
A
s

C
a

b

0
c

d

a

A
R
R
A
A

K
W
G
P
P
A

1

h
,
o
i
p
b
b
w
e
t
s

P

h
0

Acta Tropica 152 (2015) 165–169

Contents lists available at ScienceDirect

Acta  Tropica

jo ur nal home p age: www.elsev ier .com/ locate /ac ta t ropica

rtificial  Neural  Network  applied  as  a  methodology  of  mosquito
pecies  identification

amila  Lorenza,b,∗,  Antonio  Sergio  Ferraudoc, Lincoln  Suesdeka,d

Instituto Butantan—Avenida Vital Brasil, 1500, Sao Paulo CEP 05509-300, Brazil
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a  b  s  t  r  a  c  t

There  are  about  200  species  of  mosquitoes  (Culicidae)  known  to be vectors  of pathogens  that  cause  dis-
eases  in  humans.  Correct  identification  of  mosquito  species  is  an  essential  step  in the development  of
effective  control  strategies  for these  diseases;  recognizing  the  vectors  of pathogens  is  integral  to  under-
standing  transmission.  Unfortunately,  taxonomic  identification  of  mosquitoes  is  a  laborious  task,  which
requires  trained  experts,  and  it is jeopardized  by  the high  variability  of  morphological  and  molecular
characters  found  within  the  Culicidae  family.  In this  context,  the  development  of  an  automatized  species
identification  method  would  be  a valuable  and  more  accessible  resource  to  non-taxonomist  and  health
professionals.  In this  work,  an artificial  neural  network  (ANN)  technique  was  proposed  for  the  identi-
fication  and  classification  of  17  species  of  the genera  Anopheles,  Aedes,  and  Culex,  based  on  wing  shape
characters.  We  tested  the  hypothesis  that  classification  using ANN  is  better  than  traditional  classification
by  discriminant  analysis  (DA).  Thirty-two  wing  shape  principal  components  were  used  as  input  to a Mul-

tilayer  Perceptron  Classification  ANN.  The  obtained  ANN  correctly  identified  species  with  accuracy  rates
ranging from  85.70%  to  100%,  and  classified  species  more  efficiently  than  did  the traditional  method  of
multivariate  discriminant  analysis.  The  results  highlight  the  power  of  ANNs  to  diagnose  mosquito  species
and  to  partly  automatize  taxonomic  identification.  These  findings  also  support  the  hypothesis  that  wing
venation  patterns  are  species-specific,  and  thus  should  be included  in  taxonomic  keys.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Currently, 3,543 mosquito species of the Culicidae family
ave been identified (http://mosquito-taxonomic-inventory.info/

 accessed 01/Dec/2014), but only about 200 of them are rec-
gnized vectors of pathogens that cause disease in humans,
ncluding viruses (arboviruses), filarial worms (helminths), and
rotozoa (malaria). These identified species are primarily mem-
ers of the genera Anopheles,  Aedes, and Culex. The relationship
etween mosquitoes and public health has driven much research,
hich focuses primarily on species of medical interest (Reidenbach
t al., 2009). Correct identification of these species is essential,
o both recognize the vectors involved in pathogen transmis-
ion, and to develop efficient control strategies (World Health

∗ Corresponding author at: Instituto Butantan—Avenida Vital Brasil, 1500, Sao
aulo CEP 05509-300, Brazil.

E-mail address: camilalorenz@usp.br (C. Lorenz).

ttp://dx.doi.org/10.1016/j.actatropica.2015.09.011
001-706X/© 2015 Elsevier B.V. All rights reserved.
Organization, 1995). Morphological identification of specimens is
currently restricted to a small number of highly specialized profes-
sionals, owing to difficulty in character interpretation by the laity.
Molecular identification of mosquito DNA samples remains a slow
and expensive process for most laboratories.

In recent years, the geometric morphometrics technique
(Bookstein, 1991; Rohlf and Marcus, 1993) has proven to be a use-
ful tool for identifying species based on polymorphic morphological
characters (Calle et al., 2002; Lorenz et al., 2012; Villemant et al.,
2007). In the case of mosquitoes, the wing is more commonly ana-
lysed by morphometrics, owing to its two-dimensional feature and
the ease by which researchers can obtain anatomical landmarks
(Gómez et al., 2013; Jaramillo et al., 2014; Demari-Silva et al., 2014).
Typically, morphometrical data are statistically assessed using mul-
tivariate discriminant analyses (DA) (Dujardin, 2008; Lorenz et al.,

2014). Artificial Neural Networks (ANN) is another methodology
recently utilized to identify organisms based on morphological
traits (Hopfield, 1988; Wang, 2003; Yegnanarayana, 2009). ANN
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Fig. 1. Geometric Morphometrics. (a) Wing of Anopheles triannulatus showing the
18 landmarks used in analyses; (b) Hypothetical geometric diagram representing
t
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cipal author (CL) and the repeatability test considered the marking

T
I

he  wing portion considered in this study.

as been adopted from the field of computational intelligence and
s being used with increasing frequency to classify biological organ-
sms (Dobigny et al., 2002; Marcondes and Borges, 2000), due to its
fficiency in handling large datasets and its generalizability. Some
ypes of ANN employ ratios between dimensions of morphological
tructures to classify and identify species (Marcondes and Borges,
000). Recent studies have also used genetic characters in ANNs to

dentify species of mosquito (Banerjee et al., 2008; Venkateswarlu
t al., 2012).

An efficient classification system should be able to extract rel-
vant features from biological data in order to distinguish species
ith minimal to no error. In this work, we combined geometric
orphometrics and ANNs to explore the efficiency of this identifi-

ation methodology in distinguishing among 17 mosquito species
f the genera Anopheles,  Aedes, and Culex based on wing shape.
e hypothesized that ANN is a superior classification method in

omparison to DA, the traditional method. DA has been widely
sed to make statistical inferences from morphometric data, but
t is inaccurate and inefficient in some cases (Calle et al., 2002;
orenz et al., 2012). We  wish to further the development of an
utomatized species identification method, which would provide

able 1
nformation about mosquito species used in this study.

Genus Species N Sampli

Aedes Ae. aegypti 35 São Pau
Ae.  albopictus 35 São Pau

Anopheles An.  homunculus 24 Parique
An.  triannulatus s.l. 23 Minas 

An.  albitarsis s.l. 18 Minas 

An.  aquasalis 36 São Pau
An.  bellator 36 Parique
An.  cruzii 24 Parique
An.  darlingi 28 Manau

Culex Cx.  sacchetae 9 Parique
Cx.  usquatus 17 Parique
Cx.  atratus 10 Rio de 

Cx.  coronator 16 Manau
Cx.  ribeirensis 15 Rio de 

Cx.  cornirger 27 São Pau
Cx.  nigripalpus 19 Manau
Cx.  quinquefasciatus 16 São Pau
Fig. 2. Schematic representation of an artificial neural network with two  hidden
layers and one output.

non-taxonomists with the ability to accurately and feasibly identify
mosquitoes.

2. Material and methods

Specimen identification was  based on larvae, pupae, and adult
mosquito characteristics compiled from the identification key pro-
posed by Forattini (2002) and features suggested by Sallum et al.
(2009). The geometric morphometrics analyzes were based on
18 points, called landmarks, marked on the right wing of each
mosquito (Fig. 1). We  used only right wings to follow the stan-
dard of other morphometric studies on culicids (Lorenz et al., 2012;
Gómez et al., 2013). We  believe that the use of solely right wing
is enough representative, given that all species sampled showed
no directional asymmetry (data not shown). We  used 388 female
specimens, because these are the ones that are hematophages, rep-
resenting 17 species of the three major genera of disease vectors:
Aedes, Anopheles,  and Culex. The species sampled and the sampling
sites are described in Table 1.

Wings were photographed using a Leica DFC320 digital camera
coupled to a Leica S6 microscope with 40× magnification. The land-
marks were digitized using TpsDig v 1.40 software (Rohlf, 2006)
and coordinate images were plotted onto a Cartesian plane for
morphometric analysis. All digital images were scored by the prin-
system acceptable. To reduce the original space of variables while
preserving maximum information, we  generated new latent vari-
ables called principal components. These are eigenvectors, built

ng site Date Geographic coordinates

lo/SP Jan-13 23◦29′52.6′ ′S/46◦31′33.1′ ′W
lo/SP Jan-13 23◦29′52.6′ ′S/46◦31′33.1′ ′W

ra-Aç u/SP Jul-14 24◦53′25.6′ ′S/47◦50′16.0′ ′W
Gerais/MG Jan-14 20◦03′56.3′ ′S/48◦58′10.3′ ′W
Gerais/MG Jan-14 20◦03′56.3′ ′S/48◦58′10.3′ ′W
lo/SP Mar-14 23◦29′52.6′ ′S/46◦31′33.1′ ′W
ra-Aç u/SP Jul-14 24◦53′25.6′ ′S/47◦50′16.0′ ′W
ra-Aç u/SP Jul-14 24◦53′25.6′ ′S/47◦50′16.0′ ′W

s/AM Nov-13 3◦00′13.6′ ′S/59◦55′07.5′ ′W

ra-Aç u/SP Jul-14 24◦53′25.6′ ′S/47◦50′16.0′ ′W
ra-Aç u/SP Jul-14 24◦53′25.6′ ′S/47◦50′16.0′ ′W

Janeiro/RJ Nov-14 22◦56′46.8′ ′S/43◦17′09.6′ ′W
s/AM Nov-13 3◦00′13.6′ ′S/59◦55′07.5′ ′W
Janeiro/RJ Nov-14 22◦56′46.8′ ′S/43◦17′09.6′ ′W
lo/SP Mar-14 23◦29′52.6′ ′S/46◦31′33.1′ ′W

s/AM Nov-13 3◦00′13.6′ ′S/59◦55′07.5′ ′W
lo/SP Mar-14 23◦29′52.6′ ′S/46◦31′33.1′ ′W
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Fig. 3. Number of species that scored highest in correct classification using trials of ANNs. Each single block represents a species. The colours represent a better classification
using  ANN (red), DA (blue), or both approaches (green). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

F  Discr
r

w
a
t
p
w
s
m
c

ig. 4. A comparison between classification by Artificial Neural Network (ANN) and
epresented on the y-axis (%).

ith eigenvalues of the correlation matrix of the original vari-
bles. This Principal Component Analysis (PCA) was  processed in
he software MorphoJ 1.02 (Klingenberg, 2011). The 32 obtained
rincipal components were used as input to an ANN using the soft-
are StatSoft, Inc. (2004). We  calculate the allometric effect of all
amples and it was not significant (2.54%; p = 0.466). The network
odel used was multi-layered for classification (“Multilayer Per-

eptron”, Fig. 2) during the modelling process to determine the
iminant Analysis (DA). We  used 17 species; their scores of correct classification are

network topology. Phase 1 of the network had 100 epochs through
a back propagation model, and phase 2 had 500 epochs through a
conjugate gradient descendent model. Inner layers ranged from 1 to
4, containing up to 20 neurons each. Learning rates ranged from 0.1
to 0.5 and the momentum rate was 0.4. We  used the logistic func-

tion as the activation function. A group of 300 individuals, randomly
selected, were used as model training and 88 were reserved for val-
idation. Discriminant analyses were performed to compare with
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ig. 5. Variation of the wing. The contours represent the most distinct extremes wit
nalysis after Procrustes superimposition.

NN results and effectiveness. The software PADWIN (Dujardin,
002) was used with cross-validation among groups.

. Results and discussion

After heuristically testing several alternatives and comparing
heir respective performances, the most efficient topology was
ound to be that of 32 input neurons (corresponding to 32 princi-
al components of wing shape), two hidden layers with 17 neurons
ach, and one output neuron. It is important to emphasize that ANN
s a heuristic classification method, not an exhaustive one; there-
ore, different results from the same data set may  be obtained. After
he best network topology was chosen, we reran the same data for

 total of 10 trials to verify the efficiency of ANNs (Fig. 3). All of the
rials displayed better results than did the traditional discriminant
nalysis, and in all networks at least nine species obtained a better
eclassification score.

We choose the best ANN (Fig. 3—Trial #4) to demonstrate its
fficiency compared to discriminant analysis. Classification results
anged from 85.70% to 100%, a better score than the one obtained
sing discriminant analysis for most of the species (Fig. 4). Only
nopheles cruzii and Culex nigripalpus showed ranking scores lower
han other species. These ANN results agreed with the DA scores,
hich were also lower in these two species.

The largest variation between species was observed in land-
arks #1 and #2, located in the border of the wing (Fig. 5).
The combination of many principal components through ANNs

llowed for highly accurate and reliable species identification,
ore efficient for most species than DA methodology. To statisti-

ally evaluate the geometric morphometrics data, the ANN method
eems to be a good substitute for traditional DA; all ANN tests
ere resulted in greater than or equal identification accuracy. The
reat advantage of using ANN instead of traditional DA is the abil-
ty to handle large amounts of data quickly and the possibility of
utomating the process with constructed models.

This is the first study that has associated geometric morpho-
etrics analysis with ANNs for identifying mosquito species. Using

ing shape data as a network input speeds and reduces the process

n comparison to the use of genetic data. For mosquitoes analysed
n this study there are unique features in the wing venation that
llow the correct identification of species. Our results also open
e 17 sampled species. The arrows indicate landmarks of greatest variation in shape

a new question to be investigated: which other species present a
species-specific pattern?

For a more complete and accurate identification, technique com-
bination would be ideal, as would employing more specimens for
method validation. Here, we  show that it is possible to distinguish
among mosquito species using the wing; however, further study
is required that focuses on the combination of ANN with other
methodologies to increase the accuracy of results. The classification
method proposed here can aid in initial insect screening from the
field, and is useful as a complementary tool of traditional identifica-
tion keys. This technique should be tested in other species groups,
such as complex or cryptic species, and in different populations of
the same species to verify its effectiveness and generalizability.
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