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RESUMO

A planicie costeira do Rio Grande do Sul apresenta varios lagos subtropicais rasos com origem
semelhante € uma grande amplitude de tamanho, distdncia e conectividade entre lagos, e desta
maneira ¢ aqui considerada como apropriada ao enderecamento de questdes tais como diversidade e
metabolismo do bacterioplancton, um topico atual de pesquisa. Em uma primeira abordagem, nds
acessamos a diversidade bacteriana usando a técnica de Hibridizagao in situ Fluorescente (FISH)
em um sub-conjunto destes lagos e inesperados padrdes biogeograficos foram encontrados, a
despeito da baixa resolug¢do taxondmica empregada por esta técnica. Uma vez que os resultados do
FISH tém sido relacionados também ao estado fisioldgico das células, além de diversidade, nos
procuramos por uma explicacdo alternativa para situagdes metabolicas bacterianas associadas aos
fatores testados. Os resultados mostraram que as macroéfitas exercem um efeito negativo sobre o
fitoplancton através de mecanismos antagonistas e que este ultimo, por sua vez, afeta as bactérias,
além de um possivel efeito direto sobre o fitoplancton e o bacterioplancton pela liberagdo de
compostos alelopaticos e substancias himicas. A competi¢do entre o fitoplancton e as bactérias sob
condig¢des de alta densidade algal pode igualmente criar condi¢des inadequadas para o metabolismo
bacteriano. Estes resultados indicam que fatores locais podem ter um efeito importante sobre a
distribuicdo de estados metabolicos do bacterioplancton. Em uma segunda abordagem, nos
examinamos em detalhe a transi¢do a partir da zona litoral dominada por macroéfitas até a zona
peladgica dominada pelo fitoplancton, acompanhando as respostas continuas do bacterioplancton a
mudan¢a de dominancia de produtor primario, uma vez que os resultados da primeira abordagem
demonstraram que importantes respostas das bactérias estdo associadas a estes dois habitats
putativos. Os resultados também indicaram um padrdo de inibicdo na presenga de macrofitas
aquaticas, potencializado pelas altas cargas de substincias humicas dos massivos banhados
circundantes. O bacterioplancton aumentou em densidade, biovolume e biomassa em direcdao as
zonas pelagicas, mas a Eficiéncia de Crescimento Bacteriana indicou que as bactérias
possivelmente tenham melhor performance metabdlica em locais de dominancia bem definida.
Mudangas na estrutura da comunidade incluindo zooplancton, fitoplancton e bacterioplancton foram
encontradas, confirmando constatagdes prévias sobre o papel estruturador das macroéfitas em lagos

rasos, com a comprovagao adicional de que este papel aplica-se também as bactérias.

Palavras-chave: lagos costeiros sub-tropicais; metabolismo do bacterioplancton; diversidade do

bacterioplancton; macrofitas; fitoplancton; dominancia.



ABSTRACT

The coastal plain of Rio Grande do Sul state presents several subtropical shallow lakes with similar
origin and a wide range of size, distance and connectivity between lakes, and therefore is
considered as suitable to address questions such as bacterial diversity and metabolism, a current
research subject. In a first approach we assessed bacterial diversity using the technique of
Fluorescent in situ Hybridization (FISH) in a sub-set of these lakes and unexpected biogeographic
patterns arised, despite the low resolution employed by this technique. Since FISH results might be
linked also to physiological status of cells, rather than diversity itself, we looked for an alternative
explanation for bacterial metabolic situations associated with the drivers tested. Our results showed
that macrophytes exert a negative effect on phytoplankton through antagonistic mechanisms and the
latter, at its turn, affects bacteria, besides a possible direct effect on phyto- and bacterioplankton by
release of allelopathic compounds and humic substances. Competiton between phytoplankton and
bacteria in high algal density areas can create also inadequate conditions for bacterial metabolism.
These results indicate that local factors can have an important effect on bacterioplankton metabolic
status distribution. In a second approach we examined in detail the transition between a macrophyte
dominated littoral zone to a phytoplankton dominated pelagic zone, following the continuous
responses of bacterioplankton to the shift of primary producer dominance, since our previous results
from the first approach showed that important responses of bacteria are associated to this two
putative habitats. Overall data showed also a pattern of inhibition in the presence of aquatic
macrophytes, potentialized by high loads of humic substances from surrounding massive wetlands.
Bacterioplankton increased in density, biovolume and biomass towards pelagic zones, but Bacterial
Growth Efficiency indicated that bacteria might perform better in well defined dominance sites.
Changes in community structure of zooplankton, phytoplankton and bacterioplanton was found,
confirming previous statements about the structuring role of macrophytes in shallow lakes, with the

additional comprovation that this role applies also for bacteria.

Key-words: subtropical coastal shallow lakes; bacterioplankton metabolism; bacterioplankton

diversity; macrophytes; phytoplankton; dominance.
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1.INTRODUCAO

1.1 Diversidade Microbiana

Microrganismos podem ser arbitrariamente definidos como procariotos e eucariotos invisiveis a
olho nu (~<1mm) (WEISSE, 2006), compreendendo portanto uma grande diversidade de organismos.

A diversidade microbiana ¢ uma questdo que esbarra primeiramente no proprio conceito de
espécie, para o qual ndo ha ainda consenso. Weisse (2006), em sua extensa revisdo de literatura sobre
diversidade de microrganismos de agua doce, traz diversas questoes a este respeito. Um primeiro ponto
¢ uma critica ao Conceito Biologico de Espécie, que pressupde a necessidade de reproducdo sexuada.
Outros conceitos alternativos existem, como o Conceito de Coesdo de Espécie, o Conceito Filogenético
de Espécie e o Conceito Ecologico de Espécie. Estes conceitos no entanto ndo deixam totalmente claros
os limites entre o que ¢ entendido como espécie, dificultando comparacdes operacionais da diversidade
entre ambientes e métodos empregados. Isto levou a algumas propostas de cunho prético para se
trabalhar com uma unidade de diversidade; foram sugeridos os ecotipos (populagdes de organismos que
ocupam o mesmo nicho), unidades taxondmicas operacionais (UTOs, conceito bastante amplo e
aplicavel, entre inimeras outras situagdes, a trabalhos com migragdo eletroforética de fragmentos de
DNA em géis, onde os fragmentos sdo assumidos como unidades semelhantes a espécies; quando se
trabalha com seqiienciamento, esta definicdo pode ser assumida como seqiiéncias que difiram <1-2%
(BOHANNAN; HUGHES, 2003; HUGHES et al., 2001)) e unidades significativas evolucionarias, definido
como um grupo de organismos que sofreu significativa divergéncia genética de outros grupos da
mesma espécie, muitas vezes cunhado como linhagens e cepas, por exemplo (WEISSE, 2006 e
referéncias).

Nao obstante as dificuldades encontradas, progressos tém se acumulado em ecologia
microbiana utilizando estes conceitos operacionais, notadamente as UTOs. Os questionamentos a
respeito da distribui¢do da diversidade microbiana no ambiente geraram uma proposi¢ao inicial de que
pela sua grande abundancia e reduzido tamanho, os microrganismos assumem distribui¢do
cosmopolita. Isto seria resultado de reduzidas taxas de extingdo e altas de migragdo, resultando em
ubiqiiidade e baixo nimero de espécies (FENCHEL; FINLAY, 2004). Algumas evidéncias apoiam esta
idéia; organismos menores podem apresentar incrementos menores de diversidade ao longo de

gradientes de tamanho de habitat, indicando que a diversidade local ¢ muitas vezes bastante préxima da



diversidade global (Azovski, 2002). Isto levou a proposi¢ao de Finlay, um dos grandes defensores
desta hipdtese, de que nao ha biogeografia para organismos <Imm (WHITFIELD, 2005).

Por outro lado, as técnicas de biologia molecular atuais tém permitido acumular evidéncias de
que embora o cosmopolitanismo possa ocorrer para algumas espécies, hd sim padrdes biogeograficos
para microrganismos. Diversos exemplos tém demonstrado padrdoes de diversidade microbiana
associados a tamanho de habitat e distribuigdo espacial  (LINDSTROM; LESKINEN; 2002; HORNER-
DEVINE et al., 2004; BELL et al., 2005; RECHE et al., 2005; YANNARELL; TRIPLETT, 2004; GREEN;
BOHANNAN, 2006; MARTINY et al., 2006; CRUMP et al., 2007), alimentando uma discussdo que ainda
esta longe de acabar (WHITFIELD, 2005).

A despeito de discussdes em torno da aplicabilidade dos atuais métodos para acessar diversidade
microbiana, os esfor¢os para se conciliar fun¢do e diversidade, mesmo em niveis de baixa resolucao

taxondmica, tém sido encorajados (Bent et al. 2007).

1.2 Bacterioplancton — definigao

As bactérias, entre os microrganismos, sdo o objeto de interesse neste trabalho, sendo
atualmente reconhecidas com base na classificacdo filogenética de 21.000 seqiiéncias de DNA
correspondentes a0 RNA ribossomal da sub-unidade menor ribossomica (SSU rRNA). Esta
classificagdo, compreeendendo uma grande variedade de organismos, de escalas micro a macro,
hipotetizou a existéncia natural de trés grandes ramos da vida: Dominio Bacteria, Dominio Archaea e
Dominio Eucarya (LUDWIG; SCHLEIFER, 2005).

O Dominio Bacteria pode ser dividido em filos (maiores linhas de descendéncia dentro deste
Dominio), num total atual em torno de 20. Este nimero ndo € preciso, pois relagcdes entre estes filos
iniciais propostos ainda ndo sdo totalmente compreendidas (mono ou parafiletismo incerto) e novas
descobertas agregam informagdes que modificam a classificagdo (LUDWIG; SCHLEIFER, 2005).

No presente trabalho, dentro da grande diversidade taxondmica e de nichos, estdo enfocadas
dentro de Bacteria aquelas de hébito planctonico (bacterioplancton) heterotréfico, isto €, organismos do
Dominio Bacteria que utilizam-se exclusiva ou preferencialmente de compostos organicos reduzidos

como fonte de energia (organotrofia) (PACE, 1997) na coluna d’4gua.



1.3 Idéias centrais da ecologia aquatica microbiana

Os primeiros micrébios foram observados por Van Leeuwenhoek ainda no século XVII. Desde
entdo a ecologia microbiana passou por uma longa fase de estagnacdo e so surgiu como disciplina na
metade do século XX (PACE, 1997; COTNER; BIDDANDA, 2002).

Durante cerca de trés séculos prevaleceu a visdo classica de que os microrganismos atuam no
meio ambiente como meros decompositores (COTNER; BIDDANDA, 2002). Neste modelo de teia trofica,
o fluxo de matéria e energia ¢ unidirecional e a matéria s6 retorna ao compartimento biolodgico na

forma inorganica, depois de ter passado pela decomposic¢do bacteriana (Fig. 01).

Loop Microbiano

Peixes

| @l
J m Flagelados
Zooplanet CLEREDE heterotroficos
— """‘5 oplincton ;
L ® # B Algag Bactérias
Loop microbiano
= MOD

Tenn tréfica claszica

Figura 01: Modelo simplificado de uma teia trofica aquatica classica e a moderna, que incorpora o loop microbiano. MOD:
Matéria orgénica dissolvida. Fonte: modificado de Schulz, 2006.

A partir da metade do século XX, uma série de idéias comegou a surgir reavaliando o papel dos
microrganismos na natureza. POMEROY (1974) foi o primeiro a reconhecer os microrganismos como 0s
principais consumidores de energia nos oceanos e reorganizou a teia trofica classica de modo a incluir
as novas conexodes que estavam sendo descobertas. Porter e Feig (1980) indicaram que bactérias e algas
cianoficias puderiam ser os principais contribuintes para os processos heterotroficos e autotréficos,
respectivamente, em sistemas planctonicos.

Azam et al. (1983) sintetizou esta nova visdo em um modelo, chamado de Microbial Loop ou
Algca Microbiana. A idéia central deste modelo, que baseia-se nas conexdes ja estabelecidas por

Pomeroy (1974), ¢ a de que as bactérias, uma vez transformando MO dissolvida em biomassa
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bacteriana, podem ser predadas pelo nano e microplancton e estes por organismos maiores. Esta etapa ¢
o elo que transporta matéria de volta a teia trofica, sem passar pelo estado inorganico obrigatorio para
ser consumida pelo fitoplancton e assim entrar na teia trofica classica (JAHNKE; CRAVEN, 1995).
Posteriormente Sherr e Sherr (1988), demonstraram a inser¢ao do Microbial Loop no restante da teia
trofica, enfocando principalmente as transferéncias de carbono entre compartimentos biologicos.

Estas idéias surgiram em um contexto de desenvolvimento de métodos mais acurados de
trabalho como técnicas moleculares e bioquimicas e o método de contagem direta usando corantes
fluorescentes (HOBBIE et al., 1977), uma técnica largamente empregada a época. Em particular este
ultimo método foi muito importante para o dimensionamento do impacto que as bactérias tém sobre os
processos aquaticos, pois 99% das bactérias ndo sdo cultivaveis e seus nimeros eram subestimados nos
tradicionais métodos de contagem através de técnicas de cultivo (PACE, 1997).

Com a implementacdo das técnicas modernas, importantes caracteristicas das assembléias
bacterianas comecaram a ser delineadas, como a de que a maioria das bactérias da coluna d’agua possui
dimensdes reduzidas, com um diametro em geral variando de 0,3 a 0,7 um, apresentando-se em estados
metabolicos variados no ambiente (HOBBIE et al., 1977) e de vida livre (HOBBIE et al., 1972; AzAM;
HoDSON, 1977). Atualmente ¢ consenso que os fatores que regulam a abundancia, distribuicdo, taxa de
crescimento e respiracdo bacterianas sdo grandes responsaveis pela regulacdo de fungdes-chave
ecossistémicas (COLE, 1999).

O estado atual de conhecimento da Ecologia Aquatica Microbiana permite realcar trés

caracteristicas principais que devem ser levadas em conta em estudos de bactérias aquaticas.

1.3.1 Matéria organica nos ambientes aquaticos

A matéria organica, na condi¢do de recurso alimentar, ¢ um dos principais componentes
ecossistémicos que regulam os microrganismos heterotréficos, influenciando varidveis tais como
densidade, estado metabolico e composicdo especifica. Neste sentido, a forma, a quantidade e a
distribuicao da MO no ambiente torna-se uma importante variavel a ser avaliada. A MO, por sua vez,
também sofre o processo inverso e ¢ regulada por estes organismos. Nos ambientes aquaticos naturais
oligotroficos, a maior parte da MO encontra-se na forma dissolvida - tipicamente 10:1 em relagdo a
MO particulada, tendendo esta proporcdo a diminuir, no entanto, ao longo do gradiente trofico
(COTNER; BIDDANDA, 2002). Esta assertiva tem importantes implica¢des: os microrganismos controlam
os estoques e rotas da MO, pois sdo praticamente os Unicos componentes bioldgicos do ecossistema

capazes de assimild-la na forma dissolvida (osmotrofia) (MUNSTER; CHROST, 1990).
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Sabe-se atualmente que as bactérias tem preferéncia por matéria organica ndo-humica e de
tamanhos moleculares menores (<3000 Da) (ROSENSTOCK et al., 2005), ainda que a degradacao de MO
himica e de alto peso molecular também possa ocorrer através de processos bacterianos (COATES et al.,
2002; ROSENSTOCK; SIMON, 2003). Porém, o proprio entendimento da composi¢cdo da matéria organica
ainda ¢ bastante desconhecido em fun¢do de dificuldades metodologicas. A maior propor¢do do
carbono reduzido em solos, sedimentos e aguas naturais ¢ molecularmente ndo-caracterizada,

propor¢ao que aumenta apoOs passar pelo processamento microbiano (HEDGES et al., 2000).

1.3.2 Gradientes troficos

O processo de eutroficacdo € interpretado em termos da teia trofica classica como o aumento
agudo ou cronico da concentragdo de nutrientes em corpos d’agua, tendo como conseqiiéncia um
incremento do crescimento autotrofico e conseqiientemente do heterotrofico. Como resultado, em
funcdo da grande quantidade de biomassa produzida, hd acimulo de detritos biogénicos que demandam
oxigénio para sua degradacdo, fendmeno que pode levar a episddios severos de hipoxia. Como estes
eventos afetam toda a comunidade aquatica (GRAY, 1992), ¢ plausivel que os efeitos sejam também
aplicaveis aos microrganismos.

Para os procariotos heterotroficos, existem evidéncias de que a influéncia microbiana na coluna
d’agua aerdbica ¢ maximizada em sistemas oligotréficos, pois @ medida que o ambiente aumenta em
produtividade, h4 um aumento da importancia relativa dos organismos fagotréficos tais como
protozoarios, o zooplancton e os peixes, em funcdo da selecdo exercida pelo aumento relativo da
matéria particulada em relagdo a dissolvida. Outros mecanismos também possiveis seriam o aumento
da pressao de predadores e da mortalidade induzida por virus, competicdo com o fitoplancton por
nutrientes, reducdo relativa do Carbono Extracelular Excretado (CEE) e Labil e diminuicdo da
Eficiéncia de Crescimento Bacteriano (ECB), entre outros (COTNER; BIDDANDA, 2002).

Legendre e Rassooulzadegan (1995) mostraram que as teias troficas pelagicas possuem dois
pontos extremos instaveis, um dominado pelos consumidores herbivoros (eutrofico) e seus predadores
e outro dominado pelos consumidores microbianos e seus predadores (oligotréfico). Esta instabilidade
cria um continuum tréfico, fazendo com que a maioria dos ambientes encontra-se em um estado
multivoro mais estavel.

Outro aspecto importante ¢ a indica¢ao ¢ de que, ao longo do gradiente trofico, ainda que uma
associacdo entre producdo primdria e produ¢do bacteriana se mantenha, parece haver uma relativa

desconexdo entre estas duas varidveis conforme a produtividade do ambiente aumenta, ocorrendo a
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relativa independéncia da producdo bacteriana, girando em torno de 5% da produgdo primadria
(KAMJUNKE et al., 1997). Esta constatacao ¢ consistente com a idéia previamente exposta de que o CEE
¢ proporcionalmente reduzido ao longo do gradiente trofico, diminuindo sua participagdo no consumo
bacteriano (COTNER; BIDDANDA, 2002).

Em casos extremos, como ambientes hipertroficos, porém, a dinamica da comunidade pode
assumir um comportamento completamente oposto, confluindo para o estado apresentado pelos
ambientes oligotroficos. A domindncia de espécies de cianobactérias impalatdveis ou de grandes
dimensdes pode determinar que as bactérias sejam a base alimentar do zooplancton, uma vez que a
abundante biomassa da produgdo primaria ndo ¢ consumida e termina por produzir grande quantidade

de exudatos (CEE) aproveitaveis pelas bactérias (KAMJUNKE et al., 1997).

1.3.3 Controle de nameros bacterianos

A relagao de nutrientes e predadores como fatores relacionados a abundancia bacteriana ja
havia sido levantada por Azam et al. (1983). Na concep¢ao de Pace ¢ Cole (1994), o controle bottom-
up (ascendente) se da sobre o metabolismo bacteriano e ¢ exercido pelos nutrientes e substratos
(abundancia, forma e biodisponibilidade) ¢ o controle top-down (descendente) estd diretamente
relacionado ao controle de nimeros bacterianos e ¢ exercida pelos predadores flagelados e ciliados
heterotroficos e em menor extensdo por alguns metazoarios.

O controle top-down, por sua vez, parece estar subordinado as condi¢des que regem o controle
bottom-up. Pace e Funke (1991) ndo observaram, em experimentos fatoriais em dois lagos temperados,
efeito top-down do zooplancton e de predadores protozoarios, mas concluiram que esta regulagdo
provavelmente varia em funcao do estado trofico do ambiente.

Billen et al. (1990) demonstraram que regressdes de biomassa em fun¢do da producio sdo uma
medida da dependéncia da assembléia bacteriana em relagdo aos recursos (controle bottom-up), pois a
produgdo bacteriana varia conforme a disponibilidade de substratos. Se hd uma estrita dependéncia da
biomassa em relagdo a recursos e independéncia em relagdao a predadores, estas regressoes devem ter
uma inclinagdo ingreme.

Pace e Cole (1994), em experimentos fatoriais de curta duracdo, encontraram aumento de
biomassa bacteriana com adi¢do de nutrientes, auséncia de diferenca significativa com adicdo de
Cladocera (que predaram significativamente os protozoarios) e auséncia de diferenca com adicdo de
nutrientes e Cladocera (interagdo). A conclusio dos autores foi a de que a bacterivoria tem um papel de

menor importancia na determina¢do da biomassa bacteriana. Porém, estes autores ndo levaram em
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conta que esta interacdo deveria apresentar aumento de biomassa bacteriana caso a predacdo nao fosse
um fator importante.

Estudos posteriores tém demonstrado esta dependéncia em relagdo ao estado trofico do
ambiente, que resulta numa conexdo maior entre bactérias e protozoarios ao longo do gradiente trofico.
Tem sido demonstrado, segundo Cole (1999), em sua revisdo de literatura, que a maioria das
assembléias bacterianas, de forma mais acentuada em ambientes menos produtivos, ¢ dominada por
células dormentes. Existem evidéncias de que isto ¢ decorrente da predacao seletiva de flagelados sobre
cé¢lulas maiores e mais ativas (DEL GIORGIO et al., 1996; COLE, 1999), refor¢ando o papel dos
predadores sobre a estrutura das assembléias bacterianas (COTNER; BIDDANDA 2002), numa relagao
positiva com a crescente produtividade do ambiente, conforme estudos anteriores ja apontavam (PACE;
FUNKE, 1991).

Todos estes mecanismos (a domindncia das bactérias em sistemas oligotréficos e seu controle
por predadores acentuada em sistemas eutroficos) produzem como resultado final uma relativa
constancia nos niimeros bacterianos - da ordem de 10° células.mL™ - ao longo do gradiente trofico,
embora que em termos absolutos haja um aumento de densidade e biomassa bacterianas com o
aumento da produtividade do ambiente (AzAM ET AL., 1983; COTNER; BIDDANDA, 2002). Esta
existéncia de algum mecanismo homeostatico responsavel pela pequena variagdo de densidade do

bacterioplancton na coluna d’agua ja havia sido questionada por Azam et al. (1983).
1.4. Importancia do bacterioplancton nos biogeociclos

O principal impacto que os microrganismos aquaticos representam ocorre sobre os ciclos de
nutrientes ¢ do carbono, sendo responsaveis pela maior parte da respiracao aerobica, toda a respiragao
anaerdbica e uma enorme propor¢ao da regeneragdo de nutrientes (COLE, 1999). Portanto, o fluxo de
energia nos ecossistemas aquaticos passa em grande extensdo pela utilizacdo da matéria organica
dissolvida (MOD) pelas bactérias heterotroficas (TRANVIK, 1997).

Aos predadores ciliados e flagelados ¢ atribuido o maior papel na mineralizacdo de nutrientes
uma vez que as bactérias re-assimilam a grande maioria dos nutrientes liberados, enquanto seus
predadores excretam uma consideravel propor¢do do carbono e nitrogénio assimilado(AzAM et al.
1983). Contudo, este cenario parece ocorrer principalmente em ambientes oligotréficos, onde ha alta
conexao entre bactérias e produgdao primaria; em ambientes eutroficos, por sua vez, a selecdo pela
fagotrofia e a competicdo com o fitoplancton determinam exportacdo liquida de matéria e energia do

compartimento biologico, incorrendo em acumulagdo de nutrientes (alta remineralizagdo) (COTNER,;
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BIDDANDA, 2002). Atualmente sabe-se que a importancia relativa da participagao das bactérias na
remineralizacdo varia de acordo com o estado tréfico do ambiente, acompanhando a ECB (COTNER,;

BIDDANDA, 2002).

1.5 Ecologia Aquatica Microbiana no Brasil e em lagos subtropicais no Rio Grande do Sul

A produgdo de textos tedricos no Brasil abordando questdes de Ecologia Aquatica Microbiana
¢ bastante recente, podendo ser encontrada em livros e capitulos de livros. Os temas sdo bastante
amplos e incluem teias alimentares microbianas (THOMAZ, 1999), ciclagem do carbono em sistemas
aquaticos continentais (VIDAL et al., 2005), diversidade microbiana e técnicas empregadas para acessa-
la (Cesar et al., 2005) e fotodegradagdo do carbono na dgua (SUHETT et al. 2006).

Paralelamente, a produgdo de conhecimento em universidades através de teses e dissertagdes
vém se acumulando. Alguns tdépicos explorados incluem estimativa de produgdo bacteriana em
sistemas aquaticos associados ao Rio Doce (MG) (PETRUCIO, 2003), ecologia de diversos grupos
microbianos em sistema fluvial-lagunar nordestino (MAGNOLIA, 2004), morfologia, morfometria e
densidade bacterianas em reservatorios (RACY, 2004) e diversos aspectos de estrutura e diversidade da
assembléia bacteriana em reservatorios de geragdo de energia, sendo um dos pioneiros na aplicagdo de
uma abordagem biogeografica aplicada a estudos microbianos no Brasil (DEL’Duca, 2007).

Com relagdo a trabalhos publicados, estes se concentram basicamente na regido sudeste,
abordando aspectos como comparagdo entre sistemas costeiros € oceanicos (TENENBAUM et al., 2001),
em lagoas costeiras no estado do Rio de Janeiro (RJ) (FARIA; ESTEVES, 2001), produgdo bacteriana e
primaria em area de ressurgéncia na plataforma continental no RJ (DE CARVALHO; RODRIGUEZ, 2004),
comparagdes de abundancia e producdo do bacterioplancton em sistema marinho oligotréfico e
estuarino eutréfico no RJ (ANDRADE et al., 2003), adequacdo metodoldgica para estimativas de
produgdo bacteriana na Baia de Guanabara (RJ) (GONZALEZ, 2000), a influéncia de uma laguna carioca
sobre a assembléia bacteriana costeira (TAKETANI et al., 2003), distribuicdo espacial da abundancia de
bactérias heterotroficas na lagoa Rodrigo de Freitas (Gonzalez et al., 2006), distribuicdo de grupos de
bactérias na plataforma continental, diferenciados em termos de quantidade de &4cidos nucléicos
(ANDRADE et al., 2007), comparagado entre lagoas costeiras tropicais brasileiras com lagos na Alemanha
(FURTADO, 2001), estrutura da comunidade do protozooplancton em um lago no sudeste brasileiro
(GoMES; GODINHO, 2003), excre¢ao de polissacarideos bacterianos em experimento a partir de
amostras de reservatorio (SP) (PANHOTA et al., 2007), diversidade filotipica no rio Tieté (SP) (ABE et

al., 2003), taxas de respiracdo bacteriana em sistema estuarino na Cananéia (SP) (HILDA, 1994),
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manipulagdo de substratos e predadores em aguas costeiras e oceancias (METZLER, 2000) e taxas de
producao bacteriana e fitoplanctonica em lagos associados ao Rio Doce (MG) (PETRUCIO et al., 2004).
Outras regides do pais também tém tido alguma produgdo através de topicos como respiragao
bacteriana e rotas de degradacdo de carbono em planicies de inundagdo e lagos amazdnicos
(Waichman, 1996; ROLAND; VIDAL, 2001; FARJALLA et al., 2002; AMADO ET AL., 2006), distribui¢do
espacial e sasonal de diversos aspectos metabodlicos do bacterioplancton em sistema fluvial-lagunar no
nordeste brasileiro (ARAUJO; GODINHO, 2008) e interacdes troficas envolvendo bacterioplancton no
reservatorio de Corumba (BONECKER; AOYAGUI, 2005).

Na regiao sul do pais, que se diferencia das demais regides pelo clima subtropical, ha trabalhos
em sistemas estuarinos (KOLM; ANDRETTA, 2003) e fluvial-lagunares no Parana, onde foram abordados
temas como efeito de fatores bidticos e abidticos sobre a abundancia bacteriana (CARVALHO et al.,
2003) e biomassa e abundancia de bactérias associada a padrdes de distribuicdo do fitoplancton na
plataforma continental do Parana (SIQUEIRA et al., 2006).

No estado do Rio Grande do Sul os trabalhos nesta area tém focado o estuario da Lagoa dos
Patos: destacam-se a tese de Cesar (2002), que estudou a estrutura, dindmica e diversidade do
bacterioplancton em relacdo a nutrientes, predadores e regime de chuvas, o artigo de Anesio et al.
(2003), onde o papel complementar de organismos livres e aderidos foi enfocado com relacdo a
degradacao de detritos de uma macrofita estuarina, (ABREU et al., 2003), que relatou a desconexao
entre uma espécie de diatomacea e abundancia do bacterioplancton e a revisao de Cesar e Abreu
(2001), que contempla os estudos realizados na Lagoa dos Patos e regides costeiras proximas.

Um grande niimero de lagos no Rio Grande do Sul concentra-se na planicie costeira. Esta, com
uma superficie total de 22.740 km?, apresenta uma grande propor¢do em area superficial de lagos e
lagunas: 14.260 km” (63%). A presenga de grande niimero de lagos rasos (profundidade méxima ~11m)
apresenta-se como uma das principais fei¢cdes nesta planicie, tendo estes lagos se originado no
quaternario como conseqiiéncia de uma regressdo marinha pos-glacial, moldados posteriormente por
erosao fluvial, deposi¢do marinha, dindmica praial e movimentos isostaticos da plataforma continental.
Esta seqiiéncia de lagos, com origem semelhante, variagdes de até trés niveis de grandeza em area
superficial, variados niveis de conectividade entre si e distribuidos de acordo com um gradiente
latitudinal ¢ bastante interessante para o enderecamento de questdes mais complexas da ecologia
microbiana (SCHWARZBOLD; SCHAFER, 1984; SCHAFER, 1988; HoLz, 1999).

O vento tem sido considerado uma importante forcante em toda a planicie costeira
(SCHWARZBOLD; SCHAFER, 1984), promovendo efeito patchiness (distribui¢ao horizontal heterogénea)

sobre o fitoplancton, o que tem levantado a hipotese de que estes lagos podem comportar-se como um
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mosaico de situacdes ecoldgicas internas (Fragoso et al., submetido). Este efeito do vento sobre
gradientes de varidveis limnoldgicas ja foi comprovado em um lago desta planicie (Itapeva), havendo
efeitos sobre o fitoplancton e o zooplancton (Cardoso; Motta-Marques, 2003; Cardoso; Motta-Marques,
2004; Cardoso; Motta-Marques, 2007). O fitoplancton, por sua vez, tem sido considerado o principal
mediador entre fatores extrinsicos meteorologicos e respostas do bacterioplancton, determinando
situagdes de sincronia na fenologia do fito- e bacterioplancton em escala regional (Kent et al., 2007).

Um outro fator importante que pode estar relacionado a criagdo destes mosaicos ¢ que muitas
destes lagos apresentam grande influéncia de vegetagdo macrofitica. As macrofitas também
apresentam influéncia sobre o metabolismo do bacterioplancton, especialmente em lagos rasos e
pequenos com baixas razoes de zona pelagica:litoral (HUSS; WEHR 2004), onde liberam grande
quantidade de lixiviados orgénicos que influenciam este metabolismo (Wetzel, 1992; FARJALLA et al.,
2001). As macrofitas estdo presentes em maior abundincia e riqueza em lagos menores
(SONDERGAARD et al., 2005; SCHEFFER; VAN GEEST, 2006), prevenindo a dominancia do fitoplancton
através de diversos mecanismos como diminui¢do da incidéncia solar, liberagcdo de compostos
alelopaticos (SCHEFFER; JEPPESEN, 1997; KORNER; NICKLISCH, 2002) e competi¢do por nutrientes
(Huss; WEHR 2004; STANLEY et al. 2003; ROONEY; KALFF 2003), o que por sua vez também acaba por
criar uma influéncia indireta sobre o bacterioplancton como conseqiiéncia desta interagdo com o
fitoplancton (COTNER; BIDDANDA 2002). Questdes como a distribui¢ao e a abundancia de macroéfitas e
do fitoplancton tém sido elencados como varidveis explanatorias significativas para o bacterioplancton
(CURRIE, 1990; WETZEL, 1992; ROBARTS et al., 1996; KAMJUNKE et al., 1997; HULOT et al., 2001;
HORNER-DEVINE et al., 2003; SCHLICKEISEN et al. 2003; PETRUCIO et al., 20006).

Questdes mais complexas como a existéncia de padrdes biogeograficos de diversidade
bacteriana em lagos t€m sido relacionados ao tamanho de habitat (Horner-Devine et al., 2004; Reche et
al., 2005; Bell et al., 2005) e distribuicdo espacial (Lindstrom; Leskinen; 2002; Yannarell; Triplett,
2004; Green; Bohannan 2006). Porém, ainda ndo ha um consenso de que ha biogeografia para
bactérias, pois a heterogeneidade ambiental e fatores locais tém sido elencados como os responsaveis
pelas possiveis respostas biogeograficas encontradas (AzOVskl, 2002; FENCHEL; FINLAY, 2004; VAN
DER GUCHT et al., 2007).

Uma importante questdo que soma-se a isto ¢ o fato que estes modelos biogeograficos tém sido
desenvolvidos em areas temperadas. Contudo, nos sistemas tropicais do Brasil t€ém surgido evidéncias
de que ha diferencas significativas com relagao a diversidade de ambientes temperados, mesmo de

grandes grupos bacterianos (ABE et al., 2003; DEL’Duca, 2007).
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2. OBJETIVOS GERAIS

Neste contexto de intenso debate a respeito da existéncia de biogeografia bacteriana e da
necessidade de comprovagdo da aplicabilidade dos modelos existentes para areas tropicais e
subtropicais, o presente trabalho adotou um sub-conjunto de lagos subtropicais na planicie costeira do

Rio Grande do Sul para enderecar os seguintes objetivos:
I) avaliar a existéncia de padrdes de distribui¢do para o bacterioplancton, utilizando como fatores:
a) o tamanho de lagos e distancia entre eles (fatores biogeograficos);

b) a heterogeneidade ambiental e distingdo entre dois possiveis habitats principais, a zona litoral

(dominado por macréfitas) e a zona pelagica (dominancia do fitoplancton) (fatores locais);

IT) avaliar fatores locais (mosaico de habitats) através da estimativa de metabolismo, estrutura e
diversidade do bacterioplancton, bem como varidveis relacionadas em uma transicdo continua a partir

do ambiente litoral até o peldgico no maior lago deste sub-conjunto de lagos.
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3. MATERIAL E METODOS

3.1. Variaveis limnologicas

3.1.1 Nutrientes

3.1.1.1 Formas nitrogenadas (MACKERETH et al., 1989):

3.1.1.1.1 Nitrogénio total — método colorimétrico que emprega oxidacao de todo o nitrogénio da
amostra a nitrato com persulfato de potdssio sob pressdo e posterior reducdo em coluna de cadmio,
transformando todo o nitrato em nitrito. Posteriormente ocorre a diazotagdo da sulfanilamida pelo
nitrito, formando um composto colorido e lido em espectrofotometro a 543nm;

3.1.1.1.2 Nitrato — método colorimétrico com redugao do nitrato presente na amostra em coluna
de cadmio, sem passar pela etapa de oxidagdo, ocorrendo, apds, a diazotacdo da sulfanilamida pelo
nitrito formado, criando um composto colorido e lido em espectrofotdometro a 543nm,;

3.1.1.1.3 Nitrito — método colorimétrico de diazotacdo da sulfanilamida pelo nitrito presente na
amostra em condic¢oes acidas sem passar pelas etapas de oxidagdo e redugdo. Ocorre a formagao de um
composto colorido e lido em espectrofotometro a 543nm;

3.1.1.1.4 Amoénia — método que utiliza-se da reagdo da amonia com fenol e hipoclorito em

soluc¢do alcalina para formar indofenol azul, que ¢ lido em espectrofotometro a 635nm.

3.1.1.2 Formas fosfatadas (MACKERETH et al., 1989):

3.1.1.2.1 Fésforo total - método colorimétrico através de condensagdo acida e sob pressdao dos
ions ortofosfato com o molibdato em meio contendo persulfato de potassio, o que provoca a
transformacgdo de todo o fosforo em é4cido molibdofosforico. Este possui coloracdo azul e ¢ lido a
880nm em espectrofotometro.

3.1.1.2.2 fésforo hidrolisavel — método colorimétrico que emprega hidrolise adcida da amostra
em solu¢do de acido forte, sob pressao. Apos digestdo, a amostra ¢ neutralizada e reage com o acido

citrico adicionado, gerando composto de cor azul, lido em espectrofotometro a 880nm.
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3.1.1.2.3 fosforo reativo - método colorimétrico de condensagdo de ios ortofosfato e molibdato
em solugdo acida (sem digestao), gerando acido molibdofosforico, composto de coloracao azul lido a

880nm em espectrofotometro.

Espectrofotometro utilizado: Varian Cary 1-E

3.1.2 Silica

A silica (silicato) foi quantificada através de método fotométrico em kit especifico (Si Merck

Spectroquant® kit para silicatos —acido silicilico).

3.1.3 pH e Alcalinidade

O pH das amostras foi medido através de método potenciométrico, com pHmetro Tecnopon
(MPA 210p) . A alcalinidade foi medida através de método titulométrico de Gran (WETZEL; LIKENS,
2000).

3.1.4 Sélidos

A concentracdo de solidos foi determinada por método gravimétrico, sendo discriminadas as

seguintes fracdes (APHA 1999) :

3.1.4.1 Solidos Totais: massa solida remanescente da evaporacao da parte liquida da amostra
(100mL), primeiramente evaporada em banho-maria e posteriormente seca em estufa a 105 ° C por uma
hora;

3.1.4.1.1 Soélidos Totais Fixos: massa sélida remanescente apds calcinacdo dos Soélidos Totais
em mufla a 450 °C por uma hora;

3.1.4.1.2 Solidos Totais Volateis: calculados como a diferenca entre Solidos Totais e Sélidos

Totais Fixos;

3.1.4.2 Sélidos Totais Suspensos: massa solida remanescente em filtro apos secagem em estufa
a 105 ° C por uma hora de uma quantidade de amostra estabelecida. O filtro utilizado (Macherey-

Nagel) ¢ fabricado em fibra de vidro e possui retengao média de 1,4 um.
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3.1.4.2.1 Solidos Suspensos Fixos: massa solida remanescente apds calcinagdo dos Soélidos
Totais Suspensos em mufla a 450 °C por uma hora;
3.1.4.2.2 So¢lidos Suspensos Volateis: calculados como a diferenca entre Solidos Totais

Suspensos e Soélidos Suspensos Fixos;

3.1.5 Substancias humicas, cor e turbidez

A cor, turbidez e teor de compostos humicos da 4gua foi estimada pela absorbancia em
espectrofotometro (Varian Cary 1-E) a 430, 750 e pela razdo 250:365nm, sendo esta considerada uma
propor¢ao entre compostos de baixo e alto peso molecular (STROME; MILLER, 1978).

Radiagdes curtas (na faixa do ultravioleta UV, A<400nm) sdo mais absorvidas por moléculas
menores do que maiores e esta razdo pode aumentar com a exposicdo a UV, porque moléculas maiores
sdo mais suscetiveis a fotolise. Assim, moléculas maiores (compostos himicos) expostas a radiacao
UV tendem a se degradar pela absor¢ao de comprimentos de ondas maiores (estimado pela absorcao a
365nm) e seus componentes passam a absorver nos comprimentos de onda menores (estimado pela

absorc¢do a 250nm), aumentando a razao (STROME; MILLER, 1978; LINDELL et al., 1995).

3.1.6 Série de carbono

A concentracdo de carbono nas amostras foi medida através da quantificagio do Carbono
Inorganico Dissolvido (DIC), do Carbono Organico Total (TOC) e do Carbono Organico Dissolvido
(DOC). O carbono organico considerado neste trabalho trata-se de carbono dissolvido, discriminado
entre TOC (amostra bruta) e DOC (amostra filtrada em filtros de fibra de vidro previamente calcinados
a 450 °C por uma hora - Macherey-Nagel, 0,6 pum de retengdo média).

A coleta das amostras para analise de carbono foi feita em vidros ambar, calcinados da mesma
forma que os filtros, com bocal protegido da tampa de plastico por folha de aluminio. As amostras
foram acondicionadas sob refrigeracdo e no escuro até analise.

Para quantificacdo, as amostras foram lidas em Analisador de Carbono Orgéanico Total
(Shimadzu 5000), sendo lidos diretamente o CI (Carbono Inorganico, DIC) e o CT (Carbono Total, que
¢ igual a CI + CO, sendo o CO o carbono organico). A diferenca entre CT e CI ¢ o TOC nas amostras

brutas e o DOC nas amostras filtradas.
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3.2 Variaveis Bioldgicas

3.2.1 Fitoplancton

3.2.1.1 Clorofilas

As clorofilas a, b e ¢ e também feofitinas foram quantificadas através do método de extragdo
fria com etanol e leitura em espectrofotometro a 630, 664, 665 e 647nm, corrigidos da leitura da

turbidez a 750nm (JESPERSEN; CHRISTOFFERSEN, 1987).

3.2.1.2 Producgao primaria

O procedimento para a estimativa da producao primaria seguiu Wetzel e Likens (2000). Este
método foi utilizado somente no trabalho apresentado no capitulo 2.

As amostras de dgua superficial de cada ponto foram coletadas em triplicatas em frascos
plasticos de polietileno de 1L. A incubacdo foi realizada em frascos tipo DBO de 100mL, sendo
adicionados a estes 1000 pL de solugdo radioativa de bicarbonato de sddio radiomarcado (NaH'*CO3),
atingindo uma concentracao final de 8,0uCi/mL. A incubacdo foi realizada, de acordo com a
amostragem, em triplicatas, claro e escuro, e frascos iniciais (totalizando 9 frascos por ponto amostral),
ao qual foi adicionado 1mL de formaldeido comercial (40%), com concentragdo final 0,4% (diluido
1:100 vol:vol).

As amostras foram incubadas entre 12:50 e 16:50. Os frascos foram suspensos e
homogeneamente distribuidos em dois quadros de PVC de 1x1m com corddes de aproximadamente
10cm de comprimento amarrados em torno dos gargalos (um quadro para frascos claros e outro para os
escuros). A incubacdo foi apenas a superficie, uma vez que a profundidade no ponto de amostragem
ndo excedeu dois metros e a dindmica do vento exerce intensa mistura da coluna d’agua. O quadro foi
ancorado em area de margem, a aproximadamente 0,5m de profundidade.

Apbs a incubacgao, a atividade do fitoplancton dos frascos foi interrompida da mesma forma que
para o frasco inicial. Os frascos foram entdo refrigerados e acondicionados em local escuro até

preparagao em laboratorio.
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O seguinte procedimento foi adotado para cada frasco: a amostra foi filtrada (15mL) em filtro
de fibra de vidro GF1 (Macherey-Nagel) de 0,7 um de retengao média. O filtro foi recolhido em tubo
tipo Eppendorf (2mL) e 2,5 mL do filtrado foi colocado em placa de pocos com uma pastilha
magnética. A placa foi colocada sobre agitador magnético e em seguida foram adicionadas 3 gotas de
HCI concentrado (comercial) ao filtrado, com a amostra sendo agitada em meio acido por 5 minutos em
capela. Foram recolhidos entdo 2 mL do filtrado também em tubos tipo Eppendorf (2mL).

Para contagem, os filtros foram secos em geladeira, apenas deixando os tubos abertos pelo
periodo de uma semana. Apds a secagem, foram transferidos para vials pléasticos de polietileno de 8mL
e receberam aproximadamente 2 mL (ou até cobrir o filtro) de liquido de cintilagdo Optiphase HiSafe
IIT (Wallac). O filtrado também foi transferido para os vials plésticos e receberam até 20 mL de liquido
de cintilacdo (até as amostras ficassem tranparentes, para nao interferir na contagem).

A leitura se deu em um cintilador (contador de particulas beta, Cintilador LKB Wallac 1209). A
contagem em CPM (contagens por minuto) foi realizada por 600s duas vezes e a partir das médias de
cada contagem foi calculada uma nova média, esta utilizada nos célculos da producao, uma vez
descontada a média do tubo inicial. Os valores informados ja sdo em DPM, ndo sendo necessaria
corre¢do para eficiéncia do aparelho.

Para a estimativa da producdo primdria, usou-se a seguinte equacao:

(x)(c) = (a)(b)(d), onde (x) é o '*C assimilado, (c) é o "*C disponivel, (a) é o '*C disponivel,
(b) é 0 "*C assimilado e (d) ¢ o fator dimensional que converte mg.L™" para mg.m™.

Os resultados foram expressos em mgC. m~.h™".

3.2.1.3 Densidade, biomassa ¢ principais grupos do fitoplancton

Coleta — As amostras para o capitulo 1, exceto para a lagoa Mangueira (coleta descrita para o
capitulo 2, abaixo), foram coletadas em frascos de polietileno de 250mL sem prévia concentracdo. Para
o capitulo 2, o fitoplancton foi concentrado em peneira de 20 pum através da filtragdo de 20L da
amostra do local nos mesmos frascos. Para ambas as coletas, a fixacdo foi feita em solucdo de
formaldeido 4% (Formaldeido comercial 40%, diluido em 1:10 vol:vol) e as amostras acondicionadas
no escuro e a temperatura ambiente até andlise.

A densidade foi estimada utilizando-se camaras de Sedgwick-Rafter em microscopio invertido
(APHA, 1999). Foram quantificados pelo menos 100 individuos da espécie mais abundante, sendo os

C e, -1
resultados expressos em individuos.mL .
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A biomassa do fitoplancton foi estimada em no minimo 20 individuos (quando possivel) de
cada espécie, sendo seu biovolume calculado através de aproximacgoes a sélidos geométricos (SUN; L1U
2003; HILLEBRAND et al., 1999). A biomassa fresca (mm?.L" = mg.L'l) foi calculada através da
multiplicagdo do biovolume pela densidade de cada espécie. A biomassa fresca foi posteriormente
convertida em biomassa de carbono por fatores de conversdo empiricos (WETZEL; LIKENS 2000). Os
resultados foram expressos em mg.C.L™.

Grandes grupos do fitoplancton (Bacillariophyceae, Chrysophyceae, Chlorophyceae,
Cyanobacteria, Dynophyceae, Euglenophyceae, Zygnemaphyceae) foram identificados de acordo com
van de Hoek et al. (1998) e as densidades respectivas de cada um foi calculada da mesma maneira que

para a densidade geral.
3.2.2 Densidade do zooplancton

As amostras para o zooplancton foram coletadas através da filtracdo de 20L em peneira de
nylon de 20 um de abertura de malha. Foram entdo acondicionadas em frascos de polietileno de 250mL
em solugdo de formaldeido 4% (Formaldeido comercial 40%, diluido em 1:10 vol:vol), sob
refrigeragdo e no escuro até triagem (WETZEL; LIKENS, 2000).

Em laboratério as amostras foram concentradas, na mesma peneira, a 30mL e contadas
integralmente em cdmaras de sedimenta¢io (Utermohl) e analisado sob microscopio invertido e

aumento de 100x. O numero total de organismos contados (densidade) foi determinado através da
equagio N°org.m~ = (N x1000/Vfilt), onde N ¢é igual ao nimero total de organismos contados, 1000 é

o fator dimensional para transformagdo de N°org.L" para N°org.m™ e Vfilt ¢ o volume de amostra
filtrado (20L).

A analise qualitativa abrangeu apenas grandes grupos (Cladocera, Copepoda, Nauplios, Rotifera
e Outros), por tratarem-se dos principais componentes deste ambiente. Os protozodrios foram

analisados separadamente (WETZEL; LIKENS, 2000).

24



3.2.3 Densidade de ciliados

Os protozoarios (ciliados) foram coletados de duas formas. No capitulo 1, exceto para a lagoa
Mangueira (coleta descrita para o capitulo 2), foram coletados S0mL de amostra, sendo estas fixadas
com lugol 0,5% (Lugol comercial 5% diluido em 1:10 vol:vol) em frascos de polietileno de S0mL de
capacidade e acondicionados sob refrigeragao e no escuro até analise. No capitulo 2, foram filtrados 2L
de 4gua em peneira de nylon de 20um de abertura de malha. As amostras foram fixadas e
acondicionadas como descrito acima para o capitulo 1 (modificado de WETZEL; LIKENS, 2000).

Para enumeracdo, as amostras foram contadas integralmente em camaras de sedimentagdo

(Utermohl), sendo discriminadas somente a classe “Ciliados Totais” (KUDO, 1966; GRELL, 1973).

3.2.4 Variaveis bacterianas
3.2.4.1 Procedimento de campo

O primeiro procedimento adotado a partir da amostra bruta foi a pré-filtragdo com papel
quantitativo (MN 640d Macherey-Nagel) de retengdo média 2,0 a 4,0 um para excluir interferentes
para a andlise automatizada de imagens, tais como detritos e organismos do zoo- ¢ fitoplancton. Foram
realizados varios testes com filtros de fibra de vidro e papel de diversas retengdes (Macherey-Nagel)
para determinar o melhor pré-filtro para a amostra. Os resultados de contagens em 20 campos em cada
filtro testado, bem como das contagens da 4gua Mili-Q utilizada na suspensao bacteriana por ocasido da
filtracdo estdo sumarizados na Figura 02. Todos os filtros testados apresentaram valores pequenos de

organismos do nanoplancton (> 2,0 pm) e maiores.
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Figura 02: Teste de diferentes filtros de fibra de vidro e de papel para pré-filtragdes de amostras bacterianas. Branco - agua Mili-
Q utilizada para as suspensdes bacterianas; Quant - filtro de papel MN (95% celulose, retengdo média de 2 -4 um); GF4, GF6 e
GF5 - filtros de fibra de vidro MN: 1,4; 0,6 ¢ 0,4 um de retencdo média, respectivamente. Valores de niimero de células por
campo referem-se a contagens sob microscopia de epifluorescéncia.

As amostras entdo foram fixadas a partir de 9 mL de amostra de agua pré-filtrada e 1 mL de
formol comercial (40%, 1:10 vol:vol) em frascos plasticos de polietileno, atingindo a concentragdo
final de 4% (valor dentro do intervalo levantado por Kepner e Pratt, 1994). O acondicionamento se deu

em refrigerador até o momento da andlise (DALEY; HOBBIE, 1975).

3.2.4.2 Densidade, biovolume, biomassa e morfotipos

As amostras foram filtradas (<5,0 kPa) em torre de filtracdo (Vaccum Manifold, Millipore) com
membranas de policarbonato black 0,2 um de porosidade (GE). Procedeu-se a filtragdo de 2mL de
amostra + 1 mL de agua Milli-Q para melhorar a distribui¢do das bactérias no filtro. Os filtros foram
corados durante cinco minutos com o corante fluorescente acridina laranja 10% (3,6-

bis[dimetilamino]cloreto de acridina) (modificado de Hobbie et al., 1977).
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A montagem das laminas seguiu de acordo com o protocolo original de Hobbie et al. (1977).
Estas foram acondicionadas refrigeradas e analisadas em geral até¢ o dia seguinte, dentro do periodo

maximo de uma semana (PORTER; FEIG, 1980).

3.2.4.2.1 Captura de imagens

A captura de imagens foi realizada em microscopio com camera refrigerada acoplada (MOTIC
5000) a microscopio de epifluorescéncia Olympus 1X-70, com o auxilio do programa MOTIC Image
(v.3.2).

Foram capturadas cerca de 10 imagens sistematicamente espalhadas por filtro. O valor da
relacdo pm/pixels (0,086) das imagens no sistema utilizado esta dentro da faixa reportada por Massana

et al. (1997): 0,067 — 0,090 para outros sistemas de analise de imagens.

3.2.4.2.2 Processamento das imagens

Foram analisadas sempre 6 imagens e >200 bactérias no total no programa Image Tool (v.3.00),
com a seguinte rotina: coloracio para escala de cinza, filtro Gauss (5 x 5), Laplace (5 x 5) e 3x Median
(3 x 3) (MASSANA et al., 1997). O numero de imagens a serem analisadas foi sugerido por Massana et
al. (1997) entre 4 a 6, sendo o nimero minimo de 6 imagens indicado em teste piloto para o presente
estudo (Fig.03).

Por ultimo procedeu-se a binariza¢do da imagem através da escolha do limiar que mantém as
particulas de interesse e exclui os ruidos, etapa esta necessaria para as analises posteriores.

As imagens bindrias processadas pelo programa Image Tool (v.3.00) foram carregadas no
programa Image Tool (v.1.27), sendo utilizado deste ponto em diante o sistema de andlise de imagens
CMEIAS (L1 et al., 2001) [http://www.cme.msu.edu/CME/index.html], que consiste em uma série de
plug-ins especialmente desenvolvidos para o Image Tool (v.1.27) [http://uthscsa.edu/dig/itdesc.html],
que fornecem as medidas celulares individuais e classificagdo em morfotipos (detalhes na secao

3.2.4.2.6, abaixo).
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Figura 03: Biovolume médio calculado a partir da andlise de nlimero crescente de imagens (campos) por filtro em 18
amostras. Linhas pontilhadas indicam o limites de confianca de 97,5% superior e 2,5% inferior para a distribui¢do de

valores obtido por teste de aleatorizagao.

3.2.4.2.3 Densidade
Os valores de densidade foram calculados a partir da média do nimero de objetos identificados
por campo nas imagens analisadas para cada amostra. Esta média foi transformada em densidade

através da equacao (KEPNER; PRATT, 1994):

(N x Af)

n°célmL’ =—~———-71_
(d xVf x Ag)

onde,
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N = niimero médio de células contadas por amostra (média de todas as imagens analisadas); Af = area
de filtragcdo (area do filtro onde as bactérias efetivamente ficaram retidas); d = fator de dilui¢do em
funcdo do preservante (volume final/volume da amostra, neste caso 0,9); Vf = volume filtrado de
amostra (mL) previamente diluida pelo preservante e Ag ¢ a drea do campo de contagem do sistema

utilizado.

3.2.4.2.4 Biovolume

A partir das medidas obtidas pela andlise das dimensdes bacterianas foram calculados os

biovolumes individuais das bactérias a partir de duas equacdes (MASSANA et al., 1997):

Para formas nao Cocus (através dos calculos intermediarios de We e Le):

P—./(P—47A)

T

HWe =
mlLe=" +We(1 - ﬁj
2 2

1) V1 =£We2(Le—V£j
4 3

Para formas Cocus ou aproximadamente esféricas:

onde,

A = area do objeto, medida como numero de pixels na aproximacao poligonal da célula; P =
perimetro, medido como comprimento do contorno externo do objeto, representado como um poligono.
Foi calculado o biovolume médio de cada imagem a partir de todas as bactérias presentes e

posteriormente o biovolume médio de todas as imagens analisadas, expresso em pm’.
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3.2.4.2.5 Biomassa

A biomassa bacteriana foi calculada através de um modelo alométrico, que estipula o contetdo

de carbono em funcdo do biovolume celular para cada bactéria na imagem através da equagdo
C =0,09 xvolume”’ (NORLAND 1993). Foi calculado o contetido de carbono celular médio (pgC) de

todas as bactérias em cada imagem e depois uma média de todas as imagens. Esta média geral, por sua
vez, foi multiplicada pela densidade geral (ind. mL™) ¢ o resultado expresso em pg.C.mL™" (picogramas

de carbono bacteriano por mL).

3.2.4.2.6 Morfotipagem

Para a analise dos morfotipos, o programa CMEIAS utiliza multiplas medidas de cada objeto
(esfericidade, elongacdo, nivel de compactacdo, curvatura maxima, razdo largura/comprimento, razao
area/menor quadrado retangular contendo o objeto e ainda descritores Fourier (derivados a partir do
contorno do objeto). O classificador de morfotipo funciona de forma hierarquica, utilizando analise
estrutural e classificacdo estatistica para enquadrar cada objeto dentro de 11 morfotipos possiveis
(Cocus, Espiral, Bastdo curvo, Bastdo em forma de “U”, Bastdo regular, Filamento ndo-ramificado,
Elipsoide, Taco, Prostecado, Bastdo rudimentarmente ramificado e Filamento ramificado) (LIU et al.,
2001). O programa fornece uma nova imagem pseudocolorida dos objetos de acordo com a classe que
lhe foi atribuida e a listagem com a numeragao ¢ a classe da cada objeto.

Os resultados foram expressos em termos de representatividade percentual na amostra.

3.2.4.3 Produgdo bacteriana

A producao bacteriana foi estimada a partir do método de incorporacao de leucina radiomarcada
com tricio (L[4,5-°H] Leucina) e microcentrifugacdo (SIMON; AzZAM, 1989; KIRCHMAN, 2001).

Foram adicionados 1700 puL. de amostra para 11puL de solucdo de leucina (concentracdo final na
amostra de aproximadamente 20 nmoles.L™") em tubos para microcentrifuga tipo Eppendorf (2mL). O
tempo de incubagdo foi de 30min em placas de banho-maria com agua do local a temperatura ambiente
(15-16°C). A interrupcio da atividade bacteriana foi provocada pela adicio de 89uL de Acido
Tricloroacético (TCA) dos tubos iniciais e posteriormente dos incubados. Estes foram acondicionados

em refrigeracdo e escuro até analise.
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A preparacdo para leitura das amostras se deu inicialmente pela centrifugacdo dos tubos a
14.000 rpm em trés ciclos: I) sem adi¢do de nenhuma solugdo, apenas para concentracao das células,
seguido de aspira¢do do liquido; II) adicdo de 1mL de TCA 5% ao pellet, seguido de aspira¢do do
liquido; III) adigdo de 1mL de etanol 80% e aspiragdo do liquido. Os tubos foram entdo deixados
abertos para evaporar a agua dos pellets durante um periodo varidvel, em torno de uma semana dentro
de refrigerador.

A leitura se deu em um cintilador (contador de particulas beta, LKB Wallac 1209) apds a adigao
de ImL de liquido de cintilagdo Optiphase HiSafe III (Wallac) a cada tubo (Wallac). A contagem em
CPM (contagens por minuto) foi realizada por 180s duas vezes ¢ a partir das médias de cada contagem
(valor informado pelo proprio aparelho) foi calculada uma nova média, esta utilizada nos calculos da
producdo, uma vez descontada a média do tubo inicial. Os valores em CPM foram corrigidos para

DPM a partir da eficiéncia do aparelho utilizado (em torno de 94%).

Para os célculos foram assumidos os seguintes valores:

a) dilui¢do isotdpica intracelular igual a 2;
b) 0,073 o percentual molar de leucina no pool protéico bacteriano;

¢) 0,86 a razdo média carbono/proteina bacteriana;

Os resultados foram expressos em pg.C.L™".h™",

3.2.4.4 Respiragdo Bacteriana

A respiracdo bacteriana foi determinada através do método de consumo de oxigénio em garrafas de
Demanda Bioquimica de Oxigénio de ~100mL de capacidade. Utilizou-se a determinagao
espectrofotométrica do oxigénio dissolvido (ROLAND et al., 1999), modificagdo do método de Winkler
descrito em Golterman et al. (1978). Nesta modificacdo, a cor amarelada resultante da adicdo dos
reagentes sulfato manganoso, azida sédica e 4cido sulftrico concentrado ¢ lida em espectrofotdmetro
na faixa de 430 nm e a absorbancia ¢ proporcional a quantidade de oxigénio da amostra. O método
espectrofotométrico apresenta como vantagem uma maior precisdo na determinagdo de variagdes
pequenas na concentracdo de OD e uma maior eficiéncia analitica. A curva empirica estabelecida para
os reagentes entre determinagdes titulométricas do método cldssico (x) e a absorbancia lida em

espectrofotometro (y) foi y =0,1391+0,0336X , com R?=0,9923 ¢ n = 28. A interferéncia da cor e
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turbidez foi testada em laboratorio sob variadas concentragdes simuladas. A conversdo entre oxigénio e
carbono foi feita assumindo um  fator de conversio molar igual a 1,0

(6CO2 +6H,0=C,H,,O, + 602), ou seja, para cada 12g de carbono produzido sdo consumidos 32g

de oxigénio (DEL GIORGIO et al., 1997).

O isolamento da fragdo bacteriana foi feita através de filtracdo das amostras em papel
quantitativo 95% celulose (MN 640d Macherey-Nagel) de retencdo média 2,0 a 4,0 um. Mesmo na
auséncia de produtores primarios, as amostras foram incubadas no escuro pelo recobrimento dos
frascos com varias folhas de aluminio. A incubagdo foi feita in situ, Os frascos foram suspensos e
homogeneamente distribuidos em um quadro de PVC de 1x1m, com corddes de aproximadamente
10cm de comprimento amarrados em torno dos gargalos dos frascos. O quadro foi ancorado em area de
margem, aproximadamente 0,5m de profundidade. O tempo de incubagdo foi de 5 dias (120h). Este

método so foi utilizado no capitulo 2.
3.2.4.5 Eficiéncia de Crescimento Bacteriano (ECB)

A ECB foi calculada (no trabalho apresentado no capitulo 2) a partir das taxas de produgdo e

respiragio ECB = (PB)/(PB + RB) (DEL GIORGIO;COLE 1998), onde PB ¢é a taxa de produgdo

bacteriana ¢ RB ¢ a taxa de respiragdo bacteriana.
2.2.4.6 Hibridizagao in situ Fluorescente (FISH)

A Hibridizagao in situ Fluorescente (FISH — Fluorescent in situ Hybridization é uma técnica
molecular que utiliza oligonucleotideos de DNA complementares a seqiiéncias especificas de RNA
ribossomal da subunidade 16S bacteriana.

Foram utilizados 6 sondas marcadas com o fluorocromo Cy3 (indocarbocianina fluorescente)

para determinar a composi¢ao geral da assembléia bacteriana:

I) CN — Controle negativo [Cy3]5’-CCTAGTGACGCCGTCGAC-3’ - seqiiéncia ndo especifica
a nenhum grupo de bactérias, utilizado para avaliar a eficiéncia de hibridizagao;

IT) EUB338 [Cy3]5’-GCTGCCTCCCGTAGGAGT-3’ - especifica para o Dominio Bacteria;

) o 968 [Cy3]5’-GGTAAGGTTCTGCGCGTT-3" - especifica para a sub-classe alfa-

Proteobacteria;
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IV) B 42a [Cy3]5’-GCCTTCCCACTTCGTTT-3" - especifica para a sub-classe beta-
Proteobacteria, acrescida do competidor y 42a nao marcado 5’-GCCTTCCCACATCGTTT;

V) v 42a [Cy3]5’-GCCTTCCCACATCGTTT-3" - especifica para a sub-classe gama-
Proteobacteria, acrescida do competidor § 42a ndo marcado
5’-GCCTTCCCACTTCGTTT-3’;

VI) CF319a [Cy3]5’-TGGTCCGTGTCTCAGTAC-3" — especifica para o grupo Cytophaga-

Flavobacter.

O método utilizado ¢ descrito em Pernthaler et al. (2001) e Cottrell (2005):

As amostras foram pré-filtradas em papel quantitativo tarja azul (Mackerey-Nagel) de 2-4 um
de retencdo média para excluir interferentes nas contagens bacterianas por andlise de imagens, da
mesma forma que descrito na se¢do 3.2.4.1. Apés a pré-filtragdo, foram filtrados 2mL de amostra em
filtro de policarbonato (GE) 0,2 pm de porosidade e 25mm de didmetro com auxilio de holder e
seringa. Para uma distribuicdo mais homogénea das bactérias, foi adicionado 1mL de agua Mili-Q para
suspensao na amostra e filtro de fibra de vidro (Mackerey-Nagel) 0,7 pm de retencdo por tras do filtro
de policarbonato.

Os filtros foram colocados em placas de pocos e cobertos com 1-2 mL de solugdo de
paraformaldeido (PFA) 4% tamponado (pH aprox. 7,0) por no maximo 24 h em refrigerador. Os filtros
que nao foram imediatamente utilizados para hibridizagdo foram estocados em tubos de PVC
transparentes individuais também em refrigerador (segundo Glockner et al., 1999, ndo ha modificagao
aparente neste tipo de estocagem por varios meses). Alguns filtros que haviam sido fixados
previamente com uma concentragdo de 2% de PFA foram posteriormente banhados com uma solugao
de 4%.

Para a hibridizagao, os filtros foram inicialmente cortados pela metade. Uma delas foi cortada
em 6 pedacos — um para cada sonda, enquanto que a outra foi novamente estocada para uma eventual
repeti¢do. Os seis pedagos foram colocados em laminas cobertas com parafilme. Nas laminas, sobre
cada pedaco foi adicionado 40uL da solug¢dao de hibridizacao (10 pL. embaixo e 30uL sobre o filtro):
NaCl 0,9 M; Tris-HCl 20 mM pH 7.2; Formamida 35% (CF319a) e 30% (demais sondas); EDTA 5
mM; Dodecil Sulfato de Sédio 0,01% e 100 ng de oligonucleotideo. Os filtros foram hibridizados por
aproximadamente 24h em estufa bacterioldgica (Biopar) a 42 + 0,5°C. Apo6s a incubagdo, os pedacos de
filtro foram colocados em placas de pogos com solucdo de lavagem pré-aquecida (NaCl 80mM
(CF319a) e 102mM (demais sondas); Tris-HCl 20 mM pH 7.2; EDTA 10 mM e Dodecil Sulfato de
Sédio 0,01% por 15 min em estufa (Biopar) a 48 = 0,5 °C) .
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Para a contagem de bactérias total, os pedagos foram transferidos para outras placas de pogos e
cada um coberto com 50-100 pL de solugao de DAPI (20 pg/mL) por no minimo 5 min. Os seis
pedacos de cada filtro foram lavados com etanol 80% e entdo montados em laminas, cobertos com 100
uL de 6leo de fixagdo (Nujol) e laminula. As laminas foram mantidas congeladas até analise.

Para as contagens foi utilizado o mesmo sistema de captura de imagens utilizado para a
determinagdo da densidade (sec¢ao 3.2.4.2.3). Foram registrados 10 campos por cada pedago de filtro,
sendo capturadas duas imagens de cada campo, uma na banda de excitagdo UV (365/366nm) para
visualizacdo da contagem total (coloracdo DAPI) e outra na banda de excitagdo do fluorocromo Cy3.
As imagens foram processadas de acordo com o protocolo de Massana et al. (1997) e foram eliminados
objetos >2,0 um. Aqueles menores que 0,2 um nao foram excluidos, pois em muitos casos o sinal
emitido pela sonda era muito fraco, que pode ser ocasionada pelo estado metabolico baixo das bactérias
da amostra (BOUVIER; DEL GIORGIO, 2003); acrescenta-se a isto o fato do sitio de ligagdo do DAPI ser
preferencialmente nos acidos nucléicos - que subestima a real dimensdo da bactéria (SUZUKI et al.,
1993).

Os resultados foram expressos em percentagem da densidade estimada dos grupos. Considerou-
se como densidade total as células coradas pelo DAPI; cada grupo (alfa, beta, gama e CF) pelas
respectivas contagens das células marcadas nestas sondas. Bacteria aquelas células marcadas com a
sonda universal EUB338 ou, no caso deste valor ser inferior a soma (alfa+beta+gama+CF), outras
Bacteria foi considerado igual a zero ¢ Bacteria foi igualada a esta soma. outras Bacteria foi calculado
como a diferenca Bacteria menos (alfa+beta+gama+CF); ndo Bacteria foi calculado como a diferenga

entre densidade total e Bacteria.

2.3. Normatizagao do texto

Os textos em portugués contemplados no capitulo introdutério, objetivos, material e métodos
geral, apresentagdes dos capitulos e consideragdes finais foram padronizados nas normas da ABNT
(GrusTI, 2003). Os textos dos capitulos 1 e 2 foram escritos em forma de artigo de acordo com as
regras de submissao do periddico Aquatic Ecology (ANEXO), de acordo com a padronizagido adotada

pelo Programa de P6s-Graduagdo em Ecologia da UFRGS.
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4. CAPITULO 1

4.1 Apresentagdo

O presente trabalho trata de questdes de biogeografia bacteriana em um conjunto de lagos
costeiros no Rio Grande do Sul, avaliando varidveis como tamanho e distancia entre lagos. De forma
complementar, busca fatores que possam estar mascarando padrdes biogeograficos inesperados para a
técnica utilizada para estimar diversidade, tais como o estado metabolico das células, por sua vez

possivelmente relacionado a um mosaico de situagdes ecoldgicas intrinseca a cada lago.
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Bacterioplankton diversity and functionality driven by geographic and local

factors in coastal subtropical shallow lakes'

1 Artigo redigido de acordo com as normas da revista Aquatic Ecology (ANEXO)
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Abstract Bacterioplankton phylotypic distribution in 10 subtropical shallow lakes using Fluorescent in
situ Hybridization (FISH) was assessed by biogeographic approach (testing for environmental
heterogeneity, geographic distance and size similarity), what led to results in accordance with finer
taxonomic resolution works. Since FISH may indicate physiological status of the cells, we seeked
metabolic drivers responsible for the unexpected results. Bacterial morphotype distribution adherence
to the same factors was tested, once it is directly related to metabolic status of the assembly. Results
showed that morphotypes were more important than phylotypes for the factors tested, including
bacterial production. Macrophytes were responsible for an important part of this variation, indicating
an effect on environmental heterogeneity and negative effect on phytoplankton production. Once
smaller lakes present higher macrophytic coverage, and conversely lower phytoplankton biomass, our
data set may harbor an intrinsic mosaic of metabolic situations for bacteria, that ultimately reflected in

the bacterial diversity assessment employed.

Key-words: FISH; Bacterioplankton; coastal lakes; morphotypic diversity; macrophyte inhibition.
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1. Introduction

Patterns in bacterial distribution are related to evolutionary background and ecological
processes (Pommier et al. 2007), as opposed to the previous view that bacterioplankton is composed of
few and cosmopolitan species (Fenchel and Finlay 2004). Complex multi-scale patterns are likely to
occur, with physical effects predominating at broad spatial scales while biological effects at finer ones
(Pinel-Alloul and Ghadouani 2007). Recent studies point out in the direction that smaller organisms
tend to have less steep increments in diversity along an habitat size gradient when compared to larger
organisms. This has been attributed to higher density and greater dispersal capability, which diminishes
local extinction and allopatric speciation. This led to the early hypothesis that microorganisms were
composed of few, cosmopolitan species. This statement has been rejected, but in part it has been
confirmed that local diversity is a stronger component than global diversity for such microorganisms
(Azovski 2002).

Bacterial diversity is itself still a controversial subject, since a solid and widely accepted species
concept does not exist and consequently the modern molecular techniques available give incomparable
results concerning taxonomic levels (Weisse 2006). Despite the fact that the applicability of such
methods to assess diversity is still a matter of debate, the importance to relate diversity, even at coarse
taxonomic resolution, and function in microbial world is needed (Bent et al. 2007; Danovaro and
Pusceddu 2007).

Several techniques are nowadays available to assess bacterial diversity (Martiny et al. 2006).
Among them, Fluorescent in situ Hybridization (FISH) is widely used to assess specific roles of
microbes in biogeochemical cycles and food web dynamics (Bouvier and del Giorgio 2003). Altough,
thiese authors argue that FISH protocols may present differences in signal detectability due to cell
physiological status or phylogenetic composition, the latter being affected by intrinsically different
detection thresholds. Thus, FISH may provide important information on assembly physiology (Bouvier
and del Giorgio 2003), and is therefore useful to assess wether patterns in bacterial metabolism could
be affecting patterns in diversity assessed by this method.

More recently, bacterial diversity has been related to habitat size (Horner-Devine et al. 2004;
Reche et al. 2005; Bell et al. 2005), and spatial distribution (Lindstrom and Leskinen 2002; Yannarell
and Triplett 2004; Green and Bohannan 2006), and many of these works were done in lakes.
Environmental heterogeneity, as a function of increasing geographic distance, has been recently

strikingly linked to bacterial diversity in these systems (van der Gucht et al. 2007).
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General understanding is that bacteria relates to its carbon source, namely algae, in many ways,
with the potential of phytoplankton primary productivity to drive bacterial diversity patterns (Horner-
Devine et al. 2003) and also synchronize bacteria to extrinsic factors (Kent et al. 2007). Therefore
factors that affect phytoplankton have a high potential to ultimately affect bacteria at some extent. This
turns to be specially relevant to works that deal with large scales, where expected differences in
environmental heterogeneity leading to different conditions is likely to occur, originated either from
structural differences in the habitats sampled (e.g. size) or spatial distribution of taxons, originated
from geographic distance.

As a physiological response to variation in its carbon source (substrates availability), bacteria
may exhibit changes in density, biomass, production and growth efficiency (Robarts et al. 1996; Huss
and Wehr 2004; Kritzberg et al. 2005), and also structural changes in bacterial shapes (surface:volume
ratios) of either individual cells (Steinberger et al. 2002) and/or shape distribution in the sample.

A few works have included morphotypic diversity in their scopes. These examples showed
good agreement between molecular and morphophysiological approaches, in different situations
including guano decomposition (Zdanowski et al. 2005) and bacterial community structure in
bioreactors (Fernandez et al. 2000).

In effect, a study in Brazilian tropical reservoirs reported an increasing in coccus-like forms
toward more eutrophic systems, fact that was associated with an “r strategy”, because of high density of
these forms (Racy 2004). Still, this matter still demands further research effort, since 87% dominance
by cocci morphology has been found in ultraoligotrophic areas (Robarts et al. 1996). Even though
morphology has been long recognized as an inaccurate estimation of diversity (Weisse 2006), it may
reflect important environmental features by their relative distribution in the bacterial assembly, namely
metabolic driving forces. We were open to consider it as an useful tool to be compared to FISH results,
as it also gives a frequency distribution for each sample and is also a measure of both diversity and
metabolic status.

In the present work we evaluated in a set of ten subtropical shallow lakes the influence of
geographic distance, lake size similarity and environmental similarity on bacterioplankton assemblies
similarity assessed by FISH to assess whether there were detectable patterns in its distribution and also
complementary assessed morphological diversity as a measure of assembly response to metabolic
status. Our hypothesis is that FISH results, once dealing with coarse taxonomic resolution, will relate
mainly to physiological status of the bacterial assembly. Given the broad spatial scale under study, it is
expected that environmental heterogeneity plays a major role defining assembly metabolic prevailing

condition.
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2 Material and Methods

2.1 Study area

The study area comprises the coastal plain of the Rio Grande do Sul state (Brazil). This area
presents several lakes that were originated in the Quaternary as a result of a marine regression (Holz
1999). All these lakes are very shallow, the deepest reaching maximum depth at 11m (Schwarzbold and
Schafer 1984; Schafer 1988).

We have sampled 10 lakes (Fig.1) in a gradient of size (13-80.800 ha) with a scale of distance
between lakes ranging from ~1Km until ~ 490Km. This range included small (0-10Km) to intermediate
(10-3000 Km) scales of geographic distance, according to Martiny et al. (20006).

Each lake was sampled in two sampling points: centroid of the lake (pelagic zone) and margin
(littoral zone). Of the 10 lakes set, Mangueira lake surface water samples were sampled in later October
2007. The other nine lakes were sampled with a PVC pipe that was used to integrate the water column

until ~10cm of the sediment. The sampling was carried from January to May 2007.
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Fig. 1 Lake set sampled in the coastal plain of Rio Grande do Sul state (Brazil): Horacio (58ha), Inacio (30ha), Rincdo (60ha), Ipé
(13ha), Passos (69ha). Veados (222ha), Suzana (97ha), Lake 10 (192ha), Lake 02 (36ha) and Mangueira Lake (80800ha). Sources:
modified from IBGE (2005) and Google Earth (2008)

2.2 Variables
2.2.1 Bacterial resources

Nutrients were determined through colorimetric methods: Total Nitrogen (TN), Nitrate (NOs'),
Total Phosphorus (TP) and Soluble Reactive Phosphorus (PO,>) following Mackereth et al. (1989).
Chlorophyll a (Chla) was quantified after cold ethanol extraction (Jespersen and Christoffersen 1987)
and the Carbon series was determined in Carbon Analyzer (Shimadzu Vcph 5000). Dissolved Organic
Carbon (DOC) was accounted as the fraction that passed through a 450 °C pre-combusted glass fiber
filter (Macherey-Nagel GF6 - 0,6um average mesh size) and Total Organic Carbon (TOC) was the

unfiltered sample.
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For phytoplankton biomass, 20 L were concentrated in a 20 um mesh sieve and fixed in
formaldehyde solution (4% vol:vol). Samples were stored in dark and room temperature until analysis.
In Sedwick-Rafter chambers (APHA 1999), at least 20 individuals (when possible) from each species
were measured and their biovolume determined (Sun and Liu 2003; Hillebrand et al. 1999). Fresh
biomass (mm*L"' = mg.L™") was estimated multiplying biovolume by density of each taxon. Fresh
biomass was then converted in carbon biomass by empirical conversion factors (Wetzel and Likens
2000).

Aquatic macrophyte coverage (%) was calculated separately for macrophyte type. For emergent
and floating macrophytes, it was visually estimated by coverage classes in 1m” square quadrats (Braun-
Blanquet 1964). Submersed aquatic macrophyte coverage was estimated by the Percentual of Volume
Infested (PVI) method, which employs the multiplication of the estimated visual coverage of a plant

stand by its length and then division by the local water depth (Canfield 1984).

2.2.2 Bacterial predators

Total ciliate density was determined through whole sample counting in sedimentation chambers
under inverted microscope (Olympus [X70) at 400x magnification.

For Mangueira Lake, 2L of water lake was concentrated in a 20um mesh size sieve in 50mL
samples for carrying and storage. For the other nine lakes, SOmL of the water lake was collected. All

samples were fixed with lugol (9:1 vol:vol) and stored in dark under refrigeration until analysis.

2.2.3 Physical and chemical variables

Total Suspended Solids was determined gravimetrically following APHA (1999). Water colour
(Col), turbidity (Turb) and Humic Substances (HS) ratio were determined as the absorbance at 430, 750
and the ratio between 250 and 365nm, respectively, in a lem quartz cuvette and spectrophotometer
(Varian Cary 1-E).

Alkalinity (Alk) Gran titration method was calculated as described in Wetzel and Likens
(2000).

Silicate was also assessed through a photometric method (Si Merck Spectroquant® kit for

silicates - silicilic acid).
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2.2.4 Bacterial diversity

To assess bacterioplankton assemblies diversity, the technique of Fluorescent in situ
hybridization (FISH) was employed. The following six oligonucleotide probes (UNISCIENCE)
complementary to a region of the 16S rRNA were used: Eub338R — domain Bacteria with its sub-
groups: Alf968 — a-proteobacteria; Bet42a — B-proteobacteria; Gam42a — y-proteobacteria; CF319a-
Cytophaga-Flavobacter and also a negative control non-complementary to any bacterial group
(Glockner et al. 1999).

The samples were pre-filtered in quantitative paper (MN 640d Macherey-Nagel — average
retention size of 2,0 to 4,0 um) in order to exclude other organisms than bacteria. Of the pre-filtered
samples, 2mL was filtered on 0,2um polycarbonate membranes (GE) under low pressure (<5,0 kPa).
The filters were fixed under immersion in a 4% paraformaldehyde phosphate-buffer pH 7,2 solution
(max. 24h) and stocked frozen at -15°C until hybridization. For the hybridization the filters were cut in
two halves and one of the halves was then divided in six parts, each being hybridized (for 24hs at 46
°C) with 40 pL of one of each probe hybridization solution (NaCl 0,9 M; Tris-HCI 20 mM pH 7.2;
Formamide 35% (CF319a) and 30% (other probes); EDTA 5 mM; Sodium Dodecyl Sulfate 0,01% and
100 ng of oligonucleotide). For total cell counts DAPI stain was used (20pg.mL™). Once slides were
prepared, they were processed within a week (Pernthaler et al. 2001). For cell counting we used an
image grab system: a refrigerated camera (MOTIC 5000) coupled to an inverted epifluorescence
microscope (Olympus IX70). Image capture (MOTIC Image 3.2) and processing followed Massana et
al. (1997) with the help of the Freeware Image Tool (v.1.27). A total of 10 fields per probe were
processed in each filter, resulting in a total of 120 images (60 total DAPI counts and 60 labeled cells
counts) per filter. Autotrophic cells, altough practically never present, were discounted whenever
detected. Group targeted density was calculated as the average of the mean countings of each probe
labeled cells per field subtracted from the negative control and according to Kepner and Pratt (1994)

cell density equation.

Data presentation and computations assumed phylotypic density assessed for a-proteobacteria,
B-proteobacteria, y-proteobacteria and Cytophaga Flavobacter by specific probes. Other Bacteria was
computed as EUB338 probe labeled cells (total Bacteria density) minus the sum (a0 + B + -
proteobacteria and Cytophaga Flavobacter). When this sum was higher than EUB338 density, other
Bacteria was considered equal to zero. Undetermined groups was computed as total DAPI counts

(unspecific stain, total density) minus EUB338 counts or the sum (a + f + y-Proteobacteria and
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Cytophaga Flavobacter), whichever the highest. All probe counts were discounted from negative

control (incompatible to any bacterial group).

For morphotypes, samples were fixed in 4% formaldehyde in polyethylene bottles in the field
and stored in the dark and refrigerated until analysis. In the laboratory, samples were pre-filtered as
described for the FISH protocol (above), and 2mL of each sample was filtered (<5,0 kPa) in a Vaccum
Manifold Filtration Tower (Millipore) with ImL of pre-filtered (0,2um) Mili-Q water to improve cell
dispersion. Cells were concentrated in 0,2um black polycarbonate membranes (GE). Approximately
ImL of a 10% (weight:vol) acridine orange stain was added to the filters for 5 minutes. They were
then washed with 0,2 um filtered Mili-Q water and air dried. Filters were mounted in slides with
mineral oil (Nujol), being processed within 3 days because of quickly faint of acridine. A total of 10
images were captured per filter and image processing was carried on six of them. Image processing and
capture system was the same for FISH, described above. Once the images were processed and
binarized, they were submitted to CMEIAS software (Liu et al. 2001) for morphotype classification.
This program consists of a series of plug-ins for Image Tool (1.27) and utilizes multiple measures of
each object, working hierarchically through statistical classification of 11 possible morphotypes
(Coccus, Spiral, Curved Rod, U-Shaped Rod, Regular Rod, Unbranched Rod, Ellipsoid, Club,
Prosthecate, Rudimentary Branched Rod and Branched Filament).

2.2.5 Bacterial biomass and production

Bacterial biomass determination was a following step after morphotype determination, as the
equations employed were based on morphotypic discrimination. Area and perimeter of each object was
taken using CMEIAS (Liu et al. 2001). These were further employed in specific calculations following
Massana et al. (1997), that applies one equation for coccus-like forms and other for the others.
Biovolume derived from these formulas (um™) was then converted to carbon by the conversion factor
(C = 0,09 x biovolume™ (Norland 1993), which results in pgC content of each cell. The average cell
carbon content per cell of the sample is calculated as the average of the averages of the six images
analyzed (each image average calculated from all cells present). At last this carbon content per cell is
multiplied by the density (Kepner and Pratt 1994) of the sample, resulting in the bacterial carbon
concentration of the sample (pgC.mL™"), accounted as bacterial biomass.

Bacterial production was estimated through the method of (L[4,5-"H] radiolabeled leucine and

microcentrifugation (Simon and Azam 1992; Kirchman 2001). We added 11uL of leucine solution
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(approximately 20 nmoles.L™, specific activity of 65Ci.mmol™) to 1700 pL of sample in Eppendorf
vials (2mL). An initial vial was interrupted at the beginning and two or three replicates for each sample
were incubated for 30min with lake water at room temperature (15-16 °C). Interruption of bacterial
activity was achieved with the addition of 89uL of trichloroacetic acid (TCA) concentrated. The vials
were then stored in the dark and under refrigeration until centrifugation. Samples were centrifuged
three times (cell concentrate, +TCA 5%, +Ethanol 80%) and let to dry out for approximately one weak
inside of the fridge. For beta-particles counting, ImL of scintillation liquid (Optiphase HiSafe III
Wallac) was added to each vial. Reading was carried (LKB Wallac 1209 Rack beta Liquid Scintilation
Counter) during 180s twice. For calculations, we assumed intracellular isotopic dilution to be equal to
2, the molar percentual of leucine in the proteic pool equal to 0,073 and the ratio carbon:protein to be

0,86. Results were handled in pg.C.L™"h" (Simon and Azam 1992; Kirchman 2001).
2.2.6 Statistical approach

Our biogeographic approach followed the recommendations of Martiny et al. (2006) and the
analysis of Del’Duca (2007).

For the overall analysis, four matrices of similarity between every possible pair of sampling
points (comparisons between littoral zones, pelagic zones and between littoral and pelagic zones) were
used: (1) bacterial assemblies similarity, using Morisita-Horn index on group abundance (phylotypes,
assessed by FISH) data log(x + 1) transformed; (2) bacterial morphotype similarity, computed also as
Morisita-Horn index on percentage data; (3) environmental similarity (TSS, Silicon, TN, TP,
Alkalinity, Clorophyll-a, DOC, TOC, Water Colour, Water Turbidity, HS ratio, Ciliate density and the
mmol:mmol ratios between DOC:PO, , DOC:NO5;", DOC:TOC, TN:TP, TOC:TN and Bacterial
biomass  relative = to  phytoplankton = (B:P  Biomass  ratio), calculated  as
{1 - (standardized Euclidean distance)}, and (4) size similarity between lakes, measured as
{1—(standardized Manhattan distance)}. Standardization for Euclidean distance was based on total,
while for Manhattan distance it was by range, in order to obtain similarity indexes between 0 and 1. A
fourth matrix included geographic distances between sampling points (in km). DOC:PO, and
DOC:NO; are considered as measures of proportion of organic to inorganic nutrients in the system,
which is assumed to decrease along trophic gradients (Cotner and Biddanda 2002). We also included
TOC:TN; TN:TP, which refer to the classical Redfield ratio; DOC:TOC estimates the ratio of dissolved

to total organic in the system, which is assumed to positively favor bacterioplankton (Cotner and
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Biddanda 2002) and Bacterial to Phytoplankton carbon biomass was used as an approximation of the
dependence of bacteria on primary production, which is higher in oligotrophic systems, where this
index tends to be higher (Cotner and Biddanda 2002; del Giorgio et al. 1997). Complementary analysis
were further carried with exclusion of comparisons between margin and pelagic zones and the isolated
effect of these two putative habitats was evaluated.

Additionally, we tested also the eighteen environmental variables individually by the same
method. Each of them generated a resemblance matrix for the ten lakes data set and this eighteen
matrices replaced the overall environmental matrix and the association between these matrices and
FISH and morphotype matrices was evaluated the same manner as for the first analysis.

Two effects of macrophyte coverage type on bacterioplankton were evaluated: I) indirect,
trough a possible primary influence on phytoplankton biomass, and II) directly on percentage of
bacterial detected cells, with an additional assessement of phytoplankton biomass itself also as
predictor variable for this bacterial measure.

Since we were trying to understand if the diversity estimated through FISH was related to a
specific pattern of metabolism or if the metabolic status of the cells driven by environmental factors
was diversity estimates biased, we tested bacterial production as independent variable against assembly
and morphotype similarity and then as dependent variable against lake size similarity and geographic
distance. We also isolated pelagic and margins zones in the analysis.

For data association, we used Linear Regression between matrices (Mantel test). Computations
were performed in FitoPacShell (v. 1.6.4.25) — Morisita-Horn similarity matrices, Multiv (v.2.3.10) —
Euclidean Distance matrices, R (v. 2.6.0) and Origin (v. 6.0) Linear Regressions and graphic

presentation, respectively.

3 Results

3.1 Main limnological variables

TN, TP, TSS, DOC, TOC and water colour showed apparent relative homogeneity with lake

size. Alkalinity, pH, turbidity and humic substances (lower HS ratio) were higher in the largest lake.
Chlorophyll a had the opposite trend, with lowest values in Mangueira lake (Table 1).
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Table 1 Main limnological variables for the 10 lakes data set sampled from January to October 2007.

Lake SP Location Area TSS N TP pH Alk. Chla DOC TOC Col Turb HS Ratio

(ha) (mgL") (mgL') (mgL") (uEqL"  (ugL" (mgL') (mgL') 430nm  750nm  250/365 nm
Ipé M 29°55°17” S 3 10,40 0,83 0,11 7,5 472 23,19 8,8 10,3 0,034 0,002 4,58
P 50°11’55" W 8,80 0,31 0,04 7,5 335 19,48 15,3 11,2 0,035 0,002 4,60
Inacio M 29°54°33” S 30 4,00 0,51 0,04 73 250 4,39 6,0 7,6 0,024 0,001 4,74
P 50°13°21"W 3,60 0,28 0,07 6,9 269 3,86 6,6 5,7 0,025 0,001 4,64
Lake 02 M 30°33°08” 36 4,00 0,45 0,00 6,5 800 3,25 16,3 6,1 0,033 0,003 4,14
P 50°25°60” 4,80 0,33 0,05 7.4 800 1,78 6,1 59 0,034 0,003 4,19
Horécio M 29°54°477S 58 3,00 0,09 0,04 7,0 246 1,83 58 6,0 0,019 0,001 4,83
P 50°13°59"W 1,33 0,09 0,04 7,0 277 1,54 55 6,4 0,020 0,001 4,69
Rinciio M 29°54°377S 60 1,40 0,55 0,05 74 202 3,11 6,9 7.9 0,032 0,001 4,68
P 50°11°37"W 2,00 0,40 0,01 7.4 225 3,08 6,0 8,6 0,029 0,001 4,82
Passos M 29°54°29”S 69 5,60 0,13 0,04 6,7 228 3,50 7.8 72 0,038 0,003 4,46
P 50°12°37"W 4,00 0,11 0,04 7,3 222 2,58 6,9 8,0 0,035 0,002 4,52
Suzana M 30°09°57” 97 2,33 0,14 0,02 7,3 250 3,66 10,3 8,0 0,039 0,004 4,61
P 50°16°53” 533 0,13 0,06 7.4 252 3,01 10,3 7.8 0,039 0,004 4,59
Lake 10 M 30°24°44” 192 4,67 0,18 0,04 7,6 273 6,93 6,1 7,4 0,035 0,006 4,23
P 50°21°43” 5,67 0,18 0,05 7,5 320 5,77 59 73 0,033 0,005 4,27
Veados M 29°54°21”S 99 1,00 0,29 0,02 6,8 193 2,06 11,3 11,4 0,015 0,000 5,42
P 50°10°30”"W 1,67 0,32 0,06 6,7 99 1,64 7,1 13,0 0,018 0,001 5,18
Mangueira M 333122 o eng 0,11 0,64 0,02 7,6 797 0,06 12,5 8,5 0,035 0,004 0,80
P 53°07°48”W ' 0,15 0,74 0,04 8,1 1517 0,26 10,8 6,2 0,019 0,010 1,02

SP, Sampling Point; M, Margin; P, Pelagic; TSS, Total Suspended Solids; TN, Total Nitrogen; TP, Total Phosphorus; Alk, Alkalinity; Chla, Chlorophyll a; DOC, Dissolved Organic
Carbon; TOC, Total Organic Carbon; Col, Water Colour; Turb, Turbidity and HS Ratio, Humic Substances Ratio
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3.2 Phylotype and Morphotype descriptive data

Phylotype results showed no evident pattern associated either to lake size or area (margin and
pelagic zone). Some lakes (Lake 02, Passos, Lake 10) had a relatively similar pattern between areas,
while in the others the resemblance was lower. Percentage of Bacteria detected was very variable, with

mean of 50% and ranging from 4,5% (Lake 10, P) to 98% (Lake Inacio, P) (Fig. 2).

B undetermined

100% - groups
= a-Proteobacteria
80% - H B-Proteobacteria
&1 y-Proteobacteria
60% A
O Cytophaga
Flavobacter
0, -~
40% O other Eubacteria
20% A
0%
M M|(P(M|(PM
Ipé Inacio | Lake 02 | Horacio | Rincido | Passos | Suzana | Lake 10 | Veados | Mang

Fig.2 Contribution of major phylotypic groups to the bacterial assembly composition in 10 coastal subtropical shallow lakes
(Margin and Pelagic zones). Lakes ordered in crescent area. Percentage from group density data

Morphotype contribution of major shapes, however, had little variability and striking
resemblance between margin and pelagic areas, except for lakes Mangueira and Lake 10, where this
resemblance was lower. Cocci comprised always >60% of the shapes and along with Regular Rods and

Curved Rods represented always >99% of the cells (Fig. 3).
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Fig 3 Percentage contribution of the eight morphotype classes found in the 10 coastal shallow lakes (margin and pelagic
zones). Lakes ordered in crescent area. Mang, Mangueira Lake; M, Margin; P, Pelagic zone

3.3 Biogeographic approach

3.3.1 Bacterial assembly similarity

Overall data showed dependence of bacterial assemblies similarity assessed by FISH on
environmental similarity (R?>=0,27 n= 210 y =0,81+0,03x p <0,0001), but no pattern in the former was
found related to increasing geographic distance or lake size similarity (R>= -0,06 n= 210 y =0,93-

2,08x107x p =0,41 and R*=0,06 n= 210y =0,92+0,01x p =0,35, respectively) (Fig. 4).
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Fig. 4 All possible comparisons for the ten lakes data set. Bacterial asssembly similarity plotted against environmental
similarity (in both sides: open circles, solid line.), geographic distance (left side: solid circles, dashed line) and size

similarity (right side: solid triangles, pointed line)

When the data was analyzed for margin and pelagic zones separately, geographic distance
arised then as an important factor for margins habitats only (R’= -0,17 n= 55 y =0,93— 0,03x p
<0,0001), besides influence of environmental similarity (R*=0,45 n= 55 y =0,77+0,20x p <0,001) and
again no association with lake size (R*=0,17 n= 55 y =0,905+0,029x p =0,206). Assemblies similarity
in pelagic zones did not show association with any factor (environmental similarity: R*=0,19 n =55 y
=0,84+0,12x p =0,16; geographic distance: R*= 0,04 n=55 y =0,94+1,0x107x p =0,74 and lake size
similarity: R*= -0,08 n= 55 y =0,95+0,013x p =0,52). At first view, margins appear to account for the

dependence of the lakes on environmental similarity and geographic distance (Fig. 5).
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Fig. 5 Comparisons only between margin (M, top) and pelagic zones (P, down) for the ten lakes set. Margins: bacterial
asssembly similarity plotted against environmental similarity (top, both sides: open circles, solid line), geographic distance
(top, left side: solid circles, dashed line) and size similarity (top, right side: solid triangles, pointed line). Pelagic: bacterial
asssembly similarity plotted against environmental similarity (down, both sides: open circles, solid line), geographic

distance (down, left side: solid circles, dashed line) and size similarity (down, right side: solid triangles, pointed line)

Once environmental similarity measured through the eighteen variables described above was
highly relevant, we tested individual association of each of these variables in order to identify major
predictors for assembly similarity detected. The only variable that we found to be directly related to the

assembly similarity reported was the B:P biomass ratio (R2 = 0,38 n =210 y =0,60+0,35x p<0,001)
(Fig. 6).
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Fig. 6 Bacterial assembly similarity against the ratio between B (Bacterial) and P (Phytoplankton) biomass (mmol:mmol
carbon) for all possible comparisons for the ten lakes set under study

3.3.2 Bacterial morphotype similarity

Bacterial morphotype similarity was equally related to environmental similarity, but presented
also a relationship with geographic distance and lake size similarity (environmental similarity: R2=0,35
n= 210 y =0,96+0,01x p <0,0001; geographic distance: R2= -0,35 n= 210 y =0,99-2,49x10-5x p
<0,0001 and lake size similarity: R2=0,32 n= 210 y =0,98+0,001x p <0,0001) (Fig. 7).
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Fig. 7 All possible comparisons for the ten lakes data set. Bacterial morphotype similarity plotted against environmental
similarity (in both sides: open circles, solid line), geographic distance (left side: solid circles, dashed line) and size
similarity (right side: solid triangles, pointed line)

For margin and pelagic zones data separately, morphotype similarity in margins showed also a
relationship with lake size (R*=0,32 n= 55 y =0,986+0,0078x p =0,015) in comparison to assembly
similarity, besides association with environmental similarity (R?=0,47 n= 55 y =0,97+0,03x p <0,001)
and geographic distance (R>= -0,38 n= 55 y =0,99-2,0x10”x p =0,0038). For pelagic area, all
associations were significant with environmental similarity (R2=0,28 n =55y =0,95+0,04x p =0,035),
geographic distance (R*= -0,27 n= 55 y =0,99-2,0x10”x p =0,045) and the least significant was with
lake size (R?=0,27 n= 55 y =0,98+0,009x p =0,049) (Fig. 8).
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Fig. 8 Comparisons only between margins (M, top) and pelagic zones (P, down) for the ten lakes data set. Margins:
bacterial morphotype similarity plotted against environmental similarity (top, both sides: open circles, solid line),
geographic distance (top, left side: solid circles, dashed line) and size similarity (top, right side: solid triangles, pointed
line). Pelagic zones: bacterial morphotype similarity plotted against environmental similarity (down, both sides: open
circles, solid line), geographic distance (down, left side: solid circles, dashed line) and size similarity (down, right side:
solid triangles, pointed line)

Also as carried for assembly similarity, environmental variables were analyzed individually,
and six environmental variables related significantly to morphotype similarity: Alk (R2 = 0,47 n =210
y =0,86+0,13x p<0,0001), Col (R2 =0,26 n =210 y =0,72+0,28x p<0,001), HS (R2=0,35n=210y
=0,71+0,28x p<0,0001), DOC/TOC ratio (R2 = 0,37 n =210 y =0,78+0,21x p<0,0001), DOC/NO-3
ratio (R2 = 0,36 n =210 y =0,88+0,11x p<0,0001) and N/P ratio (R2 = 0,34 n =210 y =0,95+0,04x
p<0,0001) (Fig. 9).

54



1,01 -

1,00 1

larity

\o
o
1

9

1mi
)

g

&

-}
1

g

&

|
1

7]

(<P}

=

>

N

)

: O

e 7 v ol "omes A DOCTOC
S 0,96- v Y 0 20 vy |

> ] ¢ DOCINO,
E 0,95_ v @ &V % eecocoe

.: b S0 wo v N/P

S 094- v 0 lmoo —--

& Y T v T v I v I v

== 0,6 0,7 0,8 0,9 1,0

Environmental single variables

Fig. 9 All possible comparisons for the ten lakes data set under study between Bacterial Morphotype similarity and
Alkalinity (Alk), Water Colour (Colour), HS ratio (HS), DOC/TOC ratio , DOC/NO; ratio and N/P ratio

3.3.3.Macrophyte coverage, phytoplankton biomass and percentage of bacterial detected cells

Macrophyte coverage showed always negative relationships when assumed as predictor of
phytoplankton biomass. For emergent (R* = -0,017 n = 18 p = 0,945) and floating (R* =-0,07n= 18 p
= 0,777) macrophytes this relationship was quite weak. For submersed macrophytes, however, this

relationship was significant (R*= -0,46 n =20 p = 0,039) (Fig. 10).
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Fig. 10 Macrophyte coverage type as a predictor variable for phytoplankton biomass in the ten lakes data set for

submersed (Subm) and for all except Mangueira lake for floating (Float) and emergent (Emerg) macrophytes

The percentage of bacterial cells detected also presented a negative, rather non significative
relationships with macrophyte coverage and phytoplankton biomass. Phytoplankton biomass (R* = -
0,42 n =20 p = 0,065) had only marginally significant relationships, while emergent (R* = -0,05 n = 18
p = 0,850), floating macrophytes (R* = -0,26 n = 18 p = 0,290), and submersed (R* = -0,22 n =20 p =
0,336) showed no relevant relationships at all (Fig. 11).
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detected (EUB % detected). (PB phytoplankton biomass, Emerg emergent, Float floating, Subm submersed). Data for the
ten lakes data set for submersed (Subm) and for all except Mangueira lake for floating (Float) and emergent (Emerg)

macrophytes

Bacterial production, as a proxy of bacterial activity status, was strongly associated to lake size
and geographic distance, regardless the comparisons carried. Like the morphotypic pattern, also littoral

zones are suggested to play a major role in the dependence of either assembly and morphotype

diversity on bacterial activity (Table 2).
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Table 2 Bacterial production in the coastal shallow lakes data set as a measure of physiological status either as
independent or dependent variable in linear regressions with Bacterial assembly similarity, Bacterial morphotype

similarity, Lake size similarity and geographic distances between lakes. All comparisons possible refer to comparisons

between margins, pelagic and additionally between margins and pelagic of the lakes.

Independent X Dependent

All comparisons possible

Bacterial assembly

Bacterial 13 ass
Production Similarity
o Bacterial Morphotype
Similarity Al Mor
Similarity
Lake size
Slmﬂam}-’ Bacterial Production
Geographic al 'ro
i Similarity
distance

Comparisons between margins

Bacterial assembly

Bacterial s
Production Similarity
o Bacterial Morphotype
Similarity o
Similarity
Lake size
similarity Bacterial Production
Geographic Similarity
distance

Comparisons between pelagic areas

Bacterial Bacterial assembly

Production Similarity
S Bacterial Morphotype
Similarity o
Similarity
Lake size
similarity Bacterial Production
Geographic Similarity
distance

Equation

y =0,94+0,06x

y=0,85+0,11x

y=0,97-2,57x10"x

y =0,63+0,31x
y =0,93+0,07x
y =0,85+0,12x

y=0,97-2,78x10"x

y =0,86+0,11x

y=0,97-2,52x10"x

R2

0,06

0,26

0,56

0,77

0,27

0,42

0,57

-0,83

0,51

-0,73

0,3611

<0,001"

<0,0001"

<0,0001"

0,045"

0,001"

<0,0001"

<0,0001"

0,439

0,239

<0,0001"

<0,0001"

210

210

210

210

55

55

55

55

55

55

55

55

(*) significant relationships at 0,05 alpha probability; (-) non applicable equations because the relationship is assumed to be

inexistent, given the p value associated.
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4 Discussion

4.1 Lake distance and connectivity drivers

The dependence of bacterial assembly composition on environmental variables is in accordance
with the statement that at small-to-intermediate geographic scales the environmental heterogeneity is a
major driving force for bacterial distribution (Martiny et al., 2006). The strictly dependence of bacterial
distribution upon environmental factors, rather than on spatial constraints (van der Gucht et al. 2007),
namely water chemistry, has been demonstrated in practice (Methé and Zehr 1999; Lindstrom et al.
2005).

Apparently not in accordance with these previous results, one feature of our data was the
association of the higher bacterial similarity indexes between the lakes geographically closer (what was
defined by the negative associations between bacterial assembly and morphotype similarity with
geographic distance), indicating a possible influence of habitat connectivity that is more likely to occur
in lakes closer at least occasionally. This assumption is supported by other findings (e.g. Crump et al.
2007; Yannarell and Triplett 2005). However, it was not possible to separate the effects of size and
distance, since in our data set lakes that are more similar in size are geographically closer (Lake size
similarity x Geographic distance: R* = -0,96 n =210 y =1,027-0,002x p<0,0001). Environmental
similarity, at its turn, was related to lake size similarity (R* = 0,46 n =210 y =0,69+0,14x p<0,0001)
and geographic distance (R* =-0,48 n =210 y =0,83-3,28x10"*x p<0,0001).

Intriguingly, given the low resolution of the taxonomic units employed, it is not reasonable to
assume that it ensures enough variation to allow detection of important factors that shape bacterial
assemblies diversity in these subtropical coastal shallow lakes. Therefore, we looked at another
underlying factor, instead of diversity itself, that is likely to be driving FISH results, since morphotypic
diversity, that is more related to physiological status of the assembly, was more adherent to the factors
tested (lake size, geographic distance) and bacterial production itself.

Once environmental similarity was always important in all comparisons for our data, and
therefore seems to be the link between spatial factors and bacterial response, we attempted to find

cascading effects that are likely to originate from spatial scales to ultimately influence bacteria.

4.2 Macrophytes and Phytoplankton
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For bacterioplankton, literature data suggests that there is a positive relationship between cell
activity and percentage of Bacteria (EUB%, universal Eub338 targeted probe) detected (Bouvier and
del Giorgio 2003), the reason why FISH results have been also used to assess physiological status of
cells. Our results showed very low detection of the group Bacteria in some lakes, even though literature
data report a variable range of 1-100% for temperate freshwater habitats (Bouvier and del Giorgio
2003).

There has been proposed that competition between bacteria and phytoplankton is an important
factor regulating bacterial metabolism. A myriad of studies report on the effect of phytoplankton on
bacterial metabolism, e.g. growth efficiency, energy and material fluxes (reviews in del Giorgio and
Cole 1998; Cotner and Biddanda 2002 and Cole 1999). As the importance of phytoplankton increases
(e.g increasing trophic status, assessed by some phytoplankton biomass estimate), less extra cellular
carbon is released and less efficiently bacterioplankton competes for nutrients (Cotner and Biddanda
2002). As previously exposed, factors that control phytoplankton need to be taken into account if we
want to understand final effects on bacterioplankton. So, it is reasonable to assume that EUB% could
be associated somehow with some phytoplankton abundance measure, namely biomass concentration,
even though is not completely clear that productivity is the only predictor for EUB% (Bouvier and del
Giorgio 2003). In fact, our results showed that bacterial assembly resembled B:P Biomass ratio (Fig.
6).

From a holistic point of view, studies that approached effect of lake size on limnological
variables other than bacteria have found relatively higher coverage of macrophytes and lower
phytoplankton chlorophyll concentration in smaller lakes (Sondergaard et al. 2005). These patterns for
macrophyte coverage have been summarized also by other authors (Scheffer and van Geest 2006).
Small and shallow lakes, with low pelagic to littoral zone ratios may exert an important role in
freshwater bacterioplankton through macrophyte influence (Huss and Wehr 2004).

There seems to be a mechanistic explanation for the alternance of macrophyte/phytoplankton in
lakes or specific zones inside a lake: macrophytes prevent phytoplankton dominance and vice-versa
(Scheffer et al. 1993). In effect, our results showed a negative significant influence of submersed
macrophytes on phytoplankton abundance.

Among the explanations for this antagonism is the production of species-specific allelopathic
compounds by submersed macrophytes with variable algicidal effects, even though in situ
confirmations of allelopathy are still lacking (Korner and Nicklisch 2002; van Donk and van de Bund
2002; Leu et al. 2002; Mulderij et al. 2007). Nevertheless, phytoplankton inhibition may play an

important role controlling the amount of carbon released by phytoplankton available to bacterial
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utilization, besides also direct effects of macrophytes on bacterial metabolism through nutrients and
carbon source/sink are known (Huss and Wehr 2004; Stanley at al. 2003; Rooney and Kalff 2003). In
contrast, or results showed a lack of direct effect of macrophyte coverage on bacterioplankton. A
possible explanation could be a potential metabolization capability of allelopathic inhibitory
compounds released from submersed macrophytes by heterotrophic bacteria (Gross et al. 2007), which
leads to an indication of primary inhibition of phytoplankton.

Intriguingly, phytoplankton also showed a tendency to play a negative effect (marginally
significant) on EUB%. A high proportion of inactive cells (therefore less detectable as EUB%) could
be expected in systems with highly selective grazing pressure, i.e., when large, active cells are cropped
at higher rates, which results in a high proportion of inactive cells (Cole 1999). However, since ciliate
abundance was not an important factor for bacterial assembly and morphotype similarity,
phytoplankton competition (Cotner and Biddanda 2002) can be also a possible explanation for this
unexpected result. In fact, for values below 1,0 mgC.L" of phytoplankton biomass, the relationship
between the latter with EUB% turns out to be positive, even tough still non significant (data not
shown).

Since we assume macrophytes as major predictors in our lakes data set, another possible
explanation, but rather more speculative for differential distribution of phytoplankton and
bacterioplankton along spatial scales could be an yet unassessed role of macrophyte biogeography
itself, resulting in site-specific composition that could contribute to differences in bacterial response,
since species-specific production of allelopathic compounds by macrophyte have been reported and
taxon-specific response by either phyto- and bacterioplankton have been suggested (Huss and Wehr
2004). One of the implications of this small scale interaction between macrophytes and phytoplankton
is an emerging understanding that large lakes (like Magueira lake), at least in our subtropical areas, are
actually a mosaic of small lakes (Fragoso et al., submitted) synchronically dependent on wind driven
hydrodynamics (Cardoso and Motta-Marques 2007).

In a context of macrophyte/phytoplankton interaction occur, it seems reasonable to assume that
bacteria will track on this interaction, specially in shallow lakes where continuous climatic and aging
dynamics determining different ratios of littoral to pelagic zone ratios may occur. This could represent
a potential metabolic zonation for bacterioplankton, with different assemblies being kept apart inside of
the same lake, which has important implications for diversity sampling designs, as a mosaic of
metabolic situations is also likely to occur. This is the opposite of the proposed aquatic community

synchrony in temperate lakes (Kent et al. 2007).
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4.3 Short chemical gradients supported by macrophytes

Despite the range in size and proximity, our lakes under study are very similar in nutrient
contents at first view (TP and TN, see Table 1), which in turn is an indicative of trophic homogeneity.
Although, similarity of TN:TP was associated with bacterial morphotype diversity. These nutrients are
known to play an important role in the macrophyte-phyto-bacterioplankton interaction (Huss and Wehr
2004 and references therein). Moreover, ratios that have been reported to vary along trophic gradients
influenced significantly bacterial similarity, either assembly and morphotype. The relative participation
of inorganic nutrients (assessed here as DOC:PO4 and DOC:NOjs ratios) and particulate organic matter
(DOC:TOC) tends to increase (lower ratios) along the trophic gradient, while the bacterial biomass
relative to phytoplankton (B:P Biomass ratio) decreases (Cotner and Biddanda 2002).

So, this is an indication that the short trophic zonation (in terms of phytoplankton biomass)
generated in gradients of littoral macrophyte dominance to pelagic phytoplankton dominance may be
variable enough to provoke bacterial physiological response (Wetzel 1992).

In effect, a truly chemical zonation in Mangueira lake has been observed, as systematic
differences in pH have been already observed between littoral vegetated and unvegetated zones (Fig.
12), very close to each other. Macrophytic leachates may present a set of organic acids that have effects
on pH and bacterial metabolism (Farjalla et al. 2001).

Responses of bacterial morphotype similarity to similarity of the other factors also can be
attributed to macrophyte influence. Alkalinity is linked to pH (Wetzel and Likens 2000); Water colour
is a function also of the dissolved organic carbon (Wetzel and Likens 2000) released by macrophyte

along with humic compounds, as we observed in the lakes (unshown results).
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Fig. 12 pH records in 25 points of margin, vegetated areas, and pelagic, littoral unvegetated areas in Mangueira lake,
October 2007. The two zones significantly differ: F =326,08 p<<0,0001 n =50.

These chemical zonation triggered by macrophyte presence in terms of specific composition
and biomass in small water bodies has been investigated recently (Joniak 2007). Our results are totally
in accordance with their findings. They have reported a consistent effect of macrophytes on water
chemistry and stated this as a cause of the formation of specific microecosystems within small water
bodies (Joniak 2007).

The structuring role of aquatic macrophytes is not a new issue for other organisms. Among their
effects are the above cited phytoplankton, zooplankton and fish density and composition control
(Schriver et al. 1995; Scheffer and Jeppesen 1997) along with effects in nutrient availability
(Sendergaard and Moss 1997) and specifically vegetated littoral zones have been linked to structure
cladocerans (Burks et al. 2001). This work intends to consider this zonation also a possibility for
bacterioplankton and we have some indication that at least some kind of metabolic zonation occur,

even in small lakes considered here (13ha).

5 Conclusions

Our data support the hypothesis that our assembly composition assessed by FISH was

influenced by cell activity, rather than by a biogeographic background. Local factors were considered
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as a primarily cause for this pattern, for bacterial similarity measures (both assembly composition and
morphotype distribution) were highly associated with environmental similarity and the latter highly
related to lake size similarity and geographic distance. These local factors, at their turn, are
hypothesized to be triggered by the zonation of macrophytes and phytoplankton dominated areas inside
the lakes. This was further evidenced by chemical gradients of nutrients and organic carbon. Further
approaches with higher taxonomic resolution are needed to verify if this zonation determines also

distinct compositionally and functionally bacterial assemblies.
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5. CAPITULO 2

5.1 Apresentacao

A partir da constatacdo da importancia de fatores locais, especialmente da possivel presenca de
habitats, estes por sua vez caracterizados pela dominancia de macroéfitas ou fitoplancton, responsaveis
pela determinagdo de diferentes estados metabdlicos para o bacterioplancton, o presente trabalho
buscou investigar a transicdo continua de varidveis bacterianas ao longo de um gradiente de
dominancia de produtor primdrio partindo do litoral (dominancia de macroéfitas) em direcdo a zona

pelagica (dominancia de fitoplancton) no terceiro maior lago da planicie costeira do Rio Grande do Sul.
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Bacterioplankton assembly responses to a gradient of macrophyte to
phytoplankton dominance in a large coastal subtropical shallow lake

2 Artigo redigido de acordo com as normas da revista Aquatic Ecology (ANEXO)
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Abstract Gradients of littoral covered by macrophytes to pelagic zones dominated by phytoplankton
occur in shallow lakes, but mainly separate effects of these components have been evaluated. This
zonation may structure planktonic organisms, but continuous responses of bacterioplankton remain
unknown. In these study, we focused in a gradient of primary producer dominance bacterioplankton for
metabolism and diversity in a large subtropical shallow lake, along with a broader data set comprising
other plankters abundance and limnological variables. Our results showed an expected consistent
gradient of primary producer dominance that triggered a chemical gradient mainly for phosphorus,
humic substances, pH and Alkalinity. Biological responses to this gradient indicated that different
planktonic assemblies live apart in these two zones, driven by inhibitory effect of macrophytes. These
results highlight the importance of small, local scale factors in bacterial regulation, and moreover

indicate that the well known structuring role of macrophytes apply also to bacteria.

Key-words: macrophytes; phytoplankton; gradient; bacterioplankton; coastal shallow lakes.
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1 Introduction

Macrophytic vegetation is a conspicuous feature of shallow lakes, once they present low ratios
of pelagic to littoral areas. Besides recognition that macrophyte distribution in lakes creates habitat
patchiness, little is known about how these different lake habitats contribute to whole lake metabolism
(Wetzel 1992; Lauster et al. 2006). This acknowledgment is in accordance with an increasing calling
for evaluating also other compartments of the lake, given the skewness caused by excessive pelagic
focus of previous works (Vadeboncoeur et al. 2002). In fact, the assumptions about the role of bacteria
as a link of primary producers to other trophic levels have been long biased by assumption made upon
phytoplankton-dominated systems (Findlay et al. 1991)

In areas where macrophytes are established, they may develop an antagonistic effect on
phytoplankton and vice versa. The explanations for this general pattern include competition for light,
effect of macrophytes on hydrodynamics and release of allelopathic substances (Scheffer et al. 1993;
Scheffer and Jeppesen 1997; Sendergaard and Moss, 1997; Kdrner and Nicklisch 2002; van Donk and
van de Bund 2002; Leu et al. 2002; Mulderij et al. 2007). One of the implications of this interaction is
the occurrence of short, local gradients of primary producer dominance that shifts from a littoral
dominance by macrophytes to a pelagic zone dominated by phytoplankton. This can be interpreted in
terms of some phytoplankton abundance measure as short, slight trophic gradients.

The recognition that patterns of primary producer dominance occurs has important implications
for whole lake metabolism. Despite general understanding that bacterioplankton diversity and
metabolism tightly relies upon algal primary productivity (e.g. Cotner and Biddanda 2002; Horner-
Devine et al. 2003), evidence accumulates that phytoplankton derived organic carbon is in many cases
a minor source for the system. Macrophytes can provide directly and indirectly (through support of
epiphytes) manifold higher amounts of dissolved organic matter compared to the algae (Wetzel 1992).
In fact, bacteria, as the major users of dissolved organic matter and greatly responsible for its cycle in
aquatic systems (Miinster and Chrost, 1990; Cole 1999) has been proven to present varied reliance on
phytoplankton substrates (Garnier and Benest 1990; Karlsoon et al. 2002), reports on uncoupling
between bacterial and primary production are well documented (Chrzanowski and Hubbard 1989;
Findlay et al. 1991; Simon et al. 1992; Robarts et al 1996; del Giorgio et al. 1997; Duarte and Agusti
1998; Fischer and Pusch 2001; Kritzberg et al. 2005). Indeed, although macrophytic derived organic
matter tends to be proportionately more refractory than the algal, an overall dependence of bacteria on
this carbon source could be explained in terms of the large amounts of organic matter derived from this

source (Wetzel 1992).
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Effects of macrophytes on bacterioplankton are not yet fully understood, but several reports on
their isolated effects are already available. Macrophytes may also liberate allelopathic compounds that
either directly or indirectly inhibits bacteria, in the second case through primary phytoplankton
inhibition (Scheffer and Jeppesen, 1997; Korner and Nicklisch, 2002). Additionally, photochemically
transformation of derived organic leachates from macrophytes can actually enhance (Farjalla et al.
2001) or inhibit (Anesio et al. 2000) bacterial metabolism, as well as potentially the whole food web
with further implications for bacteria (Lange et al. 2003; Daniel et al. 2006).

General assumptions of phytoplankton control of bacteria apply to metabolism, namely
bacterial production and bacterial growth efficiency (e.g. Kamjunke et al. 1997; del Giorgio and Cole
1998). Recently, phytoplankton have been found to synchronize bacterial responses to extrinsic factors
such as meteorological (Kent et al. 2007). At the other side, at high algal biomass, competition for
nutrients and reduced extra-cellular carbon release can be detrimental to bacteria (Cotner and Biddanda
2002)

Since studies on the influence of macrophytes and phytoplankton have been carried isolated, an
important feature that remains unaddressed is how is the behavior of the continuous change from a
densely macrophyte littoral zone to a pelagic, phytoplankton dominated zone and specially the
question: this gradient more likely drives metabolic adaptation or bacterio- and phytoplankton
community composition change? In order to verify this question, we have chosen a large, subtropical
shallow lake influenced by massive wetlands, located in south Brazil. Wetland-lakes interfaces are very
interesting spots to look at this transition of primary producer dominance in small scales, because
natural experimental conditions are available to be tested. For that, our hypotheses were: I) there is a
consistent gradient of macrophyte to phytoplankton dominance from margin towards pelagic area in
this lake and II) this biological gradient is the triggering force that ultimately affects planktonic

organisms, namely bacterioplankton.
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2 Material and Methods

2.1 Sampling site and approach

The sampling site chosen was a large, coastal shallow lake (80.800ha) in Rio Grande do Sul
state (Brazil ~ 33°31°22”S 53°07°48”W). Since our hypothesis was to test marked changes in main
carbon source of primary producers, sampling was carried in a transect from densely vegetated littoral
area (margin covered either by emergent and submerged aquatic macrophytes) to a pelagic,
phytoplankton dominated area, assuming this as a natural experimental situation. The lake is influenced
by several wetlands, and this particular littoral area sampled is boundered by a large belt of wetland
(Figs. 1 and 2)

The transect had a length of approximately 3200m comprising seven sampling points (Fig. 2).
Samples were taken superficially in several separated triplicate bottles and handled in a near shore

laboratory for immediate analysis, incubation methods, and fixation.

-53027’ -52°12’
' - -32°43’
N
Mangueira Lake
South

Atlantic

Study area Ocean
-33°34’

0O s 23 km I

Fig. 1 South Mangueira lake, coastal large lake in Rio Grande do Sul state, Brazil
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Fig. 2 Transect in detail from a densely vegetated littoral zone (sampling stations A-C or 1-3) to a phytoplankton
dominated pelagic zone, where no macrophytes are established (sampling stations D-G or 4-6) in Mangueira Lake, Rio
Grande do Sul, Brazil. Total length ~3200m
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2.2 Variables ssessed

2.2.1 Limnological variables

Gran titration Alkalinity (Alk) and pH were assessed through potentiometric methods (Wetzel and
Likens 2000). Water colour (Col), Turbidity (Turb) and Humic Substances ratio (HS ratio) were
determined through readings at 430, 750 and the ratio 250:365nm, respectively, using a lecm quartz
cuvette in spectrophotometer (Varian Cary 1E). High HS ratios mean proportionally more small size
dissolved molecules, and therefore less refractory substrates (Strome and Miller 1978). Total Solids
(TS) was assessed gravimetrically by water evaporation in porcelain dishes (APHA 1999) and
Dissolved Organic Carbon (DOC) was determined in a Total Organic Carbon Analyzer (Shimadzu
5000), assumed to be the fraction that passed through a 450 °C pre-combusted glass fiber filter
(Macherey-Nagel GF6 - 0,6 um average particle retention size).

2.2.2 Nutrients

Total Nitrogen (TN), Nitrate (NO;-N), Nitrite (NO,-N), Ammonium (NH;3'-N), Total
Phosphorus (TP) and Orthophosphate (PO, -P) were colorimetrically determined following
(Mackereth et al. 1989).

Silicate (SiO,) was quantified through photometric method (Si Merck Spectroquant® kit for

silicates -silicilic acid).

2.2.3 Primary producers

Phytoplankton samples were collected trough filtration of 20L of each sample in a 20 um mesh
sieve and fixed in formaldehyde solution (4% vol:vol). Samples were stored in dark and room
temperature until analysis (Wetzel and Likens 2000).

Density was determined in Sedwick-Rafter chambers (APHA 1999) with countings of at least
100 individuals of the most abundant species under inverted microscope. The results were expressed in
ind.mL™".

Biomass was also determined in Sedwick-Rafter chambers (APHA 1999), through the counting
of at least 20 individuals (when possible) from each species and their biovolume determination (Sun
and Liu 2003; Hillebrand et al. 1999). Fresh biomass (mm?3L"' = mg.L™") was estimated multiplying
biovolume by density of each taxon. Fresh biomass was further converted into carbon biomass by

empirical conversion factors (Wetzel and Likens 2000).
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Community composition of phytoplankton was determined for major groups according to van
den Hoek et al. (1998).

Chlorophyll a was quantified through cold ethanol extraction method (Jespersen and
Christoffersen, 1987).

Primary production was estimated with the radiolabeled sodium bicarbonate (NaH'*CO;)
method (Wetzel and Likens 2000). For each sampling point, BOD glass bottles (100mL) (comprising 3
dark, 3 light and 3 initial, totalizing 9 bottles per point) were filled with lake water and radiolabeled
bicarbonate (8,0uCi/mL, final concentration). Incubation lasted 4hs by noon and was carried
superficially in situ (~ 0,5m depth, margin area) with bottles tied to floating PVC pipe squares (1m?)
(one for dark, and the other for light bottles). Interruption of the activity of initial and incubated bottles
was achieved with the addition of 1mL of formaldehyde (final concentration 0,4% ,1:100 vol:vol). The
bottles were then kept in the dark and under refrigeration until processing. For reading, scintillation
liquid Optiphase HiSafe I1I (Wallac) was added to the samples and the beta particle emission countings
was carried in a Rack Beta Liquid Scintilation Counter (LKB Wallac 1209) for 600s twice. Results
were calculated in mgC. m™.h™". (Wetzel and Likens 2000).

For aquatic submersed macrophytes, the PVI (Percentual of Volume Infested) was obtained by
multiplication of the estimated visual coverage (Braun-Blanquet 1964) of the plant by its length and
dividing it by the local water depth (Canfield 1984).

2.2.4 Bacterioplankton

Samples for cell counting, biovolume, biomass and morphotypes determination were first pre-
filtered in quantitative paper (MN 640d Macherey-Nagel — average particle retention size 2,0 to 4,0
pm) in order to exclude other organisms than bacteria and then fixed in 4% formaldehyde (vol:vol) in
polyethylene bottles in the field and stored in the dark and refrigerated until analysis.

In the laboratory, 2mL of each sample was filtered (<5,0 kPa) in a Vaccum Manifold Filtration
Tower (Millipore) with ImL of Mili-Q water (0,2 um filtered) to improve cell dispersion. Cells were
concentrated in 0,2um black polycarbonate membranes (GE). Approximately ImL of a 10%
(weight:vol) acridine orange stain was added to the filters for 5 minutes. They were then washed with
Mili-Q water and air dried. Filters were mounted in slides with mineral oil (Nujol), being processed
within 3 days because of quickly faint of acridine. A total of 10 images were captured per filter and
image processing was carried on six of them with the help of an image grab system. We employed a
refrigerated camera (MOTIC 5000) coupled to an inverted epifluorescence microscope (Olympus

[X70). Image capture (MOTIC Image 3.2) and processing followed Massana et al. (1997) with the help
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of the Freeware Image Tool (v.3.00). Once the images were processed and binarized, they were
submitted to CMEIAS/Image Tool (1.27) software for cell counting, dimensions determination and
morphotype classification (Liu et al., 2001).

Cell density was determined with the average number of cells in the 6 images and the cell
density equation described in Kepner and Pratt (1994). Bacterial biovolume (um™) was assigned to
each cell according to the morphotype (Massana et al. 1997), utilizing cell dimensions given by
CMEIAS/Image Tool (1.27), and the average calculated from all cells in all images. Bacterial biomass
(pgC content of each cell) was calculated employing an allometric function of biovolume (Norland,
1993), and the average from all cells in all images was multiplied to the cell density estimation to yield
the bacterial carbon concentration of the sample (ugC.mL™).

Morphotype distribution (Coccus, Spiral, Curved Rod, U-Shaped Rod, Regular Rod,
Unbranched Rod, Ellipsoid, Club, Prosthecate, Rudimentary Branched Rod and Branched Filament)
was reported percentually from the average of the lists of morphotypes given for each image by
CMEIAS/Image Tool (1.27).

Bacterial production (BP) was estimated with the method of (L[4,5-'H] radiolabeled leucine
and microcentrifugation. 11puL of leucine solution (~ 20 nmoles.L™”, specific activity of 65Ci.mmol™)
was added to 1700 pL of sample in Eppendorf vials (2mL). An initial vial was interrupted at the
beginning and the replicates for each sample were incubated for 30min with lake water at room
temperature (15-16 °C). Interruption of bacterial activity was done with the addition of 89uL of
concentrated trichloroacetic acid (TCA). Samples were then stored in the dark and under refrigeration
until processing. Samples were centrifuged three times and let to dry out for approximately one weak in
the fridge. Radioactivity counting was carried after addition of ImL of scintillation liquid (Optiphase
HiSafe I1I Wallac) to each vial and reading in a Rack beta Liquid Scintilation Counter (LKB Wallac
1209) during 180s twice. Calculations assumed intracellular isotopic dilution to be equal to 2, the molar
percentual of leucine in the proteic pool equal to 0,073 and the ratio carbon:protein to be 0,86. Results
were handled in pgCL™".h" (Simon and Azam, 1992; Kirchman, 2001).

Bacterial respiration (BR) was determined through the classic Winkler method (described in
Golterman et al. 1978) of oxygen consumption in dark bottles, with oxygen reading modified from
(Roland et al. 1999). Molar conversion factor between carbon and oxygen was assumed to be equal to
1,0 (del Giorgio et al. 1997). BR was isolated through pre-filtration of samples in the same manner as
described above. Incubation was carried in situ, in BOD darkened bottles suspended also as described

for primary production (above). Time of incubation was 120hs, because very low consumption rates in
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pilot tests did not allow oxygen consumption detection before 72hs. Results were expressed in pgCL"
!

Complementary to BP and BR, Bacterial growth efficiency (BGE) was calculated as
BGE = (BP)/(BP + BR) (del Giorgio and Cole 1998).

Bacterial phylotypic diversity was also evaluated with Fluorescent in situ hybridization (FISH).
This essay was the only not carried with replicates. Six oligonucleotide probes (UNISCIENCE)
complementary to a region of the 16S rRNA were used: Eub338R — domain Bacteria with its sub-
groups: Alf968 — a-proteobacteria; Bet42a — B-proteobacteria; Gam42a — y-proteobacteria; CF319a-
Cytophaga-Flavobacter and also a negative control non-complementary to any bacterial group
(Glockner et al. 1999). Samples were pre-filtered as described above and 2mL of each sample was
filtered on 0,2um polycarbonate membranes (GE) under low pressure (<5,0 kPa). Samples were fixed
in paraformaldehyde (4% weight:vol) phosphate-buffer pH 7,2 solution (max. 24h) and stocked frozen
at -15°C until hybridization essay. For this, each filter was divided in parts and each part was
hybridized (for 24hs at 46 °C) with 40 pL of one of each probe hybridization solution (NaCl 0,9 M;
Tris-HCI 20 mM (pH 7.2); Formamide 35% (CF319a) and 30% (other probes); EDTA 5 mM; Sodium
Dodecyl Sulfate 0,01% and 100 ng of oligonucleotide). For total cell counts DAPI stain was used
(20pg.mL™, for 5 minutes). Slides were mounted with mineral oil (Nujol) and processed within a week

(Pernthaler et al. 2001).

Image processing was done in Image Tool (1.27). A total of 10 fields per probe (filter part) were
processed in each filter, resulting in a total of 120 images (60 total DAPI counts and 60 labeled cells
counts) per filter. Autotrophic cells, although practically never present, were discounted whenever
detected. Group targeted density was calculated as the average of the mean countings of each probe
labeled cells per field subtracted from the negative control and as described for cell density estimation
above (Kepner and Pratt, 1994). Results were reported as percentage from group density data: a-
Proteobacteria, B-Proteobacteria, y-Proteobacteria and Cytophaga-Flavobacter assessed by their
specific rRNA targeted probes. Other Bacteria was computed as EUB338 probe labeled cells (total
Bacteria density) minus the sum (o + B + y-Proteobacteria and Cytophaga-Flavobacter). When this
sum was higher than EUB338 density, other Bacteria was considered equal to zero. Undetermined
groups computed as total DAPI counts (unspecific stain, total density) minus EUB338 counts or the

sum (a + B + y-Proteobacteria and Cytophaga-Flavobacter), whichever the highest.
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2.2.5 Zooplankton

Zooplankton samples were collected together with phytoplankton samples (above). In the
laboratory, samples were concentrated in the same sieve (20um mesh size) to 30mL and counted
integrally under inverted microscope in sedimentation chambers. Total density was reported as ind.m™.
Also a qualitative analysis was carried for major groups (Cladocera, Copepoda, Nauplii, Rotifera and

others) (Wetzel and Likens 2000).

2.2.6 Ciliates

For ciliates countings, 2L of sample were concentrated in a 20um (mesh size) sieve to 50mL,
fixed with lugol (9:1 vol:vol) and stored in the dark under refrigeration until analysis. Samples were
integrally counted in sedimentation chambers under inverted microscope and total ciliate density was

reported as ind.m™ (Wetzel and Likens 2000).

2.2.7 Derived variables

Derived molar ratios between variables were also considered, as there are a general consensus
about their change along trophic gradients (measured as chlorophyll concentration). DOC:PO4 and
DOC:NO; are considered as measures of proportion of organic to inorganic nutrients in the system,
which is assumed to decrease along trophic gradients. TN:TP, refers to the classical Redfield ratio; and
Bacterial to Phytoplankton carbon biomass (B:P ratio) was used as an approximation of the
dependence of bacteria on primary production, which tends to be higher in oligotrophic systems

(Cotner and Biddanda 2002; del Giorgio et al. 1997).

2.3 Statistical treatment

In order to better explore the continuous change of biological and limnological variables along
this type of gradient, we first employed a rather descriptive approach. Additionally, replicated
regression (Cottingham et al. 2005) was used to assess predictive power of macrophyte coverage and
phytoplankton biomass on limnological variables, zooplankton and bacterioplankton (R 2.6.2).

We further examined our hypothesis that margin and pelagic areas constitute different niches
using PCA (with correlation matrices) to verify wether sampling points cluster according to this
hypothesis (PAST v.1.80 (Hammer et al. 2001)). This method was chosen as there are strong
intercorrelations in the original data and variables responded rather linearly to the gradient (Gotelli and

Ellison 2004; Ramette 2007).

81



All data was z-score transformed prior to computations in order to achieve normal distribution
approximation and homocedasticity, once variables varied many orders of magnitude in their original
scales (Gotelli and Ellison 2004).

Graphic presentation was performed in Origin (v.6.0) and PAST (v.1.80). For data presentation,
we arbitrarily assigned macrophyte dominance and phytoplankton dominance areas in the graphics.
The former was assigned to stations 1-3 (A-C) until approximately half distance (750m) between
stations 3 and 4, comprising the small bay covered with macrophytes; and the latter was assigned to the

remaining transect, comprising stations 4-7 (D-G) and aquatic macrophyte uncovered, pelagic zones.
3 Results

A shift of primary producer dominance (macrophyte x phytoplankton) was markedly observed
along the transect sampled. Macrophyte coverage decreases from 100% in margin area to O in the
pelagic area, while phytoplankton biomass increases by more than fivefold. Chlorophyll a increased by
tenfold (range: 0,28 to 2,7 mg.L"), while primary production of phytoplankton followed the same
trend (range: 0,125 to 8,77 mgC.m>.h") . The observed transition from one dominance type to the
other, assumed here as the lines intersection between macrophyte and phytoplankton variables, was
approximately at 40% of aquatic macrophyte coverage for all phytoplankton measures, matching
reasonably well our arbitrary distinction between dominances (Fig. 3).

A gradient for chemical variables was observed along this transect. As a trend from margin to
pelagic zone, nutrients tended slightly to increase (TN, NO,-N, TP, PO,>-P and SiO,) along the
transect. There was also a decrease (NH3+—N and DOC: PO4-P) and a lack of evident trend for others
(NO3; N, DOC and DOC: NOs;-N). (Tablel). DOC showed, however. an important drop in

concentration after the interface zone (Fig. 6).
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Fig 3 Primary producer dominance shift assessed by macrophyte coverage (MC) and measures of phytoplankton biomass,
chlorophyll a concentration and primary production in a transect from a littoral zone to a pelagic zone in a large subtropical
coastal shallow lake. Standard deviations omitted for clarity. PP — primary production; Chla — chlorophyll a; MC —
submersed macrophyte coverage
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Table 1Nutrients, dissolved organic carbon and ratios between carbon and nutrients along a transect from a dense aquatic macrophyte dominated littoral zone to a
pelagic zone dominated by phytoplankton in a large subtropical coastal shallow lake. Standard deviations (n =3) in parentheses.

Macrophyte

Phytoplankton

dominance

dominance

SP Distance

from
margin

1 0
2 217
3 462
4 848
5 1248
6 1765
7 3216

TN

(ng.L)

637 (+£326)

579 (+141)
526 (£157)
734 (£306)
704 (+285)
744 (+203)

740 (£155)

NO;-N

(ng.L™)

27 (£0,5)
27 (+0,2)
36 (+2,9)
28 (+0,8)
27 (0,4)
27 (+0,2)

27 (£0,2)

NO,-N
(ng.L")
2,0 (£0,01)
1,9 (£0,08)
4,0 (2,7)
2,8 (£0,53)
3,0 (20,28)
3,0 (20,27)

3,6 (20,51)

NH,-N

(ng.L")

156 (+59)
108 (+48)
84 (+9)
81 (+3)
177 (+£126)
99 (+4)

126 (+25)

TP
(ng.L")
16,1 (+2,6)
10,7 (&1,1)
19,1 (£6,7)
22,1 (£0,4)
253 (0,5)
28,7 (£1,2)

37,9 (2,7)

PO,-P
(ng.L")

5,4 (£0,4)
4,6 (£0,6)
11,7 (&5.4)
13,3 (£1,9)
14,3 (£0,2)
16,4 (20,9)

19,7 (£2,4)

SiO,
(ngLh

2050 (£17)

1963 (£72)
2057 (+47)
2327 (51)
2383 (+38)
2450 (+40)

2490 (+£20)

DOC

(ng.L")

10956 (+£1506)

9709 (+809)
11947 (+501)
8983 (+1820)
7215 (£492)
14186 (£6496)

8693 (£1932)

DOC: POs-P

(mol:mmol)

16100 (£1004)

16674 (£2288)

9047 (£3212)

5513 (£1724)

3997 (+242)

6859 (+3196)

3457 (£396)

DOC: NO;-N

(mol:mmol)

2120 (£268)

1858 (£167)

1726 (£200)

1675 (£347)

1368 (+84)

2688 (£1209)

1651 (£357)

SP, sampling points; TN, total nitrogen; NO;-N , nitrate; NO,-N, nitrite; NH4-N, ammonium; TP, total phosphorus; PO,-P, reactive phosphorus; SiO, silicate; DOC,
dissolved organic carbon;
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Physical and chemical main limnological variables varied strikingly along this gradient of
primary producer dominance. Alk, pH, Turb, HS ratio and TS increased, while Col and N:P ratio
decreased (Fig. 4).

Macrophyte. Phytoplankton
dominance dominance

pH

_1)

Alkalinity

HS ratio Turbidity Colour
TS (250:365nm) (750nm) (430nm) (nEq.L

N:P ratio

T
0 500 1000 1500 2000 2500 3000 3500

Distance from margin (m)
Fig. 4 Gradient for main limnological variables in the transect from a littoral dominated by macrophytes to a pelagic zone

dominated by phytoplankton in a large subtropical coastal shallow lake. Bars represent standard deviations (n =3). HS ratio
— humic substances ratio (250:365nm); TS — total solids; N:P ratio (total nitrogen : total phosphorus ratio)
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Along with the chemical and physical gradient observed, biological responses were detected to
behave according to this gradient. Planktonic organisms presented a marked increase in their densities

in the pelagic area, except for ciliates, that decreased slightly (Fig.5).
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Fig. 5 Density of major planktonic organisms along the transect of a macrophyte dominated littoral to a phytoplankton
dominated pelagic zone in a large subtropical coastal shallow lake Bars represent standard deviations (n =3)

Bacterial metabolic variables also showed response to the gradient. Bacterial production ranged
from 0,12 to 0,36 ugC.L".h'1 and tended to be slightly lower in littoral zone, while respiration was
more erratic (range: 0,004 to 1,04 pgC.L™".h™"), first decreasing in margin area, and then increasing and
assuming a constant behavior along with bacterial production towards the pelagic zone. BGE was
higher in both areas, reaching its lowest value right after the interface zone and resembling DOC.
Bacterial biovolume and biomass were noticeably higher in phytoplankton dominated area (Fig. 6).

From the figures in Fig. 6 it can be drawn that an outstanding pool of carbon not utilized by
bacteria accumulates in the system. There is in average approximately 18.000 times more carbon

available than bacterial can consume (production + respiration) in a per hour basis.
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Fig. 6 Bacterial variables along the transect of a macrophyte dominated littoral to a phytoplankton dominated pelagic zone
in a large subtropical coastal shallow lake. Bars represent standard deviations (n =3). BP — bacterial production; BR —
bacterial respiration; DOC — dissolved organic carbon; BGE — bacterial growth efficiency; BBv — bacterial biovolume; BB —
bacterial biomass

Not only metabolic variations were found to behave as a function of this gradient, but also the
relative distribution of major planktonic groups responded to this shift of primary producer dominance.
Zooplankton becomes dominated by cladocerans while phytoplankton by Cyanobacteria and diatoms
along the gradient. For bacterioplankton there are an increase in bacterial cells percentage and cocci
forms, that dominates the samples in the pelagic zone (>80%) (Fig.7).

When tested for their predictive power against limnological, zooplankton and bacterioplankton
variables, MC was a better predictor for these sets when compared to phytoplankton biomass. Among
main limnological variables, TP, pH and Alk were confirmed to significantly decrease with macrophyte
coverage. Total zooplankton and cladocerans density were strongly negatively affected, while rotifers
and nauplii density were strongly positively associated with macrophyte coverage. When significantly
associated with both MC and phytoplankton biomass, in almost all the cases the association was higher
with MC. Bacterial density, biovolume, biomass and percentage of coccus decreased significantly with

MC, while B:P ratio increased with phytoplankton biomass (Table 2).
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Fig. 7 Major groups percentual distribution of Zooplankton, Phytoplankton and Bacteria (phylotypes and morphotypes)
along the transect of a macrophyte dominated littoral to a phytoplankton dominated pelagic zone in a large subtropical
coastal shallow lake. Standard deviations (n =3) omitted

PCA plots of the sampling points separated by limnological, primary producers, zooplankton
and bacterioplankton variables were good explanatory tools as they accounted for always >70% of the
cumulative variance for first and second principal components. Outputs showed moderate agreement
with the clustering of littoral and pelagic sampling points, and also confirmed the trends of the

variables formerly stated (Fig. 8).
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Table 2 Replicated linear models (7 samplig points, 3 replicates per point) of limnological, planktological and bacterial

variables predicted by macrophyte coverage and phytoplankton biomass

Response variables

Limnological

Predictor variables

TN

TP

N:P

pH

Alk

TS

Col

Turb

HS ratio
DOC
DOC:PO,>
DOC:NOy

Zooplankton

Total density
Nauplii
Cladocera
Rotifera
Ciliates

Bacterial

Density
Biovolume
Biomass
Production
Respiration
BGE

B:P ratio
Coccus (%)

Macrophyte Coverage Phytoplankton Biomass
R’ p Significance R? p Significance
0,079 0,216 ¥ 0,059 0,029 *
-0,674 5,06x10° ok 0,400 0,002 *
0,337 0,005 * -0,177 0,057 +
-0,737 6,46x107 ok 0,895 0,002 *
-0,876 4,71x10"° ok 0,461 0,0007 ok
-0,368 0,0036 * 0,577 0,014 *
0,782 1,07x107 ok -0,331 0,006 *
-0,628 1,86x107 ok 0,843 4,44x107 ok
-0,109 0,143 + 0,113 0,136 +
0,008 0,701 ¥ 0,095 0,174 +
0,777 1,32x107° Hokok -0,175 0,059 T
0,003 0,808 + 0,176 0,059 +
-0,723 1,05x10° ok 0,580 6,07x107 ok
0,886 213x107'° Hokok 0,411 0,0017 *
-0,901 5,22x10™" Hokok 0,415 0,0016 *
0,865 1,03x107 ok -0,451 lezD 0,0008 ok
0,688 3,31x10° ok -0,335 0,006 *
-0,365 0,0043 * 0,230 0,027 *
-0,560 3,96x107 Hokok 0,369 0,003 *
-0,450 0,0003 ok 0,269 0,016 *
-0,011 0,656 + 0,035 0,418 +
0,079 0,218 + 0,0005 0,924 +
0,012 0,640 ¥ 0,0006 0,916 +
0,370 0,0035 * -0,430 0,0012 *
-0,843 4,58x107 ok 0,478 0,0003 ok

1- (TN) total nitrogen; (TP) total phosphorus; (N:P) total nitrogen: total phosphorus; (Alk) Alkalinity; (TS) total solids; (Col)
water colour; (Turb) Turbidity; (HS ratio) humic substances ratio; (DOC) dissolved organic carbon; (PO,”) reactive
phosphorus; (NO5") nitrate; (BGE) bacterial growth efficiency; (B:P ratio) bacterial biomass:phytoplankton biomass ratio;
(Coccus %) percentual of the morphotype coccus in the sample.
2- Significance adopted at a = 0,05; (*) - significative (a0 <0,05); (**) - highly significative (a0 <0,001); (***) — strongly
significative (o <0,0001); (1) - non significative; (i) - invalid regression model; (°€**Dy model valid after transformation.
Each regression with 1 and 19 degrees of freedom
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Fig. 8 PCA biplots of the 7 sampling points (for clarity represented ordered as A-G , in triplicates). (Limnological): Sil - silicate, TN — total nitrogen,
TP — total phosphorus,

Ort - reactive phosphorus, Nit - nitrate, N:P — total nitrogen:total phosphorus ratio, pH, Alk - Alkalinity, Col — water colour, Turb - turbidity, HS — HS
ratio, TS — total solids. PC1 — 59,34% and PC2 — 14,5%. (Primary producers): PVI — macrophyte coverage, PP — primary production; PBm —
phytoplankton biomass; PD — phytoplankton density; Chla — chlorophyll a. PC1 — 74,72% and PC2 — 15,89%. (Zooplankton): ZD — zooplankton
density; Cop — copepods; Naup — nauplii; Clad — cladocerans; Rot — rotifers; Cil — ciliates. PC1 — 82,43% and PC2 — 8,54%. (Bacterioplankton): BD —
bacterial density; BBv — bacterial biovolume; BBm — bacterial biomass; BP — bacterial production; BR — bacterial respiration; BGE — bacterial growth
efficiency; CC — coccus percentage; RR — regular rod percentage; CR — curved rod percentage. PCl1 — 54,57% and PC2 - 16,17%
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4 Discussion

As expected for our first hypothesis, a consistent gradient of alternance of macrophyte to
phytoplankton dominance was found along the transect sampled. This was consistent with the
former proposal of the presence of multi-scale gradients of primary production in shallow lakes
(Wetzel 1992) and spatial patchiness (Fragoso et al., in press).

The main importance of the formation of these biological gradients is that chemical,
physical and metabolical gradients are generated (Wetzel 1992). Macrophytes are good competitors
for nutrients, (Huss and Wehr 2004; Rooney and Kalff 2003), specially phosphorus (Barko and
James 1998). This element has received a lot of attention giving its common association with
macrophyte presence (Wetzel 1992). Still, it is yet a poorly understood subject (Rooney and Kalff
2003).

Our results showed a consistent negative effect of macrophytes on most of nutrients
concentrations along the transect. As far as phosphorus is concerned, one first attempt to associate
lower metabolic responses of bacteria with area margins could be assuming phosphorus deprivation.
This pattern of phosphorus limitation caused by macrophytes has been reported elsewhere (Huss
and Wehr 2004).

Nonetheless, nutrient deprivation does not seem to be the case. A survey in seven brazilian
lakes presented total phosphorus concentration quite similar and dissolved organic carbon
concentration all lower to that found for Mangueira lake. Though, they supported much higher
primary production (range for superficial samples: 3,0 — 523,5 mgC.m™>.L") and a fivefold higher
bacterial production (range for superficial samples: 0,5x107 to 1,84 pgC.L™"h™") (Petrucio et al.
2006) than what we found in the present study. Further supporting evidence comes from another
recent report on 10 lakes in Winsconsin (USA). Also similar values of total phosphorus and DOC
were associated with a range of bacterial production from 0,05 to 1,01 pgC.L".h" (recalculated
from Kritzberg et al. 2005), a threefold figure compared to our maximal bacterial production
estimate. When compared with a broader data set, bacterial production was confirmed to be far
below minimal values reported for other warm, shallow lake (9,0 pgC.L".h" in Chrzanowski and
Hubbard, 1989).

Bacterial production is better interpreted in terms of BGE, since production itself says little
about the amount of bacterial carbon that enters the trophic web and at the other side that is lost
through respiration. Moreover, it is known that BGE increases with productivity, and low values of
BGE are related to high maintenance costs of low concentrations of DOC and nutrients (del Giorgio
and Cole 1998). If one assumes that productivity increases in direction of increasing algal biomass

and also towards increasing macrophyte coverage (Wetzel 1992), BGE pattern found was consistent
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with the hypothesis that BGE increases with productivity. Furthermore, in our data set, BGE
resembled DOC behavior along the gradient, what is consistent with the previous assumption.

Stanley at al. (2003) found little influence of macrophytes on bacterial productivity
zonation, but in contrast estimated that macrophytes could provide numbers as high as 96% of total
carbon supply for bacterial production. This apparently contradiction with our findings arises from
the fact that their study site constitutes a pond, below lha, and a very small pelagic zone which
prevents phytoplankton growth. This suggests higher horizontal homogeneity and consequently
unlikely detectable zonation.

Putting all together, even tough substrates (nutrients and carbon) are not limiting for
bacterial and algal primary production, a macrophyte mediated inhibition can operate trough release
of allelopathic and by humic substances, which was found to be two times higher in the macrophyte
dominance area. Nevertheless, the fact that BGE in littoral zones is as high as in pelagic areas is
apparently in contradiction with the early supposition that bacteria would be inhibited by
macrophyte presence, since a higher BGE in pelagic zones was expected, once BGE high reliance
upon algal derived DOC has been shown by Kritzberg et al. (2005). This could be derived by the
fact that BR is also very low for all data records, what could be by itself further evidence of
bacterial inhibition.

Organic acids originated by macrophyte leachates (Farjalla et al. 2001) can be one of the
explanations for the pH and Alkalinity consistently lower in macrophyte areas. Since this lake is
from marine origin and has depositions of carbonated shells, pH values have been recorded in this
lake as high as 9 in pelagic areas (unshown results). Only high loadings of organic acids could
explain such an effect on pH.

Two possible ways of negative effects of macrophytes need to be discriminated here, since
type of macrophyte (emergent, floating or submersed) can play a different role in biological
inhibition. Submersed macrophytes have been linked to the production of allelopathic compounds
(Leu et al. 2002; Gross et al. 2007; Korner and Nicklisch 2002; van Donk and van de Bund 2002;
Leu et al. 2002; Mulderij et al. 2007), while emergent macrophytes, for their structural tissues,
possess relative amounts of lignified and cellulosic tissues that resemble more terrestrial plants,
specially emergent macrophytes. As a consequence, organic leachates from these macrophytes are
rich in humic substances (Wetzel 1992).

Another further evidence that humic substances can be an important factor in Mangueira
Lake is the fact that even tough one of the largest lakes in Brazil, which determines a lower ratio of
littoral to pelagic zone compared to smaller lakes, the massive presence of wetlands dominated by
emergent macrophytes determine at least four times more humic substances concentrations, as

assessed by HS ratio, when compared to other lakes already surveyed also in Rio Grande do Sul
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state (Haig-They et al. in preparation) or other systems in Brazil (Amado et al. 2006). Effectively,
the combined indication of low bacterial production and respiration values with the large pool of
carbon available shows that inhibition of bacteria can be larger than at first view may seem, because
even in the pelagic zone, bacterial utilization of primary production algal- derived carbon never
exceeded 4%. This weak coupling between bacterial and algal production have been reported and
among the explanations are allochthonous sources of carbon to bacteria, but macrophytes have been
considered as important non algal autochthonous source of carbon also (Findlay et al. 1991).

We were expecting to find a higher carbon concentration in the littoral zone, driven by the
hypothesis that macrophytes are more productive than phytoplankton (Wetzel 1992). Indeed, carbon
concentration showed an abrupt drop in concentration after the transition zone, what indicates that
dissolved carbon production is higher in well defined dominance area. Since this is a wind-
governed system (Fragoso Jr. et al., in press), and additionally the water masses move northwards,
as the only point where the water leaves the system is in the northern part of the lake, it is expected
that part of the carbon derived by macrophytes enters the pelagic zone. This is also in accordance
with an extended chemical effect of macrophytes on bacterioplankton, since the pelagic zone
sampled is in the dispersion direction of the water masses that come from the wetland in the south.

Important structural changes in planktonic organisms were observed along the transect. For
rotifers and nauplii, there seemed to be either a neutral or a positive effect of the humic substances,
for they practically only occur at margin sites. They either probably not depend strictly on bacterial
biomass, because they do not respond to increasing in bacterial abundance along the gradient or
they do control bacterial numbers in margin areas, but do not increase in numbers in pelagic areas
because of increasing predation. Other possible explanation would be that this are spawning areas
or refugia for them. For daphnids, however, active avoidance of macrophytes seems to occur in
subtropical lakes (Meerhoff et al. 2006). Cladocerans did increase along the transect, primarily by
macrophyte inhibition, since their density is more associated with macrophyte coverage, but also as
a function of algal biomass increase. This can be viewed by the fact that zooplankton and
phytoplankton densities are tightly coupled and most of zooplankton density is a function of
cladocerans dominance in pelagic area.

Experimental evidence support that macrophytes cascading effects ultimately affect
microbial organisms first structuring metazooplankton, specially daphnids and rotifers (Jiirgens and
Jeppesen 2000). Macrophyte chemicals can reduce reproductive success of Daphnia (Burks et al.
2000), but previous report on a minor role of macrophytes in horizontal distribution of cladocerans
exists (Lauridsen et al. 2001), what is inconsistent with our data. This needs to be further
investigate, since this study was done in arctic lakes, and latitudinal differences arise as an

important factor to be taken into account.
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For phytoplankton, Cyanobacteria dominance in the pelagic zone is in accordance with the
expectation with increasing phosphorus concentration, since under permanent turbulence (wind
governed, like Mangueira), like in shallow, unstratified lakes, this group can be a normally
dominant r-strategist, specially in high pH values and low N:P ratios, that is the case in the pelagic
area (Steinberg and Hartmann 1988). Dominance by Cyanobacteria have been already reported for
Mangueira Lake (Crossetti et al., 2007).

Like zooplankton and phytoplankton patterns, instead of a gradual behave of the bacterial
assembly along the transect, what was observed is that probably two distinct assemblies live apart
in this very short scale. This can be visualized by the phylotype distribution. There are very low
countings of Bacteria in margin area, and this proportion is first hampered in the interface zone, and
then reaches a relative stability of the groups in the pelagic zone. Report on responses of taxon
richness for a- , B-proteobacteria and Cytophaga Flavobacter along a primary productivity gradient
predicts that o-proteobacteria has U-shaped pattern, - proteobacteria exhibits no patterns, and
Cytophaga Flavobacter presents unimodal response (Horner-Devine et al. 2003). We have not
assessed such a low taxonomic resolution, but in our results showed a unimodal behavior of a-, 3-
and y-proteobacteria, with higher abundance around the interface zone. It is not possible to
distinguish between taxon richness or simply abundance effect, given the low resolution of the
probes employed, but we rather hypothesize these interface zone as an important spot to be also
looked at when addressing microbial diversity questions.

Bacterial morphotypes also show a consistent shift to an increase in coccus forms in pelagic
area, what can be predicted from a competition with phytoplankton model (Cotner and Biddanda
2002; Danger et al. 2007). Increasing in coccus forms have been found to be associated with more
eutrophic areas, given the higher ratio of surface:volume, which enhances competition for nutrients
capability of bacteria (Racy 2004).

Higher ciliate density can be another explanation for lower bacterial density and biovolume
in margin areas (Pace and Cole 1994), but low metabolism matches better with chemical inhibition
and with competition with phytoplankton, because peak of bacterial abundance does not coincide
with peak of phytoplankton abundance. Nonetheless, a higher cascading effect of zooplankton on
microbial organisms and phytoplankton in littoral zone has been hypothesized to occur in highly
vegetated lakes (Jeppesen et al. 2002), since there are reports on influence of cladocerans on
bacterioplankton, either directly through bacterivory (Kamjunke et al. 1997) or indirectly through
grazing on bacterivorous flagellates (Sanders and Porter 1990), especially for Daphnia, genus that
occurs in the Mangueira Lake.

Since macrophyte coverage turned to be a better predictor for many limnological and

biological variables than phytoplankton biomass, and there is consistent evidence that macrophyte
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covered littoral areas and phytoplankton dominated pelagic areas may constitute niches apart for
rather ubiquitous plankters, it is reasonable to state that the general assumptions of horizontal
homogeneity made in previous sampling designs can lead to important bias when working with
metabolism or even diversity of organisms. This was further confirmed by PCA plots, that
separated better limnological variables and showed a trend to separate bacterioplankton and
phytoplankton variables, according to these zones.

Another important way that aquatic macrophytes can structure bacterioplankton is through
influence on the ratio of bacterial to phytoplankton biomass (B:P Biomass), since at low values of
this ratio competition with phytoplankton (Cotner and Biddanda 2002) can determine inadequate
conditions of bacterial metabolism. In a previous work, bacterial assembly similarity assessed by
FISH with the same phylotypes employed in the present data for Mangueira Lake were carried in
nine lakes (13-222 ha) of the coastal plain of Rio Grande do Sul state. This technique has been
argued to be linked also to physiological status of the cells, rather than diversity itself (Bouvier and
del Giorgio 2003), what was corroborated by this work for these lakes (Haig-They et al., in
preparation). Increasing in B:P Biomass ratio similarity increased significantly bacterial assembly
diversity assessed by FISH in comparisons between littoral zones (R? =0,59 n =45 p<0,0001) and in
comparisons between littoral and pelagic zones (R* =0,34 n =81 p =0,0016), but not between
pelagic zones only (R* =0,20 n =45 p =0,18 ). These results may be explained on the basis that in
pelagic zones the influence of macrophytes on phytoplankton biomass is lower and therefore
pelagic zones tend to be relatively homogeneous across the lakes for this variable. When the
similarity between littoral and pelagic zone of each lake was compared to our sampling stations, an
interesting pattern was found (Fig. 9). All littoral and pelagic zones had striking little resemblance
of assembly composition with station C, that is near the interface of the transect. A number of
littoral and pelagic areas resembled our littoral zones stations (A and B) and most of them were

similar to our pelagic stations (D-G) (Fig. 9).
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Fig. 9 Bacterial assembly similarity x B:P Biomass similarity in 9 lakes of the coastal plain of Rio Grande do Sul State
(Brazil). Simbols refer to comparisons among the lakes only: between littoral zones (LXL), between pelagic zones
(PxP) and between littoral and pelagic zones(LxP)) in the coastal plain of Rio Grande do Sul state (Haig-They et al.,
unpublished data). Letters refer to similarity between littoral (inside boxes) and pelagic zones (not surrounded by

boxes) of each of these lakes and each sampling point of the Mangueira lake transect. Sampling points A — G.

These patterns indicate that interface zones between well defined macrophyte and
phytoplankton dominance zones in smaller lakes can be quite weak, or even inexist, even though
littoral and pelagic zones do differ for some of these lakes, otherwise there would not be a
significant gradient of low to high similarities following the patterns of the sampling points transect.

One recent branch of research has been dealing with bacterial biogeographic questions, and
particularly the debate is if local factors are better predictors than biogeographical ones (see Methé
and Zehr 1999; Lindstrom and Leskinen 2002; Horner-Devine et al. 2004; Bell et al. 2005;
Lindstrom et al. 2005; Reche et al. 2005; Yannarell and Triplett, 2005; Green and Bohannan 2006;
Martiny et al. 2006; Crump et al., 2007; van der Gucht et al. 2007). Our findings support that local
factors (small scale) have important implications for bacterial variability and this need to be taken
into account in sampling designs concerning such subjects when adressing functionality and

community dynamics. The strong synchrony between phyto- and bacterioplankton reported by
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(Kent et al. 2007) seems not to apply to our data, since macrophyte influence was stronger and

competition with phytoplankton arised as an important factor in this complex interaction.

5 Conclusions

Our data supported the hypothesis of formation of biological gradients mediated by primary
producer dominance type in a large, coastal shallow lake largely influenced by macrophytic
vegetation. This gradient presented changes in nutrients concentrations and important limnological
variables. For organisms, rather than a continuous change, there was found the presence of two
distinct habitats to plankton organisms, that varied in composition and abundance in the two sites,
associated rather with macrophyte coverage. Zooplankton and phytoplankton abundances increased
markedly along the gradient and showed also assembly structural changes. Cladocerans became the
dominant organisms in the pelagic area, being tightly coupled to phytoplankton, that at its turn
shifted to a dominance by Cyanobacteria and Bacillariophyceae. Bacteria showed higher
abundance, biovolume and biomass in pelagic areas, being inhibited by humic substances and
ciliate predation in margin areas. Phylotipic and morphotypic diversity indicate that different
bacterial assemblies live apart in these two zones. This could be visualized also by Bacterial
Growth Efficiency, that increased in the two zones away from the interface. These data underlie the
importance of small scale habitat heterogeneity in local structuring potentially widespread

planktonic organisms and cast some light into the bacterial biogeographic current debate.
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6. CONSIDERACOES FINAIS

O conjunto de lagos amostrados na planicie costeira do Rio Grande do Sul apresentou-se
como uma interessante situagcdo experimental natural, onde mosaicos de habitat intrinsecos a cada
lago apresentaram respostas marcantes de diversidade e metabolismo do bacterioplancton. Estes
fatores locais estiveram relacionados ao antagonismo entre a dominancia de macrofitas e
fitoplancton, gerando padrdes de heterogeneidade ambiental que refletiram em diferentes situagdes
metabolicas para as bactérias. Os resultados indicaram que as macrofitas sdo os principais
responsaveis por este padrio através de influéncia direta, pela inibicdo quimica mediada por
compostos alelopaticos e humicos e por agdo indireta, através da inibicdo direta do fitoplancton.
Isto tem importantes implica¢des para argumentos que colocam a sincronia de dinamica temporal e
espacial do bacterioplancton como fortemente associada ao fitoplancton. Outro argumento
importante contra a generalizacdo desta assertiva ¢ que o proprio fitoplancton termina por
estabelecer situacdes de metabolismo bacteriano inadequado sob condi¢des de competi¢dao extrema
por nutrientes.

Quando a transicdo entre a domindncia das macroéfitas e o fitoplancton foi analisada em
detalhe, um padrao de inibi¢do das macrofitas direta sobre o fitoplancton e direta e indireta sobre o
bacterioplancton foi encontrado, o que, associado a mudanga na estrutura do plancton em geral
indica que diferentes assembléias podem ser encontradas em pequenas escalas, mesmo sob um
regime forcante de vento importante, em fun¢ao da existéncia destes dois habitats principais. Para
as bactérias, estes habitats apresentam importantes implicacdes ecologicas, pois as duas situagdes
metabolicas distintas em ambientes de dominancia bem definida criam 6timos de eficiéncia de
crescimento bacteriano, o que pode refletir no controle de estoques de carbono dissolvido e

ciclagem de nutrientes, havendo efeitos sobre toda a teia tréfica e o metabolismo do lago.
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