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ABSTRACT 

 

 

The thiocarbamate molinate is a systemic herbicide used worldwide to control 

weeds in rice paddies. In spite of its use for several decades, it is believed that this 

herbicide is poorly biodegraded in the environment and information on the possible 

degradation routes is scant. Due to molinate use in rice paddy fields and the subsequent 

flow to the surroundings, the contamination of surface and ground waters may occur and 

has been widely reported. Having these problems in mind, the search for potential 

molinate biodegraders was a first step on the definition of the major objectives of the 

present study. Two major objectives were, then, to bring additional insights into the 

biodegradation of the herbicide and to design possible remediation strategies to 

decontaminate molinate polluted sites.  

Previous studies led to the enrichment of a defined mixed culture (named DC), 

composed of five bacterial strains, which was able to use molinate as the only source of 

carbon, energy and nitrogen. The herbicide was mineralized and no dead-end products 

were detected. Four members of this mixed culture were identified as belonging to the 

genera Pseudomonas (ON1 and ON3), Stenotrophomonas (ON2) and Achromobacter 

(ON5), and a fifth member (ON4) represented a new genus and new species of 

actinobacteria, later named as Gulosibacter molinativorax gen. nov. sp. nov.  
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The study of molinate degradation pathway by mixed culture DC revealed that   

G. molinativorax ON4T was responsible for the initial hydrolysis of the herbicide with 

the cleavage of the thioester bond of the molinate molecule, both under aerobic and 

anaerobic conditions. This reaction led to the release of sulphur compounds (mainly 

ethanethiol and diethyl disulphide) and a new metabolite, identified during this work as 

azepane-1-carboxylic acid (ACA). The metabolite ACA was no further degraded under 

anaerobic conditions. However, in the presence of oxygen, Pseudomonas spp. strains 

ON1 and ON3 and G. molinativorax ON4T degraded ACA. The ability of each DC 

member to use different substrates, namely ACA, hexamethyleneimine (HMI) and 

caprolactam allowed the proposal of a putative degradation pathway for molinate by this 

mixed culture. Thus, the further degradation of ACA occurs, presumably, via 

decarboxylation to HMI, a constitutive process in Pseudomonas spp. strains ON1 and 

ON3, and ACA-induced in G. molinativorax ON4T. The degradation of the ACA 

transformation product, HMI, follows two distinct pathways, via an open-ring aldehyde 

in the Pseudomonas spp. strains, and via caprolactam in G. molinativorax ON4T. 

Although G. molinativorax ON4T was capable of growth at expenses of molinate, 

concentrations of the pesticide higher than 2 mM were observed to be toxic and 

inhibitory for that organism. The accumulation in the medium of ethanethiol and of its 

spontaneously formed oxidized form, diethyl disulphide, was the reason for such 

inhibition. The strains Pseudomonas sp. ON1 and S. maltophilia ON2, able to degrade 

those sulphur compounds, were responsible, in the mixed culture, to release the toxic 

effect and, thus, permitted and contributed to the complete mineralization of the 

herbicide. These results showed a novel pathway for molinate mineralization and 

highlighted the metabolic and detoxifying associations among the mixed culture 

members. Moreover, these findings suggested that aerobic mineralization of molinate 

could be achieved by the mixture of the two strains G. molinativorax ON4T and 

Pseudomonas sp. ON1, instead the five members of the mixed culture DC. However, 
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culture DC was observed to be comparatively more efficient than the mixture of the two 

isolates, evidencing a synergistic effect of the other three isolates. This conclusion is 

also supported on the fact that, after successive sub-culturing of culture DC in the 

presence of molinate, none of the five isolates was lost. These findings indicate a higher 

molinate-fitness for mixed culture DC than to the two-member culture. 

Although several studies have reported the environmental contamination with 

molinate, scarce information is available on the impact of this herbicide on the flood 

water bacterial diversity, as well as on the biodegradation of the pesticide in these 

waters. These aspects constituted additional objectives of the present work – characterize 

the flood water microbiota of a paddy field over the rice crop cycle, and plan a possible 

strategy for in situ bioremediation of molinate contaminated waters. The study of the 

flood water bacterial communities was based on Denaturing Gradient Gel 

Electrophoresis (DGGE) analysis and revealed the predominance of organisms affiliated 

to Verrucomicrobia, Bacteroidetes, Actinobacteria and Betaproteobacteria, reported 

previously as inhabitants of flood waters. Ordram, a phytopharmaceutical product 

containing 7.5 % of molinate, was observed to produce a negative impact both on the 

cultivability percentages and on the bacterial richness of flood water, effects that were 

relieved after molinate dissipation. Besides, it was observed that, in spite of the fact that 

the rice paddy under study had a history of some years of molinate use, the 

autochthonous flood water microbiota was unable to degrade the herbicide. This result 

pointed towards the need to assess the feasibility of a bioaugmentation approach. Mixed 

culture DC was used as inoculum in flood waters and its performance and impact on the 

autochthonous microbial community were assessed. In flood water microcosms, culture 

DC was capable of removing up to 55-80 % of the 0.3-1.5 mg l-1 of molinate present in 

the flood water, respectively. Simultaneously, mixed culture DC aided in the re-

establishment of flood water bacterial richness, being readily eliminated by the 

competitive autochthonous microbiota. These findings show that mixed culture DC has a 
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high potential as a bio-inoculation tool to attenuate the undesirable effects of molinate 

application in rice fields.  

Overall the results obtained throughout this study brought some new insights into 

the biochemistry and ecology of molinate biodegradation and gave same new clues on 

possible strategies for the cleaning of molinate contaminated sites such as agricultural 

drainage and industrial waters. 
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RESUMO 

 

 

O molinato é um herbicida sistémico da família dos tiocarbamatos largamente 

utilizado na eliminação de ervas daninhas em culturas de arroz. Apesar da sua utilização 

ao longo de várias décadas, o molinato não é facilmente biodegradado no ambiente, 

sendo escassa a informação disponível sobre possíveis vias de degradação. Devido à 

aplicação deste herbicida nos campos de arroz e à interacção com os cursos de água das 

proximidades, pode ocorrer contaminação de águas superficiais e subterrâneas. De 

facto, têm vindo a ser detectados resíduos de molinato em águas superficiais e em 

aquíferos, em diversos países. Tendo em conta esta problemática, definiu-se que a 

procura e o isolamento de organismos potencialmente degradadores de molinato seria a 

primeira etapa na definição dos principais objectivos do presente trabalho. 

Subsequentemente, determinou-se que dois objectivos principais do estudo aqui 

apresentado seriam trazer novos conhecimentos e desenvolver perspectivas inovadoras 

para a biodegradação do molinato, com vista à descontaminação de locais poluídos com 

este herbicida. 

Estudos anteriores da equipa de investigação em que se integra este trabalho 

permitiram isolar uma cultura mista (designada DC), constituída por cinco estirpes 

bacterianas, com capacidade para utilizar o molinato como fonte única de carbono, 

energia e azoto. Esta cultura mista tem capacidade para mineralizar o herbicida, sem a 

acumulação de produtos de degradação. Quatro dos isolados da cultura DC foram 
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identificados como pertencendo aos géneros Pseudomonas (ON1 e ON3), 

Stenotrophomonas (ON2) e Achromobacter (ON5), enquanto que o quinto isolado 

(ON4) foi classificado como um novo género e uma nova espécie de actinobactérias, 

designado por Gulosibacter molinativorax gen. nov. sp. nov.  

O estudo da via metabólica de degradação do molinato pela cultura DC revelou 

que a estirpe G. molinativorax ON4T é responsável pela hidrólise do herbicida, clivando 

a ligação tioéster da molécula de molinato, tanto em condições de aerobiose, como em 

condições de anaerobiose. Esta reacção conduz à libertação de compostos de enxofre 

(nomeadamente etanotiol e dissulfureto dietílico) e de um novo metabolito, identificado 

durante este trabalho como ácido azepano-1-carboxílico (ACA). Em condições de 

anaerobiose, o metabolito ACA não é degradado. Pelo contrário, na presença de 

oxigénio, as estirpes Pseudomonas spp. ON1 e ON3 e a estirpe G. molinativorax ON4T 

degradam o composto ACA. A avaliação da capacidade de cada isolado da cultura DC 

para utilizar diferentes substratos, nomeadamente ACA, hexametilenoimina (HMI) e 

caprolactam permitiu propor uma via metabólica de degradação do molinato pela 

cultura mista DC. Por conseguinte, a degradação do metabolito ACA ocorre, 

presumivelmente, via descarboxilação a HMI. Este processo é constitutivo nas estirpes 

Pseudomonas spp. ON1 e ON3 e induzido pelo metabolito ACA na estirpe                   

G. molinativorax ON4T. Subsequentemente, a degradação da HMI prossegue por duas 

vias distintas, via formação de um aldeído de cadeia aberta no caso das estirpes 

Pseudomonas spp. ON1 e ON3, e via formação de caprolactam na estirpe                     

G. molinativorax ON4T. Apesar de o isolado G. molinativorax ON4T ter capacidade 

para crescer através da degradação do molinato, observou-se que concentrações do 

herbicida superiores a 2 mM eram tóxicas e inibitórias para este organismo. 

Determinou-se que a principal razão desta inibição era a acumulação no meio de 

etanotiol e do produto da sua oxidação espontânea, o composto dissulfureto dietílico. As 

estirpes Pseudomonas sp. ON1 e S. maltophilia ON2, com capacidade para metabolizar 

estes compostos de enxofre, são responsáveis pela remoção deste efeito tóxico na 
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cultura mista, permitindo e contribuindo deste modo para a completa mineralização do 

molinato. Estes resultados evidenciaram uma nova via metabólica para a mineralização 

do molinato e permitiram ainda observar que as interacções entre os membros da cultura 

DC incluem uma associação simultaneamente metabólica e destoxificante. Além disso, 

este estudo indicou ainda que uma mistura dos isolados Pseudomomonas sp. ON1 e    

G. molinativorax ON4T é suficiente para se atingir a mineralização do molinato em 

condições de aerobiose. No entanto, a cultura mista DC é comparativamente mais 

eficiente do que a mistura dos dois isolados, evidenciando um efeito sinergístico das 

restantes três estirpes. Esta conclusão é reforçada pelo facto de nenhuma das estirpes ser 

eliminada após transferências sucessivas da cultura DC em meio mineral com molinato. 

Estes resultados são indicadores de que a cultura DC está possivelmente mais bem 

adaptada ao consumo do pesticida do que a mistura dos isolados Pseudomonas sp. ON1 

e G. molinativorax ON4T. 

Embora diversos estudos tenham descrito a contaminação de ambientes naturais 

com molinato, existe pouca informação disponível no que diz respeito ao impacto deste 

herbicida na diversidade bacteriana das águas dos arrozais, assim como no que se refere 

à biodegradação do herbicida nestas águas. Nesse sentido, foram definidos dois 

objectivos adicionais para o presente trabalho – caracterizar a comunidade microbiana 

da água de irrigação de um arrozal ao longo do ciclo de cultura do arroz, e estabelecer 

uma possível estratégia para a biorremediação in situ de águas contaminadas com 

molinato. O estudo da comunidade microbiana da água de irrigação do arroz foi 

efectuado com base na técnica de electroforese em gradiente desnaturante (DGGE) e 

revelou a predominância de organismos pertencentes aos grupos taxonómicos 

Verrucomicrobia, Bacteroidetes, Actinobacteria e Betaproteobacteria. Estes 

organismos tinham já sido descritos anteriormente como habitantes da água dos 

arrozais. Observou-se que o produto fitofarmacêutico Ordram, que contém 7,5 % de 

molinato, tem um efeito negativo tanto nas percentagens de cultivabilidade como na 

riqueza bacteriana, e que esse efeito é removido após dissipação do herbicida. Além 
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disso, ficou demonstrado que, apesar de o campo de arroz estudado ter um historial de 

alguns anos de aplicação de molinato, não havia biodegradação do pesticida pela flora 

autóctone da água de irrigação. Este resultado indiciou a importância de avaliar a 

viabilidade da aplicação de uma estratégia de bio-inoculação neste tipo de ambiente. Em 

ensaios laboratoriais, inocularam-se águas de irrigação do arrozal em estudo com a 

cultura mista DC, de modo a testar a sua capacidade degradativa em águas reais, bem 

como o efeito da sua sua presença na comunidade bacteriana autóctone. Nestes ensaios 

verificou-se que a cultura DC era capaz de degradar, respectivamente, 55-80 %            

de 0,3-1,5 mg l-1 de molinato. Simultaneamente, observou-se que a cultura DC, através 

da degradação do molinato, promovia o re-estabelecimento da riqueza microbiana da 

água de irrigação, sendo rapidamente eliminada deste ecossistema por competição com 

a flora autóctone. Estes resultados demonstram que a cultura mista DC possui um 

elevado potencial para ser utilizada como agente de bio-inoculação para atenuar os 

efeitos indesejados da aplicação do molinato nos campos de arroz. 

Globalmente, os resultados obtidos durante este trabalho permitiram a aquisição 

de novos conhecimentos no que se refere à bioquímica e ecologia da biodegradação do 

molinato e forneceram indicações relevantes sobre possíveis estratégias para a 

descontaminação de ambientes poluídos com molinato, tais como águas de rega da 

agricultura e efluentes industriais. 
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RÉSUMÉ 

 

 

Le molinate est un herbicide systémique de la famille des thiocarbamates 

largement utilisé à travers le monde pour contrôler les mauvaises herbes des rizières. 

Malgré son utilisation systématique pendant des années, cet herbicide est peu 

biodégradable dans l’environnement et les connaissances de ses possibles voies 

d’élimination restent très limitées. Suite à l’utilisation du molinate dans les champs de 

riz, la libération qui s’en suit dans les alentours, contaminant la surface et aussi les 

nappes phréatiques avoisinantes, a été largement rapportée. Ces problèmes ont mené à 

la recherche de potentiels biodégradateurs du molinate et ont jeté les bases des objectifs 

de cette étude, les deux principaux étant d’apporter de nouvelles solutions visant à 

améliorer la biodégradation de cet herbicide et de définir de nouvelles stratégies pour 

décontaminer les sites ainsi pollués par le molinate. 

Des études antérieures du groupe de recherche dans lequel cette thèse est intégrée 

ont permit d’isoler une culture mixte (qui a été nommée DC) composée de cinq types de 

bactéries qui sont capables d’utiliser le molinate comme unique source de carbone, 

énergie et nitrogène. Cette culture mixte a la capacité de minéraliser l’herbicide sans 

accumulation de produits de dégradation. Quatre composants de cette culture ont été 

identifiés comme appartenant aux genres Pseudomonas (ON1 et ON3), 

Stenotrophomonas (ON2) et Achromobacter (ON5), et un cinquième composant 
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représente un nouveau genre et une nouvelle espèce d’actinobactéries, nommée plus 

tard Gulosibacter molinativorax gen. nov. sp. nov. 

L’étude des voies de dégradation du molinate par la culture DC mixte a montré 

que le G. molinativorax ON4T est responsable de l’hydrolyse initiale de l’herbicide par 

clivage du groupe thioester de la molécule de molinate à la fois en conditions aérobies 

et anaérobies. La réaction mène à la libération de composants sulfuriques 

(principalement de l’éthanethiol et diéthyl disulfite) ainsi que d’un nouveau métabolite 

identifié lors de ce travail comme l’acide azépane-1-carboxylique (ACA). Le métabolite 

ACA n’est pas dégradé sous conditions anaérobies. Cependant, en présence d’oxygène, 

les lignées ON1, ON3 et G. molinativorax ON4T le dégradent. La capacité de chaque 

composant du DC à utiliser différents substrats à savoir l’ACA, l’hexamethyleneimine 

(HMI) et le caprolactame, permet d’envisager une voie de dégradation putative du 

molinate par cette culture mixte. Par conséquent, on peut présumer que la dégradation 

de l’ACA se produit via décarboxylation du HMI, un processus constitutif des lignées 

Pseudomonas spp. ON1 et ON3, et ACA-induit chez le G. molinativorax ON4T. La 

dégradation du produit de transformation de l’ACA, HMI, suit deux voies distinctes, via 

un noyau-aldéhyde ouvert chez les lignées Pseudomonas spp., et via le caprolactame 

chez le G. molinativorax ON4T. Bien que G. molinativorax était capable de croître aux 

dépends du molinate, les concentrations de pesticide supérieures à 2 mM se sont 

révélées comme toxiques et inhibitrices pour cet organisme. L’accumulation 

d’éthanethiol dans le milieu et de sa forme oxydée spontanée, diethyl sulfite, explique la 

raison de cette inhibition. Les lignées Pseudomonas  sp. ON1 et S. maltophilia ON2, 

capables de dégrader ces composantes sulfuriques, permettaient de supprimer cet effet 

toxique dans la culture mixte et de contribuer à la minéralisation complète de 

l’herbicide. Cette étude a mis en évidence une nouvelle voie de minéralisation du 

molinate et a éclairci les associations métaboliques et détoxifiantes des différents 

composants de la culture mixte. De plus, ces résultats suggèrent que la minéralisation 

aérobie du molinate pourrait être réalisée par mélange des lignées G. molinativorax 
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ON4T et Pseudomonas sp. ON1 à la place des cinq composants de la culture DC mixte. 

Cependant, la culture DC est comparativement plus efficace que la culture des deux 

lignées isolées, mettant ainsi en évidence l’action synergique des trois autres 

composants. La sous-culture successive des cinq composants en présence de molinate a 

montré qu’aucun composé n’avait été perdu, ce qui supporte la dernière conclusion. 

Cette étude montre aussi que la culture DC mixte s’adapte mieux au molinate que la 

culture à deux composés.  

Bien que de nombreuses études aient rapporté une contamination de 

l’environnement avec le molinate, peu d’informations sont disponibles quant à l’impact 

de cet herbicide sur la diversité bactérienne de l’eau de rizière ainsi que la 

biodégradation de ce pesticide dans ces mêmes eaux. Ces divers aspects ont constitué 

des objectifs supplémentaires au présent travail – caractériser les populations 

bactériennes lors du cycle de culture du riz et planifier une stratégie possible de 

dégradation biologique du molinate dans les eaux contaminées. L’étude de les 

populations bactériennes dans l’eau de rizière s’est basée sur l’analyse de gels 

électrophorèse en gradient dénaturant (DGGE) et a révélé la prédominance des 

organismes affiliés au Verrucomicrobia, Bacteroidetes, Actinobacteria and 

Betaproteobacteria, classés précédemment comme équivalent-habitants des rizières. Il a 

été montré que le Ordram, un produit phytopharmaceutique contenant 7.5 % de 

molinate, avait un effet négatif à la fois sur les pourcentages de cultivabilité et sur la 

richesse bactérienne, et que cet effet était supprimé après dissipation de l’herbicide. A 

côté de cela, il a été observé qu’en dépit du fait que la rizière étudiée avait un historique 

de plusieurs années de traitement au molinate, le microbiote de l’eau était incapable de 

dégrader l’herbicide. Ce résultat a montré la nécessité d’évaluer la faisabilité d’une 

bioaugmentation. La culture DC mixte a été utilisée comme inoculum dans les eaux de 

rizière; sa performance et son impact sur la communauté microbienne autochtone ont 

été évalués. Dans les microcosmes d’eau de rizière, la culture DC était capable de 

supprimer de 55 à 80 % des 0.3-1.5 mg l-1 de molinate, respectivement, présent dans 
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l’eau de rizière. Parallèlement, la culture DC mixte aide aussi au rétablissement de la 

richesse bactérienne de l’eau de rizière, étant facilement éliminé par le microbiote 

autochtone compétitif. Ces résultats montrent que la culture DC mixte représente un 

outil à fort potentiel de bio-inoculation permettant d’atténuer les effets indésirables 

d’application de molinate dan les champs de riz. 

Dans leur globalité, les résultats obtenus le long de cette étude amènent de 

nouvelles connaissances biochimiques et écologiques sur la biodégradation du molinate 

et apportent de nouvelles solutions sur les stratégies possibles de traitement des sites 

contaminés au molinate comme les eaux de drainage agricole et les eaux usés 

industrielles, par exemple. 
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1. INTRODUCTION 

 

 

1.1. The need for pesticides: Advantages and Disadvantages 

 

World population is constantly growing and is expected to increase from           

1.7 billion to more than 8 billion over the next 25 years (FAO, 2008; United Nations, 

2008). Nowadays, around 40 % of the world’s population depends on agriculture for 

their subsistence (FAO, 2008). Due to population increase and changing diets, the 

demand of calories will grow and the needs on food and fiber will increase by around  

35 % during the next 25-30 years (FAO, 2008). Furthermore, the use of crops to 

substitute fossil fuels is increasing sharply. As arable land is limited, yields must 

continuously improve. Crop protection products, group in which pesticides are included, 

contribute greatly to high cultivation yields, improved quality of agricultural products 

and effective farm management (Sudo et al., 2005). In fact, it is estimated that without 

the use of crop protection products, approximately 40 % of the world’s crops would be 

lost to pests (Syngenta, 2008; United Nations, 2008). Today, more than 500 different 

formulations of pesticides are being applied in the environment and agriculture holds 

the largest single share of pesticides use. It is estimated that 4 million tonnes of 

pesticides are applied to crops annually worldwide for pest control (Gavrilescu, 2005).  
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Independently of possible beneficial effects, the intensive production and 

application of phyto-pharmaceuticals, namely pesticides, often results in the 

contamination of terrestrial and aquatic environments. In fact, the agricultural practices 

involving pesticides, the accidental spillage and the uncontrolled release of 

contaminated waters resultant from washing of pesticide containers or of industrial 

effluents in the environment have been leading to the contamination of air, water, soil 

and living organisms. Moreover, in some cases, the pesticide or a part of its active 

principle may not be susceptible to degradation, being classified as recalcitrant. Thus, 

these compounds accumulate in the environment, including in live beings, and can 

produce long term toxic effects (Claver et al., 2006). In fact, one of the major concerns 

about environmental contamination with pesticides is the bio-accumulation and 

propagation through the trophic chain (bio-magnification).  

 

1.2. The fate of pesticides in the environment 

 

Agrochemical products such as pesticides are one of the most significant 

contaminants in the agricultural soil-water system and the movement of pesticides from 

treated soils to water represents a major mechanism of water pollution (Park et al., 

2005). Pesticide contamination of the soil-water system is of environmental concern due 

to its possible negative effects on public health and on non-target species. Therefore, the 

study of the fate of pesticides in the environment is of great importance in order to 

predict and avoid soil and water contamination. 

From the moment of application, pesticides are distributed among the major 

environmental compartments: atmosphere, water, soil and sediments and even living 

plants and animals. The fate of pesticides in the environment is ruled mainly by physical 

and chemical processes, although biological transformations may be of great relevance. 

The physical processes, which include volatilization, adsorption and lixiviation, involve 
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the physical transport of pesticides from one compartment to another, without any 

transformation or degradation of the substance (Mabury et al., 1996; Gavrilescu, 2005; 

Navarro et al., 2007; Villaverde et al., 2008). Chemical phenomena such as 

photodegradation, ionization and chemical hydrolysis involve the abiotic transformation 

of the pesticides due to the instability and reactibility of the molecules in the 

environment (Mabury et al., 1996; Gavrilescu, 2005; Navarro et al., 2007; Villaverde et 

al., 2008). Through this kind of transformation, pesticides may be degraded or simply 

converted to analogous forms.  

Biodegradation is the result of the ability of various live beings, plants, animals 

and microorganisms, to carry out the biochemical processes of oxidation, reduction and 

hydrolysis involved in the transformation of a xenobiotic organic compound (Atlas, 

1997). In this respect, microorganisms play a major and indispensable role in the 

breakdown of environmental pollutants, including pesticides. Microorganisms can 

degrade xenobiotics while using these compounds as carbon/nitrogen and energy 

sources to support their growth or, alternatively, degradation may occur only in the 

presence of additional carbon sources, without concurrent energy generation. This last 

mode of degradation is referred as co-metabolism and involves the oxidation of the 

xenobiotics as secondary (non-growth) substrates during growth on an utilizable carbon 

and energy source (Horvath, 1972). In this type of metabolism, the presence of an 

energy source may be essential for functions such as substrate transport or synthesis and 

proper functioning of degrading enzymes (Horvath, 1972; Imai and Kuwatsuka, 1986b).  

Through biodegradation, xenobiotics can be completely converted to inorganic 

matter, namely water, carbon dioxide and ammonia (mineralization) or be transformed 

into degradation products, which might have increased recalcitrance and/or toxicity 

(Klaassen et al., 1986). This is illustrated by numerous studies, which reported the 

biodegradation of pesticides through co-metabolism or partial degradation with 

accumulation of intermediary metabolites (Correa and Steen, 1995; Kodama et al., 

2001; Bellinaso et al., 2003; Rosenbrock et al., 2004; Clausen et al., 2007; Peng et al., 
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2008; Raina et al., 2008; Tallur et al., 2008). In some cases, the microbiological 

degradation can be the most important process of pesticide dissipation and degradation 

in the environment, with the complete pesticide mineralization in a short time 

(Waldman and Shevah, 1993; Diaz, 2004; Singh and Ward, 2004; Strange-Hansen et 

al., 2004; Borggaard and Gimsing, 2008). However, organisms able to mineralize 

xenobiotic compounds may be rare in the environment, because the required metabolic 

routes are not available in nature, or when present, the responsible organisms may be at 

very low abundance.  

The contribution of each type of process (physical, chemical, biological) to the 

fate and transport of pesticides in the environment is influenced by many factors, which 

include climate, the topography of the land, the type of soil, the frequency of rainfall 

events, the agricultural practices and the physical-chemical properties of the individual 

pesticides such as their solubility in water, their capacity to be retained in the soil 

(adsorption, Koc) and their persistence (half-life, T1/2) (Carabias et al., 2003; Claver et 

al., 2006).  

Strongly adsorbed and persistent pesticides (high Koc and high T1/2) such as 

endosulfan remain adsorbed to the soil and are able to contaminate surface waters 

easily. Pesticides like atrazine, that are weakly adsorbed but persistent (low Koc and 

high T1/2), are leached through the ground and contaminate ground waters. Weakly 

adsorbed and non-persistent chemicals (low Koc and low T1/2) are easily degraded if 

maintained in the biologically active area of cultivation. However, if there is heavy rain 

after pesticide application or if there are irrigation networks, this kind of pesticides tend 

to contaminate both surface and ground waters. The herbicides MCPA and propanil and 

the insecticide dimetoate are some examples of this group of chemicals. Furthermore, 

pesticides with intermediate values of Koc and T1/2 (e.g. molinate) have the potential to 

contaminate both surface and ground waters. Finally, pesticides with intermediate 

values of Koc but low T1/2 (e.g. alachlor) are considered safe because they are not easily 



Introduction 

5 

washed and degrade quickly (Table 1.1, Fushiwaki and Urano, 2001; Claver et al., 

2006).  

 

1Table 1.1: Mobility (determinate by Koc) and persistence (half-life, T1/2) of 

different pesticides. 

Pesticide Koc 
1 T1/2 soil 

2(days) Reference 

Herbicides    

Alachlor 170 8 
Kidd and James, 1991; 

Wauchope et al., 1992 

Atrazine 100 60 
Wauchope et al., 1992;  

Tomlin, 2000 

MCPA  112 20 Mackay et al., 1997 

Molinate 190 21 Hornsby et al., 1996 

Propanil  149 1 
Wauchope et al., 1992; 

Hornsby et al., 1996  

Insecticides    

Dimetoate 34 3 Tomlin, 2000 

α-Endosulfan  

β-Endosulfan 

2512 

3162 
50 (α and β) 

Mackay et al., 1997;  

Tomlin, 2000 

Parathion methyl 5100 1 to 30 Wauchope et al., 1992 

 

1 The equilibrium distribution of a pesticide between soil and water can be represented by the 

organic carbon coefficient (Koc), which supposes that soil is entirely composed by organic carbon 

(organic matter). Thus, Koc values allow a comparison of the relative adsorption of different chemicals 

(low values indicate little binding while higher values represent stronger binding to soil) and permit to 

predict their mobility in the environment. Mobility: Koc ≤ 50 → extreme; Koc = 50-150 → high;            

Koc = 150-500 → medium; Koc = 500-2000 → light; Koc > 2000 → immobile (Fushiwaki and Urano, 

2001; Claver et al., 2006). 

2 Persistence (half-life, T1/2) is defined as the time that a pesticide remains in the land maintaining 

its biological activity. Persistence: T1/2 < 15 d → no persistent; T1/2 = 15-30 d → light; T1/2 = 30-60 d → 

medium; T1/2 = 60-120 d → high; T1/2 > 120 d → extreme (Fushiwaki and Urano, 2001; Claver et al., 

2006). 
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Pesticides represent indeed a water quality hazard in agricultural areas since these 

synthetic substances, as well as the products resultant from their degradation, may enter 

aquatic environments through spray drift or runoff events, drainage or leaching, 

resulting in contamination of both surface and ground waters (Fielding et al., 1991; 

Barbash and Resek, 1997; Larson et al., 1997; Kolpin et al., 1998; Leonard et al., 1999; 

Scheidleder et al., 1999; Schulz et al., 2001a, b; Cerejeira et al., 2003; Sudo et al., 

2005; Claver et al., 2006; Silva et al., 2006; Kuivila and Jennings, 2007; Kuster et al., 

2008). Although the associated risks are sometimes poorly addressed, this type of 

contamination is particularly worrisome because of the consequent impacts on 

biodiversity, possible accumulation through food chain and water quality. This type of 

contamination may have serious impacts on water quality as it is estimated that one 

third of the world’s population has insufficient access to good quality drinking water 

(FAO, 2008).  

 

1.3. Environmental contamination prevention and public health protection 

 

In the last two decades, concerns about possible contamination of water resources 

with agrochemical residues have been raising as a result of the awareness that 

maintaining the natural-resource base quality is essential for sustaining agricultural 

productivity (Silva et al., 2006; Vu et al., 2006).  

In order to protect water quality and prevent risks to human health, countries 

around the world created organizations that evaluate and regulate the use of pesticides 

and other potentially toxic compounds. EPA (Environmental Protection Agency), FAO 

(Food and Agriculture Organization) and WHO (World Health Organization) are some 

examples of organizations including divisions responsible for pesticide management. 

Some iniciatives are now available to control the environmental risks posed by 

pesticides, including the restriction of chemical use and imposition of taxes (Frazar, 
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2000; Bassur, 2002; Brown et al., 2003). In Europe, some European Directives, as the 

Council Directive 98/83/EC of 1998 (Official Journal, 1998) on the quality of water 

intended for human consumption, were implemented. Furthermore, the Council 

Directive 91/414/EEC (Official Journal, 1991) stated that a “plant protection product 

will only be authorized in the European Community if it has no unacceptable influence 

on the environment, with regard to its fate and distribution and particularly water 

contamination including drinking water and ground water”. In Portugal, the Law-

Decrees DL 243/2001 (“Diário da República”, 2001) and DL 306/2007 (“Diário da 

República”, 2007), transposed the Council Directive 98/83/EC into Portuguese law. In 

addition, these recent Law-Decrees also designated the Institute for the Regulation of 

Water and Solid Waste (IRAR) as the competent national authority for the quality of 

water for human consumption. Some additional Law-Decrees further determined quality 

goals for specific toxic and persistent substances in aquatic environments, namely in 

surface waters (e.g. molinate, DL 261/2003, “Diário da República”, 2003). In this 

respect, it is important to emphasize the need to adequate water quality frameworks to 

each country or region. The pesticides to be monitored to assess the water quality 

should be selected according to the predominant crops and crop protection products 

used in the area or region to be analysed. 

 

1.4. Strategies for treatment of xenobiotic contaminated environments 

 

Despite all the regulations and directives, worldwide studies have reported the 

presence of xenobiotics in the environment, sometimes above the legally recommended 

values, raising major health problems. Therefore, the development of treatment 

strategies, able to contribute for the decontamination of polluted sites and prevention of 

future contaminations, is essential to assure sustainable agricultural practices. The 

multitude of technological solutions available can be divided into physical-chemical and 

biological remediation processes. Examples of physical-chemical processes are 
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incineration, adsorption to a physical matrix, landfilling, solvent extraction and 

hydrolysis by chemical agents, whereas biological processes may involve, plants, 

microorganisms and enzymes, individually or in combination (e.g. bioremediation, 

phytoremediation, land farming, bioreactors). Depending on the technology used, the 

process may either take place at the site of contamination (in situ), or may require the 

transport of the contaminated soil or water into an adequate facility for ex situ 

remediation (Gavrilescu, 2005).  

Amongst the different types of treatment processes, bioremediation is often the 

most advantageous. In fact, when comparing different strategies for treatment of 

polluted environments, the chemical and physical removal processes frequently require 

the use of extreme conditions. Moreover, these processes may be expensive, inefficient 

and generate additional environmental problems. Some examples are the contamination 

of the physical matrix at the end of an adsorption process, or the accumulation of 

degradation products more toxic than the parent compound in chemical or incineration 

processes (Boeve, 1989; Chapalamadugu and Chaudhry, 1992; Ahmaruzzaman, 2008; 

Ormad et al., 2008). In contrast, biological treatment processes are potentially more 

efficient, economically advantageous and environmentally safe as the complete 

breakdown of contaminants may be achieved. Therefore, the importance and interest in 

the biodegradation of pollutants have intensified in recent years as humanity strives to 

find sustainable ways to cleanup contaminated environments (Alexander, 1999; Zhang 

and Qiao, 2002; Singh and Ward, 2004; Gavrilescu, 2005; Jain et al., 2005; Diaz, 2008).  

In spite of this, the success of biological methods depends on the efficiency of 

microorganisms and on the stability of the xenobiotic in the polluted site. 

Biodegradation is influenced by environmental conditions such as oxygen content, pH, 

temperature, available nutrients, and, in a large extent, by the microbial community 

composition and the xenobiotic bioavailability (Dunn et al., 1992; Aislabie and Lloyd-

Jones, 1995; Wackett and Hershberger, 2001; Gavrilescu, 2005). Prior exposure of 

microbial populations to xenobiotics is also important, as it is often responsible for the 
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adaptation of microorganisms, which may evolve genetic functions coding for 

metabolic degradation of xenobiotics when submitted to stress conditions such as 

limited nutrient availability (Chapalamadugu and Chaudhry, 1992, Van der Meer et al., 

1992; Copley, 2000; Top and Springael, 2003; Jain et al., 2005).  

 

1.4.1. Bioremediation as a treatment strategy for xenobiotic contaminated 

environments 

 

A number of bioremediation strategies, in situ and ex situ, have been developed to 

treat contaminated wastes and sites polluted with pesticides. In situ processes are 

generally the most desirable options due to lower costs and fewer disturbances since 

they provide the treatment in place avoiding excavation and transport of contaminants 

(USEPA, 2001, 2002). Natural attenuation, also known as intrinsic bioremediation, is 

by definition an in situ process and consists on the degradation of toxic compounds by 

indigenous microorganisms, without any addition, modification or interference (Rifai, 

1998; Delisle and Greer, 2004). Intrinsic bioremediation can be considered a “hands-

off” approach as it relies entirely on natural processes, with no human intervention 

(Rifai, 1998; Klecka et al., 2001). The costs are low or almost non-existent as only 

monitoring of the contaminated site is required to make sure the attenuation process is 

working (Gavrilescu, 2005). Due to its simplicity, natural attenuation is or should be a 

component of all remedial solutions. However, this treatment strategy is slower than any 

other remediation process, mainly because the optimal conditions for natural 

degradation may not be gathered in the same site and time. Thus, this process may lead 

to an unefficient reduction of contaminant concentrations to acceptable levels. In order 

to overcome these limitations, several in situ bioremediation procedures have been 

developed, such as biostimulation and bioaugmentation. Biostimulation is a type of 

natural remediation in which the indigenous organisms of the polluted site are involved 

in the treatment, with their degradation capabilities improved due to the introduction of 
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bio-activity promotors, such as aeration (bioventing, biosparging), addition of nutrients, 

and adjustment of pH and temperature (Margesin et al., 2000). Bioaugmentation 

consists on the addition of indigenous or non-indigenous microorganisms able to 

biodegrade the target contaminant or acting as suppliers of catabolic genes (Wackett and 

Hershberger, 2001; Arshad et al., 2007).  

One of the most important limitations of the in situ bioremediation processes can 

be the heterogeneity of the polluted environment, which may seriously hamper the 

process effectiveness (Dua et al., 2002; Rieger et al., 2002; Gavrilescu, 2005). 

Moreover, these processes are sometimes difficult to manage, control and predict. For 

these reasons, the use of ex situ bioremediation strategies such as land farming (use of 

farming, tilling and amendment techniques to stimulate indigenous biodegradative 

microorganisms), composting (mixing of contaminant with compost containing 

bioremediation organisms), biopiles (hybrid of land farming and composting) and 

bioreactors (treatment of contaminant in a large tank containing degradative organisms) 

are sometimes preferred solutions (Gavrilescu, 2005; Singh, 2008).  

 

 

1.5. The rice culture and the use of pesticides 

 

Rice, along with wheat and corn, is amongst the most consumed crops in the 

world. Almost two billion people depend on rice for their staple diet (Ronald, 1997), 

especially in tropical Latin America and East, South and Southeast Asia (FAO, 2008). 

Rice provides more than one fifth of the calories consumed worldwide by humans 

(Smith, 1998). In early 2008, some governments and retailers began rationing supplies 

of the grain due to fears of a global rice shortage (United States Department of 

Agriculture-USDA, 2008).  
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1.5.1. Rice production and consumption around the world 

 

Rice culture is well-suited to countries and regions with high rainfall as it requires 

high quantities of water for cultivation. Although rice species are native of South Asia 

and certain parts of Africa, centuries of trade and exportation have made it 

commonplace in many countries. 

World production of rice has risen steadily from about 200 million tonnes in 1960 

to 645 million tonnes in 2007. At least 114 countries grow rice and more than 50 have 

an annual production of 100 000 tonnes or more (IRRI, 2008). An evaluation of the rice 

harvested area (Figure 1.1A) shows Asia as the major rice producer with a cereal crop 

area higher than 140 million hectares. About 90 % of the total production is 

concentrated in this world area, with three countries, China (26 % of world production 

in 2004), India (20 %) and Indonesia (9 %), growing almost half of the global rice crop. 

Africa and South America have the second higher rice crop areas, contributing with 6 

and 3 % of world production, respectively. The United States and Europe rice crop area 

constitute only 0.7 and 0.4 % of the global harvested area, respectively (FAO, 2007). In 

Portugal, rice occupies 21 132 hectares (FAO, 2007), distributed by the Mondego, Tejo 

and Sado river basins (Figure 1.1B).  
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1Figure 1.1 – Rice culture around the world.                                                                    

A, Rice crop harvested area in the year 2007; B, Rice agricultural areas                         

in Portugal (major areas are indicated by the blue circles).                                    

Sources: IRRI, Philippines (2005); FAO (2008). 

 

The traditional method of rice cultivation involves flooding of rice paddies during 

part of the agricultural cycle (Figure 1.2). Reasons for flooding include efficient growth, 

rice's poor water stress tolerance and its ability to flourish in submerged soil where 

many competitive grasses and broadleaf weeds cannot survive. About 75 % of the 

world's rice needs are produced in irrigated lowlands (Maclean et al., 2002)          

(Figure 1.3). However, the decreasing water availability for agriculture led to the 

development of alternatives (Guerra et al., 1998) such as rainfed culture where rice 

growth relies on rainfall (Kono, 1991) and upland (non-flooded) rice. Rainfed rice 

B 



Introduction 

13 

culture prevails over a large area in Monsoon Asia, especially in the eastern half of the 

Indian subcontinent and Southeast Asia whereas upland rice is grown mostly in Africa 

and in a large area of South America (Figure 1.3). 

 

 

 

 

 

 

 

 

 

 

 

 

 

2Figure 1.2 – Paddy fields at different stages of the rice agricultural cycle.            

A, by A. R. Lopes; B, by Luis Chainho; C, by Alan Nesbit. 
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3Figure 1.3–Rice growing methods around the world (each dot represents 5000 ha, 

• irrigated fields, • rainfed, flooded fields, • non-flooded fields).                          

Sources: IRRI, Philippines (2005). 

 

When looking at rice trade, the situation is quite different from the production 

statistics as only 5-6 % of the rice produced is traded internationally. The three main 

rice exporting countries are Thailand (26 %), Vietnam (15 %) and the United States   

(11 %) (FAO, 2007). Although China and India are the top producers of rice, both 

countries consume the major part of the produced cereal. In Asia, rice consumption is 

frequently higher than 80 kg per person per year. In the subtropics such as South 

America, Africa and the Middle East, the average consumption per capita is between 30 

and 60 kg per person per year. Considerably lower consumptions per capita are 

observed in Europe and United States with less than 10 kg per person per year (USDA, 

2004). Portugal is slightly above, with a rice consumption of 14.5 kg per person per 

year, representing the highest value in Europe (Andrade and Jordão, 2008). 
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1.5.2. The use of pesticides in rice culture 

 

As in other cereal crops, rice culture is susceptible to pests, which have the 

potential to reduce the yield or value of the rice crop (Jahn et al., 2007). Rice pests 

include weeds, pathogens, insects, rodents and birds. Weeds belonging to the genus 

Echinochloa are one of the major rice pests. This group includes about 50 of the most 

important weed species in crops worldwide and in paddy fields, in particular (Michael, 

1983; Yabuno, 1983), where they are very successful competitors due to their broad 

ecological tolerance and ability to mimic the crop (Barrett, 1983; Fischer et al., 1997; 

Danquah et al., 2002; Gibson et al., 2002). Some of them (Echinochloa crus-galli) can 

grow both in dry and flooded soils (Benvenuti et al., 1997). Yield losses caused by 

Echinochloa spp. infestations in rice can be very severe, with losses up to 70 % (Vidotto 

et al., 2007; Syngenta, 2008).  

One of the major challenges facing rice crop protection specialists is to develop 

pest management techniques which are sustainable and do not threaten crop production 

yields (Jahn et al., 2001). The application of pesticides is one the major rice pest 

management practices. In fact, rice is an important crop in terms of pesticide use, 

particularly herbicides, fungicides and insecticides (Sudo et al., 2005; Faria et al., 

2007). In Europe, the main pesticides used for weed control in paddy fields are propanil, 

bentazone, MCPA and molinate (MED-Rice, 2003; Kuster et al., 2008). The 

insecticides fenitrothion and malathion are employed occasionally if necessary. The use 

of high amounts of pesticides poses a high risk of contamination of surface and ground 

waters near rice cropping areas and cause adverse effects on aquatic organisms 

(Karpouzas and Capri, 2006; Padovani et al., 2006; Barata et al., 2007). In recent years, 

several studies have reported the contamination of drainage channels and rivers with 

high levels of rice-associated pesticides (Pereira and Hostettler, 1993; Albanis et al., 

1994; Crepeau and Kuivila, 2000; Tanabe et al., 2001; Sudo et al., 2005; Konstantinou 
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et al., 2006). For these reasons, paddy fields can be considered one of the most 

important nonpoint sources of water pollution by pesticides.  

Herbicides applied to paddy fields remain in the soil surface layer and interact 

with the incoming water. Their leaching can occur vertically through the soil profile and 

horizontally under the levee. During fine weather, the main cause of herbicide transport 

is infiltration, although a small part may be due to surface runoff induced from artificial 

drainage, inadequate water management and leakage from the levee. During a rainfall 

event, herbicide outflow from the paddy fields may be accelerated to some extent by 

infiltration and runoff. In fact, several authors have shown that rainfall events can 

contribute to paddy pesticide loads into water environments (Takahasi et al., 2000; 

Dabrowski et al., 2002). However, a significant outflow from field outlets may only 

occur during heavy rainfall, when the water depth in paddy fields exceeds the height of 

the outlets (Sudo et al., 2005).  

The management of pesticides in rice production can be a challenging task due to 

variable agronomic practices, the already referred rapid runoff during high rainfall 

events and often close proximity of rice fields to surface waters such as drains, rivers 

and wetlands (Christen et al., 2006). In order to minimize environmental impacts 

associated with pesticides and to protect human health, rice farmers should practice a 

good water management and avoid an over-application of pesticides (Kreuger, 2001; 

Ebise and Inoue, 2002; Watanabe et al., 2006). Concerning water management, the 

water holding period (WHP) requirement in rice fields after pesticide application is one 

of the main factors that significantly reduces pesticide loadings in the receiving waters 

(Watanabe et al., 2006). WHP can be defined as the period after pesticide application 

during which water must not be released from the rice paddy. This period allows time 

for pesticide residues to dissipate to values that are acceptable for environmental 

protection. The length of WHP depends on several factors such as climate conditions, 

type of pesticide and agricultural practices. Nevertheless, the degree of dissipation of 

pesticides within this period is not always fully known and frequently residues are 
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detected in surface waters (Christen et al., 2006). Consequently, the development and 

implementation of technologies for treatment of sites contaminated with rice pesticides 

are gaining increasing importance.  

 

 

1.6. Molinate – a thiocarbamate herbicide applied in rice paddies 

 

Until the 1950’s, chlorinated compounds were the most used pesticides. However, 

the recalcitrance, susceptibility to bio-magnification as well as toxicity of these 

substances raised public health concerns (Chapalamadugu and Chaudhry, 1992) and led 

to the development of biodegradable carbamates and organophosphorated compounds. 

These new substances gradually replaced most of the chlorinated pesticides and 

nowadays continue to be the active ingredients of some herbicides and of most of the 

insecticides in use.  

Thiocarbamates constitute a class of carbamates and are derived from the 

thiocarbamic acid. Their general structure is represented in Figure 1.4. Currently there 

are seven thiocarbamates registered for use as herbicides in agriculture: EPTC, 

molinate, pebulate, triallate, butylate, cycloate and thiobencarb.  

 

 

 

 

4Figure 1.4 – General structure of thiocarbamates. 

 

 



Introduction 

18 

 

Molinate is widely used for weed control in rice culture worldwide, being 

effective against barnyardgrass (Echinochloa spp.) and germinating broad-leaved weeds 

(Weed Science Society of America, 1983; Worthing, 1991). It is a selective and 

systemic herbicide, rapidly absorbed by the plant root system and translocated to the 

leaves through the xylem (Syngenta, 2008). Both rice plants and barnyardgrass absorb 

molinate. However, barnyardgrass absorbs higher amounts of herbicide than rice plants, 

which may form the basis for its selective toxicity (Chem et al., 1968; Imai and 

Kuwatsuka, 1984; Mabury et al., 1996; Hsieh et al., 1998). Molinate action mechanisms 

to control sensitive weeds include interference in lipid biosynthesis and inhibition of 

cell division during mitosis (Tomlin, 2000).  

Molinate is the active ingredient of the commercial herbicide Ordram and is 

applied in rice fields once a year. It can be applied at different stages, namely in pre-

planting, post-flood or post-emergence, both in transplanted and in direct seeded rice 

systems. When applied before planting, the herbicide is incorporated into the soil. In the 

post-flood and post-emergence application, the herbicide is added directly to the flood 

water when the plants are still small. Barnyardgrass must be at least 2/3 (preferably 

totally) submerged at time of herbicide application. The amount of molinate that is used 

in rice fields depends on weather, acreage planted and application method (Mabury et 

al., 1996). In Portugal, a granular formulation of Ordram with 7.5 % (w/w) of molinate 

is applied generally between April and June to flooded rice paddies at a rate of             

60 kg ha-1.  

The repeated and intensive use of molinate can lead to the development of 

resistance in several weed populations. In order to avoid this, the application of 

molinate should be alternated with other different herbicides (Bayer, 2003). 
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1.6.1. Physical and chemical properties of molinate 

 

The molecular formula of molinate (azepan-1-yl-ethylsulfanyl-methanone) is 

C9H17NOS (Figure 1.5).  

The analysis of molinate properties is a valuable tool to predict its fate in the 

environment (Table 1.2). Molinate is considered highly soluble and has a medium to 

low adsorption coefficient (Table 1.2). The simultaneous high water solubility and poor 

adsorption to soil facilitates the mobility of molinate in the environment and favours its 

leaching, representing a risk to surface and ground water contamination (Wauchope et 

al., 1992; Silva et al., 2006).  

The chemical Henry’s law constant (H) relates the vapour pressure with the 

maximum water solubility and gives an indication on a chemical’s volatility. Among 

rice pesticides, molinate has the higher H value (Table 1.2) and can consequently be 

considered the most volatile (Mabury et al., 1996). 

The solvent partition coefficient of a chemical (Kow where the organic solvent is 

1-octanol) can be directly related to the bioconcentration factor (BCF): the higher the 

values of these parameters, the greater the ability to bioconcentrate (Mabury et al., 

1996). Molinate has low values for both solvent partition coefficient and 

bioconcentration factor (Table 1.2) and therefore is not expected to bioconcentrate to a 

great extent. 
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5Figure 1.5 – Chemical structure of the thiocarbamate herbicide molinate. 
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2Table 1.2: Physical-chemical and partition coefficients properties values for 

molinate. 

Property/Coefficient Value Reference 

Molecular weight  

(g mol-1) 
187.3 Tomlin, 2000 

Melting point 

(ºC) 
<25 Tomlin, 2000 

Water solubility 

(mg l-1) 
880 Kidd and James, 1991 

Vapour pressure  

(Pa) 
0.746 Tomlin, 2000 

Kow 2.88 Kidd and James, 1991 

Koc 190 Hornsby et al., 1996 

Henry’s law constant (H) 

(m3 atm mol-1) 
3.10 x 10-6 Mabury et al., 1996 

Calculated Bioconcentration 

Factor (BCF) 
26 Mabury et al., 1996 

 

1.6.2. Toxicology of molinate 

 

A review of the toxicological information available on molinate revealed that the 

most critical/sensitive toxicological endpoints from repeated exposure to this herbicide 

are adverse reproductive effects, neurotoxicity and possible oncogenicity (Cochran et 

al., 1997). Given that this herbicide is applied only once a year during approximately a 

six week period, it is expected that exposure effects are mostly short term and seasonal. 

However, and in spite of such seasonality and short term use, some data suggest that the 

neurotoxic effects may not be reversible (Cochran et al., 1997).  
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Since the 1970’s, a number of studies with molinate contacting rodents has led to 

concern for human reproductive health (Stoker et al., 2005). In male rodents, 

administration of molinate via oral or inhalation routes caused adverse reproductive 

effects such as abnormal sperm morphology, testicular degeneration and decreased 

fertility (Ellis et al., 1998). These effects were attributed to a marked reduction on 

circulating and testicular testosterone induced by the pesticide (Ellis et al., 1998). From 

these studies, the short-term oral no-observed-effect-level (NOEL) was set at            

11.5 mg kg-1 day-1 for reduced fertility in rats (Cochran et al., 1997). Molinate has also 

been found to be a reproductive toxicant in female rats. Gilles and Richter (1989) 

reported ovarian interstitial tissue vacuolization and cystic follicles in the ovaries of 

molinate treated rats which presaged infertility. The NOEL set for this effect was       

1.9 mg kg-1 day-1 (Cochran et al., 1997). More recently, Stoker et al. (2005) determined 

that molinate has a dramatic effect on the neuroendocrine control of ovarian function in 

the rat. 

The results obtained on studies with rodents suggest that molinate should be 

considered a potential human reproductive toxicant (Cochran et al., 1997). Possible 

deleterious effects of molinate on humans are illustrated by several symptoms such as 

nausea, dysentery, abdominal pain, fever, weakness and conjunctivitis. These effects 

have been attributed to consumption of ground water contaminated with molinate 

(Stevens and Summer, 1991).  

Molinate has also been reported as a low to moderate toxicant to fish. The most 

evident example comes from California, in a report where molinate discharge into 

agricultural drains flowing into the river had regularly been followed by high fish 

losses, mainly of common carp (Tjeederma and Crosby, 1988). In Spain, in the Ebro 

river delta, seafood farmers have recently complained about the loss of production 

during rice cultivation, which has raised public concern about pesticide toxicity (Kuster 

et al., 2008). The 96 h LC50 values of molinate for fish include 0.21 mg l-1 for common 
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carp, 12.1 mg l-1 for striped bass (Finlayson and Faggella, 1986), 1.3 mg l-1 for rainbow 

trout (Meister, 1991) and 30 mg l-1 for goldfish (Kidd and James, 1991). As a 

thiocarbamate herbicide, molinate primarily affects the acetylcholinesterase activity in 

fish, which is an enzyme responsible for deactivating nerve impulses (USEPA, 2000; 

Pena-Llopis et al., 2001). Molinate also causes severe hemorrhagic anaemia in carp 

(Kawatsu, 1977).  

 

1.6.3. Environmental contamination with molinate 

 

Molinate is one of the pesticides most used in rice crop and is regularly applied 

under flooded conditions. In order to avoid and control molinate runoff from paddy 

fields it is recommended to withhold water in rice paddies for a minimum of 21-28 days 

(WHP in USA and Australia). However, in spite of these preventive measures, there are 

still runoff events with discharge of waters that still contain molinate and contaminate 

the environment. 

A number of studies have reported the occurrence of molinate in both surface and 

ground waters in several countries (Table 1.3). This herbicide was detected in 

concentrations ranging from 0.6 to 100 µg l-1 that exceed, in most of the cases, the 

current water quality guideline of 2 µg l-1 for molinate in surface waters (DL 261/2003) 

and also the parametric value of 0.1 µg l-1 for individual pesticides in water intended for 

human consumption (DL 306/2007). The maximum molinate concentrations were 

generally coincident with the period of herbicide application and a short time afterwards 

(between April and June) and diminished significantly during the following months. 

Therefore, it is possible to conclude that molinate contamination in the environment 

follows a seasonal variation. 
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3Table 1.3: Molinate detection in surface and ground waters around the world reported by different studies (maximum concentration 

detected). 

Country 
Molinate 

(µg l-1) 
Water type and time of detection Reference 

Portugal 

16.3 

48 

3.9 

15.8 

59.0 

Shallow well (point contamination, after pesticide application-June) 

River (shortly after pesticide application-June) 

Well next to rice fields (before rice seeding-March) 

River receiving tail waters (rice crop final treatment-June) 

Irrigation well –Sado basin (April-October) 

Batista et al., 2002 

Cerejeira et al., 2003 

Castro et al., 2005 

Castro et al., 2005 

Silva et al., 2006 

Spain 
0.8 

0.9 

River receiving run-off waters from rice fields (May-September) 

Drainage channels (growing season of rice-May) 

Claver et al., 2006 

Kuster et al., 2008 

Greece 1 Drainage/irrigation channels (rice cultivation season, April-July) 
Papadopoulou-Mourkidou  

et al., 2004 

USA 
18 

0.6 

Irrigation tailwaters (May-June) 

River receiving drainage waters from rice fields(mid-May) 

Mabury et al., 1996 

Kuivila and Jennings, 2007 

Australia 
42 

100 

Drainage channels from rice fields (May-June) 

Drainage waters from rice fields (May) 

Julli and Krassoi, 1995 

Bowmer et al., 1998 

Japan 
75.5 

7.9 

River receiving tail waters from rice paddies (May-June) 

River receiving tail waters from rice paddies (end of May) 

Tsuda et al., 1997 

Sudo et al., 2005 
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1.6.4. Molinate dissipation and degradation 

 

To gain further understanding on the fate of pesticides, so that management 

practices and treatment strategies can be devised and employed to minimize any 

harmful effects, it is important to assess the dissipation and degradation mechanisms of 

these xenobiotics within rice fields (Christen et al., 2006). Among pesticides applied to 

rice culture, molinate is the one that raises more concern.  

From the moment of its application, molinate undergoes volatilization, adsorption 

and chemical and microbiological transformations in the environment (Molinari et al., 

1992). The contribution of each of these routes to the fate of molinate in the 

environment is not consensual and depends on numerous factors.  

Soderquist et al. (1977) and Quayle et al. (2006) suggested that volatilization is 

the primary mode of dissipation of molinate. The volatilization loss was negligible at  

15 ºC but very rapid at 28 ºC. In fact, the volatilization rate is strongly affected by 

factors such as temperature, humidity, wind speed, soil characteristics including 

colloidal load, and mode of pesticide application. It has been shown that molinate 

volatility is significantly reduced when paddy water becomes more turbid with 

microbial growth and colloidal suspensions over time (Johnson and Lavy, 1995). 

Furthermore, Soderquist et al. (1977), Carrasco et al. (1992), Konstantinou et al. (2001) 

and Kuivila and Jennings (2007) reported that photochemical degradation is a major 

degradation route of molinate in paddy water. These authors concluded that in the 

presence of light and photosensitizers such as the amino acid tryptophan, molinate is 

degraded into metabolites like molinate sulfoxide and sulfone which are further 

converted to hexamethyleneimine and ethanesulfonic acid (Soderquist et al., 1977). 

Moreover, the pH influences the stability of photooxidation products and consequently 

the fate of molinate in the environment. According to these same authors, chemical 
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hydrolysis and microbial degradation are negligible and the pattern of molinate loss 

from a rice field can be described as volatilization (75-85 %), photolysis (5-10 %), soil 

adsorption and metabolism (<10 %), plant uptake and metabolism (<5 %) and aqueous 

microbial metabolism and hydrolysis (both <1 %).  

On the contrary, Deuel et al. (1978) suggested that biological degradation is the 

principal mode of molinate dissipation. They noted that herbicide dissipation rates were 

affected by redox potential, being drastically reduced at values below +72 mV. 

The detection and the time variation of molinate degradation products in soils, 

water and plants permitted the definition of three main pathways for molinate 

degradation (Figure 1.6) (Soderquist et al., 1977; Thomas and Holt, 1980; Golovleva et 

al., 1981; Imai and Kuwatsuka, 1982). In the first pathway, the sulphur atom of 

molinate is oxidized to yield sulfoxide and sulfone, and the latter may be further 

hydrolyzed to hexamethyleneimine. The second route consists on the oxidation of the 

carbons of positions 2 and 4 of the azepane ring, which leads to the formation of 

hydroxy- and subsequently oxo-molinate metabolites. The third route is the oxidation of 

the ethyl moiety of molinate. This moiety is oxidized to yield molinate-alcohol and 

further molinate-acid. Imai and Kuwatsuka (1982) suggested that the second pathway 

might be the main degradation pathway under upland conditions, while the third route 

might mainly occur under flooded conditions. 
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6Figure 1.6 – Proposed metabolic pathways for degradation of molinate               

(adapted from Soderquist et al., 1977; Thomas and Holt, 1980;                         

Golovleva et al., 1981; Imai and Kuwatsuka, 1982). 

 

All the processes described above contribute for molinate dissipation and 

degradation in the environment, resulting in half-life times in the range of 3-10 days for 

paddy water and 5-27 days for paddy soil (Tanji et al., 1974; Soderquist et al., 1977; 

Deuel et al., 1978; Ross and Sava, 1986; Wauchope et al., 1992; Johnson and Lavy, 

1995; Mabury et al., 1996; Thomas et al., 1998; Quayle et al., 2006). In flooded soils 

the half-life of molinate is generally higher than in upland conditions (Molinari et al., 

1992). Molinate can be, thus, considered as a pesticide with medium to low persistence 

in the environment (Table 1.1; Fushiwaki and Urano, 2001; Claver et al., 2006). 
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1.6.5. Organisms capable of molinate transformation 

 

Several bacteria and fungi were described as able to degrade molinate, both in 

pure and in mixed cultures. Previous studies in Russia (Klysheva et al., 1980; 

Golovleva et al., 1981; Zyakun et al., 1983) described some strains of the genera 

Alcaligenes, Arthrobacter, Bacillus, Enterobacter, Micrococcus, Mycococcus, Nocardia 

and Streptomyces capable of molinate biodegradation. Later, Imai and Kuwatsuka 

(1986a, b, c) isolated six strains of bacteria (Actinobacillus sp., Bacillus sp., 

Flavobacterium sp., Moraxella sp., Mycobacterium sp., Streptomyces sp.) and one 

fungal strain (Fusarium sp.) with molinate-degrading ability. Furthermore, Carrasco et 

al. (1992) and Daffonchio et al. (1999) reported, respectively, one strain of 

Pseudomonas fluorescens and one strain of Streptomyces sp. as molinate degraders. 

More recently, Torra-Reventós et al. (2004) isolated a strain of the fungi Aspergillus 

niger with the ability to degrade the herbicides thiobencarb, butachlor and molinate. 

Molinate degradation by a mixed culture of two actinobacteria strains of the genera 

Streptomyces and Arthrobacter was also reported (Molinari et al., 1992). 

All the cultures referred above degraded molinate through a co-metabolic process, 

as none of these organisms was capable to use molinate as the only source of carbon, 

energy or nitrogen. Moreover, the majority of these cultures did not mineralize 

molinate, which was only converted into partially oxidized products through the 

metabolic pathways described before (Figure 1.6). For instance, cultures of 

Mycobacterium sp. and Flavobacterium sp. (Imai and Kuwatsuka 1986a, b, c) 

accumulated molinate-alcohol and molinate-acid as a result of molinate ethyl moiety 

oxidation. The strain of Pseudomonas fluorescens described by Carrasco et al. (1992) 

accumulated molinate-sulfoxide and hexamethyleneimine. Golovleva et al. (1981) 

identified 2-hydroxy-molinate and hexamethyleneimine as the major degradation 

products of Mycococcus sp. The exceptions were the actinomycete Streptomyces sp. and 
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the fungus Fusarium sp. isolated by Imai and Kuwatsuka (1986a, b, c), which were able 

to convert part of the molinate molecule in CO2 and H2O (i.e. mineralize). However, 

only approximately 10 % of the initial 35 mg l-1 molinate was converted to CO2 by the 

Streptomyces sp. strain. The remaining molinate was found mainly in the form of         

4-hydroxy-molinate and 4-oxo-molinate (~50 %), and 2-oxo-molinate, sulfoxide-

derivates and hexamethyleneimine (less than 5 %) (Imai and Kuwatsuka, 1986c). 

Cultures of Fusarium sp. with 40 mg l-1 molinate could mineralize 24.5 % of the initial 

molinate and incorporate this herbicide (~1 %) in cell constituents. This organism 

accumulated mainly 3- and 4- hydroxy and oxo-derivatives, which constituted about   

23 % of the initial molinate concentration. Other unidentified acidic and hydrophilic 

transformation products were also detected (Imai and Kuwatsuka, 1986c). The residual 

molinate detected at the end of the incubation period of the cultures of both 

Streptomyces sp. and Fusarium sp. constituted at least 27 % of the initial herbicide 

content. 

 

1.6.6. Problems associated with molinate degradation under natural conditions 

 

The microbial oxidation products, namely molinate-sulfoxide and sulfone, seem 

to be widespread products of molinate. The oxidation of molinate to the sulfoxide-

derivative occurs during the chlorination process employed in water treatment facilities, 

when the water is contaminated with this herbicide (Cochran et al., 1997). This 

sulfoxide-derivative is also produced by eukaryotic cells, including human liver cells, 

during oxidative metabolism of high doses of molinate. In mammals, glutathione 

conjugation following hepatic sulfoxidation represents a thiocarbamate detoxication 

pathway (Casida et al., 1975; Jewell and Miller, 1999). Molinate is sulfoxidized in 

erythrocytes, efficiently detoxified via glutathione conjugation and further metabolized. 

Under these conditions, significant undesirable hemoglobin carbamylation do not occur. 

However, when high levels of molinate-sulfoxide and sulfone are present, they saturate 
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the glutathione conjugation system, leaving substantial amounts of metabolite for 

possible hemoglobin carbamylation with consequent toxic effects (Tjeerdema and 

Crosby, 1988). Additionally, molinate-sulfoxide is capable of eliciting testicular damage 

in humans at lower levels than molinate (Jewell and Miller, 1998). These mechanisms 

may explain the higher toxicity of molinate-sulfoxide and sulfone metabolites when 

compared with the parent molecule. Moreover, these compounds are described as being 

more persistent than molinate (Tjeerdema and Crosby, 1988). 

As molinate oxidation reactions are thought to occur extensively, through both 

biological and chemical processes, the contamination of waters with this thiocarbamate 

may have more harmful consequences than initially assumed. Consequently, it is 

important to monitor the molinate oxidized products and to develop strategies that 

permit the achievement of molinate mineralization. However, until the beginning of this 

study, no microorganism, able to grow on molinate as the only carbon source and to 

degrade it without the accumulation of dead-end products, was isolated. 
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2. ROADMAP FOR THE THESIS 

 

 

Preliminary note:  The core of this thesis is composed of 3 articles, 2 of which 

are already published in refereed scientific journals while the third one is submitted for 

publication.  

 

 

In 1997, the owner of a Portuguese molinate producing industry, aware of the 

negative impacts that this herbicide might have on the environment, suggested the 

development of a biological treatment system for molinate polluted waters. From this 

suggestion, a collaboration project involving the Chemical Engineering Department of 

the Faculty of Engineering of University of Porto, the Chemical Department of the 

Faculty of Science and Technology of the New University of Lisbon, and the 

Biodegradation Research Group of the Division of Microbiology from the Helmholtz 

Centre for Infection Research (HZI), former German Research Centre for 

Biotechnology (GBF) has started. The bibliographic information about organisms able 

to degrade molinate was scarce, and the reports available pointed out that the microbial 

degradation of molinate would lead to the accumulation of degradation products with 

increased toxicity. Thus, for the researchers involved in this project at that time, the first 

objective was to isolate organisms able to mineralize molinate without the accumulation 

of toxic compounds. To achieve this task, a sample of contaminated soil and water was 
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collected nearby the molinate producing industry. After enrichment in mineral medium 

with molinate, it was possible to isolate a mixed culture able to mineralize the herbicide 

as the sole source of carbon, energy and nitrogen. To better understand the molinate 

degradation promoted by this mixed culture, its components were isolated. Five 

bacterial strains were identified as Pseudomonas chlororaphis (ON1), 

Stenotrophomonas maltophilia (ON2), Pseudomonas nitroreducens (ON3), an 

actinobacteria, classified as a new genus and a new species and designated Gulosibacter 

molinativorax (ON4T) (Manaia et al., 2004), and Achromobacter xylosoxidans subsp. 

denitrificans (ON5). Interestingly, high concentrations of molinate (4 mM) were 

depleted by the defined culture constituted by a mixture of these 5 isolates, but none of 

the axenic cultures was able to grow in such conditions. Because no degradation 

products were detected in the culture medium, at this stage of the project it was thought 

that we could be in the presence of a new biological pathway of molinate degradation, 

but the only achievement of the project was the certainty that the five isolates were 

involved in molinate mineralization. The work presented in this thesis was designed to 

answer some of the questions raised at that time.  

The first aim of this work was to understand the role of each isolate in molinate 

mineralization. When each of the five axenic cultures was cultivated in a wide range of 

molinate concentrations, only isolate ON4 was able to grow and degrade molinate, but 

only at low concentrations. Moreover, this degradation was not complete: a gas 

accumulated in the culture flask headspace, as was noticeable by its strong odour. This 

was the first evidence of the accumulation of a molinate degradation product by the 

defined mixed culture, and the identification of this compound constituted a second 

objective of this work. The recognition that this gas was ethanethiol, never described 

before as a molinate degradation product, and the absence of other described 

compounds resultant of molinate biological breakdown (as molinate-sulfoxide), 

suggested that this strain presented a new molinate metabolic degradation pathway. On 

the other side, it was also important to understand why the five-member mixed culture, 
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but not isolate ON4, was able to mineralize the high concentrations of herbicide without 

the accumulation of degradation products. This was accomplished with the study of the 

behaviour of mixtures of the different isolates. These studies revealed that a mixture of 

the Gram-negative isolates (ON1-3 and ON5) was able to consume the ethanethiol 

produced by isolate ON4. Doing so, the Gram-negative strains relieved the toxic effect 

of high concentrations of ethanethiol on isolate ON4. 

At this stage, part of the initial question was answered: isolate ON4 was 

responsible for the initial molinate breakdown, through a new metabolic pathway, but 

the mineralization of molinate without the accumulation of degradation products was 

only possible when the other members of the mixed culture were also present. Thus, a 

metabolic and detoxifying association was necessary for molinate mineralization by the 

defined mixed culture (named culture DC). The results obtained are described in section 

3 - A Novel Pathway for Mineralization of the Thiocarbamate Herbicide Molinate by a 

Defined Bacterial Mixed Culture. 

However, there were more questions to be answered. We still did not know if all 

the Gram-negative isolates were able to consume the ethanethiol and the fate of the 

other part of the molinate molecule was totally unknown at this stage. Thus, a set of 

experiments with axenic cultures grown on the sulphur compound were conducted and 

revealed that among the four Gram-negative isolates, only ON1 and ON2 were 

responsible for ethanethiol depletion. 

Because under the growth conditions initially used, only compounds resultant 

from the S-ethyl moiety of molinate were accumulated, nothing was known on the 

degradation of the azepane ring moiety of this herbicide. A hint on the possible 

identification of such a degradation product was obtained from the results of a parallel 

study of our research team. In that study, it was observed that mixed culture DC was 

able to degrade molinate under anoxic conditions, but without its mineralization 

(Correia et al., 2006). Thus, the use of anoxic resting cells was a valuable tool to isolate 

high amounts of the unknown intermediary. The identification of this metabolite 
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required the use of sophisticated analytical methods, as it was not identical to any other 

chemically related commercial compound. These assays, in collaboration with the 

Institute of Chemical and Biological Technology (ITQB) from the New University of 

Lisbon, led to the identification, by NMR, of the new metabolite (azepane-1-carboxylic 

acid - ACA). At this time, a second important question of this work was answered: the 

initial molinate breakdown, promoted by isolate ON4, releases ethanethiol and ACA. 

Now it was time to understand which members were able to consume ACA, and 

which were the metabolites formed during its consumption. Axenic cultures and resting 

cells assays of each member of mixed culture DC revealed that only isolates ON1, ON3 

and ON4 were able to grow on ACA. Because no other metabolite was detected with the 

available techniques, to understand the further steps of ACA degradation it was 

necessary to search on the literature for mechanisms of heterocyclic ring cleavage. Two 

different pathways were described. Through the utilization of commercial compounds, 

corresponding to hypothetic metabolites formed through each of these two possible 

degradation mechanisms, as sole carbon source of cultures of those three isolates, it was 

found that the Gram-negative isolates (ON1 and ON3) and isolate ON4 degraded ACA 

through distinct pathways. 

At this time, the putative molinate degradation pathway was proposed. The results 

obtained until this stage of the work permitted to acknowledge the robustness and 

harmless behaviour of mixed culture DC, and thus, the possibility to use it as a molinate 

bioremediation tool. The results of this study are presented in section 4 - New Insights 

into a Bacterial Metabolic and Detoxifying Association Responsible for the 

Mineralization of the Thiocarbamate Herbicide Molinate. 

Given that the study of the molinate degradation pathway deviated the course of 

this project from its most applied facet, the next step forward was the development of a 

clean-up methodology to decontaminate real waters, in which the use of mixed culture 

DC could be of great value. In previous studies, culture DC capability to mineralize 

molinate was only assessed in mineral medium and at high concentrations of the 
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pesticide (1-4 mM). It was important to determine the ability of culture DC to degrade 

low concentrations of molinate in real waters, i.e., in the absence of specific mineral 

nutrients, in the presence of a complex set of organic and mineral components, and 

facing the competition of the autochthonous microbial communities. Moreover, it was 

interesting to assess the impact of rice crop management on the autochthonous bacterial 

communities of real waters, and in the case of a bioremediation process, also the impact 

of culture DC inoculation. Therefore, flood water of a rice paddy with history of 

pesticide application was collected at different stages of the rice crop cycle and its 

bacterial community composition was followed over time as well as their ability to 

degrade molinate. The main phylogenetic groups detected in this ecosystem included 

members specific to rice paddies as well as bacteria associated with other aquatic and 

soil habitats (Verrucomicrobia, Bacteroidetes, Actinobacteria and Betaproteobacteria).  

The inability of the autochthonous microbiota to degrade molinate and the 

negative impact that the application of Ordram had in the bacterial community, justified 

the use of culture DC as a bioremediation tool. In microcosm assays, this culture was 

capable of removing 55-80 % of the 0.3-1.5 mg l-1 of the contaminant herbicide, aiding 

simultaneously in the re-establishment of flood water bacterial community richness, and 

being readily eliminated from that community. 

Finally, this study answered the ultimate question. Mixed culture DC seems to be 

a promising bioremediation tool to treat molinate contaminated waters. The results of 

the last study are shown in section 5 - Bacterial Richness and Bioaugmentation in Flood 

Water of a Rice Paddy Field in the Presence of the Herbicide Molinate. 
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3. A NOVEL PATHWAY FOR MINERALIZATION OF THE 

THIOCARBAMATE HERBICIDE MOLINATE BY A DEFINED 

BACTERIAL MIXED CULTURE 

 

 

ABSTRACT  

 

A bacterial mixed culture able to mineralize molinate was established, through 

enrichment, using mineral medium with molinate as the only carbon, nitrogen and 

energy source. The combination of five cultivable isolates, purified from the enrichment 

culture, permitted the reconstitution of a degrading consortium. Both enrichment and 

defined cultures were able to mineralize molinate without accumulation of degradation 

products by the end of the growth. Among the five isolates constituting the defined 

mixed culture, an actinobacteria, strain ON4, was essential for biodegradation, being 

involved in the cleavage of the thioester bond of molinate, the initial step of the 

degradation pathway. Isolate ON4 was able to grow on molinate at concentrations 

below 2 mM, with the accumulation of ethanethiol and diethyl disulphide. These 

sulphur compounds were toxic to strain ON4 when accumulating at higher 

concentrations. However, this inhibitory effect was avoided by the presence of other 

members of the mixed culture, out of which isolates ON1 and ON2 were observed to 

consume ethanethiol and diethyl disulphide. In this way, interactions among defined 

mixed culture members involve metabolic and detoxifying association. 
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To our knowledge, this is the first description of a microbial community capable 

of molinate degradation as the only carbon and nitrogen source, without accumulation 

of dead-end products. The mixed culture isolated during this study represents a valuable 

tool for the decontamination of molinate polluted sites.  

 

Keywords: Molinate, thiocarbamate, herbicide, biodegradation, mineralization, 

identification, co-operation. 

 

 

3.1. Introduction 

 

Molinate (azepan-1-yl-ethylsulfanyl-methanone) is a systemic thiocarbamate 

herbicide used worldwide to control weeds in rice paddies. Molinate is applied to 

flooded fields, and due to the flow of water between the fields and surroundings, 

contamination of receiving waters has occurred in various countries at levels                

up to 100 µg l-1 of the herbicide (Carrasco et al., 1987; Julli and Krassoi, 1995; Mabury 

et al., 1996).  

A review of the toxicological information of molinate indicates that molinate has 

adverse reproductive effects, is neurotoxic and possible oncogenic (Cochran et al., 

1997). 

According to literature, dissipation of molinate in fields is mainly due to 

volatilization (75-85 %), although photolysis (5-10 %), and adsorption and 

biodegradation (5-10 %) are also supposed to occur (Soderquist et al., 1977; Rajagopal 

et al., 1984; Mabury et al., 1996). 

Although molinate is considered one of the most recalcitrant thiocarbamates 

(Nagy et al., 1995), several soil and water microorganisms, both in mixed populations 

or in pure cultures (fungi and bacteria), have been reported to convert molinate into 
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partially oxidized products (Klysheva et al., 1980; Golovleva et al., 1981; Zyakun et al., 

1983; Imai and Kuwatsuka, 1986a, b, c). Three main pathways have been proposed, 

based on products detected in molinate transforming microbial cultures, experimental 

soils and environmental samples (Soderquist et al., 1977; Thomas and Holt, 1980; 

Golovleva et al., 1981; Imai and Kuwatsuka, 1982). The oxidation of the ethyl moiety 

leads to the production of molinate-alcohol and molinate-acid, while hydroxy- and oxo-

molinate are derived from azepine ring oxidation. Molinate-sulfoxide and sulfone are 

formed as a consequence of sulphur oxidation, and it is supposed that such a chemical 

modification may lead to the release of hexamethyleneimine (HMI). The degradation of 

molinate and its oxidized derivatives, namely with regard to the enzymes/catalysts 

involved, is not understood. Molinate-sulfoxide seems to be a widespread oxidation 

product of molinate, being produced by eukaryotic cells (Jewell and Miller, 1999) or by 

chemical processes such as the chlorination employed in water treatment facilities 

(Cochran et al., 1997). Molinate-sulfoxide has been reported as being more persistent 

and, above all, more toxic to animals than molinate (Golovleva et al., 1981; Tjeerdema 

and Crosby, 1988; Ellis et al., 1998; Jewell and Miller, 1998, 1999). Because molinate 

oxidation is thought to occur extensively, the contamination of natural waters with this 

herbicide may have more malignant effects than previously assumed.  

This report describes a mixed bacterial culture able to mineralize molinate while 

using it as the only source of carbon, energy and nitrogen. Under these conditions, the 

defined mixed culture promoted molinate degradation without accumulation of dead-

end products. Among the five cultivable bacterial isolates composing the defined mixed 

culture, an actinobacteria was the only one capable of molinate transformation, in 

axenic culture. 
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3.2. Materials and Methods 

 

3.2.1. Chemicals  

 

Molinate (azepan-1-yl-ethylsulfanyl-methanone) of 99 % purity was obtained 

from Riedel-de Haën (Seelze, Germany) and molinate of 97 % purity from Herbex, 

Produtos Químicos (Estoril, Portugal). Molinate-sulfoxide, molinate-sulfone, molinate-

acid, molinate-alcohol and 2-oxo-molinate were purchased from Dr Ehrenstorfer GmbH 

(Augsburg, Germany). Ethanethiol, diethyl disulphide and hexamethyleneimine (HMI) 

were obtained from Sigma-Aldrich (Steinheim, Germany). 

 

3.2.2. Mineral media  

 

Two kinds of mineral media were used during this study. Medium A contained 

Na2HPO4 (6.0 mM), KH2PO4 (4.0 mM), CaCl2.H2O (0.47 mM), NaCl (0.14 mM), 

MgSO4.7H2O (0.41 mM), nitrilotriacetate (0.52 mM), FeSO4.7H2O (2 mg l-1), 

ZnSO4.7H2O (0.1 mg l-1), MnSO4.H2O (0.03 mg l-1), H3BO3 (0.3 mg l-1), CoSO4
.7H2O 

(0.24 mg l-1), CuSO4
.5H2O (0.01 mg l-1), NiSO4

.7H2O (0.02 mg l-1), NaMoO4.2H2O 

(0.03 mg l-1), Ca(OH)2 (0.5 mg l-1), and EDTA (5 mg l-1).  

Medium B contained phosphate buffer (27 mM, pH 7.2), CaCl2.2H2O (0.2 mM), 

NaCl (7.56 mM), MgCl2.6H2O (0.81 mM), FeCl2.4H2O (5.19 µM), HCl (1.3 µl, 25 %), 

ZnCl2 (0.07 mg l-1), MnCl2.4H2O (0.1 mg l-1), H3BO3 (0.062 mg l-1), CoCl2.6H2O   

(0.19 mg l-1), CuCl2.2H2O (0.017 mg l-1), NiCl2.6H2O (0.024 mg l-1), and 

NaMoO4.2H2O (0.036 mg l-1). These mineral media were supplemented with different 

carbon and nitrogen sources (see below). 
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3.2.3. Culture enrichment  

 

A mixed water and soil sample was collected from the runoff of a Portuguese 

molinate producing industry. The sample (10 %, v/v) was incubated in mineral medium 

A with 400 mg l-1 molinate as carbon and energy source and (NH4)2SO4 (3.8 mM), as 

well as KNO3 (1.02 mM) and NaNO3 (8.21 mM) as additional nitrogen sources. Ten 

successive transfers at 8-day intervals were made to fresh medium A with the same 

composition (5 %, v/v of inoculum). This culture (named EC1) was further enriched in 

medium B using molinate (750 mg l-1) as sole source of carbon and nitrogen, since no 

additional nitrogen sources were added. Three more successive transfers at 5-day 

intervals were made to fresh medium B (5 %, v/v of inoculum). The final enrichment 

culture obtained has been named EC2. 

 

3.2.4. Isolation, purification and identification of isolates from the enrichment 

cultures 

 

In order to identify members of the mixed cultures important for molinate 

degradation, cultures were serially diluted in sterile saline solution (NaCl 0.85 %, w/v), 

spread on plate count agar (PCA) and incubated at 30 °C for 2 days. Individual colonies 

with distinct morphologies were purified by sub-culturing on the same medium. 

Cultivable organisms isolated from enrichment culture EC2 (named ON1 to ON5) were 

characterized subsequently. The nutritional pattern of the isolates was tested using the 

Biolog Microplate System, according to manufacturer indications, and identification 

was done by comparison with the Microlog Gram-negative and Gram-positive databases 

(version 3.0) using the Microlog Distance Coefficient Method (BiologTM). Fatty acid 

methyl esters (FAMEs) were extracted and analysed as described previously 

(Kuykendall et al., 1988; Moreira et al., 2000). Identification and quantification of the 
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FAMEs, as well as the numerical analysis of the fatty acid profiles, was performed by 

using the standard MIS Library Generation Software (Microbial ID, Newark, Delaware, 

USA). Sequencing of the 16S rRNA genes (16S rDNA) of the isolates was determined 

after PCR amplification using primers 27F and 1492R or 1525R (Lane, 1991). The PCR 

reactions were performed as described previously (Nogales et al., 2001). The nucleotide 

sequence of purified PCR products was determined by using the BigDye Teminator 

Cycle Sequencing Kit and ABI 373 and 377 sequencers (Applied Biosystems), 

according to the manufacturer’s instructions. The sequence data have been submitted to 

the EMBL database under accession numbers AJ306832 to AJ306836, for isolates ON1 

to ON5, respectively. Sequences were aligned and evolutionary distances determined as 

described by Nogales et al. (2001). 

A defined mixed culture, named DC, was constituted by the mixture of equal 

proportions of the five cultivable isolates (ON1-ON5) purified from enrichment culture 

EC2. 

 

3.2.5. Culture conditions 

 

The capability of each individual isolate to grow on molinate or 

hexamethyleneimine (HMI) as carbon and nitrogen sources was tested in medium B 

containing 187 mg l-1 (1 mM) or 750 mg l-1 (4 mM) of molinate or 1 to 2.5 mM HMI, 

respectively. The ability of these organisms to use molinate, HMI, ethanethiol (2.5 mM) 

and diethyl-disulphide (2.5 mM) as carbon sources was tested using the same medium 

supplemented with ammonium sulphate (3.8 mM). Whenever necessary, the media were 

supplemented with yeast extract (0.2 g l-1 or 1 g l-1). 

Cultures used for kinetic determinations were grown in screw-capped Erlenmeyer 

flasks with Teflon-lined caps. Cultures used for headspace analysis were grown in     

100 ml PTFE sealed flasks containing 20 ml of medium B. Incubations were made at  

30 °C, 150 rpm. 
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The ability of isolates ON1, ON2, ON3 and ON5 to grow on sulphur compounds 

produced by isolate ON4 was tested. A mixture of isolates ON1, ON2, ON3 and ON5 

was grown in medium B supplemented with ammonium sulphate, in a 10 ml vial 

containing 2.5 ml of medium, placed in the headspace of a culture of isolate ON4 in 

medium B with 750 mg l-1 molinate. The system was tightly sealed in order to avoid any 

loss of volatile compounds. 

 

3.2.6. Cell dry weight 

 

Calibration curves of optical density (OD610 nm) versus dry weight were obtained 

by filtering cell suspensions with optical densities ranging from 0.1 to 0.7 through 

previously weighted glass fibre membranes (Whatman) and drying at 90 ºC until 

constant weight. 

 

3.2.7. Resting cells assays 

 

Resting cell assays were performed in phosphate buffer 54 mM, pH 7.2 (PB) with 

187 mg l-1 molinate and cell densities corresponding to 1 g l-1 cells (dry weight). 

Enrichment culture EC2 and defined mixed culture DC were grown in medium B with 

750 mg l-1 molinate and isolates ON1 to ON5 were grown in medium B with 187 mg l-1 

molinate supplemented with yeast extract (1 g l-1) in axenic culture. The late exponential 

phase cultures were centrifuged, washed twice with PB, and suspended in 10 ml of PB 

containing molinate. The suspensions were incubated at 30 °C and shaken at 150 rpm. 
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3.2.8. Analysis of molinate and degradation products 

 

Molinate was quantified using a High Performance Liquid Chromatograph 

(HPLC) (Merck) equipped with an UV-VIS detector (Merck) operating at 210 nm and a 

Lichrosphere 5 mm RP-18 column (Merck). A mixture of methanol:water (80:20, v/v) 

was used as mobile phase at a flow rate of 0.8 ml min-1. Cell free supernatants or 

dilutions thereof were directly injected in the HPLC. 

The presence of molinate-sulfoxide, molinate-sulfone, molinate-acid, molinate-

alcohol, and 2-oxo-molinate in organic extracts of culture supernatants or liquid phase 

of resting cell suspensions of isolate ON4 was evaluated using the same mobile phase in 

a proportion of 50:50 (v/v). The organic extracts were obtained as described previously 

(Imai and Kuwatsuka, 1982). Briefly, each sample (5 ml) was acidified with 

concentrated HCl (pH 3) and extracted twice with the same volume of n-hexane. The 

pH of the remaining aqueous phase was adjusted to 10 with 10 N NaOH, and extracted 

twice with ethyl ether. The remaining aqueous phase was acidified again with HCl    

(pH 2), and extracted twice with ethyl ether. Each organic extract (acidic hexane, basic 

ether and acidic ether) was analysed independently.  

Solid-phase microextraction (SPME) and gas chromatography were used to 

analyse molinate degradation products present in the headspace of cultures or resting 

cells suspensions. The SPME fibre used, 50/30 µm Divinylbenzene/carboxen/PDMS, 

was obtained from Supelco (Bellefonte, PA, USA). For each SPME analysis, the fibre 

was exposed to the headspace of a culture or a resting cells suspension (in 100 ml PTFE 

sealed vials containing 20 ml of liquid phase, as described above) for 30 min, removed 

from the vial and inserted into the injection port of the gas chromatograph for 10 min. 

The fibre was cleaned between each extraction by inserting the fibre in the auxiliary 

injection port, during 30 min, at 220 ºC. 
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GC analyses were performed on a Hewlett-Packard 5890 (Palo Alto, CA, USA) 

chromatograph equipped with a flame ionization detector (FID) and CP-WAX 58 

(FFAP)-CB (50 m x 0.32 mm, 1.2 µm) column (Chrompack). The splitless time was  

0.5 min. The carrier gas was H2 at a flow rate of 1.2 ml min-1. The FID used hydrogen at 

35 ml min-1 and a mixture of nitrogen/oxygen (80/20) at 350 ml min-1. The make-up gas 

was nitrogen at 20 ml min-1. The initial temperature was 40 ºC. After 1 min, the 

temperature was increased to 220 ºC at a rate of 2 ºC min-1. The final temperature was 

held for 30 min. The operating temperatures of injector and detector were 220 ºC. 

Identification of compounds derived from molinate degradation was done by 

comparison of retention times with those of authentic standards. Degradation products 

extracted by SPME were also analysed by GC-MS analysis, using a Varian CP-3800 

gas chromatograph (USA) equipped with a Varian Saturn 2000 mass selective detector 

(USA) and a Saturn GC-MS workstation software version 5.51, as described previously 

(Silva Ferreira et al., 2003). Identification of chromatographic peaks was achieved by 

comparisons of mass spectra obtained from the sample with those from authentic 

standards analysed under the same conditions and by comparing the Kovats indices and 

the mass spectra present in the NIST 98 MS Library Database. 

 

3.2.9. Analysis of dissolved organic carbon 

 

The total organic carbon present in culture supernatants (DOC) or dilutions 

thereof was directly analysed using a Shimadzu 5000A Total Organic Carbon Analyser 

(Kyoto, Japan), with high temperature catalytic combustion and Pt alumina catalyst. For 

calibration, potassium diphthalate and anhydrous sodium carbonate were used as 

organic and inorganic standards, respectively. 
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3.2.10. Determination of specific growth rate and molinate specific       

degradation rate  

 

Specific growth rates were calculated during the exponential phase of growth. 

Molinate consumption rate can be expressed as −
dS

dt
=

Xoµ
Y

eµt , where S is the molinate 

concentration, µ  is the specific biomass growth rate, Y  is the observed biological yield 

and Xo  is the biomass concentration at t = 0. Integrating this equation between t = 0 

and t  (S = So  for t = 0) we get S = So −
Xo

Y
eµt −1( ). This expression was fitted to the 

experimental data and the derivative of S with respect to t  was computed to obtain the 

molinate consumption rate −
dS

dt
. The specific molinate degradation was calculated as 

1

X
−

dS

dt
 
 

 
  where X  is the biomass concentration at time t . 

 

 

3.3. Results 

 

3.3.1. Enrichment and characterization of molinate degrading cultures 

 

An enrichment culture was obtained, using molinate as carbon source, from a 

sample of sediment collected from a site where a molinate containing effluent has been 

discharged for several years. This enrichment culture, named EC1, reduced 400 mg l-1 

of molinate to concentrations below the HPLC detection limit (0.9 mg l-1), with a 

specific degradation rate of 110 mg of molinate g-1 (cells dry weight) h-1 and with a 

maximum specific growth rate of 0.04 h-1. High performance liquid chromatography 

(HPLC) analyses gave no indication for the accumulation of intermediates or dead-end 

products. The analysis of the microbial composition of consortium EC1 revealed the 
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presence of at least 45 cultivable bacterial isolates, distinguishable by their colony 

morphology on PCA plates. In order to obtain a culture comprising a limited number of 

bacteria, together capable of molinate degradation, consortium EC1 was subcultured in 

medium containing molinate as single carbon and nitrogen source. Furthermore, a 

molinate concentration of 750 mg l-1, close to its maximum solubility, was used such 

that the selected microorganisms should be able to tolerate high concentrations of the 

herbicide. Plating of the thereby obtained enrichment culture (EC2) revealed the 

presence of five different morphological types of colonies. The respective colonies were 

purified and the isolates designated by isolate ON1 to ON5. None of the isolates was 

able to grow with 750 mg l-1 molinate as a single source of carbon and nitrogen in 

axenic culture. However, the artificial five-membered mixed culture consisting of the 

mixture of equal proportions of purified cultivable isolates from enrichment culture EC2 

was able to grow on and to mineralize molinate. This defined mixed culture was named 

DC (defined culture). It could, thus, be concluded that enrichment culture EC2 was at 

least composed by the five isolates and that they had a major role in molinate 

degradation. 

 

3.3.2. Characterization of members of the defined mixed culture DC 

 

Isolates ON1 to ON5 were characterized using FAMEs profiling, Biolog assays 

and 16S rDNA sequencing analysis. Out of the five isolates, only ON4 was Gram-

positive. The combination of the three employed methodologies permitted the 

identification of the Gram-negative isolates (ON1, ON2, ON3 and ON5), at least to the 

genus level. Their 16S rDNA sequences presented high percentage of identity (above  

99 %) with reference 16S rDNA sequences in the EMBL database. Biolog and GC-

FAME coefficients for these isolates were above the minimal matches values referred in 

guidelines of these systems (0.5 and 0.3 respectively). Isolates ON1 and ON3 were 

identified as members of the genus Pseudomonas, with similarities of 99.84 % with the 
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16S rDNA sequence of P. chlororaphis IFO 3904T and of 99.77 % with                        

P. nitroreducens IAM 1439T, respectively. The 16S rDNA sequence of isolate ON5 had 

99.60 % similarity with that of Achromobacter xylosoxidans subsp. denitrificans ATCC 

15173T. Isolate ON2 was identified as Stenotrophomonas maltophilia showing a 

similarity of 99.32 % with S. maltophilia ATCC 15173T. The fifth isolate, ON4 was a 

Gram-positive bacterium, affiliated by 16S rDNA sequence analysis to the 

actinomycetes with peptidoglycan Group B (Rainey et al., 1994), being Curtobacterium 

flaccumfaciens pv. flaccumfaciens LMG 3645T the closest validly described species 

(95.30 % similarity). 

 

3.3.3. Degradation of molinate by enrichment culture EC2 and defined mixed 

culture DC 

 

Both the enrichment culture EC2 and the defined mixed culture DC were able to 

grow and mineralize molinate when grown with concentrations up to 750 mg l-1 of the 

herbicide. For both mixed cultures, the association between cell growth and molinate 

depletion was evidenced by the fact that the exponential growth phase was coincident 

with molinate consumption, and growth ceased after molinate had been consumed 

(Figure 3.1A and B). There was a direct association between the total organic carbon of 

the culture supernatants (referred as dissolved organic carbon, DOC) and molinate 

depletion by both cultures; DOC contents decreased by more than 91 % when cultures 

were grown with molinate as the sole source of carbon and nitrogen (Table 3.1). No 

degradation of molinate was observed in uninoculated controls. Both cultures EC2 and 

DC were able to degrade molinate to concentrations below the detection limit, and the 

maximum specific growth and molinate degradation rates of defined mixed culture DC 

[0.081 ± 0.01 h-1 and 189.4 ± 18.9 mg of molinate g-1 (cells dry weight) h-1, 

respectively] were slightly higher than those of enrichment culture EC2 [0.073 ±0.01 h-1 

and 133.8 ± 9.8 mg of molinate g-1 (cells dry weight) h-1, respectively]. Resting cells 
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analyses confirmed that both cultures, EC2 and DC, exhibited similar molinate 

degradation rates of 119 and 122 mg of molinate g-1 (cells dry weight) h-1, respectively. 
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7Figure 3.1 – Enrichment culture EC2 (A) and defined mixed culture DC (B) grown in 

medium B with 750 mg l-1 molinate. Symbols: �, Molinate concentration (mg l-1) in 

culture supernatant. �, Molinate concentration in uninoculated control. �, Growth 

curve. �, Dissolved organic carbon (mg l-1 organic carbon) in culture supernatant.        

�, Dissolved organic carbon in uninoculated control. The values are the means of three 

independent experiments, and the error bars show standard deviations. 
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4Table 3.1: Molinate degradation by enrichment culture EC2 and defined mixed culture DC and isolate ON4 with different herbicide 

concentrations. 

Medium B  

with 187 mg l-1 molinate 

Medium B  

with 750 mg l-1 molinate 

Cells dry 
weight  

(mg l-1) 

Molinate  

(mg l-1) 

DOC 

(mg l-1) 

Cells dry 
weight  

(mg l-1) 

Molinate 

(mg l-1) 

DOC 

(mg l-1) 
Culture 

0 d 5 d 0 d 5 d 0 d 5 d 0 d 5 d 0 d 5 d 0 d 5 d 

Culture EC2 50 100 170 <0.9 90 10 20 300 690 <0.9 420 20 

Culture DC 50 130 180 <0.9 100 10 20 320 690 <0.9 420 20 

Isolate ON4 30 120 190 <0.9 105 20 30 25 

 

700 260 450 180 

 
Gram negative isolates 40 20 190 190 100 105 - - - - - - 

Abiotic control - - 200 210 100 110 - - 800 790 420 340 

Values are means of at least two independent experiments. HPLC detection limit of 0.9 mg l-1. d, days. 
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Solid-phase micro extraction followed by gas chromatography analysis      

(SPME-GC) methodology revealed that molinate solutions (Herbex) contained 

impurities (Figure 3.2A). Two of the contaminating compounds were identified as 

ethanethiol and diethyl disulphide by comparison of retention time and MS spectra with 

those of authentic standards, and each of these compounds represented less than 5 % of 

the compound mixture. Two further compounds were tentatively identified, by 

comparing the Kovats indices and the mass spectra present in the NIST 98 MS Library 

Database, as diethyl trisulphide and S,S-diethyl ester carbonodithioic acid, respectively. 

No changes were observed when uninoculated medium with molinate was incubated. As 

is shown in Figure 3.2D, defined mixed culture DC was not only capable to degrade 

molinate but also to degrade impurities present in the medium, as evidenced by the 

disappearance of the respective GC signals during growth. 
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8Figure 3.2 - Chromatograms obtained by SPME-GC-FID analysis of headspace of 

different cultures in medium B with 187 mg l-1 molinate. Uninoculated medium after    

7 days of incubation (A). Culture of isolate ON4 after 7 days of incubation (B). Culture 

of isolate ON4 with a mixed culture of the Gram-negative isolates incubated in a vial 

placed in the headspace, after 7 days of incubation (C). Culture of defined mixed culture 

DC after 7 days of incubation (D). (*) Tentatively identified by comparing the Kovats 

indices and the mass spectra present in the NIST 98 MS Library Database. Retention 

time of the compounds: ethanethiol, 3.2 min; diethyl disulphide, 24 min; diethyl 

trisulphide, 44 min; S,S-diethyl ester carbonodithioic acid, 45 min; and molinate,        

80 min.  
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3.3.4. Role of isolates in the degradation of molinate 

 

As mentioned above, none of the five isolates (ON1-ON5) was able to grow in 

pure cultures in medium B with 750 mg l-1 molinate as the only source of carbon, 

nitrogen and energy or even in the presence of ammonia as additional nitrogen source. 

All isolates were further tested for their capability to transform molinate as single 

source of carbon and nitrogen and in the presence of other carbon sources (yeast 

extract). None of the Gram-negative isolates was able to grow or degrade the herbicide 

in axenic culture at any molinate concentration tested, as the only source of carbon and 

nitrogen or when the medium was supplemented with 0.1 % (w/v) yeast extract. Resting 

cells assays with individual Gram-negative isolates confirmed that they were unable of 

molinate transformation. In contrast, isolate ON4 was able, in pure culture, to grow with 

molinate as the sole nutrient, producing biomass when the substrate was supplied at low 

concentrations (≤ 2 mM) and reducing the herbicide to undetectable levels (Table 3.1). 

However, growth ceased after successive transfers in medium B with 187 mg l-1 

molinate, suggesting that reserve materials might be used as growth factors. In fact, 

good growth was observed in medium B with 187 mg l-1 molinate supplemented with 

0.02 % (w/v) of yeast extract, suggesting that unknown growth requirements may be 

involved. These results also may indicate that growth requirements can be fulfilled by 

other isolates when isolate ON4 is growing in defined mixed culture DC. The molinate 

degradation rate by resting cells of isolate ON4 [111 mg of molinate g-1 (cells dry 

weight) h-1] was similar to those obtained for cultures EC2 and DC [119 and 122 mg of 

molinate g-1 (cells dry weight) h-1, respectively], which suggests that isolate ON4 might 

be important for the whole degradation process.  

No growth occurred when isolate ON4 was inoculated in medium with higher 

concentrations of molinate (Table 3.1), neither when this medium was supplemented 

with 0.1 % (w/v) of yeast extract, in sealed vials. However, significant molinate 

transformation was observed. These results suggest that an inhibitory effect due to the 
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presence of high concentrations of molinate degradation products was taking place (see 

below). 

Previous studies on molinate (bio)degradation have detected molinate derivatives, 

such as sulfoxide and sulfone, oxo- and hydroxy-, and alcohol and acid (Soderquist et 

al., 1977; Klysheva et al., 1980; Golovleva et al., 1981; Imai and Kuwatsuka, 1982; 

1986a, b, c; Zyakun et al., 1983; Cochran et al., 1997), as dead-end metabolites. The 

occurrence of some of these products during biological degradation of molinate by 

defined mixed culture DC and isolate ON4 was investigated using organic extracts of 

supernatants obtained from growing cultures as described by Imai and Kuwatsuka 

(1982). The extracts were analysed by HPLC and GC/FID and compared with authentic 

standards of molinate-sulfoxide, molinate-sulfone, 2-oxo-molinate, molinate-acid and 

molinate-alcohol. None of these compounds was detected after molinate degradation by 

cultures of defined mixed culture DC or of isolate ON4. 

Semiquantitative SPME-GC analysis of cultures and resting cell suspensions of 

isolate ON4 revealed that the disappearance of molinate was concomitant with the 

increase in concentration of ethanethiol and diethyl disulphide. Although ethanethiol 

and diethyl disulphide were present in molinate solutions, the levels of these compounds 

clearly increased due to the activity of isolate ON4 (Figure 3.2B). In fact, during 

molinate (1 mM) degradation, concentrations of ethanethiol and diethyl disulphide 

consistently increased 20 to 30-fold (corresponding to approximately 1 mM) whereas 

for abiotic controls no significant changes were observed. These results suggested that 

isolate ON4 was able to cleave the thioester bond of molinate, releasing ethanethiol that 

would be further spontaneously oxidized to diethyl disulphide (see below). 

The DOC values found after degradation of 1 mM molinate by isolate ON4 were 

low (average of 20 mg l-1) and comparable to those determined for a 1 mM solution of 

ethanethiol (average of 22 mg l-1). These results suggested that isolate ON4 was able to 

mineralize the azepane moiety of molinate, but not the ethyl moiety.  

As ethanethiol and diethyl disulphide were not present after growth of the defined 

mixed culture DC, which contained all the five isolates (see Figure 3.2D for a 
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comparison), the role of the Gram-negative isolates (ON1-ON3, and ON5) was 

analysed. The reconstitution of defined mixed culture DC by the addition of a mixture 

of resting cells of the Gram-negative members to cultures or resting cells of isolate ON4 

preincubated with molinate, resulted in the degradation of these sulphur compounds 

(results not shown). In the same way, when a mixed culture of the Gram-negative 

isolates was incubated in a separated compartment of the flask containing a culture of 

isolate ON4, the Gram-negative isolates were capable to use volatile hydrocarbons from 

the headspace and no products were accumulated during growth (Figure 3.2C). Thus, 

these results indicate that defined mixed culture members other than isolate ON4 were 

responsible for degrading ethanethiol released from molinate by isolate ON4. In 

accordance with the assumption that high concentrations of ethanethiol might be toxic 

to isolate ON4, this organism was able to grow on 4 mM molinate, when a mixed 

culture of the Gram-negative isolates was present in a separate compartment of the same 

flask (Table 3.2). These results prove the ability of the Gram-negative isolates to grow 

while consuming the metabolites produced by isolate ON4, therefore indicating the co-

operative nature of the degradation of molinate between isolate ON4 and the Gram-

negative isolates. 

In order to evaluate which of the Gram-negative isolates were involved in the 

depletion of sulphur compounds, each individual isolate was incubated in medium B 

supplemented with 2.5 mM ethanethiol and ammonium sulphate. According to 

SPME/GC analysis of the headspace of axenic cultures, only isolates ON1 and ON2 

could degrade that sulphur compound among the individual members of defined mixed 

culture DC. However, ethanethiol was spontaneously converted to diethyl disulphide 

during the incubation period. In fact, in uninoculated medium with ethanethiol, half of 

its initial concentration was converted to diethyl disulphide within 4 days. Because the 

spontaneous conversion of ethanethiol to diethyl disulphide was not quantitative, but 

quantitative depletion was observed in the presence of isolates ON1 or ON2, it can be 

concluded that ethanethiol is transformed by those organisms. Moreover, both 

organisms are also capable of transforming diethyl disulphide. 
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5Table 3.2: Growth of isolate ON4 on 750 mg l-1 molinate and of a mixed culture of Gram-negative isolates incubated in a vial placed in the 

headspace of the culture of isolate ON4. 

 Cells dry weight of isolate ON4 

(mg l-1) 

Cells dry weight of  

Gram-negative isolates (mg l-1) 

Incubation conditions 0 d 10 d 0 d 10 d 

Bottom: Culture of isolate ON4 in medium B with 750 mg l-1 molinate. 

Headspace: Culture of Gram-negative isolates in medium B with (NH4)2SO4. 
40 140 40 110 

Bottom: Medium B with 750 mg l-1 molinate. 

Headspace: Culture of Gram negative isolates in medium B with (NH4)2SO4. 
Not applicable Not applicable 40 50 

Bottom: Culture of isolate ON4 in medium B without molinate. 

Headspace: Culture of Gram negative isolates in medium B with (NH4)2SO4. 
40 20 40 60 

Bottom: Culture of isolate ON4 in medium B with 750 mg l-1 molinate. 

Headspace: Medium with (NH4)2SO4. 
40 50 Not applicable Not applicable 

Values are means of two independent experiments. d, days. 
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The analytical methods utilised for liquid phase analysis (HPLC and GC-FID) of 

cultures or resting cells of isolate ON4 did not permit the detection of the azepane ring 

of molinate or its by-products. Hexamethyleneimine (HMI), an analogue compound of 

molinate, has been referred in the literature as a possible product of molinate 

degradation (Thomas and Holt, 1980; Imai and Kuwatsuka, 1982, 1986c). In this way, it 

was tested if the individual members of the defined mixed culture DC could grow in 

medium B with 2.5 mM HMI. Under these conditions, only the Pseudomonas spp. 

isolates ON1 and ON3 were able to grow in axenic culture on HMI as carbon and 

nitrogen source. Because HMI could not support growth of isolate ON4, whereas this 

organism could grow on 187 mg l-1 molinate with the accumulation of sulphur 

compounds (see above), it seems improbable that HMI is an intermediate of molinate 

degradation by this organism. 

 

 

3.4. Discussion 

 

The majority of published studies on molinate biodegradation show that the 

transformation of this herbicide takes place only in the presence of other carbon sources 

(Klysheva et al., 1980; Golovleva et al., 1981; Imai and Kuwatsuka, 1982, 1986a, b; 

Molinari et al., 1992; Daffonchio et al., 1996; Daffonchio et al., 1999), leading to the 

accumulation of partially oxidized products (Klysheva et al., 1980; Golovleva et al., 

1981; Zyakun et al., 1983; Imai and Kuwatsuka, 1986a, b, c). The only exception is the 

work reported by Carrasco et al. (1992) with a mixed microbial culture that was able to 

degrade 50 mg l-1 molinate, as the only carbon source, in a continuous flow reactor fed 

with mineral medium with ammonia as nitrogen source. Carrasco et al. (1992) reported 

a molinate depletion of about 97 % for a residence time of 23 days, and accumulation of 

metabolic products derived from molinate degradation was detected, although in trace 
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amounts (1–2 ppb). In this respect, the present work is innovative as the microbial 

cultures isolated were able to use molinate as the single source of carbon, nitrogen and 

energy. Moreover, when compared to other published reports (Klysheva et al., 1980; 

Golovleva et al., 1981; Imai and Kuwatsuka, 1982, 1986a, b, c; Carrasco et al., 1992; 

Daffonchio et al., 1996; Daffonchio et al., 1999), enrichment culture EC2 and defined 

mixed culture DC revealed an increased tolerance to molinate (c.a. seven times), and 

were able to reduce molinate to undetectable levels, accompanied by DOC depletion 

when grown with 750 mg l-1 molinate. 

Although among the five individual isolates composing defined mixed culture DC 

only isolate ON4 was able to degrade the herbicide, it was not responsible for molinate 

mineralization. SPME-GC analysis revealed that the activity of isolate ON4 leads to the 

accumulation of ethanethiol and mainly diethyl disulphide in the headspace of its 

cultures or resting cells. Although ethanethiol, along with other sulphur compounds, 

seems to be a contaminant of molinate itself, the increase in the levels of this thiol could 

be clearly attributed to the activity of isolate ON4. The production of ethanethiol was 

accompanied by the accumulation of diethyl disulphide, which might be the result of the 

spontaneous oxidation of ethanethiol. A similar description is made by Sipma et al. 

(2002) who reported the accumulation of dimethyl disulphide in an upflow anaerobic 

sludge-digestor during methanethiol degradation, due to the presence of minor amounts 

of oxygen. On the other hand, the inability of isolate ON4 to grow in axenic culture in 

the presence of 750 mg l-1 of molinate was due to the accumulation of high 

concentrations of sulphur degradation products. It is reported in literature that 

polysulphide bounds, as di- or tri-sulphides, may retard or inhibit microbial growth 

(Kyung and Fleming, 1997; Tsao and Yin, 2001). In this respect, the intervention of 

Gram-negative isolates may be very important as detoxifying agents, as isolate ON4 

was able to grow with 750 mg l-1 molinate when the remaining defined mixed culture 

members removed those compounds from the headspace of its culture. In fact, it was 

observed that at least isolates ON1 and ON2 had the capability to consume such 
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degradation products. These results suggest that a mixture of isolate ON4 with one of 

these isolates (ON1 or ON2) is enough to perform the herbicide mineralization. 

However, it was not possible, until now, to establish which mixed culture composition 

presents the maximal efficiency of molinate mineralization. 

The requirement of a consortium to achieve molinate mineralization is not 

surprising, as combined metabolic activity of mixed bacterial communities seems to be 

rather common in degradation of pollutants. In general, three distinct types of co-

operation may occur among bacterial consortia members during degradation of organic 

pollutants – metabolic deficiency, metabolic association and metabolite detoxification. 

In metabolic deficiency the degrading organism has specific nutritional requirements, 

necessary to promote or increase degradation, which are provided by secondary strains. 

Examples of this co-operative association are described by Hay et al. (2001), reporting 

the degradation of the antimicrobial triclosan or by Sorensen et al. (2002), on a study of 

degradation of the herbicide isoproturon. Metabolic association is characterized by the 

cross-feeding of metabolites from the degradation pathway within the consortium 

members. Eventually, this is the commonest form of co-operation, and numerous 

examples can be found (e.g. Arfmann et al., 1997; Chapalamadugu and Chaudhry, 

1991; De Souza et al., 1998; Carvalho et al., 2002). Metabolite detoxification, which 

can be considered a particular case of metabolic association, involves the production of 

a toxic and/or inhibitory metabolite by the degrading organism and its consumption by 

secondary strains. Examples of this kind of co-operative association are described by 

Feigel and Knackmuss (1993), reporting the mineralization of 4-amino 

benzenesulphonic acid, or Pelz et al. (1999) on a study about chlorosalicylate 

degradation. Although the interspecies interactions in defined mixed culture DC are not 

completely understood yet, it is clear that metabolic association and detoxification 

impose the interdependence between culture DC members. However, the similarity of 

molinate degradation rates observed for isolate ON4 and for defined mixed culture DC 
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suggests that isolate ON4, in mixed culture, is the first to attack molinate and probably 

the rate limiting member. 

Although some authors have proposed that thiocarbamate oxides are precursors 

for biodegradation (Rajagopal et al., 1984; Imai and Kuwatsuka, 1982, 1986c), it was 

Nagy et al. (1995) who presented the first evidence for an oxidative metabolism of the 

herbicide EPTC (1-ethylsulfanyl-N,N-dipropylformamide), involving an inducible 

cytochrome P450. These authors found EPTC-sulfoxide as a degradation product, 

although did not conclude whether this compound constituted a dead-end metabolite. 

Because several thiocarbamates, but not molinate, could interact with that cytochrome 

P450, Nagy et al. (1995) concluded that this herbicide could not be degraded by such 

process. An alternative degradation process is described for EPTC, involving the 

hydrolysis of the thioester bound, with the release of ethanethiol, dipropilamine and 

CO2 (McClung et al., 1994). 

The mechanism and catalysts used by isolate ON4 in molinate transformation are 

not characterized yet. However, attending to the results obtained throughout this study 

and considering the hypothesis of McClung et al. (1994), it is possible to propose a 

metabolic route for molinate degradation involving the hydrolysis of the thioesther bond 

by isolate ON4. Through this hydrolysis, isolate ON4 would originate ethanethiol and 

N-carboxy hexamethyleneimine, supplying carbon and nitrogen sources for its own 

growth and for other mixed culture members. Future studies will focus on the 

characterization of this enzyme system of isolate ON4, which is responsible for the 

beginning of molinate mineralization by the defined mixed culture. 

Defined mixed culture DC is robust and highly efficient in molinate 

mineralization and represents a valuable tool for decontamination of molinate polluted 

waters under field conditions. Further studies will contribute to better understand the 

contribution of each mixed culture member to promote and maximise the efficiency of 

molinate mineralization. 
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4. NEW INSIGHTS INTO A BACTERIAL METABOLIC AND 

DETOXIFYING ASSOCIATION RESPONSIBLE FOR THE 

MINERALIZATION OF THE THIOCARBAMATE HERBICIDE 

MOLINATE 

 

 

ABSTRACT 

 

A novel pathway of molinate mineralization promoted by a defined mixed culture 

composed of five bacteria (named ON1 to ON5) was proposed previously. Evidence 

was obtained of a metabolic association between Gulosibacter molinativorax ON4T, 

capable of molinate breakdown, and the remaining bacteria. In the present study, the 

role of each isolate in that metabolic association was further explored and the possible 

synergistic effect of all the bacterial isolates for the stability of the mixed culture is 

discussed. 

The cleavage of the molinate thioester bond, whether occurring under aerobic or 

anaerobic conditions, releases ethanethiol (S-ethyl moiety) and an azepane moiety 

derivative, identified as azepane-1-carboxylic acid (ACA). This azepane moiety is 

degraded, in the presence of oxygen, by Pseudomonas spp. strains ON1 and ON3 and 

G. molinativorax ON4T. Ethanethiol, which inhibits G. molinativorax ON4T, is 

consumed by strains Pseudomonas sp. ON1 and Stenotrophomonas maltophilia ON2. 

Although a two-member mixed culture of G. molinativorax ON4T and Pseudomonas sp. 
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ON1 was able to promote the aerobic mineralization of molinate, after twenty 

successive transfers of the five-member mixed culture in mineral medium with 

molinate, none of these isolates was lost. The results obtained indicate that the whole 

mixed culture may have a higher fitness than the two-member culture, even when the 

basic degradative and cross-protection functions are assured. 

 

Keywords: herbicide mineralization, metabolic association, detoxifying 

association, metabolite identification, mixed culture stability. 

 

 

4.1. Introduction 

 

In nature, microorganisms live in communities with different levels of complexity 

in terms of phylogenetic and metabolic diversity. In these communities, the stable 

coexistence of the microorganisms results from different types of interaction, leading its 

members to function as a biological unit (Pelz et al., 1999; Kato et al., 2005). External 

perturbations, as the introduction of large quantities of xenobiotics into the 

environment, create strong selective pressures. One expected reaction to such a stimulus 

is the establishment of communities able to degrade these compounds. The elucidation 

of the contribution of individual members to metabolic degradative pathways of a 

microbial community may shed some light on the biochemical transformations taking 

place and on the interrelationships responsible for the stable coexistence of the 

organisms. Several studies reporting the co-operation among consortium members 

during the degradation of pollutants have shown different modes of microbial 

interaction. The literature available shows that the distribution of metabolic steps among 

consortia members may rely upon different forms of association, namely cross-feeding 

(e.g. De Souza et al., 1998; Dejonghe et al., 2003), detoxification (e.g. Feigel and 
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Knackmuss, 1993; Pelz et al., 1999) or supply of nutritional requirements (e.g. Hay et 

al., 2001; Sorensen et al., 2002). 

The study of the evolution of degradative pathways has been another area of 

interest, encouraged by the need to deal with environmental contamination with 

xenobiotics. Some evidence suggests that an original metabolic association of various 

microorganisms may evolve to a single-organism-based process (e.g. De Souza et al., 

1998). Such a transformation can be explained on the basis of horizontal gene transfer, 

leading to the assembly of different catabolic mobile genetic elements in a single cell. 

The origination of new catabolic routes by the rearrangement and combination of pre-

existing genes of different microorganisms has been reported (Tsuda et al., 1999; Top et 

al., 2002; Nojiri et al., 2004). Thus, the description of metabolic pathways before the 

occurrence of horizontal transfer of catabolic genes may provide some insights into the 

evolution of microbial degradation of xenobiotic compounds.  

In a previous report (Barreiros et al., 2003) it was shown that a defined mixed 

culture composed of five bacterial isolates (mixed culture DC) could mineralize 

molinate without the accumulation of degradation products. Isolates ON1 and ON3 

were identified as Pseudomonas chlororaphis and P. nitroreducens, respectively, isolate 

ON2 as Stenotrophomonas maltophilia, isolate ON5 as Achromobacter xylosoxidans, 

while isolate ON4, not affiliated to any validly named taxon, represented a new genus 

and new species, Gulosibacter molinativorax, within the family Microbacteriaceae 

(Manaia et al., 2004). In mixed culture DC, G. molinativorax ON4T was able to degrade 

molinate into ethanethiol and another compound that could not be detected but that was 

presumed to be an azepane derivative of the herbicide (Barreiros et al., 2003). In spite 

of this degradative activity, G. molinativorax ON4T was not able to grow in axenic 

culture with molinate at concentrations above 2 mM, an effect that was abolished when 

the Gram-negative members of the mixed culture were grown in a vial placed in the 

headspace of the growth vessel. This observation, along with the monitoring of sulphur 

compounds (ethanethiol and diethyl disulphide) formed in the headspace of the axenic 
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but not in the mixed culture, suggested a detoxifying association between                     

G. molinativorax ON4T and its commensals. In this study, the fate of the azepane 

derivative and the role of each of the five members of culture DC in molinate 

mineralization were further investigated. 

 

 

4.2. Materials and Methods 

 

4.2.1. Chemicals 

 

Molinate (azepan-1-yl-ethylsulfanyl-methanone, C9H17NOS) of 97 % purity was 

obtained from Herbex, Produtos Químicos (Estoril, Portugal). Ethanethiol (C2H6S), 

diethyl disulphide (C4H10S2), ethyl methyl sulphide (C3H8S), hexamethyleneimine 

(HMI) (C6H13N), caprolactam (C6H11NO), and 6-aminohexanoic acid (C6H13NO2) were 

obtained from Sigma-Aldrich (Steinheim, Germany). All other reagents were analytical 

grade from commercial sources. 

 

4.2.2. Growth media and culture conditions  

 

Culture DC and isolates ON1-ON5 were grown, in axenic or defined mixed 

cultures, in mineral medium B (Barreiros et al., 2003) supplemented with molinate or 

other substrate, at 30 °C and 120 rpm. Inocula of culture DC were grown in medium B 

with 4 mM molinate and those of axenic cultures were grown on Luria-Bertani medium 

(LB) with agar (2 % w/v), supplemented with 1 mM molinate (modified LA) to 

maintain the selective pressure in the medium.  

The anaerobic degradation of molinate by G. molinativorax ON4T and by culture 

DC was assayed in 100 ml PTFE sealed flasks containing 75 ml of medium B 

supplemented with 1 mM molinate and 0.01 % (w/v) potassium nitrate, and incubated 
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under a nitrogen atmosphere for 15 days. Samples were collected over time and were 

analysed for biomass, molinate, dissolved organic carbon (DOC) and ethanethiol 

contents. 

The ability of each member of culture DC to use the azepane moiety derivative 

azepane-1-carboxylic acid (ACA) resulting from molinate degradation was assessed by 

incubating each individual organism in the cell-free liquid phase of anaerobic resting 

cells of G. molinativorax ON4T. ACA was produced by incubating resting cells of       

G. molinativorax ON4T in sterile saline solution supplemented with 2 mM molinate, 

under nitrogen atmosphere, at 30 °C and 120 rpm for 12 h, as described below. The 

suspension was centrifuged (15500 g, 10 min); the supernatant was filter-sterilized    

(0.2 µm pore size) and supplemented with medium B components and magnesium 

sulphate (0.4 mM) as a sulphur source. Growth was monitored over 7 days.  

The ability of culture DC and its members to use different substrates as carbon 

and nitrogen sources was tested in medium B supplemented with 0.4 mM magnesium 

sulphate and 5.5 mM hexamethyleneimine (HMI), caprolactam or 6-aminohexanoic 

acid. When necessary, the medium was supplemented with 4 mM ammonium sulphate 

(as nitrogen source) or with 0.2 g l-1 yeast extract (as growth factors source). Cultures 

were incubated aerobically in 100 ml screw-capped Erlenmeyer flasks with Teflon-lined 

caps. Cell growth was monitored over 7 days.  

To compare the molinate mineralization efficiency of culture DC and of the 

mixture of Pseudomonas sp. ON1 and G. molinativorax ON4T, these cultures were 

grown aerobically in 100 ml PTFE sealed flasks containing 20 ml of medium B with     

4 mM molinate. Culture samples were collected at regular intervals and analysed for 

biomass, molinate and DOC contents. The presence of molinate S-ethyl and azepane 

moieties was also analysed, in the headspace (SPME-GC-FID) and in the liquid phase 

of cultures (NMR), respectively. An axenic culture of G. molinativorax ON4T and 

uninoculated medium were analysed similarly, as controls.  
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To assess the stability of mixed culture DC, cells were grown in medium B with  

4 mM molinate for 5 days at 30 ºC, stored at 4 °C for 8-20 days, transferred to fresh 

medium and incubated again for 5 days at 30 ºC. Culture composition was assessed by 

PCR-denaturing gradient gel electrophoresis (DGGE) after a total of 20 successive 

culture transfers.  

 

4.2.3. Resting cells assays 

 

The isolates were grown on modified LA medium at 30 °C, for 1 or 3 days, 

centrifuged, washed and resuspended in phosphate buffer 54 mM, pH 7.2 (PB) 

supplemented with the substrate to test. For NMR analysis, PB was replaced by 50 mM 

NaCl. Cell densities corresponding to 4 g cell dry weight l-1 were used in all assays. To 

evaluate the ability of each isolate to consume ethanethiol, resting cell assays were 

performed in PB supplemented with 0.4 mM of this sulphur compound. Resting cells of 

culture DC were used as positive control and uninoculated buffer with ethanethiol was 

used to assess abiotic losses. Sulphur compound content was measured in the headspace 

(SPME-GC-FID). To obtain and/or identify the azepane derivative, resting cells of      

G. molinativorax ON4T were incubated in saline solution supplemented with 2 mM 

molinate under a nitrogen atmosphere, at 30 °C and 120 rpm. Samples were collected 

over time and the liquid phase was analysed for molinate content (HPLC) or for 

detection and identification of molinate metabolites (NMR). 

To evaluate if the use of HMI and caprolactam by G. molinativorax ON4T were 

induced processes, resting cells pregrown in 2 mM of azepane moiety derivative of 

molinate (ACA) were incubated in PB with 2 mM HMI and/or caprolactam. Abiotic 

losses were assessed in uninoculated buffer with the same concentration of HMI and/or 

caprolactam. Samples were collected over time and analysed by NMR or HPLC to 

follow HMI or caprolactam degradation, respectively. Pseudomonas spp. ON1 and ON3 
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were also tested for ACA-HMI-induction of caprolactam degradation, using the same 

procedure.  

 

4.2.4. Analytical procedures 

 

Cell growth was monitored spectrophotometrically (OD610nm) (UV/VIS 

spectrophotometer Phillips PU-8620) and cell dry weight was obtained via a calibration 

curve (Barreiros et al., 2003). Molinate and DOC contents in culture supernatants were 

analysed (HPLC and total organic carbon) as described before (Barreiros et al., 2003). 

Ethanethiol was quantified in the liquid phase using the colorimetric method described 

by Dias and Weimer (1998). The analysis of ethanethiol, diethyl disulphide and ethyl 

methyl sulphide in the headspace of cultures or resting cells assays was performed by 

SPME-GC-FID as described by Barreiros et al. (2003). 

 

4.2.5. NMR analysis 

 

This part of the work was done by Doctor Helena Pereira, in collaboration with 

the Institute of Chemical and Biological Technology (ITQB) from the New University 

of Lisbon. 

 

Proton spectra were recorded either on Bruker DRX500 or AMX300 

spectrometers operating, respectively, at 500.13 MHz and 300.13 MHz for 1H, equipped 

with 5 mm diameter inverse detection broadband probe heads (with and without XYZ 

gradients). In both cases water pre-saturation was applied. Acquisition parameters on 

DRX500: spectral width, 10 kHz; pulse width, 7 ms (60º flip angle); data points, 64 K; 

repetition delay, 1 s; number of transients, 100. Acquisition parameters on AMX300: 

spectral width, 5 kHz; pulse width, 4 ms (70º flip angle); data points, 16 K; repetition 

delay, 1.5 s; number of transients, 100. Carbon spectra were recorded on Bruker 
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DRX500 operating at 125.77 MHz for 13C and equipped with a 1H/13C dual probe head 

(5 mm diameter). Acquisition parameters: spectral width, 31.5 kHz; pulse width, 6 ms 

(70º flip angle); data points, 64 K; repetition delay, 10 s; number of transients, 5500. 

Proton broadband decoupling was applied during acquisition time only (1.04 s). All the 

spectra were acquired at a constant temperature of 27 ºC. Chemical shifts were 

referenced to tetramethylsilane (TMS) at 0.0 ppm (1H) and methanol at 49.3 ppm (13C), 

used as external references. 

 

4.2.6. Denaturing gradient gel electrophoresis  

 

Total genomic DNA was extracted based on the method described by Cashion et 

al. (1977) from 0.35 mg of biomass of culture DC or of each isolate. A 200 bp fragment 

(based on the reference strain Escherichia coli bases 338 and 518) of the 16S rRNA 

gene was amplified using the bacterial 16S rDNA primers forward 338F_GC, 

containing a GC clamp (5’-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG 

GCA CGG GGG GAC TCC TAC GGG AGG CAG CAG-3’), and reverse 518R       

(5’-ATT ACC GCG GCT GCT GG-3’) (Muyzer et al., 1993). Reaction mixtures (50 µl) 

were prepared in thin walled microcentrifuge tubes as described by Henriques et al. 

(2006): 3 mM magnesium chloride (MgCl2), 200 µM of each dNTP, 0.5x PCR buffer 

without MgCl2 [100 mM Tris-HCl (pH 8.8 at 25 ºC), 500 mM KCl, 0.8 % Nonidet P40], 

0.5x PCR buffer with ammonium sulphate [750 mM Tris-HCl (pH 8.8 at 25 ºC),       

200 mM (NH4)2SO4, 0.1 % Tween 20], 0.3 µM of each primer, 5 % (v/v) of DMSO,     

1 unit of Taq DNA polymerase (Fermentas, Hanover, USA) and 1 µl of template DNA. 

The PCR conditions were: 5 min at 94 ºC, 30 cycles of (30 s at 92 ºC, 30 s at 55 ºC, 30 s 

at 72 ºC), and 7 min at 72 ºC. PCR products purity was evaluated by agarose gel 

electrophoresis. PCR products were then separated in a 8 % (w/v) polyacrylamide gel 

with a denaturing gradient ranging from 30 to 55 % (where 100 % denaturant contained 

7 M urea and 40 % formamide), running in 1x Tris/Acetic Acid/EDTA buffer (TAE) at 
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60 ºC for 20 min at 20 V and then 5.5 h at 200 V. After electrophoresis, the gel was 

stained with ethidium bromide, washed with distilled water, visualized under UV-light 

and photographed with a digital camera. 

DGGE bands corresponding to each culture DC isolate were excised from the gel, 

eluted with 20 µl of ultra pure water, reamplified by PCR with the same primers, 

cleaned (GFXTM PCR DNA and Gel Band Purification kit, Amersham Biosciences, 

New Jersey, USA) and subsequently sequenced with the primer 518R. The sequences 

were determined using a model ABI 3700 DNA Analyser (Applied Biosystems, 

California, USA), and their quality was checked manually using the BioEdit software 

(Hall, 1999). These sequences were compared with those obtained for the 16S rRNA 

gene of each isolate (accession numbers: P. chlororaphis ON1, AJ306832;                    

S. maltophilia ON2, AJ306833; P. nitroreducens ON3, AJ306834; G. molinativorax 

ON4T, AJ306835; A. xylosoxidans ON5, AJ306836). 

 

4.2.7. Kinetic models 

 

Specific cell growth and molinate degradation rates were calculated during the 

exponential growth phase according to the first-order kinetic model described by 

Barreiros et al. (2003). The same data were fitted to the Haldane equation: 

µ= µmaxS

Ks + S+ S2

K i

 

where µ and µmax are, respectively, the specific and the maximum specific growth 

rates, S is the molinate concentration, and Ks and Ki are the saturation and inhibition 

constants, respectively. 
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4.3. Results and Discussion 

 

4.3.1. Identification of the azepane moiety derivative of molinate 

 

In order to gain new insights into the complete mineralization of molinate by 

mixed culture DC, the azepane moiety derivative originated by the cleavage of molinate 

by G. molinativorax ON4T was identified. In previous studies this ring moiety could not 

be detected, a fact that was explained on basis of its possible rapid use, as a carbon 

and/or nitrogen source, by G. molinativorax ON4T and, eventually, other members of 

the mixed culture (Barreiros et al., 2003). However, the limitation of the growth 

conditions and analytical methods (HPLC and GC-MS) used could also hamper the 

detection of the azepane moiety. In fact, it was observed that under anaerobic conditions 

mixed culture DC degraded 90 % (w/w) of molinate, whereas only 28 % of the 

dissolved organic carbon (DOC) was consumed after 80 h of incubation (Correia et al., 

2006). These data suggested the accumulation of the molinate azepane moiety, although 

it could not be detected by HPLC or GC-MS. Therefore, it was hypothesized that, in the 

absence of oxygen, the hydrolysis of the molinate thioesther bond could occur as long 

as G. molinativorax ON4T was viable, although the further degradation of the 

metabolites was not possible. This hypothesis was tested by culturing mixed culture DC 

and G. molinativorax ON4T anaerobically. Under this condition, mixed culture DC was 

not able to grow, although the herbicide, at an initial concentration of ~160 mg l-1, was 

slowly degraded to values below the detection limit (0.9 mg l-1). Ethanethiol, a major 

product of molinate breakdown by G. molinativorax ON4T, was not detected in the 

medium. In spite of this, after 15 days of incubation the initial DOC content was 

reduced by only 30 % (Table 4.1). In a parallel experiment, G. molinativorax ON4T 

showed different results: only 45 % (w/w) of molinate was degraded; ethanethiol 
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accumulated in the medium (18 mg l-1 in the liquid phase), and the initial DOC content 

was reduced by only 12 % (Table 4.1). These final DOC values were consistent with 

those that would result from the partial molinate hydrolysis. These results suggest that 

under anaerobic conditions G. molinativorax ON4T maintains its ability to breakdown 

the molinate thioester bond. Apparently, none of the mixed culture DC members is able 

to further metabolize the azepane derivative that accumulates in the medium. In 

contrast, ethanethiol was consumed by the Gram-negative isolates of mixed culture DC. 

Thus, the toxic effect of that thiol on G. molinativorax ON4T was attenuated and it was 

able to proceed with molinate hydrolysis.  
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6Table 4.1: Anaerobic degradation of molinate by G. molinativorax ON4T and mixed culture DC grown in mineral medium B with              

1 mM molinate. 

0 d 7 d 15 d 

Culture 
Cell dry 

weight 

(mg l-1) 

Molinate 

(mg l-1) 

DOC 

(mg l-1) 

Cell dry 

weight 

(mg l-1) 

Molinate 

(mg l-1) 

DOC 

(mg l-1) 

Cell dry 

weight 

(mg l-1) 

Molinate 

(mg l-1) 

DOC 

(mg l-1) 

Ethanethiol 

(mg l-1) 

G. molinativorax ON4T 35 167 121 26 73 110 7 75 106 18 

Culture DC 39 156 117 33 12 101 25 <0.9 82 <0.9 

Uninoculated medium  

with 1 mM molinate 

- 162 121 - 134 112 - 151 108 <0.9 

Uninoculated medium  

with 1 mM ethanethiol 

- - ND - - ND - - ND 18 

HPLC detection limit of 0.9 mg l-1 for molinate; colorimetric method detection limit of 0.9 mg l-1 for ethanethiol; ND, not determined; d, days. 
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The findings obtained with anaerobic cultures gave a good hint to proceed with 

the characterization of the azepane moiety. Thus, the anaerobic degradation of molinate 

by resting cells of G. molinativorax ON4T was followed by 1H-NMR (Figure 4.1). 

During incubation, the resonances assigned to molinate (-S-CH2CH3 at 1.20 ppm;          

-S-CH2CH3 at 2.82 ppm; azepane ring at 3.47, 1.70, 1.63 and 1.48 ppm) decreased and 

the formation of a product, attributed to the molinate azepane moiety, was observed. 

Small amounts of free ethanethiol remained in solution and were detected (HS-CH2CH3 

at 1.12 ppm; HS-CH2CH3 at 3.60 ppm). After 6 h of incubation, all the molinate was 

converted into degradation products that were not further modified, even after 30 h 

incubation. This procedure proved to be a good process to obtain high amounts of the 

azepane-containing compound and, hence, to proceed with its characterization by 1H 

and 13C NMR (Figures 4.2A and B). 1H and 13C-NMR chemical shifts characteristic of 

the new compound, identified as azepane-1-carboxylic acid (ACA), observed in saline 

solution (50 mM NaCl) at physiological pH are indicated in Table 4.2. In Figure 4.2A, 

resonances in the proton spectrum are shifted to the low field region due to ionic 

strength of the solution (approximately 5 M NaCl) upon lyophilization of the liquid 

phase of anaerobic resting cells of G. molinativorax ON4T with molinate after 12 h of 

incubation. This is believed to be the first report of azepane-1-carboxylic acid (ACA) as 

an intermediate of molinate degradation, suggesting that G. molinativorax ON4T may 

use a unique process to degrade this herbicide.  
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9Figure 4.1 - 1H-NMR spectra of the liquid phase of resting cells of                    

G. molinativorax ON4T in 50 mM NaCl solution with molinate (2 mM), under 

anaerobic conditions. Assignment of the observed resonances: Mr, molinate azepane 

ring; Me, molinate S-ethyl group; e, ethanethiol; * , new anaerobic end-product. 

 

10 
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11Figure 4.2 - 1H-NMR (A) and 13C-NMR (B) spectra of azepane-1-carboxylic 

acid, obtained as described in Figure 4.1 (12 h), lyophilized and resuspended in D2O 

prior to spectra acquisition. The HMQC 2D-NMR technique was used to confirm C-H 

correlations (data not shown). 

 

 

7Table 4.2: 1H and 13C-NMR chemical shifts of azepane-1-carboxylic acid in 

saline solution (50 mM NaCl). 

Position δ 1H (ppm) δ 13C (ppm) 

2, 7 3.18 47.04 

3, 6 1.80 26.78 

4, 5 1.63 25.30 

 
8 - 165.32 
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4.3.2. Degradation of azepane-1-carboxylic acid by mixed culture members 

 

ACA was degraded by resting cells of Pseudomonas spp. strains ON1 and ON3 

and of G. molinativorax ON4T after 25 h incubation, as this compound was not detected 

in the liquid phase (results not shown). ACA also supported, as carbon and nitrogen 

source, and in the absence of any additional organic growth factor, the aerobic growth 

of these organisms, with specific growth rates of 0.27 h-1 (ON1), 0.22 h-1 (ON3) and 

0.13 h-1 (ON4). In contrast, S. maltophilia ON2 and A. xylosoxidans ON5 were not able 

to grow at the expense of ACA, either as carbon and nitrogen source, or simply as 

carbon source. Apparently, this inability was not due to auxotrophy, as growth was not 

observed even in the presence of 0.2 g l-1 yeast extract. 

McClung et al. (1994) described a microbiological process of degradation of 

EPTC (1-ethylsulfanyl-N,N-dipropylformamide), which consisted on the hydrolysis of 

the thioester bond, with release of ethanethiol, dipropilamine and CO2. Hypothesizing 

an equivalent transformation for molinate, the organisms able to use ACA - 

Pseudomonas spp. strains ON1 and ON3 and G. molinativorax ON4T - would promote 

its decarboxylation into hexamethyleneimine (HMI), which could be further consumed 

as a source of carbon and nitrogen. Such a supposition was consistent with previous 

reports on molinate biodegradation that refer to the release of the azepane moiety in the 

form of HMI as a degradation product of the intermediary molinate-sulfoxide (Thomas 

and Holt, 1980; Imai and Kuwatsuka, 1986c). In order to confirm the hypothesis that 

further molinate degradation could occur via HMI, this compound and other 

commercially available possible analogues of the degradation metabolites of ACA, were 

assayed as growth substrates. In fact, all the isolates able to degrade ACA were also 

able to grow at the expense of HMI. However, in the Pseudomonas spp. strains this 

process was constitutive, whereas in G. molinativorax ON4T it was subjected                
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to ACA-induction. These data suggest that ACA decarboxylation to HMI, by analogy 

with the metabolic pathway proposed by McClung et al. (1994), represents the next step 

of molinate mineralization. According to Wackett and Hershberger (2001), HMI 

degradation may follow one of two alternative pathways, via caprolactam or via an 

open-ring aldehyde metabolite. Pseudomonas spp. strains ON1 and ON3 were unable to 

grow at the expense of caprolactam, even after induction with HMI. Thus, HMI 

degradation in these strains may proceed via 2-hydroxy-HMI, followed by isomerisation 

into an open-ring aldehyde metabolite and further oxidation to 6-aminohexanoic acid.  

In contrast, caprolactam was degraded by G. molinativorax ON4T, although only after 

successive induction with ACA and HMI. This finding hints that HMI degradation in  

G. molinativorax ON4T occurs via a distinct pathway, where caprolactam is formed and 

further converted into 6-aminohexanoic acid. This last compound, common to both 

HMI degradation routes, supported the growth of both pseudomonads and                    

of G. molinativorax ON4T.  

 

 

4.3.3. Degradation of the S-ethyl moiety of molinate 

 

Ethanethiol and diethyl disulphide, formed during the initial molinate breakdown, 

are toxic to G. molinativorax ON4T. However, in mixed culture DC this toxic effect is 

avoided because Pseudomonas sp. ON1 and S. maltophilia ON2 are able to consume 

these sulphur compounds (Barreiros et al., 2003). Further investigation of the 

degradative performance of these two isolates revealed that Pseudomonas sp. ON1 

consumed ethanethiol and diethyl disulphide at a higher rate than S. maltophilia ON2 

(Table 4.3). These results were confirmed by the specific degradation rates of resting 

cells of these isolates with 1 mM ethanethiol. Pseudomonas sp. ON1 degraded this 

compound at a rate approximately 10 times higher [0.36 ± 0.13 mg ethanethiol g-1 (cell 

dry weight) h-1] than S. maltophilia ON2 [0.03 ± 0.009 mg ethanethiol g-1 (cell dry 
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weight) h-1]. Pseudomonas sp. ON3 was also able to transform ethanethiol, although it 

was observed to be a mere conversion, as no depletion of the added carbon occurred. In 

fact, approximately 75 % of the added ethanethiol was converted to ethyl methyl 

sulphide. Given that none of the culture DC members was able to convert or to degrade 

the ethyl methyl sulphide, and considering the high rates of ethanethiol transformation 

during molinate mineralization (Barreiros et al., 2003), this product is probably not 

formed by Pseudomonas sp. ON3, when S. maltophilia ON2, and particularly 

Pseudomonas sp. ON1, are also present. Altogether these results suggest that, in mixed 

culture DC, the ethanethiol formed during molinate cleavage can be consumed by 

Pseudomonas sp. ON1 and S. maltophilia ON2, although the first, more rapid, may 

compete for this substrate.  
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8Table 4.3: Degradation of sulphur compounds by resting cells of mixed culture DC isolates with 0.4 mM ethanethiol. 

  Ethanethiol Diethyl disulphide Ethyl methyl sulphide % Carbon  
Assay Time (h) mM % Carbon 1 mM % Carbon 1 mM % Carbon 1 total 

0 0.386 ± 0.031 95.6 ± 2.6 0.009 ± 0.005 4.4 ± 2.6 <0.02 - 100.0 
24 <0.02 - <0.0005 - <0.02 - - P. chlororaphis ON1 

  48 <0.02 - <0.0005 - <0.02 - - 

0 0.384 ± 0.026 95.5 ± 2.8 0.009 ± 0.006 4.5 ± 2.8 <0.02 - 100.0 
24 0.216 ± 0.047 53.7 ± 11.0 0.063± 0.028 31.7 ± 14.4 <0.02 - 85.4 ± 5.2 S. maltophilia ON2 

   96 0.188 ± 0.064 46.6 ± 15.0 0.044 ± 0.019 21.7 ± 9.0 <0.02 - 68.3 ± 8.5 

0 0.379 ± 0.013 94.5 ± 3.6 0.011 ± 0.007 5.5 ± 3.6 <0.02 - 100.0 
24 0.246 ± 0.032 61.3 ± 8.2 0.035 ± 0.020 17.3 ± 10.1 0.067 ± 0.010 25.2 ± 3.9 103.8 ± 3.5 P. nitroreducens ON3 

  96 0.144 ± 0.061 35.8 ± 15.4 0.007 ± 0.006 3.2 ± 2.9 0.196 ± 0.036 73.1 ± 13.4 112.2 ± 4.2 

0 0.394 ± 0.017 96.5 ± 1.4 0.007 ± 0.002 3.5 ± 1.4 <0.02 - 100.0 
24 0.388 ± 0.011 95.2 ± 5.3 0.005 ± 0.001 2.3 ± 0.4 <0.02 - 97.5 ± 5.6 G. molinativorax ON4T 

   96 0.357 ± 0.007 87.7 ± 3.9 0.017 ± 0.002 8.4 ± 1.0 <0.02 - 96.1 ± 4.3 

0 0.386 ± 0.023 95.4 ± 0.8 0.009 ± 0.002 4.6 ± 0.8 <0.02 - 100.0 
24 0.297 ± 0.022 73.4 ± 4.1 0.040 ± 0.006 20.1 ± 4.3 <0.02 - 93.5 ± 5.6 A. xylosoxidans ON5 

   96 0.252 ± 0.010 62.3 ± 3.7 0.060 ± 0.011 29.3 ± 4.2 <0.02 - 91.6 ± 1.5 

0 0.379 ± 0.016 93.7 ± 3.4 0.013 ± 0.007 6.3 ± 3.4 <0.02 - 100.0 
24 <0.02 - <0.0005 - <0.02 - - 

Culture DC 
  
  48 <0.02 - <0.0005 - <0.02 - - 

0 0.389 ± 0.022 93.7 ± 2.9 0.013 ± 0.005 6.3 ± 2.9 <0.02 - 100.0 
24 0.317 ± 0.067 76.1 ± 14.5 0.050 ± 0.031 24.5 ± 15.8 <0.02 - 100.6 ± 1.7 

Abiotic control 
  

  96 0.213 ± 0.030 51.3 ± 6.7 0.099± 0.019 47.8 ± 10.1 <0.02 - 99.1 ± 6.6 

0 0.366 ± 0.001 91.6 ± 6.1 0.017 ± 0.014 8.4 ± 6.1 <0.02 - 100.0 Abiotic control  
with autoclaved cells 24 0.199 ± 0.043 50.4 ± 13.6 0.087 ± 0.026 43.1 ± 9.8 <0.02 - 93.4 ± 4.9 

  96 0.133 ± 0.009 33.4 ± 4.1 0.119 ± 0.014 59.6 ± 3.4 <0.02 - 93.0 ± 1.7 
Values are the average of three independent experiments (± standard deviation); SPME-GC-FID detection limit of 0.02 mM for ethanethiol, 0.0005 mM for diethyl 

disulphide and 0.02 mM for ethyl methyl sulphide; 1 % Carbon – percentage of carbon in the form of ethanethiol (C2H6S), diethyl disulphide (C4H10S2) or ethyl methyl 

sulphide (C3H8S), respectively. 
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4.3.4. Evaluation of the stability of mixed culture DC 

 

Figure 4.3 shows a putative degradation pathway for molinate and the flow of 

carbon, nitrogen and sulphur through the different members of culture DC, as suggested 

by the results obtained in the present study. According to this proposed pathway, 

molinate can be mineralized by G. molinativorax ON4T and Pseudomonas sp. ON1. 

First, molinate is hydrolysed into ethanethiol and ACA by G. molinativorax ON4T, then, 

ethanethiol is consumed by Pseudomonas sp. ON1 whereas ACA supports the growth 

of both strains. The behaviour of the mixture of these isolates in the presence of 4 mM 

molinate was compared with that of mixed culture DC. The analysis of Figures 4.4A 

and B shows that both mixed cultures were able to grow on molinate with concomitant 

DOC depletion to values of 20-30 mg l-1. SPME-GC-FID analysis of the cultures 

headspace and 1H-NMR of the respective supernatant after 72 h of incubation revealed 

that neither the S-ethyl moiety (ethanethiol and diethyl disulphide) nor ACA 

accumulated in the medium (results not shown). However, the comparison of the 

specific growth and molinate degradation rates of the two mixed cultures revealed that, 

although molinate was mineralized by the mixture of Pseudomonas sp. ON1 and         

G. molinativorax ON4T, a possible substrate inhibition may occur. While the 

experimental data of growth and molinate degradation by culture DC fit a first order 

kinetics [0.06 h-1 and 208 mg of molinate g-1 (cell dry weight) h-1, respectively], as 

described before (Barreiros et al., 2003), the data corresponding to the mixture of 

Pseudomonas sp. ON1 and G. molinativorax ON4T could be described by the Haldane 

equation (see sub-section 4.2.7), a conventional model of substrate inhibition. The 

Haldane model parameters obtained for culture DC and the mixture of Pseudomonas sp. 

ON1 and G. molinativorax ON4T (with Ks= 1 mg l-1) were, respectively, µmax= 0.38 h-1 

and 1.39 h-1 and Ki= 102.0 mg l-1 and 11.5 mg l-1. The specific growth rate of the 

mixture of Pseudomonas sp. ON1 and G. molinativorax ON4T increases from 0.026 h-1 
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for initial molinate concentration of about 600 mg l-1 up to 0.04 h-1 after consumption of 

approximately half the initial molinate concentration.  
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12Figure 4.3 - Putative degradation pathway of molinate and assignment of 

metabolic functions of mixed culture DC members (      reactions on the left, with dotted 

arrows, represent G. molinativorax ON4T transformations;      reactions on the right, 

with bold dotted arrows, represent Gram-negative isolates transformations). Compounds 

in brackets are presumed intermediates/products. Solid arrows represent experimentally 

documented reactions. 
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13Figure 4.4 - Cell growth, molinate degradation and DOC reduction by mixed 

culture DC (A) and a mixture of Pseudomonas sp. ON1 and G. molinativorax ON4T (B) 

grown in medium B with 4 mM molinate. Symbols: �, Cell dry weight. �, Molinate.  

�, DOC. �, Molinate in uninoculated medium. Fittings of a first-order kinetic model 

for cell dry weight and molinate (      and            , respectively). Fittings of the Haldane 

model for cell dry weight and molinate (         and          , respectively). 
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Molinate mineralization by culture DC seems to be comparatively more efficient, 

suggesting a synergistic interaction among its members. This may explain the stability 

of culture DC with maintenance of its five members even after successive sub-culturing 

in mineral medium with molinate. In fact, DGGE analysis of mixed culture DC after   

20 successive transfers, over a period of more than 9 months, revealed that none of the 

five isolates was lost (Figure 4.5), as confirmed by the comparison of the sequences of 

each excised band with those of the pure isolates of mixed culture DC. 

 

 

14Figure 4.5 - DGGE profiles of mixed culture DC after 20 transfers in     

medium B with 4 mM molinate, and of each individual member as controls. Lanes: 1, 

Pseudomonas sp. ON1; 2, S. maltophilia ON2; 3, Pseudomonas sp. ON3;                      

4, G. molinativorax ON4T; 5, A. xylosoxidans ON5; 6, 20th culture of mixture DC.  



New Insights into a Bacterial Metabolic and Detoxifying Association Responsible for the Mineralization 
of the Thiocarbamate Herbicide Molinate  

84 

 

An important aspect concerning the stability of mixed culture DC was the 

presence of two organisms with no apparent function in molinate degradation. One of 

these isolates was S. maltophilia ON2, able to use ethanethiol, although at low rates, and 

presumably with poor growth yields. The other was A. xylosoxidans ON5, unable to 

grow in either the S-ethyl or azepane moieties of molinate. However, none of these two 

isolates was lost after the successive transfers of mixed culture DC, a fact that suggests 

that the maintenance of these isolates in the mixed culture may be due to the use of 

extracellular metabolites or debris released by other mixed culture members. 

Alternatively, a product of partial degradation of ACA could feed these isolates. 

However, this hypothesis seems unlikely, because ACA metabolism is presumably 

intracellular, as was indicated by the fact that no other metabolite was detected in the 

1H-NMR spectra of resting cells assays of Pseudomonas spp. strains ON1 and ON3 and 

G. molinativorax ON4T. The presence of subsidiary members in stable microbial 

communities is probably commonplace in nature and has been referred to in other 

biodegradation studies. For example, Pelz et al. (1999) reported the stable co-existence 

of a member with no apparent function in a community in a chemostat fed with            

4-chlorosalicylate. In fact, the stability of consortia for long periods of time may be 

based upon a complex set of microbial interrelationships, which may include synergistic 

interactions involving carbon sharing, consumption of toxic metabolites, commensalism 

and/or competition (e.g. Pelz et al., 1999; Christensen et al., 2002; Dejonghe et al., 

2003; Kato et al., 2005). 

The observation that microorganisms have evolved highly catabolic potential for 

numerous pollutants has led to their intensive isolation and characterization, with the 

ultimate objective of establishing cost-effective bioremediation processes. The 

accumulation of knowledge on the metabolites/catalysts/genes involved in the 

breakdown of different organic functional groups permitted the conclusion that different 

microorganisms would degrade different compounds of the same class of chemical 
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structure by similar catabolic routes. This allowed for creation of databases of 

degradative pathways (e.g. University of Minnesota Biocatalysis/Biodegradation 

Database, http://umbbd.ahc.umn.edu/) of great utility to preview the catabolic routes of 

new isolates and/or pollutants. However, possibly due to the evolutionary potential and 

genetic flexibility of microorganisms (Timmis and Pieper, 1999), there are still 

descriptions of novel pathways for the degradation of pollutants for which other 

catabolic routes were previously known (e.g. Pieper et al., 2004). Apparently this is the 

case for molinate. Initially it was described has co-metabolisable by three possible 

degradative routes: (1) the oxidation of the sulphur atom with production of molinate-

sulfoxide and molinate-sulfone; (2) the oxidation of the azepane moiety with production 

of hydroxy- and oxo-molinate; or (3) the oxidation of the S-ethyl moiety with 

production of molinate-alcohol and molinate-acid (Soderquist et al., 1977; Thomas and 

Holt, 1980; Golovleva et al., 1981; Imai and Kuwatsuka, 1986c). Among those 

compounds, only trace amounts of 2-oxo-molinate were detected in culture DC grown 

with molinate as the only source of carbon, nitrogen and energy (Correia et al., 2006), 

supporting the hypothesis that the herbicide is degraded by this mixed culture through a 

different catabolic route. We (Barreiros et al., 2003; the present work) have described a 

new mineralizing pathway, involving the hydrolysis of the herbicide thioester bond by 

G. molinativorax ON4T with the release of ethanethiol and ACA, which is apparently 

further degraded by previously described mechanisms, by Pseudomonas spp. strains 

ON1 and ON3 and G. molinativorax ON4T. 
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5. BACTERIAL RICHNESS AND BIOAUGMENTATION IN FLOOD 

WATER OF A PADDY FIELD IN THE PRESENCE OF THE HERBI CIDE 

MOLINATE 

 

 

ABSTRACT 

 

This study aimed at characterizing the flood water microbiota of a paddy field 

where the herbicide molinate has been used for several years. The bacterial 

communities were characterized at different stages of the rice culture cycle. According 

to the Denaturing Gradient Gel Electrophoresis (DGGE) profiling, Verrucomicrobia, 

Bacteroidetes, Actinobacteria and Betaproteobacteria were detected throughout the 

whole sampling period. The lowest and highest bacterial richness were observed, 

respectively, in late April, after Ordram application, and in June, after fertilization. 

Microcosm assays showed that at concentrations between 0.3 and 1.5 mg l-1 

molinate was not degraded by the flood water autochthonous microbiota. In contrast, 

the inoculation with an exogenous bacterial mixed culture previously described as able 

to mineralize molinate, led to the dissipation of the herbicide and to the increase of the 

bacterial richness. After 7 days of incubation, DGGE profiling suggested the exogenous 

culture was eliminated from the flood water.  

 

Keywords: paddy field, flood water, molinate, bacterial community, 

biodegradation.
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5.1. Introduction 

 

Rice is one of the most cultivated crops worldwide, frequently protected by the 

use of pesticides and other phyto-pharmaceuticals in order to increase crop yields 

(Wang et al., 2007; Singh et al., 2008). Despite the benefits that may arise from the use 

of pesticides, it is widely recognized that the environmental contamination (air, soils, 

surface and ground waters) with these compounds may have negative impacts on public 

health and on biological diversity, including microbial communities. Bacteria are 

important members of the microbial communities in agriculture-related habitats, 

contributing to sustain the metabolic and physiological equilibrium of the ecosystem 

(Normander and Prosser, 2000; Blackwood and Paul, 2003; Gelsomino and Cacco, 

2006; Wakelin et al., 2008). Perturbations of the microbiota diversity and activity due to 

pesticide contamination have been reported in experimental studies of aquatic bacterial 

communities in paddy field microcosms, in aquatic mesocosms and in riverine 

populations (Saeki and Toyota, 2004; Knapp et al., 2005; Pesce et al., 2006). Also in 

natural lotic ecosystems, the discharge of organic contaminants has been considered 

responsible for such perturbations of the microbiota (Dorigo et al., 2002, 2004; Valle et 

al., 2006; Pesce et al., 2008). 

In rice paddy fields, flood water overlays the field surface during rice cultivation 

(Kimura et al., 2002; Nakayama et al., 2006). Flood water is a complex habitat where 

organic matter is produced by floating weeds, algae and phytoplankton and where 

microorganisms promote different types of catabolic activities (Kimura et al., 2002; 

Nakayama et al. 2006; Asari et al., 2007). When compared with other natural aquatic 

environments, the flood water ecosystem is unstable, being presumably affected by an 

interrelated set of factors (Shibagaki-Shimizu et al., 2006). For instance, besides the 

climate and geological conditions, also the type of field management, such as phyto-
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pharmaceutical treatment, top-dressing of fertilizer and drainage, may influence the 

characteristics and perturbations of the ecosystem. In fact, different types of alterations 

in the flood water microbial, phytoplankton and zooplankton communities have been 

attributed to the use of fertilizers, the growth stage of rice plants or the midseason 

drainage (Okabe et al., 2000; Yamazaki et al., 2001; Kimura et al., 2002).  

The present study aimed at assessing the bacterial richness and the intrinsic or 

exogenous molinate biodegradation in rice paddy field flood waters. This study was 

focused on a rice paddy where pesticides have been applied for several years, located in 

the Mondego river valley in central Portugal, and where we previously observed the 

molinate contamination of river receiving tail waters (Castro et al., 2005). The flood 

water bacterial richness was evaluated over different stages of rice culture, and the 

intrinsic capacity to degrade molinate was evaluated in flood water microcosms. 

Additionally, bioaugmentation assays using a 5 member bacterial mixed culture (named 

DC) able to mineralize molinate without induction (Barreiros et al., 2003, 2008) were 

performed and the effect of the exogenous organisms on the autochthonous flood water 

microbiota was assessed.  

 

 

5.2. Materials and Methods 

 

5.2.1. Site identification and sampling  

 

This study was conducted in the experimental farm “Bico da Barca”, from 

Direcção Regional de Agricultura e Pescas do Centro (DRAP Centro), located in the 

valley of river Mondego, Montemor-o-Velho, central Portugal. The studied rice paddy 

field, with an area of 7200 m2, is used in conventional agriculture and has a background 

of molinate application of 6 consecutive years. Samples of flood water (5 l) were 
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collected during 2007 according to the schedule and phyto-pharmaceuticals regimen 

indicated in Table 5.1.  

 

9Table 5.1: Rice culture procedures and dates of sampling. 

Date Rice agriculture procedures Samples 

19th April Flood (± 10 cm)  

23rd April Seeding  S 

26th April Ordrama, 50 kg ha-1 (molinate) O5h 

2nd May  O6d 

1st June Midseason drainage  

4th June 
Stam, 18 l ha-1 (propanil)  

Basagran, 4 l ha-1 (bentazone) 
 

6th June Flood (± 10 cm)  

8th June 
Fertilizers: (NH4)2SO4, 102 kg ha-1, 

P2O5, 63 kg ha-1, K2O, 35 kg ha-1 
 

13th June  Ad5d 

27th September Harvesting  

a, Ordram is a commercial formulation containing 7.5 % (w/w) of molinate. 

S, seeding; O5h, 5 hours after Ordram application; O6d, 6 days after Ordram application; 

Ad5d, 5 days after fertilization. 

 

5.2.2. Chemical and microbiological characterization of the flood water 

 

The pH and dissolved organic carbon content (DOC) were determined in each 

collected sample. For DOC determination, samples were filtered through 1.2 µm-pore-

size glass microfiber filters (Albet, Barcelona, Spain) and subsequently analysed as 

described before (Barreiros et al., 2003). Molinate was quantified in samples collected 

after Ordram application, as described below. 

For total cells enumeration, a ten-fold dilution of each water sample was sonicated 

(10 min), filtered through a 0.2 µm-pore-size black polycarbonate membrane 

(Whatman, Kent, UK) and stained with 100 µg ml-1 4'-6-diamidino-2-phenylindole 
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(DAPI) (Sigma-Aldrich, Steinheim, Germany). The total number of cells was 

determined by direct counting under epifluorescence microscopy (Leica, Wetzlar, 

Germany) (Manuel et al., 2007). On average, 12 microscopic fields, corresponding to a 

minimum number of 400 cells, were counted per preparation. Total heterotrophic 

bacteria were enumerated by the membrane filtration method, using 0.45 µm-pore-size 

cellulose nitrate membranes (Albet, Barcelona, Spain) on Plate Count Agar (PCA, 

Merck), incubated for 48 h at 30 ºC. Bacterial community composition of flood water 

was assessed by Denaturing Gradient Gel Electrophoresis (DGGE), as described below. 

 

5.2.3. Microcosm assays and bioaugmentation 

 

The microcosm assays were prepared with flood water collected at three different 

stages of rice culture - 3 days before (seeding day, S), 5 hours (O5h) and 6 days (O6d) 

after Ordram application (Table 5.1). Given the maximum concentration of the 

herbicide in the flood water was around 1.7 mg l-1 (O5h), reached after its application, it 

was estimated that microcosm assays should be run with a concentration of 1.5 mg l-1, 

the molinate content obtained after the inoculum addition (Table 5.2). Thus, the water 

samples collected before and 6 d after Ordram application (concentrations indicated in 

Table 5.2) were spiked with molinate to reach a final concentration of ~1.5 mg l-1 (S Mm 

and O6d Mm) (Herbex, Estoril, Portugal). The sample collected 5 h after pesticide 

application (O5hm) was not supplemented with the herbicide, because it contained the 

desired molinate concentration. Additionally, molinate degradation under conditions of 

reduced bio-availability (lower molinate concentration, Table 5.2) was monitored in 

microcosms using flood water collected 6 d after Ordram application without any 

molinate supplement (O6dm). No other nutrient was added. Assays were performed in 

200 ml of flood water, in 1 l screw-capped Erlenmeyer flasks with Teflon-lined caps, 

incubated at 30 ºC and 120 rpm for a period of 7 days. To assess its performance, mixed 

culture DC, composed by five bacterial strains (two Pseudomonas, one 
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Stenotrophomonas, one Achromobacter and the new species Gulosibacter 

molinativorax) (Barreiros et al., 2003; Manaia et al., 2004), was used as inoculum. 

Mixed culture DC, pre-grown in mineral medium B with 750 mg l-1 molinate as the 

only source of carbon, nitrogen and energy (Barreiros et al., 2003), was inoculated into 

flood water at a cell density of 1x107 cells ml-1, not exceeding the total cell numbers of 

autochthonous microbiota (Table 5.2). Non-inoculated paddy field flood water 

microcosms were tested simultaneously in order to assess the intrinsic depletion of 

molinate, due both to abiotic losses and to the autochthonous microbiota 

biodegradation. In these microcosm assays, sterile distilled water was added (~20 ml) to 

reproduce the dilution effect due to culture DC inoculation. As positive control, mixed 

culture DC was grown in mineral medium B (Barreiros et al., 2003) supplemented with 

the same molinate concentration (0.3 or 1.5 mg l-1), at an initial cell density of 

approximately 1x107 cells ml-1. Molinate content, heterotrophic bacteria, total cells and 

bacterial community composition were determined for each microcosm and control at 

the initial (0 d) and final (7 d) time of incubation. 

 

5.2.4. Molinate quantification 

 

For molinate quantification, the herbicide was extracted from each flood water 

sample or microcosm supernatant (20 ml) after two successive washings with one 

volume of n-hexane. The extracts were dried under vacuum and reconstituted in 1 ml of 

methanol. Molinate was quantified in each organic extract or dilutions thereof by high 

performance liquid chromatography (HPLC) (Barreiros et al., 2003). Cycloate (5 mg l-1) 

(Riedel-de Haën, Seelze, Germany) was used as internal standard and was added before 

molinate extraction. 
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5.2.5. PCR-DGGE analysis 

 

Bacterial cells were collected from 150 ml samples after filtration through         

0.2 µm-pore-size sterile polycarbonate filters (Whatman, Kent, UK). DNA extraction 

was performed using the PowerSoilTM DNA Isolation Kit (MO BIO Laboratories Inc., 

Carlsbad, CA, USA) with an additional incubation period of 15 min at 65 ºC, after cell 

lysis. A 200 bp fragment of the 16S rRNA gene was amplified from 1.5 - 4 µg ml-1 

DNA template using the primers forward 338F_GC and reverse 518R (Muyzer et al., 

1993). The obtained PCR products had a concentration of approximately 30 µg ml-1, 

and 1.2 µg DNA was separated in a 8 % (w/v) poly-acrylamide gel with a denaturing 

gradient ranging from 28 to 57 %, as previously described (Barreiros et al., 2008). 

Major DGGE bands were excised from the gels, eluted with 20 µl of ultra pure water 

and re-amplified by PCR with the same primers. For different samples, bands with 

identical electrophoretic mobility were excised and sequenced to confirm the 

correspondence to the same phylotype. The purity of each band was confirmed after 

DGGE under the same conditions. The same purification procedure was used until a 

single band, matching the original band in the community pattern, was obtained. The 

majority of the bands (74 out of the 103 excised bands) required two steps of 

purification. After cleaning (GFXTM PCR DNA and Gel Band Purification Kit, 

Amersham Biosciences, New Jersey, USA), the bands corresponding to pure DNA 

segments were sequenced with the primer 518R. Seventeen bands, excised from the 

lower part of the gels, could not be purified as subsequent DGGE runs always yielded 

more than one band, and were excluded of this study. In other cases (bands 5, 7, 10, 13, 

14, 15, 16, 17, 18, 20, 21, 22, 25, 26, and 28), bands yielding a single DNA fragment 
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after a subsequent DGGE run, originated sequences with ambiguous nucleotide 

identification. These bands were re-amplified by PCR and the respective PCR products 

were cloned using the pGEM-T Easy Vector System (Promega Corporation, Madison, 

Wisconsin, USA) according to the manufacturer’s instructions. DNA inserts of four 

different clones matching the original band in the respective DGGE pattern were 

subsequently sequenced with the primer M13F (pGEM-T Easy Vector System). 

Nucleotide sequences were determined using a model ABI 3700 DNA Analyser 

(Applied Biosystems, California, USA) and their quality was checked manually using 

the BioEdit software (Hall, 1999). Sequences were compared to the GenBank 

nucleotide data library using the BLAST software at the National Centre of 

Biotechnology Information website (http://www.ncbi.nlm.nih.gov/) in order to infer 

about their closest phylogenetic relatives. To confirm the presence of culture DC 

members, the sequences of the corresponding DGGE bands were compared with those 

of the 16S rRNA gene of each isolate (Barreiros et al., 2003; Table 5.3). 

Different DGGE profiles were compared for presence/absence of bands using the 

Bionumerics software (version 5.10, Applied Maths, Belgium) and the dendrograms 

were constructed using the Dice coefficient and the clustering method unweighted pair 

group with arithmetic means (UPGMA). The reproducibility of the DGGE patterns was 

quantified using also this tool. Accordingly, for the same sample, different PCR 

products analysed in different DGGE runs presented a similarity of 90-95 % (inter-gel 

reproducibility). For two independent experiments of the same sample or for two 

replicate samples run in the same gel a similarity of 92-100 % (intra-gel and sample 

reproducibility, respectively) was estimated.  
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5.2.6. Statistical Analyses 

 

The microbiological parameters determined for flood water over the rice crop 

cycle were compared on basis of the Analysis of Variance (ANOVA) and the Post Hoc 

test of Tukey (Analysis ToolPak package of Microsoft Excel 2003 software for 

Windows XP). 

 

 

5.3. Results and Discussion 

 

5.3.1. Chemical and microbiological characterization of the rice field flood water 

 

The flood water of the studied paddy field was analysed at four different stages 

of rice culture, during the year of 2007 (Tables 5.1 and 5.2). Throughout this period, 

the pH of the flood water was approximately 7 and the DOC content varied between 

6.3 and 10.5 mg l-1. The organic pesticide input, which reached a concentration of the 

active compound (molinate) of 1.7 mg l-1 in the rice paddy flood water 5 h after 

Ordram application, might have contributed to the highest DOC content registered. 

Six days after Ordram application, molinate dissipated to a lower concentration    

(0.3 mg l-1) and the DOC value also decreased (Table 5.2). As expected, due to 

midseason drainage and herbicide dissipation, molinate was below the detection limit 

(0.04 mg l-1) in the sample collected in June. These molinate concentrations are in 

the range of values found in paddy waters worldwide (Portugal, Castro et al., 2005; 

USA, Soderquist et al., 1977; Deuel et al., 1978; Australia, Quayle et al., 2006; and 

Japan, Son et al., 2006) and are consistent with half-life values of 3 to 10 days, 

reported for this herbicide (Deuel et al., 1978; Ross and Sava, 1986; Johnson and 

Lavy, 1995; Mabury et al., 1996). 
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Although in the same order of magnitude (107 cells ml-1), the number of total cells 

varied significantly (p ≤ 0.05) over the rice crop cycle, with the highest value 5 h after 

Ordram application and the lowest in June. In contrast, significantly (p ≤ 0.05) higher 

counts of total heterotrophs were observed in June (Table 5.2), after fertilization and 

when the rice plants were actively growing towards maturation. This apparent switch in 

the number of total cells and cultivable bacteria after Ordram application and midseason 

drainage (June), may result from the balance between the environmental stress sensed 

by bacteria and the nutrient availability. In late April, the application of the herbicide 

may impose some stressful conditions that set bacterial metabolic activity to a 

minimum, which may limit cultivability but not cell division. In June, the release of this 

stress and the presence of other beneficial conditions may enhance bacterial metabolic 

activity, favouring cultivability, whereas type and availability of nutrients and growth 

factors may limit cell proliferation.  

 

10Table 5.2: Characterization of rice paddy flood water over the phyto-

pharmaceutical treatment. See Table 5.1 for legend details. 

 Paddy Field Flood Water 

Parameter a S 

(23-04-2007) 

O5h 

(26-04-2007) 

O6d 

(02-05-2007) 

Ad5d 

(13-06-2007) 

pH 7.3 ± 0.1 7.2 ± 0.1 7.1 ± 0.1 6.8 ± 0.1 

     

DOC (mg l-1) 6.3 ± 0.1 10.5 ± 0.2 7.8 ± 0.2 6.7 ± 0.1 

     

Molinate (mg l-1) ND 1.7 b 0.3 < 0.04 c 

     

Total heterotrophs  2.9 ± 0.21 d 2.5 ± 0.30 d 3.1 ± 0.18 d 15 ± 1.3 e 

(CFU ml-1) (x105)     

Total cells  2.5 ± 0.02d 3.4 ± 0.18 e 2.6 ± 0.14 d 1.6 ± 0.07 f 

(cells ml-1) (x107)     

% Cultivable population 1.2 0.7 1.2 9.3 

a, The values are the average of three independent determinations (± standard deviation).            

b, The DOC content of an Ordram aqueous solution with 1.7 mg l-1 molinate (determined by 

HPLC) was 3.7 mg l-1, from which 2.1 mg l-1 corresponded to the DOC content of distilled water. 

c, Detection limit of 0.04 mg l-1. ND, not determined. d-f, homogeneous subsets, as determined 

by the Tukey test. 
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Also the DGGE profiling evidenced modifications in the composition of the flood 

water bacterial community over the rice crop cycle. The lowest bacterial richness 

(Figure 5.1, O5h), as well as the lowest proportion of cultivable heterotrophs (0.7 %, 

Table 5.2), was found immediately after the herbicide application. As EC50 values of     

1 to 10 mg l-1 molinate have been reported for the model organism Vibrio fischeri (Phyu 

et al., 2005), an immediate effect of Ordram application might have been the toxicity of 

molinate, which at a concentration of 1.7 mg l-1 (Table 5.2) might have inhibited some 

groups of bacteria, which were not detected after herbicide application (Table 5.3). 

However, other factors might explain this observation. Although of unknown 

composition, but presumably poor in organic carbon, as determined by DOC analysis 

(Table 5.2), the presence of molinate co-adjuvants as well as the effect of the growth 

stage of the rice plants may have contributed to the observed results. In opposition, the 

highest bacterial richness (Figure 5.1, Ad5d) and cultivability proportion were observed 

in June, (9.3 %, Table 5.2). This result may be attributed to the release of possible 

molinate negative effects, to the beneficial influence of nitrogen and phosphorus 

compounds supplied in the fertilizers and/or the growth stage of rice plants. These 

factors, independently or in combination, might have favoured the development of a 

wide range of organisms, increasing the ratio of cultivable heterotrophs. In fact, the 

effect of fertilizers input and seasonal variations were indicated as possible inducers of 

modifications in the microbial community structure and dynamics of paddy field soil 

and water (Kimura et al. 2002; Kim et al. 2008). Particularly, it is suggested that the 

growth stage of rice plants may have a strong influence on the microbiota diversity and 

abundance (Bai et al., 2000; Hoque et al., 2001; Inubushi et al., 2001; Lu et al., 2002; 

Chen et al., 2009). Bai et al. (2000) observed that, as the rice plants grew towards 

maturity, the microbial structure in the soil changed to contain more Gram-negative 
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bacteria                                                                                                                     

bacteria and methanotrophs while Chen et al. (2009) reported an increase in the 

complexity of the DGGE profile of a paddy soil with the rice plants growth. Such an 

effect is presumably due to the nutrients supply maintained by root exudates, where 

diverse plant metabolites represent carbon, nitrogen and energy sources for the 

surrounding microbiota (Curl and Truelove, 1986; Inubushi and Watanabe, 1986; Lynch 

and Whipps, 1990; Bai et al., 2000; Lu et al., 2002; Kong et al., 2008). 
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15Figure 5.1 - DGGE profiles of rice paddy flood water collected over the rice 

culture phyto-pharmaceutical treatment. Bands that were excised for sequence analysis 

are labelled with the same number as in Table 5.3. See Tables 5.1 and 5.2 for legend 

details. 
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The 16S rRNA gene-based phylogenetic diversity of the flood water was assessed 

on basis of the sequence analysis of the DGGE bands (Figure 5.1; Table 5.3). The 

closest neighbours of most of the nucleotide sequences of the DGGE bands analysed in 

paddy field water corresponded to clones and/or bacterial strains of aquatic 

environments or agricultural soils (Table 5.3). According to the BLAST search, the 

majority of the bands detected in flood water belong to organisms of the phyla 

Bacteroidetes (7 different bands), Verrucomicrobia (6 different bands), Actinobacteria 

(3 different bands), and of the class Betaproteobacteria (4 different bands) (Figure 5.1, 

Table 5.3), taxa previously reported as the dominant members of bacterial communities 

of rice paddy fields (Hengstmann et al., 1999; Liesack et al., 2000; Murase et al., 2005; 

Nakayama et al., 2006; Shibagaki-Shimizu et al., 2006; Kikuchi et al., 2007).  

Among the 23 DGGE bands recovered from flood waters DNA extracts, seven 

were detected in all samples and were identified as belonging to Actinobacteria      

(band 11), Chromatiaceae (band 18), Verrucomicrobia (bands 4, 24), and Bacteroidetes 

(bands 2, 3 and 28). Apparently, these organisms were not affected by the factors varied 

during the rice culture period under analysis. In contrast, others might have been 

negatively affected by the introduction of Ordram, or other prevailing conditions at that 

day, as they were detected in all but in the sample collected 5 h after Ordram application 

(O5h). This was observed for the bands which sequences were related with Spirosoma 

linguale LMG 10896T (band 17), Betaproteobacteria (band 22) and Verrucomicrobia 

(band 27). In turn, a band corresponding to an organism related to the genus 

Aquaspirillum (band 15) was detected only on the day of molinate application, 

presumably due to a transient increase in the relative abundance of this organism. Four 

other unique bands were observed in the sample with the highest number of DGGE 

bands (Ad5d), although most of these corresponded to organisms related to taxonomic 
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groups found in other samples – Betaproteobacteria (band 20), Bacteroidetes (band 23), 

Verrucomicrobia (band 31), and Firmicutes (band 21).  

The majority of the sequences analysed after the DGGE fingerprinting (79-87% of 

the sequences retrieved from samples S, O5h, O6d and Ad5d) presented highest identity 

scores with 16S rRNA gene sequences of uncultured bacteria. Similar findings were 

reported for other DGGE based studies on rice paddies (Shibagaki-Shimuzu et al., 

2006; Kikuchi et al., 2007). Although this result is in part due to the fact that uncultured 

organisms represent nowadays an important slice of the sequences deposited in 

publicdatabases, those authors attributed the scarcity of sequences presenting high 

identity scores with cultured organisms to the oligotrophic character of the rice field 

ecosystem. 
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11Table 5.3: Phylogenetic affiliation of major DGGE bands shown in Figures 5.1 and 5.2 and distribution of these organisms in different 

flood water samples or microcosm assays (m). 

    Paddy Field Microcosm  

Closest % Accession Origin S O5h O6d Ad5d S Mm S Mm O5hm O5hm O6dm O6dm O6d Mm O6d Mm DGGE 
Relative Similarity Number            + DC  + DC  + DC  + DC Band 

Actinobacteria                                 

Uncultured actinobacterium 96 EF446337 Lake                         11 

Uncultured actinobacterium 91 EF135052 Amended soils         t0 t7 t7   t7   t7   9 

Uncultured actinobacterium 92 EF650869 Australian Vertisol         t0   t7   t7 t7 t7   26 

Uncultured actinobacterium 96 DQ316355 Lakes-Germany         t7   t0           8 

Bacteroidetes                                 

Uncultured Flavobacteria 100 EF520552 Acid-impacted lakes         t0 t0 t7 t7 t0   t0   2 

Flavobacterium terrigena 91 DQ889724 Soil         t7 t7 t7 t7         6 

Uncultured Bacteroidetes 91 EF219724 Antarctic habitats             t0 t7 t0       28 

Uncultured Sphingobacteria 90 EF520595 Acid-impacted lakes         t0   t7           3 

Spirosoma linguale  93 AM000023 Water steam generator               t7   t7   t7 17 

Uncultured Flavobacteria 90 EF061064 Freshwater           t7 t7     t0 t0   t0 29 

Uncultured Sphingobacteria 92 EF072475 Soil-USA           t7   t7   t7   t7 23 

Cyanobacteria                                 

Uncultured cyanobacterium 93 EF632989 Saline wetland-Chile          t0   t0   t0 t0 t0 t0 1 

Firmicutes                                 

Uncultured Firmicutes 99 EU297454 Agricultural soil-USA           t7   t7         13 

Uncultured Firmicutes 93 EU297454 Agricultural soil-USA               t7         21 

Alphaproteobacteria                                 

Sphingopyxis sp. 90 EF424406 Agricultural field           t7             12 

Betaproteobacteria                                 

Uncultured proteobacterium 100 AY947907 Bacterioplankton-rivers         t0       t0 t0 t0   22 

Uncultured Rhodocyclaceae 94 EF018674 Soil                 t7 t7 t7 t7 20 

Proteobacterium 100 AJ964892 Freshwater                          7 

Aquaspirillum sp. 98 AF321032 Northern Baltic Sea             t0           15 
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Table 5.3 (cont.) 
    Paddy Field Microcosm  

Closest % Accession Origin S O5h O6d Ad5d S Mm S Mm O5hm O5hm O6dm O6dm O6d Mm O6d Mm DGGE 
Relative Similarity number            + DC  + DC  + DC  + DC Band 

Gammaproteobacteria                                 

Uncultured Chromatiaceae 98 AY360644 Oxic rice field soil           t0 t0   t0   t0   18 

Xanthomonas sp. 97 AM490086 River sediment           t7   t7   t0   t0 14 

Uncultured Legionella sp. 99 AY924163 Treated drinking water         t7   t7           16 

Deltaproteobacteria                                 

Uncultured proteobacterium 90 EU300326 Agricultural soil-USA           t7   t7   t7   t7 19 

Verrucomicrobia                                 

Uncultured Verrucomicrobia 91 EU043654 Soils                         24 

Uncultured Verrucomicrobia 91 AF141391 Estuary-Columbia river               t0   t7   t7 4 

Uncultured Verrucomicrobia 93 AY214834 Soil                 t0 t0   t0 27 

Uncultured Verrucomicrobia 91 DQ829316 Soil                 t7 t0       30 

Uncultured Verrucomicrobia 92 EU298281 Agricultural soil-USA         t7 t7   t7 t7 t7 t7 t7 10 

Uncultured Verrucomicrobia 95 AY509518 Lakes-Sweden             t0           5 

Uncultured Verrucomicrobia 97 EF220751 Antarctic habitat                   t7   t7 31 

Uncultured Opitutaceae 97 EU298661 Agricultural soil-USA                   t7   t7 25 

Mixed culture DC                 

Gammaproteobacteria                                

Pseudomonas chlororaphis 99 AJ306832 Strain ON1           t0   t0   t0   t0 a 

Stenotrophomonas maltophilia 100 AJ306833 Strain ON2           t0   t0   t0   t0 b 

Pseudomonas nitroreducens 100 AJ306834 Strain ON3           t0   t0   t0   t0 c 

Actinobacteria                                

Gulosibacter molinativorax 99 AJ306835 Strain ON4T           t0   t0   t0   t0 d 

Betaproteobacteria                                

Achromobacter xylosoxidans 99 AJ306836 Strain ON5           t0   t0   t0   t0 e 
S, O5h, O6d and Ad5d, paddy field flood water samples as indicated in Tables 5.1 and 5.2. S Mm, O5hm, O6dm and O6d Mm, non-inoculated microcosm assays. S Mm+DC, 

O5hm+DC, O6dm+DC and O6d Mm+DC, microcosm assays inoculated with mixed culture DC. S Mm, seeding day flood water supplemented with 1.5 mg l-1 molinate; O5hm, 

flood water 5 hours after Ordram application; O6dm, flood water 6 days after Ordram application; O6d Mm, flood water 6 days after Ordram application supplemented with 

1.5 mg l-1 molinate. Black shadowing, organisms detected in the respective flood water sample or both at initial and final time of incubation of the microcosm assay; t0 and 

t7, organisms detected only in the initial or final stages of the microcosm assay, respectively.  
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5.3.2. Degradation of molinate in microcosms with paddy field flood water 

 

The drainage of paddy fields, taking place about one month after Ordram 

application, leads to the contamination of rivers and aquifers with molinate, frequently 

at concentrations above the values legally recommended (Albanis et al., 1998; Cerejeira 

et al., 2003; Castro et al., 2005; Son et al., 2006). Therefore, the removal of molinate 

from flood waters, by the autochthonous microbiota or by using alternative methods as 

bioaugmentation, would represent a valuable preventive measure to avoid 

environmental contamination after water drainage. The feasibility of such a process was 

assessed in microcosm assays using flood water collected at different stages of the rice 

culture cycle.  

In non-inoculated microcosm assays, molinate concentrations did not decrease 

after seven days of incubation, a result that suggests the inability of the autochthonous 

microbiota to degrade the herbicide (Table 5.4). This was an interesting and somehow 

unexpected finding. Given that Ordram is being used for several years in this rice paddy 

field it might be expected to find in these waters an adapted microbial community 

capable of metabolizing molinate. The role of biodegradation has been emphasized 

before as a major mode of molinate dissipation in flood water under field conditions 

(Deuel et al., 1978). In the present study, the apparent inability of the autochthonous 

microbiota to degrade molinate may hint the physicochemical degradation of the 

herbicide in the paddy field over time (Table 5.2). For instance, volatilization has been 

reported as the major route of dissipation of this thiocarbamate (Soderquist et al., 1977; 

Ross and Sava, 1986; Quayle et al., 2006). Nevertheless, molinate degradation by soil 

microorganisms, not considered in this study, may have contributed for the observed 

molinate field dissipation. 
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Molinate removal yields of ~75-80 % of the initial 1.5 mg l-1 were observed both 

in inoculated microcosm assays and in inoculated controls (mineral medium)         

(Table 5.4), confirming the ability of mixed culture DC to degrade the herbicide in 

flood water, in the absence of any additional nutrients or co-factors and in the presence 

of the autochthonous microbiota. In spite of this, slightly lower removal yields (~55 %) 

were observed for lower initial molinate concentrations (~0.3 mg l-1), probably due to 

the reduced bio-availability of the herbicide in these conditions (Table 5.4). 

 

12Table 5.4: Molinate and microbiota monitoring in the microcosm assays (m) 

with flood water samples. 

 Non-inoculated 
Inoculated (DC)  

(1) 
Inoculated (DC)  

(2) 
MM + DC 

 0 d 7 d 0 d 7 d 0 d 7 d 0 d 7 d 

S Mm                 

Heterotrophs (CFU ml-1) (x105) 2.45 0.73 265 4.90 390 3.65 255 300 

Total cells (cells ml-1) (x107) 2.58 2.74 3.11 2.53 3.01 2.57 2.74 2.46 

Molinate (mg l-1) 1.20 1.20 1.51 0.39 1.48 0.29 1.47 0.19 

Molinate degradation (%) 0 74 80 87 

O5hm                 

Heterotrophs (CFU ml-1) (x105) 5.50 0.98 280 4.10 240 3.25 255 300 

Total cells (cells ml-1) (x107) 2.51 2.89 3.38 2.62 3.37 2.45 2.74 2.46 

Molinate (mg l-1) 1.41 1.30 1.54 0.39 1.47 0.32 1.47 0.19 

Molinate degradation (%) 8 75 78 87 

O6dm                 

Heterotrophs (CFU ml-1) (x105) 1.23 0.82 174 2.00 159 2.15 250 300 

Total cells (cells ml-1) (x107) 3.32 2.62 4.09 2.89 3.08 2.63 3.57 3.02 

Molinate (mg l-1) 0.28 0.27 0.22 0.11 0.25 0.11 0.22 0.09 

Molinate degradation (%) 4 50 57 61 

O6d Mm                 

Heterotrophs (CFU ml-1) (x105) 2.40 0.90 250 3.70 215 5.60 240 280 

Total cells (cells ml-1) (x107) 2.71 2.62 3.52 2.69 3.30 2.58 3.25 2.36 

Molinate (mg l-1) 1.45 1.44 1.52 0.42 1.51 0.45 1.50 0.28 

Molinate degradation (%) 0 73 70 81 

(1) and (2) correspond to two independent assays; MM + DC, mineral medium B with molinate 

inoculated with 1x107 cells ml-1 of culture DC (control). See Table 5.3 for legend details. 
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5.3.3. Microcosm bacterial community composition 

 

Although the biodegradation studies reported above showed promising results for 

the use of culture DC as a bioremediation tool, it was also important to assess the 

possible perturbations induced in the autochthonous community. With this objective, 

the DGGE patterns of the bacterial communities of the different microcosm assays were 

compared (Figures 5.2 and 5.3). The results suggest that culture DC inoculation did not 

lead to relevant perturbations in the autochthonous bacterial community, as, when 

excluding the bands corresponding to culture DC members, DGGE profiles of non-

inoculated and inoculated microcosm assays clustered together (Figure 5.3). In cluster A 

were grouped all the DGGE patterns of the seeding day flood water microcosm assays 

(S Mm), in cluster B1 those of 6 days after Ordram application (O6dm) and in cluster B2, 

those corresponding to 5 hours after Ordram application (O5hm) plus O6d Mm- t7. The 

separation of the DGGE patterns of the seeding day from all the others also suggests the 

importance of the rice plants maturity and pesticide inputs on the bacterial composition 

of the paddy flood water. 

It was also possible to follow the fate of mixed culture DC. Whereas at the 

beginning of the assay, when cultivable heterotrophs were in the range of 107 CFU ml-1, 

the same order of magnitude of the total autochthonous population (Tables 5.2 and 5.4), 

intense DGGE bands were observed (Figure 5.2, lanes 3 and 5 - t0), after 7 days of 

incubation only pale bands were detected (Figure 5.2, lanes 4 and 6 - t7). 

Simultaneously, after the incubation period, the number of heterotrophs decreased from 

107 to 105 CFU ml-1 in the inoculated microcosm assays (Table 5.4). The decrease of 

intensity of the DGGE bands of culture DC in paddy water microcosms was not due to 

the lack of nutrients, as after 7 days of incubation in mineral medium, where molinate at 

the same initial concentration constituted the only organic nutrient, all of its 5 members 
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were detected (lanes 8) and the number of cultivable cells was maintained at 107 CFU 

ml-1 (Table 5.4). If elimination of mixed culture DC was due to the competition of the 

autochthonous microbiota or to the presence of growth inhibitors in paddy water, acting 

independently or in combination, it is not known; nevertheless, herbicide degradation 

was not hampered. Another apparent effect of mixed culture DC was the improvement 

of the bacterial richness in flood water. After the incubation period, the microcosm 

assays inoculated with culture DC presented DGGE profiles with higher number of 

bands (Figure 5.2, lanes 4 and 6) than its non-inoculated counterparts (Figure 5.2,   

lanes 2). This finding may be explained on the basis of culture DC molinate degradative 

capacity which, promoting molinate breakdown, may avoid the negative impact of the 

herbicide or of its transformation products on certain microorganisms. Additionally, the 

inoculation with culture DC might represent a nutrient input, stimulating the growth of 

autochthonous bacteria, and thus favouring the richness of the community. 
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16Figure 5.2 - DGGE profiles of microcosm assays with rice paddy flood waters. 

S Mm, seeding day flood water supplemented with 1.5 mg l-1 molinate; O5hm, flood 

water 5 hours after Ordram application; O6dm, flood water 6 days after Ordram 

application; O6d Mm, flood water 6 days after Ordram application supplemented with 

1.5 mg l-1 molinate. Non-inoculated flood water at t0 (lanes 1) and t7 (lanes 2). Flood 

water inoculated with mixed culture DC at t0 (lanes 3, 5) and t7 (lanes 4, 6). Mixed 

culture DC grown in mineral medium B with the same concentration of molinate 

(MM+DC) at t0 (lanes 7) and t7 (lanes 8). M, marker, mixed culture DC grown in 

mineral medium with 4 mM molinate. Bands that were excised for sequence analysis 

are numbered as indicated in Table 5.3. 
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17Figure 5.3 - Cluster analysis of bacterial communities in flood water 

microcosm assays based on DGGE profiles shown in Figure 5.2. This analysis was 

performed excluding the bands correspondent to culture DC isolates. See Tables 5.3 and 

5.4 for legend details. 

 

As expected, most of the DGGE bands were observed simultaneously in the flood 

water samples and in microcosm assays (Figures 5.1 and 5.2, Table 3). Nevertheless, 

eight bands (8, 10, 12, 13, 14, 16, 19 and 25) were detected only in the microcosm 

assays. Although bands 8, 10 and 25 corresponded to Actinobacteria and 

Verrucomicrobia, taxa widely represented in the flood water DGGE patterns, others 

(bands 12 and 19) were affiliated to different classes of Proteobacteria not detected in 
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the field samples (Table 5.3). Among the microcosm specific bands, which presumably 

correspond to less abundant representatives of the flood water bacterial community, two 

(bands 8 and 16) were observed exclusively in the non-inoculated assays S Mm and 

O5hm. In contrast, bands 12 (S Mm + DC), 13 (S Mm + DC and O5hm + DC), 19 (all 

inoculated microcosms) and 25 (O6dm + DC and O6d Mm + DC) were detected only in 

the inoculated microcosms after 7 days of incubation. In the same way, bands 21, 23 

and 31 were observed only in microcosm or field samples with low molinate 

concentrations, i.e., at the end of incubation of inoculated microcosm assays or in Ad5d 

samples. 

 

 

5.4. Conclusions 

 

- The bacterial groups detected in the paddy field flood water at the different 

stages of the rice culture examined were affiliated to Verrucomicrobia, Bacteroidetes, 

Actinobacteria and Betaproteobacteria, taxa widely found in rice paddies and in other 

aquatic and soil habitats; 

- The highest number of total cells and the lowest percentage of cultivable 

population and bacterial richness were observed in late April, immediately after Ordram 

application. 

- The lowest number of total cells and the highest percentage of cultivable 

population and bacterial richness were observed in June, after fertilization and when 

rice plants were actively growing towards maturity;  

- In the reported microcosm assays, the flood water autochthonous microbial 

community was not capable of degrading molinate;  

- Despite of being eliminated, culture DC was able to remove up to 55-80 % of 

the herbicide, and contributed to the re-establishment of flood water bacterial richness.  
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6. GENERAL DISCUSSION 

 

 

The catabolic potential of the autochthonous microbiota eventually leads to the 

degradation of any natural compound in the environment, as these organisms contain 

enzymes able to uptake and to convert those compounds into products that enter directly 

in the central metabolic pathways. In the case of xenobiotic compounds the situation is 

quite different, as these pollutants are synthetic and, consequently, their structure can be 

deeply different from naturally occurring structures. Microorganisms that have been 

exposed to these new and unique molecular formulations only during the last few 

decades might not had enough time to evolve the mechanisms to detoxify or metabolize 

them (Larson et al., 1997; Rieger et al., 2002). In this case, the xenobiotics or their 

(photo)-chemical degradation products may accumulate in the environment, with 

consequent harmful effects. 

In spite of this, it is generally assumed that under selective constraints at least 

some of the xenobiotics that are released into the environment lead to the evolution of 

new, sometimes specific, metabolic pathways (Timmis and Pieper, 1999; Rieger et al., 

2002). In most cases, xenobiotic degraders have developed peripheral enzymes with 

extended substrate range that are able to transform the initial toxic compound into an 

intermediate capable of integrating pre-existing metabolic routes (Van der Meer et al., 

1992). The genetic information that encodes the degradation of both naturally occurring 

and xenobiotic organic compounds is often encoded on mobile genetic elements such as 
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plasmids, transposons, integrons, genomic islands and phage-like genes encoding 

integrases. There is increasing evidence that the horizontal transfer of these mobile 

genetic elements is one of the main mechanisms of microorganisms’ adaptation to new 

xenobiotics entering their habitats. These processes play an important role in the 

spreading of existing catabolic pathways, as well as in the construction of novel ones 

(Tsuda et al., 1999; Top et al., 2000, 2002; Van der Meer and Sentchilo, 2003). Thus, 

the biological degradation of a wide range of xenobiotic molecular structures has been 

reported. 

The presence of xenobiotic degraders in polluted environments is desirable, since 

in such cases low cost and simple intrinsic bioremediation processes might be 

successfully implemented. However, if the whole set of conditions necessary to achieve 

biodegradation are not accomplished, the extension at which natural attenuation takes 

place may be negligible with the consequent persistence of the contaminants in the 

environment. Even if present, the microorganisms capable of degrading target 

xenobiotics may be limited by some factors such as insufficient cell densities to achieve 

contaminant remediation, nutrient shortage, unsuitable environmental conditions      

(e.g. temperature, redox potential, pH), reduced bioavailability of the xenobiotic, 

accumulation of degradation products that are more toxic and/or inhibitory and presence 

of complex mixtures of pollutants that hampers microbial activity (Dua et al., 2002; 

Rieger et al., 2002; Gavrilescu, 2005).  

This appears to occur in molinate contaminated sites. In fact, several authors 

reported the isolation of molinate degraders from contaminated soils and waters 

(Klysheva et al., 1980; Golovleva et al., 1981; Imai and Kuwatsuka, 1986a, b, c; 

Molinari et al., 1992; Daffonchio et al., 1999; Torra-Reventós et al., 2004). However, 

the chemical analysis of these environments revealed the presence not only of molinate 

residues, but also of products of its bio-photo-chemical degradation, some of which are 

more toxic for animals than the parent compound, such as molinate-sulfoxide 

(Soderquist et al., 1977; Thomas and Holt, 1980; Golovleva et al., 1981; Imai and 
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Kuwatsuka, 1982, 1986c; Konstantinou et al., 2001). These results indicated the 

absence of efficient molinate degraders in these contaminated habitats, reason for which 

molinate was described as the most recalcitrant thiocarbamate (Nagy et al., 1995). 

To overcome these limitations, engineered bioremediation can be implemented. 

This type of remediation uses some mechanisms to modify or enhance the activities of 

naturally occurring microorganisms in order to accelerate the removal of undesired 

pollutants. The engineered bioremediation strategies include the introduction of highly 

efficient pollutant-degrading microbial strains in the contaminated environment 

(bioaugmentation). Several studies have reported bioaugmentation as a feasible 

approach for the treatment of wastewaters released from pharmaceutical industries, pulp 

mills, dye and other industries (Saravanane et al., 2001; Yu and Mohn, 2001; Chen et 

al., 2006), and also for the bioremediation of pesticide contaminated soils and waters 

(Silva et al., 2004a; Hong et al., 2007; Benimeli et al., 2008; Lima et al., 2009). 

A successful bioaugmentation depends mainly on the behaviour of the strains in 

the environment where they are introduced (Ma et al., 2009). Therefore, before 

inoculation it is essential to assess the feasibility of bioaugmentation in a series of 

laboratory tests for characterization of the physiology, biochemistry and genetics of the 

selected microorganisms. Subsequently, microcosm assays should be performed to 

understand the interactions between the contaminant and the organisms of interest and 

to evaluate their capacity to degrade the target pollutant in the real contaminated matrix 

(Joo et al., 2008; Singh, 2008). One of the goals of this study was the evaluation of the 

feasibility of mixed culture DC to be used as a bioaugmentation tool in processes to 

remediate molinate polluted sites. When compared with other organisms reported as 

able to degrade molinate (Klysheva et al., 1980; Golovleva et al., 1981; Zyakun et al., 

1983; Imai and Kuwatsuka, 1986a, b, c; Molinari et al., 1992; Daffonchio et al., 1999; 

Torra-Reventós et al., 2004), culture DC did represent a promising bioaugmentation 

tool. To our knowledge, this culture was the only biological system able to mineralize 

and grow at expenses of molinate without the accumulation of dead-end products. This 
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property is probably related with the fact that the key step of molinate degradation is 

performed by the Gram-positive member of culture DC, i.e., the new species                

G. molinativorax ON4T. Indeed, the cleavage of the thioester bond of molinate with 

release of ethanethiol and the new metabolite azepane-1-carboxylic acid (ACA) was not 

described before for molinate, and thus, constitutes a new molinate degradative 

pathway. Ongoing studies suggest that the enzyme responsible for the initial molinate 

breakdown is also a new protein from the amidohydrolase family (Plumeier et al., 

2008). 

A contaminated environment is characterized by a complex mixture of natural and 

xenobiotic compounds. In the presence of readily metabolisable substrates, pollutant 

degraders might not utilize the xenobiotic compounds, or might degrade them through 

co-metabolic processes. This seems to occur with the majority of molinate degraders, 

since all the previously isolated organisms were described as co-metabolizing molinate, 

while using glucose or other natural compound as carbon and energy sources. However, 

as referred above, these organisms accumulated degradation products and residues of 

the herbicide (Klysheva et al., 1980; Golovleva et al., 1981; Zyakun et al., 1983; Imai 

and Kuwatsuka, 1986a, b, c; Molinari et al., 1992; Daffonchio et al., 1999). In 

opposition, culture DC was able to mineralize molinate in the presence of additional 

energy, carbon and nitrogen sources such as meat extract, yeast extract and tryptone in 

concentrations up to 1 g l-1 each (Correia et al., 2006), suggesting that the presence of 

readily metabolized substrates would not jeopardize culture DC degradative capacities 

in a real contaminated environment. On the other hand, mixed culture DC was not able 

to degrade none of the other tested xenobiotics which might be present in molinate 

contaminated sites, such as the herbicides propanil, bentazone and MCPA (Barreiros et 

al., unpublished), usually used in combination with molinate in the phytopharmaceutical 

treatment of rice fields. Moreover, since isolate G. molinativorax ON4T could cleave the 

thioester bound of molinate it was reasonable to suppose that a similar breakage could 

be produced in other thiocarbamates. However, it was observed that neither cultures nor 
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resting cells of this isolate could grow and/or degrade other thiocarbamates, such as 

vernolate, EPTC, thiobencarb and cycloate, indicating a high specificity of                   

G. molinativorax ON4T for molinate. Nevertheless, mixtures of molinate with different 

pesticides that can be present in real contaminated sites (propanil, bentazone, MCPA, 

bensulfuron-methyl, mefenacet, glyphosate, atrazine) did not hamper molinate 

mineralization by culture DC (Barreiros et al., unpublished). 

The utilization of pesticides can result in two broad categories of environmental 

contamination: the heavy pollution of defined areas due to disposal or accidental release 

of concentrated pesticide formulations; and a diffused low-level contamination, 

resultant from the continuous use of pesticides and remnants of persistent pesticides 

used in the past (Chowdhury et al., 2008). In this last case, biodegradation may be 

seriously limited by the reduced bioavailability, representing an additional problem for 

decontamination. In fact, besides the susceptibility to biological transformation into less 

toxic products, the accessibility of the contaminant to microorganisms constitutes 

another basic principle that should be considered prior to the establishment of a 

bioremediation strategy (Gray et al., 1999; Dua et al., 2002; Crawford et al., 2004). In 

some cases, organisms can effectively degrade a single pollutant under lab-conditions 

but when introduced into actual field conditions, they cease to function and may even 

not be able to survive in the natural environment (Singer et al., 2005, Singh, 2008). 

Additionally, the competitive advantage of the indigenous microbiota may impose 

serious limits to an adequate fitness of the introduced organisms, hampering their 

viability and degrading activity (Chapalamadugu and Chaudhry, 1992; Bouchez et al., 

2000; Supaphol et al., 2006; Das and Mukherjee, 2007; Mohanty and Mukherji, 2008). 

When, at microcosm scale, culture DC was inoculated in flood water, it was observed 

that it did neither lose its molinate biodegrading activity nor disturbed the diversity of 

the autochthonous bacterial communities of the studied contaminated environment, 

being readily eliminated. These were relevant results when a bioremediation process is 

envisaged. 
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In what concerns culture DC biodegrading activity, this culture was able to 

degrade molinate at both high (187 mg l-1) and low (0.3-1.5 mg l-1) concentrations, in 

water from a river receiving rice paddies tail waters spiked with molinate (Correia et al., 

2006) and in flood water contaminated with Ordram (section 5; Castro et al., 2005), 

respectively. These results contrast with previous reports on other molinate 

biodegraders (Klysheva et al., 1980; Golovleva et al., 1981; Zyakun et al., 1983; Imai 

and Kuwatsuka, 1986a, b, c; Molinari et al., 1992; Daffonchio et al., 1999; Torra-

Reventós et al., 2004), as culture DC has the ability to degrade higher concentrations of 

the pesticide (c.a. 7 times, up to 750 mg l-1), which are inhibitory to the majority of 

other molinate degrading organisms. The high tolerance to molinate may be 

advantageous in the cases of large runoff events of pesticides into the environment, as 

those resulting from industrial activity. Besides, the ability of culture DC to remove 

high concentrations of molinate is not impeditive of its biodegrading activity at lower 

concentrations, as those occurring in rice paddies few days after Ordram application to 

the flood waters.  

Nevertheless, when molinate is present at very low concentrations, culture DC 

activity is reduced, probably due to the limited bioavailability. Under these conditions, 

culture DC may not be able to remove the herbicide content to values below the legally 

recommended limit of 2 µg l-1 for molinate in surface waters (DL 261/2003). In this 

case, the combination of bioremediation technologies with physical-chemical methods 

such as adsorption can be very useful to remove a pollutant from the environment and 

concentrate it to levels that microorganisms can subsequently use (Feakin et al., 1995; 

Roy et al., 1999; Sirotkin et al., 2001; Carvalho et al., 2007; Gu et al., 2008). Parallel 

studies of our group assayed the feasibility of the combination of a physical with a 

biological method to remove molinate from polluted waters. In a first stage, the 

herbicide was removed through adsorption on resin or activated carbon and then, in a 

subsequent stage, biodegraded by culture DC, with the regeneration of the adsorbent 

(Silva et al., 2004b; Coelho et al., 2006). This two-step approach with culture DC seems 
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very promising for the decontamination of waters polluted with very low levels of 

molinate. 

One important aspect concerning the evolution of degradative pathways is the 

frequent requirement of a mixed culture to achieve xenobiotic complete degradation. 

With the increasing complexity of the chemical structure of xenobiotics, single 

organisms are no longer able to mineralize the pollutants and the involvement of 

multispecies cultures is often observed (Rieger et al., 2002; Top and Springael, 2003). 

Nevertheless, adaptation mechanisms like horizontal gene transfer can conduct cell 

consortia towards the assembly of the complete pathway in one host if the community 

characteristics allow it. This evolution and rearrangement of catabolic pathways has 

been described for atrazine (De Souza et al., 1998). Mandelbaum et al. (1995) isolated a 

single atrazine mineralizing organism from a mixture of bacteria originally reported to 

be a consortium (Mandelbaum et al., 1993), which suggested that the isolate arose from 

gene transfer within the mixed culture. A similar metabolic evolution could be 

hypothesized for culture DC. However, distinct functions were attributed to each 

member of culture DC, suggesting the maintenance of an inter-strain association rather 

than an accumulation of activities. Probably for this reason, the five members were 

maintained even after successive sub-culturing in mineral medium with molinate. This 

finding suggests that the mixed culture is quite stable, robust and adapted to this 

herbicide degradation. In spite of this, in the future, if the addition of culture DC to 

natural polluted environments is adopted, the metabolic association of its members may 

evolve through horizontal gene transfer to a single organism with the complete molinate 

degradation pathway. Alternatively, once assured the breakage of the thioester bond of 

molinate (by strain G. molinativorax ON4T or its molinate hydrolase), autochthonous 

microbiota may be able to resume the herbicide mineralization.  
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This study was designed envisaging the future implementation of a 

bioremediation tool to decontaminate molinate polluted sites. However, the research 

plan took us to interesting results, with implications far behind the bioremediation 

technology. The isolation and characterization of a mixed culture degrading molinate 

through a new metabolic pathway, involving new organisms and probably new 

catalysts, brought also interesting insights into the biodiversity and evolution of 

xenobiotic degradation.  
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7. MAIN CONCLUSIONS  

 

 

The main conclusions of this work can be summarized as follows: 

 

- Defined mixed culture DC, established through enrichment of a soil and water 

sample collected from the runoff of a molinate producing industry, is able to mineralize 

molinate, using it as the only source of carbon, nitrogen and energy, or in the presence 

of other readily metabolisable compounds, without the accumulation of dead-end 

products. 

- The study of molinate degradation pathway by the five membered culture DC 

revealed that the new species G. molinativorax ON4T is essential for herbicide 

biodegradation, being responsible for the cleavage of the thioester bond of molinate, the 

initial step of the metabolic pathway. This cleavage occurs under both aerobic and 

anaerobic conditions, and constitutes a novel mechanism to biodegrade molinate. 

- Through molinate hydrolysis, G. molinativorax ON4T releases ethanethiol and 

the new metabolite azepane-1-carboxylic acid (ACA). Under aerobic, but not under 

anaerobic conditions, Pseudomonas spp. strains ON1 and ON3 and G. molinativorax 

ON4T degrade ACA. Under both aerobic and anaerobic conditions, Pseudomonas sp. 

ON1 and S. maltophilia ON2 degrade sulphur compounds that are toxic                        

to G. molinativorax ON4T at concentrations higher than 2 mM.  
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- Aerobic molinate mineralization can be achieved with a mixture of                   

G. molinativorax ON4T and Pseudomonas sp. ON1. However, culture DC is 

comparatively more efficient. 

- Culture DC is not able to compete with natural microbiota, but is able to degrade 

molinate when used to inoculate the flood water of a rice paddy. Moreover, through this 

removal, culture DC apparently increases the richness of the microbial communities of 

rice fields, attenuating possible undesirable effects of molinate application.  

- Culture DC is robust and highly efficient in molinate mineralization and 

represents a valuable tool for decontamination of molinate polluted waters. 

 



Future Work 

121 

 

 

 

 

 

 

8. FUTURE WORK 

 

 

In order to complete and continue this work, it is suggested that future studies 

should include the further characterization of the enzymes involved in molinate 

degradation by culture DC. The enzyme responsible for the cleavage of the thioester 

bond of molinate is already being studied. In future, it will be also important to 

characterize the enzyme involved in the degradation of the new metabolite ACA. 

Preliminary studies suggest that a multicomponent oxygenase may be involved in this 

step of molinate mineralization. 

Since this work envisages the development and future implementation of a 

biological system to decontaminate molinate polluted waters, the use of a minimal 

number of microorganisms may be advantageous. Thus, it is important to study further 

molinate mineralization by the mixed culture of G. molinativorax ON4T and 

Pseudomonas sp. ON1, with evaluation of population dynamics during herbicide 

degradation (on going work). The influence of several biotic - autochthonous organisms 

– and abiotic factors – temperature, presence of other pesticides – on population 

composition of this mixed culture when it is grown in real-world contaminated waters 

should be assessed. Simultaneously, it is important to relate possible variations in 

microbial populations with the efficiency of molinate mineralization.  
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G. molinativorax ON4T hydrolyses molinate into ethanethiol and ACA. This 

isolate is capable of ACA degradation but it is not able to remove ethanethiol. Having in 

mind the application to decontaminate real waters, it is important to evaluate if the 

autochthonous microbiota of real waters include organisms with the ability to degrade 

ethanethiol and ACA. If the water microbiota contains ethanethiol and/or ACA 

degraders, molinate mineralization may be achieved by simply inoculating the water 

with G. molinativorax ON4T (on going work) or even with the molinate hydrolising 

enzyme.  
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