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Abstract

Background: Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry technology (MALDI-TOF MS) is
an innovative tool that has been shown to be effective for the identification of numerous arthropod groups including
mosquitoes. A critical step in the implementation of MALDI-TOF MS identification is the creation of spectra databases (DB)
for the species of interest. Mosquito legs were the body part most frequently used to create identification DB. However,
legs are one of the most fragile mosquito compartments, which can put identification at risk. Here, we assessed whether
mosquito thoraxes could also be used as a relevant body part for mosquito species identification using a MALDI-TOF MS
biotyping strategy; we propose a double DB query strategy to reinforce identification success.

Methods: Thoraxes and legs from 91 mosquito specimens belonging to seven mosquito species collected in six localities
from Guadeloupe, and two laboratory strains, Aedes aegypti BORA and Aedes albopictus Marseille, were dissected and
analyzed by MALDI-TOF MS. Molecular identification using cox1 gene sequencing was also conducted on representative
specimens to confirm their identification.

Results: MS profiles obtained with both thoraxes and legs were highly compartment-specific, species-specific and
species-reproducible, allowing high identification scores (log-score values, LSVs) when queried against the in-house MS
reference spectra DB (thorax LSVs range: 2.260–2.783, leg LSVs range: 2.132–2.753).

Conclusions: Both thoraxes and legs could be used for a double DB query in order to reinforce the success and accuracy
of MALDI-TOF MS identification.
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Background
Despite centuries of control efforts, the past three decades
have witnessed a dramatic spread of many mosquito-borne
diseases worldwide. Today, they constitute a major public
health problem accounting for more than 1.5 million deaths
per year [1, 2]. This burden irrefutably demonstrates the
need for appropriate mosquito surveillance programmes
where specimens are accurately identified at the species
level. Mosquito species are primarily identified using
morphological traits and dichotomous keys. This identifica-
tion approach is limited by the damage to the specimens,

morphological interspecies similarities, availability of an ap-
propriate identification key and entomological skills [3]. In
cases with such limitations, PCR-based methods have
proved their efficacy as they can be used with damaged
specimens and allow discrimination of morphologically
undistinguishable mosquito species and closely related spe-
cies groups (i.e. Culex pipiens form pipiens, Culex pipiens
form molestus and hybrids) [3, 4]. However, molecular ap-
proaches are expensive and time-consuming, limiting
large-scale implementation in the frame of entomological
surveillance [5]. In addition, molecular identification re-
quires information on gene target sequences that are
frequently unavailable in the corresponding databases. In
this context, the use of an alternative cheap and rapid tool,
allowing for large scale and high-quality monitoring of
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culicid populations, is required to revolutionize entomo-
logical surveillance.
Matrix-assisted laser desorption/ionization time-of-

flight mass spectrometry technology (MALDI-TOF MS)
has recently emerged as an innovative tool that has
been shown to be effective for rapid and low-cost
identification of numerous arthropod groups, including
mosquitoes (Culicidae) [6, 7], phlebotomine flies (Psy-
chodidae) [8–10], tsetse flies (Glossinidae) [11], biting
midges (Ceratopogonidae) [12], fleas (Siphonaptera) [13]
and hard ticks (Ixodidae) [14, 15]. In addition, the sensitiv-
ity and specificity of MALDI-TOF MS biotyping allow
a correct identification of immature arthropod stages
[16, 17] and closely related species, which would other-
wise be indistinguishable using morphological and/or mo-
lecular approaches (i.e. cryptic Anopheles gambiae
species) [18].
The efforts conducted over the past five years have

yielded improvements to protocols and standardization
of methods for this kind of protein-based identification
[19, 20]. These guidelines should facilitate the compari-
son and exchange of MS spectra between teams all over
the world. For the mosquito identification at adult
stages, legs were repeatedly chosen for the creation of
MS reference spectra databases and specimens identifi-
cation [6, 7, 21]. However, mosquito legs are breakable
and the loss of one or several legs occurs frequently dur-
ing mosquito sampling, transportation or storage. If only
three or fewer legs are available for a single specimen,
the identification by MALDI-TOF MS could be compro-
mised [22]. In such cases, the selection of another adult
mosquito body part for MALDI-TOF MS analysis could
solve species identification when failure occurred with
mosquito legs.
The abdomen is generally excluded for MS specimen

identification due to the high heterogeneity of MS pro-
files generated by this body part. Indeed, according to
the gravid or feeding status (unfed, recently fed or blood
meal under digestion) of arthropods, abdomen MS
profiles could be drastically different among specimens
from the same species [12, 18, 23]. Moreover, MS pro-
files from freshly engorged mosquitoes can differ accord-
ing to the source of the recently ingested blood meal
[23, 24]; consequently, the mosquito abdomen cannot be
considered as a suitable body part for species identifica-
tion using MALDI-TOF. Because the mosquito head is
frequently used to evaluate vector competence (i.e. effi-
cient dissemination of pathogens beyond the midgut
barrier) [25–27], the only remaining body part which is
not prone to degradation during collection, transporta-
tion or storing and that could be used for species identi-
fication is the thorax.
The aim of the present study was to assess whether thor-

axes from adult mosquitoes can produce species-specific

protein signatures that can be used for mosquito spe-
cies identification, as previously reported for legs
(species reproducibility and species specificity of MS
spectra). The creation of an MS spectra reference
database containing a double entry for queried
paired-MS spectra from each specimen is likely to
improve user confidence in this method. This may re-
sult in popularization of this innovative strategy for
entomological studies.

Results
Morphological identification and molecular confirmation
Among mosquitoes trapped in 6 distinct sites from
Guadeloupe (Fig. 1), eight specimens were selected per
species and collection site. These mosquitoes were mor-
phologically identified as seven distinct mosquito species
(Table 1). Two Aedes species, Ae. aegypti and Ae. albo-
pictus, reared in laboratory were also added as controls.
A total of 91 mosquito specimens were included in the
present study.
Two out of eight morphologically identified specimens

per species and collection site (25%) were submitted to
cox1 gene sequencing to confirm their identification.
The absence of cox1 sequences for Cx. atratus and Dei-
nocerites magnus on GenBank resulted in unreliable
identification (similarity with top match < 97%); cox1 se-
quences obtained for Cx. atratus and D. magnus were
deposited in the GenBank database as new sequences
with accession numbers MH376749/MH376750 and
MH376751/MH376752, respectively. The query of the
remaining cox1 sequences in the GenBank database,
using the BLAST function, allowed us to obtain reliable
mosquito species identification for 10 out of 14 samples,
with sequence coverage and identity ranges of 87–92%
and 99–100%, respectively (Table 1). The four specimens
morphologically identified as Cx. quinquefasciatus did
not reach the identity sequence threshold of 97% for re-
liable classification. The first two top-ranking hits of
species identification were Cx. p. pipiens and Cx. quin-
quefasciatus, both obtaining 96% of cox1 sequence simi-
larity. These specimens were therefore classified as
Culex genus.
In the Barcode of Life Data Systems (BOLD) database,

cox1 sequences from the seven mosquito species were
available (Table 1). The query of the cox1 sequences from
specimens of six mosquito species corroborated morpho-
logical identification, notably for D. magnus (similarity >
99.4%) and Cx. quinquefasciatus specimens (similarity >
98.9%), and confirmed the four other species identified
using the sequences in the GenBank DB. The cox1 se-
quences of specimens morphologically identified as Cx.
atratus failed to match any species in the BOLD system.
The high similarity (> 99% on 649 bp) of cox1 sequences
from specimens morphologically identified as Cx. atratus

Vega-Rúa et al. Parasites & Vectors          (2018) 11:574 Page 2 of 12

https://en.wikipedia.org/wiki/Psychodidae
https://en.wikipedia.org/wiki/Psychodidae


supported that these mosquito specimens were conspe-
cific. The alignment of cox1 sequences of Cx. atratus col-
lected in Guadeloupe with those from BOLD revealed a
low similarity rate (< 89% on 649 bp). The description of
several members in the Cx. atratus complex could explain
cox1 sequence heterogeneity [28]. Based on the lack of
specific molecular sequences distinguishing species from
Cx. atratus complex and the absence of diagnostic mor-
phological character states for female mosquitoes, we clas-
sified these specimens as Cx. atratus (s.l.).

Reproducible and specific MS spectra from both
mosquito body parts
Legs and thoraxes from each of the 91 mosquitoes were
dissected prior to MS analysis. Unfortunately, legs from
3 specimens (1 Cx. atratus and 2 Cx. quinquefasciatus)
were missing, probably broken during transport and/or
storing, and one thorax from Psorophora cingulata was
lost during the dissection step. Finally, legs and thoraxes
from 88 and 90 specimens, respectively, were submitted
to MALDI-TOF MS analysis. The comparison of MS

Fig. 1 Map of mosquito collection sites and species found per site in Guadeloupe

Table 1 Overview of mosquito origins and subgroup identification by cox1 molecular typing

Morphological
identification

Locality No. of specimens
included
(sequenced)

Species identified via
GenBank (accession
number)

cox1 sequence
coverage (%)/
similarity (%)

Species identified
via BOLD

cox1 sequence
similarity (%)

Ae. aegypti Deshaies, Lauricisque 16 (4) Ae. aegypti (AY432106.1) 92/100 Ae. aegypti 100

Cx. quinquefasciatus Gourbeyre, Lauricisque 15b (4) No reliable ID – Cx. quinquefasciatus 98.9

Cx. nigripalpus Baie Mahault 8 (2) Cx. nigripalpus
(KM592992.1)

87/99 Cx. nigripalpus 99.7

Cx. atratus (s.l.) Vido 8 (2) No reliable IDa – No reliable ID –

D. magnus Baie Mahault,
Ilet à cochons

16 (4) No reliable IDa – D. magnus 99.4

Ae. taeniorhynchus Ilet à cochons 8 (2) Ae. taeniorhynchus
(JX259676.1)

88/99 Ae. taeniorhynchus 99.0

P. cingulata Vido 8 (2) P. cingulata (KM592989.1) 88/99 P. cingulata 99.1

Ae. aegypti (Bora) Laboratory reared 8 (–) – – –

Ae. albopictus (MRS) Laboratory reared 4 (–) – – –
aMosquito species for which cox1 sequences were not available in the database (30th March 2018)
bSpecimens identified morphologically as Cx. quinquefasciatus at Lauricisque (n = 7) and Gourbeyre (n = 8)
Abbreviations: No reliable ID, similarity with top match < 97%; BOLD, Barcode of Life Data Systems; cox1, cytochrome c oxidase subunit 1; MRS, Marseille strain
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spectra from legs (Fig. 2a) and thoraxes (Fig. 2b) be-
tween mosquito species revealed protein profiles of high
intensity (> 2000 a.u.) and were visually reproducible for
specimens of the same species according to body part.
To assess the reproducibility and specificity of the MS

spectra from legs and thoraxes per species according to
body parts, a cluster analysis was performed. Two speci-
mens per species and site plus both Aedes laboratory-reared
species were used for building MSP dendrograms. The
clustering of leg (Fig. 3a) and thorax (Fig. 3b) MS spectra
according to mosquito species confirmed the reproducibil-
ity and specificity of the protein profiles. The clustering of
specimens of the same species, independent of the trapping
location site or origin (field or laboratory reared), in each
body part, confirmed the high species-specificity of MS
spectra. Furthermore, a total of 54 and 56 species-specific
mass peaks were found with ClinProTools software be-
tween these mosquito species for legs and thoraxes,

respectively (Additional file 1: Table S1 and Additional file
2: Table S2). MS spectra generated from legs, thoraxes and
a mix of legs and thoraxes from the laboratory reared
mosquito species Ae. albopictus were also compared
(Additional file 3: Figure S1a, b). Interestingly, MS spectra
from mixed compartments (i.e. legs and thorax) were
similar to thorax counterparts. The more abundant Ae.
albopictus MS peak obtained with legs (m/z = 8191.5) was
nearly undetectable in the MS profiles from mixed legs and
thoraxes (Additional file 3: Figure S1c, d).
It is interesting to note that MSP dendrogram

generated with mosquito paired body parts were not
superimposable between legs and thoraxes (Fig. 3). All
specimens of the genus Culex were grouped in the same
part of the MSP dendrogram for thoraxes, whereas for
the leg MSP dendrogram, Cx. atratus specimens were
isolated from other mosquitoes of the genus. Moreover,
Ae. taeniorhynchus, a species from the genus Aedes, was

a b

Fig. 2 Comparison of MALDI-TOF MS spectra for legs (a) and thoraxes (b) of mosquitoes. Representative MS spectra of Ae. aegypti (Bora) laboratory-
reared (A, B) or collected at Deshaies (C, D) and Lauricisque (E, F), Ae. taeniorhynchus collected at Ilet à cochons (G, H), Cx. quinquefaciatus collected at
Gourbeyre (I, J) and Lauricisque (K, L), Cx. nigripalpus collected at Baie Mahault (M, N), Cx. atratus (s.l.) collected at Vido (O, P), D. magnus collected at Ilet
à cochons (Q, R) and Baie Mahault (S, T), P. cingulata collected at Vido (U, V) and Ae. albopictus (Marseille strain) laboratory-reared (W, X). Abbreviations:
a.u., arbitrary units; m/z, mass to charge ratio
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found at close proximity to other members of this genus
solely in the MSP dendrogram from thoraxes.
MS spectra reproducibility from legs and thoraxes were

confirmed by CCI matrix highlighting a good correlation
between spectra for specimens of the same species what-
ever their origin (catching location, field-caught or
laboratory-reared). Moreover, the low CCI obtained for
the comparisons of MS spectra between species using leg
(mean ± SD: 0.14 ± 0.08; Fig. 4a) and thorax (0.17 ± 0.16;
Fig. 4b) MS spectra supported the species-specificity of
the protein profiles.
Interestingly, paired comparisons of legs and thoraxes

MS profiles for each species showed clearly distinct pro-
tein patterns (Fig. 2). To visualize specificity of the MS
spectra according to body part per species, principal com-
ponents analyses (PCAs) were performed (Additional file

4: Figure S2). PCAs revealed a clear separation of the
points corresponding to MS spectra from the legs and
thoraxes, confirming a specificity of MS profiles between
these two compartments for the seven species tested.

MS reference spectra database creation and validation
step
MS spectra for legs and thoraxes from the 24 specimens
used for MSP cluster analysis, including at least 2 speci-
mens per species and location site, identified morpho-
logically and molecularly, were used as reference MS
spectra for the database (DB) creation. The remaining
64 and 66 MS spectra from legs and thoraxes, respect-
ively, were queried against this DB. Log-score values
(LSVs) from legs ranged between 2.132–2.753 and from
thoraxes ranged between 2.260–2.783. MS spectra were

a

b

Fig. 3 MSP dendrogram of MALDI-TOF MS spectra for legs (a) and thoraxes (b) of mosquitoes. Two specimens per collection site were used to
construct the dendrogram. The dendrogram was created using Biotyper v3.0 software and distance units correspond to the relative similarity of
MS spectra. Mosquito sampling locations are given within parentheses. Abbreviation: MRS, Marseille
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a

b

Fig. 4 Assessment of the reproducibility of MS spectra for legs (a) and thoraxes (b) according to mosquito species using the composite correlation
index (CCI). MS spectra from four to eight specimens per collection site were analysed using the CCI tool. Levels of MS spectra reproducibility are
indicated in red and blue showing relatedness and incongruence between spectra, respectively. CCI matrix was calculated using MALDI-Biotyper v3.0
software with default settings (mass range 3.0–12.0 kDa; resolution 4; 8 intervals; auto-correction off). The values correspond to the mean coefficient
correlation and respective standard deviations obtained for paired condition comparisons. CCI are expressed as the mean ± standard deviation.
Mosquito sampling locations are given within parentheses. Abbreviation: MRS, Marseille
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higher than the threshold value (LSVs > 1.8) for reliable
identification [6, 20] for all the samples tested (Fig. 5).
For paired samples, concordant species identification
(100%) was obtained using MS spectra from legs and thor-
axes which were in agreement with morphological classifi-
cation. The four specimens for which only one body part
(legs or thoraxes) was submitted to MS, also provided
concordant results with entomological identification.
To verify that reliable identification was achieved for

the reference MS spectra whatever the collection site of
specimens, a comparison of LSVs resulting from a DB
query containing MS spectra from two specimens per
species and location site or two specimens per species
from a single location site, was done. As expected, a de-
crease of LSVs was observed when only specimens from
one site were included in the DB, compared to all sites
(Additional file 5: Figure S3). Nevertheless, identification
scores remained sufficiently high (LSVs > 1.8) to unam-
biguously classify all specimens, using either mosquito
legs or thoraxes. Interestingly, reliable identification
could be made when unique MS spectra from legs or
thoraxes of laboratory-reared Ae. aegypti (Bora) were in-
cluded in the DB (Additional file 5: Figure S3a, b). These
results underline that these two body parts can be used
for identification, independent of specimen origin,
within mosquitoes from the same species.

Discussion
The present study constitutes a representative example
of the requirement for an innovative method for arthro-
pod identification. Although morphological analysis
remains the “gold standard” for mosquito identification
[22], this time-consuming method is reliant on ento-
mologist skills and mosquito integrity which are draw-
backs for its widespread use. In regions such as the
Caribbean, morphological identification is even more
complex due to a generalized lack of recent culicid fauna

inventories (most of them were conducted in the 1960s
and 1970s) [29, 30] and updated identification keys. Ef-
fectively, the absence of morphological dichotomous
keys adapted to local fauna impedes the correct morpho-
logical diagnosis of closely-related species such as mem-
bers belonging to a species complex. Moreover, for these
closely-related species (i.e. Culex spp.), dissection steps
(i.e. male genitalia) are often required for a reliable
identification at species level, due to the absence of dis-
criminative external morphological characters [31].
Well-trained personnel possessing expertise is, therefore,
critical for successful morphological identification. In
the present study, initial morphological observation
failed to confidently categorize female specimens from
the Cx. atratus complex, which were then classified as
Cx. atratus (s.l.). In the USA, the distinction of Cx. atra-
tus (s.s.) from Cx. atratus B is based on the inspection of
the cibarial armature, a small structure located at the
base of the pharyngeal pump, requiring mosquito head
dissection [28]. Two types of cibarial armatures were de-
scribed for each member of Cx. atratus complex, in-
creasing the risk of misidentification [28]. In addition,
species composition of the Cx. atratus complex in the
Neartic region (e.g. the USA) is different to that of the
Neotropical region (e.g. the Caribbean). Therefore, it
was uncertain at the time the study was implemented to
discern whether different cibarial armature states could
be confidently associated with a particular species of the
Neotropical Cx. atratus complex, as other local species
from the complex were unavailable.
To circumvent the limitations of morphological identifi-

cation, molecular strategies based on DNA-barcoding
using cox1 gene sequencing are generally applied [32, 33].
However, this expensive and time-consuming approach
was inefficient in the identification of all specimens col-
lected in Guadeloupe in the frame of the present study.
Here, the query of the cox1 sequences against the

a b

Fig. 5 Comparison of LSVs from MS spectra for legs (a) and thoraxes (b) from all mosquito species studied. Dashed lines represent the threshold
value for relevant identification (LSVs > 1.8). Abbreviation: LSV, log-score value
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GenBank DB did not successfully identify Cx. quinquefas-
ciatus specimens, despite the presence of counterpart
cox1 sequences. The low percentage of cox1 sequences
similarity (about 96%) between Cx. quinquefasciatus field-
collected specimens from Guadeloupe and counterpart
species on GenBank allowed identification solely to the
genus level (Culex sp.). Conversely, the same cox1
sequences queried against the BOLD DB confirmed that
these specimens belonged to Cx. quinquefasciatus with a
relevant similarity rate (98.9%). These results underlined
that identification success could be dependent of the gen-
omic DB used. The inability to identify certain species was
attribute to the absence of the concerned cox1 sequences
in the DB [i.e. Cx. atratus (s.l.)] and to the representative-
ness of cox1 gene diversity within a given species (i.e. Cx.
quinquefasciatus). Indeed, genetic variations in the cox1
gene have been reported between specimens from the
same mosquito species (i.e. Cx. bidens, Cx. interfor) col-
lected in different provinces of Argentina, allowing the
identification of different haplotypes [31]. Even if this gen-
etic diversity is lower when compared to that of other
genes (i.e. the nad4 gene), it can influence the molecular
identity rate obtained after DB query as observed here.
MS spectra variations between specimens from the

same species with a different geographical origin was
also observed. This phenomenon was reported for mos-
quitoes at the adult [6, 18] and larval stages [16], as well
as for other arthropod groups such as tsetse flies [11].
MS profile variations according to mosquito origin were
also observed in the present study. It was highlighted by
the decrease of LSVs depending on the geographical lo-
cation of the specimens included in the reference MS
DB. Nevertheless, these intraspecific variations of MS
spectra were moderate and did not negatively affect the
correctness and reliability of counterpart specimen iden-
tification. Moreover, the exact identification of
field-caught Ae. aegypti by inclusion in the reference MS
DB of MS spectra from laboratory-reared Ae. aegypti
(Bora) specimens underlined the robustness of this
approach.
For Cx. atratus (s.l.) and D. magnus, cox1 sequences

were not available in the GenBank DB, which resulted in
failure to confirm the morphological identification. The
lack of complete cox1 sequences in a public genomic DB
frequently occurs, requiring the sequencing of other ref-
erence genes (i.e. ribosomal), or of several cox1 gene
fragments [31], when possible, to achieve identification.
Conversely, the same cox1 sequences queried against the
BOLD DB allowed the identification of six out of seven
species, confirming the morphological identification, in-
cluding D. magnus specimens. Only specimens morpho-
logically identified as Cx. atratus (s.l.) failed to be
validated with cox1 sequence similarity lower than 97%
following a query in BOLD. Nevertheless, as observed

for Cx. quinquefasciatus in the GenBank DB, Cx. atratus
(s.l.) cox1 sequences were available in the BOLD DB.
However, it was not indicated to which member of the
Cx. atratus complex corresponded the available cox1 se-
quences, i.e. Cx. atratus (s.s.) or Cx. atratus B [28]. The
low cox1 sequence similarity (< 89%) between Cx. atra-
tus (s.l.) specimens from Guadeloupe and those available
in the BOLD DB could suggest that the former belong
to a different species of the Cx. atratus complex. The
absence of another gene sequence target allowing to dis-
tinguish members of the Cx. atratus complex in the
GenBank DB or the BOLD DB, did not allow us to de-
finitively identify the specimens collected in Guadeloupe.
However, the high homology of the cox1 sequences be-
tween specimens allowed us to consider them conspe-
cific but as Cx. atratus (s.l.). The reproducibility of MS
spectra, for each compartment, from specimens identi-
fied as Cx. atratus (s.l.), in addition to the elevated CCI
obtained for both legs and thoraxes, were supplementary
arguments to claim that these specimens could be consid-
ered as same species. The high efficiency of MALDI-TOF
MS biotyping to distinct cryptic species has been repeat-
edly reported, notably distinguishing An. gambiae (s.s.)
from An. coluzzi, corresponding to An. gambiae M and S
molecular forms, respectively [18, 20, 34]. In the future,
this proteomic approach could be evaluated to differenti-
ate members from the Cx. atratus complex.
A critical step in the implementation of MALDI-TOF

MS identification is the creation of MS reference spectra
DB for the species of interest. The majority of the exist-
ing adult mosquito identification MS DB have been cre-
ated using mosquito legs [6]. However, legs are one of
the most fragile mosquito compartments and they are
easily lost during specimen handling and/or storage,
which compromises their identification. In the present
study, three specimens had all the legs missing, which
required identification based on thorax MS spectra to
corroborate morphological classification. Moreover, for
several other specimens, one or more legs were missing
which could have prejudiced their identification. The use
of another mosquito compartment to create MS refer-
ence DB as a complement of MS spectra obtained from
mosquito legs could be an alternative to counteract this
technical problem and reinforce the quality of the identi-
fication (Additional file 6: Figure S4). The present study
demonstrated that mosquito thoraxes could also be used
as a suitable and relevant body part for mosquito species
identification using MALDI-TOF MS biotyping strategy.
The comparison of MS profiles obtained with legs,

thoraxes and a mix of legs and thoraxes from Ae. albo-
pictus specimens revealed similar MS profiles between
mixed compartments and thorax counterparts. In MS
profiling, mainly abundant ionizable proteins are detect-
able. As proteins from legs were proportionally less
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abundant than those from the thorax, their protein
quantities were insufficient to drastically change thorax
MS profiles. Nevertheless, under the hypothesis that
thorax MS profiles would be changed by the addition of
legs for other species, it is probable that intensity of MS
peaks corresponding to legs in the mixture could be
variable according to the number of legs included. In
such conditions, the reference MS spectra database from
mixed legs and thoraxes would not be suitable to iden-
tify specimens which had lost several or all legs. Con-
versely, when legs were submitted alone, the MS profile
was unchanged whatever the number of legs and only a
decrease of the MS profile intensity was observed ac-
cording to the number of legs used. For specimens with
one or two legs remaining, the low ratio intensity of MS
peaks/background can hinder peak detection, comprom-
ising their identification. The MS submission of a second
compartment, such as the thorax, could then reveal spe-
cimen identity, especially for specimens which have lost
several legs or for closely-related species.
This new strategy consisting of submitting two body

compartments per specimen to MALDI-TOF MS analysis,
thereby producing distinct but species-specific MS spec-
tra, should improve identification confidence. Moreover,
the distinct topologies of the MSP dendrograms for each
body part from paired specimens, pointed out that the
proximity of MS spectra between mosquito species were
different for legs and thoraxes. These MS pattern proper-
ties reinforce the species identification accuracy and re-
duce the risk of misidentification. The MS spectra
specificity according to body part used, was also reported
in others arthropods such as ticks [35] and it has been rec-
ommended to submit legs and half-idiosome from the
same tick specimen to MS for MS reference DB creation
or to strengthen specimen identification [35].
In addition to the standardization of sample preparation

protocols [19, 20, 36], the creation of a standardized MS
reference spectra DB for mosquito identification com-
posed of paired legs and thoraxes MS spectra for each
species becomes compulsory. The double MS spectra
query strategy remains compatible with the use of
remaining body parts of the specimen to obtain additional
information. For instance, the remaining abdomen could
still be used to detect the blood meal source in the case of
an engorged mosquito female [23], while the head can be
used for pathogen detection [36], both by a MALDI-TOF
biotyping approach.

Conclusions
The present study points out MALDI-TOF biotyping
strategy as an innovative and alternative tool for mosquito
identification that could lead to a dramatic positive impact
in the mosquito surveillance field worldwide. The double
MS spectra DB query should reinforce identification

quality and, in the case of missing legs, identification re-
mains possible by the use of the thorax. To achieve this,
the development of an international comprehensive and
accessible mosquito spectra database is essential.

Methods
Mosquitoes
Adult female mosquitoes, collected in the field or
laboratory-reared, were used for this study. Field collec-
tion of mosquitoes was undertaken in 6 distinct sites
from the Caribbean Island of Guadeloupe using BG sen-
tinel traps (Fig. 1). Collected specimens were stored at
-20 °C from a few months to one year. Mosquito species
were determined by morphological identification under
a binocular loupe at a magnification of 56× (Leica M80,
Leica, Nanterre, France) using morphological descrip-
tions [37–39]. In each collection site, 8 specimens per
species were selected for MS analysis. Aedes aegypti
(Bora strain) and Ae. albopictus (Marseille strain, MRS)
mosquitoes were raised in the laboratory using standard
methods as previously described [40, 41]. Only imago
non-engorged female mosquitoes were included in the
study. The mosquitoes were sedated and stored at -20 °C
until future analysis.

Mosquito dissection
Legs and thoraxes from mosquitoes were processed as
previously described [36]. Briefly, specimens were indi-
vidually dissected with a sterile surgical blade under a
binocular loupe. For each specimen, legs and thorax
(without wings) were removed and transferred separately
in 1.5 ml Eppendorf tubes for MALDI-TOF MS analysis.
The remaining body parts (abdomens and heads) were
used for molecular analyses. A nomenclature was estab-
lished to pair body parts from the same specimen. In
addition, paired legs and thorax (without wings) from
five Ae. albopictus specimens were mixed prior to
MALDI-TOF MS analysis.

Molecular identification of mosquitoes
DNA was individually extracted from the head and abdo-
men of 2 mosquito specimens per species selected for MS
reference database creation (n = 24) using the QIAamp
DNA tissue extraction kit (Qiagen, Hilden, Germany) ac-
cording to the manufacturer’s instructions. Molecular
identification of mosquito at the species level was per-
formed by sequencing the PCR product of a fragment of
the cytochrome c oxidase 1 gene (cox1) using the primers
LCO1490 (forward) (5'-GGT CAA CAA ATC ATA AAG
ATA TTG G-3') and HC02198 (reverse) (5'-TAA ACT
TCA GGG TGA CCA AAA AAT CA-3') as previously
described [42, 43]. The sequences were assembled and ana-
lyzed using the ChromasPro software version 1.7.7 (Tech-
nelysium Pty. Ltd., Tewantin, Australia). All sequences
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were compared with sequences in the GenBank database
using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) and
the Barcode of Life Data Systems (BOLD; http://www.bar-
codinglife.org; [44]) to assign unknown cox1 sequences to
mosquito species.

Sample homogenization and MALDI-TOF MS analysis
Each compartment dissected was individually homoge-
nized 3 × 1 min at 30 Hz using TissueLyser (Qiagen) and
glass powder (Sigma-Aldrich, Lyon, France) in a
homogenization buffer composed of a mix (50/50) of 70%
(v/v) formic acid (Sigma-Aldrich, Lyon, France) and 50%
(v/v) acetonitrile (Fluka, Buchs, Switzerland) for protein
extraction according to the standardized automated
setting described by Nebbak et al. [20]. Respectively, 30 μl
and 50 μl of the homogenization buffer were used for
legs and thoraxes. For samples containing a mix of
legs and thorax from the same individual, 60 μl of the
homogenization buffer were used. After sample
homogenization, a quick spin centrifugation at 200× g for
1 min was then performed and 1 μl of the supernatant of
each sample was loaded on the MALDI-TOF steel target
plate in quadruplicate (Bruker Daltonics, Wissembourg,
France). After air-drying, 1 μl of matrix solution com-
posed of saturated α-cyano-4-hydroxycinnamic acid (Sig-
ma-Aldrich, Lyon, France), 50% (v/v) acetonitrile, 2.5% (v/
v) trifluoroacetic acid (Sigma-Aldrich, Dorset, UK) and
HPLC-grade water was added. To control matrix quality
(i.e. absence of MS peaks due to matrix buffer impurities)
and MALDI-TOF apparatus performance, matrix solution
was loaded in duplicate onto each MALDI-TOF plate
alone and with a bacterial test standard (Bruker Bacterial
Test Standard, ref: #8255343). Moreover, legs or thoraxes
from two Ae. albopictus specimens reared at the labora-
tory and stored at -20 °C were included on each plate and
were used as homogenization positive controls.

MALDI-TOF MS parameters
Protein mass profiles were obtained using a Microflex LT
MALDI-TOF Mass Spectrometer (Bruker Daltonics, Bre-
men, Germany), with detection in the linear positive-ion
mode at a laser frequency of 50 Hz within a mass range of
2–20 kDa. The setting parameters of the MALDI-TOF MS
apparatus were identical to those previously used [19]. The
spectrum profiles obtained were visualized with Flex ana-
lysis v.3.3 software and exported to ClinProTools version
v.2.2 and MALDI-Biotyper v.3.0 (Bruker Daltonics,
Germany) for data processing (smoothing, baseline sub-
traction, peak picking) and evaluation with cluster analysis.

MS spectra analysis
MS spectra profiles were first controlled visually with flex-
Analysis v.3.3 software (Bruker Daltonics, Bremen,
Germany). MS spectra were then exported to ClinProTools

v.2.2 and MALDI-Biotyper v.3.0. (Bruker Daltonics, Bre-
men, Germany) for data processing (smoothing, baseline
subtraction, peak picking). MS spectra reproducibility was
assessed by the comparison of the average spectral profiles
(main spectrum profile, MSP) obtained from the four spots
for each specimen according to body part with
MALDI-Biotyper v.3.0 software (Bruker Daltonics, Bre-
men, Germany). MS spectra reproducibility and specificity
taking into account mosquito body part were demon-
strated using clustering analyses and the composite correl-
ation index (CCI) tool. In addition, ClinProTools software
was used to identify discriminatory peaks among the 8
mosquito species for each body-part. Cluster analyses (MS
dendrogram) were performed based on comparison of the
MSP given by MALDI-Biotyper v.3.0. software and clus-
tered according to protein mass profile (i.e. their mass sig-
nals and intensities). The CCI tool from MALDI-Biotyper
v.3.0 software was also used to assess the spectral varia-
tions within and between each sample group, according to
the body part, as previously described [20, 45]. Higher cor-
relation values (expressed as the mean ± standard devi-
ation, SD) reflecting higher reproducibility for the MS
spectra, were used to estimate MS spectra distance be-
tween species for each body part. To visualize MS spectra
distribution from mosquitoes according to body part,
principal components analysis (PCA) from ClinProTools
v.2.2 software was performed for each species.

Database creation and blind tests
The reference MS spectra were created using spectra from
legs and thoraxes of two specimens per species collected in
each site or reared at the laboratory using MALDI-Biotyper
software v.3.0. (Bruker Daltonics, Bremen, Germany) [10].
MS spectra were created with an unbiased algorithm using
information on the peak position, intensity and frequency.
Raw MS spectra from legs and thoraxes of mosquitoes in-
cluded in the MS reference database used in the present
study are provided for free use (Additional file 7). MS spec-
tra from mosquito legs and thoraxes were tested against the
in-house MS reference spectra DB. The reliability of species
identification was estimated using the log-score values
(LSVs) obtained from the MALDI Biotyper software v.3.0,
which ranged from 0 to 3. According to previous studies [6,
20], LSVs greater than 1.8 were considered reliable for spe-
cies identification. Data were analyzed by using GraphPad
Prism software v.5.01 (GraphPad, San Diego, CA, USA).

Additional files

Additional file 1: Table S1. Mass peak list distinguishing mosquito
species using legs as biological material, based on the Genetic Algorithm
model analysis of ClinProTools. The list includes unique species-specific mass
peaks. Abbreviations: Da, Daltons; m/z, mass to charge ratio. (DOCX 16 kb)
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Additional file 2: Table S2. Mass peak list distinguishing mosquito
species using thoraxes as biologic material, based on the Genetic Algorithm
model analysis of ClinProTools. The list includes unique species-specific mass
peaks. Abbreviations: Da, Daltons; m/z, mass to charge ratio. (DOCX 17 kb)

Additional file 3: Figure S1. Resulting MS spectra for legs (red),
thoraxes (green) and mix of legs and thoraxes (blue) from Ae. albopictus
specimens. Five specimens per condition, loaded in quadruplicate, were
tested. a Overlay of the mean MS profile per condition. b Gel view of the
MS profiles per condition. An enlargement of the m/z window including
the more intense MS peak from Ae. albopictus legs is presented as a MS
spectra overlay (c), and gel view (d). (TIF 23971 kb)

Additional file 4: Figure S2. Principal components analysis (PCA) from
MS spectra for mosquito legs and thoraxes. PCA 3-dimensional (PCA1-PCA3)
image from MS spectra of legs (red dots) and thoraxes (green dots) from Ae.
aegypti (a), Cx. quinquefasciatus (b), Ae. taeniorynchus (c), P. cingulata (d),
Cx. atratus (s.l.) (e), Cx. nigripalpus (f) and D. magnus (g). (TIF 44631 kb)

Additional file 5: Figure S3. Geographical reproducibility of the MS
spectra from legs (a, c, e) and thoraxes (b, d, f) included in the DB per
mosquito species. LSVs obtained for Ae. aegypti (a, b), Cx. quinquefasciatus
(c, d) and D. magnus (e, f), according to origins of the MS spectra from
specimens of the same species included in the DB are shown. The
dashed line represents the threshold value for relevant identification
(LSVs > 1.8). Abbreviation: LSV, log-score value. (TIF 35156 kb)

Additional file 6: Figure S4. Experimental design for mosquito
identification using two distinct compartments by MALDI-TOF MS. The
advantages of the creation of a MS reference database (DB) including
mosquito legs and thoraxes are indicated. (PDF 95 kb)

Additional file 7: Raw MS spectra from legs and thoraxes of mosquitoes
included in the MS reference database. MS spectra were obtained using a
Microflex LT MALDI-TOF Mass Spectrometer (Bruker Daltonics). (7Z 4576 kb)
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