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Abstract. An efficient sexing system is important for the release of sterile males for
any control programme using the sterile insect technique. This study describes the
development and characterization of a new genetic sexing strain from South Africa
(GMK), needed for the planned implementation of such a programme in northern
KwaZulu-Natal Province. The base colony used was a locally modified laboratory strain
of Anopheles arabiensis containing a sex-linked gene conferring dieldrin resistance to
male mosquitoes. Female A. arabiensis mosquitoes from northern KwaZulu-Natal were
mated with these males and backcrossed to introduce the dieldrin resistance gene to the
Y chromosome. The resulting strain therefore had an overall genotype representing the
local population but with the Y chromosome containing the dieldrin resistance gene.
Life-history characteristics, stability of the sex-linked resistance marker, and reduction
in dieldrin waste were investigated. The strain showed semi-sterility exhibited by low
egg hatch rates, faster development in the immature stages and longer adult survivorship
compared with the parental strains. While the GMK strain carrying the dieldrin-resistant
gene was successfully established, the stability of the gene is limited, requiring periodic
purification. Dieldrin waste can be limited by treating many more eggs than currently
recommended.
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Introduction

The South African National Malaria Control Programme aims
to eliminate malaria transmission within its borders by 2018
(Malaria Elimination Group, 2009). Some malaria-affected
districts, such as Mamfene in northern KwaZulu-Natal (KZN),
have a malaria case incidence of < 1/1000 population at risk,
meeting the World Health Organization (WHO) criteria for
pre-elimination and suggesting that malaria control initiatives
can now be shifted towards malaria elimination (Maharaj
et al., 2013). However, malaria control activities, particularly
current vector control interventions using indoor residual
spraying (IRS), are insufficient and unlikely to achieve malaria
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elimination without supplementation (Maharaj et al., 2013).
This is because IRS predominantly targets indoor biting and
resting mosquitoes and is not very effective against vectors that
feed and rest outdoors, such as Anopheles arabiensis (Gillies &
Coetzee, 1987). Therefore, there is a need for additional vector
control strategies to supplement existing tools; the sterile insect
technique (SIT) was identified as one such tool and is under
investigation.

Investigation of the feasibility of a SIT programme as a malaria
vector control technique in South Africa was initiated in 2011
(Munhenga et al., 2011). Over the past 6 years, extensive base-
line studies on the population dynamics of wild target A. arabi-
ensis populations have been carried out in the Kruger National
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Park and northern KZN, culminating in the identification of a
pilot release site (Munhenga et al., 2011, 2014). In addition,
mating competitiveness of representative laboratory strains has
been established (Munhenga et al., 2016). Apart from this base-
line information, there are other aspects of the SIT programme
that require optimization before pilot releases can be done. One
critical step is the development of a sexing system to exclu-
sively obtain males for sterilization and releases (Papathanos
et al., 2009). In a mosquito SIT programme, it is critical that
female releases are avoided due to their capacity as disease vec-
tors (Alphey et al., 2010). Moreover, male-only releases increase
SIT programme efficiency because released males will only
focus on mating with wild females. Therefore, it is essential to
have an efficient sex separation method for any mosquito SIT
programme.

There are various methods potentially available for separating
males and females during mosquito SIT mass productions
(Benedict & Robinson, 2003). Unfortunately, most of these
sex separation methods, such as pupal sexual dimorphism and
protandry, are species-specific and cannot be directly transferred
to A. arabiensis where pupal size and sex developmental
differences are not significant enough, making sexing using
these approaches difficult (Papathanos et al., 2009). The use
of sex-sorting systems based on the sex linkage of a readily
selectable gene, also known as genetic sexing mechanisms
(GSS), arguably remains the best approach currently available.
This technique is based on the fact that anopheline males are
heterogametic for sex-determining chromosomes. Therefore,
translocation between the male-determining Y chromosome
and an autosomal region containing conditional lethal genes
can be used as a selectable marker. This, in turn, will allow
the production of mosquitoes under conditions that genetically
favour production of males, consequently providing the basis
for separating males from females (Curtis et al., 1976). This
approach was used to develop a number of sexing strains in
anophelines (Curtis et al., 1976; Kaiser et al., 1978); however,
most of these strains are no longer available for use. Using the
same principle, a GSS for A. arabiensis called ANO IPCL1
was developed in 2008 at the Insect Pest Control Laboratory of
the International Atomic Energy Agency (Yamada et al., 2012).
This GSS strain has been evaluated for reliability in female
elimination, radiation sensitivity and mating competitiveness
(Oliva et al., 2012; Yamada et al., 2014) and shows potential as
a candidate for use in a SIT programme. The greatest challenges
facing this strain are environmental concerns, stability and
productivity concerns associated with its use (Yamada et al.,
2013a, 2015; G. Munhenga, unpublished data). Furthermore,
this strain cannot be directly transferred for SIT releases under
a different country setting because it contains an exclusively
Sudanese genetic background. If directly released in a different
geographical setting besides Sudan there might be challenges
of mating compatibility and competitiveness between the strain
and resident wild populations. There is also the danger of driving
through foreign genomes such as insecticide-resistant alleles
and superior vector competence characteristics in the release
country. Before introducing a strain with a different genome
to the wild population in areas where releases are planned,
it is necessary to introduce the local genetic background to
the strain being targeted for release. This study describes the

introgression of a dieldrin resistance mutation (rdl) selectable
marker into a local A. arabiensis strain with the objective
of maintaining an indigenous genetic make-up in the sexing
strain. Concurrently, experiments to minimize the impact of
releasing a persistent bio-accumulative toxicant such as dieldrin
into the environment were carried out by reusing the dieldrin
solution and increasing larval and egg batch sizes to be treated.
Additionally, as the major drawback with sexing systems using
chromosomal translocation is instability due to unlinking of the
selectable marker from the Y chromosome, which results in
production of recombinants (Kerremans & Franz, 1995), this
work assessed the stability of the dieldrin resistance marker on
the Y chromosome of the newly established strain.

Materials and methods

Biological material

Two local A. arabiensis laboratory strains were used to
develop the GSS strain. The first strain (GAMA) was developed
by the introgression of the Sudanese A. arabiensis GSS ANO
IPCL1 males (carrying the dieldrin resistance rdl gene on the Y
chromosome) with A. arabiensis females colonized from mate-
rial collected in 2010 from the Kruger National Park (Munhenga
et al., 2016). The GAMA strain had not been purified for the rdl
gene for a number of generations prior to this study. A second
strain (KWAG) is an A. arabiensis strain with rdl-susceptible
genotype that was colonized in 2005 from Mamfene, KZN
(Mouatcho et al., 2009). Both colonies are maintained at the
Vector Control Reference Laboratory (VCRL) in Johannesburg
under standard insectary conditions as described by Hunt et al.
(2005). Data for the introgressed line (GMK0) and the first
backcross (GMK1) are presented in this paper.

Establishment of the genetic sexing strain, GMK

Introgressed line (GMK0). To remain with GAMA males
only, all females were eliminated at the larval stage using
procedures described by Yamada et al. (2012). A total of 35
replicates (23 replicates of 50 second/third-instar larvae batches,
11 replicates of 25 fourth-instar larvae batches and one replicate
of nine fourth-instar larvae batches) were exposed to 50 mL
of a 0.1 p.p.m. dieldrin solution for 2 h. Immediately after the
2 h dieldrin exposure, larvae were rinsed in distilled water and
transferred into clean larval-rearing bowls and reared through
to adulthood. In total, 218 GAMA males were obtained after
dieldrin exposure and these males were mated with an equiv-
alent number of virgin KWAG females to establish the GMK0

strain. The KWAG females used were separated at the pupal
stage using terminaliae morphology (Harbach, 2016) to ensure
their virginity.

Purification of GMK0 strain. GMK0 was reared for four
generations to obtain enough material to establish GMK1. After
rearing for four generations, all GMK0F4 eggs were treated
with 50 mL 2 p.p.m. dieldrin, using the procedure described by
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Yamada et al. (2012). After treatment, the eggs were reared to
adults. Males emerging after this treatment were backcrossed
with virgin KWAG females. The resultant strain was named
GMK1.

Life-history characteristics of A. arabiensis laboratory strains

Egg hatch rates. Egg hatch rates for the introgressed lines
were monitored per generation and the pooled egg hatch rate
data were compared against the baseline colonies. To determine
egg hatch rates, 50 eggs from each colony of GMK0 (generations
F1–F4), GMK1 (F1–F4), GAMA and KWAG were transferred
into plastic bowls containing 150 mL distilled water and allowed
to hatch. Upon hatching, first-instar larvae were counted daily by
transferring to new rearing bowls for 10 consecutive days. These
experiments were repeated three times and mean egg hatch rates
were calculated.

Comparison of developmental time of GMK1F4 against
GAMA and KWAG immature/aquatic stages. A total of 100
first-instar larvae (L1) from each strain – GMK1 F4, GAMA
and KWAG – were transferred into different plastic bowls
(27 cm× 16 cm× 6.5 cm) containing 150 mL distilled water and
fed on a mixture of finely crushed dog biscuit and brewer’s yeast
at a daily rate per tray until pupation (days 1 and 2, 30 mg; days
3 and 4, 60 mg; days 5 and 6, 120 mg; days 7–12, 180 mg).
The time to pupation and number pupating were recorded daily.
The pupae were immediately transferred into plastic urine jars
(80 mm× 80 mm× 80 mm) containing distilled water and place
into 30 cm× 30 cm× 30 cm BugDorm® Insect Rearing Cages
(Mega View Science Co., Ltd, Taiwan, China) for adult emer-
gence. Time taken to emerge, number of pupae emerging into
adults and the sex of adults were recorded on a daily basis. The
overall mean number of days taken to reach the next develop-
mental phase (L1 to pupae and adult emergence) was calculated.
The effect of variable insectary conditions was minimized by
rotating positions of the trays on a daily basis. Three replicates
for each strain were set up.

Adult male survivorship of GMK1F4, GAMA and KWAG
strains. During this objective, only male longevity was inves-
tigated as they are the active agents of a mosquito SIT pro-
gramme. Batches of 50 newly emerged adult males from the
three strains (GMK1F4, GAMA and KWAG) were placed sepa-
rately in BugDorm® cages in three replicates to monitor adult
survivorship. These were maintained on 10% sugar solution
at standard insectary conditions. Survival in each cage was
assessed daily by counting the number of dead individuals until
100% mortality was reached. Female adult longevity was not
investigated because females are not the active agents of a
mosquito SIT programme.

Optimizing dieldrin use to reduce its waste

Due to the toxic effects of dieldrin (WHO, 2003), attempts
were made to minimize the amount of dieldrin waste generated

during egg/larval treatments by carrying out experiments to
improve the standard protocols for egg and larval dieldrin
treatments developed by Yamada et al. (2012). GAMA larvae
were used during these experiments as the GMK strain was not
large enough during this phase of the project.

To evaluate the effectiveness of reusing dieldrin during lar-
val treatments, procedures for larval treatments described by
Yamada et al. (2012) were employed, except that the dield-
rin solution was reused up to four times, i.e. four different
treatments. For each treatment, 50 second/third-instar or 25
fourth-instar larvae batches were used. The first treatment used
freshly prepared dieldrin (first use) and this was repeated 27
times (14 replicates of 50 second/third-instar larvae batches
and 13 replicates of 25 fourth-instar larvae batches). The sec-
ond treatment used dieldrin which had been used for the
first treatment (second use) and was repeated 10 times (five
replicates of 50 second/third-instar larvae, one replicate of 34
second/third-instar larvae and four replicates of 25 fourth-instar
larvae batches). The third treatment used dieldrin residues from
the second treatment (third use) and was carried out 11 times
(eight replicates of 50 second/third-instar larvae batches and
three replicates of 25 fourth-instar larvae). The final treatment
reused dieldrin for the third time (fourth use) and comprised of
five replicates of 50 instar larvae per treatment batch. For each
treatment, the numbers of male and female adults emerging were
recorded.

The second part of this objective tested the maximum number
of eggs that could be treated with the same volume and
concentration of dieldrin used by Yamada et al. (2012). This
was carried out concurrently with the strain purification process
described earlier. Eggs were treated with 50 mL of 2 p.p.m.
dieldrin in batches of 500, 1000, 2000 or 2000–3000. For the
first treatment, newly counted 500-egg batches were treated
with: (a) freshly prepared dieldrin (first use); (b) first reused
dieldrin (second use); and (c) second reused dieldrin (third use).
The same setup was used for the subsequent treatments but
the only variation was the number of eggs being treated. The
second treatment used 1000-egg batches, the third treatment
used 2000-egg batches and lastly the fourth treatment used
egg batches within the range of 2000–3000. Three replicates
were conducted for each treatment. The numbers of males and
females emerging after each treatment were recorded.

Genetic stability of each strain

To confirm successful introgression and monitor recombina-
tion, the presence of the rdl mutation was checked for each
generation. A random subsample of 10–30 males and females
from each GMK1 generation (generations 1–8) were randomly
selected and tested for the presence or absence of the rdl muta-
tion using the hydrolysis probe assay as described by Bass et al.
(2008). Briefly, DNA was extracted from one leg per mosquito
sample using the ZyGEm prepGEM insect DNA extraction kit
(Cat: PIN141106, ZyGEM NZ Ltd., Ruakura, New Zealand)
following the manufacturer’s protocol except that the reaction
volume was quartered. In some instances, the extraction method
described by Collins et al. (1987) was used. The presence of the
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rdl alanine to serine mutation (Du et al., 2005) was then detected
by the Taqman hydrolysis probe assay in a CFX 96 real-time
polymerase chain reaction (PCR) machine (Bio-Rad, Hercules,
CA, U.S.A.).

Statistical analysis

Data on egg hatch rates, adult emergence, number and devel-
opmental time of immature stages and male adult longevity were
summarized as mean proportion of eggs hatching, mean % of
adults emerging, mean proportion of immature stages develop-
ing to the next developmental stage, mean survivorship to the
next developmental stage and mean male adult survivorship,
respectively. Percentage values for larval and pupal survivorship
and percentage of females emerging were checked for normality
and transformed where applicable to achieve normal distribu-
tion. Where this was not possible non-parametric tests were used
to compare difference in proportions. A Student’s independent
t-test in spss was used to analyse differences in mean egg produc-
tion between the two baseline colonies (KWAG and GAMA),
and for comparison between introgressed strains (GMK0 and
GMK1) and the two parental strains (KWAG and GAMA) a
one-way anova was used to compare differences. A univariate
general linear model (two-way anova) was used to compare the
interaction between egg batch size and rank of dieldrin treat-
ment. Survival curves were analysed using Kaplan–Meier sur-
vival analysis in spss and Cox’s F-test was used to compare mean
difference in survivorship between KWAG, GAMA and GMK1

male cohorts. In all cases a P-value < 0.05 was considered to
indicate statistical significance.

Results

The establishment of a local introgressed line (GMK0) used a
total of 1409 GAMA larvae, which were treated with dieldrin. Of
the treated larvae only 15.5% survived to the adult stage. After
rearing dieldrin-treated larvae through to adults, the proportion
of males emerging ranged from 80% to 100% with a mean male
emergence of 96.7%.

Purification of GMK0 was initiated on the fourth filial gen-
eration (F4) to produce GMK1. After the purification process
there was a reduction in egg hatch rate from a mean of 29.2%
in GMK0 to 19.2% in GMK1 (Table 1). This difference was sta-
tistically significant (independent samples test, d.f.= 4, T= 5.7,
P< 0.05).

Life-history characteristics of A. arabiensis laboratory strains

The mean egg hatch rates for the newly introgressed strains
GMK0 and GMK1 were lower than those of the two parental
strains of KWAG (80.7%) and GAMA (42%), (Table 2). This
difference was statistically significant (one-way anova, d.f.= 3,
F = 87.2, P< 0.05). Pairwise comparison using Bonferroni
showed that mean egg hatch rates of the introgressed strains
GMK0 and GMK1 were different from those of the parental
strains KWAG and GAMA (P< 0.05). The mean egg hatch rates

Table 1. Overall egg hatch rates for the Anopheles arabiensis parental
strains (KWAG and GAMA), and the outcrossed GMK0 and GMK1
strains.

Egg hatching

Strain
No. failing
to hatch

No.
hatching Total

GAMA Count 87 63 150
% within strain 58.0% 42.0%a 100.0%

GMK0 Count 425 175 600
% within strain 70.8% 29.2%b 100.0%

GMK1 Count 485 115 600
% within strain 80.8% 19.2%c 100.0%

KWAG Count 29 121 150
% within strain 19.3% 80.7%d 100.0%

Different letters within columns show that the values were statistically
different (P< 0.05).

Table 2. Developmental duration from L1 to pupae formation and to
adult emergence in Anopheles arabiensis strain.

Strain

Mean time to
pupation (days)
(95% CI)

Mean time to adult
emergence (days)
(95% CI)

GMK1 9.4± 0.079 (9.3–9.6)a 11.5± 0.078 (11.4–11.7)a

GAMA 11.4± 0.123 (11.1–11.7)b 13.7± 0.135 (13.4–13.9)b

KWAG 10.3± 0.122 (11.1–10.6)c 13.2± 0.156 (12.9–13.5)b

Different letters within columns show that the values were statistically
different (P< 0.05). Data are means ±SEM.

for KWAG and GAMA were statistically different from each
other (P< 0.05).

The mean developmental time from L1 to pupation and adult
emergence was investigated. GMK showed the shortest develop-
mental time from L1 to pupation (∼9 days), and GAMA had the
longest developmental time (∼11 days) (Table 2). Statistically
the difference in larval development to pupation was signifi-
cant between the three stains (𝜒2 = 160.68, d.f.= 2, P< 0.05).
Pairwise comparisons showed that GMK developmental time
to pupation was significantly shorter than those of GAMA
(𝜒2 = 155.06, P< 0.05) and KWAG (𝜒2 = 38.38, P< 0.05),
whereas GAMA larval developmental time was significantly
longer than that of KWAG (𝜒2 = 34.7, P< 0.05). Overall, it
took an average of 12 days for GMK to develop from L1 to the
adult stage, whereas KWAG and GAMA took 13 and 14 days,
respectively. Statistically, the difference in overall developmen-
tal time from L1 to the adult stage between the three strains was
significant (𝜒2 = 181.83, d.f.= 2, P< 0.05). Post hoc analysis
showed that GMK developmental time to adulthood was signif-
icantly shorter than those of KWAG (𝜒2 = 93.22, P< 0.05) and
GAMA (𝜒2 = 159.68, P< 0.05). However, this analysis showed
no statistically significant difference in the developmental time
to adulthood between GAMA and KWAG (𝜒2 = 3.22, P= 0.07).

The mean percentage of mosquitoes surviving to the next
developmental stage as well as the sex ratio of the resul-
tant adults were investigated for the three strains. The mean
percentage of larvae surviving to pupation was greater in
the introgressed strains (GMK1 and GAMA) than in the
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Table 3. Survival rate of immature stages during development to the adult stage of introgressed Anopheles arabiensis strains (GMK and GAMA) and
the corresponding baseline stain (KWAG), and sex ratio of emerging adults by strain.

Strain
Percentage survivorship
from L1 to pupae (95% CI)

Percentage survivorship
from pupae to adult (95% CI)

Sex ratio (95% CI) (number of
males/total adults emerging)

GMK1 80.0± 7.0 (63.0−96.0)a 95.0± 0.4 (84.0–106)a 0.45± 0.06 (0.31−0.59)a

GAMA 80.0± 4.0 (0.69–0.90)a 95.0± 0.6 (81.0–107)a 0.53± 0.08 (0.35–0.72)a

KWAG 59.0± 6.0 (43.0–75.0)b 98.0± 0.3 (89.0–107)a 0.53± 0.04 (0.44–0.61)a

Different letters within columns show that the values were statistically different (P< 0.05). Data are shown as ± SD.

Fig. 1. Kaplan–Meier survivorship curves for GMK1, GAMA and
KWAG males. [Colour figure can be viewed at wileyonlinelibrary.com].

unintrogressed strain KWAG (Table 3). This difference was
statistically significant (one-way anova, d.f.= 2, F = 12.7,
P< 0.05). Pairwise comparison showed that mean survival from
larvae to pupae was not different between GMK1 and GAMA
whereas there was a difference between KWAG and the two
introgressed strains GMK1 and GAMA. There was a high mean
percentage survival from pupa to adult in all three strains with
no statistically significant differences in mean survival rates
between the three strains (one-way anova, d.f.= 2, F = 0.4,
P= 0.68). The sex ratios (males: females) of adults emerging
from GMK1, GAMA and KWAG were 0.45, 0.53 and 0.53,
respectively, for the three strains and there was no statistically
significant difference in the sex ratio between the three strains
(𝜒2 = 4.4, d.f.= 2, P> 0.05).

Adult male longevity of the three strains was investigated and
compared. The mean survival times for GMK1, GAMA and
KWAG males were 29, 12 and 23 days, respectively (Fig. 1).
Male adult longevity experiments showed that GMK1 males
survived significantly longer than both GAMA (𝜒2 = 110.87,
P< 0.05) and KWAG males (𝜒2 = 16.146, P< 0.05).

Optimizing dieldrin treatments to reduce waste

Efficacy of dieldrin decreased, as evidenced by the decrease
in males and increase in females emerging after each dieldrin
reuse (Fig. 2). The mean percentage adult emergence by gender
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Fig. 2. Adult emergence scored by sex after treatment of Anopheles
arabiensis GAMA strain larvae with a freshly prepared dieldrin solution
followed by a reused dieldrin solution. [Colour figure can be viewed at
wileyonlinelibrary.com].

showed a significant difference between the different dieldrin
treatments (one-way anova, d.f.= 3, F = 4.02, P< 0.05). Bon-
ferroni comparison showed two groups of mean proportion of
male : female emergences which were not significantly different
from one another (𝛼 = 0.05 and a critical t-value of 3.15). First
dieldrin use belonged to the first group (high proportion of males
emerging) while fourth dieldrin reuse belonged to the second
group (high proportion of females emerging). However, second
and third dieldrin reuses overlapped between both groups. Pear-
son correlation analysis showed a positive correlation between
dieldrin reuse and sex ratio of adult emerging after each
respective dieldrin treatment. As the frequency of dieldrin reuse
increased, the proportion of females emerging increased (Pear-
son correlation coefficient, R2 = 0.68).

Current protocols (Yamada et al., 2012) allow for treatment of
eggs in batches of 500. In this study, the treatments of batches
of 500, 1000, 2000 and 2000–3000 eggs were investigated and
the results are presented in Table 4. There was an interaction
between egg batch size and rank of dieldrin used (Fig. 3). Gener-
ally, dieldrin efficacy decreased as the egg batch size increased
above 1000 regardless of dieldrin rank used. More males
emerged after treatment of egg batches up to 1000 eggs regard-
less of the dieldrin rank used. Thereafter, the proportion of males
emerging decreased with increasing egg batch size. Statistically
this interaction between egg batch size and rank of dieldrin used
on the proportion of males emerging was significant [two-way
anova, F(6,24) = 3.24, P< 0.05, partial 𝜂2 = 0.44]. There was
a strong relationship between dieldrin reuse and batch size on
gender proportion (adjusted R2 = 0.7). Post hoc analysis with

© 2017 The Royal Entomological Society, Medical and Veterinary Entomology, 32, 61–69

wileyonlinelibrary.com
wileyonlinelibrary.com


66 L. C. Dandalo et al.

Table 4. Male Anopheles arabiensis GMK1 emergence after exposure
of varying quantities of eggs to different dieldrin ranks.

Treatment

Egg
batches

Dieldrin
rank

Total
number
of eggs
treated

Mean±SD percentage of
males emerging (95% CI)

500 First use 1500 98.7± 2.3 (92.9–104.4)a

Second use 1500 94.3± 9.8 (70.0–118.7)a

Third use 1500 94.0± 3.6 (85.0–103.0)a

1000 First use 3000 94.6± 9.2 (71.7–117.6)a

Second use 3000 95.3± 2.9 (88.2–102.5)a

Third use 3000 96.0± 4.0 (86.1–105.9)a

2000 First use 6000 98.3± 2.1 (93.2–103.5)b

Second use 6000 61.6± 12.5 (30.6–92.7)b

Third use 6000 66.7± 4.5 (55.5–77.9)b

2000–3000 First use 7500 80.3± 17.9 (35.9–124.8)b

Second use 7500 63.7± 7.5 (45.0–82.3)b

Third use 9000 71.6± 11.9 (42.0–101.3)b

Different letters within columns show that the values were statistically
different (P< 0.05).

Fig. 3. Two-way anova profile plot of male Anopheles arabiensis
GMK1 emergence after exposure of varying quantities of eggs to dif-
ferent dieldrin ranks. [Colour figure can be viewed at wileyonlinelibrary
.com].

a Bonferroni correction showed that there were no significant
differences in the number of females emerging between the 500
and 1000 batch sizes (P> 0.05). However, there was a signifi-
cant difference in the number of females emerging at higher egg
batch sizes. For dieldrin rank there was a significant difference
in the number of females emerging between first use and all the
other reuses (P < 0.05) and there was no significant difference
between the second and third dieldrin ranks (P> 0.05).

Genetic stability of the GMK1 strain

The genetic stability of the newly established GMK1 strain
was monitored in every filial generation by taking a subsample
of males and females to check for the presence of the dieldrin

Table 5. Rdl genotype subsamples of Anopheles arabiensis males and
females of the genetic sexing strain GMK1 drawn from generations
F1–F8.

Generation Sex
Number
tested

Susceptible
genotype,
SS (%)

Resistant
(rdl) genotype,
RS (%)

F1 Female 8 8 (100) 0
Male 10 0 10 (100)

F2 Female 10 10 (100) 0
Male 10 0 10 (100)

F3 Female 10 10 (100) 0
Male 10 1 (10) 9 (90)

F4 Female 10 10 (100) 0
Male 7 0 7 (100)

F5 Female 10 10 (100) 0
Male 9 0 9 (100)

F6 Female 9 9 (100) 0
Male 5 0 5 (100)

F7 Female 15 15 (100) 0
Male 15 0 15 (100)

F8 Female 20 20 (100) 0
Male 30 4 (13.33) 26 (86.66)

Total Females 92 92 (100) 0
Total Males 96 5 (5.2) 91 (94.8)

resistance rdl marker using a standard PCR assay through
generations F1–F8. The rdl allele was not detected in any
of the females screened. The majority of the males screened
were hemizygous resistant. However, a small proportion was
susceptible (13.3%), most notably in the eighth generation
(Table 5).

Discussion

During this work, a genetic sexing strain for A. arabiensis
containing a South African genetic background was successfully
developed. In a typical genetic sexing strain, a mutation is
used as a selectable marker for sex separation and the allele
is linked to the male-determining factor through chromosomal
translocations (Franz, 2005). The GSS strain developed is based
on the dieldrin resistance rdl allele as a selectable marker
and this is linked to the Y chromosome through chromosomal
translocations (Yamada et al., 2012).

Genetic sexing based on insecticide resistance as a selectable
marker and associated chromosomal translocations have previ-
ously been developed in a number of mosquito species (Curtis
et al., 1976; Kim et al., 1987). The basic characteristic of a GSS
are high levels of semi-sterility caused by segregation during
meiosis which results in the production of both genetically bal-
anced and unbalanced individuals; the unbalanced individuals
are unviable and die early as embryos (Willhoeft & Franz, 1996).
Another important phenotypic characteristic of a GSS based on
dieldrin resistance as a selectable marker is the expression of the
genotype at all developmental stages (Curtis et al., 1976). In this
study, the newly developed sexing strain (GMK) expressed most
of the characteristics associated with such a GSS. The mean
egg hatch rates for both strains of GMK (GMK0 and GMK1)
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were lower than those of the parental strains, indicating intrinsic
semi-sterility caused by complex chromosomal rearrangements
which were inherited during the introgression process from one
of the parental strains (GAMA). This semi-sterility, which is
common in most GSS strains (Curtis, 1978; Yamada et al., 2012)
poses serious productivity challenges during mass rearing as
more eggs will be needed for dieldrin treatments in order to
have enough males for sterilization and eventual releases. Addi-
tionally, low fertility levels of this strain are a cause of concern
during mass production, as any contamination with a normal fer-
tile strain can easily result in the loss of the sexing strain within
a few generations because it can easily be outcompeted.

An ideal sexing system should effectively eliminate all
females as early in the developmental cycle as possible (Franz,
2005). Results from this study showed that approximately 97%
of the females in the newly developed GMK strain can be elim-
inated by dieldrin exposure at either the egg or larval stage,
thus reducing the laborious process of eliminating females at
the adult stage. However, this female elimination rate is lower
than those obtained from similar GSS strains (Curtis et al., 1976;
Kim et al., 1987; Yamada et al., 2012). The slightly lower female
elimination rate obtained during this study might be attributed
to reduced dieldrin efficacy due to reuse. During GMK estab-
lishment dieldrin solution was, in some instances, reused dur-
ing dieldrin treatments, and we speculate that this might have
resulted in treatment failure. Another possible explanation for
a higher female emergence might be the treatment procedures
used. It could be that some of the females that emerged where not
adequately exposed to the dieldrin solution. These two hypothe-
ses are supported by PCR genotyping of female survivors, which
showed that they did not carry dieldrin resistance alleles.

In the evaluation of a GSS, it is important to consider the differ-
ent developmental stage characteristics, as they have a bearing
on the productivity and quality of a strain to be released. The
life-history characteristics of the GMK1 strain showed a faster
developmental time from the immature stages to adult emer-
gence than did the parental strains. The relatively faster devel-
opmental rate for GMK1 observed in this study is an important
characteristic from a mass-rearing perspective. Reduced devel-
opmental time in insects being mass-reared ultimately means
reduced running costs and high turnaround time of adults dur-
ing mass rearing. Another important characteristic observed was
the proportion of mosquitoes surviving through to each devel-
opmental stage. The proportion of larvae surviving to pupation
was higher in the GSS strains (GMK and GAMA) than in the
wild-type strain KWAG. This faster development time seen in
all immature stages shows that the proportion of egg hatching
might be the only rate-limiting step during mass rearing using
this strain.

In a SIT programme, released males need to survive longer
in the field, as this increases their chance of mating with wild
virgin females. The GMK1 adult males survived longer than
the parental strain males, which makes the GMK1 strain a
potential candidate for mass production and release, as these
males are likely to survive long enough to mate with wild
females. However, this still needs to be verified by conducting
survival tests under field conditions.

The main concern of using insecticides as selectable markers
for sex separation is to do with environmental issues associated

with use of insecticides. The developed strain depends exclu-
sively on the use of dieldrin to eliminate females. Dieldrin is
a persistent organochloride that has the potential to indirectly
affect other organisms through bio-accumulation in the envi-
ronment (Pectrocelli et al., 1975; WHO, 2003). Furthermore, it
might pose serious health concerns and contamination of the
mass-rearing facilities if not properly handled. Because of these
negative effects, it is important that dieldrin residues and expo-
sure to high concentrations of dieldrin are kept to a minimum.
In this study we explored ways of reducing dieldrin waste by
increasing the number of eggs that can be treated, and explored
the possibility of reducing the dieldrin concentration being used
for treatments by reusing the dieldrin solution up to three times.
The results showed that freshly prepared dieldrin is effective
when treating egg batches of up to 2000 eggs, which are four
times more than the standard protocol developed by Yamada
et al. (2012). Reuse of dieldrin was effective up to egg batch
sizes of 1000 for both second and third uses, with the num-
ber of females emerging not significantly different from the
number emerging after using freshly prepared dieldrin solution.
Although the results of this study are inconclusive and require
further optimization, data show that dieldrin might be reused
once when treating larvae and twice when treating eggs up to a
maximum 1000 eggs. Therefore, with further optimization of the
egg treatment procedures there is the potential to reduce dield-
rin waste by increasing the size of egg batches. However, there
are still a small percentage of females inevitably emerging. We
suggest that these females can potentially be eliminated through
the use of ivermectin. Females can be provided with bloodmeals
spiked with ivermectin at a concentration of 7.5 p.p.m. to ensure
total elimination within 4 days (Yamada et al., 2013b).

Strain stability is a major concern of any genetic sexing sys-
tem. During mass rearing for SIT releases, insects are reared
in their millions under stressful conditions and it is inevitable
that the integrity of the strain will be compromised. This means
that strains earmarked for a SIT programme should be period-
ically purified to maintain the selectable marker in the males.
To our knowledge this is the first report concerning the use of
molecular tools to monitor the stability of a selectable marker in
mosquitoes. Previous studies relied on phenotypic expression of
the selectable marker (Curtis, 1978), which is labour-intensive
and in some instances unreliable at picking up heterozygous
resistant males. In this study the stability of the rdl marker in
males was monitored during each generation using PCR. Results
showed that there were no recombinants observed in the first
seven generations. In the eighth generation, 13.3% of males were
genotyped as susceptible. Because no female recombinants were
recorded, it is most likely that the sudden presence of susceptible
males was due contamination by a susceptible strain housed in
an adjacent room to the sexing strain. However, a definite con-
clusion could not be reached, as the number of samples analysed
was relatively low and the number of generations available for
monitoring is still limited. Nevertheless this result re-confirms
the need for periodic purification of the strain, especially under
mass-rearing conditions, to avoid accumulation of recombinants
or strain contamination which might lead to strain deteriora-
tion. A positive observation in this study was that the rdl marker
seemed to drift out of the population and was not transferred

© 2017 The Royal Entomological Society, Medical and Veterinary Entomology, 32, 61–69



68 L. C. Dandalo et al.

to females, suggesting that the dieldrin resistance is unlikely to
spread to a wild target population.

Conclusion

The development of a GSS strain with a South African genetic
background was successful. The attributes of this strain, such as
fast development of the immature stages and high survival rates
in both immature and adult stages, make it a good candidate
for mass rearing for future SIT releases. However, there are a
number of aspects, such as treatment procedures and genetic
stability, that need further investigation and optimization.
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