.04 0.05 0.08

161 0.03 0.03 0.04 0.04 0.1 0.15 0.2

162 0.02 0.05 0.07 0.07 0.1 0.85 1.0

164 C 0.03 0.04 0.07 0.1 0.3 3.8 5.5

165 0.03 0.03 0.05- 0.09 0.1 0.3- 7.0
0.07 5.0

166 - 0.02 0.06 0.09 > 1.0 - -

167 - - 0.05 0.05 0.15 > 0.7 -

168 0.03 0.04 0.07 0.08 0.3 2.1 2.8

154 0.03 0.08 0.1 0.35 1.5 >10.0 -

155 0.03 0.04 0.1 0.1 0.4 0.8 1.0

156 0.04 0.05 0.08 - - - -

158 0.03 0.04 0.09 0.2 0.4 2.0 3.0

160 0.05 0.1 0.15- 0.2 0.4 1.6 3.5
0.2
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TABLE 2
TESTS WITH DDT ON THE Ft LARVAE FROM RECIPROCAL
SINGLE-PAIR CROSSES BETWEEN THE QS STRAIN

AND F3 SUBSTRAIN 138

0.5 ppm DDT 1.0 ppm DDT
Cross No. tested Mortality No. tested Mortality

QS? x 138,S 277 89.2 110 90.0

138? x QS] 185 54.6 74 66.2

Individually, the resistant F2s of crosses 138? x
QS& showed a level of resistance within the limits
indicated in Fig. 5; the three strains illustrated typify
the range and variety of regression lines obtained.
Likewise the F2s from the crosses QS? x 138' are
indicated in Fig. 6. One or more inflexions are to be
found on most lines (Fig. 5; Fig. 6; Table 3), in
both crosses.

FIG. 5
CONCENTRATION/MORTALITY REGRESSION LINES

FROM TESTS WITH DDT ON LARVAE
OF THREE Fi SUBSTRAINS FROM THE CROSS

138 V x QS d a
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a All points plotted are based on tests with more than
100 larvae.

FIG. 6
CONCENTRATION/MORTALITY REGRESSION

LINES FROM TESTS WITH DDT ON LARVAE OF THREE
F2 SUBSTRAINS FROM THE CROSS QS? x 138,S a

99.99.

99.9

99.5-

96a

90-

70 Rl

0.

30 4'
._0- /} y@ F2 1658

t 10o l x---x F2 164o0
0

0-

0-01 0o02 0-05 0C1 0.2 0.5 1.0 o0 5-0 10-0
Concentration of DDT in parts per million

(log scale )

a All points plotted are based on tests with more than
100 larvae.

On the basis of semi-dominant monofactorial in-
heritance, as indicated by the results of Coker (1958)
and Qutubuddin (1958), the following proportions
would be expected in the individual F2s, assuming
that F3 substrain 138 contained the susceptible
allele and that the R/R, R/+ and +/+ phenotypes
were distinct and equally viable:' Parents R/R x
+/+ would produce an F2 of 25% R/R, 50% R/+
and 25% +/+; parents R/+ x +/+ would pro-
duce an F2 of 6.25% R/R, 37.5%Y. R/+ and 56.25%
+/+. Therefore in the F2 regression line from the
cross R/R x +/+, inflexions would be expected at
25% and 75%; and from the cross R/+ x +/+,
inflexions would be expected at 56.25% and 93.75 %.
If overlapping of the phenotypes occurred, any one
or all of these inflexions could be missing; but,
with normal segregation, inflexions in other positions
would not be expected.

1 R is the semi-dominant allele for DDT-resistance;
+ is the wild-type (normal) allele.
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TABLE 3

THE POSITION OF INFLEXIONS ON CONCENTRATION/
MORTALITY REGRESSION LINES OF Fa LARVAE FROM

SINGLE-PAIR CROSSES BETWEEN THE QS STRAIN
AND F3 SUBSTRAIN 138

Ref. Sex First plateau Second plateau
N.of 138 Conc. Mortality Conc. Mortality
0f F2 parent (ppm) (%) (ppm) (%)

163 CT -

157 9 _ _

159 9 - -

161 9 - -

162 CT 0.15.0.7 8445 1.0-2.5 96 (?)

164 d 0.06-0.09 50-53 0.15-0.2 71-72 (?)

165 CT 0.05-0.08 50-52 0.3-5.0 90-91

166 d 0.6-1.0 73 _ -

167 CT - - _

168 d 0.15-0.2 71-72 - -

154 9 0.04-0.07 19-22 0.15-0.3 53

155 9 0.05-0.07 34-35 - -

156 9 - - _ _
158 9 0.10-0.15 50-54 -

160 9 0.07-0.1 23-25 0.15-0.2 50

Among the crosses QS Y x 138&, F2 substrain 165
showed a concentration/mortality regression line
which was consistent with the hypothesis that the
cross had been R/+ x +/+, inflexions being found
at 50 %-52% and 90 %-91 % (Fig. 6; Table 3), cor-
responding to the expected values of 56.25% and
93.75% for a semi-dominant factor. In F2 substrains
166 and 168, inflexions were found at 73% and
71 %-72% respectively (Fig. 6; Table 3), suggesting
a cross of R/R x +/+, although the 75% inflexion
was found at a different concentration of DDT in
each case. In neither F2 was the susceptible fraction
differentiated from the hybrid, i.e., inflexions did not
occur at or occur near 25 %. Other F2s also
showed prominent inflexions (e.g., F2 substrain 164;
Fig. 6), but these could not be interpreted on the
basis of a single semi-dominant gene segregating
normally.
Among the reciprocal crosses 138? x QSJ three

F2s (154, 158, 160) were similar in showing an in-
flexion at around 50 %-55 % (Fig. 5; Table 3).

F2 substrains 154 and 160 showed the extra affinity
of an inflexion around 20%-25 %. F2 substrain 155
showed an inflexion at 34%-35%. None of these
lines lends itself to interpretation on the basis of a
single semi-dominant gene segregating normally.
To summarize, there existed a clear difference in

tolerance between the progenies of the reciprocal
crosses which extended over almost the whole range
of concentrations to which larvae were exposed, F2
progenies derived from the resistant female being
the more tolerant (Fig. 4). Differences also occurred
between individual F2s, not only in the level of
resistance, but, more significantly, in the position of
inflexions on the regression lines. The evidence is
inconsistent with the hypothesis that a single nor-
mally segregating major gene controls DDT-
resistance, although the distinctness of the inflexions
on the F2 regression lines suggests that the mecha-
nism is relatively simple. These results reinforce the
findings from single-pair matings made within the
TR strain.

SELECTION OF LINE 165 WITH 5 ppm DDT

Of all the F2s derived from single-pair crosses
between F2 substrain 138 and the QS strain, F2 sub-
strain 165 was differentiated most clearly into three
phenotypes (Fig. 6); well-marked inflexions were pre-
sent at 50 %-52% and at 90 %-91 %. On the hypothesis
of a parental cross R/+ x +/+ and the segregation
ofa single major gene it was supposed that the second
inflexion, stretching between 0.3 ppm and 4 ppm,
separated homozygous resistant and hybrid forms.
In an attempt to separate the homozygous resistant
fraction, selection was applied to 245 larvae (10 re-
plicates) of F2 substrain 165 at 5 ppm for one
generation. The progeny (F3 substrain 169) obtained
after selection (Fig. 3; Fig. 7) may be compared with
the F3 produced by mass-mating another sample of
F2 substrain 165 without selection (Fs substrain 170;
Fig. 3, Fig. 7). F3 substrain 169 is seen to be the
more resistant although the difference is moderate.
To test the stability of the selected line, it was mass-
mated to an F4 (169a) and retested. There was no
loss of resistance (Fig. 7). Neither could resistance
be increased by further selection at 5.0 ppm to an
F5 (169b; Fig. 7). Thus the tolerance to DDT of this
stock appeared to be stable although the LC50 (Of
0.5 ppm) was low for a resistant strain. The com-
position of this stock formed the subject of tests to
be described below.
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FIG. 7

EFFECT OF SELECTING F, SUBSTRAIN 165
AT 5 ppm DDT a

)-oI 0.02 OOS 0-1 0o2 03 1-0 2--05 10

Concentration of DDT in ports per million (log scale)

a The F, after selection (169) may be compared with the F3
derived from non-selected larvae (170). Substrain 169a is the F4
of the selected stock and 169b is the Fs after a further generation
of selection at 5 ppm DDT. All points plotted are based on
tests with more than 100 larvae.

SINGLE-PAIR RECIPROCAL CROSSES AND BACKCROSSES

BETWEEN F3 SUBSTRAIN 169 AND THE QS STRAIN

The probability that F3 substrain 169 (Fig. 7) was
homozygous for DDT-resistance prompted an in-
vestigation into whether the F1 and F2 progenies of
crosses with the QS strain would show less variation
than had been observed in the crosses between QS
and F2 substrain 138 (Fig. 2), the heterogeneity of
which was in no doubt. These crosses were also
planned to confirm whether F3 substrain 169 was

indeed homozygous or not.
Reciprocal single-pair crosses between F3 sub-

strain 169 and the QS strain were made according to
the scheme in Fig. 8. The F1 progenies of these
crosses were highly variable in tolerance to DDT
(F1 substrains 180 and 181; Fig. 9), the mean being
midway between the parents. In fact F1 variation
was just as great as in the crosses between QS and

F2 substrain 138. However, there was no difference
between the reciprocal crosses (Fig. 9). F1 substrain
180 was interesting because of its particular sus-
ceptibility. It was established that it was not geno-
typically susceptible by examining the F2 (185;
Fig. 10) in which 5Y%-10% of phenotypically non-
susceptible individuals could be distinguished. Two
other Fls (178, 181) were also mated to F2s (184, 186;
Fig. 10).
To investigate the genetic composition of F3 sub-

strain 169, a series of backcrosses to susceptible-
(169? x QSS3)Y x QS&3, QS? x (169? x QS&J)&,
(QS? x 169T) x QScT, QSS x (QSS? x 169T)c-
were performed, the object being to demonstrate the
presence or absence of the susceptible allele. The
principle involved was that if the susceptible allele
were absent from F3 substrain 169, as was suspected
from the stability of this stock and its derivation by
selection, then all the F1s from single-pair crosses
with the QS strain would be heterozygotes; and
therefore in all single-pair backcrosses to susceptible
from these F1s, there could never be a progeny from
a single pair that was wholly susceptible, i.e., in the
simplest case (a single dominant or semi-dominant
gene) the composition of each backcross progeny
would be 50% R/+ and 50% +/+.

Six Fls (172, 175, 178, 180, 181, 183), chosen to
cover the whole range of F1 (169 ? x QSS or QS V x
169S) variation, were backcrossed to the susceptible
parent (QS). Five single-pair matings (two of one
cross and three of the reciprocal cross) were made
from each F1 according to the scheme in Fig. 11.
The backcross progenies were tested with DDT
(Table 4), the results of which indicated that resistant
individuals were invariably present, although the
demonstration of resistance was not always straight-
forward. In some instances it was necessary to mass-
mate the backcross (B1) progeny for a second gene-
ration (B2) to establish resistance, as resistance in the
heterozygote was sometimes recessive or almost re-
cessive. Taking the backcross into a second genera-
tion proved necessary in seven out of the total of
30 backcross progenies (Table 4).
The mean backcross (B1) regression line is plotted

in Fig. 12; in level of resistance it resembles the F1
more closely than it resembles QS, but its shape is
suggestive of segregation into two phenotypes.
From these 30 backcross progenies (Bls) it was

established with a probability of 0.95-0.98 (Table III
in Mather, 1951) that the " resistant " (169) parents
of the six Fls (172, 175, 178, 180, 181, 183) used in
the backcross did not carry a susceptible allele

1-%1
a
.5

0

.0
.0

0

C-4
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FIG. 8
13 SINGLE-PAIR MATINGS BETWEEN THE QS STRAIN AND SUBSTRAIN 169 OF TRa

SINGLE PAIR CROSSES SINGLE PAIR CROSSES
QS9X 169c 1699 X QScyA

171 7 173 174 176 177 @1j 179 F 182 ij

184 185 186

a Three individual F. stocks (178, 180,181) were mass-mated to produce F2s. Six of the F. stocks
were backcrossed to QS (Fig. 11); these are shown In brackets.

FIG. 9 FIG. 10

RATIONTMORTNLALRAEOFRTHE QS STRAIN CONCENTRATION/MORTALITY REGRESSION LINES

SUBSTRAIN 169 OF TR, COMPARED FROM TESTS WITH DDT ON LARVAE OF THE QS
THE RECIPROCAL F. SUBSTRAINS a STRAIN AND SUBSTRAIN 169 OF TR, COMPARED

WITH THREE F. SUBSTRAINS FROM THE SINGLE-PAIR
1°| CROSSES 169?x QSda

0o01 0.02 0OS 0*1 0-2 0-5 1.0 2-0 5-0 10

Concentration of DDT in parts per millton (log scole)
a These are the combined results of 13 single-pair matings.

The range of Ft variation is shown by the substrains 180 and
181. All points plotted are based on tests with more than
100 larvae.

Concentration of DDT in parts per million (log scale)

a All points plotted are based on tests with more than
100 larvae.
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TABLE 4
BACKCROSS MORTALITIES AT 0.2 ppm DDT, THE CONCENTRATION WHICH KILLS

93.5 % HOMOZYGOUS SUSCEPTIBLES a

Ref.No. F,gx QSe Fi.X QSc QS?x F.! [ QSx Fi.| QSgx F,e J
of Fi (1) (2) (1) (2) (3) Totals

172 74.8 69.2 78.8 67.4 74.5 73.1
(139) (221) (146) (46) (51) (603)

175 71.3 62.7 92.5 b 78.0 76.4 73.8
(101) (161) (67) (146) (106) (581)

178 84.5 b 69.3 77.7 67.0 64.3 73.6
(97) (127) (63) (21) (70) (378)

180 83.6 b 64.1 35.9 62.4 82.4 b 63.8
(55) (95) (92) (101) (85) (428)

181 51.5 82.2 b 106 b 55.3 72.9 69.6
(93) (101) (25) (47) (96) (362)

183 74.4 74.2 98.0 b 77.5 72.1 75.0
(43) (172) (50) (71) (68) (404)

Totals 72.7 70.0 75.2 70.1 71.8 71.7
(528) (877) (443) (432) (476) (2 756)

a The numbers of larvae tested are shown in parentheses.
b These B.s were mass-mated individually to B2s where in each case a significant proportion

of larvae was resistant to 1.0 ppm, a concentration which killed all homozygous susceptibles.

(assuming a single gene controls resistance). The
fact that these six F1s covered the whole range of F1
variability (Fig. 9) would seem to indicate that the
susceptible allele was absent in the 169 stock. But,
taking into account the small size of the F1 sample,
the possibility of a bias cannot be ignored and it
must be allowed that the susceptible allele could
have been present at low frequency.

FIG. 11
BACKCROSSES BETWEEN QS STRAIN AND Ft

SUBSTRAIN 172a

SINGLE PAI R CROSSES
172 X QSey QSYX 172dC

187 Ise 189 19O

a In precisely the same manner backcrosses were made with
F, substrains 175,178,180,181 and 183.

Absence or low frequency of the susceptible allele
means that Fs substrain 169 was homozygous (or
nearly homozygous) for resistance. Taking all
evidence into consideration, the most likely ex-
planation is homozygosity for a single gene. This
conclusion is supported by (1) the low level of
tolerance of this stock, and (2) its derivation by
single-pair mating and selection of the most resistant
fraction from an F2 (F2 substrain 165) which had
segregated as for a single gene (Fig. 7).
Making the assumption of homozygosity, it is

evident that the considerable F1 variation (Fig. 9)
must have been due to variation in the heterozygote
-i.e., variation in dominance-which could be
genetic or environmental in origin. It is also possible
to draw an important conclusion from the F2 results
(Fig. 10). They provide evidence that the expressivity
of the resistant homozygote as well as the dominance
of resistance is variable. For example, in F2 substrain
185 (derived from F1 substrain 180), where 25%
homozygous resistant forms are expected on the
basis of single-factor inheritance, it is evident that
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FIG. 12
CONCENTRATION/MORTALITY REGRESSION LINES
FROM TESTS WITH DDT ON LARVAE OF THE QS

STRAIN, OF THE COMBINED Ft SUBSTRAINS 172, 175,178,
180,181 AND 183, AND OF THE COMBINED BACKCROSSES

187-216 a

99.9

99,

a. 95

S 90'

` 70
0o_so

' 50

- 30
0
.0L

1-0

0.1

0.01 0 02 0-05 01-l 0 2 0O5 10. 2-0 5 0

Concentration of DDT in ports per minion (log scale)

a All points plotted are based on tests with more than
100 larvae.

more than half of these genotypically homozygous
resistant individuals were indistinguishable from the
susceptible QS strain. By contrast the homozygous
resistant fraction of F2 substrain 186 (derived from
F1 substrain 181) was comparable in tolerance with
the 169 stock itself (Fig. 10).

SEGREGATION AT THE y LOCUS IN RECIPROCAL CROSSES

AND BACKCROSSES BETWEEN F3 SUBSTRAIN 169 AND

THE QS STRAIN

The QS strain was homozygous for the recessive
gene y, the larvae being yellow (Craig & Gillham,
1959) and easily distinguishable from the grey

(+/+ or +Iy) wild type. All the 13 F3 substrain 169
adults used in crosses with the QS strain (Fig. 8)
were derived from wild-type larvae (+/+ or +Iy).
In eight of the Fls from these crosses segregation for

y occurred (435 (49%) y/y: 453 (51 %) +Iy), indicat-
ing that the F3 substrain 169 parents had been +Iy.
In these Fls it was possible to compare the resistance
of yellow and wild type. It can be seen from Fig. 13
that the level of resistance in the two larval types was
quite different, the yellow (y/y) F1 larvae being al-
most fully susceptible while the wild-type (+Iy) F1
larvae (when considered in toto) were intermediate
in tolerance between the parents. Since all (or the
great majority of) larvae were heterozygous for
resistance, resistance was near recessive in the yellow
larvae while in the heterozygous wild-type larvae it
was incompletely dominant.

In fact this is an over-simplification because the
dominance of resistance in the wild-type F1 larvae
varied greatly between individual pair crosses from

FIG. 13
CONCENTRATION/MORTALITY REGRESSION LINES

FROM TESTS WITH DDT ON LARVAE OF THE QS STRAIN,
OF SUBSTRAIN 169 OF TR AND OF THE TWO LARVAL
COLOUR CLASSES IN THE COMBINED Fi SUBSTRAINS

QS? x 1691 AND 169 ? x QSda

0.01 0 02 0 05 01 0.2 0.5 1.0 2-0 50 10

Concentration of DDT in ports per million (log scale)

a The yellow larvae were derived from F.s In which segrega-
tion occurred at the y locus producing 50 % yly and 50 % yI+
individuals. A proportion oi the wild-type larvae were derived
from the same source but others came from F.s in which all
larvae were heterozygous (yI+). The yellow larvae and the two
categories of wild-type larvae are plotted as three separate lines.

QS E' {t
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169 xQS
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recessive in F1 substrain 180 to dominant in F1 sub-
strain 181. In all F1 yellow larvae, resistance was
recessive or near-recessive, although in some F1s
(e.g., 180) tolerance was less than in the QS parent
while in others (e.g., 178) tolerance was slightly
greater. In any particular F1 there tended to be
some relationship in tolerance between the two
larval colour classes, but the yellow larvae were
invariably less tolerant than the wild type, i.e.,
resistance was invariably " more recessive " in the
yellow larvae.

It is significant that resistance in yellow larvae was
recessive or near-recessive in every F1 where they
occurred, a total of eight. This suggests a modifier
of dominance located at or near to the y locus, there
having been three opportunities for crossing over-
in the F1 (150), F2 (165) and F3 (169)-since the y
allele was introduced into the resistant stock from
the cross QS x 138 (Fig. 3) (F2 substrain 138 was
homozygous wild type).

In the backcross to QS (Fig. 11; Fig. 12) wild-type
(grey) larvae were again consistently more tolerant
than yellow, as would be expected from (a) a dif-
ference in the dominance of resistance, (b) linkage
between the R and y loci, or (c) both effects acting
together. On the F1 evidence it is impossible to
ignore dominance modification as at least contribut-
ing towards the difference between colour classes in
the backcross, but neither can the possibility of
linkage be excluded.

DISCUSSION

Brown & Abedi (1962) have demonstrated linkage
between a major gene for DDT-resistance in the
Trinidad strain and the y and s alleles on chromo-
some 2. The present study, using a substrain of
Trinidad (F3 substrain 169), indicates that a gene at
or close to the y locus on chromosome 2 modifies
the dominance of resistance. In a series of back-
crosses-(R/R? x +±/+6)? x +±/1+ , +±/+ x
(R/Ry x +I+S)6, (+/+16 x R/RY)? x +/+6'
and +/±+ x (+6/'+ x R/RY9)6-a difference in
resistance level between the two larval colour forms
could be reasonably explained on the basis of do-
minance modification but it is possible that since
resistance was low, modification of dominance may
have masked a linkage effect.
The y dominance-modifier exerted a different

effect when in the homozygous and heterozygous
states, indicating that it is either recessive or semi-

dominant. The degree of modification varied with
the cross. Whether the cause of this variation was
genetic or environmental remains uncertain.
A proportion of single-pair matings (TR x TR

and TR x QS) gave rise to F2 progenies which were
fully susceptible to DDT. Some other F2 progenies
were close to susceptibility (a small recovery at
0.5 ppm), including F2 substrain 185 which segre-
gated R/R: R/+: +/R: +/+ for the strain 169 re-
sistance factor (Fig. 10). There is clearly the possi-
bility that other genotypically heterogeneous F2s may
have been quite indistinguishable from susceptible.
It is noteworthy that the susceptible F2 substrain 157
(LC94 = 0.2 ppm; Table 1; Fig. 4) was derived from
F1 substrain 148, which showed a very definite
resistance (LC94 = 1.0 ppm).
The fact that mass crosses have several times

indicated that DDT-resistance is due to a single
gene suggests that we should examine some of the
influences which might cause the F2 regression lines
from single-pair matings to deviate from the form
expected from the straightforward segregation of a
major gene, assuming such a gene to be operative.
Variation in expressivity would be expected to lead
to the formation, on the individual F2 regression
lines, of inflexions at different concentrations for the
same percentage mortality. This has in fact been
observed (compare F2 substrains 166 and 168), and
variation in expressivity, both of the resistant homo-
zygote and the heterozygote (variation in domin-
ance), has been demonstrated. One modifier of
dominance has been identified. Variation in pene-
trance could bring about full susceptibility in some
genotypically heterogeneous lines. Such an effect is
suspected (e.g., in F2 substrain 157) but not estab-
lished. Variation in viability between genotypes
would be expected to lead to the formation of
inflexions at unexpected heights (percentage mortali-
ties). Such inflexions have often been observed but
direct evidence for differential mortality is lacking.
It is possibly significant that the more resistant F2s
from crosses TR x TR showed a high pupal and
adult mortality. Inflexions at unexpected heights
could also be brought about by incomplete pene-
trance.

Non-genetic effects might also be important. In-
flexions above 10 ppm DDT could well have been
due to flocculation of the insecticide which became
dramatically obvious above this concentration and
was associated with considerable variation between
test replicates. However, most of the inflexions dis-
cussed in this paper occurred at levels below 10 ppm.

9
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In conclusion, it may be stated that at least three
factors are involved in the genetical control of DDT-
resistance in the TR strain of Aedes aegypti: the
' 169 ' major gene for low resistance (which may or
may not be at the same locus as the gene conferring a
high level of resistance investigated by Brown &
Abedi (1962)), the y dominance-modifier on chro-
mosome 2, and a sex-dependent factor (which may

or may not be chromosomal). The considerable F.
and F2 variation which has occurred independently
of the segregation of the y allele or of sex suggests
that other genetic factors may also be implicated,
notably modifiers of expressivity; although the
possibility of environmental influences should not be
overlooked. The possibility of other major genes
remains open.
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RtSUMt

L'auteur a etudie les modalites genetiques de la resis-
tance au DDT de la souche Trinidad (TR 1960) d'Aedes
aegypti.
Par des accouplements a paire unique (TR x TR),

il a ete possible d'obtenir a la fois des individus comple-
tement sensibles et des individus presentant tous les degres
de resistance, avec des CL 70 variant de 0,05 a plus de
80 parties par million, aux generations F1-F2. Les in-
flexions de certaines lignes de regression en F2 ne pou-
vaient s'expliquer par une segregation normale sur un
g6ne unique. Ces resultats furent corrobores au cours de
croisements a paire unique entre la souche TR 1960 et
une souche sensible au DDT (souche QS).
La souche fille F2 165, issue d'un croisement entre les

souches QS et TR, montra, atypiquement, segregation
d'un allee de r6sistance unique. Une dose discriminatoire
de 5 parties par million de DDT fut utilisee pour s6parer
les formes resistantes homozygotes. Dans la generation Fs,
la souche fille F3 169 montrait une resistance faible
(CL 50=0,05 partie par million; CL 70=2 parties par
million), mais n'etait cependant pas porteuse d'un allele
de sensibilite (ou peut-etre n'en etait que rarement por-
teuse), comme on put le prouver par croisement et r6tro-
croisement avec la souche sensible QS. On pense que la
souche Fs 169 est homozygote pour un gene unique

conferant une faible r6sistance au DDT. La dominance
du facteur de resistance de la souche 169 etait modifi6e
par un gene situe sur ou a proximit6 du locus y sur le chro-
mosome 2, la resistance 6tant recessive chez les larves
homozygotes pour y, tandis que chez les larves hetero-
zygotes pour y ou homozygotes pour l'allele du type
sauvage, la resistance allait de la forme r6cessive a la
forme dominante suivant le type de croisement, avec la
valeur moyenne interm6diaire. Le gene de la souche 169
variait aussi son mode d'expression a l'etat homozygote,
comme le montra l'examen des generations F2 issues
du croisement entre les souches 169 et QS. Chez l'une
d'elles (F2 185), la fraction resistante homozygote n'etait
que mod6rement tol6rante, comparee 'a la souche QS.
Chez une autre (F2 186), la fraction resistante homozygote
etait aussi resistante que la souche 169 elle-meme.

Lors des croisements entre la souche QS et la souche
F2 138 (issue d'un croisement TR x TR), on decela
l'existence d'un facteur lie au sexe, affectant la resistance.
Des croisements avec la femelle 138 (138 x QS) donnaient
des g6nerations F1 et F2 plus resistantes que lorsque les
croisements etaient operes au moyen de males 138
(QS x 138).

I1 est possible que d'autres facteurs genetiques aient
encore une influence.

REFERENCES

Brown, A. W. A. & Abedi, Z. H. (1962) Canad. J.
Genet. Cytol., 4, 319

Coker, W. Z. (1958) Ann. trop. Med. Parasit., 52, 443
Craig, G. B., Jr & Gillham, N. W. (1959) J. Hered., 50,

115

Qutubuddin, M. (1958) Bull. Wld Hlth Org., 19, 1109
Mather, K. (1951) The measurement of linkage in heredity,
London, Methuen; New York, Wiley

WHO Expert Committee on Insecticides (1960) Wld
Hith Org. techn. Rep. Ser., 191


