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Introduction

The success of sterile or incompatible insect technique-based population suppression
programs depends on the ability of released males to compete for wild-type females
and induce sterility in the target population. Hence, laboratory assessment of
male mating competitiveness is essential for evaluating the release strain’s fitness
before field release. Conventionally, such an assay is performed by determining
the proportion of viable eggs produced by the females after being simultaneously
exposed to two sets of males (wild-type and release strains) for copulation. However,
this process is time-consuming and laborious due to the need to first blood-feed
the females for egg production and then hatch and enumerate the hatched eggs to

determine egg viability.

Moreover, this method cannot discern the degree of competitiveness between two
sterile or Wolbachia-infected mosquito lines as wild-type female mosquitoes will only
produce non-viable eggs upon mating with both. To circumvent these limitations,
this paper describes a more direct method of measuring male mosquito mating
competitiveness in laboratory settings using the fluorescent dye, rhodamine B (RhB),
which can be used to mark males by feeding them in sucrose solution containing
RhB. After the mating assay, the presence of fluorescing sperms in the spermathecae
of a female can be used to determine her mating partner. This method is cost-
effective, reduces the experimental time by 90% and allows comparison of mating

fitness between two sterile or Wolbachia-infected lines.

The rearing and release of sterile or incompatible males being evaluated in the field as a novel tool to prevent

for suppression of Aedes mosquito populations is currently  outbreaks of dengue and other Aedes-borne disease’. Male-
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release suppression strategies that are currently in field trials

include the use of the genetic method?, irradiation (Sterile
Insect Technique, SIT)3, endosymbiotic bacteria Wolbachia
(Insect Incompatible Technique, IIT)*, or a combination of the
latter two techniques5 6 The success of these approaches
is largely dependent on the released males’ ability to
outcompete wild-type males and seek females to secure
copulation. Otherwise, sterility cannot be induced in the target

population.

In a classical SIT program, for example, male mating
fitness may be affected by factors such as irradiation

dose’ 8.9

, mass rearing protocol and the extent of inbreeding
in the colony10’11’12’13’14. Furthermore, studies on the
mating competitiveness may provide important knowledge
on mosquito mating behavior which could be used to inform

vector control strategies.

In SIT and IIT, the mating competitiveness of male
mosquitoes is typically assessed by allowing both wild-type
and release strain to compete for wild-type females in
a cage8'11'15’16. Females are then blood-fed and their
eggs hatched to determine viability. Females that lay non-
viable eggs or eggs with low hatch rate are assumed to
have mated with release strain males, while females that
produce viable eggs are assumed to have mated with wild-
type males. Mating competitiveness is then calculated with
the Fried Index”. Unfortunately, this method is resource-
intensive and time-consuming, and the overall Fried Index
can be influenced by external confounding factors affecting
egg viability such as poor egg handling and over-desiccation

can result in a low hatch rate in the compatibility cross that

may then lead to an artificially low Fried Index.

Moreover, this method does not allow for the direct

comparison of mating competitiveness between Aedes

mosquitoes that are infected with different strains of
Wolbachia or that are exposed to different doses of irradiation.
Hence, a more direct method is required to address these
challenges. Recent studies'®1® have demonstrated the
effectiveness of using the fluorescent dye, RhB, to mark male
mosquitoes’ seminal fluid. Marked seminal fluid is transferred
and stored in the female mosquitoes’ spermathecae upon
successful mating, allowing direct measurement of female
mating interaction with marked males. Rhodamine B is a
thiol-reactive fluorone dye commonly used as a biomarker
for ecological and behavioral research studies in animals
including insects20. For mosquito studies, RhB is introduced
by feeding with sugar or honey water containing dissolved
RhB powder18'19’21'22’23'24. Upon uptake, the RhB dye
binds to proteins, staining body tissue with a reddish-pink
stain that fluoresces bright orange under a fluorescent light

source.

The strong fluorescence signal and stability of the marking,
coupled with its ability to stain insect seminal fluids, allows
for the monitoring of the transfer of marked seminal fluid from
the labelled male to the sperm storage organs of the female
insect for mating studies'®:19:21.24 The use of RhB in a
male mating competitiveness assay not only allows direct
measurement of the mating interaction of females with either
marked and unmarked males, but the results can also be
obtained within 24 h as it obviates the process of determining
the egg viability, which typically requires about 10 to 14
days. Furthermore, this method overcomes the potential loss
of data when the female mosquitoes do not blood-feed or
die before ovipositioning. This is particularly crucial because
in semi-field trials, where female mosquitoes are prone to
damage and death during post-mating collection using a
backpack or mechanical aspirator. To address the current

limitations of using female fertility to we present an alternative
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method that uses RhB staining to directly measure male
mosquito mating competitiveness. The method simplifies the
workflow, shortened experimental time from about two weeks
to one day, allowing for more experimental replicates to
be carried out and allows comparison between two release
strains. This protocol will be suitable for laboratories that
are embarking on male release-based mosquito population
suppression programs, and may be used for routine quality

control and strain evaluation.

Protocol

1. Rearing of mosquitoes

1. Conduct all mosquito rearing and the male mating

competitiveness assay under standard insectary
conditions of 27 + 1 °C and 75-80% relative humidity, with

a photoperiod of 12 h:12 h light: dark cycles.

2. Designate the two sets of competing males as Set A and
Set B for easy reference in the methodology described
in this paper. Rear the mosquitoes under standardized
conditions to ensure a fair comparison of their fitness
during the assay. Rear the mosquitoes at a larval density
of 500 larvae in 2 L of water and feed them with ground
fish food powder ad libitum.

NOTE: For the generation of the representative results,
Set A and Set B were the inbred and outcross males of

the Wolbachia-infected Ae. Aegypti, respectively.

3. Sex male and female mosquitoes at the pupal stage,
and contain them separately in cages (see the Table of
Materials) of dimensions W 32.5cmxD 32.5cmxH 32.5
cm, with mesh size of 150 x 150 and 160 ym aperture.

Maintain all adult mosquitoes with 10% sucrose solution.

N

. Preparation of male and female mosquitoes

1. Sex the male and female mosquitoes at the pupal stage
according to their size differences (male pupae being

smaller than female pupae) (Figure 1).

2. For each set of mosquitoes (Set A or Set B), transfer
100 male pupae each into a prelabelled cage for sucrose

feeding or RhB-sucrose feeding.

3. Place the female pupae in small batches of 40-50 per
cage. Upon the emergence of the imagoes, check the
cages for the presence of male mosquitoes.

NOTE: Adult male mosquitoes are smaller than females
and have bushier and hairier antennae (Figure 2).
Use only virgin female mosquitoes for the mating
competitiveness assays. The use of pre-inseminated
females will render all resulting data invalid. Thus,
extreme care must be taken during sexing at the pupae
stage. Do not use the female mosquitoes from a cage
that has been contaminated with male mosquitoes. Extra

cages of females should be prepared.

3. Preparation of 0.2% RhB - sucrose solution

NOTE: RhB is a green powder in dry form and reddish-
pink in solution. Standard personal protective equipment
(PPE: laboratory protection gown, nitrile gloves, and eye
protection) shall be worn when handling this chemical. To

avoid inhalation, weigh the RhB powder in a fume hood.

1. To prepare a 0.2% w/v RhB-sucrose solution, dissolve
200 mg of RhB powder for every 100 mL of 10% wi/v/
sucrose solution. Mix well to ensure all the powder is
dissolved.

NOTE: As RhB is light-sensitive, use amber bottles, or

wrap clear bottles completely with aluminum foil.

Copyright © 2021 JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com

May 2021171 62432 - Page 3 of 14


https://www.jove.com
https://www.jove.com/

jove

4. Feeding of male mosquitoes
NOTE: Data from RhB-sucrose feeding optimization is

presented in Supplemental Material, section 1.

1. Prepare 20 sugar feeder bottles with a wick. Add 10 mL

of 10% sucrose in 10 feeder bottles and 10 mL of 0.2%

Transfer Set A male mosquitoes into 12 paper cups
secured with netting (mesh size 150 x 150, 160 ym
aperture); 6 cups each with 10 sucrose-fed male
mosquitoes and the other 6 cups each with 10 RhB-
sucrose-fed male mosquitoes. Repeat this step for Set B

male mosquitoes.

RhB-sucrose solution in the other 10 feeder bottles (use 6. Mating competitiveness assay

amber bottles, or wrap the bottles in aluminum foil).

2. Place the feeder bottles in the respective male cages (5
bottles per cage) prepared in steps 2.2 and 2.3. Allow the
male mosquitoes to feed for three days before the mating

experiment.

5. Checking for RhB fluorescence in male
mosquitoes

1. Aspirate RhB-sucrose-fed male mosquitoes, and
observe them under a fluorescence stereo microscope
to ensure that all the RhB-sucrose-fed male mosquitoes

have been successfully marked with RhB.

2. Turn on the mercury burner lamp and the stereo
microscope. Allow the light source of the mercury burner
lamp to stabilize for 10 min. Set the fluorescence filters for
red fluorescence protein 1 (RFP1) (excitation wavelength

540 nm, emission wavelength 625 nm).

3. Aspirate a small number of mosquitoes (four or five) at
a time into the glass tube of the oral aspirator. Through
the glass tube, observe the body of the male mosquitoes
under the fluorescence stereo microscope. Exclude male
mosquitoes not marked with RhB from the experiment.
NOTE: The abdomen of male mosquitoes marked with
RhB will appear pink under white light (Figure 3A) and

glow bright orange under fluorescent light (Figure 3B).

Set up 12 W 60 cm x D 60 cm x H 60 cm cages with
mesh size 44 x 32, 650 ym aperture for the mating
assay. In each of the six cages, include 10 Set A (RhB-
marked) male mosquitoes, 10 Set B (unmarked) male
mosquitoes, and 10 virgin wild-type female mosquitoes.
In the other six cages, include 10 Set A (unmarked) male
mosquitoes, 10 Set B (RhB-marked) male mosquitoes,
and 10 virgin wild-type female mosquitoes. Label these
cages to clearly distinguish between the two mating
combinations.

NOTE: Based on experience, a 60 cm x 60 cm x 60 cm
cage was used for the mating assay as a smaller cage

may encourage mixed mating.

Place the respective cups of males prepared in step 5.4
into the mating cages according to the label in step 6.1.
Remove the netting and gently tap the cup to jostle the
males out of the cup. Carefully remove the paper cup
and the netting from the cage to ensure no mosquitoes
escape from the cage. Allow the male mosquitoes to

acclimate in the mating cage for at least an hour.

Using an oral aspirator, transfer virgin wild-type female
mosquitoes into 12 paper cups, with each cup containing

10 mosquitoes.

After the acclimation period for the male mosquitoes,

transfer one cup of females into every mating cage and
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remove the netting. Gently jostle the cup to encourage
any remaining female mosquitoes out of the cup.
Carefully remove the paper cup and the netting from the

cage to ensure no mosquitoes escape from the cage.

Allow mating to take place for 3 h.

NOTE: Recommended mating duration was determined
through prior observations of wild-type Ae. aegypti.
In experiments involving 10 females and 20 males
being held in a 60 cm x 60 cm x 60 cm cage, 90%
female insemination was achieved in 3 h (Supplemental
Material, section 2). Do not disturb the cage during this
period as agitation could lead to interrupted and mixed
mating. Mixed mating (where the female has mated with
both marked and unmarked males) results in a bias
towards RhB-marked males as it is difficult to distinguish
unmarked sperms from RhB-marked sperms under a

fluorescence microscope.

To terminate the mating experiment, remove all the
mosquitoes from each cage using a mechanical
aspirator. Cold anesthetize the mosquitoes on ice for at
least 5 min. When the mosquitoes are fully anesthetized,
gently pick up the female mosquitoes and house them
in a separate paper cup secured with netting (mesh size
150 x 150, 160 ym aperture). Label the paper cup by
transferring the respective label from the mating cage
onto the paper cup.

NOTE: Itis possible to pause the experiment at this point
and maintain the females with 10% sucrose solution. The
RhB-marked seminal fluid will remain stable inside the
female spermathecae for at least a week. It is best to
keep the females alive before dissection as dead and

desiccated specimens are difficult to dissect.

To score the female spermathecae, cold anesthetize

the female mosquitoes on ice for at least 5 min

before dissection under a stereo microscope (Video
1). Examine the spermathecae under a compound light
microscope (magnification 100x) for their insemination
status (Figure 4). For inseminated individuals, determine
whether the spermathecae contain RhB-marked seminal
fluid by examining them under the fluorescence stereo
microscope equipped with an RFP1 filter and a camera
imaging system.

NOTE: When using a fluorescence stereo microscope
with an attached imaging system, it is recommended
to utilize a prolonged exposure time (5 s) to increase
the detection sensitivity. If the female mosquito has
mated with a marked male, her spermathecae will
fluoresce bright orange (Figure 5A). However, if the
female mosquito has mated with an unmarked male,
her inseminated spermathecae will not fluoresce (Figure

5B).

7. Disposal of RhB waste

1. Treat aqueous RhB waste with activated carbon?® before
discharging it as general waste-water. Dispose of solid
RhB waste (mosquitoes marked with RhB, paper towels,
and wicks soaked with RhB) as chemical waste. Don

standard PPE when handling RhB waste.

Representative Results

wAIbB-SG is a localized (Singapore) Ae. aegypti line stably
infected with the wAIbB strain of Wolbachia. Using the
protocol described in this paper, we evaluated the male
mating competitiveness of an inbred and an outcrossed line
of wAIbB-SG to determine if inbreeding results in a loss in
male mating fitness. The inbred line had been maintained for
11 generations in the insectary, while the outcrossed line was

generated by backcrossing the females with wild-type male
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Ae. aegypti. Males from the inbred and outcrossed lines were
competed against each other for mating with wild-type wild-
type female Ae. aegypti. The mating competitiveness assay

was conducted in triplicate.

The results indicated that RhB did not affect the fitness
of the males as the data for female insemination was not
biased towards or against mating with RhB-sucrose-fed
males (Table 1 and Figure 6) As RhB does not affect the

mating fitness of the males, we proceed to analyse the data

based on the percentage of inseminated females mated by
either the inbred or outcrossed line (Table 2 and Figure 7).
The result across the experimental triplicates were consistent;
there was a significantly higher percentage of females mated
with the outcross males than with the inbred males in all three
replicates (P < 0.05, Mann-Whitney U-test). These results
suggest a potential loss in male mating fitness after several

generations of inbreeding in the laboratory.

Figure 1: Lateral view of male (left) and female (right) Aedes aegypti pupae. Under the same rearing conditions, Ae.

aegypti can be sexed at the pupal stage according to size; males are significantly smaller than females. Please click here to

view a larger version of this figure.
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Figure 2: Differentiation of male (left) and female (right) Aedes aegypti adults. Adult male mosquitoes (left) have
bushier and hairier antennae than the adult female; the red arrows indicate the antennae. Please click here to view a larger

version of this figure.

s S
5mm

Figure 3: Rhodamine B marking of male mosquito. (A) Light microscopy; (B) fluorescence microscopy. The mosquito on
the left is unmarked (fed with 10% w/v sucrose), while the one on the right is marked (fed with 0.2% RhB-sucrose). Marked
mosquitoes have a visible pink abdomen under white light (the mosquito on the right in A), which fluoresces bright orange
under fluorescence microscopy (B). Scale bars = 5 mm. Abbreviation: RhB = Rhodamine B. Please click here to view a

larger version of this figure.
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Figure 4: Inseminated and non-inseminated female spermathecae under a compound light microscope (100x
magnification). The insemination status of a female mosquito can be determined by observing its spermathecae under
a compound light microscope. An inseminated female mosquito will contain at least one filled spermatheca while all three
spermathecae of a non-inseminated female mosquito will be empty. Thread-like, motile sperm will be visible in a filled
spermatheca under a compound light microscope. Scale bar = 100 um. Please click here to view a larger version of this

figure.
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Figure 5: Female mosquito spermathecae inseminated with seminal fluids under a fluorescence stereo microscope.
(A) RhB-marked and (B) unmarked spermathecae inseminated with RhB-marked seminal fluids will fluoresce bright orange

under fluorescence microscopy. Scale bars = 100 um. Please click here to view a larger version of this figure.

A B

v UE

Figure 6: Number of wild-type females inseminated by either the inbred or outcross males in the experimental
triplicates with reciprocal marking. (A) The inbred males were marked with RhB while the outcross males were unmarked.
(B) The outcross males were marked with RhB while the inbred males were unmarked. A higher number of females was
observed to have mated with outcross males regardless of their marking status. Please click here to view a larger version of

this figure.
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Figure 7: Proportion of inseminated females mated with inbred or outcross males in the 3 experimental replicates.

For each experimental replicate, there is a significantly higher percentage of females mated with the outcross males (P <

0.05, Mann-Whitney U-test). Please click here to view a larger version of this figure.

Video 1:

Dissection of female Aedes aegypti for

spermathecae under a light stereo microscope. Please

click here to download this Video.

Q x Inbred Q@ x Outcross Q x Inbred Q x Outcross Overall
(RhB) & @ (unmarked) 3 ° (unmarked) &3 © (RhB) & ¢ insemination rate
(a+b+c+d/120)
Replicate 1 11 35 7 40 77.5% (93/120)
Replicate 2 6 29 8 31 61.7% (74/120)
Replicate 3 6 36 6 33 67.5% (81/120)

Table 1: Number of females mated with RhB-marked and unmarked wAlbB-Sg Aedes aegypti inbred and outcross

males. A total number of 120 females were used in each replicate.
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Percent inseminated females

Inbred males

Outcross males

Replicate 1 19% (18/93) 81% (75/93)
Replicate 2 19% (14/74) 81% (60/74)
Replicate 3 15% (12/81) 85% (69/81)

Table 2: Percentage of inseminated females mated with wAIbB-Sg Aedes aegypti inbred and outcross males.

Supplemental Figure S1: Comparison of workflow for
RhB-based and conventional mating competitiveness
assay. In comparison to the conventional mating
competitiveness assay, the simplified and shortened workflow
for RhB-based mating competitiveness assay significantly
reduces the experimental duration. Please click here to

download this File.

Supplemental Figure S2: Kaplan Meier survival curves of
male adult Aedes aegypti during and after feeding with
0.2% and 0.4% rhodamine B-sucrose feeding. Percent
survival of (A) male wild-type and (B) wAIbB-Sg Ae. aegypti
during and after three days of feeding on 0.2% and 0.4% RhB-
sucrose, compared to controls that were fed with sucrose

only. Please click here to download this File.

Supplemental Table S1: Insemination rate of females in a
W 60 cm x D 60 cm x H 60 cm cage (ratio of 10 females to
20 males) at 1-, 2-, and 3-h time points. Please click here

to download this Table.

Discussion

Marking is commonly used in entomological research to study
insect population dynamics, dispersal, behavior, and mating

biology26. In SIT and IIT programs, marking is carried out

to differentiate the release strain from the field population
to study their dispersal and optimize the release ratio.
The marking methods used include genetic markin927'28,
incorporating isotopes in larval f0od?9-30 fluorescent dust3?,
and dye32. For the suppression of mosquito populations
using SIT or IIT, where male mating fitness is a critical
component, fluorescent dyes have been used as markers to

study mosquito mating biology18' 19,

Conventionally, assessment of male mating competitiveness
of the release strain has been assessed using female fertility
assays. However, this assay is time-consuming and labor-
intensive due to downstream experimental processes post-
mating (Supplemental Figure S1). These processes include
blood-feeding of the females, egg collection, hatching of the
eggs, and enumeration of the proportion of hatched eggs to
determine egg viability. On average, this assay requires 30
man-hours and two weeks of experimental work (starting from
setting up of the competitiveness assay cages) to the final

determination of male mating competitiveness.

his paper presents the use of a fluorescent dye, RhB, (fed
as 0.2% RhB-sucrose to the mosquitoes, Supplemental
Figure S2) to directly measure mating interactions between
females and RhB- marked males. While this protocol requires
a fluorescence stereo microscope, it obviates the need

to perform the time-consuming experimental procedures
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mentioned above. On average, this RhB-based assay
requires approximately 10 man-hours and about a day to
obtain data equivalent to that from female fertility assays. This
This >90% time savings allows researchers researchers to
perform multiple experimental replicates, providing a more
robust validation of male mating fitness. In addition, this assay
can be used to compare the mating competitiveness between

two sterile or Wolbachia-infected mosquitoes lines.

This type of comparison is not possible with conventional
female fertility assays, as females would yield non-viable
eggs upon mating with both such lines. Notwithstanding, any
mixed mating in the experiment will result in bias toward the
marked population as itis difficult to identify unmarked sperms
in female spermathecae that contain seminal fluid from both
RhB-marked and unmarked males. A similar conclusion
was made in a study assessing mating competitiveness

of Anopheles gambiae using RhB'8

, Whereby a greater
proportion of females in the mating assay was found to be
mated by marked males. As polyandry is more likely to occur
in females that had previously engaged in an interrupted
mating33, the probability of this occurring was reduced in this
study by using fewer mosquitoes (20 males to 10 females) in

a larger cage volume (0.216 m3) in these experiments.

The results showed no bias toward the RhB-marked
population, indicating that mixed mating was limited. In
summary, incorporation of RhB to mark males in a mating
competitiveness assay is an economical and rapid way of
evaluating male mating fitness. This method also allows for
the direct comparison of mating competitiveness between
males exposed to different doses of irradiation, reared in
different rearing regimes, or those infected with different

strains of Wolbachia, making it a valuable tool for the

evaluation of male mating fitness for any male release-based

mosquito population suppression program.
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