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RESUMO

O Brasil é considerado um pais rico em fauna silvestre, sendo o terceiro colocado no
ranking de biodiversidade de répteis e o primeiro colocado no ranking de biodiversidade de
anfibios. Entretanto, apesar de existirem estudos sobre parasitos nestes animais na regiao
Neotropical, ainda ha muito a se conhecer sobre a diversidade de parasitos neste grupo de
animais. Com isso, 0 objetivo desse projeto foi identificar e caracterizar a biodiversidade de
espécies de hemoparasitos (haemogregarinas e tripanossomas) e ectoparasitos
(sanguessugas) associados a répteis e anfibios procedentes das Regides Centro-Oeste e
Sudeste Brasileiras, abrangendo os Biomas Cerrado e Mata Atlantica considerados os
principais em diversidade de herpetofauna. No total, foram coletadas amostras de sangue de
445 animais, sendo 136 répteis (45 crocodilianos, 45 testudines, 31 lagartos e 15 serpentes)
e 309 anuros (54 sapos, 161 réds e 94 pererecas), para analise morfoldgica, morfométrica e
molecular dos hemoparasitos. Além disso, alguns animais foram eutanasiados para coleta de
tecidos (figado, baco, rim, coracdo e pulméo). Desse total, através da analise morfologica,
foram observados 183 (41,30%) animais positivos. Dos 136 répteis, 80 (58,82%) estavam
infectados, sendo 31 (68,88%) crocodilianos, 39 (86,66%) testudines e 11 (73,33%)
serpentes. Dos anuros, 102 (33%) estavam infectados, sendo 2 (3,7%) sapos, 54 (33,54%)
rds e 46 (48,93%) pererecas. Quatro anuros estavam coinfectados com haemogregarinas e
tripanossomas. Além disso, durante contencdo desses animais, 0s mesmos foram
inspecionados para presenca de ectoparasitos, ja que sdo considerados vetores de varios
patdgenos, e foram observadas sanguessugas aderidas aos queldnios aquaticos e acaros em
anuros e repteis coletados. Através das analises morfoldgicas e moleculares, foi possivel
identificar: tripanossomas acometendo anfibios, trés novas espécies de Hepatozoon e duas

novas espécies de Dactylosoma (Dactylosomatidae) em anuros; trés novas espécies de
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Hepatozoon, além de Hepatozoon cevapii e Hepatozoon cuestensis acometendo serpentes;
trés possiveis novas espécies de Hepatozoon em crocodilianos Caiman crocodilus; seis
novas espécies de Haemogregarina em testudines Podocnemis uniflis e Podocnemis
expansa; e sanguessugas, consideradas possiveis vetores na transmissao de haemogregarinas
em testudines brasileiros, com a identificagdo de uma nova espécie deste possivel vetor. De
acordo com as analises executadas até 0 momento, foi possivel observar grande diversidade
de hemoparasitos acometendo a herpetofauna das regides Centro-Oeste e Sudeste do Brasil.
Esse resultado reforca a necessidade de mais estudos sobre esses hemoparasitos, sendo a
taxonomia prioritaria nesse quesito, com a identificacdo e descricdo dessa diversidade de

parasitos (FAPESP: 2018/00754-9; 2018/09623-4).

Palavras-chave: anuros, répteis, biodiversidade, Trypanosoma, Haemogregarina,

Hepatozoon, Dactylosoma, Brasil.
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ABSTRACT

Brazil is considered a country rich in wild fauna, being the third place in the reptile
biodiversity ranking and the first place in the amphibian biodiversity ranking. However,
although there are studies on parasites in these animals in the Neotropical region, there are
so much more to know about the diversity of these pararasites. Thus, the objective of this
project was to identify and characterize the biodiversity of hemoparasite species
(haemogregarines and trypanosomes) and ectoparasites associated with reptiles and
amphibians from the Center-West and Southeast regions of Brazil, covering the Cerrado and
Atlantic Forest Biomes, considered the main in herpetofauna diversity. In total, blood
samples were collected from 445 animals, 136 of which were reptiles (45 crocodilians, 45
testudines, 31 lizards and 15 snakes) and 309 anurans, for morphological, morphometric and
molecular analysis. Besides, some animals were euthanized for tissue collection (liver,
spleen, kidney, heart and lung) as well. Of this total, through morphological analysis, 183
(41.30%) positive animals were observed. Of the 136 reptiles, 80 (58.82%) were infected,
being 31 (68.88%) crocodilians, 39 (86.66%) testudines and 11 (73.33%) snakes. Of the
anurans, 102 (33%) were positive. Four anurans were co-infected with haemogregarines and
trypanosomatids. In addition, during containment of these animals, they were inspected for
the presence of ectoparasites, since they are considered vectors of several pathogens, and
leeches were observed attached to some aquatic turtles and mites and ticks in reptiles and
anurans. Through morphological and molecular analyses, it was possible to identify:
trypanosomatids affecting amphibians, three new species of Hepatozoon and two new
species of Dactylosoma (Dactylosomatidae) in anurans, three new species of Hepatozoon
besides the identification of Hepatozoon cevapii and Hepatozoon cuestensis in Brazilian

snakes, three possible new species of Hepatozoon in crocodilians of the species Caiman
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crocodilus; six new species of Haemogregarina in testudines of the species Podocnemis
uniflis and Podocnemis expansa, and leeches considered possible vectors in the transmission
of haemogregarines in Brazilian testudines, with the identification of a new species of these
probably vectors. According to the study, it was possible to observe a great diversity of
hemoparasites affecting the herpetofauna of the Center-West and Southeast regions of
Brazil. This result reinforces the need for further studies on these hemoparasites, with
taxonomy being a priority in this regard, with the identification and description of this
diversity of parasites (FAPESP: 2018/00754-9; 2018/09623-4).

Keywords: Anurans, biodiversity, reptiles, Trypanosoma, Haemogregarina, Hepatozoon,

Dactylosoma, Brazil.
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1) INTRODUCAO
1.1) Introducéo geral

O Brasil é considerado um pais rico em variedade de espécies de répteis e anfibios
(Rodrigues, 2005; Silvano & Segalla, 2005). Segundo Costa et al. (2022), no territdrio
brasileiro ha 848 espécies de répteis catalogadas, sendo 38 queldnios, seis jacares, 82
anfisbenas, 292 lagartos e 430 serpentes, ocupando a terceira colocagdo mundial. Em
relacdo aos anfibios, o Brasil é o pais com a maior riqueza e diversidade (Segalla et al.,
2021). Atualmente sdo conhecidas 1.188 espécies de anfibios, amplamente distribuidas,
das quais 1.144 espécies pertencem a ordem Anura, cinco especies a ordem Caudata e 39
espécies pertencentes a ordem Gymnophiona Muller, 1832 (Frost, 2022). Entretanto, o
namero de espécies de repteis e anfibios varia de acordo com o bioma (Maneyro &
Carreira, 2006; Machado & Maltchik, 2007) e o conhecimento sobre estes animais nos
biomas brasileiros, em especial Cerrado e Mata Atlantica, € considerado pobre se
comparado a outras localidades mundiais (Sabino & Prado, 2000).

Em relacdo ao Cerrado, grande parte da biodiversidade de anfibios e répteis esta
representada nesse bioma, e estimativas de riqueza indicam a ocorréncia de 285 espécies
de répteis e 215 espécies de anfibios (Régo et al., 2019).

A Mata Atlantica apresenta a maior riqueza de anfibios e répteis dentre os biomas
brasileiros (Segalla et al., 2019). Este bioma comporta uma elevada diversidade de habitat
e micro-habitat, favorecendo espécies especialistas em cada tipo de ambiente e,
consequentemente, os endemismos (Marques et al., 1998). Por comportar alta
biodiversidade e sofrer os efeitos da perda de habitat e modificacdo de seus remanescentes
devido a acdo humana, a Mata Atlantica e o Cerrado estdo catalogados dentre os 34
hotspots mais ameagados do mundo, colocando em risco toda essa biodiversidade (Myers
et al., 2000; Young et al., 2001; Eterovick et al., 2005; Mittermeier et al., 2005). Além
disso, reduzida a 12% de sua extensao original, a Mata Atlantica atualmente consiste em
fragmentos descontinuos, como resultado de processos historicos de uso e ocupacédo do
solo (Assis et al., 2019). Registros do declinio e possiveis riscos de extin¢do de espécies
de répteis e anfibios, associados a mudancas climaticas, fragmentacéao e perda de habitat
(Gibbons et al., 2000; Carnaval et al., 2006) tém alertado a comunidade cientifica sobre
a necessidade de maior conhecimento sobre as espécies de repteis e anfibios, bem como

0s parasitos que os acometem.

29



A diversidade de parasitos que acomete esses animais é grande e 0s estudos desses
patdgenos tém ganhado destaque em diferentes areas do conhecimento, pois sdo
amplamente utilizados como modelos ecologicos, com crescente constatacdo de que o
parasitismo exerce papel fundamental na estrutura, dindmica temporal e espacial de
populagcGes naturais com acdo direta nos processos de competicdo e estabilidade de
ecossistemas (Holmes & Price, 1986).

De acordo com Nasiri et al. (2014), praticamente 100% dos répteis de vida livre em
todo o0 mundo séo acometidos por algum agente infeccioso, podendo ser endoparasitos,
como protozoarios, helmintos, bactérias ou virus, ou ectoparasitos, como sanguessugas,
acaros (mesostigmatas e metastigmatas), dentre outros. Dentre os hemoparasitos, as
haemogregarinas, os tripanosomatideos e os hemosporidios sdo 0s mais observados em
répteis. Entretanto, hd presenca de outros grupos, como, piroplasmorida, parasitos
procariotos (infeccdo clamidial e por rickettsias), microfilaria e hemococcidios em
lagartos (Telford, 2009; Ursula et al., 2014).

Em relacdo aos anfibios, ha relatos de hemococcidios, microfilarideos,
hemogregarinas e tripanosomatideos, sendo este ultimo o grupo mais comumente
encontrado (Readel & Goldberg, 2010; O Donoghue, 2017). Em um trabalho
desenvolvido por Netherlands et al. (2015), sobre biodiversidade de hemoparasitos
acometendo sapos procedentes da regifo de Africa do Sul, os autores relataram ocorréncia
de microfilarideos, Trypanosoma spp. Grubi, 1843 (Kinetoplastea: Trypanosomatidae) e
hemogregarinas. Dentre as hemogregarinas, os autores observaram nos sapos Hepatozoon
spp. Miller, 1908 (Apicomplexa: Adeleina: Hepatozoidae) e Dactylosoma spp. Labbé,
1894  (Apicomplexa: Adeleina: Dactylosomatidae). Em consideragdo aos
tripanosomatideos, estes sdo continuamente relatados em todo 0 mundo acometendo 0s
anfibios da Ordem Anura Merrem, 1820, e métodos diagnésticos morfoldgicos e
moleculares podem ser citados, como as de Malysheva (2014) e Bernal & Pinto (2016).

Quanto ao Brasil, mesmo sendo um pais megadiverso em herpetofauna,
hemoparasitos foram estudados em poucas espécies. Em relacdo aos répteis, de acordo
com Bérnils e Costa (2012), ha 36 espécies de testudines brasileiros catalogadas, mas
somente a tartaruga de cabeca grande do amazonas, Peltocephalus dumerilianus
(Schweigger, 1812); o jabuti-tinga, Chelonoides denticulata, (Linnaeus, 1766); o cagado
de barbicha, Phrynops geoffroanus (Schweigger, 1812); a tartaruga pitit, Podocnemis
sextuberculata Cornalia 1849; a tracaja, Podocnemis unifilis (Troschel, 1848) e a

tartaruga da Amazonia, Podocnemis expansa (Schweigger, 1812), foram pesquisasdas em
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relacdo a alguma hemoparasitose (Lainson & Naiff, 1988; Campos-Brites & Ratin, 2004;
Soares et al., 2014; Picelli et al., 2015; Pessoa et al., 2016; Ungari et al., 2018a). Dentre
os trabalhos citados, Ungari et al. (2018a) descreveram uma nova espécie de
hemoparasito, Haemogregarina podocnemis (Apicomplexa: Adeleina:
Haemogregarinidae), em P. unifilis com auxilio da taxonomia integrativa.

Dentre as seis espécies de crocodilianos brasileiros existentes, o jacare-tinga,
Caiman crocodilus (Linnaeus, 1758), e o jacaré do Pantanal, Caiman yacare (Daudin,
1801), séo os mais estudados. Como exemplo, Viana et al. (2010) e Soares et al. (2017)
pesquisaram Hepatozoon caimani Carini, 1909 (Apicomplexa: Adeleina: Hepatozoidae)
em C. yacare.

Em relacdo a diversidade brasileira de lagartos, os principais estudos abrangem
somente as familias Iguanidae e Teiidae. Esses animais sdo acometidos, principalmente
por hemosporideos e hemogregarinas. Harris et al. (2015) analisaram 230 lagartos nativos
e exdticos na América do Sul e observaram Hepatozoon spp. (Apicomplexa: Adeleina:
Hepatozoidae) nesses animais.

Até 1996, havia a descricdo de 200 espécies de serpentes infectadas por alguma
hemoparasitose nas regides temperadas a tropicais (Smith, 1996). No Brasil, um dos
principais estudos, até hoje, sobre prevaléncia de Hepatozoon spp. em serpentes
brasileiras foi desenvolvido por Pessoa et al. (1974), os quais analisaram 2.128 individuos
e observaram 17.1% de positividade em esfregaco de sangue. O Brasil possui 10 familias
de serpentes com 366 espécies catalogadas (Costa et al., 2021). As trés principais familias
de serpentes analisadas quanto a presenga de hemoparasitos sdo Boidae, Colubridae e
Viperidae. O"'Dwyer et al. (2013) e Borges-Nojosa et al. (2017), por exemplo, relataram
presenca de espécies de Hepatozoon (Apicomplexa: Adeleina: Hepatozoidae) em
Crotalus durissus (Linnaeus, 1758) e Philodryas natterreri (Steindachner, 1870),
respectivamente.

Além das hemogregarinas em répteis, os tripanossomas foram identificados,
principalmente com auxilio de diagnostico molecular (Viola et al., 2009; Fermino et al.,
2015).

Nos anfibios brasileiros, dentro da Ordem Anura, a mais predominante em
diversidade de espécies no Brasil, ha 20 familias catalogadas (SBH, 2021), mas somente
os individuos da familia Hylidae Rafinesque, 1815 (perereca), Bufonidae Gray, 1825
(sapo) e Leptodactilidae Werner, 1896 (rd) foram datados com hemoparasitoses. Como

exemplo, Leal et al. (2015) caracterizaram Hepatozoon spp. em duas espécies de anuros
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(Leptodactylus chaquensis Cei, 1950 e Leptodactylus podicipinus Cope, 1862 no Pantanal
(Mato Grosso do Sul), através do diagnostico morfolégico e molecular. Estudos
relativamente recentes foram desenvolvidos sobre tripanossomas, como o de Ferreira et
al. (2015), os quais analisaram 112 anuros procedentes do bioma Cerrado atraves da
técnica molecular, e Attias et al. (2016), os quais fizeram caracterizacdo ultraestrutural e
analise filogenética desses tripanosomatideos em Leptodactylus spp. procedentes do
Pantanal brasileiro.

Em relacdo aos métodos diagnosticos, durante anos a descricdo e identificacdo de
espécies de hemoparasitos em répteis e anfibios eram baseadas, somente, em critérios
morfoldgicos das formas evolutivas sanguineas, ou pelo encontro de parasitos em nova
espécie de hospedeiro e/ou localidade (Siddall, 1995). Com isso, muitas das espécies
descritas provavelmente ndo sdo mais espécies validas. Em estudos posteriores, a
utilizacdo da analise morfoldgica das formas evolutivas sanguineas e tissulares, presentes
nos hospedeiros vertebrados, e calculo morfométrico (medi¢cdes de comprimento, largura
e area do hemoparasito), comecaram a ser empregados. Mesmo assim, algumas espécies,
como as de Trypanosoma, apresentam morfologia e morfometria similares entre si €, no
caso das hemogregarinas, mesmo entre os diferentes géneros, ha similaridade
morfoldgica, sendo necessario outro método diagnostico, como a analise molecular
(Moco et al., 2012; Fermino et al. 2015).

A Reacdo em Cadeia da Polimerase (PCR) € uma ferramenta valiosa, possui a
capacidade de detectar espécies de agentes infecciosos, bem como analisar sua relacéo
filogenética. Entretanto, para o grupo das hemogregarinas, a técnica molecular ainda é
escassa utilizando oligonucleotideos que amplificam regiGes conservadas do gene 18S
rRNA (Mogo et al., 2012; Dvorakova et al. 2013). Em relacdo aos tripanosomatideos,
estes apresentam mais dados moleculares, com descricdo de oligonucleotideos que
amplificam regides de genes variaveis (V7V8 SSU rRNA e gGAPDH), mas sem muitos
estudos sobre esses parasitos em anfibios e répteis brasileiros (Fermino et al., 2015).

Dessa forma, para a caracterizacao da diversidade de espécies de hemoparasitos que
acometem repteis e anfibios brasileiros € necessaria a utilizagcdo da taxonomia integrativa,
a qual baseia-se no conjunto diagnéstico morfolégico e morfométrico das formas
evolutivas observadas no hospedeiro vertebrado (répteis) e nos vetores, bem como analise
molecular com genes conservados e variaveis (18S rRNA, ITS-1, mitocondriais, dentre
outros). Somente com a caracterizacao das espécies desses parasitos serd possivel inferir

sobre a fauna de hemoparasitos que acometem estes hospedeiros
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1.2) O grupo das hemogregarinas

O filo Apicomplexa (Levine, 1970) agrupa protozoarios que apresentam estruturas
conhecidas como complexo apical (Levine et al., 1971), composto por elementos do
citoesqueleto e pelas organelas secretorias especializadas chamadas roptrias, micronemas
e granulos densos (Siddall, 1995).

A caracterizacdo desse filo segue a revisdo de Levine et al. (1988), o qual ¢
subdividido em quatro grupos (gregarinas, coccidios, hemosporidios e piroplasmas). Os
agrupamentos sdo baseados, principalmente, por caracteristicas bioldgicas e do ciclo de
vida, como os hospedeiros, os vetores e quais tecidos do hospedeiro parasitam (Morrison,
2009).

Os parasitos pertencentes a esse filo possuem ciclo de vida complexo, podendo
apresentar duas fases assexuadas, chamadas de merogonia e esporogonia, e uma sexuada,
conhecida como gametogonia. Sdo 0s Unicos entre 0s eucariotos a apresentar ontogenia
de reproducéo ciclica (Siddall, 1995). O gametdcito masculino se diferencia em um ou
mais microgametas e fertiliza 0 macrogameta, ou gameta feminino, originando o zigoto
(gametogénese). Este se diferencia em oocistos contendo esporozoitos (esporogénese).
Em seguida, no hospedeiro, os esporozoitos invadem célula e diferenciam-se em
merozoitos, estes se dividem até duas vezes assexuadamente (merogonia primaria e
merogonia secundaria) gerando varias células filhas, também chamadas de merozoitos.
Em seguida, diferencia-se em gametdcitos (gametogonia), que sao precursores da fase
sexual.

A subordem Adeleina Léger 1901 caracteriza-se pela presenga de sigizia,
microgamontes produzindo 1-4 microgametas, esporozoitos envoltos por esporocisto, ou
livres, dentro dos oocistos, e as espécies podem ser monoxénicas ou heteroxénicas. E
considerada subordem heterogénea e polifilética (Barta e Desser, 1989; Siddall & Desser,
1991; Siddall, 1995), e atualmente é subdividida em quatro familias: Haemogregarinidae
(Neveu-Lamaire 1901) Léger 1911, Dactylosomatidae Jakowska & Nigrelli 1955,
Karyolysidae Wenyon 1926, e Hepatozoidae Wenyon 1926 (Barta et al., 2012;
Netherlands et al., 2018), havendo relatos de espécies de todas estas familias acometendo
a herpetofauna mundial.

No Brasil, espécies de dois géneros, Haemogregarina (Danilewsky, 1886)
(Apicomplexa: Adeleina: Haemogregainidae) e Hepatozoon (Apicomplexa: Adeleina:

Hepatozoidae) foram relatadas em répteis e anfibios (Telford, 2009; Barta et al., 2012) e
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espécies do terceiro género, Dactylosoma (Apicomplexa: Adeleina: Dactylosomatidae),
foram observadas acomentendo anuros (Coelho et al., 2021).

As familias Hepatozoidae e Haemogregarinidae diferenciam-se entre si,
principalmente, pela fase esporogbnica nos vetores e presenca ou auséncia de
esquizogonia sanguinea em Haemogregarina spp. € Hepatozoon spp., respectivamente
(Barta, 2000).

Siddall (1995), estudando espécies de Haemogregarina, observou que algumas
dessas espécies poderiam pertencer a outros géneros, o que o levou a fazer uma nova
revisdo da subordem Adeleina. O autor sugeriu a transferéncia dos parasitos de lagartos,
serpentes e aves para 0 género Hepatozoon. Essa transferéncia foi baseada em estudos
nos quais observou uma elevada quantidade de esporocistos formados nos oocistos da
fase esporogonica. A partir disso, o critério morfol6gico mais aceito para diferenciacéo
entre 0s géneros Haemogregarina e Hepatozoon é o desenvolvimento esporogdnico nos
vetores (hospedeiros invertebrados). No género Haemogregarina os oocistos sdo menores
e ha producdo de cerca de oito esporozoitos no interior, enquanto em Hepatozoon 0s
oocistos sdo maiores em tamanho e numero de esporozoitos (Siddall, 1995).

No ano seguinte, Smith (1996) realizou revisdao do género Hepatozoon seguindo
orientacdo de Siddall (1995), e transferiu as espécies de Haemogregarina de lagartos,
serpentes e aves para Hepatozoon. O autor fez essa transferéncia mesmo desconhecendo
a esporogonia de muitas espécies de Hepatozoon nesses hospedeiros.

Sendo assim, as principais caracteristicas de cada género do grupo das
hemogregarinas, observadas acometendo a herpetofauna brasileira, sdo: O género
Haemogregarina com merogonia nas células sanguineas e teciduais, o0ocistos
relativamente pequenos e baixa quantidade de esporozoitos produzidos. O género
Hepatozoon com merogonia restrita aos tecidos, principalmente figado e baco, oocistos
maiores e milhares de esporozoitos produzidos. J& o género Dactylosoma, é 0 mais
diferente de todos, sem merogonia tecidual, com todo o ciclo ocorrendo no sangue do
hospedeiro vertebrado, com primeira e segunda merogonia sanguinea.

Em relagdo a transmissdo entre os diferentes géneros, a infeccdo por
Haemogregarina spp. nos hospedeiros vertebrados pode ocorrer durante o repasto
sanguineo das sanguessugas (vetor), por inoculacdo dos estagios infectantes via saliva
(Smith, 1996; Telford Jr., 2009). Para Hepatozoon spp., a infeccdo ndo é inoculativa, e
sim, por ingestdo do vetor infectado ou por ingestdo de hospedeiros paraténicos (Smith,
1996; Telford Jr., 2009) (Figura 1).
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Figura 1 (A-E): Esquema ilustrativo das rotas de transmissdo das hemogregarinas entre hospedeiros
vertebrados e invertebrados. A) Infeccdo por Haemogregarina spp. em testudines (hospedeiro vertebrado)
durante repasto sanguineo das sanguessugas (vetor). B) Hepatozoon spp. infectando serpentes através de
hospedeiros paraténicos (anfibios, lagartos e roedores) que ingeriram vetores (mosquitos hematofagos e
carrapatos) positivos ou através da ingestdo acidental de vetores infectados. C) Crocodilianos infectados
por Hepatozoon spp. pela ingestdo de presas, sendo estas hospedeiros paraténicos (anfibios e peixes),
positivas para 0 parasito ou através da ingestao acidental de vetores, como as sanguessugas € mosquitos
hematofagos. Pode ocorrer também transmissdo de Haemogregarina spp. em crocodilianos através do
repasto sanguineo feito por vetor (sanguessugas) positivo. D) Anfibios positivos para Hepatozoon spp. e
Dactylosoma spp. através da ingestdo de vetores infectados, como as sanguessugas € mosquitos
hematofagos. E) Transmissdo de Hepatozoon spp. em lagartos através da ingestdo de mosquitos
hemat6fagos (vetores) infectados (desenho feito por Ungari, L.P.).

1.2.1) Familia Haemogregarinidae

O termo hemogregarina é geralmente utilizado para parasitos vermiformes e largos
encontrados dentro de leucdcitos e eritrdcitos, os gametocitos (Levine et al., 1988;
Davies, 2000). Historicamente, parasitos sanguineos de anfibios, répteis, aves e
mamiferos foram incluidos no género Haemogregarina, devido a similaridade
morfoldgica dos gametdcitos entre os diferentes géneros da subordem Adeleina (Desser
et al., 1995; Smith, 1996).

Os géneros Haemogregarina, Cyrilia (Lainson, 1983) e Desseria Siddall, 1995

estdo incluidos nessa familia e possuem caracteristicas exclusivas, como merogonia em
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células sanguineas ou tecidos, oocistos relativamente pequenos (35 pum de diametro),
auséncia de esporocistos e baixa quantidade relativa de esporozoitos produzidos (8-100).

Em torno de 400 espécies foram descritas nessa familia. Levine (1988), revisando
0 grupo, considerou existirem 300 espécies neste género enquanto Sidall (1995) designou
somente 19 como Haemogregarina sensu stricto. As espécies deste grupo possuem ciclo
de vida heteroxénico com peixes e répteis sendo considerados hospedeiros vertebrados,
0s isdpodes gnatideos e as sanguessugas (familias Glossiphonidae, Ozobranchidae e
Psicolidae) como vetores (Desser, 1993; Siddall, 1995; Siddall & Desser, 2001; Davies
et al., 2004).

Em relacdo aos répteis, ha somente uma espécie de Haemogregarina,
Haemogregarina crocodilinorum Borner 1901, descrita até hoje, que foi obervada em um
aligator americano, Alligator mississippiensis (Daudin, 1801). Anos depois, Khan et al.
(1980) relataram a presenca dessa mesma espécie em seis aligatores americanos,
mostrando merogonia nos eritrocitos e esporogonia nas sanguessugas removidas
diretamente desses animais.

Ja em testudines, o nimero de espécies & bem maior, e com ocorréncia relatada em
diferentes espécies. Estudos desenvolvidos com populacdes de diferentes regides
geograficas, como Estados Unidos (McAullife, 1977), Canada (McAllister & King, 1980;
Siddall & Desser, 1992), Roménia (Mihalca et al., 2002; Mihalca et al., 2008), Australia
(Pierce & Adlard, 2004) e Costa Rica (Rossow et al., 2013) obtiveram 100% de
positividade em testudines, como Chelydra serpentina (Linnaeus, 1758), Chrysemys
scripta elegans (Weid, 1838), Emys orbicularis (Linnaeus, 1758), Kinosternon
scorpioides (Linnaeus, 1766), K. leucostumum (Duméril & Bibron, 1851) e
Rhinoclemmys funérea Meyer & Wilson, 1973

No Brasil, ha 36 espécies de quelbnios aquaticos catalogadas (Costa et al., 2022),
sendo que os relatos de hemogregarinas acometendo esses animais abrangem, na sua
grande maioria, dados de ocorréncia e morfologia das formas evolutivas sanguineas.
Estudos desenvolvidos por Campos-Brites & Ratin (2003) e Soares et al. (2014)
registraram positividade variando entre 28% a 98% em quel6nios aquaticos. Outros
trabalhos com foco em prevaléncia e dados morfolégicos foram publicados, como
Haemogregarina sp. em Podocnemis unifilis (Soares et al., 2014), Haemogregarina sp.
em Podocnemis expansa (Picelli et al., 2015) e Haemogregarina sp. em Phrynops

geoffroanus (Schweigger, 1812) e P. expansa de cativeiro (Pessoa et al., 2016).
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Nesses animais, a espécie cujo ciclo de vida é mais conhecido é Haemogregarina
balli, a qual foi observada em Chelydra serpentina (Schweigger, 1812) e na sanguessuga
Placobdella ornata Verrill, 1872 (Siddall & Desser, 1991). A transmissdo ocorre durante
a hematofagia realizada pelos vetores, com inoculacdo de merozoitos. No hospedeiro
vertebrado se alojam nos 6rgdos como pulmdes, bago e figado, formando merontes pré-
eritrociticos contendo merozoitos. Esses caem na corrente sanguinea, invadem eritrocito
e se transformam em pré-merontes que se tornam merontes primarios eritrociticos,
originando novos merozoitos. Estes rompem o eritrocito e podem invadir outros se
diferenciando em gametdcitos (macrogametdcitos e microgametdcitos) ou merontes
secundarios eritrociticos (Siddall & Desser, 1991; Siddall & Desser, 1992; Davies &
Johnston, 2000).

Com o avango do uso de técnicas moleculares, embora ainda escassos, alguns
estudos com foco em amplificagdo do gene 18S rDNA foram realizados (Oliveira et al.
2018; Ungari et al. 2018; Guterrez-Liberato et al. 2021; Correa et al. 2022). Oliveira et
al. (2018), através da analise morfoldgica e molecular, identificaram Haemogregarina
em duas espécies de tartarugas brasileiras, P. expansa e P. geoffroanus. Ungari et al.
(2018) descreveram a primeira espécie de Haemogregarina, Haemogregarina
podocnemis, em Podocnemis unifilis de vida livre coletadas no estado de Goiés, Brasil,
com o uso de técnicas morfoldgicas e moleculares. Recentemente, mais duas espécies
foram descritas infectando P. expansa e P. sextuberculata na regido Amazonica, estado
do Pard, Brasil (Correa et al. 2022).

1.2.2) Familia Hepatozoidae

A familia Hepatozoidae é constituida por um unico género, Hepatozoon, o qual
apresenta caracteristicas exclusivas como merogonia restrita a tecidos, oocistos
relativamente grandes (100 um de didmetro), presencga de esporocistos e de centenas de
esporozoitos e transmissao via ingestdo (Smith, 1996).

O ciclo de vida de espécies de Hepatozoon é bastante complexo, com mecanismos
de transmissdo variados, em que a mesma espécie pode infectar diferentes hospedeiros
vertebrados e invertebrados. Landau et al. (1972) realizaram experimentos de transmisséo
cruzada de Hepatozoon domerguei Landau, Chabau, Michel & Brugoo, 1970 entre
diferentes espécies de serpentes e lagarto Oplurus sabae Duméril & Bribon, 1837, com
duas espécies de vetores, os mosquitos Culex quinquefasciatus Say, 1823 e Anopheles

stephensi Liston, 1901. Em todos os experimentos foram observados gametdcitos,
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merontes e cistos do parasito nos hospedeiros. Lembrando que as serpentes e a espécie de
lagarto utilizados nesses experimentos ingeriram 0s vetores. Em seguida, o lagarto
infectado experimentalmente serviu de fonte alimentar para uma serpente livre de
Hepatozoon e a mesma, posteriormente, apresentou gametocitos na circulagdo sanguinea.
Landau et al. (1972) conseguiram, portanto, comprovar transmissdo atraves de predacao
de vertebrados com cistos com cistozoitos nas visceras.

Estudos posteriores, como os de Smith et al. (1994), Lainson et al. (2003) e Sloboda
et al. (2008) reforcaram a via de transmissdo em sistemas parasito-hospedeiro, quando o
vertebrado, comumente, ndo ingere os vetores invertebrados, como é o caso de serpentes.
Dessa forma, a ingestdo ocorre de maneira acidental e a principal forma de transmisséo é
pela presa infectada.

Os hospedeiros invertebrados (vetores) sdo, principalmente, os mosquitos dos
géneros Culex, Aedes e Anopheles (Culicidae). Esses podem transmitir a parasitose para
as serpentes por hospedeiros paraténicos, que se alimentam naturalmente desses géneros
de mosquitos, infectando as serpentes que 0s ingerirem, ou através da ingestdo direta
desses mosquitos pelas serpentes (Ball et al., 1967). Os invertebrados artrépodes nédo
fazem parte da alimentacdo normal de serpentes, entretanto Ball et al. (1967),
demonstraram ser possivel essa transmissdo pela ingestdo acidental de vetores.

Flebotomineos da espécie Phlebotomus vexator (Coquillett, 1907) também podem
atuar como hospedeiros invertebrados, havendo relato de achado de oocisto na hemocele
dessa espécie de vetor (Ayala, 1970). Outros grupos de artrépodes sdo transmissores
dessa parasitose, como 0s barbeiros, carrapatos e acaros, que podem manter a fase
esporogonica (Wozniak & Telford, 1991).

Com isso, Telford (1984), analisando registros de estudos anteriores, concluiu que
as espécies de Hepatozoon que acometem répteis apresentam baixa especificidade de
hospedeiros, tanto para os hospedeiros vertebrados, quanto para os invertebrados. Um
aspecto que deve ser levado em consideragdo ¢ a alimentacao desses individuos em seu
ambiente natural. Segundo Telford (1984), serpentes que se alimentam de anfibios,
lagartos e outras serpentes estdo mais suscetiveis a adquirirem a parasitose. Entretanto,
isto ndo explica a alta taxa de infec¢do em Crotalus durissus, espécie que ndo se alimenta
de tais presas. O’ Dwyer et al. (2003) reportaram prevaléncia de 19,4% nessas serpentes.
Em outro estudo, Ungari et al. (2018), analisando serpentes de cativeiro brasileiras,

relataram prevaléncia em 10,9% das cascaveis analisadas.
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A rota de transmissdo congénita foi descrita por Lowick & Yaeger (1987). Esses
pesquisadores observaram exemplares de Nerodia fasciata confluens (Blanchard, 1923)
com elevada parasitemia, e tanto a fémea quanto seus filhotes estavam todos infectados
pelo protozoario.

Em relacdo ao ciclo de vida, Ball et al. (1967), Ball et al. (1969), Bashtar et al.
(1991) e Smith et al. (1994) mostraram que a fase esporogbnica do parasito inicia-se com
a ingestdo de microgamontes e macrogamontes de Hepatozoon spp., durante repasto
sanguineo em hospedeiro vertebrado infectado. Em seguida, os gamontes migram para a
parede intestinal onde ocorre a gametogénese. Um microgamonte  origina quatro
microgametas uniflagelados que, por singamia, fecundam os macrogametas, oriundos de
macrogamontes, formando um zigoto. O zigoto cresce rapidamente e atravessa a parede
intestinal, localizando-se na hemocele do vetor hematéfago. Nesse local, forma um
oocisto com multiplos esporocistos contendo esporozoitos (estagio evolutivo infectante
para 0 hospedeiro vertebrado). Quando o artrépode € ingerido, 0s esporozoitos sao
liberados e inicia-se a fase do ciclo no hospedeiro vertebrado. Os esporozoitos podem
seguir para os hepatocitos, formando um cistozoito, ou iniciar o primeiro ciclo
merogonico que ocorre na parede intestinal dos hospedeiros vertebrados. Dois tipos de
merontes sdo formados: um contendo macromerozoitos que, transportados via sangue ou
linfa invadem novos tecidos e outro, contendo micromerozoitos que irdo penetrar nos
eritrocitos, sofrer gamontogonia e dar origem aos gamontes circulantes, infectivos para
os vetores hematd6fagos (Smith, 1996).

Até 1996, foram catalogadas mais de 120 espécies de Hepatozoon em serpentes de
200 espécies diferentes, nas regides temperadas a tropicais (Levine, 1988; Smith, 1996).
A partir de entdo, outras espécies vém sendo descritas como Hepatozoon musa Borges-
Nojosa, Borges-Leite, Maia, Zanchi-Silva, Braga & Harris 2017, descrita infectando a
serpente Philodryas nattereri Steindachner (Squamata: Dipsadidae) no Nordeste
brasileiro.

As espécies de Hepatozoon de serpentes brasileiras sdo: H. juxtanuclearis, H.
fusifex e H. terzii, parasitos de Boa constrictor (Carini, 1947; Ball et al., 1969); H. raulei,
H. plimmeri e H. jararacucu em espécies de Bothrops (Phisalix & Laveran, 1913; Pessoa
et al., 1971; De Biasi et al., 1989); H. luhei em Corallus sp. (Pessoa et al., 1970); H.
romani, H. capsulata, H. cevapii, H. massardi e H.cuestensis parasitando Crotalus
durissus terrificus (Phisalix, 1931; O"'Dwyer et al., 2013); H. philodryasi em Philodryas

patogenensis (Carini, 1910); H. carinicauda Pessda & Cavalheiro, 1969 em Helicops
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angulatus (Linnaeus, 1758) (Paula et al. 2022); H. mingonei e H. cyclagrasi em
Hydrodynastes gigas (Arantes, 1934; Péssoa et al., 1970); e H. musa em Phylodryas
nattereri (Borges-Nojosa et al., 2017).

Ha na literatura poucos estudos sobre prevaléncia de Hepatozoon em serpentes.
Hull & Camin (1960) analisaram 600 serpentes cativas no Zooldgico dos Estados Unidos
e observaram 30,8% infectadas por esse parasito. No Brasil, Pessoa et al. (1974) relataram
17,1% de serpentes positivas dentre 2128 analisadas, e O'Dwyer et al. (2003)
encontraram positividade em 16,38% de 238 serpentes recém-capturadas. Ungari et al.
(2018) analisaram 157 serpentes de cativeiro, sendo 128 pegonhentas e 29 nédo
peconhentas, e 20 (12.78%) estavam positivas para Hepatozoon pela analise dptica das
extensdes sanguineas. Além disso, a analise molecular identificou duas espécies
previamente descritas na literatura, H. musa e H. cuestensis.

Em relacdo a descricdo de espécies infectando serpentes, com dados morfoldgicos
e moleculares, dois artigos podem ser citados (O"Dwyer et al. 2013; Borges-Nojosa et al.
2017). O'Dwyer et al. (2013) descreveram trés espécies de Hepatozoon, Hepatozoon
cevapii, Hepatozoon massardi e Hepatozoon cuestensis infectando Crotalus durissus
terrificus no estado de S&o Paulo, Brasil. Enquanto que Borges-Nojosa et al. (2017)
descreveram Hepatozoon musa em Philodryas nattereri procedente da regido Nordeste
do Brasil.

Em relacdo a Hepatozoon em testudines, durante muitos anos somente uma espécie
era conhecida na literatura, Hepatozoon fitzsimonsi (Dias 1953) Cook, Lawton, Davies &
Smit 2014. Nesse estudo, Cook et al. (2014) redescreveram Haemogregarina fitzsimonsi
como Hepatozoon fitzsimonsi baseados em critérios taxondmicos, morfologicos e de ciclo
de vida. Recentemente, mais um artigo foi publicado sobre hemogregarina em testudines;
Gutierrez-Liberato et al. (2022) descreveram uma nova espécie, Hepatozoon simidi,
infectando a tartaruga aquatica neotropical Rhinoclemmys melanosterna Gray, 1861 na
Colombia, através da analise morfoldgica das formas evolutivas sanguineas e molecular
com gene-alvo 18S rRNA.

Os crocodilianos apresentam poucas espécies de Hepatozoon descritas, com 0s
primeiros relatos reportados por Simond (1901) na india, que descreveu Haemogregarina
hankini em Gavialis gangeticus (Gmelin, 1789) e Crocodylus porosus Scheneider, 1801.
Na Alemanha, Borner (1901) descreveu Haemogregarina sp. em Crocodylus cutus
(Cuvier, 1807) e Alligator mississipiensis (Daudin, 1801). Thiroux (1910) descreveu uma

nova espécie, Haemogregarina petiti em Crocodylus niloticus Laurenti, 1768, que
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posteriormente foi relatada por outros autores como Cahtton e Roubaud (1913) e Hoare
(1932). Entretanto, essas espécies foram descritas baseadas somente nos gametocitos
sanguineos.

Posteriormente, em Uganda, Hoare (1932), estudando uma serie de hematozodrios
em animais silvestres em laboratério, observou moscas tsé-tsé (Glossina palpalis
Robinezu-Desvoidy, 1830) realizando repasto sanguineo em crocodilianos naturalmente
infectados. Logo, foram encontrados oocistos com centenas de esporocistos na cavidade
destes dipteros, revelando o desenvolvimento esporogdnico do parasito. Dessa forma,
houve alteragdo do nome Haemogregarina petiti para Hepatozoon petiti.

Atualmente, ha seis espécies de Hepatozoon descritas em crocodilianos ho mundo,
sendo duas reportadas na América do Sul. Hepatozoon serrei Phisalix 1914, que acomete
Paleosuchus trigonatus (Schneider, 1801) e Hepatozoon caimani Carini 1909 reportados
em jacarés do género Caiman. No Brasil, somente H. caimani foi observada até o
momento, parasitando Caiman latirostris (Daudin, 1802), Caiman crocodilus Linnaeus,
1958 e Caiman yacare (Daudin, 1802) (Smith, 1996; Lainson, 1977; Lainson et al., 2003;
Viana & Marques, 2005; Viana et al., 2010a).

Ha mais de 100 anos, Hepatozoon caimani foi descrito no estado do Rio de Janeiro,
Brasil, por Carini (1909), através da observacdo de gametdcitos nos eritrcitos de trés
individuos do jacaré-de-papo-amarelo, Caiman latirostris (Daudin, 1802), hospedeiro
nunca relatado com essa parasitose anteriormente. Posteriormente, Migone (1916)
também observou gametdcitos intraeritorciticos em C. crocodilus na regido do Paraguai,
porém ndo os denominou.

Pessoa et al. (1972) realizaram as primeiras pesquisas sobre esporogonia de
Haemogregarina caimani, assim denominada na época. Foram estudados a sanguessuga
Haementeria lutzi Pinto, 1920, o triatomineo Triatoma infestans (Klug, 1834) e
mosquitos Culex dolosus (Lynch Arribalzaga, 1891). Foi observado desenvolvimento
esporogonico somente em C. dolosus, com numerosos oocistos aderidos no estdmago e
na cavidade geral, e quando maduros, contendo 100 a 120 esporocistos dentro de cada
oocisto, com esporozoitos medindo 160 a 200 um. Com isso, foi possivel a mudanca do
nome da espécie de parasito, de Haemogregarina caimani para Hepatozoon caimani.

Além desses relatos, Lainson (1977) observou esse protozoario em C. crocodilus
na regido de Braganca, Para. O pesquisador verificou o desenvolvimento esporogénico,
com formacao de grande quantidade de esporocistos por oocisto em mosquitos Culex

fatigans, assim como observado por Pessoa et al. (1972).
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Anos depois, Lainson et al. (2003) conseguiram elucidar o ciclo de vida de H.
caimani em C. crocodilus, pela primeira vez, no estado do Para. O vetor Culex fatigans
fez repasto sanguineo em C. crocodilus infectado com H. caimani, e em seguida, foi
possivel observar esporogonia com oocistos esporulados aderidos ao intestino do vetor.
Com isso, esses mosquitos infectados foram fornecidos como alimento para anuros das
espécies Leptodactylus fuscus e Rana catesbeiana (Shaw, 1802) e apresentaram cistos
contendo cistozoitos desenvolvidos nos 6rgaos, principalmente no figado. Em seguida,
esses anuros, experimentalmente infectados, serviram de alimento para crocodilianos néo
infectados, 0s quais apresentaram gametdcitos sanguineos dias apds infecgdo em 6rgédos
como, figado, baco, rins e pulméo. Ja a merogonia foi observada somente no intestino
delgado (Lainson et al., 2003).

Apos a identificacdo de anuros como hospedeiros paraténicos de H. caimani em
jacarés, Pereira et al. (2014) realizaram experimento com peixes, para averiguar a
possibilidade de estes também atuarem como hospedeiros paraténicos. Usaram quatro
espécies de mosquitos, Aedes fluviatilis (Lutz, 1904), Aedes albopictus (Skuse, 1894),
Aedes aegypti (Linnaeus, 1762) e Culex quinquefasciatus, e todos realizaram repasto
sanguineo em dois C. yacare naturalmente infectados, entretanto, somente C.
quinquefasciatus apresentaram oocistos. Em seguida, peixes Metynnis sp. Cope, 1878 e
Astyanax sp. Baird & Girard, 1854 foram individualmente alimentados com esses C.
quinquefasciatus infectados. Nenhum parasito foi encontrado em Astyanax sp., mas todos
0s espécimes de Metynnis sp. apresentaram numerosos cistos, contendo cistozoitos. Os
cistos estavam localizados proximos a vasos hepaticos. Além disso, gametocitos
intraeritrociticos foram observados em jacarés jovens que ingeriram os peixes infectados
(Pereira et al., 2014).

Através de todas essas descobertas, Lainson et al. (2003), Viana et al. (2012) e
Pereira et al. (2014) consideram anuros e peixes, que fazem parte da dieta de jacarés em
ambiente silvestre, como vias naturais de transmissdo de H. caimani. Todavia, a
especificidade de hospedeiros desse parasito ainda é muito questionada (Telford et al.,
2001).

Ha na literatura poucos relatos sobre prevaléncia de H. caimani em populacdes de
jacarés brasileiros. Na regido amazonica, Lainson (1977) observou 76,7% de C.
crocodilus parasitados; Marques & Viana (2005) relataram 71,4% de C. yacare positivos
para esse parasito no Pantanal Mato-Grossense; nesse mesmo local, posteriormente,

Viana et al. (2010) relataram 76% dos C. yacare positivos para H. caimani.
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Em relacdo a utilizacdo de técnicas moleculares para diagnostico de Hepatozoon
spp. em jacarés, dois trabalhos foram publicados. Soares et al. (2017) caracterizaram
molecularmente, pela primeira vez, H. caimani em uma populacdo de C. yacare do
Pantanal, com o gene alvo 18S rRNA. Logo em seguida, Bouer et al. (2017) também
desenvolveram um estudo molecular amplificando uma regido do gene 18S rRNA e
identificando H. caimani em C. crocodilus yacare do Pantanal.

Em relacdo aos anuros, algumas espécies de Hepatozoon foram descritas ao longo
dos anos, baseadas, na maioria das vezes, somente pela morfologia dos gamontes
sanguineos (Desser, 1993). Cunha & Muniz (1927) observaram a evolucédo esquizogbnica
de hemogregarina parasitando o figado, pulmao e intestino de Leptodactylus latrans
(Steffen, 1815) provenientes do Brasil. Costa et al. (1973) descreveram Hepatozoon
leptodactyli, em homenagem ao hospedeiro, cujo género é Leptodactylus, através da
observacdo de formas intracelulares. Os autores capturaram 90 anuros das espécies
Leptodactylus pentadactylus Laurent, 1768 e L. latrans, além de sanguessuga
Haementeria lutzi, e 17 (21,11%) apresentaram-se positivas para o parasito. Além disso,
formas esquizogonicas foram observadas no figado e baco pulmao, intestino delgado,
coracdo e cérebro. No provavel vetor, os pesquisadores observaram o estagio
esporogbnico, com presenca de oocisto no intestino do hirudineo, depois que a
sanguessuga se alimentou em L. pentadactylus.

Souza & Borriello Filho (1974) observaram haemogregarina em Rhinella ornata
(Spix, 1824) procedente do Brasil, com caracteristicas similares da espécie descrita por
Costa et. al. (1973). Com o passar dos anos, varios outros pesquisadores observaram
hemogregarinas em anuros (Fantam et al., 1942; Kim et al., 1998; Desser, 2001).

Dentre os tabalhos publicados, Desser et al. (1995) foram os primeiros a detalhar o
ciclo esporogdnico no vetor invertebrado, estudando o ciclo de vida de Hepatozoon
catesbianae e seus hospedeiros, Lithobates catesbeianus (Schaw, 1802) e Culex territans
Walker, 1856. Foram encontrados oocistos no tabulo de Maphighi de Cx. territans, ap6s
0 repasto sanguineo do vetor em rds positivas.

Em um estudo brasileiro, Leal et al. (2009) observaram rés pertencentes as familias
Leptodactylidae e Hylidae positivas para hemogregarinas.

Embora existam alguns estudos sobre prevaléncia, ciclo de vida e morfologia das
formas evolutivas de Hepatozoon spp., pouquissimas pesquisas utilizaram diagnostico
molecular no Brasil. Um exemplo € o trabalho publicado por Leal et al. (2015), quando

0s autores analisaram 145 anuros brasileiros das espécies Leptodactylus chaquensis e
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Leptodactylus podicipinus, e observaram positividade em 42 animais. Entretanto,
somente executaram o diagndstico molecular em dez L. chaquensis positivas.

Os principais trabalhos com dados mofologicos e moleculares para Hepatozoon em
anuros sdo de outros paises. Netherlands et. al. (2014) descreveram Hepatozoon ixoxo
infectando trés espécies de bufonideos do género Amietophrynus (Frost et al., 2006) na
Africa do Sul. Além deste, Netherlands et. al. (2017) descreveram mais outras trés

espécies utilizando diagndstico morfologico e molecular.

1.2.3) Familia Dactylosomatidae

Dactylosomatidae € uma pequena familia que atualmente compreende os géneros
Dactylosoma Labbé, 1894 e Babesiosoma Jakowska e Nigrelli, 1956 (Jakowska &
Nigrelli 1955, 1956).

Segundo Barta (2012), os membros desta familia passaram por inUmeras
reclassificacbes e revisdes sistematicas, desde a descricdo da primeira espécie,
Dactylosoma ranarum (Kruse, 1890). Além disso, faltam informac@es sobre a biologia
desse grupo de parasitos, com os ciclos de vida de apenas duas espécies elucidados ate o
momento, o de Babesiosoma stableri Schmittner & McGhee, 1961 e o de Babesiosoma
mariae (Hoare, 1930) (Barta & Desser 1989; Negm-Eldin, 1988).

Embora as sanguessugas sejam consideradas os vetores desses parasitos, em um
estudo recente, possiveis estdgios de desenvolvimento de Dactylosoma kermiti
Netherlands, Cook & Smit, 2020 foram observados no intestino e hemocele de mosquitos,
que se alimentaram de hospedeiros infectados (Netherlands et al., 2020).

Espécies de Dactylosoma sdo caracterizadas pelo desenvolvimento merog6nico no
sangue periférico de seus hospedeiros vertebrados. Durante a merogonia primaria, um
grande meronte multinucleado é formado, produzindo até 16 merozoitos. Esses
merozoitos, entdo, separam-se repetindo a merogonia primaria ou iniciando a merogonia
secundaria. Na merogonia secundaria, 0s merontes produzem até oito merozoitos que
repetem a merogonia secundaria ou amadurecem em gamontes (Netherlands et al., 2020).

Atualmente, existem somente seis espécies reconhecidas de Dactylosoma fora do
Brasil. Duas destas foram encontradas infectando peixes e quatro espécies em anuros. Em
relacdo aos anuros, foram descritas Dactylosoma ranarum, que infecta a rd europeia
Pelophylax kl. esculentus (Linnaeus, 1758); Dactylosoma sylvatica Fanthan, Porter &
Richardson, 1942 relatada em Lithobates sylvatica (LeConte, 1825) de Quebec, Canadé;
Dactylosoma taiwanensis Manwell, 1964 em Fejevarya limnocharis Gravenhorst, 1829
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coletada em Taiwan; e D. kermiti em anuros Ptychadena anchietae Bocage, 1868 e
Sclerophrys guturalis Power, 1927 da Africa do Sul. Além disso, até o momento, apenas
duas espécies foram caracterizadas molecularmente, D. ranarum e D. kermiti, e uma
espécie de Dactylosoma ndo nomeada, da Bélgica (Netherlands et al., 2020).

No Brasil, apenas trés estudos relataram espécies de Dactylosoma em anuros.
Durham (1902) observou duas espécies de hemogregarinas infectando sapos do estado do
Pard; a primeira espécie uma hemogregarina ndo identificada que apresentava
caracteristicas semelhantes a Hemolivia stellata Petit, Landau, Baccam & Lainson, 1990,
e a segunda, uma hemogregarina com morfologia semelhante a espécies de Dactylosoma.
O segundo foi um estudo de Da Costa & Pereira (1971) que examinaram um total de 100
rds e sapos capturados durante 1964-1971, no estado do Rio de Janeiro, Brasil. Parasitos
de diferentes grupos foram identificados, incluindo espécies de Hepatozoon e
Dactylosoma. Segundo Da Costa & Pereira (1971), espécies de Dactylosoma e
Hepatozoon leptodactyli foram observadas parasitando Leptodactylus latrans (Steffen,
1815) (syn. L. ocellatus). Esses autores sugeriram que, embora o parasito
dactilosomatideo observado fosse semelhante a D. ranarum, mais dados seriam
necessarios antes que a classificacdo pudesse ser feita. Recentemente, Coelho et al. (2020)
relataram Dactylosoma sp. em duas espécies de sapos, Rhinella major (Muller & Helmic,
1936) e Rhinella marina (Linnaeus, 1758), no estado do Para, Brasil, através da anélise

morfoldgica por microscopia Optica convencional.

1.2.4) Critérios taxonémicos e de diagnéstico para haemogregarinas

Durante um periodo relativamente longo, a descricdo de novas espécies de
hemogregarinas era baseada somente em critérios como morfologia dos gametocitos
presentes nas células sanguineas e/ou pelo encontro de parasitos em nova espécie de
hospedeiro e/ou em uma nova localidade (Siddall, 1995). Entretanto, experimentos
realizados entre diferentes espécies de hospedeiros, com a mesma espécie de parasito,
mostrou que a especificidade de hospedeiro pode ser baixa dependendo da espécie,
desencorajando a antiga pratica de classificacdo de novas espécies e mostrando a
necessidade de observacéo de outras fases do ciclo do parasito (Ball et al., 1967; Landau
etal., 1972).

Desser (1995), através de diversos estudos, concluiu que o género Haemogregarina

ndo pode ser distinguido do género Hepatozoon com base somente na aparéncia de seus
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gamontes intraeritrociticos e merontes tissulares. Para a identificacdo, também ¢é
necessaria analise do desenvolvimento esporogénico no vetor.

A distingcdo de espécies, quando baseada somente em caracteristicas morfologicas
de oocistos e gamontes, torna-se falha devido a semelhanca das formas evolutivas (Pessoa
& De Biasi, 1973; O’Dwyer et al., 2002).

Os primeiros trabalhos descritivos na literatura sobre espécies de hemogregarinas
em reépteis traziam somente informacGes sobre morfologia dos gamontes (formato,
coloracdo e presenca de capsula). Em seguida, comecaram a ser abordados aspectos
morfométricos, que geralmente limitavam-se & descricdo do comprimento e largura dos
gamontes e cistos. Atualmente, outras variaveis como medidas de area do parasito e do
nucleo séo utilizadas, assim como, as técnicas moleculares (Telford Jr et al., 2004, Rubini
et al., 2005b).

Os primeiros estudos moleculares para hemogregarinas foram conduzidos por
Wozniak et al. (1994). Os autores conseguiram amplificar o rDNA de cinco diferentes
isolados de Hepatozoon, utilizando oligonucleotideos (18AP853 e 18AP1488)
desenvolvidos a partir da sequéncia especifica para o locus de DNA ribossomal de
hemoparasitos do filo Apicomplexa. Na PCR foram observados padrdes especificos de
bandas para cada isolado, demonstrando que estas espécies podem ser molecularmente
diferenciadas pela sequéncia do locus de rDNA.

Entretanto, Perkins & Martin (1999) analisaram os pares de oligonucleotideos
desenvolvidos por Wozniak et al. (1994) e observaram que estes ndo eram especificos, e
amplificavam, também, genes dos hospedeiros vertebrados, quando o DNA era extraido
do sangue. Com isso, os pesquisadores Perkins & Keller (2001) desenvolveram novos
oligonucleotideos (HEMO1 e HEMO?2). A sequéncia de oligonucleotideos HEMO1
amplifica uma regido conservada do grupo das hemogregarinas e HEMO2 uma regido
conservada de apicomplexos, sendo considerados genéricos.

No Japdo, Inokuma et al. (2002) desenharam duas sequéncias de oligonucleotideos
(HepF e HepR), que amplificam uma sequéncia parcial do gene 18S rDNA de
Hepatozoon spp. A partir disso, analisaram a espécie de Hepatozoon em cées que ocorre
naquele pais, baseados nos alinhamentos com sequéncias ja existentes de H. canis
(AF176835), H. americanum (AF176836) que infectam cées, e H. catesbianae de
anfibios (AF176837). A andlise da identidade génica mostrou que a espécie de

Hepatozoon observada em cées no Japao € uma variacdo da cepa de H. canis.
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No Brasil, Rubini et al. (2005a) caracterizaram geneticamente a espécie de
Hepatozoon que acomete cdes utilizando os oligonucleotideos HepF e HepR e Rubini et
al. (2006), utilizando os mesmos oligonucleotideos conseguiram caracterizar, também, a
espécie de Hepatozoon encontrada em gatos, ambas caracterizadas como sendo H. canis.

Ujvari et al. (2004) desenharam outros oligonucleotideos (HEPF300 e HEP900)
especificos para o género Hepatozoon, para diagnosticar infeccdo em serpentes L. fuscus.
Contudo, ndo foi possivel nomear a espécie, pois 0s autores ndo possuiam outros dados
bioldgicos do hemoparasito.

Os oligonucleotideos descritos por Perkins & Keller (2001) e os descritos por
Ujvari et al. (2004) amplificam fragmentos de 900 pares de bases e 600 pares de bases,
respectivamente. Esses fragmentos sdo adjacentes do gene 18S rRNA, sendo possivel
obter maior fragmento ao concatenar ambos. Com isso, Harris et al. (2011) caracterizaram
molecularmente espécies de Hepatozoon em répteis presentes nas llhas Seychelles,
Africa, sequenciando regides do gene 18S rDNA, utilizando os oligonucleotideos
HEMO1 e HEMO?2 (Perkins & Keller, 2001) e HepF300 e Hep900 (Ujvari et al., 2004),
cuja analise filogenética indicou que as espécies de Hepatozoon presentes nessas ilhas
formam uma linhagem monofilética. Em outro trabalho utilizando esses dois pares
deoligonucleotideos, Maia et al. (2011) realizaram analise molecular sobre espécies de
Hepatozoon de lagartos do Norte da Africa e encontraram mdltiplas linhagens
geneticamente distintas.

Borges-Nojosa et al. (2017) descreveram uma nova espécie, Hepatozoon musa, em
serpente Philodryas nattereri no Nordestre brasileiro, através da analise morfoldgica e
morfométrica de gametdcitos presentes no sangue do hospedeiro, e caracterizagdo
molecular usando os oligonucleotideos HEMO1/HEMO2 e HEPF300/HEP900. Dessa
forma, reforcando a necessidade e importancia da analise molecular, juntamente com a
analise morfoldgica e morfométrica das formas evolutivas do parasito em répteis, para
diagnostico de espécies de hemogregarinas.

Embora recente, os registros moleculares para o grupo de hemogregarinas crescem
constantemente e padrdes filogenéticos sdo observados. Dentre esses padrdes, 0 género
Hepatozoon é constantemente observado como parafilético, com a presenga de dois
subclados. Um constituido por isolados de mamiferos e o outro apresentando isolados de
répteis, anfibios, marsupiais e roedores. Além disso, a familia Karyolysisdae também é
parafilética, com o clado constituido por isolados de espécies de Karyolysus e de

Hepatozoon de alguns lagartos, e outro formado somente por isolados de Hemolivia spp..
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Dessa forma, o grupo das hemogregarinas é considerado polifilético. Informacéo que
contradiz, de certa forma, os dados morfolégicos e os ciclos de vida bem estabelecidos
para cada género dentro desse grupo. Sendo assim, Karadjian et al. (2015) publicaram
um estudo sobre revisdo sistematica para as hemogregarinas com o 18S rRNA como gene-
alvo. Nesse estudo, eles juntaram caracteristicas morfoldgicas, de ciclo de vida e
filogenéticas para descrever um novo género, Bartazoon. Nesse género, todas as espécies
de hemogregarinas descritas em repteis, anfibios, aves e roedores, que sdo transmitidas
por mosquitos, seriam transferidas para o novo género.

Entretanto, tal estudo ndo foi considerado relevante pela sociedade académica e,
logo em seguida foi desqualificado por Maia et al. (2016). Os autores alegaram que a
reclassificacdo das haemogregarinas por Karadjian et al. (2015) foi premeditada, pois foi
executada baseada em um Unico gene conservado, além de mostrar incongruéncias
filogenética, como por exemplo nova classificacdo e redescri¢ao de espécies previamente
diagnosticadas como Hepatozoon, para Hemolivia.

Como observado acima, até recentemente, para hemogregarinas, o diagndstico
molecular baseava-se na amplificacdo de 18S rDNA. Entretanto, recentemente, Guterrez-
Liberato et al. (2022) desenharam oligonucleotideos que amplificam regiGes variadas dos
genes mitocondriais (Coxl, Cox Ill e Cytb). Estes se mostraram eficiencientes na

amplificacdo de Haemogregarina spp. de testudines da Colémbia.

1.3) O género Trypanosoma

A familia Trypanosomatidae contém parasitos uniflagelados e unicelulares
obrigatdrios de diversos hospedeiros (plantas, vertebrados e invertebrados) nos diferentes
continentes. Com base no ciclo de vida, os tripanosomatideos se dividem em dois grupos.
Um composto por espécies monoxeénicas, que se desenvolvem em um dnico hospedeiro,
e outro grupo formado por espécies heteroxénicas, com dois hospedeiros, sendo que um
deles serve como vetor. As espécies com ciclo de vida monoxénico sdo restritas a
hospedeiros invertebrados (Adl et al. 2012; Lukes et al., 2014a; Cavalier-Smith 2016;
Maslov et al., 2019). Os tripanosomatideos com ciclo de vida heteroxénico séo
classificados nos seguintes géneros: Trypanosoma, Leishmania Cunnigham, 1885,
Endotrypanum Mesnil & Brimont, 1908, Porcisia Schaw, Camargo & Teixeira, 2016 e
Phytomonas Donavan, 1909, alternando o seu ciclo de vida entre hospedeiros

invertebrados e vertebrados; sendo Phytomonas com alternancia entre invertebrados

48



(hemipteros fitéfagos) e plantas (Fernandes et al., 1993; Hamilton et al., 2004; Hoare &
Wallace, 1966; Votypka et al., 2015; Lukes et al., 2016).

Com base em filogenias moleculares, a familia Trypanosomatidae é dividida em 6
subfamilias e 22 géneros, descritos com a combinagdo de pardmetros taxonémicos
moleculares e classicos como morfologia, hospedeiro, ciclo de vida e comportamento em
meio de cultivo (Lukes et al., 2014). Em relacdo ao género Trypanosoma, este é formado
por parasitos heteroxénicos de vertebrados e invertebrados, classificados em diversos
subgéneros, que representam o maior numero de espécies descritas na familia
(Vickerman, 1976; Dolezel et al., 2000; Moreira et al., 2004; Simpson et al., 2006).

Os parasitos do género Trypanosoma pertencem a familia Trypanosomatidae
Doflein, 1901, ordem Trypanosomatida Kent, 1880 e classe Kinetoplastea Honigberg,
1963 (AdI et al., 2012; Cavalier-Smith, 2016). A classe denomina-se Kinetoplastea
devido a presenca de cinetoplasto, que € considerado regido de Unica mitocondria desses
organismos que contém o DNA mitocondrial, denominadas DNA do cinetoplasto
(KDNA) (Simpson, 1987; Vickerman, 1976).

As espécies de Trypanosoma parasitam vertebrados de todas as classes (anfibios,
peixes, répteis, aves e mamiferos) e invertebrados hematdfagos (artrépodes e
sanguessugas) que atuam como vetores. Embora a maioria dos estudos possua enfoque
nos organismos responsaveis por patologias de importancia médica humana e veterinaria,
como o Trypanosoma cruzi, causador da doenca de Chagas e Trypanosoma brucei,
causador da doenca do sono (Hoare, 1972; Vickerman, 1976; Stevens et al., 2001;
Simpson et al., 2006; Hamilton et al., 2007; Maslov et al., 2013; Lukes et al, 2014); a

maioria das espécies de Trypanosoma sdo consideradas ndo patogénicas.

1.3.1)  Aclassificacdo dos tripanossomas em anfibios

Em relacdo aos tripanossomas de répteis e anfibios, sua classificacdo foi baseada
exclusivamente em critérios taxondmicos tradicionais e poucas espécies foram validadas
por inferéncias filogenéticas. Pouco se conhece sobre os ciclos de vida, desenvolvimento
e vetores desses parasitos de hospedeiros ndo mamiferos, embora centenas de espécies
tenham sido descritas nesses hospedeiros em todo o mundo (Ferreira et al., 2007, 2008;
Violaet al., 2009; Fermino et al., 2013, 2015, 2019; Bernal et al., 2016; Spodareva et al.,
2018).

Em relacdo a filogenia, os tripanossomas se dividem em dois clados, um terreste e

um aquatico. No clado terrestre encontram-se quase todos os tripanossomas de mamiferos
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e aves, e algumas espécies parasitam lagartos, serpentes e crocodilianos. Estudos recentes
demostraram que tripanossomas de répteis podem ser filogeneticamente relacionados
com os de mamiferos do clado terrestre. Ja no clado aquatico, se agrupam os isolados de
algumas tartarugas, crocodilianos, anfibios e peixes (Stevens et al., 2001; Hamilton et al.,
2004; Ferreira et al. 2007, 2008; Viola et al., 2008a, 2009; Dvorakova et al., 2015;
Fermino et al., 2015, 2019; Ortiz et al., 2017).

O clado aquatico € composto, predominantemente, por espécies de vertebrados de
habitos aquéaticos (anuros, peixes, ornitorrincos, jacarés e queldnios) cujos vetores podem
ser sanguessugas, descritas como vetores para anuros, peixes, tartarugas e serpentes
aquaticas, e insetos hematdfagos (flebotomineos, coretrelideos e culicideos). Esse clado
é considerado basal do género Trypanosoma e muito importante para estudos evolutivos
da familia Trypanosomatidae (Ferreira et al., 2007; 2008; Bartlett-Healy et al., 2009;
Fermino et al., 2015, 2019; Bernal & Pinto, 2016; Spodareva et al., 2018). Os
tripanossomas desse clado se distribuem em dois subclados principais. Um subclado é
constituido, predominantemente, por tripanossomas de peixes dulcicolas e marinhos e
alguns tripanossomas de répteis como tartarugas (T. chelodinae Jakes, O’ Donoghue &
Adlard, 2001 e Trypanosoma mocambicum Piennar, 1962) e jacaré (Trypanosoma
clandestinus Teixeira & Camargo, 2016). Corroborando isso, um tripanossoma de
ornitorrinco (Trypanosoma binneyi Mackerras, 1959) também se encontra presente nesse
clado. No segundo subclado predominam os tripanossomas de anuros, apenas um
tripanossoma de lagarto (T. therezieni Brygoo, 1963 de camaledo de Madagascar), e
isolados de possiveis vetores: flebotomineos, coretrelideos e culicideos (Bartlett-Healy et
al., 2008; Ferreira et al., 2007, 2008; Fermino et al., 2013, 2015, 2019; Bernal & Pinto,
2016).

Os tripanossomas de anuros sdo considerados de grande importancia para a
compreensdo evolutiva da familia Trypanosomatidae. Devido ao seu comportamento de
vida, podem transitar do ambiente aquatico para o terrestre, sendo assim, convivendo com
vetores dos dois ambientes, como sanguessugas (aquaticos) e dipteros (terrestres)
(Bartlett-Healy et al., 2009; Bernal & Pinto, 2016; Fermino et al., 2013, 2019; Ferreira et
al., 2008; Spodareva et al., 2018).

Além disso, 0s tripanossomas de anuros apresentam a maior plasticidade
morfoldgica dentro do género Trypanosoma (Ferreira et al., 2007; Spodareva et al.,
2018). As trés primeiras descricdes de espécies do género Trypanosoma foram a partir de

analise em esfregacos sanguineos de rds (Spodareva et al, 2018). A primeira espécie,
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Trypanosoma rotatorium (Mayer, 1843), € considerada espécie-tipo do género
Trypanosoma e apresenta morfologia e movimento peculiares tendo sido, a principio,
descrita como ameba (Amoeba rotatoria) Laveran, 1901. Posteriormente, Trypanosoma
ranarum Danilewsky, 1885 e Trypanosoma loricatum Dutton, Todd & Tobey, 1907
foram descritas. Inicialmente, devido ao movimento, esses organismos foram
considerados protozoarios ciliados - Paramecium loricatum e Undulina ranarum
(Lankester, 1871; Mayer, 1843).

Em 1965, Dimond fez uma revisdo taxondmica dos tripanossomas de anuros e
reconheceu 26 espécies, além de definir morfotipos presentes no sangue desses

hospedeiros vertebrados (Figura 2).
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Figura 2: Morfotipos propostos por Dimond (1965) infectando o sangue de anuros.

A proposta de classificacao de tripanossomas de Dimond (1965) foi baseada em
marcadores morfoldgicos das formas sanguineas presentes nos anuros, enquadrada em
grupos de A a F. O grupo A apresenta corpo achatado e em forma de folha. O grupo B
apresenta corpo achatado com regido anterior larga, a partir do cinetoplasto, se estreitando

posteriormente. O grupo C apresenta corpo robusto, comprido e ovoide. O grupo D se
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subdivide em dois morfotipos (D1 e D2), ambos com corpo alongado e extremidades
estreitas; o grupo D1 tem o cinetoplasto mais proximo do nucleo do que a extremidade
posterior; 0 grupo D2 tem o cinetoplasto mais proximo da extremidade posterior do que
do nucleo. O grupo E tem corpo piriforme e o grupo F tem o corpo esférico.

Na revisao de Bardsley & Harmsen (1973), 60 espécies de tripanossomas de anuros
foram validadas por parametros tradicionais. A fim de estabelecer parametros
taxonémicos mais confidveis para a classificacdo dessas especies, 0s autores propuseram
a combinacdo dos seguintes critérios: distribuicdo geografica, hospedeiro invertebrado de
origem, hospedeiro vertebrado de origem, morfologia, citologia e fisiologia, além do
comportamento e padréo reprodutivo (ciclo de vida).

Em geral, os principais parametros utilizados para descricdo de tripanossomas de
anuros sao: hospedeiro vertebrado, origem geogréfica e morfologia (Desser, 2001; Lemos
et al., 2008; Leal et al., 2009). Embora o0 nimero de espécies descritas em anuros seja
elevado, a maioria ndo foi cultivada e nem crio preservada, impedindo assim, estudos
moleculares comparativos com novos isolados e espécies. A auséncia de amostras das
espécies ja descritas impossibilita uma completa revisdo taxondémica molecular desse
grupo, ja que informagdes sobre morfologia e hospedeiros de origem néo sdo suficientes
para definir espécies (Bardsley & Harmsen, 1973; Ferreira et al., 2007).

Sabe-se que 0s tripanossomas de anuros sao altamente pleomarfico em suas formas
sanguineas, apresentando as maiores e mais diversas morfologias encontradas no sangue
de todos os hospedeiros ja analisados. No entanto, o pleomorfismo aparente e as infeccdes
mistas por diferentes tripanossomas impossibilitam afirmar se os tipos morfoldgicos
(morfotipos) sdo estagios distintos de uma mesma espécie ou sdo espécies diferentes
(Ferreira et al., 2007; Attias et al., 2016; Spodareva et al., 2018).

As formas epimastigotas e tripomastigotas podem variar conforme as condic¢des do
meio de cultivo, temperatura e tempo de cultura (Ferreira et al., 2007; Lemos et al., 2008;
Attias et al., 2016). Em um estudo com infeccdo experimental de Bufo americanus
Holbrook, 1836 com Trypanosoma fallisi Martin & Desser, 1990, Martin & Desser
(1991a) descreveram duas fases de infeccdo com alteragcdes na morfologia associadas a
estacdo do ano. O inicio da infec¢do era constituido por formas tripomastigotas largas,
observadas no final da primavera e durante todo o verao; e as formas mais finas e curtas
se revelaram presentes em todas as estacdes do ano/durante o ano inteiro. Sabe-se que

alteragdes morfologicas associadas a sazonalidade sdo consideradas uma resposta do
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hospedeiro as baixas temperaturas. Resultados semelhantes, como morfologia, tempo de
infeccdo e temperatura foram observadas por Reilly & Woo (1982).

Os tripanossomas observados na Europa, na América do Norte e na Asia em
estudos anteriores (Diamond, 1965; Bardsley & Harmsen, 1973; Desser, 2001; Ferreira
et al., 2008) se assemelham a alguns morfotipos encontrados em anuros brasileiros.
Embora os morfotipos encontrados sejam muito semelhantes aos descritos para diversas
espécies como Trypanosoma bocagei Franca, 1911, Trypanosoma chattoni Mathis &
Leger, 1911, T. rotatorium e T. fallisi os estudos filogenéticos moleculares realizados
com os isolados brasileiros ndo observaram similaridade génica e a existéncia dessas
espécies no Brasil (Ferreira et al., 2007, 2008).

No Brasil, Trypanosoma borelli Marchoux & Salimbeni, 1907 foi descrita em
Scinax ruber, da familia Hylidae (Bardsley & Harmsen 1973); além de outras diversas
espécies, que foram descritas com base na morfologia de formas encontradas no sangue
de anuros da familia Leptodactylidae: Trypanosoma ocellati Brumpt, 1936, Trypanosoma
leptodactyli Carini, 1910, Trypanosoma celestinoi Brumpt, 1936 e T. rotatorium em
Leptodactylus ocellatus Linnaeus, 1758; T. chattoni em L. fuscus e T. rotatorium-like em
L. chaquensis (Lemos et al, 2008). A Unica espécie de tripanossoma de anuro brasileiro
descrita com base em um conjunto de parametros morfologicos e moleculares foi
Trypanosoma  herthameyeri, posicionada filogeneticamente e caraterizada
morfologicamente em trabalho realizado por Attias et al. (2016).

Em relacdo aos vetores, as sanguessugas (classe Hirudinea, filo Annelida) séo
consideradas ectoparasitos hemat6fagos com baixa especificidade de hospedeiro
vertebrado, podendo ser vetores de Trypanosoma para anfibios (Bardsley & Harmsen,
1973), peixes (Molyneux, 1977), répteis (Molyneux, 1977; Siddall & Desser, 1992;
Fermino et al., 2015) e mamiferos (Hoare, 1972). Em estudos de filogenia molecular, os
tripanossomas transmitidos por sanguessugas aquaticas foram posicionados no grupo
aquatico, reforgando a estreita relacdo entre vetor, hospedeiro e ambiente (Hamilton et
al., 2005; Hayes et al., 2014; Su et al., 2014; Fermino et al., 2015). Sendo assim, 0s
anuros com habitos de vida aquaticos sdo mais suscetiveis a infec¢Bes por tripanossomas
através das sanguessugas (Barta & Desser, 1984; Desser, 2001).

As familias de sanguessugas apontadas como vetores de tripanossomas de anuros
sdo Glossifoniidae, Piscicolidae e Hirudinidae (Bardsley & Harmsen, 1973). A principio,
as sanguessugas foram associadas a transmissao a partir da observacédo de Trypanosoma

inopinatum Sargent & Sargent, 1904 em Helobdella algira syn. Batracobdella algira
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(Moquin-Tandon, 1846), sanguessugas comuns de Rana esculenta. Sendo assim, foi
proposto que H. algira seria o vetor de T. inopinatum para Rana esculenta (Billet, 1904;
Brumpt, 1906). Posteriormente, o desenvolvimento de T. falisii foi descrito em Bufo sp.
e sanguessugas. No entanto, os estudos realizados utilizaram anuros e/ou sanguessugas
naturalmente infectados na natureza, e ndo foram comparados.

Em anuros, diversos insetos hematdfagos sao considerados vetores, como dipteros
dos géneros Aedes (Bailey, 1962; Ramos Urdaneta-Morales, 1977), Corethrella
Coquillett, 1902 (Johnson et al., 1993; Bernal & Pinto, 2016), Culex (Desser et al., 1973,
1975; Bartlett-Healy et al., 2009), Lutzomyia Franca, 1924 (Ayala 1968; Ayala & McKay,
1971), Phlebotomus Loew, 1845 (Ferreira et al., 2008), e Sergentomyia Hertig, 1948
(Nzelu et al., 2014). Diversos insetos se alimentam do sangue de anuros, alguns
exclusivamente, e sdo considerados vetores potenciais na transmissdao (Anderson &
Ayala, 1968; Ramos & Urdaneta-Morales, 1977; Bernal & Pinto, 2016).

1.3.2)  Estudos moleculares de Trypanosoma em anfibios

Em relacdo aos estudos moleculares, ha poucos trabalhos sobre diversidade de
espécies de tripanossomas em anuros. Maslov et al. (1996) realizaram a primeira analise
filogenética, na qual T. rotatorium foi agrupado com tripanossomas de peixes,
Trypanosoma triglae Neumann, 1909, Trypanosoma carassi (Mitrophanov, 1883) e T.
boissoni, formando um grupo basal aos demais tripanossomas. Além disso, essa analise
foi a primeira arelacionar um grupo formado por hospedeiros de habitos aquaticos (peixes
e anfibios). Em seguida, Lukes et al. (1997) realizaram um trabalho que incluiu onze
tripanossomas e corroborou a existéncia do grupo aquatico por tripanossomas de anuros
(T. rotatorium) e peixes (T. boissoni, T. triglae e T. carassi), agrupando organismos
transmitidos por sanguessugas. Além disso, Haag et al. (1998), analisando um numero
maior de tripanossomas, observaram que Trypanosoma mega Dutton & Todd, 1903
(anuro) e T. therezieni (camaledo) também se posicionaram no grupo aquatico,
reafirmando, assim, a monofilia do grupo.

Em dois trabalhos desenvolvidos por Ferreira et al. (2007, 2008), os autores
incluiram, pela primeira vez, isolados de anuros e flebotomineos do Brasil em analises
filogenéticas, revelando uma enorme diversidade genética e varias espécies novas. Os
tripanossomas foram isolados de bufonideos, leptodactilideos e hilideos de diferentes
espécies e biomas do Brasil, e distribuidos em trés grupos aparentemente relacionados

com as familias dos hospedeiros: An01, compreendendo tripanossomas de hilideos e
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leptodactilideos, An02, com isolados de bufonideos e leptodactilideos e An03, com
isolados de bufonideos, leptodactilideos e flebotomineos. A composicéo dos trés grupos
(An01- An03) sugeriu a ocorréncia de eventos de trocas de tripanossomas de anuros de
diferentes familias. Nos artigos citados, todos os tripanossomas previamente descritos
foram agrupados no clado An0O4: T. ranarum de ranideo dos Estados Unidos,
Trypanosoma neveulemairei Brumpt, 1928 de ranideo da Europa, T. mega de bufonideo
da Africa, T. rotatorium e T. fallisi de ranideos do Canadé (Ferreira et al., 2007, 2008).

Atualmente, das mais de 60 espécies de tripanossomas descritas em anuros, apenas
oito sdo consideradas espécies validas, com base no posicionamento em filogenia
molecular: T. chattoni de Rana pipiens Schreber, 1782 dos Estados Unidos; T. rotatorium
de Bufo regularis (Reuss, 1833) do Canada; T. ranarum de Rana pipiens e Rana
catesbeiana, do Canada e dos Estados Unidos; T. fallisi isolado de Bufo americanos
Holbrook, 1836, do Canada e dos Estados Unidos; T. neveulemairei isolado de Rana
esculenta, da antiga lugoslavia na Europa; T. mega de Bufo regularis da Africa; e
Trypanosoma tungarae Cope, 1864 foi detectada em amostras de sangue de Engystomops
pustulosus (Cope, 1864), uma espécie de ra Neotropical, capturada no Panama (Clark et
al., 1995; Attia et al., 2016; Bernal & Pinto, 2016). No Brasil, é reconhecida somente a
espécie T. herthameyeri de Souza & Camargo, 2016 de Leptodactylus chaquensis, L.
latrans e L. fuscus, dos biomas Caatinga e Pantanal (Sato, 2022).

A espécie T. herthameyeri foi a primeira espécie de tripanossoma descrita em
anuros brasileiros com isolamento em cultura, e foi caracterizada morfologicamente e
posicionada em filogenia molecular (Attias et al., 2016). Ja T. tungarae nao foi cultivada,
sendo a descricdo baseada em morfologia e sequéncia de SSU rRNA. Com a descricéo
dessas duas espécies, baseadas em analises filogenéticas, cinco clados foram
identificados. An01 ao An05. An02 sendo constituido por T. herthameyeri e 0 An05
sendo constituido por T. chattoni e T. tungarae.

As filogenias inferidas para Trypanosoma com marcadores moleculares utilizam
sequéncias de genes ribossomicos (rRNA) (Ferreira et al., 2007; Hamilton et al., 2008;
Limaetal., 2012; 2013). Os ribossomos sao compostos por duas subunidades com quatro
tipos de RNAs: a subunidade maior (LSU), que contém os rRNAs 28S, 5.8S e 5S, e a
subunidade menor (SSU) que contém o 18S rRNA. A maioria destes genes esta
organizada em uma unidade de transcri¢cdo unica denominada “cistron ribossémico”,
transcrita pela RNA polimerase I, que esta presente em mdltiplas copias organizadas

como repeticbes tandem, que sdo compostas por unidades de transcri¢cdo (cistrons
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ribossdmicos) e espacadores intergénicos (IGS) (Sogin et al., 1986; Torres-Machorro et
al., 2010) (Figura 2).

As subunidades 18S e 24S sdo formadas por sequéncias altamente conservadas
que sdo intercaladas por espacgadores internos transcritos (ITS1-4) de conservagédo
moderada. Os espacgadores transcritos ETS (espagador externo) e IGS (espacador
intergénico) apresentam sequéncias muito variaveis possibilitando a identificacdo de
diferentes gendtipos e linhagens dentro uma mesma espécie (Sogin et al., 1986) (Figura
2).

SSU LSU

ITS-1 ITS-2 ITS-3 ITS4 ITS-5 ITS-6 ITS-7

Figura 3: Representacdo do gene ribossémico (rDNA) constituido pela subunidade
menor (SSU), subunidade maior (LSU) e espacos internos transcritos (ITS). Adaptado de
Hernandez & Carvalho (2014).

A subunidade menor (SSU rRNA) tem se tornado marcador comum para estimar
a biodiversidade de determinada amostra bioldgica, devido a sua distribuicdo e
funcionamento universal em todos os organismos conhecidos (Sogin et al., 1986). Além
disso, sua sequéncia génica e estrutura secundaria sdo formadas por nove regides
variaveis (VI -V9), das quais V2, V4 e V9 tém sido consideradas as mais adequadas para
avaliar a biodiversidade de eucariotos (Hadziavdic et al., 2014).

Para organismos da classe Kinetoplastida, as sequéncias do gene ribossémico tém
sido bastante utilizadas para inferir relacfes filogenéticas para estabelecer os principais
grupos naturais dentro da familia Trypanosomatidae e para estabelecer a identificacdo de
géneros, espécies e genotipos dentro do género Trypanosoma (Stevens & Gibson, 1999;
Maslov et al., 2019; Simpson et al., 2006; Ferreira et al. 2007, 2008; Viola et al., 2008;
Cavazzana et al., 2010; Lukes et al, 2014).

Além disso, os tripanossomas possuem dois genes codificadores de enzimas
(GAPDH). Essas enzimas estdo relacionadas com a glicélise e estdo localizadas em

compartimentos celulares diferentes: gliceraldeido 3-fosfato desidrogenase citosdlica
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(cGAPDH), de cébpia Unica, e gliceraldeido 3-fosfato desidrogenase glicossémica
(gGAPDH), com duas copias (Kendall et al., 1990; Hannaert et al., 1992). A versédo
glicolitica do gene GAPDH (gGAPDH) é um marcador valioso para filogenia e
taxonomia dos tripanosomatideos com identificacdo a nivel de género e espécie (Figura
4).

cGAPDH / / 9GAPDH —— gGAPDH ——

Figura 4: Representacdo esquematica de dois genes codificantes de enzimas: Gene
Gliceraldeido 3-fosfato desidrogenase citosolica (cGAPDH) e glicossdmica (QGAPDH).
Adaptado de Hernandez & Carvalho (2014).

O uso combinado das analises filogenéticas realizadas com sequéncias de
gGAPDH e SSU rRNA apresentam topologias congruentes, sendo que o uso concatenado
desses dois genes gera altos valores de suporte (Hamilton et al., 2004; Viola et al., 2008a;
2009). Além disso, varios isolados do gene gGAPDH estdo disponiveis em bancos de
dados, facilitando a comparacao de espécies ja existentes com candidatos a novas espécies
e novos genotipos (Hamilton et al., 2004, 2005, 2007; Viola et al., 2008; 2009; Fermino
et al., 2013, 2015; Attias et al., 2016).
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2) Justificativa

As analises morfologicas, morfométricas e moleculares sdo importantes e
essenciais, pois, auxiliam na distincdo entre géneros e possiveis espécies de
hemoparasitos. Além disso, o conhecimento abrangente da diversidade é uma condigédo
indispensavel para que sejam inferidas relagdes filogenéticas consistentes que, por sua
vez, serdo o arcabouco de uma nova taxonomia dos hemoparasitos. Com um conjunto
confiavel de informacdes, seréa possivel inferir arvores filogenéticas mais bem resolvidas
e, assim, entender melhor a historia evolutiva desses parasitos. Com isso, essa distin¢ao
e identificacdo da biodiversidade hemoparasitaria é necessaria para estudos posteriores

sobre interacdo parasito-hospedeiro.
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3) OBJETIVOS

3.1) Objetivo geral

Analisar a biodiversidade de espécies de hemogregarinas e tripanossomas
associados a répteis e anfibios procedentes das RegiGes Centro-Oeste e Sudeste
Brasileiras, com o uso da taxonomia integrativa através de analises morfoldgicas

e moleculares.

3.2) Objetivos especificos

Pesquisar a presenca de hemoparasitos, a partir de extensdes sanguineas das
amostras procedentes dos répteis e anfibios coletados, realizando a anélise
morfolégica e morfométrica das formas evolutivas dos hemoparasitos
observados;

Pesquisar a presenca de estagios evolutivos teciduais dos hemoparasitos, a partir
de anélise histoldgica de fragmento de 6rgdos dos animais coletados, realizando a
analise morfoldgica e morfometria dos parasitos teciduais;

Analisar o desenvolvimento das formas evolutivas de Trypanosoma em meio de
cultura.

Realizar a caracterizacdo molecular de espécies de hemoparasitos de répteis e
anfibios, a partir da técnica de Polimerase Chain Reaction (PCR) convencional
ou Nested-PCR,;

Inspecionar 0s animais para presenca de ectoparasitos e, quando possivel,
relacionar a presenca desses ectoparasitos nos hospedeiros vertebrados (anfibios
e répteis) como possiveis vetores de hemoparasitoses.

Descrever, se possivel, novas espécies de hemoparasitos que acometem esses

hospedeiros vertebrados (anfibios e répteis).
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4) MATERIAIS E METODOS
4.1) Autorizacdes
O estudo foi submetido e autorizado pelo Comité de Etica na Utilizagio Animal do
Instituto de Biociéncias, da Universidade Estadual Paulista “Jalio de Mesquita Filho”,
(CEUA — UNESP, n° do protocolo 1061) (Anexo 1) e pelo Sistema de Autorizacédo e
Informacéo em Biodiversidade (SISBIO, n° do processo 61940) (Anexo 2).

4.2) Locais de estudo
A parte laboratorial foi desenvolvida em cinco Universidades:

e Universidade Estadual Paulista “Julio de Mesquita Filho”, Institudo de Biociéncias,
Setor de Parasitologia, sendo esta a instituicdo sede da pesquisa onde a doutoranda
realizou grande parte da pesquisa, como as analises morfoldgicas, e morfométricas
dos hemoparasitos, bem como a analise molecular de hemogregarinas.

e Universidade de S&o Paulo, Instituto de Ciéncias Biomédicas, Laboratorio de
Taxonomia e Filogenia de tripanosomatideos, cidade de Sao Paulo, sob supervisdo da
Profa. Dra. Marta Maria Geraldes Teixeira e do P6s-doutorando Bruno Fermino, onde
a doutoranda aprendeu e executou as analises dos tripanosomatideos (Anexo 3).

e Universidad Nacional Autonoma de México, Instituto de Biologia, Laboratorio de
Helmintologia, cidade do México, sob supervisdo do Prof. Dr. Alejandro Francisco
Oceguera Figueroa, onde a doutoranda aprendeu e executou a identificacdo das
espécies de sanguessugas associadas aos testudines brasileiros (Anexo 4).

e University of the Free State, Department of Zoology and Entomology (Bloemfontein,
Africa do Sul), sob supervisdo do professor Doutor Edward Charles Netherlands
através de auxilio remoto nas identificacdes e descricbes de espécies de
hemogregarinas.

e Universidade Federal de Uberlandia, Faculdade de Medicina Veterinaria, Laboratdrio
de Pesquisa e Estudo em Animais Silvestres (LAPAS), com auxilio do Prof. Dr.
André Luiz Quagliatto Santos e toda a equipe nas coletas executadas no Mato Grosso

e Goias.

As coletas ocorreram em locais distribuidos entre os estados de Mato Grosso,
Goias, Mato Grosso do Sul e Sdo Paulo, onde a doutoranda e equipe realizaram as coletas
(Tabela 1, Figura 5).
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» Estado de Mato Grosso
As coletas foram realizadas em regido que se localiza na divisa com o Estado de
Goias (Leste), cujo bioma ¢ de transi¢ao entre Cerrado e Pantanal e por ser “habitat” de
répteis e anfibios. Assim como na regido de Goias, citada anteriormente, o Prof. Dr. André
Luiz Quagliatto Santos também a utiliza como local de pesquisa.
» Estado de Goias
O local onde a coleta foi executada fica situado na regido Centro-Oeste, faz parte da
Bacia Tocantins-Araguaia e margeia o Rio Vermelho que desagua no Rio Araguaia,
regido localizada entre as cidades Aruana e Britania. Esse tem como caracteristica o
bioma Cerrado, cuja vegetacdo é marcada por arvores e arbustos tortuosos, cascas grossas
e raizes profundas. A area foi escolhida por ser habitat natural de répteis e anfibios sendo
utilizada para pesquisa pelo Prof. Dr. André Luiz Quagliatto Santos.
» Estado do Mato Grosso do Sul
As coletas foram realizadas na Reserva Particular de Patrimonio Natural Cisalpina,
Brasilandia, Mato Grosso do Sul, onde o bioma predominante é o Cerrado, além de se
tratar de area de confluéncia dos rios Verde e Parana. E uma extensa varzea inundada
periodicamente na época das chuvas, com um complexo sistema de lagoas, corregos e
canais interligados entre si e ao canal do rio Parana. A area foi escolhida por ser habitat
natural de répteis e anfibios sendo utilizada para pesquisa pelo Prof. Titular Reinaldo José
da Silva (licenca SISBIO n° 59230-1).
» Estado de S&o Paulo
Nesse estado, onde predomina o Bioma Mata Atlantica, foram coletados répteis
(principalmente serpentes e lagartos) e anfibios procedentes de trés propriedades
privadas: 1) Fazenda S&o Sebastido do Paraiso e proximidades, cidade de Boa Esperanca
do Sul. 2) Fazenda Caranda, cidade de Araraquara. 3) Fazenda Santa Julia, cidade de
Gavido Peixoto. O presente estudo foi encaminhado para o responsavel pelas
propriedades e obtido a autorizacdo de permanéncia, durante periodo de coleta, em terra

privada (Anexo 6).
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Tabela 1: Lista de Localidades amostradas com suas respectivas coordenadas geograficas. MT = Mato

Grosso; GO = Goias; MS = Mato Grosso do Sul; SP = S&o Paulo.

Localidade Municipio Estado Coordenadas
Faz. Sao Sebastido do Paraiso Boa Esperanca do Sul SP 21°51'36.83"S, 48°27'3.56"0
Fazenda Santa Jalia Gavido Peixoto SP 21°50'43.74"S, 48°28'43.43"0
Fazenda Caranda Avraraquara SP 21°52'30.28"S, 48°13'50.78"0
Pesqueiro - Faz. Sdo Sebastido do Paraiso Gavido Peixoto SP 21°50'41.83"S, 48°28'10.24"0
RPPN Cisalpina Brasilandia MS 21°15'34.36"S, 51°54'18.96"0
Riacho cano RPPN Cisalpina Brasilandia MS 21°16'0.49"S, 51°54'7.65"0
Lagoa buraco 2 RPPN Cisalpina Brasilandia MS 21°11'18.00"S, 51°54'12.40"0
Estrada rio Parand RPPN Cisalpina Brasilandia MS 21°13'38.20"S, 51°52'37.10"0
Ao redor da AlQ 2, RPPN Cisalpina Brasilandia MS 21°17'30.60"S, 51°54'50.30"0
Estrada Rio Bom Jardim RPPN Cisalpina Brasilandia MS 21°17'20.98"S, 51°55'2.76"0
Estrada Rhinella RPPN Cisalpina Brasilandia MS 21°17'41.10"S, 51°55'11.60"0
Rio novo RPPN Cisalpina Brasilandia MS 21°19'53.47"S, 51°56'39.61"0
Estrada Beira Rio RPPN Cisalpina Brasilandia MS 21°16'40.23"S, 51°55'30.20"0
Rancho do Japonés Araguaiana MT 14°35'49.1"S, 51°42'55.71"0
Alojamento CEPEMA Cocalinho MT 14°31'40.16"S, 51°41'34.07"0
Rio Pindaiba. Rancho do Japonés Araguaiana MT 14°35'47"S, 51°43'9.59"0
Riacho 2 Araguaiana MT 14°32'51.38"S, 51°40'47.96"0
Lagoa 2. Rancho do Japonés Araguaiana MT 14°35'53.44"S, 51°42'56.43"0
Fazenda Boa Esperanca - Lago Jacaré Cocalinho MT 14°46'44.82"S, 51°32'50.86"0
Fazenda Boa Esperanca Cocalinho MT 14°46'32.27"S, 51°32'50.29"0
Riacho Nova Xavantina MT 14°31'48.03"S, 51°41'43.88"0
Riacho 1 Araguaiana MT 14°32'13.49"S, 51°40'38.81"0O
Faz. Amado Batista Cocalinho MT 14°28'39.27"S, 51°36'31.95"0
Banhado estrada (lago Pseudis) Cocalinho MT 14°45'56.81"S, 51°32'18.29"0
Estrada Araguaiana MT 14°35'5.29"S, 51°41'19.15"0
Estrada Araguaiana MT 14°33'16.46"S, 51°40'52.44"0
Fazenda Sertaneja Retiro Cocalinho MT 14°26'19.98"S, 51°35'20.17"'0
Rancho do César — Rio Vermelho Britania GO 15°10°44.82”S, 51°9°58.48”0
Cabanas Hotel S&o Pedro Britania GO 15° 14°30.80”S, 51°9°27.05”0
Rio Tigrinho Britania GO 15°13°42.207S, 51°9°30.0”0
Rio Araguaia Itacaiu GO 15°04°39.817’S, 51°26°68,91” O
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Figura 5. Mapa das localidades que foram amostradas para hemoparasitos de répteis e
anuros.

4.3) Populacao de estudo

Foram analisados hemoparasitos de animais de vida livre pertencentes ao grupo
dos répteis (serpentes, lagartos, crocodilianos e testudines) e anfibios (anuros — sapos,
pererecas e ras) que foram encontrados no periodo de coleta nas regides estipuladas. A
nomenclatura dos répteis e anuros e a identificacdo das espécies foram realizadas a partir
da classificacdo adotadas por Frost (2011) (Online Reference), pela Sociedade Brasileira
de Herpetologia - SBH (2010). Os animais encontrados foram contidos para coleta de
sangue e alguns exemplares eutanasiados para coleta dos fragmentos de 6rgdos (coracéo,

baco, figado, pulmdes e rins), seguindo a autorizagdo da CEUA e do SISBIO.

4.4) Contencdo e identificagdo dos animais.
Para a coleta do sangue os animais foram submetidos a contencdo fisica com
equipamentos apropriados, seguindo normas semioldgicas para cada grupo de animais.
Em relacdo aos répteis, os testudines foram capturados por pesca, através de rede
ou manualmente pela carapaca, imobilizados por contencéo fisica (Portelinha et al., 2013)

e marcados por perfuracdo carapacial (Malvasio et al., 2003). Os crocodilianos foram

“ Boa Esperanca do Sul
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capturados pela busca ativa utilizando &s maos ou varas de pesca com corda de aco. A
contencdo foi realizada vedando os olhos e a boca com fita adesiva transparente e

amarrando as patas com cordas (Viana et al., 2010; Santos et al., 2011) (Figura 5).

Figura 6 (A-D): Captura e contengéo de crocodilianos para coleta de sangue.

As serpentes ndo peconhentas foram capturadas utilizando ganchos apropriados e
imobilizadas pela contengdo fisica. As serpentes peconhentas foram capturadas com
ganchos apropriados e contidas de duas maneiras: manualmente com as presas
imobilizadas com blocos de isopor ou inseridas em tubos de plastico transparentes (Brazil,
2008; Vogt, 2008). Os lagartos foram capturados manualmente ou utilizando um pano, o
qual é colocado em cima do individuo, em seguida contido dorsalmente e marcado na
cauda (Haklova-Kocikova et al., 2014).

Em relacdo aos anfibios, os individuos foram capturados manualmente através do
método de procura visual diurna e noturna.

Os hospedeiros capturados (répteis e anfibios) tiveram seus comprimento-rostro-
cloacal (CRC) medidos utilizando-se balanga pendurada ou paquimetro (precisao de 0,01
mm) e sua massa foi obtida com o uso de balancas Pesola®. Além disso, durante a
contencdo foi executada a identificacdo da faixa etaria e observacao do sexo (Zippel et
al., 2001; Brasil, 2008; Vogt, 2008; Velasco et al., 2009).

4.5) Ectoparasitos: coleta e armazenamento

Todos os individuos capturados foram inspecionados para presenca de
ectoparasitos. Os ectoparasitos encontrados foram armazenados de trés maneiras: em
alcool 70%, em formalina tamponada (10%) para posterior identificacdo e histologia, ou

congelados a -20° C para execucdo da anélise molecular (PCR).

4.6) Coleta e armazenamento dos fragmentos de 6rgaos.

Alguns animais foram eutanasiados para obtencdo dos Orgdos para analise
histopatologica e molecular. Os animais foram fixados em solucdo de formol 10% e
preservados em alcool 70%, de acordo com a licenca de captura/coleta/transporte
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expedida pelo Ministério do Meio Ambiente — MMA, Instituto Chico Mendes de
Conservacao da Biodiversidade — ICMBIo, Sistema de Autorizacdo e Informacdo em
Biodiversidade - SISBIO (licenca 59230-1). Todos os individuos que ndo foram mortos
para coleta dos 6rgdos foram soltos em seu habitat natural, logo apds captura e coleta das
amostras.

A eutanésia foi executada através da aplicacdo de anestésico comercial 50 mg/kg
(Thiopentax®) intracerebral pelo forame magno em répteis e intraperitoneal em anfibios
(Sebben, 2007; Soares et al., 2017).

Para a andlise tecidual, os animais foram necropsiados e imprints de parte dos
orgdos (figado, baco, coracdo, pulmdes e rins) foram confeccionados. Outros fragmentos
foram fixados em formalina tamponada a 10%, para posterior analise histopatoldgica.
Para a analise molecular, os érgdos (figado, baco, coracdo, pulmdes e rins) foram
armazenados em tubos esterilizados e acondicionados em freezer a -20°C até execucao

da técnica molecular.

4.7) Preparo e analise das laminas histologicas

Os fragmentos de 0Orgdos e ectoparasitos, previamente fixados em formalina
tamponada (10%) e mantidos refrigerados a 10°C, foram desidratados com etanol por 30
minutos, embebido em resina, seccionado e, cada seccdo foi corada com hematoxilina e
eosina (HE). Por fim, as laminas foram examinadas em microscopia éptica convencional,
para analise morfologica de possiveis formas evolutivas dos hemoparasitos presentes

nessas amostras (Demoner et al., 2013).

4.8) Coleta, armazenamento e preparo das amostras de sangue.

A amostra de sangue foi coletada com seringas de 1 mL e/ou 3 mL e agulhas
descartaveis (22/19), por puncdo do seio venoso paravertebral cervical (Zippel et al.,
2001) em répteis e anfibios maiores, e em anfibios menores por puncdo cardiaca.
Imediatamente ap6s a coleta de sangue, foram confeccionadas de 2-5 extensdes
sanguineas e o restante do sangue foi armazenado para realizacdo de anélise molecular.
Em anfibios, além disso, uma parte do sangue foi colocada em meio de cultura para
pesquisa de tripanossomas. Para execucdo da PCR, uma aliquota foi adicionada em tubo
de poliestireno contendo EDTA (anticoagulante) da Kasvi® e armazenada a -20 °C até a
execucdo da PCR. J& para analise dos tripanossomas, o restante de sangue coletado foi

separado para hemocultura, adicionado em tudo de ensaio contendo 3 mL de meio
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bifasico (BAB-LIT) e em incubadas a 25 °C (temperatura ambiente) para posterior analise
na Universidade de S&o Paulo, Instituto de Ciéncias Biomédicas, Laboratorio de
Taxonomia e Filogenia de tripanosomatideos. A quantidade de sangue coletada variou de
acordo com o tamanho e peso do individuo analisado, sendo no méximo 2 mL colhido
(Figura 7).

Figura 7: Coleta de sangue pelo seio paravertebral cervical em répteis (A-C) e confec¢édo
de extenses sanguineas (D).

Apos confeccdo das extensfes sanguineas, estas foram deixadas em temperatura
ambiente (25 °C) para secagem, e foram, posteriormente, fixadas com metanol absoluto
e coradas com Giemsa Eosina Azul de Metileno Merck® diluido em agua destiladas (pH
7.0 for 50 min) a 10%, de acordo com Eisen & Schall (2000).

4.9) Cultivo in vitro dos tripanossomas

Na Universidade de S&o Paulo, as hemoculturas provindas das coletas que
apresentaram positividade para os tripanossomas foram mantidas em cultura e analisadas
diariamente. Esse meio bifasico, onde o sangue foi inoculado em campo, é composto por
uma fase sélida e uma fase liquida. A fase solida é constituida por BAB (Blood Agar Base
com 15 % de sangue de coelho) e a fase liquida de meio LIT ou Grace contendo 15 % de
soro fetal bovino, 0,8 mg/ml de gentamicina e 5 mg/ml de ampicilina. Ap6s o crescimento
inicial dos parasitos em cultura primaria, estes foram transferidos do tubo de coleta para
garrafas de cultura contendo monocamadas de células de insetos Hi-5 e meio TC100 e
incubados a 25° C. Atualmente, os isolados estdo mantidos (criopreservados) em
nitrogénio liquido (em meio LIT com 10% SFB e 20% DMSO) e depositados na
Trypanosomatidae Culture Collection da Universidade de S&o Paulo (TCC-USP).
Semanalmente foram confeccionadas laminas com a intensdo de corar os parasitos
procedentes das fases logaritmica e estacionaria, sendo uma aliquota das culturas lavadas
trés vezes em PBS, colocadas em laminas e fixadas em metanol absoluto e coradas com
Giemsa Eosina Azul de Metileno Merck® diluido em &gua destilada a 10% (pH 7.0 por 1

hora) e lavadas em solucéo de Hank’s.
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4.10) Anélise morfolégica e morfométrica dos hemoparasitos.

A anélise foi executada em microscopia Optica com auxilio de 6leo de imersdo em
objetiva 100x utilizando o software Qwin (Leica). As formas evolutivas sanguineas,
teciduais e procedentes do meio de cultura foram identificadas segundo dados da
literatura (Smith, 1996; Telford Jr., 2009; Viana et al., 2010, Borges-Nojosa et al., 2017,
Soares et al., 2017; Bouer et al., 2017; Ungari et al., 2018a; Ungari et al., 2018b;
Netherlands et al., 2018; Netherlands et al., 2020).

No célculo morfométrico, a média e desvio padrdo (M £ DP) foram descritos com
as medidas em micrometros (um). Para as hemogregarinas, foram avaliados o
comprimento, a largura e a area do corpo e do nacleo do hemoparasito (O"'Dwyer et al.,
2013). Ja em relacdo aos tripanossomas, tanto os isolados em meio de cultura como 0s
parasitos observados nas extensdes sanguineas foram mensurados da seguinte maneira:
comprimento total, comprimento do corpo celular sem flagelo, comprimento do flagelo,
distancia nucleo-porc¢do anterior e nucleo-porcdo posterior, distancia nicleo-cinetoplasto,
largura da membrana ondulante e largura do corpo celular.

Ja a parasitemia para o grupo das hemogregarinas foi determinada pelo nimero de
parasitos observado para cada 2.000 eritrocitos, com 20 réplicas de 100 eritrécitos (RBC)

examinados por campo oOptico (Godfrey et al., 1987; Godfrey et al., 1990).
4.11) Anélise Molecular:

4.11.1) Hemogregarinas
» Extracdo de DNA
Para extracdo de DNA das amostras sanguineas (100 pl) e dos tecidos foi
empregado o DNeasy Blood and Tissue Kit (Qiagen, Valencia, CA, USA), seguindo as
instrucdes do fabricante. Apds extracdo, as amostras foram acondicionadas em freezer -
20 °C até a realizacdo da PCR.

» Oligonucleotideos e condi¢6es de amplificacéo.

As amostras de DNA extraidas foram quantificadas em equipamento NanoDrop
2000/spectophotometer (Thermo Scientific) e submetidas a analise molecular para
amplificacéo parcial do gene 18S rRNA. Os oligonucleotideos assim como as condi¢fes
de amplificacdo do termociclador “MyCyclerTMthermalcycler” (BioRad®) constam nas
Tabelas 2 e 3. A reacdo de amplificacdo de PCR foi realizada com volume final de 25
uL, contendo 1 pL (10 pmol) de cada primer, 12.5 pL de Master Mix MyFi™ Mix
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Bioline® e 5 uL do DNA extraido, com agua nuclease-free utilizada para preencher até
o volume final. Em seguida, os produtos derivados da PCR foram mantidos a 4 °C até a

realizacdo da eletroforese.

Tabela 2: Sequéncias de oligonucleotideos utilizadas na PCR para haemogregarinas de
anfibios e répteis coletados nos estados de Mato Grosso, Goias, Mato Grosso do Sul e

Sao Paulo, Brasil.

Gene | Reagdo | Primer Oligonucleotideos Amplicon Referéncia
(5-3)
PCR  HepF300 ATACATGAGCAAAATCTCAAC 600pb Ujvari et al.
Hep900 CTTATTATTCCATGCTGCAG (2004)
18S PCR 4558 GCTAATACATGAGCAAAATCTCAA 1120pb Mathew et al.
rRNA 2733 CGGAATTAACCAGACAAAT (2000)

PCR Hemol TATTGGTTTTAAGAACTAATTTTATGATTG 800pb Perkins and
Hemo2 CTTCTCCTTCCTTTAAGTGATAAGGTTCAC Keller (2001)

Tabela 3: Condigdes do ciclo para cada par de oligonucleotideos utilizado na PCR para
haemogregarinas de anfibios e répteis coletados nos estados de Mato Grosso, Goias, Mato

Grosso do Sul e Sdo Paulo, Brasil.

Primer Ciclo Inicial (Hot | N° de Anelamento e extensao Extensdo Final
Start) ciclos
HepF30/Hep900 94 °C /3 min 35 94 °C /45s, 56 °C / 60s e 72°C /60s 72 °C /7 min
4558/2733 94 °C /3 min 40 94 °C /60s, 56 °C / 60s e 72°C /90s 72 °C /7 min
Hemo 1/Hemo 2 94 °C /5 min 35 94 °C /60s, 48 °C /60s e 72°C /5min 72 °C /5 min

Foram utilizados controles positivos dos hemoparasitos e controles negativos (agua
ultrapura) para descartar produtos amplificados considerados falsos negativos e falsos
positivos. Os controles positivos para haemogregarinas estdo presentes no banco de
controles positivos do Laboratorio de Parasitologia, Instituto de Biociéncias, UNESP —

Botucatu.

» Eletroforese
As amostras foram submetidas a eletroforese em gel de agarose 1,5% (Pronadisa®)
em tampao TBE 1X para presenca de produtos amplificados utilizando-se 3uL de cada

produto da reacdo misturados a 1 pLL de tampao de amostra. Os géis de agarose foram
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corridos em cuba horizontal “Hoefer HE 33” (GE Healthcare®). Fragmentos foram
visualizados por colora¢do com “GelRed™” (Biotium®) e separados por 50 minutos a
100 volts sendo visualizados em Fotodocumentador “Major Science UVDI®”. Os
fragmentos amplificados foram comparados com um marcador de tamanho molecular
“1Kbplus DNA ladder” (Thermofisher). Em seguida separados para purificacdo e

sequenciamento e enviados a empresa Genotyping Diagndsticos Genéticos™.

4.11.2) Ectoparasitos: sanguessugas
» ldentificacdo

Todos os animais coletados foram inspecionados para ectoparasitos.

Os espécimes de sanguessugas foram identificados usando chaves taxonémicas e
descri¢bes (Ringuelet, 1976, 1981, 1985; Sawyer, 1986) e através da comparagdo com
espécimes tipos depositados na “Coleccion Nacional de Helmintos, Instituto de Biologia,
Universidad Nacional Auténoma de México”. A analise e disseccdeS dos espécimes

selecionados foram feitas com auxilio de Nikon Estereomicroscopio SMZ-U.

» Coloracéo de sanguessugas

As sanguessugas foram colocadas em alcool 96% por 10 minutos e, em seguida,
tingidas com Paracarmin de Mayer por 1 a 3 minutos. Depois, lavadas em alcool 96% por
10 minutos, hidratadas em concentracdes decrescentes de alcool: 70%, 50%, 25% e por
fim, agua destilada (10 minutos em cada concentracdo). Posteriormente, coradas com
Hematoxilina de Delafield por 3 a 5 minutos. Lavadas em agua destilada. Diferenciadas
em agua acidulada a 2% com 4&cido cloridrico até atingir uma coloragdo rosa claro.
Lavadas em agua destilada novamente. Em seguida, gotas de Carbonato de Litio foram
adicionadas no meio com agua destilada até atingirem uma coloracdo azul-roxeado.
Depois, lavadas em agua destilada por 10 minutos. Desidratadas em gradacGes
decrescentes de alcool, até chegar a &lcool absoluto (10 minutos em cada concentracao e
20 minutos no alcool absoluto). Clarificadas agregando Salicilato de Metila aos poucos,
nos exemplares em alcool absoluto. E por fim, montadas em laminas usando Balsamo do

Canada, etiquetadas e colocadas para secar.

» Técnicas moleculares
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As técnicas moleculares seguiram o protocolo de execucdo de acordo com
Oceguera-Figueroa (2012). As amostras de tecidos de sanguessugas foram obtidas da
ventosa posterior, para minimizar a possibilidade de contaminacdo com DNA do
hospedeiro, que poderia estar presente no trato gastrointestinal da sanguessuga. “Kit" de
extracdo de tecido (DNeasy Tissue Kit, Qiagen, Valencia, CA) foram usados para lise
tecidual, extracdo de DNA total e purificacdo, de acordo com as normas do frabricante.

A subunidade do citocromo ¢ oxidase mitoncondrial (COIl), a subunidade | da
nicotinamida adenina dinucleotideo desidrogenase (ND1), o gene 12S rDNA (12S), assim
como o 18s rDNA (18S), a regido ITS (com os espacadores de transcricdo 1 e 2
flanqueando o gene ribossomal 5.8S) foram amplificados de acordo com as seguintes
condigdes: COl, 94 °C (5 min), 30 ciclos de 94 °C (45 s), 48 °C (45 s), 72 °C (1 min) e
extensdo final de 72 °C (7 min). Gene 18S: 94 °C (5 min), 35 ciclos de 94 °C (20 s), 47
°C (20s), 68 °C (50 s) e extenséo final de 70 °C (7 min). Genes 12S e 28S: 94 °C (5 min),
44 ciclos de 95 °C (1 min), 52 °C (1 min), 70 °C (1 min) e extensdo final de 72°C (7 min).
Regido ITS: 95 °C (5 min), 35 ciclos de 95 °C (30 s), 50 °C (30 s), 72 °C (1.5 min) e
extensdo final de 72 °C (8 min) (Figueroa, 2012). Os oligonucleotideos utilizados para
cada gene e as reagdes de amplificacdo de cada fragmento do gene foram conduzidos
usando o “Ready-To-Go PCR Beads (GE Healthcare, Piscataway, NJ) segundo
Oceguera-Figueroa (2012).

Os produtos de PCR foram purificados com AMPure (Agencourt Bioscience
Corporation, Beverly, Massachusetts, USA). As rea¢Oes de sequenciamento foram
conduzidas no Laboratério de Biodiversidade Nacional (LANABIO) em um
sequenciador ABI PRISM 3730 (Applied Biosystems, Carlsbad, CA). Os produtos do
sequenciamento (foward e reverse) foram alinhados e editados no Geneious Pro v.5.1.7
(Biomatters Ltd. Auckland, New Zealand). O alinhamento de todas as sequencias desse
estudo e disponiveis no GenBank foi executado utilizando o programa do Instituto
Europeu de Bioinformatica MUSCLE v. 3.7 (Edgar, 2004).

Para a andlise filogenética foram executadas trés filogenias, a analise de Maxima
Parciménia (MP), a analise de Maxima Verossimilhanca (ML) e Inferéncia Bayesiana
(BI). Em relagdo a MP, dos dados dos genes 18S, 28S, 12S e COl, esta foi realizada no
PAUP (Swofford, 2002) com 100 repeti¢des. Gaps foram tratados como dados perdidos.
Os valores de Bootstrap para as analises combinadas foram obtidos em TNT com 1000

pseudoréplicas. Os indices de Consisténcia e Retencdo foram calculados em PAUP
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(Swofford, 2002). A BI foi conduzida em MrBayes v. 3.1.2 (Ronquist & Huelsenbeck,
2003). Os dados foram divididos por gene para COI, 12S, ND1, 28S e ITS. O modelo
evolucionario GTR + I + G foi aplicado para cada dado baseado no “Akaike Information
Criterion” via FindModel (Tao et al., 2008). E por ultimo, a analise de ML foi executada
utilizando RAXML v. 8.2 (Stamatakis, 2014). O melhor modelo de substituicdo foi
selecionado através do Akaike Information Criterion (Schliep, 2011; R Core Team, 2013).

Todas as arvores foram analisadas no programa FigTree v.1.4.4 (Rambaut, 2018).

» Microscopia eletronica de varredura
Para Microscopia Eletronica de Varredura (SEM), as sanguessugas foram
desidratadas em ponto critico seco com COz, e entdo montadas em um stub com fita de
carbono, revestida de ouro, e observada em Hitachi modelo s-2460N SEM (Hitachi,
Toquio, Japao). O material-tipo sera depositado na Colecdo de Helmintos Nacionais
(CNHE), Instituto de Biologia, Universidade Nacional Autdbnoma do México, México

Cidade, México.

4.11.3) Tripanossomas
» Extracdo de DNA

O sangue armazenado em tubos de EDTA e fragmentos de 6rgéos (baco, figado,
coragdo e rim) dos animais previamente diagnosticados positivos foram levados ao
Laboratério da Universidade de S&o Paulo, onde a extracdo do DNA segue um protocolo
padronizado no Laboratério da Prof. Dra. Marta Maria Geraldes Teixeira.

Para extrair o DNA de amostras, primeiramente adiciona 50 uLL da amostra em
um epperdorf e coloca para secar a 37 °C durante uma hora, ressuspende em 200 pL de
solucdo DIGSOL (Tris 50 mM, EDTA 20 mM, NaCl 117 mM e SDS a 1%), adiciona 400
ng de Pronase e 200 ng de RNAse e incuba a 37 °C durante 12 horas. Para precipitar o
DNA, adiciona 400 uL de acetato de am6nia 4M, homogeneiza vigorosamente por 30
segundos varias vezes ao longo de pelo menos 15 minutos, a temperatura ambiente, e
centrifuga durante 20 minutos a 12.000 rpm a 10 °C, inverte o sobrenadante num novo
tubo e depois adiciona 1 mL de etanol absoluto, homogeneiza suavemente a solugéo e
centrifuga como descrito acima. Para lavar o DNA, descarta o sobrenadante e adiciona
etanol 70%, homogeneiza suavemente e repete 0 mesmo processo de centrifugacéo.

Depois, descarta o sobrenadante e deixa 0 DNA secar a 37 °C durante 40 minutos e, em
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seguida, adiciona 80 uL. de TE (Tris-EDTA: Tris-HCI 2 M pH 7,5 (1,25 mL); EDTA0,5
M pH 8,0 (0,5 mL) em w20) para eluir o produto.

» Oligonucleotideos e condi¢bes de amplificacao.

As reagdes Nested-PCR (Noyes et al., 1999) foram utilizadas para a amplificacdo
gene SSU rRNA e do gene gGAPDH de amostras de material direto (sangue e fragmento
de 6rgdos). Os oligonucleotideos utilizados, as condi¢6es de amplificacdo e a temperatura
de anelamento foram padronizados como consta na Tabela 4.

Para a 12 amplificacdo do gene gGAPDH foram utilizados os oligonucleotideos
GAPDH SF e GAPDH SR e para a 22 amplificacdo os oligonucleotideos GAP 3F e GAP
5R (Fermino et al., 2013). Para a amplificacdo do gene SSU rRNA foram utilizados os
oligonucleotideos 927F e 927R e para a 22 amplificacdo os oligonucleotideos 609F e 706R
(Maia da Silva et al., 2004; Rodrigues et al., 2006).

Tabela 4: Oligonucleotideos e ciclos de amplificacdo e temperatura utilizados nas
diferentes reacGes de PCR para amplificacdo de tripanossomas de anuros coletados nos
estados de Mato Grosso, Goias, Mato Grosso do Sul e Sdo Paulo, Brasil.

Gene \ Oligonucleotideos (5-3") | Condicoes de amplificacao

Primeira reacao:
927F: GAAACAAGAAACACGGGAG

927R: CTACTGGGCAGCTTGGA 95 °C/3min
SSU rRNA 30 ciclos: 94 °C/60s, 55 °C/60s, 72 °C/60s
Segunda reacéo: 72 °C/10min

609F: CACCCGCGGTAATTCCAGC
706R: TTGAGGTTACAGTCTCAG

Primeira reacéo:
GAPDH SF: GTGGCGGTKGTYGACATG AACA

gGAPDH GAPDH SR: TTGGAGTCRTAGATRGAGCT 95 °C/3min
34 ciclos: 94 °C/605s,55°C/60s,72°C/60s
Segunda reacao: 72 °C/10 min

GAP 3F: GTGAAGGCGCAGCGCAAC
GAP 5R: CCGAGGATGYCCTTCATG

» Eletroforese
De 5 a 10 pl dos produtos das reacGes de PCR foram homogeneizados com 2 pl
de tampdo de amostra e submetidos a eletroforese em gel de agarose (2%) em tampdao
TAE (40 mM de Tris-acetato; 2 mM de EDTA, pH 8). Foi utilizado o marcador de peso
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molecular GeneRuler DNA Ladder Mix (Fermentas®) e corado com Gel Red®
NucleicAcid Gel Stain (Biotium®) e fotografado sob luz UV.

» Clonagem dos produtos amplificados da PCR
Os fragmentos de DNA amplificados por PCR foram clonados no vetor TOPO
TA Cloning (Invitrogen®), utilizados para transformacdo de células competentes de
Escherichia coli dH10B. As células foram transformadas e diretamente transferidas para
placa com meio LB agar com 100 pg/ml de ampicilina e mantidos a 37 °C por 12 horas.
Os clones foram ampliados em meio LB liquido por mais 12 horas a 37 °C a 200 rpm. Por
fim, os pellets foram purificados com o sistema Wizard Plus SV Minipreps DNA

Pufication System (Promega®, Sdo Paulo, SP, Brasil).

» Sequenciamento
Foram utilizados o kit BigDye Terminator v3.1 Cycle Sequencing (Applied
Biosystems®), conforme especificacdes do fabricante para o preparo das reacfes para 0
sequenciamento dos fragmentos de DNA clonados e dos produtos amplificados por PCR.
Aproximadamente 200 ng de DNA plasmidial e 10 ng de oligonucleotideos (M13F e
M13R) foram utilizados, chegando ao volume final de 10 pL. Apdés a reagdo, o DNA foi
precipitado e analisado no sequenciador automatico Applied Biosystems 3500 Genetic

Analizer.

» Alinhamento das sequéncias, analise dos dados e filogenia
A identidade das sequencias foi verificada através do BLASTn (Basic Local

Alignment Search Tool; http://www.ncbi.nlm.nih.gov/BLAST) e os eletroferogramas

forward e reverse, gerados automaticamente, foram submetidos ao alinhamento consenso
com auxilio do programa Geneious versdo 7.1.3 (Kearse et al., 2012). Posteriormente, as
sequéncias foram depositadas no Banco de dados online GenBank.

Para a realizacdo das andlises filogenéticas, as sequéncias obtidas do gene
gGAPDH e 18S rRNA nesse estudo e as sequéncias disponiveis no GenBank foram
alinhadas pelo algoritmo MUSCLE utilizando o software Geneious v. 7.1.3 (Biomatters,

http://www.geneious.com. Ja as sequencias obtidas do gene 18S rRNA foram alinhadas

com o programa Clustal W alterando os parametros relativos a insergdo de gaps (peso de

insercdo=1, extensdo=1), ambos anexados ao programa MEGA 7 (Kumar et al., 2016).
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As inferéncias filogenéticas foram determinadas pelos métodos ML e Bl. Para ML
foi usado o programa RaxML v.7.0.3 (Stamatakis, 2006), executando 300/500 replicatas
e 0 modelo de substituicbes GTR gamma. As Bl foram executadas no programa MrBayes
v.3.1.2 (Ronquist et al., 2012). Cem replicatas foram empregadas e o modelo de
substituicdes GTR gamma utilizado com propor¢do de sitios invariantes. A relacdo
evolutiva entre os isolados e seus clados foi executada pela analise filogenética Network,
com valores de suporte de 500 replicatas.

O programa Mega 5.05 (Kumar et al., 2016) foi usado para a realizagéo das
analises de distancias genéticas usando o método Neighbor Joining. As arvores
resultantes de cada andlise foram visualizadas usando o programa FigTree v.1.3.1

(Rambaut, 2012) e editadas no Canvas.
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5) RESULTADO GERAL

Foram utilizadas amostras de répteis e anfibios de coletas realizadas nos anos de

2017, 2018, 2019 e 2020. Em 2017, foi executado um projeto piloto com coleta no més

de agosto nos estados de Mato Grosso e Goids. Em 2018, foi realizada uma coleta do dia

31 de julho ao dia 06 de agosto em Mato Grosso. Em 2019, foram realizadas coletas nos

estados de Sdo Paulo, Mato Grosso, Goias e Mato Grosso do Sul, no periodo de seca

(inverno) nos meses de junho a agosto. No periodo chuvoso, de verdo, houve coletas em

dezembro de 2019, janeiro e fevereiro de 2020. Em dezembro de 2019 as coletas foram

realizadas no estado de S&o Paulo; em janeiro de 2020 as coletas foram realizadas nos

estados de Mato Grosso do Sul e Sdo Paulo; e em fevereiro de 2020 as coletas ocorreram

nos estados de Mato Grosso e Goias. Foram coletados anuros (sapos, pererecas e ras) e

répteis (serpentes, lagartos, crocodilianos e testudines) ao longo desses anos. As

informac0es referentes aos animais coletados constam na Tabela 5.

Tabela 5: Lista de espécies de répteis e anfibios coletados nos estados de Mato Grosso,

Goias, Mato Grosso do Sul e Sdo Paulo, Brasil, no presente estudo.

Espécie Familia Estado N°
Amphibia: Anura

Boana raniceps (Cope, 1862) Hylidae Rafinesque, 1815 MT, MS, GO 28
Boana cf. raniceps Hylidae MT, MS 4
Boana caiapo Pinheiro, Cintra, Valdujo, Silva, Martins, Hylidae MT 3
Silva & Garcia, 2018

Boana faber (Wied, 1821) Hylidae MT 1
Boana lundii (Burmeister, 1856) Hylidae SP 2
Boana albopunctata (Spix, 1824) Hylidae SP 1
Chiasmocleis albopuntacta (Boettger, 1885) Microhylidae Ginther, 1858 SP 2
Dendropsophus aff microcephalus Hylidae GO 1
Dendropsophus anataliasiasi (Bokermann, 1972) Hylidae MT 3
Dendropsophus araguaya (Napoli & Caramaschi, 1998) Hylidae MT 2
Dendropsophus nanus (Boulenger, 1889) Hylidae SP 4
Dermatonotus muelleri Hylidae MS 6
Elachistocleis cesarii (Miranda Ribeiro, 1920) Microhylidae MT, MS 2
Leptodactylus brevipes Cope, 1887 Leptodactylidae Werner 1896 GO 1
Leptodactylus fuscus (Schneider, 1799) Leptodactylidae SP 4
Leptodactylus labyrinthicus (Spix, 1824) Leptodactylidae MT, SP 17
Leptodactylus latrans (Steffen, 1815) Leptodactylidae MT, MS, GO 49
Leptodactylus mystaceus (Spix, 1824) Leptodactylidae SP 9
Leptodactylus petersii (Steindachner, 1864) Leptodactylidae MT 1
Leptodactylus podicipinus (Cope, 1862) Leptodactylidae MT, MS, GO, SP 15
Leptodactylus pustulatus (Peters, 1870) Leptodactylidae MT, GO 6
Leptodactylus sp. Leptodactylidae MT, SP 7
Osteocephalus taurinus Steindachner, 1862 Hyldae MT 6
Physalaemus centralis Bokermann, 1962 Leptodactylidae MT 2
Physalaemus cuvieri Fitzinger, 1826 Leptodactylidae SP 5
Physalaemus marmoratus (Reinhardt & Liitken, 1862) Leptodactylidae MS 1
Physalaemus nattereri (Steindachner, 1863) Leptodactylidae MS, MT, SP 9

80



Physalaemus sp. Leptodactylidae MT

Pseudis platensis Gallardo, 1961 Hylidae MS, MT
Pseudopaludicola mystacalis (Cope, 1887) Leptodactylidae GO
Rhinella diptycha (Cope, 1862) Bufonidae Gray, 1825 MS, MT, GO, SP
Rhinella mirandaribeiroi (Gallardo, 1965) Bufonidae MT
Rhinella ocellata (Giinther, 1858) Bufonidae MT
Scinax fuscovarius (A. Lutz, 1925) Hyldae MT
Scinax sp. Hyldae MS
Scinax x-signatus (Spix, 1824) Hyldae SP
Trachycephalus typhonius (Linnaeus, 1758) Hyldae MT, SP. GO
Reptilia
Squamata: Serpentes
Bothrops moojeni Hoge, 1966 Viperidae MS, SP
Chironius flovolineatus (Jan, 1863) Colubridae Oppel, 1811 MT
Dipsas mikanii Schlegel, 1837 Colubridae GO
Helicops angulatus Linnaeus, 1758 Colubridae GO
Leptodeira annulata Linnaeus, 1758 Colubridae MT, GO
Oxyrhopus rhombifer Duméril, Bibron and Duméril, 1854  Colubridae MT
Oxyrhopus trigeminus Duméril, Bibron and Duméril, 1854  Colubridae MT
Pseudoboa nigra (Duméril, Bibron and Duméril, 1854) Colubridae MT
Xenodon matogrossensis (Scrocchi and Cruz, 1993) Colubridae MT
Squamata: Sauria
Ameiva ameiva (Linnaeus, 1958) Teiidae MT
Ameivula ocellifera (Spix, 1825 Teiidae MT
Hemidactylus mabouia (Moreau de Jonnés, 1818 Gekkonidae MS, GO, SP
Iguana iguana (Linnaeus, 1758) Iguanidae MT, GO
Tropidurus oreadicus Rodrigues, 1987 Tropiduridae MT, MS, GO
Tropiduros sp. Tropiduridae MT
Testudines: Pleurodira
Chelonoidis carbonarius (Spix, 1824) Testudinidae MT
Phrynops geoffroanus (Schweiggr, 1812) Chelidae GO, SP
Podocnemis expansa (Schweiggr, 1812) Podocnemidae GO
Podocnemis unifilis Troschel, 1848 Podocnemidae GO, MT
Crocodylia
Caiman crocodilus (Linnaeus, 1758) Alligatoridae MT
Paleosuchus trigonatus (Schneider, 1801) Alligatoridae MT

5.1) Hemoparasitos.

No total, foram coletadas amostras de 445 animais, sendo 136 répteis (45
crocodilianos, 45 testudines, 31 lagartos e 15 serpentes) e 309 anuros (54 sapos, 161 ras
e 94 pererecas). Desse total, através da analise morfolégica, foram observados 183
(41,30%) animais positivos. Dos 136 répteis, 80 (58,82%) estavam infectados, sendo 31
(68,88%) crocodilianos, 39 (86,66%) testudines e 11 (73,33%) serpentes. Dos anuros,
102 (33%) estavam infectados, sendo 2 (3,7%) sapos, 54 (33,54%) ras e 46 (48,93%)
pererecas. Quatro anuros estavam coinfectados com haemogregarinas e tripanossomas
(Tabela 6): um espécime de L. labyrinthicus positivo para Trypanosoma sp. e Hepatozoon
sp.; um espécime de L. latrans positivo para Trypanosoma sp. e Hepatozoon sp.; um
exemplar de L. latrans positivo para Trypanosoma sp. e Dactylosoma sp.; e um espécime

de T. typhonius positivo para Trypanosoma sp. e Dactylosoma sp.
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Tabela 6: Lista de répteis e anfibios infectados com hemoparasitos identificados através

da analise morfoldgica em microscopia Optica convencional.

Hospedeiros P (%) Hemogregarinas Kinetoplastida

Haemogregarina| Hepatozoon |Dacty|osoma Trypanosoma

Amphibia: Anura

B. raniceps 20 (71,4) 20
B. cf. raniceps 4 (100) 4
B. caiapo 2 (66,6) 2
B. lundii 1 (50,0) 2
D. aff microcephalus 1 (100) 2
D. anataliasiasi 1(33,3) 2
L. fuscus 1(25,0) 2
L. labyrinthicus 6 (35,3) 4* 1 2%
L. latrans 30 (61,2) 2* 2* 28*
L. petersii 1 (100) 1
L. podicipinus 5(33,3) 5
L. pustulatus 4 (66,6) 4
L. sp. 2 (28,5) 1 1
P. platensis 4 (44,4) 4
R. diptycha 1(2,8) 1
R. mirandaribeiroi 1(20,0) 1
S. fuscovarius 5(22,7) 5
S. sp. 1 (50,0) 1
S. x-signatus 1(7,69) 1
T. typhonius 6 (100) 1* 6*

Squamata: Serpentes
B. moojeni 2 (66,6) 2
C. flovolineatus 1 (100) 1
D. mikanii 1 (100) 1
L. annulata 2 (100) 2
O. rhombifer 2 (100) 2
O. trigeminus 1 (100) 1
P. nigra 1 (100) 1
X. matogrossensis 1 (100) 1

Testudines: Pleurodira
P. expansa 3 (100) 3
P. unifilis 36 (100) 36

Crocodylia

C. crocodilus 31 (70,9) 31

* Cl: Coinfeccéo.

Através da analise morfoldgica, por microscopia Optica, foram observados
Trypanosoma spp. (Capitulo 3) e hemogregarinas (Dactylosoma spp. e Hepatozoon spp.)
(Capitulos 4, 5 e 8) nos anuros. Ja em répteis, somente hemogregarinas (Hepatozoon sp.
e Haemogregarina sp.) foram observadas, sendo Hepatozoon spp. em serpentes
(Capitulos 6 e 7) e em crocodilianos (Capitulo 2), e Haemogregarina spp. em testudines

(Capitulos 1 e 9). Em lagartos ndo foram detectados hemogregarinas e tripanossomas.

5.2) Ectoparasitos
Durante a contencdo dos animais, foram observados carrapatos, acaros subcutaneos

e sanguessugas. Em trés anuros, um O. taurinus de Mato Grosso, um L. latrans de Goias



e um S. fuscovarius de Goiés foram observados &caros subcutaneos. J& em relagdo aos
carrapatos, foram observados em quatro anuros (R. diptycha) de Goias e Mato Grosso, e
uma serpente (B. moojeni) do Mato Grosso do Sul.

Do total de testudines analisados, em onze animais foi possivel coletar sanguessugas
aderidas a eles, sendo duas P. expansa e nove P. unifilis. Todas as sanguessugas foram
analisadas pelo método molecular e morfoldgico com auxilio da microscopia Optica
convencional e microscopia eletronica de varredura. Sendo assim, as sanguessugas foram
identificadas como pertencentes ao género Unoculubranchiobdella Peralta, Matos &
Serra-Freira, 1998.

Na andlise histoldgica das sanguessugas coletadas de sete testudines foi possivel
observar estruturas internas, localizadas préximas a ventosa posterior e branquias, que se
assemelham a estagios evolutivos de hemogregarinas. Além disso, a analise molecular

revelou positividade para hemogregarina (Capitulo 1).
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Abstract

Haemogregarina spp. have a heteroxenous life cycle, with vertebrate hosts such as fish
and turtles, and vectors such as gnathiid isopods and leeches. In turtles, Haemogregarina
balli has the best-described life cycle in the genus. However, in Brazil, there are no studies
concerning a possible Haemogregarine vector. Therefore, in the present study, we bring
new insights on a possible vector of Haemogregarina found attached to two species of
freshwater turtles, Podocnemis unifilis and Podocnemis expansa, through morphological
and molecular analyses. In 2017 and 2019, 33 freshwater turtles were collected from
Goiés State, Brazil. During the containment, the animals were inspected for ectoparasites.
In two P. expansa and nine P. unifilis was possible to collect leeches (ten per specimens)
attached to them, and they were identified as belonging to the Ozobranchidae family,
genus Unoculubranchiobdella. The leeches histological slides revealed hemogregarines
structures similar to post-sporogonic merogony found close to the gills and posterior
sucker. Moreover, the molecular analysis was able to identify three Haemogregarina
species, Haemogregarina embaubali, Haemogregarina goianensis and Haemogregarina
brasiliana in the DNA extracted from the leeches. Therefore, the diagnostic set of
morphology and PCR amplification revealed new insights on Haemogregarina life-
cycle’s from Brazilian turtles, with leeches belonging to the genus
Unoculubranchiondella as possible vectors.

Keywords: Leeche, hemoparasite, Brazil, turltes, life cycle, PCR

Resumo
Haemogregarina spp. tém um ciclo de vida heteroxeno, com hospedeiros vertebrados,
como peixes e tartarugas, e vetores, como isopodes gnatideos e sanguessugas. Nas

tartarugas, Haemogregarina balli tem o ciclo de vida mais bem descrito no género. No
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entanto, no Brasil, ndo ha estudos sobre um possivel vetor da Hemogregarina. Portanto,
no presente estudo, trazemos novas informagdes sobre um possivel vetor de
Haemogregarina encontrado aderido a duas espécies de tartarugas de &gua doce,
Podocnemis unifilis e Podocnemis expansa, através de andlises morfoldgicas e
moleculares. Em 2017 e 2019, 33 tartarugas de agua doce foram coletadas no estado de
Goias, Brasil. Durante a contencdo, os animais foram inspecionados quanto a presenca de
ectoparasitas. Em duas P. expansa e nove P. unifilis foi possivel coletar sanguessugas
aderidas, aproximadamente dez por espécime, identificadas pertencentes a familia
Ozobranchidae, género Unoculubranchiobdella. As laminas histologicas das
sanguessugas revelaram estruturas semelhantes a hemogregarinas, nos estagios de
merogonia pos-esporogdnica, encontradas proximas as branquias e ventosa posterior.
Além disso, a analise molecular foi capaz de identificar trés espécies de Haemogregarina,
Haemogregarina embaubali, Haemogregarina goianensis e Haemogregarina brasiliana
no DNA extraido das sanguessugas. Portanto, o conjunto diagndstico de morfologia e
amplificagéo por PCR, revela novos dados sobre a transmisséo de Haemogregarina em
tartarugas brasileiras, com sanguessugas pertencentes ao género Unoculubranchiondella
Ccomo possiveis vetores.

Palavras-chave: Sanguessuga, Brasil, PCR, hemoparasito, ciclo de vida, tartarugas.

1. Introduction

The wild animals are exposed to a large number of pathogens and parasites, such as
ectoparasites and endoparasites (Thrall et al., 2007). Regarding the ectoparasites, about
700 species of leeches have been described around the world, with approximately 100 -
150 belonging to the families Piscicolidae Johnston, 1865 (Burreson, 2007; Sket and

Trontelj, 2008) and Ozobranchidae Pinto, 1921 (Sawyer, 1986).

119



75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

The ozobranchids are distinguished by the presence of lateral digitiform gills (MacCallum
and MacCallum, 1918), being the only non-piscicolid leeches to live in the sea, but they
are unique in being permanent ectoparasites of sea turtles (Sawyer, 1986; Christoffersen,
2008). In addition, the ozobranchids feeds exclusively on the blood of aquatic turtles
(Oceguera-Figueroa, 2021). Pinto (1921) originally described the family Ozobranchidae,
with Ozobranchus Pinto, 1921 as the only genus representative at the time. Richardson
(1969) redefined the family and added one more genus, Bogabdella Richardson, 1969.
Both are genera with the presence of a pair of gills per gill segment. In addition, Peralta
et al. (1998) introduced one more genus and species, Unoculubranchiobdella expansa
Peralta, Matos and Serra-Freira, 1998, to the family Ozobranchidae. Therefore, only three
species, B. diversa, O. papillatus and U. expansa, are known to infect freshwater turtles
(Peralta et al., 1998; Christoffersen, 2008; Oceguera-Figueora, 2021). The first occurring
in Lake Boga, Australia, the second in northern India and the U. expansa described
associated with Podocnemis expansa (Schweigger, 1842), known as the Amazon
freshwater turtle, from Belem city, State of Para, Brazil.

The most common hemoparasite found in chelonians (Reptilia: Testudines) are obligatory
intracellular parasites of the Phylum Apicomplexa (Levine, 1970), from hemogregarine
group. Four families constitute this group: the Dactylosomatidae Jakowska and Negrelli,
1955, Karyoylidae Labbé, 1894, Hepatozoidae Miller, 1908 and Haemogregarinidae
Léger, 1911 (Telford Jr., 2009; Netherlands et al., 2022)

Regarding the Haemogregarinidae three genera, Haemogregarina Danilewsky, 1885,
Cyrilia Lainson, 1981 and Desseria Siddall, 1995 can be cited Siddall, 1995. The
Haemogregarina spp. have a heteroxenous lifecycle (Levine 1988), with vertebrate hosts
such as fish and turtles, and vectors such as gnathiid isopods and leeches of the families

Glossiphonidae, Ozobranchidae, and Piscicolidae (Siddall 1995; Siddall and Desser
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2001; Davies et al. 2004). In turtles, Haemogregarina balli Patterson and Desser, 1976
has the best-described life cycle in the genus. This parasite is reported from Ontario
province, Canada, in Chelydra serpentina (Linnaeus, 1758) and has the leech Placobdella
ornata (Verrill, 1872) as vector (Siddall and Desser, 1991).

The transmission occurs through gamonts being ingested by leeches fed on an infected
turtle. The gamonts undergo gametogenesis and intracellular sporogony within intestinal
cells of the leech (Telford Jr., 2009). According to Siddall and Desser (1991), the
sporozoites can also infect tissues outside intestine, as anastomosing lacunae of the
circulatory system, producing the primary meronts. That may contain up to 250
merozoites. These meronts release merozoites, considered the infective stage to the
vertebrate host, which concentrate in the proboscis of the leech. In the turtle, the parasite
can lodge in organs including the lungs, spleen, and liver and can be located at the
peripheral blood with intraerythrocytic developmental stages such as merozoites, pre-
meronts, meronts, immature and mature gamonts (Siddall and Desser, 1991, 1992; Davies
and Johnston, 2000; Telford Jr., 2009).

In Brazil, some papers about Haemogregarina infection in chelonids were related to
prevalence, morphological and molecular data (Soares et al., 2014; Picelli et al., 2015;
Ungari et al., 2018; Correa et al., 2022). However, although leeches are considered a
potential vector to Haemogregarina transmission to freshwater turtles, no analyses for
these haemoparasites have been made in Brazil. The only information reported in
literature is regarding the attachment of some Unoculubranchiobdella leeches in the
Brazilian chelonids (Peralta et al., 1998; Armond, 2008; Christoffersen, 2008; Iwama,
2017).

Therefore, in the present study, we bring new insights on a possible leech vector of

Haemogregarina, Unoculubranchiobdella sp. found attached to two species of freshwater

121



125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

turtles, Podocnemis unifilis (Troschel, 1848) and Podocnemis expansa (Schweigger,

1812).

2. Material and Methods

2.1 Specimen collection

The study was submitted and authorized by the “Ethics Committee on Animal Use” of
the Institute of Biosciences, Universidade Estadual Paulista “Julio de Mesquita Filho”,
(CEUA — UNESP, protocol number 1061) and by the Authorization and Information
System in Biodiversity (SISBIO, process no. 61940).

The field works were carried out in Brazil, in 2017 and 2019, as reported in the table 1.
The fresh-water turtles were physically restrained with appropriate equipment following
adequate norms (Portelinha et al., 2013). The animals were captured by fishing with
barbless fishing hooks (Portelinha et al. 2013) and immobilized by the physical
containment captured (Picelli et al., 2015). Then, the animals were visually inspected for
ectoparasites. In eleven fresh-water turtles, two P. expansa and nine P. unifilis, it was

possible to collect leeches attached to them (Table 1).

2.2 Morphological analyses

At least ten leeches were collected from each freshwater turtle. Of this total, some were
stored in buffered formalin for histological analysis, others in 70% alcohol for
morphological analysis and the remainder in absolute alcohol for molecular studies.

For scanning electron microscopy (SEM), the leeches were dehydrated in critical point
dry with CO2, and then assembled on a stub with carbon tape, gold overlaid, and observed

in a Hitachi model s-2460N SEM (Hitachi, Tokyo, Japan ). The type material has been
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149  deposited in the National Helminth Collection (CNHE), Institute of Biology, National
150  Autonomous University of Mexico, Mexico City, Mexico.

151  For histopathological analysis, the leeches were cut longitudinally and transversally (the
152  measurements can vary according to the position of the histological cut), fixed in 4%
153  buffered neutral formalin, and stained with Hematoxylin-eosin Method (Eisen and Schall,
154  2000).

155  Leech specimens were identified using taxonomic keys and descriptions (Ringuelet,
156 1976, 1981, 1985; Sawyer, 1986) and through the comparison with voucher, specimens
157  deposited in the Coleccion Nacional de Helmintos, Instituto de Biologia, Universidad
158  Nacional Auténoma de México.

159  For morphological analysis of the parasite stages, digital images were captured and
160  measured using a compound microscope at 1000x magnification with the Leica software
161  application suite LAS V3.8 (Leica Microsystems). Measurements are in micrometres
162  (um) comprising the parasite’s length, width, and area (um?), with mean and standard
163  deviation (means + standard deviation) given. The morphology of hemogregarine
164  developmental stages in the leeches was analyzed based on previous descriptions (Siddall
165 and Desser, 1991, 1992; Davies and Johnston, 2000; Davies et al., 2004; Telford Jr.,
166  2009).

167

168 2.3 Molecular analysis

169  DNA was extracted from the leeches, individually, and from the blood and tissue samples
170  of the turtles, following the blood protocol of the DNeasy Blood & Tissue Kit (Qiagen,
171 Valencia, CA, USA). The PCR assays were performed targeting the 18S rDNA of
172 apicomplexan parasites using the HepF300 and Hep900 pair of primers, which amplifies

173 600 bp (Ujvari and Marques, 2005).
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PCR amplification reactions were carried out in a final volume of 25 pL, containing 1 uL
each of 10 pmol primers, 12.5 pL of Master Mix MyFi™ Mix Bioline®, and 5 pL of
extracted DNA, with nuclease-free water accounting for the remaining volume. PCR
amplification was performed on a Peltier 200 Thermocycler (MJ Research, Watertown,
MA) following the conditions of O’Dwyer et al. (2013). PCR products were subjected to
gel electrophoresis at 80 V in a 1.5% agarose gel, stained with Gel Red, and observed
using an ultraviolet transilluminator.

The amplified DNA fragments were then cloned using the TOPO™ TA Cloning™
(InvitrogenT™) vector and used to transformation of dH10p cells. Next, five to ten clones
from each sample were amplified by PCR, with the same protocol, purified using KIT
Wizard Plus SV Minipreps (Promega), and sequenced using the Big Dye Terminator Kit
v 3.1 Cycle Sequencing (Applied Biosystems), according to the manufacturer’s
recommendations. The sequencings reactions were carried out using the 3500 Genetic
Analyzer capillary sequencer (Applied Biosystems). A consensus sequence was created
from the forward and reverse assembled electropherograms using Geneious version 7.1.3
(Kearse et al., 2012).

The sequences from this study were compared with other isolates from hemogregarine
parasites available on GenBank. The newly generated sequences of partial 18S rDNA
were aligned using Geneious version 7.1.3 (Kearse et al., 2012) with MUSCLE algorithm
implemented from within Geneious version 7.1.3 (Biomatters, www.geneious.com) and
default settings with related sequences that appeared on Blastn search. The phylogenetic
analyses were performed using both alignments using the Bayesian inference (BI) and
Maximum Likelihood (ML) methods. The ML analyses were performed using RAXML
v.2.2.3 (Stamatakis, 2006) as described previously (Ferreira et al., 2008; Borghesan et al.,

2013). The general time reversible (GTR) model of nucleotide substitution with a
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proportion of invariable sites and gamma distribution was selected for the gene data sets.
The GTR model was used in individual analysis of each gene as well as in the combined
Bayesian analysis. The analysis was run for 1,000,000 generations with trees sampled
every 100 generations using 4 chains and 25% of the early sample trees discarded as
“burn-in”.

The isolates from adeleorinid parasites (Haemogregarinidae, Hepatozoidae,
Karyolysidae, and Dactylosomatidae) available from GenBank were used to construct
both trees. The resultants phylogenetic trees for both Bl and ML analysis were edited in
FigTree v1.4 (Rambaut, 2012). Isosopora wiegmanniana (KU180242) and Laskesterella
minima (AF080611) were selected as outgroups. A pair-wise distance (p-distance) matrix
was used to compare the interspecific divergence between species of Haemogregarina

from turtles and leeches.

3. Results

Eleven fresh-water turtles, P. unifilis and P. expansa, were found positive for leeches
(Figure 1). The leeches were identified as belonging to the genus Unoculubranchiobdella
Peralta, Matos and Serra-Freire 1988, using taxonomic keys and descriptions (Ringuelet,
1976, 1981, 1985; Sawyer, 1986; Peralta et al., 1998). The main characteristic of this
leech genus is the presence of five pair of simple digitiform gills, one anterior sucker and
one large posterior sucker (Peralta et al. 1998). The same morphological structures were
found in the leeches from this study (Figure 2).

The turtles, where the leeches were attached on, were screened for Haemogregarina
parasites in an earlier study developed by Ungari et al. (2023). Through morphological
and molecular analysis, the authors identified Haemogregarina embaubali Correa,

Picelli, da Silva, Valaddo, Herndndez-Ruz and Viana, 2022, and six new species:
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Haemogregarina araguaiensis Ungari, Silva and O’Dwyer 2023, Haemogregarina
goianensis Ungari, Silva and O’ Dwyer 2023, Haemogregarina brasiliana Ungari, Silva
and O'Dwyer 2023, Haemogregarina unifila Ungari, Silva and O’Dwyer 2023,
Haemogregarina rubra Ungari, Silva and O"Dwyer 2023 and Haemogregarina tigrina
Ungari, Silva and O’ Dwyer 2023 (Table 2).

Besides, in six leeches it was possible to observe structures similar to post-esporogonic
meronts of hemogregarines located close to the gills and in the posterior sucker of the
animals, near to the circulatory system (Figure 3). The post-sporogonic meronts have a
rounded shape, with the mass of merozoites stained purplish and a well-developed
parasite’s capsule evidenced. The morphometric values are available at table 2.
Moreover, some structures resembling to Haemogregarina stages were found in the
digestive cavity. It is possible to observe developmental stages similar to blood meronts

and gametocytes (Figure 4).

Regarding molecular diagnosis, from the total of leeches analyzed, three DNA of
haemogregarines were successfully amplified and sequenced targeting 18S rRNA gene.
Each sequence amplified with Hep300/Hep900 (~600) was compared with the others
from this study and with the sequences available on GenBank. Through gene similarity
comparison, it was possible to identify Haemogregarina embaubali Correa, Picelli, da
Silva, Valaddo, Hernandez-Ruz and Viana, 2022 with 99.80% of similarity with isolate
MW540607 and 100% of similarity with isolate OQ377233; Haemogregarina goianensis
with 99.80% of similarity with isolate OQ377555; and Haemogregarina brasiliana with
100% of similarity with isolate OQ377129. In addition, the cloning process did not reveal
Haemogregarina mixed — infections in the leeches, proving that each leech was infected

by only one Haemogregarina species.
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The phylogenetic analyses executed by Maximum Likelihood method and Bayesian
inference (Figure 5) revealed well-supported branches. The isolates from this study
clustered with Haemogregarina isolates from turtles of Neotropical Region, with the
recently described species, H. embaubali [MW540607], H. goianensis [OQ377555] and
H. brasiliana [OQ377129]. The genus Haemogregarina is considered paraphyletic, and
is divided in two main clades. One comprising two subclades, the subclade of
Haemogregarina from Brazilian fishes and the subclade of Haemogregarina from
South Africa, Canada, United States of America and Europe turtles. The second main
clade comprises also two subclades, one of Dactylosoma isolates (basal subclade) from
anurans and the other comprising Haemogregarina isolates of turtles from Neotropical

Region and now, leeches from Brazil.

4. Discussion

It is know that the vectors of Haemogregarina are leeches, which are extremely
susceptible to environment changes and pollution (Streit and Peter, 1978). The exposure
of leeches to pesticides has negative effects on egg production, growth, feed and survival
rate (Stret and Peter, 1978).

In Brazil, Campos-Brites and Ratin (2004) studied the presence of turtles and leeches in
the Rio Uberabinha River in two areas, urban and agricultural. They reported a higher
prevalence (37.5%) of Haemogregarina infecting Phrynops geoffroanus in an urban area,
where leeches were found, in comparison to an agricultural area (15.4%), where no
leeches were found attached to the turtles. Thus, the Haemogregarina prevalence can be
related to the presence of leeches and the water quality of the environment.

In addition, hemogregarine infections may occur continuously, maintaining high levels

of parasitaemia, with an environment amenable for the existence of the leeches (Picelli et
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al., 2015). Besides, Siddal and Desser (1991), studying the prevalence and intensity of
Haemogregarina balli on three species of turtles from Ontario, reported that the interval
of significantly higher intensity of gamonts coincided with the major period of blood
feeding by the vector, the leech Placobdella ornata.

Although there are some studies associating Brazilian leeches and tortoises, the authors
only cited the presence or absence of this ectoparasite attached to the chelonians.
Therefore, there is no description of hemogregarine developmental stages in the vector.
Peralta et al. (1998) recorded Unoculubranchiobdella parasitizing P. expansa in Amazon
region. Oliveira et al. (2018), during containment of the chelonians, reported no
ectoparasite (leeches) found in the freshwater turtles. Picelli et al. (2015) also did not find
any leeches attached to the freshwater turtles. On the other hand, Soares et al. (2014)
reported the presence of leeches in P. unifilis, but no further analysis was performed.
However, it is important to emphasize that the size of this genus of leeches is very small
(3mm) and translucent, being easily camouflaged on the surface of the host. Therefore,
when inspecting the host for the presence of these ectoparasites, all attention and caution
IS necessary, as they can easily go unnoticed.

The most well known Haemogregarina life cycle was described by Siddall and Desser
(1991). The authors reported H. balli Paterson and Desser, 1976 infecting Chelydra s.
serpentina and P. ornata from Ontario. In the leech, the post-sporogonic meront was
formed in the endothelial tissues close to the circulatory system, with 250 merozoites
observed. The meronts were similar to the ones found in this study.

Moreover, Telford Jr. et al. (2009) described a new hemogregarine, Haemogregaria
macrochelysi, infecting the alligator snapping turtle, Macrochelys temminckii
(Testudines: Chelydridae) from Georgia and infecting the Placobdella spp. leech. From

the 8 sectioned leeches, no sporogonic stages were found, corroborating this study, but
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298  two leeches have shown post-sporogonic meronts in the anterior third of the leech, also
299  known as anastomosing lacunae of the circulatory system. The post-sporogonic meronts
300 reported in this study have similar morphology to the description of H. macrochelysi in
301  Placobdella.

302 Regarding the molecular data, the three successfully amplified sequences from the
303 leeches were identified as H. embaubali, H. goianensis and H. brasiliana, from P. unifilis,
304 and the cloning process did not revealed Haemogregarina mixed — infections in the
305 invertebrate host. In addition, the hosts (fresh-water turtles), where the leeches were
306  found attached to, were also positive for the same Haemogregarina species. We cannot
307  discard the possibility of amplification of the haemogregarines present inside the ingested
308 host blood, instead of the parasites developed in the leeches. Nevertheless, our data can
309  be considered as a strong indication of how the life cycle of hemogregarines occurs in
310 Brazil, with freshwater turtles, P. expansa and P. unifilis, and leeches of the genus
311 Unoculubranchiobdella, their intermediate hosts (vertebrates) and definitive hosts
312 (vectors), respectively. However, experimental transmission studies should be developed
313  to confirm Unoculubranchiobdella as Haemogregarina vector, with the identification of
314  the other developmental stages in the leeches.

315  Therefore, this study brings the first report of Haemogregarina spp, infecting Brazilian
316 leeches of the genus Unoculubranchiobdella from Brazil, with morphological and
317  molecular data.

318

319 5. Conclusion

320  Therefore, though morphological and molecular analyses, this study brings the first report
321  of Haemogregarina spp, infecting Brazilian leeches of the genus Unoculubranchiondella,

322 with post-sporogonic meronts found in the posterior sucker and close to the gills.
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Table 1: Data on fresh water turtles with leeches attached to them, collected from Goias

State, in 2017 and 2019.

Fresh-water turtles

N Locality — City (State)

Coordenates

Year

Podocnemis expansa

Podocnemis unifilis

1 Red River - Britania (GO)

9 Red River - Britania (GO)

15°10°44.82”S, 51°9°58.48”0

1 Hotel Sdo Pedro - Britania (GO) 15° 14°30.80’S, 51°9°27.05”0

15°10°44.82”’S, 51°9°58.48”0

2017

2019

2017

*N: number of turtles with leeches attached to them.

Table 2: Measurements (mean + standard deviation) of post-esporogonic meronts from

Brazilian leeches, Unoculubranchiobdella spp., found attached to fresh-water turtles, P

uniflis and P. expansa specimens.

Turtle Leeches Host Haemogregarina | N PL (um) PW (um) PA (um?)
Haemogregarina | (Ungari et al. 2023) *

1. P. expansa H. embaubali H. embaubali 10 36.61+10.27 22.04+7.71  756.8+50.03
2. P. unifilis ND H. unifila 7 15.10 £ 2.57 1142 £2.17 12545+ 44.05
3. P. unifilis ND H. rubra 6 10.32+0.71 6.95 +0.67 49.78 £ 3.80

4. P. expansa H. goianensis H. goianensis 10 18.28 £ 4.02 20.36 £5.63  272.33+52.20
5. P. unifilis ND H. tigrina 6 2294+573 13.32+166 307.37 +37.96
6. P. unifilis H. brasiliana H. brasiliana 10 43.35£9.32 16.84 +3.28 586.9 +£ 136.34

*ND: no DNA amplified by PCR. The same freshwater turtles specimens were screened for Haemogegarina through morphological and molecular

diagnosis in the previously study developed by Ungari et al. (2023). Here it is possible to see which Haemogregarina species was found in the

same turtle with the leech examined by this study. N: number of post-sporogonic meronts measured; PL: parasite length; PW: Parasite width; PA:

Parasite area
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Figure 1. Leeches found attached to the fresh-water turles, P. unifiis and P. expansa, from
Goias State Brazil. A,B) Morphological data on leeches, analyzed by conventional

microscopy. C,D) Leeches stained by Delafield’s Paracarmin - Hematoxylin Method.

Anterior sucker

Figure 2. Leech’s scanning electron microscopy (SEM). A) Leech analyzed ventrally. B)

Posterior sucker of the leech. C) Anterior part of the leech, with emphasis on the oral

sucker.
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Posteriorsucker

Figure 3. Histological slides of the leeches, stained in Hematoxylin —Eosin Method. A)
Leech’s anatomy showing the posterior sucker and gills. B,C) The presence of
hemogregarine post-sporogonic merogony (arrows) found in the leech’s gills and

posterior sucker.

Figure 4. Histological slides of the leeches, stained in Hematoxylin —Eosin Method. A)
Leech’s anatomy showing the alimentary tract cavity with storage blood evidenced. B
and C) The presence of Haemogregarina spp. developmental stages (arrows) found in the

leech’s. A-D) Developmental stages similar to blood merogony. E) Blood gametocyte.
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Figure 5. Consensus phylogram of hemogregarines based on 18S rDNA sequences. The
topology trees were inferred by Bayesian (BI) and Maximum Likelihood (ML) methods
(represented by BI tree). The isolates Isospora wiegmanniana (KU180242) and

Lankesterella minima (AF080611) were used as an out-group.
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Abstract

Hepatozoon spp. are the most common haemoparasites reported from reptiles around the world, however,
only six species have been described infecting crocodilians. In Brazil, Hepatozoon caimani Carini, 1909 is
currently the only recognized species from the caiman hosts. This study provides new data on the diversity

of species of Hepatozoon infecting Caiman crocodilus using molecular data and phylogenetic analysis,
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with additional support provided through morphological data of developmental stages from host blood and
tissue samples. Forty-four individuals were collected and screened for haemogregarines, and blood and
tissue samples were analysed by light microscopy, with 31 (70.45%) infected. Hepatozoon spp. blood
developmental stages included immature gamonts, mature gamonts and free gamonts. Additionally,
merogonic developmental stages were found in the liver and spleen of infected hosts. Based on the
morphological and molecular data, four species of Hepatozoon were identified. The first is H. caimani, and
the others are three undescribed species.

Keywords: Hepatozoon, caimans, Brazil, diversity, PCR, taxonomy

Introduction

Haemogregarines (Apicomplexa: Adeleorina) are the most common and widely distributed reptilian
haemoparasites (Telford Jr. 2009). These heteroxenous apicomplexan parasites (Apicomplexa: Adeleorina)
are found infecting the blood cells of a wide range of vertebrate and invertebrate hosts and are known to
parasitize reptiles fromall orders (Telford 1984; Smith 1996; Telford 2008). Haemogregarines are currently
divided into the families Dactylosomatidae Jakowska and Nigrelli, 1955, Haemogregarinidae Léger, 1911,
Hepatozoidae Miller, 1908, and Karyolysidae Labbé, 1894 (Netherlands et al. 2018). Concerning
crocodilian hosts, for many years all haemogregarines recorded were assigned to the genus
Haemogregarina Danilewsky, 1885 (Apicomplexa: Adeleoria). However, Smith (1996) reassigned these
species to the genus Hepatozoon (Miller, 1908), except for Haemogregarina brasiliensis Di Primo, 1925
from Caiman yacare found in Mato Grosso State, Brazil (Smith 1996; Duszynski et al. 2020).

Currently, the genus Hepatozoon has the highest number of species (Smith, 1996). However, according to
a recent revision on coccidian parasites infecting crocodilians of the world (Duszynski et al. 2020), there
are currently only six species described in crocodilian hosts, as follows: Hepatozoon hankini Simond, 1901
described from Gavialis gangeticus (Gmelin) in Asia (India); Hepatozoon serrei Phisalix, 1914 reported
from Paleosuchus trigonatus (Schneider) in South America; Hepatozoon petiti (Thiroux, 1910) Hoare 1932
infecting Crocodylus niloticus Laurent in Africa; Hepatozoon sheppardi Santos Dias, 1952 found
parasitizing C. niloticus in Africa; Hepatozoon crocodilinorum (Borner, 1901) Smith, 1996 infecting
Alligator mississippiensis (Daudin, 1801) and Osteolaemus tetraspis Cope from Europe and North
America; and Hepatozoon caimani Carini, 1909, from Brazilian caimans, Caiman latirostris (Daudin,

1802), Caiman yacare (Daudin, 1802), and Caiman crocodilus (Linnaeus, 1758).
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In Brazil, H. caimani is the only valid species of Hepatozoon in Brazilian caimans, with studies mainly
focused on morphological descriptions, parasite life history, and occurrence. High prevalence of H. caimani
has been reported, for example, 76.7% in C. crocodilus from the Amazon region and 71.4% of C. yacare
were infected, and 76% — 79.5% of caimans from southeastern Pantanal (Viana & Marques 2005; Viana
et al. 2010; Soares et al. 2017). This high prevalence could be related to the number of transmission routes
available for H. caimani to its hosts. It was demonstrated that caimans could acquire H. caimani via both
ingestion of infected mosquitoes (vector) or infected intermediate hosts, frog and fishes (Lainson et al.
2003; Pereira et al. 2014).

Telford et al. (2004) proposed the use of molecular tools as the best way to detect species of Hepatozoon
and infer taxonomic relationships among the species that infect a wide range of caiman species. To date,
only two studies (Bouer et al. 2017; Soares et al. 2017) targeting the 18S rRNA gene, have molecularly
characterised species of Hepatozoon from caimans in Brazil, however, the sequences data from the two
respective studies were not compared.

Therefore, this study aimed to compare available data with the new data collected during the present study,
to highlight the diversity of species of Hepatozoon in Brazilian caimans, using molecular, phylogenetic,

morphological, and morphometric analyses.

Material and Methods

Host collection

During fieldworks conducted from 2017 to 2020, Brazilian caimans were collected from Mato Grosso State,
Brazil, in two localities: Boa Esperanca Farm (14°46'44.82" S, 51°32'50.86" W) and Amado Batista Farm
(14°28'39.27" S, 51°36'31.95" W) both in the municipality of Cocalinho, Mato Grosso state, Brazil.

The animals were submitted to physical restraint with the appropriate equipment, following standard
procedure for this group of animals. The crocodilians were captured by active sampling using the hands or
fishing rods with steel gut wire. Restraint was performed by sealing the eyes and mouth with transparent
tape and tying the paws with rope (Viana et al. 2010; Santos et al. 2011). Before the blood collection, the
animals were submitted to sexing, measured, and weighed for classification of the crocodilian age group,
according to Velasco et al. (2009). They were subdivided into new hatchlings (length < 25cm), juveniles

(25-50cm), young adults (51-80cm), and adults (>80cm).
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Blood samples were collected by puncture of the cervical paravertebral sinus using sterile and disposable
syringes and needles (Zippel et al. 2001). Three thin blood smears were made and the remaining blood
sample was stored in EDTA tubes and frozen at -10°C for further molecular analysis. The blood smears
were fixed with absolute methanol and stained with 10% Giemsa Methylene Blue Eosin Merck® diluted
in distilled water (pH 7.0) for 50 min, according to Einsen and Schall (2000). For histological slides, six
caimans were euthanized using 50 mg/kg sodium thiopental (Tiopentax®) administered intracerebrally,
following the guidelines of Sebben (2007) and the Animal Ethics Committee of Veterinary Medicine. The
liver, spleen, heart, and kidney were fixed in 4% buffered neutral formalin and stained with hematoxylin-
eosin (Eisen & Schall 2000).

All applicable international, national, and institutional guidelines for the ethical handling of animals were

followed (SISBIO license 60640-1; CEUA-UNESP 1061).

Morphological study of the parasites

For morphological analysis of the blood and tissue parasite stages, digital images were captured and
measured using a compound microscope at 100x magnification with the Leica software application suite
LAS V3.8 (Leica Microsystems). Measurements are in micrometres (um) comprising the parasite’s length
and width, with mean and standard deviation (means + standard deviation) given. Parasitaemia was

calculated with ~10* erythrocytes examined per blood smear following Cook et al. (2009).

Molecular analyses

DNA was extracted from blood samples following the DNeasy Blood & Tissue Kit standard protocol
(Qiagen, Valencia, CA, USA). Two PCR assays were performed targeting two different regions of the
parasites 18S rDNA using the HepF300 and Hep900 pair of primers, which amplifies 600 bp (Ujvari and
Marques 2005) and Hemo1 and Hemo2 pair of primers, which amplifies 900 bp (Perkins and Keller 2001).
PCR amplification reactions were carried out in a final volume of 25 pL, containing 1 uL each of 10 pmol
primers, 12.5 pL of Master Mix MyFiTM Mix Bioline®, and 5 pL of extracted DNA, with nuclease-free
water accounting for the remaining volume. PCR amplification was performed on a Peltier 200
Thermocycler (MJ Research, Watertown, MA) (O’Dwyer et al. 2013).

PCR products were subjected to gel electrophoresis at 80 V in a 1.5% agarose gel, stained with Gel Red,

and observed using an ultraviolet transilluminator. The products of interest were purified by adding 2 pL
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of ExoSAP-IT® (Affymetrix, Santa Clara, CA, USA) to 5 puL of PCR product according to the
manufacturer’s recommendations. Amplicons were then sequenced, using PCR primers on a 3,500 Genetic
Analyzer capillary sequencer (Applied Biosystems) and after BigDye Terminator Cycle Sequencing Ready
Reaction Kit v.3.1 (Applied Biosystems) according to the manufacturer’s recommendations. A consensus
sequence was created from the forward and reverse-assembled electropherograms using Geneious version
7.1.3 (Kearse et al. 2012). For each positive animal, the newly generated sequences from HepF300/Hep900
and Hemo1/Hemo2 contigs were concatenated using Geneious version 7.1.3 (Kearse et al. 2012), forming
a longer sequence of ~1200 bp.

The sequences from this study were compared with other isolates from haemogregarine parasites available
at GenBank. The newly generated sequences of partial 18S rDNA were aligned using Geneious version
7.1.3 (Kearse et al. 2012) with the Muscle algorithm implemented from within Geneious version 7.1.3
(Bomatters, www.geneious.com) and default settings with related sequences that appeared on Blastn search.
Phylogenetic reconstructions were performed using the Bayesian inference (Bl) and Maximum Likelihood
(ML) methods. The BI analysis was carried out using MrBayes implemented from the computational
resource CIPRES (Miller et al. 2010), and the analysis was run with the nucleotide substitution model
GTR+I+G. The Markov chain Monte Carlo (MCMC) algorithm was run with 10,000,000 generations,
saving one tree every 1000 generations. The first 25% of the trees were discarded as burn-in, and the
consensus trees were estimated using the remaining trees. Bayesian posterior probabilities (BPP) cut-off
was considered > 50%. The trees were visualized and edited using the FigTree v1.4 software program
(Rambaut 2012). For the ML method, based on the Akaike information criterion (AIC) the Transitional
model (Posada 2003), a discrete Gamma distribution (TVM+G) was selected. Phylogenetic analysis was
inferred using PhyML (Guindon and Gascuel 2003) with 1,000 bootstrap replicates (>50%).

Sequences from other adeleorinid parasites (Haemogregarinidae, Hepatozoidae, Karyolysidae, and
Dactylosomatidae) available from GenBank were used to construct both phylogenetic trees. The obtained
phylogenetic trees for the Bl and ML analyses were edited in FigTree v1.4 (Rambaut 2012). Lankesterella
minima (Chaussat 1850) (GenBank: AF080611) and Isospora wiegmanniana Megia-Palma et al., 2015
(GenBank: KU180242) from the Order Eucoccidiorida were selected as out-group. A pair-wise distance
(p-distance) matrix was used to compare the interspecific divergence between species of Hepatozoon

sequences isolated from caimans hosts (Table 2).
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Results

A total of 44 Caiman crocodilus was screened and 31 (70.45%) were infected with species of Hepatozoon
spp., based on morphological screening of the blood smears. The parasitaemia ranged from 0.01% - 6% in
the infected caimans. No ectoparasites, such as leeches, were observed infesting the animals.

With regards to the prevalence and sex of the crocodilians, 75.86% (22/29) of the males and 63.63% (7/11)
of the females were positive. The sex of four caimans was undetermined; of these, two were positive.
Regarding age, 70.31% (23/29) of adults, 55.50% (5/9) of juvenile adults, and 50% (3/6) of juvenile

crocodilians were found positive.

Molecular data

All 31 infected specimens had Hepatozoon spp. DNA successfully amplified using PCR and sequencing
targeting the 18S rRNA gene. The newly generated and concatenated sequences were compared to each
other and with other Hepatozoon isolates from crocodilians available on GenBank. An intraspecific identity
of 98.35% — 100% was obtained for species of Hepatozoon isolated from caiman hosts in the present study
and compared with sequences downloaded from GenBank (Table 1).

In the phylogenetic tree, two main clades were observed (Fig. 1). The first comprised species of
Dactylosoma Labbé, 1894 and Haemogregarina, and the second comprised Hemolivia Petit, Landau,
Beccam and Lainson, 1990, Karyolysus Labbé, 1894 Hepatozoon (mammals) and Hepatozoon (reptiles and
amphibians) clades. Regarding the latter clade, two subclades were observed; one with species of
Hepatozoon from snake hosts formed a sister group with the second larger subclade comprising isolates
from crocodilian hosts and one isolate from a turtle host (MW246123).

The crocodilian clade forms a monophyly that represents a polytomy with seven-well supported branches
(A-G). Branch A comprises sequences of H. caimani (MF322539, MF322538) downloaded from GenBank
from Caiman crocodilus yacare Wermuth & Mertens, 1977, one isolate (MW246123) of the freshwater
turtle, Podocnemis unifilis Troschel, 1848, from Colombia, and two isolates from the present study (R46,
R71) with 100% of gene similarity. Branch B is composed of two H. caimani isolates (KU495924,
KU495925) from C. yacare, with 99% similarity between these isolates. Branches C and D comprise a
single clade with 99.74% of similarity among them. In addition, Brach C comprises two identical isolates
from the present study (R66, R117) forming a polytomy with branch D, that recovered 12 identical

genotypes also from the present study. Branch E contains three isolates of Hepatozoon sp. (KJ413115,
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KJ413113, and KJ413114) from C. yacare with 99.6% similarity (18S rDNA) among them. Furthermore,
Branch F comprises 11 isolates from the present study with 100% gene identity. Branch G consists of four
isolates from the present study with similarities ranging from 99.8% — 100%.

Thus, the molecular data analysis revealed the presence of H. caimani and three unidentified species of
Hepatozoon in Brazilian caimans from the present study. The first species and genotype (Branches C and
D) contained intraspecific gene similarity of 99.74% (pair-wise distance of 0.006) and an interspecific gene
similarity ranging between 98.35% — 98.96% as compared to the other genotypes from Brazilian
crocodilians. The second species and genotype (Branch F) with an interspecific gene similarity ranging
from 98.45% - 99.30% (pair-wise distance of 0.018 — 0.006) compared to the other isolates from
crocodilians. The third species and genotype (Branch G) had an interspecific gene similarity ranging
between 98.70% — 99.30% (pair-wise distance of 0.006 — 0.0014) as compared to the other isolates of

Brazilian crocodilians.

Morphological data

The morphological data obtained from the blood smears of the different collected specimens revealed
diverse morphological characteristics (Fig. 2 — 5). Moreover, initial merogonic developmental stages were
detected in the histological slides of the spleen and liver, from the five-euthanized caimans (Fig. 3 and 4).

The morphometric data are reported in Table 2.

Hepatozoon caimani (Carini 1909) Lainson, Paperna and Naiff 2003

The morphological characteristics of H. caimani observed in the present study were: immature (small)
gamonts with vacuoles, mature (larger) gamonts with vacuoles, mature gamonts, and gamonts with slender
nuclear chromatin with a whitish cytoplasm (Fig. 2). Some of these characteristics were consistent with the
original description by Carini (1909), for example, the elongated and slender mature gamonts and nuclei at
midbody that may extend into the first quarter of the gamont. In addition, the immature and mature gamonts
enclosed in a capsule with a sausage-like appearance, which was described by Lainson et al. (2003) were
also reported in the present study. Parasitaemias were 0.5% and 6% in the two infected individuals.
Furthermore, molecular characterisation supports the morphological data with the two isolates from the
present study (R46, R71) sharing a 100% similarity (18S rDNA) with sequences of H. caimani (MF322539,

MF322538) downloaded from GenBank from C. crocodilus yacare.
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Hepatozoon n. sp. 1

Type-host: Caiman crocodilus (Linnaeus) (Reptilia: Crocodylia: Aligatoridae)

Type locality: Boa Esperanca Farm, municipality of Cocalinho, Mato Grosso state (14°46'44.82" S,
51°32'50.86" W)

Other locality: Amado Batista Farm, municipality of Cocalinho, Mato Grosso state (14°28'39.27" S,
51°36'31.95" W).

Site of infection: Peripheral blood and tissue fragment of the liver and spleen.

Prevalence: The total prevalence found was 31.81% (14/44).

Parasitaemia: The parasitaemia ranged from 0.1% - 1%

Gene sequence: The fourteen 18S rDNA gene sequences obtained were deposited at GenBank with the
number Accession of: [TO BE ADDED].

Type-material: 3 hapantotypes (1 blood smear, 1 histological slide from the liver, and 1 histological slide
from the spleen) were deposited in the collection of the National Institute of Amazonian Research (INPA),
Manaus, Brazil [TO BE ADDED].

Note: The authors of the new taxon are different from the authors of this paper. Article 50.1 and
Recommendation 50A of the International Code of Zoological Nomenclature (ICZN 1999).
Morphological and morphometric analysis (Fig. 3, Table 2)

All measurements of the different parasite stages are given in Table 2.

Free-gamonts (Fig. 3A): Long and thin parasites with nuclei located centrally. Nuclei present dense
purplish chromatin.

Immature gamonts (Fig. 3B - E): three different morphological stages were observed: Stout immature
gamonts (Fig. 3B) present cytoplasmic vacuoles, always displacing cell nuclei to one side, with rounded
and dense nuclei located centrally of the parasite’s body. In the other morphology, the gamonts have
cytoplasmic and nuclei chromatin granules loosely arranged across the parasite cytoplasm (Fig, 3C) with
or without vacuoles. The nuclear chromatin is stained in purple, while the granules are dark blue. It is
possible to observe that the cell nuclei are always dislocated to one extremity. The third kind of immature,
gamonts (Fig, 3D), is characterized by gamonts with slender and spread chromatin nuclear through the
cytoplasm, with vacuoles and whitish cytoplasm. A dark purple stain can be observed through the parasite's

membrane and nuclei.
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Mature gamonts (Fig. 3E-F): Two morphotypes could be evidenced; one with widespread nucleus (Fig. 3E)
takes 2/3 of the parasite’s body, with slender nuclear chromatin stained in purple. The parasite’s membrane
is stained in dark purple and vacuoles can or cannot be observed. The parasite’s body ends are rounded and
always displacing the cell nuclei to one side. A slightly bigger parasite’s body characterizes the second
morphotype (Fig. 3F), with smaller, rounded, and dense nuclei always dislocated to the curved extremity
of the parasite’s body. It is possible to observe a significant displacement of the nuclei cell and damaged
structures of the erythrocyte in this case. The parasite’s membrane is stained in the same color of the
cytoplasm.

Meronts in the spleen and liver (Fig. 3G-1): The meronts were in different stages of development and it was
possible to observe from the earlier stage, with only an internal mass reported (G), to a mature stage with
merozoites (H, I). All the meronts presented an oval and rounded body, with the capsule stained in dark
purple (H) or whitish (G, I).

Remarks 1

Hepatozoon n. sp. 1 contains gamonts with cytoplasmic granules and nuclear chromatin spread across the
parasite’s cytoplasm, and gamonts with slender and dispersed nuclear chromatin through a whitish
cytoplasm and a capsule stained in dark purple. These characteristics were not reported for H. caimani,
currently, the only recognised species of Hepatozoon described infecting Brazilian caimans so far.
According to Lainson et al. (2003), the gamonts of H. caimani are characterized by no sexual dimorphism
and restricted to mature erythrocytes with extracellular parasites (free-gamonts) occasionally found. Also,
they reported H. caimani in C. crocodilus crocodilus with free-gamonts measuring 20.7 um long x 3 um
wide (16.2 x 2.5 pm — 25 x 4 um). In addition, Soares et al. (2017) reported free-gamonts infecting C.
yacare from the Pantanal region with both ends tapered and nucleus at the middle to the second quarter of
the parasite’s body. The measurements were: 23.891 + 3.378 um long x 2.809 + 0.650 um wide and area
50.689 + 7.159 um?; with nuclei measuring 7.027 + 1.627 um long x 2.752 + 0.721 um wide with an area
of 18.002 + 3.917 um?. Hepatozoon n. sp. 1 has different morphological characters, with the cytoplasm
staining in light purple and nuclei always located at the centre of the parasite. Besides, the parasite’s
measurements differ from H. caimani, being longer and wider.

The other commonly found developmental stage is the mature gamonts. According to some authors (Viana
et al. 2010; Lainson et al. 2003; Bouer et al. 2017; Soares et al. 2017) some plasticity can be observed

(morphology variation), mainly regarding the nuclei and the parasite size. Bouer et al. (2017) reported
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infection with H. caimani in C. crocodilus from the Pantanal region with gamonts showing rounded ends,
with capsule, and nuclei centrally located or slightly dislocated by one end varying on sizing. The
measurements were 12.9 x 4.81 um in length with an area of 53.2 um?, and the nuclei measured 4.71 x 5.67
pum in length with an area of 13.1 um?. The gamonts reported by Soares et al. (2017) presented elongated
morphology and were not curved with nuclei positioned terminally or centrally to the parasite’s body, a
parasitophorous vacuole (PV), could or could not be seen. The measurements size reported are 12.44 +
1.797 x 4,11 + 1.00 um in length and an area of 29.922 + 4.588 pm? with nuclei of 5.895 + 1.674 x 3.080
+1.038 um in length and an area of 16.150 + 3.445 um?. According to Lainson et al. (2003), two types of
gamonts were observed, a smaller one with evident parasitophorous vacuole evident and both ends rounded,
with nuclei located centrally; and the longer and thinner one with dense nuclei located at the lateral of the
parasite’s body or, less frequently, with a widely dispersed reticulum. The larger intracellular gamont
measured 12.15 x 4.3 um. In the present study, Hepatozoon n. sp. 1 has two mature gamonts morphologies;
the gamonts with spread nuclei occupying 2/3 of'the parasite’s body, with slender nuclear chromatin stained
in purple can be related to the less frequently found reported by Lainson et al. (2003). The other morphotype
from this study presents different nuclei, smaller, rounded, and always dislocated to the more curved size.
In addition, the mature gamonts from Hepatozoon n. sp. 1 are longer with a larger average surface area as
compared to the studies cited above.

Therefore, it is possible to notice that Hepatozoon n. sp. 1 has the most diverse morphological
characteristics observed in the blood smears, and some of these developmental stages had never been

reported in infect Brazilian caimans.

Hepatozoon n. sp. 2

Type-host: Caiman crocodilus (Linnaeus) (Reptilia: Crocodylia: Aligatoridae)

Type-locality: Boa Esperanca farm, municipality of Cocalinho, Mato Grosso state (14°46'44.82" S,
51°32'50.86" W)

Other locality: Amado Batista farm, municipality of Cocalinho, Mato Grosso state (14°28'39.27" S,
51°36'31.95" W), a road at the municipality of Araguaiana, Mato Grosso state (14°33'16.46" S,
51°40'52.44" W), and Pindaiba river, municipality of Araguaiana, Mato Grosso state (14°35'47" S,
51°43'9.59" W).

Site of infection: Peripheral blood and tissue fragment of the liver.
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Prevalence: The total prevalence found was 27.27% (12/44).

Parasitaemia: The parasitaemia ranged from 0.01% - 6%

Gene sequence: The twelve 18S rDNA gene sequences obtained were deposited at GenBank with the
number Accession of [TO BE ADDED].

Type-material: 2 hapantotypes (1 blood smear and 1 histological slide from the liver) were deposited in the
collection of the National Institute of Amazonian Research (INPA), Manaus, Brazil [TO BE ADDED].
Note: The authors of the new taxon are different from the authors of this paper; Article 50.1 and
Recommendation 50A of the International Code of Zoological Nomenclature (ICZN 1999).
Morphological and morphometric analysis (Fig. 4 A-H)

All measurements of the different parasite stages are available in Table 2.

Immature gamonts (Fig. 4C): Encased in a visible PV, with nuclear chromatin loosely spread across the
parasite’s cytoplasm, or located to one side of the parasite (probably dependent on the timing of
development), with a dark purple nuclear chromatin. Sometimes, cytoplasmic vacuoles could be observed.
The gamonts have both ends rounded with one slightly more curved than the other. Displacement of the
cell nuclei is always present.

Stout immature gamont (Fig. 4B): Characterized by lighter-purple nuclear chromatin loosely arranged and
located towards one side of the parasite with the presence of cytoplasmic vacuoles. Both ends of the parasite
rounded. The host cell nucleus displaced to one side of the erythrocyte. In some cases, it is possible to
observe cytoplasmic granules.

Mature gamonts (Fig. 4D): Shape and size consistent with an evident parasitophorous vacuole. Both sides
of the parasite are rounded, with one more arched than the other. The nuclei are always located on the
arched side of'the parasite, staining purple with an oblong shape, occupying half of the parasite’s body. The
parasite-curved side is always located close to the displaced host cell nucleus. The parasite’s cytoplasm is
stained light purple.

Free-gamonts (Fig. 4A): Long and thin body with cytoplasmic vacuoles and granules, nuclei staining purple
and located centrally to the parasite’s body.

Meronts (Fig. 4E-H): Different merogonic stages were observed in the liver and spleen tissues, such as
micromeronts (E, F), meronts with granule-mass structure, considered as an early-stage development (G),
and macromeronts (H). In the micromeronts and macromeronts, merozoites could be observed. Oval to

rounded shapes were presented with a capsule not always evidenced.
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329 Remarks 2

330 Hepatozoon n. sp. 2 has gamonts with nuclei spread through the cytoplasm. This morphological
331 characteristic was not reported in H. caimani.

332  The free-gamonts of Hepatozoon n. sp. 2 are bigger than the ones reported by Lainson et al. (2003),
333 measuring 20.7 x 3 um (16.2 x 2.5 pm — 25 x 4 um), and Soares et al. (2017), measuring 23.891 + 3.378 x
334  2.809 +0.650 um and area 50.689 + 7.159 um?; with a longer parasite’s body and nuclei. In addition, it is
335 possible to observe cytoplasmic granules, a characteristic not commonly observed in H. caimani.

336 Bouer et al. (2017) reported infection of mature gamonts of H. caimani in C. crocodilus, with rounded ends,
337 capsule present, and nuclei centrally located or slightly dislocated to one end, varying on size (12.9 x 4.81
338 pum with an area of 53.2 pm?, and the nuclei measured 4.71 x 5.67 um with an area of 13.1 um?). Soares et
339 al. (2017) detected gamonts with elongated morphology, not curved with nuclei positioned terminal or
340  centrally to the parasite’s body, a parasitophorous vacuole could or could not be seen (12.449 + 1.797 x
341  4.111 +1.001 um and an area of 29.922 + 4,588 um? with nuclei of 5.895 + 1.674 x 3.080 + 1.038 um and
342 an area of 16.150 * 3.445 um?). The mature gamonts of Hepatozoon n. sp. 2 are similar to those reported
343 by Bouer et al. (2017) and Soares et al. (2017), only differing in measurements, being those from this study
344  slightly bigger in parasites body and nuclei length comparison.

345 In comparison with the other newly described species in the present study, Hepatozoon n. sp. 1, some
346  differences can be cited. First, H. n. sp. 1 has many diverse morphological characteristics, being some of
347  these characteristics not evidenced in H. n. sp. 2, as follows: gamonts with slender and dispersed nuclear
348 chromatin through a whitish cytoplasm and a capsule stained in dark purple.

349 Regarding Hepatozoon pettiti (Thiroux, 1910) Hoare, 1932, two developmental stages were observed in
350 the blood smears. Immature gamonts with ~3-5 um wide slightly ovoidal and mostly ungranulated, and
351 mature gamonts with 8.3um long x 3.3 um wide, refolded on themselves with the nuclei at one end. The
352 presence of granules may slightly be related to the species from this study, but the measurements are
353 different with no other reported gametocyte morphology reported. Moreover, Thiroux (1913) observed
354 large meronts measuring 15-25 um with eight merozoites, different from Hepatozoon n. sp. 2 meronts that
355 measured 14 - 29 um with 5 to 7 merozoites that were identified as macromeronts.

356

357 Hepatozoon n. sp. 3

358  Type-host: Caiman crocodilus (Linnaeus) (Reptilia: Crocodylia: Aligatoridae)
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Type-locality: Boa Esperanca farm, municipality of Cocalinho, Mato Grosso state (14°46'44.82" S,
51°32'50.86" W)

Site of infection: Peripheral blood and tissue fragment of the liver.

Prevalence: The total prevalence found was 9.09% (4/44).

Parasitaemia: The parasitaemia ranged from 0.03% - 0.9%

Gene sequence: The four 18S rDNA gene sequences obtained were deposited at GenBank with the number
Accession of [TO BE ADDED].

Type-material: 1 hapantotype (1 blood smear) was deposited in the collection of the National Institute of
Amazonian Research (INPA), Manaus, Brazil [TO BE ADDED].

Note: The authors of the new taxon are different from the authors of this paper; Article 50.1 and
Recommendation 50A of the International Code of Zoological Nomenclature (ICZN 1999).
Morphological and morphometric analysis (Fig. 5A-D)

All measurements of the different parasite stages are available in Table 2.

Trophozoite (Fig. 5B): small with one side more tapered than the other. The rounded purple nucleus is
located at the center of the parasite. A slight displacement of the nuclei cell could be observed in some
cases.

Stout immature gamont (Fig. 5C): characterized by the presence of cytoplasmic vacuoles, and in some
cases, it is possible to observe some granules. The purple and round nuclei are dislocated to one side of the
parasite, which has both extremities rounded. The displacement of the nuclei cell to one side of the
erythrocyte is also evidenced.

Mature gamonts (Fig.5D): dense and rectangular nuclei, slightly displaced to one side of the parasite body,
stained in dark purple. Sometimes, a small, rounded, stained-in-purple structure located at the opposing
side of the parasite’s nuclei was observed. The parasite has both ends rounded with a thin capsule evidenced,
and always located close to the cell nuclei.

Free-gamonts (Fig. 5A): Thin and long, with both ends rounded. Granules and cytoplasmic vacuoles may
be presented. The nuclei are oval and located in the middle of the parasite’s body with dark-purple
chromatin stained. Sometimes, it was possible to observe this type of gamont inside the erythrocyte.
Remarks 3

Hepatozoon n. sp. 3 has shown immature gamonts with rounded nuclei located at the center of the parasite

with cytoplasmic vacuoles; and mature gamonts with dark-purple nuclei slightly dislocated to one side of
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the body. These characters cited above were not reported in H. caimani, currently, the only recognised
species of Hepatozoon described infecting Brazilian caimans so far.

In comparion to H. caimani described by Lainson et al. (2003) and Soares et al. (2017) , the free-gamonts
of Hepatozoon n. sp. 3 are smaller with a body length of 12.83 um (n=25), characterized by oval nuclei
located at the centre of the parasite, with cytoplasmic granules spread across the parasite cytoplasm.

The Hepatozoon n. sp. 3 mature gamonts have the smallest length, with similar morphology, despite the
rounded and small structure located at the end opposite from of the nucleus.

In addition, gamonts with cytoplasmic vacuoles were commonly observed in the three new species and H.
caimani reported in this study. In Hepatozoon n sp. 1, the gamonts with vacuoles have cytoplasm stained
in purplish and rounded nucleus centrally positionated at the parasite’s body, stained in purple, while
Hepatozoon n. sp. 2 have gamonts with a larger size, and nuclei displaced to one side of the parasite’s body,
and Hepatozoon n. sp. 3 is the smaller one and presents cytoplasmic granules.

Besides H. caimani, another haemogregarine species was described infecting Brazilian caimans,
Haemogregarina brasiliensis Di Primio (1925), with only the description of intra-erythrocytes gamonts.
Although most of the haemogregarines described from crocodiles worldwide were eventually transferred
to Hepatozoon (Siddall 1995; Smith 1996), Lainson et al. (2003) suggested that this species should remain
as Haemogregarina until its sporogonic cycle could be observed, because only the presence of oocysts with
sporocysts with sporozoites could characterize the genus Hepatozoon. However, Pessoa et al. (1972) and
Pessoa and De Biasi (1973), studying H. caimani, noted morphometric and morphological similarities
between this species and H. brasiliensis, and raised the possibility that they may represent the same species,
due to their hosts being conspecific. Moreover, H. brasiliensis gamonts (18-22 um in length) have
ellipsoidal, straight, and thin shapes and regular ends, and the nuclei are located to one side with ovoid
shape, differing from the three newly described species by its longer gamonts and, also, the gamonts
reported here have always curved-shaped with one end more pronounced than the other in some cases.
Besides, the free-gamonts are 13-22 x 2-3 um, with no morphological information about them.

Another morphological characteristic found in the three newly described species is the cytoplasmic
granules, in some cases in the free gamonts and in other cases in the intraerythrocytic gamonts. The
cytoplasmic granules were also reported in intraerythrocytic gamonts of Hepatozoon crocodilinorum
(Borner, 1901) Smith, 1996 from Alligator mississippiensis (Daudin) with two developmental stages

observed, immature gamonts measuring ~ 4.75 pm long and mature gamonts measuring ~7-7.5 pm long,
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both smaller than the gamonts observed from this study. In addition, according to Duszynski et al. (2020),
although Smith (1996) transferred H. crocodilinorum from the genus Haemogregarina, the presence of
merogonic development in the peripheral blood of the reptiles and sporogonic development in leeches from
the same host cannot be dismissed. Thus, suggesting that H. crocodilinorum may still in fact belong to the
genus Haemogregarina as regarded by Lainson et al. (2003) and Telford Jr. (2009). However, this requires
further investigation.

Hepatozoon sheppardi (Santos Dias, 1952) Smith, 1996 was described in the Nile crocodile, from Africa.
The gamonts were ovoid with capsules evidenced in some cases, measuring 8.3-9.9 x 2.3-3.0 um, with
elongated, narrow central, or dislocated to one side nuclei. The free-forms were also observed, with 22.4 x
1.8-2.7 um measure. No merogonic and sporogonic development was reported. Thus, based on the blood
smears stages, H. sheppardi differs from this study by the smaller gamont, although the morphology
resembles some mature gamonts from this study.

The description of Hepatozoon hankini (Simond, 1901) Smith, 1996, unfortunately, gave very little
information about measurement parameters and there has never been a photomicrograph or line drawing of
any stage of this parasite in the literature, and it has not been reported since its original mention by Simond
(1901). Thus, according to Dusynskietal et al. (2020), it must be relegated to a species inquired, as there is
no proof it truly exists.

Hepatozoon serrei (Phisalix, 1914) Smith, 1996 described in Paleosuchus trigonatus (Schneider, 1801)
from Bahia State, Brazil, has gamonts with a vermicular slightly curved form, equally rounded at both ends
and measuring 12 x 5 um. However, Dusynskietal et al. (2020) suggested that this species should be
relegated to a species inquirenda, since there has never been a photomicrograph or line drawing of any
stage of this parasite in the literature, and it has not been reported since its original mention by Phisalix
(1914).

Therefore, since the only valid Hepatozoon species described in Brazilian caimans is H. caimani and the
blood and tissue development stages were not similar to these species described in this paper, it is possible

to affirm that they are three undescribed Hepatozoon species infecting C. crocodilus.

Discussion
Crocodilians are large, long-lived predators, with a generalist predatory behavior, being able to accumulate

various trophically transmitted parasites through the consumption of a variety of prey over an extended
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period (Tellez 2013; Duszynski et al. 2020). This ability can be related to the easy habitat transition to
aquatic and terrestrial during their lifetime, increasing the variety of pathogens and their vectors’ contact
(Tellez 2013). Therefore, the understanding of the ecological and host-prey relationship among caimans
during their life timing is essential for the parasite’s prevalence and parasitaemia correlation. It is known
that young animals, in their first year of life, feed essentially on invertebrates, particularly arthropods
(Uetanabaro 1989; Viana et al. 2010). From the second year on, juvenile caimans start to feed on anurans
and fishes, which form an important transmission phase through predation of intermediate hosts (Santos et
al. 1996, Viana et al. 2010).

Viana et al. (2010) studying the prevalence and parasitaemia of Hepatozoon in a wild population of
Brazilian caimans from the Pantanal biome, observed a significant variation between prevalence and age,
with a greater prevalence in adults (100%) than juveniles (63%). Although without statistical analysis, this
study corroborated with Viana et al. (2010), with adult caimans (70.31%) being more positive in
comparison with juvenile caimans (50%). According to the authors, this can be related to the potential
repeated infections throughout the life of these animals.

Moreover, the high prevalence of Hepatozoon in caiman populations from Brazil is usually reported. The
prevalence of Hepatozoon spp. found in this study based on blood smears screening (70.45%) among C.
crocodilus from Mato Grosso State was similar to C. crocodilus yacare (70.45%) from North-Pantanal, C.
crocodilus (76.7%) in the Amazon region (Lainson, 1977), and C. yacare in western (71.4%) and
southeastern (76-79.5%) Pantanal in Brazil (Bouer et al. 2017; Viana and Marques 2005; Viana et al. 2010;
Soares et al. 2017).

According to Viana et al. (2010), H. caimani infection can persist in the animal for a long time, more than
six months of monitoring. In this study, all animals were collected, inspected for ectoparasites, measured,
weighed and identified (following the Brazilian identification standards for crocodilians imposed by
IBAMA). Interestingly, in the present study, an adult male C. crocodilus, measuring 1.8 m, was collected
(2017), and blood was extracted and released at the site of capture and one year later (2018), that same
individual was randomly collected and had its blood extracted. Both sampling events revealed the infection
with H. caimani, supporting the observations of longevity made by Viana et al. (2010); although it is not
possible to confirm if the infection persisted for the entire year, or if the caimans had been reinfected in the

wild.
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The variety of morphological and morphometric forms of blood developmental stages and tissue merogony
observed here, emphasizes the need and effectiveness of molecular confirmation and characterisation of
hemogregarines revealing the presence of more than one species of Hepatozoon. In addition, some
morphological characters that have never been described before for Hepatozoon in caimans were
highlighted. In the literature, there are some reports of these morphological variations. According to
Telford (2009), the plasticity of the blood developmental stages might be related to the host species. Other
explanations were the adaptation of Hepatozoon species to different environments and hosts, or having low
host specificity (Smith 1996; Telford 2009). However, with the use of molecular data, it was possible to
observe significant intragenotipic variation among the isolates of Hepatozoon spp. in the present study, that
could be linked to the morphological differences observed. Furthermore, the use of various phylogenetic
tools (Maximum Likelihood method and Bayesian inference) has confirmed and shown sufficient and
consistent separation of the various genotypes of the Hepatozoon spp. isolates from Brazilian caimans in
the present study.

Therefore, this paper brings new insights into the diversity of Hepatozoon infecting caimans from Brazil,
Caiman crocodilus, with the identification of three undescribed species, including the identification of

Hepatozoon caimani.
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Table 1 The shaded matrix (lower) shows the percentage of similarity of the 18S rDNA
nucleotide sequences and the non-shaded matrix (upper) shows the p-distance (pair-wise
distance) between the species of Hepatozoon sequences isolated from caiman hosts and

compared to sequences available on GenBank.

1 2 3 4 5 6 7

1. Subclade A 0.010 0.006 0.006 0.014 0.013 0.010

2. Subclade B | 98.98% 0.009 0.011 0.012 0.011 0.011

. Subclade C | 99.39% 99.39% 0.002 0.016 0.018 0.014

3
4. Subclade D | 99.48% 99.47% 99.74% 0.016 0.015 0.012
5

. Subclade E | 98.78% 98.45% 98.54% 98.78% 0.014 0.010

6. Subclade F | 98.78% 98.78% 98.35% 98.61% 98.61% 0.006

7. Subclade G | 99.13% 99.13% 98.70% 98.96% 99.13% 99.30%
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Table 2: Hepatozoon spp. measurements (mean + standard deviation) of blood and tissue stages in crocodilians, Caiman crocodilus, from Brazil.

Hepatozoon Developmental N C (um) PL (um) PW (um) PA (um?) NL (um)  NW (um)  NA (um?)
stages
H. caimani IGV ; 15 9.82+2.01 545+0.56 47.08 + 2.53 3.74+055 541+0.38 11.02+0.85
(Fig. 3) GV 15 13.85+£099 5.10£0.79 61.95 £ 3.99 5.35+0.21 414+£0.61 12.67 +0.97
MG 25 1475+1.85 571+133 59.64 +2.14 418+0.74 3.79+1.00 16.01+1.00
GS 2 17.51+£ 0.58 6.43 £ 0.44 94.11 £ 1.80 5.85+1.01 5,04 +£0.92 18.07 +1.32
H.n.sp.1 FG 25 2471 +£1.06 3.42+0.96 59.40 £ 6.01 6.41 £ 0.42 3.09+0.61 12.07+1.33
(Fig. 4) IGV 30 13.95+1.21 4.77+1.00 62.53 + 8.05 5.45+0.98 3.93£0.76 12.75+2.03
IGG 15 13.87+1.21 5.02+0.99 64.78 + 0.86 6.78 £1.72 487+101 16.78+3.05
LIG 50 1359+143 3.54+0.86 55.64 + 13.36 5.98 £ 1.26 3.20£0.48 13.30+2.99
MG1 1557+172 5.84+0.98 77.93£5.01 4.67 £0.87 405+£1.23 1454 +2.00
Mi 15 3.82+041 9.26+085  9.90+1.30 73.58 + 19.55
Miz 10 4.80£0.94 1.20+£0.22 5.36 £1.02 0.82 £ 0.68 1.06£0.41 1.67+0.55
H. n.sp. 2 FG 15 2528+070 2.73+056 61.38+5.10 877+065 273+056 14.60*1.75
(Fig. 5) 1G 20 1470+£201 512+£30 70.88 £ 2.74 444 £0.71 477 +£097 16.08+254
MG 40 13.47+0.46  4.55+0.40 55.75 + 3.91 6.75+0.62 2.79+0.36 1543+1.78
Mi 16 1.75£0.31 10.81 £2.00 9.69+1.68 76.93£9.41
Ma (R109) 2 N - 4.45 14.05-13.32 16.20 -19.16  142.60 — 169.12
Maz 5 7.56 +0.40 1.82+£0.25 11.03 £1.55 2.60 £0.38 1.68+0.25 3.67+0.59
Ma (R115) 1 29.39 22.35 366.06
Maz 7 9.27 £ 0.65 3.39+£0.20 18.90 £ 3.20 3.80 £ 0.63 215+0.19 9.22+1.31
H.n.sp.3 FG 25 1283+£151 435+0.33 51.66 = 0.62 6.37 £ 0.92 3.33+£054 12.01+1.85
(Fig. 6) T 25 10.19+0.83 3.88+1.02 42.81+£3.78 593+1.24 286+091 12.04+0.79
1G 50 1283+£151 435+0.33 51.66 = 4.02 6.37 £ 0.92 3.35+0.54 14.97+£2.00
MG 50 12.84+£0.34 4.88+0.17 61.12 + 2.09 6.46 £ 0.62 424+043 15.04+1.22

C: meront’s capsule; N: number of parasites PL: parasite length; PW: Parasite width; PA: Parasite area; NL: Parasite nuclei length; NW: Parasite nuclei width; NA: Parasite
nuclei area. FG: free-gamonts. IGV: immature gamonts with citoplasmic vacuoles. GS: gamonts with slender nuclear chromatin and whitish cytoplasm. GV: gamonts with
cytoplasmic vacuoles. MG: mature gamonts. LIG: Mature gamonts with a bigger nuclei and parasite’s membrane stained in dark purple. MG1: slightly bigger gamont with
smaller nuclei. IGG: immature gamonts with citoplasmic granules and nuclear chromatin sparse through the parasite’s body. 1G: immature gamont. T: trofozoites. Mi:
micromeront. Miz: micromerozoite. Ma: macromeront. Maz: macromerozoite. N: meronts capsule non-evidenced.
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Fig. 1 Consensus phylogram of hemogregarines based on 18S rDNA sequences. The topology trees were

inferred by Bayesian (BI) and Maximum Likelihood (ML) methods (represented by ML tree). The isolates

Isospora wiegmanniana (KU180242), Lankesterella minima (AF080611) and Klossia helicina

(HQ224955) were used as an out-group.
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Fig. 2 A-E Morphological data on Hepatozoon caimani in two caimans blood smears from Mato Grosso
State, Brazil. A-B) Gamonts with cytoplasmic vacuoles; C-D) Mature gamonts and gamonts with
cytoplasmic vacuoles (arrow); D) Gamonts; E) Gamont with whitish cytoplasm and capsule stained in dark-
purple. Scale bar: 20um
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Fig. 3 A-1 Morphological data on Hepatozoon n. sp. 1 in 14 caimans blood smears from Mato Grosso State,
Brazil. A) Free-gamonts; B) Stout immature gamonts; C) Immature gamonts with cytoplasmic and nuclei
chromatin granules loosely arranged across thee parasites cytoplasm; D) Late immature gamonts with
slender and spread chromatin nuclear through the cytoplasm; E-F) Mature gamonts; G) Early-stage meront

in the caiman’s spleen; H-1) Meronts with merozoites in the spleen. Scale bar20um.

Fig. 4 A-H Morphological data on Hepatozoon n. sp. 2 in 11 caimans blood smears from Mato Grosso
State, Brazil. A) Free-gamonts; B) Stout immature gamonts with cytoplasmic vacuoles; C) Immature
gamont with dispersed nuclear chromatin; D) Mature gamonts; E) Micromeronts in the liver; F) meronts
with merozoites in the liver; G) granule-mass structure meront, considered as an early stage of

development; H) macromeronts with macromerozoites in the spleen. Scale bar20um
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Fig. 5 A-D Morphological data on Hepatozoon n. sp. 3 in four caimans blood smears from Mato Grosso
State, Brazil. A) Free-gamont infecting the erythrocyte; B) Trophozoite; C) Immature gamonts with
cytoplasmic granules; D) Mature gamonts; Scale bar20um.
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Abstract

Brazil is considered the most diverse country in the world in respect of anuran species. The Order Anura
has long been known to be infected with trypanosomes that are considered the most common hemoparasite
find in this group of vertebrates. Thus, this study aimed to bring morphological and molecular data on
Trypanosoma spp. infecting Brazilian anurans from Cerrado and Atlantic Forest. From 2018 to 2020,
Brazilian anurans from Mato Grosso, Goids, Mato Grosso do Sul and S&o Paulo States were screened for

hemoparasites. Blood samples were collected by cardiac puncture or by the cervical paravertebral sinus.
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Three thin blood smears were made, fixed with absolute methanol and stained with 10% Giemsa. A part of
the remaining blood sample was inoculated in tubes containing a biphasic medium (BAB-LIT) for
hemoculture analysis. Then, the rest of the samples was stored in EDTA tubes and frozen at -10°C for
further molecular analyses, targeting SSU rRNA and gGAPDH genes of Trypanosomatidae. From the 309
Brazilian anurans screened, 90 (29.12%) were positive for Trypanosoma spp.. In addition, this study
recorded, for the first time, Trypanosoma spp. infection in eight anuran species. From the blood smears
analysis, twelve morphotypes of Trypanosoma were observed and, in most cases, more than one
morphotype was found per blood smears. Six hemocultures were able to be analyzed in vitro with Hi-5
cells, simulating the vector. Through phylogenetic analysis (ML and BI) it was possible to identify a great
diversity of trypanosome species infecting the anurans from this study, the vast majority of the samples
being mixed. Some isolates grouped into two pre-existing subclades (An03 and An01) and the rest were
arranged into new clades that were named as Clade A to Clade D. The inclusion of our isolates in the
phylogenetic analyses reinforces the complexity of evolutionary history of anuran trypanosomes. This study
brings new data on positivity and diversity of anuran trypanosomes, including morphological and molecular
data, with new species to be described in the future.

Keywords: Trypanosoma, gGAPDH, SSU rRNA, diversity, anurans, morphology.

Introduction

Trypanosomes are protozoan haemoparasitic flagelates that infect all classes of vertebrates (fish,
amphibians, reptiles, birds and mammals) with lifecycles involving alternation between vertebrate and
invertebrate hosts (Gruby 1843; Hoare 1972; Vickerman 1994; Stevens et al. 2001; Cavalier-Smith 2004;
Hamilton et al. 2005; Simpson et al. 2006; Hamilton et al. 2007). These parasites have been recorded in
several families of the order Anura throughout the world, with leeches and hematophagous dipterans as the
vectors (Anderson and Ayala 1968; Bardsley and Harmsen 1973; Bartlett-Healy et al. 2009; Desser 2001;
Ferreira et al. 2007, 2008).

Anuran trypanosomes have the highest morphological plasticity within the genus Trypanosoma (Ferreira
et al. 2007; Attias et al. 2016; Spodareva et al. 2018). In the review carried out by Bardsley and Harmsen
(1973), around 60 species of anuran trypanosomes were recognized based on traditional parameters. In
general, these parameters are vertebrate host, geographic origin and morphology (Desser 2001; Zickus

2002; Lemos et al. 2008; Leal et al. 2009). Although the number of species descriptions of anuran
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trypanosomes is high, most have not been cultivated and cryopreserved, thus preventing comparative
molecular studies of new isolates with existing species.

Traditionally, the phylogenies of Trypanosoma spp. based on SSU rRNA and gGAPDH genes segregated
species into different clades, which exhibit associations with hosts, geographical origin or host biology
(Stevens et al. 2001; Hamilton et al. 2004; Marcili et al. 2013). Phylogenetic inferences have shown the
clustering of all anuran trypanosomes in the most basal lineage of the genus Trypanosoma, the “Aquatic
clade”. This clade includes trypanosome species isolated from fish, amphibians, turtles and platypus that
are generally transmitted by leeches and phlebotomines (Stevens et al. 2001; Hamilton et al. 2004; Simpson
et al. 2006; Ferreira et al. 2007, 2008).

In addition, phylogenetic studies based on SSU rDNA sequences of trypanosomes from Brazil, Europe,
North America and Africa have shown that anuran trypanosomes constitute a monophyletic assemblage
comprising distinct lineages of isolates (An01 — An08) associated with both host species and geographic
origin, a finding that indicates that these trypanosomes have a complex evolutionary history. Also,
molecular studies revealed great genetic diversity and complex phylogenetic relationships among the
trypanosomes from Brazilian anurans, uncovering major phylogenetic lineages: An01, An02, An03, An05,
An06 and An07 (Martin and Desser, 1992; Lun and Desser 1996; Viola et al. 2009; Lima et al. 2012;
Fermino et al. 2013, 2015; Lemos et al. 2015; Votypka et al. 2015; Sato 2021). Some of these clades are
related to host-parasite relationship. For example, in the clade An03, isolates from sandflies and anurans
are positioned together (Ferreira et al. 2007; Sato 2021).

Therefore, anuran trypanosomes are excellent models for biogeographic and phylogeographic studies due
to the wide distribution and biodiversity of their hosts as well as the high level of endemism, with different
species living in distinct biomes and inhabiting specific habitats and niches. This study aimed to bring new
data on Trypanosoma spp. diversity infecting Brazilian anurans from Cerrado and Atlantic Forest Biomes,

based on morphological and molecular data.

Material and Methods
Ethical approval
All applicable international, national, and institutional guidelines for the ethical handling of animals were

followed (SISBIO license 60640-1; CEUA-UNESP 1061).
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Collection sites and anurans datas

During fieldworks conducted from 2018 to 2020, Brazilian anurans were collected from Mato Grosso, Mato
Grosso do Sul, Sdo Paulo, e Goias States, Brazil (Table 1).

The anurans were submitted to physical restraint. Before blood collection the animal were measured and
weighted. Blood samples were collected by cardiac puncture or by the cervical paravertebral sinus using
sterile and disposable syringes and needles (Zippel et al. 2001; Lemos and Souto-Padron 2014). Three thin
blood smears were made, fixed with absolute methanol and stained with 10% Giemsa Methylene Blue
Eosin Merck® diluted in distilled water (pH 7.0) for 50 min, according to Einsen and Schall (2000).

A part of the remaining blood sample was inoculated in tubes containing a biphasic medium (BAB-LIT)
consisting of 15% rabbit red blood cells mixed with 4.0% of Blood Agar Base overlaid with liquid LIT
(Liver Infusion Tryptose) medium supplemented with 10% FBS. All positive cultures were transferred to
monolayers of Hi-5 insect feeder cells (Trichoplusia) overlaid with Grace’s medium, and incubated at 25
°C (Viola et al. 2008). After successive passages in Hi-5 cell cultures, the trypanosomes were seeded in LIT
medium and incubated at 25 °C aiming mass cultivation for cryopreservation and DNA preparation. Then,
the rest of the blood samples was stored in EDTA tubes and frozen at -10°C for further molecular analysis.
Growth behavior and development in cultures were investigated using monolayers of Hi-5 cells cultivated
in TC100 medium (supernatant and cells adhered to cover slides) as reported in previous studies (Lima et
al. 2015; Zanetti et al. 2016). Smears were examined from logarithmic and stationary phase cultures,

obtained with or without the monolayers of Hi-5 insect cells of eight selected isolates from anurans.

Light microscopy of trypanosomes

For morphological analysis of the blood parasite stages, digital images were captured and measured using
a compound microscope at 100x magnification with the Leica software application suite LAS V3.8 (Leica
Microsystems). Measurements are in micrometres (um) comprising the parasite’s length and width, with

mean and standard deviation (means * standard deviation) given.

Molecular analysis
DNA extraction was obtained from the blood, tissue or anurans cultures samples, all preserved in absolute
ethanol. The DNA extraction used 100 pl of the samples, centrifuged to remove the excess ethanol, and

suspended in 200 pl of DIGSOL solution containing 400 ng of pronase and 200 ng of RNAse. The
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preparation was incubated at 37°C overnight and the DNA precipitated with 400ul of ammonium acetate
4M, washed in ethanol, dried and suspended in 80ul of TE. The nested-PCR of SSU rRNA and gGAPDH
sequence of trypanosomes was performed using primers and PCR conditions exactly as described
previously (Noyes et al., 1999). Sequences from 5 - 6 clones of each PCR amplified sample were
determined, screened for chimera by the RDP4 package (Martin et al. 2015), and compared to selected
sequences representative of genetic diversity, deposited at GenBank.

SSU rRNA sequences were aligned using the Clustal W program, and alignment of gGAPDH was done
using the Muscle program. Two alignments were created, one consisting of the SSU rRNA sequences and
the other comprising gGAPDH sequences, both using Trypanosoma isolates from anurans, with the aquatic
clade (fish clade) as an outgroup. Phylogenetic analyses were performed using two methods: Maximum
Likelihood (ML) and Bayesian Inference (Bl), using the programs RAXML v8.2 (Stamatakis, 2014), Mr.
Bayes (Ronquist et al. 2012) and PAUP version 4.0a (Wilgenbusch and Swofford 2003).

Evolutionary relationships among isolates and their clades were performed by Network phylogenetic
analysis, with support values of 500 replicates. The Mega 5.05 program (Kumar et al. 2016) was used to
perform genetic distance analyzes using the Neighbor Joining method. The trees resulting from each

analysis were visualized using the program FigTree v.1.3.1 (Rambaut 2012) and edited in Canvas.

Results

Positivity

From the 309 Brazilian anurans screened for Trypanosoma spp,, belonging to 4 families, 13 genera and 34
species, 90 (29.12%) were found positive by blood smears analysis (Table 2).

Among the positive species, the highest number of positive individuals per species was for Boana raniceps
(20) within the Hylidae Family, and Leptodactylus latrans (29) within the Leptodactylidae Family.
Moreover, this study recorded, for the first time, Trypanosoma spp. infection in eight anuran species, six
from Hylidae: Boana caiapo Pinheiro, Cintra, Valdujo, Silva, Martins, Silva & Garcia, 2018, Boana lundii
(Burmeister, 1856), Dendropsophus aff microcephalus, Dendropsophus anataliasiasi (Bokermann, 1972),
Pseudis platensis Gallardo, 1961, Scinax x-signatus (Spix, 1824); and two from Leptodactylidae:

Leptodactylus petersii (Steindachner, 1864) and Leptodactylus pustulatus (Peters, 1870).
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Morphological data

From the blood smears analysis, twelve morphotypes of Trypanosoma were observed, with more than one
morphotype found per blood smears in most cases (Figure 1, table 3).

All morphotypes had one nucleus and one kinetoplast evident. The flagellum and the undulating membrane
were not always visible, which may be related to the position of the trypanosome in the blood smear, the
stage of development in which the parasite was found, or the characteristic of the species.

In this study, the morphotypes were divided into two groups (I and I1). Group | includes morphotypes 1 to
3 that have an elongated shape and tapered ends, free flagellum, undulating membrane and kinetoplast
located near the posterior end. Therefore, the group 1 is the one that most closely resembles the descriptions
of classic trypomastigotes by Diamond (1965). Group Il comprises morphotypes 5 to 12. They are
characterized by round, elliptical, "ameboid" or leaf-shaped trypanosomes, with a kinetoplast adjacent to
the nucleus, or within it, and an undulating membrane located externally or internally to the body of the
parasite. In addition, the dimensions of group Il can vary from small and rounded dimensions (morphotype
8: T. tsunezomiytai - like), to giant and pleomorphic forms (morphotype 12).

According to Dimond's (1965) identification criteria, morphotype 1 (Fig. 1A, B — Group 1) is similar to
Trypanosoma karyozenkton-like, with the largest measurements of group I. The body is roller-shaped with
longitudinal striations, evident undulating membrane and large free flagella. The second morphology (Fig.
1C, D — Group 1) is considered the thinnest trypomastigote, with the kinetoplast located at the end of the
posterior extremity, long free flagellum and slightly wavy membrane. The third morphotype (Fig. 1E, F) is
T. leptodactyly-like, with S-shaped or roller-shaped bodies, multi-pleated wavy membranes, and the
Kinetoplast at the posterior end.

Morphotype 4 presents characteristics of both groups, being elongated roll-shaped body with ellipsoidal
striations, bulging both ends, external undulating membrane, flagella not visible and kinetoplast always
located at the most rounded end.

In relation to group 11, morphotype 5 (Fig.1 I, J) has an elongated shape, with one end more rounded than
the other does. Ellipsoidal nucleus positioned in the center of the parasite, with an evident kinetoplast at the
posterior end, external or internal undulating membrane, and absence of flagellum. The morphotye 6
(Fig.1K, L) has a small dark-staining forms with rounded anterior end and a small free flagellum. The
morphotype 7 (Fig. 1M, N), Trypanosoma rotatorium-like, is represented by large and wide bodies,

fusiform nucleus, and with internal undulating membrane. The morphotype 8 (Fig.1, O, P) was identified
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as Trypanosoma tsunezomiytai-like, although it also resembles Trypanosoma chattoni with smaller
measurements and an ellipsoidal shape with clear and regular edges. The morphotype 9 (Fig.1Q) is similar
to Trypanosoma chattoni-like, differing from the morphotype 8 by the rounded, irregular and larger body
shape. In addition, the morphotype 9 has clear borders, central and small spherical nucleus with kinetoplast
attached to it. Morphotype 10 (Fig. 1 R, S) has large and irregular shape. Morphotype 11 (Fig. 1T) is similar
to Trypanosoma loricatum-like, with elliptical shape and only nucleus and kinetoplast evidenced, absent
flagellum and undulating membrane. Morphotype 12 (Fig.1 U, V) has the largest size among the 12
morphotypes, with an elongated body, without a well-defined shape, and the kinetoplast is often located
within the nucleus.

Regarding the blood samples added in biphasic medium for cell culture, 10 samples were positive and
showed effective development in the initial phase of multiplication, being cryopreserved for later analysis.
From this total (10), six (TCC 3227; TCC 3228; TCC 3229; TCC 3230; TCC 3232 and TCC 3233) were
able to be analyzed in vitro with Hi-5 cells, simulating the vector, with initial multiplicative phase,
logarithmic-phase and stationary phase observed. From all cultures, the initial multiplicative phase was
characterized by trypomastigotes, from recently collected blood, and small-rounded bodies, sometimes
clustered into rosettes. The log-phase was characterized by the presence of pleomorphic epimastigotes
varying in shape, body size and flagellum size, sometimes, with the small-rounded bodies present. In the
last phase (stationary phase), it was possible to observe the trypomastigotes and larger epimastigotes, both

with a well-developed undulant membrane.

Molecular data

Of the 90 anurans previously diagnosed positive by the analysis of blood smears, it was possible to extract
DNA from 80 samples, since some individuals were too small and/or it was not possible to collect the blood
and tissue for molecular analysis, being only blood smears available. From the 80 samples with DNA
extracted, 50 were successfully amplified with the gGAPDH gene, and 20 with the SSU rRNA gene. In
addition, up to six clones were sequenced for each sample. Through phylogenetic analysis (ML and BI) it
was possible to identify a great diversity of trypanosome species infecting the anurans, the vast majority of
the samples being mixed.

From the gGAPDH gene, some isolates grouped into two pre-existing subclades (An03 and An01) and the

rest were able to arrange into new clades, of which were named as Clade A to Clade D (Figure 2). In regard
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of cultures, one isolate of L. latrans from Cerrado (TCC 3230) clustered in Clade An03 along with vector
isolates (sandflies). The cultures of two L. latrans and one L. labyrinthicus samples (TCC 3228, TCC 3232
and TCC 3233, respectively) have shown 99.8% - 100% genetic similarity among them and clustered in
the new Clade D. Cultures from two L. latrans samples (TCC 3227 and TCC 3229) clustered in Clade
An01. The TCC 3231 culture from T. typhonius clustered in the new Clade B. Lastly, the cloning of the T.
typhonius (TCC 3226) culture was shown to be mixed through cloning, with isolates located in Clade D
and An01. The new clade A was arranged with only isolates amplified directly from blood samples, without
observed cultures. Regarding the SSU rRNA gene, PCR and cloning resulted in similar results. Although
with less amplified isolates, one isolate (A270) grouped in Clade An05, performed directly from blood
without culture cultivation; and no samples from the Clades A and C were detected.

From the eight species in which Trypanosoma spp. were detected for the first time in the blood smears, in
only three the DNA could be extracted directly from the blood samples to perform the phylogenetic
analysis. The tripanosomes from four P. platensis specimens (A82, A83, A85 and A119) had their DNA
amplified and grouped in the clades An03, D and An01. One isolate (A119) had mixed-infection, with
clones clustering in An03 and D clades; and the clones from another one (A85) clustered in D and An01
clades. From Two S. x-signatus specimens (A230 and A241) the trypanosomes had their DNA amplified
and grouped in the clades A, D, An01 and An03, being one isolate with mixed-infection, with clones
clustering in A, D and An01 clades. In One L. pustulatus specimen the DNA was successfully amplified

and all the clones grouped in the B clade.

Integrative taxonomy
e AnO3 Clade

The An03 clade harbors Trypanosoma isolates from Brazilian anurans (Leptodactylidae, Bufonidae and
Hylidae) and sandflies. From this study, 14 isolates (13 directly amplified from blood samples and one from
cell culture —TCC 3230) clustered in this Clade (Table 4). The phylogenetic analyses targeting gGAPDH
(Figure 3) and SSU rRNA (Figure 4) genes revealed close results, with two main-clades formed. The first
comprising sandflies isolates from the Amazonia Biome (TCC120, TCC101 and TCC887), anura isolate,
L. chaquensis (TSC250), from Atlantic Forest biome; and the isolates from this study (Leptodactylidae and
Hylidae anurans) from the Atlantic Forest and Cerrado biomes, of which the genetic similarity and pair-

wise distance matrix are available in table 5.
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The other clade gathered anurans (Bufonidae and Leptodactylidae) and sandflies isolates, all from
Amazonian Biome. Moreover, in the both genes analyses, the TCC 103 was located in an isolated branch
from An03 clade.

In regards to SSU rRNA phylogenetic analysis, an external branch into An03 Clade was observed
comprising two anuran isolates (Hylidae) from Pantanal Biome. In addition, one isolate from this study
(A270), directly amplified from the blood sample, clustered into An05 Clade. This clade is characterized
by the presence of isolates from Corethrella sp. insect, Trypanosoma chattoni isolate from anuran
(Ranidae), and other anurans isolates from United States of America, Colombia, Panama and Brazil.
Regarding the trypomastigotes morphologies found in the anuran’s blood smears that clustered in this
group, six were observed with mixed infections per anuran: morphotype 1 (Fig. 5D), morphotype 2 (Fig.
5E), morphotype 3 (Fig. 5F, G), morphotype 7 (Fig. 5B), morphotype 9 (Fig. 5A) and morphotype 12 (Fig.
5C). The morphotype 9 (T. chattoni-like) was observed in the blood smears of Leptodactylus latrans from
Cerrado biome, identified as isolate A270, that clustered in An05 clade with SSU rRNA gene. This An05
Clade is recognized by harbors the species T. chattoni (KT765865). Moreover, from each anuran
specimens, at least two morphologies were observed.

In addition, one hemoculture (TCC 3230) clustered in the An03 clade, and the morphological data observed
during the cell culture development were spheromastigotes, which often clusters into rosettes, epimastigotes
and two trypomastigotes morphologies. In the primary phase of the culture (Fig. 5H), small rounded bodies,
known as spheromastigotes, were observed free, in rosettes or inside Hi-5 cells, and some remaining
trypomastigotes stages from the anuran’s blood. The log-phase (Fig. 5B) with epimastigotes (24.22 + 2.03
um long, 3.36 + 0.44 um wide and area of 13.10 + 4.83 um?) and the small rounded forms. The last phase,
stationary phase (Fig. 5J, K), with trypomastigotes (38.09 + 5.77 um long, 4.60 + 1.03 um wide and area

of 27.99 + 9.30 um?) and epimastigotes.

o Clade A
The clade A harbors five Trypanosoma isolates from this study, directly amplified from blood samples. The
isolates are from Hylidae anurans that were collected from Cerrado and Atlantic Forest biomes (Table 6).
In the phylogenetic analyses with gGAPDH gene, the Clade A clustered after An04 and before Clade B.
This clade A has shown great branch support (88 / 0.92). The pair-wise distance among the five isolates

ranged from 0.02 — 0.00 (Figure 6 and Figure 7).
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Although the blood smears from this Clade A presented three morphotypes, morphotype 5 (Fig. 8A-C),
morphotype 8 (Fig. 8F) and morphotype 9 (Fig.8 D, E), only the morphotype 5 (Fig. 8A, B) was observed
in all the blood samples. Therefore, perhaps this morphotype can be considered as the type morphology for
this clade.

No isolates from hemoculture were obtained in this clade.

e CladeB

The Clade B comprises isolates of Hylidae, Microhylidae and Leptodactylidae anurans from Amaz6nia,
Cerrado, Pantanal and Atlantic Forest biomes, with the great majority of isolates from Hylidae (Table 6).
This clade is well supported and subdivided in four subclades, named as B1 — B4, with pair-wise distance
ranging from 0.05 to 0.03 among the subclades (Figure 6 and 7). The B1 clade contains only three isolates
of Hylidae anurans from Pantanal, Amazonia and Atlantic Forest biomes, with pair-wise distance ranging
from 0.01 — 0.00. The second subclade B2 consists of 12 identical isolates (0.00 pair-wise distance) of
Hylidae anurans from Pantanal. The subclade B3 comprises three identical (0.00 pair-wise distance) isolates
of Hylidae anurans from Amazonia Biome. The last subclade (B4) contains 11 isolates, being seven from
this study and belonging to Hylidae, Leptodactylidae and Microhylidae anurans from Amazonia, Pantanal
and Atlantic Forest biomes, with pair-wise distance ranging from 0.02 —0.00. In addition, one hemoculture
isolate (TCC 2321) from this study was identical to four isolates from Pantanal biome, clustering in the
same branch.

Regarding the anuran’s blood smears of this Clade B, two morphotypes, morphotype 5 (Fig. 9A) and
morphotype 7 (Fig. 9B-D), were observed. However, it is worth mention that in all blood extensions
analyzed, the morphotype 7 (T rotatorium-like) was present. Therefore, perhaps this morphotype can be

considered as the type morphology for this clade.

e CladeC
The clade C comprises five isolates, with pair-wise distance of 0.02 — 0.00. These isolates were amplified
from one Hylidae and four Leptodactylidae anurans (Table 6). The three isolates from this study (A209,
A219 and A224), all from L. podicipinus specimens and collected at the Atlantic forest biome, clustered in
the same branch; and the other two isolates, from Pantanal (TCC2252) biome and Venezuela (TCC2379),

clustered in another branch (Figures 6 and 7).

180



300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

The blood smears revealed trypomastigotes similar to T. rotatorium-like (morphotype 7) (Figure 10).

e Clade D

The Clade D contains a great amount of Leptodactylidae, Microhylidae and Hylidae isolates from Pantanal,
Caatinga, Cerrado and Atlantic Forest biomes (Table 7). Through phylogenetic analysis it was possible to
observe four subclades with isolates from this study, named as D1 — D4, with a pair-wise distance ranging
from 0.07 — 0.03 among them (Figures 11 and 12). The D1 subclade comprises only two isolates (pair-wise
distance of 0.02) being both from this study and amplified from a mixed hemoculture (TCC 3226) from T.
typhonius (Hylidae) specimen collected at Cerrado biome. The subclade D2 harbours only isolates from
this study with pair-wise ranging from 0.01 — 0.00. The Hylidae, Leptodactylidae and Microhylidae samples
from this subclade were collected at Atlantic Forest and Cerrado biomes. The Ssubclade D3 comprises four
isolates, two identical (100% similarity) of Hylidae samples collected at Cerrado biome, from this study;
and two Leptodactylidae samples collected at Caatinga and Pantanal biomes. The pair-wise distance among
them was 0.02. The subclade D4 includes isolates from Hylidae and Leptodactylidae samples, all from this
study, with pair-wise distance ranging from 0.01 — 0.00. In Addition, three hemocultures (TCC 3228, TCC
3232 and TCC 3233) clustered in this clade, with 99.8% - 100% of gene similarity among them. It is worth
to mention that the hemocultures TCC 3228 and TCC 3232 were two aliquots of the same culture,
cryopreserved in the initial phase for further analysis. These three hemocultures belongs to Leptodactylidae
samples, being two from L. latrans (TCC 3232 and TCC 3228) and one from L. labyrinthicus (TCC 3233)
the three from Cerrado biome.

The anuran’s blood smears from Clade D revealed eight morphotypes: Morphotype 1, T. karyozenkton-like
(Fig. Fig. 13A); morphotype 2 (Fig. 13B); morphotype 3, T. leptodactily-like (Fig. 13C); morphotype 6
(Fig. 13D); morphotye 9, T. chattoni-like (Fig.13E); morphotype 11, T. loricatum-like (Fig. 13G);
morphotype 12 (Fig. 13H).

In addition, four hemocultures (TCC 3226, TCC 3228, TCC3232 and TCC3233) clustered in the Clade D.
The TCC 3226 is a mixed-culture, with three species identified through molecular analysis, and with two
of them clustered in D.1 subclade, and the other one clustered in An01 clade. The method used to separate
mixed cultures is called culture cloning. This process takes time and has several steps, which are still under
development in the laboratory. However, three possible morphologies, one for each species, have been

identified and monitored in culture (Figure 14). The three possible species morphology were named as M1,
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M2 and M3. The TCC 3226 M1 has a slow development, with small rounded bodies, known as
spheromastigotes, observed free, in rosettes or inside Hi-5 cells, and small trypomastigotes stages. The
TCC 3226 M2 have shown spheromastigotes, free and inside Hi-5 cells, and a morphological variety of
epimastigotes. These morphologies ranged from the classic one, small and thin epimastigote to coin-shaped
morphology, with a long and thin body with the anterior side in coin-shape with a flagellum; and the third
morphology, the longer one, with large and long body, with the anterior end curved with the flagellum
visible. The TCC 3226 M3 is considered the most complicated one, complex to maintain during the days,
with growth difficulty. However, we were able to identify this morphology as the smallest one, with free
spheromastigotes and epimastigotes dated until now.

For the TCC 3228 hemoculture that clustered in the D.4 subclade, the stages observed during the culture
development were spheromastigotes, two epimastigotes and two trypomastigotes morphologies. In the
primary phase of the culture (Fig. 14D), small rounded bodies, known as spheromastigotes, were observed
free or inside Hi-5 cells. The log-phase (Fig. 14E - G) with free spheromastigotes, two epimastigotes
morphologies, one slender and smaller, normally observed in division or attached to the Hi-5 cell and the
other bigger with a thin undulating membrane, and just one trypomastigote morphology, with slender body
with no undulating membrane observed. The last phase, that is the stationary phase (Fig. 14H, 1), has larger
trypomastigotes with slender undulating membrane and the characteristic s-shaped bodies and free

spheromastigotes in a small quantity.

e An01 Clade
Through phylogenetic analysis, the An01 clustered as a sister clade to Clade D (Figure 11). This An01
clade comprises a great amount of isolates from Bufonid, Hylidae, Microhylidae and Leptodactylidae
samples (Table 7). The isolates from this study clustered in two subclades, named as An01.1 and An01.2
(Figure 12). The subclade An01.1 harbours six isolates, all from Hylidae samples collected at Atlantic
Forest, Cerrado and Amazonia biomes. Two isolates, A36 (B. raniceps) and TCC 3226 (T. thyphonius)
were provided from this study, both from Cerrado biome. Furthermore, TCC 3226 was amplified from a
mixed culture, cryopreserved at an initial stage for future analysis, with the other two amplified isolates
grouped in Clade D (subclade D.1). Therefore, TCC 3226 sample has three different Trypanosoma species
to be analyzed and differentiated during the hemoculture development, and these analyses are still in

progress.
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360  The other subclade, An01.2 comprises 14 isolates of Hylidae, Leptodactylidae and Microlylidae samples
361  from Cerrado, Pantanal and Atlantic Forest with a pair wise distance ranging from 0.03 — 0.00. Seven of
362  these samples are from this study, being two amplified from hemocultures (TCC3227 and TCC 3229).
363 These two cultures have shown 100% of similarity among their amplified clones, and were considered not
364 mixed; both were from L. latrans specimens collected from Cerrado Biome. In addition, TCC3227 and
365  A85cl were identical (100% similarity).

366 From the nine isolates clustered at AnO1 Clade, the anuran’s blood smears revealed six morphotypes:
367 Morphotype 5 (Fig. 16A); morphotype 7, T. rotatorium-like (Fig. 16F); morphotype 9, T. chattoni-like
368 (Fig.16E); morphotype 10 (Fig.16D); morphotype 11, T. loricatum-like (Fig.16B); and morphotype 12 (Fig.
369  16C).

370 Regarding the hemocultures, the An01.1 subclade comprises the third species of TCC3226 (Figure 14). The
371 hemocultures TCC 3227 and TCC 3229 are positionated at An01.2 sublclade. The TCC 3227 was isolated
372  from Leptodactylus latrans, collected at Cerrado. The blood smears from this anuran revealed two
373 morphotypes, morphotype 7 (T. rotatorium-like) and morphotype 10. The morphological data of TCC 3227
374  observed during the culture development were epimastigotes in division and epimastigotes with undulating
375  membrane (Figure 17 A-F).

376  The isolate TCC 3229 was obtained from one L. latrans specimen, collected at Cerrado. Its blood smears
377 revealed only one morphology, morphotype 11 T. loricatum-like. During the hemoculture development, it
378  was possible to observe small and rounded forms, free or into rosette shape, known as spheromorphotype,
379  slender epimastigotes and small trypomastigites with roller-shaped bodies (Fig. 18 A-F).

380

381 Discussion

382

383 Positivity

384  There are reports of Trypanosoma infection in ten families of Brazilian anurans: Bufonidae,
385 Leptodactylidae, Hylidae, Ranidae, Odontophrynidae, Centrolenidae, Brachycepgalidae, Leiuperidae and
386 Cycloramphidae (Ferreira et al. 2007, 2008, 2015; Leal et al. 2008; Lemos et al. 2008; Attias et al. 2016;
387 Isaak-Delgado et al. 2020; Sato 2021). In this study, three of them, from Cerrado and Atlantic Forest
388 biomes, were found positive: Leptodactylidae, Hylidae and Microhylidae.

389
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Morphological data

The anurans trypanosomes have been classified arbitrarily, as new or old species, adopting the host of origin
and/or geographic origin as a taxonomic criterion, leading to dozens of described species without reliable
criteria and without comparative studies. One of the first attempts to classify amphibian trypanosomes was
proposed by Doflein (1901) who divided Trypanosoma into three subgenera: Trypanomona, Herpetosoma
and Trypanosoma, the latter of which contained the anuran flagellate T. rotatorium. However, in the last
revision of the genus Trypanosoma, this classification was abandoned and a classification restricted to
mammalian trypanosomes was proposed. They were grouped into eight subgenera, including the subgenus
Megatrypanum, and showed morphological affinities with amphibian and reptile trypanosomes (Hoare
1964).

Regarding the classification of anuran trypanosomes over the years, until 1973 about sixty species were
described (Bardsley and Harmsen, 1973). However, these species were characterized based on
morphological data of blood stages (Desser 2001; Zickus 2002), and anurans trypanosomes are known for
the great pleomorphic capacity, being able to have more than one morphotype per species, as reported in
this study. Thus, Diamond (1965) in his extensive taxonomic review of anuran trypanosomes recognized
26 species with a wide distribution and defined the morphotypes present in the blood of these hosts.
However, even with some studies focusing on the morphotype identification criteria for anuran blood
smears, trypanosomes from these hosts are highly pleomorphic, with variable data on blood forms.
Notwithstanding, anurans trypanosomes mixed-infection have been known for a long time in the literature
which makes the correct identification and characterization on species level so complex and difficult. For
the Trypanosoma characterization, several analysis steps should be required, including hemocultures and
molecular cloning targeting more than one gene.

Therefore, the correlation of morphological types (morphotypes) and species is impossible to be performed
(Attias et al. 2016; Ferreira et al. 2007; Spodareva et al. 2018).

Martin and Desser (1991a), in a study with experimental infection of T. fallisi in Bufo americanus, described
two phases of infection with changes in morphology associated with the season of the year. Wide
trypomastigotes, considered an indicative of early infection, were observed in late spring and throughout
the summer; and the thinner and shorter forms were present in all seasons of the year. Trypanosomes
morphological variations in the anuran’s blood is considered related to infection time and temperature

(Reilly and Woo, 1982b).
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The morphological characteristics of anuran trypanosomes are related to the pleomorphism of the blood
trypomastigotes forms, which may vary in body size and shape, in the position of the nucleus and
kinetoplast, the development of the undulating membrane and the length of the flagellum. Some species
have very peculiar shapes, while others have shapes similar to those found in reptile trypanosomes.

Desser (2001) observed five morphotypes in the blood of a single specimen of Rana vaillanti. Ferreira et
al. (2007) observed 11 morphotypes of trypomastigotes in the anuran’s blood from Brazil, with more than
one morphological type per host. In our study, twelve morphologies were found with more than one
observed per blood sample, and with some morphologies being reported for the first time in the literature.
However, unfortunately, the blood samples from some of these morphologies (Morphotype 4) could not be
amplified by molecular analysis. In addition, most of the morphotypes found in Brazilian anurans, including
those of this study, resembles the morphotypes described in European, North American and Asian
trypanosomes in previous studies (Diamond 1965; Bardsley and Harmsen 1973; Desser 2001; Ferreira et
al. 2008). Although some of the morphotypes found in this study could be related to some European, North
American and Asian species, the molecular studies carried out did not confirm the existence of these species
in Brazil, as reported by Ferreira et al. (2007, 2008).

In Brazil, several species were described or observed infecting Leptodactylidae frogs: Trypanosoma
ocellati, T. leptodactyli, T. celestinoi and T. rotatorium in Leptodactylus ocellatus; T. chattoni in L. fuscus
and T. rotatorium-like in L. chaquensis (Lemos et al, 2008). In addition to these frog parasites, T. borelli
has been described in Scinax ruber, family Hylidae (Bardsley and Harmsen 1973). The only species of
Brazilian frog trypanosome described based on a set of morphological and molecular parameters was

Trypanosoma hertameyeri (Attias et al. 2016).

Molecular data

From the common ancestor of all trypanosomes, two phylogenetic lineages diverged (terrestrial and
aquatic) according to the main habitat of their hosts. The trypanosomes of mammals and birds, and part of
reptiles, cluster in the terrestrial clade (Stevens et al. 2001; Hamilton et al. 2004, 2007; Viola et al. 2009;
Kostygov et al. 2021). On the other hand, fish and anuran trypanosomes grouped in the most basal clade,
known as the aquatic clade. Due to its basal position, this clade has proved to be fundamental for
evolutionary studies of the genus Trypanosoma (Stevens et al. 2001, 2008; Hamilton et al. 2004, 2007;

Ferreira et al. 2007, 2008; Fermino et al. 2015, 2019; Spodareva et al. 2018).
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The studies carried out by the scientific community so far, suggest that vectors are decisive in the origin of
the main phylogenetic lineages of trypanosomes. Therefore, exclusively aquatic leeches should transmit
the ancestor species of the Aquatic clade. However, an ancestor of this lineage gave rise to two main groups
that differ in vectors and transmission. The first, associated with the aquatic environment, is constituted
predominantly by trypanosomes from fish and some reptiles, such as turtles (T. chelodinae and T.
mocambicum) and caiman (T. clandestinus), as well as the platypus trypanosome (T. binneyi). All
tripanosomes of group 1 are transmitted by aquatic leeches (; Stevens et al. 2001; Ferreira et al. 2007, 2008;
Hamilton et al. 2004, 2007; Fermino et al. 2013, 2015, 2019; Hayes et al. 2014; Papaprini et al. 2014;
Lemos et al. 2015; Spodareva et al. 2018).

The second group from Aquatic clade is comprised by anuran’s trypanosomes. The anuran trypanosomes
are considered the largest known assemblage of trypanosomes among vertebrate orders, with the
monophyly of the group being debated since the first performed phylogenetic analyzes (Bardsley and
Harmsen 1973; Ferreira et al. 2007, 2008; Attias et al. 2016). This second group contains a single non-
anuran trypanosome, T. therezieni, from a chameleon from Madagascar, which is not an aquatic but an
arboreal animal (Stevens et al. 2001; Hamilton et al. 2007; Spodareva et al. 2018). Ongoing studies at USP
laboratory confirm that trypanosomes from lizards, from Brazil and Africa, are positioned in this clade,
close to different groups of anuran trypanosomes. Therefore, the anuran’s monophyly has been contested
again with trypanosome exchanges between frogs and lizards (Hamilton et al. 2007; Viola et al. 2009; Ortiz
et al. 2018; Rodrigues et al. 2019).

In addition, the sharing of vectors and hosts in the same environment is considered the most likely
mechanism for host exchange by the trypanosomes. Although there is experimental evidence that anuran
trypanosomes are transmitted by leeches and insects, no trypanosome included in phylogenetic analyzes
has had its vector confirmed.

Studies including molecular markers are scarce and this number is even smaller when related to Brazilian
hosts. To the date, only a few trypanosomes from anurans have been included in the general phylogenetic
analyses. Martin et al. (2002) developed one of the first studies on anuran trypanosomes. The authors report
that five species infecting ranids and bufonids from North America, Europe and Africa clustered together.
Nowadays, it is known that anuran trypanosomes from these regions, except from T. chattoni (Mathis and
Leger 1911), cluster in the Clade AnO4. In regards of T. chattoni, this species was described in a ranid from

North America and clusters in the An05 clade.
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In addition, a new clade (An08) was proposed by the USP laboratory team, to include sequences amplified
by the SSU rRNA and gGAPDH genes of T. loricatum from the Czech Republic. This clade comprises T.
loricatum and similar trypanosomes obtained from the same frog species from Croatia (deposited in USP
collection). Furthermore, An08 turned out to be the first clade to diverge from the common ancestor of all
anuran trypanosomes. Therefore, the basal phylogenetic lineages of anuran trypanosomes do not include
tropical specimens.

The Neotropical anuran trypanosomes formed a sister clade to old-world trypanosomes, consisting of at
least five phylogenetic lineages (clades An01-An05) (Ferreira et al. 2007, 2008 Attilas et al. 2016). To the
date, seven lineages can be cited with Brazilian isolates: An01, An02, An03, An04, An05, An06 and AnQ7
(Sato, 2021).

In addition, the data from the present study, concatenated with data from USP samples, bring a great
overview of the diversity of tripanosomes from Brazilian anurans including data from almost all Brazilian
biomes, except Pampa. In relation to our samples, some grouped together with the subclades An03 and
An01, previously identified, and others were included in four new clades, temporarily named A — D. This
study brings some insights on the diversity of Trypanosoma species in Brazilian anurans and emphasizes

the importance of this study.

AnOQ3 clade

This study revealed that 14 isolates from anurans clustered with Neotropical anurans and sandflies from
previous studies (Ferreira et al. 2008; Sato et al. 2021). Ferreira et al. (2008) revealed the cluster of anurans
and sandflies (Evandromyia infraspinosa, Sciopemyia servulolimae, S. sordellii and Sciopemyia sp.)
isolates from the Amazon region of Brazil in the An03 Clade. These sandflies species are known for their
preference for feeding on cold-blooded animals and for inhabiting tree trunks, ecological niches close to
the ground where anurans lives (Shaw et al. 2003; Ferreira et al. 2008).

Prior to the present study, clade An03 consisted mainly of bufonids and leptodactylids from the Amazon
biome, with two exceptions: hylid isolate from the Pantanal (BSC405) and leptodactylid isolate from the
Atlantic Forest (TSC250). This study included isolates of hylids and leptodactylids from the Cerrado and
Atlantic Forest biomes. Therefore, the presence of anurans and sandflies in Clade An03 strongly suggests
sandflies as vectors of trypanosomes in anurans and a great complexity in this clade, composed of such

divergent species.
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The knowledge of hematophagous insects as a potential vector of Trypanosoma in anurans had already
been considered previously in the literature. The hematophagous insects are often observed feeding on the
blood of frogs and toads, some exclusively. Therefore, studies based on experimental infection sought to
demonstrate the transmission of trypanosomes via ingestion of infected insects by anurans (Anderson and
Ayala 1968; Ramos and Urdaneta-Morales 1977; Bernal and Pinto 2016).

Anderson and Ayala (1968) carried out an experimental infection and identified Phlebotomus vexator as
the vector of Trypanosoma species that parasitize Bufo boreas from North America. The development of
the trypanosome was followed after the sand fly fed on the positive anuran. After 24 hours, the amastigotes
forms were observed in the stomach of the sandflies; after 48 hours, elongated forms with free flagellum
were seen; and, after 72 hours, a high number of promastigotes forms were detected along the intestine. In
addition, other species of anuran trypanosomes have been described associated to transmission by sandflies
as Trypanosoma bocagei in bufonids from China and Africa, and Trypanosoma bufophlebotomi from the
United States (Anderson and Ayala 1968). Although anuran trypanosomes developed in the gut of sandflies,
no infective metacyclic trypomastigotes forms were observed, suggesting the epimastigotes as the infective
forms (Ayala 1971; Desser et al. 1973; Ramos and Urdaneta-Morales 1977).

Regarding the morphological data, the morphologies observed in the anurans blood smears and
hemocultures by Sato (2021) doctoral thesis, were similar to those found in that study, with roller-shaped
trypomastigotes, with undulating membrane evidenced and longitudinal striations, similar to the
morphotype 1 in this study. The only hemoculture from this study, TCC 3230, also provided similar
morphologies during the culture development, with small and rounded forms, often clustering into rosettes,

epimastigotes and roller-shaped trypomastigotes with well-defined undulating membrane.

A, B and C clades

In this study, the evolutionary story of anurans trypanossomes turned out to be much more complex with
the inclusion of our isolates in the phylogenetic analyzes. Ferreira et al. (2007, 2008) and Sato (2021)
suggested that a common ancestor originated all Neotropical trypanosomes, with two main phylogenetic
lineages (Anura 11 and 1V). The first lineage (Anura I11) gave rise to the trypanosomes of clades AN03 and
ANO05. The second lineage (Anura 1V) diverged more recently, generating the clades An01, An02, An06

and An07.
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539  The analyzes inferred with gGAPDH sequences (phylogenies with better support values) from this study,
540 revealed three new subclades (A, B and C) located in a basal portion within the branches of clades An07,
541  An02 and An06. The clade A comprising only Hylidae isolates from Mata Atlantica and Cerrado biomes,
542 all from this study. Clade B, on the other hand, has sequences from this study and from previous studies
543 developed by Sato (2021). This Clade was initially located within An01, but with the inclusion of our
544 isolates, it has moved to an upper portion of the tree and grouped with clades A, C, An02, An07 and An06.
545  According to Sato (2021), this clade B was composed only of Hylidae isolates from the Atlantic Forest.
546 However, with our isolates, this clade is now composed of Hilidae, Microhylidae and Leptodactylidae
547 isolates from the Amazon, Pantanal, Cerrado and Atlantic Forest, being our sequences from the Atlantic
548 Forest and Cerrado. Therefore, it is noticeable how complex the phylogeny of Neotropical anurans is.

549  The Clade C comprises sequences from this study (A209, A224 and A219) and two sequences (TCC2379
550  and TCC2252) previously reported belonging to AnO1 clade (Sato, 2021), from Venezuela and Brazil. The
551 phylogenetic position have shown a common ancestor to An07, A06 and An02, being the basal clade among
552 them.

553 In this study, no pattern was observed regarding host specificity or biome specificity per new clade (A, B,
554  and C). However, our morphological data from the blood smears revealed some similarity per clade. The
555 clade A include three morphotypes, but only morphotype 5 was observed in all samples. In the Clade B two
556 different morphologies were present, nevertheless, only morphotype 7 (T. rotatorium-like) was observed
557 in all blood smears from this study. Finally, in Clade C only one morphology, morphotype 7 (T. rotatorium-
558 like), was detected, similar with what is reported in clade B, and these results may be related to the common
559 ancestor.

560  Thus, most of the morphotypes found in this study are related to European, North American or African
561  species, strongly suggesting that the Neotropical isolates may have originated from species from Europe,
562  Africa and North America, with the morphologies being less modified over time, compared to the gene
563 structure. This hypothesis has been strongly suggested by previous studies with phylogenetic data (Ferreira
564 et al. 2007, 2008; Sato 2021).

565

566  Clades D and An01

567  The Clade D is composed, majority from isolates from this study, with only four samples (TCC645,

568  TCC653, RNSA15, PAAN98) from the USP dataset. Hylidae, Microhylidae and Leptodactylidae isolates,
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from Mata Atlantica, Cerrado, Pantanal (PAAN98) and Caatinga (RNSAL5) biomes, form this clade. There
was no pattern observed, regarding host or biome per subclade. The phylogeny inferred with gGAPDH
sequences (with better support values) have shown a common ancestor between Clade D and An01, being
considered as sister clades.

Differing from Clade D, The An01 clade is composed majority by isolates from USP dataset. This clade
was described before by Ferreira et al. (2007) and Sato (2021, data unpublished). The first data on this clade
comprised only four Hylidae isolates from the Amazonia and Pantanal biomes (Ferreira et al. 2007). Then
expanded with Hylidae, Bufonidae and Leptodactylidae isolated from Colombia, Venezuela and Brazil
(Sato, 2021). Now, with the samples from this study, there is an addition of isolates from the Cerrado biome
and from the Microhylidae family. Clade D is the most diverse in host species and biome, with only samples
from Pampa biome missing from Brazil. This shows how complex is the evolutionary history of

trypanossomes from Neotropical anurans.

Conclusion

The evolutionary history of anuran trypanosomes has become much more complex with the inclusion of
our isolates in the analyses. This study brings new data into Trypanosoma species diversity in Brazilian
anurans, with new species to be described soon, and report, for the first time, Trypanosoma spp. infection
in eight anuran species. The plasticity of Trypanosoma morphology was evidenced, with twelve
morphologies found during the blood smears analysis; and in most cases, more than one morphotype was
observed per blood smear, including some reported for the first time. We also bring new data on
hemocultures results. Besides the inclusion of some isolates from this study into two pre-existing subclades
(An03 and An01), we created four new clades (Clade A to Clade D) to absorb the majority of our new
isolates. The An03 Clade that includes anuran isolates from this study, from earlier studies and from
sandflies isolates, strongly suggest sandflies as vectors of frogs trypanosomes. In conclusion, this study
reinforces the complexity of phylogeny of anuran trypanosomes, bringing new morphological and
molecular data on this parasite group. Also, we provide the first report of Trypanosoma in eight anuran

species, with further new species descriptions.
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Figure 1 (A — V). Trypanosoma spp. infecting the peripheral blood of anurans from this study. The
morphological differences of the tripomastigotes were characterized as morphotypes 1 to 12. Morphotype 1: T.
karyozenkton - like (A, B). Morphotype 2 (C, D). Morphotype 3: T. leptodactyly - like (E, F). Morphotype 4
(G, H). Morphotype 5 (I, J). Morphotype 6: (K, L). Morphotype 7 T. rotatorium — like (M, N). Morphotype
8 T. tsunezomiytai - like (O, P). Morphotype 9 T. chattoni - like (Q). Morphotype 10 (R, S). Morphotype 11
T. loricatum — like (T). Morphotype 12 (U, V). (k - kinetoplast; F — free flagellum; um - undulating membrane;
n - nucleus).
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775  Table 1. List of Locations sampled with their respective geographic coordinates. SP = S&o Paulo; MS =
776 Mato Grosso do Sul; MT = Mato Grosso; GO = Goias.

Locality City State Coordenates

Sdo Sebastido do Paraiso farm Boa Esperanca do Sul SP 21°51'36.83"S, 48°27'3.56"W
Santa Jalia farm Gavido Peixoto SP 21°50'43.74"S, 48°28'43.43"W
Caranda farm Avraraquara SP 21°52'30.28"S, 48°13'50.78"W
S4o Sebastido do Paraiso farm (fishing place) Gavido Peixoto SP 21°50'41.83"S, 48°28'10.24"W
RPPN Cisalpina Brasilandia MS 21°15'34.36"S, 51°54'18.96"W
CEPEMA Cocalinho MT 14°31'40.16"S, 51°41'34.07"W
Pindaiba river Araguaiana MT 14°35'47"S, 51°43'9.59"W
Boa Esperanca farm Cocalinho MT 14°46'32.27"S, 51°32'50.29"W
Stream Nova Xavantina MT 14°31'48.03"S, 51°41'43.88"W
Amado Batista farm Cocalinho MT 14°28'39.27"S, 51°36'31.95"W
Sertaneja Retiro farm Cocalinho MT 14°26'19.98"S, 51°35'20.17"W
Red driver Britania GO 15°10°44.82”S, 51°9°58.48”W
S&o Pedro hotel Britania GO 15°14°30.80’S, 51°9°27.05”W
Tigrinho river Britania GO 15°13°42.20”S, 51°9°30.0"W
Araguaia river Itacaill GO 15°04°39.81”’S, 51°26°68,91” W
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780

781

782

783

784

785
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786

Table 2. Number of anuran species screened for trypanosomes and their positivity by analysis in conventional optical microscopy.

©ooNOOURr~WDNPE

NRNNNONRONNNMNNONNRNODN R R RRRRR R BREB
CRXRIOITRNXNPLOO®NIDUTS®WN RO

| Species

Boana raniceps (Cope, 1862)
Boana cf. raniceps

Boana caiapo Pinheiro, Cintra, Valdujo, Silva, Martins, Silva & Garcia, 2018

Boana faber (Wied, 1821)

Boana lundii (Burmeister, 1856)

Boana albopunctata (Spix, 1824)

Chiasmocleis albopuntacta (Boettger, 1885)
Dendropsophus aff microcephalus
Dendropsophus anataliasiasi (Bokermann, 1972)
Dendropsophus araguaya (Napoli & Caramaschi, 1998)
Dendropsophus nanus (Boulenger, 1889)
Dermatonotus muelleri

Elachistocleis cesarii (Miranda Ribeiro, 1920)
Leptodactylus brevipes Cope, 1887
Leptodactylus fuscus (Schneider, 1799)
Leptodactylus labyrinthicus (Spix, 1824)
Leptodactylus latrans (Steffen, 1815)
Leptodactylus mystaceus (Spix, 1824)
Leptodactylus petersii (Steindachner, 1864)
Leptodactylus podicipinus (Cope, 1862)
Leptodactylus pustulatus (Peters, 1870)
Leptodactylus sp.

Osteocephalus taurinus Steindachner, 1862
Physalaemus centralis Bokermann, 1962
Physalaemus cuvieri Fitzinger, 1826
Physalaemus marmoratus (Reinhardt & Liitken, 1862)
Physalaemus nattereri (Steindachner, 1863)
Physalaemus sp.

Pseudis platensis Gallardo, 1961

| Family

Hylidae Rafinesque, 1815
Hylidae

Hylidae

Hylidae

Hylidae

Hylidae

Microhylidae Glinther, 1858
Hylidae

Hylidae

Hylidae

Hylidae

Hylidae

Microhylidae
Leptodactylidae Werner 1896
Leptodactylidae
Leptodactylidae
Leptodactylidae
Leptodactylidae
Leptodactylidae
Leptodactylidae
Leptodactylidae
Leptodactylidae

Hyldae

Leptodactylidae
Leptodactylidae
Leptodactylidae
Leptodactylidae
Leptodactylidae

Hylidae

[ N° | P (%)
28 20 (71.4%)
4 4(100%)
3 2(66.6%)
S
2 1(50%)
S
72—
1 1(100%)
3 1(33.3%)
2 e
4 -
[ T e ——
2 e
1 e
4 1(25%)
17 2 (11.7%)
49 29 (59.1%)
[
1 1(100%)
15 5(33.3%)
6  4(66.6%)
7 2(28.5%)
(s
2 -
5 e
I
(o [
I
9 4(44.4%)
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30.
31.
32.
33.
34.
35.
36.
37.
Total

Pseudopaludicola mystacalis (Cope, 1887)
Rhinella diptycha (Cope, 1862)

Rhinella mirandaribeiroi (Gallardo, 1965)
Rhinella ocellata (Gunther, 1858)

Scinax fuscovarius (A. Lutz, 1925)

Scinax sp.

Scinax x-signatus (Spix, 1824)
Trachycephalus typhonius (Linnaeus, 1758)
34 species (13 genera)

Leptodactylidae
Bufonidae Gray, 1825
Bufonidae

Bufonidae

Hyldae

Hyldae

Hyldae

Hyldae

4 families

27

35

22

13

309

5 (22.7%)
1 (50%)
1(7,7%)

6 (100%)
90 (29.1%)

*Number of anurans screened (N). Number of anurans found positive through blood smears analysis, with the prevalence [P (%)].
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Table 3. Morphometric data of the different morphologies of trypomastigotes infecting the anurans blood from the states of Mato Grosso, Mato Grosso do Sul and Séo Paulo,

Brazil.

Tripomastigotes | N M+SD (H-L)
L (pm) W (um) PK (um) KN (pm) AK (pum) FL (um)
Morphology 1 25 58.89 + 8.87 5.48 + 1.43 46.74 +7.63 7.67+£279 20.32+4.74
(84.62 - 36.1) (9.92 -3.34) (70.98 - 34.1) (14.82-2.03) (31.7 - 12.29)
Morphology 2 25 25.5+3.85 1.56 £ 0.71. 3442 +7.74 1.98 £1.01 1.03+£041 16.61 £3.91
(28.51 —20.30) (2.05-0.84) (56.15 — 17.36) (2.25-0.54) (1.58 - 0.88) (30.13-10.4)
Morphology 3 30 39.5+7.85 2.86 £ 1.11. 3442 £7.74 16.61 +3.91
(57.56 — 19.53) (6.15-1.24) (56.15 — 17.36) (30.13-10.4)
Morphology 4 15 71.94 + 11.56 9.73+221 11.24 +1.45 6.37 £ 1.61
(95.64 — 64.21) (13.29 - 7.00) (12.26 — 10.21) (7.89 — 3.05)
Morphology 5 15 27.71 £ 6.63 15.05 +2.61 12.56 + 6.59 4.61+1.62
(50.8 — 14.31) (29.35-7.20) (30.16-2.68) (10.88-1.08)
Morphology 6 15 28.15+7.28 12.01 £ 4.27 20.64 £ 5.52 427 +£1.54
(46.37 —18.11) (23.74 - 4.69) (31.98 — 11.54) (7.48 - 1.69)
Morphology 7 20 57.43+9.92 25.64 + 4.08 9.73+3.32
(81.81-43.4) (33.1-16.09) (16.64 — 3.38)
Morphology 8 15 29.62 +2.88 29.30 £ 4.01 1.14 £0.35
(32.11 - 16.54) (32.78 - 25.16) (1.45-0.89)
Morphology 9 50 29.53+6.79 34.34£7.42 13.05 +3.40 6.24+1.78
(52.76 — 17.7) (53.38-17.00) (20.86 — 8.76) (10.66 —2.88)
Morphology 10 | 15 50.16 £ 7.21 23.04 £ 3.01
(74.19-45.14) (31.07-12.99)
Morphology 11 | 15 46.20 +4.73 22.46 + 2.96 0.84 £0.42
(54.31 - 34.67) (29.85 - 17.44) (1.55-0.48)
Morphology 12 | 15 104.34 + 16.96 49.73 £9.39 6.29 + 2.86 1.93+1.37
(139.48 - 72.12) (73.24 — 34.59) (8.33-3.02) (6.13-0.64)

*Mean (M). Standard deviation (SD). Lower measure (L). High measure (H). Number of tripomastigotes per morphology measured (N). Body length (L). Body width (W).
Distance from posterior end to kinetoplast (PK). Distance from anterior end to kinetoplast (AK). Flagellum length (FL). Distance from kinetoplast to center of nucleus (KN).
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Figure 2. Consensus phylogram of Trypanosoma isolates from anurans based on gGAPDH gene. The
topology trees with Maximum Likelihood method (ML) and Bayesian inference (BI) analyses were
identical (represented by Bl tree).
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808  Table 4. Sequences information from Trypanosoma spp. belonging to clade An03.

Host . Sequences (GenBank)

Samples* = : Biome (State)

Family Species SSU rRNA gGAPDH
Al2 Hylidae Scinax fuscovarius Cerrado (MT) X X
A22 Hylidae Leptodactylus latrans Cerrado (MT) X
A82 Hylidae Pseudis platensis Cerrado / Atlantic Forest (MS) X
A84 Hylidae Boana raniceps Cerrado / Atlantic Forest (MS) X
Al16 Leptodactylidae Leptodactylus labyrinthicus Cerrado (MT) X
Al19 Hylidae Pseudis platensis Cerrado (MT) X
A204 Leptodactylidae Leptodactylus fuscus Atlantic Forest X
A226 Leptodactylidae Leptodactylus podicipinus ~ Atlantic Forest X
A230 Hylidae Scinax x-signatus Atlantic Forest X
A256 Leptodactylidae Leptodactylus latrans Cerrado / Atlantic Forest (MS) X
A270 Leptodactylidae Leptodactylus latrans Cerrado (MT) X X
A271 Leptodactylidae Leptodactylus latrans Cerrado (MT) X
A318 Hylidae Scinax fuscovarius Cerrado (MT) X
TCC3230 Leptodactylidae Leptodactylus latrans Cerrado (MT) X X
TCC101 Psychodidae Evandromyia infraspinosa ~ Amazdnia (RO) EU021242 X
TCC103 Psychodidae ~ Evandromyia infraspinosa ~Amazonia (RO) EU021237 X
TCC120 Psychodidae Sciopemyia sordellii Amazonia (RO) EU021243 X
TCC339 Bufonidae Rhinella margaritifera Amazonia (RO) EU021230 KP686217
TCC364 Bufonidae Rhinella marina Amazonia (RO) EF457295 KT765879
TCC365 Leptodactylidae Leptodactylus sp. Amazonia (RO) X X
TCC367 Bufonidae Rhinella margaritifera Amazonia (RO) X X
TCC398 Leptodactylidae Leptodactylus pentadactylus Amazonia (RO) EU021227 KT765880
TCC399 Bufonidae Rhinella margaritifera Amazonia (RO) EU021233 X
TCC401 Leptodactylidae Engystomops petersi Amazonia (RO) X X
TCC402 Leptodactylidae Engystomops petersi Amazonia (RO) X X
TCC405 Leptodactylidae Engystomops petersi Amazonia (RO) X X
TCC408 Leptodactylidae Engystomops petersi Amazonia (RO) KT765881 X
TCC887 Psychodidae  Sciopemyia sp. Amazonia (RO) EU021245 X
TCC888 Psychodidae ~ Sciopemyia servulolimae ~ Amazonia (RO) EU021241 X
TCC1155 Psychodidae  Sciopemyia sordellii Amazonia (RO) EU021244 X
TCC3074 Psychodidae  Sciopemyia fluviatilis Amazonia (RO) X X
BSC707 Bufonidae Rhinella marina Amazonia (RO) X X
BSC405 Hylidae Hypsiboas raniceps Pantanal (MT) X X
TSC250 Leptodactylidae Leptodactylus chaquensis Atlantic Forest (SP) X X
BSC801 Leptodactylidae Leptodactylus pentadactylus Amazonia (RO) X X
BSC802 Leptodactylidae Engystomops petersi Amazonia (RO) X X
AMANSO Leptodactylidae Leptodactylus pentadactylus Amazonia (RO) X
RoAN72 Bufonidae Rhinella marina Amazonia (RO) X
RoAN78 Leptodactylidae Engystomops petersi Amazonia (RO) X
MTS82c2a  Hylidae Hypsiboas sp. Pantanal (MT) X
MTSA82c10a Hylidae Hypsiboas sp. Pantanal (MT) X

809 * The samples in bold refer to this study; samples with “TCC” refer to PCR made from culture and
810  samples with “A” refer to PCR made from direct blood. X: amplified sequences.
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Figure 3. Consensus phylogram of Trypanosoma isolates from anurans based on gGAPDH gene. The
topology trees with Maximum Likelihood method (ML) and Bayesian inference (BI) analyses were
identical (represented by ML tree). The aquatic clade (Fish Clade) were used as an out-group.
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Figure 4. Phylogram of Trypanosoma isolates from anurans based on SSU rRNA gene. The topology trees with Maximum Likelihood method (ML) and Bayesian inference

(BI) analyses were identical (represented by ML tree). The aquatic clade (Fish Clade) were used as an out-group.
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824  Table 5: The shaded matrix (lower) shows the p-distance (pair-wise distance) and the non-shaded matrix (upper) shows the percentage of similarity of the nucleotide
825 sequences among the Trypanosoma isolates from An03 Clade, of which clustered with the gGAPDH sequences from this study.

2. 3. 4, 5. 6. 7. 8. 9. 10. 11. 12. 13. 14. 15. 16. 17. 18. 19.

1. TCC103 95.7% 95.7% 95.6% 94.9% 95.9% 96.1% 96.1% 96.2% 96.1% 96.1% 96.0% 96.0% 95.9% 95.9% 95.9% 95.4% 95.2% 95.2%
2. TCC101 100% 97.3% 97.2% 97.1% 97.8% 98.0% 98.3% 98.9% 97.8% 97.8% 97.8% 97.7% 97.8% 97.7% 96.8% 96.9% 96.9%
3. TCC120 97.3% 97.2% 97.7% 97.8% 98.0% 98.3% 98.9% 97.8% 97.8% 97.8% 97.7% 97.8% 97.7% 96.8% 96.9% 96.9%
4. TCC887 0.07 100% 98.7% 99.4% 99.4% 99.4% 98.2% 99.2% 99.2% 99.2% 99.2% 99.2% 99.2% 98.2% 98.6% 98.6%
5. TSC250 0.07 0.05 98.6% 99.0% 99.0% 99.3% 98.6% 99.0% 99.0% 99.0% 99.0% 99.0% 99.0% 99.0% 99.0% 98.3%
6. TCC3230 | 0.05 0.05 0.05 99.8% 99.7% 98.9% 99.6% 99.6% 99.6% 99.6% 99.6% 99.6% 98.6% 99.1% 99.1%
7. A270 0.05 0.03 0.03 0.02 100% 98.9% 99.8% 99.8% 99.8% 99.8% 99.8% 99.8% 99.0% 99.5% 99.5%
8. Al16 0.05 0.03 0.03 0.02 0.02 100% 98.9% 99.8% 99.8% 99.8% 99.8% 99.8% 99.8% 99.0% 99.5% 99.5%
9. A82 0.05 0.03 0.03 0.02 0.02 0.02 98.9% 99.1% 99.1% 98.9% 99.1% 99.1% 98.9% 98.2% 98.9% 98.9%
10. A271 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 99.1% 98.9% 99.1% 98.9% 98.9% 99.8% 99.2% 99.6%
11. A318 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 100% 100% 100% 100% 99.8% 100% 99.6%
12. A256 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 100% 100% 100% 100% 99.8% 100% 99.6%
13. A226 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.00 100% 100% 100% 99.8% 100%  99.6%
14. A119 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 100%
15. A22 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00
16. A230 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00
17. A84 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00
18. Al12 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00
19. A204 0.05 0.03 0.03 0.02 0.02 0.02 0.00 0.00 0.00 0.00 0.00 0.00

826

827

828

829

830

831
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832

833  Figure 5 (A-H): Morphological analysis of the Trypanosoma spp. samples clustered in the An03 Clade. Developmental stages (arrow) in the
834  peripheral blood of anurans (A-E) and in cell culture (TCC 3230) with Hi-5 (E-H). Scale: 10 and 20 micrometers. T: tripomastigote; E: epimastigote.
835  Hi-5: Hi-5 cell.
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836  Table 6. Sequences information from Trypanosoma spp. belonging to A, B and C clades.
Host . Sequences (GenBank)
Clade Samples* - : Biome (State)
Family Species SSU rRNA gGAPDH

A Al44c3 Hylidae Boana raniceps Cerrado (GO) X
A A241ca Hylidae Scinax x-signatus Atlantic Forest (SP) X
A A243c2 Hylidae Trachycephalus typhonius ~ Atlantic Forest (SP) X
A A269c1 Hylidae Trachycephalus typhonius ~ Cerrado (MT) X X
A A321c2 Hylidae Trachycephalus typhonius Cerrado (GO) X X
B A36c4 Leptodactylidae Leptodactylus latrans Cerrado (MT) X
B A209c4 Hylidae Boana sp. Atlantic Forest (SP) X X
B A226c4 Leptodactylidae Leptodactylus podicipinus ~ Atlantic Forest (SP) X
B A243c6 Hylidae Trachycephalus typhonius ~ Atlantic Forest (SP) X
B A248c4 Microhylidae Elachistocleis sp. Atlantic Forest (SP) X
B A304c2 Leptodactylidae Leptodactylus pustulatus Cerrado (MT) X X
B TCC3231 Hylidae Trachycephalus typhonius ~ Cerrado (MT) X X
B TCC334 Hylidae Trachycephalus typhonius ~ Pantanal (MS) X X
B TCC442 (PAAN114) Hylidae Scinax ocuminatus Pantanal (MT) X X
B TCC448 Hylidae Trachycephalus typhonius Pantanal (MS) X X
B TCC457 Hylidae Trachycephalus typhonius  Pantanal (MS) X X
B TCC465 Hylidae Trachycephalus typhonius Pantanal (MS) X X
B TCCe14 Hylidae Osteocephalus taurinus Amazonia (AM) X X
B TCC620 Hylidae Trachycephalus typhonius Amazonia (MT) X X
B TCC1820 Hylidae Osteocephalus taurinus Amazonia (AM) X X
B TCc1821 Hylidae Osteocephalus taurinus Amazonia (AM) X X
B TCC2231 Hylidae Trachycephalus typhonius  Pantanal (MS) X X
B TCC2232 Hylidae Trachycephalus typhonius  Pantanal (MS) X X
B TCC2233 Hylidae Trachycephalus typhonius ~ Pantanal (MS) X X
B TCC2234 Hylidae Trachycephalus typhonius ~ Pantanal (MS) X X
B TCC2235 Hylidae Trachycephalus typhonius ~ Pantanal (MS) X X
B TCC2236 Hylidae Trachycephalus typhonius Pantanal (MS) X X
B TCC2239 Hylidae Trachycephalus typhonius  Pantanal (MS) X X
B TCC2243 Hylidae Trachycephalus typhonius Pantanal (MS) X X
B TCC2245 Hylidae Trachycephalus typhonius  Pantanal (MS) X X
B TCC2246 Hylidae Trachycephalus typhonius Pantanal (MS) X X
B TCC2250 Hylidae Trachycephalus typhonius  Pantanal (MS) X X
C  A209c1 Hylidae Boana sp. Atlantic Forest (SP) X X
C  A219c1 Leptodactylidae Leptodactylus podicipinus ~ Atlantic Forest (SP) X
C  A224c3 Leptodactylidae Leptodactylus podicipinus ~ Atlantic Forest (SP) X
C TCC2252 Leptodactylidae Leptodactylus podocipinus Pantanal (MS) X X
C TCC2379 Leptodactylidae Lepytodactylus sp. Venezuela X X

837  *The samples in bold refer to this study; samples with “TCC” refer to PCR made from culture and

838 samples with “A” refer to PCR made from direct blood. X: amplified sequences.
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Figure 6. Consensus phylogram of Trypanosoma isolates from anurans based on

gGAPDH gene. The topology trees with Maximum Likelihood method (ML) and

Bayesian inference (BI) analyses were identical (represented by ML tree). The An04

Clade was used as an out-group.
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847  Figure 7. Evolutionary relationship among Trypanosoma isolates from anurans clustered
848 in the new clades A, B and C (from this study) and Clade A, based on gGAPDH gene.

0.01

849  Network phylogenetic analysis with support values estimate 500 replicates.

850

851
852  Figure 8 (A-D): Morphological analysis of the peripheral blood of anurans with

853  Trypanosoma spp. clustered in the A Clade. Scale: 20 micrometers
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Figure 9 (A-D): Morphological analysis of the peripheral blood of anurans with
Trypanosoma spp. clustered in the B Clade. Scale: 20 micrometers

Figure 10 (A-C): Morphological analysis of the peripheral blood of anurans with

Trypanosoma spp. clustered in the C Clade. Scale: 20 micrometers.
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862  Table 7. Sequences information from Trypanosoma spp. belonging to Clades D and AnO1.
Host . Sequences (GenBank)
Clades Samples* - - Biome (State)
Family Species SSU rRNA gGAPDH
D,An01  TCC3226 Hylidae Trachycephalus typhonius ~ Cerrado(GO) X X
D TCC3228 Leptodactylidae | eptodactylus latrans Cerrado (MT) X X
D TCC3232 Leptodactylidae |eptodactylus latrans Cerrado (MT) X X
D TCC3233 Leptodactylidae Leptodactylus labyrinthicus ~ Cerrado (MT) X X
D, An01  A12 Hylidae Scinax fuscovarius Cerrado (MT) X X
D A24 Leptodactylidae Leptodactylus latrans Cerrado (MT) X X
D A36 Leptodactylidae Leptodactylus latrans Cerrado (MT) X
D A58 Leptodactylidae Leptodactylus latrans Cerrado (MT) X
D AT76 Hylidae Trachycephalus typhonius Cerrado (MT) X
D A83 Hylidae Pseudis platensis Cerrado (MS) X
D,An01  Ag5 Hylidae Pseudis platensis Cerrado (MS) X
D A87 Hylidae Boana cf. raniceps Cerrado (MS) X
D Al116 Leptodactylidae Leptodactylus labyrinthicus ~ Cerrado (MT) X
D A119 Hylidae Pseudis platensis Cerrado (MT) X
D A130 Hylidae Boana cf. raniceps Cerrado (MT) X
D A204 Leptodactylidae | eptodactylus fuscus Atlantic Forest (SP) X X
D, An01  A209 Hylidae Boana sp. Atlantic Forest (SP) X X
D, An0l  A241 Hylidae Scinax x-signatus Atlantic Forest (SP) X
D A243 Hylidae Trachycephalus typhonius Atlantic Forest (SP) X
D, An01  A248 Microhylidae  Elachistocleis sp. Atlantic Forest (SP) X
D A249 Leptodactylidae Leptodactylus podicipinus ~ Atlantic Forest (SP) X
D A257 Leptodactylidae Leptodactylus latrans Cerrado (MS) X
D A302 Leptodactylidae Leptodactylus pustulatus Cerrado (MT) X
D A305 Hylidae Scinax fuscovarius Cerrado (MT) X X
D TCC645 Hylidae Scinax havi Atlantic Forest (SP) X X
D TCC653 Hylidae Boana bischoffi Atlantic Forest (SP) X X
D RNSA15c3  Leptodactylidae Leptodactylus chaquensis Caatinga (RN) X X
D PAAN98c5  Leptodactylidae Leptodactylus chaquensis Pantanal (MS) X X
An01 TCC3229 Leptodactylidae Leptodactylus latrans Cerrado (MS) X X
An01 TCC3227 Leptodactylidae Leptodactylus latrans Cerrado (MS) X X
An01 A86 Hylidae Boana raniceps Cerrado (MS) X
An01 TCC291 Hylidae Boana bischoffi Atlantic Forest (SP) X X
An01 TCC304 Hylidae Boana puctata Pantanal (MS) X X
An01 TCC305 Hylidae Trachycephalus typhonius Pantanal (MS) X X
An01 TCC313 Hylidae Trachycephalus typhonius Pantanal (MS) X X
An01 TCC315 Hylidae Trachycephalus typhonius Pantanal (MS) EU267074 X
An01 TCC317 Leptidactylidae Leptodactylus chaquensis Pantanal (MS) X X
An01 TCC321 Hylidae Scinax acuminatus Pantanal (MS) X X
An01 TCC327 Leptodactylidae Leptodactylus chaquensis Pantanal (MS) X X
AnO1 TCC358 Hylidae Phyllomedusa sp. Amazbnia (RO) EU021235 KT765869
An01 TCC400 Hylidae Phyllomedusa sp. Amaz6nia (RO) X X
An01 TCC406 Hylidae Scinax ruber Amazbnia (RO) EU267075 X
An01 TCC436 Leptodactylidae Leptodactylus chaquensis Pantanal (MS) X X
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An01 TCC442 Hylidae Scinax acuminatus Pantanal (MS) X X
An01 TCC444 Leptodactylidae Leptodactylus chaquensis Pantanal (MS) EU021225 KT765866
An01 TCC467 Leptodactylidae Boana raniceps Pantanal (MS) X X
An01 TCC612 Hylidae Boana geographica Amazobnia (MT) X X
An01 TCC613 Hylidae Boana raniceps Amaz6nia (MT) X X
AnO1 TCC615 Hylidae Boana raniceps Amaz6nia (MT) X X
An01 TCC617 Hylidae Boana boans Amazonia (MT) X X
AnO1 TCC618 Hylidae Boana raniceps Amaz6nia (MT) X X
An01 TCC619 Hylidae Boana raniceps Amazonia (MT) X X
AnO1 TCC622 Hylidae Boana raniceps Amaz6nia (MT) X X
An01 TCC646 Hylidae Aplatodiscus leucopygius Atlantic Forest (SP) EU021234 KT765868
An01 TCC647 Hylidae Boana albomarginata Atlantic Forest (SP) X X
An01 TCC660 Hylidae Scinax hayii Atlantic Forest (SP) EU267075 X
An01 TCC928 Leptodactylidae Leptodactylus labyrinthicus  Cerrado (SP) X X
An01 TCC939 Hylidae Boana bischoffi Atlantic Forest (SP) X X
An01 TCC2169 Hylidae Boana raniceps Pantanal (MT) X X
An01 TCC2174 Leptodactylidae Leptodactylus latrans Pantanal (MT) X X
An01 TCC2241 Hylidae Trachycephalus typhonius Pantanal (MS) X X
An01 TCC2242 Hylidae Boana raniceps Pantanal (MS) X X
An01 TCC2244 Hylidae Boana raniceps Pantanal (MS) X X
An01 TCC2249 Hylidae Boana raniceps Pantanal (MS) X X
An01 TCC2251 Hylidae Trachycephalus typhonius Pantanal (MS) X X
An01 TCC2252 Leptodactylidae Leptodactylus podicipinus Pantanal (MS) X X
An01 TCC2263 Leptodactylidae Leptodactylus fuscus Caatinga (RN) X X
An01 TCC2270 Hylidae Boana sp. Caatinga (RN) X X
An01 TCC2373 Hylidae Boana crepitans Venezuela X X
An01 TCC2497 Hylidae Dendropsophus sp. Colombia X X
An01 TCC2620 Hylidae Venezuela X X
An01 TCC2638 Hylidae Boana sp. Venezuela X X
An01 TCC2810 Bufonidae Rhinella marina Colombia X X
An01 TCC2830 Bufonidae Rhinella sp. Colombia X X
An01 TCC2831 Leptodactylidae Leptodactylus sp. Colombia X X
An01 TCC2834 Bufonidae Rhinella marina Colombia X X
An01 TCC2835 Bufonidae Rhinella marina Colombia X X
An01 TCC2837 Leptodactylidae Leptodactylus sp. Colombia X X
An01 TCC2911 Hylidae Amazonia (AM) X X

863

864 * The samples in bold refer to this study; samples with “TCC” refer to PCR made from culture and

865 samples with “A” refer to PCR made from direct blood. X: amplified sequences.
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Figure 11. Consensus phylogram of Trypanosoma isolates from anurans based on

gGAPDH gene. The topology trees with Maximum Likelihood method (ML) and

Bayesian inference (BI) analyses were identical (represented by ML tree). The Fish Clade

was used as an out-group.
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Table 12. Evolutionary relationship among Trypanosoma isolates from anurans clustered

in the D Clade, based on gGAPDH gene. Network phylogenetic analysis with support

values estimate 500 replicates.

@ccass

Figure 13 (A-K). Morphological analysis of the peripheral blood of anurans with

Trypanosoma spp. clustered in the D Clade. Scale: 20 micrometers.
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Figure 14 (A - 1). Morphological analysis of the Trypanosoma spp. developmental stages
from TCC 3226 hemoculture with Hi-5 cells. Scale: 10 micrometers. A — D)
Trypomastigotes from morphology 1 (M1). E — G) Epimastigotes and spheromastigotes
from morphology 2 (M2). H, 1) Epimastigotes and spheromastigotes from morphology 3
(M3). T: tripomastigote; E: epimastigote. EL: large epimastigote. EC: coin-shaped

epimastigote. S: spheromastigote. Hi-5: Hi-5 cell.
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Figure 15 (A-H). Morphological analysis of the Trypanosoma spp. samples clustered in
the D Clade. Developmental stages (arrow) in the peripheral blood of anurans (A-C) and
in cell culture (TCC 3228) with Hi-5 (D-l). Scale: 10 and 20 micrometers. T:

tripomastigote; E: epimastigote. S: spheromastigote. Hi-5: Hi-5 cell.

216



894

An01.2
A12c2 (0.03 - 0.00)

TCC3229c3

TCC2252 TCC317
JCC327 TCC2263

ﬂiﬁ/.TCCQZB

\ 100
947 TCC660

TCC406

TCC3227c4
AB5c1

@ TCC291

0.001

An01.1
(0.03 - 0.01)

H Microhylidae
[l Leptodactylidae
@ Hylidae

895
896  Table 9. Evolutionary relationship among Trypanosoma isolates from anurans clustered

897 inthe An01 Clade, based on gGAPDH gene. Network phylogenetic analysis with support
898  values estimate 500 replicates.
899

900
901 Figure 16 (A-1). Morphological analysis of the peripheral blood of anurans with

902  Trypanosoma spp. clustered in the An01 Clade. Scale: 20 micrometers

903

217



904
905

906
907
908
909

910

911
912
913
914

Ed i
! 25 Ed > }.(.‘
A< .
e\ e = 1 L
pr:
f’ E
lf:
'3 o\ N
%= ¢ 7 8
A -
-/
.
\\i’ A
E 10 F 0 pm

Figure 17 (A-F). Morphological analysis of the Trypanosoma spp. samples clustered in
the An01.2 subclade. Developmental stages (arrow) in the peripheral blood of anurans (A
and B) and in cell culture (TCC 3227) with Hi-5 (C-F). Scale: 10 and 20 micrometers. E:

epimastigote. Ed: epimastigote in division. Hi-5: Hi-5 cell.
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Figure 18 (A-F). Morphological analysis of the Trypanosoma spp. samples clustered in
the An01.2 subclade. Developmental stages (arrow) in the peripheral blood of anurans (A
and B) and in cell culture (TCC 3229) with Hi-5 (C-F). Scale: 10 and 20 micrometers. E:

epimastigote. Ed: epimastigote in division. Hi-5: Hi-5 cell.
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A new species, Dactylosoma piperis n. sp. (Apicomplexa, Dactylosomatidae), from
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Description of a New Species Hepatozoon quagliattus sp. nov. (Apicomplexa:
Adeleorina: Hepatozoidae), infecting the Sleep Snake, Dipsas mikanii (Squamata:

Colubridae: Dipsadinae) from Goiéas State, Brazil
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Diversity of haemogregarine parasites infecting Brazilian snakes from the Midwest
and Southeast regions with a description of two new species
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Concluséo

De acordo com as analises executadas no Doutorado, foi possivel observar grande
diversidade de hemoparasitos acometendo a herpetofauna das regides Centro-Oeste e
Sudeste do Brasil. Esse resultado reforga a necessidade de mais estudos sobre esses
hemoparasitos, sendo a taxonomia prioritaria nesse quesito, com a identificacdo e

descricdo dessa diversidade de parasitos. Sendo assim, foi possivel identificar:

» Tripanossomas acometendo anfibios com descri¢des futuras de possiveis novas

espeécies;

» Primeiro registro de infeccdo por Trypanosoma sp. em oito anuros: Boana caiapo,
B. lundii, Dendropsophus aff. microcephalus, D. anataliasiasi, Pseudis platensis,
Scinax x-signatus, Leptodactylus petersii e L. pustulatus.

» Trés novas espécies de Hepatozoon observadas em anuros brasileiros;

» Duas novas espécies de Dactylosoma observadas em anuros brasileiros; sendo
este estudo, o primeiro relato com caracterizacdo molecular de nova espécie de

Dactylosoma no Brasil.

» Trés novas espécies de Hepatozoon acometendo serpentes brasileiras. Além da
identificacdo de Hepatozoon cevapii e Hepatozoon cuestensis em serpentes

brasileiras desse estudo;

» Primeiro relato de hemogregarina infectando a serpente Dipsas mikanii, com a

descricdo de uma nova espécie de Hepatozoon, Hepatozoon quagliattus;

» Trés possiveis novas espécies de Hepatozoon em crocodilianos da espécie Caiman

crocodilus;

> Seis novas espécies de Haemogregarina em testudines das espécies Podocnemis

uniflis e Podocnemis expansa;

» Sanguessugas consideradas possiveis vetores na transmissao de haemogregarinas

em testudines brasileiros, com a identificacdo da mesma como nova espécie.
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