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RESUMO

RODRIGUES, Raphaella de Abreu Magalhaes. Estudo do fitoplancton e bacterioplancton
no metabolismo do nitrogénio em reservatérios subtropicais. 2020. 104 f. Tese
(Doutorado em Ciéncias: Hidraulica e Saneamento). Escola de Engenharia de Sao Carlos,
Universidade de S&o Paulo, Séo Carlos, 2020.

O fitoplancton e bacterioplancton sdo amplamente distribuidos em ecossistemas
aquaticos, além disso sdo componentes fundamentais para a estrutura das teias
alimentares e manutencdo de ciclos biogeoquimicos. O nitrogénio é um elemento
essencial para o crescimento desses microrganismos, por isso a crescente e excessiva
entrada de nutrientes nitrogenados na d&gua em reservatorios é capaz de alterar a dindmica
dessas comunidades. Geralmente o fitoplancton e o bacterioplancton ndo sdo estudados
simultaneamente, e pouco se conhece sobre 0s seus papéis no metabolismo do nitrogénio
em reservatorios subtropicais. Diante do exposto, o objetivo geral dessa pesquisa foi
caracterizar as comunidades fitoplanctonicas e bacterianas, além de avaliar a influéncia
delas sobre rotas metabdlicas do nitrogénio, em dois reservatorios subtropicais,
Itupararanga e Lobo localizados no estado de S&o Paulo (Brasil). No capitulo 1 é
apresentada uma visdo geral sobre a estrutura das comunidades bacterianas e
fitoplanctonicas, incluindo o picofitoplancton que é frequentemente ndo avaliado em
muitos estudos realizados em reservatorios. As comunidades microbianas apresentaram
variacdo espaco-temporal e bactérias heterotréficas foram correlacionadas com o
fitoplancton. As picocianobactérias ricas em ficocianinas co-dominaram com o
picofitoplancton eucarionte na maioria das amostras. As varidveis ambientais que
influenciaram as trés comunidades foram pH, condutividade elétrica e transparéncia da
agua, entretanto o nitrogénio inorganico dissolvido (DIN) e carbono organico dissolvido
(DOC) foram importantes estruturadores do fitoplancton e de bactérias heterotréficas. No
capitulo 2 sdo abordadas as relagdes entre a composi¢do microbiana com o metabolismo
do nitrogénio. As andlises metagenémicas e experimentos com tracadores isotopicos
(**N-NOs e ©®N-NH4") mostraram que cianobactérias desempenham um papel chave nas
rotas metabolicas do nitrogénio, uma vez que esses microrganismos apresentaram alto
potencial genético para fixacdo de nitrogénio atmosférico e alto potencial para
assimilacdo de nitrato. Entre as cianobactérias, Nostocaceae foi a familia mais abundante
e foi representada principalmente por Raphidiopsis raciborskii na barragem de
Itupararanga. Entre bactérias heterotroficas, foram observadas altas abundancias relativas
de Burkholderiaceae e Comamonadaceae. Genes associados aos processos de
assimilacdo de amonio, amonificacdo e desnitrificagdo foram taxonomicamente filiados
a diferentes familias de bactérias heterotrdficas. Entretanto, em ambos os reservatorios a
comunidade microbiana apresentou baixo potencial genético para desnitrificacdo e genes
associados a processos de nitrificagdo ndo foram detectados. Por fim, essa pesquisa
mostrou que o uso de diversas ferramentas para estudo do fitoplancton e bacterioplancton,
simultaneamente, é muito importante para ampliar os conhecimentos sobre estrutura e
metabolismo desses microrganismos em ambientes aquaticos.

Palavras-chave: Analise metagendémica. Citometria de fluxo. Cianobactéria. Bactérias
heterotroficas.






ABSTRACT

RODRIGUES, Raphaella de Abreu Magalhdes. Study of phytoplankton and
bacterioplankton on nitrogen metabolism in subtropical reservoirs. 2020. 104 f. Tese
(Doutorado em Ciéncias: Hidraulica e Saneamento). Escola de Engenharia de Sao Carlos,
Universidade de Sao Paulo, Sdo Carlos, 2020.

The phytoplankton and bacterioplankton are widely distributed in aquatic ecosystems.
They are key components for the structure of the food webs and maintenance of
biogeochemical cycles. Nitrogen is an essential element for the growth of these
microorganisms, so the increasing and excessive inputs of nitrogenous nutrients in the
water can change the dynamics of these communities. Phytoplankton and
bacterioplankton are usually not studied simultaneously, and little information are fund
about their role in nitrogen metabolism in subtropical reservoirs. Given the above, the
general aim of this research was to characterize the phytoplanktonic and bacterial
communities and assess their influence on nitrogen metabolic paths in two subtropical
reservoirs, ltupararanga and Lobo located in Sdo Paulo (Brazil). Chapter 1 provides an
overview of the structure of bacterial and phytoplankton communities, including
picophytoplankton, which is often not evaluated in many studies. Microbial communities
showed spatiotemporal variation and heterotrophic bacteria were correlated with
phytoplankton. Phycocyanin-rich picocyanobacterial co-dominated with eukaryotic
picophytoplankton in many samples. The environmental variables that have influenced
the three communities were pH, electrical conductivity and water transparency, however,
dissolved inorganic nitrogen (DIN) and dissolved organic carbon (DOC) were important
structuralists of phytoplankton and heterotrophic bacteria. In chapter 2, the relationship
between microbial composition and nitrogen metabolism is presented. Metagenomic
analyzes and experiments with isotopic tracers (**N-NOs™ and ®N-NH4") showed that
cyanobacteria play a key role in the metabolic pathways of nitrogen. These
microorganisms had high genetic potential for fixing atmospheric nitrogen and high
potential for nitrate assimilation. Among cyanobacteria, Nostocaceae was the most
abundant family and was represented mainly by Raphidiopsis raciborskii in the
Itupararanga dam zone. Within heterotrophic bacteria, high relative abundances of
Burkholderiaceae e Comamonadaceae were observed. Genes associated with ammonium
assimilation, ammonification and denitrification process were taxonomically linked to
different families of heterotrophic bacteria. However, in both reservoirs the microbial
community showed low genetic potential for denitrification and genes related to
nitrification processes were not detected. Finally, this research showed that the use of
several tools to study phytoplankton and bacterioplankton simultaneously is especially
important to expand knowledge about the structure and metabolism of these
microorganisms in aguatic environments.

Keywords: Metagenomic analysis. Flow cytometry. Cyanobacteria. Heterotrophic
bacteria.
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INTRODUCAO GERAL

Ciclo do nitrogénio

O nitrogénio (N) é um dos elementos mais importantes na natureza, pois é
constituinte  fundamental de macromoléculas essenciais ao metabolismo celular
(CAPONE, 2000). Em ecossistemas aquaticos esse elemento € encontrado na fracao
organica dissolvida (aminoacidos, proteinas, acidos nucleicos e ureia) e particulada
(organismos), ou na fragdo inorgénica dissolvida, com N sob diferentes estados de
oxidagdo (DODDS; WHILES, 2010). Os principais compostos nitrogenados inorganicos
disponiveis na agua, com seus respectivos estados de oxidacao, sdo a amonia (NHz, -111),
o0 nitrogénio molecular (N2, 0), o 6xido nitroso (N20, +1), o ion aménio (NH4", +111), o
nitrito (NOz", +IV) e o nitrato (NO3’, +V) (WETZEL, 2001; STEIN; KLOTZ, 2016). A
formacdo dessa diversidade de compostos € intermediada por uma complexidade de
reacOes bioquimicas realizadas por microrganismos, constituindo o ciclo do nitrogénio
(CANFIELD; GLAZER; FALKOWSKI, 2010).

Um dos processos importantes neste ciclo biogeoquimico é a fixacéo biolégica de
nitrogénio, que se consiste em reduzir o N2 a NH4" (ZEHR, 2011). Para quebrar a tripla
ligagdo presente no N2, 0 metabolismo celular demanda elevada quantidade de energia,
por isso, somente 0S microrganismos que possuem o complexo enzimatico nitrogenase
sdo capazes de fixar N2 (DODDS; WHILES, 2010). O sistema nitrogenase € codificado
pelos genes nifH, nifD, nifK (ZEHR et al., 2003). O nifH é encontrado em diversos grupos
de microrganismos pertencentes ao dominio Bacteria (RIEMANN; FARNELID;
STEWARD, 2010; ZEHR, 2011) e tem sido muito usado para identificar potenciais
espécies fixadoras de nitrogénio presentes no ambiente (JENKINS; ZEHR, 2008).

No entanto, muitos microrganismos aquaticos nao possuem 0S genes que
codificam a nitrogenase, e, portanto, obtém N através da assimilacdo de compostos
nitrogenados disponiveis na agua, tais como NHs*, NOs, aminoacidos e ureia
(MULHOLLAND; LOMAS, 2008).

As vias assimilatorias do nitrogénio no metabolismo celular requerem que o N
esteja na forma de amonio, sendo assim, quando 0s microrganismos assimilam NOs’, este
precisa ser reduzido a NO> pela agédo da nitrato redutase, para subsequente redugéo a
NH,4", por intermédio de enzimas nitrito redutases (DODDS; WHILES, 2010).
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As enzimas nitrato redutases possuem as mesmas fungdes em microrganismos
procariontes e eucariontes, no entanto os genes que as codificam diferem-se entre si. De
maneira geral, em algas, a nitrato redutase é codificada por euk-nr, enquanto em
procariontes sdo encontradas diferente tipos de nitrato redutases. As vias assimilatorias
sdo controladas pelos genes nas e nar (ALLEN et al., 2001; ALLEN; WARD; SONG,
2005; ZEHR; KUDELA, 2011). Também existem diferentes tipos de nitrito redutases,
codificadas principalmente pelos genes nir (CANFIELD; GLAZER; FALKOWSKI,
2010). Em uma via contraria a assimilatoria do nitrato, em condi¢cfes limitantes de
oxigénio, pode ocorrer o processo de dissimilacdo do nitrato a amonio (DRNA). Nessa
via metabolica, nitrito € reduzido a amonio por bactérias que contém nitrito redutases
especificas, codificadas pelo gene nrf (NIZZOLI et al., 2010; KRAFT; STROUS;
TEGETMEYER, 2011).

A assimilacdo do amonio pelo fitoplancton e pelas bactérias envolve reac6es
bioquimicas catalisadas, principalmente, pelas enzimas glutamina sintetase (GS) e
glutamato sintase (GOGAT, glutamina 2-oxoglutarato aminotransferase) (BERGES;
MULHOLLAND, 2008; GLIBERT et al., 2016). Primeiro, a enzima GS participa do
processo de incorporacdo do NH4™ ao grupo amida da glutamina, e, posteriormente, a
GOGAT catalisa a reacdo entre a glutamina e &cido alfa-cetoglutarato para a producéo de
duas moléculas de glutamato, sendo que, uma pode ser usada para a producao de uma
nova molécula de glutamina, e a outra para a biossintese de compostos organicos (Figura
1) (CAPONE, 2000; GLIBERT et al., 2016).
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Figura 1. Esquema representando as transformagGes de nitrogénio para o processo de assimilacéo
de amdnio, forma nitrogenada, assimilavel pelos microrganismos.

N,

.\»SO
S 3o +6ATP

Nitrito redutase Nitrato redutase

ATP
Produgdo
Sintese de GOGAT primaria
compostos _l Acido alfa-cetoglutarico |-
com N

Fonte: Modificada de Dodds e Whiles (2010).

Existem trés tipos de enzimas GS, codificadas por genes diferentes, de acordo com
0 grupo de microrganismos ao qual pertencem. A GSI é codificada pelo gene gInA, e esta
presente em microrganismos pertencente ao dominio Bacteria (CAPONE, 2000). A GSl|,
codificada pelo gene ginll, é frequentemente encontrada em eucariontes e em algumas
bactérias, e a GSlII, codificada pelos genes gInT e gInN, esta presente em algumas
cianobactérias ndo diazotrdficas, e em alguns grupos de algas, como por exemplo
diatoméaceas ((BERGES; MULHOLLAND, 2008). Também existem trés classes de
enzimas GOGAT, a GOGAT-ferrodoxina-dependente, que é codificada pelo gene glsF,
as enzimas GOGAT, NADH ou NADPH-dependentes que sdo codificadas pelos genes
gltB e (BERGES; MULHOLLAND, 2008).

Estudos indicam que, tanto o fitoplancton como as bactérias heterotroficas, sdo
capazes de assimilar nitrogénio organico sob a forma de ureia. Uma vez dentro das
células, a enzima urease catalisa a hidrélise de ureia, formando duas moléculas de NH4",
as quais podem ser transformadas em N organico (BERGES; MULHOLLAND, 2008). A
urease € constituida por trés subunidades estruturais, codificadas por genes considerados
altamente conservativos (ureA, ureB e ureC), e por quatro proteinas acessorios
(codificadas por ureD, ureE, ureF e ureG). Bradley et al., 2010 utilizou o gene ureC
identificar microrganismos envolvidos no processo de assimilacdo de ureia em um

ambiente marinho.
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Depois de assimilado pelas células, o nitrogénio organico pode voltar ao meio na
forma de ion aménio, através do processo de mineralizacdo, também conhecido por
amonificacdo, ou pela excreta de animais.

O ion amonio disponivel no meio podera ser novamente assimilado pelos
microrganismos, ou, na presenca de oxigénio, ser oxidado a nitrato. Esse processo,
chamado de nitrificagdo, ocorre em duas etapas pela acdo de microrganismos de
diferentes taxa. Na primeira, através da acdo da enzima amdnia mono-oxigenase
(codificada por amo), o NH4 é oxidado a hidroxilamina (NH2OH), e esta por sua vez é
oxidada a nitrito pela acdo da enzima hidroxilamina oxiredutase. Na segunda etapa, 0
nitrito é oxidado a nitrato pela agdo de bactérias que contém a enzima nitrito oxiredutase
(GELDA et al., 2000; CANFIELD; GLAZER; FALKOWSKI, 2010).

O N retorna para 0 meio aquatico por meio dos processos anammox (anaerobic
ammonium oxidation) e desnitrificacdo. Ambos, geralmente, ocorrem no sedimento, e séo
permeados por série de reagdes bioquimicas que ocorrem sob condi¢cdes anaerdbias
(LAVERMAN et al., 2007).

As reacOes de desnitrificacdo se consistem em reduzir o NOs™ a N através do
metabolismo de microrganismos desnitrificantes, que podem estar distribuidos em
diferentes classes do filo bacteriano Proteobacteria (ZUMFT, 1997). O NOs é
transformado em NO> por intermédio das nitrato redutases dissimilatorias (codificadas
pelos genes nap ou por nar). O NO>™ é entdo reduzido a 6xido nitrico (NO) por intermédio
de enzimas nitrito redutases (codificadas principalmente por nir), e NO é transformado a
oxido nitroso (N20) pela 6xido nitrico redutase (codificada por nor). Por Gltimo, a oxido
nitroso redutase (codificada por noz) catalisa a reacdo de reducdo do N2O a N2 (ZUMFT,
1197; JENKINS; ZEHR, 2008).

No processo anammox 0 Nz retorna ao meio pela oxidagdo de aménio com nitrito
em condi¢des anaerdbicas. As principais enzimas envolvidas nos processos de anammox
sdo a hidroxilamina oxidoreductase, hidrazina oxidante e hidrazina hidrolase (KRAFT;
STROUS; TEGETMEYER, 2011). Essa via metabdlica é muito pouco estudada em
ecossistemas aquaticos continentais, principalmente em ambientes subtropicais.

A Figura 2 apresenta, de maneira simplificada, as vias metabdlicas de
transformacéo do nitrogénio e os principais genes que codificam as enzimas envolvidas

nos processos biologicos.
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Figura 2. Transformacgdes metabdlicas do nitrogénio e principais genes envolvidos nos processos
bioldgicos

®_—~ NO,

Has

Os numeros indicam os processos: 1 — reducdo do nitrato; 2- desnitrificacdo; 3- fixacdo de
nitrogénio; 4- oxidagdo aerébica do aménio; 5- oxidacdo aerdbica do nitrito; 6- redugdo
dissimilatoria do nitrito a aménio ou reducdo do nitrito; 7- oxidagdo anaerdbica do aménio. Em
vermelho constam os genes que codificam as enzimas que catalisam as rea¢Ges. Nitrato redutases
(nas, nar, nap, euk-nr), nitrito redutases (nir, nrf), éxido nitrico redutase (norB), 6xido nitroso
redutase (nosZ). Nitrogenase (nif), nitrito oxiredutase (nxr), mono-oxigenase de aménio (amo),
hidroxilamina oxidoredutase (hao), hidrazina oxidante (hzo), hidrazina-hidrolase (hh), glutamina
sintetase (gIn), glutamina 2-oxoglutarato aminotransferase (gls e glt). Fonte: Modificado de
Rasigraf et al (2017).

O fitoplancton e bacterioplancton no metabolismo do nitrogénio

O fitoplancton é um dos principais contribuintes para a producdo primaria
microbiana em ambientes aquaticos (POMERQY, 1974), enquanto bactérias sdo
fundamentais para a manutencdo e funcionamento dos ciclos biogeoguimicos nesses
ecossistemas (COTNER; BIDDANDA, 2002).
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O langamento de efluentes doméstico e industrial sem tratamento adequado em
mananciais, além do escoamento de fertilizantes agricolas sdo responséveis por aumentar
rapidamente as concentracdes de nutrientes fosfatados e nitrogenados na agua (PAEL;
PAUL, 2012). Esse continuo e acelerado aumento do estado tréfico em sistemas aquaticos
impacta os ciclos biogeoquimicos e a dindmica das comunidades microbianas (GLIBERT
etal., 2016).

O enriquecimento das aguas de reservatorios que abastecem a populagdo é motivo
de preocupacdo, pois este processo estd associado ao crescimento de cianobactérias
potencialmente produtoras de toxinas que trazem risco a saude da populacdo humana
(MUNOZ et al., 2019; CHRISTENSEN; KHAN, 2020) As cianobactérias podem ser
encontradas em reservatorios localizados em todo o territorio brasileiro e os géneros mais
frequentes e abundantes nesses ambientes sdo a Microcytis, Raphidiopsis e
Dolichospermum (SOARES et al., 2013; BARROS et al., 2019).

O filo Cyanobacteria abrange uma ampla diversidade de microrganismos
procariontes capazes de realizar fotossintese. Esse grupo € particularmente interessante,
pois é frequentemente abordado em estudos que avaliam o fitoplancton (SILVA et al.,
2014; YANG et al., 2017; CAO et al., 2018; LIU et al., 2019 CUPERTINO et al., 2019)
ou em pesquisas que focam no bacterioplancton (AVILA et al., 2016; ZHAO et al., 2016;
Ll etal., 2019).

O bacterioplancton também abrange outros grupos de microrganismos com uma
ampla diversidade e variedade de metabolismos. O filo Proteobacteria € um dos mais
abundantes entre as bactérias heterotréficas (MENEGHINE et al., 2017; LOPES et al
2018). Tanto as composi¢des taxondmicas como as funcionais desses microrganismos
parecem ser influenciadas pelas concentracdes de nitrogénio disponiveis no ambiente
(YANG et al 2019). Outros filos como, Actinobacteria, Bacteroidetes, Planctomycetes e
Verrucomicrobia, sdo encontrados em ecossistemas aquaticos, e também apresentam
potencial metabdlico para participar de diferentes rotas do nitrogénio, incluindo
desnitrificacdo, nitrificacdo, amonificacdo e até mesmo fixacdo de nitrogénio
(MEDEIROS et al., 2016; ANDREOTE et al., 2018; DENG et al., 2020).

Na visdo tradicional antiga do ciclo do nitrogénio o fitoplancton (>20um) era visto
como o principal responsavel pela assimilacdo de nitrogénio inorganico, principalmente
sob a forma de amonio (ZEHR; WARD, 2002). Com o surgimento de novas tecnologias
e métodos, tais como microscopia de epifluorescencia (DALEY; HOBBIE, 1975),
microscopia eletrénica (JOHNSON; SIRBURTH, 1982), citometria de fluxo (OLSON et
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al., 1985) e ferramentas moleculares (CALLIERI et al., 2012; CARAVATI et al., 2010;
BATISTA; GIANI, 2019), houve um avanco em estudos sobre a fisiologia, ecologia e
taxonomia de microrganismos (CALLIERI et al., 2007). Dessa forma, foram descobertos
novos papéis da comunidade microbiana no metabolismo do nitrogénio em ecossistemas
aquaticos.

Constatou-se que bactérias heterotroficas sdo abundantes em ambientes marinhos
e em lagos oligotréficos, contribuindo significativamente para a assimilacdo de
nitrogénio, podendo chegar até a 70% (BRADLEY et al., 2010; FOUILLAND et al.,
2007; TROTTET et al., 2016). Ressalta-se, entretanto, escassez de estudos que avaliem a
diversidade de bactérias, bem como seu potencial funcional para o metabolismo do
nitrogénio em reservatorios subtropicais.

Para quantificar taxas de assimilacdo de nitrogénio pela comunidade microbiana
aquatica em amostras ambientais, tracadores isotopicos N*° sdo frequentemente usados
(BHAVYA et al., 2016; FILIPPINO; MULHOLLAND; BERNHARDT, 2011,
MULHOLLAND; CAPONE, 1999).

No Brasil, através do uso de tracadores isotopicos, Cunha et al (2017) avaliaram
a assimilacéo de nitrato e aménio nos reservatérios Itupararanga-SP e Barra Bonita. Em
Itupararanga, as taxas de assimilagdo total de nitrogénio variam entre <0,1 a 2,1
umol.N.L*h?, enquanto em Barra bonita variaram de 0,1 a 9,8 pmol.N.Lh. Ao longo
de dois anos de amostragens nao foi possivel observar um padrdo sazonal claro para a
assimilacdo de nitrogénio e a parcela de contribuicdo de bactérias heterotréficas para esse
processo ndo foi avaliada.

Para determinar as quantidades de **NH4* e ®NOjs" transformadas em nitrogénio
organico, a amostra de agua precisa ser filtrada em membranas de fibra de vidro para
posterior analise elementar de nitrogénio e de espectrometria de massas (CAPONE,
2000). Nesses filtros ficam retidos organismos fitoplancténicos de diferentes tamanhos e,
tambem, bactérias heterotroficas (TROTTET et al., 2016). Se o fitoplancton néo for
separado dos microrganismos menores, as taxas de assimilacdo de nitrogénio seréo
calculadas para toda a comunidade microbiana, incluindo bactérias. Por isso, para evitar
superestimativas, estudos recomendam calcular taxas de assimilacéo de fitoplancton e de
bacterias separadamente. Para isso, processos de filtracdo podem ser usados selecionar a
fracdo de tamanho microbiana a ser analisada (KIRCHMAN; WHEELER 1998;
BRADLEY et al.,, 2010). No entanto, esse processo mecénico de separagdo de

microrganismos, também apresenta limitagcGes, como por exemplo ndo permite separar
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bactérias aderidas ao material organico. Devido a essa dificuldade, alguns estudos
recorrem as técnicas de biologia molecular para detectar genes relacionados ao
metabolismo do nitrogénio (ALLEN; WARD; SONG, 2005; WAWRIK et al 2012).
Nesse aspecto, estudos metagendmicos sdo vantajosos, uma vez que permitem relacionar
diversidade taxondmica com genes funcionais dos microrganismos envolvidos em vias
metabdlicas de interesse (GROSSART et al., 2020).

Analise Metagendmica

A metagendmica trouxe um grande avanco para a estudos que abrangem a
ecologia microbiana, uma vez que através dessa analise € possivel acessar a diversidade
gendmica com mdaltiplos niveis de resolucdo hierarquicos (ex: filo, classe, ordem, etc)
sem que haja a necessidade de cultivar microrganismos em laboratorio
(HANDELSMAN, 2004). Isso é particularmente importante, pois grande parte dos
microrganismos ndo sdo cultivaveis em laboratorio devido a limitagdes de técnicas de
cultivo existentes (HANDELSMAN, 2004).

Além disso, essa abordagem permite associar diversidade microbiana com
processos metabdlicos dos ciclos biogeoquimicos, tais como, fotossintese, carboidratos,
lipidios, acidos nucléicos, fdsforo, nitrogénio, enxofre, entre outros. Através dessa
perspectiva estudos metagendmicos exploram diferencas ou semelhancas metabolicas e
taxonémicas entre amostras, de acordo com a pergunta a ser respondida pelo estudo em
questdo (LLORENS-MARES et al., 2015; REIS et al., 2016).

As primeiras etapas basicas de um estudo metagendmico sdo 0s processos de
amostragem e de extragdo de DNA. A amostragem deve ser realizada de acordo com o
objetivo da pesquisa. Em ambientes aquaticos, frequentemente, a dgua é coletada
considerando as escalas temporal e espacial e, posteriormente, filtrada em membranas
apropriadas para reter os microrganismos de interesse (EILER et al., 2014). O processo
de extracdo de DNA pode ser realizado através de protocolos ou ainda por Kits especificos
disponiveis no mercado. O DNA extraido deve representar toda a comunidade microbiana
presente na amostra, além disso, deve apresentar alta qualidade e quantidade suficiente
para a construgdo de bibliotecas metagenémicas e posterior sequenciamento (THOMAS;
GILBERT; MEYER, 2012; KESHRI; MANKAZANA; MOMBA, 2015)

A escolha do método de sequenciamento € outra etapa fundamental em um estudo

metagendmico. Atualmente, as tecnologias de equenciamento de alto desempenho (high
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throughput sequencing) tornaram-se amplamente difundidas por apresentarem custos
mais acessiveis e serem capazes de gerar milhGes de sequencias com diferentes tamanhos
de reads (tamanhos de sequéncias) (HODKINSON; GRICE, 2015).

O método de sequenciamento da Illumina é baseado no processo de sintese de
pequenos fragmentos de DNA (a serem sequenciados) com adaptadores ligados em suas
extremidades (MARDIS, 2013). O processo de clivagem do DNA e de ligacdo dos
adaptadores ocorre durante o preparo da biblioteca metagenémica (MARDIS, 2008).
Posteriormente a esta etapa, os fragmentos de DNA com seus respectivos adaptadores sao
ancorados em uma placa solida de vidro (flowcell), pareando-se com adaptadores
complementares presentes na placa (MARDIS, 2013). A partir deste momento comeca o
processo de amplificacdo para a formacao de clusters (milhares de cépias de fragmentos
de DNA) (METZKER, 2010)

Apds a formacdo dos clusters, dideosoxiribonucleotideos, contendo fluoroforo
clivavel especifico para cada uma das quatro bases nitrogenadas sdo adicionados a
flowcell. Dideosoxiribonucleotideos diferem-se de desoxiribonucleoticeos devido a
auséncia do grupo hidroxila (-OH) na posi¢do 3’ da ribose e, assim, os primeiros agem
como terminadores de cadeia reversiveis, uma vez que blogueiam a ligacdo de um
nucleotideo a outro temporariamente (MARDIS, 2008). Dessa forma, o sequenciamento
ocorre pela sintese de uma nova fita, atraves da adicdo de uma base por vez e assim cada
vez que uma base € incorporada a fita, um feixe de raio lazer é incidido para promover
emissdo de luz correspondente ao marcador fluorescente da base, tornando possivel um
registro de imagem (METZKER, 2010). Ao término do sequenciamento, sdo geradas
milhdes de reads que precisam ser analisadas com o auxilio de ferramentas da
bioinformatica e estatistica (MANDE et al., 2012; SHARPTON, 2014).

Essas analises serdo realizadas de acordo com o0s objetivos do estudo, que podem
estar relacionados a caracterizacdo da diversidade taxondmica e funcional microbiana ou
a busca de genes especificos nos ciclos biogeoquimicos, ou a genes de viruléncia,
resisténcia a antibioticos, e muitas outras possibilidades (MEDEIROS et al., 2016;
SALLEM etal., 2019; SAMSON et., 2019; ZHOU et al., 2019).
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OBJETIVOS

Objetivo geral

O objetivo geral dessa pesquisa foi caracterizar as comunidades fitoplanctonicas
e bacterianas, além de analisar os papéis desses microrganismos no metabolismo do

nitrogénio, em reservatorios subtropicais, Lobo-SP e Itupararanga-SP.
Objetivos especificos

I. Caracterizar as comunidades bacterianas e fitoplancténicas em diferentes
periodos do ano, e avaliar suas relagdes com variaveis fisico-quimicas da
agua nos reservatérios do Lobo e Itupararanga.

ii. Determinar as taxas de assimilacdo de nitrogénio inorganico (nitrato e
amonio) pelo fitoplancton e pela comunidade bacteriana nos reservatorios
do Lobo e Itupararanga.

iii. Analisar a influéncia das caracteristicas abioticas e bioticas de ambos os
reservatorios, sobre as taxas de assimilacdo de nitrato e amonio.

Iv. Caracterizar o perfil taxondmico e metabdlico dos reservatorios e buscar
genes envolvidos nas rotas metabdlicas do metabolismo do nitrogénio

através de analise metagenémica.
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CAPITULO 1 - Spatiotemporal structure of phytoplankton, picophytoplankton and
heterotrophic bacteria in subtropical reservoirs

Abstract

Phytoplankton (PHY), picophytoplankton (PPP) and heterotrophic bacteria (HB) are
numerically dominant in the pelagic zone of aquatic ecosystems, being the base of aquatic
food webs and playing key roles in biogeochemical processes. The development of new
molecular technologies has increased the knowledge about the diversity of
microorganisms but are still limited by not allowing the quantification of their biomass.
Considering that the microbial communities of subtropical reservoirs are understudied,
the main aim of this study was analysing the spatiotemporal structure and biomass of
PHY, PPP, and HB communities from two meso-eutrophic subtropical reservoirs. PHY
was analyzed by microscopic identification while PPP and HB were analyzed by
cytometric fingerprints. Our results indicate that microbial communities vary
spatiotemporally being mainly influenced by transparency, pH, conductivity. Dissolved
organic carbon (DOC) and dissolved inorganic nitrogen (DIN) were also responsible for
shaping HB and PHY structures. PHY was the main component of biomass and was
correlated with heterotrophic bacteria. The biomass of the PPP was very low, and
phycocyanin rich picocyanobacteria (PC-rich Pcy) predominated or co-dominated with
picoeukaryotes (Peuk). We conclude that microbial communities can be indicators of
changes in the aquatic environment. In addition, the cytometric fingerprint revealed to
be a cost-efficiency tool to targeting spatial and seasonal patterns in biomass and overall
composition of microbial communities in these understudied ecosystems, contributing to
increase the knowledge about microorganisms.

Key words: cytometric fingerprint, mesotrophic, picocyanobacteria



40

Introduction

Phytoplankton (PHY) and heterotrophic bacteria (HB) play important
biochemical and ecological roles in aquatic environments. Phytoplankton are the main
primary producer in aquatic microbial food webs (Pomeroy, 1974), while heterotrophic
bacteria are responsible for maintaining biogeochemical nutrient cycles (Biddanda,
Ogdahl and Cotner, 2001).

PHY communities are widely studied in tropical reservoirs impacted by anthropic
eutrophication (Silva et al., 2014; Santana, Weithoff and Ferragut, 2017; Cupertino et al.,
2019) where the proliferation of potentially toxic cyanobacteria has been a common
environmental issue (Sotero-Santos et al., 2006; Te and Gin, 2011; Casali et al 2017;
Magalhdes et al., 2019). The increase of cyanobacteria biomass causes degradation of
water quality, being an issue of concern for drinking water treatment (Merel et al., 2013;
Kumar et al., 2018) since the toxins produced by them represent a risk to human health
(Loftin et al., 2016).

Although there are many studies on phytoplankton ecology, only a few studies
have investigated small phytoplankton fractions (0.2-2 um; Sieburth et al. 1978),
denominated picophytoplankton (PPP), in subtropical freshwater environments
(Sarmento et al., 2008; Stenuite et al., 2009; Schiaffino et al., 2013). Optical microscopy
is the most commonly used technique for phytoplankton analysis, but it limits the
visualization of small cells from picophytoplankton and heterotrophic bacteria. With the
emergence of new technologies, there was an advance in the knowledge of these
microorganisms. High throughput sequencing of 16S rRNA and 18S rRNA genes is
widely used to analyze the structure of prokaryotic (Melo et al., 2018; Zhang et al., 2019)
and eukaryotic (Alves-de-Souza et al., 2017; Kleinteich et al., 2020) microbial
communities, respectively.

However, these analyses do not allow the quantification of microorganism’s
biomass. In the last years, flow cytometry has been widely applied to enumerate PPP,
HB, and even viruses, (Lu et al., 2018; Yang et al., 2019), and biomass can be accessed
with correction factors that estimate the amount of carbon in the cell (Feitosa et al., 2019).
Spatiotemporal diversity of the bacterial and picophytoplankton community can be
analyzed by cytometric characteristics that reflect cell morphology, size and pigments
(Li, 1997). By recognizing these patterns, the microorganisms can be classified, allowing


https://aslopubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Biddanda%2C+Bopaiah
https://aslopubs.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ogdahl%2C+Megan
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to compare the cytometric fingerprint of many samples from different environments with
low time-consuming (Garcia et al., 2015).

The biomass and diversity of different phytoplankton fractions and bacterial
communities are influenced by abiotic and biotic factors. Phytoplankton and
picophytoplankton structures may change temporally and spatially, affected by
temperature, water level, nutrient availability or by zooplankton grazing (Su et al., 2017,
Bortolini et al., 2019; Liu et al., 2019). Recently, it has been found that the cytometric
fingerprint of bacteria is related to pH, hardness, dissolved organic carbon, and also with
predation (Quiroga et al., 2017, Segovia et al., 2018). It is also known that heterotrophic
bacteria can interact with phytoplankton and picophytoplankton (Guedes et a., 2018).
These three communities are abundant in tropical environments and are fundamental to
the production and transfer of carbon in aquatic food webs (Sarmento, 2012). However,
compared to temperate systems, there are still few studies about the structure and
dynamics of these microorganisms in tropical environments. The main differences
between these environments are related to primary productivity, which is higher in
tropical environments due to the higher temperatures and solar radiation, and a low annual
variation (Lewis, 1987; Sarmento, 2012).

Many of tropical environments are being subjected to intense changes caused by
the excessive input of nutrients. So, studies on water quality and biological communities
in tropical mesotrophic reservoirs are important for future developing mitigation and
preservation strategies for these environments. The aim of this study was to investigate
the spatial and temporal dynamics of phytoplankton, picophytoplankton and
heterotrophic bacteria biomass in two subtropical mesotrophic reservoirs. We also

analyzed the influence of environmental factors on these microbial communities.

Material and Methods

Study area and sampling
The Lobo and Itupararanga reservoirs are located in the state of S&o Paulo,

Southeast of Brazil (Figure 1-1). According to Kéopen classification, this region presents
climate Cwa with a distinct dry season (April - September) and wet season (October -
March) (Beghelli et al., 2016). The Itupararanga reservoir was originally built in 1912 for
electricity generation but is currently used for public water supplying (approximately

850.000 people). This reservoir has an area of 20.9 Km?, a volume of 286 million m® and
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a hydraulic retention time ranging from 120 to 390 days, depending on the rainfall pattern
(Cunhaand Calijuri, 2011; Beghelli et al., 2016). The Lobo reservoir, also known as Broa,
with an area of 5.8 km?, 22 million m® volume and low hydraulic retention time (20-40
days), has been studied for at least 48 years (Frascareli et al 2018). This reservoir is used
for electricity generation, (approximately 2000 kW), and also contributes to the social

and economic development of the surrounding population (Periotto and Tundisi, 2013).
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Figure 1-1. Map of the studied reservoirs (Lobo and Itupararanga) with the locations of sampling
sites, river zone and zone close to the dam.

In both reservoirs, two sample sites were established, one near to the river
entrance, called the River zone, (ltupararanga: 23°37'24.8"S 47°13'53.4"W; Lobo:
22°12'36.9"S 47°52'52.8"W) and the other close to the dam (ltupararanga: 23°36'50.7"S
47°23'27.3"W; Lobo: 22°10'18.5"S  47°54'11.2"W). For determining the
Photosynthetically Active Radiation (PAR), a radiometer (Quanta-Meter LI-COR, 400—
700 nm) was used. Water samples were collected with Van Dorn bottles at four depths
(100, 50, 1% PAR and aphotic zone) in February (summer), May (autumn), August
(winter), October (spring) of 2017 and January (summer) of 2018. In this study, a total of
72 samples were obtained since there was no aphotic depth in the river zones of Lobo (all

sample periods) and in ltupararanga (October, 2017).
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For the phytoplankton analysis, the water samples collected in the field were
immediately preserved with acetic Lugol solution. Samples for quantifying heterotrophic
bacteria and picophytoplankton were fixed with formaldehyde buffered with borax (final

concentration equals to 1%), frozen in nitrogen liquid and stored at -80 °C until the

analysis.

Environmental parameters
Water temperature, pH, conductivity and dissolved oxygen (DO) were measured

in situ with a multiparameter probe (HANNA®, model HI 9829) at intervals of 0.5 m to
the water column, and the average results are presented (Table 1-1). Water transparency
was measured using a Secchi disk and the depth of the euphotic zone (Zeu) was
determined as 1% of PAR.

For each sample, from 0.2 to 0.5 L of water were filtered through fiberglass filters
Macherey-Nagel GF-3. The filters were used for chlorophyll analysis after extraction with
ethanol 80% v/v (Nusch, 1980) and the filtered water was taken for dissolved nutrient
analysis. Nitrate (N-NO3"), nitrite (N-NO2") and soluble reactive phosphorus (SRP) were
determined by colorimetric methods proposed in APHA (2005). Ammonium (N-NHs")
analyses were performed according to Koroleff (1976) and ammonium, nitrate and nitrite
concentrations were summed to estimate dissolved inorganic nitrogen (DIN). Dissolved
organic carbon (DOC) was analyzed by combustion method with a total organic carbon
analyzer (Shimadzu SSM 5000). For analyzing total suspended solids (TSS), Whatman®
GF/C filters were used and the concentrations were determined by gravimetric method
(APHA, 2005).

Total phosphorus (TP) and total Kjeldahl nitrogen (TKN) were analyzed with
unfiltered water according to APHA (2005). The sum of TKN, nitrate and nitrite
concentrations were used to estimate total nitrogen (TN) and the TN: TP molar ratios were
calculated.

The trophic state index of the sampled sites was calculated considering the annual
geometric means of total phosphorus and chlorophyll (Cunha, Calijuri and Lamparelli
2013).

Community biomass analyses
Phytoplankton (PHY) quantification was performed in sedimentation chambers

(Uthermol, 1958) using an inverted microscope at 400 x magnification. The mean cell
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volume (um?3) of species was estimated by geometric approximations (Hillebrand et al.,
1999; Sun and Liu, 2003) measuring 20 individuals from each taxon or was obtained from
specialized literature for species with relative abundance <10%.

The carbon content of PHY species was determined by the equation C= a.\/?,
where, C= carbon in, pug C cell!; a = 0.1204; b = 1.051; and V = species volume in um?3
(Rocha and Duncan, 1985). To estimate total PHY biomass (ug C L) in the samples, the
carbon content calculated for each species was multiplied by the population abundance
(org mL).

From two subsamples, picophytoplankton (PPP) and heterotrophic bacteria (HB)
abundances were determined separately with a FACSCalibur cytometer. For HB
quantification, the SYTO-13 stain (Molecular Probes; 2.5 umol L™! final concentration)
and fluorescent beads (I um, Fluoresbrite carboxylate microspheres, Polysciences Inc.,
Warrington, PA, U.S.A.) were added to the samples as recommended in Sarmento et al
(2008). HB were detected by their signature in plots of side scatter (SSC) versus FL1
(green fluorescence) (Sarmento et al 2008). For PPP analysis, only fluorescent beads were
added to the samples, and the cells were detected on cytograms, plotting SSC versus FL3
(blue laser dependent red fluorescence). Through the PPP cytograms, we were able to
distinguish eukaryote picophytoplankton (Peuk) and two types of picocyanobacteria
(Pcy): phycoerythrin rich cells (PE-rich Pcy) and phycocyanin rich cells (PC-rich Pcy).

To estimate HB and PPP biomass (ug C L) in each sample, correction factors
described in previous studies were used (Stenuite et al., 2009; Feitosa et al., 2019). HB,
Pcy and Peuk abundance were multiplied by the correction factors of 20 fg C per cell (Lee
and Fuhrman, 1987), 103 fg C per cell (Zubkov et al., 1998) and 530 fg C per cell
(Worden, Nolan and Palenik, 2004), respectively. Total PPP biomass was obtained by
adding Pcy and Peuk.

Cytometric fingerprint
To analyze the cytometric fingerprint of PPP and HB we used the flowDiv

pipeline (Wanderley et al., 2015, 2019) developed in language R (R Development Core
Team, 2016). With flowDiv, the cytograms of each sample were pairwise compared and
two Bray-Curtis dissimilarity matrices were generated, one for PPP and another for HB.

These matrices were used in the statistical analyses.
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Statistical analyses
The normality of environmental and biological data was assessed by the Shapiro-

Wilk test. Differences over time, between the sites in relation to environmental variables
and biomass of the communities, were evaluated with the non-parametric Kruskal-Wallis
test. Spearman's rank correlations were used to determine the relationships between
biomass communities and between environmental factors. A Bray-Curtis PHY
dissimilarity matrix was calculated based on the data from species biomass, while the HB
and PPP matrices were obtained by the cytometric differences analyzed with the FlowDiv
package. The relationships between the dissimilarity matrices were analyzed in pairs with
Mantel test with 10,000 permutations. Non-metric multidimensional scaling (NMDS)
was used to visualize the community structure. The homogeneity of multivariate
variances within groups (beta dispersion) was analyzed and statistical differences in the
community structure between reservoirs, seasons, sites and depths were tested with
permutational multivariate analysis of variance (PERMANOVA).

The influence of environmental variables on biological communities was
evaluated with distance-based redundancy analysis (dbRDA) (Legendre and Legendre,
1998). To perform this analysis, abiotic data were log(x+1) transformed, except pH.
Variance inflation factors (VIF) was used to identify the collinearity between
environmental variables, and those that presented VIF > 2.5 were removed from dbRDA
(Legendre and Legendre, 1998). We tested the significance of dbRDA models with
ANOVA and significant variables were analyzed with the “ordistep” function from the
vegan package (Oksanen et al., 2015) in R language (Legendre and Legendre, 1998). All
analyses presented here were conducted in R version 3.6.2. Figures were drawn using the
R package ggplot2 (Wickham, 2009) and software Origin, version 2019 (OriginLab
Corporation, Northampton, MA, USA).

Results

Environmental characterization
During the sampling period, the physicochemical characteristics of the water

varied mainly in time scale and among sampling sites (Table 1-1). However, no
differences were observed between different depths. In both reservoirs, Zeu and

transparency were greater within the dam. The TSS concentrations have shown a spatial
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and temporal difference in Itupararanga (p <0.001), however in the Lobo reservoir, no
spatial differences were found.

The lowest water temperatures occurred in August (15.4 °C in ltupararanga and
18.0 °C in Lobo) and the highest in February (27.8 °C in Itupararanga and 28.8 °C in
Lobo) (Table 1-1; Figure S1-1, S1-2). In some periods it was possible to observe an
anoxic zone in the dam of Itupararanga (Feb/2017, Oct/2017 and Jan/2018) (Figure S1-
1) and of Lobo (Feb/2017 and Oct/ 017) (Figure S1-2). The lowest mean concentration
of dissolved oxygen (3.23 + 0.23 mg L) (Table 1-1) was observed in May in the
Itupararanga river region. Conductivity values ranged from 63.0 to 101.0 uS cm™ and
from 13 to 36 uS cm™ in ltupararanga and Lobo, respectively. The pH exhibited
significant differences over time (p = 0.003), with lower average pH obtained in Lobo
(Dam = 6.5; River zone = 6.6) compared to Itupararanga (Dam = 7.0; River zone = 7.5).

In Itupararanga the DIN, nitrate and TP concentrations were significantly higher
in the river zone (p <0.001). The DIN and nitrate concentrations were approximately 2
times higher (DIN ranging from 768.1 to 1162.8 pg L™ and nitrate from 703.3 to 1063.3
ug L. In addition, DIN was mainly composed of nitrate. The average TP concentration
in the ltupararanga river zone (49.5 pg L) was about 3.5 times higher than the
concentration in the dam (14.3 ug L) (Table 1-1). The nitrite and SRP concentrations
were almost always below 5 pg L™ and 6.5 pg L2, respectively. Also, the values were
frequently below the detection limit of the equipment (0.5 pg L for nitrite and 0.7 pg L
! for RSP). Ammonium availability varied significantly throughout the months of the
study. The highest concentrations were observed in the Itupararanga (144.8 pug L") and
Lobo (93.4 pg L) dams.

Regarding the NP ratios, the lowest average ratio observed occurred in the
Itupararanga river zone (mean = 48.8) in October/2017, where the lowest observed ratio
was also observed (min = 30.9). DOC concentrations were similar in the two reservoirs,
ranging from 2.9 to 7.7 mg L™ in Itupararanga and from 3.1 to 6.3 mg L in Lobo. TSS
values varied significantly (p = 0.001) between the Itupararanga sites with the highest
concentrations in the river zone (mean = 8.1 mg L™). Differences in chlorophyll
concentrations were observed between reservoirs. In the Lobo reservoir, the average
chlorophyll concentrations were 11.0 pug L™ (river zone) and 12.4 ug L (Dam), while
Ituparararanga presented values of 30.5 pg L™ (river zone) and 21.9 pug L (Dam).

According to the trophic state index calculated by the annual geometric mean, the
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reservoirs were classified as mesotrophic, except river zone of Itupararanga that was

classified as eutrophic.

Table 1-1. Mean values and range of the environmental parameters measured in the
Itupararanga and Lobo reservoirs

Itupararanga Lobo
Variables River zone Dam River zone Dam
(n=19) (n=20) (n=15) (n=20)
Zey (M) 25 55 2.1 3.6
(2.0-3.0) (4.5-7.0) (2.0-2.5) (2.5-5.0)
Transparency (m) 1.3 15 1.1 1.8
(0.9-1.6) (1.2-1.9) (1.0-1.2) (1.2-2.3)
Temperature (°C) 21.1 22.2 22.6 23.1
(15.4-27.8) (17.0-27.5) (18.2-28.8) (18.0-28.8)
pH 7.00 7.5 6.6 6.5
(6.4-9.0) (6.5-9.1) (5.9-8.7) (5.8-7.8)
Cond. (uS cm?) 82.5 68.4 19.5(15.0-36.0)  18.1(13.0-34.0
(65.0-101.0) (63.0-76.0)
DO (mg L?) 5.9 6.5 6.3 6.2
(3.1-9.4) (0.0-8.6) (4.5-8.2) (0.0-9.1)
TN (ug LY 1007.6 476.4 801.8 788.1
(806.7- 1336.2)  (320.5 -668.4) (608.4-1051.3) (500.8-1445.9)
TKN (ug L) 163.5 114.9 133.8 191.2
(4.7-433.5) (0.0-329.9) (17.3-341.4) (0.0-782.6)
DIN (ug L) 880.5 399.9 678.5 ( 616.5
(768.1-1162.8) (320.0-561.4) 591.1-774.2) (423.0-1473.2)
NOz (ug L?) 5.3 0.6 3.1 2.2
(nd-13.3) (nd-2.2) (nd-5.0) (0.4-3.9)
NOs (ug L) 838.8 360.8 664.9 594.7
(703.3-1063.3) (320.0-416.7) (586.7-753.3 (400.0-1443.3)
NHs* (ug L) 36.4 38.4 11.0 19.6
(nd-98.6) (nd-144.8) (nd-35.1) (nd-93.4)
TP (ug L) 49.5 14.3 26.8 17.7
(25.2-86.6) (8.9-28.0) (14.2-38.6) (10.9-23.1)
RSP (ug L?) 6.5 1.0 2.8 1.6
(3.3-27.5) (nd-4.5) (nd-4.0) (nd-3.9)
DOC (mg L1 5.0 4.1 4.9 4.3
(2.9-7.7) (3.5-4.8) (3.5-6.3) (3.1-5.9)
TSS (mg L™ 8.1 5.5 5.3 4.1
(5.6-17.4) (1.9-9.7) (2.3-11.3) (1.9-10.2)
TN:TP 48.8 81.6 717 104.3
(30.9-97.3) (31.5-167.2) (44.3-137.9) (51.9-242.1)
Chlorophyll a (ug L 30.5 21.9 11.0 12.4
h (2.0-95.0) (15.1-35.8) (3.9-30.1) (1.6-27.3)
Trophic state Eutrophic Mesotrophic Mesotrophic Mesotrophic

Zey euphotic zone; Cond. Conductivity; DO dissolved oxygen; TN total nitrogen, TKN total
Kjeldahl nitrogen; DIN dissolved inorganic nitrogen; NO; nitrite; NOs nitrate; NH4'
ammonium; TP total phosphorus; SRP soluble reactive phosphorus; DOC dissolved organic
carbon; TSS total suspended solids; NT:TP total nitrogen:total phosphorus ratio; nd non-

detected.
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Communities biomass
The PHY biomass was much higher in comparison to PPP (p< 0.001) and HB

(p<0.001) (Figure 1-2) and greater in Itupararanga than in Lobo. The highest values of
PHY biomass in ltupararanga occurred in the river zone during the month of October
(mean = 4316.9 + 2659.7 ug C L) and the lowest values were observed in May (mean =
103.6 + 32.73 pg C L. PHY biomass showed a significant temporal difference (p =
0.001) in Itupararanga, while in Lobo, there was a difference between the sampling sites
(p = 0.037).
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Figure 1-2. Carbon biomass of phytoplankton, picophytoplankton and heterotrophic bacteria: (a)
Itupararanga reservoir (b) Lobo reservoir.

The same patterns were observed for the PPP. A temporal difference was
observed in Itupararanga (p <0.001), while the PPP biomass in the Lobo reservoir showed

a horizontal spatial difference. During the sampling periods, there was an alternation of
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predominance and co-dominance between Peuk and Pcy (Figure S1-3). However, our
results suggest that the latter had predominance in most samples, contributing up to 82%
in the total PPP biomass. It was also observed that the Lobo and Itupararanga reservoirs
present low PE-rich Pcy biomass and greater contribution of PC-rich Pcy (Figure S1-3).

The values of HB biomass varied from 20.4 to 51.3 pg C L in Itupararanga and
from 10.9 to 34.9 pug C Lt in Lobo (Table 1-2). Spatial and temporal differences were
observed in the two reservoirs. In addition, we also observed that the HB biomass
correlates with the PHY biomass (r = 0.32, p =0.005).

Table 1-2. Mean values and range of microbial communities biomass in the river zone and
dam of Itupararanga and Lobo reservoirs.

Itupararanga Lobo
River zone Dam River zone Dam
(n=19) (n=20) (n=15) (n=20)
PHY 1146.8 1025.9 195.1 382.1
(50.7-6024.9)  (462.1-2494.9) (59.1-496.8) (138.9-949.5)
PPP 19.5 17.1 32.1 21.1
(1.3-39.8) (10.4-28.8) (16.3-41.8) (9.4-44.5)
Total Pcy 12.1 10.5 17.9 10.8
(0.7-26.8) (2.2-24.4) (4.8-28.8) (3.0-19.5)
Pcy PC-rich 12.0 8.5 17.8 10.7
(0.6-26.8) (1.7-19.6) (4.7-28.7) (2.9-19.3)
Pcy PE-rich 0.1 2.0 0.1 0.1
(0.0-0.3) (0.5-4.9) (0.12-0.2) (0.0-0.3)
Peuk 7.4 6.6 14.2 10.3
(0.6-16.5) (3.9-9.3) (5.4-19.0) (4.3-25.0)
HB 35.4 30.6 26.8 19.2
(11.2-56.2) (15.2-54.3) (11.6-36.6) (7.8-30.3)

PHY phytoplankton; PPP picophytoplankton, Pcy picocyanobacterial; PC phycocyanin; PE
phycoerythrin; HB heterotrophic bacteria.

Spatiotemporal patterns on communities structure
We used PERMANOVA test to assess the influence of spatial and temporal

patterns on the PHY, PPP and HB communities. The beta dispersion of PPP was
significant in season (F = 12.26, p <0.001), thus PERMANOVA was not applied for PPP,
however, the NMDS indicates grouping of seasonal samples, especially for January and
August (Figure 1-3.b).

It has been found that PHY differs significantly between reservoirs, over seasons
and between sites (Table 1-3). These differences can be seen by NMDS (Figure 1-3.a),

and we can see a clear PHY separation between reservoirs, and between sampling sites,
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especially in Itupararanga. HB also differed mainly between reservoirs and between
sampling sites (Table 1-3 and Figure 1-3.c). In addition, for both HB and PHY there was
no significant difference between sampling depths.

We applied a Mantel test in pairs to analyze the relationship between the structures
of the communities. We observed a significant correlation only between the HB and PHY
dissimilarity matrices (r = 0.35, p <0.001), indicating these communities co-vary in space

and time.
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Figure 1-3. Non-metric multidimensional scaling (NMDS) ordination based on Bray

Curtis dissimilarity matrix of a) phytoplankton genera/species biomass;
picophytoplankton cytometric fingerprint;

fingerprint.

b)

c) heterotrophic bacteria cytometric
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Table 1-3. Permutational multivariate analysis of variance (PERMANOVA) results for the
structure of phytoplankton(PHY) and heterotrophic bacteria (HB).

F R? p

PHY Reservoir 25.3 0.22 <0.001
Site 7.12 0.06 <0.001
Season 4.26 0.15 <0.001
Depht 0.58 ns ns

HB Reservoir 26.94 0.22 <0.001
Site 13.03 0.11 <0.001
Season 3.34 0.11 <0.001
Depht 0.58 ns ns

ns: non-significant

Influence of environmental factors on communities
The dbRDA was used to assess the relationships between communities and

environmental variables (pH, conductivity, temperature, TSS, transparency, DOC, and
DIN). The dbRDA results showed that the environmental variables explained 75.5, 85.1
and 43.5% in the first two axes of the variation of the PHY, PPP and HB communities,
respectively (the three models were significant, ANOVA p <0.001). For PHY, the
significant variables in the model were pH, conductivity, DOC, DIN, transparency and
TSS (p <0.0001). The samples from the Itupararanga river zone were grouped and
associated with high values of conductivity and TSS, while the samples from its dam were
positively related to pH. In the Lobo reservoir, most samples were associated with
temperature (Figure 1-4.a). According to the dbRDA, for PPP the significant variables
were pH, DO, conductivity and transparency (p <0.001). The samples from ltupararanga
were related negatively with DO and positively with temperature and transparency.

In the dbRDA applied to HB, the environmental variables pH, temperature,
conductivity, DOC, transparency and DIN were significant (p <0.001) (Figure 1-4.c).
Most samples from the Itupararanga dam were grouped and associated with water
transparency, while samples from the river zone were associated with high temperature
and DIN values. In the Lobo reservoir, high concentrations of DOC and conductivity
might be important structuring parameters of the bacterial community in the samples from

the river zone and the dam, respectively.
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environmental factors; b) coordinates of phytoplankton samples; c) picophytoplankton cytometric fingerprint with
environmental factors; d) coordinates of picophytoplankton samples; €) heterotrophic bacteria cytometric fingerprint
with environmental factors; f) coordinates of heterotrophic bacteria samples. Chl chlorophyll, Cond conductivity,
DIN dissolved inorganic nitrogen, DO dissolved oxygen, DOC dissolved organic carbon, NP nitrogen and
phosphorus ratio, Temp temperature, Transp transparency, TSS total suspended solids.
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Discussion
Our study showed differences in the structure of PHY and HB between reservoirs

and sites, but the PPP composition seems to be similar. The communities’ structures did
not vary with depths but were influenced by environmental factors throughout the seasons

and the sites.

Communities biomass
Among the microbial communities analyzed, PHY was the biological component

that presented the highest biomass throughout the analyzed period. The amount of carbon
associated with the cell volume of many PHY species is much greater than in HB and
PPP (Rocha and Duncan 1985; Lee and Fuhrman, 1987; Zubkov et al., 1998). The average
PHY biomass in ltupararanga and Lobo were similar to values observed in other
subtropical meso-eutrophic reservoirs (Rangel et al., 2012; Domingues et al., 2016).
However, HB biomass in our study was higher than in others Brazilian reservoirs (Silva
etal 2014). On the other hand, the average HB biomass recorded in an Amazonian tropical
floodplain was higher than the results of our research (Feitosa et al., 2019). Floodplain
environments are characterized by a complex relationship between rivers and lakes,
which associated with the hydrological cycle not only influences biomass but also shapes
the composition of the bacterial community (Melo et al., 2018).

In this study, we observed a significative correlation between PHY and HB
biomass (Spearman correlation: r = 0.32, p =0.005). Furthermore, the structures of these
two communities were also related (Mantel test: r = 0.35, p <0.001). In natural
environments, HB assimilates dissolved organic carbon from phytoplankton cell lysis, as
an exchange, HB remineralizes nutrients to the phytoplankton during the decomposition
process (Azam et al. 1983; Gasol et al., 2008). However, the relationship between these
communities can be much more complex since many studies suggest that the HB
taxonomic composition is strongly influenced by PHY structure, especially during
cyanobacterial blooms (Woodhouse et al., 2016; Lu et al., 2018; Xu et al., 2018). Some
HB genera are capable of degrading cyanotoxins (Eleuterio and Batista 2010; Zhang et
al., 2020), favoring the coexistence of these microorganisms with cyanobacteria (Guedes
et al., 2018). Nonetheless, further research is still needed to better understand the
metabolic functions that one community has over the other.

The PPP biomass in the Lobo and Itupararanga reservoirs, classified as

mesotrophic, was higher than the biomass observed in temperate oligotrophic



55

environments (Burns and Calbraith, 2007; Carrick et al., 2017). Previous meta-analysis
indicated that the biomass of PHY, composed of Pcy, is higher in tropical lakes
(Sarmento, 2012). This is particularly important in oligotrophic lakes because the PPP
provides source and carbon to higher trophic levels through food webs (Tarbe et al.,
2011). However, this scenario changes in tropical eutrophic ecosystems. In our study, it
has been noted that PPP biomass was much lower than PHY biomass. Although PPP
biomass increases with increasing trophic level in freshwater environments, the percent
contribution of PPP to the total phytoplankton biomass decreased with increasing lake
trophic state (Bell and Kalff, 2001).

In addition, there is evidence that in more enriched environments Peuk prevails
over Pcy but in oligo-mesotrophic freshwater systems, the opposite usually occurs
(Schiaffino et al., 2013). Here, Pcy predominated or co-dominated with Peuk in most of
the analyzed periods, possibly due to the intermediate enrichment level of Itupararanga
and Lobo reservoirs. It was also observed that Pcy biomass was composed mainly of PC-
rich Pcy, while the PE-rich cells biomass was very low. Previous studies have reported
that PC-rich Pcy prevails in more eutrophic environments (Wang et al., 2009; Schiaffino
et al 2013). In these lakes the transparency water is low and there is prevalence of red
wavelength light in the euphotic zone, which favors the growth of PC-rich Pcy (\V0ros et
al., 1998; Camacho et al., 2003). On the other hand, PE-rich Pcy develop better in
oligotrophic lakes (Chl < 10ug.L™?) due to the dominance of green wavelength in the
water column (Callieri et al 1996; Voros et al., 1998).

Spatiotemporal patterns in community structure
Our results suggest that the structures of the PHY and HB communities were

shaped by horizontal temporal and spatial heterogeneity, but not by depth. The
phytoplankton homogeneity in the water column has also been reported in previous
studies (Calasi et al., 2017; Cunha et al., 2017).However, Denaturing Gradient Gel
Electrophoresis (DGGE) analyses suggested that the bacterial composition varies from
surface to bottom, probably due to the thermal stratification of the water column and also
due to the proximity of the collection point to the sediment (Soares et al., 2015). In our
study, the water column tended to be well mixed throughout the sampling period (with
few exceptions, Figure S1-2), which probably contributed to the homogenization of the

communities, as observed here.
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The PERMANOVA analysis has demonstrated that the structure of PHY and HB
was different between reservoirs. The NMDS shows this clear division between the
samples from Itupararanga and Lobo, suggesting that the taxonomic composition of PHY
(Figure 1-3.a) and HB (Figure 1-3.c) are different between the reservoirs. There is
evidence that the cytometric fingerprint is related to the taxonomy of communities (Vila
Costaet al., 2012; Garcia et al., 2015), however there are no records about HB taxonomic
composition in the Lobo and ltupararanga reservoirs. Previous studies have reported a
consistent pattern of PHY composition in ltupararanga, with a predominance of
cyanobacteria, specifically Raphidiopsis raciborskii (previously Cylindrospermopsis
raciborskii) and chlorophytes (Beghelli et al 2016; Calasi et al., 2017; Cunhaet al., 2017),
while in Lobo there is a predominance of diatoms, such as Aulocoseira sp., chlorophytes
and cyanobacteria (Tundisi et al., 2015; Vicentin et al., 2018).

Regarding the PPP structure, we were unable to detect temporal and spatial
patterns through PERMANOVA, since the beta dispersion was significant. However, the
NMDS shows a great overlap of points between Itupararanga and Lobo, suggesting a
similarity between communities in the reservoirs. This result is aligned with the biomass
values found in this study, in which PC-rich Pcy was the main contributor to PPP in both
reservoirs.

For HB and PHY, an evident separation between sampling sites was also
observed. At the upstream of the reservoirs, the rivers that enter in this region are
responsible for influencing the physicochemical characteristics of the water and
consequently impact the microbial communities (Thornton, 1990). This region, also
called the river zone, generally has low depth, high concentration of total suspended
solids, low light incidence and high concentrations of nutrients (Thornton, 1990) due to
the highest influence of terrestrial surroundings, and enhanced contribution of
allochthonous materials. In this study, it has been found that PHY, PPP and HB were
influenced by these environmental variables. The low transparency of the water is a
consequence of the high TSS concentrations and limits phytoplankton growth (Cunha and
Calijuri, 2011).

Nonetheless, the high transparency observed in the dam of both reservoirs,
positively influenced PHY in Lobo, and PPP and HB in ltupararanga. The association
between HB and water transparency has also found in the Funil reservoir (Guedes et al.,
2018). The period presenting low retention time and less water turbidity coincided with

the blooming of Raphidiopsis raciborskii and the elevation on the relative abundance of
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the phylum Planctomycetes but, when there were low water transparency and high
retention time, there were blooms of Microcystis and high abundance of Bacteroidetes
(Guedes et al., 2018).

Previous studies have reported that DOC is another important factor for the
structure of HB and PHY (Reis et al., 2019). It was observed in this study that DOC
concentrations in Itupararanga and Lobo varied over time (Table 1-1) and was
characteristic of mesotrophic environments. Song et al (2018) showed that the average
concentrations of DOC in oligotrophic, mesotrophic and eutrophic reservoirs were 2.6,
5.2, and 14.7 mg L™, respectively. These results suggest that the amount of DOC in the
environment is influenced by eutrophication, which can affect HB and PHY structures.

The input of nutrients from anthropic origin into the reservoirs is well known for
its effects on microbial communities, especially increasing phytoplankton biomass (Yang
et al., 2017; Glibert, 2017; Lurling et al., 2018; Gamez, Benton and Manning, 2019). It
has also been reported that NOs™ has a strong influence on the HB structures in rivers
impacted by urbanization (Wang et al., 2018;). Here, DIN was composed mainly of NOs
and also significantly influenced the HB structure, thus may be was the main responsible
for separation of the samples between the dam and river zone.

Conductivity and pH also affect the structure of the PHY community (Silva et al.,
2014), PPP (Callieri et al 2012; Li et al., 2016), bacterial cytometric diversity (Quiroga et
al., 2017) and the taxonomic composition of bacteria (Avila et al., 2017). The high
conductivity observed in ltupararanga is typical of eutrophic environments, where a
positive correlation between conductivity and cyanobacteria has already been detected
(Silva et al., 2014). In addition, pH is essential for microbial metabolism and small
variations in its values may be responsible for changing the bacterial community
composition (Krause et al., 2012; Llirés et al., 2014).

Zooplanktonic predation (not evaluated in this study) can also affect the biomass
and the diversity of microbial communities. Copepods, cladocerans and rotifers are able
to feed on phytoplankton, including toxic cyanobacteria (Soares, Lurling, Huszar, 2010;
Hong et al., 2013; Agasild et al., 2019), picocyanobacteria (Rocha et al., 2019) and
heterotrophic bacteria (Segovia et al 2018). We suggest further studies about the influence

of zooplankton on the microbial community in the Lobo and Itupararanga reservoirs.
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Conclusion
In conclusion, PHY was the component that had the highest biomass values

among the communities analyzed. The structure and biomass between HB and PHY were
related, however we recommend future studies to analyze the taxonomic associations
between these groups. Our results suggest that water transparency, pH and conductivity
were key environmental variables that significantly shaped the structure of PHY, PPP and
HB communities. However, DOC and DIN concentrations were also important for PHY
and HB. Microorganisms are sensitive to changes in water composition, especially to the
eutrophication process, so they can be good indicators of anthropic changes. The use of
flow cytometry and the cytometric fingerprint techniques have allowed us to identify
spatial and temporal patterns in the structure of HB and PPP communities, and stand out
as cost-efficiency approaches for future studies. These tools can help researchers to
handle large amounts of samples from different environments, thus targeting important
questions in Microbial Ecology, and expanding knowledge about the functioning of

aquatic ecosystems.
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Figure S1-1. Vertical profile of temperature, pH and dissolved oxygen in Itupararanga
reservoir: (a) river zone; (b) dam zone.



a)

Temperature (°C) pH
14 16 18 20 22 24 26 28 30 5 6 7 8 g 10 10
0 1 ll 1 1 ll 1 I 3 0 1 |, 1 1 4 4
1 i 7
1 1 1
1 ]
Ll ,
N :
1 ! i 05 8
— 1 I — 1
E 1 I E 1
T | I g =
= ! H 5 1
o : Il o h
1 i
2 - ' : / 2 i
R
\
S
3 3 3
Feb/2017 May/201
b) ———= Augi2017 Oct2017
Temperature (°C) pH DO (mg.L™")
5 6 7 8 9 10 0 2 4 6 8 10

14 16 18 20 22 24 26 28 30

0 : :'
1 t
)
2 . 2 1 . 1
' i
i
4 4 : 4 4 ] 1
— - \
£ H E ]
56 . £ 6 1 : 5 1
2 4 oy i)Y
8 : 8 4 p 1 ]
i v o
i
10 - i 10 - 1 t
} d
12 12 i
Feb/2017 May/2017
———= Aug/2017 Oct/2017
- Jan/2018

Figure S1-2. Vertical profile of temperature, pH and dissolved oxygen in the Lobo
reservoir: (2) river zone; (b) dam.
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Figure S1-3. Contribution of eukaryotic picophytoplankton (Peuk) and picocyanobacteria rich in
phycocyanin (PC-rich Pcy) and phycoerythrin (PE-rich Pcy) to the total biomass of

picophytoplankton (PPP). a) Itupararanga river zone; b) Itupararanga dan; c) Lobo river zone; d)
Lobo dam.
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CAPITULO 2 - Linking aquatic microbial communities to nitrogen cycling in
subtropical reservoirs

Abstract

Nitrogen (N) is essential for the metabolism and growth of phytoplankton and
bacterioplankton. The composition in these communities is strongly related to the type of
dissolved inorganic nitrogen (DIN) available in the water, generally distributed on the
forms of nitrate (NOs”) and ammonium (NH4"). This study aimed to analyze the
composition of phytoplanktonic and bacterial communities and at investigating their roles
on nitrogen metabolism in subtropical reservoirs. To accomplish this, we collected water
samples from Brazilian reservoirs Itupararanga-SP and Lobo-SP at two distinct sites, dam
zone and river zone. Experiments in situ with >N isotopic tracers were performed to
measure N uptake rates. In addition, shotgun metagenomic sequencing was carried out to
characterize the taxonomic and functional profiles of bacterioplankton. Phytoplankton
were the major contributors to N uptake and the results showed positive correlations
between biovolumes of cyanobacteria and NOs  uptake rates. Cyanobacteria
predominated in the ltupararanga dam zone and were composed mainly by Raphidiopsis
raciborskii. Moreover, the metagenomic analysis showed that Nostocaceae had a high
genetic potential to drive N-fixation and a high abundance of genes encoding nitrate
transport proteins. The most abundant families of heterotrophic bacteria were
Burkholderiaceae and Comamonadaceae, which were associated with the process of
ammonium assimilation, ammonification, and denitrification. However, in both
reservoirs the microbial community showed low genetic potential for denitrification and
genes related to nitrification were not detected. A strong correlation was observed
between Mycobacteriaceae and Nostocaceae, which encourages further studies to
investigate these dynamics. The composition of the phytoplankton and bacterial
communities were influenced by conductivity, nitrate, PT, DOC. We conclude that
cyanobacteria play a key role in nitrogen metabolism and that the integrated analysis
between bacterioplankton and phytoplankton is necessary and recommended for a better
understanding of the aquatic microbial metabolic dynamics.

Key words: Cyanobacteria, metagenomic, uptake, nitrate, ammonium
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Introduction
Reservoirs are artificial freshwater ecosystems, built mainly for hydroelectricity

production and for drinking water supply (Silva et al., 2014; Barros et al., 2019). They
can also be used for irrigation and recreation (Decol et al., 2017; Hogeboom, Knook and
Hoekstra, 2018). These multiple uses have been threatened due to nutrient enrichment of
water, which may promote shifts in microbial communities (Barros et al., 2019) and
interfere in the biogeochemical cycles dynamics (Cotner and Biddanda, 2002).

Inefficient wastewater treatment discharges and fertilizer runoff are the main
responsible for the increase of nutrients phosphorus (P) and nitrogen (N) in freshwater
environments (Childers et al. 2011; Paerl and Paul, 2012). Nitrogen is essential for the
growth of phytoplankton and bacterioplankton (Glober et al., 2016) with studies
indicating that the composition of these communities is strongly related to the type of
dissolved inorganic nitrogen (DIN), mainly available on the forms of nitrate (NO3’) and
ammonium (NHs") (Donald et al., 2011; Glibert et al., 2016; Andersen et al., 2019;
Kleinteich et al., 2020).

Traditionally, phytoplankton members were considered the major contributors for
the N uptake in aquatic environments (Zehr and ward, 2002; Zehr et al., 2011). However,
recent studies have reported that heterotrophic bacteria can also contribute significantly
to this process in temperate marine and estuary environments environments (Kirchman
and Wheeler, 1998; Bradley et al., 2010; Yuan et al., 2012; Trottet et al., 2016), however
there are few measurements in freshwater environments, especially in subtropical and
tropical zones. Heterotrophic bacteria may also be involved in other metabolic pathways
of N in aquatic environments, such as nitrification, ammonification, denitrification and
nitrogen fixation (for cases of diazotrophic bacteria) (Zehr and ward, 2002; Delmont.,
20018; Deng et al., 2020).

The expansion of knowledge about bacterial diversity and their roles on the
metabolism of biogeochemical cycles occurred due to the development of new molecular
tools, such as metagenomic analysis (Sharpton, 2014; Roumpeka et al., 2017). Currently,
this approach has been widely used to answer questions like "who's there?" and "what are
they able to do?” (Grossart et al., 2020). However, most of the available studies regarding
taxonomy and functional roles of microorganisms are concentrated in temperate areas
(Mohiuddin et al., 2017; Chopyk et al., 2020; Fasching et al., 2020; Llorens-Mares et al.,
2020), with a limited number of researches carried out in tropical environments
(Meneghine et al., 2017; Deng et al., 2020).
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Tropical environments differ from temperate ones mainly due to higher
temperatures and greater incidence of solar radiation with both characteristics presenting
low amplitude of variation during the year (Lewis, 2000). Temperature and solar
incidence, combined with the availability of nutrients, have direct impacts on microbial
metabolic dynamics in tropical and subtropical zones (Lewis, 2010). Therefore, studies
in these areas are important to provide information for future actions to control the
impacts caused by eutrophication.

Given the importance of microbial communities to the N metabolism and vice
versa, this study aimed to: (1) characterize the composition of phytoplankton and bacterial
communities with microscopic analysis and shotgun metagenomic sequencing,
respectively; (2) investigate the dynamics of N uptake by microbial communities
measuring NOs and NH4* uptake rates through experiments with °N isotope tracers; (3)
investigate functional profiles tracking genes associated with N metabolism in
metagenomic data. We hypothesized that (1) phytoplankton are the major contributors to
nitrogen assimilation and (2) heterotrophic bacteria have functional potential in many

pathways in the nitrogen metabolism.

Materials and methods
Study area and sample collection

The Lobo and ltupararanga reservoirs are located in southeastern Brazil (Figure
2-1). The climate of this region is of the Cwa type (kOppen classification), with annual
average temperature of 20-22 ° C, a typical rainy season (October to March) and a dry
season (April to September) (Pereira et al 2008; Pavdo et al 2017; Beghelli et al., 2016).
Morphometric characteristics from two reservoirs was described in Frascareli et al.,
(2018).
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Figure 2-1. Map showing the location of the Itupararanga and Lobo reservoirs with sampling
sites (dam zone and river zone).

In both reservoirs, previous studies have reported continuous degradation of water
quality due to the increase of trophic state over the years. The Itupararanga reservoir was
classified as oligo-mesotrophic until 2008, however there was a continuous increase in
nutrients since then, and currently this reservoir is meso-eutrophic, with a tendency to
become hypertrophic in the next years (Beghelli et al., 2016). Similar patterns occurred
in the Lobo reservoir, which have reached meso-eutrophic or super-trophic conditions
lately (Tundisi et al 2015; Frascareli et al 2018). This eutrophication process is related to
the runoff of fertilizers used in agricultural lands along the drainage basin. In addition,
the release of inadequate wastewater treatment also contributes to the enrichment of
nutrients in these ecosystems (Rivera et al 2007; Simonetti et al 2019).

Water samples were collected from the subsurface with the VVan Dorn bottle at
different periods throughout the year, in May/2017 (autumn), August/2017 (winter),
October/2017 (spring) and January/2018 (summer). In each reservoir, two collection sites
were established, one with lotic characteristics (river zone) and another with lentic
characteristics (dam zone). Phytoplankton samples were immediately fixed with acetic
Lugol and stored in a dark place until counting. Bacterial samples were fixed with
formalin buffered with borax (1% final concentration) and then frozen at -80°C until

analysis. The water samples were immediately filtered on Macherey-Nagel GF-3 filters
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for analysis of dissolved nutrients and chlorophyll a (Chl @), and raw water samples were
separated to access the total phosphorus (PT) and total Kjeldahl nitrogen (TKN). For
metagenomic analyses water samples were filtered through a membranes with 0.22 um
(Whatman® Nucleopore) and then stored at —80 °C.

Environmental analyses
Water temperature, dissolved oxygen (DO) concentration, and electric

conductivity were measured in situ with multiparameter probe (HANNA®, model HI
9829). The dissolved nutrients, nitrate (NOgz’), nitrite (NO2), and soluble reactive
phosphorus (SRP) were determined following methods described in APHA (2004).
Ammonium was analyzed according to Koroleff (1976) and dissolved organic carbon
(DOC) was estimated with a carbon analyzer (Shimadzu SSM 5000). Ammonium,
nitrate, and nitrite concentrations were summed to estimate dissolved inorganic nitrogen
(DIN). Total nutrients, such as total phosphorus (PT) and total Kjeldahl nitrogen (TKN),
were estimated with raw water, using methods proposed in APHA (2004). With the sum
of TKN, nitrate, and nitrite concentrations total nitrogen (NT) was obtained, and then
molar ratios of NT: PT were calculated. The trophic state index was calculated following
recommendations in Cunha, Calijuri and Lamparelli (2013).

Chl-a was extracted with 80% v/v ethanol and the concentrations were determined
according to Nuch (1980). Phytoplankton were quantified with sedimentation chambers
(Uthermol, 1958) using an inverted microscope (Olympus CK2®). At least 20 individuals
from the most abundant taxa (>10%) were measured to access cell volume to calculated
biovolume (mm?3 L) (Hillebrand et al., 1999; Sun and Liu, 2003). The cell volume of the
taxa with less than 10% in abundance were obtained from the literature (Fonseca et al.,
2014).

To estimate the abundance (cell. ML) of heterotrophic bacteria (HB) fluorescent
beads (1 um, Fluoresbrite carboxylate microspheres, Polysciences Inc., Warrington, PA,
USA) and SYTO-13 dye (Molecular Probes; 2.5 umol L' final concentration) were
added to subsamples of water (Mansano et al 2017; Segovia et al 2018). These samples
were processed in a FACSCalibur flow cytometer (Becton & Dickinson Franklin Lakes,
NJ, U.S.A)), following recommendations by Sarmento et al (2008). HB detection was
performed plotting side scatter (SSC) versus FL1 (green fluorescence) and the FlowJo

software was used for data processing (Segovia et al., 2018).
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Nitrogen uptake experiments by total community
Experiments were performed in both sampling sites (river and dam zone) from the

Itupararanga and Lobo reservoirs. Measurements of °N-NH4* and ®N-NOs" uptake were
performed separately. Water samples from the subsurface were collected in triplicate and
stored in polycarbonate bottles (0.5 L) containing ®NH4Cl or Na'®NOs. The N
substrates were added to the bottles at fixed concentrations (**NH4CI: 0.71 pmol. L,
Na®NQOs: 2.50 umol. L),

The experimental bottles were incubated in situ (water subsurface) for 1h. At the
end of incubation, water samples (90-100 mL) were filtered onto 25 mm Macherey-Nagel
GF/5 filters (0,4 um porosity). With this process, phytoplankton and bacteria were
retained onto GF/5 filters and we were able to access the total N uptake rate of the
microbial community. To access only bacterial uptake, we pre-filtered water samples on
filters with 1.0 um porosity (Whatman® Nucleopore) and then onto GF/5 filters.

All GF/5 filters were dried at 40 °C for 24 hours and encapsulated with tin capsules
until analysis. The °N atom% and particulate organic nitrogen (PON) were analyzed with
a mass spectrometer (Thermo Delta V) interfaced to an elemental analyzer (NC2500).

The nitrate (NO3) and ammonium (NH4") uptake rates in nmol N L™* h™* were
determined according to the equations proposed by Dugdale and Wilkerson (1986). To
obtain total N uptake, we added the NO3” and NH4" uptake rates.

DNA extraction and Shotgun metagenomic sequencing

Metagenomic sequencing was performed with samples of May/2017 and
January/2018 taken from both sites of the Itupararanga and Lobo reservoirs. These
samples were selected due to detection of microcystin and saxitoxin, in Lobo and
Itupararanga (personal communication from Moraes, in progress), respectively.

DNA extraction was performed directly from the filters with a DNeasy
PowerWater Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s
instructions. The integrity of the extracted DNA was analyzed by electrophoresis on
agarose gel (1% wl/v) and the quantification was performed with fluorescence
spectroscopy using a Qubit dsDNA HS assay kit (Thermo Fisher Scientific, Carlsbad,
CA, United States).

Shotgun metagenomic libraries of each sample (2 reservoirs x 2 sites x 2 months

x 2 replicates = totaling 16 samples) were prepared with a Nextera XT DNA Sample
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Preparation Kit (Illumina, Inc., San Diego, CA, USA) following the manufacturer’s
instructions. The DNA libraries were quantified by realtime PCR, using the KAPA
Library Quantification Kit for lllumina (KAPA Biosystems, Wilmington, DE, USA).
Sequencing was carried out on a HiSeq 2500 platform (lllumina, Inc., San Diego, CA,
USA) using the paired-end read length of 2 x 100 bp.

Sequence analysis
After sequencing, the reads were paired using PEAR 0.9.5 (Zhang et al., 2014)

and the quality was analyzed with FastQC (Andrews, 2010). The paired sequences of
each sample were submitted to the MG-RAST server (Meyer et al 2008) using default
sequence quality thresholds.

Taxonomic and functional analyses was performed using, respectively, NCBI
RefSeq database and SEED subsystems (Overbeek et al., 2005), both available on the
MG-RAST Server. The metagenomic sequences were compared to each database using
an e-value of 1e-5, an 80% minimal percent identity and a minimum alignment length of
25 bp. (Cai et al., 2016; Meneghine et al., 2017). The taxonomic identities of the
metagenomic sequences related to nitrogen metabolism were performed with NCBI

RefSeq database, using the same threshold described above.

Statistical analyses
All abiotic and biotic data, except pH, were transformed in log(x+1) to perform

the analyses. The relationship between N uptake rates, abiotic variables, and
phytoplankton composition was analyzed with the Spearman correlation, using a
significance level of p<0.05. Correlations between relative abundance of bacterial groups
and phytoplankton were also accessed.

The influence of environmental variables on phytoplankton and bacterioplankton
was evaluated using distance-based redundancy analyses (db-RDA), for each community,
separately (Legendre and Legendre, 1998). The collinearity between environmental
variables was evaluated with variance inflation factors (VIF) and variables with VIF >
2.5 were removed from db-RDA (Legendre and Legendre, 1998). We tested the
significance of db-RDA models with ANOVA and all statistical analyses described above
were performed with R, version 3.6.2 (R Core Team, 2016).

To compare the abundance of functional genes across metagenomic samples, we
used the software package Statistical Analysis of Metagenomic Profiles, known as

STAMP (Parks and Beiko, 2010). The significant differences between two groups



76

(temporal or spatial) were identified using two-sided Welch’s t-test (Bluman, 2007) and

the Benjamini-Hochberg FDR correction (Benjamini and Hochberg, 1995).

Results

Limnological characterization

Table 2-1 shows the results of limnological characterization. The water
temperature of the Itupararanga reservoir varied from 16.1°C (Aug/2017) to 25.2°C
(Jan/2018) and in Lobo the variation was from 18.5°C (Aug/2017) to 25.0°C (Jan/2018).
The pH ranged from 6.5 to 7.1 and from 6.0 to 8.7, in the Itupararanga and Lobo
reservoirs, respectively. The conductivity was higher in Itupararanga (63 to 94 pS cm™)
when compared to Lobo (13 a 30 uS cm™). The lowest DO concentration (4.0 mg L)
occurred in the Itupararanga river zone (May/2017). DIN concentrations were mainly
composed of nitrate, and both variables were higher in the samples from the river zone.
In contrast, the ammonium concentrations were low in all samples, with a maximum value
of 10.3 pmol Lt TKN ranged from 1.6 to 28.6 pmol L in Itupararanga and from 4.0 to
27.4 umol Lt in Lobo (in Jan/2018 the concentration was not detected). Low values of
nitrite (< 1.0 umol L1) and RSP (< 0.2 pmol L) were detected in both reservoirs. TP
concentrations were higher in the river zone, mainly in Itupararanga, where we observed
the lowest TN:TP molar ratios. However, in almost all other samples, the TN:TP ratios
were greater than 50:1, indicating P limitation. Generally, Itupararanga had higher Chl-a
concentrations, reaching 74.4 ug L in the river zone sample from Oct/2017. The greatest
abundance of heterotrophic bacteria was observed in Itupararanga, reaching 2.62 x 10°
cell.mI' in the river zone. Both reservoirs were classified as mesotrophic, except the river

zone from ltupararanga, which was classified as eutrophic.
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Table 2-1. Physical, chemical and biological variables of water in Itupararanga and Lobo reservoirs.

Itupararanga reservoir

River zone Dam zone
Variables May/2017  Aug/2017  Oct/2017 Jan/2018 May/2017 Aug/2017  Oct/2017 Jan/2018
Temp. (°C) 18.3 16.1 22.7 25.2 20.2 17.4 23.2 24.7
pH 6.5 6.5 7.0 7.0 7.0 7.1 6.8 6.7
Cond. (uS cm™) 66.0 78.0 94.0 83.0 73.0 63.0 66.0 71.0
DO (mg L) 4.0 8.5 7.7 8.1 7.4 8.6 6.9 75
TKN (umol L) 4.6 26.7 5.9 28.6 8.5 20.6 1.6 4.2
(2.6) (5.0) (7.6) (21.8) (5.1) (0.9) (1.6) (1.2)
DIN (umol L) 57.4 55.6 55.5 68.4 40.1 26.3 25.9 23.1
0.4) (0.3) (0.3) 0.7) (0.8) (0.2) (0.05) (0.4)
NOz (umol L) 0.3 0.85 0.16 nd nd nd 0.15 nd
(0.01) (0.02) (0.02) (0.02)
NOs (umol L?) 56.0 50.2 53.1 66.9 29.8 23.8 25.7 23.1
0.4) (0.3) (0.4) (0.4) (0.8) (0.4) (0.2) (0.4)
NHs* (umol L) 1.1 45 2.2 15 10.3 2.5 nd nd
(0.03) (0.05) (0.2) (0.3) (0.04) (0.2)
TP (umol L?) 1.3 12 1.8 2.3 0.5 0.4 0.3 0.3
(0.2) (0.02) (0.1) (0.02) (0.04) (0.01) (0.02) (0.01)
RSP (umol L) <0.2 <0.2 <0.2 <0.2 nd nd <0.2 <0.2
DOC (mg L%) 6.3 2.9 5.0 7.7 3.6 3.7 4.3 3.9
(0.6) (0.1) (0.1) (0.2) (0.3 (0.1) (0.2) (0.2)
TN:TP 46.8 62.3 33.3 42.2 78.9 122.2 82.4 81.6
(7.2) (3.2) (5.2) 9.2 17.7) (7.6) (5.8) 4.2)
Chl-a (ug LY 2.3(0.6) 18.1(1.8) 74.4(6.3) 9.9(8.6) 21.7 (0.3) 22.7(2.0) 17.1(0.6) 20.7(1.0)
PHY (mm3.L?Y) 0.7 4.2 21.7 2.6 3.0 4.8 5.2 3.5
HB (10° cells.ml?) 1.10 1.50 0.55 2.62 2.12 0.75 1.35 1.33
Lobo reservoir
River zone Dam zone
May/2017  Aug/2017 Oct/2017 Jan/2018 May/2017  Aug/2017 Oct/2017 Jan/2018
Temp. (°C) 21.4 18.6 21.4 23.8 22.3 18.5 22.6 25.0
pH 8.7 7.2 6.1 6.3 7.1 6.4 6.0 6.0
Cond. (uS cm™) 15.0 17.0 16.0 30.0 14.0 13.0 14.0 26.0
DO (mg L™?) 6.9 8.2 6.3 6.1 9.0 7.9 515 6.0
TKN (uM) 9.6 9.8 8.6 4.0 13.3 27.4 9.5 nd
(5.1) (12.6) (2.6) (3.8) (4.8) (3.3) (2.1)
DIN (uM) 50.9 42.6 475 49.7 38.7 36.3 35.6 39.8
0.7) (0.2) (0.5) (0.4) (0.7) (0.4) (0.4) (0.2)
NO2 (UM) 0.18 0.35 0.34 0.13 0.17 0.12 0.28 0.17
(0.02) (0.02) (0.03) (0.02) (0.02) (0.01) (0.01) (0.04)
NOs™ (UM) 50.0 42.1 46.2 49.5 38.6 36.0 33.8 37.9
0.7) (0.2) (0.4) (0.4) (0.7) (0.4) (0.4) (0.2)
NHs* (UM) 0.7 0.1 1.0 nd nd 0.2 1.5 1.8
(0.2) (0.1) (0.6) (0.05) (0.05) (0.1)
TP (uUM) 0.6 0.7 11 0.7 0.5 0.5 0.6 0.7
(0.02) (0.04) (0.02) (0.06) (0.03) (0.08) (0.03) (0.02)
RSP (uM) <0.2 nd <0.2 <0.2 <0.2 nd nd <0.2
DOC (mg LY 5.7 3.8 4.3 4.8 4.4 3.6 3.3 4.0
(0.2) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1) (0.1)
TN: TP 93.6 69.3 47.9 74.6 101.4 129.4 76.6 51.9
(6.1) (16.1) (2.4) (11.2) (16.1) (24.8) (6.0) (1.3)
Chla(ug L) 8.2 (0.6) 5.6 (1.1) 8.6 (1.5 89(.7) 17.8 (1.0) 8.9 (1.0) 30(2.0) 82(11)
PHY (mmé3.L?Y) 1.0 1.2 2.6 0.4 3.6 4.9 1.0 0.8
HB(106 cells.mI™?) 1.59 1.76 1.07 0.75 1.44 1.32 0.64 0.54

Temp. temperature; Cond. Conductivity; DO dissolved oxygen; TKN total Kjeldahl nitrogen; DIN dissolved inorganic
nitrogen; NO2 nitrite; NOs™ nitrate; NHs* ammonium; TP total phosphorus; SRP soluble reactive phosphorus; DOC
dissolved organic carbon; NT:TP total nitrogen:total phosphorus ratio; nd non-detected, Chl chlorophyll; PHY
Phytoplankton; HB heterotrophic bacteria.
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Phytoplankton Dynamics
The phytoplankton groups Bacillariophyceae, Chlorophyceae, Cryptophyceae,

Cyanophyceae, and Dinophyceae were the main contributors to the total phytoplankton
biovolume in the Itupararanga and Lobo reservoirs (Figure 2-2). Cyanophyceae, mainly
composed by Raphidiopsis raciborskii (Figure 2-3), showed a high contribution to the
total phytoplankton biovolume in all samples from the Itupararanga dam zone, ranging
between 26.2% (Aug/2017) and 69.5% (Jan/2018). On the other hand, cyanobacteria were
not representative (0.3-6.8%) in the Lobo reservoir. The contribution of
Bacillariophyceae in Itupararanga was high in the dam zone (15.5 to 50.0%) and in the
river zone (1.8 to 63.3%). Total phytoplankton biovolume in the dam zone from Lobo
was composed by Bacillarophyceae (72% - oct/2017) and Dinophyceae (reaching 74.6%
- May/2017). In the river zone of ltupararanga, the total phytoplankton biovolume (27.4
mm.L - Table 2-1) was mainly composed by dinoflagellate Ceratium furcoides (88.3%)
in Oct/2017. Chlorophyceae had a low contribution in both reservoirs, while
Cryptophycea was more representative in the Lobo reservoir. Other phytoplankton
groups, such as Chlamydophyceae, Chrysophyceae, Euglenophyceae, Trebouxiophyceae,
Xanthophyceae, and Zygnemaphyceae were also counted in water samples from the

studied reservoirs.
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Figure 2-2. Biovolume contribution (%) of phytoplankton classes in (A) the Itupararanga
reservoir and in (B) the Lobo reservoir, in May/2017, August/2017, October/2017 and
January/2018. Classes with biovolume below 5% were presented in “Others”.
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Figure 2-3. Biovolume contribution (%) of the phytoplankton genera/species of (A) the Itupararanga
reservoir and (B) teh Lobo reservoir, in May/2017, August/2017, October/2017 and January/2018. Classes
with biovolume below 5% were presented in “Others”.

The db-RDA model was performed with phytoplankton genera/species that had a
biovolume above 5% and with environmental variables that had VIF < 2.5 (Figure 2-4).
The model was significative (p<0.001) and the first two axes accounted for 71.9% of total
variance between phytoplankton and environment variables relationship (CAP 1: 51.6%;
CAP 2:20.1%). Samples from Itupararanga (right side) and Lobo (left side) were grouped
separately, on the opposite sides of the diagram. This result indicates a clear difference

between phytoplankton composition in both reservoirs. Samples from the Itupararanga
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river zone were associated with high conductivity, whereas samples from the dam zone
were related to Raphidiopsis raciborskii and Fragilaria grunowii, and with low nitrate,
PT and DOC concentrations.

1.5

1.0

CAP2 (20.1%)

-1.0

Nitrate I':-)%J

-15

CAP1 (51.8%)

Figure 2-4. Distance-based redundancy analysis (db-RDA) between phytoplankton community
composition and environmental variables. Abbreviations - I: ltupararanga reservoir; L: Lobo
reservoir; DZ: dam zone; RZ: river zone; M: May/2017, J: January/2018; Temp: temperature;
Cond: conductivity; DOC: dissolved organic carbon; NP nitrogen and phosphorus ratio; Ank:
Ankistrodesmus fusiformes; Apha: Aphanocapsa sp.; Aull Aulacoseira granulata; Aul2:
Aulacoseira distans; Cer: Ceratium furcoides; Cry: Cryptomonas sp.; Cyc: Cyclotella
meneghiniana; Dis: Discotella stelligera; Fra: Fragilaria grunowii; Mono: Monoraphidium
contortum; Per: Peridinium; Rap: Raphidiopsis raciborskii; Rhi: Rhizosolenia sp.

Nitrogen uptake rates
In both reservoirs, free-living heterotrophic bacteria (<1.0 um) exhibited low total

N uptake rates, ranging from 0.5 - 9.0 nmol N L*h* and 0.5 - 7.7 nmol N Lh?, in
Itupararanga and Lobo, respectively. The contribution of heterotrophic bacteria to N
uptake varied between approximately 1% and 14% (Figure 2-5). Therefore, N sources
(NO3z and NH4" ) were mainly taken up by phytoplankton in all samples (86.04- 98.4%).
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Figure 2-5. Contribution (%) of heterotrophic bacteria (HB) and phytoplankton (PHY) to the total
N uptake (NOs; uptake+NHs* uptake). The figure displays a boxplot with the percentage
calculated from all Itupararanga and Lobo experimental samples.

The N uptake rate by phytoplankton was calculated through measures without
bacterial N uptake rate. The total N uptake (NOsz uptake + NH4" uptake) by
phytoplankton in the ltupararanga reservoir ranged from 10.1 to 568.8 nmol N L*h?
(Figure 2-6.A) while in the Lobo reservoir varied between 10.5 to 80.4 nmol N L?h?
(Figure 2-6. B).

Ammonium was the preferred N source used by phytoplankton in almost all
samplings from the Lobo reservoir, accounting for 94.8% of the total N uptake in
Jan/2018 (Table S2-1). The preference for ammonium was also detected in the dam zone
from ltupararanga, except in Jan/2018, when the nitrate source was widely used by
phytoplankton, raging 84.3% of the total N uptake (Table S2-1). In addition, the highest
NOs™ uptake (515.9 nmol N Lh™) accounted for 90% of total N uptake in the river zone,
coinciding with the period (Oct/2018) when Ceratium bloom formation occurred.

Correlation analyses showed positive relationships between temperature and NO3"
uptake rate (r=0.48, p < 0.05), NH4" uptake rate (r= 0.77, p < 0.05), and total N uptake
rate (NOs™ uptake + NH4" uptake: r= 0.75, p < 0.05). In addition, NH4+ uptake rates
showed significant positive correlations with the biovolumes of Chlorophyceae (0.40,
p<0.05), while NO3 uptake rates correlated with biovolumes of Cyanobacteria (r=0.59,
p<0.05) and Dinophyceae (r=0.50, p<0.05).
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Figure 2-6. Total Nitrogen uptake rates (sum of NOs uptake and NH4* uptake) in river zone and
dam zone samples from the (A) ltupararanga reservoir and the (B) Lobo reservoir. Samples were
collected in May/2017, August/2017, October/2018, and January/2018.

Taxonomic characterization of bacterial communities
The metagenomic sequencing yielded more than 23 million reads for each sample

(Table S2-2). After quality control from the MG-RAST pipeline, an average of 22 + 5.6%
short sequences and duplicates were removed. Taxonomic analysis of the metagenome
showed that the domain Bacteria (90.63 - 98.11%) predominated in all samples, followed
by Eukaryota (1.67 - 6.95%), Viruses (0.05 - 2.31%) and Archaea (0.07 - 0.17%) (Table
S2-2).

In both reservoirs, Proteobacteria, Cyanobacteria, Actinobacteria, and
Bacteroidetes were the most representative bacterial phyla, and together they accounted

for 76.3% and 95.0% of the sequences annotated in the samples of Lobo and Itupararanga,
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respectively. Cyanobacteria were the most abundant phylum in the Itupararanga dam
zone, whereas Proteobacteria was dominant in the river zone (Figure 2-7). Proteobacteria
also dominated almost all samples from the Lobo reservoir except in May, when the
relative abundance of Proteobacteria was approximately 38%, Firmicutes 20% and
Cyanobacteria 17%. Planctomycetes and Verrucomicrobia phyla were less representative

but showed relative abundance above 1% in at least one of the samples.

ltupararanga Lobo
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3 i =
< 80 £ go- Others
g 8 Verrucomicrobia
S 6o - [ Proteobacteria

S 50-

= B [ Planctomycetes
® o 40+ [ Cyanobacteria
£ & [ Bacteroidetes
E’ 204 E, 204 [ Actinobacteria

0-
IRZM IDZM IRZJ IDZJ

0.
LRZM LDZM LRZJ LDZJ

Figure 2-7. Relative abundance (%) of bacterial phyla in water samples collected in the river zone
(RZ) and in the dam zone (DZ) from the ltupararanga (I) and Lobo (L) reservoirs, in May/2017
(M) and January/2018 (J). “Others” represent phyla with less than 1% of abundance

At family level, Cyanobacteria were composed mainly by the family Nostocaceae
in the dam zone of the Itupararanga reservoir (Figure 2-8), while unclassified families
derived from the order Chroococcales presented low relative abundance in both
reservoirs, varying from 0.6 to 7.8% in Itupararanga and from 6.9 to 11.1% in Lobo.
Burkholderiaceae and Comamonadaceae were the most abundant families of
Proteobacteria, and the least representative were Methylophilaceae, Enterobacteriaceae,
and Rhodocyclaceae. Actinobacteria was represented mainly of Mycobacteriaceae and
Streptomycetaceae, while the most representative family of Bacteroidetes was

Flavobacteriaceae.
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Figure 2-8. Relative abundance (above 1%) of bacterial families in metagenomes from
Itupararanga and Lobo reservoir. Abbreviations means I: ltupararanga reservoir; RZ:
River zone; DZ: Dam zone; L: Lobo reservoir.

The db-RDA analysis (Figure 2-9) was performed with environmental variables
that had VIF <2.5 and with families that had a relative abundance above 5%. The model
was significant (p = 0.043) and most of the variation was explained by the first two axes
(CAP1 76.8% and CAP2 18.7%). The analysis showed two distinct sample groups. The
first group (located on the left section of the diagram) was composed by samples from
the Lobo reservoir (except LDZM) and from the Itupararanga river zone. This group was
associated with high nitrate, PT, and DOC concentrations, and with heterotrophic bacteria
belonging to the families Comamonadaceae, Burkholderiaceae, Streptomycetaceae,
Methylophilaceae, Enterobacteriaceae, Flavobacteriaceae, and Rhodocyclaceae. In the
second group, samples from the Itupararanga dam zone (IDZM and IDZJ) were grouped
together and related to the families Nostocaceae and Mycobacteriaceae, with high
conductivity. Spearman correlation also showed strong correlation (r=0.77, p<0.05)

between R. raciborskii and Mycobacteriaceae abundance.
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Figure 2-9. Distance-based redundancy analysis (db-RDA) between bacterial community
composition at family level (with relative abundance above 1%) and environmental
variables. Abbreviations: I: Itupararanga reservoir; L: Lobo reservoir; DZ: dam zone; RZ:
river zone; M: May/2017, J: January/2018; Cond: electric conductivity, DOC: Dissolved
organic carbon; NP nitrogen and phosphorus ratio; Com: Comamonadaceae; Burk:
Burkholderiaceae; Chro: unclassified derived from Chroococcales; Myco:
Mycobacteriaceae;  Nost:  Nostocaceae;  Strep:  Streptomycetaceae;  Methy:
Methylophilaceae; Ent: Enterobacteriaceae; Flav: Flavobacteriaceae; Rhod:
Rhodocyclaceae; Baci: Bacillaceae.

Functional profile
Functional profiles were determined according to the SEED database in 28

subsystems, at level 1 (Figure S2-1). The most abundant subsystems in both reservoirs
were Carbohydrates (12,9 — 13.8%), Protein metabolism (9.5 — 10.7%) and Amino Acids
and Derivatives (10.1 — 11.1%). Genes related to Nitrogen metabolism corresponded to
approximately 1% of the annotated sequences with known function. The functional
profiles of the metagenomes between samples sites were compared using STAMP, and
we observe significant variations in many functional categories only in ltupararanga
reservoir (Figure 2-10). For example, genes related to Nitrogen metabolism and
Photosynthesis were more abundant in the dam zone, whereas genes related to aromatic

compounds metabolism and related to the Virulence, Disease and Defense category, were
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more abundant in samples from the river zone. Within virulence metabolism, high
abundances of antibiotic resistance genes and toxic compounds have been detected in
Itupararanga river zone (Figure S2-2).
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Figure 2-10. SEED subsystems (at level 1) with significant differences in metagenomes from the
Itupararanga reservoir. Positive differences between proportions denote gene overrepresentation
in the dam zone (blue), whereas negative differences between proportion denote
overrepresentation in the river zone (blue).

In the Iltupararanga reservoir, no significant difference was observed in the
sampling period between May/2017 and January/2018. On the other hand, only a
temporal difference was observed in the functional profile from the Lobo reservoir
(Figure 2-11).
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Figure 2-11. SEED subsystems (at level 1) with significant differences in metagenomes from the
Lobo reservoir. Positive differences between proportions denote gene overrepresentation in
January/2018 (black), whereas negative differences between proportion denote
overrepresentation in May/2017 (gray).
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Within Nitrogen metabolism pathways, genes related to N-fixation and nitrate and
nitrite ammonification paths were more abundant in the Itupararanga dam zone, while
genes related to denitrification and ammonium assimilation were overrepresented in the
river zone (Figure 2-12. A). The same metabolic pathways were identified in the Lobo
reservoir, but without significant temporal and spatial difference. Furthermore, this

ecosystem had low genetic potential for N-fixation (Figure 2-13. B)
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Figure 2-12. Significant differences between functional genes classified according to SEED
subsystems in metagenomes from the Itupararanga reservoir. (A) “Genes related to Nitrogen
metabolism” category and (B) genes related to “Nitrate and nitrite ammonification” category.

In Itupararanga, most of sequences related to N-fixation were taxonomically
affiliated to the Nostocaceae (Figure 2-13.B), but the results also indicated the presence
of sequences linked to Rhodocyclaceae and Pseudomonadaceae in the river zone samples
in May/2017. Regarding the nitrate and nitrite ammonification paths, the sequences
assigned to this metabolism were mostly affiliated to Nostocaceae and Chroococcales

(Figure 2-13.C), in samples from ltupararanga (dam zone). To better understand this
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result, we explored the categories related to ammonification were explored within SEED

subsystem and we found out a high abundance of functional genes associated with nitrate

ABC transporter system in metagenomes from the Itupararanga dam zone (Figure 2-

12.B).

Both reservoirs showed high genetic potential for ammonium assimilation (Figure

2-13. A) and low potential for denitrification (Figure 2-13. D). In the Lobo reservoir, most

of the sequences related to denitrification were affiliated to Burkholderiaceae, while in

the ltupararanga river zone, denitrification was related to Burkholderiaceae, and to

Comamonadaceae, Rhodocyclaceae, Pseudomonadaceae and Methylococcaceae.
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Figure 2-13. Number of sequences of the bacterial families related to Nitrogen metabolism
categories according to SEED subsystem and NCBI RefSeq data base. (A) Ammonium
Assimilation, (B) Nitrogen fixation, (C) Nitrate and nitrite ammonification and (D)

Denitrification.
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Discussion
This study promoted insights into the composition of bacterioplankton and

phytoplankton. We also explored the roles of this microorganisms in nitrogen metabolism
from freshwater environments.

Our results showed that phytoplankton was responsible for the majority of N
uptake (88 - 99%), while free living heterotrophic bacteria (<1.0um) accounted for 1-
14% of the total N uptake. The bacterial contribution to total N uptake tends to be higher
in ecosystems with low phytoplankton biomass (e.g Chl a < 2 ug L), accounting for 51—
95% and 43-80% of NOs™ and NH4" uptake, respectively (Fouilland et al., 2007). To our
knowledge, measures of free-living heterotrophic bacteria uptake in meso-eutrophic
subtropical reservoirs were missing and our results suggest that these microorganisms had
a low contribution to the total N uptake (NOs uptake + NH4" uptake) in this type of
environment. Despite this, our metagenomic analysis showed high genetic potential for
ammonium assimilation within heterotrophic bacterial groups. Similar functional
characteristics were reported in lakes (Rathour et al., 2020), aquaculture pond (Deng et
al., 2020), soda lakes (Andreote et al., 2018), and streams (Reis et al., 2016).

Understanding N uptake patterns and their environmental controls is important
because this knowledge may promote insights into controlling N dynamics in ecosystems.
In our study, temperature was positively correlated with NO3", NH4™, and total N uptakes
rates (NO3™ uptake+ NHs*uptake), suggesting that the uptake metabolism tends to be
higher in warmer seasons, as reported in other studies (Kumar, Sterner and Finlay, 2008;
Yu et al., 2018). Due to this trend, we expected to see high N uptake rates in subtropical
reservoirs, which usually has higher water temperature compared to ecosystems located
in temperate zones (Lewis, 2000). However, we observed low N uptake rates in the
Itupararanga and Lobo reservoirs, and our results were compatible with temperate
environments. For example, in the Tahoe Lake and Walker Lake, NO3™ uptake ranged
from 37.2 to 114 nmol N Lh? (Romero et al., 2013), while NH4* uptake reached
approximately 300 nmoINL™* h'tin Kinneret Lake (Berman et al., 1984). A previous study
carried out in Itupararanga showed similar results, but it also showed a high variation over
two years of sampling, and in some occasions the uptake rates were higher than our results
(Cunhaetal., 2017).

The patterns of N uptake in aquatic environments can also be influenced by the
composition of phytoplankton (Gobler et al., 2016; Cunha et al., 2017). In our study,

cyanobacteria were important components of phytoplankton and bacterioplankton, and
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play a key role in different nitrogen pathways. Cyanobacteria was positively correlated
with NOsz™ uptake rates, and also showed high genetic potential for N-fixation.
Microscopic analysis revealed high proportions of Raphidiopsis raciborskii (basionym
Cylindrospermopsis raciborskii (Wotoszynska) Seenayya & Subba Raju) (Aguilera et al.,
2018) in all samples from the Itupararanga dam zone, especially in January/2018. The
occurrence and dominance of R. raciborskii has been reported not only in the Itupararanga
reservoir (Beghelli et al., 2016; Casali et al., 2017), but also in several other ecosystems
(Figueredo and Giani, 2009; Sinha et al., 2012; Guedes et al., 2018; Li et al., 2020). A
combination of factors may favor the dominance of R. raciborskii, including the ability
to deal with low and fluctuating N availability through the N-fixation process (Burford et
al., 2016). The reduction of atmospheric nitrogen in ammonium is carried out by
microorganisms that have the nitrogenase enzyme, such as R.raciborskii (Sinha et al.,
2012). This strategy may promote a competitive advantage over non-fixing cyanobacteria
and eukaryotic algae in ecosystems with low availability of dissolved nitrogen (Burford
et al., 2018). In our results, the ammonium concentrations were low, and we found high
genetic potential for N-fixation linked to Nostocaceae in metagenomes. Here, even
though the N-fixation rate was not measured, we suggest that this process may occur at
the Itupararanga dam zone, probably associated with R.raciborskii.

N-fixation is an energetically expensive process (Burford et al., 2018). Generally,
ammonium followed by nitrate are the preferred N source of cyanobacteria (Sprober et
al., 2003; Burford et al., 2006; Burford et al., 2016) and other phytoplankton groups
(Glibert et al., 2016; Cunha et al., 2017). In our study, ammonium was the N form
preferred by phytoplankton in many occasions, however nitrate was also an important N
source for the community. Nitrate was the main component of DIN in all samples from
Itupararanga and Lobo, and some phytoplankton groups were able to use this N form
efficiently.

Our results showed a positive correlation between NO3* uptake and biovolumes
of cyanobacteria and dinoflagellates. In the samples from the Itupararanga dam zone, we
found a high abundance of genes related to nitrate transport proteins, which were probably
linked to cyanobacteria, since many sequences derived from nitrate/nitrite
ammonification category were affiliated to Nostocaceae and Chroococcales. Previous
studies reported that when ammonium is not available, cyanobacteria can take up nitrate
through a multicomponent ABC transporter (ATP-binding) system located in the
cytoplasmic membrane (Nagore et al., 2006; Maeda et al., 2015). We suggest that the
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high genetic potential of cyanobacteria to drive nitrate uptake and N-fixation may ensure
a flexibility on strategies to take up different N sources from water, potentially promoting
the success of cyanobacteria in ecosystems (Chislock, Sharp and Wilson, 2014; Willis,
Chuang and Burford, 2016).

Other phytoplankton groups, dinoflagellates and diatoms, seem to be favored from
NOs" uptake even when ammonium is available (Glibert et al., 2016; Cunha et al., 2017).
In our results, there was no correlation between NO3” uptake and diatoms, but we found a
positive correlation for dinoflagellates. The highest NOs* uptake rate was observed in
October/2017, when bloom formation of Ceratium furcoides occurred in the river zone
from Itupararanga. Previous studies have registered C. furcoides bloom formation linked
with warmer seasons (spring-summer), water turbulence, high conductivity, and
secondarily, with nutrient availability (Matsumura-Tundisi et al., 2010; Silvaet al., 2012;
Cavalcante et al., 2016; Crossetti et al., 2019). In this study, db-RDA analysis showed a
positive relationship between C.furcoides and conductivity. However, this is the first
record of Ceratium bloom formation in Itupararanga, so further studies are needed to
better understand the dynamics of this species in the reservoir.

In the river zone from both reservoirs we observed high concentrations of nitrate,
PT, and DOC, which were positively related to families belonging to Proteobacteria.
Within Proteobacteria, Burkholderiaceae and Comamonadaceae were the most abundant
families in almost all sample sites (except in the Itupararanga dam zone). Some members
of Comamonadaceae may be able to perform denitrification processes (Heylen et al.,
2006; Huang et al., 2011). However, the genetic potential for denitrification was very
low in our metagenomes and few sequences were affiliated with Comamonadaceae. In
contrast, most of the sequences related to denitrification were affiliated to
Burkholderiaceae in the samples from the Lobo reservoir. According to previous studies,
members of this family may be suitable not only for denitrification (Huang et al., 2011;
Atalo et al., 2019; Deng et al., 2020), but also for nitrification (Peura et al., 2015).
However, we did not detect genes involved with nitrification in our metagenomic data.
Similar results were observed in streams (Meneghine et al., 2017) and lakes (Llorens-
Mares et al., 2015).

Denitrification processes involve transforming N compounds (NO3—>NO2
>NO->N20) in N2 (Zumft, 1997) while ammonium is converted to nitrite and nitrate
(NH4+ = NO2-> NOg3) in the nitrification (Dodds and Whiles, 2010). Both processes

are related to nitrogen removal or control, so they are especially important for studies of
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bioremediation in polluted environments (Yan et al., 2011; Ni et al., 2018). Generally,
these two pathways are linked to sediment or to low depths of ecosystems (Pauer and
Auer, 2000; Tomaszec and Czerwieniec, 2003). This probably explains the deficit of
genes related to nitrification and denitrification in our metagenomic data, since our
samples were collected on the water surface.

Sediment is an important compartment for nitrogen metabolism in reservoirs,
since it can contribute to the release of nutrients into the water column (Hu et al., 2001;
Wen et al., 2020). Sediment hosts a high microbial diversity (Reis et al., 2016; Wang et
al., 2018; Zhang et al., 2019) and previous studies showed that bacterial communities
from sediment and water may have distinct potential functions in the biogeochemical
processes of carbon, nitrogen, phosphorus, and sulfur (Ren et al., 2019; Deng et al., 2020).
Alarming concentrations of PT, NT and toxic metals were detected in the sediment of
Itupararanga and Lobo, mainly in the river zone (Frascareli et al., 2018). In addition, high
densities of Bacteria and Archaea were found in the sediment from Itupararanga (Soares
et al., 2015), despite that little is known about the composition of these communities in
both reservoirs.

Regarding the bacterial community from the water column, our metagenomic
results showed positive relationships between the heterotrophic families with high
concentrations of nitrate, PT, and DOC. The relationship between these abiotic factors
and the bacterial community has been widely explored, especially in polluted
environments (Reza et al., 2018; Breton-Deval et al., 2019; Cui et al., 2019; Yang et al.,
2019). A wide variety of species linked to these bacterial families can be pathogenic or
resistant to antibiotics, representing health risks (Cai and Zhang, 2013; Mohiuddin et al.,
2017; Gao et al., 2019). It has been reported that microbial dynamics have been altered
due to the release of sewage into the water. In addition, the presence of antibiotic
resistance and pathogenicity genes may indicate the contamination of environments
(Tang et al., 2016; Cui et al., 2019; Mansfeldt et al., 2019). Through functional
metagenomic analyses it is possible to access the metabolism of these indicator genes
within the “Virulence, Disease and Defense” category, using the SEED database
(Meneghine et al., 2017). In our results, both reservoirs showed genetic potential for this
harmful metabolism, especially in the river zone from Itupararanga, where this
metabolism was overrepresented with 88% of the genes related to the antibiotic resistance
and toxic compounds (Figure S2-2). For this reason, our results agree with previous

studies which indicated that Itupararanga and Lobo have been receiving domestic
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effluents, probably from the rivers that inflow into the upstream (Rivera et al., 2007;
Frascareli et al., 2018; Simonetti et al., 2019).

We also found a high proportion of Bacilliaceae (~24% of the relative abundance
- May/2017) in the dam zone from Lobo. Members of this family can be pathogenic and
have potential for microcystin degradation (Li et al 2017). This cyanotoxin can be
produced by genera belonging to the cyanobacterial order Chroococcales, including
Microcystis and Aphanocapsa (Jakubowska and Szelag-Wasielewska, 2015; Mariani et
al., 2015, Magalhdes et al., 2019). A previous study reported positive correlations
between Chroococcales members and microcystin degrading bacteria, mainly belonging
to the families Sphingomonadaceae and Xanthomonadaceae (Lezcano et al., 2017).
Despite that, the order Chroococcales was not associated with heterotrophic bacterial
families in this study.

In contrast, Nostocaceae and Mycobacteriaceae were positively correlated. In our
study Nostocaceae was represented predominantly by R. raciborskii in Itupararanga, and
correlation analyses showed strong relationship between R. raciborskii and
Mycobacteriaceae abundance. However, little is known about associations between
heterotrophic bacteria and R. raciborskii. Positive correlations between R. raciborskii and
the genera Gemmatimonas (Gemmatimonadetes) and Roseococcus (Proteobacteria) were
observed in the Funil reservoir (Guedes et al., 2018). In addition, the same authors also
reported a high correlation between R. raciborskii and order Actinomycetales, which
Mycobacteriaceae belongs. Nevertheless, the functional relationship between this groups
still unclear (Guedes et al., 2018). Therefore, we recommend laboratory and field studies
to investigate associations between R. raciborskii, Mycobacteriaceae and other members

of the order Actinomycetales.

Conclusion
We conclude that cyanobacteria play a key role in the composition of microbial

communities and in nitrogen metabolism. These microorganisms showed high genetic
potential to drive N-fixation and NOs™ uptake, which may allow different strategies to
take up nitrogen in environments with low ammonium availability. Heterotrophic bacteria
showed functional potential to drive different N paths. However, our results supported
the hypothesis that phytoplankton are the main contributors to N uptake. The
metagenomic results contributed to the knowledge regarding taxonomic and functional

microbial profiles and they can be used to explore potential pollutant indicators in
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environments. The integrated analysis between bacterioplankton and phytoplankton is
necessary and recommended for a better understanding of the aquatic microbial metabolic
dynamics.
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Supplementary material

Table S2-1. N uptake rates (nmol L-*h) by phytoplankton measured in Itupararanga and Lobo reservoirs. The percent
contribution of each substrate to total nitrogen uptake is indicated in parentheses.

lItupararanga reservoir

River zone Dam zone
May/2017  Aug/2017  Oct/2017 Jan/2018 May/2017  Aug/2017  Oct/2017 Jan/2018
NOs uptake 19.0+£0.37 7.0£2.44 515.9+24.6 42.7+11.6 7.920.5 5.2+0.4 26.2+3.8 206.8+48.6
(59.9%) (69.8%) (90.7%) (23.7%) (25.4%) (35.9%)  (17.1%)  (84.3%)
NH4* uptake 13.0+1.8 3.0£0.4 52.8+2.2 137.3+25.2 23.2+04 9.2+0.1 127.1+4. 38.3£1.0
(40.7%) (30.2%) (9.3%) (76.3%) (74.5%) (64.1%)  (82.4%)  (15.6%)
Lobo reservoir
River zone Dam zone
May/2017  Aug/2017 Oct/2017  Jan/2018 May/2017  Aug/2017 Oct/2017 Jan/2018
NOs uptake 22.0£0.5 7.0+0.8 8.4+0.6 5.9+0.8 53.7+3.0 4.6+0.1 9.8+1.2 4.240.2
(60.4%) (45.5%) (21.7%) (28.4%) (71.0%) (44.0%) (15.6%) (5.2%)
NH4" uptake 14.4+1.1 8.4+0.4 30.3+1.9 14.8+1.9 22.0x14 5.9+£0.2 52.840.3 76.2£0.2
(39.6%) (54.5%) 78.3% (71.6%) (29.0%) (56.0%)  (84.4%)  (94.8%)

Table S2-2 Number of metagenomic reads and Domain contribution in ltupararanga and Lobo reservoirs.

IRZM IDZM IRZ]J IDZ] LRZM LDZM LRZJ LDZJ

Total n°of reads 29118909 35346111 30671137 28805611 24410056 23660107 32367644 24370723

N° of reads post 25003562 26579622 25181619 21407284 16768760 17832740 25860488 20190567
quality control

Reads average 108 108 107 109 108 107 107 107
length (bp)
Bacteria 98.11 94.63 94.37 96.52 97.11 94.73 90.63 94.44
(%)
Eukaryota 1.67 5.24 4.90 3.21 2.44 5.05 6.95 3.83
(%)
Archaea 0.17 0.07 0.13 0.08 0.12 0.07 0.12 0.13
(%)
Viruses 0.05 0.05 0.14 0.15 0.33 0.16 2.31 1.60
(%)

I: lItupararanga reservoir; RZ: River zone; DZ: Dam zone; L: Lobo reservoir
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Figure S2-1. Functional profile at level 1 based on SEED subsystems of metagenomes obtained
from river zone and dam zone in May/2017 and January/2018 in (A) ltupararanga reservoir and
(B) Lobo reservoir. I: ltupararanga; RZ: River zone; DZ: Dam zone; L: Lobo.
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CONSIDERACOES FINAIS

Essa pesquisa contribuiu para ampliacdo dos conhecimentos sobre estrutura e
composic¢do das comunidades fitoplanctdnicas e bacterianas de reservatérios subtropicais
meso-eutroficos, Itupararanga e Lobo. Além disso, também foram analisados os papéis
desses microrganismos em rotas metabolicas do ciclo do nitrogénio.

O primeiro capitulo trouxe uma andlise exploratoria sobre a estrutura da
comunidade bacteriana e do fitoplancton, inclusive do picofitoplancton. Ao utilizar a
citometria de fluxo, técnica de baixo custo e de rapido processamento de multiplas
amostras, foi possivel estimar a biomassa das diferentes comunidades estudadas, além de
analisar padrbes temporais e espaciais da diversidade citométrica (cytometric
fingerprinting). A diversidade citométrica permite detectar padrdes em citogramas que
podem refletir a diversidade da composi¢do microbiana. Os resultados, neste presente
estudo, mostraram que o fitoplancton apresentou alta biomassa e correlacdo positiva com
bactérias heterotroficas. Além disso, os padrdes de diversidade citométrica indicaram que
a composicao bacteriana entre os reservatorios Lobo e ltupararanga é diferente, e que ha
significativa diferenca entre amostras da cabeceira e barragem de Itupararanga. A
biomassa de picocianobactérias foi composta principalmente de picocianobactérias ricas
em ficocianinas, e esses microrganismos predominaram ou co-dominaram com
picofitoplancton eucarionte, indicando condic¢des de mesotrofia nos ambientes. Por fim,
os resultados obtidos mostraram que as variaveis ambientais transparéncia da agua, pH e
condutividade influenciaram significativamente as trés comunidades avaliadas neste
estudo, entretanto as concentracdes de DOC e DIN foram significativas apenas para
fitoplancton e bactérias heterotréficas.

No segundo capitulo foi observado que a assimilacdo de nitrogénio esta
diretamente relacionada a maiores temperaturas, mas os resultados apresentados nesse
presente estudo foram similares a estudos realizados em regides temperadas. Atraves da
analise metagendmica e dos experimentos de assimilacdo de nitrogénio, constatou-se que
cianobactérias desempenham um papel chave na composicdo das comunidades
microbianas e no metabolismo do nitrogénio em reservatdrios. Devido alto potencial
genético relacionado a fixacdo de nitrogénio e assimilacdo de nitrato em cianobacteérias,
sugere-se que esses microrganismos possuem flexibilidade de estratégias para capturar
nitrogénio em ambientes com baixa disponibilidade de amdnio, o que pode favorecer seu

crescimento. Nos experimentos de assimilagcdo de nitrogénio, cianobactérias foram
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positivamente correlacionadas com as taxas de assimilacdo de nitrato, corroborando com
os resultados metagendmicos que mostraram alta abundancia de genes relacionados ao
transporte de nitrato, em amostras com alta abundéncia relativa de cianobactérias.

Apesar de bactérias heterotrdficas terem apresentado alto potencial genético para
assimilacdo de aménio, 0s experimentos com tracadores isotdpicos mostraram que 0
fitoplancton é o principal contribuinte para assimilacdo de nitrogénio inorgénico. Em
contrapartida, diversas familias de bactérias heterotroficas, como Burkholderiaceae e
Comamonadaceae, foram relacionadas as rotas de desnitrificacdo, amonificacdo e
inclusive fixacdo de nitrogénio, por isso esses microrganismos também desempenham
papel fundamental no metabolismo do nitrogénio em ambientes aquaticos. Os resultados
metagendmicos mostraram que explorar taxonomia e potencial funcional dos
microrganismos pode ser uma interessante estratégia para avaliar possiveis indicadores
de poluicéo.

Nessa pesquisa, a integracdo de diferentes ferramentas metodolégicas utilizadas
para o estudo do fitoplancton e bacterioplancton, permitiu uma melhor compreensao dos
resultados obtidos, pois as andlises realizadas se complementaram. Os resultados
mostraram que as comunidades microbianas estdo correlacionadas e que ambas
desenvolvem papéis fundamentais no ciclo do nitrogénio em reservatorios subtropicais.
Por isso, para compreender melhor os mecanismos de respostas dos microrganismos a
perturbacdes no meio, recomenda-se integracdo de diferentes abordagens metodologicas
e analise simultdnea do bacterioplancton e fitoplancton.

Por fim, recomenda-se futuros trabalhos para investigar novas questfes levantadas
durante o desenvolvimento dessa pesquisa para (1) investigar se a formacéo de blooms de
Ceratium furcoides € recorrente no reservatorio ltupararanga e as causas desse processo,
(2) investigar se correlacdo observada entre R. raciborskii e Mycobacteriaceae ocorre em
uma escala temporal mais ampla em ambiente natural e analisar possiveis causas
metabolicas por meio de experimentos em laboratdrios, (3) explorar a diversidade
microbiana e seu potencial funcional nos sedimentos dos reservatérios Lobo e
Itupararanga, especialmente para investigar a presenca de patdgenos e de genes de
resisténcia a antibidticos, (4) continuar explorando os metagenomas obtidos neste estudo
para avaliar os papéis dos microrganismos em outras rotas metabdlicas como do fosforo,

enxofre e carbono.
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