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Abstract

There is an increasing amount of evidence pointing towards the importance of
bacteria and parasites in the ecology and dynamics of host populations. Complex
microorganism communities living in intestinal tracts of the animals are known as the gut
microbiome . These bacterial communities can

and behavior, whereas microbiome composition and diversity can be influenced by

mpact

countless factors such as the hostods taxonomy,

other individuals. In turn, blood parasites have a fundamental role in the ecosystem,
weakening host fithness and reproductive ability, and thereby influencing population

dynamics.

Five lacertid lizard species were used for the present work, three endemic and two
introduced: in Parque das Nacdes, Lisbon, the invasive Podarcis siculus (n=20) and the
native Podarcis virescens (n=22); another introduced species, Teira dugesii (n=20), was
captured from a distinct area of Lisbon (9 kilometres from the Parque das Nagoes); and
in Moledo, Northern Portugal, two endemic and syntopic species were studied - Podarcis
bocagei (n=33) and Podarcis lusitanicus (n=8). This thesis comprises two investigations.
A first study was conducted in order to better understand the role and influence of
environmental factors and the host in the gut microbiome composition and diversity of
these five species. The second study had the objective of evaluating the effect of blood
parasites on host behavior (using a mirror for the behavioral test), with the two syntopic

species found in Moledo as models.

This project allowed me to characterize the gut microbiome of these five species for
the first time. Habitat/locality were the main factors driving gut microbiome differences
between these species, and there was a greater microbiome diversity in species
captured in Lisbon, the most urbanized studied site. | was able to verify a positive
correlation between bacterial diversity and size in P. siculus, which indicates that it
accumulates more bacteria, likely because bigger lizards explore more diverse
environments. Additionally, | estimated bacteria transmission between sympatric lizards
at Moledo and Parque das Nagdes. High transmission was verified for both populations.
Results from the Lisbon population indicate that the invasive species, P. siculus might
have acquired a higher proportion of local microbiota through the native species, P.

virescens than vice versa.

The second study highlighted the infection prevalence differences between P.
bocagei and P. lusitanicus, with a larger number of infected individuals in the former.

However, P. lusitanicus registered a higher average parasite intensity. The species that
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interacted with the mirror the most, and was therefore considered bolder, was P.
lusitanicus. Contrary to what was expected, the individuals that interacted with the mirror

the most, were more parasitized.

This thesis aids in understanding the behavior and broadening the sphere of
knowledge of microorganisms (bacteria and microparasites) and their interactions with
the host. Such work is fundamentally important, and increased investment in these areas

of knowledge is essential for species conservation.

Keywords: Gut Microbiome, Host, Environment, Podarcis virescens, Podarcis siculus,

Podarcis bocagei, Podarcis lusitanicus, Teira dugesii, Apicomplexa, Behaviour.
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Resumo

Existe um numero crescente de evidéncias que apontam para uma grande
importancia das bactérias e dos parasitas na ecologia e nas dindmicas dos hospedeiros
e suas populacdes. Os animais tém complexas comunidades de microrganismos a viver
no seu tracto intestinal, a que denominamos microbioma intestinal. Estas comunidades
de bactérias podem influenciar e afetar a condicao fisica do seu hospedeiro como a
fisiologia, o sistema imunitario e também o seu comportamento. Por outro lado, a
composicao e a diversidade do microbioma intestinal pode ser influenciada por inimeros
factores como a taxonomia do hospedeiro, 0 habitat, a dieta e também as interaces
sociais entre individuos. Por sua vez, os parasitas que se encontram no sangue
desempenham um papel fundamental no ecossistema, influenciando as aptiddes fisicas
do animal, enfraquecendo a sua condi¢éo e possibilidade de reproducéo e sobrevivéncia

numa populacgéo.

Nesta tese foram utilizadas cinco espécies de lagartos, trés endémicas e duas
introduzidas, como objectos de estudo. No Parque das Nacdes, a Podarcis siculus
(n=20) (invasora) e a nativa Podarcis virescens (n=22). E numa érea isolada a 9
qguildbmetros do Parque das Nacdes, foi capturada a espécie introduzida, Teira dugesii
(n=20). Em Moledo foram estudadas as espécies endémicas e sintdpicas, Podarcis

bocagei (n=33) e Podarcis lusitanicus (n=8).

Para compreender melhor o papel e a influéncia dos fatores ambientais e do
hospedeiro na composi¢cdo e diversidade do microbioma intestinal, foi realizado um
primeiro estudo das cinco espécies mencionadas acima. Para um segundo estudo
tinhamos como objectivo avaliar o possivel efeito dos parasitas sanguineos no
comportamento de dois hospedeiros (utilizando um espelho no teste comportamental),

e para tal utilizdmos as espécies sintopicas que se encontravam em Moledo.

Neste projecto foi-nos possivel caracterizar pela primeira vez o microbioma
intestinal destas 5 espécies de lagartos. Os factores localidade e habitat, demonstraram
ser os principais condutores de diferencas do microbioma intestinal entre estas
espécies, havendo uma maior diversidade de microbioma nas espécies estudadas em
Lisboa. Também observamos correlagfes positivas entre o tamanho e a diversidade
bacteriana em P. siculus, indicando que esta pode obter mais bactérias dado que
explora ambientes mais diversificados. Tendo em conta as duas popula¢gbées com duas
espécies coexistentes (Moledo e Parque das Nacdes) estimou-se a transmissdo da
diversidade bacteriana entre lagartos coexistentes. Deste modo, verificou-se

transmisséo elevada em ambas as populacdes, e em Lisboa os resultados indicam que
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a espécie invasiva, P. siculus pode ter adquirido uma maior propor¢cdo de microbiota
local através da espécie nativa, P. virescens.

Os resultados do segundo estudo evidenciaram diferencas entre as duas
espécies em termos de prevaléncia de infectados, com um nimero mais elevado de
individuos infectados em P. bocagei. No entanto, a espécie P. lusitanicus foi a que
registou maior intensidade de parasitas. A espécie que mais interagiu com o espelho,
considerada por isso mais ousada, foi P. lusitanicus. Contrariamente ao esperado, 0s

individuos que mais interagiram com o espelho foram os mais parasitados.

Os estudos elaborados ao longo deste trabalho constituem um auxiliar na
compreensdo do comportamento e no alargamento da esfera de conhecimento dos
organismos e das suas interacdes com o hospedeiro. Assim, o aumento do investimento
nestas areas de conhecimento pode vir a revelar-se essencial para a conservagao de

espécies.

Palavras-Chaves: Microbioma intestinal, Hospedeiro, Ambiente, Podarcis virescens,
Podarcis siculus, Podarcis bocagei, Podarcis lusitanicus, Teira dugesii, Apicomplexa,

Comportamento.
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1. Introduction

Lizards have been used as models in the field of parasitology since they have
high levels and a great variety of parasites (Maia et al. 2012). Recently, they have also
been used to study some aspects of host-microbiota interactions, such as the effects of
gut microorganisms on thermoregulation (Moeller et al. 2020). In particular, lacertid
lizards are easily observed and captured in nature and exist in large numbers, which can
provide large sample sizes The wide distribution of these lacertid species, with many
occurring in sympatry (Speybroeck et al. 2016), allow for comparative studies that

indicate species-specific differences.

Parasites can have important deleterious effects on animal populations
(Pedersen and Greives, 2008). Nonetheless, and despite their study has been ongoing
for centuries, with knowledge consideringly expanding accordingly, many parasitic
species remain undescribed (Carlson et al. 2020), which makes it even more
fundamental to continue investing in this area. The importance of gut microbiome (i.e.,
the myriad of mi croorganisms and their
immune system is also undeniable (e.g. Broom and Kogut, 2018; Qian and Ho, 2020).
Although the knowledge of the effects of microbiome on host behaviour still quite sparse
among some animal groups, studies have shown that changes in the gut microbiome
can lead to behavioural changes in insects, fish and rodents (Cryan and Dinan, 2012;
Hsiao et al. 2013; Davis et al. 2016; De Palma et al. 2015; Sylvia et al. 2017). Still, this

knowledge is largely lagging, especially for some host groups, and specifically for lizards.

Because of these factors described above, the studies described in this thesis
can be very important in order to better understand the relationship between parasites

and gut microbiome with their lizard hosts.

1.1 Reptiles

Reptiles (from the Latin Reptilia) belong to the phylum Chordata and are a class
of tetrapods with more than 10,000 described species (Uetz et al. 2016). In the traditional
sense it is a paraphyletic group, since birds are actually more closely related to
crocodiles. The main groups of extant reptiles are turtles (order Testudines), tuatara
(order Rhynchocephalia), crocodiles (order Crocodilia) and snakes and lizards (order
Squamata). The reptile group is considered the largest vertebrate group after fish

(~25,000 species) and birds (~11,000 species). Reptiles are found in all continents

genome.
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except Antarctica, although their main distributions comprise the tropics and subtropics

(Pough et al. 1998). They occur in most habitats, from the open sea to mid elevations in

mountainous habitats. Reptile activity is highly dependent on the temperature of the

surrounding environment, as they are ectothermic and require an external heat source

to raise their body temperature. Reptiles typically use exposure to sunlight to increase

their body temperature and maximise physiological performance (Pough et al. 1998).

Body temperature in reptiles is indeed an important factor for the optimal performance of

sever al physiological functions, such as diges
performance and egg production (Angilletta, 2009; de la Cruz et al. 2014).

Podarcis (Reptilia, Lacertidae) wall lizards were only recognised as a distinct
genus in the 1970s (Arnold, 1973) and are some of the most common reptiles across
much of Europe, with 24 currently accepted species (Harris et al. 2005; Speybroeck et
al. 2020). The phylogeny of the genus Podarcis (Lacertidae) was for a long time
unresolved (Poulakakis et al. 2003) until recent studies including multiple nuclear genes
(Salvi et al. 2021) and at the entire genomic level (Yang et al. 2021), resolved most
phylogenetic relationships. Many of the known species of the genus Podarcis are
believed to have had western European origins, their diversity being the result of several
vicariance events mainly related to the fragmentation of western microplates during the
Miocene (Oliverio et al. 2000).

Besides the various Podarcis species that are native to Portugal (e.g. Podarcis
lusitanicus, Podarcis bocagei, Podarcis virescens or Podarcis carbonelli) (Pinho et al.
2011; Dias et al. 2016; Caeiro-Dias et al. 2021), there are also two accidentally
introduced species in Lisbon, P. siculus and Teira dugesii (Silva-Rocha et al. 2016;
Ribeiro and Sa-Sousa, 2018).

1.1.1 Invasive reptile species

Various lizard species can become invasive after arriving to a new area. Invasive
species cause significant negative impacts on ecosystems, either ecologically,
economically or even socially (Mooney, 2001). Awareness regarding the impacts of
invasive species increased rapidly in the last decades, as globalization increased the
pathways and speed of invasions (Seebens et al. 2018). For example, Anolis
carolinensis, a lizard that was introduced from North America via Guam was responsible
for a severe decline in native endemic insect species through predation (Tamate et al.
2017; Yoshimura and Okochi, 2005). Since biological invasions endanger the native
biodiversity, it is important to understand the traits of successful invaders to in order to

manage and mitigate their spread (Van Kleunen et al. 2010; Blackburn et al. 2011). The
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ability of invasive species to learn from conspecifics (social learning) can also give
individuals an advantage in novel environments (Mennen and Laskowski, 2018). This
was made evident in several studies, for example in the case of invasive crayfish species
which were shown to have a greater capacity for behavioral plasticity, where individuals
of the invasive species showed evidence of retaining learned associations for longer than
individuals of the native species (Hazlett et al. 2002).

A large proportion of invasive species have an effective response and adapt well
to varied habitats, particularly those species that are used to more anthropogenic places
(Pettit et al. 2021). A number of factors contribute to such anthropogenic adaptation.
Invasive species may be more exploratory in urban environments due to their long history
of co-inhabiting with humans in such disturbed habitats (Hufbauer et al. 2012). For
example, the invasive Hemidactylus geckos in urban spaces, are more willing to explore
the empty spaces around artificial lights compared to native geckos, which enhances
their predatory ability (Zozaya et al. 2015). Several studies also showed that invasive
species are bolder (i.e. more willing to take more risks or expose themselves to potential
predators, Réale et al. 2007) in new habitats compared to native species (Short and
Petren 2008; Carthey and Banks 2018). Furthermore, the constant contact with presence
of people in urban environments can lead to animal habituation, over time leading to a
situation where humans are no longer seen as a risk, which results in the reduction of
anti-predatory responses (Geffroy et al. 2015; Blumstein, 2016). Ultimately bolder
species can have an advantage in urban environments and there are already studies
confirming that there is an increase in boldness in animals living in urban areas
compared to populations living in non-urban areas (Myers and Hyman, 2016; Biondi et
al. 2020). The success of these invasions can also be studied and predicted through the
presence or absence of parasites in the species in question, which may condition their
establishment (Poulin, 2017).

1.2 Parasites

Parasites can affect a range of ecological parameters and behaviours in animal
populations, having significant impacts on population dynamics (Ebert, 2005). Parasitism
is known to be one of the most effective symbiotic relation between organisms, involving
a high dependency relationship but conferring parasites a greater reproductive success

and chance of survival (Hudson et al. 2006). These interactions derive from natural
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selection and give rise to parasitic organisms that are better adapted to their environment
and its variations (Poulin, 2007).

Many studies have shown that parasites perform an important role in the
ecosystem (Torchin et al . 200 3; Prente
behaviour, metabolism and reproductive success (Schmid-Hempel, 2011). While some
parasites can significantly reduce host fitness (Hudson et al. 2002, 2006; Pedersen and
Fenton, 2007), others can contribute to the host performance, with beneficial parasite
functions benefiting the host (Combes, 2001; Hatcher et al. 2012). Macro and
microparasites can exist throughout an animal's body, but a large proportion is found in
the blood, developing large communities that can also be transmitted between hosts
either through direct social contact or by an intermediate vector (Godfrey et al. 2009;
Godfrey et al. 2006).

Hosts and respective parasites can interact and influence each other in various
ways. A single parasite can have a variety of hosts (Wang et al. 2006), or be extremely
host specific (Routtu and Ebert, 2015). In some cases, there may be parasitological
differences between sexes of the host, as for example in the case of some birds, where
a lower immune response and smaller resistance to infection in females is observed
relatively to their male counterparts (Schmid-Hempel, 2003). Animals infected with
parasites may respond with behavioural and physiological defensive mechanisms. For
example, a change in body temperature is one of the most common (Kluger 1991), with
consequences for the metabolism of the host as well as to the growth and transmission
of the parasite (Schmid-Hempel, 2011). Specifically, ectothermic animals such as
reptiles may respond by moving frequently to warmer locations, to increasing their body
temperature (Richards-Zawacki, 2010), which may in turn help reduce, or even eliminate,
infection. Such change in body temperature as a response to infection can have more
complex outcomes and, in some cases, benefit the host (Muller and Schmid-Hempel,
1993). However, in other cases, it may end up benefiting the parasite and result in a
successful manipulation of the host (Schmid-Hempel, 2011). Several studies in lizards
show that parasitism can lead to a decrease in body condition (Dunlap and Mathies,
1993), lower reproductive production (Sorci et al. 1996), reduced social status (Dunlap
and Schall, 1995) and reduction in speed (Oppliger et al. 1996).

Generally, studies on the impact of parasites on a host population include a
comparison of the physiology, fitness, or behaviour of hosts that are naturally infected in

the population with those that are free from parasites. Nevertheless, many species of

et

al



FCUP 6
In the blood and gut of lizards: the drivers of gut bacteria diversity and the impacts of blood parasites

parasites remain undescribed, and this may greatly confound assessments in the field.
This is particularly true for the obligate parasitic species of the phylum Apicomplexa.

1.2.1 Apicomplexa

The phylum Apicomplexa, Levine 1970, forms a large and diverse group of
unicellular protists with a wide environmental distribution, and which likely evolved from
free-living photosynthetic organisms (Gubbels and Duraisingh 2012). They are obligate
intracellular parasites, and their name derives from their apical end, which is determinant
during the process of invasion of host cells. The Apicomplexa contain four clearly defined
groups (Adl et al. 2005): the coccidians, the gregarines, the hemosporidians and the
pyroplasmids. The Apicomplexa is a taxonomic group with a great interest to researchers
as it is the only one that is solely made up of parasites (Morrison, 2009) and because it
includes species of high medical and veterinary importance (e.g. Shivaramaiah et al,
2014; Orosz, 2021). Despite being a group of interest, it is one of the groups with the
smallest knowledge regarding its biology, with only an estimated 0.1% of species having
been described (Morrison 2009). Indeed, it is estimated that all vertebrate and
invertebrate animals are host to at least one species of Apicomplexa (Morrison, 2009)
and this parasitism often results in harmful diseases to their hosts (White, 2008;
Wichmann et al. 2009; Voorhis et al. 2021). As such, their study is very important to

understand more about their biology and their consequences for the health of the host.

Haemogregarins (Apicomplexa: Adeleorina) are heteroxous parasites that infect
a wide variety of hosts, including many species of reptiles. This group consists of three
families, the Hepatozoidae (Wenyon, 1926), and Karyolysidae (Wenyon, 1926),
Haemogregarinidae (Léger, 1911). Within these families there are six genera of blood
parasites, differentiated in sporogonic development in their invertebrate hosts. In reptiles,
the most commonly identified Apicomplexa are Hepatozoon (Telford, 2009) coccidians,
but their taxonomy is complicated. Coccidian species of Karyolysus (Labbé, 1894) are
also common but identification is difficult, and these have an additional layer of
complexity as they are hyperparasites of ticks and mites, which are their final hosts
(HaklovA-Ko | 2 kov 8§ et al . 2014) and in turn (especi
Karyolysus is a well-defined group, which differs from the closely related genera
Hepatozoon (fig 1) in several features of its biology, such as morphology and life cycle.
The life cycle of Karyolysus includes the motile sporokinetes that are formed in oocyst
by a single germinal centre, and are subsequently released into the host organism,
where they encyst as sporocysts. In contrast, the life cycle of Hepatozoon is

characterised by a large polysporocyst oocyst (Haklova&-Ko | 2 kov 8 et al . 2014) .



FCUP 7
In the blood and gut of lizards: the drivers of gut bacteria diversity and the impacts of blood parasites ‘

- (-) .)
@

Q%0

Fig. 17 Picture of microscopic observation of a blood smear where a Hepatozoon spp. is indicated by the arrow. The photo
was taken using OLYMPUS EP50 camera (40x objective) and the EPview software®. Picture by Diana Vasconcelos.

1.3 Gut Microbiome

Many microorganisms can be found living in the gastrointestinal tract of all
animals, in particular bacteria. These microorganisms have a significant impact on host
biology and can influence a variety of processes that can affect host fitness, including
physiology, immune development and behaviour (Cryan and Dinan, 2012; Thaiss et al.
2016; Sylvia et al. 2017). Recent studies demonstrate that certain variations and
changes in the composition of gut microbial communities can influence host physiology
and also be a driver for disease (Martin et al. 2014; Boursier et al. 2016). Gut
microbiomes can help with resistance to pathogens, nutrient uptake, energy acquisition,
and digestion of certain substances (Rowland et al. 2018; Vavre and Kremer, 2014) and
may also help their host adapt enabling a response to new metabolic challenges that
may exist. An example of these challenges, is exploitation of new food sources (Delsuc
etal. 2014; Hammer and Bowers, 2015), which in turn may have effects at the community
level (Barrios-O'Neill et al. 2017). In other cases, specific bacterial taxa, such as
Bifidobacterium and Lactobacillus in humans, have been identified with beneficial effects
on host health (Walter, 2008)

Gut microbiota often have a symbiotic relationship with their host, mostly different
levels of mutualism, where both host and symbiont benefit from the interaction. While
these microbes use the host for shelter and nutrition and perform a variety of other
important metabolic functions and assist their hosts with ecological interactions (Coyte
et al. 2015; Douglas and Werren, 2016), thus being quite beneficial (Foster et al. 2017 a);
there are also many instances where only the microorganisms are benefited and the host

suffers damage, for example in the case of some pathogenic bacteria (e.g. bateria



FCUP 8
In the blood and gut of lizards: the drivers of gut bacteria diversity and the impacts of blood parasites

Escherichia coli or same Clostridium species; Khiav and Zahmatkesh, 2021 Mathipa and
Thantsha, 2017).

Host taxonomy, habitat and diet have been considered central to gut microbiome
composition and structure, but other f act ors such as soci al i nt er
proximity have been recently proposed as important drivers of microbiome diversity
(Moeller et al. 2013). Several studies have already been conducted on the gut microbiota
in a range of vertebrates, such as mammals (e.g. Thaiss et al. 2016), fish (e.g. Xavier et
al. 2019), birds (e.g. Hird et al. 2015) and amphibians (e.g. Bletz et al. 2016). However,
microbiota of reptiles are relatively understudied, compared to those of other vertebrates.
Most microbiome studies on lizards have been conducted in economically important or
emblematic species, such as turtles (Arizza et al. 2019), snakes (Colston et al. 2015)
and crocodiles (Willson et al. 2019). Available studies indicate that the gut microbial
communities of reptiles are more similar to those of fish and birds when compared to
mammal s (Colston and Jackson, 2016) , thus par
relations. There are also studies showing strong evidences that the microbiota of
squamate reptiles derive from their environment and from horizontal transmission (via
the environment or other host organisms) through interaction with other organisms, such
as predatory encounters (Colston, 2017). However, the influence of individual host traits,

such as age and sex are less studied.

Below, some key factors and their influence on this microbiome diversity and

composition will be presented in more detail.
1.3.1 Diet

Diet is considered one of the main factors that can influence gut microbial
community diversity and composition in species that have a resident microbiome
(Muegge et al. 2011). Different dietary substrates can lead to the growth of microbial taxa
with specialized metabolic functions which in turn can lead to variations in taxonomic
abundance (De Filippo et al. 2010; Scott et al. 2013). Therefore, any drastic dietary
changes that can arise are likely to induce changes in the gut microbiome (limberger et
al. 2014; Kohl et al. 2013). Even in humans, dietary differences between African and
European populations have resulted in a divergent evolution of microbiomes in terms of

speciesd composition (De Filippo et al. 2010).
1.3.2. Habitat

Another factor that can have an influence on the gut microbiome is the habitat

(Amato et al. 2013). However, probably its potential to affect the gut microbiome can be
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increased with the association between the habitat and food resources available at a
particular location (Barelli et al. 2015).

Urban areas are rapidly expanding, affecting natural landscapes, and causing
dramatic changes in terrestrial ecosystems and with associated impact on wildlife
ecology, biodiversity, and function (Grimm, 2008; Seto et al. 2012). For animals living in
urban environments, interactions with urban landscapes can influence animal
movement, predation risk, and reproductive success and also available food resources
(Weiser and Powell, 2010). For many species, the selective pressures created by the
expanding urban landscape (Foley, 2005) may lead to local extinctions and consequent
decreases in local biodiversity (Concepcion, 2015), although still there are generalist
species that can thrive and adapt to urban environments (Ducatez et al. 2018). The
success of these species is mostly enabled by behavioral adaptations, such as
broadening their diet by exploiting anthropogenic food sources, which can often be
variable (Lowry, 2013). Dietary changes resulting from habitat alteration can in turn affect
and modify the gut microbiome and its diversity. While this may have positive effects,
when gut microbiota remains healthy and assisting the organism in necessary functions,
it can also have negative effects (Rocca et al. 2019). For example, a recent study in
urban coyote hosts showed that the consumption of anthropogenic carbohydrate-rich
foods altered their microbiome, negatively affecting their body condition, with potential

consequences to parasite susceptibility and conflict-prone behavior (Sugden et al. 2020).

Habitat sharing may also have effects on the composition and diversity of the gut
microbiome. For example, sympatric members of different species that share the same
habitat, such as gorillas and chimpanzees, have a more similar gut microbiome than

allopatric members of the same species (Moeller et al. 2013).

Despite the rapid increase in urbanization and its impact on ecosystems, most
microbiome studies are conducted on animals in captivity or in natural environments.
However, humans and wild animals coexist in such environments, and given the recent
awareness of the role transmission may have on gut microbiome of co-existing species
(Ducatez et al. 2018; Alm et al. 2018), more studies are needed to improve our
understanding of how urban pressure can influence gut microbiome transmission and

health between co-existing hosts.
1.3.3 Behaviour

Associations of the gut microbiome with diet as well as with social interactions

have been documented in wild animals, both to understand the effect of host behaviour
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on the microbiome, as well as effects in the opposite direction, i.e. the influence of the
microbiome on host behaviour. These links can ultimately play a key role in host fithess

and influence community-scale dynamics.

Recent research has been important in demonstrating and understanding how
the vertebrate gut microbiome can have diverse and powerful effects on the brain and
behaviour (Cryan and Dinan, 2012; Bharwani, 2017; Sylvia et al. 2017). Gut
microorganisms perform a variety of vital functions for their hosts, including
communicating with the immune system, brain and endocrine axes to mediate
physiological processes and affect individual behaviour. There is also evidence that gut
bacteria can have an impact on neurological outcomes, potentially altering behaviour
and also potentiating or aggravating disorders of the nervous system (Sampson and
Mazmanian, 2015; De Palma et al. 2015). It is presently well established that this occurs
because the microbiome extends its influence to the brain through various pathways that

link the gut to the central nervous system.

Furthermore, an important part of the immune system resides in the gut (Vighi et
al. 2008) and increasing numbers of studies are continuing to demonstrate that gut
microbes may be intrinsically linked to stress-induced changes, which may have a
compound effect and alter the animal's behaviour (Neufeald et al. 2011; Foster et al.
2017b). Importantly, many other recent observations indicate that the gut microbiota by
altering aspects of their hosts' neurological function, can lead to alterations on mood and
behaviour, including anxiety, social behaviour, depression, and even mate choice
(Desbonnet et al. 2010; Bravo et al. 2011; Hsiao et al. 2013; Sharon et al. 2010).

1.4 Experimental approached of behaviour studies focusing on

reptile agonistic behaviour

Lizards are territorial animals that may have agonistic encounters with another
individual for a limited resource, such as food, shelter, partners and territory (Hack,
1997). These encounters entail risks for the parties involved, such as injury, predation or
even mortality (Lange and Leimar, 2001) and may involve various types of stimuli and
responses from the lizard. Territorial communication in lizards overall relies on visual and
chemical stimulus. The success of communication depends on the signal transmitted
between a transmitter and a receiver, which must be clear to be able to perceive them in

the face of other potential stimuli (Fuller and Endler, 2018). Lizards often use chemical
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stimuli for their communication, but they also use plenty of visual stimuli which can be

based on more aggressive behaviours.

Research on lizards6 visual stimulii
approaches: staged direct encounters with between lizards, silicone models that mimic
the shape and colours of the animal, video playbacks shown to the lizards, and the use
of a mirror to reflect the lizards in test. The later can have many advantages: mirrors are
the most commonly used visual stimuli in experimental designs because they are easy
to obtain, inexpensive, and can generally fulfil the objective of stimulating agonistic
behaviours against the reflected image, related to physiological and morphological
aspects (Balzarini et al. 2014). Furthermore, the signal is enhanced by positive feedback
(Scali et al. 2019), because the postures or behaviours made by the lizard are
immediately replicated by the mirrored lizard. This methodology has been successfully
applied to several lizard families, such as Agamidae, Phrynosomatidae, and Dactyloidae,
which have very different physical characteristics, and results are more noticeable when
the lizards are being particularly territorial, for example during the breeding season
(Farrell and Wilczynski, 2006; Osborne et al. 2012).

1.5 Obijectives

This thesis is focused on five species of lizards in Portugal, three native Podarcis
virescens (Geniez et al. 2014), Podarcis bocagei (Seoane, 1884), Podarcis lusitanicus
(Caeiro-Dias, 2021) and two introduced, Podarcis siculus (Rafinesque-Schmaltz, 1810),
and Teira dugesii (Milne-Edwards, 1829). Because some populations of these species
live in sympatry (sharing habitat type), and some are native and others are invasive, they
were considered good models to carry out an evaluation and comparison of

parasitological and gut microbiome aspects.

There is already a high degree of knowledge regarding the parasites infecting
these lizards in Portugal. For example, in the Parque das Nagbes (Lisbon, central
Portugal), invasive P. siculus was found to be less parasitised by haemogregarines, than
native congeneric P. virescens, both in terms of prevalence and intensity of infection
(Tomé et al. 2021). In the sympatric populations of P. lusitanicus and P. bocagei residing
in Moledo (Northern Portugal), previous studies indicate that the former had higher levels
of parasite intensity compared to the latter (Maia et al. 2015). As such they become
populations of interest to perform further studies concerning parasites and their

influences and consequences.

mai nly
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The first objective of this thesis was to characterise for the first time the gut
microbiome of these five species, and specifically to understand which factors might
influence and predict the diversity and composition of bacteria present in the gut of these
species. My working hypothesis was that host taxonomy (i.e. factor species), habitat,
size and sex could be used as predictors of microbiome diversity and composition.
Additionally, 1 also wanted to investigate potential transmission of microbiota between
sympatric hosts.

The second objective of this thesis was to use an experimental approach to
investigate the relation between the parasites present in lizards and the boldness they
could show in behavioral studies. According to the studies already mentioned, my
working hypothesis was that a low rate of parasites in the blood favors a bolder behaviour
on the part of the individual, demonstrated by a greater interaction with the visual

stimulus (the mirror).

The results of this thesis are presented in two different chapters, in the form of
manuscripts. Below, | give a detailed overview of studies species and sites, and a

general overview of the methods used in both main chapters.

2. Methods

In this thesis, various methodologies were used in order to study the parasites, gut

microbiome and also the behaviour of lizard species.

2.1 Study areas

In this thesis, individuals studied were captured in two different areas: Parque

das Nacdes (PgN, Lisbon, central Portugal) and Moledo (North of Portugal).

The PgN is an urban area that was built very recently (about 24 years ago), with
extensive human influence, including buildings such as the Gare do Oriente, the Altice
Arena, Lisbon Oceanarium, International Lisbon Fair, Casino de Lisboa and the Vasco
da Gama Tower among others. There are also many supermarkets, cafes, hairdressers,
and restaurants which makes this a highly frequented place. In PN, the green areas
were developed linearly, and occur throughout the area, defining a network of corridors
that follow the pedestrian circuits. The plant species are varied, ranging from those native
to Portugal and those originating in different regions of the world. The entire studied area

is characterized by a Mediterranean climate, i.e. hot and dry summer and a wet and rainy
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winter, most precipitation occurring in the period between October and April (Santos et
al. 2012).

The species captured in PgN were Podarcis siculus, a recent invasive species,
and Podarcis virescens, a native species, that are living in sympatry in the gardens
(38°76'22.4 "N, 9°09'44.3 "W). Another species was studied in Lisbon, Teira dugesii
introduced from Madeira Island, that lives in a totally artificial environment and in a more
isolated but equally urbanised site, 9.2 km west from the PgN (see figures 2-5).

b€ San
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Fig. 2 - Capture sites of the invasive species Podarcis siculus, in the gardens in front of the Lisbon Oceanarium (Parque das
Nacdes).

Podarcis siculus, was captured in an area with lawn gardens with a more exotic
appearance, in front of the Oceanério de Lisboa (fig 2). The species is still present at this

site after its introduction about two decades ago (Gonzalez de la Vega et al. 2001).

The garden area of Parque das Nagbes where the individuals of the native
species P. virescens were captured is located between the Vasco da Gama Tower and
the Altice Arena (fig 3), about 900 meters away from the exact place where P. siculus
was captured. This a large area of gardens all along the street, parallel to the building of
the Lisbon International Fair, and where there are various substrates, such as walls and
artificial structures on the ground, taller vegetation, trees and also more undergrowth

vegetation such as shrubs and grasses. Although the collections were made in this
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location, this species, P. virescens, is spread in many more places all over the Parque

das Nacdes.

Fig. 3 - Capture sites of the native species Podarcis virescens, in the gardens near Torre Vasco da Gama (Parque das
Nacoes).

Fig. 4 - Distance between the capture site (around 9,22 quilometers) of the two sympatric species (Podarcis virescens
and Podarcis siculus) represented with yellow marker and the introduced species Teira dugesii, with orange marker.

The site where the Maderian lizard, Teira dugesii, was captured is located near
the Alcantara neighbourhood (38°70'33.8 "N, 9°16'54.1 "W), close to the port area of
Lisbon (fig 4), living on the ground under bushes near the railway fence, along a belt

area extending about 1.15 metres.

The first specimens of this species were detected for the first time in 1992 (Sa-
Sousa 1995) in this area, which is a completely artificial and very restricted habitat (fig
5) where this species is established until today (pers. obs.). Although this area is more
reserved than PgN, it has a lot of movement caused by the transport of products carried

out there.
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Fig. 5 - Site of capture of the introduced species, Teira dugesii, near the Lisbon Docks.

The second study area is a more isolated area near Moledo Beach (41°50'19.2
"N 8°52'24.5 "W) along an extension of around 0.5 kms (Fig 6). Being a coastal location,
it is characterized by being windy and a little cooler during the cold season, but can reach
very high temperatures in summer. There are different types of habitats in this area. On
one side there is a sandy area with rocks and some undergrowth that is separated by a
small concrete road from the area with more vegetation. The vegetated side has several
places to shelter like walls, bigger rocks and also has bushes and small trees. It is an
area used for agricultural purposes, although most of the fields seem to be abandoned.
As far as disturbance is concerned, there is little human movement at this site in
comparison with the Lisbon studied areas, so it can be considered as being in a non-
urban area. The biggest human disturbances are mainly on the walkway which people
use for leisure and sport (in the summer time the human presence increases a little).
There are also some flocks of sheep and goats that go to the fields where the lizard
species feed in the morning, which may disturb them during this short period of time. In
this area, individuals of the species P. bocagei and P. lusitanicus living in syntopy (in the

same habitat and observed in close proximity) were captured (Rivas, 1964).
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Fig. 6 - Place of capture of both species in the Moledo population (Podarcis bocagei and Podarcis lusitanicus), near
Moledo Beach.

2.2 Study species

2.2.1 Podarcis siculus

Podarcis siculus, is considered the most abundant lizard species in southern Italy
(Verderame and Scudiero, 2019), and occurs all over the country, with the exception of
the Alps. This species has been introduced in several places in the Mediterranean
region, including Portugal, Spain, France, Montenegro, Croatia, Turkey, Libya, Tunisia
(Podnar et al. 2005) and also to the USA. A total of 52 subspecies of P. siculus have

been described, based on minor morphological differentiations (Podnar et al. 2005).

It is a robust and medium-sized lizard (Freiria, 2005) that can reach 90 mm in
snhout-vent length, and there are adults with a body mass of 7- 14 grams (fig 7). This
species can be found in various types of habitat, such as lawn areas, bushes, orchards,
vineyards, urban areas, stone walls and buildings, also showing a greater preference for
arid and sunny sites than other Podarcis species (Capula et al. 1993). It has a robust
head and a green dorsum, brownish on the back, it has sexual dimorphism, with males
having a more intense green dorsal colouration and a greater number of femoral pores
than females (Tosini et al. 1992; Vogrin, 2005; Salvador, 2015). This is an oviparous
species, characterised by an annual reproductive cycle, with a breeding season between
March and July. They feed mainly on insect larvae and worms, but also occasionally on
fruits and vegetables (Capula et al. 1993; Rugiero, 1994; Zuffi and Giannelli, 2013). It is
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a species with great plasticity in the spatial use of habitat, occupying natural and modified
habitats, agricultural or urban, and with a high adaptability to climatic conditions,
characteristics that will have favoured its passive transport with goods (Carretero and
Silva-Rocha, 2015). In its sites of its introduction may be predated by wild cats
(Pleguezuelos et al. 2002), and pet trade is also a threat to this species, since these
lizards can be used as food for other reptiles. Because it is an introduced species and is
in possible expansion, it was classified as of Low Concern on a global scale. This
classification is mainly due to its tolerance to a wide variety of habitats, its wide

distribution and its high number of individuals.

The region of Rome was pointed out as the most likely origin of the individuals
introduced in Lisbon (Silva-Rocha et al. 2014), through phylogenetic analyses. The first
citation of the Italian lizard P. siculus in Portugal, reports an observation of individuals in
the Parque das Nacbes area (Gonzalez de la Vega et al. 2001). The individuals
introduced in Lisbon are believed to have been transported from their place of origin
along with various materials and plants approximately two decades ago, during the
preparations for Expo98 event (Gonzalez de la Vega et al. 2001), where they would be
taking refuge or thermoregulating (Silva-Rocha et al. 2012). This contrasts to the
introductions in the United States of America, which were related to the pet trade (Kolbe
et al. 2013). More studies report evidence of anthropogenic introduction of P. siculus
through trade of olive trees imported to Spain from Calabria (Italy) (Rivera et al. 2011;
Valdeon et al. 2010).

Previous studies on lizard populations from PgN suggest that P. siculus and P.
virescens use the available microhabitats differently. This is commonly reported for
sympatric species, when they enter into direct competition end up spatially separated
many times, probably due to differences in structural niche, or differences in environment
in the same habitat or even result from the displacements of individuals by competition,
or by anti-predatory behaviour (Downes and Bauwens, 2002). In this area P. siculus
avoids totally artificial substrates and preferentially uses habitats with a preferentially
terrestrial substrate texture, which are poor in tree and shrub cover, and they use
available vegetation cover as shelter. However, despite being bolder, it currently has a
more limited and restricted spatial distribution compared to the native P. virescens and
there are still no reports of marked spatial invasion by P. siculus into the preferred areas
of P. virescens (Vignoli et al. 2012). P. siculus in PgN may face some challenges, with
recorded events of predation of an adult specimen of this species by the gecko Tarentola
mauritanica, which is also known to consume juveniles of other species of the genus
Podarcis (Pellitteri-Rosa et al. 2015).
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Fig. 7 - Ventral and dorsal pictures from a male Podarcis siculus. Pictures taken by Diana Vasconcelos.

2.2.2 Podarcis virescens

This species was previously included in the paraphyletic species complex
Podarcis hispanicus, as morphotype Il (Harris and Sa-Sousa, 2001, 2002; Pinho et al.
2006), and was later raised to full species as Podarcis virescens by Geniez et al. (2014),
given that the epithet virescens is a derivative of the Latin verb "viresque" meaning "to
turn green, become green". It is an lberian endemism (Dias et al. 2016) and has been
suggested to belong to the Least Concern category due to its extensive range and

acceptable tolerance to habitat modification (Carretero and Salvador, 2016).

At the national level, this lizard predominates in typically Mediterranean
conditions and in regions below 400 metres altitude, in the centre and south of the
country, not being found north of the Douro River (Harris and S4-Sousa, 2002). Its habitat
is dominated by plains and lowlands and it is also found in human habitats, like other
Iberian Podarcis species, preferring especially hard substrates, such as walls or

outcrops, in relatively humid situations (Geniez et al. 2014).

It is a species with a moderately robust and flattened head and body with dorsal
patterns often greenish or light brown in colour, and a yellowish or orange belly (Fig 8)
(Harris and Sa-Sousa, 2001). The back of the males is often greenish in spring,
especially on the posterior part. This colouration disappears during the summer. The
average head and body length is 54.3 mm with adult males between 40 and 62 mm
(Geniez et al. 2014). Sexual dimorphism is evident, with both sexes differing in size,
shape and intensity of the colouration pattern, with males being larger than females and
males having well-developed femoral pores (Kaliontzopoulou et al. 2011; Carretero and
Salvador 2016). Podarcis virescens is an active and generalist predator, feeding mainly

on individuals of the class Arachnida and the orders Coleoptera, Hemiptera,
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Hymenoptera and Diptera (Juan, 1997). The greatest threats to this species are probably
the same as for the other lizard species, such as domestic cats (Loureiro et al. 2008).

The population of P. virescens in PgN may have its distribution influenced by this
introduction of P. siculus, although negative impacts have not yet been specifically
identified. Several observations in Parque das Nacdes point to a scenario of no
expansion by the invasive P. siculus (Loureiro et al. 2008; Ribeiro e S4-Sousa, 2018).
However, the data obtained suggest that this site division was most likely due to
competitive exclusion, and as P. siculus has a larger body than P. virescens, it may be
an advantage in competitive encounters as larger species tend to be dominant over
smaller ones (Downes and Bauwens, 2002). This feature seems to have favored
P.siculus over the native species, since in Lisbon the species are shown to be sympatric
but not syntropic.

Fig. 8 - Ventral and dorsal pictures from a male Podarcis virescens. Pictures taken by Diana Vasconcelos.

2.2.3 Teira dugesii

Teira dugesii (Milne-Edwards, 1829), the Madeiran wall lizard, is a species of
small lizard belonging to the family Lacertidae that is endemic to the Madeiran
archipelago including the Selvagens islands. This species was placed in the genus
Lacerta but was later transferred to the subgenus Teira based on morphology (Richter,
1980). This lizard can reach up to 20 cm in length, although adults are usually between
10 to 15 cm. Its colour can range from light brown to dark grey with some marbling, with
some specimens, usually the males, also being able to display iridescent colours such
as green, blue and violet (Fig 9). Males can be easily distinguished from females by the
presence of a yellow nuptial fold on the underside of their hind legs. In its native habitat,
although it is essentially an insectivorous species, it also feeds on ripe fruit and berries.

It occurs across the Madeira Archipelago, where it is abundant and present in practically
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all types of terrestrial habitats of the archipelago, from the coast to the highest mountains,
through urban areas, gardens, rural areas, pastures and beaches. There are also some
populations in the Azores Islands, which were also introduced from Madeira, probably
accidentally during the 19th century by ships travelling between the two archipelagos
(Silva-Rocha et al. 2016).

In mainland Portugal, there is a small population in the port area of Lisbon,
probably accidentally carried on transport ships, which is originated from Madeira Island
(Silva-Rocha et al. 2016) having been detected for the first time in 1992 (Sa-Sousa
1995). A later study (Sa-Sousa pers. obs) found that the population has remained stable

in size since its discovery.

Fig. 9 - Ventral and dorsal pictures from a male Teira dugesii. Pictures taken by Diana Vasconcelos.

2.2.4 Podarcis bocagei

Podarcis bocagei (Seoane, 1884) displays a clear phylogeographic pattern,
evidently different from the other Iberian Podarcis belonging to the P. hispanicus complex
(Pinho et al. 2008; Kaliontzopoulou et al. 2012). Males exhibit greenish tones on the
dorsal area with the pattern generally spotted on the greenish background, which during
the mating season their ventral area also displays reddish or yellowish tones. Females

are brownish on the back, displaying green dorsal stripes (fig 10).

It is an endemic species of the northwest Iberian Peninsula that occurs north from
the Douro River and with some relatively isolated populations in Tras-os-montes,
requiring relatively humid climates (Sa-Sousa, 2001). Its distribution is abundant and it
is capable of occupying different types of habitats, such as scrubland, forests, meadows

or rocky areas, and it can be found in stony settlements, hedges and walls, preferably in
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sunny areas. It is also well adapted to humanised landscapes such as farmland,
settlements and industrial areas.

This species lives in sympatry with P. lusitanicus in some populations in Portugal,
and in particular there is a sympatric population in Moledo. The differentiation between
P. lusitanicus and P. bocagei took place about three million years ago and they are
considered sister lineages (Caeiro-Dias et al. 2021). Their adaptation to different types
of habitat may have favoured the isolation between the two and while P. bocagei is found
more on the ground, P. lusitanicus lives more on rocks (Carretero et al. 2015).
Furthermore, males of P. bocagei and P. lusitanicus are able to chemically discriminate
between females of their species and the other, although females do not have the same
ability to discriminate males of both species (Carretero et al. 2015). These differences in
chemical signals and discrimination between females likely contributed to an isolated
reproduction (Barbosa et al. 2006). Head morphology is also different in the two species,
being more robust in P. bocagei and flattened in P. lusitanicus, which is related to the

type of habitat in which each one lives (Kaliontzopoulou et al. 2012).

Fig. 10 - Ventral and dorsal pictures from a male Podarcis bocagei. Pictures taken by Diana Vasconcelos.

2.2.5 Podarcis lusitanicus

The species Podarcis guadarramae, was formally considered as a species by
Geniez et al. (2014), where the subspecies Podarcis guadarramae guadarramae was
assigned to the eastern populations of the called Type 1A lineage (following Pinho et al.
2008) and the western populations of Type 1B were named as a new subspecies,
Podarcis guadarramae lusitanicus (Geniez et al. 2014), which was recently considered
as a full species, P. lusitanicus and not actually the sister taxon of P. guadarramae
(Caeiro-Dias et al. 2021).









































































































































































































