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RESUMO

O trabalho aqui apresentado divide-se em duas partes distintas. Numa
primeira parte foi investigada a variabilidade genética em Thiobacillus spp.,
através de RAPD e RFLP da regido espagadora do DNA ribossémico 16S-23S.
A segunda parte do trabalho refere-se a estudos relacionados aos mecanismos
de resisténcia a metais pesados em Thiobacillus ferrooxidans.

A variabilidade do DNA genémico de 8 linhagens de T. ferrooxidans foi
investigada através de RAPD, por amplificagées do DNA com 30 primers. A
maioria dos primers dividiu as linhagens estudadas em dois grupos distintos-
Grupo 1: linhagens S, SSP, V3, AMF e Grupo 2: linhagens CMV, FG-460, 1-35,
LR. Embora as linhagens do Grupo 2 estejam estreitamente relacionadas entre
si (valores de similaridade de 94 a 98%), um alto grau de diversid_ade gendémica
foi detectado entre as linhagens do Grupo 1 e do Grupo 2 (valores de
similaridade de 0,5% a 2,2%).

A variabilidade da regido espagadora do DNA ribossémico 16S-23S de 22
linhagens de T. ferrooxidans e T. thiooxidans (incluindo-se também a linhagem
tipo de T. caldus), foi analisada através de RFLP, apés amplificagdo dessa
regido por PCR. A analise de restrigao com 5 enzimas (Alu |, Dde |, Hae Ill, Hinf |
e Msp |) possibilitou, além da diferenciagdo das trés espécies, a divisdo das
linhagens de T. ferrooxidans em pelo menos 5 grupos. As linhagens de T.
thiooxidans apresentaram padrao de restricio mais homogéneo que as
linhagens de T. ferrooxidans, sendo que apenas a linhagem DAMS apresentou

um padrao distinto com as enzimas Dde |, Hae |l e Hinf|.
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Os estudos relacionados com os efeitos de cobre e outros metais pesados
sobre o crescimento, sintese protéica e fosforilagdo em T. ferrooxidans foram
realizados utilizando-se a linhagem LR, selecionada dentre oito linhagens
testadas, como uma das menos susceptiveis a cobre em experimentos de
respirometria.

O cultivo prévio de T. ferrooxidans LR em cobre possibilitou uma
diminuigao significativa do tempo requerido para a oxidagao total do Fet2 na
presenca desse metal, em relagdo as células ndo previamente tratadas por
cobre. No entanto, quando as células foram previamente crescidas na presenga
de cobre, a oxidagao do Fet2 foi totalmente inibida na presenca de outros
metais, como cadmio, niquel e zinco.

Proteinas totais de células de T. ferrooxidans LR, crescidas na presenca
de cobre, cadmio, niquel ou zinco foram analisadas através de eletroforese em
duas dimensdes. O aumento na sintese de proteinas especiﬂcaé foi detectado
para o cobre (pesos moleculares aparentes de 16, 28 e 42 kDa) e cadmio (66
kDa), enquanto a sintese de algumas proteinas (105 e 54 kDa) foi reprimida por
todos os metais testados.

A andlise em gel de SDS-PAGE demonstrou a indugéo por cobre de
proteinas de membrana (43, 48, 53 e 60 kDa) e do citosol (28 e 39 kDa).
Também foi detectada a represséo da sintese de proteinas de 36 e 30 kDa na
fragdo citosélica e de 96, 70, 34 e 28,5 kDa na fragdo de membrana.

Um aumento no nivel da fosforilagao in vitro de proteinas do citosol e da
membrana também foi observado apos cultivo das células na presenga de cobre,
sugerindo o envolvimento desse processo no mecanismo de resisténcia a cobre

em T. ferrooxidans.
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SUMMARY

This work presents two distinct parts. In the first part, the genetic variability
among thiobacilli strains was investigated by RAPD and RFLP of the 16S-23S
intergenic spacer region of ribosomic DNA. The second part refers to studies
related to mechanisms of heavy metal resistance in T. ferrooxidans.

The genomic variability among eight T. ferrooxidans strains was
investigated by RAPD analysis, through DNA amplifications with 30 primers.
Most primers divided T. ferrooxidans into two distinct groups, Group 1
encopassing strains S, SSP, V3, AMF and Group 2 with strains CMV, FG-460,
I-35, LR. Group 2 strains were closely related (similarity values of 94 to 98%), but
a high degree of genomic diversity was detected among strains of Group 1 and
Group 2 (similarity values of 0.5% to 2.2%).

RFLP analysis of PCR-amplified 16S-23S rDNA spacer region of 22 T.
ferrooxidans and T. thiooxidans strains (including T. caldus type strain), using the
enzymes Alu |, Dde |, Hae Ill, Hinf | and Msp |, divided T. ferrooxidans strains
into at least five RFLP groups. T. thiooxidans strains yielded more homogeneous
RFLP patterns, except for strain DAMS, which showed a distinct pattern with
Dde |, Hae lll e Hinf 1.

The effects of copper and other heavy metals in the growth, protein
synthesis and phosphorylation were evaluated in T. ferrooxidans strain LR,
selected among eight strains as one of the least susceptible to copper in

respirometric experiments.
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Cultivation of T. ferrooxidans LR in the presence of copper caused a
significant decrease in the time required for total iron oxidation in the presence of
this metal, in relation to untreated cells. However, when bacterial cells were
previously grown in the presence of copper, iron oxidation was totally inhibited in
the presence of other metals, such as cadmium, nickel and zinc.

Total proteins of T. ferrooxidans LR cells grown in the presence of copper,
cadmium, nickel or zinc were analysed by two-dimensional electrophoresis.
Copper induced the synthesis of specific proteins with apparent molecuiar
weight of 16, 28 and 42 kDa, whereas cadmium induced a 66 kDa protein. Some
proteins (54 and 105 kDa) were repressed by ali the metals tested.

Copper-induced membrane proteins of apparent molecular weight of 43,
48, 53 and 60 kDa were detected by SDS PAGE, whereas proteins of 28 and 40
kDa were induced in the cytosolic fraction. It was also detected the repression of
30 and 36 kDa proteins in the cytosolic fraction and 28.5, 34, 70 and 96 kDa
proteins in the membrane fraction.

An increase of in vitro phosphorylation levels of cytosolic and membrane
proteins was also observed when cells were grown in the presence of copper,
suggesting the involvement of this process in the resistance mechanism to

copper in T. ferrooxidans.



INTRODUGAO

O género Thiobacillus (Bacteria, Proteobacteria, subdivisdo p) é
atualmente constituido por bactérias que se apresentam na forma de bastonetes,
as quais obtém energia para seu crescimento autotrofico a partir da oxidagéo de
substratos contendo enxofre inorganico (Kelly & Harrison, 1984).
Consequentemente, esse género compreende espécies que tém diferentes
necessidades nutricionais, de temperatura e de pH, abrangendo uma grande
variedade de organismos com diferentes caracteristicas metabdlicas e
fisiologicas: acidofilicos, neutrofilicos, termofilicos, denitrificantes e heterotroficos
facultativos (Kuenen et al, 1992). Os primeiros organismos descritos,
Thiobacillus denitrificans, Thiobacillus ferrooxidans e Thiobacillus thiooxidans ,
sdo estritamente quimioautotréficos, apresentando um metabolismo altamente
especifico.

T. ferrooxidans e T. thiooxidans sao bactérias Gram-negativas, aerdbias
obrigatérias e que fixam o didxido de carbono atmosférico. T. thiooxidans cresce
em valores de pH entre 1,0 e 4,0, sendo o pH o6timo 2,5, e utiliza enxofre
elementar ou compostos reduzidos de enxofre como substrato oxidavel.

Thiobacillus ferrooxidans é a unica espécie do género capaz de catalisar a

oxidacao do ion ferroso, aumentando de 10° a 108 a velocidade da reagao. A
espécie também ¢é acidofilica, pois seu pH 6&timo de crescimento é
aproximadamente 2,0, ocorrendo entretanto, crescimento numa faixa de pH

entre 1,2 a 4,0 (Golomzik & lvanov, 1965; Tuovinen & Kelly, 1972; Pivovarova &
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Golovacheva, 1985). Basicamente, T. ferrooxidans necessita de suprimentos de

nitrogénio, fosforo e magnésio (Beck & Shafia, 1964; Howard & Lundgren, 1970;
Tuovinen & Kelly, 1972; Tuovinen et al, 1979) e um substrato inorganico

2+

oxidavel como fonte de energia, que pode ser o ion Fe“", enxofre elementar,

tiossulfato ou ainda um sulfeto metalico, como por exemplo a pirita, FeS2,
principal substrato mineral utilizado pela bactéria.

Nos ultimos anos, os estudos fisiologicos, bioquimicos e genéticos de T.
ferrooxidans tém se intensificado pelo fato do mesmo ser um dos principais
microrganismos responsaveis pela lixiviagdo bacteriana de metais, ou
biolixiviagdo, processo no qual o metabolismo microbiano causa a solubilizagao
de metais de minérios. A acao bacteriana ocorre naturalmente em minérios que
apresentam em sua constituicdo formas reduzidas de enxofre e ferro.
Fundamentalmente, a base do processo de lixiviagdo bacteriana consiste na
producdo de solugdes acidas de sulfato férrico, eficiente agente lixiviante de
metais, como resultado do metabolismo oxidativo de T. ferrooxidans em
substratos minerais sulfetados (Garcia, 1997). Atuaimente, a biolixiviagdo €
aplicada em escala industrial para recuperagdo de cobre e urénio em varios
paises. Metais preciosos também podem ser obtidos utilizando-se esse
processo, como é o caso do ouro, sendo que unidades de produgéo ja estdo em
operagao no Brasil e em paises como Africa do Sul, Australia e Gana (Lawrence
& Poulin, 1995).

Uma caracteristica fisioldgica marcante e altamente interessante de T.

ferrooxidans é a sua generalizada resisténcia a altas concentragdes de ions
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metdlicos, inclusive metais pesados. Isto pode ser atribuido a presenca

constante de metais no préprio habitat da bactéria, fator que provaveimente
determinou a selegao de tipos mais resistentes ao longo da evolugdo. Embora os
mecanismos que determinam essa resisténcia ndo sejam muito conhecidos,
sabe-se que T. ferrooxidans apresenta resisténcia elevada ao aluminio, zinco,
cobalto, manganés, cobre, cromo e uranio, segundo revisées de Brierley (1978),
Lundgren & Silver (1980), Hutchins et al. (1986) e Rawlings & Kusano (1994).

A capacidade de crescimento desse microrganismo em condi¢gdes
ambientais hostis a maioria das bactérias heterotroficas (i.e., alta acidez e
concentragdes elevadas de metais) o torna interessante para estudos dos
determinantes genéticos dessas caracteristicas. Assim, T. ferrooxidans pode ser
potenciaimente util para o isolamento de genes que conferem resisténcia a
metais pesados.

A implantacdo de um programa de manipulagdo genetica de T.
ferrooxidans para o isolamento desses genes é altamente interessante em pelo
menos dois aspectos. O primeiro deles se refere a transferéncia desses genes
entre as proprias linhagens de T. ferrooxidans, que apresentam variabilidade
genética natural para essa caracteristica, de tal forma a reunir em uma unica
linhagem, resisténcia elevada multipla a metais, objetivando a otimizagdo do
processo de biolixiviagdo de minérios. Um segundo aspecto se relaciona com a
possivel utilizagao de T. ferrooxidans como um doador desses genes para outras
espécies bacterianas e outros organismos, nos quais a baixa ou total auséncia

de resisténcia a metais possa comprometer ou limitar processos de aplicagao
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biotecnolégica. Microrganismos mais resistentes a cobre, por exemplo, poderiam

ser utilizados como biosorventes para recuperagao do metal de solugdes
industriais e como um recurso para descontaminacgao de residuos industriais.

O estudo da diversidade genémica e do status taxonémico das linhagens
brasileiras de T. ferrooxidans é de fundamental importdncia para a
caracterizacao desse material bioloégico, utilizado nos estudos de resisténcia a
metais. Assim sendo, a tecnica de RAPD (Random Amplified Polymorphic DNA)
(Williams et al., 1990; Welsh e McClelland, 1990) foi utilizada na caracterizacao
inicial de oito linhagens de T. ferrooxidans, seis das quais isoladas de ambientes
brasileiros. Esta etapa do trabalho possibilitou uma visdo geral da variabilidade
gendmica das linhagens estudadas e os resultados obtidos constam do artigo
publicado “RAPD genomic fingerprinting differentiates Thiobacillus ferrooxidans
strains” (Novo et al., 1996).

A caracterizagao de 22 linhagens de Thiobacillus spp. (incluindo as 8
linhagens analisadas por RAPD) através de RFLP (Restriction Fragment Length
Polymorphism) das regides espagadoras do DNA ribossémico 16S-23S, foi
realizada apo6s amplificacdo dessa regidao por PCR (Polymerase Chain
Reaction). Estes estudos demonstraram a utilidade dessa técnica na rapida
caracterizacdo de novos isolados e a maior heterogeneidade entre linhagens de
T. ferrooxidans, em comparacgao com as linhagens de T. thiooxidans analisadas.
Esta etapa do trabalho consta do artigo “Differentiation of Thiobacillus
ferrooxidans and Thiobacillus thiooxidans by 16S-23S rDNA spacer

polymorphisms” (Novo et al., submetido para publicagdo na revista Applied and



Environmental Microbiology).

No estudo dos efeitos dos metais pesados cobre, cadmio, niquel e zinco
no crescimento bacteriano e na sintese protéica, além do efeito do cobre na
fosforilagdo de proteinas em T. ferrooxidans, foi dado especial enfoque para o
cobre devido a sua importancia em biolixiviagdo e aos problemas decorrentes da
contaminagao de cobre no meio ambiente. Tais estudos forneceram indicios da
importancia de processos indutivos e da sua especificidade no mecanismo de
resisténcia ao cobre em T. ferrooxidans, bem como o possivel envolvimento da
fosforilagdo de proteinas. Esta etapa do trabalho consta do artigo “Thiobacillus
ferrooxidans response to copper and other heavy metals: growth, protein
synthesis and phosphorylation” (Novo et al., submetido para publicagdo na
revista Applied and Environmental Microbiology).

O desenvolvimento do trabalho aqui apresentado - possibilitou a
consolidacédo dessa linha de pesquisa, através da viabilizagdo de projetos
elaborados durante este trabalho de tese (1), e abriu novas perspectivas de
estudos em Biologia Molecular de Thiobacillus spp., area de pesquisa ainda

incipiente no Brasil.

(1)*Estudo dos mecanismos de tolerancia ao aluminio e manganés em Thiobacillus ferrooxidans”
(financiado pelo CNPq e ja concluido) e “Thiobacillus ferrooxidans: Filogenia e Caracterizagao
da Resisténcia a Metais” (financiado pela FAPESP e ainda em andamento).



REVISAO BIBLIOGRAFICA

1. Thiobacillus ferrooxidans: consideragoes iniciais

Durante varios anos, poucos trabalhos foram realizados objetivando-se
um melhoramento do processo de lixiviagao bacteriana pela manipulagao
genética do microrganismo. Isso se deve ao fato que o sistema de lixiviagao
bacteriana de minérios em pilhas se processa de uma forma quase rudimentar e
esta sujeito as modificagdées proprias de um sistema aberto, onde o ambiente
atua como potente agente selecionador de espécies e linhagens mais eficientes
para o processo (Tuovinen & Kelly, 1972).

Entretanto, um nivel tecnolégico mais avangado do processo esta sendo
requerido para o aproveitamento em bioreatores de concentrados sulfetados ou
de materiais contendo metais valiosos, como por exemplo, o ouro. Tais
sistemas, rigorosamente controlados, exigem a utilizagdo de linhagens
bacterianas eficientes, que apresentem, por exemplo, taxas mais elevadas de
oxidagao dos substratos e maior resisténcia a metais toxicos, entre outras
caracteristicas (Garcia, 1997).

Os estudos genéticos com T. ferrooxidans tiveram inicio no final da
década de 70, com trabalhos de genética classica realizados por Groudeva e
colaboradores. Tais trabalhos demonstraram a existéncia de variabilidade
genética natural na espécie através de curvas de sobrevivéncia a agentes

mutagénicos (Groudeva et al., 1978a). Mutagénicos quimicos e luz ultravioleta
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foram utilizados para indugado de mutantes, (Groudeva et al., 1978b, c; Groudeva

et al., 1980), obtendo-se uma variabilidade de 20 a 180% em relagéo a atividade
oxidativa da linhagem selvagem. Tais estudos comprovaram o potencial da
espécie para o melhoramento genético.

Trabalhos adicionais detectaram ainda variabilidade natural quanto as
atividades de lixiviagdo de ZnS e CuS (Groudev, 1980a, b) e quanto a
parametros cinéticos e a resisténcia a uranio, tério, niquel e cobre (Dispirito &
Tuovinen 1982; Leduc et al., 1997). Garcia e Silva (1991) também mostraram
variabilidade natural entre linhagens isoladas de minas brasileiras, quanto a
resisténcia a cobre, cobalto, mercurio e prata.

Paralelamente a caracterizacao dos tiobacilos e divisdao dos mesmos em
grupos fisiologicos distintos, estudos genéticos baseados no conteudo genémico
de G+C e hibridizagdo DNA-DNA foram realizados (Harrison, 1982; 1983). A
diversidade de valores de G+C e de grupos de homologia de DNA entre
linhagens de T. ferrooxidans revelaram o alto grau de diversidade genémica

dentro da espécie (Harrison, 1982).

2. Filogenia

Analises filogenéticas do RNA ribossémico 5S (Lane et al., 1985) e 16S
(Lane et al., 1992; Goebel & Stackebrandt, 1994) demonstraram que as espécies
de Thiobacillus estao distribuidas em trés subclasses (o, B e y) das

proteobactérias, embora a maioria das linhagens, incluindo representantes de
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trés grupos de homologia de Harrison (1982) tenham sido agrupadas em um
grupo filogenético Unico. Uma excegdo foi a linhagem de T. ferrooxidans m-1,
que se diferenciou do agrupamento principal. Diferentemente da linhagem m-1,
duas linhagens de T. thiooxidans, incluindo a linhagem tipo ATCC 19377, foram
incluidas no grupo principal de T. ferrooxidans (l-ane et al., 1992), na subdivisao
B (Woese, 1987) das Proteobacteria.

Na classificacdo filogenética de bactérias baseadas nas sequéncias de
RNAr 16S do RDP (Ribosomal Database Project, Olsen et al., 1992), as
espécies de Thiobacillus mais proximas de T. ferrooxidans séo T. thiooxidans e
T. caldus, incluindo T. tepidarius na periferia do grupo (Figura 1). A
heterogeneidade filogenética de T. ferrooxidans € demonstrada pelos dois
agrupamentos evidenciados na arvore filogenética (Figura 1) e pela ocorréncia
de varias linhagens isoladas associadas a outros grupos de bactérias
filogeneticamente distintos em outras posigdes da arvore (Olsen et al., 1992).
Assim, sabendo-se que a habilidade para oxidar enxofre € comum a muitos
grupos de bactérias Gram-negativas, essa capacidade metabdlica, juntamente
com a morfologia celular de bastonete, ndo é parametro criterioso para a
inclusdo de espécies no género Thiobacillus, o qual necessita de uma revisao
taxondmica (Moreira & Amils, 1997).

Segundo revisdo de Rawlings e Kusano (1994), ha suficiente variabilidade
entre linhagens de T. ferrooxidans para que as mesmas sejam subdivididas em
varias espécies dentro do género. O género Thiobacillus também inclui muitas
bactérias neutrofillicas e autotroficas facultativas, cujas sequéncias de RNAr
16S e caracteristicas fisiologicas sdo téo distintas das acidofilicas tipicas e
autotroficas obrigatérias, T. ferrooxidans e T. thiooxidans, que elas ndo deveriam

integrar o mesmo género (Rawlings & Kusano, 1994).



Acidiphilium angustum (ATCC 35903) [2276]
Acidiphilium rubrum (ATCC 35905) [2277]
Rhodospirillum sodomense str. DS1 (ATCC 51195) (2278]
Rhodospirillum salinarum (ATCC 35394) [2279]
Ectothiorhodospira halophila str. SL 1 (DSM 244) [2281]
Ectothiorhodospira halochloris str. A (ATCC 35916) [2280]
Arhodomonas aquaeolei (ATCC 49307) [2282]
— Ectothiorhodospira shaposhnikovii (DSM 243) [2283}
Thiobacillus ferrooxidans str. isolate N-Fe3 [2285]
L Thiobaciilus ferrooxidans (ATCC 19859) {2284]
Thiobacillus ferrooxidans (ATCC 23270) [2286]
Thiobacillus ferrooxidans str. F221 [2287]
r Thiobacillus ferrooxidans str. isolate N-Fe2 [2288]
l_ Thiobacillus ferrooxidans (IFQ 14262) [2289]
Thiobacillus ferrooxidans str. isolate N-Fed {2290]
‘I- Thiobacillus thicoxidans str. 3/TA (ATCC 19377) [2291]
Thiobacillus thiooxidans str. isolate B-53 [2292]
— Thiobacillus thicoxidans (DSM 612) [2293]

Thiobacillus caldus (DSM 8584) [2294]
-L{-—- Thiobacillus ferrooxidans (IFO 14245) [2295]
Thiobacillus ferrooxidans str. LM2 [2296]

Thiobacillus tepidarius (DSM 3134) [2297]
Nitrosococcus oceanus str. C-27 [2298]

Nitrosococcus oceanus str. C-107 [2299]
Chromatium tepidum str. MC (ATCC 43061) [2300]
Chromatium vinosum (ATCC 17899) [2301}

symbiont of Lucina floridana gill {2303}

symbiont of Codakia costata gill [2302]
symbiont of Lucinoma annulata [2304]

symbiont of Lucinoma aequizonata gill [2305]
symbiont of Anodontia phillipiana gill [2306]
symbiont of Thyasira flexuosa gill [2307]

symbiont of Codakia orbicularis gill [2308]
symbiont of Riftia pachyptila trophosome [2309]
symbiont of Solemya velum [2310]

symbiont of Solemya reidi gill {2311)

symbiont of Solemya reidi {2312]

marine snow associated clone agg47 (2313]

Thiobacillus ferrooxidans str. m-1 (DSM 2392) {2314]

Burkholderia solanacearum (RIMD 1648002) <Bur.solan2> {23186]
Burkhoideria solanacearum (RIMD 1648002) <Bur.solana> [2315]
Burkholderia solanacearum group 3 [2317]

Burkholderia solanacearum group 2 [2318]

Burkholideria solanacearum biovar 2 (ACH 158) [2319]
Pseudomonas syzygii [2321]

Burkholderia solanacearum group 4 [2320]

Burkholderia solanacearum group 1 [2322]

Burkholderia solanacearum biovar 4 [2323)

Burkholdena solanacearum biovar 3 [2324]

FIGURA 1. Classificagao filogenética de linhagens de T. ferrooxidans e T.
thiooxidans baseada em sequéncias de RNAr 16S (Ribosomal

Database Project, Olsen et al., 1992).
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3. Plasmidios

Estudos da ocorréncia de plasmidios em T. ferrooxidans foram realizados
na tentativa de se correlacionar sua presenga com a alta resisténcia a metais.
Martin et al. (1981) determinaram o padrao plasmidial de 15 linhagens de T.
ferrooxidans. Enquanto que apenas 4 linhagens nao apresentaram plasmidios,
uma das linhagens apresentou 5 plasmidios diferentes. Shiratori et al. (1991)
determinaram que em mais de 100 linhagens de T. ferrooxidans, cerca de
73% possuiam mais de um plasmidio (de tamanhos entre 2 e 30 kb), sendo que
dois plasmidios, oriundos de diferentes linhagens, apresentaram alta homologia.
Apesar da quase totalidade das linhagens selvagens examinadas de T.
ferrooxidans possuirem plasmidios, os mesmos nao foram ainda correlacionados

com qualquer caracteristica.

4. Recombinagao génica

Mecanismos de recombinag¢ao génica para o T. ferrooxidans também tém
sido estudados. Embora nao tenham sido isolados plasmidios auto-transferiveis
de T. ferrooxidans, sdo conhecidos pelo menos trés plasmidios da bactéria que
podem ser mobilizados entre linhagens de E. coli (Rawlings & Woods, 1985).
Uma das poucas descri¢gdes da transformacgédo de uma espécie de Thiobacillus
se refere ao Thiobacillus thioparus (Yankofsky et al., 1983). A transformagao de

T. thioparus auxotréfico para prototréfico foi realizada pela exposi¢do de células
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em crescimento exponencial ao DNA cromossdmico de espécies prototréficas.

Kusano et al. (1992) realizaram a transformag¢do de linhagens de T.
ferrooxidans sensiveis ao mercurio através de eletroporagdo com plasmidios
recombinantes, construidos pela clonagem do operon que confere resisténcia ao
mercurio (marcador genético) em um plasmidio criptico de T. ferrooxidans.
Contudo, somente uma dentre 30 linhagens testadas foi transformada e a
expressao dos genes mer foi insatisfatoria.

Tentativas de transferéncia de plasmidios de E. coli para T. ferrooxidans
foram bem sucedidas através de conjugacdo. Genes originarios da bactéria
heterotrofica, clonados no vetor de largo espectro de hospedeiros pJRD215,
foram expressos de maneira estavel na bactéria autotréfica (Peng et al., 1994a).
Em experimentos posteriores, Peng et al. (1994b) expressaram genes

heterdlogos de resisténcia a arsénio em T. ferrooxidans.

5. Clonagem e expressao génica

Trabalhos de isolamento e caracterizagao de genes cromossomais ou
plasmidiais de T. ferrooxidans evidenciaram que, em geral, as seqlUéncias de
nucleotidios de genes estruturais do T. ferrooxidans apresentam alta homologia
com sequéncias de outras bactérias, sendo que o grau de similaridade varia
para diferentes espécies (Barros et al., 1985; Ramesar et al., 1988). Pode-se
concluir ainda que a regulagdo da expressao génica no organismo acidofilico
autotrofico € bastante similar a de organismos heterotroficos (Rawlings et al,

1987; Takamiya et al., 1990).
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6. Resposta celular ao estresse

As respostas adaptativas a condi¢des de estresse em T. ferrooxidans tem
sido estudadas principalmente com relagdo a falta de fosfato (Seeger & Jerez,
1992, 1993), choque térmico (Jerez, 1988), mudancas de pH (Amaro et al.,
1991), entre outras (Jerez et al, 1988). Seeger e co-autores (1996)
demonstraram mudang¢as no nivel de fosforilagdo das chaperonas DnaK e
GroEL e de outras proteinas quando células de T. ferrooxidans foram
submetidas a falta de fosfato. Esses autores sugeriram que a fosforilagdo das
chaperonas possivelmente esta envolvida na percepgdo e regulagdo das

respostas a estresse nessa bactéria.

7. Resisténcia e adaptacao a altas concentragoes de metais -

T. ferrooxidans apresenta resisténcia generalizada a altas concentragées
de metais (Tuovinen et al., 1971), normalmente presentes em seu habitat,
toxicas a maioria das bactérias. De acordo com as revisdes de Brierley (1978),
Lundgren & Silver (1980) e Hutchins et al. (1986), T. ferrooxidans apresenta
resisténcia ao aluminio (0,37 M), manganés (0,18 M), zinco (0,15 M), cobalto

(0,17 M), cobre (0,16 M), cromo (0,1 M) e uranio (0,01 M). Os niveis de
resisténcia sdo reduzidos para ions como prata (10'5 M), mercurio (10'4 M),

molibdénio (10" M), selénio, teldrio e arsénio (10°3 M).

Linhagens de T. ferrooxidans que nao sao afetadas por concentragbes de
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cobre até 160 mM tém sido descritas (Leduc & Ferroni, 1993), enquanto

bactérias heterotroficas toleram apenas 1 a 2 mM do metal (Duxbury & Bicknell,
1983; Tetaz & Luke, 1983). Tém sido relatados também trabalhos que utilizam
linhagens de T. ferrooxidans adaptadas a concentragdes crescentes de cobre
(Natarajan et al.,1994; Pramila et al., 1996) ou zinco (Kondratyeva et al., 1995),
processo este que acarreta o aumento do nivel de resisténcia. Linhagens de T.
ferrooxidans adaptadas apresentaram crescimento na presenca de 470 mM de
cobre (Pramila et a/.1996) e 1 M de zinco (Kondratyeva et al., 1995). Natarajan
et al. (1994) demonstraram que a resisténcia desenvolvida pela adaptacédo a
cobre é estresse-dependente e ndo um trago permanente da linhagem adaptada.

Holmes e colaboradores (Holmes et al., 1988; Holmes & Haqg, 1989)
sugeriram que sequéncias repetitivas moveis de DNA, as quais tém sido
encontradas tanto no DNA cromossomal como plasmidial de varias linhagens de
T. ferrooxidans (Yates & Holmes, 1987; Yates et al., 1988), estdo envolvidas no
mecanismo de adaptacdo, através da promocgao de recombinacgdes, tanto intra-
cromossomal como plasmidio-cromossomal. Como fundamento para tal
hipétese, Holmes e Haq (1989) analisaram as posi¢cdes gendmicas de
sequéncias repetitivas especificas, antes e depois de varios meses de subcultivo
na presenga de altas concentragdes de cobre, detectando alteragbes na
localizagdo de uma dessas sequéncias.

Em relagdo a especificidade do processo de adaptagido a metais, poucos
trabalhos tém sido relatados. Natarajan et al. (1994) sugeriram que os

crescentes periodos lag observados em altos niveis de cobre poderiam indicar
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que o mecanismo celular & especificamente afetado por diferentes niveis de

cations metalicos. Brahmaprakash et al. (1988) tambem sugeriram metal-
especificidade dos mecanismos de protegao celular em T. ferrooxidans, apenas
com base na observacao de que os periodos lag diferiram para cobre e zinco.
Quanto a inducdo de proteinas por metais, Jerez et al. (1988) nao
detectaram alteragdo no padrdao de sintese protéica da linhagem de T.
ferrooxidans ATCC 19859, apos transferéncias dos microrganismos para 50 mM
de uranilo ou para cadmio e cobre em concentragdes acima de 200 mM.
Kondratyeva et al. (1995) compararam os perfis de restricdo do DNA
cromossomal de uma linhagem de T. ferrooxidans antes e ap6s adaptacao a
zinco ou arsénio, através de eletroforese de campo-pulsado (pulsed-field gel
electrophoresis). Os autores detectaram amplificagdo de fragmentos de 28 kb e
98 kb nas linhagens adaptadas a arsénio e zinco, respectivamente, o que nao
ocorreu nas linhagens nao adaptadas. Com base nesses resultados, os autores
sugeriram que o aumento da resisténcia em T. ferrooxidans apés adaptacao a
metais toxicos & devido ao aumento do numero de cépias dos genes de
resisténcia cromossomais e, consequentemente, do aumento na sintese das

proteinas envolvidas.

Com o objetivo de determinar se a resisténcia a altas concentragdes de
metais toxicos € codificada por plasmidios, Pramila et al. (1996) investigaram os
perfis de elementos extra-cromossomais na linhagem-selvagem MAL-4 de T.

ferrooxidans antes e ap6s adaptagao da mesma a 470 mM de cobre. Enquanto a
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linhagem-selvagem apresentou muitiplos plasmidios, culturas adaptadas a
concentragbes de cobre a partir de 300 mM mostraram uma redugéo acentuada
no numero de copias dos mesmos, sendo que a reducgao para 3 plasmidios foi
estimada ser acima de 50 vezes. Tal efeito foi demonstrado ser especifico para o
cobre, pois a redugdo no numero de cépias nao foi observada para linhagens
adaptadas a altas concentragbes de sulfato de sédio ou zinco; porém, efeito
similar ao cobre foi observado para o mercurio, para o qual a resisténcia é
codificada por genes cromossomais (Shiratori et al., 1989; Inoue et al., 1989).

Apos retorno das linhagens adaptadas a cobre ou mercurio ao
crescimento na auséncia desses metais, os niveis plasmidiais anteriores a
adaptacao foram restaurados. Pramila et al. (1996) sugeriram que a selegdo
negativa dos ions cobre sobre o numero de copias de pIasmidiosA € um indicio da
origem cromossomal da resisténcia a cobre em T. ferrooxidans. Determinantes
cromossomais induziveis de resisténcia a cobre também foram descritos em
Pseudomonas (Vargas et al., 1995).

Varias tentativas tem sido feitas no sentido de se correlacionar a presenca
de plasmidios nativos de linhagens de T. ferrooxidans com a resisténcia a
metais, mas nao se tem obtido sucesso. Parte desse problema se deve ao fato
de que, sem um marcador selecionavel, a cura de plasmidios se torna muito
dificil; além disso, nenhuma tentativa de cura foi bem sucedida, pelo que se tem

conhecimento (Rawlings & Kusano, 1994).
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8. Clonagem e caracterizagao dos genes de resisténcia a mercurio

Embora T. ferrooxidans seja comprovadamente resistente a altas
concentragbes de metais pesados, praticamente ndo sdo conhecidos o0s
mecanismos genéticos que conferem essa resisténcia. A unica exceg¢do se
refere ao mercurio, sendo que os genes que conferem resisténcia a esse metal
em T. ferrooxidans foram clonados e expressos em E. coli (Shiratori et al., 1989).

O operon que conferiu resisténcia ao mercurio em E. coli, € composto de pelo

menos 2 genes, um gene tipo merC, que codifica proteina capaz de captar Hg+

através da membrana, e o gene merA, que codifica a mercurio-redutase,

proteina responsavel pela volatilizagdo do mercurio como Hg®, cuja sequiéncia
nucleotidica foi determinada por Inoue et al. (1989).

Foi demonstrado também que a co-transcrigdo de merA eu merC esta sob
controle de um possivel promotor (seqténcia de 70 a 100 pb upstream do cédon
de inicio de merC), de seqliéncia altamente homodloga ao promotor de merT de
outros sistemas mer de bactérias Gram-negativas, embora nao se tenha
observado nenhuma sequéncia homoéloga a merT, memR, merP ou merD,
constituintes do operon mer em R100 (lnoue et al., 1989). Além disso, o

transcrito mer em T. ferrooxidans sé foi detectado em células induzidas por

H92+ (operon mer indutivel). Os genes de T. ferrooxidans associados com a
resisténcia a mercurio diferem de outras bactérias tanto no seu arranjo no
operon, como devido ao fato de tais genes serem cromossomais € nao

plasmidiais.
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9. Indugao de proteina quelante por cadmio em Thiobacillus sp

Metalotioneinas sdo um grupo de proteinas de baixo peso molecular com
alto conteludo de cisteina, que se ligam a metais pesados e que tem sido
isoladas e caracterizadas a partir de vertebrados, invertebrados, plantas e
eucariotos unicelulares. Tais proteinas tem sido encontradas também em certos
procariotos, tais como Pseudomonas putida (Higham & Sadler, 1984) e
Thiobacillus thiooxidans (Sakamoto et al, 1989). Recentemente, porém,
Yoshida et al. (1993) apresentaram uma primeira evidéncia conclusiva para a
existéncia de um novo tipo de proteina ligante de metal pesado em
microrganismos: uma proteina de Thiobacillus sp. de alto peso molecular, que é
induzida por ions cadmio, e que apresenta alto conteudo de histidina e baixos

niveis de cisteina.

10. Resisténcia a metais em outros microrganismos

A resisténcia dos microrganismos a metais toxicos € bem documentada
(Cervantes & Gutierrez-Corona, 1994; Ji & Silver, 1995; Silver, 1996; Siiver &
Phung, 1996; Rouch & Brown, 1997). A transformag¢do e bioacumulacdo de
metais pesados € geralmente mediada por microrganismos. Devido ao potencial
de expansao do uso de microrganismos nao somente na lixiviagdo mineral e
recuperacdo de metais, como também na detoxificagdo de metais pesados

(Collins & Stotsky, 1989), os aspectos genéticos basicos ou aplicados da
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resisténcia a metais em microrganismos tem adquirido importancia consideravel.

Basicamente, os mecanismos bacterianos conhecidos de resisténcia a
metais sao quatro (Silver, 1992). (1) através de alteragbes no sistema de
transporte da membrana o ion téxico € mantido exteriormente a célula; (2)
sequestramento intracelular ou extracelular por componentes que se ligam ao
ion metalico (analogo as metalotioneinas dos eucariotos e as fitoquelatinas das
plantas, mas geralmente ao nivel da parede celular bacteriana); (3) sistemas de
efluxo altamente especificos para cétions ou anions, codificado por genes de
resisténcia (¢ o mecanismo bacteriano mais comum de resisténcia a ions
metalicos, sendo codificado por plasmidios); (4) detoxificagdo do cation ou anion

por conversao enzimatica em uma forma menos tdxica (exemplos: oxidagao do

As3t e reducido do CrB* : esse processo bacteriano nao tem sido associado a
plasmidios).

Até agora alguns mecanismos de resisténcia a metais, tais como arsénio
e antiménio (Kaur & Rosen, 1992), cadmio, cobre (Cervantes & Gutierrez-
Corona, 1994), cromo (Cervantes & Silver, 1992), mercurio (Misra, 1992) e
telurio (Walter & Taylor, 1992), foram caracterizados em varios organismos
(Silver & Misra, 1988). Foram ja isolados genes codificando resisténcia ao
cadmio, cobalto, zinco (Nies et al.,, 1987) e cobre (Bender & Cooksey, 1987),
sendo que tais genes sao freqlentemente encontrados em plasmidios e
transposons.

Diferentemente dos metais pesados téxicos merctrio e cadmio, por

exemplo, que ndo possuem funcao biolégica benéfica conhecida, os cations
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divalentes cobalto, zinco e niquel sdo utilizados como nutrientes por bactérias,

sendo requeridos como elementos-trago em concentragdes nanomolares.
Entretanto, em concentragSes mais elevadas, da ordem de micromolar ou
milimolar, tais elementos-trago se tornam geralmente tdxicos. Segundo revisao
de Nies (1992), esses cations sdo transportados para o interior da célula por

sistemas de captagdo de cations divalentes expressos constitutivamente,

utilizando sistemas de transporte de magnésio (Mg2+ )-
Portanto, no caso de estresse a metais pesados, a entrada dos ions néo
pode ser reduzida por simples diminuicdo da atividade de transporte, e séo

entdo ativados mecanismos de resisténcia bacterianos geralmente codificados
por genes plasmidiais. Dois mecanismos basicos de resisténcia aos ions Co2*,

Zn2* Ni2*+ e Cd2* foram desenvolvidos ao longo da evolugdo: complexagio
intracelular do ion téxico e bombeamento para fora da célula. No primeiro, que
ocorre principaimente em eucariotos, os complexantes de cadmio, por exemplo,
sdo as fitoquelatinas em plantas e células de leveduras e as metalotioneinas em
animais, plantas e leveduras. Diferentemente, o efluxo ativo do cation é o
mecanismo primario desenvolvido por procariontes e talvez por Saccharomyces
cerevisae.

Segundo revisdo de Nies (1992), em Staphylococcus aureus, o efluxo de

Cd2* (e provavelmente também de Zn2+) é catalizado por uma ATPase ligada a
membrana, a proteina CadA. Entretanto, uma segunda proteina é requerida
(CadC) para a resisténcia ser efetivada e uma terceira (CadR) é provavelmente

responsavel pela regulagdo. Em Alcaligenes eutrophus, o determinante czc



20
codifica proteinas requeridas para o efluxo de Co2+, Zn2+ e Cd2* : CzcA, que

funciona como um transportador cation-préton; CzcB, como uma subunidade
que se liga ao cation; CzcC como uma proteina modificada requerida para a
mudanca da especificidade de substrato; e a proteina regulatéria CzcD (Nies,
1992).

Um dos mecanismos de resisténcia a metais pesados mais estudados em
microrganismos € o que se refere ao cobre. Este metal tem se disseminado no
meio ambiente devido principalmente a compostos que sao frequentemente
aplicados em plantas para o controle de doengas fitopatogénicas, o que
favoreceu o aparecimento de microrganismos resistentes, que tem sido isolados
(Bender & Cooksey, 1987). Sulfato de cobre também foi largamente utilizado por
um longo tempo em alimentagéo suina, devido a sua capacidade promotora de
crescimento (Tetaz & Luke, 1983). Além disso, compostos contendo cobre sao
utiizados como agentes antibacterianos e aditivos de alimentos e estéo
presentes em muitos residuos industriais (Jain, 1990).

Segundo revisdo de Brown et al. (1992), embora altas concentragdes de
cobre possam acarretar o desenvolvimento de resisténcia microbiana devido aos
efeitos toxicos do metal (interagées com acidos nucléicos e alteragdes de sitios
enzimaticos, entre outros), o cobre é requerido para a sintese de metaloenzimas

e proteinas envolvidas no transporte de elétrons e outras reagées importantes.

Devido ao fato do cobre ser tanto essencial como potencialmente toxico,
concentragdes idnicas intracelulares do metal estdo sujeitas a uma rigorosa

regulagdo. Com base nos sistemas atualmente conhecidos, sabe-se que genes
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relacionados com o metabolismo normal de cobre em bactérias usualmente se
localizam no cromossomo, enquanto genes de resisténcia ao metal se
concentram em plasmidios (Brown et al., 1992). Entretanto, a resisténcia a cobre
determinada por genes cromossomais (ou nao claramente ligados a DNA
plasmidial) tem sido encontrada em bactérias Gram-negativas mutantes. A
Tabela 1 resume os mecanismos de resisténcia cromossomais e plasmidiais ao
cobre em bactérias.

O metabolismo normal de cobre inclui a captagdo do metal, liberagdo do
mesmo para locais de sintese de metaloproteinas e um mecanismo para
eliminagado do excesso de cobre. E necessario também que haja um estoque na
célula, o qual deve estar prontamente disponivel para rapida sintese de
metaloenzimas induzidas. A expressdo dos genes para metabolismo do cobre
deve ser regulada de tal forma que, mesmo com variagées na concentragdo
externa de cobre, a célula consiga manter limites estreitos de cobre intracelular.
Além disso, para a manutengao da homeostase & essencial que os genes para
transporte e utilizagdo do cobre interajam diretamente ou indiretamente com
aqueles relacionados a resisténcia (Brown et al., 1992).

Um dos sistemas mais conhecidos de resisténcia cromossomal a cobre é
o de Escherichia coli. Lee et al. (1990) isolaram mutantes de E. coli alterados no
transporte de cobre, identificando dois sistemas de captacdo do metal,
designados CutA e CutB (‘copper uptake and fransport‘). Também foram
descritas por esses mesmos autores duas proteinas de transporte e estocagem
intracelular de cobre, CutkE e CutF, provavelmente responsaveis por proteger a

célula bacteriana da toxicidade do Cul ( produzido pela redugdo do Cull
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TABELA 1. Mecanismos de resisténcia ao cobre em bactérias
(Cervantes & Gutierrez-Corona, 1994)

pXvCup

espécies mecanismo localizagao referéncia
Alcaligenes desconhecido plasmidio Mergeay, 1991
eutrophus pMOL30
Cyanobacteria | complexagéo do cobre por Cromossomo Olafson, 1986
proteina tipo metalotioneina
Desulfovibrio precipitagcao de sulfeto de Cromossomo Temple & LeRoux, 1964
spp. cobre
Escherichia -auséncia de uma proteina de
coli membrana externa cromossomo Luktenhaus, 1977
-ligagéo e efluxo de cobre cromossomo Lee et al.,, 1990
-diminui¢ao da sintese da
proteina OmpF plasmidio R124 Rossow & Rowbury, 198
-redugéo da acumulagao de
cobre plasmidio Rts1 Ishihara et al., 1978
-aumento do efluxo de cobre plasmidio
pRJ1004 Rouch et al., 1985
Klebsiella ligacéo ao cobre de Cromossomo Bitton & Freihofer, 1978
aerogenes polissacarideos capsulares
Klebsiella adaptacao fisiolégica Cromossomo Baldry et al., 1977
pneumoniae transiente
Leptospirillum | desconhecido - Norris et al., 1988
Mycobacterium | precipitagdo de cobre plasmidio pVT1 Erardi et al., 1987
scrofulaceum dependente de sulfato .
Pseudomonas | -proteinas quelantes de cobre | plasmidio pPT23 | Bender & Cooksey, 1986
syringae -ligacdo ao cobre plasmidio pPS11 | Cooksey, 1990
Sulfolobus desconhecido - Norris & Parrott, 1986
Thiobacillus desconhecido - Huber & Stetter, 1990
cuprinus
Thiobacillus desconhecido - Brierley, 1978
ferrooxidans
Vibrio secrecao de proteinas Cromossomo Harwood-Sears &
alginolyticus quelantes de cobre Gordon, 1990
Xanthomonas | desconhecido -Cromossomo Lee et al., 1992
campestris -plasmidio
pXV10A Bender et al., 1990
-plasmidio

Stall et al., 1986
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citoplasmatico) e também pela liberagdo do cobre para sitios de sintese de

metaloenzimas. Os genes estruturais cutC e cutD tem sido relacionados com o
efluxo de cobre, sendo as proteinas CutC e CutD provavelmente ATPases de
efluxo do metal. O gene cutE foi mapeado, clonado e sequenciado, evidenciando
gue o mesmo codifica para uma proteina de 512 aminoacidos, com uma regiao
putativa de ligagdo a cobre (Rogers et al, 1991). Um gene adicional cutR é
responsavel pela regulagao do operon cut (Brown et al., 1992). Foi proposto por
Lee et al. (1990) que os produtos do operon cut interagem com o sistema de
resisténcia plasmidial a cobre para regular a homeostase do cobre na célula.

A resisténcia e o transporte bacterianos de cobre tem sido relacionados
com ATPases tipo P, sendo que essas enzimas constituem uma familia de
bombas de translocagéo de cations, localizadas na membrana, com significativa
conservacdao de sequéncia, encontradas tanto em procariotos como em
eucariotos (Silver et al., 1993). Odermatt et al. (1992, 1993) identificaram dois
genes de ATPase tipo P, copA e copB em Enterococcus hirae, tendo sido
postulado que CopB consiste numa bomba de cobre (Solioz & Odermatt, 1995).
O gene para a doenga humana letal de deficiéncia de cobre, a sindrome de
Menkes, também esta relacionado a uma ATPase tipo P (Solioz et al., 1994).

Quanto a resisténcia plasmidial ao cobre, o primeiro sistema melhor
estudado foi o plasmidio pPT23, encontrado em uma linhagem de Pseudomonas
syringae pv. fomato (Bender & Cooksey, 1986), e altamente conservado entre as
linhagens da espécie. Os genes estruturais de resisténcia ao cobre estado

organizados no operon cop, codificando para as proteinas de membrana externa
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e interna, CopB e CopD, respectivamente, as quais participam no transporte de

cobre e/ou efluxo do metal;, CopA e CopC sao proteinas periplasmaticas
capazes de se ligar a ions cobre. Genes regulatérios do operon também tém
sido descritos, os quais codificam para produtos de trans-ativagdao e estédo
localizados tanto no plasmidio como no cromossomo. Contrariamente ao
sistema plasmidial de resisténcia a cobre pco em E. coli, o qual se baseia no
efluxo de cobre, a resisténcia em Pseudomonas e outras bactérias associadas a
plantas tem se caracterizado pelo acumulo intracelular do metal.

A resisténcia plasmidial a cobre tem sido bem documentada também em
E. coli (Tetaz & Luke, 1983) e Xanthomonas carnpestns pv. juglandis (Stall et al.,
1986). O plasmidio conjugativo pRJ1004, que confere resisténcia a cobre, foi
isolado de uma linhagem de E. coli da flora intestinal de suinos alimentados com
dieta suplementada com sulfato de cobre (Tetaz & Luke, 1983). Em todos os

casos, a resisténcia a cobre tem demonstrado ser induzivel.
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OBJETIVOS GERAIS

O presente trabalho teve por objetivos a caracterizagdo gendmica e a
diferenciacéo de linhagens de Thiobacillus spp., bem como o estudo dos efeitos
de metais pesados, especialmente do cobre, sobre o crescimento e na sintese e

fosforilacao de proteinas em T. ferrooxidans.

OBJETIVOS ESPECIFICOS

Artigo 1: “RAPD genomic fingerprinting differentiates Thiobacillus ferrooxidans
strains” (Novo et al., 1996)
1.1. Otimizar a técnica de RAPD para o estudo de linhagens de T.
ferrooxidans;
1.2. Caracterizar e diferenciar linhagens de T. ferrooxidans através de
fingerprinting genémico;
1.3. Examinar as relagbes genéticas entre as linhagens estudadas através
de marcadores do tipo RAPD;
1.4. Definir grupos de similaridade e investigar a correlagdo dos mesmos

com a origem das linhagens.



26

Artigo 2: “Differentiation of Thiobacillus ferrooxidans and Thiobacillus
thiooxidans by 16S-23S rDNA spacer polymorphisms™ (Novo et al., submetido
para publicagéo).
2.1. Diferenciar as espécies T. ferrooxidans, T. thiooxidans e T. caldus,
através de polimorfismos de tamanho e/ou restrigéo;
2.2. Diferenciar linhagens dentro de uma mesma espeécie,
2.3. Verificar o grau de polimorfismo entre linhagens de uma mesma
espécie;
2.4. Correlacionar os dados obtidos com os dados de RAPD para T.

ferrooxidans.

Artigo 3. “Thiobacillus ferrooxidans response to copper and other heavy metals:
growth, protein synthesis and phosphorylation” (Novo et al., submetido para
publicagao).

3.1. Analisar a dinamica do crescimento de T. ferrooxidans na presenca
de diferentes metais, apds crescimento prévio das celulas na
presenga de cobre;

3.2. Detectar alteragdes por cobre, cadmio, niquel e zinco na sintese de
proteinas totais em Thiobacillus ferrooxidans;

3.3. Investigar se as alteragdes na sintese protéica sdo comuns para 0s
diferentes metais;

3.4. Investigar alteragdes na sintese de proteinas de membrana e do
citosol, em células crescidas na presenga de cobre,

3.5. Investigar alteragdes nos niveis de fosforilagédo in vitro em fragées
de proteinas do citosol e da membrana, apés crescimento das

células na presenga de cobre.
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Summary
The PCR-based technique, involving the random amplification of polymorphic DNA (RAPD), was op-
timized and used for assessing genomic variability among eight Thiobacillus ferrooxidans strains. RAPD
fingerprints presented variation for the thirty primers used, giving a total of 269 polymorphic bands.
Similarity coefficients berween the strains were calculated, and UPGMA cluster analysis was used to
generate a dendrogram showing relationships among them. Most primers divided T. ferrooxidans strains
in two distinet groups — Group 1: S, SSP, V3, AMF and Group 2: CMV, FG-460, 1-35, LR. We observed
that the T. ferrooxidans strains vsed in this work have a high degree of genomic diversity and that RAPD is
a powerful method to differentiate them.
Key words: Thiobacillus ferrooxidans, RAPD — Genomic fingerprinting — Differentiation — Genomic —
Polymorphism

Introduction

Thiobacillus ferrooxidans is a gram-negative, acido-
philic, and chemolithotrophic bacterium that derives its
energy from the oxidation of either ferrous iron or reduced
sulfur compounds. T. ferrooxidans optimal growth occurs
around pH 2.0 at 30°C (Leduc and Ferroni, 1994). It is
ubiquitously isolated from a wide range of sulfur-contain-
ing mineral deposits and used industrially to leach mertals
such as copper, uranium and gold, from low-grade ores
{Leduc and Ferroni, 1994; Bruynestein, 1989; Tuovinen
and Fryv, 1993). An interesting characteristic of T. ferro-
oxidans is 1ts high resistance to heavy metals like cadmium
and copper {Ledic and Ferroni, 1994). The level of metal
resistance is two to three times more elevated in T. ferro-
oxidans than for most of the heterotrophic bacteria (Sad-
ler and Trudinger, 1967; Weinberg, 1977). Therefore, this
microorganism may be potentiallv useful to study the met-
al resistance mechanisms.

Little information is available about the relationships

among T. ferrooxidans strains. Studies estimating nucleo-
tide sequence diversity among these strains are important
to understand their phvlogenetic relations and to establish
possible correlations between these data and phenotypic
variability, for example, metal tolerance. Methods related
with genomic diversity detection, such as rRNA analysis,
G+C content, and DNA-DNA hybridization were used to
obtain a phvlogenetic survey of T. ferrooxidans strains
and other related species (Lane et al., 1983; Lane et al,,
1992; Harrison, 1982). Using the last two methods, Harri-
son 11982} concluded that not all T. ferrooxidans strains
are closely related.

Recently, a rapid and sensitive DNA polymorphism as-
say named RAPD (Random Amplified Polymorphic DNA)
has been widely used to detect variability among organ-
isms { Williams et al., 1990; Welsh and McClelland, 1990).
This technique is easy, requires only verv small amounts of
DNA, and no previous knowledge about the genome
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Table 1. T. ferrooxidans strains and sources

Strains Source

LR acid effluent of column leaching of uranium ore from
Lagoa Real, State of Bahia, Brazil

FG-460 effluent of uranium mine from Figueira, State of Pa-
rand, Brazil

CMV effluent of gold mine from Morro Velho Company,

State of Minas Gerais, Brazil
S copper ore from Surubim mine (Caraiba), State of
Bahia, Brazil

AMF coal mine of Figueira from Carbonifera Cambui
Company, State of Parana, Brazil

1-35 received from Dr. Olli H. Tuovinen (Ohio State Uni-
versity, USA)

SSP effluent of coal mine from Sideropolis, State of Santa
Catarina, Brazil

V3 received from Dr. S. Groudev (University of Sofia,
Bulgaria), and originated from copper mine of Sofia,
Bulgaria

under investigation. Therefore, RAPD analysis is a useful
method to be used in a preliminary genetic study of T.
ferrooxidans strains.

We report here a RAPD analysis of eight T. ferrooxi-
dans strains, six of them isolated in different Brazilian
mines. The aim of this study was to optimize the RAPD
technique to be used in T. ferrooxidans and to examine the
genomic variability of these bacterial strains using RAPD
markers.

Materials and Methods

Bacterial strains and culture medium

The T. ferrooxidans Brazilian strains used in this work were
isolated by Garcia (1991). Strains 1-35 and V3 were kindly pro-
vided by Dr. O. H. Tuovinen (Ohio State University-USA) and by
Dr. S. Groudev (University of Sofia-Bulgaria), respectively. All
strains used in this study are listed in Table 1. They were grown
and maintained in T&K liquid medium (Tuovinen and Kelly,
1973) by periodic transfers.

DNA preparation

The strains were grown with aeration at 30°C for 2 days in
600 ml of T&K medium. After grown, the cultures were filtered.
The cells were centrifuged, and washed four times with 0.01N
H,SO, and four times with STE (100 mM NaCl, 10 mM Tris-
HCI, pH 8.0, and 1 mM Na,EDTA). The cells were suspended in
10 ml of TGE (12.5 mM Tris-HCI, pH 8.0, 25 mM glucose, and
5 mM Na,EDTA) conraining 10 mg/ml of lysozyme, and main-
tained for 10 min at room temperature. Afterwards, 625 ul of 0.5
M Na,EDTA were added, and after incubation on ice for 10 min,
1.25 ml of 10% SDS and 125 ul of pronase E (20 mg/ml) were
added, followed by digestion at 37°C for 1 hour. The lysartes
were extracted twice with phenol-chloroform (1:1) and once with
chloroform. The DNA was precipitated with 0.1 volumes of 3M
sodium acetate, pH 5.2, and 0.6 volumes of isopropanol. The
DNA was washed in 70% ethanol, and ressuspended in 500 pl of
TE (10 mM Tris-HCl, pH 8.0, and 1 mM Na,EDTA). After
trearment with RNase (20 pg/ml), DNA concentration was deter-
mined by spectrophotometric reading and by comparison with
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lambda DNA in 0.8% agarose gel (Sambrook et al., 1989). The
DNA was stored at 4°C.
Amplification conditions

Thirty 10-mer primers from kit B (OPB-01 to OPB-20) and kit
C (OPC-01 to OPC-10) from Operon Technologies Inc. (Alame-
da, CA. USA) were used for the polymerase chain reaction (PCR).
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Fig. 1. A-B. RAPD profiles from T. ferrooxidans strains (S, SSP,
V3, AMF, CMV, 1-35, FG-460, and LR) generated with different
primers: (A) Primer OPC-05; (B) Primer OPB-17; (a) and (b)
represents 5 and 7 ng of DNA, respecrively, and (M) DNA
molecular weight standard (1 kb DNA Ladder, Gibco-BRL).



All amplification reactions were performed as reported by Wil-
liams et al. (1990, with minor modifications, using 5 and 7 ng of
DNA. Results were reproducible when DNA from different ex-
tractions of the same strain were used (resuits not shown). Con-
trols were made by replacing DNA with water. Reaction mix-
tures (25 pl) contained 0.2 uM of the primer, 2 units of Ampli
Taq DNA polvmerase-Stoffel fragment (Perkin Elmer, Branch-
burg, NJ, USA), 2.5 ul of 10X supplied buffer, 0.1 mM of each
dNTP, and 2.5 mM of MgCl,. The amplifications were carried
out in a Perkin-Elmer DNA Thermal Cycler. DNA denaturation
was done at 94°C for 5 min followed by 45-cycle amplification
(94°C, 1 min; 35°C, 1 min; 72°C, 2 min), and by a final exten-
sion step at 72°C for 7 min. Amplification products were sepa-
rated by electrophoresis on 1.5% agarose gels stained with
ethidium bromide, and photographed under UV light.

Data analysis

Analysis of the results was made comparing the RAPD profiles
on the basis of the presence or absence (1 or 0, respectively) of
each reproducible DNA band. The similarity berween strains was
calculated using the Jaccard’s coefficient and UPGMA cluster
analysis was performed using the NTSYS-pc software (Roblf,
1989).

Results and Discussion
Optimization of Amplification Conditions

Genomic DNA of T. ferrooxidans strain S was chosen
for amplification conditions optimization, using fifteen
different DNA concentrations in the range of 25 pg to 10
ng with primer OPB-01. The RAPD products were sepa-
rated in a 1.5% agarose gel, and the same profile was
obtained for DNA concentrations between 1.5 and 10 ng.
The highest intensity of the bands was observed when 5 ng
of DNA was used. With 10 ng of DNA, the intensity of the
bands decreased, indicaring that the DNA excess affected
the amount of amplified product in each band but not the
band profile. Based on these results, it was established the
concentrations of 5 and 7 ng of DNA in each amplification
reaction. Only the bands that were reproducible in these
two DNA concentrations were selected as useful polymor-
phic markers.

Reactions with these two DNA concentrations were
done using 1.0, 2.0, and 2.5 units of the enzyme. Non-
reproducible bands were observed when 1.0 unit was
used, but with 2.0 and 2.5 units the band profiles were
very similar and reproducible. Magnesium concentrations
of 2.5, 3.0.3.5. and 4.0 mM were also tested, and the best
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results were obtained with 2.5 mM. Increased magnesium
concentration produced less reproducible bands.

RAPD products

Each genomic DNA of the strains utilized in this work
was amplified at two different DNA concentrations (5 and
7 ng) with 30 primers. All primers tested produced specific
band profiles revealing polymorphisms. A total of 269
polymorphic bands were generated by the primers. The
number of bands for each primer varied from 2 to 17 with
an average of 9 bands per primer. The size of the amplified
products ranged from 300 to 3,000 bp. Although the
established amplification conditions have produced a large
number of reproducible bands for most of the primers,
some primers (OPB-04, OPB-06, OPC-03, OPC-04) pro-
duced many non-reproducible bands.

The RAPD profiles of the eight T. ferrooxidans strains
were compared, and variation in the band profiles was
observed for each primer. This variation in the amplifica-
tion products indicated a genomic variability among the
strains. Variability was also observed for metal tolerance
in the Brazilian strains (Garcia and Silva, 1991). Most of
the primers used in the amplifications grouped the eight T.
ferrooxidans strains into two groups — Group 1 comprised
strains S, SSP, V3, AMF, and Group 2 strains CMV, 1-35,
FG460, LR (Fig. 1A). Some primers also differentiated the
genomes within each group, and strains of the first group
showed a higher divergence among them (Fig. 1B).

Relationships berween the strains was estimated using
Jaccard’s coefficient of similarity which excludes common
negative data (i.e. where two strains lack the same band)
(Table 2). Similarities between strains from the two groups
ranged from 0.5% to 2.2.%. Among strains of Group 1
the similarity was 27.4% to 97.6%, and among strains of
Group 2 was 94.4% to 98.1%. A dendrogram produced
by cluster analysis shows the differences among the T.
ferrooxidans strains (Fig.2). Strain S was the most diver-
gent in the first group (Fig. 2).

Group 2 includes strains with high degree of similarity,
and the primers that were able to generate polymorphic
bands among them may be useful as preliminary genomic
markers in further studies. As indicated in Table 2 and
Figure 2 the strains LR and FG-460 are closely related
(97.2% of similarity). Although these two strains are re-
lated, they present significant difference in metal resistance
(Garcia and Silva, 1991). Therefore, the two polvmorphic
bands detected in the LR strain with primers OPC-05 and

Table 2. Jaccard’s coefficients of

similarity (%) of eight T.ferro- S SSP V3 AMF CMV 1-35 FG460 LR
oxidans strains. The coefficients S 100.0
were calculated from the RAPD b
data of 269 polvmorphic bands 5SP 274 100.0
: V3 274 97.6 100.0
AMF 31.7 472 472 100.0
CMV 1.1 2.2 1.6 2. 100.0
1-35 0.5 1.6 1.1 1.5 98.1 100.0
FG460 1.0 2.2 1.6 2.0 98.1 96.2 100.0
0.5 1.6 1.1 1.5 94.4 96.2 9-.2 100.0

LR
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Fig. 2. Dendrogram represents the relationships berween eight T.
ferrooxidans strains based on UPGMA cluster analysis of the
RAPD profiles derived from 30 primers using the Jaccard’s simi-
larity coetficient (%) (cophenetic correlation was r = 0.99972).

OPB-17, that were absent in the FG-460 profile (Fig.
1A-B), may represent a genomic region involved with
metal resistance.

Strains belonging to the same similarity group are pre-
sent in distinct geographic areas, for example, SSP and V3
(Group 1). Harrison (1982) also reported no correlation
between homology groups and geography, except in the
case of the BU strains, all isolated in Bulgaria, and belong-
ing to the same homology group. This fact suggests that a
similar genotvpe prevailed in distinct geographic areas due
to the presence of similar leaching micro-environments re-
sponsible for selective pressure in the strains. In agreement
to this hypothesis, we have observed that strains origi-
nated from uranium mines (LR and FG-460) are included
in Group 2, whereas that originated from copper mines (S
and V3) and coal mines (AMF and SSP) are included in
Group 1 (Fig. 2).

The results obtained by RAPD analysis showed that the
T. ferrooxidans strains used in this work have a wide
genomic diversity, presenting from 0.5% similarity (S and
LR) t0 98.1% (CMV and FG-460) (Table 2). This high
variability was also observed by Harrison (1982) for other
T. ferrooxidans strains. The RAPD results showed a low
degree of similarity between strains from Group 1 and 2.
However, more data should be gathered in order to deter-
mine if the observed genomic differences imply different
species status.

As far as we know, this is the first report using the
RAPD method to assess genomic variability in T. ferrooxi-
dans. RAPD markers may be used as a quick and reliable
alternative for differentiating T. ferrooxidans strains. This

technique presents the advantage to provide a fingerprint-
ing of any particular strain. Furthermore, some RAPD
markers may be useful in the isolation of DNA fragments
related to important characteristics, like metal resistance.
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ABSTRACT

Thiobacillus ferrooxidans and Thiobacillus thiooxidans could be
distinguished from Thiobacillus caldus on the basis of size of PCR-amplified 16S-
23S ribosomal DNA spacer regions (approximately 1000 bp for T. ferrooxidans
and T. thiooxidans and 900 bp for T. caldus). Restriction digestion analysis of
amplified spacers with five enzymes (Alu |, Dde |, Hae lll, Hinf | and Msp I)
divided T. ferrooxidans strains into at least five RFLP groups, the majority of
strains clustering with the type strain (ATCC 23270). T. thiooxidans strains
yielded homogeneous RFLP patterns, except for one strain (DAMS), which was
differentiated with Dde |, Hae Il and Hinf|. It couid be shown that T. ferrooxidans
is a more heterogeneous group of organisms compared with T. thiooxidans, and
that the approach utilized is useful in the rapid characterization® of thiobacillus

strains.

INTRODUCTION

Thiobacilli are aerobic, Gram-negative, nonsporulating, rod-shaped
bacteria that derive energy from the oxidation of reduced sulfur compounds
(7,19). Two ubiquitous species, T. ferrooxidans and T. thiooxidans, represented
by acidophilic, obligately chemolithotrophic organisms, are involved in
bioleaching of metals in the environment. T. ferrooxidans are able to oxidize

ferrous iron and has been reported to have high resistance to heavy metals, such
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as copper and zinc (15).

The analysis of 16S rRNA sequence data has highlighted that not all
named isolates of T. ferrooxidans are phylogeneticaily related (Ribosomal
Database Project, 13). T. ferrooxidans strains are recovered in several clades,
demonstrating the need for additional taxonomic studies of these organisms. The
type strain of T. ferrooxidans was found to be phylogenetically related to T.
thiooxidans and T. caldus, forming a coherent group. These findings were
supported by the 5S and 16S rRNA analyses done by Lane and co-workers (8,
9). High genomic variability among T. ferrooxidans strains was also observed in
studies involving DNA-DNA hybridization (5) and RAPD (12).

Due to its slow growth rate and chemoautothrophic metabolism, thiobacilli
are relatively difficult to grow in solid medium. Thus, rapid and sensitive methods
for the taxonomic characterization of T. ferrooxidans and other thiobacilli are
critical in the identification and typing of new isolates. Polymorphisms of the 16S-
23S rDNA intergenic spacer have been successfully used in the differentiation of
several bacterial species (3). This approach was recently applied in the
investigation of bacterial populations in a bioleaching system by comparison of
the size of spacer regions (14). In the present study, we describe the use of
rDNA intergenic spacer polymorphisms for the differentiation of T. caldus, T.
ferrooxidans and T. thiooxidans, including several Brazilian isolates of T.

ferrooxidans and T. thiooxidans.
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MATERIALS AND METHODS

Bacterial strains, culture medium and growth conditions. Strains used
in this study are listed in Table 1. They were grown and maintained in modified
T&K liquid medium (18) (KoHPO4 . 3 H20, 0.4 g/L; MgSO4 . 7 H20, 0.4 g/L;
(NH4)2S04, 0.4 g/L; pH 1.8 adjusted with sulfuric acid) supplemented with

either FeSOy4 . 7 HoO (33.4 g/L) for T. ferrooxidans or sterile powder sulfur (10

g/L) for T. caldus and T. thiooxidans. All strains were grown at 30° C with shaking
(300 rpm) for 2 to 6 days, except for T. caldus which was grown at 45° C.
Biomass was harvested by two-step filtration using paper filter, followed by
filtration in 0.22 um cellulose ester membranes (Millipore). Biomass in filters was

washed four times with HpSO4 0.01 N, transferred to Eppendorf tubes and

stored at —70° C.

Preparation of genomic DNA. Prior to DNA extraction, cell biomass
(from approx. 600 mL flask cultures) was washed six times with TE (Tris-HCI, 10
mM, NagEDTA 1 mM, pH 8.0). Pellets were resuspended in 1 mL of DNAzol
reagent (Gibco-BRL) and centrifuged for 10 minutes. DNA was precipitated by
addition of 500 uL ethanol, washed three times with ethanol 95%, and
resuspended in 40 ulL TE buffer. DNA concentration was determined by

spectrophotometry and by comparison with Lambda DNA standards in 0.8%

agarose gel (16).
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PCR amplification of 16S-23S rDNA intergenic spacers. Primers used

in the PCR amplifications of rDNA spacers were pHr (5-TGCGG CTGGA
‘"TCACC TCCTT-3) (10), corresponding to the 3'-end of the 16S rDNA, and p322-
anti (5'-GGTTC TTTTC ACCTT TCCCTC-3') (6), which binds to a site 322 bases
at the 5'-end of the 23S rDNA. Amplifications were performed using 200 ng of
genomic DNA in a final reaction volume of 50 uL, containing 0.4 uM of each

primer, 200 ;M of each deoxynucleoside triphosphate, 2 mM MgCly and 1 U Taq

DNA polymerase (Gibco-BRL) in the enzyme buffer supplied by the
manufacturer. The following thermal profile was used for PCR: initial denaturation
at 94° C for 5 min, followed by 30 cycles of 94° C for 1 min, 55° C for 7 min, 72°

C for 3 min., and final extension at 72° C for 5 min.

Restriction endonuclease digestion of PCR products and
electrophoresis. Restriction endonuclease analyses were performed directly on
PCR-amplified DNA. Digestions with Alu |, Dde |, Hae 1ll, Hinf 1, Msp |, Pst |,
Rsa |, Sau 3Al and Taqg | were carried out as recommended by the enzyme
manufacturers, using 3 uL of PCR reactions and approximately 4 U of enzyme in
15 uL digestions, which were incubated for 2 h at 37° C. Digestion products were
electrophoresed in 7% acrylamide/bis-acrylamide gels (29:1, w/w) in a Tris-
borate-EDTA buffer system (16). DNA fingerprints were visualized by silver
staining. Undigested PCR-amplified DNA was analyzed in 4% acrylamide/bis-

acrylamide gels.
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RESULTS

In the present study, 22 strains of Thiobacillus spp., corresponding to 14
strains of T. ferrooxidans, 7 strains of T. thiooxidans (including the respective
type-strains), and the type strain of T. caldus, were characterized by determining
the polymorphism of the PCR-amplified 16S-23S ribosomal DNA spacer region.
Seven strains, representing new isolates from Brazil, were not previously studied
using molecular typing methods (Table 1). Some Brazilian T. ferrooxidans strains
(LR, FG-460, CMV, S, SSP and V3) were previously analyzed by RAPD (12).

PCR ampiification of the 16S-23S spacer region produced DNA fragments
with approximately 1000 bp for T. ferrooxidans and T. thiooxidans, and 900 bp for
T. caldus. No significant length polymorphism could be detected among different
strains of T. ferrooxidans and T. thiooxidans (results not shown). When higher
stringency PCR conditions were used, T. thiooxidans rDNA spacer regions were
not amplified with annealing at 60° C for 1 minute (results not shown).

Amplified rDNA spacer fragments of T. ferrooxidans strains LR and ATCC
23270 were initially analysed by digestion with Alu |, Dde |, Hae lll, Hinf |, Msp |,
Pst |, Rsa |, Sau3A | and Taqgl (results not shown). Restriction patterns
generated with Alu |, Dde |, Hae lll, Hinf | and Msp | yielded the most
discriminatory profiles, consisting of three to nine distinct bands, depending on
the bacterial strain. These enzymes were selected for digestion of amplified
rDNA spacers from all strains (Figs. 1, 2, 3, 4 and 5).

Among the 14 T. ferrooxidans strains analyzed, at least 5 different RFLP
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profiles were observed with each enzyme used (Figs. 1A, 2A, 3A, 4A and 5A). T.

ferrooxidans strains were grouped into 5 to 6 clusters according to the similarity
of the RFLP profiles, taking into account the presence and size of major bands
(Table 2). Identical RFLP patterns were obtained for strains ATCC 23270, CF3,
CMV, FG 460, 1-35, LR, PCEL, PM, SJ22 and V3 with Alu | (Fig. 1A, profile A1),
whereas strains PCE, S, SSP and T22 showed different patterns (Fig. 1A;
profiles A4, A2, A3 and A5, respectively). Similar groupings were obtained by
using Dde |, Hae Il and Hinf | (Figs. 2A, 3A and 4A, respectively), except for
strain V3, which had RFLP patterns similar to that of strain PCE with Dde | and
Hae Il (Figs. 2A and 3A, profiles D4 and H4, respectively) and to strain SSP with
Hinf | (Fig. 4A; profile I13). Digestion with Msp | differentiated strain V3 from all
other strains (Fig. 5A, profile M6).

All T. thiooxidans strains yielded homogeneous RFLP patterns after
digestion of the spacer fragments with Alu |, Dde |, Hae lll, Hinf | or Msp | (Fig.
1B, profile A6; Fig. 2B, profile D6; Fig. 3B, profile H6; Fig. 4B, profile |6 and Fig.
5B, profile M7, respectively), except for strain DAMS, which could be
differentiated from the remaining strains with Dde |, Hae lll and Hinf | (Fig. 2B,
profile D7; Fig. 3B, profile H7 and Fig. 4B, profile |7, respectively). These findings
are summarized in Table 2.

The RFLP patterns of T. caldus (type strain) were distinct from all patterns
of T. ferrooxidans and T. thiooxidans strains, with the five enzymes used (Fig.

1C, 2C, 3C, 4C and 5C).
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DISCUSSION

Sulfur- and iron-oxidizing bacteria have been subjected to taxonomic
surveys based on the analysis of G+C content, DNA-DNA hybridization and 5S
and 16S rRNA sequence analysis (1, 2, 4, 5, 8, 9, 11, 17), which showed the
polyphyletic nature and taxonomic heterogeneity of these functional groups of
microorganisms. However, less laborious and sensitive methods are necessary
for the rapid characterization and identification of thiobacillus strains isolated from
bioleaching environments. In the present study, RFLP analysis of PCR-amplified
16S-23S rDNA intergenic spacers of the phylogenetically related species T.
ferrooxidans, T. thiooxidans and T. caldus was performed.

The results showed that T. ferrooxidans strains CF3, CMV, FG-460, 1-35,
LR, PCEL, PM, SJ-22 presented similar RFLP patterns with the five restriction
enzymes selected (Alu |, Dde |, Hae lll, Hinf | and Msp I). This homogeneous
group also included the type strain, T. ferrooxidans ATCC 23270. A few strains,
including T. ferrooxidans strain S, SSP, PCE, T22 and V3 presented distinct
RFLP patterns. These findings are in agreement with previous RAPD data for
some strains used in this study (12). Strains S, SSP and V3 were recovered in
RAPD group 1, with overall similarity between 27.4 to 97.6%, and only poorly
related (0.5 to 2.2% similarity) to strains LR, FG-460, 1-35 and CMV, recovered in
RAPD group 2 (overall similarity between 94.4 to 98.1%). The present study
confirms that strains LR, FG-460, 1-35 and CMV are closely related, although

they were originated from distinct places (Table 1). It was also clear that the
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taxon T. ferrooxidans includes strains which are not genomically related to the

type strain (ATCC 23270), and that molecular data should be taken in account in
the classification and identification of these organisms.

It could be observed that T. ferrooxidans strains with similar RFLP profiles
(CF3, CMV, FG-460, 1-35, LR, PCEL, PM, SJ-22) were originated from very
distinct places and bioleaching environments (Table 1). Therefore, there is no
correlation between the groups defined by the present RFLP analysis and the
geographic origin of the strains. Similarly, it was found no correlation between
geography and homology groups defined by DNA-DNA hybridization (5) or
similarity groups defined by RAPD analysis (12). Additionaly, the same
conclusion is valid for T. thioooxidans strains: BC-S1, the only strain not isolated
from Brazilian soils, presented the same RFLP patterns of the main group of
Brazilian strains (Tables 1 and 2).

It was found that T. thiooxidans strains were more homogeneous than T.
ferrooxidans strains based on the RFLP patterns obtained. As discussed by
Espejo and Romero (1), these results are in agreement with previous findings,
which showed that T. ferrooxidans have larger genotypic differences compared to
T. thiooxidans, which formed a fairly homogeneous group. The only strain that
showed a differentiated behavior was T. thiooxidans strains DAMS, with three of
the enzymes used.

The results obtained demonstrated that RFLP analysis of PCR-amplified
16S-23S rDNA intergenic spacers is a rapid and sensitive method for the

characterization of T. ferrooxidans and T. thiooxidans strains. The RFLP pattern
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obtained also allowed the differentiation of T. ferrooxidans, T. thiooxidans and T.

caldus. Furthermore, these results showed general agreement with available
RAPD data for several T. ferrooxidans strains, confirming the heterogeneity of
this taxon. These data suggest that additional studies should be performed in

order to elucidate the taxonomic status of T. ferrooxidans.
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FIGURES LEGENDS

Figure 1. RFLP patterns of amplified 16S-23S rDNA spacer of Thiobacillus
ferrooxidans (A), Thiobacillus thiooxidans (B) and Thiobacillus caldus (C),
obtained with Alu |. Pattern types are designed A1 to A7 and are mentioned in

Table 2. The numbers on the left side refer to1 kb ladder (Gibco-BRL).

Figure 2. RFLP patterns of amplified 16S-23S rDNA spacers of
Thiobacillus ferrooxidans (A), Thiobacillus thiooxidans (B) and Thiobacillus
caldus (C), obtained with Dde |. Pattern types are designed D1 to D8 and are
mentioned in Table 2. The numbers on the left side refer to1 kb ladder (Gibco-

BRL).

Figure 3. RFLP patterns of amplified 16S-23S rDNA spacer of Thiobacillus
ferrooxidans (A), Thiobacillus thiooxidans (B) and Thiobacillus caldus (C),
obtained with Hae lIl. Pattern types are designed H1 to H8 and are mentioned in

Table 2. The numbers on the left side refer to1 kb ladder (Gibco-BRL).

Figure 4. RFLP patterns of amplified 16S-23S rDNA spacer of Thiobacillus
ferrooxidans (A), Thiobacillus thiooxidans (B) and Thiobacillus caldus (C),
obtained with Hinf |I. Pattern types are designed 11 to 18 and are mentioned in

Table 2. The numbers on the left side refer to1 kb ladder (Gibco-BRL).
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Figure 5. RFLP patterns of amplified 16S-23S rDNA spacer of Thiobacillus
ferrooxidans (A), Thiobacillus thiooxidans (B) and Thiobacillus caldus (C),
obtained with Msp 1. Pattern types are designed M1 to M8 and are mentioned in

Table 2. The numbers on the left side refer to1 kb ladder (Gibco-BRL).
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Table 1. Thiobacillus spp. strains and sources.

T. thiooxidans

ATCC 19377
BC-S1

DAMS*

ELC*
FG-01*

MF*
MMCE*

T. caldus

DSMZ 8584

Strains Source
T. ferrooxidans

ATCC 23270 effluent of acid, bituminous coal mine; type strain from ATCC
(American Type Culture Collection, Rockville, MD, USA)

CF3 Noranda Blackbird cobalt mine, Idaho, USA; received from Dr.
B. Johnson (University of Wales, UK)

CcCMv effluent of gold mine, State of Minas Gerais, Brazil; received
from R. Liberato (Morro Velho Company)

FG-460* effluent of uranium mine from Figueira, State of Parana, Brazil

1-35 received from Dr. O. H. Tuovinen (Ohio State University, USA)

LR* effluent of column leaching of uranium ore from Lagoa Real,
State of Bahia, Brazil

PCE* effluent of uranium mine from Pogos de Caldas, State of Minas
Gerais, Brazil

PCEL* effluent of uranium mine from Pogos de Caldas, State of Minas
Gerais, Brazil

PM Parys copper mine, Anglesey, Wales, UK; received from Dr. B.
Johnson

S* effluent of column leaching of copper ore from Surubim mine
(Caraiba), State of Bahia, Brazil.

SJ-22 Cae Coch pyrite mine, Trefriw, Wales, UK; received from Dr. B.
Johnson

SSP* effluent of coal mine from Sideropolis, State of Santa Catarina,
Brazil.

T22 Cae Coch pyrite mine, Trefriw, Wales, UK; received from Dr. B.
Johnson

V3 copper mine, Bulgaria; received from Dr. S. Groudev (University

of Sofia, Bulgaria)

Kimmeridge clay; type strain from ATCC
acid drainage of Birch Coppice coal
Warwickshire, UK

effluent of uranium mine from Pogos de Caldas, State of Minas
Gerais, Brazil.

effluent of coal mine from Figueira, State of Parana, Brazil.
effluent of heap leaching of uranium ore from Figueira, State of
Parana, Brazil.

effluent of coal mine from Figueira, State of Parana, Brazil.
effluent of heap leaching of uranium ore from Pogos de Caldas,
State of Minas Gerais, Brazil.

spoil mine from

coal spoils, UK; type-strain from DSMZ (Deutsche Sammlung
von Mikroorganismen und Zeilkulturen GmbH, Braunschweig,
Germany).

* all these strains were isolated by Dr. O. Garcia Jr. (Universidade Estadual Paulista, Brazil)
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Table 2. RFLP patterns of the 16S-23S rDNA spacer regions of Thiobacillus spp.

strains.
Strains Group assignments based on RFLP profiles with different
restriction enzymes®
Alul Dde | Hae Ili Hinf | Msp |
T. ferrooxidans
ATCC 23270 A1l D1 H1 "1 M1
LR A1 D1 H1 11 M1
FG-460 A1 D1 H1 i1 M1
CMV A1 D1 H1 1 M1
1-35 A1 D1 H1 11 M1
PM A1l D1 H1 11 M1
SJ-22 A1 D1 H1 11 M1
CF3 A1 D1 H1 i1 M1
PCEL A1 D1 H1 i1 M1
V3 A1l D4 H4 13 M6
S A2 D2 H2 12 M2
SSP A3 D3 H3 13 M3
PCE A4 D4 H4 14 M4
T22 A5 D5 H5 15 M5
T. thiooxidans
ATCC 19377 A6 D6 H6 16 M7
FGO1 A6 D6 H6 16 _ M7
ELC A6 D6 H6 16 M7
BC-S1 A6 D6 H6 i6 M7
MF A6 D6 H6 i6 M7
MMCE A6 D6 H6 16 M7
DAMS A6 D7 H7 17 M7
T. caldus
DSM 8584 A7 D8 H8 18 M8

# RFLP patterns representative of profiles A1 to M8 are shown in the Figures 1 to 5.
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ABSTRACT

Respirometric experiments demonstrated that the oxygen uptake by
Thiobacillus ferrooxidans strain LR was not inhibited in the presence of 200 mM
copper. Copper-treated and untreated cells from this T. ferrooxidans strain were
used in growth experiments in the presence of cadmium, copper, nickel and zinc.
Growth in the presence of copper was improved by the copper-treated cells.
However, no growth was observed for these cells, within 190 h of culture, when
cadmium, nickel and zinc were added to the media. Changes in the total protein
synthesis pattern were detected by 2-D PAGE for T. ferrooxidans LR cells grown
in the presence of different heavy metals. Specific proteins were induced by
copper (16, 28 and 42 kDa) and cadmium (66 kDa), whereas synthesis
repression of some proteins was observed for all the heavy metals tested.
Protein induction and repression were also observed in the cytosolic and
membrane fractions from T. ferrooxidans LR cells grown in the presence of

copper. The level of protein phosphorylation was increased in the presence of

this metal, mostly in the membrane fraction.
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INTRODUCTION

Thiobacillus ferroxidans is a Gram-negative, acidophilic and
chemoautotrophic bacterium that utilizes ferrous ion, sulfur and reduced sulfur
compounds as energy sources. T. ferrooxidans optimal growth occurs around pH
2.0 at 30°C (20). It is ubiquitously isolated from a wide range of sulfur-containing
mineral deposits and is industrially used in the recovery of gold, copper and
uranium (5, 22, 23). This biomining microorganism has the ability to tolerate
relatively high concentrations of several toxic metal ions, such as cadmium and
copper (20, 30), unlike most heterotrophic bacteria (20).

According to Modak & Natarajan (27), it is necessary to develop T.
ferrooxidans strains more tolerant to high metal concentrations and temperature
fluctuations to improve bioleaching. Little information about copper resistance is
available for T. ferrooxidans, though copper tolerant strains have been obtained
by growth adaptation to increasingly higher concentrations of this metal (27, 28).
The developed tolerance was found to be stress-dependent and not a permanent
trait acquired by the bacteria (27, 28). Pramila et al. (29) reported a reduction in
plasmid copy number in T. ferrooxidans cells adapted to copper, suggesting that
the genetic determinants involved in copper resistance are located in the
chromosome. In fact, until now, no correlation between metal resistance and
native plasmids was found in T. ferrooxidans.

At the molecular level, copper resistance has been studied in different

species of bacteria and the genes involved in resistance have been associated to
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the chromosome and plasmids (8, 11, 33). Among the studied microorganisms

are Enterococcus hirae (34), Escherichia coli (6, 7), Pseudomonas syringae (11)
and Xanthomonas campestris (21). An example of plasmid associated resistance
to copper, involving four structural resistance genes (cop A, B, C and D) and two
regulatory genes (cop R and cop S), was identified in P. syringae (11, 24, 25,
26). The product of the four structural genes are two periplasmic proteins (CopA
and CopC), an outer membrane protein (CopB) and an inner membrane protein
(CopD) (10, 11). Copper resistance operons bearing a similar structure to the P.
synringae operon have been found in E. coli and X. campestris (11, 37). Until
now, genes related to copper resistance have not been identified in T.
ferrooxidans.

In this paper, the effect of copper and other heavy metals in the growth of
copper-treated and untreated cells of T. ferrooxidans strain LR was investigated.
The response of T. ferrooxidans LR to cadmium, copper, nickel and zinc was
also investigated by 2-D PAGE of total proteins. Changes in the cytosolic and
membrane protein profiles, as well as differences in protein phosphorylation,

were investigated in cells grown in the presence and absence of copper.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The T. ferrooxidans strains
used in this work are listed in Table 1. The strains were grown with shaking at

30°C in modified T&K liquid medium (36), containing KoHPO4 . 3 H20, 0.4 g/L;
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MgSOy4 . 7 HoO, 0.4 g/L; (NH4)2S04, 0.4 g/L; FeSO4 . 7 HoO (33.4 g/L) ; pH 1.8

was adjusted with sulfuric acid. After growth, the cells were collected by filtration

on Millipore membrane (0.45 um), washed four times with 0.01 N H,SO, and

suspended in this diluted acid.

Respirometric experiments. Bacterial suspensions from the eight T.
ferrooxidans strains listed in Table 1 were standardized before the respirometric
experiments by total protein determination (3). The experiments were conducted
in a Warburg respirometer in 25 mL Warburg flasks. The main compartment of
each flask contained 0.3 mL of cell suspensions (~6.5 pg of protein) and 2.2 mL
of a copper sulfate solution, pH 1.8. The copper concentrations used in the
experiments were 100, 200, 300 and 400 mM. Half mL of the oxidizable substrate
(120 mM Fe®*) was placed in the side arm of the Warburg flask and 0.1 mL of

20% (w/v) KOH in a Whatman n° 1 filter paper was placed in the center well.

The respirometric experiments were carried out in a water bath at 30°C
and 150 strokes/min. The cells and the metal solution were kept in contact for 10
min before the oxidizable substrate was added to the main compartment. Oxygen
uptake was measured in 15 min intervals for 150 min. The rate of oxygen
consumption was calculated for each experiment from the linear part of the curve
and the resuits were expressed as relative values (%) in comparison with values

obtained for controls (T. ferrooxidans strains without copper).
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T. ferrooxidans growth experiments. Cells from T. ferrooxidans strain

LR were successively inoculated in T&K medium containing 100 and 200 mM of
copper sulfate. These copper-treated cells, as well as cells grown in the absence
of copper, were washed in 0.01 N H,SO, and used to inoculate T&K medium
containing cadmium (600 mM), copper (200 mM), nickel (600 mM) or zinc (600
mM), as sulfates. Controls consisted of copper-treated and untreated cells
inoculated in T&K media without metal.

The experiments were performed in duplicate in 250 mL Erlenmeyer flasks
containing 50 mL of T&K medium, pH 1.8, inoculated with 0.75 x 10° cells, at
30°C on a rotatory shaker at 300 rpm. Bacterial growth was monitored every 24 h

by ferrous iron titration with potassium dichromate (15).

Total protein extraction and 2-D PAGE analyses. Total protein was
extracted from T. ferrooxidans LR cells grown in the absence (control) or in the
presence of 600 mM cadmium, 200 mM copper, 600 mM nickel or 600 mM zinc,
essentially as described by De Mot & Vanderieyden (12). After isolation, the total
protein was suspended in 75 ul of lysis buffer [9.8 M urea, 2% (v/v) Nonidet P-
40, 100 mM dithiothreitol and 2% (v/v) ampholytes (BioRad), pH 5-8 (5 parts) and
pH 3-10 (1 part)] and the concentration was determined using a protein assay kit
(BioRad). Samples were stored at -70°C.

Approximately 120 pg of total protein were separated by two-dimensional
polyacrylamide gel electrophoresis (2-D PAGE) according to De Mot &

Vanderleyden (12). Ampholytes pH 5-8 and pH 3-10 (BioRad) in a 5:1 ratio were
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used in the first dimension. The upper reservoir was loaded with 20 mM NaOH

and the lower reservoir with 10 mM H3PO,. Pre running conditions were 15 min
at 200V, 30 min at 300 V and 60 min at 400 V. The first dimension gel was run at
400 V for 18 h. Second dimension analysis was performed according to Laemmli
(19) on 12% polyacrylamide gels. Protein molecular weight standards (Gibco
BRL) were electrophoresed with samples in the second dimension gels. After

electrophoresis, the second dimension gels were stained with silver.

Cytosolic and membrane proteins isolation, analysis by SDS-PAGE
and in vitro phosphorylation. The protocols described by Amaro et al. (1) and
Booth & Curtis (2) were used for protein isolation, after modifications. Cells from
the T. ferrooxidans LR were grown in the absence and in the presence of 200
mM copper. They were harvested at the end of the log phase, washed four times
in 50 mM Tris-HCI, pH 7.6; 1 mM EDTA and incubated for 1 h at room
temperature with lysozyme (60 pg/mL) in 50 mM Tris-HCI, pH 7.6; 0.67 mM
EDTA. After incubation, dithiotreitol was added to a final concentration of 1 mM
and the cells were disrupted by sonication. Unbroken cells were removed by
centrifugation at 9,000 rpm for 4 min at 10°C, in a microfuge. Cell membranes
were separated by centrifugation at 100,000 x g for 2 h at 10°C. The pellet
(membrane) was washed with 50 mM Tris-HC!, pH 7.6; 0.67 mM EDTA and
solubilized with 0.2% Nonidet P-40 in 50 mM Tris-HCI, pH 7.6; 0.67 mM EDTA
before phosphorylation.

The cytosolic and membrane proteins were incubated at 30°C for 30 min
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with 10 pCi of y[>?PJATP (3000 Ci/mmoi) per 100 pL sample, supplemented with

10 mM MgCl,. The unincorporated label was removed by precipitation of proteins
on ice for 2 h with 10 volumes of acetone. The proteins were solubilized with
Laemmii's sample buffer and approximately 15 ng were separated by SDS-
PAGE (19). The Tris-glycine running buffer was supplemented with 0.05%
Nonidet P-40 to improve the resolution of membrane proteins (13). Gels were

stained with Coomassie brilliant blue R followed by autoradiography.

RESULTS

The effect of copper in oxygen uptake by T. ferrooxidans.
Respirometric experiments were performed to evaluate the effect of different
concentrations of copper (100, 200, 300 and 400 mM) on the oxygen
consumption by eight T. ferrooxidans strains (Table 1). In the presence of 100
mM copper there was practically no inhibition and oxygen uptake was higher than
90% for all strains (Fig. 1). None of the copper concentrations used in the
experiments fully inhibited oxygen uptake by the strains (Fig. 1). However, the
level of resistance to copper presented a variation among the strains. That is, at
200 mM copper, the T. ferrooxidans strain LR did not show any inhibition,
whereas all the other strains were inhibited. The most affected strains were T.
ferrooxidans SSP (34% of inhibition) and T. ferrooxidans V3 (27% of inhibition).
As the copper concentrations raised to 300 and 400 mM a progressive inhibition

in the oxygen uptake was observed (Fig. 1). Apparently, there was no correlation



62
between the origin of the strains (Table 1) and inhibition of oxygen uptake due to

the presence of copper (Fig. 1); T.ferrooxidans V3, originally isolated from a
copper mine, was one of the most affected strains (Fig. 1). Since at 200 mM
copper a better differentiation was observed among the strains, we selected this

concentration and T. ferrooxidans strain LR for further experiments.

Growth of copper-treated cells in the presence of other heavy metals.
The effect of cadmium (600 mM), copper (200 mM), nickel (600 mM) and zinc
(600 mM) on the growth of T. ferrooxidans LR is shown in Figure 2A. In the
absence of metal, T. ferrooxidans LR was able to oxidize the available ferrous
iron in 48 h, whereas growth was differentialy inhibited in the presence of each
metal (Fig. 2A). Copper presented the highest growth inhibitory effect, even
though the concentration of cadmium, nickel and zinc used in the experiment was

three times higher (Fig. 2A).

To evaluate the effect of heavy metals on T. ferrooxidans LR previously
grown in the presence of copper, copper-treated and untreated cells were
inoculated in medium without metal and in media containing cadmium (600 mM),
copper (200 mM), nickel (600 mM) or zinc (600 mM). Improved growth, in the
presence of copper, was achieved by the copper-treated cells (Fig. 2B).
Approximately 190 h of incubation were necessary for complete oxidation of
ferrous iron by untreated cells in the presence of copper (Fig. 2A) whereas the
copper-treated cells took 139 h to oxidize all the ferrous iron (Fig. 2B). In

contrary, when the copper-treated cells where inoculated in medium containing
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cadmium, nickel or zinc, growth was completely inhibited (Fig. 2B), suggesting
the involvement of specific mechanisms in T. ferrooxidans resistance to metals.

2-D analyses of total protein from T. ferrooxidans grown in the
presence of different heavy metals. Two-dimensional polyacrylamide gel
electrophoresis (2-D PAGE) was used to detect alterations in protein synthesis in
T. ferrooxidans LR cells grown in the presence of cadmium (600 mM), copper
(200 mM), nickel (600 mM) or zinc (600 mM) (Fig. 3). Altered proteins detected in
the gels, are listed in Table 2. It is important to mention that only the protein
changes that were reproducible in at least two different gels were taken into
consideration.

The synthesis of two proteins, spot 1 (105 kDa) and spot 4 (54 kDa) (Fig.
3A), was diminished or supressed in the presence of the four heavy metals used
in the experiment (Fig. 3B, 3C, 3D and 3E). Three proteins with aparent
molecular weight of 42 (spot 6), 28 (spot 7) and 16 kDa (spot 8) had their
synthesis increased in the presence of copper (Fig. 3B). In the presence of
cadmium, the synthesis of the 16 kDa (spot 8) protein was suppressed (Fig. 3E).
A 58 kDa (spot 3) and a 42 kDa (spot 5) protein had their synthesis diminished in
the presence of zinc (Fig. 3C) and nickel (Fig. 3D), respectively. Both proteins
diminished in the presence of cadmium (Fig. 3E), whereas the synthesis of a 66
kDa (spot 2) protein was enhanced (Fig. 3E). As Fig. 3 shows, the presence of
different heavy metals resulted in different responses, at the level of protein

synthesis, by the T. ferrooxidans cells.
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SDS-PAGE analysis of cytosolic and membrane proteins from T.
ferrooxidans LR grown in the presence of copper. Cytosolic and membrane
proteins were isolated from cells grown in the absence or in the presence of 200
mM copper. A total of 4 cytosolic proteins had their synthesis altered in the
presence of copper (Fig. 4B, lane 1). Two of them, with apparent molecular
weight of 40 and 28 kDa, had their synthesis enhanced in the presence of copper
(Fig. 4B, lane 1). The 28 kDa protein is problably the same one observed in the
2-D PAGE analysis, whose synthesis was increased in the presence of copper
(Fig. 3B) but not in the presence of the other heavy metals (Fig. 3C, D and E).
The two other proteins, with apparent molecular weight of 36 and 30 kDa (Fig.

4B, lane 1), presented a decrease in synthesis in relation to the control (Fig. 4A,

lane 1).
The number of membrane proteins altered in the presence of copper was

larger than the one found for cytosolic proteins. The apparent molecular weight of
the membrane proteins that had their synthesis enhanced in the presence of
copper ranged from 60 to 43 kDa and the ones that had their synthesis

decreased presented apparent molecular weight of 96, 70, 34 and 28.5 kDa (Fig.

4B, lane 2).

In vitro phosphorylation of proteins from T. ferrooxidans LR grown in
the presence of copper. The cytosolic and crude membrane fractions were
incubated in the presence of [y->?PJATP and as shown in Figure 5, several

protein bands were radiolabelled. When cells were grown in the presence of 200
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mM copper (Fig. 5B), a few bands presented a stronger labelling when compared

to the control (Fig. 5A). In the cytosol, one high molecular weight band (more
than 200 kDa) and two smaller proteins (38 and 33 kDa) presented a slight, but
noticeable increase in phosphorylation (Fig. 5B, lane 1). The major differences in
phosphate incorporation in cells grown in the presence of copper were observed
in the membrane fraction (Fig. 5B, lane 2). In this fraction, a band of apparent
molecular weight over 200 kDa and a 26 kDa protein clearly presented an

increase in phosphorylation when compared to the control (Fig. 5A, lane 2).

DISCUSSION

Respirometric experiments showed that among eight strains, Thiobacillus
ferrooxidans LR, isolated from a Brazilian uranium mine, was not susceptible to
200 mM copper, though this copper concentration presented an inhibitory effect
on cell replication as indicated by the growth curve of Fig. 2A. Similar results
were found for T. ferrooxidans by Roy & Mishra (31) and Garcia & Silva (14).

Brahmaprakash et al. (4) observed different lag phases for T. ferrooxidans
grown in the presence of copper and zinc. As the resuits in Figure 2A shows,
different lag phases were observed for cadmium, copper, nickel and zinc.
According to Brahmaprakash et al. (4), these different lag phases can be an
indication of the involvement of metal specific mechanisms, in cell protection. The
longer lag phase was observed for 200 mM copper aithough the concentration of

cadmium, nickel and zinc used was three times higher (600 mM). When growth
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experiments were conducted with 200 mM of cadmium, nickel and zinc (results

not shown) the lag period decreased, in comparison to 600 mM, indicating that
copper has a stronger effect in the T. ferrooxidans LR cells than the other tested
metals. The results presented here indicate that the T. ferrooxidans growth is
affected by the level and the type of metal cation present in the medium, which is
in agreement with the findings of Natarajan et al. (28) and Brahmaprakash et al.
(4).

To further investigate if T. ferrooxidans response to metals involved
specific mechanisms, copper-treated and untreated cells were inoculated in
media without metal and containing 600 mM cadmium, 200 mM copper, 600 mM
nickel and 600 mM zinc. The copper-treated cells, in medium without copper,
achieved maximum growth in 72 h of culture, that is, 24 h more than the time
required for untreated cells to grow in medium without metal. These results are
an indication of the occurrence of modifications in the cellular metabolism of the
copper-treated cells. In comparison to untreated cells, the subsequent subculture
of T. ferrooxidans LR in 100 and 200 mM copper resulted in a growth
improvement of these cells in the presence of this metal. Similar results were
reported by Natarajan et al. (28), where T. ferrooxidans growth limitations in the
presence of copper were overcame by copper-adapted cells. Our copper-treated
cells were unable to grow in the presence of cadmium, nickel and zinc within 190
h of culture. This can be one more indication of the specificity of the metal
resistance mechanism(s) of T. ferrooxidans.

Jerez (16) and Jerez et al. (17) showed that under stress, T. ferrooxidans
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cells alters the synthesis of specific proteins. Amaro et al. (1) used SDS-PAGE

and 2-D PAGE to detect changes in protein synthesis of T. ferrooxidans cells
subjected to pH changes. At the protein level, our 2-D PAGE analysis showed
that in general, the changes in protein synthesis were different for T. ferrooxidans
LR cells grown in the presence of different heavy metals. Only two proteins, spot
1 and 4, had their synthesis affected by the four heavy metals. Three proteins,
spot 6, 7 and 8, had their synthesis enhanced only in the presence of copper
which, once again, demonstrates that specific responses are activated by T.
ferrooxidans in the presence of this metal. Several changes were also observed
by SDS-PAGE analysis of cytosolic and membrane proteins isolated from T.
ferrooxidans LR cells grown in the presence of 200 mM copper. Apparently, more
membrane proteins were affected by the presence of the metal than cytosolic

proteins.

Seeger et al. (32), working with T. ferrooxidans, found that several
polypeptides were phosphorylated in vivo, including the chaperones GroEL and
DnaK. They also found that the phosphorylation of these two chaperones and
many other proteins increased when cells were submitted to phosphate
starvation or were grown with sulphur as the oxidizable substrate. These results
could be an indication of a possible role of protein phosphorylation in sensing and
regulation stress responses in T. ferrooxidans (32). In this work, we found that
when T. ferrooxidans LR cells were grown in the presence of copper, there was
an increase in the phosphorylation state of mainly two proteins found in the crude
membrane preparations. The cytosolic fraction also showed an increase in the

phosphorylation state of three proteins. However, the extent of phosphorylation of
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the cytosolic proteins was less accentuated than phosphorylation of membrane
proteins. The increased phosphorylation observed in the membrane proteins is in
agreement with the hypothesis that membrane proteins could sense
environmental changes and transmit this information to cytoplasmic proteins
through phosphorylation events (9, 18, 35). In some phosphorylation experiments
conducted by us, the cytosolic fraction was incubated with the membrane
fraction. It was observed that a high molecular weight protein from the membrane
fraction lost its label whereas another protein appeared phosphorylated in the
mixture (results not shown). This could be an indication of the presence of
kinases and phosphatases involved in signal transduction pathways which are

activated by stressful conditions such as the presence of heavy metals.
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FIGURE LEGENDS

FIG. 1. T. ferroxidans strains response to 100, 200, 300 and 400 mM
copper in respirometric experiments. Results are expressed as relative oxygen
uptake (%) in comparison with the respective controls (respirometric experiments

without copper).

FIG. 2. Growth curves of T. ferrooxidans strain LR in the presence of
heavy metals. Untreated (A) and copper-treated cells (B) were grown in the
presence of 200 mM copper (0), 600 mM nickel (A), 600 mM zinc (V) and 600
mM cadmium (+). Copper-treated (B) and untreated (A) cells grown in the

absence of metal were used as controls (0O).

FIG. 3. Two-dimensional PAGE analysis of total proteins from T.
ferrooxidans LR cells grown in the absence of heavy metals (A) and in the
presence of 200 mM copper (B), 600 mM zinc (C), 600 mM nickel (D) or 600 mM
cadmium (E). All the proteins that had their synthesis affected by the presence of
metal were progressively numbered according to their molecular mass and are
indicated by arrows in (A). Circles and squares represent proteins that are
present in larger and smaller amounts, respectively, relative to the control (A).
The pH 5 and pH 8 side of the isoelectric focusing gel is on the left and the right
side of the second dimensional gel, respectively. The molecuiar mass (kDa) of

standard proteins are indicated in the left side of the gels.
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FIG. 4. The effect of 200 mM copper on cytosolic and membrane protein

synthesis by T. ferrooxidans-LR. SDS-PAGE analysis of cytosolic (lane 1) and
membrane (lane 2) proteins from cells grown in the absence (A) or in the
presence (B) of copper. Arrows and arrowheads indicate proteins induced or
repressed by copper, respectively. The molecular mass (kDa) of standard

proteins are indicated on the left side of the gels.

FIG. 5. The effect of copper on in vitro phosphorylation of proteins from
the cytosolic and crude membrane fractions. Cytosolic (lane 1) and membrane
(lane 2) proteins from T. ferrooxidans cells grown in the absence (control, A) or in
the presence (B) of 200 mM copper were incubated with [y->2P] and separated by
SDS-PAGE. Panels A and B are autoradiograms of the gels presented on Fig. 4.
Asterisks indicate the proteins that presented an increase in phosphorylation in
the presence of copper, in comparison with the control. The molecular mass

(kDa) of standard proteins are indicated on the left side of the gels.



Table 1. Thiobacillus ferrooxidans strains and sources.
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Strains Source

AMF* coal mine from Figueira , State of Parana, Brazil

Ccwv effluent of gold mine, State of Minas Gerais, Brazil; received from R.
Liberato (Morro Velho Company)

FG-460* effluent of uranium mine from Figueira, State of Parana, Brazil

I-35 received from Dr. O. H. Tuovinen (Ohio State University, USA)

LR* effluent of column leaching of uranium ore from Lagoa Real, State of
Bahia, Brazil

S* effluent of column leaching of copper ore from Surubim mine
(Caraiba), State of Bahia, Brazil.

SSP* effluent of coal mine from Sideropolis, State of Santa Catarina, Brazil.

V3 copper mine, Bulgaria; received from Dr. S. Groudev (University of

Sofia, Bulgaria)

* all these strains were isolated by Dr. O. Garcia Jr. (Universidade Estadual Paulista, Brazil)



Table 2. Protein synthesis by T.
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ferrooxidans strain LR in response to heavy

metals
profiles in presence of 9 :
proteind aparent molecular

mass(kDa) Cu Zn Ni cd
1 105 - - . )
2 66 nc nc nc +
3 58 ne - ne )
4 54 - - - ;
5 42 nc nc ] ]
7 28 + nc nc nc
8 16 + nc nc _

@ numbers refer to proteins labelled in Figure 3.

b changes on the proteins levels in relation to control (without heavy metal). +, proteins in

increased amount or newly synthesized; -, proteins in diminished amount or absent; nc, no

significant change.
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DISCUSSAO GERAL

Diversos métodos de tipagem de DNA estdo sendo cada vez mais
utilizados na diferenciacdo e caracterizagdo de isolados bacterianos (Aubel et
al., 1997; Yoon et al. 1997; Lu et al., 1997), complementando métodos de
tipagem classicos. Métodos baseados na amplificagdo de fragmentos de DNA
especificos (por ex., 16S, regido espagadora do 16S-23S, sequéncias
repetitivas) ou ao acaso (por ex., RAPD) e RFLP do DNA ampilificado, tém sido
empregados com relativa frequéncia devido a praticidade e alto poder de
resolucao (Yoon et al.1997).

No presente trabalho, duas técnicas baseadas em amplificacdo de DNA
por PCR foram utilizadas para estudo da variabilidade em linhagens de
Thiobacillus spp.: RAPD e RFLP da regido espagadora do DNAr 16S-23S. A
técnica de RAPD, utlizada na diferenciagcdo de algumas linhagens de T.
ferrooxidans, apresentou resultados concordantes com os obtidos pela técnica
de RFLP, utilizada para acessar variabilidade tanto intra- como interespecifica
(T. ferrooxidans e T. thiooxidans). Utilizando-se ambas metodologias, a linhagem
T. ferrooxidans-LR (linhagem utilizada na segunda parte do trabalho para
estudos da resposta a metais), foi agrupada com a linhagem tipo ATCC 23270 e
a maioria das linhagens de T. ferrooxidans.

Algumas linhagens de Thiobacillus ferrooxidans (LR, 1-35, CMV, FG-460),
estreitamente relacionadas entre si e nao diferenciadas por RFLP, puderam ser

diferenciadas por alguns dos 30 marcadores de RAPD utilizados, enquanto que
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as linhagens V3 e SSP, que apresentaram similaridade de 97,6% por RAPD,

puderam ser diferenciadas com 4 das 5 enzimas utilizadas na analise por RFLP.
Portanto, as duas técnicas se mostraram complementares para a diferenciagao
das linhagens estudadas.

Ambas as técnicas confirmaram que as linhagens de T. ferrooxidans S,
SSP e V3 séo linhagens geneticamente muito distintas da linhagem-tipo ATCC
23270 e da maioria das linhagens de T. ferrooxidans testadas. Portanto, o
presente estudo, que incluiu varias linhagens originarias do Brasil e ainda nao
caracterizadas por metodos de tipagem de DNA, confiirmou a alta
heterogeneidade de linhagens atualmente classificadas como Thiobacillus
ferrooxidans. Tal resultado também foi observado para outras linhagens
originarias de diversas partes do mundo, através de estudos do contelido de
G+C e de hibridizagcao DNA-DNA (Harrison, 1982).

Técnicas baseadas em PCR tem sido utilizadas na detecgdo e
identificagdo dos microrganismos envolvidos na biolixiviagdo natural e comercial
de minérios (Wulf-Durand et al., 1997; Espejo & Romero, 1997; Goebel &
Stackebrandt, 1994; Pizarro et al, 1996). As metodologias utilizadas foram
principalmente a amplificagdo de sequéncias do DNAr 16S e da regiao
intergénica 16S-23S, além do sequenciamento de algumas dessas regides, a fim
de acessar a diferenciagdo intraespecifica (Goebel & Stackebrandt, 1994,
Pizarro et al., 1996). A analise por RFLP realizada neste trabalho, embora
apresente menor sensibilidade, possibilitou a rapida diferenciagdo intra- e

interespecifica das linhagens de Thiobacillus spp, podendo ser uma alternativa
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relativamente rapida para a andlise da diversidade encontrada num sistema de

biolixiviagao.

Os estudos referentes as respostas induzidas por metais pesados em T.
ferrooxidans foram realizados utilizando-se a linhagem LR, selecionada através
de experimentos de respirometria. A metodologia de respirometria foi utilizada
em detrimento de curvas de crescimento, devido a rapidez dos ensaios
respirométricos e maior sensibilidade para a diferenciagdo das linhagens. A
linhagem LR foi a linhagem que apresentou menor susceptibilidade ao cobre
nestes experimentos.

Em geral, os resultados apresentados demonstraram que os
mecanismos de resisténcia a metais em T. ferrooxidans sao provavelmente
especificos, pois respostas diferenciais a metais puderam ser observadas tanto
através de curvas de crescimento, como em relagdo a sintese protéica. De
acordo com Silver (1996), sistemas altamente especificos de resisténcia a
metais pesados sao conhecidos em varias bactérias, ndo havendo um
mecanismo geral de resisténcia.

Concentragdes bastante elevadas de metais (200 mM Cu, 600 mM Ni,
600 mM Cd, 600 mM Zn) foram utilizadas no estudo de proteinas induzidas. Tais
concentragdes se justificam pelo fato de, em concentragées mais baixas (por
exemplo, 200 mM de Ni ou Zn), o periodo da fase /ag ter sido pouco diferente do
observado para o controle (resultados nao mostrados). Assim, considerando que
proteinas induzidas por condigbes de estresse sao provavelmente sintetizadas

nessa fase da curva de crescimento, foram adotadas concentragées de metais
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que garantissem fase /ag mais extensa.

De acordo com Natarajan e co-autores (1994), os longos periodos /ag
observados em curvas de crescimento de T. ferrooxidans na presenga de cobre,
sd0 necessarios para que ocorram rearranjos estruturais associados com a
membrana citoplasmatica, os quais capacitam as células para a oxidagado do
Fe*2. Os experimentos aqui apresentados mostraram que varios aspectos estao
envolvidos na resposta de T. ferrooxidans ao cobre: alteragdes a nivel de sintese
e de fosforilagdo de proteinas, tanto de membrana como do citosol. Nao é
possivel saber ainda se as alteragées detectadas estdo de algum modo
relacionadas & oxidagao do Fe*2 em T. ferrooxidans.

O envolvimento de ATPases de membrana na regulagdo do cobre
celular foi comprovado em Enterococcus hirae, sendo que as mesmas podem
ser induzidas pelo metal (Solioz et al.,1994). No momento, n&do &€ possivel
determinar se as proteinas de membrana induzidas por cobre em T. ferroxidans
podem estar envolvidas em um mecanismo semelhante ao observado em E.
hirae.

Segundo Seeger et al. (1996), diferentes respostas a estresse podem
ser reguladas de diferentes maneiras, como por exemplo, através da inducdo da
sintese de proteinas, mecanismo que se caracteriza por um alto requerimento de
energia, sendo que uma alternativa mais econdémica em termos energéticos
pode ser a modificagdo pos-traducional. Uma outra alternativa &€ uma
combinagéo dos dois eventos (Seeger et al.,1996).

Seeger et al. (1996) demonstraram que em condi¢ées de estresse por
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falta de fosfato em T. ferrooxidans, o nivel de fosforilagéo in vivo das chaperonas

DnaK (68 kDa) e GroEL (62 kDa), dentre outras proteinas, apresentou um
aumento significativo. Esses autores sugeriram que esse evento pode constituir
parte de uma resposta geral a condigdes de estresse em T. ferrooxidans. Porém,
em nossos experimentos de fosforilagao in vitro, apés crescimento das células
na presenca de 200 mM de cobre (Fig. 5), ndao foi detectado aumento na
fosforilagdo de proteinas com peso molecular correspondentes ao das
chaperonas citadas.

Seeger et al. (1996) também constataram que ndo houve um aumento
na sintese das proteinas que apresentaram um maior nivel de fosforilagéo in
vivo, em condigbes de estresse por falta de fosfato. Com base nesse resultado,
os autores consideraram que as variagées nos niveis de fosforilagdo podem ser
realmente atribuidas a mudangas no nivel de fosforilagdo e ndo-a um aumento
na sintese de proteinas que normalmente apresentam fosforilagdo pos-
traducional. Em nossos experimentos, aparentemente nao houve também um
aumento na sintese das proteinas que apresentaram um maior nivel de
fosforilagao in vitro, apds crescimento das células na presenga de cobre (Figs 4B
e 5B).

Segundo revisao de Silver (1996), um dos genes regulatérios do sistema
plasmidial de resisténcia a cobre em E. coli (gene pcoS) codifica para a proteina
sensora PcoS, encontrada na membrana, a qual provavelmente possui atividade
de autoquinase, sendo que uma outra proteina regulatéria PcoR &

provavelmente transfosforilada. Embora tenha sido detectado em nossos
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experimentos um aumento nos niveis de fosforilagéo de proteinas de membrana

de T. ferrooxidans crescidas na presenga de cobre, ainda nédo é possivel saber
se mecanismos semelhantes aos ja descritos em outras espécies ocorrem em T.
ferrooxidans.

Embora nossos resultados tenham indicado aumento dos niveis de
fosforilagcéo de proteinas in vitro apds crescimento das células na presenga de
cobre, experimentos adicionais serdo ainda necessarios tanto para a
caracterizacdo dessas proteinas, como também para determinar se a
fosforilacdo esta envolvida na resposta in vivo de T. ferrooxidans a esse metal.

O prosseguimento deste trabalho através do isolamento das proteinas
induzidas e sequenciamento da regido amino-terminal das mesmas possibilitara
a sintese de oligonucleotideos degenerados, que poderdo ser utilizados no
isolamento dos genes correspondentes. O isolamento desses genes sera uma
etapa importante na elucidagdo dos mecanismos relacionados a resisténcia a

metais pesados em Thiobacillus ferrooxidans.
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CONCLUSOES

1. A espécie T. ferrooxidans inclui linhagens que apresentam alto grau de
diversidade genética, detectada tanto através de RAPD, como através de

polimorfismos da regido espagadora do DNAr 16S-23S;

2. A espécie T. thiooxidans apresentou uma menor variabilidade genetica que a
espécie T. ferrooxidans, através da andlise da regido intergénica 16S-23S do

DNAr;

3. Linhagens de thiobacilli originarias de areas geograficas distintas
apresentaram alta similaridade, ndo havendo correlagdo entre o grau de

similaridade entre as linhagens e o local de onde foram isoladas; -

4. As técnicas de RAPD e RFLP da regido espagadora do DNAr 16S-23S
possibilitaram a diferenciagdo de linhagens de Thiobacillus spp. atraves de
fingerprintings, os quais podem ser obtidos para a caracterizagdo de novos

isolados:

5. As linhagens de T. ferrooxidans apresentaram variabilidade na
susceptibilidade ao cobre durante o processo de respiragéo celular, sendo que a

linhagem menos susceptivel foi a LR, originaria de mina de uranio;
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6. O crescimento prévio de células de T. ferrooxidans na presenga de cobre

confere um maior desempenho para o crescimento nesse metal, o que
demonstra a importancia de processos indutivos para o(s) mecanismo(s) de

resisténcia a cobre em T. ferrooxidans,

7. O crescimento prévio de células de T. ferrooxidans na presencga de cobre
influenciou negativamente o crescimento em outros metais como cadmio, niquel
e zinco, sugerindc a especificidade do(s) mecanismo(s) indutivo(s) de resisténcia

ao cobre em T. ferrooxidans, em relagdo a esses outros metais testados;

8. A resposta celular ao cadmio e ao cobre em T. ferrooxidans envolve o
aumento da sintese de proteinas especificas, ndo induzidas na presenga de

outros metais;

9. O mecanismo de resisténcia ao cobre em T. ferrooxidans envolve alteragdes
na sintese de proteinas do citosol e, principaimente, na sintese de proteinas de

membrana;

10. Alteracdes nos niveis de fosforilagdo de proteinas também podem estar

envolvidos na resposta celular de T. ferrooxidans ao cobre.
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