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1 | INTRODUCTION

Visceral leishmaniasis (VL) is a cosmopolitan zoonosis
whose agents are heteroxenic digenetic protozoan of the
Leishmania genus, which affect domestic and wild ani-
mals, and eventually, the human [1]. It is estimated that
50 000 to 90 000 new cases of VL occur worldwide annu-
ally. According to the World Health Organization, in

Lutzomyia longipalpis and Lutzomyia crugzi
are the main sandflies species involved in
the transmission of Leishmania infantum
protozoan in Brazil. The morphological
characteristics can be used for species

Bruno S. Marangoni’ |

Wagner S. Fernandes' |

| Moacir D. G. L. Borges" |

identification of males specimens, while females are indistinguishable.
Although, sandflies identification is essential to understand vectorial capacity,
and susceptibility to infectious agents or insecticides, there is a lack of new
strategies for specimen identification. In this study, Fourier transform infrared
photoacoustic spectroscopy combined with multivariate analysis identified
intraspecific differences between Lutzomyia populations. Successfully group
clustering was achieved by principal component analysis. The main differences
observed can be related to the protein content of the specimens. A classifica-
tion with 100% accuracy was obtained using machine learning approach, all-
owing the identification of sandflies specimens.

classification, infrared spectroscopy, Lutzomyia sp., machine learning, multivariate analysis

2018, more than 95% of new cases reported occurred in
just 10 countries: Brazil, China, Ethiopia, India, Iraq,
Kenya, Nepal, Somalia, South Sudan and Sudan [2]. In
the American continent, 59 769 new cases were reported
between 2001 and 2017. Brazil has the highest prevalence
of VL cases (96%) [3]. In the Neotropical region, this
vector-borne disease is caused by Leishmania (Leish-
mania) infantum. The epidemiological chain of this
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zoonosis involves the hosts and insect vectors. In Brazil,
Lutzomyia longipalpis and Lutzomyia cruzi are the two
species that transmit this protozoan during females blood
feeding [4-7].

L. longipalpis’ adaptability to the urban environment
has been considered one of the main determinants for
the VL urbanization process in America. Among the fac-
tors that favor this scenario is the eclectic blood-feeding
habit, which feeds by wild and domestic animals, such as
dogs, horses, cows, chickens, birds, goats and humans [8,
9]. Due to its epidemiological importance, L. longipalpis
is the most studied species in the Americas, and widely
distributed from Mexico to Argentina [10].

The taxonomic classification of L. longipalpis and
L. cruzi has been discussed once males are morphologi-
cally similar and females indistinguishable [11]. Also, it
is believed there is a species complex with distinct
populations of L. longipalpis in Brazil, based on biochem-
ical, morphological, behavioral and molecular studies
[12-14]. Tt is hypothesized that different populations may
be responsible for different epidemiological profiles of
the disease since sandflies have habits, behaviors and
infection capacity intrinsic to the species [12].

The advance of technology and the mixing of physics,
chemistry and biology have provided the essential tools
for the elucidation of - biosystematics, population dynam-
ics and phylogenetic relationships. Some studies have
demonstrated the use of spectroscopic techniques for
analyzing different biological systems, such as Fourier
transform infrared photoacoustic spectroscopy (FTIR-
PAS) [15-17].

FTIR-PAS is a wuseful technique that allows dis-
tinguishing different types of chemical bonds in a mole-
cule [18]. Some studies have used this approach for
analyzing different biological systems such as bacteria and
fungus [19], ants [16], wasps [20], fishes [17] and plants
[21]. FTIR spectroscopy is efficient in discriminating spe-
cies and populations of insects as the technique based on
vibrations related to functional groups present in the bio-
molecules present in the exoskeleton, such as carbohy-
drates, proteins, cuticular lipids, DNA and RNA [22]. In
this study, we analyze the intraspecific differences between
L. longipalpis and L. cruzi complex populations from differ-
ent Brazilian regions by using infrared photoacoustic spec-
troscopy combined with multivariate analysis.

2 | MATERIALS AND METHODS
2.1 | Study area and period

We obtained 126 sandflies males using light traps (Falcao
modified). The specimens, captured between August
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2014 and December 2016, from five different Brazilian
biomes, Figure 1: Amazon Rainforest (Belém, PA);
Caatinga (Fortaleza, CE); Cerrado (Palmas, TO); Atlantic
Rainforest (Recife, PE, and Jequié, BA); and Pantanal
(Corumba, MS), were identified based on morphological
characteristics of the genitalia, head and thorax, as
described by Galati [23].

2.2 | Fourier transform infrared
photoacoustic spectroscopy

We investigated 21 sandflies specimens from each region
by FTIR-PAS spectra, using a Thermo Nicolet Nexus
670 spectrometer, with photoacoustic detection, in the
range of 4000 to 600 cm™!, with 128 scans, and resolution
of 16 cm™. The photoacoustic cell was purged with
helium gas before each measurement. The standardiza-
tion was kept by measuring a new background spectrum
from a piece of carbon black after each 100 minutes, used
as a reference.

The 21 specimens were measured in triplicate, by
using simultaneously 03 entire specimens of sandflies in
the sample holder, to improve the signal/noise ratio. The
average FTIR-PAS spectra were analyzed and the main
absorption bands were identified and assigned to respec-
tive molecular contributions.

2.3 | Data analysis

Interspecific differences among each group were evalu-
ated by the FTIR-PAS spectra after standard normal vari-
ate (SNV) [24], which were dimensionally reduced by
principal component analysis (PCA). After that, the data
were trained and validated by machine learning algo-
rithms. The PCA is an orthogonal linear transformation
of the data that eliminates correlated variables and trans-
forms it into a new set of uncorrelated variables, called
principal components (PCs). Thus, the number of PCs
resulting from the transformation is always smaller than
the original set. The weights used to convert the variables
into the PCs are called “loadings” and indicate the vari-
ables of the original set contribute the most to the
transformation.

Machine learning algorithms are supervised training
routines that use the data (original variables or PCs) to
recognize patterns that allow them to differentiate among
classes. The routines were developed using the Matlab
R2015b library (The Mathworks INC., Natick) [25]. In
this study, the number of PCs used in the machine learn-
ing training was optimized to avoid overfitting, so when
the number of PCs was increased in the training model
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FIGURE 1 Geographic distribution of Lutzomyia cruzi (Corumba, MS) and Lutzomyia longipalpis (Belém, PA; Fortaleza, CE; Recife, PE;

Palmas, TO; Jequié, BA) specimens collected in Brazil. The PA, CE, PE, TO, BA and MS represent the Para, Ceard, Pernambuco, Tocantins,

Bahia e Mato Grosso do Sul, Brazilian federal units, respectively

the validation accuracy decreased (indicating overfitting).
The same behavior was observed when the number of
PCs was reduced (indicating underfitting).

The machine learning applied was based on different
classifiers. The k-nearest neighbors (KNN) is a routine
that arranges the variables in spatial distribution and
classifies the sample according to the number of “k”
nearest neighbors. The measured neighbor distance can
be linear: fine KNN (k = 1) and medium KNN (k = 10),
or nonlinear: cosine KNN (k = 10); cubic KNN (k = 10);
and weighted KNN, where the closest neighbors have a
higher influence in the classification. The support vector
machine (SVM) organizes the data in spatial distribution
and separates the classes by using hyperplanes, which
can be shaped by different functions: linear, quadratic,
and cubic. Discriminant analysis (DA) separates classes
by molding boundaries among classes. Such delimiters
can be linear (LDA) or quadratic (QDA). The ensemble
classifiers (EC) combines several algorithms for classifica-
tion. In the case of the EC-subspace discriminant and
EC-subspace KNN, the routine randomly separates the
set into subspaces and performs specific training for each
subspace using the indicated classifiers (DA or KNN).

After the observation of PC’s loadings and the data
trends, three main spectral regions associated with
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different molecular compositions were selected to be ana-
lyzed by machine learning algorithms. Finally, machine
learning with PCA and SNV normalization spectra was
applied and was optimized with the number of PCs. The
validation process employed was the leave one out cross-
validation (LOO-CV), where a sample is withdrawn from
the training set and used to test the modeling predictive
power. The process is repeated alternating the sample
withdrawn to test all the sample sets.

3 | RESULTS AND DISCUSSION

Average FTIR-PAS spectra for sandflies from different
Brazilian regions are shown in Figure 2. The analyzed
samples exhibited similar FTIR-PAS absorption spectra
in the mid-infrared range (4000-600 cm™"), composed of
vibrational contributions assigned to lipids, proteins, and
carbohydrates molecules. In all samples, broadband is
observed in the range 3700 until 3000 cm™}, caused by H-
bonded stretching from chitin, other polysaccharides and
residual water [26].

The main bands, highlighted in Figure 2, were
divided into four regions. Region I, from 3000 until
2800 cm™' assigned to C—H stretching related methyl

85UB0 1T SUOWLIOD SAITERID 3|qeal|dde sy Aq peussnob afe seppie O ‘9N Jo S| 10} ARIq 1T 8UIIUO 8|1/ UO (SUOIIPUOI-PUE-SLUBI W0 A3 |1 Aleid1 U1 |UOy/:StiL) SUONIPUOD pue SWw.e 1 8y1 88S *[202/0T/T2] uo ARiq1auljuo A8|IM ‘INS Op 0SSOI ORR|N 8P [eJepe 8pepSIBAIUN oedepund - SWHN Ad ZT#000202 014[/200T 0T/I0p/wod A8 | Im Aeiq 1 pul|uo//sdny woJj pspeojumod ‘v ‘1202 ‘8ro0v98T


https://onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Fjbio.202000412&mode=

40f9 OURNAL OF
PHOTONICS

CASARIL ET AL.

(A) 2 mm

(@)
EV2ine

(b)
/N

(c)
EV i

Normalized Absorbance (a.u.)

4000 3500 3000 1800 1200 600
!
Wavenumber (cm )

FIGURE 2
transform infrared photoacoustic spectroscopy absorption spectra of

Lutzomyia longipalpis image and average Fourier

sandflies from different regions of Brazil: (A) Fortaleza - Ceara, CE;
(B) Belém - Par4, PA; (C) Corumba - Mato Grosso do Sul, MS;

(D) Recife - Pernambuco, PE; (E) Palmas - Tocantins, TO;

(F) Jequié - Bahia, BA. The highlighted bands are associated with
molecular signatures of lipids (I), proteins (II), lipids and proteins
(III) and carbohydrates (IV)

groups and lipids. The two bands in region II correspond
to amide 1 and amide 2 of proteins, located among 1600
and 1700 cm™' and in the 1580 to 1510 cm™' spectral
range, respectively. The region III in the IR spectra rang-
ing from 1480 cm ™' to 1340 cm ™' are methyl group bonds
related to lipids and proteins. Besides, the phosphodies-
terase groups (P=0) vibrate between 1300 and 1200 cm ™
and they are related to the sample nucleic acid. Finally,
in region IV, the bands ranging from 1.100 to 1000 cm ™"
are associated with functional carbohydrate groups
[26, 27].
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The dissimilar band shapes, Figure 2, can be
assigned to the different molecular profiles of the speci-
mens, probably promoted by environmental differences
between their habitats. The specimens were collected
from the Amazon rainforest, Atlantic rainforest,
Caatinga and Savana-like Cerrado biomes. It is worth
considering that the Atlantic and Amazon rainforest are
similar, both are ombrophilous forests (broad and
perennial vegetation and abundant and frequent rains),
while the Cerrado is characterized as a biome of
xeromorphic vegetation (with a seasonal climate and
that covers aluminized leachate soils, consisting of low
trees, widely spaced shrubs and grasses). These charac-
teristics are probably responsible for altering the molec-
ular constitution of insects and reflect on different
molecular profiles [28-30].

3.1 | PCA analysis

Figure 3 shows the results of the PCA analysis of the
FTIR-PAS data in three different ranges: (i) 4000 until
600 cm™' (A and B), (ii) 3000 until 2800 cm™* (C and D)
and (iii) 2000 until 800 cm™ (E and F). The left side of
Figure 3A,C,E exhibits the score plot, and the right side
(Figure 3B,D,F) the corresponding loading plot.

The score plot in Figure 3A,C, reveals a small ten-
dency of clusterization. The score plot for the full range
analysis, Figure 3A, represents 83.82% of the total data
variance, it shows a formation of two different clusters,
one associated with MS group (blue diamond), consti-
tuted by L. crugi, and the other constituted by
L. longipalpis. The scores associated with different
groups of L. longipalpis seems to be forming a single
cluster, mainly because the PA (red dots) and TO
(orange dots) are dispersed, and each group is very close
to each other. The corresponding loading, Figure 3B,
shows that the main variance of the data is related to
vibrational bands in the range (ii) associated with lipids
molecules (region I in Figure 2), and in the range
(iii) associated with proteins, carbohydrates and lipids
molecules (regions II, ITII and IV in Figure 2), for all first
three PCs.

The score plot considering a small region, from 3000
to 2800 cm ™, represents 93.46% of the total data vari-
ance. Similar behavior, as described before, could be
observed for clustering formation, as can be seen in
Figure 3C, but here, a single cluster from BA group
(green dots) identified distant from the other groups, that
seems to form again one huge cluster with great disper-
sion and a mixture of the different dots. Analyzing the
corresponding loadings, Figure 3D, the main deviation of
the variance data for all first three PCs can be assigned to
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FIGURE 3 Score plot (A,C,E) and loadings (B,D,F) from principal component analysis (PCA) data analysis. (A,B) entire spectral range

from 4000 to 600 cm ™, (C,D) from 3000 to 2800 cm ™" and (E,F) from 2000 to 800 cm™*

the C—H stretching vibrational bands, which is related to
lipids molecules.

Successfully group clustering and separation were
achieved by PCA in the range from 2000 until 800 cm™".
The score plot, Figure 3E, presents a great cluster forma-
tion of L. longipalpis, while the cluster corresponding to

RIGHTS LI N '-"l}

L. cruzi (blue diamond) is quite dispersed. The loading,
Figure 3F, shows that the most variance of the data corre-
spond to vibrational bands between 1800 until
1500 cm ™, these bands are assigned to proteins content,
evidencing that the main differences between the groups
can be related to its protein content of the specimens.
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3.2 | Machine learning analysis

Figure 4 shows the accuracy achieved in the classification
training by machine learning methods applied to the
FTIR-PAS data, after SNV normalization and PCA
processing. The process was optimized to return the best
accuracy in classification and avoid under and overfitting
[31]. In this way, the first seven PCs were selected to
explain at around 95% of the total variance. The machine
learning methods were performed in three different
ranges: (a) 2000 until 800 cm™' (green bars), (b) 4000
until 600 cm™" (blue area) and (c) 3000 until 2800 cm™*
(red dot-line trace), in accordance to previously PCA
analysis.

The highest classification accuracy (100%) were
obtained in three different configurations, by analyzing:
the full range (4000-600 cm™") applying the Ensemble
Classifier algorithm with Subspace Discriminant; the
selected range (2000-800 cm™") by applying the fine KNN
and the cubic and quadratic SVM algorithms. The maxi-
mum accuracy achieved in the range from 3000 to
2800 cm™' was 90.48% by using KNN and SVM algo-
rithms. This result is probably related to the lack of infor-
mation in the 2800 to 300 cm™' range, where only lipid
bands contributed to the spectra.

Although the full range training and validation pro-
vided 100% of accuracy, the result was achieved by using
the ensemble classifier method which is a composition of
several classifiers, requiring higher computational capac-
ity [32]. On the other hand, KNN and SVM methods suc-
cessfully classified the samples by using a reduced
number of data, ranging from 2000 until 800 cm™'. Fol-
lowing the PCA analysis, this range performs the best
visual clusterization for the 3D score plot (Figure 3E)
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providing sufficient and important information to sample
classification. The reduced set of variables, 2000 to
800 cm ™, performs better than the full range, indicate
that some variables, outside the selected range
(2000-800 cm™"), were not contributing significantly to
the separation process. Such variables can present vari-
ance related to other characteristics instead of the differ-
entiation of classes.

Figure 5 shows the confusion matrices obtained from
the leave one out cross-validation tests by each method
previously described. The classification performance of
spectral regions from 3000 until 2800 cm™", Figure 5A,
associated with lipids molecules, exhibited considerable
confusion to classify samples from the MS region,
corresponding to L. cruzi, a total of 42.9% of false-
negative classification were obtained in this case. Addi-
tionally, just one sample was incorrectly classified in the
TO groups, in which 85.7% of true positives were
obtained.

On the other hand, successfully classification with
100% accuracy was obtained, Figure 5B, by analyzing the
entire spectral range, 4000 until 600 cm™", by using the
Ensemble Classifier method with Subspace discriminant.
While the analysis of the selected range from 2000 until
800 cm™' achieved 100% accuracy by using KNN and
SVM methods.

Introgressive between

hybridization  evidence

L. longipalpis and L. cruzi were observed in morphologi-
cal studies [33-35], biochemical (sexual pheromones)
[36], behavioral (lovesongs) [37] and molecular [11, 38],
suggesting that the speciation process between these
species is recent or is still occurring. Although these stud-
ies have provided important evolutionary information,
our study,

showed that FTIR-PAS combined with
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FIGURE 4 Accuracy of learning machine methods to discriminate and classify the sandflies groups. The green bars show the accuracy

achieved in the range 2000 until 800 cm™

2800 cm ™
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, the blue area in the range 4000 until 600 cm

~1, and the red dot-line trace in the range 3000 until
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On the other hand, FTIR-PAS combined with multi-
variate analysis proved to be an efficient alternative in
the identification, since it presented high specificity and
sensitivity both in terms of interspecific and population
level. Another positive point for FTIR-PAS is that it does
not require sample preparation, does not generate waste,

FTIR-PAS combined with multivariate analysis were able
to identify intraspecific differences between sandflies
specimens. FTIR-PAS associated with PCA can be used
to identify sandflies specimens since the proper spectral
range (2000-800 cm™') is selected. On the other side,
FTIR-PAS combined with machine learning algorithm
(ensemble classifier) successfully identified sandflies
specimens by using the entire spectral range. These find-
ings can be used to discriminate morphologically similar
species of sandflies. This fact is relevant, as in areas
where males are not captured, the identification of
females cannot be performed, because they are indistin-
guishable. Besides, inexperienced people can often con-
fuse the male of these species. FTIR-PAS proved to be a
reliable and efficient methodology to assess differences in
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FIGURE 5 Confusion matrix for the performance of the best-

supervised methods, by using seven principal components.

(A) Selected range, 3000 until 2800 cm™, by using k-nearest
neighbors (KNN) method with weighted function. (B) The entire
range, 4000 until 600 cm™, by using the ensemble classifier
method with subspace discriminant. Selected range, 2000 until
800 cm™, by using KNN with fine function, and support vector
machine (SVM) method with quadratic and cubic functions

multivariate analyses can identify intraspecific differ-
ences between specimens. Similar results were found in
studies involving male flies (Diptera: Sarcophagidae) at a
specific level [22]. These results are due to the spectral
characteristics derived from the biochemical composition
of the cuticles of these insects, which may vary according
to genetic and environmental factors [22, 39].

In morphological studies, the identification of
sandflies consists of clarifying the insect, mounting it on
a slide, and analyzing various characters that can be diffi-
cult to be visualized. It is common to lose part of the
specimen during the clarification process, causing diffi-
culties for species identification [40]. There is also the dif-
ficulty in visualizing structures by an inexperienced
professional. Molecular studies, although they result in
robust and reliable data, present disadvantages the high
cost, the need for fresh material and require considerable
effort and time [22].
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the chemical composition of sandflies and could be used
as an auxiliary taxonomic tool, mainly to distinguish
cryptic specimens.
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