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Resumo 

A produção e comercialização de rã-touro, Lithobates catesbeianus, possui um grande 

potencial econômico e é uma prática realizada durante anos em todo o mundo. A rã-touro 

é uma das principais espécies de anfíbios invasores do mundo, causando muitos impactos 

negativos as populações nativas. Além disso, desempenha papel fundamental no processo 

de disseminação do fungo quitrídio (Bd). Levando em conta a tolerância dessa espécie à 

infecção por Bd e a criação em massa de animais, objetivamos analisar a presença de Bd 

nas rãs-touro produzidas e compreender o papel dos ranários como possíveis reservatórios 

e centros de disseminação do patógeno. Assim, amostramos aproximadamente 1.500 rãs 

em 10 ranários do estado de São Paulo quanto à presença, prevalência e carga de infecção 

de Bd; além da água que abastece e é liberada dos ranários para o ambiente. Ainda, 

isolamos e genotipamos cepas encontradas nos ranários e testamos se diferentes cepas 

isoladas de rãs-touro são tão ou mais virulentas do que as isoladas de anfíbios nativos. 

Para testar a virulência de cepas, expusemos indivíduos de Brachycephalus ephippium a 

diferentes cepas de Bd: isolados de rã-touro e isolados de hospedeiros nativos. 

Observamos indivíduos infectados com Bd em todos os ranários amostrados, com altas 

prevalências e cargas de infecção. O fluxo de água liberado foi alto, quase 60.000 litros 

diários, com uma carga média de 423 e.g. de zoósporos / litro. Além disso, encontramos 

2 linhagens distintas de Bd: Bd-GPL-2 e Bd-Brasil. Encontramos diferença na virulência 

entre as cepas isoladas de rã-touro ou hospedeiro nativo, sendo a mais virulenta e a menos 

virulenta isoladas de rã-touro. Todos os indivíduos de Brachycephalus ephippium 

morreram com carga de infecção similar, no entanto, algumas cepas foram capazes de 

atingir a carga de zoósporos necessários para matar mais rápido do que outras. Nossos 

resultados evidenciam que os ranários estão contribuindo para a intensificação e 

disseminação de Bd para ambientes naturais. Além disso, os ranários mantêm diferentes 

variedades de cepas, tanto em relação à diversidade de linhagens quanto em relação à 

amplitude de virulência. Assim, enfatizamos a necessidade de implementar o controle e 

a mitigação de Bd nos ranários com foco na conservação de anfíbios nativos. 

 

Palavras-chave: Rã-touro, Lithobates catesbeianus, quitridiomicose, Batrachochytrium 

dendrobatidis, ranicultura, disseminação de doenças, espécies nativas. 

 



Abstract 

The production and trade of bullfrogs, Lithobates catesbeianus, is of great economic 

potential and a practice held for years all over the world. Besides causing negative impacts 

on native amphibian populations, as an invasive species, it also plays a key role in the 

process of disseminating the chytrid fungus (Bd) throughout the world. Taking into 

account that bullfrogs are tolerant to Bd and the massive production of these frogs in 

widespread farms, it is possible that the bullfrog farms are Bd reservoirs and 

dissemination centers, not only of different Bd strains, but also of hypervirulent ones. 

Thus, we characterized farms as to the presence, prevalence and load of Bd infection in 

bullfrogs, in the water that supplies the farms, and in the water that is released back to the 

environment. In addition, we isolated and genotyped strains found in farms and we tested 

whether different strains isolated from bullfrogs are as virulent as those isolated from 

native anurans. We sampled approximately 1,500 bullfrogs in 10 farms of the state of São 

Paulo, Brazil. To test the virulence of genotypes, we exposed individuals of the pumpkin 

toadlet, Brachycephalus ephippium, to different Bd genotypes: isolated from bullfrog 

farms and isolated of native hosts. Individuals were sampled by swabbing and mortality 

curves were constructed to evaluate the effect of Bd genotypes on individuals mortality. 

We observed individuals infected with Bd in all farms sampled, with high prevalence and 

infection loads. The water flow released from farms was high, nearly 60,000 liters daily, 

with an average load of 423 g.e. Bd zoospores per liter. In addition, we found two Bd 

strains in these farms: Bd-GPL-2 and Bd-Brasil. In the laboratory infection experiment 

we observed difference among genotypes, being the most and the least virulent strains 

those isolated from farms. Pumpkin toadlets died with relatively the same average Bd 

infection load, however, survival depended on the genotype; i.e., some genotypes were 

able to reach the load of zoospores required to kill earlier than others. Therefore, our 

results indicate that bullfrog farms are contributing to intensifying and dissemination of 

Bd into the natural environments. Besides this, farms maintain different Bd genotypes, 

both in relation to phylogenetic lineage and virulence amplitude. Based on these results, 

we emphasize the urgente need to implement Bd controling and mitigation strategies in 

bullfrog farms focusing on the conservation of native amphibians. 

 

Keywords: Bullfrog, Lithobates catesbeianus, chytridiomycosis, Batrachochytrium 

dendrobatidis, ranaculture, dissemination of disease, native species. 
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INTRODUÇÃO GERAL 

 

Declínio de anfíbios e o fungo quitrídio 

Os anfíbios representam uma classe de vertebrados de grande importância ecológica e 

evolutiva, seja pelo fato de corresponderem ao grupo de transição entre a água e a terra, 

por sua posição central em redes tróficas, ou ainda pela sua grande diversidade, 

ocupando uma enorme gama de microhábitats terrestres e dulcícolas (Garcia et al. 

2009). Atualmente os anfíbios estão passando por um momento crítico em relação à 

conservação. Declínios populacionais e extinção de muitas espécies vêm ocorrendo em 

todo o mundo (Stuart et al. 2004). Com isso, eles representam o grupo de vertebrados 

mais ameaçado da atualidade, com aproximadamente 40% das espécies ameaçadas de 

extinção (Monastersky 2014). No Brasil, os declínios são ainda mais preocupantes, 

devido ao fato do país ser líder mundial em diversidade de anfíbios, apresentando a 

maior riqueza de anfíbios do mundo (Segalla et al. 2014, Frost 2018). 

Diversos fatores exercem influência sobre o declínio mundial de anfíbios, como 

mudanças climáticas, poluição ambiental, uso de produtos agrícolas químicos, 

introdução de espécies exóticas, incidência de radiação UV, entre outros (Daszak et al. 

1999, Pounds et al. 2006, McMenamin et al. 2008, Mann et al. 2009). Porém, a 

fragmentação e perda de habitats e a quitridiomicose, são consideradas atualmente 

fatores de maior impacto (Berger et al. 1998, Becker et al. 2007). 

A quitridiomicose é uma doença infecciosa emergente causada pelo fungo 

Batrachochytrium dendrobatis (Bd) (Longcore et al. 1999). O fungo, pertencente ao filo 

Chytridiomycota, é um patógeno cuja fase infectante é aquática, apresentando o estágio 

livre-natante, representado pelo zoósporo, e o estágio fixo ao substrato, representado 

pelo zoosporângio. O zoósporo possui forma oval e flagelada e é dependente da 

presença de água ou do contato entre indivíduos para sua transmissão. Ao entrar em 

contato com as células epidérmicas do hospedeiro, o zoósporo forma um tubo 

germinativo, injetando seu material nuclear dentro da célula e, através de reprodução 

assexuada (geralmente), se desenvolve e produz novos zoósporos após a fase de 

maturação do zoosporângio, que desenvolve papilas para liberação dos zoósporos 

recém-formados na superfície da pele dos hospedeiros infectados e/ou água iniciando 

assim um novo ciclo de infecção (Berger et al. 2005, Rosenblum et al. 2010, Greenspan 

et al. 2012). 
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Em indivíduos adultos, o desenvolvimento da quitridiomicose é caracterizado 

pela infecção e proliferação do fungo na epiderme, causando hiperqueratose, ou seja, 

um aumento no número de camadas de queratina que formam a pele (Pessier et al. 

1999), comprometendo o equilíbrio das funções fisiológicas, como troca de gases, água 

e eletrólitos, levando os animais à morte (Voyles et al. 2007). Além do desequilíbrio nas 

funções fisiológicas, o Bd produz fatores tóxicos que afetam a proliferação de linfócitos 

(Fites et al. 2013), podendo reduzir respostas imunes do hospedeiro. Nos girinos, o Bd é 

encontrado predominantemente no aparelho bucal, afetando os dentículos e bico córneo, 

causando despigmentação dessas estruturas (Pessier et al. 1999, Knapp & Morgan 2006, 

Vieira et al. 2013). 

Com o desenvolvimento da doença, os animais podem apresentar lesões na pele, 

que variam, dependendo da espécie hospedeira, desde uma pequena descamação (em 

flocos de pele) até lesões macroscópicas, como eritemas cutâneos, mas de um modo 

geral essas lesões não são graves e específicas. Nos anfíbios severamente afetados, as 

alterações no sistema nervoso se manifestam como alterações comportamentais, ataxia, 

perda de reflexo, postura anormal, inapetência, coma e morte (OIE 2012, Voyles et al. 

2011). Embora haja sinais clínicos já conhecidos para a quitridiomicose em algumas 

espécies, sabe-se que diferentes hospedeiros apresentam diferentes respostas 

imunológicas e fisiológicas que variam de acordo com seu hábito de vida, tempo de 

exposição ao patógeno ao longo de sua história de vida e condições ambientais (Gervasi 

et al. 2013a, Savage et al. 2015, Mesquita et al. 2017). 

A quitridiomicose vem sendo disseminada pelo mundo, e já foi apontada como 

“a pior doença infecciosa já registrada entre os vertebrados em termos de número de 

espécies impactadas, e sua propensão para levá-las à extinção” (in: Fisher & Garner 

2007). Atualmente, o Bd encontra-se amplamente disseminado, sendo registrado em 

todos os continentes e detectado em pelo menos 71 dos 105 países amostrados, e em 

50% das espécies de anfíbios avaliadas até o momento (Olson et al. 2014). 

Atuando em conjunto com a quitridiomicose, outros fatores intensificam as 

ameaças aos anfíbios (Hof et al. 2011). A introdução de espécies exóticas é relevante, 

pois essas espécies podem competir com as nativas por recursos, ou mesmo predá-las 

(Daszak et al. 1999). Uma das principais espécies de anfíbios exótica e invasora do 

mundo é a rã-touro, Lithobates catesbeianus (Shaw, 1802) (GISD 2018). Essa espécie 

compete por recursos com as espécies nativas (Kraus 2015), reduzindo sua abundância e 

causando mudanças na ecologia espacial, além de inteferir na comunicação acústica e 
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impactar na reprodução (Both & Grant 2012), ou mesmo predá-las (Leivas et al. 2013, 

Kraus 2015). Além disso, hospedeiros de rã-touro são tolerantes à infecção por Bd e 

podem atuar como possíveis reservatórios e vetores do patógeno (Daszak et al. 2004, 

Schloegel et al. 2012, Gervasi et al. 2013b). 

Lithobates catesbeianus é uma rã nativa da América do Norte (Barrasso et al. 

2009), e foi introduzida em muitos países para a criação em cativeiro e uso na 

alimentação humana, e atualmente, é comercializada internacionalmente (Flores Nava 

2005, Altherr et al. 2011). A rã-touro pode ser considerada como o mais plausível vetor 

de propagação intercontinental da quitridiomicose, através da importação e exportação 

de espécimes infectados (Kriger & Hero 2009). Por exemplo, uma linhagem genética de 

Bd endêmica do Brasil (Bd - Brazil) foi detectada em uma rã-touro em um mercado em 

Michigan, Estados Unidos (Schloegel et al. 2012). Além disso, foi verificado que 

linhagens genéticas de Bd são capazes de reproduzir-se sexualmente, gerando híbridos 

(Schloegel et al. 2012). Essas constatações evidenciam o risco do comércio de rãs-touro 

como fonte de disseminação da quitridiomicose pelo mundo (Fisher & Garner 2007, 

Schloegel et al. 2009, James et al. 2015). 

Dessa forma, atualmente no Brasil já foram registradas três linhagens distintas 

de Bd: Bd-GPL (Global Panzootic Lineage), a qual encontra-se amplamente 

disseminada pelo mundo (Farrer et al. 2011); Bd-Brazil, cuja linhagem é endêmica do 

Brasil e está restrita a uma estreita faixa geográfica na Mata Atlântica do Sul (Jenkinson 

et al. 2016), e híbridos entre as linhagens entre Bd-GPL e Bd-Brazil (Schloegel et al. 

2012, Jenkinson et al. 2016). 

Diferentes cepas de Bd podem apresentar variações tanto no genótipo como no 

fenótipo as quais podem resultar em alterações na virulência (Fisher et al. 2009, 

Lambertini et al. 2016). A linhagem Bd-GPL é potencialmente mais efetiva na 

disseminação em ambientes fragmentados e foi apontada com uma linhagem 

hipervirulenta de Bd (Farrer et al. 2011, Jenkinson et al. 2016). Os surtos de 

quitridiomicose que ocorreram no mundo estão geralmente associados a essa linhagem 

(Berger et al. 1998, Catenazzi et al. 2011, Hirschfeld et al. 2016, Carvalho et al. 2017). 

Linhagens endêmicas, como a brasileira (Schloegel et al. 2012), a japonesa (Goka et al. 

2009), e a coreana (Bataille et al. 2013) não tem sido associadas a declínios de 

populações e a baixa incidência, prevalência, carga de infecção e mortalidade do 

hospedeiro associada a algumas dessas linhagens (Goka et al. 2009, Farrer et al. 2011, 

Bataille et al. 2013, Becker et al. 2017), sugerem que estas são hipovirulentas 
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localmente para espécies nativas (Bataille et al. 2013, James et al. 2015, Jenkinson et al. 

2016). Por outro lado, a linhagem híbrida pode apresentar alta virulência devido ao 

vigor híbrido (Whaley 1944), possuir mais conteúdo de DNA, que produz mais 

proteínas e enzimas que poderiam aumentar sua eficiência no processo de infecção 

(Schloegel et al. 2012, Rosenblum et al. 2013). Parasitas possuem curtas gerações e 

grandes populações, o que pode promover rápidas taxas de evolução dando-lhes 

vantagem sobre seus hospedeiros (Hamilton 1980). Além disso, hibridização de 

parasitas pode gerar linhagens bastante distintas, expressando fenótipos extremos 

quando comparada as linhagens parentais, as quais podem sobreviver ao processo de 

adaptação e infectar maior quantidade e diversidade de hospedeiros do que populações 

parentais (Olson & Stenlid 2001, King et al. 2015). 

De outro modo, adaptações do hospedeiro podem exercer uma forte pressão 

seletiva, resultando em uma variação de virulência de do patógeno, como uma corrida 

evolutiva armamentista patógeno-hospedeiro (Van Valen 1977). Essas diferenças 

podem ser observadas não só entre distintas linhagens, mas também entre as diferentes 

cepas de Bd (Becker et al. 2017). Assim, devido a alta tolerância que a rã-touro 

apresenta ao Bd (Hanselmann et al. 2004, Gervasi et al. 2013b, Eskew et al. 2015), 

sugerimos que em ranários esse patógeno pode apresentar variações na virulência (ou 

seja, capacidade de causar dano ao hospedeiro) quando comparado a cepas que se 

desenvolvem em hospedeiros nativos e susceptíveis ao quitrídio. 

Declínios de anfíbios que ocorreram na Mata Atlântica brasileira nos anos 70 e 

80 (e.g., Heyer et al. 1988, Weygoldt 1989) foram associados à infecção por Bd 

(Carvalho et al. 2017), porém pouco se sabe sobre qual linhagem genética causou esses 

declínios, ou ainda, se pode ter ocorrido uma coinfecção por diferentes linhagens de Bd. 

A Mata Atlântica do sudeste do Brasil é a única região brasileira conhecida que abriga 

linhagens distintas de Bd que se reproduzem gerando híbridos (Schloegel et al. 2012, 

Jenkinson et al. 2016) e é um importante hotspot de biodiversidade (Myers 2003)  

apresentando alta riqueza e endemismo de anfíbios (Haddad et al. 2013). Dessa forma, 

conhecer a dinâmica de infecção por Bd e compreender o impacto direto e indireto da 

criação de rãs-touro em ranários dentro desse cenário é um passo muito importante e 

contribui diretamente para a conservação dos anfíbios na Mata Atlântica. 
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Ranicultura no Brasil 

A ranicultura no Brasil teve início na década de 30, quando as primeiras rãs-touro foram 

importadas da América do Norte para o Brasil. Em 1935 foi implantado o primeiro 

ranário comercial no Brasil, situado no estado do Rio de Janeiro; já a ranicultura 

paulista teve seu início em 1939 (Silva et al. 2013). O mercado brasileiro de rãs teve sua 

valorização no início da década de 1980, porém inúmeros produtores desistiram da 

atividade em virtude da inadequação de instalações para a criação de rãs e das técnicas 

de manejo (Braz Filho 2001, Feix et al. 2004). 

Espécies nativas do Brasil, como a rã-pimenta (Leptodactylus labyrinthicus) e a 

rã-manteiga (Leptodactylus latrans) também podem ser utilizadas para criação voltada 

para a alimentação humana, porém o desempenho produtivo da rã-touro em criações 

comerciais tem se mostrado maior quando comparado ao de espécies nativas brasileiras 

(Figueiredo 2005). A espécie norte americana é caracterizada pela alta rusticidade 

(facilidade de manejo), rápido crescimento, prolificidade (alto número de ovos por 

postura), resistência a enfermidades (Vieira 1993, SEBRAE 1999) e pelas qualidades 

nutricionais e sabor delicado de sua carne. 

Em 2009 o Brasil foi apontado como o segundo maior produtor de rã, ficando 

atrás apenas de Taiwan (Embrapa 2015). E atualmente continua representando um 

importante produtor e exportador de rãs, principalmente para os Estados Unidos 

(Schloegel et al. 2009, Altherr et al. 2011, FAO 2018). A ranicultura brasileira 

apresenta infraestrutura, condições ambientais e mercado potencial promissores em 

algumas localidades do país. Ao todo, acredita-se que o Brasil possui aproximadamente 

600 ranários implantados, além de 15 indústrias de abate e processamento (Lima et al. 

1999), sendo contabilizados 144 ranários distribuídos na região Sudeste: 60 municípios 

com ranários no estado São Paulo, 16 no Rio de Janeiro, dez em Minas Gerais e três no 

Espírito Santo (Rodrigues et al. 2010). 

Atualmente, os ranários são estruturados de forma a separar os animais de 

acordo com seu estágio de desenvolvimento. No geral, possuem os setores de 

reprodução, desenvolvimento embrionário, estocagem, girinagem e metamorfose, pré-

engorda ou seleção fenotípica, de engorda, e ainda, áreas de manejos alimentar e 

sanitário (Ferreira et al. 2002). Os sistemas de engorda conhecidos são: tanque-ilha 

(Fontanello et al. 1984), confinamento (Oliveira 1983), anfigranja (Lima & Agostinho 

1988), gaiolas (Fontanello et al. 1988), ranabox, climatizado (Fontanello et al. 1993) e 

inundado (Mazzoni et al. 1996). Existem ainda, ranários construídos com acréscimo de 
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detalhes ou combinação de sistemas, são os chamados sistemas híbridos (Ferreira et al. 

2002). 

Um fator importante e que deve ser analisado com atenção é a qualidade da água 

para produção das rãs e as doenças que podem ser disseminadas sem a devida 

profilaxia. O abastecimento de água dos tanques geralmente ocorre em fluxo contínuo 

(Ferreira et al. 2002), o qual é liberado dos ranários para o ambiente externo 

diariamente. O fluxo de água contínuo deve ocorrer para que haja uma renovação da 

água, eliminação de excretos e restos de pele das rãs, e a limpeza dos tanques (Ferreira 

et al. 2002). Esses cuidados devem ser tomados para evitar a proliferação de doenças 

entre as rãs-touro produzidas. Dentre elas, as principais encontradas e tratadas em 

ranários são principalmente causadas por bactérias, como dos gêneros Aeromonas, 

Streptococcus e Staphylococcus (FAO 2018). Porém, na maioria dos ranários não há 

nenhuma medida de profilaxia ou tratamento realizado visando a eliminação do fungo 

quitrídio. 

Desde a implementação do primeiro ranário até o momento, diversas falhas 

estruturais e metodológicas nos criadouros facilitaram a “invasão” desses animais 

exóticos a novos ambientes. As fugas e solturas das rãs são ações corriqueiras entre os 

ranários (Collins et al. 2009, Both et al. 2011). No Brasil, populações ferais de L. 

catesbeianus já foram encontrados em pelo menos 130 municípios localizados em áreas 

de Mata Atlântica (Both et al. 2011). Além disso, estudos preveem que mudanças 

climáticas futuras podem oferecer condições favoráveis para o estabelecimento e 

ampliação da área de distribuição de rã-touro na América do Sul (Ficetola et al. 2007, 

Giovanelli et al. 2008, Loyola et al. 2012). Assim, existe uma grande necessidade de 

tomar medidas visando a conservação de anuros nativos, considerando a ameaça que a 

rã-touro representa como espécie invasora e o papel considerável da produção e 

comércio desses animais como disseminadores de Bd pelo mundo (Fisher & Garner 

2007, Schloegel et al. 2009, Jenkinson et al. 2016). 

 

JUSTIFICATIVA 

 

Em síntese, a produção e o comércio de rã-touro podem ser responsáveis pela 

importação de cepas de outras regiões para fauna nativa do Brasil, ou mesmo 

exportação de linhagens genéticas endêmicas, facilitando a geração de híbridos e até 
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mesmo novas linhagens que podem ser altamente virulentas a populações locais. Assim, 

faz-se importante a caracterização dos ranários brasileiros quanto à ocorrência de Bd e 

de qual forma esses estabelecimentos podem estar disseminando o patógeno para 

ambientes naturais. Além disso, analisar quais cepas estão presentes nos ranários, se 

desenvolvendo nos hospedeiros tolerantes e, caracterizar a virulência dessas cepas 

quando comparadas com cepas que são encontradas em anfíbios nativos é importante 

para compreensão da evolução do Bd nesses estabelecimentos. A compreensão da 

epidemiologia da doença nos ranários pode auxiliar como uma ferramenta para 

conservação dos anfíbios através da eliminação e/ou controle de Bd nos ranários. 
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Abstract 

Bullfrog farming and trade is a practice of significant economic value that has been 

historically held in several continents. Besides causing negative impacts on native 

amphibian populations as an invasive species, bullfrogs play a key role disseminating 

the frog-killing fungus (Batrachochytrium dendrobatidis) in the natural environment. 

Bullfrogs are tolerant to Bd − meaning that they carry high infection loads withouth 

developing chytridiomycosis. To test the potential of bullfrog farms as reservoirs for 

diverse and virulent chytrid genotypes we quantified presence, prevalence and Bd 

infection loads across approximately 1,500 farmed bullfrogs and in the water that is 

released from bullfrog farms into the environment. Additionally, we described Bd 

genotypic diversity within frog farms through isolating Bd from dozens of infected 

tadpoles. Because virulent pathogen strains are often selected when growing in tolerant 

hosts, we experimentally tested whether Bd genotypes isolated from bullfrogs are more 

virulent for native anuran hosts when compared to genotypes isolated from native hosts. 

We observed individuals infected with Bd in all sampled farms, with high prevalence 

(reaching 100%) and high average infection loads (71,029 zoospore g.e.). Average 

outflow water from farms was high (60,000 L/day), with Bd zoospore concentration 

reaching approximately of 50 million zoospores/L. We genotyped 36 isolates from two 

different lineages, and found that Bd genotypes isolated from bullfrogs show similar 

virulence on native toads when when compared to genotypes isolated from native hosts. 

However, we found significant virulence variation among strains; some strains were 

able to reach zoospore loads sufficient to kill earlier than others. Our results indicate 

that bullfrog farms can harbor diverse Bd genotyc diversity (and thus virulence) and 

may be contributing to disseminate the pathogen in the natural environment. We 

highlight the urgent need to implement Bd monitoring and mitigation strategies in 

bullfrog farms to aid in the conservation of native amphibians. 

 

Keywords: Bullfrog, Lithobates catesbeianus, chytridiomycosis, Batrachochytrium 

dendrobatidis, ranaculture, dissemination of disease, native species.  
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Introduction 

Humans have long used amphibians as food souce (Teixeira et al. 2001; Warkentin et 

al. 2009; FAO 2018). The Frog leg industry supply local, national and international 

markets in Latin America, USA, Asia, Africa, and the EU (Altherr et al. 2011); the main 

importers of frogs are the USA and EU. USA imported about 9,930 tons of frogs 

between 2003 and 2006, totaling an amount of over 42 milion USD. In the period 2001 

to 2011, the UE imported an average annual volume of 4,600 tons of frog legs, 

representing between 928 million and 2.3 billion frogs (Altherr et al. 2011). To supply 

this huge frog leg market, several countries raise frogs in farms including: Indonesia, 

China, Taiwan, Brazil, Mexico, Ecuador, and Guatemala (FAO 2018). Different 

strategies have been employed to supply the evergrowing frog leg trade. Some countries 

actively harvest frogs from their natural habitat and sell (or consume) them directly, 

causing population declines and threatening species with extinction (Oza 1990; 

Schlaepfer et al. 2005). Example of this include Nasikabatrachus sahyadrensis (Thomas 

& Biju 2015), Hoplobatrachus tigerinus and H. crassus (Ghosh 2018) in India, several 

species in the genera Amolops, Nanorana, and Xenophrys in the Himalaya region 

(Chettri et al. 2011), Hoplobatrachus rugulosus in South Asia (AmphibiaWeb 2018), 

Rana draytonii in California, USA (Jennings & Hayes 1985), and Conraua goliath in 

Cameroon and Equatorial Guinea, Africa (Akani et al. 1998; IUCN 2004; Carpenter et 

al. 2014).  

In order to maintain a steady supply of frogs, ranaculture was estabilished in 

many places. Although frog farms often breed local amphibian species, the American 

bullfrog (Lithobates catesbeianus) is by far the most commonly raised and traded 

species (Schlaepfer et al. 2005). Bullfrogs are native to eastern North America (Barrasso 

et al. 2009; Frost 2018), has been introduced in many countries for farming, and is 

traded internationally (FAO 2018; Frost 2018). Global bullfrog production sharply 

increased from less than 200 tons in 1990 to over 4,000 tons in 2014 (FAO 2018). 

Although bullfrog farms emerged as an alternative to overharvesting (Carpenter et al. 

2007), a lack of biosecurity protocols in both farming production and frog 

commercialization raises obvious concerns about their pottential negative impacts on 

native species, especially due to continuous escapes of bullfrogs to the sourrounding 

areas and uncontrolled trade (Garner et al. 2006; Fisher & Garner 2007; Lau et al. 2008; 

Both et al. 2011). 
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Bullfrog farms have played a pivotal role in the current amphibian crisis by 

facilitating biological invations (Kats & Ferrer 2003; Fisher & Garner 2007; Laufer et 

al. 2008; Schloegel et al. 2009; Carpenter et al. 2014; GISD 2018; O’Hanlon et al. 

2018). Currently, North American bullfrogs are one of the most common and aggressive 

invasive amphibian species in the world (Kraus 2015; Frost 2018). Invasive bullfrogs 

often negatively impact the local anurofauna while impacting acoustic communication 

and jeopardizing reproduction of natives (Medeiros et al. 2017; Forti et al. 2017), prey 

on native amphibian species (Leivas et al. 2013) and competeting for resources reducing 

the fitness of native populations (Kiesecker et al. 2001; Boone et al. 2004). 

Furthermore, bullfrogs may have an important role in the dynamics of chytridiomycosis, 

a disease caused by the chytrid fungus Batrachochytrium dendrobatidis (Bd). Several 

studies indicate that bullfrogs often serve as pathogen reservoirs (Daszak et al. 2004; 

Hanselmann et al. 2004; Garner et al. 2006) and international pathogen vector (Kriger & 

Hero 2009; Schloegel et al. 2012; O’Hanlon et al. 2018). Schloegel et al. (2012) showed 

the overseas transportation of novel Bd strains by finding an endemic Brazilian Bd 

lineage (Bd-Brazil) in a bullfrog sold in a market in Michigan, United States and 

suggested that the lineage was also present in Asia on invasive bullfrogs. Recently, an 

Asian lineage (Bd-ASIA-1) was found in trade animals in Belgium (O'Hanlon et al. 

2018). 

Divergent Bd lineages show both genotypic and phenotypic variations, which 

may result in differential virulence (Fisher et al. 2009; Lambertini et al. 2016; 

Greenspan et al. 2018). Bd-GPL (Global panzootic lineage) is a globally distributed, 

hypervirulent and implicated in amphibian declines in several parts of the world (Farrer 

et al. 2011; Rosenblum et al. 2013; O’Hanlon et al. 2018). Previous studies indicate that 

endemic lineages tend to be less virulent than Bd-GPL, as reported for Bd-Brazil 

(Becker et al. 2017; Greenspan et al. 2018), Bd-Cape, Bd-CH (Farrer et al. 2011), and 

Bd-ASIA-1 (O’Hanlon et al. 2018).  

From the host's perspective, immunological defenses and physiological tolerance 

differ across amphibian species (Gervasi et al. 2013a; Mesquita et al. 2017). This is 

particularly important for bullfrogs, which are chytrid tolerant hosts (Hanselmann et al. 

2004; Eskew et al. 2015); they are able to withstand high pathogen loads without 

developing chytridiomycosis (but see exceptions in Mazzoni et al. 2003; Gervasi et al. 

2013b). Therefore, this species may be a substrate for the selection and evolution of 

different virulence of the chytrid fungus. Bullfrog farms maintain frogs in high density, 
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providing greater opportunities for contact between hosts and pathogen strains. This 

could lead to animals with high infection loads and increase the probability of sexual 

reproduction between divergent pathogen strains.  

In addition, the water used for production of the bullfrogs is returned to the 

natural environment potentially transmitting the pathogen to native amphibian 

populations. Therefore, the production and trade of bullfrogs may be directly related to 

the conservation of native anurofauna. In Brazil, ranaculture began in the 1930s, but its 

popularization and increase in establishment occurred in the 1970s (Ferreira et al. 2002). 

It was just after this increase in bullfrog production in Brazil that we observed the 

sharpest declines in native amphibians, probably associated with an outbreak of 

chytridiomycosis between the 1970s and 1980s (Carvalho et al. 2017). Recently, the 

Brazilian ordinance proposes that introduced aquatic species, as bullfrog, should be 

considered “native” to foster aquaculture development. This could potentially cause 

even more introductions and lead to the loss of ecosystem services and functions (Brito 

et al. 2018). 

To evaluate the impact of chytrid dissemination due to frog farming, we sampled 

bullfrogs across life stages (tadpoles, juveniles and adults), as well as the water outflow 

used in regular frog farms. We also isolated and genotyped Bd strains found in frogs, 

and performed infection experiments testing for differences in Bd virulence among 

strains isolated from native hosts and farmed bullfrogs. We hypothesized that because 

of the high Bd tolerance in bullfrogs (Daszak et al. 2004; Eskew et al. 2015), strains 

isolated from bullfrogs would be more virulent against a native Brazilian host species 

than those isolated from native frogs. Combined, our results show that bullfrog farms 

can increase the spread of divergent Bd strains and lineages into natural environments. 

We also provide important information about the dynamics of the disease in the 

amphibian trade that should be used to guide actions directed at conserving native 

anurans, not only in Brazil, but throughout the world. 

 

Methods 

Bullfrog farm assessment 

We sampled 10 bullfrog farms in the state of São Paulo, Brazil; our sampling assessed 

Bd presence, prevalence, and infection load in farmed bullfrogs. We collected epidermal 

tissue samples from 35 juvenile post metamorphs from each of eight farms and from 35 
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adult bullfrogs in nine farms following protocols by Lambertini et al. (2013). In order to 

avoid cross-contamination, we used disposable gloves to handle each individual frog. 

Additionally, we sampled 100 tadpoles from each of nine farms for the presence of Bd 

(Supporting Information). We selected tadpoles at the Gosner stage 25 and visually 

inspected jaws sheaths and tooth rows. Because mouthpart depigmentation is a reliable 

proxy for Bd infection in tadpoles (Knapp & Morgan 2006), including Brazilian species 

(Vieira et al. 2013; Carvalho et al. 2017), we considered Bd infected individuals (Bd+) 

those showing significan signs of depigmentation. In addition to detecting and 

quantifying Bd from individual frogs, we collected water samples and standardized a 

filtering protocol to detect the pathogen in the aquatic environment. We sampled water 

outflow in each farm from into the natural surrounding environment (Supporting 

Information). Using a vacuum pump, we sampled Bd zoospores and zoosporangia using 

a permeable membrane with 0.45 μm pore size (Supporting Information). After 

filtering, we extracted DNA from membranes and quantified Bd by qPCR as described 

above. 

 

 qPCR, Bd isolation and sequencing 

We extracted Bd DNA from swab samples of juveniles and adult amphibians using 

PrepMan ULTRA (Life Technologies) and performed quantitative PCR analyses for Bd 

detection and quantification according to Lambertini et al. (2013). We considered Bd+ 

samples those with zoospore genomic equivalents (g.e.) ≥ 1 (Krieger et al. 2006). We 

estimated Bd infection prevalence (for tadpoles, juveniles and adults) as the number of 

infected individuals divided by the total number of sampled individuals for each farm. 

 We isolated Bd strains from tadpoles that showed signs of mouthpart 

depigmentation, following protocols by Vieira and Toledo (2012). After isolation, we 

transferred Bd cultures into Petri dishes containing 1% Tryptone Agar and incubated 

cultures for one week. Then, we extracted DNA from the culture, following protocol by 

James et al. (2008). We genotyped each Bd isolate using a sequence of 6 SNP markers 

(Supporting Information) as described by Schloegel et al. (2012) and sequenced them in 

the Sequencing Core Lab at University of Michigan. 

 

Laboratory infection experiment 

We conducted a series of experimental inoculations in the laboratory to test for the 

effect of different Bd strains on amphibian hosts. We used 56 pumpkin toadlet 
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individuals, Brachycephalus ephippium (Anura: Brachycephalidae) in challenge 

experiments. We actively searched and collected specimens of B. ephippium (about 2 

cm in snout-vent-length) in the municipality of Mogi das Cruzes, state of São Paulo, 

Brazil. We housed each captured individual in an individual plastic bag with leaf-litter 

to avoid cross-contamination among individuals while in the field. At the onset of the 

experiment, we individually housed each individual frog in plastic boxes (22 x 15 x 8 

cm) covered with autoclaved moist Sphagnum moss. We monitored frogs daily and fed 

them calcium-fortified pinhead crickets. We carried out the experiment in a 

temperature-controlled room, with temperatures set at 20 °C and 12 h of day-night 

cycle. Our collecting permit was provided by ICMBio (SISBio #54656-3; 27745-13; 

17242-3) and experimental procedures were approved by the ethics committee (CEUA 

#4688-1/2017). 

 We divided the 56 pumpkin toadlets (species endemic to the Atlantic Forest) 

into seven treatments with eight individuals per treatment. We exposed frogs to the 

following treatments: i) three Bd isolates from bullfrogs, ii) three Bd isolates from 

native amphibian hosts, and iii) one negative control (autoclaved water; Supporting 

Information). All strains were within the Bd-GPL-2 clade (Schloegel et al. 2012) which 

is the dominant form in the Brazilian Atlantic Forest (Jenkinson et al. 2016). We 

cultured Bd strains of the in Petri dishes with tryptone agar at 17 °C for five days. Then, 

we harvested Bd zoospores by flooding Petri dishes with distilled water, waiting for 

approximately one hour for zoospore release from zoosporangia. We then quantified the 

zoospores in a Neubauer hemocytometer and standardized the inoculum concentration 

(4.6x106 zoospores/ml) among isolates. 

Pumpkin toadlets were individually kept in Petri dishs in direct contact with the 

1 ml of Bd inoculum for 45 minutes. We placed individuals from the control treatment 

(Bd-) in contact with the same volume of distilled water from the Bd+ treatment, but 

without addition of the pathogen inoculum. We swabbed each pumpkin toadlet 16 and 

31 days following experimental inoculation, which is enough time for multiple Bd 

generations (Longcore et al. 1999). We monitored amphibians daily and swabbed dead 

or dying individuals. We used the same DNA extraction and qPCR protocols described 

above to detect and quantify Bd (Lambertini et al. 2013).  

 

Statistical Analyses 

Bullfrog farm assessment 
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We used a Generalized Linear Model (GLM) with a binomial distribution (logit link) to 

test whether Bd prevalence varies among host developmental stages (tadpole, juvenile 

and adult); we performed a Tukey HSD a posteriori test for multiple comparisons. We 

also ran a GLM with normal distribution (identity link) to test for differences in Bd 

infection loads among stages of development (juvenile and adult), log transforming the 

response variable to meet normality assumptions. 

 

Laboratory infection experiment 

We buit survival curves (Parametric Survival analyses) to statistically test the effect of 

isolation source (native frogs or bullfrogs) on the survival of individual hosts. We 

performed a similar analysis to test the effect of strains on host survival. In addition, we 

used a Generalized Linear Mixed Model (GLMM) to test whether Bd infection load in 

B. epphipium exposed to bullfrog Bd isolates were higher than those exposed to isolates 

from native frogs; we included the six Bd isolates as a random effect in this analysis. 

For these analyses, we included samples collected halfway through the experiment (day 

16) and included swabs of individual frogs that died before day 16; we excluded the 

control group from this particular analysis. We also performed a Tukey HSD a 

posteriori for pairwise multiple comparisons among means. We also used a simple 

Analysis of Variance (ANOVA) to test for differences in average infection loads at the 

point of mortality among individuals exposed to different strains. Finally, we used 

Proportional Hazard analysis, including the interaction between infection load and 

strains, to test whether survival depended on these factors. We also excluded the control 

group from this analysis.  

 

Results  

Bullfrog farm assessment 

Bd prevalence in tadpoles ranged from 0 (2 farms) to 48% in our focal bullfrog farms. 

Bd-positive post-metamorphs were recorded in all farms; with some farms reaching 

100% prevalence with infection loads of up to 71,029 zoospore g.e. (Fig. 1a & Table 1). 

We detected differences in Bd prevalence among amphibian developmental stages (F = 

4.124; P = 0.029), where juveniles presented higher Bd prevalence than tadpoles (Tukey 

P = 0.03), but not adults (Fig. 2a). Juveniles presented a higher infection load than 

adults (t = 6.55, df = 1, P <0.001) (Fig. 2b). 
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We consistently observed a high Bd zoospore concentration in the outflow 

water. The average outflow of water averaged 60,000 L per day. These outflow water 

samples had high average zoospore concentrations, reaching approximately 50 million 

zoospore g.e. released per day (Fig. 3). 

We isolated 36 strains [7 from farm #4, 7 from farm #8, 8 from farm #9, and 14 

from farm #10 (Fig. 1b)] from tadpoles showing clinical signs of chytridiomycosis. We 

found isolates from Bd-GPL-2 lineage in these four farms. In two of these farms, we 

also found the Bd-Brazil lineage. Furthermore, we isolated two lineages coinfecting the 

same tadpole (Bd-GPL-2 and Bd-Brazil). 

 

Laboratory infection experiment 

We did not observe differences in the survival rates between toadlets infected with 

strains isolated from farmed bullfrogs and native frogs from natural environments (χ2 = 

0.082; df = 1; P = 0.774), although we detected a difference in host survival among Bd 

strains (χ2 = 37.269; df = 5; P <0.0001; Fig. 4a). The strains that led to the highest and 

lowest mortality rates in pumpkin toadlets were isolated from a bullfrog farm (Fig. 4a).  

In agreement with our survival analysis, we also no to find significant 

differences in Bd infection loads between B. epphipium exposed to isolates obtained 

from farmed bullfrogs and native frogs (F(1,46) = 0.002; P = 0.965), though individual 

strains showed significan variation in infection loads (F(6,49) = 68.918; P < 0.0001) (Fig. 

4b & Supporting Information). We also observed that individual B. epphipium that died 

during the experiment showed similarly high Bd infection loads (>105 g.e.), independent 

of strain (F(5,35) = 1.674; P = 0.168) (Table 2). Survival probability, however, depended 

on strain identity, with some strains able to reach a critical load of zoospores required to 

kill earlier than others (Table 3). 

 

Discussion 

The high prevalence and infection load we found in farms can be explained by the high 

density of frogs in these farms, favoring pathogen transmission by direct contact among 

individuals or by circulating the water over all frog pens (Rachowicz & Vredenburg 

2004; Berger et al. 2005). We showed that juveniles had higher prevalence when 

compared to tadpoles, and higher infection load when compared to adults. During 

metamorphosis, tadpoles undergo several physiological processes that reshape the 
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immune system, making juveniles more fragile, resulting in a greater susceptibility to 

Bd infection (Rollins-Smith 1998; Fernández-Loras et al. 2017). In addition, newly 

metamorphosed individuals may be more affected by Bd infection, since it is the stage 

in which keratinization of the skin occurs, providing more substrate and making them 

an excellent host for keratinophilic pathogens such as Bd (Berger et al. 1998). 

The observation of Bd in all farms and hosts life-stages suggests that this 

pathogen can also interfere economically in ranaculture affecting the commercial 

production of bullfrogs. Although this species tolerates Bd infection (Daszak et al. 

2004; Eskew et al. 2015), studies show that bullfrog tadpoles displayed multiple cardiac 

alterations in response to infection (Salla et al. 2015), possibly representing a high 

energy cost to the animals that are in development and potentially reducing growth, 

metamorphosis and post-metamorphic survival. Furthermore, other sublethal effects 

have been reported, such as behavioral changes and reduced performance for feeding 

(DeMarchi et al. 2015). Chytrid infection may also affect frog immune responses, 

increasing the susceptibility to other infections (Miller et al. 2008). Therefore, 

controling chytrid infections in frog frams will certainly increase local establishements 

profits, due to better growth and quality of frogs produced. 

Past studies showed that invasive bullfrog populations harbor high prevalence of 

chytridiomycosis and could potentially have dispersed the chytrid fungus globally 

through the international food trade (Garner et al. 2006; Schloegel et al. 2009; 

O’Hanlon et al. 2018). However, we lack information on how current frog farming may 

exacerbate the current chytridiomycosis problem by amplifying pathogen propagule 

pressure and activing as a reservoir or breeding ground for novel Bd strains that could 

be released into the environment and native wildlife. Our study demonstrates that 

bullfrog farms release large quantities of zoospores into the surrounding aquatic 

environments. 

  Alarmingly, we observed high levels of pathogen zoospores in the outflow water 

of bullfrog farms. All released daily into the natural surrounding environment without 

treatment for the chytrid fungus. The water with high Bd concentrations occuring 

probably a consequence of the passage across infected frog pens. This discharge of Bd 

zoospores we observe from bullfrog farms will not only contribute to the maintenance 

of Bd in the natural environment, but also to introduce this pathogen into new sites. 

Furthermore, the detection of two Bd lineages within farms, Bd-GPL and Bd-Brazil 

even in the same tadpole, creates a high potential for hybridization. Hybrid lineages, 
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such as the one between Bd-GPL and Bd-Brazil in the Brazil’s Atlantic forest 

(Schloegel et al. 2012; Jenkinson et al. 2016), could present high virulence according to 

the theory of hybrid vigor (Whaley 1944; Greenspan et al. 2018).  Hybridization is still 

apparently rare in the wild (Jenkinson et al. 2016; O’Hanlon et al. 2018), but has 

important consequences, as hybrids may have heightened virulence (Ghosh & Fisher 

2016; Greenspan et al. 2018). 

We found that farms harbor a wide variation in virulence of strains. A farm 

environment with high densities of positive Bd animals represents the perfect scenario 

for chytrid survival and reproduction (Vredenburg et al. 2010). In addition, we expect to 

see evolution of parasites on the farm, due to their short generation times and large 

population sizes that can promote rapid rates of evolution (Hamilton 1980). The genetic 

diversity of strains may reflect diversity in virulence (Fisher et al. 2009), as we 

observed in studied farms. The major concern for amphibians and farmers is that the 

greater diversity of Bd genotype and phenotype will make it challenging to apply 

effective treatments. 

Regardless of the strains, individuals of B. ephippium died when the infection 

load surspassed 100,000 g.e. zoospores, which is a very heavy burden for a frog that is 

among the smallest known (< 2 cm). Another infection load threshold, 10,000 

zoospores, was considered to be fatal for other species (Vredenburg et al. 2010; Kinney 

et al. 2011). However, such thresholds may be different for direct-developing species, 

such as B. ephippium. These species, when infected with Bd may present very high 

infection loads, because they do not have much contact with the pathogen throughout 

their life history (Mesquita et al. 2017).  

 Our study emphasized the great impact that bullfrog farms may have on the 

spread of Bd in the local environment. In addition, it suggests Bd strains that evolve on 

bullfrog farms are likely to impact native susceptible species through the release of 

zoospores into the environment, a form of pathogen spread. Our results indicate that 

bullfrog farms, which are distributed across the world, provide a potential environment 

for reproduction, maintenance and dissemination of Bd inside and outside farms. A 

possible way to reduce the dissemination of chytrid fungus by farms would be to treat 

the water that is released to the environment. Additionally, bullfrogs must be treated for 

Bd infection as well, adopting one of the several already reported treatment methods 

(reviewed in Moreno et al. 2015). However, future studies aimed at treatment and 
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control of Bd in amphibian farming systems need to be conducted, and are fundamental 

to assist native amphibian conservation. 
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Table 1. Bd prevalence [presented as percentage (Bd+/tested individuals)], infection 

load [values presented as mean; SD (range)], and developmental stage of the bullfrogs 

sampled in farms. 

Bullfrog farm Prevalence (%) Load (zoospore g.e.) Stage 

#1 

18 (18/100) - Tadpole 

0 (0/35) - Juvenile 

8.6 (3/35) 4; 3 (2 – 7) Adult 

    

#2 

0 (0/102) - Tadpole 

40 (14/35) 30; 48 (2 – 176) Juvenile 

51.4 (18/35) 14; 25 (1 – 108) Adult 

    

#3 
0 (0/100) - Tadpole 

97.2 (35/36) 255; 865 (2 – 5,038) Adult 

    

#4 

22 (22/100) - Tadpole 

20 (7/35) 11; 14 (2 – 41) Juvenile 

8.6 (3/35) 3; 3 (2 – 6) Adult 

    

#5 

3 (3/100) - Tadpole 

100 (35/35) 3,095; 11,874 (35 – 71,030) Juvenile 

28.6 (10/35) 4; 2 (2 – 9) Adult 

    

#6 

1 (1/100) - Tadpole 

74.3 (26/35) 73; 162 (1 – 835) Juvenile 

0 (0/34) - Adult 

    

#7 98 (34/35) 94; 193 (1 – 1,195) Juvenile 

    

#8 48 (48/100) - Tadpole 
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97.1 (34/35) 2,193; 7,208 (4 – 31,650) Juvenile 

62.9 (22/35) 32; 53 (2 - 250) Adult 

    

#9 
6 (6/100) - Tadpole 

91.4 (32/35) 93; 292 (3 – 1,597) Adult 

    

#10 

44 (44/100) - Tadpole 

51.4 (18/35) 20; 34 (1 – 141) Juvenile 

82.9 (29/35) 68; 144 (2 – 667) Adult 
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Table 2. Infection load of strains on days 16 and day of death; values presented as 

mean; SD (range; sample size).  

Strains Day 16 Day of death 

C 
1; 1 

(0 - 4; 8) 
All survived 

N1 
31,261; 38,035 

(330 - 102,645; 8) 

828,748; 713,838 

(166,029 - 1,786,135; 7) 

N2 
152,271; 130,841 

(26,118 - 343,459; 5) 

564,221; 214,328 

(227,469 - 945,888; 8) 

N3 
47,925; 44,678 

(2,147 - 120,497; 8) 

693,070; 498,886 

(104,653 - 1,465,878; 6) 

F1 
3,485; 5,863 

(12 - 14,306; 8) 

2,900,231; 1,208,707 

(2,045,546 - 3,754,916; 2) 

F2 
260,637; 247,935 

(14,698 - 561,934; 7) 

788,856; 683,451 

(250,975 - 2,147,927; 8) 

F3 
539,697 

(1) 

714,814; 420,074 

(216,539 - 1,281,582; 8) 

*C= control; N= isolates from native amphibian hosts; F= isolates from bullfrogs 
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Table 3. Proportional Hazard analysis results testing the interaction between infection 

load and strains in survival of pumpkin toadlets*. 

Source Nparm Df 
L-R  

χ2 
Prob>ChiSq 

Strain 5 5 17.8006587 0.0032* 

Loadlog 1 1 6.84387369 0.0089* 

Strain*loadlog 5 5 6.58048188 0.2538 

* Effect Likelihood Ratio Tests. Asterisks indicate significant results. 
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Figure-Legend 

 

Figure 1. Bd prevalence in different developmental stages (tadpole, juvenile and adult) 

in different sampled farms (a); Bd lineages isolated from bullfrogs (b). 

 

Figure 2. Bd infection prevalence (%) among the three developmental stages (tadpole, 

juvenile and adult) (a); Bd infection load by developmental stage (juvenile and adult) 

(b). 

 

Figure 3. Water outflow (black bars) and Bd zoospore g.e. (gray bars) released daily by 

the bullfrog farms into the natural surrounding waterbodies. 

 

Figure 4. Pumpkin toadlet survival curves (%) following inoculation with different 

strains (a); Mean infection load (log) on day 16 or day of death (for individuals who 

died before that day) by different strains (b). 
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Figure 1. Bd prevalence in different developmental stages (tadpole, juvenile and adult) in 

different sampled farms (a); Bd lineages isolated from bullfrogs (b).  
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Figure 3. Water outflow (black bars) and Bd zoospore g.e. (gray bars) released daily by 

the bullfrog farms into the natural surrounding waterbodies. 
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Figure 4. Pumpkin toadlet survival curves (%) following inoculation with different 

strains (a); Mean infection load (log) on day 16 or day of death (for individuals who 

died before that day) by different strains (b). 
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Supporting Information 

Multilocus sequence typing (MLST) markers genotyped for this study (Appendix S1), 

Hosts and origin site of isolated strains used in the laboratory infection experiment 

(Appendix S2), Pumpkin toadlets Bd infection load on days 16, 31, and on the day 

animals died along the experiment (Appendix S3), System of production of bullfrog 

farms: Tadpoles sector (a); Juveniles sector (b); Adults sector (c); water released by the 

farms into the natural environment (d) (Appendix S4), Equipment for water filtration 

procedure for detection of Bd (Appendix S5) are available online. The authors are solely 

responsible for the content and functionality of these materials. Queries (other than 

absence of the material) should be directed to the corresponding author. 

 

 

Supporting Information 

 

Appendix S1. Multilocus sequence typing (MLST) markers genotyped for this study. 
 

Locus 
 

 
PCR Primers 

Anneal 
Temp. 

 
Source 

8009X2 F: 5’-TCGTGAAGAGCTTGGAAAGTCG-3’ 

R: 5’-AGTTCTGTCGTCAATGCTGTAGGG-3’ 

54  Morgan et al. 2007 

BdC24 F: 5’-GACAATGTGCTCACGGCTTA-3’ 

R: 5’-CTCTCCAAGGCTGAATCTGG-3’ 

54  James et al. 2009 

BdSC4.16 F: 5’-TCAACTGGCTTTGAGCACAC-3’ 

R: 5’-ATAGAGCATGCAGATCGCTTT-3’ 

54  Schloegel et al. 2012 

R6046 F: 5’-CTATCTGCGCTCCCGTGTCAA-3’ 

R: 5’-AGGGCTGCAACAACTGGATTT-3’ 

54  Morehouse et al. 2003 

BdSC6.15 F: 5’-GACGATAAAACGACAACAATCG-3’ 54  Schloegel et al. 2012 
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R: 5’-CCCTTTTTAGGTTGGCTTGC-3’ 

BdSC8.10 F: 5’-TGACAAAGTGCCGAGTGTTT-3’ 

R: 5’-TTGGCTATACCCGACTACGC-3’ 

54  Schloegel et al. 2012 
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Appendix S2. Hosts and origin site of isolated strains used in the laboratory infection 
experiment. 

 

 

 

 

 

 

 

  

Strains Host Municipality, State 

N1 Unidentified Santa Teresa, Espírito Santo 

N2 Megaelosia apuana Alto Caparaó, Minas Gerais 

N3 Scinax hiemalis Jundiaí, São Paulo 

F1 Lithobates catesbeianus Pindamonhangaba, São Paulo 

F2 Lithobates catesbeianus Santa Bárbara D’Oeste, São Paulo 

F3 Lithobates catesbeianus Santa Isabel, São Paulo 
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Appendix S3. Pumpkin toadlets Bd infection load on days 16, 31, and on the day 
animals died along the experiment*. 

Individual Treatment Genotype 
Infection load (zoospore g.e.) 

Day 16 Day 31 Day of death 
1 Control C 0 Not analysed  Survived 
2 Control C 0 Not analysed Survived 
3 Control C 1 Not analysed Survived 
4 Control C 0 Not analysed Survived 
5 Control C 3 Not analysed Survived 
6 Control C 0 Not analysed Survived 
7 Control C 0 Not analysed Survived 
8 Control C 0 Not analysed Survived 
9 Nature N1 330 9,756 Survived 
10 Nature N1 180,9 Dead 1,786,135 (30) 
11 Nature N1 102,645 Dead 166,029 (18) 
12 Nature N1 8,964 Dead 444,168 (24) 
13 Nature N1 4,329 Dead 1,632,237 (31) 
14 Nature N1 32,826 Dead 1,289,281 (29) 
15 Nature N1 23,999 Dead 299,811 (22) 
16 Nature N1 75,184 Dead 183,578 (19) 
17 Nature N2 26,118 Dead 462,761 (22) 
18 Nature N2 164,616 Dead 657,068 (19) 
19 Nature N2 Dead Dead 414,355 (16) 
20 Nature N2 Dead Dead 653,676 (13) 
21 Nature N2 343,459 Dead 656,325 (17) 
22 Nature N2 Dead Dead 227,470 (16) 
23 Nature N2 33,383 Dead 496,228 (20) 
24 Nature N2 193,779 Dead 945,888 (17) 
25 Nature N3 2,147 Dead 691,309 (31) 
26 Nature N3 8,213 76,299 Survived 
27 Nature N3 9,435 55,530 Survived 
28 Nature N3 102,780 Dead 358,793 (22) 
29 Nature N3 38,641 Dead 1,066,992 (24) 
30 Nature N3 65,673 Dead 470,795 (25) 
31 Nature N3 36,013 Dead 1,465,878 (26) 
32 Nature N3 120,497 Dead 104,653 (18) 
33 Farm F1 77 20 Survived 
34 Farm F1 325 195,952 Survived 
35 Farm F1 12 0 Survived 
36 Farm F1 14,306 Dead 2,045,546 (31) 
37 Farm F1 11,472 Dead 3,754,916 (26) 
38 Farm F1 38 8,623 Survived 
39 Farm F1 766 14,937 Survived 
40 Farm F1 884 17,904 Survived 
41 Farm F2 Dead Dead 773,820 (13) 
42 Farm F2 547,360 Dead 396,831 (17) 
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Individual Treatment Genotype 
Infection load (zoospore g.e.) 

Day 16 Day 31 Day of death 
43 Farm F2 561,934 Dead 266,903 (17) 
44 Farm F2 14,699 Dead 2,147,927 (28) 
45 Farm F2 39,210 Dead 1,486,504 (25) 
46 Farm F2 91,081 Dead 250,975 (25) 
47 Farm F2 452,991 Dead 646,158 (18) 
48 Farm F2 117,189 Dead 341,727 (18) 
49 Farm F3 539,697 Dead 216,539 (17) 
50 Farm F3 Dead Dead 735,149 (10) 
51 Farm F3 Dead Dead 303,891 (13) 
52 Farm F3 Dead Dead 388,178 (12) 
53 Farm F3 Dead Dead 523,255 (15) 
54 Farm F3 Dead Dead 1,131,023 (13) 
55 Farm F3 Dead Dead 1,281,582 (15) 
56 Farm F3 Dead Dead 1,138,894 (15) 

*The number in parenthesis on the day of death represents the day the animal died. 
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Appendix S4. System of production of bullfrog farms. Tadpoles sector (a); Juveniles 
sector (b); Adults sector (c); water released by the farms into the natural environment 
(d). 
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Appendix S5. Equipment for water filtration procedure for detection of Bd. 
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CONSIDERAÇÕES FINAIS 

 

Em nosso trabalho evidenciamos que os ranários podem funcionar como potencial 

disseminador do fungo quitrídio. Além de altas prevalências e cargas de infecção 

encontradas nas rãs touro e na água utilizada para sua criação, vimos também que os 

ranários abrigam uma grande variedade de cepas de Bd, que também apresentam uma 

grande variação na virulência, quando comparado com cepas isoladas de espécies 

nativas brasileiras. A falta de ações e legislações para a criação e comercialização 

desses animais implica em grandes problemas que podem afetar populações de anuros 

nativos, como a fuga das rãs dos estabelecimentos, o despejo de água contaminada com 

Bd para ambientes naturais e até mesmo comércio internacional de indivíduos 

infectados por diferentes cepas de Bd. 

Os resultados encontrados têm grande relevância e importância para a 

comunidade acadêmica, mas principalmente para autoridades e órgãos com poder de 

tomar decisões a respeito da conservação da biodiversidade nativa. Mais uma vez 

salientamos a necessidade de implementação de medidas de controle e/ou erradicação 

de Bd em ranários. Medidas como assegurar que os animais não fujam dos 

estabelecimentos durante todo o processo de produção, tratamento de animais 

infectados, tratamento e descarte correto de resíduos da produção e água e comércio das 

rãs limpas e congeladas deveriam ser regulamentadas em implementadas nos ranários. 

A partir das contribuições desse trabalho, ressaltamos que medidas e ações para 

erradicação de quitrídio nos ranários devem ser planejadas e implementadas. Embora 

haja protocolos de tratamento de animais infectados com Bd, esse varia de acordo com a 

espécie e com o grau de virulência das cepas, e não há uma dosagem ou duração do 

tratamento específico para rã touro, tampouco para as cepas que possivelmente estão 

sofrendo grandes variações genéticas. Além disso, um protocolo de tratamento da água 

que eliminasse o fungo dos ranários seria essencial. Esperamos que este trabalho seja 

capaz de evidenciar esse problema, que influencie em políticas públicas e fundamente a 

formulação de legislação sobre a ranicultura nacional. Só assim, avançaremos na 

conservação dos anfíbios nativos brasileiros. 
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