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Sinopse:

Esta tese investigou a prevaléncia e a diversidade de hemoparasitos em
lagartos da Amazonia Central. Além disso, traz informacdes sobre
distribuicdo, taxonomia e relagdes ecologico-evolutivas desses parasitos
e seus hospedeiros.
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Resumo

Os parasitos sao reconhecidos pela sua grande capacidade de influenciar a evolucao e
ecologia de seus hospedeiros, tanto ao nivel de individuo quanto de comunidade. Entretanto,
no Brasil, um dos paises com a maior biodiversidade do planeta, estudos sobre parasitismo em
populagoes silvestres ainda sao relativamente escassos. Na regiao amazonica, levantamentos
anteriores constataram uma rica fauna de parasitos de sangue em lagartos e deram indicios sobre
um elevado potencial para descoberta de novas espécies. Nesse contexto, a presente tese
investigou a ocorréncia de hemoparasitos em lagartos da Amazonia Central, explorando ao
longo de trés capitulos aspectos relacionados a diversidade, taxonomia e suas relagdes
ecologico-evolutivas. Para tanto, foram obtidas amostras sanguineas de diversas espécies de
lagartos capturadas em areas de floresta de terra-firme, localizadas proximas aos municipios de
Manaus, Presidente Figueiredo e Rio Preto da Eva, no Estado do Amazonas, Brasil. No
primeiro capitulo foram reunidos os resultados sobre a prevaléncia e a riqueza de
hemoparasitos encontrados nessas localidades, apresentando também uma lista atualizada dos
estudos realizados no Brasil sobre hemoparasitos em lagartos. O segundo capitulo traz a
redescrigdo taxonomica, usando dados morfologicos e moleculares, de uma espécie de
hemogregarina, Hepatozoon ameivae, detectada em lagartos Ameiva ameiva. Para o terceiro
capitulo foi levantada a hipotese de que a ecologia do lagarto Uranoscodon superciliosus esta
moldando a diversidade dos tripanossomas que os parasitam, o que pode ser evidenciado pelas
relacoes filogenéticas de dois novos genotipos de tripanossomas isolados nessa espécie de
hospedeiro. Por fim, os resultados obtidos nessa tese ampliaram o conhecimento sobre a
diversidade e distribuigdo dos hemoparasitos no Brasil, além de terem gerado informagdes
inéditas sobre o sistema parasito-hospedeiro formado pelos lagartos e seus hemoparasitos na

regiao amazonica.

Palavras-chave: Biodiversidade; Filogenia; Floresta Amazonica; Morfologia; Parasitos de

Sangue; Squamata.



Abstract

Parasites are recognized for their great ability to influence the evolution and ecology of
their hosts, at the individual and community levels. However, in Brazil, one of the countries
with the greatest biodiversity on the planet, studies on parasitism in wild populations are still
relatively scarce. In the Brazilian Amazonia, previous surveys found a rich fauna of blood
parasites in lizards and gave indications of a high potential for the discovery of new species. In
this context, the present thesis investigated the occurrence of hemoparasites in lizards from
Central Amazonia, exploring over three chapters aspects related to the diversity, taxonomy and
their ecological-evolutionary relationships. For this purpose, blood samples were obtained from
different lizard species captured in areas of upland forests (rerra-firme), located near the
municipalities of Manaus, Presidente Figueiredo and Rio Preto da Eva, in the State of
Amazonas, Brazil. In the first chapter, results on the prevalence and richness of hemoparasites
found in these locations were gathered, also presenting an updated list of studies carried out in
Brazil involving hemoparasites in lizards. The second chapter presents the taxonomic
redescription, using morphological and molecular data, of a hemogregarine species,
Hepatozoon ameivae, detected in Ameiva ameiva lizards. In the third chapter, we raised the
hypothesis that the ecology of the lizard Uranoscodon superciliosus is shaping the diversity of
the trypanosomes that parasitize it, which can be evidenced by the phylogenetic relationships
of the two new trypanosome genotypes isolated from this host species. Finally, the results
obtained in this thesis expanded the knowledge about the diversity and distribution of
hemoparasites in Brazil, in addition to novel information about the host-parasite system formed

by lizards and their hemoparasites in the Amazonian region.

Keywords: Biodiversity; Phylogeny; Amazon rainforest; Morphology: Blood Parasites;

Squamata.
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Introducao Geral

Com origens e historias evolutivas independentes, o estilo de vida parasitario € complexo
e, possivelmente, o mais bem-sucedido entre os seres vivos, estando presente em praticamente
todos os grandes grupos taxonomicos (De Meetis e Renaud 2002, O'Donoghue 2017). Ha
estimativas que sugerem que mais da metade das espécies viventes podem ser consideradas, em
sentido amplo, como parasitos (Dobson et al. 2008, Poulin 2014, Morand 2015).
Tradicionalmente, os parasitos (gr. parasitos - quem come a mesa do outro) sao definidos como
organismos que passam a maior parte ou toda a vida associados a outros organismos
(hospedeiros) alimentando-se deles e, como consequéncia, causando algum tipo de prejuizo a
esses individuos (Price 1977, Poulin e Morand 2004). Contudo, dada a particularidade de cada
parasito e das caracteristicas que envolvem a relagao com seu hospedeiro, € possivel aprofundar
esse significado: além de obter nutrientes, muitas espécies dependem de seus hospedeiros para
seu desenvolvimento, reprodugao e dispersdo, estratégias parasitarias que podem ou nao levar
seus hospedeiros a morte (Erbet e Herre 1996, Poulin e Morand 2004).

Ecologicamente, parasitos sao considerados como verdadeiros “‘engenheiros™ da natureza,
pois, além de intervirem sobre a coexisténcia ou a exclusdo das espécies, podem atuar em
diferentes niveis e processos dentro das comunidades, influenciando variaveis que estruturam
os ecossistemas (Poulin 1999, Thomas et al. 2000, Hatcher et al. 2012, Buck 2019). Sao
organismos-chave para a composi¢do de algumas teias alimentares, aumentando a
complexidade e atetando os fluxos de energia e a ciclagem de nutrientes (Lafterty et al. 2008,
Hatcher et al. 2012, Anaya-Rojas et al. 2019). Em seus hospedeiros sao capazes de influenciar
varios processos ecologicos e evolutivos (e.g. selecao sexual, migragao, competicao e predagao,
especiagdo e extingdo) que, por sua vez, moldam a dinamica da populagao hospedeira e levam

a efeitos diretos ou indiretos sobre outras espécies que interagem com seus hospedeiros (e.g.
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predadores e competidores) (Schall 1992, Tompkins e Begon 1999, Hatcher et al. 2012, Buck
2019). Dessa forma, os parasitos sao importantes preditores da biodiversidade e da saude dos
ecossistemas (Hudson et al. 2006, Dobson et al. 2008, Thompson et al. 2018).

Por outro lado, os parasitos geralmente sdao reconhecidos pelos diversos efeitos negativos
que produzem sobre seus hospedeiros, principalmente quando associados as populagoes
humanas (e.g. malaria, Doenca de Chagas, filariose, entre outras) com severos impactos na
saude publica e economia mundial (Perkins 2014, Telleria e Tibayrenc 2017, WHO 2019).
Como resultado, grande parte das pesquisas estdo concentradas em poucos grupos de
hospedeiros animais, sobretudo parasitos de mamiferos com interesse economico ou
envolvendo animais silvestres associados a doengas zoonoticas (Valkiunas 2005, Spodareva et
al. 2018). Entretanto, negligenciar especimes pode ter implicagdes sobre o entendimento da
viruléncia e evolugdo dos patogenos de importancia medica (Rambaut et al. 2001, Galen et al.
2018). A acuracia das inferéncias sobre processos evolutivos depende de uma amostragem
ampla dos taxa (Heath et al. 2008), e especialmente da reconstrucdo das transigdes entre grupos
de hospedeiros que levaram a origem da doenca (Liu et al. 2010).

Embora sejam hospedeiros subestimados, os repteis (Chordata, Reptilia) se destacam pela
grande variedade de parasitos sanguineos (hemoparasitos) que albergam, com uma riqueza de
especies registradas superior aquelas conhecidas para aves e mamiferos (Davies e Johnston
2000, Telford 2009). Isso provavelmente se deve a antiga idade filética dos reépteis |final do
periodo Carbonifero (~315 M.a)| e também a elevada diversidade ecologica e taxonomica
desses hospedeiros (Poinar e Poinar 2004, Vitt e Caldwell 2013). Nesse aspecto, os lagartos
(Lepidosauria, Squamata) podem ser considerados como hospedeiros potencialmente diversos
em espécies de hemoparasitos, uma vez que, além de possuirem 60% das 11 mil espécies

descritas da classe Reptilia Laurenti, 1768, apresentam habitos de vida bastante diversificados
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e sao encontrados em uma ampla variedade de ambientes (Vitt et al 2008, Faria et al. 2019,
Peixoto et al. 2020, Uetz et al. 2020).

Nos repteis, os hemoparasitos encontrados com maior frequéncia pertencem ao filo
Apicomplexa Levine, 1970 e a familia Trypanosomatidae Doflein, 1901 (Telford 2009,
O'Donoghue 2017). Esses dois taxa contabilizam juntos nesses hospedeiros aproximadamente
570 especies, divididas em 18 géneros e 10 familias, das quais mais da metade (ca. 320) foram
identificadas em lagartos (Tabela 1). Ha também outros organismos menos frequentes, como os
estagios larvais (microfilarias) do filo Nematoda Diesing, 1861 e, também, inclusdes virais e
bacterianas ( Telford 2009, Halla et al. 2014). Além disso, entre os hemoparasitos, a exce¢ao de
alguns virus e bactérias, ha uma convergéncia adaptativa ao uso de invertebrados hematofagos
como principais vetores para transmissao entre seus hospedeiros vertebrados (O'Donoghue
2017; Tabela 1).

O filo Apicomplexa (Chromista, Alveolata) detém mais de 6 mil espécies descritas
(Votypka et al. 2017). Todas sdao endossimbiontes obrigatorias e apresentam um conjunto de
estruturas na extremidade anterior, denominado complexo apical, que possibilita a invasao e
sobrevivencia dentro da celula hospedeira (Levine et al. 1980, Morrissette e Sibley 2002, Baum
et al. 2008, Tardieux e Baum 2016). O desenvolvimento dos Apicomplexa € tinico entre os
eucariotos por apresentar uma ontogenia reprodutiva ciclica, que contéem duas fases assexuadas,
merogonia e esporogonia, e uma sexuada, chamada de gametogonia (Striepen et al. 2007, Baum
et al. 2008, Votypka et al. 2017). Os membros desse filo com estagios de desenvolvimento
intracelular nas células sanguineas dos répteis sao (Tabela 1): as hemogregarinas (Coccidia,
Adeleorina), os hemococcidios (Coccidia, Eimeriorina), os hemosporideos (Hematozoa,
Haemosporida) e os piroplasmas (Hematozoa, Piroplasmida). Destes, os mais encontrados em

lagartos sao as hemogregarinas do género Hepatozoon Miller, 1908 e os hemosporideos do
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género Plasmodium Marchiafava & Celli 1885 (Smith 1996, Telford 2009, Lainson 2012,

Perkins et al. 2014).

Tabela 1. Diversidade de hemoparasitos do Filo Apicomplexa e de tripanosomatideos descritos
em repteis ao redor do mundo e seus vetores (Telford 1995, 2009, Smith 1996, Lainson 2012,

Megia-Palma et al. 2017, O'Donoghue 2017, Ungari et al. 2018, Fermino et al. 2019, Tomé et

al. 2019).
Parasito (No. spp.) Hospedeiro Vetor
Kinetoplastea
Trypanosomatidae
Trpaissoiia (85) crocodilianos, quelonios, sanguessugas e
lagartos e serpentes artropodes
Leishmania (Sauroleishmania)
(1) lagartos e serpentes flebotomineos
Coccidia
Hepatozoidae
crocodilianos, jabutis,
Hepatozoon (220) tuataras, anfisbénias, lagartos  diversos artropodes
e serpentes
Haemogregarinidae
Haemogregarina (46) quelonios aquaticos sanguessugas
Dactylosomatidae
Dactvlosoma *(1) lagartos ?
Karyolysidae
Hemolivia (4) quelonios e lagartos acaros
Karvolysus (13) lagartos acaros
Lankesterellidae
Lankesterella (4) lagartos ?
Lainsonia (2) lagartos mosquitos
Sehellackia (10) lagartos mosquitos e acaros

Hematozoa
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Parasito (No. spp.)

Hospedeiro

Vetor

Plasmodiidae

Plasmodium (107)

lagartos e serpentes

mosquitos e

flebotomineos
Saurocytozoon (2) lagartos mosquitos
Haemoproteidae
quelonios, lagartos e
Haemocystidium (28) tabanideos
serpentes
Garniidae
Garnia (11) lagartos ?
Progarnia (1) crocodilianos ?
Fallisia (11) lagartos ?
Haemohormidiidae
quelonios, lagartos e
Sauroplasma*(3) ?
serpentes
Haemohormidium™(1) quelonios ?

*Espécies desses géneros nesses hospedeiros foram consideradas de natureza incerta (Barta 1991, Telford 2009).

No caso dos tripanosomatideos (Kinetoplastea, Trypanosomatidae), esses sdo parasitos
unicelulares caracterizados principalmente pela presenga de um flagelo tinico e de uma organela
chamada cinetoplasto, que é formada por uma grande rede de DNA circular (KDNA) e esta
localizada na base do flagelo (Stevens et al. 2001, Simpson et al. 2006). A reprodugédo é
assexuada por fissdo binaria com alternancia das formas celulares (pleomorfismo) durante o
ciclo de vida, as quais podem variar desde estagios de desenvolvimento intracelulares nos
tecidos do hospedeiro (amastigotas), até formas extracelulares flageladas com membranas
ondulantes (tripomastigotas) observadas no plasma sanguineo dos vertebrados (O'Donoghue
2017). Os géneros Trvpanosoma Gruby, 1843 e Leishmania Ross, 1903 sdo os tnicos flagelados
heteroxenos dessa familia com representantes infectando repteis (Tabela 1) e outros vertebrados

(Telleria e Tibayrenc 2017). Dentre esses dois, Trypanosoma se sobressai pela grande
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diversidade genética e morfologica de suas espécies em lagartos e serpentes (Viola et al. 2008,
2009, Telford 2009, Fermino et al. 2019).

Com os avangos das agdes antropicas sobre os ambientes naturais e em face a uma eminente
crise climatica, ha uma crescente preocupagao sobre os possiveis impactos da perda em massa
das espécies (Ceballos et al. 2017). Mas, apesar de serem componentes essenciais da
biodiversidade, os parasitos sdo inconspicuos para a maioria dos esforgos conservacionistas
(Thompson et al. 2018, Milotic et al. 2020). No entanto, sdo extremante vulneraveis a extingdo
e frequentemente correm maiores riscos de desaparecem do que seus hospedeiros (Dunn et al.
2009, Thompson et al. 2018, Milotic et al. 2020). Isso se deve ao fato de estes poderem ser
extintos em decorréncia da extingdo dos seus hospedeiros (co-extingdo) ou através do declinio
da popula¢do hospedeira (Milotic et al. 2020). Além disso, assim como na recente pandemia
causada pelo virus Sars-CoV-2 (novo coronavirus), alguns patogenos podem se beneficiar com
as atividades humanas e seus efeitos, uma vez que proporcionam a esses 0rganismos
oportunidades de propagacdo e o estabelecimento em novos hospedeiros (Jones et al. 2008,
Cizauskas et al. 2017, Zohdy et al. 2019). Dessa forma, alteragoes na dinamica da fauna
parasitaria produzem consequéncias profundas sobre a saude de populacdes humanas e
silvestres (Dobson et al. 2008, Corlett et al. 2020, FAO 2020).

Nesse aspecto, a Floresta Amazonica, a qual concentra grande parte da biodiversidade do
planeta, tem sido irreversivelmente destruida e modificada no Brasil sob o amparo de uma
legislagdo ambiental e governos que incentivam a exploracao de recursos e o desmatamento
(Novaes e Souza 2013, Magnusson et al. 2018). Apenas no ano de 2019 houve um aumento de
quase 34% (10.129 km?) em relacao a taxa de desmatamento de 2018 na Amazonia brasileira
(INPE 2020). Uma condigdo bastante dramatica, tendo em vista que nesse bioma ha
constantemente descricoes de espécies novas de hospedeiros reptilianos, como os lagartos,

cujos hemoparasitos ainda sdao pobremente conhecidos (Costa e Bérnils 2018, Ribeiro-Junior et



al. 2020). De fato, ha registros de hemoparasitos em somente 10% (n = 16/152) das espécies de
lagartos que ocorrem na Amazonia brasileira (Lainson 2012, Costa e Bérnils 2018).

Apesar dessa quantidade relativamente baixa de animais amostrados, os estudos pioneiros
conduzidos pelo Dr. Ralph Lainson, principalmente entre os anos de 1966 e 1992, mostraram a
existéncia de uma rica fauna de hemoparasitos nesses hospedeiros, sugerindo assim que a regiao
amazonica no Brasil detém um potencial elevado para novas espécies destes parasitos (Lainson
2012). Entre os hemoparasitos registrados nesses levantamentos, foram 27 espécies do filo
Apicomplexa e duas espécies de tripanosomas (para mais detalhes ver Tabela 1 do Capitulo 1).
Porém, a maioria dessas foram detectadas em lagartos oriundos da Amazonia Oriental e, em
sua maioria, descritas apenas com base na taxonomia tradicional, sem o uso de ferramentas
moleculares. Isso pode levar a um desconhecimento dos padroes de distribuicdo e identidade
das espécies de parasitos que ocorrem no Brasil, alem de refletir sobre uma baixa compreensao
da interacdo desses organismos com seus hospedeiros lagartos (Heath et al. 2008, Morand
2018).

Nesse contexto, a presente tese investigou a diversidade de hemoparasitos e caracterizou,
atraves de dados morfologicos e moleculares, a composi¢ao desta comunidade em hospedeiros
lagartos da Amazonia Central. Os resultados alcangados encontram-se organizados em trés
capitulos:

® Capitulo 1 trata da prevaléncia e diversidade dos hemoparasitos encontrados nos

largartos da regiao da Amazonia Central;

® Capitulo 2 apresenta a redescricao da hemogregarina Hepatozoon ameivae (Carini e

Rudolph, 1912) do lagarto Ameiva ameiva;
® Capitulo 3 aborda as relagoes filogenéticas dos tripanosomas que parasitam

Uranoscodon superciliosus (Linnaeus, 1758).
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Abstract: Blood samples from 330 lizards of 19 species were collected to investigate the
occurrence of haemoparasites. Samplings were performed in areas of upland (rerra-firme)
forest adjacent to Manaus municipality, Amazonas, Brazil. Blood parasites were detected in 220
(66%) lizards of 12 species and comprised four major groups: Apicomplexa (including
haemogregarines, piroplasms, and haemosporidians), trypanosomatids, microfilarid nematodes
and viral or bacterial organisms. Order Haemosporida had the highest prevalence, with 118
(35%) animals from 11 species. For lizard species, Uranoscodon superciliosus was the most
parasitised host, with 103 (87%: n = 118) positive individuals. This species also presented the
highest parasite diversity, with the occurrence of six taxa. Despite the difficulties attributed by
many authors regarding the use of morphological characters for taxonomic resolution of
haemoparasites, our low-cost approach using light microscopy recorded a high prevalence and
diversity of blood parasite taxa in a relatively small number of host species. This report is the
first survey of haemoparasites in lizards in the study region. It revealed a high diversity of lizard

haemoparasites and highlights the need to understand their impacts on hosts.
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INTRODUCTION

The protozoologist Dr. Ralph Lainson (1992) two decades ago in his work on neglected
parasites in the Amazonia basin quoted a phrase from P.C.C. Garnham, his former advisor:
"There is a serious danger that malarial parasites become extinct." Since that time, very few
efforts have been made to contain the threats to the diversity of these parasites and other
organisms (Ferrante & Fearnside 2019). In fact, these threats have been aggravated by increased
habitat destruction in recent years, particularly in tropical regions (INPE 2019). Extinction,
alteration in the abundance or introduction of parasites can have profound impacts on the health
of a large number of free-living species (Dobson et al. 2008), because parasites are ecologically
involved in important mechanisms that regulate wildlife populations and structure communities
(Tompkins & Begon 1999, Thomas et al. 2000). Moreover, they may influence their host
biological processes, such as sexual selection (Ehman & Scott 2002, Megia-Palma et al. 2018),
predation and competition dynamics (Schall 1992, Garcia-Longoria et al. 2015), as well as
speciation and extinction processes (Anderson & May 1978, Poulin 1999, Prenter et al. 2004).

Reptiles are hosts for a wide variety of parasites, especially for diverse groups that
parasitise blood cells (Davies & Johnston 2000, Telford 2009). These blood parasites may be
intra- or extracellular organisms that range from protozoan kinetoplastids (Killick-Kendrick et
al. 1986, Telford 1995) and apicomplexan parasites (Levine 1988, O'Donoghue 2017), to
microfilarid nematodes (Thoisy et al. 2000, Halla et al. 2014) as well as viral and bacterial
inclusions (Telford 2009). Except for the last two pathogens, whose transmission is not yet
clear, the other three parasitic taxa share a common feature by using a range of haematophagous
invertebrates as the main vectors for transmission between vertebrate hosts (Smallridge &
Paperna 1997, Viana et al. 2012, Van As et al. 2015, Fermino et al. 2019). Furthermore, the

haemoprotozoans of Phylum Apicomplexa Levine, 1970 are apparently the most studied of all
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and also represent the taxon with the largest number of species parasitising reptiles (Levine
1988). Only in lizards (Squamata: Sauria), approximately 14 genera were recorded
(O'Donoghue 2017); haemogregarines and haemosporidians are the most frequently identified
groups (Smith 1996, Perkins 2014).

Although Brazil is a megadiverse country and has the third richest reptilian fauna in the
world (Costa & Bérnils 2018), approximately 795 species, knowledge about haemoparasite
diversity in these hosts consists of mainly a few concentrated studies in the eastern Amazon
region (Lainson 1992, 2012). These studies recorded a rich haematozoan fauna in lizards and
also suggest that the Amazon biome has a great potential for the discovery of new
haemoparasitic species in these vertebrates, as 29 (80%) of the 36 known protozoan species in
the country occur in this region (Table I). However, these records are limited to a total of 20
lizard species (Table I), which represent 7% (n = 276) of the described Brazilian lizard fauna
and 10% (n = 16/152) for the Amazon region (Costa & Bérnils 2018). This small number is
probably due to the difficulties in collecting these hosts and also the lack of specialists interested
in working with haemoparasites from herpetofauna.

Light microscopy is an important tool for diagnosing infections that has crossed centuries
and generations of scientists, still being the fastest and most accessible technique for searching
parasites (Halla et al. 2014). This is especially true for studies adopting horizontal approaches
that aim to estimate parasitism in poorly known groups. In this sense, we sought to investigate
using light microscopy the presence and diversity of haemoparasites in lizards from Central

Amazonia.
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MATERIALS AND METHODS

STUDY AREA

The study was conducted in four upland (rerra-firme) forest sites in Brazilian Central
Amazonia, all located in the State of Amazonas, Brazil (Figure 1). The first study area was the
Federal University of Amazonas forest fragment campus (UFAM; 3°4'34"S, 59°57'30"W),
located in the eastern part of the city of Manaus. The three remaining study areas were located,
respectively, 38 km (UFAM Experimental Farm; 2°38'57.6"S, 60°3'11"W), 80 km (Biological
Dynamics of Forest Fragments Project |[BDFFP[; 2°25'S, 59°50'W), and 160 km (Agrovila Rio
Pardo; 1°48'S, 60°19' W) north of Manaus. These sampling regions present a mean annual
temperature of approximately 26°C with relative air humidity over 80% (Araujo et al. 2002).
The yearly precipitation is over 2,000 mm and mostly concentrated in a rainy season that usually
occurs from December to May (Marques-Filho et al. 1981). The vegetation of the sampling
sites 1s mainly composed of a mosaic of upland Amazonian rainforest, which varies from
primary and secondary forests to open areas. The average elevation is 40—160 m above sea level
(Laurance et al. 2011). Some of these landscapes are relatively undisturbed (Deichmann et al.
2010, Rojas-Ahumada et al. 2012), but most exhibit anthropogenic alterations (Rocha et al.

2004, Ramos et al. 2014).

LIZARD AND BLOOD SAMPLING

A total of 330 lizards from 19 species distributed in 17 genera and 10 families were
sampled between 2016 and 2019 (Table II). Animals were captured using several methods, such
as active search (Doan 2003) and traps, i.e., pitfalls with drift-fences (Jenkins et al. 2003),
funnels made out of PVC pipes (Abrahao et al. 2019) and live-traps (Vieira et al. 2015). Lizards

were identified through specialised literature (Avila-Pires 1995, Vitt et al. 2008), and taxonomic
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nomenclature was adopted following Costa & Bérnils (2018). The blood samples were obtained
by tail or cardiac puncture using a sterile insulin syringe (Samour et al. 1984). A portion of
collected blood was used to make smears, which were fixed with absolute methanol and stained
with 10% Giemsa. The other portion was applied to a filter paper for molecular analyses.
Lizards were released within 24 h of capture, but in the case of cardiac puncture, the blood was
collected after euthanasia (via injection of 2% lidocaine). Specimens were preserved in 10%
formalin and deposited in the Zoological Collections of the National Institute of Amazonian
Research (INPA) and UFAM in Manaus, Brazil.

Lizard sampling and access to the genetic data were authorised by the Brazilian Ministry
of the Environment (SISBIO n°® 53851-4 and SISGEN AA6199D, respectively). All procedures
were approved by the ethics committee on animal use from Universidade Federal do Amazonas

(protocol number 012/2016).

MICROSCOPIC ANALYSES

Blood smears were examined for up to 20 min under a Leica DM4B microscope (Leica
Microsystems, Heerbrugg, Switzerland) at x 400 and * 1000 total magnification. The slides
with parasites were carefully examined and images were captured with an attached Leica
DMC4500 digital camera and processed with LAS V4.8 (Leica Microsystems Suiza Limited
2015). Morphometric measurements were taken with this same system. However, they will not
be presented here in this work, as they are part of ongoing taxonomic studies. Haematozoan
parasites were taxonomically identified by comparing their morphologies to the descriptions
from the guides of Telford (2009) and Lainson (2012), besides original description articles.
Additionally, to confirm the identification of some haemosporidian species, we compared our
material with that of the collection of Dr. Ralph Lainson, deposited at the Evandro Chagas

Institute (IEC) in Belém, Brazil.
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RESULTS

Haemoparasite infections were detected in 220 (66%) out of 330 lizards of 12 species
distributed among seven families (Table II). Mixed infections occurred in 91 positive
specimens. For sampling sites, BDFFP had 78% (n = 156/200) of the infected lizards, UFAM
Experimental Farm had 68% (n = 13/19), Agrovila Rio Pardo had 47% (n = 50/105) and UFAM
urban forest fragment had 16% (n = 1/6). Parasites were grouped into four major groups (Figure
2), with the following prevalence: (i) intracellular apicomplexan parasites at 173 (52%)
individuals; (i1) trypanosomatids at 84 (25%); (i) microfilarial worms at 38 (11%); (iv)
unidentified viral or bacterial inclusions at 30 (9%).

Among the positive lizards, Tropiduridae and Teiidae were the families that showed the
highest prevalence, with 86% (n = 112/130) and 66% (n = 90/135) positive animals,
respectively. With regards to lizard species, Uranoscodon superciliosus Linnaeus, 1758 stood
out for presenting a high prevalence, with 87% (n = 103/118) of infected individuals, and also
because it was the species with the greatest diversity of parasites, with the occurrence of six
different taxa: Haemohormidiidae, Plasmodiidae, Garniidae, Trypanosomatidae, microfilarial
worms and unidentified inclusions.

Parasites of phylum Apicomplexa (Table III) were found in all infected lizard species; 14
species from five families were identified. Two morphotypes of the genus Heparozoon
(Hepatozoidae) were observed in 40 Ameiva ameiva Linnaeus, 1758 (55%; n= 72) and one was
identified as Hepatozoon ameivae Carini & Rudolph, 1912 (Figure 2a). H. ameivae was
recorded overlapping the nucleus of the parasitised cells, whereas the other morphotype caused
lateral displacement of the nucleus to one end of the red blood cell (Figure 2b). Both parasites
were restricted to erythrocytes. Sauroplasma-like (Haemohormidudae) infections (Figure 2c)

appeared in 14% (n = 49/330) of individuals from six lizard species (Table III). Notably, U.
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superciliosus had the highest number of parasite occurrences, with 32 (27%; n = 118) positive
specimens.

Haemosporidian parasites presented the highest prevalence, with 35% (n= 118/330) animals
infected and, except for Alopoglossus angulatus Linnaeus, 1758, all positive host species were
parasitised by malaria. Based on blood stage morphology, 13 species from two families,
Plasmodiidae and Garniidae, were identified (Table III; Figure 2d-j). It is important to note that
despite some authors (e.g., Levine 1988, Telford 2009), here we recognise the family Garniidae
as well as the genera Garnia and Fallisia as valid taxa diagnosed by absence of pigment and
ultrastructural characteristics (Lainson et al. 1971, Boulard et al. 1987).

Plasmodium spp. (Figure 2d-g) were detected in 64 (19%; n = 330) lizards from nine species,
with the highest number of positive specimens seen in 4. ameiva (36%; n = 72). At least 11
morphotypes were visualised, and five Plasmodium species could be recognised (Table III).
Gametocytes of Saurocytozoon cf. tupinambi Lainson & Shaw, 1969b were observed in
leucocytes (Figure 2h) from five (20%; n = 25) Tubinambis teguixin Linnaeus, 1758. Non-
pigmented malaria parasites from the genera Fallisia (Figure 2i) and Garnia (Figure 2j) were
found in four (1%; n=330) and 46 (14%; n = 330) lizards, respectively (Table III). Two Fallisia
species were detected in Plica umbra Linnaeus, 1758, Fallisia cf. simplex Lainson et al., 1975
and Fallisia cf. audaciosa Lainson et al., 1975, In Neusticurus bicarinatus Linnaeus, 1758, we
found Fallisia cf. effusa Lainson et al., 1974a. Parasites of the genus Garnia were mainly
recorded in U. superciliosus (22%; n = 118). We also detected four unidentitied morphotypes
and four species of this genus (Table III).

Extracellular parasites of the family Trypanosomatidae (Table II) were found in 83 U
superciliosus (70%; n = 118) and one P. umbra (8%; n = 12): each tropidurid species had one
Trypanosoma morphotype. The trypanosome of U. superciliosus had an elongated body and

diffuse nucleus (Figure 2k), while the observed P umbra had a rounded shape and compact
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nucleus (Figure 21). Microfilarial worms (Nematoda) occurred in five lizard species (Table II),
with higher prevalence in 4. ameiva with 37% (n = 27/72) positive specimens. These blood
parasites exhibited highly variable sizes and shapes (Figure 2m-n) and were very similar to the
genus Piratuba. However, accurate diagnoses of filarial worms is mainly based on
morphological features of adult worms. Thus, identification of this group in the present study
remains indeterminate.

The last of the four major groups, inclusions of uncertain nature (Figure 20-p), were detected
in erythrocytes of five lizard species and showed little morphological variation. They consisted
of a large spherical shape with a rarely darker stained margin. These vacuoles resemble
rickettsial parasites recorded for other reptilian hosts, although without ultrastructural study it

was not possible to confirm this identification.

DISCUSSION

We observed a high prevalence of blood parasites among lizards from Central Amazonia:
More than half of the sampled individuals and species were infected. We also demonstrated that
lizards are the hosts for a wide variety of haemoparasites. Indeed, we observed great parasite
richness in a small number of host species and in a limited sampling area. This finding
reinforces that the neotropical region holds a rich haemoparasite fauna, as shown by studies
conducted in other localities across the Amazon Basin (Renjito et al. 1952, Teltord 1970, 1973,
1980, Ayala et al. 1973, Lainson 1992, Thoisy et al. 2000, Matta et al. 2018). Furthermore, it is
important to note that we sampled lizard species with diversified microhabitat use, ranging from
terrestrial (e.g., 4. ameiva), semi-aquatic (e.g., Neusticurus bicarinatus), scansorial (e.g., P
umbra) to arboreal (e.g., U. superciliosus) (Vitt et al. 2008). This environmental diversity may

imply determinant characteristics for the composition of the haemoparasite assemblages found



