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Resumo

O paradigma no qual grande parte do arcabouço teórico e emṕırico tem se baseado

para o estudo de associações históricas não tem sido capaz de acomodar as evidências

dispońıveis. Essas inconsistências permitiram o surgimento do “Paradigma de Estocolmo”.

Existem diferentes grupos com potencial para ser um sistema modelo para o estudo de

associações históricas, como Streblidae. Esta famı́lia é caracterizada como um grupo al-

tamente especializado de moscas ectoparasitas de morcegos, que se alimentam de sangue.

Embora a associação entre Streblidae e seus hospedeiros possa ser um bom sistema mo-

delo, reconstruir uma hipótese de relacionamento é crucial antes de iniciar um estudo de

associação histórica. Para estudar as relações dentro de Streblidae e as associações parasita-

hospedeiro, a tese foi dividida em duas partes principais. No caṕıtulo 2, apresentamos a

filogenia molecular mais abrangente para Streblidae do Novo Mundo até o momento, in-

cluindo estimativas de tempos de divergência. Nossos resultados suportam a monofilia dos

Streblidae do Novo Mundo, Nycterophiliinae e Streblinae, porém não suportam a monofilia

de Trichobiinae. As estimativas sugerem que Streblidae do Novo Mundo surgiu no Mioceno

Inferior. Novas colonizações foram recuperadas como o principal evento nas associações

entre Streblidae e seus hospedeiros. Sugerimos a ecologia de abrigos como um mecanismo

importante nas associações parasito-hospedeiro estudadas. No caṕıtulo 3, é apresentada a

filogenia da subfamı́lia Streblinae com base em caracteres morfológicos. Foram amostradas

todas as espécies válidas de Streblinae. Os resultados suportam a monofilia de Streblinae,

com Anastrebla, Metelasmus e Paraeuctenodes também como monofiléticos. Por sua vez,

Strebla foi recuperado como parafilético em relação a Metelasmus. Apresentamos uma

visão histórica sobre a delimitação de Streblinae e discutimos a importância de uma nova

interpretação dos caracteres para a classificação da subfamı́lia.





Abstract

The paradigm upon which much of the theoretical and empirical framework was based

for the study of historical associations has not been able to accommodate the available ev-

idence. These inconsistencies enabled the emergence of the “Stockholm Paradigm”. There

are different groups that have potential to be a model system for studying historical asso-

ciations, such as Streblidae. The family is characterized as a highly specialized group of

flies that are ectoparasitic on bats, feeding on the blood of their hosts. The association

between species of Streblidae and their hosts may be a good model system to understand

the host-parasite relationship under the Stockholm Paradigm. However, reconstructing

a relationship hypothesis is crucial before starting a study of the historical association.

To study the relationship within Streblidae and the host-parasite associations, the the-

sis was divided into two main parts. In chapter 2, we present the most comprehensive

molecular phylogeny of New World Streblidae to date, including a fossil-calibrated esti-

mates of divergence dates. Our analysis supports the monophyly of New World Streblidae,

Nycterophiliinae and Streblinae, but a non-monophyletic Trichobiinae. Our estimates sug-

gest that New World Streblidae arose at Lower Miocene. Host-switch is recovered as

the main event in the associations between species of Streblidae and their hosts. We

suggest roost ecology as an important mechanism in the association between species of

Streblidae and their hosts. In chapter 3, the phylogeny of the subfamily Streblinae is

presented based on morphological characters. We sampled all valid species of Streblinae.

Results strongly support the monophyly of Streblinae, with Anastrebla, Metelasmus and

Paraeuctenodes also as monophyletic. In turn, Strebla is recovered as paraphyletic in re-

lation to Metelasmus. We present a historical overview on the delimitation of Streblinae,

and discuss the importance of a new interpretation of the characters.





Chapter 1

General Introduction

Coevolution is considered one of the main evolutionary forces capable of generating and

structuring biological diversity (Brockhurst and Koskella, 2013). Possible coevolutionary

interactions are present in many ways within biological communities and are generally

placed into three categories: antagonism, mutualism, and commensalism. Within these,

the most commonly studied examples of interactions are: host-parasite, predator-prey,

and plant-pollinator (Fountain et al., 2017). The role of coevolution in interactions and

species diversification is considered important in understanding how microevolutionary

processes can result in broad patterns of lineage diversification (Althoff et al., 2014; Gilman

et al., 2012; Poisot, 2015). Understanding the factors capable of generating, maintaining

and limiting interactions between species may have ecological applications. Examples of

applications include emerging disease dynamics, biological control, biological invasion, and

biotic responses to climate change (Agosta, 2006; Brooks and Ferrao, 2005; Brooks and

Hoberg, 2007; Hoberg and Brooks, 2015). Thus, many authors argue the need for data that

integrates microevolutionary processes with macroevolutionary patterns to understand how

coevolution affects speciation and extinction. Phylogenetic tools have been a widely used

approach to understanding such a link, mainly through comparison of phylogenies, known

as cophylogenies (Segraves, 2010; Thompson et al., 2017).

Most of the theoretical and methodological development for macroevolutionary ap-

proaches in coevolutionary studies was built on a “maximum cospeciation” paradigm.

Within this paradigm, specificity is the cause of coevolution and it is predicted that the

potential for new interactions will be minimal (Brooks et al., 2015; Hoberg and Brooks,

2008). However, this paradigm led to the misconception that examination of congruence

between phylogenies would be a sufficient evidence of coevolution, even leading to the use
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of cospeciation as a synonym for coevolution (Anderson, 2015; Page, 2003; Poisot, 2015;

Thompson, 2005; Thompson et al., 2017; Vienne et al., 2013). While coevolution may lead

to cospeciation, it is neither necessary nor sufficient to originate and maintain a pattern

of parallel speciation (Poisot, 2015; Thompson et al., 2017). In this sense, theoretical

and empirical studies are important in understanding how ecological and coevolutionary

dynamics can affect interactions between organisms and, in turn, species diversification.

Overall, these studies demonstrate that the effect of coevolution on diversification is ex-

tremely dependent on the type of ecological interaction present, as well as the phenotypic

mechanisms behind these interactions. They suggest that many interactions considered as

generators of diversification may not do so. In cases where selection acts on the conver-

gence of phenotypes, coevolution may even reduce diversification. In turn, antagonistic

interactions that impose a cost on phenotype matching can increase diversity, such as in

host-parasite associations. Given sufficient time, the selection regime in this type of in-

teraction is altered and tends to increase genetic and phenotypic variability. Increased

variability promotes the emergence of generalists and the possibility of new ecological op-

portunities (Best et al., 2010; Gilman et al., 2012; Hall et al., 2011; Paterson et al., 2010;

Scanlan et al., 2011; Simmons et al., 2011; Thompson, 2012; Yoder and Nuismer, 2010).

However, this opens the opportunity for further colonization (host-switch) and a cophy-

logenetic structure would emerge through phylogenetic tracking rather than cospeciation

(Brockhurst et al., 2005; Poisot, 2015; Vienne et al., 2013).

Currently, the theoretical and empirical framework on which maximum cospeciation

was built is unable to accommodate the available evidence on macroevolutionary processes

and patterns. Colonization events (host-switch) are the most obtained as an explanation

for speciation. (Huyse et al., 2005; Jackson and Charleston, 2004; Vienne et al., 2007, 2013).

The inconsistencies between what has been inferred and observed, with what is expected in

the current paradigm, makes room for the emergence of new paradigms. One option widely

discussed as a substitute is the “Stockholm Paradigm”. This proposal seeks to integrate

ecological and evolutionary processes, providing a new theoretical and empirical framework

for understanding the mechanisms that lead to diversification on a macroevolutionary scale

(Agosta, 2006; Agosta and Klemens, 2008; Agosta et al., 2010; Brooks et al., 2014, 2015;

Hoberg and Brooks, 2008). Although it has been elaborated within a context of host-

parasite interaction, with a focus primarily on emerging infectious diseases, it allows us to
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understand the evolution of interspecific ecological associations as a whole (Araujo et al.,

2015; Brooks and Hoberg, 2007; Hoberg et al., 2015; Hoberg and Brooks, 2015).

One of the most commonly used system models for studying historical associations has

been organisms of Phthiraptera, the order of insects popularly known as lice (i.e., Johnson

et al. 2011, 2009; Sweet et al. 2016; Sweet and Johnson 2016, 2018). Although Phthiraptera

is a good model system, there are some other groups that have the same potential to be a

model system, such as Streblidae (Graciolli and Carvalho, 2012). Streblidae is a family of

obligate ectoparasite bat flies, hematophagous and considered highly specialized in relation

to their hosts (Dick et al., 2016). The long and close association between Streblidae

species and their hosts provides an interesting scenario from which is possible to study

the ecological and coevolutionary dynamics between parasites and hosts, and enhance our

knowledge of the coevolutionay process by testing hypothesis in a broad context (Dick and

Patterson, 2006; Graciolli and Carvalho, 2012; Tello et al., 2008).

Assuming the Stockholm Paradigm as a theoretical framework for understanding the

relationship between species of Streblidae and their hosts on a macroevolutionary scale, it

would be expected to find a cophylogenetic pattern that pointed to a greater number of

host-switch than cospeciation events, regardless of the specificity considered in the associa-

tion. In the only cophylogenetic study done so far with Streblidae, Graciolli and Carvalho

(2012) analyzed the historical association between Trichobius phyllostomae group and their

hosts. They found host-switch as the main event in the association between lineages.

Streblidae contains five subfamilies, 33 genera and 239 species, and it has a geographic

distribution where species, genera and subfamilies that occur in the New World do not

occur in the Old World (Dick and Graciolli, 2013). Given this characteristic geographical

distribution, even cases of tree congruence need to be carefully analyzed before assuming

any hypothesis of coevolution. In such cases, it would be important to look at the host

biogeography to understand the patterns. Studies on the main host family of Streblidae

in the New World (Phyllostomidae) suggest the importance of biogeographic events, as

well as changing in the feeding behaviours, for the diversification of these bats (Pavan and

Marroig, 2017; Rojas et al., 2011, 2016; Shi and Rabosky, 2015). However many questions

are still open regarding relationships within Streblidae. Most phylogenetic studies with

Streblidae have focused on the relationships between the families of Hippoboscoidea, and

have been performed based only on some molecular markers (i.e., Nirmala et al. 2001, with
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16S and 18S; Dittmar et al. 2006, with 16S, 28S, COI and CAD; Petersen et al. 2007, with

16S, 18S, COII and CytB; Kutty et al. 2010, with 12S, 16S, 18S, 28S, COI, CytB, EF1α

and CAD). The relationship between Streblidae subfamilies is still uncertain and poorly

defined, as are the internal relationships. Therefore, reconstructing a relationship hypoth-

esis for the interest group in Streblidae is crucial before starting a study of the historical

association between the species of Streblidae and their hosts.

Although the initial project proposal was focused on the subfamily Streblinae (Diptera:

Streblidae), we decided to expand the scope of the study in the chapter 2 to allow us to make

better use of the data at our disposal. Still, in chapter 3 we kept the study focused only on

the subfamily Streblinae. Thus, in chapter 2 we present a molecular phylogeny of the New

World Streblidae inferred from mitochondrial genes, which includes calibrated divergence

time estimate. We sequenced 32 mitochondrial genomes to complement the existing data,

representing 34 species of New World Streblidae. The phylogeny is composed by 67 species

and 20 genera of the three subfamilies of the New World Streblidae. Based on a much

broader taxon sample for the subfamily Streblinae, we combined cophylogenetic analysis

with ancestral host reconstruction to address three objectives: (i) propose a phylogenetic

hypothesis among the three subfamilies of Streblidae of the New World, including an

estimate of divergence times, (ii) assess the monophyly and relationships among genera of

Streblinae, and (iii) understand the evolutionary history of associations between Streblidae

species and their hosts using the species of Streblinae as a model system. In chapter 3,

we perform the phylogenetic analysis of the subfamily Streblinae based on morphological

evidence to verify its monophyly, propose a relationship hypothesis between the genera of

the subfamily, as well to evaluate the characters used so far to delimit and characterize

the subfamily and the genera included in it. Taxonomic sampling for subfamily includes

all currently valid genera and species, except the species Strebla mexicana Rondani whose

the only known type specimen is lost.



Chapter 4

General conclusion

The present study contributes with unprecedented results to understand the evolu-

tionary history of Streblidae, as well as the association with their hosts. In chapter 2,

we presented the first molecular phylogeny with the largest sample of species and genera

of New World Streblidae to date, especially for the subfamily Streblinae. We recovered

the monophyly of the New World Streblidae, and of the subfamilies Nycterophiliinae and

Streblinae. Futhermore, we corroborate the well-known non-monophyly of the subfamily

Trichobiinae and the genus Trichobius. The proposed classification of Wenzel et al. (1966)

for Streblinae is corroborated, but for the first time the monophyly of Strebla is contested,

indicating it is a paraphyletic taxon in relation to Metelasmus. We also provide the first

estimates of divergence times of the New World Streblidae, with the estimated age of

origin to the Lower Miocene (15.3, 22.7–12.7 Ma 95% HPD). Our results further provide

an insight into the historical association between the species of Streblidae and their bat

hosts. The origin of the New World Streblidae, in particular of the subfamily Streblinae,

is consistent with the period of diversification of the main host clades. Our study sup-

ports host-switch as the main process operating in the associations, even though the group

is considered highly specialized and host-specific. This is in congruence with the results

previously found by Graciolli and Carvalho (2012), and with the expectations of the Stock-

holm Paradigm (Brooks et al., 2015). Regarding associations, we hypothesized that host

roosts may act as a key mechanism, weakening the filters argued by Dick and Patterson

(2007) to keep host-parasite specificity, and favoring host-switch over cospeciation.

The morphological phylogeny of chapter 3 is the first to rely on all valid species of the

subfamily Streblinae. The monophyly of Streblinae is well supported by numerous synapo-

morphies. Despite the low branch support, we have recovered Anastrebla, Metelasmus and
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Paraeuctenodes as monophyletic. We corroborate the result of chapter 2, demonstrating

that Strebla is not monophyletic. The species of Strebla have been splitted into species

with a complete frontoclypeus and the anterior pigmented prescutal suture absent, and

species with frontoclypeus with anterior detached plates and the anterior pigmented pres-

cutal suture present. In addition, species with a complete frontoclypeus were recovered

more closely related to Metelasmus. Based on our results, we propose a new interpretation

of the head characters for the species of Strebla with the complete frontoclypeus. How-

ever, an improvement in the morphological analysis is important to increase the number

of characters from thorax, abdomen and genitalia.

Finally, we believe that the data presented in this thesis provide a valuable contribution

to the growing knowledge of both the group in question (Streblidae) and the understanding

of the dynamics of host-parasite associations. Our study along with Graciolli and Carvalho

(2012) establishes Streblidae as a good model to answer questions in a broad context, such

as: the role of ecological timescale interactions over evolutionary timescale associations;

how host-switches impact the eco-evolutionary dynamics of highly specialized parasites;

what is the role of host ecology on parasite diversification, and so on. In addition, our

study demonstrates that numerous aspects of Streblidae systematics remain to be explored,

including the classification of Trichobiinae, Trichobius and Strebla, besides the need of

morphological studies that improve the interpretation of the characters.
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