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palavras-chave

resumo

Eutrofizacdo, Bacterioplancton, Cyanoprokariota, virus, dindmica de

populacdes, lagos pouco prufundos

O presente trabalho pretendeu avaliar a estrutura das comunidades virais,
bacterianas e fitoplanctonicas durante um periodo de crescente temperatura
(Primavera), num lago pouco profundo (Lagoa da Vela — Portugal).

Numa primeira fase, foi avaliada a dinamica planténica bem como a
importancia da populagcao viral sobre a comunidade fitoplanctonica. Foi
possivel verificar que a comunidade fitoplancténica foi dominada por taxa da
Divisdo Cyanobacteria e Chlorophyta assim como a existéncia de uma
correlacdo positiva entre a abundéancia viral e a do bacterioplancton.

Numa segunda fase, foi avaliada a composicao, diversidade e abundancia da
comunidade de bacterioplancton. Esta comunidade procariota mostrou-se
maioritariamente constituida pelo Dominio Bacteria, estando as Archaea
representadas em todas as amostras. Dentro do primeiro dominio, os filos
Cytophaga e Proteobacteria estiveram bem representados. As primeiras
apresentaram elevadas abundéncias durante a fluorescéncia de fitoplancton, o
mesmo acontecendo a sub-grupos do Proteobacteria. A andlise de regressao
revelou que a variabilidade dos distintos grupos procariotas foi regulada por
factores quimicos, interac¢des bioldgicas e por regulacdo dupla de factores

bi6ticos e abiodticos.



keywords

abstract

Eutrophication, Bacterioplankton, Virus, CyanoproKariota, population
dynamics, shallow lake

The present study aimed to assess the structure of viral, bacterial and
phytoplankton communities during a period of increasing temperature (spring),
in a shallow lake (Lagoa da Vela — Portugal).

On a first phase, the plankton dynamics were assessed, as well as the impact
of the viral population in the phytoplankton community. It was observed that the
phytoplankton community was dominated by species of Cyanobacteria as well
as a positive correlation between viral and bacterioplankton abundance was
also found.

Secondly, the bacterioplancton community composition, diversity and
abundance were evaluated. This community was dominated by the Bacteria
domain, being Archaea present in all samples. Within the Bacteria domain, the
phylum Cytophaga and Proteobacteria were well represented. The first ones
had high abundance during the phytoplankton bloom, as would the
Proteobacteria sub-groups. The regression analysis showed that the variability
of different prokaryote groups was governed by chemical, biological

interactions and dual regulation of biotic and abiotic factors.
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1. Lagos profundosVs lagos pouco profundos

Os lagos oligotréficos, normalmente denominadosdggofundos, sdo caracterizados
por uma zona hipolimnica, pouco iluminada ou mesmeiramente escura, pobre em
fitoplancton, cuja temperatura varia pouco duramtano, sendo a produtividade muito
reduzida. Em contraste, os lagos eutroficos (owc@aurofundos) sao caracterizados por
temperaturas mais elevadas e elevada produtividade.

No sul da Europa, os lagos pouco profundos (inflisetos pelo clima Mediterraneo)
estdo sujeitos a efeitdgp-down (Blancoet al., 2003; Gyllstromet al., 2005), pelo que se
encontram mais vulneraveis a processos de euttéfiz&Embora estes habitats suportem
uma consideravel biodiversidade, o seu valor esttnamente comprometido devido ao
enriguecimento em nutrientes (estimulado pelavidaties humanas). Um bom exemplo
desta problematica é a Lagoa da Vela, local estimlbdomo objecto do presente estudo.
Este pequeno lago natural (resultante da acumutiz@gua numa depressao superficial) e
permanente, outrora transparente e com grande dadee de peixes, encontra-se
actualmente altamente turbido, sob forte carga utéentes (Abrantest al., 2006) e
presenca recorrente de cianobactérias, muitasudas thxicas (de Figueireabal., 2006).
Este sistema é utilizado para fins recreacionasn lcomo para actividades agricolas.

Como o solo circundante é arenoso, o lixiviamemtoatrientes e toxicos é potenciado.
2. Interaccdes tréficas como mecanismos reguladores

A regulacdo dos sistemas aquaticos estabeleceniaradcéo entre as condicionantes
externas (factores abibticos) e os processos oddinteraccdes bidticas). Os mecanismos
de regulacaaop-down (do topo da cadeia tréfica para a sua base) mfenee os
predadores podem ter efeitos determinantes nodsnik@icos inferiores (Brooks &
Dodson, 1965; Halkt al., 1976), em oposicdo aos mecanismos de regulaatfmm-up
que resultam da competicdo pela disponibilidadenatéentes ou alimento. Da relagcéo
entre estes dois mecanismos resulta o equilibotgico da cadeia tréfica de um lago
(Bronmark & Hansson , 1998).

Paine (1980) denominou de cadeia trofica ao coojud efeitos reciprocos do

predador sobre a presa alterando a sua abund&imiaassa ou produtividade de uma

7



Capitulo | — Introducéo geral

populacdo, comunidade ou nivel trofico, afectandisrdo que um elo da teia trofica. Os
microorganismos sao membros activos nesta compéelea Como defende Sherr & Sherr
(1988), oloop microbiano (Figura 1) deve ser considerado comaamponente integral
de uma grande rede alimentar, que inclua todos rgansmos unicelulares pro e
eucariotas, tanto auto como heterotréficos, estanchrgo da cadeia alimentar microbiana
suportar a cadeia alimentar dos metazoarios. Piwo dado, a presenca de populagdes
virais numa comunidade aquatica pode afectar acswmaposicdo, comportamento e
estrutura (Chattopadhyay al., 2003). Varios estudos (Bergd al., 1989; Suttleet al.,
1990; Tarutanet al., 2000; Wommack & Colwell, 2000) tém demonstradaesenca de
virus patogénicos nas comunidades de fitoplan&oda sido descritas para muitas algas
eucariotas (van Etteet al., 1991; Reisser, 1993), cianobactérias (SuttlehfarC 1993) e
comunidades naturais de fitoplancton (Peduzzi &nlvauer, 1993). No entanto, apesar do
crescente numero de trabalhos, o papel das infeagims na populagédo de fitoplancton
continua longe de estar completamente entendido.

Fitoplancion
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3. Fitoplancton

O pléancton é a base de toda a cadeia alimentatieeuécupando o fitoplancton o
primeiro nivel trofico (produtores) (Chattopadhyetyal., 2003). Tal como as plantas
terrestres, o fitoplancton necessita de luz s@guya e nutrientes para a fotossintese.
Através da conversdo da energia solar em energmiapy via fotossintese, produzem a
energia necessaria para toda a cadeia alimentatiea@Moss, 1998). Uma caracteristica
comum das populacdes de fitoplancton, dadas asig@@sd ecologicas apropriadas
(elevados niveis de nutrientes, calor e sol), @&ia apacidade de rapido crescimento
conduzindo a elevadas densidades celulareblanms, de uma ou mais espécies (Setlé
al., 2006). Normalmente, esta situacdo € benéfica paraguacultura e actividade
piscatoria. No entanto, a proliferacdo de algumsse@es pode ser responsavel pela
ocorréncia de efeitos nocivos (quer por toxicidadecta ou por outros mecanismos),
tanto na cadeia alimentar, na salde publica comaaividades socio-econémicas (Solé
et al., 2006). Este tipo de florescimento é denominadoH#Bs (Harmful Algal Blooms)
(Smayda, 1997). O desenvolvimento de elevadas ntmagées celulares esta dependente
de variaveis fisicas (ex. elevados tempos de nesialg quimicas (ex. disponibilidade de
nutrientes) e bioldgicas (ex. baixa predacéo) (8dé, 2006). HABs podem ser causados
por uma grande variedade de grupos de algas, masosd@almente os dinoflagelados os
maiores causadores. A propriedade chave que favoae@cumulacdo de elevadas
biomassas destes organismos é a sua mobilidadéhepipermite migrar e interagir com
padrées da circulacdo da agua (Smayda, 1997). @naateristica particular de algumas
espécies presentes de HAB é a sua capacidade dezprtoxinas que afectam outros
organismos (Smayda, 1997).
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4. Bacterioplancton

Papel ecoldgico do bacterioplancton

As bactérias sdo os componentes bioldgicos maisriamtes e abundantes envolvidos
na renovacao (transformacao e remineralizagdo)aléria organica em sistemas aquaticos
(Pomeroy, 1991). As bactérias heterotroficas ewadicularmente especializadas na
transformacdo de matéria organica. Elas hidrolisaatéria organica dissolvida e
particulada, podem utilizar substratos de dificd degradacdo e utilizar diferentes
compostos aléctones como fonte de carbono orgaBies. convertem carbono organico
dissolvido, que iria ser, inevitavelmente, perdidoa outros membros da cadeia alimentar,
em carbono particulado que assim se torna potemerdé disponivel para niveis tréficos
superiores I6op microbiano) (Sherr & Sherr, 1988). Esta capaciddderecuperar o
carbono organico dissolvido é significativa, uma g&e representa uma ligacdo entre as
fontes em diversos niveis e os consumidores supsridzam & Hodson, 1977; Azam,
1998). Por outro lado, estudos em varios ambieatpgiticos indicam que oop
microbiano (fitoplanctorr> DOC - bactérias> protozoarios> metazoarios) (Figura 1)
pode processar aproximadamente tanta energia conuadeia alimentar classica
(fitoplancton > animais herbivoros> animais carnivoros) (Riemann & Sondergaard,
1986).

Através da remineralizacdo da matéria organicdaaterias regeneram nutrienies
situ, que sdo depois utilizados pelos produtores prmarAs bactérias heterotréficas
convertem carbono organico em inorganico a elevddaas, tornando a respiracao
bacteriana a maior fraccdo da respiracéo total saeda maioria dos sistemas aquaticos
(Williams, 1981). Cole e colaboradores (1988) estam, numa vasta extensdo de
condicdes tréficas, que a respiragdo bacterianaoéminimo, tdo grande como a do
zooplancton, atingindo valores até 40% da respara@nctonica total.

Compreender o caracter dual da transformacdo eneeatizacdo das bactérias
plancténicas em sistemas aquaticos € um paradiginrtat da ecologia microbiana
contemporanea (del Giorgio & Cole, 1998).

10
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Diversidade e abundancia do bacterioplankton

Desde 1970 tem-se tornado cada vez mais evideet® duacterioplancton contribui
significativamente para a biomassa plancténica (@@rgio & Cole, 1998). As
propriedades fisicas e quimicas da coluna de &agssim como a abundancia e
produtividade da comunidade bacteriana variam rsiensas aquaticos de acordo com a
amplitude de temperaturas (di Seevial., 1995) e profundidade da coluna de agua (Pace
& Cole, 1994; Talbott al., 1997). As bactérias sdo os componentes plamc®menos
variaveis em termos de densidade total e biomassdribuindo cerca de 20% para a
biomassa plancténica total (Williams, 1984).

A estrutura das comunidades de fito e zooplancadt@m sido vastamente analisadas.
No entanto, o mesmo ndo se verifica com as esasitidas comunidades de
bacterioplancton e a sua dinamica espaco-tempdtabhje, 1988). Esta falha no
conhecimento ecoldgico existe porque as bactérdas podem ser morfologicamente
identificadas e porque uma taxonomia geralmenteiteacedo existia ate muito
recentemente (Hoflet al.,, 1999). O aparecimento, na Ultima década, dosodnét
moleculares para a taxonomia de bactérias, tormssgiyel uma taxonomia filogenética
valida para bactérias que permite a analise dast@sts taxondmicas das comunidades
microbianas naturais (Olsebal., 1986; Pacet al., 1986).

Factores que afectam o crescimento do bacterioplaion

Uma vez que, nos sistemas aquaticos, uma elevacigér de carbono flui através das
bactérias, o conhecimento dos factores que contr@aproducdo de bacterioplancton
torna-se relevante no conhecimento do funcionameia® ciclos biogeoquimicos e,
particularmente, na previsdo da sua evolucao agrbsrpacao.

Os factores ambientais interagem na regulagcéotdadacle de bacterioplancton de tal
forma que, frequentemente, se torna complicador fazelescriminagdo entre efeitos
individuais e avaliar a sua contribuicao relativarfieroy & Wiebe, 2001).

Os principais factores que regulam o crescimentatebano incluem diferentes

variaveis, nomeadamente: nutricionais (disponiddiel de nutrientes organicos e
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inorganicos), fisicos (temperatura), quimicos (sd¢éide) e biolégicos (predacdo e lise

viral).

4.3.1 Disponibilidade de nutrientes organicos e inorgans

O fornecimento de substratos ha muito € reconhemideoo um factor dominante na
regulacdo da abundancia e producdo do bacteridptaeen sistemas aquaticos (Sheth
al., 1999). No entanto, varios estudos tém sugerido ag forcas de controlmttom-up
podem ser dependentes do sistema e também podam demtro do sistema (Wiebe &
Pomeroy, 1992; Shiah & Ducklow, 1995; Sheatlal., 1999).

A forte correlacdo positiva, observada em estudbsrhtoriais e de campo, entre a
biomassa de fitoplancton e bacterioplancton e alym®o bacteriana sugerem que o0
fitoplancton pode ser uma forgca autéctone impoetate substratos de crescimento para
bactérias (Williams, 1990; Whitet al., 1991; Panzenboc#t al., 2000). O fitoplancton
pode, directamente, fornecer matéria organica etetas, através da exsudacao de células
saudaveis e lise de células em senescencia ousnf@dedsteiret al., 1993; Panzenboai
al., 2000). Fornecimentos indirectos ocorrem atragiéslise viral ou predacdo por
zooplancton herbivoro (Peduzzi & Herndl, 1992; Ste al., 1997; Bratbalet al., 1998;
Hasegawat al., 2000).

As bactérias respondem a alteracdes na dispomiddidde matéria organica por
alternancia entre niveis de actividade. Como teridégeral, aumentos nas taxas de
producdo de biomassa bacteriana, actividade edtoétiza e taxas daptake, tém sido
amplamente observadas durablioms de fitoplancton (Chrogtt al., 1989; Chrost, 1991;
Middelboe et al., 1995), na proximidade de fontes de POM (Tholosaml., 1999;
Grossart & Ploug, 2001) ou ao longo de gradientescentes de eutrofizacdo (Hombe
al., 1998).

Adicdes experimentais de matéria organica a coradesl de bacterioplancton,
demonstram que as respostas ndo estdo somentmnatiEs com a concentracdo do
carbono organico disponivel, mas também com aapaei dos substratos. Descobriu-se
gue os detritos terrestres sao relativamente téfias, enquanto que materiais derivados
de algas estimulam significativamente o crescimg¢Wehr et al., 1999). Os substratos

12
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dissolvidos sdo mais estimulantes do que a matértéculada de idéntica fonte (Ferrier-
Paget al., 2000).

A concentracdo de substratos inorganicos é tamipérfiactor de controlo da producéo
bacteriana (Torrétodt al., 2000; Ferrier-Pages & Furla, 2001). No entaataga ndo esta
completamente esclarecido até que extensdo ogaolsbrganicos e inorganicos podem
limitar a producao de bacterioplancton (Toodaal., 1991). Enquanto que se tem pensado
que a disponibilidade do carbono organico é unofadtave na limitacdo do crescimento
bacteriano, os elevados requisitos de nutrientesgamicos (Vadsteirt al., 1988) e a
elevada percentagem deptake detectavel para as bactérias (Currie & Kalff, 1984
sugerem que o fornecimento de nutrientes inorgari@mmbém podem limitar a abundancia
e producdo bacteriana. De facto, varios estudos démonstrado que o crescimento
bacteriano aumenta com o aumento da disponibilidadeutriente inorganicos (Wikner
al., 1999; Torrétoret al., 2000). Por outro lado, tem sido demonstrado agibactérias
heterotréficas competem, com sucesso, por nutsemerganicos com o fitoplancton
(Thingstad et al., 1993). Blackburnet al., (1998) demonstrou que as bactérias tém,
aproximadamente, potenciais dptake de nutrientes 100 vezes mais rapidos que o
fitoplancton. A baixas concentracdes de nutrieimesganicos, a vantagem competitiva do
bacterioplancton sobre o fitoplancton, é uma idemsensual (Torrétagt al., 2000).

4.3.2 Propriedades da agua

O crescimento de bactérias em sistemas aquatiatectado pela temperatuirasitu,
como foi concluido pelas correlagées positivas Igemte encontradas entre producéo
bacteriana e temperatura (Shiah & Ducklow, 1997@mTsido demonstrado que as
diferentes temperaturas Optimas de crescimentoeti@od reflectem a amplitude de
temperaturas no local (Simon & Wunsch, 1998). Aigestudos tém demonstrado que a
variagdo nas taxas de actividade bacteriana emsistmas eutréficos podem ser
primeiramente regulados pela temperatura, passartdisponibilidade de substratos para
um papel secundario, durante as estacdes friagh(ShiDucklow, 1995). Um efeito
indirecto importante da temperatura € que afe@fnidade dos sistemas enzimaticos. A

baixas temperaturas, a afinidade dos sistemas @étieow diminui significativamente,
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possibilitando a acumulacdo de substratos labeiambiente uma vez que se tornam

menos biodisponiveis (Pomeroy & Wiebe, 2001).

4.3.3 Mortalidade atraves de infeccéo e predacao

A descoberta de que a abundéancia de virus livrde paceder em 1 a 2 ordens de
magnitude o numero de bactérias platonicas (Mara8gdird, 1995; Weinbauer &
Peduzzi, 1995a), motivou a pesquisa do impactondescdes virais nos microorganismos
aquaticos. Varios estudos, numa ampla variedadeassistemas aquaticos, tém indicado
gue os bacteri6fagos podem ser importantes no atontto crescimento bacteriano
(Maranger & Bird, 1995; Weinbauer & Peduzzi, 1995b¢m sido demonstrado que até
30% das bactérias planctonicas estéo infectadagiqar liticos (Fuhrman & Suttle, 1993;
Suttle, 1994). Estimativas da mortalidade bacteridavido a lise viral, indicam que o0s
fagos podem ser responsaveis por 1 a 100% da idadal bacteriana observada
(Weinbauer & Peduzzi, 1995b; Suttle, 1994), depeddedas condi¢cbes ambientais e da
estrutura da comunidade hospedeira (Wommack & Gl2@00).

Os virus também podem afectar a estrutura das ddaues de bactérias uma vez que
sdo especificos para um hospedeiro (Womneichl., 1999). Por outro lado, podem
influenciar a diversidade bacteriana ao nivel geagtdado que podem mediar trocas
genéticas através da transduccao (Miller & Sai@92; Paul, 1999).

A predacdo tem sido reportada como um dos mai@e®res de mortalidade das
comunidades bacterianas (Weisse & Muller, 1998)n@wmflagelados heterotréficos e os
ciliados sédo os predadores mais importantes tantsistemas marinhos (Wiknet al.,
1990) como nos de agua doce (Sandeas., 1989). Varios estudos tém demonstrado que
a predacdo por protistas influencia a distribuic&tular (Hahn & Hofle, 1998) e a
estrutura taxonémica (Hahn & Hofle, 1998; SuzuR99) das comunidades de bactérias.

14
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5. Analise por Fluorescence In Situ Hybridization

Até recentemente, 0s microbidlogos que estudavaratéfi@s aquaticas
enfrentavam um dilema: podiam ou medir a abundanaiabiomassa, a taxa de
crescimento, a actividade, da “média” bacterianacemdi¢cdesin situ (Fuhrmanet al.,
1989; Pernthaleet al., 1998), ignorando a diversidade filogenética stofbgica das
comunidades microbianas, ou podiam isolar e caraatefisiologicamente estirpes
bacterianas individuais (Shet al., 1993; Pernthaleet al., 1998), mas depois ndo eram
capazes de dizer se estes microorganismos tamb&m esmuns no ambiente. Por
conseguinte, poucos conhecimentos foram geradose sab variagbes espaciais e
temporais de abundancia de grupos filogenéticosnides e espécies bacterianas
individuais em habitats naturais.

Técnicas de biologia molecular utilizadas para tifiear microorganismos em
amostras ambientais tém, recentemente, fornecid@asnderramentas para estudar a
biodiversidade do bacterioplancton (Acireasl., 1997; DelLong teal., 1993; Fuhrmaret
al., 1988; Giovannoniet al., 1995; Hiornset al., 1997; Pernthaleet al., 1998) e as
abundéancias de bactérias e Archaeasitu que ndo podiam ser, anteriormente,
adequadamente distinguidas (Alfreiceeral., 1996; Amannet al., 1990; Amannet al.,
1995; Murrayet al., 1998; Pernthalest al., 1998). Agora, 0s microbiélogos encontram-se
em posicao de esclarecer a biogeografia (Pernttiader 1998), a dinamica populacional,
e as sucessoes (Pinhassi & Hagstrom, 1997; Peznthal., 1998) ndo de apenas alguns
microorganisms morfologicamente distintos, mas de grande numero de espécies.
Fluorescence in situ hybridization (FISH), com samdoligonucleotidicas dirigidas
selectivamente ao rRNA, visualiza células bactasancom afiliacbes definidas
filogeneticamente (Amanet al., 1995; Amanret al., 1997; Pernthaleat al., 1998).

Ao contrario de outras abordagens de identificag@BlSH conserva grande parte da
forma dos microorganismos alvo, i.e., a sua mogialoo tamanho celular (Ramsiagal .,
1996; Pernthalest al., 1997; Pernthalest al., 1998) e o conteudo celular em rRNA (Boyle
et al., 1995; Poulseswt al., 1993; Pernthalegt al., 1998). Portanto, apesar das limitacbes
do método (como discutido por Amadnal., 1995), o seu potencial para a identificacéo e

analise microscopica de microorganismos plancténéstéo agora reconhecidos.
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6. Objectivos e estrutura da tese

Devido as caracteristicas inerentes aos lagos pmadondos, este trabalho pretendeu
estudar as interaccdes tréficas na Lagoa da Velstadorma, os objectivos primordiais do
presente estudo foram:

* Avaliar a dinamica planténica num lago Mediterraniem territério Portugués;

* Avaliar a importancia dos virus na dindmica baatej

* Interpretar a variabilidade na composi¢édo da codade bacteriana, durante
um bloom de fitoplancton, num lago pouco profundo (Lagod/dkn);

e Analisar os parametros quimicos e biolégicos quguleen a comunidade
procariota, em diferentes fases lnoom de fitoplancton, com especial énfase

nas interaccdes entre cianobactérias e outros gppoariotas.

A presente dissertacdo assenta numa estruturaddivédn capitulos, que representam
unidades com objectivos proprios, integrados noiténgiobal do trabalho. Os capitulos 2
e 3 correspondem a um artigos a submeter paracpg@b. Por este motivo estdo escritos
na lingua inglesa. No 1° Capitulo, é apresentadalotroducéo geral, na qual se abordam
0s principais aspectos analisados experimentalmaritee dos conhecimentos cientificos
actuais, onde sdo definidos os objectivos e o @ndwnt presente trabalho. O Capitulo 2
(Water column environment of a eutrophic shallomperate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria and@ased heterotrophic bacteria and
viruses) avalia a dindmica plantonica do local estudo, bem como a importancia dos
virus na dinamica bacteriana. A variabilidade nmposicdo da comunidade bacteriana,
durante umbloom de fitoplancton, assim como 0s parametros quimécosganicos que
regulam a comunidade procariota, em diferentessfagebloom de fitoplancton, com
especial énfase nas interac¢des entre cianobactériautros grupos procariotas sao
apresentados no Capitulo 3. A dltima seccédo datéeda discutir, de forma integrada e
global, os resultados obtidos.
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Abstract: The high viral counts reported in aquatistems suggest that viral infection may
be an important factor controlling bacterial popioias in natural waters. In order to test
the importance of viruses on bacterial dynamics,haee taken advantage of the spring
phytoplankton bloom, which occurs regularly in gmallow freshwater Vela Lake, causing
large natural fluctuations in the density of petagiruses and bacteria. Viral particles
were counted by epifluorescence microscopy aftamisty with SYBR gold. Total
bacterial number was determined by epifluorescemieroscopy after staining with
acridine orange. Phytoplankton composition, virad #acterial densities were determined
every second day between April and June of 20Cfurface water samples (32 samples).
The concentration of viruses through the springiiialecrease from 2 x ¥oviruses [*
after the Chlorophyta bloom to 5 x®®iruses [* during the peak of Cyanobacteria, with
a mean of 2 x 18 viruses L*. Bacterial numbers followed the same pattern ofatian,
decreasing during the bloom from 3.3 X1€ells L to 1.1 x 16" cells L'* with a mean of
1.6 x 16 cells ™. Although viruses counts were, on average, higfen bacterial counts,
yielding mean virus-to-bacterium ratio of 1.4 (ran@.3 to 5.7), the virus-to-bacterium
ratio was frequently low, showing values below 15ih% of the cases. The same pattern
of variation of viruses and bacteria during the tpplankton bloom as well as the
significant correlation between viruses and baatép 0.05) suggest that a significant
fraction of viruses are bacteriophages. However fitlaquent low viruses-to-bacteria ratios
seem to indicate that during a bloom a large foamctf planktonic viruses results from
phytoplankton cells infection.

Keywords: shallow lake, eutrophication, phytoplamktlynamics, environmental

parameters, virioplankton, bacterioplankton
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Introduction

Many ecosystems that are impacted by nutrientsshedlow, and in contrast to deep
plankton-dominated ecosystems they are capablaigdosting a variety of autotrophs.
These autotrophs compete for nutrients, light, @pace, and have other complex
ecological interactions that may influence how #eosystem as a whole responds to
nutrient stress (Havens et al. 2001). Environmergahditions such as increased
temperatures and pH, low turbulence and enhancedemiu loading, stimulate the
development of planktonic cyanobacteria in lakeading to the formation of blooms (de
Figueiredo et al. 200% by the bloom-forming genera includingAnabaena
Aphanizomenonand Microcystis (Simis et al. 2005; de Figueiredo et al. 2006).
Cyanobacterial-microbial associations occur durbagh active growth and senescent
phases of bloom cyanobacteria. These interacticag lend to parallel optimization of
growth and bloom potentials among microbial epipkyand cyanobacterial hosts acting as
consortia, and may also reflect mutually benefic@iysiological and ecological
adaptations and exchange processes allowing cyeisoiaa to periodically dominate
planktonic communities (de Figueiredo et al. 2008icroalgae are known to produce a
variety of composts that are referred in the ctilecas secondary metabolites. This
substances are diverse in there chemical struetndephysiological function (Skulberg
2000), namely antibiotics (Piccardi et al. 2000)d aantibacterial (Jaki et al. 1999;
@stensvik et al. 1998), antiviral (Hayashi & Hayias®96; Mundt et al. 2001; Nowotny et
al. 1997), antialgal (Kodani et al. 2002; Volk 2D0&nzyme inhibitors (Doan et al. 2000;
Kos et al. 1995; Matsuda et al. 1996; Mundt e2@01; Murakami et al. 1995; Sano et al.
2005) and stimulators of enzymes involved in thgrddation of reactive aerobic species

activity (peroxidase; glutathione S- transferasetakase) (Mitrovic et al. 2004;
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Pflugmacher et al. 1999). These substances prodogetyanobacteria, influence their
aquatic environment reducing the number of virusgtéria and other microorganims
(Mundt et al. 2001).

There is a lack of recently published informati@mncerning planktonic dynamics in
Mediterranean lakes, especially in Portuguesetdeyriwhere there is a strong climatic
influence from the Atlantic Ocean. Lake Vela isadymictic shallow lake exhibiting some
characteristics typical of an advanced trophicestamely, the permanently turbid water,
the reduction in biodiversity, and the recurrentweence of Cyanobacteria blooms
(Abrantes et al. 2006; de Figueiredo et al. 20B6}.Vela Lake the works of Antunes et al.
(2003), Abrantes et al. (2006) and de Figueiredoalet (2006), establish that the
phytoplankton assemblages are highly correlatedh wiémperature and nutrient
concentrations (particularly phosphorus); Chlordphydominate in early spring and
cyanobacteria from early spring until the beginnaigautumn (low nutrient levels, along
with high temperatures).

New techniques of enumeration have shown that e&wge abundant in marine
and freshwaters. As summarized by Wommack & Colw2000), the abundance of
viruses ranged from <f@o >1¢ ml* in the studied aquatic systems. Recent estimates
reveal ca 18 viruses per litre which are far higher than pregi@stimates (Bergh et al.
1989; Maranger & Bird 1995; Fuhrman 1999; WommaclkC&8well 2000; Zhang 2002;
Liu et al. 2006). They can regulate biomass pradoctspecies diversity, population
dynamics and community structure in the aquatiaobi@al communities, influence carbon
and nutrient recycling in food chain and water emwvinent, and even have implications on
the global climate (Bergh et al. 1989; Fuhrman 1®@tbak & Heldal 2000; Bettarel et
al. 2004). The high viral counts reported in dgpusystems (Liu et al. 2006) suggest that

viral infection may be an important factor contirayj bacterial populations in natural
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waters, and can match grazing by protists as acemmfrmortality for bacteria (Weinbauer
et al. 2003).

Since the ecological significance of virioplanktmnaquatic ecosystems must be
realized by their interaction with the hosts (ebcteria, cyanobacteria and algae),
enumeration of viruses and their hosts in water pt@gnis an important first step
elucidating the virus-host interaction. In ordetdst the importance of viruses on bacterial
dynamics, we have taken advantage of the sprindoplankton bloom, which occurs

regularly in the shallow freshwater Vela Lake.

Materials and Methods

Studied area and sampling

Vela Lake (44°58'N, 5°18'W) is a shallow eutrophieeshwater body (mean depth = 0.9
m, maximum depth = 2.4 m, with 70 ha of floodahle€face area and a total volume of 70
x 10" m®) (Abrantes et al. 2006; de Figueiredo et al. 2006ated in Quiaios (Figueira da
Foz, Central Portugal). The water volume is pred@mily influenced by the variation of
groundwater levels and rainfall, which makes thee laery susceptible to drought during
summer months. This lake is classified as eutropimce 1960 (Nauwerck 1960), showing
high N and P levels typical of eutrophic systemsit(fhes et al. 2003). The increase of
phytoplankton biomass, with the presence of aldgabros, the depletion of submerged
macrophytes, the increase in turbidity, and a syt reduction in biodiversity are some
of the characteristics associated with the eutegilin process in Lake Vela (de
Figueiredo et al. 2006). The organic matter andientt inputs come mainly from human
activities (such as agriculture and modificationasfd) in surrounding areas. Antunes et al.

(2003) has reported an increase of the nutriemiseduring the last decade.
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The study started at April f8and ended at June 1®f 2006 (during the spring
period). Samples were collected every two dayssé@fples). Dissolved oxygen {@g.L
1 and Q%), conductivity, water, air temperature and pH evedeterminedn situ (WTW
multiliner P4).

The samples were collected just bellow the wateflasa; a 1,5 L plastic bottle and a
1L glass bottle with Lugol (1% v/v) were used: ttentent of the first was filtered and
used for the determination of chemical parametph®gphates, nitrates and ammonia),
organic mater (total and volatile solids) and copiryll a in the laboratory; and the
second, was used for the phytoplankton analysesteAle analyses flask was also filled
with water for bacterial analyses. Glutaraldehyked samples for virus and bacteria
enumeration were also collected. Sampling occualhys in the same location and
during the morning period (10£2h).

The samples were maintained in the obscurity amtgssed after an hour, in the
laboratory. The processing consisted in the sariiplation using Whatman GF/C filters,
the filters used for the evaluation of organic eniall were previously dried at 103°C until
they obtain a constant weight (APHA 1992). Aftee fbrocessing, the filtered water was
used for determination of chemical parameters hedilters were used for determination

of chlorophylla and organic matter (which were conserved a -20°C).

Environmental parameters and chlorophyll a

Phosphate, nitrate and ammonia concentrations determined spectrophotometrically
(Genesys 6 Thermo spectronic): phosphate was absasieg the stannous chloride

method, described in APHA (1992); nitrate was deieed applying the sodium salicilate
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method described in Rodier (1984) and ammonia wasitified as described by Hall &
Lucas (1981).

Quantification of organic matter (total and volatdolids) was made as described in
APHA (1992). Chlorophyla was determined after maceration and extractioh agetone
90%, overnight at 4°C, centrifugation at 3000rpmrdu10min, as described by Lorenzen

(1967).

Phytoplankton diversity and abundance

For the phytoplankton quantification, samples wixed with (1% v/v) Lugol and the
enumeration was done in agreement with Lund e(1858). During enumeration, were
considered as unit: colony for colonial organisfitament for filamentous organisms and
cell for unicellular organisms.

The more important groups in this study were: Ghpbiyta; Cryptophyta; Cyanoprokariota
and Euglenophyta, because of their predominanegoftds were rare, not only in terms of
species number, but also in terms of abundancenand not identified and quantified).
The identification of phytoplankton species, beloggto these groups, was made by
observation through a light microscope using ddfer references for. Chlorophyta
(Chlorococcales) (Koméarek & Fott 1983); Cryptophyfott 1968); Cyanoprokaryota
(Geitler 1932; Komarek & Anagnostidis 1989; Koméar&k Anagnostidis 1999) and

Euglenophyta (Huber-Pertolozi 1961).

Evaluation and characterization of bacterial dynaos

Total bacterial number was determined by epiflucease microscopy after staining with
acridine orange (Hobbie et al. 1977).
Heterotrophic aerobic bacteria quantification wasel by pour plate using Tryptic Soy

Agar (TSA) as culture medium, with 96h incubatidn2& °C (P selecta, Hotcold - M);
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isolation was done by streak-plate technique. Hudafed strains have grown in 10mL
TSB (Tryptic Soy Broth), overnight at 37°C and wahotation of 100rpm (Sanyo orbital
incubation — orbisafe Tsnetwise). After this periédL of the inoculum was transferred
for a new recipient, at which was added 3mL of ghpt 45% (v/v). After this, 5 aliquots
(ImL) of the mixture were transferred to a newie¥ppendorf and conserved at -80°C
(Sanyo ultra low temperature freezer, MDF 382ADr @ primary characterization of the
isolated bacteria gram stain, catalase and oxitkste have been performed: they were
Gram negative, catalase and oxydase positive atdariwdility by polar flagella) (Rodier

1984).

Evaluation and characterization of viral dynamics

Viral particles were counted by epifluorescenceroscopy after staining with SYBR

gold.

Statistical analysis

A canonical correspondence analysis or CCA (TeaBrE#95) was used to ascertain the
relationships between phytoplankton, bacteria,svand environmental variables along the
study period. CCA extracts synthetic gradients fthm biotic and environmental matrices
and the explanatory variables are quantitativegbyesented by arrows in graphical biplots.
The arrow direction indicates positive or negatieerelations and their length is relative to
the importance of the explanatory variable in th@ir@ation. A Monte Carlo permutation
test was used to assess the significance of tagaeships between the biotic data and the

explanatory variables.
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Results

Environmental parameters

During the sampling period water temperature shoaeghinimum of 17.2 °C and a
maximum value of 27.5 °C, with an average valuab+2.4 °C. Water conductivity
ranged between 566 and 641 pS'cand an average value of 606+21 pS'cpH values
ranged between 7.75 and 9.82 during the samplingpgpe Dissolved @ showed a
minimum of 4.75 mgt and 58.4% and a maximum of 13.7 rifgahd 173.3% (Table 1).
The higher values obtained for pH and dissolvedvere measured in the same da¥ ¢5
June of 2006).

Chlorophyll a concentration ranged between 0.005 and 0.098'gith an average
value of 0.035+0.028 pg'l Total solids ranged between 12.700 and 52.900 frand
volatile solids showed a minimum value of 12.708 amaximum value of 47.900 mg |
the average values were 28.624+12.453 th@id 27.384+11.220 mg, respectively
(Table 1).

NH." concentration ranged between 0.002 and 0.131 rigN\NO; ranged between
0.004 and 0.017 mgN*'] with an average value of 0.008+0.003 mgN Phosphate
concentration (detection level: 0.003 ny teached a maximum of 0.009 my Huring a

very rainy period< 0,003 mg1) (Table 1).

Phytoplankton
The more representativéaxa were Chlorophyta and Cyanoprokariota, while the
Cryptophyta and Euglenophyta were less represeatate., had a lower frequency and

number of effectives (Fig. 1).
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It was observed that Euglenophyta had the lowgstession, during the studied period.
However, between May 86and June 19of 20086, its expression was higher, showing the
higher percentage in May 281643 cells mf), due to the specieBuglena viridis(1559
cells mi*) and in 5 June (1348 cells ™) due to the genusrachelomonagT. nigra T.
stoweri T. volvocind (337 cells mf). Although Cryptophyta “division” had a lower
expression than the Chlorophyta and Cyanobact¢éneas always represented during the
sampling period; the exception occurred between M&Y and June 7. The major
abundance due t6ryptomonasp.was observed during these days: Aprif'Z0067 cells
mi™) and June Mand 17" (1685 and 1541 cells thirespectively).

It is also visible that Chlorophyta division was ma@bundant during the initial period.
Then there was a shift in the dominant divisiomdiag to Cyanoprokariota dominance.
This variation occurred as the water temperatuvadactivity, pH and dissolved oxygen
were getting higher.

During the sampling period, it was observed a gabdaérsity in species and their
abundance within Chlorophyta. The species thatnduthis period contributed for this
group abundance, belong to the following gendPaacotus (Phacotus lenticularis
Coelastrum (Coelastrum pseudomicroporumnd Coelastrum reticulatujn Pediastrum
(Pediastrum boryanumPediastrum duplexPediastrum simplexand Pediastrum tetras
Scenedesmy$cenedesmus acumingt8senedesmus acutasdScenedesmus oaauensis
and Tetraedron (Tetraedron caudatumand Tetraedron minimuin The higher values
observed between the April t&nd 24" of 2006 occurred due to a bloom®¢enedesmus
spp., being the maximum observed in Aprif"2@7079 CU mil). A new increase was
observed in May 2% (10322 CU mitf), with Pediastrumspp., Tetraedronspp. and a still
higher number oScenedesmuspp.. In June8was observed a new peak (17522 Cthml

due to aTetraedronspp. bloom (8199 cells M). Species from th€oelastrumgenera
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have been always present during the studied patmbigher expression occurred between
April 22" and 28 of 2006 with a maximum in April 26(506 CU mt) and between the
June & and 18 of 2006, where the highest value was obtainediire ' (337 CU mt)
(Fig. 1c). In figure 1 is possible to observe thalithough Cyanobacteria division had
always an elevated cellular concentration, it obgcame dominant after April $0of
2006. This shift followed a decrease in total dalliconcentration of Chlorophyta and an
increase in cellular concentration of cyanobactepaciesAphanizomenon flos-aquae
During the sampling period, there were two cyantdr& species that have been present
since the beginning of the studWylicrocystiscf. pulveria and Chroococcus limneticciis
being the responsible for the elevated cellulaell®bserved. After the 9sample (May
24" of 2006), the observed pattern for this groupofe the bloom-forming filamentous
cyanobacteriaAphanizomenon flos-aquaeletectable between May™®2nd June 1®of
2006, with an exception in the following days Juri®' and 18'. In this way the peaks
observed in May B, 12" and 18' (23635 CU mf, 25236 CU nit and 24899 CU i,
respectively) were in majority caused by the spediBcrocystis sp. and the peaks
observed in June™and §' (25489 CU mit and 26753 CU i, respectively) were mainly
caused by the filamentous species. The higheatlaeltoncentration obtained for these
taxa occurred in June" being coincident with the day in which the highesllular
concentration for the filamentous species was okse(8342 CU mt) (Fig. 1). The
appearance of the bloom forming filamentous cyaotavea Aphanizomenon flos-aquae
occurred simultaneously with an increase in phogplancentration in the water (May
30" to June 19), after a very rainy period; and with a low lew&l nitrogen source

compounds (N@ and NH,").
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Bacteria, Virus and virus-to-bacterium ratio
The concentration of viruses through the springiialecrease from 2 x ¥oviruses [*
after the Chlorophyta bloom to 5 x®®iruses [* during the peak of Cyanobacteria, with
a mean of 2 x 10 viruses [*. Bacterial numbers followed the same pattern ofatian,
decreasing during the bloom from 3.3 x*1¢€ells L* to 1.1 x 16" cells L* with a mean of
1.6 x 10* cells L' (Fig. 2). Although viruses counts were, on averaugher than
bacterial counts, yielding mean virus-to-bacternatmo of 1.4 (range 0.3 to 5.7), the virus-

to-bacterium ratio was frequently low, showing edibelow 1 in 57 % of the cases.

The canonical correspondence analysis

Results from CCA ordination of most abundant phigokton species, bactermyus and
environmental variables (Fig. 3a) lead to the casion that water temperature (WT) and
volatile solids (VS) were strongly correlated withe first CCA axis while dissolved
oxygen (Q), pH, ammonia (NHf), phosphates (P®) and nitrates (N@) were the most
correlated with the second axis. These two axeseakxplained 48,5% of the total
phytoplankton, bacterial and viral variance (Takd¢. On the negative side, the first axis is
defined by the green algdetraedron minimunTETm), Scenedesmusmhuensi{SCEO0),
Scenesdesmus acumina(B€Ea) Pediastrum boryanurfPEDb),Scenedesmusp. (SCE),
Scenesdesmus spinog8EES), but also by the cyanobactéviarocystissp. (MYCS) and
total viral concentration (Vir). The positive sidg the first axis is defined by the
euglenophyteEuglenasp. (EUG.),Lepocinclis salina(LEP.), Trachelomonasp. (TRA)
and Trachelomonas nigra(TRAnN), the chlorophyteBotriococcus brauni(BATR),
Pediastrum tetragPEDt), and the cyanobactedghanizomenon flos-aqug&PHA) and

Merismopediasp. (MERI), but also by the total bacteria concaidn (Bac). Along the
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second axis, the positive area is defined by tlaalyacteriaMicrocystissp. (MYCS) and

by the cryptophyteCryptomonassp. (CRYP) and the negative side is defined by
chlorophyte:Coelastrum pseudomicroporu(@OEL), Scenedesmus disciformESCEd),
Pediastrum duplePEDd) andretraedron caudatur(TETc).

In the second CCA virus densities were used asaagpbry variables (Table 2c and
Fig. 3b). The first two axes explained 50.6% (ahkigpercentage then the obtained for the
first diagram) of the total phytoplankton and baetdevariance. This analysis was preceded
by a CCA (Table 2b) using the same data (withoutsyi (the first two axes explained
45.2% of the total variance). The ordination diagrabtained (Fig. 3b) shows that water
temperature and volatile solids are still strongtyrelated with the first CCA axis, but
immediately followed by viral abundance. The secamts shows correlations with pH,

dissolved oxygen and conductivity.

Discussion
De Figueiredo et al. (2006) described the dominasfceyanobacteria from late spring
until early autumn (less nutrient availability ahigher temperatures) in this shallow lake,
eutrophic system (a massive cyanobacterial bloodpbianizomenon flos-aquaecurred
early in May 2001 and was preceded by the lowdsbgen levels measured in the water
during all the study period). The development of ttenseA. flos-aquaebloom was
preceded by the lowest concentrations of nitrogedicating that this cyanobacterial strain
is not very dependent on nitrogen availability, h@bly due to its N-fixing capability.
However, the availability of phosphate appearedeoequired for the bloom development.
This phosphorus dependence has been reported ifoisplecies (Teubner et al. 1999;

Dokulil & Teubner 2000; de Figueiredo et al., 2002006).
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Loss of biodiversity and increase of algal bloomes the most evident negative ecological
impacts of human activities on the microbial lewvebquatic systems. The dominance of
Cyanobacteria, and the presence of the géfiasocyctis and Aphanizomenorollows a
pattern described for shallow Mediterranean lakdasélli-Flores & Barone 2003; de
Figueiredo et al. 2006; Moustaka-Gouni et al. 200his pattern may indicate relations
between climate factors and phytoplankton dynar(itsselli-Flores & Barone 2003; de
Figueiredo et al. 2006; Moustaka-Gouni et al. 2007the smoother seasonal changes in
irradiance in lower latitudes compared to thosénigher latitudes, in combination with
other properties of warmer climates, are assumedstat in smoother changes in physical
conditions of the lakes, these may allow persigtesfcCyanobacteria (Naselli-Flores et al.
2003; Moustaka-Gouni et al. 2007). These obsemsatmay have implications for future
investigation of climate impacts on phytoplanktopnamics due to global warming
(Moustaka-Gouni et al. 2007).

The abundance of heterotrophic bacteria in the meateimn depends on the availability of
organic matter and is indirectly linked to the cblshyll concentration. Ammonia- and
nitrite-oxidising bacteria together are responsiblethe process of nitrification (which is
the oxidation of ammonium to nitrate). The highappearing of heterotrophic aerobic
bacteria was observed during the bloom, which m#iehhigh values of organic matter.
The maximum values of chlorophw| total and volatile solids were observed during th
bloom period, decreasing when the senescence peegah (Fig. 4).

In most instances, viral abundance was signifigaotirrelated with bacterioplankton
abundance (Wommack & Colwell 2000; Fischer & Vetioni 2002; Bettarel et al. 2003;
Vrede et al. 2003), but in a few studies, it showigghificant correlation with chlorophyll a
concentration (Boehme et al 1993; Maranger & Big®3; Weinbauer et al. 1995). The

same pattern of variation of viruses and bacteurand the phytoplankton bloom as well as
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the significant correlation between viruses anddrax (p<0.05) suggest that a significant
fraction of viruses are bacteriophages. However fitbquent low viruses-to-bacteria ratios
seem to indicate that during a bloom a large foactf planktonic viruses results from
phytoplankton cells infection; phytoplankton migkpresent an important host reservoir
for the virioplankton which is consistent with thesults reported by Maranger & Bird
(1995). Laboratory experiments with whole watemroaohs from shallow, eutrophic lakes
repeatedly showed collapse of the predominant élstimus cyanobacteria; the collapse
could be due to viral activity (Gons et al. 2008BR is a common index used to examine
viral-bacterial dynamics in aquatic systems (Masanrg Bird 1995). Generally, high VBR
values may have resulted from either a high inbectate or a long persistence of viruses
in the plankton (Laybourn-Parry et al. 2001). Idli&idn, high concentration phytoplankton
and cyanobacteria may also result in high VBR véMaranger & Bird 1995). The mean
VBR of 1.4 (range 0.3 to 5.7) is somehow belowdbaeral range (i.e., 3 to 10) reported
for pelagic environments (Wommack & Colwell 2000he possible explanation for our
results is that viral dynamics might result fronciggiophages, cyanophages, algal viruses

and other viruses together.

References
Abrantes N., Antunes S.C., Pereira M.J., Gon¢calWe®2006. Seasonal succession of
cladocerans and phytoplankton and their interastiona shallow eutrophic lake (Lake
Vela, Portugal). Acta Oecologica 29: 54-64.
Antunes S.C., Abrantes N., Goncalves F. 2003. 3Swdswvariation of the abiotic
parameters and the cladoceran assemblage of Lake Wemparison with previous

studies. Annales de Limnologie, International Jalioi Limnology 39: 255-264.

44



Capitulo Il - Water column environment of a eutrophic shallowgerate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria anaeissed heterotrophic bacteria and viruses

APHA 1992. Standard methods for the examinatiorwafer and wastewater” 8ed.
American public health association, Washington,.®91 pp.

Bergh O., Borsheim K.Y., Bratbak G., Hendal M. 19Bgh abundance of viruses found
in aquatic environments. Nature 340: 467-468.

Bettarel Y., Sime-Ngando T., Amblard C., Dolan J02. Viral activity in two contrasting
lake ecosystems. Applied and Environmental Micrlagg 70: 2941-2951.

Boheme J., Fischer M.E., Jiang S.C., Kellogg CFAchard S., Rose J.B., Steinway C.,
Paul J.H. 1993. Virus, bacterioplankton, and phigokton in the southeastern Gulf of
mexico: distribution and contribution to oceanic ANools. Marine Ecology Progress
Series 97: 1-10

de Figueiredo D.R., Azeiteiro U.M., Esteves S.MonGalves F.J.M., Pereira M.J. 2604
Microcystin producing blooms — a serious global Public Herllue” Ecotoxicology and
Environmental Safety 59 (2): 151-163.

de Figueiredo D.R.Vidal T., Lopes V., Soares A.M.V.M., Pereira M.D0Z. Toxic
cyanobacterial blooms — occurrence, consequenacksairol strategiesn Global Trends
on Environmental Education. Azeiteiro, U.M., Paei¥.J., Caeiro, S., Bacelar-Nicolau, P.,
Morgado, F. & Goncalves, F., (Eds.). 623-6Bscursos LinguaCultura e Sociedade
Universidade Aberta, Lisboa..

de Figueiredo D.R., Reboleira A.S.S.P., Antunes.,SAbrantes N., Azeiteiro U.M.,
Goncalves F., Pereira M.J. 2006. The effect of remwvhental parameters and
cyanobacterial blooms on phytoplankton dynamicsaofPortuguese temperate lake.
Hydrobiologia 568: 145-157.

Doan N.T., Rickards R.W., Rothschild J.M., SmitibG2000. Allelopathic actions of the
alkaloids 12- epi- hapalindole E isonitrile andoathfixin A from cianobactéria of the

genera Fischerella and Calothrix. Journal of AgpRdycology 12: 409-416.

45



Capitulo Il - Water column environment of a eutrophic shallowgerate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria anaeissed heterotrophic bacteria and viruses

Dokulil M. Teubner K. 2000. Cyanobacterial dominann lakes. Hydrobiologia 428: 1-
12.

Fischer U.R., Velimirov B. 2002. High control of dtarial production by viruses in a
eutrophic oxbow lake. Aquat. Microb. Ecol. 27: 1-12

Fott B. 1968. Das Phytoplankton des SiusswassederSgsk und Biologie. 3 Teil:
Cryptophyceae, @ Chloromonadophyceae, Dinophycead®. @ Schweizerbart’sche
VerlagsbuchandlungStuttgart.

Fuhrmann J.A. 1999. Marine viruses and their bicgemical and ecological effects.
Nature 399: 541-547.

Geitler L. 1932. Cyanophyceae In: Rabenhorst’s, (Ed), Kryptogamen-Flora von
Deutschland, Osterreich und der Schweiz, band Ikhdémische Verlagsgesellschaft,
Leipzig.

Gons H.J., Hoogveld H.L., Simis S.G.H., Tijdens 2006. Dynamic modelling of viral
impact on cyanobacterial populations in shalloweakmplications of burst size. Journal
of the Marine Biological Association of the Unit&thgdom 86 (3): 537-542.

Hall A., Lucas M.F.M.B. 1981. Analysis of ammoniabrackish waters by the indophenol
blue technique: comparison of two alternative meé#fidRevista Portuguesa Quimica 23:
205-211.

Havens K.E., Hauxwell J., Tyler A.C., Thomas S. GQlthery K.J., Cebrian J., Valiela I.,
Steinman A.D., Hwang S-J. 2001. Complex interactibetween autotrophs in shallow
marine and freshwater ecosystems: implications ci@mmunity responses to nutrient
stress. Environmental Pollution 113: 95-107.

Hayashi T., Hayashi K. 1996. Calcium spirulan, arhibitor of enveloped virus

replications, from a blue-green al§airulina plantesisJ. Nat. Prod. 59: 83-87.

46



Capitulo Il - Water column environment of a eutrophic shallowgerate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria anaeissed heterotrophic bacteria and viruses

.Hobbie E., Daley R.J., Jaspers S. 1997. Use deapore filters for counting bacteria by
epifluorescence microscopy. Applied and Environrakklticrobiology33: 1225-1228.
Huber-Pestalozzi, G. 1961. Das Phytoplankton deswésses, Systematik und Biologie 4
Teil: Euglenophyceae. E. Schweizerbart'sche Vebaghandlung, Stuttgart.

Jaki B., Orjala J., Sticher O. 1999. A novel ext¢tadar diterpenoid with antibacterial
activity from the cyanobacteriurdostoc commund. Nat. Prod. 62: 502-503.

Kodani S., Imoto A., Mitsutani A., Murakami M. 200Bolation and identification of the
antialgal compound, harmane (1-metfytarboline), produced by the algicidal bacterium,
Pseudomonasp. K44-1. Journal of Applied Phycology 14: 109-114

Komarek J., Anagnostidis K. 1989. Modern approaghthe classification system of
cyanophytes — 4 — Nostocales. Archives of hydralgipl(Supplement 82): 247-345.
Komarek J., Anagnostidis K. 1999. CyanoprokaryolaTeil Chloococcales. In: Ettl, H.,
G. Gartner, H. Heynig & D. Mollenhauer (Eds).p8iasserflora von Mitteleuropa, Band
19/1. G. Fisher Verlag, Jena, Stuttgart, Libecky.Ul

Komarek J., Fott B. 1983. Das phytoplankton des®éassers, systematic un biologie 7.
Teil, 1. Halfte, Chlorophyceae (Griunalgen). Ordnu@glorococcales. Scweizerbart'sche
Verlagsbuchhandlung, Stuttgart.

Kos P., Gorzé G., Suranyi G., Borbély G. 1995. Serand efficient method for isolation
and measurement of cyanobacterial hepatotoxins lapt pests (Sinapsialba L.).
Analytical Biochemistry 225: 49-53.

Laybourn-Pauy J., Hofer J.S., Sommaruga R. 200as@ml dynamics of viruses in an
alpine lake: importance of filamentous forms. Aguaicrobial Ecology 26: 1-11.

Liu Y.-M., Zhang Q.-Y., Yuan X.-P., Li Z.-Q., Gui.-F. 2006. Seasonal variation of

virioplankton in a eutrophic shallow lake. Hydroloigia 560: 323-334.

47



Capitulo Il - Water column environment of a eutrophic shallowgerate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria anaeissed heterotrophic bacteria and viruses

Lorenzen C.J. 1967. Determination of chlorophyll danphaeo-pigments:
spectrophotometric equations. Limnol. Oceanogr.383-346.

Lund J.W.G., Kipling C., Le Cren E.D. 1958. The emed microscope method of
estimating algal numbers and statistical basisstiations by counting. Hydrobiologia
11: 143-170.

Maranger R., Bird D.F. 1995. Viral abundances inaig systems: a comparison between
marine and freshwater. Marine Ecology ProgreseSdr21: 217-226.

Matsuda H., Okino T., Murakami M., Yamaguchi K. 89%eruginosins 102-A and B,
new

thrombin inhibitors from the cyanobacterium Micretyg viridis (NIES-102). Tetrahedron

52: 14501-14506.

Mitrovic S.M., Pflugmacher S., James K.J., Furey2B04. Anatoxin-a elicits an increase
in peroxidase and glutathione S-transferase agtimitaquatic plants. Aquatic toxicology
68: 185-192.

Moustaka-Gouni M., Vardaka E., Tryfon E. 2007. Ripjankton species succession in a
shallow Mediterranean lake (L. Kastoria, Greec&agy-state dominance bfmnothrix
redekej Microcystis aeruginosand Cylindrospermopsis raciborskiHydrobiologia 575:
129-140.

Mundt S., Kreitlow S., Nowotny A., Effmert U. 200Biochemical and pharmacological
investigations of selected cianobactéria. Inteomati Journal of Hygiene and
Environmental Health 203: 327-334.

Murakami M., Ishida K., Okino T., Okita Y., Matsudd., Yamaguchi K. 1995.
Aeruginosins 98-A and B, trypsin inhibitors fromethblue-green algaMicrocystis

aeruginosaNIES-98). Tetrahedron letters 36(16): 2785-2788.

48



Capitulo Il - Water column environment of a eutrophic shallowgerate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria anaeissed heterotrophic bacteria and viruses

Naselli-Flores L., Barone, R. 2003. Steady-statsemblages in a Mediterranean
hypertrophic reservoir. The role oMicrocystis ecomorphological variability in
maintaining an apparent equilibrium. Hydrobiolo§G2: 133-143.

Naselli-Flores L., Padisak J., Dokulil, M.T., Cherl. 2003. Equilibrium steady-state
concept in phytoplankton ecology. Hydrobiologia 5825-403.

Nauwerck A., 1960. Zur Systematik und Okologie pomsischer Planktonalgen. Bol.
Soc. Brot. XI: 7-56.

Nowotny A., Mentel R., Wegner U., Mundt S., LindegflJ. 1997. Antiviral activity of an
agqueous extract of the cyanobacteriMimerocystis aeruginosaPhytotherapy Research 11:
93-96.

@stensvik @., Skulberg O.M., Underdal B., Hormazahal998. Antibacterial properties
of extracts from selected planktonic freshwaternoyeacteria — a comparative study of
bacterial bioassays. Journal of Applied Microbigi@g: 1117-1124.

Pearl H.W. 1996. Microscale physiological and egaal studies of aquatic
cyanobacteria: macroscale implications. Microscagsgarch and technique 33: 47-72.
Pflugmacher S., Codd G.A., Steinberg C.E.W. 1998dEs of the cyanobacterial toxin
microcistin-LR on the detoxication enzymes in aguptants. J. Appl. Bot. 14(14): 111-
115.

Piccardi R., Frosini A., Tredici M.R., Margheri @000. Bioactivity in free-living and
symbiotic cyanobacteria of the gerdigstoc Journal of Applied Phycology 12: 543-547.
Rodier J. (1984) L'analyse de I'eau, eaux natuselsaux résiduaires, eau de mer (chimie,
physico-chemie, bactériologie, biologie). 7ed. DushaBordas, Paris. 700 pp.

Sano T., Takagi H., Morrison L.F., Metcalf J.S.,ddoG.A., Kaya K. 2005. Leucine
aminopeptidase M inhibitors, cyanostatin A and &lated from cyanobacterial water

blooms in Scotland. Phytochemistry 66: 543-548.

49



Capitulo Il - Water column environment of a eutrophic shallowgerate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria anaeissed heterotrophic bacteria and viruses

Simis S.G.H., TijJdens M., Hoogveld H.L., Gons H2D05. Optical changes associated
with cyanobacterial bloom termination by viral lysdournal of Plankton Research 27(9):
937-949.

Skulberg O.M. 2000. Microalgae as source of bi@actnolecules — experience from
cyanophyte research. Journal of Applied Phycold?yy381-348.

ter Braak, C., 1995. Ordination. In: Jongman, R.Ht& Braak, C.J.F., Tongeren, O.F.R.
(eds), Data analysis in community and landscapéoggo Cambridge University Press,
Cambridge, pp. 91-173.

Teubner K., Feyerabend R., Henning M., Nicklisch Woitke P., Kohl J.-G. 1999.
Alternative blooming ofAphanizomenon flos-aquae Planktothrix agardhiiinduced by
the timing of the critical nitrogen-phosphorus-oain hypertrophic riverine lakes. Arch
Hydrobiol, Spec Iss Adv Limnol 54: 325-344.

Volk R.B. 2005. Screening of microalgal culture naedor the presence of algicidal
compounds and isolation and identification of twoagtive metabolites, excreted by the
cyanobacteridNostoc insulareandNodularia harveyanarespectively. Journal of Applied
Phycology 17: 339-347.

Weinbauer M.G., Fuks D., Peduzzi P. 1995. Dielsspal, and depth-related variability of
viruses and dissolved DNA in the Northern Adri&ea. Microbial Ecology 30: 25-41.
Weinbauer M.G., Brettar 1., H6fle M.G. 2003. Lysogeand virus-induced mortality of
bacterioplankton in surface, deep and anoxic wataémsnology and Oceanography 48:
1457-1465.

Wommack K.E., Colwell R.R. 2000. Virioplankton: wges in aquatic ecosystems.
Microbiology and Molecular Biology Reviews 64: 6341

Vrede K., Stensdotter U., Lindstrom E.S. 2003. Vaad bacterioplankton dynamics in

two lakes with different humic contents. Microbiatology 46: 406-415.

50



Capitulo Il - Water column environment of a eutrophic shallowgerate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria anaeissed heterotrophic bacteria and viruses

Zar J.H. 1996. Biostatistical Analysis™3edition Prentice-Hall International, Inc., New
Jersey 662 pp.

Zhang Q.Y. 2002. Virioplankton. Acta Hydrobiologiniga 26: 691-696.

51



Capitulo Il - Water column environment of a eutrophic shallowgerate lake in late spring: pelagic
communities of phytoplankton, cyanobacteria anaeissed heterotrophic bacteria and viruses

Table 1 Maximum (max), minimum (min), average and staddarrors §) values for each measured parameter.

Sampling was performed every second day betweeih &t June of 2006 (32 samples of Vela Lake).

Air temp. °C Water temp. °C Cond. uS crit pH Dis:;vlc_ald Q Dissolved Q %sat
min max min max min max min max min max min max
14,7 28,2 17,2 27,5 566 641 7,75 9,82 4,75 13,7 458, 173,3
average tc average to average to average 1o average 1o average to
20,7+£3,4 22,5+2,4 60621 8,63+0,55 9,53+1,80 112293
Chlapug I TS mg It VS mg I CPpgh CN(NH/Ymgrt | CN(NO3)mgl?
min max min max min max min max min max min max
0,005 | 0,098 12,700 52,900 12,700 47,900 O,?OO 0,0a8002 0,131 0,004 0,017
average *c average o average o average io
0,035+0,028 28,624+12,453 27,384+11,229 0,008),0

Table 2 a) Summary of canonical correspondence analgtigden most abundant phytoplankton species, bagctenis
and physico-chemical parameters; b) Summary of CRalyais between most abundant phytoplankton speuéeteria
and -chemical parameters (without virus); c) Sumyned CCA analysis between most abundant phytopankpecies,
bacteria and physico-chemical parameters (plus\dsiexplanatory variable) . The study period was 18" April to
19" June of 2006.

a) b) c)

Axes1l Axes? Axesl AxesP Axesl Axes?2
Eigenvalues 0,139 0,067 0,137 0,054 0,151 0,064
Species-environment correlations 0,897 0,824 0,898,780 | 0,926 0,799
Cumulative percentage variance
of species data 32,8 48,6 32,3 45,2 35,5 50,7
of species-environment relation 51,3 76,0 56,4 79 285 753
Sum of all unconstrained eigenvalues 0,425 0,425 429,
Sum of all canonical eigenvalues 0,272 0,243 0,286
Variance explained by the CCA 64,0% 57,2% 67,3%
Variance explained by the first two axes 48,5% 45,2% 50,6%
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Figures

Figure 1 Abundances distribution of the main phytoplankgmoups andA. flos-aquaedynamics every second day
between April and June of 2006 in surface watempdasn(32 samples) of Vela Lake.

Figure 2 Variation of bacterial and viral abundance eva&gond day between April and June of 2006 in serfeater
samples (32 samples) of Vela Lake.

Figure 3 Results from canonical correspondence analysi&/éte Lake between 1B8April and 19" June of 2006: a)
biplot for most abundant phytoplankton speciestdyag virus and environmental variables; b) bigtotmost abundant

phytoplankton species, bacteria and environmetatidbles plus virus (as explanatory variable).

Figure 4 Time courses of phytoplankton biomass as chlgrib@h(Chl-a), organic matter every second day between
April and June of 2006 in surface water samplessgfiples) of Vela Lake.
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Abstract

Phytoplankton blooms are common in eutrophic frebvs, being Cyanobacteria frequently
reported as the major intervenient in bloom fororatiSome information about the dynamics
of bacterioplankton communities during phytoplamkbdooms is currently available but little
is known about phytoplankton influence on prokaeydiversity and the relation between
cyanobacterial development and the dynamics ofr giifekaryote groups.

The aim of this work was the characterization oéshwater planktonic prokaryote
communities during a phytoplankton bloom and thentdication of major environmental
factors regulating prokaryote dynamics during thexsemnts.

The prokaryote community was described in terms tttal culturable fraction (colony
counts) and the relative abundance of selectedpgkwletic groups assessed by Fluorescence
In Situ Hybridization. Probes forArchaea, Eubacteria,a, f and y—Proteobacteria,
Cyanobacteria Actinobacteria and Cytophaga-Flavobacteriawere used. Physical and
chemical water properties were also described.

The culturable fraction (323-15000 CFU.MLwas mainly composed of gram-negative,
catalase positive strains.

The culture independent approach revealed thatptb&aryote community was diverse,
although mainly composed tlyubacteria and that its structure was highly variable during
the study period. The abundance @fanobacteriadid not correlate significantly with the
abundance of any other of the analyzed prokaryoteps but it correlated positively with
PO,>. Conductivity correlated positively with the abamde of Archaea A and y—
Proteobacteria The results indicate an association of these gromils organic matter,
derived from primary production.
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INTRODUCTION

Freshwater habitats play an important role in dlddi@geochemical cycles regulating
the flux of dissolved and particulate matter frohe tterrestrial environment to the sea.
Bacteria are involved in the most significant biogeemical processes. However, little is
known about the identity and function of the grotipst inhabit freshwater environments as
well as about their relation with phytoplankton adidemical and biological parameters.
Recent studies of comparative analysis of 16S rRMAe libraries have revealed that lakes
and rivers contain many bacterial groups that appede phylogenetically distinct from
those found in other environments (e.g. in soil$ aceans; Eiler and Bertilsson, 2004).

Eutrophication is frequently a result of nutriembalance associated to the release of
sewage effluent and run-off from lawn fertilizerga natural waters, although it may also
occur naturally in situations where nutrients acolate (e.g. depositional environments)
(Spathariset al, 2007). Human activities can accelerate the aatevhich nutrients enter
ecosystems (for example: runoff from agriculture atevelopment, pollution from septic
systems and sewers, and other human-related &s)yiincreasing the flux of both inorganic
nutrients and organic substances into the ecosystem

In freshwater systems, phosphorus and nitrogem afteé as limiting nutrients — the
levels of these two nutrients determine the biaabiproductivity of the lake. A sharp
increase in one or both of these elements cantresah algal bloom (de Figueired al.,
2006). There are several direct and indirect cast®ciated with algal blooms. As the algae
population proliferates, waters become increasimgbye turbid, especially in shallow lakes
(Schéaferet al, 2001; Haukkaet al, 2006).

Phytoplankton and cyanobacterial blooms are commautrophic freshwaters often
producing elevated levels of noxious compounds ¢batpromise water quality. Transfer of
photosynthetically fixed organic carbon to hetesphic bacteria can occur by bacterial
degradation and utilization of dead cyanobactéfimymatic attack and predation on living
phytoplankton by heterotrophic bacteria can liberdissolved organic matter for bacterial
bloom conditions. Cyanobacterial dominated phytoktian is the main source of readily
available DOM. However, in the post-bloom, when sdmacterial groups are actively using
dead cell material, the total bacterial numbersewieund to decrease (Kisand and Tammert,
2000) indicating a shift in the structure of theédnetrophic fraction of bacterioplankton.
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Since the introduction of culture-independent mdghdor the identification and
classification of microorganisms in different emriments, our knowledge of the diversity of
Bacteria and Archaea has significantly increaselis s also true for bacterioplankton
communities of lakes (Hiornst al, 1997; Methé and Zehr, 1999; Zwast al, 1998;
Lindstrom, 2000). However, only a few attempts hdeen made to relate community
composition to biological, chemical and physicatgoaeters in the lakes (e.g., Ho#8¢ al,
1999; Lindstrom, 1998; Methé and Zehr, 1999; Linidst 2000). Consequently, little is
known about the factors that may have a significgantact on the phylogenetic structure of
lake bacterioplankton.

The present work aimed to interpret the variabibfythe composition of the bacterial
community in a shallow lake (Vela Lake), a eutr@plireshwater system, during a
phytoplankton bloom. In different bloom phases, itigor chemical and organic parameters
regulating prokaryote dynamics were analyzed withpaaticular focus on search for

interactions between cyanobacteria and other pyokaigroups.
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MATERIAL AND METHODS
Study site

Vela Lake (44°58'N, 5°18'W) is one of the few natlushallow lakes (average depth
circa 1m) existing in the west coast of Portugal, lyilmg a transition zone between
Mediterranean (southwards) and Atlantic (northwptdsclimates (Abrantegt al, 2006).
Vela Lake is a small (60-70ha), shallow (0,9m agerdepth; 2,4 m maximum depth) water
body, being the largest of a cluster of small sivallakes located within a coastal dune
system (de Figueiredat al., 2006).

Agriculture, livestock activities and, to a lessgtend, domestic runoffs from adjacent
human settlements supply regular nutrient inputsth® lake, originating high primary
productivity and turbity (Abrantest al, 2006).

Phytoplankton and cyanobacterial blooms are fregaea occasional episodes of

oxygen shortage have occurred in recent years (fstt al, 2003).
Sampling Strategy

Samples were collected just below surface evergrabday, from April 18 to June

19", 2006 (spring time), during the morning periodmPées were enumerated according to
the sequential days of sampling. In each sampliag evater was collected for chemical
(phosphates, nitrates, ammonia) parameters, platécumatter (volatile and total solids),
chlorophyll a (as an estimate of algal biomass) and prokarygteamics analyses. All the
samples were kept in the dark, being processdtkitaboratorium within one hour.

During the sampling period, several parameters wevaluatedin situ pH, O
concentration (mg.t) and percentage of saturation (%), conductivitst amter temperature
(WTW multiliner P4).
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Physical and chemical parameters

For the determination of total and volatile solidBguots of variable volume (depending
on the trophic status) were filtered through GF/i@cpmbusted filters. Total solids were
calculated by gravimetry and volatile solids weadcalated by weight loss after incineration
(APHA, 1992).

Inorganic nutrients were determinated colorimetiycé6 Genesys Thermo spectronic)
following the stannous chloride method for phosph@&PHA, 1992), the sodium salicylate
method for nitrate (described by Rodier, 1984) #redindophenol blue method was used for
ammonia (described by Hall & Lucas, 1981).

Chlorophyll a concentration was determined spectophotometricgdltyrenzen, 1967),
after filtration of a proper volume (depending tve trophic status), extraction with acetone
90%, overnight at 4°C and centrifugation at 3009 during 10min.

Phytoplankton abundance and diversity

For the phytoplankton quantification, samples wieted in Lugol solution (1% v/v)
being the enumeration performed according to trecrileed by Lundet al, (1958), after
adequate concentration.

During the quantification, it was considered ad:uhie colony in the case of colonial
organisms; the filament for filamentous organisma #ne cell for unicellular organisms.

Chlorophyta, Cryptophyta, Cyanobacteréand Euglenophytawere the relevant groups
and green and blue-green algae the dominants hEadeéntification of different species and
genera different flora were use@hlorophyta(Chlorococcales) (Komarek and Fott, 1983);
Cryptophyta(Fott, 1968);Cyanobacteria(Geitler, 1932; Komarek and Anagnostidis, 1989;
Komarek and Anagnostidis, 1999) aadglenophytgdHuber- Pestalozzi, 1961).

Culturable Bacteria
Culturable bacteria were enumerated by the poue pleethod of the convenient dilution,

using TSA (Tryptic Soy Agar) as culture medium @&idger solution as dilution liquid, and

incubation at 25°C for 96h. Some colony types vgetected according to colony morphology
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and cultural characteristics for further charazegron. The selected colonies were isolated in
TSA plates, using the streaking method (Madiggal.,, 2000).

The isolates were stored in glycerol until analyMadiganet al, 2000).

Each isolate was characterized as to catalase»addse activities as well as Gram type.
The presence of motility was observed on the maops in wet mounts (Madigagt al,
2000).

Fluorescencd n Situ Hybridization (FISH)

The phylogenetic structure of prokaryotic planktooommunities was determined by
Fluorescenceén situ Hybridization (FISH) with Cy3-labeled oligonucléd¢ probes (MWG
Biotech). Sample fixation was performed accordimdhte method described by Glockretr
al. (1996). Briefly, samples were filtered throug@ @m polycarbonate filters (GE Osmonics)
and fixed during 30 m with 4 % paraformaldehydey(sa, Aldrich).

For the hybridization with the oligonucleotide peshb some sample were selected
according with to profiles of variation of chemicahd biological descriptors, in order to
represent different phases of the bloom development

Domain and group-specific probes used were EubB88fbr Bacteria, Alf968 fora-
proteobacteria Bet42a for f-proteobacteria Gam42a fory-proteobacteria CF319a for
CytophagaFlavobacterium HGC236 for Actinobactera, Cya361 forCyanobacteriaand
Arch915 for Archaea Unlabeled competitor probes were also used fatindjuished
Betaproteobateriaand GammaproteobacteriaA negative control probe (Bet42aNM and
Gam42NM) was used to examine non-specific bindirtge probe sequences and references
are given in Table 1. For each probe, triplicdterfipieces were placed on a Parafilm-covered
glass slide and overlaid with @0of hybridization solution with 3ngL™ of probe (final
concentration). The hybridization solution contair®e9M NaCl, 20mM Tris-HCI (pH 7.4),
0.01% SDS, and the optimum concentration of fornd@mior each probe. Filters were
incubated in sealed chambers at 46°C for 90m. Afgeridization, filters were washed for 15
min at 48°C in wash solution (20mM Tris HCI pH 75M ethylenediaminetetraacetic acid,
0.01% SDS, and the appropriate concentration ofiN&ernthaleet al., 2002).

After rinsed and dried, the filter pieces were retdi with 2 ug.mL* DAPI (final
concentration), mounted with Vectashield and Qigfl (1:4) and examined under the
epifluorescence microscope (Leica, DMLS) equippeth e 50-W high-pressure mercury
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bulb and appropriate filter sets for DAPI and CYiBofescence. Each microscopic field was
first viewed with the CY3 filter set before switadlgi to the DAPI filter set, to avoid fading of
CY3 fluorescence during the DAPI examination. Mtiven 1500 of DAPI-stained cells were

counted per sample.

Table 1: Oligonucleotide probes used in the study.

Specificity Probe Reference
Archea Arch 915 Stahl and Amann,
1991

Bacteria Eub 338 Amanret al, 1990
Negative control Non 338 Wallneet al,, 1993
Planctomycetales Eub 338 I Daimset al, 1999
Verrucomicrobiales Eub Il Daimset al, 1999
a-Proteobacteria Alf 918 Manzet al, 1992
p-Proteobacteria Bet 42a and Bet 42a NM Manzet al, 1992

y-Proteobacteria Gam 42a and Gam 42aNM  Manzet al, 1992

ophaga-
Cytop g. CF 319a Manzet al, 1992
Flavobacterium
Actinobacteria 16S HGC 236 Erharet al, 1997

Schonhubeet al,,

Cyanobacteria Cya 361
1999
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Statistical analysis

In order to assess environmental dynamics duringyanobacterial bloom, principal
component analysis was performed using FISH aleso#itundance data, physical and
chemical parameters (Aguilerat al, 2007). With the aim of identifying the major
environmental factors regulating prokaryote dynanécstepwise multiple regression analysis
was performed using conductivity, PO NOs, total solids, volatile solids, chlorophyd,
total DAPI, Archaea a-Proteobacteria, p-Proteobacteria, y-Proteobacteria and
Actinobacteriaand absolute counts as independent variablesialatjical parameters (Total
DAPI counts, Archaea Bacteria, a-Proteobacteria, f-Proteobacteria, y-Proteobacteria,
Actinobacteria and Cyanobacteria counts) as dependent variables (Pallant, 2004).
Collinearity was verified by the Spearman’s tedl. tAe statistical analysis were performed
using SPSS 14.0 package.
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Physical and chemical parameters

RESULTS

During the sampling period, the water temperaturesgnted an average value of

22.51£2.4°C, varying between 17.2 and 27.5 °C. Tddaes of conductivity varied between
566 and 641pS.ch being the average value of 606+21 uS'diigure 1). The recorded pH
values varied from 7.75 to 9.82, presenting anagevalue of 8.63+0.55 (Figure 2). The

percentage saturation of dissolved showed wide amplitude (minimum of 58.4% and a
maximum of 173.3%) with a value of 110.9+22.9% (K& 2). The highest pH value was

observed in the same day as the maximum of dissalxggen, at the end of the sampling
period (sample 25, Jun& 2006).
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in Lagoa da Vela, during the sampling period.
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The chlorophylla concentration varied between 5 and 98 {fgwith an average value of
35+28 pg.[*. The total solids varied from 12.7 to 52.9 mg.lwith an average value of
28.6212.5 mg.[*. The volatile solids, as well as the total solidspwed a wide range of
values during the sampling period, varying betw&2ry and 47.9 mg:L The average value
was 27.4+11.2 mg:t (Figure 3).

The concentrations of ammonia and nitrates {NHnd NQ~, respectively) oscillate
throughout the sampling period. Ammonia concerdrativaried between 2 and 131 ugi.L
with an average value of 16 pgN-.LNitrate concentration wasn't as variable as N\H
ranging between 4 and 17 pugN,Llwith an average value of 8+3 pgN.LThe concentration
of phosphate (P$) was, during almost all the sampling period, beltve limit of
quantification (3 pg.L). A maximum of 9 pg.l' was observed during a rainy period, being

the average value of this period of 5.8 ify(Eigure 4).
Biological Parameters

The abundance of culturable bacteria varied widdlying the study period. The
highest values were observed in Jund” Ehd 17 (sample 30 and 31, respectively)
(maximum of 15000 CFU.mit) and the lowest values occurred in April 28 (sam§) and
May 8" and 18' (sample 11 and 15, respectively). The minimum elzerved in May 8 (323
CFU.mL?Y) (Figure 5). The highest CFU abundance occurrethgua peak of ammonia
concentration (June 17).

Throughout the sampling period 66 isolates weraiobtl being 97% Gram negative,

91% mobile, 94% positive catalase and 70% oxidagative.
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Figure 5 — Abundance of culturable bacteria (coloaynts), during
the sampling period.
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Phytoplankton abundance and diversity

The variation of different phytoplankton groupsidgrthe sampling period is showed
in Figure 6. The most representative divisions wWeyanobacteria and Chlorophyta, whereas
the Cryptophyta and Euglenophyta had a lower reptesion and frequency.
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Figure 6 — Seasonal dynamics of Chlorophyta, Cryptiaph Figure 7 — Variation of the absolute abundance db®@phyta
Cyanobacteria and Euglenophyta, during the samplémipd. and Cyanobacteria, during the sampling period.

Early in the sampling period, Chlorophyta divisigras predominant, being this
predominance progressively transferred to CyanebactFigure 6 and 7), while the values of
water temperature, conductivity, pH and dissolveggen (Figure 1 and 2) were increasing.
Within Chlorophyta division, there was a variationspecies composition, being the genus
Phacotus(Phacotus lenticularls Coelastrum(Coelastrum pseudomicroporur@oelastrum
reticulatun), Pediastrum(Pediastrum boryanumPediastrum duplexPediastrum simplex
Pediastrum tetrgds Scenedesmus(Scenedesmus acumingtusScenedesmus acufus
Scenedesmus oahuensed Tetraedron(Tetraedron caudatumretraedron minimuinthe
major representatives. The maximum value of Chloytm abundance was 27079 cellsinL
(sample 2, April 20) and the minimum was 3707 cells.th{sample 15, May 1§ (Figure
7).

The Cyanobacteria division began to predominatg een Chlorophyta started to
decline, i. e., after April 20 (sample 2).Microcystis cf. pulveria and Chroococcus
limneticcuswere present throughout the sampling period. e J (sample 27), a maximum
value of Cyanobacteria abundance was observed @3d42nlY) (Figure 7), coinciding with

anAphanizomenon flos-aquagaximum.
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Abundance and composition of prokaryote groups

Total cell counts, accessed by epifluorescencetsafter DAPI staining, varied from
3.03x1d° cells.L* (sample 3, April 2%) to 9.07x18° cells.L* (sample 29, June TBwith an
average value of 6.14x1%cell.L ™ (Figure 8).
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Figure 8 —Variation of the total cell counts accessed by DARining, during the
sampling period.

The community was dominated Bacteriawhich, relatively to DAPI counts, varied
between 20.7% (May"® sample 10) and 75% (June®™ Bample 31), with an average value
of 50.1% (Table 2 and Figure 9). The lowest vatuanfl with Eub338 probe was observed in
a period of very low total and volatile solids centration (Figure 3). The June™ample
31) showed the highest bacteria abundance (EuliP83&) (Figure 8 and 9), corresponding
to conditions of high ammonia (Figure 4), low oxggé&o saturation) (Figure 2), high
conductivity (Figure 1), high chlorophylh values (Figure 3), total and volatile solids
concentration in the beginning of a declining phaiséne bloom (Figure 3).

Archaeawere detected in all samples, ranging from 2.7%yM", sample 10) to
12.2% (June "), with an average value of 8.0% (Table 2 and Figd). HigherArchaea
abundance occurred during the decline of the Cyactebal bloom (Figure 12a).
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Figure 9 — Percentage Bacteriadetected by Probe Eub 338 Figure 10 — Percentage Afchaeadetected by Probe Arch 915
relatively to DAPI, during the sampling period. relatively to DAPI, during the sampling period.

Figures 9 and 10 show that the relative abundahd@aoteria and Archaea varied
considerably during the sampling period.
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Figure 11 Relative DAPI counts of Archaea and Bacteria gro@ysinobacterigProbe CYA361)Actinobacteria
(Probe HGC236), Cytophaga-Flavobacterium (Probe CF319), Alfaproteobacteria (Probe ALFA918),
BetaproteobacterigProbe Bet42a) an@ammaproteobacteriéProbe GAM42a)

The results of the relative abundance (%DAPI cquotsthe specific phylogenetic
groups are presented in the table 2.
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Table 2: DAPI and probe specific counts relatiielyYDAPI, during the sampling period.

a Percent of

Total cell counts Fraction (%) of total cells (mean+SD) detected wittprobe® DAPI
Day Sample number (101°cell L'l) counts.
' Arc915 Eub338, 11 &Il Alf918 Betd2 Gam42 CF319 HGC236 Cya361 E:\:‘;bbeézn

18-April 1 4.4 +7.0E+08 5.8+0.7 45.7+9.8 12.3+1.114.9+1.1  33+01  6.1+03 197462  22.3+2.2 gﬁgter;ﬁﬁ]gy
NON338
22- April 3 3.0 + 0.6E+08 8.2+0.6 54.7+14.7 147+16  16.7+41.74.9¢0.4  130:03  16.3t04  34.9+14 counts.
24- April 4 4.0 +0.4E+08 4.240.7 455+2.8 7.840.1 132+1.1  5.6+0.8  13.6¢31  11.8421  27.8+0.2
30-Abr 7 3.1+3.7E+08 5.9:0.3 61.9+14.2 11.9+10 140.9  7.6:06  9.4:04  11.840.6  24.4+7.4
02-May 8 5.0 + 2.3E+08 3.120.3 42.0+14.6 9.6:0.8 0103  56:03  7.6:04  7.8+0.2 19.4+4.2
06-May 10 6.2 + 1.5E+08 2.70.1 20.7+4.2 0203 2305  4.9t02  59:02 92405 10.5+1.8
14-May 14 7.4 +2.8E+08 6.6+0.3 57.3+1.7 12.3:0.7 46308  86:03  6.6:02 157402  11.2+14
18-May 16 7.1+ 1.2E+08 10.10.4 63.8£0.7 11.3:0.922.740.6  157:04  7.1#0.4  21.1+05 222403
20-May 17 8.6 + 4.6E+08 6.20.1 28.4+9.0 10.4+02 43t1.0 89406  6.9:0.2  145:04  12.640.5
01-June 23 8.0 + 0.3E+08 11.6+0.3 65.4+0.8 138+0.43.940.6  11.2:04  9.9+0.1  214+038 7.740.3
07-June 26 6.3 + 5.2E+08 12.20.5 27.5+0.5 7.0:02153+03  10.6+1.2 109412  148:09  125:0.6
13-June 29 0.1+23.4E+08 114405 49.3+2.0 494022408 114+01 16:01  11.6:03 5704
15-June 30 6.4 + 0.3E+08 11.20.5 59.6+1.3 7.140.217.140.7  20.1+1.4  2.6:0.1  12.0:02 15908
17-June 31 5.3 + 0.5E+08 9.5:0.5 75.045.2 8.8:0.4 40411  153+31 163:0.1  16.0:03  16.9+0.1
19-June 32 8.2 + 0.3E+08 11.040.2 55.4+3.5 3.8:0211.8:0.7 18.1+0.8 58:03  10.240.8 7.85.7
Mean + o 6.1+1.9 8.0+32 50.14 + 16.3 9.7+31 14823 101+51 82440 143t43 168484
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The detailed analysis of the Bacteria domain (Fegufil and 12) showed that
Cyanobacteriadetected with the Cya361 probe varied, relativellpAPI counts, between 6.7
(June 18) and 34.9 (April 2%, being the average value of 16.8% (Table 2 agdrEi11).

In terms of absolute counts, it was observed a maxi abundance value of 1.58x10
cells.L* (sample 16, May 18 and a minimum of 5.14x2&ells.L* (sample 29, June TR
An initial peak was observed between Aprif"1&nd May 18, decreasing until June %3
where a new peak occurs, diminishing again (Figi2as).

Actinobacteriashowed an increasing trend until Jurie decreasing until the end of
the study period. The minimum absolute value wasenked in April 38 (3.7x10 cells.L?)
and the maximum in Juné' {1.71x16° cells.L'") (Figure 12b). This sub-group accounted for
a minimum of 7.8% (May®) and the maximum of 21.4% (Jun® bf DAPI counts, being
the average value of 14.3% (Table 2 and Figure 11).

The Cytophaga-FlavobacteriunfProbe CF319) showed an oscillatory trend, with
three increasing periods: from April &0 April 24", from April 26" to June T and from
June 1% to June 1%, being the minimum absolute value observed in Ji8fe(1.49x18
cells..Y) and the maximum in June M78,73x18 cells.L'!) (Figure 12c). The relative
abundance varied from a minimum of 2.6 (Jun®) 16 a maximum of 16.3 (June")7 being
8.2% the average value (Table 2 and Figure 11).

In terms of relative abundance;Proteobacteriacontribution varied between 3.8%
(June 18) and 14.7% (April 22) with an average value of 9.7% (Table 2 and Fiduire It
was verified an increasing trend until Jurie(1.10x18° cells.L') then decreasing to a value
that stayed almost constant until the end of theysperiod (3.11x10cells.LY) (Figure 12d).

B-Proteobacteriashowed two periods of increasing abundance (fromil A8" to
May 18" and from May 28 to June 1%), decreasing soon after (Figure 12e). The maximum
value was observed after the second increase, rie 18" (2.03x16° cells.L'!) and the
minimum in April 30" (2.86x10 cells.LY) (Figure 12e). This sub-group minimum
contribution to the total Bacteria counts was 9.466 22.7% the maximum. The average
value was 14.8% (Table 2 and Figure 11).

y-Proteobacteriapresented an increasing trend until May' 18aintaining constant
levels up to the end of the study period (Figur).1@n the first sample (April 18 the
lowest abundance value was registered, 1.43g&0s.L*. The highest was observed in the
last sample (June 19 1.49x1G° cells.L'* (Figure 12f). This sub-group had a minimum
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contribution of 3.3% (April 18) and a maximum contribution of 20.1% (Juri® (average

value of 10.1) to the whole bacteria populationb(€2 and Figure 12f).
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Figure 12 - Bacteria total numbers for each prob€fa 361; b)HGC 236; c) CF 319; d) Alf918; e) Bet4R&3am42], detected by

FISH, during the sampling period.
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Principal component analvsis
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Figure 13 — Principle Component Analysis betweetaryte total numbers for each probe assessed by
epifluorescence microscopy and FISH and physicalibal parameters, during the sampling period.

The ordination analysis by PCA (Figure 13) showleak tissolved oxygen and the
abundance of prokaryote groups, with the exceptidnCyanobacteria were mostly
associated to the first axis. This axis is assediab the bloom temporal sequence. On the
negative side are represented the more oxic conditicharacterized by higbyanobacteria
abundance, dissolved oxygen and nitrate concemntréine bloom faselCyanobacteriehad a
peak of abundance in May I§sample16, Figure 12a), corresponding to low lewals
dissolved oxygen (Figure 2) and nitrates (FigureThe positive side describes the less oxic
conditions, characterized by higher bacterial almed Actinobacteria g and y-
Proteobacteria Archaeg, water temperature, organic matter, conductivagymonia and
phosphates (Figure 4) (indicating the bloom decliase). Actinobacteria a, f and y-
Proteobacteria(Figure 12b), d) e) and f)) showed peaks of aboodan samples from 14 to
29. Comparing with the PCA analysis it can be agguithat in this period the decline of the
bloom phase startedCyanobacteriahad a peak on sample 16 (Figure 1Zaytophaga-
Flavobacteriumshowed a very oscillatory behaviour (Figure 12c)the PCA analysis this

sub-group was placed near the origin centre of lath, indicating that it's regulation was
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rather insensitive to the environmental conditiassociated to axis 1 and 2 (Figure 13). The
relative abundance ofCytophaga-Flavobacteriungroup increased with an increasing
concentration of total and volatile solids (FigB8je

The second axis was mainly related to the concmtraf inorganic nutrients, N
and PQ*. From the interpretation of the second axis, itaa of high nitrate concentration,
associated with high content in total and volatiéds and high concentrations of chlorophyll
a the contrast with high phosphate conditions aigth hiProteobacteriaabundance. The two

first axes explained 60.7% of the total variability

Table 3: Principal component matrix of the analysisabundance total numbers of each phylogenetapg, as well as

physical and chemical data, during the samplingoper

Variables Component
1 2

Log DAPI 0.847 0.287

Log Eubacteria 0.801 0.089
Log CyanobacterigProbe Cya361) -0.276 0.468

Log Actinobacteria 0.790 0.537

Log Cytophaga-Flavobacterium 0.074 0.262

Log a-Proteobacteria 0.288 0.827

Log p-Proteobacteria 0.852 0.310

Log y-Proteobacteria 0.934 0.047
Log Archaea 0.962 0.039
Water Temperature 0.769 0.117
Conductivity 0.937 -0.104

pH 0.057 0.094
Dissolved oxygen -0.491 0.362
Chlorophylla 0.633 -0.624
Total solids 0.757 -0.458
Volatile solids 0.791 -0.426

PO* 0.212 0.772

NH, 0.287 -0.566

NO; -0.261 -0.172
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Stepwise multiple regressions

The attempt to identify mechanistic relations betweifferent prokaryote groups and

environmental variables by stepwise multiple regi@s is summarized in Table 4. The

variability associated t&€ytophaga-Flavobacteriunsould not be explained by none of the

used variables. The percentage of variation thatldcde explained with this set of
independent variables was high (60 — 90%) for sulggg of Bacteria domain and 50 — 65%

for total cell counts, total Bacteria aAdtinobacteria

Table 4: Regression equations for the explanatioth@fvariation of bacterioplankton abundance uStepwise multiple

regressions analysis.
Dependent variables = total DAPI (TDAPI), Eub (Ectesia), Cya (Cyanobacteria), HGC (Actinobacteri@proteo
(Alfaproteobacteria),-Proteo (Betaproteobacteria);Proteo (Gamaproteobacteria), Arch (Archea), CF (fhyaga-

Flavobacterium); independent variables = Conduandaotivity), PQ* (phosphates), NQ(nitrates), TS (total solids), VS
(volatile solids), Chlor a (chlorophydl) TDAPI, HGC, Arch,y-Proteo B-Proteo a-Proteo.

Dependent . . . .
_ Independent variables Regression equation Adj. R
variable
TDAPI Conduct =0.817; p=0.000) TDAPI= -3x1b+ 6x1FConduct 0.64
y-Proteo $=0.546; p=0.000)
Arch= -2x10 + 0.38%-Proteo +
Arch VS (3=1.082; p=0.000) . 0.95
3x10°VS — 7x16°Chlor a
Chlor a 3=-0.676; p=0.000)
Bacteria Conductpe0.749; p=0.001) Eub= -2x1b+ 4x1FConduct 0.53
HGC (3=1.272; p=0.000) a-Proteo= 2x19+ 0.746HGC —
a-Proteo 0.85
Arch (3=-0.635; p=0.001) 0.488Arch
Arch (3=0.756; p=0.000) B-Proteo= 3x10+ 1.120Arch + 6x18
B-Proteo s 0.72
PO, (B=0.333; p=0.038) PO
Log y-Proteo Conduci}0.922; p=0.000) LogProteo=1.855 + 0.013 Conduct 0.84
Conduct $=0.571; p=0.010) | ogHGC= 7.026 + 0.005 Conduct +
LogHGC ) 0.52
PO ($=0.429; p=0.041) 32.066 P@’
PO* (p=0.783; p=0.001) Cya= 3x16° + 8x10* PQO* -
Cya 0.62

Conductp=-0.407; p=0.031)

4X10'Conduct
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Proteobacteriagroup was well represented in this stu@amma-Proteobacteriavas
related to conductivity, which explained 84% of thaiability of the relative abundance of
this group. More than 70% of the variability gfProteobacteriawas explained by the
relation with the abundance ofrchaea and the availability of P§ (Table 4).
AlphaProteobacteriavas mainly regulated by biotic factors througherattions with other
phylogenetic groups, which explained 85% of theiaklity. In this study, the organisms
whose DNA contains high>65%) levels of guanine plus cytosine residues (H@& also
counted, accounting for 14% of the total countsb{@a2). Conductivity and PO
concentration explained 52% of the observed vdrigbindicating that it responds mainly to

shifts in the chemical environment.
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DISCUSSION

Cyanobacteria were generally well representgzhanizomenon flos-aquaad others
nitrogen fixing cyanobacteria are highly dependehphosphorus availability, high water
temperature and conductivity (de Figueirestoal, 2004). In this study, the cyanobacterial
populations that could be detected with the Cyapfdbe were mostly regulated by the
chemical environment since the concentration of P&hd conductivity explained 62% of the
variability (Table 4). Cyanobacterial blooms aresasated not only to the increased
availability of organic matter but also to the puotion of toxic substances and therefore the
interaction with other prokaryote groups may berexely complex (Pflugmacher, 2002).
The major development of the bloom of primary prals occurred during the second half of
the sampling period with the occurrence of peakshdérophyll a, total and volatile solids
(Figure 3) and an increase in water temperature @mtbuctivity (Figure 1). Nitrate
concentration (Figure 4) was reduced to low ledelsng the first days of the development of
the bloom and oversaturation of dissolved oxygers &0 observed (Figure 2). In the
phytoplankton quantification obtained by direct roscope counts it was not verified a
marked variation in the cells number during the [glamg period (Figures 6 and 7). This is
probably due to two major technical aspects: thmpta sedimentation, so the fluctuant
phytoplankton organisms are not counted; the osgasize must be higher thearb, thus all
the smaller organisms were not visualized and tbe¥enot accounted. This approach only
demonstrated the phytoplankton successions dummgttudy period.

During this study were found a marked increasenenrtumber of culturable bacteria
(Figure 5) associated with the peak of chloroplaylwhich indicated the establishment of
bloom conditions during the second half of the damgpperiod. This development was
associated to an increase availability of orgaratten that can also be inferred from the high
concentration of volatile solids (Figure 3).

Culture independent approaches such as FISH alldeeper insight into dynamics of
the whole prokaryote assemblage during the phyndpdem bloom. Total prokaryote
abundance counts (DAPI) increased just before lih@niy probably responding to an increase
in conductivity and in the availability of inorganinutrients. The values of abundance
remained high during the bloom when algal biomassewprobably used as a major source of

substrates for heterotrophic bacteria. The prokargommunity was dominated IBacteria
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Archaeawere present in all samples in low numbers sudjeasrally found in surface waters
of freshwaters systems (Briest al., 2007). The negative relation betwefnchaea and
chlorophylla in the corresponding regression model, may inditaat the former decrease in
relative importance under bloom conditions. SinatBria account for majority of DAPI
counts it is expected that more then 50% of theldity in both counts can be explained by
the same parameter (conductivity).

Heterotrophic bacteria constitute an important pafrithe pelagic food web by
mineralizing dissolved organic carbon and convgrtiissolved matter into particulate
biomass available to higher trophic levels throtighmicrobial loop (Azanet al, 1983) with
bacterial activity levels and population dynamiosbedded in a web of changing ecological
and biological relationships. Factors such as treentration of inorganic nutrients (Toolan
et al, 1991; Thingstad and Lingnell, 1993; Torréteinal 2000, Ferrier-Pages and Furla,
2001) and the phytoplankton biomass (Williams, 198bite et al, 1991; Panzenboait al,
2000) are involved in the regulation of bacteriabvggth and abundance, influencing the
success of different groups and ultimately the cétme of the prokaryote communities.
Several field and laboratory studies have shownt fttharing the distinct phases of
phytoplankton blooms considerable shifts in baofankton community dynamics can occur
(Fandinoet al, 2001, Pinhasst al, 2004, Riemanet al, 2000).Cytophagaare known to be
important degraders of biomacromolecules. Due &ir thigh degradative capacity, they are
potentially the major contributors to the organiatter degradation, being possible that
different types were physiologically better ableutdize organic matter available at different
bloom stages (Fandinet al, 2001). During a phytoplankton bloom, where higitense
polymer and particle enrichment are expected, hlygimdance of this group is accepted. This
fact is in accordance with the results obtainedhis study, although the authors did not
related with the biotic and abiotic factors studiédpha, f and y -Proteobacteriainclude
nitrifying bacteria, which are able to grow chertfadtrophically at the expense of reduced
inorganic compounds. The nitrification process afn@onia, in nature, results from the
sequential action of two separate groups of orgasisthe ammonia-oxidizing bacteria
(Nitrosomonas and Nitrosococcus) and the nitritieaing bacteria Nitrobacter). Nitrifying
bacteria (such asProteobacterid are widespread in habitats where considerableuatamf
ammonia are present, such as sites where expensivein decomposition occurs
(ammonification) (Madiganet al, 2000). Pinhassiet al. (2004) observed that-

Proteobacteriarespond positively to nutrient increase. This fiacin accordance with the
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results obtained in the present study, since thsum gains importance when the
concentrations of total and volatile solids, chfgrgll a (Figure 3) and phytoplankton (Figure
6 and 7) are rising.

The regression analysis revealed that the varighiti the abundance of distinct
prokaryote phylogenetic groups could, in some cabesmostly regulated by chemical
factors, such as for the globality of the bactedamain Eubacterig the y subdivision of
Proteobacteria the Actinobacteriagroup and theCyanobacteriaor, in other cases, by
biological interactions with other groups such @safProteobacteriaor even by both type of
factors, such as for Archaea agftdProteobacteriaindicating a dual regulation by biotic and
abiotic factors. Remarkingly, the abundance of opatteria was not a relevant factor in the
regression models used for the explanation of #r&bility of other prokaryote groups. This
can be interpreted as an indication that, in thiglys during the phytoplankton bloom,
prokaryote communities interact with primary proeiiscmostly by using DOM-rich exudates,
inferred from significant relations found with chighyll a, or by competing with bloom

primary producers for inorganic nutrients and pinasge.
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A eutrofizacdo de sistemas aquaticos € frequentemeamusada por excesso em
nutrientes associados a descargas de efluentdigig@iagdo de fertilizantes agricolas. No
entanto, também pode ocorrer naturalmente, quamddeeacumulacdo de nutrientes
(Spathariset al., 2007). As actividades humanas podem acelerarpgstesso, dado que
aumentam o fluxo de nutrientes inorganicos e oogenpara 0 ecossistema.

Os lagos pouco profundos encontram-se especialm@nteisco de se tornarem
eutréficos, uma vez que estao sujeitos a eftifesiown (Blancoet al., 2003; Gyllstronet
al., 2005).

No trabalho realizado foi possivel observar asciea troficas existentes entre
fitoplancton, bacterioplancton e virus e avaliaraiguos factores reguladores do
fitoplancton, no sistema eutrofizado da Lagoa deM&ssim, podem ser enumerados trés

factores: nutricionais, alelopaticos e virais.

> Factores nutricionais

Vérios estudos laboratoriais e de campo (Williarh890; White et al., 1991;
Panzenboclet al., 2000) correlacionam a biomassa de fitoplanchatterioplancton e
producdo bacteriana. Panzenbock e colaboradoré¥)(Z®ncluiram que as bactérias
podem, receber directamente matéria organica dplditcton, quer através da exsudacao
por parte de células saudaveis, quer através eadiwilar. Ndo obstante, estes mesmos
factores influenciam o sucesso de determinadosogrepconsequentemente, a estrutura da
comunidade procariota.

Utilizando abordagens independentes de cultivoebacio, como a técnica de FISH, é
possivel avaliar a dinamica da comunidade procarie uma forma mais abrangente.
Assim, foi possivel verificar um aumento da abumgfrde procariotas apos loom,
periodo em que também foi verificado um aumentacatadutividade e dos nutrientes
disponiveis. Dado que estes valores se mantivenamieeis elevados durantebtmom, é
possivel inferir que a biomassa de fitoplanctorvigede fonte primordial de substratos
para as bactérias heterotroficas. Esta tendéntdadesacordo com o observado em outros
estudos (Sundh, 1992) que verificaram que o carbog@nico dissolvido (DOC) libertado
pelo fitoplancton é uma importante fonte de carbjper@ as bactérias heterotroficas.
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Tem sido demonstrado que as bactérias heterosdfiompetem, com sucesso, por
nutrientes inorganicos com o fitoplancton (Thindseh al., 1993). As bactérias tém,
aproximadamente, potenciais de absor¢cdo de nwsiemorganicos 100 vezes mais
elevados que o fitoplancton (Blackbuet al., 1998) com baixas concentracbes de
nutrientes inorganicos, a vantagem competitiva atddsioplancton sobre o fitoplancton, é
uma ideia consensual (Torrétenal., 2000). A competicdo entre bactérias e fitopl@mct
por nutrientes inorganicos dissolvidos levanta migs questdes, apontadas por Kirchman
(1994). LimitacBes nutritivas severas podem resuidaproducdo (ou eventual libertacéo)
de matéria organica com elevados racios de C:NPe £:consequente utilizagdo destes
materiais pelas bactérias plantdnicas ir4 gerar necassidade intracelular de azoto (ou
fésforo), estimulando assim a absorcdo de nutsentganicos dissolvidos pelas bactérias
(Caron, 1994). Assim, dependendo da velocidadeeaqbsorcao ocorre, a vantagem sera
ou das bactérias ou do fitoplancton.

Associagdes entre fitoplancton e bactérias ocomesr durante a fase crescimento,
quer durante a fase de senescéncia délaom. Estas interac¢cdes podem conduzir a uma
optimizacao paralela dos potenciais de crescimemt@ bactérias e fitoplancton, podendo
também reflectir adaptacdes ecoldgicas e fisiokgimutuamente benéficas (Gasl.
2002; de Figueiredet al., 2006). O fitoplancton, e em particular as cianof@as, pode
também tirar vantagem da associacdo, uma vez gapsével a deficiente disponibilidade
de CQ (Pearl, 1996). As bactérias associadas a ficaesp@dem suprir esta deficiéncia
através do processo de mineralizacdo, que reciCl@0As bactérias da ficoesfera podem
ainda aumentar os potenciais de fixacao geéNcianobactérias fixadoras de azoto (Pearl,
1996), tornando-as assim mais eficazes sobre ougpastambém tenham a mesma
capacidade, mas nao tao apurada.

Durante diferentes fases dtobom, ocorrem alteracdes na dinamica da comunidade de
bacterioplancton (Fandinet al., 2001; Pinhasset al., 2004; Riemanret al., 2000). O
género Cytophaga, conhecido pela sua elevada capacidade de de§madbe matéria
organica em diferentes fases dboom (Fandino et al., 2001), manteve-se bem
representado durante todo o periodo de amostragem.

O Filo Proteobacteria inclui as bactérias nitrificantesa, (S e y). Estas estdo
amplamente distribuidas em habitats onde existavaehs quantidades de amodnia, ou

seja, onde ocorra elevada decomposicao proteicdigisiaet al., 2000). Durante o periodo
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de amostragemg-Proteobacteria apresentou abundancia crescente coincidente com
aumentos de soélidos volateis e totais e abunda@ecfaéoplancton. Isto esta de acordo com
observacdes de outros autores (Pinhetsal., 2004) que demonstram relacdes positivas
deste subgrupo com aumentos de nutrientes inokgganic

A andlise de regressdo permite inferir que, duramtéloom, as comunidades
procariotas interagem com o0s produtores primarisando os exsudados de matéria

organica fornecidos pela comunidade fitoplanctanica

> Factores virais

Os virus séao parasitas obrigatorios que podemrdetar a diversidade das espécies
bacterianas (Weinbauer & Rassoulzadegan, 2004) oEardejam agentes infecciosos de
pequenas dimensdes, a sua elevada abundanciai-Btebuum papel importante no
controlo estrutura e funcdo das comunidades bantesidos ecossistemas de agua doce
(Manageet al., 1999; Weinbauer, 2004). A sua especificidade@atdo aos hospedeiros
implica que possam alterar significativamente auasta das comunidades de bactérias e
microalgas.

Devido a grandes avancos técnicos durante os &joge#éficou-se que, nos sistemas
aquaticos, estes organismos constituem uma comfmomimamica e significativa das
comunidades microbianas (Sutdeal., 1990). O numero de virus num sistema aquatico
normalmente excede de 10 a 100 vezes mais o nuiedactérias (Hennes al., 1995).
Estima-se que, diariamente, aproximadamente 20%adetrias heterotroficas e 51% de
cianobactérias sdo destruidas por lise viral (Fahré& Suttle, 1993; Suttle, 1993). Desta
forma, os virus desempenham papéis importantesclode nutrientes e na estruturacao
da comunidade microbiana (Fuhrman, 1999; Fuhrm@o0)2

Durante obloom de fitoplancton, verificou-se uma correlagdo peaitentre a
abundéancia de virus e bactérias, tal como o despdra outros sistemas aquaticos
(Wommack & Colwell, 2000; Fischer & Velimirov, 200Bettarelet al., 2003; Vredeet
al., 2003). Por outro lado, existem varios estudasefineet al., 1993; Maranger & Bird,
1995; Weinbaueet al., 2004) que apontam uma correlacdo entre os viausomcentragdo
de clorofilaa. Baixos racios de virus/bactérias, frequentemeht®rvados neste estudo,

parecem indicar que, durante ushmom, uma grande fraccédo de virus infecta células de
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fitoplancton. Desta forma, e de acordo com o des@or Maranger & Bird (1995), o
fitoplancton pode representar um reservatério hibsipe importante para o virioplancton.
No entanto, os valores médios de viruses-to-bactatios (VBR) obtidos encontram-se
muito abaixo do esperado para este tipo de sisfdroenmack & Colwell, 2000). Assim, &
possivel aferir que a dindmica viral pode ter tasld da contribuicdo conjunta de
bacteriéfagos, cian6fagos e virus parasitas des.alga
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