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Successful implementation of the sterile insect technique (SIT) against Aedes aegypti and
Aedes albopictus relies on maintaining a consistent release of high-quality sterile males.
Affordable, rapid, practical quality control tools based on the male’s flight ability (ability to
escape from a flight device) may contribute to meeting this requirement. Therefore, this study
aims to standardize the use of the original FAO/IAEA rapid quality control flight test device (FTD)
(version 1.0), while improving handling conditions and reducing the device’s overall cost by
assessing factors that could impact the subsequent flight ability of Aedes mosquitoes. The
new FTD (version 1.1) is easier to use. The most important factors affecting escape rates were
found to be tube color (or “shade”), the combined use of a lure and fan, mosquito species, and
mosquito age and density (25; 50; 75; 100 males). Other factors measured but found to be
less important were the duration of the test (30, 60, 90, 120min), fan speed (normal 3000 rpm
vs. high 6000 rpm), and mosquito strain origin. In addition, a cheaper version of the FTD
(version 2.0) that holds eight individual tubes instead of 40 was designed and successfully
validated against the new FTD (version 1.1). It was sensitive enough to distinguish between the
effects of cold stress and high irradiation dose. Therefore, the eight-tube FTD may be used to
assess Aedes’ flight ability. This study demonstrated that the new designs (versions 1.1 and
2.0) of the FTD could be used for standard routine quality assessments of Aedesmosquitoes
required for an SIT and other male release-based programs.
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1 INTRODUCTION

The mosquito is one of the world’s deadliest animals. The Asian tiger mosquito Aedes albopictus
(Skuse) , together with Aedes aegypti (Linnaeus) are highly invasive (Benedict et al., 2007) and
medically important mosquito species that transmit several arboviruses and associated diseases
including dengue, chikungunya, yellow fever, and Zika (Bhatt et al., 2013; Levy Blitchtein and Del
Valle Mendoza, 2016).
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There are a limited number of effective vaccines or drugs to
protect against these diseases; thus, current disease control
strategies rely on Aedes vector control, where the focus is
usually on source reduction and the use of insecticides.
However, the variability in the type of Aedes larval breeding
sites and the presence of a myriad of cryptic breeding habitats
coupled with the spread of insecticide resistance (Moyes et al.,
2017) has created an even greater global need for alternative tools
to control these disease vectors. Researchers have advocated for
genetic control strategies, including the sterile insect technique
(SIT) as an environment-friendly, insecticide-free technique. The
SIT is based on inundated and repeated releases of sterile insects
to induce sterility in the wild population to suppress the target
pest species (Knipling et al., 1968). Great progress has been
achieved over two decades in the development of the SIT
package for mosquitoes. The Insect Pest Control Laboratory
(IPCL) of the joint Food and Agriculture Organization/
International Atomic Energy Agency (FAO/IAEA) Centre of
Nuclear Techniques in Food and Agriculture has been leading
the development of methods and guidelines, including mass-
rearing equipment, irradiation, packing, transport, quality
control and release for Anopheles and Aedes mosquitoes for
deployment in field projects in member states reviewed in
Vreysen et al. (2021).

Historical data have shown the achievements of SIT against several
pests and vectors (Dyck et al., 2021). However, Benedict andRobinson
(2003) have shown that several trials conducted in the 1970s had
limited success due to the poor competitiveness of released males.
Therefore, the quality of released males is critical to the success of SIT
within an area-wide integrated pest management program (Parker
et al., 2021). Several factors, including colonization, mass-rearing,
irradiation, handling, and releases, may affect the quality of males in
terms of their capacity to disperse, survive, locate females, and
compete for mates (Bouyer and Vreysen, 2020; Parker et al., 2021).
Important factors that impact the quality of male mosquitoes such as
flight performance can only be assessed by time-consuming methods
such as male mating competitiveness assay in the laboratory and
mark–release–recapture (MRR) in the field. In addition, MRR
experiments provide low recapture rates (Bellini et al., 2010;
Bouyer et al., 2020; Iyaloo et al., 2020) and are tedious and costly,
while conventional mating competitiveness assay is not only laborious
but time-consuming. To circumvent these difficulties, a quick, easy-to-
perform, and reliable quality control (QC) method to use before adult
mosquitoes are released would be highly beneficial.

Flight is one of the most important traits of mosquito life
history. Flight ability (capacity to escape or to fly) has been shown
as a critical QC factor in fruit fly factories. Understanding this
factor has helped to reduce production costs by improving
rearing techniques in Mediterranean fruit fly mass-rearing
facilities and has improved the level of competitiveness in
released males (Shelly et al., 2010). Rowley et al. (1968)
designed a flight mill, and other authors developed a video
tracking system (Boyer et al., 2013; Lebon et al., 2018) to
measure insect flight speed and the distance flown. Recent
studies have developed mosquito QC tools based on a
mosquito’s ability to escape from a flight test device (FTD).
While some of the devices developed were based on young

adults that had directly emerged from pupae (Balestrino et al.,
2017), others used two-to-three-day-old adult mosquitoes
(Culbert et al., 2018; Dor et al., 2020). Modified gray-colored
polyvinyl chloride (PVC) flight tubes with different diameters
and heights were tested to ascertain whether mosquito age or the
height of the FTD would impact male Ae. aegypti escape rates
(Dor et al., 2020). These modifications resulted in higher escape
rates in all cases after 24 h. The FAO/IAEA reference QC FTD has
been successfully tested in terms of assessing the flight
performance of irradiated males and males under cold stress
conditions after 2 hours (Culbert et al., 2018). Although
preliminary tests were performed to design the FTD prototype
(Culbert et al., 2018), further tests are needed in order to fine-tune
the FTD for improved sensitivity and accuracy. These further
tests include assessing the role of fan speed (airflow), the test
duration, the density of males, the color of the flight tubes, the
lure [Biogents (BG) pellets], fan or the presence of fan, lure, the
mosquito strain origin, and the number of flight tubes within the
device. In addition, the number of mosquito SIT programs is
growing (Bouyer et al., 2020; WHO and IAEA, 2020), and
facilities are in need of a standardized and efficient QC test.
Several research groups have tested the prototype FTD and found
inconsistent results and difficulties running the test. Therefore,
this study aims to modify the original FTD to measure its
efficiency while improving handling operation and test
sensitivity and repeatability, while reducing its overall
production cost. Factors in the test design that could affect the
flight test’s applicability were investigated in order to standardize
the device and user protocol.

2 MATERIALS AND METHODS

2.1 Mosquito Strains, Rearing, Irradiation,
and Cold Stress Conditions
Standard laboratory reference strains of Ae. aegypti and Ae.
albopictus (FAO/IAEA, 2017, 2020) were used for all
experiments. The Aedes strains were maintained following the
“Guidelines for Routine Colony Maintenance of Aedes
Mosquitoes” (FAO/IAEA, 2017) (Experiments 2.3 to 2.9).
Aedes aegypti and Ae. albopictus strains originating from
Brazil (Juazeiro) and Italy (Rimini) were transferred to the
IPCL from the insectary of Biofabrica Moscamed, Juazeiro,
Brazil, and from the Centro Agricoltura Ambiente, Bologna,
Italy, in 2012 and 2018, respectively. These two institutions
are IAEA collaborating centers for the development of
mosquito SIT. These strains were used to assess factors that
might affect mosquito flight ability (Experiments 2.3–2.9). Two
recently colonized Ae. albopictus strains originating from Spain
(Valencia, TRAGSA) and China (Guangzhou, Wolbaki) were
used to assess flight ability at the IPCL (Experiment 2.9). In
addition, a wAlbB strain of Wolbachia-infected Ae. aegypti
(hereafter referred to as the “Singapore strain”) was
independently maintained (Cheong Huat Tan, personal
communication) at the Environmental Health Institute of the
National Environment Agency, Singapore, to replicate two sets of
standardization experiments (Experiments 2.6–2.7).
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The rearing period had controlled conditions as follows:
temperature of 28 ± 2°C, 80 ± 10% relative humidity (RH),
and lighting of 14:10 h light: dark, including 1 h of dawn
lighting and 1 h of dusk lighting for larval stages. Adults were
separately maintained under 26 ± 2°C, 60 ± 10% RH, and 14:10 h
light: dark, including 1 h dawn and 1 h dusk.

To perform the experiments, mosquitoes were reared
following modified mass-rearing procedures developed at the
IPCL (Mamai et al., 2019; Maïga et al., 2019; FAO/IAEA, 2020).
Larval rearing started on Thursdays (day zero) when eggs were
hatched and transferred to mass-rearing trays previously filled
with 5 L of osmosis water on Fridays (day one). No larval feeding
was performed during weekends and pupae were collected on day
six after egg hatching. A 4% IAEA larval diet was provided daily: a
300 ml (0.66 mg/larva) meal on day one, a 300 ml (0.66 mg/larva)
meal on day four, and a 200 ml (0.44 mg/larva) meal on day five.
Larvae and pupae were separated on day six. Four liters of larval
water were reused with an additional 300 ml for day six of larval
rearing. Pupae were collected daily and sex-separated using
mechanical and semiautomatic pupal sex sorters (John W.
Hock Co., Gainesville, FL; Wolbaki, China).

For each experiment, pupae were aliquoted into 100 ml plastic
cups (Medi-Inn, United Kingdom), each holding 110 male pupae
and placed in cages (15 × 15 × 15 cm, BugDorm, BD4M1515,
Taiwan) for emergence. About 100 (accounting for emergence
and mortality rates) adults were maintained with access to a 10%
sucrose solution until the day of the experiments.

To assess the sensitivity of the new FTD (version 2.0)
(Experiment 2.9), three-to-four–day-old adult Aedes
mosquitoes were exposed to cold stress conditions (4°C for
2 hours), which is known to significantly impact the flight
ability of both Ae. aegypti and Ae. albopictus (Culbert et al.,
2018). Males were allowed to recover for 2 h in the presence of a
10% sucrose solution prior to the test.

To assess the sensitivity of the new FTD (version 2.0)
(Experiment 2.9), three-to-four–day-old adults were exposed to
high-dose irradiation (100 Gy using an X-ray blood irradiator
(Raycell MK2) (Gómez-Simuta et al., 2021) for Ae. albopictus and
150 Gy using the GammaCell 220 (Nordion Ltd., Kanata,
Ontario, Canada) for Ae. aegypti), which is known to reduce
the quality of mosquitoes (Culbert et al., 2018). Males were
knocked down and held in a cold room at 4°C in compacted
batches of 100/cm3 to simulate mass-transport conditions prior
to irradiation. Males were allowed to recover for 2 h with a 10%
sucrose solution prior to the flight ability test. Untreated
(nonirradiated) male mosquitoes were kept in laboratory
conditions with a 10% sucrose solution during both the cold
stress and the irradiation treatments.

The test conditions for all experiments were 26 ± 2°C and 60 ±
10% RH, under a laboratory daylight regime (500–1000 lux),
using untreated male mosquitoes (unless stated otherwise).

2.2 Modification of the Original Flight Test
Device and Operation
The original FTD (Culbert et al., 2018) (version 1.0) was modified
in several ways to measure its efficiency while improving handling

processes. The original FTD consists of 40 transparent acrylic
plastic (polymethyl methacrylate, PMMA) tubes (hereafter
referred to as “individual internal tubes”) that were placed
together within a larger PMMA tube (hereafter referred to as
the “inner tube”). Gaps between individual internal tubes were
filled with transparent silicone (OBI, Austria). When male
mosquitoes escape from the flight device, they can be
recollected in a larger cylindrical PMMA tube (hereafter
referred to as the “containment box”), which is closed at the
top end with mesh (Figure 1A and Supplementary Material S1).
A fan (DC axial fan: 40 mm, Vapo: 12 V, airflow: 0.218 m³/min,
acoustic noise: 20.6 dB, and rated speed: 6,000 rpm, Multicomp,
United Kingdom) and a BG-Lure (Biogents, Regensburg,
Germany) pellets holder made of PMMA is placed on top of
the end mesh.

To operate, the inner tube was inserted and removed from the
bottom of the containment box, which was secured with a mesh
sleeve. Mosquitoes were first loaded into the FTD before the
device was introduced through the bottom in the larger
cylindrical tube because the side opening was too small to
allow side introduction. In addition, after the test was
completed, the device was taken to a cold room to knock
down the mosquitoes prior to counting. These handling
processes were found to be tedious for nonexperienced
operators and may have increased the risk of damaging the
FTD. Therefore, we designed a square containment box to
replace the larger cylindrical tube. The containment part of
the device is easily opened from the top, and the inner tube
can be inserted or removed more easily through a larger opening
on the front side of the containment box [Figure 1B, Figure 2
(version 1.1)].

In addition, another version of the FTD was developed. The
new FTD (version 2.0) (Figure 1C) is made of eight individual
internal tubes fitted in an inner tube of 4 cm in diameter. The
tube holder (base) was resized to fit the inner tube better. The
containment box and the tube length are all similar to
version 1.1.

For all experiments, the following steps were followed to
perform the flight test (Supplementary Materials S13, S14).
Before any test, one to two pellets (10–30 mg) of BG-Lure
(Biogents, Regensburg, Germany) were placed on top of the
FTD. A fan was placed directly on the small BG decoy cap
and switched on at its standard speed (3000 rpm unless stated
otherwise). About 100 adult male mosquitoes (unless stated
otherwise) were aspirated using a mouth aspirator and were
blown into the FTD via a small 1 cm hole at the bottom of
the device. Males were then confined within a small space
(height × diameter: 1 × 7 cm) and flew upwards through one
of the individual internal tubes and out into the large
containment box. After 2 hours, the top of the inner tube was
covered using a Petri dish (9 cm in diameter) to avoid further
escapes, the fan was stopped, and the experiment was deemed as
complete. The inner tube was then removed through the large
opening of the containment box by tilting it slowly. When tilted
halfway, the Petri dish covering the top of the tube was held to
avoid losing it. To remove the nonescaped males from the inner
tube, mosquitoes were blown through the bottom into a cage
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(15 × 15 × 15 cm, BugDorm, BD4M1515, Taiwan). The escaped
males were removed using a mouth (or mechanical) aspirator
from the containment box and transferred to another cage (15 ×
15 × 15 cm, BugDorm, BD4M1515, Taiwan). All cages were taken

into a freezer (−20°C) for 20–30 min and numbers were counted
for each treatment.

2.3 Effects of Fan Speed or Airflow on
Escape Rate
To assess whether the fan speed could affect a mosquito’s capacity
to escape, two fan speeds were tested. The FTD fan (Multicamp,
United Kingdom) was set to either its highest speed (high,
6000 rpm) or at its standard speed (normal, 3000 rpm). Three
FTDs (version 1.1) were tested with two-to-three–day-old male
Ae. aegypti (Brazil strain) mosquitoes and four FTDs with four-
to-five–day-old male Ae. albopictus (Rimini, strain) mosquitoes
for each speed, respectively.

2.4 Effects of Test Duration on Escape Rate
It was initially observed that as males were being loaded into the
FTD, a large number of mosquitoes escaped immediately.
Therefore, to ascertain a suitable length of time to perform the
QC flight test, a range of times were tested—including 30, 60, 90,
and 120 min. The test was repeated four times (with two, two,
two, and three pseudoreplicates per repetition, respectively) with
two-to-three–day-old male Ae. aegypti (Brazil strain) and twice
(two pseudoreplicates each) with two-to-three–day-old male Ae.
albopictus (Rimini, strain) for each duration.

2.5 Effects of Male Density on Escape Rate
Densities of 25, 50, 75, and 100 males were tested to see whether
the number of males loaded into an FTD would affect the output
of the escape rate. The test was performed with four FTDs for
each density with two-to-three–day-old male Ae. aegypti (Brazil
strain) mosquitoes. For Ae. albopictus (Rimini strain)

FIGURE 1 | 3D designs of the 40-tube original (version 1.0) (A) vs. the new FTDs: 40-tube FTD (version 1.1) in the middle (B); eight-tube FTD (version 2.0) on the
right (C).

FIGURE 2 | Split design of the new 40-tube flight test device (version
1.1). The device comprises a top cover (A) that can hold a fan and BG-Lure
pellets, a flight test system (inner tube) (B) with 40 individual internal tubes, an
inner tube holder (base) (C), and the main container (containment box)
(D). More details are provided in the technical drawings (Supplementary
Materials S2–S12).
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mosquitoes, the density effect was assessed twice (four and two
pseudoreplicates) with two-to-three–day-old males for each
density.

2.6 Effects of Internal Tube Color and
Addition of Lure and Fan on Escape Rate of
Aedes aegypti and Aedes albopictus
To assess whether the color of the FTD could affect escape rates,
two types of inner tubes (where the tube ends with transparent
and pink silicon) were used (Supplementary Material S15). For
each tube type (transparent and pink), the presence/absence of
fan and lure was tested for Ae. aegypti (Brazil strain) and Ae.
albopictus (Italy strain): one with the addition of BG-Lure only
(pink/transparent + lure), one with fan only (pink/transparent +
fan), one with fan and lure together (pink/transparent + fan +
lure), and one FTD without a fan or lure (pink/transparent). The
test was performed twice (four and two pseudoreplicates/
treatment) with two-to-three–day-old male Ae. aegypti and
with two-to-three–day-old male Ae. albopictus mosquitoes,
respectively.

The same experiment was carried out with five-to-six–day-old
male Aedes aegypti in Singapore (Singapore strain) using only the
transparent FTDs (version 1.1). The escape rates from two FTDs
with fan and lure (transparent + fan + lure) were compared to
three FTDs of each of the following: with lure only (transparent +
lure), with fan only (transparent + fan), and without fan and lure
(transparent).

For the FTD to be tested without a fan (absence of a working
fan), a fan was still placed on top of the device but without turning
it on.

2.7 Effects of Male Adult Age on Flight
Ability
The effect of age on male flight ability was assessed for different
age groups ranging from less than 1 day up to 8 days old for Ae.
aegypti (three replicates/age group) and from less than 1 day up to
10 days forAe. albopictus. In addition, two age groups (12–13 and
16–17 days) were assessed for the latter. Four replicates were
performed for each Ae. albopictus age group.

The same experiment was repeated at the Environmental
Health Institute, National Environment Agency, Singapore.
Male Ae. aegypti (Singapore strain), aged between two to
six days, were tested. Four age groups, including two to three,
three to four, four to five, and five to SIX days, were used to assess
and compare mosquitoes’ ability to fly using the 40-tube
transparent FTD (version 1.1). The flight test was performed
in total 21, nine, nine, and 27 times for the two-to-three-, three-
to-four–, four-to-five–, and five-to-six–day-old mosquitoes,
respectively.

2.8 Assessing the Flight Ability of Aedes
albopictus Strains From Different Origins
To assess whether different strains of Ae. albopictus exhibit
different flight ability scores using the 40-tube FTD (version

1.1), three strains from different origins, Italy (Rimini), Spain
(Valencia), and China (Guangzhou), were evaluated. The flight
test was repeated twice with three pseudoreplicates per repetition
per strain with three-to-four–day-old males. Male mosquitoes
were randomly selected from each of the six pseudoreplicates per
strain (Rimini: 82; Valencia: 84; and Guangzhou: 79 mosquitoes
in total), and their right wings were dissected and measured as a
proxy for strain adult size (Nasci, 1990).

2.9 Effects of Fewer Internal Flight Tubes on
Escape Rate
To assess whether a reduction of the number of individual
internal tubes within the flight test inner tube could affect the
performance of the FTD (version 1.1), a FTD was made
containing eight individual internal tubes fitted in an inner
tube with a diameter of 4 cm (version 2.0). The eight-tube
FTD was also tested with both mosquito species. In addition,
the effects of cold stress (4°C chilling for 2 hours) and high-dose
irradiation (100 and 150 Gy for Ae. albopictus and Ae. aegypti,
respectively) (see Section 2.1.) on the sensitivity of the new FTD
(version 2.0) were evaluated.

2.9.1 Data Analysis
The escape rate in each experiment was analyzed using a
generalized binomial linear mixed-effects model fit by
maximum likelihood (Laplace approximation) with a logit
link, with the escape rate (proportion of flyers) defined as the
dependent variable [whereby escaped (success or flyers) and
nonescaped (failure or nonflyers) were weighted with the
“cbind ()” function] and replicates as a random effect,
considering inferences needed to be done independently of
their levels in our specific experimental design (Chaves, 2010).

The fan speed (two levels: normal and high), the test duration
(four levels: 30, 60, 90, and 120 min), the adult density per flight
test (four levels: 25, 50, 75, and 100 male mosquitoes) were
successfully considered as fixed effects in separate models.

To determine the effects of tube color (pink/transparent) and
the presence/absence of lure and fan on the escape rates, the tube
color, the lure, and fan (coded as “1” for presence and “0” for
absence) were considered as fixed effects for each mosquito
species/strain. In addition, to assess the effect of a
combination of factors defined as flight test treatment (four
levels: fan only, lure only, no fan and no lure, and fan and
lure for each tube color) on escape rate, treatment was considered
as a fixed effect.

Mosquito age (seven and 12 levels for Ae. aegypti and Ae.
albopictus, respectively) was considered as a fixed effect to analyze
the effects of age on male flight ability. In addition, four levels
(two to three, three to four, four to five, and five to six days) were
considered to analyze the effects of age in Ae. aegypti (Singapore
strain).

Male Ae. albopictus mosquito strain (three levels: Rimini,
Valencia, and Guangzhou) was considered as a fixed effect to
compare flight ability based on origin.

The number of individual internal flight tubes (two levels: 40-
tube FTD and eight-tube FTD) and treatments (three levels:
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chilled, irradiated, and control) were considered as fixed effects to
analyze the effect of FTD type and cold and high-dose irradiation
stress conditions on adult flight ability.

For validation, the full models were checked for
overdispersion (using Bolker’s function) (Bolker, 2018) and
for normality and homogeneity of variances on the residuals
(Kéry and Hatfield, 2003). When overdispersion in model fit
(glmer function) was detected, an individual level random
variable was created and added to the model (Harrison,
2015). However, when overdispersion was detected in model
fit (glm function), an analysis was performed using
quasibinomial errors. The stepwise removal of terms followed
by likelihood ratio tests (LRTs) or based on the lowest value of
Akaike’s Information Criterion (AICc) was used for model
simplification. The minimal adequate model retained only
factors that significantly reduced explanatory power (p <
0.05) when removed (Crawley, 2012). Differences between
the levels of significant fixed factors were analyzed using post
hoc Tukey’s tests (glht function in package multcomp) (Bretz
et al., 2016). The significant interactions were analyzed using the
emmeans function (in package emmeans) (Lenth, 2020). All
statistical analyses were performed using R version 4.0.3
(https://cran.r-project.org) using RStudio (RStudio, Inc.
Boston, MA, United States, 2016). All significant differences
are based on p < 0.05.

3 RESULTS

3.1 Effects of Fan Speed or Airflow on
Escape Rate
The fan speed (“normal” 3000 rpm vs. “high” 6000 rpm) had no
effect on mosquitoes’ escape rate through the FTD in both Ae.
aegypti [high: 0.76 (0.71–0.81, 95%CI), normal: 0.70 (0.65–0.75,
95%CI), χ2 = 1.17, df = 1, p = 0.28] and Ae. albopictus [high: 0.90

(0.87–0.93, 95%CI), normal: 0.91 (0.88–0.94, 95%CI), χ2 = 0.2,
df = 1, p = 0.65].

3.2 Effects of Test Duration on Flight Ability
The duration of the flight ability test did not significantly differ
between 30, 60, 90, and 120 min in both Ae. aegypti (χ2 = 5.35,
df = 3, p = 0.14; Figure 3A) and Ae. albopictus (χ2 = 3.57, df = 3,
p = 0.31; Figure 3B).

3.3 Effects of Male Density on Escape Rate
The densities of male mosquitoes within the FTD between 25 and
100 did not impact escape rates in Ae. aegypti (χ2 = 6.3, df = 3, p =
0.09; Figure 4A) but had a significant impact in Ae. albopictus
(χ2 = 26.2, df = 3, p = 0.0001; Figure 4B). The Tukey test shows
that a density of 25 male Ae. albopictus led to a greater mean
escape rate than that of the densities 75 and 100 (p < 0.05).

3.4 Effects of Internal Tube Color and
Addition of Lure and Fan on Escape Rate of
Aedes aegypti and Aedes albopictus
Greater number of male Ae. aegypti, the Brazilian strain, and Ae.
albopictus, the Italian strain, escaped from the transparent tube
more than those that escaped the pink-colored internal tube (p <
0.001, Table 1). There was a greater impact of the fan on the
escape rate of Ae. aegypti, Brazilian strain (p = 0.03, Table 1), and
Ae. aegypti, Singaporean strain (p < 0.001, Table 1). The presence
of a lure did not enhance the escape rate of both Ae. aegypti
strains (p > 0.05, Table 1), but there was a significant interaction
between fan and lure on the escape rate of Ae. albopictus, Italian
strain (p = 0.01, Table 1).

When considering the treatment of the FTD (i.e., with/without
lure, with/without fan, and with/without lure and fan), a
significant impact was found on the escape rate of Ae. aegypti,
Brazilian strain (χ2 = 14.8, df = 7, p = 0.03; Figure 5A), Ae.

FIGURE 3 |Male Aedes aegypti (A) and Aedes albopictus (B) escape rates in response to test duration. Four time periods of 30, 60, 90, and 120 min were tested.
Different letters denote significant differences between time periods.
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albopictus, Italian strain (χ2 = 48.5, df = 7, p < 0.001, Figure 5B)
and Ae. aegypti, Singaporean strain (χ2 = 29.04, df = 3, p < 0.001;
Figure 5C). Furthermore, a higher number of mosquitoes
escaped from the reference FTD treatment where a
transparent tube, a working fan, and lure were simultaneously
used (Figure 5). There was a similar number of escapes from the
pink-colored FTD in Ae. aegypti, Brazilian strain (Figure 5A),
and Ae. albopictus, Italian strain (Figure 5B) regardless of the
treatment. On the other hand, the difference in the escape rates
between the pink-colored tube and the transparent tube tends to
be greater in Ae. albopictus (Figure 5B) than that in Ae. aegypti
(Figure 5A). Althoughmore escapes were recorded from the FTD
with fan and lure, they were not significantly different from those
from the FTD with a working fan (Figure 5). The FTD baited
with a lure or without lure and fan displayed lower escape rates

than those of the reference FTD and the FTD with a working fan
(Figure 5C).

3.5 Effects of Male Adult Age on Flight
Ability
Age had a significant effect on male flight ability in both Ae.
aegypti (Brazil strain) (χ2 = 62.7, df = 6, p < 0.001; Figure 6A) and
Ae. albopictus (χ2 = 1684.4, df = 11, p < 0.001; Figure 6B). The
pairwise comparison of means showed that two-to-three–day-old
male Ae. aegypti (reference age in Culbert et al., 2018) had higher
flight ability than those younger than 2 days (p < 0.001) but lower
flight ability than males older than 3 days (p < 0.001). Similarly,
two-to-three–day-old and three-to-four–day-old male Ae.
albopictus had significantly higher flight ability than those

FIGURE 4 | Escape rates according tomale density for Aedes aegypti (A) and Aedes albopictus (B). Numbers (25, 50, 75, and 100) stand for the adult male density
loaded in each flight test device. Different letters denote significant differences between densities.

TABLE 1 | Fixed effects of the internal tube color and addition of lure and fan (or none) on the escape rates of Aedes aegypti (Brazilian strain), Aedes albopictus (Italy, Rimini
strain), and Aedes aegypti (Singaporean strain) males.

Species/strain Factors Estimate Std. error z value Pr(>|z|)

Aedes aegypti, Brazil (Intercept) 0.5765 0.155 3.719 0.0002***
Transparent 0.342 0.1169 2.925 0.00344**
Fan1 0.2673 0.1244 2.149 0.03162*
Lure1 0.2085 0.1283 1.624 0.10427
(Intercept) −0.4517 0.1612 −2.803 0.00507 **
Transparent 1.1402 0.123 9.271 <2e-16 ***

Aedes albopictus, Italy Fan1 −0.1326 0.1777 −0.746 0.45575
Lure1 −0.5045 0.2922 −1.726 0.08429
Fan1 × lure1 0.8285 0.3279 2.527 0.01151 *
(Intercept) 0.2998 0.11897 2.52 0.01174 *

Aedes aegypti, Singapore Fan1 0.52074 0.17265 3.016 0.00256 **
Fure1 0.01417 0.16834 0.084 0.93292

Signif. codes: 0 “***” 0.001 “**” 0.01 “*” 0.05 “.” 0.1 “ “ 1.
The number “1” following fan and lure stands for their presence as compared to the absence of fan and lure (coded as “0”). The effect of the internal tube color “transparent”was compared
to the pink-colored tube.
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younger than 2 days (p < 0.001) but lower than males older than
4 days (p < 0.001). Flight ability of male Ae. aegypti and Ae.
albopictus declined after the age of five to six and seven to
eight days, respectively, leading to a significant decrease in 16-
17–days-old male Ae. albopictus of (p < 0.001) as compared to
seven-to-eight–day-old males. Similarly, age had a stronger
impact on flight ability in male Ae. aegypti (Singapore strain)
(χ2 = 62.5, df = 3, p < 0.001; Figure 6C).

3.6 Assessing the Flight Ability of Aedes
albopictus Strains From Different Origins
Similar escape rates of about 74 ± 20 (±95% CI) were observed
when different strains of Aedes albopictus from different origins
(Rimini in Italy; Valencia in Spain; Guangzhou in China) were

tested using the 40-tube FTD (χ2 = 0.68, df = 2, p = 0.70)
(Figure 7).

Wing length of male mosquitoes varied significantly between
Ae. albopictus strains from different origins (χ2 = 57.03, df = 2, p <
0.001, Figure 7). Aedes albopictus (Guangzhou strain) exhibited a
higher body size as compared to Valencia and Rimini strains (p <
0.01), whereas the other two strains have similar sizes (p = 0.77,
Supplementary Figure S1).

3.7 Effects of Fewer Internal Flight Tubes on
Escape Rate
When the new FTD with eight individual tubes (version 2.0) was
compared to the 40-tube FTD (version 1.1), similar flight capacity
was observed both in Ae. aegypti (χ2 = 1.26, df = 1, p = 0.26;

FIGURE 5 | Comparison of escape rates according to the flight tube color and treatment (pink, transparent tubes, with/without lure, with/without fan, and with/
without lure and fan) in Aedes aegypti (Brazilian strain) (A) and Aedes albopictus (B) and Aedes aegypti (Singaporean strain) (C). Pink (P) and transparent (T) stand for
flight test device (FTD) tube color (i.e., tube ends with pink silicon or transparent silicon). fl = fan and lure; f = fan only; l = lure only; P/T = pink or transparent without fan and
lure. Black bars indicate the median; the upper and lower limits of each box indicate the interquartile range. Each dot represents a value of the observed escape rate
per replicate. Different letters denote significant differences between treatments.
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Figure 8A) and Ae. albopictus (χ2 = 2.86, df = 1, p = 0.09;
Figure 8B).

The eight-tube FTD (version 2.0) was as sensitive to stress
conditions such as cold temperature and high irradiation doses in
both Aedes mosquito species as the 40-tube FTD (version 1.1)
(Ae. aegypti: χ2 = 23.44, df = 2, p < 0.001; n = 6, Figure 8C; Ae.
albopictus: χ2 = 22.38, df = 2, p < 0.001, n = 6, Figure 8D).

4 DISCUSSION

Our findings demonstrated that the flight tube treatment,
including the use of BG-Lure, the use of transparent tubes,
and the fan, for a period of 2 h provided consistent and
reproducible results for a specified mosquito age group, thus

allowing optimal use of the FTD. In addition, a cheaper FTD with
only eight tubes was further assessed as a better value QC tool.

It is known that environmental factors, including visual or
chemical cues detected by mosquitoes, can affect their behavior
(Pitts et al., 2013). The FAO/IAEA reference QC FTD operates
with a fan and BG-Lure. The question was whether it could run
without either of these without impacting the observed escape
rates of mosquitoes from the device. Various airflow rates
through fan speeds set at 3000 or 6000 rpm had no effect on
the mosquitoes’ ability to fly through the FTD, suggesting that
this airflow falls within the range for standard operation of the
FTD. The presence of a fan (i.e., fan only) showed an increase in
mosquito escape rate in Ae. aegypti (Brazilian and Singaporean
strains). This effect may simply be due to the airflow or the noise
of the fan, which was measured at 20.6 dB. Fans are widely used to

FIGURE 6 | Escape rates across adult male Aedes aegypti (Brazilian strain) (A), Aedes aegypti (Singaporean strain) (B), and Aedes albopictus (C) age groups. Age
ranged from below one to eight days old (A); from below 1 day to 17 days (B); from two-to-six–day-old mosquitoes (C). Black bars indicate the median; the upper and
lower limits of each box indicate the interquartile range. Each dot represents a value of the observed escape rate per replicate. Different letters denote significant
differences between age groups.
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trap mosquitoes. Depending on the speed, fans produce a
characteristic noise that could enhance trap attraction and
efficiency (Swan et al., 2021). Dou et al. (2021) assessed the
effects of incidental sound stimuli on the flight behavior of free-
flying male vs. female Ae. aegypti and Anopheles gambiae
mosquitoes and showed a relative increase in flight speed in
response to the stimulus. Conversely, the FTDs baited with or

without BG-Lure did not enhance the capacity of males to escape
as compared to both the reference FTD and the FTD with a
working fan but did reduce variability. This could be since all
FTD treatments were run together in the same room and thus,
we cannot rule out an additional effect (or interaction) of the
lure. Similar results were observed when neither lure nor fan
were provided. BG-Lures are blends of mosquito attractants
consisting of lactic acid, ammonia, and caproic acid. These
components are found on human skin (Kröckel et al., 2006)
and are used to mimic human odor. To standardize the use of
the FTD, BG-Lure was used to saturate mosquito receptors and
reduce their sensitivity to the operators’ odor. Potential
synergetic effects of the combination of lure and fan led to
better escape rates in both Ae. aegypti and Ae. albopictus
mosquito species in our study. Hapairai et al. (2013) showed
a significant number of male Ae. aegypti collected in French
Polynesia using odor-baited BG-Sentinel Traps, while several
studies reported the use of BG-Lures in traps to catch male
Aedes mosquitoes (Pombi et al., 2014; Amos et al., 2020; Visser
et al., 2020), Staunton et al. (2021) found during a field study
that BG-Lures did not significantly change catch rates and may
have even repelled male Ae. aegypti and Ae. albopictus. A more
recent study demonstrated that conflicting results for male Ae.
aegypti mosquitoes’ attraction to humans could be linked to the
experimental setting size and assay design for mosquito
behavioral research (Amos et al., 2020).

Notably, greater escape rates were observed in Ae. aegypti than
those in the Ae. albopictus mosquito species in our study,
meaning that flight behavior may differ between species,
highlighting the importance of control groups. Female Ae.
albopictus were found to be weaker flyers than female Ae.
aegypti (Briegel et al., 2001). Male Ae. aegypti may be more

FIGURE 7 | Escape rate of Aedes albopictus strains from different
origins (Rimini, Italy; Valencia, Spain; and Guangzhou, China). Black bars
indicate the median; the upper and lower limits of each box indicate the
interquartile range. Each dot represents a value of the observed escape
rate per replicate. Different letters denote significant differences between
strains.

FIGURE 8 | Escape rates of male Aedes aegypti (A) and Aedes albopictus (B) in eight-tube FTD (“8T”: version 2.0) versus 40-tube FTD (“40T”: version 1.1) and
effects of cold stress (“chilled”) and high-dose irradiation (150 Gy, GammaCell and 100 Gy, X-ray, Raycell) on male Aedes aegypti (C) and Aedes albopictus (D) flight
ability, respectively, using the eight-tube FTD. Black bars indicate the median; the upper and lower limits of each box indicate the interquartile range. Each dot represents
a value of the observed escape rate per replicate. Different letters denote significant differences between FTDs and treatments.
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responsive to the device and to different stimuli, including BG-
Lure and fan (or their absence), and may tolerate better-
shadowed FTDs (Supplementary Material S16). These
findings highlight the need to avoid any shadows or dark
resting sites around the FTD as this may impact flight
behavior and cause misleading results regarding mosquito
quality based on the escape scores. Shade and vegetation were
found to be important determinants of male Ae. albopictus catch
rate success using BGS traps (Crepeau et al., 2013). In addition,
when a black cloth of 8 cm in diameter was placed on top of the
pink-colored FTD as an attractant against BG-Lure and fan, it did
not improve the observed escape rate in both Aedes mosquito
species (Supplementary Material S16). This also shows that
although the color of the fan is black, it did not induce better
escape rates.

A quick mosquito flight ability tool is preferable for routine use.
Finding a minimum response time for the FTD is important. We
found that although no difference in overall escapees for each time
period (30, 60, 90, and 120 min) was observed, less variation
between replicates was observed for 120 min. Indeed, once
mosquitoes are blown into the FTD, they fly upwards through
one of the individual internal tubes into the large containment box.
However, a proportion of males could be seen resting on top of the
inner tube. We cannot rule out that some mosquitoes may return
into the individual tubes and so a minimum predetermined
duration might be needed for consistent output. Dor et al.
(2020) proposed time periods between one and 5 hours to be
investigated using their device (80 × 2 cm). In any case, a 2 h time
period would be acceptable for a rapid assessment of short-range
flight activity as an indicator for their overall quality and
performance once released into the field site. However, for this,
determining a proxy of male mating capacity based on flight ability
would be key. It has been shown that a flight ability score after 2 h
could be predictive of survival and insemination rates with over
80% of the inertia (Culbert et al., 2018).

Recent studies on flight assays recommended using two-to-
three–day-old adult maleAedesmosquitoes for QC (Culbert et al.,
2018; Dor et al., 2020). However, it is known that age-related
changes in mosquitoes’ flight muscles may occur (Johnson and
Rowley, 1972) and this may impact flight ability (Rowley and
Graham, 1968). Therefore, assessing the flight performance of
males of different age groups could help guide the predicted peak
age for flight potential for field releases. In our study, although
different strains of Ae. aegypti from Brazil (maintained at the
IPCL) and from Singapore were maintained in different
conditions, including larval diet, they both exhibited a
significant increase in ability to escape from the FTD with
increasing age. This highlights the need for each facility to set
up its own QC reference baseline escape rates. We have shown
here that mosquito flight ability reference values should be based
on a specific age range. Oliva et al. (2012) observed that male Ae.
albopictusmosquitoes (La Reunion strain) sexual maturation was
completed within 13–20 h postemergence and some males were
able to inseminate females when 15 h old. However, one-day-old
males were less competitive than five-day-old ones in laboratory
conditions. Rowley and Graham (1968) indicated that the
limiting factor in flight ability appears to be the extent of the

glycogen reserves in young mosquitoes, but older mosquitoes are
unable to utilize or mobilize glycogen in flight. Increased flight
ability with age was also previously demonstrated in insects,
including Drosophila funebris and D. melanogaster (Williams
et al., 1943; Wigglesworth, 1949). The response to the FTD
could be related to an interaction between age and attractants.
This phenomenon was also observed when 10-to-15–day-old
mosquitoes were more responsive to CO2 and human skin
odor than younger (three-to-five days old) adults in both Ae.
albopictus and Culex quinquefasciatus (Drago et al., 2021).
Sexually immature Ae. aegypti males (under 24 h old) exhibit
flying but not swarming behavior, according to Cabrera and Jaffe
(2007). They also described that sexually mature males (above
24 h of age) initiate a small swarm and secrete an aggregation
pheromone, which stimulates and attracts more conspecificmales
to the swarm. A flight mill assay did not show a difference in
mean total flight capability (distance, duration, and velocity) in
male Culex pipiens pallens (L.) in contrast to their female
counterparts (Cui et al., 2013). We also observed that after the
age of five to six and seven to eight days, flight ability declined
with age in Ae. aegypti and Ae. albopictus mosquitoes,
respectively. Aging is known as a factor that causes wing
damage in house flies (Wehmann et al., 2022), which might
impact flight ability.

The FTD has shown its capacity to measure the performance
of male Ae. albopictus mosquitoes from different geographical
origins but maintained in the same conditions. This shows that
the device can be widely used in SIT-based control programs
against these vectors. Recently, the FTD was used to assess the
flight ability of long-term mass-reared Ae. albopictus and Ae.
aegypti mosquito populations (Mamai et al., 2019; Somda et al.,
2019; Li et al., 2021). Although there was a significant difference
in adult body size between strains, no difference in escape rates
was recorded, suggesting that a slight variation in size between
strains reared in similar conditions might not limit the use of the
FTD. Nevertheless, a recent study has shown that An. arabiensis,
which are larger than Aedes mosquitoes, exhibited fewer escapes
from the device. Consequently, a wider diameter of the individual
internal tubes (from eight to 10 mm) was proposed for that
species (Culbert et al., 2020).

Given the growing number of mosquito SIT programs (Bouyer
et al., 2020), a number of IAEA member states are interested in a
standardized easy to use and cheap QC method. One of the
general challenges of the FTD is its cost. Indeed, the 40 individual
tubes of the FTD comprise the majority of the costs of the device
in itself. Reducing the number of tubes to eight led to a three-
to fivefold reduction in price. A simpler short-flight range
device could be designed and created with the aim of further
reducing the overall cost while maintaining a 2 h time period
for the routine QC assays. Alternative materials to lower the
production cost of the flight device could also be investigated
in developing countries. Modified gray-colored PVC single-
flight tubes with different diameters and heights were tested
for male Ae. aegypti escape rates after 24 h (Dor et al., 2020).
A QC tool that measures mosquitoes’ capacity to fly should
be sensitive enough to distinguish factors including high-
dose irradiation (Parker et al., 2021) and cold stress (Culbert
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et al., 2019), as these factors are known to impact male
mosquito quality. As such, the observed escape rates using
the eight-tube FTD were consistent with similar studies
performed with the 40-tube FTD (Culbert et al., 2018,
2020), and thus, we propose this cost-effective version as
an alternative.

5 CONCLUSION

This study demonstrated that several factors may influence the
measurement of flight performance using the FAO/IAEA
reference FTD. The device should be used with a transparent
middle flight tube to assess the quality of mass-reared Ae. aegypti
and Ae. albopictus males. The test should be completed with the
addition of BG-Lure and fan for a period of 2 hours for a specified
mosquito age group. All experiments should be performed in
similar conditions of daylight. As this factor may differ between
laboratories and settings, it may be worth assessing the effects of
different light, temperature, humidity conditions, and the time of
the day on the ability of the device to show consistent data.
Therefore, each laboratory should meet the minimum
environmental conditions to set its own QC figures. Further
studies may be required to assess whether the current FTD
might allow estimating male mosquito competitiveness.
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