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Foreword

As the reader probably knows, triatomine bugs pose a menace to the large and
diverse rural communities inhabiting poor regions of Latin America, due to the fact
that they can house Trypanosoma cruzi, a parasite that acts as the etiological agent
of Chagas disease. The transmission of this parasite to humans by triatomine bugs
happens inside their domestic premises where bugs find shelter and the blood of
their hosts. It is undeniable that the dramatic epidemiological consequences of this
reality rely upon the region’s social inequalities, which stem from and are rein-
forced through its poor development strategy, based mostly on precarious extractiv-
ist economies, the absence of effective public policies, and a growing environmental
degradation due to predatory exploitation of commodities. Nevertheless, as triato-
mine bugs are present in sylvatic habitats throughout the region, their endemicity, as
well as that of the different strains of the parasite, represents a source of a permanent
public health concern that requires rational and sustainable control methods to be
developed. Controlling Chagas disease relies fundamentally on vector control, and
vector control, in turn, relies on scientific knowledge. This book represents our
attempt to consolidate the current knowledge on triatomine bug biology, covering
the diverse topics that have called the attention of scientists to date.

Among the first insect models to be studied from a physiological point of view
by Wigglesworth, triatomines are amenable to diverse methods of experimental
manipulation. This fact can be confirmed through the pages of this book, where
experimental evidence on their developmental, cellular, physiological, genetic, and
ecological characteristics have been reviewed by most authoritative scientists study-
ing them. We have attempted to cover every main research field on which we per-
ceive that scientific progress has been reached on triatomine bug biology. Therefore,
we would like to express our deep gratitude to every contributor that has helped us
build such a broad and profound collection of knowledge on the biology of these
vector insects, as well as to the reviewers that have significantly improved all chap-
ters with their fundamental inputs. We would also like to acknowledge that it is
frequently impossible to cover all relevant scientific findings on such a broad scope;
we apologize for any involuntary exclusion in this first edition of the book. We look
forward to improving it if an opportunity for updates appears in the future.
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We expect this book to help scientists, as well as students working on these vec-
tors, to have access to a consolidated revision on the biology of these relevant
insects. As such, we consider that it will serve as a textbook for medical entomology
courses: a first on the topic. We express our joy for having reached such an exciting
goal and hope it will represent a significant contribution to the field, and, conse-
quently, to a more holistic and rational approach to bug control. We would like to
dedicate this book to our supervisors, who guided the start of our careers and gave
us most of the tools we use in our scientific paths. And, fundamentally, to the legions
of victims of Chagas disease, the greater part of whom remain deprived of their
most basic rights: they alone constitute millions of reasons behind this book.



Preface

Modern systems biology has much to owe to the concept of “model species.” This
label refers to organisms that are privileged for the study of particular biological
phenomena because they offer powerful tools that allow answering questions at
multiple levels of analysis. Decades of research on these animals have led to the
establishment of standardized procedures for raising them in the laboratory under
controlled and accessible conditions, as well as to the conception of behavioral
protocols that allow addressing biological phenomena in a tractable way. Typical
examples are the fruit fly Drosophila melanogaster and the zebra fish Danio rerio,
which ally the possibility of coupling behavioral studies with invasive cellular
methods and the possibility of using transgenesis to explore functional principles of
their biology.

Yet, the concept of “model species” brings a potential risk for modern biology,
namely, the dominance of a handful of species, which are not representative of the
rich spectrum of biological solutions that evolution has implemented in animals. As
an example, the actual list of model organisms for biomedical research of the US
National Institutes of Health (NIH) cites only eight animal species, among which
fruit flies are the only insects considered [1]. This situation may induce research
policies with narrow perspectives and with little space for diversity. It is difficult to
see how such a trend could promote our understanding of rich biological solutions
implemented by evolution to cope with variable environments.

This is particularly evident in the case of insects, which are the largest and most
diverse group of organisms on Earth. There are approximately 30 orders with the
number of species estimated reaching nearly 5.5 million, of which only 1 million
have been named [2]. These animals are remarkably successful in evolutionary
terms, as they have colonized practically all existing habitats on earth, including the
extreme ones. Clearly, a single species cannot claim hegemony in terms of its value
for improving our understanding of this success. On the contrary, enlarging the
spectrum of species studied through a comparative approach is mandatory. From
this perspective, a book on the biology of Triatominae is a fundamental contribu-
tion. Considering the specificities of the lifestyle of these insects — based on their
blood feeding habits and their association with flagellates that are responsible for

vii
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one of the most severe world diseases, the Chagas disease — a book summarizing the
state-of-the-art research in these animals, for which ca. 150 species are known, is
highly welcome. It enriches our view on the basic principles of insect biology and
represents a unique opportunity to appreciate the richness of biological solutions
implemented by triatomine species. The editors of this book should thus be con-
gratulated for putting together a chapter collection that covers a broad spectrum of
areas, from behavior and physiology to biological control and genomics.

This collection has, in addition, a strategic importance that will make it indis-
pensable for establishing sanitary policies preventing the spread of Chagas disease
in the Americas. This disease, which affects millions of people, is caused by the
flagellate Trypanosoma cruzi, which is hosted by the insects’ digestive system and
which penetrates into the circulatory system when the bugs bite their hosts, ingest
blood, or defecate on them. Typically associated with poverty and social marginal-
ity, the disease poses problems that require an integral understanding of the biology
of the vector as an essential step toward the implementation of successful control
strategies. Clearly, such strategies require a multidisciplinary approach, and the
book succeeds in providing a multi-facetted perspective for addressing this endeavor.
The convergence of contributions on biological control and insecticide resistance
with chapters on Triatominae behavior, sensory physiology, and neurotransmission,
to cite some examples, paves the way toward integral and intelligent management of
Chagas disease.

The book does justice to the historical importance of kissing bugs for biological
research. Several decades ago, Vincent B. Wigglesworth (1899-1994), who was a
pioneering figure in the field of insect physiology and insect endocrinology, estab-
lished Rhodnius prolixus as a key organism for insect physiology. His work on this
insect led, among others, to the discovery of juvenile hormone [3], the hormone that
prevents metamorphosis in insects, and elucidated some of its roles, such as its role
of guidance for the molecular action of ecdysone by preventing switching-on of
metamorphic-specific genes. Most of his findings are summarized in his book The
Principles of Insect Physiology [4], which is a classic among scholars interested in
entomological research, and which can now be updated by the 20 chapters of the
present book.

The book appears in a particular moment of the history of biological research on
Triatominae. In consonance with the Zeitgeist, the genome of R. prolixus has been
recently sequenced and made available [5]. Its publication revealed immune signal-
ing pathways that display major departures from the canonical network, and large
gene expansions related to chemoreception, feeding, and digestion that have facili-
tated the adaptation of triatomines to a blood-feeding style.

From the perspective of a researcher working on honeybee perception and cogni-
tion, the publication of the genome of the honeybee [6] was a significant event that
promoted new research questions and induced the development of novel molecular
tools to address numerous problems in honeybee biology. Moved by this fast prog-
ress, 5 years after this publication we felt compelled to edit a book providing an
integrative review on the behavior and physiology of honeybees [7]. Coincidently, 5
years after the publication of the genome of R. prolixus, a new book on the biology
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of Triatominae sees light, moved by a similar exponential growth in knowledge. Not
surprisingly, therefore, molecular approaches are present in many chapters, from
sensory physiology to evolution and the development of “omics”.

On a personal note, a honeybee researcher writing the preface of a seminal book
on kissing bugs may be an intriguing fact for its readership. Yet, despite my histori-
cal commitment to social insect research, I always had a very close relationship with
triatomines, as shown, for instance, by the two works on sensory physiology of
Triatoma infestans in which I had the chance to participate [8,9]. I did my PhD stud-
ies under the supervision of Josué Nuiflez, who returned to Argentina after the mili-
tary dictatorship (1976-1983) with the goal of establishing a research line on the
behavioral physiology of the main triatomine vectors. At that time, Nufiez offered
me the possibility of starting a PhD on T. infestans, which I declined, asking him, in
return, to work on aspects related to the sensory physiology of another species for
which he had made fundamental contributions, the domestic honeybee Apis mel-
lifera. Nufiez accepted my request, and I had the chance to share the laboratory with
several of his notable students working on the behavior of kissing bugs, many of
which became important leaders in their field of study. Although I never regretted
this election, this preface may serve as a personal tribute to kissing bugs, to their
fundamental and historical value for biological research, their socioeconomic and
medical importance, and an acknowledgment to the necessity of watching beyond
own research frontiers.

The book is a magnificent update to understand the essential aspects of the biol-
ogy of kissing bugs and serves, in addition, to delineate questions that need to be
tackled in future research. It should, therefore, call the attention of a broad spectrum
of scholars in diverse disciplines, well beyond those interested in Chagas disease
vectors. As usually in science, inspiration may come not from the narrow area in
which one tends to be confined, but from farther, unsuspected horizons. I am con-
vinced of the inspirational potential of this book, and I am therefore thankful to the
editors for the unique privilege of writing this preface.

1. Services NIoH-DoHaH: NIH policy on the sharing of model organisms for
biomedical research. In: N/H Publication 04-5576. Bethesda, MD (2004):2.

2. Stork NE: How many species of insects and other terrestrial arthropods are
there on earth? Annu Rev Entomol 2018, 63:31-45.
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Introduction

Triatomines are the vectors of Trypanosoma cruzi, the etiological agent of Chagas
disease, one of the most important infectious diseases in the Americas, affecting
about 6—7 million people (WHO 2015). Infection by 7. cruzi has been reported to
occur from the southern United States to southern Argentina (between latitudes
40°N to 45°S). Approximately 30% of infected people develop the disease, while
the remainder of individuals present the indeterminate form. Among symptomatic
individuals, the cardiac form of Chagas disease is the main clinical manifestation,
but digestive manifestations are also important, with impairment of esophageal and
colonic peristalsis. According to an assessment in the 1990s by the World Bank, the
calculation of “Disability-Adjusted Life-Years” (DALYs), with respect to other
communicable diseases in the Americas, showed that only diarrheal diseases, respi-
ratory infections, and AIDS exceeded the economic losses resulting from Chagas
disease (World Bank 1993; https://www.thelancet.com/journals/lancet/article/
PIIS0140-6736(18)32279-7/fulltext). Although it has high morbidity, and clinical
manifestations require medical care, there is a good prognosis for the treatment of
recent acute and chronic cases, with excellent results in terms of improved quality
of life for chronic patients (Dias et al. 2016). In Brazil, only acute infections used to
be notifiable, but notification of chronic forms has recently become mandatory.
Currently, there is a recommendation to treat individuals who are asymptomatic or
with mild symptoms in order to prevent the subsequent development of severe
forms of the disease (www.in.gov.br/web/dou/-/portaria-n-1.061-de-18-de-maio-
de-2020-259143078; Perez-Molina and Molina 2018). This practice enables a bet-
ter assessment of the current importance of the disease through case notification,
and requires the health system to accept and treat these patients, either by offering a
treatment specific to 7. cruzi infection or treating the symptoms associated with
Chagas disease. This task is not at all easy: the disease has been historically
neglected (www.who.int/neglected_diseases/diseases/summary/en/) as exhibited by
the lack of clearly defined priorities for control strategies (Silveira and Matins 2014)
and the failure to sufficiently educate medical health practitioners about the disease
(Coura 1980).

xi
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Historically, the main route of 7. cruzi transmission to humans is through triato-
mines. However, as the parasites circulate in the blood, transmission can also occur
through blood transfusion, congenitally, breast-feeding, organ transplantation, labo-
ratory accidents, and handling infected animals, as well as orally through ingestion
of contaminated food (Carvalho et al. 2015). The typical profile of the people most
affected by Chagas disease includes low socioeconomic status and residence in
rural areas. Typically, such people live in countries whose economic systems
encourage and maintain social inequality. Their relatively simple houses, built with
natural materials (such as clay, wood, straw, etc.), are clearly at risk of infestation,
and allow colonization, by triatomines (Dias and Coura 1997). Recently, with the
improvement and success of vector control programs, and a subsequent decline in
intradomestic vector-borne transmission, ingestion of contaminated food has
become the main form of transmission (Dias et al. 2016). With the increased move-
ment of people between countries related to globalization, Chagas disease, which
was originally only found in the Americas, is a problem today in the non-endemic
countries of Europe, Asia, and Australia (Klein et al. 2012 ), as well as non-endemic
regions of the United States (Bern et al. 2020).

Triatomines are widely distributed throughout the Americas, occurring in many
and diverse environments, which is an indication of the different adaptive processes
these insects have undergone to different conditions. The insects are also associated
with numerous vertebrate species, which are their sources of food. They are hema-
tophagous in all their developmental stages (nymphs and adults) (Lent and
Wygodzinsky 1979). Hematophagy requires physical proximity to the vertebrate
host species that are their blood meal sources, and the physiological ability to pro-
cess different types of blood (Pereira et al. 2006). In sylvatic environments, the
distribution of triatomines is focal and dependent on the biology of the vertebrate
hosts with which they are associated. In unstable ecotopes, where environmental
conditions are variable and the presence of vertebrate hosts is sporadic, triatomine
colonies are comprised of only a few individuals. In stable ecotopes, with little fluc-
tuation of environmental conditions, and the frequent occurrence of vertebrate food
sources, triatomine colonies can grow to very high densities (Diotaiuti 2009). The
latter is typically what occurs when triatomines colonize and infest artificial envi-
ronments associated with humans. Triatomine species physiologically capable of
adapting to these new conditions can form even larger colonies than those occurring
in sylvatic environments, due to an increase in their reproductive capacity related to
increased food availability. The ability to colonize modified environments created
by humans, and obtain blood meals from domestic animals and humans, character-
izes the triatomine species as having the greatest epidemiological importance for
Chagas disease (Pereira et al. 2006).

Infection with 7. cruzi is enzootic in wild animals, especially affecting a wide
range of small mammals. In sylvatic environments, oral infection either through
ingestion of an infected triatomine or another infected mammal is probably the
main form of transmission (Jansen et al. 2018). Infectious forms of the parasite,
however, are also eliminated in the feces of triatomines, which was once the main
form of human transmission of Chagas disease. Infectious forms of the parasite are
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eliminated during or immediately after a triatomine takes a blood meal, and subse-
quently penetrates the skin either through a wound or the mucous membranes of the
eyes or mouth. Several factors are involved in this complex process that culminates
in the transmission of 7. cruzi, for example, the preference of triatomines for feed-
ing on human blood, how quickly triatomines obtain their blood meal without being
noticed and return to their hiding place, and how rapidly the infected feces of the
triatomine are eliminated onto their vertebrate host (Martins 1968). Many factors
need to coincide for parasite transmission to take place, which explains, for exam-
ple, why not all residents of the same house become infected, despite living in the
same conditions for many years. These features define the classic route of human-
vector transmission of Chagas disease, associated with high-density triatomine
infestations of households, in which the insect colonies often have more than 1000
individuals! That disadvantaged people serve as a source of blood meals throughout
their lives both literally and metaphorically epitomizes the social inequalities that
exist in our societies.

In Brazil, the endemic area of Chagas disease overlaps with the area of triato-
mine occurrence, especially the triatomine species capable of colonizing artificial
human-made environments (Silveira et al. 1984). This region corresponds to the
ecological “dispersion corridors” of South America, the “diagonal” of open savanna-
like ecoregions — the “corridor” — that includes different biomes of great epidemio-
logical importance: the Chaco, Pantanal, Cerrado, and Caatinga (Forattini 1980).
There are many different species of triatomines each associated with a wide range
of different ecotopes, such as palm trees, tree trunks or their hollows, bromeliads,
rocks, bird nests, or the burrows of small mammals. Triatomines feed on diverse
sources of blood, including both warm- and cold-blooded vertebrates, and even the
hemolymph of other arthropods (Diotaiuti et al. 1993; Lorosa et al. 2000). This has
resulted in triatomines adapting in different ways to the environment, often leading
to the formation of distinct populations or even new species. During these adaptive
processes, triatomines undergo physiological, anatomical, genetic, and behavioral
changes, investigation of which may enable us to discover new ways to control the
transmission of 7. cruzi to humans.

Based on knowledge of some organisms such as vertebrates, insects, and other
animals, Amorim and Pires (1996) proposed the existence of 47 main centers of
Brazilian Neotropical endemism, resulting from the fragmentation of spaces corre-
sponding to the areas of the Amazon and the Atlantic Forest. These very large envi-
ronments have particular features, which may shed light on the diversity of
triatomines, demanding the use of particular tools to understand the processes
involved. An interesting example could be the study of the genus Rhodnius, which
is associated with different species of palm trees and which probably originated
from the Orinoco region (Abad Franch et al. 2015). Rhodnius prolixus is the main
vector of T. cruzi in the countries of northern South America. This triatomine spe-
cies was also accidentally introduced into Central America, where it was also a very
important vector until it was eliminated as part of an intergovernmental control
initiative (Hashimoto and Schofield 2012). Among the well-known 20 species of
Rhodnius (Justi and Galvao 2017), there is a species complex (Barrett 1988) that
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includes four taxa, which are of particular interest to researchers: Rhodnius pro-
lixus, R. robustus, R. neglectus, and R. nasutus. According to Monteiro et al. (2003),
the occurrence of R. prolixus is restricted to northern South America, while R. robus-
tus occurs in a wider area and has a greater genetic diversity, possibly related to the
centers of endemism determined by Morrone (2006). The other members of the
species complex inhabit the diagonal of open savanna-like ecoregions described by
Forattini (1980): R. nasutus is associated with the Caatinga, and R. neglectus with
the Cerrado. The influence of the microenvironment is clearly demonstrated in the
association between Rhodnius species and palm tree species. In the semi-arid region
of Ceard, Rhodnius nasutus colonizes two species of palm trees, namely, babassu
(Attalea speciosa) and carnauba (Copernicia prunifera). Babassu occurs in moun-
tainous regions, with similarities to the Atlantic Forest (Cavalcanti 2005). These
latter trees are leafy palms that provide a stable microclimate throughout the year,
compared to the external environment. Under these conditions, R. nasutus have a
dark brown color, and morphometric studies have shown that they are larger than
conspecifics captured in carnauba palm trees. Carnauba trees grow in the arid plains
of the Caatinga. The leaves of these palm trees are inserted into the trunk, allowing
humidity and temperature to fluctuate according to variations in the external envi-
ronment. R. nasutus that colonize carnauba palm trees are smaller than those found
in babassu, with a reddish color similar to the bracts of the leaves of the palm trees
that they inhabit. Characterization with microsatellites shows that the R. nasutus
found in babassu have less genetic variability than those captured in carnauba. In
this example, there were several intra-specific changes, depending on the environ-
ment (Dias et al. 2008). For instance, greater availability of blood meal sources in
babassu, allows triatomines to have a larger size and greater reproductive capacity,
and, consequently, larger colonies. In addition, by adapting their color to the colors
of the substrate where they live, triatomines have increased protection. The greater
genetic variability of the R. nasutus that live in carnauba is probably due to their
greater dispersal ability, enabling larger effective population sizes, as these latter
insects are very active and frequently fly between palm trees. It is not known whether
this migration is stimulated by the limited blood meal availability associated with
carnauba. Specimens of R. nasutus found in households are reddish, which indi-
cates that they come from the carnaubas.

Another interesting example in Brazil of the adaptive capacity of triatomines to
the environment is the brasiliensis species complex, which is associated with the
semi-arid region and is comprised of eight taxa: two subspecies, Triatoma brasilien-
sis brasiliensis and Triatoma brasiliensis macromelasoma (Costa et al. 2013), and
six species, Triatoma lenti, Triatoma juazeirensis, Triatoma melanica, Triatoma
bahiensis (Mendonga et al. 2016), Triatoma sherlocki (Mendonga et al. 2009), and
Triatoma petrocchiae (Schofield and Galvao 2009; Oliveira et al. 2017). Triatoma
brasiliensis brasiliensis is the main native 7. cruzi vector in northeastern Brazil,
usually being found in the deep cracks formed between large granite rocks, where
they reproduce and obtain their blood meals, mostly from rodents (Alencar 1987;
Bezerra et al. 2018). On occasion, in the absence of rocks, this subspecies can be
found in the cactus Pilosocereus gounellei (Valenga-Barbosa et al. 2014). This
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subspecies is very agile, fast, opportunistic; it attacks animals and unwary people in
sylvatic environments. The Brazilian semi-arid region has a dry and hot climate, and
the rocks where T b. brasiliensis lives can reach very high temperatures during the
day (Catald et al. 2015). At dusk, when the temperature is cooler, the insects leave
their hiding places, and stay on the surface of the rocks, and return to their hiding
places after 9 pm. Triatoma brasiliensis, therefore, modulates its behavior in the
field, as reproduced by Guarneri et al. (2003) under laboratory conditions. However,
on cooler and cloudy days, hungry nymphs of this species attacked us in the middle
of the morning, an unusual behavior among triatomines, which usually blood-feed
in the early evening (Catald et al. 2015). The artificial environment is infested by
sylvatic colonies, which easily adapt to intradomestic conditions, which mimic the
microclimatic characteristics of their natural environment (Lorenzo et al. 2000).
Experimentally, T. brasiliensis adults are not considered to be “good flyers” (Soares
1997). This is confirmed by observing them in the field, during the period when they
leave their cracks and remain on the rock surface. Theoretically, only 1% of indi-
viduals are expected to disperse by flight; however, under field conditions, even this
small proportion still represents a large number of insects, some of which will
invade and colonize human-associated environments. A study carried out in the
state of Ceard used microsatellites to compare insects collected in the sylvatic and
household environments and in households (intradomicile and peridomicile) on five
separate occasions between 2009 and 2015. After spraying with residual insecti-
cides, the insects showed no cluster formation, that is, an intense exchange of insects
among different environments (Belisario 2018). Practically, this finding has great
significance for vector control, as it demonstrates constant reinfestation of house-
holds by sylvatic triatomines after insecticide use. The continual re-application of
insecticide requires a great deal of effort and high levels of vigilance (i.e., entomo-
logical surveillance) in order to prevent reestablishment and growth of colonies
inside households. Re-infestation, or even the persistence of domestic colonies,
after insecticide spraying of domestic environments is the biggest challenge faced
by triatomine control.

The “domestic unit” is considered as the focal epidemiological unit for control
activities against triatomines, since there is a high level of triatomine migration
between the surroundings of a house and its interior (Brasil/SUCAM 1980). That is,
spraying involves the entire domestic unit, regardless of whether infestation is intra-
or peridomestic (Souza 2019). The peridomestic environment consists of chicken
coops, pig sties, storerooms, piles of firewood, stones or bricks, fences, or any struc-
ture where triatomines can find shelter and food. Because of the complexity of these
habitats, triatomines are not easily found within them (Cecere et al. 2004; Diotaiuti
2009; Espinoza-Echeverria 2017). The development of devices to facilitate the cap-
ture of triatomines, especially in the peridomestic environment, has long been
desired (Mota et al. 2014), but requires further research. In addition, insecticide
spraying does not ensure that all triatomines will have contact with the insecticide,
and, if they do, that the exposure is sufficient to cause death, that is, there are insects
that survive and reestablish the colony (Gurtler et al. 1994; Gurtler 2009). For
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T. brasiliensis, this reestablishment takes place within an average period of 12
months (Diotaiuti et al. 2000).

Among the 151 species of triatomines previously described (Justi and Galvao
2017), less than 20 are capable of colonizing the artificial environment. For these
latter species, chemical control is able to drastically reduce indoor infestations,
especially the density of insects inside households (Silveira 2011). However, such
control is not as successful in the peridomestic environment, and the transmission
cycle persists in the immediate vicinity (Bezerra et al. 2020). Entomological sur-
veillance, therefore, is essential to control peridomestic colonies of triatomines, and
prevent colonization of households.

Triatoma infestans was the main vector in Brazil, Argentina, Bolivia, Chile,
Paraguay, and Uruguay (i.e., the countries that form the “Southern Cone” of South
America) (Silveira 2002), and it is easy to maintain their colonies in laboratory
insectaries. Originating mainly in the Bolivian inter-Andean valleys (Forattini
1980), this species was passively dispersed over wide areas, without, however,
adapting to novel local sylvatic environments. Pereira et al. (2006) demonstrated
that the species has a better blood-feeding efficiency, finishing their blood meal
more quickly than other triatomine species. This ability apparently explains, for
example, the competitive success of 7. infestans and its expansion into areas infested
by indigenous triatomines, such as Panstrongylus megistus or T. brasiliensis.
However, due its limited occurrence in sylvatic environments, it can be eliminated
through spraying with residual insecticides, which was achieved through the
“Initiative for Elimination of 7. infestans in the Southern Cone Countries” (Silveira
et al. 2002). Chile, Uruguay, and Brazil have already been certified for elimination
of T. cruzi transmission by this triatomine species, and a great deal of success can
be recognized in other countries in the Southern Cone region. Unfortunately, in
Brazil, this certification has been confused with elimination of transmission to
humans by native triatomine vectors, which has had a very negative impact on ini-
tiatives to control native triatomine species (Abad-Franch et al. 2013), despite the
acknowledged importance of P. megistus and T. brasiliensis in areas where 7. infes-
tans has never been present. Only in recent years has there been any effort (but
clearly insufficient) to maintain entomological surveillance in the areas recognized
as endemic for 7. cruzi transmission by native triatomine vectors.

The importance of flight dispersal as a mechanism of household colonization
was recognized early (Lehane and Schofield 1976). In the last few decades, the inva-
sion of households without colonization by adult triatomines has also been associ-
ated with episodes of T. cruzi transmission (Aguilar et al. 2007). In fact, this form
of transmission has possibly always existed, but it has perhaps just become more
evident now, given the current lower levels of infestation of households in endemic
areas. Alternatively, it is possibly due to environmental changes, such as deforesta-
tion or climate change.

Similarly, oral infection is now statistically the major route of transmission. Food
contamination resulting from contact with infected triatomines, accounted for
74.5% of acute cases notified in Brazil in the period between 2007 and 2019 (SVS/
MS 2020). With the discontinuation of control programs, and the resulting limited
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capacity of health professionals to carry out diagnosis of the disease, the epidemio-
logical information collected has decreased in quality in recent years. Therefore,
nowadays, there are no longer accurate and up-to-date data on the number of acute
cases (Abad-Franch et al. 2013).

The very bad news was the finding of 7. infestans’ resistance to insecticide pyre-
throids (Vassena et al. 2000), subsequently proven for different categories of insec-
ticides (Pessoa et al. 2015). Considered unlikely, given the fact that triatomines have
a long evolutionary cycle (one annual cycle, but rarely two), and considering the
good results found with insecticides, the previous information on the occurrence of
resistant R. prolixus in Venezuela (Rocha e Silva 1979) was neglected. However, in
the Bolivian and Argentinian Chaco, a region where insecticide resistance rates
have reached the highest levels (Gomez et al. 2016), T. infestans infestations persist.
Studies have shown that T infestans’ resistance to pyrethroid insecticides is autoso-
mal and an incompletely dominant character (Gomez et al. 2015). The physiologi-
cal mechanisms involved differ and are polygenic (Pessoa et al. 2015), but there are
many things still to be learnt about the genetic basis of insecticide resistance. In the
field, the insecticide resistance of 7. infestans has an irregular and patchy distribu-
tion, with levels that vary between different structures close to one another within
the same peridomestic environment, and appears to have originated from the preex-
istence of resistance in sylvatic triatomines not previously exposed to insecticides
(Espinoza-Echeverria et al. 2017). In Brazil, REMOT - the Network for Monitoring
of Triatomine Resistance to Insecticides — was created to assess the susceptibility of
native triatomine species (Pessoa et al. 2015). Insecticide resistance of 7. infestans
in south Brazil has not been confirmed (Sonoda et al. 2009). In the state of Minas
Gerais, data suggest a change in the susceptibility of Triatoma sordida that deserves
to be investigated (Pessoa et al. 2014), while all populations of T brasiliensis that
were studied in the state of Ceard had a high susceptibility (Sonoda et al. 2010;
REMOT 2020).

The study of triatomines has aroused the interest of scientists since the first
description of the association of these insects with Chagas disease. One must con-
sider the works of pioneering researchers, such as Arthur Neiva (Neiva 2010), Cesar
Pinto (Pinto 1924), Eduardo Del Ponte (Del Ponte 1959), Emmanuel Dias (Dias
1956), Herman Lent and Pedro Wygodzinsky (Lent and Wygodzinsky 1979), and
many others, on taxonomy, biology, and morphology, as well as contemporary stud-
ies, when the most modern techniques have been adopted. As an experimental
model, knowledge of triatomines has been expanded, allowing reflection on the
most diverse biological mechanisms, as can be seen in the scientific sophistication
of the different chapters of this book. Entomological and epidemiological data, on
the other hand, were the foundations for defining the importance, priority, and meth-
odologies of control programs, which now incorporate environmental information,
in an integrated understanding of the dynamics and complexity of the vectors of
T. cruzi. Because of their epidemiological importance, and their greater ease of
maintenance as colonies in insectaria, most research uses 7. infestans and R. pro-
lixus as model organisms. In the last few decades, more studies have been under-
taken on triatomine species previously considered to be of only secondary
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epidemiological importance, but recognized with an appreciable role in the trans-
mission to humans of 7. cruzi. The continuing great challenge is to expand our
understanding of the currently 151 recognized triatomine species, which can teach
us a lot about life!
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Origin and Evolution of Triatominae

Christiane Weirauch

Abstract Triatominae, the kissing bugs, are one of the smaller subfamilies of the
otherwise predatory hemipteran family Reduviidae, the assassin bugs. Substantial
progress has been made during the past decades to resolve phylogenetic relation-
ships between Triatominae and other reduviid subfamilies as well as relationships
among the ~150 species currently classified as kissing bugs. Nevertheless, many
open questions remain. While Triatominae are now shown to be part of an assassin
bug clade that also comprises Stenopodainae and part of Reduviinae, it is still not
conclusively established if Triatominae are monophyletic or paraphyletic, and there
are uncertainties with regard to relationships between and within tribes of
Triatominae. This chapter summarizes available information on the evolution of
Triatominae, highlighting strengths and shortcomings of currently published phylo-
genetic hypotheses. It stresses the importance of densely sampled, data-rich, robust
phylogenies to inform the classification of Triatominae and to severe as a frame-
work for evolutionary investigations across the group.

Keywords Reduviidae - Triatominae - Kissing bugs - Evolution - Phylogenetic
relationships

1 Background

With about 150 species in five tribes, Triatominae is one of the smaller of the mid-
sized subfamilies of Reduviidae, the assassin bugs (Bargues et al. 2017; Georgieva
etal. 2017; Justi and Galvao 2017; Schuh and Slater 1995). Reduviidae are the second
largest family in the hemipteran suborder Heteroptera and currently comprise close to
7000 described species (Maldonado Capriles 1990; Putshkov and Putshkov 1985;
Weirauch et al. 2014). They are found in all biogeographic regions, but their greatest
diversity is in tropical areas around the globe. With the exception of Triatominae,
Reduviidae are predators of insects and other arthropods and the group is known for
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their astounding range of both morphological and behavioral adaptations to capture
prey including their ability to feed on chemically well-defended organisms such as
millipedes and dangerous predators such as spiders (Forthman and Weirauch 2012;
Soley and Taylor 2012). Specializations on particular groups of prey organisms are
common in Reduviidae (e.g., ants, termites, or millipedes), but only Triatominae have
evolved the ability to feed on vertebrate blood (Lent and Wygodzinsky 1979).
Different lineages of Reduviidae have adapted to ecosystems and microhabitats rang-
ing from mammal nests in the Sonoran Desert to decomposing logs in the Bornean
rainforests and termite nests in the Isthmian-Atlantic moist forests.

Reduviidae are currently classified into 24 subfamilies, substantially more than
any other heteropteran family, reflecting the morphological diversity in this clade
(Forthman and Weirauch 2017; Weirauch et al. 2014). Unsurprisingly for a group of
this size and complexity, the current classification of Reduviidae does not reflect
evolutionary relationships within the group. Although the majority of subfamilies are
well-supported as monophyletic groups, some are not (Hwang and Weirauch 2012;
Weirauch and Munro 2009; Zhang et al. 2016a, b). The most dramatic example of a
polyphyletic subfamily is Reduviinae—recognized exclusively by the absence of
features present in the other subfamilies—that have been recovered in 11-13 differ-
ent lineages in recent analyses (Hwang and Weirauch 2012). The past decade has
seen a surge in published phylogenetic hypotheses for Reduviidae that have improved
our understanding of the evolutionary history of the clade. However, phylogenies
have included few exemplar species for most large clades and most analyses have not
taken advantage of phylogenomic datasets and approaches, resulting in poorly sup-
ported hypotheses and substantial topological instability across different analyses.

This importance of densely sampled, robust phylogenetic hypotheses is also
evident by the abundance of alternative hypotheses proposed for relationships of
Triatominae to the predatory Reduviidae, the question if Triatominae are actually
derived from a single common ancestor, and uncertainty on relationships among and
within the five tribes of Triatominae (de Paula et al. 2005, 2007; Hwang and Weirauch
2012; Hypsa et al. 2002; Justi et al. 2016; Justi et al. 2014; Patterson and Gaunt 2010;
Zhang et al. 2016a). Evidence-based answers to these questions are important, not
only to streamline the systematics and classification of Triatominae, but also because
they have bearing on our understanding of the evolutionary history of this group of
important arthropod vectors, including the switch between predatory and hematoph-
agous lifestyles, the age of hematophagy in this lineage, its ancestral geographic
range and microhabitat, as well as the ancestral range of vertebrate host species.

2 Searching for the Closest Predatory Relative
of Triatominae

The search for the closest predatory relative(s) of hematophagous Triatominae has
been ongoing for several decades, complicated by the uncertainty if Triatominae are
monophyletic, paraphyletic with respect to some predatory assassin bugs, or poten-
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tially even polyphyletic, with different lineages within Triatominae (e.g., Triatomini,
Rhodniini) related to different clades of predatory Reduviidae. Published molecular
phylogenies support each of these three conflicting hypotheses, suggesting that the
datasets and methods used to resolve this question have not converged on an optimal
approach. The following section summarizes almost eight decades of studies that
have attempted to reveal the closest predatory relatives of Triatominae and often at
the same time have assessed if Triatominae form a clade or not. Much of the more
current literature was recently summarized and illustrated in Monteiro et al. (2018)
and reviewed by Otdlora-Luna (2015) and is here only given as a brief overview.

Usinger (1943) did not question or test the monophyly of Triatominae, diagnosed
Triatominae by the absence of dorsal abdominal glands, and in a pre-cladistic den-
drogram based on morphology associated Triatominae with Reduviinae, Cetherinae,
Salyavatinae, and Sphaeridopinae (Fig. la). Similarly, Lent and Wygodzinsky
(1979) assumed that Triatominae were monophyletic, but pointed out that they
share the absence of dorsal abdominal glands with some other Reduviidae, includ-
ing Emesinae and Saicinae, and some genera currently classified as Reduviinae.
They dismissed a potential close relationship between any of these taxa and
Triatominae because of the lack of additional shared characters and putative syn-
apomorphies. Lent and Wygodzinsky (1979) also pointed to the potential signifi-
cance of the straight labium and the laterally inserted antennae found in Triatominae
and certain other reduviids, in particular Epiroderinae (formerly Physoderinae).
Epiroderinae are a circumtropical subfamily of small, brown assassin bugs usually
found in decaying vegetation and rotting tree trunks where they feed on other insects
(Weirauch et al. 2014). It has been suggested that at least one species of Epiroderinae
may be facultatively hematophagous (Carcavallo and Tonn 1976), but there is no
subsequent corroboration for this claim. Using explicit cladistic methodology and a
large set of morphological data but coding taxa at the subfamily level and thus not
testing their monophyly, Clayton (1990) recovered Triatominae as part of a poly-
tomy that also comprises Stenopodainae, Peiratinae, Reduviinae, and three addi-
tional lineages with the remaining reduviid subfamilies except Hammacerinae. Into
the 1990s, the monophyly of Triatominae had not been tested and there was no
congruence on the hypotheses regarding the sister taxon of Triatominae.

Although initially not based on explicit phylogenetic methods and evidence, the
notion that Triatominae may be polyphyletic (convergently similar morphology
and/or behavior of unrelated taxa) and different lineages be most closely related to
different predatory assassin bugs gained popularity in the late 1980s and even in
fairly recent publications is sometimes still stated as a fact rather than a hypothesis
(Bargues et al. 2017; Schofield 2000; Schofield and Dolling 1993; Schofield and
Galvao 2009). Building phylogenetic hypotheses from 16S rDNA data, a fairly sig-
nificant sample of Triatominae (Triatomini and Rhodniini only), and 15 predatory
Reduviidae, de Paula et al. (2005) found support for the hypothesis that Triatomini
are more closely related to Ectrichodiinae, Reduviidae, and Harpactorinae (part),
while Rhodniini were recovered as sister taxon to Salyavatinae and Harpactorinae
(part) (Fig. 1b). Using more substantial sets of molecular data, subsequent analyses
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Triatomini Cavernicolini
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Fig. 1 Synopsis of phylogenetic hypotheses for Triatominae and closely related other Reduviidae

have never found similar results, suggesting that this topology may be an artifact
based on insufficient data.

In contrast, the question if Triatominae are monophyletic or paraphyletic (lineage
comprises most recent common ancestor but excludes some of the descendants) is
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much less easy to settle. The latter would imply that the most recent ancestor of
Triatominae also gave rise to certain presumably predatory taxa of Reduviidae that
are currently classified in a different subfamily but would need to be included into
the Triatominae to render the subfamily monophyletic. This scenario would infer a
complete reversal from hematophagy to predatory lifestyle in the predatory assassin
bugs nested within Triatominae, a somewhat unlikely hypothesis despite evidence
that a number of kissing bug species engage in hemolymphagy under certain envi-
ronmental conditions (Catal4 et al. 2017).

Hypsa et al. (2002) published the first molecular phylogeny that, among other
goals, aimed on testing the monophyly of Triatominae. Based on several loci, this
analysis indeed recovered Triatominae as monophyletic with low branch support
(Fig. 1c); however, only two non-triatomine Reduviidae were included (one species
each of Reduvius Linnaeus and Arilus Hahn), making it a relatively preliminary test
of the monophyly of the group. Nevertheless, this result was corroborated using a
morphological dataset and comprehensive sampling of Reduviidae, but only includ-
ing four species of Triatominae (three Triatominae, one Rhodniini) (Weirauch
2008). Similar to Hypsa et al. (2002), this study also contributed little toward a
rigorous test of the monophyly of Triatominae (Fig. 1d).

On a positive note and because of the extensive sample of predatory Reduviidae
included, the study by Weirauch (2008) was the first to provide a meaningful
hypothesis on putative close relatives of Triatominae. Triatominae were recovered
in a clade together with the monophyletic Stenopodainae and several taxa of the
polyphyletic Reduviinae. The triatomine sister taxon was represented by
Opisthacidius Berg and Centrogonus Bergroth, two large-bodied reduviine taxa
from the Neotropical and Australian regions, respectively, with Zelurus Burmeister
and Neivacoris Lent & Wygodzinsky (both Neotropical) being more distantly
related. Most subsequent molecular phylogenies included species of Opisthacidius,
Zelurus, and/or Stenopodainae (but not the other two genera, nor additional large-
bodied Reduviinae) and all have found typically high support for this clade some-
times referred to as the Zelurus clade of Reduviinae + Triatominae + Stenopodain
ae (Georgieva et al. 2017; Hwang and Weirauch 2012; Justi et al. 2016; Patterson
and Gaunt 2010; Weirauch and Munro 2009; Zhang et al. 2016a). In all analyses
that included Opisthacidius, this genus forms either the sister taxon of Triatominae
(Justi et al. 2016; Patterson and Gaunt 2010) (Figs. le, f) or renders Triatominae
paraphyletic by being more closely related to either Rhodniini (Hwang and Weirauch
2012) or Triatomini (Zhang et al. 2016a) (Fig. 1g). Zelurus is often recovered as the
sister lineage to Opisthacidius + Triatominae, with Stenopodainae being more dis-
tantly related. All but one of these hypotheses are based on small “legacy” or Sanger
sequencing datasets; the phylogenomic analysis by Zhang et al. (2016) employed a
hybrid transcriptome/Sanger strategy, but included transcriptome-level data for only
three species in the entire clade (Triatoma protracta Uhler and two Stenopodainae).
It appears evident that the way forward is to a) build phylogenomic datasets that
provide sufficient phylogenetic signal to unequivocally resolve the monophyly/
paraphyly issue of Triatominae and identify their sister lineage; and b) include in



6 C. Weirauch

these analyses additional taxa of Reduviinae that are suspected to be part of or
closely related to the Zelurus clade.

Unfortunately, very little is known about the biology and ecology of Stenopodainae
and Zelurus clade species (Ferreira et al. 2016; Lent and Wygodzinsky 1956;
Weirauch et al. 2014). Stenopodainae have worldwide distribution with greatest
diversity in the tropics of the Old and New Worlds. They comprise about 600 spe-
cies in more than 110 genera, are typically brown with body shapes ranging from
very elongate and stick-like to broad oval, and are diagnosed by their distinctive
antennal morphology, among other features. Their earliest diverging lineage is
restricted to the Old World tropics (Hwang and Weirauch 2012), but no formal bio-
geographic analysis has been conducted for the group. Some species have been
beaten from trees or swept from grasses, but the majority have only been collected
in light traps, suggesting that most have nocturnal activity patterns (Weirauch et al.
2014). Similarly, some species of the large Neotropical genus Zelurus (~130 spp.)
are attracted to light traps, while others are actively flying diurnal predators
(Haviland 1931), and yet others inhabit caves (Ferreira et al. 2016). Opisthacidius
includes only eight described species with distributions ranging from Argentina to
Mexico (Lent and Wygodzinsky 1956). Judging from specimen label information,
personal observation, and online photo sharing sites, Opisthacidius spp. are mostly
active at night. Intriguingly, a single female specimen of Opisthacidius rubropictus
(Herrich-Schaeffer) was collected from the nest of a red-rumped cacique (Icteridae).
This record appears to be the only microhabitat association reported in the literature
but has been used as evidence that the most recent common ancestor of Opisthacidius
and Triatominae may have been associated with the nest of vertebrates (Hwang and
Weirauch 2012). This is in line with a previously proposed scenario by Schofield
and colleagues that envisioned the evolution of hematophagous Triatominae as a
transition from free-living to nest-dwelling predators and then to vertebrate feeding
nest-dwellers (Schofield and Dujardin 1999). Focused research on the biology, ecol-
ogy, and physiology of species of Opisthacidius and Zelurus and related groups is
clearly critical to better understand the evolutionary transitions between predatory
assassin bugs and hematophagous kissing bugs.

3 Evolutionary Relationships Within Triatominae

A steady number of phylogenetic analyses with focus on relationships within the
Triatominae have been published during the past two decades (de Paula et al. 2007,
Justi et al. 2014, 2016; Monteiro et al. 2000). Nevertheless, a substantial number of
relationships have remained untested or are poorly supported. Importantly among
these issues, published phylogenetic analyses have failed to include representative
taxon sampling for the three small tribes of Triatominae. While both species of
Cavernicolini are now represented in phylogenetic hypotheses (Georgieva et al.
2017), Alberproseniini lack from all published phylogenies, and Microtriatoma
trinidadensis (Lent) is the only included species of Bolboderini. In addition, less
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than a handful of analyses across Triatominae have included sufficient taxon sam-
pling to meaningfully test and corroborate the monophyly of the two large tribes,
Rhodniini and Triatomini (e.g., Justi et al. 2016), while other studies have focused
on relationships at the genus and species group levels.

There is emerging evidence that both Bolboderini and Cavernicolini are more
closely related to Rhodniini than they are to Triatomini. While M. trinidadensis and
Cavernicola pilosa Barber were recovered as sister taxon to the Rhodniini in the
analyses by Patterson and Gaunt (2010) and Hwang and Weirauch (2012), respec-
tively, neither study sampled both species. Georgieva et al. (2017) included species
of Cavernicolini (both Cavernicola lenti and C. pilosa) as well as Bolboderini
(M. trinidadensis). Rhodniini were recovered with the highest branch support, but
support for the clade comprising the three tribes was low (50%); even though
Cavernicolini are shown as sister lineage to the remaining two tribes in their best
likelihood tree, this relationship is not supported by bootstrap analyses and should
be interpreted as a polytomy (Fig. 1h). It is now critical to include additional taxa of
Bolboderini to further test this emerging set of relationships.

Within the Bolboderini, Parabelminus Lent shares a number of unique features
with Microtriatoma, including the presence of a fossula spongiosa (tibial hairy
attachment structure) on all three pairs of legs, suggesting that these two genera may
be sister taxa (Lent and Wygodzinsky 1979). In their morphology-based diagram
(Lent and Wygodzinsky 1979) indicated that Belminus may be the sister lineage to
that clade, with Bolbodera outlined as the earliest diverging lineage. This scenario
was tested by Gil-Santana (2014) employing a morphological dataset and cladistic
approaches. In contrast to Lent and Wygodzinsky (1979), this analysis recovered
Belminus and Bolbodera Valdes as sister clades, and Microtriatoma as sister taxon
to all other Bolboderini. According to that analysis, the monophyly of Bolboderini
is supported by several synapomorphies, including the elongate and distally
detached maxillary plate and a spine-like projection on the antennifer (Gil-Santana
2014). This hypothesis will benefit from additional testing using molecular and
morphological datasets.

4 Relationships Within Rhodniini

Rhodniini are well supported as a clade in molecular phylogenetic analyses and
morphological characters long used to define the tribe likely represent synapomor-
phies, among them the postocular callosities, details of the male genitalia, and
potentially also the number and position of pedicellar trichobothria (Lent and
Wygodzinsky 1979). There is now overwhelming evidence that Psammolestes is
derived from a Rhodnius-like ancestor and that Psammolestes renders Rhodnius
paraphyletic. Specifically, the three species of Psammolestes typically form a well-
supported clade and are recovered as sister lineage to the prolixus group within
Rhodnius (de Paula et al. 2007; Georgieva et al. 2017; Justi and Galvao 2017).
Relationships between this prolixus clade (Justi et al. 2016) and the two remaining
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species groups of Rhodnius, the pallescens and pictipes groups, are less clear;
although different studies recover both as monophyletic, either the pallescens (de
Paula et al. 2007; Justi et al. 2016) or the pictipes groups (Georgieva et al. 2017) are
recovered as sister lineage to all remaining Rhodniini, suggesting that taxa and data
may need to be added to resolve this set of relationships. Many systematists agree
that the most informative biological classifications are based on diagnosable mono-
phyletic taxa, but there has been reluctance to update the classification of Rhodniini
to reflect this.

5 Relationships Within Triatomini

Similar to the situation for Rhodniini, evidence that all extant Triatomini are derived
from a common ancestor is now fairly strong (de Paula et al. 2005; Georgieva et al.
2017; Hypsa et al. 2002; Justi et al. 2014, 2016). This is in contrast to earlier sce-
narios that assumed Triatomini to be paraphyletic (Schofield and Galvao 2009). The
three taxonomically most densely sampled and relatively data rich phylogenetic
hypotheses (Georgieva et al. 2017; Justi et al. 2014, 2016) corroborate several rela-
tionships recovered in prior analyses based on more restricted sets of data and taxa.
Among these results are the fairly well-supported monophyletic dispar group that
forms the sister lineage to all remaining Triatomini; the monophyletic infestans
group that comprises the bulk of the Neotropical species of Triatoma; and a clade
that comprises species of Panstrongylus Berg, Eratyrus Stal, and Linshcosteus
Distant, in addition to the Nearctic and northern Neotropical as well as Oriental spe-
cies of Triatoma. Additional data and taxa will need to be included in analyses to
stabilize relationships within the two larger of these clades.

6 Implications for the Evolution of Triatominae

Despite the instability in certain areas of the triatomine phylogeny and pending
corroboration on their closest predatory relatives, current phylogenetic hypotheses
together with morphological, biological, and ecological data layers are sufficient to
formulate a number of hypotheses on the origin and evolution of Triatominae. The
following paragraphs do not aim on outlining a comprehensive set of such hypoth-
eses but highlight some of the interesting avenues for research that become feasible
once robust phylogenies have been assembled.

The most recent common ancestor of Triatominae was likely fairly large-bodied.
This can be deduced from the fact that species of Opisthacidius are large, as are the
more distant relatives Zelurus spp. and the early diverging lineages of Stenopodainae,
but the most recent common ancestor of Triatomini was also likely fairly large. In
contrast, the Cavernicolini + Bolboderini + Rhodniini clade may have experienced
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a reduction in body size during the early divergences and have reversed to larger
body size within the Rhodnius + Psammolestes clade.

The transition to hematophagy occurred likely only once within the Reduviidae,
in the most recent ancestor of all Triatominae. Early studies showed that the salivary
protein composition differed between Rhodniini and Triatomini (Ribeiro et al.
1998). This was taken as evidence that hematophagy evolved separately in these
two groups from predatory feeding strategies. However, such differences cannot be
interpreted as independently derived without comparison with closely related pred-
atory taxa. Comparative analyses of the sialotranscriptomes of Triatominae and
their predatory relatives are still unavailable but offer the possibility of exciting
insights into the evolution of the complex salivary compounds required to feed on
vertebrate hosts. With regard to the morphological modifications involved in the
transition from predatory behaviors to vertebrate blood-feeding, the maxillary and
mandibular styles of Triatomini and Rhodniini share a unique set of characteristics
not seen in other Reduviidae that are likely shared derived features (Barth 1954;
Lent and Wygodzinsky 1979; Weirauch 2008; Wenk et al. 2010). Among them are
the very slender tip of the mandible with one row of teeth (closely related groups
have a flattened mandible with transverse ridges and teeth), the right maxillary sty-
let without rows of processes (occur in most predatory Reduviidae), and a valve
formed between right and left maxillary stylets (Weirauch 2008). Similarly, the abil-
ity to flex the ultimate labial segment dorsad that is facilitated by a shift in the
apodeme of the flexor muscles is not seen outside of Triatominae (Lent and
Wygodzinsky 1979; Weirauch 2008).

It is unclear on which vertebrate species or group of species the most recent
ancestor of all Triatominae may have fed upon. A recent study has reconstructed the
common ancestor of Cimicidae based on phylogenetic data and ancestral state
reconstruction and concluded that the most recent ancestor of bed bugs was likely
associated with bats (Roth et al. 2019). A comparable analysis with focus on
Triatominae has not been published to date. Also, such a reconstruction is likely less
meaningful in Triatominae due to the high degree of polyphagy (feeding on more
than one vertebrate host species or host clade) in this clade, together with the scar-
city of reliable host association data from non-anthropogenic environments.
Georgieva et al. (2017) assembled host data from the literature, supplemented with
new DNA-based vertebrate host associations and visualized data for both
Triatominae and vertebrate hosts plus insects (their Fig. 1). It appears evident from
this diagram that there is no clear pattern, at least based on current phylogenetic
hypotheses and available feeding data. Several of the early diverging lineages of
Triatominae, namely species of Cavernicolini, Bolboderini, and the dispar clade of
Triatomini have been found in association with bats and an ancestral association of
Triatominae would be consistent with the “bat seeding” hypothesis that proposes
that Trypanosoma cruzi Chagas evolved from bat-associated ancestors (Hamilton
et al. 2012). However, Cavernicolini have also been observed with rodents,
Bolboderini with mostly early diverging mammals, birds, and even reptiles and
frogs, and species of the dispar group with various mammals and with birds
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(Georgieva et al. 2017). Gut content of Triatoma dispar, the only species among
these groups for which DNA-based host evidence is available, was identified as
kinkajou (Procyonidae). Assuming that both the phylogenetic hypotheses and these
feeding associations are correct, the most recent common ancestor of Triatominae
likely fed rather opportunistically on a diverse range of vertebrate species.

Triatominae evolved likely much later than the other major lineage of
hematophagous Heteroptera, the Cimicidae. The timing of the evolution of
Triatominae has remained relatively poorly understood and has relied heavily on
molecular phylogenies, using either fixed or relaxed molecular clocks based on
fossil calibrations (Bargues et al. 2000; Hwang and Weirauch 2012; Justi et al. 2016;
Patterson and Gaunt 2010). While early fixed-clock hypotheses dated the origin of
Triatominae to between 64 and 49 mya (Bargues et al. 2000) and 110-107 mya
(Patterson and Gaunt 2010), more recent estimates using relaxed clocks have
converged on an Eocene or even Oligocene origin for the group (Hwang and
Weirauch 2012; Justi et al. 2016). The congruence between the two latter hypotheses
is unsurprising because they were based on the same set of fossil calibrations and
similar sampling of non-triatomine Reduviidae; however, several of the fossils used
to calibrate these phylogenies are suspected to require phylogenetic revision
(Weirauch, unpublished), suggesting that these divergence dates may need to be
reevaluated.

Fossils provide more direct evidence for the deep evolutionary history of higher
groups by supplying definitive minimum ages. Unfortunately, the two fossil species
that can be unambiguously attributed to the Triatominae, Panstrongylus hispaniolae
Poinar, and Triatoma dominica Poinar (Poinar Jr. 2005, 2013) are too young to pro-
vide significant insights into the timing of deep divergences of Triatominae. The
recently described mid-Cretaceous fossil Triatoma metaxytaxa Poinar (Poinar
2019), even though classified as Triatominae by the author, lacks diagnostic and
synapomorphic features that would unambiguously associate this taxon with the
Triatominae and it more likely represents one of the earlier diverging lineages of
Higher Reduviidae.
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“The idea of good species ... is a generality without foundation,
an artifact of the procedures of taxonomy.”

Ehrlich and Holm (1962)

Abstract The members of the subfamily Triatominae are true bugs specialized in
blood-sucking. All species are potential vectors of Trypanosoma cruzi (Chagas,
1909), the causative agent of Chagas disease, although relatively few have epide-
miological significance as vectors of the infection to the humans. The incidence of
Chagas disease is declining, after the successful vector control campaign through
Americas, but, the disease remains as a major problem to public health in Latin
America. A few species of triatomines are found also in Asia and Oceania where the
vector-borne transmission of 7. cruzi does not occur. After Carlos Chagas discov-
ered their importance as vectors, triatomine bugs have attracted permanent atten-
tion, and, thus, several aspects of their systematics, biology, ecology, biogeography,
and evolution have been studied. Since the first species description, at the end of the
eighteenth century, until the current approximately 150 extant species considered as
valid, their classification remains mainly based in the traditional morphology.
However, modern and diversified methods applied to studies of their characteristics,
such as molecular approaches, are improving the systematics of these vectors. In the
present chapter, the author summarizes the current knowledge on the taxonomy of
the Triatominae.
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1 Introduction

The blood-sucking insects of the subfamily Triatominae (Hemiptera, Heteroptera,
Reduviidae) are vectors of Chagas disease, an infection caused by the protozoan
Trypanosoma cruzi (Chagas, 1909) (Trypanosomatida, Trypanosomatidae) trans-
mitted to humans and other mammals, primarily, through the feces of infected
insects. All species are potential vectors of 7. cruzi in the Americas, although rela-
tively few have epidemiological significance as vectors of the infection to the
humans. Triatomines are also found in Asia and Oceania, but, in these regions, the
vector-borne transmission of 7. cruzi does not occur, because the parasite is absent.
Galvdo and Justi (2015) summarized the information available about ecology,
niches, its association with humans, and 7. cruzi infection to all triatomine species.
Triatominae is unusual within Reduviidae because all of its members are defined by
their blood-sucking habit and show morphological adaptations associated with host-
finding and feeding on vertebrate blood (Otdlora-Luna et al. 2015). Since triato-
mines probably evolved from a predator ancestor, feeding on insects can be
considered a primitive feature and the ancient triatomines probably fed on both
insect and vertebrates (Weirauch and Munro 2009). This hypothesis could explain
why some triatomine species remain able to feed on other invertebrates (Sandoval
et al. 2004, 2010). Because of their importance as vectors, triatomine bugs have
attracted permanent attention, and, thus, several aspects of their systematics, biol-
ogy, ecology, biogeography, and evolution have been studied. Their classification
remains mainly supported by morphology; however, the modern and diversified
methods applied to studies of their characteristics, such as molecular approaches,
are improving their systematics.

2 Historical Background

Mora et al. (2011) estimated that, there must be 8.7 million species considering all
domains of life on Earth. These authors suggest that about 86% of the species on
earth, and 91% in the ocean, still await description. Indeed, the number of species
already described does not reach two million (May 1992; Wilson 1992). Systematics
is the branch of biology in which the biodiversity is studied and identified, including
the fields of classification and nomenclature. After the discovery of a supposed new
species, a careful hypothesis should be proposed to discuss the combination of char-
acteristics that differentiates the new species from a pre-existing one or others in the
same group. The established taxonomic procedure may be time-consuming and
occasionally tedious; however, only when the name and respective description of a
new species are published and made available to the scientific community, it does
formally exist or is considered as valid under the rules and concepts of the current
five Biological Nomenclature Codes (Zoology, Botany, Bacteria, Viruses, and
Cultivated plants).
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In 1758, Linnaeus (1707—-1778) published the tenth edition of Systema Naturae,
in which he proposed rules for classifying and naming animals and plants, replacing
the long denominations of species to hierarchical categories and the binomial
nomenclature. The current nomenclatorial rules remain based in a traditional
Linnaean frame in which the species concept is typological (primarily based in
morphological characteristics), and a type specimen is the basis for defining the
species (Mayr 1996; Ereshefsky 1997). After the publication in 1859 of “On the
Origin of Species by means of Natural Selection” by Charles Darwin (1809-1882),
the goal became to ensure that the groupings used to reflect a common evolutionary
history, justifying classification as a reflection of genealogy, showing to us that the
systematic hierarchy, until that moment, was only an approximation of evolutionary
history (Mayr and Bock 2002).

Advancements in the classifications have promoted a lot of debate about the use
of different sources of evidence for phylogenetic inferences. The idea of classifying
species on the basis of molecular data emerged after the advent of molecular biol-
ogy. The current feasibility for molecular analyzes showed the importance and reli-
ability of molecular compared to morphological data. As far as it seems, molecular
data are useful tools which make the exploration of biodiversity easier, while the
morphological tools are at their limits (Asghar et al. 2015; Cameron 2014; Ebach
2011; Hughes and Piontkivska 2003; Stevens et al. 2011). Some authors comment
that data sets from different sources should not be combined but analyzed separately
since their independence would increase the significance of eventual corroboration.
In this way, congruent trees obtained from independent data would provide the best
estimate of the phylogeny. On the other hand, other authors defend the combined
analysis, to formulate phylogenetic hypotheses based on all available information
(Debruyne 2005; Page and Hughes 2011). Phylogenetic classifications became very
robust, which led to the proposition of a specific nomenclatural code, the PhyloCode,
a set of rules for naming clades and species and recommendations to phylogenetic
nomenclature, differing from the current rank-based nomenclature codes (Cantino
and Queiroz 2004). However, this code interferes not only in the application of
names but also in the circumscription of the groups, as it does not allow to named
paraphyletic and polyphyletic groups restricting your acceptance by taxonomists.

3 Taxonomy of the Triatominae, from De Geer to the DNA

3.1 The Beginning

In the tenth edition of the Systema Naturae included in “Classis V" (Insecta), “Ordo
2,” Hemiptera, was the genus Cimex Linnaeus. The first Hemiptera, which would
later be considered a triatomine, was described in this genus by De Geer (1773) as
Cimex rubro-fasciatus (Fig. 1), from India, included by this author in his “third fam-
ily of exotic bugs” (“Des Punaises exotiques of the troisieme famille”), curiously
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Fig. 1 Triatoma
rubrofasciata (De Geer,
1773), male, the first
species of Triatominae
described. Original generic
combination and spelling
of the specific name:
Cimex rubro-fasciatus

this is the only species of Triatominae found in both the New World and Old World.
The aspects and habits of a triatomine species were acknowledged a long time ago,
since 1590, when a priest, Reginaldo de Lizarraga, while traveling to convents in
Peru and Chile, noticed the presence of large hematophagous insects that attacked
at night. In subsequent reports, other travelers and naturalists also mentioned the
presence of these insects in South America, one of the most celebrated was a report
by Charles Darwin, during his South American voyage aboard the HMS Beagle, in
1835 (Galvao 2003).

Thus, the beginning of the taxonomy of these vectors began with the publication:
Mémoire pour servir a I’ histoire des insectes (De Geer, 1773), where the first afore-
mentioned species was described. Latreille (1807) created the subfamily Reduvini
(“Réduvines”) member of the family Cimicides. The group of “Hétéropteres™
appeared in one of his subsequent works (Latreille, 1810). In 1811, the same author
published: Insectes de I’Amérique équinoxiale describing Reduvius dimidiatus and
Reduvius geniculatus. Laporte (1833) designated Cimex rubro-fasciatus as the type-
species of the genus Triatoma, resulting in the current combination Triatoma rubro-
fasciata. Stal (1859) published the Monographie der Gattung Conorhinus und
Verwandten, at the Berliner Entomologische Zeitschrift. In 1873a, b, Walker pub-
lished the Catalogue of the specimens of Hemiptera Heteroptera in the Collection
of the British Museum, divided in two parts (VII and VIII). Later, C. Berg, P.R. Uhler,
G.C. Champion, G. Breddin, and W.L. Distant discovered several new species,
resulting that until the beginning of the twentieth century more than 50 species were
described. For more than one century, since the first description of De Geer (1773),
triatomines were studied merely from a descriptive point of view. However, since



Taxonomy 19

the discovery that they are actual or potential vectors of Chagas disease (Chagas
1909), the research involving them increased on several aspects. Neiva (1911) was
one of the main contributors to the advance soon after the discovery of Carlos
Chagas, describing several species in his thesis: “Revisdo do género Triatoma Lap.”
Important monographs were later published by Pinto (1925) and Del Ponte (1930),
as well as other extensive works by Neiva and Lent (1936, 1941), Usinger (1944),
Abalos and Wygodzinsky (1951), and Ryckman (1962) culminating with the most
important systematic revision published by Lent and Wygodzinsky (1979).

3.2 Contributions to a Taxonomy Non-strictly Morphologic

The first attempt to use non-morphological characters to solve taxonomic issues is
due to Actis et al. (1964, 1965) who used hemolymph protein electrophoresis to
compare species of the 7. sordida (Stal 1859) complexes. Similar but more compre-
hensive studies were published three years later by Brodie and Ryckman (1967).
Since then, several studies using molecular markers for specific characterization or
as a taxonomic tool have been published, revealing that, on the one hand, some spe-
cies that are very similar morphologically may be genetically distinct, while on the
other hand, species morphologically distinct may be related (Pérez et al. 1992,
Panzera et al. 1996, Noireau et al. 1998, 1999, 2000a, b, 2002, Dujardin et al. 1999,
Pavan and Monteiro 2007). The first phylogenetic trees built using molecular fea-
tures were published by Garcia and Powell (1998) and Stothard et al. (1998), fol-
lowed by others as Lyman et al. (1999), Monteiro et al. (1999, 2002), Marcilla et al.
(2002), Sainz et al. (2004), and de Paula et al. (2005, 2007). Unfortunately, most of
these papers were based on small group of taxa and are hence unable to solve the
questions of the entire subfamily phylogeny. Lent and Wygodzinsky (1979)
defended the hypothesis that Triatominae is a monophyletic group pointing out
three characters as possible autapomorphies of the subfamily: the hematophagous
habit; the elongate and nearly straight labium with a flexible membranous connec-
tion between segments 3 and 4, allowing upwardly pointed distal rostral segment
when the labium is in feeding position; and the loss of dorsal abdominal scent
glands in nymphs. Schofield (1988) proposed an intuitive hypothesis to a polyphy-
letic origin to the triatomines. According with his view, the Asiatic fauna consists of
two independent lineages derived from different reduviids. The first lineage consists
of some species of Triatoma Laporte 1832, which had evolved from what was origi-
nally the New World species T. rubrofasciata after its introduction into the Old
World. The second lineage, represented by the genus Linshcosteus Distant, 1904,
would be a supposedly autochthonous Asiatic lineage of blood-feeding reduviids.
This view was supported by Gorla et al. (1997) through morphometric analysis,
where all species of Linshcosteus were shown to be unrelated to the species of
Triatoma recorded from the Old World. This hypothesis was deconstructed by
Hypsa et al. (2002) that conducted the first comprehensive molecular phylogenetic
analysis of the subfamily, with the most representative sample (57 species) to study
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the phylogeny and test the monophyly of the subfamily Triatominae. They included
for the first time both New World and Old World species. Their results have led to
the first formal proposition of taxonomic changes as reinclusion of Linshcosteus in
Triatomini Jeannel, 1919; inclusion of the species of Psammolestes Bergroth,
1911 in Rhodnius Stal 1859; elevation of the Triatoma flavida Neiva, 1911 complex
species to the genus Nesotriatoma Usinger 1944; inclusion of the Triatoma spinolai
Porter, 1934 complex species in Mepraia Mazza, Gajardo & Jorg,1940, and inclu-
sion of T. dimidiata (Latreille, 1811) in Meccus Stal 1859 (in the new combination,
M. dimidiatus). From this point, attempting to solve this puzzle, several authors
have used molecular data to infer phylogenetic relationships. Some phylogenetic
reconstructions were published without a consensus about the monophyly, para-
phyly, or polyphyly of the Triatominae. de Paula et al. (2005) using a molecular
marker recovered Triatominae as polyphyletic in a study testing the sister status of
the tribes Triatomini and Rhodniini Pinto, 1926 and also including several
Reduviidae species. On the other hand, Weirauch (2008) using morphological traits
of 21 subfamilies of Reduviidae supported the hypothesis of the subfamily
Triatominae to be monophyletic, results which was corroborated by a molecular
phylogeny of Reduviidae based on mitochondrial and nuclear ribosomal genes
(Weirauch and Munro 2009). Hwang and Weirauch (2012), in a more extensive
molecular analysis, reconstructed a phylogeny in which they observed the predatory
reduviine genera Opisthacidius Berg, 1879 and Zelurus Hahn, 1826 to be closely
related to Triatominae, recovered as paraphyletic. Justi et al. (2014) published
molecular phylogeny of the tribe Triatomini, including 104 specimens from differ-
ent populations of 54 species and 10 Rhodniini species, and a member of a distinct
subfamily of Reduviidae (Stenopodainae) as the outgroup. Their results showed that
the Rhodnius prolixus and R. pictipes groups were more closely related to each
other than to the R. pallescens group. For Triatomini, they demonstrated that the
complexes within the paraphyletic Triatoma genus were related to their geographi-
cal distribution. Additionally, they observed that the divergence within the 7. spino-
lai and T. flavida complex was higher than in the other Triatoma complexes,
proposing that these complexes should be ranked under the genera Mepraia and
Nesotriatoma. Finally, these authors suggested a morphological investigation of the
paraphyletic genera Triatoma and Panstrongylus Berg, 1879. Despite the efforts to
elucidate the evolution of the Triatominae, further studies including higher diversity
of the species, more approaches and analyses are fundamental to solve this question.
An updated and extensive revision on the evolution and phylogenetic relationships
of the Triatominae was provided by Monteiro et al. (2018).

The morphometry, another tool applied to taxonomy of triatomines, appeared in
the 1990s of last century, as an attempt to contribute to the conventional analyses.
Later, as a refinement of this method, the geometric morphometry, also began to be
applied in triatomine studies, revolutionizing the quantification and analysis of mor-
phological variation. Geometric morphometry allows for the accurate estimation
and separates analytic assessment of the size and shape of phenotypic traits, and the
way they vary (Rohlf and Marcus 1993). According to some authors geometric mor-
phometric analyses could be a tool for the study of taxonomic difficulties within the
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Triatominae (Matias et al. 2001; Villegas et al. 2002; Dujardin et al. 2009; Gurgel-
Goncalves et al. 2011), as well as to ontogenetic studies of immature forms (Galvao
et al. 2005; Rocha et al. 2005). Recently, the possibility of automating of the identi-
fication of triatomines has been developed through a fully automated visual identi-
fication system (Gurgel-Gongalves et al. 2017; Khalighifar et al. 2019).

Following the comprehensive revision of the subfamily Triatominae by Lent and
Wygodzisnky (1979), some systematic problems still remain, especially at genus
and species levels. The classification based on morphological traits has been chal-
lenged by new arrangements based on molecular data. After the revision by Lent
and Wygodzisnky (1979), a publication by Galvao et al. (2003) has provided useful
updates of new taxa and taxonomic changes, sorted the known species in 19 genera.
Among the latter, however, the genus Torrealbaia Carcavallo, Jurberg & Lent, 1998
was shown to actually belong to Harpactorinae and was synonymized with
Amphibolus Klug, 1830 by Forero et al. (2004). Later, Schofield and Galvao (2009)
reorganized the genus Triatoma into three groups and eight complexes, suggesting
the synonym of the genera Meccus, Mepraia, and Nesotriatoma under Triatoma in
an attempt to propose a pragmatic taxonomy. Currently, Triatominae consists of 153
extant and 3 fossil species assigned to five tribes and 18 genera (Table 1) (Justi and
Galvao 2017, Dorn et al. 2018, Oliveira et al. 2018, Lima-Cordon et al. 2019,
Nascimento et al. 2019, Ponair Jr. 2019; Alevi et al. 2020; Zhao et al. 2021).

4 Classification

4.1 Hemiptera-Heteroptera (Truebugs)

Considered the largest group of hemimetabolous insects, with more than 42,000
described species in about 90 families (Henry 2009), the true bugs are widely dis-
tributed and greatly diversified in tropical zones. The order suborder Heteroptera of
the order Hemiptera is divided into the following infraorders as recognized by
Schuh  (1979):  Enicocephalomorpha,  Dipsocoromorpha,  Gerromorpha,
Nepomorpha, Leptopodomorpha, Cimicomorpha, and Pentatomomorpha. The fore-
wings are one of the main characteristics of the majority of Heteroptera, which
presents a thickened and leathery area from the anterior part to the middle (corium)
and a membranaceous area from the middle to the distal part (Weirauch and Schuh
2011). This kind of forewing is named hemelytron (plural hemelytra) which gave
the name to the order Hemiptera (Hemi = half, ptera = wing) (Linnaus 1758). It is
noteworthy that, currently, other suborders are included in Hemiptera (such as
Auchenorrhyncha and Sternorrhyncha), in which the forewing is roughly uniform
and does not present the aforementioned characteristics of the hemelytra of the
suborder Heteroptera. The piercing-sucking apparatus of the heteropterous is char-
acterized by four piercing stylets homologous with the mandible and maxillae of the
basic chewing mouthparts (Cobben 1978). Most species are terrestrial and some are
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Table 1 Current taxa classification of the Triatominae

C. Galvao

Subfamily | Tribes Genera Living species Fossil species
Triatominae | Alberproseniini | Alberprosenia |2 | goyovargasi, malheiroi
Bolboderini Belminus 8 corredori, costaricensis,
ferroae, herreri, laportei,
peruvianus, pittieri,
rugulosus
Bolbodera 1 scabrosa
Microtriatoma |2 borbai, trinidadensis
Parabelminus |2 | carioca, yurupucu
Cavernicolini | Cavernicola 2 |lenti, pilosa
Rhodniini Psammolestes |3 arthuri, coreodes, tertius
Rhodnius 21 | amazonicus, barretti,
brethesi, colombiensis,
dalessandroi, domesticus,
ecuadoriensis,
marabaensis, micki,
milesi, montenegrensis,
nasutus, neglectus, neivai,
pallescens, paraensis,
pictipes, prolixus,
robustus, stali, zeledoni
Triatomini Dipetalogaster | 1 | maxima
Eratyrus 2 | cuspidatus, mucronatus
Hermanlentia |1 matsunoi
Linshcosteus 6 carnifex, chota, confumus,
costalis, kali, karupus
Mepraia 3 | gajardoi, parapatrica,
spinolai,
Nesotriatoma |3 confusa, flavida, obscura
Panstrongylus | 14 | chinai, diasi, geniculatus, | 1 | hispaniolae
guentheri, howardi,
humeralis, lenti, lignarius,
lutzi, martinezorum,
megistus, mitarakaensis,
rufotuberculatus,
tupynambai
Paratriatoma 1 hirsuta

(continued)
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Subfamily | Tribes

Genera

Living species

Fossil species

Triatoma

75

T. amicitiae, arthurneivai,
bahiensis, baratai,
barberi, bolivari,
boliviana, bouvieri,
brailovskyi, brasiliensis
(includes two subspecies,
the nominotypical and
macromelasoma), breyeri,
carcavalloi, carrioni,
cavernicola,
circummaculata,
costalimai, deaneorum,
delpontei, dimidiata,
dispar, eratyrusiformis,
garciabesi, gerstaeckeri,
gomeznunezi, guasayand,
guazu, hegneri,
huehuetenanguensis,
incrassata, indictiva,
infestans, jatai,
Juazeirensis, jurbergi,
klugi, lecticularia, lenti,
leopoldi, limai, maculata,
matogrossensis, melanica,
melanocephala,
mexicana, migrans,
mopan, neotomae,
nigromaculata, nitida,
oliveirai, patagonica,
peninsularis, petrocchiae,
pintodiasi, platensis,
protracta,
pseudomaculata, pugasi,
recurva, rosai, rubida,
rubrofasciata, rubrovaria,
ryckmani, sanguisuga,
sherlocki, sinaloensis,
sinica, sordida,
tibiamaculata, vandae,
venosa, vitticeps, williami,
wygodzinskyi

—

dominicana

T. phyllosoma
complex
(=Meccus)

bassolsae, longipennis,
mazzottii, pallidipennis,
phyllosoma, picturata

Paleotriatoma

T

—

metaxytaxa

Total 5

18

153

F= fossil genus

Based on Galvao and de Paula (2014), Bargues et al. (2017), Justi and Galvdo (2017), Dorn et al.
(2018), Oliveira et al. (2018), Lima-Cordon et al. (2019), Nascimento et al. (2019), Ponair Jr.
(2019), Alevi et al. (2020), Zhao et al. (2021)
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aquatic, many suck plants, others are predators or entomophagous, and all species
of the subfamily Triatominae are hematophagous. Even though the hematophagous
habits evolved independently, only a few members of the suborder Heteroptera suck
blood. Cimicidae (including bed bugs) feed exclusively on vertebrate’s blood, usu-
ally of birds, bats, and humans, Polyctenidae (bat ectoparasites) also feed exclu-
sively on bats and some species of the tribe Cleradini (Hemiptera, Lygaeidae,
Rhyparochrominae) are at least facultative blood-suckers (Harrington 1988; Schuh
and Slater 1995; Otélora-Luna et al. 2015). Other eventual records could reflect
accidental feeding (Schaefer 2000, 2004). In a recent paper about habitat and life-
style in Heteroptera, Weirauch et al. (2019) used combined morphological and
molecular phylogeny analyses to demonstrate a converged and well-supported
hypothesis of heteropteran infraordinal relationships. Moreover, their results sug-
gested that aquatic and semi-aquatic true bugs invaded these habitats three times
independently from terrestrial habitats.

4.2 Reduviidae Latreille, 1807 (Assassin Bugs)

The family Reduviidae (Hemiptera: Heteroptera), so-called assassin bugs, is one of
the most diverse groups of true bugs that exhibit predatory or hematophagous feed-
ing habits and show a great morphological diversity. Reduviidae range from delicate
and elongate to large and robust or ovoid body shapes. Some of the most distinctive
characteristics of the assassin bugs are the necklike shape of the head behind the
eyes and the labium, which is short, generally strongly curved (sometimes straight),
inflexible and with three visible segments in most subfamilies (four in two subfami-
lies only). Other relevant body structures include the prosternum with a stridulatory
groove (stridulitrum); membrane of hemelytra, usually with two or three elongated
cells; the presence of a fossula spongiosa at the apex of the fore and mid tibiae in
many taxa; and the presence of Brindley’s glands between the metathorax and the
first abdominal segment. The internal female genitalia has lateral spermathecae;
males with the eighth abdominal segment telescoped largely into the seventh seg-
ment and usually with symmetrical genitalia (Schuh and Slater 1995; Weirauch 2008).

4.3 Triatominae Jeannel, 1919 (Kissing Bugs;
Cone-Nose Bugs)

While the members of most Reduviidae subfamilies feed on invertebrates, those of
the subfamily Triatominae are obligatory hematophagous in all phases of their
development, feeding across a broad range of mammal and other vertebrate species,
although there are some species able to feed on invertebrates (kleptohematophagy
and hemolymphagy) and by coprophagy (Sandoval et al. 2000, 2004, 2010). In
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general, most species are nocturnal, and during the day they remain in their resting
places, although they may sometimes go out to suck blood during the day under
adverse conditions. Schofield (2000) suggested that the transition from predatory to
hematophagous lifestyles occur several times within Triatominae. However, this
assumption remains questionable. A detailed revision on the evolution of hema-
tophagous habits in Triatominae was published by Otdlora-Luna et al. (2015).

Within Triatominae, characteristics commonly used to distinguish genera and
species include the general color of the body and legs, and morphological aspects of
the head and pronotum. Most species can be easily identified on the basis of their
morphological characteristics, (Lent and Wygodzinsky 1979), only a few species in
the so-called complexes or sibling species needs molecular, cytogenetic, and mor-
phometric tools for the clarifying their specific status. The length of species varies
from approximately 5 mm in Alberprosenia goyovargasi Martinez & Carcavallo,
1977, to approximately 44 mm, in Dipetalogaster maxima (Uhler, 1894) and the
color pattern varies, with an overall black or piceous color and spotted patterns of
yellow, brown, orange, or red (Fig. 2).

The male external genitalia is composed of approximately 15 structures highly
variable, therefore, useful to generic and specific differentiation. The female exter-
nal genitalia was described for most species of the subfamily (Lent 1948; Abalos
and Wygodzinsky 1951; Sherlock and Serafim 1967), but their diagnostic impor-
tance was denied in all papers published by Lent and Jurberg (1968, 1969, 1975)
which considered them uniform, therefore, not useful for specific identification. The
resurrection of female genitalia, as an important taxonomic tool, was attributed to
Rosa et al. (2010) through a detailed study by scanning electron microscopy.
Subsequently, several studies corroborate the diagnostic value of female genitalia
(Rosa et al. 2012, 2014, 2017; Rodrigues et al. 2018).

Fig. 2 Coloration pattern of triatomine species (live specimens): (a) Panstrongylus megistus, (b)
Rhodnius stali, (¢) Triatoma tibiamaculata
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The nymphs differ from adults by the smaller eyes, the absence of ocelli, of hem-
elytra and hind wings, as well as of external genitalia. Their pronotum is not shield-
like, the tarsi have invariably two segments (three in all adult triatomines except
Microtriatoma and Parabelminus), there are no spongy fossa (except in
Microtriatoma and Parabelminus), and the sclerotization of the abdomen is incom-
plete (Lent and Wygodzinsky 1979). The morphology of triatomine eggs and
nymphs has been studied by several authors, a summary of these works was pro-
vided by Galvao (2014).

4.4 Tribes and Genera
Triatomini Jeannel, 1919 (the Most Speciose Tribe)

Triatomini is the most diverse tribe, including more than 70% species of the sub-
family, the genus Triatoma is the most speciose within the tribe (75 species), fol-
lowed by Panstrongylus (14 species). The tribe has the widest geographical
distribution among Triatominae reaching an extensive range of ecotopes. The high
morphological diversity of Triatoma has led Schofield and Galvao (2009), as an
attempt to rearrange the genus, to divide it into three groups, eight complexes, two
of which (7. phyllosoma and T. infestans), divided into eight subcomplexes, based
on both morphological traits and geographical distribution. However, it is notewor-
thy that groups and specific complexes are not formally recognized as taxonomic
entities. This diversity reflects a complex evolutionary history of the tribe, consid-
ered a paraphyletic group; indeed, the paraphyly of Triatoma with respect to the
other genera as Dipetalogaster, Eratyrus, Linshcosteus Mepraia Panstrongylus,
Paratriatoma was showed in several systematic studies (Hypsa et al. 2002, Marcilla
etal. 2002, Hwang and Weirauch 2012, Justi et al. 2014, Ibarra-Cerdena et al. 2014).

Triatoma Laporte 1832. The genus Triatoma was named based on specimens
with broken antennae showing only three of the four antennal segments (7riatoma
meaning three antennal segments). On examination of fresh specimens, and realiz-
ing his mistake, he changed the generic name to Conorhinus (Laporte 1832/33).
However, the generic name Triatoma has nomenclatural priority and remains valid.
Some studies have demonstrated taxa englobing cryptic species, which are being
described more frequently (Monteiro et al. 2013). Two of the most recently described
species, 1. mopan Dorn, Justi & Dale, 2018 and T. huehuetenanguensis Lima-
Cordén & Justi, 2019 are both closely related to 7. dimidiata (Latreille, 1811). On
the other hand, some supposed species described as new may be no more than vari-
ants, based on minor morphological differences, many of which might be progres-
sively synonymized (Schofield and Galvdo 2009). The variants can also arise
through morphological plasticity where closely populations, after isolation, can dis-
play different phenotypes within a very few generations (Dujardin et al. 1999).
From a phylogenetic point of view based mainly on nuclear or mitochondrial gene
fragments, most of the Triatoma species (with a few exceptions) are clustered in two
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main clades consistent with the geographical distribution: Triatoma of Central and
North America and Triatoma of South America. A detailed framework of the phy-
logeny of Triatoma has been provided by Monteiro et al. (2018).

Panstrongylus Berg, 1879. The genus was created with the description of the
type species, P. guentheri Berg 1879. Species currently included in Panstrongylus
and described before its creation were firstly included in the genus Lamus Stal 1859.
Lamus was described to the species L. megistus and L. geniculatus, based on shape
head and antennal insertion near to the eyes. However, because Lamus Stal 1859
was preoccupied by Lamus Stal, 1854, a genus of Pentatomidae, Kirkaldy (1904)
create a new name for Lamus Stal 1859: Mestor Kirkaldy 1904. The latter was syn-
onymized with Panstrongylus by Abalos and Wygodzinsky (1951). A few important
taxonomic changes were proposed within Panstrongylus. Panstrongylus herreri and
P. lignarius have been synonymized on the basis of ITS-2 rDNA sequences by
Marcilla et al. (2002) and corroborated by cytogenetic similarity (Crossa et al.
2002). Garcia et al. (2005) studied P. lutzi (Neiva and Pinto, 1923) captured in the
Brazilian state of Minas Gerais and found that it may show intraspecific variations
in its phallic structures compatible with the description of P. sherlocki Jurberg et al.
2001. The two last described species, P. mitarakaensis Bérenger & Blanchet, 2007
and P. martinezorum Ayala, 2009 looks to be closely related to P. geniculatus.
Patterson et al. (2009) compared the differences in head shape between Triatoma
and Panstrongylus by morphometric analysis of fifth instar nymphs and adults of
P. megistus, T. lecticularia (Stal 1859), T. infestans (Klug, 1834), and Rhodnius
prolixus Stal 1859. Their results showed an overlap between the shape of the head
of nymphs of T. lecticularia and P. megistus.

Dipetalogaster Usinger, 1939. A monotypic genus, which the only species,
Dipetalogaster maxima is the largest triatomine known (the female may attain
44 mm length). This species could be differentiated from all other triatomines by its
extraordinarily large size, by a pleated abdomen and by the double invaginated
“flask-like” organ on the third rostral segment. Its geographical distribution is
restricted to the southern area of Baja California Sur, Mexico, living in dry rocky
areas of the semi-desert region where its large size allows it to store an amount of
blood to survive in fasting. It is an aggressive biter, attacking when hungry, feeding
on any available vertebrate, including humans even under the daylight (Marsden
et al. 1979).

Eratyrus Stal 1859. The genus Eratyrus comprises only two species, E. cuspida-
tus and E. mucronatus, both species are considered sylvatic and potential vectors of
T. cruzi, but studies about their biology and epidemiology are scarce. They can be
differentiated from Triatoma by the unusually long antennae. The geographical dis-
tribution of E. cuspidatus is Central America and South America west of the Andes,
while E. mucronatus occurs in the vast areas of South America (Lent and
Wygodzinsky 1979).

Hermanlentia Jurberg & Galvao, 1997. The only one species, Hermanlentia
matsunoi (Ferndndez-Loayza, 1989), is known from cave habitats in the Peruvian
Andes (Cuba Cuba et al. 2002), was first described as belonging to Triatoma.
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Posteriorly, Jurberg and Galvao (1997), based on some differences in the male geni-
talia traits, reassigned it to a new monotypic genus.

Linshcosteus Distant, 1904. The genus is composed of six closely related spe-
cies, all restricted to continental India where they are found in various localities,
usually occupying rockpiles associated with small rodents and bats (Patterson et al.
2001, Galvao et al. 2002). Until the 1970s of last century L. carnifex was the only
known species, when L. confumus and L. costalis were described by Ghauri (1976).
Three years later, Lent and Wygodzinsky (1979) described L. chota and L. kali. The
sixth species, L. karupus, was described by Galvao et al. (2002). The genus is well
characterized and can be easily differentiated from other Triatominae by the flat-
tened body, unusually broad abdomen, absence of functional stridulatory sulcus and
by a short labium, not reaching the proesternum (Lent and Wygodzinsky 1979,
Galvao et al. 2002). Carcavallo et al. (2000) established the tribe Linshcosteusini for
this genus; however, the morphological similarity suggested that Linshcosteus is
less similar to the other triatomine genera than any one of them is to the others
(Schaefer & Coscarén 2001) besides molecular data showed Linshcosteus and
T. rubrofasciata are sister groups, therefore the tribe was considered invalid (Hypsa
et al. 2002, Justi et al. 2014).

Meccus Stal 1859 (=T. phyllosoma complex). The genus Meccus was originally
proposed by Stal 1859 for some members of the 7. phyllosoma complex (including
T. phyllosoma, T. picturata, T. mazzotiii, T. longipennis, and T. pallidipennis). It was
subsequently reduced to subspecific rank by Usinger (1944). Later, T. bassolsae was
described by Aguilar et al. (1999) into this group of six large Mexican species with
the unusually wide abdomen and conspicuous thoracic tubercles. Lent and
Wygozinsky (1979) recognizing a close relationship and unique traits of these spe-
cies treated them as valid species, grouped into 7. phyllosoma complex. The genus
Meccus was revalidated by Carcavallo et al. (2000) based on morphological traits, a
proposal posteriorly reinforced by molecular data obtained by Hypsa et al. (2002).
The latter work, however, included only three of the six species that have been pre-
viously assigned to the 7. phyllosoma complex. Martinez-Hernandez et al. (2010)
raised again the hypothesis that these species are only morphotypes with chromatic
and genetic varieties, which should be considered as subspecies. Finally, Justi and
Galvao (2017) suggested that all species of Meccus should be grouped again into
Triatoma.

Mepraia Mazza, Gajardo & Jorg, 1940. The genus is composed of three spe-
cies occurring in distinct regions of Chile. The generic names, Mepraia Mazza,
Gajardo Tobar and Jorg 1940, and Triatomaptera Neiva and Lent, 1940, have been
almost simultaneously proposed to the species Triatoma spinolai Porter, 1934
because of the remarkable alar polymorphism, unique in the subfamily Triatominae.
Triatoma chilena Usinger (1939) and Triatomaptera porteri Neiva and Lent, 1940
were synonymized with Triatoma spinolai by Lent and Wygodzinsky (1979). The
genus Mepraia was re-erected many years after by Lent et al. (1994) based mainly
on male genitalia characters. Posteriorly more two species were described in this
genus, M. gajardoi Frias-Lassere, Henry and Gonzdlez 1998 and M. parapatrica
Frias-Lassere 2010. The females of the three species are micropterous while the
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males of M. gajardoi are brachypterous, males of M. parapatrica can be brachypter-
ous or macropterous and those of M. spinolai can be micropterous, brachypterous,
Or macropterous.

Nesotriatoma Usinger 1944. Neiva (1911) described Triatoma flavida from
Cuba. Later, Usinger (1944) proposed the generic name Nesotriatoma, upon the
description of N. bruneri based on a female specimen from Cuba, including 7. fla-
vida in the new genus. After observations of morphometric variations in a series of
specimens, Usinger (1946) synonymized N. flavida and N. bruneri. Maldonado
(1962) added a new species to the genus, N. obscura. Lent and Wygodzinsky (1979)
synonymized Nesotriatoma with Triatoma, transferring both species for the latter
genus Posterior analyses of male genitalia led to the revalidation of 7. bruneri by
Lent and Jurberg (1981), Hypsa et al. (2002) included in their phylogenetic study,
specimens identified as 7. bruneri and specimens of 7. flavida. Both species were
recovered as monophyletic within the same clade with Panstrongylus, demonstrat-
ing, for the first time, the close relationship of Triatoma with Panstrongylus, leading
the authors to propose the revalidation of the genus Nesotriatoma as an Antillean
clade. Gonzdlez and Broche (2006) in their revision of the subfamily in Cuba, main-
tained the generic status of Nesotriatoma as well as Justi et al. (2014) also empha-
sizing the closer relationship with Panstrongylus than to the most species of
Triatoma. Oliveira et al. (2018) examinated the type specimens of T. flavida, N. bru-
neri and the specimens examined by Lent and Jurberg (1981) in their revalidation of
N. bruneri. These authors showed that the specimens used by Lent and Jurberg
(1981) did not correspond to N. bruneri, but to a new species that they described as
Nesotriatoma confusa, as a reference to the confusion that occurred in the descrip-
tion and revalidation of the species of the genus Nesotriatoma.

Paratriatoma Barber, 1938. The only species, Paratriatoma hirsuta, occurs in
Southwestern USA and Northwestern Mexico, associated with woodrats (Neotoma
spp.) (Lent and Wygodzinsky 1979).

Rhodniini Pinto, 1926 (Genera Well Characterized, Species Cryptics)

The tribe Rhodniini contains two genera, Rhodnius Stal 1859 (with 21 species) and
Psammolestes Bergroth, 1911, (with three species), despite their different morphol-
ogies and ecological habits, both are arboricolous, Rhodnius species live in tree
crowns (especially palm trees) and Psammolestes strictly associated with the den-
drocolaptid or furnariid bird’s nests. The geographical distribution of P. arthuri is
restricted to Colombia and Venezuela and north of the Amazon region, while
P. coreodes and P. tertius are distributed throughout the Caatinga and Cerrado-
Chaco. The geographical distribution of Rhodnius is wider; their species are distrib-
uted throughout the Amazon region, into the plains to the North, and the Caatinga
and Cerrado to the South. Both genera are well characterized and can be easily dif-
ferentiated from other triatomines. The main characters to distinguish Rhodnius and
Psammolestes from the other genera are the apically inserted antennae and the pres-
ence of distinct callosities behind the eyes (Lent and Wygodzinsky 1979). On the
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other hand, the species belonging to each genus are difficult to differentiate. The
tribe seems to represent a monophyletic group, with morphological and genetic
traits that distinguish them from other tribes. Rhodnius is divided into two lineages,
one of them with two subgroups, the first lineage comprises the species of R. pro-
lixus-R. robustus (barretti, dalessandroi, domesticus, milesi, marabaensis, monte-
negrensis, nasutus, neglectus, neivai, prolixus, robustus), and the second lineage
including species of subgroup R. pictipes (amazonicus, brethesi, paraensis, pic-
tipes, stali, zeledoni) distributed east of the Andes, and of the subgroup R. palles-
cens (colombiensis, ecuadoriensis, pallescens) distributed to the west of the Andes
(Abad-Franch et al. 2009, Just and Galvao 2017). The genus Psammolestes was
included in the Rhodnius clade by Hypsa et al. (2002), as “aberrant species of
Rhodnius” corroborating the previous results that make both Triatoma and Rhodnius
paraphyletic (Lyman et al. 1999). Recent research on the evolution of the Rhodniini
showed to us that they are more closely related to Bolboderini and Cavernicolini
than to the Triatomini (Hwang and Weirauch 2012). An extensive debate about the
evolutionary history of the Rhodniini was published by Monteiro et al. (2018).
Some species of Rhodnius deserves further studies to elucidate their taxonomic sta-
tus. This is the case of R. zeledoni Jurberg, Rocha & Galvao, 2009, which seems to
be very similar to R. domesticus Neiva and Pinto, 1923. The type specimen was
found, very damaged, in Sergipe state, Brazil, region included in the distribution
range of R. domesticus. Therefore, examination of further material is essential to
confirm or not if R. zeledoni is a valid species. Following Monteiro et al. (2018),
R. marabaensis Souza et al. 2016 could be no more than a variant, genetically very
close to R. robustus. The recently described R. taquarussuensis Rosa et al. (2017)
was synonymized with R. neglectus Lent, 1954 by Nascimento et al. (2019) based
on interspecific crosses and molecular markers. They concluded that R. taquarus-
suensis is a phenotypic form of R. neglectus instead of a distinct species.

Bolboderini Usinger 1944 (Small Genera)

The tribe Bolboderini Usinger 1944 has been considered a monophyletic group, of
small triatomines (adults up to 12 mm in length) divided into four genera, Bolbodera
Valdés, 1910; Belminus Stal 1859; Microtriatoma Prosen & Martinez, 1952; and
Parabelminus Lent, 1943 (Lent and Wygodzinsky 1979). Microtriatoma Prosen &
Martinez, 1952 is a well characterized genus and can be easily differentiated from
other triatomine. The basic color of its species is black with various body regions
covered by distinct adpressed, short setae; strongly flattened bodies; adults measur-
ing 7-8 mm in length. According to Lent and Wygodzinsky (1979) Microtriatoma
could be considered to be the more plesiomorphic Bolboderini genus by the absence
of denticles on the femora and the overall small size. Another interesting character-
istic is the presence of three pairs of spongy fossae in all nymphal instars of
Microtriatoma (and Parabelminus) a condition unique in the subfamily. This genus
was described based on specimens of M. trinidadensis (Lent, 1951) by Prosen &
Martinez (1952) (as Microtriatoma mansosotoi). However, Lent and Wygodzinsky
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(1979) established the synonym of both specific names. Molecular data showed
Microtriatoma trinidadensis as a basal taxon in relation to the Rhodniini (Patterson
and Gaunt 2010). Belminus is the most speciose genus of Bolboderini; was described
by Stél (1859) based on a single species, Belminus rugulosus, from Colombia. The
genus comprises eight valid species which occur in Central America, Colombia,
Peru, Venezuela, and northern Brazil (Sandoval et al. 2010). Belminus can be dif-
ferentiated from other triatomine bugs by very small length and by head long, elon-
gate, and fusiform (Sandoval et al. 2007). In addition to the original descriptions,
taxonomic knowledge on the genus is restricted to a few morphological papers
(Osuna and Ayala 1993; Rocha et al. 2005; Galvao and Angulo 2006; Sandoval et al.
2007; Gil-Santana and Galvao 2013) reflecting the fact that this is the one of the
lesser known Triatominae genera. Bolbodera is a monospecific genus known only
from Cuba.

Cavernicolini Usinger 1944 (Small Triatomines, Cave Specialized)

The monotypic tribe Cavernicolini differs from the typical Triatomini by the size of
the ocelli and their position in relation to the post-ocular suture (Usinger 1944). It
shares with the Rhodniini and Bolboderini, as well as, with the Triatomini genus
Paratriatoma a membrane connecting the dorsal and ventral abdominal margins,
and similarly with some of the Bolboderini, presents reduced ocelli. With only one
genus, Cavernicola Barber 1937 and two species, they are considered cave special-
ized triatomines. Cavernicola pilosa was described from seven adult specimens and
five nymphs collected in caves occupied by large numbers of bats in Panama (Barber
1937). The second species of the genus, C. lenti was described from adults, nymphs,
and eggs collected inside a large live hollow tree in Amazonas State, Brazil, associ-
ated with Rhipidomys sp. (Rodentia), but are able to feed from other vertebrates in
laboratory (Barrett and Arias 1985). Considering that the diagnoses of the tribe
Cavernicolini and the genus Cavernicola were made before the description of the
second species, Oliveira et al. (2007) redescribed the genus Cavernicola and the
tribe Cavernicolini based in morphological and morphometric features.

Alberproseniini Martinez and Carcavallo, 1977 (the Smallest Triatomine)

The genus Alberprosenia Martinez & Carcavallo, 1977 has only two unusual small,
triatomines species. Alberprosenia goyovargasi Martinez & Carcavallo, 1977 has
only been collected in the Maracaibo basin dry forests, Venezuela, while
Alberprosenia malheiroi Serra, Atzingen & Serra 1987 was captured in a hollow
trunk of palm-tree associated with bats or birds, in the State of Pard, Brazil. Both
species have been reared in the laboratory (Martinez and Carcavallo 1977; Carcavallo
et al. 1995).
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5 Conclusions

Throughout history, different concepts of taxonomy, systematics, and classification
have been endorsed by several authors (Mayr 1981, 1996; Mayr and Bock 2002),
with the theoretical and practical advances made since the publication of the Systema
Naturae, the taxonomy will be beyond of the initial discovery of new species, evolv-
ing to more complex classification systems, incorporating concepts of Darwinian
ideas on evolution and formation of species and Hennigian cladistics. These new
approaches to the taxonomy of Triatominae are still young, despite the efforts to
elucidate the evolution of the Triatominae, more approaches and analyses are fun-
damental to solve this question. For instance, the genome sequencing is in the
beginning, this way, the scenario of the taxonomic studies and future discoveries are
promising. Despite this captivating academic challenge, it is necessary to have in
mind the usefulness of a pragmatic classification, maintaining caution, as much as
possible, in taxonomic adjustments to facilitate the customary practice especially in
the vector control activities.
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Check for
updates

Marcio G. Pavan, Cristiano Lazoski, and Fernando A. Monteiro

Abstract This chapter intends to familiarize the reader with the basic concepts
regarding speciation in insects, through the description and exemplification of the
three most common speciation modes described in the specialized literature on the
subject: the allopatric, parapatric, and sympatric speciation modes.

We also argue that nowadays there is, perhaps, an excess of species concepts to
choose from. Two of those have been used more often by the Triatominae research
community: the biological species concept and the phylogenetic species concept.
The idea first advanced by De Queiroz (Syst Biol 56(6):879-886, 2007) that the
proposition of a single species concept that would unify all concepts available is not
only desirable but also essential at this point. The issue of overconservative system-
atics is considered with emphasis on the paraphyly of Triatroma. The implications of
phenotypic plasticity in traditional triatomine taxonomy are also addressed.

How long does it take for a new species of triatomine to be formed? Early pro-
posals envisioned very short time intervals say, a few hundred years, for the process
to be completed. Two well-studied examples are presented.

How do triatomines speciate? Vicariance and allopatric speciation seem to be the
norm in Triatominae speciation. Three examples are discussed. Nonetheless, sym-
patric speciation has also been evoked to account for the generation of particular
species within cryptic species complexes. Two examples are given.

Finally, a discussion toward the benefits of relying on integrative and evolution-
arily sound taxonomy approaches is offered.
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1 Toward a Unified Species Concept

The diversity of life is measured essentially in terms of number of species, even
though there is an ongoing debate focusing on what a species is and how organisms
speciate. The last three decades have seen prominent challenges to the current views
of species concepts and species delimitation due to the advances in molecular biol-
ogy and genetics (Mallet 1995). The definition of a species will depend on which
species concept you choose among the 27 available definitions (Mayden 1997;
Wilkins 2011). By far, the most used and widespread definition is the biological
species concept (BSC), which considers species as groups of interbreeding indi-
viduals, with boundaries defined by intrinsic barriers to gene flow that have a genetic
basis (Mayr 1963). The main limitation of the BSC is that populations of the same
species found at a distance from each other (allopatric populations) that could not
be suitably treated, because they are not in contact to randomly mate. Not even the
successful crossing of allopatric populations under laboratory conditions will prove
conspecificity since all ecological/geographical barriers are being removed
(Claridge et al. 1985; Mallet 1995). Moreover, different cases of bona fide species
hybridizing at secondary contact zones [i.e., lineages that occur at least partially in
a same geographical area (sympatry) after the speciation process] are well-known.
For example, although the malaria vectors Anopheles gambiae, A. coluzzii, and
A. fontenillei (Diptera: Culicidae) are valid species, introgressed genomic regions
are found that encompass genes associated with detoxification, desiccation toler-
ance, and olfactory perception, which are the characteristics that can alter their abil-
ity as malaria vectors (Barron et al. 2018).

Beyond the practical use of the BSC, the debate over what a species is and how
it should be defined has been a matter of a long theoretical dispute among biologists.
Personal expertise with respect to a particular research model or taxonomic group
of interest has contributed to a “divergent radiation” in the proposal of species con-
cepts. It is now clear that this “species definition competition” has generated more
heat than knowledge. Recent countercurrent attempts have been made toward the
proposal of a “unified species concept” (Table 1). Most species concepts agree in
treating existence as separately evolving metapopulation lineage (i.e., “an inclusive
population made up of connected subpopulations extended through time”) as the
primary defining property of the species category, but they disagree in adopting dif-
ferent properties acquired by lineages during the course of divergence (e.g., intrinsic
reproductive isolation, diagnosability, and monophyly) as secondary defining prop-
erties (secondary species criteria). In other words, lineages do not have to be mor-
phologically distinguishable, diagnosable, monophyletic, intrinsically reproductively
isolated, ecologically divergent, or anything else to be considered species, but only
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Table 1 Often-used contemporary species concepts and the properties upon which they are based
(modified from de Queiroz 2007). de Queiroz’s (2007) proposal is an attempt toward the unification
of all species concepts presented here. Properties marked with an asterisk should be viewed as
operational criteria (lines of evidence) relevant to assessing lineage separation of a single general

concept that defines species as separately evolving metapopulation lineages

Species concept | Property(ies) Advocates/References

Biological Interbreeding (natural reproduction resulting in Mayr (1942) and
viable and fertile offspring) Dobzhansky (1950)

(reproductive) | *Intrinsic reproductive isolation (absence of Mayr (1942) and

isolation interbreeding between heterospecific organisms Dobzhansky (1970)
based on intrinsic properties, as opposed to
extrinsic [geographic] barriers)

Recognition Shared specific mate recognition or fertilization Paterson (1985) and
system (mechanisms by which conspecific Masters et al. (1987)
organisms, or their gametes, recognize one
another for mating and fertilization)

Ecological *Same niche or adaptive zone (all components of | Van Valen (1976) and
the environment with which conspecific organisms | Andersson (1990)
interact)

Evolutionary Unique evolutionary role, tendencies, and Simpson (1951), Wiley
historical fate (1978) and Mayden

(1997)

Cohesion Phenotypic cohesion (genetic or demographic Grismer (1999, 2001),
exchangeability) Templeton (1989, 1998)

Phylogenetic Heterogeneous (see next three entries) See next three entries

Hennigian Ancestor becomes extinct when lineage splits Hennig (1966), Ridley
(1989) and Meier and
Willmann (2000)

Monophyletic | *Monophyly (consisting of an ancestor and all of | Rosen (1979), Donoghue
its descendants; commonly inferred from (1985) and Mishler
possession of shared derived character states) (1985)

Diagnosable *Diagnosability (qualitative, fixed difference) Nelson and Platnick
(1981), Cracraft (1983)
and Nixon and Wheeler
(1990)

to be evolving separately from other lineages (for more information, see de Queiroz
2007). It is time to put aside disagreements about species definition and focus on
empirical data that can be used as evidence of lineage separation and species bound-
aries. Taxonomists have to agree that the definition of robust species concepts
depends upon several lines of evidence, including morphological traits and ecologi-
cal and molecular data.
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2 Insect Diversity and Speciation

Insects are one of the most diverse group of multicellular organisms, being repre-
sented by at least 10-30 million species (Erwin 1982), which accounts for 60—-65%
of all living eukaryotic biodiversity (Hammond 1992). The high diversity of insect
taxa is partially explained by their compact size, which allows for the occupation of
small and different portions of habitats and the specialization on the use of resources
that larger animals are unable to exploit (Bush and Butlin 2004). Insects are often
used as model organisms in evolution research due to their relatively short genera-
tion time and the practical advantages of laboratory rearing, enabling to test specia-
tion hypotheses with proper sample sizes (Mullen and Shaw 2014).

Speciation is a subject that has intrigued investigators for centuries. The term
was coined by the American biologist Orator F. Cook in 1906, as the process by
which new species arise from existing ones (Cook 1906). However, knowledge
advancement on this issue has been hampered by two main limiting factors: (1) the
impossibility of witnessing the phenomenon unravels in real-time (with the excep-
tion of fast-evolving viruses; Meyer et al. 2016) and (2) the difficulty in reaching a
consensus regarding the understanding of what a species is and how it should be
delimited.

Although alternative methods to categorize the speciation process have been pro-
posed (cf. Butlin et al. 2008), the most used concepts rely on the geographical con-
text of speciation, which can be assigned to three broad categories: allopatric,
parapatric, and sympatric speciation methods.

Allopatric speciation occurs when an ancestral population is divided into at least
two daughter populations geographically isolated; in this context, gene flow between
populations is absent or, if present, largely irrelevant. Thus, these populations accu-
mulate mutations independently, develop some degree of genetic divergence, and
might become genetically isolated. A complete allopatric speciation can occur if
populations of incipient species develop pre- or postzygotic barriers for reproduc-
tion. In the case of a possible secondary contact zone, selection against hybrids
(reinforcement) can occur and bimodal populations (admixed local populations
with a deficit of hybrid genotypes) are observed. If sexual barriers are not complete
and a secondary contact zone exists between species, hybridization events occur and
thus the allopatric speciation is considered incomplete, with unimodal populations
(intermediate hybrid genotypes predominating).

The grasshoppers Chorthippus brunneus and C. jacobsi (Orthoptera: Acrididae)
are found in Spain at a narrow band along the north coast and south of the Cantabrian
Mountain, respectively. These species possibly speciated in allopatry, but have been
in contact since the Pleistocenic post-glacial range expansion (Bridle et al. 2002).
They can be distinguished by the number of stridulatory pegs (although there is a
small degree of overlap) and different male-calling songs (Bailey et al. 2004). In the
contact zone, populations with bimodal distribution are observed, with strong assor-
tative mating, based on spatial (probably associated with habitat specialization),
seasonal, and behavioral isolation (Bailey et al. 2004). Other examples on insects
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illustrate hybrid zones with binomial distribution, such as observed in Heliconius
butterflies (Lepidoptera: Nymphalidae), and ground crickets of the Allonemobius
(Orthoptera: Gryllidae), which show strong prezygotic isolation due to assortative
mating and homogamic fertilization (gamete recognition evolves faster than mate
recognition), respectively (Howard et al. 1998). On the other hand, populations with
unimodal distributions were observed in pine and larch budmoth host races of
Zeiraphera diniana (Lepidoptera: Tortricidae), defined by Bush and Diehl (1982) as
“populations of a species that are partially reproductively isolated from other
conspecific populations as a direct consequence of adaptation to a specific host.”
Behavioral and molecular studies indicate that the probability of hybridization
between sympatric host races is around 2-3.5% (Emelianov et al. 2003, 2004).
When in sympatry, a strong genomic heterogeneity between host races in areas
where hybridization occurs was observed, but no genomic heterogeneity in diver-
gent geographical populations of the same host race. These results suggested that
the divergence with gene flow is driven by selection in sympatric regions and also
that low hybridization rates are sufficient to homogenize much of the genetic varia-
tion in neutral genomic regions in terms of host adaptation.

Parapatric and sympatric modes of speciation are much more controversial
among molecular biologists, since considerable interspecific gene flow hampers
population divergence (cf. Jiggins 2006). Because there are no clear geographical
barriers, levels of assortative mating, habitat preferences, local adaptation, and
hybrid fitness reduction must overcome genetic homogenization mechanisms in
order to achieve speciation. Simulation models and theoretical studies proposed that
high population divergence indeed requires little or no gene flow (Orr 1995; Tang
and Presgraves 2009; Nosil and Flaxman 2010). In a low gene flow scenario, it is
possible for populations to diverge through the fixation of adaptive mutations via
positive selection (Barrett et al. 2008; Nosil and Flaxman 2010), or simply through
genetic drift in small populations. In those cases, natural selection can overcome
genome homogenization (through gene flow and recombination) by maintaining
isolated gene pools without the intervention of geographic barriers (Turelli
et al. 2001).

Parapatric speciation can be explained as an ancestral population that becomes
two daughter species occupying contiguous ranges (while sympatric speciation
occurs when the geographical ranges of the daughter species overlap). In both cases,
speciation seems to be shaped by disruptive selection, as a consequence of favoring
the evolution of specialist over generalist species through niche-partitioning or
microhabitat preference. The stick insects Timema cristinae (Phasmatodea:
Timematidae) is a great example of parapatric speciation on its course. This species
inhabits southwestern North America, feeding and mating on two different host
plant species that differ in foliage and general morphology. Host-specific popula-
tions have differences in morphology and can live in parapatry (Nosil 2007).
Surprisingly, significantly stronger sexual isolation mechanisms seem to occur in
parapatry, which means that there is a sign of ecological reinforcement (Nosil 2007).
Next-generation sequencing (NGS) analysis based on thousands of Single-
nucleotide polymorphism (SNPs) revealed that host adaptation leaves subtle dif-
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ferentiation patterns across the genome. Moreover, divergent selection on traits not
related to host use (i.e., genes not related to reproductive isolation) seems to be
more relevant for generating genomic divergence between the populations. Under
greater geographical separation, gradual reductions in gene flow facilitate specia-
tion (Nosil et al. 2012).

Probably the most recognized example of sympatric speciation was observed in
the apple maggot, the tephritid fruit flies sibling species complex Rhagoletis
pomonella (Diptera: Tephritidae). Many researchers believed that the colonization of
a new host in a sympatric environment and the further host preferences had started
the reproductive isolation between host races based on different diapause and eclo-
sion periods (Bush 1969; Filchak et al. 2000; Dambroski et al. 2005). From DNA
sequence data of three nuclear loci and mtDNA, Feder et al. (2003) concluded that
the host races became geographically isolated ~1.5 million years ago (Ma), and rare
episodes of gene flow with inversion polymorphisms (restricting recombination)
might have affected key diapause traits and formed adaptive clines. Therefore, these
populations must have experienced a past allopatry in order to accumulate molecular
changes (Xie et al. 2007) before became sympatric species. Nowadays, it is known
that the barrier for gene flow remains incomplete (4—6% gene flow/generation), but
most genome regions show significant geographic and host-associated variation that
can account for by initial diapause intensity and eclosion time, which cause a tempo-
ral isolation between populations (Doellman et al. 2019). It is worth mentioning that
sympatric populations of different host races are genetically more divergent in com-
parison to geographic populations within the races, which suggest that host races are
being recognized as different genotypic entities in this region (Doellman et al. 2019).

The advances of molecular biology and mathematical models unveil that the geo-
graphical contextualized categories of speciation (allopatric, parapatric, and sympat-
ric) are actually interconnected and depend on the time-frame in which they have
been analyzed. As stated by Butlin et al. (2008), “At each stage of speciation, there is
a spatial context on the sympatry to allopatry continuum which determines the extent
of the extrinsic isolation between diverging populations.” Geographical isolation
reduces homogenizing gene flow and facilitates speciation events, but the evolution-
ary forces that shape variability are also tightly linked to the ecological factors and
the mating interactions in speciation events (Fitzpatrick et al. 2009; Nosil et al. 2009).

3 Overconservative Systematics and the Paraphyly
of Triatoma

The subfamily Triatominae is composed exclusively by hematophagous insects and
seems to have evolved from predaceous Reduviidae bugs ~40 Ma (Hwang and
Weirauch 2012; Ibarra-Cerdeia et al. 2014; Justi et al. 2016), which coincides with
the invasion and diversification of caviomorph rodents and small marsupials (Flynn
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and Wyss 1998; Poux et al. 2006; Antoine et al. 2012), and birds (Burns 1997) in
South America.

This subfamily includes 150 extant and two extinct recognized species, which
are classified in 16 genera and five tribes (Monteiro et al. 2018). These species occur
mainly in the Americas including the Caribbean, but can also be found in southeast
Australasia (Lent and Wygodzinsky 1979).

Triatoma is the most species-rich genus in the subfamily Triatominae and
includes 73 species within the tribe Triatomini (Galvao and Paula 2014). Most of
this diversification could be associated with cladogenetic events caused by climatic
and geological changes occurred during the formation of the Americas (Hwang and
Weirauch 2012; Justi et al. 2016; Monteiro et al. 2018) and can be well explained by
vicariance.

Species of Triatoma have been clustered by several authors in different groups
and complexes based on their external morphology and geographical distributions
(Usinger 1944; Ryckman 1962; Usinger et al. 1966; Lent and Wygodzinsky 1979;
Carcavallo et al. 2000). Since the beginning of the use of molecular markers to test
evolutionary hypotheses in Triatominae, some authors have proposed rearrange-
ments for this original classification (Schofield and Galvao 2009; de la Rua et al.
2014; Pita et al. 2016). Some of these studies also included morphometry (de la Ria
et al. 2014) and chromosomal analysis by Fluorescence in situ hybridization (FISH)
(Pita et al. 2016).

Based on new cytogenetic and morphometric data and phylogenetic results of the
very important work by HypSa et al. (2002) (see below), Schofield and Galvao
(2009) proposed the currently most accepted Triatomini assemblage, which subdi-
vides species in three groups, eight complexes, and eight subcomplexes.

Historically, the use of molecular markers to study the phylogeny of Triatoma
(Table 2) started with one or few mitochondrial genes and few representatives of
these species groups and complexes (Lyman et al. 1999; Garcia et al. 2001; Monteiro
et al. 2001), advancing over time to analyze with more markers, including nuclear
markers (Marcilla et al. 2001, 2002), and a growing addition of more Triatomini
species (Hypsa et al. 2002; de Paula et al. 2005; Hwang and Weirauch 2012; de la
Rua et al. 2014; Ibarra-Cerdefia et al. 2014; Justi et al. 2014, 2016; Pita et al. 2016).
Those first studies with limited species representing the groups and complexes
(Lyman et al. 1999; Garcia et al. 2001; Monteiro et al. 2001); however, either
showed weak support for the original classification based on morphological charac-
ters (Lent and Wygodzinsky 1979; Carcavallo et al. 2000) or were inconclusive
(Table 2).

It was only with the analysis of a larger and taxonomically more comprehensive
set of triatomine specimens that it became clearly demonstrated that the proposed
species groups and complexes did not comprise reciprocally monophyletic assem-
blages (HypsSa et al. 2002). Phylogenetic analyses based on 12S and 16S mtDNA
sequencing rejected the monophyly of Triatomini rearrangements and indicated the
paraphyly of Triatoma with respect to Linshcosteus, Dipetalogaster, Eratyrus, and
Panstrongylus (Hypsa et al. 2002). Table 2 shows that the number of species used in
phylogenetic studies (more than the chosen markers) was decisive to establish that
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Table 2 Molecular studies presenting results that can be used to reject or not the arrangements of
“species groups and complexes” in Triatomini tribe. Studies were based on different markers and
are showed in a progressive order of number of species (V) representing those Triatomini groupings
plus markers (with a few exceptions)

Species groups and

complexes® N | Molecular marker Reference

Inconclusive or weak support |9 | 16S, cytb Lyman et al. (1999)
9 | 16S, cytb Monteiro et al. (2001)
17 | 128, 16S Garcia et al. (2001)
12 | ITS-2 Marcilla et al. (2001)
15 ITS-2 Marcilla et al. (2002)
10| 16S, 18S, 28S, wingless Hwang and Weirauch

(2012)

Rejection® 43 16S Hypsa et al. (2002)
431 16S de Paula et al. (2005)
18 | ITS-2 de la Rada et al. (2014)
40| 128, 16S, COI, cytb, 18S, Ibarra-Cerdefia et al. (2014)

28S

27 | COI, COII, cytb, 18S, 28S Justi et al. (2014)
521168 Justi et al. (2014)
21 | FISH Pita et al. (2016)
56| 168, 188S, 28S, wingless Justi et al. (2016)

aSpecies groups and complexes within the genus Triatoma in accordance with Lent and
Wygodzinsky (1979), and Schofield and Galvao (2009)
"Occasional support for some groups does not validate the overall arrangement

the morphological classification of groups and complexes of Triatomini was not
correct (“weak support/inconclusive”: 9—-17 species; “rejection”: 18-56 species;
Table 2). In fact, it is known that the addition of molecular markers and taxa in phy-
logenetic analyzes should increase its accuracy (Wiens and Tiu 2012).

What followed after the important work of Hypsa et al. (2002) were phylogenetic
studies continuing to demonstrate the fragility of the initial morphological grouping
hypotheses, but with discussions still considering at least their partial validity (de
Paula et al. 2005; Hwang and Weirauch 2012; de la Rua et al. 2014; Ibarra-Cerdefia
et al. 2014; Justi et al. 2014). Further research aimed at revealing new lines of evi-
dence to help understand relationships within Triatomini.

The addition of biogeography analyzes brought a new light to an already promis-
ing integrative taxonomic scenario (Justi et al. 2016; Monteiro et al. 2018). In a
recent review, Monteiro et al. (2018) presented a new taxonomic arrangement
hypothesis to represent the relationships between species groups and complexes of
Triatoma. The hypothesis aimed to incorporate current evolutionary theories into
the traditional classification scheme based on morphology (e.g., Schofield and
Galvao 2009), by including new molecular, cytogenetic, morphometric, and biogeo-
graphical data published ever since (Monteiro et al. 2018).

In addition to the presentation of a rigorous and updated classification based on
literature data, the authors proposed a new nomenclature consistent with the evolu-
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tionary scenario that relied on two main observations: (1) studies that reinforced the
paraphyly of Triatoma also clearly supported the existence of three lineages in
Triatomini (Justi et al. 2014, 2016; Monteiro et al. 2018) and (2) the meaning of the
term ““species complex” in triatomine systematic studies varies depending on the
context from “subgeneric assemblages defined by morphological similarity” (e.g.,
Lent and Wygodzinsky 1979; Schofield and Galvao 2009) to “cryptic species” (i.e.,
morphologically indistinguishable species; e.g., Monteiro et al. 2003).

Therefore, Monteiro et al. (2018) proposed an arrangement for the Triatomini
that followed an hierarchy of: (1) three major evolutionary “lineages” composed by
Triatoma dispar, “North American,” and South American; (2) 11 “clades” within
lineages defined by common ancestry and broad biogeographic correspondences;
and (3) 19 “species groups” within clades, with some of these groups matching
“species complexes” defined as closely related, morphologically similar or even
indistinguishable species usually disclosed as a result of molecular investigations
(Table 3 and Fig. 3 of Monteiro et al. 2018). The meaning of the term “species com-
plex” in triatomine systematic studies varies depending on the context from “subge-
neric assemblages defined by morphological similarity” (e.g., Lent and Wygodzinsky
1979; Schofield and Galvao 2009) to “cryptic species” (i.e., morphologically indis-
tinguishable species; e.g., Monteiro et al. 2003).

Of the three lineages designation proposed by Monteiro et al. (2018), the “North
American” lineage has the greatest morphological diversity and comprises most
nominal genera (nine). In comparison, the South American lineage has only two
genera: Triatoma and Eratyrus. The high morphological plasticity of Triatominae
(Dujardin et al. 1999, 2009) can lead to misidentification and taxonomic uncertain-
ties (Pita et al. 2016). However, most of the diversification seen in the “North
American” lineage seems consistent with phylogenetic evidences (Galvao
et al. 2003).

Although there are still many issues within Triatomini to be clarified, the accu-
mulation of data in the literature has already shown that Triatoma is not monophy-
letic. Is it time to discuss the suitability of a taxonomic revision? Should the “North
American” lineage retain the generic epithet “Triatoma’ as it includes the type spe-
cies of the genus, Triatoma rubrofasciata?

4 Phenotypic Plasticity and Classical Taxonomy

Phenotypic variability affects traits often used in classical taxonomy including color
patterns (Abad-Franch et al. 2009; Pavan et al. 2015) or the size and shape of bod-
ies, heads, wings (Schachter-Broide et al. 2004; Herndndez et al. 2011; Nattero
et al. 2013; Sandoval et al. 2015), and genital structures (Schofield and Galvao
2009). Chromatic variations of single or near-sibling species can result from adap-
tive plasticity, which may confound taxonomic classification. Indeed, the discovery
of cryptic lineages with different vector capacity(ies) and also chromatic variants of
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single species from different micro-environments were some of the greatest achieve-
ments on the taxonomy of triatomines in the early 2000s.

Rhodnius neglectus is the most abundant Rhodnius species in the Cerrado biome.
It inhabits various palm tree species, including those of the genera Attalea,
Acrocomia, Mauritia, Oenocarpus, and Syagrus (Gurgel-Gongalves et al. 2004;
Abad-Franch et al. 2009). This species can be misidentified as R. nasutus, particu-
larly in the nearby Caatinga biome and in Caatinga-Cerrado transitional areas (Dias
et al. 2008; Lima and Sarquis 2008). Rhinacanthus nasutus is found predominantly
in the Caatinga inhabiting Copernicia prunifera palms (Sarquis et al. 2004), but
may also be found in other palms and trees in this region (Dias et al. 2008; Lima
et al. 2012). The high similarity between those two vector species and the lack of
reliable diagnostic characters leads naturally to an uncertainty regarding proper
taxonomic identification and determination of their geographical boundaries.

The identification of these species is based on morphological characters as chro-
matic patterns of body and antennae, overall body size, and male genitalia (Lent and
Wygodzinsky 1979). However, Harry (1993b) detected no clear-cut differences in
the male genitalia structures; in addition, important chromatic variation has been
described in both species (Barrett 1995).

Abad-Franch et al. (2009) applied a geometric morphometrics aiming to differ-
entiate R. neglectus from R. nasutus and found wing and head shape differences
between these species. Some specimens from Curacd, Bahia (Brazil) collected in
C. prunifera palms, although phenotypically similar to R. nasutus, were clustered
within the R. neglectus group, while others from the same location were clustered
within R. nasutus. If morphometry is able to correctly assign both species, these
results showed that R. neglectus and R. nasutus are sympatric in the Cerrado-
Caatinga transitional area and the former species may have chromatic forms similar
to those observed in the latter.

Recent observations of Rhodnius insects at Caatinga and Caatinga-Cerrado
revealed specimens with dubious chromatic patterns. Individuals collected in
M. flexuosa palms had a dark phenotype, a similar color to the palm fibers and base
of fronds, and with coloration and diagnostic traits of R. neglectus. However, those
collected in C. prunifera palms displayed a lighter chromatic pattern more similar
to that of R. nasutus (Pavan et al. 2015). Since R. neglectus and R. nasutus may
occur in sympatry (Abad-Franch et al. 2009), it raises the possibility of natural
hybridization.

An alternative explanation for this observation is that R. neglectus would exhibit
one chromatic phenotype similar to R. nasutus and different from the pattern
described by Lent and Wygodzinsky (1979). If correct, the lighter coloration of
R. neglectus from C. prunifera may be naturally selected. This coloration might
have improved its chances of survival and reproduction, since they would be cam-
ouflaged with the light substrate of C. prunifera fibers. Therefore, populations with
light phenotype increased in frequency in these palm trees, as they would be less
conspicuous and thus less predated than the typical phenotypes.

Phenotypic variation was also observed for R. nasutus, and it seems to be gov-
erned by the microhabitat it lives in. In Ceard, Brazil, this species was collected in
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five different palm tree species (Dias et al. 2008). The holotype of R. nasutus has a
pale brownish-yellow coloring, with a red-like appearance and dark brown dots in
certain regions of the body and appendices (Lent and Wygodzinsky 1979). Although
populations inhabiting C. prunifera palms presented a reddish color, according to
the original species description, other populations from A. intumescens, A. speciosa,
M. flexuosa, and S. oleracea palms were chestnut-colored (Dias et al. 2008). As
observed for R. neglectus, body coloration of R. nasutus specimens corresponded
exactly to the fibers and base of fronds, strengthening the hypothesis that Rhodnius
species have genes, which provide a menu of different phenotype possibilities, and
the environment determines the phenotypic outcome by natural selection.

5 Tempo and Mode of Triatomine Speciation

As summarized in a recent review paper on the evolution and biogeography of the
Triatominae (Monteiro et al. 2018), most studies focusing on the existence of cryp-
tic triatomine taxa using molecular markers have often relied on two species con-
cepts: the Biological Species Concept (BSC, Mayr 1963) and the Phylogenetic
Species Concept (PSC, Cracraft 1989). We have learned that allopatric speciation
seems to be the rule for most Reduviids (Monteiro et al. 2018). Here, we present
three examples of triatomine speciation that probably involved vicariance and diver-
sification with low/no gene flow among ancestral lineages. It is widely accepted that
speciation is a process that requires very long time intervals to take place, usually
hundreds of thousands of years (Butlin et al. 2008). With regard to the time needed
for triatomines to speciate, two hypotheses were put forth that clearly challenged
the tempo required for traditional insect speciation to occur (see below).

5.1 Fast or Slow Diversification?
Triatoma rubrofasciata and Old World Triatominae

The first hypothesis was advanced in an attempt to account for the occurrence of the
six Linshcosteus and seven Triatoma species found in the Old World. It was sug-
gested that they all descend from T rubrofasciata, as a result of merchant shipping
between the Americas and Asia during the sixteenth to seventeenth centuries, per-
haps as a consequence of very fast (300 years) adaptive radiation processes
(Schofield 1988; Gorla et al. 1997; Patterson et al. 2001; Schofield and Galvao
2009; Dujardin et al. 2015a, b). It is now well established that all Old World
Triatominae are monophyletic and likely derive from a successful founding event
that occurred approximately 20 Ma, with ancestral triatomine populations crossing
the Bering land bridge, likely benefiting from the association with rodents, ulti-



50 M. G. Pavan et al.

mately reaching Eurasia (Hypsa et al. (2002); Patterson and Gaunt 2010; Justi
et al. 2016).

The Origin of Rhodnius prolixus

The second hypothesis suggested that R. prolixus, the most important Chagas vector
in Venezuela, Colombia and parts of Central America, is a domestically adapted
“derivative” of a sylvatic R. robustus lineage, and that speciation was the consequence
of a “discrete event in Venezuela at some time after the establishment of European
settlements in the 16th century” (Schofield and Dujardin 1999). This hypothesis
was proposed based on morphometric (Dujardin et al. 1998, 1999) and genetic evi-
dence (allozymes and mtDNA; Harry et al. 1992, Stothard et al. 1998, respectively),
available at the time, which pointed to a lack of phenotypic and genetic variability
in R. prolixus populations. Further research relying on better sampling of both wild
and domestic R. prolixus populations collected from six Venezuelan states and ana-
lyzed for mtDNA and microsatellites have challenged this view by revealing high
levels of genetic variation (Fitzpatrick et al. 2008).

5.2 Vicariance and Allopatric Speciation of Triatomines
Rhodnius robustus and the Refugium Theory

For many years, the taxonomic status of R. robustus was questioned due to a com-
bination of three factors: morphological similarity, loose diagnosis, and poor sam-
pling (cf. Monteiro et al. 2003; Pavan and Monteiro 2007). Although indistinguishable
according to morphological and isozymic analyses (Harry 1993a, 1994), these spe-
cies play very different epidemiological roles—R. prolixus is an efficient domestic
vector, whereas R. robustus populations are entirely sylvatic. Monteiro et al. (2003)
put an end to the controversy of the validity of R. robustus as a bona fide species
through the analysis of DNA sequences of mitochondrial and nuclear markers (663-
bp fragment of cytochrome b (cytb) and the D2 variable region of the 28S nuclear
RNA), revealing that R. robustus is not only a valid species separated from R. pro-
lixus, but also represents a paraphyletic complex of at least four cryptic lineages
(R. robustus 1, 11, III, IV). Pavan et al. (2013) further confirmed the paraphyletic
assemblage of R. robustus with respect to R. prolixus through the analysis of another
nuclear marker, the fourth intron of the transmembrane protein 165 (TP165) gene.
The separation of R. prolixus and R. robustus was further corroborated by a behav-
ior study showing that nymphs of R. prolixus and R. robustus 11 display different
locomotor activity patterns on an automated recording system (Pavan et al. 2016).
The first attempt to associate triatomine phylogeographic patterns with possible
vicariant events based on molecular clock time-estimates was published in 2003 by
Monteiro and collaborators. A particular and notorious example of vicariant specia-



Speciation Processes in Triatominae 51

tion is that of the refugium theory, advanced to account for the pattern of diversifica-
tion seen in the Amazon region. The view that diversification of the Amazonian
biota was caused by glaciation cycles during the Pleistocene was first introduced by
Haffer (1969). The theory attempts to explain the latest of the series of differentia-
tion events beginning in the Cenozoic that contributed to the development of the
modern biota of the Amazon basin. In short, it is based on the premise that climatic
changes during the Pleistocene caused rain forests to contract into isolated pockets
separated by savannah. This would have confined small populations and favored
their divergence by genetic drift, which would have facilitated allopatric speciation
(Monteiro et al. 2003). The authors used in their phylogeographic inferences the
value of 2.3% of sequence divergence per million years estimated for recently
diverged arthropod taxa (Brower 1994). They concluded that all estimates between
the clades within both Amazon and Orinoco regions are compatible with a
Pleistocene origin and are consisted with the refugium theory (Monteiro et al. 2003).

Triatoma rubida and the Baja California Peninsula

Triatoma rubida was initially described as five morphologically distinguishably
allopatric subspecies based mainly on chromatic differences in markings along the
conexivum, distributed in Mexico and the USA: T. rubida rubida from the Cape
region, Baja California Sur, 7. rubida cochimiensis from Central Baja California
peninsula, 7. rubida jaegeri from Pond Island, Gulf of California, and T. rubida
sonoriana from Sonora (all strictly Mexican subspecies); and T. rubida uhleri from
Veracruz, Mexico, and Southwestern USA (Usinger 1944; Ryckman 1967). The
“five subspecies” proposition was, however, later challenged in the 1979 revision of
Lent and Wygodzinsky, who stated: “Although specimens seem to cluster around
the phenotypes mentioned, not all fall easily into the categories listed above; there
does seem to be a prevalence of comparatively light-colored, large-sized forms in
the north and of smaller, more intensely pigmented forms in the southern part of the
total range of the species. Much more abundant material than that examined by us,
especially from Mexico, combined with rearing experiments, is needed for an
understanding of the biosystematics of Triatoma rubida.”

The separation of the Baja California Peninsula from mainland Mexico during
the formation of the Gulf of California 5-8 Ma is believed to be the vicariant event
that caused the geographic isolation of ancestral 7. rubida populations and gave rise
to T. rubida cochimiensis (Baja peninsula) and T. rubida sonoriana (Sonora). Pfeiler
et al. (2006) used this geological event to calibrate the first mtDNA molecular clock
for triatomines: 1.1-1.8% pairwise sequence divergence per million years (lower
than the 2.3% divergence for mtDNA generally applied to insects; Brower 1994).
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Triatoma dimidiata and the Isthmus of Tehuantepec

The T. dimidiata cryptic species complex was first recognized by Marcilla et al.
(2001) based on ITS-2 sequence divergence between bugs from Yucatan and speci-
mens from elsewhere in Mexico and from Central and South America. Following
studies based on cytogenetics and genome size (Panzera et al. 2006) and mtDNA
(Dorn et al. 2009; Monteiro et al. 2013) corroborated these observations. Relying on
mtDNA markers (cytb and ND4), Monteiro et al. (2013) described five genetically
well-differentiated, monophyletic groups (named groups I-IV plus 7. hegneri).
Their results revealed that mtDNA groups I, II, and III match, respectively, ITS-2
groups 1, 2, and 3. Group IV represented cave-dwelling Belize specimens. As
pointed out by Bargues et al. (2008) and Monteiro et al. (2013), some of these
genetically divergent groups clearly deserved specific status. In accordance with
these orientations, the two genetically most divergent groups III and IV were
recently raised to the specific level and formally described as 7. mopan and T. hue-
huetenanguensis, respectively (Dorn et al. 2018; Lima-Cordén et al. 2019).

With regard to Groups I and II (and based on their present distribution), as the
Isthmus of Tehuantepec is known to represent an important recent geological barrier
for a number of sister taxa of birds, mammals, and butterflies, Monteiro et al. (2013)
have suggested that the Isthmus of Tehuantepec orogeny (15-5 Ma) might have
been the vicariant event responsible for the splitting of the ancestral population that
led to their origin. Although groups I and II still have a subspecies status, we argue
that they merit specific status.

5.3 Parapatric/Sympatric Triatomine Speciation

Triatoma brasiliensis Complex and the Homoploid Hybridization
Hypothesis

Organisms may also speciate quite rapidly via polyploidy (Lukhtanov et al. 2015).
Polyploidy (or hybrid speciation) is the term given to a set of processes whereby
two species hybridize and instantly generate a third new species. They can be clas-
sified as allopolyploidy (i.e., involving a genome-doubling event that provides
reproductively isolation); or homoploid hybrid speciation that occurs without an
increase in ploidy (Coyne and Orr 2004).

The northeastern Brazil Chagas species complex Triatoma brasiliensis was com-
prised of three subspecies—T. b. brasiliensis, T. b. macromelasoma, and T. b. melan-
ica—defined based on chromatic differences of the pronotum, legs, and hemelytra
(Galvao 1956). These subspecies were, however, synonymized by Lent and
Wygodzinsky (1979), who argued that intermediate forms could be found in nature.
Further allozyme-based analyses showed the three subspecies were real evolution-
ary lineages, and yet another form was later discovered (juazeiro form; Costa et al.
1997). Monteiro et al. (2004) confirmed the existence of the four forms based on
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mtDNA cytb phylogenetic analysis of specimens collected from the whole distribu-
tion area of the species. Juazeiro and melanica forms were raised to the specific
level and formally described as T. melanica (Costa et al. 2006) and T. juazeirensis
(Costa and Felix 2007). Kimura-2-parameter distances based on mtDNA evidence
that bona fide sister Triatoma species diverge in more than 7.5% (K2P > 0.075) (cf.
Monteiro et al. 2004), while intraspecific variation does not exceed 2%. Genetically
less divergent sister forms brasiliensis and macromelasoma diverged in more than
2% (K2P = 0.027), and thus, were given subspecific ranks (Costa et al. 2013).

Costa et al. (2009) have analyzed morphometric, morphological, ecological, and
geographic distribution data to advance the hypothesis that 7. brasiliensis
macromelasoma is a product of hybridization between the subspecies 7. b. brasil-
iensis and T. juazeirensis. Authors acknowledge, however, that the evidence
presented is not yet conclusive and that further studies are required to strengthen
their claim (Costa et al. 2009). The subject has been recently revisited in a study
based on chromosomal analysis, and band sizes of an ITS-1 PCR-amplified frag-
ment (Guerra et al. 2019). Those authors also sequenced DNA from the three taxa
for a fragment of the ND1 mitochondrial gene, which gave unexpectedly low pair-
wise genetic distances (Tamura-Nei < 0.006), pointing to a possible problem with
the taxonomic identification of the specimens themselves (Guerra et al. 2019). It is
well established that this magnitude of differentiation characterizes within-popula-
tion or, at most, within-species levels of variation (Monteiro et al. 2004). Not sur-
prisingly, all species showed the same cytogenetic characteristics (Guerra
et al. 2019).

The speciation process of the 7. brasiliensis complex probably involves ecologi-
cal and/or temporal barriers (sympatric areas in the present may represent second-
ary contact zones of parapatric/allopatric populations), since they still have not
evolved either pre- or post-mating barriers, as revealed by successful hybridizations
in laboratory conditions (Almeida et al. 2012). New studies on ecology and genom-
ics focusing on possible ecological selection (which would prevent backcrossing),
behavioral changes (e.g., different periods of activity), or even chromosomal
arrangements are still needed to clarify this issue.

The Rhodnius pallescens—R. colombiensis: A Case of Sympatric
Speciation?

The Rhodnius pallescens complex is composed by three recognized species that
occur in the trans-Andean region (Pacific area of South and Central
America)—R. pallescens, R. colombiensis, and R. ecuadoriensis. Rhodnius. ecua-
doriensis is restricted to southern Ecuador and northern Peru, occupying Phytelephas
aequatorialis palms (Abad-Franch et al. 2009). This species is isolated from the
others of this complex by geographical barriers, the Andean mountains, and proba-
bly speciated through allopatry (Galvdo et al. 2003; Abad-Franch et al. 2009).
Rhodnius. pallescens is widely distributed across Central America and Colombia in
different ecological zones, inhabiting Attalea butyracea and Cocos nucifera palm
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trees (Diaz et al. 2014). Rhodnius. colombiensis seems to be restricted to the Andean
Valley of Magdalena River in central Colombia (Moreno et al. 1999). Although this
species inhabits the same ecoregion and same palm tree species as R. pallescens,
natural hybrids had not been reported (Diaz et al. 2014).

Laboratory crosses reveals the existence of both pre-zygotic and post-zygotic
reproductive barriers. Female R. pallescens I and male R. colombiensis do not pro-
duce progeny, while female R. colombiensis and male R. pallescens 1 produce infer-
tile F1 hybrids (Gémez-Palacio et al. 2012). Cytogenetics analyses reveal that
R. colombiensis structural chromosomes suffered rearrangements and DNA loss in
comparison to the other species of the complex (Panzera et al. 2007; Gémez-Palacio
et al. 2012; Diaz et al. 2014). A clear demarcation of the biogeographical distribu-
tion of the four lineages of the complex and additional analyses within and between
R. pallescens lineages using different molecular markers are still needed for a better
knowledge on the evolutionary trends, geographical dispersion, and signs of possi-
ble adaptive radiation.

6 Toward an Integrative and Evolutionarily Sound
Taxonomy

We emphasize the importance of integrating morphological, ecological, behavioral,
and molecular tools to elucidate epidemiological and taxonomic unresolved ques-
tions in triatomines. Abad-Franch et al. (2013) performed an integrative taxonomic
analysis to describe Rhodnius barretti as a new species of triatomine. They evalu-
ated traditional morphological traits, morphometric data, and molecular phyloge-
netics using a fragment of cytb. This species is difficult to distinguish phenotypically
from those of the R. robustus lineage, with the exception of the sympatric R. robus-
tus 11 that presents chromatic (lighter coloration) and size (larger individuals) differ-
ences. However, R. barretti differs from R. robustus s.l. in the shape of both head
and wings, and also in length ratios of certain anatomical structures. Moreover,
phylogenetic reconstructions showed that this species is a basal member of the
“R. robustus lineage,” which encompasses R. nasutus, R. neglectus, R. prolixus, and
the other five members of the R. robustus complex (Abad-Franch et al. 2013).
Besides the R. prolixus genome (Mesquita et al. 2015), the mitochondrial
genomes of T. dimidiata and T. infestans are already available (Dotson and Beard
2001; Pita et al. 2017). As genome-sequencing is increasingly employed for non-
model organisms, the ability to evaluate the taxonomic identity or status of a par-
ticular triatomine species via transcriptomes, proteomes, or metabolomes is now
possible. These approaches have recently begun to be applied to triatomines, includ-
ing T. brasiliensis (Marchant et al. 2015), T. dimidiata (Kato et al. 2010), R. prolixus
(Ribeiro et al. 2014), and T. infestans (Traverso et al. 2016; Gongalves et al. 2017).
Genomic data were also useful for the identification of parasite, vector, and the
microbiota present in 7. dimidiata (Orantes et al. 2018). In the context of near-
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sibling species and varieties of single species, Brito et al. (2019) recently synony-
mized Rhodnius montenegrensis as R. robustus. Most likely, the upcoming years of
triatomine research will present us with the gathering of increasingly large datasets
that contain separate lines of evidence from independent loci.

An alternative approach for generating genomic data at a lower cost for popula-
tion genetics studies and phylogenetic analyses of closely related species is the
double-digested restriction-site-associated DNA sequencing (ddRAD-seq) method.
This technique was first employed as a population genomics study to infer the struc-
turing of R. ecuadoriensis populations in Ecuador (Hernandez-Castro et al. 2017).
This method increases the coverage of different regions of the genome and recovers
reliable microsatellite and SNP data (Davey and Blaxter 2011; Kai et al. 2014).

An overlooked issue in population studies of triatomines is the difficulty of infes-
tation foci detection, especially when colonies are small and occupy structurally
complex ecotopes (Abad-Franch et al. 2010, 2014; Valenca-Barbosa et al. 2014;
Pavan et al. 2015). A comprehensive approach must include genetic and ecological
data of triatomine species to better understand the adaptive nature of plasticity
(whether is heritable and ontogenetic), and detailed frequencies of different chro-
matic variations in the environment (Murren et al. 2015).

New genomic tools can help explore adaptive plasticity and the following
approaches deserve further attention: (1) the “omic” basis behind it, (2) comparative
genomics of near-sibling species to understand its evolution, and (3) epigenetic
components of inheritance that may influence plastic responses (Richards et al.
2010; Glastad et al. 2011; Zhang et al. 2013; Murren et al. 2015).

References

Abad-Franch F, Monteiro FA, Jaramillo ON, Gurgel-Gongalves R, Dias FBS, Diotaiuti L (2009)
Ecology, evolution, and the long-term surveillance of vector-borne Chagas disease: a multi-
scale appraisal of the tribe Rhodniini (Triatominae). Acta Trop 110:159-177

Abad-Franch F, Ferraz G, Campos C, Palomeque FS, Grijalva MJ et al (2010) Modeling disease
vector occurrence when detection is imperfect: infestation of Amazonian palm trees by triato-
mine bugs at three spatial scales. PLoS Negl Trop Dis 4(3):¢620

Abad-Franch F, Pavan MG, Jaramillo ON, Palomeque FS, Dale C, Chaverra D, Monteiro FA
(2013) Rhodnius barretti, a new species of Triatominae (Hemiptera: Reduviidae) from western
Amazonia. Mem Inst Oswaldo Cruz 108:92-99

Abad-Franch F, Diotaiuti L, Gurgel-Goncalves R, Giirtler RE (2014) On bugs and bias: improving
Chagas disease control assessment. Mem Inst Oswaldo Cruz 109(1):125-130

Almeida CE, Oliveira HL, Correia N, Dornak LL, Gumiel M, Neiva VL, Harry M, Mendonca VJ,
Costa J, Galvao C (2012) Dispersion capacity of Triatoma sherlocki, Triatoma juazeirensis and
laboratory-bred hybrids. Acta Trop 122:71-79

Andersson L (1990) The driving force: species concepts and ecology. Taxon 39:375-382

Antoine P-O, Marivaux L, Croft DA, Billet G, Ganergd M, Jaramillo C, Martin T, Orliac MJ,
Tejada J, Altamirano AJ, Duranthon F, Fanjat G, Rousse S, Gismondi RS (2012) Middle
Eocene rodents from Peruvian Amazonia reveal the pattern and timing of caviomorph origins
and biogeography. Proc R Soc London B 279:1319-1326



56 M. G. Pavan et al.

Bailey RI, Thomas CD, Butlin RK (2004) Premating barriers to gene exchange and their implica-
tions for the structure of a mosaic hybrid zone between Chorthippus brunneus and C. jacobsi
(Orthoptera: Acrididae). J Evol Biol 17:108-119

Bargues MD, Klisiowicz DR, Gonzalez-Candelas F, Ramsey JM, Monroy C, Ponce C, Salazar-
Schettino PM, Panzera F, Abad-Franch F, Sousa OE, Schofield CJ, Dujardin JP, Guhl F, 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 Negl Trop
Dis 2:e233

Barrett TV (1995) Species interfertility and crossing experiments in Triatomine systematics. In:
Schofield CJ, Dujardin JP, Jurberg J (eds) Proceedings of the international workshop on popu-
lation genetics and control of Triatominae. INDRE Press, Mexico, pp 72-77

Barrett RDH, Rogers SM, Schluter D (2008) Natural selection on a major armor gene in threespine
stickleback. Science 322:255-257. https://doi.org/10.1126/science.1159978

Barron MG, Paupy C, Rahola N, Akone-Ella O, Ngangue MF, Theodel A, Wilson-Bahun TA,
Pombi M, Kengne P, Costantini C, Simard F, Gonzalez J, Ayala D (2018) A new species in the
Anopheles gambiae complex reveals new evolutionary relationships between vector and non-
vector species. bioRxiv:460667. https://doi.org/10.1101/460667

Bridle JR, de la Torre J, Bella JL, Butlin RK, Gosalvez J (2002) Low levels of chromosomal
differentiation between the grasshoppers Chorthippus brunneus and Chorthippus jacobsi
(Orthoptera; Acrididae) in northern Spain. Genetica 114:121-127

Brito RN, Geraldo JA, Monteiro FA, Lazoski C, Souza RCM, Abad-Franch F (2019) Transcriptome-
based molecular systematics: Rhodnius montenegrensis (Triatominae) and its position within
the Rhodnius prolixus-Rhodnius robustus cryptic-species complex. Parasit Vectors 12(1):305.
https://doi.org/10.1186/s13071-019-3558-9

Brower AVZ (1994) Rapid morphological radiation and convergence in the butterfly, Heliconius
erato, inferred from patterns of mitochondrial DNA evolution. PNAS USA 91:6491-6495

Burns KJ (1997) Molecular systematics of tanagers (Thraupinae): evolution and biogeography of
a diverse radiation of Neotropical birds. Mol Phylogenet Evol 72:334-348

Bush GL (1969) Sympatric host race formation and speciation in frugivorous flies of the genus
Rhagoletis (Diptera: Tephritidae). Evolution 23:237-251

Bush GL, Diehl SR (1982) Host shifts, genetic models of sympatric speciation and the ori-
gin of parasitic insect species. In: Visser JH, Minks AK (eds) Insect and host plant. Pudoc,
Wageningen, pp 297-305

Bush GL, Butlin RK (2004) Sympatric speciation in insects. In: Dieckmann U, Doebeli M, Metz
JAJ, Tautz D (eds) Adaptive speciation. Cambridge University Press, Cambridge, pp 229-248

Butlin RK, Galindo J, Grahame JW (2008) Sympatric, parapatric or allopatric: the most impor-
tant way to classify speciation? Phil Trans R Soc London B 363:2997-3007. https://doi.
org/10.1098/rstb.2008.0076

Carcavallo RU, Jurberg J, Lent H, Noireau F, Galvao C (2000) Phylogeny of the Triatominae
(Hemiptera: Reduviidae). Proposals for taxonomic arrangements. Entomol Vectores 7:1-99

Claridge MF, den Hollander J, Morgan JC (1985) Variation in courtship signals and hybridiza-
tion between geographically definable populations of the rice brown planthopper, Nilaparvata
lugens (Stél). Biol J Linn Soc 24:35-49

Cook OF (1906) Factors of species-formation. Science 23:506-507

Costa J, Freitas Sibajev MGR, Marcon Silva V, Pires MQ, Pacheco RS (1997) Isoenzymes detect
variation in populations of Triatoma brasiliensis (Hemiptera: Reduviidae: Triatominae). Mem
Inst Oswaldo Cruz 92:459-464

Costa J, Argolo AM, Felix M (2006) Redescription of Triatoma melanica Neiva & Lent, 1941, new
status (Hemiptera: Reduviidae: Triatominae). Zootaxa 1385:47-52

Costa J, Felix M (2007) Triatoma juazeirensis sp. nov. from the state of Bahia, northeastern Brazil
(Hemiptera: Reduviidae: Triatominae). Mem Inst Oswaldo Cruz 102:87-90


https://doi.org/10.1126/science.1159978
https://doi.org/10.1101/460667
https://doi.org/10.1186/s13071-019-3558-9
https://doi.org/10.1098/rstb.2008.0076
https://doi.org/10.1098/rstb.2008.0076

Speciation Processes in Triatominae 57

Costa J, Peterson AT, Dujardin JP (2009) Morphological evidence suggests homoploid hybridiza-
tion as a possible mode of speciation in the Triatominae (Hemiptera, Heteroptera, Reduviidae).
Infect Genet Evol 9(2):263-270

Costa J, Correia NC, Neiva VL, Goncalves TCM, Felix M (2013) Revalidation and redescrip-
tion of Triatoma brasiliensis macromelasoma Galvao, 1956 and an identification key for the
Triatoma brasiliensis complex (Hemiptera: Reduviidae: Triatominae). Mem Inst Oswaldo
Cruz 108:785-789

Coyne JA, Orr HA (2004) Speciation. Sinauer Associates, Sunderland

Cracraft J (1983) Species concepts and speciation analysis. Curr Ornithol 1:159-187

Cracraft J (1989) Speciation and its ontology: the empirical consequences of alternative species
concepts for understanding patterns and processes of differentiation. In: Otte D, Endler JA
(eds) Speciation and its consequences. Sinauer Associates, Sunderland, MA, pp 28-59

Dambroski HR, Linn C Jr, Berlocher SH, Forbes AA, Roelofs W, Feder JL (2005) The genetic
basis for fruit odor discrimination in Rhagoletis flies and its significance for sympatric host
shifts. Evolution 59:1953-1964

Davey J, Blaxter M (2011) RADSeq: next-generation population genetics. Briefs Funct Genomics
10(2):108

de la Rda NM, Bustamante DM, Menes M, Stevens L, Monroy C, Kilpatrick CW, Rizzo D, Klotz
SA, Schmidt J, Axen HJ, Dorn PL (2014) Towards a phylogenetic approach to the composition
of species complexes in the North and Central American Triatoma, vectors of Chagas disease.
Infect Genet Evol 24:157-166

de Paula AS, Diotaiuti L, Schofield CJ (2005) Testing the sister-group relationship of the
Rhodniini and Triatomini (Insecta: Hemiptera: Reduviidae: Triatominae). Mol Phylogenet
Evol 35:712-718

de Queiroz K (2007) Species concepts and species delimitation. Syst Biol 56(6):879-886

Dias FBS, Bezerra CM, Machado EM, Casanova C, Diotaiuti L (2008) Ecological aspects of
Rhodnius nasutus Stal, 1859 (Hemiptera: Reduviidae: Triatominae) in palms of the Chapada
do Araripe in Ceard, Brazil. Mem Inst Oswaldo Cruz 103(8):824-830

Diaz S, Panzera F, Jaramillo-O N, Perez R, Fernandez R, Vallejo G, Saldana A, Calzada JE, Triana
0O, Gémez-Palacio A (2014) Genetic, cytogenetic and morphological trends in the evolution of
the Rhodnius (Triatominae: Rhodniini) trans-Andean group. PLoS One 9(2):e87493. https://
doi.org/10.1371/journal.pone.0087493

Dobzhansky T (1950) Mendelian populations and their evolution. Am Nat 84:401-418

Dobzhansky T (1970) Genetics of the evolutionary process. Columbia University Press, New York

Doellman MM, Egan SP, Ragland GJ, Meyers PJ, Hood GR, Powell THQ, Lazorchak P, Hahn DA,
Berlocher SH, Nosil P, Feder JL (2019) Standing geographic variation in eclosion time and
the genomics of host race formation in Rhagoletis pomonella fruit flies. Ecol Evol 9:393-4009.
https://doi.org/10.1002/ece3.4758

Donoghue MJ (1985) A critique of the biological species concept and recommendations for a
phylogenetic alternative. Bryologist 88:172—181

Dorn PL, Calderén C, Melgar S, Moguel B, Solérzano E, Dumonteil E, Rodas A, de la Ria N,
Garnica R, Monroy C (2009) Two distinct Triatoma dimidiata (Latreille, 1811) taxa are found
in sympatry in Guatemala and Mexico. PLoS Negl Trop Dis 3:e393

Dorn PL, Justi SA, Dale C, Stevens L, Galvao C, Lima-Cordén R, Monroy C (2018) Description of
Triatoma mopan sp. n. from a cave in Belize (Hemiptera, Reduviidae, Triatominae). ZooKeys
775:69-95. https://doi.org/10.3897/zookeys.775.22553

Dotson EM, Beard CB (2001) Sequence and organization of the mitochondrial genome of the
Chagas disease vector, Triatoma dimidiata. Insect Mol Biol 10:205-225

Dujardin JP, Muiioz M, Chavez T, Ponce C, Moreno J, Schofield CJ (1998) The origin of Rhodnius
prolixus in Central America. Med Vet Entomol 12:113-115

Dujardin JP, Chavez T, Moreno JM, Machane M, Noireau F, Schofield CJ (1999) Comparison of
isoenzyme electrophoresis and morphometric analysis for phylogenetic reconstruction of the
Rhodniini (Hemiptera: Reduviidae: Triatominae). J Med Entomol 36:653-659


https://doi.org/10.1371/journal.pone.0087493
https://doi.org/10.1371/journal.pone.0087493
https://doi.org/10.1002/ece3.4758
https://doi.org/10.3897/zookeys.775.22553

58 M. G. Pavan et al.

Dujardin JP, Costa J, Bustamante D, Jaramillo N, Catald S (2009) Deciphering morphology in
Triatominae: the evolutionary signals. Acta Trop 110(2-3):101-111

Dujardin JP, Lam TX, Khoa PT, Schofield CJ (2015a) The rising importance of Triatoma rubrofas-
ciata. Mem Inst Oswaldo Cruz 110:319-323

Dujardin JP, Pham Thi K, Truong Xuan L, Panzera F, Pita S, Schofield CJ (2015b) Epidemiological
status of kissing-bugs in South East Asia: a preliminary assessment. Acta Trop 151:142-149

Emelianov I, Simpson F, Narang P, Mallet J (2003) Host choice promotes reproductive isolation
between host races of the larch budmoth Zeiraphera diniana. J Evol Biol 16:208-218

Emelianov I, Marec F, Mallet J (2004) Genomic evidence for divergence with gene flow in
host races of the larch budmoth. Proc Biol Sci 271(1534):97-105. https://doi.org/10.1098/
rspb.2003.2574

Erwin TL (1982) Tropical forests: their richness in Coleoptera and other arthropod species.
Coleopt Bull 36:74-75

Feder JF, Berlocher SH, Roethele JB, Dambroski H, Smith JJ, Perry WL, Gavrilovic V, Filchak KE,
Rull J, Aluja M (2003) Allopatric genetic origins for sympatric host-plant shifts and race forma-
tion in Rhagoletis. PNAS USA 100:10314-10319. https://doi.org/10.1073/pnas.1730757100

Filchak KE, Roethele JB, Feder JL (2000) Natural selection and sympatric divergence in the apple
maggot Rhagoletis pomonella. Nature 407:739-742

Fitzpatrick BM, Fordyce JA, Gavrilets S (2009) Pattern, process and geographic modes of specia-
tion. J Evol Biol 22:2342-2347

Fitzpatrick S, Feliciangeli MD, Sanchez-Martin MJ, Monteiro FA, Miles MA (2008) Molecular
genetics reveal that silvatic Rhodnius prolixus do colonise rural houses. PLoS Negl Trop Dis
2:e210

Flynn JJ, Wyss AR (1998) Recent advances in South American mammalian paleontology. Trends
Ecol Evol 13(11):449-454

Galvao AB (1956) Triatoma brasiliensis macromelasoma n. subsp. (Reduviidae: Hemiptera). Rev
Bras Mal D Trop 7:455-457

Galvao C, Paula AS (2014) Sistematica e evolugdo dos vetores. In: Galvdo C (ed) Vetores da
doenga de Chagas no Brasil. Sociedade Brasileira de Zoologia, Curitiba, pp 25-32

Galvao C, Carcavallo RU, Rocha DS, Jurberg J (2003) A checklist of the current valid species
of the subfamily Triatominae Jeannel, 1919 (Hemiptera, Reduviidae) and their geographical
distribution, with nomenclatural and taxonomic notes. Zootaxa 202:1-36

Garcia BA, Moriyama EN, Powell JR (2001) Mitochondrial DNA sequences of triatomines
(Hemiptera: Reduviidae): phylogenetic relationships. J Med Entomol 38:675-683

Glastad KM, Hunt BG, Yi SV, Goodisman MAD (2011) DNA methylation in insects: on the brink
of the epigenomic era. Insect Mol Biol 20:553-565

Gomez-Palacio A, Jaramillo-O N, Caro-Riafio H, Diaz S, Monteiro FA, Pérez R, Panzera F, Triana
O (2012) Morphometric and molecular evidence of intraspecific biogeographical differentia-
tion of Rhodnius pallescens (Hemiptera: Reduviidae: Rhodniini) from Colombia and Panama.
Infect Genet Evol 12:1975-1983

Gongalves LO, Oliveira LM, D’Avila Pessoa GC, Rosa ACL, Bustamante MG, Belisirio CJ,
Resende DM, Diotaiuti LG, Ruiz JC (2017) Insights from tissue-specific transcriptome
sequencing analysis of Triatoma infestans. Mem Inst Oswaldo Cruz 112:456-457

Gorla DE, Dujardin JP, Schofield CJ (1997) Biosystematics of old World Triatominae. Acta Trop
63:127-140

Grismer LL (1999) An evolutionary classification of reptiles on islands in the Gulf of California,
Mexico. Herpetologica 55:446-469

Grismer LL (2001) An evolutionary classification and checklist of amphibians and reptiles on the
Pacific islands of Baja California, Mexico. Bull South Calif Acad Sci 100:12-23

Guerra AL, Borsatto KC, Teixeira NPD, Madeira FF, de Oliveira J, da Rosa JA, Azeredo-
Oliveira MTV, Alevi KCC (2019) Revisiting the homoploid hybrid speciation process of the
Triatoma brasiliensis macromelasoma Galvao, 1956 (Hemiptera, Triatominae) using cytoge-


https://doi.org/10.1098/rspb.2003.2574
https://doi.org/10.1098/rspb.2003.2574
https://doi.org/10.1073/pnas.1730757100

Speciation Processes in Triatominae 59

netic and molecular markers. Am J Trop Med Hyg 100(4):911-913. https://doi.org/10.4269/
ajtmh.17-0813

Gurgel-Gongalves R, Duarte MA, Ramalho ED, Palma ART, Romana ED, Cuba CA (2004) Spatial
distribution of Triatominae populations (Hemiptera: Reduviidae) in Mauritia flexuosa palm
trees in Federal District of Brazil. Rev Soc Bras Med Trop 37(3):241-247

Haffer J (1969) Speciation in Amazonian forest birds. Science 165:131-137

Hammond PM (1992) Species inventory. In: Groombridge B (ed) Global biodiversity, status of the
earth’s living resources. WCMC/Chapman and Hall, London, pp 17-39

Harry M (1993a) Isozymic data question the specific status of some blood-sucking bugs of the
genus Rhodnius, vectors of Chagas disease. Trans R Soc Trop Med Hyg 87:492-493

Harry M (1993b) Use of the median process of the pygophore in the identification of Rhodnius
nasutus, R. neglectus, R. prolixus and R. robustus (Hemiptera: Reduviidae). Ann Trop Med
Parasitol 87:277-282

Harry M (1994) Morphometric variability in the Chagas disease vector Rhodnius prolixus. Jpn J
Genet 69:233-250

Harry M, Galindez I, Cariou ML (1992) Isozyme variability and differentiation between Rhodnius
prolixus, R. robustus and R. pictipes, vectors of Chagas disease in Venezuela. Med Vet Entomol
6:37-43

Hennig W (1966) Phylogenetic systematics. University of Illinois Press, Urbana

Hernandez ML, Abrahan LB, Dujardin JP, Gorla DE, Catala SS (2011) Phenotypic variability
and population structure of peridomestic Triatoma infestans in rural areas of the arid Chaco
(Western Argentina): spatial influence of macro- and microhabitats. Vector-Borne Zoonotic Dis
11(5):503-513. https://doi.org/10.1089/vbz.2009.0253

Hernandez-Castro LE, Paterno M, Villacis AG, Andersson B, Costales JA, De Noia M, Ocaria-
Mayorga S, Yumiseva CA, Grijalva MJ, Llewellyn MS (2017) 2b-RAD genotyping for popu-
lation genomic studies of Chagas disease vectors: Rhodnius ecuadoriensis in Ecuador. PLoS
Negl Trop Dis 11(7):e0005710. https://doi.org/10.1371/journal.pntd.0005710

Howard DJ, Gregory PG, Chu J, Cain ML (1998) Conspecific sperm precedence is an effective
barrier to hybridization between closely related species. Evolution 52:511-516

Hwang WS, Weirauch C (2012) Evolutionary history of assassin bugs (Insecta: Hemiptera:
Reduviidae): insights from divergence dating and ancestral state reconstruction. PLoS One
7:e45523

HypsaV, Tietz DF, Zrzavy J, Rego RO, Galvao C, Jurberg J (2002) Phylogeny and biogeography of
Triatominae (Hemiptera: Reduviidae): molecular evidence of a New World origin of the Asiatic
clade. Mol Phylogenet Evol 23:447-457

Ibarra-Cerdefia CN, Zaldivar-Riverén A, Peterson AT, Sanchez-Cordero V, Ramsey JM (2014)
Phylogeny and niche conservatism in North and Central American triatomine bugs (Hemiptera:
Reduviidae: Triatominae), vectors of Chagas’ disease. PLoS Negl Trop Dis 8:¢3266

Jiggins CD (2006) Sympatric speciation: why the controversy? Curr Biol 16:333-334. https://doi.
org/10.1016/j.cub.2006.03.077

Justi SA, Galvao C, Schrago CG (2016) Geological changes of the Americas and their influence
on the diversification of the Neotropical kissing bugs (Hemiptera: Reduviidae: Triatominae).
PLoS Negl Trop Dis 10:e0004527

Justi SA, Russo CA, Mallet JR, Obara MT, Galvao C (2014) Molecular phylogeny of Triatomini
(Hemiptera: Reduviidae: Triatominae). Parasit Vectors 7:149

Kai W, Nomura K, Fujiwara A, Nakamura Y, Yasuike M, Ojima N, Masaoka T, Ozaki A, Kazeto Y,
Gen K, Nagao J, Tanaka H, Kobayashi T, Ototake M (2014) A ddRAD-based genetic map and
its integration with the genome assembly of Japanese eel (Anguilla japonica) provides insights
into genome evolution after the teleost-specific genome duplication. BMC Genomics 15:233.
https://doi.org/10.1186/1471-2164-15-233

Kato H, Jochim RC, Gémez EA, Sakoda R, Iwata H, Valenzuela JG, Hashiguchi Y (2010) A rep-
ertoire of the dominant transcripts from the salivary glands of the blood-sucking bug, Triatoma
dimidiata, a vector of Chagas disease. Infect Genet Evol 10:184-191


https://doi.org/10.4269/ajtmh.17-0813
https://doi.org/10.4269/ajtmh.17-0813
https://doi.org/10.1089/vbz.2009.0253
https://doi.org/10.1371/journal.pntd.0005710
https://doi.org/10.1016/j.cub.2006.03.077
https://doi.org/10.1016/j.cub.2006.03.077
https://doi.org/10.1186/1471-2164-15-233

60 M. G. Pavan et al.

Lent H, Wygodzinsky P (1979) Revision of the Triatominae (Hemiptera, Reduviidae) and their
significance as vectors of Chagas disease. Bull Am Mus Nat Hist 163:125-520

Lima AF, Jeraldo VL, Silveira MS, Madi RR, Santana TB et al (2012) Triatomines in dwellings
and outbuildings in an endemic area of Chagas disease in northeastern Brazil. Rev Soc Bras
Med Trop 45(6):701-706

Lima MM, Sarquis O (2008) Is Rhodnius nasutus (Hemiptera; Reduviidae) changing its habitat as
a consequence of human activity? Parasitol Res 102(4):797-800

Lima-Cordén RA, Monroy MC, Stevens L, Rodas A, Rodas GA, Dorn PL, Justi SA (2019)
Description of Triatoma huehuetenanguensis sp. n., a potential Chagas disease vec-
tor (Hemiptera, Reduviidae, Triatominae). ZooKeys 820:51-70. https://doi.org/10.3897/
zookeys.820.27258

Lukhtanov VA, Shapoval NA, Anokhin BA, Saifitdinova AF, Kuznetsova VG (2015) Homoploid
hybrid speciation and genome evolution via chromosome sorting. Proc R Soc B 282:20150157.
https://doi.org/10.1098/rspb.2015.0157

Lyman DF, Monteiro FA, Escalante AA, Cordén-Rosales C, Wesson DM, Dujardin JP, Beard CB
(1999) Mitochondrial DNA sequence variation among Triatomine vectors of Chagas disease.
Am J Trop Med Hyg 60:377-386

Mallet J (1995) A species definition for the modern synthesis. Trend Ecol Evol 10:294-304

Marchant A, Mougel F, Almeida C, Jacquin-Joly E, Costa J, Harry M (2015) De novo transcrip-
tome assembly for a non-model species, the blood-sucking bug Triatoma brasiliensis, a vector
of Chagas disease. Genetica 143:225-239

Marcilla A, Bargues MD, Abad-Franch F, Panzera F, Noireau F, Galvao C, Jurberg J, Miles
MA, Dujardin JP, Mas-Coma S (2002) Nuclear rDNA ITS-2 sequences reveal polyphyly of
Panstrongylus species (Hemiptera: Reduviidae: Triatominae), vectors of Trypanosoma cruzi.
Infect Genet Evol 1:225-235

Marcilla A, Bargues MD, Ramsey JM, Magallon-Gastélum E, Salazar-Schettino PM, Abad-Franch
F, Dujardin JP, Schofield CJ, Mas-Coma S (2001) The ITS-2 of the nuclear rDNA as a molecu-
lar marker for populations, species, and phylogenetic relationships in Triatominae (Hemiptera:
Reduviidae), vectors of Chagas disease. Mol Phylogenet Evol 18:136—142

Masters JC, Rayner RJ, McKay 1J, Potts AD, Nails D, Ferguson JW, Weissenbacher BK, Allsopp
M, Anderson ML (1987) The concept of species: recognition versus isolation. S Afr J Sci
83:534-537

Mayden RL (1997) A hierarchy of species concepts: the denouement in the saga of the spe-
cies problem. In: Claridge MF, Dawah HA, Wilson MR (eds) Species: the units of diversity.
Chapman and Hall, London, pp 381-423

Mayr E (1942) Systematics and the origin of species. Columbia University Press, New York

Mayr E (1963) Animal species and evolution. The Belknap Press of Harvard University Press,
Cambridge

Meier R, Willmann R (2000) The Hennigian species concept. In: Wheeler QD, Meier R (eds)
Species concepts and phylogenetic theory. Columbia University Press, New York, pp 30-43

Mesquita RD, Vionette-Amaral RJ, Lowenbergerd C, Rivera-Pomar R, Monteiro FA, Minx P, Spieth
J, Carvalho AB, Panzera F, Lawson D, Torres AQ, Ribeiro JMC, Sorgine MHF, Waterhouse
RM, Montague A-FF, Alves-Bezerra M, Amaral LR, Araujo HM, Araujo RN, Aravindu LMJ,
Atella GC, Azambuja P, Berni M, Bittencourt-Cunha PR, Braz GRC, Calder6n-Fernandez G,
Carareto CMA, Christensen MB, Costa IR, Costa SG, Dansa M, Daumas-Filho CRO, De-Paula
IF, Dias FA, Dimopoulos G, Emrich SJ, Esponda-Behrens N, Fampa P, Fernandez-Medina
RD, Fonseca RN, Fontenele M, Fronick C, Fulton LA, Gandara AC, Garcia ES, Genta FA,
Giraldo-Calderén GI, Gomes B, Gondim KC, Granzotto A, Guarneri AA, Guigéf R, Harry
M, Hughes DST, Jablonka W, Jacquin-Joly E, Juarez MP, Koerich LB, Langek AB, Latorre-
Estivalis JM, Lavore A, Lawrence GG, Lazoski C, Lazzari CR, Lopes RR, Lorenzo MG, Lugon
MD, Majerowicz D, Marcet PL, Mariotti M, Masuda H, Megy K, Melo ACA, Missirlis F, Mota
T, Noriega FG, Nouzova M, Nunes RD, Oliveira RLL, Oliveira-Silveira G, Ons S, Orchard I,
Pagola L, Paiva-Silva GO, Pascual A, Pavan MG, Pedrini N, Peixoto AA, Pereira MH, Pike


https://doi.org/10.3897/zookeys.820.27258
https://doi.org/10.3897/zookeys.820.27258
https://doi.org/10.1098/rspb.2015.0157

Speciation Processes in Triatominae 61

A, Polycarpo C, Prosdocimi F, Ribeiro-Rodrigues R, Robertson HM, Salerno AP, Salmon D,
Santesmasses D, Schama R, Seabra-Junior ES, Silva-Cardoso L, Silva-Neto MAC, Souza-
Gomes M, Sterkel M, Taracena ML, Tojo M, Tu ZJ, Tubio JMC, Ursic-Bedoya R, Venancio
TM, Walter-Nuno AB, Wilson D, Warren WC, Wilson RK, Huebner E, Dotson EM, Oliveira
PL (2015) Genome of Rhodnius prolixus, an insect vector of Chagas disease, reveals unique
adaptations to hematophagy and parasite infection. PNAS USA 112:14936-14941

Meyer JR, Dobias DT, Medina SJ, Servilio L, Gupta A, Lenski RE (2016) Ecological speciation of
bacteriophage lambda in allopatry and sympatry. Science 354(6317):1301-1304

Mishler BD (1985) The morphological, developmental, and phylogenetic basis of species concepts
in bryophytes. Bryologist 88:207-214

Monteiro FA, Escalante AA, Beard CB (2001) Molecular tools and triatomine systematics: a pub-
lic health perspective. Trends Parasitol 17:344-347

Monteiro FA, Barrett TV, Fitzpatrick S, Cordén-Rosales C, Feliciangeli D, Beard CB (2003)
Molecular phylogeography of the Amazonian Chagas disease vectors Rhodnius prolixus and R.
robustus. Mol Ecol 12:997-1006

Monteiro FA, Donnelly MJ, Beard CB, Costa J (2004) Nested clade and phylogeographic analyses
of the Chagas disease vector Triatoma brasiliensis in Northeast Brazil. Mol Phylogenet Evol
32:46-56

Monteiro FA, Peretolchina T, Lazoski C, Harris K, Dotson EM, Abad-Franch F, Tamayo E,
Pennington PM, Monroy C, Cordén-Rosales C, Salazar-Schettino PM, Gémez-Palacio AM,
Grijalva MJ, Beard CB, Marcet PL (2013) Phylogeographic pattern and extensive mitochon-
drial DNA divergence disclose a species complex within the Chagas disease vector Triatoma
dimidiata. PLoS One 8:¢70974

Monteiro FA, Weirauch C, Felix M, Lazoski C, Abad-Franch F (2018) Evolution, systematics, and
biogeography of the Triatominae, vectors of Chagas disease. Adv Parasitol 99:265-344. https://
doi.org/10.1016/bs.apar.2017.12.002

Moreno J, Galvdo C, Jurberg J (1999) Rhodnius colombiensis sp. n da Coldmbia, com quadros
comparativos entre estruturas félicas do género Rhodnius Stal, 1859 (Hemiptera, Reduviidae,
Triatominae). Entomol Vectores 6:601-617

Mullen SP, Shaw KL (2014) Insect speciation rules: unifying concepts in speciation research.
Annu Rev Entomol 59:339-361

Murren CJ, Auld JR, Callahan H, Ghalambor CK, Handelsman CA, Heskel MA, Kingsolver JG,
Maclean HJ, Masel J, Maughan H, Pfennig DW, Relyea RA, Seiter S, Snell-Rood E, Steiner
UK, Schlichting CD (2015) Constraints on the evolution of phenotypic plasticity: limits and
costs of phenotype and plasticity. Heredity 115(4):293-301. https://doi.org/10.1038/hdy.2015.8

Nattero J, Malerba R, Rodriguez CS, Crocco L (2013) Phenotypic plasticity in response to food
source in Triatoma infestans (Klug, 1834) (Hemiptera, Reduviidae: Triatominae). Infect Genet
Evol 19:38-44

Nelson G, Platnick NI (1981) Systematics and biogeography. Columbia University Press,
New York

Nixon KC, Wheeler QD (1990) An amplification of the phylogenetic species concept. Cladistics
6:211-223

Nosil P (2007) Divergent host-plant adaptation and reproductive isolation between ecotypes of
Timema cristinae. Am Nat 169:151-162

Nosil P, Flaxman SM (2010) Conditions for mutation-order speciation. Proc R Soc B 278:399—
407. https://doi.org/10.1098/rspb.2010.1215

Nosil P, Harmon LJ, Seehausen O (2009) Ecological explanations for (incomplete) speciation.
Trends Ecol Evol 24:145-156

Nosil P, Parchman TL, Feder JL., Gompert Z (2012) Do highly divergent loci reside in gene regions
affecting reproductive isolation? A test using next-generation sequence data in Timema stick
insects. BMC Evol Biol 12:164

Orantes LC, Monroy C, Dorn PL, Stevens L, Rizzo DM, Morrissey L, Hanley JP, Rodas AG,
Richards B, Wallin KF, Cahan SH (2018) Uncovering vector, parasite, blood meal and micro-


https://doi.org/10.1016/bs.apar.2017.12.002
https://doi.org/10.1016/bs.apar.2017.12.002
https://doi.org/10.1038/hdy.2015.8
https://doi.org/10.1098/rspb.2010.1215

62 M. G. Pavan et al.

biome patterns from mixed-DNA specimens of the Chagas disease vector Triatoma dimidiata.
PLoS Negl Trop Dis 12(10):e0006730. https://doi.org/10.1371/journal.pntd.0006730

Orr HA (1995) The population genetics of speciation: the evolution of hybrid incompatibilities.
Genetics 139:1805-1813

Panzera F, Ferrandis I, Ramsey JM, Ordéfiez R, Salazar-Schettino PM, Cabrera M, Monroy
MC, Bargues MD, Mas-Coma S, O’Connor JE, Angulo VM, Jaramillo N, Cordén-Rosales
C, Gémez D, Pérez R (2006) Chromosomal variation and genome size support existence of
cryptic species of Triatoma dimidiata with different epidemiological importance as Chagas
disease vectors. Tropical Med Int Health 11:1092-1103

Panzera F, Ferrandis I, Ramsey J, Salazar-Schettino PM, Cabrera M, Monroy C, Bargues MD,
Mas-Coma S, O’Connor JE, Angulo VM, Jaramillo N, Pérez R (2007) Genome size determi-
nation in Chagas disease transmitting bugs (Hemiptera-Triatominae) by flow cytometry. Am J
Trop Med Hyg 76:516-521

Paterson HEH (1985) The recognition concept of species. In: Vrba ES (ed) Species and speciation.
Transvaal Museum, Pretoria, pp 21-29

Patterson JS, Gaunt MW (2010) Phylogenetic multi-locus codon models and molecular clocks
reveal the monophyly of haematophagous reduviid bugs and their evolution at the formation of
South America. Mol Phylogenet Evol 56:608-621

Patterson JS, Schofield CJ, Dujardin JP, Miles MA (2001) Population morphometric analysis of
the tropicopolitan bug Triatoma rubrofasciata and relationships with Old World species of
Triatoma: evidence of New World ancestry. Med Vet Entomol 15:443-451

Pavan MG, Monteiro FA (2007) A multiplex PCR assay that separates Rhodnius prolixus from
members of the Rhodnius robustus cryptic species complex (Hemiptera: Reduviidae). Tropical
Med Int Health 12:751-758

Pavan MG, Mesquita RD, Lawrence GG, Lazoski C, Dotson EM, Abubucker S, Mitreva M,
Randall-Maher J, Monteiro FA (2013) A nuclear single-nucleotide polymorphism (SNP) poten-
tially useful for the separation of Rhodnius prolixus from members of the Rhodnius robustus
cryptic species complex (Hemiptera: Reduviidae). Infect Genet Evol 14:426-433

Pavan MG, Rivas GBS, Dias FBS, Gurgel-Goncalves R (2015) Looks can be deceiving: cryptic
species and phenotypic variation in Rhodnius spp., Chagas disease vectors. In: Pontarotti P
(ed) Evolutionary biology: biodiversification from genotype to phenotype. Springer, Cham,
pp 345-372

Pavan MG, Correa-Antdnio J, Peixoto AA, Monteiro FA, Rivas GBS (2016) Rhodnius prolixus
and R. robustus (Hemiptera: Reduviidae) nymphs show different locomotor patterns on an
automated recording system. Parasit Vectors 9:239

Pfeiler E, Bitler BG, Ramsey JM, Palacios-Cardiel C, Markow TA (2006) Genetic variation, popu-
lation structure, and phylogenetic relationships of Triatoma rubida and T. recurva (Hemiptera:
Reduviidae: Triatominae) from the Sonoran Desert, insect vectors of the Chagas’ disease para-
site Trypanosoma cruzi. Mol Phylogenet Evol 41:209-221

Pita S, Lorite P, Nattero J, Galvao C, Alevi KC, Teves SC, Azeredo-Oliveira MT, Panzera F (2016)
New arrangements on several species subcomplexes of Triatoma genus based on the chromo-
somal position of ribosomal genes (Hemiptera - Triatominae). Infect Genet Evol 43:225-231

Pita S, Panzera F, Vela J, Mora P, Palomeque T, Lorite P (2017) Complete mitochondrial genome
of Triatoma infestans (Hemiptera, Reduviidae, Triatominae), main vector of Chagas disease.
Infect Genet Evol 54:158-163

Poux C, Chevret P, Huchon D, de Jong WW, Douzery EJ (2006) Arrival and diversification of cav-
iomorph rodents and platyrrhine primates in South America. Syst Biol 55(2):228-244

Ribeiro JM, Genta FA, Sorgine MH, Logullo R, Mesquita RD, Paiva-Silva GO, Majerowicz D,
Medeiros M, Koerich L, Terra WR, Ferreira C, Pimentel AC, Bisch PM, Leite DC, Diniz MM,
Junior JL, Silva ML, Araujo RN, Gandara AC, Brosson S, Salmon D, Bousbata S, Gonzalez-
Caballero N, Silber AM, Alves-Bezerra M, Gondim KC, Silva-Neto MA, Atella GC, Araujo
H, Dias FA, Polycarpo C, Vionette-Amaral RJ, Fampa P, Melo AC, Tanaka AS, Balczun C,
Oliveira JH, Gongalves RL, Lazoski C, Rivera-Pomar R, Diambra L, Schaub GA, Garcia ES,


https://doi.org/10.1371/journal.pntd.0006730

Speciation Processes in Triatominae 63

Azambuja P, Braz GR, Oliveira PL (2014) An insight into the transcriptome of the digestive
tract of the bloodsucking bug, Rhodnius prolixus. PLoS Negl Trop Dis 8:62594

Richards CL, Bossdorf O, Pigliucci M (2010) What role does heritable epigenetic variation play in
phenotypic evolution? Bioscience 60:232-237

Ridley M (1989) The cladistic solution to the species problem. Biol Philos 4:1-16

Rosen DE (1979) Fishes from the uplands and intermontane basins of Guatemala: revisionary
studies and comparative geography. Bull Am Mus Nat Hist 162:267-376

Ryckman RE (1962) Biosystematics and hosts of the Triatoma protracta complex in North
America (Hemiptera: Reduviidae) (Rodentia: Cricetidae). Univ Calif Publ Entomol 27:93-240

Ryckman RE (1967) Six new populations of Triatominae from Western North America (Hemiptera:
Reduviidae). Bull Pan-American Res Inst 1:1-3

Sandoval CM, Blanco EEN, Marin RG, Mendez DAJ, Rodriguez NO, Otélora-Luna F, Aldana EJ
(2015) Morphometric analysis of the host effect on phenotypical variation of Belminus ferroae
(Hemiptera: Triatominae). Psyche 2015:613614. https://doi.org/10.1155/2015/613614

Sarquis O, Borges-Pereira J, Mac Cord JR, Gomes TF, Cabello PH, Lima MM (2004)
Epidemiology of Chagas disease in Jaguaruana, Ceard, Brazil I: presence of triatomines and
index of Trypanosoma cruzi infection in four localities of a rural area. Mem Inst Oswaldo Cruz
99(3):263-270

Schachter-Broide J, Dujardin JP, Kitron U, Giirtler RE (2004) Spatial structuring of Triatoma
infestans (Hemiptera, Reduviidae) populations from northwestern Argentina using wing geo-
metric morphometry. J] Med Entomol 41:643-649

Schofield CJ (1988) Biosystematics of the Triatominae. In: Sevice MW (ed) Biosystematics of
haematophagous insects, systematics association, special volume 37. Clarendon Press, Oxford,
pp 284-312

Schofield CJ, Dujardin JP (1999) Theories on the evolution of Rhodnius. Actual Biol 21:183-197

Schofield CJ, Galvao C (2009) Classification, evolution and species groups within the Triatominae.
Acta Trop 110:88-100

Simpson GG (1951) The species concept. Evolution 5:285-298

Stothard JR, Yamamoto Y, Cherchi A, Garcia AL, Valente SAS, Schofield CJ, Miles MA (1998)
A preliminary survey of mitochondrial sequence variation within triatomine bugs (Hemiptera:
Reduviidae) using polymerase chain reaction-based single strand conformational polymor-
phism (SSCP) analysis and direct sequencing. Bull Entomol Res 88:553-560

Tang SW, Presgraves DC (2009) Evolution of the Drosophila nuclear pore complex results in
multiple hybrid incompatibilities. Science 323:779-782

Templeton AR (1989) The meaning of species and speciation: a genetic perspective. In: Otte D,
Endler JA (eds) Speciation and its consequences. Sinauer Associates, Sunderland, pp 3-27

Templeton AR (1998) Species and speciation: geography, population structure, ecology, and
gene trees. In: Howard DJ, Berlocher SH (eds) Endless forms: species and speciation. Oxford
University Press, New York, pp 32-43

Traverso L, Sierra I, Sterkel M, Francini F, Ons S (2016) Neuropeptidomics in Triatoma infestans.
Comparative transcriptomic analysis among triatomines. J Physiol Paris 3:83-98

Turelli M, Barton NH, Coyne JA (2001) Theory and speciation. Trends Ecol Evol 16:330-343

Usinger RL (1944) The Triatominae of North and Central America and the West Indies and their
public health significance. US Publ Health Bull 288:1-83

Usinger RL, Wygodzinsky P, Ryckman RE (1966) The biosystematics of Triatominae. Annu Rev
Entomol 11:309-330

Valenga-Barbosa C, Lima MM, Sarquis O, Bezerra CM, Abad-Franch F (2014) A common Caatinga
cactus, Pilosocereus gounellei, is an important ecotope of wild Triatoma brasiliensis popula-
tions in the Jaguaribe valley of northeastern Brazil. Am J Trop Med Hyg 90(6):1059-1062

Van Valen L (1976) Ecological species, multispecies, and oaks. Taxon 25:233-239

Wiens JJ, Tiu J (2012) Highly incomplete taxa can rescue phylogenetic analyses from the negative
impacts of limited taxon sampling. PLoS One 7:e42925

Wiley EO (1978) The evolutionary species concept reconsidered. Syst Zool 27:17-26


https://doi.org/10.1155/2015/613614

64 M. G. Pavan et al.

Wilkins JS (2011) Philosophically speaking, how many species concepts are there? Zootaxa
2765:58-60

Xie X, Rull J, Michel AP, Velez S, Forbes AA, Lobo NF, Aluja M, Feder JL (2007) Hawthorn-
infesting populations of Rhagoletis pomonella in Mexico and speciation mode plurality.
Evolution 61:1091-1105

Zhang Y-Y, Fisher M, Colot V, Bossdorf O (2013) Epigenetic variation creates potential for evolu-
tion of plant phenotypic plasticity. New Phytol 197:314-332



Chromosome Structure and Evolution
of Triatominae: A Review

Check for
updates

Francisco Panzera, Sebastian Pita, and Pedro Lorite

Abstract The subfamily Triatominae, vectors of Chagas disease, represents one of
the most cytogenetically studied subfamilies within the true bugs. To date, the chro-
mosome numbers of more than 100 out of the 150 recognized species of the sub-
family are known, resulting in an extremely stable group in terms of the number of
autosomes (18, 20, and 22) and sex chromosome systems (mainly XY with varia-
tions in the number of X chromosomes). However, detailed analyses using laser
flow cytometry, chromosome bandings, and FISH (ribosomal genes, X chromosome
probes, genomic probes, and those from isolated repetitive fractions) have shown
that this group is extremely diverse in their total genome content, as well as in the
organization and types of sequences which constitute its chromosomes. In this
chapter, we review and update current knowledge about the chromosome structure
and highlight its importance to better understand the evolution of autosomes and sex
chromosomes of this fascinating group of true bugs.
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P Panstrongylus
pg picograms
R Rhodnius

rDNA ribosomal DNA
satDNA satellite DNA

T. Triatoma

TEs Transposable elements

1 Introduction

The blood-feeding Triatominae, commonly called kissing bugs, is a subfamily of
Reduviidae insects included in the infraorder Cimicomorpha, suborder Heteroptera,
and order Hemiptera (Weirauch and Schuh 2011). This subfamily, distributed
mainly but not exclusively in the Americas, is constituted by around 150 species of
great medical relevance because most of them act as vectors of Chagas disease
(Schofield and Galvao 2009; Justi and Galvao 2017; Monteiro et al. 2018).

As every hemipteran species, triatomines have holocentric chromosomes, also
called holokinetic chromosomes (Schrader 1947). Holocentric chromosomes have
been traditionally identified by two cytological characteristics. First, they lack a
primary constriction or localized centromere, distinctive of monocentric chromo-
somes (Hughes-Schrader and Schrader 1961). Second, during mitotic anaphase, the
sister chromatids are separated toward opposite poles with their axes parallel to
each other and to the equatorial plate, a process known as holokinetic movement.
The fibers of the spindle microtubules interact with most of the chromatid length, so
that the chromatids do not adopt the classic V-shaped figures typically observed on
monocentric chromosomes. This behavior leads to the definition of a diffuse or
nonlocalized centromere (for review, see White 1973).

Holocentric chromosomes are observed in a wide variety of organisms including
animals, plants, and protists (White 1973; Eichenlaub-Ritter and Ruthmann 1982;
Guerra et al. 2010; Melters et al. 2012). The most well-studied holocentric species
is the nematode Caenorhabditis elegans. In Insecta, holocentric chromosomes are
present in several orders: Dermaptera, Hemiptera, Lepidoptera, Odonata,
Phthiraptera, Psocoptera, Trichoptera, and Zoraptera. Other arthropods such as
some spiders (order Araneae), primitive scorpions, microwhip scorpions (order
Palpigradi), separate mites, and ticks also have holocentric chromosomes (Mola and
Papeschi 2006). Considering the diversity of insect groups with holocentric chro-
mosomes, several authors estimate that these chromosomes have arisen by conver-
gent evolution at least four independent times in the evolution of Insecta (Melters
et al. 2012; Drinnenberg et al. 2014; Marques and Pedrosa-Harand 2016). In order
to replace a localized centromere in its regulatory role in the co-orientation of the
sister chromatids, the holocentric chromosomes have adopted different strategies to
ensure regular chromosome segregation in meiosis. For this reason, the meiotic
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behavior and the kinetochore structures are variable among different organisms
with holocentric chromosomes (Viera et al. 2009; Melters et al. 2012; Heckmann
and Houben 2013; Cabral et al. 2014; Marques and Pedrosa-Harand 2016). In this
chapter, we will only refer to the hemipteran chromosomes and especially to what
is known in Triatominae.

In hemipteran mitosis, the spindle microtubules attach along most of the chroma-
tid length by means of a trilaminar kinetochore (Buck 1967; Comings and Okada
1972; Gonzalez-Garcia et al. 1996a). This holocentric interaction of microtubules
leads to a parallel segregation of sister chromatids during mitotic anaphase, result-
ing in the characteristic holokinetic movement of the holocentric chromosomes.
However, hemipteran chromosomes exhibit striking differences in kinetochore
structure and in their segregation during meiotic divisions. First, meiotic chromo-
somes do not present kinetochore structures. Multiple microtubule fibers directly
interact with the chromatin of the chromosomal ends, so that anaphasic movement
seems to be mediated by microtubules inserted into the chromosomes, without the
participation of kinetochore plates (Buck 1967; Comings and Okada 1972). Second,
the kinetic activity in meiosis is restricted to the chromosome ends in both auto-
somes (Hughes-Schrader and Schrader 1961) and sex chromosomes (Schrader
1935), resembling the behavior of the telokinetic chromosomes (Motzko and
Ruthmann 1984). In other words, the dispersed kinetic activity in the mitotic chro-
mosomes changes to a located kinetic activity at the chromosomal ends in the mei-
otic chromosomes.

Heteropteran autosomes and sex chromosomes present differences in their mei-
otic segregation. The first meiotic division is reductional for autosomes and equa-
tional for sex chromosomes (Ueshima 1979; Mola and Papeschi 2006; Grozeva
et al. 2015). Sex chromosomes in males are achiasmatic (Solari 1979), segregating
equationally during the first meiotic division and reductionally during the second
one (Ueshima 1979). This post-reductional segregation, also called inverted meiosis
of the sex chromosomes, is the rule in Hemiptera, although there are few exceptions
(Ueshima 1979; Grozeva et al. 2006). Both in sex chromosomes and in autosomes,
the kinetic activity during the first meiotic anaphase is restricted to either one of the
two chromatid ends. In sex chromosomes, both chromatid ends are able to develop
kinetic activity, being the election of the kinetic end a random process and indepen-
dent between sister chromatids (Gonzalez-Garcia et al. 1996b; Pérez et al. 2000).
However, in the autosomes, the kinetic activity of one or the other end will depend
on the orientation of the bivalent during metaphase I (perpendicular or parallel to
the equatorial plane). In such way the same chromosomal segment can segregate
equationally or reductionally depending on the kinetically active end during the
meiotic anaphases (Nokkala and Nokkala 1997; Pérez et al. 1997, 2000). Finally,
the kinetic activity changes its location from one chromosome end at first meiotic
division to the opposite end at the second meiotic division, irrespective of the chi-
asma position (Nokkala 1985; Pérez et al. 1997, 2000). Exception to this inversion
in the kinetic activity was described in one autosomal pair of Triatoma infestans,
where the same chromosomal end can be active in both meiotic divisions (Pérez
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et al. 2000). An excellent review about the orientation and segregation of holocen-
tric chromosomes in meiosis can be found in Viera et al. (2009).

2 Chromosome Numbers in Triatominae

Table 1 summarizes the triatomine species that have been cytogenetically studied so
far, which include three of the five tribes (Bolboderini, Rhodniini, and Triatomini)
and nine genera (of the 16 recognized). In this table, the species nomenclature fol-
lows a recently proposed classification based on phylogenetic affinities obtained by
different genetic approaches (Monteiro et al. 2018). Chromosome numbers of the
following species are described here for the first time: Triatoma dispar (Antioquia,
Colombia) (Fig. 1d), T. mopan (Cave Rio Frio, Cayo, Belize) (Fig. 1g), T. breyeri
(Aiquile and Mataral, Cochabamba, Bolivia) (Fig. 1k), . mexicana (Guanajuato,
Mexico), T. venosa (Santander, Colombia), and 7. recurva (Tucson, Arizona, USA).
Cytogenetic information previously reported for Triatoma sp. affin dimidiata from
Guatemala (Petén, Ruinas Yaxhd) (Panzera et al. 2000) corresponds to the recently
described T. huehuetenangensis (Lima-Corddn et al. 2019). Chromosomal results
are presented separately for autosomes and sex chromosomes to facilitate reader
interpretation.

Despite the holokinetic nature of chromosomes, which is expected to facilitate
karyotype evolution through chromosomal fusions and fissions, the number of auto-
somes in triatomines appears to be quite stable: almost all species have a diploid
autosomal number of 20. Table 1 shows that among the 102 species studied so far,
99 of them present 20 autosomes. The other three species are 7. rubrofasciata (with
22 autosomes), Panstrongylus megistus, and T. nitida (both with 18 autosomes).
Ueshima (1966, 1979) suggested that 20 autosomes are the ancestral number in
Triatominae and that fission and fusion rearrangements have resulted in species
with 22 and 18 autosomes, respectively. These deviations from the ancestral number
are only observed in the North American lineage of the Triatomini tribe, while that
in Dispar and South American Triatoma lineages and in the tribes Rhodniini and
Bolboderini the autosomal number of 20 remains unchanged (Table 1).

In Hemiptera, the detection of structural variations such as translocations or
inversions has been very rare, probably due to the lack of a morphologically differ-
entiated centromere (Papeschi and Mola 1990; Bressa et al. 1998; Manicardi et al.
2015a). In triatomines, only two reports have described autosomal translocations
that resulted in individuals with variations in the autosomal number: Mepraia gajar-
doi (Pérez et al. 2004) and T. infestans (Poggio et al. 2013a). In these mutant indi-
viduals, autosomal trivalent and chromosomal fragments were observed both in
mitosis and meiosis.
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Table 1 List of the Triatominae species cytogenetically studied until now, discriminated by
diploid chromosome number (2n) in males according to the classification proposed by Monteiro

etal. (2018)

Tribes and Genus: species

lineages

TRIBE BOLBODERINI

20A + Belminus: corredori, herreri

X, X,Y=23

TRIBE RHODNIINI

20A + Psammolestes: arthuri, coreodes, tertius

XY=22 Rhodnius: brethesi, colombiensis, domesticus, ecuadoriensis, milesi,
[montenegrensis), nasutus, neglectus, neivai, pallescens, pictipes, prolixus,
robustus, stali

TRIBE TRIATOMINI

Triatoma dispa

r Lineage

20A +
XY=22

Triatoma: boliviana, carrioni, dispar, venosa

North American Lineage

18A + Panstrongylus megistus, Triatoma nitida

XX, Y=21

20A + Dipetalogaster maxima; [ Panstrongylus noireau, unpublished]; Paratriatoma

XY=22 hirsuta; Triatoma lecticularia

20A + Mepraia: gajardoi, parapatrica, spinolai

XX, Y=23 Panstrongylus: chinai, geniculatus, howardi, lignarius/herreri,
rufotuberculatus, tupynambai
Triatoma: barberi, bassolsae, confusa, dimidiata, flavida/bruneri, gerstaeckeri,
hegneri, huehuetenangensis, longipennis, mazzottii, mexicana, mopan,
pallidipennis, peninsularis, phyllosoma, picturata, protracta, recurva, rubida,
ryckmani, sanguisuga, sinaloensis, tibiamaculata

20A + Panstrongylus: lutzi/sherlocki; Triatoma (Mepraia): breyeri, eratyrusiformis

X X,X;Y=24

22A + Triatoma: rubrofasciata

X, X,Y=25

South American Lineage

20A + Triatoma: arthurneivai, bahiensis, baratai, brasiliensis/macromelasoma,

XY=22 carcavalloi, circummaculata, costalimai, delpontei, garciabesi, guasayana,
guazu, infestans/melanosoma, jatai, juazeirensis, jurbergi, klugi, lenti,
maculata, matogrossensis, melanica, patagonica, petrocchiae, pintodiasi,
platensis, pseudomaculata, rubrovaria, sherlocki, sordida, rosae [sordida
Argentina), [sordida La Paz], vandae, williami, wygodzinskyi

20A + Eratyrus: cuspidatus, mucronatus

X, X,Y=23

20A + Triatoma: melanocephala, vitticeps

X, X,X,Y=24

Species analyzed
proposed species

here for the first time are in bold. A: Autosomes; /: synonymized species; [ ]: new
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Fig. 1 Chromosome numbers in the Triatominae subfamily. C-banding. (a) Belminus herreri
(2nd= 20A + X;X,Y). Metaphase II. (b) Eratyrus mucronatus (2nd= 20A + X,X,Y). Diplotene
showing one bivalent with terminal C-blocks (arrows). (¢) Panstrongylus howardi (2nd= 20A +
X X,Y). Diakinesis. All autosomal pairs with conspicuous C-blocks in both chromosomal ends. (d)
Triatoma dispar (2nd= 20A + XY). Diplotene. Euchromatic X chromosome appears bigger than
heterochromatic Y chromosome. Some bivalents presented small terminal C-blocks. (e) T. bolivi-
ana (2nd= 20A + XY). Metaphase II. Similar to T. dispar. (f) T. lecticularia (2nd= 20A + XY).
Metaphase II. Almost all autosomes with heterochromatin. (g) 7. mopan (2nd= 20A + X;X,Y).
Metaphase 1. Y chromosome heterochromatic while both X chromosomes are euchromatic. All
autosomes with small C-blocks (not observed in this stage) (h) 7. hegneri 2nd= 20A + X, X,Y).
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3 Sex Chromosome Systems

In true bugs, the male sex is heterogametic. In triatomine species, similar to almost
all heteropterans, sex chromosomes are well differentiated from autosomes by their
distinct meiotic behavior: chromatin condensation throughout meiotic prophase and
chromosome segregation during both meiotic divisions. In the first meiotic pro-
phase, they are grouped together forming a positive heteropycnotic body, but they
are asynaptic and achiasmatic (Solari 1979; Ueshima 1979). At metaphase I, the sex
chromosomes appear clearly separated but lying side by side, without any visible
physical connection between them.

Sex chromosomes present a very particular segregation in male meiotic divi-
sions, called inverted meiosis or post-reductional segregation (Hughes-Schrader
and Schrader 1961; Ueshima 1979), unlike what happens with monocentric chro-
mosomes. In the first meiotic division, the sex chromosomes behave as univalents
and the sister chromatids of each sex chromosome separate to opposite poles at
anaphase I (equational division). At metaphase II, the sex chromatids belonging to
different chromosomes appear associated end-to-end, forming a pseudobivalent (in
XY systems) or pseudo-tri or tetravalent according to the sex system, which is
located in the center of the ring formed by the autosomes (Fig. 1a, e, k). At anaphase
II, these chromatids segregate to opposite poles (reductional segregation) resulting
in two gametes with different sex chromosomes.

Three sex systems in males are observed in Triatominae (XY, X;X,Y, and
X X,X5Y) (Fig. 1 and Table 1). Other sex mechanisms observed in others heterop-
terans, such as X,0, XY, or neo-XY, have not been reported in triatomines. A par-
ticular sex mechanism, X;X,Y,Y, has been described in Mepraia spinolai (Frias
et al. 1998). In this case, the extra Y chromosome probably represents a chromo-
somal fragment or supernumerary chromosome, since it varies between the cells of
the same individual, and it is also observed in females (Calleros et al. 2010; Panzera
et al. 2010) (Fig. 2b).

The distribution of the sex mechanisms in Triatominae shows a correspondence
with phylogenetic lineages (Table 1). All species of the tribe Rhodniini (Rhodnius
and Psammolestes spp.) have an XY system, while the two Bolboderini species of
the genus Belminus studied so far have a multiple sex system (X;X,Y) (Fig. 1a). In
the Triatomini tribe, the three sex mechanisms are observed; although there is a
strong tendency to maintain the same sex system within each lineage. The species
of the Triatoma dispar lineage have an XY system. This is the only Triatominae

Fig. 1 (continued) Metaphase 1. Similar to 7. mopan. (i) T. ryckmani 2nd= 20A + X;X,Y).
Metaphase 1. The three sex chromosomes, Y plus two Xs, with heterochromatin. Furthermore one
or two autosomal pairs with terminal C-blocks. (j) 7. williami (2nd= 20A + XY). In the chromo-
some complement, only the Y chromosome is heterochromatic. (k) 7. breyeri (2nd= 20A +
X X,X5Y). Metaphase II. All autosomes with small C-blocks (not observed in this stage). The Y
chromosome is heterochromatic and the three X chromosomes with intermediate staining. (I)
T. eratyrusiformis (2nd= 20A + X;X,X3Y). Metaphase 1. Similar to 7. breyeri
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Fig. 2 Supernumerary or B chromosomes (arrows) in Triatominae subfamily. (a) Triatoma lon-
gipennis (2nd= 20A + X, X,Y). Metaphase I. C-banding. Heterochromatic B chromosome. (b)
Mepraia spinolai (2n®= 20A + X;X;X,X,). Oogonial mitosis. C-banding. Heterochromatic B
chromosome. All autosomes and X chromosomes with C-heterochromatic blocks. (¢) M. spinolai
(2nd=20A + X;X,Y). Metaphase II. Giemsa staining. B chromosome close to sex chromosomes.
(d) T. infestans (intermediate chromosomal group with four autosomal pairs plus Y chromosome
with C-heterochromatin) (2nd = 20A + XY). Spermatogonial mitosis. C-banding. Euchromatic B
chromosome

group where the X chromosome is a bit larger than the heterochromatic Y chromo-
some (Figs. le and 3a). All species of the South American lineage also have the XY
system, except for four species with multiple X chromosomes: Eratyrus cuspidatus
and E. mucronatus (with X;X,Y, Fig. 1b) and T. melanocephala and T. vitticeps
(with X, X,X3Y, Fig. 3b). On the contrary, all species of the North American lineage
present multiple systems (X;X,Y and X;X,X;Y) except four species with XY sys-
tem (Dipetalogaster maxima, Panstrongylus noireau, Paratriatoma hirsuta, and
T. lecticularia) (Fig. 1f).

Although XY mechanism is the most frequent in Hemiptera, the question of
whether the X0 (Ueshima 1979) or XY (Nokkala and Nokkala 1983) mechanism is
the ancestral in this group is still unresolved. However, it is accepted that the mul-
tiple sex chromosome systems in Hemiptera have evolved from the XY system
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Fig. 3 Four location patterns of 45S ribosomal DNA clusters described in Triatomine subfamily
using 18S rDNA probe by fluorescence in situ hybridization (FISH). (a) Pattern X chromosome.
Triatoma boliviana (2nd= 20A + XY). Metaphase II. The X chromosome appears clearly larger
than the Y chromosome, a distinctive feature of the species of the dispar lineage. (b) Pattern X plus
Y chromosome. T. vitticeps (2nd=20A + X;X,X3Y). Metaphase I. (c) Pattern one autosomal pair.
Panstrongylus lignarius/herreri (2nd= 20A + X,X,Y). Diakinesis. Terminal heterochromatic
blocks (DAPI+) are observed in almost all bivalents. (d) Pattern one autosomal pair plus X chro-
mosome. T. delpontei (2nd= 20A + XY). Metaphase I

(Ueshima 1979). For this reason, many authors have proposed for Triatominae as
well as for Heteroptera that the multiple X chromosome systems have arisen by
fragmentation (fission) of the original X chromosome (Payne 1909; Ueshima 1966;
Panzera et al. 2010; Alevi et al. 2017). Other mechanisms such as non-disjunction
of X chromosomes (assumed for Cimex, Ueshima 1979) or chromosomal fragments
(resulting by an autosomal translocation, Pérez et al. 2004) have also been suggested.

The detection of a stable polymorphism in the number of sex chromosomes in a
reduviine Zelurus femoralis, close to Triatominae, strongly supports that the frag-
mentation is the most likely origin of multiple X chromosomes in Reduviidae. In
this species, Poggio et al. (2013b) detected the coexistence, within the same popula-
tion, of males with two sex systems: XY and X,X,Y. Considering that the new vari-
ant (X, X,Y) exhibits normal segregation during meiosis and that it is present in high
frequency of individuals analyzed for several years, these authors suggested that
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this new sexual system is stable and its origin is not recent. Poggio et al. (2013b)
also concluded that this polymorphic population of Z. femoralis represents a direct
evidence of the emergence of multiple sex chromosomes through the fragmentation
of a single X chromosome.

Considering the variability in size, staining, and sequence composition of the X
chromosomes (Bardella et al. 2016a; Panzera et al. 2010; Pita et al. 2017a, 2018, see
Sect. 7.6.), as well as the occurrence of the same multiple sex system in phyloge-
netically distant species, it is very likely that the fission processes of the original X
chromosome have occurred several times during the evolution of triatomines. An
illustrative example is the presence of the X;X,X;Y system in five not closely
related triatomine species, included in North and South American lineages: 7. brey-
eri (Fig. 1k), T. eratyrusiformis (Fig. 11), T. melanocephala, T. vitticeps (Fig. 3b),
and Panstrongylus lutzi (Table 1). Molecular phylogenies (Garcia et al. 2001; Hypsa
et al. 2002; Campos et al. 2013; Justi et al. 2014) suggest that the first two species
form a monophyletic clade with Mepraia spp., which have X;X,Y system. Probably
the three X chromosomes of T. breyeri and T. eratyrusiformis are derived from a
fission process that occurred in a common ancestor with the Mepraia species. In
South American Triatoma, the close relationship between 7. melanocephala and
T. vitticeps also suggests that they are derived from a common ancestor (Justi et al.
2016), but one different from Mepraia species. Finally, Panstrongylus lutzi is evolu-
tionarily distant from the remaining species with X;X,X;Y mechanism. In conclu-
sion, the formation of three X chromosomes has probably arisen independently at
least three different times during Triatominae evolution. This conclusion is also sup-
ported by the variability observed in the chromosomal location of the ribosomal
genes in species with the X;X,X;Y sex system, that show three different patterns
among the five studied species (Panzera et al. 2012 and unpublished data) (Table 2).

On the other hand, the fusion between multiple X chromosomes originating an
XY system also seems to have occurred several times in Triatominae. Almost all
species of the North American lineage present multiples X chromosomes (X;X,Y
and X;X,X;Y systems), being X;X,Y considered as the ancestral state for this group
(Panzera et al. 2010). Within this lineage only three species have a XY system:
Dipetalogaster maxima, Triatoma lecticularia (Fig. 1f), and Paratriatoma hirsuta
(Ueshima 1966). Despite belonging to different genera, these three species consti-
tute a monophyletic group, clearly differentiated from other species of this lineage
(Hypsa et al. 2002; Justi et al. 2014, 2016). It is very likely that the XY system of
these three species is a derived character originated by a fusion of the X, and X,
chromosomes in the common ancestor. A similar but independent process could
have also happened in a new described species of Panstrongylus, provisionally
called P. noireau, sister of P. rufotuberculatus (unpublished). This species has a
simple sex system XY, instead of multiple X chromosomes present in all other
Panstrongylus species (see Table 1). In conclusion, the fusion of the ancestral X,
and X, chromosomes to originate an XY system has taken place at least two times
in the North American lineage: once in the clade comprised by the three previously
mentioned species and other in P. noireau.
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Table 2 Chromosomal location of the major ribosomal DNA clusters in triatomine species studied
until now, discriminated by diploid chromosome number (2n) in males according to the
classification proposed by Monteiro et al. (2018)

Tribes and
lineages Chromosome
Diploid Location of rDNA
number (2n) clusters Genus: species
TRIBE RHODNIINI
20A + XY X chromosome Rhodnius: colombiensis, nasutus, prolixus, robustus
=22 XandY Psammolestes: tertius
Rhodnius: domesticus, milesi, neglectus, neivai, pallescens,
pictipes, stali
Polymorphic (X | Rhodnius ecuadoriensis
alone, X andY)
TRIBE TRIATOMINI

Triatoma dispar Lineage

20A + XY X chromosome Triatoma: boliviana, carrioni

=22

North American Lineage

18A + One autosomal Panstrongylus megistus, Triatoma nitida

X, X,Y=21 pair

20A + XY= 22 | One autosomal Triatoma lecticularia

pair

20A + One autosomal Panstrongylus: chinai, lignarius/herreri, howardi

X X,Y=23 pair Triatoma: dimidiata, flavida/bruneri, huehuetenangensis,
mazzottii, pallidipennis, phyllosoma, protracta,
tibiamaculata

20A + One autosomal Panstrongylus lutzi/sherlocki; (unpublished)

X X,X5Y=24 | pair Triatoma: breyeri (unpublished), eratyrusiformis
(unpublished)

22A + One autosomal Triatoma rubrofasciata

X X,Y=25 pair

20A + XY= 22 | X chromosome Dipetalogaster maxima

20A + X, chromosome | Mepraia: gajardoi, spinolai

X, X,Y=23

20A + XY=22 | XandY [Panstrongylus noireau](unpublished)

South American Lineage

20A + XY=22

One autosomal
pair

Triatoma: baratai, brasiliensis/macromelasoma,
carcavalloi, circummaculata, costalimai, guasayana,
guazu, jatai, klugi, patagonica, pintodiasi,
pseudomaculata, rubrovaria, sherlocki, [sordida La Paz],
williami, wygodzinskyi

20A + XY=22 | X chromosome Triatoma: garciabesi, platensis, sordida

20A + XY=22 | XandY Triatoma: jurbergi, maculata, matogrossensis,
rosae [sordida Argentina), vandae

20A + XY=22 | X and one Triatoma delpontei

autosomal pair

(continued)
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Table 2 (continued)

Tribes and

lineages Chromosome

Diploid Location of rDNA

number (2n) clusters Genus: species

20A + XY= 22 | Polymorphic Triatoma infestans
20A + X;andY Eratyrus cuspidatus
X, X,Y=23

20A + X;andY Triatoma vitticeps
X XoX;Y=24

20A + X Triatoma melanocephala (unpublished)
X XX Y=24

Data extracted from Severi-Aguiar and Azeredo-Oliveira (2005), Severi-Aguiar et al. (2006),
Morielle-Souza and Azeredo-Oliveira (2007), Bardella et al. (2010), Panzera et al. (2012, 2014,
2015), Pita et al. (2013, 20164, b), Dujardin et al. (2015), Hieu et al. (2019), Villacis et al. (2020)
A: Autosomes; /: synonymized species; [ ]: new proposed species

Several authors have used the terms agmatoploidy (Malheiros-Gardé and Gardé
1950) and symploidy (Luceiio and Guerra 1996) to refer to the fusion or fission
between the few chromosomes that occur in Heteroptera (Bardella et al. 2012; Gallo
etal. 2017; Alevi et al. 2018a). This terminology, originally defined for the holocen-
tric chromosomes of plants (Luzula, Juncaceae), involves the fragmentation and
fusion of an entire chromosome complement, generating a diploid with twice or half
the chromosomes of the original species. A recent review shows that cases of dou-
bling the number of chromosomes by agmatoploidy are exclusively limited to plant
species and its occurrence in animals has never been proven (Guerra 2016). For
Heteroptera, Thomas (1987) suggested that there is no evidence that agmatoploidy
acts as mechanism of speciation in this insect group. Both processes do not occur in
triatomines with an almost unchanged chromosome number, so these terms are not
valid for this insect group. The concepts of partial agmatoploidy and partial sym-
ploidy are applied erroneously for processes where few chromosomes participate
(Alevi et al. 2017, 2018a), being indistinguishable from chromosomal fissions and
fusions. For these reasons, Guerra (2016) proposed that the terms agmatoploidy and
symploidy should be avoided or even abolished in animal species.

4 B Chromosomes

Another source of intraspecific chromosome number variation is the presence of B
chromosomes, also known as supernumerary, accessory, or extra chromosomes.
These particular chromosomes are dispensable elements reported in about 15% of
eukaryotic organisms. They do not recombine with chromosomes of the standard
complement and follow their own pathway of transmission (Camacho 2005). In
addition, they are frequently heterochromatic, generally segregate irregularly, and
are often present in varying numbers, both between individuals of the same or
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different populations and even among cells of the same individual. In true bugs, B
chromosomes have been reported in a dozen species (Kuznetsova et al. 2011).

Within Triatominae, B chromosomes have been detected in three species: 7. lon-
gipennis, M. spinolai, and T. infestans (Panzera et al. 2010). In T longipennis, these
were detected in a few male individuals having a single heterochromatic B chromo-
some present in both mitotic and meiotic cells. In the first meiotic division, the
additional chromosome behaved as univalent and did not alter the anaphasic segre-
gation of the autosomes or sex chromosomes. In metaphase II, a B chromosome was
positioned close to the sex chromosomes (Fig. 2a). In males and females of M. spi-
nolai, both in mitosis and meiosis, one to three supernumerary chromosomes
(euchromatic and/or heterochromatic) were observed, with a very variable fre-
quency even within the same individual (Fig. 2b). The B chromosomes of M. spino-
lai, unlike in T. longipennis, could affect the normal segregation of the autosomes
and sex chromosomes during both meiotic divisions. Thus, metaphase II plates
appear with a variable number of autosomes and/or sex chromosomes, producing
non-viable gametes and affecting the fecundity of the carrier individual (Fig. 2c).

In pyrethroid-resistant populations of 7. infestans from Argentina (Salta, Salvador
Mazza) and Bolivia (Tarija), a high frequency of individuals (males and females)
were reported to bear chromosomal fragments, possibly B chromosomes (Panzera
et al. 2014). These chromosomes, which could be euchromatic or heterochromatic,
were observed only in gonial mitosis (Fig. 2d) but not in meiosis. Male individuals
carrying B chromosomes exhibited a normal meiotic behavior. In the aphid Myzus
persicae, an autosomal translocation is responsible for an organophosphate and car-
bamate resistance by the amplification of esterase gene, due to a position effect
caused by the repositioning of the heterochromatin (Blackman et al. 1978). In
T. infestans, those B chromosomes are possibly the consequence of autosomal
translocations that may modify the gene expression of euchromatic regions adjacent
to the heterochromatin (position-effect variegation) (Panzera et al. 2014).

These few examples exemplify the extensive variability of B chromosomes in
Triatominae in terms of their number, size, staining, frequency, meiotic behavior
and particularly, in their genetic consequences. This variability also suggests that
the B chromosomes in Triatominae have originated by different mechanisms. A bet-
ter characterization of repetitive DNA sequences and single-copy genes located on
B chromosomes of triatomines could clarify the origin and evolution of these par-
ticular chromosomes, as it has been carried out in other insects (Ruiz-Estevez et al.
2012; Bueno et al. 2013; Manrique-Poyato et al. 2015; Silva et al. 2021).

5 Genome Size in Triatomines

The amount of haploid genomic DNA (C-value) in Triatominae was initially deter-
mined by densitometry techniques (Schreiber et al. 1972; Panzera et al. 1995) and
later by laser flow cytometry (Panzera et al. 2004, 2007; Gémez-Palacio et al. 2012;
Diaz et al. 2014). The analysis of 21 species from five genera showed that the
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haploid genome size in Triatominae varies up to fourfold, from around 0.72 pg (in
three Rhodnius species) to 2.90 pg (T. delpontei). The average genomic DNA con-
tent in Triatomini species was 1.25 pg, equivalent to 1.22 x 10° bp (Panzera et al.
2007, 2010). Particularly interesting is the intraspecific variation observed in
T. infestans populations, where there are substantial differences (from 30% to 50%)
in the amount of nuclear DNA (Panzera et al. 2004; Bargues et al. 2006). Given that
the analyzed species present similar male diploid chromosome number (22 or 23
chromosomes), the broad range in the total DNA contents is probably due to the
smaller size of the Rhodnius chromosomes and different amounts of heterochroma-
tin within Triatomini tribe species.

6 Cytogenetic Studies of Hybrids

There is an extensive bibliography on natural and experimental hybrids in triato-
mines (for references, see Campos-Soto et al. 2016). Experimental hybridization
represents a powerful tool for demonstrating the existence of several isolating
mechanisms that limit gene flow between animal species. Although natural hybrid-
ization usually results in non-viable offspring, its importance in speciation as an
adaptation mechanism in the formation of new species has been recognized (Arnold
1997). In triatomines, it has been suggested that some species of the Triatoma
brasiliensis complex have arisen by a special type of hybridization called homo-
ploid hybrid speciation (Coyne and Orr 2004), that is, hybridization without a
change in chromosome number (Costa et al. 2009; Correia et al. 2013; Lukhtanov
etal. 2015; Guerra et al. 2019). This mode of speciation probably also has happened
in other triatomine groups that present a wide reproductive compatibility, such as in
some species of the phyllosoma complex (Martinez-Ibarra et al. 2008, 2009).

Recently, experimental hybridization in triatomines was used to establish the
taxonomic status among putative sibling species or differentiated populations
(Martinez-Hernandez et al. 2010; Garcia et al. 2013; Mendonga et al. 2014, 2016;
Campos-Soto et al. 2016; Nattero et al. 2016; Alevi et al. 2018b; Nascimento et al.
2019). Adult progeny resulting from interspecific crossings is a frequent phenome-
non in triatomines and has been observed in several species of the genera Mepraia,
Rhodnius, Triatoma, and recently in Panstrongylus (Villacis et al. 2020). Unlike
what is reported in mammals and insects such as Drosophila (Yamamoto 1993), all
interspecific crossings in triatomines yielded adult hybrids of both sexes, not fol-
lowing Haldane’s rule (Haldane 1922). The vast majority of these hybrids are sterile
(unable to produce viable offspring), while others may be totally fertile or have dif-
ferent degrees of infertility.

Cytogenetic analyses of adult FI hybrids began in the 1950s with the pioneer
studies of Giorgio Schreiber in Minas Gerais, Brazil (Schreiber and Pellegrino
1950). The main objective of the chromosome analysis of the F1 hybrids was to
establish whether these adults were capable of producing balanced gametes, a nec-
essary requirement but not enough to generate offspring. The meiotic analysis of the
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hybrids allows to determine the degree of genetic homology among the chromo-
somes of the parental species by observing the chromosomal pairing between the
homeologous chromosomes.

Chromosome analysis of interspecific hybrids has included the following crosses:
Triatoma infestans/ T. rubrovaria in both directions (Schreiber and Pellegrino 1950;
Scvortzoff et al. 1995; Pérez et al. 2005), T. infestans 3/ T. pseudomaculata Q
(Schreiber et al. 1974), T. sordida/ T. pseudomaculata in both directions (Schreiber
etal. 1975), T. infestans/ T. platensis in both directions (Scvortzoff et al. 1995; Pérez
et al. 2005), T. platensis 3/ T. delpontei Q (Pérez et al. 2005), T. protracta 3/ T. bar-
beri @ (Ueshima 1966), T. sherlocki/ T. lenti in both directions (Mendonga et al.
2014), T. lenti 3/ T. bahiensis Q (Alevi et al. 2018b), M. spinolai 3/ M. gajardoi Q
(Campos-Soto et al. 2016), and Rhodnius pallescens 3/ R. colombiensis @ (Diaz
et al. 2014). Except for the crossings between T. infestans/ T. platensis, T. platensis/
T. delpontei, T. sherlocki/ T. lenti, and M. spinolai 3/ M. gajardoi ?, all the remain-
ing F1 hybrids presented different degrees of abnormalities in the meiotic pairing,
recombination failures, and irregular chromosome segregations, resulting in geneti-
cally unbalanced gametes and consequently the individuals were almost or com-
pletely sterile.

Triatoma infestans, T. platensis, and T. delpontei share a recent common ances-
tor, constituting the infestans clade (Monteiro et al. 2018), previously called infes-
tans subcomplex (Schofield and Galvao 2009). The viability of hybrids between
T. infestans and T. platensis has been maintained for several generations, including
backcrosses, which suggests that these species have not developed morphological
or genetic barriers to avoid exchange (Usinger et al. 1966; Scvortzoff et al. 1995;
Pérez et al. 2005). Furthermore, the low genetic distances between them (Pereira
et al. 1996; Bargues et al. 2006) and the occurrence of natural hybrids indicate that
introgression events are likely (Abalos 1948; Usinger et al. 1966; Franca 1985). In
the crosses between 7. platensis and T. delpontei, the situation is very different since
partial sterility is observed between both species. Adult progeny is only obtained
when T. delpontei was the female progenitor, revealing a pre-zygotic isolation
related to mating (Pérez et al. 2005). In the crosses between 7. delpontei and T. infes-
tans we obtained viable F1 hybrids only when 7. delpontei was the male progenitor
(unpublished). This successful crossing is exactly the opposite to what is observed
between 7. platensis and T. delpontei (only viable when T delpontei was the female).
These F1 hybrids (males and females) were fertile with each other and with some of
the backcrosses with the parental species. Meiotic analyses of F1 males showed a
very variable frequency of chromosomal abnormalities among individuals. Some of
them produce normal gametes while others show a high percentage of genetically
unbalanced cells due to irregularities in chromosomal pairing.

The crosses between T. sherlocki/T. lenti yielded adult F1 hybrids, with com-
pletely normal meiosis (Mendonga et al. 2014). However, the F2 adults have irregu-
larities in their meiosis, with severe anomalies in the chromosome pairing. Therefore,
F2 individuals are almost completely sterile, unable to produce F3 adults (Mendonga
et al. 2014). This abnormal chromosomal behavior in F2 individuals may be one of
the causes that result in the so-called hybrid breakdown. This process is a
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post-mating isolating mechanism defined as inviability or sterility in the F2 or later
generations of interspecific crosses, even though the F1 hybrids are viable and fully
fertile (Johnson 2010). A similar situation was observed in the crossing between
Mepraia spinolai/M. gajardoi because in this case hybrid breakdowns are observed
in the second backcrosses, in addition to other hybrid incompatibilities (Campos-
Soto et al. 2016). In conclusion, the cytogenetic analysis of adult hybrids allows to
determine if there is chromosomal incompatibility between the parental species.
However, the detection of F1 hybrids with normal and fertile gametes does not guar-
antee that subsequent generations are viable and fertile.

7 Longitudinal Differentiation of Triatomine Chromosomes

In spite of the extensive stability in their autosomal number, triatomines exhibit a
great variability of the genome size, chromosome location of ribosomal clusters,
and in the amount, distribution, and composition of the repetitive sequences,
revealed by C- and fluorescence bandings and DNA probes (see below). However,
unlike what happens in other hemipteran families, the analysis of others of repeti-
tive chromosomal markers, such as 5S rDNA, U1, and U2 snDNA or histone genes,
failed to obtain satisfactory results in this insect group (Mandrioli and Manicardi
2013; Manicardi et al. 2015b; Anjos et al. 2016, 2018, 2019; Bardella et al. 2016b;
Bardella and Cabral-de-Mello 2018).

7.1 C-Banding

The first report that detected longitudinal variation in the triatomine chromosomes
was performed in 7. infestans (Panzera et al. 1992) by the application of C-banding
technique that revealed constitutive heterochromatin (C-heterochromatin) (Sumner
1972). This particular class of chromatin is mainly composed of repeated DNA,
both organized in tandem (satellite DNA) and dispersed (transposable elements),
being a fundamental component in the structure and functionality of chromosomes
(Charlesworth et al. 1994). Changes in the amount and location of heterochromatin
generally alter chromosomal recombination and segregation, and even the expres-
sion of genes included in both the heterochromatin and adjacent euchromatic regions
(position effect variegation) (Verma 1988; Dimitri et al. 2009).

The distribution of C-heterochromatin has been analyzed in around a hundred
triatomine species, showing that this cytogenetic marker is very useful to character-
ize and differentiate triatomine species (Pérez et al. 1992, 2004; Panzera et al. 1995,
1997, 1998, 2004, 2006, 2015; Crossa et al. 2002; Dujardin et al. 2002, dos Santos
et al. 2007; Calleros et al. 2010; Alevi et al. 2013, 2014, 2015; Nattero et al. 2016;
Pita et al. 2016a). All species showed a Y chromosome almost totally heterochro-
matic, and in some species the X chromosome has also heterochromatic blocks
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(Fig. 1) (Panzera et al. 2010). Autosomal C-heterochromatin was described in
almost all studied genera (Eratyrus, Mepraia, Panstrongylus, Rhodnius, and
Triatoma), including striking interspecific variations in the total amount (can repre-
sent up to 45% of the autosomal complement), size of C-blocks (in 7 nitida the
C-block represents over 80% of the whole chromosome), number of chromosomes
carrying heterochromatin (from none to all autosomes), and behavior of C-blocks
during both mitotic and meiotic divisions (Panzera et al. 2010). In general, they
have a terminal location (in one or both chromosomal ends) but intercalary posi-
tions have also been reported (Panzera et al. 1992, 1995, 1997).

At the evolutionary level, species complexes, as assigned by Monteiro et al.
(2018), tend to have the same heterochromatic pattern (similar amount and distribu-
tion of C-blocks). In the North American Triatomini lineage, two clearly differenti-
ated groups are observed: a) autosomes without C-heterochromatin (or very small
C-blocks) including all species of dimidiata, phyllosoma, and flavida/Nesotriatoma
species complexes; and b) autosomes with C-blocks in both chromosomal ends of
all autosomal pairs: T. barberi, T. lecticularia, T. protracta, T. sanguisuga, and
T. rubrofasciata. In the Panstrongylus genus two chromosomal trends are recog-
nized (Crossa et al. 2002; unpublished data): with autosomal heterochromatin
(P. chinai, P. howardi, P. herreri/lignarius, P. rufotuberculatus, P. noireau) and
without heterochromatin (P. megistus, P. lutzi/sherlocki, P. tupynambai), and one
polymorphic species depending on its geographic origin (P. geniculatus). A similar
differentiation also occurs in the South American Triatomini lineage: species with
little or without heterochromatin (rubrovaria and pseudomaculata complexes, and
Eratyrus genus), and species with large amounts of heterochromatin (brasiliensis
and infestans complexes). Species groupings according to their heterochromatic
patterns agree with the evolutionary trends determined by nuclear and mitochon-
drial DNA sequences (Monteiro et al. 2018).

On the other hand, intraspecific variation or polymorphisms in the amount of
C-heterochromatin was reported in several species: 7. infestans (Panzera et al. 1992,
2004, 2014), T. dimidiata (Panzera et al. 2006), T. sordida (Panzera et al. 1997),
T. patagonica (Nattero et al. 2016), P. geniculatus (Crossa et al. 2002), and R. palles-
cens (Gémez-Palacio et al. 2008, 2016). Some of these variations were analyzed
with other genetic markers (isoenzymes and DNA sequences) in such a way that the
heterochromatin variants turned out to be cryptic species, as in 7. dimidiata (Bargues
et al. 2008; Monteiro et al. 2013) and 7. sordida (Jurberg et al. 1998; Noireau et al.
1998; Panzera et al. 2015). In T patagonica and P. geniculatus more detailed analy-
ses are still pending to confirm whether the heterochromatin variants are really dif-
ferent populations or sibling species.

The most striking intraspecific variation of C-heterochromatin was reported in
T. infestans, main vector of Chagas disease in South America. Extensive population
studies from Argentina, Brazil, Bolivia, Chile, Paraguay, Peru, and Uruguay
revealed two main chromosomal groups. These groupings were designated as
“Andean” and “non-Andean” due to their geographic occurrence, with a hybrid
zone between them (intermediate group) (Panzera et al. 1992, 2004, 2014). The
“Andean” group shows 50% more heterochromatin than the “non-Andean” group,
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which is correlated with differences in the total genome content (Panzera et al.
2004). Based on this striking variation of C-heterochromatin and chromosomal
location of ribosomal clusters (see Sect. 7.3.), we have postulated an Andean origin
of T. infestans (Panzera et al. 2004, 2014). In contrast, recent analyses with nuclear
and mitochondrial sequences suggest a Chaco origin (Ferndndez et al. 2019),
although these markers are not conclusive about resolving the origin and spread of
T. infestans (for review see Torres-Pérez et al. 2011).

7.2 Fluorochrome Banding

The application of C-banding and subsequent fluorochrome staining with DAPI and
CMA; allows a better characterization of heterochromatic regions in terms of their
relative enrichment with AT or GC base pairs, respectively. The fluorescent
C-banding analysis of 41 species from six different genera allowed a clear differen-
tiation of the heterochromatic regions classified as similar by C-banding, both in
autosomes and sex chromosomes (Pérez et al. 1997, 2000; Severi-Aguiar et al.
2006; Bardella et al. 2010, 2014a, 2016a). We described five fluorescent C-banding
patterns in autosomes, five in X chromosomes, and two in the Y chromosome
(Bardella et al. 2016a). Heterochromatic autosomal regions can consist of sequences
exclusively stained with DAPI, exclusively CMA;+, co-localized (positive for DAPI
and CMA; simultaneously), or can be subdivided into two sub-regions: one DAPI+
and another CMA;+. Some species presented autosomes with more than one of the
patterns described above. Although most species bear euchromatic X chromosomes,
some species might present DAPI+, CMA;+, or both fluorochrome-enriched blocks.
In species with multiple Xs, different patterns of fluorochrome staining can be
observed between the X chromosomes. All species of Triatomini tribe showed a
heterochromatic Y chromosome entirely DAPI+, while in Rhodniini species the Y
chromosome did not display fluorescent signals. In some Triatomini species, the
DAPI+ Y chromosome also included a CMA;+ region, associated with ribosomal
clusters.

The diversity of fluorochrome profiles is probably due to the amplification of
different families of repeated sequences, reflecting an extraordinary dynamic of
change in the Triatominae genomes. This variability contrasts with that observed in
other heteropteran groups, in which each subfamily presents few fluorochrome pat-
terns (Bressa et al. 2005; Bardella et al. 2012, 2014b, c, d).

7.3 Chromosomal Location of Ribosomal Genes by
Fluorescence In Situ Hybridization (FISH)

The analysis of the chromosomal location of the major ribosomal genes (rDNA
regions containing the genes for the 18S, 5.8S, and 28S rRNAs) showed a striking
inter-specific variability, revealing an extraordinary dynamics of change in
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triatomine genomes without deviations in the chromosome number (Panzera et al.
2012, 2014, 2015; Pita et al. 2013, 2016a, 2020; Hieu et al. 2019; Villacis et al.
2020). In 67 triatomine species hitherto analyzed (Table 2), excepting 7. infestans,
the ribosomal genes have one or two chromosome loci per haploid genome (Panzera
et al. 2012, 2014), similar as reported in almost all hemipteran species (Grozeva
et al. 2015). Triatomines showed four rDNA chromosomal patterns: (a) on one sex
chromosome (always X chromosome in XY system or in multiple Xs) (Fig. 3a), (b)
on two sex chromosomes (X plus Y chromosomes in XY systems, two Xs or X plus
Y chromosomes in multiple sex systems) (Fig. 3b), (c) on one autosomal pair
(Fig. 3c), (d) on the X chromosome plus one autosomal pair (Fig. 3d).

As observed with other chromosomal markers, there are remarkable differences
in the location of ribosomal genes between the Rhodniini and Triatomini tribes. All
Rhodniini species (genera Psammolestes and Rhodnius) present the rDNA loci on
one (X chromosome) or both (X and Y) sex chromosomes (Table 2). On the con-
trary, in the Triatomini tribe the four patterns described above are observed, being
by far the autosomal pattern the most frequent, recorded in species with different
chromosome numbers and sex chromosome systems (Table 2). For this reason, this
autosomal pattern could be considered ancestral for Triatominae, or at least for the
Triatomini tribe (Pita et al. 2016a). Nevertheless, it has been also proposed as the
ancestral state for the Heteroptera order (Grozeva et al. 2015). Thus, the relocation
of the ribosomal clusters from autosomes to one or two sex chromosomes would be
a derived state (apomorphic character). Considering that rDNA loci on one or two
sex chromosomes are observed in all Rhodniini species as well as phylogenetically
distant Triatomini groups (Dipetalogaster, Eratyrus, Mepraia, Panstrongylus, and
several Triatoma species), it is most likely that the transfer of rDNA loci from auto-
somes to sex chromosomes has occurred several times during the evolution of this
subfamily.

The great reorganization on the chromosomal location of the ribosomal loci,
without changes in the chromosome number, suggests that ectopic recombination
and/or transposition processes followed by amplifications are involved in the relo-
cation of rDNA loci in triatomines (Panzera et al. 2012; Pita et al. 2013). Probably
inter-chromosomal mobility of rDNA loci by transpositions events is facilitated by
the presence of transposable elements adjacent to the ribosomal genes (Schubert
and Wobus 1985; Zhang et al. 2008). An important fraction of the triatomine genome
is composed of transposable elements (Gilbert et al. 2010; Mesquita et al. 2015;
Fernandez-Medina et al. 2016; Pita et al. 2017c¢; Castro et al. 2020), including a
retrotransposon in