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Abstract

Background: Determining the age of malaria vectors is essential for evaluating the impact of interventions that
reduce the survival of wild mosquito populations and for estimating changes in vectorial capacity. Near infra-red
spectroscopy (NIRS) is a simple and non-destructive method that has been used to determine the age and species
of Anopheles gambiae s.l. by analyzing differences in absorption spectra. The spectra are affected by biochemical
changes that occur during the life of a mosquito and could be influenced by senescence and also the life history of
the mosquito, i.e., mating, blood feeding and egg-laying events.

Methods: To better understand these changes, we evaluated the influence of mosquito physiological status on NIR
energy absorption spectra. Mosquitoes were kept in individual cups to permit record keeping of each individual
insect’s life history. Mosquitoes of the same chronological age, but at different physiological stages, were scanned
and compared using cross-validations.

Results: We observed a slight trend within some physiological stages that suggest older insects tend to be
predicted as being physiologically more mature. It was advantageous to include mosquitoes of different
chronological ages and physiological stages in calibrations, as it increases the robustness of the model resulting in
better age predictions.

Conclusions: Progression through different physiological statuses of An. arabiensis influences the chronological age
prediction by the NIRS. Entomologists that wish to use NIR technology to predict the age of field-caught An.
gambiae s.l from their study area should use a calibration developed from their field strain using mosquitoes of
diverse chronological ages and physiological stages to increase the robustness and accuracy of the predictions.
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Background
Mosquito age-grading provides an important source of
information on survival rates of vector populations and
for understanding malaria epidemiology and transmission
[1]. Only older mosquitoes are capable of transmitting the
disease because the Plasmodium parasites take 8-14 days
to develop into the sporozoite stage that is infective to
humans [2]. The ability to determine chronological age of
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the vector provides insight into population structure and
vectorial capacity. This is essential for interventions that
require an evaluation of their impact on the survival of
wild mosquito populations and for the development of life
shortening vector control strategies such as slow acting in-
secticides such as clorophenapyr, new biological control
agents like Wolbachia and entopathogenic fungi as well
attractive toxic sugar baits [3-5]. Alternatively, mark-
release recapture technique has been used in a number of
investigations to determine the survival and dispersal of
mosquitoes transmitting diseases. However, this method is
confounded by the low recapture rate which is largely
influenced by topographical features, number and type of
entral Ltd. This is an open access article distributed under the terms of the
/creativecommons.org/licenses/by/2.0), which permits unrestricted use,
, provided the original work is properly cited.
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traps used, weather e.g. wind. Hence, there is a need to
capture a large proportion of the population in order to
achieve acceptable levels of accuracy [6].
Traditional age grading methods rely on dissection

and observation of morphological changes in the mos-
quito reproductive tract. The most commonly applied
age classification technique for mosquitoes is the ovary
tracheation method of Detinova [7]. The presence or ab-
sence of tracheole skeins is used to classify mosquitoes
as either nulliparous or parous, and this proportion is
used to calculate the probability of a mosquito surviving
one gonotrophic cycle. The changes in the daily survival
can be used to calculate changes in mosquito longevity
to determine the impact of an intervention on the vec-
torial capacity of mosquito populations [8]. This dissec-
tion method has many limitations as it requires 1)
knowledge of the duration of the gonotrophic cycle for
that species in that ecological setting, 2) assumes that
daily vector survival is constant, although it has been
shown to decrease as the mosquito ages [9] 3) assumes
that mosquitoes take one blood meal per gonotrophic
cycle when some take two before developing the first
batch of eggs – the so called pre-gravidae [10]. The
Polodova technique is able to identify how many ovipo-
sitions a female mosquito has completed by observing
the dilatations in the mosquito ovarioles [11]. However,
only a handful of entomologists in the world are dexte-
rous enough to perform the Polodova technique. In
addition, the results retrieved by these methods are not
very accurate, rely on subjective visual observation and
are impracticable for large scale studies [12].
Currently, there is a trend in novel age grading methods

as researchers search for a simple, scalable assay that can
measure vector survival rates in the field. Methods for age
prediction by analysis of cuticular hydrocarbons and gene
profiling provide accurate chronological age prediction
[13,14]; however, the cost for equipment and ongoing
analysis limits their routine application. Near-infrared
spectroscopy (NIRS) has been previously demonstrated to
sufficiently age grade pests of stored cereals [15]. Recently,
it has been proven to successfully age-grade and differen-
tiate laboratory reared An. gambiae sensu stricto from its
morphologically identical sibling An. arabiensis [16]. This
breakthrough provides a convenient alternative to time-
consuming dissection methods and other expensive
methods that require high-tech laboratory facilities [17].
NIRS is a non-destructive method that can be used to age
grade and speciate thousands of wild mosquitoes in a day
[16]. The NIRS method measures energy absorption at
specific wavelengths by biological matter, which alters
with age of the vector and species. Although not clearly
studied, it is thought that compounds found on the
cuticular surface of the mosquito, as well as its water com-
position, determine the absorption spectrum. Differences
in water composition even within cryptic species are
known to exist, such as with An. arabiensis and An.
gambiae s.s. [18]. Previous studies using NIRS have
demonstrated chronological age prediction accuracy >80%
for fresh and preserved mosquitoes that were sufficiently
old to transmit malaria sporozoites i.e. >7 days old [19].
However, these experiments were performed with mos-
quitoes that had never blood fed, so their physiological
status was not taken into account.
In the present study, we objectively conducted a series

of experiments using laboratory-reared An. arabiensis of
known chronological age and physiological status, to
determine how physiological status impacts the NIR
energy absorption and thus age prediction. Mosquito
physiological status has been proven to influence the com-
position of cuticular biochemicals [20,21], and it is an
important factor for NIRS age determination, as it might
change cuticular hydrocarbons and jeopardize the robust-
ness of the tool.

Methods
Laboratory reared mosquitoes
An. arabiensis were reared inside a screened house semi-
field system under ambient conditions [22]. Approxi-
mately 1000-1500 eggs from the adults’ cage were put
into the 250 ml hatching bowl lined with the wetted
filter paper. Around 150 ml of water was added into the
hatching bowl and then left under natural sunlight in
the screened house. Following hatching, larvae were
added to 3.5 L water in a basin. Approximately 0.5 g of
Tetramin fish food was then added on a daily basis, and
the larvae were reared under natural photoperiod 12:12
Light: Dark. After 8-10 days depending on the weather
conditions developing pupae were collected into a 250 ml
bowl that was then put into a prepared cage for
emergence. Adult females were blood-fed by inserting a
human (volunteer) arm inside the cage each time for 15
minutes (Ethical clearance No. IHRDC/EC4/CL.N96/
2004) and provided with fresh 10% glucose solution
daily. Blood feeding was always carried out after a
6-hour starvation period where 10% glucose source was
withdrawn to ensure avidity.

Mosquito handling
Upon emergence for each replicate, 50 female mosqui-
toes were released in a netted cage (40×40 cm) together
with 150 male mosquitoes (3-days or older). A 3 to 1
proportion was chosen to increase the chances of mating
occurring. On the third day post-emergence mosquitoes
were offered a blood meal. The following morning, all
females were carefully aspirated using a siphon and
transferred into individual styrofoam cups. The bottom
of the cups was lined with moistened filter paper to
allow oviposition. After laying an egg-batch, mosquitoes
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were transferred into new cups. Blood meals were of-
fered ad libitum every day; around 19.00 hrs volunteers
placed their forearm over the cups and allowed mosqui-
toes to feed through the netting material for a period of
15 minutes.
Details of each mosquito’s life history were recorded

individually, by documenting when each mosquito
blood-fed and laid eggs. Shortly before NIR scanning,
mosquitoes were killed using chloroform vapour in a
well-ventilated room, after scanning they were submit-
ted to dissection of the spermathecae to confirm if
mating had occurred. Briefly, a drop of water was added
on a clean slide, the thorax was gently grasped using a
pair of forceps and placed ventral side up with the abdo-
men resting in the water under the stereoscope. Gently
the terminalia was removed by grasping them and
pulling away slowly using a fine tip needle or forceps.
The spermatheca was relocated within the 8th segment
and terminalia section removed previously. A cover slip
was gently lowered onto the spermatheca using a needle
(to avoid rupturing the spermathecae). On the under-
side of the slide, the area surrounding the spermathecae
was circled using a permanent marker. A compound
microscope magnification with 100X was used to ob-
serve movement of the long thread-like spermatozoa
within the spermathecae [23]. Mosquitoes were consi-
dered mated, when sperm were clearly observed within
the spermathecae. Unclean or uncertain samples were
excluded from the analysis.
Figure 1 NIRS predicted chronological age versus the actual age of A
includes all physiological stages (virgin, pre-gravid, 1st oviposition, 2nd ovip
Experimental design
Mosquitoes were scanned on four fixed chronological
ages, i.e. 3, 5, 8 and 11 days. This allowed us to compare
differences in spectra between mosquitoes of the same
age but in different physiological stages (virgin, pre-
gravid, 1st oviposition, 2nd oviposition). A minimum of
25 mosquitoes were scanned for each combination of
age and physiological age. The scanning protocol has
previously been described elsewhere [11].

Data analysis
ASD software RS3 (Version 3.1) was used to collect all
spectra. These were converted to GRAMS format (Thermo
Galactic, Salem, NH, USA) using ASD ViewSpecPro. The
Grams software PLSPlus/IQ was used to perform partial
least squares (PLS) regression analysis on the spectra for
cross-validation as described previously [16]. Spectra of
An. arabiensis were collected at the chronological ages of
3, 5, 8, and 11 days, and physiological statuses of virgin,
pre-gravid, 1st oviposition, and 2nd oviposition (assigned 1,
2, 3, 4 for PLS regression analysis). To determine the
effect of physiological status in a particular age group, the
average of predicted values for each physiological status
were compared. To quantify the effects of both actual
chronological age and physiological status on the age pre-
dictions, a generalized linear model (GLM) fitted to a
Gaussian distribution was performed using prediction
value as the dependant variable and the physiological age
as the independent value for each actual category.
n. arabiensis. Chronological age predictions by NIRS using model that
osition).



Table 1 The mean and standard error of chronological age predictions using NIRS of female An. arabiensis

Predictions from pre-gravidae calibration Pre-gravid Virgin 1st oviposition 2nd oviposition

n Prediction n Prediction n Prediction n Prediction p-values

Chronological age

3 days-old 58 NA 43 (4.4) ±1.65 - - - - -

5 days-old 43 NA 39 (5.5) ± 1.25 38 (5.6) ±1.44 - - 0.641

8 days-old 38 NA 26 (7.6) ± 1.54 47 (6.4) ± 0.95 - - 0.014

11 days-old 48 NA 42 (8.4) ± 1.78 68 (7.9) ± 2.12 69 (8.6) ±1.61 0.592

Predictions from a cross-validation Pre-gravid Virgin 1st oviposition 2nd oviposition

n Prediction n Prediction n Prediction n Prediction p-values

Chronological age

3 days-old 58 (3.7) ± 1.24 43 (4.0) ± 1.23 - - - - 0.730

5 days-old 43 (5.2) ± 1.77 39 (6.1) ± 2.59 38 (5.9) ± 1.42 - - 0.225

8 days-old 38 (7.9) ± 1.68 26 (6.8) ± 2.14 47 (8.0) ± 1.66 - - 0.850

11 days-old 48 (10.2) ± 2.12 42 (10.4) ± 1.94 68 (10.6) ± 2.62 69 (9.91) ± 2.90 0.099

The p-values were generated from a generalized linear model fitted to a Gaussian distribution analyzing differences between age predictions of mosquitoes at
different physiological stages but within the same age group.
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Results and discussion
Chronological age predictions
The objective of this study was to determine if the pro-
gression through different physiological changes would
alter the NIRS chronological age prediction of An.
arabiensis. In order to investigate models to predict
chronological age, we first developed a calibration using
pre-gravid mosquitoes of different chronological age to
predict the age of other mosquitoes at other physio-
logical stages. Results showed that the predicted chrono-
logical age increased along with the real age (Figure 1),
but younger mosquitoes were predicted as older than
their actual age, and older mosquitoes were predicted as
younger than their actual age.
However, predictions generated from a cross validation

that included mosquitoes of different physiological
stages neared the actual chronological age, meaning that
age prediction accuracy was increased (Table 1). There-
fore, it seems advantageous to include mosquitoes of dif-
ferent physiological stages in calibrations, as it increases
the robustness of the model by introducing sources of
Table 2 The mean predicted physiological age of An. arabien

Chronological age Virgin Pre-gr

3 days old 1.08 ± 0.49 1.98 ±

5 days old 1.87 ± 0.46 2.05 ±

8 days old 2.03 ± 0.40 2.13 ±

11 days old 2.44 ± 0.34 2.5 ±

Average 2.085 ± 0.42 2.165 ±

The mean physiological ages were predicted from the cross-validation model devel
Pre-gravid=2.0, 1st oviposition=3.0, 2nd oviposition=4.0).
variability, proving the importance of including mos-
quitoes of all physiological stages when developing a
calibration to predict field samples. Robustness of a
calibration increases as the physiological diversity of
mosquitoes in each age class increases. Therefore, a cali-
bration for NIRS age prediction of any wild mosquito
population should include mosquitoes of different stages
that have mated, blood fed and laid eggs in order to
represent the diversity of mosquitoes through the na-
tural stages of their lifetime [24].

Physiological status prediction
We investigated the robustness of NIRS to determine if it
is capable of predicting the physiological age of mosqui-
toes (prediction values were: virgin=1.0; pre-gravid=2.0;
1st oviposition=3.0; 2nd oviposition=4.0). We observed a
slight trend within some physiological stages of the same
chronological age group suggesting that older insects tend
to be predicted as being physiologically more mature. For
example, 3-day old virgin mosquitoes had their physio-
logical status correctly predicted as virgin (prediction
is using NIRS

avid 1st oviposition 2nd oviposition

0.28

0.44 2.19 ± 0.39

0.48 2.33 ± 0.30

0.23 2.62 ± 0.45 2.6 ± 0.32

0.36 2.38 ± 0.38 2.6 ± 0.32

oped using An. Arabiensis of different physiological status (Virgin-1.0,
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value 1.08), but 11-day old mosquitoes were predicted as
pre-gravidae (prediction value 2.44) (Table 2). Ideally
virgin mosquitoes should have a predicted physiological
status of 1.0. Similar trends were also seen for pre-gravid
and mosquito that laid one egg batch.
The effects of physiological status on the age predic-

tions, the age prediction values through different physio-
logical statuses in each actual age category were not
significantly different (Table 1). Thus, NIRS could not tell
the difference between a virgin mosquito, pre-gravid
mosquito, a mosquito that laid one egg batch or a mos-
quito that laid two egg batches. Prediction values from
progressive physiological status (virgin to pre-gravid to 1st

oviposition and to 2nd oviposition) were not significantly
different; hence the NIRS cannot be used to determine
physiological age. However, there were trends in the
predicted values along the different physiological stage,
this may imply that changes in organic constituents in
multi-parous mosquitoes occur but are not substantial
enough to affect near infra red energy absorption spectra.
We observed a decreased accuracy of age prediction in
older mosquitoes as seen in the broad range in predicted
age of the 11 day old insects, consistent with previous
studies using laboratory and semi field reared mosquitoes
[16], this may be due to a decrease in aging associated bio-
chemical changes in the thoracic cuticle [25,26]. Similarly,
mosquito cuticular water contents have been implicated
with the characteristic NIR energy absorption spectra
[18,26,27]. Though, according to our observation the
changes in physiological status of An. arabiensis probably
do not affect their water content.

Conclusions
A study using gas chromatography-mass spectrometry to
characterize the epicuticular surface of the An. gambiae s.s,
demonstrated the association of quantitative relative
abundance of cuticular C-H functional groups with
physiological changes of the mosquito [20]. This obser-
vation may give us clues on how physiological changes
along the lifetime of An. arabiensis are reflected biochem-
ically and therewith affect NIR absorption spectra. Per-
haps, the NIR age grading is formed on the basis of
spectra difference corresponding to C-H and C=O im-
portant overtones likely caused by absorption by cuticular
lipids and water respectively [25,28]. Further research is
necessary to better understand the factors that influence
changes in NIR absorption of An. arabiensis mosquitoes
along their lifetime. We now know that progression
through both chronological and physiological age have an
influence on the absorption spectra although not substan-
tial enough to allow the prediction of physiological age.
Entomologists that wish to use the NIR technology to pre-
dict the age of field-caught An. gambiae s.l. from their
study area should use a calibration performed from their
field strain using mosquitoes of diverse chronological ages
as well as diverse physiological stages in order to increase
the robustness and accuracy of the predictions. Our
finding demonstrates that physiological status of An.
arabiensis is an important factor in a model for chrono-
logical age grading. Robustness of the calibration model
improves as the physiological diversity of mosquitoes in
each age class increases. Further analysis of insect cuticle
may reveal the biochemistry underlying the changes seen
from NIR spectra, which could potentially be applied to
improve the prediction of chronological age and physio-
logical status of malaria vectors.
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