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The most outstanding feature of life's history is that through 3.5 billion years this has remained, 

really, a bacterial planet. Most creatures are what they've always been: they're bacteria and they 

rule the world. And if I can impart some increased respect for those creatures that we consider 

simple and inferior, then I'll have done a good deed. 

Stephen Jay Gould (1941-2002) 
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RESUMO 

A relevância ambiental das cianobactérias está pricipalmente relacionada com a 

sua capacidade para produzirem uma larga gama de toxinas, que se sabe serem 

nocivas para muitos organismos, incluindo o ser humano. Investigando causas e 

consequências de florescências de cianobactérias, o conteúdo em metais da Albufeira 

do Torrão (no rio Tâmega, norte de Portugal), foi monitorizado mensalmente, em 

Marco de Canaveses (sazonalmente sujeito a florescências tóxicas de Microcystis 

aeruginosa) e a montante, em Amarante (sem registo de florescências), durante 

dezasseis meses. As duas localizações apresentaram níveis semelhantes de metais tanto 

para a água como para o sedimento. Portanto, a ausência de florescências de 

cianobactérias em Amarante não está relacionada com diferenças no teor em metais. 

Durante a ocorrência de florescências o conteúdo em metais do sedimento e da água foi 

maior. Esta mudança no conteúdo em metais pode ser atribuída à influência da 

biomassa de cianobactérias na bio-disponibilidade dos metais necessários para o seu 

crescimento e manutenção das funções fisiológicas. A concentração de ligandos 

orgânicos (medidos como ligandos de Cu) aumentou significativamente durante a 

florescência o que indica que as cianobactérias podem libertar exudados complexantes 

capazes de alterar a especiação de metais em águas doces. A influência da biomassa de 

cianobactérias no conteúdo em metais foi confinada local e temporalmente à ocorrência 

das florescências, não afectando a albufeira permanentemente. Os dados obtidos não 

permitem distinguir se um aumento dos teores de metais propiciou o início da 

florescência ou se, pelo contrário, a ocorrência da florescência originou um aumento 

dos níveis de metais. Possivelmente ambos os fenómenos ocorreram, uma vez que as 

florescências alteram rapidamente as condições físico-químicas dos ambientes em que 

ocorrem, onde as condições de equilíbrio são constantemente ajustadas. 

Muitos compostos (retardadores de chama, plastificantes, farmacêuticos) foram 

recentemente descobertos em águas de superfície e subterrâneas, a níveis baixos, mas 

globalmente distribuídos. Devido à diversidade e complexidade destes compostos 

ultravestigiais emergentes, ainda não existem técnicas analíticas que produzam 

resultados satisfatórios na análise de diversos contaminantes numa mesma amostra e 

essa determinação requer ainda grandes melhorias. A aplicação da microextracção em 
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fase sólida, seguida de cromatografia gasosa (SPME-GC) a meios de cultura de 

cianobactérias permitiu a detecção e quantificação de octilfenol (OP), nonilfenol (NP) e 

bisfenol A (BPA) num pequeno volume de amostra. 

Alquilfenois (APs) são xenobióticos presentes na água doce de todo o mundo, 

muitos dos quais com propriedades de disruptores endócrinos. Os seus efeitos em 

comunidades fitoplanctónicas estão ainda pouco caracterizados, apesar de estes 

organismos estarem continuamente expostos a estes compostos. As interacções e o 

destino dos APs em meios de cultura de M. aeruginosa foram avaliados in vitro. Na 

ausência de células (controlo) a semi-vida dos APs foi mais longa do que na presença 

das células. Os APs não foram detectados nas células e isso sugeriu que teram sido 

absorvidos e activamente metabolizados pelas cianobactérias, transformando-se 

supostamente em espécies menos tóxicas. Em ambientes de água doce, particularmente 

em situações de ocorrência de florescências, quando a taxa de crescimento da 

população de cianobactérias for semelinante à obtida neste estudo, uma resposta 

também semelhante poderá ser esperada. Os APs não promoveram o crescimento de 

M. aeruginosa na gama de concentrações que tipicamente se encontram no ambiente. 

Pode-se portanto concluir que o aparecÍBroeroito de florescências de cianobactérias não 

será favorecido pela presença de APs no tonem ambiente. 

A presença de antibióticos era eoossiisttemas de água doce levanta problemas 

devido à sua c»corrência conspícua, ao sem pasguel no surgimento de bactérias resistentes 

aos antibióticos e à pressão selectiva raeinriiift» inas comunidades microbianas de água 

doce. Os efeitos do anfíbióliico mkw&w&sm ((IMC}) em meios de cultura de M. aeruginosa 

foram avaliados in vibro e moslraiaimii qps eatteautóxico para M. aeruginosa virtualmente 

a qualquer concentração. Um câkmll» <rfib caimanttracao ambiental previsível, em águas 

superficiais pontagmesas» de mAMatimm dis femilia das tetraciclinas (na qual a MC se 

inclui) revelou potencial <die tasdkiídfflífe. Mio» «xttanto, numa avaliação da toxicidade da 

MC em meio die oil tara dopad© farinant aarm »OP mostrou que, nesta mistura, os 

efeitos tóxicos da MC BiraÉiairaii des^aansnM^^ímgça-nndo uma acção antagónica do OP. 

A exposição de tm^mmssmss iiittaagítoinxttífninnssaufcestes compostos não é de hoje, mas a 

avaliação da soa toœidaiidle é HBDBBBE. A aiqpaniiiade de integrar este conhecimento, 

acerca da toaõddbde de (oarampsísítosi ffiane^pitfees, iisoladamente e em misturas, com a 

informação prévia de esthaxÉDB die ttarosiiíMteátetíéurnidiasafio para o futuro. 
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ABSTRACT 

The environmental health-related relevance of cyanobacteria is primarily 

associated to their ability to bloom while producing a wide range of toxins, which are 

known to be hazardous to many organisms, including human beings. Investigating 

causes and consequences of cyanobacterial blooms, the metal content of Torrão 

reservoir (Tâmega river, north Portugal) was monitored monthly at Marco de 

Canaveses (seasonally subjected to toxic blooms of Microcystis aeruginosa) and 

upstream at Amarante (no blooms recorded), for sixteen months. The two locations 

presented similar metal levels for both water and sediment. Therefore, it is unlikely 

that the absence of cyanobacteria blooms at Amarante is due to differences in metal 

content. During the blooms an increase in metal content in sediment and water took 

place. This enhance was attributed to the cyanobacterial biomass influence on the 

bioavailability of the metals necessary for growth and physiological functions 

maintenance. Concentration of Cu-binding ligands was higher during the blooming, 

indicating that cyanobacteria are capable of changing the metal speciation in a 

reservoir, during these periods. The influence of cyanobacterial biomass on the metal 

content was locally and temporarily confined to the bloom event, not affecting the 

reservoir permanently. From the data gathered it cannot be ascertained if a metal 

increase triggered the bloom or if the occurrence of the bloom caused the metal 

increase. Possibly both phenomena partly took place, since blooms rapidly change 

physicochemical environments, in which equilibrium conditions are pursued 

constantly. 

Many compounds (flame retardants, plasticizers, pharmaceuticals) have recently 

been found to be present in surface and ground water at low levels but on a global 

scale. Due to the diversity and complexity of these ultra trace emerging compounds, 

no analytical technique has been proved yet to yield satisfactory results and the 

determination of several contaminants in a single sample requires a great 

improvement. Application of solid phase microextraction, followed by gas 

chromatography (SPME-GC) to cyanobacteria culture media allowed the detection and 

quantification of octylphenol (OP), nonylphenol (NP) and bisphenol A (BPA) in a low-

volume sample. 
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Alkylphenols (APs) are xenobiotics found in freshwater worldwide and many 

exhibit endocrine disrupting properties. Effects on phytoplanktonic communities are 

poorly characterized, despite the fact that these organisms are continuously being 

exposed to these compounds. Fate and effects of OP and NP on M. aeruginosa batch 

cultures was assessed in vitro, and showed that in the absence of cells (control) APs 

half-life was longer than in the presence of the cells. APs could not be found bound to 

the cells, therefore it was suggested that APs were uptake and actively metabolized by 

the cyanobacteria to expectantly less toxic forms of the compounds. In freshwater 

environments, particularly in bloom-occurring situations, when the growth rate of the 

population will be similar to the growth obtained in the present study, a similar 

response can be expected. APs did not promote the growth of M. aeruginosa at typical 

environmental concentrations. Therefore, blooming of this species is not propitiated by 

the presence of these APs in the aquatic system. 

Antibiotics presence in freshwater ecosystems is a concern because of their 

widespread occurrence, their potential role in bacterial resistance, and because of the 

selection pressure on natural freshwater microbial communities. Effects of the 

antibiotic minocycline (MC) on M. aeruginosa batch cultures was assessed in vitro and 

showed that MC inhibits M. aeruginosa growth at virtually every concentration. 

Calculation of the surfacewater predicted environmental concentration, of the 

antibiotics of the tetracyclines family (amongst which MC is counted), revealed the 

toxicity potential of Portuguese surface water. However, an assessment of MC toxicty 

in culture media also doped with OP revealed that in this mixture the MC toxic effects 

disappeared indicating that OP acted as an antagonist. 

Exposure to these contaminants is not new to the phytoplanktonic species, but our 

assessment is. Being able to integrate the knowledge about the toxicity of emerging 

compounds, both as single compounds and taking part in mixtures, into previous 

information about toxicity studies is an up-coming challenge. 
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RÉSUMÉ 

L'importance environnementale des cyanobactéries est principalement liée à leur 

capacité de produire une vaste gamme de toxines qui sont nocives à plusieurs 

d'organismes et aussi à l'être humain. En investiguant les causes et les conséquences 

des efflorescences de cyanobactéries, la composition de métaux du Réservoir du Torrão 

(au rivière Tâmega au Nord de Portugal) a été étudié tous les moins, au Marco de 

Canaveses (qui présent des efflorescences toxiques de Microcystis aeruginosa, tous les 

six moins) et en Amarante (sans observations d'efflorescences), pendant seize moins. 

Les deux endroits ont exhibé des niveaux de métaux semblables dans l'eau et les 

sédiments. Par conséquent, il est peu probable que l'absence des efflorescences de 

cyanobactéries en Amarante soit due aux différences dans le contenu en métaux. La 

efflorescence a apparu simultanément avec une augmentation significative du niveau 

de métaux dans l'eau et le sédiment. Ce changement des niveaux de métaux peut être 

provoqué par l'influence de la biomasse des cyanobactéries dans la biodisponibilité des 

métaux nécessaires à leur développement et manutention de leurs fonctions 

physiologiques. La concentration de ligands organiques (mesuré comme ligands de 

Cu) a augmenté significativement pendant la efflorescence. Ces résultats indiquent que 

les efflorescences de cyanobactéries peuvent libérer substances complexantes capable 

de modifier l'spéciation des métaux dans les eaux douces. En ce cas ici, l'influence des 

cyanobactéries sur la composition des métaux est confiné local et temporellement à 

l'occurrence des efflorescences, en n'affectant pas tout le retenue permanemment. Des 

données recueillies lui ne peut pas être assuré si une augmentation en métal 

déclenchait la efflorescence ou si l'occurrence de la efflorescence causait l'augmentation 

en metal. Probablement les deux phénomènes ont en partie eu lieu, depuis des 

efflorescences changent rapidement les environnements physico-chimiques, dans 

lesquels des états d'équilibre sont poursuivis constamment. 

Plusieurs substances (flamme retardants, produits plastifiants, produits 

pharmaceutiques) ont été récemment trouvées dans les eaux superficielles et 

souterraines, avec des niveaux bas, mais globalement éparpillés. Grâce à leur diversité 

et complexité, il n'y a pas des techniques analytiques qui produisent des résultats 

admissibles pendant l'analyse de divers contaminants dans une même échantillon et 
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cette détermination nécessite d'être améliorer. L'apllication du SPME-GC a le milieux 

de culture de le cyanobactérie a permis la détection et la quantification de l'octylphenol 

(OP), du nonylphenol (NP) et du bisphenol A (BPA) dans un échantillon à faible 

volume. 

Alkylphenols (APs) son xénobiotiques avec propriétés estrogénique présent dans 

les eaux douces de tout le monde. Les interactions et le destin des APs dans un milieux 

de culture de la cyanobactérie M. aeruginosa ont été étudiés in vitro. Aux milieux sans 

cellules (le contrôle), les APs on été chimiquement dégradé du milieux de culture mais 

aux milieux avec cellules la dégradation a été très vite. LAPs ne pourrait pas être 

trouvé attaché aux cellules, donc on l'a suggéré que lAPs aient été prise et activement a 

été métabolisé par le cyanobactérie aux formes en expectative moins toxiques des 

composés. Dans les environnements d'eau douce, en particulier dans des situations de 

efflorescences, quand le taux de croissance de la population sera semblable à la 

croissance obtenue en présente étude, une réponse semblable peut être prévue. L'APs 

n'ont pas favorisé la croissance de la M. aeruginosa aux concentrations 

environnementales typiques. Par conséquent, l'efflorescence de M. aeruginosa n'est pas 

facilite par la présence de ces APs dans l'eau. 

La présence d'antibiotiques dans des écosystèmes d'eau douce est un souci en 

raison de leur occurrence répandue, leur rôle potentiel dans la résistance bactérienne, 

et en raison de la pression sélective sur les communautés microbiennes d'eau douce. 

Les effets du antibiotique minocycline (MC) dans un milieux de culture de la 

cyanobactérie M. aeruginosa ont été étudiés in vitro et prouvé que MC empêche le 

croissance de la M. aeruginosa à pratiquement chaque concentration. Le calcul de la 

concentration environnementale prévue (PEC) des antibiotiques de la famille de 

tetracyclines (parmi quel MC est compté) a indiqué le potentiel de toxicité de l'eau de 

surface portugaise. Cependant, une évaluation de MC toxicty dans des milieux de 

culture a également enduit d'OP indiquée que dans ce mélange les effets toxiques de 

MC ont disparu indiquant qu'OP agi en tant qu'antagoniste. 

L'exposition à ces contaminants n'est pas nouvelle aux espèces phytoplanktonic, 

mais notre évaluation est. Pouvoir intégrer la connaissance au sujet de la toxicité des 

composés naissants, en tant que composés simples ou en tant qu'élément des mélanges, 

dans des informations précédentes sur des études de toxicité est un défi prochain. 
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OBJECTIVES 

The final aim of this study was the characterization of the trace chemical 

composition (in addition to major components and physical parameters) of water and 

sediments of Torrão reservoir in different seasons, to gain a better knowledge of the 

parameters that may be relevant in the occurrence of cyanobacteria blooms. The results 

of in situ studies on trace metal speciation are presented and discussed in Part I of the 

Thesis. 

Complementary, in vitro studies in culture media inoculated with Microcystis 

aeruginosa, a cyanotoxins-producing species isolated from Torrão reservoir, were 

carried out to investigate the influence of some emergent pollutants, namely endocrine 

disrupting chemicals and antibiotics (which are suspected to be present at the 

reservoir) on the biological response of these microorganisms. Part II of the Thesis is 

devoted to these in vitro studies. 
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Chemical factors related with freshwater blooms of cyanobacteria 

1.1.1. Environmental relevance of cyanobacteria 

Cyanobacteria are a diverse group of gram-negative prokaryotes which occur 

primarily in freshwater, estuaries and oceanic environments, but also in terrestrial 

ecosystems. In spite of being prokaryotic organisms, up until today cyanobacteria are 

also called blue-green algae. This nomenclature, that usually confounds those without 

an extensive biological knowledge, is still maintained due to the fact that cyanobacteria 

possess the ability to assimilate CO2 by typical plant-type photosynthesis, with two 

photosystems, almost always within the thylakoid membranes (Chorus and Bartram 

1999). Moreover, these aerobic photoautotrophs possess chlorophyll a like the 

eukaryotic algae and plants. Evidence of cyanobacteria as one of the first organisms to 

appear on Earth is given by numerous stromatolites that occurred from the Archean to 

the late Mesozoic (Kazmierczak and Altermann 2002; Arp et al. 2001). Cyanobacteria 

are thought to have contributed to the build-up of an oxygenated atmosphere and 

ocean over the Proterozoic not only as oxygen-generating photosynthetic organisms 

but also due to hydrogen generation, which with subsequent escape to space could 

enhance the oxidation of the primitive atmosphere and oceans (Hoehler et al. 2001; 

Jorgensen 2001). In filamentous cyanobacteria vegetative cells might develop into 

functionally specialized cells (e.g. heterocysts), thus exhibiting cellular differentiation. 

Atmospheric nitrogen-fixing cyanobacteria are widespread among the filamentous 

heterocyst-forming genera, although some non-heterocystous cyanobacteria are 

capable of N2 fixation (Bergman et al. 1997). As a consequence of the atmospheric N2 

fixation cyanobacteria produce H2 and attempts have been made to use this ability in 

an industrial scale (Benemann 1997). 

An increase in cell numbers can lead to blooms and scums of planktonic species, 

and mats and biofilms of benthic species, and become potentially hazardous due to the 

occurrence of toxin-producing cyanobacteria (Cook et al. 2004; Vasconcelos 1999). 

These cyanobacterial toxins differ in mechanisms of uptake, affected organs, and 

molecular mode of action (Wiegand and Pflugmacher 2005) and may affect aquatic and 

terrestrial wildlife as well as humans, if they contact, ingest or use water contaminated 

with cyanotoxins (Chorus 2001). Such blooms have already been registered all over the 

world (Codd et al. 2005) and, naturally, most of the recent research concerning these 

organisms is focused on toxin identification and quantification (Aboal and Puig 2005; 

Ballot et al. 2005; Graham et al. 2004). 
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1.1.2. Abiotic factors that trigger a bloom 

Because nowadays most countries are compelled to use eutrophic reservoirs as 

drinking water sources (Molica et al. 2005; Hoeger et al. 2004) the common occurrence 

of cyanobacteria in eutrophic natural waters poses a problem. Water treatment for 

cyanobacteria/extracellular toxins removal is very expensive and difficult to 

implement and increases markedly the prime cost of drinking water (Pietsch et al. 

2002; Vasconcelos and Pereira 2001; Vasconcelos 1999). Therefore, alongside with 

efforts to identify and monitoring the cyanotoxins, researchers have been trying to 

understand the contribution of environmental factors to the occurrence of blooms and 

toxin production. 

Formal hypothesis modulating these occurrences have been put forward (Arquitt 

and Johnstone 2004; Jann-Para et al. 2004). Traditionally the occurrence of blooms has 

been related to the nitrogen/phosphorus ratio (Krivtsov et al. 2000; Fujimoto et al. 

1997). Abiotic conditions such as temperature, solar irradiance and wind regime have 

also been related to the bloom occurrence (Kanoshina et al. 2003; Easthope and 

Howard 1999; Ha et al. 1999). Other workers have focused on vertical migration and 

buoyancy changes and the resultant effects in the growth rates (Wallace and Hamilton 

1999; Visser et al. 1997). The thermal stratification in rivers controls the growth of 

cyanobacteria and is considered to favour buoyant species. These, aided by the 

possession of gas vesicles, are able to control their vertical position in the water column 

and maintain an optimal position with respect to light intensity and nutrient 

availability, throughout the day (Westwood and Ganf 2004). More recently, the 

ecological models were coupled with others incorporating hydrodynamic parameters 

such as the river flow, depth and stream (Robson and Hamilton 2004; Bonnet and 

Poulin 2002). The management of the river flow, particularly the dam discharge 

control, has been suggested as one of the parameters on which to act upon when trying 

to dissipate blooms or even to prevent their occurrence (Maier et al. 2004; Webster et al. 

2000). However, the use of these models as bloom-controlling tools has not yet been 

achieved. This is partly because most models only effectively apply to the specific 

location where the data was generated and partly because these models are better at 

predicting the occurrence of a bloom than at preventing it. Moreover, evidence 

suggests that different cyanobacteria species will respond differently to the 

environmental factors, which causes great difficulty in using predictive models 

generated on data from other species. 
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The causes of bloom decline are also not clearly understood. It has been accepted 

that lytic agents and buoyancy play a significant role, but hardly any work has been 

done concerning nutrient levels or other abiotic factors (Arquitt and Johnstone 2004). 

Some workers suggested the involvement of cyanophages (Hewson et al. 2001). Others 

have suggested that, in estuaries, the loss of cells from the surface layer through tidal 

advection to the ocean can account for the decline (Robson and Hamilton 2004). 

1.1.3. Could other factors be involved in the bloom-forming process? 

The contamination of the aquatic systems with inorganic, organo-metallic and 

organic chemicals has not yet been related to the bloom occurrence or decline. So far 

information regarding correlations with the concentration of, for example, 

pesticides/herbicides (DeLorenzo et al. 2001; Peterson et al. 1997) or polycyclic 

aromatic hydrocarbons (Warshwasky et al. 1995), is very incipient, but these classes of 

chemicals are a conspicuous presence in cyanobacteria-inhabited environments. 

Cyanobacterial interactions with metals have been frequently reported, but seldom 

in the bloom-forming context. The calculation of the relative abundance of trace metals 

and their chemical speciation in the Archean and Proterozoic oceans lead to the 

conclusion that marine cyanobacteria have trace metal sensitivities that are consistent 

with their evolution in an ancient sulfidic ocean, where Cu, Zn and Cd were 

significantly less available than Fe, Ni, Co and Mg (Saito et al. 2003; Williams and 

Fraústo da Silva 2003). As a result, still nowadays the metal requirements of 

cyanobacteria are different from the ones of the eukaryotic microalgae. For example, 

some eukaryotic phytoplankton has the ability to substitute cobalt for zinc in the 

enzyme carbonic anhydrase in vivo, whereas this cobalt-zinc substitution has not yet 

been observed in cyanobacteria (Saito et al. 2002). The marine cyanobacteria are very 

sensitive to both Cu and Cd toxicity. Both of these metals are thought to have been 

present at very low concentrations in the early oceans but exist at a much higher 

concentration today, hence the toxicity to the cyanobacteria (Saito et al. 2003). 

Cyanobacteria depend upon a variety of metal cations to maintain the cellular 

metabolism. Investigation concerning the genome of some strains and, in some cases, 

the correspondent protein expression, has established that elements such as Cu, Fe, Ni 

and Zn are essential (Cavet et al. 2003; Andrews et al. 2003; Mulrooney and Hausinger 

2003). Moreover, in the aquatic environment, cyanobacteria can act as biological 

sorbents because of their affinity to bind dissolved metals, thus playing an important 
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role in metal sequestration and affecting metal speciation (Li et al. 2004; Zhou et al. 

2004; Prasad and Pandey 2000; Blanco et al. 1999; Gardea-Torresdey et al. 1998). 

Characterization of metal-cyanobacteria sorption reactions has demonstrated that the 

cyanobacterial surfaces are complex structures which contain distinct surface layers, 

each with unique molecular functional groups and metal binding properties (Dittrich 

and Sibler 2005; Kretschmer et al. 2004; Yee et al. 2004; Phoenix et al. 2002). The role of 

cyanobacterial exudates has been proved a means of detoxifying the water, from 

otherwise toxic metal concentrations, (Gouvêa et al. 2005; Freire-Nordi et al. 2005; 

Singh et al. 1999) or as a means of element acquisition, of which siderophore 

production is a god example (Webb et al. 2001). The toxic secondary metabolites 

produced by certain species also have the ability to bind metals from the environment, 

thus influencing metal speciation (Oliveira et al. 2005; Humble et al. 1997). While trace 

metals elicit a variety of acute and chronic toxicity effects (Miao et al. 2005; Heng et al. 

2004), cyanobacteria also have the capability to accumulate, detoxify, or metabolize 

such contaminants, to some extent (Garcia-Meza et al. 2005; Wang et al. 2005; Feris et 

al. 2004; Pawlik-Skowronska et al. 1997; Koelmans et al. 1996). 

Integrating the scattered information from these fields of work has not yet been 

achieved, particularly due to the inter-disciplinary nature of the subject. A 

comprehensive review of the interactions of cyanobacteria with environmental 

parameters is needed in order to ascertain the mechanisms by which blooms (and toxin 

production) are triggered. In this review we aim at analysing the interactions of 

cyanobacteria with metals, focusing on freshwater systems. 

1.1.4. Mechanisms of metal binding 

When attempting to predict the fate of metal ions in the aquatic environment no 

simple generalization can explain the interacting influences of metal specificity, 

environmental influences, exposure route, and species-specific characteristics (Luoma 

and Rainbow 2005). More than understanding the availability of metals in the 

environment it is important to understand their bioavailability since it depends on 

biological parameters and on the physicochemical properties of metals, their ions, and 

their compounds. Thus, bioavailability is the key to assessment of the potential toxicity 

of metals and their compounds (Duffus 2001). Trace metal bioavailability is often 

evaluated on the basis of steady-state models such as the free ion activity model 

(FIAM) (Brown and Markich 2000; van Leeuwen 1999) or the biotic ligand model 
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(BLM) (Paquin et al. 2002; Campbell et al. 2002) in which the metal must interact 

with/or traverse the cell membrane in order to cause a biological response. The BLM 

has been demonstrated to be more successful in predicting metal bioavailability and 

toxicity because it takes into account the water chemistry (Niyogi and Wood 2004; 

Pinheiro et al. 2004). However, in some cases, the assumptions underlying these 

models failed to predict competitive interactions or to model the uptake at all 

(Slaveykova and Wilkinson 2005; Hassler et al. 2004; Bell et al. 2002). Particular 

attention has been brought to the fact that in natural waters approximately 99% of the 

metals are bound to various ligands and not in the ionic form (Bell et al. 2002). 

Therefore, to predict the fate of metals in aquatic-inhabited environments a 

quantitative and mechanistic understanding of metal sorption reactions is needed. As 

will be discussed below, some authors have attempted this characterization for 

cyanobacteria species. 

1.1.4.1. Surface binding sites 

Several works dealing with metal biosorption in different bacterial species have 

shown the complexity of the binding phenomenon (Borrok et al. 2004; Warren and 

Haack 2001; Yee and Fein 2001; Fowle and Fein 2000; Fein et al. 1997) particularly due 

to the need to consider different biosorption mechanisms, within the same species, 

according to the environmental conditions (Pagnanelli et al. 2000, Sunda and 

Huntsman 1998) and to the metabolic state, growth phase and growth conditions (Yee 

et al. 2004). 

The usage of biomass for wastewater treatment was achieved for several 

cyanobacterial species and a variety of effluents (El-Sheekh et al. 2005; Chojnacka et al. 

2004; Rangsayatorn et al. 2002; El-Enany and Issa 2000). Recently, bioremediation 

studies have been performed by applying microbial mats to a specific location. 

Microbial mats occur in nature as stratified communities of cyanobacteria and bacteria 

and have been shown to be able to sequester heavy metals, metalloids, radionuclides 

and oxyanions by surface absorption or by conditioning the surrounding chemical 

environment, thus bioconcentrating in a small volume (Visscher and Stolz 2005; Bender 

and Phillips 2004). These works, particularly the ones employing living cells, indicated 

the existence of surface binding sites, thought they did not characterized them 

(Mohapatra and Gupta 2005; Chojnacka et al. 2005; Nagase et al. 2005). Therefore, 
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models of the distribution and identity of cyanobacteria cell surface functional groups 

are required to describe the sorption process. 

On the cyanobacterial cell surface proton-active carboxyl, phosphoryl, hydroxyl, 

and amine functional groups have been shown to deprotonate and bind metal ions to 

form metal-ligand surface complexes (Yee et al. 2004; Phoenix et al. 2002). However, 

the cell surface in cyanobacteria is not homogenous. In mucilage-producing 

cyanobacteria it has been suggested that the binding of metals should take place 

through the polysaccharides. Studies with Gloeothece magna, in which the extracellular 

polysaccharides (EPS) and envelope polysaccharides were extracted, have shown the 

ability of these polymers to bind Cd(II) and Mg(II) (Mohamed 2001). The EPS 

produced by Anabaena spiroides have affinity to bind Mn(II), Cu(II), Pb(II) and Hg(II) 

(Freire-Nordi et al. 2005). The possible applications of cyanobacterial EPS have been 

thoroughly described by De Philippis and Vicenzini (1998). Analysis of Anabaena flos-

aquae fractions of peptidoglycan has indicated that the Cu(II) is coordinated by amine 

and carboxyl ligands, while in whole-cell samples is coordinated by phosphate, 

carboxyl and amine ligands (Kretschmer et al. 2004). Studies with the cyanobacteria 

Calothrix sp. KC97, combining Cu(II), Cd(II) and Pb(II) sorption experiments, have 

shown that the reactive sites on surfaces are heterogeneously distributed between the 

exopolymer sheath and cell wall, being the total concentration of proton-active 

functional groups on the sheath much lower compared to the cell wall (Yee et al. 2004; 

Phoenix et al. 2002). The authors concluded that the carboxyl groups on the 

cyanobacterial cell wall are the dominant reactive sites and represent the most 

important sink for metal ions at near neutral pH (Yee et al. 2004). 

1.1.5. Metal internalization 

1.1.5.1. Metal ions physiological requirements 

For most organisms, metals are necessary as macronutrients, micronutrients or as 

enzymatic co-factors. Elements such as Ca, Cu, Fe, K, Mg, Mn, Mo, Na and Zn are 

required by most organisms while others such as Ba, Co, Ni, Sr or V are required by a 

smaller group of species (Fraústo da Silva and Williams 1993; Silver 1998). Our 

knowledge of cyanobacteria metal requirements is always increasing as new metabolic 

pathways are put forward. However, the systematization of this information is not 

easy, since the metal requirements vary from species to species. Often one or two 
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species are chosen as role models and the findings for these are assumed to be 

representative of the group. Apart from knowing which metals are necessary it is also 

important to know the amount of metal required. Many elements, particularly those 

required in smaller concentration, are toxic above a certain threshold (Chaudhary and 

Chandra 2005; Surosz and Palinska 2005). The achievement of the necessary 

concentration requires a continuous adjustment to the environmental conditions in a 

never-ending equilibrium process. The cells must acquire the correct element for each 

cellular function (Glusker et al. 2005), but in vitro studies have shown that different 

metal ions can compete for the same binding position (Penella et al. 2003). The cell 

creates the conditions that propitiate the acquisition of the correct metals but, 

nevertheless, to some extent, incorrect bindings always occur, with the result stop 

functioning of the affected metabolic process (Tottey et al. 2005). 

In order to illustrate the main requirements of metal by cyanobacteria this review 

will be focused on two ubiquitous metabolic processes - photosynthesis and nitrogen 

acquisition. Subsidiary, the hydrogen production (that only occurs in some species) 

will be approached. 

During photosynthesis Mn is required to generate the holo-form of the water-

splitting complex (Kehres and Maguire 2003) and is a cofactor of several enzymes 

(Yamaguchi et al. 2002). Two important proteins in the thylakoid (plastocyanin and a c-

type cytochrome oxidase) are Cu-requiring proteins. Moreover, the necessity of 

delivering this element to the thylakoid membranes imposes an extra Cu pathway in 

cyanobacteria that is absent from other prokaryots (Cavet et al. 2003) and the 

metalloprotein cytochrome Ce is thought to participate in this trafficking, delivering Cu 

to the soluble domain of cytochrome oxidase (Paumann et al. 2004). The molecule of 

chlorophyll needs Mg as the central atom of its porphyrin ring (Reid and Hunter 2004) 

while the enzyme RuBisCo (Ribulose 1,5-bisphosphate carboxylase/oxygenase) 

depends indirectly upon Zn in order to act as carboxylase (Smith and Ferry 2000). It is 

important to note that Zn is a ubiquitous (micro-)nutrient, that serves as a co-factor in 

several classes of enzymes and plays an important role in numerous physiological 

processes, namely maintaining the protein structure. For a review of Zn metabolism in 

prokaryots see Blencowe and Morby (2003) and references therein. 

Many cyanobacteria have the ability to fixate atmospheric N2 conferred by the 

enzymatic multiprotein complex, the nitrogenase, which consists of two proteins: the 

dinitrogenase and the dinitrogenase reductase. This first requires a Fe-Mo co-factor 

while the second requires a Fe co-factor (Thiel et al. 1995). Other cyanobacteria, with no 
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such ability (or sometimes even if they do), uptake nitrate, probably the most abundant 

source of combined nitrogen for cyanobacterial nutrition (Lin and Stewart 1998). Once 

inside the cell, nitrate is reduced to ammonium by two sequential reactions catalyzed 

by nitrate reductase and nitrite reductase, respectively. The enzyme nitrate reductase 

requires a Mo co-factor (Thiel et al. 2002; Rubio et al. 1999). In the heterocyst-forming 

filamentous cyanobacterium Anabaena variabilis ATCC 29413 (which requires Mo as a 

component of two essential co-factors, both for the enzyme nitrate reductase and 

nitrogenase) and in the closely related strain Anabaena sp. PCC 7120 a molybdate 

storage system has been discovered (Thiel et al. 2002). Alternative nitrogenases have 

been found in A. variabilis ATCC 29413 differing from the conventional enzyme: a V-

containing nitrogenase was reported to occur but solely in the absence of Mo (Thiel et 

al. 1997). 

Iron is essential to virtually all organisms, but poses problems of toxicity and poor 

solubility, particularly Fe(III). As stated before, cyanobacteria have evolved in an 

environment that propitiated their Fe-dependence. Siderophore (extracellular ferric 

chelator) production has been found in the freshwater cyanobacteria Anabaena 

cylindrical (Ito et al. 2004; Itou et al. 2001) and Synechocystis sp. PCC 6803 (Katoh et al. 

2001). However, siderophore production has been more investigated in coastal and 

marine cyanobacteria (Barbeau et al. 2001) since in spite of being the fourth most 

abundant element in the Earth's crust Fe concentration in the oceans is extremely low 

(Mills et al. 2004). Some marine cyanobacteria such as the nitrogen-fixing 

Trichodesmium sp. have high cellular Fe requirements and others as Synechococcus sp. 

are often present in regions where the Fe concentrations are very low and suspected to 

be limiting (Tortell et al. 1999). Evidence has suggested that cyanobacteria may modify 

Fe chemistry in the sea through the production of ligands, thereby controlling the 

availability of dissolved Fe (Tortell et al. 1999). Intracellular reserves of Fe can be found 

within proteins (ferritin, bacterioferritin) for use when external supplies are short 

(Keren et al. 2004). Bacteria can also replace certain Fe proteins with non-Fe-requiring 

alternatives. In some cyanobacteria, a reciprocal Fe-dependent regulatory relationship 

exists between the levels of ferredoxin (an iron-sulfur-containing electron carrier) and 

flavodoxin (a flavin-containing electron carrier) (Andrews et al. 2003). In many 

environments the insolubility of Fe(III) has to be overcome by the employment of 

assimilatory ferric reductases. Most bacterial assimilatory ferric reductases are flavin 

reductases, that play an essential role to generate the more soluble Fe(II) which is 

incorporated into the cell, and these have been found in many gram-negative bacteria, 
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although their occurrence and mechanism of action in cyanobacteria have not yet been 

fully investigated (Schroder et al. 2003). 

Currently only nine Ni-dependent enzymes are known in microorganisms, clearly 

indicating the specificity of this element (Mulrooney and Hausinger 2003). 

Cyanobacteria are amongst these since they require a Ni-Fe co-factor for the 

hydrogenases. These enzymes catalyze the H2 production and three different types are 

present in cyanobacteria: a Ni-Fe-dependent, a Fe-dependent and metal-free 

hydrogenase (Tamagnini et al. 2002). 

1.1.5.2. Metal uptake 

Uptake systems for essential metal ions have to differentiate between ions that are 

structurally very similar. Therefore most cells have two types of import systems: those 

that are non-specific and are able to import more than one species across the 

cytoplasmic membrane and those with high substrate specificity. The first are faster 

and driven by the chemiosmotic gradient across the cytoplasmic membrane. The 

second often uses ATP hydrolysis as the energy source and its transporters usually are 

ABC-type or P-type ATPases (Nies 2003). 

A ubiquitous superfamily of carriers capable of transporting small solutes in 

response to chemiosmotic ion gradients is the major facilitator superfamily (MFS), 

whose elements are constituted by single-polypeptides transporters (as opposed to the 

energy-requiring pumps, that usually are multicomponent transporters) (Pao et al. 

1998). The presence of these transporters has been established in Synechocystis sp. PCC 

6803, and their occurrence is thought to be widespread through the cyanobacterial 

group (Paulsen et al. 1998). 

The ABC transporters translocate a variety of biological molecules across cell 

membranes, such as peptides and amino acids, sugars and ions in general (Mikkat and 

Hagemann 2000; Holland and Blight 1999). Microbial genome analysis has shown 

putative ABC transporters in Synechocystis sp. PCC 6803 as one of the most 

conspicuous superfamilies of membrane carriers (Paulsen et al. 1998). Concretely it has 

been shown that, in this species, a high affinity ABC-type Mn transport system is 

involved in regulating the uptake of this element (Rukhman et al. 2005). Based on 

genome sequence information and similarity to Escherichia coli genes, an ABC-type Mo 

transporter is assumed to exist in Synechocystis sp. (Self et al. 2001). An ABC-type 
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transporter specific for Zn is thought to occur in Synechocystis sp. PCC 6803 (Cavet et 

al. 2003). 

A P-type ATPase is a ubiquitous membrane transporter that carries metal ions, 

being a mechanism for the control of cytoplasmic metals (Arnesano et al. 2002). Their 

distinguishing feature is the formation of a phosphorylated intermediate during the 

reaction cycle (hence P-type) (Axelsen and Palmgren 1998). The division of this 

superfamily into five major branches: Type I ATPases (heavy metal pumps), Type II 

ATPases (Ca - ATPases, Na /K - ATPases, and H/K - ATPases), Type III ATPases (H 

and Mg pumps), Type IV ATPases (phospholipids pumps), and Type V ATPases (a 

group of pumps having no assigned substrate specificity) and the analysis of 

conserved core sequences in several organisms has help to identify putative ATPases in 

cyanobacteria (Axelsen and Palmgren 1998). A Type I ATPase with presumable affinity 

for K has been discovered in Synechocystis sp. PCC 6803; another with affinity for Cu(II) 

has been discovered both in Synechocystis sp. PCC 6803 and Synechococcus sp. PCC 

7942, the ion specificity of the later being experimentally shown (Axelsen and 

Palmgren 1998). A putative Type II ATPase with affinity for Ca is present in both 

mentioned species (Axelsen and Palmgren 1998) and a putative Na ATPase has been 

reported for Synechocystis sp. PCC 6803 (Matsuda et al. 2004; Wang et al. 2002) and 

Anabaena sp. PCC 7120 (Blanco-Rivero et al. 2005). 

Besides the proteins that transport metals through the membrane there are also 

smaller soluble proteins that deliver metals to specific target proteins. Amongst these 

are the soluble metal receptor proteins, known as metallochaperones, that deliver the 

metal ion to its proper destination by ensuring that adventitious reactions and binding 

to sites other than the appropriate ones do not take place (O'Halloran and Cullota 

2000). The lack of intracellular compartments in prokaryotes accounted for the 

prediction that no such chaperones would occur in these organisms. However, they 

were found in the gram-positive Enterococcus hirae - a Cu chaperone-like protein 

(Odermatt and Solioz 1995) - and since then related proteins have been found in other 

bacteria groups including the cyanobacterium Synechocystis sp. PCC 6803 (Banci et al. 

2004). Evidence that Ni metallochaperones assist in the delivery of ions to target 

proteins has been growing (Mulrooney and Hausinger 2003). 

For many elements there is evidence that bacteria control their metal requirements 

by the expression of metalloproteins (Borrely et al. 2004). Metal-responsive 

transcriptional regulators modulate expression of the genes encoding metal ion 

binding and/or transport proteins according to the respective substrate concentration 
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(Cavet et al. 2002), thus allowing metal ion homeostasis to be maintained in conditions 

of either metal ion limitation or excess (Silver 1998). Metalloproteins are able to acquire 

the correct metals due both to selective co-ordination environments and to the 

selectivity of metal sensors, metal transporters, sequestration proteins and 

metallochaperones but the role played by each of these factors is still not clear (Cavet et 

al. 2003). 

1.1.5.3. Metal toxicity 

As stated previously there are unspecific metal uptake mechanisms in the bacterial 

cells that contribute to the continuous entrance of several different metals into the 

cytoplasm. In contaminated media, with selectively high concentration of metals, even 

when the concentration of a metal in the cell is already high, it may continue to be 

carried in because unspecific transporters are constitutively expressed. This is the first 

reason for the metal toxicity. Once inside the cell, the undesirable metal cations tend to 

bind to thiol groups, thus inhibiting enzymatic activity, or tend to interact with other 

cations, inhibiting their physiological functions. Examples of interactions of Cd(II) with 

Zn(II) or Ca(II), Ni(II) and Co(II) with Fe(II) and Zn(II) with Mg(II) have been 

established (Nies 1999). Metal oxyanions interfere with the metabolism of the 

structurally related non-metal ones (chromate with sulfate, arsenate with phosphate) 

and reduction of the metal oxyanion leads to the production of radicals, as has been 

reported for chromate (Nies 1999). 

Unlike toxic organic compounds, metal ions cannot be degraded. Identified 

cellular mechanisms of metal detoxification involve (Nies 1999): 1) active extrusion of 

the cation; 2) the reduction to a less toxic oxidation state; or 3) the binding in thiol-

containing molecules (of which metallothioneins are a good example). The extracellular 

binding to the outer cell surface or the synthesis and release of ligands is also a way of 

controlling the near-by environment, preventing toxicity. In most cases these 

mechanisms are combined to achieve homeostasis (Mergeay et al. 2003). 

Active extrusion of cations is the result of multiple layers of systems with 

overlapping substrate specificities, but unique functions. Examples of these can be 

found for the cyanobacteria Synechocystis sp. and Nostoc sp. (Nies 2003). But energy-

driven efflux pumps (ATPases) have been shown the most common path for metal 

metabolism (Silver 1994). The superfamily of the P-type ATPase also includes ion metal 

export systems and these transporters often have more precise substrate specificities 
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than the uptake systems. A subfamily of metal-transporting P-type ATPases is 

involved in homeostasis of metal ions. Members of this subfamily have carried a 

conserved proline residue, preceded and/or followed by a cysteine residue and have 

been named CPx-type ATPases or soft metal-transporting ATPases (Arnesano et al. 

2002). One family of CPx-type ATPases has been involved in export of Cu(I) and Ag(I) 

(Cu-CPx-type ATPases). Members of this group were characterized in a variety of 

organisms, including the cyanobacteria Synechocystis sp. PCC 6803 (Tottey et al. 2001) 

and Oscillatoria brevis (Liu et al. 2004). A second family transports divalent metal ions 

including Zn(II), Cd(II) and Pb(II) (Zn-CPx-type ATPases). These are also present in 

various organisms but its distribution has seemed to be less ubiquitous than Cu-CPx-

type (Nies 2003). In the cyanobacterium Synechocystis sp. PCC 6803 a gene encoding a 

polypeptide, with sequence features of metal transporting P-type ATPases, whose 

transcription is induced by Zn alone, has been confirmed (Thelwell et al. 1998). The 

completed genome sequence of Anabaena sp. PCC 7120 suggested a putative Zn 

exporter similar to the one described for Synechocystis sp. PCC 6803 (Cavet et al. 2003) 

and recently a Zn(II)/Pb(II) CPx-type ATPase efflux pump has been identified and 

characterized for this species (Liu et al. 2005). For Synechocystis sp. PCC 6803 it has 

been suggested that Co(II) may also be a substrate of Zn-CPx-type ATPases 

(Rutherford et al. 1999). As far as other elements are concerned, no clear evidence for 

the transport of Ni(II) by a CPx-type ATPase has been put forward, although some 

attempts to find such an ATPase have been made (Nies 2003). A gene cluster involved 

in Ni(II), Co(II) and Zn(II) sensing and tolerance in the cyanobacterium Synechocystis 

sp. PCC 6803 has been identified but it encodes a putative Ni(II) permease (Garcia-

Dominguez et al. 2000). Interestingly, in spite of the specificity of the substrate for each 

ATPase, the cyanobacterium Ocillatoria brevis has been found to possess a CPx-type 

ATPase capable of transporting metal cations from either group (Cu- and Zn-CPx-type 

ATPases) (Tong et al. 2002). In the same species, a metalloregulator represses the 

expression of both genes encoding the mentioned CPx-type ATPase and a metal 

sequestering metallothionein; derepression of the gene expression being mediated by 

Ag(I), Cu(I), Zn(II) and Cd(II) (Liu et al. 2004). In bacteria, the direction of transport of 

CPx-type ATPases is mainly from the cytoplasm to the outside or to the periplasm 

(Nies 2003). However, import of metals also seems to occur. Physiological evidence has 

indicated that in the cyanobacterium Synechocystis sp. PCC 6803 (Tottey et al. 2001) and 

Synechococcus sp. PCC 7942 (Kanamaru et al. 1994) two CPx-type ATPases can serve 

both in the extrusion and uptake of Cu. 

16 



Chemical factors related with freshwater blooms ofcyanobacteria 

The metal reduction takes place to alleviate the oxidative stress that may be caused 

to the cell by metal cations. However, some metals are not able to be reduced either 

because their redox potential is unsuitable or because the reduction products are even 

more toxic. Several authors (Lloyd 2003; Barkay et al. 2003; Silver 2003) have reviewed 

the microbial reduction of metals and metalloids such as Cr(VI), Mo(VI), Se(VI), As(V), 

V(V), Se(IV), Mn(IV), Fe(III), Co(III), Hg(II)and Ag(I), without referring specifically to 

cyanobacteria. But there is evidence that these mechanisms apply to cyanobacteria. 

According to Faisal et al. (2005) Synechocystis sp. MK(S) and Oscillatoria sp. BJ2 have 

been shown to reduce, respectively, 62.1% and 39.9% of supplied Cr(VI), at 30°C and 

pH 8. In any case the reduced species must be then exported from the cell so this is not 

really an option for permanent detoxification. 

The intracellular metal complexation is only advantageous when the cells are 

exposed to low concentrations of the metal. When high concentrations are present, the 

amount of ATP to be spent for complexing the cations does not allow for this 

mechanism (Silver 1994). The term metallothionein has been applied to low molecular 

weight proteins or polypeptides which bind metal ions in metal-thiolate clusters and 

whose synthesis increases in response to elevated concentrations of certain metals. The 

first bacterial metallothionein to be characterized has been a Cd metallothionein found 

in Synechococcus sp. and, since then, their biochemistry and molecular genetics have 

been characterized for other cyanobacteria (Turner and Robinson 1995). A Zn 

metallothionein found in Synechococcus sp. PCC 7942 is highly synthesised in response 

to elevated concentrations of Zn primarily, but also to Cd and Cu. A Zn 

metallothionein-like sequence has been shown in the genome of other cyanobacterium 

(Anabaena sp. PCC 7120 and Synechocystis sp. PCC 6803) (Blindauer et al. 2002; 

Robinson et al. 2001). Concentrations as low as 1 nM of Cu(II), Zn(II) and Cd(II) each 

elicited a stress response from Synechococcus sp. PCC 7942, the intensity of it measured 

by the transcriptional rate of a heat-shock stress protein and a metal-binding 

metallothionein. Cd has been found to have a greater effect than the other studied 

metals and the authors concluded that the heat-shock stress protein responds to 

immediate, acute metal stress, while metallothioneins are more important during 

continued exposure (Ybarra and Webb 1999). Nostoc linckia has seemed to be tolerant to 

Zn and Cd because, among other mechanisms, these metals are sequestrated via metal 

binding proteins (El-Enany and Issa 2000). A low molecular weight Cd-induced 

protein of Anabaena doliolum confers co-tolerance to metals and also provides multiple-

tolerance to environmental stresses such as heat and cold shocks (Mallick and Rai 
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1998). Other proteins have been expressed as a direct result of the stress induced by an 

excessive concentration of metal. The Dps family of proteins is a diverse group of 

bacterial stress-inducible polypeptides that bind to DNA to confer peroxide damage 

resistance during periods of oxidative stress and long-term nutrient limitation. Fe 

detoxification proteins (Dps family) can protect the chromosome from Fe-induced free 

radical damage and can be found, amongst many other species, in the marine 

Synechococcus sp. PCC 7942 (Sen et al. 2000, Michel et al. 2003). The Ferric uptake 

regulators (Fur) are prokaryotic DNA-binding repressors that regulate iron 

homeostasis and oxidative stress response; for Microcystis aeruginosa the complete 

sequence of the fur gene has been identified (Martin-Luna et al. 2006). 

When these mechanisms fail the cell experiences the toxic effects of metal super-

concentration that possibly leads to death. For instance, ultrastructural changes have 

been observed in Spirulina platensis, exposed to Cd concentrations of 8 mg L 1 or 

superior, and included disintegration and desorganization of thylakoid membranes, 

presence of large intrathylakoidal space, increase of polyphosphate bodies and cell 

lysis (Rangsayatorn et al. 2002). The use of algaecides, such as copper sulphate, to 

control cyanobacterial growth in water supply reservoirs is a common procedure, but 

Cu-resistant cells have aroused by spontaneous mutations. Recent works (Garcia-

Villada et al. 2004) with M. aeruginosa have shown that the rate of spontaneous 

mutation from Cu sensitivity to resistance is 1.76 x 10-6 mutants per cell division and 

these were able to grow at concentrations of 5.8 (iM Cu(II). When a mutation occurs in 

the expression of an unspecific metal transporter the resulting organism will exhibit 

overall metal-tolerance, to a certain extent. 

1.1.6. Moving forward on the research of metal-cyanobacteria interactions 

The fact that an increasing number of countries must collect water from eutrophic 

systems has originated several attempts to remove cyanobateria and dissolved 

cyanotoxins from drinking water. In these attempts cyanobacteria were found to be 

highly effective biological metal sorbents, representing an important sink for metals in 

the aquatic environment and playing an important role in affecting metal speciation 

and bioavailability. Therefore, environmental assessments considering potential 

impacts of toxic agents should take into account the nutrient status of the aquatic 

environment but also other parameters. 
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Studies of chemical speciation are needed. Recent studies have applied chemical 

equilibrium surface complexation theory to describe metal sorption, onto biological 

surfaces. However, our current knowledge of metal uptake by cyanobacteria is largely 

empirical and limited by lack of molecular-scale information. Understanding the 

fundamental physicochemical mechanisms of trace metal bio-uptake by cyanobacteria 

in natural systems involves research focused on identifying under what conditions 

uptake fluxes are limited by chemical as opposed to biological processes. In addition, 

the complexation of the trace metals in the aquatic medium has to be examined from 

both thermodynamic (stability) and kinetic (lability) perspectives in order to elucidate 

its effect on the overall uptake flux. 

Aquatic environment receive direct and indirect contaminant inputs and while 

several contaminants elicit toxicity effects in cyanobacteria, cyanobacteria also have the 

capability to accumulate, detoxify, or metabolize such chemicals, to some extent. 

Detrimental effects of a contaminant on a microbial species may have subsequent 

impact to other species, enhancing or inhibiting their growth yield, chemical 

accumulation, exudates/ toxin production. Our knowledge of this role of 

contamination is still incipient. 
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Chemical factors related with freshwater blooms of cyanobacteria 

1.2.1. Characterization of the Torrão reservoir 

Torrão reservoir was the location chosen for the field sampling in this study. It is 

located within Tâmega river, which originates at Spain (Galicia) and spreads trough 

180 km before joining the Douro river, already in Portuguese territory. It is, therefore, 

located within the Douro watershed. The Douro is one of the longest rivers in the 

Iberian Peninsula (930 km), sharing its 98,000 km2 of watershed with Spain and 

Portugal. In Portuguese territory, Tâmega is the major affluent of Douro (Fig 1.2.1). 

Fig 1.2.1. Map of mainland Iberian Peninsula, highlighting the Portuguese portion of 
the Douro watershed and the location of the sampling cities within it. 

The dam of Torrão, built at the municipality of Marco de Canaveses, started 

operating in 1989 submerging an extension of 31 km. The reservoir can hold 124 hm3 

being the flooded area of 650 ha. Its main usage is the production of electricity being 

capable of supplying 600,000 inhabitants from the municipalities of Baião, Coimbra, 

Marco de Canaveses, Mesão Frio and Penafiel. It is also used to water caption for the 

municipality of Marco de Canaveses, for which has a water treatment plant (WTP) and 

is subjected to wastewater effluent discharges from a wastewater treatment plant 

(WWTP). 

The region were the Torrão reservoir is located is mainly rural. There are, 

however, two urban centres in its vicinity: Marco de Canaveses and Amarante, both 
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with approximately 55,000 inhabitants (data from INE - Statistics Portugal, 2005) which 

contribute to domestic discharges. Between the two cities, alongside the river bank, it is 

possible to identify a couple of industries, a golf camp and a water park, which may be 

responsible for wastewater discharges. For instance, in August 2006, a crude oil 

discharge occurred, covering almost the 15 km that separate, by river, Amarante and 

Marco de Canaveses, and the water park assumed full responsibility on the event, 

although the efforts to remove the crude oil from the water were not sufficient, given 

the fact that more than a month later the crude oil was still clearly visible on the water 

surface. 

One year after the dam had begun operating, a study on the Torrão reservoir, at 

Marco de Canaveses, states that diatoms are the dominant phytoplankton (Branco et al. 

1992). The reservoir was classified as eu trophic, based on the chlorophyll a 

concentration and density and dominant species of phyto- and zooplankton. At the 

same time, Cerqueira and Cunha (1992) characterize the river at Amarante and find 

that diatoms are the dominant phytoplankton there as well. This early eutrophication 

might be related to the fact that no deforestation took place before the flooding of the 

area. In 1992 a toxic bloom was reported at Marco de Canaveses, although the toxicity 

was a mild one (Vasconcelos, 1995). But the toxicity would soon increase and in 1995 

another cyanobacterial bloom in Marco de Canaveses led to the interdiction of water 

caption from Torrão reservoir and to the prohibition of recreational activities (Araújo et 

al. 1996). Monitoring of Torrão reservoir was, therefore, continued. A shift in the 

predominance of phytoplanktonic communities could later on be seen. Works of 

Pereira (1998), Magalhães (2001) and Vale (2005) have established that the 

phytoplankton at Marco de Canaveses is dominated by diatoms, in the colder months, 

by chlorophytes in the spring and by cyanobacteria in the summer. Sometimes an 

initial bloom of Aphanizomenon flos-aquae L. (Ralfs) takes place (June-July), but the main 

blooming cyanobacteria is Microcystis aeruginosa Kiitz., which usually dominates until 

late September-October. At Amarante, chlorophytes dominate throughout the year 

(Vale 2005; Pereira 1998). 

Vale (2005) detected potentially toxic M. aeruginosa both at Marco de Canaveses 

and Amarante, but toxicity was only ascertained in Marco de Canaveses, with 

microcystins being detected in the water from July to October. Later on, it was possible 

to prove that in addition to the microcystins (classified as hepatotoxins given the organ 

which is primarily affected) it was also possible to find other non-identified 

cyanotoxins which act as neurotoxins (Saker et al. 2005). Since 1995 that the Portuguese 
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Water Institute (INAG) classifies this reservoir as "polluted" - appropriate for potable 

water production after treatment but inappropriate for recreation with direct contact -

based on parameters such as pH, faecal coliforms and dissolved O2. INAG classifies the 

reservoir as meso-eutrophic, based on the values of chlorophyll a. 

1.2.2. The cyanobacterium Microcystis aeruginosa 

The planktonic, gas-vacuolated cyanobacteria, including Anabaena, Aphanizomenon, 

Cylindrospermopsis, Microcystis, Nodularia, and Planktothrix, cause water blooms in 

eutrophic lakes, ponds, and reservoirs all over the world. They also produce a diverse 

range of toxins, including neurotoxins (e.g. anatoxin-a, anatoxin-a(s), and saxitoxins) 

and hepatotoxins (e.g. microcystins, nodularins, and cylindropsermopsins). Among 

these, the unicellular, colonial cyanobacterium Microcystis is the most representative 

genus of toxic bloom-forming cyanobacteria. It produces a cyclic heptapeptide 

hepatotoxin, termed microcystin and a depsipeptide, chymotrypsin-inhibitor called 

cyanopeptolin, and is widely distributed geographically, from cold-temperate climates 

to the tropics (Kaneko et al. 2007). 

Microcystis is characterized as a cyanobacterium with gas vesicles, a coccoid cell 

shape, a tendency to form aggregates or colonies, and an amorphous mucilage or 

sheath. Generally, five morphospecies of Microcystis, M. aeruginosa, M. ichthyoblabe, M. 

novacekii, M. viridis, and M. wesenbergii, are recognized as the dominant species of water 

bloom-forming Microcystis. These species are defined solely based on morphological 

characteristics, such as cell size, colony formation, and sheath characteristics. However, 

the morphology of Microcystis is highly variable, and the variation sometimes exceeds 

species criteria (Kaneko et al. 2007). For reasons regarding the mentioned variability 

Otsuka et al. (2001) unified the five morphospecies into a single species under the Rules 

of the Bacteriological Code, and proposed NIES-843T as the type strain of Microcystis. 

The entire genome of 29 cyanobacteria, with various characteristics, have been 

sequenced and can be found in the National Center for Biotechnology Information 

(NCBI) website (http://www.ncbi.nlm.nih.gov/genomes/static/eub_g.html) and in 

CyanoBase website (http://bacteria.kazusa.or.jp/cyano/). In spite of the level of social 

awareness regarding toxicity of cyanobacteria only one complete genomic structure of 

a toxic bloom-forming Microcystis has been reported to the date (Kaneko et al. 2007). 

37 

http://www.ncbi.nlm.nih.gov/genomes/static/eub_g.html
http://bacteria.kazusa.or.jp/cyano/


Chemical factors related with freshwater blooms of cyanobacteria 

1.2.3. Characteristics of the sampling sites 

In this work sediment and water samples were collected monthly from July 2005 to 

October 2006 at Marco de Canaveses and Amarante. 

At Marco de Canaveses the sampling took place outside the city, in a rural area. At 

this place the river presents lentic characteristics with low flow and an average depth 

of 15 m. Water was collected at the river bank and near the point of water caption of 

the WTP at three different depths: surface, limit of the photic zone (determined by the 

Secchi disk) and bottom. Sediment was collected at the river bank. The WTP could only 

be reached by boat (Fig 1.2.2), which belonged to the fireman from Marco de 

Canaveses. During the study period this collection did not always took place, due to 

the fireman unavailability. 

Fig 1.2.2. Sample collection site, at Marco de Canaveses, exhibiting the boat route from 
the collection site, in the river bank (">), to the collection site at the water 
treatment plant (WTP)(map adapted from Google Earth). 

During the study period four months registered a bloom event, at Marco de 

Canaveses: October and November 2005 and June and July 2006. In 2005 the bloom 

was caused by M. aeruginosa whereas in 2006 a bloom of A. flos-aquae, in June, was 

followed by a bloom of M. aeruginosa, in July (Fig 1.2.3). Moreover, in 2005 the bloom 

was confined to the margin, where a strip with approximately l m wide and 10 m long 

developed. Within the scum-forming bloom, three sampling points were defined: at 

the margin, 0.5 m from the margin and 1 m from the margin. The water depth at the 

last point was 0.5 m. The extremely draught year might have contributed to the 
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unusualness of the event. The causes for bloom decline where attributed mainly the 

fact that in December the water temperature was too low. In 2006 the bloom spread 

throughout the reservoir. It was considered that the major cause of bloom decline was 

the fact that the dam was opened in August, causing the level of the water to drop 

approximately 5 m. 

Fig 1.2.3. Bloom occurrence in (a) October and November 2005 and (b) June and July 
2006, at Marco de Canaveses. 

At Amarante the sampling site was located within the city, in an urban area, at a 

place were the river presents lotie characteristics with rapid flow and an average depth 

Fig 1.2.4. Amarante sampling site showing (a) the proximity of the houses and (b) the 
point of sample collection. 
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1.2.4. Sample collection 

Sediments were collected onto plastic individual bags with a plastic shovel and 

water samples for metal analysis were collected in 1.5 L plastic bottles (rinsed and 

discarded three times before collecting). The samples were immediately (within 2 

hours) carried to the laboratory. Upon arrival at the laboratory, sediments were placed 

onto Petri dishes and oven-dried at 30°C. Water was filtered through 0.45 jim 

nitrocellulose filters (Millipore). The filters were dried in a Class 100 laminar flow 

hood. Filtered water to be used in quantification of the total dissolved metal was 

acidified with 0.1 % HC1 and stored at 4°C. Filtered water to be used in quantification 

of the labile metal was used immediately. 

For chlorophyll a determination, water was filtered through 1.2 um glass fibre 

filters (Whatman®) then freeze-dried (always for a period inferior to four months). 

Pigments were extracted in the cold with acetone (p.a. grade) and chlorophyll a was 

quantified, using a spectrophotometer, following the procedure described by 

Strickland and Parsons (1972). 

1.2.5. Measurement of physicochemical parameters and nutrients 

Environmental parameters (water temperature, pH, O2) were measured, at the 

time of sample collection, using a mercury thermometer and electrodes from WTW 

(Oxi 320 Set and MultiLineP3 pH/LF Set). N and P concentrations were obtained from 

the National Hydric Resources Information System (Sistema Nacional de Informação 

de Recursos Hídricos - http://snirh.pt). However, during the scum-forming bloom, N 

and P were determined in laboratory, upon arrival, by photometry (Palintest 

Photometer 7000). All the parameters can be seen in Tables and 1.3.1. and 1.4.1. 

1.2.6. Decontamination of the material 

All sample manipulations were carried out in a Class 100 laminar flow hood, in a 

clean room with Class 100 filtered air. All materials used in sampling, digestion and 

AAS determinations were previously acid-cleaned (HNO3 20% (v/v) for at least 24h) 

and rinsed with deionised water (conductivity < 0.1 (iS cm1). All materials used in 

voltammetric determinations were previously acid-cleaned (HC110% (v/v) for at least 

24h) and rinsed with deionised water. 

40 

http://snirh.pt


Chemical factors related with freshwater blooms of cyanobacteria 

1.2.7. Sample digestion 

1.2.7.1. UV irradiation of the water samples 

Photo-oxidation with UV irradiation was used to destroy the dissolved organic 

matter (DOM) in the water samples for total dissolved metal voltammetric analysis. 

UV digestion was performed in the already acidified samples, during 1 h, with a 1000 

W high pressure mercury vapour lamp (Ultramed, Osram). 

1.2.7.2. Microwave-assisted digestion of sediments and filters 

After drying, sieving through nylon nets of 2 mm enabled the fraction and 

homogenization of the sediments. For the analysis, ca. 0.25 g of the fraction < 2 mm 

was weighted into Teflon vessels and digested in a microwave system (Milestone MLS-

1200 Mega) with 5 ml of supra-pure HNO3, following the United States Environmental 

Protection Agency method 3051 (US EPA, 1994). The obtained solution was diluted to 

25 ml with deionised water and analysed for metals. The HNO3 digestion of the 

sediments only permits determination of total-recoverable metal contents, since it does 

not provide a complete dissolution of the sample, particularly silicates. Nevertheless, it 

has the advantage of being a strong acid digestion that dissolves all elements that 

could become "environmentally available" (Almeida et al. 2004). Metal availability was 

further investigated by sequential extraction (SE), using the method established by the 

Measuring and Testing Program of the European Community (Rauret et al. 1999). Only 

the first step was carried out (ca. 0.5 g sediment were treated with 20 mL of 0.11 M 

CH3COOH), as it is defined as the "exchangeable fraction". 

Filters were digested in the same manner, after drying in a Class 100 laminar flow 

hood. The obtained solution was diluted to 10 ml with deionised water and analysed 

for metals. 

1.2.8. Metal analysis 

1.2.8.1. Reagents and solutions 

For AAS standard solutions for metal analysis were prepared from 1000 mg L 1 

stock solutions (BDH (Spectrosol) and Panreac) by weighing with deionised water. For 
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atomic absorption spectrophotometry with flame atomization (AAS-F) solutions were 

prepared with 3% (v/v) HNO3 and for atomic absorption spectrophotometry with 

electrothermal atomization (AAS-ET) with 1% (v/v) HNO3. In the latter case matrix 

effect modifier NH4H2PO41% (m/v) with 0.2% (v/v) HNO3 was used for Cd and Co, 

as described in Table 1.2.1. 

For voltammetry a solution of 0.01 M salicylaldoxime (SA), from Aldrich, was 

prepared in 0.1 M HC1; a solution of 0.1 M dimethylglyoxime (DMG), from Sigma, was 

prepared in 0.2 M NaOH; a solution of 0.25 M diethylenetriaminepentacetic acid 

(DTPA), from Sigma, was prepared in 0.35 M NH3; a solution of 0.01 M 2-nitroso-2-

naphthol (NN), from Aldrich, was prepared in methanol. Borate buffer was prepared 

in deionised water with 1 M boric acid (Aldrich) and 0.35 M ammonia (Fluka). HEPES 

buffer was prepared in deionised water with 1 M N-2-hydroxyethylpiperazine-N'-2-

ethanesulfonic acid (Sigma) and 0.35 M ammonia (Fluka). Acetate buffer was prepared 

in deionised water with 1 M sodium acetate (Vaz Pereira) and 12 M HC1 (Fluka). 

NaNC>3 5 M (Merck) and KBrC>3 0.4 M (J.T. Baxter) were prepared in deionised water. 

All reagents and ligands were stored at 4°C. 

1.2.8.2. AAS analysis 

Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb and Zn were determined by AAS-F (PU 9200X, 

Philips), or by AAS-ET provided with a Zeeman background correction (4100 ZL, 

Perkin-Elmer coupled to an AS 70 autosampler) (Table 1.2.1). Aqueous matched 

standards were used for external calibrations. To check the accuracy of the analytical 

procedures, Estuarine Sediment BCR 277 reference material (certified for total metal 

content) and BCR 701 (certified for the extractable metal content by SE) were analyzed 

in parallel. For BCR 277 statistically identical results were obtained for the certified 

elements Cd, Cr, Cu, Ni, Pb and Zn, and recovery percentages of 60% and 75% for the 

informative elements Fe and Mn, respectively. For BCR 701 statistically identical 

results were found for Cd, Cr, Ni, Pb, and Zn, and 10% lower results for Cu (this was 

taken into consideration for the interpretation of the results). 

For the filters no certified reference material was used. Standard addition was 

performed in the samples and the results compared to the ones using aqueous 

standards. Since no significant differences were found aqueous standards were chosen. 
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1.2.8.3. Voltammetric analysis 

The 0.45 \im filtered sample, acidified and UV-digested was used to analyze by 

voltammetry the dissolved metals. Co, Cr, Cu, Fe, Mn, Ni and Zn were determined by 

differential pulse cathodic (or anodic) stripping voltammetry (DPCSV or DPASV) and 

square wave cathodic stripping voltammetry (SWCSV) as described by Leal (2000) 

(Table 1.2.2). 

Table 1.2.2. Condit ions used in the vol tammetr ic s t r ipping determinat ions of the total 
dissolved metal 

Metal Cu, Zn Ni Cr Cu Fe Mn 
Voltammetric technique DPASV DPCSV SWCSV SWCSV SWCSV SWCSV 
pH 2 8.37.7 5.2 8.3 7.7 8.3 

Competition ligand no 200 |iM 
DMG 

500 nM 
DTPA 5^MSA 20 nM NN no 

Buffer no borate acetate borate HEPES borate 

Reagents 0.4 M 
KBrG-3 

5 M 
NaNG-3 

Deposition potential (V) 
Deposition time (s) 
Equilibration time (s) 
Frequency (Hz) 
Modulation time (s) 

-1.2 
60 
10 

0.06 

-0.8 
30 
10 

0.01 

-1.0 
30 
10 
50 

-0.2 
30 
10 
50 

-0.1 
30 
10 

-1.7 
120 
10 
200 

Interval time (s) 0.2 0.1 - - 0.1 -
Initial potential (V) 
End potential (V) 
Step potential (V) 
Amplitude (V) 
Standby potential (V) 

-1.18 
0.03 

0.0051 
0.05 

0 

-0.8 
-1.15 
0.036 
0.05 

1 

-1.0 
-1.4 

0.00244 
0.025 

0 

-0.15 
-0.9 

0.00244 
0.025 

1 

-0.35 
-0.7 

0.00397 

0 

-1.4 
-1.7 

0.0036 
0.025 

1 

The voltammetric equipment consisted of an Autolab voltammeter (Ecochimie) 

with a Metrohm 663-VA electrode stand provided with a mercury drop electrode. 

Parallel determinations were carried out in the certificate reference seawater CASS-4, 

from the National Research Council Canada (NRC-CNRC) and statistically identical 

results were obtained for the certified elements Cu, Fe, Ni and Zn. 

Given the fact that all the adopted procedures, as well as the certificate material, 

had a seawater matrix, a comparison test was carried out in which NaCl was added to 

Torrão freshwater samples to obtain a final concentration of ca. 0.5 M. No statistical 

differences were found (p < 0.05) for the metal content between samples with or 

without NaCl (data not shown). 
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1.2.9. Determination of total organic ligands 

The concentrations of total organic ligands (CL) and the respective conditional 

stability constant (K'CUL) were determined by titration (with Cu2+) of the 0.45 urn 

filtered sample (not acidified or UV-digested) and detection of labile Cu (Cuiab) by 

SWCSV (Table 1.2.2). Cu2+ was selected for estimation of the organic ligands 

concentration owing to its ability in forming the most stable complexes with most of 

the organic ligands of the Irving-William's series. SA (5 |iM final concentration) was 

added as a competition ligand to 100 ml of sample. Aliquots of 10 ml were then 

pipetted into polystyrene tubes already containing Cu in the required range. Solutions 

were equilibrated overnight (12 - 15h) at room temperature, prior to the Cu titrations. 

1.2.10. Sediment grain size determination 

The grain size distribution of sediment from both Amarante and Marco de 

Canaveses was determined in the fraction < 2mm. Grain size analysis was performed 

by dry sieving (CISA Sieve Shaker Mod. RP.08). Sediments were divided into seven 

fractions: silt and clay (< 0.063 mm), very fine sand (0.063 - 0.125 mm), fine sand (0.125 

- 0.25 mm), medium sand (0.25 - 0.5 mm), coarse sand (0.5 - 1 mm) and very coarse 

sand ( 1 - 2 mm). Each fraction was weighed and expressed as a percentage of the total 

weight (for more methodological details see Mucha et al. 2004). 
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1.3.1. Introduction 

The environmental health-related relevance of cyanobacteria is primarily related 

to their ability to produce a wide range of toxins, which are known to be hazardous 

to many organisms, including human beings. Therefore environmental assessments 

considering potential impacts of toxic agents should take into account the overall 

status of the aquatic environment. Information regarding factors that stimulate or 

inhibit cyanotoxins production has been put forward (Kaebernick et al. 2001) but the 

mechanisms are still poorly understood. Lukac and Aegerter (1993) have assessed in 

vitro the influence of trace metals on growth and toxin production of M. aeruginosa 

and concluded that metals such as Al, Cd, Cu, Cr, Mn or Ni did not significantly 

affect toxin yield (at non-toxic concentrations). However Zn and Fe were required for 

optimal growth and toxin production, the depletion of Fe causing the toxin 

production to increase by 20 to 40%. In contrast, Utkilen and Gjolme (1995) found 

that the toxin content increased as the Fe concentration also increased. 

As toxin production, cell growth and metabolism are also dependent upon a 

variety of environmental factors, amongst which metal content is one of the 

variables. The ability for coping with a certain metal concentration is dependent on 

the cell metabolism, cell physiology and also on environmental variables. For these 

reasons it is difficult to evaluate metal interactions with cyanobacteria in the 

environment and even in in vitro cultures. 

The work here described aimed at studying variations in the concentration of 

trace metals in the water and sediments of a freshwater reservoir, during the 

occurrence of a bloom, in order to investigate if the occurrence of a bloom would 

influence the metal bioavailability. To the best of our knowledge this is one of the 

few studies dealing with cyanobacteria metal interactions in situ. 

1.3.2. Experimental 

1.3.2.1. Sampling 

Samples were collected at Torrão reservoir, in Tâmega river (described in 

chapter 1.2), during a M. aeruginosa scum-forming bloom that took place in October 

and November 2005. The bloom was confined to the margin, where a strip with 
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approximately 1 m wide and 10 m long developed. Within it, three sampling points 

were chosen: at the margin, 0.5 m from the margin and 1 m from the margin. Water 

depth at the last point was 0.5 m. Sampling also took place in the margin, outside the 

bloom area. Environmental parameters measured during the sampling can be seen in 

Table 1.3.1. 

1.3.2.2. Data treatment 

Metal content results are the mean values of three independent replicates. The 

limit of detection (lod) was calculated as described in Long and Winefordner (1983). 

A one-way analysis of variance (ANOVA) was performed to test for significant 

differences in mean concentration. Whenever significant differences were found (p < 

0.05) a least squares test was performed. A cluster analysis complete linkage 1-

Pearson r was performed to evaluate the environmental parameters and the metal 

content correlation. STATISTICA 6.0 (StatSoft®) was used for these calculations. 

1.3.2.3. Cu speciation calculations 

The CL and the conditional stability constant of Cu complexes (K'CUL) was 

calculated using the Ruzic/van den Berg linearization of the data (van den Berg 

1982) as implemented for the Cu determination using salicylaldoxime (SA) by 

Campos and van den Berg (1994): 

[Cu]labile I [CuL] = [Cu]lab / CL + a / (K'CULCL) (1.3.1) 

where a is the overall side-reaction coefficient for the metal ion: 

a = acu + acuSA (1.3.2) 

Linearity of the [Cu]iab/ [CuL] vs [Cu]iab in a certain range of the plot was 

interpreted to indicate complexation of the metal by a single ligand in the covered 

range. 

Values for acu for freshwater were determined using the metal stability constants 

from Turner et al. (1981) assuming a pH of 6 and a temperature of 25°C. Values for 

acuSA for 0 %o salinity, at room temperature, were calculated as described in Campos 
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and van den Berg (1994): aCu was 416.9 and aCusA was 2.1 xlO5. Free (Cu2+), inorganic 

(Cu'), and organic (CuL) copper concentrations were calculated as described in 

Vasconcelos and Leal (2001). 

1.3.3. Results and Discussion 

1.3.3.1 Environmental parameters and metal concentration 

The nutrient status and the environmental parameters did not differ 

significantly in the three sampling points within the bloom and did not differ from 

the location where no bloom was taking place, except for chlorophyll a content at the 

margin without bloom (Table 1.3.1). 

Table 1.3.1. Environmental parameters during the scum-forming bloom at Marco de 
Canaveses 

Sampling Water o 2
a pH* Chlorophyll ab Nb P b 

point temperature3 

°C m g L 1 jxgL-i mgL-i mgL-1 

no bloom 15 6.9 6.9 5.3 2 0.55 
margin 15 8.8 6.8 38 2.8 0.48 
0.5 m 14 8.6 7.2 33 2.6 0.42 
l m 14 8.9 6.9 29 3.4 0.64 
"measured in the field; bmeasured upon arrival at the laboratory 

This indicates that at that time no other phytoplanktonic community was 

developing at the reservoir, the overall chlorophyll a content being low, except for 

the area where the bloom was taking place. These results indicate that the 

confinement of the bloom to that area was not due to differences in the measured 

environmental parameters. Prevailing winds may have contributed to the bloom 

confinement to the margin. The air temperature, and consequently the water 

temperature, were higher than usual for that time of the year (for an annual 

characterization of the reservoir see Vale (2005) and references therein). Also the 

reservoir is usually at its lowest level after the dryer months (from July to 

September), with the river flow at its minimum, which can help explain the 

occurrence of a bloom at this time of the year and with these characteristics. 

Data from environmental parameters and metal content were put together to 

calculate the linkage between the four sampling points. In Fig. 1.3.1 it can be seen that 

the sampling points within the bloom have a higher correlation coefficient (r) than 

the one outside the bloom. As the environmental parameters did not show a great 
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difference it remains that the metal content accounts for the differences between 

bloom and no bloom situations. 

Tree Diagram 
Complete Linkage 

1-Pearson r 
0,08 | 1 

0,07 • 

0,06 

g 0,05 ■ 

I 
b 0,04 ■ 
o> 
o> . I , 
«J 
j j 

5 0,03 

0,02 

0,01 I 1 1 
0,00 I 1 1 1 1  

0.5m 1.0m margin margin 
bloom no bloom 

Figure 1.3.1. Numerical classification of the metal concentrations within and outside 
the scum-forming bloom. 

1.3.3.2. Sediment metal content variation 

When assessing metals in the aquatic environment, sediments cannot be 

overlooked, as they work both as a sink and a source. They are particularly 

important in the life cycle of M. aeruginosa since it is known that colonies may 

accumulate on the sediments during autumn and winter in a vegetative state 

(Tsujimura et al. 2000). 

The grain size distribution of the sediment was evaluated and accounted for 

when interpreting the results (Fig. 1.3.2). Environmentally available metal 

concentration was highest at 0.5 m and lowest at the margin outside the bloom (Fig. 

I.3.3a) (concentrations are presented in a logarithmic scale to fit all the elements in 

the same graphic). The 0.5 m sampling point had the highest "silt and clay" fraction, 

which is compatible with the higher metal levels observed. The same is not valid for 
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the margin sampling point outside the bloom, though. In spite of the lower metal 

concentration, it exhibited a "silt and clay" fraction higher than the margin sampling 

point within the bloom or the 1 m sampling point (Fig. 1.3.2). 

4) 
N 
m 
c 
S 
D) 

100 

80 

60 

40 

20 

margin 

no bloom 

margin 0.5 m 1m 

bloom 

□ silt and clay 

0 very fine sand 

■fine sand 

o medium sand 

■coarse sand 

■ very coarse sand 

Figure 1.3.2. Sediment grain size distribution, in the fraction < 2 mm. 

Therefore, although the grain size distribution within the bloom favoured less 

the metal accumulation, its levels were higher, suggesting that other factors, 

probably related to the scum-forming bloom occurrence, may have accounted for the 

observed metal concentration. 

The differences in metal content between the sampling point outside the bloom 

and the sampling points within the bloom were attributed to the cell deposition 

upon the sediments. When lysis occur part of the cell metal content might bind to the 

sediment (Warren and Hack 2001). For Cr, Fe, Mn and Ni a higher concentration at 

the margin within the bloom could be seen. Cd, Cu, Zn exhibited a higher 

concentration at 1 m from the margin. Different biogeochemical processes should 

have been taking place to account for these differences in metal behaviour. The water 

column depth at the 1 m sampling point could have influenced these differences in 

biogeochemistry. The characteristics of each metal should also have influenced its 
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behaviour and it is worth noticing that all the elements that deposited at 1 m have 

higher atomic number. 

■ no bloom 
■ margin 
D 0.5 m 
a i m 

Fe Mn Zn Co Cr Cu Pb Ni Cd 

Fe Mn Zn Co Cr Cu Pb Ni Cd 

Figure 1.3.3. Metal concentration in the sediment (a) environmentally available and 
(b) readily exchangeable. Error bars are the standard deviations of 3 
replicates; for each element columns with the same letter are not 
significantly different for p < 0.05. 
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The total environmentally available Cu and Pb, determined at the 0.5 m 

sampling point, were 32.3 and 43.2 mg kg-1, respectively, and were higher than the 

threshold effect concentrations (TEC) of 31.6 and 35.8 mg kg-1, respectively (as 

reported by MacDonald et al. 2000), indicating possible harmful effects. Other 

workers have reported increases in sediment metal content (likewise digested with 

concentrated HNO3) during the occurrence of a harmful algal bloom (HAB) (Garcia-

Hernández et al. 2005), but similar results are not to be found in other HAB-related 

literature. Whether it is an uncommon occurrence or it has not been much reported 

for lack of studies dealing with HAB and sediment metal content remains to be 

ascertain. 

The first step of the SE analysis is particularly important since this provides the 

readily exchangeable metal fraction which would be the first to reflect any changes 

in the surrounding environment, as in the case of bloom occurrence. Similarly to the 

environmentally available metal concentration, the exchangeable metal fraction was 

higher in the presence of the bloom. Fig. I.3.3b shows that the metal concentration at 

0.5 m within the bloom is significantly higher than at the margin outside the bloom, 

except for Cu and Pb. These were precisely the elements for which the total available 

content was considered potentially toxic. These results suggest that the bulk Cu and 

Pb were incorporated in other sediment fractions (probably bound to Fe/Mn oxides 

or to organic matter and sulphides) and not readily bioavailable. Based on these data 

we hypothesize that cyanobacteria could influence the biogeochemistry of the 

sediment, contributing to change the amount of metal potentially toxic, by releasing 

complexing exudates or by changing the redox potential of the sediments or both. 

This ability may be an asset over other organisms when sediment metal increments 

occur, enabling cyanobacteria to resist the toxic effects of increasing metal 

concentration which can create an advantage that may propitiate the occurrence of 

blooms. 

1.3.3.3 Water metal content variation 

Water was analysed for total particulate, retained in filters of 0.45 |im pore size, 

and for total dissolved metals, in the filtrate. The contents of dissolved metal are 

shown in Fig. I.3.4a. Levels of Cd, Co and Pb were systematically bellow the limit of 

detection (lod), which were 3.4, 5.9 and 2.8 nM, respectively. 
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Apart from Mn, for which no significant differences in content were found, 

within the bloom the metal contents were highest at the margin. Concentrations at 

0.5 m and 1 m were similar, except for Cr in which the 0.5 m sampling point had 

higher content than at 1 m. 

i 3 

Fe Mn Zn Co Cr Cu Pb 

■ no bloom 
■ margin 
a 0.5 m 
Dim 

Ni Cd 

Fe Mn Zn Co Cr Cu Pb Ni Cd 

Figure 1.3.4. Metal concentration in the water (a) dissolved and (b) in the particulate 
fraction > 0.45 |im. Error bars are the standard deviations of 3 replicates; 
for each element columns with the same letter are not significantly 
different for p < 0.05; data not shown were < lod. 
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Comparing the margin within the bloom with the margin outside the bloom it 

can be seen that the second one displayed lower metal levels, except for Ni content, 

which was higher outside the bloom. Changes in the dissolved metal fractions were 

attributed to the metal released by the cell lysis, which could bind to cell debris or to 

natural ligands. Dissolved metals in aquatic system are subjected to a continuous 

adjustment to the environmental conditions in a never-ending equilibrium process, 

particularly in situations with rapidly changing physicochemical conditions, as 

blooms are. Therefore, the differences in dissolved metal content in the different 

locations were attributed to the particular bloom-derived physicochemical 

conditions of each sampling point. 

For the particulate fraction significant differences were only observed for Cu, Ni 

and Zn (Fig. I.3.4b). The highest concentrations were found at the margin within the 

bloom, and for Ni and Zn the contents at 0.5 m and 1 m were higher than at the 

margin outside the bloom, whereas for Cu were similar to the margin outside the 

bloom. The particulate fraction was assumed to be composed almost exclusively of 

M. aeruginosa cells. Therefore, higher metal amounts in the particulate fraction, were 

attributed to the cells. 

Cu, Ni and Zn higher contents in the particulate fraction, i.e. in the cells, was 

interpreted as being indicative that these elements are more necessary to the 

cyanobacteria metabolism than Co or Cr. These results are supported by in vitro 

studies dealing with cyanobacteria metal requirements as described in chapter 1.1. 

However Fe and Mn are also considered as essential as Cu, Ni or Zn (see chapter 1.1), 

but their content in the particulate fraction was not higher in the bloom. It can be 

hypothesized that changes in Fe and Mn contents were not detected since the levels 

of those elements in the particulate fraction were already an order of magnitude 

higher than for the other metals; thus the contents from the cells were not enough to 

change the overall content. 

Cd and Pb are metals with no known cellular function to cyanobacteria, and 

toxic at very low concentrations. No particular relation between their levels and 

cyanobacterial biomass could be drawn as their contents in the particulate fraction 

remained unchanged. As we previously hypothesized that the increase in the 

particulate fraction was due to the cells it would not be expected that Cd and Pb 

contents varied much. 
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1.3.3.4. Cu speciation 

Copper has a preponderant role in freshwater systems (Hoffman et al. 2007) and 

has numerous physiological implications for cyanobacteria as seen in chapter 1.1. Fig. 

1.3.5 shows that during the blooms the concentration of Cu-binding ligands (CL) 

increased significantly, though in the absence of bloom it was already much higher 

than the dissolved Cu (Cua). In addition, the determined ligands could complex Cu 

strongly (log K'cuL = 12.9). Therefore, practically all the Cud was organically bound 

([CuL] = [Cu]d). 

o no bloom abloom 

1 ri ̂  

* 

1 

ii 
I °

01 

H e 0,001 
I 0,0001 
II 0,00001 

■ 
[Cu2+] 

I
I 

? 

[Cu]p [Cu]d [Cujlab [CL] [Cu2+] [Cu] [CuL] 

Figure 1.3.5. Copper concentration in Torrão reservoir for particulate (Cup), dissolved 
(Cud), labile (Cuiab), total Cu ligands (CL), free (Cu2+), inorganic (Cu') 
and organic (CuL). Error bars are the standard deviations of 3 
replicates; * significantly higher for p < 0.05. 

As Cu ligands are usually representative of total metal complexation by strong 

organic ligands (Braungardt et al. 2007), these results support the findings that 

decomposition products and exudates released by cyanobacteria are capable of 

changing the metal speciation in a reservoir during their blooming. Other authors 

have reported higher ligand concentrations during Aphanizomenon sp. (Achterberg et 

al. 1997) or Synechococcus sp. (Croot 2003) blooms. M. aeruginosa and Anabaena 

spiroides, excretion of high molecular weight materials capable of efficiently 
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complexing Cu has been established by Gouvêa and co-workers (2005). The 

complexation of metals by organic ligands may change metal bioavailability. The 

extent of that change is so far unknown, particularly in blooming situations. 

However, it can be hypothesized that an increase in Cud during the blooming could 

be the result of the formation of soluble Cu-complexes. Some of these complexes may 

be adsorbed by the cells, and even absorbed, if they are liposoluble. 

1.3.4 Conclusions 

The present results do not permit the conclusion that an increase in metal 

content triggers the bloom but it can be stated that, once the bloom is triggered, the 

metal availability contributes to the rapid biomass increase, by providing elements 

essential as co-factors or micronutrients. Within a scum-forming bloom there is a re

circulation of metals from the aqueous fraction (particulate and dissolved) to the 

sediment fraction and vice-versa. Such re-circulation might be attributed to the 

presence of the cyanobacteria biomass, and the exudates capable of binding metals 

produced by the cells, which change metal speciation in the surrounding media in 

order to make more bioavailable the essential micronutrients for the growth and 

maintenance of the bloom. 
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1.4.1. Introduction 

Toxic blooms of cyanobacteria are common worldwide and are generally 

considered a sign of eutrophication (Codd et al. 2005). Many countries are compelled 

to use eutrophic reservoirs as drinking water sources, since there is a shortage of 

water. Water treatment for cyanobacteria and extracellular toxins removal is very 

expensive and difficult to implement and increases markedly the prime cost of 

drinking water (Pietsch et al. 2002; Vasconcelos and Pereira 2001; Vasconcelos 1999). 

Therefore, alongside with efforts to identify and monitoring the cyanotoxins, 

researchers have been trying to understand the contribution of environmental factors 

to the occurrence of blooms and toxin production. 

The aim of this work was to study the trace metal content in a freshwater 

reservoir seasonally subjected to toxic cyanobacterial blooms. With this work we 

intended to answer two questions: whether there are differences in the water and 

sediment metal content in locations where cyanobacteria blooms occur, in 

comparison with neighbouring areas without bloom occurrence, and if a 

cyanobacterial bloom changes locally the metal content during its occurrence. 

1.4.2. Experimental 

1.4.2.1. Sampling 

Samples were collected from July 2005 to October 2006. During this period two 

blooms occurred, at Marco de Canaveses, one in October and November 2005 and 

the other in June and July 2006. In 2005 the M. aeruginosa bloom was confined to the 

margin, where a strip with approximately 1 m wide and 10 m long developed (scum-

forming bloom). In 2006 an initial bloom of Aphanizomenon flos-aquae was followed by 

a bloom of M. aeruginosa, both spread throughout the reservoir (scattered-colonies 

bloom). 

Sediments were collected from the river bank. Water samples were collected 

near the margin and at the water treatment plant (WTP) at three different depths: 

surface, limit of the photic zone (considered as three times the transparency 

measured with the Secchi disk (Wetzel, 1993)) and bottom. The WTP could only be 

reached by boat, whit the aid of the fireman from Marco de Canaveses. For this 

reason, during the study period this collection only took place in the summer months 
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(July to September 2005 and June to September 2006). This coincided with the 

scattered-colonies bloom of 2006 and therefore, data from 2005 and 2006 were 

compared for differences in vertical metal distribution during bloom occurrence. 

Environmental parameters were measured in every sampling and can be seen in 

Table 1.4.1. In Fig 1.4.1 the vertical profiles of the sampling near the WTP are shown. 

1.4.2.2. Data treatment 

Metal content results are the mean values of three independent replicates. The 

limit of detection (lod) was calculated as described in Long and Winefordner (1983). 

A one-way analysis of variance (ANOVA) was performed to test for significant 

differences in mean concentration. A one-way analysis of variance (ANOVA) was 

performed to test for significant differences in metal average concentration at 

Amarante and Marco de Canaveses. At Marco de Canaveses, another one-way 

ANOVA compared the months of "no bloom" and "bloom". Whenever significant 

differences were found (p < 0.05) a least squares test was performed. Pearson 

coefficients of correlation (r) were employed to correlate metal content and 

environmental parameters. To evaluate the environmental parameters and the metal 

content a factor analysis was performed. STATISTICA 6.0 (StatSoft®) was used for 

these calculations. Cu speciation calculations were performed as described in 1.3.2.3. 

1.4.3. Results and Discussion 

1.4.3.1 Environmental parameters and metal concentration 

The analysis of the environmental parameters (Table 1.4.1) revealed positive 

significant correlations between Marco de Canaveses and Amarante for temperature 

(r2 = 0.936), pH (r* = 0.531) and N content (r* = 0.808). Other work carried out at 

Torrão reservoir (Vale 2005) has found that, from June to September, Amarante is 

usually characterized by a much higher amount of chlorophyll a and phosphates, 

which may explain the lack of correlation for these parameters. Other authors have 

reported increases in pH levels during periods of cyanobacteria dominance (Oliver 

and Ganf 2000) but pH values were very constant at both Amarante and Marco de 

Canaveses. Previous works at Torrão reservoir have reported similar results (Martins 

2008; Vale 2005). 
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Table 1.4.1. Environmental parameters at Torrão reservoir, during the study period,  
at Marco de Canaveses (M) and Amarante (A) 

Na 
(mgL-1) K L - ' ) 

o 2
b 

(mgL-i) 
pHb Chlorophyll ac Temperature11  

(HSL-i) (°Q 
M A M M M M A M 

2005 July 2.1 2.1 0.17 0.14 9.7 7.8 8.6 6.8 35 18 25 26 
August 2.0 1.7 0.13 0.096 9.2 10.2 7.4 7.2 26 13 24 20 
September 2.5 2.0 0.090 0.23 7.5 11.1 7.2 8.1 6.7 12 25 22 
October 2.0 2.8 0.55 0.48 6.9 8.8 6.9 6.8 38 5.3 20 15 
November 4.6 3.4 0.12 0.064 8.6 9.9 7.2 7.9 33 1.3 14 11 
December 4.9 4.5 0.095 0.10 10.1 10.4 6.8 7.4 3.7 0.7 8 6 

2006 January 4.6 4.0 0.050 0.055 10.5 10.6 7.0 7.6 1.3 0.5 9 7 
February 3.8 3.6 0.048 0.051 12.5 12.8 7.8 9.8 1.3 2.7 7 8 
March 3.0 2.4 0.036 0.094 10.2 10.3 6.8 7.3 4.3 2.7 10 9 
April 2.0 2.0 0.048 0.025 8.8 9.8 6.9 7.8 3.4 1.0 13 12 
May 2.0 1.9 0.037 0.034 8.0 9.0 7.0 7.0 17 2.4 19 14 
June 2.3 1.8 0.042 0.25 10.7 9.0 7.2 7.0 23 44 24 20 
July 2.4 2.3 0.025 0.025 8.5 8.0 7.7 6.0 30 40 28 25 
August 2.6 2.6 0.030 0.045 7.7 8.0 7.6 6.0 17 60 25 24 
September 2.7 2.8 0.040 0.025 6.3 8.3 5.9 6.3 3.0 37 25 23 
October 3.3 3.6 0.045 0.048 8.9 9.3 6.5 7.3 1.5 5.8 16 15 

adata from the Portuguese ■ national hydric resources inventory system (http://snirh.pt) bmeasured in 
the field; cmeasured in the laboratory. 

In the water column the pH and temperature were similar in a bloom and no-

bloom situation (Fig. 1.4.1). 

pH I Temperature (°C) I Oz (mg Lr
1
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Figure 1.4.1. Temperature (□), pH (A) and dissolved O2 (O) variation at Marco de 
Canaveses water column, from June to September; symbols are means 
of five replicates for non-blooming periods (unbroken lines, closed 
symbols) and two replicates during the scattered-colonies bloom 
(dashed lines, open symbols). 
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Thermal stratification occurred in both years; anoxia at the hypolimnion only 

took place in 2005. These results are typical for Torrão reservoir and it is also 

frequent that an absence of clear stratification occurs (Martins 2008). 

A factor analysis was performed to analyse data from Amarante and Marco de 

Canaveses, regarding a possible relationship between metals and environmental 

parameters (Fig. 1.4.2). In this study, the analysed metals were chosen for being 

essential (micro)-nutrients (Cu, Fe, Mn, Zn) or essential as co-factors (Co, Cr, Ni) to 

the cyanobacteria. Only Cd and Pb do not have a known cellular function, but their 

toxicity as been ascertained, therefore, their relevance in the context of analysing the 

cyanobacteria surrounding environment. 
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Figure 1.4.2. Factorial analysis of the environmental parameters and metals measured 
at Torrão reservoir. Metal concentrations in (s) sediment; (p) particulate 
fraction in water and (d) dissolved fraction in water. 

Temperature and chlorophyll a content were grouped together and N, pH and 

dissolved O2 too, whereas P was not found grouped with any other parameter. P is 

mostly anthropogenic whereas N (as O2) can also come from natural sources (air and 

phytoplankton) and therefore, the differences in grouping could reflect these 

differences in origin. A group encompassing the sediment metal content and another 

encompassing the particulate metal fraction (in suspension in the water column) 
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could be identified (Fig. 1.4.2). This suggested that particles in suspension and 

particles in sediments are of different chemical nature or composition. The metal 

levels oscillated throughout the year in a random fashion. No correlations were 

found amongst metal levels (in water or sediment) and season of the year. Perhaps 

for that reason the factor analysis could not explain satisfactory the variations 

observed. 

1.4.3.2. Comparison of sediment metal content in Amarante and Marco de 

Canaveses 

In this work the sediment sampling only took place at the river bank so the 

results only allow comparison of sediments on these sites. The sediment analysis 

revealed the overall metal concentration to be higher at Marco de Canaveses (Fig. 

1.4.3) (concentrations are presented in a logarithmic scale to fit all the elements in the 

same graphic). 

■Amarante 

■ Marco no bloom 

a Marco bloom 

Figure 1.4.3. Sediment metal concentrations at Amarante and Marco de Canaveses. 
Error bars are the standard deviations of 16 replicates for Amarante, 12 
replicates for Marco no bloom and 4 replicates for Marco bloom; for 
each element columns with the same letter are not significantly different 
for p <, 0.05. 
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For interpreting these results the grain size distribution of the sediment, in both 

locations, was determined (Fig. 1.4.4). At both places there were changes in the 

sediment particle size throughout the months of sampling. Average results are 

presented but care was taken when analysing the individual results for each month. 

Marco de Canaveses displayed a higher fraction of fine sands in every sampling. This 

was interpreted as accounting for the higher metal contents, given the higher surface 

area available for adsorption in the sediment grains. 
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Figure 1.4.4. Sediment grain size distribution, in the fraction < 2 mm, at the two 
sampling locations. 

As M. aeruginosa spends part of its life cycle in the sediment, in a vegetative 

state, the evaluation of the sediment toxicity was particularly pertinent. An analysis 

of sediment quality guidelines (SQGs) showed that the average metal concentration, 

at both locations, is not likely to be harmful (MacDonald et al. 2000). Therefore, it can 

be stated that the absence of cyanobacteria blooms at Amarante is not due to the 

sediment toxicity. 

Trying to understand the influence of cyanobacterial blooms in the sediment 

metal content, a comparative analysis in the presence and absence of blooms is 

particularly important. At Marco de Canaveses, the sediment metal content was 

found to be higher during the blooming. An increase in metal levels in sediment at 
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Marco de Canaveses occurred concomitantly with the scum-forming bloom but not 

with the scattered-colonies bloom. Bacterial influence can be relatively minor when 

considered for a reservoir as a whole, but may play the dominant role in certain 

places due to high cell density and associated activity (Warren and Haack 2001). In 

chapter 1.3 we showed that scum-forming blooms are capable of creating 

geochemical microenvironments that can differ substantially from either the 

sedimentary or water column compartments. They propitiate highly dynamic 

conditions and their impact on bulk system geochemistry may be substantial; thus 

metal dynamics within the bloom are substantially different from the surrounding 

environment. In this study it seems that cyanobacterial blooms influenced the 

sediment metal pool. Other authors have reported similar conclusions regarding 

nutrients availability. Hu and co-workers (2007) have compared P fractions, in 

freshwater sediments during cyanobacterial blooms, with that before the blooming, 

and the results indicate that death and decay of cyanobacteria can accelerate the 

release of phosphorus from sediment and contribute the breakout of cyanobacterial 

blooms by providing the nutrient for newborn cyanobacteria. 

1.4.3.3. Comparison of the water metal content in Amarante and Marco de 

Canaveses 

Water analysis of the dissolved and particulate fractions is shown in Fig. 1.4.5. 

The dissolved Fe was higher at Amarante and the dissolved Mn was higher at Marco 

de Canaveses. Apart from that no significant differences were found for the other 

metals (Fig. I.4.5a). The concentration of dissolved Cd, Co and Pb was systematically 

below the limit of detection (lod) which were 3.4, 5.9 and 2.8 nM, respectively. 

Higher concentrations were found at Amarante for the particulate fraction (Cd, Co, 

Cr, Fe, Mn and Pb) (Fig. I.4.5b). 

The metal content in the particulate fraction was partly attributed to the cell 

content. The differences in particulate metal content in Amarante and Marco de 

Canaveses may reflect the differences in the phytoplanktonic community at both 

locations, since at Amarante chlorophytes and diatoms are the dominant groups, 

whereas at Marco de Canaveses chlorophytes and cyanophytes, in the summer, 

prevail (Vale 2005). 

Comparing the blooming months at Marco de Canaveses with the non-blooming 

months it can be seen that the particulate Cu, Mn and Ni increased during the 
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blooms. As in chapter 1.3 this increase was partly attributed to a higher content of 

this metals, in the cells, during the blooming. Once again the metals for which this 

increase was observed are essential micro-nutrients or co-factors (chapter 1.1). 

■ Amarante 

■ Marco no bloom 

D Marco bloom 

Fe Mn Zn Co Cr Cu Pb Ni Cd 

Figure 1.4.5. Water metal concentrations at Amarante and Marco de Canaveses in (a) 
dissolved fraction and (b) particulate fraction (> 0.45 |im). Error bars are 
the standard deviations of 16 replicates for Amarante, 12 replicates for 
Marco no bloom and 4 replicates for Marco bloom; for each element 
columns with the same letter are not significantly different for p < 0.05. 

For the dissolved fraction, Cu significantly increased and dissolved Mn and Fe 

significantly decreased during the bloom. This change in metal content was 

interpreted in terms of influence of the algogenic organic matter (AOM) produced by 

the bloom. AOM is known to arise extra- and intracellularly comprising mainly 
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proteins and polysaccharides (Henderson et al. 2008). The AOM of Microcystis 

aeruginosa cultures, both at stationary and exponential growth phase was found to be 

dominated by hydrophilic polysaccharides and hydrophobic proteins, 57% being 

hydrophilic compounds (Henderson et al. 2008). This AOM could change the metal 

speciation of Fe, Mn and Cu. All the analysed dissolved metals can bind to both O 

and S donors, its binding affinity depending on the metal concentration and binding 

ability. Fe and Mn exhibited the highest concentrations and therefore could have 

bound more easily. 

Copper speciation in freshwater has been extensively studied owing to its ability 

in forming the most stable complexes with most of the organic ligands of the Irving-

William's series. Table 1.4.2 presents the results of Cu content bound to organic 

ligands, bound to inorganic ligands and in the free ion form (aqua-complex), in 

surface water of Marco de Canaveses. [Cu]iab includes the inorganic Cu that is bound 

by the added SA (and equilibrates with the Cu added during calibration) and Cu 

released from organic complexes in competition with the SA added. 

Table 1.4.2. Cu concentration3, in surface water of Marco de Canaveses, in the 
presence and absence of a bloom 
[Cu], [Cu]lab [Cu]lab CL Log [Cu2+] [Cu'] [CuL] 
(nM) (nM) (%) (nM) K'cuL (PM) (PM) (%) 

bloom 
(n=4) 109±11* 13±9 35 132±26* 12.6±0.1 0.08±0.04 33±18 99.9 

no bloom 
(n=12) 

69±27 12±4 53* 56±15 13.2±0.3 0.08±0.07 35±27 99.9 
a ± standard deviation 
[Cu]t - particulate + dissolved; [Cu]iab - labile; [CL] - total ligands; K'cuL - conditional stability constant 
of the Cu-ligand complexes; [Cu2+] - free; [Cu'] - inorganic; [CuL] - organic 
* significant increase for p <, 0.05 

The total Cu (dissolved plus particulate) concentration was significantly higher 

during the blooming. No significant differences were found in the [Cu]iab content. 

However, calculating the percentage of [Cu]iab from the dissolved fraction it arises 

that during the blooming the fraction of labile Cu significantly decreased. Even so, 

99.9% of the Cu in surface water was still bound to organic compounds (CuL). The 

Cu-binding organic ligands concentration increased during the bloom, which 

explained both the [Cu]iab variation and the organic complexation of practically all the 

copper. The conditional stability constants of Cu-binding complexes (K'CUL) did not 

vary much when the blooms took place. For many years now it is known that the 

speciation of many biologically active trace metals is controlled by complexation 

with strong organic ligands (Bruland et al. 1991). Data on the rate of complex 
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formation suggest that slow kinetics processes may have important biogeochemical 

consequences in environmental situations with rapidly changing physicochemical 

conditions, as for example in wastewater discharges, algal blooms, or estuarine 

mixing processes (Actherberg et al. 2002). As Cu complexation is usually 

representative of total metal complexation by strong organic ligands (Braungardt et 

al. 2007), it can be hypothesized that other metals speciation was changed during the 

blooming. These results support the findings that decomposition products and 

exudates released by cyanobacteria are capable of changing the metal speciation in a 

reservoir during their blooming, as stated previously. Cyanobacteria have shown 

capability for metal speciation control. The binding of Cu and Zn to three M. 

aeruginosa toxins (microcystin-LR, microcystin-LW and microcystin-LF) showed that 

all three cyanotoxins are intermediate strength metal ligands, under environmentally 

relevant pH values (Humble et al. 1997). Other authors (Gouvêa et al. 2005) have 

found that M. aeruginosa is capable of binding metals through the production of Cu-

binding ligands. Moreover, Gouvêa et al. (2008) have analysed the role of Cu in the 

growth of M. aeruginosa and concluded that Cu acts as potential stressor to the 

growth of M. aeruginosa and thus, may be implicated in bloom formation or control. 

The fact that Cu was the only metal that exhibited increases in its content (dissolved 

and particulate) associated with the blooming may suggest a preponderant role in 

this situation. 

1.4.3.4. Changes in the water column metal content during the scattered-

colonies bloom 

In both sampling years, from June to September, the water collection at Marco de 

Canaveses also took place at the WTP, meaning that during the scattered-colonies 

bloom (June and July 2006) it was possible to obtain a vertical profile of the metal 

distribution. Data from these two months were compared to the ones collected in 

August and September 2006 and July to September 2005, when no bloom was taking 

place. 

The average maximum depth of the reservoir was 13 m and the limit of the 

photic zone was, in average, 5 m. In the water column the pH and temperature were 

similar in a bloom and no-bloom situation (Fig 1.4.2). Thermal stratification occurred 

in both years but anoxia at the hypolimnion did not take place during the scattered-

colonies bloom, though. The particulate and dissolved metal content increased from 
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the surface to the bottom (data not shown). This metal behaviour was expected, 

given the phisico-chemical characteristics of this reservoir and the results from other 

work dealing with vertical metal variation in freshwater reservoirs (Hamilton-Taylor 

et al. 2005). 

Differences were found for the dissolved Cu, Fe, Mn and Zn concentrations 

during the scattered-colonies bloom. Comparing the blooming period with the non-

blooming period, the metal levels were similar for the surface and limit of the photic 

zone, but significantly lower for the bottom (Fig. 1.4.6). No statistically significant 

differences could be found during the blooming for the particulate metal or for 

dissolved Cr and Ni and for this reason these data are not shown. 

Cu(nM) Zn(nM) Mn(nM) F«(nM) 
0 50 100 150 0 200 400 0 500 1000 0 500 1000 1500 

15 L 

Figure 1.4.6. Dissolved metal concentration variation at Marco de Canaveses water 
column, from June to September; symbols are means of five replicates 
for non-blooming periods (unbroken lines, closed symbols) and two 
replicates during the scattered-colonies bloom (dashed lines, open 
symbols);* significant increase for p < 0.05. 

M. aeruginosa is known to possess gas vesicles, which enables the control of the 

vertical position in the water column. Differences in dissolved metal content could be 

partly explained by the bloom in the euphotic zone, but for the bottom it is most 

likely that the metal speciation was controlled by physico-chemical parameters. 

Althought anoxia was not attained, the low O2 levels created a distinctive pattern 

that could be compared to the redox cycling at the O2-H2S interface. In a previous 

work Hamilton-Taylor et al. (1996) have found similar metal decreases at seasonally 

anoxic lakes. The geochemistry of the water-sediment interface at the bottom is also 

likely to have played a role on the dissolved metal content. 
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In freshwater the behaviour of trace metals is influenced by geochemical and 

biological processes. Trace metal distribution and speciation are influenced by the 

cycling of elements across redox boundaries, biogenic uptake, sorption or co-

precipitation, and formation of dissolved or insoluble metal complexes with 

hydroxyl ions, organic matter, and sulphides (Achterberg et al. 1997). Such 

complexity often makes difficult the interpretation of the results. For these reasons, it 

is very difficult in this study to associate the decrease in metal content with the 

blooming. 

1.4.4 Conclusions 

The metal concentrations oscillated throughout the months apparently unrelated 

to the season of the year. However, comparing the metal contents at Amarante and 

Marco de Canaveses the homogeneity across the Torrão reservoir arises. The results 

suggest that cyanobacteria could release complexing exudates capable of changing 

the metal speciation in the reservoir during their blooming. Such influence was 

locally and temporarily confined to the bloom event or, at the most, up-to-one month 

after the bloom was over, not affecting the reservoir permanently. 
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CHAPTER 1.5 - GENERAL CONCLUSIONS AND FUTURE RESEARCH NEEDS 

Torrão reservoir has been found to be eutrophicated, a situation that in many 

instances favours de appearance of cyanobacterial blooms, particularly during the 

summer months in European countries. 

Metals analysed at Torrão were not found to be present at concentrations toxic to 

M. aeruginosa. The ability to produce strong metal-binding ligands enables M. 

aeruginosa to dwell in not too heavily polluted-environments, such as Torrão reservoir, 

without any further need for detoxification mechanisms. But these can be activated at 

specific circumstances, when the levels of metals rise above a certain threshold. In that 

case M. aeruginosa has been shown capable of coping with potentially toxic sediment 

levels of Cu and Pb and change the surficial sediments metal content in order to 

prevent possible toxic mechanisms. Blooms of cyanobacteria can actively change the 

metal speciation locally during their occurrence. This might help to increase the 

bioavailability of necessary metals and it can contribute to create environmental 

conditions that propitiate the cyanobcateria growth over other phytoplanktonic 

communities. Metal content at Marco de Canaveses and Amarante was similar. 

Therefore, the non-appearance of blooms at Amarante, as opposed to Marco de 

Canaveses, is most likely related to environmental factors other than metal loads. 

Inputs of metals in aquatic environment as result of anthropogenic activities are 

likely to occur for many years still. Therefore, understanding the overall metal uptake 

flux and gaining molecular-scale information of metal uptake by cyanobacteria are 

steps towards gaining a better insight on metal-cyanobacteria interactions. It is 

important to keep monitoring places where cyanobaceria bloom regularly in order to 

keep track of any change that may occur and help explain the mechanisms of bloom 

formation. Particularly in the case of toxic blooms, due to their public health relevance, 

a constant surveillance is called for. 
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II.5.1. Emerging contaminants in the aquatic environment 

The presence of organic wastewater contaminants in aquatic systems has been 

acknowledged for many years now. But only in recent years did the analytical 

techniques evolved to quantifications at increasingly lower concentrations and it 

became possible to quantify the presence of ultra trace contaminants in the 

environment; henceforth they have been named emerging contaminants (Erickson 

2002). Amongst these emerging contaminants detergent metabolites, flame retardants, 

plasticizers, pharmaceuticals (prescription drugs and non-prescription drugs, such as 

caffeine) constitute the fraction with higher percentage of recovery from the aquatic 

environment (Kolpin et al. 2002). Such compounds are commonly derived from 

municipal, agricultural, and industrial wastewater plants and terrestrial runoff and are 

disposed or discharged into waters (Erickson 2002). 

For some of the organic wastewater contaminants there are guidelines available 

such as the water framework directive (2000/60/EC). However, several studies 

(Céspedes et al. 2005; Quirós et al. 2004; Kolpin et al. 2002) reported very low measured 

concentrations, rarely exceeding the values defined in the water framework directive, 

when available. In spite of this fact, the continuous exposure to these contaminants 

may lead to chronic effects on living beings. For most of these compounds no such 

guidelines are available, and for many others the analytical methods have not been 

fully established. Emerging contaminants pose a multiplicity of problems from the 

chemical point of view. A routine analysis of contaminants from diverse chemical 

classes presents challenges and compromises. The most common techniques used to 

measure emerging organic contaminants in water are GC-MS or LC-MS (also GS- or 

LC-MS-MS) (Cahill et al. 2004; Kawaguchi et al. 2004; Alda and Barceló 2000; Azevedo 

et ai. 2000). But some authors have attempted to use capillary electrophoresis (CE) for 

this purpose (Liu et al. 2005; Regan et al. 2003). Kolpin and co-workers (2002) list 95 

emerging contaminants that can be measured in freshwater. However, for some other 

contaminants, the concentration is estimated because the percentage of recovery is too 

low, the relative standard deviation is too high, there is lack of proper reference 

standards, or there is blank interference. Amongst the compounds that are currently 

being estimated, rather than measured, some are recognized to be some of the most 

frequently detected contaminants or to be potentially harmful to the planktonic or 

animal communities (Kolpin et al. 2002). 
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Some chemicals, able of acting as endocrine disrupting compounds (EDCs), 

capable of affecting reproduction or inducing carcinogenesis in wildlife as well as in 

humans, have been found to be globally ubiquitous contaminants (O'Brien and 

Dietrich 2004). Evidence of the occurrence of synthetic endocrine disrupters, such as 

triclosan, in USA, Canada and Brazilian rivers is given by several works (Cahill et al. 

2004; Kolpin et al. 2002; Stumpf et al. 1999). Natural estrogens (e.g. estradiol, estrone, 

estriol, cholesterol, coprostanol) have been found in European and American rivers 

(Rodriguez-Mozaz et al. 2004; Kolpin et al. 2002; Buser et al. 1999; Ternes et al. 1999). In 

Spanish rivers, natural estrogens conjugates, such as estradiol-17-glucoronide, estradiol 

diacetate and estrone-3-sulfate have been found (Rodriguez-Mozaz et al. 2004). 

In Portugal, very few data regarding emerging contaminants concentration in 

surface or ground water is available. In Portuguese surface water estrogenicity has 

been detected, mostly near the biggest urban areas of Porto and Lisbon (Céspedes et al. 

2004). Industrial surfactants, plasticizers and pesticides were most likely responsible 

for the observed estrogenicity, octylphenol (OP) and nonylphenol (NP) plus NP 

ethoxylates (NPEs) being found conspicuously (Quirós et al. 2005). 

According to the Convention for the Protection of the Marine Environment of the 

North-East Atlantic (the "OSPAR Convention") OP has been manufactured in the EU 

at quantities of around 23000 tonnes per year and may also arise as a subproduct of NP 

production (OSPAR 2006). This compound is likely to reach the aquatic environment 

via one main route, namely industrial wastewaters (OSPAR 2006). OP can be 

considered a hydrophobic compound (the reported values of octanol-water partition 

coefficient (Kow) range from 103-7 to 1053 but 10412 has generally been accepted for risk 

assessment studies (European Commission 2004)), indicating a tendency to accumulate 

in sediments and organisms, even if care should be taken when using the Kow as a 

surrogate parameter for membrane/water partitioning (Escher and Hermens 2002). 

Also, the decomposition of OP in sub-products can create other compounds also 

capable to accumulate in the environment. For instance, biodégradation of OP 

polyethoxylates (OPEOn) by a pure culture of Pseudomonas putida caused the formation 

of OP oligoethoxylates (OPE) and OP oligoethoxy carboxylates (OPECn) which are 

more soluble biodegradates that might more easily interact with phytoplanktonic 

species rather than the more hydrophobic OP (Shibata et al. 2007; Sato et al. 2003; Sato 

étal. 2001). 

When considering NP in the aquatic media NPEs should also be considered. The 

annual production of these compounds in the EU exceeds 200000 tonnes (OSPAR 
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2004). NPEs are considered to be the primary source of NP in the environment (OSPAR 

2004). The most common reported value of Kow is 10448 (European Commission 2005b). 

Almost no information on the degradation pathways of NP in the environment is 

available, but metabolites of NP polyethoxylates (NPnEO) were reported (Corvini et al. 

2006). Under aerobic and anaerobic treatment conditions, biodégradation to more toxic 

and estrogenic metabolites, such as NPEs, occurs (Bennie 1999). An increasing number 

of reports on bacteria, yeast, and fungi with the ability to degrade NP have arisen in 

the last ten years (Corvini et al. 2006). 

More recently, residues of pharmaceutically active substances have appeared as an 

emerging environmental problem. This class of contaminants includes human and 

veterinarian therapeutic agents and active ingredients in cosmetic products (Erickson 

2002). These compounds can be excreted with urine or faeces, partially metabolised or 

unmodified (Liebig et al. 2006). Technological advances in medicine and the increase of 

longevity of the population resulted in a drastic increase of pharmaceuticals 

consumption. Many pharmaceutical compounds have the same physicochemical 

characteristics as organic compounds, such as persistence and lipophilicity, however, 

much less is known about their entry into the environment and their subsequent fate 

(Halling-Sorensen et al. 1998). 

The tetracyclines (TCs), which were discovered in the 1940s, are a family of 

antibiotics that inhibit protein synthesis (hence the cell growth) by preventing the 

attachment of aminoacyl-tRNA to the ribosomal acceptor (A) site (Chopra and Roberts 

2001). TCs are broad-spectrum agents, exhibiting activity against a wide range of gram-

positive and gram-negative bacteria (Smilack 1999). This feature contributed to the 

generalized usage of TCs, and other members of this antibiotics family, up to a point in 

which the increasing incidence of bacterial resistance to TC led to the demand of 

alternatives (Acar 1997). Minocycline hydrochloride, also known as minocycline (MC), 

is a member of the TCs antibiotics family. MC is a semi-synthetic compound from a 

second-generation TCs and a third-generation, which encompasses MC derivatives, is 

already in usage (Chopra and Roberts 2001). 

Typically the concentration of TCs in freshwater is very low and the few reported 

measurements indicate a concentration below 0.4 (ig L 1 (Yang et al. 2004; Kolpin et al. 

2002). Antibiotics tend to deposit upon the sediment and are relatively unstable in 

freshwater (O'Connor et al. 2007). In vitro studies indicate that TCs, as well as other 

antibiotics, are unstable when exposed to white fluorescent light in periods from 3 to 7 

days (Halling-Sorensen 2000). The European Medicines Agency (EMEA), in accordance 
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with Directive 2001/83/EC, as amended, proposes that an environmental risk 

assessment (ERA) is required for human-use medicinal products, if the crude predicted 

concentration in surface water is higher than 0.01 \ig L1 . For many of the 

pharmaceutical compounds no environmental guidelines are available, but future 

legislation can be expected (EMEA 2006). 

The potential effects of these emerging contaminants on non-target organisms are 

mostly unknown. The first researches have focussed mainly on the interaction of these 

contaminants with higher levels of the trophic chain, and information regarding effects 

on phytoplanktonic species is still incipient. Moreover, the potential interactive effect 

(both antagonistic and/or synergistic) that may occur from complex mixtures of these 

contaminants is still to be assessed. Also, the interaction of these emergent compounds 

with other, already well-characterized toxic compounds has not yet been achieved. 

Exposure to these contaminants is not new to the phytoplanktonic species, but our 

assessment is. Being able to integrate the knowledge about the toxicity of emerging 

compounds into previous information about toxicity studies is a challenge. This 

assessment will hopefully help to contribute to a higher insight into the transport and 

fate of these contaminants in the aquatic ecosystems. 

II.5.2. Effects of endocrine disrupting compounds on phytoplankton 

EDCs capable of affecting reproduction in wildlife (Hunt et al. 2003; Palace et al. 

2001) as well as in humans (Younglai et al. 2005) have been found in the aquatic 

environment at concentrations of \ig L-1 (Kolpin et al. 2002). The potential effects of 

these compounds on non-target organisms lacking an endocrine system (such as algae) 

are mostly unknown (Daughton and Ternes 1999). But it is known that such 

compounds can penetrate biological membranes and reach universal molecular 

systems, increasing the probability of unexpected consequences across a great number 

of species (Daughton and Ternes 1999). Thereby, it has been suggested that there is a 

need to develop ecotoxicity screening procedures to test the effects on non target 

species (Daughton 2004). Notwithstanding, little attention has been paid to interactions 

of these compounds with phytoplankton. 

Nevertheless, in vitro tests have allowed some insight on toxic concentrations and 

toxicity mechanisms in some phytoplanktonic species. The ability to grow under 

several concentrations of environmental contaminants, as well as the ability to remove 

them from culture media has been show for some microalga. Chlorella vulgaris showed 
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to be able of bio-concentrating natural and synthetic estrogens (Lai et al. 2002). Chlorella 

fusca has been able to efficiently eliminate the estrogenic activity of bisphenol A in 

landfill leachates (Hirooka et al. 2003). On the other hand, inhibition of several alga 

growth has been caused by ethinyl estradiol (Escher et al. 2005) and surfactants, 

including hair shampoos (Pavlic et al. 2005). 

The cyanobacterium Anabaena variabilis has been shown to be able of decreasing 

the concentration of 2,4-dinitrophenol but in the same test M. aeruginosa did not exhibit 

the same ability (Hirooka et al. 2003). The organophosphorus insecticides dimethoate 

and chlorfenvinphos, affected the plasma membrane integrity of Synechocystis sp. PCC 

6803 which helped reducing the active uptake of non metabolizable sugar and amino 

acid analogues and contributed to the release of cellular organic carbon (Mohapatra 

and Schiewer 1998). Dimethoate was also found to cause enhancement of respiration 

and inhibition of photosynthetic electron transport, resulting in reduction in 

photosynthetic carbon fixation (Mohapatra et al. 1997). Organotins and pyrethroids 

pesticides tested on Anabaena flos-aquae, Microcystis flos-aquae and M. aeruginosa 

revealed wide variations in the response of these cyanobacteria to the tested pesticides 

(Ma 2005). The sensitivity of the various species varied up to three orders of magnitude 

(Ma 2005) and similar results were obtained testing pesticide adjuvants in the same 

species (Ma et al. 2005). Green alga species (Selenastrum capricornutun, Scenedesmus 

quadricauda, Scenedesmus obliquus, Chlorella vulgaris, and Chlorella pyrenoidosa) have also 

shown differences in sensitivity of at least one order of magnitude (Ma et al. 2006). 

Comparing the cyanobacteria sensitivity to pesticides with that of green alga has 

shown that the sensitivity of green alga is higher (Ma et al. 2004). The authors 

considered that this difference in sensitivity to contaminants could contribute to a shift 

in dominance from green alga to cyanobacteria, and thus contribute to the appearance 

of blooms (Ma et al. 2006). Other authors have tested different pesticides also in M. 

aeruginosa and S. quadricauda and have obtained similar results regarding the 

comparison of green alga and cyanobacteria sensitivities (Guanzon Jr and Nakahara 

2002). 

High concentrations of NP ( 1 - 2 mg L1) have been found to cause increases in the 

antioxidant enzymes superoxidase dismutase (SOD) and glutathione-S-transferase 

(GST) activities and in glutathione (GSH) levels in M. aeruginosa (Wang and Xie 2007), 

indicating that the cells responded to the stress caused by the high dosage of NP. On 

the other hand, the same concentrations enhanced the activity of the enzyme alkaline 

phosphatase (APA) in toxic strains of M. aeruginosa PSS7820 and 562 but had no effect 
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on the non toxic strains PCC7820N and 315 (Wang et al. 2006) indicating that the 

mechanisms that control toxin production might be very diverse and effect on various 

cellular levels. The production of microcystins was also dependent on NP levels. NP 

concentrations up to 0.05 mg L 1 significantly promoted the microcystin production of 

M. aeruginosa PSS782 and influenced microcystin release into culture media, suggesting 

that NP may play a subtle role in affecting cyanobacterial blooms and microcystin 

production in natural waters (Wang et al. 2007). 

These findings support the idea that the cyanobacterial response to these 

compounds (e.g. changes in exudation, bioconcentration or degradation capability) 

deserves investigation. Indeed, it is pertinent to extend the ecological hazard 

evaluation for these chemicals to phytoplankton, to understand, for instance, if they are 

vulnerable to mammalian or non-mammalian EDCs, or if they are sensitive and cost-

effective to address potential environmental exposures, or capable of eliminating 

estrogenic activity. 

II.5.3. Effects of pharmaceuticals on phytoplankton 

Amongst the emerging contaminants, pharmaceuticals are of particular concern 

since they are specifically designed to penetrate biological membranes and reach 

universal molecular systems (enzymes, receptors, etc.), thereby increasing the 

probability of unexpected consequences across a number of species (Daughton and 

Ternes 1999). Many pharmaceutical constituents (or its metabolites) have been found to 

be in the environment (surface and ground water) at low levels but on a global scale 

(Cahill et al. 2004). 

Phytoplanktonic species are non target organisms of these compounds. 

Nevertheless, even if at low dosages, their exposure to this class of contaminants is 

continuous, and hence, some effects have already been found. For example 

Synechocystis sp. PCC6803 growth was stimulated by anti-inflammatory ibuprofen 

(Pomati et al. 2001). A microcosmos study, concluded that ibuprofen and fluoxetine 

increased phytoplanktonic abundance but decrease its diversity, as the concentrations 

increased (Richards et al. 2004). 

Antibiotics pose an extra environmental problem due to the fact that there is 

loading from agricultural practices. While for human beings antibiotics are mostly 

used therapeutically, for veterinary purposes they are also used precautionary and as 

feed additives. This usage is thought to account for 35% of all dispensed antibiotics in 
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the EU and 70% in the USA (see Wilson et al. 2004 and references therein). Antibiotics 

and antibiotic residues can therefore leach, affecting numerous ecosystems (Kemper 

2008) causing the inadvertent introduction of these compounds or their metabolites 

into surface water and ground water. Although environmental concentrations are 

usually low (0.01-0.1 [xg L1) (Kolpin et al. 2002) these contaminants are known to effect 

on various levels of the trophic chain (Isidori et al. 2005). 

As mentioned before, most antibiotics are unstable in freshwater and tend to 

degrade into several products (Halling-Sorensen et al. 2003). But this degradation 

mechanism does not insure that the antimicrobial activity of the compound is lost. 

Antibiotics such as oxytetracycline, have been shown to transform into several 

degradation products possessing some antimicrobial activity (Halling-Sorensen et al. 

2003). Moreover, assessment of the antimicrobial activity of degradation products of 

TCs has shown that these compounds had potency on several bacteria and even on TC-

resistant bacteria, supporting a mode of action different from that of the parent 

compounds (Halling-Sorensen et al. 2002). 

Assessment of the effects of a mixture of TCs on phytoplankton showed that the 

responses were concentration-dependent reductions in total phytoplankton abundance 

and species richness (Wilson et al. 2004). However, phytoplankton abundance 

recovered to control levels after treatment was terminated, and resilience was observed 

with respect to phytoplankton species richness (Wilson et al. 2004). These results 

indicate a different sensitivity to TCs amongst phytoplanktonic species; cyanobacteria, 

being prokaryotic organisms, are one of the most affected. Several authors report the 

inhibiting effect of antibiotics to several species of cyanobacteria and the fact that green 

alga are usually less susceptible to this class of pharmaceuticals (Andreozzi et al. 2004; 

Pomati et al. 2001; Halling-Sorensen 2000; Holten Lùtzhoft et al. 1999). The exposure of 

the microalga Pseudokirchneriella subcapitata to mixtures of twelve antimicrobial agents 

showed potential synergistic effects of binary mixtures of the same class of antibiotics; 

very little antagonistic effects were detected (Yang et al. 2008). Although present at low 

concentrations in the aquatic environment, mixtures of these antibacterial agents can 

potentially affect algal growth in freshwater systems due to their combined action. The 

data indicates that these xenobiotics may result in a shift of green algal and 

cyanobacterial group structure. The hazardousness of cyanobacterial blooms, and its 

implications to the public health, together with the fact that cyanobacteria are 

ubiquitous in aquatic environments, calls for a more detailed analysis of the effects of 

pharmaceuticals on these organisms. 
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II.2.1. Introduction 

Several methods were developed in the last decade to determine alkylphenols 

(APs), such as octylphenol (OP) or nonylphenol (NP), or other compounds, such as 

bisphenol A (BPA) in aqueous matrices. The concentrations of BPA in river waters can 

be up to several ng L 1 and for tech-NP and tert-OP can be even an order of magnitude 

higher (Belfroid et al. 2002; Kolpin et al. 2002; Blackburn et al. 1999). Liquid/liquid 

extraction can be used to concentrate the compounds of interest from water samples 

(Fernandez et al. 2007). Solid phase extraction (SPE) has been most often used to pre-

concentrate the analytes owing to its very low solvent consumption, followed by gas 

chromatography (GC) (Gatidou et al. 2007; Yu et al. 2007; Hernando et al. 2004; Bolz et 

al. 2000) or liquid chromatography (LC) (Loos et al. 2007; Beck et al. 2005; Jahnke et al. 

2004; Pedersen and Lindholst 1999). The mentioned techniques have usually permitted 

the determination of the target analytes with limits of detection (lod) in the range of 

low to several tenths ng L 1 using sample volumes between 0.1 and 1 L. 

Solid phase microextraction (SPME) is a simple, easily automated technique that 

does not require organic solvents. Following extraction, the fibre is usually exposed at 

high temperature in the injector of a gas chromatograph. Without derivatization of the 

APs and BPA the lods have been usually from several tenths to several hundreds ng L 1 

(Braun et al. 2003; Diaz et al. 2002). Derivatization after SPME yielded lods that were 

one order of magnitude lower (Basheer et al. 2005; Chang et al. 2005; Helaleh et al. 

2001) but this appears to be unsuitable for routine automated work. 

In order to be able of surveying the influence of estrogenic compounds on 

cyanobacteria, SPME was used as a sensitive and selective tool for the determination of 

4-tert-octylphenol (tert-OP), 4-n-nonylphenol (n-NP), technical mixture nonylphenol 

(tech-NP) and 4,4'-isopropylidenediphenol (BPA) by GC with flame ionization detector 

(FID), in cyanobacteria culture media. SPME was chosen because it is generally suitable 

for small sample volume. The volume requirement is an important limitation of the 

environmental model studies, where the amount of available sample is often limited. 

The choice of sensitive but not selective FID was justified by the relatively simple 

matrix and the known nature of the studied substances. The influence of the sampling 

mode (direct immersion or headspace technique), the fibre type, salt addition, pH, 

temperature and time of extraction were all checked. Matrix effects and stabilities of 

the analytes were studied and procedures for analysing APs and BPA in M. aeruginosa 
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culture media were elaborated. To the best of our knowledge, this work represents the 

first time that SPME has been applied to studying these APs or BPA in phtoplanktonic 

culture media. 

II.2.2. Material and Methods 

II.2.2.1. Growth conditions and growth assessment of M. aeruginosa 

The M. aeruginosa strain used in this study was isolated from Torrão reservoir and 

kept growing in Z8 culture medium (for details see Saker et al. 2005). Two culture 

media, fraquil (Morel et al. 1975) and f2 (Guillard 1975), were selected to be used in 

parallel, in the first stage of this study. These media are not as rich in nutrients and 

metals as Z8 culture medium, and therefore resemble better the water composition at 

Torrão reservoir (the culture media composition is presented in Table II.2.1). 

Table II.2.1. Culture media composition 

f2 medium 

NaNCh 880 nM 

NaH2P04 H 2 0 40 nM 

f2 trace metal solution 1.0 mL 

f2 vitamin solution 0.5 mL 

Fraquil medium Î2 trace metal solution {2 vitamin solution 

CaCh -2H20 250 uM FeCh 6H2O 12 mM Vitamin B12 1.0 mL 

MgC12 -6H20 182 uM Na2EDTA -2H20 4.36 mM (1.0 g L ') 

NaHCCfc 150 uM CuS04 5H20 40 uM Biotin 10.0 mL 

K2HPO4 10 uM ZnS04 7H2O 160 uM (0.1 g L») 

NaNOs 100 uM CoCl2 -6H20 42 uM Thiamine HC1 200.0 mg 

f2 trace metal solution 1.0 mL MnCl2 4 H 2 0 910 uM 

f2 vitamin solution 1.0 mL 

d H 2 0 to 1.0 L dH2Q to 1.0 L dH2Q to 1.0 L dH 2 0 to 1.0 L 

Note: Vitamin B12 and biotin are obtained in a crystalline form. When preparing the vitamin B12 stock solution allow for 

approximately 11% water of crystallization (for each 1.0 mg of vitamin B12 add 0.89 ml dH20). When preparing the biotin stock 

solution allow for approximately 4% water of crystallization (for each 1.0 mg of biotin add 9.6 ml dH20) 

Cultures were grown in a controlled-environment cabinet at 23°C, with a light 

intensity of 18 p.E/m2/s (16 h light/8 h darkness) provided by cool white fluorescent 

lamps, in 250 mL erlenmeyer flasks with 150 mL of growth medium, with an initial cell 

concentration of 2 x 105 cells mL-1. 

Growth curves were obtained based on changes in the optical density (OD) at 750 

nm (spectrometer Unicam 5675) and on the cell number, counted microscopically using 

a hemacytometer (improved Neubauer). Both approaches were correlated and were 

used to estimate the equivalent biomass concentration (mg g 1 dry weight), by filtering 
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the samples by a glass microfibre filter (Whatman®) with 1.2 urn porosity and drying 

until constant weight in a laminar flow hood. 

11.2.2.2. Materials 

All glassware was silanized for one hour with Sylon CT (Supelco, Bellefonte, USA) 

before use, rinsed two times with isooctane (Merck), and three times with methanol 

and dried at 40 °C. All materials used were previously acid-cleaned (HNO3 20% (v/v) 

for at least 24h) and rinsed with deionised water (conductivity < 0.1 \xS cm1). 

The culture media was sterilized by filtration through 0.1 urn polycarbonate filters 

(Millipore®) and dispensed into acid-clean and microwaved sterilized polycarbonate 

tubes and stored at 4 °C. Whenever organic compounds had to be added to the culture 

media the solutions were passed through 0.7 (xm glass microfibre filter (Whatman®) 

before addition. Microwave sterilization of the plastic material used in M. aeruginosa 

cultures was performed for 10 min at 700 W. Glass erlenmeyers (plugged with cotton 

wrapped in cheesecloth) were sterilized in an oven, at 170 °C, for 1 hour. All sample 

manipulations were carried out in a Class 100 laminar flow hood, in a clean room with 

Class 100 filtered air. 

Solvents and reagents were analytical grade except otherwise stated. Solutions of 

tert-OP (>90% Fluka), n-NP (99.9% Riedel-de Haen), tech-NP (94% Riedel-de Haen), 

BPA (>95%, Fluka) at concentrations of 1 g L 1 were prepared in methanol 

(Chromasolv, Sigma-Aldrich) and stored in a freezer in the dark. Working standard 

solutions with concentration 10 mg L1 were obtained by dilution with methanol and 

stored in the same conditions. Solutions of surrogate standard 4-tert butylphenol, 4-BP, 

(>99%, Fluka) were similarly prepared and stored. NaCl (Merck) and Na2SC>4 

(Pronalab) were used as salts. Deionised water with conductivity < 0.1 yS cm 1 was 

used throughout. The adjustment of pH was done, when necessary, with a 10 g L 1 

solution of H2SO4 (Merck). 

11.2.2.3. Sampling 

For implementation of the method, solutions of different APs and BPA were 

prepared in deionised water and extracted by SPME. SPME was performed by an 

automatic sampler CTC Analytics, CombiPal model, using 65 ^m thickness 

polydimethylsiloxane/divinylbenzene (PDMS/DVB) and 70 (xm 
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carbowax/divynilbenzene stable flex (CW/DVB) fibres both from Supelco. The new 

fibres were conditioned before use for one hour, according to the manufacturer's 

specifications, and conditioned likewise for 30 min prior to each usage. 

For headspace SPME (HS-SPME), 10-mL water samples spiked with the studied 

analytes were added to 3 g of NaCl in 20 mL vials sealed with Teflon-lined septa 

(Supelco). 4-BP was used as a surrogate standard. The samples were pre-equilibrated at 

80 °C for 10 min after which a fibre was introduced into the headspace for 60 min. For 

direct SPME, 18-mL spiked samples without added salt were pre-equilibrated for 3 min 

at 30 °C, after which the fibre was directly introduced into the liquid for 75 min. During 

both headspace and direct extraction the samples were mechanically shaken at 250 

rotations per minute (rpm). 

The applicability of the procedures for phytoplankton culture media analysis was 

tested at the optimum conditions obtained for pure water samples, with fraquil and f2 

culture media (Table II.2.1) and filtrates from these culture media in which M. 

aeruginosa had been growing. 

11.2.2.4. Instrumentation 

Analysis by GC-FID were performed using a Varian CP-3800 gas chromatograph 

(which provides the possibility for simultaneous electron-capture and FID detection) 

with a split/splitless CP-1177 injector port, a SPME liner (0.75 \im), a microseal septum 

system (Merlin) and a CP-Sil 8CB Low Bleed/MS column from Varian (60 m x 0.25 mm 

i.d., 0.25 \im film thickness). The column oven was initially set at 40 °C for 5 min, then it 

was heated at a rate of 20 °C min-1 to 235 °C, where it was held for 8 min after which it 

was heated to 300 °C at a rate of 30 °C min1 . The temperature of the injector was set at 

250 °C. Desorption during PDMS/DVB and CW/DVB fibre injections was performed 

in splitless mode for 7 min and 6 min, respectively. All gases were supplied by Air 

Liquid. The carrier gas was helium (99.9995%) which had a constant flow rate through 

the column of 1.5 mL mim1. Before FID, the carrier gas was mixed with make-up gas 

nitrogen (99.999%) with volume mixing ratio of 1:5. The hydrogen (99.999%) and air 

used for the detector flame flowed at rates of 30 and 300 ml min1, respectively. The FID 

oven temperature was set to 300 °C. 
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II.2.3. Results and Discussion 

II.2.3.1. Method optimisation 

In order to optimise the method, the time and temperature of extraction and salt 

addition were studied, using standards of phenols in deionised water. The experiments 

were carried out in duplicate. One hour extraction time was used throughout, except in 

the experiments used to determine the influence of the extraction time. The optimum 

conditions corresponded to where the peak heights were maximum. The peak height 

of the tech-NP (mixture of isomers) is defined as the sum of the heights of the two most 

pronounced peaks, thus decreasing the possibility of interfering peaks appearing. 

Preliminary experiments at pH 2 and pH 6 using PDMS/DVB fibre in water solutions 

of tert-OP and n-NP did not show any effect from pH, so, except otherwise stated, pH 

6 was used throughout. 

11.2.3.1.1. Extraction mode choice 

HS-SPME is usually prefered to the direct immersion because it minimizes matrix 

interferences and prolonges the fibre coating's lifetime. Therefore, this method was 

tested for APs and BPA determination. However, experiments using both PDMS/DVB 

and CW/DVB fibres demonstrated that BPA cannot be determined by HS-SPME, 

under these experimental conditions. Even after acidification to pH 2 (to decrease 

deprotonation of BPA) and salting out (300 g L 1 NaCl) it was not possible to detect 

BPA by HS-SPME using PDMS/DVB fibre. With CW/DVB fibre, the signal for 

headspace extraction was 7 - 1 3 times lower than that for the direct immersion mode at 

pH 2-3. Therefore, only direct immersion SPME could provide measurable levels of 

BPA. Analysis of BPA by direct immersion at pH 3 and pH 6 gave similar results and 

so pH 6 was selected to extend the fibre life-time. Thus, the determination of BPA and 

APs could not be carried out simultaneously using HS-SPME. This observation differs 

from previous ones (Basheer and Lee 2004; Helaleh et al. 2001), in which BPA was 

extracted from the headspace under different experimental conditions, such as 

different fibre types and the use of derivatization. The choice of the appropriate SPME 

sampling mode for BPA deserves further investigation. 
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11.2.3.1.2. Salting out effect 

The analysis of the APs at levels of 20 ng L 1 by HS-SPME using both PDMS/DVB 

and CW/DVB fibres was greatly improved by the addition of NaCl (100, 200 or 300 g 

L1) to the sample, with the best results being obtained for 300 g L 1 NaCl. At this 

concentration, the sorption of phenols to the fibre (relative to absence of salt) is 

increased for tert-OP, n-NP, tech-NP and 4-BP by a factor of 3.4, 1.7, 2.8 and 8.8, 

respectively. This result reflects the widely known salting out effect, but is different 

from reported results (Braun et al. 2003) where the extraction yield decreases at high 

NaCl concentrations. Differences in the sampling mode used in this work and the 

aforementioned one might explain these results. In subsequent HS-SPME experiments, 

an addition of 300 g L-1 NaCl was used. However, it was found that NaCl from some 

suppliers could lead to sample contamination and to unacceptably high detection 

limits. Some samples of pro analysi NaCl contained traces of tech-NP, whereas p.a. NaCl 

from Merck could be used for the experiments without contaminating the sample. 

The influence of Na2SC»4 (2, 5 or 10 g Lr1) on the determination of BPA by direct 

immersion was tested. This salt was prefered to NaCl to check for salting out effect in 

the case of direct immersion of the fibre. The reason for this is that, despite the fact that 

only FID results are presented here, simultaneous monitorioring with the electron-

capture detector, to which NaCl was an interference, was performed. A salting out 

effect was not noticed up to 10 g L 1 Na2SC»4 in accordance with reported results (Braun 

et al. 2003). Therefore, the determination of BPA was performed without any salt 

addition. 

11.2.3.13. Fibre choice 

The extraction capability of PDMS/DVB and CW/DVB fibres was compared using 

HS-SPME for APs and direct SPME for BPA (Fig. II.2.1). For APs there was a slight 

enhancement of the signal using CW/DVB fibre by factors of 1.2,1.6,1.6 and 1.5 for 4-

BP, tert-OP, tech-NP and n-NP, respectively. This result can be explained by the higher 

polarity of the CW/DVB fibre (Mani 1999) but the enhancement was not very 

pronounced and both fibres could be used successfully in the determination of APs by 

HS-SPME. Direct SPME using CW/DVB fibre for BPA determination provided a 

tenfold enhancement in the analytical signal when compared with the signal obtained 

using PDMS/DVB fibre. 
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Figure II.2.1. GC-FID peak heights for 20 ug L 1 APs and 100 ug L1 BPA. APs 
determined by HS-SPME, 300 g Lr1 NaCl, 60 min extraction at 70 °C and 
BPA by direct SPME, 60 min extraction at 30 °C. 

Additionally, all new tested PDMS/DVB fibres were found to be contaminated 

with BPA, as had been previously reported by Braun et al. (2003). The blank signals of 

BPA from the new CW/DVB fibres were 5 to 7 times lower compared with those 

observed for PDMS/DVB fibres. Therefore, CW/DVB fibre was chosen for the analysis 

of BPA. 

11.2.3.1 A. Influence of the extraction temperature 

The dependence of the analytical signals on the extraction temperature was 

studied (Fig. II.2.2). 
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Figure 11.2.2. Influence of the extraction temperature on the APs and BPA peak heights. 
Concentrations of APs were 20 ug L 1 each and BPA 80 ug L1.Error bars 
are mean deviations of two replicates. 
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The choice of the temperature range was based on equilibrium considerations. A 

lower temperature favours sorption to the fibre but higher temperatures are necessary 

to transfer the analytes to the headspace (Matich 1999). For HS-SPME no influence of 

the temperature on the signal for the APs was noticed, between 65 °C and 80 °C, except 

for n-NP, where an increase of a factor of 1.6 was observed. The random error seemed 

to be smaller at higher temperatures. The temperature chosen for subsequent HS-SPME 

experiments was 80 °C. For determinations of BPA by direct SPME, the temperature 

was varied between 25° C and 45° C, but no influence was observed, and the extraction 

temperature of 30 °C was selected. 

11.2.3.1.5. Influence of the extraction time 

The influence of the extraction time on the peak heights is shown on Fig. II.2.3. 
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Figure II.2.3. Influence of the extraction time on the APs and BPA peak heights, signal 
for the determination of APs and BPA. Concentrations of APs were 10 
Hg L 1 each and BPA 20 jig I A Error bars are mean deviations of two 
replicates. 

For 4-BP and tech-NP the extraction was fast, with equilibrium reached in 15 min. 

For tert-OP and n-NP the signals increased more slowly reaching a plateau after 60 

min. Therefore, the optimum time for the HS-SPME was chosen to be 60 min. For BPA 

the peak height always increased with increasing sampling time. To maximize sample 

throughput, the extraction time for direct SPME was selected to be 75 min, even if the 
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equilibrium had not yet been reached. SPME can be used in a nonequilibrium situation 

for quantitative analysis if the sampling time is held constant. In comparison with 

manual procedures, the automated sampler used here provided more precise control of 

the experimental conditions (e.g. time). 

In short, for BPA, direct immersion of the CW/DVB fibre into the solution for 75 

min at 30 °C without salt addition provided better results. In this case, 4-BP could not 

be used as surrogate standard, because it was not efficiently extracted by direct 

immersion of the fibre. For tert-OP, n-NP, and tech-NP, HS-SPME for 60 min at 80 °C, 

after the addition of 300 g L 1 NaCl to the sample, was found to be suitable either using 

CW/DVB or PDMS/DVB fibres. In order to check for changes in sensitivity, 4-BP was 

used as surrogate standard (concentration 10 ug L1, except otherwise stated). Fig. 

II.2.4a shows a chromatogram of a standard mixture of APs in deionised water. The 

peaks were well-resolved and the retention times were lower than 20 min. 

11.2.3.1.6. Analytical figures of merit 

Limits of detection (lod), repeatabilities, reproducibilities and the linear ranges for 

the studied APs and BPA in water are presented in Table II.2.2. 

Table II.2.2. Limits of detection (lod), repeatabilities, reproducibilities and linear 
ranges for APs and BPA in water, as determined3 by SPME-GC-FID 

tert-OP tech-NP n-NP BPA 
0.07 0.09 0.05 10.0 
0.04 0.05 0.02 1.0 

4.9 4.7 5.5 4.5 

3.5 2.5 2.8 2.7 

0.2-30 0.2-100 0.2-100 2-100 
r2=0.998 ,-2=0.998 r2=0.991 rz=0.999 

n=5 n=7 n=7 n=7 
a concentrations of 10 ug L-1 for APs and 20 ug L1 for BPA determined using CW/DVB fibre 
b average relative standard deviation (rsd) values for 4 days with 7 measurements each day 

The lods were determined based on three times the standard deviation of ten 

blanks. For APs they were lower than 0.1 ug L 1 for PDMS/DVB fibres and lower than 

0.05 ug L 1 for CW/DVB fibres. For BPA, using CW/DVB fibre, a detection limit of 1 ug 

L 1 was attained. The lods obtained for APs are in the lower ranges yielded by methods 

that use SPME without derivatization (Braun et al. 2003; Diaz et al. 2002). These lods 

lod (ug L-i) 4-BP 
PDMS/DVB fibre 
CW/DVB fibre 0.05 
Repeatability b

 n _ 
(rsd %, n=7) 
Reproducibilityb _ 
(rsd %, 4 days) 
Linear range(ug L4) 0.2-60 

r2=0.998 
n=5 
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seem to be sufficiently low to determine APs in water samples (Céspedes et al. 2005; 

Quirós et al. 2005; Vethaak et al. 2005; Céspedes et al. 2004; Kolpin et al. 2002; 

Blackburn et al. 1999) and to perform model studies at environmental concentrations. 

The Environmental Quality Standards (EQS) for OP and NP in surface waters are 0.122 

and 0.33 ng L1, respectively (European Commision 2005a; European Commision 

2005b). For BPA, quality standards are still being developed. The lod for BPA is 

relatively high in order to allow most real samples or model samples at environmental 

concentrations to be measured, but it is still lower than the indicative maximum 

permissible concentrations of BPA in surface water (64 (xg L"1) (Groshart et al. 2001). 

The repeatability is expressed as relative standard deviation (rsd) for average 

values and the ranges from four days of experiments. In each day seven measurements 

were made in aqueous standard solutions with concentrations of 10 jug L-1 for the APs 

and 20 |ug L-1 for BPA. Values ranged from 4.5% to 10.8%. The reproducibility (2.5% -

8.4%) is expressed as the rsd of the average daily signals measured during four days of 

repeatability measurements. This method is robust and gives very similar results from 

day to day. It is linear up to at least 100 (xg L 1 for n-NP, tech-NP and BPA, up to 30 |xg 

L 1 for tert-OP and up to 60 fig L4 for 4-BP. No carry-over was observed over the 

working range. The fibres have a reasonably long lifetime of about 120 injections. 

Additionally, the proposed method requires only 10-mL samples for headspace 

microextraction and 18-mL samples for direct immersion, and it is suitable for 

environmental model studies. 

II.2.3.2. Application to culture media 

The recoveries for tert-OP, n-NP and BPA, at concentration levels of 10 |!g L 1 each, 

when spiked into fraquil and f2 culture media, are given in Table II.2.3. The recoveries 

were lower in fraquil, especially at pH 2. For this reason, the cyanobacteria were 

cultivated only in f2 medium in subsequent experiments. SPME was also applied to 

analyse APs or BPA (10 ng L1) spiked in a filtered solution of f2 culture medium in 

which cyanobacteria had been growing for 7 to 15 days (average biomasses of 105 to 106 

cell ml/1). Before SPME the pH was adjusted to 6. The results are shown in Table II.2.3 

and they demonstrate the quantitative recoveries of the studied analytes. 
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Table II.2.3. Recoveries (%) of APs and BPA in fraquil and f2 culture media and in 
filtrates from f2 media previously inoculated with M. aeruginosa  

Culture media 4-BP tert-OP tech-NP 
fraquil, pH 2 - 38±6 
fraquil, pH 6 - 92±4 
f2 ,pH6 - 102±6 
f2, pH 6 (M. aeruginosa) 107±2 97±2 87±2 

n-NP BPA 
23±3 -
69±6 82±8 
89±5 97±7 
96±3 103±7 

all experiments were carried out in duplicate 

Fig. II.2.4b shows a chromatogram for APs spiked in filtrate from M. aeruginosa 

cultures and Fig.II.2.4c a chromatogram of a filtrate from M. aeruginosa in f2 culture 

medium spiked with only 10 ug L 1 4-BP (surrogate standard). 
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Figure II.2.4. APs chromatograms for (1) 4-BP, (2) tert-OP, (3) tech-NP and (4) n-NP at 
concentrations of 10 ug L 1 in (a) deionised water (b) filtrate from M. 
aeruginosa in f2 culture medium and (c) filtrate from M. aeruginosa in f2 
culture medium, spiked only with the surrogate standard. 

113 



Chemical factors related with freshwater blooms of cyanobacteria 

No exudate substances overlapped with the studied phenolic compounds during 

the chromatographic separation, and no matrix effects were observed on the sorption 

of the analytes on the fibres. Therefore, it was not necessary to consider matrix effects 

and the results for the samples were directly compared to the results for the standards 

in deionised water. 

The lods for the APs and BPA were determined in filtrated solutions of f2 culture 

media where M. aeruginosa had been growing for 7 to 15 days. Under these conditions 

the lod for the tert-OP and tech-NP was 0.03 |xg L1 and for n-NP it was 0.05 ng IA The 

lod for BPA was 1.1 |ig I A The values obtained are in the same order of magnitude as 

those based on deionised water blanks (Table II.2.2). 

Sterilization of the culture media is necessary when working with cyanobacteria. 

In this work sterilization by filtration was used. Some of the studied substances could 

be decomposed or sorbed by the filters. To test this possibility, filtrations of f2 culture 

media, previously doped with tert-OP and n-NP (10 |ig L-1 each), through 

polycarbonate filters of pore size 0.1 |im and through glass fibre filters of pore size 0.7 

um were carried out in parallel and in duplicate. The recovery for tert-OP using 

polycarbonate filtration was 90%, but the n-NP totally disappeared from the solution 

after filtration. Using the glass fibre filter the recoveries were 107% and 74% for tert-OP 

and n-NP, respectively. Therefore, sterilization filtration through glass fibre filters 

should be used, even though a small part of n-NP appears to be retained or 

decomposed by the glass fibre filter. 

Some authors recommend that the glassware be deactivated by silanization for the 

analysis of APs or BPA in water samples (Yu et al. 2007; Chang et al. 2005). However, 

we have not found any differences in the concentrations of solutions of tert-OP (10 ng 

IA) and tech-NP (50 fxg IA) in f2 culture medium stored in sterile flasks made from 

polycarbonate, glass and silanized glass. The stability of diluted solutions of APs does 

not depend on the container material. 

The stabilities of tert-OP, n-NP and tech-NP spiked into f2 culture medium were 

also studied for different storage conditions and the results are shown in Fig. II.2.5. It 

was found that the compounds are relatively stable for at least 10 days if the samples 

are stored at 4 °C in the dark. On the other hand the concentration of n-NP decreased 

very quickly (by 75% in one day) during storage at room temperature and in the light. 

Similarly, rapid decomposition of n-NP was observed in spiked river water samples 

(Yu et al. 2007). In contrast, tert-OP and tech-NP showed very good light stability at 20 
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°C. This result correlates with their high persistence in the environment (Ying et al. 

2002). 
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Figure II.2.5. Time-dependent concentrations of tert-OP, n-NP and tech-NP in f2 
culture medium filtrated with glass fibre filter of 0.7 |im pore size. The 
storage conditions at 4 °C were in the dark and at 20 °C were 16h 
light/8h dark cycles. Error bars are mean deviations of two replicates. 

In order to elucidate the effects of these potential endocrine disrupters on 

cyanobacterial growth, ecotoxicity tests could be designed in which tert-OP and tech-

NP are spiked into culture medium. For n-NP the toxicity test should be designed 

using multiple spikes due to the fast decomposition of this compound at the light and 

temperature conditions the cyanobacteria grow. 
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Chemical factors related with freshwater blooms of cyanobacteria 

11.3.1. Introduction 

Alkylphenols (APs), such as OP and NP, effects have been studied in organisms 

with nuclear receptors but effects on phytoplanktonic communities are poorly 

characterized, despite the fact that these organisms are continuously being exposed to 

these compounds. In this work the effect of APs on the growth of M. aeruginosa was 

investigated to ascertain the role of M. aeruginosa in the process of removal or 

dissipation of these compounds. Batch cultures were performed with concentrations as 

low as 10 nM, which have been found in environmental samples (Kolpin et al. 2002), 

up to 5 (iM which were suspected to have a harmful effect (Wang et al. 2007). As 

mentioned before the strain used was isolated from Torrão reservoir. APs are 

suspected to occur in the reservoir via WWTP discharges. 

11.3.2. Material and Methods 

II.3.2.1. Alkylphenols exposure 

OP and NP were dissolved in methanol or ethanol as a carrier solvent and 

incorporated in the growth medium. Methanol was used in initial experiments and 

then replace by ethanol, which is considered less toxic to the cells. Nevertheless, no 

toxic effects were seen in this study. In any case, the carrier solvent final concentration 

in culture media never exceeded 0.01 % (v/v). Preliminary studies have shown that the 

growth of this strain in f2 with up to 0.1% carrier solvent is statistically similar to the 

growth in f2 without carrier solvent. Five OP concentrations (10, 50, 250,1250 and 5000 

nM), each with four replicates, were tested. Four NP concentrations (10, 45, 230, 570 

nM), each with three replicates, were tested. Culture medium with the same APs 

concentrations, but not inoculated (culture medium control), and controls with and 

without carrier solvent (cyanobacteria control) were also exposed in parallel and in 

quadruplicate (OP) or triplicate (NP). Cells were exposed as described above in II.2.2.1 

on day 0, and the growth was monitored each two days, until day 10, as described in 

the same section. 
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11.3.2.2. Alkylphenols measurement 

APs in culture media were measured on day 0, and every two days until day 10, 

by SPME-GC-FID, as described in chapter II.2. 

At the end of each experiment approximately 50 mL of culture media were filtered 

(glass microfibre filter (Whatman®) with 1.2 |j.m porosity) for analysis of APs in the 

cells retained on the filter (for OP only the filters from the 50 nM exposure were 

analysed). The filters were washed with approximately 100 mL of deionized water and 

frozen at -18 °C. Prior to the analysis the filters were destroyed with liquid nitrogen. 

The slurry was diluted with 10 mL deionized water and the analysis was performed as 

described before for the filtrates (chapter II.2). In a previous attempt to extract the APs 

from the filters with cyanobacteria, 9 mL acetone were added to the filters and then 

evaporated under a constant flux of nitrogen. However, interfering peaks were found 

in the chromatogram and therefore this procedure was abandoned. 

Controls (filters from the culture media without cyanobacteria) were subjected to 

the same procedure. To calculate the percentage of APs recovery, filters were spiked 

with 0.5 nmol of OP or NP and this was taken into account when calculating the APs 

concentrations. 

11.3.2.3. Exudates influence on the APs fate in the culture medium 

To test if exudates produced by M. aeruginosa influence the APs removal from the 

medium, M. aeruginosa was grown for 7 days in 50 nM OP culture medium, or in 230 

nM NP culture medium, under the same light and temperature conditions used before. 

This allowed the cells to produce and release exudates. The culture media was filtered 

(glass microfibre filter (Whatman®) with 1.2 urn porosity) to remove M. aeruginosa cells, 

and the filtrate was incubated again, under the same light and temperature conditions, 

for another 12 days. Culture medium with the same APs concentration, without 

previous growth of cyanobacteria, was used as the control. APs were measured on 

days 0, 2, 5, 7 and 12 on both culture media, as described before. 

11.3.2.4. Data treatment 

The test endpoint was inhibition of growth expressed as logarithmic biomass 

increase (average growth rate) during the exposure period, as suggested by the 
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Organization for Economic Co-Operation and Development (OECD) test guideline 201 

(OECD 2002). From the average growth rates recorded in a series of test solutions the 

concentration bringing about a 10, 20 or 50% inhibition of growth was determined and 

expressed as the EOo, EC20, EC50 (OECD 2002). A f-student test was performed to 

compare the growth rates in different culture media. 

APs removal rate from culture media was calculated using a first order kinetics 

equation: 

I n — - -kt (II.3.1) 
Co 

Co is the initial APs concentration and Cd is the APs concentration measured on 

each day. The rate constant of APs removal, measured in the presence of the cells, was 

denoted k, whereas the rate constant measured in control culture medium (not 

inoculated with cells), was denoted as fabiotio 

Miotic was calculated as being fcbiouc = k - fcaWotic. This value was considered the 

theoretical rate constant that would have been achieved if APs degradation in the 

solution, throughout the incubation period, could be exclusively attributed to the cells. 

A i-student test was performed to compare the k in different culture media. 

A comparison between the rate of APs removal in culture medium and in culture 

medium inoculated with M. aeruginosa was carried out to determine the percentages of 

APs sorbed (adsorbed or uptaken) by the cyanobacterial biomass: 

%APssorbed = 1 (V^d/L^OJcyano 

(Cd/Co)f2 
xlOO (II.3.2) 

(Cd/Co)Cyano and (Cd/Co)f2 are the APs concentration ratio in culture media 

inoculated with M. aeruginosa and not inoculated, respectively. 

II.3.3. Results and Discussion 

II.3.3.1. M. aeruginosa growth under different alkylphenol concentrations 

The average growth rate of M. aeruginosa in f2 medium and in f2 medium with 

carrier solvent was not significantly different (data not shown) and therefore both 
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results were put together to calculate the average control growth. 

OP and NP did not promote the growth of M. aeruginosa at any tested 

concentration. A depression in the growth rate occurred for the 1250 and 5000 nM OP 

concentrations, the growth being significantly lower (p < 0.05) than for the other 

concentrations (Fig. II.3.1). This effect was particularly noteworthy from the sixth day 

on. For NP, a depression in the growth rate occurred for the 570 nM concentration (p < 

0.05), the effect being noticed from the fourth day on (Fig. II.3.1). 
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Figure II.3.1. Concentration-effect curve of M. aeruginosa growth in (<)) OP- and (♦) NP-

containing media. 

Following the recommendations of the OECD (2002), EC20 and EQo were 

calculated instead of the lowest observed effect concentration (LOEC) and the no 

observed effect concentration (NOEC) (Table II.3.1). For OP the calculated EC50 was 0.3 

uM. To our knowledge there is no other work reporting OP toxicity to cyanobacteria, 

and therefore comparisons of this value with other reported ECX were not possible. 

However, two examples with freshwater green algae (Selenastrum capricornutum and 

Scenedesmus subspicatus) were found, for which the EC50 were 9 and 5 |xM, respectively 

(European Commission 2005a). These EC50 are higher than those obtained in the 

present study. This may indicate that M. aeruginosa is more sensitive to OP than those 

algae. However, the mentioned studies did not measure the OP concentration in 

culture medium and therefore the EC50 should be used with care, the possibility that 

those green algae are more susceptible to OP remaining open. 
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Table II.3.1. ECX values (nM) obtained for M. aeruginosa ten-day growth in f2 culture 
medium 
OP 95% confidence limit slope r2 

EC50 328 313 - 343 
EC20 49.8 49.4 - 50.1 15.9 ± 0.5 0.837 
ECw 26.6 

NP 
25.9 - 27.2 (n-6) 

EC50 1286 1256 -1315 
EC20 59.2 53.3 - 65.0 10.2 ± 3.4 0.803 
ECw 21.2 17.8 - 24.6 (n-5) 

For NP the calculated EC50 was 0.9 nM. NP toxicity data to different strains of M. 

aeruginosa were available. Wang et al. (2007) have reported EC50 values for M. 

aeruginosa, regarding its toxicity, ranging from 13 |aM for non-toxic strains to 3 |iM for 

toxic strains, therefore much higher than in this study. But considering the high 

variation reported by Wang et al. (2007) it is likely that amongst different M. aeruginosa 

strains the responses vary. 

In the present work, concentrations as low as 10 nM were used, which permitted a 

better insight of environmental relevant concentrations effects. Both APs are currently 

classified by the European Union as a priority substance under review (PRS). 

Environmental Quality Standards (EQS) of 0.6 nM for OP (European Commission 

2005a) and 1.4 nM for NP (European Commission 2005b), have been proposed for 

inland surface waters. Some authors have reported environmental concentrations as 

high as 10 nM OP (OSPAR 2006; Kolpin et al. 2002) but the average data show OP 

freshwater concentrations below 5 nM (OSPAR 2006). For NP, values of 180 nM 

(Kolpin et al. 2002) or 820 nM (OSPAR 2004) have been reported, but the average data 

show NP freshwater concentrations below 45 nM (OSPAR 2004). Despite these 

concentrations being sometimes higher than the proposed EQS, in view of the results 

of this study it is not likely that these APs are a significant threat to M. aeruginosa 

communities. 

II.3.3.2. Alkylphenols interaction with the cells 

Phenols are considered polar narcotics. For these compounds a large number of 

mechanisms may be operating to disrupt cellular function without giving any 

indication of exactly which system is being affected (Harder et al. 2003). No evidence 

can be drawn from this study as to those mechanisms might be. As the growth is 

reduced with increasing APs concentration it can be hypothesized that at least part of 

125 



Chemical factors related with freshwater blooms of cyanobacteria 

the toxic effect inhibits the ability to grow. However, till a certain level M. aeruginosa is 

able to cope with APs toxicity. In a previous work Wang and Xie (2007) have found 

that the antioxidant system of M. aeruginosa (evaluated through the levels of the 

enzymes superoxide dismutase - SOD - and glutathione-S-transferase - GST) is able to 

effectively respond to NP concentrations up to 4.5 |xM. 

For most xenobiotics it has been generally accepted that toxicity increases with 

hydrophobicity. Trying to relate the results obtained in this study with other published 

data, a QSAR model was constructed in which the logarithm of the EC50 concentration 

was correlated to a parameter describing hydrophobicity, in this case the log Kow. EC50 

concentrations for carbamate insecticides (Ma et al. 2006), NP (Wang et al. 2007), 

antibiotics (Halling-Sorensen 2000) and the APs data obtained in this study were 

graphically represented as a function of log Kow of the respective compounds (log Kow 

data obtained from the US Environmental Protection Agency (USEPA) site for all the 

compounds except for the antibiotics for which data was taken from Halling-Sorensen 

(2000)) (Fig. II.3.2). 
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Figure II.3.2. QSAR model for M. aeruginosa. Data on (♦) insecticides from Ma et al. 
(2006); (■) antibiotics from Halling-Sorensen (2000); (•) NP from Wang 
et al. (2007) and (A) OP and (□) NP from this work. 

The reported toxicities of the antibiotics were the highest whereas for the 

carbamate insecticides the reported toxicities were the lowest. Unlike antibiotics, which 

are specifically designed to target bacteria, the insecticides are not specifically designed 

to affect bacteria (or phytoplankton) but are likely to have certain mechanisms (such as 

inhibition of ion channels) that may also affect non-target species. The toxicities of OP 
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and NP are situated in between those of the specific antimicrobial agents and of the 

carbamate insecticides and, in spite of OP and NP not being specific toxicants for 

cyanobacteria, they revealed a potential level of toxicity higher than other non-specific 

compounds. 

II.3.3.3. Alkylphenols removal from culture medium 

11.3.3.3.1. Octylphenol 

In the culture medium without bacteria the OP removal followed approximately a 

first order kinetics, with an average constant rate of k = 0.046 day 1 (Fig II.3.3). 
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Figure II.3.3. OP removal throughout time from culture media (□) inoculated with M. 
aeruginosa; (■) not inoculated and (A) without M. aeruginosa but with the 
respective exudates. Culture media with (a) 10 nM; (b) 50 nM; (c) 250 
nM; (d) 1250 nM and (e) 50 nM with exudates produced by a 7-day 
growth, k was calculated using equation II.3.1. The error bars are the 
standard deviations of four replicates. 
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Physicochemical data on APs degradation, particularly from the surface layer of 

natural waters, have suggested that photolysis or hydrolysis may occur (European 

Commission 2004). This may account for the OP removal observed in this study. 

Analyzing the OP removal in a culture medium inoculated with M. aeruginosa (Fig. 

II.3.3) arises that, up to 250 nM OP, the constant rates were significantly higher than 

those observed in the absence of cells (p < 0.05). Azotic was 0.018 day-1 for 10 nM, 0.061 

day-1 for 50 nM and 0.027 day4 for 250 nM. These results indicate that M. aeruginosa 

was able to decrease the OP concentration in culture medium. 

For 1250 nM and 5000 nM no significant difference was observed between culture 

media with and without cyanobacteria (data for 5000 nM were similar to those for 1250 

nM and for that reason were not shown). For these two concentrations a growth 

inhibition had occurred. This inhibition of M. aeruginosa growth seemed to contribute 

to a decrease in M. flerugmosa-mediated OP withdrawal from the culture media. To 

further test this hypothesis the percentages of OP sorbed (adsorption or uptake) to the 

biomass were represented as a function of the biomasses corresponding to each 

concentration (Fig. II.3.4). 
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Figure II.3.4. Correlation between M. aeruginosa biomass, in different OP 
concentrations, and percentages of OP sorbed to biomass. In spite of 
all being shown, only the concentrations of 10, 50 and 250 nM were 
used to calculate the correlation coefficient (r). 

The biomasses at 10, 50 and 250 nM correlated positively and significantly (p < 

0.05) with the OP withdrawn from the culture media whereas the biomasses at 1250 

and 5000 nM did not. This suggested an active OP removal from the media, since the 

OP concentrations for which the biomass values were higher exhibited higher 

removals. At 1250 and 5000 nM concentrations the cyanobacterial growth was 
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impaired, probably because these concentrations were too high for the cyanobacteria to 

be capable of activating a detoxification response. 

M. aeruginosa is known to produce and release exudates into the culture medium 

(Henderson et al. 2008) and these compounds could interact with the OP in the 

solution. Therefore, we hypothesized that a change in the kinetics of OP removal may 

occur under the influence of these exudates. To test this hypothesis, measurements of 

OP contents in a culture medium without cyanobacteria but containing exudates 

produced by the cells were carried out. Figure II.3.3e shows that the OP removal rate 

from the exudates-containing medium was significantly lower (p < 0.05) than the 

control, the half-life in this medium being 22 days, whereas in control was only 15 

days. Adsorption or absorption of exudates to OP might have prevented hydrolysis or 

photolysis from occurring. It has been reported that OP abiotic degradation in 

freshwater is hindered by the presence of organic matter (European Commission 2004). 

Therefore, as exudates are always present in cultures it can be stated that M. aeruginosa 

could compensate and even counteract this organic matter hindrance, causing an 

effective increase of OP removal through active uptake or adsorption to the cells. 

11.3.3.3.2. Nonylphenol 

In the culture medium without cyanobacteria the NP removal also followed 

approximately a first order kinetics, although the value of the constant rate k varied 

more from one experiment to another than in the case of OP (Fig. II.3.5). An average 

febiotic of 0.090 day 1 was obtained for the NP removal from the culture medium. Unlike 

the OP experiment this value could only be obtained discarding the fcabiotk obtained for 

the exudates experiment, which was higher than the others (19 days vs 12 days). 

Analyzing the NP removal in a culture medium inoculated with M. aeruginosa (Fig. 

II.3.5) arises that the constant rates were significantly higher than those observed in the 

absence of cells (p < 0.05). fcbiotic was 0.178 day 1 for 10 nM, 0.080 day 1 for 45 nM, and 

0.092 day 1 for 230 nM, 0.065 day 1 for 570 nM. 

These results indicated that M. aeruginosa was able to markedly favour the removal 

of NP from culture medium. In general, the fcbiotic decreased as the NP concentration 

increased. This led to the assumption that higher concentrations of NP prevented M. 

aeruginosa from withdrawing this compound from the culture media as efficiently as at 

lower concentrations. 
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Figure II.3.5. NP removal throughout time from culture media (□) inoculated with M. 
aeruginosa; (■) not inoculated and (A) without M. aeruginosa but with the 
respective exudates. Culture media with (a) 10 nM; (b) 45 nM; (c) 230 
nM; (d) 570 nM and (e) 230 nM with exudates produced by a 7-day 
growth, k was calculated using equation II.3.1. The error bars are the 
standard deviations of three replicates. 

In spite of this increasing toxicity with increasing NP concentrations, M. aeruginosa 

was capable to degrade NP up to a concentration of 570 nM. To assess the correlation 

between biomass and NP removal from culture media the percentages of NP sorbed to 

the biomass, at each concentration, were plotted against the biomass. In Fig II.3.6 it can 

be seen that, similarly to what was observed for OP, higher biomasses contributed 

more to the NP withdrawal from the culture medium. The correlation encompassed all 

the tested concentrations, which indicates that at 570 nM NP the cells were still able to 

cope with the NP toxic effects and maintain the ability to actively remove NP from the 

culture medium. 
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Figure II.3.6. Correlation between M. aeruginosa biomass, in different NP 
concentrations, and percentages of NP sorbed to biomass. 

Figure II.3.5e shows that, in the experiment for testing possible influence of 

exudates in NP removal rate, the fcat>iotic was significantly lower (p < 0.05) than in all the 

other NP-containing culture media. The concentrations presented in Figure II.3.5e were 

measured after an initial period of 7 days of incubation. By this time the NP 

concentration had been reduced from 230 nM to 91 nM. This value is comparable to the 

one measured for the Fig II.3.5c, after 6 days of incubation (73 nM). Therefore it was 

hypothesized that throughout those initial 7 days the fabiotic was similar to the ones 

obtained for the other experiments. But a decrease with time in the fabiotic seems to have 

occurred for the subsequent 12 days of experiment. This may be due to the fact that the 

NP used in this study was a mixture of isomers and probably the removal rate constant 

varies amongst isomers. To assess the influence of the mixture of isomers in the results 

obtained, the ratio of the heights of the two most pronounced peaks was compared for 

the 7 days initial incubation and the subsequent 12 days of incubation. No significant 

differences were seen, though. Nevertheless, the behaviour of isomers associated to 

smaller peaks could have contributed to the observed variation in fabiotic values. These 

results seem to indicate different environmental fates for the tech-NP and OP and 

possibly also for their degradation products. 

The rate constant obtained in the presence of exudates of M. aeruginosa (k = 0.020 

day-1) was similar to that observed in the absence of the cells (fabiotic = 0.028 day1), 

indicating that the role of exudates in preventing NP degradation was lower than for 

OP, in the experimental conditions tested. 
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II.3.3.4. Determination of APs in M. aeruginosa 

To ascertain the mechanism of APs removal from the culture media quantification 

of APs in M. aeruginosa was carried out using the filters containing the cells. Care was 

taken to wash the filters thoroughly to ensure that the APs measured would be only 

those bound to the cells. 

The cell-measured OP concentration only accounted for 4% of the total OP 

removed from the culture medium and NP concentrations were systematically below 

lod. These results are very different from those reported by Wang and co-workers 

(2007), for M. aeruginosa sorption of NP from the culture medium, at concentrations 

ranging from 0.09 (iM to 9 (xM, which have found sorptions as high as 30%. However, 

other authors (Lai et al. 2002) have found results similar to ours with the 

biotransformation and bioconcentration of steroid estrogens by Chlorella vulgaris, 

where the amount of estrogens that partitioned to the algae did not exceed 9% of the 

total estrogens. 

Therefore, the APs withdrawn from the culture medium in the presence of M. 

aeruginosa were not found bound in cells. Possibly internalization of the compounds, 

followed by formation of other sub-products took place. Other work reported that 

freshwater microalgae were able to metabolize BPA to BPA glycosides which were 

then released into the culture medium (Nakajima et al. 2007) and marine microalgae 

were able to use glucosyl and malonyl transfer to detoxify xenobiotics such as 

dichlorophenols (Petroutsos et al. 2006). Aerobic biodégradation of OP polyethoxylates 

(OPEOn) by a pure culture of Pseudomonas putida caused the formation of OP 

oligoethoxylates (OPE) and OP oligoethoxy carboxylates (OPECn) (Sato et al. 2003; 

Sato et al. 2001) and several bacteria have been reported as being able of degrading NP 

(see Corvini et al. 2006 and references therein). Possibly APs biotransformation may 

have occurred to compounds that could not be measured in this study owing to lack of 

a suitable analytical method. 

II.3.4. Conclusions 

OP and NP did not promote the growth of M. aeruginosa at typical environmental 

concentrations. Therefore, blooming of this species is not propitiated by the presence of 

these APs in the aquatic system. On the other hand, concentrations as low as 20 nM can 

potentially decrease the growth of M. aeruginosa. 
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At typical environmental concentrations M. aeruginosa exhibits the ability to cope 

with APs toxicity, by internalizing the compound to an expectantly less toxic form. In 

freshwater environments, particularly in bloom-occurring situations, when the growth 

rate of the population will be similar to the growth obtained in the present study, a 

similar ability to cope with the APs toxicity can be expected. 

Overall M. aeruginosa is more susceptible to OP than to NP. The removal rates of 

OP are lower than those of NP. As the last one is more recurrent in environmental 

samples, M. aeruginosa seems to be more capable of decreasing the concentration of the 

compound that occurs more often in freshwater, suggesting a possible mechanism of 

response to frequent exposure. 

Finally, the continuous input of APs in the environment should be assessed, even 

for non-target organisms, as the effects of long-term exposure are still to be ascertained. 
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II.4.1. Introduction 

Nowadays antibiotics presence in freshwater ecosystems is a concern because of 

their widespread occurrence, their potential role in bacterial resistance, and because of 

the selection pressure on natural freshwater microbial communities. 

No indication of antibiotics levels in Portuguese surface water is available, partly 

for lack of regulation, partly for lack of suitable analysis techniques. Therefore, to 

assess the potential antimicrobial of Portuguese surface water the predicted 

tetracyclines (TCs) concentration in the environment was calculated, according to the 

Guideline on the environmental risk assessment of medicinal products for human use 

proposed by the European Medicines Agency (EMEA 2006). Cyanophyta are 

recommended for effects testing of antimicrobials, as they are more susceptible to these 

compounds than other phytoplanktonic communities (e.g. green algae) (EMEA 2006). 

In this work, M. aeruginosa was grown in vitro with minocycline (MC) doped at 

environmentally relevant concentrations. As an antibiotic it would be expected that 

MC inhibited the growth of cyanobacteria, but information about the minimum 

inhibitory concentration was lacking, as well as effects of these compounds below that 

level. 

One of the effects evaluated in this study was the microcystins (MCYST) 

production under different concentrations of MC. MCYST are cyclic heptapeptides 

consisting of seven amino acids and to date more than 60 structural variants have been 

described (Wiegand and Pflugmacher 2005). These hepatotoxins are the most 

extensively studied cyanotoxins as they are one of the most common toxins and are 

produced by many species of cyanobacteria (Codd et al. 2005; WHO 2003). Currently 

the World Health Organization establishes a limit of 1 \ig L1 for MCYST-LR 

concentration in freshwater (WHO 1998). 

Finally, the growth of M. aeruginosa in culture media with MC and OP was 

compared to the growth in culture media with one single added compound. These 

results may help characterize more extensively the toxic pressures to which M. 

aeruginosa might be exposed in natural environments, and its mechanisms of response. 
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II.4.2. Material and Methods 

H.4.2.1. Minocycline exposure 

MC (4, 7-bis (dimethylamino) -1, 4, 4a, 5, 5a, 6,11,12a -octahydro -3, 10,12,12a, 

tetrahydroxy-l,ll-dioxo-2-naphthacene-carboxamide, monohydrochloride) was kindly 

provided by Hovione FarmaCiencia. 

MC was dissolved in dimethy sulfoxide (DMSO) as a carrier solvent and 

incorporated in the growth medium. DMSO final concentration in culture media never 

exceeded 0.01 % (v/v). Preliminary studies have shown that the growth of this strain in 

f2 with up to 0.1% DMSO is statistically similar to the growth in f2 without DMSO 

(data not shown). The antibiotic was tested at six different concentrations (0.001, 0.010, 

0.050, 1, 10, 1000 \ig L"1), each one with two replicates. Control (culture medium 

inoculated with cyanobacteria and without MC) was also exposed in parallel and in 

duplicate. Cells were exposed as described above in II.2.2.1 on day 0, and the growth 

was monitored each three days, until day 15, as described in the same section. 

ÍI.4.2.2. Simultaneous exposure to minocycline and octylphenol 

Three concentrations of MC (1,10 and 1000 [xg L-1) and three concentrations of OP 

(2, 20 and 250 [xg L-1) were chosen. Every OP level was tested with every MC level in a 

total of nine combinations. Control (culture medium inoculated with cyanobacteria and 

without MC nor OP) was also exposed in parallel and in duplicate. Cells were exposed 

as described above in II.2.2.1 on day 0, and the growth was monitored each three days, 

until day 15, as described in the same section. 

II.4.2.3. Detection and quantification of microcystins 

The detection and quantification of MCYST in culture media was performed by 

Enzyme Linked Immuno Sorbent Assay (ELISA) using the commercial kit 

EnviroGard® Microcystin Plate Kit. A 10-ml sample was frozen at -20 °C, unfrozen and 

ultra-sonicated for 15 minutes, so that MCYST were released into the media. The 

samples were then filtered through filters with 0.45 fim porosity (Millex HA) and 100 

|il were used for the immunoassay, accordingly to the instructions of the kit. 
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Calculation of the MCYST concentration was performed according to the kit 

specifications. Whenever needed a suitable dilution of the sample was performed. 

H.4.2.4. Data treatment 

The test endpoint was inhibition of growth expressed as average growth rate 

(calculated from the log-biomass integral increase) during the exposure period. Both 

results were compared to evaluate the response of M. aeruginosa to increasing 

concentrations of MC. This allowed the calculation of EOo, EC20, EC50 concentrations as 

reported in (OECD 2002). A i-student test was performed to compare the growth rates 

in different culture media. 

II.4.2.5. Tetracyclines PEC and PNEC calculations 

The EMEA Guideline on the environmental risk assessment of medicinal products 

for human use (EMEA 2006) presents a formula for calculating the predicted 

environmental concentration (mg L-1) in surface water (PECSURFACEWATER) as: 

_ _ _ MDD* F excreta , _ . . . 
rhCsURFACEWATER = (11.4.1) 

WWinh * dilution 

where: 

• MDD is the maximum daily dose consumed per inhabitant (mg inlr1 d1). 

According to the European Surveillance of Antimicrobial Consumption the 

amount of consumed TCs in Portugal, in 2006, in ambulatory, was 0.9 DDD 

lOOOinh1 day-1 (ESAC 2007). It was not possible to retrieve data for MC 

consumption alone. Therefore, the data for the TCs family was used. The 

WHO Collaborating Centre for Drug Statistics Methodology (WHOCC) 

established the defined daily dose (DDD) as being the assumed average 

maintenance dose per day for a drug used for its main indication in adults. 

For the MC the DDD is 0.2 g but for the TCs family it varied from 0.1 g to 

1.0 g (data from WHOCC website). For this work it was assumed an 

average value of 0.6 g. This value allowed the calculation of a MDD for the 

TCs family. 
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• Fexcreta accounts for the amount of the parent molecule excreted 

unchanged. For MC it is approximately 60% (Hirsch et al. 1999). Data for 

other TCs are higher, tough. Hirsch et al. (1999) reported percentages of 

excretion of > 70% for chlortetracycline and doxycycline, and > 80% for 

oxytetracycline and tetracycline and this average value was considered in 

our calculations. 

• WWinh is the volume of wastewater per person per day and a default of 

200 L inhab1 day-1 was assumed, following the EMEA guideline (2006); the 

dilution accounts for the dilution factor from WWTP effluents to surface 

water and a default value of 10 was assumed, following the EMEA 

guideline (2006). 

The EMEA guideline proposes that the predicted no effect concentration (PNEC) 

should be calculated by applying an assessment factor (AF) to the no observed effect 

concentration (NOEC) from relevant effects studies, as an expression of the degree of 

uncertainty in the extrapolation from the test data to the actual environment (EMEA 

2006). In this study the PNECMICROORGANISM was based on the ECio result of the growth 

inhibition curve obtained from the exposure to increasing concentrations of MC and a 

default AF of 10 was applied. 

II.4.3. Results and Discussion 

II.4.3.1. Toxicity of minocycline to M. aeruginosa 

The average growth rate of M. aeruginosa in f2 medium and in f2 medium with 

carrier solvent were not significantly different and therefore both results were put 

together to calculate the average control growth. MC inhibited the growth of M. 

aeruginosa at any tested concentration, the growth being significantly lower (p < 0.05) 

than for the control (Figure II.4.1). 
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Figure II.4.1. Concentration-effect curve of M aeruginosa growth in minocycline-

containing media. 

Following the recommendations of the OECD (2002), EC20 and EGo were 

calculated instead of the lowest observed effect concentration (LOEC) and the no 

observed effect concentration (NOEC) (Table II.4.1). The nominal values of MC 

concentration were used, although there is evidence that photolysis and hydrolysis of 

the antibiotic may have occurred during the 15 days of exposure (Andreozzi et al. 

2004). TC is known to be photodegradated to e.g. 4-epitetracycline, anhydrotetracycline 

as well as 4-epianhydrotetracycline, depending of the test circumstances. Other TCs 

have similar degradation patterns (see Halling-Sorensen 2000 and references therein). 

Based on the results reported by Halling-Sorensen (2000) MC concentration in 

solution would probably have disappeared 3 to 7 days after the beginning of the 

incubation period. But decomposition products of MC were probably formed, and 

some of them must have kept the antimicrobial properties since in individual 

exposures of MC the toxicity was maintained for the 15 days of experiment. 

Table II.4.1. ECX Values obtained for M. aeruginosa fifteen-day growth in f2 culture 
media doped with MC 
ngL-i 95% confidence limit slope r* 

EC50 275 206 - 344 
EC20 2.76 2.07 - 3.45 6.5 ±1.3 0.969 
ECw 0.60 0.45 - 0.74 (n=6) 

141 



Chemical factors related with freshwater blooms of cyanobacteria 

II.4.3.2. Environmental relevance of the minocycline toxicity 

The calculated PEC for the TCs family was 216 ng L1. This value surpasses the 

recommended PEC of 0.01 ng L-1 (EMEA 2006). Similar results were obtained for other 

countries. In the USA, Kostich and Lazorchak (2008) have reported PECs of 3.9 ng L-1 

and 367 ng L 1 for TC and MC, respectively. Besse and Garric (2008) have reported a 

PEC of 103 ng L 1 for doxycycline in French freshwaters. These results suggest that 

these antibiotics might be reaching the aquatic media and therefore an assessment of 

the effects of phytoplanktonic community exposure is needed. 

The ECio data allowed for the calculation of PNECMICROORGANISM and a ratio 

PECSURFACEWATER : PNECMICROORGANISM of 36 was obtained. Kostich and Lazorchak (2008) 

reported ratios of 65 and 12 for TC and MC respectively, in USA waters. According to 

the EMEA guideline if this ratio is above 0.1 further evaluation of the fate and the 

effects of the drug substance or its metabolites on micro-organisms are needed (EMEA 

2006). 

II.4.3.3. Comparison of the minocycline toxicity with other antibiotics toxicity 

To our knowledge there are no other works reporting MC toxicity to 

cyanobacteria. Halling-Sorensen (2000) tested the effect of eight antibiotics to M. 

aeruginosa, two of them belonging to the TCs family (TC and chlortetracycline). Holten 

Lùtzhoft et al. (1999) tested seven antibiotics to M. aeruginosa, one of them being 

oxytetracycline. Comparing the different EC50S it arises that the EC50 in this study is 

lower (the reported works described values of 50 ng L 1 for chlortetracycline, 90 ng L4 

for tetracycline and 160 ng L 1 for oxytetracycline). However, the ranges of 

concentrations tested were also different in the reported studies. Indeed, Halling-

Sorensen (2000) tested concentrations from 2 ng L"1 to tens of mg L-1 and Holten 

Lùtzhoft et al. (1999) tested concentrations in the range of the hundreds of ng L1. 

A QSAR model was constructed in which the logarithm of the EC50 concentration 

was correlated to a parameter describing hydrophobicity, in this case the log Kow. EC50 

concentrations for antibiotics from the literature and the MC data obtained in this 

study were graphically represented as a function of log Kow of the respective 

compounds (Fig. II.4.2). Log Kow data for MC were obtained from Barza et al. (1975) 

and for chlorotetracycline were obtained from Hamscher (2006); for the remaining 
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antibiotics data were obtained from Halling-Sorensen (2000) and Holten Lûtzhoft et al. 

(1999). 

10 

Figure II.4.2. QSAR model for M. aeruginosa. Data on (♦) antibiotics from Halling-

Sorensen (2000) and Holten Liitzhoft et al. (1999) and (0) minocycline 
from this work. 

The toxicities of the antibiotics to M. aeruginosa are very high and not entirely log 

Kow-dependent. This suggests that different mechanisms of antibiotic action can lead to 

different toxicities. Nevertheless, within the four antibiotics from the TCs family an 

increase in toxicity with increasing lipophilicity could be found. MC is the one of the 

four with the highest log Kow and, even so, it is below 2.5, which is generally 

considered to indicate a low sorption potential (Rogers 1996). This can help to explain 

why the MC exposure resulted in a higher EC50 when compared to other antibiotics 

from the same family. 

II.4.3.4. Microcystin production under different minocycline concentrations 

Fig II.4.3 shows the total intracellular MCYST content, measured by ELISA, after 

fifteen days of exposure to different concentrations of MC. The content of the control 

was significantly higher (p < 0.05) than that of any other treatment. Overall, there was 

a significant correlation (r = 0.80) between decreasing levels of MCYST and increasing 

MC concentrations. 
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Figure II.4.3. Microcystin content of M. aeruginosa after 15-days incubations with 
different minocycline concentrations. Error bars are mean deviations of 
two replicates. 

Theoretically, the higher the number of cells the higher the amount of MCYST 

produced. However, such correlation is not always straightforward. Most species 

comprise toxic and non-toxic strains (lacking the gene for MCYST production) and 

field populations are usually a mixture of both genotypes (Kurmayer et al. 2002). 

Specifically at Torrão reservoir, a previous work has shown a poor correlation between 

M. aeruginosa density and intracellular MCYST content (Vale 2005). In in vitro studies 

the environmental parameters that influence the MCYST production (Chorus 2001) are 

easier to control and better correlations can be obtained. But in general, the factors 

(environmental, physiological or biochemical) that influence the amount and timing of 

microcystin production are poorly understood. 

Despite the fact that MC inhibits protein synthesis, it does so by binding to the 

ribosome and MCYST is a non ribosomal peptide (Dittmann and Borner 2005). 

Therefore, an increase in the levels of MC would not affect directly the MCYST 

production. However, as increasing concentrations of MC caused a decrease in 

biomass content (Fig. II.4.1) it would be expected that a decrease in the levels of 

MCYST would occur with higher MC concentrations (as was shown in Fig II.4.3). 

Therefore, to gain a better insight on the influence of MC in MCYST production, the 

total amount of MCYST was divided by the total biomass. Fig. II.4.4 suggests that 

higher levels of MCYST were produced per mg of biomass (dry weight) when the 

concentrations of antibiotic were higher, up to 10 ng LA For 1000 ng L 1 MC other 

factors contrary such tendency. This indicates that the cell exposure to this toxicant 
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might have triggered several mechanisms of response, MCYST production being one 

amongst many others. 

0.001 0.01 0.05 1 

Minocycline fug L1) 
10 1000 

Figure II.4.4. Microcystin content per biomass of M. aeruginosa after 15-days 
incubations with different minocycline concentrations. Error bars are 
mean deviations of two replicates; columns with the same letter are not 
significantly different for p < 0.05. 

II.4.3.5. M. aeruginosa exposure to minocycline and octylphenol 

Pharmaceuticals always occur in the environment in combination with other 

pharmaceuticals (and the respective metabolites), industrial chemicals, pesticides, 

personal care products and other pollutants. Investigation of possible mixture effects is 

therefore relevant. OP was found to be an intermediate toxicant, between specific 

antimicrobial agents and nonspecific ones (chapter II.3) and MC was found to 

specifically inhibit M. aeruginosa growth. 

In Fig. II.4.5 the growth curves of M. aeruginosa in culture media doped with both 

MC and OP are shown. The curve of 2 \ig L1 OP represents the average of the three 

biomasses obtained with 1,10 and 1000 [xg L1 of MC. The curves for the 10 and 250 (xg 

L 1 OP concentrations were obtained in an identical way. It can be seen that for OP 

concentrations of 2 \ig L 1 or 10 pig L 1 the growths were similar or higher than those for 

the control, regardless of the MC concentration. Growth inhibition occurred for 250 \ig 

L-i OP. 

Comparing these results to those obtained when the cells were exposed to each 

one of the two compounds individually it arises that MC did not exhibit the same 

toxicity as before. Interestingly, OP seemed to be able to antagonize the toxicity of MC 

as the growth of M. aeruginosa was similar to that observed before, when OP was 
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added alone to the cultures (see II.3), in which 2 and 10 (xg L 1 did not affect 

significantly the growth of M. aeruginosa and 250 u.g L 1 inhibited growth. 
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Figure II.4.5. Growth of M. aeruginosa in a mixture of MC and OP. Each OP 
concentration (2, 10 and 250 ug L/1) curve is the average of the growth 
curves obtained with different MC concentrations (1,10 and 1000 ng L-1). 
Standard deviations are given (n = 3). 

We could not find data in the literature for simultaneous exposure of 

cyanobacteria or green alga to these two compounds. But simultaneous exposure of 

toxicants (propranolol, sulfamethoxazole, ethinylestradiol, diclofenac and ibuprofen), 

mixed in the ratios of their EC50 values for photosynthesis inhibition, showed distinct 

results than the predicted from the independent action of all the components (Escher et 

al. 2005). 

As stated before, probably decomposition products of MC and OP formed 

throughout the incubation period. Interactions of these decomposition compounds 

with each other and with the parent compounds might have occurred, which resulted 

in different toxicity effects. Future measurement of MC in the culture media 

throughout the exposure period and the identification of the degradation products 

formed (which was not possible to carry out in this work), may bring more insight into 

the interaction of these two compounds and its combined toxicity towards M. 

aeruginosa. 

II.4.4. Conclusions 

MC acted as an inhibitor of the growth of M. aeruginosa at such low concentrations 

(EC10 = 0.6 ng L-1) that it is possible to say that it can act as a toxicant, regardless of its 

146 



Chemical factors related with freshwater blooms of cyanobacteria 

levels in aquatic environment, in the absence of other chemicals with antagonistic 

effects. Considering the PEC of the TCs family in Portuguese freshwater (216 ng L1) it 

can be expected that cyanobacterial species are constantly subjected to exposure to 

these contaminants at levels that might cause harm. Henceforth, the monitoring of 

antibiotics in freshwater ecosystems arises as a necessity. 

The assessment of MC toxicity in culture media also doped with OP revealed that 

effects of mixtures of these two compounds were similar to the effects of OP alone. 

Antagonistic effects between both compounds and/or their respective degradation 

products seemed to occur. The in vitro studies are simple models that facilitate the 

interpretation of toxicity results. In spite of the fact that they can not mimic the much 

more real complex aquatic environment, they can illustrate the interactions that may 

occur in real samples and direct the research towards new lines. 
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CHAPTER 11.5 - GENERAL CONCLUSIONS AND FUTURE RESEARCH NEEDS 

Albeit usually at low concentrations, aquatic organisms can receive continuous 

exposure to endocrine-disrupting chemicals throughout their lives, and the 

consequences of these exposures are mostly unknown. This work showed that there is 

reason to believe that phytoplanktonic communities should be assessed in terms of 

exposure to endocrine disrupting compounds, even if they are non-target organisms of 

these chemicals. The presence of APs in M. aeruginosa habitat does not seem to 

propitiate a bloom occurrence. Even at concentrations higher than the usually found in 

environmental samples M. aeruginosa was able to grow in vitro and to cope with the 

APs toxicity. Moreover, the ability of M. aeruginosa to degrade OP and NP has been 

established. Degradation compounds of both OP and NP need now to be assessed, in 

terms of their ecotoxicty and permanence in the environment. 

MC has been shown to cause an inhibition of M. aeruginosa growth in vitro for ultra 

trace concentrations, suggesting that any levels in the aquatic system are capable of 

interfering with the growth of M. aeruginosa. For this reason, pharmaceutical 

compounds must become priority substances in the same way as persistent organic 

pollutants are. However, the exposure of M. aeruginosa mixtures of APs and MC 

revealed that MC will probably behave differently in aquatic ecosystem, where other 

compounds are present. The number of organic and organo-metallic compounds to 

which cyanobacteria, and aquatic biota in general, are exposed to keeps increasing. The 

interactions of these compounds with the organisms are mostly unknown. Being able 

to drawn conclusions from complex mixtures of contaminants at environmental levels 

is one of the challenges that need to be addressed in future research. 

Implementation and development of analytical techniques, able to detect a great 

diversity of compounds and quantify them at the same time, using small volume 

samples, is another challenge that, when overcome, will hopefully enable us to get 

more accurate information about realistic concentrations in the aquatic media. 
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