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Abstract

Background: Aedes aegypti is the primary vector of arthropod-borne viruses and one of the most widespread and
invasive mosquito species. Due to the lack of efficient specific drugs or vaccination strategies, vector population control
methods, such as the sterile insect technique, are receiving renewed interest. However, availability of a reliable genetic
sexing strategy is crucial, since there is almost zero tolerance for accidentally released females. Development of genetic
sexing strains through classical genetics is hindered by genetic recombination that is not suppressed in males as is the
case in many Diptera. Isolation of naturally-occurring or irradiation-induced inversions can enhance the genetic stability of
genetic sexing strains developed through genetically linking desirable phenotypes with the male determining region.

Results: For the induction and isolation of inversions through irradiation, 200 male pupae of the ‘BRA’ wild type strain
were irradiated at 30 Gy and 100 isomale lines were set up by crossing with homozygous ‘red-eye’ (re) mutant females.
Recombination between re and the M locus and the white (w) gene (causing a recessive white eye phenotype when
mutated) and the M locus was tested in 45 and 32 lines, respectively. One inversion (Inv35) reduced recombination
between both re and the M locus, and wand the M locus, consistent with the presence of a rather extended inversion
between the two morphological mutations, that includes the M locus. Another inversion (Inv5) reduced recombination
only between w and the M locus. In search of naturally-occurring, recombination-suppressing inversions, homozygous
females from the red eye and the white eye strains were crossed with seventeen and fourteen wild type strains collected
worldwide, representing either recently colonized or long-established laboratory populations. Despite evidence of varying
frequencies of recombination, no combination led to the elimination or substantial reduction of recombination.

Conclusion: Inducing inversions through irradiation is a feasible strategy to isolate recombination suppressors either on
the M or the m chromosome for Aedes aegypti. Such inversions can be incorporated in genetic sexing strains developed
through classical genetics to enhance their genetic stability and support SIT or other approaches that aim to population
suppression through male-delivered sterility.
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Background
Aedes aegypti is the primary vector of arthropod-borne
viruses (arboviruses) such as dengue [1, 2], chikugunya
[3], Zika [4, 5], and the yellow fever [6, 7]. It is one of
the most widespread and invasive mosquito species glo-
bally, originated from Western Africa and spread world-
wide in the past 70 years through human trading and
travelling activities [8, 9].
Due to the lack of efficient specific drugs or vaccin-

ation strategies (except yellow fever) to impede disease
transmission [10, 11], vector population control methods
are receiving renewed interest. Main strategies so far
mostly rely on the extensive use of insecticides and the
community engagement for habitat management. How-
ever, both tools have been proven inefficient due to
emerging insecticide resistance in Ae. aegypti popula-
tions, negative environmental and ecological impact of
pesticide use, and difficulty in identifying and destroying
mosquito breeding sites, particularly the cryptic ones
[12–17]. Therefore, more effective, sustainable, and en-
vironmentally friendly control approaches are needed,
including genetically based population suppression
methods, such as the sterile insect technique (SIT) and
other related methods, all of which rely mainly on the
induction of sterility in natural populations.
Sterile males can be produced by irradiation-based

(SIT), symbiont-based (incompatible insect technique,
IIT), combined SIT/IIT or transgenic approaches [18–24].
An important requirement for any of them is the availabil-
ity of an efficient and robust sex separation system that
will result to the accurate separation of males from fe-
males [21]. Sex separation is currently possible in Ae.
aegypti using mechanical tools based on pupal sexual di-
morphism but their efficacy depends heavily on the rear-
ing conditions [25–27]. Furthermore, these methods are
currently appropriate only for small scale manipulations,
hence it is essential to develop advanced sexing strategies
based on genetic and molecular approaches for large scale
mosquito male releases, including genetic sexing strains
(GSS) [21, 26]. The development of a GSS through clas-
sical genetics requires two basic components: a) a visible
or conditional recessive mutation that can be used as a se-
lectable marker (e.g. eye or pupal color, insecticide resist-
ance, etc.) and b) the linkage of the phenotypic marker to
the sex-determining genetic locus [28]. There is a renewed
interest in revival and application of SIT for mosquitos
[24, 29–31], as evidenced also by recent advances in re-
finement of irradiation doses and drone-mediated releases
in the field as well as the recently published guidance
framework and phased conditional approach for testing
the SIT against Aedes mosquitoes [32–34]. Such strategies
will be greatly facilitated by the availability of GSS devel-
oped through classical genetics, since there is documented
efficiency through time and wide public acceptance [35].

In addition, recent studies suggest that the impact of the
irradiation on the biological quality of the males does not
severely compromises their performance [31, 36, 37].
In Aedes mosquitoes, male development depends on a

dominant male-determining locus (M-locus) that resides
on a homomorphic sex-determining chromosome [38–40].
The M-locus has been mapped to chromosome 1, band
1q21 and the Ae. aegypti males are heterogametic (Mm)
while the females are homogametic (mm) [41]. Recent
studies suggest that the Nix gene has the properties of be-
ing the M-locus since it is both ‘required and sufficient to
initiate male development’ [40, 42]. Nix resides in a gen-
omic region that is protected from recombination and
other functional genes have been identified tightly linked
with Nix, with myo-sex being almost exclusively found in
males and only sporadically in females, due to recombin-
ation [43]. An ideal selectable marker for Ae. aegypti would
be located on chromosome 1, closely linked to M-locus. In
order to construct a GSS, the wild-type allele of the select-
able marker should be physically linked to the male-
determining factor which in the Diptera model of GSS, the
Mediterranean fruit fly, Ceratitis capitata (medfly), has
been accomplished by Y-autosome translocation(s). In the
resulting strain, the males are heterozygous with a normal
“wild-type” phenotype. On the other hand, the females are
homozygous for the recessive alleles of the selectable
marker thus exhibiting the mutant phenotype and can be
separated from males [28].
There is a wide range of potential markers known

from previous studies that could be used for GSS devel-
opment in Ae. aegypti. These are related to eye color
[44–47], insecticide resistance [48, 49], and body color
[50, 51]. Some of the eye color genes, such as the red eye
(re) and the white (w), have already been mapped to the
sex determining chromosome, which makes them suit-
able selectable markers since there is no need of indu-
cing chromosome 1-autosome translocations [44, 45]
(Fig. 1a). However, the presence of genetic recombin-
ation in males of Aedes species (unlike many other Dip-
tera) would reduce the genetic stability of such a GSS.
Chromosomal inversions are quite common in Aedes

species and are considered as an important factor con-
tributing to speciation [52, 53]. Inversions can also be
detected within species or populations undergoing speci-
ation (incipient speciation) and small inversions can be
widely spread in the genome. Intraspecies inversions can
have multiple effects in respect to recombination fre-
quencies and fitness [54–56]. In the case of homozygous
inversions, where genomic regions of both homologous
chromosomes are inverted compared to the ‘standard’
orientation, changes in recombination frequencies are
expected, consistent with the effect of the inversion on
the chromosomal localization of the markers studied. At
the same time, no major negative effects on fitness are
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expected, unless inversion interferes with gene expres-
sion of important genes. On the other hand, heterozy-
gous inversions (where a genomic region of one of the
two homologues has been inverted) are considered as re-
combination suppressors, since the recombination is
eliminated within the inversion, a phenomenon that can
be extended also outside the inversion [54, 55]. Recom-
bination suppression in this case mainly happens be-
cause recombination within the inversion leads to the
production of imbalanced gametes, which are eliminated
during development. Therefore, longer heterozygous in-
versions may have a cost on the fitness of a strain (in re-
spect to productivity).
The construction of GSSs in the medfly has been facili-

tated by the fact that male recombination is highly sup-
pressed [28]. The development of a filtering system for the
mass rearing facilities further supported the adaptation of
GSSs in large scale rearing [28, 57]. The incorporation of
additional tools, such as the D53 inversion (Inv D53) fur-
ther enhanced the genetic stability of the GSS [28, 58, 59].
However, in Aedes species, recombination frequency in
males is not suppressed. Therefore, GSS developed
through classical genetics may be unstable and additional
elements that suppress recombination are needed. Recom-
bination suppressing inversions have been developed in
the past for both M and m chromosomes [60], leading to
reduced recombination among the M locus and morpho-
logical markers of chromosome I.
The aim of the present study was to induce through ir-

radiation (or identify naturally-occurring) inversions on
the M chromosome of Ae. aegypti that would suppress

recombination between re and M locus and/or w and M
locus. These two morphological markers are being con-
sidered for the development of GSSs, therefore reducing
recombination with M locus is critical for the enhance-
ment of the genetic stability of resulting strains.

Results
Establishment of iso-male lines following irradiation
Approximately 300 male pupae of the ‘BRA’ strain were
irradiated in batches of ~ 100 pupae each. Following the
crossing scheme described in Methods section, one hun-
dred iso-male lines were set up (Fig. 1b). Eggs from
three consecutive gonotrophic cycles were collected and
iso-male lines produced approximately 53 eggs per line
(Additional file 1 Table S1). The first gonotrophic cycle
produced most of the eggs (34.33 eggs per line), followed
by the second (14.04 eggs per line) and the third (4.19
eggs per line). Only 57 of the one hundred lines pro-
duced eggs in at least one of the gonotrophic cycles.
After excluding lines that produced zero eggs, the aver-
age number of eggs was 92.21 per line.

Isolation of recombination suppressors (re - M)
Larvae hatched efficiently from 45 of the 57 lines that
produced eggs (Table 1), allowing estimation of recom-
bination frequency in F2 and, if needed, F3. As a rule of
thumb and considering that recombination between the
re and the M locus has been reported to vary between 1
and 7%, all lines that showed less than 2% percentage of
recombinants in F2 were upscaled and evaluated again
in F3. Therefore, thirteen lines were upscaled, as shown

Fig. 1 A schematic representation of the genetic distances in the re-M-w genomic region and the crossing scheme for the isolation of irradiation
induced recombination suppressors in the same region. a: A schematic representation of the rough genetic distances between re, w, and M
locus, as derived from the combination of previously reported findings. b: Induction of inversions through irradiation and isolation of
recombination suppressors between re and the M locus; c: Isolation of recombination suppressors between w and the M locus
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Table 1 Recombination frequencies between re and the M locus in 45 iso-male lines

Line F Genotypes Recombination
frequencyParental Recombinant Total

wt males re females re males wt females

5 F2 16 17 1 2 36 0.083

6 F2 15 26 0 0 41 0

F3 92 55 6 4 157 0.064

9 F2 13 34 1 2 50 0.060

10 F2 9 1 0 0 10 0

F3 6 3 0 1 10 0.1

16 F2 35 22 1 0 58 0.017

F3 13 17 1 4 35 0.142

17 F2 21 21 0 0 42 0

F3 4 7 0 0 11 0

19 F2 16 9 0 0 25 0

F3 4 3 0 0 7 0

24 F2 2 4 0 0 6 0

31 F2 5 13 0 0 18 0

F3 23 35 3 0 61 0.049

33 F2 12 42 1 2 57 0.052

34 F2 155 132 4 1 292 0.017

35 F2 106 115 0 0 221 0

F3 695 561 1 0 1257 0.0007

37 F2 54 45 1 0 100 0.01

40 F2 21 22 0 0 43 0

41 F2 54 61 2 2 119 0.033

42 F2 30 19 0 0 49 0

43 F2 56 46 0 0 102 0

F3 89 103 7 8 207 0.073

45 F2 47 33 1 0 81 0.012

48 F2 109 62 0 0 171 0

F3 643 380 46 57 1126 0.091

49 F2 50 48 0 1 99 0.01

50 F2 31 27 0 0 58 0

F3 216 156 6 2 380 0.021

51 F2 61 43 1 0 105 0.01

52 F2 74 89 1 2 166 0.018

54 F2 114 118 4 2 238 0.025

55 F2 46 34 13 0 93 0.139

57 F2 45 62 1 0 108 0.009

58 F2 35 36 0 0 71 0

F3 369 184 24 22 599 0.077

59 F2 62 60 0 0 122 0

F3 188 95 58 8 349 0.189

60 F2 33 23 1 11 68 0.176

61 F2 29 29 0 0 58 0

Augustinos et al. BMC Genetics 2020, 21(Suppl 2):142 Page 4 of 10



in Table 1. Ten of these lines did not exhibit reduced re-
combination after upscaling. Two lines (lines 17 and 19),
showed evidence of reduced recombination both in F2
and F3 but could not be further sustained. However, one
of the lines (line 35) showed significant suppression of
recombination, since there were 0/221 recombinants in
F2 and only 1/1257 in F3 (χ2 = 25.09; df = 1; p < < 0.001).

Isolation of recombination suppressors (w - M)
A total of 32 iso-male lines were successfully crossed and
backcrossed with homozygous w mutant virgin females
thus allowing the estimation of recombination between w
and the M locus (Fig. 1b). Since recombination between
these two loci has been reported to usually vary between 8
and 16%, lines that showed less than 6% of recombinants
in F2 were evaluated again in F3. Only three lines (5, 35,
and 67) gave less than 6% recombination in F2 (Table 2).
One of the lines (67) showed increased recombination fre-
quency in F3 and was not further followed up. Two of the
lines showed consistent recombination suppressing prop-
erties. Line 5 showed recombination frequencies of ap-
proximately 1.4% in generations F2 and F3, with a rather
large sample size tested (more than 1000 individuals per
generation) (χ2 = 250.25; df = 1; p < < 0.001). Even more
promising, line 35 exhibited stable recombination sup-
pressing properties down to 1% in F2 and F3 (χ2 = 904.14;
df = 1; p < < 0.001), with a sample size of more than 4000
and 5000 mosquitos screened, respectively.

Searching of naturally-occurring recombination
suppressors (re - M and w - M)
To identify naturally-occurring recombination suppressors
among re and the M locus, males from sixteen wild type
strains were crossed with homozygous remutant virgin fe-
males ‘en masse’. All F1 males exhibited the wild type
phenotype and were backcrossed to virgin re females. Re-
combination frequencies were measured for one (F2) or
two (F2 and F3) generations. Despite the presence of vary-
ing levels of recombination, there was no combination
leading to an important recombination suppression (Add-
itional file 2 Table S2). Following the same approach, we
searched for naturally-occurring inversions that could act
as recombination suppressors by crossing homozygous w
mutant females with males from fourteen different gen-
omic backgrounds. Again, although varying recombin-
ation frequencies were observed between the two loci (w -
M) no combination could severely reduce recombination
(Additional file 3 Table S3).

Discussion
Main findings
Induction of inversions was attempted through irradi-
ation at 30 Gy. Analysis of recombination frequencies re-
vealed at least one line that suppressed recombination
between re and the M locus (line 35) and at least two
lines that suppressed recombination between w and the
M locus (lines 5 and 35). Searching for naturally-
occurring mutations in many different genomic

Table 1 Recombination frequencies between re and the M locus in 45 iso-male lines (Continued)

Line F Genotypes Recombination
frequencyParental Recombinant Total

wt males re females re males wt females

F3 260 94 12 2 368 0.038

63 F2 6 7 2 0 15 0.133

64 F2 64 68 1 0 133 0.008

65 F2 4 5 0 0 9 0

67 F2 21 14 0 1 36 0.027

68 F2 33 23 1 0 57 0.017

71 F2 7 3 1 0 11 0.091

72 F2 22 12 0 0 34 0

75 F2 4 3 0 0 7 0

78 F2 26 14 0 0 40 0

82 F2 9 10 0 0 19 0

83 F2 8 4 2 1 15 0.2

91 F2 22 18 0 0 40 0

93 F2 32 26 0 2 60 0.033

94 F2 13 10 1 0 24 0.041

98 F2 14 17 0 0 31 0

In bold: line Inv 35 showing promising recombination-suppressing properties between re and M loci
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backgrounds did not result in any combination that effi-
ciently suppressed recombination either between re and
M or w and M.
Recombination in the re-M-w region: Different studies

up to now have assessed recombination between these
markers and all agree that the M locus resides between
re and w (Additional file 4 Table S4). Recombination in

the re-M region has been shown to vary between 1 and
12 cM, but usually in the more narrow range of 2.5–8.5
cM [45, 47, 61–66]. Data from our group generated from
recombination frequencies from consecutive generations
using the same strains (BRA and Red-eye) suggest that re-
combination ranges between 1 and 2.5% [36]. At the same
time, most studies suggest that recombination in the w-M

Table 2 Recombination frequencies between w and the M locus in 32 iso-male lines

Line F Genotypes Recombination
frequencyParental Recombinant Total

wt males we females we males wt females

5 F2 607 599 6 11 1223 0.0139

F3 834 392 11 10 1253 0.014

6 F2 699 498 122 92 1411 0.151

9 F2 323 306 48 61 738 0.147

10 F2 741 652 91 92 1576 0.116

16 F2 633 69 138 571 1411 0.147

17 F2 578 611 70 63 1322 0.101

19 F2 664 284 35 27 664 0.093

31 F2 620 676 157 131 1584 0.181

34 F2 405 462 43 44 954 0.091

35 F2 2267 2022 30 13 4332 0.010

F3 2548 2597 33 19 5197 0.010

37 F2 340 253 33 24 650 0.088

41 F2 342 335 49 51 777 0.128

43 F2 209 173 34 41 457 0.164

45 F2 478 402 45 31 956 0.079

48 F2 191 198 33 36 458 0.151

50 F2 306 255 35 32 628 0.107

51 F2 559 364 47 21 991 0.068

52 F2 347 474 38 67 926 0.113

54 F2 549 497 56 50 1152 0.092

55 F2 438 459 53 40 990 0.094

58 F2 243 242 17 18 520 0.067

59 F2 185 165 25 26 401 0.128

60 F2 416 228 46 18 708 0.090

61 F2 40 20 9 7 76 0.211

64 F2 443 178 34 19 674 0.079

67 F2 302 270 14 21 607 0.058

F3 575 492 50 71 1188 0.102

68 F2 435 320 54 29 838 0.099

71 F2 393 202 30 23 648 0.082

78 F2 348 112 46 13 519 0.114

82 F2 314 191 32 16 553 0.087

91 F2 334 400 44 75 853 0.140

93 F2 379 289 51 25 744 0.102

In bold: lines showing promising recombination-suppressing properties between w and M loci
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region varies between 13 and 19 cM [44, 64–68] while our
baseline recombination data collected from multiple gen-
erations using the same strains (BRA and Higgs White-
eye) indicate that recombination ranges between 9 and
13% [36]. Variation in recombination frequencies have
been attributed to factors such as the age, the sex, and the
temperature, with the presence of widespread (small or
extended) chromosomal rearrangements being the most
probable explanation [45, 47, 61, 62, 68]. Following irradi-
ation, most of the iso-male families screened exhibited re-
combination frequencies within the expected range. Line
35 significantly suppressed recombination both in the re
-M and the w-M regions, whereas line 5 significantly sup-
pressed recombination only in the w-M region, pointing
to the presence of different inversions. Such low recom-
bination frequencies (less than 0.2% for the re-M and less
than 2% for the w-M region) have not been described be-
fore pointing to these lines as irradiation-induced inver-
sions. Additional cytogenetic and/or genomic work can
shed light to the genomic organization of chromosome I
in these lines. It is encouraging that these two lines have
been maintained without problems since they were iso-
lated, suggesting that the chromosomal rearrangements
involved do not have a severe negative effect on fitness.

Conclusions
SIT, IIT, and combined approaches, are receiving
renewed interest for vector control (mosquitoes). Male
recombination is restricting the development of GSS
through classical genetics, since the desirable mutations
must be very closely linked to the M locus. Inducing in-
versions through irradiation is a feasible strategy to iso-
late recombination suppressors either on the M or the
m chromosome for Aedes species. Such inversions can
be incorporated in genetic sexing strains to enhance
their genetic stability and support vector control strat-
egies that aim to population suppression through male-
delivered sterility.

Methods
Strains description and rearing conditions
The Red Eye, Higgs White Eye (HWE), and a Brazilian wild-
type strain (BRA) were used in the present study. The “wild-
type” color of the eye in Ae. aegypti is dark brown/black and
stable during all developmental stages. The color of the eye
in the Red Eye strain (re) is constantly red during all develop-
mental stages, although it darkens with age. The color of the
eye in the Higgs White Eye strain (w) is white and stable in
all developmental stages, although it darkens with age. Ae.
aegypti strains were maintained in the insectary of the Insect
Pest Control Laboratory (Joint FAO/IAEA Division, Seibers-
dorf, Austria) at 27 ± 1 °C, 80% relative humidity and a
photoperiod of 12/12 h day/night. Adult mosquitoes were
kept in standard (30 × 30 × 30 cm) insect rearing plastic cages

(BugDorm-41,515 insect cage) with constant access to a 10%
sucrose solution. Blood feeding of adult female mosquitoes
was performed using porcine blood three times per week.
Moistened oviposition papers (white Creped Filter Papers)
were inserted into the cages 48 h after the last blood feeding
round in order to collect the mosquito eggs.

Irradiation
Wild type male pupae of the ‘BRA’ strain were irradiated in
batches of 100 at 30Gy, 30 to 36 h post pupation, using the
method described as a stackable petri dish canister, in a
Gammacell 220, self-shielded, gamma-ray Cobalt 60 irradia-
tor [69]. Dosimetry was performed according to standard op-
erating procedures regarding dosimetry systems for SIT [70]
and all readings were within the 95% confidence intervals.
The irradiated male pupae emerged in BugDorm-1 cages
(30x30x30 cm), with access to 10% sucrose solution.

Crosses
Crosses are presented in Fig. 1 and followed the experi-
mental set up described in the past [60] for the isolation
of recombination suppressors on the M chromosome.

Isolation of recombination suppressors (re - M)
Parental cross was performed ‘en masse’. Virgin homozygous
remutant females were transferred in the cages with the irra-
diated ‘BRA’ males, in a ratio of 3:1 (approximately 150 fe-
males for 50 males). F1 males were separated and screened
in respect to the eye color at the pupal stage. All F1 progeny
exhibited the wild type eye phenotype. One hundred F1
males were individually placed in BugDorm cages
(BD4S1515: 15 cm× 15 cm× 15 cm) and backcrossed to five
homozygous re mutant virgin females. F2 progeny were
sorted based on sex and eye color at the pupal stage. Parental
(males with wild type eyes and females with red eyes) and re-
combinant (males with red eye and females with black eye)
genotypes were recorded. All families were kept through in-
breeding after the removal of the recombinant genotypes, at
the pupal stage (Additional file 5 Fig. S1). Promising families
(showing evidence of reduced recombination) were upscaled
and recombination frequencies were recorded in subsequent
generations as described for F2 generation. χ2 statistics were
used to compare the observed recombination frequencies of
the F2 and F3 of the promising families against the recom-
bination frequency observed in the BRA genetic background
(Additional file 2 Table S2). Calculations were performed
using the Microsoft Excel 2016 formulas.

Isolation of recombination suppressors between (w - M)
Since resulting families represented iso-male lines, five
F2 males from each family were transferred to new cages
and crossed with ten homozygous w mutant virgin fe-
males. This is considered as the parental cross for this ex-
periment. We acknowledge that genetic recombination
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may influence the genomic background of these males
preventing them from being ‘genetically identical’. How-
ever, the fact that these two mutations cannot be simul-
taneously tested due to the inconclusive phenotypes of
double mutants led us to the compromise of sequentially
testing them. F1 progeny exhibited the expected, wild type
phenotype, and 5–10 F1 males were backcrossed with ap-
proximately 25 homozygous w mutant virgin females. F2
progeny were sorted based on sex and eye color at the
pupal stage. Sex was also verified at the adult stage (Add-
itional file 5 Fig. S1). Parental (males with wild type eyes
and females with white eyes) and recombinant (males with
white eye and females with black eye) genotypes were re-
corded. All families were kept through inbreeding after
the removal of the recombinant genotypes at the pupal
stage. Promising families (showing evidence of reduced re-
combination) were upscaled and recombination frequen-
cies were recorded in F3. χ2 statistics were used to
compare the observed recombination frequencies of the
F2 and F3 of the promising families against the recombin-
ation frequency observed in the BRA genetic background
(Additional file 3 Table S3). Calculations were performed
using the Microsoft Excel 2016 formulas.

Isolation of naturally-occurring recombination suppressors
(re - M and w - M)
Since naturally-occurring mutations have been reported in
different mosquito species, males from sixteen wild type col-
onized populations were crossed with virgin females of the
‘Red Eye’ and the ‘Higgs White Eye’ strains, respectively. Par-
ental crosses were performed ‘en masse’ with 5–10 males
and approximately 20–25 females. F1 progeny exhibited the
expected, wild type phenotype, and at least ten F1 males
were backcrossed with 25 virgin females of the respective
homozygous mutant strain (either re or w). F2 progeny were
sorted based on sex and eye color at the pupal stage. Parental
(males with wild type eyes and females with either white or
red eyes) and recombinant (males with either white or red
eye and females with black eye) genotypes were recorded.
All strains were kept through inbreeding after the removal of
the recombinant genotypes at the pupal stage. Promising
strains (showing evidence of reduced recombination) were
upscaled and recombination frequencies were recorded in
the following generation (F3).
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