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Abstract

We report on the accuracy of using near-infrared spectroscopy (NIRS) to predict the age of Anopheles mosquitoes reared
from wild larvae and a mixed age-wild adult population collected from pit traps after exposure to pyrethroids. The
mosquitoes reared from wild larvae were estimated as <7 or =7 d old with an overall accuracy of 79%. The age categories
of Anopheles mosquitoes that were not exposed to the insecticide papers were predicted with 78% accuracy whereas the
age categories of resistant, susceptible and mosquitoes exposed to control papers were predicted with 82%, 78% and 79%
accuracy, respectively. The ages of 85% of the wild-collected mixed-age Anopheles were predicted by NIRS as =8 d for both
susceptible and resistant groups. The age structure of wild-collected mosquitoes was not significantly different for the
pyrethroid-susceptible and pyrethroid-resistant mosquitoes (P=0.210). Based on these findings, NIRS chronological age
estimation technique for Anopheles mosquitoes may be independent of insecticide exposure and the environmental
conditions to which the mosquitoes are exposed.
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Introduction

Mosquito survival is critical to the transmission of the pathogens
they carry. Malaria parasites take 9-14 d to mature inside the
mosquito before they can be transmitted to a host. As such, only
vectors that survive beyond the incubation period of the parasite
become infectious [1]. Given that the main objective of existing
vector control interventions such as the use of insecticide-treated
nets and indoor residual spraying is to reduce mosquito lifespan to
below the incubation period of the parasite [2,3], the ability to
determine the age of these vectors prior to and after implemen-
tation of a vector control program, is crucial to the assessment of
the efficacy of these interventions.

The most common techniques used to estimate mosquito age
structure are based on estimates of mosquito survival rates by their
oviposition cycles. One of the key methods applied is the Detinova
parity technique [4] which is a simple age grading technique that
categorizes female mosquitoes into two age classes; nulliparous and
parous. The second technique categorizes female mosquitoes
according to the number of completed gonotrophic cycles [5].
However, the difficult and laborious dissections involved with this
technique limit its use to a few experts working on only a small
sample of a mosquito population. A relatively recent mosquito age
grading methodology involves measuring changes in the abun-
dance of cuticular hydrocarbons extracted from mosquito legs
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using mass spectrometry [6,7]. This approach has been used to
predict the ages of Anopheles gambiae into two age groups (=2 d and
>2 d) [8] and to predict the ages of Anopheles farauti into two age
groups (<5 and =5 d) [9], but this technique is not cost-effective
for large field trials, particularly in resource-limited areas. Another
technique for analysing changes in the abundance of transcrip-
tional profiles in the heads and thoraces of mosquitoes has been
reported as the most accurate technique for predicting the age of
An. gambiae [10-12]. However, earlier field-based experiments on
uncaged Aedes aegypti using the transcriptional profiling age grading
technique estimated the cost at US$7.50 per sample [13]. The cost
and time involved could be major limitations to the applicability of
this technique to processing large sample sizes required for large-
scale field assessments.

Near-infrared spectroscopy (NIRS) is the most recent rapid and
cost-effective age grading and species identification tool. It involves
collecting spectrum absorbed from the heads and thoraces of
mosquitoes and subsequent analysis of the spectrum for both age
and species determination [14]. The technique has previously
been used to simultaneously estimate ages and identify morpho-
logically indistinguishable An. gambiae and An. arabiensis reared in
the laboratory [14] and semi-field environment [15]. The method
can also be applied to samples preserved in RNAlater solution
(Ambion, Austin, TX, USA) [16] and by other preservation
techniques such as the use of desiccants, refrigeration, 70%
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ethanol and Carnoy’s solution [17]. To date, NIRS has been used
to predict mosquito age into two categories; <7 d old (an age
group in which mosquitoes are too young to bear mature parasites)
and =7 d old (an age group in which mosquitoes have survived
long enough that they could be potentially infectious) with
accuracies ranging from 78% to 90%. More recently, Ntama-
tungiro and colleagues indicated in their study that although the
NIRS could not be relied upon for physiological age prediction of
An arabiensis, its chronological age prediction ability is independent
of the physiological status of the mosquitoes [18], meaning that
NIRS can still be applied to predict the chronological age of a
mosquito population with varying physiological age status.
However, the performance of NIRS for age grading mosquitoes
under a range of environmental exposures experienced by field
mosquitoes has not been determined. In this present study, we
examined the effect of insecticide exposure on the accuracy of
NIRS mosquito age grading technique. The aims of this study
were therefore 1) to evaluate the accuracy of the NIRS for
predicting the age of Anopheles mosquitoes reared from wild larvae
2) to investigate whether exposure to insecticide affects the age
prediction accuracy of Anopheles mosquitoes by NIRS and 3) to
compare the age structure of pyrethroid-resistant and pyrethroid-
susceptible adults collected from the field. The overall aim was to
test whether NIRS can be applied as a technique for future
evaluations of the efficacy of control interventions’ in terms of
removing potentially infectious or insecticide-resistant mosquitoes
in the population.

Materials and Methods

Ethics statement

Ethics approval was obtained for routine blood feeding from the
Zanzibar Malaria Control Programme (ZMCP) as part of the
monitoring and evaluation program of malaria vectors. Ethics
approvals were also obtained from the QIMR Berghofer Medical
Research Institute (QIMR HREC980) and Griffith University
(ENV/29/09/HREC). Written consent was obtained from all
volunteers who were involved in blood feeding, and volunteers
were given the right to refuse to participate or withdraw from the
experiment at any time. Verbal consent was obtained from
residents in Tumbe to dig pit traps around their homes for
mosquito collection.

Study site

This study was conducted at three ZMCP experimental sites,
Tumbe, Chwale and Uwandani, on Pemba Island, Zanzibar,
between October and November 2011. No specific permissions
were required for these locations as they were within the ZMCP’s
approved research stations. This field study did not involve
endangered or protected species. Anopheles gambiae s.1. (Anopheles
arabiensis, Anopheles merus and Anopheles gambiae s.s.) are the main
malaria vectors in these areas [19,20].

Larvae collection and rearing

Wild Anopheles spp. larvae and pupae were collected from sweet
potato paddies, irrigation channels, grassy ditches and water
logged areas of Tumbe, Chwale and Uwandani. The larvae and
habitat water from the three sampling sites were pooled together in
a plastic water trough measuring 35x15 cm in a room with
naturally fluctuating humidity and ambient temperature. Addi-
tional food (Tetramin fish food flakes; Blacksburg, VA) was
provided to larvae that were collected while still at the 1% or 2
instar stages (10 g/1000 larvae). Pupae were placed in cages
measuring 15x15x20 cm for a 24-hr emergence period, and
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thereafter, non-emerged pupae were removed and transferred to
the next cage. Adult mosquitoes were fed on 10% glucose daily
and on blood meals once every 7 d for 10 min on a human
volunteer. The adults were provided with an oviposition site. Age
samples required for NIRS calibration were collected at 1, 3, 5, 7,
9 and 14 d post emergence.

Wild adult mosquitoes

All wild mosquitoes were collected in Tumbe from pit traps
measuring 152x122x91 cm covered with coconut and banana
leaves. Mosquitoes resting in pits were collected between 6 am and
9 am using an aspirator.

Exposure of mosquito samples to insecticide

Wild mosquitoes were exposed to 0.05% lambda-cyhalothin as
soon as they were collected from the field. A total of 335 wild
mosquitoes were exposed [21]. Dead and surviving mosquitoes
were preserved in RNAlater for subsequent age grading using a
near-infrared spectrometer [16].

Spectra collection using the NIR spectrometer

All mosquitoes collected from Pemba were transferred to
Ifakara Health Institute for NIRS analysis. Prior to scanning,
residual RNA/ater was removed from the mosquito specimens
using paper towels. At least 40 females at each age for both the
lambda-cyhalothrin-exposed and unexposed laboratory cohorts,
and 331 wild-collected mixed-age Anopheles mosquitoes were
scanned using a LabSpec 5000 NIR spectrometer (ASD Inc,
Boulder, CO), according to the procedure described by Mayagaya
and colleagues [14]. A maximum of 20 mosquitoes were
positioned ventral side up on a Spectralon plate. To collect the
spectrum, the head and thorax of each mosquito was scanned one
at a time under a 3-mm-bifurcated fiber-optic probe containing
four collection fibers and 33 illumination fibers.

Development of NIRS calibrations and data analysis

Calibrations were constructed that included mosquito age
cohorts; that were not exposed to the assay at 1, 3, 5, 7, 9 and
14 d, mosquitoes that survived the 24-hr holding period after
exposure to 0.05% lambda-cyhalothrin at 4, 8, and 13 d and
mosquitoes that were exposed to control papers (oil-impregnated
WHO assay papers) at 4, 8 and 13 d. Mosquitoes that died during
the 24-hr holding period were excluded from the model. This
calibration model was used to predict the age of the wild-caught
mixed-age Anopheles mosquitoes and the mosquitoes that died after
exposure to the insecticide. A total of eight factors developed from
plots of prediction residual error sum of squares (PRESS) and
regression coefficients were used in this model. The model
included the portion of the NIRS spectrum from 500 nm—
2350 nm. A Mann-Whitney U test was used to test whether the
predictions were significantly different for resistant and susceptible
wild-collected mosquitoes after exposure to 0.05% lambda-
cyhalothrin. The ability of NIRS to differentiate three age groups
for mosquitoes that survived or died after exposure to the assay
was analysed using the Kruskal-Wallis test.

Polymerase Chain Reaction to identify species

Using the alcohol precipitation method [22], wings or legs of
adult mosquitoes were crushed in a test tube to extract DNA. Each
of the sibling species of An. gambiae s.1. contains a unique sequence
at the intergenic spacer region of ribosomal DNA that can be
amplified for species identification [23]. A PCR master mix
containing 1 U/pl Taq polymerase (New England Biolabs,
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Ipswich, MA,USA), 2 ul of 10 x KCL, 0.02 mM MgCLy, 2 mM
dNTPs and 6.4 ul distilled water was added to the DNA extract;
10 pmole/pl of forward and reverse primers of the An. gambiae
complex (An. gambiae s.s., An. arabiensis, An. merus and Anopheles
quadriannulatus 'Theobald) and 10 pmole/ul of An. funestus specific
primers were added to the PCR mix [23]. Samples of An. gambiae
s.s. and An. arabiensis were used as positive controls in each batch of
reactions, whereas distilled water was used as a negative control.

Results

Species identification

A total of 938 mosquitoes were analysed by PCR for species
identification. The samples included both wild-caught and
mosquitoes that were reared from wild collected larvae. After
three attempts, the PCR assay successtully identified 39%
(N=365) of all the samples collected. Of the samples that were
successfully amplified, 97% were An. arabiensis and the remainder
were An. merus.

NIRS age prediction of resistant and susceptible
Anopheles spp reared from wild larvae

The overall age estimation accuracy into <7 and =7 d age
groups was 79% for all the mosquitoes, regardless of whether they
had been exposed to the insecticide-treated papers. The age
estimation accuracy for Anopheles mosquitoes that were not exposed
to the insecticide-treated papers into <7 and =7 d age groups was
78%, whereas the age prediction accuracies into the two age
groups for resistant and susceptible mosquitoes and mosquitoes
used as controls were 82%, 78% and 79%, respectively (Table 1).
The age prediction accuracy for mosquitoes that were 1, 3, 5, 7
and 9 d old varied between *3 and %5 d of the actual age, but the
range increased to =7 d for mosquitoes that were >9 d old
(Table 2, Figure 1). The ages of mosquitoes at the extremes of the
range tested (1-3 d old and 12-14 d old) were more accurately
predicted into the two age categories (<7 or =7 d old).

The mean predicted ages (=SD) of the mosquitoes that survived
the assay that were 4, 8 and 13 d old, were 6.0£1.5, 8.6%=2.0 and
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9.0£1.9 d, respectively, when predicted on a continuous scale
(Figure 2A). The predicted values for the three age classes were
significantly different from each other (Kruskal-Wallis; F=71.27,
d.f. =2, P<0.001). Moreover, predictions for 4 d old mosquitoes
were significantly different from predictions for both 8 d and 13 d
old mosquitoes (P<<0.05). However, no difference was observed
between the age predictions for the 8 d old and 13 d old groups
(P>0.05).

All laboratory-reared mosquitoes that died within the 24-hr
holding period were assumed to be 0.5 d older than the time of
insecticide exposure as the specific time of death was unknown.
The mean age predictions (£SD) for 3.5, 7.5 and 12.5 d old
groups on a continuous scale were 5.2%1.9, 7.1x2.1 and
10.4*+3.3 d, respectively (Figure 2B), and these age predictions
were significantly different from each other (IF=58.56, d.f.=2,
P<<0.001).

NIRS Age prediction of resistant and susceptible wild
Anopheles spp

Wild mosquitoes were collected from pit traps over a period of
10 d and exposed to 0.05% lambda-cyhalothrin using the WHO
resistance testing assay. No mortality were recorded in the control
tubes therefore the test mortality was not adjusted. Of the total of
335 mosquitoes exposed to the assay, 69% survived the 24-hr
holding period. NIRS was used to predict the age of 331 wild-
collected mosquitoes. Of the wild-collected mosquitoes that
survived the exposure to 0.05% lambda-cyhalothrin (N =225),
72% were estimated to be between 5 and 8 d old, while only 3% of
the mosquitoes that survived the treatment were estimated to be
between the ages of 11 and 15 d old. The rest of the mosquitoes
(25%) were estimated to be =4 d old. The age frequency of
susceptible mosquitoes had a distribution similar to that of the
resistant mosquitoes (Figure 3). Of the 106 mosquitoes that died
after exposure to the assay, 65% were estimated to be between the
ages of 5 and 8 d old, 13% were estimated to be =9 d old, and the
rest were estimated to be =4 d old. In addition, 90% of all the wild
mosquitoes that were found blood-fed during collection were
estimated to be =5 d old. A comparisons of the estimated age
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Figure 1. NIRS age prediction of individual female laboratory-reared Anopheles spp. The specimens include mosquitoes that were tested
using the WHO resistance assay at 3, 7 and 12 d post emergence and sampled one day post pesticide exposure and unexposed mosquitoes sampled

at1,3,5,7, 9and 14 d post emergence.
doi:10.1371/journal.pone.0090657.g001
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correctly as <7 or =7 d old.
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Table 1. Percentage accuracy of the NIRS technique for predicting the age of mixed- Anopheles spp at each treatment level

Treatment group %(N) correctly predicted as <7 d old

%(N) correctly predicted as =7 d old

Overall accuracy

Unexposed 86(122)
Resistant 76(51)
Susceptible 82(37)
Control 64(7)

71(109)
87(77)
75(56)
84(31)

78(231)
82(128)
78(93)
79(38)

doi:10.1371/journal.pone.0090657.t001

frequencies of resistant and susceptible mosquitoes conducted
using Mann-Whitney U test indicated that the age distributions of
the two groups were not significantly different (P =0.210).

Discussion

In this investigation, the age prediction accuracy of a novel
mosquito age grading technology, NIRS, was tested on Anopheles
mosquitoes reared from wild larvae, mosquitoes exposed to
pyrethroids and on wild collected adults to differentiate the age
structures of pyrethroid-susceptible and pyrethroid-resistant mos-
quitoes. Using NIRS, the ages of adult Anopheles spp reared from
wild larvae were predicted into <7 d or =7 d old categories with
an overall accuracy of 79% by cross-validation and prediction
analyses, regardless of whether the mosquitoes had been exposed
to insecticide treated papers. However, neither species identity nor
whether mosquitoes were exposed to the insecticide-treated papers
or the control papers changed the prediction accuracy of NIRS.
The NIRS age prediction accuracies (78-82%) obtained in this
study for various treatments, are comparable to previously
reported accuracies i.e., 80-83% accuracy for laboratory-reared
fresh specimens [14,16], 84% for laboratory-reared mosquitoes

maintained in a semi-field environment [15] and 90% for
RNAlater-preserved laboratory-reared An. gambiae s.s and An.
arabiensis mosquitoes [16,17]. Recent reports indicate that the
physiological age of An. arabiensis has no effect on the accuracy of
chronological age prediction using NIRS [18]. The consistency of
the accuracy of NIRS observed in several studies conducted using
physiologically indistinct samples and samples maintained under
various environmental conditions indicates its robustness as an age
prediction tool.

The overall mortality of the mixed-age wild-caught Anopheles
adults exposed to lambda-cyhalothrin was determined to be only
31%, confirming a high level of insecticide resistance in the
population. Our results are consistent with those of a previous
study conducted on Zanzibar Island where authors recorded an
overall mortality of 32% for mixed-age wild DDT-resistant
Anopheles mosquitoes [24]. It has been demonstrated in previous
studies that insecticide resistance decreases with age in mosquitoes
[24-27]. This difference presented a unique opportunity to test
whether the NIRS age grading technology could detect differences
in the age structures of resistant and susceptible mosquitoes
collected as adults from a wild population. However, no difference
was detected between the estimated age structures of resistant and
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Table 2. NIRS age prediction accuracy of mixed-Anopheles spp by age and treatment at different precision levels.
%(N) Predicted to within +3 d %(N) Predicted correctly as
Actual age Specimen condition Range of prediction® of the actual age <7or=7d
1 Unexposed *4 90(37) 100(41)
3 Unexposed *3 94(47) 100(50)
5 Unexposed +5 94(48) 61(31)
7 Unexposed +4 91(58) 64(41)
9 Unexposed *5 79(37) 70(33)
14 Unexposed +7 40(17) 100(45)
4 Resistant +4 96(64) 76(51)
8 Resistant *4 84(53) 86(54)
13 Resistant *7 38(10) 82(22)
3.5% Susceptible +4 78(35) 82(37)
7.5% Susceptible *3 89(24) 56(15)
12.5° Susceptible *7 54(26) 88(43)
4 Control *4 81.8(9) 64(7)
8 Control *4 91(20) 74(17)
14 Control +7 7(1) 88 (14)
Accuracy is shown for mosquitoes reared from wild larvae that were either untreated or treated with lambda-cyhalothrin. Mosquito categories that were treated include
those that were resistant and those that were susceptible. Mosquitoes that were used as controls are also shown.
®Mosquitoes that died during the 24-hr holding period. Their actual ages are assumed to be 0.5 d older than the time of exposure. "Range into which all mosquitoes in
each age group were predicted.
doi:10.1371/journal.pone.0090657.t002
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insecticide exposure. NIRS predictions that differ significantly between the different age groups at the 0.05 level are marked with a different letter.

Mean age predictions are indicated by a red line.
doi:10.1371/journal.pone.0090657.9g002

susceptible wild-collected mosquitoes after exposure to lambda-
cyhalothrin. Mosquitoes predicted to be =8 d old were the most
frequently sampled for both the susceptible and the resistant
groups. The wild adults were collected exactly three weeks after
two weeks of heavy rainfall in this area. It is therefore possible that
there was a large emergence of mosquitoes one week following the
rainfall event, which might have created a pulse of mosquitoes that
were =8 d old in the third week after the rainfall. Alternatively,
the estimated age distribution could indicate a bias in pit trap
collections towards females that are either nulliparous (2—5 d old)
or those undergoing their first gonotrophic cycle (4-7 d old) as
previously reported by Giles and his colleagues who compared the
physiological and the chronological ages of An. gambiae and An.
Junestus in Tanzania [28]. The possibility that a majority of the
samples collected from the wild belonged to =8 d age category is
also reinforced by the 69% level of resistance observed. This level
of resistance is more similar to the 44-72% resistance level
observed for 3 to 5 d old An. gambiae s.1. [25], 84% resistance level
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Figure 3. Frequency (%) age distribution of wild insecticide-
resistant and susceptible mosquitoes, as predicted by NIRS, on
a continuous age scale.

doi:10.1371/journal.pone.0090657.g003
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observed for 4 to 6 d old unidentified An. gambiae s.l. population
and 64% resistance level observed for An. gambiae s.s. [24] than to
the lower resistance level observed for older insecticide resistant
mosquitoes [24,25]. Additionally, the close proximity of this
particular adult sampling site to a large larval breeding site and
residents’ homes makes it a potential resting site for both newly
emerged and blood-fed mosquitoes.

After several attempts to identify the anophelines by PCR using
the method described by Scott and colleagues [23], we were
unable to amplify rDNA fragments from the diagnostic Intergenic
Spacer Region for a majority of the specimens collected. Based on
the successful PCR reactions, An. arabiensis was the major species
collected (97% from pit traps and 98% from mosquitoes reared
from wild larvae) while An. merus was the only other species
identified. Nonetheless, this study is consistent with recent findings
from a study also conducted on Pemba Island in which collections
consisted of 97% An. arabiensis and 3% An. merus. Furthermore, An.
gambuae s.s. was absent from the specimens collected and 6% of
their samples could not be amplified by PCR [20]. Failure to
amplify ribosomal DNA from the majority of specimens collected
on Pemba Island using a standard species identification test, could
be due to technical errors occurring while performing PCR
analysis or collection biases of pit trapping and our larval
collections against An. gambiae s.1. sibling species that have been
successfully identified previously. Alternatively, a tremendous
success has been achieved in controlling An. gambiae s.s. following
the introduction of LLNs on the island six years ago [29]. This
study therefore provides grounds for more investigation regarding
malaria species composition on the island.

Nonetheless, the success of NIRS to predict ages of mosquitoes
in this sample suggest that species identity may not be important to
successful age grading of Anopheles when using NIRS. Therefore,
NIRS may be a broadly applicable technology suited to age
grading Anopheles spp under a wide range of environmental
conditions or those with prior exposure to insecticides. However,
for the NIRS technology to be incorporated into routine
monitoring and evaluation programs, a detailed study is recom-
mended to validate its accuracy relative to traditional age grading
techniques such as parity dissections or dissections conducted to
determine the number of gonotrophic cycles a mosquito has
undergone. Such study would require the development of a

March 2014 | Volume 9 | Issue 3 | 90657



simplified field-based NIRS protocol for routine monitoring of
national and international vector control programs.

On this occasion, NIRS was not attempted for the differenti-
ation of sibling species collected as it has only previously been
calibrated to differentiate An. gambiae from An. arabiensis where only
these two sibling species co-exist [14,15]. Historical reports
indicate the presence of more than two sibling species of the An.
gambiae s1. in the current study area [19,20,24]. Future studies
should therefore investigate the ability of NIRS to differentiate
among three or more sibling species in an area where they occur
sympatric with each other. Such studies would require develop-
ment of new calibration models to incorporate the additional
species.

In summary, these findings indicate that NIRS is a robust age
prediction method for Anopheles mosquitoes. Future application of
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