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RESUMO

Paula, Fabiane. Abordagem integrativa na caracteriza¢do de Hepatozoon (Apicomplexa:
Hepatozoidae) em Helicops angulatus e Thamnodynastes lanei (Squamata: Colubridac) da
Amazonia Oriental. Macapa, 2021. Dissertagdo (Mestre em Biodiversidade Tropical) —
Programa de Pés-graduacao em Biodiversidade Tropical — Pré-Reitoria de Pesquisa e Pos-

Graduacao - Universidade Federal do Amapa.

Os parasitos do género Hepatozoon (Apicomplexa, Hepatozoidae) sdo comuns em serpentes e
ha mais de um século vem sendo descritos a partir desses hospeiros. Até¢ 2007, quando
analises moleculares foram incorporadas a descrigdo, caracterizagdes morfoldgicas e
morfométricas foram os principais métodos usados para a diferenciagdo e descrigdes das
espécies de Hepatozoon de serpentes. Desde entdo, a taxonomia e a sistematica desses
parasitos tém sido em grande parte realizada de forma integrativa, com a utilizacdo
combinada de dados morfolégicos e moleculares, minimizando, assim, possiveis erros na
identificacdo desses organismos. Apesar do aumento nos ultimos anos na descricio de
espécies de Hepatozoon de serpentes, a esmagadora maioria das espéciesainda permanece
sem caracterizagdo molecular. No Brasil, ha apenas cinco espécies de Hepatozoon de
serpentes que possuem dados moleculares. Na Amazdnia brasileira, regido de elevada riqueza
de espécies de serpentes, ndo ha nenhuma espécie de Hepatozoon nesses hospedeiros com
informagdes genéticas associadas. Nesse contexto, a presente dissertagdo teve como objetivo
investigar através de uma abordagem integrativa a presenca de Hepatozoon nas serpentes
Thamnodynastes lanei e Helicops angulatus da Amazénia Oriental. A dissertagdo esta
dividida em introdugdo geral, capitulo 1, capitulo 2 e conclusdes. No capitulo 1 foi registrado
o encontro de Hepatozoon cevapii em T. lanei, parasito descrito anteriormente em Sdo Paulo
na serpente Crotalus durissus terrificus. No segundo capitulo foi realizada a redescrigdo de
Hepatozoon carinicauda em H. angulatus, o qual teve sua descrigdo original na serpente
Helicops carinicaudus do Sudeste do Brasil. Por fim, os resultados obtidos forneceram pela
primeira vez dados molecularesde Hepatozoon spp. de serpentes da regido Amazonica, e

ampliaram o conhecimento sobre a distribuicao geografica de H. cevapii e H. carinicauda.



Palavras-chave: 18S rRNA; Caracterizacdo Molecular; Coccidia; Hemogregarinas;

Morfologia; Serpentes Amazonicas.



ABSTRACT

Paula, Fabiane. Integrative approach in the characterization of Hepatozoon (Apicomplexa:
Hepatozoidae) in Helicops angulatus and Thamnodynastes lanei (Squamata: Colubridac)
from Eastern Amazon. Macapd, 2021. Dissertacdo (Mestre em Biodiversidade Tropical) —
Programa de Pés-graduacao em Biodiversidade Tropical — Pré-Reitoria de Pesquisa e Pos-

Graduacao - Universidade Federal do Amapa.

Parasites of the Hepatozoon genus (Apicomplexa, Hepatozoidae) are common in snakes and
have been described from these hosts for over a century. Until 2007, when molecular analyzes
were incorporated into the description, morphological and morphometric characterizations
were the main methods used for the differentiation and descriptions of Hepatozoon species
from snakes. Since then, the taxonomy and systematics of these parasites has been largely
carried out in an integrative manner, with the combined use of morphological and molecular
data, thus minimizing possible errors in the identification of these organisms. Despite the
increase in recent years in the description of Hepatozoon species of snakes, the overwhelming
majority of species still remain without molecular characterization. In Brazil, there are only
five Hepatozoon species of snakes that have molecular data. In the Brazilian Amazon, a
region with a high richness of snake species, there is no Hepatozoon species in these hosts
with associated genetic information. In this context, this dissertation aimed to investigate,
through an integrative approach, the presence of Hepatozoon in Thamnodynastes lanei and
Helicops angulatus snakes from Eastern Amazon. The dissertation is divided into general
introduction, chapter 1, chapter 2 and conclusions. In chapter 1, the finding of Hepatozoon
cevapii in T. lanei, a parasite previously described in Sao Paulo in the snake Crotalus durissus
terrificus, was registered. In the second chapter, the redescription of Hepatozoon carinicauda
in H. angulatus was performed, which had its original description in the snake Helicops
carinicaudus from Southeastern Brazil. Finally, the results obtained provided for the first time
molecular data on Hepatozoon spp. of snakes from the Amazon region, and increased

knowledge about the geographic distribution of H. cevapii and H. carinicauda.

Keywords: 18S rRNA; Molecular Characterization; Coccidia; Hemogregarines; Morphology;

Amazon Snakes.
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1. INTRODUCAO GERAL
1.1. FILO APICOMPLEXA

O Filo Apicomplexa (stricto sensu) Levine, 1970 ¢ um grupo de parasitos unicelulares
considerado monofilético quando levado em conta apenas hematozoarios, coccidios,
gregarinas e cryptosporidianos (Votypka et al. 2017, Janouskovec et al. 2019), cujos ciclos de
vida podem envolver um (monoxeno) ou mais hospedeiros (heteroxeno) (Smith 1996). Detém
mais de 300 géneros reconhecidos em pelo menos 60 familias, totalizando mais de 6000
espécies descritas, constituindo, assim, um dos maiores componentes da biodiversidade
mundial (Morrison 2009, Votypka et al. 2017). Apesar disso ¢ do aumento nos ltimos anos
das pesquisas, a biodiversidade do Filo Apicomplexa ainda ¢ pouco conhecida, com
estimativas de milhares de espécies ndo descritas (Morrison 2009, Pawlowski et al. 2012,
Votypka et al. 2017).

Uma sinapomorfia presente nos componentes desse filo é o complexo apical, um
conjunto de estruturas que consiste em anéis polares, roptrias, micronemas, microtibulos
condides e subpeliculares (Levine 1971). O complexo apical auxilia os parasitos nos
processos de entrada e estabelecimento dentro da célula hospedeira, ¢ o responsavel pelo
sucesso evolutivo do grupo (Votypka et al. 2017). As organelas secretoras, roptrias e
micronemas, ¢ granulos densos, que se localizam mais distante do complexo apical, se
destacam na invasao celular. Pois, sdo responséaveis pela protecdo do parasito contra a célula
hospedeira e na formagdo do vacuolo parasitéforo, que ¢ um compartimento derivado da
invaginagdo da membrana plasmatica da célula hospedeira induzida pela fixagao e invasao do
parasito (Dubremetz et al. 1998, Clough e Frickel 2017, Votypka et al. 2017). O vacuolo
parasitoforo possibilita a multiplicacdo e diferencia¢do do parasito, permitindo a absorcao de
nutrientes da célula hospedeira (Clough e Frickel 2017, Matz et al. 2020).

Em relagdo aos hospedeiros, ocorrem de invertebrados até vertebrados mais
complexos (Leander 2008). Sao parasitos comuns de animais silvestres (Daszak et al. 2000),
com alguns géneros (ex. Hepatozoon e Plasmodium) sendo extremamente diversificados em
hospedeiros vertebrados, sobretudo entre os répteis (Duszynski 2021). H4 estimativas de que
provavelmente todos os vertebrados e a maioria dos invertebrados alberguem pelo menos uma
espécie de Apicomplexa (Morrison 2009), e/ ou ainda que uma unica espécie de hospedeiro
possa estar infectada por uma dezena de espécies desses parasitos que infectam diferentes

tecidos (Votypka et al. 2017).
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Devido ao seu habito parasitdrio, muitas espécies do filo estdo entre as mais
conhecidas e estudadas por apresentarem elevada importancia médica humana e veterinaria
(Morrison 2009). Dentre essas, se destacam algumas espécies de Plasmodium Marchiafava e
Celli, 1885, causadoras da malaria humana (WHO 2019), e Toxoplasma gondii (Nicollle e
Manceaux, 1908), responsavel pela toxoplasmose que acomete cerca de um tergo da
populagdo humana mundial (Saadatnia e Golkar 2012). Além dessas, ha os de importancia
veterindria que impactam diretamente induastria alimenticia por causarem mortes e/ou
diminuicdo do ganho de peso em animais de produgdo, é o caso de espécies deEimeria
Schneider, 1875, que causam infec¢des em aves, coelhos e ruminantes, e Babesia e Theileria
Bettencourt et al., 1907 agente etioldgico da teileriose em animais da pecuaria (Votypka et al.

2017).
1.1.1. TAXONOMIA E SISTEMATICA
Na literatura hd variacdo na classificacdo taxondmica de alguns grupos do Filo
Apicomplexa (Votypka et al. 2017, Adl et al. 2019). O presente trabalho optou pela
classificagdo de Adl et al. (2019) que define Conoidasida e Aconoidasida como classes

(Tabela 1).

Tabela 1 — Classifica¢ao do Filo Apicomplexa, baseado em Adl et al. (2019).

Filo Apicomplexa Levine, 1970 emend. Adl et al., 2005

Classe: Conoidasida Levine, 1988

Ordem: Coccidia Leuckart, 1879

Ordem: Gregarinasina Dufour, 1828

Ordem: Blastogregarinea Chatton e Villeneuve, 1936 emend. Simdvanov et al. 2018

Classe: Aconoidasida Mehlhorn, Peters ¢ Haberkorn, 1980

Ordem: Haemospororida Danilewsky, 1885
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Ordem: Piroplasmorida Wenyon, 1926

Ordem: Nephromycida Cavalier-Smith, 1993 emend. Adl et al. 2019

1.1.1.1.ORDEM COCCIDIA LEUCKART, 1879

Essa ordem pertencente a classe Conoidasida, ¢ considerada uma ordem muito
importante para os estudos sobre o Filo Apicomplexa, por ser encontrada infectando todas as
classes de vertebrados (Votypka et al. 2017, Duszynski 2021). Sao parasitos que podem estar
presentes no citoplasma ou nucleo da célula hospedeira, atingindo diferentes 6rgaos (Votypka
etal. 2017).

Estd dividida entre duas subordens, Eimeriorina Léger, 1911 e Adeleorina Léger,
1911. Os principais representantes de Eimeriorina sdo os géneros: Caryospora Léger, 1904;
Cyclospora Schneider, 1881; Eimeria; Goussia Labbé, 1896; Isospora Schneider, 1881;
Lankesterella Labbé, 1899; Neospora Dubey et al., 1988; Sarcocystis Lankester, 1882; e
Toxoplasma. Para Adeleorina os principais géneros sdo: Adelina Hesse, 1911; Dactylosoma
Lebbé, 1889; Haemogregarina Danilewsky, 1885; Haemolivia Petit et al., 1990; Hepatozoon
Miller, 1908; Karyolyssus Labbé, 1894; ¢ Klossia Schneider, 1875 (Adl et al. 2012, Votypka
et al. 2017). Alguns integrantes de Adeleorina sdo classificados como hemogregarinas, como
as familias Haemogregarinidac (Haemogregarina), Hepatozoidac (Hepatozoon) e
Karyolysidae (Karyolyssus e Haemolivia). As hemogregarinas provavelmente estdo entre os
hemoparasitos mais frequentes dos vertebrados, principalmente em répteis, as quais podem

ser observadas parasitando eritrocitos e eventualmente leucocitos (Telford 2009).
1.1.2. GENERO HEPATOZOON MILLER, 1908

Dentre as hemogregarinas, Hepatozoon se destaca por ser o género mais diversificado
e prevalente do grupo, em termos de espécies descritas, capaz de parasitar anfibios, répteis,
aves e mamiferos. No entanto, possui particular predominancia em serpentes, as quais detém a
maioria das descrigdes do género (Smith 1996, Maia et al. 2016, Hrazdilova et al. 2021,
Zechmeisterova et al. 2021).

O numero de espécies de Hepatozoon para hospedeiros vertebrados foi catalogado
pela ultima vez ha mais de 20 anos por Smith (1996). Na época o género contava com 328

espécies descritas e dessas 37% (n = 121) descritas em serpentes. Até entdo as espécies eram
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descritas por analises morfométrica e morfoldgica, principalmente, dos gamontes encontrados
no sangue periférico dos hospedeiros vertebrados (Sloboda et al. 2007). Os gamontes sao
formas parasitarias de Hepatozoon que infectam eritrécitos, que em geral sdo alongados e
possuem nucleo localizado ao centro ou a margem do parasito (Smith 1996, Telford 2009,
Votypka et al. 2017). Assim, os gamontes eram analisados microscopicamente, desenhados e
ou fotografados para comparagdes com outros gamontes previamente descritos, quanto ao
aspecto do ntcleo, deformacdes causadas na célula hospedeira, tamanho de parasito e da
célula hospedeira (comprimento, largura e area) (Telford 2009).

Os estudos mais antigos consideravam que Hepatozoon apresentava alta
especificidade, assim, os parasitos relatados em uma determinada espécie de hospedeiro
poderiam ser considerados como espécies novas, independentemente de terem sido
observados em outros hospedeiros (Smith 1996, Sloboda et al. 2007). O advento de técnicas
moleculares nos ultimos 15 anos na descricdo desses parasitos em serpentes revolucionou a
taxonomia do grupo (Sloboda et al. 2007). Uma vez que a morfologia pode ser limitada,
principalmente por necessitar dos estdgios de vida e das caracteristicas do parasito que podem
ser indistinguiveis de um para outro (Harris et al. 2011; Perkins et al. 2011). No entanto, a
caracterizagdo molecular também possui algumas desvantagens. Dependendo da escolha do
marcador molecular, alguns agrupamentos de espécies podem ser ou nao sustentados, e gerar
estimativas erroneas de arvores genéticas mesmo que suportadas (Perkins et al. 2011). Assim,
a taxonomia com o uso combinado de informagdes morfologicas e moleculares fornece uma
identificacdo mais robusta para as espécies de Hepatozoon (Perkins et al. 2011).

Com o avanco da biologia molecular e suas ferramentas, o estudo genético desses
parasitos comecou a ser incorporado nos trabalhos de taxonomia, inicialmente através do
emprego do gene ribossomal 18S (18S rRNA) como marcador molecular (Sloboda et al.
2007). Desde entdo, dezenas de espécies Hepatozoon foram descritas a partir de taxonomia
integrativa com o uso de técnicas de microscopia ¢ moleculares, onde as descrigdes de
espécies que infectam serpentes ainda se sobressaem (Maia et al. 2016, Hrazdilova et al. 2021
Zechmeisterova et al. 2021).

O 18S rRNA continua a ser o marcador mais usado nas andlises filogenéticas das
hemogregarinas (Hrazdilova et al. 2021) e se mostra eficaz na distingdo entre espécies de
Hepatozoon (Ungari et al. 2018, 2021). No entanto, recentemente, uma grande discussio
formou-se sobre o uso de outros marcadores moleculares, principalmente os mitocondriais, de
forma a obter respostas mais claras sobre as relagdes evolutivas entre as hemogregarinas,

sobretudo para aqueles taxons que, como Hepatozoon, nao sdo monofiléticos (Abdel-Baki et
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al. 2014, Maia et al. 2016, Cook et al. 2018, Gutierrez-Liberato et al. 2021, Harris et al. 2019,
Hrazdilova et al. 2021). A ocorréncia de parafiletismo de Hepatozoon, de fato, tem gerado
uma busca pela estabilidade taxondmica do género. Tal fato, se reflete na proposta de um
novo género por Karadjian et al. (2015), o “Bartazoon”, para hospedeiros ndo-carnivoros de
Hepatozoon (répteis, anfibios, morcegos, roedores e marsupiais), mas foi desconsiderado pela
auséncia de dados genéticos da espécie tipo Hepatozoon muris (Miller, 1908) e por ser
instavel dependendo da técnica de andlise dos dados utilizada (Maia et al. 2016, Hrazdilova et
al. 2021). Dessa forma, ha um consenso cientifico em continuar a classificar como
Hepatazoon os organismos que apresentam as caracteristicas morfologicas do grupo e que
estejam posicionados em um dos dois principais clados do taxon, divididos entre hospedeiros

carnivoros ¢ ndo-carnivoros (Maia et al. 2016, Hrazdilova et al. 2021).
1.1.3. CICLO DE VIDA DE HEPATOZOON

As espécies de Hepatozoon apresentam ciclo de vida heteroxeno, caracterizado pela
participagdo de invertebrados hematdfagos como vetores e hospedeiros definitivos, e de um
ou mais vertebrados como hospedeiros intermediérios. Para espécies de Hepatozoon que usam
serpentes como hospedeiras intermedidrias, a maioria dos estudos com ciclo de vida indicam
mosquitos como vetores e ratos, sapos, lagartos ou outras cobras como hospedeiros
paraténicos (Smith 1996, Votypka et al. 2017). Além disso, ha a possibilidade de transmissao
vertical, quando o filhote ¢ infectado pela mae (Kauffman et al. 2017).

O ciclo de vida ontogenético, caracteristico dos Apicomplexa, compreende as fases:
merogonia (replicagdo assexuada) com divisdo por fissdo multipla resultando em merozoitos;
gametogonia (replicacdo sexuada) com processo de produgdo de gametas que culmina com a

formac¢do do zigoto; e esporogonia (replicacdo assexuada) resultando no estidgio esporozoito

(Smith 1996) (Figura 1).
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Figura 1 — Esquema sobre as fases replicativas do ciclo de vida de um Apicomplexa.
Adaptado de Votypka et al. (2017).

Em serpentes, quando os gamontes (células que se dividlem em gametas)
intraeritrocitarios de Hepatozoon sdo ingeridos por artrépodes hematdfagos (Fonseca et. al
2020), mediante hematofagia (Figura 2a), os seus macrogamontes ¢ microgamontes invadem
a parede intestinal do mosquito para chegar at¢ a sua hemocele (Figura 2b) e no corpo
adiposo, se associam em sizigia (ocorrendo apds a gametogénese). Um dos microgametas (2
ou 4) formado pela divisdo do microgamonte, fertiliza o macrogameta (Figura 2c). Essa unido
resulta no oocisto (Figura 2d) que se expande até¢ ter centenas de esporocistos contendo
iniimeros esporozoitos (Figura 2e, f) —componente caracteristico do ciclo em invertebrados e
que serdo ingeridos por hospedeiros paraténicos: sapos, lagartos, ratos ou outros (Votypka et
al. 2017), até peixes podem ser possiveis, uma vez que experimentalmente foi observado para
Hepatozoon de répteis aquaticos (Pereira et. al 2014) (Figura 2g). Uma vez no intestino
delgado dos mesmos, os esporozoitos chegam aos vazos sanguineos ¢ podem dai alcancar
inimeros Orgdos, sobre tudo o figado, onde se diferenciam, formando cistos com 2
cistozoitos, estagio dormente (Figura 2h). As serpentes predam artropodes infectados com
oocistos ou hospedeiros paraténicos infectados com cistozoitos que sdo liberados no intestino
da serpente (Figura 2ij). Na sequéncia ocorre merogonia, macromerontes contendo
macromerozoitos formam-se e pela corrente sanguinea infectam as suas visceras, figado,
pulmdo ou outros 6rgaos (Figura 2k). Novamente ocorre merogonia, dessa vez formando
micromerontes com micromerozoitos (Figura 2m), os quais sdo liberados na corrente
sanguinea e infectam eritrocitos, transformando-se em gamontes que, por sua vez, serao

ingeridos por mosquitos (Figura 2n) (Lee et al. 1985, Smith 1996).
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CICLO DE HEPATOZOON spp. de Serpentes
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Figura 2 — Diagrama do ciclo de vida de Hepatozoon spp. em serpentes. (a) Gamontes em
eritrocitos sdo ingeridos pelo vetor. Os micro e macrogamontes atravessam a parede intestinal
e na hemocele penetram em células adiposas onde formam os (b) gametas masculino e
feminino. (c) Fusdo dos gametas. (d) Formagao de oocisto imaturo na hemocele do vetor. (e)
Ocorre a esporogonia com a formacao de oocistos maduros contendo esporocistos (f) com
esporozoitos (g) dentro. (h) Um hospedeiro paraténico (roedor, anfibio, lagarto) ingere o
vetor com a liberagdo de esporozoitos que penetram nas células formando cistos com
cistozoitos e células de diferentes 6rgaos. O hospedeiro intermediario se infecta ingerindo o
vetor contendo os oocistos (i) ou ingerindo o hospedeiro paraténico contendo os cistozoitos
(J). (k) Esporozoitos ou cistozoitos, liberados no intestino da serpente, atravessam a parede
intestinal e penetram em células de diferentes orgdos, formando macromerontes com
macromerozoitos. (I) Os macromerozoitos liberados penetram em outras células formando
(m) micromerontes com micromerozoitos. (n) Micromerozoitos liberados penetram nos

eritrocitos formando os (a) gamontes.

1.1.4. HEPATOZOON EM SERPENTES BRASILEIRAS

Aproximadamente 35 espécies descritas de Hepatozoon foram associadas com mais de

30 espécies de serpentes brasileiras, distribuidas entre as familias Colubridae Oppel, 1811,
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Boidae (Gray, 1825) e Viperidae Oppel, 1811, oriundas principalmente da regido sudeste do
Brasil (Tabela 2). No entanto, at¢ o momento, dentre essas espécies apenas cinco foram
acessadas molecularmente (O’Dwyer et al. 2013, Borges-Nojosa et al. 2017, Ungari et al.
2018, Ungari et al. 2021).

A primeira caracterizagdo molecular de Hepatozoon de serpentes brasileiras ocorreu
em 2013 e resultou nas descrigdes de Hepatozoon cevapii O’Dwyer et al. 2013, Hepatozoon
cuestensis O’Dwyer et al. 2013 e Hepatozoon masardii O’Dwyer et al. 2013, a partir da
serpente Crotalus durissus terrificus (Laurenti, 1768) (O’Dwyer et al. 2013). Posteriormente,
houve a descricdo de Hepatozoon musa Borges-Nojosa et al. 2017 em Phylodrias nattereri
(Steindachner, 1870) (Borges-Nojosa et al. 2017), e mais recentemente Hepatozoon
quagliattus Ungari et al. 2021 em Dipsas mikanii (Schlegel, 1837) (Ungari et al. 2021).

Com relagdo as serpentes da AmazoOnia brasileira, existem poucas espécies de
Hepatozoon descritas, onde ndo ha qualquer informagao molecular associada e poucos dados
até mesmo sobre a morfologia e morfometria desses parasitos (Pessoa et al. 1970a, Paperna e
Lainson 2003, 2004). Pessoa et al. (1970a) descreveram a merogonia de Hepatozoon luhei
(Sambon, 1909) nas serpentes Corallus caninus (Linnaeus, 1758) e Corallus hortulanus
(Linnaeus, 1758), provenientes do Estado do Amapa; e esporogonia nos mosquitos Culex
quinguefasciatus Say, 1823 que eram mantidos em laboratorio. Paperna ¢ Lainson (2003)
identificaram Hepatozoon terzii (Sambon e Siligmann 1907) em Boa constrictor Linnaeus,
1758 no Estado do Pard, mas sem fornecer dados morfologicos do parasito. Um ano depois,
os mesmos autores descreveram, experimentalmente, o ciclo de vida de H. terzii envolvendo a
serpente B. constrictor, o hospedeiro definitivo experimental, o mosquito C. quinquefasciatus,
e como hospedeiro paraténico o lagarto Tropidurus torquatus (Wied-Neuwied, 1820). Em um
estudo mais recente também no Estado do Para, serpentes B. constrictor foram identificadas

com Hepatozoon sp., mas sem qualquer caracterizagao do parasito (Luz et al. 2012).
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Tabela 2 — Lista de espécies de Hepatozoon que infectam serpentes brasileiras.

Familia/espécie de serpente Hepatozoon sp. Localidade Referéncia
Boidae
Boa constrictor H. juxtanuclearis Brasil Carini (1947); Pessoa (1967a)
H. terzii Botucatu-SP; Para Mogo et al. (220(())023;;});552?3 ¢ Lainson
Corallus caninus H. luhei Amapa Pessoa et al. (1970a)
Corallus hortulanus H. luhei Santos e Juquia - SP; Amapa Pessoa et al. (1970a)
Corallus spp. H. corallus Santos - SP Pessoa e Cavalheiro (1970)
Epicrates crassus H. cenchridis Brasil Pessoa e Cavalheiro (1969a)
H. musa Uberlandia - MG Ungari et al. (2018)
Colubridae
Chironius bicarinatus H. bicarinati Brasil Pessoa e Cavalheiro (1969a)
Chironius flavolineatus H. chironiusi Ponta Grossa - PR Pessoa (1967b)
Chironius laevicollis H. laevicolis Mogi das Cruzes - SP Pessoa (1967¢)

Dipsas mikanii H. quagliattus Britania - GO Ungari et al. (2021)
Dryadophis bifossatus H. drymobii Brasil Marullaz (1912); Pessoa (1967d)
Erythrolamprus aesculapii H. colubri Sao Paulo - SP Pessoa (1967¢)
Helicops angulatus H. carinicauda Macapa - AP Este estudo

Helicops carinicaudus
Helicops modestus

Hydrodynastes gigas

H. carinicauda
H. modesta

H. migonei

Votuporanga - SP
Jundiai - SP

Mato Grosso; Adamantina - SP;

Botucatu - SP

Pessoa e Cavalheiro (1969b)
Pessoa e Cavalheiro (1969a)

Pessoa et al. (1970); Mogo et al. (2002)
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Familia/espécie de serpente

Hepatozoon sp.

Localidade

Referéncia

Colubridae
Hydrodynastes gigas

Liophis miliaris

Leimadophis poecilogyrus

Philodryas aestiva

Philodryas nattereri

Philodryas patogoniensis

Pseudoboa nigra

Spilotes pullatus
Thamnodynastes lanei
Thamnodynastes pallidus
Thamnodynastes strigatus
Xenodon merremii

Viperidae

Bothrops alternatus

H. cyclagrassi
H. gigas
H. miliaris
H. leimadophis
H. poecilogyrus
H. butatanensis
H. philodriasi

H. musa
H. philodriasi

H. philodriasi

H. pseudoboae
H. pullatus
H. cevapii
H. pallida
H. strigatus
H. arantesi

H. roueli

Mato Grosso; Adamantina -SP;

Botucatu - SP
Mato Grosso

Sdo Paulo

Agua Branca - ES
Mato Grosso
Brasil
Brasil
Upanema - RN
Sao Paulo - SP

Sao Paulo; Botucatu - SP

Sao Paulo - SP
Mato Grosso
Macapa - AP

Juiz de Fora - MG
Sao Paulo
Andradina - SP

Séo Paulo-SP

Arantes (1934); Pessoa et al. (1970b);
Moco et al. (2002)

Pessoa e Cavalheiro (1970)

Pessoa (1968) / Pessoa e Cavalheiro
(1969¢)

Pessoa (1967b)

Pessoa (1967b)

Pessoa (1928)
Pessoa e Cavalheiro (1969a)
Borges-Nojosa et al. (2017)

Carini (1910); Pessoa (1967a)

Carini (1910); Pessoa (1967a); Mogo et
al. (2002)

Pessoa (1967a)
Pessoa (1968)
Este estudo
Pessoa et al. (1971a)
Pessoa (1967a) / Pessoa et al. (1970c¢)
Arantes (1931) / Pessda (1967b)

Phisalix e Laveran (1913); Pessoa et al.
(1972)
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Familia/espécie de serpente Hepatozoon sp. Localidade Referéncia
Viperidae
Bothrops jararacussu H. jararacussu Brasil Pessoa (1968)
Bothrops jararaca H. plimmeri Sao Paulo Pessba (1967¢); De Biasi et al. (1989)
Bothrops moojeni H. plimmeri Brasil Pessoa et al. (1971b)
Crotalus durissus cascavella H. crotali Remanso - BA Pessoa (1967¢)
Crotalus durissus collilineatus H. romani Brasilia - DF Pessoa (1967¢)
H. capsulata Brasilia - DF Pessoba (1967¢)

Crotalus durissus

Crotalus durissus terrificus

H. cuestensis
H. cevapii
H. musa
H. romani
H. massardii
H. capsulata
H. cuestensis

Uberlandia - MG
Botucatu - SP
Uberlandia - MG
Sao Paulo; Mato Grosso
Botucatu - SP
Sao Paulo

Botucatu - SP

Ungari et al. (2018)
O'Dwyer et al. (2013)
Ungari et al. (2018)
Pessoa (1967¢)
O'Dwyer et al. (2013)
Pessoa (1967¢)
O'Dwyer et al. (2013)

21
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1.2 SERPENTES DA FAMILIA COLUBRIDAE

Colubridae ¢ a maior familia de serpentes do mundo, onde das mais de 3879 espécies
de serpentes conhecidas, pelo menos 2031 sdo colubrideos (Uetz et al. 2021). Os membros
dessa familia possuem uma ampla variedade de caracteristicas morfologicas dentro de cada
subfamilia, variando em tamanho, formas, cores, escamagdes ¢ comportamentos (Amr e Disi
2011). Podem ser terrestres, aquaticos, arboreos ou fossoriais, além de possuirem habitos
alimentares muito diversificados. Podem apresentar denticao aglifa ou opistoglifa, razdo pela
qual algumas espécies podem inocular veneno, apesar de ainda serem tratadas como nao
venenosas em parte da literatura (Amr e Disi 2011, Fraga et al. 2013). A subfamilia
Dipsadinae destaca-se por muitas de suas espécies possuirem a denti¢do opistoglifa e serem
relatadas em episddios de acidentes envenenando humanos, apresentando toxicidade leve ou
alta. E o caso das serpentes Phylodrias Wagler, 1830, Helicops Wagler, 1830 e
Thamnodynastes Wagler, 1830 (Rocha et al. 2006, Estrella et al. 2011, Peichoto et al. 2012,
Junqueira-de-Azevedo et al 2016, Aratjo et al. 2018).

Colubridae ¢ considerada um agrupamento ndo natural de espécies de serpentes devido
as divergéncias observadas nas reconstrugdes filogenéticas do grupo (Zaher et al. 2009, Pyron
et al. 2013). Na definicdo mais recente, Colubridac possui cerca de sete subfamilias,
Natricinae, Calamariinae, Grayiinae, Pseudoxenodontinae, Sibynophiinae, Dipsadinae e
Colubrinae (Pyron et al. 2013). Dipsadinae (817 espécies) e Colubrinae (756 espécies) sao as
subfamilias mais numerosas e as Unicas com representantes ocorrendo em territorio brasileiro
e na Amazonia (Fraga et al. 2013, Costa e Bernils 2018, Uetz et al. 2021). Foram registradas
aproximadamente 306 espécies de Dipsadinae no Brasil, dessas 50 espécies podem ser
encontradas no Amapa. Enquanto que para Colubrinae hd 39 espécies descritas em todo
territorio nacional, das quais 19 estdo presentes no Amapa (Costa e Bérnils 2018). Dipsadinae
e Colubrinae possuem morfologias e aspectos ecologicos muito diversificadas entre si e
dentro da propria subfamilia (Fraga et al. 2013). Além disso, as duas subfamilias apresentam
notdrio distanciamento filogenético, observado nas extremidades do clado dos colubrideos
(Uetz et al. 2021).

Entre as serpentes registradas como hospedeiras de Hepatozoon no Brasil, os
colubrideos também se destacam, com 21 espécies de hepatozoideos em 22 espécies de
serpentes desta familia (Tabela 2). Dentre essas encontramse dois géneros de Dipsidinae:
Helicops, hospedeira de Hepatozoon modesta Pessoa and Cavalheiro, 1969 e Hepatozoon

carinicauda Pess6a and Cavalheiro, 1969; e Thamnodynastes, com Hepatozoon strigatus
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Pessoa, 1967 e Hepatozoon pallida Pessoa et al. 1971. Contudo, como registros de
Hepatozoon nessas serpentes ocorreram ha mais de cinquenta anos, consequentemente, esses
parasitos ndo possuem caracterizacdo molecular e nem dados morfolégicos tdo detalhados
como os que temos atualmente nas descri¢des de espécies (Pessda 1967a, Pessda e Cavalheiro

1969ab, Pessoa et al. 1971).
1.2.1. HELICOPS ANGULATUS E THAMNODYNASTES LANEI

Helicops é um género que compreende 19 espécies de serpentes amplamente
distribuidas na América do Sul (Uetz et al. 2021). S3o serpentes estritamente aquaticas, de
habitos noturnos e de pequeno porte (Fraga et al. 2013). No Brasil, 15 espécies sdo relatadas,
das quais metade sao endémicas do pais (Schoneberg e Kohler 2021). No Amapa hé o relato
de cinco espécies do género: Helicops hagmanni Roux, 1910, Helicops leopardinus (Schlegel,
1837), Helicops polylepis Gunther, 1861, Helicops trivittatus (Grey, 1849) e Helicops
angulatus (Linnaeus, 1758) (Costa e Bérnils 2018).

No caso de H. angulatus (Figura 3), essas serpentes sdo conhecidas por representarem
um complexo de espécies cripticas (Murphy et al. 2020), com registros no Brasil nos biomas
Amazonicos, floresta seca de Chiquitano, Cerrado, Caatinga e por¢ao norte da Mata Atlantica
(Nogueira et al. 2019). As serpentes fémeas da espécie podem alcangar cerca de 1 m de
comprimento, os machos sdo alguns centimetros menores (Fraga et al. 2013, Freitas 2014).
Possuem dieta composta principalmente por peixes e anuros (Aguiar e Di-Bernado 2004,
Avila et al. 2006, Carvalho et al. 2017). Morfologicamente H. angulatus se destigue das
demais espécies do género pela coloragdo das manchas ventrais, seu numero de fileiras e pela
cor dos losangos dorsais (Murphy et al. 2020). A coloracao do dorso ¢ formada por manchas
marrom-escuras € marrom-claras, as manchas do ventre possuem faixas pretas que intercalam
com cores avermelhadas em jovens ou bege em adultos (Fraga et al. 2013). No entanto, a
coloragdo pode variar entre os espécimes de diferentes regides geograficas (Murphy et al.
2020).

Os modos reprodutivos em H. angulatus podem ser viviparos ou oviparos, variando
conforme localizagdo geografica dos espécimes (Braz et al. 2016). Um modo reprodutivo
singular entre as serpentes, por essa razdo a espécie ¢ muito importante em estudos sobre
compreensdo da evolugdo da reproducao das serpentes. No entanto, a crescente destruigdo e

poluicdo de ambientes aquaticos ameaca a sobrevivéncia da espécie (Murphy et al. 2020).
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Figura 3 — Serpente Helicops angulatus. Fonte: Freitas (2014).

Thamnodynastes ¢ um género composto por 21 espécies de serpentes relativamente
pequenas, viviparas e opistoglifas, que ocorrem na América do Sul (Uetz et al. 2021). No
Brasil, sdo registradas 12 espécies e dessas apenas Thamnodynastes pallidus (Linnaeus, 1758)
e Thamnodynastes lanei Bailey et al. 2005 ja foram reportadas no Amapa (Costa ¢ Bérnils
2018).

Thamnodynastes lanei (Figura 4) sdo serpentes noturnas que ocupam ambientes de
vegetagdo de arbustos e gramas grossas, frequentemente associadas a areas inundadas
sazonalmente ou ao longo de grandes cursos d’agua (Bailey et al. 2005). A dieta segue o
padrao de outras espécies do seu género, composta por ras, lagartos, pequenos mamiferos e
eventualmente peixes (Bernarde et al. 2000; Bortolanza-Filho et al. 2019). A reprodugado
destas serpentes ¢ vivipara, assim como nas demais espécies do género (Bellini et al. 2014).

A diferenciacdo de T. lanei pode ser observada pela analise das seguintes
caracteristicas: presen¢a de dorsais esquilhadas; nimero de fileiras da escala dorsal; nimeros
de faixas ventrais longitudinais; comprimento maximo da abertura do focinho; € comprimento
da cauda (Zaher 2021). Sdo serpentes com listras ventrais geralmente muito palidas, e que

alcangam o tamanho de 65 centimetros (Bailey et al. 2005).
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Figura 4 — Serpente Thamnodynastes lanei. Fonte: Uetz et al. (2021).
1.3  JUSTIFICATIVA

A investigacdo de Hepatozoon em serpentes ¢ primordial para o entendimento
taxonémico do género, no contexto da relagdo entre suas espécies e as relagdes filogenéticas
(Maia et al. 2016). Além disso, quanto mais espécimes de Hepatozoon de serpentes forem
investigadas, estudos de filogeografia poderdo ser realizados, revelando a relagdo geografica
que possa existir entre parasito e hospedeiro (Zechmeisterova et al. 2021).

A Amazonia brasileira, embora concentre a maior diversidade de espécies de serpentes
do Brasil (Costa e Bérnils 2018), possui relativamente menos espécies descritas de
Hepatozoon de serpentes do que a regido sudeste, um contraste provavelmente associado aos
poucos exames realizados na regido. Além disso, a ultima caracterizacdo de Hepatozoon de
serpentes da regido ocorreu em 2004, através de analise morfologica e morfométrica (Paperna
e Lainson, 2004). Portanto, este estudo tem como objetivo investigar de forma integrativa,
usando dados morfolégicos e moleculares, a ocorréncia dos parasitos Hepatozoon em
hospedeiros colubrideos, T. lanei e H. angulatus, da regido da Amazonia Oriental, Brasil.

Contribuindo, assim, para ampliar o conhecimento taxondmico e sobre a distribuicao
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geografica de Hepatozoon de serpentes, contemplando a Amazdnia brasileira com as

primeiras sequéncias de Hepatozoon.
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2. HIPOTESES

H1: As espécies de Hepatozoon das serpentes Thamnodynastes lanei diferem dos parasitos de

Helicops angulatus.

H2: Hepatozoon spp. de hospedeiros aquaticos, assim como Hepatozoon spp. de Helicops

angulatus, sdo monofiléticos.

H3: As espécies de Hepatozoon de Thamnodynastes lanei ¢ Helicops angulatus posicionam-
se filogeneticamente agrupados as demais sequéncias de Hepatozoon de hospedeiros da

América do Sul.
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3. OBJETIVOS
3.1. GERAL

Investigar, através de uma abordagem integrativa, a presenga de Hepatozoon em duas

espécies de colubrideos, Thamnodynastes lanei e Helicops angulatus da Amazonia Oriental.

3.2. ESPECIFICOS

e Caracterizar taxonomicamente, usando ferramentas moleculares e de microscopia de
luz, as espécies de Hepatozoon que parasitam as serpentes Thamnodynastes lanei e
Helicops angulatus.

e Determinar as relacdes filogenéticas de Hepatozoon spp. encontrados nas serpentes

Thamnodynastes lanei e Helicops angulatus com as outras linhagens do parasito.
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Abstract

The aim of the present study was to verify the occurrence of hemogregarines in the colubrid snake Thamnodynastes lanei
from the eastern Amazon region of Brazil. Intraerythrocytic gamonts with mean dimensions of 14.8 + 1.8 x4.0+0.7 pm
and encapsulated gamonts with mean dimensions of 15.3+1.1x4.8+0.5 pm were observed. Through morphological and
molecular data based on the partial 18S rDNA gene, the parasite was identified as Hepatozoon cevapii, originally described
in the viperid snake Crotalus durissus terrificus from the southeast region of Brazil. Thus, the findings of the present study
extend the geographic range of H. cevapii and provide novel Hepatozoon—snake associations.

Keywords Hemoparasites - Reptiles - Molecular characterization,-Brazilian snakes

Introduction

Hemoparasites of the Hepatozoon genus (Miller, 1908)
(Apicomplexa, Hepatozoidae) are relatively common in wild
animals, and occur in different classes of vertebrates, from
frogs to mammals (Smith 1996). Hepatozoids have heterox-
enic cycles, involving a vertebrate host for the asexual repli-
cative phase (merogony) and an invertebrate host (definitive)
for the sexual reproduction phases and a new asexual cycle
(gametogony and sporogony) (Telford 2009). The genus is
the most abundant among hemogregarines, with more than
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300 described species, and is the most common hemopar-
asite of the phylum Apicomplexa in snakes (Smith 1996;
Ungari et al. 2018).

The genus Thamnodynastes Wagler, 1830 (Squamata,
Colubridae) in Brazil is composed of 12 species of relatively
small viviparous and opisthoglyphous colubrids (Bailey
et al. 2005; Costa and Bérnils 2018). The species Tham-
nodynastes lanei Bailey et al. 2005 inhabits environments
with grass and shrub type vegetation, marked by seasonal
floods, or along water courses (Bailey et al. 2005). It has a
nocturnal behavior and a diet similar to other species of this
genus, comprising frogs, lizards, small mammals, and even
fish (Bernarde et al. 2000; Bortolanza-Filho et al. 2019). It
is widely distributed in South America, and in Brazil occurs
in the cerrado, pantanal, and Amazon rainforest biomes
(Nogueira et al. 2019).

In relation to infection by hepatozoids, there are only two
records for the genus Thamnodynastes and Hepatozoon pal-
lida (Pessda et al. 1971) described in Thamnodynastes pal-
lidus (Linnaeus, 1758) and Hepatozoon strigatus (Pessda
1967) in Thamnodynastes strigatus (Gunther, 1858). In the
present study, during the search for hemoparasites in snakes
from the Eastern Amazon region, we recorded the presence
of Hepatozoon cevapii O’Dwyer et al. 2013 in Thamnodyn-
astes lanei Bailey et al. 2005, through the integrated use of
genetic and morphological data.
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Abstract

The combined use of molecular and microscopic techniques has become an increasingly common and efficient
practice for taxonomic and evolutionary understanding of single-celled parasites such as hemogregarines. Based
on this integrative approach, we performed the characterization of Hepatoozon found in Helicops angulatus
snakes from the Eastern Amazonia, Brazil. The gamontes observed caused cell hypertrophy, they were extremely
elongated and, in some cases, piriform (mean dimensions: 25.3 + 1.9 x 8.6 + 1.3 um). These morphological
features correspond to Hepatozoon carinicauda described fifty years ago in the snake Helicops carinicaudus in
Southeast Brazil. Phylogenetic and genetic divergence analyses, performed with the sequence obtained by
amplification of a 590 bp fragment of the 18 S rRNA gene, revealed that Hepatozoon in H. angulatus was
different from the other lineages retrieved from Genbank and was clustered singly in both the phylogenetic tree
and the haplotype network. The integration of these data allowed the identification of H. carinicauda in a new
aquatic host and increased the knowledge of its geographical distribution. Therefore, our study included the first
redescription of a Hepatozoon species in a snake from the Brazilian Amazonia.

Keywords: 18S rRNA - Hemogregarines - Molecular description - Taxonomy - Neotropical snakes

Introduction

Hemogregarines of the genus Hepatozoon Miller, 1908 (Apicomplexa, Hepatozoidae) comprise a ubiquitous
group of intraerythrocytic parasites remarkably diverse among snakes (Smith 1996; Ungari et al. 2018). For a
long time, the species nomination in this taxon was based on classical taxonomic methods, using morphological
and morphometric data (Morrison 2009). However, such features alone do not provide a robust diagnosis for
single-celled organisms like Hepatozoon, whose paucity of morphological traits make them especially prone to
cryptic species (Perkins et al. 2011; Zechmeisterova et al. 2021). In this regard, the use of molecular markers,
mainly the 18S ribosomal nuclear gene (Hrazdilova et al. 2021), was a decisive milestone for the taxonomy of
these parasites, allowing access to genetic diversity and a better understanding of their phylogenetic relationships
(Harris et al. 2011; O’Dwyer et al. 2013; Hrazdilova et al. 2021).

Descriptions of Hepatozoon in snakes have been reported in the literature for more than a century (Smith
1996), yet genetic data for this group are restricted to the last 15 years (Sloboda et al. 2007). In Brazil, even with
the high taxonomic richness recorded (ca. 40 spp.) in snakes (Pessoa et al. 1974; Smith 1996; Ungari et al. 2018;
2021), only five species had sequences available so far: Hepatozoon cevapii O’Dwyer et al. 2013 reported in

Crotalus durissus Linnaeus, 1758 (O’Dwyer et al. 2013) and Thamnodynastes lanei Bailey et al. 2005 (De Paula
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et al. 2021); Hepatozoon cuestensis O’Dwyer et al. 2013 and Hepatozoon massardii O’Dwyer et al. 2013
described in C. durissus (O’Dwyer et al. 2013; Ungari et al. 2018); Hepatozoon musa Borges-Nojosa et al. 2017
from Philodryas nattereri (Steindachner, 1870) (Borges-Nojosa et al. 2017), C. durissus and Epicrates crassus
Cope, 1862 (Ungari et al. 2018); and Hepatozoon quagliattus Ungari et al. 2021 in Dipsas mikanii (Schlegel,

1837) (Ungari et al. 2021).

Helicops Wagler, 1830 (Colubridae, Dipsadinae) is a genus of Neotropical snakes widely distributed in South
America and comprising 19 described species, of which 15 can be found in Brazil and some are endemic to this
country (Costa and Bérnils 2018; Nogueira et al. 2019; Schoneberg and Kohler 2021). These snakes are strictly
aquatic, with nocturnal habits and feed mainly on fish and anurans (Aguiar and Di-Bernado 2004; Avila et al.
2006; Carvalho et al. 2017). They can be viviparous or oviparous, with the exception of Helicops angulatus
(Linnaeus, 1758), which has both reproductive modes (Braz et al. 2016). Regarding the occurrence of
hemoparasites, there are two species of hepatozoids reported in these snakes (Pessda and Cavalheiro 1969ab):
Hepatozoon modesta Pessoa and Cavalheiro, 1969 from Helicops modestus Gunther, 1861 and Hepatozoon

carinicauda Pessoa and Cavalheiro, 1969 in Helicops carinicaudus (Wied-Neuwied, 1824).

Therefore, the present study aimed to investigate the presence of hemoparasites in the brown-banded water
snake H. angulatus, and from the use of an integrative taxonomy approach (morphology, morphometry and
molecular data) it was possible to rediscover and redescribe H. carinicauda, a species named more than fifty

years ago.

Material and Methods
Blood sampling and parasite morphological identification

We collected, via venipuncture of the tail (Sykes and Klaphake 2008), blood samples from three individuals
of H. angulatus, manually captured in two flooding areas in the municipality of Macapa, Amapa State, Brazil
(0°01°04.29” S, 51°05°11.17” W; 0°00°40.7” N, 51°05°49.5” W) (Fig. 1). A portion of this blood was used to
make blood smears, which were fixed with absolute methanol for 3 min and stained with Giemsa 10% for 30

min, and the rest of the sample was preserved in 96% ethanol (Hull and Camin 1960; Telford et al. 2001). The
slides were examined under a light microscope at X400 and xX1000 magnification and the parasite forms were

recorded with a 5.1 MP digital camera attached to the biological microscope DI — 136T. The images and

measurements of the parasites were processed using Image View® software. Morphometric characterization was
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given in micrometers (um) and variables such as length, width and area of the parasite and erythrocytes were
presented as mean, range and standard deviation. Parasitemia was estimated by counting the number of parasites

visualized in 2000 erythrocytes, in 20 fields of 100 examined erythrocytes (Godfrey et al. 1987).
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Fig. 1 Map of the study area containing the location of the analyzed samples, indicated by red circles.

DNA extraction, amplification and sequencing

Total DNA was extracted from a sample using the DNeasy Blood & Tissue Kit (QIAGEN, Valencia, CA),
according to the manufacturer's instructions. The detection of the parasite DNA by PCR (polymerase chain
reaction) was performed using the Hep300 and Hep900 primers, which amplified a fragment of 590 base pairs
(bp) of the 18S rRNA gene for sequencing and phylogenetic analysis (Ujvari et al. 2004). The PCR consisted of
a pre-PCR step at 94 °C for 3 min, followed by 45 cycles of 94 °C for 45 s, one cycle at 56 °C for 1 min, an
extension at 72 °C for 40 s, and a final extension at 72 °C for 10 min. The amplicon was purified following the
manufacturer's protocol using Wizard® SV Gel and the PCR Clean-Up System. PCR products were sequenced
using the BigDye™ Terminator v.3.1 Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City,
CA, USA) and the ABI 3100 Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) (Sanger et al.

1977).

Phylogenetic analyses
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The amplified sequence was edited and the consensus sequence was built using the BioEdit software v7.2.5
(Hall 1999). The identity, query coverage and Evalues were assessed by BLASTn tool (using default
parameters), available in the NCBI GenBank database (Altschul et al. 1990). The obtained sequence was aligned
with other sequences retrieved from GenBank using MAFFT software, version 7 (Katoh et al. 2019). Sequences
used for phylogenetic inferences were selected from BLAST results and other studies performed in Brazil and
other countries (Supplementary Information). First, the model “best of fit” was selected by the program
jModelTest2 (version 2.1.6) on 11 XSEDE19, under the Akaike Information Criterion (AIC) (Darriba et al.
2012). Maximum likelihood (ML) tree inference was performed with IQ-TREE software (Trifinopoulos et al.
2016). The phylogenetic tree edition and rooting (outgroup) were performed using the Treegraph 2.0 beta

software.

Genetic diversity of Hepatozoon spp.

Nineteen sequences were retrieved from GenBank (MN833641, MF435047, MF435048, KX880079,
MF497763, MF497764, MF497765, MF497766, MF497767, KC342524, MF497769, MF497770, KC342526,
MW241134, MW241135, KC342525, MF322538, MF322539, MW591599) and aligned with MAFFT software
(version 7) (Katoh et al. 2019), producing an alignment of 461 bp, were used to evaluate the genetic diversity of
18S rRNA gene from Hepatozoon spp. detected in the snake from the present study and in reptiles from previous
studies performed in Brazil (O’Dwyer et al. 2013, Borges-Nojosa et al. 2017; Bouer et al. 2017; Ungari et al.
2018; Picelli et al. 2020; Ungari et al. 2021). The nucleotide diversity (Pi), haplotype diversity (Hd), number of
haplotypes (h), total number of mutations (Eta) and the average number of nucleotide differences (k), using
DnaSP v5 software (Librado and Rozas, 2009) were calculated. Additionally, a haplotype network was
constructed using Median Joining Network parameters (Bandelt et al. 1999) using PopArt software
(http://popart.otago.ac.nz). Also, an even-distance matrix among sequences detected in reptiles in Brazil was

estimated using the Mega-X software version 10.1.8 (Kumar et al. 2018).

Results

All three H. angulatus snakes were positive for Hepatozoon parasites, with an average parasitemia of 7 /
2,000 erythrocytes in the blood (0.37%; + 4.51), ranging from 3 to 12 parasites among the specimens. Gamonts
(Fig. 2a-f) seen in the peripheral blood of the three snakes had extremely wide and elongated bodies, which

induced deformities in the host cells, and presented large eccentric nuclei. These characteristics agreed with the



H. carinicauda, a species previously described in the snake H. carinicaudus (Pesséa and Cavalheiro 1969b).
Details of morphometric and morphological traits are shown in the Table 1 and at species redescription section

below.

— 1 E—
Fig. 2 Gamonts of Hepatozoon carinicauda infecting erythrocytes of the aquatic snakes Helicops angulatus from
Eastern Amazonia, Brazil (a-f). Arrows indicate parasites; asterisks (*) indicate gamont nuclei; and “n” indicates

host cell nucleus. Micrographs are from Giemsa-stained thin blood films. Scale bar = 10 um.
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Table 1. Morphometry of the Hepatozoon carinicauda gamonts and their host cells detected in Helicops angulatus snakes from the Eastern Amazon, Brazil. Measurements

are presented as mean + standard deviation (SD) followed by the range (maximum and minimum values).

Characteristics N Length (unm) Width (um) Area (nm?)
2532+£1.85 8.62+127 174.14+17.20
Gamont 48
(29.41-21.54) (11.79-6.84) (227.99-144.33)
5.23+1.61 6.89 £1.24 30.21 £14.19
Gamont nucleus 48
(12.04-3.33)  (9.774.54) (84.4-14.95)
27.28+1.98 11.81+1.63 250.78 +34.21
Infected erythrocyte 48
(32.4-22.63) (16.05-8.97) (357.3-202.11)
8.33+0.94 3.86+1.04 24.59 +£4.25
Infected erythrocyte nucleus 48
(10.2-6.25) (7.66-2.78) (36.58-18.68)
16.92+0.94 10.54+£0.99 142.07+15.21
Uninfected erythrocyte 30
(18.77-14.64) (12.07-8.85) (169.49-113.89)
6.91+0.54 4.36+0.38 24.61 £2.67
Uninfected erythrocyte nucleus 30
(7.87-5.99) (5.31-3.68) (31.8-19.32)
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The obtained 18S rRNA sequence detected in H. angulatus showed 100% of query coverage, 98.47% of
identity and 0.0 of E-value with Hepatozoon sp. detected in Amblyomma fimbriatum Koch, 1844 from Varanus
panoptes Storr, 1980, sampled in Australia (EU430234; Vilcins et al. 2009) and 98.14% of identity with
Hepatozoon ophisauri (Tartakovskii, 1913) from Iran detected in the lizard Pseudopus apodus (Pallas, 1775)
(MN723845; Zechmeisterova et al. 2021); also, the sequence showed 99% of query coverage, 98.63% of identity
and 0.0 of E.value with Hepatozoon sp. detected in Amblyomma varanense (Supino, 1897) from a King cobra,

Ophiophagus hannah (Cantor, 1836), from Thailand (JQ670908; Sumrandee et al. 2015).

Phylogenetic analysis of a 615 pb aligment based on the ML method using GTR evolucionary model (Fig. 3)
presented 87% of bootstrap in tree and showed that newly genereted sequence formed one new branch, inserted
into a large clade composed by Hepatozoon lineages isolated in herpetofauna and mites from South America.
Sequences previously detected in snakes (H. cevapii, H. massardii, H. musa and H. cuestensis) from Brazil were
inserted (O’Dwyer et al. 2013; Borges-Nojosa et al. 2017). H. cevapii and H. massardii were positioned in a
different clade (Fig. 3). The sequences of H. cuestensis and H. musa shared the same ancestor with the sequence
detected in the present study (Fig. 3). Furthermore, sequences of Hepatozoon sp. (EU430234) and H. ophisauri

(MN723845) that presented >98% of identity with our sequence were also clustered in another clades.
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Hepatozoon sp. host Amblyomma rotundatum (MT733844) - Brazil
Hepatozoon ayorgbor host Python reglus (EF157822) - Ghana “&
Hepatozoon sp. host Chironius multiventris (MT733847) - Brazil
Hepatozoon griseisciun host Sciurus carolinensis (MK452253) - Canada
#9;— Hepatozoon sp, host Cerastes gasperatlii (KX453637) - Oman
Hepatozoon milerf host wild rodents (KUBET308-09) - Brazil
Hepatozoon ophisaur host Pseudopus apodus (MNT23845) - fran
Hepatozoon aegypti host Spalerosophis diadema (MH198742) - Saudi Arabia
Hepatozoon sp. host Elaphe caninala (KFS39627) - China
Hepatazoon sp. host Elaphe carinala (KFS39625) - China
Hepatazoon sp. host Ambilyomma fimbriatum from Varanus panoples (EU430234) - Australia
Hepatozoon sp. host Varanus salvator komaind (HM585212) - Thailand
8e Hepatozoon sp. host Aponomma varanense (JOGET0508) - Thailand
&1 — Hepatozoon caimani host Caiman crocodiius yacare (MF322538-39) - Braail
Hepatazoon boiga host Boiga irregularis (AF287085) - Australia
Hepatozoon carinicauda host Helicops angulatus (MT561455) - Brazil
Hepatozoon sp. host Eutrombicula alfreddugesi (MT733846) - Brazil
Hepatozoon ameaivae host Ameiva ameiva (MNB33641) - Brazil
Hepatozoon sp. hest Pogona vilticeps (MT733848) - Brazil
Hepatozoon musa host Eplerates crassus (MF497767) - Brazil
Hepatozoon musa host Crolalus durissus (MF4977E3-66) - Brazif
Hepatozoon musa host Phitodryas naltereri (KX880078) - Brazil
Hepatozoon sp. hest Leptodactylus latrans (JXG87T75) - Brazil
Hepatozoon sp. host Rhinella diptycha (MKS08988) - Brazil
Hepatozoon cuestensis host Crolalus durissus terrificus (MF497 769-70) - Brazil
Hepatozoon cuestensis host Crotalus durissus terrificus (KC342527-28) - Brazi
Hepatozoon cuestensis host Crotalus durissus tevrificus (KC342524) - Brazil
Hepatozoon sp. host Philodryas patagoniensis (MNOD3357) - Uruguay
Hepatozoon sp.host Philodryas natterer {(MT733845) - Brazil
) EHspatozoon sp. host Phyliopazus polficaris (KM234612) - Brazif
Hepatozoon sp. host Philodryas patagoniensis (MNO03359) - Uriguay
Hepatozoon colubri host Zamenis longissimus (MNT23844) - Iran b
Hepatozoon filzsimonsi host Kinixys zombensis (KROBS0E4) - South Africa
10— Hepatozoon guaglialivs host Dipsas mikani (MWS31595) - Brazi!
Hapatozoon quagliattus host Dipsas mikanil (MW5S1558) - Brazil
Hepatozoon sipedon host Nerodia sipedon sipedon (JNT1871157)
Hepatozoon massardhi host Crotalus durissus terrificus (KC342526) - Brazil
Hepatozoon simidi host Rhinoclemmys melanostema (MTT54271) - Calombia
Hepatozoon cevapd host Crotalus durissus lerrificus (KC342525) - Brazil
Hepatozoon cevapd host Thamnodynastes lanei (MW241134-35) - Brazil
Hepatozoon sp. host Philodryas patagoniensis (MNO033580) - Uruguay
Hepatozoon imvolucrum host Hyperolius marmoralus (MG0415917) - South Africa
Hepatozoon ixoxo host Amistophiynus maculatus (KPT19772) - South Africa
00— Hepatozoon catesbianae host Rana catesbelana (AF176837T)
Hepatozoon clamaiae host Rana clamitans (MO224963) - South Africa
Hepatozoon theileri host Amietia delalandii (MG041605) - South Africa
Hepatozoon sp. host Phyllopezus policars (KM234613) - Brazil
100 Karyolysus sp. host Podarcis muralis (KJ461939) - Slovakia } Karyolyssys
EKanrajysus sp. host Lacerta agilis (KJ461940) - Poland clade

o7 — Hepalozoon americanum (AF176836)
jﬁ EH&p&Eﬂzoon canis host Pseudalopex gymnocercus (AY471615) - Brazil Hepatozoon [carnivora)
28

V?

|

AL Y

51

a7

Hepatazoon procyonis host nasua nasua (MFEB5410) - Brazil clade
Hepatazoon felis host domestic cat (AYB28681) - Spaim
100 — Haemogregarina sp. host Pelusios subniger (KF257325) - Mozambique Heemogregaring
— Heemogregaring stepanowl host Mauremys caspica (KF25T7926) - iran } clade

Dactyosoma ranarum host Rana escwenta (HQ224358)

Fig. 3 Phylogenetic tree based on an alignment of 615 bp fragment of Hepatozoon spp. 18SrRNA sequences,
using ML method and GTR evolutionary model. Numbers at nodes correspond to bootstrap. Accession numbers
are indicated in the sequences. Sequence of Hepatozoon carinicauda detected in the present study is highlighted
in bold red.
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The distance matrix showed that the divergence (p-value) between the Hepatozoon 18S rRNA sequences
obtained here and in reptiles from previous studies carried out in Brazil, varied from 1.86 to 6.5% (Table 2). The
sequence of Hepatozoon ameivae (Carini and Rudolph, 1912) obtained from the lizard Ameiva ameiva
(Linnaeus, 1758) (Picelli et al. 2020) was the closest one with a distance of 1.86% (Table 2). Among the
Hepatozoon sequences obtained from snakes in Brazil, the closest were H. musa that presented divergence from
1.88% to 2.2%, followed by H. cuestensis, with divergence from 2.1% to 2.3%, H. massardii, with a distance of
2.5%, and H. cevapii that presented divergence from 2.3% to 2.7% of distance (Table 2). The sequences of H.

quagliattus were the most distant at all, with a genetic distance of 6.2% to 6.7% (Table 2).
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Table 2. Divergence scores among the different Hepatozoon spp. detected in reptiles from Brazil. The pairwise distance matrix was estimated using the Mega-X software

version 10.1.8.
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H. carinicauda (MT561455)
H.ameivae (MN833641)
H.musa (MF497763)
H.musa (MF497764)
H.musa (MF497767)
H.musa (MF497765)
H.musa (MF497766)
H.cuestensis (MF497769)
H.cuestensis (MF497770)
H.cuetensis (KC342524)
H.caimani (MF435048)
H.musa (KX880079)
H.massardi (KC342526)
H.cevapii (KC342525)
H.cevapi (MW241134)
H.cevapi (MW241135)
H.caimani (MF322538)
H.caimani (MF435047)

H. quagliattus (MW591599)
H. quagliattus (MW591556)

0,0186
0,0198
0,0203
0,0200
0,0196
0,0188
0,0230
0,0236
0,0217
0,0204
0,0220
0,0257
0,0237
0,0272
0,0271
0,0288
0,0347
0,0627
0,0654

0,0108
0,0111
0,0109
0,0107
0,0113
0,0142
0,0145
0,0138
0,0255
0,0128
0,0316
0,0296
0,0306
0,0305
0,0342
0,0347
0,0610
0,0636

0,0000
0,0000
0,0000
0,0000
0,0073
0,0074
0,0062
0,0234
0,0019
0,0331
0,0310
0,0324
0,0324
0,0309
0,0360
0,0629
0,0643

0,0000
0,0000
0,0000
0,0075
0,0075
0,0063
0,0240
0,0019
0,0337
0,0316
0,0333
0,0333
0,0296
0,0370
0,0647
0,0654

0,0000
0,0000
0,0073
0,0074
0,0062
0,0236
0,0019
0,0330
0,0309
0,0327
0,0327
0,0290
0,0364
0,0635
0,0642

0,0000
0,0072
0,0073
0,0061
0,0232
0,0019
0,0323
0,0303
0,0321
0,0321
0,0288
0,0357
0,0642
0,0649

0,0056
0,0056
0,0061
0,0245
0,0020
0,0325
0,0305
0,0320
0,0320
0,0246
0,0321
0,0678
0,0678

0,0000
0,0000
0,0266
0,0096
0,0298
0,0278
0,0319
0,0319
0,0273
0,0392
0,0674
0,0675

0,0000
0,0273
0,097
0,0303
0,0283
0,0327
0,0327
0,0276
0,0401
0,0691
0,0691

10

0,0277
0,0087
0,0296
0,0277
0,0277
0,0277
0,0286
0,0360
0,0632
0,0632

11

0,0257
0,0297
0,0277
0,0290
0,0289
0,0072
0,0225
0,0628
0,0655

12

0,0369
0,0347
0,0350
0,0349
0,0341
0,0390
0,0661
0,0691

13

0,0020
0,0020
0,0020
0,0307
0,0400
0,0692
0,0692

14

0,0000
0,0000
0,0286
0,0380
0,0672
0,0672

15

0,0000
0,0378
0,0399
0,0646
0,0671

16 17 18 19

0,0378

0,0399 0,0306

0,0644 0,0719 0,0745

0,0671 0,0656 0,0768 0,0000

20
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The analysis of nucleotide polymorphisms of the 18S rRNA sequences isolated in reptiles in Brazil revealed
10 different haplotypes (Fig. 4), with 54 variable sites, with a diversity of haplotypes (Hd) = 0.9 and nucleotide
diversity (Pi) = 0.02724. As a result, most Hepatozoon species of Brazilian reptiles were represented with
individual haplotypes, with the exception of the species Hepatozoon caimani (Carini, 1909) and H. musa, both of
which had two haplotypes. Nucleotide sequence genealogy shows the sequence of H. carinicauda originated
from median vectors, which represent hypothetical haplotypes generated by the software to connect the other
haplotypes, but not contemplated in the present study. The comparison between H. carinicauda with its closest
sequence, H. ameivae, demonstrates the presence of three median vectors and ten mutational events between
them. These results corroborate with the phylogenetic tree and five groups were found: i.) one comprising H.
cuestensis, H. musa and H. ameivae; ii.) another group composed by H. carinicauda; iii.) the third one composed
by H. massardii and H. cevapii; iv.) the fourth composed by H. quagliattus; and v.) the fifth composed of

haplotypes of H. caimani (Fig. 4).

@ Kkx820079
@ viNg33641
® MF497763-67

@ MF497769-70
KC342524
@ MT561455

MF435048
MF322538-39

Hepatozoon quagliattus

Hepatozoon caimani

Hepatozoon
ameivae

Hepatozoon cuestensis @ MF435047

@ MW241134-35
KC342525

@ KC342526

Hepatozoon caimani

Hepatozoon musa

MW591599

Hepatozoon
musa

Hepatozoon carinicauda

Hepatozoon cevapii

Hepatozoon massardii

Fig. 4 Median Joining Network of 18S rRNA Hepatozoon sequences (461 pb) detected in snakes from Brazil in
the present work and in previous studies. While the lines between haplotypes represent mutational steps, the

black circles indicate median vectors (hypothetical haplotypes generated by the software to connect all the

haplotypes).
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Phylogenetic position and genetic divergence showed that the novel sequence obtained in this study is a
distinct species of Hepatozoon. Therefore, based on these data, the morphological and morphometric similarities,
and congeneric host (Helicops) we consider that the parasite found here belongs to the formerly described

species H. carinicauda.

Taxonomic summary
Species redescription
Phylum Apicomplexa Levine 1970

Class Coccidia Leuckart 1879

Order Eucoccidiorida Léger and Duboscq, 1910

Suborder Adeleorina Léger 1911

Family Hepatozoidae Wenyon, 1926

Genus Hepatozoon Miller, 1908

Hepatozoon carinicauda (Pessda and Cavalheiro, 1969)
Type host: Helicops carinicaudus (Wied-Neuwied, 1824) (Serpentes: Colubridae), Wied's Keelback, Cobra-
D’agua-Preta.
Other hosts: Helicops angulatus (Linnaeus, 1758) (Serpentes: Colubridae), Brown-banded water snake,
Surucucurana — current study.
Vector: Unknown.
Type locality: Votuporanga, Sdo Paulo State, Brazil (Pess6a and Cavalheiro 1969b).
Other localities: Urban flooding area (0°01°04.29” S, 51°05°11.17” W; 0°00°40.7” N, 51°05°49.5” W),
municipality of Macapa, State of Amapa, Brazil (present study).
Prevalence: One of one Helicops carinicaudus (Pessba and Cavalheiro 1969b); and all three specimens of
Helicops angulatus (this study).
Site of infection: Gamonts in blood erythrocytes (see Pessoa and Cavalheiro 1969b; current study); meronts
observed in liver, intestine and lungs (Pess6a and Cavalheiro 1969b).
Parasitemia (this study): Mean of 7 parasites /2.000 blood erythrocytes (0.37%; + 4.51), ranging from 3 to 12

parasites.
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Type material: Six blood slides (hapantotypes) from Helicops angulatus were deposited at the Institute for
Scientific and Technological Research of the State of Amapa (IEPA), Amapa, AP, Brazil (n° IEPA0001,
IEPA0002, IEPA0003, IEPA0004, IEPA000S, IEPA0006).

DNA sequences: The 18S ribosomal gene sequence (590 bp) was deposited in GenBank® (accession number

MT561455).

Redescription

This hemogregarine was described by Pesséa and Cavalheiro (1969b) in the colubrid snake H. carinicaudus,
in the Southeast Brazil. In the original description, large gamonts were reported infecting erythrocytes and
meronts with an abundant number of merozoites in the liver, intestine and lung smears. Those authors also made
an attempt of vectorial incrimination and recorded the development of sporulated oocysts in the body cavity of
the leech Haementeria lutzi Pinto, 1920. Herein, intraerythrocytic gamonts were the forms investigated of H.
carinicauda in the peripheral blood of a new vertebrated host, the brown-banded water snake H. angulatus from

Eastern Amazonia, Brazil (Fig. 2a-f).

Gamonts (Fig. 2a-f; Table 1) Extremely elongated, slightly curved and sometimes pyriform; both ends rounded;
basophilic cytoplasm with granules; and parasitophorous vacuole is not evident. Wide and elliptical nucleus;
eccentric and slightly oriented towards to one end; its position is usually marked by the enlargement of the
parasite's body; and with condensed dark stained chromatin filaments or with more dispersed chromatin. Body
dimensions: 25.3 £ 1.9 x 8.6+1.3 pum; and area 174.1 + 17.2 um®. Nucleus dimensions: 5.2 £1.6 x 6.9 +1.2 um;
and area 30.2 + 14.1 pm®. Cytopathological effects caused by parasites on their host cells were remarkable when
compared with non-parasitized erythrocytes. Infected erythrocytes were hypertrophied (27.3 £ 2.0 ym vs 16.9 +
0.9 um) with gamonts occupying almost the entire area (250.8 + 34.2 pm?) of these cells. Parasitized erythrocyte
nucleus was flattened and displaced laterally to the host cell margin (8.3 £0.9 x 3.9+ 1.0 um vs 6.9 £ 0.5 x 4.4

+ 0.4 um [Table 1]), which was generally irregular (Fig. 2e-f).

Remarks: Hepatozoon carinicauda gamonts observed in the blood of H. angulatus were slightly smaller than
those described in their type host, H. carinicaudus (Pessoa and Cavalheiro 1969b) (29.4-21.5 x 11.8-6.8 um vs.
30-23 x 13-5 pm, respectively). When compared to H. modesta (Pessda and Cavalheiro 1969a), another species
described in Helicops snakes, H. carinicauda has larger dimensions (15-13 x 3-2 pum vs. 29.4-21.5 x 11.8-6.8
um, respectively). Moreover, unlike H. carinicauda, the morphology of H. modesta has nothing unique, being

considered a "hepatozoic" type —a former term used for parasites that did not deform or displace the host cell
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nucleus (Pessdéa and Cavalheiro 1969a). Morphometric and morphological differences can also be evidenced
among H. carinicauda and phylogenetically close hemogregarines species that infected lizard and snakes, such
as H. ameivae, H. cuestensis and H. musa. Gamonts of H. ameivae, in addition to being smaller (14.28 x 4.50
um), possess the outstanding feature of overlapping the host cell nucleus (Picelli et al. 2020), a trait that is not
observed in H. carinicauda. Hepatozoon cuestensis forms have arched ends, uniform cytoplasm, and also
smaller sizes (17.07 x 3.6 um) (O'Dwyer et al. 2013). At last, H. musa has both curved ends and with bodies,

although elongated (18.9 x 3.8 um), smaller than H. carinicauda (Borges-Nojosa et al. 2017).
Discussion

Taken together, our genetic, morphological and morphometric data allowed us to redescribe H. carinicauda in
a new snake host, H. angulatus, as well as placing this parasite species in a current phylogenetic context. This
was possible mainly because H. carinicauda has very distinct and unique morphological and morphometric
characteristics (i.e., large dimensions that considerably deform erythrocytes). Likewise, other studies that
employed integrative taxonomy started from this same assumption, as was the case of H. ameivae in the lizard A.
ameiva, whose gamonts overlap the host cell nucleus (Picelli et al. 2020). As well as the redescription of H.
ophisauri in the lizard P. apodus, which has unusual pink inclusions, and Hepatozoon colubri (Borner, 1901) in
the snake Zamenis longissimus (Laurenti, 1768), which presents a degeneration zone in the cytoplasm and

connection to the nucleus of the host cell (Zechmeisterova et al. 2021).

Hepatozoon carinicauda was first observed fifty-two years ago infecting another Helicops snake, the Wied's
Keelback H. carinicaudus. This host species and H. angulatus shared the main ecological features associated
with this snake genus, which consist of inhabiting freshwater environments, having nocturnal habits and feeding
mainly on fish and frogs (Aguiar and Di-Bernado 2004; Avila et al. 2006; Carvalho et al. 2017). Nevertheless, in
addition to having specific differentiations, these species exhibit distinct geographic distribution patterns.
Although there is no data on the sympatric occurrence of these host species, the distribution of both species
suggests an area of sympatry in the State of Bahia, northeastern Brazil (Freitas 2003; Costa and Bérnils 2018).
In fact, studies have shown that H. carinicaudus is endemic to the coastal Atlantic Forest at low elevations,
restricted to the southeastern and southern regions of the country (Yuki and Lema 2005; Nogueira et al. 2019).
On the other hand, H. angulatus represents a cryptic species complex and most widespread in northern South
America (Nogueira et al. 2019; Murphy et al. 2020), with records in the Brazilian biomes of Amazonia,

Chiquitano dry forest, Cerrado, Caatinga, and northern portion of the Atlantic Forest (Nogueira et al. 2019;
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Murphy et al. 2020). Generally, the sharing of parasites by different host species can be explained by the
common sense that among the hemogregarines there is a low specificity to the vertebrate host (Maia et al. 2012;
De Paula et al 2021). However, we cannot fully assume that this is the circumstance here, because the
evolutionary and ecological history of the hosts. The presence of H. carinicauda in these snakes would be
through a vector and/or intermediate host that are related to both, given the similarity of the ecological niche
used by them (Poulin and Morand 2004; Morand 2015). It is also noteworthy since these snakes are congeneric
hosts it is possible that the parasite was inherited by these species through the common ancestor during the
speciation process (Poulin and Morand 2004; Hay et al. 2020). In this sense, it would be interesting to investigate

other Helicops species as well as other aquatic snake taxa to test these hypotheses.

With respect to morphological aspects, we observed that H. carinicauda gamonts found in H. angulatus, even
a little smaller, remain within the species dimensions (Pessd6a and Cavalheiro 1969b). In the original description,
Pessoa and Cavalheiro (1969b) performed gamonts measurements twice, with an interval of one month between
them, and noticed a size increase in the parasitic forms. Nonetheless, Telford (2009) calculated measures for H.
carinicauda from the original description photos, and showed that larger parasites, found during the second
smears examination, had smaller dimensions (26-25 x 13—10 um) than those presented by Pessdéa and
Cavalheiro (1969b). From this perspective, despite considering that both measures were consistent with each
other, this author concluded that the original measures of H. carinicauda were unsuitable. Truly, as in other old
hemoprotozoans descriptions, not all traits in H. carinicauda and host cells were evaluated, with some
discrepancies between the first and second measurements (Pesséa and Cavalheiro 1969b). For example, the
parasite nuclei were considered solely in the first analysis, whereas the infected erythrocytes were assessed only
in the second exam, where just the length was recorded. Therefore, we believe that probably these
methodological inconsistencies might have led the morphological differences between our study and the Pessoa

and Cavalheiro (1969b).

To our knowlege, this is the first molecular characterization of a hemogregarine species isolated from a
Helicops snake. It is worth mentioning that Hepatozoon sp. DNA has been recently detected in a tick
(Amblyomma rotundatum Koch, 1844) collected from a H. carinicaudus snake (Fonseca et al. 2020). However,
in this study the infection in the snake was not confirmed and it was not clear whether the tick can act as a vector
of Hepatozoon for this aquatic snake host. Furthermore, as the authors did not perform the morphological
characterization or molecular sequencing, it was not possible to compare this parasite with the H. carinicauda

found here. Furthermore, it is important to emphasize that available molecular data for Hepatozoon infecting
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snakes is scarce in all Amazonia countries. So far, there is only one molecular characterization in the entire
region, H. cevapii in T. lanei (De Paula et al. 2021) a parasite previously described in C. durissus in Southeastern

Brazil. (O’Dwyer et al. 2013).

The use of the nuclear marker 18S rRNA is very popular, almost exclusively, in phylogenetic analyses of
hemogregarines (Hrazdilova et al. 2021) and, in fact, has proven useful for molecular screening of Hepatozoon
and species descriptions in snakes (O’Dwyer et al. 2013; Borges-Nojosa et al. 2017; Ungari et al. 2018; 2021),
including our study. Yet, in recent years a discussion has been gaining momentum: the need for the improvement
and employment of other genetic markers capable of responding more clearly to the phylogenetic relationships
of the group (Abdel-Baki et al. 2014; Maia et al. 2016; Cook et al. 2018; Gutierrez-Liberato et al. 2021;
Hrazdilova et al. 2021). In the recent differentiation of Hepatozoon catesbhianae (Stebbins, 1903), Hepatozoon
clamatae (Stebbins, 1905) and a third Hepatozoon genotype infecting frogs, the 18S rRNA marker showed low
molecular divergence, and was noted to be inadequate for differentiation of these species (Léveillé et al. 2021).
Hrazdilova et al. (2021) argue that the solution to this taxonomic puzzle of historical roots requires combinations
of nuclear and mitochondrial markers. This approach may resolve deeper issues that permeate the phylogenetic
position of Hepatozoon lineages vis-a-vis other hemogregarines, such as the problematic proposal of a new
genus (‘Bartazoon”) for hepatozoids of non-carnivorous vertebrates (reptiles, amphibians, bats, rodents and

marsupials) (Karadjian et al. 2015; Maia et al. 2016; Hrazdilova et al. 2021).

Overall, the phylogeny recovered in our study maintained the known paraphyletic pattern for Hepatozoon
(Maia et al. 2012; Karadjian et. 2015), where sequences obtained from amphibians, reptiles, rodents and mites
tend to fall within the same major clade (Zechmeisterova et al. 2021). In this respect, probably due to the amount
of sequences analyzed here, our phylogeny reveals clearer relationships regarding the positioning of Hepatozoon
lineages in the herpetofauna, resulting in three well-structured clades. Furthermore, the phylogenetic
relationships in our study were quite similar to those obtained by Ungari et al. (2021) and Zechmeisterova et al.
(2021), but diverged with the positioning of some lineages in the study from Gutierrez-Liberato et al. (2021). In
this case, we find in our phylogenetic tree that Hepatozoon simidi Gutierrez-Liberato et al. 2021 is most closely
related to H. massardii and H. cevapii, two sequences that were absent in the analyses performed by Gutierrez-

Liberato et al. (2021).

On the phylogenetic positioning of H. carinicauda, this new lineage appears as a sister taxon to a clade
composed of Hepatozoon sequences from anurans, lizards, snakes and a thrombiculid mite, from different

locations in South America. Interestingly, H. carinicauda was placed isolated and distant from the other
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sequences obtained in aquatic hosts. Hepatozoon sipedon Smith et al. 1994 from the aquatic snake Nerodia
sipedon (Linnaeus, 1758) (JN181157; Barta et al. 2012) and H. simidi from the Colombian wood turtle,
Rhinoclemmys melanosterna (Gray, 1861), (MT754271; Gutierrez-Liberato et al. 2021) possess closer proximity
and are inserted into a large clade. Haplotypes of H. caimani (MF435048-MF322539; Bouer et al. 2017) from
caimans are clustered in another clade, distantly related to other aquatic hemogregarine lineages, including H.
carinicauda. Therefore, Hepatozoon lineages isolated from hosts associated with aquatic environments are

paraphyletic, with at least three evolutionary origins.

It is assumed that for Hepatozoon, as for many other groups of heteroxenous parasites (Votypka et al. 2017),
their evolutionary history can be better told through their vectors (Barta et al. 2012), and probably the uniqueness
position of H. carinicauda position in the phylogeny may be a reflection of this relationship. Unfortunately, there
is still no confirmation about the vectors of H. carinicauda. Pesséa and Cavalheiro (1969b) carried out an
experimental transmission of H. carinicauda to leeches H. lutzi, by hematophagy on an infected H. carinicaudus
snake, and after 40 days they observed the formation of sporulated oocysts. However, as the authors did not
provide information whether snakes and/or possible paratenic hosts were fed leeches containing developed
oocysts and later examined for infection, it is not possible to conclude whether these invertebrates are vectors.
Furthermore, to date there is no proof that leeches can be involved in the transmission of Hepatozoon (Telford
2009). Indeed, for these hemoparasites in aquatic vertebrates the recognized vectors are mosquitoes, such as:
Culex pipiens Linnaeus, 1758 and Culex territans Walker, 1856 which can transmit H. sipedon to Lithobates
pipiens (Schreber, 1782), a paratenic host subsequently preyed upon by N. sipedon (Smith et al. 1994); Culex
fatigans Wiedemann, 1828, in which complete sporogony of H. caimani was observed after hematophagy in
infected caiman (Lainson et al. 2003); and there is also the report of Culex mosquitoes belonging to the subgenus
Melanoconion, mainly Culex theobaldi (Lutz, 1904) as natural vectors for H. caimani (Viana et al. 2010). Thus,
we emphasize the importance of conducting studies with vectors, especially in the natural environment, to
explore the relationship that may exist between Hepatozoon from terrestrial and aquatic hosts, as well as to

elucidate the life cycles of these parasites, a research field that remains underexplored.

The evolutionary relationships obtained at the phylogenetic tree and haplotype network were similar. The
isolation trend of H. carinicauda is repeated and the haplotypes from reptiles remains evenly distributed as they
are in the clades of the phylogenetic tree, an organization pattern already observed in haplotypes of distinct
Hepatozoon species, such as wild cat Felis silvestris (Schreber, 1775) and domestic cats from South Africa

(Hodzic et al. 2017; Harris et al. 2019). In the network, H. carinicauda haplotype is located in a center position,
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which suggests that it is ancestral haplotype than the more external ones (that represent species that diverged
more recently) (Flanley et al. 2018). However, as the relationships in the network have only recently been
studied, these can be unstable and change as more sequences are incorporated. Furthermore, many mutational
events are visualized throughout the network, enabling the visualization of five haplogroups. The presence of
median vectors indicate that they are Hepatozoon species that have not been sampled yet, so more reptilian
hepatozoid sequences need to be analyzed in haplotype networks to better understand the relationships among

these group.

In sum, our study presented the first redescription, with addition of molecular data, of a Hepatozoon species
that infects snakes in the Brazilian Amazonia. We also provide the first genetic record of hemogregarines in
neotropical aquatic snakes and expand the knowledge on geographic distribution of H. carinicauda in the
Brazilian territory. Furthermore, our phylogenetic results showed that sequences isolated from aquatic hosts are
not monophyletic, which may indicate a lower evolutionary relationship of these parasites with the environment
used by their vertebrate hosts. Finally, we emphasize the need for more studies, mainly those involving vector
aspects, since there is still a large gap in knowledge about the taxonomy, natural history and evolution of

parasites in wild hosts, especially in the Amazonia.
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7. CONCLUSOES

H1: As espécies de Hepatozoon das serpentes Thamnodynastes lanei diferem dos

parasitos de Helicops angulatus.

Os resultados obtidos nesta dissertagdo demonstram que as serpentes T. lanei e H.
angulatus abrigavam diferentes espécies do parasito, Hepatozoon cevapii ¢ Hepatozoon
carinicauda respectivamente. Assim, ampliando a distribuigdo geografica das espécies H.
cevapii e H. carinicauda descritas anteriormente em serpentes da regido sudeste. Hepatozoon
cevapii que tem sua descri¢@o a partir do viperideo Crotalus durissus terrificus, é registrada
no colubrideo T. lanei. Hepatozoon carinicauda, descrita ha mais de cinquenta anos na
serpente H. carinicaudus, ¢é redescrita a partir de taxonomia integrativa na serpente de mesmo

género H. angulatus.

H2: Hepatozoon spp. de hospedeiros aquaticos, assim como Hepatozoon spp. de Helicops

angulatus, sao monofiléticos.

A monofilia de espécies de Hepatozoon de hospedeiros aquaticos ndo ¢ confirmada.
Assim, como também ndo ¢ observada nenhuma relagdo filogética proxima do parasito de H.

angulatus com outras espécies de hospedeiros aquaticos.

H3: As espécies de Hepatozoon de Thamnodynastes lanei e Helicops angulatus
posicionam-se filogeneticamente agrupados as demais sequéncias de Hepatozoon de

hospedeiros da América do Sul.

O posicionamento filogenético dos parasitos do presente trabalho com as demais
sequéncias de hospedeiros da América do Sul ¢ confimada apenas para o parasito de H.
angulatus, uma vez que o parasito de T. lanei se posiciona em um clado que também abriga

sequéncias da Africa do Sul.
7.1  COMENTARIOS FINAIS

Por fim, os resultados encontrados também revelam que a area de estudo tem grande
potencial para trabalhos com deteccdo de Hepatozoon, dado que duas espécies do parasito
foram detectadas em uma amostragem pequena de dois hospedeiros provenientes de regido
com perturbagdes antropicas.  Assim, trabalhos futuros s3o esperados para que o
conhecimento de Hepatozoon de serpentes seja aperfeicoado, principalmente os da regido

Amazonica.
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11 | Coleta/transporte de espécimes da fauna silvestre in situ Boidae 3
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