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Abstract. Mosquitoes are the main arthropod vectors of human pathogens. The current methods for mosquito
identification include morphological and molecular methods. Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry (MALDI-TOF MS), now routinely used for bacterial identification, has recently emerged in the field of
entomology. The aim of this study was to use MALDI-TOF MS to identify mosquito colonies from French Polynesia. Five
hundred specimens from French Polynesia belonging to three species, Aedes aegypti, Aedes polynesiensis, and Culex
quinquefasciatus, were included in the study. Testing the legs of these mosquitoes by MALDI-TOF MS revealed a 100%
correct identification of all specimens at the species level. TheMALDI-TOFMSprofiles obtained allowed differentiation of
male from femalemosquitoes and the specific identification of femalemosquito colonies of the samespecies but different
geographic origin.

INTRODUCTION

Mosquito-borne diseases are a major public health prob-
lem, particularly in tropical areas. They are responsible for
more than one billion human infections and more than one
million deaths worldwide per year.1 In French Polynesia, a
French overseas territory located in the South Pacific
(Figure 1), 16 species of mosquito have been identified, and
13 of them are known to bite humans.2 The main mosquito
vectors in French Polynesia are Aedes aegypti, Aedes poly-
nesiensis, and Culex quinquefasciatus.3 These three species
are present in abundance in the five archipelagos of French
Polynesia and are responsible for the transmission of not only
filariae but also dengue (DENV), Zika (ZIKV), chikungunya
(CHIKV), and Ross River viruses (RRV).2

There, Ae. aegypti is the main vector of DENV, ZIKV, and
CHIKV,4–7 whereas Ae. polynesiensis is the main vector of
lymphatic filariasis and a secondary vector for CHIKV and
Ross River virus (RRV).8–10 Culex quinquefasciatus is a po-
tential vector for lymphatic filariasis.8,11 Native to the Pacific,
Ae. polynesiensis is thought to have been widely spread in the
islands of the archipelago byPolynesians a 1,000 years ago.12

Aedes aegypti andC. quinquefasciatuswere introduced to the
Pacific in the late nineteenth and early twentieth centuries.
Aedes aegypti is now found in the five archipelagos of French
Polynesia, including in Tahiti, the most populated island.9

Entomological surveys are essential for risk assessment
and control of vector-borne diseases. These surveys include
identification of mosquito vector species as an important step
toward implementing vector control strategies.13 The identi-
fication of mosquitoes relies mainly on morphological and
molecular biology techniques. Morphological identification,
based on taxonomic keys,14 can be highly challenging in the
case of damaged specimens or morphological similarities of
species belonging to the same complex.15,16 It also requires
entomological expertise and considerable handling time.
Molecular biology, that is, PCR and sequencing, has allowed

significant advances by specifically identifying a large number
of arthropods.17,18 However, it requires comprehensive data-
bases (National Center for Biotechnology Information [NCBI]
GenBank) and appropriate primers depending on the arthropod
family and even species complex.19 There are no ideal universal
primers for identifying arthropods with certainty.16 The financial
cost of this technique may also limit its use, especially when it
comes to identifying a large number of samples.
In recent years, a new approach has been developed for the

rapid and cost-effective identification of arthropods. Matrix-
assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOFMS) is based on the comparisonof
the protein profiles of samples with a database of reference
spectra.20 It has revolutionized the field of clinical microbi-
ology21 and has been successfully used and validated in
several laboratory or field tests to identify arthropod vectors
such as mosquitoes,22–24 fleas,25 ticks,26–28 sandflies,29,30

tsetse flies,31 and other arthropods.32–35

The aim of this study was to use MALDI-TOF MS to identify
mosquitoes from French Polynesia and to test the ability of
this method to distinguish sex and also geographical origin
within female mosquitoes of the same species.

MATERIAL AND METHODS

Ethical considerations. The mosquito collection protocol
was not submitted to anEthicsCommittee for approval, as the
mosquitoes used in this study were not collected from hu-
mans or animals.
Mosquitoes. Specimens of Ae. aegypti and Ae. poly-

nesiensis used in this study include laboratory colonies
established from specimens collected in French Polynesia or
developed in the laboratory. Two Ae. aegypti colonies (Bora
and Toahotu, established from the islands of Bora Bora and
Tahiti, respectively) and two Ae. polynesiensis colonies (Tiar-
aunu from the atoll of Tetiaroa in the Society islands and “Aito”
[BC9]) were used in this study. All colonies have been reared
for several years, sometimes even decades (Ae. aegyptiBora),
in the laboratory. The twoAe. aegypti colonies are known tobe
free ofWolbachia sp. whereas the Ae. polynesiensis Tiaraunu
colonies are known to carry the bacterial endosymbiont
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Wolbachia sp. clade A.36 The incompatible Ae. polynesiensis
“Aito” (BC9) colony carries Wolbachia sp. clade B.31 The
C. quinquefasciatus mosquitoes used in this study were col-
lected in Paea, Tahiti, in September 2017 at the larval stage,
andmorphologically identified using morphological keys after
they emerged as adults.37 Their infectious status regarding
Wolbachia sp. was unknown.
All mosquitoeswere stored frozen at−80�Cbefore shipping

to IHUMéditerranée Infection laboratory inMarseille for further
analyses. For additional experiments and controls, we used
Aedes albopictus and Anopheles coluzzii reared in the
insectarium of the laboratory in Marseille, as previously
described.38

Sampling. A total of 500 mosquitoes belonging to the
species Ae. aegypti from the Bora and Toahotu colonies, Ae.
polynesiensis Tiauraunu and Aito [BC9] colonies, and wild
specimens morphologically identified as C. quinquefasciatus
from Paea (Tahiti, French Polynesia) were examined in this
study. For each colony, an equal number ofmales and females
(50 specimens each) were sampled. Details regarding each
laboratory colony are presented in Table 1. For theAn. coluzzii
and Ae. albopictus species from the insectarium in Marseille,

24 specimens per species were included in the study (12 fe-
males and 12 males).
Sample preparation for MALDI-TOF MS. The legs of the

mosquitoes were used for MALDI-TOF MS analyses, as pre-
viously described.20

Fresh mosquitoes from Marseille and thawed mosquitoes
from French Polynesia were briefly washed in 70% ethanol,
rinsed in distilled water, and then dried before dissection. All
the legs of eachmosquitowere placed inEppendorf tubeswith
glass powder, 15μL of 70% formic acid (Sigma, Lyon, France),
and 15 μL of 50% acetonitrile (volume to volume) (Fluka,
Buchs, Switzerland). The samples were crushed using the
Tissue Lyser instrument (Qiagen, Hilden, Germany) over three
cycles at 30 movements per second for 60 seconds.39 The
crushed samples were centrifuged at 200 g for 1 minute, and
1.5 μL of the supernatant of each sample was deposited on a
MALDI-TOFMS target plate (Bruker Daltonics, Wissembourg,
France) inquadruplicate. Eachspotwas then recoveredwith1.5
μL of CHCAmatrix solution composed of saturated α-cyano-4-
hydroxycynnamic acid (CHCA) (Sigma), 50% acetonitrile (v/v),
2.5%trifluoroacetic acid (v/v) (Aldrich,Dorset,UnitedKingdom),
and high performance liquid chromatography (HPLC) grade

FIGURE 1. Map showing origin of mosquitoes (French Polynesia). The map was built using the ggmap package and the « terrain-background »
map tile set provided by © Stamen Design, under a Creative Commons Attribution (CC BY 3.0) license. Data are provided by OpenStreetMap®

(London, United Kingdom). This figure appears in color at www.ajtmh.org.

TABLE 1
Results of mosquito sampling from French Polynesia, number of specimens used for the blind test and their identification score

Species Colony Sex
Wolbachia
supergroup Origin Number MS DB BT

Correct identification
[range log score value] (mean)

Aedes aegypti BORA Males None BORA BORA* 48 48 0 48 48 [1.8–2.4] (2.2)
Females 48 48 0 48

TOAHOTU Males None TAHITI* 48 48 0 48 48 [1.8–2.3] (2.1)
Females 48 48 0 48

Aedes polynesiensis AITO [BC9] Males B ILM-TAHITI* 48 48 1 47 47 [2–2.7] (2.5)
Females B 48 48 1 47

TIARAUNU Males A TETIAROA* 48 48 0 48 48 [1.8–2.7] (2.5)
Females A 48 48 0 48

Culex quinquefasciatus PAEA Males ND TAHITI† 48 48 10 38 38 [1.9–2.6] (2.3)
Females 48 48 2 46

Total 480
ND = not defined. The bold values represent the number of samples correctly identified with MALDI-TOF MS.
* Laboratory colonies.
†Field-collected specimen, MS = number of specimens included in the study and analyzed using mass spectrometry; DB = number of specimens entered in the database; BT = number of

specimens used for blind test analyses.
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water.20,39 After drying for severalminutes at room temperature,
the target plate was placed in the Microflex LT MALDI-TOF
mass spectrometer device (Bruker Daltonics) for analysis.
MALDI-TOF MS parameters. Protein mass profiles were

generated using a Microflex LT MALDI-TOF mass spectrom-
eter (Bruker Daltonics), with detection in the linear positive-ion
mode at a laser frequency of 50 Hz within a mass range of
2–20 kDa. The acceleration voltage was 20 kV, and the extrac-
tiondelay timewas200ns. Eachspectrumcorresponded to ions
obtained from 240 laser shots performed in six regions of the
spot and automatically acquired using the AutoXecute method
of the FlexControl v. 2.4 software (Bruker Daltonics). The spec-
trumprofileswere viewed using FlexAnalysis v. 3.3 software and
exported to ClinProTools v. 2.2 and MALDI-Biotyper v. 3.0
(Bruker Daltonics) for data processing (smoothing, baseline
subtraction, and peak picking), GelView and principal compo-
nent analysis (PCA), andmain spectrumprofile (MSP) creation.39

MALDI-TOFMS identification ofmosquitoes. The quality
of the spectra was visually validated using the FlexAnalysis v.
3.3 softwarebyassessinggeneral intensity of the spectra (104,
ideally), the smoothness of the peaks, a flat baseline, and re-
producibility compared with other spectra of the same mos-
quito species. Spectra reproducibility of legs from all
mosquito specimens was evaluated by comparing the aver-
age spectra of each samplewithin its respective species using
the GelView tool of ClinProTools 2.2 software (Bruker Dal-
tonics). The MSPs were produced based on an algorithm
taking information on the peak position, intensity, and fre-
quency. Consistency of MS profiles between males and fe-
males of the same species was evaluated by comparison of
MS profiles with ClinProTools 2.2 software. Using the same
software, the two average spectra of all males and all females,
respectively, were superimposed to highlight distinctive
peaks.40 The distinction between two colonies of the same
species was evaluated on spectra of female mosquitoes by
PCA using ClinProTools software.
The spectra of each mosquito specimen were queried

against the existing homemade reference database using
MALDI-Biotyper software v. 3.0 (Bruker Daltonics).41 The ar-
thropodhomemadeMSdatabasewasupgradedwith reference
spectra of twospecimensofAe. polynesiensisofboth sexes, as
spectra of this species were absent in our database; and two
reference spectra of C. quinquefasciatus Paea after confirma-
tion by molecular biology. After a first blind test against this
upgraded database, 10 spectra of C. quinquefasciatus Paea
specimenswith good spectra and log score values (LSVs) < 1.8
were subjected to molecular identification and then added to
the in-laboratory homemade MS database. A total of 14 MSPs
were created using the four high-quality spectra of 14 mos-
quitoes. To visualize the similarity between MS profiles, ap-
praise the diversity of included samples, and therefore assist
with selecting relevant reference spectra, a dendrogram of
C.quinquefasciatus spectrawascreatedusing the dendrogram
function of MALDI Biotyper, version 3.0. The dendrograms are
basedon the resultsofacompositecorrelation index (CCI)matrix.
Composite correlation indexs are calculated by dividing spectra
into intervals and comparing these intervals across a data set.
The composition of correlations of all intervals provides the CCI,
which is used as a parameter for defining the distance between
the spectra. A CCI match value of one represents complete
correlation, whereas a CCI match value of zero represents a lack
of correlation.42 The spectra of all specimens, except those used

to upgrade the database, were queried against the in-laboratory
homemade MS database (Supplemental Figure 1A and B). The
level of identification was determined using LSVs given by
MALDI-Biotyper v. 3.0 software, corresponding to a matched
degree of signal intensities of mass spectra of the query and the
reference spectra. Log score values range from zero to three and
allow a good evaluation of the reproducibility between a queried
spectrumanda reference spectrum, as it is the result of thorough
comparison of peak position and intensity between those two
spectra (MALDI-BioTyper Help, Bruker Daltonics). An LSV was
thus obtained for each of the four spectra of the blind-tested
samples. For each sample, the spectrum with the highest LSVs
was selected for reliable identification.
MALDI-TOF MS biomarker mass set. To determine the

differential peaks between Ae. aegypti Bora and Ae. aegypti
Toahotu, a subset of 22 high-quality MS spectra of each col-
ony were loaded into ClinProTools 2.2 software. The software
wasused togenerate apeak list for eachgroup in the2–20kDa
mass range and to identify discriminating peaks. The parameter
settings in ClinProTools 2.2 software for spectra preparation
were as follows: a resolution of 800 ppm, a noise threshold of
3.00 (intensity arbitrary unit), a maximumpeak shift of 800 ppm,
and a match to calibration peaks of 20%. For the peak calcu-
lation, peak picking was performed on single spectra with a
signal-to-noise threshold of 2.00 and an aggregation of 800
ppm.Manual inspection and validation of the selected peaks by
the operator gave a “recognition capability” (RC) value together
with the highest “cross-validation” (CV) value. These values
reflect the ability to distinguish the different spectra groups
based on the chosen discriminatory peaks. Genetic algorithm
settings are manually optimized to provide the highest RC and
CV values with the smallest number of peaks.
Molecular identification of wild mosquitoes. For each

mosquito, the head and thorax were transferred to a 1.5-mL
Eppendorf tube containing 180 μL of lysis buffer and 20 μL of
proteinase K (Qiagen) and incubated at 56�C overnight. DNA
extraction was performed with EZ1 Advanced XL Robot
(Qiagen) using the EZ1DNA Tissue Kit (Qiagen) in accordance
with the manufacturer’s instructions. DNA from each sample
was eluted with 100 μL Qiagen Tris-EDTA buffer and imme-
diately used or stored at −20�C.
Mosquito specimens morphologically identified as

C. quinquefasciatus, which spectra gave LSVs < 1.8, despite
being of good quality, were submitted for molecular identifica-
tion. For this purpose, a fragment of the acetylcholinesterase-2
gene was amplified by PCR and sequenced.43 The amplified
products were subjected to electrophoresis on agarose gel and
viewed using ultraviolet on a Gel Doc System (Bio-Rad, Her-
cules, CA). The PCR products of the positive samples were
purifiedand sequencedusing the sameprimers, BigDye version
1-1 Cycle Sequencing Ready Reaction Mix (Applied Bio-
systems, Foster City, CA), and an ABI 3100 automated se-
quencer (AppliedBiosystems). The sequenceswere assembled
and analyzed using the ChromasPro software (version 1.34)
(Technelysium Pty. Ltd., Tewantin, Australia) and the NCBI
BLAST website (http://blast.ncbi.nlm.nih.gov).

RESULTS

MALDI-TOF MS analysis and blind test validation. The
MS spectra of 192 Ae. aegypti specimens of both Ae. aegypti
Bora and Ae. aegypti Toahotu colonies were queried against
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our in-laboratory database. Built over the years, this database
already contained Ae. aegypti reference spectra obtained
from specimens from Senegal, and also Réunion Island and
Mayotte, two overseas regions of France in the Indian
Ocean.20 The blind test performed against this database
revealed an accurate identification of the 192 spectra of Ae.
aegypti from French Polynesia, matching reference Ae.
aegypti spectra from other countries. Their LSVs ranged from
1.8 to 2.4 (Table 1). MALDI-TOF MS was also applied to Ae.
polynesiensis, a species not yet available in our arthropodMS
database. The visual evaluation of the spectra from this spe-
cies using FlexAnalysis and ClinProTools software revealed
that all specimens provided highly reproducible spectra of
excellent quality (Figure 2). One male and one female spectra
ofAe. polynesiensiswere selected based on the global intensity
and overall quality of the spectra to upgrade our database. The
spectra of 190 samples of Ae. polynesiensis Aito [BC9] and Ae.
polynesiensis Tiaraunu subsequently underwent a blind com-
parison against this upgraded database. All specimens were
successfully identified as Ae. polynesiensis with LSVs ranging
from 1.8 to 2.7 (Table 1) based on the two specimens recently
added to the in-laboratory database.
MALDI-TOF MS analysis of wild specimens of

C. quinquefasciatus collected in Paea (Tahiti) revealed good
quality and reproducible spectra using FlexAnalysis and
ClinProTools software. The first blind test against the

reference database containing spectra ofC. quinquefasciatus
fromSenegal,Mali, Australia, andChad, and two newly added
reference spectra from Paea (French Polynesia) showed that
75/94 (79.8%) of the samples morphologically identified as
C. quinquefasciatus had LSVs > 1.8 and 19 of 94 spectra had
LSVs < 1.8. All these 19 low-LSV spectrawere of good quality.
Ten specimens among the 19 outliers were selected for mo-
lecular identification. These 10 specimens were successfully
identified as C. quinquefasciatus, with 99.6–100% identity
with the reference sequences available in GenBank (GenBank
accession number: FJ416029). The spectra of these molecu-
larly identified specimens were then added to theMALDI-TOF
MS database, which was then used to test the remaining nine
specimens. Blind test queries resulted in correct identification
of all 84 spectra of C. quinquefasciatus Paea specimens, and
included the nine specimens with previous ambiguous iden-
tification,with LSV ranging from1.9 to 2.6 (mean: 2.3) (Table 1).
MALDI-TOF MS analysis revealed high reproducibility of

male and femaleAe. aegyptiBora andAe. aegyptiToahotuMS
spectra (Figure 3A and B). The superimposition of the average
MS profiles of the males and females of each colony showed
discriminatory peaks between the two groups, with a higher
intensity within the females for some peaks (Figure 3C). The
similarity of the MS profiles was assessed using the PCA
function integrated in the ClinProTools software, based on
peak information such as position and intensity. The PCA

FIGURE2. RepresentativeMSprofiles ofAe.polynesiensisAito [BC9] usingFlex analysis 3.3 software. a.u. =arbitrary units;m/z=mass-to-charge
ratio. This figure appears in color at www.ajtmh.org.
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presented in (Figure 3D and E) revealed a difference between
males and females of the same colony. The similar difference
was later observed also for specimens Ae. albopictus and An.
coluzzii from laboratory colonies ofMarseille (Figure 4AandB).
Principal component analysis was also used to highlight this
difference using male and female spectra of Ae. polynesiensis
Aito [BC9] and Ae. polynesiensis Tiaraunu (Figure 5A and B).
To highlight spectrum differences between the two Ae.

aegypti colonies, namely, Bora and Toahotu, their spectra
were visualized as aGelView using the ClinProTools software.

GelView showed good reproducibility of the spectra for both
colonies (Figure 6A). Female spectra were selected for further
analyses. With a slightly better quality thanmale spectra, they
would allow identification of subtle variations. A difference in
the profiles between female Ae. aegypti Bora and Ae. aegypti
Toahotu was evidenced by a PCA, as shown in Figure 6B. The
genetic algorithm tool of ClinProTools software was used to
better identify the discriminating peaks between the same
femaleAe. aegyptiBora andAe. aegypti Toahotu. To do this, a
subset of 22 high quality spectra from female mosquito each

FIGURE 3. Comparison of male and female Aedes aegypti mosquitoes MALDI-TOF MS spectra using ClinProTools 2.2 software. Gel view
representation of MS profiles of male/female Ae. aegypti Bora (A) and Ae. aegypti Toahotu (B) mosquitoes. (C) Superimposition of average MS
profilesmale (red) and female (green)mosquitoes. Principal component analysis (PCA) ofmale (red) and females (green)Ae. aegyptiBora (D) andAe.
aegypti Toahotu (E) MS spectra. m/z, mass-to-charge ratio. This figure appears in color at www.ajtmh.org.

FIGURE 4. Principal component analysis (PCA) of (A) male/female Aedes albopictus and (B) male/female Anopheles coluzzii using ClinProTools
2.2 software. This figure appears in color at www.ajtmh.org.
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colony was loaded into the ClinProTools software, and this
analysis revealed nine peak masses (Table 2) that allowed
optimal discrimination of the two colonies, with RC and CV
values of 98.2% and 85.0%, respectively. A distinction was
also noted between the female Ae. polynesiensis Aito [BC9]
and Ae. polynesiensis Tiaraunu spectra (Figure 7).

DISCUSSION

In this study, Ae. aegypti specimens from French Polynesia
were correctly identified by MALDI-TOF MS analysis with
LSVs ranging from 1.8 to 2.4 based on Ae. aegypti reference
spectra fromSenegal, Mayotte, and Réunion Island. Proof-of-
concept studies for the identification of arthropods byMALDI-
TOF MS analysis set up a threshold LSV at 1.8 for accurate
identification of the species.20,41 Our results on Ae. aegypti
specimens from French Polynesia suggest that despite the
geographical variability observed between populations of a

same mosquito species, a successful identification can be
achieved based on reference spectra from another country.
Aedes polynesiensis was absent from our database, which
was upgraded using two specimens of that species. All que-
ried specimens were identified with high LSVs ranging from
1.8 to 2.7. As for C. quinquefasciatus, all specimens were
correctly identified when queried against our database con-
taining spectra of C. quinquefasciatus from Australia, Chad,
Senegal, Mali, and Paea (French Polynesia). Some specimens
however yielded LSVs lower than 1.8. This might be attributed
to the known spectrum variability of C. quinquefasciatus
specimens from different geographical areas. This had been
previously described in previous studies attempting to identify
Culex spp. from Africa using MALDI-TOF MS.41,44 To cover
the diversity of these wild C. quinquefasciatus specimens,
reference spectra from 12 mosquitoes were selected through
a dendrogram; their identificationwas confirmed bymolecular
biology before adding them to the database. The addition of

FIGURE 5. Principal component analysis (PCA) ofmale (red) and female (green)Aedes polynesiensisAito [BC9] (A) andAe. polynesiensisTiaraunu
mosquitoes (B) using ClinProTools 2.2 software. This figure appears in color at www.ajtmh.org.

FIGURE 6. Comparison of Aedes aegypti Bora and Ae. aegypti Toahotu MALDI-TOF MS spectra using ClinProTools 2.2 software. (A) GelView
representation of MS profiles of Ae. aegypti Toahotu (green) and Ae. aegypti Bora (red) mosquitoes by the view gel tool. (B) Principal component
analysis (PCA) of theAe. aegyptiBora (red) and Toahotu (green) spectra.m/z =mass-to-charge ratio. This figure appears in color at www.ajtmh.org.
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these 12 French Polynesia C. quinquefasciatus reference
spectra led to an accurate identification of all remaining
specimens with higher LSVs. This confirms the necessity on
having a comprehensive database for a reliable identification
of mosquito species. Although more work is needed to de-
termine a definitive cutoff for MALDI-TOF MS arthropod ac-
curate identification, our study highlights the need to include a
large diversity of specimens within the same species in the
database, at least for some species. The intraspecies vari-
ability ofC. quinquefasciatus justifies the addition of thismany
spectra of specimens from Paea in the database. Previous
studies on bedbugs45 highlighted thatmore reference spectra

are needed for correct identification in the case of intragroup
variability.
The spectra of Ae. polynesiensis were on the other hand

highly reproducible, and therefore, all specimens were prop-
erly identified based on two reference spectra only. In a pre-
vious study, highly reproducible spectra from Australian
mosquitoes were also successfully identified using one to
three reference spectra only.46 The need to have a universal
database was highlighted by Raharimalala et al.23 It should
also be noted that currently there is no MALDI-TOF MS uni-
versal online arthropod database. We are however in the
process of building an open access database such as the
ones currently available for mycological47 and bacterial48

identification. Nevertheless, the spectra files can be easily
transferred to any Bruker MALDI-TOF MS device, so our da-
tabase is already accessible through collaborative projects.
This study also confirmed the suitability of freezing mos-

quito samples when they aremeant to be later identified using
MS.Weobserved indeed that all the perfectly frozenmosquito
samples revealed very good quality spectra. This observation
is in line with previous works on sand flies, mosquitoes, and
tickswhich proposed that the bestMALDI-TOFMS results are
to date obtained if the specimens are kept frozen.28,39,49 This
doesnot precludeothermethodsof storingmosquito samples
such as storage in 70% ethanol and in silica gel, which are
generally used in the fieldbecause this is easier andcheaper to

TABLE 2
Determination of peakmassedistinguishingAe. aegyptiBora fromAe.
aegypti Toahotu

Mass (m/z) (Da) Ae. aegypti Bora Ae. aegypti Toahotu

3,376 Decreased Increased
4,573 Increased Decreased
5,889 Decreased Increased
6,241 Decreased Increased
7,524 Increased Decreased
8,106 Decreased Increased
9,464 Increased Decreased
10,109 Decreased Increased
11,113 Increased Decreased
Ae. aegypti = Aedes aegypti.

FIGURE 7. Principal component analysis (PCA) ofAedes polynesiensisAito [BC9] (green) and Tiaraunu (red)mosquito spectra usingClinProTools
2.2 software. This figure appears in color at www.ajtmh.org.
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perform. However, these preservation methods have some
limitations forMALDI-TOFMS analysis because they can lead
to a decrease in the intensity and quality of the MS spectra of
the samples. It has been reported that the preservation of a
specimen for a long time in 70% ethanol can have negative
effects on the quality of the MS spectra.25,29,39 This might be
resolved in the future by improving the protocols of sample
preparation prior to MALDI-TOF MS, hence the need to not
only adjust the protein extraction protocol of the specimen
according to the sample storage method but also have a
specific database for each protocol.39,41

Since its first application in medical entomology, the use of
MALDI-TOF MS has been increasingly diverse. The precision
of the tool has allowed the robust identification of blood
meals,38,44 and thedifferentiationof arthropods infectedor not
by selectedmicroorganisms.40,45 Here, we assessed for the first
time the ability of MALDI-TOF MS to determine the sex of
mosquitoes. Morphological criteria have always been used to
easily differentiate between male and female mosquitoes50; this
differentiation between the two sexes is a key point in entomo-
logical studies and therefore vector control programs because it
is the females that feed on blood and transmit pathogens.51

Although the differentiation between males and females can be
made very easily morphologically and with the naked eye by
mosquitoexpertsor trainedpeople,MALDI-TOFMSallowsus to
quickly obtain both the identificationof themosquito and the sex
without any prior training. It is known that the protein profile is
different between females and males52; this is confirmed here
using MALDI-TOF MS and has also been demonstrated using
wild specimens and specimens from laboratory colonies from
French Polynesia andMarseille. Mosquitoes feed on nectar, but
only females are hematophagous. They require bloodmeals that
allow them to assimilate more protein, which is essential for vi-
tellogenesis.52 This could then explain the variability of their
protein content comparedwithmales.Wehave also noticed that
the difference between males and females is more visible in Ae.
aegypti Toahotu than in Ae. aegypti Bora, but we have not yet
found explanations for this phenomenon.
We also show herein that MALDI-TOF MS analyses distin-

guished female mosquito colonies of the same species but
from different geographical origin. Using female specimens,
Ae. aegypti Bora and Ae. aegypti Toahotu colonies were
clearly segregated into two clusters in a PCA, and so were the
two Ae. polynesiensis colonies (Aito [BC9] and Tiaraunu). To
show this differentiation between colonies of the same spe-
cies, female specimens were used as they provided slightly
more homogeneous spectra than the males. As illustrated by
theGelView (Figure 3A andB andSupplemental Figure 2A–C),
the difference between the male and female spectra is mini-
mal, invisible with the naked eye, without further analyses
such as average spectra superimposition. We have also
shown that the major observed difference between male and
female mosquitoes is based on the intensity of some protein
peaks. We can therefore expect that the difference observed
between female colonies, which is based on differential peaks
and not peak intensity, could be found in males as well. This
shows that there is a difference in the protein composition
between specimens of the same species from different geo-
graphical areas, even when reared in the same laboratory
conditions. The impact of the duration of laboratory rear-
ing—and therefore the number of generations—is not known.
It could therefore be assumed that there are environmental or

biological factors which differ in each geographic area, and
which could affect the development of species or even their
protein composition for several generations.
We also noticed that the differentiation between the Ae.

polynesiensis Aito [BC9] and Ae. polynesiensis Tiaraunu col-
onieswasmorepronounced than that between theAe. aegypti
Bora and Ae. aegypti Toahotu colonies. The two Ae. poly-
nesiensis colonies are infected by two different supergroups
ofWolbachia sp., that is, supergroupA for theAe. polynesiensis
Tiaraunu and supergroupB for theAe. polynesiensisAito [BC9]
colony. It could be hypothesized that this stronger differentia-
tion between these two colonies could be due to this additional
factor, that is, the presence of the two different supergroups of
Wolbachia sp. However, we cannot support this hypothesis
because of the existing bias fromgeographical origin of the two
colonies. This is a limit to our study because to truly confirm
whether MALDI-TOF MS is able to distinguish Wolbachia-in-
fected mosquitoes from noninfected ones, we would need
specimens of the same species, from the same location, and
infected or not by the same supergroups ofWolbachia sp.
Ultimately, this work confirmed that theMALDI-TOFMS is a

fast, accurate, and cost-effective tool to identify field mos-
quitoes using only their legs.22–24 It also showed for the first
time that this tool was able to distinguish not only male mos-
quitoes from femaleswithin the samecolony but also between
different colonies of the same species according to their
geographical distribution. TheMALDI-TOFMS tool could thus
make an important contribution to vector control programs.
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