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Guardar

Guardar uma coisa ndo é escondé-la ou tranca-la.
Em cofre ndo se guarda coisa alguma.
Em cofre perde-se a coisa a vista.
Guardar uma coisa é olha-la, fita-la, mira-la por
admira-la, isto é, ilumina-la , ou ser por ela iluminado.
Guardar uma coisa é vigia-la, isto é, fazer vigilia por
ela, isto é, velar por ela, isto é, estar acordado por ela,
isto &, estar por ela ou ser por ela.
Por isso melhor se guarda o véo de um passaro
Do que um passaro sem véos.

Por isso se escreve, por isso se diz, por isso se publica.

()

Anténio Cicero
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Este trabalho, que visa a estudar o processo de biodegradacéo da trifluralina por
isolados bacterianos e propor uma metodologia de ensino sobre biodegradacéo, esta

estruturado da seguinte maneira:

INTRODUGAO E OBJETIVOS

Contextualiza a biodegradacao de xenobidticos, dando énfase ao metabolismo da
biodegradacgao de nitrocompostos aromaticos e, mais especificamente, ao nitrocomposto
trifluralina, relacionando os objetivos propostos.

CAPITULOS I, 11, e llI

Trata de metodologias utilizadas para alcangar os objetivos propostos, assim como os
resultados, as discussdes e as conclusdes que sao apresentados sob forma de trés publicagdes:

1) BIODEGRADATION OF THE HERBICIDE TRIFLURALIN BY BACTERIA ISOLATED
FROM SOIL (CAPITULO |) — Compreende o isolamento e a identificagdo das bactérias, e a

biodegradagéo da trifluralina por estas bactérias.
2) GENES SIMILAR TO NAPHTHALENE DIOXYGENASE GENES IN TRIFLURALIN-DEGRADING

BACTERIA (CAPITULO Il) — Relata a investigacao de genes catabdlicos nas bactérias

degradadoras da trifluralina.
3) BIODEGRADATION AS A BIOTECHNOLOGICAL MODEL FOR THE TEACHING OF

BIOCHEMISTRY (CAPITULO Ill) — Descreve a implementacdo de uma proposta pedagogica

para o ensino de biodegradac&o no curso de agronomia.

DISCUSSAO, CONCLUSAO E PERSPECTIVAS

Analisa e compara os dados obtidos, conclui sobre o trabalho e propde metas de
continuidade.

REFERENCIAS BIBLIOGRAFICAS

Relaciona a literatura referendada na introdugao e discussao.



IX

EXECUGAO E FINANCIAMENTO

LABORATORIOS DE REALIZAGAO DO TRABALHO

Microbiologia/Faculdade de Agronomia - UFRGS.
Radiobiologia Molecular/Centro de Biotecnologia - UFRGS
Quimica Analitica /Instituto de Quimica - UFRGS
Agrotoéxico /Departamento de Biologia e Quimica - UNIJUI

Biodegradation - Biotechnology Research Institute of Canada

ORGAOS FINANCIADORES DO PROJETO

UNIJUI - Universidade Regional do Noroeste do Estado do RS

PICD - Programa Institucional de Capacitagdo de Docentes/CAPES
CNPq - Conselho Nacional de Desenvolvimento Cientifico e Tecnolégico
PROPESQ - Pré-reitoria de pesquisa da UFRGS

GENOTOX- Laboratério de Genotoxicidade do Centro de Biotecnologia/

UFRGS.



RELAGAO DE TABELAS
Pagina

Capitulo |

Tabela 1 - Identification of the bacterial isolates based on biochemical

tests and 16S rDNA sequence analysis (RDP anlyses) 43
Capitulo I

Tabela 1 — Oligonucleotide primers used for amplifying catabolic genes 66
Tabela 2 — Results of PCR using specific primers encoding the

enzymes naphthalene dioxygenase (ndoB), toluene dioxygenase

(todC1), toluate 1,2-dioxygenase (xyIX), cathechol-2,3-dioxygenase

(xylE), cathecol-1,2-dioxygenase (catA) and hybridization with the

ndoB gene probe 67
Capitulo Il

Tabela 1 — Parameters monitored during the composting process 94



RELAGAO DE FIGURAS

INTRODUGAO

Fig. 1 Vendas de agrotoxicos no Brasil, década de 90

Fig. 2 Comercializag&do de herbicidas na Regido de ljui, em 1994

Fig. 3 Esquema do catabolismo aerobico de xenobiodticos aromaticos
Fig. 4 Esquema do catabolismo aerdbico do 2,4-DNT e nitrobenzeno
pelas bactérias Burkholderia sp. e Pseudomonas pseudoalcaligenas.
Fig. 5 Estrutura molecular da trifluralina

Fig. 6 Rota metabdlica da trifluralina, sugerida por GOLAB et al., 1979
CAPITULO |

Fig. 1 Molecular structure of trifluralin

Fig. 2 Growth of isolates on medium containing TFL crystals.

Fig. 3 Reduction of trifluralin after 30 days of incubation at 28° and 120
rpm in medium 5

Fig. 4 HPLC chromatograph showing TFL levels after 30 days incubation
at 28° and 120 rpm in medium 5

CAPITULO Il

Fig. 1 Aerobic catabolism of aromatic compounds via the catechol route
Fig. 2 Detection of ndoB by PCR and hybridization anlysis in total
bacterial DNA

Fig. 3 Initial steps in TFL catabolism, as suggested by Golab et al. 1979
Fig. 4 Agarose gel electrophoresis showing the presence of large

.plasmids

XI

Pagina

16

20

21

25

35

45

47

68

70



CAPITULO llI

Fig. 1 Composting container

Fig. 2 Percentage composition of the waste collected by the students
over 5 days

Fig. 3 Simplified scheme of digestion of macromolecules in the waste
Fig. 4 Change in pH during composting

Fig. 5 Change in temperature during composting

DISCUSSAO

Fig. 6 Proposta de rota catabdlica da TFL, com participacdo de

dioxigenases.

XII

87

89

91

93

93

109



XIII

iNDICE

Pagina
INTRODUGAO 1
1. Xenobidticos no ambiente 2
1.1 Cenario 2
1.2 Xenobidticos agricolas — Agrotéxicos/Pesticidas 3
2. Biodegradacgéao de xenobidticos persistentes 7
2.1 Fatores que determinam a biodegradacéao 8
2.1.1 Fatores de natureza bioldgica 8
2.1.2 Fatores de natureza fisico — quimica 12
2.2 Metabolismo dos compostos xenobidticos aromaticos 13
2.2.1 Metabolismo dos compostos nitroaromaticos 17
3. Trifluralina 21
3. 1 Biodegradacéo da trifluralina 23
4. Proposta de modelo pedagdgico para o ensino da biodegradagao 26
OBJETIVOS 28
1. Geral 29

2. Especificos 29



CAPITULO |

CAPITULOII

CAPITULO llI

DISCUSSAO
CONCLUSAO

1. Geral

2. Especifica
PERSPECTIVAS
RESUMO E ABSTRACT
1. Resumo

2. Abstract

REFERENCIAS BIBLIOGRAFICAS

31

55

78

99

110

111

111

112

115

116

118

120

XIv



INTRODUGAO



1 — XENOBIOTICOS NO AMBIENTE

1.1 - Cenario

A partir do inicio do século XX, o homem passa a sintetizar em escala
industrial, utilizando como matéria prima o petrdleo, varios tipos de cadeias
carbbnicas combinadas com os elementos quimicos fosforo, enxofre, nitrogénio e
halogénios. Apos aproximadamente um século, mais de 100 mil compostos
quimicos sintéticos sao encontrados no mercado (SWOBODA-COLBERG, 1995).

Estas novas moléculas organicas introduzidas pela cultura tecnoldgica,
nao fazem parte do metabolismo dos organismos vivos que compdem a terra, por
esta razdo foram denominadas xenobidticos (xénos do grego = estrangeiro,
estranho) (ALEXANDER, 1999). Muitos destes xenobidticos persistem no
ambiente, fazendo com que todos os organismos vivos sejam expostos a sua
possivel toxicidade.

Uma das primeiras reflexbes publicas sobre as conseqiéncias dos
xenobidticos no ambiente ocorreu aproximadamente meio século apos seu
surgimento, com a publicacdo de Primavera Silenciosa (CARSON, 1962). Neste
livro, a autora - uma bidloga -, relata sobre a auséncia do canto dos passaros
nas primaveras do norte dos EUA, e correlaciona a morte destes passaros com o
uso de pesticidas agricolas. Suas observacgdes, inicialmente contestadas, uma
vez que careciam de fundamentagcao cientifica mais contundentes, foram
confirmadas mais tarde com o advento da quimica analitica ambiental (NEILSON,
1994). Agora , comprovadamente, sabe-se que muitos dos xenobiéticos e/ou seus
produtos de degradagdo resultam em efeitos citotoxicos e mutagénicos na

espécie humana e nas outras espécies vivas, podendo levar a eliminagéo seletiva



de individuos, portanto a modificagdes na estrutura ecoldgica das comunidades
(GALLO e LAWRIK, 1990; REBELLO-GAY et al., 1991).

Hoje é preocupacdo crescente, tanto dos o6rgdos governamentais -
juridicos, saude e meio ambiente - como das industrias, desenvolver
conhecimentos sobre a toxicidade, o comportamento, o destino e tecnologias de
descontaminagao dos xenobidticos.

As tecnologias de descontamingdo de ambiente contaminados por
xenobidticos persistentes - de dificil degradagao - sdo na perspectiva de degradar
estes compostos, empregando processos fisicos, quimicos e/ou biolégicos. O
processo biolégico, 0 mais eficaz, utiliza microrganismos indigenos e modificados
que degradam estas moléculas, transformando-as em moléculas mais simples
que fazem parte do ciclo biogeoquimico da terra: CO,, H,O, NH3, SO4 ~, PO4 ™.

Implementar tecnologias de tratamento de areas contaminadas por
xenobidticos, utilizando microrganismos indigenos e/ou modificados, é uma
tendéncia tecnoldgica de consenso em todo mundo e requer conhecimentos de
varias areas do saber: microbiologia, bioquimica, biologia molecular, quimica

organica e analitica, engenharia.

1.2 - Xenobiodticos agricolas - Agrotéxicos/Pesticidas.

Na agricultura moderna, o uso de xenobidticos tem sido o principal
método de controle de organismos indesejaveis. Os xenobidticos utilizados para
fins agricolas sdo denominados, pela literatura mundial, de pesticidas; e no Brasil,

a partir de 1990 (BRASIL, 1990), de agrotdxicos.



Ha no mercado uma grande variedade e quantidade de agrotdxicos que se
destinam ao controle de plantas, insetos, e fungos. Cerca de 300 principios ativos
autorizados compdem as formulagées comerciais agricolas e estima-se que as
vendas mundiais de agrotoxicos estejam proximas a US$ 31 bilhdes. O Brasil é o
terceiro consumidor mundial de agrotoxicos e os valores das vendas tém-se
mostrado crescentes. Na década de 90 as vendas de agrotoxicos passaram de
US$ 1,08 bilhdes em 1990 para US$ 2,33 bilhdes em 1999 (fig. 1) (EMATER/

Empresa de Assisténcia Técnica e Extenséo Rural, 2000).
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Fig. 1 — Vendas de agrotéxicos no Brasil, na década de 90. Dados

de EMATER (2000).



Estes agrotdxicos, langados no ambiente pelas praticas agricolas e pelos
efluentes industriais, se deslocam na biosfera através da agua, do ar e da cadeia
trofica alimentar, contaminando espagos e organismos. Em todas as partes do
mundo, as aguas subterraneas e superficiais estdo contaminadas por agrotoxicos.
A Agéncia de Protecdo Ambiental dos Estados Unidos (EPA) constatou a
presenca de 46 diferentes pesticidas nas aguas subterraneas de 26 estados dos
EUA (MELO e AZEVEDO, 1997a). Os agrotoxicos afetam a dinamica das
populagdes de organismos vivos do solo, interferindo na degradagao da matéria
organica, na respiragao e na ciclagem de nutrientes (DORAN et al.,, 1996). A
extensdo do impacto dos agrotoxicos sobre a atmosfera €, ainda, uma incognita;
mas uma série de estudos ja comprovam que somente 50% dos agrotoxicos
aplicados atingem a area alvo; isto €, metade da quantidade aplicada &
dispersada na atmosfera, sem que se saiba ainda as reais consequéncias disto
(WARE, 1980; DAVIS e WILLIAMS, 1990). As aves que se alimentam de graos
contaminados  por agrotdxicos sofrem drastica redugcdo em suas populagdes
(HARDY, 1990) e a comunidade aquatica € seriamente atingida pela lixiviagao
agricola e pelos efluentes industriais (SCHMITT et al., 1981).

O estado do Rio Grande do Sul é uma das regides brasileiras que mais
utiliza agrotoxicos. Por exemplo a regido de ljui, que compreende cinquenta
municipios (20 000 Km?), destina 75% de sua area geografica para fins agricolas,
sendo que o controle de protecdo de lavouras tem sido realizado, basicamente,
desde 1960, pela aplicagao de diferentes tipos de agrotéxicos. Nesta regidao, em
1994 foram comercializados, aproximadamente, 2.600 toneladas de agrotdxicos
(15 tipos de herbicidas, 8 tipos de inseticidas e 5 tipos de fungicidas), sendo que

os herbicidas foram os mais empregados (2.132 toneladas). A trifluralina, um tipo



de herbicida, foi o agrotéxico mais vendido em 1994 (886 toneladas); esta
molécula tem sido o agrotdxico mais usado nesta regido durante as quatro ultimas

décadas, no plantio de soja (EMATER, 1994) (fig. 2).
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Fig. 2 — Comercializagdo de herbicidas na Regido de ljui/RS, em 1994. Dados

obtidos de EMATER (1994).

Esta intensa utilizacdo de agrotoxicos, que vem ocorrendo por quatro
décadas nesta regido do estado, ndo tem sido monitorada por estudos cientificos.
Os meios de comunicagédo da Regido Noroeste denunciam casos de intoxicagao e

malformagdes congénitas humanas, contaminagdo de aguas, morte de peixes,



perda de lavouras e sitios contaminados por embalagens. No entanto um dos
motivos pelos quais as discussdes cientificas e mudancas de condutas se
esvaziam € devido a falta de comprovacgdes destes relatos.

O estado do Rio Grande do Sul também abriga industrias produtoras de
agrotoxicos e outros xenobioticos. A FEPAM ( Fundagao Estadual de Protecéo e
Amparo ao Meio Ambiente) tem trabalhado junto as mesmas, no sentido de
conscientiza-las sobre a sua responsabilidade social em ndo impactar o meio,
exigindo a descontaminacgéo de seus efluentes.

Este cenario de uso intensivo e de produgdo de agrotoxicos no estado do
Rio Grande do Sul, por varias décadas, deixa evidente a importancia da pesquisa
que se propde estudar os varios tipos de impactos causados por estas moléculas
no ambiente. No entanto, até o presente momento, conhecimentos referentes a
degradacao de agrotdxicos e de outras moléculas persistentes utilizando isolados
bacterianos, no sentido de otimizar tecnologias de biorremediagdo, tem sido
pouco investigados. TONDO (1995) isolou, de efluente industrial, uma bactéria,
Bacillus sp, capaz de degradar o 4,5,6 Tricloroguaiacol, um residuos de industria
de papel de celulose, e MATTOS (1996) isolou, de solo agricola contaminado,

uma bactéria, Pseudomonas sp., degradadora do herbicida Clomazone.

2 - BIODEGRADAGAO DE XENOBIOTICOS PERSISTENTES

Segundo ALEXANDER (1999) biodegradacao é a degradagao de moléculas
naturais ou xenobioticas de dificil degradagao, por um sistema biolégico. Quando

o sistema biologico biodegradar a molécula aos niveis maximos de oxidagao



metabdlica, produzindo CO,, H,O, NOs , SO, =, PO4 ~, a degradacao é€,
também, denominada de mineralizagao.

O sistema metabdlico que tem-se mostrado mais apto para biodegradar as
moléculas persistentes sao os microbianos, uma vez que principalmente a eles
compete reciclar as moléculas na biosfera. Esta capacidade recicladora dos
microrganismos, que mantém a vida na terra, nao é devido apenas ao seu
potencial genético individual em si, mas também, devido ao metabolismo
integrado da comunidade microbiana: produtos de um organismo podem ser o
substrato para outros, e o material genético pode ser trocado. Este sinergismo
metabdlico entre as espécies, ausente nos organismos mais complexos, € de

fundamental importancia na biodegradagcao de xenobiéticos.

2.1 - FATORES QUE DETERMINAM A BIODEGRADAGAO.

Muitos séo os fatores de natureza bioldgica e fisico-quimicas, que determinam

o potencial de um meio em biodegradar uma determinada molécula xenobidtica.

2.1 .1- Fatores de natureza biolégica

Nao existem, na biosfera atual, rotas enzimaticas catabdlicas capazes de
degradar todos os compostos novos que a cultura humana sintetizou durante os
ultimos 100 anos. Embora tenhamos um cenario de 3,5 bilhdes de anos de
evolugdo bioquimica e, segundo estimativas recentes, entre sete a vinte milhdes

de espécies vivas, o tipo de moléculas e as rotas metabdlicas destas espécies



sdo semelhantes entre si (LEVEQUE, 1997). O metabolismo atual da biosfera nao
difere drasticamente do metabolismo da biosfera de milhdes de anos atras
(NELSON e COX, 2000); € de se esperar, portanto, que estas moléculas novas
que vém sendo produzidas pela cultura humana, podem ser toxicas e/ou
persistentes ao ambiente

Hoje se sabe, no entanto, que alguns xenobibticos podem ser biodegradados
por uma populacao e por isolados microbianos. Esta biodegradagdao, comumente,
€ mais provavel quando a estrutura quimica do xenobidtico € semelhante a
estrutura das moléculas naturais (ALEXANDER, 1999).

Existem muitas moléculas naturais com estrutura complexa tais como a
lignina, os esterdides, os terpenos, e compostos halogenados naturais (GRIBBLE,
1995); e o anel benzénico é a estrutura molecular natural mais abundante na
biosfera depois da glicose (GLAZER e NIKAIDO, 1995). As enzimas que
catabolizam a degradagdo destes compostos naturais, algumas vezes,
apresentam baixa especificidade pelo seu substrato, possibilitando que
xenobidticos com estrutura quimica semelhantes aos compostos naturais,
também sejam catabolizados. Realmente, varios trabalhos relatam a
biodegradagao até CO, e H,O de xenobidticos derivados do benzeno (ATLAS e
BARTHA, 1998; AMBRAMOWICZ, 1990; NARRO et al., 1992; WHYTE et al,,
1997).

Quando o xenobidtico percorre todos o0s passos cataliticos de uma
determinada rota catabdlica, provavelmente ele se transforma em um produto
capaz de entrar no metabolismo intermediario, tornando-se assim - o xenobibtico
-, uma possibilidade nutritiva a mais para a sobrevivéncia do microrganismo.

Porém, muitas vezes, o xenobidtico somente ¢é transformado por uma
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determinada enzima de uma rota catabdlica e o produto resultante nao contribui
para a sobrevivéncia do microrganismo. Neste caso o xenobidtico € parcialmente
degradado e esta transformagao metabdlica € denominada de co-metabolismo
(ALEXANDER, 1999). O produto do co-metabolismo, muitas vezes, pode servir de
substratos para transformagdes enzimaticas de outras espécies microbianas,
possibiltando a biodegradagcdo do xenobidtico. Aparentemente uma
transformacao futil, o co-metabolismo, tem mostrado papel importante nas
biotecnologias de remediacao de sitios contaminados.

A estrutura quimica dos xenobidticos influencia, pronunciadamente, a
catalise enzimatica. Os grupos quimicos halogénios, -NO,, -SOsH, CN, -CHjs, -
CF3, NHy, -OCH3 e certos arranjos da cadeia carbonada, dificultam a catalise
enzimatica, conferindo a molécula uma maior recalcitrancia (ALEXANDER, 1999).
Muitos relatos sobre o aumento da recalcitrancia, devido a estrutura quimica do
xenobidtico, sdo encontrados na literatura (MIKESELL e BOYD, 1985;
HADERLEIN e SCHWARZENBACH, 1995). Por exemplo, os detergentes
sintéticos alquilbenzeno sulfonados, comercializado nos anos 60-70, provocaram
sérios impactos ambientais decorrentes de elevado grau de persisténcia no
ambiente; espessas camadas de espumas foram acumuladas nos rios, matando
por asfixia milhares de peixes. Pesquisas feitas mais tarde mostraram que a sua
alta persisténcia no ambiente estava relacionada com a presenga de trés grupos
metilas na cadeia alquila e sé com a retirada dos grupos metilas aumentou a sua
biodegradabilidade, diminuindo o impacto ambiental (ALEXANDER, 1999).

Mutagdes que ocorrem em meios contaminados por xenobidticos podem
viabilizar sequéncias genémicas que codifiquem enzimas capazes de cataboliza-

los. Estes individuos mutantes trazem uma vantagem perante os outros
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individuos do meio contaminado, uma vez que a molécula contaminante deixa
de ser toxica e passa a ser nutritiva (HENRIQUES e QUEROL, 1986).

A possibilidade de trocas genéticas, que ocorre entre a populagdo microbiana
€ um outro fator que contribui para o potencial enzimatico biodegradador de uma
populacdo microbiana. Estudos feitos a esse respeito mostram que muitas rotas
catabdlicas de compostos com estrutura complexa estédo localizadas no genoma
plasmidial de alto massa molecular. Plasmideos podem ser trocados entre
bactérias da mesma espécie e espécies diferentes, favorecendo o metabolismo
catabdlico de uma molécula recalcitrante (MELO e AZEVEDO, 1997b).

Um ponto importante a ser considerado € a biodisponibilidade da molécula.
Muitos dos xenobidticos tém carater apolar, 0 que muitas vezes nao € compativel
com os sitios de entrada da membrana celular, indisponibilizando-o, desta
maneira, para o metabolismo intracelular. Alguns microrganismo produzem
surfactantes, possibilitando, portanto, a entrada destas moléculas apolares para o
meio intracelular (GRIMBERG e AITKEN, 1995).

Outros fatores bidticos devem ser considerados, como o mecanismo de
indugdo da sintese de enzimas degradadoras (JOHRI et al., 1999), a toxicidade
excessiva do composto parental ou de seus produtos metabdlicos (GLAIZER e
NIKAIDO, 1995; FELSOT e PEDERSEN, 1991).

Contudo, mesmo que todos estes fatores bidticos estejam contemplados pela
comunidade microbiana, a biodegradacdo pode n&o ocorrer caso fatores fisico-

quimicos do meios n&o sejam favoraveis.
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2.1 .2- Fatores de natureza fisico-quimica do meio.

O meio externo e o compartimento interno celular microbiano estao
estritamente relacionados. Mesmo que um sistema microbiano porte todos os
requisitos bioquimicos e genéticos necessarios para degradar um xenobidtico, se
as caracteristicas fisico-quimicas do meio ndo condizem com as necessidades
metabdlicas do microrganismo, a biodegradag¢ao nao ocorrera.

Os principais parametros fisicos que interferem na biodegradabilidade sao o
pH, a temperatura, a luz e o potencial redox. Por exemplo, as baixas
temperaturas predominantes nas regides subtropicais, geralmente, dificultam a
degradacdo de compostos persistentes (WHYTE et al.,, 1999). O meio também
deve conter as necessidades nutricionais do microrganismo: fontes de carbono,
que podera ser o proprio xenobidtico, receptores de elétrons (O, nitrato, sulfato,
CO,, ion férrico, compostos organicos), sais minerais, vitaminas, aminoacidos
essenciais (ANDERSON, 1990).

A toxicidade do meio € um outro fator que interfere na biodegradabilidade. Por
exemplo, a presenca de metais pesados pode inibir, ou mesmo inviabilizar a
biodegradagao de um xenobidtico (ELSAS et al., 1997).

Ambientes complexos, tais como o solo, tém propriedade de adsorver
moléculas; esta propriedade pode reduzir a capacidade biodegradadora do meio,
uma vez que a molécula pode ser adsorvida; portanto indisponibilizando-a para o
metabolismo microbiano (DIGRAZIO et al., 1990).

Muitos sédo os fatores que podem ativar ou inibir a biodegradagéo, ja que

cada molécula tem um comportamento particular em meios diferentes. Portanto,
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predizer a biodegradabilidade de uma molécula é uma tarefa complexa que

requer uma analise ampla de dados bidticos e abidticos do meio.

2.2 — METABOLISMO DOS COMPOSTOS XENOBIOTICOS AROMATICOS.

Estudos comprovam que muitos compostos aromaticos xenobidticos podem
ser degradados por fungos e bactérias sob condigdes aerdbicas e anaerdbicas
(AMBRAMOWICZ 1990; BARBIERI, 1994). Os modelos metabdlicos bioquimicos
destes xenobidticos aromaticos foram construidos, basicamente, utilizando dados
de isolados bacterianos, e eles mostram que as estratégias metabdlicas da
biodegradagdo dos xenobidticos aromaticos seguem as mesmas bases do
metabolismo degradativo dos compostos aromaticos naturais. Embora haja uma
grande variedade de estruturas xenobidticas aromaticas, o catabolismo destas
moléculas tem se mostrado convergente. A principal rota catabdlica de ruptura
deste anel, o passo limitante da degradacdo dos aromaticos, sob condi¢des
aerobica, segue o0s seguintes etapas:

- ativagcao do anel aromatico através de sua hidroxilacao;

- rompimento do anel aromatico formando metabdlitos aciclicos que seguem

para as vias oxidativas do metabolismo intermediario.

Quando o xenobidtico apresenta em sua estrutura grupos substituintes no
anel, como N-alquila, O-alquila, carboxilas e alifaticos, estes podem ser
catabolizados antes ou apdés o rompimento do anel aromético (PERES e

JUARES, 1997; ELSAS, et al., 1997; MELO e AZEVEDO, 1997c).
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O catabolismo aerdbico dos compostos aromaticos em bactérias tem sido o
mais bem elucidado até o presente momento e tem-se mostrado eficiente na
biodegradagdo de xenobidticos aromaticos. No catabolismo aerdbico a ativagao
do anel, a primeira etapa do catabolismo, ocorre, dependendo da estrutura
molecular, através de passos oxidativos e/ou redutivos. Portanto, embora haja
varias rotas de ativacdo do anel aromatico, o catabolismo destes compostos é
sempre convergente. Os trés produtos mais notaveis deste catabolismo inicial sdo
os dihidrodidis: catecol, protocatecol e gentisiato, sendo o catecol, um dihidrodiol
vicinal, o principal deles (fig. 3) (CHUDHRY e CHAPALAMADUGU, 1991; PARES
e JUAREZ, 1997).

A ativacao do anel via oxidativa ocorre sob condi¢coes aerdbicas e é realizada,
de maneira geral, por monooxigenases, que adicionam um atomo de oxigénio da
molécula de oxigénio no anel, ou por dioxigenases que adicionam dois atomo de
oxigénio da molécula de oxigénio no anel. Sao as dioxigenases que parecem ter a
principal tarefa de hidroxilagdo do anel aromaticos em xenobidticos. As
dioxigenases adicionam os dois atomos de oxigénio no anel aromatico,
ocasionando uma desaromatizagao do anel e formando um
dihidroxiciclohexadieno, o qual sera rearomatizado via enzimatica. No caso do
carbono conter grupos substituidos como o -SOs;, -OH, -Cl, -NO,., esta
rearomatizagao do anel é espontanea e leva a liberagao destes grupos em forma
de anions (fig. 3) (SPAIN et al.,1994).

Apos a formacdo do catecol correspondente tem-se a ruptura do anel
catecodlico, que também, ocorre por dioxigenases. Esta ruptura pode ocorrer nas

posicdes orto ou meta em relagdo as hidroxilas vicinais. Os produtos aciclicos
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produzidos podem ser oxidados via metabolismo intermediario até CO; e H,O
(fig. 3).

Esta estratégia catabdlica de compostos aromaticos € uma sinopse da
degradacgdo de estruturas aromaticas menos complexas, ou mais semelhantes
aos compostos naturais, como benzeno, tolueno, benzoato, naftaleno, fenol (fig.
3). Entretanto, a medida que a biodegradagcdo de outros aromaticos mais
recalcitrantes vem sendo estudada, estratégias metabdlicas mais complexas tém
sido reveladas: passos oxidativos e redutivos se mesclam no objetivo de fazer do
xenobidtico um nutriente. Esta complexidade pode ser melhor evidenciada nas
rotas biodegradativas de compostos nitroaromaticos que serdo discutidas a

sequir.
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2. 2. 1 - Metabolismo dos compostos nitroaromaticos.

Compostos nitroaromaticos sao largamente utilizados nas tecnologias de
producao de explosivos (2,4,6-trinitrotolueno/TNT, hexahidro-1,3,5-trinitro-1,3,5-
triazine/RDX, octahidro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine/HMX),  pesticidas
(trifluralina, lactofen, oryzalin, pendimethalin), produtos farmacéuticos,
conservantes de couro, corantes e também como matéria prima na sintese de
muitos compostos tais como anilina e polimeros (HARTTER, 1985). Eles
constituem uma das maiores classes de xenobidticos que contaminam o meio
ambiente e alguns nitroaromatico sao comprovadamente mutagénicos e/ou
carcinogénicos (PARRIS, 1986; TOKIWA e OHNISHI, 1986; ANDERSON et al. ,
1997). Nitroaromaticos naturais s&o raros e a producédo destes nitroaromaticos
sintéticos € um evento relativamente recente na biosfera; contudo, estudos
desenvolvidos a partir da década de noventa, comprovam a biodegradagao de
alguns nitroaromaticos sintéticos por fungos e bactérias aerdbicas e anaerdbicas
(SPAIN et al., 2000).

A recalcitrancia dos nitroaromaticos no meio ambiente tem sido atribuida a
alta eletronegatividade do nitrogrupo. O nitrogrupo drena os elétrons 1 do anel
aromatico deixando o carbono em estado elevado de oxidagao, dificultando o
ataque inicial das oxigenases. Esta caréncia eletronica do carbono, que dificulta o
ataque eletrofilico das oxigenases, € contornada por alguns microrganismo
através da redugado catalitica do nitrogrupo para hidroxilamina ou amino. O
ataque redutivo do nitrogrupo pode ocorrer aerobicamente e anaerobicamente,
mas condi¢des anaerdbicas podem favorecé-lo. Por esta razéo, tecnologias de

biorremediacdo de ambientes contaminados com moléculas recalcitrantes sao
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realizadas sob condigdes aerdbicas e anaerdbicas, amplificando, desta maneira, a
expressao do potencial catabdlico microbiano do meio (SPAIN et al., 2000).

Um exemplo no qual pode-se observar o ataque oxidativo inicial na
ativagdo do anel aromatico € na degradacdo aerdbica do 2,4-DNT (2,4-
dinitrotolueno). A bactéria Burkholderia sp., isolada de sitios contaminados com
dinitrotoluenos , crescem aerobicamente tendo como unica fonte de carbono e
nitrogénio o 2,4-DNT (SPANGGORD et al., 1991; HAIGLER et al., 1999). Uma
dioxigenase seguida do ataque de uma monooxigenase libera o nitrito do 2,4-
DNT, formando catecol, o qual é clivado por uma metadioxigenase, gerando um
composto possivel de ser oxidado a CO; e H,O (fig. 4).

Em outro exemplo, pode-se observar a atuacdo de uma redutase na
ativacdo do anel aromatico. A degradagcdo do nitrobenzeno pela bactéria
Pseudomonas pseudoalcaligenes (NISHINO e SPAIN, 1993; HE e SPAIN, 1997)
€ iniciada por uma redutase que reduz o grupo nitro para uma hidroxilamino, o
qual, através de uma mutase, transforma-se em um aminofenol. A seguir o anel
aminofendlico é rompido por uma dioxigenase, formando um composto possivel
de ser oxidado a CO, e H,O (fig. 4). Esta dioxigenase € atipica, uma vez que
rompe um anel fendlico, e ndo um anel catecdlico, que é seu substrato mais
comum.

Os mais recentes estudos realizados sobre a biodegradagdo dos
nitrocompostos 2-NT (2- nitrotolueno), 2,4-DNT, nitrobenzeno, pelas bactérias
Pseudomonas sp. JS42, Burkholderia sp. e Camamonas sp. JS765,
respectivamente, mostram que o passo inicial da rota catabdlica destes
compostos € catalisado por dioxigenases. Estas dioxigenases, 2-NT dioxigenase,

2,4-DNT dioxigenase e nitrobenzeno dioxigenase, sao proteinas contendo
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subunidades, de maneira semelhante a bem estudada enzima naftaleno
dioxigenase (NISHINO e SPAIN, 1995; HIGLER et al., 1994; SPANGGORD et al.,
1991, SUEN et al., 1996). Sao formadas por uma flavoproteina redutase e uma
ferro-enxofre ferrodoxina que transportam elétrons do NAD(P)H para uma
oxigenase. Esta oxigenase € responsavel pela catalise da reagédo e contém duas
subunidades diferentes: a subunidade alfa que é grande e a beta subunidade que
€ menor (KAUPPI et al., 1998). A alfa subunidade é a regido mais conservada da
enzima e, por esta razdo, é utilizada para sondar a presenga de dioxigenase em
genomas bacterianos

A 2,4-DNT dioxigenase de Burkholderia sp. é a enzima catabdlica dos
nitrocompostos mais bem caracterizada. Esta enzima apresenta similaridades
genética com a naftaleno dioxigenase. Em ambas enzimas as sequéncias
genbmicas estdo localizada em um plasmideo e suas alfa subunidades
apresentam 80% de identidade. Ambas enzimas catalisam, também, reagdes de
dessaturagdo e monooxigenagao de outros substratos (SUEN et al., 1996).

A medida que microrganismos biodegradadores de compostos
nitroaromaticos séo isolados, outras vias catabdlicas aerobicas sdo descobertas.
Porém, nem sempre o percentual degradativo e a velocidade destas vias sao
apropriados para estudos bioquimicos e genéticos.

Apesar dos intensos esforgcos dos pesquisadores, ainda nao foram
isoladas bactérias capazes de mineralizar muitos nitroaromaticos produzidos pelo
homem, como, por exemplo, o TNT e os herbicidas trifluralina e orizalin
(HAWARI et al., 1999). Os trés compostos citados apresentam trés nitro grupos
no anel aromatico que, provavelmente, dificultam a sua mineralizagdo por um

unico microrganismo.
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3 — TRIFLURALINA.

A trifluralina/TFL (a, a, a trifluoro-2,6-dinitro-N,N-dipropil-p-tolueno) (fig. 5)
€ um herbicida usado antes do plantio e incorporado ao solo, que tem sido usado
desde o inicio da década de sessenta para controlar o crescimento de gramineas
e algumas espécies de folha larga em varias culturas agricolas. Este herbicida
inibe a mitose celular nas raizes, impedindo o desenvolvimento da espécie alvo

(GROVER et al., 1997).

I::HS T I:HE o I:HE - Nd_.-'::HE _GHE F I::HS
A HO : ]
‘ ‘ Trifluralin
Herkarcide
F— l|3 —F
F

Fig. 5 — Estrutura molecular da trifluralina.

Os maiores consumidores de ftrifluralina sédo E. U. A ., Brasil, Argentina e
China. No Brasil, o uso da trifluralina se destaca, principalmente, no cultivo de
soja, e, segundo classificacdo do IBAMA (Instituto Brasileiro do Meio Ambiente),
ela apresenta persisténcia moderada nos solos brasileiros, meia vida de 90-180
dias (MONTEIRO et al., 1992).

A TFL € uma molécula do grupo das dinitroanilinas; pouco soluvel em agua

(0,6 mg/L a 25 °C) e altamente soltvel em solventes apolares; moderadamente
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volatil (0.032 Pa); degradada pela luz e por atividade biolégica (GROVER et al.,
1997).

Testes agudos de toxicidade realizados em ratos, camundongos e coelhos
demonstram que a trifluralina tem toxicidade moderada por inalagao, e baixa para
moderada por exposicdo oral e dermal. Testes crdonicos em caes, utilizando
trifluralina na dieta, demonstram mudangas nos parametros hematoldgicos e
aumento no peso do figado e a Dose de Ingestdo Diaria para esta espécie foi
estimada em 0,0075 mg/Kg/d (EBERT, et al., 1992). Nao existem informacdes
disponiveis sobre os efeitos da trifluralina na reproducdo e sobre a exposicéo
cronica e aguda em humanos; no entanto ela é classificada como “possivelmente
carcinogénica” (EPA/Environmental Protection Agency, 1993). A Legislagédo
Ambiental Brasileira (EMATER, 2000) classifica a TFL como moderadamente
téxica para humanos. Peixes e aves sdo as espécies mais atingidas pela
toxicidade da TFL (EPA, 1993).

Os efeitos da TFL sobre a microflora do solo s&o pouco conhecidos. WANG
et al. (1995) observaram que a TFL inibe o crescimento das amebas flageladas
Naegleria fowleri e Naegleria gruberi. No entanto, BOYETTE et al. ('988)
estudaram o efeito da TFL e doze de seus metabdlitos sobre a mineralizacido da
glicose, celulose e proteinas no solo e concluiram que ndo houve um efeito
consideravel da TFL e seus produtos sobre o processo de decomposicio

microbiana do solo.
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3 .1-BIODEGRADAGAO DA TRIFLURALINA

O trabalho mais extensivo e consistente sobre a biodegradagédo da TFL em
solo foi realizado por GOLAB e seus colaboradores (1979). Usando TFL
radiomarcada no anel aromatico, observaram que, apdés um ano, 69% da
radiotividade 'C aplicada estava presente numa faixa de 0-15 cm de
profundidade do solo:14% como TFL, 12% como produtos da transformagéo da
TFL extraiveis e 43% de residuos nao extraiveis. Neste experimento, utilizando
varios tipos de técnicas de extracdes e analiticas, identificaram 28 produtos de
degradacgao e observaram que estes produtos sdo praticamente idénticos nos
processos aerébicos e anaerébicos. CAMPER et al. (1980), sob condigbes
aerobicas e anaerdbicas, e MONTEIRO et al. (1992), sob condi¢cdes aerdbicas,
verificaram que a degradacédo da TFL é altamente dependente do tipo de solo.
MONTEIRO et al. (1992) também mostraram a mineralizagao da TFL, através da
evolucdo de CO, [TFL/anel-"*C].

Poucos estudos consistentes relatam sobre a degradagdo da TFL por
isolados microbianos. HAMDI e TEWFIK (1969) e CARTER e CAMPER (1975)
isolaram Pseudomonas que degradam TFL em meio liquido sob condigbes
aerodbicas, contendo uma fonte de carbono suplementar. ZEYER e KEARNEY
(1983) também - usando um meio complexo sob condicbes aerdbicas-,
demonstraram a degradacdo da TFL, pela evolugdo do CO, [TFL/propil-'*C] por
uma espécie de Candida isolada do solo. SATO (1992) isolou, sob condigbes
aerobicas, duas bactérias de solo agricola contaminado, Alcaligenes sp. e

Moraxella ap., que degradaram 20% e 95% de TFL, respectivamente, apds 28
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dias de incubagdo e detectou trés dos produtos de degradacédo detectados por
GOLAB et al. (1979).

GOLAB et al. (1979) sugeriram uma rota degradativa para a TFL,
fundamentada nos produtos identificados em seus experimentos (fig. 5). Nesta
rota catabdlica, as reagbes degradativas iniciais da TFL s&o: N-dealquilagdo dos
grupos propil, redugao do nitro grupo a hidroxilamina ou amina, oxidagaéo do anel
aromatico para hidroxila, oxidagdo do grupo propila para hidroxila e acetona. Os
produtos hidroxiaminados, TR(trifluralina)-10 e TR-39, podem formar
benzimidazois e azocompostos, os quais dificultam a continuidade da degradagao
(HAWARI et al., 1999). O a,q,a-trifuoro-toluenetriamino-3,4,5-triamine (TR-9) é
sugerido como o produto convergente que daria continuidade a rota degradativa
da TFL.

Nao foram detectados por GOLAB et al. (1979) e SATO (1992) produtos
aciclicos, resultantes da ruptura do anel aromatico, que poderiam entrar no
metabolismo intermediario e mineralizar a TFL. Como ja discutido, a ruptura do
anel aromatico da TFL é dificultada pela presenca dos grupos —CF3; e —NO3; que
drenam elétrons T, trazendo impedimentos ao ataque enzimatico oxidativo.

Na bibliografia consultada, ndo foram encontrados trabalhos sobre a
bioquimica e a genética de enzimas que possam estar atuando nesta rota

catabdlica da TFL sugerida por GOLAB et al. (1979).
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4 — PROPOSTA DE MODELO PEDAGOGICO PARA O ENSINO DA

BIODEGRADAGAO

O modelo de desenvolvimento tecnolégico e a explosdo demografica
ocorridos na sociedade moderna tém causado uma série de impactos no meio
fisico e biolégico da terra ameagando a sobrevivéncia das espécies. Esta ameaga
a vida da biosfera levou a sociedade a repensar o estilo de desenvolvimento
projetando um novo paradigma que concebe o desenvolvimento atrelado a
sustentabilidade. Um dos grandes desafios deste novo paradigma que se
estabelece € o tratamento das grandes quantidades de residuos, compostos por
moléculas naturais e xenobioticas. Este cenario aponta para um novo campo de
atuagao profissional: a pesquisa e a implantagao de biotecnologias de tratamento
de residuos e biorremediagao.

Estas biotecnologias requerem conhecimentos de varias areas do
saber: bioquimica e biologia molecular da biodegradagdo microbiana, ecologia
microbiana, quimica analitica ambiental, engenharia. Sendo assim, este campo
de trabalho requer profissionais que tenham uma postura interdisciplinar e de
troca frente a comunidade cientifica (NEILSON, 1994).

Cabe a Universidade a tarefa de formar profissionais para as exigéncias
deste novo mercado de trabalho que se estabelece. Os graduados em
agronomia, quimica, biologia, engenharias ambiental, quimica e de alimento tém
em suas atribuigcdes profissionais a tarefa de tratamento de residuos. Faz-se
necessario, portanto, adequar o programa de disciplinas destes cursos de

graduacéao a este novo campo de atuagao profissional.
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O conhecimento bioquimico é fundamental para o entendimento do
metabolismo da biodegradacdo microbiana destes residuos. Contudo, de uma
maneira geral, os conteudos programaticos e as bibliografias indicadas (NELSON
e COX, 1995; STRYER, 1995; VOET et al., 2000), nestes cursos de graduacéo,
direcionam o ensino de bioquimica para o metabolismo de mamiferos. Constata-
se, entdo, a necessidade de redirecionamento dos conteudos e praticas do ensino
de bioquimica, de maneira que sejam contemplados aspectos sobre o

metabolismo da biodegradagcdo microbiana e suas interrelagdées como o meio.



OBJETIVOS
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OBJETIVOS

1. GERAL

Este trabalho se propde a estudar aspectos bioldgicos envolvidos na

biodegradagao da trifluralina, com o objetivo de adquirir conhecimentos sobre os

processos de biodegradagdo desta molécula, com vistas a serem utilizados na

otimizacao de biotecnologias de tratamento de residuos, bem como na proposigéo

de metodologias de ensino de biodegradagao.

2. ESPECIFICOS

Isolar bactérias resistentes ao herbicida trifluralina.

Identificar estas bactérias, utilizando os métodos bioquimico e

sequénciamento do rDNA 168S.

Verificar a capacidade destas bactérias de biodegradar trifluralina sob

condicdes aerdbicas, utilizando varios tipos de meios.

Investigar a presenca e a localizagdo de genes biodegradadores no

genoma das bactérias capazes de biodegradar a trifluralina.
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- Propor um método de ensino de biodegradagdo, dentro da disciplina de
bioquimica, para os cursos de graduagao que formam os profissionais que

atuam nos processos biotecnolégicos de tratamentos de residuos.
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ABSTRACT

Trifluralin (a,o,a, trifluoro-2,6- dinitro-N,N-dipropyl-p-toluidine) (TFL) is a
preemergence, soil-incorporated herbicide that has been in agricultural use since
the early 1960s and is moderately persistent in various Brazilian soils. The
purpose of this study was to isolate and characterize TFL-resistant bacteria from a
soil in which this pesticide has been used for the last 4 decades and determine
their ability to degrade TFL using HPLC. Eight bacteria were isolated by repeated
subculture in liquid medium with TFL as sole carbon source and identified by
biochemical tests and 16S rDNA sequencing as Klebsiella oxytoca, Herbaspirillum
seropedicae, 3 strains of Bacillus simplex, 2 of Pseudomonas montellii and another
Pseudomonas sp. A third, unidentified bacterium (isolate #9) was obtained
following growth on crystals of TFL on a solid mineral medium, a new technique
that could be usefully employed for other poorly soluble substrates. In a mineral
salts medium with 0.1% succinate and 0.1% yeast extract and 50mg.L™" TFL,
reductions in the level of pesticide of 24.6% for Klebsiella oxytoca; 16.4% for
Herbaspirillum seropedicae; 25.0% for Bacillus simplex 2; 16.0% for Bacillus
simplex 3 and 21.0% for unidentified isolate #9 were obtained after 30 days. These
were similar to the level obtained using a known TFL-degrading bacterium,
Brevundimonas diminuta (NCIMB 10329). The isolates can be used to study the
biochemical and molecular biology of TFL biodegradation to optimize the
degradative ability of one or more of the isolates for future use in bioremediation
processes. Key words: biodegradation, bioremediation, pesticides, trifluralin, soil

bacteria.
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INTRODUCTION

The contamination of soil by pesticides and other pollutants is one of the
greatest problems associated with economic development. Studies on the
biodegradation of pesticides are of fundamental importance for the protection and
remediation of our soil resources.

Trifluralin (TFL) (Fig. 1) is a preemergence, soil-incorporated herbicide that
has been in agricultural use since the early 1960s. It is widely used in soybean
production in Brazil and, according to IBAMA (Instituto Brasileiro do Meio
Ambiente; Brazilian Institute for the Environment), shows moderate persistence in
various Brazilian soils (20). TFL is only slightly soluble in water (0.6 mg/L at 25°C
(29), is moderately volatile (0.032 Pa (31) and is degraded by photolysis (23) and
biological activity. The majority of work on TFL biodegradation has studied soil
systems. Golab et al. 1979 (10), in an extensive field study using radiolabeled TFL,
found that after 1 year, 69% of the applied “C was present in the top 0-15 cm of
soil, 14% as TFL, 12% as extractable transformation products and 43% as
nonextractable soil-bound residues. They also identified 28 degradation products
and suggested a degradation pathway for the molecule. Camper et al. 1980 (7)
studied TFL degradation in various types of agricultural soil under aerobic and
anaerobic conditions and found that breakdown was highly dependent on soil type.
In a soil used for the disposal of various pesticides (diuron, trifluralin, carbofuran),
TFL remained unchanged for many years (15).

Although there has been considerable research on the degradation of TFL

in soil (13), few studies have reported degradation by isolated microorganisms, a
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necessary prerequisite if the microbial enzymes and pathways involved are to be
discovered. Hamdi and Tewfik (14) and Carter (8) isolated a species of
Pseudomonas that decomposed TFL in liquid medium containing a supplementary
carbon source. Zeyer and Kearney (32) also used complex media and
demonstrated degradation of TFL by a species of Candida isolated from soil. Sato
(26) isolated two bacteria from agricultural soil contaminated with TFL. The isolates
degraded the molecule and three of the degradation products cited by Golab (10)
were detected.

The objectives of this study were: 1) to isolate TFL-resistant bacteria from a
soil in which this pesticide has been used for 4 decades, 2) to characterize the

resistant isolates, and 3) to determine their ability to degrade TFL.

I::HS T I:HE o I:HE - Nd_.-'::HE _GHE F I::HS
A HO : ]
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Herkarcide
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Fig. 1 Molecular structure of TFL (a,o,0, trifluoro-2,6- dinitro-N,N-dipropyl-p-

toluidine).
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MATERIALS AND METHODS

Soil samples

The soil was a silty clay agricultural soil, typical of Northeastern
Rio Grande do Sul. It had been used for the cultivation of soya and
wheat over approximately four decades and TFL had been employed
on the land throughout this time. Three soil samples from a depth of
10-15 cm were taken from the agricultural field. Samples were taken
just before herbicide treatment, prior to the planting of soya. The soil
was dried at room temperature, mixed thoroughly, sieved in a 2 mm
sieve to remove stones and plant material and quartered. One part was

used for the analyses.

Chemicals

Trifluralin (a0, a,-trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine), pure grade
(98%), and Trifluralin Emulsion (445 g/L) were donated by MILENIA
AGROCIENCIAS S.A. (Taquari, Rio Grande do Sul, Brazil). The composition of
the emulsion was not supplied.
Isolation of microorganisms resistant to TFL

Subculture method: The microorganisms were isolated in two types of
mineral medium containing 50 and 100 mg.L™" TFL (pure grade). The basal
medium was Bushnell-Haas mineral salts medium (6). One variant contained
inorganic nitrogen, as present in Bushnell-Haas medium (0.1% ammonium nitrate)

and used TFL as sole carbon source; the other contained no inorganic nitrogen
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and used TFL as sole source of both carbon and nitrogen. TFL was added to the
flasks as a solution in methanol and the solvent was allowed to evaporate for 30
minutes before adding the sterile mineral medium.

Ten g soil was added to 20ml medium in a 125ml flask containing various
concentrations of TFL. These were incubated at 28°C in a rotary shaker (120 rpm),
with flasks carefully protected from the light to avoid photodegradation of TFL (23).
An aliquot of 1ml was subcultured to fresh medium every six days for 36 days.
After each subculture, growth was monitored by plating on the same media
solidified with agar, and on Thornton’s agar medium (24) containing 50 mg.L™ TFL.

Representative colonies from the various solid media were picked and
streaked onto Thornton’s medium with 50mg.L™ TFL and incubated at 28°C. The
colonies that grew best were taken as being more resistant to TFL. The bacterial
isolates were stored at 0°C on Thornton’s agar containing 50mgL™ TFL and
subcultured every month.

Growth around TFL crystals: One ml of TFL (2.5g/L in ethanol) was
spread on the surface of each plate of Thornton’s agar and the solvent was
allowed to evaporate for 24h. As the solvent evaporated, TFL crystallized on the
surface of the solid medium in a random manner. One mL of a soil suspension (1g
soil in 10ml of 0.1% sodium pyrophosphate, diluted 40 times in pyrophosphate),
was spread over the surface of the plate.

Characterization of isolates
The isolates were identified by biochemical tests and by 16S rDNA

sequencing.
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Biochemical methods: The isolates were identified by Gram staining, the
GNI card (Vitek Systems, Hazelwood, Mo.) and the APl 20NE identification system
(bioMériuex, France).

16S rDNA sequencing: Genomic DNA was extracted from cell lysates. One
or more colonies of each isolate were suspended in 100ul of sterile distilled water,
heated to 100°C for 10min and centrifuged at 14 000g for 1min. The supernatants
were used as templates. They were tested immediately or frozen at -20°C until
required.

16S rDNA (1,534 Kb) was amplified by the PCR reaction, adapted from
Martin-Kearley et al. (17). The PCR primers used were R13 (5-AGA AAG GAG
GTG ATC CAG CC-3’; reverse primer, located at position 1525-1544 relative to
Escherichia coli 16S rDNA) and F1 (5-GAG TTT GAT CCT GGC TAC G-3;
forward primer, located at position 11-19 relative to Escherichia coli 16S rDNA).
The reaction mixture contained: 2ul of MgCl, 25 mM; 8ul of deoxyribonucleoside
triphosphates (200mM each of dATP, dGTP, dCTP, dTTP; Pharmacia Biotech); 1l
of each primer (R13 and F1; Pharmacia Biotech); 5ul of template; 0.25ul (1.25
units) of Tag DNA polymerase/10X buffer mixture (Pharmacia Biotech); and sterile
distilled water to bring the volume to 50ul. The reaction mixture, without enzyme,
was overlaid with 100ul of sterile mineral oil to prevent evaporation during
incubation and heated to 96°C for 5 min in the Thermal Cycler 480 (Perkin Elmer
Cetus). Tag DNA polymerase was added when the mixture had cooled to 86°C.
The negative control contained the same mixture as above except that the

template was replaced with sterile water. The samples were then subjected to 30
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cycles of 1min denaturation at 94°C, 1min annealing at 65°C and 1min extension at
72°C in the Thermal Cycler 480. After amplification, a 5ul portion was withdrawn,
mixed with 1ul of loading buffer and subjected to electrophoresis at 90V for 60min
in 1.2% (w/v) TAE agarose gel stained with ethidium bromide (0.5ug/ml). The
bands were visualized using a uv transilluminator at a wavelength of 254nm. The
bands corresponding to 1.5 Kb were removed and purified with “QIAEX Il Agarose
Gel Extraction Kit” (QIAGEN Inc., USA). The concentration of DNA was estimated
at A0, where 1 absorbance unit equals 50ul/ml of double stranded DNA.

The purified PCR fragments were prepared for sequencing with the "ABI
PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit” (Perkin Elmer). The
primers used were F1 and F1c (5’-AAA CTC AAA TGA ATT GAC GG-3’; forward
primer, located at position 907-926 relative to Escherichia coli 16S rDNA)
(Pharmacia Biotech). The reaction mixture contained: 1ul of primer F1 or F1c 16
pmol/ul, 50ng of double-stranded PCR fragment 16S DNA, 4ul of Terminator
Ready Reaction mix (Tag DNA polymerase, dRhodamine, dNTPs, MgCl,, Tris-HCI
buffer pH 9.0) and sterile distilled water to bring the volume to 10ul. The reaction
mixture was overlaid with 50ul of sterile mineral oil. The samples were then
subjected to 25 cycles of 10sec denaturation at 96°C, 5sec annealing at 50°C and
4min extension at 60°C in a GeneAmp PCR System 2400 (Perkin Elmer). The
reaction products were purified using the CENTRI-SEP Columns kit (Princeton
Separations, USA). Nucleotide sequences were obtained in an ABI Prism 373

automatic sequencer. The sequence of the PCR fragment was compared to the
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GeneBank nucleotide sequence database using the Ribosomal Database Project
(RDP) (16) search program.

Microcosms for degradation of Trifluralin (TFL)

Microcosm studies were performed to monitor TFL degradation by the
isolates. The biodegradation tests were carried out in 30ml glass bottles containing
5ml of various media. Two concentrations of pure TFL or TFL emulsion and 100ul
of each isolate (0.1 absorbance unit) were added. The bottles were hermetically
sealed to prevent leakage of liquids and of TFL, which is moderately volatile (31)

and placed in the dark. The incubation was at 28°C, 120 rpm, for 30 days

The two concentrations of TFL used were 100 mg.L'1 and 50 mg.L'1. The
five media tested were based on Greer et al, (11). The basic medium contained
13mM KyHPO4, 6.4mM NaHPO4, 8.33mM (NH4)2SO4, 0.395mM MgSO4, 1uM
AIK(SO4)2, 10uM FeSO4, 10uM ZnSO4, 10uM MnSO4, 1uM CuSO4, 1uM Co(NOs)s,
10uM Ca(NOs)2, 2uM NaMoOy). Various alterations were made to this:

B Medium 1- without inorganic nitrogen source, with TFL (100 mg.L™)

B Medium 2- with TFL (100 mg.L™)

B Medium 3 - without inorganic nitrogen source, with 0.1% succinate and

100mg.L" TFL

® Medium 4 - with 0.1 % succinate and 100 mg.L™" TFL

B Medium 5- with 0.1 % succinate, 0.1 % yeast extract and 50 mg.L™" TFL.

Two controls were used:- a chemical control, without microorganisms (used
for all media), and a metabolic control without TFL to check for the presence of any

metabolites produced in this richer medium in the absence of TFL (only for medium
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5). Isolates 1 to 8 were incubated in all the media. Isolate 9 and the positive control
(see next section) were incubated only in medium 5.

Positive control

Brevundimonas diminuta  (NCIMB 10329), a known TFL degrading
bacterium (14), was tested in the same microcosm assay, with Medium 5, as a
positive control for the assay and for comparison with the activity of the isolates.

Trifluralin Quantification

TFL was quantified by HPLC (Varian 5000, Cds-111L microprocessor and
UV-50 detector ). Eight ml of methanol was added to the microcosms after 30 days
incubation. The bottles were hermetically sealed, sonicated for 5 minutes and
centrifuged at 5 000rpm for 5min. The supernatant was filtered with a Millipore filter
(0.22um) and 50ul injected directly into the HPLC.

The mobile phase consisted of an isocratic ratio of 75% acetonitrile/25%
water at a flow rate of 1ml/min. The HPLC system was equipped with a C18
column (25cm, 4.6mm, 5um) and the uv detector was operated at a wavelength of
275 nm.

For calibration, a stock solution of 1000mg.L™ TFL in methanol was used.
From this, a 100mg.L™" working standard was prepared in methanol and analytical
standards of 10, 30, 40 and 50 mg.L™ were produced. Peak areas and retention
times were compared to these reference standards. Duplicate samples were each

analyzed twice.
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Calculation of reduction in TFL levels
The percentage reduction in TFL was calculated from the peak area of the

chromatogram, attributing 100% to the value of the chemical control peak.

RESULTS AND DISCUSSION

The two isolation methods both produced TFL-resistant cultures. In the
repeated subculture method, bacterial growth occurred in all the media types within
36 days. The extent of growth decreased with increasing numbers of subculturings.
Bacteria which degrade nitroaromatic compounds have previously been isolated
from contaminated soils, while non-contaminated soils are a poor source of such
microorganisms (22, 28).

From these subcultures 8 microorganisms were isolated that were most
representative of the growth on the solid media and which continued to grow well
on these media after numerous subcultures in Thornton’s medium containing 50
mg.L™ TFL. These 8 microorganisms were identified by biochemical tests and 16S

rDNA sequence analysis (Table 1).
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Table 1. Identification of the bacterial isolates based on biochemical tests and 16S

rDNA sequence analysis (RDP analyses).

Biochemical tests 16S rDNA
Isolate Identification Identification
(Primer / % homology)
1 Klebsiella oxytoca Klebsiella oxytoca
(F1/70%)
2 No id Herbaspirillum seropedicae
(F1/80%)
3 Pseudomonas aeruginosa Pseudomonas montellii 7
(F1C/98%)
4 Bacillus sp. Bacillus simplex 1
(F1/90%)
5 Bacillus sp. Bacillus simplex 2
(F1/90%)
6 Bacillus sp. Bacillus simplex 3
(F1/90%)
7 Pseudomonas aeruginosa Pseudomonas sp.
(F1C/98%)
8 Pseudomonas aeruginosa Pseudomonas montellii 2

(F1C/98%)
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On the whole, both methods gave comparable results in terms of genus. All
the genera isolated, Pseudomonas, Bacillus, Klebisiella and Herbaspirillum, are
representative of the degradative microflora of the soil (9) and the first three have
been cited as biodegraders of xenobiotics (28, 19).

The bacterial strains 1, 3, 4, 5, 6, 7 and 8 were isolated from the medium
with a supplementary source of inorganic nitrogen. Isolate 1 was isolated from
medium containing 50mg.L™ TFL, in addition to inorganic nitrogen, while the others
originated from media with 100mg.L™" TFL. Strain 2 was isolated from the medium
in which TFL (50mg.L™") was the sole nitrogen source. Recalcitrant compounds can
be used as sources of carbon and also of nitrogen, phosphorus and sulfur for
microbial growth (1), depending on their chemical composition. Several bacterial
strains with the ability to use nitrated aromatic compounds as sole carbon or
nitrogen sources have been isolated and compounds such as TFL can typically
serve as both carbon and nitrogen sources (2, 5, 21). In our case, growth of the
isolates was generally better in media supplemented with an inorganic nitrogen
source than in media in which TFL was the sole source of nitrogen.

Isolate #9 was obtained on plates containing TFL crystals. Fig. 2a shows the
growth around TFL crystals, compared with an isolate that did not show this
attribute (Fig. 2b). This methodology a modification of the “clear zone” technique
(12), in which microscopic crystals form a homogeneous layer on the surface of the
medium, leading to a hazy appearance. In our method, the crystallization is non-
homogeneous and randomly dispersed large crystals are formed. This is the first
time that growth on such crystals has been employed to isolate resistant

microorganisms. It is a simple technique for compounds that readily produce large
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crystals and could be a good strategy, since it is visual, easier to perform and more

rapid than repeated subculture.

a) X8 and X100

Growth around crystals
of TFL

b) X8

Crystals of TFL with
no growth

Fig. 2 Growth of isolates on medium containing TFL crystals. a) isolate

growing on the crystal surface; b) isolate not growing on TFL crystals

Of the 5 different media used in the biodegradation tests, media 1 and 2
tested the ability of the bacteria to use TFL (100 mg.L™) as sole sources of carbon
and nitrogen (medium 1) or carbon (medium 2). Media 3 and 4, with succinate,
offered a supplementary carbon source to stimulate growth and TFL degradation. It

has been shown that the bidegradation of xenobiotics can be facilitated in this way.
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Succinate, acetate, lactate, glycerol and pyruvate have previously been shown to
increase biodegradation (30) and McFarland (18) demonstrated that TFL was
rapidly degraded by the soil microflora in the presence of sodium acetate.

Medium 5, with yeast extract, contained more complex nutrients, including
vitamins, not present in the other media. The lowest concentration of TFL (50 mg.L
'Y was used in this medium to avoid any possible toxic effect of the compound or its
breakdown products (3) and was added to the medium in its emulsified form to
increase its bioavailability, since pure TFL is poorly soluble in water (31). The
addition of an emulsifying agent is a strategy which has been used extensively to
increase the aqueous concentrations of poorly soluble xenobiotics (22, 29).

There was no significant difference in the amount of TFL in the chemical
controls after 30 days incubation, indicating that volatilization and chemical
degradation were not important mechanisms of loss in these experiments (Fig. 3).
Apart from the controls described, a chemical control with heat-killed bacteria
(autoclaved at 121°C for 20 min) incubated with TFL was also tested. After 30
days, TFL concentrations, measured by gas chromatography, were not significantly
different from the chemical control with no microorganisms. Isolates 1 to 8 also
showed no significant reduction in TFL concentrations in media containing
100mg.L™" TFL. In medium 5, nutritionally richer and with only 50mg.L”" TFL in
emulsified form, the isolates showed the following increases in disappearance of
TFL over the chemical control: 24.6% for Klebsiella oxytoca; 16.4% for
Herbaspirillum seropedicae; 25.0% for Bacillus simplex 2; 16.0% for Bacillus
simplex 3; 21% for unidentified isolate 9 (Fig. 3). Isolates 3, 4, 7 and 8 had an

increased disappearance of less than 5%. Species of the genus Pseudomonas
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have been reported in the literature as degraders of TFL, dinitroaniline and other
nitroaromatic compounds (27). However, in our experiments isolates 3, 7 and 8,

which were identified as Pseudomonas, did not appear to degrade TFL.

30
25+
20+

15

Reduction (%)

10+

Fig. 3 Reduction of trifluralin after 30 days of incubation in

medium 5.

The chromatograms of the chemical control, the metabolic control and
Bacillus simplex 2 after 30 days of incubation in medium 5 were superimposed for
analysis (Fig. 4). The lack of the TFL peak at 10min retention time in the metabolic

control and its reduction in Bacillus simplex 2 shows that TFL has indeed been
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degraded by this microorganism. The chromatogram for Bacillus simplex 2 shows
additional peaks at shorter retention times, which are putative degradation
products of TFL. A more detailed analysis of these peaks by mass spectroscopy
and comparison to appropriate reference compounds would be necessary to

identify these products as TFL metabolites (26).

Abs - —
c _—
30
20
10

Fig. 4 HPLC chromatograph showing TFL levels after 30 days incubation at

28°C and 120rpm in medium 5. A — metabolic control (no TFL); B — Bacillus

simplex 2; C — chemical control (no inoculum)
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The percentage disappearance for the positive metabolic control,
Brevundimonas diminuta, was 26%, similar to the levels attained by the TFL-
degrading isolates. The degradation rate of TFL by this organism has not
previously been recorded in the literature.

The principal reactions in the catabolism of TFL are dealkylation, reduction
of the nitro groups, dimerization and cyclisation, forming a great variety of products
which converge to give the main product, o,a,o-trifluoro-N-propyltoluene-3,4,5-
triamine, a molecule in which the aromatic ring is still intact (10). This is similar to
the transformation of TNT, where the triamine metabolite is produced under strong
reducing conditions. None of the published mechanisms suggest the formation of
catechols, which are the substrates most commonly used by the enzymes
responsible for breaking aromatic rings (9).

TFL is difficult for organisms to degrade because of its low water solubility
and its chemical structure. The fluorine and nitro substituents drain electrons from
the aromatic nucleus, impeding electrophilic attack by oxygenases that
characteristically initiate the transformation of the aromatic ring to catechols. The
substituted groups can also sterically hinder enzymatic attack (27). A further factor
in the recalcitrance of TFL to biodegradation is the condensation of amines to form
azo dimers that are know to be recalcitrant under aerobic conditions (4).

The degradation of TFL in medium 5 may have been aided in three ways: 1)
increased bioavailability due to the use of the emulsified form of TFL, which has
been shown to be more readily degraded in some soils (22); 2) increased nutrients

provided by the yeast extract; 3) reduced toxicity of TFL or its products because of
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the lower concentration used (3). Zeyer & Kearney (32) showed no effect of
changing TFL concentration on the degradation level in complex media after 21
days. However, Carter and Camper (8) demonstrated that two soil isolates capable
of degrading TFL grew optimally at 50mg.L™" TFL; they suggested that 100mg.L™
could be inhibitory both to growth and to biodegradation. Sato (26) isolated two
TFL degrading bacteria from polluted soil using mineral medium containing 5mg.L™
TFL. One of the isolates produced a reduction of approximately 90% in TFL levels,
but the other produced only a 20% reduction.

The results show that bacteria isolated from Brazilian soils in which TFL was
used, were able to degrade TFL to an extent that was comparable to the only TFL
degrader found in a commercial culture collection. Three of the 9 isolates degraded
approximately 20% of the TFL, similar to the positive control. This activity was seen
in only one of the 5 media used, confirming that the medium can have a strong
influence on biodegradation and that it is important to use various media when
testing for biodegration ability. The isolates can be used to study the biochemical
and molecular biology of the degradation of TFL, leading to the possibility of
optimizing the degradative ability of one or more of the isolates for future use in

bioremediation processes.
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ABSTRACT

Trifluralin  (o,a,0-trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine)  (TFL) is a
dinitroaniline compound which was first produced in the 1960s and has been used
extensively as an agricultural herbicide. There are a few publications on the
biodegradation of this xenobiotic compound, but to our knowledge nothing has
been documented on the genetic aspects of its catabolism. In this article, we report
the analysis of DNA isolated from bacteria previously shown to degrade TFL, using
as probes the catabolic genes ndoB, todC, xylIX, catA and xylE which encode the
enzymes naphthalene 1,2-dioxygenase, toluene dioxygenase, toluate 1,2-
dioxygenase, catechol 1,2- dioxygenase and catechol 2,3-dioxygenase,
respectively.

Using PCR and hybridization analysis, the strong hybridization of the ndoB gene
with extracted DNA from four TFL-degrading isolates was demonstrated, in spite of
the fact that none of them were able to degrade naphthalene, as indicated by the
“clear zone” test. The results indicated the presence in these bacteria of a
dioxygenase gene, whose product could act on TFL as its principal substrate, or
fortuitously, by cometabolism. This is the first publication on genes in TFL

degrading bacteria.

Keywords:ndoB gene, trifluralin, bacteria, biodegradation
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INTRODUCTION

The microbial biodegradation of xenobiotic compounds, including many
pesticides, occurs through a variety of oxidative and reductive metabolic strategies.
In aerobic bacteria, the first steps in the catabolism of aromatic compounds
frequently involve their oxidation by dioxygenases, which catalyse the incorporation
into the aromatic ring of the two oxygen atoms of molecular oxygen. The
dihydrodiols so formed may spontaneously react, in the case of some substituted
compounds, or be acted upon by dehydrogenases to produce catechols (Spain,
1995). The aromatic ring is then cleaved at the ortho or meta position by catechol
dioxygenases, producing products which can enter central metabolic routes (Fig.
1). This aerobic type of degradative metabolism, in which catechols are produced
before ring cleavage, allows microorganisms to utilise various aromatic compounds
such as naphthalene, toluene, toluate, benzene and other, more recalcitrant
compounds such as nitrated aromatics (Alexander, 1999; Spain et al., 2000). The
nucleotide sequences of dioxygenases and other catechol-degrading enzymes are
frequently extremely similar, suggesting a close evolutionary relationship between
them (Neidle et al., 1991, Eltis and Bolin, 1996). This similarity between the genes
has led to their use as probes for the detection of homologous sequences in
microorganisms that grow at the expense of different aromatic compounds (Sayler
and Layton, 1990; Whyte et. al., 1996).

Trifluralin (o, a,a-trifluoro-2,6-dinitro-N,N-dipropyl-p-toluidine) (TFL) is a
dinitroaniline compound which was first produced in the 1960s and has been used

extensively as an agricultural herbicide. There is little information on the
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biodegradation of this compound by pure bacterial isolates (Hamdi and Tewfik,
1969; Carter and Camper, 1975; Sato, 1992, Bellinaso, 2001), and to our
knowledge no work has been done on the genetic aspects of the catabolism of this
molecule. In this article, we report the analysis of DNA isolated from bacteria
shown to degrade TFL, using as probes the catabolic genes ndoB, todC1 and xyIX,
which encode the enzymes naphthalene 1,2-dioxygenase, toluene dioxygenase
and toluate 1,2-dioxygenase, respectively (enzymes that prepare the aromatic ring
for the cleavage step), in addition to the genes catA and xylE, which encode
catechol 1,2- dioxygenase and catechol 2,3-dioxygenase (the ring-cleaving

enzymes), respectively (Fig. 1).
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MATERIALS AND METHODS
Trifluralin resistant bacteria

Trifluralin resistant bacteria were isolated from contaminated soil by
repeated subculture in liquid medium with 100ppm of TFL as sole carbon source
and identified by 16S rDNA sequencing as Klebsiella oxytoca, Herbaspirillum
seropedicae and two strains of Bacillus simplex. The reductions in TFL
concentrations obtained in a mineral medium containing 0.1% succinate, 0.1%
yeast extract and 50mg.L™" TFL after 30 days incubation with these isolates (16.0
to 25.0%) were comparable to those obtained using a known TFL-degrading
bacterium, Brevundimonas diminuta (NCIMB 10329) in the same medium
(Bellinaso et al. 2001).
Detection of naphthalene degradation

The “clear zone” technique of Greer et al. (1993) was used to detect
naphthalene degrading activity of the isolates. Solid mineral salts medium with or
without yeast extract, tryptone and starch (50mg/l each) were spread with 0.5ml of
naphthalene (2.5g/l in acetone). Acetone was allowed to evaporate overnight and
the plates were then streaked with the isolates. Naphthalene degrading colonies
produce a clear zone around the colonies.
Plasmid DNA extraction

The protocol for the extraction of plasmid DNA was adapted from Hayman
and Farrand (1990), which was designed to isolate large plasmids, in the range of
50-200 kbp, from Agrobacterium. The bacteria were grown in trypticase soy broth
(TSB), with shaking at 27°C, to the mid log phase. The culture (1.5ml) was

centrifuged in an Eppendorf tube for 2min at 15,800 x g at room temperature. The
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pellet was resuspended with 750ul of wash buffer (600mM NaCl, 25mM Tris pH
8.0, 20mM EDTA, 0.05% sarcosyl), mixed gently by vortex and recentrifuged for 2
minutes. The cells were resuspended quickly with a sterile toothpick in 200ul of
lysis buffer (50mM glucose, 25mM Tris pH 8.0, 20mM EDTA, 5mg/ml lysozyme)
and incubated at room temperature for 5 min. Then 400ul of lysis solution (0.2N
NaOH, 1% SDS) was added, the tube contents were gently mixed by inversion 5
times and incubated at room temperature for 10 min. One hundred pl of 0.2M Tris
pH 7 was added, mixed by inversion and incubated at room temperature for 5
minutes. After this, 100ul of 5M NaCl was added to precipitate proteins, the
contents were mixed by inversion and centrifuged at room temperature. The
supernatant was removed and 1 volume of phenol equilibrated with 3% was NaCl
added, the contents were mixed by inversion and centrifuged for 5 minutes at room
temperature. The aqueous phase was transferred to a fresh tube, 1 volume of
chloroform/isoamyl alcohol (24:1) was added, mixed by inversion until emulsified
and centrifuged for 5 minutes at room temperature. The aqueous phase from this
tube was transferred to a new sterile tube and the DNA was precipitated with 1
volume of ice cold isopropanol (incubated at —20°C), mixed thoroughly, left to stand
for 15 minutes and centrifuged at high speed for 20 minutes at 4°C. The DNA pellet
was rinsed with ice cold 70% ethanol and air dried. The DNA was resuspended in
20ul of 0.1X TE pH 8.0. To 10ul of this preparation was added 0.5ul of DNAase-
free RNAse (1mg/ml, Sigma Chemicals) and the sample was then loaded onto a
0.5% agarose gel in 1X modified TBE together with A Hind 1ll DNA ladder (Life

Technologies) and run at 3 v/cm for 5 hr. The DNA was visualized with a UV
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transiluminator at 254 nm and ethidium bromide staining. The gel was
photographed using type 57 Polaroid film.
Genomic DNA extraction

The protocol for extraction of genomic DNA was adapted from Ausebel et al.
(1990). The bacterial cultures (30ml) were centrifuged at 2,880g for 30 minutes at
4°C. The pellet was resuspended in 5.67ml of Tris-EDTA solution pH 8.0. A pre-
lysis treatment was performed to help the disruption of the cell wall by adding 50ul
of lysozyme (20mg/ml; Sigma Chemicals) and incubating for 45 minutes at 37°C.
The lysis treatment was then initiated by adding 300ul SDS 10%; 25ul of 20mg/ml
proteinase K (Sigma Chemicals) and the tube incubated for 1 hour at 37°C.
Following the addition of 1.2ml of 5M NaCl and mixing, 800ul CTAB/NaCl solution
(10% CTAB and 0.7M NaCl) was added and the tube incubated for 10 minutes at
65°C. One volume of phenol/chloroform/isoamyl alcohol (25:24:1) was added,
mixed and centrifuged at 2,880g at 4°C for 15 minutes. The aqueous phase was
transferred to a new sterile tube and the DNA was precipitated by the addition of
0.6 volume of ice cold isopropanol, left to stand overnight at —20°C and centrifuged
for 20min at 12,000 x g at 4°C. The DNA pellet was rinsed with ice cold 70%
ethanol and then lyophilized. The DNA was resuspended in 100ul of 0.1X TE pH
8.0 and stored at —20°C. DNA quality was verified by agarose gel electrophoresis
and the DNA concentration was estimated at A2s0, where 1 absorbance unit equals

50ul/ml of double stranded DNA.
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Catabolic genes used in the PCR

The following catabolic genes involved in known bacterial biodegradation
pathways for aromatic compounds were used as probes for genes which could be
related to TFL degradation. The todC71 gene codes for one of the three
components of toluene dioxygenase, the first enzyme in the toluene degradation
pathway of Pseudomonas putida F1; it is located on the bacterial chromosome
(Zylstra and Gibson, 1989). The ndoB gene is one of three genes that encode
naphthalene dioxygenase, which is the first enzyme in the degradation of
naphthalene, in Pseudomonas putida NCIB 9816 (Kurkela et al 1998). The xyIX
gene encodes toluate 1,2 dioxygenase, involved in the degradation of aromatic
compounds such as toluene and xylene, in Pseudomonas putida carrying the Tol
plasmid (Gallegos et al, 1997). The xylE gene encodes catechol 2,3-dioxygenase,
which is responsible for the meta cleavage of catechols and is a key enzyme in the
degradation of aromatic compounds such as toluene and xylene; the gene is found
in Pseudomonas putida mt-2 ATCC 33015 carrying the Tol plasmid (Nakai et al
1983). The catA gene encodes catechol 1,2 dioxygenase, which is responsible for
ortho cleavage of catechols; it is located on the Acinetobacter calcoaceticus
chromosome (Shanley et al, 1994).
Amplification of catabolic genes by PCR: The PCR amplification protocol was
adapted from Martin-Kearley et al. (1994) and was similar to that described in
Bellinaso et al. (2001). The reaction mixture contained: 100ng of bacterial genomic

DNA, 2ul of MgCl, 25mM; 8ul of a 200mM mixture of each deoxyribonucleoside

triphosphate (ATP, GTP, CTP and TTP) (Pharmacia Biotech), 2ul of each primer
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(Pharmacia Biotech)(Table 1); 1.25 units of Taqg DNA polymerase (Pharmacia
Biotech). Amplification was carried out using the following PCR parameters: 30
cycles of 1 min at 94°C, 1 min at 60°C, 1 min at 72°C and a final extension of 3 min
at 72°C. In the negative control the genomic DNA was replaced with sterile water.
Positive controls were from reference microorganisms that were known to contain
the respective catabolic genes (Table 1). The mixture was loaded onto a 0.5%
agarose gel in 1X modified TBE and run at 3v/cm for 5h. GeneRulerrm 100bp DNA
Ladder was used for the bp markers (MBI/Fermentas). The DNA was visualized in
a UV transilluminator at 254nm following ethidium bromide staining. The gel was

photographed using type 57 Polaroid film.

Hybridization analysis: The PCR products produced with ndoB, which were the
most similar in size to the positive control, were selected to assess their homology
with the respective reference catabolic genes.

Blotting of agarose gels was performed under low vacuum in a Pharmacia LKB
Biotechnology VacuGene XL system as described in the manufacturer's protocol.
The PCR fragments were depurinated (HCI 0.2N); denatured (NaOH, 0.5M; NaCl,
0.5M); neutralized (Tris 1M; NaCl. 1.5M; pH 7.5) and transferred (NaCl, 3M;
sodium citrate, 0.2M; pH 7.0) from the agarose gel to a Zeta probe nylon
membrane (Bio-Rad Laboratories). The DNA was cross-linked to the wet
membrane using the UV Stratalinker 1800 (Stratagen, CA, USA) and the
membrane was air dried and and stored at —20°C until probed.

Gene probe preparation: The gene probe was prepared by PCR using ndoB

oligonucleotide primers as described above. The corresponding PCR fragments
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were purified with the "QIAEX Il Gel Extraction Kit" (Amersham) and labelled with
[*?P]dATP using the Multiprime DNA labelling system (Amersham).

Hybridization:  Hybridization of the ndoB PCR fragments was performed
according to the Zeta probe protocol (Bio-Rad Laboratories). The membranes were
incubated for 1.5h at 65°C in prehybridization solution (1mM EDTA, 0.5M
NaH,PO4, 7%; SDS, pH 7.2). Hybridization was carried out overnight at 65°C in
fresh prehybridization solution containing the radioactively labelled probe. The
membranes were then washed twice with Wash 1 solution (1 mM EDTA, 40mM
NaH2PO4, 5%; SDS; pH 7.2) for 30min at 65°C and once with Wash 2 solution
(1mM EDTA, 40mM NaH,PQO,4 pH 7.2, 1% SDS) for 30min at 65°C. Membranes

were exposed to x-ray film (Kodak X-Omat) at room temperature for 10 min to 24h.

Table 1. Oligonucleotide primers used for amplifying catabolic genes

Catabolic gene Primer sequence/position PCR
fragment size

Toluene dioxygenase F: 5"-CGGGTGGGCTTACGACACCGCCGGCAATCT-3'/976-1005 560 bp
(todC1) R: 5-TCGAGCCGCGCTCCACGCTACCCAGACGTT-3'/1506-1535

Naphthalene dioxygenase F: 5-CACTCATGATAGCCTGATTCCTGCCCCCGGCG-3'/622-653 642 bp
(ndoB) R: 5'-GGGTCCCACAACACACCCATGCCGCTGCCG-3/1234-1263

Toluate-1,2-dioxygenase F: 5-CCGCTGCAAGCGCGAGATGTTCACCGACCC-3' 707 bp
(xylIX) R: 5- AGAAACCGCCGCCATCCCCGCCCCAGCTAC-3"

Catechol-2,3-dioxygenase F: 5-GTGCAGCTGCGTGTACTGGACATGAGCAAG-3/31-60 834 bp
(xylE) R: 5-GCCCAGCTGGTCGGTGGTCCAGGTCACCGG-3'/835-864

Catechol-1,2-dioxygenase F: 5-GAAGGACCGCTATATGTTGCAGGTGC-3 364 bp

(catA) R: 5-TAGTGAATATGCGCAGGGCG-3
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RESULTS AND DISCUSSION

Table 2 shows the PCR products and hybridization results obtained from the DNA
extracted from the 4 bacterial isolates. The ndoB primer produced fragments of the
expected size, as shown by the positive control, for all the isolates (Fig. 2); todC1
and xyl/X did not produce products of the expected size with the TFL-degrading

bacteria.

Table 2. Results of PCR using specific primers encoding the enzymes
naphthalene dioxygenase (ndoB), toluene dioxygenase (fodC1), toluate 1,2
dioxygenase (xylX), catechol-2,3-dioxygenase (xy/E), catechol-1,2-dioxygenase

(catA) and hybridization with the ndoB gene probe.

Strain TFL Hybridization

reduction ndoB todC1 xyIX xylE CatA to ndoB probe

Klebsiella 24.6% + - - - - +
oxytoca

Herbaspirillum  16.4% + - - - - +
seropedicae

Bacillus 25.0% + - - - - +
sinmplex-2

Bacillus 16.0% + - - - - +
simplex-3

+ : PCR fragment of expected size present

— :no PCR fragments of expected size
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(@)

<— 642bp

(b)

Figure 2 — Detection of ndoB by PCR and hybridization analysis in total bacterial
DNA. (a) Agarose gel electrophoresis showing the 642bp fragment amplified using
ndoB oligonucleotide primer. (b) Southern hybridization analysis of ndoB PCR
fragment shown in (a) probed with ndoB gene. Lanes: 1 Klebsiella oxytoca; 2
Herbaspirillum seropedicae; 3 Bacillus simplex-2; 4 Bacillus simplex-3 ; 5 negative

control; 6 positive control; 7 100 bp ladder.
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The amplified ndoB DNA was analysed by hybridization using PCR
generated probes specific for the gene of interest. There was strong hybridization
between the two DNA fragments, indicating homology between this gene in all four
bacterial isolates and the ndoB gene of P. putida, which encodes the a-sununit of
naphthalene 1,2-dioxygenase (Fig. 3). The results suggest the presence of a
dioxygenase in the genome of the four isolates. Dioxygenases are often
responsible for the initial oxidation of xenobiotics, including nitroaromatic
compounds; they are multicomponent enzyme systems. These enzyme systems
consist of a component that transfers electrons from NAD(P)H to the oxygenase,
which is the catalytic unit. The oxygenase consists of small (beta) subunits and
large (alfa) subunits; the gene for the latter being the most conserved (Suen et al.,
1996; Spain, 2000). Comparison of the nucleotide sequences of the alfa subunit of
dioxygenases shows their similarity, indicating that they are evolutionarily related

(Neidle et al., 1991).
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In the last decade, bacteria capable of mineralizing some nitroarene
compounds (nitrobenzene, 2-nitrotoluene and 2,4-dinitrotoluene/2,4-DNT) have
been isolated and characterized. The degradation pathways are initiated by
dioxygenase systems that are very similar to that of naphthalene dioxygenase and
closely related to it. For example, genes that encode 2,4-DNT dioxygenase from
Burkholderia sp. show a high degree of sequence similarity with those of the
naphthalene dioxygenase from Pseudomonas putida: the alfa subunit has 80%
identity. These dioxygenases share another similarity: both catalyse desaturation
and monohydroxylation of other substrates (Sue et al., 1996; Spain et al., 2000).
This lack of specificity for their substrates is a characterisic of dioxygenases
(Resnick et. al., 1996).

The isolates were tested for naphthalene degradation by the clear zone
technique. None formed clear zones, indicating that they do not have the capacity
for naphthalene degradation, even though they possess a dioxygenase similar to
naphthalene dioxygenase.

All the strains degraded trifluralin. There are few publications on the
products of trifluralin biodegradation. Golab et al. (1979) noted a low level of
mineralization of TFL in the field; he identified the intermediate products of
degradation under these conditions and suggested a scheme for the catabolism of
TFL. A few other publications described the growth of bacterial isolates in media
containing TFL under aerobic conditions and identified some of the degradation
products cited by Golab et al. (Hamdi and Tewfik, 1969; Carter and Camper, 1965;
Sato, 1992; Bellinaso et al., 2001). The initial reactions suggested by Golab et al.

(1979) are N-dealkylation of the propyl group producing TR (trifluralin)-2,
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replacement of the substituted amino group by a hydroxyl, forming TR-20,
monohydroxylation of the aromatic ring and of the propyl group producing TR-36
and TR-41, respectively, and reduction of the nitrogroup to an amine, forming TR-4
(Fig. 3). No dihydroxylated product, the main product of dioxygenase action, was
identified.

The action of dioxygenases has been shown to be hindered by the presence
of groups that drain pi-electrons from the aromatic ring, such as the nitro groups
present in TFL, 2,4,5-trinitrotoluene (TNT), 2,4-DNT and 2,6-dinitrotoluene (2,6-
DNT). In spite of extensive research, no initial dioxygenase has been found for
TNT, although such enzymes have been detected for the related compounds 2,4-
DNT and 2,6-DNT (Spain, 2000). TFL has a similar chemical structure to these
compounds. Because of the lack of chemical studies on the biodegradation of TFL,
it is not possible to conclude whether it is a principal substrate for dioxygenases;
these enzymes catalyse other types of transformations. For example, naphthalene
dioxygenase is one of the nitroarene dioxygenases that carries out desaturation
and monooxygenation. In additon, it can catalyse N-dealkylation. These fortuitous
reactions, known as cometabolism, are very important in the biodegradation of
recalcitrant molecules in the environment.

The hybridization of the ndoB gene with extracted DNA from all our four
TFL-degrading isolates indicates the probable presence of a dioxygenase gene.
Phylogenetic analysis has shown that the genes for dioxygenases acting on
nitroarenes are in the same cluster as those for naphthalene (Parales, 2000); TFL
is also a nitroarene. The enzyme coded by this gene could act on TFL transforming

it into dihydroxylates or catechols, or it could produce monohydroxylates (TR36,
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TR20 and TR41 in Fig. 3) and dealkylates (TR2 and TR6 in Fig. 3), intermediates
detected by various authors (Zeyer and Kearney, 1983; Golab et al. 1979; Sato,
1992), by cometabolism.

Genes encoding catabolic enzymes for xenobiotic substances are frequently
localised on high molecular weight plasmids (Gallegos et al., 1997). A number of
plasmids were detected in all the isolates (Fig. 4), but there was no hybridization
with the ndoB probe (not shown). This preliminary observation indicates that the

ndoB-like gene in these bacteria is probably not located on a plasmid.

Fig. 4 Agarose gel electrophoresis showing the presence of large plasmids. Lane:
1 lambda (Hindlll) marker; 2 Klebsiella oxytoca; 3 Herbaspirillum seropedicae; 4

Bacillus simplex-2; 5 Bacillus simplex-3.
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This is the first publication on genes in bacteria that degrade TFL and it
supports the previously published suggestions on TFL catabolism. For further
confirmation, gene sequencing and more studies on the biochemistry of TFL

biodegradation are necessary.
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Summary

Biodegradation as a biotechnological model for the teaching of biochemistry. A
knowledge of waste treatment and the biodegradation processes involved is
necessary for undergraduates in agriculture, chemistry, biology, food technology,
etc. Courses in these subjects must make adequate provision for such instruction.
In this article, we suggest a theoretical and practical study of composting, which
stimulates the interest of the students in metabolic pathways involved in this, and

other, biotechnological processes.

Key words: Biochemistry, Biodegradation, Composting, Education
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Introduction

The rapid growth of human populations linked with increased per capita
output of material wealth since the middle of the 18th century has led to a rapid
increase in environmental pollution. This population explosion, fuelled by
technological developments in health and agriculture, has led to an increased
demand for material goods. The manufacturing capacity required to supply this
demand results in the production of a huge quantity and variety of wastes by
modern society. Many of these wastes include molecules not previously found in
the biosphere, substances known as xenobiotics, which are the result of new
manufacturing technologies such as production of paints, plastics and biocides.
Many of these molecules are toxic to living organisms and have a high half-life in
the environment because of the lack of biodegradative enzymes in the indigenous
organisms (Vargas et al., 1995; Topp et al., 1997).

If the human population is to be maintained at current levels, a new
paradigm must be developed on a worldwide scale, placing the environment and
its sustainability in a position of fundamental importance. This requires the
minimisation of waste generation and the maximisation of recycling processes in a
new “environmental economy” and this, in itself, necessitates an increased
understanding of the physical, chemical and biological phenomena which rule
waste treatment technologies such as composting and land-farming.

The sustainability of the Earth’s resources is maintained by recycling of the
basic materials of life, both organic and inorganic. Information about these
processes should be included not only in all technology-based courses, but any

whose graduates may eventually be employed in waste-producing industries.
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Universities other institutes of higher or extended education, whose remit it is to
produce managers and qualified technical staff for the manufacturing industries,

should consider this.

Biodegradation in the teaching of biochemistry

Knowledge of waste treatment is necessary for undergraduates in
agriculture, chemistry, biology, food technology, etc. Courses in these subjects
must make adequate provision for such instruction.

A Biochemistry course aims to instil an understanding of the molecules
which compose living organisms and their transformations and interactions during
vital processes (Nelson & Cox, 1995). This biochemical knowledge is fundamental
for the understanding of microbial metabolism and biotechnological processes.
Currently, however, the majority of undergraduate courses which include
biochemistry (agriculture, chemistry, biology, etc.) scarcely consider microbial
metabolism and its interaction with the environment, rather emphasising
mammalian processes. The biochemical content of such courses must be
replanned, in order to give students the necessary to understand the environmental
problems and biotechnology of waste disposal. Aspects of microbial
biodegradations which could be included, both at graduate and at post-graduate
levels, are:

B the importance of microbial metabolic pathways - digestion, glycolysis, the
tricarboxylic acid cycle, respiratory chain, etc. - in biomass degradation, to allow
the continued functioning of the biological cycles of carbon, nirogen, sulfur and

phosphorus, which maintain life on Earth;
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B the great enzymatic potential of microorganisms to degrade complex
structures not normally used by other living organisms, and which allows these
cells to adapt to newly evolved environments;

B the abilities and limitations of microbial metabolism when faced with some
new molecules produced by modern technology (xenobiotics);

B the complexity and efficiency of the total metabolic capacity of a microbial
community and its importance for the production and maintenance of waste
treatment technologies.

B the influence of habitat on the metabolic capacity of the microbial population
and the way in which Man can use these capabilities to produce industrially
important enzymes for treatment of recalcitrant wastes.

B the possibility of genetic manipulation to enhance the degradative abilities of
the microbial population;

Many teaching proposals can be made based on these reflexions about the
need for informed professionals capable of dealing with the modern problems of
waste disposal. In this article, we suggest a theoretical and practical study of
composting, which stimulates the interest of the students in metabolic pathways

involved in this and other biotechnological processes.

Teaching proposal - the composting process as a biotechnological example
of biodegradation

Composting is the technique of degrading solid wastes by harnessing the
activities of endogenous microorganisms (fungi and bacteria, including

actinomycetes), present in the environment. The product of this process - humus, a
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complex polymer with a long half-life - is employed in agriculture for the
improvement of the physical, chemical and biological properties of soil (He et al.
1992; Atlas & Bartha, 1986). Composting is a biodegradative process which is
used worldwide for the disposal of domestic and industrial wastes because of its
efficient yet simple technology (Kiehl, 1985; Glazer & Nikaido, 1995; Beaudin et al.,
1996). The duration of the process is a function of the types of residues present,
the microbial population and the environmental temperature. Tropical and
subtropical countries, such as Brazil, have favourable climates for the employment
of composting.

This biotechnological process can be used on a small scale as a teaching
model, offering a rich source of theoretical and practical material for the discussion
of biodegradative metabolism, as described below.

During composting, intense changes in physico-chemical and biological
parameters occur and these may be monitored to show the efficiency of the
process and indicate the progress of composting and the associated metabolic
activities. Simple measurements which can be made include pH, temperature,
moisture content, evolution of CO,, nitrate, ammonia, population of
microorganisms and higher organisms which participate in the process (both
numbers and diversity), ash content, C/N ratio, xenobiotics when present,
enzymatic activity, toxicity and molecular biology analyses. The data obtained from
these measurements can be discussed and interpreted from the viewpoint of
degradative metabolism, providing a wealth of material for understanding the
biochemistry of biotechnological processes and discussing relationships between

metabolism and environment.
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Microorganisms that degrade xenobiotics can be isolated from the compost
in the laboratory and the pathways involved in the breakdown of a given xenobiotic
material can be studied by biochemical investigations and some molecular biology
methods, such as detection of high molecular weight plasmids, on which genes
coding for enzymes involved in degradation of complex molecules are usually
located. Various types of waste can be studied with the aim of isolating
microorganisms with specific degradative abilites, as sources of industrially
important enzymes. For example, domestic wastes are a good source of
microrganisms degrading modified polyethylene (Hosni & Gaylarde, 1995);
keratinases can be sought in microrganisms from wastes containing high quantities
of feathers, hair and skin, such as might be found in chicken-processing factories
(Thomas et al., 1995); paper mill effluents can be used as a source of enzymes
degrading lignin and other xenobiotics (Tondo et al., 1998).

A complete understanding of biotechnological processes can only be
gained by interdisciplinary studies. Biochemistry, molecular biology, microbiology,
ecology, zoology, process engineering and chemistry are all involved and the
results of the simple measurements can be discussed with students attending
these disciplines, indicating to them the importance of interaction between different
knowledge groups. The method allows the student to construct biochemical
pathways using direct investigation of a biotechnological process employed in the
treatment of wastes. Without doubt, this use of an investigative method linked to
the solution of important practical problems of modern society will lead to

personnel better qualified to deal with the problems of the real world.
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Results and discussions of students can be integrated into future classes,
hence instilling an understanding of how knowledge grows through the cumulative
observations and thoughts of Humankind.

An experimental theoretical and practical course was run based on this
model, involving 90 hours of teaching with 25 undergraduate students of the
Biochemistry unit of the Agriculture degree of the Regional University of the
Northwest of the State of Rio Grande do Sul (UNIJUI). The course was very well
accepted and appreciated by the students and the staff members involved
considered that a knowledge and understanding of subject was acquired at a good

level.

Teaching methodology

On the first day of the course, the importance of waste biodegradation in
agriculture was considered, emphasising post-harvest wastes, pesticides in the
soil, animal wastes and the production of organic compost. Composting of
domestic and garden wastes was introduced as a model for the study of

biodegradative metabolism.

1. Characterization of domestic waste and setting up of the composting
process: The waste materials were those produced in the students’ homes over 5
days together with garden waste from the University. The domestic waste was
separated into plastics, paper, metal and organic litter and the relative percentage

composition determined by weighing.
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The mixed wastes were placed in a composting container made of pierced
tiles (1m® with 1m sides) (Fig. 1) and aerated by turning every day in the first week

and once a week thereafter.

Fig. 1- Composting container

2. Construction of metabolic pathways: Using their biochemical knowledge
from classes and textbooks, the students constructed metabolic pathways relating
to the materials being degraded.
3. Parameters utilised to monitor the composting process: The choice of these
was based on the ease of execution in the University laboratories and the
academic and technical abilities of the students.

Samples were collected at various times from three regions of the compost,
homogenised and samples taken for the analyses. Measurements were made in

triplicate and the results averaged. If conditions permit, more replicates can be
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carried out and a statistical analysis performed, offering additional important
training. The following parameters were analysed:

B pH of the compost in water (Kiehl, 1985);

B bacterial colony forming units (cfu), using the spread plate method on

Thornton’s medium (Parkinson et al., 1971);

B temperature (the mean of 4 points inside the compost);

B CO;, production: 10g waste were placed in a tightly closed flask and the

amount of CO, released estimated by the turbidity produced in Ca(OH),

(Crossono et al, 1996);

B Presence of starch (Lossin, 1970).
The students were divided into groups and each group was responsible for
monitoring one parameter throughout the semester. The results were combined
and shared with the whole class.
4. Interdisciplinary studies: Those disciplines running in the same semester
contributed to the practical and theoretical classes. Students of the Chemistry unit
helped in the monitoring of pH and the Professor of Zoology assisted in the
identification of the microfauna which is seen during the evolution of the
composting process. Students of the Introduction to Agriculture unit joined in the
discussions on composition of food wastes.
5. Visit to an industrial scale composting plant: At the end of the semester the
students visited a site where the domestic waste from Panambi, a nearby town of

some 20,000 inhabitants, was being composted.
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Class results and discussion

1. Characterisation of domestic waste
The students calculated the percentage composition of the waste (Fig.2)
and the average production of waste over the five days of collection. The average

quantity of waste produced per student per day was 0.6 kg.

Plastic Metal Glass

Paper 4% 4% 3%

a9, Food
waste
a1 %

Fig. 2 - Percentage composition of the waste collected by the students over 5 days.

The wastes consisted of plant, animal and plastic residues. Students of the
Biochemistry unit produced a list of various types of molecules present in the waste
(carbohydrates, lipids, proteins, nucleotides, vitamins, mineral salts) and the
classification, chemical structures and properties of these molecules were studied

(Nelson & Cox, 1995; Stryer, 1995)
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Data on the type and quantity of pesticides used in the region were obtained
from the local authorities so as to facilitate discussion on the possible presence of
xenobiotics in the compost. The total amount of pesticides used in 1996 was
26,000,000 litres and the main types were trifluralin, glyphosate, 2,4-D and atrazine
(EMATER, 1996). A literature search yielded the structural formulae of the
pesticides quoted by EMATER and their persistence in the environment (Rodrigues

& Almeida, 1988).

2. Construction of metabolic pathways
The students produced a metabolic map of the catabolic and anabolic
routes for the substances they had listed. In addition, they constructed degradative
schemes for the macromolecules found in the waste and this is shown in Fig. 3.
This exercise pinpointed the following facts:
B the need to transform polymers into monomers prior to absorption and
incorporation into metabolic pathways;
B the huge metabolic capacity of microbial populations, based on their collective
possession of a vast library of degradative genes, compared with the limited
digestive capacity of animals such as mammals;
B the lack of degradation of the polymer polyethylene (plastic bags) in the
composting process, owing to the absence of the genomic information required
for the breakdown of this xenobiotic material;
B the importance of the catabolism of macromolecules for the cycling of

biological materials on Earth.
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A  literature search revealed possible metabolic pathways for the
degradation of the pesticides seen to be of greater importance in the immediate
geographic region (Topp et al., 1997; Aizawa, 1989). The potential for non-specific
degradation, or co-metabolism, was discussed, along with the evolution of
catabolic enzymes and gene transfer.

3. Physico-chemical and microbiological changes during composting-
Interpretation

The measured parameters, pH, temperature, bacterial counts, presence of
starch and production of CO, (Figures 4 & 5 and Table 1) were discussed. The
data obtained by measurement and from the literature were analysed in the class
and some of the discussions are reported below.

B The increase in temperature during the first few days of composting is caused
by the intense metabolic activity of the microorganisms utilizing the simpler
molecules (starch, disaccharides), which are readily degraded. This is
accompanied by an increase in the microbial population, as a result of the
biosynthesis of cellular components (lipids, proteins, nucleic acids). Part of
the chemical energy present in the substrates is used as cellular energy,
some is released as heat, causing an increase in temperature, and some is
used to increase the entropy in the system (indicated by CO; evolution).

B The velocity and heat output of anaerobic metabolism are considerably
different and may have both advantages and disadvantages for

biotechnological process.
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B The central aerobic degradative pathways for the production of energy in
microorganisms, plants and animals are notably similar and result in CO,
production.

B Microbial catabolism of nitrogenous organic compounds results in the release

of ammonia, raising the pH.

R -
_—
E_
T_
=
nE_
5
¥+ —
34 e e e e e o e e o e e e e B S S B e e e i
n] 0 | 30 0 Lo |
Time (days)

Fig. 4 - Change in pH during composting
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Table 1. Parameters monitored during the composting process

Time CO; evolution Starch (visual No. Bacteria
(days) (visual observation)  observation)  (cfu x 10°)

0 ++ +++ 15

7 ++++ + 40

50 + - 13

Many questions, observations and conclusions were drawn about the
biochemical processes which occur during the biodegradation of waste materials.

Some of the queries were answered by the students themselves, using the
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knowledge of biochemistry acquired during the course, or with the help of text
books, while others required some input from the teaching staff. Other more
complex questions remained unanswered, but possible experiments which might
be performed to help elucidate the answers were suggested.

In the course, very simple practical techniques were used, since these were
appropriate to undergraduate study in this University. Even so, the unit achieved its
objective of presenting the basic facts of biochemistry and introducing important
biotechnological points while at the same time showing the students the
importance of the interaction between observation, experimentation and theory,
which is fundamental to all science (Vella et al., 2000).

4. Interdisciplinary activities

At the end of the semester, an interdisciplinary seminar was held, where the
data obtained and discussed during the practical classes was interrelated with that
from other courses running in the same semester.

In the Introduction to Agriculture unit, the data on waste composition was
compared with the averages for Brazil and other countries. It was noticed that a
large amount of waste is produced in Brazil as compared to other countries and the
cultural factors which influence this were considered. The possibility of treating
these residues to form a useful product (humus) was raised and the attitudes and
possible actions of trained agriculturists in response to these matters were
discussed.

Knowledge gained in the Chemistry unit contributed to the discussions of pH

and the difficulties of its measurement in complex samples such as compost.



96

In the Zoology unit, the students monitored the insect population in the
compost, which brought to the seminar a discussion of the modification in insect
colonisation with changing physico-chemical conditions (pH, temperature, etc.).
Together with the alterations in microbial populations, this led to a discussion of the
interactions between physico-chemical conditions and living organisms and how
these conditions change and are changed by biochemical processes.

5. Visit to a composting plant

At the composting plant, the students could observe the composting of
wastes from an entire town. They spoke to the person responsible for the plant,
who had a degree in Agriculture, about practical and theoretical aspects of
composting, trying to relate this to the information acquired in their course.
Conclusion

The students finished the semester with a good level of understanding of
theoretical and practical aspects of biodegradation and biotechnological processes
for waste treatment. They also had the opportunity to integrate their knowledge
with that of other disciplines. The growing interest of the students and their
increasing ability to observe and discuss biodegradative processes was apparent
in the final seminar, in the visit to the industrial plant and in the written tests.

It was interesting to observe how the use of biodegradative metabolism as a
model facilitated the process of understanding, and thus learning, anabolic
metabolism and its relation with catabolic processes, in both microorganisms and
higher forms of life.

The study may be adapted according to the objectives of the Course. Other

types of wastes can be used, from various industries, from fuel stations, etc.,
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depending on the focus of the Course. We intend to continue and extend the
method, using wastes with higher levels of poorly degraded (recalcitrant)
compounds, and to produce a data bank of the techniques, results and discussions

from each semester. This will be a valuable teaching resource for the future.
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DISCUSSAO

A TFL foi langada no mercado no inicio da década de sessenta. Durante
estas quatro décadas de uso da TFL, apenas quatro trabalhos foram publicados
sobre a sua biodegradagao por isolados bacterianos (HAMDI e TEWFIK, 1968;
CARTER e CAMPER, 1975; SATO, 1992). Cinco bactérias ao todo foram isoladas:
uma Brevundimonas diminuta (nomeada primeiramente como Pseudomonas sp.;
usada em nossos  experimentos como controle positivo), duas Pseudomonas
sp, uma Alcaligenes sp. e uma Moraxella sp. Estas bactérias tiveram suas origens
em solos agricolas, foram isoladas através dos métodos de subculturas repetidas
(CARTER e CAMPER, 1975; SATO, 1992) e identificadas pelo método
bioquimico. Os dois primeiros trabalhos publicados n&o quantificaram o grau de
degradacgéo da TFL; detectaram a degradac¢ao, medindo o crescimento microbiano
e identificando os produtos. Sato (1992) quantificou, pela primeira vez a
degradacgao da TFL, medindo o percentual degradador dos isolados Alcaligenes
sp. (20 %) e Moraxella sp, (95 %), utilizando o método de cromatografia gasosa.
Neste experimento Sato (1992), também, identificou, através de spectrometria de
massa, trés produtos da degradacéo da TFL.

Estas publicagdes sobre a biodegradagéo da TFL por isolados bacterianos
sao esparsas e todas realizadas por diferentes pesquisadores, resultando,
obviamente, em poucos dados consistentes disponiveis sobre o tema. Apenas
cinco bactériais foram isoladas, nenhuma rota bioquimica foi estabelecida e nao
ha dados referentes as questdes genéticas. Os resultados obtidos neste trabalho
vém juntar-se a estes dados, até entdo publicados sobre a biodegradagéao da TFL

por isolados bacterianos, trazendo as seguintes contribuigdes:



1)

3)

4)
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Foram obtido 5 novas bactérias degradadoras da TFL: Klebsiella
oxytoca (isolado 1) (24.6 %), Herbaspirillum seropedicae (isolado 2)
(16.4 %), Bacillus simplex 2 (isolado 5) (25.0 %), Bacillus simplex 3
(isolado 6) (16.0 %), isolado 9 (21.0 %) (Fig. 3 — capitulo 1). Os
percentuais de degradagdo destas linhagens foram semelhante ao
percentual da Alcaligenes sp. (20 %) (SATO, 1992), e menor do que o
percentual degradador da Moraxella sp, (95 %) (SATO, 1992).
Realmente, o percentual de degradacdo da Moraxella sp. € elevado;
contudo devemos salientar que a concentracao de TFL usada por SATO
(1992) foi de 5 mg.L™"; uma concentragdo dez vezes menor do que a
usada nos experimentos deste nosso trabalho. Desta maneira, novos
testes com concentragdo mais baixas de TFL, poderao resultar em um

maior percentual de degradagao (Capitulo I).

Foi medido o grau de degradagédo da primeira bactéria isolada como
degradadora da TFL, Brevundimonas diminuta (21 %) (HAMDY e TEWFIK,

1968), cujo grau de degradacédo ainda nao havia sido medido (Capitulo

).

Os isolados foram identificados através de dois métodos, o bioquimico
e do sequenciamento do rDNA 16S. O uso destes dois métodos
possibilitou a identificacdo das espécies e dos géneros de todas as

bactérias degradadoras da TFL. Nos trabalhos anteriores o método



103

bioquimico utilizado possibilitou a identificacdo apenas dos géneros

(Tabela 1, capitulo I).

5) Foi proposto um novo método de isolamento de bactérias resistentes a
TFL - crescimento ao redor de cristais. Este método é uma técnica
simples, visual e rapida de ser posta em pratica, e podera vir a ser uma
nova estratégia de isolamento de microrganismos resistentes a TFL,
assim como de microrganismo resistente a outros xenobidticos que

formam grandes cristais sobre o agar (Capitulo I).

6) Pela primeira vez, foi detectado um gene catabdlico em bactérias
degradadoras da TFL. Este gene catabdlico, semelhante ao gene ndoB
que codifica a nafataleno dioxigenase, pode estar codificando uma
dioxigenase que transforma a TFL como um substrato principal de uma
rota catabdlica ou como cometabolismo, realizando reagdes fortuitas de

hidroxilagdo e N-dealquilagao, por exemplo (Capitulo II).

Estes dados obtidos, como se pode observar, contribuem
significativamente para o conhecimento sobre biodegradagdo da TFL a nivel
mundial, bem como mostra pela primeira vez que o solo da regido de ljui do
Estado do Rio Grande do Sul, exposto a TFL por quatro décadas, contém
microrganismos que degradam a TFL. Realmente, solos expostos a agrotoxicos

por um longo periodo, tendem a desenvolver uma microflora bacteriana capaz de
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metabolizar estas moléculas (SOMASUNDARAM e COATS, 1990; YARDEN et al.
1990). Varios trabalhos relatam a degradagao da TFL em solos agricolas expostos
a esta molécula por longo periodo (GOLAB et al., 1979; JOLLEY e JOHNSTONE,
1994; MALTERRE et al. , 1997).

O baixo percentual de degradacdo da TFL, evidenciado nos isolados
obtidos neste trabalho (Fig. 3 — Capitulo I), pode ser decorrente da toxicidade do
meio, como ja discutido, ou devido a sua estrutura aromatica recalcitrante (Fig.
1 — Capitulo I). O anel aromatico é, em si, recalcitrante comparativamente as
outras estruturas organica e, no caso da TFL, esta envolto pelos grupos -N,N-
dipropila, dois nitrogrupos e trifluoro metila, os quais alteram o arranjo eletrénico
e a conformagado espacial da molécula. Os grupos nitros e trifluorometila, por
exemplo, captam elétrons dos carbonos do anel aromatico dificultando o ataque
eletrofilico das dioxigenases (SPAIN et al., 1994). O grupo trifluorometila ligado a
TFL, além de ocasionar recalcitrancia no anel aromatico, também apresenta
elevada energia de ligacao entre os atomos de carbono e fluor, dificultando o seu
catabolismo (SWARTS, 1922; NEILSON, 1994) . Os unicos trabalhos que relata a
alteracao biolégica do grupo trifluorometila da TFL foram realizados por SATO
(1992) e GOLAB (1979). Estes trabalhos mostram que o grupo trifluorometila é
oxidado a acido carboxilico, sem que o0 mesmo seja liberado e sem que ocorra a
ruptura do anel.

A mineralizagdo do anel aromatico da TFL tem sido demonstrada em
experimentos com solo (GOLAB et al., 1979 e MONTEIRO et al. 1992). Contudo,
o anel aromatico da TFL permanece intacto em todas as cepas degradadoras da

TFL, tendo somente sido detectada a mineralizagdo dos grupos propilas da TFL
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(ZEYER e KEARNEY, 1983; SATO, 1992;). O fato de ainda nao ter sido
comprovada a mineralizagdo do anel aromatico da TFL por isolados bacterianos,
nao significa que seja impossivel de ela ocorrer, uma vez que ainda s&o
incipientes os trabalhos realizados sobre a sua biodegradacéo. Muitas moléculas
xenobidticas consideradas, ha uma década, impossiveis de serem degradadas por
isolados microbianos, hoje, apds intensos trabalhos de pesquisa, sao
comprovadamente dagradaveis. Por exemplo, o 2,6-DNT, uma molécula
altamente recalcitrante com estrutura semelhante a da TFL, considerada néo
biodegradavel por isolados bacterianos em meio aerdbico €, hoje,
comprovadamente biodegradada (SPAIN, 1994; NISHINO et al., 2000).

A hibridizagdo do gene ndoB, que codifica a naftaleno dioxigenase, com o
genoma cromossomal das quatro bactérias degradadoras da TFL, indica a
presengca de uma dioxigenase (Fig. 2 — Capitulo Il). As dioxigenases fazem parte
do principal mecanismo aerdbico de ativacdo do anel aromatico, que sera
posteriormente rompido (CHUDHRY e CHAPALAMADUGU, 1991; ADRIAENS e
VOGEL, 1995;; PARES e JUAREZ, 1997). A presenca do gene ndoB nestas
bactérias degradadoras da TFL, num primeiro momento, parece indicar que as
bactérias degradam o naftaleno. Porém, o teste de biodegradagdo do naftaleno
pelo método de “zonas claras”, foi negativo, indicando que estas dioxigenases
presentes nas bactérias degradadoras da TFL ndo pertencem a rota catabdlica do
naftaleno, mas, provavelmente, atuam na transformacéo da TFL.

Estudos bioquimicos sobre a biodegradagdo aerdobica de compostos
nitroaromaticos, mostram que o catabolismo destas moléculas pode ser iniciado

por dioxigenases e que as mesmas sdo similares em varios aspectos com a
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naftaleno dioxigenase: apresentam uma sequéncia nucleotidica similar e
catalisam transformagdes secundarias no anel aromatico (SUE et al.,, 1996;
SPAIN et al. 2000). A TFL também é um composto nitroaromatico, desta maneira,
0 gene encontrado nas bactérias degradadoras da TFL pode estar codificando
uma dioxigenase que atua sobre a transformagado da TFL. Transformacgéo esta
que pode ser a hidroxilacdo do anel aromatico para formar catecois ou
transformacgdes fortuitas, como a N-dealquilagdo e a monohidroxilagdo da TFL
(Fig. 3, Capitulo II).

A reducéo dos niveis da TFL no teste de degradagao (Fig. 3 — Capitulo I), o
pico adicional no cromatograma do HPLC (Fig.4 — Capitulo 1), a biodegradagao da
TFL pelo controle positivo, e a hibridizagdo do genoma com o gene ndoB (Fig. 2 —
Capitulo Il) séo resultados bioquimicos e genéticos que confluem para a afirmagéao
de que a TFL é degradada pelas bactérias isoladas do solo de ljui. Em vista
destes dados obtidos, que apontam para um catabolismo aerdbico com atuacao
de dioxigenase, propde-se uma rota catabdlica aerdbica da degradacéo da TFL,
fundamentada nos dados sobre biodegradagédo da TFL, nitrocompostos e outros
compostos aromaticos, (Fig. 6).

Uma relevante observagéao pode-se fazer quanto a origem dessas bactérias
degradadoras da TFL isoladas até o presente momento: todas elas, incluindo as
deste trabalho, procederam de solos agricolas. Estes solos, talvez, ndo sejam os
mais indicados para isolar microorganismos degradadores de uma molécula de
elevada recalcitrancia, como a TFL, uma vez que esta é adicionada ao solo na
ordem de 1,8 - 3,6 kg/ha. , e apenas uma vez ao ano (RODRIGUES e ALMEIDA,

1995). Varios trabalhos relatam que bactérias degradadoras de moléculas
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recalcitrantes, como os nitrocompostos, somente sao isoladas de ambientes que
recebem regular e frequentemente estas moléculas (SPAIN et al., 2000). Porém, é
importante salientar que JOHNSTON e CAMPER (1991), evidenciaram que
amostras de solo de um sitio de depdsito de varios tipos de agrotéxicos - diuron,
propanil, trifluralina, clorofenol — , degradaram o propanil e o clorofenol, mas néo
degradaram o diuron e a TFL. Estes dados deixam claro que muitas variaveis
devem ser levadas em contas na decisdo sobre o local de isolamento de
microrganismos degradadores de xenobidticos.

Embora este trabalho, como os outros publicados, se detiveram na
investigacdo da biodegradagdo sob condi¢des aerdbicas da TFL por isolados
bacterianos, deve-se considerar que um metabolismo sob condi¢gées anaerdbicas,
ou mesmo um metabolismo misto - anaerdbico e aerdbico -, podera favorecer a
sua biodegradacéo. Camper et al. (1980), realizando experimentos em laboratério
com amostras de solo sob condicbes aerdbicas e anaerdbicas, constatou que
houve uma maior biodegradacdo da TFL em condi¢bes anaerdbicas. O
metabolismo anaerdbico, muitas vezes, mostra-se mais propicio para degradar
moléculas de elevada persisténcia, como demonstrado na biodegradacdo de
compostos polialogenados (WACKETT, 1997). A eliminagdo de grupos ligados ao
anel aromatico, o nitrogrupo no caso da TFL, pode ser facilitada pelas vias
redutivas que sao tipicas do metabolismo anaerdbico. A Pseudomonas
pseudoalccligenes utiliza passos redutivos que antecedem ao oxidativo na rota
catabdlica aerdbica do 2-nitrotolueno (HE e SPAIN, 1997).

Pesquisa sobre biodegradacdo € um trabalho moroso e requer, além de

uma boa estrutura laboratorial, um grupo de profissionais que tenham uma
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formacdo e uma postura interdisciplinar. Todavia, a formacdo dos profissionais
que atuam neste campo de trabalho, de maneira geral, ndo ¢€ dirigida para que
eles pensem sobre as questbes praticas e tedricas da biodegradagcédo. Neste
trabalho também fez-se uma proposta e implantou-se um método de ensino da
bioquimica da biodegradacéo, dentro da disciplina de bioquimica do curso de
agronomia da UNIJUI, usando como eixo tematico o processo biotecnolégico da
compostagem, e levando em conta a interdisciplinariedade (Capitulo — IlI).

Bons resultados foram obtidos junto aos alunos. Observou-se que, ao longo
do semestre, os mesmos desenvolveram uma légica de raciocinio abrangente
sobre as questbes praticas e tedricas do metabolismo microbiano da
biodegradagao, sendo capazes de articularem e discutirem idéias sobre o assunto.
Esta proposta metodoldgica, sugerida e executada por este trabalho, mostrou-se
rica para o entendimento tedrico e pratico da biodegradacdo. Ela podera ser
melhorada em varios aspectos; como por exemplo, na adicdo de algum
xenobidtico mais facilmente biodegradavel e o isolamento de bactérias
degradadoras desta molécula; o estudo da bioquimica destes isolados- a medigao
da atividade enzimatica da populagdo microbiana- e a verificacdo da presenca de
plasmideos degradadores desta molécula.

O conhecimento tedrico e pratico sobre biodegradagédo pode ser traduzido
para uma forma de ensino mais simples que a existente e ser socializado
também na comunidade de ensino do 1° e 2° graus. A observagao dos fenébmenos
biolégicos de um processo de biodegradagédo, como por exemplo a do proprio lixo

escolar, propicia a integragao de varias disciplinas, melhorando o entendimento do
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saber cientifico e desenvolvendo uma aprendizagem mais comprometida com o
desenvolvimento social e tecnolégico (BELLINASO E ALMEIDA,1994).

Este trabalho de tese de doutorado, que abrangeu a pesquisa sobre a
biodegradagdo da TFL e a implantagdo de um método de ensino de
biodegradagao, foi sem duvida proficuo para todo o grupo de pesquisa que se
empenhou diretamente na sua execugao e para os alunos de graduagao do curso
de agronomia que participaram da proposta metodolégica. No encerramento desta
etapa, espera-se estar contribuindo, no ambito técnico e no do ensino, para a
viabilizacdo de um desenvolvimento  tecnolégico comprometido com a

sustentabilidade do meio ambiente.
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CONCLUSAO

Geral

Este trabalho propiciou um melhor entendimento sobre os processos
biolégicos envolvidos na biodegradacao da trifluralina por isolados bacterianos de
solo agricola, bem como a proposicdo de uma metodologia de ensino sobre a

bioquimica do processo de biodegradacgao.

Especifica
1. No solo agricola de ljui existem bactérias resistentes a concentragdo de até
100mg. L™ de trifluralina, identificadas como: Klebsiella oxytoca, Herbaspirillum

seropedicae, 3 Bacillus simplex, 2 Pseudomonas montelli e 1 Pseudomonas

sp.

2. O método de crescimento ao redor de cristais, desenvolvido neste trabalho,

mostrou-se eficaz para isolar bactérias resistentes a trifluralina.

3. Dos cinco meios utilizados no teste de biodegradacgao da trifluralina, apenas o
meio complexo, com 50mg.L'1 de trifluralina, propiciou a degradagao da

trifluralina, pelos isolados bacterianos.
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. Das nove bactérias isoladas, cinco biodegradaram a ftrifluralina : Klebsiella
oxytoca (24.6 %), Herbaspirillum seropedicae (16,4 %), Bacillus simplex 2

(25.0 %), Bacillus simplex 3 ( 16.0 %), isolado 9 (21 %).

. As bactérias isoladas do solo de ljui que degradam a trifluralina apresentam
um percentual de degradagao semelhante ao percentual do controle positivo,

Brevundimonas diminuta (26%).

. Com exceg¢ao do isolado 9, que ainda nao foi testado, as demais bactérias
degradadoras da trifluralina apresentaram plasmideos de elevada massa

molecular.

. Com excegao do isolado 9, que ainda nao foi testado, o gene ndoB hibridizou
como o genoma cromossomal das bactérias degradadoras da trifluralina. Isto
indica que nestas bactérias existe um gene de dioxigenase, semelhante ao
gene da naftaleno dioxigenase, que pode estar envolvido na degradagédo da

trifluralina.

. A proposta de ensino de biodegradagao desenvolvida facilitou e direcionou o
aprendizado sobre os processos bioquimicos da biodegradagao microbiana de

moléculas persistentes.
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PERSPECTIVAS

Na projecao de metas de continuidade deste trabalho, devemos considerar
que: € uma area de pesquisa relativamente nova, carente de metodologias e
recursos humanos no Brasil, requer a interface de varias areas do conhecimento e
infra-estrutura laboratorial cara para a execugao dos meétodos analiticos e de
biologia molecular. Desta maneira, a elaboragdo de um projeto  deve,
prioritariamente, manter e estender vinculos inter-institucionais e inter-
disciplinares.

Em funcéo dos resultados, abaixo algumas propostas de continuidade do

trabalho:

Testar o potencial de todos isolados em degradar a trifluralina, utilizando

concentracdes menores que 50 mg.L'1 .

- lIdentificar os produtos da degradacdo da trifluralina, através de

Cromatografia Gasosa-Spectrometria de Massa (GC-MS).

- Testar a eficacia da nova técnica de “crescimento ao redor de cristais”,
para isolar microrganismos degradadores da trifluralina e de outros

compostos apolares.

- Clonar e sequénciar o fragmento de DNA que hibridizou para o gene
ndoB, com o objetivo de verificar se estes isolados sdo realmente

portadores de dioxigenase.
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Iniciar um trabalho de biodegradagdo de nitrocompostos que sejam

efluentes de industrias do estado do Rio Grande do Sul.

Continuar trabalhando sobre proposi¢coes de metodologias de ensino de
biodegradagdo; no sentido de trabalhar, também, com moléculas
xenobidticos e de desenvolver outras técnicas simples e possiveis de

serem executadas em sala de aula.
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RESUMO

Trifluralina (a, a, a,trifluoro-2,6-dinitro-N, N-dipropil-p-toluidina) (TFL) € um
herbicida pré-emergente, incorporado ao solo que tem sido usado na agricultura
desde a década de sessenta; ele € moderadamente persistente em varios tipos
de solos do Brasil. O objetivo deste estudo foi isolar - de um solo agricola
contaminado por quatro décadas - e caracterizar bactérias resistentes a TFL,
determinar suas habilidades em degradar a TFL, investigar a presenca de gens
degardadores que possam estar envolvidos na degradagao da TFL e propor um
método de ensino tedrico pratico sobre a biodegradagdo, para cursos de
graduacgéo.

Oito bactérias foram isoladas, pela técnica de subculturas repetidas em
meio contendo TFL como unica fonte de carbono, e identificadas, pelo método
bioquimico e sequenciamento do rDNA 16S como Klebsiella oxytoca,
Herbaspirillum seropedicae, 3 strains of Bacillus simplex, 2 de Pseudomonas
montelli e uma outra Pseudomonas sp. Uma terceira bactéria (iaolado #9), ndo
identificada, que crescia ao redor de cristais de TFL em meio sdlido, foi isolada;
esta € uma técnica nova que podera ser util no isolamento de bactérias que sao
resistentes a outros compostos pouco soluveis em agua. Todas as bactérias
isoladas foram submetidas ao teste de biodegradacéo, em um meio contendo sais
minerais, 0,1% succinato, 0,1 % de extrato de leveduras e 50 mg. L' de TFL
Cinco bactérias reduziram a concentracido de TFL no meio, apds trinta dias de
incubagao: Klebsiella oxytoca (24,6 %), Herbaspirillum seropedicae (16,4 %),

Bacillus simplex 2 (25.0 %), Bacillus simplex 3 (16.0 %) e isolado 9 (21.0 %). Uma
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bactéria conhecida como degradadora da TFL, Brevundimonas diminuta (NCIMB
10329) degradou a TFL, neste meio, de maneira semelhantes ao das bactérias
isoladas.

Os DNAs extraidos das quatro bactérias identificadas degradadoras da
TFL, foram sondados para os gens catbolicos ndoB, todC, xylX, catA e xylE, os
quais codificam as enzimas naftaleno 1,2-dioxigenase, toluene dioxigenase,
toluate 1,2-dioxigenase, catecol 1,2-dioxigenase e catecol 2,3-dioxigenase,
respectivamente. Técnicas de PCR e hibridizacdo demonstraram que os DNAs de
todas estas quatro bactérias foram fortemente hibridizadas para o gen ndoB,
contudo, usando a técnica de “zonas claras”, observou-se que nenhuma delas
degradou naftaleno. Estes resultados indicam a presenca de gens dioxigenases,
nestas bactérias degradadoras da TFL, que poderiam estar transformando a TFL
como substrato principal, ou como cometabolismo.

O conhecimento sobre processos de biodegradagédo € necessario para os
graduados dos cursos de agronomia, quimica, biologia, tecnologia de alimentos,
etc. Neste trabalho, também, propomos o estudo tedrico e pratico da
compostagem o qual estimula o interesse dos estudantes em aprender sobre o

metabolismo envolvido neste, e em outros, processos biotecnolégicos.

ABSTRACT

Trifluralin (a,o,0, trifluoro-2,6- dinitro-N,N-dipropyl-p-toluidine) (TFL) is a

preemergence, soil-incorporated herbicide that has been in agricultural use since
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the early 1960s and is moderately persistent in various Brazilian soils. The
purpose of this study was to isolate and characterize TFL-resistant bacteria from a
soil in which this pesticide has been used for the last 4 decades, determine their
ability to degrade TFL, investigate the presence of genes which might be involved
in degradation and propose a teaching model to transfer an understanding of
biodegradative processes to undergraduate students.

Eight bacteria were isolated by repeated subculture in medium with TFL as
sole carbon source and identified by biochemical tests and 16S rDNA sequencing
as Klebsiella oxytoca, Herbaspirillum seropedicae, 3 strains of Bacillus simplex, 2
of Pseudomonas montellii and a second Pseudomonas sp. Another, unidentified
bacterium (isolate #9) was obtained following growth on crystals of TFL on a solid
mineral medium, a new technique that could be usefully employed for other poorly
soluble substrates. In a mineral salts medium with 0.1% succinate, 0.1% yeast
extract and 50mg.L”" TFL, reductions in the level of pesticide of 24.6% for
Klebsiella oxytoca; 16.4% for Herbaspirillum seropedicae; 25.0% for Bacillus
simplex 2; 16.0% for Bacillus simplex 3 and 21.0% for unidentified isolate #9 were
obtained after 30 days. These were similar to the level obtained using a known
TFL-degrading bacterium, Brevundimonas diminuta (NCIMB 10329).

DNA extracted from the 4 identified degrading bacteria was probed with the
catabolic genes ndoB, todC, xylIX, catA and xylE, which encode the enzymes
naphthalene 1,2-dioxygenase, toluene dioxygenase, toluate 1,2-dioxygenase,
catechol 1,2- dioxygenase and catechol 2,3-dioxygenase, respectively. Using PCR
and hybridization analysis, the strong hybridization of the ndoB gene with all

genomic DNAs was demonstrated, in spite of the fact that none of the isolates
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were able to degrade naphthalene, as indicated by the “clear zone” test. The
results indicated the presence in these bacteria of a dioxygenase gene, whose
product could act on TFL as its principal substrate, or fortuitously, by
cometabolism.

A knowledge of biodegradation processes involved is necessary for
undergraduates in agriculture, chemistry, biology, food technology, etc. A
theoretical and practical study of composting, which stimulates the interest of the
students in metabolic pathways involved in this, and other, biotechnological

processes, is suggested.
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