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Abstract
Background Triatoma dimidiata (Reduviidae: Triatominae) is an important vector of Chagas disease in
various countries in the Americas. Phylogenetic studies have de�ned three lineages in Mexico and part of
Central America, but methods for identifying them using morphometric analyses with landmarks have not
yet been resolved. Elliptical Fourier Descriptors (EFDs), which mathematically describe the shape of any
closed two-dimensional contour, could be a potentially useful alternative method. The objective of this
work was to validate the use of EFDs for the identi�cation of the three lineages of this species complex.

Method A total of 84 dorsal view photographs of individuals of the three lineages were used. The body
contours were described with EFDs using between 5 and 30 harmonics. The number of obtained
coe�cients was reduced by a Principal Components Analysis and the �rst axis scores were used as
shape variables. A Canonical Variances Analysis, a linear discriminant function analysis and a multilayer
perceptron neural networks were then performed using the shape variables, identifying the minimum
number of harmonics su�cient to produce e�ciently classi�cations.

Results The �rst principal component explained 50% of the variability, regardless of the number of
harmonics used, but the results of both, Principal Component Analysis and Canonical Variance Analysis
get improved by increasing the number of harmonics and components considered. With 25 harmonics
and 8 components, the identi�cation of haplogroups was achieved with an overall e�ciency greater than
97%. The 30 multilayer perceptron neural networks were also e�cient in identi�cation, reaching 91%
e�ciency with the validation data.

Conclusions The use of EFDs is a simple and useful method for the identi�cation of major lineages of
Triatoma dimidiata. This method outperform other novel approaches, therefore could serve as an
automated identi�cation method.

Background
Cryptic species are, at present, one of the great challenges for systematic biologists since, in many cases,
speciation is not accompanied by distinctive morphological characters and allopatric distributions that
facilitate the identi�cation of different entities at the species level [1]. In the case of insects, the presence
of cryptic species is a very frequent phenomenon in several orders such as Coleoptera and Hemiptera [2,
3]. In the �eld of epidemiology, the correct identi�cation of species in insect groups with medical
importance is a key component of mapping vector control and surveillance strategies [4]. This is mainly
because different species may vary in terms of their competence as vectors and their epidemiological
importance as well as in the right way to its control [5].

One of the most epidemiologically important groups of insects on the American continent is the
triatomines (Triatominae: Reduviidae), the vectors of Chagas Disease (CD). In this group, the genus
Triatoma is the most diverse genus [6]; approximately 70 species have been described and it is the genus
with the largest geographic distribution within the subfamily [7, 8]. Multiple inter- and intraspecies
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taxonomic questions have arisen in this group, with species repeatedly included and excluded from
different complexes throughout the history of the study of their systematics and taxonomy [9, 10, 11, 12].
The combination of unresolved taxonomic relationships and the detection of cryptic species within this
genus highlight the need to address the systematics of this group [13, 14, 15, 16]. The phenomenon of
cryptic speciation is common in Triatominae [17, 18, 19, 20] and results in species that are nearly
identical morphologically, which often makes identi�cation based only on traditional morphological
characters di�cult or impossible.

The identi�cation of triatomine species has usually been carried out using traditional morphometry [9, 12,
21]. However, the use of geometric morphometry has led to new techniques for evaluating morphological
characters in a taxonomic context; it complements the use of other methods of discrimination [22] and
has been used for the recognition of apparently cryptic species, including some of the Triatoma genus [5,
23].

The Triatoma dimidiata complex represents one of the major vectors of Chagas disease in all of the
countries where it is distributed [16, 24, 25]. It is present in Mexico, all of the countries of Central America,
Colombia, Ecuador and Perú [16, 26]. Throughout its range, it can be found in jungle, peridomestic and
domestic habitats, where non-domiciled populations act as sources of reinfestation and participate in the
transmission of the parasite to humans [26, 27, 28, 29].

Phylogenetic studies de�ned three major haplogroups for Mexico and part of Central America [13], which
were recently rea�rmed by Pech-May et al. [16]. Although the three haplogroups are completely
differentiable by molecular analysis, they have not yet been successfully delimited using morphometric
approaches.

Through the use of geometric morphometry techniques by anatomical reference points, Gurgel-Goncalves
et al. [30] implemented a method for the automated identi�cation of 51 triatomine species, including the
three haplogroups of T. dimidiata. They reached correct identi�cation rates of 70.5%, 76.7% and 82.5% for
haplogroups 1, 2 and 3 of this species, respectively. More recently, using TensorFlow, a deep learning
algorithm, it was possible to increase the correct classi�cation of specimens of the three haplogroups
(84.1% H1, 86.7% H2 and 87.5% H3) [31]. Althought these methodologies are the cutting edge approach
to the automatized species identi�cation within the Triatomine group, this rate of identi�cation is still
insu�cient and methods that guarantee higher power of correct discrimination are still necessary.

As an alternative, in this study we propose the use of Elliptical Fourier Descriptors (EFDs), which can
delineate any shape with a two-dimensional closed contour, as suggested by Kuhl and Giardina [32].
Contour analysis is based on the digitalization of the silhouette of an object, which is expressed as a
sequence of coordinates (x, y) that can be manipulated mathematically and adjusted to an equation
derived from Fourier functions. This method has been widely applied to the analysis of various biological
shapes [33, 34, 35] and more recently, as a tool for pattern detection and automated species identi�cation
[36, 37, 38, 39, 40]. Here, we apply EFDs in order to evaluate their ability to identify the three described
Triatoma dimidiata haplogroups for Mexico and part of Central America. The results of this evaluation
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contribute to the implementation of tools for accurate discrimination between triatomine species and
potentially to the control and prevention of CD.

Materials And Methods
In order to test the ability of EFDs to discriminate among the haplogroups of T. dimidiata, we used the
images obtained by Gurgel-Goncalves et al. [30], which are available in the Dryad Digital Repository:
http://dx.doi.org/10.5061/dryad.br14k. Originally, 44, 30 and 40 images of haplogroups 1, 2 and 3 were
obtained, respectively, with which the automated identi�cation process tested by Gurgel-Goncalves et al.
[30] was performed. For this study, only images that had the necessary characteristics to perform the
contour analysis were selected, that is, only images with an unmodi�ed contour and wings that were not
broken or overlapped. This �ltering process resulted in a total sample of 37, 23 and 36 images for
haplogroups 1, 2 and 3, respectively. The conditions under which the photographs were taken are detailed
in Gurgel-Goncalves et al. [30].

The images were preprocessed in Adobe Photoshop CS5. The legs and antennae were removed from
each image to leave only the body contour. The brightness and contrast values were adjusted to their
minimum and maximum values, respectively, to leave only a binary image (Fig. 1). All images were saved
as bitmaps (BMP) in 24-bit RGB format.

SHAPE 1.3 software [41], designed to evaluate the contour shape based on Elliptical Fourier Transform,
was then used to quantify the body contours. The mathematical description of contour extraction based
on EFDs can be found in Iwata et al. [42].

SHAPE has four subprograms: ChainCoder, Chc2Nef, PrinComp, and PrinPrint, which together facilitate
the processing of digital images, acquisition of the chain code and Fourier coe�cients, and Principal
Component Analysis. It also includes routines for the visualization of the shape from previously digitized
data (ChcViewer and NefViewer).

The chain code is a coding system to describe the spatial information of the contours with numbers from
0 to 7 [43]: the digits indicate the direction of the next step around an outline: 0 = one step to the right, 2 = 
one step up, 4 = one to the left, 6 = one down, and the other digits are intermediate addresses. To obtain
this code for each image, the ChainCoder subprogram was implemented for the images of the
haplogroups. This subprogram reads the BMP images, converts them to grayscale, binarizes them from a
threshold value selected in the image histogram, eliminates possible noise existing in the images using
erosion-dilution �lters and obtains the chain code, which is saved in an ASCII �le with an extension chc.

Once the chain code �le was generated for each image using the Chc2Nef program [32], the Fourier
transform coe�cients for 5, 10, 15, 20, 25 and 30 harmonics were calculated consecutively, using the
ellipse as normalization of the �rst harmonic. Fourier coe�cients were stored in an ASCII �le of extension
.nef that were used for subsequent multivariate analysis.
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Given that a large number of variables is produced (four coe�cients for each harmonic), a Principal
Component Analysis (PCA) was performed using the variance-covariance matrices to reduce the
dimensionality and create new derived variables that can be analyzed statistically. This was done using
the PrinComp module, as proposed by Rohlf and Archie [34], and component scores were used as shape
variables. These derived variables contain all of the information for each haplogroup body shape, as
demonstrated by the fact that the contours can be graphically reconstructed from these values using an
inverse Fourier transform in the PrinPrint module, according to the procedure of Furuta et al. [35].

To evaluate the ability of FED to discriminate among the three haplogroups of T. dimidiata, a
Discriminant Function Analysis was performed. The minimum number of harmonics needed to produce
satisfactory classi�cations was determined. For this, the scores of the principal components recovered
from the PrinComp module were used. For the �rst �ve harmonics, the number of principal components
was 16, while for 10, 15, 20, 25 and 30 harmonics, 30 principal components were recovered. A Canonical
Variance Analysis (CVA) was performed with the minimun number of harmonics that allowed the best
discrimination of the haplogroups and the confusion matrix was obtained to estimate the classi�cation
errors.

Finally, we compared each of the �rst �ve principal components among the three haplogroups to
determine whether there were statistically signi�cant differences among them. Because the data were not
normally distributed, we used a Kruskal-Wallis test to compare among the three groups.

As an alternative method of discrimination and identi�cation, a multilayer perceptron neural networks
were trained. Arti�cial neural networks are mathematical models constructed by simulating the
functioning of biological neural networks (the nervous system). They present a set of processing units
called neurons, cells or nodes (formed by several mathematical equations), interconnected by
connections that include a weight that modi�es the values   that pass through them between neurons [44].

The variables used to make the network were the scores of the principal components that contributed
most to the total variance, obtained from the Fourier coe�cients from 25 harmonics. For the basic
topology, the automated search procedure of Statistica version 8.0 software was used, with an input layer
of 30 neurons, corresponding to each shape variable, and the output layer with three neurons, one for
each haplogroup to identify.

In the exploratory step, the most e�cient network was evaluated by testing with hidden layers of between
10 and 40 neurons. Two error functions (sum of squares and cross-entropy) and four activation functions
(identity, logistics, tangent and exponential) were used. The learning rate was 0.1, the inertia 0.66, and the
stoping rule was set when the training error was below 0.001. Network learning was represented using the
behavior of the maximum, average and minimum errors. Sixty percent of the data were randomly selected
for network training and the remaining 40% was used for validation. Of the 30 networks, the one with the
lowest classi�cation error of the validation data was selected as best. The classi�cation power for the
species was analyzed using the confusion matrix and the calculation of the percentages of omission and
commission errors.
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Results
With the result of the �rst component, and when using the inversion of the Fourier transforms, the contour
of the haplogroups of T. dimidiata was reconstructed and the variability between groups and within them
was graphically characterized (Fig. 2). The greatest variability between haplogroups was observed in the
posterior lobe of the pronotum and the terminal region of the head and neck. This pattern of variation
was also observed internally for haplogroups 1 and 2. The greatest variation within haplogroup 3
specimens was in the anterior lobe and distal tubers (Fig. 2).

Regardless of the number of harmonics used to describe the contour, the �rst component explained about
half of the contour variability (between 44 and 55%) (Fig. 3). As the number of harmonics used increased,
more components were required to explain 90% of the variation in shape, but in general, this value was
reached with 8 principal components (Fig. 3).

When performing the discriminant analysis using different numbers of harmonics, correct discrimination
generally increased with the number of harmonics used, except for 30 harmonics when discrimination
began to descend (Table 1). Haplogroup 1 was successfully differentiated from the analysis with 10
harmonics onwards with 100% correct discrimination. Haplogroup 2 was only 100% correctly
discriminated when the contour was described with 20 and 25 harmonics. Haplogroup 3 could not be
discriminated completely with any of the number of harmonics tested, but had correct discrimination
vales of 88.24 to 94.12%. Overall, the best results were obtained by describing the contours of
haplogroups using 25 harmonics.

Table 1
Percentage of correct discrimination of three haplogroups of Triatoma

dimidiata (Hemiptera: Reduviidae) by discriminant analysis using 5, 10, 15,
20, 25 and 30 harmonics.

  Correct classi�cation (%)  

No harmonics Haplogroup 1 Haplogroup 2 Haplogroup 3 Total

5 97.14 60 88.24 85.39

10 100 85 94.12 94.38

15 100 90 94.12 95.51

20 100 100 91.18 96.63

25 100 100 94.12 97.75

30 100 95 94.12 96.63

The ordering diagram of the discriminating axes for the shape of the specimens, for the description of the
contour with 25 harmonics and using 30 components is shown in Fig. 4. The separation of the minimum
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convex polygons demonstrated the possibility of discriminating the haplogroups using the principal
components scores as shape variables. Haplogroup 1 is separated perfectly from the rest, showing the
greatest differentiation in canonical axis 1 from haplogroups 2 and 3. Haplogroups 2 and 3 presented
greater variation along canonical axis 2. One individual from haplogroup 3 was located within the
polygon of haplogroup 2, which was corroborated as an error of discrimination of the analysis in the
confusion matrix (Table 3).

Figure 4. Canonical Variance Analysis using shape variables (30 principal components resulting from the
Elliptical Fourier Coe�cients of 25 harmonics) of three haplogroups of Triatoma dimidiata (Hemiptera:
Reduviidae).

Table 3
Confusion matrix of the discrimination

process of the three haplogroups of
Triatoma dimidiata (Hemiptera: Reduviidae)
by the Canonical Variance Analysis for 25

harmonics.

Haplogroups H1 H2 H3 Total

H1 37 0 0 37

H2 0 23 0 23

H3 0 1 35 36

When comparing the PC scores among the three haplogroups, signi�cant differences were found between
at least two haplogroups for all principal components except for PC3 (Fig. 5). The greatest differences
were always between haplogroups 1 and 3.

Figure 5. Differences in the scores of the �rst �ve principal components between three haplogroups of
Triatoma dimidiata (Hemiptera: Reduviidae). H1: Haplogroup 1, H2: Haplogroup 2, H3: Haplogroup 3.

All trained networks achieved 100% correct classi�cation with training data, but the most e�cient with
validation data was a perceptron of 13 neurons in the hidden layer, which reached 91% correct
classi�cation. This network used a BFGS18 training algorithm and an SOS error function. The activation
function of the hidden layer was Logistics and for the output layer, Tangent. This network confused only
one individual of haplogroup 1 (out of a total of 20) which was classi�ed as haplogroup 2 (droping to
94% correct classi�cation), and two haplogroup 2 individuals (of 16) were classi�ed as haplogroup 3 (for
85% correct classi�cation). The eight individuals belonging to haplogroup 2 used to validate the network
were correctly classi�ed (100%). Components 1, 5, 15 and 2 were the higest weight in the network.

Discussion
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In entomological studies, much attention has been given to the use of different parts of the body to
identify, name and classify insects [45]. To date, the wings have been the most commonly used structures
to assess species discrimination through geometric morphometry methods, mainly through the use of
anatomical reference points [5, 23]. Here, we use for the �rst time the whole body contour of an insect to
discriminate between groups. The use of EFDs has been little explored, at least in triatomines, though on
several occasions it has demonstrated its ability to discriminate among even closely-related species [46,
47]. However, recent works such as Santillán-Guayasamín et al. [48] have used semi-markings and EFDs
for the delimitation of triatomine species using the contour of their eggs, demonstrating the usefulness of
these methods for species recognition in this genus.

When using the inversion of the Fourier transforms, it was possible to visualize that the greatest
differences in contour shape between the haplogroups were found in the pronotum and the head. Both of
these structures have been used in morphometric studies, both traditional and geometric, because
important variations in their shape have been detected [5, 12, 30]. In the case of the head, Bustamante et
al. [12] consider that an important factor in the variability observed in this region is due to the geographic
isolation of the populations of T. dimidiata, which has led to divergent evolution. The haplogroups used
in this study mainly have allopatric populations, which could explain the morphometric differences found,
although there are areas of sympatry [16]. In turn, differences in the head may have an evolutionary
cause related to feeding strategies and growth patterns of this area of   the body. Authors such as
Patterson [49] have suggested that the shape of the head may re�ect evolutionary mechanisms related to
the ability to ingest blood. If the allopatry of the haplogroups populations of T. dimidiata is taken into
account and that these must have diverged approximately 0.97 to 0.85 mya, according to results
obtained from sequences of the ND4 gene [16], dissimilar feeding strategies may have been established
among the haplogroups, which then generated morphological differences.

In the case of the pronotum, signi�cant variability in the shape of the contour between the haplogroups
was also observed. This structure has been used in the traditional morphological description of
triatomine species [9] and has been used to try to discriminate between species [50]. Very few studies
have used geometric morphometry techniques on this structure in triatomines, and in the future a
comparative study of the pronotum could evaluating its utility for discriminating among triatomines.

When comparing the results obtained by Gurgel-Goncalves et al. [30], who reached correct discrimination
values between 70.5 and 82.5% of the three haplogroups and the results obtained by Khalighifar et al.
[31] (with correct discrimination values of 84.1% H1, 86.7% H2 and 87.5% H3) our results reached 100%
correct discrimination values   for haplogroup 1 and 2 and 94.12% for haplogroup 3, with total
discrimination results of 97.75%, through discriminant function analysis. As with the discriminant
function analysis, with the analysis of arti�cial neural networks, discrimination values   greater than those
reported by the previous authors were obtained. This is probably because, in comparison to the methods
used in the aforementioned studies, EFDs can recover a greater variability of the shape through the
contour analysis. Perhaps the integration of both, the methods of the previous works [30, 31] (which have
demonstrated their ability with good values of correct discrimination in the recognition of these
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haplogroups) and EFDs can help to establish an identi�cation system of the haplogroups of T. dimidiata
with higher values of correct identi�cation.

This method of describing shapes and reconstructing images is advantageous when the analysis based
on anatomical reference points fails to fully discriminate the objects of study. McLellan and Endler [51]
suggested that the use of EFDs provides a precise reconstruction of the contour of the complex object
and can explain the overall complexity of the shape with greater resolution than the methods of
anatomical reference points and semi-marks. This has been demonstrated in other insect groups, where
the use of EFDs has allowed the correct discrimination between species [52]. Francoy et al. [22] used both
methods (anatomical reference points and Elliptical Fourier Descriptors) for the identi�cation of
euglossine bees. These authors found better results in the differentiation of species using EFD. However,
they suggest the combined use of data matrices obtained by anatomical reference points and EFDs.

Species concepts and delimitation have always been highly controversial and complicated, especially
when the focal organisms are considered cryptic or hypercryptic [45]. In the Triatoma genus, the presence
of cryptic species has been widely addressed. Several authors have assembled the Triatoma species into
different groups and complexes based on their external characters and the genitalia of both sexes [53, 54,
55]. Currently, the most accepted group was proposed by Scho�eld and Galvão [56], with the subdivision
of Triatoma species into groups, complexes, and subcomplexes [57].

Triatominae species show high morphological variation, which suggests that ecological factors may be
the main force driving speciation in Triatominae [21]. Very closely related species can develop rapid
morphological changes in adaptation to new environments. Conversely, similar morphs adapted to the
same ecotope could be derived from different ancestors [21]. Thus the existence of morphologically
similar species could be re�ecting their evolution from a common ancestor or convergent adaptation to
the same ecological niche. This phenotypic �exibility leads to the misidenti�cation of distinct genetic
units by morphological convergence, resulting in taxonomic uncertainties in the description of new
subspecies, species or even genera. Considering that the Triatominae species groupings into complexes
and subcomplexes are mainly based on morphological similarities [58], the morphological plasticity
complicates both species identi�cation and the establishment of evolutionarily related groups. In this
sense, traditional morphological analysis has failed to clarify the differences that other sources of
evidence, such as genetic, chromosomal, karyotype analyses, etc., have contributed to the clari�cation of
the cryptic species complexes.

Speci�cally, in T. dimidiata, wide distribution and variation in morphology (historically explained by wide
clinal variation along its distribution range) [9], has resulted in a long history of reconsiderations of its
taxonomic status, from a single species to a species complex of distinct taxonomic groups [59]. Studies
focused on the analysis of morphological variation using classical morphometry techniques have led to
the inclusion of T. dimidiata populations within other species complexes such as phyllosoma [12].
However, these considerations have been rejected due to genetic evidence that has demonstrated the
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presence of different haplogroups within the dimidiata complex; this demonstrates that it is impossible
for classical morphological techniques to correctly discriminate among these haplogroups.

Conclusions
The use of Elliptic Fourier Descriptors allows the identi�cation of three haplogroups of Triatoma
dimidiate with higher precision than previous works. The main advantage is its easy application from
easily obtainable digital images with minimal and uncomplicated processing, which guarantees its
replicability. Despite its relative mathematical complexity, it can be fully automated, which minimizes the
researcher manipulation errors when processing the samples. Its ability to reconstruct the shape
automatically, after statistical processing, is also attractive and does not require any drawing skills from
the researcher, allowing the visual identi�cation of the location of the differences detected. Also, in
principle, it uses a holistic approach to the true shape, regardless of the absolute physical dimensions.
The assessment of the identi�cation ability of this method in other triatomine species is a necessary
aspect to advance procedures that allow the automation of the identi�cation of these important vectors
of Chagas disease.
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Figures

Figure 1

Examples of the three haplogroups of Triatoma dimidiata (Hemiptera: Reduviidae) and an example of a
body contour after image processing for the analysis of the Elliptical Fourier Descriptors. Sample sizes
per haplogroup are shown in parentheses under each image. Images from Gurgel-Goncalves et al. [30].
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Figure 2

Digital reconstruction and variability of the contours in three haplogroups of Triatoma dimidiata
(Hemiptera: Reduviidae). The contours were obtained from the �rst principal component obtained with
the Elliptical Fourier Descriptors. Red contours represent the consensus of the three haplogroups. H 1:
Haplogroup 1; H 2: Haplogroup 3; H 3: Haplogroup 3.

Figure 3

Behavior of the variance explained by the principal components as the number of harmonics used to
characterize the shape of three haplogroups of Triatoma dimidiata (Hemiptera: Reduviidae) is increased.
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Figure 4

Canonical Variance Analysis using shape variables (30 principal components resulting from the Elliptical
Fourier Coe�cients of 25 harmonics) of three haplogroups of Triatoma dimidiata (Hemiptera:
Reduviidae).
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Figure 5

Differences in the scores of the �rst �ve principal components between three haplogroups of Triatoma
dimidiata (Hemiptera: Reduviidae). H1: Haplogroup 1, H2: Haplogroup 2, H3: Haplogroup 3.
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