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RESUMO 
 

O gênero Paracoccidioides inclui espécies fúngicas termodimórficas, 

causadoras da paracoccidioidomicose, uma micose sistêmica endêmica da América 

Latina. A infecção ocorre quando propágulos micelianos ou conídios são inalados pelo 

hospedeiro. Após conversão para levedura nos alvéolos pulmonares o fungo pode 

disseminar-se para outros órgãos e tecidos. O ferro é um micronutriente essencial para 

todos os eucariotos, pois participa de vários processos biológicos essenciais. Entretanto, 

a biodisponibilidade deste metal dentro do hospedeiro é baixa. Como consequência, 

micro-organismos patogênicos desenvolveram mecanismos de aquisição de alta 

afinidade como forma de obter ferro durante a infecção. O presente trabalho descreve a 

aquisição de ferro mediada por sideróforos neste fungo. Análises in silico demonstraram 

que as espécies do gênero Paracoccidioides possuem todos os genes necessários para 

síntese e captação de sideróforos, os quais são produzidos em condições de depleção de 

ferro. Análises de cromatografia líquida de fase reversa e espectrometria de massas 

revelaram que Paracoccidioides spp. produz sideróforos do tipo hidroxamato. O fungo 

sintetiza e secreta coprogeno B, o qual gera ácido dimerúmico como produto de 

degradação, e também produz ferricrocina e ferricromo C como sideróforos 

intracelulares. Adicionalmente, Paracoccidioides spp. é capaz de crescer na presença de 

sideróforos como única fonte de ferro, demonstrando que além de produzir, o fungo 

também utiliza siderofóros para o crescimento, incluindo o xenosideróforo 

ferrioxamina. A exposição prévia a ferrioxamina aumentou a sobrevivência de 

Paracoccidioides spp. após fagocitose por macrófagos ativados. Além disso, o fungo 

provavelmente induz a síntese de sideróforos quando no interior destas células, 

demonstrando que estas moléculas provavelmente desempenham papel importante 

durante a interação patógeno-hospedeiro. Ademais, sideróforos produzidos por 

Paracoccidioides spp. podem ser utilizados como fontes de ferro por Aspergillus 

nidulans. Em conjunto, estes dados demonstraram que a síntese e a utilização de 

sideróforos são mecanismos empregados por Paracoccidioides spp. para superar a 

limitação de ferro. Como a escassez deste micronutriente é encontrada no hospedeiro, a 

produção de sideróforos está provavelmente relacionada à patogenicidade e virulência 

do fungo e representa um possível alvo para terapia com antifúngicos levando-se em 

consideração a ausência de tal via em humanos.  
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ABSTRACT 
 

The genus Paracoccidioides includes termodimorphic fungal species which 

causes paracoccidioidomycosis, a systemic mycosis endemic in Latin America. The 

infection occurs when mycelium propagules or conidia are inhaled by the host. After 

conversion to yeast in the alveoli the fungus may disseminate to other organs and 

tissues. Iron is an essential micronutrient for all eukaryotes, since it participates in a 

variety of essential biological processes. However, the bioavailability of this metal is 

low inside the host. As a consequence, pathogenic microorganisms evolved high affinity 

acquisition mechanisms to obtain iron during infection. Here we describe the 

siderophore mediated iron acquisition in this fungus. In silico analysis demonstrated 

that species from Paracoccidioides genus possess all the necessary genes for synthesis 

and uptake of siderophores, which are produced under iron limiting conditions. 

Reversed phase liquid chromatography and mass spectrometry analysis revealed that 

Paracoccidioides spp. produce siderophores of hydroxamate type. The fungus 

synthesizes and secretes coprogen B, which generates dimerumic acid as a breakdown 

product, and also produces ferricrocin and ferrichrome C as intracellular siderophores. 

Moreover, Paracoccidioides spp. is able to grow in presence of siderophores as the only 

iron sources, demonstrating that beyond producing, the fungus also utilizes siderophores 

for growth, including the xenosiderophore ferrioxamine. Previous exposure to 

ferrioxamine increased Paracoccidioides spp. survival following phagocytosis by 

activated macrophages. Moreover, the fungus probably induces siderophore synthesis 

inside these cells, demonstrating that these iron chelators play an important role during 

host-pathogen interaction. Additionally, siderophores produced by Paracoccidioides 

spp. can be utilized as iron sources by Aspergillus nidulans. Altogether, these data 

demonstrated that synthesis and utilization of siderophores are mechanisms employed 

by Paracoccidioides spp. to surpass iron limitation. As iron paucity is found within the 

host, siderophore production may be related to fungus pathogenicity and virulence and 

represents a possible target for antifungal therapy since these pathway is absent in 

humans. 
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INTRODUÇÃO 

1.1. O fungo Paracoccidioides spp. 

O gênero Paracoccidioides inclui fungos patogênicos causadores da 

paracoccidioidomicose (PCM) pertencentes ao filo Ascomycota, classe Euromyceto, 

ordem Onygenales e família Ajellomycetaceae, a qual inclui também os patógenos 

Histoplasma capsulatum, Blastomyces dermatitidis, Coccidioides immites e 

Coccidioides posadasii (BAGAGLI et al., 2006; UNTEREINER et al., 2004). A 

capacidade de alternar entre duas formas distintas, cada uma associada a condições 

ambientais específicas, insere tais patógenos no grupo dos fungos dimórficos, 

responsáveis pela maioria das infeções sistêmicas em humanos e outros mamíferos. 

Esses micro-organismos são considerados patógenos primários, ou seja, podem causar 

doença em indivíduos imunocompetentes (RAPPLEYE e GOLDMAN, 2006). O 

estímulo mais evidente no dimorfismo de Paracoccidioides spp. é a temperatura, o que 

o classifica como termodimórfico. Quando cultivado em temperaturas inferiores a 28 
oC, a forma de micélio se desenvolve. Já a 36 oC, temperatura do hospedeiro mamífero, 

Paracoccidioides spp. cresce como levedura (BAGAGLI et al., 2006). Assim, o sucesso 

da infecção depende da capacidade do fungo de transitar da forma filamentosa para 

leveduras unicelulares. Isolados incapazes de se diferenciar não são virulentos (DE 

MORAES BORBA e SCHAFFER, 2002; ROONEY e KLEIN, 2002).  

Paracoccidioides brasiliensis foi considerada a única espécie representante do 

gênero até 2006. Análises filogenéticas baseadas em dados de polimorfismo de 65 

isolados de P. brasiliensis permitiram a classificação do fungo em três espécies crípticas 

distintas: S1 (espécie 1) com 38 isolados, PS2 (espécie filogenética 2) com 6 isolados e 

PS3 (espécie filogenética 3) com 21 isolados. S1 inclui isolados do Brasil, Argentina, 

Paraguai, Uruguai, Peru e Venezuela. PS2 ocorre no Brasil e Venezuela, enquanto PS3 

é restrita à Colômbia, sendo considerada evolucionariamente independente (MATUTE 

et al., 2006) (Figura 1). PS4 (espécie filogenética 4) foi descrita recentemente e inclui 5 

isolados clínicos da Venezuela (BOCCA et al., 2013; SALGADO-SALAZAR et al., 

2010). Estudos filogenéticos posteriores realizados com 21 isolados de P. brasiliensis 

demonstraram que todos eles foram agrupados nos grupos filogenéticos descritos 

anteriormente (S1 e PS3), com exceção do isolado 01 (Pb01), sugerindo a possibilidade 

da existência de mais de três espécies crípticas (CARRERO et al., 2008). Tal hipótese 
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foi investigada por meio da comparação entre o grupo formado pelas espécies S1, PS2 e 

PS3 e o grupo “semelhante a Pb01”, compreendendo o isolado Pb01 e outros isolados 

da América Latina. A análise de 13 loci polimórficos indicou que o fluxo genético entre 

estes dois grupos foi bloqueado, sugerindo isolamento reprodutivo. Com base nos 

dados, foi proposta a descrição de uma nova espécie dentro do gênero Paracoccidioides, 

contendo o clado “semelhante a Pb01” (TEIXEIRA et al., 2009). Análises filogenéticas 

moleculares baseadas em marcadores mitocondriais ofereceram novas evidências de que 

Pb01 poderia realmente ser uma nova espécie (SALGADO-SALAZAR et al., 2010), a 

qual foi proposta recentemente como Paracoccidioides lutzii, em homenagem à 

Adolpho Lutz, o primeiro pesquisador a observar o fungo em 1908 (TEIXEIRA et al., 

2013a; TEIXEIRA et al., 2009). Propõe-se que P. lutzii seja endêmico da região Centro-

Oeste do Brasil. No entanto, isolados pertencentes à nova espécie já foram detectados 

em Rondônia e no Equador (TEIXEIRA et al., 2013a; TEIXEIRA et al., 2009) (Figura 

1). 

 

 

Figura 1. Distribuição geográfica do gênero Paracoccidioides. Distribuição geográfica atual 

das espécies do gênero: P. brasiliensis (S1, PS2, PS3) e P. lutzii. O fungo patogênico Lacazia 

loboi (L. loboi) foi incluído recentemente na família Ajellomycetaceae, sendo considerada 

espécie irmã de Paracoccidioides spp. Fonte: Theodoro et al., (2012). 
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Análises comparativas entre genomas demonstraram que isolados de P. 

brasiliensis são mais similares entre si do que quando comparados a P. lutzii. Os 

genomas de Pb18 (S1) e Pb03 (S2) compreendem, respectivamente, 30 e 29,1 Mb, 

enquanto o de P. lutzii (Pb01) possui 32,9 Mb. A porcentagem de similaridade de 

sequências é maior entre Pb18 e Pb03 (~96%) em comparação com P. lutzii (~90%). 

Diferenças também existem com relação ao genoma mitocondrial, que em Pb18 e Pb03 

compreende cerca de 75 kb, o que é praticamente duas vezes o tamanho predito para P. 

lutzii (~31 kb). O número total de genes preditos codificantes para proteínas também 

vaira entre os três genomas, entre 7.875 (Pb03) e 9.132 (P. lutzii) (DESJARDINS et al., 

2011). 

Perfis metabólicos específicos entre membros do gênero Paracoccidioides 

foram evidenciados recentemente por meio de análises proteômicas. Pb01, 

representando P. lutzii, utiliza preferencialmente a via anaeróbia (glicólise e 

fermentação) para produzir energia a partir de glicose, o que foi corroborado pela 

detecção de maior quantidade de etanol nas células desta linhagem. Representantes de 

P. brasiliensis apresentam características metabólicas distintas, quando comparados 

entre si e com P. lutzii. A beta-oxidação, que permite a geração de acetil-CoA para o 

metabolismo central de carbono a partir de ácidos graxos, é marcante em Pb339 (S1). 

Pb2 (PS2) parece obter energia principalmente pela degradação de aminoácidos, que 

fornece substratos para o ciclo do ácido tricarboxílico. Já PbEpm83 (PS3) utiliza a via 

aeróbia para obter energia a partir do catabolismo da glicose pela via glicolítica e ciclo 

do ácido tricarboxílico (PIGOSSO et al., 2013). 

No que diz respeito à morfologia, levedura e micélio de ambas as espécies do 

gênero Paracoccidioides são similares. Ambas as formas são multinucleadas, enquanto 

os conídios produzidos pelo micélio apresentam somente um núcleo (CANO et al., 

1998; MCEWEN et al., 1987b). Microscopicamente, as leveduras apresentam um 

aspecto de roda de leme de navio, onde uma célula central grande é circundada por 

células periféricas menores, as quais são brotamentos múltiplos originados por 

evaginações da célula-mãe (Figura 2A). Os micélios são septados com conídios 

terminais ou intercalares (Figura 2C) (QUEIROZ-TELLES, 1994; RESTREPO-

MORENO, 2003). Macroscopicamente, as colônias de leveduras são rugosas e 

amareladas, apresentando aspecto cerebriforme (Figura 2B). Já as colônias de micélio 

são pequenas, irregulares e com aspecto algodonoso (Figura 2D) (BRUMMER et al., 
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1993). A forma e tamanho dos conídeos, esporo assexuais, parecem ser as únicas 

características morfológicas distintas entre P. lutzii e P. brasiliensis. Conídios 

produzidos por isolados de P. lutzii são maiores e mais alongados (BOCCA et al., 2013; 

TEIXEIRA et al., 2013a; TEIXEIRA et al., 2009; THEODORO et al., 2012). 

 

 

Figura 2. Morfologia de Paracoccidioides spp. Características microscópicas de levedura (A) 

e micélio (C). Aspecto de colônias crescidas a 37 oC (levedura, B) e 25 oC (micélio, D). Fontes: 

Laboratório de Biologia Molecular, Universidade Federal de Goiás; Lacaz et al., (1999) e 

Universidade de Chiba, Japão (http://www.pf.chiba-

u.ac.jp/gallery/fungi/p/Paracoccidioides_brasiliensis_mycelial_form-2.htm). 

 

Para a maioria das doenças infecciosas não transmissíveis, as áreas nas quais a 

infecção ocorre geralmente não coincidem com aquelas nas quais os casos são 

diagnosticados. Com base nos longos períodos de latência registrados para a PCM, o 

termo “reservárea” foi proposto para designar os lugares onde Paracoccidioides spp. 

encontra-se na natureza e nos quais o homem adquire a infecção (BORELLI, 1964). Em 

virtude desse período de latência prolongado no hospedeiro humano, o habitat e nicho 

ecológico do fungo permanecem imprecisos. Entretanto, estudos sugerem que a forma 

miceliana do fungo viva saprobioticamente na natureza, pois o mesmo já foi isolado de 

solo, água e plantas (RESTREPO et al., 2001). Supõe-se que o fungo ocorra 
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normalmente em ambientes úmidos, próximos a rios, onde possa ser protegido por 

representantes de espécies aquáticas heterotérmicas como moluscos, anfíbios, peixes e 

artrópodes. Estes organismos forneceriam nutrientes, umidade, competição biológica 

limitada e temperatura apropriada ao parasito para sobrevivência do mesmo no meio 

ambiente (CONTI-DIAZ, 2007). O cultivo de isolados de Paracoccidioides spp. em 

diferentes tipos de solo demonstrou que o fungo pode se desenvolver em solos arenosos 

e argilosos, com alta umidade. A produção de conídeos, estruturas que aumentam a 

capacidade de sobrevivência no meio ambiente, foi observada em alguns isolados. 

(TERÇARIOLI et al., 2007). Apesar da ausência de um estágio teleomórfico, dados 

moleculares e morfológicos evidenciaram a possibilidade de existência de um ciclo 

sexual no gênero Paracoccidioides (TEIXEIRA et al., 2013b). 

Em decorrência do isolamento raro e não reprodutível do fungo do solo, 

acredita-se que este ambiente não seja o habitat permanente do patógeno, sugerindo que 

o mesmo reside por tempo variável neste local (CONTI-DIAZ, 2007). Paracoccidioides 

spp. é frequentemente isolado de tatus (Dasypus novemcinctus e Cabassous centralis) e 

já foi detectado em animais domésticos, como cachorros (RICCI et al., 2004). Estes 

organismos devem ser considerados hospedeiros acidentais e não reservas naturais do 

fungo, pois os mesmos podem ser acometidos com a doença (CONTI-DIAZ, 2007). 

Recentemente, infecção por P. brasiliensis foi reportada em porcos domésticos, apesar 

de o fungo não ter sido isolado dos animais (BELITARDO et al., 2014). Por estarem em 

contato constante com o solo e possuírem uma resposta imunológica celular fraca, tatus 

podem infectar-se repetidas vezes (RICHINI-PEREIRA et al., 2009). Dessa forma, 

sugere-se um possível papel desses animais no ciclo natural do fungo devido à sua 

habilidade de eliminar e/ou disseminar o patógeno no ambiente. 

 

1.2. A paracoccidioidomicose (PCM) 

A PCM é uma micose sistêmica causada pela inalação dos conídeos e/ou 

propágulos produzidos pela forma miceliana de Paracoccidioides spp. que, ao atingirem 

o epitélio pulmonar, transformam-se em levedura, a forma parasitária (MCEWEN et al., 

1987a). A partir dos pulmões o fungo pode disseminar-se através das vias hematogênica 

e/ou linfática, chegando a outros órgãos e sistemas, podendo ser fatal (CAMARGO e 

FRANCO, 2000; VALERA et al., 2008).  
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Geograficamente, a doença é restrita às Américas Central e do Sul, com maior 

prevalência no Brasil, Colômbia, Venezuela e Argentina. Como não há notificação 

compulsória da doença, os dados sobre sua incidência são baseados em relatos de 

inquéritos epidemiológicos e de séries de casos. No Brasil, acredita-se que em zonas 

endêmicas a incidência varie de 3 a 4 novos casos/milhão até 1 a 3 casos por 100 mil 

habitantes ao ano (SHIKANAI-YASUDA et al., 2006). Entre os anos de 1980 a 1995, a 

PCM foi considerada como a oitava causa de mortalidade por doença infecciosa 

predominantemente crônica entre as doenças infecciosas e parasitárias (COUTINHO et 

al., 2002). A maioria das mortes causadas por micoses sistêmicas entre 1996 e 2006 

ocorreu devido à PCM, com uma média anual de 148 mortes no período 2005-2006. Os 

maiores índices de mortalidade estão na região Sudeste, principalmente nos estados de 

São Paulo, Rio de Janeiro e Minas Gerais, e na região Sul, nos estados do Paraná e Rio 

Grande do Sul (PRADO et al., 2009). Casos de PCM em áreas não endêmicas já foram 

diagnosticados na Europa, nos Estados Unidos da América e na Ásia (AJELLO e 

POLONELLI, 1985; BUITRAGO et al., 2011; CHIKAMORI et al., 1984; JOSEPH et 

al., 1966). Isso pode ser explicado pela existência de um período assintomático da PCM, 

o qual é em média 15,3 anos, que ocorre após o contato do paciente com a área 

endêmica até a manifestação da doença (BRUMMER et al., 1993). 

A classificação clínica da PCM inclui: PCM infecção (forma subclínica) e 

PCM doença, a qual inclui a forma aguda/subaguda (tipo juvenil) e a forma crônica 

(tipo adulto). Na PCM infecção o paciente não apresenta sinais ou sintomas da doença 

mas possui reatividade positiva ao antígeno paracoccidioidina. A forma juvenil é 

responsável por 3 a 5% dos casos da doença e é caracterizada pelo envolvimento do 

sistema fagocítico mononuclear (linfonodos, fígado, baço e medula óssea) (Figura 3A). 

Acomete crianças, adolescentes e adultos jovens (com menos de 35 anos) de ambos os 

sexos, sendo considerada de evolução rápida e severa. A forma crônica responde por 

mais de 90% dos casos e geralmente ocorre em adultos entre 30 e 60 anos de idade, 

sendo o sexo masculino o mais afetado. Pode ser unifocal quando um único órgão é 

afetado, geralmente os pulmões, ou multifocal, quando a doença dissemina-se para 

vários órgãos. Os pulmões são os órgãos mais afetados, seguidos pela pele e membranas 

mucosas, oral e nasal principalmente (Figura 3B). A forma crônica progride 

lentamente, de forma silenciosa, podendo levar anos até que seja diagnosticada 

(BOCCA et al., 2013; SHIKANAI-YASUDA et al., 2006). 
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Figura 3. Manifestações clínicas da PCM. A. Forma aguda apresentando linfonodos 

aumentados, com aspecto inflamatório e formação de abcesso. B. Acometimento peri-oral e 

mentoniano na forma crônica. Fontes: Marques (2013) e Shikanai-Yasusa et al., 2006. 

 

A menor incidência da PCM em mulheres pode ser explicada pela interação do 

fungo com o hormônio feminino β-estradiol. Análises da transição dimórfica de 

isolados de Paracoccidioides spp. na presença de 17β-estradiol demonstraram que o 

número de células que transitaram para a forma de levedura é menor (RESTREPO et al., 

1984). Estudos adicionais evidenciaram a ligação do estradiol a uma proteína presente 

no citoplasma de micélio e levedura (LOOSE et al., 1983; STOVER et al., 1986). Além 

disso, o bloqueio da transição foi demonstrado em estudos com animais 

(ARISTIZABAL et al., 2002; ARISTIZABAL et al., 1998). Acredita-se que a proteína 

encontrada no citoplasma do fungo funcione como um receptor para o hormônio e que 

este iniba a transição micélio-levedura, impedindo, desta forma, o estabelecimento da 

infecção. Análises transcricionais indicaram que as ações inibitórias de 17β-estradiol 

são decorrentes da ação de genes sinalizadores que regulam o dimorfismo (SHANKAR 

et al., 2011). Estes dados, aliados ao menor contato de mulheres com o solo, corroboram 

dados epidemiológicos que demonstram a menor incidência da PCM no sexo feminino. 

O estabelecimento e a severidade da PCM dependem tanto de fatores inerentes 

ao fungo, como virulência e composição antigênica, quanto da habilidade do hospedeiro 

em desenvolver uma resposta imunitária efetiva. O controle da infecção depende da 

resposta imune celular, geralmente associada ao padrão tipo 1, caracterizado pela 

síntese de citocinas que ativam macrófagos, os quais apresentam atividades 

fungistáticas e fungicidas. Como resultado, granulomas compactos se formam 

permitindo o controle da replicação do fungo. Entretanto, em pacientes infectados que 

apresentam depressão da resposta tipo 1, granulomas não são formados e há evolução 
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para doença. Neste contexto, formas mais graves evoluem com predomínio de resposta 

imunológica tipo 2, onde há maior ativação de linfócitos B, hipergamaglobulinemia e 

altos títulos de anticorpos específicos, cuja magnitude, em geral, correlaciona-se 

positivamente com a gravidade e disseminação da doença. Apesar de altos níveis séricos 

de anticorpos específicos serem detectados em pacientes com formas graves e 

disseminadas, a resposta imunitária humoral não é efetiva contra o fungo (FORTES et 

al., 2011; SHIKANAI-YASUDA et al., 2006).  

O diagnóstico definitivo da PCM requer a demonstração direta do fungo em 

exame a fresco de escarro, raspado de lesão ou aspirado de linfonodos e/ou fragmento 

de biopsia de órgãos supostamente acometidos. Entretanto, a condição do paciente pode 

às vezes dificultar a coleta do material biológico para o exame direto. Assim, provas 

sorológicas específicas são realizadas e têm importância não apenas no auxílio do 

diagnóstico como, também, na avaliação da resposta do hospedeiro ao tratamento 

específico (SHIKANAI-YASUDA et al., 2006), o qual comumente inclui os 

antifúngicos trimetropim-sulfametoxazol, anfotericina B e itraconazol. O primeiro é 

utilizado no tratamento das formas clínicas brandas a moderadas enquanto as formas 

severas e disseminadas são tratadas com anfotericina B. De forma geral, o tratamento é 

de longa duração, para permitir o controle das manifestações clínicas da micose e evitar 

as recaídas (BOCCA et al., 2013; SHIKANAI-YASUDA et al., 2006).  

Apesar de ambas as espécies de Paracoccidioides serem capazes de causar 

PCM, particularidades regionais, ainda não explicadas, já foram observadas no 

diagnóstico, manifestações clínicas e tratamento da doença. A presença frequente de 

uma forma linfática-abdominal da PCM foi observada em Goiás (BARBOSA et al., 

1968), fato que pode ser relacionado à P. lutzii como agente causador, já que esta 

espécie é endêmica no estado (TEIXEIRA et al., 2013a). Adicionalmente, já foi 

reportado que isolados de P. lutzii, mas não de P. brasiliensis, causaram peritonite 

progressiva e intensa seguida de rápida disseminação para o baço, fígado, linfonodos e 

mesentério intestinal em camundongos (MOLINARI-MADLUM et al., 1999). Testes 

sorológicos com o antígeno gp43 são realizados frequentemente para auxiliar no 

diagnóstico e tratamento da PCM. O teste padrão utiliza antígenos produzidos pela 

linhagem 339 de P. brasiliensis, pertencente à espécie críptica S1. Foi observado que 

soros de pacientes da região Centro-Norte do Brasil apresentaram baixa reatividade na 

presença do antígeno padrão (BATISTA et al., 2010). Além disso, amostras sorológicas 
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da região Centro-Oeste do Brasil também exibiram baixa reatividade quando 

confrontadas com gp43 produzida por isolado da espécie críptica PS3 de P. brasiliensis 

(MACHADO et al., 2013). Tais fatos indicam que testes sorológicos desenvolvidos para 

Paracoccidioides spp não são igualmente eficientes para todas as espécies, o que pode 

ser explicado pelo alto nível de variação de aminoácidos na cadeia polipeptídica do 

antígeno gp43 de P. lutzii e P. brasiliensis (MORAIS et al., 2000; TEIXEIRA et al., 

2009). No que diz respeito ao tratamento, paciente infectados com P. lutzii respondem 

melhor ao trimetropim-sulfametoxazol do que aqueles acometidos por P. brasiliensis 

(HAHN et al., 2003). Tais estudos denotam a necessidade de contínuas e posteriores 

investigações a respeito do papel de ambas as espécies do gênero Paracoccidioides na 

patogenicidade da PCM. 

 

 

1.3. O micronutriente ferro e sua homeostase 

O ferro é o segundo metal, depois do alumínio, e o quarto elemento mais 

abundante da crosta terrestre. As propriedades deste metal de transição permitem sua 

existência em dois principais estados de oxidação: a forma reduzida, ou íon ferroso 

(Fe2+), e a forma oxidada, ou íon férrico (Fe3+) (OUTTEN e THEIL, 2009). Esta 

capacidade de ganhar ou perder elétrons permite que o ferro seja sensível às flutuações 

no potencial óxido-redutor, o que é relevante do ponto de vista fisiológico. Sozinho, 

incorporado em grupos ferro-enxofre ou no grupo heme o ferro liga-se a várias 

proteínas envolvidas em processos celulares essenciais que incluem a respiração, o ciclo 

do ácido tricarboxílico, a regulação gênica, bem como a biossíntese de aminoácidos, 

desoxirribonucleotídeos, lipídeos e esteróis (CAIRO et al., 2006). Apesar de ser descrito 

que bactérias ácidas láticas não requerem ferro para o metabolismo geral (PANDEY et 

al., 1994), já foi demonstrado que algumas utilizam este metal para sobrevivência em 

longo prazo na fase estacionária (DUHUTREL et al., 2010).  

Apesar de sua abundância e essencialidade, a biodisponibilidade do ferro é baixa. 

O íon Fe2+ é relativamente estável e solúvel em soluções aquosas e pH neutro mas, na 

presença de oxigênio, é espontaneamente auto oxidado. O Fe3+ resultante é 

essencialmente insolúvel em água e pH neutro, sendo a concentração de Fe3+ livre 

aproximadamente 10-18 M em ambientes aquosos (KOSMAN, 2003; RAYMOND et al., 

2003). Quando em excesso, o ferro é tóxico. Na célula, uma quantidade significativa 
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deste íon é reduzida e pode participar da reação de Fenton, na qual Fe2+ reage com 

peróxido de hidrogênio (H2O2) gerando radicais hidroxil muito reativos. Estes radicais 

causam danos celulares ao reagirem com membranas lipídicas, proteínas e ácidos 

nucléicos (ONG et al., 2006). 

Como o ferro é essencial, mas pode ser ao mesmo tempo deletério, a concentração 

deste metal deve ser cuidadosamente controlada em nível sistêmico e celular. O 

metabolismo do ferro em ambos os níveis envolve três processos principais: captação, 

utilização e armazenamento. Em virtude da ausência de um mecanismo ativo de 

exportação deste íon pelo organismo, a absorção de ferro é um processo estritamente 

controlado. Contrariamente, em nível celular há uma exportação regulada deste metal 

(HENTZE et al., 2004). 

A manutenção da homeostase sistêmica de ferro em mamíferos depende de 

mecanismos que incluem a captação regulada de ferro proveniente da dieta, a 

mobilização de ferro armazenado nos hepatócitos e a reciclagem de eritrócitos. Tais 

mecanismos envolvem, por sua vez, o metabolismo celular deste íon. 

O ferro é absorvido no duodeno após a redução de íons Fe3+ por redutases férricas 

presentes na borda dos enterócitos. O Fe2+ é então transportado para o interior celular 

por meio do transportador DMT1 (ou Nramp2). No citoplasma, os íons podem ser 

armazenados, utilizados em processos celulares ou, pela ação do transportador 

ferroportina (FPN), são liberados para o plasma onde circulam na forma oxidada ligados 

à transferrina (Figura 4A). FPN também é responsável pela liberação para o plasma do 

ferro armazenado em macrófagos e hepatócitos. A transferrina previne a formação de 

radicais livres catalisada pelo ferro e, ao mesmo tempo, facilita o transporte deste 

nutriente para células alvo. A liberação do ferro em tais células é mediada pelo receptor 

de transferrina (TFR), o qual é reciclado e volta para a superfície celular após a 

liberação do ferro no citoplasma (Figura 4B)(CASSAT e SKAAR, 2013; HENTZE et 

al., 2010) 

A maior parte do ferro do corpo de um adulto humano está complexada, na forma 

reduzida Fe2+, ao grupo heme da hemoglobina presente nos eritrócitos e mioglobina dos 

músculos. Grande parte do ferro necessário para as atividades diárias do organismo é 

provida por macrófagos que reciclam eritrócitos senescentes, pois a quantidade de íons 

absorvidos pela alimentação é pequena e ainda ocorrem perdas decorrentes da 

descamação da pele e células epiteliais do intestino (Figura 5) Cada eritrócito pode 
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conter mais de 1 bilhão de átomos de ferro. Estas células, senescentes ou danificadas, 

são permanentemente degradas por macrófagos principalmente no baço, fígado e 

medula óssea. A enzima heme oxigenase catalisa a degradação do grupo heme e o ferro 

liberado é posteriormente transportado para o citoplasma (Figura 4B) (CASSAT e 

SKAAR, 2013; MEYNARD et al., 2014).  

 

 

Figura 4. Homeostase de ferro em humanos. A. Ao chegar ao duodeno, o ferro proveniente 

da dieta é reduzido por redutases férricas presentes na borda apical dos enterócitos. Após ser 

transportado por DMT1, o íon Fe2+ é armazenado pela ferritina, utilizado no metabolismo 

celular ou liberado para o plasma pela ferroportina (FPN). No ambiente extracelular se liga à 

apo-transferrina, dando origem à holo-transferrina. B. Macrófagos, e outras células, adquirem 

ferro por meio da endocitose da holo-transferrina mediada por TFR. A acidificação do 

endossomo facilita a liberação do ferro e o complexo apo-transferrina-TFR é reciclado para a 

superfície celular. Os íons Fe3+ são reduzidos no endossomo e subsequentemente transportados 

para o citoplasma por DMT1. A heme oxigenasse catalisa a degradação do grupo heme a ferro, 

monóxido de carbono (CO) e biliverdina (BLV). O ferro é transportado por DMT1 para o 

citoplasma e pode ser armazenado ou liberado para o plasma pela FPN. Adaptado de Cassat e 

Skaar, 2013. 
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Figura 5. Distribuição sistêmica do ferro. O ferro é absorvido no duodeno e circula no plasma 

ligado à transferrina, que o distribui para o fígado, células eritróides e outras células e tecidos do 

organismo. Adaptado de Hentze et al., 2004. 

 

O hormônio hepicidina e o transportador ferroportina desempenham papel 

importante na regulação da concentração de ferro no plasma. A hepicidina, hormônio 

peptídico produzido pelo fígado, regula sistemicamente o metabolismo de ferro 

bloqueando a liberação para o plasma dos íons provenientes da dieta, da reciclagem por 

macrófagos e dos hepatócitos. Ao ligar-se à ferroportina, o principal exportador de ferro 

na superfície celular, a hepicidina promove a internalização deste transportador o qual é 

subsequentemente degradado nos lisossomos. Desta forma, a quantidade de ferro 

liberada para o plasma pode ser regulada (NEMETH et al., 2004) 

 

 

1.4. O ferro na interação patógeno-hospedeiro 

O controle da homeostase de ferro é de grande importância na interação 

patógeno-hospedeiro, visto que ambos competem por este micronutriente essencial. 

Durante o processo infeccioso, vários mecanismos da imunidade inata do hospedeiro 

restringem o suprimento de ferro aos micro-organismos invasores, o que constitui a 
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chamada imunidade nutricional, uma estratégia para diminuir a taxa de proliferação 

microbiana (GANZ, 2009). 

Durante a resposta de fase aguda que ocorre após o reconhecimento do 

patógeno, macrófagos ativados e neutrófilos secretam a citocina pró-inflamatória 

interleucina-6 (IL-6) a qual estimula a produção de hepicidina pelo fígado (Figura 6A). 

A indução deste hormônio promove uma diminuição dos níveis plasmáticos de ferro em 

consequência da internalização e degradação da ferroportina. Em contrapartida, há um 

acúmulo deste metal no citosol, o qual é armazenado pela ferritina. Além da hepicidina, 

outros mecanismos contribuem para a diminuição das concentrações de ferro no plasma 

em resposta à infecção. Citocinas como intérferon gama (IFN-γ), fator de necrose 

tumoral alfa (TNF-α) e interleucina 1 (IL-1) produzidas por células do sistema 

imunitário regulam o metabolismo de ferro para fortalecer o combate ao micro-

organismo invasor (Figura 6B). 

Os patógenos também se deparam com a baixa disponibilidade de ferro mesmo 

depois de fagocitados. Citocinas pró-inflamatórias diminuem a expressão do receptor de 

transferrina na superfície dos fagócitos e induzem a expressão de Nramp1 

(APPELBERG, 2006). Nramp1 (natural resistence-associated macrophage protein 1) é 

um transportador de íons metálicos divalentes expresso unicamente na membrana de 

vesículas lisossomais de macrófagos e grânulos terciários de neutrófilos. Durante a 

fagocitose, Nramp1 é recrutada para a membrana do fagossomo e transporta o ferro 

deste compartimento para o citosol, onde este metal é armazenado pela ferritina 

(GRUENHEID et al., 1997). Desta forma, o patógeno fagocitado fica desprovido de 

ferro para seu crescimento e multiplicação (Figura 6C). Foi descrito recentemente que 

Leishmania amazonensis, um protozoário parasita intracelular, inibe a expressão de 

ferroportina nos macrófagos infectados. Esta estratégia impede a exportação de ferro 

dessas células resultando no crescimento e multiplicação do parasita no interior dos 

fagócitos (BEN-OTHMAN et al., 2014). 
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Figura 6. Limitação de ferro como uma defesa imunitária inata. A. Elevadas concentrações 

de ferro no plasma e/ou infecção induzem a produção de hepicidina (H), cuja síntese é inibida 

mediante baixas concentrações plasmáticas de ferro. B. Citocinas pró-inflamatórias reprimem a 

absorção de ferro mediada por DMT1 e induzem a síntese de ferritina. A hepicidina impede a 

liberação de ferro para o plasma por induzir a internalização e degradação da ferroportina 

(FPN). C. Em resposta a sinais inflamatórios, macrófagos diminuem a expressão do receptor de 

transferrina (TFR) e induzem a expressão de Nramp1, promovendo a remoção de ferro do 

fagossomo. Adaptado de Cassat e Skaar, 2013. 

 

Além da hipoferremia induzida sistemicamente pela hepicidina, efetores da 

resposta imunitária também restringem o ferro ao micro-organismo invasor no local da 

infecção. A lactoferrina, uma glicoproteína da família das transferrinas, liga-se ao ferro 

livre com alta afinidade e está presente em superfícies mucosas onde restringe a 

disponibilidade de ferro a possíveis micro-organismos invasores (WARD e 

CONNEELY, 2004). Adicionalmente, os grânulos secundários de neutrófilos contêm 
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lactoferrina, a qual é liberada no sítio de infecção em resposta a citocinas (MASSON et 

al., 1969). Diferente da transferrina, a lactoferrina não libera o ferro ligado em pH 

ácido, que é prevalente em áreas infectadas. 

Proteínas da família das lipocalinas (Lcn) também limitam a disponibilidade de 

ferro para os micro-organismos invasores durante a infecção. Tais proteínas se ligam a 

moléculas produzidas pelos patógenos para aquisição de ferro, os sideróforos, os quais 

serão discutidos a seguir. Humanos produzem Lcn1, que se liga a sideróforos 

produzidos por fungos e bactérias, e Lcn2, a qual reconhece sideróforos bacterianos 

somente (FLO et al., 2004; FLUCKINGER et al., 2004). 

 

1.5. Captação de ferro por patógenos: o papel dos sideróforos 

Diante da condição de privação de ferro imposta pelo hospedeiro, os patógenos, 

como os fungos, desenvolveram mecanismos de alta afinidade para a captação deste 

metal, já que o mesmo é essencial para o sucesso da infecção. Várias evidências 

demonstram que infecções aumentam em frequência e severidade em pessoas com 

sobrecarga de ferro no organismo (CASSAT e SKAAR, 2013). Em geral, a aquisição de 

ferro por patógenos fúngicos inclui três mecanismos, não necessariamente mutuamente 

exclusivos: a redução do íon férrico (Fe3+) ao íon ferroso (Fe2+), a aquisição do ferro 

ligado ao grupo heme e a solubilização do Fe3+ pela ligação à sideróforos. 

Como os íons Fe3+ são insolúveis em pH fisiológico em presença de oxigênio, a 

redução destes a Fe2+ é necessária para que o ferro torne-se solúvel e seja captado mais 

facilmente. Neste processo, denominado via de captação redutiva, o Fe3+ é inicialmente 

reduzido por ação de uma redutase férrica presente na superfície celular. O Fe2+ gerado 

é então oxidado novamente por uma multicobre oxidase acoplada a uma permease, a 

qual transporta o íon Fe3+ diretamente para o interior celular. Este mecanismo de 

captação de ferro de alta afinidade, induzido em condições limitantes deste 

micronutriente, é utilizado por fungos patogênicos e não patogênicos como a levedura 

Saccharomyces cerevisiae (KOSMAN, 2003). Componentes da maquinaria redutiva já 

foram identificados nos patógenos Candida albicans (KNIGHT et al., 2002), 

Cryptococcus neoformans (JUNG e KRONSTAD, 2008), Histoplasma capsulatum 

(TIMMERMAN e WOODS, 2001) e Aspergillus fumigatus (SCHRETTL et al., 2004). 

Deleção de genes envolvidos na captação de ferro por esta via em C. neoformans 
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(JUNG et al., 2009) e C. albicans (KNIGHT et al., 2005) geraram linhagens com severa 

redução de virulência em modelos de infecção. 

Devido ao fato de que a maior parte do ferro no corpo humano está complexada à 

hemoglobina nos eritrócitos, fungos patogênicos desenvolveram mecanismos para 

utilizar o grupo heme como fonte de ferro. Já foi demonstrado que C. albicans possui 

fatores hemolíticos e receptores de superfície para hemoglobina (MANNS et al., 1994; 

WEISSMAN e KORNITZER, 2004), os quais facilitam a internalização desta molécula 

em vesículas endocíticas (WEISSMAN et al., 2008). Dentro do vacúolo o grupo heme é 

extraído da hemoglobina e degradado por uma heme oxigenase, liberando o Fe2+ para 

ser utilizado pela célula (PENDRAK et al., 2004). Os patógenos H. capsulatum e C. 

neoformans também são capazes de utilizar o grupo heme, pois crescem em condições 

em que somente esta fonte de ferro está disponível (FOSTER, 2002; JUNG et al., 2008). 

Outra estratégia utilizada por fungos patogênicos para a aquisição de ferro 

consiste na síntese e captação de sideróforos, um mecanismo não redutivo de alta 

afinidade. Sideróforos (do grego “portadores de ferro”) são compostos de baixa massa 

molecular (Mr <1500) que apresentam alta afinidade por íons férricos (NEILANDS, 

1993) e sua função é fornecer ferro para a célula através da solubilização de Fe3+ 

extracelular. Também funcionam como moléculas armazenadoras de ferro na maioria 

dos fungos (MATZANKE et al., 1987). Podem ser classificados em três grupos 

principais dependendo da natureza química dos motivos que doam os ligantes de 

oxigênio para o ferro: catecóis, carboxilatos e hidroxamatos (MIETHKE e 

MARAHIEL, 2007). Com exceção da rizoferrina, um carboxilato produzido por 

zigomicetos (VAN DER HELM e WINKELMANN, 1994), a maioria dos sideróforos 

produzidos por fungos pertencem à classe dos hidroxamatos, os quais são derivados do 

aminoácido não proteinogênico ornitina e podem ser agrupados em quatro famílias 

estruturais: ácido rodotorúlico, ferricromos, coprogenos e fusarininas (HAAS et al., 

2008). Após a síntese, os sideróforos extracelulares são secretados. Depois da ligação ao 

ferro, o complexo sideróforo-Fe3+ é internalizado por meio de transportadores 

localizados na membrana celular (WINKELMANN, 2002). 

A biossíntese de sideróforos (Figura 7) é bem descrita em A. fumigatus 

(BLATZER et al., 2011). Como mecanismo de aquisição de ferro de alta afinidade, tais 

moléculas são produzidas em condições de escassez deste micronutriente. A biossíntese 

de hidroxamatos inicia-se com a hidroxilação da ornitina, catalisada pela enzima 
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ornitina oxigenase (SidA). O primeiro gene codificante para esta enzima identificado 

em fungos foi sid1, do patógeno de plantas Ustilago maydis (MEI et al., 1993). 

Ortólogos foram posteriormente identificados em patógenos humanos, A. fumigatus 

(sidA) (HISSEN et al., 2005) e H. capsulatum (sid1) (HWANG et al., 2008), e fungos 

não patogênicos como Aspergillus nidulans (sidA) (EISENDLE et al., 2003). A segunda 

etapa da via de biossíntese consiste na formação do grupo hidroxamato caracterizada 

pela transferência de um grupo acil para a hidroxiornitina. Em A. fumigatus duas 

transacilases catalisam a adição de diferentes grupos acil à ornitina hidroxilada: SidF, 

que adiciona anidromevalonil-CoA, e SidL que catalisa a adição de acetil-CoA. Nesta 

etapa, duas vias para geração de diferentes sideróforos surgem devido à escolha do 

grupo acil, o qual define a natureza de cada molécula. Ácido rodotorúlico, ferricromo e 

ferricrocina (família dos ferricromos) possuem o grupo acetil, enquanto fusarininas e 

coprogenos apresentam anidromevalonil. No terceiro passo da via biossintética, 

peptídeo sintetases não ribossômicas (NRPSs; SidC e SidD) promovem a união dos 

grupos hidroxamatos por meio de ligações peptídicas (ferricrocina) e de ligações éster 

(fusarinina C-FSC). A acetil transferase SidG catalisa a formação de triacetilfusarinina 

C (TAFC) a partir de FSC (BLATZER et al., 2011; SCHRETTL et al., 2007). Além do 

sideróforo intracelular ferricrocina, envolvido no armazenamento e distribuição de ferro 

em hifas, A. fumigatus também produz hidroxiferricrocina (HFC), a qual participa do 

armazenamento deste metal em conídeos (WALLNER et al., 2009). Estudos revelaram 

que neste fungo a via de biossíntese de TAFC e a síntese de ergosterol são conectadas 

por meio da acil-CoA ligase SidI e da enoil-CoA hidratase SidH (YASMIN et al., 

2012), como demonstrado na Figura 7. Recentemente foi demonstrado que SidI, SidH e 

SidF possuem sinal de endereçamento peroxissomal (PTS) e que a síntese de TAFC é 

parcialmente localizada nos peroxissomos. Em adição, análises da sequência de 

ortólogos destas proteínas em outros fungos produtores de sideróforos revelaram a 

presença de PTS, demonstrando uma função metabólica nova e evolutivamente 

conservada dos peroxissomos (GRUNDLINGER et al., 2013). As estruturas de alguns 

sideróforos do tipo hidroxamato produzidos por fungos são apresentadas na Figura 8. 
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Figura 7. Biossíntese de sideróforos em A. fumigatus. Adaptado de Yasmin et al, 2012. 

 

 

 

Figura 8. Estruturas de sideróforos do tipo hidroxamato. Ácido rodotorúlico e ferricromos 

apresentam somente ligações peptídicas entre os grupos hidroxamatos. TAFC é formada por 

ligações éster, enquanto coprogenos apresentam ambos os tipos de ligações. Adaptado de Haas 

et al., 2008. 
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Análises funcionais das proteínas envolvidas na biossíntese de sideróforos em A. 

fumigatus demonstraram que estas moléculas são essenciais durante a infecção, visto 

que a linhagem mutante ∆sidA demonstrou-se desprovida de virulência em modelo 

murino de aspergilose invasiva (HISSEN et al., 2005). Adicionalmente, as linhagens 

∆sidF, ∆sidC, ∆sidD, ∆sidG, ∆sidH e ∆sidI apresentaram virulência atenuada em 

modelo murino de infeção (SCHRETTL et al., 2007; YASMIN et al., 2012). Coerente 

com papel dos sideróforos na virulência do fungo, sidD foi o gene codificante para 

NRPSs mais expresso após a incubação de A. fumigatus com macrófagos (CRAMER et 

al., 2006). Ademais, análises de expressão global demonstraram indução significativa 

dos genes sidC, sidD, sidF e sidG durante estágio inicial de infecção em camundongos 

neutropênicos (SCHRETTL et al., 2007). Assim como em A. fumigatus, a produção de 

sideróforos em H. capsulatum é de fundamental importância para a aquisição de ferro 

durante a infecção. A deleção de sid1, ortólogo de sidA, resultou na diminuição do 

crescimento de leveduras em macrófagos e no comprometimento da virulência em 

camundongos (HILTY et al., 2011; HWANG et al., 2008). Tais fatos denotam a 

importância da aquisição de ferro mediada por sideróforos durante o processo 

infeccioso. 

A internalização do complexo ferro-sideróforo é geralmente mediada por 

transportadores da subfamília SIT (Siderophore-iron transporter, subfamília 16), 

pertencentes à superfamília MFS (Major facilitator superfamily) (PAO et al., 1998). 

Estes transportadores secundários contêm de 12 a 14 domínios transmembrana preditos. 

Estudos realizados com Neurospora crassa e S. cerevisiae demonstraram que o 

reconhecimento dos sideróforos é altamente estéreo específico (WINKELMANN, 

2001), indicando que a ligação ao transportador não depende do tamanho ou 

hidrofobicidade da molécula, mas sim de sítios de ligação específicos. 

A captação de ferro mediada por transportadores SIT parece ser conservada 

universalmente no reino Fungi, mesmo em espécies não produtoras de sideróforos, 

como S. cerevisiae, Candida spp. e C. neorformans, as quais utilizam sideróforos 

produzidos por outros organismos (xenosideróforos). O genoma de Candida glabrata 

codifica um único transportador de sideróforo, Sit1, o qual é essencial para a 

sobrevivência deste fungo em macrófagos e responsável pelo transporte de hidroxamato 

do tipo ferricromo (NEVITT e THIELE, 2011). Em C. albicans o transportador Sit1 

também participa do transporte de ferricromos e é requerido durante a invasão epitelial 
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(HEYMANN et al., 2002). O requerimento de Sit1 no transporte de hidroxamato 

também já foi demonstrado em C. neoformans. Estudos com a linhagem mutante ∆sit1 

evidenciaram a necessidade deste transportador na utilização de ferrioxamina B como 

fonte de ferro e no crescimento do fungo em ambientes cuja disponibilidade de ferro é 

baixa (TANGEN et al., 2007). A. fumigatus e A. nidulans codificam 10 e 7 possíveis 

transportadores de sideróforos, respectivamente (HAAS et al., 2008). Estudos de 

expressão heteróloga em uma linhagem de S. cerevisiae incapaz de captar sideróforos 

indicaram que os transportadores MirA e MirB de A. nidulans transportam, 

respectivamente, o sideróforo bacteriano enterobactina e TAFC (HAAS et al., 2003). A 

presença de vários transportadores provavelmente reflete a habilidade dos micro-

organismos em utilizar tipos diferentes de sideróforos, incluindo os xenosideróforos. De 

fato, A. nidulans é capaz de captar os xenosideróforos enterobactina e ferrioxamina B 

além dos sideróforos nativos ferricrocina e TAFC (OBEREGGER et al., 2001). 

Após a internalização, o destino de sideróforos diferentes parece não ser o 

mesmo. Em S. cerevisiae, ferricromos acumulam no citoplasma (MOORE et al., 2003) 

enquanto ferrioxamina B é provavelmente compartimentalizada em vacúolos 

(FROISSARD et al., 2007). Já em A. fumigatus e A. nidulans, as ligações éster de 

TAFC são hidrolisadas após a captação e os produtos da hidrólise são secretados 

(KRAGL et al., 2007; OBEREGGER et al., 2001). 

O ferro ligado ao sideróforo pode, alternativamente, ser utilizado pela via 

redutiva. Neste caso, não há internalização do complexo sideróforo-Fe3+. Após a 

redução na superfície celular, os íons Fe2+ são transportados para o interior da célula 

(RENSHAW et al., 2002). 

Em fungos, a homeostase de íons metálicos é mantida principalmente por meio 

da regulação transcricional da expressão gênica. Um grupo de fatores de transcrição do 

tipo GATA responsivos ao ferro medeiam a repressão de genes para a aquisição deste 

micronutriente quando o mesmo encontra-se disponível em concentrações suficientes 

(RUTHERFORD e BIRD, 2004). Tais fatores já foram descritos em C. albicans (Sfu1), 

H. capsulatum (Sre1), Blastomyces dermatitidis (SreB), C. neoformans (Cir1) e A. 

fumigatus (SreA) (GAUTHIER et al., 2010; JUNG e KRONSTAD, 2011; LAN et al., 

2004; SCHRETTL et al., 2008). A resposta a baixas concentrações de ferro é em 

contrapartida mediada por reguladores do tipo bZIP. Em A. fumigatus, HapX reprime 

vias que dependem de ferro, como respiração, ciclo do ácido tricarboxílico e biossíntese 
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do grupo heme, durante a penúria deste nutriente. Ao mesmo tempo, a captação de ferro 

mediada por sideróforos é induzida (SCHRETTL et al., 2010a). Assim, fatores do tipo 

GATA e reguladores bZIP agem de maneira oposta dependendo da disponibilidade de 

ferro no ambiente em que a célula se encontra. 

 

1.6. Metabolismo de ferro em Paracoccidioides spp. 

Assim como em outros organismos, o ferro é essencial para o desenvolvimento 

de Paracoccidioides spp. Sobrenadantes de cultura de Paracoccidioides spp. cultivado 

em meio com baixas concentrações de ferro apresentaram maior capacidade de ligação à 

este metal quando comparados com sobrenadantes de meio de cultura ricos em ferro. A 

adição de quelante ao meio já desprovido de ferro inibe parcialmente o crescimento de 

leveduras nos primeiros dias de incubação. Entretanto, depois de alguns dias, a taxa de 

crescimento é a mesma daquela observada quando o fungo é cultivado na ausência do 

quelante (ARANGO e RESTREPO, 1988). Adicionalmente, o crescimento de 

Paracoccidioides spp. é melhorado através do cultivo em um meio suplementado com 

filtrados de cultura do próprio fungo (CASTANEDA et al., 1988). Estes dados sugerem 

que os fatores presentes no filtrado são moléculas capazes de se ligar ao ferro e que, por 

esta propriedade, potencializam o crescimento do fungo. Tais moléculas são, 

provavelmente, sideróforos. Tal fato sugere que Paracoccidioides spp. possui 

mecanismos de captação de ferro que são relevantes para o crescimento in vitro e 

durante a interação com o hospedeiro. De fato, o requerimento por ferro também já foi 

demonstrado na interação de Paracoccidioides spp. com células hospedeiras. 

A sobrevivência de leveduras no interior de monócitos humanos é suprimida pelo 

tratamento dessas células com deferoxamina, um quelante de ferro. O efeito da 

deferoxamina é revertido pela holotransferrina, mas não pela apotransferrina, 

evidenciando que a sobrevivência do fungo em monócitos é dependente de ferro (DIAS-

MELICIO et al., 2005). Esse micronutriente também é essencial para o dimorfismo em 

Paracoccidioides spp, pois o tratamento de macrófagos com deferoxamina inibe a 

transição conídeo-levedura (CANO et al., 1994). Adicionalmente, camundongos 

tratados com ferro exógeno são mais susceptíveis à infecção por Paracoccidioides sp. 

(PARENTE et al., 2011). 

O estado metabólico de Paracoccidioides sp. é alterado de acordo com a 

disponibilidade de ferro, como revelado por análises proteômicas. A restrição de ferro 
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influencia principalmente os mecanismos relacionados à produção de energia. Em 

condições de baixa disponibilidade deste micronutriente a glicólise é a via metabólica 

mais favorecida em detrimento das vias oxidativas, que são dependentes de enzimas que 

possuem grupos ferro-enxofre. Assim, o fungo prioriza vias independentes de ferro. 

Este rearranjo metabólico é provavelmente um mecanismo de sobrevivência 

indispensável quando Paracoccidioides sp. encontra-se em condições de escassez de 

ferro, como no hospedeiro. De fato, as mudanças vistas em nível proteômico foram 

também observadas em nível transcricional após a análise de alguns genes em leveduras 

de Paracoccidioides sp. recuperadas de baços de camundongos (PARENTE et al., 

2011). 
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2. JUSTIFICATIVA 

A paracoccidioidomicose é uma micose sistêmica com alta incidência no Brasil 

e endêmica entre populações de áreas rurais, nas quais afeta indivíduos do sexo 

masculino, principalmente em sua idade economicamente ativa. Esta doença constitui 

um sério problema de saúde pública, pois é potencialmente incapacitante e causa mortes 

prematuras. A capacidade de Paracoccidioides spp. provocar esta micose com grande 

variedade de manifestações clínicas está relacionada tanto à biologia do próprio fungo 

quanto a de seu hospedeiro humano. Conhecer os mecanismos utilizados pelo agente 

etiológico para causar a doença é o primeiro passo para entender a relação patógeno-

hospedeiro e, consequentemente, para dar subsídios a um tratamento e/ou profilaxia 

eficazes. 

O sucesso da infecção depende, entre outras coisas, da capacidade do patógeno 

em adquirir micronutrientes, os quais se tornam escassos no hospedeiro humano como 

uma forma de defesa contra o micro-organismo invasor. Entre estes micronutrientes está 

o ferro que, por participar de vários processos biológicos essenciais, é vital para 

praticamente todos os organismos vivos. Estudos já evidenciaram a necessidade deste 

micronutriente para o desenvolvimento de Paracoccidioides spp. tanto in vitro quanto 

em condições de infecção. Análises transcricionais do fungo recuperado de 

camundongos e na presença de sangue e plasma humanos demonstraram que genes 

relacionados à captação de ferro são induzidos. Deste modo, o conhecimento das 

estratégias utilizadas pelo fungo para a aquisição deste nutriente é importante para o 

entendimento dos mecanismos de sobrevivência e multiplicação no hospedeiro. 

A produção e captação de sideróforos são mecanismos utilizados por vários 

patógenos para a aquisição de ferro em seus hospedeiros. A produção e utilização destas 

moléculas por Paracoccidioides spp. já foi mencionada, mas nenhum dado sobre a 

natureza das mesmas e sua possível contribuição para a patogênese e virulência do 

fungo foi obtido até o momento. Portanto, o estudo sobre a captação de ferro mediada 

por sideróforos em Paracoccidioides spp. faz-se necessário para esclarecer tais questões 

e, consequentemente, gerar informações importantes que auxiliem na compreensão e no 

tratamento da doença. 
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3. OBJETIVOS 

 

3.1. Objetivo geral 

Analisar a aquisição de ferro mediada pela produção e captação de sideróforos 

em Paracoccidioides spp. e a função destas moléculas na interação com células 

hospedeiras. 

 

3.2 . Objetivos específicos 

 Buscar genes ortólogos relacionados à biossíntese e ao transporte de sideróforos 

no genoma de Paracoccidioides spp; 

 Avaliar a expressão dos genes encontrados em condições de privação de ferro; 

 Verificar a produção de sideróforos em Paracoccidioides spp; 

 Identificar os possíveis sideróforos produzidos por Paracoccidioides spp.; 

 Avaliar o crescimento de Paracoccidioides spp. na presença de sideróforos 

como única fonte de ferro; 

 Avaliar a função de sideróforos em condições de infecção em macrófagos 

murinos; 

 Verificar se os possíveis sideróforos produzidos por Paracoccidioides spp. 

podem ser utilizados como fonte de ferro por outros organismos. 
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proteins (Van Ho et al., 2002). Mammalian hosts and microbes 
have developed sophisticated strategies to acquire these metals, 
even under conditions in which their availability is limited. One 
of the strategies developed by mammalian hosts to prevent micro-
bial infections is to limit the availability of iron (Weinberg, 2009). 
Recently, it has been demonstrated that zinc deprivation is a host 
defense mechanism utilized by macrophages during Histoplasma 
capsulatum infection (Winters et al., 2010). In addition, the bind-
ing of copper to calgranulin C in human neutrophils could be a 
mechanism of antimicrobial action (Moroz et al., 2003). In order to 
counteract these and other host responses, microorganisms employ 
a range of uptake mechanisms for the targeted acquisition of iron, 
copper and zinc.

Ferric iron is generally insoluble at physiological pH in the 
presence of oxygen. Thus, the common mechanisms of iron-
assimilation include the reduction of ferric (Fe3+) to ferrous (Fe2+), 

Introduction
A sufficient supply of iron, copper and zinc is essential for all living 
and proliferating organisms. In infectious diseases, iron, copper and 
zinc metabolism are important for both the host and the patho-
gen, and complex responses in each occur to maintain adequate 
resources of these elements to preserve homeostasis. Iron, in the 
form of heme and iron–sulfur clusters, is essential as a cofactor of 
various enzymes, oxygen carriers, and electron-transfer systems 
involved in vital cellular functions ranging from respiration to DNA 
replication (Schaible and Kaufmann, 2004). Copper is a redox-
active metal ion essential for most aerobic organisms, which also 
serves as a catalytic and structural cofactor for enzymes involved in 
energy generation, iron acquisition, oxygen transport, and cellular 
metabolism, among other processes (Kim et al., 2008). Zinc is also a 
crucial metal, since it is at the catalytic center of numerous enzymes 
and plays important roles in the functionality of a wide variety of 
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Iron, copper, and zinc are essential for all living organisms. Moreover, the homeostasis of these 
metals is vital to microorganisms during pathogenic interactions with a host. Most pathogens 
have developed specific mechanisms for the uptake of micronutrients from their hosts in order 
to counteract the low availability of essential ions in infected tissues. We report here an analysis 
of genes potentially involved in iron, copper, and zinc uptake and homeostasis in the fungal 
pathogens Paracoccidioides brasiliensis, Cryptococcus neoformans var. grubii, and Cryptococcus 
gattii. Although prior studies have identified certain aspects of metal regulation in Cryptococcus 
species, little is known regarding the regulation of these elements in P. brasiliensis. We also 
present amino acid sequences analyses of deduced proteins in order to examine possible 
conserved domains. The genomic data reveals, for the first time, genes associated to iron, 
copper, and zinc assimilation and homeostasis in P. brasiliensis. Furthermore, analyses of the 
three fungal species identified homologs to genes associated with high-affinity uptake systems, 
vacuolar and mitochondrial iron storage, copper uptake and reduction, and zinc assimilation. 
However, homologs to genes involved in siderophore production were only found in P. brasiliensis. 
Interestingly, in silico analysis of the genomes of P. brasiliensis Pb01, Pb03, and Pb18 revealed 
significant differences in the presence and/or number of genes involved in metal homeostasis, 
such as in genes related to iron reduction and oxidation. The broad analyses of the genomes of 
P. brasiliensis, C. neoformans var. grubii, and C. gattii for genes involved in metal homeostasis 
provide important groundwork for numerous interesting future areas of investigation that are 
required in order to validate and explore the function of the identified genes and gene pathways.
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and solubilization of Fe3+ by binding siderophores (Kornitzer, 2009).
The reductive system in fungi is regulated by three different mecha-
nisms. First, a low-affinity iron reductase that functions in iron-rich 
environments generates Fe2+, which is transported into the cell by a 
non-specific low-affinity iron permease. Second, a regulated high-
affinity ferric reductase operates in low iron conditions, such as those 
present in a mammalian host. The produced Fe2+ is further oxidized 
to Fe3+ by a membrane multi-copper-oxidase before being trans-
ported across the cell membrane by a high-affinity iron permease. 
The third mechanism is a non-enzymatic reduction, such as that 
promoted by 3-hydroxyanthranilic acid (3HAA), which is known to 
maintain a reduced environment to facilitate the release and sustain 
the presence of Fe2+ at the fungal membrane until transport occurs 
(Howard, 1999).

Ferric iron uptake mediated by siderophores is considered a 
non-reductive high-affinity mechanism by which microorganisms 
acquire iron. Siderophores are low-molecular weight (M

r
 < 1500), 

ferric iron-specific chelators (Neilands, 1993). Microorganisms 
produce siderophores as scavenging agents in low iron concen-
tration environments in order to supply iron to the cell through 
the solubilization of extracellular ferric iron. Siderophores are also 
produced intracellularly for iron storage in most fungi (Matzanke 
et al., 1987). Siderophores can be classified into three main groups 
depending on the chemical nature of the moieties donating the 
oxygen ligands for Fe3+: catechols, carboxylates and hydroxamates 
(Miethke and Marahiel, 2007). With the exception of the carboxy-
late rhizoferrin produced by zygomycetes, the other known fungal 
siderophores are all hydroxamates (Van der Helm and Winkelmann, 
1994). Fungal hydroxamates are derived from the non-proteinogenic 
amino acid ornithine and can be grouped into four structural fam-
ilies: rhodotorulic acid, ferrichromes, coprogens and fusarinines. 
Siderophores are named based on their iron-charged forms, existing 
in the iron-free form of the ligand called desferri-siderophore. Not 
all fungi produce siderophores. For example, Saccharomyces cerevi-
siae is not a siderophore producer (Neilands et al., 1987). Similarly, 
Cryptococcus species and Candida albicans are also unable to produce 
siderophores. However, these pathogenic fungi can utilize iron bound 
to siderophores secreted by other species (bacteria and fungi), the 
xenosiderophores (Howard, 1999). After siderophores are synthe-
sized, they can be utilized intracellularly or secreted to the extracel-
lular medium to solubilize ferric iron. For secreted siderophores, the 
captured metal of the siderophore–iron complex may be utilized 
either by reductive iron assimilatory systems or by internalization 
of the whole complex by specific transporters. In fungi, the uptake 
of siderophore–iron chelates is accomplished by transporters of the 
siderophore–iron transporter (SIT) subfamily, previously designated 
as family 16 of the major facilitator superfamily (MFS; Pao et al., 
1998). These transporters are integral membrane proteins, with 
12–14 predicted transmembrane domains, that mediate the import 
of siderophores in a highly regulated process (Philpott, 2006).

Several homeostatic mechanisms that ensure the maintenance 
of copper at a sufficient concentration for cell growth have been 
identified. Copper homeostasis in fungi is maintained by the tran-
scriptional regulation of genes involved in copper acquisition, mobi-
lization and sequestration and also at the posttranslational level 
(Gross et al., 2000). In S. cerevisiae copper is reduced from Cu (II) 
to Cu (I) by cell surface metalloreductases (Hassett and Kosman, 

1995; Georgatsou et al., 1997) and uptake is mediated by Ctr1p and 
Ctr3p, two high-affinity transporters. Both ctr1 and ctr3 genes are 
regulated at the transcriptional level in response to copper availabil-
ity, being induced by copper deprivation (Dancis et al., 1994a; Pena 
et al., 2000). The vacuolar copper transporter Ctr2p is also involved 
in the intracellular copper homeostasis, since it provides copper 
via mobilization of intracellular copper stores (Rees et al., 2004).

Zinc homeostasis is maintained by posttranslational and tran-
scriptional homeostatic regulatory mechanisms (Lyons et al., 2000; 
Eide, 2003). Unlike iron and copper, zinc is taken up as divalent 
cation. Once inside the cell, zinc is neither oxidized nor reduced 
(Berg and Shi, 1996). In S. cerevisiae the uptake of zinc is medi-
ated by two separate systems. One system has a high-affinity for 
this metal and is active in zinc-limited conditions (Zhao and Eide, 
1996a). The second system has a lower affinity for zinc and is not 
highly regulated by zinc concentrations (Zhao and Eide, 1996b). 
The expression of the high-affinity zinc transporter Zrt1p and the 
low-affinity zinc transporter Zrt2p is regulated by the transcrip-
tion factor Zap1p, which plays a central role in zinc homeostasis 
(Zhao and Eide, 1997). The zinc transporter activity is also post-
translationally regulated. High levels of extracellular zinc trigger 
the inactivation of Zrt1p through endocytosis of the protein and 
its subsequent degradation in the vacuole (Gitan et al., 1998).

This paper focuses on the metabolism of iron, copper and zinc 
in the fungal pathogens Paracoccidioides brasiliensis, Cryptococcus 
neoformans var. grubii, and Cryptococcus gattii. Low iron condi-
tions have been associated with the susceptibility of P. brasiliensis, 
the etiological agent of paracoccidioidomycosis (PCM), to the 
antimicrobial action of monocytes (Dias-Melicio et  al., 2005). 
Major phenotypic changes in C. neoformans, the etiological agent 
of cryptococcosis, are regulated by iron availability. For example, 
low iron concentrations result in the induction of capsule enlarge-
ment and the repression of laccase (Jung and Kronstad, 2008). 
Although iron regulation is well described in Cryptococcus species 
(Jung et al., 2008), iron associated processes are poorly understood 
in P. brasiliensis. Further, there is limited information on the impact 
of copper and zinc in P. brasiliensis, as well as the impact of zinc in 
Cryptococcus species. In this paper we performed in silico analyses 
of genes related to iron, copper and zinc metabolism in P. brasil-
iensis, C. neoformans var. grubii and C. gattii. We also compared the 
obtained information with data available from S. cerevisiae, which 
represents the most deeply studied model fungus, and other fungi.

Materials and methods
Sequences of genes related to iron, copper and zinc uptake, as well 
as to siderophore biosynthesis and uptake were used in the search 
of orthologs of P. brasiliensis and Cryptococcus species genomes. The 
P. brasiliensis database1 includes the genomes of three isolates (Pb01, 
Pb03, and Pb18) and the cryptococcal database includes genomes 
of C. neoformans var. grubii2 and C. gattii3. The sequences used in 

1http://www.broadinstitute.org/annotation/genome/paracoccidioides_brasiliensis/
MultiHome.html
2http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans/
MultiHome.html
3http://www.broadinstitute.org/annotation/genome/cryptococcus_neoformans_b/
MultiHome.html
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compartment in a copper-free, inactive form. Correspondingly, 
Ftr1p produced by S. cerevisiae ∆fet3 mutant cells fails to reach 
the plasma membrane (Stearman et al., 1996). These observations 
are in agreement with a model in which the two proteins form a 
heterodimer or higher order structure for correct maturation and 
trafficking to the plasma membrane (Kosman, 2003).

The P. brasiliensis genomes analysis revealed the presence of a 
ggt1 homolog. This gene is presumably responsible for the glutath-
ione (GSH)-dependent iron reduction activity previously identified 
in functional studies (Zarnowski and Woods, 2005). The proposed 
mechanism comprises secretion of a glutathione-dependent fer-
ric reductase (GSH–FeR), named Ggt1p, that purportedly utilizes 
siderophores and Fe3+-binding proteins as substrates, enhancing 
the enzymatic activity under iron-limiting conditions, which is 
consistent with the function of a high-affinity uptake system, as 
described in H. capsulatum (Timmerman and Woods, 2001).

Homologs of permease genes involved in low-affinity iron 
reductive systems, such as smf, were not detected in our analysis. 
Hence, the low-affinity permease utilized by P. brasiliensis to acquire 
iron could be one of the zinc permeases, as suggested (Table 1). 
Despite the absence of iron permease fth1 gene homologs, P. bra-
siliensis has one ccc1 gene homolog that could drive iron vacuolar 
transport. P. brasiliensis also has homologs of the mitochondrial 
iron transporters genes mrs3 and mrs4 and the mitochondrial iron 
chaperone Yfh1p, suggesting mitochondrial iron homeostasis in 
this pathogen (Table 1). Since mitochondria are major users of 
iron, it follows that they should contain machinery required for 
its transport. Mrs3p and Mrs4p are homologous and functionally 
redundant proteins found in the inner mitochondrial membrane 
of S. cerevisiae, which are involved in transport under iron-lim-
iting conditions (Foury and Roganti, 2002). Yfh1p, a homolog 
of human frataxin, is also involved in mitochondrial iron home-
ostasis (Babcock et al., 1997). While Mrs3p and Mrs4p mediate 
iron delivery from the outside to the inside of mitochondria, the 
frataxin homolog facilitates the use of iron within this organelle, 
functioning as a mitochondrial matrix iron chaperone (Zhang 
et al., 2006; Froschauer et al., 2009).

Cryptococcal genomic databases analysis revealed both 
S. cerevisiae and C. albicans homologs for proteins related to iron 
metabolism (Table 1). Remarkably, the C. neoformans var. grubii 
database contains four metalloreductase homologs, while the C. 
gattii genome has three similar homologs. The reason for the mul-
tiplicity of metalloreductases isoenzymes is not clear, although it is 
speculated that some sets of genes are expressed under specific con-
ditions for iron acquisition (Kornitzer, 2009). Concerning the fer-
roxidases, C. neoformans var. grubii has three homologs and C. gatti 
contains one. Both genomes possess two iron permeases homologs, 
whose presence is supported by prior functional analyses (Jung et al., 
2008). Two iron permeases, gene orthologs of S. cerevisiae ftr1, have 
been identified in C. neoformans, namely Cft1p and Cft2p (Jung 
et al., 2008). The expression of the cft1 gene is down-regulated at 
high iron concentrations, suggesting that its product functions as a 
high-affinity iron permease. The role of cft2 is still unclear, although 
it supposedly encodes a low-affinity iron permease or a vacuolar per-
mease that could transport stored iron to the cytoplasm, similar to 
what occurs in S. cerevisiae with the iron permease Fth1p. One of the 
iron permeases here identified is probably a Fth1p homolog, which 

the in silico analysis were obtained from the NCBI databank4, and 
they are primarily from S. cerevisiae, but also include genes from 
other fungi, such as Aspergillus fumigatus, Aspergillus nidulans, C. 
albicans and H. capsulatum. The search by orthologs was based on 
sequence similarity by using the BLAST tool. The expectation value 
adopted in the databases search was E-value ≤10−5.

The deduced amino acid sequences of the orthologs found 
in P. brasiliensis isolates and Cryptococcus species were analyzed. 
Searches for conserved domains and signal peptides in the orthologs 
proteins were performed using the Conserved Domain Database 
at NCBI5 and the online software SMART6. Predictions of putative 
transmembrane segments were made using the TopPred7 server and 
SMART software. Amino acid sequences alignment were performed 
using the ClustalX2 (Larkin et al., 2007).

Results and Discussion
Iron
Uptake of iron at the cell surface by the reductive system
To better understand how P. brasiliensis could acquire iron by 
the reductive system, in silico analyses were performed utilizing 
S. cerevisiae8 and C. albicans9 sequences. The data showed that 
Pb01 contains four metalloreductase (Frep) homologs, Pb03 five 
homologs, and Pb18 three homologs (Table 1). The genes encoding 
metalloreductases were fre1, fre3, fre5, fre7 and frp1. Also, Pb01 and 
Pb03 have two homologs each of the ferroxidase Fetp and Pb18 has 
one. The reductive uptake system was first described in S. cerevisiae 
(Lesuisse et al., 1987). The enzymatic reduction step in S. cerevisiae 
is catalyzed by members of the FRE family of metalloreductases. 
The products of the fre genes are not specific for iron reduction, 
since they can also promote copper reduction. S. cerevisiae Fre1p 
and Fre2p are required for growth on media with low concentra-
tions of ferric iron salts. Fre3p and Fre4p catalyze uptake of iron 
from siderophores and Fre7p is under the control of the copper-
dependent transcription factor Mac1p (Philpott and Protchenko, 
2008). The expression of C. albicans ferric reductase Frp1p is 
upregulated by alkaline pH and iron-limited conditions (Liang 
et al., 2009). Future studies are required to dissect the roles of the 
different P. brasiliensis reductases, especially in in vivo conditions.

Homologs for iron permeases (Ftrp and Fthp) were not found 
in P. brasiliensis genomes, corroborating the hypothesis that iron 
is transported by the zinc permeases, as previously suggested by 
transcriptional analyses (Bailão et al., 2006, 2007; Costa et al., 2007). 
However, in the present in silico analysis, we identified five zinc 
transporters (Table 1). These permeases could be coupled with one 
or more of the ferroxidases homologs (Fet5p, Fet31p and Fet33p) 
identified in the P. brasiliensis genome database. In S. cerevisiae, 
reduced iron is taken up through a high-affinity transport complex 
that consists of Fet3p, a multi-copper ferroxidase, and Ftr1p, a 
permease. Independent studies have demonstrated that Fet3p pro-
duced by S. cerevisiae ∆ftr1 mutant cells is retained in a cytoplasmic 

4http://www.ncbi.nlm.nih.gov/guide/
5http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi
6http://smart.embl-heidelberg.de/
7http://mobyle.pasteur.fr/cgi-bin/portal.py?form=toppred
8http://www.yeastgenome.org/
9http://www.candidagenome.org/
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Table 1 | Orthologs to genes related to iron, copper and zinc uptake by reductive systems in P. brasiliensis and Cryptococcus species.

Gene Organism/accession 

number

Predicted function Orthologs in Pb 01, 03 and 

18 (accession numbers)†

E-value* Orthologs in Cryptococcus 

species (accession numbers)†

E-value*

fre1 S. cerevisiae 

NP_013315

Metalloreductase PAAG_05370.1

PABG_06003.1

e-22

e-19

Not identified –

fre3 S. cerevisiae 

NP_015026

Metalloreductase PAAG_02079.1

PABG_02329.1

PADG_00813.1

e-35

e-35

e-35

Not identified –

fre5 S. cerevisiae 

NP_015029

Metalloreductase PABG_07812.1 e-26 Not identified –

fre7 S. cerevisiae 

NP_014489

Metalloreductase PAAG_06164.1

PABG_06497.1

PADG_07957.1

0.0

0.0

0.0

CNAG_00876.2

CNBG_6082.2

e-37

e-37

fre8 S. cerevisiae 

NP_013148

Metalloreductase Not identified – CNAG_07334.2

CNBG_2116.2

e-10

e-07

fre10 C. albicans 

 XP_711543

Metalloreductase Not identified – CNAG_06821.2

CNBG_5888.2

e-34

e-27

cfl4 C. albicans  

XP_715639

Metalloreductase Not identified – CNAG_06524.2 e-32

frp1 C. albicans Metalloreductase PAAG_04493.1 e-26 Not identified –

XP_713315 PABG_04278.1 e-26

PADG_04652.1 e-26

fet3 S. cerevisiae 

NP_013774

Ferroxidase Not identified – CNAG_06241.2 0.0

fet5 S. cerevisiae 

NP_116612

Ferroxidase PABG_05667.1

PADG_05994.1

e-40

e-37

CNAG_07865.2

CNBG_4942.2

0.0

0.0

fet31 C. albicans   

XP_711263

Ferroxidase PAAG_06004.1 e-39 CNAG_02958.2 0.0

fet33 C. albicans Ferroxidase PAAG_00163.1 e-33 Not identified –

XP_711265 PABG_05183.1 e-33

ftr1/ftr2 C. albicans  

XP_715020/

XP_715031

Iron permease Not identified – CNAG_06242.2 

CNBG_3602.2

0.0 

0.0

smf1 S. cerevisiae Low-affinity Not identified – CNAG_05640.2 0.0

NP_014519 permease CNBG_6162.2 0.0

fth1 C. albicans Vacuolar Not identified – CNAG_02959.2 0.0

XP_723298 transporter CNBG_4943.2 0.0

ccc1 S. cerevisiae Vacuolar PAAG_07762.1 e-31 CNAG_05154.2 e-23

NP_013321 transporter PABG_00362.1 e-31 CNBG_4540.2 e-18

PADG_02775.1 e-31

mrs3/

mrs4

S. cerevisiae 

NP_012402/

NP_012978

Mitochondrial 

iron transporter

PAAG_05053.1

PABG_04509.1

PADG_04903.1

0.0

0.0

0.0

CNAG_02522.2

CNBG_4218.2

0.0

0.0

yfh1 S. cerevisiae 

NP_010163

Mitochondrial 

matrix iron 

chaperone

PAAG_02608.1

PABG_03095.1

PADG_01626.1

e-15

e-09

e-16

CNAG_05011.2

CNBG_4670.2

e-18

e-18

(Continued)
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ggt1 H. capsulatum 

EGC49121

Secreted 

glutathione-

dependent ferric 

reductase

PAAG_06130.1

PABG_06527.1

PADG_07986.1

0.0

0.0

0.0

CNAG_02888.2

CNBG_3537.2

0.0

0.0

mac1 S. cerevisiae 

NP_013734

Copper 

metalloregulatory 

transcription 

factor

PAAG_08210.1

PABG_07429.1

e-5

e-5

CNAG_07724.2

CNBG_2252.2

e-7

e-7

ctr3 S. cerevisiae 

NP_013515

High-affinity 

copper 

transporter of 

the plasma 

membrane

PAAG_05251.1

PABG_07607.1

PADG_05084.1

e-22

e-21

e-21

CNAG_00979.2

CNBG_0560.2

e-14

e-14

ctr1 S. cerevisiae 

NP_015449

High-affinity 

copper 

transporter of 

the plasma 

membrane

Not identified – Not identified –

ctr2 S. cerevisiae 

NP_012045

Putative 

low-affinity 

copper 

transporter of 

the vacuolar 

membrane

PABG_01536.1

PADG_04146.1

e-14

e-14

CNAG_01872.2 e-13

atx1 S. cerevisiae  

NP_14140

Cytosolic copper 

metallochaperone

PAAG_00326.1

PABG_06615.1

PADG_02352.1

e-12

e-12

e-12

CNAG_02434.2

CNBG_4136.2

e-10

e-11

ccc2 S. cerevisiae 

NP_010556

Cu2+ transporting 

P-type ATPase

PAAG_07053.1

PABG_03057.1

PADG_01582.1

0.0

0.0

0.0

CNAG_06415.2

CNBG_5045.2

0.0

0.0

cup1 S. cerevisiae 

NP_011920

Metallothionein Not identified – Not identified –

cup2 S. cerevisiae 

NP_011922

Metallothionein Not identified – Not identified –

sod1 S. cerevisiae 

NP_012638

Cytosolic 

superoxide 

dismutase

PAAG_04164.1

PABG_03954.1

PADG_07418.1

0.0

0.0

0.0

CNAG_01019.2

CNBG_0599.2

0.0

0.0

sod2 S. cerevisiae 

NP_011872

Mitochondrial 

superoxide 

dismutase

PAAG_02725.1

PABG_03204.1

PADG_01755.1

0.0

0.0

0.0

CNAG_04388.2

CNBG_2661.2

0.0

0.0

zrt1 S. cerevisiae 

NP_011259

High-affinity zinc 

transporter of 

the plasma 

membrane

PAAG_08727.1

PABG_07725.1

PADG_08567.1

0.0

0.0

CNAG_03398.2

CNBG_2209.2

e-40

e-41

zrt2 S. cerevisiae 

NP_013231

Low-affinity zinc 

transporter of 

the plasma 

membrane

PAAG_03419.1

PABG_05498.1

PADG_06417.1

e-27

e-26

e-28

CNAG_00895.2 0.0

Table 1 | Continued

Gene Organism/accession 

number

Predicted 

function

Orthologs in Pb 01, 03 and 

18 (accession numbers)†

E-value* Orthologs in Cryptococcus 

species (accession numbers)†

E-value*
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matic diagram presenting the cited motifs in a metalloreductase Frep 
is shown in Figure 2. An HPFTXXS motif is believed to be a site for 
FAD-binding and a glycine-rich motif and a cysteine–glycine cou-
ple are thought to be involved in NADPH binding (Shatwell et al., 
1996). As well, copper-oxidase domains are required for ferroxidase 
activity. S. cerevisiae Fet3p is a multi-copper-oxidase and, like other 
copper proteins, possesses three distinct types of Cu2+-binding sites. 
Oxidation of Fe2+ occurs at the type 1 copper site followed by the 
reduction of molecular oxygen to 2H

2
O at the other two copper 

sites (Hassett et al., 1998; Kosman, 2003). The ferroxidases in the P. 
brasiliensis isolates and Cryptococcus species present such domain, 
suggesting they are functional proteins.

Siderophore production
Culture supernatants of P. brasiliensis grown in media with low iron 
concentrations display higher iron binding capacity when com-
pared with culture supernatants from iron-rich media (Arango 
and Restrepo, 1988), which has suggested that siderophores are 
involved in iron acquisition in this fungus. Furthermore, in silico 
analysis of P. brasiliensis structural genomes indicates that this fun-
gus can potentially produce siderophores. The three sequenced 
P. brasiliensis genomes show sequences that potentially encode 
all the necessary enzymes for siderophore synthesis: sidA, sidF, 
sidC and sidD (A. fumigatus orthologs), as shown in Table 2 and 
Figure 1. This biosynthetic pathway may lead to the production 
of hydroxamate-type siderophores. The first committed step in 
siderophore biosynthesis is the N5-hydroxylation of ornithine cata-
lyzed by ornithine-N5-oxygenase. The sid1 gene of Ustilago may-
dis, the etiologic agent of corn smut, was the first characterized 
fungal ornithine-N5-oxygenase-encoding gene (Mei et al., 1993). 

is likely involved in vacuolar iron uptake. Moreover, we could iden-
tify iron transporter ccc1 gene homologs in the genome, suggesting 
that a vacuolar iron homeostasis system exists in Cryptococcus. Data 
mining revealed one homolog of the low-affinity gene smf family, 
confirming the presence of both high and low-affinity iron reduct-
ase systems, as described (Jacobson et al., 1998). The presence of 
mitochondrial mrs3, mrs4 and yfh1 gene homologs in C. neoformans 
var. grubii supports a mechanism for iron homeostasis (Nyhus and 
Jacobson, 1999; Jacobson et al., 2005). Additionally, our in silico anal-
yses demonstrated that cryptococcal reductive systems are closely 
related to that of S. cerevisiae (Table 1). Although no activity for the 
enzyme glutathione-dependent ferric reductase had been reported 
in Cryptococcus, both genomes contain ggt1 homologs suggesting 
the presence of a GSH–FeR system. A comparative analysis of iron 
uptake by reductive systems in P. brasiliensis, C. neoformans var. 
grubii and C. gattii is depicted in Figure 1.

Conserved domains in proteins related to the reductive iron 
metabolism
Amino acid sequence analyses of orthologs proteins found in 
the P. brasiliensis isolates and Cryptococcus species may support 
the assumption of conserved functions. Searching for conserved 
domains in all the analyzed sequences (Table A1 in Appendix) 
revealed that most of the P. brasiliensis and Cryptococcus deduced 
proteins codified by the genes related to reductive iron metabolism 
contain conserved domains related to specific functions. Regarding 
to metalloreductases, the presence of a ferric reductase domain and a 
FAD- and/or a NAD-binding domain can be essential for functional 
enzymatic activity, since they are responsible for electron donation, 
as described in other organisms (De Luca and Wood, 2000). A sche-

zrc1 S. cerevisiae 

NP_013970

Vacuolar 

membrane zinc 

transporter

PAAG_00702.1 e-41 Not identified –

cot1 S. cerevisiae 

NP_014961

Vacuolar 

membrane zinc 

transporter

PAAG_07885.1

PABG_07467.1

PADG_08196.1

e-44

0.0

0.0

CNAG_02806.2

CNBG_3460.2

e-40

e-37

zrt3 S. cerevisiae 

NP_012746

Vacuolar 

membrane zinc 

transporter

PAAG_09074.1

PABG_04697.1

PADG_05322.1

e-23

e-22

e-23

Not identified –

msc2 S. cerevisiae 

NP_010491

Cation diffusion 

facilitator protein 

of the 

endoplasmic 

reticulum and 

nucleus

PABG_07115.1

PADG_06381.1

e-40

e-40

CNAG_05394.2

CNBG_4458.2

e-23

e-24

zap1 S. cerevisiae 

NP_012479

Zinc-regulated 

transcription 

factor

PAAG_03645.1

PABG_03305.1

PADG_01870.1

e-20

e-18

e-24

CNAG_05392.2

CNBG_4460.2

e-40

e-28

*Similarities with E-values <10−5 were considered significant.
†Accession numbers: PAAG refers to Pb01; PABG refers to Pb03; PADG refers to Pb18; CNAG refers to C. neoformans var. grubii and CNBG refers to C. gattii.

Table 1 | Continued

Gene Organism/accession 

number

Predicted 

function

Orthologs in Pb 01, 03 and 

18 (accession numbers)†

E-value* Orthologs in Cryptococcus 

species (accession numbers)†

E-value*
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iron-limiting conditions (Schrettl et al., 2004; Hwang et al., 2008). 
The formation of the hydroxamate group consists of the transfer 
of an acyl group from acyl-coenzyme A to N5-hydroxyornithine. 
Different acyl group usage results in the production of distinct 

Orthologs of sid1 have been identified in A. fumigatus (sidA) and 
H. capsulatum (sid1). In the latter, disruption of sid1 causes poor 
growth under low iron conditions and loss of siderophore produc-
tion, suggesting an important role of siderophore production in 

Figure 1 | Schematic comparison of iron metabolism in P. brasiliensis 
isolates and Cryptococcus species. Sit1p, MirAp, MirBp and MirCp are 
membrane transporters that traffic siderophores bound to ferric iron into the 
intracellular environment. SidAp, SidFp, SidCp and SidDp are enzymes from 

the biosynthetic pathway of hydroxamate-type siderophores. Ccc1p is a 
vacuolar membrane iron transporter. Mrs3/4p are iron transporters found in 
the inner mitochondrial membrane and Yfh1p is a mitochondrial matrix iron 
chaperone.
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of the activated substrate, and a condensation (C) domain for bond 
formation (Finking and Marahiel, 2004). As Cryptococcus species are 
not siderophore producers, NRPSs domains analysis was performed 
only with SidCp ortholog found in P. brasiliensis genomes. These 
analyses revealed that, as in A. fumigatus, the three domains essential 
for NRPS function are present in SidCp from the three P. brasiliensis 
isolates examined (Figure 3A). Domains found in other siderophore 
biosynthesis related proteins are shown in Table A2 in Appendix.

Siderophore uptake
The presence of orthologs for appropriate siderophore genes and 
the fact that the iron binding capacity of medium from low iron 
cultures of P. brasiliensis is greater than that of iron-replete medium 
(Arango and Restrepo, 1988) supports our hypothesis that P. bra-
siliensis produces and captures siderophores from the extracellular 
environment. Therefore, we have categorized putative P. brasiliensis 
siderophore transporters by sequence homology analysis (Table 2; 
Figure 1). Searches of the P. brasiliensis genomes revealed that all 
three isolates contain the S. cerevisiae gene homolog SIT sit1. S. 
cerevisiae can utilize siderophore-bound iron either by the reductive 
iron-assimilation system or by membrane transporters. In the latter 
case, the uptake is mediated by four transporters that differ in sub-
strate specificity: Sit1p/Arn3p, Arn1p, Taf1p/Arn2p, Enb1p/Arn4p 
(Lesuisse et al., 1998; Heymann et al., 1999, 2000; Yun et al., 2000a,b). 
Sit1p/Arn3p recognizes ferrioxamines, coprogen, and ferrichromes 
lacking anhydromevalonic acid. Additionally, P. brasiliensis isolates 
possess the A. nidulans SIT gene homologs, mirB, and mirC (Table 2; 
Figure 1). Heterologs expression assays of A. nidulans mir genes in 
a S. cerevisiae mutant strain unable to uptake siderophores have 
demonstrated that MirBp transports native TAFC, a hydroxamate 
siderophore. The growth of P. brasiliensis is stimulated by copro-
gen B and dimerum acid (DA), a derivative of rhodotorulic acid 
from Blastomyces dermatitidis, suggesting that P. brasiliensis can use 
hydroxamate compounds as iron sources (Castaneda et al., 1988).

The siderophore transporter Sit1p/Arn3p and the transporters 
of the SIT-family (mirA, mirB and mirC) were found in C. neofor-
mans var. grubii and C. gattii (Table 2; Figure 1). The homolog gene 
sit1/arn3 was previously identified in C. neoformans var. neoformans 
using SAGE employed to examine the transcriptome under iron-
limiting and iron-replete conditions (Lian et al., 2005). Mutants 
defective in sit1 had increased melanin production and elevated 
transcript levels for the laccase gene, lac1. The melanin phenotype 
may be caused by changes in iron homeostasis or membrane traf-
ficking, perhaps leading to altered copper loading of laccase in the 
cell wall. Studies with mutants lacking sit1/arn3 in C. neoformans 
var. grubii and C. neoformans var. neoformans have demonstrated 
that the gene sit1 is required for siderophore utilization (ferriox-
amine B) and growth in low iron-environments (Tangen et  al., 
2007). An overview of the siderophore biosynthesis and uptake in 
P. brasiliensis and Cryptococcus species is shown in Figure 1.

Analysis of transmembrane domains in siderophore–iron transporters
Amino acid sequences of siderophore transporter orthologs found in 
P. brasiliensis isolates and Cryptococcus species were analyzed in the 
TopPred server to predict their transmembrane domain topologies. 
Figure 3B presents the transmembrane segments of Sit1p in S. cer-
evisiae, P. brasiliensis isolates, C. neoformans var. grubii and C. gattii. 

siderophores. Acetyl is used for rhodotorulic acid and ferrichrome 
synthesis, while anhydromevalonyl is utilized in the fusarinines 
and coprogens pathway (Haas et  al., 2008). A. fumigatus sidF 
encodes an N5-hydroxyornithine:cis anhydromevalonyl coen-
zyme A-N5-transacylase involved in the synthesis of fusarinine 
and triacetylfusarinine (Schrettl et al., 2007). The sidF ortholog 
of H. capsulatum, sid3 gene, is transcriptionally induced under 
iron restricted conditions (Hwang et al., 2008). Hydroxamates are 
covalently linked via peptide (rhodotorulic acid, ferrichromes, 
coprogens) or ester bonds (fusarinines, coprogens) carried out by 
non-ribosomal peptide synthetases (NRPSs; Finking and Marahiel, 
2004). In A. fumigatus, sidC and sidD encode two NRPSs involved 
in ferricrocin (intracellular siderophore) and triacetylfusarinine C 
(TAFC) biosynthesis, respectively. Some siderophores additionally 
require acetylation at the N2-amino group, such as coprogen and 
TAFC. For example, sidG deletion in A. fumigatus results in the 
abrogation of the TAFC siderophore production (Schrettl et al., 
2007). Given that our in silico analysis of P. brasiliensis identified 
sequences capable of coding for SidAp, SidFp, SidCp and SidDp, 
it is reasonable to hypothesize that P. brasiliensis may be able to 
synthesize both extracellular and intracellular siderophores.

Although Cryptococcus species have been described as unable to 
produce siderophores (Jacobson and Petro, 1987), in silico analysis 
of C. neoformans var. grubii and C. gattii structural genomes indi-
cates the presence of sidD and sidG genes, which are also involved 
in other metabolic pathways in fungi. However, sidA and sidF genes 
were not found, and these genes are essential, especially since they 
act early in the pathway for siderophores production (Table 2; 
Figure 1). It will be interesting to examine if sidA and sidF have 
other functions and how siderophore-associated iron uptake was 
replaced to account for this loss.

Conserved domains in proteins related to siderophore biosynthesis
As described above, the third siderophore biosynthetic step is per-
formed by NRPSs. These enzymes have a modular structure where 
one module, the catalytic unit, is composed of an adenylation domain 
(A) for substrate specificity and activation, a peptidyl carrier (PCP) 
domain that binds a 4′phosphopantetheine cofactor for attachment 

Figure 2 | Domains found in a Frep related to iron reductive uptake in P. 
brasiliensis isolates and Cryptococcus species. The found domains are: 
ferric reductase domain (black boxes), FAD-binding domain (dark gray boxes) 
and NAD-binding domain (light gray boxes). The length of each protein, in 
amino acids, is shown on the right. Accession numbers: Sc (NP_014489), 
Pb01 (PAAG_06164.1), Pb03 (PABG_06497.1), Pb18 (PADG_07957.1), Cn 
(CNAG_00876.2) and Cg (CNBG_6082.2).
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hemoglobin-binding protein (Weissman et  al., 2008). Although 
there is no experimental evidence regarding the utilization of iron 
from the heme group by P. brasiliensis, there are genes that show 
similarity with Hmx-1p (Pendrak et al., 2004), and exhibit a heme 
oxygenase domain (PAAG_06626.1 in Pb01; PABG_02644.1 in 
Pb03; PADG_01082.1 in Pb18) in each of the P. brasiliensis isolates. 
These genes are annotated as conserved hypothetical or as predicted 
proteins. C. neoformans var. grubii is also able to utilize heme and 
hemoglobin as iron sources, but the mechanism(s) of heme utiliza-
tion by this fungus are still unclear (Jung et al., 2008).

Transferrin has also been shown to be an iron source for both 
C. albicans and C. neoformans var. grubii. These fungi employ high-
affinity permeases to acquire iron from transferrin in mammalian 

The number of segments varies between 12 and 15. Identical topol-
ogy was found in Sit1p from P. brasiliensis isolates Pb03 and Pb18, 
whereas Pb01 has a different topology. Transmembrane domains were 
also identified in all the other siderophore transporters, as shown 
in Table A2 in Appendix. These transporters also contain a MFS1 
domain, which indicates that they belong to the MFS of transporters.

Iron source preferences
Several fungal pathogens utilize heme or hemoglobin as sources of 
iron (Foster, 2002; Jung et al., 2008). C. albicans expresses surface 
receptors for hemoglobin and hemolytic factors (Manns et al., 1994). 
Interestingly, heme–iron utilization in C. albicans is facilitated by 
Rbt5p, an extracellular glycosylphophatidylinositol (GPI)-anchored 

Table 2 | Orthologs to genes related to siderophore biosynthesis and to iron uptake by the non-reductive siderophore transport system in 

P. brasiliensis and Cryptococcus species.

Gene Organism/

accession number

Predicted function Orthologs in Pb 01, 03 

and 18 (accession 

numbers)†

E-value* Orthologs in 

Cryptococcus species 

(accession numbers)†

E-value*

sidA A. fumigatus Ornithine-N5- PAAG_01682.1 0.0 Not identified –

XP_755103 monooxygenase PABG_03730.1 0.0

PADG_00097.1 0.0

sidF A. fumigatus N5-transacylases PAAG_01680.1 0.0 Not identified –

XM_743567 PABG_03728.1 0.0

PADG_00100.1 0.0

sidC A. fumigatus Non-ribosomal PAAG_08527.1 0.0 Not identified –

XP_753088 peptide synthetase PABG_04670.1 0.0

PADG_05295.1 0.0

sidD A. fumigatus Non-ribosomal PAAG_01679.1 0.0 CNAG_03588.2 e-40

XP_748662 peptide synthetase PABG_03726.1 0.0 CNBG_2041.2 e-41

PADG_00102.1 0.0

sidG A. fumigatus N2-transacetylase Not identified – CNAG_04355.2 2e-5

XP_748685 CNBG_2703.2 e-6

sit1/arn3 S. cerevisiae Siderophore PAAG_06516.1 0.0 CNAG_00815.2 0.0

NP_010849 transporter PABG_02063.1 0.0 CNBG_1123.2 0.0

PADG_00462.1 0.0

mirA A. nidulans Siderophore Not identified – CNAG_02083.2 0.0

AY027565 transporter CNBG_5232.2 0.0

mirB A. nidulans Siderophore PAAG_01685.1 0.0 CNAG_07751.2 0.0

XP_681809 transporter PABG_03732.1 0.0 CNBG_2036.2 0.0

PADG_00095.1 0.0

mirC A. nidulans Siderophore PAAG_02233.1 0.0 CNAG_07519.2 0.0

AY135152 transporter PABG_04747.1 0.0 CNBG_1087.2 e-44

PADG_05373.1 0.0

*Similarities with E-values <10−5 were considered significant.
†Accession numbers: PAAG refers to Pb01; PABG refers to Pb03; PADG refers to Pb18; CNAG refers to C. neoformans var. grubii and CNBG refers to C. gattii.
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Genes related to metallochaperone (atx1), Cu2+ transporting 
P-type ATPase (ccc2) and superoxide dismutases (sod1 and sod2; 
Table 1) were also found in P. brasiliensis genomes. In the cell, cop-
per is transported by Atx1p, a cytosolic copper metallochaperone 
protein, that transports Cu (I) to Ccc2p, a transporting P-type 
ATPase containing a cytoplasmic region containing two distinct 
soluble metal-binding domains that interact with Atx1p (Banci et al., 
2007). Ccc2p mediates the export of copper from the cytosol and 
distributes it to cupric proteins (Yuan et al., 1997). S. cerevisiae also 
has a detoxification pathway formed by Cup1p and Cup2p, metal-
lothioneins (Table 1), that protect against copper poisoning (Hamer 
et al., 1985). An alternative copper transport system is mediated by 
Ctr2p, a vacuolar membrane protein of S. cerevisiae, that mobi-
lizes vacuolar copper stores to cytosolic copper chaperones (Rees 
et al., 2004). Homologs of the low-affinity copper transporter of the 
vacuolar membrane (Ctr2p) are in Pb03 and Pb18, but not in Pb01. 
Additionally, the metallothioneins (encoded by cup1 and cup2 genes) 
were not identified in P. brasiliensis isolates Pb01, Pb03 and Pb18.

In silico analysis (Table 1) revealed that Cryptococcus species 
have orthologs encoding ferric/cupric reductases, suggesting that 
the copper reduction process is similar to that described for S. cer-
evisiae. Homologs of the high-affinity copper transporter ctr3 gene 
and copper metalloregulatory transcription factor gene (mac1) have 
previously been identified (Waterman et al., 2007). Also, proteins 
with similarity to the cytosolic copper metallochaperone (atx1 
gene), the Cu2+ transporting P-type ATPase (ccc2 gene) and the 
cytosolic and mitochondrial superoxide dismutases (sod1 and sod2 
genes) have also identified, suggesting that copper distribution in 
Cryptococcus species occurs as described in S. cerevisiae. A homolog 
of the ctr2 gene was identified only in C. neoformans var. grubii. 
Recently it was demonstrated that Ctr2p links copper homeostasis 
to polysaccharide capsule production in C. neoformans. The lack of 
this protein resulted in increased phagocytosis by murine macro-

hosts through the reductive system (Knight et al., 2005; Jung et al., 
2008). In the P. brasiliensis genome databases, genes were found 
(PAAG_04670.1; PABG_00038.1; PADG02428.1, respectively for 
isolates Pb01, Pb03 and Pb18) with high similarity to Cft1p, a per-
mease from C. neoformans var. grubii required for iron utilization 
from transferrin (Jung et al., 2008).

Copper
Copper uptake by the reductive system
Little is known about copper metabolism in P. brasiliensis. However, 
our in silico analyses of the S. cerevisiae copper metabolism-related 
genes in comparison to P. brasiliensis genomic databases revealed 
genes related to the copper reduction metalloreductase, fre. Copper 
transport is well described in S. cerevisiae where it is reduced from 
Cu (II) to Cu (I) by several cell surface metalloreductases encoded by 
several fre genes. These metalloreductases are regulated by iron and 
copper availability, mediated by the transcriptional factor Mac1p 
(Jungmann et al., 1993). Homologs of the copper metalloregula-
tory transcription factor gene (mac1) are present in both Pb01 
and Pb03 genomes, but not in Pb18. Additionally, the high-affinity 
copper transport (Ctr3p) was found in all three isolate genomes. 
In S. cerevisiae, after reduction, copper is transported by the high-
affinity copper transporter comprised by Ctr3p and Ctr1p, which 
are functionally redundant, although they have distinct amino acid 
sequences. Ctr3p is an integral membrane protein that assembles as 
a trimer to form a competent copper uptake permease at the plasma 
membrane. S. cerevisiae Ctr1p is localized at the plasma membrane 
and exists as an oligomer in vivo. These two high-affinity copper 
transport proteins are induced by copper deprivation and repressed 
by copper excess (Dancis et al., 1994a; Pena et al., 2000). In our 
in silico analyses, genes for the high-affinity copper transporter of 
the plasma membrane (ctr1) were not found, suggesting that high-
affinity copper transport is performed only by the Ctr3p protein.

Figure 3 | Conserved features in proteins involved in biosynthesis and 
uptake of siderophores. (A) Modular organization of SidCp in P. brasiliensis 
isolates. Black boxes represent adenylation (A) domain, dark gray boxes illustrate 
the condensation (C) domain and light gray boxes represent the peptidyl carrier 
(PCP) domain. The length of each protein, in amino acids, is shown on the right. 
(B) Topology of transmembrane domains of Sit1p from S. cerevisiae, 
P. brasiliensis isolates and Cryptococcus species. White boxes represent 

putative segments, according to cutoff parameters (cutoff for certain 
transmembrane segments 1.00; cutoff for putative transmembrane segments 
0.60). E: extracellular environment; C: cytosol. The topology prediction was 
performed using the TopPred server. Accession numbers in A: Af (XP_753088), 
Pb01 (PAAG_08527.1), Pb03 (PABG_04670.1), Pb18 (PADG_05295.1). Accession 
numbers in B: Sc (NP_010849), Pb01 (PAAG_06516.1), Pb03 (PABG_02063.1), 
Pb18 (PADG_00462.1), Cn (CNAG_00815.2), and Cg (CNBG_1123.2).
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porters described in S. cerevisiae that are localized in the plasmatic, 
vacuolar and endoplasmic reticulum membranes. Importantly, five 
genes encoding to transporters of the ZIP family, with homology 
to S. cerevisiae Zrt1p or Zrt2p, are in the P. brasiliensis genomic 
database. In S. cerevisiae, zinc is transported by proteins belong-
ing to the ZIP family, which is composed by a zinc high-affinity 
transporter protein encoded by the zrt1 gene and a low-affinity 
transporter encoded by the zrt2 gene (Gaither and Eide, 2001). We 
have previously identified homologs of zinc transporters by tran-
scriptional analysis of P. brasiliensis yeast cells after incubation in 
human blood and plasma (Bailão et al., 2006, 2007). Interestingly, 
P. brasiliensis isolate Pb01 has two vacuolar membrane zinc trans-
porters, encoded by the zrc1 and cot1 genes, whereas isolates Pb03 
and Pb18 contain only the cot1 homolog. Intracellularly, zinc is in 
vacuoles in association with the vacuolar membrane proteins Zrc1p 
and Cot1p, members of the cation diffusion facilitator (CDF) family 
(MacDiarmid et al., 2002). A homolog of the transcription factor 
Zap1p is also present in the three P. brasiliensis isolates. The expres-
sion of the genes associated with zinc homeostasis is positively 
regulated in S. cerevisiae by the transcription factor Zap1p, which 
regulates the expression of zrt1, zrt2, zrt3, fet4, and zcr1 under zinc 
limiting conditions (Wu et al., 2008). Therefore, zinc assimilation 
in P. brasiliensis may be similar to that of S. cerevisiae.

Similarly, zinc homeostasis in Cryptococcus species is poorly 
studied. In silico analysis was performed by comparing S. cerevisiae 
genes related to zinc metabolism in genomic cryptococcal databases 
(Table 1). The results show that C. neoformans var. grubii and C. gat-
tii have Zrt1p and Zrt2p zinc transporters homologs. These proteins 
putatively internalize zinc into the cell. Further, homologs of the 
vacuolar transporter Cot1p and the CDF Msc2p are present. Cot1p 
is presumably in the vacuolar membrane and should be related to 
zinc storage in this compartment. Msc2p, an endoplasmic reticu-
lum membrane zinc transporter, could be related to zinc transport 
to this organelle. The protein encoded by msc2 (CDF) is responsible 
for zinc homeostasis in the endoplasmic reticulum in S. cerevisiae 
(Ellis et al., 2004). A homolog of the transcription factor Zap1p 
is also present in Cryptococcus. Since homologs to the vacuolar 
membrane zinc transporter gene zrt3 were not identified, the zrc1 
and cot1 genes, encoding vacuolar membrane zinc transporters 

phage, sensitivity to copper starvation and defects in polysaccharide 
capsule formation and melanization (Chun and Madhani, 2010). 
The gene ctr1 for the high-affinity copper transporter of the plasma 
membrane and the genes cup1 and cup2 for metallothioneins were 
not found in Cryptococcus species. These analyses suggest that the 
high-affinity copper transport in cryptococcal cells is primarily 
performed by the protein encoded by ctr3.

Analysis of conserved motifs present in copper transporters
Searches for conserved domains revealed the presence of Mets and 
MXXXM motifs in the Ctr3p of the P. brasiliensis isolates and the 
Cryptococcus species (Figure 4). Studies in yeast and mammalian cells 
have revealed that proteins of the CTR family are integral membrane 
proteins containing three membrane-spanning domains, with high 
protein sequence homology (Dancis et al., 1994a; Lee et al., 2002). 
With the exception of S. cerevisiae Ctr3p, all CTR family members 
are rich in methionine residues within the amino-terminal portion 
(Labbe et al., 1999). These residues are arranged as MXXM and/or 
MXM, called Mets motifs, and it has been suggested that they could 
be involved in extracellular copper binding (Dancis et al., 1994b). 
It has been demonstrated that these clustered methionine residues 
together with an MXXXM motif in the transmembrane domain 
of CTR family members are important for copper uptake (Puig 
et al., 2002). In P. brasiliensis the MXXXM motif is found within the 
third transmembrane segment. The Ctr3p of Cryptococcus species 
contains only two predicted transmembrane domains instead of 
the three transmembrane segments described for other fungi. In 
C. neoformans var. grubii and C. gattii, the MXXXM motif is within 
the second transmembrane domain. Conserved domains were also 
found in amino acid sequences of other proteins involved in copper 
metabolism (Table A1 in Appendix), suggesting that the orthologs 
found in P. brasiliensis and Cryptococcus may have activities that are 
similar to genes with established functions in other fungi.

Zinc
Zinc uptake
Comparisons to the S. cerevisiae genes related to zinc metabolism 
performed in P. brasiliensis genomes are presented in Table 1. 
Analyses demonstrate that P. brasiliensis has homologs to zinc trans-

Figure 4 | Conserved features found in the primary structure of Ctr3p of 
P. brasiliensis isolates and Cryptococcus species. Ctr3p from P. brasiliensis 
isolates contains three putative transmembrane domains (TMD1-3, shown in 
black) while Ctr3p from Cryptococcus species presents only two TMDs. All 
species contain putative copper binding motifs (Mets motifs) arranged as 

MXXM and/or MXM. MXXXM motif in TMD3 in P. brasiliensis isolates and TMD2 
in Cryptococcus species are represented in white characters. The length of each 
protein, in amino acids, is shown on the right. Accession numbers: Pb01 
(PAAG_05251.1), Pb03 (PABG_07607.1), Pb18 (PADG_05084.1), Cn 
(CNAG_00979.2) and Cg (CNBG_0560.2).
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Figure 5 | Alignment of amino acid sequences of Zrt1p from S. cerevisiae, 
P. brasiliensis isolates and Cryptococcus species. The predicted 
transmembrane domains are shown in gray boxes. The black boxes inside the 
transmembrane segment contain conserved histidine-serine and glycine 
residues. The histidines found in the amino-terminal region of Zrt1p from 

Cryptococcus species and in the loop between transmembrane domains III and 
IV in P. brasiliensis and S. cerevisiae are boxed. Asterisks indicate amino acid 
identity and dots represent conserved substitutions. Accession numbers: Pb03 
(PABG_07725.1), Pb18 (PADG_08567.1), Pb01 (PAAG_08727.1), Sc (NP_011259), 
Cn (CNAG_03398.2) and Cg (CNBG_2209.2).
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Table A1 | Conserved domains in proteins involved in iron, copper and zinc uptake by reductive systems in P. brasiliensis isolates and Cryptococcus 

species.

Gene product Predicted function Organism/accession number† Conserved domains* Transmembrane 

domains*

Signal peptide*

Fre1 Metalloreductase P. brasiliensis 01/PAAG_05370.1 Ferric reductase domain 7 Yes

P. brasiliensis 03/PABG_06003.1 FAD-binding domain 6 No

NAD-binding domain

Fre3 Metalloreductase P. brasiliensis 01/PAAG_02079.1 Ferric reductase domain 6 Yes

P. brasiliensis 03/PABG_02329.1 FAD-binding domain 6 Yes

P. brasiliensis 18/PADG_00813.1 NAD-binding domain 6 Yes

Fre5 Metalloreductase P. brasiliensis 03/PABG_07812.1 Ferric reductase domain 6 No

FAD-binding domain

NAD-binding domain

Fre7 Metalloreductase P. brasiliensis 01/PAAG_06164.1 8 No

P. brasiliensis 03/PABG_06497.1 Ferric reductase domain 8 No

P. brasiliensis 18/PADG_07957.1 FAD-binding domain 8 No

C. neoformans/CNAG_00876.2 NAD-binding domain 7 No

C. gattii/CNBG_6082.2 8 No

Fre8 Metalloreductase C. neoformans/CNAG_07334.2 Ferric reductase domain 6 No

FAD-binding domain

C. gattii/CNBG_2116.2 NAD-binding domain 6 No

Fre10 Metalloreductase C. neoformans/CNAG_06821.2 Ferric reductase domain 4 No

FAD-binding domain

C. gattii/CNBG_5888.2 NAD-binding domain 4 No

Cfl4 Metalloreductase C. neoformans/CNAG_06524.2 Ferric reductase domain 5 No

FAD-binding domain

NAD-binding domain

Frp1 Metalloreductase P. brasiliensis 01/PAAG_04493.1 Ferric reductase domain 5 No

P. brasiliensis 03/PABG_04278.1 FAD-binding domain 6 No

P. brasiliensis 18/PADG_04652.1 NAD-binding domain 5 No

Fet3 Ferroxidase C. neoformans CNAG_06241.2 Copper-oxidase domain 1 Yes

Fet5 Ferroxidase P. brasiliensis 03/PABG_05667.1 Copper-oxidase domain – No

P. brasiliensis 18/PADG_05994.1 – No

C. neoformans/CNAG_07865.2 1 Yes

C. gattii/CNBG_4942.2 1 Yes

Fet31 Ferroxidase P. brasiliensis 01/PAAG_06004.1 Copper-oxidase domain 1 No

C. neoformans/CNAG_02958.2 – Yes

Fet33 Ferroxidase P. brasiliensis 01/PAAG_00163.1 Copper-oxidase domain – No

P. brasiliensis 03/PABG_05183.1 – Yes

Ftr1/Ftr2 Iron permease C. neoformans/CNAG_06242.2 FTR1 domain 7 Yes

C. gattii/CNBG_3602.2 6 Yes

Fth1 Iron permease C. neoformans/CNAG_02959.2 FTR1 domain 7 Yes

C. gattii/CNBG_4943.2 7 Yes

(Continued)
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Smf1 Low-affinity Permease C. neoformans/CNAG_05640.2 Nramp domain 11 No

C. gattii/CNBG_6162.2 11 No

Ccc1 Vacuolar transporter P. brasiliensis 01/PAAG_07762.1 DUF125 domain 4 No

P. brasiliensis 03/PABG_00362.1 4 No

P. brasiliensis 18/PADG_02775.1 4 No

C. neoformans/CNAG_05154.2 4 No

C. gattii/CNBG_4540.2 4 No

Mrs3/Mrs4 Mitochondrial iron P. brasiliensis 01/PAAG_05053.1 Mitochodrial carrier – No

transporter P. brasiliensis 03/PABG_04509.1 domain – No

P. brasiliensis 18/PADG_04903.1 – No

C. neoformans/CNAG_02522.2 – No

C. gattii/CNBG_4218.2 – No

Yfh1 Mitochondrial matrix iron P. brasiliensis 01/PAAG_02608.1 Frataxin domain – No

chaperone P. brasiliensis 03/PABG_03095.1 – No

P. brasiliensis 18/PADG_01626.1 – No

C. neoformans/CNAG_05011.2 – No

C. gattii/CNBG_4670.2 – No

Ggt1 Secreted glutathione- P. brasiliensis 01/PAAG_06130.1 Gamma- 1 Yes

dependent ferric reductase P. brasiliensis 03/PABG_06527.1 glutamyltranspeptidase 1 Yes

P. brasiliensis 18/PADG_07986.1 domain 1 Yes

C. neoformans/CNAG_02888.2 – No

C. gattii/CNBG_3537.2 – No

Mac1 Copper metalloregulatory P. brasiliensis 01/PAAG_08210.1 Copper fist domain – No

transcription factor P. brasiliensis 03/PABG_07429.1 – No

C. neoformans/CNAG_07724.2 – No

C. gattii/CNBG_2252.2 – No

Ctr3 High-affinity copper P. brasiliensis 01/PAAG_05251.1 Ctr domain 3 No

transporter of the plasma P. brasiliensis 03/PABG_07607.1 3 No

membrane P. brasiliensis 18/PADG_05084.1 3 No

C. neoformans/CNAG_00979.2 2 No

C. gattii/CNBG_0560.2 2 No

Ctr2 Putative low-affinity copper P. brasiliensis 03/PABG_01536.1 Ctr domain 3 No

transporter of the vacuolar P. brasiliensis 18/PADG_04146.1 3 No

membrane C. neoformans/CNAG_01872.2 3 No

Atx1 Cytosolic copper P. brasiliensis 01/PAAG_00326.1 HMA domain – No

metallochaperone P. brasiliensis 03/PABG_06615.1 – No

P. brasiliensis 18/PADG_02352.1 – No

C. neoformans/CNAG_02434.2 – No

C. gattii/CNBG_4136.2 – No

Ccc2 Cu2+ transporting P-type P. brasiliensis 01/PAAG_07053.1 7 No

ATPase P. brasiliensis 03/PABG_03057.1 HMA domain 8 No

Table A1 | Continued

Gene product Predicted function Organism/accession number† Conserved domains* Transmembrane 

domains*

Signal peptide*
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P. brasiliensis 18/PADG_01582.1 Hydrolase domain 8 No

C. neoformans/CNAG_06415.2 E1-E2 ATPase domain 8 No

C. gattii/CNBG_5045.2 8 No

Sod1 Cytosolic superoxide P. brasiliensis 01/PAAG_04164.1 SOD domain – No

dismutase P. brasiliensis 03/PABG_03954.1 – No

P. brasiliensis 18/PADG_07418.1 – No

C. neoformans/CNAG_01019.2 – No

C. gattii/CNBG_0599.2 – No

Sod2 Mitochondrial superoxide P. brasiliensis 01/PAAG_02725.1 SOD N-terminal domain – No

dismutase P. brasiliensis 03/PABG_03204.1 SOD C-terminal domain – No

P. brasiliensis 18/PADG_01755.1 – No

C. neoformans/CNAG_04388.2 – No

C. gattii/CNBG_2661.2 – No

Zrt1 High-affinity zinc P. brasiliensis 01/PAAG_08727.1 Zip domain 8 No

transporter of the plasma P. brasiliensis 03/PABG_07725.1 8 No

membrane P. brasiliensis 18/PADG_08567.1 8 No

C. neoformans/CNAG_03398.2 9 Yes

C. gattii/CNBG_2209.2 9 Yes

Zrt2 Low-affinity zinc P. brasiliensis 01/PAAG_03419.1 Zip domain 8 Yes

transporter of the plasma P. brasiliensis 03/PABG_05498.1 7 No

membrane P. brasiliensis 18/PADG_06417.1 8 Yes

C. neoformans/CNAG_00895.2 8 Yes

Zrc1 Vacuolar membrane zinc 

transporter

P. brasiliensis 01/PAAG_00702.1 Cation efflux domain 6 Yes

Cot1 Vacuolar membrane zinc 

transporter

P. brasiliensis 01/PAAG_07885.1 Cation efflux domain 5 Yes

P. brasiliensis 03/PABG_07467.1 4 No

P. brasiliensis 18/PADG_08196.1 5 Yes

C. neoformans/CNAG_02806.2 6 Yes

C. gattii/CNBG_3460.2 4 Yes

Zrt3 Vacuolar membrane zinc P. brasiliensis 01/PAAG_09074.1 Zip domain 6 No

transporter P. brasiliensis 03/PABG_04697.1 6 No

P. brasiliensis 18/PADG_05322.1 6 No

Msc2 Cation diffusion facilitator P. brasiliensis 03/PABG_07115.1 Cation efflux domain 10 No

protein of the endoplasmic P. brasiliensis 18/PADG_06381.1 10 No

reticulum and nucleus C. neoformans/CNAG_05394.2 11 No

C. gattii/CNBG_4458.2 10 No

Zap1 Zinc-regulated P. brasiliensis 01/PAAG_03645.1 Zinc finger C2H2 domain – No

transcription factor P. brasiliensis 03/PABG_03305.1 – No

P. brasiliensis 18/PADG_01870.1 – No

C. neoformans/CNAG_05392.2 – No

C. gattii/CNBG_4460.2 – No

*Amino acid sequence analysis was performed using the online software SMART.
†Accession numbers: PAAG refers to Pb01; PABG refers to Pb03; PADG refers to Pb18; CNAG refers to C. neoformans var. grubii and CNBG refers to C. gattii.

Table A1 | Continued

Gene product Predicted function Organism/accession number† Conserved domains* Transmembrane 

domains*
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Table A2 | Conserved domains in proteins related to siderophore biosynthesis and to iron uptake by the non-reductive siderophore transport 

system in P. brasiliensis isolates and Cryptococcus species.

Gene product Predicted function Organism/accession number† Conserved domains* Transmembrane 

domains*

Signal peptide*

SidA Ornithine-N5- P. brasiliensis 01/PAAG_01682.1 Pyr_redox_2 domain – No

monooxygenase P. brasiliensis 03/PABG_03730.1 – No

P. brasiliensis 18/PADG_00097.1 – No

SidF N5-transacylases P. brasiliensis 01/PAAG_01680.1 AlcB domain – No

P. brasiliensis 03/PABG_03728.1 – No

P. brasiliensis 18/PADG_00100.1 – No

SidC Non-ribosomal P. brasiliensis 01/PAAG_08527.1 Adenylation domain – No

peptide synthetase P. brasiliensis 03/PABG_04670.1 Peptidyl carrier domain – No

P. brasiliensis 18/PADG_05295.1 Condensation domain – No

SidD Non-ribosomal P. brasiliensis 01/PAAG_01679.1 Adenylation domain – Yes

peptide synthetase P. brasiliensis 03/PABG_03726.1 Peptidyl carrier domain – No

P. brasiliensis 18/PADG_00102.1 – No

C. neoformans/CNAG_03588.2 Condensation domain – No

C. gattii/CNBG_2041.2 – No

SidG N2-transacetylase C. neoformans/CNAG_04355.2 MYND-type zinc finger 

domains

– No

C. gattii/CNBG_2703.2 Acetyltransferase domain – No

Sit1/Arn3 Siderophore P. brasiliensis 01/PAAG_06516.1 MFS1 domain 12 No

transporter P. brasiliensis 03/PABG_02063.1 14 No

P. brasiliensis 18/PADG_00462.1 14 No

C. neoformans/CNAG_00815.2 13 No

C. gattii/CNBG_1123.2 13 No

MirA Siderophore C. neoformans/CNAG_02083.2 MFS1 domain 12 No

transporter C. gattii/CNBG_5232.2 11 No

MirB Siderophore P. brasiliensis 01/PAAG_01685.1 MFS1 domain 14 No

transporter P. brasiliensis 03/PABG_03732.1 14 No

P. brasiliensis 18/PADG_00095.1 14 No

C. neoformans/CNAG_07751.2 14 No

C. gattii/CNBG_2036.2 14 No

MirC Siderophore P. brasiliensis 01/PAAG_02233.1 MFS1 domain 8 No

transporter P. brasiliensis 03/PABG_04747.1 12 No

P. brasiliensis 18/PADG_05373.1 12 No

C. neoformans/CNAG_07519.2 10 No

C. gattii/CNBG_1087.2 14 Yes

*Amino acid sequence analysis was performed using the online software SMART.
†Accession numbers: PAAG refers to Pb01; PABG refers to Pb03; PADG refers to Pb18; CNAG refers to C. neoformans var. grubii and CNBG refers to C. gattii.
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Abstract 30 

Iron is a micronutrient required by almost all living organisms, including fungi. 31 

Although this metal is abundant, its bioavailability is low either in aerobic environments 32 

or within mammalian hosts. As a consequence, pathogenic microorganisms evolved 33 

high affinity iron acquisition mechanisms which include the production and uptake of 34 

siderophores. Here we investigated the utilization of these molecules by species of the 35 

Paracoccidioides genus, the causative agents of a systemic mycosis. It was 36 

demonstrated that iron starvation induces the expression of Paracoccidioides orthologs 37 

genes for siderophore biosynthesis and transport. Reversed-phase HPLC analysis 38 

revealed that the fungus produces and secretes coprogen B, which generates dimerumic 39 

acid as a breakdown product. Ferricrocin and ferrichrome C were detected in 40 

Paracoccidioides as the intracellular produced siderophores. Moreover, the fungus is 41 

also able to grow in presence of siderophores as the only iron sources, demonstrating 42 

that beyond producing, Paracoccidioides is also able to utilize siderophores for growth, 43 

including the xenosiderophore ferrioxamine. Exposure to exogenous ferrioxamine 44 

increased fungus survival during co-cultivation with macrophages indicating that these 45 

molecules play a role during host-pathogen interaction. Furthermore, cross-feeding 46 

experiments revealed that Paracoccidioides siderophores promotes growth of 47 

Aspergillus nidulans strain unable to produce these iron chelators. Together, these data 48 

denote that synthesis and utilization of siderophores is a mechanism used by 49 

Paracoccidioides to surpass iron limitation. As iron paucity is found within the host, 50 

siderophore production may be related to fungus pathogenicity. 51 

 

Introduction 52 

The requirement of iron for growth and proliferation is a feature of virtually all 53 

organisms, with the exception of a few bacteria. The biological significance of iron lies 54 

on its ability to cycle between two oxidation states: the reduced ferrous (Fe2+) and 55 

oxidized ferric (Fe3+). The capacity to accept and donate electrons gives iron a redox 56 

versatility to function as a cofactor for various cellular enzymes involved in several 57 

essential biological processes including respiration, the tricarboxylic acid cycle, 58 

synthesis of amino acids, desoxyribonucleotides, lipids and sterols as well as oxidative 59 

stress detoxification. Although essential, iron can also be toxic in high concentrations 60 

since Fe2+ has the potential to generate cell damaging reactive oxygen species (ROS) via 61 
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the Fenton/Haber Weiss reaction [1,2]. Thereby, cellular iron homeostasis depends on 62 

the precise regulation of iron acquisition, utilization and storage.  63 

Under aerobic conditions, iron is oxidized and Fe3+ is essentially insoluble in water 64 

at neutral pH [3]. Beyond the environmental low iron availability, pathogenic 65 

microorganisms are also confronted by iron scarcity during interaction with the host. In 66 

mammalian hosts, the assimilated iron is bound to proteins, such as hemoglobin, 67 

transferrin, ferritin and lactoferrin [4]. Following infection, iron concentrations in 68 

extracellular fluid and plasma decrease. Macrophages play an important role in the iron 69 

withholding. These defense cells limit the release of iron obtained from old erythrocytes 70 

and, under the influence of cytokines, they inhibit multiplication of phagocytosed 71 

microorganisms by moving iron from the phagosome to cytoplasmic ferritin [5,6]. Since 72 

both host and pathogen require iron for metabolism, the control over access to this 73 

nutrient can dictate the fate of an infection. 74 

Microorganisms, including fungi, have evolved high affinity uptake strategies for 75 

iron acquisition in order to overcome the low bioavailability of this ion in aqueous 76 

environments (concentration of free Fe3+ approximately 10-18 M at pH 7) and within 77 

mammalian hosts (concentration of free iron in serum in the order of 10-24 M) [7]. One 78 

of these strategies consists on the synthesis and secretion of siderophores, defined as 79 

low molecular weight organic chelators with high affinity for Fe3+. Such molecules are 80 

produced under iron limiting conditions and make insoluble Fe3+ available for 81 

consumption [8]. The high affinity for iron allows siderophores to compete with host 82 

proteins transferrin and lactoferrin. Indeed, the pathogen Aspergillus fumigatus 83 

overcomes the iron limitation of serum by secreting siderophores which remove iron 84 

from serum transferrin [9,10]. 85 

With the exception of carboxylates produced by zygomycetes [11], virtually all 86 

fungal siderophores are hydroxamates, derived from the non proteinogenic amino acid 87 

ornithine. In the proposed biosynthetic pathway for fungal hydroxamates, ornithine-N5-88 

monooxygenase (SidA) catalyzes N5-hydroxylation of ornithine. The hydroxamate 89 

group is formed next by N5-acylation of N5-hydroxyornithine catalyzed by N5-90 

transacylases. In A. fumigatus two transacylases, which add different acyl groups to 91 

hydroxyornithine, were identified thus far: SidF, which adds anhydromevalonyl-CoA, 92 

and SidL, which catalyzes the addition of acetyl-CoA. In this step, the pathway for 93 

distinct siderophores splits for the first time since the choice of the acyl group defines 94 

the nature of the molecules. Ferricrocin and ferrichrome, for example, are linked to 95 
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acetyl whilst fusarinines and coprogens possess anhydromevalonyl. The latter moiety is 96 

derived of mevalonate, from the ergosterol biosynthetic pathway, by the subsequent 97 

action of the acyl-CoA ligase SidI and the enoyl-CoA hydratase SidH. The following 98 

step is the covalent linkage of hydroxamates via peptide (ferrichromes, coprogens) or 99 

ester bonds (fusarinines, coprogens), performed by nonribosomal peptide synthetases 100 

(NRPSs). The NRPSs SidD and SidC are involved, respectively, in the synthesis of 101 

extra- and intracellular siderophores in A. fumigatus [12,13,14]. Given the role of 102 

siderophores as iron scavengers, the ability to produce these molecules is advantageous 103 

for pathogenic microorganisms and has been considered a virulence attribute for either 104 

human or plant fungal pathogens [12,15,16,17,18,19]. 105 

The dimorphic fungal pathogens of Paracoccidioides genus are the causative 106 

agents of paracoccidioidomycosis, a systemic mycosis endemic in Latin America. Once 107 

inhaled by the host, fungal propagules are converted into yeasts in the lungs, from 108 

where they can disseminate throughout the body. It was already demonstrated that both 109 

mycelial and yeasts forms of Paracoccidioides have a metabolic requirement for iron 110 

[20] and that iron availability increases the susceptibility of mice to fungus infection 111 

[21]. A former report described that Paracoccidioides infected patients who have 112 

restricted pulmonary disease exhibit no alterations in transferrin saturation or in levels 113 

of serum iron. On the other hand, low iron concentrations and reduced saturation of 114 

transferrin were found in patients with disseminated disease [22,23]. Differential gene 115 

expression analysis revealed that genes involved in high-affinity iron uptake were 116 

induced by Paracoccidioides upon infection of mice and during the incubation with 117 

human blood and plasma [24,25]. It was also demonstrated recently that the human 118 

plasma protein hemopexin, which tightly binds to heme group, associates with 119 

Paracoccidioides cell wall [26]. 120 

Taken together, these data demonstrate that the fungus faces iron deprivation 121 

within the host and have to overcome the scarcity of this micronutrient. Even though the 122 

production of iron chelants by Paracoccidioides was already reported, the details about 123 

this iron acquisition pathway as well as the nature of the produced molecules were 124 

unknown. In a previous study, we demonstrated that Paracoccidioides genomes encode 125 

orthologs for siderophore biosynthesis (sidA, sidF, sidC, sidD) as well as siderophore 126 

uptake genes (sit1, mirB, mirC) [27]. In the current study we show that iron limiting 127 

conditions trigger synthesis and secretion of hydroxamates coprogen B and dimerumic 128 

acid by Paracoccidioides. The fungus also produces ferricrocin and ferrichrome C as 129 
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intracellular siderophores. Additionally, Paracoccidioides is able to grow in presence of 130 

siderophores as irons sources, including the xenosiderophore ferrioxamine. Siderophore 131 

utilization is also important during fungal infection as demonstrated by interaction with 132 

macrophages. The findings point to a possible role of siderophores in fungal 133 

pathogenicity. 134 

 135 

Materials and Methods 136 

 137 

Strains and growth conditions 138 

Fungal strains used in this study are listed in Table 1. Paracoccidioides yeasts 139 

cells were maintained in brain heart infusion (BHI) medium supplemented with 4 % 140 

glucose at 36 oC. Except for expression analysis under infectious conditions, all the 141 

experiments were performed with strains cultivated in chemically defined medium 142 

MMcM [28] after growth to exponential phase in liquid BHI and two washes with 143 

phosphate buffered saline solution 1X (PBS 1X; 1.4 mM KH2PO4, 8 mM Na2HPO4, 140 144 

mM NaCl, 2.7 mM KCl; pH 7.4). For growth on iron sources, P. lutzii and Pb18 were 145 

incubated in MMcM with no iron addition and containing 50 µM of 146 

bathophenanthroline-disulfonic acid (BPS) (B-1375 Sigma-Aldrich, St. Louis, MO ), a 147 

ferrous iron-specific chelator, for 24 h under rotation. Cells were collected by 148 

centrifugation and washed twice with PBS 1X. Serial 10-fold dilutions of cellular 149 

suspensions were then spotted on MMcM agar plates containing 50 µM BPS 150 

supplemented or not with 10 µM of the iron sources: ammonium ferrous sulfate, 151 

ammonium ferric citrate, dimerumic acid (DA), ferricrocin (FC) and ferrioxamine (FO). 152 

DA and FC were purchased from EMC Microcollections, Tuebingen, Germany. FO was 153 

prepared by incubating equal molar amounts of FeCl3 and deferoxamine mesylate 154 

(D9533 Sigma-Aldrich, St. Louis, MO) together in 1 M Tris pH 7.4 for 30 minutes at 155 

room temperature. 156 

A. nidulans ∆sidA strain [29] was grown at 37 oC in Aspergillus minimal medium 157 

(AMM), as described [30], containing 1% glucose as carbon source, 20 mM glutamine 158 

as the nitrogen source, 10 µM FeSO4, 20 µg l-1 biotin and 10 µM triacetylfusarinine C 159 

(TAFC). 160 

 161 

 162 

 163 
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RNA isolation and quantitative real time PCR (qRT-PCR) 164 

P. lutzii yeast cells were incubated in MMcM supplemented with 50 µM BPS or 165 

in MMcM containing 3.5 µM ammonium ferrous sulfate. Cells were collected after 30 166 

min, 1, 3 and 24 h and total RNA was isolated using trizol (TRI Reagent®, Sigma-167 

Aldrich, St. Louis, MO) and mechanical cell rupture (Mini-BeadbeaterTM - Biospec 168 

Products Inc., Bartlesville, OK). RNAs were reverse-transcribed using SuperScriptTM III 169 

First-Strand Synthesis SuperMix (InvitrogenTM, Life Technologies) and cDNAs were 170 

submitted to qRT-PCR in the StepOnePlusTM real-time PCR system (Applied 171 

Biosystems Inc.). SYBR green PCR master mix (Applied Biosystems, Foster City, CA) 172 

was used in the reaction mixture and the PCR thermal cycling was 40 cycles of 95 oC 173 

for 15 s and 60 oC for 1 min. The sequences of forward and reverse oligonucleotides 174 

used are listed in Table S1. One primer in each pair spanned an intron, preventing 175 

amplification from genomic DNA. The qRT-PCR reaction was performed in triplicate 176 

for each cDNA sample and a melting curve analysis was accomplished to confirm a 177 

single PCR product. The data were normalized with the transcript for α-tubulin 178 

(GenBank accession number XM_002796593) amplified in each set of qRT-PCR 179 

experiments. A non-template control was included. A relative standard curve was 180 

generated by pooling an aliquot from each cDNA sample which was serially diluted 1:5 181 

to 1:125. Relative expression levels of transcripts of interest were calculated using the 182 

standard curve method for relative quantification [31]. Student’s t-test was applied in 183 

the statistical analyses and P values of 0.05 or less were considered statistically 184 

significant. 185 

 186 

In silico analysis of putative Paracoccidioides sidH and sidI orthologs 187 

The amino acid sequences of putative Paracoccidioides sidH and sidI orthologs 188 

were obtained at the Dimorphic Fungal Database of the Broad Institute site at 189 

(http://www.broadinstitute.org/annotation/genome/dimorph_collab//MultiHome.html) 190 

based on homology search. The sequences have been submitted to GenBank with the 191 

following accession numbers SidH: P. lutzii (XP_002791730), Pb18 (EEH45393) and 192 

Pb03 (EEH20631); SidI: P. lutzii (XP_002796673), Pb18 (EEH43810) and Pb03 193 

(EEH21513). The amino acid sequences of Paracoccidioides and A. fumigatus (SidH 194 

XP_748661; SidI XP_753087) orthologs were aligned using CLUSTALX2 [32]. The 195 

peroxisomal targeting signal-PTS1 scores of proteins were obtained using the PTS1-196 
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predictor program http://mendel.imp.ac.at/mendeljsp/sat/pts1/PTS1predictor.jsp [33]. 197 

Positive scores indicate high probability of peroxisomal targeting. PTS2 198 

motifs were identified using the PTS2 finder 199 

http://www.peroxisomedb.org/diy_PTS2.html. 200 

 201 

Upstream sequences analysis 202 

Upstream regions of siderophore biosynthesis and mirB genes were inspected for 203 

the presence of conserved sequences related to iron regulated transcription of 204 

siderophore genes. For all genes (sidD, sidF, sidA, sidI and mirB) the upstream region 205 

comprehends the entire intergenic region from the 5´open reading frame. 206 

 207 

Chrome azurol S (CAS) assays 208 

Siderophore production by P. lutzii and P. brasiliensis was qualitatively analyzed 209 

with an overlay-CAS (O-CAS) as described [34]. P. lutzii and P. brasiliensis Pb18, 210 

Pb02 and PbEpm83 yeasts were grown for 13 days at 36 oC on MMcM agar plates, 211 

without iron addition. For iron sufficiency (control), ammonium ferrous sulfate was 212 

used in a final concentration of 30 µM. CAS medium was prepared according to [35] 213 

with minor modifications. Briefly, 100 ml of O-CAS was prepared with 6.05 mg CAS 214 

dissolved in 5 ml water and mixed with 83.2 µl of ferric chloride solution (30 mM FeCl3 215 

. 6 H2O in HCl 10 mM). Under stirring this solution was slowly added to 7.29 mg 216 

hexadecyltrimetyl ammonium bromide (HDTMA) dissolved in 4 ml water. The 217 

resultant dark blue liquid was autoclaved at 121oC for 15 min. A mixture of 3.024 g 218 

piperazine-1,4-bis(2-ethanesulfonic acid) (PIPES) dissolved in 75 ml water (pH 6.8) 219 

was also autoclaved with agarose (0.9%, w/v) as the gelling agent. After cooling to 50 220 

oC, both PIPES and dye solutions were mixed with enough care to avoid foaming. After 221 

that, 15 ml of O-CAS were applied over the plates in order to detect secreted 222 

siderophores. The ternary complex chrome azurol S/Fe3+/HDTMA serves as an 223 

indicator. When a strong chelator, as siderophores, removes the iron from the dye its 224 

color turns from blue to orange. 225 

The percentage of siderophores in P. lutzii and Pb18 supernatants was determined 226 

as described [36]. Yeast cells were cultured at 36 oC in MMcM liquid medium with no 227 

iron addition and MMcM containing 30 µM ammonium ferrous sulfate. Supernatants 228 

were collected after 6, 10 and 15 days of incubation. After sterile filtration with 0.22 229 

µM pore filter, 500 µl of supernatants as well as a reference prepared with non-230 
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inoculated MMcM were added to 500 µl of CAS liquid medium also prepared according 231 

to Schwyn and Neilands [35]. Briefly, 6 ml of 10 mM HDTMA solution was placed in 232 

100 ml volumetric flask. A mixture of 1.5 ml of ferric chloride solution (3 mM FeCl3 
. 6 233 

H2O in HCl 10 mM) and 2 mM aqueous CAS solution was slowly added to the 234 

HDTMA flask under stirring. An aqueous solution containing 4.307 g PIPES (pH 5.6) 235 

was added to the volumetric flask which was then filled with water to afford 100 ml of 236 

CAS assay solution. The mixture of CAS-supernatants (s) and CAS-reference (r) was 237 

incubated at room temperature and absorbance at 630 nm was measured after 1 h 238 

(Ultraspec 2000 UV/Visible Spectrophotometer, Pharmacia Biotech). The percentage of 239 

siderophores were calculated by subtracting the sample absorbance values from the 240 

reference according to the formula [(Ar – As/Ar)] x 100.  241 

Glassware was acid treated to remove residual traces of iron [37]. All the reagents 242 

used for CAS medium preparation were purchased from Sigma-Aldrich, St. Louis, MO.  243 

 244 

Isolation and identification of siderophores 245 

For isolation and characterization of P. lutzii and Pb18 secreted siderophores, 246 

yeasts cells were cultivated for 4, 10 and 18 days in MMcM medium with no iron 247 

addition. Culture supernatants were filtered (0.22 µM) and lyophilized. Samples were 248 

then dissolved and concentrated to one tenth of the original volume with MilliQ-water. 249 

250 µl of 100 mM FeSO4 was added to the samples in order to convert desferri-250 

siderophores in ferri-ones. An aliquot of 2.5 ml was applied to an Amberlite XAD-16 251 

column (Rohm and Haas, Philadelphia, PA, USA). Siderophore-iron complexes were 252 

eluted with 2 ml of methanol and collected. Methanol was discarded by speed vacuum 253 

centrifugation overnight. The dried pellet was solubilized in 100 µl of water and 10 µl 254 

were applied to reversed phase HPLC (RP-HPLC). Samples were separated using a 255 

Nucleosil 100-5 C18 column (250mm x 4mm I.D.; 5 µm particle pore size; Macherey-256 

Nagel, Düren, Germany). Chromatography was performed within 40 min at a constant 257 

flow of 0.5 ml min-1 with a two-step acetonitrile gradient starting at solvent A - solvent 258 

B (94:6) (solvent A: water containing 0.1% TFA; solvent B: 85% acetonitrile and 0.1% 259 

TFA). The concentration of solvent B was increased linearly from 6% to 15% during 10 260 

min, from 15% to 60% during 25 min and held at 60% for 5 min. Fractions obtained in 261 

this way were collected, lyophilized and stored at -20°C.  262 

Determination of the molecular mass of the samples obtained by RP-HPLC was 263 

carried out using an LTQ Velos ion trap mass spectrometer (Thermo Fisher Scientific) 264 
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equipped with an electrospray source (ESI-MS, Electrospray Ionization Mass 265 

Spectrometry). Samples were dissolved in 50% aqueous methanol containing 0.1% 266 

formic acid, and infused directly into the ion source using the syringe pump. The 267 

electrospray voltage was set at 4.0 kV and the heated capillary was held at 270°C. 268 

For analysis of cellular siderophores, equal number of P. lutzii and Pb18 yeasts 269 

cells were cultivated for 8 days in MMcM medium with no iron addition. Cells were 270 

harvested by centrifugation and washed five times with PBS 1X in order to get rid of 271 

extracellular siderophores. Subsequently, cellular extracts were prepared by grinding 272 

yeast cells into a fine powder using a mortar and pestle under liquid nitrogen. The 273 

powder was resuspended in water (1 ml sterile water/4 ml culture) and the suspension 274 

was centrifuged. Cellular debris were discarded, the supernatants were filtered (0.22 275 

µM) and lyophilized. Samples were dissolved and concentrated to one tenth of the 276 

original volume with MilliQ-water and analyzed as described for the extracellular 277 

siderophores. 278 

 279 

Macrophage infection experiments 280 

Murine macrophage cell line J774 A.1 (BCRJ Cell Bank, Rio de Janeiro, 281 

accession number 0121) maintained in RPMI medium (RPMI 1640, Vitrocell, Brazil) 282 

supplemented with non-essential amino acids (M7145; Sigma-Aldrich, St. Louis, MO), 283 

10% (v/v) fetal bovine serum (FBS), at 37 oC in 5% CO2, were used in the assays. 1x106 284 

macrophages were seeded into each well of a 24-well tissue culture plate and 100 U ml-1 285 

of murine gamma interferon (IFN-γ; PeproTech, Rocky Hill, New Jersey, USA) was 286 

added for 24 h at 37 °C in 5% CO2 for macrophage activation as described [38].  287 

Paracoccidioides yeast cells exposed to siderophores were co-cultivated with 288 

activated macrophages and the number of viable fungal cells after phagocytosis was 289 

assessed by colony forming unit (CFU) counts. Briefly, P. lutzii and Pb18 were 290 

incubated in MMcM with no iron addition and containing 50 µM of BPS for 24 h under 291 

rotation. Equal number of fungal cells was next exposed to 10 µM of each ammonium 292 

ferrous sulfate, DA and FO for 3 h. 2x106 Paracoccidioides viable yeasts cells were 293 

then added to the wells containing 1x106 macrophages (yeast-to-macrophage ratio 2:1). 294 

The cells were co-cultivated for 24 h at 37 °C in 5% CO2 to allow fungal internalization. 295 

Each well was washed twice with 1 ml PBS 1X in order to get rid of non-internalized 296 

yeasts. Infected macrophages were lysed with water and dilutions of the lysates 297 

containing the phagocytized yeasts were plated on BHI medium supplemented with 4% 298 
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(v/v) sheep blood and 4% glucose. After incubation at 36 oC for 9 days, the number of 299 

CFU was determined to check the ability of yeast cells exposed to siderophores to 300 

survive in macrophages. CFU were expressed as the mean value ± the standard error 301 

from triplicates. Student’s t-test was applied in the statistical analyses and P values of 302 

0.05 or less were considered statistically significant. 303 

For gene expression analysis, P. lutzii was grown in BHI and, after three washes 304 

with PBS1X, 2x106 viable yeasts cells were incubated with 1x106 activated 305 

macrophages in presence of 50 µM BPS (added to the RPMI immediately before 306 

addition of yeast cells). Cells were co-cultivated for 24 h at 37 °C in 5% CO2 to allow 307 

fungal internalization. Each well was washed twice with 1 ml PBS 1X in order to get rid 308 

of non-internalized yeasts. Trizol was added to each well and total RNA of internalized 309 

yeasts was isolated. RNAs from uninfected macrophages and from P. lutzii yeast cells 310 

cultured in RPMI 1640 medium, also in presence of BPS, were obtained as control. 311 

After reverse transcription, cDNAs were submitted to qRT-PCR, as described above. 312 

 313 

Cross-feeding experiments 314 

P. lutzii and Pb18 yeasts cells were incubated in MMcM with no iron addition and 315 

containing 50 µM BPS. After 24 h, 1x107 yeasts cells were spotted on MMcM 316 

supplemented with 200 µM BPS and incubated at 36 oC for 7 days. Next, 1x107 A. 317 

nidulans ∆sidA spores were point-inoculated 2 cm distant from the borders of 318 

Paracoccidioides colonies and plates were incubated for 48 h. As control, A. nidulans 319 

∆sidA spores were also spotted on MMcM 200 µM BPS plates in the absence of 320 

Paracoccidioides yeasts. 321 

 322 

Results 323 

 324 

Transcriptional analysis of siderophore orthologs genes 325 

Analysis performed by Parente et al. [21] showed an induction of 326 

Paracoccidioides genes putatively related to siderophore biosyntheis (sidA) and uptake 327 

(sit1) under iron limiting conditions, indicating that Paracoccidioides may produce and 328 

capture siderophores to overcome iron starvation. To verify that the other orthologs 329 

genes related to siderophore biosynthesis and uptake are also transcriptionally regulated 330 

by iron availability, quantitative RT-PCRs (qRT-PCRs) were carried out. All analyzed 331 

transcripts, sidF, sidH, sidI, sidC, sidD, mirB and mirC, were induced under iron 332 
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limiting conditions (50 µM BPS), especially after 24 h of incubation, as depicted in 333 

Figure 1. Transcripts of orthologs genes, which encode the acyl-CoA ligase SidI and 334 

the enoyl-CoA hydratase SidH were also induced. Both enzymes link ergosterol and 335 

siderophore biosynthesis in A. fumigatus [13] and are found in most fungi that produce 336 

siderophores. BlastP (http://blast.ncbi.nlm.nih.gov/Blast.cgi) searches retrieved P. lutzii, 337 

Pb18 and Pb03 sequences presenting, respectively, 68, 65 and 65 % identity with A. 338 

fumigatus SidI (Figure S1). The SidH orthologs from A. fumigatus and P. lutzii, Pb18, 339 

Pb03 share, respectively 52, 47 and 48% identity at the amino acid sequence level 340 

(Figure S2). As in other Ascomycetes [39], SidI and SidH from Paracoccidioides also 341 

carry putative PTS motifs. PTS2 was found in all Paracoccidioides SidI whereas PTS1 342 

is present in P. lutzii and Pb18 SidH (Figure S1 and S2). The latter indicates that 343 

siderophore biosynthesis is partially localized in peroxisomes as previously shown in A. 344 

nidulans and A. fumigatus [39]. Taken together, the presence of orthologs involved in 345 

siderophore biosynthesis and uptake and their induction during iron-deficient conditions 346 

indicates that Paracoccidioides is a siderophore producer. 347 

 348 

Genomic organization and identification of putative regulatory sites of 349 

Paracoccidioides siderophore genes 350 

Genes involved in the siderophore biosynthesis pathway tend to be genomically 351 

clustered [39] and a similar pattern of organization was found in Paracoccidioides. Four 352 

out of the six iron regulated biosynthetic genes (including sidA) are located next to each 353 

other in a region of approximately 22 kb of P. lutzii genome (Figure 2A), which 354 

interestingly also includes the putative siderophore transporter-encoding gene mirB. The 355 

gene cluster organization of these iron regulated genes was also found in Pb18 and 356 

Pb03 genomes.  357 

Since all genes in the siderophore biosynthetic cluster were similarly iron-358 

regulated at the transcriptional level, the 5´ upstream regions of these genes were 359 

examined in order to identify conserved sequences. As depicted in Figure 2B, the 360 

upstream regions of all iron regulated genes presented at least one HGATAR motif, the 361 

consensus recognition sequence of fungal GATA factors [40]. An extended version of 362 

the HGATAR motif, 5´-(G/A)ATC(T/A)GATAA-3´, formerly identified in the 363 

5´regions of the siderophore biosynthetic cluster in Histoplasma capsulatum [15] and A. 364 

fumigatus [41], was also found in the upstream regions of the siderophore gene cluster 365 

in Paracoccidioides, excepting sidD. 366 
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Detection of secreted siderophores in Paracoccidioides cultures  367 

Since orthologs genes for siderophore production were induced under iron 368 

limiting conditions, Paracoccidioides cultures were examined for the presence of these 369 

molecules by using the CAS detection medium [35]. P. lutzii and P. brasiliensis Pb18, 370 

Pb02 and PbEpm83 yeasts were incubated at 36 °C on MMcM agar plates with no iron 371 

addition or with 30 µM ammonium ferrous sulfate. After 13 days, an overlay-CAS (O-372 

CAS) was added to the plates and a change in color from blue to orange was observed 373 

after a few hours in the iron depleted plates (Figure 3A), which indicates the secretion 374 

of hydroxamate siderophores [34]. 375 

The percentage of these molecules was then determined in P. lutzii and Pb18 376 

supernatants, by mixing it with CAS, after 6, 10 and 15 days of incubation in MMcM. 377 

As shown in Figure 3B, siderophores were produced in higher amounts in 10 and 15 378 

days of growth under iron limiting conditions. Changes in the blue color of CAS 379 

solutions were also observed. An increase in biomass was perceived during incubation 380 

in both solid and liquid iron poor media (data not show), demonstrating that 381 

Paracoccidioides possesses a functional high affinity iron uptake mechanism.  382 

 383 

Identification and characterization of Paracoccidioides siderophores 384 

In order to identify the siderophores detected by the CAS solution, P. lutzii and 385 

Pb18 yeasts were grown under iron limiting conditions and supernatants were analyzed 386 

by RP-HPLC and mass spectrometry. Following addition of FeSO4, supernatants turned 387 

orange colored (Figure 4A), an indicative of siderophore-iron chelates [42]. Reversed-388 

phased HPLC showed that compounds exhibiting absorption at 435 nm were secreted 389 

by both P. lutzii and Pb18 under iron depleted conditions. Figure 4B shows HPLC 390 

analysis of P. lutzii culture supernatants after 4 days of cultivation. High-resolution 391 

mass spectrometry of RP-HPLC peaks displaying absorption at 435 nm, which is 392 

typically for iron-saturated siderophores, yielded the molecular masses m/z (M-393 

2H+Fe)+=538.1724 matching C22H36N4O8Fe (dimerumic acid, calculated molecular 394 

mass 538.1717) and (M-2H+Fe)+=780.2992 matching C33H54N6O12Fe (coprogen B, 395 

calculated molecular mass 780.2979). Notably, dimerumic acid is most likely a 396 

breakdown product of coprogen B. In agreement, tandem mass spectrometry (MS/MS) 397 

of coprogen B generated dimerumic acid (Figure S3A). Further analysis of P. lutzii and 398 

Pb18 supernatants from 10 days of growth under iron limiting conditions reinforced that 399 

dimerumic acid is a breakdown product of coprogen B, since the amount of coprogen B 400 
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decreased while dimerumic acid increased compared to 4 days supernatants (Figure 401 

S3B). Also, after 18 days, only dimerumic acid was found (data not shown). 402 

Some ascomycetes are known to produce intracellular siderophores for iron 403 

storage [43,44]. To further investigate the production of these molecules in the 404 

Paracoccidioides genus, cell extracts of P. lutzii and Pb18 were prepared as described 405 

in Materials and Methods and submitted to reversed-phased HPLC. RP-HPLC peaks 406 

displaying absorption at 435 nm were seen in both P. lutzii and Pb18 cell extracts. 407 

Figure 4C depicts HPLC analysis of Pb18 exemplary. High-resolution mass 408 

spectrometry of RP-HPLC peaks yielded the molecular masses m/z (M-409 

2H+Fe)+=771.2497 matching C28H47N9O13Fe (ferricrocin, calculated molecular mass 410 

771.2475) and (M-2H+Fe)+=755.2549 matching C28H47N9O12Fe (ferrichrome C, 411 

calculated molecular mass 755.2526), suggesting that the main intracellular 412 

siderophores of P. lutzii and Pb18 are ferricrocin and ferrichrome C (Figure S4). 413 

 414 

Growth of Paracoccidioides in presence of siderophores as iron sources 415 

The presence of putative siderophore transporters in the Paracoccidioides 416 

genomes and its induction under iron limiting conditions indicates that the fungus 417 

besides producing is able to utilize siderophores as well. To test this hypothesis, serial 418 

dilutions of P. lutzii and Pb18 yeasts cells were spotted on MMcM agar plates 419 

containing BPS and supplemented or not (iron limiting conditions) with hydroxamate 420 

siderophores as well as organic and inorganic compounds as iron sources. Although 421 

minor differences were seen in the growth profile, both strains grew better in presence 422 

of siderophores than in other iron sources, as show in Figure 5. This suggests that 423 

Paracoccidioides may be able to uptake siderophore-iron complexes from the 424 

extracellular environment and, subsequently, utilize the iron for metabolism and growth. 425 

Residual growth in presence of BPS is not surprising, since this ferrous iron-specific 426 

chelator does not affect siderophore-iron utilization. 427 

 428 

Infection of murine macrophages cell line with Paracoccidioides yeasts cells 429 

exposed to siderophores 430 

Lung resident macrophages are the first defense cells which interact with 431 

Paracoccidioides following host invasion. It was demonstrated that fungal survival 432 

within human monocytes is iron dependent since the inhibitory effect of the iron 433 

chelator deferoxamine is reversed by holotransferrin [45]. IFN-γ and other cytokines 434 
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modulate cellular iron metabolism to strengthen host iron withholding defenses, 435 

culminating in reduced iron availability to pathogens inside macrophages [46]. As iron 436 

is critical for Paracoccidioides yeasts survival in monocytes, the susceptibility of yeast 437 

cells exposed to siderophores to killing by IFN-γ activated macrophages was evaluated. 438 

Following growth on iron limiting conditions (50 µM BPS), P. lutzii and Pb18 yeasts 439 

cells were incubated in the presence of DA, FO and ammonium ferrous sulfate prior to 440 

co-cultivation with macrophages (Figure 6A). As shown by CFU counting, P. lutzii and 441 

Pb18 yeasts cells survival in infected macrophages increased following exposure to DA 442 

and FO (Figure 6B). The increased ability to survive to macrophage killing is probably 443 

a result of siderophore-iron utilization. 444 

 445 

Transcriptional analysis of putative siderophore biosynthesis sidA gene during 446 

infection of murine macrophages cell line 447 

Taking into account the putative role of Paracoccidioides sidA gene in 448 

siderophore production and its induction under iron limiting conditions in vitro [21], the 449 

expression of this gene was examined in P. lutzii yeasts cells after co-cultivation with 450 

murine macrophages. Following growth to exponential phase, viable yeasts were co-451 

cultivated with IFN-γ activated macrophages and, after 24 h, RNAs from phagocytosed 452 

yeasts were obtained. As shown Figure 7, the abundance of sidA transcripts increased 453 

2.3 times during co-cultivation with macrophages when compared to the non-infectious 454 

condition. This indicates that sidA may play a relevant role during fungus-macrophage 455 

interaction. 456 

 457 

Cross-feeding between Paracoccidioides and A. nidulans ∆sidA mutant 458 

Siderophore utilization is not restricted to the producing microorganisms. Several 459 

bacteria and fungi can take up and utilize iron bound to siderophores produced by other 460 

microbial species (xenosiderophores). In vitro growth and CFU recovery from co-461 

cultivation with murine macrophages suggest that Paracoccidioides may utilize the 462 

xenosiderophore ferrioxamine and DA as an iron source. To check if Paraccoccidioides 463 

siderophores could be utilized as iron sources by other fungal species, growth of A. 464 

nidulans ∆sidA strain, which is unable to produce these molecules, was tested. Spores of 465 

A. nidulans ∆sidA mutant were point-inoculated in vicinity to 7 days-old colonies of P. 466 

lutzii and Pb18 on plates (MMcM + 200 µM BPS). As shown in Figure 8A, in 24 h 467 

Aspergillus hyphae started growing toward Paracoccidioides colonies and the radial 468 
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growth was sustained for the next 24 h. This suggests that siderophores secreted by 469 

Paracoccidioides promoted the growth ∆sidA mutant, since no growth was observed in 470 

absence of Paracoccidioides (Figure 8B). 471 

 472 

Discussion 473 

As for other organisms, iron is also essential for growth of Paracoccidioides [20]. 474 

Since this fungus is the causative agent of a systemic mycosis, it faces host iron-475 

withholding and must be able to overcome this condition in order to establish the 476 

infection. The knowledge of the strategies used by pathogenic microorganisms to 477 

acquire iron is extremely important to understand the host-pathogen interaction and, 478 

consequently, for the treatment of the disease. Nevertheless, information about the 479 

mechanisms developed by Paracoccidioides for iron uptake is still scarce. 480 

In an effort to start deciphering the molecular mechanisms employed by this 481 

fungus for iron acquisition, we firstly screened its genomic sequence for genes 482 

putatively involved in iron homeostasis. Based on homology analysis and precedent 483 

from other fungi, orthologs of genes related to high affinity iron uptake systems, 484 

including those for siderophore biosynthesis and uptake, were found [27]. Here we 485 

show that these genes putatively involved in siderophore production and utilization 486 

were transcriptionally induced under iron limiting conditions, which is in agreement 487 

with their possible role in a high affinity uptake system.  488 

Genes encoding proteins, which are involved in a common metabolic pathway, 489 

tend to be clustered in the genome. Indeed, most Paracoccidioides siderophore 490 

biosynthetic genes were co-localized in a genome region that also included the transport 491 

gene mirB. We have previously shown that MirB amino acid sequence present a major 492 

facilitator superfamily (MFS) domain (MFS1) [27]. Interestingly, a MFS transporter 493 

(MFS2) was also found within an iron regulated siderophore biosynthetic gene cluster in 494 

the closely related pathogen H. capsulatum [15]. Taking into account the organization 495 

in cluster and the co-regulation of these genes in response to iron levels, their upstream 496 

regions were inspected for the presence of conserved sequences. The HGATAR motif 497 

and the RATCWGATAA consensus sequence were found. In many pathogenic and 498 

non-pathogenic fungi the GATA sequences localized in the promoter regions of 499 

siderophore metabolism genes are recognized by GATA-type transcription factors that 500 

promote repression of siderophore synthesis under iron sufficiency [41,47,48,49]. We 501 
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hypothesize that Paracoccidioides siderophore genes could also be target of regulation 502 

by GATA factors.  503 

Taken together, the presence and putative regulatory elements of siderophore 504 

biosynthetic genes strongly suggested that Paracoccidioides could be a siderophore 505 

producer. The presence of these molecules was firstly detected in iron deprived 506 

Paracoccidioides agar plates with an overlay of CAS solution, which indicated the 507 

presence of hydroxamates, siderophores typically produced by fungi [11]. Even when 508 

iron was omitted from the culture medium, the production and secretion of desferri-509 

hydroxamates, which extracellularly chelated traces of iron, and the subsequent uptake 510 

of the iron-siderophore complex allowed fungal growth. Siderophore production by 511 

Paracoccidioides was more affected by the iron addition in solid than in liquid medium. 512 

Iron at 30 µM completely abrogated siderophore production in agar plates, but the same 513 

concentration did not impaired siderophore secretion in culture supernatants. Growth 514 

rate on liquid medium is higher than in solid. As the utilization of iron increases 515 

according to the incubation time, due the consumption by the growing cells, the 516 

availability of this nutrient decreases and induces the production and secretion of 517 

siderophores, even if iron was added initially. The same differences in siderophore 518 

production were observed in Aspergillus species [36]. 519 

Fungal hydroxamate siderophores can be classified into four structural families: 520 

coprogens, ferrichromes, fusarinines and rhodotorulic acid. Reversed-phase HPLC and 521 

mass spectrometry analysis allowed the confirmation of hydroxamate production by 522 

Paracoccidioides. Coprogen B and dimerumic acid were identified as extracellular 523 

siderophores while ferrichrome C and ferricrocin as the intracellular ones. Coprogen-524 

type siderophores contains anhydromevalonyl residues linked to the hydroxylated 525 

ornithine by the action of the transacylase SidF. This acyl group derives from 526 

mevalonate by CoA ligation and dehydration catalyzed, respectively, by SidI and SidH 527 

[13]. Accordingly, the presence of orthologs to sidI, sidH and sidF in Paracoccidioides 528 

genome is not surprising. Coprogen B consists of a fusarinine molecule linked to the 529 

dihydroxamate dimerumic acid. In Paracoccidioides young cultures the amount of 530 

coprogen B in the supernatants is higher than the amount of dimerumic acid while in 531 

older cultures this proportion is reversed. This strongly indicates that the dimerumic 532 

acid found in Paracoccidioides supernatants is a byproduct of coprogen B. Similarly, 533 

dimerumic acid was identified in H. capsulatum cultures as a breakdown product of 534 

coprogen B [50,51]. Both siderophores were also recognized in supernatants of 535 
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Blastomyces dermatitidis grown under iron-poor conditions [52]. Ferrichrome C and 536 

ferricrocin are cyclic hexapeptides in which the acyl group bound to the 537 

hydroxyornithine is an acetyl [53]. Ferricrocin is produced intracellularly by A. 538 

fumigatus and A. nidulans for hyphal iron storage and distribution [12,44,54]. The 539 

basidiomycete Ustilago maydis produces ferrichrome and ferrichrome A for iron 540 

acquisition [55], while ferrichrome C is produced by the dermatophyte Trichophyton 541 

rubrum, which also synthesizes ferricrocin [56]. Although both ferrichrome C and 542 

ferrricrocin were identified in Paracoccidioides cellular extracts, their role in iron 543 

storage requires further investigation. Interestingly, the extra- and intracellular 544 

siderophores discussed above are not only produced by human pathogens. The plant 545 

pathogen Magnaporthe grisea and the non-pathogenic model organism Neurospora 546 

crassa secrete siderophores of the coprogen-type for iron acquisition and use ferricrocin 547 

for intracellular iron storage [57,58]. This demonstrates the broad utilization of 548 

siderophores as a strategy for iron acquisition in fungi. 549 

A previous study demonstrated that Paracoccidioides plating efficiency is 550 

enhanced in presence of coprogen B, dimerumic acid (both isolated from B. 551 

dermatitidis) and ferrichrome, the latter being the most effective growth factor [59]. 552 

Here we showed that ferricrocin and ferrioxamine can also be used by Paracoccidioides 553 

as iron sources. In fungi, the uptake of siderophore-iron complex is usually mediated by 554 

transporters belonging to the UMF/SIT subfamily of the major facilitator superfamily 555 

(MFS). The three genes encoding putative siderophore transporter orthologs found at 556 

Paracoccidioides genome present a MFS1 domain indicating that they belong to the 557 

MFS [27]. The presence of more than one putative siderophore transporter in 558 

Paracoccidioides may reflect its ability to utilize a variety of siderophore as iron 559 

sources, including the xenosiderophore ferrioxamine. 560 

Cross-feeding experiments demonstrated that siderophores secreted by 561 

Paracoccidioides restored the growth of the non-producer A. nidulans ∆sidA mutant. 562 

This strain is unable to grow in standard growth media unless siderophores are supplied 563 

[29]. A. nidulans encodes 10 putative siderophore transporters [60,61]. This fact, 564 

associated with the lack of a reductive iron assimilation system, is in accordance with 565 

the ability of this fungus to utilize xenosiderophores. Beyond the native siderophores 566 

ferricrocin and TAFC, A. nidulans is also able to utilize iron from enterobactin, a 567 

catecholate-type siderophore produced by bacteria, and from ferrioxamine B, a less 568 
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effective iron source [62]. Thereby, utilization of Paracoccidioides siderophores by the 569 

A. nidulans ∆sidA mutant is in agreement. 570 

Since siderophore production and uptake has been described as an important 571 

virulence attribute for pathogens [10,15], we started checking the influence of these 572 

molecules during fungus interaction with murine macrophages. Following inhalation by 573 

the host, Paracoccidioides propagules bind to macrophages in the lung. Once 574 

phagocytosed, fungal cells are able to survive and multiply in non-activated 575 

macrophages. However, IFN-γ activated macrophages prevent multiplication of 576 

ingested fungus and, consequently, its survival [63]. Here we demonstrated that 577 

exposure of Paracoccidioides yeasts cells to ferrioxamine before co-cultivation with 578 

IFN-γ activated macrophages, resulted in an increase in survival when compared to 579 

yeasts exposed to FeSO4 only. We hypothesize that the siderophore utilization before 580 

infection provided the iron requirements for fungal metabolism and for defense against 581 

oxidative stress generated by macrophages. The demand for iron for Paracoccidioides 582 

survival during interaction with phagocytes was already investigated. Results 583 

demonstrated that iron is essential for intracellular transformation of ingested conidia to 584 

yeast in murine macrophages [64] and for survival of yeast cells inside human 585 

monocytes [45]. In agreement with the growth assay in presence of siderophores, we 586 

demonstrated that these molecules play a more effective role as iron sources for 587 

Paracoccidioides when compared to organic or inorganic compounds. It was formerly 588 

demonstrated that addition of FeCl3 to Paracoccidioides minimal medium is not as 589 

effective in the increase of fungus plating efficiency, as supplementation with 590 

siderophores [59]. The exposure to ferrichrome also enhanced the survival of the 591 

opportunistic fungal pathogen Candida glabrata to macrophage killing [65]. 592 

Quantification of transcripts level of the putative siderophore biosynthetic gene 593 

sidA revealed that this gene was induced during co-cultivation of Paracoccidioides with 594 

macrophages. This suggests that the fungus probably produce siderophores to overcome 595 

low iron availability imposed by these activated phagocytic cells. Such strategy is 596 

employed by other fugal pathogens. Extra- and intracellular siderophores were shown to 597 

be crucial for intracellular growth of A. fumigatus within alveolar murine macrophages 598 

[66] and expression of siderophore biosynthetic genes was detected during murine 599 

infection with conidia [67]. In H. capsulatum the expression of the sidA ortholog sid1 600 

was also induced after phagocytosis and required for adequate cellular growth in human 601 

macrophages [68].  602 
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Altogether, our results revealed the ability of Paracoccidioides to synthesize and 603 

utilize siderophore as iron sources. Although the production of these iron chelators had 604 

been formerly reported, we demonstrated here, for the first time, the identity of the 605 

produced siderophores including the intracellular ones, whose production was not 606 

mentioned before. Additionally, infection experiments carried out with a murine 607 

macrophage cell line revealed that siderophore utilization plays an important role during 608 

the interaction of Paracoccidioides with mammalian cells. Despite some studies had 609 

demonstrated the importance of iron in the scenario of Paracoccidioides infection, 610 

evaluation of the impact of iron metabolism on fungus pathogenicity was not deeply 611 

investigated. This study was the first step of upcoming molecular and functional 612 

analysis of siderophore biosynthetic and uptake genes in Paracoccidioides. Indeed, 613 

studies are being carried out in order to investigate the role of these genes as possible 614 

virulence factors in this pathogenic fungus. The added knowledge is clinically important 615 

since�siderophore biosynthesis and uptake represent possible targets for an antifungal 616 

chemotherapy due the absence of these pathways in human cells. 617 
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Figures 

 

 

Figure 1. Low iron availability induces expression of putative siderophore biosynthesis and uptake genes. Quantitative RT-PCR was 

performed with transcripts of P. lutzii yeast cells under iron-limited conditions (50 µM BPS) and incubated with 3.5 µM ammonium ferrous 

sulfate. Expression values of siderophores biosynthesis (sidF, sidI, sidH, mirC, sidC) and transport genes (mirB, mirC) were calculated using α-

tubulin as endogenous control. Data are expressed as mean + standard deviation from triplicates. Statistically significant difference was 

determined by Student’s t-test (*p < 0.05/ ** p < 0.001).  
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Figure 2. Genomic organization and regulatory sites in upstream regions of 

siderophore genes. A. Representation of siderophore biosynthesis and uptake genes 

localization in P. lutzii, Pb18 and Pb013 genomes. B. Schematic figure showing the 

position and sequence of putative regulatory sites in upstream regions of siderophore 

genes in P. lutzii. A black line represents nucleotides (nt) located 5´ to the open reading 

frame of each gene: sidD 679 nt, sidF 2409 nt, mirB 3376 nt. The intergenic region 

between sidI and sidA includes 1005 nt. Numbers represent the number of nucleotides 

upstream the start codon of each gene where the regulatory sequence was found 

(vertical line). In case of divergent genes, the nucleotide position is relative to sidA. H: 

A/T/C; R: A/G; W: A/T. Accession numbers are available in Table S2. 
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Figure 3. Iron limiting conditions induce biosynthesis and secretion of 

siderophores. A. Detection of hydroxamate siderophores in MMcM agar plates. Under 

iron sufficiency (30 µM Fe), the production of these chelators was repressed in solid 

medium. B. Percentage of siderophores was determined in P. lutzii and Pb18 

supernatants. Values are expressed as mean + standard deviation of three experiments. 

*statistically significant difference determined by Student’s t-test (p < 0.05).  
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Figure 4. Identification of extra- and intracellular siderophores produced by 

Paracoccidioides. A. Culture supernatants after saturation with iron. B. Reversed-phase 

HPLC of P. lutzii culture supernatants after 4 days of incubation under iron limiting 

conditions. Coprogen B and dimerumic acid were identified as extracellular 

siderophores. C. RP-HPLC of Pb18 cell extracts obtained after cultivation for 8 days in 

iron depleted medium. The intracellular siderophores identified were ferricrocin and 

ferrichrome C. Molecular masses of iron bound compounds are indicated. 
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Figure 5. Effect of siderophores on Paracoccidioides growth. After growth on 

MMcM + BPS for 24 h, P. lutzii and Pb18 yeast cells were washed and serially diluted. 

105 to 102 cells were spotted on MMcM agar plates containing 50 µM BPS. Iron sources 

were added, or not, in the final concentration of 10 µM. Inorganic iron: ammonium 

ferrous sulfate; organic iron: ammonium ferric citrate; DA: dimerumic acid; FO: 

ferrioxamine. 
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Figure 6. Exposure to siderophores increase Paracoccidioides ability to survive 

macrophage killing. A. Schematic flowchart of murine macrophage infection by 

Paracoccidioides yeasts. B. Prior exposure to 10 µM FO and DA enhanced P. lutzii and 

Pb18 survival to macrophage killing. CFU counts are expressed as mean + standard 

error from triplicates, representative of two independent experiments. *statistically 

significant difference determined by Student’s t-test (p < 0.05).  
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Figure 7. Paracoccidioides sidA expression is induced during murine macrophage 

infection. Quantitative RT-PCR was performed with transcripts of P. lutzii yeast cells 

phagocytosed by murine macrophage after 24 h of co-incubation. As control, yeast cells 

were incubated for 24 h in RPMI medium. 50 µM BPS was added to the RPMI medium 

in both conditions. Expression values were calculated using α-tubulin as endogenous 

control. Data are expressed as mean + standard deviation from triplicates. *statistically 

significant difference determined by Student’s t-test (p < 0.001).  
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Figure 8. Paracoccidioides siderophores promote growth of A. nidulans ∆sidA 

mutant. A. Aspergillus hyphae grew on plates containing P. lutzii and Pb18 yeasts cells 

grown under iron limiting conditions. B. No growth was observed in absence of 

Paracoccidioides. 
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Supporting Figures 

 

Figure S1. Similarity of A. fumigatus SidI with putative acyl-CoA ligase from P. 

lutzii, Pb18 and Pb03. The amino acid sequences of the orthologs were aligned using 

the software ClustalX2. Asterisks: amino acid identity. Dots: conserved substitutions. 

Grey box: PTS2 motif. 
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Figure S2. Similarity of A. fumigatus SidH with putative enoyl-CoA hydratase 

from P. lutzii, Pb18 and Pb03. The amino acid sequences of the orthologs were aligned 

using the software ClustalX2. Asterisks: amino acid identity. Dots: conserved 

substitutions. Grey box: PTS1 motif. PTS1 scores: Pl (8.8) and Pb18 (10.4). 
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Figure S3. High-resolution mass spectrometry of Paracoccidioides extracellular 

siderophores. A. RP-HPLC peak corresponding to coprogen B in Figure 4B was 

submitted to MS and MS/MS analysis, demonstrating that dimerumic acid is as a 

breakdown product of coprogen B. B. Longer periods of cultivation result in an increase 

in the amount of dimerumic acid over coprogen B, as demonstrated by RP-HPLC peaks 

from Pb18 supernatants obtained after 10 days of incubation. 
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Figure S4. High-resolution mass spectrometry of Paracoccidioides intracellular 

siderophores. RP-HPLC peaks displayed at Figure 4C were submitted to mass 

spectrometry analysis for molecular masses definition of ferricrocin (A) and ferrichrome 

C (B). 
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Table 1. Paracoccidioides strains used in this study. 

 

 

Supp. Table 2. Accession numbers of Paracoccidioides siderophore genes available at 

http://www.broadinstitute.org/annotation/genome/paracoccidioides_brasiliensis/MultiHo

me.html. 

P. lutzii Pb18 Pb03 
L-ornithine 5-monooxygenase (sidA) PAAG_01682 PADG_00097 PABG_03730 
Acetylase (sidF) PAAG_01680 PADG_00100 PABG_03728 
Succinylbenzoate-CoA ligase (sidI) PAAG_01681 PADG_00099 PABG_03729 
Carnitinyl-CoA dehydratase (sidH) PAAG_06469 PADG_01543 PABG_02862 
D-alanine-poly(phosphoribitol) ligase 
subunit 1 (sidC) 

PAAG_08527 PADG_05295 PABG_04670 

D-alanine-poly(phosphoribitol) ligase 
subunit 1 (sidD) 

PAAG_01679 PADG_00102 PABG_03726 

Siderophore iron transporter (mirB) PAAG_01685 PADG_00095 PABG_03732 
Siderophore iron transporter (mirC) PAAG_02233 PADG_00462 PABG_04747 

 

Strain Cryptic species Reference 

Paracoccidioides lutzii Pb01 “Pb01-like” [69] 

Paracoccidioides brasiliensis Pb18 S1 [70] 

Paracoccidioides brasiliensis Pb02 PS2 [70] 

Paracoccidioides brasiliensis PbEpm83 PS3 [71] 
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1. DISCUSSÃO 

O desenvolvimento de uma enfermidade depende de características que se 

expressam em ambos, patógeno e hospedeiro, no momento infecção. As reações 

desencadeadas em cada um dos organismos após o primeiro contato determinam ou o 

sucesso do patógeno, quando a infecção evolui e se instala a doença, ou a habilidade do 

hospedeiro em evitar a propagação do invasor. Neste último caso, as estratégias 

consistem em tornar o local invadido pelo micro-organismo, no hospedeiro, o mais 

hostil possível. A restrição de micronutrientes imposta por mamíferos frente à infecção 

constitui um dos artifícios empregados para minimizar e/ou evitar o desenvolvimento de 

patógenos e pode ser designada imunidade nutricional. 

Devido sua participação em vários processos biológicos vitais, o ferro é 

essencial para sobrevivência de praticamente todos os organismos vivos. Assim, a 

disponibilidade deste metal durante o processo infeccioso está relacionada à capacidade 

do patógeno em causar doença e, ao mesmo tempo, à capacidade do hospedeiro de 

combater a infecção. Inúmeras evidências demonstram que infecções por diversos 

micro-organismos, incluindo fungos, bactérias, protozoários e até mesmo vírus, 

aumentam em frequência e severidade em humanos com sobrecarga de ferro no 

organismo (DRAKESMITH e PRENTICE, 2008; KHAN et al., 2007; PRENTICE, 

2008). 

Sabe-se que durante a infecção por Paracoccidioides spp., principalmente na 

forma aguda da PCM, ocorre a chamada anemia da inflamação, caracterizada por baixos 

níveis séricos de ferro e transferrina. Esta hipoferremia constitui provavelmente um 

mecanismo de defesa contra a forma parasitária do fungo, a qual, por sua vez, deve ser 

capaz de adquirir ferro. Apesar de importante, pouco se conhece sobre as estratégias 

utilizadas por espécies do gênero Paracoccidioides para aquisição de ferro. Neste 

trabalho, tais mecanismos foram investigados já que são elementares para o 

entendimento da relação patógeno-hospedeiro. 

As análises iniciais foram facilitadas pela disponibilidade do genoma de 

isolados de P. brasiliensis (Pb18 e Pb03) e P. lutzii (Pb01). Genes relacionados à 

aquisição de ferro em outros fungos patogênicos (A. fumigatus, C. albicans e H. 

capsulatum) e não patogênicos (S. cerevisiae e A. nidulans) foram utilizados na busca 

por ortólogos no genoma de Paracoccidioides spp. Os resultados evidenciaram a 

presença de genes cujos produtos proteicos estão possivelmente envolvidos em dois 
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mecanismos de captação de ferro de alta afinidade: a via redutiva e a não redutiva, 

caracterizada pela produção e captação de sideróforos. 

Genes ortólogos àqueles codificantes para metaloredutases e ferroxidases de 

membrana foram identificados nos três isolados. A ausência de permeases férricas 

adiciona evidências à hipótese de que o ferro possa ser transportado por permeases de 

zinco, como sugerido em análises transcrionais anteriores (BAILÃO et al., 2006; 

BAILÃO et al., 2007). Adicionalmente, a presença de ortólogos de uma redutase férrica 

secretada sugere que Paracoccidioides spp. pode potencialmente captar ferro pela via 

redutiva. De fato, análises de expressão demonstraram a indução dos genes codificantes 

para as redutases férricas de membrana e secretada em condições de baixa 

disponibilidade de ferro (BAILÃO et al., 2012). Análises das sequências de 

aminoácidos revelaram ainda que as metaloredutases e ferroxidases preditas nos 

genomas possuem domínios conservados relacionados a funções enzimáticas 

específicas. A presença de uma via redutiva funcional em Paracoccidioides spp. está 

sendo averiguada e resultados iniciais apontam a presença de metaloredutases ativas 

neste patógeno. 

Concernente à via de captação de ferro não redutiva, a presença de genes 

ortólogos àqueles do sistema de produção e captação de sideróforos adicionou 

evidências a estudos anteriores que sugerem a utilização destas moléculas por 

Paracoccidioides spp. (ARANGO e RESTREPO, 1988; CASTANEDA et al., 1988). 

De acordo com as análises in silico, Paracoccidioides spp. é potencialmente capaz de 

produzir sideróforos do tipo hidroxamato por apresentar ortólogos a todas as enzimas 

descritas como necessárias para tal (SidA, SidF, SidC, SidD, SidI, SidH). Ademais, a 

presença de transportadores de membrana preditos (Sit1, MirB, MirC) sugere que o 

fungo, além de produzir, também seja apto a utilizar sideróforos como fonte de ferro. 

Estes transportadores possuem um domínio MFS1 que indica que os mesmos pertencem 

à superfamília MFS de transportadores, descritos como mediadores da internalização do 

complexo sideróforo-Fe3+ em outros fungos. Adicionalmente, o transportador predito 

Sit1 de ambas as espécies de Paracoccidioides apresenta 13-14 domínios 

transmembrana, o que também é característico da família MFS. 

A função dos sideróforos como mecanismo de captação de ferro de alta 

afinidade em Paraccocidioides spp. foi inicialmente investigada por meio da análise da 

expressão dos genes relacionados à síntese e utilização destas moléculas. Transcritos de 
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todos os genes de P. lutzii avaliados neste trabalho (sidF, sidC, sidD, sidI, sidH, mirB, 

mirC) foram induzidos em condições de privação de ferro, assim como os transcritos de 

sidA e sit1, analisados previamente (PARENTE et al., 2011). Como os genes foram 

regulados da mesma forma pela disponibilidade de ferro, a organização genômica dos 

mesmos foi verificada. Genes que codificam proteínas que fazem parte de uma mesma 

via metabólica são geralmente localizados adjacentes um ao outro no genoma e este 

padrão de organização foi encontrado em P. lutzii (Pb01) e P. brasiliensis (Pb18 e 

Pb03) nos quais sidD, sidF, sidI, sidA e mirB são contíguos. Esta organização gênomica 

em grupo também é descrita em várias espécies de fungos produtores de sideróforos, 

incluindo ascomicetos e basidiomicetos (GRUNDLINGER et al., 2013). Em adição, um 

transportador da família MFS também foi identificado próximo a genes de biossíntese 

de sideróforos em H. capsulatum (HWANG et al., 2008), o que provavelmente está 

relacionado à sintenia existente entre Paracoccidioides spp. e este fungo 

(DESJARDINS et al., 2011). A indução em resposta à limitação de ferro e a 

organização genômica sugeriram que os genes poderiam ser igualmente regulados em 

nível transcricional. Análises da região à montante revelaram a presença do motivo 

(A/T/C)GATA(A/G) e da sequência consenso (A/G)ATC(A/T)GATAA. Em fungos 

patogênicos, como A. fumigatus, H. capsulatum e B. dermatitidis (CHAO et al., 2008; 

GAUTHIER et al., 2010; SCHRETTL et al., 2008), e não patogênicos, como N. crassa 

e A. nidulans (HAAS et al., 1999; HARRISON e MARZLUF, 2002), as sequências 

GATA localizadas nas regiões promotoras dos genes relacionados à síntese e captação 

de sideróforos são reconhecidas por fatores de transcrição do tipo GATA. Em condições 

em que o ferro é abundante, estes fatores inibem a produção e captação de sideróforos, 

os quais são utilizados somente em condições de privação de ferro, como mecanismo de 

aquisição de alta afinidade. Dessa maneira, sugere-se que em Paracoccidioides spp. o 

mesmo tipo de regulação possa acontecer. 

A síntese de sideróforos por Paracoccidioides spp. foi investigada utilizando-

se uma solução do indicador cromo azurol S (CAS), a qual é normalmente azul e muda 

de cor em presença de quelantes que possuem alta afinidade por Fe3+, como os 

sideróforos. Ensaios em placa demonstraram que, em condições limitantes de ferro, 

isolados de P. lutzii (Pb01) e de todas as espécies crípticas de P. brasiliensis, Pb18 (S1), 

Pb02 (PS2) e PbEpm83 (PS3), produziram e secretaram hidroxamatos, sideróforos 

tipicamente produzidos por fungos. A maior porcentagem destas moléculas nos 
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sobrenadantes de P. lutzii e Pb18 foi detectada após 10 dias de cultivo em meio sem 

ferro. A secreção de sideróforos nos sobrenadantes de cultura nos quais ferro foi 

adicionado incialmente deve-se provavelmente à maior taxa de crescimento do fungo 

em meio líquido. O requerimento por ferro aumenta com o tempo de incubação, o que 

diminui a disponibilidade deste nutriente e induz a síntese de sideróforos. É importante 

destacar que mesmo em condições limitantes de ferro, houve aumento da biomassa de 

todos os isolados em ambos os meios sólido e líquido, permitindo constatar que o fungo 

possui um sistema de captação de ferro funcional. 

Análises de cromatografia líquida de fase reversa (RP-HPLC) e espectrometria 

de massas confirmaram a produção de hidroxamatos por Paracoccidioides spp. 

Coprogeno B e ácido dimerúmico foram identificados nos sobrenadantes de cultura 

enquanto ferricromo C e ferricrocina foram detectados nos extratos celulares do fungo. 

Na segunda etapa da via de biossíntese de sideróforos, um grupo acil é adicionado à 

ornitina hidroxilada pela ação de uma transacilase (SidF). No caso de coprogenos, este 

grupo é o anidromevalonil Co-A, o qual é derivado do mevalonato pela ação de uma 

acil-CoA ligase (SidI) e uma enoil-CoA hidratase (SidH) (YASMIN et al., 2012). O fato 

de Paracoccidioides spp. possuir ortólogos para todas estas enzimas, os quais foram 

induzidos na ausência de ferro, corrobora a produção de coprogeno B. O ácido 

dimerúmico identificado é provavelmente produto de degradação do coprogeno B, 

como ocorre em H. capsulatum (BURT, 1982; HOWARD et al., 2000). As evidências 

para tal hipótese são: (i) coprogeno B consiste de uma molécula de fusarinina ligada à 

uma de ácido dimerúmico e (ii) a quantidade de coprogeno B em sobrenadantes de 

cultura recentes é maior que a de ácido dimerúmico, enquanto esta proporção é inversa 

em culturas mais antigas. Ferricrocina é produzida por A. fumigatus e A. nidulans e 

funciona como molécula armazenadora e distribuidora de ferro em hifas (EISENDLE et 

al., 2006; SCHRETTL et al., 2007; WALLNER et al., 2009). Ferricromos também já 

foram identificados no basidiomiceto Ustilago maydis (WINTERBERG et al., 2010) e 

no dermatófito Trichophyton rubrum (MOR et al., 1992). O papel de ferricrocina e 

ferricromo C como armazenadores de ferro, ou não, em Paracoccidioides spp. requer 

análises adicionais.  

Já foi demonstrado em um estudo anterior que o crescimento de 

Paracoccidioides spp. é melhorado na presença de três dos quatro sideróforos 

identificados: coprogeno B, ácido dimerúmico e ferricromo (CASTANEDA et al., 
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1988). No presente estudo evidenciou-se que ferricrocina e o xenosideróforo 

ferrioxamina também podem ser utilizados como fonte de ferro pelo fungo. 

Provavelmente, a utilização desta variedade de sideróforos é possível em virtude da 

presença de 3 transportadores preditos da família MFS (Sit1, MirB e MirC), já que o 

reconhecimento do complexo sideróforo-Fe3+ é altamente estéreo específico. 

A utilização de sideróforos não é restrita aos micro-organismos produtores. 

Vários fungos e bactérias são capazes de utilizar sideróforos sintetizados por outras 

espécies como fonte de ferro. Como demonstrado, Paracoccidioides spp. também exibe 

esta propriedade e, além disso, produz sideróforos que podem ser utilizados por outros 

micro-organismos, como evidenciado em experimentos com a linhagem de A. nidulans 

∆sidA, a qual é incapaz de produzir estas moléculas (EISENDLE et al., 2003). A. 

nidulans possui 10 transportadores de sideróforos preditos (HAAS et al., 2008) e não 

apresenta via redutiva de captação de ferro. Tais fatos justificam a habilidade deste 

fungo em utilizar sideróforos produzidos por outras espécies. Além do coprogeno 

produzido por Paracoccidioides spp., A. nidulans também é capaz de utilizar 

enterobactina, um sideróforo bacteriano, e ferrioxamina B (HAAS et al., 2003; 

OBEREGGER et al., 2001). A capacidade de captar mais de um tipo de sideróforo, 

principalmente aqueles produzidos por outras espécies, é vantajosa para micro-

organismos pois é uma forma de poupar energia. Além disso, representa a possibilidade 

de adquirir ferro a partir de várias fontes. 

Como a utilização de sideróforos por organismos patogênicos está geralmente 

relacionada à virulência (HWANG et al., 2008; SCHRETTL et al., 2004), a influência 

destas moléculas durante a interação de Paracoccidioides spp. com uma linhagem de 

macrófagos murinos foi investigada. Macrófagos alveolares são as primeiras células de 

defesa com as quais o fungo se depara. Células fúngicas fagocitadas são capazes de 

sobreviver e multiplicar-se em macrófagos não ativados. Sugere-se que após o 

crescimento e multiplicação, os macrófagos sejam destruídos e várias leveduras sejam 

liberadas. Contudo, macrófagos ativados por citocinas, como IFN-γ, são capazes não só 

de prevenir a multiplicação, mas também de eliminar o fungo (BRUMMER et al., 

1989). A restrição de ferro é um dos mecanismos utilizados pelos fagócitos para 

impedir o desenvolvimento do patógeno. Já foi descrito que em Paracoccidioides spp. 

tanto a transição conídeo-levedura quanto a sobrevivência de leveduras em fagócitos 

são processos dependentes de ferro (CANO et al., 1994; DIAS-MELICIO et al., 2005). 
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Demonstrou-se neste trabalho que a exposição de leveduras de Paracoccocidioides spp. 

à ferrioxamina antes do co-cultivo com macrófagos ativados por IFN-γ resultou em um 

aumento da sobrevivência, quando comparada à leveduras expostas somente à FeSO4. 

Provavelmente, a utilização do sideróforo antes da infecção forneceu o ferro necessário 

para o metabolismo fúngico e para a defesa contra o estresse oxidativo gerado pelos 

fagócitos. Adicionalmente, a indução de sidA durante o co-cultivo com macrófagos 

ativados sugere que o fungo pode produzir sideróforos para superar a baixa 

disponibilidade de ferro no interior no fagossomo. Tal estratégia é utilizada pelos 

patógenos A. fumigatus (SCHRETTL et al., 2010b) e H. capsulatum (HILTY et al., 

2011) para sobrevivência e crescimento no interior de fagócitos. Estes dados, aliados à 

capacidade de Paracoccidioides spp. em utilizar vários sideróforos como fonte de ferro 

in vitro, demonstram que o fungo efetivamente possui um sistema de captação de ferro 

de alta afinidade baseado na produção e captação de sideróforos. 
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2. CONCLUSÕES 

 

Uma das estratégias utilizadas por micro-organismos patogênicos para 

sobreviver e perpetuar no hospedeiro é a expressão de mecanismos de captação de ferro 

de alta afinidade, os quais incluem: a produção e captação de sideróforos, a via redutiva 

e a captação do grupo heme. 

Os dados obtidos neste trabalho demonstraram que P. lutzii e P. brasiliensis, 

fungos patogênicos dimórficos, são capazes de sintetizar e utilizar sideróforos como 

fonte de ferro. Em condições de baixa disponibilidade deste micronutriente, genes 

relacionados à produção e captação destas moléculas foram induzidos e sideróforos do 

tipo hidroxamato foram detectados em sobrenadantes de cultura e extratos celulares de 

Paracoccidioides spp. A produção destas moléculas já havia sido reportada 

anteriormente, mas só agora a identidade das mesmas foi revelada. Paracoccidioides 

spp. sintetiza e secreta coprogeno B e produz ferricrocina e ferricromo C como 

sideróforos intracelulares. O fungo é capaz de crescer na presença de ácido dimerúmico, 

ferricrocina e ferrioxamina, um xenosideróforo, como únicas fontes de ferro. 

Adicionalmente, experimentos realizados com macrófagos murinos ativados revelaram 

que (i) a utilização de ferrioxamina promove o aumento da sobrevivência de 

Paracoccidioides spp. no interior dos fagócitos e (ii) que o fungo provavelmente induz 

a síntese de sideróforos quando no interior destas células. Além disso, sideróforos 

produzidos por Paracoccidioides podem ser utilizados como fonte de ferro por A. 

nidulans.  

Análises in silico demonstraram que genes relacionados à via de captação 

redutiva estão presentes no genoma de Paracoccidioides spp. A presença de um sistema 

redutivo funcional em Paracoccidioides spp. está sendo averiguada e resultados iniciais 

apontam a presença de metaloredutases ativas neste patógeno. Além disso, 

Paracoccidioides spp. também é capaz de adquirir ferro do grupo heme por meio da 

captação de hemoglobina (BAILÃO et al., submetido). 

Apesar de alguns estudos terem demonstrado a importância do ferro no cenário 

da infecção por Paracoccidioides spp., o impacto do metabolismo deste micronutriente 

na patogenicidade e virulência do fungo ainda não foi investigado extensivamente. Este 

estudo foi o primeiro passo para as próximas análises moleculares e funcionais dos 

genes relacionados à captação e biossíntese de sideróforos no gênero Paracoccidioides. 
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O conhecimento adquirido é clinicamente importante, pois a produção e captação destes 

ligantes de ferro representam possíveis alvos para terapia com antifúngicos levando-se 

em consideração a ausência de tais vias em humanos. 
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3. PERSPECTIVAS 

 

As perspectivas que surgiram a partir dos resultados deste trabalho são: 

 

  Obter linhagens silenciadas para os genes sidA (biossíntese de sideróforos), sit1 

(transporte de sideróforos) e sidI (conexão entre a via de biossíntese de 

sideróforos e a via de síntese de ergosterol) e verificar o fenótipo dos 

transformantes; 

 

  Realizar ensaios de virulência em modelo murino de infecção com as linhagens 

silenciadas; 

 

 Analisar o perfil proteômico da linhagem silenciada para sidA; 

 

  Investigar a localização peroxissomal de sidI, sidH e sidF em linhagens que 

expressem essas proteínas fusionadas à GFP; 

 

 Purificar sideróforos produzidos por Paracoccidioides spp. 
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Abstract Transition metals, particularly iron, zinc and cop-
per, have multiple biological roles and are essential elements
in biological processes. Among other micronutrients, these
metals are frequently available to cells in only limited
amounts, thus organisms have evolved highly regulated
mechanisms to cope and to compete with their scarcity.
The homeostasis of such metals within the animal hosts
requires the integration of multiple signals producing de-
pleted environments that restrict the growth of microorgan-
isms, acting as a barrier to infection. As the hosts sequester
the necessary transition metals from invading pathogens,
some, as is the case of fungi, have evolved elaborate mech-
anisms to allow their survival and development to establish
infection. Metalloregulatory factors allow fungal cells to
sense and to adapt to the scarce metal availability in the
environment, such as in host tissues. Here we review recent
advances in the identification and function of molecules that
drive the acquisition and homeostasis of iron, copper and
zinc in pathogenic fungi.

Keywords Iron . Copper . Zinc . Fungal pathogens

Introduction

Metals such as iron, copper and zinc have numerous bio-
logical roles and play a central role at the host–pathogen
interface. Mammalian and microbial cells have an essential
demand for these metals, which act as both structural and
catalytic cofactors for proteins, and are therefore required
for biological processes. During infection, the competing
demands for these nutrients culminate in a struggle for metal
acquisition/utilization at the microbe–host interface [1•, 2•].
In the complex interactions between pathogens and their
mammalian hosts, metal homeostasis plays an essential role
in both virulence and host defense [3, 4].

Iron and copper participate in several oxidation–reduc-
tion reactions because of their ability to lose and gain
electrons. This same property permits iron and copper to
generate reactive oxygen species (ROS) [5, 6]. Zinc is also
an essential cofactor of many enzymes, but in excess, may
be toxic to cells [7]. For metal balance, cells usually regulate
uptake, storage and consumption. Our understanding of the
mechanisms involved in metal excretion is incomplete. This
review summarizes the current knowledge regarding the
most studied metals that contribute to virulence of fungal
pathogens: iron, copper and zinc. We focus on the fungal
pathogens Candida albicans, Histoplasma capsulatum, As-
pergillus fumigatus, Cryptococcus neoformans and Para-
coccidioides. Specifically we discuss the struggle for
control of transition metals during infection, the molecular
mechanisms involved in iron, copper and zinc uptake and
the regulation of metal homeostasis in those pathogens.
Additionally we review the preferential host iron sources
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and fungal genes related to iron acquisition/homeostasis
directly involved in infection.

Host Metal Homeostasis During Infectious Processes

Among metals involved in fungal infection, the functions of
iron are well characterized. Hosts have evolved mechanisms
to efficiently acquire iron and at the same time decrease its
availability to pathogens [2•]. Physiological conditions that
lead to metal overload contribute to increased infections. For
example, administration of exogenous iron results in exacer-
bation of cryptococcosis [8] and increases in free iron also
results in higher fungal load in mouse tissues infected with
Paracoccidioides [9]. At the interface between iron and im-
munity, macrophages appear as a cellular factory that manage
metal homeostasis [3]. Upon infection, the iron efflux from
macrophages is suppressed resulting in 70 % reduction in
plasma iron, thus restricting the amount of the metal available
to extracellular pathogens. Infected macrophages, conversely,
restrict the amount of iron available to intracellular microbes
by pumping out iron via the ferroportin transporter route.
Mutation-impaired ferroportin function compromises the abil-
ity of macrophages to clear pathogens [10].

Lactoferrin is produced by neutrophils and epithelial cells
to chelate iron in extracellular compartments resulting in
impairment of proliferation of fungal invaders [11]. Induc-
tion of ferritin production to facilitate withholding of intra-
cellular iron diminishes the amount of the metal available to
intracellular pathogens [2•, 12]. Iron also influences im-
mune functions mediated by macrophages, and cytokines
affect systemic iron homeostasis and cellular iron efflux
[13]. Reduced iron levels have been found in macrophages
activated by exposure to interferon gamma (IFN-γ) or gran-
ulocyte macrophage colony-stimulating factor (GM-CSF)
[14]. Transferrin can be used by pathogens as an iron source
in host tissues. To counteract this process IFN-γ decreases
the expression of transferrin receptor in macrophages. More-
over, the production of the cellular iron storage molecule
ferritin can be regulated by proinflammatory signals [15].
So, in the complex host–pathogen interaction, the control of
iron homeostasis is a battlefield where the host must with-
draw the micronutrient from microbes and at the same time
uses iron to elaborate an efficient oxidative burst, since this
metal is required for generation of ROS.

Since copper is essential, it is not unexpected that both
humans and pathogens share the requirement for acquiring
sufficient levels of copper [6]. In response to fungal infec-
tion, macrophages phagocytose the fungal cells and initiate
cellular events that culminate in the oxidative burst [6].
Studies suggest that fungal pathogens must obtain copper
to develop an efficient survival mechanism in host tissues,
since genes related to copper acquisition/homeostasis are

upregulated during infection [16, 17]. C. neoformans fights
the host defenses to acquire copper, which promotes mela-
nin synthesis, a virulence factor for this fungus [18]. The
dependence of fungi upon copper for survival under the host
conditions can be related to their response to ROS genera-
tion by the host since superoxide dismutase is a copper-
dependent enzyme.

Zinc levels are modulated during infectious processes.
During inflammation, the liver sequesters zinc, likely limit-
ing zinc bioavailability to pathogenic microbes [19]. Neu-
trophils display an antimicrobial mechanism based on
competition for zinc. This zinc-chelating system, found in
neutrophil cytoplasm and abscess fluid, exerts fungistatic
activity based on the calcium- and zinc-binding protein
calprotectin [20]. Abscess fluid inhibits the growth of sev-
eral fungi and the addition of zinc results in fungal growth in
this fluid [7], reinforcing the view that zinc sequestration is a
strategy used by the host to combat fungal infections. A
metallomic study has demonstrated that GM-CSF-activated
macrophages reduce intracellular zinc concentrations upon
H. capsulatum infection in order to kill the pathogen [14].

Molecular Mechanisms of Iron, Copper and Zinc
Uptake

Iron uptake mechanisms are highly regulated in fungi since
excess iron is toxic and iron excretion systems have not yet
been described in fungi [21]. Fungi have evolved different
mechanisms for iron acquisition [21]. A low-affinity iron
uptake system characterized only in Saccharomyces cerevi-
siae involves permeases that transport not only iron, but also
other metals. In the reductive high-affinity ferrous uptake,
ferrireductases reduce ferric iron (Fe3+) to its soluble ferrous
form (Fe2+). Fe2+ is then reoxidized by plasma membrane
ferroxidases and Fe3+ is promptly internalized by a high-
affinity permease [5]. Another high-affinity mechanism for
iron uptake is mediated by siderophores, small molecules with
high affinity for Fe3+, that allow specific recognition and
uptake of iron at the cell surface [22]. Most fungi produce
and secrete hydroxamate-type siderophores under low-iron
growth conditions [23]. Some fungi, such as C. neoformans,
do not produce siderophores, but can transport molecules
produced by other organisms (xenosiderophores) [24].

The C. albicans genome contains genes that encode
18 putative ferrireductases and five ferroxidase homo-
logues [1•, 25]. The ferroxidase Fet34 localizes to the
plasma membrane and possibly associates with the per-
mease Ftr1 early in the secretory pathway, promoting the
high-affinity iron uptake [26•]. C. albicans produces a
siderophore transporter [27] that displays broad substrate
specificity, transporting various hydroxamate-type side-
rophores [28].
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Under iron-limiting conditions, H. capsulatum produces
three different reductants: a secreted glutathione dependent
γ-glutamyltransferase (Ggt1) [29], non-enzymatic reduc-
tants with low molecular weight, and cell surface ferric
reducing agents [30]. The H. capsulatum genome contains
genes that encode seven putative ferrireductases [31]. Al-
though a high-affinity acquisition mechanism has not been
described for H. capsulatum, genomic analysis of the strain
G186AR revealed genes coding iron permease (ftr1) and
ferroxidase (Fet3) homologues [32]. H. capsulatum is also
able to produce multiple hydroxamate siderophores under
conditions of low iron availability [33]. In addition, H.
capsulatum can utilize xenosiderophores [34].

In A. fumigatus, the ferrireductase FreB has been
characterized. After reduction, iron is internalized by the
ferroxidase-permease complex FetC–FtrA [35]. A. fumigatus
synthesizes three types of siderophores, two of which are
responsible for iron storage [36–38]. The iron-loaded side-
rophore is internalized by specific transporters [39] and the
ester bonds of triacetylfusarinine C are then hydrolyzed by an
esterase [40]. The cleavage products (fusarinines) are excret-
ed, and the free iron can either be used in cell metabolism or
bind to intracellular siderophore desferri-ferricrocin for stor-
age [37, 38, 41•].

Uptake of iron is probably mediated by two large groups
of transporters in C. neoformans: high- and low-affinity
systems [42]. Cft1 is a high-affinity iron permease associat-
ed with the reductive system. On the other hand cft2 possi-
bly encodes for a low-affinity uptake system, since no clear
iron-related phenotypes could be detected in cft2 null
mutants [43]. Cfo1 and Cfo2 ferroxidases have also been
described in C. neoformans [44]. Cfo1 is required for high-
affinity and reductive iron transport, since mutants lacking
the coding gene show reduced growth under low iron con-
ditions and cannot use ferric iron for growth. Moreover,
under low iron conditions, Cfo1 expression is increased
and localized mainly in the cell surface [44]. Studies have
shown the inability of Cryptococcus species to produce
siderophores. This is supported by genomic analysis, which
has revealed the absence of genes involved in steps of side-
rophore biosynthesis [24, 45]. Despite the inability to syn-
thesize siderophores, Cryptococcus species are presumably
able to transport xenosiderophores [43].

Molecular mechanisms for reductive iron uptake in the
genus Paracoccidioides are coming to light. In silico anal-
ysis has revealed that the genome of this fungus contains
genes that encode redundant ferrireductase homologues
[45]. Experiments have demonstrated a significant increase
in the expression of genes coding the ferrireductases fre3,
fre7, frp1 and ggt1 upon iron restriction (Fig. 1a). Para-
coccidioides has glutathione-dependent ferrireductase activ-
ity [46], an aspect that is corroborated by the presence of a
ggt1 homologue in the fungus genome [45]. Since iron

permease homologues were not detected in the Paracocci-
dioides genome, it has been proposed that a zinc permease
could function additionally as an iron permease to acquire
this metal [45]. The importance of iron acquisition by side-
rophores in the Paracoccidioides genus have been noted
and studies on siderophore production and uptake are in

Fig. 1 Expression profile of Paracoccidioides (Pb01) genes during
iron, copper and zinc starvation. Pb01 yeast cells were incubated in
chemically defined medium containing different concentrations of iron,
copper or zinc. Cells were harvested and total RNAwas extracted using
Trizol and mechanical cell rupture. After in vitro reverse transcription,
the cDNAs were submitted to quantitative RT-PCR. The expression
values were calculated using the transcripts alpha tubulin or l34 as
endogenous controls [9, 82]. Data are presented as fold change relative
to experimental controls. a Expression of ferrireductases encoding
transcripts fre3, fre7, frp1, and ggt1 evaluated in yeast cells in medium
containing 3.5 μM iron (experimental control) or no iron for 3 h, 15 h
and 24 h. b Expression of copper transporter encoding transcript ctr3
evaluated in yeast cells in medium containing 50 μM copper (experi-
mental control) or under conditions of copper starvation produced by
adding the copper chelator bathocuproine disulphonate (BCS) for 3 h,
6 h and 24 h. c Expression level of zinc transporters encoding tran-
scripts zrt1 and zrt2 evaluated in yeast cells in medium containing
30 μM zinc (experimental control) or under conditions of zinc deple-
tion produced by adding the zinc chelator N,N,N,N-tetrakis(2-pyridyl-
methyl)ethylenediamine (TPEN) at different pH values (4.5, 7.0 and
9.0) for 6 h. Data are presented as means ± SD from triplicate deter-
minations. *p≤0.05, t test, in relation to the data obtained from the
experimental controls
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progress. The major evidence of iron capture by side-
rophores is supported by the stimulation of fungal growth
in the presence of coprogen B and dimerum acid [47]. In
silico analysis ha revealed the presence of genes puta-
tively involved in hydroxamate-type siderophore biosyn-
thesis and transport [45]. Corroborating these data, it has
been demonstrated by chrome azurol S assays that Para-
coccidioides is a hydroxamate producer (Silva et al.,
personal communication).

In fungi, copper and iron homeostasis must be intrinsi-
cally linked since iron uptake requires ferroxidases, which
are members of the multicopper oxidase family. Copper is
first reduced by plasma membrane ferrireductases and then
Cu1+ is internalized via a high-affinity permease [48]. In C.
albicans, the ferrireductase cfl1/fre1 is transcriptionally reg-
ulated in response to both iron and copper availability [49],
indicating that this ferrireductase is also important in copper
uptake. Furthermore, the mutant for the ctr1 copper trans-
porter displays deficient growth in medium low in copper
and iron indicating that in C. albicans iron and copper
homeostasis are linked [50].

As observed for iron, copper plays fundamental roles in
several aspects of C. neoformans biology. For instance, the
production of melanin pigment is dependent on a copper
oxidase [51] and the copper-containing ferroxidases are
necessary for iron uptake [44]. Copper is probably reduced
in C. neoformans by the same enzymes that reduce iron at
the cell surface [52]. Two copper transporters have been
described in C. neoformans. The ctr1 null mutant shows
reduced growth in copper-depleted medium. Ctr4, by con-
trast, is not essential for cryptococcal development in low-
copper medium. However, mutant cells lacking both ctr1
and ctr4 transporters display severe growth defects in
copper-deprived environments [53•].

The Paracoccidioides genome contains genes that en-
code redundant ferrireductases [45] as cited above, suggest-
ing that these enzymes could function as iron and copper
reductases. Furthermore a high-affinity copper transporter,
ctr3, is present at increased levels during copper shortage
(Fig. 1b), reinforcing the view that Ctr3 could be involved in
copper uptake in Paracoccidioides [45].

The zinc uptake system in most fungi comprises just
high-affinity and low-affinity permeases belonging to the
ZIP family [54, 55], since this metal does not need to be
reduced before internalization. Eight genes encoding pro-
teins of the ZIP family of zinc transporters have been de-
scribed in A. fumigatus [56]. Expression of zrfA, zrfB and
zrfC is regulated by both zinc and pH [56, 57]. ZrfA and
ZrfB function under acidic, zinc-limiting conditions. It
seems that ZrfB is a high-affinity zinc permease, since a
zrfB transcript was downregulated under high zinc condi-
tions [58]. ZrfC participates in zinc uptake in a neutral or
alkaline, zinc-poor environment [56]. Aspf2 putatively

contributes to zinc uptake as a zinc-binding protein localized
in the fungal periplasm [56].

Paracoccidioides possesses two zinc permease homo-
logues (zrt1 and zrt2), indicating a specific zinc uptake
system [45]. The transcriptional response of zrt homo-
logues to zinc starvation has been demonstrated by quan-
titative RT-PCR (Fig. 1c). The zrt2 transcript, but not zrt1
transcript, is highly expressed at neutral to alkaline pH
during zinc depletion (Fig. 1c), as observed to A. fumi-
gatus ZrfC.

Host Iron Sources

A high proportion of circulating iron in humans exists as
heme in hemoglobin and hemin, iron-containing porphyrins.
C. albicans shows hemolytic activity, and membrane pro-
teins capable of binding hemin/hemoglobin have been iden-
tified [1•]. C. albicans Rbt5, a glycosylphosphatidylinositol-
anchored protein, is the major hemoglobin receptor [59].
hmx1 encodes an intracellular heme oxygenase that breaks
down iron-protoporphyrin IX to α-biliverdin and is required
for heme-iron utilization [60]. In silico analysis has revealed
that Paracoccidioides genome contains genes that encode
hmx1 and rbt5 homologues, suggesting effective hemoglo-
bin iron acquisition by this fungus [45].

Intracellular iron in humans is bound to ferritin. C.
albicans hyphae are able to obtain iron from ferritin
using Als3 protein as a receptor. Als3 is a multifunctional
protein since it can also function as an adhesin and an
invasin [1•]. Transferrin is a glycoprotein that transports
iron in serum. C. albicans is able to take up iron from
transferrin by the reductive pathway using the ferrous
permease Ftr1 and ferrireductase Fre10 [61]. In H. cap-
sulatum, ferrireductase activity is higher in the presence
of hemin and transferrin, suggesting that this fungus uses
the ferrireductases to obtain iron during infection [34].
Paracoccidioides is likely to be able to take up iron from
transferrin since the fungus has five genes encoding
ferrireductases in the genome [45].

Regulation of Iron, Copper and Zinc Homeostasis
in Pathogenic Fungi

Fungi have evolved sophisticated control mechanisms for
maintenance of optimal levels of iron, copper and zinc.
These mechanisms include the regulation of genes in-
volved in metal ion uptake, utilization and storage. In
fungi, metal ion homeostasis is mainly achieved by tran-
scriptional regulation of gene expression. A group of
iron-responsive GATA-type transcription factors mediates
repression of iron acquisition genes in response to iron
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sufficiency [62]. These regulators have a cysteine-rich
central domain located between two zinc fingers, which
directly interact with iron [63].

A range of genes and regulators involved in the response
of C. albicans to iron starvation have been described [64].
During iron sufficiency, the GATA-type regulator Sfu1
downregulates expression of arn1 and hap43 genes encod-
ing a siderophore transporter and a transcription factor,
respectively [64, 65]. Under iron-limited conditions, the
Cap2 protein represses the expression of Sfu1, activating
genes of iron uptake pathways [66•]. Sef1 and Rim101 were
also identified as positive regulators of iron acquisition in C.
albicans [67, 68].

A GATA-type factor, Sre1, has been described in H.
capsulatum. Sre1 acts as a negative regulator of siderophore
biosynthesis genes in response to iron excess [69]. Sre1 also
regulates cellular processes other than iron acquisition, such
as optimal filamentous growth [70]. The same occurs with
the Sre1 homologue SreB in Blastomyces dermatitidis. SreB
regulates siderophore biosynthesis and also governs phase
transition and cell growth at 22 °C in B. dermatitidis [71].

During iron sufficiency, high-affinity iron uptake sys-
tems (reductive pathway and siderophore production)
are repressed by SreA in A. fumigatus [72]. During iron
starvation, the A. fumigatus bZIP-type regulator HapX
represses iron-dependent pathways, such as respiration,
TCA cycle and heme biosynthesis, to save iron, and
activates iron uptake by siderophores [73•]. Thus the
transcription factors SreA and HapX act in opposite
ways within the cell depending on the environmental
iron status. During iron excess, SreA is activated and
represses HapX expression, while during iron paucity,
HapX represses the expression of SreA. In A. fumigatus
the transcription factor AcuM stimulates iron acquisition
via HapX induction and SreA repression [74].

C. neoformans Cir1 possesses a cysteine-rich domain,
but unlike other fungal GATA-type iron regulators, it has
only a zinc finger motif [75]. Cir1 is a global transcription
factor which senses iron levels and regulates positively and
negatively the transcriptional response [75, 76]. The expres-
sion of C. neoformans virulence attributes, such as capsule
formation, growth at host temperature and melanin produc-
tion, are also controlled by Cir1 [75]. A post-translational
mechanism for the control of the amount of Cir1 suggests
that under conditions of iron starvation Cir1 protein levels
decrease. In contrast, iron availability promotes Cir1 stabi-
lization and consequent repression of iron acquisition genes
[77]. The transcriptional response to iron in C. neoformans
is also regulated by HapX. As well as Cir1, HapX has both a
positive and negative influence in the regulation of gene
expression. However, unlike Cir1, HapX plays a modest
role during infection and probably is important during en-
vironmental iron acquisition [78].

Proteomic analysis has revealed that during iron starva-
tion the metabolic status of the pathogenic fungus Para-
coccidioides is altered. Glycolysis is upregulated while iron-
consuming pathways, such as tricarboxylic and glyoxylate
cycles, are repressed. It has been demonstrated that under
iron-limited conditions the transcript level of the HapX
increases [9]. However, the regulatory mechanisms that
orchestrate the global changes in response to iron availabil-
ity in this fungus have not been described and are the subject
of current investigation.

Regulatory mechanisms that respond to copper avail-
ability among pathogenic fungi have been best studied in
C. neoformans. The copper-dependent transcription factor,
Cuf1, has a cysteine-rich sequence, which contains a
putative copper binding motif [79]. Under conditions of
copper limitation, Cuf1 induces the expression of the
copper transporter encoding genes ctr1 and ctr4. During
copper excess, the metallothionein (copper binding and
detoxifying protein) genes cmt1 and cmt2 are induced by
Cuf1 [53•]. A copper-dependent transcriptional regulator,
Mac1, found in C. albicans, is transcriptionally autoregu-
lated and activates the expression of ctr1 and fre7 genes
during copper paucity [80].

Although regulation of copper homeostasis has not yet
been described in Paracoccidioides, studies have revealed
that the high-affinity copper transporter, Ctr3, is upregulated
under infection conditions [16, 81] and is also a potential
adhesin [82]. Analysis of genes potentially involved in
copper regulation has demonstrated the presence of a copper
metalloregulatory transcription factor, Mac1, in Paracocci-
dioides [45], thus prompting further investigation.

As for copper, the regulation of zinc homeostasis in
pathogenic fungi is poorly understood. A zinc-responsive
transcription factor has been described in C. albicans [83].
The Zap1/Csr1 factor induces expression of the plasma
membrane zinc transporters, Zrt1 and Zrt2, and is also
involved in the control of efficient hyphae and biofilm
matrix formation and production of quorum sensing mole-
cules [83–86].

In A. fumigatus the expression of zrfA and zrfB is
induced by the ZafA zinc-responsive transcriptional ac-
tivator under zinc-limited conditions [87]. However, un-
der neutral zinc-limited conditions, the expression of
these transporters is repressed by the transcriptional
regulator PacC [57]. Additionally, the expression of zrfC
is upregulated by ZafA under zinc-limited conditions
regardless of the environmental pH and downregulated
by PacC under acidic growth conditions [56].

Although zinc metabolism regulation is not well under-
stood in Paracoccidioides and Cryptococcus pathogens, a
homologue of Zap1 zinc-regulated transcription factor has
been found in their genomes [45]. Studies focusing on this
potential transcriptional regulator are in progress.
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Virulence

Despite the close correlation between metal availability and
virulence, the fungal genes related to iron acquisition/ho-
meostasis directly involved in host infection are poorly
described [88, 89]. Table 1 lists metal acquisition/homeo-
stasis genes and provides information on their role in
virulence.

In C. albicans, mutants lacking the iron permease coding
gene ftr1 lose virulence [90]. The involvement of genes
related to siderophore uptake in virulence was not observed
[27, 28]. Moreover virulence attenuation was observed in C.
albicans mutants lacking the iron-responsive transcriptional
regulators hap43, aft2, sef1 and cap2 and the heme oxygen-
ase coding gene hmx1 [65, 66•, 91, 92, 93•], indicating that
all these genes are important during C. albicans infection.

Table 1 Roles of genes involved in metal homeostasis and virulence of pathogenic fungi

Gene Protein function Role in virulence Reference

Candida albicans

ftr1 High-affinity iron permease The ftr1Δ mutatation results in complete loss of the capacity to
damage epithelial cells in vitro. Moreover mutants lacking ftr1
are avirulent in mice infected with C. albicans during the early
stationary phase

[90]

hap43 Transcriptional regulator Deletion of hap43 attenuates the virulence of C. albicans in a
mouse model of disseminated infection

[65]

cap2 Transcriptional regulator The cap2Δ mutant shows delayed virulence in a mouse model
of C. albicans infection

[66•]

aft2 Transcriptional regulator The aft2Δ/aft2Δ strain shows attenuated virulence in mice with
disseminated infection

[91]

hmx1 Heme oxygenase The homozygous mutant hmx1Δ/hmx1Δ shows reduced virulence
in mice with disseminated infection

[93•]

sef1 Transcriptional regulator The sef1Δ mutant shows significantly decreased virulence compared
to wild-type strain in BALB/c mice with disseminated infection

[92]

Aspergillus

sidA Involved in siderophore biosynthesis The sidAΔ mutant shows completely attenuated virulence in mice [37, 94]

sidD Involved in siderophore biosynthesis The sidDΔ mutant shows severely attenuated virulence in
neutropenic mice

[95]

sidF Involved in siderophore biosynthesis The sidFΔ mutant shows attenuated virulence in neutropenic mice
infected intranasally

[95]

hapX Transcriptional regulator The hapXΔ mutant shows attenuated virulence in
immunosuppressed mice

[73•]

acuM Transcriptional regulator The acuMΔ mutant shows attenuated virulence in neutropenic mice
with disseminated infection and invasive pulmonary aspergillosis,
resulting in significantly delayed mortality

[74]

zafA Transcriptional regulator The zafAΔ mutant shows reduced virulence in immunosuppressed
mice infected intranasally

[87]

pacC Transcriptional regulator The Aspergillus nidulans pacCΔ mutant shows attenuated virulence
in immunosuppressed mice

[99]

Histoplasma capsulatum

sid1 Involved in siderophore biosynthesis The sid1Δ strain shows a significant defect in pulmonary colonization
compared to wild-type cells in mice infected intranasally

[31]

Cryptococcus neoformans

cft1 High-affinity iron permease The cft1Δ mutant shows attenuated virulence and reduced fungal burden [43]

cfo1 Ferroxidase The cfo1Δ mutant shows significantly attenuated virulence in mice [44]

cir1 Transcriptional regulator The cir1Δ mutant is avirulent in mice [75]

ctr4 Copper transporter The ctr4Δ null mutant shows reduced spread to tissues and is
completely avirulent in infected mice

[79]

ctr1 Copper transporter ctr1Δ mutant presented reduced melanization, reduced capsule
and enhanced phagocytosis index

[97]

clc Chloride channel The clc-A mutant shows attenuated virulence in a mouse
cryptococcosis model, since clc-A plays a role in capsule
and laccase expression, important virulence factors

[98]

ccc2 Copper transporter ccc2 mutation results in absence of melanization, an
important virulence factor

[18]

cuf1 Transcriptional regulator The deletion of cuf1 results in attenuated virulence in
a mouse model of cryptococcosis

[79]
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In Aspergillus, mutants lacking genes involved in side-
rophore biosynthesis (sid) have pointed to the relevance of
this iron uptake pathway to virulence. sidA deletion in A.
fumigatus abolishes siderophore biosynthesis and complete-
ly attenuates virulence [37, 94]. A similar effect was ob-
served in mutants lacking the sidA homologue, sid1, in H.
capsulatum [31]. Genes related to fusarinine C and triace-
tylfusarinine C production, sidD and sidF, significantly af-
fect A. fumigatus virulence [95]. Furthermore, the deletion
of the transcriptional regulators hapX and acuM causes
significant attenuation of virulence in a murine model of
infection [73•, 74].

The role of iron acquisition in Cryptococcus virulence
has been extensively studied in recent years. Almost all C.
neoformans genes involved in iron homeostasis that have
been analyzed are related to cryptococcal virulence, as eval-
uated in murine models of cryptococcosis using null gene
mutants [44, 75–78]. When considering the iron permeases
Cft1 and Cft2, virulence attenuation and reduced fungal
burden are observed in the cft1 gene null mutant and in
the cft1/cft2 double mutant, but not in the cft2 knockout
strain [76]. The ferroxidase Cfo1 also plays a role in viru-
lence, since null mutants are also attenuated in virulence
[44]. In addition, C. neoformans cir1 null mutants are com-
pletely avirulent in murine models of cryptococcosis, which
is consistent with the hypocapsular phenotype and its re-
duced ability to proliferate at 37 °C [75].

Regarding copper, a pivotal biological role of this metal
has been already described for C. neoformans, since two
proteins involved in virulence, Cu/Zn-Sod1 and laccase,
require copper as a cofactor for activity [51, 96]. The ctr4
gene is expressed during infection and is directly associated
with virulence, since null mutants show reduced spread to
tissues and are completely avirulent in infected mice [79].
The ctr1 gene also is associated with virulence, as mutants
show reduced melanization, a reduced capsule, and an en-
hanced phagocytosis index [97]. Moreover, C. neoformans
strains with mutation in genes encoding copper distribution
transporters, such as the clc chloride channel and the ccc2
secretory transporter, show reduced virulence or reduced
expression of virulence factors [18, 98]. Furthermore, in a
mouse model of cryptococcosis, transcriptional regulator
cuf1 null mutants display disruption of several virulence-
linked characteristics, such as reduced laccase activity, se-
vere growth defects in low-copper medium, and reduced
virulence [79]. Cuf1 is required for infection of the brain
but not of the lung in mouse models of cryptococcosis,
suggesting that copper is limiting in neurological infections
[79].

Studies investigating the role of zinc during pathogenesis
are sparse. Investigations are restricted to the importance of
zinc-responsive transcription factors during pathogenesis, such
as zafA. In A. fumigatus, ZafA regulates zinc homeostasis, and

mutants lacking this gene show reduced virulence in mice [87].
A similar result was found for the pH-responsive transcriptional
factor pacC, that plays an essential role in pulmonary infection
by A. fumigatus [56, 99].

Conclusions

Iron, copper and zinc acquisition is a critical determinant in
fungal pathogenesis. To circumvent metal sequestration by
the host during infection, pathogenic fungi have evolved
mechanisms of metal acquisition. Understanding of the roles
of iron, copper and zinc in fungal pathogenicity has ad-
vanced in recent years. As discussed above, fungi demon-
strate remarkable flexibility in gaining access to and utilizing
the transition metals iron, copper and zinc. The sophisticated
acquisition and regulation of homeostasis of these metals are
surely an efficient weapon facilitating fungal survival within
the human host, and represent an important component of
virulence.
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