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Resumen

La delimitacion de especies cripticas tiene implicaciones importantes en estudios sobre biodiversidad,
conservacion, enfermedades transmitidas por vectores, entre otros. Actualmente, el empleo de la
taxonomia integradora es la via mas certera para delimitar especies. Dos de las especies mas
importantes de triatominos en México son Triatoma pallidipennis y Triatoma dimidiata. El estatus
especifico de T. pallidipennis ha sido cuestionado en trabajos previos a partir de datos moleculares.
Para T. dimidiata, estudios filogenéticos propusieron tres haplogrupos para México y parte de
Centroamérica. Diferentes investigaciones han intentado reconocer estos haplogrupos con técnicas
de modelado de nicho ecoldgico y morfométricas, alcanzando porcentajes altos de discriminacion,
pero aun insuficientes para su correcto reconocimiento. En esta tesis analizamos secuencias de ADN
con métodos probabilisticos para esclarecer el estatus taxonémico de T. pallidipennis, empleamos el
modelado de nicho ecol6gico para apoyar el posible reconocimiento de entidades cripticas en esta
especie y empleamos la morfometria geométrica y el patrén de manchas para diferenciar haplogrupos
de T. pallidipennis y T. dimidiata. Analizamos las relaciones filogenéticas de T. pallidipennis con
matrices mitonucleares, estimamos tiempos de divergencia y delimitamos posibles nuevos taxones
con tres métodos de delimitacion de especies. Se obtuvieron distancias genéticas y posibles rutas de
conectividad basadas en haplotipos compartidos entre poblaciones de T. pallidipennis. La variacién
en forma entre haplogrupos de T. pallidipennis fue evaluada con un protocolo morfométrico,
empleando iméagenes de la cabeza y el pronoto. Se gener6 una configuraciéon de puntos anatémicos
de referencia y semimarcas para obtener variables de forma. Con estas, se realizaron analisis
estadisticos para ver su valor en la discriminacién de haplogrupos. Finalmente, se estimé la
segregacion ecoldgica entre haplogrupos a partir de modelos de nicho ecolégico con Maxent y
NicheA. La discriminacion de haplogrupos de T. dimidiata fue analizada con la descripcion del
contorno del cuerpo con Descriptores Elipticos de Fourier y el patrén de manchas del conexivo. Para
ambos casos, una combinacion de pruebas estadisticas se realiz6 para evaluar la capacidad de
discriminacidn de las variables empleadas. Se encontraron cinco haplogrupos para T. pallidipennis,
basados en métodos de delimitacién y distancias genéticas. La divergencia de estos comenz6 en el
Pleistoceno. Ninguno de los haplogrupos mostrd rutas potenciales de conectividad entre ellos, lo que
evidencia la falta de flujo de genes y sugieren la existencia de un nuevo complejo de especies cripticas
en lo que actualmente se reconoce como T. pallidipennis. Las variables de forma mostraron
diferencias significativas entre algunos de los haplogrupos analizados, demostrando que, al menos
parcialmente, hay divergencias morfométricas que pueden asociarse a los procesos de especiacion
recientes detectados. A su vez, se encontraron diferencias ecoldgicas entre los haplogrupos, lo que
sugiere que la segregacion ecoldgica puede estar jugando un papel importante en la especiacién de
estos. Tanto el contorno del cuerpo entero, asi como el patron de manchas del conexivo presentan
alto valor para la discriminacion de haplogrupos en T. dimidiata, aumentando considerablemente los
porcentajes de discriminacion con respecto a lo encontrado en trabajos previos. Se concluye que la
combinacion de métodos constituye la via mas certera para detectar y delimitar especies cripticas en
el género Triatoma.

Palabras claves: triatominos, especies cripticas, taxonomia integradora, haplogrupos



Abstract

The delimitation of cryptic species has important implications in studies on biodiversity,
conservation, vector-borne diseases, among others. Currently, the use of integrative taxonomy is the
most accurate way to delimit species. Two of the most important species of triatomines in Mexico are
Triatoma pallidipennis and Triatoma dimidiata. The specific status of T. pallidipennis has been
questioned in previous works based on molecular data. For T. dimidiata, phylogenetic studies have
proposed three haplogroups for Mexico and part of Central America. Different investigations have
tried to recognize these haplogroups with morphometric and ecological niche modeling techniques,
reaching high percentages of discrimination, but still insufficient for their correct recognition. In this
thesis we analyze DNA sequences with probabilistic methods to clarify the taxonomic status of T.
pallidipennis, we use ecological niche modeling to support the possible recognition of cryptic entities
in this species, and we use geometric morphometry and spot patterning to differentiate haplogroups.
of T. pallidipennis and T. dimidiata. We analyze the phylogenetic relationships of T. pallidipennis
with mitonuclear data, estimate divergence times, and delimit possible new taxa with three species
delimitation methods. Genetic distances and possible connectivity routes based on shared haplotypes
between T. pallidipennis populations were obtained. The variation in shape between haplogroups of
T. pallidipennis was evaluated with a morphometric protocol, using images of the head and
pronotum. A configuration of anatomical reference points and semi-marks was generated to obtain
shape variables. With these, statistical analyzes were performed to see their value in haplogroup
discrimination. Finally, the ecological segregation between haplogroups was estimated from
ecological niche models with Maxent and NicheA. The discrimination of haplogroups of T. dimidiata
was analyzed with the description of the body contour with Elliptic Fourier Descriptors and the spot
pattern of the conexivum. For both cases, a combination of statistical tests was performed to assess
the discrimination capacity of the variables used. Five haplogroups were found for T. pallidipennis,
based on delimitation methods and genetic distances. The divergence of these began in the
Pleistocene. None of the haplogroups showed potential landscape connectivity between them,
indicating a lack of gene flow and suggesting the existence of a new complex of cryptic species in
what is currently recognized as T. pallidipennis. The shape variables showed significant differences
between some of the analyzed haplogroups, showing that, at least partially, there are morphometric
differences that can be associated with the recent speciation processes detected. In turn, ecological
differences were found between the haplogroups, suggesting that ecological segregation may be
playing an important role in their speciation. Both the contour of the entire body, as well as the spot
pattern on the conexivum, present a high value for the discrimination of haplogroups in T. dimidiata,
considerably increasing the percentages of discrimination with respect to what was found in previous
works. It is concluded that the combination of methods (integrative taxonomy) constitutes the most
accurate way to detect and delimit cryptic species in the genus Triatoma.

Keywords: triatomines, cryptic species, integrative taxonomy, haplogroups
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1. INTRODUCCION GENERAL

La correcta delimitacion de las especies cripticas tiene implicaciones importantes en
estudios sobre biodiversidad, conservacion, tratamiento de enfermedades transmitidas por
vectores, entre otros (Bickford et al. 2006). Con gran frecuencia la delimitacion de estas especies
cripticas se logra mediante el empleo de multiples herramientas como las moleculares, el uso
de datos ecoldgicos, de comportamiento y mediante analisis morfométricos (Dayrat, 2005). Esta
combinacion de métodos, conocida como taxonomia integradora (Jorger y Schrodl, 2013), es
considerada la manera mas segura y precisa de determinar los limites de especies en la
actualidad (Smith et al., 2008).

Las especies cripticas constituyen un gran reto para los bidlogos sistematicos, debido
a que la especiacidn no siempre esta acompafiada por caracteristicas morfologicas distintivas y
distribuciones alopatricas que permitan el reconocimiento de las diferentes entidades (Rivera et
al. 2018). Esto es cierto particularmente para entidades taxondémicas con amplia distribucion.
Como consecuencia, el nimero real de especies es posible que sea mayor al que se encuentra
actualmente reportado. En el caso de organismos con importancia médica, el correcto
reconocimiento de sus especies es de gran importancia para comprender la estructura de sus
poblaciones, ciclos de vida, historias evolutivas, entre otros aspectos (Martinez et al., 2006).
Esto permite inferir tendencias y hacer predicciones sobre la dindmica de los vectores y en
consecuencia de los patdégenos que transmiten (p.ej. Piccinali et al., 2009).

La subfamilia Triatominae incluye alrededor de 157 especies de insectos que se
alimentan de la sangre de vertebrados (Monteiro et al., 2018; Alevi et al., 2021). En este grupo
se encuentran los vectores mas importantes del protozoo Tripanosoma cruzi, agente causal de

la enfermedad de Chagas (EC), de los cuales destacan las especies pertenecientes al género



Triatoma (Martinez et al., 2006). Para este ultimo hay descritas aproximadamente 70 especies
y es el género de mayor distribucion dentro de la subfamilia (Panzera et al., 1997).

En México se han reportado 31 especies autoctonas de Triatominae, la mayoria
agrupadas en el género Triatoma (Ramsey et al., 2015). Las especies de este género pertenecen
a dos subgrupos: protracta y rubrofasciata (Lent y Wygodzinsky, 1979). El primero esta
compuesto por los complejos de especies protracta y lecticularia (Galvéo et al., 2003, Kjos et
al., 2009). El subgrupo rubrofasciata contiene los complejos de especies rubida, dimidiata y
phyllosoma, este ultimo distribuido solamente en México. La presencia de tantos complejos de
especies ha conllevado a que diversos estudios subrayen la necesidad de revisar la taxonomia
de este género, ya que, estudios filogenéticos han demostrado diferencias con la taxonomia
actual propuesta para el grupo (Ibarra-Cerdefia et al., 2014; Justi et al., 2014).

El complejo phyllosoma es considerado el mas importante en México (Martinez et al.,
2006). Esto se debe, principalmente, al hecho de que todas las especies incluidas en él son
transmisoras de la EC con diferentes porcentajes de infeccion (Ramsey et al., 2000; Vidal-
Acosta et al., 2000; Martinez-lIbarra et al., 2001). Ademas, en su conjunto presentan la mayor
distribucion en el pais, donde destaca la region central (Martinez et al., 2006, Ramsey et al.,
2015). Para este grupo se han reportado mdltiples cuestionamientos taxondémicos inter e
intraespecificos, lo que se ha evidenciado con la inclusion y exclusion de especies en este
complejo a lo largo del estudio de su sistematica y taxonomia (Lent y Wygodzinsky, 1979;
Flores et al., 2001; Bustamante et al., 2004; Rengifo-Correa et al., 2021). Incluso se ha
propuesto la transferencia de las especies de este complejo al género Meccus (Carcavallo et al.,
2000; Galvao et al., 2003). Esto, unido a la posible presencia de especies cripticas en lo que
actualmente se considera una sola entidad taxondmica, resalta la importancia de abordar la

sistematica de sus miembros.



Dos de las especies mas importantes de triatominos en México son Triatoma
pallidipennis Stal, 1872, endémica del pais y con gran relevancia vectorial (Lent y
Wygodzinsky, 1979; Ramsey et al., 2015) y Triatoma dimidiata (Latreille, 1811) (formalmente
aceptada como complejo dimidiata, aunque recientemente Rengifo-Correa et al., 2021 lo
fusiona con el complejo phyllosoma). El estatus especifico de T. pallidipennis ha sido
cuestionado en trabajos previos a partir de datos moleculares (Harris, 2003; Mayares, 2014).
Sin embargo, la baja representatividad geografica de las poblaciones empleadas en los estudios
anteriores no permitié arribar a conclusiones robustas acerca del estatus taxonémico de la
especie. Harris (2003) sugiere reevaluar las relaciones filogenéticas de las poblaciones de T.
pallidipennis, debido a la sospecha de que constituye un complejo de especies cripticas.

Para T. dimidiata, estudios filogenéticos propusieron tres haplogrupos para México y
parte de Centroamérica (Bargues et al., 2008; GOomez-Palacio et al., 2015), recientemente
reafirmados por Pech-May et al. (2019). De estos, dos han sido descritos como nuevas especies
recientemente (Dorn et al., 2018; Lima-Cordon et al., 2019). Varias investigaciones han
intentado reconocer estos haplogrupos basandose en técnicas de modelado de nicho ecoldgico
(Gomez-Palacio et al., 2015) y morfométricas, con puntos anatémicos de referencia (Gurgel-
Concalves et al.,, 2011). Si bien, en estas investigaciones se alcanzaron porcentajes
relativamente altos de discriminacion, la necesidad de explorar otras técnicas que garanticen
mayores porcentajes es necesario.

Aun cuando el analisis genético permite revelar la presencia de especies cripticas,
ademas de comprender la variacion genética que han sufrido las poblaciones a lo largo del
tiempo, la caracterizacion morfoldgica y ecoldgica usualmente ayudan a confirman el estatus
especifico (Rivera et al., 2018). El uso de la morfometria geométrica, en contraste con la clasica,

ha abierto nuevas perspectivas para la evaluacion de caracteres morfolégicos en el contexto
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taxonomico, complementa la utilizacion de otros métodos de discriminacion (Francoy et al.,
2009) y ha sido utilizada para el reconocimiento de especies cripticas, incluso en el género
Triatoma (Gurgel-Goncalves et al., 2011; Nouvellet et al., 2011).

A su vez, como herramientas alternativas e innovadoras, las técnicas de modelado de
nicho ecolégico (MNE) han permitido reconocer especies cripticas a partir del analisis de la
segregacion del nicho e indices y métricas de similitud y equivalencia de nichos (Warren et al.,
2008; Martinez-Gordillo et al., 2010; Gurgel-Goncalves et al., 2011). La integracion de
informacién filogenética y de nicho ecoldgico también ha sido Util en el esclarecimiento de
complejos de especies en diferentes grupos (Palhano et al., 2018; Rivera et al., 2018) y permiten,
de conjunto con el uso de los Sistemas de Informacidén Geogréfica, fusionar datos genéticos y
espaciales con el propdsito de construir y poner a prueba hipoétesis filogeogréaficas (Kidd y
Ritchie, 2006; Kozak et al., 2008; Chan et al., 2011). En este sentido, dicha fusion de datos
permite explorar patrones de conectividad genética entre poblaciones para estimar la
direccionalidad del flujo de genes entre poblaciones a través del paisaje.

Esta aproximacion es particularmente interesante, ya que identifica aquellas regiones
que son cruciales para mantener el flujo de genes y aquellas que pueden constituir barreras a
este flujo (Chan et al., 2011). Esto es importante, ya que analizar los patrones genéticos sin tener
en cuenta la complejidad espacial puede subestimar el efecto de la historia ambiental en la
dispersion de los organismos a través del tiempo (Kozak et al., 2008) y, por ende, en sus posibles
procesos de especiacion. Especificamente para T. pallidipennis, su variacion morfométrica no
se ha descrito y los estudios de distribucion mediante técnicas de MNE solo han analizado su
distribucion potencial actual y futura (Ramsey et al., 2015; Carmona-Castro et al., 2019), sin
poner a prueba hipotesis sobre la posible presencia de linajes cripticos y las posibles diferencias

entre los nichos ecoldgicos de estos linajes.



Teniendo en cuenta lo anterior, el esclarecimiento del estatus taxonoémico de T.
pallidipennis y el correcto reconocimiento de los posibles nuevos linajes que se detecten a partir
de un analisis filogenético con alta representacion geografica, asi como la evaluaciéon de
métodos que permitan mejorar la discriminacion de los haplogrupos ya propuestos para T.
dimidiata, son aspectos de gran importancia desde el punto de vista evolutivo, taxonémico y de
control vectorial. Abordar estas cuestiones bajo un enfoque de taxonomia integradora y
evaluada bajo una perspectiva filogenética, tomando como modelos de estudio estas dos
especies, podria aportar informacion relevante para éstas y extenderse esta practica a otras
especies de este grupo para su correcto reconocimiento. Por lo tanto, nuestra hipétesis es que el
empleo de multiples lineas de evidencia permite la deteccion y la correcta delimitacion de
especies cripticas en el género Triatoma.

Para probar nuestra hipdtesis nos proponemos a) analizar datos de secuencias de ADN
con métodos probabilisticos para esclarecer el estatus taxonémico de T. pallidipennis, b) utilizar
técnicas de morfometria geométrica empleando puntos anatomicos de referencia para
diferenciar haplogrupos de T. pallidipennis y analisis de contornos y el patrén de coloracion
para discriminar los haplogrupos de T. dimidiata y c) emplear el modelado de nicho ecolégico

para apoyar el posible reconocimiento de entidades cripticas en T. pallidipennis.
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1. Introduction

Chagas disease affects about 8 million people worldwide, being
Triatominae subfamily insects considered to be the main form of
transmission (Pereira et al., 2011) of this neglected disease (WHO,
2019). In order to address questions related to their epidemiological
control, the molecular study of these species is essential to understand
aspects related to phylogenetic relationships, population dynamics and
evolutionary trends (Dos Santos et al., 2007). Phylogenetic analyses in
this group have employed molecular data obtained via methods for
DNA isolation based on corrosive and toxic chemicals (phenol-chloro-
form, ethidium bromide, among others; Garcia and Powell, 1998;
Dujardin et al., 2015) or the use of extraction kits (Justi et al., 2017;
Lopez-Vivas et al., 2018). These have, among other drawbacks, the
possible risk to human health, in the case of the first one, and the high
costs for the second one. Therefore, the optimization of a low cost, a
non-aggressive protocol to human health, and efficient for the DNA
isolation from these insects of epidemiological relevance (and other
potential arthropod groups) is of great importance.

DNA extraction from Triatoma Laporte, 1832 species with tradi-
tional methods frequently results in bad quality and low concentrations
(Mayares, 2014). Fetzner Jr (1999) optimized a method of DNA ex-
traction from reptile skin samples in zoological collections, by using a
modification of the Puregene DNA extraction kit. This method has been
successfully applied in other groups as fishes (Nguyen et al., 2006),
reptiles (Pellegrino et al., 2005; Goicoechea et al., 2016) and rodents
(Vargas et al., 2012; Vallejo and Gonzélez-Cézatl, 2012; Almendra
et al., 2014), obtaining high-quality DNA, but it has never been used in
insects. Due to its potential efficiency for this group, in this commu-
nication, we suggest an improved protocol for DNA extraction, based on
Fetzner Jr (1999) method, and validate it with Triatoma pallidipennis
(Stal, 1872) legs.

2. Material and methods

Triatoma pallidipennis specimens from the states of Jalisco, Colima,
Estado de Mexico and Puebla, Mexico, were used to test the method

https://doi.org/10.1016/j.meegid.2020.104201

An improved protocol for DNA extraction for the Chagas disease vectors is proposed based on modification to a
low cost method described twenty years ago. Quality DNA and high molecular weight were obtained from all
samples. NADH-4 gene was successfully amplified by PCR using the isolated DNA. The extraction protocol
presented in this technical note is a fast, low-cost, and non-aggressive method to human health for obtaining
genetic data from this group of epidemiological importance and potentially other insects.

proposed here. Species identification was carried out using the identi-
fication keys available (Lent and Wygodzinsky, 1979). All sued speci-
mens were previously preserved in 95% alcohol until they were pro-
cessed. DNA isolation followed three steps: cell lysis, protein
precipitation, and DNA hydration; main improvements of the protocol
consist on the way samples are manipulated and timings for each step,
as follow:

2.1. Cell lysis

Two or three legs (depending on the available material) of each
individual were used, which were removed with entomological forceps.
These were carefully cut into very small pieces to expose the tissue out
of the chitin cover, in all cases without maceration, since in previous
trials the maceration greatly fragmented the DNA. All pieces were de-
posited into independent 1.5 ml tubes for each specimen, to which
900 pl of lysis solution (10 mM Tris-base, 10 mM EDTA, 2% sodium
dodecyl sulfate [SDS], pH 8.0) was added followed by 9 pl of proteinase
K. A vortex was used for 15 s to ensure correct homogenization of the
solution and then placed in a stove previously heated to 55 °C. The
tubes were kept for 48 h on top of a shaker in the stove with occasional
vortexed during the lysis time, to assure the degradation in this step.

After 48 h, samples were cooled to room temperature and 1.8 pl of
RNAse was applied to each one, vortexed to mix well and then in-
cubated at 37 °C for one hour. Then, samples were quick centrifuged, to
precipitate non-degradable chitin residues. Next, the supernatant was
extracted to new 1.5 ml tubes.

2.2. Protein precipitation

Once separated in new tubes, the supernatant was cooled down to
room temperature and 300 pl of protein precipitation solution was
added; then vortexed to mix correctly and placed in a freezer for
25 min. After that time, samples were left at room temperature for
5 min and subsequently centrifuged at 15,000 rpm for three minutes.
This procedure ensured the formation of a visible compact layer of
polysaccharides at the bottom of the tubes. If polysaccharides layer is

Received 4 November 2019; Received in revised form 14 January 2020; Accepted 19 January 2020

Available online 21 January 2020
1567-1348/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/15671348
https://www.elsevier.com/locate/meegid
https://doi.org/10.1016/j.meegid.2020.104201
https://doi.org/10.1016/j.meegid.2020.104201
https://doi.org/10.1016/j.meegid.2020.104201
http://crossmark.crossref.org/dialog/?doi=10.1016/j.meegid.2020.104201&domain=pdf

Infection, Genetics and Evolution 80 (2020) 104201

Fig. 1. Electrophoresis showing the quality of extractions of genomic DNA obtained using our method (A), DNA obtained in a previous study (B; Mayares, 2014), and
PCR amplification of the NADH4 gene (C).



not enough compacted, this last step can be repeated.
2.3. Precipitation and hydration of DNA

The supernatant containing the DNA was separated into new 1.5 ml
tubes, avoiding touching the polysaccharides layer at the bottom of the
tubes. Each sample was divided in two, so there were two 1.5 ml tubes
with 600 pl of supernatant per sample. Subsequently, 450 pl of
Isopropanol was added to each tube and these were slowly inverted 50
times. At this time, it is possible to observe a DNA button, size might
vary for each sample, depending on the concentration, but in most
cases, DNA it's not visible, so be careful not to lose it.

Next, to precipitate the DNA at the bottom of the tubes, samples
were centrifuged at 15,000 rpm for 1 min. Supernatant was carefully
removed, remember that DNA is precipitated at the bottom of the tube,
and tubes allowed to dry briefly on absorbent paper towells.
Subsequently, 1 ml of 70% alcohol was added and then tubes were
inverted several times to wash DNA. After that, samples were cen-
trifuged again at 15,000 rpm for 1 min. The alcohol was subsequently
removed, taking care of the DNA button (if visible) did not detach from
the wall of the tube. Frequently it is not possible to see DNA, so the
alcohol elimination must be extremely careful. Tubes were dried on
absorbent paper for 15 min and then placed in a vacuum centrifuge at
35 °C at least for 15 min to dry out completely.

Finally, samples were hydrated with hydration solution (10 mM Tris
base, 0.1 MM EDTA, pH 8.0). Those with a defined DNA button were
hydrated with 75-100 pl. Samples without a visible or very small DNA
button were hydrated with 50 pl of hydration solution. Quality of iso-
lated DNA was verified through a visualization gel and then performing
a PCR to amplify the mitochondrial gene of the subunit 4 of the NADH
dehydrogenase (ND4-A).

For the amplification of the ND4-A gene, the following primers were
used: 5 "TCA ACA TGA GCC CTT GGA AG-3’ (F) and 5 'TAA TTC GTT
GTC ATG GTA ATG-3’ (R) (Dotson and Beard, 2001). The PCR reaction
for the fragment consisted of a period of initial denaturation at 94 °C for
5 min, followed by 40 cycles: denaturation (94 °C, 30s), alignment
(48 °C, 30s), and extension (72 °C, 2 min), and a final extension step at
72 °C, for 7 min. The amplified products were visualized, with a mo-
lecular weight marker of 1 kb to confirm the size of the amplified
fragments.

3. Results and discussion

The results of both, extraction and PCR visualizations in 1% agarose
gel, are shown in Fig. 1. The DNA obtained by this protocol was of high
quality in most cases (Fig. 1A). Samples 1-10 (except the samples 3-4)
presented the highest quality, with high DNA molecular weight
(Fig. 1A.). Comparing our results with those obtained by Mayares (2014),
who extracted T. pallidipennis DNA from legs with a different extraction
protocol (Fig. 1B), the quality of the DNA obtained with our protocol was
considerably better. This author used the DNAzol protocol, one of the
most commonly used chemicals in many investigations with the Triatoma
genus (Ramsey et al., 2012; Perez et al., 2013; Bustamante et al., 2014;
Pech-May et al., 2019). As shown in Fig. 1B, DNA obtained by Mayares
(2014) is in low concentration and highly fragmented.

Regardless of the quality of DNA obtained from extraction, the
NADH4 gene was successfully amplified for all samples (Fig. 1C), even
for samples 1, 3 and 4, who were those with minor DNA quality ex-
traction.

Reliability, feasibility, and reproducibility of molecular genetics
studies are often limited by the preliminary step of DNA isolation
(Pereira et al., 2011). The isolation of large amounts of high-quality
DNA from small quantities of tissue (as the present using insect legs) is
often a laborious task. Good DNA isolation is a crucial and determinant
step to obtain high-quality PCR products, and therefore real estimations
in terms of molecular and evolutionary analysis. The protocol presented

Infection, Genetics and Evolution 80 (2020) 104201

here offers a quick, simple and really cost-effective approach to DNA
extraction in triatomines. The extracted DNA is of high quality and
suitable for gene amplification using the PCR technique. Although in
this communication we only presented results from T. pallidipennis, its
extension to other species of the genus or even to other arthropods is
very likely. This protocol of genomic DNA isolation can be applied in
different molecular studies, especially for population genetics that re-
quire a large number of high-quality DNA extractions, sometimes with
low quantity of tissue, and in a short time.
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Capitulo 1.
Molecular data confirm Triatoma pallidipennis
Stal, 1872 (Hemiptera: Reduviidae: Triatominae)
as a novel cryptic species complex



Acta Tropica 229 (2022) 106382

ELSEVIER

Contents lists available at ScienceDirect

Acta Tropica

ACTA
TROPICA

journal homepage: www.elsevier.com/locate/actatropica
Molecular data confirm Triatoma pallidipennis Stal, 1872 (Hemiptera: e

Reduviidae: Triatominae) as a novel cryptic species complex

Daryl D. Cruz, Elizabeth Arellano -

Centro de Investigacion en Biodiversidad y Conservacion (CIByC), UAEM, Cuernavaca, Morelos, Mexico

ARTICLE INFO ABSTRACT

Keywords:
Triatomines

Cryptic species

ND4

ITS-2

Species delimitation

Triatoma pallidipennis constitues one of the most important Chagas disease vector in Mexico. Previous studies
based on molecular data suggest T. pallidipennis as a complex of cryptic species. For that reason, we analyzed the
phylogenetic relationships of T. pallidipennis using DNA sequences from the mitochondrial ND4 gene and the ITS-
2 gene. In addition, the divergence times were estimated, and possible new taxa were delimited with three
species delimitation methods. Finally, genetic distances and possible connectivity routes based on shared hap-

lotypes were obtained among the T. pallidipennis populations. Five haplogroups (possible cryptic species) were
found, based on delimitation methods and genetic distances. Haplogroup divergence began about 3 Ma, in the
Pleistocene. Moreover, none of the haplogroups showed potential connectivity routes between them, evidencing
lack of gene flow. Our results suggest the existence of a new cryptic species complex within what is currently

recognized as a T. pallidipennis.

1. Introduction

"Species" constitutes the fundamental unit in biology (Mayr, 1982;
De Queiroz, 2007) and its conceptualization and delimitation are central
for the development of systematic biology, as well as for biogeograph-
ical, ecological, and evolutionary studies (Caldecott et al., 1996; Aga-
pow et al., 2004; Padial et al., 2010). The presence of morphologically
unrecognizable (or cryptic) species, even in well-studied taxa, suggests
that there are more species than are currently recorded or estimated
(Stuart et al., 2006; Stal, 1872).

Cryptic species are one of the great challenges for systematic bi-
ologists because they lack the distinctive morphological characters and
allopatric distributions that usually help to distinguish species-level
entities (Rivera et al., 2018). However, the increasing availability of
molecular data has made it possible to detect and differentiate
morphologically similar species (based on the phylogenetic species
concept) ( Chan et al., 2014). Currently, DNA sequences provide many
characters that can be compared between entities to assess the evolu-
tionary independence of putative species (Vogler and Monaghan, 2007;
Cardoso et al., 2009).

Cryptic species occur frequently in several orders of insects (Jackson
and Resh, 1998; Schonrogge et al., 2002). In many cases, the cryptic
species was detected using phylogenetic analyses (e.g., Williams et al.,
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2006). In epidemiology, the correct identification of insect species of
medical importance is a key component for the development of vector
control and surveillance strategies (Abad-Franch and Monteiro, 2005).
This is mainly because different species can vary in terms of their
competence as vectors and their epidemiological importance (Gurgel--
Goncalves et al., 2011).

Triatomines (Hemiptera: Triatominae), the main vectors of Chagas
disease, are highly epidemiologically relevant on the American conti-
nent, with more than 100 of the 157 described species having medical
relevance (Monteiro et al., 2018; Alevi et al., 2021) and of these three
fossils (Alevi et al. 2021; Paiva et al., 2022). 31 species of Triatominae
have been reported as native to Mexico, most of them from the genus
Triatoma Laporte, 1832 (Ramsey et al., 2015). For this group, multiple
inter- and intra-species taxonomic questions have been addressed, evi-
denced by the relatively frequent inclusion and exclusion of species in
different complexes (Lent and Wygodzinsky, 1979; Schofield, 1994;
Flores et al., 2001; Bustamante et al., 2004; Alevi et al., 2012, 2017a,
2017b; Pita et al., 2016) and, in the case of triatomines from Mexico, by
the generic reorganization of T. phyllosoma complex species, which were
grouped in the genus Meccus and are currently considered Triatoma
(Justi et al., 2014; Cesaretto et al., 2021). This, together with the
detection of cryptic species within this genus, highlights the importance
of addressing the systematics of its members (Bargues et al., 2008;
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Gomez-Palacio et al., 2015; Ibarra-Cerdena et al., 2014; Justi et al.,
2014; Pech-May et al., 2019).

Although recently Garcia et al. (2021) highlighted to the necessity
for morphological/morphometric studies to correctly apply the cryptic
species/speciation terms in triatomines, phylogenetic studies continue
to point to possible cryptic species (Bargues et al., 2008; Panzera et al.,
2015; Alevi et al., 2018; Pech-May et al., 2019). These phylogenetic
studies are important because many species initially suggested as cryptic
by molecular data were characterized as new taxa, such as
T. huehuetenanguensis Lima-Corddn, (Lima-Cordon et al., 2019) and
T. mopan (Dorn et al., 2018), which were described from triatomines
initially considered as T. dimidiata (Latreille, 1811) (Dorn et al., 2018;
Lima-Cordon et al., 2019) and T. rosai(Alevi et al., 2020) which was
described from the population of T. sordida Chagas, 1912 from
Argentina.

One of the most important endemic species in the transmission of CD
in Mexico is T. pallidipennis Stél, 1872; (Cruz et al., 2020). It is widely
distributed in the country (Ramsey et al., 2015), found in 10 states in
Mexico (Rengifo-Correa et al., 2021). It also has one of the broadest
habitats ranges within the species group and is generally found at high
densities. In the state of Morelos, for example, the species is present in
more than 80% of 1,078 urban communities (Cruz et al., 2020). In
addition, the percentage of infection (88%) reported for this species is
one of the highest among Mexican triatomines (Cortés-Jiménez et al.,
1996).

Previous phylogenetic analyses using ND4 and 16S gene sequences
detected high values of genetic divergence (up to 9.7%) between iso-
lated populations (Harris, 2003; Mayares, 2014). This suggests that
T. pallidipennis may be a species complex composed of two or more
cryptic species. However, the low geographical representativeness of the
populations used in previous studies did not allow for robust conclusions
about the taxonomic status of the species. Thus, Harris (2003) suggested
that the phylogenetic relationships among T. pallidipennis populations
should be reassessed, due to the suspicion that it constituted a cryptic
species complex.

The existing molecular evidence available for this species and the
high frequency of cryptic speciation in Triatominae lead us to hypoth-
esize that T. pallidipennis constitutes an undetected cryptic species
complex. Given its importance as a vector of CD in Mexico and because
previous research provides relevant, but not decisive, information on the
taxonomic status of this species, the aim of this study was to clarify the
phylogenetic relationships among populations of T. pallidipennis and
detect and delimit possible cryptic lineages within T. pallidipennis by
analyzing the mitochondrial gene ND4 and the ribosomal gene ITS-2 of
individuals covering the largest geographical representation studied to
date.

2. Materials and methods
2.1. Samples

Individuals of T. pallidipennis were donated by the Instituto Nacional
de Diagndstico y Referencia Epidemioldgico (INDRE), the Ministry of
Health of the State of Mexico, the State Laboratory of Medical Ento-
mology (LME) of the State of Mexico, as well as direct collections carried
out by LME personnel in the state of Guerrero. The rest of the specimens
used were from the triatomine collection of the Centro de Investigacion
en Biodiversidad y Conservacién (CIByC). In addition, we considered
sequences available in GenBank for T. pallidipennis. In total, 73 samples
were analyzed for the ND4 gene (39 constitute new sequences generated
in this study) and 33 for ITS-2 (30 new sequences), covering the states of
Morelos, México, Puebla, Oaxaca, Guerrero, Michoacan, Colima, and
Jalisco (Table 1). The ND4 and ITS-2 genes were used due to their
effectiveness in detecting possible cryptic species in the genus Triatoma
(e.g., Gomez-Palacio et al., 2015; Pech-May et al., 2019). GenBank
accession numbers of the sequences obtained in this study and those
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available from previous studies are listed in Supplementary Data SD1.
Specimens were identified using the keys proposed by Lent and
Wygodzinsky (1979).

2.2. Obtaining molecular data

Total genomic DNA was obtained from at least two legs of each in-
dividual following a modification of Fetzner (1999) method proposed by
Cruz et al. (2020). The ND4 gene was amplified by Polymerase Chain
Reaction (PCR) using the primers proposed by Dotson and Beard (2001)
(initiators: 5 TCA ACA TGA GCC CTT GGA AG-3' (F) and 5 TAA TTC
GTT GTC ATG GTA ATG-3' (R)). A segment approximately 620 bp long
was amplified. The conditions and parameters for PCR used were the
same as Mayares (2014). The primers used for ITS-2 gene amplification
were ITS2-F (5-CTAAGCGGTGGATCACTCGG-3') and ITS2-R
(5'-GCACTATCAAGCAACACGACTC-3"), proposed by Wong et al
(2016), and PCR conditions used were the same as Richards et al.
(2013).

The samples were sequenced at Macrogen USA, Inc. (http://www.
macrogenusa.com). The obtained sequences were edited with Codon-
Code Aligner v.8.0.2 (CodonCode Corporation, Dedham, MA) and
aligned using the Muscle method (Edgar, 2004), using the default pa-
rameters in the program UGENE v.1.32.0 program (Okonechnikov et al.,
2012).

2.3. Phylogenetic analysis

The best-fitting model of sequence evolution for both genes was
selected using the Bayesian informative criterion (BIC) in ModelFinder
v2. (Kalyaanamoorthy et al., 2017). ModelFinder determines whether
the data needs to be partitioned by codons when using coding genes, as
is the case of ND4. For ND4, the selected model of evolution was
HKY-+F+I for partitions 1+2 and HKY+F+G4 for partition 3. The best
model of evolution selected for the ITS-2 gene was F81.

Phylogenetic reconstruction was estimated under the Maximum
Likelihood (ML) criterion in IQ-TREE v1.6.10 (Nguyen et al., 2015) and
Bayesian inference reconstruction in MrBayes 3.2.2 (Ronquist and
Huelsenbeck, 2003), considering the ND4 gene separately and consid-
ering a concatenated file with information from both genes (1086 bp). In
both cases, we used the sister species as the outgroup (as recommended
by Nixon and Carpenter (1993), which in this case were two sequences
of T. phyllosoma (Burmeister, 1835). Both analyses were performed in
CIPRES Science Gateway (Miller et al., 2012).

In ML analysis, branch support was calculated using 10000 replicates
of Ultrafast Boostrap (UFBoot; Minh et al., 2013). The GENESITE
resampling strategy was used for the ND4 gene alone and for the
concatenated (ND4+ITS-2) dataset, which allows resampling of parti-
tions and sites within the partitions (Gadagkar et al., 2005). UFBoot
support values > 95% support the hypothesis that a branch constitutes a
true clade (Minh et al., 2013).

Bayesian inference for ND4, ITS-2, and the concatenated dataset
(ND4+ITS-2) was performed using two independent runs with eight
chains. Each run consisted of 10 million Metropolis Coupled Markov
Chain Monte Carlo (MCMC) generations. The default parameters of the
model were not modified, and trees were sampled every 1000 genera-
tions. We discarded the first 25% of the samples as burn-in and the two
runs performed converged on very similar posterior estimates, with an
average standard deviation of split frequencies of 0.005. The conver-
gence and combination of both runs were visually assessed using Tracer
v1.7.1 (Rambaut and Drummond 2007). The posterior probability (pP)
was obtained for individual nodes by constructing a majority-rule
consensus without discarding trees as burn-in. Pp values >= 0.95 were
considered strongly supported (Huelsenbeck and Ronquist 2001).
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2.4. Estimation of divergence times

We estimated the divergence times among ND4 clades using Beast
v1.7 (Drummond et al., 2012). For each gene partition (unlinked sub-
stitution model), we used the same parameters and models of nucleotide
substitution as were used for the phylogenetic analyses. Trees were
constructed under the assumptions of an uncorrelated lognormal
relaxed-clock model to allow rate variation between branches (Arbogast
et al, 2002). A nucleotide replacement rate of 0.11 sub-
stitutions/site/million years (Myr) was used. The priors for the molec-
ular clock were normally distributed with a mean of 0.11 and standard
deviation of 0.011 (Pech-May et al., 2019). Subsequent distributions of
parameters were estimated using the Coalescent Exponential Growth
option for the Metropolis-coupled Markov chain Monte Carlo (MCMC)
analysis. The first 10% of the trees were discarded (burn-in). Posterior
distribution of parameters, tree topology, and divergence times were
determined using MCMC analysis with two runs of 10 million genera-
tions each, sampling trees every 1000 generations. The appropriate
composition of the MCMC (convergence of independent runs) search
was analyzed using Tracer v.1.7 (Rambaut and Drummond, 2007) by
calculating the effective sample sizes (ESS>200) for each parameter.
The maximum clade credibility tree was obtained using the TreeAno-
tator v.1.7 program in the Beast2 package and visualized using FigTree
v.1.4 (Rambaut, 2014).

2.5. Cryptic species delimitation

The phylogenetic species concept (Cracraft, 1989; De Queiroz and
Donoghue, 1990) was used to determine which lineages could be
considered cryptic species. The validation of cryptic species was per-
formed with three species delimitation methods: two distinct single
locus methods using the ND4 phylogenetic reconstructions and a mul-
tiple loci method, using the concatenated data. The single-locus methods
used were the Multi-rate Poisson tree process (MPTP) (Kapli et al., 2017)
and the Bayesian General Mixed Yule-Coalescent Model (bGMYC) (Reid
and Carstens, 2012), while the multiple loci method was the Species
Tree and Classification Estimation, Yarely (STACEY, Jones, 2017). The
use of different species delimitation methods has been suggested since,
according to Carstens et al. (2013), the correct delimitation must be
based on the congruence among methods. These authors propose that if
inconsistencies are found among methods, the inferences drawn from
these analyses should be conservative, since it is preferable to fail to
delimit species than to falsely delimit entities that do not represent real
evolutionary lineages.

The mPTP method is based on the phylogenetic species concept
(Cracraft, 1989; Queiroz and Donoghue 1990) and the number of
nucleotide substitutions (branch lengths), using the Akaike informa-
tional criterion (AIC) to decide the number of species resulting from a
given phylogenetic tree (Zhang et al., 2013). The analysis was developed
using as input data the phylogenetic tree obtained by Bayesian infer-
ence. We used the default model specifications and MCMC characteris-
tics from the Exelixis Lab platform (http://www.exelixis-lab.org).

The bGMYC method uses coalescence theory as a search principle
and assumes that it is at the branching points of a tree that divergence of
species (Yule process) or coalescence of lineages within a species occur
(Zhang et al., 2013). The input data used were the 100 ultrametric trees
derived from the analysis of divergence times, obtained in the Log-
Combiner v2.6.3 program of the BEAST2 package. The delimitation
analysis was implemented in the bGMYC package (Reid and Carstens
2012) of the R library (R Core Team 2018) with the following input
parameters: mcmc=100,000, burnin=90,000, thinning=100, t1=2,
t2=8 (based on the upper range of species detected with mPTP consid-
ering outgroup), pyl1=0.5, py2=1.5, pc1=0.1, pc2=0.5, start=c(1.0,
0.1, 11), scale=c(20, 10, 5.00).

Genetic distances (Gd) among lineages suggested by both species’
delimitation methods were calculated in MEGA ver 6.0 (Tamura et al.,
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2013) using the Kimura 2P mutational model. In this work, a Gd value >
3% was considered as the threshold for delimiting species.

The STACEY method uses the Birth-Death-collapsed tree model as
prior and is implemented as a package within BEAST2. The Spe-
ciesDelimitationAnalyzer (speciesDA.jar) program was used to calculate
the frequency with which each pair of taxa were assigned to the same
clade. In this program, the species.tree file generated by STACEY was
used as input data (parameters: burnin=1000 collapse height=0.0001,
and similarity cutoff=1.0).

2.6. Phylogeographic analyses

2.6.1. Diversity and genetic differentiation

We analyzed genetic diversity for each cryptic lineage detected with
at least five sequences, since in previous studies these have been the
minimum sequences numbers used for this type of analysis (Marti-
nez-Hernandez et al., 2021) and considering only the information from
the ND4 gene. Lineages containing fewer than five individuals were
excluded from the analysis. Several indices were calculated: number of
mutations (n), number of segregating sites (S), number of unique sites
(Su), mean number of differences by pairs (k), number of haplotypes (h),
haplotype diversity (Hd), nucleotide diversity (n), and the nucleotide
polymorphism index (8). All indices were estimated with DNASP v.6.12
(Rozas et al., 2017). Historical changes in the population size of
T. pallidipennis were inferred from the estimation of the neutrality tests
of Tajima (1989) and Fs (Fu, 1997). In addition, to complement the
genetic distances, genetic differentiation (Fst) among lineages was also
calculated, with Arlequin v.3.5 (Excoffier and Lischer, 2010). To enable
the values of Fgr to be interpreted correctly, the overall value of this
index for T. pallidipennis was also calculated.

2.6.2. Haplotypic networks

To analyze the genealogical relationships among lineages, hap-
lotypic networks were constructed with the ND4 and ITS-2 gene infor-
mation separately. We used the median-joining (MJ) method assuming
an epsilon of 0 and with 1000 permutations, in PopART ver.1.7 (Leigh
and Bryant, 2015). This type of network makes it possible to recover
recent evolutionary relationships and the distribution of genetic varia-
tion more explicitly in a geographical context (Cassens et al., 2003).
Specifically, the median-joining method estimates the relative abun-
dance of each haplotype and the genealogical relationships between
them. In addition, it finds median vectors corresponding to theoretical
consensus sequences, possible unsampled sequences, or extinct ancestral
sequences using a parsimony criterion.

2.6.3. Population connectivity based on shared haplotypes

Genetic connectivity patterns were explored between the demar-
cated species within T. pallidipennis based on the delimitation methods.
We used the method implemented by Chan et al., 2014, which integrates
ecological niche models (ENM) and haplotype networks to estimate
putative dispersal corridors based on habitat suitability and shared
haplotypes. This analysis allows us to infer the existence of gene flow
(population connectivity) or identify possible barriers to dispersal
(Chan et al., 2014), as well as corroborate hypotheses about speciation
processes among populations that display high genetic divergence.

We used the haplotypes obtained previously for both genes. For the
ENM, Worldclim 2 bioclimatic layers database (Fick and Hijmans, 2017)
with a spatial resolution of ~ 1 km? were used as environmental pre-
dictors, eliminating highly correlated variables (Pearson’s r > 0.8;
Supplementary Data S2). The occurrence points were the coordinates of
the collection localities of the individuals present in the phylogeny. We
complemented these data with coordinates obtained from the free
database generated by Ramsey et al. (2015) (available at https://doi.
org/10.5061/dryad.rq120). Occurrence data with inconsistent infor-
mation were not included in the analysis.

We performed spatial thinning of occurrence to avoid
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autocorrelation, using a minimum distance of 5 km between localities.
The model calibration areas were determined with a minimum convex
polygon. The data processing and selection of the best fit parameters for
the construction of the final model were performed in the Wallace (Kass
et al., 2018; Supplementary Data S2) R package. The final model was
obtained in Maxent v3.4.1 (Phillips et al., 2006) with 50 bootstrap
replicates and keeping the cloglog maxent output.

A database comprised of ND4 and ITS-2 haplotypes and the
geographical coordinates of their site(s) of origin was used as input data
in the landscape connectivity analysis. A friction layer was generated
from the ENM obtained for T. pallidipennis, where the areas of little or no
probability of presence of the species depicted areas of high cost for
dispersal (Chan et al., 2014). Then, least-cost corridors and least-cost
paths were calculated among the populations analyzed. For each com-
parison, the least cost paths were classified into three categories as
suggested by Chan et al., 2014, and the least cost corridors with the
highest connectivity values were interpreted as probable migration
routes. This analysis was performed with the SDMtoolbox extension
(Brown et al., 2017) in ArcGIS v10.1 (ESRI 2011).

3. Results
3.1. Phylogenetic analysis with the ND4 gene

The phylogenetic reconstruction under both criteria (ML and BI)
converged on similar topologies and recovered, in both cases the

monophyly of Triatoma pallidipennis. However, the ML tree presented
unresolved relationships (polytomies) (FS1), while the BI tree did not.
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We therefore present only the results from the BI-based phylogeny
(Fig. 1). T. pallidipennis was correctly separated from the outgroup (T.
phyllosoma).

The 73 individuals of T. pallidipennis were grouped into four highly
supported clades, hereafter considered haplogroups (Pp > 0.95) within
the phylogenetic tree (Fig. 1). Haplogroup I contained all specimens
from Oaxaca and Puebla and most of the specimens from Morelos.
Haplogroup II was the most heterogeneous; it included all specimens
from Guerrero, some samples from Morelos (Localities of Puente de Ixtla
and Vista Hermosa), and some from Mexico State (Locality of Tlataya).
Haplogroup III contained individuals from Mexico State and the three
specimens from Michoacan. Finally, haplogroup IV was composed of
specimens from Jalisco and Colima (Fig. 1).

3.2. Phylogenetic analysis of the combined data

The topology of the Bl-based phylogenetic reconstruction using the
concatenated data was very similar to the ND4-based tree. The main
haplogroups were recovered with high support values (pP >=0.95),
despite the large reduction in samples. The main difference in terms of
topology was that haplogroup III was more closely related to hap-
logroups I and II, while in the ND4-based phylogeny it was closer to
haplogroup IV (Fig. 2).

3.3. Delimitation of cryptic species, genetic distances, and differentiation

When performing the species delimitation analysis using the Multi-
rate Poisson tree process (MPTP) method, eight possible cryptic species
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Fig. 1. Phylogenetic reconstruction using the ND4 gene and the concatenated data matrix (ND4+ITS2 gene) for Triatoma pallidipennis (Hemiptera: Reduviidae:
Triatominae), based on the Bayesian inference method. For ND4 was implemented the evolutionary model HKY-+F+I for partitions 1+2 and HKY+F+G4 for partition
3 and the evolutionary model F81 for ITS-2. Support values of subsequent probability are shown on the branches. Haplogroup I (Red), Haplogroup II (blue),

Haplogroup III (grey), and Haplogroup IV (black).
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Fig. 2. ND4 phylogeny estimated divergence times, and species delimitation in Triatoma pallidipennis (Hemiptera: Reduviidae: Triatominae) implementing the
evolutionary model HKY-+F+1I for partitions 1+2 and HKY+F+G4 for partition 3. Divergence times (top) are shown above each branch. The bars on the right side of
the figure correspond to the species delimitation obtained by the Multi-rate Poisson Tree Process (mPTP; leftmost), the Bayesian General Mixed Yule-Coalescent Model
(bGMYC; middle), and the Species Tree And Classification Estimation, Yarely (STACEY; rightmost).

(haplogroups) were obtained, all with high support values (>0.95)
(Fig. 2). When comparing with the groupings defined when analyzing
the BI phylogenetic tree, the main differences were that haplogroup III
was split into two groups (H-IIIA and H-IIIB) and that the specimens
from Michoacan formed a new haplogroup. Also, under this method of
delimitation, one specimen from Colima (Tpal 73) and one from Jalisco
(Tpal 62) were each proposed as new taxonomic entities.

Under the Bayesian General Mixed Yule-Coalescent Model (bGMYC),
six possible cryptic species with support >0.95 were detected. Four of
the haplogroups coincided with those predicted by the mPTP; all spec-
imens from haplogroup III were maintained as a single taxonomic entity,
as was the individual from Jalisco (Tpal 62) (Fig. 2).

The STACEY method using the concatenated dataset proposed six
cryptic species (Fig. 2), without considering the specimens from
Michoacan, since they did not present data for ITS-2. This method was
consistent with the mPTP proposal in that haplogroup III was split into
two lineages, while haplogroup V was proposed with the same delimi-
tation as in the bGMYC.

Genetic distances between haplogroups of T. pallidipennis ranged
from 3.081 to 7.340%. The lowest Gd values were between haplogroup
V and the individual from Jalisco that was proposed as a separate entity
(2.820%) and between the two subclades of haplogroup III (H-IIIA and
H-IIIB), with a value of 2.946% (Table 2). The Gd values were above 3%
for all pairs of clades except between haplogroups I and II and between
the two subclades of haplogroup III. Given the low Gd value between the
subclades of haplogroup III, we considered haplogroup III to be a single
entity in the rest of the analyses. All pairwise comparisons of Fgr values
were statistically significant.

3.4. Divergence times

The ultrametric tree converged on a topology identical to the BI-
based tree for ND4 gene (Fig. 2). The divergence times estimated for

each of the possible cryptic species placed the initial divergence of the
haplogroups at about 0.5 Mya (time to the most recent common
ancestor). Haplogroups I and II began to diverge about 0.24 Mya (95%
HPD=0.16-0.34), while haplogroup V diverged from the most recent
ancestor of H-III and H-IV about 0.41 Mya (95% HPD=0.28-0.54).
These values place haplogroup V as the most ancestral clade in
T. pallidipennis.

3.5. Genetic diversity among haplogroups of Triatoma pallidipennis

When comparing genetic diversity among four of the five hap-
logroups (haplogroup IV was not included because of its low represen-
tativeness), differences were found between most estimators. We found
18, 8, 10, and 6 haplotypes for haplogroups , IL, III, and V, respectively.
Haplotypic diversity (Hd) was high only for haplogroup I. For the rest of
haplogroups, values of Hd were 0.89. Low nucleotide diversity index (x)
and nucleotide polymorphism (©) were obtained for all analyzed hap-
logroups. Haplogroup I was the most variable based on n and © values
obtained. The neutrality analysis based on Fus test was negative in all
haplogroups, except in haplogroup II. However, was statistically sig-
nificant (p < 0.05) only for haplogroup I (Table 3). Tajimas Test D was
negative in all haplogroups, except in haplogroup II

3.6. Haplotype networks and population connectivity based on shared
haplotypes

For all the samples analyzed, 44 haplotypes were obtained, of which
40 were unique and 2 shared for the ND4 gene matrix. The populations
from Mexico State and Guerrero shared one haplotype, as did the pop-
ulations of Jalisco and Colima (Fig. 3). Spatial segregation was consis-
tent with the phylogenetic analysis. The haplogroups detected by the
phylogeny were separated by at least six (and up to 16) mutational steps.
We could not perform the connectivity analysis due to the small number
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Table 1
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Samples used for the phylogeographic analysis of Triatoma pallidipennis (Hemiptera: Reduviidae: Triatominae) in Mexico. Samples from GenBank are marked with*.

State Municipality Locality Code ND4samples ITS-2 samples
Morelos Cuernavaca® Cuernavaca Tpal 1-8 8 -
Jiutepec* Jiutepec Tpal 9-10 2 -
Jantetelco* Chalcatzingo Tpal 11-15 5 1
Puente de Ixtla* Ahuehuetzingo Tpal_16-17 2 -
Puente de Ixtla* Puente de Ixtla Tpal_18 1 -
Puente de Ixtla* Vista Hermosa Tpal 19 1 -
Puente de Ixtla* Xoxocotla Tpal_20 1 -
Axochiapan* Quebrantadero Tpal_21-22 2 -
Axochiapan* Atlacahualoya Tpal_23 1 -
Amacuzac Teacalco Tpal_24-26 3 -
Puebla Jolalpan* Jolalpan Tpal 27-28 2 -
Huatlatlauca - Tpal_29-30 2 2
State of México Tlatlaya* Juntas Tpal_31-33 3 -
Toluca San Nicolas Tolentino Tpal_34-36 3 3
Ixtapan del Oro Tutuapan Tpal_37 1 1
Ixtapan del Oro Milpillas Tpal_38-39 2 2
Otzoloapan - Tpal 40 1 1
Otzoloapan Otzoloapan Tpal 41-42 2 2
Otzoloapan San Martin Tpal_43-44 2 2
Zacazonapan La Canada Tpal_45 1 1
Sultepec Laguna Seca Tpal 46 1 1
Tejupilco La Labor Tpal_47-48 2 2
Santo Tomas San Pedro Tpal 49 1 1
Santo Tomas Santo Tomas Tpal 50 1 1
Luvianos Caja de Agua Tpal 51 1 1
Michoacan Taretan* Taretan Tpal 52 1 -
Turicato Puruaran Tpal 53 1 -
Tacambaro Parocho Tpal_54 1 -
Guerrero Taxco Joyas del Progreso Tpal_55 1 1
Pilcaya* Cacahuamilpa Tpal 56 1 -
Chilpancingo Chilpancingo Tpal_57 1 1
Chilpancingo Colonia 21 de septiembre Tpal_58 1 -
Chilpancingo Colonia Angel Aguirre Tpal_59-60 2 2
E. Neri Zumpango Tpal_61 1 -
Jalisco Autlan Autlan Tpal_62-64 3 3
Oaxaca Mariscala de Juarez Santa Frayle* Tpal_65-66 2 -
Colima Comala* Comala Tpal_67-68 2 -
Comala Comala Tpal 69 1 1
Cuauthemoc Palmillas Tpal_70 1 1
Coquimatlan Los Limones Tpal 71 1 -
Ixtlahuacan La Tepamera Tpal 72 1 X
Tecomdn San Miguel del Ojo de Agua Tpal_73 1 1
T. phyllosoma Oaxaca 2 2

Table 2

Genetic distances (K2P) / genetic differentiation (Fst) between haplogroups of
Triatoma pallidipennis (Hemiptera: Reduviidae: Triatominae) in Mexico.

Table 3

Indices of genetic diversity among haplogroups of Triatoma pallidipennis (Hem-
iptera: Triatominae).

HI H-II HAA  HIIB  HIV H-V Colima HI H-II H-IIT H-V Global
H-I 0.349°  0.758*  0.929*  0.628*  0.931* - N 28 13 20 8 73
H-IT 3.196 0.814*  0.934*  0.682*  0.946* - n 44 24 24 21 91
HIIA  6.258  6.215 0.969*  0.829*  0.975* - s 44 24 23 21 86
HIIB 6618 6760  2.946 0.928*  0.804* - Su 574 596 596 597 527
H-IV 6.005 6123 4612  4.972 0.951% - k 10.33 8.744 6.495 5.714 21.087
H-V 4911 5882 6459 6143 5464 - h 18 8 10 6 44
Colima 4744 5395 6108 5905 5081  3.414 Hd + sd 0.960 + 0.897 + 0.895 + 0.893 + 0.979 +
Jalisco 5125 5675 5842 5445 5074 23820 4211 0.020 0.067 0.043 0.111 0.006
R 7+ sd 0.020 + 0.017 + 0.012 + 0.009 + 0.041 +
Statistical significance (p < 0.05). H= Haplogroup. 0.003 0.001 0.002 0.004 0.001
O +sd 0.022 + 0.015 + 0.012 + 0.009 + 0.034 +
of populations that shared haplotypes of this gene. 0.007 0.006 0.004 0.006 0.009
. . FustestFs  -2.587* 0.79 -0.96 -0.208 -5.649*
For the ITS-2 matrix, there were 10 haplotypes, of which 8 were Tatimas 0,322 0.5654 0154 1536 0.428
unique and 2 shared. Haplotype 10 was shared by four populations of 'JI‘est D ' ' ’ ' '

T. pallidipennis, while haplotype 4 was shared between populations from
Jalisco and Colima (Fig. 4), similar to the ND4 gene.

The dispersal network obtained from the niche model (Fig. 5A)
transformed to a friction layer (Fig. 5B) among sites based on shared ITS-
2 haplotypes did not show potential migration routes among the hap-
logroups delimited as species-level clades by STACEY (Fig. 5C). Within
haplogroup V, there was a possible migration route between populations
from Jalisco and Colima, but it was supported by relatively low

Number of sequences (N), number of mutations (n), number of segregating sites
(S), number of unique sites (Su), mean number of pair differences (k), number of
haplotypes (h), haplotypic diversity (Hd), nucleotide diversity (r) and nucleo-
tide polymorphism index (©), standard deviation (de). Fu (1996), Tajima Fs and
D index (Tajima, 1989).

* Statistical significance (p < 0.05).
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Fig. 3. Haplotype network (median joining) showing the relationships among the 44 haplotypes obtained from a genetic matrix for the ND4 gene, detected for
Triatoma pallidipennis (Hemiptera: Reduviidae: Triatominae). Each bar across the solid line represents a nucleotide difference between the haplotypes. Black dots are
hypothetical vectors representing theoretical consensus sequences (not sampled or extinct).

H-2
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w

Fig. 4. Haplotype network (median joining) showing the relationships between the 10 haplotypes obtained from a genetic matrix for the ITS-2 gene detected for
Triatoma pallidipennis (Hemiptera: Reduviidae: Triatominae). Each bar across the solid line represents a nucleotide difference between the haplotypes.

connectivity values. High connectivity values were found towards the
interior of haplogroup III (Mexico State). Among haplogroups, connec-
tivity routes were observed between haplogroups III (Mexico State) and
II (Guerrero) and between haplogroups I (Morelos-Oaxaca-Puebla) and
I1I. However, in both cases, the routes had low to medium connectivity
(Fig. 5C)

4. Discussion
4.1. Species delimitation

Our results demonstrate the presence of cryptic species in what has
so far been considered a single taxonomic entity (Cortés-Jiménez et al.,

1996; Ramsey et al., 2015) Lent and Wygodzinsky (1979). found
important morphological variations between specimens of

T. pallidipennis, to the point of doubting whether they were really the
same taxonomic entity. More recently, the possibility that T. pallidipennis
was a complex of cryptic species was previously addressed by Harris
(2003) and Mayares (2014). However, previous studies did not have a
high geographical representativeness of the species and did not use
specific methods of cryptic species delimitation. Thus, our analysis is the
most comprehensive phylogenetic reconstruction for this species so far,
allowing us to achieve greater geographical representativeness over the
known distribution of the species and implement specific analysis
methods to answer the question of cryptic species.

There were inconsistencies in species delimitation between the
mPTP (eight possible species), the bGMYC (six possible species), and the
STACEY (six possible species). Despite these inconsistencies (which
were restricted to differences in divisions within haplogroups III and V),
it should be noted that all three delimitation methods agreed that the
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Fig. 5. Landscape connectivity analysis based on ITS-2 shared haplotypes for Triatoma pallidipennis. (A) Ecological niche model. (B) Friction layer obtained from
Ecological niche modeling. (C) ITS-2 haplotype network and dispersal network among Triatoma pallidipennis populations. Dashed lines represent the calibration area

of the ecological niche model.

five haplogroups constitute taxonomic entities (See Fig. 3; Supplemen-
tary Data S3). This is further supported by pairwise genetic distances
greater than 3% and 6-16 mutational steps between haplogroups, sug-
gesting important genetic differences among the haplogroups. Finally,
the low connectivity values obtained from the ITS-2 dispersal network
among haplogroups provides another line of evidence that allows us to
confirm that T. pallidipennis is indeed a complex of cryptic species.
Both the mPTP and STACEY methods proposed the separation of
haplogroup III into two different taxonomic entities (while bGMYC did
not). These two groups correspond to localities of Tlatlaya, Toluca,
Ixtapan del Oro, Otzoloapan, Zacazonapan and Santo Tomads (H-IIIA),

and Luvianos, Sultepec and Tejupilco (H-IIIB), respectively, all of them
from Mexico state. When calculating the Gd between these two groups,
this value was 2.946, just below the 3% threshold used in this study to
support lineage divergence, based on previous work with ND4 gene to
delimit Triatoma haplogroups (Mayares, 2014; Pech-May et al., 2019).
Also, there were high connectivity values in the ITS-2 dispersal network
among the populations in Mexico State, suggesting gene flow among
those populations. For these reasons, we accept the proposal of the
bGMYC method and considers haplogroup III as a single taxonomic
entity. However, these populations may be undergoing a speciation
event that is still unfinished (Futuyma, 2013), a hypothesis which is
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supported by significant genetic differentiation (Fst) between them.

The other incongruity observed was between the specimens of Col-
ima and Jalisco. The mPTP recognized three different taxonomic entities
in these populations, separating two indviduals from the main clade into
their own clades—one from Colima (Tpal 72) and one from Jalisco (Tpal
62). However, bGMYC and STACEY only separated Tpal 72 from the
main clade, resulting in two (rather than three) taxonomic entities. Tpal
72 and Tpal 62 had Gd values of 3.414 and 2.820%, respectively, from
the rest of the specimens from Haplogroup V. The value found for Tpal
62 remains below the 3% threshold we considered to validate new
taxonomic entities, so we accept the proposal from the coalescent
methods. Although Tpal 72 had a GD value greater than 3%, the Pp
support for the position of this terminal on the tree obtained by BI with
the ND4 gene matrix was low (0.63). Therefore, caution should be taken
to propose this specimen as a new taxonomic entity. Increased sampling
of localities in the state of Colima and surrounding regions will clarify
the taxonomic position of this individual.

According to Carstens et al. (2013), when delimiting cryptic species,
it is advisable to apply different methods of delimitation and base de-
cisions on the congruences between methods. The haplogroups detected
in this work confirm the those reported by Harris (2003), and adds new
lineages for the states of Michoacan and Mexico State. With respect to
the proposal made by Harris (2003) to consider the specimens from
Colima as a new species, our work reaffirms this decision and includes
the individuals of Jalisco as part of this new taxonomic entity.

4.2. Divergence times

From the ultrametric tree constructed using the ND4 gene, we esti-
mate that T. pallidipennis diverged approximately 0.88 Mya ago (95%
HPD = 0.44-1.38), which is relatively recently in evolutionary time.
These results are similar to those reported by Harris (2003), who found
that T. pallidipennis diverged approximately 1-2.3 million years ago.
Although our results overlap with the range of dates proposed by Harris
(2003), the values found in this study are more recent, which is likely
due to our use of T. phyllosoma, the sister species of T. pallidipennis, as the
outgroup. This allowed us to estimate divergence times with greater
resolution than Harris (2003), since was used T. dimidiata, a more
ancestral species, as the outgroup, which modifies the divergence time
found. However, it has been shown that the accuracy of divergence time
estimates is dependent on many factors, including evolutionary model
selection and rate variation among lineages (Ho, 2014; Ho and Duch-
ene, 2014), among others. Our results therefore need to be considered
with caution, since our divergence time estimates are based on a single
locus (ND4), mostly because of the size sample.

Estimates of the divergence time of each of the defined haplogroups
shows that they began to diverge about 0.5 Mya ago. This suggests the
possible recent origin of these cryptic species in the mid-Pleistocene,
specifically in the Ionian subperiod. This coincides with
Ibarra-Cerdena et al., (2014), who estimated that speciation events in
Neotropical triatomines occurred mainly during the Pleistocene. This
epoch was characterized by more than nine interglacial cycles of
different magnitudes, recorded from approximately 0.97 Mya on the
American continent, alternating between cold and semi-arid conditions
during glaciations and warm and humid conditions during the inter-
glacial or deglaciation periods (Clapperton, 1993; Benedetto, 2012) The
divergence times found for these lineages are relatively similar to the
divergence times found for other haplogroups in the genus Triatoma, for
example, in T. dimidiata (Pech-May et al., 2019).

4.3. Diversity and genetic differentiation between haplogroups

The haplotypic diversity observed was only greater than 0.9 for
Haplogroup I. In the rest of the haplogroups, the values were around
0.89. Nucleotide diversity values were low in all happlogroups, sug-
gesting that populations underwent bottlenecks (Lowe et al., 2004).

Acta Tropica 229 (2022) 106382

Both results together indicate that, although haplotypes are diverse, the
differences between them are few, suggesting that they have arisen
recently and therefore may be closely related. The large number of
haplotypes found with a low differentiation between them is explained
by a rapid accumulation of mutations over a short time, which has not
been enough to allow them to be eliminated or fixed within populations
(Grant and Bowen, 1998). The presence of high values of genetic dif-
ferentiation (Fst) between haplogroups indicates that there are marked
genetic differences, indicating a negligible or total absence of genetic
exchange between them. Similar genetic differentiations have been
previously reported for the ND4 gene (Grisales et al., 2010; Gomez-Pa-
lacio and Triana, 2014; Pech-May et al., 2019).

4.4. Final considerations

Our results confirm that T. pallidipennis is a complex of cryptic spe-
cies, an aspect that has been addressed previously but that, due to the
lack of geographical representation and the absence of robust methods
for the delimitation of species, could not be confirmed. Thus, this work
finally updates the debated taxonomic status of Triatoma pallidipennis.
Based on our results, we propose that each of the haplogroups of
T. pallidipennis should be recognized as valid species. However, other
studies that provide morphological and ecological elements in addition
to the existing genetic information are necessary to formally describe
these new species [based on integrative taxonomy (Alevi et al., 2021)].

An important aspect derived from our work is the usefulness of
species delimitation methods to clarify species limits in the genus Tri-
atoma. This is not common in studies similar to ours (see Bargues et al.,
2008; Pech-May et al., 2019), and its use should be a good practice in the
future, due to its usefulness and robustness to answer taxonomic and
evolutionary questions in the genus.

On the other hand, the presence of this new complex of cryptic
species opens new questions regarding its evolutionary position within
the genus, and even more so within the Phyllosoma complex. Classic and
recent phylogenetic reconstructions that have included Triatoma pallid-
ipennis have lacked representation of specimens from different localities,
with Morelos being the most used. (see Argues et al, 2000;
Ibarra-Cerdena et al., 2014; Justi et al., 2014, 2016). Therefore, future
phylogenetic reconstructions should consider the presence of these new
cryptic lineages and clarify their relationship with the rest of the species,
or at least species distributed in Mexico.
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Tabla S1. Sequence data to ND4 gene obtained in this work with the GenBank Data Libraries

Accession
Country State Municipality Locality Accession
Mexico Puebla Huatlatlauca - OM158086
Mexico Puebla Huatlatlauca - OM158087
Mexico Morelos Amacuzac Teacalco OM158088
Mexico Morelos Amacuzac Teacalco OM158089
Mexico Morelos Amacuzac Teacalco OM158090
Mexico Guerrero Taxco Joyas del Progreso OM158091
Mexico Guerrero Taxco Joyas del Progreso OM158092
Mexico Guerrero Chilpancingo Chilpancingo OM158093
Mexico Guerrero Chilpancingo Colonia 21 de septiembre OM158094
Mexico Guerrero Chilpancingo Colonia Angel Aguirre OM158095
Mexico Guerrero Chilpancingo Colonia Angel Aguirre OM158096
Mexico Colima Ixtlahuacan La Tepamera OM158097
Mexico Jalisco Autlan Autlan OM158098
Mexico Jalisco Autlan Autlan OM158099
Mexico Colima Comala Comala OM158100
Mexico Jalisco Autlan Autlan OM158101
Mexico Colima Cuauthemoc Palmillas OM158102
Mexico Colima Coquimatlan Los Limones OM158103
Mexico Colima Tecomén San Miguel del Ojo de Agua  OM158104
Mexico Michoacan Turicato Puruaran OM158105
Mexico Michoacéan Tacambaro Parocho OM158106
Mexico State of México Ixtapan del Oro Milpillas OM158107
Mexico State of México Santo Tomas San Pedro OM158108
Mexico State of México Otzoloapan - OM158109
Mexico State of México Otzoloapan San Martin OM158110
Mexico State of México Toluca San Nicolés Tolentino OM158111
Mexico State of México Toluca San Nicolés Tolentino OM158112
Mexico State of México Otzoloapan Otzoloapan OM158113
Mexico State of México Toluca San Nicolés Tolentino OM158114
Mexico State of México Ixtapan del Oro Tutuapan OM158115
Mexico State of México Otzoloapan Otzoloapan OM158116
Mexico State of México Zacazonapan La Cafada OM158117
Mexico State of México Ixtapan del Oro Milpillas OM158118
Mexico State of México Santo Tomas Santo Tomas OM158119
Mexico State of México Otzoloapan San Martin OM158120
Mexico State of México Luvianos Caja de Agua OM158121
Mexico State of México Sultepec Laguna Seca OM158122
Mexico State of México Tejupilco La Labor OM158123
Mexico State of México Tejupilco La Labor OM158124
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Tabla S2. Sequence data to ITS-2 gene obtained in this work with the GenBank Data Libraries

Accession
Country State Municipality Locality Accession
Mexico Puebla Huatlatlauca - OM135344
Mexico  Estado de México Otzoloapan San Martin OM135345
Mexico Colima Tecoman San Miguel del Ojo de Agua  OM135346
Mexico Colima Cuauthemoc Palmillas OM135347
Mexico Jalisco Autlan Autlan OM135348
Mexico Jalisco Autlan Autlan OM135349
Mexico Jalisco Autlan Autlan OM135350
Mexico Colima Comala Comala OM135351
Mexico Guerrero Chilpancingo Chilpancingo 0OM135352
Mexico State of México Zacazonapan La Cafada OM135353
Mexico State of México Toluca San Nicol&s Tolentino OM135354
Mexico State of México Toluca San Nicol&s Tolentino OM135355
Mexico State of México Ixtapan del Oro Milpillas OM135356
Mexico State of México Otzoloapan Otzoloapan OM135357
Mexico State of México Santo Tomas San Pedro OM135358
Mexico State of México Sultepec Laguna Seca OM135359
Mexico State of México Tejupilco La Labor OM135360
Mexico State of México Ixtapan del Oro Tutuapan OM135361
Mexico Guerrero Chilpancingo Colonia Angel Aguirre OM135362
Mexico Guerrero Taxco Joyas del Progreso OM135363
Mexico Puebla Huatlatlauca OM135364
Mexico Guerrero Chilpancingo Colonia Angel Aguirre OM135365
Mexico State of México Otzoloapan OM135366
Mexico State of México Tejupilco La Labor OM135367
Mexico State of México Otzoloapan Otzoloapan OM135368
Mexico State of México Santo Tomas Santo Tomas OM135369
Mexico State of México Luvianos Caja de Agua OM135370
Mexico State of México Ixtapan del Oro Milpillas OM135371
Mexico State of México Toluca San Nicolas Tolentino OM135372
Mexico State of México Otzoloapan San Martin OM135373
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Tabla S3. Sequence data from GenBank used in this work.

State Municipality Locality Accession
MW620916, MW620960; AF436862;
Cuernavaca Cuernavaca® AF436861; AF436876; AF436869;
AF436865; AF436866; AF436868;
AF436871
Jiutepec Jardin Juérez MW620919; AF436877
Puente de Ixtla Ahuehuetzingo MW620892, MW620893
Morelos Puente de Ixtla Puente de Ixtla MW620885
Puente de Ixtla Vista Hermosa MW620886
Puente de Ixtla Xoxocotla MW620937
Jantetelco Chalcatzingo” AF436873; AF436875; AF436878;
AF436872; AF436867
Axochiapan Quebrantadero MW620882, M\W620883
Axochiapan Atlacahualoya MW620884
Puebla Jolalpan Jolalpan MW620890, MW620889
State of México Tlatlaya Juntas MW620962, MW620887, MW620961
Michoacén Taretan Taretan MW620963
Guerrero Pilcaya Cacahuamilpa MW620888
Oaxaca Mariscala de Judrez ~ Santa Frayle” AF436863; AF436864
Colima Comala Comala” AF436861; AF436862
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Supplementary Data S2

Article: Molecular data confirm Triatoma pallidipennis Stal, 1872 (Hemiptera: Reduviidae:
Triatominae) as a novel cryptic species complex

Journal: Acta Tropica
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Table S1. Bioclimatic variables used to develop a model predicting the potential geographic
distribution of Triatoma pallidipennis in Mexico.

Variable Description
B102 Mean Diurnal Range (Mean of monthly (max temp - min temp))
BIO3 Isothermality (BIO2/BIO7) (x100)
BI04 Temperature Seasonality (standard deviation x100)
BIO13 Precipitation of Wettest Month
BIO15 Precipitation Seasonality (Coefficient of Variation)
BIO17 Precipitation of Driest Quarter
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Table S2. Parameter settings selected during model calibration, used for creating ecological niche
models of the species. R. M. = regularization multiplier; F. C. = feature classes; AICc = Akaike
Information Criterion corrected; w=weith.

R. M. F.C AlCc delta.AlCc w.AIC

2 LQHP  3361.863834 0 0.314422793
15 LQHP  3361.866941 0.003106877 0.313934736
0.5 LQ 3362.284919 0.421085466 0.254727876
1 LQ 3364.273215 2.409381462 0.094259143
3 LQHP  3369.866337 8.00250318 0.005751651
15 LQ 3369.982797 8.118963298 0.005426297
3 LQH  3371.604273 9.740439259 0.002412151
35 LQH  3372.184682 10.32084855 0.001804555
15 H 3372.278993 10.41515914 0.001721436
25 LQHP 337253173 10.66789664 0.001517084
4 LQH 3372678772 10.81493877 0.001409548
2 LQH  3374.728173 12.86433915 0.000505893
25 LQH  3375.009603 13.14576923 0.000439487
3 H 3375.069631 13.20579692 0.000426493
35 LQHP  3376.049245 14.18541164 0.000261331
4.5 LQH 3376.083336 14.21950262 0.000256914
2 LQ 3377.02469 15.16085609 0.000160463
5 LQH 3377.189073 15.3252392 0.000147802
25 H 3377.255919 15.39208494 0.000142944
35 H 3378.264264 16.40043017 8.63E-05

2 H 3378.810494 16.94665991 6.57E-05

4 LQHP  3378.810799 16.94696493 6.57E-05

1 LQH  3381.919974 20.05614072 1.39E-05

15 LQH 3382.943719 21.0798854 8.32E-06

5.5 LQH 3382.983295 21.11946098 8.16E-06

4 H 3383.773609 21.90977536 5.49E-06

1 H 3383.781676 21.9178422 5.47E-06

4.5 LQHP  3384.154391 22.2905577 4.54E-06

25 LQ 3385.092296 23.22846202 2.84E-06

6 LQH 3386.772811 24.90897775 1.23E-06

45 H 3388.139431 26.2755973 6.19E-07
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Supplementary Data S3

Article: Molecular data confirm Triatoma pallidipennis Stal, 1872 (Hemiptera: Reduviidae: Triatominae) as a novel cryptic species complex
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Figure S3. Representation of haplogroups detected from phylogenetic analyses using the mitochondrial gene ND4 and the nuclear gene
ITS-2. Haplogroup 1 (A), Haplogroup Il (B), Haplogroup 111 (C), Haplogroup IV (D) and Haplogroup V (E).
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Capitulo 111.

Geometric morphometrics and ecological niche
modelling for delimitation of Triatoma pallidipennis
haplogroups
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Abstract

One of the most epidemiologically important and most widely distributed endemic
triatomines in Mexico is Triatoma pallidipennis. A recent phylogenetic analysis of T.
pallidipennis using mathematical methods for species delimitation based on the
mitochondrial ND4 gene and ribosomal gene ITS-2 revealed five monophyletic
haplogroups with potential validity as cryptic species. The goal of this study is to compare
T. pallidipennis haplogroups that may constitute cryptic species using head and pronotum
features, environmental characteristics of their habitats, and ecological niche modeling,
based on the premise that they constitute genetically well-differentiated species.
Morphometric and ecological analysis was performed on four and three of the five
haplogroups, based on the amount of data available for each analysis. To analyze variation
in shape, images of the head and pronotum of the specimens were obtained and analyzed
using methods based on landmarks and semilandmarks. The ecological niche models were
obtained from occurrence data for each analyzed haplogroup, as well as a set of bioclimatic
variables that characterized the environmental niche of each one. Statistical significance
tests and multivariate methods were used to detect differences between haplogroups, both
for morphometric and ecological analyses. Important differences were found, both in the
shape of the analyzed structures and the environmental characteristics of the distribution
areas of the analyzed haplogroups. Our results show how the analysis of morphometric
variation and the characterization of the environmental conditions that define the climatic
niche can be used to improve the delimitation of Triatoma pallidipennis haplogroups that
may constitute cryptic species.

Keywords: Morphometry, Triatoma, Cryptic species, Maxent
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Introduction

The correct estimation and characterization of biodiversity are key elements for the
conservation and use of natural entities. Since "species" is the operative unit in Biology,
defining species limits is a pillar of the quantification and management of biodiversity. For
this reason, its conceptualization has been the subject of considerable intellectual effort
(Sites and Marshall, 2003; de Queiroz, 2007).

Historically, diagnostic phenotypic characters have been used to carry out
taxonomic delimitations, classifying distinct populations into species and subspecies,
known as the "traditional taxonomic approach” (Matos-Maravi et al., 2019). In
entomology, specifically, much attention has been paid to the morphology of various body
parts to identify, name, and classify organisms. Thus, traditional taxonomy and systematics
have used the specific external morphological characteristics as diagnostic characters for
the identification of taxa (Tatsuta et al., 2018). However, some entities are recognized as
distinct species under other criteria (mainly phylogenetic) but are not (at least superficially)
distinguishable based on external morphology and have therefore been recognized as a
single species; these are known as cryptic species (Bickford et al., 2007) and are a case in
which the traditional taxonomic approach fails to delimit taxa that should be considered
separate species. Failure to correctly detect and delimit species results in an
underestimation of true levels of biodiversity (Lefébure et al., 2006; Padial et al., 2010).
Cryptic species have been shown to occur in many groups (Bickford et al., 2007;
Pfenninger and Schwenk, 2007).

Recently, the integrative taxonomy approach has been widely proposed in
systematics studies (Dayrat, 2005; Sangster, 2018). Lines of evidence such as geometric
morphometrics and ecological analyses have been useful to discriminate between
genetically well-differentiated species (Martinez-Borrego et al., 2022). These integrative
approaches are particularly useful in cases where traditional methods are insufficient
(MacGuigan et al., 2017, Freitas et al., 2018).

Leaché et al., (2009) argued that the use of morphological and ecological data, in
addition to molecular data, allows better discrimination among species. Geometric

morphometrics analysis is a robust tool to highlight interspecific variation and corroborate
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the phylogenetic relationships within animal groups (e. g., Bogdanowicz, et al., 2005;
Pavan and Marroig, 2016). In addition, ecological niche studies are being increasingly used
for these same purposes (e. g., Rissler and Apodaca 2007; Rivera et al., 2018; Zhao et
al.,2019; Masonick and Weirauch 2020), as well as for inferences related to evolutionary

questions of both historical distributions and speciation processes (Graham et al., 2004).

The genus Triatoma (Hemiptera: Reduviidae) is one of the most important
epidemiological insects since they are the main vectors of Chagas disease on the American
continent. Aside from their relevance as vectors, Triatoma is highly scientifically valuable
because many species in the genus have high rates of speciation, making the genus an
interesting model to evaluate recent speciation processes. The cryptic speciation
phenomenon within Triatoma seems to be a relatively common process, detected mainly by
molecular techniques (Bargues et al., 2008, Ibarra-Cerdefia et al., 2014, Justi et al., 2014,
Pech-May et al., 2019). However, geometric morphometry has been repeatedly used as a
tool to delimit species within the Triatominae subfamily (Gurgel-Gongalves et al., 2011,
Dujardin, 2011, Vendrami et al., 2017, Cruz et al., 2020).

Ecological segregation could also play an important role in the process of lineage
divergence in Triatoma (Gurgel-Gongalves et al., 2011). When two subsets of conspecific
individuals succeed in adapting to distinct ecological niches, their evolutionary fates can
become independent, often because of divergent selection, leading to speciation (Schluter,
2001). Consequently, many sister taxa exploit contrasting niches. This makes quantitative
approaches like ecological niche modeling (ENM) useful to investigate recent speciation

events that are likely to have been driven by ecological divergence (Warren et al., 2008).

One of the most epidemiologically important and most widely distributed endemic
triatomines in Mexico is Triatoma pallidipennis Stal, 1872 (Lent and Wygodzinsky 1979,
Martinez-lbarra et al., 1999, Ramsey et al., 2015). Lent and Wygodzinsky (1979), after
examining several specimens from different locations, concluded that this species does not
present significant morphological variations among its populations. As a result of this wide
geographic distribution, a large niche breadth has been reported for the species (Ramsey et
al., 2015), which can be assumed to represent high ecological plasticity. However, a recent

phylogenetic analysis of T. pallidipennis using mathematical methods for species
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delimitation based on the mitochondrial ND4 gene from 73 specimens and ribosomal gene
ITS-2 from 33 specimens from different locations throughout its geographic distribution
revealed five monophyletic haplogroups with potential validity as cryptic species (Cruz and
Arellano, 2022).

It is therefore desirable to broaden the understanding of the genetic distinction
between Triatoma pallidipennis haplogroups by following an integrative taxonomy
approach using alternative data sources such as geometric morphometrics and ecological
attributes. The goal of this study is to compare Triatoma pallidipennis haplogroups that
may constitute cryptic species using head and pronotum features, environmental
characteristics of their habitats, and ecological niche modeling, based on the premise that

they constitute genetically well-differentiated species.
Material and methods

Haplogroups analyzed

Morphometric and ecological analysis was performed on four and three of the five
haplogroups (potential cryptic species) that were detected in the phylogenetic analysis of T.
pallidipennis by Cruz and Arellano (2022) (Fig. S1). The possible cryptic species analyzed
were: Haplogroup I: specimens from Morelos, Oaxaca, and eastern Puebla, Haplogroup I1:
specimens from southern Morelos, southwestern Mexico State, and eastern Guerrero,
Haplogroup I11: specimens from Mexico State and Haplogroup V: specimens from Colima
and Jalisco. The individuals of T. pallidipennis used in the phylogenetic analysis were
obtained through direct donations from the National Institute of Diagnosis and Reference
(INDRE), the Ministry of Health of Mexico State, the State Laboratory of Medical
Entomology (LEEM) of Mexico State, as well as direct collections made by LEEM
personnel in the state of Guerrero.

Geometric morphometrics data.

To analyze variation in shape, images of the head and pronotum (Fig. 1A) of the
specimens were obtained and analyzed using methods based on landmarks and
semilandmarks (Bookstein, 1991; Zelditch et al., 2004; Mitteroecker and Gunz, 2009;
Adams and Otéarola-Castillo, 2013). The relevance of the head as a structure for
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126 morphometric analysis has been repeatedly evaluated in the genus Triatoma (Gurgel-

127  Gongalves et al., 2011; Hernandez et al., 2013; Oliveira et al., 2017; Nattero et al., 2017).
128  The pronotum, on the other hand, has been little explored in morphometric terms. In the
129  context of species delimitation, the only known work that studies its potential to

130  discriminate between cryptic Triatoma species is the study by Nattero et al., (2017). Table
131 S1 shows the total number of specimens, as well as the number of females and males

132 obtained for each haplogroup analyzed. These included the specimens used in the

133 phylogenetic analysis and others from the same localities. The final total sample size was
134 113 individuals.

135 All individuals were photographed under the same magnification and exposure

136  settings and with a millimeter scale. To describe the shape of the head, we used 14

137  landmarks (Fig. 1B) that were a combination of those suggested by Gurgel-Goncalves et
138  al., (2011) and Oliveira et al., (2017). Six landmarks and 38 semi-landmarks were used for
139  the pronotum (Fig. 1C) to describe the right pronotal contour of the specimens. As a result
140  of digitization in TPS software (Rohlf, 2015), a matrix of coordinates (X; y) was obtained
141  for each set of morphological points for each image processed for both structures. All

142  landmarks used are listed in Table 2.

143  Figure 1. Location of the structures analyzed (A) and the landmarks and semilandmarks used
144  for the description of the shape of the head (B) and pronotum (C) in haplogroups of Triatoma

145  pallidipennis. Blue dots represent landmarks. Red dots represent semi- landmarks.

37



146
147

148

149
150
151
152
153
154
155
156
157
158
159
160
161
162
163

Table 2. Definition of the landmarks used for the morphometric characterization of the head

and pronotum in haplogroups of Triatoma pallidipennis.

Structure Landmarks
1. Intersection point between head and neck on the left side
2. Intersection between head and neck on the right side
3. Left side post-ocular point
4. Right side post-ocular point
5. Pre-ocular point on left side
6. Pre-ocular point on right side

Head 7. External region of the right antenniferous tubercle

8. Insertion of the right antenniferous tubercle
9. Internal region of the right antenniferous tubercle
10. Insertion of the left antenniferous tubercle
11. Internal region of the left antenniferous tubercle
12. External region of the left antenniferous tubercle
13. Left intersection between the gena and antecapeum
14. Right intersection between the gena and antecapeum
1. Middle insertion of the upper pronotal border
2. Inner base of the right spine
3. Upper end of the right spine

Pronotum 4. External base of the right spine
43. Middle insertion of the lower pronotal border
44. Intersection point between pronotal lobes

The morphometric analysis was performed using the package geomorph version
3.3.1 (Adams and Otarola-Castillo, 2013) of the R library (R Core Team 2017). Using the
"define.sliders" function, we defined which points constitute the semi-landmarks that
characterized the right edge of the pronotum. Generalized Procrustes Analysis (GPA)
(Rohlf and Slice, 1990) was performed to superimpose the obtained coordinates and extract
the shape variables. During this procedure, all samples are translated about a common
origin to remove the effect of position, scaled through centroid sizes, and finally rotated
(using a least-squares criterion) until the coordinates of the corresponding points align as
closely as possible, to minimize the effect of differences in orientation. In the case of the
pronotum configuration, semilandmarks were allowed to slide along their tangent vectors
until reaching the minimum point of bending energy (Bookstein, 1997; Zelditch et al.,
2004; Gunz et al., 2005; Gunz and Mitteroecker, 2013). As a result of the GPA, the
Procrustes coordinates and the Procrustes distances were obtained, which were used as
form variables. In addition, the centroid size (CS) was estimated to obtain a shape-

independent measure of size.
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Statistical data processing

Principal Component Analyses (PCA) of the geometric configurations of head and
pronotum were performed to reduce their dimensionality. From this analysis, the scores of
the first 10 principal components (PC) were extracted, which were used for the rest of the
statistical analyses as shape variables. The mean shape variation in the positive and

negative directions along the first two PC was visualized using deformation grids.

As part of the exploratory analysis, the presence or absence of sexual dimorphism
was determined by considering the shape variables and the CS of both structures (head and
pronotum). To detect whether there were significant differences between sexes, a
Procrustes ANOVA (Goodall, 1991; Anderson, 2001) was performed for head and
pronotum shape using the function "ProcD.Im", and a factorial design with shape as the
dependent variable, sex as the main factor, and CS as a covariate. Significant differences (p
< 0.05) in head and pronotum size between sexes were tested using the function "Im.rrpp"
in the R package RRPP (Collyer and Adams, 2018). We found no significant sexual
dimorphism in the size or shape of any structure analyzed; therefore, we pooled males and
females in our analyses of interspecific differentiation. The allometric component (possible
effect of size on shape variation) was analyzed using a Procrustes ANOVA and the same
factorial design previously declared. However, this allometric effect was relatively low for

both the head and the pronotum, with values of 5.7% and 2.0%, respectively.

Differences in size and shape between haplogroups were evaluated for the head and
pronotum separately, using a Procrustes ANOVA. A factorial design was used with shape
as the dependent variable, haplogroups as the main factor, and CZ as a covariate. The mean
head/pronotum shape differences between species were quantified (Procrustes distances)
and tested for statistical significance using a pairwise permutation test (p < 0.05;

resampling = 1000; function "permudist”) in the R package Morpho 2.4 (Schlager, 2017).

Based on the scores of the first 10 PCs, a Linear Discriminant Function Analysis
was performed with the mass library (Ripley et al., 2020) to estimate the percentage of
correct discrimination. Finally, an Analysis of Canonical Variables was performed and, as
with the PCs, the variation of the mean shape in the positive and negative directions along

each canonical axis was visualized using deformation grids.
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Ecological niche data

The occurrence data used for the ecological analyses were the coordinates of the
localities where the individuals of each haplogroup were collected. We obtained additional
data to reach the minimum number of locations (30) from the database published by
Ramsey et al., (2015), which is freely available (https://doi.org/10.5061/dryad.rq120), and

the international database GIBIF (Global Information Biodiversity Facility, www.gbif.org).
We used only occurrence data collected after 1950, and specimens with inconsistent
information were not included in the analysis. Bioclimatic variables from the Worldclim
2.0 database (Fick and Hijmans, 2017) were used as descriptive variables (temperature and

rainfall), with a spatial resolution of approximately 1km?.
Data processing and generation of ecological niche models

To detect differences between the ecological niches of the haplogroups previously
defined by the phylogenetic analysis, ENM was performed for each one of them in the
Maxent program ver.3.4.1 (Phillips et al., 2006; 2017). The subset of bioclimatic variables
was composed of those that were not strongly correlated (r < 0.8, following Moo-Llanes et
al., 2020; Tarquino-Carbonell et al., 2020). Based on this previous analysis, the variables
selected to obtain the ENMs were Bio2 = Mean Diurnal Range, Bio3 = Isothermality, BIO4
= Temperature Seasonality, Biol3 = Precipitation of Wettest Month, Biol5 = Precipitation
Seasonality, and Biol16 = Precipitation of Wettest Quarter.

Since the performance of ENM is sensitive to the specifications of the modeling
process (Aradjo and Guisan, 2006; Aradjo and Peterson, 2012; Radosavljevic and
Anderson, 2014), before the generation of the ENM, we evaluated the program settings for
each haplogroup. We used the Wallace package (Kass et al., 2018) for R (R Core Team,
2017) to clean occurrence data, reduce spatial autocorrelation, and select the calibration
area and the background samples. Spatial filtering of the occurrence data was carried out
for each haplogroup to be modeled using the “spThing” package for R (Aiello-Lammens et
al., 2015). The minimum distance for filtering was 5 km. Calibration areas were determined
by a convex minimum polygon of the presence points resulting from spatial filtering. From

these, 10,000 background points were generated to obtain the ENM.
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To define an appropriate level of complexity, we evaluated Maxent configurations
to compare the performances of different test models. These models were created using the
checkerboard method to partition the training and test data. In addition, 12 values were used
for the regularization multiplier (0.5-6, with steps of 0.5) and six configurations of feature
classes: L, LQ, H, LQH and LQHP (where L = linear, Q = quadratic, H = “hinge” and P =
product). These analyses were performed using the "ENMeval" package of R (Muscarella
et al., 2014). The best configurations were selected based on the lowest values of the

corrected Akaike Information Criterion (AlCc).

The final models were calibrated with the full set of filtered records and the selected
set of variables. We performed 50 replicates per modeled haplogroup using the best
configurations obtained during the evaluation process. In addition, they were projected onto
the entire Mexican territory to estimate new areas of environmental suitability for each of

the lineages.
Ecological segregation between phylogenetic lineages

To estimate whether there is ecological segregation between haplogroups, we
obtained the ellipsoids and centroids that characterize the environmental space of each one
(Van Aelst and Rousseeuw, 2009). We did this using a Principal Components Analysis
with 15 bioclimatic variables (excluding Bio8, Bio9, Bio18, and Bio19), to characterize the
environmental space in which each haplogroup is distributed. From this analysis, the
fundamental niche of Triatoma pallidipennis was obtained. In this fundamental niche, we
then represented the realized niche of the populations composing each haplogroup using
their presence data. All analyses were performed in the NicheA program (Qiao et al.,
2015).

From the Principal Components Analysis, the scores of the components with the
highest contribution to the total variance were used to compare the environmental niche of
each haplogroup using Kruskal-Wallis tests, since the data did not meet the assumptions of
normality and homogeneity of variance. This analysis was performed in the program

Statistica ver. 8.
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Results

Geometric morphometrics

The ordination based on the exploratory analysis of PCA was not consistent with the
separation between haplogroups for any of the structures analyzed (Fig. 4A-B). The first
two PCs explained approximately 50 and 60% of the total cumulative variance for the head
and pronotum, respectively. In the deformation grids for the head in the first two PCs, a
slight displacement towards the posterior region of the head of the landmarks characterizing
the pre-ocular region at the negative end of PC1 was observed. This shift was more evident
at the negative end of PC2. For the positive ends of both axes, the greatest change in shape
was observed in PC2, which showed a strong displacement towards the anterior region of
the head of the landmarks that characterize the antenniferous tubercle.

The changes in the shape of the pronotum were most evident at the negative
extremes of the PC, associated with the right lobe. At the negative end of PC1, there was a
marked contraction of the points that characterize this region. This is different from the
negative end of PC2, in which there was a displacement of these points towards the anterior

region of the pronotum (Fig. 4B).
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Figure 4. Principal Component Analysis for the head (A) and pronotum (B) shape among
haplogroups of Triatoma pallidipennis. Deformation grids show the minimum and

maximum variation in shape along the axis. PC: Principal Component. H: Haplogroup.

Differences in shapes and centroid size between haplogroups
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The Procrustes ANOVA (Table 4) and pairwise comparisons showed differences in
mean head shape among all haplogroups except between haplogroups 11-111 and 11-V (Fig.
5A-D). Pairwise comparisons of mean pronotum shape only showed differences between
haplogroups I11-V and 111-V, (Fig. 5E-F).

Table 4. Differences in head shape and pronotum shape between haplogroups of Triatoma
pallidipennis using Analysis of Variance (ANOVA). a < 0.05. SS: Sum of squares; MS:

Mean squares.

SS MS R2 F z P-value

Haplogroups  0,0198 0,0066 0,0930 3,5215 5,0964 0,001*
Head Residuals 0,1934 0,0018 0,9069
Total 0,2132

Haplogroups  0,0129  0,0043 0,0566 2,1825 2,7106 0,01*
Pronotum Residuals 0,2153 0,0019 0,9433
Total 0,2283

The greatest differences in the shape of the head were mainly from the region of the
antenniferous tubercle, which was smaller in haplogroup 11 than in haplogroups I and 11
(Fig. 5A-B). However, concerning haplogroup Ill, this region was larger (Fig. 5C). The
ocular region and the base of the head were broader in haplogroup I11 than in haplogroups |
and 11 but smaller than in haplogroup V. Finally, the most similar heads in shape were the
middle forms of haplogroups Il and V; the greatest differences between them were in the
insertion of the antenniferous tubercle and the post-ocular region.

For the pronotum, there were differences in the shape of the right dorsal spine, in
the middle insertion of the upper pronotal edge, in the insertion point of the pronotal lobes,
and the shape of the right lobe, for the two paired comparisons made (Fig. 5E and F). The
main differences in the mean shapes of the pronotum between haplogroups 11 and 111 were
in the right lobe, the humeral angle, and the lower margin of the pronotum (Fig. 5E). The
right lobe in haplogroup V was wider than in haplogroup I1. The humeral angle was
markedly truncated relative to the humeral angle of haplogroup 11, which had a more

pointed shape. Significant variation in the lower margin of the pronotum was also observed
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between these haplogroups. The differences in the mean shape of the posterior lobe of the
pronotum between haplogroups 11 and V were not as marked as in the previous comparison.

However, haplogroup V presented a wider right lobe. As for the lower margin, the variation
was much smaller (Fig. 5F).
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Figure 5. Differences in mean shape (Procrustes distances) between haplogroups of
Triatoma pallidipennis. Differences were magnified by a factor of 3. dP = Procrustes
distances between the mean shape of each pairwise comparison. * Indicate significant dP (a.
<0.05), based on pairwise permutation tests. A-D corresponds to the head. E and F
correspond to the pronotum. Haplogroup I: specimens from Morelos, Haplogroup II:
specimens from Mexico State and Guerrero, Haplogroup I11: specimens from Mexico State
and Haplogroup V: specimens from Colima and Jalisco.

Although there were differences in shape between haplogroups, there were no
differences in the size of either the head or the pronotum (Fig. 6A and B).
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Figure 6. Comparison of Centroid size for the head (A) and pronotum (B) between
haplogroups of Triatoma pallidipennis. Haplogroup I: specimens from Morelos,
Haplogroup I1: specimens from Mexico State and Guerrero, Haplogroup I11: specimens

from Mexico State and Haplogroup V: specimens from Colima and Jalisco.

Discrimination of haplogroups

Haplogroup

It was not possible to correctly discriminate any of the haplogroups analyzed using

the LDFA. The global discrimination percentages obtained for both structures were similar,

with 49.5% overall discrimination for the head and 50.4% for the pronotum. However, the

percentage of specific discrimination in some haplogroups was relatively high. For the

head, the best-discriminated haplogroups were 111 and V, while for the pronotum, the best

discriminated were 11 and 111 (Table 6).
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Table 6. Result of Linear Discriminant Function Analysis to classify haplogroups of

Triatoma pallidipennis, using shape information for the head and pronotum. % CD=

Correct Discrimination Percentage.

Haplogroup I 1 \Y 11| Total % CD

| 3 8 4 5 20 15,0

I 7 9 10 27 33,3

Head

\ 3 2 17 3 25 68,0

1 2 6 3 24 35 68,5

| 8 6 4 3 21 38,1

I 18 5 4 28 64,3

Pronotum

\ 8 2 9 6 25 36,0

1 2 8 7 22 39 56,4

In the ordination graph of the Analysis of Canonical Variables for the shape of the

head considering 20 PC, haplogroup V was the most separated from the rest (Fig. 7A-B).

The rest of the haplogroups analyzed showed high overlap. The deformation grids obtained

for each canonical axis showed variations in head shape, mostly towards the negative end

of the axis of Canonical Variable 1. These variations were mainly due to contractions in the

pre-ocular regions and the antenniferous tubercles. In canonical axis 2, the variations in

shape were subtler, given by contractions in the ocular region of the head (Fig. 7A).

In the case of the pronotum, the haplogroups overlapped almost completely in the

Analysis of Canonical Variables (Fig. 7B). The shape did not present marked variations, as

evidenced by the deformation grids obtained for both canonical axes. The slight variations

observed were mainly in the shape of the right lobe and the humeral angle.

46



339

340
341
342
343
344

345

346
347
348
349
350
351
352
353
354

355
356
357
358

OHI@HI ®HY @HII

Figure 7. Ordination plot of the first two canonical axes for head shape (A) and (B)
pronotum, among haplogroups of Triatoma pallidipennis. Deformation grids represent the
minimum and maximum variation in shape along the axis. Haplogroup Il: specimens from
Morelos, Haplogroup I11: specimens from Mexico State and Guerrero, Haplogroup V:
specimens from Colima and Jalisco, Haplogroup V1. specimens from Mexico State.

Ecological niche modeling

When obtaining the ecological niche models, the climatic suitability areas (CSA)
were recovered for each evaluated haplogroup (Fig. 8). Haplogroup V had a larger potential
distribution (shown in Fig. 8C) than haplogroups I and Il (shown in Fig. 8A and B,
respectively). When projecting the conditions of these regions onto all of Mexico, the
ecological niche of each haplogroup did not predict the CSA of the rest in the same way.
Haplogroup V predicted a large part of the CSA obtained for haplogroup I, but only a small
part of the known distribution area for haplogroup 111 (Fig. 8C). The models for haplogroup
I and haplogroup 111 very poorly predicted the CSA of haplogroup V (Fig. 8A and B). In
turn, the models of these last two haplogroups predict very few CSA of each other.

The ellipsoids that describe the environmental space of the populations for each
haplogroup showed that haplogroup V has a broader environmental niche than the rest of
the analyzed haplogroups (Fig. 8D). In addition, part of the environmental niche of

haplogroup | and Il overlapped with those of haplogroup V. The greatest differentiation

47



359  between ecological niches was observed between haplogroup I and I, where only a small

360  part of the environmental conditions of the distribution of both overlaps.
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361  Figure 8. Climatic Suitability Areas and three-dimensional models in the environmental

362  space of the presence records for three phylogenetic haplogroups of Triatoma pallidipennis
363  (Hemiptera: Reduviidae). A: Haplogroup V. B: Haplogroup I11. C: Haplogroup I. Blue

364 ellipsoids correspond to the populations of Haplogroup I. Black ellipsoids correspond to the
365 populations of Haplogroup I11. Red ellipsoids correspond to the populations of Haplogroup
366 V.

367 In the Principal Components Analysis, the first two components explained more
368  than 95% of the variance of the environmental data. There were significant differences

369  between at least two haplogroups in the first two components (Fig. 9).

48



370

371
372
373
374
375

376

377

378
379
380
381
382
383
384
385

PCs 1

935% of central data N
800 — Interquartile range - - =
median e 8. - "
600 . . o
. oy -
. ] . I- b
400 . (] * - [ ]
. [ - '-“ = ]
200 | ] A -
L ; i n
0 %t = ey N i
o, v | e . 1 . H
. % —] . !
-200 * = o -
5?_;: — . -]
obe -—
-400 -| W L
-3 =
-600 | ¢ .
T T T
PCs 2 -
]
400 n
- 8, |
] S ‘et S
200 ook — v — -
T T — — =
s Vo, - # —_—
e, - —] l
0 ., " — -t n |
o3 ) e e )
o ool ] H
-200 s ] -
‘. — - e
¢ m—— -
-400 :. [y
L]
600 — -
]
T T T
Hap-I Hap-lIl Hap-V

Figure 9. Statistical differences in the scores of the first two principal components among
haplogroups of Triatoma pallidipennis (Hemiptera: Reduviidae), obtained by Kruskal-
Wallis tests. A: Differences between haplogroups in Principal Component 1 score. B:
Differences between haplogroups in Principal Component 2 score. Histograms, data density

polygon, and data points (data used for statistical analysis) are plotted.
Discussion

Geometric morphometry

Species delimitation is frequently a controversial and complicated task, especially
when the focal organisms are considered cryptic taxa (Tatsuta et al., 2018). In the genus
Triatoma, the presence of cryptic species has been extensively addressed, mainly using
molecular methods (Bargues et al., 2008; Ibarra-Cerdefia et al., 2014; Justi et al., 2014;
Pech-May et al., 2019). Geometric morphometrics has proven to be a useful tool in the
context of species delimitation and taxonomic studies in triatomines (Dujardin et al., 1999;
Matias et al., 2001; Jaramillo et al., 2002; Villegas et al., 2002; Gumiel et al., 2003;
Lehmann et al., 2005; Vargas et al., 2006; Feliciangeli et al., 2007; Nattero et al., 2017;
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Cruz et al., 2020). The use of morphological characters derived from novel techniques such
as geometric morphometrics, as a reflection of genetic variability, is an efficient way to
estimate the differentiation between phylogenetically differentiated groups (Patterson et al.,
2001).

Our results show significant differences in shape (but not size, as characterized by
the CZ) among haplogroups. Previous studies have shown differences in head size between
species (Gurgel-Gongalves et al., 2011, Oropeza et al., 2017). Patterson (2007)
hypothesized that differences in the head may have an evolutionary cause related to feeding
strategies, with different morphologies allowing the ingestion of blood from different
specific food sources, as well as different growth patterns. If we consider the hypothesis of
Patterson (2007), a possible explanation for the fact that there is no difference in the size of
the head between haplogroups is that the recent speciation processes that have occurred in
the populations of T. pallidipennis may not have led to a segregation of feeding niches. For
these reasons, the general size pattern of T. pallidipennis may be maintained in each of the

haplogroups analyzed.

Although significant differences were found in the shape (Procrustes distances) of
the head among almost all the haplogroups, there was relatively low discrimination among
haplogroups using the LDA. Thus, the differences found in the shape of the head and the
pronotum should be considered an indication that the haplogroups of T. pallidipennis are
following different evolutionary divergences in which geographic isolation seems to be
having an important effect. This phenomenon has been described for other triatomines, as is
the case of the dimidiata species complex, in which morphological differences in head
shape were a phenotypic consequence of isolation among their populations (Bustamante et
al., 2004).

The fact that the best-discriminated haplogroup based on head shape was from
Colima and Jalisco (Haplogroup V) may be an indication that the geographic isolation
between the populations of T. pallidipennis is acting as a modulator of the expression of
differentiated morphological characters, concerning the other haplogroups. Geometric

morphometrics is a complement to molecular methods since genetic differentiation very
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often results in morphometric variations that allow groups from different regions to be
distinguished (Bradshaw et al., 2000; Stacey and Fellowes, 2002).

The capacity of geometric morphometrics to discriminate phylogenetically
differentiated groups has been demonstrated for other groups of insects (De la Riva et al.,
2001). In our previous phylogenetic results (Cruz and Arellano, 2022), haplogroup V
presents high values of genetic distances (K2P) based on the ND4 gene, concerning the
other haplogroups analyzed (4.91, 5.82, and 6.45% with haplogroups I, 1l and 111,
respectively). Therefore, the geometric morphometrics analysis was able to differentiate
this evolutionary unit from the others 68.0 % of the time. This was also the case of
haplogroup 111, which had similar correct discrimination values (68.5 %) to haplogroup V,
and like these, had high genetic distances concerning the other haplogroups analyzed (6.61
and 6.76 % with haplogroups | and 11, respectively). At the same time, the near-total
overlap between haplogroups I and Il in terms of head shape reflects the smaller genetic
distance between these two haplogroups (3.19 %) (see Cruz and Arellano, 2022).

Regarding the pronotum, the global values of correct discrimination were lower
than those found for the head. However, haplogroup Il was the best discriminated against
based on pronotum shape, reaching 64.3% correct discrimination. Although statistically
significant differences were only found in the shape of the pronotum in the paired
comparison between haplogroups Il-111 and 11-V, these differences were marked, as can be
seen in figure 5. Similar results were obtained by Nattero et al., (2017); they analyzed the
morphological variability of the Sordida species subcomplex and obtained the lowest
discrimination values between species from the pronotum shape information. These authors
only used four landmarks for the morphometric characterization of this structure, which
could explain their low discrimination values. The pronotum has been very seldom used in
the context of geometric morphometrics (Nattero et al., 2017), and in triatomines, it has

mainly been used in traditional morphological descriptions (Lent and Wygodzinsky, 1979).

In this investigation, the greatest differences in pronotum shape were in the right
posterior lobe and the humeral angle, which partially coincides with the results obtained by
Cruz et al., (2020) using elliptic Fourier descriptors to discriminate haplogroups of the

dimidiata complex. Therefore, even in this study, we did not find a high percentage of
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discrimination using the pronotum, the exploration of this structure constitutes an important
step in any protocol of geometric morphometrics in triatomines to achieve a better
characterization of its variation in this group of insects. It is possible that by describing the
shape of the entire structure, either using landmarks and semilandmarks, as well as other
morphometric methods such as Fourier elliptic descriptors, better discrimination
percentages could be achieved. Fourier elliptic descriptors have been particularly efficient
in discriminating species and haplogroups within the Triatoma genus (Santillan-
Guayasamin et al., 2017, Cruz et al., 2020).

Ecological niche

In this study, environmental constraints for the current distribution of members of
three T. pallidipennis haplogroups were identified by applying ecological niche modeling
techniques. The distribution range of these haplogroups in Mexico reflects the diverse
environmental conditions to which they have probably adapted. They may also reflect

physiological differences among them (Zhao et al., 2019).

The ENM for each haplogroup, both in their strict distribution areas and in the
projections obtained for the rest of Mexico, shows considerable independence from
environmental conditions. However, the prediction of some CAAs of one haplogroup from
the occurrence data of another demonstrates a certain degree of niche conservatism,
especially between the haplogroups I and V.

Our results have shown that the distribution of each haplogroup analyzed is limited
by a set of environmental conditions. This was corroborated by obtaining the environmental
space occupied by each hypervolume. Although there is still some overlap in the
environmental conditions related to the distribution of the haplogroups, this is not of equal
intensity for all. This could be an indication that ecological segregation has indeed played
an important role in the differentiation of these monophyletic lineages, which is supported
by the significant differences found for at least two of the haplogroups analyzed.

The ellipsoids showed clear differences in the use of the existing environmental
space among the three haplogroups analyzed. This differentiation pattern has been reported
for Triatoma dimidiata haplogroups (Gémez-Palacio et al., 2015), so this phenomenon may
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be more common in triatomines than currently recognized. However, although these results
partially corroborate the role of ecological segregation as a speciation phenomenon in at
least these two species complexes, for the Triatoma pallidipennis haplogroups it is

necessary to evaluate hypotheses of niche conservatism to reach more solid conclusions.

Allopatric divergence has been considered the predominant mode of geographic
speciation for most animal taxa (Barraclough et al., 1999; Schluter, 2001; Levin, 2004) and
does not account for significant niche divergence between closely related taxa. (Peterson et
al., 1999; Graham et al., 2004; Kozak and Wiens, 2006; Broennimann et al., 2007;
Peterson and Nyaéri, 2008; Warren et al., 2008). However, the distribution of the
populations of the haplogroups analyzed in different biogeographical provinces is an
important element to have in mind when considering ecological segregation. According to
the classification of biogeographic provinces (Morrone, 2005), the populations belonging to
haplogroup V are distributed in the Pacific Coast and Volcanic Axis provinces. Being
present in two biogeographic provinces with different environmental characteristics
explains the fact that this haplogroup presented a broader environmental niche than the rest.
Haplogroup 111 has populations in the Balsas Depression and a small part of VVolcanic Axis
provinces, while the haplogroup I am only distributed within the Balsas Depression. The
presence of shared populations in the Balsas Depression between haplogroups I and 111

could explain the slight overlap observed between ellipsoids of these haplogroups.

Although all these results suggest that the genetic differentiation between
haplogroups of T. pallidipennis could reflect recent ecological segregation processes, the
potential effect of genetic isolation of the populations of each haplogroup cannot be denied.
Future analyses should be aimed at resolving this question, to provide more elements to
elucidate the speciation processes that are occurring within T. pallidipennis. However, these
results provide support from an ecological perspective that this species should be

considered a complex of cryptic species.
Final considerations

Our results show how the analysis of morphometric variation and the
characterization of the environmental conditions that define the climatic niche can be used
to improve the delimitation of haplogroups that may constitute cryptic species. Analysis of
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multiple lines of evidence (i.e., the integrative taxonomy approach) can increase our ability
to detect intraspecific variation and provide strong evidence for species separation. In the
case of triatomine species and other disease vectors, this information has implications for

epidemiology, management, and vector control.
References

. Adams, D. C., Rohlf, F. J., & Slice, D. E. (2004). Geometric morphometrics: ten

years of progress following the ‘revolution’. Italian Journal of Zoology, 71(1), 5-16.

. Adams, D. C., & Otarola-Castillo, E. (2013). geomorph: an R package for the

collection and analysis of geometric morphometric shape data. Methods in ecology
and evolution, 4(4), 393-399.

. Aiello-Lammens, M. E., Boria, R. A., Radosavljevic, A., Vilela, B., & Anderson, R.

P. (2015). spThin: an R package for spatial thinning of species occurrence records

for use in ecological niche models. Ecography, 38(5), 541-545.

. Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of

variance. Austral ecology, 26(1), 32-46.

. Araujo, M. B., & Guisan, A. (2006). Five (or so) challenges for species distribution

modelling. Journal of biogeography, 33(10), 1677-1688.

. Araujo, M. B., & Peterson, A. T. (2012). Uses and misuses of bioclimatic envelope

modeling. Ecology, 93(7), 1527-15309.

Bargues, M. D., Klisiowicz, D. R., Gonzalez-Candelas, F., Ramsey, J. M., Monroy,
C., Ponce, C., ... & Mas-Coma, S. (2008). Phylogeography and genetic variation of
Triatoma dimidiata, the main Chagas disease vector in Central America, and its
position within the genus Triatoma. PLoS neglected tropical diseases, 2(5), e233.
Barraclough, T. G., Hogan, J. E., & Vogler, A. P. (1999). Testing whether
ecological factors promote cladogenesis in a group of tiger beetles (Coleoptera:
Cicindelidae). Proceedings of the Royal Society of London. Series B: Biological
Sciences, 266(1423), 1061-1067.

Bickford, D., Lohman, D. J.,, Sodhi, N. S., Ng, P. K., Meier, R., Winker, K., ... &
Das, 1. (2007). Cryptic species as a window on diversity and conservation. Trends in
ecology & evolution, 22(3), 148-155.

54



534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Bogdanowicz, W., Juste, J., Owen, R. D., & Sztencel, A. (2005). Geometric
morphometrics and cladistics: testing evolutionary relationships in mega-and
microbats. Acta Chiropterologica, 7(1), 39-49.

Bookstein, F. L. (1997). Morphometric tools for landmark data (p. 455). Geometry
and biology. Cambridge University Press. New York, EE. UU.

Bradshaw, W. E., Fujiyama, S., & Holzapfel, C. M. (2000). Adaptation to the
thermal climate of North America by the pitcher-plant mosquito, Wyeomyia smithii.
Ecology, 81(5), 1262-1272.

Broennimann, O., Treier, U. A., Miiller-Schérer, H., Thuiller, W., Peterson, A. T.,
& Guisan, A. (2007). Evidence of climatic niche shift during biological invasion.
Ecology letters, 10(8), 701-709.

Bustamante, D. M., Monroy, C., Menes, M., Rodas, A., Salazar-Schettino, P. M.,
Rojas, G., ... & Dujardin, J. P. (2004). Metric variation among geographic
populations of the Chagas vector Triatoma dimidiata (Hemiptera: Reduviidae:
Triatominae) and related species. Journal of Medical Entomology, 41(3), 296-301.
Collyer, M. L., & Adams, D. C. (2018). RRPP: An r package for fitting linear
models to high-dimensional data using residual randomization. Methods in Ecology
and Evolution, 9(7), 1772-1779.

Cruz, D. D., Arellano, E., Denis Avila, D., & Ibarra-Cerdefia, C. N. (2020).
Identifying Chagas disease vectors using elliptic Fourier descriptors of body
contour: a case for the cryptic dimidiata complex. Parasites & vectors, 13(1), 1-12.
Cruz, D. D., & Arellano, E. (2022). Molecular data confirm Triatoma pallidipennis
Stal, 1872 (Hemiptera: Reduviidae: Triatominae), as a novel cryptic species
complex. Acta Tropica, 106382.

Dayrat, B. (2005). Towards integrative taxonomy. Biological journal of the Linnean
society, 85(3), 407-417.

De la Riva, J., Le Pont, F., Ali, V., Matias, A., Mollinedo, S., & Dujardin, J. P.
(2001). Wing geometry as a tool for studying the Lutzomyia longipalpis (Diptera:
Psychodidae) complex. Memorias do Instituto Oswaldo Cruz, 96(8), 1089-1094.
De Queiroz, K. (2007). Species concepts and species delimitation. Systematic
biology, 56(6), 879-886.

55



565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594

21.

22.

23.

24,

25.

26.

217.

28.

29

30.

Dujardin, J. P. (2011). Modern morphometrics of medically important insects. In
Genetics and evolution of infectious disease (pp. 473-501). Elsevier.

Dujardin, J. P., Panzera, P., & Schofield, C. J. (1999). Triatominae as a model of
morphological plasticity under ecological pressure. Memdrias do Instituto Oswaldo
Cruz, 94, 223-228.

Feliciangeli, M. D., Sanchez-Martin, M., Marrero, R., Davies, C., & Dujardin, J. P.
(2007). Morphometric evidence for a possible role of Rhodnius prolixus from palm
trees in house re-infestation in the State of Barinas (Venezuela). Acta tropica,
101(2), 169-177.

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: new 1-km spatial resolution
climate surfaces for global land areas. International journal of climatology, 37(12),
4302-4315.

Freitas, F. V., Santos Junior, J. E., Santos, F. R., & Silveira, F. A. (2018). Species
delimitation and sex associations in the bee genus Thygater, with the aid of
molecular data, and the description of a new species. Apidologie, 49(4), 484-496.
Gobmez-Palacio, A., Arboleda, S., Dumonteil, E., & Peterson, A. T. (2015).
Ecological niche and geographic distribution of the Chagas disease vector, Triatoma
dimidiata (Reduviidae: Triatominae): Evidence for niche differentiation among
cryptic species. Infection, genetics and evolution, 36, 15-22.

Goodall, C. (1991). Procrustes methods in the statistical analysis of shape. Journal
of the Royal Statistical Society: Series B (Methodological), 53(2), 285-321.
Graham, C. H., Ron, S. R., Santos, J. C., Schneider, C. J., & Moritz, C. (2004).
Integrating phylogenetics and environmental niche models to explore speciation
mechanisms in dendrobatid frogs. Evolution, 58(8), 1781-1793.

. Gumiel, M., Catal, S., Noireau, F., Rojas de Arias, A., Garcia, A., & Dujardin, J. P.

(2003). Wing geometry in Triatoma infestans (Klug) and T. melanosoma Martinez,
Olmedo & Carcavallo (Hemiptera: Reduviidae). Systematic Entomology, 28(2),
173-180.

Gunz, P., & Mitteroecker, P. (2013). Semilandmarks: a method for quantifying

curves and surfaces. Hystrix, the Italian journal of mammalogy, 24(1), 103-109.

56



595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624

31.

32.

33.

34.

35.

36.

37.

38.

39.

Gunz, P., Mitteroecker, P., & Bookstein, F. L. (2005). Semilandmarks in three
dimensions. In Modern morphometrics in physical anthropology (pp. 73-98).
Springer, Boston, MA.

Gurgel-Gongalves, R., Ferreira, J. B. C., Rosa, A. F., Bar, M. E., & Galvao, C.
(2011). Geometric morphometrics and ecological niche modelling for delimitation
of near-sibling triatomine species. Medical and Veterinary Entomology, 25(1), 84-
93.

Hernandez, M. L., Dujardin, J. P., Gorla, D. E., & Catala, S. S. (2013). Potential
sources of Triatoma infestans reinfesting peridomiciles identified by morphological
characterization in Los Llanos, La Rioja, Argentina. Memdrias do Instituto Oswaldo
Cruz, 108(1), 91-97.

Ibarra-Cerdefia, C. N., Zaldivar-Riveron, A., Peterson, A. T., Sdnchez-Cordero, V.,
& Ramsey, J. M. (2014). Phylogeny and niche conservatism in North and Central
American triatomine bugs (Hemiptera: Reduviidae: Triatominae), vectors of
Chagas' disease. PL0S neglected tropical diseases, 8(10), e3266.

Jaramillo O, N., Castillo, D., & Wolff E, M. (2002). Geometric morphometric
differences between Panstrongylus geniculatus from field and laboratory. Memorias
do Instituto Oswaldo Cruz, 97, 667-673.

Justi, S. A., Russo, C. A, Mallet, J. R. D. S., Obara, M. T., & Galvéo, C. (2014).
Molecular phylogeny of Triatomini (Hemiptera: Reduviidae: Triatominae).
Parasites & vectors, 7(1), 1-12.

Kass, J. M., Vilela, B., Aiello-Lammens, M. E., Muscarella, R., Merow, C., &
Anderson, R. P. (2018). Wallace: A flexible platform for reproducible modeling of
species niches and distributions built for community expansion. Methods in
Ecology and Evolution, 9(4), 1151-1156.

Kozak, K. H., Graham, C. H., & Wiens, J. J. (2008). Integrating GIS-based
environmental data into evolutionary biology. Trends in ecology & evolution, 23(3),
141-148.

Leaché, A. D., Koo, M. S., Spencer, C. L., Papenfuss, T. J., Fisher, R. N., &

McGuire, J. A. (2009). Quantifying ecological, morphological, and genetic variation

57



625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653

40.

41.

42.

43.

44,

45.

46.

47.

to delimit species in the coast horned lizard species complex (Phrynosoma).
Proceedings of the National Academy of Sciences, 106(30), 12418-12423.
Lefébure, T., Douady, C. J., Gouy, M., & Gibert, J. (2006). Relationship between
morphological taxonomy and molecular divergence within Crustacea: proposal of a
molecular threshold to help species delimitation. Molecular phylogenetics and
evolution, 40(2), 435-447.

Lehmann, P., Ordofiez, R., Ojeda-Baranda, R., Lira, J., Hidalgo-Sosa, L., Monroy,
C., & Ramsey, J. M. (2005). Morphometric analysis of Triatoma dimidiata
populations (Reduviidae: Triatominae) from Mexico and northern Guatemala.
Memorias do Instituto Oswaldo Cruz, 100(5), 477-486.

Lent, H., & Wygodzinsky, P. (1979). Revision of the Triatominae (Hemiptera,
Reduviidae), and their significance as vectors of Chagas' disease. Bulletin of the
American museum of Natural History, 163(3), 123-520.

Levin, D. A. (2004). The ecological transition in speciation. New Phytologist,
161(1), 91-96.

MacGuigan, D. J., Geneva, A. J., & Glor, R. E. (2017). A genomic assessment of
species boundaries and hybridization in a group of highly polymorphic anoles
(distichus species complex). Ecology and Evolution, 7(11), 3657-3671.
Martinez-Borrego, D., Arellano, E., Cruz, D. D., Gonzélez-Cézatl, F. X., Nava-
Garcia, E., & Rogers, D. S. (2021). Morphological and ecological data confirm
Reithrodontomys cherrii as a distinct species from Reithrodontomys mexicanus.
THERYA, 13(1), 115.

Martinez-lbarra, J. A., & Katthain-Duchateau, G. (1999). Biology of Triatoma
pallidipennis Stal 1945 (Hemiptera: Reduviidae: Triatominae) under laboratory
conditions. Memdrias do Instituto Oswaldo Cruz, 94, 837-839.

Masonick, P., & Weirauch, C. (2020). Integrative species delimitation in Nearctic
ambush bugs (Heteroptera: Reduviidae: Phymatinae): Insights from molecules,
geometric morphometrics and ecological associations. Systematic Entomology,
45(1), 205-223.

58



654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Matias, A., De la Riva, J. X., Torrez, M., & Dujardin, J. P. (2001). Rhodnius
robustus in Bolivia identified by its wings. Memorias do Instituto Oswaldo Cruz,
96(7), 947-950.

Matos-Maravi, P., Wahlberg, N., Antonelli, A., & Penz, C. M. (2019). Species
limits in butterflies (Lepidoptera: Nymphalidae): reconciling classical taxonomy
with the multispecies coalescent. Systematic Entomology, 44(4), 745-756.
Mitteroecker, P., & Gunz, P. (2009). Advances in geometric morphometrics.
Evolutionary Biology, 36(2), 235-247.

Moo-Llanes, D. A. (2021). Inferring Distributional Shifts of Asian Giant Hornet
Vespa mandarinia Smith in Climate Change Scenarios. Neotropical Entomology,
50(4), 673-676.

Morrone, J. J. (2005). Hacia una sintesis biogeografica de México. Revista
mexicana de biodiversidad, 76(2), 207-252.

Muscarella, R., Galante, P. J., Soley-Guardia, M., Boria, R. A., Kass, J. M., Uriarte,
M., & Anderson, R. P. (2014). ENM eval: An R package for conducting spatially
independent evaluations and estimating optimal model complexity for Maxent
ecological niche models. Methods in ecology and evolution, 5(11), 1198-1205.
Nattero, J., Piccinali, R. V., Macedo Lopes, C., Hernandez, M. L., Abrahan, L.,
Lobbia, P. A., ... & Carbajal de la Fuente, A. L. (2017). Morphometric variability
among the species of the Sordida subcomplex (Hemiptera: Reduviidae:
Triatominae): evidence for differentiation across the distribution range of Triatoma
sordida. Parasites & vectors, 10(1), 1-14.

Oliveira, J., Marcet, P. L., Takiya, D. M., Mendonca, V. J., Belintani, T., Bargues,
M. D., ... & Almeida, C. E. (2017). Combined phylogenetic and morphometric
information to delimit and unify the Triatoma brasiliensis species complex and the
Brasiliensis subcomplex. Acta tropica, 170, 140-148.

Oropeza, A. M., Perri Fernandez, C. A., Liria, J., & Soto Vivas, A. (2017). Head
geometric morphometrics of two Chagas disease vectors from Venezuela.

Padial, J. M., Miralles, A., De la Riva, I., & Vences, M. (2010). The integrative

future of taxonomy. Frontiers in zoology, 7(1), 1-14.

59



684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712

58.

59.

60.

61.

62.

63.

64.

65.

66.

Patterson, J. S. (2007). Comparative Morphometric and Molecular Genetic
Analyses of Triatominae (Hemiptera: Reduviidae) (Doctoral dissertation, London
School of Hygiene and Tropical Medicine (University of London)).

Patterson, J. S., Schofield, C. J., Dujardin, J. P., & Miles, M. A. (2001). Population
morphometric analysis of the tropicopolitan bug Triatoma rubrofasciata and
relationships with Old World species of Triatoma: evidence of New World
ancestry. Medical and veterinary entomology, 15(4), 443-451.

Pavan, A. C., & Marroig, G. (2016). Integrating multiple evidences in taxonomy:
species diversity and phylogeny of mustached bats (Mormoopidae: Pteronotus).
Molecular Phylogenetics and Evolution, 103, 184-198.

Pech-May, A., Mazariegos-Hidalgo, C. J., Izeta-Alberdi, A., Lépez-Cancino, S. A.,
Tun-Ku, E., De la Cruz-Felix, K., ... & Ramsey, J. M. (2019). Genetic variation and
phylogeography of the Triatoma dimidiata complex evidence a potential center of
origin and recent divergence of haplogroups having differential Trypanosoma cruzi
and DTU infections. PLoS neglected tropical diseases, 13(1), e0007044.

Peterson, A. T., & Nyari, A. S. (2008). Ecological niche conservatism and
Pleistocene refugia in the thrush-like mourner, Schiffornis sp., in the neotropics.
Evolution: International Journal of Organic Evolution, 62(1), 173-183.

Peterson, A. T., Soberdn, J., & Sanchez-Cordero, V. (1999). Conservatism of
ecological niches in evolutionary time. Science, 285(5431), 1265-1267.
Pfenninger, M., & Schwenk, K. (2007). Cryptic animal species are homogeneously
distributed among taxa and biogeographical regions. BMC evolutionary biology,
7(1), 1-6.

Phillips, S. J., Anderson, R. P., & Schapire, R. E. (2006). Maximum entropy
modeling of species geographic distributions. Ecological modelling, 190(3-4), 231-
259.

Phillips, S. J., Anderson, R. P., Dudik, M., Schapire, R. E., & Blair, M. E. (2017).
Opening the black box: An open-source release of Maxent. Ecography, 40(7), 887-
893.

60



713
714
715
716
717
718
719
720
721
722
723
724
725
726
727
728
729
730
731
732
733
734
735
736
737
738
739
740
741
742
743

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

Qiao, H., Peterson, A. T., Campbell, L. P., Soberon, J., Ji, L., & Escobar, L. E.
(2016). NicheA: creating virtual species and ecological niches in multivariate
environmental scenarios. Ecography, 39(8), 805-813.

Radosavljevic, A., & Anderson, R. P. (2014). Making better Maxent models of
species distributions: complexity, overfitting, and evaluation. Journal of
biogeography, 41(4), 629-643.

Ramsey, J. M., Peterson, A. T., Carmona-Castro, O., Moo-Llanes, D. A,
Nakazawa, Y., Butrick, M., ... & Ibarra-Cerdefia, C. N. (2015). Atlas of Mexican
Triatominae (Reduviidae: Hemiptera) and vector transmission of Chagas disease.
Memodrias do Instituto Oswaldo Cruz, 110, 339-352.

Ripley, B., Venables, B., Bates, D. M., Hornik, K., Gebhardt, A., Firth, D., &
Ripley, M. B. (2013). Package ‘mass’. Cran r, 538, 113-120.

Rissler, L. J., & Apodaca, J. J. (2007). Adding more ecology into species
delimitation: ecological niche models and phylogeography help define cryptic
species in the black salamander (Aneides flavipunctatus). Systematic biology, 56(6),
924-942.

Rivera, P. C., Gonzalez-Ittig, R. E., Robainas Barcia, A., Trimarchi, L. 1., Levis, S.,
Calderdn, G. E., & Gardenal, C. N. (2018). Molecular phylogenetics and
environmental niche modeling reveal a cryptic species in the Oligoryzomys
flavescens complex (Rodentia, Cricetidae). Journal of Mammalogy, 99(2), 363-376.
Ronhlf, F. J. (2015). The tps series of software. Hystrix, 26(1).

Ronhlf, F. J., & Slice, D. (1990). Extensions of the Procrustes method for the optimal
superimposition of landmarks. Systematic biology, 39(1), 40-59.

Sangster, G. (2018). Integrative taxonomy of birds: the nature and delimitation of
species. In Bird species (pp. 9-37). Springer, Cham.

Santillan-Guayasamin, S., Villacis, A. G., Grijalva, M. J., & Dujardin, J. P. (2017).
The modern morphometric approach to identify eggs of Triatominae. Parasites &
vectors, 10(1), 1-10.

Schlager, S. (2017). Morpho and Rvcg—Shape Analysis in R: R-Packages for
geometric morphometrics, shape analysis and surface manipulations. In Statistical

shape and deformation analysis (pp. 217-256). Academic Press.

61



744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Schluter, D. (2001). Ecology and the origin of species. Trends in ecology &
evolution, 16(7), 372-380.

Sites Jr, J. W., & Marshall, J. C. (2004). Operational criteria for delimiting species.
Annu. Rev. Ecol. Evol. Syst., 35, 199-227.

Stacey, D. A., & Fellowes, M. D. E. (2002). Temperature and the development rates
of thrips: evidence for a constraint on local adaptation?. European Journal of
Entomology, 99(3), 399-404.

Tatsuta, H., Takahashi, K. H., & Sakamaki, Y. (2018). Geometric morphometrics in
entomology: Basics and applications. Entomological Science, 21(2), 164-184.
Tarquino-Carbonell, A. D. P., Ojeda, R. A., & Ojeda, A. A. (2020). Influence of
climate change on the predicted distributions of the genus Tympanoctomys
(Rodentia, Hystricomorpha, Octodontidae), and their conservation implications.
Journal of Mammalogy, 101(5), 1364-1379.

Van Aelst, S., & Rousseeuw, P. (2009). Minimum volume ellipsoid. Wiley
Interdisciplinary Reviews: Computational Statistics, 1(1), 71-82.

Vargas, E., Espitia, C., Patifio, C., Pinto, N., Aguilera, G., Jaramillo, C., ... & Guhl,
F. (2006). Genetic structure of Triatoma venosa (Hemiptera: Reduviidae):
molecular and morphometric evidence. Memorias do Instituto Oswaldo Cruz,
101(1), 39-45.

Vendrami, D. P., Obara, M. T., Gurgel-Goncalves, R., Ceretti-Junior, W., &
Marrelli, M. T. (2017). Wing geometry of Triatoma sordida (Hemiptera:
Reduviidae) populations from Brazil. Infection, Genetics and Evolution, 49, 17-20.
Villegas, J., Feliciangeli, M. D., & Dujardin, J. P. (2002). Wing shape divergence
between Rhodnius prolixus from Cojedes (Venezuela) and Rhodnius robustus from
Meérida (Venezuela). Infection, Genetics and Evolution, 2(2), 121-128.

Warren, D. L., Glor, R. E., & Turelli, M. (2008). Environmental niche equivalency
versus conservatism: quantitative approaches to niche evolution. Evolution:
International Journal of Organic Evolution, 62(11), 2868-2883.

Zelditch, M. L., Swiderski, D. L., & Sheets, H. D. (2012). Geometric

morphometrics for biologists: a primer. academic press.

62



774
775

89. Zhao, Q., Zhang, H., & Wei, J. (2019). Climatic niche comparison across a cryptic
species complex. PeerJ, 7, e7042.

63



Supplementary data

Manuscript: Geometric morphometrics and ecological niche modelling for delimitation of
Triatoma pallidipennis haplogroups

Daryl D. Cruz1*, Sandra Milena Ospina-Garces2, Elizabeth Arellanol, Carlos N. Ibarra-Cerdefia3,
Elizabeth Nava-Garcia4 and Radl Alcalal

Pleistocene
Calabrian ! lonian ' Tarantian

MPTP
BGMYC
STACEY

024

|

‘ Ty

‘ i

| i

: :
0.16-0.34 | ;‘

_‘F‘E
|

i
e o —-—
‘

0.5

0.36-0.68

0.09-0.24

|
|
0.16 |
|
|

- 088
0.44-1.38

0.41 L — <
0.28-0.54 -

0.15 !
0.27 008024 |
0.15-0.41

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
i
1

Figure S1. ND4 phylogeny estimated divergence times, and species delimitation in Triatoma
pallidipennis (Hemiptera: Reduviidae: Triatominae) implementing the evolutionary model
HKY+F+I for partitions 1+2 and HKY +F+G4 for partition 3. Divergence times (top) are shown
above each branch. The bars on the right side of the figure correspond to the species delimitation
obtained by the Multi-rate Poisson Tree Process (mPTP; leftmost), the Bayesian General Mixed
Yule-Coalescent Model (bGMYC; middle), and the Species Tree And Classification Estimation,
Yarely (STACEY; rightmost). Cruz and Arellano (2022).

Table S1. Number of samples per haplogroup of Triatoma pallidipennis used for morphometric
analysis. Haplogroup I: specimens of Morelos, Haplogroup 11: specimens of State of Mexico and
Guerrero, Haplogroup Il1: specimens of State of Mexico, Haplogroup V: specimens of Colima and
Jalisco.

Head Pronotum
Haplogroup ) Q Total 3 Q Total
| 8 12 20 8 13 21
11 8 19 27 9 19 28
11 22 13 35 23 16 39
V 12 13 25 13 12 25
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elliptic Fourier descriptors of body contour:
a case for the cryptic dimidiata complex
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Abstract

Background: Triatoma dimidiata (Reduviidae: Triatominae) is an important vector of Chagas disease in various coun-
tries in the Americas. Phylogenetic studies have defined three lineages in Mexico and part of Central America. While
there is a marked genetic differentiation, methods for identifying them using morphometric analyses with landmarks
have not yet been fully resolutive. Elliptical Fourier descriptors (EFDs), which mathematically describe the shape of any
closed two-dimensional contours, could be a potentially useful alternative method. Our objective was to validate the
use of EFDs for the identification of three lineages of this species complex.

Method: A total of 84 dorsal view images of individuals of the three lineages were used. Body contours were
described with EFDs using between 5 and 30 harmonics. The number of obtained coefficients was reduced by a
principal components analysis and the first axis scores were used as shape variables. A linear discriminant function
analysis and an ordination plot of the discriminant analysis were performed using the shape variables. A confusion
matrix of the ordination plot of the discriminant analysis was obtained to estimate the classification errors, the first five
PC scores were statistically compared, and a neural network were then performed using the shape variables.

Results: The first principal component explained 50% of the variability, regardless the number of harmonics used.
The results of discriminant analysis get improved by increasing the number of harmonics and components consid-
ered. With 25 harmonics and 30 components, the identification of haplogroups was achieved with an overall effi-
ciency greater than 97%. The ordering diagram showed the correct discrimination of haplogroups, with only one error
of discrimination corroborated by the confusion matrix. When comparing the first five PC scores, significant differ-
ences were found among at least two haplogroups. The 30 multilayer perceptron neural networks were also efficient
in identification, reaching 91% efficiency with the validation data.

Conclusions: The use of EFD is a simple and useful method for the identification of the main lineages of Triatoma
dimidiata, with high values of correct identification.

Keywords: Triatomine, Identification, Morphometric analysis, Contours, Fourier
-

Background
Cryptic species are one of the great challenges for sys-
tematic biologists since, in many cases, speciation is not
accompanied by distinctive morphological characters
: : and allopatric distributions that facilitate the identifica-
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most of which are delineated by purely morphological
characteristics.

Research focused on cryptic species has increased over
the last two decades mainly by the availability of DNA
sequences [2]. The use of the term has grown and refers
to two or more distinct species that are erroneously
classified (hidden) under a single taxonomic entity, but
through other evidence, mainly genetic, it can be proved
that they have followed different evolutionary paths [3].
Cryptic species are found in almost all groups of organ-
isms, and in the case of insects, their presence is a very
frequent phenomenon in several orders [4, 5]. In the
field of epidemiology, the correct identification of spe-
cies in insect groups with medical importance is a key
component for the design of vector control and surveil-
lance strategies [6]. This is mainly because different spe-
cies may vary in terms of their competence as vectors and
their epidemiological importance as well as in their sus-
ceptibility to insecticides or other control strategies [7].

One of the most epidemiologically important groups
of insects on the American continent is the triatomines
(Triatominae: Reduviidae), the vectors of Chagas dis-
ease (CD). In this group, the genus Triatoma is the most
diverse genus [8]; approximately 70 species have been
described and it is the genus with the largest geographical
distribution within the subfamily [9, 10]. Multiple inter-
and intraspecies 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 [11-14]. The
combination of unresolved taxonomic relationships and
the detection of cryptic species within this genus high-
light the need to address the systematics of this group
[15-18]. The phenomenon of cryptic speciation is com-
mon in the Triatominae [19-21] and results in species
that are nearly identical morphologically, which often
makes identification based only on traditional morpho-
logical characters difficult or impossible.

The identification of triatomine species has usually
been carried out using traditional morphometry [11, 14,
22, 23]. However, the use of geometric morphometry
has led to new techniques for evaluating morphologi-
cal characters in a taxonomic context; it complements
the use of other methods of discrimination [24] and has
been used for the recognition of very close species with a
long history of controversy among taxonomists [25] and
apparently cryptic species, including some of the genus
Triatoma [7, 26—32].

The Triatoma dimidiata complex represents one of
the major vectors of Chagas disease in all the countries
where it is distributed [18, 33, 34]. It is present in Mexico,
all the countries of Central America, Colombia, Ecuador
and Peru [18, 35]. Throughout its range, it can be found
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in jungle, peridomestic and domestic habitats, where
non-domiciled populations act as sources of re-infesta-
tion and participate in the transmission of the parasite to
humans [35-38].

Phylogenetic studies using sequences from cytb, nad4,
and 16S rRNA genes, have defined three lineages in Mex-
ico and part of Central America (with 6-14% divergence
among haplogroups) [15, 39], which were recently reaf-
firmed by Pech-May et al. [18]. Using geometric mor-
phometry techniques with a landmark-based analysis,
Gurgel-Gongalves et al. [40] reached correct identifica-
tion rates of 70.5%, 76.7% and 82.5% for haplogroups 1,
2 and 3 of T. dimidiata respectively. More recently, Kha-
lighifar et al. [41] using TensorFlow [42], an open-source
software platform, representing the most recent addition
to the deep learning toolbox [43] (Google Brain Team;
https://research.google.com/teams/brain/), were able
to increase the correct classification of specimens of the
three haplogroups (84.1% H1, 86.7% H2 and 87.5% H3)
[41]. Although these methodologies are the cutting-edge
approach to the automatized species identification within
the Triatomine group, this rate of identification is still
insufficient 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 deline-
ate any shape with a two-dimensional closed contour, as
suggested by Kuhl and Giardina [44]. 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. For the extrac-
tion and digitization of outline characters, the ellip-
tic Fourier algorithm has the advantages of being able
to reconstruct outlines, eliminate errors in orientation
caused by interference, size images and trace the starting
point of an original image [45—48]. This method has been
widely applied to the analysis of various biological shapes
[48, 49] and more recently, as a tool for pattern detection,
correct insect identification and automatic identification
systems [50—52]. For the Triatominae in particular, the
elliptic Fourier algorithm has been used with the objec-
tive of identifying species from the analysis of different
structures [27, 53].

Here, we apply EFDs in order to evaluate their ability to
identify the three described T. dimidiata haplogroups for
Mexico and part of Central America. The results of this
evaluation contribute to the implementation of tools for
accurate discrimination between triatomine species and
potentially to the control and prevention of CD.
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Methods

Sample information

In order to test the ability of EFDs to discriminate among
the haplogroups of T. dimidiata, we used the images
obtained by Gurgel-Gongalves et al. [40], which are
available in the Dryad Digital Repository (http://dx.doi.
org/10.5061/dryad.br14k). The original series of photos
for triatomines were taken from entomological collec-
tions across Mexico (Centro Regional de Investigacion
en Salud, Instituto Nacional de Salud Publica, México;
Laboratorio Estatal de Salud Publica de Guanajuato;
Universidad Auténoma Benito Judrez, Oaxaca; Universi-
dad Auténoma de Nuevo Le6n, Monterrey), and 44, 30
and 40 images of haplogroups 1, 2 and 3 were obtained,
respectively, with which the automated identification
process tested by Gurgel-Gongalves et al. [40] was per-
formed. For this study, only images that had the neces-
sary characteristics to perform the contour analysis were
selected, i.e. only images with an unmodified contour and
wings that were not broken or overlapped. This filter-
ing process resulted in a total sample of 37 (219, 163),
23 (179, 63) and 36 (179, 198) images for haplogroups
1, 2 and 3, respectively. The conditions under which the
photographs were taken, and more information about the
samples, are detailed in Gurgel-Gongalves et al. [40].

Images manual pre-processing

The images were manually pre-processed in Adobe Pho-
toshop CS5. This pre-processing involved the removal of
the legs and antennas from each image leaving only the
body contour. The brightness and contrast values were
adjusted to their minimum and maximum values, respec-
tively, to leave only a binary image (Fig. 1). All images
were saved as bitmaps (BMP) in 24-bit RGB format.

Obtention of Triatoma dimidiata haplogroups body
contour and measurement error

To extract and quantify body contours of the 7. dimid-
iata haplogroups we used SHAPE 1.3 software [54],
designed to evaluate the contour shape based on elliptical
Fourier transform. The observed contour is decomposed
in terms of sine and cosine curves of successive frequen-
cies called harmonics, and each harmonic is described by
four coefficients. The closed contours of simple shapes
can be expressed in polar coordinates with the radius as
a function of the angle from a fixed internal point, which
constitutes a periodic function. In this way, all the infor-
mation about the shape in the sequence of points will be
reduced to a smaller number of parameters whose distri-
bution can be studied in the morphological space with
the coefficients as axes [48]. Elliptical Fourier descriptors
are an extension of this method, applicable when the con-
tours are so complex that there could be more than one
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radius value per angle [55]. The method is developed by
taking increments in X and Y between points, to define
the periodic function [44]. A more detailed mathematical
description of contour extraction based on EFDs can be
found in Iwata et al. [56].

SHAPE has four subprograms (ChainCoder, Chc2Nef,
PrinComp and PrinPrint) which together facilitate the
processing of digital images, acquisition of the chain
code and Fourier coefficients, and principal components
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 spa-
tial information of the contours with numbers from 0 to 7
[57]; 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 inter-
mediate addresses. In order to obtain this code for each
image, the ChainCoder subprogram was implemented for
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 filters and obtains the chain code by
edge detection and the contour information is stored as
chain code, which is saved in an ASCII file with an exten-
sion chc. In all cases, digitization starts from the same
homologous point from one image to another. Here, all
images were converted to grayscale using the red chan-
nel, binarized with a threshold value of 150 and the ero-
sion and dilution filters were worked with values of 1 and
10 respectively.

Once the chain code file was generated, for each image
using the Chc2Nef program the Fourier transform coef-
ficients for 5, 10, 15, 20, 25 and 30 harmonics were calcu-
lated consecutively, to evaluate the minimum number of
harmonics that allow to achieve the best discrimination
between haplogroups. We used the first harmonic ellipse
parameters, to normalize the elliptic Fourier (NEF) coef-
ficients so that they are invariant to size, rotation, and the
starting position of the outline trace. NEF were stored in
an ASCII file of extension.nef, and the four coefficients
(related to the width-on-length ratio of the outline) were
used for subsequent multivariate analyses [58].

Given that many variables (NEF) are produced (four
coefficients for each harmonic), a principal components
analysis (PCA) was performed using the variance-covar-
iance matrices to reduce the dimensionality and obtain
new derived variables that can be analyzed statistically.
This was done using the PrinComp module, as pro-
posed by Rohlf & Archie [48], and the scores of the first
five principal components (PCs) that contributed most
to the total variance were used as new shape variables.
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Haplogroup 1 Haplogroup 2
(n=37) (n=23)

Fig. 1 Image examples of the three haplogroups of Triatoma dimidiata (Hemiptera: Reduviidae) and 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. Copyright: Creative
Commons Attribution 1.0 Universal (CCO 1.0) Public Domain Dedication license (https://creativecommons.org/licenses/by/1.0). Images modified
from Gurgel-Gongalves R, Komp E, Campbell LP, Khalighifar A, Mellenbruch J, Mendonga VJ, et al. Automated identification of insect vectors of
Chagas disease in Brazil and Mexico: the virtual vector lab. Peer). 2017;5:e3040 [40]

Haplogroup 3
(n=36)

Body contour
after image processing

The variance contribution of all principal components is
reported in Additional file 1: Table S1. The PCs contain
all the information for each haplogroup body shape, as
demonstrated by the fact that the contours can be graphi-
cally reconstructed from these, using an inverse Fourier
transform in the PrinPrint module, according to the pro-
cedure of Furuta et al. [59]. Because in some cases, sev-
eral main components can recover the contour with a
high degree of precision, the first three that contributed
most to the total variance were used to evaluate the inter-
specific and intraspecific differences in the contour. The
rest of the reconstructions (the overlap between haplo-
groups and the individual reconstruction of each haplo-
group) are shown in Additional file 2: Figure S1.

To estimate the measurement error of intraspecific
variations, we produced 30 replications of 15 specimens
for each haplogroups [60, 61]. Each contour of an indi-
vidual was imaged and edited 30 times. An ANOSIM
analysis was used to partition the total of the 1st PCs
for each haplogroup into within and between-individual
variations. The percentage measurement error was deter-
mined by the method indicated in Yezerinac et al. [60].

Contour shape discrimination and statistical analysis

To evaluate the ability of FEDs to discriminate among
three haplogroups of T. dimidiata, a discriminant func-
tion analysis was performed to determine the minimum
number of harmonics needed to produce the best clas-
sifications. Here we considered as the best classifica-
tion the highest percentage of correct discrimination

obtained for each haplogroup. For this, the PCs recov-
ered from the PrinComp module were used. For the first
five harmonics, the number of principal components was
16, while for 10, 15, 20, 25 and 30 harmonics, 30 principal
components were recovered. An ordination plot of the
discriminant analysis was then generated with the PC of
the minimum number of harmonics that allowed the best
haplogroup discrimination and the confusion matrix was
obtained to estimate the classification errors.

We also compared statistically the first five principal
components among the three haplogroups. This allowed
us to detect if the information related to the shape of the
contour contained in the PCs presented enough differ-
ences between haplogroups. Because all the data were
not normally distributed, we performed a Kruskal-Wallis
test to compare among the three haplogroups.

As an alternative method of discrimination and iden-
tification, a multilayer perceptron neural networks were
trained. Artificial 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), inter-
connected by connections that include a weight that
modifies the values that pass through them between neu-
rons [61]. Artificial neural networks (ANNs) have been
advocated in many disciplines for addressing complex
pattern-recognition problems. The advantages of ANNs
over traditional, linear approaches include their ability
to model non-linear associations with a variety of data
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types (e.g. continuous, discrete) and to accommodate
interactions among predictor variables without any a
priori specification [62]. Neural networks are considered
universal approximators of continuous functions, and as
such, they exhibit flexibility for modeling non-linear rela-
tionships between variables. For example, ANNs exhibit
substantially greater predictive power than traditional,
linear approaches when modeling non-linear data (based
on empirical and simulated data) [63].

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 coefficients
from 25 harmonics. For the basic topology, the auto-
mated search procedure of Statistica version 8.0 software
was used, with an input layer of 30 neurons, correspond-
ing to each shape variable, and the output layer with
three neurons, one for each haplogroup to identify.

In the exploratory step, the most efficient 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 learn-
ing rate was 0.1, the inertia 0.66, and the stopping rule
was set when the training error was below 0.001. Net-
work 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 classification error of
the validation data was selected as best. The classification
power for the species was analyzed using the confusion
matrix and the calculation of the percentages of omission
and commission errors.

Results

Measurement error of intraspecific variations

and statistical difference in shape

On the first PC (the one that most contributed to the
total variance), the percentage measurement error
reached 2.3% of the intraspecific variance for the haplo-
group 1, 3.3% for the haplogroup 2 and 3.6% for the hap-
logroup 3.

Contour reconstruction and variance explained by PCA

With the result of the first component, and when using
the inversion of the Fourier transforms, the contour of
the haplogroups of T. dimidiata was reconstructed and
the variability among and within groups was graphically
characterized (Fig. 2). The greatest variability among
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
within haplogroups 1 and 2. The greatest variation within
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haplogroup 3 specimens was in the anterior lobe and dis-
tal tubers (Fig. 2).

Regardless of the number of harmonics used to
describe the contour, the first component explained
about half of the contour variability (between 44—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).

Discriminant analysis and neural network

When performing the discriminant analysis to assess the
number of harmonics that offers the best discrimina-
tions among haplogroups, it was observed that correct
discriminations generally increased with the number of
harmonics used. This pattern stopped at 30 harmonics
when correct discrimination began to fail (Table 1). Hap-
logroup 1 was successfully differentiated 10 harmonics
with 100% correct discrimination. Haplogroup 2 reached
a 100% correct discrimination when the contour was
described with 20 and 25 harmonics. Haplogroup 3 only
reached 88.24% and 94.12% correct discrimination with
the maximum number of harmonics tested. Overall, the
best results were obtained when describing the contours
of haplogroups using 25 harmonics.

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 PCs is shown in
Fig. 4. The separation of the minimum convex polygons
demonstrated the possibility of discriminating the hap-
logroups using the PC as shape variables. Haplogroup 1
is separated perfectly from the rest, showing the greatest
differentiation from haplogroups 2 and 3 along canonical
axis 1. 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 2).

When comparing the first five PC scores among the
three haplogroups, significant differences were found
among, at least, two haplogroups for all principal compo-
nents except for PC2 and PC3 (Fig. 5). The greatest differ-
ences were always found between haplogroups 1 and 3.

All trained networks achieved 100% correct classi-
fication with training data, but the most efficient with
validation data was a perceptron of 13 neurons in the
hidden layer, which reached 91% correct classification.
This network used a BFGS18 training algorithm and an
SOS error function. The activation function of the hid-
den layer was ‘Logistics’ and for the output layer, “Tan-
gent. This network confused only one individual of
haplogroup 1 (out of a total of 20) which was classified as
haplogroup 2 (dropping to 94% of correct classification),
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and two individuals of haplogroup 2 (of 16) were classi-
fied as haplogroup 3 (for 85% of correct classification).
The eight individuals belonging to haplogroup 2 used
to validate the network were correctly classified (100%).
Components 1, 5, 15 and 2 had the highest weight in the
network.

Discussion

In entomological studies, much attention has been given
to the use of different parts of the body to identify, name
and classify insects [64]. To date, wings have been the
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most commonly used structures to assess species dis-
crimination through geometric morphometry methods,
mainly using anatomical reference points [7, 26]. Here, to
the best of our knowledge, we use for the first time the
whole-body contour of an insect to discriminate among
haplogroups. The use of EFDs has been little explored,
though on several occasions it has demonstrated its abil-
ity to discriminate among even closely related species
[65, 66]. Even more, some studies with triatomines [27,
53] and other insects of medical importance [27, 67—-69]

-2 8D

Mean

Principal Component 1

+2 SD

Fig. 2 Digital reconstruction and variability of the contours in three haplogroups of Triatoma dimidiata (Hemiptera: Reduviidae). The contours were
obtained from the first principal components obtained with the elliptical Fourier descriptors. Red contours represent the consensus of the three
haplogroups. Abbreviations: H1, haplogroup 1; H2, haplogroup 3; H3, haplogroup 3
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Table 1 Percentage of correct discrimination for three

haplogroups of Triatoma dimidiata (Hemiptera: Reduviidae) for

discriminant analysis using 5, 10, 15, 20, 25 and 30 harmonics

No. of Correct classification (%) Total
harmonics
Haplogroup 1 Haplogroup 2~ Haplogroup 3

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

Note: The best correct discrimination values for a certain number of harmonics
are highlighted in bold

have demonstrated 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 structures have been
used in morphometric studies, both traditional and
geometric, because important variations in their shape
have been detected [7, 14, 40]. In the case of the head,
Bustamante et al. [14] consider that an important fac-
tor in the variability observed in this region is due to the
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geographical 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 [18]. In turn, differ-
ences in the head may have an evolutionary cause related
to feeding strategies and growth patterns of this area of
the body. Some authors have suggested that the shape of
the head may reflect evolutionary mechanisms related to
the ability to ingest blood. If the allopatry of the haplo-
groups 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 nad4 gene [16], dissimilar feeding strategies may
have been established among the haplogroups, which

Table 2 Confusion matrix of the discrimination process of the
three haplogroups of Triatoma dimidiata (Hemiptera: Reduviidae)
for the ordination plot of the discriminant analysis for 25
harmonics

Haplogroup H1 H2 H3 Total
H1 37 0 0 37
H2 0 23 0 23
H3 0 1 35 36

Canonical Axis 2
o

9.
+ Haplogroup 1
.34 o Haplogroup 2
0 Haplogroup 3
44
s 4 3 2 1 0 1 2 3 4

Canonical Axis 1
Fig. 4 Ordination plot of the discriminant analysis using shape variables 30 principal components resulting from the elliptical Fourier coefficients of
25 harmonics of three haplogroups of Triatoma dimidiata (Hemiptera: Reduviidae)
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then generated morphological differences. However,
because the information related to the localities where
individuals where obtained is not available in the original
paper [40], more precise conclusions cannot be reached.
In the case of the pronotum, significant variability in
the shape of the contour between the haplogroups was
also observed. This structure has been used in the tra-
ditional morphological description of triatomine spe-
cies [9] and has been used in attempts to discriminate
species [50]. To our knowledge, only one study has used
geometric morphometry techniques on this structure in

triatomines [32], in the future a comparative study of the
pronotum could evaluate its utility in the discrimination
among triatomines.

When comparing the results obtained by Gurgel-Gon-
calves et al. [40], who reached correct discrimination val-
ues between 70.5% and 82.5% of the three haplogroups
and the results obtained by Khalighifar et al. [41] (with
correct discrimination values of 84.1% H1, 86.7% H2 and
87.5% H3) our results reached 100% correct discrimina-
tion values for haplogroup 1 and 2 and 94.12% for hap-
logroup 3, with total discrimination results of 97.75%,
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through discriminant function analysis. This is probably
because, in comparison to the methods used in the stud-
ies mentioned above, EFDs can recover a greater varia-
bility of the shape through the contour analysis. Perhaps
the integration of both, the methods of the previous stud-
ies [40, 41] (which have demonstrated their ability with
good values of correct discrimination in the recognition
of these haplogroups) and EFDs, can help to establish an
identification system of the haplogroups of T. dimidiata
with higher values of correct identification.

This method of describing shapes and reconstructing
images is advantageous when the analysis based on ana-
tomical reference points fails to fully discriminate the
objects of study. McLellan and Endler [70] suggested that
the use of EFDs provides a precise reconstruction of the
contour of the complex object and can explain the over-
all complexity of the shape with greater resolution than
the methods of anatomical reference points and semi-
landmarks. This has been demonstrated in other insect
groups, where the use of EFDs has allowed the correct
discrimination between species [71]. Francoy et al. [24]
used both methods (anatomical reference points and
elliptical Fourier descriptors) for the identification of
euglossine bees. These authors found better results in the
differentiation of species using EFD. However, they sug-
gest the combined use of data matrices obtained by ana-
tomical reference points and EFDs.

Species concepts and delimitation have always been
highly controversial and complicated, especially when
the focal organisms are considered cryptic or hypercryp-
tic [64]. 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 [72-74]. Currently, the most
accepted group was proposed by Schofield and Gal-
vao [74], with the subdivision of Triatoma species into
groups, complexes and subcomplexes.

Triatominae species show high morphological vari-
ation, which suggests that ecological factors may be the
main force driving speciation in the Triatominae [22].
Very closely related species can develop rapid morpho-
logical changes in adaptation to new environments. Con-
versely, similar morphs adapted to the same ecotope
could be derived from different ancestors [22]. Thus,
the existence of morphologically similar species could
be reflecting their evolution from a common ancestor or
convergent adaptation to the same ecological niche. This
phenotypic flexibility leads to the misidentification of dis-
tinct genetic units by morphological convergence, result-
ing in taxonomic uncertainties in the description of new
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subspecies, species or even genera. Considering that the
Triatominae species groupings into complexes and sub-
complexes are mainly based on morphological similari-
ties [75], the morphological plasticity complicates both
species identification and the establishment of evolution-
arily related groups. In this sense, traditional morpho-
logical analysis has failed to clarify the differences that
other sources of evidence, such as genetic, chromosomal,
karyotype analyses, etc., have contributed to the clarifica-
tion of the cryptic species complexes.

Specifically, in T. dimidiata, wide distribution and vari-
ation in morphology (historically explained by wide clinal
variation along its distribution range) [11], has resulted
in a long history of reconsiderations of its taxonomic sta-
tus, from a single species to a species complex of distinct
taxonomic groups [76]. Studies focused on the analysis
of morphological variation using classical morphom-
etry techniques have led to the inclusion of T. dimidiata
populations within other species complexes such as phyl-
losoma [14]. However, these considerations have been
rejected due to genetic evidence that has demonstrated
the presence of different haplogroups within the dimid-
iata complex; this demonstrates that it is impossible for
classical morphological techniques to correctly discrimi-
nate among these haplogroups.

Conclusions

The use of elliptic Fourier descriptors allows the identifi-
cation of three haplogroups of Triatoma dimidiata with
higher precision than previous works, where higher val-
ues of correct discriminations were 82.5% [40] and 87.5%
[41]. With 25 harmonics and 30 components, the iden-
tification of haplogroups was achieved with an overall
efficiency greater than 97% by using discriminant analy-
sis. The multilayer perceptron neural networks were also
efficient in identification, reaching 91% efficiency with
the validation data. The main advantage is its easy appli-
cation from easily obtainable digital images with mini-
mal and uncomplicated processing, which guarantees
its replicability. Despite its relative mathematical com-
plexity, it can be partially automated, which minimizes
the researcher manipulation errors when processing the
samples. Its ability to reconstruct the shape automati-
cally, after statistical processing, is also attractive and
does not require any drawing skills from the researcher,
allowing the visual identification of the location of the
differences detected. The assessment of the identification
ability of this method in other triatomine species is a nec-
essary aspect to advance procedures that allow the auto-
mation of the identification of these important vectors of
Chagas disease.
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Abstract

Background: Spots and coloring patterns evaluated quantitatively can be used to discriminate and identify possible
cryptic species. Species included in the Triatoma dimidiata (Reduviidae: Triatominae) complex are major disease vec-
tors of Chagas disease. Phylogenetic studies have defined three haplogroups for Mexico and part of Central America.
We report here our evaluation of the possibility of correctly discriminating these three T. dimidiata haplogroups using
the pattern of the dorsal spots.

Methods: Digital images of the dorsal region of individuals from the three haplogroups were used. Image processing
was used to extract primary and secondary variables characterizing the dorsal spot pattern. Statistical analysis of the
variables included descriptive statistics, non-parametric Kruskal-Wallis tests, discriminant function analysis (DFA) and a
neural classification network.

Results: A distinctive spot pattern was found for each haplogroup. The most differentiated pattern was presented
by haplogroup 2, which was characterized by its notably larger central spots. Haplogroups 1 and 3 were more similar
to each other, but there were consistent differences in the shape and orientation of the spots. Significant differences
were found among haplogroups in almost all of the variables analyzed, with the largest differences seen for relative
spot area, mean relative area of central spots, central spots Feret diameter and lateral spots Feret diameter and aspect
ratio. Both the DFA and the neural network had correct discrimination values of > 90%.

Conclusions: Based on the results of this analysis, we conclude that the spot pattern can be reliably used to discrimi-
nate among the three haplogroups of T. dimidiata in Mexico, and possibly among triatomine species.

Keywords: Cryptic species, Coloring pattern, Species complex, Taxonomy, Neural classification network
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populations that have substantial genetic differentiation
that has not been expressed phenotypically (at least not
obviously), giving rise to cryptic species [3]. Identifying
cryptic species complexes is one of the most important
challenges facing taxonomy in recent years [4].

The correct delimitation of cryptic species has impor-
tant implications for research in many fields of biol-
ogy, such as studies on biodiversity, conservation and
behavioral ecology [4], and is frequently achieved using
different types of data, such as molecular, ecological,
behavioral and geometric morphometric data [5]. This
combination of methods, known as integrative taxonomy
[5, 6], is the surest and most precise way of determining
species limits [7, 8].

Cryptic species in the genus Triatoma (main vectors
of Chagas disease) have primarily been recognized using
molecular tools [9-12], although both ecological and
morphometric analyses have also been used [13]. Within
the genus Triatoma, the dimidiata complex has received
considerable attention, in part because it is one of the
most widely distributed triatomine species complexes. It
is the only triatomine bug that naturally occurs through-
out the northern neotropical realm of North, Central
and South America [14]. Analysis of genetic data has led
to at least five new species being proposed as members
of the dimidiata complex [15]. In addition, the species
in this complex have different morphological patterns
[16, 17]. In the field of epidemiological entomology, the
delimitation of species of medical importance is vital for
the establishment of efficient control strategies [13, 18].
Geometric morphometric techniques using landmarks
[19-22] or body contour descriptors [23—26] have been
used for this purpose, mainly because of the superiority
of this approach over traditional morphometric methods
[27] and because it is a much cheaper than, for example,
molecular ones.

In Mexico, three haplogroups have been reported
within the T. dimidiata complex. Haplogroup 1 (H1) is
distributed east of the Isthmus of Tehuantepec and has
been recently found in northern Guatemala. Haplogroup
2 (H2) is only found in Mexico and is distributed in two
states along the Gulf of Mexico (Tabasco, Veracruz), five
states in Central Mexico (Guanajuato, San Luis Potosi,
Hidalgo, Puebla, Morelos), in small foci along the Pacific
coast (Nayarit, Jalisco, Colima, Michoacdn, Guerrero,
Oaxaca) and, recently, in the Yucatdn peninsula (Campe-
che, Yucatdn) [9, 11]. Haplogroup 3 (h3) has only been
recorded in Chiapas, Mexico [11].

Spot patterns are widely used to describe species in tra-
ditional taxonomy [28]. However, because spot pattern is
highly variable due to its ecological functions, it is usually
described in subjective, qualitative terms. Alternatively,
using digital tools to quantify spot patterns can minimize
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bias, increase precision and allow automated identifica-
tion processes [29]. However, since few studies use quan-
titative measurements of pattern properties for taxonomic
purposes, evidence on the usefulness of color patterns to
separate (or discriminate) species is still lacking [30].

The general body color of triatomines is black or
spruce, with pattern elements ranging from light yellow
to light brown, orange or red shades [31]. The lighter pat-
tern elements can be present on any area of the body or
appendages, and the color, intensity and distribution of
these elements are of considerable importance for sys-
tematic purposes. The pattern of the connexivum region
is particularly notable [32]. However, despite the taxo-
nomic importance of these pattern elements, there have
been very few quantitative studies of color and pattern
variation in Triatoma. The first studies to quantify color
patterns in a species of Triatoma were by carried out by
Nattero et al. [33], who analyzed the melanic and non-
melanic forms of domestic and peridomestic populations
of Triatoma infestans, and by Carmona-Galindo et al.
[34] who, in addition to other aspects, explored pattern
variation as a function of elevation in triatomines from El
Salvador, including populations of T. dimidiata. To date,
the utility of the spot pattern to discriminate among hap-
logroups within the dimidiata complex or any other tri-
atomine complex has not been explored.

Although there are no obvious external morphological
differences based on our observations of dimidiata com-
plex specimens, we hypothesize that the evaluation of
more detailed quantitative differences in the spot pattern
among haplogroups could be used to distinguish them
morphologically. This method could potentially improve
the separation criteria for known species and cryptic spe-
cies in this group without the need for genetic data. This
is possible because several species of triatomines have
distinctive spot patterns, and these may be of relevant
taxonomic value. In the study reported here, we evalu-
ated the reliability of discriminating among the three T.
dimidiata haplogroups reported for Mexico and part of
Central América using the dorsal spot pattern. If suc-
cessful, this technique could be extended to other spe-
cies in this (and other) group and lay the foundations for
an automated identification system to facilitate correct
species recognition within the genus Triatoma. These
systems could be employed by taxonomists, vector ecolo-
gists, health personnel, among others, interested in the
rapid identification of these triatomines.

Methods

Sample information

Images of individuals from each of the haplogroups of Tri-
atoma dimidiata were obtained from Gurgel-Gongalves
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et al. [20]. These images are part of a collection of images
of 51 triatomine species from Mexico and Brazil avail-
able for public use in the Dryad repository (http://dx.doi.
org/10.5061/dryad.br14k). The original series of images
that represent the species distributed in Mexico was taken
from the following entomological collections in Mexico:
Regional Center for Health Research, National Insti-
tute of Public Health of Mexico, Guanajuato State Public
Health Laboratory, Benito Judrez Autonomous Univer-
sity of Oaxaca and the Autonomous University of Nuevo
Leén, Monterrey, and details of how these images were
taken are described in the referenced publications. We
obtained 44, 30, and 40 images of individuals belonging
to haplogroups 1, 2, and, 3 respectively; the haplogroup
assignment of these individuals was corroborated geneti-
cally, and this corroboration constitutes a major factor for
using these images in a quantitative analysis like our work
[see 11]. In addition, the specimens in the photographs
in [20] belong to the locations mentioned by Pech-May
et al. [11], so the ecological variability of their distribu-
tion is included. From the 114 images, we selected only
high-quality images that clearly captured the spot pattern,
eliminating those cases where the spots were fused or
covered by hyperchromatic wings (Additional file 1: Fig-
ure S1), resulting in a final sample of 101 images (39 for
H1, 23 for H2, and 39 for H3).

Image processing

The images were processed to facilitate the extraction of
standardized measurements of the spot pattern (Fig. 1).
The abdomens were clipped manually, removing the legs
and cutting off the head at the thorax level. The images
were then aligned and re-scaled, using the insertion
angles of the abdomen and thorax and the back of the
body as references for alignment and scaling all individu-
als to the width of the first individual that was taken as
a reference (image H10355). These transformations may
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slightly alter the shape and absolute values of the spot
measurements, but they are essential for standardizing
the spatial patterns of the spots and making them compa-
rable, eliminating differences due to body shape or size,
whose identifying value has been tested in previous stud-
ies [20, 26]. For this reason, the quantitative estimates of
areas in this study are always expressed relative to the
total area of the abdomen and linear measurements as
relative to the square root of the total abdomen area.

Processing for spot pattern extraction included remov-
ing color information (desaturation) and reducing levels
to the central 50% of the image histogram. In some cases,
noise produced by surface reflectance of the specimens or
shadows that artificially connected adjacent spots during
the binarization of the images were manually eliminated.

In the Image] program [35], a macro (Additional file 2)
was programmed to automate image processing and
measurements. This included 8-bit image conversion,
binarization with a minimum automatic threshold, back-
ground removal, mask conversion and gap filling. The
outlier points, both black and white (using radius 6 and
threshold 50) were then removed and the resulting parti-
cles (spots) were measured.

Heat maps were obtained by superimposing the images
of the spot patterns of all individuals per haplogroup,
using the PAT-GEOM v1.0.0 package, developed by Chan
et al. [36]. This package allows the analysis of different
measures of the coloration pattern quantitatively, and
it was designed to work with macros on Image]. These
maps allowed us to visually explore and qualitatively
describe the general patterns that characterized each
haplogroup.

Quantitative characterization of the spot pattern

The spots were automatically numbered consecutively for
identification. The central spots were designated spots 1
and 2, respectively, and spots on the edge of the abdomen
were numbered consecutively using odd numbers on the

Clip
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Fig. 1. Steps in the image processing of three haplogroups of Triatoma dimidiata (Hemiptera: Reduviidae) for the analysis of spot patterns.
Standardization includes isometric rescaling, translation and rotation following common reference guidelines. Spot removal and cleaning were
done with a macro code in ImageJ. Copyright: CreativeCommons Attribution 1.0 Universal (CCO 1.0) Public Domain Dedication license 163 (https://
creativecommons.org/licenses/by/1.0). Images were modified from Gurgel-Gongalves et al. [20], with permission
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left and even numbers on the right. To quantitatively
describe the pattern of spots, a series of primary variables
were taken at the spot level, as well as derived variables
that included both the spot and individual levels.

The variables measured are shown in Fig 2. The total
body area (Ta) was used for standardization purposes only.
The relative area (Ra) is the area of each spot relativized
as a percentage of the Ta (%). The sum of the Euclidean
distances was calculated by taking the centroid coordi-
nate of each spot and calculating, at the individual level,
the distance between the central spots and lateral spots,
but only after making a Procrustes record of the com-
plete configurations. The maximum and minimum Feret
diameters (MaxFd and MinFd, respectively), as well as the
Feret angle, were calculated for each spot. These variables
refer to the maximum and minimum distances between
any pair of contour points of a shape, and although they
are identified as diameter, they are not strictly analogous
to a diameter since they do not pass through the center
of the figure or divide it into symmetrical sections. The Fa
refers to the angle of the vector of the MaxFd and indi-
cates the general directionality of the spot (its inclination).
The aspect ratio (Ar) of each spot (ratio of the minor to
the major diameter) was used as an indicator of its shape.

For each individual, the averages of the variables per
spot, the sum of the total Ra of the spots, and the ratio
of the mean Ra of the central spots to that of the lateral
spots were calculated as derived variables. For the calcu-
lation of the average inclination angle, both for the cen-
tral spots and lateral spots, the angles of the spots from
the left to the right quadrant (0-90°) were recorded.

Data analysis

Non-parametric descriptive statistics (median, quartiles
and range) were used because the distribution of the
data was not normal, and traditional descriptors gave
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a false impression of precision and marked differences.
Statistical comparisons among haplogroups were per-
formed using Kruskal-Wallis tests in Statistica v8 soft-
ware (StatSoft, Tulsa, OK, USA). A linear discriminant
function analysis (forward stepwise) (LDFA) was also
performed to estimate the ability to discriminate hap-
logroups based on the variables used. Since this method
has a series of restrictive premises and can only linearly
differentiate the groups, a multilayer perceptron type
neural classification network was used as an alternative
method. Neural networks are supervised machine learn-
ing procedures and do not have statistical premises on
the nature of the data, making them more powerful and
capable of exploring nonlinear relationships in complex
sets of variables. The option ANS (Automated Net-
work Search) in Statistica v8 software was used to find
the topology that most efficiently identified the haplo-
groups by using all variables. The network was trained
with 60% of the individuals by haplogroup and validated
with the remaining 40%. Assignment to each group was
random, except for individuals wrongly classified by the
LDFA, who were forced into the validation sample for a
more robust check of network performance. The weight
assigned by the neural network to each variable was esti-
mated to identify those of greatest importance in the
discrimination process.

Results

The heat maps generated by superimposing all of the
individuals within each haplogroup revealed those spot
patterns that characterize each haplogroup and pro-
vided evidence of a well-differentiated pattern between
the haplogroups (Fig. 3). The most differentiated pattern
was presented by haplogroup 2, being primarily appar-
ent in the notably larger central spots. Haplogroups 1
and 3 were more similar to each other, but there were

Variables per spot:
(separated by Csp and Lsp)

Central
spots Primary:
(Csp) a
§ o o
24 5 Area (A)
Total area h % 2 ﬂ centroid
(Ta) S 3 ©
Wi o
o) 2
w 7]
® = -
g ltg/ § m Derived

Relative area (Ra)=A/Ta
@ Aspect ratio (Ar)= MinFd / MaxFd D,

8

Fig. 2. Variables used for the quantitative description of the spot pattern in three haplogroups of T. dimidiata (Hemiptera: Reduviidae).
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Mean spotted area (A)= avg(A)

Feret angle (Fa ~ ~
gle (Fa) Relative size among spots= A.Lsp/A.Csp

Minimun Feret > Area ratio among type of spots= Y (A.Lsp)/> (A.Csp)

diameter (MinFd _
imater (MinFd) Total average angle: Fa.Csp = average(Fa.Csp)
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Fig. 3. Heat maps obtained by superimposing the spot patterns of all the individuals from the samples of three haplogroups (H1, H2, H3) of
T. dimidiata (Hemiptera: Reduviidae), and a sample of the images used to visualize the differences between the haplogroups. Heat maps are
composed of overlapping individuals by haplogroup. The color scale represents the areas of overlap between spots, with high values representing
the most shared pattern among individuals, and low values representing extreme patterns.

consistent differences in the shape and orientation of the
spots between these two haplogroups.

The ratio of spotted area to Ta differed among haplo-
groups. The highest Ra was presented by haplogroup
2, with 15.6 %, while the Ra for haplogroup 3 was only
8.7 % (Fig. 4a). When comparing the ratio of the area of
the central spots to that of the lateral spots, haplogroups
1 and 3 had higher relative lateral spots. In haplogroup
2, the lateral spots and central spots contributed almost
equally to the total spot area, while the percentage that
the central spot area contributed to total spot area was
slightly higher. Statistical comparison of the mean Ra of
the central spots and lateral spots revealed that only the
central spots differed significantly among haplogroups
(Fig. 4b, ¢).

The average spot size, characterized by Feret diameters,
was significantly different among haplogroups, both for
the central spots and the lateral spots (Fig. 5). In the case
of the central spots, haplogroup 2 was the most strongly
differentiated (Fig. 5a), while for the lateral spots, haplo-
group 1 presented the most notable differences (Fig. 5b).

The orientation of the abdominal spots, expressed
by the Fa, were markedly different between haplogroup
1 and the other groups. The largest differences were
observed in the orientations of the first three pairs of
lateral spots (3/4, 5/6 and 7/8), which tended to be more
forward oriented. For the remaining spots, although
differences in orientation were observed, these were

less noticeable, both in the Fa value and in its variation
among individuals (Fig. 6).

When comparing the mean orientations of the lateral
spots of the abdomen (Fa), significant differences were
found between the three haplogroups. Haplogroup 1 was
the most distinct and had less variation in Fa than the
remaining haplogroups (Fig. 7).

The shapes of the central and lateral spots (Ar) differed
among haplogroups, both for the lateral and central spots
(Fig. 8). The shape of the central spots in haplogroup 2
showed the greatest differences among the haplogroups,
while the most differentiated lateral spots were from hap-
logroup 3.

The LDFA correctly assigned 93.8% of the individu-
als into the correct haplogroups based on spot pattern
(Fig. 9). One individual from H2 (H2 0504) was errone-
ously assigned to H3, and one H3 individual (H3 0847)
was misassigned to H2. Haplogroups 1 and 3 had more
overlap in the ranking space, with three H1 individuals
(H1 0367, H1 0372, H1 0374) assigned to H3 and two H3
individuals (H3 0388 and H3 0395) assigned to H1.

The most efficient neural classification network had
a topology with 20 neurons in the hidden layer. This
achieved an overall performance of 94.7% with a BFGS-
12 training algorithm and an entropy error function. Of
the individuals in the training data, 100% were correctly
identified; considering only the validation data, 87.2%
of the individuals were correctly identified. The hidden
layer had sine activation functions and the output layer
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logistic functions, with sum of squares as an error func-
tion. This network achieved 100% correct classification of
H2 specimens and misclassified three H1 individuals (H1
0367, H1 0372 and H1 0374; from a total of 16 in the vali-
dation sample) as H3, and two H3 individuals (H3 0847
and H3 0862) as H2. The remaining three individuals that
had been incorrectly classified by LDFA were correctly
assigned to their haplogroups by the neural network (H2
0504; H3 0388 and H3 0395).

Classification methods made similar use of variables.
The LDFA used only five variables in the final model: size
of the central spots, shape, angle and diameter of the lat-
eral spots and total relative spot area. The neural network
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assigned greater importance to these same variables and
additionally included the relative area of the lateral spots.

When analyzing the weights assigned to each variable
used in the neural network procedure (Fig. 10), the most
important factor in the classification process was the
Feret diameter of the lateral spots and the aspect ratio
of the lateral spots, respectively. The variable that con-
tributed the least to the classification was the ratio of the
central spot area to lateral spot area.

Discussion

The cryptic dimidiata species complex has been largely
supported using molecular tools, which has led to the
identification of three phylogenetically well-differentiated
haplogroups in Mexico and part of Central America [9,
11, 12], and two taxa have been formally described as
new species [37, 38]. We report here the first time that
the spot pattern presented by this complex has been used
to discriminate among haplogroups (possible cryptic spe-
cies) by extracting and analyzing quantifiable variables
from digital images.

Our results demonstrate the ability to use these meas-
ures to correctly recognize the haplogroups analyzed. Of
the variables used for discrimination, only one (mean rel-
ative area of the lateral spots) did not differ significantly
among haplogroups, indicating that overall, pattern vari-
ables were useful for delimitation. This was verified both
by the discriminant analysis ordination plot and the
results obtained by the most efficient neural network.

The study of coloration in triatomines and its applica-
tion in taxonomy has mainly been used in traditional
qualitative approaches [32]. This has led to the assump-
tion of a lack of clear morphological diagnostic char-
acters to facilitate recognition and formal descriptions
at the species level [15]. However, using heat maps,
three well-differentiated spot patterns were evident,
corresponding to the three haplogroups. This results
once again highlights the importance of using quantita-
tive tools to study complex patterns such as coloration,
where subtle aspects, such as the orientation of groups
of spots or other patterns, may not be apparent or eas-
ily distinguishable to a human observer.

The variation found among the haplogroups in spot
pattern may be a response of various different pro-
cesses. In other groups of insects, such as butterflies,
coloration patterns have been shown to vary depend-
ing on environmental conditions, such as temperature
[39, 40], that are associated with processes of genetic
assimilation of phenotypic changes [41]. Although
there are populations in which the three T. dimidiata
haplogroups analyzed in this study are found sympat-
rically [see 11], their distributions are mostly allopat-
ric; therefore, the pattern of variation among these
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haplogroups may reflect adaptation to environments phenotypic plasticity has recently been demonstrated
with different characteristics in response to environ- not only for butterflies but also for various other groups
mental stress. Genetic assimilation in the evolution of of organisms [42-45]. However, corroborating this
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phenomenon in T. dimidiata will require specifically
designed studies.

Another important aspect that this research demon-
strates is the value of the combination of digital image
analysis and machine learning for taxonomy purposes
[46]. The potential of this combination of approaches in
species delimitation has been broadly demonstrated [47].
However, even though its utility is clear and, in many
cases, superior to the traditional taxonomy, it is still rela-
tively rarely used.

Classical taxonomy is a science that is essentially in
danger of extinction, especially due to the lack of expert
taxonomists and specialists in species identification, a
science which requires many years of training and expe-
rience [48]. In the era of big data, image pattern recog-
nition is a new technology that provides many potential
advantages for taxonomists, including speeding up and
automating the classification process, reducing error
and assimilating quantitative information that would be
impossible for a human observer [49].

Specifically, with triatomines, there have been recent
efforts to employ these methods to establish in auto-
mated identification systems. These include the stud-
ies of Gurgel-Goncalves et al. [20] and Khalighifar et al.
[50], in which geometric morphometry techniques and
deep learning algorithms, respectively, were used, rep-
resenting the first steps toward applying these methods
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Predictor variables

F to enter p-level No. Of Var Lambda F-value

Aspect ratio of central spot 0.405 0.668
Ratio of lateral spots area / central spots area 1.491 0.231
Mean relative area of central spots (%) 1.045 0.356
Mean relative area of lateral spots (%) 2.785 0.067
Spotted area (%)* 8.057 0.001
Feret diameter of lateral spots* 5.314 0.007
Feret angle of lateral spots* 17.513 0.000
Aspect ratio of lateral spot* 41.437 0.000
Feret diameter of central spots* 158.730 _ 0.000
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Fig. 10. Relative importance of each variable in the classification procedures used to assign individuals to three haplogroups of T. dimidiata
(Hemiptera: Reduviidae) based on spot pattern. The statistical results of the linear discriminant function analysis are included, in which only the
variables identified with a red asterisk and the weights assigned to the variables by the neural classification network obtained were included in the
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in automated identification systems. Another example is
the study of Cruz et al. [26] who were able to discrimi-
nate T. dimidiata haplogroups with high correct discrim-
ination values by characterizing the entire body contour
using Fourier elliptical descriptors; the same method
has been successfully used to generate automated iden-
tification systems in other groups of insects [51]. The
integration of this method with the analysis of the spot
pattern is potentially a novel and powerful tool to gener-
ate a computer-based approach for species identification
in cryptic groups. Although classification processes still
need improvement, these novel studies bring new chal-
lenges and novel perspectives in the field of epidemiolog-
ical entomology, and the integration of methods should
be a central aspect in the future of automated identifica-
tion in this group, given its epidemiological importance,
as well as in other groups of insects. In the context of
haplogroup identification, these methods could generate
a whole range of tools that allow their correct identifica-
tion without the need for genetic testing that is, in most
cases, costly and not even possible to perform.

Although the research presented here was focused
on evaluating the possibility of correctly discriminating
three haplogroups of T. dimidiata using the dorsal spot
pattern, the value of coloration patterns in species biol-
ogy cannot be forgotten. Color in insects has important
biological functions, including mate choice, intra-sexual
competition, dominance relationships and other social
interactions [52]. Therefore, the study of color is relevant
in many contexts beyond taxonomy, and research should
be increased to explore the role that coloration patterns
play in nature. In relation to other groups of insects, such

as Coleoptera, Lepidoptera and Hymenoptera, in the
Hemiptera, and especially the Triatominae subfamily,
there are very few studies associated with coloring pat-
terns [52].

Conclusions

The importance of the correct recognition of insect
species of epidemiological importance is vital for the
establishment of good control measures [13, 18]. The
results obtained in this investigation allow us to con-
clude that the spot pattern in triatomines constitutes
a significant source of information that can be used
directly in the taxonomic analysis of this group of
insects. If we consider that the haplogroups used here
may constitute phylogenetically close cryptic species [9,
11, 53], similar pattern analysis in a larger number of
less closely related species will likely find larger, more
easily distinguishable differences in the spotting pat-
tern than those found here. A fruitful avenue for future
research would be to compare spot patterns among
multiple species in order to discriminate among them.
If such comparisons are similarly successful as this
study, pattern recognition could allow, in the not too
distant future, the development of a reliable automated
identification system to use as a tool for the recognition
of vectors of Chagas disease, one of the most important
tropic parasitic disease on the American continents.
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DISCUSION GENERAL

El concepto de especie es uno de los varios conceptos clave en biologia (Keller y
Lloyd, 1992; Pigliucci y Kaplan, 2006; Sober, 2006). Si bien el descubrimiento, la
descripcion y el nombramiento de especies son responsabilidad de los taxénomos y
sistematicos, la correcta definicion de las especies es de vital importancia para muchas otras
disciplinas de la sociedad, incluida la conservacion (inclusion de especies en las listas de la
UICN), la salud publica (p. ej., enfermedades infecciosas transmitidas por vector), la

definicién de marcos legales (Geist, 1992) entre otras.

Asu vez, las especies son cruciales para varios conceptos en otras ramas de la biologia
y la sociedad en general, como se refleja en términos como "especies clave™ (ecologia),
"especies emblematicas™ (conservacion), “especiacion” (biologia evolutiva) y "especismo"
(ética). En biologia, el concepto de especie se comparte en varias jerarquias. La amplia
relevancia del concepto de especie no significa que el término signifique lo mismo para
diferentes bidlogos o que los taxones de especies sean uniformes entre los grupos (Sangster,

2018).

La definicion y delimitacion de especies en Triatominae ha evolucionado
considerablemente, teniendo en cuenta que los estudios taxondmicos del grupo comenzaron
en el siglo 18, con la descripcidn de Triatoma rubrofasciata (De Geer, 1773) (originalmente
como Cimex rubro-fasciatus) (Alevi et al., 2021). La mayoria de las clasificaciones formales
de triatominos se han basado en el empleo de la taxonomia clasica (similar a la mayoria de
los grupos descritos), mediante el uso de la morfologia descriptiva, morfologia comparativa
y/o morfometria (Alevi et al., 2021). Si bien, varios enfoques de taxonomia clasica son de

gran relevancia para continuar la formalizacién de nuevas entidades taxondmicas dentro del
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grupo, también son la causa de mas de 190 actos de sinonimia en la subfamilia Triatominae
(Galvao et al., 2003). La presencia de un gran numero de complejos de especies cripticas,
solo detectados mayormente por analisis filogenéticos, aseveran aun mas las deficiencias de
la taxonomia clésica para el correcto reconocimiento de las especies de triatominos (Bargues
et al., 2008; Gomez-Palacio et al., 2015; Ibarra-Cerdena et al., 2014; Justi et al., 2014; Pech-

May et al., 2019; Cruz y Arellano, 2022).

Es por estas razones, que la integracion de datos en lo que, actualmente se conoce
como taxonomia integrativa, es probablemente la manera més eficiente de describir nuevas
especies. El uso de métodos combinados para delimitar una especie de triatomino ocurrié
por primera vez en 1998 por Frias et al. (1998). Sin embargo, solo en la tltima década se ha
aplicado més la taxonomia integradora en el estudio de estos vectores (Alevi et al., 2021),
permitiendo el correcto reconocimiento y la descripcion formal de nuevas especies dentro

del grupo (p. ej.: Dorn et al., 2018; Lima-Cordon et al., 2019).

Los resultados obtenidos en esta tesis apoyan el uso de la taxonomia integradora como
la manera mas eficiente de detectar y delimitar nuevas especies de triatominos,
principalmente cuando estamos ante complejos de especies cripticas. En primer lugar,
nuestro trabajo resalta la importancia de partir de reconstrucciones filogenéticas robustas,
con alta representatividad geografica, que nos permitan recuperar la historia evolutiva de las
poblaciones analizadas. En el caso de Triatoma pallidipennis, si bien existian estudios donde
se alertaba sobre su estatus de complejo de especies cripticas (Harris, 2003; Mayares, 2014),
la falta de un amplio muestreo geografico imposibilito llegar a conclusiones firmes. En este
sentido, en esta tesis se realizo la reconstruccion filogenética mas completa de esta especie

hasta el momento (ver Cruz y Arellano, 2022), permitiendo aclarar finalmente la interrogante

89



taxonémica relacionada a lo que consideramos formalmente como el complejo Pallidipennis.
Un aspecto importante derivado de nuestra investigacion es la utilidad de meétodos de
delimitacion de especies para aclarar los limites de especies en el género Triatoma. Esto no
es comun en estudios similares al nuestro (ver Bargues et al., 2008; Pech-May et al., 2019),
y su uso deberia ser una practica comun en el futuro. Por otra parte, la presencia de este nuevo
complejo de especies cripticas genera nuevas interrogantes respecto a su posicion evolutiva
dentro del género, y mas aun dentro del complejo Phyllosoma. Las reconstrucciones
filogenéticas clasicas y recientes que han incluido a Triatoma pallidipennis han carecido de
representacion de especimenes de diferentes localidades, siendo Morelos la més utilizada.
(ver Bargues et al., 2000; Ibarra-Cerdena et al., 2014; Justi et al., 2014; Rengifo-Correa et
al., 2020). Por lo tanto, futuras reconstrucciones filogenéticas deberan considerar la presencia
de estos nuevos linajes cripticos y esclarecer su relacion con el resto de las especies

distribuidas en México.

Complementar hipdtesis filogenéticas con métodos como la morfometria geométrica
(tanto por puntos anatomicos de referencia y métodos de contorno como los descriptores
elipticos de Fourier) constituyen una excelente via de validar la existencia de nuevas especies
y establecer limites entre las formalmente descritas (Camul y Polly 2005; Pavan y Marroig;
2016, Cruz et al., 2020). En nuestro trabajo, el empleo de variables de forma asociadas a la
cabeza y el pronoto de cuatro haplogrupos de Triatoma pallidipennis mostré tener valor
taxonomico para discriminar entre estos, al menos parcialmente. Si bien no se observo una
discriminacion completa entre estos, las diferencias encontradas en la forma de la cabeza 'y
el pronoto pueden ser consideradas como un indicio de que los haplogrupos analizados estan

siguiendo caminos evolutivos diferentes, donde el aislamiento genético/geografico puede
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estar jugando un papel importante en la fijacion de caracteristicas morfologicas que permitan,
eventualmente, su correcto reconocimiento. Esto demuestra, una vez mas, la importancia de
incluir este tipo de métodos de analisis de la forma en estudios taxonémicos con triatominos
(Matias et al., 2001; Jaramillo et al., 2002; Lehmann et al., 2005; Vargas et al., 2006;

Feliciangeli et al., 2007; Nattero et al., 2017).

Por otra parte, el empleo de otras herramientas enfocadas al analisis morfométrico
como los Descriptores Elipticos de Fourier mostro ser de alto valor para la discriminacion de
haplogrupos de triatominos (Cruz et al., 2020). Hasta donde sabemos, nuestro trabajo
constituye el primero en emplear el contorno del cuerpo entero de un triatomino para
discriminar entre haplogrupos. El uso de los Descriptores Elipticos de Fourier ha sido poco
explorado, aunque en varias ocasiones ha demostrado su capacidad para discriminar entre
especies estrechamente relacionadas (Arribas et al., 2013; Polasek et al., 2018) e incluso con

triatominos (Dujardin et al., 2014; Santillan-Guayasamin et al., 2017).

Si bien la morfometria geométrica, bajo sus diferentes enfoques, constituye una
préctica bastante comdn en la delimitacion de especies en triatominos (Alevi et al., 2021),
nuestro trabajo mostro que existen otras lineas de evidencia que pueden ser empleadas para
diferenciar especies, incluso hacia el interior de complejos de especies cripticas. En este
sentido, nuestros resultados obtenidos a partir del analisis del patron de manchas en
triatominos constituye una fuente importante de informacion que se puede utilizar
directamente en el analisis taxondmico de este grupo de insectos Si consideramos que los
haplogrupos utilizados aqui (los tres haplogrupos de Triatoma dimidiata propuestos por
Bargues et al., 2008; Pech-May et al., 2019) constituyen especies cripticas filogenéticamente

cercanas, andlisis similares en un mayor numero de buenas especies probablemente
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encontraran diferencias marcadas facilmente distinguibles en el patron de manchas,
ayudando esto a la discriminacion especifica. Una via fructifera para futuras investigaciones
seria comparar patrones de manchas entre varias especies para discriminar entre ellas. Si tales
comparaciones tienen el mismo éxito que este estudio, el reconocimiento de estos patrones
podria permitir, el desarrollo de sistemas automatizados confiables de identificacion, los
cuales pueden ser utilizados como herramienta para el reconocimiento de este grupo de
vectores. Con los triatominos, ha habido recientes esfuerzos para establecer en sistemas de
identificacion automatizados. Estos incluyen los estudios de Gurgel-Goncalves et al. (2017)
y Khalighifar et al. (2019), en el que se utilizan técnicas de morfometria geométrica y
algoritmos de aprendizaje profundo, respectivamente. Estos trabajos representan los
primeros pasos hacia la aplicacion de estos métodos en sistemas de identificacion

automatizados en triatominos.

El enfoque de taxonomia integradora también incluye otras lineas de evidencia, como
el uso de datos ecoldgicos (Dayrat, 2005). En particular, las caracteristicas del nicho
ambiental pueden ser Utiles para delimitar especies cripticas o grupos relacionados
filogenéticamente (Martinez-Borrego et al., 2022). El empleo combinado de informacion
filogenética y ecoldgica (especificamente modelos de nicho ecoldgico) (Chan et al., 2011)
en esta tesis demostrd ser una herramienta muy Util para evaluar la existencia o no de flujo
genético entre los haplogrupos detectados (Cruz y Arellano, 2022). Esto es especialmente
importante, ya que analizar los patrones genéticos sin tener en cuenta la complejidad espacial
puede subestimar el efecto de la historia ambiental en la dispersion de los organismos a traves

del tiempo (Kozak et al., 2008) y, por ende, en sus posibles procesos de especiacion.
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A su vez, la evaluacion del espacio ambiental de los haplogrupos analizados a partir
de la reconstruccion de los hipervolumenes y las proyecciones obtenidas por los modelos de
nicho demostraron que sus distribuciones estan limitadas por un conjunto de condiciones
ambientales. Si bien se observd cierta superposicion en las condiciones ambientales
relacionadas con la distribucion de los haplogrupos analizados, los hipervolimenes
mostraron también que habian marcadas diferencias ambientales, algo que pudo ser
corroborado con la comparacion estadistica de los puntajes de los componentes principales
como variables ambientales secundarias. Esto podria ser un indicio de que la segregacién
ecologica efectivamente ha jugado un papel importante en la diferenciacion de los
haplogrupos analizados, algo que se ha demostrado en otros triatominos como T. dimidiata

(GOomez-Palacio et al., 2015).

Consideraciones finales

Los resultados mostrados en esta tesis nos permiten concluir que Triatoma
pallidipennis es un complejo de especies cripticas, evidenciandose esto debido a la gran
divergencia genética que existen entre los haplogrupos detectados por los métodos de
delimitacion de especies, las diferencias morfométricas encontradas a partir del analisis de la
forma de la cabeza y el pronoto y la divergencia ambiental encontrada entre estos (enfoque
de taxonomia integradora). A su vez, el empleo de métodos alternativos a los anteriormente
mencionados, como los Descriptores Elipticos de Fourier y el anlisis del patron de manchas
del conexivo de triatominos permiten la correcta discriminacion de linajes genéticos
cercanos, tal y como se demostro para los haplogrupos de Triatoma dimidiata. Todos estos
elementos demuestran la efectividad de emplear una taxonomia integradora como enfoque

moderno y novedoso en la nueva taxonomia del siglo XXI.
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