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RESUMO 

A contaminação por metais e metaloides tóxicos, natural ou mediada por ação antrópica, 

tem se tornado um grave problema ambiental, acarretando danos a diversos seres vivos, 

em especial ao homem. Porém, alguns organismos presentes em distintos níveis tróficos 

são mais sensíveis a estes contaminantes, e um bom exemplo disso são os anfíbios. Por 

apresentarem tecido epitelial altamente permeável sofrem mais pela ação destes 

compostos, o que os colocam, na maioria das vezes, como potenciais bioindicadores de 

contaminantes. O presente trabalho teve como objetivos prospectar bactérias da pele de 

anfíbios anuros capazes de tolerar ao arsênio, bem como investigar possíveis relações 

desta tolerância como mecanismos práticos de aplicação biotecnológica. Para isso, duas 

investigações paralelas foram conduzidas. Num primeiro momento, isolados bacterianos 

advindos exclusivamente de anuros de um ambiente contaminado por metais pesados 

(Estação Ecológica do Tripuí - Ouro Preto, MG) foram avaliados. Para esta abordagem 

ficou constatado que espécies que possuiam íntimas associações com a água durante seu 

ciclo reprodutivo apresentam microbiota cultivável mais tolerante e ao mesmo tempo com 

maior potencial de produção de biofilme, contrapondo-se a microbiota advinda de 

animais que apresentam menor contato com a água. Considerando que os ambientes 

aquáticos em áreas contaminadas possuem maior disponibilidade para contato com os 

organismos vivos, tais resultados são indicativos que tal tolerância e adaptação fisiológica 

podem contribuir fortemente para a manutenção da sobrevivência da espécie anura 

quando em contato com estes ambientes no Quadrilátero Ferrífero (QF). Em um segundo 

momento, a microbiota cultivável associada a cinco espécies da região do QF foi 

comparada com a microbiota cultivável associada às mesmas espécies, porém advindas 

de um ambiente não contaminado, localizado a 320 km de distância do primeiro, no 

Município de João Neiva, ES. Os resultados evidenciaram que a microbiota proveniente 

das espécies do QF apresentam uma maior tolerância ao arsênio e foram capazes de 

proteger os anuros da permeabilidade deste metalóide, o que nao foi observado na 

microbiota advinda das espécies de ambiente não contaminado. Tais dados são 

indicativos da contribuição desta microbota na manutenção da sobrevivência dos anuros, 

reiterando os dados apresentados pela primeira abordagem. Como conclusão, os 

resultados auxiliaram a melhor compreensão desse modelo de interação, bem como 

classificam potenciais isolados com aplicações biotecnológicas que podem ser melhor 

exploradas quanto aos possíveis mecanismos moleculares associados a esta notória 

tolerância. 
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ABSTRACT 

Contamination by toxic metals and metalloids, natural or mediated by human action, has 

become a serious environmental problem, causing damage to various living beings, 

especially man. However, some organisms present at different trophic levels are more 

sensitive to these contaminants, and amphibians are a good example of this. As they 

present highly permeable epithelial tissue, they are more susceptible to the action of these 

compounds, which places them, in most cases, as potential bioindicators of contaminants. 

The present work aimed to: prospect bacteria from the skin of anuran amphibians that are 

able to tolerate arsenic as well as investigate possible mechanisms associated with this 

tolerance as practical mechanisms of biotechnological application. For this, two parallel 

investigations were established. At first, bacterial isolates coming exclusively from 

anurans from an environment contaminated by heavy metals (Tripuí Ecological Station - 

Ouro Preto, MG) were evaluated. For this approach, it was found that species that have a 

close association with water during their reproductive cycle have more tolerant cultivable 

microbiota and at the same time with greater potential for biofilm production, in contrast 

to the microbiota from animals that have less contact with water. . Considering that 

aquatic environments in contaminated areas have greater availability for contact with 

living organisms, these results are indicative that such tolerance and physiological 

adaptation can strongly contribute to the maintenance of the survival of the anuran species 

when in contact with these environments in the QF. In a second moment, the cultivable 

microbiota associated with five species from the QF region was compared with the 

cultivable microbiota associated with the same species, but from an uncontaminated 

environment, located 320 km away from the first, in the Municipality of João Neiva, ES 

The results showed that the microbiota from the QF species present a greater tolerance to 

arsenic and are able to protect the anurans from the permeability of this metalloid, not 

observed for microbiota from the species from an uncontaminated environment. Such 

results are indicative of the contribution of this microbot in the maintenance of anurans 

survival, reiterating the results presented by the first approach. In conclusion, the results 

helped to better understand this interaction model, as well as classify isolated potentials 

with biotechnological applications that can be better explored.  
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1-Introdução 
 

 
1.1-Quadrilátero Ferrífero 

 
 

Localizado no Centro-Sul de Minas Gerais, o Quadrilátero Ferrífero (QF) é uma 

região que apresenta um bloco de estruturas geológicas do Pré-Cambriano, cuja forma se 

aproxima a um quadrado e atinge uma área de aproximadamente 7200 km2 (Crespo, 

2016). Tais estruturas são elevadas em seus quatro lados por erosão distinta, o que leva a 

altitudes de 1300 a 1600 metros (Barbosa et al., 1967 ). Variações de altitude acarretam 

o desenvolvimento de microclimas com temperatura e umidade bem diferentes da 

temperatura média anual da região, sendo o clima temperado com duas estações bem 

definidas: inverno seco e verão chuvoso (Silva, 2007). Além disso,  a alta geodiversidade 

existente na região contribue para a existência de diversos tipos de paisagens no QF, 

variando de floresta decídua semi-tropical a campos rupestres, os quais se destacam por 

representar um mosaico vegetacional que determina uma ampla variedade de micro-

habitats, contendo solos superficiais e ácidos (pH ~ 4,0), com níveis tóxicos de metalóides 

e metais pesados (Jacobi e Carmo, 2012 ). 

Diante destas características únicas, o desenvolvimento do ecossistema do QF 

originou comunidades extremamente adaptadas (Jacobi et al., 2007), sendo definido como 

área de importância biológica especial pela presença de ambientes considerados como 

potencial hotspot de biodiversidade. Uma vez que, a região do QF é em sua maior parte 

demarcada como área prioritária para conservação da diversidade da Herpetofauna de 

Minas Gerais (Drummond et al., 2005), e apresenta relevante endemismo de anuros (Crus 

e Feio, 2007) (Figura 1), destaca-se a importância da escolha desses anfibios como objeto 

de estudo desse trabalho. 
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Figura 1:  Área prioritária para conservação da diversidade da Herpetofauna de Minas Gerais na região 

do QF. Em preto destacam-se os limites municipais onde o QF está inserido, representado pelo contorno 

vermelho. Em verde destaca-se toda a região que se apresenta como área prioritária de conservação da 

herpetofauna mineira. O círculo roxo destaca a inserção da Estação Ecológica do Tripui (EET) neste 

contexto (Figura adaptada do atlas do Instituto Prístino). 

 

 

1.2- Os anuros 

 
 

Os anfíbios pertencem a classe Amphibia, a qual apresenta as ordens 

Gymnophiona (cecílias), Caudata (salamandras) e Anura (sapos, rãs e pererecas), sendo 

essa última ordem alvo do presente estudo (Colombo e Zank, 2008). Os anuros são 

considerados um grupo altamente sensível a qualidade do meio ambiente, como a 

qualidade da água  (Toledo, 2009). Tal sensibilidade está relacionada às características da 

pele que é fina, permeável e altamente vascularizada, que além de protegês-los de 

intervenções abióticas e bióticas, atua como órgão com função respiratória (Toledo, 

2009). 

 

A pele dos anuros é adaptada a exercer diversas funções desde proteção, 

respiração, osmorregulação e termorregulação (Nascimento et al., 2003). Ao 

desempenhar a função de proteção, a pele atua como defesa primária tendo como 

principais barreiras, as glândulas dérmicas que secretam moléculas bioativas e a 

comunidade microbiana (Zasloff, 2002). A presença de comunidades microbianas sobre 
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a pele dos anfíbios já foi constatada em estudos anteriores (Harris et al., 2006). No 

entanto, o papel do ambiente na colonização e a composição da microbiota cutânea, bem 

como os possíveis potenciais biotecnológicos associados a esses microrganismos têm sido 

pouco investigados. E tal cenário foi motivador para o desenvolvimento desta tese. 

 

1.3- O papel do ambiente na colonização e composição da microbiota 

cutânea 

 
 

A comunidade microbiana é caracterizada por um conjunto de microrganismos 

que habita determinado hospedeiro (Gause, 2021). Tais microrganismos desempenham 

um papel fundamental na construção da biosfera e estão continuamente sujeitos a 

variações das condições ambientais (Gause, 2021). Nesse cenário, estudos recentes têm 

descrito a importância da interação existente entre a microbiota e o hospedeiro. Segundo 

Assis (2012), uma importante interação microbiota-hospedeiro é a comunidade de 

microrganimos presente no tecido cutâneo de anfibios anuros, e o habitat é um 

componente considerável na colonização dessa microbiota. Desta forma, alterações na 

temperatura, tipo de radiação solar, pH, umidade, e, até mesmo, variáveis do solo e da 

água podem contribuir para composição da microbiota (Assis, 2012). 

Dentre as variáveis químicas e físicas, as quais os microrganismos são suscetíveis, 

se destacam os xenobióticos e metais pesados (Giller et al., 1998). Esses compostos são 

capazes de desencadear uma sequência de mecanismos moleculares que induzem danos 

celulares que culminam, quando de maneira cumulativa, na morte da comunidade 

microbiana e consequentemente na morte do anfíbio (Hacioglu e Tosunoglu, 2014). No 

entanto, os anfíbios, em relação a exposição de variantes ambientais, possuem uma 

particularidade, pois apresentam em seu ciclo de vida uma fase aquática e outra terrestre, 

além de tecido epitelial altamente permeável (Feder e Burggren, 1992). 

 Em relação aos compostos danosos aos organismos vivos, estudos envolvendo 

mercúrio e arsênio têm se destacado (Bertin et al., 2011). Por ser um metaloide de ampla 

distribuição, pode ser encontrado no solo e água, e é liberado para o ambiente 

naturalmente ou por meio da erosão ou intemperismo de solos e rochas (Wang e Zhao, 

2009). Entretanto, os fatores que mais elevam a disposição do referido metaloide nos 

ambientes são promovidos pelas atividades antropogênicas (Dembitsky e Rekanza, 2003). 

No Quadrilátero Ferrífero (QF), região caracterizada como um dos maiores polos 

mundiais de obtenção de minérios, e referência para este estudo, o arsênio encontra-se em 
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associação com as rochas auríferas sulfetadas, principalmente a arsenopirita (FeAsS) 

(Borba, 2002). 

Em estudo anterior desenvolvido na região do QF por nossa equipe (Cordeiro et 

al., 2019), constatou-se que a tolerância de isolados bacterianos prospectados da pele de 

anuros da Estação Ecológica do Tripuí, área naturalmente contaminada por arsênio. Os 

resultados auxiliaram a melhor comprensão do modelo de interação microbiota-

hospedeiro, tal como indicaram isolados bacterianos com tolerância ao arsênio e 

capacidade de produção de biofilme que merecem ser investigados, uma vez que a 

tolerância de microrganismos a contaminação, pode ser associada a mecanismos de 

resistência (Hacioglu e Tosunoglu, 2014). 

 

1.4- Isolados bacterianos tolerantes a moléculas do ambiente 

 

Populações de microrganismos podem desenvolver resistência aos fatores 

ambientais, o que os capacita para viver expostos sob determinadas concentrações destas 

moléculas, a exemplo dos metaloides e metais pesados (Salle, 1961). Tal característica é 

primordial nos processos adaptativos durante a ocupação de microambientes adversos 

(Salle, 1961). 

Respostas fisiológicas de isolados bacterianos obtidos de anfíbios expostos à 

metais pesados já foram objeto de estudo, em especial, Hacioglu e Tosunoglu (2014) 

relatam a tolerância destes isolados a quatro metais pesados (zinco, cobre, cromo e 

manganês) obtidos de espécies de anfíbios, correlacionando a tolerância com mecanismos 

de resistência. 

A capacidade de tolerância associada a mecanismos de detoxificação faz com que 

esses microrganismos possam ser utilizados em processos de biorremediação que 

transformam ou removem resíduos tóxicos ambientais (Abdelatey, 2011). Sendo 

portanto, considerados importantes recursos biológicos de aplicação em diversificados 

seguimentos industriais. 

Em estudo anterior (Cordeiro et al., 2019) realizado no Quadrilátero Ferrífero, 

região de formação geológica rica em depósitos arseníferos, onde a intensa atividade de 

mineração aumenta o risco de contaminação por elementos tóxicos (Nascimento, 2018), 

foi demonstrada a resistência ao arsênio de isolados bacterianos prospectados da 

microbiota de anuros. Visto que a resistência ao metaloide pode estar associada a 
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mecanismos de detoxificação (Hall, 2002), o objetivo do presente estudo busca dar 

continuidade a essa investigação com o intuito de avaliar  a influência do ambiente na 

composição da microbiota, bem como os possíveis potenciais biotecnológicos associados 

a essas bactérias. 
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2- Objetivos 

 

Objetivo geral: 

Investigar a tolerância ao arsênio de isolados bacterianos prospectados da pele de anfíbios 

anuros do Quadrilátero Ferrífero, bem como avaliar o potencial biotecnológico desses 

isolados. 

 

Objetivos específicos: 
 

 Isolar o maior número possível de bactérias cultiváveis associados ao tecido 

epitelial de diferentes espécies de anuros do QF, para formar um banco de 

bactérias. 

 Dar continuidade a investigação do papel do ambiente na tolerância ao arsênio de 

isolados bacterianos advindos da microbitota cutânea de anfíbios anuros 

 Avaliar a tolerância desta microbiota cultivável com foco no desenvolvimento de 

aplicações biotecnológicos. 
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3- Estrutura da tese 
 

Para facilitar a descrição dos resultados e seguindo as resoluções de redação da tese 

do Programa de Pós-Graduação em Biotecnologia da UFOP, as seções metodologias, 

resultados e discussão foram agrupadas em distintos capítulos. A ordem segue a 

cronologia dos trabalhos desenvolvidos ao longo do estágio doutoral, e os respectivos 

produtos deste estudo foram incorporados como parte dos respectivos capítulos. 

O capítulo I versará sobre a associação entre o estilo de vida de anuros e a tolerância 

de bactérias associadas ao tecido cutâneo de anfíbios anuros em ambiente 

contaminado por arsênio (proposta de continuidade de trabalhos preliminares 

defendidos ao longo do mestrado). 

O capítulo II versará sobre o papel do ambiente na tolerância de bactérias associadas 

ao tecido cutâneo de anfíbios anuros em ambiente contaminado por arsênio em 

comparação à tolerância de microbiota cultivável advindo de animais coletados em 

ambientes não contaminados por este metalóide. 

E o capítulo III versará sobre o potencial biotecnológico de bactérias associadas ao 

tecido cutâneo de anuros da Estação Ecológica do Tripuí, Quadrilátero Ferrífero, MG 

(uma análise preliminar). 
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3.1- Capítulo I: Estilo de vida de anuros e a tolerância de bactérias 

associadas ao tecido cutâneo em ambiente contaminado por arsênio  

 

Os dados contidos neste capítulo estão apresentados na íntegra em um artigo científico  

publicado na revista Herpetology Notes em 30 de outubro de 2019. 

 

Título: A resistência ao arsênio da microbiota cutânea está associada ao estilo de vida 

dos anuros no Quadrilátero Ferrífero, Minas Gerais, Brasil 

 

Isabella Ferreira Cordeiro, Natasha Peixoto Fonseca, Érica Barbosa Felestrino, 

Washington Luiz Caneschi, Maria Rita Silvério Pires e Leandro Marcio Moreira. 

 

 

Este artigo é resultado advindo do objetivo de prospectar a microbiota associada ao tecido 

cutâneo de anfíbios anuros e analisar a influência da presença do arsênio no ambiente na 

tolerãncia desses isolados bacterianos. Parte dos dados deste artigo foi obtida durante meu 

mestrado, cuja conclusão se deu após dois anos de ingresso no doutorado.  

Em resumo, a composição da microbiota cutânea de anfíbios anuros sofre influência dos 

microhabitats que esses animais ocupam. No presente estudo, foi investigada a tolerância 

de isolados bacterianos prospectados da pele de anuros da Estação Ecológica do Tripuí, 

uma área do Quadrilátero Ferrífero, Minas Gerais, naturalmente contaminada por arsênio. 

Um total de 328 isolados bacterianos foram obtidos de 21 indivíduos pertencentes a sete 

espécies de anuros capturados em diferentes microambientes e divididos em dois grupos: 

maior contato com a água e menor contato com água durante o período reprodutivo. Os 

resultados indicam que maior número de isolados bacterianos, bem como maior 

resistência ao arsênio e maior capacidade de produção de biofilme, foram associados a 

três espécies de anuros que apresentavam maior contato com o arsênio presente na água 

durante o período reprodutivo. Os resultados auxiliaram a melhor compreensão desse 

modelo de interação, bem como classificam potenciais isolados com capacidades 

biotecnológicas. 
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Arsenic resistance in cultured cutaneous microbiota is 

associated with anuran lifestyles in the Iron Quadrangle, 
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Abstract. The microbiota of the anuran skin contributes significantly to the maintenance and survival of these animals. In the 

present study, we investigated the composition of culturable microbiota on the skin of frogs from Tripui Ecological Station 

(TES), a locality in the Brazilian Iron Quadrangle that is naturally contaminated with arsenic. A total of 328 culturable bacterial 

isolates were obtained from 21 individuals belonging to seven anuran species, captured in different microenvironments within 

TES. The results indicate that higher numbers of culturable bacterial isolates, as well as higher resistance to arsenic and a higher 

capacity to produce biofilms, were associated with three frog species that had come into contact with arsenic-contaminated 

water during their reproductive period. These results raise the possibility that the adaptation of these anurans species to arsenic- 

laden environments may have a direct correlation with a specialized microbiota. 

 
Keywords. Adaptation; Arsenic resistance; Biofilm; Culturable bacterial prospection; Iron Quadrangle frogs; Skin adhesion 

 

 

Introduction 

Frogs are susceptible to a variety of chemical and 

physical attributes of their environment, including 

temperature, pH, water availability, solar radiation, 

nutrients, and contaminants (Fasola et al., 2015). Due 

to this susceptibility, one of the most recognized 

importance of frogs is their potential role as bioindicators 

of environmental conditions (Beebee and Griffiths, 

2005). Human activities, with their concomitant habitat 

modifications, have contributed to a massive decline in 

global frog populations and, at the moment, amphibians 

are the vertebrate class most threatened by extinction 

(Stuart et al., 2005). The absence of frogs could interrupt 
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the functioning of food webs, leading to ecological 

imbalance and eventually the loss of other species – 

including a threat to our own: without frogs, the number 

of disease-carrying arthropods increases, leading to 

a significant impact on both natural ecosystems and 

human-shaped environments (Stuart et al., 2005). 

A primary factor in these population declines is man- 

made pollution, especially as related to the presence 

of pesticides and heavy metals (Egea-Serrano et al., 

2012). Heavy metals are one of the most harmful 

contaminants, being directly linked to the permeability 

of the skin in frogs (Egea-Serrano et al., 2012; Hacioglu 

and Tosunoglu, 2014). Although all heavy metals and 

metalloids are detrimental to living organisms, studies 

involving mercury and arsenic have been notable 

(Lomax et al., 2012; Moriarty et al., 2013). 

Arsenic, in particular, is a metalloid with a wide 

geographical distribution, and it is found in both soil 

and water (Wang and Zhao, 2009). Two sources cause 

arsenic contamination, anthropogenic or natural. In 

Brazil, studies on arsenic contamination are restricted 

to three main regions associated with mining activity 

(Mukherjee et al., 2006), which are also described as 

natural and anthropogenic contaminant sources: (1) the 

Iron Quadrangle (IQ) in Minas Gerais State; (2) the 

Ribeira Valley, between Paraná and São Paulo; 
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and (3) the region of Santana-Amapá (Borba et al., 

2000). In the IQ, a region of great mining activity in 

Brazil, arsenic is found in association with sulfide-rich 

auriferous rocks, mainly arsenopyrite (FeAsS) (De 

Figueiredo et al., 2007). Different studies have verified 

high concentrations of arsenic in geochemical analyses 

of water, soil, and sediments of the region and it has 

been determined that the metalloid is more bioavailable 

in water (Carmo and Kamino, 2015). 

The IQ is defined as an area of particular biological 

importance because it comprises unique environments, 

such as ferruginous rupestrian fields, which are 

considered potential hotspots of biodiversity due to the 

high endemism of plants and animals (Carmo and 

Kamino, 2015) (Fig. 1). Recent studies carried out 

by our team have demonstrated that the set of 

cultivable bacteria associated with IQ plants has unique 

characteristics and biochemical potential that may lie at 

the root of the specific adaptations of these plants to the 

various abiotic and biotic factors of the region (Felestrino 

et al., 2017; Caneschi et al., 2018). Despite this progress 

among plants, no studies have so far characterised and 

defined the adaptive potential of bacteria associated with 

IQ animals. Considering that the microenvironments 

occupied by frogs differ in environmental characteristics 

(Haddad et al., 2013), we concentrated our research on 

the arsenic resistance of the cutaneous microbiota in 

different microenvironments. Specifically, we studied 

the possible influence of the presence of arsenic on the 

microflora of the skin of frogs, comparing species more 

and less exposed to the metalloid. As environmental 

conditions exert some influence on the frog skin 

microbiota (Pollock et al., 2017), a symbiont community 

that offers protection to such characteristics should be 

investigated. In this way, we explore and describe the 

possible role of the cutaneous microbiota as a barrier 

 

 
 

 
 

Figure 1. (Top) Location of the Iron Quadrangle (red outline) in Minas Gerais State, Brazil, showing priority areas for the 

preservation of herpetofauna (green). The approximate location of the Tripui Ecological Station (TES) is indicated by the black 

rectangle. (Bottom) Satellite image of Tripui Stream and Fortes Lake. Source: Atlas Digital Geoambiental (http://www. 

institutopristino.org.br/atlas/). 
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to arsenic contamination by isolating and analysing the 

largest number of cultivable bacteria associated with the 

skin of frogs from the Tripuí Ecological Station (TES), 

a naturally contaminated region within the IQ (Costa et 

al., 2015). 

 
Materials and Methods 

Sampling. Frogs were captured by active nocturnal 

searches in the TES, located in the IQ region, Ouro 

Preto Municipality, Minas Gerais (Fig. 1). Sampling 

points were located around Fortes Lake and along 

a stretch of Tripuí Stream, within the TES (Fig. 1). 

Captured individuals were tagged using Visible Implant 

Fluorescent Elastomer (VIFE) (Grant, 2010). 

Anuran species investigated. Three individuals of 

each species (Bokermannohyla nanuzae, Boana faber, 

Ischnocnema izecksohni, Ololygon luizotavioi, O. tripui, 

Rhinellacrucifer, Vitreoranauranoscopa) werecollected 

in February–September 2016 (Table 1) in positions and 

ecological niches shown diagrammatically in Figure 

2. Based on their behaviour and microenvironment 

at collection, these species were subdivided into two 

categories. Category 1 includes partially water- 

dependent or water-independent species (B. nanuzae, 

I. izecksohni, O. tripui, V. uranoscopa) and Category 2 

includes species that are water-dependent throughout 

their reproductive period (B. faber, O. luizotavioi, R. 

crucifer) (Table 1; Fig. 3). 

Boana faber (Wied-Neuwied, 1821).—Males vocalize 

in marshes or along lakes (Fig. 3.7). Eggs are deposited 

directly into the water (Table 1) (Martins and Haddad, 

1988). 

Bokermannohyla nanuzae (Bokermann and Sazima, 

1973).—Males vocalize from the trunks and within the 

foliage of trees and shrubs near flowing waterways (Fig. 

3.3). Eggs are deposited directly into the water (Table 1) 

(Faria et al., 2015). 

Ischnocnema izecksohni (Caramaschi and 

Kisteumacher, 1989).—Males vocalize on   the forest 

floor (Fig. 3.2). The species undergoes direct 

development, omitting the tadpole stage (Table 1) 

(Taucce et al., 2012). 

Ololygon luizotavioi (Caramaschi and Kisteumacher, 

1989).—Males vocalize on stones in small streams or 

rapids (Fig. 3.6). Eggs are deposited directly into the 

water (Table 1) (Lourenço et al., 2009). 

Ololygon tripui (Lourenço et al., 2010).—Males 

vocalize from the trunks and from within the foliage of 

trees and shrubs next to flowing waterways (Fig. 3.4). 

Eggs are deposited directly into the water (Table 1) 

(Peixoto et al., 2016). 

Rhinella crucifer (Wied-Neuwied, 1821).—Males 

vocalize in marshes, lakes, or the backwaters of rivers 

or streams (Fig. 3.5). Eggs are deposited directly into 

the water (Table 1) (Baldisseri et al, 2004). 

 

 

Table 1. General features of the species captured in TES to obtain the bacterial isolates, adapted from Haddad et al. (2013). Grey 

fields are life history stages of the studied frog species during which direct contact with water occurs. The number of bacterial 

isolates is shown in the NBI column. 

 
 

Category Species Calling sites 
Reproductive

 
mode 

Tadpoles NBI 

1 
Bokermannohyla 

nanuzae 

1 
Ischnocnema 

izecksohnii 

Herbaceous 

vegetation 

 

Forest floor 

 

20 

 

Arboreal eggs 
Eggs develop into 

froglets (no tadpoles) 

1 Ololygon tripui 
Herbaceous 

18 
vegetation 

1  
Vitreorana 

uranoscopa 

Tree trunks and 

leaves of 

arboreal 

Arboreal eggs 22 

Eggs placed Exotrophic tadpoles in 

directly in water  running water 

35 
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Figure 2. Diagrammatical representation of sampling areas. Numbers are placed to indicate microenvironments where specimens 

were collected. Species are represented by numbers as follows: (1) Vitreorana uranoscopa, (2) Ischnocnema izecksohni, (3) 

Bokermannohyla nanuzae, (4) Ololygon tripui, (5) Rhinella crucifer, (6) Ololygon luizotavioi, and (7) Boana faber. Numbers are 

coloured to indicate membership in Category 1 (blue; less contact with water) and Category 2 (red; greater contact with water). 

 

 
Vitreorana uranoscopa (Müller, 1924).—Males 

vocalize in trunks and in the foliage of trees and shrubs 

near streams or rivers (Fig. 3.1). Eggs are deposited on 

the leaves of branches hanging over water, allowing the 

tadpoles to fall into flowing water after hatching (Table 

1) (Machado et al., 2010). 

Collection of microbiota. All frogs were handled 

manually with sterile gloves and, prior to sample 

collection, the frogs’ bodies were washed one time with 

sterile water using a wash bottle. Cutaneous microbiotas 

were obtained from field-caught animals using a sterile 

swab (K41-0101C, Kasvi Olen, Belo Horizonte, Minas 

Gerais, Brazil). The swab was rubbed over the entire 

dorsal and ventral surfaces as well as lateral extensions 

of each specimen, excluding the head and gular regions, 

then packed inside a labelled swab-tube. 

Isolation and preservation of culturable bacteria. 

Each swab was inoculated into a 15-ml sterile Falcon 

tube containing 3 ml of liquid Luria-Bertani (LB) 

medium (Bertani, 1951) and stirred for 20 s. LB was 

the preferred medium to favour the growth of the most 

abundant and faster-growing bacteria present in the frog 

skin (Medina et al., 2017), whereas M9 or R2A media 

would merely allow the growth of larger bacterial 

numbers. We considered faster growth and abundance 

key factors since a high abundance of metal-resistant 

isolates may be essential for the survival of the animal 

in a highly contaminated environment. 

 

 

 

 
 

Figure 3. Photos of the captured species, including (1) Vitreorana uranoscopa, (2) Ischnocnema izecksohni, (3) Bokermannohyla 

nanuzae, (4) Ololygon tripui, (5) Rhinella crucifer, (6) Ololygon luizotavioi, and (7) Boana faber. The numbers are correlated with 

collection sites shown in Fig. 2. The black or white scale corresponds 1 cm. 
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From this culture 1 ml was transferred to a 1.5 ml 

Eppendorf tube, from which progressive 1:10 dilutions 

were established until a 1010 dilution factor was achieved. 

Under sterile conditions, 100 μl of these dilutions were 

inoculated and spread with a Drigalski loop in petri 

dishes (90 x 15 mm) containing solid LB medium (Fig. 

4A). The pH was adjusted to 7.0 along with addition 

of 70 g/l of thiophanate-methyl (according to the 

concentration recommended by Viper 700™; Felestrino 

et al., 2017). Petri dishes were incubated at 28°C for 120 

h given that previous studies on microorganisms of the 

region demonstrated that this temperature provided the 

greatest diversity and abundance of bacteria (Felestrino 

et al., 2017; Caneschi et al., 2018). After incubation, 

bacterial colonies growing on the dishes were isolated. 

Bacterial isolation was conducted selecting all 

colonies that grew on the Petri dish and could be 

isolated for the dilution factor of 10-8, since this dilution 

factor resulted in a greater number of colonies without 

risk of contamination (Fig. 4A). Bacteria were isolated 

from plates with high dilution factors since in less 

diluted plates, colony overlap was observed and made 

differentiation between different bacterial species 

difficult and increased the risk of contamination (Assis 

et al., 2017). During isolation, each of the colonies was 

transferred to a new petri dish that was divided into 

virtual quadrants using the above conditions. Bacterial 

colonies were isolated by quadrant and a negative 

control without inoculation was always included during 

isolation (Fig. 4B). After isolation, plates were incubated 

at 28°C for 48 h and then preserved. 

For preservation, each bacterial isolate was transferred 

with a sterile toothpick into a labelled 1.5-ml Eppendorf 

tube containing 1.0 ml LB broth. Tubes were then 

incubated at 28°C for 48 h. Glycerol (30% v/v) was 

added to each tube after growth of bacterial isolates 

occurred, and samples were stored at –80°C. An 

additional preservation method consisted of transferring 

isolates to 96-well round-bottom plates with 100 μl LB 

broth in each well. Each isolate was duly labelled in one 

of four 96-well plates. Plates were then incubated at 

28°C for 48 h to allow an assessment of isolate growth. 

Some wells were filled with only liquid LB medium to 

act as negative controls. After all these steps, the total 

number of viable and cultivable bacteria was established 

for each category (Fig. 4C). 

Arsenic resistance assay. Petri dishes (150 x 15 mm) 

containing solid LB medium and different concentrations 

of sodium arsenite (1, 5, 10, 15, and 20 mM) were used 

to assess arsenic resistance. Petri dishes containing only 

solid LB medium were used as negative controls. The 

bacterial isolates present in the 96-well plates were 

transferred to petri dishes with a multi-replicator and 

incubated at 28°C. Pilot tests showed that during 12- 

day experiments bacteria continued to grow in media 

containing arsenic. Therefore, photographic records 

were obtained at 48-h intervals over 12-d periods in 

order to monitor growth. Resistance was confirmed by 

the growth of the bacterial colony at a given analysed 

concentration (Fig. 5). 

Biofilm production assay. The biofilm production 

assay was based on the O’Toole and co-authors protocol 

(O’Toole et al., 2000), with adaptations described below. 

The bacterial isolates in the 96-well round-bottom plates 

containing liquid LB medium were transferred with a 

96-point manual microplate replicator and incubated at 

28°C for 24 h. After this time, bacterial concentrations 

were adjusted to an approximate spectrophotometric 

optical density (OD) at 600 nm wavelength (OD600) 

of 0.3 and transferred to new 96-well plates containing 

liquid LB medium, where they were maintained under 

the same growth conditions as before. After incubation, 

each plate was washed twice with distilled water. After 

1 h of drying at room temperature (21–24°C), 125 μl 

 

 

Figure 4. (A) Inoculated petri dishes containing solid LB 

medium and bacterial streaks at the indicated dilutions. (B) 

Isolation of culturable bacteria on solid LB medium, showing 

seven isolates and the control area. (C) Percentage of isolates 

obtained for Category 1 (blue) and Category 2 (red) species. 

The difference between these groups is highly significant (P 

< 0.001). 
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Figure 5. Resistance of the bacterial isolates present in 96-well 

plates analysed in Petri dishes (150 x 15 mm) containing solid 

LB medium with different concentrations of sodium arsenite 

(1, 5, 10, 15 and 20 mM). 

first model used the percentage of resistance of the isolate 

to arsenic as a dependent variable and the classification 

of the two frog categories and the interaction between 

them as an independent variable. The second GLM 

used the percentage of the isolates involved in biofilm 

production (non-producers, moderate producers, high 

producers) as a response variable and the classification 

of the two frog groups and the interaction between them 

as an independent variable. All applied models were 

submitted to residual analysis to evaluate adequacy of 

the error distribution (Crawley, 2013). In all models, 

non-significant independent variables (P < 95%) were 

eliminated from the analyses to obtain an adequate 

minimum model (Crawley, 2013). All analyses were 

performed using R software (R Development Core 

Team, 2013). 

 
Results 

Characterization of the microbiota. A total of 328 

culturable bacterial isolates were cultured from 21 

frogs. For frogs grouped in Category 1, a lower number 

of bacteria were isolated from the skin, corresponding 

 
 

of crystal violet solution (10% g/v) was added to each 

of the 96 wells, and plates were then incubated for 45 

min. After 1 h of drying at room temperature (21–24°C), 

another wash with distilled water was performed, 

followed by the addition of 125 μl of 95% ethanol and 

incubation for another 45 min. After this secondary 

incubation, the well solutions were assessed using a 

Victor X3 spectrophotometer (Perkin Elmer, Waltham, 

Massachusetts, USA) at a wavelength of 550 nm to 

measure absorbance. For this assay, wells containing 

only liquid LB medium were considered as negative 

controls, whereas the positive control had known 

biofilm producers in the respective well. Based on the 

absorbance values obtained, the bacterial isolates were 

classified arbitrarily into three categories by calculating 

the average of two experimental replicates: (1) non- 

biofilm producers (OD ≤ 0.19); (2) moderate producers 

(OD between 0.20 and 0.30); and (3) high biofilm 

producers (OD ≥ 0.31). 

Statistical analysis. The data obtained on the number 

of bacterial isolates of each species per treatment were 

converted into percentages to improve the comparison 

between treatments. To test the resistance of bacterial 

isolates to different concentrations of arsenic and their 

biofilm production capacity, two generalized linear 

models (GLMs) were applied (Knutie et al., 2017). The 

 
 

 
Figure 6. (A) Analysis of arsenic resistance in bacterial isolates 

obtained from the skin of each studied frog species, where C 

is the control, and 1, 5 and 10 are the concentrations of arsenic 

in mM. (B) Bar graph showing the percentage of arsenic- 

resistant isolates for each group of species. Significance at P < 

0.01 and P < 0.001 are indicated by two (**) and three (***) 

asterisks, respectively. Colours represent species categories 

with higher (red) or lower (blue) contact with water, where C 

is the control, and 1, 5 and 10 are the concentrations of arsenic 

in mM. 
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Figure 7. (A) Analysis of biofilm production by bacterial 

isolates obtained from the skin of each studied frog species. 

(B) Bar graph showing the percentage of biofilm production 

by isolates for each category of frog species. The asteristk (*) 

indicates significance at P < 0.05. Colours represent species 

categories with higher (red) or lower (blue) contact with 

water. 

 

 

 
to 29% (95/328) of the total bacterial isolates (Fig. 4C). 

Furthermore, the isolates demonstrated lower 

resistance to arsenic (withstanding only 1 mM and 5 

mM concentrations; Fig. 6), and their ability to produce 

biofilm was reduced (Fig. 7). Ischnocnema izecksohni, a 

species whose reproductive cycle is entirely independent 

of water, had the lowest percentage of biofilm-producing 

cutaneous bacteria (8%; Fig. 7A). Ololygon tripui was 

the species that showed the greatest contact with water 

among the members of Category 1, and its bacterial 

flora included 33% (6/18) of high biofilm-producing 

bacteria (Fig. 7). 

Culturable bacterial isolates from the skin of anuran 

species with greater contact with water were obtained 

in larger numbers, comprising 71% (233/328) of the 

total isolates (Fig. 4C), and these isolates were more 

resistant to arsenic (Fig. 6). In particular, the bacterial 

isolates obtained from O. luizotavioi and B. faber were 

resistant to 10 mM arsenic concentrations and 

corresponded to 34% (25/74) and 52% (31/60) of the 

total bacterial isolates of each species, respectively (Fig. 

6A). In addition, bacterial isolates from these species 

demonstrated high biofilm production capacity (Fig. 

7). 

The percentage of culturable bacterial isolates was 

significantly higher in Category 2 species (P < 0.001; 

Fig. 4C) than in Category 1 species. In addition, the 

percentage of bacterial growth decreased significantly 

with the increase in the concentration of arsenic (P 

< 0.001; Fig. 6B). Variations in the percentages of 

bacterial isolates were observed among different arsenic 

concentrations depending on the category of frog species, 

and percentages of bacterial isolates surviving at 5 mM 

and 10 mM arsenic concentrations were significantly 

higher in species with greater contact with water 

(Category 2, P < 0.01; Fig. 6B). Biofilm production 

analysis revealed that the percentage of bacterial isolates 

varied among the production classifications (P < 0.001; 

Fig. 7). Significant variation was observed among the 

different bacterial classification groups depending on 

frog species categories (P < 0.05); the percentage of 

non-biofilm producing bacterial isolates was higher in 

frogs requiring less contact with water (Category 1), 

whereas the percentage of biofilm producing bacterial 

isolates were higher in Category 2 frogs (P < 0.01; Fig. 

7B). 

 
Discussion 

The analysis of the number of isolates revealed that, 

although in a smaller number of representative species, it 

was possible to isolate almost three times more bacterial 

colonies (233, or 71%) associated with the skin of frogs 

more dependent on water (Category 2) compared with 

isolation from species with low water contact (Category 

1) (Fig. 4C). 

Of the 328 cultured bacterial isolates, approximately 

80% and 40% presented resistance to arsenic 

concentrations of 1 mM and 5 mM, respectively (Fig. 

6B). Our results suggest that the microbiota was 

influenced by the presence of arsenic in the environment, 

since bacteria found in sites with heavy metals tend 

to develop resistance to contamination by horizontal 

transfer of genes (Smets and Barkay, 2005). 

Environmental changes, including temperature, pH, 

water availability, solar radiation, nutrients and 

contaminants are known factors influencing microbial 

communities (Assis et al., 2017). Thus, behaviour, 

especially in terms of microhabitats and activity 

patterns, may also influence the composition of the 

microbiota within the same environment (Clarke, 1997). 

Preliminary analyses of the arsenic concentrations in 

the TES revealed that the concentration in water was 

four times that found in the soil (Costa et al., 2015). 

According to our results, the most water-dependent 
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species (Category 2) were those with the highest 

percentages of bacterial isolates with high resistance to 

arsenic. In addition, 100% of the isolates resistant to 10 

mM concentration were obtained from this category 

(Fig. 6B). 

Despite this, the three species in Category 2 presented 

distinct skin morphologies. Ololygon luizotavioi has 

skin with variable roughness in the back and belly that 

is usually quite granular (Lourenço et al., 2009) (Fig. 8). 

Boana faber has smooth skin on the back and granular 

skin on the belly and, as in O. luizotavioi, the mucous 

glands occur in greater abundance and are responsible 

for producing a viscous mucus under the skin, keeping 

them moist (Haddad and Sazima, 1992) (Fig. 8). 

Rhinella crucifer has rough, dry skin on the back and 

abdomen, and has parotid glands, commonly grouped 

in the head and neck that contain toxins for protection 

(Haddad and Sazima, 1992) (Fig. 8). Considering that 

the three species have different characteristics regarding 

the skin composition, but similar behaviour during 

the reproductive period, the greater resistance of the 

bacteria isolated from these species is a strong indicator 

of the environmental pressure in the composition of the 

cutaneous microbiota of these species (Fig. 9). 

Although varying widely, the microbiota of frog skin 

is currently characterized as a component of the 

protective barrier of the skin (Pessier, 2002; Lips et al., 

2006). Therefore, resistance of the microbiota may be 

associated with the potential detoxification or tolerance 

to heavy metals (Lapanje et al., 2008). Our data appears 

to confirm that the microflora on the skin of more water- 

dependent frog species, which are exposed for a longer 

duration and to a higher level of contamination, presents 

a higher resistance to arsenic (Fig 6B; Fig. 9), and we 

suggest that such resistance help protect the frogs. 

These results are consistent with the discussion raised in 

a study by Zhang et al. (2016) whose authors addressed 

the possibility that microbiota evolves to tolerate heavy 

metals and that this tolerance may be associated with 

detoxification mechanisms. 

 

 

 
 

Figure 8. Correlation analysis of ecological parameters for selected frog species in Tripui Ecological Station. Nodes represent 

the species isolated and investigated, while edges show the relation between them for each of the considered parameters. The 

thickness of the edges denotes the degree of proximity or relationship between the species for the respective analysed parameters. 

Abbreviations include Bn (Bokermannohyla nanuzae), Bf (Boana faber), Ii (Ischnocnema izecksohni), Ol (Ololygon luizotavioi), 

Ot (Ololygon tripui), Rc (Rhinella crucifer), and Vt (Vitreorana uranoscopa). Below each investigated parameter is a legend to 

explain colours and variations observed. 
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Figure 9. Correlation analysis of microbiological parameters for bacterial isolates obtained from selected frog species in Tripui 

Ecological Station. Nodes represent the species isolated and investigated, while edges show the relation between them for each of 

the considered parameters. The thickness of the edges denotes the degree of proximity or relationship between the species for the 

respective analysed parameters. Abbreviations are as in Fig. 8. Below each investigated parameter is a legend to explain colours 

and variations observed. 

 

 

With respect to the adaptive factors inherent to the 

microbiota, it has been demonstrated that arsenic- 

resistant microorganisms possess several molecular 

mechanisms fundamental for exposure to metals, 

including detoxification of elements or establishment 

of protective barriers (Achour et al., 2007). Among the 

mechanisms of detoxification are the sequestration of 

extracellular (biosorption) and intracellular 

(bioaccumulation) metals (Chojnacka, 2010), the 

production and secretion of chelating molecules such 

as siderophores (Hider and Kong, 2010), and even 

biotransformation in less toxic forms of the same metal. 

The most studied bacterial mechanism as a protective 

barrier is related to biofilm production (Sarkar and 

Chakraborty, 2008). 

Bacterial biofilms are able to sequester heavy metals 

from the water (Huang et al., 2000; Labrenz et al., 

2000) through an extracellular polymer matrix (EPS), 

composed of polysaccharides, proteins, and nucleic 

acids (Kazy et al., 2002). Biofilm assays revealed that 

bacteria associated with Category 2 frogs had higher 

biofilm production (Fig. 7B; Fig. 9). The higher biofilm 

production could act as complementary protection 

against the use of contaminants through skin, since water 

acts as an important carrier of these metals. Considering 

that biofilm production is an adaptive response of 

microorganisms when exposed to environmental stresses 

(Singh et al., 2017), different concentrations of arsenic 

can act as stress inducers and directly affect biofilm 

production. In addition, another possible explanation 

for the increase in biofilm production could be the 

prevention of leaching of bacteria from the frogs. 

The data presented in this study demonstrate that 

the microbial structure of frog skin is influenced by the 

physicochemical characteristics of the occupied 

environment, and that this microbiota is clearly a 

protection mechanism for frogs against the effects of 

natural contamination. As IQ is one of the regions with 
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the highest natural contamination by heavy metals in 

Brazil (Costa et al., 2015), it is possible that the survival 

and adaptation of frogs in this region have made them 

highly resistant to metal contamination. The adaptation 

may in part be due to a specialized microbiota. 

Finally, heavy metal-tolerant bacteria almost always 

exhibit the metabolic and biotechnological potential 

associated with the detoxification of these compounds, 

which should be explored both from the point of view of 

application and the prospect of maintaining the survival 

of the host species. 
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3.2- Capítulo II: Papel do ambiente na tolerância de bactérias associadas 

ao tecido cutâneo de anfíbios anuros em ambientes contaminado e não 

contaminado por arsênio. 

 

Os dados apresentados neste capítulo estão apresentados na íntegra em um artigo 

científico em fase de revisão pelos pares na revista PeerJ. 

 

Título: Microbiota cultivável associada à pele contribui para adaptação de anfíbios a 

regiões naturalmente contaminadas por arsênio 

Isabella Ferreira Cordeiro, Camila Gracyelle de Carvalho Lemes, Angélica Sanchez, Ana 

Karla da Silva, Camila Henriques de Paula, Rosilene Cristina de Matos, Dilson Fagundes 

Ribeiro, Jéssica Pereira de Matos, Marina Beirão, Leandro Marcio Moreira 

 

Este artigo é resultado da continuação do estudo anteriormente descrito e objetivou 

investigar o papel do ambiente na composição da microbiota comparando dois ambientes 

distintos: contaminado e não contaminado por arsênio.  

Em resumo, os parâmetros ambientais influenciam os microrganismos presentes no 

ecossistema, dessa forma, determinados fatores podem ser responsáveis por modular a 

microbiota cutânea de anfibios anuros. Para esse estudo, cinco espécies de anuros 

encontradas tanto na região do QF (Minas Gerais), contaminada por metais, quanto na 

região não contaminada por metais, localizada no município de João Neiva (Espírito 

Santo), tiveram a microbiota associada aos seus tecidos epiteliais cultivada. A partir do 

cultivo, os isolados foram investigados quanto à tolerância ao arsênio e sua capacidade 

de proteger o animal dos danos associados a este metalóide. Os resultados apresentados 

neste trabalho discutem o uso geral do termo bioindicador, e abrem uma janela de 

oportunidade para investigar outros processos evolutivos e metabólicos associados a esses 

animais adaptados a ambientes hostis, bem como possíveis aplicações biotecnológicas 

que podem advir dessas investigações. 
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adaptation of amphibians to regions naturally contaminated by 

arsenic 
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Background. Amphibians are often classified as bioindicators of environmental contamination. 

However, the presence of amphibians in regions naturally contaminated by metals and 

metalloids contrasts this perspective, characterizing them as important biological models for 

studies on adaptation in the presence of this highly harmful contaminant. To understand how 

the associated microbiota contributes to adaptive processes in amphibians, the arsenic 

tolerance of the cultivable microbiota associated with anuran skin was investigated. Methods. 

Three specimens of five species from two Brazilian regions were analyzed: one naturally 

contaminated ( Tripuí Ecological Station - TES) and the other without any arsenic contamination 

(João Neiva-JN). Sterile swabs were rubbed into the skin of amphibians collected in both regions, 

and cultivable bacteria were isolated. The bacterial isolates were then challenged with increasing 

concentrations of arsenite. Tolerance data were tabulated, and comparative analyses were 

established using a generalized linear model. Then, three metalloid-tolerant and two non-tolerant 

isolates obtained from species collected in contaminated and non-contaminated areas were 

investigated for their ability to reduce amphibian exposure to this contaminant. For this, an 

apparatus was developed from bullfrog skin, which made it possible to investigate whether 

arsenic from a solution would be able to permeate the skin pretreated with these isolates. 

Results. A total of 646 cultivable bacterial isolates (337 - TES and 309 - JN) were 

challenged with increasing concentrations of arsenite (As3+ 1, 5, 10, 15, and 20mM). The results 

showed that approximately 25% of the microbiota from the species collected in the TES tolerated 

up to 15 mM of arsenic, with three isolates (0.9%) tolerating up to 20 mM. Most of the microbiota 

(70.7%) associated with species from JN was sensitive to the lowest 
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concentration evaluated (1 mM), without any isolate capable of surviving 15 mM of this 

metalloid. In addition, it was found that such tolerant bacteria can reduce arsenic permeability 

through the anuran epithelial tissue, thus decreasing the bioavailability of this metalloid to the 

vertebrate organism. This effect was not observed in the less tolerant bacteria from the 

animals collected in uncontaminated regions. Conclusions. Culturable bacteria obtained from 

amphibian epithelial tissue found in areas naturally contaminated by arsenic proved to be much 

more tolerant to the metalloid and capable of reducing the permeability of this contaminant 

through the skin of the anuran. Additionally, the results demonstrate that the generalization of 

amphibians as bioindicators of environmental contamination may be a mistake and that part 

of the adaptation of these living beings in the presence of this highly toxic metalloid involves 

the presence of a specialized epithelial microbiota. 
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23 Abstract 

24 Background. Amphibians are often classified as bioindicators of environmental contamination. 

25 However, the presence of amphibians in regions naturally contaminated by metals and metalloids 

26 contrasts this perspective, characterizing them as important biological models for studies on 

27 adaptation in the presence of this highly harmful contaminant. To understand how the associated 

28 microbiota contributes to adaptive processes in amphibians, the arsenic tolerance of the cultivable 

29 microbiota associated with anuran skin was investigated. 
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30 Methods. Three specimens of five species from two Brazilian regions were analyzed: one naturally 

31 contaminated (Tripuí Ecological Station - TES) and the other without any arsenic contamination 

32 (João Neiva-JN). Sterile swabs were rubbed into the skin of amphibians collected in both regions, 

33 and cultivable bacteria were isolated. The bacterial isolates were then challenged with increasing 

34 concentrations of arsenite. Tolerance data were tabulated, and comparative analyses were 

35 established using a generalized linear model. Then, three metalloid-tolerant and two non-tolerant 

36 isolates obtained from species collected in contaminated and non-contaminated areas were 

37 investigated for their ability to reduce amphibian exposure to this contaminant. For this, an 

38 apparatus was developed from bullfrog skin, which made it possible to investigate whether arsenic 

39 from a solution would be able to permeate the skin pretreated with these isolates. 

40 Results. A total of 646 cultivable bacterial isolates (337 - TES and 309 - JN) were challenged with 

41 increasing concentrations of arsenite (As3+ 1, 5, 10, 15, and 20mM). The results showed that 

42 approximately 25% of the microbiota from the species collected in the TES tolerated up to 15 mM 

43 of arsenic, with three isolates (0.9%) tolerating up to 20 mM. Most of the microbiota (70.7%) 

44 associated with species from JN was sensitive to the lowest concentration evaluated (1 mM), 

45 without any isolate capable of surviving 15 mM of this metalloid. In addition, it was found that 

46 such tolerant bacteria can reduce arsenic permeability through the anuran epithelial tissue, thus 

47 decreasing the bioavailability of this metalloid to the vertebrate organism. This effect was not 

48 observed in the less tolerant bacteria from the animals collected in uncontaminated regions. 

49 Conclusions. Culturable bacteria obtained from amphibian epithelial tissue found in areas 

50 naturally contaminated by arsenic proved to be much more tolerant to the metalloid and capable 

51 of reducing the permeability of this contaminant through the skin of the anuran. Additionally, the 

52 results demonstrate that the generalization of amphibians as bioindicators of environmental 

53 contamination may be a mistake and that part of the adaptation of these living beings in the 

54 presence of this highly toxic metalloid involves the presence of a specialized epithelial microbiota. 

55  Introduction 

56 Arsenic (As) is one of the most abundant non-essential metalloids found in nature and is considered 

57 highly harmful to living organisms (Saha et al. 1999). The damage caused by arsenic is associated 

58 with the consumption of contaminated food and water, although in some organisms, contamination 

59 can occur due to the permeability of their tissues to this element (Johnson 1971). In recent decades, 
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60 human activities have accelerated the exposure of living beings to this contaminant, mediated, for 

61 example, by the indiscriminate use of insecticides, herbicides, and preservatives that contain 

62 arsenic (Bundschuh et al. 2021). However, in some regions of the planet, arsenic contamination 

63 occurs through natural routes (Petrini et al. 2011), arising almost always from the erosive effects 

64 of the earth's crust (Borba et al. 2000; Petrini et al. 2011), and consequently, the leaching of these 

65 metalloids into watercourses. Arsenic is present in different forms, depending on its oxidation state 

66 (-3, 0, +3, and +5), classified as organic or inorganic, and its prevalence depends on pH and redox 

67 potential (Eh) (Reid et al. 2020). Inorganic As3+ (arsenite) is considered the most toxic form of 

68 arsenic because it reacts with the sulfhydryl groups of some proteins and enzymes, preventing their 

69 activity (Mohammed Abdul et al. 2015). Among them, we can highlight the antioxidant enzymes 

70 of the glutathione class, which protect cells from damage caused by reactive species (RS), and 

71 pyruvate dehydrogenase, which converts pyruvate into acetyl CoA (Miller et al. 2002). Although 

72 most studies report the damage resulting from exposure to this contaminant, some studies have 

73 shown that some species have adaptive tolerance mechanisms when exposed to arsenic. For 

74 example, in some plants that survive in these contaminated environments, it is more common to 

75 observe such tolerance, reflecting in the discovery of diverse physiological and cellular 

76 mechanisms that confer this attribute, which is almost always associated with hyperaccumulation 

77 (Briat 2010; Daus et al. 2005; Pence et al. 2000). However, in animals, discoveries regarding 

78 arsenic tolerance and adaptation mechanisms still bring many fascinating surprises. Schlebusch et 

79 al. demonstrated that a human population inhabiting a naturally arsenic-contaminated region of the 

80 Andes in Argentina has an exclusive excretion metabolism of the contaminant, resulting in a 

81 probable single nucleotide mutation (SNP) in the AS3MT gene (Schlebusch et al. 2015). The 

82 AS3MT gene homolog in prokaryotes (arsM) has been reported as an important gene that is 

83 horizontally transferred between species, thus granting adaptation to arsenic to the species that 

84 receive it. (Chen et al. 2017). Specialized proteins can chelate metals in some fish species, thus 

85 reducing tissue damage when exposed to different gradients of these contaminants (Giguère et al. 

86 2006), in addition to activating different detoxification mechanisms (Uren Webster et al. 2013). 

87 In amphibians, the relationship between environmental contamination and tissue damage is even 

88 more evident. They are considered bioindicator organisms that are very sensitive to these agents 

89 (Adlassnig et al. 2013; Hopkins 2007), as are mollusks and crustacean species that have intimate 

90 contact with water (Almeida Rodrigues et al. 2021; Gupta & Singh 2011). Despite receiving such 
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91 a classification, questions have arisen over whether or not all species would be sensitive to 

92 environmental contamination because the permeability of the epithelial tissue contributes to the 

93 bioaccumulation of arsenic and heavy metals. This important theme of adaptive discussion has 

94 generated wide debate, and recent studies have shown that some species are highly adapted to high 

95 concentrations of metals, whether simulated in the laboratory or under natural conditions (Chen et 

96 al. 2009). Such adaptation involves metabolization or excretion of this metalloid under different 

97 compositions, especially methylated organoarsenic compounds, mono, and dimethylarsonic acid 

98 (Moriarty et al. 2013). 

99 Recently, our team investigated the cultivable microbiota associated with the epithelial tissue of 

100 anuran species that have a strict relationship with water, from the region of the Iron Quadrangle 

101 (IQ), Brazil (an area naturally contaminated by heavy metals and metalloids). We found that this 

102 microbiota is more tolerant to these elements than the microbiota from species that have less 

103 contact with water during their reproductive cycle (Cordeiro et al. 2019). Proença et al. 

104 corroborated this data in a study involving other species (Proença et al. 2021). In continuation of 

105 this preliminary study, the cultivated microbiota associated with the epithelial tissues of five 

106 species of anurans from the IQ region, as well as from a non-contaminated area located in the 

107 municipality of João Neiva (Brazil), were investigated for arsenic tolerance and their ability to 

108 protect the animal from damage associated with this metalloid. The results presented in this work 

109 discuss the general use of the term “bioindicator” and open a window of opportunity to investigate 

110 other evolutionary and metabolic processes associated with these animals adapted to environments 

111 that would be lethal to other species with related characteristics. 

112  

113 Materials & Methods 

114 Selection of areas and anuran species investigated 

115 First, anurans were captured in the region of Estação Ecológica do Tripuí (TES) (an area 

116 contaminated by heavy metals), located in the municipality of Ouro Preto in the state of Minas 

117 Gerais (Figure 1). Twelve species of isolates were identified: Bokermannohyla nanuzae, Boana 

118 faber, Dendropsophus elegans, Hypsiboas albopunctatus, Hypsiboas polytaenius, Ischnocnema 

119 izecksohni, Leptodactylus latrans, Ololygon luizotavioi, Ololygon tripui, Rhinecoorra, and 

120 Rhinecorcifera. Second, a capture was carried out in the municipality of João Neiva, and its 

121 surroundings, located in the state of Espírito Santo (approximately 370 km from Ouro Preto) 
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122 (Figure 1). This region was established as a search site for anura species because of the high 

123 preservation of its native forests and the absence of reports of contamination by heavy metals, 

124 which allowed the prospecting of isolates of the following 15 species: Boana faber, 

125 Dendropsophus anceps, Dendropsophus elegans, Dendropsophus bipunctatus, Dendropsophus 

126 branneri, Dendropsophus minutus, Hypsiboas albopunctatus, Hypsiboas polytaenius, 

127 Ischnocnema feioi, Physalemus cuvieri, Rhinella crucifer, Rhinella granulosa, Rhinella 

128 schneideri, Scinax fuscovarius, and Leptodactylus fuscus. From the two collections, only these five 

129 species were identified in both regions: Boana faber, Dendropsophus elegans, Hypsiboas 

130 albopunctatus, Hypsiboas polytaenius, and Rhinella crucifer. These were selected for the 

131 development of this study. 

132 Characterization of sampled regions 

133 The TES is characterized as a transition region between the two Brazilian biomes that are 

134 considered global hotspots for biodiversity conservation, the Atlantic Forest, and the Cerrado. 

135 Located in the metallurgical zone of the city of Ouro Preto, the state of Minas Gerais,-BR 

136 (20°23'45” S e 43°34'33" W) (Myers et al. 2000), in the Tripuí Creek sub-basin, it has an area of 

137 3.37 Km2   and an altitude that varies between 1280 and 1450 m. Among its geographic 

138 characteristics, the climate characterized as Cwb stands out (subtropical highland), with temperate 

139 summer and dry winter, annual rainfall close to 1,600 mm, and an average annual temperature of 

140 18ºC (FEMA 1995). In the TES region, the sampling points were located around Lake Fortes along 

141 a stretch of Ribeirão Tripuí. This region was chosen as the study area to continue the previous 

142 research developed by Cordeiro et al. and to present high levels of heavy metals and metalloids 

143 (Borba 2002; Costa et al. 2015; Cruz 2002). 

144 The area not contaminated by arsenic is located around farms in the municipality of João Neiva, 

145 state of Espírito Santo, Brazil. The municipality of João Neiva has an area of 272.30 km2 and is 

146 located between latitudes 19°37'20″” and 19°47'57” and longitudes 40°31'37” and 40°20'28”″ W, 

147 respectively. In general, its geographic characteristics are a Cwa-type climate (monsoon- 

148 influenced humid subtropical), characterized by dry winters and rainy summers. Throughout the 

149 year, the temperature generally varies from 17°C to 32°C and is rarely below 14°C or above 35°C. 

150 Its territory is largely composed of the Atlantic Forest biome (Luppi et al. 2015; Panceri Fleguer 

153 et al. 2007). 
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155 Anuran species investigated 

156 Three male individuals of species Boana faber, Dendropsophus elegans, Hypsiboas 

157 albopunctatus, Hypsiboas polytaenius, and Rhinella crucifer (Figure 1) were captured from 

158 February to September 2016. The general characteristics of these species are summarized in Table 

159 1. Frogs were captured using an active night search. At both locations, captured individuals were 

160 tagged using a visible implant fluorescent elastomer (VIFE) to prevent recapture (Campbell Grant 

161 2008). All procedures were carried out in accordance with licenses granted by ICMBio process n° 

162 29219-4 and IEF license n°UC 087/13.  

164 Microbiota collection 

165 Immediately after capture, the animals were washed with two distilled water baths previously 

166 autoclaved in sterilized bottles. Then, the skin microbiota was collected in the field with a sterile 

167 swab (Olen Ref K41-0101C). The swab was passed over the skin of the specimen along the entire 

168 length of the back, belly, and lateral region, avoiding contact with any other surface not associated 

169 with the animal. Disposable and sterile materials were used for this procedure, as described by 

170 Cordeiro et al. (Cordeiro et al. 2019). 

171 Isolation, preservation, and cultivation of bacteria 

172 Swabs were taken to the laboratory within 48 h of collection, and each swab was passed on the 

173 skin of anurans and placed in a sterile 15 mL Falcon tube containing 3 mL of liquid Luria-Bertani 

174 (LB) medium (Bertani 1951). From this first sample, 1 mL was transferred to a 1.5 mL Eppendorf 

175 tube. Progressive dilutions at a ratio of 1/10 were established up to the 108th dilution. Then, 100 

176 µL of the bacterial solution at the 108th dilution was inoculated and spread with a Drigalski loop in 

177 individual Petri dishes containing LB medium, with pH adjusted to 7.0, plus 2 mg/L of Viper 700® 

178 (methyl thiophanate), and kept at a temperature of 28°C for 48 h. After this period, all bacterial 

179 colonies that grew on these plates were then isolated using sterile wooden sticks in new Petri dishes 

180 containing the same medium, incubated for another 48 h at 28°C, and then preserved. For 

181 preservation, each isolate was transferred to a previously identified Eppendorf tube containing 1.0 

182 mL of liquid LB medium. The tubes were then incubated for 48 h at 28°C. After this period, 

183 glycerol was added to each tube at a final concentration of 30% (v/v). Part of the microbiota used 
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184 in this study was reused from the work of Cordeiro and collaborators (Cordeiro et al. (2019), 

185 specifically referring to the isolates obtained from the species Boana faber and Rhinella crucifer 

186 collected at TES. 

187 Arsenite resistance assay 

188 To analyze the resistance to arsenic, Petri dishes with solid LB medium at different concentrations 

189 of As3+ (1 mM, 5 mM, 10 mM, 15 mM, and 20 mM) were used, in addition to a control dish 

190 containing only solid LB medium. With the aid of the replicator, the identified isolates were 

191 transferred to 96-well plates. They were later replicated in Petri dishes with different 

192 concentrations of arsenite and incubated at 28°C using a 96-tip multireplicator. Photographic 

193 records were taken at 48h intervals over 12 days to monitor the growth of the isolates. The 

194 resistance was assessed by observing colony growth at each concentration. 

195 Skin permeability test 

196 To understand whether the microbiota would reduce the permeability of amphibian skin to arsenic, 

197 we developed a rudimentary apparatus that would simulate the environmental conditions and the 

198 anuran organism in the presence of contaminants. For this, all materials (test tubes, beakers, rubber 

199 bands, a conductivity meter, solutions simulating the animal's bodily fluids, and the environment 

200 contaminated by arsenic) were required as summarized and presented sequentially (Figure 2). Five 

201 bacteria were selected for these assays, two isolates from JN species tolerant to 1 and 5 mM, and 

202 three from TES species tolerant to 5, 10, and 15 mM of arsenite, respectively. Additionally, the E. 

203 coli strain DH10B was included in the trial as a control. These bacteria were reactivated and 

204 applied on solid LB medium in a Petri dish (60 x15 mm) for two days at 28°C. Fragments of 

205 bullfrog skin (Lithobates catesbeianus) were acquired with the help of a commercial producer 

206 responsible for aseptically extracting the skin and keeping them individually packaged and frozen. 

207 Once in the laboratory, the skins were thawed at room temperature and cut into square-shaped 

208 fragments with 6 cm edges. These skin fragments were then placed in contact with bacterial 

209 cultures in Petri dishes, through their external face, and incubated at 28 °C for 24 h. After this 

210 period, the skin was removed from the Petri dish and separated. The skin was then tied to the open 

211 end of a test tube containing an arsenic solution (5 mM NaAsO2 final concentration), and the 

212 external surface of the skin containing the previously adhered bacterial culture was turned towards 
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213 contact with the arsenic solution. The tubes were poured into an Amphibian Ringer's solution (ARS 

214 - 6.6 g of NaCl, 0.15 g of KCl, 0.15 g of CaCl2, and 0.2 g of NaHCO3 dissolved in 1 L of distilled 

215 water (Larsen 2021)), which simulated the animal's fluids. For the test tube to remain stable and 

216 maintain the inner surface of the skin in continuous contact with the ARS (suspended 2 cm from 

217 the bottom of the beaker), a rigid black paper plate was cut, and the tube was fitted in its center, 

218 supporting the weight of the tube by the edges of the beaker, thus limiting the contact of the ARS 

219 with the environment. The conductivity meter sensor was inserted in contact with the ARS at 

220 established times (0, 1.5, 3, and 24 h), and the conductivity of the solution was measured and 

221 tabulated in triplicate. 

222 Indirect evaluation of the bacterial growth profile in the apparatus 

223 In addition to the conductivity, we also evaluated the changes in the turbidity of the arsenic solution 

224 and bacterial growth. Turbidity was assessed by observing the change in color of both arsenic and 

225 ARS solutions, as is indicative of bacterial growth. These growths were confirmed by the 

226 reactivation of bacteria from both solutions in the culture medium. For this, 10 μL of each solution 

227 was inoculated and spread with a Drigalski loop in individual Petri dishes containing LB medium, 

228 with pH adjusted to 7.0, and kept at a temperature of 28°C for 48 h. Morphology of the colonies 

229 was compared with the morphology of the colonies isolated from the respective bacteria 

230 investigated. 

231 Statistical analysis 

232 To compare the growth of the skin microbiota between TES and JN amphibians grown on the 

233 arsenic medium, we made a generalized linear model (GLM) with the amount of microbiota as 

234 the response variable and the microbial growth area , the concentration of arsenic and the 

235 interaction between them as the explanatory variables. To test the differences between species, 

236 the GLM was the amount of microbiota as a response variable and each species as an 

237 explanatory variable. For both models, as the response variable comes from count data, the 

238 distribution error used was Poisson (Crawley 2013). All statistical analyses were performed 

244 using R (v. 4.0.4) (Team 2021). 

245 

246 Results 

247 A total of 644 bacterial isolates were obtained from the three specimens of each of the five anuran 

248 species investigated in both study areas. Of these, 337 were from species from the contaminated 
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249 region and 307 from the region from non-contaminated species, with no statistically significant 

250 difference (Table 1). However, when the number of isolates for each species in both collection 

251 areas was analyzed separately were observed only for the isolates obtained from Hypsiboas 

252 albopunctatus (with the highest number of isolates in each contaminated area) and Hypsiboas 

253 polytaenius (with the highest number of isolates in an uncontaminated area) certain difference in 

254 sample number (Table 1). 

255 All isolates obtained from the skin of anurans were challenged with increasing concentrations of 

256 arsenite in the culture medium to determine the tolerance of the microbiota. The number of isolates 

257 tolerant to As3+   was higher in the group of species from the contaminated area (TES) at 

258 concentrations of 1 and 5 mM As3+ (Figure 3A). Only the contaminated area showed isolates 

259 tolerant to 10 mM and 20 mM As3+. The microbiotas’ tolerance profiles of each species from TES 

260 and JN were analyzed individually. It was observed that for all investigated anuran species, the 

261 microbiota obtained in the contaminated area was always more tolerant, with microbial growth 

262 observed 48 h after exposure to the contaminant (Figure 3B). However, some of these isolates 

263 showed positive growth only in the final investigation time (240 and 288 h) in the presence of 

264 arsenite. Finally, the largest fraction of bacterial isolates tolerant to 10 and 15 mM of the metalloid 

265 came from the species D. elegans, B. faber, and H. albopunctatus, which are species that have 

266 greater contact with water during their reproductive cycle (Figure 3B). 

267 For the permeability assays, bullfrog skin was used as a model tissue, in association with five 

268 of the 644 bacterial isolates previously investigated, in addition to an E. coli strain. Two were 

269 selected from the species H. polytaenius (JN1) and B. faber (JN2), respectively, and were 

270 collected from the uncontaminated area. Both were identified as being the most resistant 

271 among all isolates obtained from the species in this area. To establish a comparison, two other 

272 isolates were incorporated into the assay, coming from the contaminated region (TES1 and 

273 TES2). The fifth isolate evaluated was obtained from the species H. albopunctatus also 

274 collected in the contaminated region, and in this case, also demonstrated one of the highest 

275 tolerances observed for arsenic (Figure 4A). It was found that, when incorporated with the 

276 external face of the epithelial tissue of bullfrog, the isolate JN1 had greater conductivity in the 

277 ARS, as observed for skin associated with E. coli, or even skin without any associated bacteria. 

278 The change in conductivity for the JN2 and TES1 isolates was slightly smaller but higher than 

279 that observed for TES2 and TES3 isolates. For the latter, this change was only observed 3 h 
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280 after the start of the test (Figure 4B). Based on this study, we evaluated the rate of bacterial 

281 growth in both ARS (simulating fluids of the anuran) and arsenite solution (simulating the 

282 environmental conditions). After carrying out the permeability tests, it was found that microbial 

283 growth was only observed in samples of the ARS derived from the apparatuses that contained the 

284 control skins and treated with isolates from the uncontaminated area. In contrast, skins treated with 

285 bacteria from the contaminated area only grew from the system containing arsenite solution 

286 (Figure 4B). 

287  

288 Discussion 

289 Amphibians represent a significant group of animals. Despite their notorious importance for 

290 ecosystem maintenance (Hocking & Babbitt 2014), amphibian populations in the world show a 

291 substantial   decline   (Alford   &   Richards   1999).   The   emergence   of   diseases,   such   as 

292 chytridiomycosis caused by the fungus Batrachochytrium dendrobatidis (Bd) (Scheele et al. 2019) 

293 ), come as a consequence of the destruction of their natural habitats mediated by anthropogenic 

294 action (Alton & Franklin 2017). 

295 Because epithelial tissue is highly permeable to a series of chemical compounds (Llewelyn et al. 

296 2019), amphibians are vulnerable to drought and toxic substances, and are considered critical 

297 indicators of ecosystem health (Venturino et al. 2003). However, recent studies and perspectives 

298 have shown that this concept needs to be revised to prevent it from being used in a generalized 

299 way. In the face of the decline of some amphibian populations, other species notoriously remain 

300 or stand out, given their greater adaptive resilience (Pyron 2018). However, we must consider what 

301 factors could contribute to this greater resilience. Physiological adaptations have been gaining 

302 prominence as some of the most significant factors related to amphibian adaptations in 

303 environments with high selective pressure, such as areas naturally contaminated by heavy metals 

304 and metalloids. Moryart et al. described, for example, the ability of the American amphibians Rana 

305 clamitans and Bufo, collected from a site with elevated arsenic concentrations in Nova Scotia, 

306 Canada, to transform this metalloid from its highly harmful inorganic state to a less damaging 

307 organic state (Moriarty et al. 2013), thereby reducing cellular and metabolic damage. 

308 In addition to physiological adaptations, many studies have focused on understanding the diversity 

309 and possible interactions of the microbiota associated with amphibians with adaptive events, thus 

310 placing the microbiota study as fundamental to conservation biology studies (Trevelline et al. 



Manuscript to be reviewed 

 

43  

 

 

311 2019). Most of this extensive repertoire of works has been using metagenomic approaches, with a 

312 focus on the study of dysbiosis induced by the presence of Bd (Flechas et al. 2019; Jani & Briggs 

313 2014; Rebollar et al. 2018; Rebollar et al. 2016; Walke Jenifer et al. 2015). Other studies, however, 

314 have revealed that although there is a significant microbiota often found in many species, the levels 

315 of bacterial diversity vary greatly across species, and these innate species differences appear to 

316 regulate the structure of bacterial communities in amphibians (McKenzie et al. 2012). Therefore, 

317 the skin-associated bacteria of amphibians are recognized for their role in defense against 

318 pathogens or environmental contaminants, yet their basic ecology is not well understood 

319 (Kueneman et al. 2014). 

320 Despite this advance arising from diversity studies based on metagenomics, studies dependent on 

321 bacterial culture are still emerging, even when dealing with epithelial tissue, the most widely 

322 investigated. Assis and collaborators, for example, investigated 221 bacterial isolates from 188 

323 individuals belonging to 4 species of amphibians and concluded that the environment modifies the 

324 microbiota, and that part of these isolates have antimicrobial potential, suggesting a potential aid 

325 in protecting the anuran epithelial tissue (Assis et al. 2017). Similarly, a study carried out with 

326 anurans from the IQ region (naturally contaminated by metals and metalloids) (Varejão et al. 2011) 

327 found that animals with constant contact with watercourses have a more arsenic-tolerant 

328 microbiota when compared to animals that only partially depended on water to reproduce 

329 (Cordeiro et al. 2019). Additionally, the microbiota associated with animals with constant water 

330 contact has a significant capacity to produce biofilms. Biofilm production could aid in the fixation 

331 of microorganisms to the animal tissue and impose pronounced protection against contaminants 

332 from physicochemical variations in the external environment (Cordeiro et al. 2019). Proença et al. 

333 corroborated some of these results in a study of the cultivable microbiota of Perez frogs 

334 (Pelophylax perezi) collected in regions contaminated and uncontaminated by metals (Proença et 

335 al. 2021). This study demonstrated that the cultivable microbiota, although it does not reflect the 

336 bacterial diversity of the environment, can contribute to a significant understanding of the ecology 

337 and bacterial-animal interaction processes. 

338 To increase our knowledge of the importance of this microbiota and the possible relationship 

339 in protecting amphibians from external contaminants in this study, we aimed to investigate the 

340 tolerance profile of the cultivable microbiota of the epithelial tissue of amphibian species 

341 collected in arsenic-contaminated areas (TES, located on the south face of the IQ, in Minas 
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342 Gerais), and non-contaminated areas (João Neiva in Espírito Santo) (Figure 1). We also aimed 

343 to assess the ability of this microbiota to protect amphibians from the effects of arsenic. Three 

344 individuals were identified and collected from five investigated species, including Boana 

345 faber,   Dendropsophus   elegans,   Hypsiboas   albopunctatus,   Hypsiboas   polytaenius,   and 

346 Rhinella crucifer (Figure 1 and Table1). 

347 A total of 644 bacterial isolates were obtained and evaluated for arsenic tolerance (Table 1). This 

348 metalloid was selected as a reference because it is highly harmful to living organisms (Saha et al. 

349 1999) and is reported to be abundant in the region of the IQ (Borba 2002; Costa et al. 2015; Cruz 

350 2002). Although no significant difference was identified in the sample number of bacterial isolates 

351 from the species collected in both regions, it was evident that those from amphibians collected 

352 from the contaminated area were much more tolerant to arsenic than those from species collected 

353 from an uncontaminated area (Figure 3A). These results suggest that the speciation of the 

354 microbiota may have been influenced by the presence of the contaminant, since environmental 

355 factors are known to strongly influence the composition and diversity of the microbiota present in 

356 the ecosystem or ecological niche (Assis et al. 2017; Yao et al. 2017). 

357 Curiously, the isolates that presented elevated tolerance to the highest concentration of arsenite 

358 (10 mM) came from the species Boana faber, Dendropsophus elegans, and Hypsiboas 

359 albopunctatus, whose behavior and life cycles are more dependent on water than those of 

360 Hypsiboas polytaenius and Rhinella crucifer (Haddad et al. 2013) (Figure 3B). These data 

361 corroborate data previously published by our team (Cordeiro et al. 2019), highlighting that the 

362 most water-dependent species were those with the highest percentage of bacterial isolates with 

363 high tolerance to metals. Both studies demonstrated that behavior, especially in terms of 

364 microhabitats, can also influence the composition of the microbiota, reiterating the role of the 

365 microbiota in the adaptation of anurans to contaminated sites (Moriarty et al. 2013). 

366 In an attempt to understand whether greater tolerance could contribute to the supposed 

367 protection of the anuran when exposed to environmental contaminants, a rudimentary and low- 

368 cost but efficient apparatus was specifically developed for this work (Figure 2). The results 

369 showed that the isolates obtained from species collected in an uncontaminated area (JN1 and 

370 JN2) and less tolerant to arsenic had a higher rate of arsenic migration from the metalloid 

371 solution (simulating the environment) to the ARS (simulating the anurans fluids), obligatorily 

372 diffusing through the epithelial tissue. Such diffusion induces a change in conductivity in the 
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373 ARS solution because the electrical conductivity is affected by the concentration of ions in the 

374 solution (Aziz et al. 2008). It is interesting to note that such data perfectly contrasts with the 

375 results obtained from the isolates from species collected in a contaminated area and, therefore, 

376 more tolerant to arsenic (Figure 4AB). For isolates TES2 and TES3, the change in conductivity 

377 in the ARS solution was much smaller, which corroborates the tolerance profile of these 

378 isolates to arsenic and, therefore, the increased protective potential for anurans. A curious fact 

379 observed for isolates with greater protective power is that they showed a positive growth rate 

380 in the contaminant solution, which could suggest a chemoautotrophic metabolic profile, 

381 whereas isolates with lower protection potential presented microbial growth only in ARS 

382 (Figure 4C). 

383 These data, in association, even if in a very preliminary way, suggest that such bacteria can 

384 present themselves as a primary protective barrier to the epithelial tissue. This allows, among 

385 other possible adaptations, amphibians to survive and adapt to these naturally contaminated 

386 environments. This hypothesis cannot be extrapolated to amphibian-associated bacteria present 

387 in uncontaminated areas, which would likely corroborate the declines in most of these 

388 populations   when   acutely   exposed   to   such   environmental   contaminants   (Figure   5A). 

389 Therefore, the presence or absence of resilience of an anuran species to environmental 

390 contamination is directly associated with the metabolic and functional capacity of its epithelial 

391 microbiota (Christian et al. 2018; Knutie et al. 2017), thus contributing to the success of 

392 colonization or decline of a given population (Pyron 2018). 

393 Regarding these results, this work brings up an important discussion about the use of the term 

394 “contamination bioindicator” being used in a generalized way to amphibians. Here, we propose 

395 that the term should be used sparingly since, as demonstrated in this work, species found in 

396 naturally contaminated environments have, in addition to physiological adaptations (Moriarty 

397 et al. 2013), microbiota speciation that is essential for their maintenance (Figure 5A). 

398 Finally, although it was not the focus of this work, it is important to highlight that bacteria may 

399 have diverse mechanisms for detoxifying metals and metalloids (Figure 5B). Among these, the 

400 biofilm production capacity stands out, thus decreasing the diffusion and direct contact of the metal 

401 with the animal tissue. Other mechanisms involving the ability to promote redox processes (which 

402 could lead to the conversion of a toxic ion into a less toxic state), the possibility of 

403 biotransformation (forming organometallic complexes), the efflux of these contaminants out of the 
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404 cell, the chelation of these ions by organic molecules, and the increase in the metabolic profile of 

405 oxidative stress-associated systems (Outten et al. 2000) are also significant. This context highlights 

406 the importance of the microbiota as fundamental to the study and practice of conservation biology 

407 (Trevelline et al. 2019) and, in the case of amphibians found in contaminated areas, as excellent 

408 models for the study of animal-microbiota interactions, and contaminated areas as hotspots for 

409 understanding the evolutionary profiles of associated species. 

410  

411 Conclusions 

412 The tolerance of the microbiota associated with the skin of anurans found in areas naturally 

413 contaminated with arsenic seems to play a fundamental role in the adaptation of the host species, 

414 contributing to the reduction of tissue permeability to this contaminant. Therefore, the term 

415 “bioindicator”, generally assigned to amphibians, should be used with moderation. The geographic 

416 region and environmental characteristics of these animals should be considered, instead of only 

417 the genus or species to which they belong, or the simple fact that they have highly permeable 

418 epithelial tissue. This work highlights the anurans that survive in naturally contaminated regions 

419 as significant models of study in future investigations into the mechanisms associated with 

420 detoxification and metal metabolism, some of which are considered highly harmful to most living 

421 beings, as is the case with arsenic. 

422  
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595   Table 

596   Table 1. General features of the species captured in the two study areas. 

597 

598   Figure captions 

599 Figure 1. Collection regions of the investigated species. TES - Tripuí Ecological Station, an area  

600 naturally contaminated by metals, located in the state of Minas Gerais (yellow). JN – Municipality 

 601 of João Neiva, uncontaminated area, located in the state of Espírito Santo (green). Images (a), (b), 

 602 (c), (d), and (e) highlight the morphological characteristics of the five species collected and  

603 investigated in both regions. 

604 

605 Figure 2. Steps involved in the construction of the apparatus for simulating exposure to 

 606 arsenic and analysis of the influence of skin-associated microbiota on the permeability of this 

 607 contaminant. (A) Figurative summary of the steps described in the methodology. Numbers 1 to 7 

 608 represent the following steps: 1 – Reactivation of the selected bacteria; 2 – In parallel, fragments 

609 of bullfrog skin (Lithobates catesbeianus) were prepared; 3 –Skin fragments were placed in contact  

610    with bacterial cultures in Petri dishes and incubated at 28ºC for 24 hours; 4 – After incubation,  

611 skins were removed from the Petri dish and separated; 5 – The skins were tied to the open end of  

612     the test tube containing the arsenic solution (5 mM NaAsO2 final concentration); 6 –Test tube  

613 containing the tied skin was poured into an Amphibian Ringer's solution (ARS); 7- Test tube was  

614 suspended by a rigid black paper plate, thus limiting the contact of the ARS with the environment.  

615 (B) Method for measuring the change in conductivity due to the permeabilization of arsenic 

 616 through the amphibian skin, previously treated with bacteria. 

617 

618 Figure 3: Analysis of the tolerance of bacterial isolates to different concentrations of arsenic.  

619 (A) Evaluation of the degree of tolerance of bacterial isolates in different arsenic concentrations.  

620 n: total number of tolerant isolates in the investigated conditions. TES contaminated area and JN  
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621 uncontaminated area. (B) Evaluation of the degree of tolerance of bacterial isolates in the anuran 

622 species analyzed in the investigated areas. The numbers ranging from 0 to 100 represent the 

 623 percentage of tolerance assessed at each of the six investigated growth times. The colors represent  

624 the arsenic concentrations to which the isolates were tolerant. 

625 

626 Figure 4. Qualitative analysis of the results obtained from the amphibian simulation  

627 apparatus to contaminated environments. (A) Growth chronology and tolerance profile of 

 628 selected isolates at different arsenic concentrations. JN1 and JN2: isolates obtained from an  

629 uncontaminated area. TES1, TES2, and TES3: isolates obtained from contaminated area. The  

630 painted squares represent the times in which the growth rate of the isolates was confirmed in the  

631    respective arsenic concentrations (1mM yellow, 5 mM orange, and 10 mM red) (B) Change of  

632 conductivity in Amphibian Ringer's solution. The increase in conductivity is directly associated  

633 with the diffusion of arsenic through the amphibian skin. Error bars were determined from three  

634 independent experiments. (C) Summary of qualitative results associated with the use of the  

635 apparatus. + represents positive bacterial growth and – negative. Upward facing arrows indicate  

636 increased conductivity after 24 h of testing. The number of arrows is directly associated with the  

637 elevation of conductivity values. 

638 

639 Figure 5. The model proposed to suggest how the epithelial microbiota interferes in the  

640   adaptation of the anuran’s species in contaminated environments. (A) Resilience (left) and  

641    animal susceptibility are dependent on the tolerance profile of the associated bacterial species.  

642 Species that have tolerant microbiota may not be good indicators of environmental contamination.  

643 (B) Metabolic diversity is found in bacteria associated with arsenic metabolism. 1 – Biofilm  

644    reduces metal contact with animal tissue; 2 – Redox reactions reduce ion toxicity; 3 –  

645 Biotransformation reactions transform more toxic species into less toxic ones; 4 – Efflux of ions  

646   or molecules carrying the contaminant; 5 – Chelation of harmful ions to organic molecules; 6 –  

647 Activation of oxidative species metabolism, increasing cell protection.  

648 
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649   Supplemental files 

650 Supplemental file 1. Raw data of empirical results. #isolates by specimen - spreadsheet that  

651  specifies the number of isolates for each of the 3 specimens of each species collected in the  

652         evaluated regions. #isolates by specie - spreadsheet that specifies the number of isolates for  

653        each species collected in the evaluated regions. As tolerance by specimen - spreadsheet that  

654    depicts the number of arsenic-tolerant isolates for each specimen at each of the evaluated 

 655      concentrations. As tolerance assay by specie - spreadsheet that depicts the number of arsenic-  

656 tolerant isolates for each species in both regions evaluated. Condutivity assay - spreadsheet that 

657    identifies the conductivity values in the permeability tests of the anuran epithelial tissue to 

 658     arsenic. Growth after permeability assay - spreadsheet that qualifies the growth profile of five  

659 isolates investigated after arsenic permeability assay to anuran epithelial tissue 

660 

661 Supplemental file 2: R script for statistical analysis. 

662 

663 Supplemental file 3: R input data analysis. 

664 

665 Supplemental file 4: R raw data output. 

666 
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Table 1 . General features of the species captured in the two study areas. 

 
TES – Tripuí Ecological Station (contaminated area); JN – João Neiva (non-contaminated 
area). 



 

 

 
 
 

 
1 Table 1. General features of the species captured in the two study areas. 
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Species 

 
Calling sites 

Reproductive 

mode 

 
Skin 

n specimens n isolates 

TES JN TES JN 

Boana faber Inside nests built around the pond  
 
 

 
Eggs placed 

directly in water 

Smooth dorsal skin and slightly 

grainy ventral 

3 3 60 64 

Dendropsophus elegans Around the edges of puddles and 

ponds that contain emergent, floating 

or herbaceous vegetation 

3 3 86* 43 

Hypsiboas albopunctatus  
 

Smooth dorsal and ventral skin 

3 3 58 48 

Hypsiboas polytaenius 
Tree trunks and leaves around the 

pond 
3 3 39 69* 

Rhinella crucifer Around the pond 
Dry and grainy skin on the belly 

and back 
3 3 94 85 

Total 15 15 337 307 

3 TES – Tripuí Ecological Station (contaminated area); JN – João Neiva (non-contaminated area). 

4 
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Figure 1 

 
Figure 1. Collection regions of the investigated species. 

 
TES - Tripuí Ecological Station, an area naturally contaminated by metals, located in the 

state of Minas Gerais (yellow). JN – Municipality of João Neiva, uncontaminated area, 

located in the state of Espírito Santo (green). Images (a), (b), (c), (d), and (e) highlight the 

morphological characteristics of the five species collected and investigated in both regions. 
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Figure 2 

 
Figure 2. Steps involved in the construction of the apparatus for simulating exposure 

to arsenic and analysis of the influence of skin-associated microbiota on the 

permeability of this contaminant. 

 
(A) Figurative summary of the steps described in the methodology. Numbers 1 to 7 

represent the following steps: 1 – Reactivation of the selected bacteria; 2 – In parallel, 

fragments of bullfrog skin (Lithobates catesbeianus) were prepared; 3 –Skin fragments 

were placed in contact with bacterial cultures in Petri dishes and incubated at 28ºC for 

24 hours; 4 – After incubation, skins were removed from the Petri dish and separated; 5 – 

The skins were tied to the open end of the test tube containing the arsenic solution (5 

mM NaAsO2 final 

concentration); 6 –Test tube containing the tied skin was poured into an Amphibian 

Ringer's solution (ARS); 7- Test tube was suspended by a rigid black paper plate, thus 

limiting the contact of the ARS with the environment. (B) Method for measuring the change 

in conductivity due to the permeabilization of arsenic through the amphibian skin, 

previously treated with bacteria. 
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Figure 3 

 
Figure 3: Analysis of the tolerance of bacterial isolates to different concentrations of 

arsenic. 

 
(A) Evaluation of the degree of tolerance of bacterial isolates in different arsenic 

concentrations. n: total number of tolerant isolates in the investigated conditions. TES 

contaminated area and JN uncontaminated area. (B) Evaluation of the degree of tolerance 

of bacterial isolates in the anuran species analyzed in the investigated areas. The numbers 

ranging from 0 to 100 represent the percentage of tolerance assessed at each of the six 

investigated growth times. The colors represent the arsenic concentrations to which the 

isolates were tolerant. 



Manuscript to be reviewed 

 

61  

 

 



Manuscript to be reviewed 

 

62  

Figure 4 

 
Figure 4. Qualitative analysis of the results obtained from the amphibian simulation 

apparatus to contaminated environments. 

 
(A) Growth chronology and tolerance profile of selected isolates at different arsenic 

concentrations. JN1 and JN2: isolates obtained from an uncontaminated area. TES1, TES2, 

and TES3: isolates obtained from contaminated area. The painted squares represent 

the times in which the growth rate of the isolates was confirmed in the respective 

arsenic concentrations (1mM yellow, 5 mM orange, and 10 mM red) (B) Change of 

conductivity in Amphibian Ringer's solution. The increase in conductivity is directly 

associated with the diffusion of arsenic through the amphibian skin. Error bars were 

determined from three independent experiments. (C) Summary of qualitative results 

associated with the use of the apparatus. + represents positive bacterial growth and – 

negative. Upward facing arrows indicate increased conductivity after 24 h of testing. 

The number of arrows is directly associated with the elevation of conductivity values. 
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Figure 5 

 
Figure 5. The model proposed to suggest how the epithelial microbiota interferes in 

the adaptation of the anuran’s species in contaminated environments. 

 
(A) Resilience (left) and animal susceptibility are dependent on the tolerance profile of the 

associated bacterial species. Species that have tolerant microbiota may not be good 

indicators of environmental contamination. (B) Metabolic diversity is found in bacteria 

associated with arsenic metabolism. 1 – Biofilm reduces metal contact with animal tissue; 

2 – Redox reactions reduce ion toxicity; 3 – Biotransformation reactions transform more 

toxic species into less toxic ones; 4 – Efflux of ions or molecules carrying the 

contaminant; 5 – Chelation of harmful ions to organic molecules; 6 – Activation of 

oxidative species metabolism, increasing cell protection. 
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3.3- Capítulo III: Potencial biotecnológico de bactérias associadas ao tecido 

cutâneo de anuros da Estação Ecológica do Tripuí, Quadrilátero Ferrífero, 

MG. 
 

 

Este capítulo é resultado da busca de possíveis potenciais biotecnológicos a partir de uma 

triagem realizada no banco de isolados formado ao longo do desenvolvimento dos estudos 

anteriormente descritos. Devido as restrições impostas pelo período de isolamento da 

pandemia, muitos ensaios foram inviabilizados, comprometendo o desenvolvimento do 

estudo para que fosse possível a publicação de um terceiro artigo referente a pesquisa 

desenvolvida. 

 

Em resumo, o avanço da contaminação ambiental por metais potencialmente tóxicos 

demonstra a importância de se buscar por tecnologias sustentáveis. Dessa forma, diversos 

estudos com o intuito de minimizar ou remover resíduos tóxicos do meio ambiente investigam 

a possível aplicação de microrganismos no processo de descontaminação dos ambientes. Para 

esse estudo, foi selecionado 1 isolado proveniente de um banco de 1251 isolados formado a 

partir de estudos anteriores que investigavam a tolerância da microbiota do tecido cutâneo de 

anuros em uma região do Quadrilátero Ferrífero contaminada por arsênio. Os resultados 

apresentados neste capítulo expõem possíveis aplicações biotecnológicas do isolado, seja 

devido à alta tolerância a distintos metais, ou pela característica de alterar a cor em diferentes 

concentrações. 
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1. Introdução 
 

Os organismos vivos estão constantemente expostos a fatores que podem 

comprometer sua integridade física (Ahmann et al., 1994). Particularmente, os anfíbios 

representam um grupo de vertebrados que são mais vulneráveis a condições do meio, já que 

possuem uma pele altamente permeável, que pode permitir a passagem livre de agentes 

químicos e biológicos do ambiente (Eterovick et al., 2005). A superfície cutânea desses 

animais apresenta atributos únicos dentre os vertebrados e atua como uma interface bastante 

funcional entre o organismo e o meio externo (Eterovick et al., 2005). Para além da proteção 

mecânica, a pele inclui mecanismos bioquímicos e biológicos derivados da comunidade 

microbiana e da secreção de moléculas bioativas (Louise et al., 2005).  

Dessa forma, o entendimento da funcionalidade de proteção que a comunidade 

microbiana oferece para o animal é importante, uma vez que, a partir do estudo de interações 

ecológicas, podem ser descobertos possíveis organismos com potenciais aplicações 

biotecnológicas. Nessa linha, em estudo preliminar (Cordeiro et al., 2019), foi investigada a 

influencia do ambiente na composição da microbiota cutânea de anfíbios anuros em uma 

região contaminada arsênio, bem como o papel de tal comunidade na proteção do anfíbio em 

ambiente com características hostis.  Os resultados indicaram que o maior número de isolados 

bacterianos, do mesmo modo, a maior resistência ao arsênio e a maior capacidade de produção 

de biofilme, foram associados a espécies de anuros que apresentavam maior contato com o 

arsênio presente na água durante o período reprodutivo. O arsênio é um metaloide, o qual, 

apresenta ampla distribuição sendo encontrado desde solos até organismos, e se encontra mais 

disponível na água (Wang e Zhao, 2009). Logo, os resultados auxiliaram a melhor 

compreensão desse modelo de interação, bem como classificam potenciais isolados com 

capacidades biotecnológicas. 

A resistência de isolados bacterianos em meios contaminados por metais pesados e 

metaloides já foi constatada em distintos estudos, como o de Nies (2000), que discutiu sobre 

a funcionalidade das bactérias como ferramentas para a avaliação e remediação de ambientes 

contaminados. Uma vez que, em estudo preliminar desenvolvido por nossa equipe 

anteriormente citado (Cordeiro et al., 2019), foi constatado a resistência de isolados 

bacterianos ao arsênio, bem como a alteração de cor de alguns isolados quando expostos ao 

metaloide, o objetivo do presente estudo foi investigar os mecanismos associados a resistência 

e a alteração de cor, assim como os possíveis potenciais biotecnológicos de aplicação dessas 

características.
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2. Materiais e métodos 
 

a. Seleção do isolado 

A partir de estudos anteriores desenvolvidos ao longo do mestrado e que foram 

continuados no doutorado, formou-se um banco com 1251 isolados bacterianos que foram 

preservados em eppendorf de 1,5 mL. Esses isolados foram expostos a concentrações 

crescentes de arsênio e desse número inicial de 1251 isolados, 5 apresentaram alteração de 

cor quando expostos ao metaloide. 

Os isolados bacterianos previamente selecionados e preservados foram transferidos 

para placa de 96 poços contendo 100 µL de meio LB líquido em cada poço, foi utilizada uma 

placa de 96 poços para cada grupo. Cada isolado foi colocado em um poço. As placas foram 

incubadas por 48 h a 28°C para o crescimento dos isolados. Nessas placas, dois poços foram 

preenchidos apenas com meio líquido, sem nenhum isolado, representando o controle 

negativo para o teste. Ou seja, nas devidas posições destes poços não haverá crescimento e 

dois poços são preenchidos com um isolado que apresenta crescimento comprovado nas 

condições dos testes, representando o controle positivo. Para cada placa os 96 poços são 

mapeados, de modo a permitir a identificação inequívoca do isolado que se encontra em cada 

poço, bem como a localização dos controles negativos e positivos. 

Após a transferência para as placas de 96 poços, os isolados foram novamente 

expostos a concentrações menores de arsênio para avaliar a sensibilidade da alteração da cor, 

esta análise permitiu a seleção de 1 isolado que apresentou perda gradativa da cor quando 

exposto a diluições menores de arsênio e identificado como G1. Para tanto, foram utilizadas 

placas de Petri com meio LB sólido com concentrações diluídas de As 3+ (0,1mM; 0,2mM; 

0,3mM; 0,4mM; 0,5mM; 0,6mM; 0,7mM; 0,8mM; 0,9mM; 1Mm) e a placa controle 

contendo somente meio LB sólido. Com o auxílio do replicador, os isolados presentes na 

placa de 96 poços foram transferidos para placas de Petri identificadas e incubados a 28°C, 

fazendo uso de um multireplicador de 96 pontas. Registros fotográficos foram realizados em 

intervalos de 24hrs ao longo de 3 dias para acompanhar o crescimento dos isolados. 

 

 

b. Caracterização da melhor condição de crescimento  

Para estabelecer a melhor condição de crescimento, foram avaliadas diferentes variáveis 

como: meio, pH e temperatura, no intuito de observar em quais parâmetros o isolado mantinha 

a cor inicial quando foi selecionado para o estudo. Inicialmente, foi testado diferentes meios 

para inoculação do isolado. A partir desse primeiro ensaio, adotou-se o meio rico, Luria-
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Bertani (LB), composto por bacto-tryptone (peptona), bacto-yeast extract (extrato de 

levedura), NaCl e água destilada. Em um segundo ensaio, foram avaliados diferentes valores 

de pH e temperatura, e para essas variáveis foram adotados os de valores de 5 e 28°C 

respectivamente. 

 

c. Capacidade de resistência 

O isolado G1foi exposto a diversos elementos em diferentes concentrações. Para isso, 

foram utilizadas placas de Petri com meio LB sólido com concentrações distintas de alumínio, 

arsenito, arsenato, cádmio, cobre, chumbo, ferro, manganês níquel, e zinco (1mM, 5mM, 

10mM e 15mM) e a placa controle contendo somente meio LB sólido. O isolado preservado 

foi transferido para tubo contendo meio LB líquido e incubado por 24 horas a 28°C, após foi 

colocado em OD1 e transferido 10 mililitros para as placas de Petri identificadas e incubadas 

a 28°C. Registros fotográficos foram realizados em intervalos de 24hrs ao longo de 3 dias 

para acompanhar o crescimento dos isolados. 

 

d. Alteração de cor  

O ensaio de alteração de cor foi realizado através de placas de Petri com meio LB 

sólido com concentrações distintas de alumínio, arsenito, arsenato, cádmio, cobre, chumbo, 

ferro, manganês níquel, e zinco (1mM, 2mM, 3mM, 4mM, 5mM, 6mM, 7mM, 8mM, 9mM, 

e 10mM) e a placa controle contendo somente meio LB sólido. O isolado preservado foi 

transferido para tubo contendo meio LB líquido e incubado por 24 horas a 28°C, após foi 

colocado em OD1 e transferido 10 mililitros para as placas de Petri identificadas e incubadas 

a 28°C. Registros fotográficos foram realizados em intervalos de 24hrs ao longo de 3 dias 

para acompanhar o crescimento dos isolados. Após a realização do ensaio de exposição a 

diferentes metais, foi realizado um segundo ensaio com a mesma metodologia descrita 

anteriormente, na presença dos metais em que houve alteração da cor, porém para esse ensaio 

o isolado foi exposto a diferentes diluições do metal em que apresentou variação da cor. 

 

e. Motilidade  

Para avaliar a capacidade de motilidade, foram utilizadas placas de Petri com meio 

LB semi sólido (0,3%) com concentrações distintas de alumínio, arsenito, arsenato, cádmio, 

cobre, chumbo, ferro, manganês níquel, e zinco (1mM, 2mM, 3mM, 4mM, 5mM, 6mM, 

7mM, 8mM, 9mM, e 10mM) e a placa controle contendo somente meio LB semi sólido 

(0,3%). O isolado preservado foi transferido para tubo contendo meio LB líquido e incubado 
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por 24 horas a 28°C, após foi colocado em OD1 e transferido 10 mililitros para as 

placas de Petri identificadas e incubadas a 28°C. Após 24 h de incubação a 28°C, as placas 

foram avaliadas e os diâmetros das respectivas colônias foram medidos. Para medir o 

diâmetro, utilizou-se a média de duas réplicas experimentais dos resultados obtidos através 

da operação: maior medida do eixo x multiplicado pela maior medida do eixo y em milímetro. 

 

f. Produção de biofilme 

A capacidade de produção de biofilme foi baseado no protocolo O’Toole et al (2000), 

com as adaptações descritas abaixo. O isolado preservado foi transferido para tubo contendo 

meio LB líquido e incubado por 24 horas a 28°C, após foi colocado em OD1 e transferido 10 

mililitros e transferido em duplicata para placas de 96 poços contendo meio LB líquido, com 

concentrações distintas de alumínio, arsenito, arsenato, cádmio, cobre, chumbo, ferro, 

manganês níquel, e zinco (1mM, 5mM, 10mM) e incubado em 28 ° C por 24 h. Após a 

incubação, cada placa foi lavada duas vezes com água destilada. Depois de 1 h de secagem à 

temperatura ambiente (21-24°C), 125 μl de solução de violeta de cristal (10% g / v) foram 

adicionados a cada um dos 96 poços, e aguardou-se 45min. Após 1 h de secagem à 

temperatura ambiente (21–24°C), outra lavagem com água destilada foi realizada, seguido 

pela adição de 125 μl de etanol a 95% e aguardou-se mais 45 min. Logo, as soluções dos 

poços foram avaliadas usando um Espectrofotômetro Victor X3 (Perkin Elmer, Waltham, 

Massachusetts, EUA) em um comprimento de onda de 550 nm para medir a absorbância. Para 

este ensaio, poços contendo apenas o meio LB líquido foram considerados negativo controles, 

enquanto o controle positivo tinha conhecido produtores de biofilme no respectivo poço. Com 

base no valores de absorbância obtidos, os isolados bacterianos foram classificados 

arbitrariamente em três categorias, calculando a média de duas réplicas experimentais: (1) 

não produção de biofilme (OD ≤ 0,19); (2) produção moderada (OD entre 0,20 e 0,30); e (3) 

alta produção de biofilme (OD ≥ 0,31). 
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3. Resultados 

 

a. Capacidade de resistência 

A análise de resistência a outros metais demonstrou a resistência do isolado selecionado 

(G1) a dez metais: alumínio, arsenato, arsenito, cádmio, cobre, chumbo, ferro, manganês, 

níquel, zinco. A concentração de resistência para cada metal foi descrita na quadro 1. 

 

Quadro 1: Resistência do isolado G1 a diferentes metais e concentrações. As células em cinza representam a 

resistência do isolado a determinada concentração. 

 controle 1mM 2mM 3mM 4mM 5mM 6mM 7mM 8mM 

Arsênio          

Cádmio          

Arsenato          

Zinco          

Níquel          

Ferro          

Chumbo          

Cobre          

Alumínio          

Manganês          

 

 

b. Alteração da cor 

No ensaio de alteração de cor, o isolado apresentou variação quando exposto a cinco 

metais: arsenato, arsenito, cádmio, cobre e zinco. Tal resultado foi demonstrado na figura 2. 

No ensaio posterior com as diluições dos cinco metais em que houve alteração da cor, o 

isolado apresentou variação em apenas três: arsenato, arsenito e cádmio (Figura 3).
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Figura 2: Foto do crescimento do isolado nas placas de Petri com as concentrações dos diferentes elementos. 

Resultado em 48 horas após inoculação de 10 mililitros do isolado. A esquerda da imagem, crescimento do 

isolado na placa controle contendo somente meio LB e nenhum elemento, a direita da imagem, resultado do 

crescimento nas placas com os diferentes elementos e concentrações. 

 

 
 

Figura 3: Resultado do ensaio de exposição do isolado as diferentes diluições em 48 horas. A esquerda da 

imagem, crescimento do isolado na placa controle contendo somente meio LB nenhum elemento, a direita da 

imagem, resultado do crescimento nas placas com os diferentes elementos e diluições. 

 

c. Motilidade 

O ensaio de motilidade demonstrou que com o aumento da concentração houve uma 

redução na motilidade. Tal resultado foi observado em todos os metais e pode ser visto na 

figura 4 e no gráfico 1.
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Figura 4: Resultado do ensaio de motilidade quando o isolado foi exposto em diferentes concentrações em 24 

horas. A esquerda da imagem, crescimento do isolado na placa controle contendo somente meio LB e nenhum 

metal, a direita da imagem, resultado do crescimento nas placas com as diferentes concentrações. 

 

 

 

 
 

Gráfico 1: Dados da motilidade nas diferentes concentrações dos metais (controle, 1mM, 2mM, 3mM, 4mM, 

5mM, 6mM, 7mM e 8Mm), medidos em milímetro.
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d. Produção de biofilme 

O teste que avaliou a produção de biofilme demonstrou que com o aumento da 

concentração, houve um aumento na produção de biofilme. O resultado de proporcionalidade 

do aumento da produção com o aumento da concentração foi observado em todos os metais 

(Gráfico 2). 

 

 
 

Gráfico 2: Representação do resultado da produção de biofilme nas diferentes concentrações para cada metal 

(controle, 1mM, 2mM, 3mM, 4mM, 5mM, 6mM, 7mM e 8Mm). 
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4. Discussão 

 

A degradação dos recursos naturais e a contaminação do ambiente são crescentes e 

promovem graves consequências para o meio (Masindi e Khathutshelo, 2018). Uma das 

formas de contaminação ambiental com grande relevância no Brasil, é a presença de metais 

encontrados em altas quantidades no meio (Borba e Figueiredo, 2004). Os metais podem ser 

encontrados naturalmente no ambiente, no entanto, a emissão pelo homem através da 

mineração, queima de carvão e outros processos industriais agravam a contaminação, são 

mais nocivos aos organismos vivos e seus resíduos podem se tornar um risco para todo o 

ecossistema (Borba e Figueiredo, 2004). 

Nesse sentido, o aumento contínuo da degradação ambiental fez com que a busca por 

métodos de avaliação dessa degradação também aumentasse, sobretudo técnicas e estudos 

com seres vivos capazes de diferenciar as oscilações do ambiente em um determinado tempo. 

Tais seres vivos respondem por meio de reações comportamentais ou metabólicas 

mensuráveis e indicam mudanças no habitat onde vivem (Markert et al., 2003). Os seres 

caracterizados como bioindicadores estão presentes nos variados níveis de organização 

biológica (Markert et al., 2003). 

Microrganismos, muitas vezes, são utilizados como bioindicadores devido à sensibilidade 

em relação as variáveis físicas e químicas do ambiente (Astudillo et al., 2019). Dentre a 

empregabilidade dos microrganismos se destacam a caracterização do solo e da água através 

da presença ou ausência de determinadas comunidades de microrganismos (Ndiaye e Dick, 

2000). As variações nas populações microbianas ocorrem sobretudo em decorrência de 

modificações do pH, da umidade, da aeração, da temperatura e da disponibilidade de 

elementos orgânicos e inorgânicos (Giller e Mcgrath, 1998). 

O uso de bioindicadores envolve avaliações múltiplas de parâmetros a respeito da 

atividade biológica (Clements, 2000). Dessa forma, os resultados obtidos com o presente 

estudo permitem inferir que o isolado avaliado apresenta capacidade de utilização como 

bioindicador da presença de determinados metais no meio. Isso se dá devido ao isolado 

apresentar resistência a 10 metais e dentre esses, possui alteração da cor em 4: arsenato, 

arsenito, cádmio e zinco, sendo que para os 3 primeiros, a alteração de cor apresentou uma 

sensibilidade maior com a diluição da solução de 1mM. 

Segundo a literatura (Ron, 2006), a resposta ao estresse bacteriano permite que esses 

organismos sobrevivam a condições adversas e flutuantes em seu entorno, e tal resposta 

envolve vários mecanismos que reconhecem alterações ambientais e formam uma resposta 
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favorável. As bactérias podem reagir simultaneamente a uma gama de estresse e os 

sistemas de resposta envolvem expressão gênica, atividades proteicas, redes regulatórias, bem 

como a morfologia celular (Navarro et al., 2013). A alteração de cor encontrada no 

desenvolvimento do estudo pode estar associada a reações químicas que fazem parte do 

sistema de resposta ao estresse quando na presença de metais. Assim, a investigação dessas 

respostas é importante na caracterização do microrganismo como potencial bioindicador. 

Nesse sentido, a capacidade de produção de biofilme faz parte do mecanismo de resposta 

ao estresse. Nesse processo, a bactéria secreta substâncias poliméricas extracelulares para 

formar um filme formado por comunidades de células agregadas, organizadas e funcionais, 

capaz de fornecer além de suporte, proteção para condições estressantes (Barros et al., 2014). 

Os resultados do ensaio referente a capacidade de produção de biofilme demonstraram que 

com o aumento da concentração dos metais, houve um aumento na produção do biofilme. 

Logo, o biofilme representa um modo de crescimento que permite que o isolado sobreviva na 

presença dos metais e contribui para tornar o isolado substancialmente mais resistente. 

Em bactérias, outro importante sistema de resposta ao estresse é a motilidade. A 

motilidade bacteriana faz parte da variedade de mecanismos de mobilidade para explorar os 

recursos e ambientes disponíveis, do mesmo modo, permite que as bactérias se afastem de 

ambientes estressantes (Bizani e Souza, 2016). No entanto, os resultados do estudo mostraram 

uma diminuição da motilidade com o aumento da concentração dos metais, o que permite 

inferir que outros mecanismos conferem resistência ao isolado, fazendo com que seja 

tolerante a presença dos metais e não use a motilidade como escape da condição integrante já 

que apresenta tolerância. 

Por fim, bioindicadores podem ser classificados quanto sua sensibilidade e resposta ao 

ambiente, bem como podem ser divididos em indicadores ambientais e indicadores ecológicos 

(McGeoch, 1998). A primeira classificação diz respeito ao grupo que responde de forma 

previsível às perturbações ambientais, já a segunda representa as espécies consideradas 

sensíveis a alterações do meio. Diante do exposto, o presente estudo evidenciou a possível 

empregabilidade de um isolado bacteriano prospectado do tecido cutâneo de anuro, bem como 

as características ideias para sua utilização. Além disso, o estudo buscou fazer uma breve 

discussão sobre outros possíveis usos de organismos como bioindicadores. 
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5. Conclusão 

 

A crescente demanda de tecnologias e produtos ecologicamente corretos faz com que o 

uso de organismos vivos como bioindicadores de qualidade ambiental apresente-se como uma 

das novas táticas para o monitoramento e avaliação do ambiente. Neste trabalho, foi possível 

avaliar um isolado prospectado do tecido cutâneo de anuro em local contaminado por metais, 

em relação a capacidade de uso como bioindicador de locais contaminados. Assim, a alteração 

de cor na presença dos determinados metais demonstra que o uso de bioindicadores é muito 

mais vasta que o exposto na literatura, e o reconhecimento dessa amplitude pode subsidiar 

outras pesquisas. 
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