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Resumo

Bactérias sdo organismos-chave para o funcionamento dos ecossistemas, sendo
essenciais em ciclos biogeoquimicos e intimamente relacionadas com 0s outros
seres vivos. Apesar de esses organismos terem sido estudados por décadas, as
dindmicas de sua estruturagdo espaco-temporal puderam ser mais bem
compreendidas apdés o advento de abordagens moleculares independentes de
cultivo. Estas novas técnicas tém evidenciado que nem todas as bactérias sdo
ubiquas e a existéncia de padrdes biogeograficos de microrganismos. Além disso, o
estudo integrado deste grupo e macrorganismos pode impulsionar as descobertas
no campo da ecologia e, em contrapartida a aplicacdo de modelos matematicos ja
estabelecidos fornece novas perspectivas sobre a macroecologia de
microrganismos. A presente tese foi dividida em duas partes. Na parte | eu trago
uma introducdao tedrica a respeito do desenvolvimento da disciplina na ultima década
e um sumario dos ultimos avan¢os na area da ecologia molecular a respeito dos
grupos taxondmicos mais comumente encontrados em ambientes aquaticos
continentais. Na parte Il, apresento os resultados de minhas pesquisas divididas em
trés capitulos. O primeiro capitulo desta parte trata dos processos locais que
potencialmente impactam na capacidade de bactérias se manterem
consistentemente abundantes ao longo do tempo, o que pode influenciar no alcance
da distribuicdo espacial em uma metacomunidade, ja que organismos mais
abundantes geralmente tém maiores chances de estar presentes em todos os locais
de uma determinada regido. No segundo capitulo, eu analiso os padrées de
dispersdo mais relevantes para bactérias em uma matriz espacial com cerca de
250 mil km2. Por fim, no capitulo 3 busquei entender qual o impacto do aumento da
escala sobre os processos deterministicos e estocasticos que estruturam uma
metacomunidade de bactérioplancton. Este trabalho contribui para o entendimento
de como microrganismos podem estar distribuidos em uma paisagem em aguas
continentais e quais fatores potencialmente determinam a sua distribuicao e

abundancia.

Palavras-chave: Ecologia microbiana; estruturagcdo espaco-temporal; paisagem;
particAo da variancia; dindmicas de dispersdo; escala; fatores deterministicos e

estocasticos; bactérias de lagos rasos; sequenciamento amplicons
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Abstract

Bacteria are key organisms for ecosystem functioning, being essential in
biogeochemical cycles and closely related to other living organisms. Although these
organisms have been studied for decades, their dynamics of space-time structuring
could be better understood after the advent of culture-independent molecular
approaches. These new techniques have revealed that not all bacteria are ubiquitous
and the existence of biogeographic patterns of microorganisms. In addition, the
integrated study between this group and macroorganisms can boost discoveries in
the field of ecology and, on the other hand, the application of already established
mathematical models provides new insights into the macroecological structure of
these microorganisms. This thesis was divided into two parts. In part | | bring a
theoretical introduction about the development of the discipline in the last decade and
a summary of the latest ecological and genomic findings regarding the taxonomic
groups most commonly found in continental aquatic environments. In part Il, | present
the results of my research divided into three chapters. The first chapter of this part
deals with the local processes that potentially impact bacteria's ability to remain
consistently abundant over time, which may affect the range of spatial distribution in
a metacommunity, as more abundant organisms are generally more abundant. those
that are more likely to be present in all locations in a given region. In the second
chapter, | analyze the most relevant dispersion patterns for bacteria in a spatial
matrix of about 250 thousand kmz2. Finally, in Chapter 3, | sought to understand the
impact of scale-up on the deterministic and stochastic processes that structure a
bacterioplankton metacommunity. This work contributes to the understanding of how
microrganisms may be distributed over a landscape in inland waters and what factors

potentially determine their distribution and abundance.

Keywords: Microbial ecology; spatiotemporal structuring; landscape; B-diversity;
variation partitioning, dispersal dynamics, scale; deterministic and stochastic factors;

shallow lake bacteria; amplicon sequencing
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entre amostras; difference test;
permidisp — Teste de permutacdes para testar a homogeneidade intra amostras;

RChray (Raup-Crick dissimilarity index) — indice de dissimilaridade de Raup-Crick

[Neste caso, baseado em indice de Bray-Curtis];

SpADs (Spatial Abundance Distributions) — Distribuicdes espaciais de abundancia;
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Esta tese foi construida (e sofrida) a seis maos. Cada letra que compde as
proximas paginas desse documento foi transpirada por mim, minha esposa Gabirielle
e nossa filha Sophia. Sophia veio ao mundo apenas duas semanas ap0s meu
doutorado ser iniciado e esses Ultimos cinco anos foram passados em atencao
dividida entre coletas, modelos estatisticos, leituras e acompanhar o
desenvolvimento de uma criangca (com o pequeno detalhe de uma pandemia
acontecendo no meio disso). Posso dizer, portanto, que esta tese ndo seria viavel
sem o enorme acolhimento que recebemos de meu orientador, o orientador de
Gabrielle a época (Dr. Rhainer G. Ferreira), e de todo o corpo técnico-administrativo
do Programa de Pdés-Graduacdo em Ecologia e Recursos Naturais (PPG-ERN),

pelos quais serei eternamente grato.

Nestes Ultimos anos de trabalho, eu busquei decompor e responder todas as
davidas que permaneceram em minha mente apds a conclusdo de minha
dissertacdo. Naquela oportunidade, eu pude ver que as bactérias encontradas em
lagoas rasas amplamente distribuidas apresentam um padrdo bimodal de
frequéncias de ocupacao, o que significa que alguns organismos dominam a regiao,
estdo amplamente distribuidos, enquanto outros estado isolados. Dai surgiram muitas
outras questdes: O que garante que uma bactéria esteja espacialmente tdo bem
distribuida enquanto as outras ndo o sdo? Apenas as distancias entre sitios
explicam esses padrdes ou outros fatores geograficos podem impactar essa
dindmica? Sera que existe uma escala onde os fatores geogréaficos se tornam
claramente mais impactantes que a selecdo local? O objetivo desta tese é tentar

responder a estas perguntas, (enquanto outras foram deixadas para o futuro).
Esta tese foi basicamente dividida em duas partes:

Na 1° parte apresento uma introducgéo teorica dividida em dois capitulos. No
capitulo I, eu busquei introduzir o leitor a uma perspectiva mais histérica sobre como
a Ecologia de forma geral e a Ecologia Microbiana vém se desenvolvendo nas

Gltimas décadas para chegar as descobertas mais recentes e novas abordagens
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metodologicas que permitiram entender melhor a dimensdo da diversidade
microbiana nos diversos tipos de ambientes do mundo. No capitulo Il e sumarizei os
altimos achados ecoldgicos e gendmicos a respeito dos grupos taxondmicos mais
comumente encontrados nos sitios em que dispus de amostras para realizar os
estudos ecoldgicos que apresento aqui. No capitulo 1ll eu apresento alguns achados
passados que me guiaram nos estudos que conduzi durante esse mestrado e

guiaram os objetivos apresentados nesta tese

A 2° parte trds os estudos realizados por mim em parceria com diversos
pesquisadores do Brasil e do mundo, e que estdo sendo preparados para serem
submetidos logo a revistas cientificas. O capitulo IV foi nomeado “Depicting
spatiotemporal variables that drive dominance dynamics of lake bacteria”. Nele
buscamos levantar todos o0s processos locais que potencialmente impactam na
capacidade de uma bactéria em se manter consistentemente abundante ou nédo ao
longo do tempo (1 ano e meio), uma dinamica relevante para os padrdoes espaciais
em uma metacomunidade, j& que 0s organismos mais abundantes muitas vezes sédo
também os que possuem maior dominancia regional. Fatores ambientais (pH,
Nutrientes e Carbono dissolvido, Oxigénio dissolvido, entre outros), sazonalidade
(caracterizadas entre periodos de seca e chuva) e interacbes com fitoplancton (p.
ex.: Dinophyceae; Cryptophyceae) e zooplancton (p. ex.: Brachionus sp.; Floscularia
sp.) foram testados. E entdo eu busquei associar estas variagdes com a capacidade
de cada organismo nessa comunidade em se manter presente espacialmente e
como o seu estilo de vida (revelado pela literatura) pode explicar os padrbes
encontrados. Este trabalho foi idealizado em parceria com Dra. Clara M. Arboleda-
Baena, Dra. Mariana R. A. Costa, Dra. Karime A. Paina, MSc Gabrielle C. Pestana,

Prof. Dr. Juan Pablo Niflo-Garcia e Prof. Dr. Gilmar Perbiche-Neves.

O capitulo V foi chamado “Beyond environmental selection: Spatial structuring
of tropical lake bacterioplankton metacommunity”. Neste busquei observar quais 0s
padrées de dispersdo mais relevantes para bactérias em uma matriz espacial com
cerca de 250mil kmz2. Este trabalho foi produzido em parceria com o prof. Dr. Adriano
Caliman e a Dra. Thais Garcia da Silva.
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Finalmente, o capitulo IV foi intitulado “Scale matters? The effect of spatial
scale on ecological processes that drive the aquatic bacterial communities”, onde eu
comparei a importancia relativa de fatores deterministicos e estocasticos guiando
metacomunidades microbianas em distintas escalas. Para que este trabalho se
tornasse possivel, foram concatenados dados de 135 lagoas rasas de Argentina,
Brasil e Canadd em uma Unica base de dados. Este trabalho, portanto, ndo seria
possivel sem a Profa. Dra. Maria Llames e o Prof. Dr. Juan Pablo Nifio-Garcia que
me disponibilizaram dados microbianos coletados por eles nestes paises. Além
deles, participaram da concepcdo deste capitulo Dra. Paula Huber, Dr. Pedro
Junger, Dr. Sebastian Metz, Dr. Emiliano Pereira, Prof. Dr. Victor Saito e Prof. Dra.

Inessa L. Bagatini.

As proximas péginas trazem o resultado de meus esforgos nestes Ultimos
anos. Obrigado a vocé que pretende virar esta pagina e continuar com a leitura,

desejo-lhe uma agradavel leitura.

Erick Mateus-Barros
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Capitulo I -
Ecologia & Escala

“Theoretical ecology, and theoretical science more
generally, relates processes that occur on different
scales of space, time, and organizational complexity.
Understanding patterns in terms of the processes that
produce them is the essence of science, and is the key
to the development of principles for management.”
(Levin 1992 in The problem of pattern and scale in
ecology: the Robert H. MacArthur award lecture)
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A ecologia encontra a biogeografia

Tradicionalmente, ecologia e biogeografia se desenvolveram como disciplinas
distintas. Enquanto a primeira focava em entender os padrdes locais da composicao
de espécies, a segunda tentava entender como processos de grande escala espaco-
temporal contribuiam para a distribuicdo atual de espécies no planeta (Jenkins e
Ricklefs, 2011). O avanco tecnoldgico e mudancas recentes de perspectiva vém
mudando a visdo de pesquisadores em ambas as areas de atuacdo e aproximaram
as duas disciplinas em um ponto intermediario desses dois extremos. Para a
ecologia em especial, a aplicacdo de métodos moleculares e o acimulo de dados e
conhecimento causados pelo avanco tecnolégico das ultimas décadas tornou cada
vez mais evidente que, para acessar algumas questdes fundamentais, faz-se
necessario adentrar outras escalas visando entender o que causa determinados
padrdes (Levin, 1992).

Esta estrutura, que tem sua semente em uma insatisfagdo com a abordagem
vigente (Levin, 1992) fertilizada pela necessidade de entender impactos de
mudancas ambientais de importancia social (Chave, 2013) e regada por um avanco
tecnoldgico vertiginoso, por si sé possui ares de revolucédo cientifica (Kuhn, 2013) e
vem revitalizando o estudo de comunidades biolégicas trazendo novos e intrigantes

paradigmas a baila.

Avancos tedricos, tais como a teoria unificada neutra (Hubbell, 2001) e as
perspectivas de metapopulacdes (Levins, 1969) e de metacomunidades (Leibold et
al., 2004) consideram mudanc¢as na composicao de espécies em uma escala maior,
e que varios sitios devem estar conectados e compartilhando individuos. Estas
novas teorias, como era de se esperar, enfrentaram resisténcia por parte da
comunidade cientifica em sua época, mas em especial a teoria neutra passou por
extenso escrutinio até ficar claro que esta guardava em si méritos que nao podiam
ser deixados de lado (Leigh Jr, 2007), e entdo sinteses teoricas considerando o
efeito conjunto de fatores locais e regionais, deterministicos e estocasticos

passaram a ser consideradas (Vellend, 2010).
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A estrutura darevolucao ecoldgica

Em seu trabalho publicado em 2013, Jérome Chave lista quatro fatores que
segundo ele contribuiram para mudar os paradigmas dominantes na ecologia ao
longo das Ultimas décadas. O autor argumenta que estes fatores foram
preponderantes para que essa area da ciéncia deixasse de focar exclusivamente
nos padrdes locais de composicdo de espécies, em direcdo a uma perspectiva

espaco-temporal mais ampla (Chave, 2013).

Primeiro, a criagdo e desenvolvimento de computadores iniciaram uma
chamada “era numérica” que permitiu a aplicacdo de modelos matematicos antes
impraticaveis por meio de caneta e papel (Chave, 2013). Exemplo interessante
dessa perspectiva € o0 uso de redes neurais (Lecun et al., 2015) para entender
padrées complexos e realizar predicbes a respeito de como determinada
comunidade ou populacdo devera variar no espaco e no tempo. Outra mudanca
notavel € a criacdo de bancos de dados que permitem reunir em um sé lugar
informacéo que preencheria facilmente uma vida de trabalho e permitindo visualizar

padrbes observaveis em escalas globais (Thompson et al., 2017).

Em segundo, avancos moleculares, em especial a descoberta da reacdo em
cadeia da polimerase (polimerase chain reaction - PCR), permitiram entender
relacdes evolutivas (Newton et al., 2011), identificar espécies (Callahan et al., 2016),
inferir biodiversidade (Pedrés-Alié, 2012) e padrbes de distribuicdo (Mateus-Barros
et al., 2021) e, a partir de técnicas mais recentes (i.e. High-throughput sequencing)
prospectar genes, proteinas e rotas metabdlicas (Chiriac, Haber, et al., 2022).

Terceiro, 0 sensoriamento ambiental, permitiu agregar mapas e analises

espaciais a perspectiva ecoldgica (Chave, 2013).

Quarto, a disseminagdo de informacdo e conhecimento se tornou mais
eficiente e globalizada. De fato, artigos nascem em profusdo, detalhes sao
transmitidos com facilidade, novos métodos e modelos podem ser aplicados por
qualquer cientista e, quando alguma dificuldade aparece, dicas, tutoriais e féruns

estdo a alguns cliques de distancia.
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Um exemplo recente de como todos esses avangos vem moldando estudos
cientificos foi o fendbmeno que seguiu a pandemia do COVID-19. Desde o
reconhecimento pelas autoridades globais de que o virus estava de fato
contaminando pessoas, e se espalhando pelo mundo com espantosa velocidade
(também facilitada pelos avancos tecnoldgicos), boletins diarios permitiram
acompanhar com precisado de apenas algumas horas o avanco inicial do virus e sua
chegada em cada pais do mundo (p. ex. Andrews et al., 2020; Edrada et al., 2020)
em uma espécie de estudo coletivo a respeito da biogeografia e padrdoes de
dispersdo do virus. Basta uma busca rapida para encontrarmos dados sobre o
namero de pessoas infectadas e falecidas em cidades, paises ou em quase todo o
planeta, informacfes estas atualizadas com apenas alguns dias de atraso (COVID-
19 Dashboard); passamos a nos acostumar a ler sobre o surgimento de novas cepas
assim que novas ondas de infec¢do surgem; também nos familiarizamos com termos
técnicos, conhecidos em sua maioria apenas por profissionais e cientistas da éarea.
Vacinas foram produzidas e testadas em tempo recorde e utilizando novas técnicas
que se aproveitam de informacbes moleculares para criar doses quase
personalizadas contra cada cepa (Ciotti et al.,, 2020; Huang et al., 2020); e
finalmente, novas informacdes a respeito das formas que o virus usa para infectar
abundam (Banerjee et al., 2020). Cientistas da area criaram um esforco coletivo
mundial para divulgar informacdes, facilitando que tecnologias fossem produzidas e
a populacdo se mantivesse informada. E tudo isso s6 pdde ocorrer por causa da
internet e da capacidade de processamento que computadores e smartphones

alcancaram nos ultimos anos.

Algo semelhante ocorreu mais recentemente dentro da propria perspectiva da
Ecologia. Estudos a respeito de processos ocorrendo com organismos que podem
ser vistos a olho nu se desenvolveram paralelamente aos estudos referentes a

microrganismos, um padréo que vem também se revertendo nos ultimos anos.

Importancia de estudar bactérias

O reino Prokaryota compreende muitos dos organismos mais relevantes para

a manutencdo da vida como conhecemos em todos os cantos do planeta Terra.
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Estes organismos simples, de vida unicelular (Chiriac, Haber, et al., 2022) e em
muitos casos agregada (Pascual-Garcia et al.,, 2014), podem ser detritivoros
(Salcher et al., 2015) ou autotroficos (Stanier e Cohen-Bazire, 1977), muitas vezes
ambos (Ghai et al., 2014) e estdo, de alguma maneira, intimamente relacionados

com todas as outras formas de vida terrestres.

Sempre muito abundantes e presentes em qualquer tipo de ambiente, as
bactérias participam de processos considerados chave na manutencdo de
ecossistemas (Newton et al., 2011; Chiriac, Haber, et al., 2022). Estes organismos
participam da ciclagem de nutrientes e matéria organica de diversas origens e
complexidades moleculares (Kawasaki e Benner, 2006; Sarmento e Gasol, 2012) e
em ciclos biogeoquimicos (Myklestad, 2000), tornando elementos como Carbono e
Nitrogénio disponiveis a outros organismos (Sarmento, 2012), liberados na
atmosfera por meio de respiracdo (Cole et al., 2007), ou mineralizados (Maier,
2015).

Durante muitas décadas, a ideia vigente era que estes organismos
fascinantes ndo poderiam nunca ser parados por barreiras naturais, ao invés disso
seriam as diferentes condicbes ambientais locais que influenciariam a composicéo
de espécies bacterianas (Baas Becking, 1934). A frase “Everything is everywhere,
but the environment selects”, uma das mais célebres ja proferidas dentro das
ciéncias microbiolégicas, traduzida do original alemdo, resume essa linha de
raciocinio e nasce do fato que apenas um reduzido nimero de espécies era
recuperado dos diferentes ambientes analisados a época. Somente 0s avancos
tecnoldgicos alcancados nas ultimas décadas permitiram identificar a existéncia de
uma biodiversidade bacteriana maior do que se pensava e promoveu O
desenvolvimento de mais uma é&rea biologica do conhecimento: a Ecologia

microbiana.

O meétodo mais comumente utilizado para identificar microrganismos era a
criagdo por meio de culturas microbianas em placas de Petri. Este método
revolucionario promove o crescimento de organismos capazes de utilizar certos
nutrientes disponibilizados para posterior identificagdo em microscopios (Kim et al.,

2019), e permanece relevante para a identificacdo de espécies (p. ex. Hahn, 2003;
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Kim et al., 2019). Porém, os avancos da biologia molecular com a descoberta da
PCR (Mullis et al., 1992) trouxeram em seu encalco diversas técnicas moleculares
independentes de cultura capazes de recuperar informacgdes biologicas diretamente
de amostras ambientais (Taberlet et al., 2012), o que permitiu identificar uma
biodiversidade bacteriana muito maior que se conhecia anteriormente. Muitas
bactérias incapazes de crescer nos meios de cultura tradicionais, e, portanto
completamente desconhecidos anteriormente, puderam ser descobertos. Alguns
organismos antes negligenciados, hoje sado reconhecidos como muito abundantes e
relevantes para processos e padrdes ecologicos (Chiriac, Haber, et al., 2022). Um
otimo exemplo disso estda no clado hgcl (também conhecido como linhagem acl).
Pertencente ao filo das Actinobactérias, este € um grupo de organismos capaz de
alcancar até 50% da abundancia relativa em diversos ambientes lacustres ao redor
do mundo (Salcher et al., 2010; Camara Dos Reis et al., 2019; Mateus-Barros et al.,
2021), mas era subestimado até pouco tempo atras, e passou a ser identificado em
nivel de espécie apenas a alguns anos quando novas técnicas moleculares
permitiram montar o genoma completo deste grupo e a partir disso foi possivel
reconhecer algumas proteinas das quais eles necessitam para subsistir apesar de
ndo produzirem, e entdo a adicdo dessas moléculas permitiu sua manutencao em
laboratorio (Kang, I. et al., 2017; Kim et al., 2019).

Essas novas tecnologias permitiram também entender que de fato existe uma
microbiota rara em qualquer ambiente (Pedrds-Alio, 2006; 2012), o que implica na
existéncia de um grupo de organismos incapaz de suplantar algumas barreiras
geograficas e que 0 processo que torna cada ambiente Unico em composi¢cao de
espécies ndo é causado apenas por fatores ambientais locais (Green e Bohannan,
2006; Martiny et al., 2006); assim, uma mudanca de perspectiva se fez necesséria, e
0 estudo da estrutura espacial microbiana ganhou relevancia (Acinas et al., 2004).

A contribuicdo da ecologia para a microbiologia

Talvez a mais importante consequéncia do advento das técnicas moleculares
foi permitir estudar a evolugdo bacteriana de um ponto de vista de adaptacdes

ecolégicas em contraponto a uma visdo mais fisiologica de suas diferencas (Rappé e
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Giovannoni, 2003). Nesse contexto, estudos microbianos voltaram-se para conceitos
e teorias ecoldgicas, 0 que permitiu uma troca de conhecimento entre as duas areas
(Horner-Devine e Bohannan, 2006) e o nascimento de uma visdo mais holistica
(Soininen et al.,, 2018) com a oportunidade de aproveitar teorias e modelos com
embasamento mais solido a respeito de processos naturais (Horner-Devine et al.,
2003).

Diversos trabalhos conduzidos na esteira dessa mudanca de visdo puderam
demonstrar que as bactérias sdo de fato guiados por diversos fatores ambientais
como salinidade, nutrientes e temperatura (Horner-Devine et al., 2003), mas também
foi possivel notar outras dindmicas importantes como a existéncia de um decaimento
da similaridade com o aumento de distancias (Green e Bohannan, 2006), a relacao
entre 0 aumento da diversidade e o aumento da area estudada (i.e. relagdo taxa-
area Horner-Devine et al., 2004; Green e Bohannan, 2006) e que as maiores taxas
de biodiversidade sédo observadas em um nivel de heterogeneidade ambiental
intermediario (i.e. Hipétese do disturbio intermediario Horner-Devine et al., 2003).
Estes estudos revelam a existéncia de padrbes biogeograficos em bactérias a
aproximam estes dados a uma visdo mais aproximada ao que se consensua serem

os fatores que guiam animais e plantas (Horner-Devine et al., 2003).

Ao mesmo tempo, estudar as bactérias espacialmente mais persistentes e
abundantes ganha forca atualmente, no sentido que estes constituem organismos
chave para a manutencao de processos ecoldgicos em pequena para média escala,
como em redes de interacdo (Sarmento, 2012), e também sdo importantes para
processos em escala global, como os ja citados ciclos biogeoquimicos (Chiriac,
Haber, et al., 2022), além daqueles organismos ja exaustivamente conhecidos e de
importancia para a saude humana (Gutierrez, 2019), mas que nao parecem ser de

fato incrivelmente abundantes em ambientes naturais saudaveis.

A contribuicdo da microbiologia para a ecologia

O desenvolvimento paralelo entre Ecologia e Microbiologia (Rappé e

Giovannoni, 2003) também teve consequéncias praticas para os estudos ecoldgicos
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cldssicos. A mais importante delas seja talvez a falta de oportunidade em realizar
estudos integrando informacgdes entre micro- e macrorganismos (Horner-Devine e
Bohannan, 2006), questdo hoje ja superada. Estudos holisticos estdo presentes e
muitas questbes interessantes ja foram abordadas. Atualmente sabemos, por
exemplo, que a extensdo da diversidade beta apresenta certa consisténcia atraves
de todos os tipos de seres vivos do planeta e esta relacionado com o tamanho do
organismo, caracteristicas ambientais, geografia e a escala de estudo (Soininen et
al., 2018).

Estudos microbianos também podem se provar relevantes ao fornecerem um
namero de individuos gigantesco em apenas uma gota de agua, 0 que tem o
potencial de possibilitar testes a respeito de qualquer teoria ecoldgica ou modelo
matematico até seus limites (Barberan et al., 2014; Mateus-Barros et al., 2021).
Outra caracteristica interessante é a facilidade em se obter dados microbianos para
qualquer tipo de estudo, ja que a submisséo destes em bancos de dados dedicados,

abertos e gratuitos € largamente disseminada (Quast et al., 2013; Metz et al., 2022).

O uso de técnicas baseadas no sequenciamento do gene que codifica a
subunidade 16S do RNA ribossomal microbiano tornou-se relevante e foi parte
imprescindivel no desenvolvimento da Ecologia Microbiana durante as udltimas
décadas (Rappé e Giovannoni, 2003), permitindo entender a estrutura de
comunidade desse grupo (Newton et al., 2011) e inferir padrbes ecolbégicos de
grande escala (Soininen et al., 2018). Estas técnicas moleculares independentes
de cultura, adotadas e desenvolvidas no rastro das necessidades dos ecoélogos
microbianos para serem capazes visualizar a biodiversidade microbiana (Rappé e
Giovannoni, 2003) vem sendo cada vez mais adaptadas também a estudos com

macroorganismos (Yoccoz, 2012; Barnes e Turner, 2015).

As abordagens moleculares

As novas técnicas de identificacdo de espécies passam pelo chamado DNA
ambiental (eDNA) que consiste na coleta de amostras de solo ou agua e utilizagéo

desse material para extrair e sequenciar o DNA contido nessas amostras. Assim,
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tem-se uma prospeccéao a respeito de todos os organismos presentes no local onde
for realizada a analise (Barnes e Turner, 2015). Essa técnica, aliada ao método
molecular adequado permite identificar qualquer tipo de organismo e padrdes muito
interessantes de biodiversidade podem ser observados (Martinez et al., 2015;
Komura et al., 2018). As duas abordagens NGS (“New Generation Sequencing”,
Sequenciamento de Nova Geracgdo) mais utilizadas hoje em dia sdo chamadas
Amplicon e metagenomas e utilizam esse tipo de coleta de amostras como ponto de

partida.

O método de sequenciamento de amplicons (Fig. 1A) consiste no
sequenciamento de algum gene de interesse. A escolha do gene a ser utilizado é
talvez a etapa mais critica, ja que este deve ser evolutivamente preservado o
suficiente para que seja encontrado em todos os membros do grupo a ser analisado,
mas também deve apresentar variacdes suficientes para que seja possivel identifica-
las e relaciona-las com diferentes espécies ou géneros (Quast et al., 2013; Yilmaz et
al., 2014). Para bactérias, a tradicdo é amplificar o gene que transcreve o RNA da
porcdo 16S do Ribossomo (Liu et al., 2021). Este método ja classico passou por
diversas melhorias ao longo dos anos e costuma ser utilizado em situacdes que se
deseja entender de forma mais rapida qual é a composicdo de organismos em
diferentes comunidades (Stegen et al., 2013; Dini-Andreote et al., 2015; Llames et
al., 2017; Logares et al., 2018; De Melo, Bertilsson, et al., 2019; Huber et al., 2020;
Logares et al., 2020; Mateus-Barros et al., 2021). Por ser um método mais barato,
ainda é bastante disseminado em paises em desenvolvimento, mas também vem
crescendo seu uso para a identificacdo de organismos maiores através da coleta de
amostras ambientais (Taberlet et al.,, 2012; Yoccoz, 2012; Barnes e Turner, 2015;
Thomsen e Willerslev, 2015).

Por outro lado, o método de metagenomas (Fig. 1B) consiste na obtenc¢éo de
genomas completos a partir do sequenciamento de fragmentos de DNA (Liu et al.,
2021). Neste caso, as amostras nao sao filtradas, ao invés disso, o DNA ambiental &
fragmentado e sequenciado diretamente. Os fragmentos de DNA obtidos passam
entdo por sucessivas etapas de identificacdo e montagem para que 0S genomas
sejam recuperados (Liu et al., 2021). Em paises mais desenvolvidos, a tendéncia
dos ultimos anos é de mudanca em direcdo ao crescente uso de metagenomas.
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Essa técnica, apesar de muito mais cara que a anterior, permite visualizar nao
somente a composi¢cao de organismos em determinado local, como também abrir
espaco para o estudo de rotas metabdlicas, e um acesso mais refinado aos papéis

ecologicos e necessidades de cada grupo.

@ Amplicon Metagenomas

Filogenia

Amostragem
Filtragdo J.\% .
/{ ‘ Extragao
Extragao ] \)
Sk PC ; Fragmentagdo
Sequencuamento
Anahse
Bicinformatica
|
Filtragem de Profilin
/ Qualidade 1 9 —3__  Montagem &
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Fusao dos | de contigs
pares de ‘ }/
sequencias |
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quimeras \)\‘ /é——’
|
|dentificagao
Taxondmica
|
! Reconstrugao
! Metabélica
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Analise de ‘
Biodiversidade ‘
|
|
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Figura 1 — Caminho (indicado pelas setas —) para obtencdo de dados desde a amostragem até a
identificacdo taxondmica para as duas abordagens mais relevantes da atualidade. O amplicon (A)
consiste no sequenciamento de um gene de interesse para identificacdo de unidades taxonémicas
Este tipo de abordagem é melhor aproveitado para estudos de andlise de biodiversidade e é uma
ferramenta complementar na identificacdo taxonémica de uma espécies O metagenoma (B) consiste
na montagem de genomas completos a partir de diversos fragmentos de DNA de distintos tamanhos.
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Essa ultima abordagem é mais adequada para reconstrucdes filogenéticas e é também muito Util para
reconstrucdes filogenéticas

Novas perspectivas, macro- e micro- estudados em conjunto

O entendimento que a estrutura de comunidades microbianas € mais similar
ao observado para outros organismos do que se supunha (Horner-Devine et al.,
2003), aliado ao uso destes métodos moleculares e a construcdo de modelos
matematicos mais robustos (Horner-Devine et al., 2003; Barberan et al., 2014) vem
ajudando a criar um framework (estrutura conceitual) repleto de abordagens
excitantes, novas e que podem fazer com que o estudo destes organismos seja
colocado na vanguarda, entre os mais relevantes estudos da ecologia. Esses
avancos provavelmente serdo cada vez mais aliados a outros conceitos tedricos
ecolégicos nos proximos anos e contribuirdo para um melhor entendimento a
respeito da estrutura de comunidades e biogeografia de forma geral. A seguir,
apresento algumas perspectivas interessantes recentes que ilustram essa

expectativa.

Em 2012, Stegen e colaboradores criaram um modelo matematico que visa
prever quais fatores entre ambientais deterministicos, espaciais estocasticos e Drift
(a variagdo no numero de unidades taxondmicas encontrada em um sitio causada
por flutuagcbes ndo mensuraveis na abundancia de organismos com populacdes
pequenas) poderiam ser 0s principais responsaveis pela dissimilaridade observada
para 0s organismos encontrados entre um par de sitios. O método se baseia no uso
de dois modelos em sequéncia para calcular o efeito dessas forcas ao comparar a
dissimilaridade observada para a comunidade de interesse. Primeiro, aplica-se o
BMNTD (B-mean-nearest taxon distance) para comparar as distancias filogenéticas
apresentadas em cada par de sitios. Para os valores significativamente distintos do
modelo considera-se que as diferencas sado causadas pelo efeito de fatores locais
deterministicos. Os pares com valores néo significativos sdo submetidos ao RCbray
(andlise de dissimilaridade de Raup-Crick baseada em distancias de Bray-Curtis),

que compara dessa vez a dissimilaridade de composicao e abundancia de espécies
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com um modelo nulo para todas as comunidades. Valores significativos sao
considerados como causados por fatores espaciais estocésticos enquanto valores
nao significativos séo considerados como causados por Drift (Stegen et al., 2012;
Stegen et al., 2013). O modelo utilizado para os célculos do BMNTD (Webb et al.,
2002) ja recebeu criticas pertinentes (Hillerislambers et al.,, 2012), porém alguns
calculos podem ser realizados no intuito de mensurar se de fato as distancias
filogenéticas observadas estéo relacionadas com a heterogeneidade ambiental do
pool (conjunto de unidades taxonémicas encontradas na regido) de sitios utilizado
(i.e. teste de Mantel Filogenético ou Correlograma de Mantel Stegen et al., 2012).
Este método vem sendo utilizado no intuito de melhor compreender diferencas de
estrutura de comunidades microbianas em distintos tipos de ambientes, tais como
solo (Zhang et al., 2020), sedimento (Stegen et al., 2012; Stegen et al.,, 2013),
ambientes de agua doce (Llames et al., 2017; Huber et al., 2020) e marinho
(Logares et al.,, 2020). Por meio desta abordagem é possivel também distinguir
comunidades microbianas da flora intestinal de habitantes de diferentes paises e
relacionar esses dados com o tipo de alimento majoritariamente consumido em cada

nacao (Martinez, Stegen et al. 2015).

O uso de metagenomas vem se tornando cada vez mais disseminado.
Através de suas rotas metabdlicas, € possivel saber quais tipos de moléculas sao
preferencialmente utilizadas por cada bactéria e, portanto, se esses organismos sao
relevantes para algum tipo de ciclo biogeoquimico, como do enxofre (p. ex.
Alfaproteobacteria, SAR11 Giovannoni, 2017), Carbono (p. ex.
Gammaproteobactéria, Metylophilaceae Salcher et al., 2015) e Nitrogénio (p. ex.
Actinobacteriota, hgcl Ghai et al., 2014). E possivel também entender e identificar
preferéncias por determinados estilos de vida (Chiriac, Haber, et al., 2022). Por
exemplo, os dois grupos mais abundantes na superficie de lagos e oceanos
pertencem a filos completamente distintos, mas guardam caracteristicas em comum.
Os clados SAR11 (uma alfaproteobactéria) e hgcl (uma Actinobactéria) apresentam
ambos um reduzido contetdo gendmico e tamanho celular, uma baixa porcentagem
de contetdo GC (estrutura génica em que se repetem sequéncias Guanina-Citosina)
em seu genoma e uma elevada taxa de codificagdo génica. Todas essas

caracteristicas indicam um estilo de vida chamado “streamlined”, ou seja, sao
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especializados em produzir apenas as proteinas essenciais a sobrevivéncia,
relacionadas a homeostase celular e rodopsinas para uma autotrofia anaerdbica
facultativa (Chiriac, Haber, et al., 2022). Gragas a issO, esses organismos S&o
extremamente versateis, o que explica sua prevaléncia e ubiquidade, mas também
sao auxotroficos (Logares et al., 2010; Kim et al., 2019), o que significa ndo serem
capazes de produzir todas as proteinas que utilizam em suas rotas metabdlicas e
dependerem da producéo realizada e exsudada por outros organismos presentes na
comunidade, apesar de ndo parecer apresentarem qualquer relacao estreita com
outros grupos microbianos (Chiriac, Haber, et al., 2022). Através de metagenomas
também é possivel identificar as proteinas necessarias ao isolamento e manutencao
em laboratorio de determinadas cepas bacterianas (Kim et al., 2017) e também
propor a existéncia de novas linhagens filogenéticas, por meio de uma anélise mais

refinada das diferencas genéticas encontradas em cada grupo (Brown et al., 2015).

Outro tipo de pesquisa bastante interessante que vem ganhando espaco,
apesar de insipiente, € o uso de dados moleculares para inferir a filogeografia destes
organismos (Urban et al., 2008). Por meio desta abordagem é possivel mapear a
distribuicdo e provaveis caminhos de dispersdo de filotipos relevantes. Por meio
dessa abordagem, é possivel mapear espécies invasoras produtoras de toxinas do
género Cerratium, por exemplo (Accattatis et al., 2020); ou ainda, entender como se
deu a irradiacdo de espécies aparentadas a partir de um ancestral marinho, como
em Bathycoccaceae, Chlorophyta (Fernandez et al., 2017) e Methylophilaceae,
Proteobacteria (Salcher et al., 2019).
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Capitulo Il -
Bactérias-chave em ambientes lacustres:
uma breve descricéo

“With the advent of cloning and sequencing ribosomal
RNA genes directly from the environment to access and
explore the phylogenetic diversity of natural microbial
communities, it has become clear that we have barely
scratched the surface at obtaining representative
cultures that span the phylogenetic breadth of most of
the major phyla of Bacteria.” (Rappé 2003 in The
uncultured microbial majority)
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Durante as pesquisas que geraram 0s capitulos que serdo apresentados
nesta tese, foi possivel perceber que alguns grupos bacterianos apresentam grande
abundéancia espaco-temporalmente. Representantes dos filos Actinobacteriota,
Bacteroidota, Cyanobacteria, Planctomycecota, Proteobacteria, Verrucromibiota e
Patescibacteria apresentaram relevancia espacial (Mateus-Barros et al., 2021) e/ou
temporal (Parte Il desta tese, Fig. 2). Esses grupos séo de fato relevantes para a
composicdo microbiana em ambientes lacustres em todo o planeta (Newton et al.,
2011), tendo sua relevancia reconhecida precocemente durante o desenvolvimento
de técnicas moleculares baseadas em coletas de amostras ambientais (Rappé e
Giovannoni, 2003), e estdo entre os grupos mais estudados (Chiriac, Haber, et al.,
2022).

Esses grupos sao sempre muito abundantes e participam de processos
considerados chave na manutencao de ecossistemas (Newton et al., 2011; Chiriac,
Haber, et al., 2022), tendo importante papel em processos de ciclagem de matéria
organica (Kawasaki e Benner, 2006; Sarmento e Gasol, 2012) e em ciclos
biogeoquimicos (Myklestad, 2000) de elementos necessarios a vida como nos
conhecemos; tais como Carbono, Nitrogénio, Fosforo e Enxofre (Chiriac, Haber, et
al., 2022). Estes organismos também participam de uma intrincada rede de
interacbes em que participam também as algas unicelulares (picofitoplancton).
Conhecida como microbial loop (Azam et al., 1983), essa rede existe através de uma
dindmica de degradacdo e incorporacdo de compostos liberados no ambiente por
meio de exsudacdo, excrecdo ou lise celular (Kawasaki e Benner, 2006). Esse
processo vai tornando a matéria organica cada vez mais labil até que eventualmente
acaba sendo incorporada a rede tréfica classica por meio de predacao/pastoreio
realizada por protistas heterétrofos ou zooplancton filtradores (Sarmento, 2012),
liberada na atmosfera por meio de respiracdo (Cole et al., 2007), ou mineralizada e

retida no sedimento (Maier, 2015).

Aqui, apresento uma breve descricdo dos grupos bacterianos encontrados
nos mais diversos ambientes. Todos 0s grupos descritos abaixo apresentaram
grande abundéancia e persisténcia espaco-temporal e foram considerados
organismos-chave para os padrfes e processos que serdo descritos nos capitulos
subsequentes. E importante ressaltar que aqui, ndo tenho a intens&o de criar uma
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revisdo detalhada a respeito destes grupos, mas levantar algumas informacdes a
respeito da biologia destes organismos que podem ser relevantes para o
entendimento dos padrdes ecoldgicos descritos mais adiante. Para uma revisao
detalhada a respeito destes e outros organismos relevantes, sugiro a leitura do
artigo recentemente publicado por Chiriac e colaboradores (2022) que traz uma
perspectiva metagendmica a respeito do estilo de vida que cada grupo pode
apresentar. Outra revisdo relevante foi apresentada por Newton e colaboradores
(2011) e, apesar de ja estar publicado a mais de uma década e bastante defasado a
respeito das informagdes moleculares, ainda apresenta muita informacao relevante a

respeito da ecologia em cada grupo.

Para auxiliar a visualizagdo, também construi uma arvore filogenética de
referéncia (Fig. 2) contendo representantes de todos os grupos de destaque. Para
as referéncias, selecionei algumas sequéncias (n = 16) que foram obtidas através do
sequenciamento do gene 16S que codifica a porcdo menor do RNA ribossomal
bacteriano (16S rRNA), e mantidas em bancos de dados locais construidos para
responder as questdes apresentadas nos proximos capitulos. Esses genes ja
haviam sido identificados como sendo de representantes de cada um dos distintos
organismos a ser descritos a seguir. Com estas sequéncias de consulta em maos,
utilizei os servicos fornecidos no website “arb-silva” (https://www.arb-
silva.de/aligner/) para construir uma arvore filogenética curada e simplificada. O site
utiliza o método SINA (Pruesse et al., 2012) para alinhar e classificar as sequéncias
fornecidas ao comparar com 10 sequéncias de maxima similaridade possivel para
cada um dos genes, contidas na base de dados SILVA (Quast et al., 2013; Yilmaz et
al., 2014). Para a classificacdo utilizei um indice de similaridade minima de 90%
entre as sequencias de consulta e as fornecidas pelo banco de dados. Esse valor foi
considerado porgue este é o minimo para que as Patescibacterias pudessem ser
classificadas. Os outros grupos ndo divergiram do resultado de uma consulta
utilizando similaridade de 99%. A arvore filogenética foi montada utilizando o
software FastTree (Price et al., 2010) com o método denovo incluindo as sequéncias
“vizinhas” (maior similaridade possivel com os dados fornecidos), o modelo “GTR” e
verossimilhanga do tipo “Gamma”. A arvore foi entdo curada utilizando o software

Wasabi (Veidenberg et al., 2015) fornecido no mesmo site e exportada para ser
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editada no software TreeGraph (Stéver e Miller, 2010) onde as sequencias
“vizinhas” que geravam ruido na imagem puderam ser removidas para facilitar a

visualizacéao.

Juntamente com a descricdo dos clados mais relevantes, também adicionei
caixas de texto que apresentam um pequeno resumo contendo algumas
informacgdes relevantes a respeito dos organismos citados. As informagdes contidas
nessas caixas-resumo foram anteriormente revisadas por Chiriac, Haber, et al.
(2022) e Newton et al. (2011). A classificacdo taxondmica foi obtida através da base
de dados SILVA (Quast et al., 2013; Yilmaz et al., 2014).
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Figura 2 — Arvore filogenética indicando o grau de parentesco entre os grupos de interesse
abordados neste capitulo, representados em sua maioria por espécies e géneros. As setas vermelhas
indicam nés obtidos através de sequencias fornecidas, os outros nds se referem a algumas das
sequéncias presentes no banco de dados SILVA e utilizadas como sequencias aparentadas para
tornar a construgdo da arvore mais robusta. As barras a direita indicam os filos aos quais esses
genes estao afiliados e, no caso de proteobactérias, as classes. As classes Beta- e
Gammaproteobacteria [indicados com * no cladograma] estdo intimamente ligadas;
Betaproteobacteria ndo constitui um clado monofilético na exclusdo de Gammaproteobacteria
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Actinobacteriota

Anteriormente reconhecidas como primariamente encontradas no solo, as
bactérias que pertencem ao filo Actinobacteriota, sdo 0s organismos mais
abundantes e ubiquos dentre os encontrados em ambientes aquéticos continentais
(Newton et al., 2011). Estes estédo presentes em rios e lagos, ambientes salobros ou
marinhos (Ghai et al., 2014; Mizuno et al., 2015), glaciais (Kang et al., 2012) e de
altitude (Warnecke et al., 2005), mas sao reinam mesmo na superficie de lagos,
chegando a representar mais da metade da abundancia relativa bacteriana nestes

ambientes (Camara Dos Reis et al., 2019; Mateus-Barros et al., 2021).

Muito bem adaptadas a vida na coluna d’agua estas bactérias sdo ubiquas e
muito abundantes em lagos e reservatérios (Newton et al., 2011). Estes organismos
unicelulares podem apresentar genes relacionados a resisténcia contra o stress
causado pela luz UV (Warnecke et al.,, 2005) e produzir rodopsinas, um tipo de
proteina capaz de agir na captacado de energia luminosa para a producdo de energia
para a célula em momentos de pouca disponibilidade de compostos nutritivos
(Sharma et al., 2008). Os grupos mais abundantes também apresentam um reduzido
tamanho celular, o que também demonstra uma adaptacdo para escapar do
pastoreio realizado por organismos zooplancténicos filtradores (Pernthaler et al.,
2001) e da predacgéo por nanoflagelados (Chiriac, Haber, et al., 2022). O tamanho
dos genomas neste filo varia, porém, as linhagens mais dominantes possuem
sempre um genoma formalmente nomeado como “streamlined”. Organismos com
este genoma simplificado sdo caracterizados por um reduzido tamanho molecular,
acompanhado de um reduzido tamanho celular, baixa porcentagem de sequéncias
GC e alta taxa de codificacdo de genes (Kim et al., 2019). Esta caracteristica
simplificada lhes permite economizar energia na codificacdo de genes
desnecessarios, porém torna-os dependentes da disponibilidade de compostos
exsudados por outros organismos, uma condicdo chamada auxotrofia (Chiriac,
Haber, et al., 2022).

Actinobactérias ainda possuem diversos genes relacionados a degradacgéo e
fixacdo de compostos ricos em Carbono (Chiriac, Haber, et al., 2022) e Nitrogénio
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(Ghai et al.,, 2014; Kang, llnam et al., 2017) inclusive os de alta complexidade
originados de plantas vasculares terrestres (Ghai et al.,, 2014), caracteristica que

evidencia sua relevancia para ciclo biogeoquimico destas moléculas.

Apesar de muito abundantes e persistentes, sua fisiologia e particularidades
ecologicas sdo ainda incertas. Isso ocorre porque o isolamento e manutencdo de
culturas viaveis é muito dificil (Kim et al., 2019), em especial dos clados acl (hgcl) e
aclV (CL500), os grupos mais abundantes em ambientes de agua doce (Newton et
al., 2011). Porém o recente avanco tecnoldgico para sequenciamento metagenémico
vem revolucionando esta realidade. Isso porgue, o exame cauteloso de genomas
completos permite avaliar todas as rotas metabolicas desses organismos e
identificar compostos, metabdlitos e/ou enzimas necessérias, mas ndo produzidas
pelo proprio organismo. Por exemplo, diversas cepas do clado hgcl puderam ser
recentemente isoladas ap6s a andlise mais detalhada de seus metagenomas
identificar a necessidade de adicionar a enzima catalase ao meio de cultura (Kim et
al., 2019), enzima essa relacionada a degradacéo de peroxido de hidrogénio (aAgua

oxigenada) em agua e oxigénio gasoso.

Clado CL500-29 (Acidimicrobiia, linhagem aclV)

O clado CL500-29, é o mais abundante da

ordem Acidimicrobiia. Os organismos desse clado,

Filo: Actinobacteriota
Classe: Actinobacteria

comuns em lagos, geralmente encontrados em = Ordem: Acidimicrobiia

. . . ) Familia: lumatobacteraceae
vida livre e apresentam abundancias pontuais, ganero/Clado: CL500-29

também chamado de linhagem aclV, sao bastante

sendo mais dominantes em determinadas

condi¢ao ao longo do ano (De Melo, Bertilsson, et | ambientes de agua doce,

salobros e marinhos
Vida livre
Barros et al., 2021 mat. sup. ESM3). Podem ser “Streamlined”

al., 2019), mas nunca espacialmente (Mateus-

O tamanho de seu conteudo gendmico

1.2 ~ 3.4 Mbp

pode variar bastante (Chiriac, Haber, et al., 2022),
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porém possuir um genoma reduzido parece estar relacionado com a elevada

abundancia de algumas estirpes (Ghai et al., 2012).

Acidimicrobiia apresenta elevada diversidade genomica, o que dificulta
entender os detalhes a respeito de seu estilo de vida e preferéncias metabdlicas
(Chiriac, Haber, et al.,, 2022). A presenca constante de rodopsinas indica uma
producdo energética facultativa, por outro lado, a capacidade de fixagdo de CO2

ainda é incerta (Chiriac, Haber, et al., 2022).

Clado hgcl (linhagem acl)

Os organismos deste grupo sao

normalmente os mais abundantes em ambientes
Filo: Actinobacteriota
Classe: Actinobacteria
Mateus-Barros et al., 2021). Essas bactérias @ Ordem: Frankiales
Familia: Sporichthyaceae
Género/Clado: hgcl

lacustres (De Melo, Bertilsson, et al.,, 2019;

podem chegar a representar mais de 50% da

abundéancia bacteriana total (Camara Dos Reis

et al., 2019; Mateus-Barros et al., 2021) e mais Agua doce e salobras

de 90% da abundancia de Actinobactérias = Vidalivre

. o “Streamlined”

(Warnecke et al., 2005) na regido do epliminio | participa na degradacéo de C e N

de um lago, e uma persisténcia média de 30%

ao logo do tempo (Parte Il dessa tese, Fig. 2). = 1.16 ~1.55Mbp

Podem ser encontrados também em ambientes salobros, mas nunca dominam
nestas condi¢cbes (Hugerth et al., 2015; Mehrshad et al., 2016).

Sua incrivel dominancia parece sempre persistir e variar muito pouco ao longo
do tempo (Newton et al., 2011) e, apesar de auxotroficos (Kim et al., 2019), nao foi
observada nenhuma relacdo especifica com qualquer outro organismo até hoje
(Chiriac, Haber, et al.,, 2022). Sado capazes de produzir rodopsinas e degradar
diversos compostos ricos em Nitrogénio e potencialmente biodisponibilizados por

diversos outros grupos microbianos (Findlay et al., 2003; Ghai et al., 2014).
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Géneros Planktoluna e Rhodoluna (linhagem Luna-1)

Apesar de pouco representarem a

abundéancia de actinobactérias, esse grupo

poéde ser mais bem estudado que os Filo: Actinobacteriota

apresentados anteriormente, ja que muitas | Classe: Actinobacteria
Ordem: Micrococcales
Familia: Microbacteriaceae

laboratorio e descritas (Hahn, 2009). Género/Clado: Luna-1

espécies puderam ser cultivadas em

Esses microrganismos apresentam um |
Agua doce

reduzido tamanho celular, caracteristica util na @ Vida livre

. e “Streamlined”
fuga da predacao por ciliados heterotréficos e

zooplancton filtradores (Pernthaler et al., 2001,

Chiriac, Haber, et al., 2022). Assim como 0S 1.3~1.4 Mbp

outros grupos acima descritos, este possui

genoma e contetdo GC reduzido (Hahn et al., 2014; Kang, llnam et al., 2017; Pitt et
al., 2021). Também podem produzir rodopsinas (Ghai et al., 2014) e carotendides
(Pitt et al.,, 2021), compostos uteis a sua producdo de energia facultativa e a
preferéncia por viver na coluna d’agua proximo a superficie (Martinez-Garcia et al.,
2012; Pitt et al., 2021) Podem ser encontradas em estuarios, porém estao mais bem
adaptadas a uma vida completamente adaptada a agua doce (Chiriac, Haber, et al.,
2022).

Tribos filogeneticamente identificadas no grupo Luna sao muito dispersas por
ambientes de 4gua doce (Hahn e Pd&ckl, 2005; Hahn et al., 2014; Lipko e Belykh,
2021), e bem adaptadas a qualquer tipo de temperatura (Hahn et al., 2014; Pitt et al.,
2021), uma caracteristica que parece ser relacionada com diferentes tipos de

linhagens adaptados a diferentes nichos de temperatura (Hahn e Pockl, 2005).

Bacteroidetes

Apresentando elevada plasticidade fenotipica e metabdlica, bactérias

classificadas como Bacteroidota podem ser encontradas em ambientes de agua
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doce e marinhos, ou associados a plantas, animais e até humanos (Newton et al.,
2011). Esses organismos podem chegar a dominar ambientes lacustres (Pernthaler
et al., 2004), em especial hos ambientes com elevada entrada de matéria organica
proveniente do solo ou apdés floragcbes de microalgas e cianobactérias (Eiler e
Bertilsson, 2007; Zeder et al., 2009; Buchan et al., 2014).

Possuindo genomas grandes e reduzido conteddo GC (Buchan et al., 2014),
esse grupo pode ser encontrado aderido a particulas (Lemarchand et al., 2006) e
esta associado a degradacao de matéria organica de alta complexidade (Salcher,
2014). Apesar disso tudo, estdo entre os grupos bacterianos de agua doce menos
estudados (Newton et al., 2011).

Cianobactérias

Cianobactérias sdo (de longe) os microrganismos de agua doce mais bem
estudados. Isso se da principalmente por sua importancia no ciclo biogeoquimico do
Nitrogénio e na producdo de oxigénio gasoso (Stanier e Cohen-Bazire, 1977), mas
também por sua relevancia para a qualidade de vida humana, jA que alguns
membros deste filo podem produzir toxinas com efeitos hepaticos e neurais (Suffet
et al., 1995) e potencialmente letais (Huisman e Hulot, 2005; Havens, 2008). O
qulssoe encorajou centenas de pesquisadores ao longo de décadas a decifrar os
fatores ambientais relacionados a floracdes e producédo dessas toxinas (Huisman e
Hulot, 2005).

Estes organismos sdo conspicuos, podendo ser encontrados em basicamente
qualquer lugar (Drakare e Liess, 2010; Ahlgren et al., 2019; Camara Dos Reis et al.,
2019; De Melo, Bertilsson, et al., 2019; Bizi¢ et al., 2020; Mateus-Barros et al.,
2021). Sao ainda capazes de realizar fotossintese oxigénica usando principalmente
0 pigmento clorofila a (Stanier e Cohen-Bazire, 1977). Em ambientes aquaticos,
algumas adaptacfes indicam um estilo de vida completamente voltado a vida
proxima a superficie, podendo ser incrivelmente abundantes e estar aderidas a
particulas (Camara Dos Reis et al., 2019). E possivel encontrar vesiculas de ar,

utilizadas na regulacédo da posicado da célula na coluna d’agua, o que maximiza o
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uso da luz solar na fixacdo de nutrientes (Huisman et al., 2018). Outra interessante
adaptacao esté na variacdo de cor como uma estratégia para maximizar a utilizagdo
da onda de luz dominante dependendo do local onde o individuo vive (Kehoe e
Gutu, 2006).

Seu genoma € relativamente grande, comparado com outros organismos
anteriormente citados aqui (> 2.4 Mbp), mas seu tamanho estd relacionado a
complexidade do ambiente ao qual cada espécie esta adaptada. Genomas de
organismos tipicamente terrestres sdo maiores que os de agua doce e marinhos

(Cabello-Yeves et al.,, 2022). Adaptacbes a limitada presenca de enxofre em
ambientes de agua doce também ja foram identificadas (Cabello-Yeves et al., 2022).

Cyanobium Gracile (PCC-6307)

O clado Cyanobium compreende um

dos grupos mais abundantes e conspicuos
Filo: Cyanobacteria
Classe: Cyanobacteriia
Pedro J et al.,, 2017; Mateus-Barros et al., | Ordem: Synechococcales
Familia: Cyanobiaceae
Género/Clado: Cyanobium

dentre as cianobactérias (Cabello-Yeves,

2021; Callieri et al., 2022). Sua presenca em

ambiente marinho é marcante, mas analises

geneticas indicam irradiacdo a partir de | conspicuo

ambientes de &gua doce (Cabello-Yeves, Versatl o
Relevante produtor primario

Pedro J et al., 2017). Forma blooms

O pequeno tamanho celular destes
= 2.5 Mbp

organismos (Komarek et al., 1999; Kwon et
al., 2021), aliado a uma area de superficie (Callieri et al., 2022) e tamanho do
genoma (Cabello-Yeves et al., 2022) relativamente grandes I|hes confere
versatilidade e resiliéncia (Callieri et al., 2022) e ajudam a explicar sua ubiquidade
(Callieri, 2017). Além disso, esses organismos podem ser importantes produtores
primarios em ambientes lacustres (Jezberova e Komarkova, 2007) e também podem

controlar a abundancia de algas nesses ambientes (Kovacs et al., 2018).
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Planctomycecota

O filo Planctomycecota, reline organismos com caracteristicas morfolégicas
Gnicas. Formam espacos periplasmaticos (Rappé e Giovannoni, 2003) cuja funcéo
ainda ndo parece ser totalmente compreendida, mas podem servir para a digestao

de macromoléculas (Chiriac, Haber, et al., 2022).

Possuem um grande tamanho gen6mico, alcancando até 12.4 Mbp (Wiegand
et al., 2018; Andrei et al.,, 2019), sendo capazes de produzir enzimas para a
degradacédo de compostos de grande peso molecular e recalcitrante proveniente de
diversas fontes (Wiegand et al., 2018; Andrei et al., 2019). Sdo também capazes de
realizar degradacdo de amoénio (Strous et al., 1999). Apesar disso, sdo auxotréficos

para alguns compostos (Andrei et al., 2019).

Estes organismos podem ser encontrados em agua doce, salobra e marinha,
de vida livre ou associados a particulas e outros microrganismos (Wiegand et al.,
2018; Andrei et al., 2019), podendo chegar a abundancias relevantes em ambientes

lacustres (Mateus-Barros et al., 2021).

Proteobacteria

Um dos mais bem conhecidos grupos dentre as bactérias de agua doce, o filo
das Proteobactérias tem na bactéria Escherichia coli sua espécie mais famosa, e
uma muito bem conhecida importancia para a qualidade de vida do ser humano
(Newton et al.,, 2011). Este grupo, bastante abundante em ambientes lacustres
(Mateus-Barros et al., 2021), tem como principais caracteristicas sua elevada
plasticidade genética e fenotipica e associagdo com diversos relevantes ciclos
biogeoquimicos, tais como Nitrogénio, Carbono e Enxofre (Newton et al.,, 2011,
Chiriac, Haber, et al., 2022). Adaptacbes a um estilo de vida simplificado
(‘streamlined’) (Salcher et al., 2011), associado a particulas (Camara Dos Reis et al.,
2019) ou a um intenso afluxo de nutrientes (Gutierrez, 2019) estdo presentes.

Ubiguidade é comum aos géneros mais abundantes (Morris et al., 2002; Hahn et al.,
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2022), bem como a presenca em ambientes marinhos e de agua doce (Chiriac,
Haber, et al., 2022), com proeminentes casos indicativos de adaptacdo e
colonizacdo de um ambiente a partir do outro (Henson et al., 2018; Salcher et al.,
2019) apesar de sua dominancia em cada tipo de ambiente depender do grupo

abordado.

O filo Proteobacteria possui trés grandes classes, Alphaproteobacteria,
Betaproteobacteria e Gammaproteobacteria, onde estdo abrigados seus mais

proeminentes representantes, além de algumas outras de menor relevancia.

A classe Alphaproteobacteria abriga o grupo bacteriano mais bem sucedido
do ambiente marinho, o clado SAR11(Morris et al., 2002). Representantes deste
grupo podem também ser endossimbiontes (Batut et al., 2004) e estdo associados a
plantas vasculares, tendo um relevante papel na fixagdo de Nitrogénio [i.e.
Rhizobiales (Stacey, 2007)]. Outros ciclos biogeoquimicos cujo grupo parece ter
relevante funcdo sédo os do Carbono e Enxofre, compostos fixados por membros do
clado SAR11 no oceano global (Giovannoni, 2017). Foi ainda relatado que alguns
organismos podem estar associados a regulacdo da abundancia de Cianobactérias
causadoras de blooms (Berg et al., 2009). O tamanho do genoma € variavel a

depender do estilo de vida adotado (Hahn et al., 2022).

Os maiores representantes da classe Betaproteobacteria parecem estar mais
intimamente relacionados com ambientes lacustres de agua doce (Chiriac, Haber, et
al., 2022), sendo ubiquos e abundantes neste tipo de ambiente (SImek et al., 2005;
Salcher et al., 2010; Mateus-Barros et al., 2021). Uma demarcada particdo de nicho
e intensa recombinacdo de genes intra- clados parece ser a regra dentro deste
grupo (Chiriac, Haber, et al., 2022) e ajuda a explicar a extensa distribuicdo

geografica observada para esta classe.

JA4 Gammaproteobactérias podem ser abundantes em ambientes salobros
(Wu et al., 2006) ou com intensa eutrofizacdo, em especial causada por atividade
humana (Gutierrez, 2019) e crescem rapidamente na presenca de elevada
concentracdo de nitrogénio (Gasol et al., 2002) e fésforo (Simek et al., 2006).
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SAR11, Clado lllb (linhagem LD12; Ca. Fonsibacter)

O clado IlIb da ordem SAR11 contém as

bactérias que melhor puderem se adaptar a
Filo: Proteobacteria

Classe: Alphaproteobacteria

grupo é amplamente distribuido por ambientes =~ Ordem: SAR11
Familia: -
lacustres (Lindstrom et al., 2005; Wu et al.,  ganero/Clado: Clade Il

2006; Mateus-Barros et al., 2021), porém

vida em agua doce (Salcher et al., 2011). Esse

nenhuma espécie parece ser capaz de | Aguadoce

colonizar aguas salobras (Henson et al., 201g; | Steamlined

Tsementzi et al., 2019), isso aliado a reduzida

diversidade filigenética do clado (Logares et
~ 1.6 Mbp

al., 2010), evidencia um evento de isolamento

bastante radical entre esse e outros grupos aparentados de SAR11 que impede a
sua diversificacdo através de recombinacfes (Zaremba-Niedzwiedzka et al., 2013).
Esses organismos estdo relacionados a reducdo de compostos sulfurosos (Henson
et al., 2018) e parecem preferir ambientes com temperatura mais elevada (Salcher et
al., 2011; Henson et al., 2018).

Sua origem provavelmente ocorreu da diversificacdo a partir de clados de
SAR11 marinhos com genoma simplificados (Logares et al., 2010; Henson et al.,
2018), o que significa que seus genomas também sdo reduzidos (Salcher et al.,
2011), com apenas a aquisicdo de genes relacionados a producdo de rodopsinas
(Giovannoni et al.,, 2005), e explica sua adaptagéo irreversivel aos ambientes de

agua doce.

Polynucleobacter

O genero Polynucleobacter esta entre 0s grupos bacterianos mais bem
estudados vivendo em ambientes de agua doce (Chiriac, Haber, et al., 2022), seu

genoma e tamanho celular e porcentagem de conteido GC sao reduzidos (Chiriac,
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Haber, et al., 2022). Adaptacdes para um estilo de vida ndo moével com possibilidade

de guimioheterotrofia estdo presentes (Hahn et al., 2022), além da possibilidade de

producéo de rodopsinas (Hahn et al., 2016), e

indicam uma vida majoritariamente passada na
Filo: Proteobacteria

Classe: Gammaproteobacteria
sua abundancia pode diminuir gradualmente | Ordem: Burkholderiales

) Familia: Burkholderiaceae
com a profundidade (Wu e Hahn, 2006). Género/Clado: Polynucleobacter

coluna d’agua, proxima a superficie. De fato,

Este grupo possui representantes
Conspicuo; Particao de nicho e
recombinacao génica intensas

e de vida livre (Salcher et al., 2008; Hahn et al., = Vida livre ou endossimbiontes
Streamlined

endossimbiontes (Heckmann e Schmidt, 1987)

2022), chegando a alcangar grandes

abundéancias em lagos (Salcher et al., 2008;
Hahn et al., 2022).

1.5 ~ 2.5 Mbp

Intensa recombinacdo de genes (Hoetzinger et al., 2017) e relevante particdo
de nicho (Hahn et al., 2021) parecem ser regra neste género, o que deve ser uma
das principais causas para a ampla distribuicAo espacial e altas taxas de
diversificacao do grupo (Hoetzinger et al., 2017; Hoetzinger et al., 2019; Hoetzinger
et al.,, 2021). Algumas espécies com conteldo genético muito similar apresentam
diferencas ecoldgicas evidentes (Hahn et al., 2016). Alteracbes na concentracdo de
pH e Carbono Orgénico Dissolvido parecem ser fatores determinantes para essa
particdo, com sua variacao estimulando ou inibindo o crescimento populacional de

uma ou outra variante (Lindstrom et al., 2005; Wu et al., 2006).

Limnohabitans

Assim como o clado Polynucleobacter, o género Limnohabitans compreende
um grupo bacteriano de agua doce bem estudado. Estes organismos sé&o
copiotroficos e conspiquos (Kasalicky et al., 2013; Shabarova et al., 2017), podendo
chegar a representar uma grande parte da abundancia bacteriana em um lago
(Slmek et al., 2010).
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O tamanho do seu genoma ¢é

relativamente grande em comparagdo com
- . . Filo: Proteobacteria
outras bactérias dominantes na coluna d’agua  cjasse: Gammaproteobacteria

doce (Zeng et al., 2012; Kasalicky et al., 2018), = Ordem: Burkholderiales
Familia: Comamonadaceae

0 que lhes permite tolerar grandes variag0es | Género/Clado: Limnohabitans

ambientais (Kasalicky et al., 2013). Algumas

variantes possuem inclusive a capacidade de | Conspicuo

Particdo de nicho e recombinagéo
génica intensas

(Kasalicky et al., 2018), e fixacdo autotréfica de | Versatil

produzir proteinas relacionadas a fotossintese

carbono (Zeng et al., 2012).
3~ 4.7 Mbp

Esse clado parece estar mais bem
adaptado a crescer rapidamente quando nutrientes entram no sistema (Simek et al.,
2005; Simek et al., 2006), inclusive quando produzido e exsudado por algas
(Kasalicky et al., 2013), apresentando notavel versatilidade em relacdo ao tipo de

composto utilizado para nutricdo (Kasalicky et al., 2013).

A particdo de nicho parece também ter um papel importante para a
diversidade desse grupo, com a presenca de alguns clados especializados em viver
em lagos (Props e Denef, 2020) enquanto outras linhagens estdo mais adaptadas a
vida em rios de pequenas propor¢cées e préximos a nascentes (Shabarova et al.,
2017). Além disso, um estudo recente pbde demonstrar a possibilidade de
mudancas de dominancia dentro deste grupo ao longo do tempo (Jezberova et al.,
2017).

Methylophilaceae

A Familia Methylophilaceae reune clados relacionados a degradacdo de
compostos com 1 (um) carbono, um processo importante para o ciclo do carbono
(Salcher et al., 2015). Podem apresentar estilo de vida pelagica de vida livre ou
associados ao sedimento, com genomas reduzidos e genes relacionados a

sobrevivéncia com pouca disponibilidade de nutrientes (Chiriac, Haber, et al., 2022).
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Um aspecto interessante da historia
evolutiva deste grupo é que existem evidencias
qgue indicam a passagem por dois eventos de

adaptacdo. Os dois primeiros estdo

bY

relacionados a passagem de uma vida

associada a degradacdo de matéria organica

Filo: Proteobacteria

Classe: Gammaproteobacteria
Ordem: Burkholderiales
Familia: Methylophilaceae
Género/Clado: -

em sedimentos para a vida livre na coluna | conspicuo
d’agua (Salcher et al., 2019). Esta adaptagdo | Vidalivre ouassociado ao
sedimento

aconteceu independentemente e de forma | Fixadoras de compostos C1

similar em ambos grupos de vida marinha e de

1.3 Mbp (pelégicos); 2.3 ~ 4.6

agua doce, com uma tendéncia de perda de : :
(associados ao sedimento) Mbp

genes relacionados a motilidade e quimiotaxia
(Salcher et al., 2019) e aquisicdo de genes para producdo de rodopsinas (Chiriac,
Haber, et al.,, 2022). Ha ainda um terceiro evento de adaptacdo de um grupo
adaptado a vida pelagica em agua doce para a vida pelagica marinha, com

aquisicao de genes relacionados a osmorregulacao (Salcher et al., 2019).

Verrucomicrobiotas

Verrucomicrobiota podem apresentar uma vasta gama de estilos de vida,
podendo ser encontradas em ambientes terrestres, de agua doce e salobros
(Wagner e Horn, 2006), além de poderem estar associados a eucariotos (Wagner e
Horn, 2006), particulas ou vida livre (Parveen et al., 2013). Podem ser mais
abundantes durante floracdes de algas (Eiler e Bertilsson, 2004). Como é de se
esperar para um grupo com tantos possiveis estilos de vida, o tamanho de seu
genoma pode variar grandemente, entre 1.8 e 6.2 Mbp (Cabello-Yeves, P. J. et al.,
2017). Além disso, a sua presenca parece estar relacionada com um ambiente mais
acido e temperaturas mais elevadas (Lindstréom et al., 2005), o que pode explicar
sua abundancia sempre relevante encontrada nas

lagoas rasas tropicais

apresentadas aqui (Mateus-Barros et al., 2021).
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Clado FukuN18

Este € outro grupo cuja abundancia

pode chegar a ser relevante em ambiente . o
Filo: Verrucomicrobiota

lacustre (Mateus-Barros et al., 2021), sendo 0 | Classe: Verrucomicrobiae
Ordem: Chthoniobacterales
Familia: Terrimicrobiaceae

2013). Estes organismos tipicos de dgua doce @ Género/Clado: FukuN18

grupo dominante deste filo (Parveen et al.,

(Lindstrom et al., 2005), sdo majoritariamente

associados a particulas (Parveen et al., 2013). | Conspicuo

Aderidos a particula
Estas bactérias constituem tamanhos Chave na transferéncia de C &
u cadeia trofica classica

celulares maiores (Piwosz et al., 2018) e ja

tiveram sua presenca relacionada a predagéo @ 1.8 ~6.2 Mbp

por nanoflagelados (Piwosz et al., 2018) e

rotiferos (Parveen et al., 2013), o que pode indicar uma funcéo ecossistémica chave
ao servir de conexao entre o loop microbiano e a cadeia trofica classica (Piwosz et
al., 2018). De qualquer maneira, este constitui um grupo muito pouco estudado e

seus genomas parecem nao ter sido desvendados até agora.

Ca. Patescibacteria

O filo Patescibacteria foi adicionado a esse pequeno resumo por motivos
opostos aos citados acima. Patescibacteria ndo € um filo particularmente abundante
ou formador/causador de floracdes, porém este possui um grande numero de
representantes em diversos sitios (Mateus-Barros et al., 2021). Ainda h& pouca
informacéo disponivel a respeito da biologia deste grupo (Castelle et al., 2018),
porém ja se sabe que seus genomas e tamanho celular sdo reduzidos (Castelle et
al.,, 2018; Chiriac, Bulzu, et al., 2022). Seu estilo de vida principal parece ser
parasitico (Castelle et al., 2018), mas organismos de vida livre também estédo

presentes (Chiriac, Bulzu, et al., 2022).

55



Capitulo Il -
Distribuicdo de frequéncias de ocupacao e abundancia

“Ao contrario do que pretendem os livros didaticos, a
melhor parte da ciéncia ndo estd nos modelos
matematicos nem nos experimentos. Isso vem depois.
O melhor da ciéncia emerge de um modo mais primitivo
de pensar através do qual a mente do cacador vai
tecendo ideias a partir de fatos velhos, metaforas novas
e imagens confusas e semiensandecidas de coisas
vistas recentemente. Avancar na ciéncia € elaborar
novos padrdes de pensar, que definirdo por sua vez os
modelos e os experimentos. Facil de dizer, dificil de
fazer” (Edward O. Wilson, 1992 em A diversidade da
vida)
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Durante minha dissertacdo, foquei em principalmente entender o padrao de
distribuicdo de bactérias de agua doce vivendo em diversas lagoas rasas proximas a
nascentes e distribuidas por todo o Estado de Sao Paulo, em uma paisagem que
compreende cerca de 250 mil km2. Aquele trabalho gerou dois capitulos, o primeiro
analisava duas metodologias de extragcdo de DNA e buscava comparar os resultados
de um ponto de vista de quais dados ecolégicos poderiam ser interpretados de
diferente forma a depender do método analisado. No segundo capitulo, buscamos
aplicar a hipotese da distribuicdo bimodal de espécies para identificar organismos
satélite e core, nessa metacomunidade. Este trabalho ainda era bastante insipiente
no momento da defesa da minha dissertacdo em 2018, e precisou ser bastante
melhorado nos anos subsequentes, ja dentro do meu doutorado. Entre 0 documento
da minha dissertagdo (Mateus-Barros, 2018) e o resultado final (Mateus-Barros et
al., 2021) publicado na revista Microbial Ecology restou pouca semelhanca. De igual
mesmo, ficou apenas a ideia de testar se existe bimodalidade na distribuicdo de

bactérias de agua doce.

Agora, nés pudemos observar que de fato, a distribuicdo de ocupacao para as
bactérias presentes nestes ambientes é bimodal. Neste sentido, dois distintos
grupos se destacam: (i) as bactérias “Satélite” sdo aguelas muito pouco persistentes
espacialmente e totalizam centenas de unidades taxonbmicas, e (i) as bactérias
“Core” que, em oposi¢cao, sao organismos ubiquos (podem ser encontrados em
todos os lugares, onipresentes). NOs aproveitamos a oportunidade para analisar
como era a distribuicdo de abundancia desses organismos core e pudemos notar
uma predominancia de padrdes bimodais e normais nessa distribuicdo. Isso indica
gue esses organismos sao na verdade muito abundantes em alguns sitios e mais
raros em outros, e que esses sitios onde sdo mais abundantes possivelmente
servem como uma fonte de individuos de onde saem e se dispersam para o restante
dos sitios nessa paisagem. Finalmente, comparamos estes dados biolégicos com
dados ambientais e de distancia espacial e notamos que esses padrdes sado guiados
principalmente em funcédo da variacdo do pH, mas também movidos em menor forca
pelas distancias entre sitios, apesar de ndo termos tido a chance de entender melhor
de que forma esses fatores ambientais estavam influenciando a biodiversidade

nessa metacomunidade.
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Apébs esse estudo, muitas questdes permaneceram e eu tive a oportunidade
de guiar esta tese no sentido de tentar sanar algumas dessas questoes.
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Objetivos

O objetivo geral é buscar entender como a variagdo espaco-temporal de
fatores deterministicos e estocasticos impacta no padrdo de estruturacdo de
comunidades microbianas em lagoas rasas de agua doce em diferentes escalas de

observacéao.

No primeiro trabalho que apresento a seguir (Capitulo IV) busquei responder
as perguntas: Quais séo os fatores locais que estdo relacionados com a persisténcia
de determinadas bactérias? O que potencialmente previne que uma bactéria
abundante seja também parte do grupo de organismos core em uma
metacomunidade lacustre? Alguns organismos raros podem persistir ao longo do
ano, mas é possivel que facam parte do core espacial? Para isso, busquei descobrir
guais organismos representam um grupo Core no que diz respeito a persisténcia
temporal em uma lagoa tropical (Fig. 3A). Estes organismos Core foram entao
comparados com diversos fatores ambientais e interagbes com outras bactérias
também muito abundantes ou persistentes e também picoeucariotos para tentar
encontrar alguma relagcdo que indique o que pode potencializar a dominancia de

certos organismos enquanto previne a dominancia de outros. O intuito era de discutir
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como esse padrao pode estar relacionado com o padrao bimodal de distribuicao

espacial de unidades taxondmicas nesta mesma regiao.

Apéds, no capitulo V, busquei responder. Quais fatores espaciais estédo
relacionados com a distribuicdo espacial dessas bactérias? Para tal, apliquei o
método da Particdo da Variancia e comparei as dissimilaridades bioldgicas entre
diversos sitios (Fig. 3B) contra eigenvetores recuperados de modelos matematicos
gue buscam representar o efeito de tipos distintos de distancias espaciais sobre as
dissimilaridades biolégicas observadas (Legendre e Legendre, 2012). Quatro
modelos foram testados. O primeiro (dbMEM - “distance based Moran’s Eigenvector
Maps) representa as distancias lineares entre sitios e a capacidade dispersiva sobre
a terra que bactérias podem apresentar. Também apliquei o método MEM (“Moran’s
Eigenvector Maps”) utilizando duas tabelas de distdncias como referéncia, uma para
representar o efeito de uma relagcdo maior de troca de individuos entre sitios vizinhos
gue a maiores distancias, outro para evidenciar o efeito do isolamento geografico
proporcionado pelas bacias hidrogréficas nessa regido. E finalmente, utilizei o AEM
(“Asymetric Eigenvector Maps”) para representar a conexao destes sitios via fluxo
dos rios. Dessa forma abarquei as formas de distribuicdo mais comuns disponiveis

para bactérias e busquei entender qual a importancia relativa destes para este reino.

E finalmente, no capitulo VI busquei a resposta para: O aumento da escala de
observacdo também muda a relagcdo entre fatores que sdo vistos como
primariamente guiando essas comunidades? Para isso, apliquei 0 método de Stegen
e colaboradores (2012) e comparei os dados coletados no Brasil com outros dois
sets de dados semelhantes coletados na Argentina e no Canada (Fig. 3C) buscando
entender quais entre ambientais deterministicos e espaciais estocasticos sao
relevantes em trés escalas: Regional, comparando sitios em cada set de dados,
Continental, comparando dados de Brasil e Argentina e Intercontinental, adicionando

a estes os padrdes observados no Canada.
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Figura 3 — Escalas geogréaficas compreendidas nesta tese. Para o estudo que visou abordar os
aspectos locais que potencialmente guiam a dominéncia de certas bactérias no espaco, foram
coletadas amostras mensais na Represa do Broa (A), um reservatorio raso e pequeno. Para o
capitulo que aborda os aspectos espaciais relacionados a dispersao destes microrganismos, um set
de dados contendo 60 amostras coletadas em lagoas rasas distribuidas por uma larga area e
alcancam distancias maximas de 822 km (B). Estes dados foram agregados a uma base de dados
maior contendo amostras semelhantes de Argentina (distancia maxima = ~547 km) e Canada
(distancia maxima = ~1137 km) (C) e utilizados no estudo a respeito de como fatores deterministicos
e estocasticos impactam as dinamicas bacterianas em distintas escalas.
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Capitulo IV -
Depicting spatiotemporal variables
that drive the dynamics of dominance in lake bacteria

As bactérias sdo organismos-chave para funcGes ecoldgicas e estruturagdo de comunidades.
Apesar disso, caracteristicas espaco-temporais s6 puderam ser mais bem compreendidas apds
o advento de abordagens moleculares independentes de cultura. Aqui, nds investigamos quais
processos temporais locais potencialmente contribuem para a dominancia local de organismos
regionalmente bem distribuidos. Para isso, nds agrupamos os microrganismos em distintas
categorias considerando sua abundancia média e persisténcia. Em geral, os organismos
classificados como “Core” (elevada abundancia e persisténcia) sdo tipicamente conhecidos por
viver na coluna d’agua em lagos continentais, apresentando um estilo de vida simplificado e
dependem de nutrientes exsudados por outras bactérias e fitoplancton. Apesar disso, ndo
parecem estar relacionados com grupos bioldgicos especificos. As bactérias “Persistentes”
(baixa abundancia, elevada persisténcia) parecem estar mais intimamente relacionadas com o
aporte de nutrientes ricos em acido himido vindos do solo ao redor ou s3o conhecidos por se
relacionarem com fitopldncton formadores de floragcdes. Os dois grupos sdo capazes de
dispersar e colonizar sitios semelhantes ao estudado aqui, porém o segundo grupo
provavelmente seria filtrado em comunidades aqudticas menos impactadas pelo ambiente
terrestre. Os organismos “Abundantes” (elevada abundancia, menor persisténcia) sao
fortemente selecionados por caracteristicas locais, e ndo sao eficientes colonizadores para a
vizinhanga. Finalmente, zooplancton parece estar mais relacionado com organismos
“Transientes” (abundantes pelo menos uma vez) ou “Satélites” (reduzida abundancia e
persisténcia). Os achados apresentados aqui indicam a importancia de processos bottom-up
guiando a sele¢do de bactérias localmente que dominam a regido, em contraste a processos
top-down que parecem apresentar uma relevancia mais reduzida. Apesar disso, ha algum
indicativo que a predagao desempenha um papel em manter os organismos mais raros.
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Introduction

Bacteria are critical for ecological functions and community structure, being
essential in biogeochemical cycles (Myklestad, 2000), nutrient cycling (Kawasaki and
Benner, 2006; Sarmento and Gasol, 2012) and closely related to other living
creatures (Sarmento, 2012; Martinez et al., 2015). Although these organisms have
been studied for decades, spatiotemporal features could be better understood only
after the advent of culture-independent molecular approaches (Taberlet et al., 2012).
These new techniques have been highlighting that, contrary to what was thought
(Baas Becking, 1934), not all bacteria are well spread, and the study of their
biogeography can unveil new patterns (Martiny et al., 2006). Also, the integrated
analysis of both micro- and macroorganisms became possible (Horner-Devine e
Bohannan, 2006), which can boost the discoveries in the ecology field (Acinas et al.,
2004; Barberan et al., 2014). Notably, studying bacteria, the possibility of applying
well-established mathematical models provides new insights into their

macroecological structure (e.g. Lindh et al., 2017; Soininen et al., 2018).

The core-satellite hypothesis (Hanski, 1982) states that the frequency of
occupancy in a metapopulation should be bimodal. This spatial pattern of species
distribution indicates that, when the sampling effort is ideal, most of the organisms
found should be present in one or few sites, while others will be distributed
throughout the entire landscape (Gleason, 1929). This distribution dichotomy
evidences the existence of two distinct groups of organisms regarding occupancy: on
one hand, there are the satellites which are those restricted to one or few sites, while
on the other, the most persistent organisms are called core (Hanski, 1982). This
phenomenon seems to be mainly related to abundance (Papp and Izsak, 1997) since
these organisms are generally those that manage to (re)colonize new sites in a
dispersal wave that gradually increases the area covered by a species (Brown,
1984).

This model emerges as a simple way to explore the macroecological structure
of microorganisms (Lindh et al., 2017; Jeong et al., 2020; Mateus-Barros et al., 2021,
Escalas et al., 2022). From this perspective, it is possible to recover some interesting

information about biodiversity, since its pattern depends on the dispersion capacity
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inherent to each organism that should impact this structural feature. For example,
some aquatic bacteria can be regionally persistent even when they are not abundant
(Lindh et al.,, 2017), but zooplanktonic metacommunities do not seem to have a
bimodal distribution (Soininen and Heino, 2005). Additionally, while the satellite
encompasses the major part of regional diversity (Mateus-Barros et al., 2021), the
core is composed of organisms that are potentially key to ecosystem functions (Fonte
et al.,, 2021). The core-satellite approach is also a valuable approach to retrieving
information concerning the metacommunity structure (i.e. a set of local communities
linked by a flux of individuals). By using this approach it is possible to recover details
on topics such as colonization and extinction dynamics, adaptiveness and dispersal
capacity, niche partition, and competition (Gaston et al.,, 2000; Mehranvar and
Jackson, 2001; Lindh et al., 2017).

The bimodal distribution of species is probably directly related to the
abundance variation through space and time. Locally, environmental factors like pH
and temperature (Lindstrom et al., 2005; Nifio-Garcia et al., 2016; Mateus-Barros et
al.,, 2021) can determine which groups will likely be more abundant and,
consequently, have increased chances to disperse a greater number of individuals,
and dominate spatially (Gaston et al., 2000). A long-term study on the dynamics of a
phytoplanktonic community in a tropical lake showed that the change in
environmental conditions changed dominance features, and allowed a non-seasonal
change of ecological state, from filamentous cyanobacteria to green algae (Rugema
et al., 2019).

Biological interactions can also be a relevant feature to be considered. A
microbial community is connected in an intricate interaction web (i.e. microbial loop
Azam et al., 1983; Sarmento, 2012) by compounds incorporation made available by
exudation, excretion, and cell lysis by other organisms (Kawasaki e Benner, 2006;
Sarmento and Gasol, 2012). The most abundant bacterial clades living in the
freshwater and marine epilimnion are specialized to optimize their genomes. They
maintain genes necessary to key functions (Escalas et al., 2022) and use the
resources released by other bacteria and picophytoplankton (Sarmento, 2012;
Sarmento and Gasol, 2012; Chiriac, Haber, et al., 2022). Predation and grazing are
other factors that can reduce bacterial abundance (Livingston et al.,, 2017) and
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maintaining the community evenness (Segovia et al., 2018). A reduced cell size and
aggregation are adaptations that can be observed in scenarios of high top-down
control (Pernthaler et al., 2001; Chiriac, Haber, et al., 2022), also, the community
controlling done by Daphinia sp. in temperate environments is a well-documented
pattern (Zo6llner et al., 2003); and a strategy of maintaining regional rarity to avoid
predation is also possible for bacteria communities (Lindh et al., 2017). Besides that,
the relationship between these variables and bimodality remains an interesting

guestion to be depicted.

In this sense, our aim was to investigate the local temporal processes that
may contribute to the abundance and persistence of bacteria, and their roles in
guarantying or preventing certain organisms from being included in the core of a
metacommunity. For this purpose, we used a dataset collected monthly in a tropical
shallow reservoir to test the impact of a series of local environmental and biological
variables on the persistence and abundance variation of bacteria that are dominant
aiming to understand what may make them temporally core or not. We hypothesize
that the organisms present in the core were those who have a more generalist
lifestyle and with a capacity of withstanding the annual environmental heterogeneity,
in opposition to the transient bacteria, which should be recognized by a bloom-
forming lifestyle. Complementarily, the bacteria which are persistent and not
abundant should be those most sensitive to bottom-up and/or top-down effects in the
food chain. On the other hand, those bacteria abundant and not persistent should be
mainly represented by more sensitive organisms to environmental heterogeneity

through time.

Methods

The Broa’s Microbial Observatory (BroaMO)

The Broa reservoir (47°53'44.2"W, 22°10’58.2"S), also called Lobo reservoir is
a small-sized and shallow lake, dammed to fulfill local human necessities for water
and energy supplies, and recreation. This site is a well-studied place with

environmental factors and distinct biological compartments being studied since the
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1970s (p. ex. Rocha and Matsumura-Tundisi, 1976), but that never had a microbial
long-term observatory settled before. Also, this reservoir is close to the lab’s
university, which allows for bringing water to the laboratory and easily conducting
some sampling steps. All these characteristics made it the perfect place to initiate a
long-term sampling effort to study the microbial community structure and functions.
The Broa’ Microbial Observatory (called hereafter BroaMO) had its activities initiated
on 15th March 2018 and has been collected monthly until now. This Microbial
Observatory was idealized as part of the long-term microbial observatories’ network
which was settled in many countries in Latin America. This project is part of the
“Collaborative Network in Microbial Aquatic Ecology in Latin America” (uSudAqua)

(for more details, see the network’s website https://microsudaqua.netlify.app/en/).

This paper is the first report about microbial structuring found at BroaMO and
encompasses data from the first 15 sampling efforts (March of 2018 to May 2019),

and a complete cycle of dry and rainy seasons.

Sampling procedures and molecular analyses

The sampling has been taken each month, always during the second fortnight
in the morning. In the field, we take some of the environmental data such as water
temperature and Dissolved Oxygen using a multi-parameter probe, and the water
column transparency with a Secchi disk, for further calculations of the Euphotic
Zone(Cunha et al.,, 2013). We also collected subsurface water samples to take
further analyses at the laboratory. At the laboratory, we filtered water through
membranes of distinct pore sizes aiming to recover a set of environmental and
biological data. We filtered ~500 mL of water through a 0.45 ym mash glass fiber
filter to retain material to further chlorophyll-a (chl-a) measurements, while the filtrate
was read in a TOC-V (Shimadzu®, Kyoto, Japan) to estimate Dissolved Organic
Carbon (DOC) concentration. Also, 150-200 mL passed through 0.22 pm
polycarbonate membranes to retain the environmental DNA (eDNA), while the filtrate
was read in an FS5 Spectrofluorometer (Edinburgh Instruments®, Livingston, UK) to
estimate features of Dissolved Organic Matter (DOM). We also measured the pH

using a pHmeter at the laboratory.
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The filtered material for chl-a concentration was extracted with ethanol (90%
viv at 80 °C) in the dark (Marker, 1980; Mush, 1980), quantified by
spectrophotometry (Lorenzen, 1967), and used as a proxy of the trophic state as
calculated by Cunha and collaborators (2013), in an approach adapted from Carlson

(1977) to tropical environments.

The filtrated material for DOM was analyzed to recover information about their
Coloured (cDOM) and Fluorescent (fDOM) fractions as described in detail by de Melo
and collaborators (2019). These measurements were done in the dark, at room
temperature, and using a 0.01 m quartz cuvette (1 nm intervals and dwell time of 0.2
s). For the cDOM analysis, absorbance spectra from 200 to 800 nm were recovered
and the resulting values were compared against an ultrapure water blank spectrum to
remove the interference of water. The logaritimized resultant values can be
interpreted as an exponential equation and the extraction of slope values from
distinct fragments along this line allows to recover DOM data. The Slope Ratio (SR)
is the ratio between slopes recovered from the 275-295nm and 350-400nm intervals
and, the resultant value can be interpreted as inversely related to molecular weights
(Helms et al., 2008). Also, the C:A peaks ratio was calculated by dividing the values
at 275 excitation, 304 emission (C peak) and 260 excitation, 450 emission (A peak)
nm; in this case, smaller values indicate a DOM with high humic content while greater
values indicate a DOM with high fulvic content (Hansen et al., 2016). For the fDOM
analysis, the excitation-emission matrices were performed. The wavelengths ranged
from 240 to 450 nm in 10 nm increment excitation and from 300 to 560 nm in 2 nm
increments emission. The dwell time was 0.25 s and a bandwidth of 5 nm. The
matrices were then corrected in successive steps to guarantee the quality of DOM
measurements. First, the matrices were corrected against an ultrapure water matrix
to remove background peaks; also, the reference lamp signal was used to clear it
from the sample, and the fluorescence spectra were corrected for inner filter effects
with the absorbance-based approach (Lakowicz, 2006; Kothawala et al., 2013).
Finally, the matrices were calibrated to Raman units (Lawaetz and Stedmon, 2009).
The corrections were conducted using the software Matlab and the DOMcorr toolbox
(Murphy et al.,, 2010). After the corrections, some other measurements were

recovered from the excitation-emission matrices. The Fluorescence Index (FI) is
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calculated as the ratio between wavelengths at 470 and 520 nm emission and 370
nm excitation (Cory et al., 2010), and indicates the source in which the DOM was
mainly produced. DOM mainly derived from the surrounding soils are indicated by
lower FI values, on the other hand, higher FI values indicate an autochthonous DOM
derived from microbial metabolism (Mcknight et al.,, 2001). To calculate the
Humification Index (HIX), it is necessary to measure the ratio between the matrix
area from 435 to 480 nm and the summed peaks area from 300 to 345 nm and from
435 to 480 nm, at 254 nm excitation. In this case, greater values indicate a DOM
content with higher concentrations of humic compounds (Ohno, 2002). Finally, the
Freshness Index (FR) was calculated as the ratio between the value at 380 nm and
the maximum value found in the area from 420 to 435 emission, at 310 nm excitation.

Higher values of FR imply recently produced DOM (Parlanti et al., 2000).

For the molecular procedures, eDNA was extracted using a Qiagen® DNeasy
PowerWater kit. The extracted material was amplified using the 16S rRNA gene for
bacteria with 341F (5-CCTACGGGNGGCWGCAG-3') and 805R (5-
GACTACHVGGGTATCTAATCC-3') primers (Herlemann et al., 2011; Apprill et al.,
2015) and the 18S rRNA gene for eukaryotes with TAReukFWD1l (5'-
CCAGCASCYGCGGTAATTCC-3") and TAReukREV3 (TTTCGTTCTTGATYRA 5'-
CA-3") primers (Stoeck et al., 2010). The amplified material was sequenced in an
lllumina MiSeq plataform and processed using the DADA2 pipeline (Callahan et al.,
2016) to check quality, remove chimeras and assign taxonomy using the SILVA 132
database (Quast et al., 2013; Yilmaz et al., 2014). The DADA2 was conducted in the
R software (R Core Team, 2019). The rRNA amplicon results have been deposited in
the NCBI repository and are summarized in the pSudAqua datapaper (Metz et al.,
2022).

To guarantee the quality of final analyses, the ASVs table passed through
some filtering steps. First, genes belonging to mitochondria, chloroplasts, archaea,
and vascular plants and animals were removed from the tables, also, the dataset was
rarefied by the lowest sample richness (24,860 reads for 16S rRNA, 88,399 reads for
18S rRNA), and after, the ASVs that did not reach 10 reads summing all samples
were removed. Also, because of some issues due to the sequencing, which were
previously reported (Gloor et al., 2017), we will always treat these datasets in terms
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of relative abundances. And last, but not least we used the Bray Curtis (dis)similarity
when applicable because this index is more appropriate to our datasets, which have
excesses of zeros (Anderson et al., 2011).

Statistical analyses

In order to determine if the data obtained in BroaMO is relevant to understand
which local processes potentially guide the bacterial dynamics of metacommunity
dominance, we tested whether these data met an assumption regarding the core-
satellite hypothesis. In this sense, an organism that is regionally core should
dominate locally, which means that it should be persistent over time and
preferentially also very abundant, so this organism would be capable to easily

recolonize other sites in the region.

To test this assumption, we applied the Mitchell-Olds & Shaw test of quadratic
extremes (Mitchell-Olds and Shaw, 1987) to determine if there is a bimodal
distribution on the bacteria persistence combined with an abundance distribution
chart. The bimodality test could determine if there are organisms capable to persist
all over the recovered timespan here analyzed and the distribution chart complement
this analysis showing if the persistent bacteria are also the most abundant ones.
After this first assumption check, we could identify a set of organisms that fall over six
categories concerning their persistence and abundance over time (Tab. 1). The
persistence was determined by the number of times each ASV was found, while their
abundance was determined by the rare-abundant biosphere proposal (Pedrds-Alid,
2006; 2012). In this case, the organisms that persisted over all samples and had a
mean relative abundance greater than 1% were defined as “Core”. The “Persistent”
category encompasses the organisms that persisted over time, but not reached a
great mean relative abundance, on the other hand, the not persistent organisms that
showed a great mean relative abundance were categorized as “Abundant”.
Complementarily, the organisms that do not reach a great mean abundance, but
were abundant in each least one month were categorized under the “Transient”, and

the organisms categorized as “Satellite” were those who do not reach 0.1% of mean
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relative abundances in this dataset. All the others which do not fall under the

previously described categories were called “Non-Abundant”.

Table 1 — Persistence-abundance categories

Persistent over time
Yes No
>0.1% (mean) Core Abundant
% >0.1% (at least once) - Transient
©
_% <0.1% (mean) Persistent Non-abundant
A <0.01% (mean) - Satellite

To determine the relationship between the temporal variations of bacteria
abundances and the environmental factors (Tab. S1) we applied the distance-based
Redundancy Analysis (dbRDA) and the Mantel test. For both analyses, the biological
data was transformed into distance matrices based on Bray-Curtis and the

environmental data was standardized (unless for pH).

All statistical analyses described until now were performed using the R
software (R Core Team, 2019) and functions provided by the vegan package
(Oksanen et al., 2016).

To further analyze the co-occurrence network of microbial communities across
the dry and rainy seasons, we constructed a network using the maximal information
coefficient analysis with the software MICtools (Albanese et al., 2018). The ASVs
were classified according to their abundance and persistence throughout the
sampling campaigns as Core, Satellite, Abundant, Persistent, Non-abundant or
Transient (Tab. 1). To identify ASVs associated with a given season based on
specificity and fidelity, we used the Indicator Value (IndVal) (Dufréne and Legendre,
1997) with the labdsv R package (Roberts e Roberts, 2016). Network visualization

was performed by the software Cytoscape: https://cytoscape.org (Franz et al., 2016).
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Results

After rarefaction and filtering, we had 369,946 reads and 1,085 ASVs from 25
phyla in the 16S rRNA data, and 1’323,379 reads and 1,479 ASVs from 8 phyla in
the 18S rRNA data. About the 16S rRNA genes, the phyla that showed greater mean
relative abundances were Actinobacteria (40.16%), Proteobacteria (23.81%),
Verrucomicrobiota (11.24%), Cyanobacteria (10.03%) and Bacteroidota (9.58%).
Some clades worldwide found in freshwater lacustrine environments also stand out in
this environment (Fig. 1A), they are the hgcl (Actinobacteria, 29.76%),
Polynucleobacter (Gammaproteobacteria, 4.41%) and Limnohabitans
(Gammaproteobacteria, 2.94%), FuKuN18 (Verrucomicrobiota, 5.34%) and
Cyanobium (Cyanobacteria, 9.85%). Concerning the Eukaryotes (Fig. 1B), the
Alveolata (37.76%) and Opisthokonta (26.41%) emerged as the most abundant
phyla, which Ciliophora (17.65%) and Dinoflagellata (15.55%), Metazoa (21.95%)
and Fungi (3.89%) being their most prominent Classes respectively. Alveolata,
Metazoa and other picoeukaryotes were considered in further analyses to recover
information about co-occurrence dynamics because they can explain bacteria
abundance patterns. Despite their relevance in freshwater environments, we do not
use Fungi data in further analyses because the 18S rRNA gene is not meaningful for

this group, and their relative abundance is probably underestimated here.
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Figure 1 — Abundance thought time for Bacteria (A) and Micro-eukaryotes (B). Bacteria known as
relevant in literature were also showed in this plot, it is the case of hgcl and CL500-29 clades
(Actinobacteriota), Microcystis and Synechococcus (Cyanobacteria), SAR 11, Sphingomonas,
Limnohabitans and Polynucleobacter (Proteobacteria), FUKuN18 clade (Verrucomicrobiota). Other
relevant phyla like Bacteroidetes and Planctomycetota were highlighted. For the eukaryotes,
Ciliophora, Dinoflagellata, Chlorophyta, , Metazoa and Ochrophyta stand out.

Concerning the core-satellite hypothesis, we recovered a significant bimodal
distribution (p < 0.05) for bacterial persistence (Fig. 2A) in our dataset. The most
abundant organisms were also those who normally persisted during all timespan
encompassed in this study (Fig. 2B). These results reinforce the idea that the core

bacteria are those who easily recolonize the neighborhood, in a process called
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rescue effect, and reinforce our assumptions to consider this site as a good model to
understand potential local factors shaping the spatial bimodal feature.
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Figure 2 — A) Persistence-frequency distribution of bacteria thought time in one site sampled monthly
15 times. The asterisks (***) represent a significant result in the MOStest (p < 0.05), which means that
there is a consistent hump in each extreme in this graph. B) Persistence-Abundance distribution plot,
showing that the most abundant organisms are normally those who persist in this site; the point
colored in red are those representing ASVs that showed e mean relative abundance greater than 1%

The dbRDA (Fig. 4) and Mantel test (Tab. 2) analyses showed that SR, FI, C:A
ratio, Euphotic Zone, and the Trophic State are related to bacteria diversity.
Temperature and Dissolved Oxygen also presented relevance in the dbRDA, despite
being less closely related to the samples than the others previously cited. Concerning
the DOM measurements, FI and C:A ratio presented values lower than 1.32 and 0.6
respectively, which indicates that the DOM originated from the surrounding soils.
Also, FR was never greater than 0.7, which indicates an old DOM content, while HIX
was ever greater than 1, which indicates that the DOM is mainly composed of humic
acids. Finally, SR showed values around 1, which represent compounds of moderate
molecular height. About the other environmental samples that showed a significant
relationship with microbial diversity, the euphotic zone had a mean value of 1.129 m,
while the trophic state presented a mean value of 52.6 (Oligotrophic as stated by

Cunha et al., 2013). The major part of samples in the dry seasons sound to be
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related to the higher values of C:A ratio, FR, dissolved oxygen, and euphotic zone,
while the rainy season samples were mainly related to HIX, temperature, and trophic
state. Despite being classified as a rainy sample, BroaMO #1 was more closely
related to other samples from the dryer season, on the other hand, samples #14 and
#15 were closely related to rainy samples despite being from a dryer season. The
dbRDA also showed that the variation in environmental samples was not significantly
related to the Core nor the Abundant bacteria, but showed a relationship with the
Persistent and Transient ones, in a pattern like the one shown by the entire

metacommunity.

The Mantel results indicated that the Persistent bacteria presented a greater
number of environmental factors in which it was closely related (i.e. SR, C:A ratio,
and euphotic zone; Tab. 2), on the other hand, the Abundant bacteria presented
fewer number of relationships (i.e. trophic state, Tab. 2). The temperature range was
related only with the Non-abundant bacteria, on the other hand, the transient bacteria
do not show the greatest relationship which any environmental factor. The
Eukaryotes showed closer relationships with SR, FI, and the euphotic zone.
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Figure 3 - dbRDA results showing the relationship between each sample and measured
environmental factors (A). Yellow circles indicate samples collected in the dry season while blue
circles indicate samples collected in the rainy season. The decomposition between bacterial groups
showed a non-significant relationship for “Core” (B) and “Abundant” (C) (p > 0.05), otherwise, the
relationship was significant (p < 0.05) for the “Persistent” (D) and “Transient” (E) groups. Dry season
samples are directly related to the C:A ratio and Dissolved Oxygen, while the rainy samples were
directly related to the Trophic State (TSI), SR, euphotic zone, and temperature. This pattern remains
similar for the Persistent and Transient organisms
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Table 2 — Mantel test results between bacteria relative abundances and environmental variables. Only
interaction strength values for significant results (p < 0.05) were shown. Temperature, pH and
Dissolved Oxygen were obtained in situ using a multiparameter probe; DOC and DOM were measured
by different laboratory equipment. The Slope Ratio (SR), Fluorescence Index (FI), Freshness Index
(FR), Humification Index (HIX) and C:A Ratio were derived from fluorescent measurements of DOM at
distinct excitation/emission values (nm). The Euphotic Zone was calculated from Sechhi disk
measurement obtained in situ and the Trophic State values were calculated from chlorophyll a
concentrations (mg/L).

Tempera- Dissolved DOC C:A Euphotic Trophic
ture (°C) pH O,(mg/L)  (mg/L) SR Fl FR HIX ratio Zone (m) state
Bacteria (16S) n.s. n.s. n.s. n.s. 0.228 0.262 n.s. n.s. 0.381 0.386 0.353
Core n.s. n.s. n.s. n.s. 0.183 0.319 n.s. n.s. 0.172 0.229 0.179
Abundant n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.240
Persistent n.s. n.s. n.s. n.s. 0.250 n.s. n.s. n.s. 0.509 0.445 0.262
Transient n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.382 0.294 0.382
Non-
0.172 n.s. n.s. n.s. 0.170 0.157 n.s. n.s. 0.509 0.239 0.401
Abundant
Eulgfé)éc;tes n.s. n.s. n.s. n.s. 0.444 0.417 n.s. n.s. n.s. 0.352 0.207

To examine the patterns of co-occurrence between bacteria, phytoplankton,
and zooplankton, we applied co-occurrence networks with the temporal variation of
relative abundances for these groups (Fig. 5). This analysis of co-occurrence only
included bacteria identified as Core, Abundant, Persistent and Transient, while the
entire biodiversity of phytoplankton and zooplankton was used. From 1,405 filtered
ASVs (including bacteria, phytoplankton, and zooplankton), we could recover 463

nodes and 2,528 links between them.

In a general overview, we were able to identify eight ASVs that can be key in
this community (Fig. 5). Four key ASVs were present in both seasons, These
organisms were identified as hgcl clade (Bacteria, Actinobacteria), FUKuN18 clade
(Bacteria, Verrucomicrobiota), Dinophyceae (phytoplankton) and Bacillariophyta
(Phytoplankton). Concerning the organisms related to the dry season, the other two
were prominent. Polynucleobacter (Bacteria, gammaproteobacteria) and a non-
identified clade of Actinobacteria. For the rainy season, the other two key bacteria

were Polynucleobacter (Gammaproteobacteria) and hgcl clade (Actinobacteria). All
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these organisms were well linked to other ASVs, including several connections
between each other. The clade hgcl is who presented a greater number of co-
occurrences and was linked to other Actinobacteriota, Bacteroidota, Proteobacteria,
Verrucomicrobiota, Cyanobacteria, and also Phytoplankton and Zooplankton.
Cyanobium (Cyanobacteria) sounds to blooming in the early-dry season and
FukuN18 (Verrucomicrobiota) in the late-rainy season. All other bacteria were well-
distributed throughout the year (Fig. 5, Fig. 6).

(Preference for)

Both Seasons

Co-ocurrence intensity

A .
0
Shape Color
[—| core I -t
=< Pl Kton
o T Lo

W I zcopankion

Persistent

<
\‘74 Transient Shape Weight

() Non Abundant  Mean abundances

<> Sateliite

ngel_t \
A N sadllrbmt:i hgel

| -" Om_gammapmem_actmé AA .
W/ {_clage CWBN’P"Y\*_

A';"é{wm e
.. q:i:.‘.._:’“":j"w — z >
o“'f/

*

- _ . ’ Polynucieobacter
A > >

A Bacteroota
V' eractionus 'AM
Conochiius (@ Aﬁ (Preference for) (Preference for)
,.%_m Dry Season Rainy Season

Figure 4 — Co-occurrence networks considering bacteria (orange), phytoplankton (green), and
zooplankton (purple) taxonomic units as recovered by 16S and 18S rDNA sampling during a year.
Blue lines indicate negative co-occurrences, while red lines indicate positive co-occurrences. Squared
shapes indicate Core organisms, round shapes are the Abundant ones and triangles are the
Persistent. Inverted triangles are the Transient, octagons represent Non-abundant ASVs and diamond
shapes are for the Satellite. The shape weight is the mean abundance of each ASV

76



[ T [
ol e e D B e plA A B ) e
R R e i

awy_DO128 =
amv_00124
asy_000GT -
asv_DO0ES <4
asy_DOons 4
asv_DOOSO +
asy_ DOOI6 <
asy_D0004 =
any_NO025 <+
awy_DOOIT =
ane_D0OYH
awv_ D002 <
se_DOOOT =
g D006 =
amy_D00CS 4
e, 00002 =
D000 <

asv_Dooa) «
anv, D003 «
2sv_00C0 4

awy_(KMAT +
asv_D0165 <
anv_X148 4
2w 00070

anv_0084

Figure 5 — Summary board showing environmental (upper board) and ASVs (bottom board)
abundance variances through time for bacteria (orange), phytoplankton (green), and zooplankton
(purple). Blue lines indicate negative co-occurrences and red lines indicate positive co-occurrences.
ASVs assigned as hgcl clade showed a greater number of connections with other groups and showed
a consistent abundance variation over time. Cyanobium and Dinoflagelatta ASVs showed an
increment in abundance in the early dry season, while FUuKuN18 and Ciliophora ASVs showed an

]

E.06 15+
M8 07 18+

20808214

12

:memxs-{
2010 04 24
2018 0515
2018, %0.30
2018 11224
2018 12

201800 194
201501 16+
201202 1894
209,00 11~
2019 0 23+
201605314

Q

Sampling day

AC ratio
Dissoived Oxygen (mg/L)
DOC (mglL)

Fl
FR
HIX
pH
SR

Temperature (*C)
TSI
Euphotic Zone (m)

increased abundance in the late rainy season

77

4
|

%%

P Sen ey et
- =
a e / \ —
2 \_/‘M
R -_\_/—\/_/\
Eiea AN
5
wwv_DIMS
asv_0041
v Do
= awv_0000
o ey _0008
 asv 0018
rasy_0010
e mv_ 0007
<)  asy_oox:
- asy_ (058
 aav_0042
v 0033
w000
¥ = asy_00M
 asv_0020
= aw_0016
¢ asv_ D033
+ v 0007
. v _(001
= asv_0852
e 23v_0381
e anv_ 178
j= v, 0022
e v 0275
l« asv (073
le a5y 0115
j= a5y 013
l= asv_0001
jo asv_008S
b 2sv_(063
= any_000%
TEEPEESARESSERE
BXIBEGEB2-MEHBIR
ﬂ!‘ﬂs;{ﬂﬂf&ﬁ’?g?@i’
RRRRBERRARRARRE
Sampling day
Co-ocurrence Intensity
g [
Relative abundance
e oo
. 0w o
1 " ans o4
g oo @ 90 R ..
.08
o.o00 ooo oo



The negative co-occurrences were found for organisms presenting distinct
preferences for dry and rainy seasons (p > 0.05), these connections were expected
and removed from figure 5. For the remaining negative relationships, a deeper
observation (shown in Fig. S1) indicates that it occurs as a result of less pronounced

preferences for one or other seasons.

Zooplankton co-occurs with rarer organisms, mainly phytoplankton (Fig. S2).
An outstanding exception is ASV #0059, classified as Floscularia, it is a small filterer
organism that co-occurred negatively with ASV #0002, a Core hgcl clade, and some
other transient bacteria that belonged to distinct groups like cyanobacteria,

bacteroidota, and proteobacteria.

Discussion

The capacity to maintain large local abundances is one of the most important
aspects of spatial dominance for distinct species, as it allows an organism to
recolonize neighbor sites (Brown, 1984; Papp and lzsak, 1997; Gaston et al., 2000).
Here, we investigated the local temporal factors that have the potential to guide
freshwater bacteria abundances, and in this way allow these organisms to be
spatially Core or not. We discriminated against the bacteria by their mean local
abundances and annual persistence as Core, Abundant, Persistent, Transient, Non-
abundant and Satellite and, based on these different classifications, we focused on
finding clues that would lead us to recognize the different factors capable of forcing

these organisms into each box.

Concerning the characteristics of these different classes of organisms, we
could identify that the Core bacteria can adopt two strategies, some maintain a
similar relative abundance all along the year, while others maintain a minor
abundance and form blooms when the local conditions allow it. The first strategy is
observed in the hgcl clade (also known as acl lineage), this clade groups
Actinobacteria that adopted a streamlined lifestyle. The streamlined organisms are

those that have a reduced genome (Ghai et al., 2014) and present auxotrophy (Kim
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et al., 2019). This means that they do not produce all proteins they need, and instead
take advantage of molecules exuded by other bacteria and picoeukaryotes (Newton
et al., 2011; Chiriac, Haber, et al.,, 2022). Despite being dependent on other
organisms, a capacity to absorb Carbon and Nitrogen from distinct sources, including
a facultative quimiotrophy, is notable (Findlay et al., 2003; Ghai et al., 2014), and a
closer relationship to a group was never observed (Chiriac, Haber, et al., 2022). All
these characteristics help to explain their persistence and great abundance
observed. The other strategy showed by Core organisms has representatives of
distinct phyla. ASVs concerning clades such as Polynucleobacter (phylum
Proteobacteria), FUKuN18 (phylum Verrucomicrobiota), and Cyanobium gracile
(phylum Cyanobacteria) showed a great abundance increment in distinct moments
and a clear preference for the dry or rainy season. All these organisms have in
common the relationship with specific environmental conditions (Lindstrom et al.,
2005; Wu et al., 2006) and can be associated to organic particles (Parveen et al.,
2013) or are related to algal blooms that allow them to grow (Eiler and Bertilsson,
2004; Chiriac, Haber, et al., 2022). An interesting characteristic of representatives of
Polynucleobacter that also help to explain this pattern is that the group presents
intense ecological niche partitions despite being hardly discernible into distinct
variants (Hahn et al., 2016; Hahn et al., 2021).

In contrast to the Core, the Persistent bacteria showed a clear relationship
with environmental factors, in special those related to a relevant input of nutrients
from soil into this reservoir. This group also presented ASVs classified at the clades
previously described for the Core, which are known as typically inhabiting the water
column in lakes (Chiriac, Haber, et al., 2022), but this group also has other
representatives. Some of them are associated with water column habitats with
presenting lesser dominance compared to the Core (Salcher et al., 2011; Camara
Dos Reis et al., 2019; De Melo, Bertilsson, et al., 2019; Mateus-Barros et al., 2021).
Also, there are bacteria adapted to degrade more recalcitrant organic matter of
terrestrial origin or methyl compounds (Chiriac, Haber, et al.,, 2022). These
characteristics explain the relationship of this group with DOM measurements that
indicated a great input of soil humic matter in this community and pinpoint a huge

distinction to the Core. These organisms spread and maintain a notable presence at
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sites with similar characteristics in this landscape (Mateus-Barros et al., 2021), but
they would probably be filtered if a sample was taken in a site with a lesser
connection to the surrounding soil, as a greater lake or river mouth, in contrast to the
Core, which is formed by organisms also found in these types of sites (Ruiz-
Gonzalez et al., 2015). Another hypothesis that can help to explain this group is a
strategy to be rarer. This pattern was already found in marine environments (Lindh et
al., 2017), and may be interpreted by both, a strategy to avoid or a susceptibility to
predation/grazing by zooplankton and heterotrophic nanoflagelates. Also, this
highlight that in some contexts, the greater dispersal capacity of bacteria may
overcome the necessity of being very abundant to colonize an entire landscape
(Soininen et al., 2018).

Similarly to the Core, the Abundant bacterium (ASV #23, Ca. Planktophila), do
not showed a relationship with the environmental factors, but also not seems to co-
occur with the other relevant organisms. As we do not found a relation of this group
with others, it is hard to identify a potential role for it, but this pattern may be
explained by a good adaptation to some environmental characteristic(s) of this site
that overpasses the seasons, and it is capable to disperse but is quickly filtered
where this characteristic is not present. This may be explained by other variables that
we did not measured, however, in this case, other organisms, in special
gammaproteobacteria (Newton et al., 2011; Chiriac, Haber, et al., 2022) should also

be in this group.

The variation in bacteria biodiversity was also evidenced in this study. The
changing of the season from dry to rainy implied an increment in DOM from the sail,
DOC concentrations, temperature, and trophic state, and a reduction of the euphotic
zone, with a consequent increment in the nutrient availability for bacteria. The co-
occurrences network showed that in general, negative co-occurrences can be related
to specific preferences for dry or rainy seasons. This was expected when comparing
the organisms that showed a significant correlation for one or other season (and
because of that, these links were removed from figure 5), but a deeper analysis,
which can be found in Fig. S1, showed that this relationship remains true for the
ASVs that did not show a significant correlation with the season. Some of the most
abundant organisms showed a prominent variation in their abundances in a timespan
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that ever belongs to 2-3 months, as a bloom-forming dynamic. The blooms occurred
during the early dry and late rainy seasons and were accompanied by the increment
in the phytoplanktonic abundance concerning the phyla Dinoflagellata and
Ochrophyta. The first involved Cyanobium ASVs, while the second had a
representative of FUKUN18. An interesting pattern is that the early dry bloom ended
before the phytoplankton becomes more abundant, but the late rainy bloom occurred
concomitantly with the algal blooms. This can be relevant because these two bacteria
are known by being related to phytoplankton blooms (Chiriac, Haber, et al., 2022).
While the Cyanobacteria are also known as bloom-forming organisms, and can
perform a chemical controlling of phytoplanktonic blooms (Kovacs et al., 2018), the
Verrucomicrobiota normally are associated to phytoplankton by using compounds

exuded during bloom events (Eiler and Bertilsson, 2004).

Zooplankton co-occurs more with Transient bacteria and Satellite
phytoplankton. Several bacteria have a reduced cell size associated with a
streamlined lifestyle and an adaptation that is useful to avoid predation (Chiriac,
Haber, et al., 2022). It is, for example, the case of hgcl clade (Neuenschwander et
al., 2018). On the other hand, several other groups have a relatively longer genome
size and, as a consequence, bigger cell size. These organisms are more sensitive to
predation and grazing made by zooplankton and heterotrophic nanoflagellates
(Parveen et al., 2013; Piwosz et al., 2018), and are hypothesized to be the link
between microbial interaction networks and classical food chains (Piwosz et al.,
2018). Here, we could not identify a great number of co-occurrences between
zooplankton and bacteria, but this process can potentially be very relevant in natural
communities, in special for tropical environments, in which biological interactions
should play a greater role in guiding microbial communities (Sarmento, 2012).
Experimental procedures demonstrated that it can increase the degree of
unexplained variations over time (Livingston et al., 2017) and can be related to the
maintaining evenness in the community (Segovia et al., 2018). In this sense, this was
an aspect less consistent than expected and may occur due to a lower accuracy of

these approaches applied here to detect these patterns.
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Conclusions

The core-satellite hypothesis is an interesting and simple alternative to
recovering information about the spatial distribution of bacteria. This approach has
been used to recover details on microbes in terrestrial, freshwater, and marine
realms (Lindh et al., 2017; Mateus-Barros et al., 2021; Escalas et al., 2022). Here,
we investigated the temporal variation in local environmental and biological aspects
that can potentially contribute to guiding bacteria to be part of the Core pool of
organisms. Our findings highlight the importance of organic compounds to determine
dominance patterns in shallow lake environments. On one hand, the Core is basically
composed of organisms typical of freshwater environments and described as capable
to grow using compounds exuded by other bacteria or phytoplankton, on the other
hand, Persistent bacteria are closely related to the input of recalcitrant humic DOM

from the surrounding soils.

These patterns indicate the relevance of bottom-up processes guiding the
selection of bacteria that will be capable to persist in these locations highly impacted
by matter carried from the soil. As these organisms are incredible dispersers
(Soininen et al., 2018), it implies that they will also persist spatially (Mateus-Barros et
al., 2021). In contrast, the top-down processes seem to have a reduced selective
relevance, but there is some indication that predation plays a role in maintaining the

rarer organisms rarer (Segovia et al., 2018).
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Capitulo V -
Beyond environmental selection: Spatial structuring of
tropical lake bacterioplankton metacommunity

Determinar a importancia relativa dos fatores ambientais e de dispersdo que
estruturam a abundancia e a composicao das espécies € uma questdo central na
ecologia de comunidades. Isso é especialmente verdadeiro para grandes
dispersores como microrganismos, que ainda carecem de uma avaliacdo mais
abrangente (ou seja, taxons abundantes e raros). Aqui, avaliamos a diversidade
bacteriana com sequenciamento de amplicon 16S rRNA e aplicamos uma
abordagem estatistica mais completa por meio de particionamento de variagao
para recuperar a influéncia de fatores ambientais e de dispersédo na diversidade
beta (Bdiv) em uma metacomunidade bacterioplanctdénica composta por 60 lagos
rasos em regifes de cabeceira distribuidos por uma ampla paisagem (~250.000
km2). Em geral, Bdiv foi melhor explicado pela filtragem ambiental do que pela
dispersdo. No entanto, diferentes fatores espaciais foram importantes para
determinar a metacomunidade bacterioplancténica, dependendo se as métricas
Bdiv deram mais importancia a espécies raras (dados qualitativos) ou abundantes
(dados quantitativos). Para dados quantitativos, a maior parte da variacdo espacial
Bdiv foi explicada pelo isolamento geogréfico (diferentes bacias hidrogréficas),
enquanto a vizinhangca (aumento da conexdo entre locais mais proximos) e as
distncias terrestres explicaram melhor os dados qualitativos. Sugerimos que,
embora os fatores deterministicos permanegam primordiais para direcionar a
biodiversidade do bacterioplancton de agua doce, 0s contextos espaciais também
podem ajudar a explicar a variagdo do bacterioplancton resultando em alta
dissimilaridade e elucidar como alguns organismos podem acabar dominando ou
sendo dominados nessas comunidades
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Introduction

Understanding the relative role of local and regional processes in space-
related community properties has received growing attention over the last decades.
In this context, the metacommunity concept has emerged as an ecological synthesis
that states that a set of local communities are connected by dispersal of multiple
potentially interacting species (Wilson, 1992; Leibold et al., 2004). In this case, local
determinants act together with stochastic factors at major or minor intensity to
determine the regional biodiversity in a process also related to regional dispersion
(Lowe e Mcpeek, 2014; Vellend et al., 2014). Together, these factors shape the
spatial patterns of species’ compositions in different ways depending on the spatial
scale (Vellend, 2010) and organisms’ intrinsic features (De Bie et al., 2012; Soininen
et al., 2018), modulating the observed beta-diversity (Bdiv), which is the extent of
dissimilarity in community composition between a pair of local communities
(Whittaker, 1960; Whittaker, 1972).

The Bdiv depends on intrinsic and extrinsic factors such as specific dispersal
capacity, trophic level, variation of local factors and interactions, and the realm
inhabited (Leibold et al., 2004; Soininen et al., 2018). For example, Bdiv is lower in
marine systems compared to freshwater and terrestrial systems (Drakare et al.,
2006) and higher in tropical regions (Soininen et al., 2018). Geographic factors are
also an important aspect to be considered as they impact a community both directly
and indirectly since environmental heterogeneity and dispersal probability may
change with distance (Martiny et al., 2011; Soininen et al., 2018). In microorganisms,
Bdiv is generally high as the dissimilarity observed in distinct realms all around the
world is about 60-70%, mainly due to the replacement of species (i.e., spatial
turnover) (Soininen et al., 2018). Recent studies that assessed the joint structure of
macro- and microorganism communities have shown the importance of body size in
mediating the relative importance of local and spatial processes on species
distribution and abundance, and showed that the spatial community structure of
microorganisms should be mainly governed by stochasticity (Farjalla et al., 2012;
Soininen et al., 2013). On the other hand, some previous studies have challenged
this general view and highlighted a higher relative importance of environmental filters

shaping bacterial community composition (Beisner et al., 2006; Winter et al., 2013;
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Jyrkénkallio-Mikkola et al., 2017; Fillinger et al., 2019). However, these studies had
some limitations such as using fingerprinting (e.g. DGGE), a molecular method to
assess prokaryotic diversity that recovers only the most abundant taxa, or using a
simplistic mathematical approach that covered only one or a few geographic aspects

acting on these communities (e.g. overland linear distance).

In this context, as bacteria have high diversity and respond differently to
geographic distances (Mateus-Barros et al., 2021) or environmental heterogeneity
(Huber et al., 2020) and can be found in larger numbers than any other organism,
this group has emerged as key models to study metacommunity structure (Barberan
et al., 2014) and to test Bdiv patterns in distinct ecosystems and environmental
contexts (e.g. Sommaruga and Casamayor, 2009; Caruso et al., 2011; Jyrkankallio-
Mikkola et al., 2017; Fillinger et al., 2019). Despite this, little is still known about the
processes that shape microbial metacommunities compared to macroorganisms
(Soininen, 2012).

Distinct methods have already been proposed to assess and interpret Bdiv.
Some consider presence/absence data (qualitative approach) and others also
incorporate the importance of species relative abundance (quantitative approach)
(Anderson et al., 2011). The first provides insights into compositional variation and
gives greater weight to the importance of rare species, while the second considers
the species abundance, an important aspect of metacommunity structure (Anderson
et al., 2011). Abundance may be a key characteristic to be considered because there
is a relationship to the dispersal capacity of an organism. The site where a species is
more abundant serves as a dispersal source and their range of distribution seems to
be related to the maximum abundance it reaches locally (Brown, 1984), which means
that the organisms with greater adaptive capacities tends to become abundant and
end up dominating the landscape (Gaston et al., 2000), while rare organisms should

present a clustered distribution and a limited dispersal capacity.

Recent studies applying and exploring newer genomic sequencing methods to
determine the taxonomic identification of microorganisms (e.g. Callahan et al., 2016)
reported that microbial biodiversity is at least two orders of magnitude higher than

previously believed. This is caused by the identification of very uncommon taxonomic
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units in the communities where they are found, which is the so-called rare biosphere
(Pedrés-Alio, 2012). The identification of this rare biosphere certainly affects the way
we interpret Bdiv in the sense that the qualitative approach gives equal weight to
organisms with distinct abundances, which tends to increase the importance of the
rarer ones, while the quantitative approach gives more importance to the variation in
abundance of those more common species (Anderson et al.,, 2011), and this
dichotomy may be an important aspect for determining the observed Bdiv (Melo et
al., 2012).

Bacteria are passive dispersers, which means that they move by attaching to
larger organisms (Grossart et al., 2010) or by being carried by water flows (Lansac-
Toha et al., 2020) and wind (Smith et al., 2013). In this context, some theoretical
approaches can be used to determine the main way dispersal impacts bacterial Bdiv.
If only ‘the environment selects’ as stated for many decades, the geography will only
reflect the spatial structure of environmental factors (Borcard et al., 1992). On the
contrary, considering the possibility of a sufficient homogeneous distribution of
deterministic factors, the Bdiv will decrease as a function of increasing geographical
distance (Dray et al., 2006). Other possibilities are a stronger connection by shorter
distances reflecting the low dispersive capacity of the large number of rare bacteria in
this data (Peres-Neto and Legendre, 2010), the isolation generated by distinct
drainage basins that make up this landscape which should be reflected by an
increased similarity between sites located in the same watershed, and a connection
between sites proportioned by river flow (Blanchet et al., 2008b).

In this study, we aimed to evaluate how environment and dispersal can
contribute to explain Bdiv. To reach this objective, we recovered the most important
environmental factors and used different dispersal models to address the relative
importance of these aspects to the structure of a bacterioplanktonic metacommunity
across tropical shallow lakes scattered over a matrix of nearly 250,000 km?. We
addressed this objective using new generation sequencing (NGS) to recover highly
detailed taxonomic units and applying two different approaches (qualitative and
quantitative) to observe the impacts of those on the observed Bdiv. We also
recovered the impact of local environmental factors and time on this metacommunity.
We predicted that the relative impact of the different dispersal models would depend
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on the approach used. For the quantitative approach, we expected to see a Bdiv
mainly associated with environmental factors and a linear decay on connectivity
between sites; on the other hand, for the qualitative approach we expected to see a
Bdiv mainly associated with an increased decay on connectivity between sites
associated with a greater connection between neighbour sites and isolation promoted
by geographic barriers in distinct drainage basins.

Methods

Study Design

This study was performed using a dataset obtained from 60 headwater
shallow lakes that cover a region of nearly 250,000 km? in S&o Paulo state, southeast
Brazil (Fig. 7). This region has a tropical climate and is comprised of Cerrado
vegetation (Brazilian savannah) and Atlantic Forest (semi-deciduous humid forest).
These lakes are generally small reservoirs, dammed to fulfil water necessities of
landowners. The samplings were carried out between June 2012 and July 2016. In
the field, we measured environmental variables (temperature, conductivity, pH) using
a multi-parameter probe (YSI, Yellow Springs, USA) and filtered sub-surface water
for laboratory analyses (nutrients, carbon supply, chlorophyll-a, e-DNA). The altitude
and location were obtained using a GPS. Samples for nutrient analyses were
obtained by filtering lake water through 0.45 pm polycarbonate membranes
previously washed with ultrapure water to prevent carbon contamination caused by
the filter and stored in amber bottles in a freezer at -20 °C until analysis. Then, a
TOC-V (Shimadzu®, Kyoto, Japan) was used to obtain dissolved organic carbon
(DOC) and Dissolved Inorganic Carbon (DIC). Dissolved inorganic nitrogen (DIN)
was calculated by summing the values obtained from nitrite, nitrate, and ammonium
recovered by an lon Chromatography System (Thermo Scientific®, Waltham,
Massachusetts, USA). Moreover, a FS5 Spectrofluorometer (Edinburgh
Instruments®, Livingston, UK) was used to estimate the Tryptophan-like fluorescent
dissolved organic matter (T-FDOM), calculated by the ratio between dissolved

organic matter fluorescence and quinine sulfate (0.001 mg/L dissolved in 0.1 M
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H2S04) at 455 nm excitation and 355 nm emission. Chlorophyll-a concentration (a
proxy of trophic state) was obtained by filtering 100-500 ml of water through a glass
fibre filter (Macherey-Nagel® GF-6), extracted with ethanol (90% v/v at 80 °C) in the
dark (Marker, 1980; Mush, 1980), and quantified by spectrophotometry (Lorenzen,
1967). In this dataset, we have equal sample sizes across trophic state categories
(oligotrophic, mesotrophic, and eutrophic) and hydrologic basins. More details about
the study site description and environmental variable analyses can be found in
Mateus-Barros et al. (2021).
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Figure 6 — Location of the sixty headwater shallow lakes sampled scattered over a large tropical
landscape that covered four distinct hydrological basins. The main rivers (blue lines) and basins
delimitation (black dashed lines) were also indicated. The large zoomed figures illustrate how each
spatial aspect was considered to the variation partitioning: if the main form of dispersion is through the
river flow to other lake, then the connected lakes should present similar composition (A); if any
geographical barrier is capable of stopping the bacterial dispersal, then only the overland distances
should be considered and they have equal chances to reach each site (B); if the increasing distances
make this dispersal increasingly hard, then the chance of one individual reach neighbour sites is
greater than reaching distant ones (C); finally, if a geographical barrier can stop the bacterial
dispersal, then it is easier to reach the sites at the same hydrological region even when a pair of sites
is spatially more distant than a neighbour site located at the adjacent hydrological region (D). The line
thickness in the examples represents a hypothetical connectivity strength between the pairs of sites
under the four dispersal possibilities described above
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Molecular Analyses and Bioinformatics

A full description of the molecular analyses is provided in Mateus-Barros et al.
(2019; 2021). In summary, 500 ml of water was pre-filtered through a glass-fibre filter
with 1.2 ym mesh (BOECO® MGC) to retain eukaryotes, large particles, and
attached prokaryotes. Afterwards, 200-500 ml of filtrate was passed through 0.2 pm
polycarbonate membranes (Millipore® Isopore™ 0.2 ym GTBP) to retain free-living
prokaryotes. Free-living bacterial DNA was extracted from half of the filter using a
phenol-chloroform extraction. Using a KAPA HiFi HotStart ReadyMix PCR Kit (Kapa
Biosystems®), the V3-V4 regions of 16S rRNA were amplified with the 341F (5'-
CCTACGGGNGGCWGCAG-3') and 805R (5-GACTACHVGGGTATCTAATCC-3')
primers (Herlemann et al., 2011). After amplification, fragments were sequenced in
an lllumina MiSeq platform. Then, the software R (R Core Team, 2019) was used to
process the data with the DADA2 pipeline (Callahan et al., 2016) and taxonomy
assignment. The taxonomy was assigned by blasting against the SILVA version 132
database (Quast et al., 2013; Yilmaz et al., 2014) to obtain an Amplicon Sequence
Variants (ASVs) table. The 16S rRNA amplicon results have been deposited in the
NCBI repository under accession number PRINA411849.

Prior to the statistical analyses, the ASVs table passed through some filtering
steps to guarantee the quality of final analyses. First, sequences identified as
mitochondria, chloroplasts, and archaea were removed, then the table was rarefied
by the lowest sample richness (14,239 reads), and finally, the ASVs that did not sum

10 reads in all sampling sites were removed.

Data analyses

To determine the roles of species’ presence and abundance on the ecological
aspects investigated here, the first step was to transform the ASVs table to recover
two different tables: (1) quantitative data table with relative-abundance data, which
was used to perform analyses based on Bray-Curtis distances and (2) qualitative
data by using ASV presence/absence at each site to perform analyses based on
Jaccard distances. The comparison between qualitative and quantitative approaches
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should be interpreted with caution. This is because the sequences read by NGS
equipment are limited by their maximum sequencing lines and never recover the
complete number of reads contained in a sample, and because of that the results
have a compositional nature (Gloor et al., 2017) and should be always treated as
relative instead of absolute. In any case, the variation that each ASV presents per
site is valuable to the interpretation of ecological processes. All forthcoming analyses

(see below) were performed on both quantitative and qualitative data matrices.

To determine the importance of environmental and dispersal factors in
shaping the observed (div in this bacterioplanktonic metacommunity, we applied
variation partitioning (Borcard et al.,, 1992). In this case, we used dissimilarity
matrices obtained from the beta.pair and beta.pair.abund functions for qualitative and
guantitative data, respectively. These functions are part of the betapart package
(Baselga, 2010; Baselga and Freckleton, 2013) and applied a distance-based
redundancy analysis (dbRDA) to determine the factors used in the variation
partitioning (Legendre e Anderson, 1999). For the dispersal features, we used
eigenvector analyses to try to recover the ways bacteria can disperse through the
landscape. Here, we considered four main dispersal possibilities. First, the possibility
of a connection between sites promoted by a river flow (Fig. 7A); in this case, we
used an AEM (Asymmetric Eingenvector Map) model. In this model, we provided a
weight matrix considering the river segments connecting two sites; the edges that
reflect a water flux to the observed site were assigned a value of “1” while “0” was
assigned to the other edges not related to the site (Blanchet et al., 2008b). The
resultant eigenvector matrix was called connectivity fraction (Fig. S3A). Second, to
observe the linear decay of similarity and obtain what we called the space fraction
(Fig. 7B, Fig. S3B), we used a dbMEM (distance-based Moran Eigenvector Map)
approach to produce eigenvectors based on the overland distances between sites
(Dray et al., 2006). Here, the connection between sites is linearly related to the
increment in distance. Third, complementary to the previous model, the
neighborhood fraction (Fig. 7C, Fig. S3C) was estimated with a MEM analysis
(Peres-Neto e Legendre, 2010) and a weight table was calculated by the formula 1 -
x/max(geo). In contrast to the space fraction, this weight formula modifies the

connection/distance relationship to a binomial-like shape that increments the
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importance of shorter distance connections. The last was the region fraction (Fig. 7D,
Fig. S3D) that also used a MEM approach, but in this case the weight table was
based on drainage basins. We assigned a value of “1” to the site-pairs located in the
same basin and “0” to the pairs located in distinct regions. In this case, the
eigenvectors reflected the isolation promoted by these geological formations. All
these eigenvectors were recovered by the adespatial package (Dray et al., 2020).
Afterwards, all matrices were submitted to an ordination based on 999 permutations
to select the relevant eigenvectors. In the ordination step, we did not recover any
relevant eigenvector constructed by the connectivity fraction, which was expected as
we have only headwater shallow lakes. In this stage the forward selection approach
was used to avoid the spatial autocorrelation artifact that arises from the classical
ordination and overestimates the impact of spatial factors on the metacommunity
(Blanchet et al., 2008a; Bauman et al., 2018). This approach adds an r-squared
calculation to the classical ordination; in this sense, an r-square is calculated before
the ordination and after the selection of each eigenvector. When the r-square
calculated for the eigenvectors overcomes the r-square calculated for the global
analysis the ordination is stopped and, even if other eigenvectors present significant
correlation with the biological data, they are excluded from the downstream analyses
(Fig. S4 shows all eigenvectors recovered). The ordination test was conducted with
the ordiR2step function of the vegan package (Oksanen et al., 2016). For the
environment fraction (Fig. S3F), the environmental factors were standardized (except
pH) and forward selection was applied to select the relevant components.
Complementarily, we obtained the time fraction by transforming the collection dates
to Julian days; in this way, the value “1” was attributed to day 01 of January of the
first collection year (2012) and the number of days to each sampling was added to it
(Fig. S3G).

Each geographic, environmental, and time fraction were compared
considering biological dissimilarities through variation partitioning (Fig. S3H). This
analysis was done as a distance-based Redundancy Analysis (dbRDA) to compare
their contribution in the quantitative and qualitative Bdiv (Fig. S3I). After the partition,
we performed a canonical correspondence analysis (CCA) to check fraction

significance (Fig. S3J). As a complement, we also compared the geographic fractions
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between them to see which is more relevant to Bdiv and sub-grouped the
environment fraction between the pH and the other relevant components. This was
done because pH is consistently reported as the most relevant factor shaping
freshwater bacterioplankton (Lindstrém et al., 2005; Mateus-Barros et al., 2021). The
connectivity fraction was not used in this analysis as no relevant eigenvector was
recovered. These analyses were conducted with vegan package (Oksanen et al.,
2016).

Complementarily, to measure the degree of Bdiv and determine the impact of
abundance on this metacommunity, we performed a Raup-Crick dissimilarity
analysis, which is different from classic analyses because it controls the local
richness of Bdiv. The analysis uses all the species found to construct a regional pool
and calculate a random distribution of species; then, each paired dissimilarity is
compared with the random result to measure whether the site-pairs are more
dissimilar or similar than expected by chance (Anderson et al., 2011). The resultant
values fall between 1 and -1, which means that Bdiv values that are close to the
random expectation receive values closer to 0, while positive values represent a
greater Bdiv than expected by chance and negative values a greater similarity. We
used two different approaches, one to lead with the qualitative data (Chase et al.,
2011) and the other for the quantitative data (Stegen et al., 2013).

The R scripts used in these analyses can be found at https://github.com/
LMPB/Variation-Partitioning.

Results

After rarefaction and filtering, 3,738 ASVs were obtained from 815,560 reads
and classified within 22 phyla. The phylum Proteobacteria was the most represented
(30% of the total number of ASVs); other well-represented phyla were Actinobacteria
(26.64%) and Patescibacteria (20.47%). Concerning the sum of reads, we found that
54.20% were Actinobacteria, 24.37% Proteobacteria, and 5.60% Verrucomicrobia.
Before variation partitioning, the ordination of significant environmental variables
showed that for the qualitative dataset (0.084 adj. R?) Bdiv was related to pH (0.021
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adj. R, p = 0.002), DOC (0.020 adj. R% p = 0.002), altitude (0.014 adj. R?; p = 0.016),
T-FDOM (0.014 adj. R% p = 0.016), and DIN (0.008 adj. R?, p = 0.04), while for the
quantitative (0.131 adj. R?) there was relationship with pH (0.042 adj. R%, p = 0.002),
DIC (0.019 adj. R% p = 0.006), and altitude (0.018 adj. R% p = 0.016). These
variables were then selected, and the other tested variables (temperature,
conductivity, and chl-a) were not used in any subsequent analysis. All the selected

variables showed a great variation among the sites analyzed here (Tab. 1).

The Raup-Crick measurement (Fig. 8) showed that, considering the
quantitative approach (Fig. 8A) showed that most sites are more dissimilar than
expected while the qualitative approach (Fig. 8B), the tendency was to consider the

majority of site-pairs as more similar than expected by chance.

@ Bray-Curtis dissimilarity index Jaccard dissimilarity index

More dissimilar
than expected

More similar
than expected

Figure 7 — Raup-Crick dissimilarity results considering the bacterioplankton composition (A) and
abundances (B) in each site pairs. The values recovered from the analysis vary between -1 (more
similar than expected by chance) and 1 (more dissimilar than expected by chance). Near to zero
results can be interpreted as showing differences governed by drift

In the variation partitioning (Fig. 9), all comparisons presented a significant
overall correlation. The fractions also showed significant results in the analyses, but
the test for pure fractions showed that geography (for both qualitative and
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guantitative approaches) and time (for qualitative approach) consistently presented
non-significant results when compared with the environment. Also, in the comparison
of all geographic factors between them, pure fractions of space and neighborhood
were not significant in the quantitative approach (see Tab. S2 for significance
values). Variation partitioning also showed that the environment was the best
predictor of Bdiv. For the qualitative approach the environment contributed alone with
~6% of observed Bdiv, while time and geography did not reach 1%. For the
guantitative approach, environment explained ~7.5%, time ~2.2%, and geography
less than 1%. In this analysis, the interaction between environment, time, and
geography also showed important values, and in some cases, it was greater than
pure time and geography (Fig. 9). The partition of the environment between pH and
the other factors showed that pH is a better predictor of Bdiv, accounting alone for
almost the same values as the other factors when considering the qualitative data
and doubling their comparative importance for the quantitative data. Finally, the
partition of geography indicated that, for the qualitative approach, neighborhood,
space, and region explained the variation in this order, while for the quantitative
approach, region and the interaction between neighborhood and space explained the

geographic role on observed Bdiv.
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Figure 8 — Variation partitioning of bacterioplankton Bdiv for qualitative (A) and quantitative (B) data
for environmental (purple) and geographic (green) factors decoupled into their relevant components.
The environment, was partitioned into pH (blue) an all other significant factor (orange); also, the
geography was represented by the spatial overland distance between sites (space fraction; green),
increased connectivity to neighbor sites (neighborhood fraction ; brown) and the isolation promoted by
geographical barrier (region fraction; yellow); the time fraction (grey) was also represented. The
isolated white circles show the non-explained fraction for each analysis

As evidenced by the occupancy range of each ASV (Fig.10), the abundant
bacteria are those also capable of reaching greater distances in this landscape. We

used the maximum distance to determine nine thresholds of maximum range and to
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further apply the variation partitioning and verify which fraction (i.e. environment,
geography, and time) better explain the Bdiv according to the dispersion capacity of
each bacterium. The environment is the best predictor of the better dispersers’ Bdiv,
but its explicability decreases with the maximum range until it is overtaken by the
spatial fractions at ~400-500 km distances and less. Unfortunately, we could not
recover information for bacteria that travels less than 300 km as the analysis returned
errors caused by the excess of zeros. The number of eigenvectors recovered for the
space fraction was similar to those recovered for the global analysis but varied for the
neighborhood and region fractions, increasing in number as the smallest ranging
bacteria were being addressed. The unique observable difference between the
qualitative and quantitative approaches is that the second shows a great increment
on the spatial fraction explicability at the maximum range, which may indicate that it
was caused by the change in abundance of these dominant organisms and a
potential selective pressure spatially correlated. Table S2 and Figure S4 show more

information about all fractions and significance tests.
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Figure 9 — Maximum distance bacteria can overcome compared with the relative importance of pure environment (purple), pure geography (green), and pure
time (grey) for qualitative (A) and quantitative (B) approaches. The bottom panel (C) shows the comparison between squared mean abundances and
maximum distance thresholds and the frequency distribution of maximum distances in which bacteria were capable to overcome.
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For all analyses of variation partitioning, the unexplained fraction was always
high, accounting for at least 76% of variance.

Discussion

In this study we found that the environment is the best predictor of the
bacterioplankton Bdiv in shallow lake metacommunities, but spatial factors also play
a role. The importance of each factor followed a hierarchy in which the Bdiv was
mainly related to the environmental fraction followed by the variation through time
and finally dispersion, as evidenced by distinct geographic features. This pattern is
consistent through several tested factors and approaches, a pattern that was not
previously expected, and probably reflects the high dispersal capacity of dominant
bacteria that are able to overcome large distances and geographic barriers (Lansac-
Toha et al., 2020). However, we could also identify a set of rare and less dispersed

organisms that are mainly guided by spatial features, as evidenced by Figure 10.

The role of the environment as the main driver of Bdiv is a common pattern
described in the literature (e.g. Beisner et al., 2006; Winter et al., 2013; Jyrkankallio-
Mikkola et al., 2017; Fillinger et al., 2019). This is especially due to pH, a well-known
selective factor for aquatic bacteria (Lindstrém et al., 2005; Nifio-Garcia et al., 2016),
which is a previously demonstrated pattern for these sites (Mateus-Barros et al.,
2021). Here, we focused on refining the spatial analyses as much as we could,
seeking to cover all relevant dispersal routes bacterioplankton can take. To reach this
objective, we applied different models that have been proposed to assess the role of
geography through variation partitioning (e.g. Dray et al., 2006; Blanchet et al.,
2008b; Peres-Neto and Legendre, 2010). Despite some concern regarding the
accuracy of this approach for determining the role of environmental and spatial
factors on metacommunity structuring (Gilbert and Bennett, 2010), it has been
demonstrated that the spatial autocorrelation can be dealt with by an appropriate
correction (Bauman et al., 2018).

This high Bdiv degree can also be linked to the high number of ASVs found, as
it may lead to a higher number of negative interactions, which should increase the
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effect of local environmental filtering, and consequently boost Bdiv (Whittaker, 1972).
On the contrary, it can promote the selection of a similar set of organisms better
adapted to the factors found in this region, and consequently increase regional
dominance, which can boost the similarity when the variation in local richness is
controlled (Chase et al.,, 2011). The Raup-Crick analysis, which was meant to
overcome the effects of variation on local richness (Chase et al., 2011), showed that
these local communities were in fact more similar than expected when the qualitative
data was considered, but the quantitative data showed that these communities were
still dissimilar in many cases. The variation partitioning applied to different thresholds
of maximum range showed a similar pattern when comparing qualitative and
guantitative approaches at the maximum ranges. These two combined results seem
to indicate that much of the spatial features observed here are in fact reflecting
spatially-related variation in local selective pressures which in turn affect local
abundances, and therefore the variation in dominance through this landscape could
be detected and measured (Anderson et al., 2011).

Variation partitioning recovered a large portion of the unexplained variation.
We believe that this probably occurred due to two main factors acting alone or
together: we may not have sampled some important variables from the processes
that shape this metacommunity or this can in fact be a characteristic of this region
and we are observing the action of neutral processes driving the communities (Melo
et al., 2012). For the first assumption, it was previously demonstrated that predation
can influence a bacterial community in no disturbance conditions and it can increase
the fraction of unexplained variations over time (Livingston et al., 2017). Moreover,
some temporally structured environmental factor may impact the metacommunity
(Langenheder et al., 2012) in a way we were not able to observe. Also, some
environmental stochastic factor, for example, a disturbance (Vellend et al., 2014), or
a spatial deterministic factor, like a priority effect (Siqueira et al., 2015), may be
playing a strong role in this metacommunity; however, those factors were not
measured in this study. Finally, recent studies showed that the flow of bacteria from
the soil impacts headwater microbial diversity (Ruiz-Gonzalez et al., 2015; Caillon et
al.,, 2021). For the second assumption, the Raup-Crick analysis recovered high

percentages of variation nearly to the null-model, which can be interpreted as the
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metacommunity being mainly governed by drift (Stegen et al., 2013). This
inexplicability was previously observed in this region for other organisms and it was
suggested that the characteristics of this region can lead the metacommunity to an
increased relative importance of local variability and decreased regional synchrony
(Lopes et al., 2017; Zanon et al., 2018). In a recent study, Huber et al. (2020)
hypothesized that environments that have intermediate degrees of environmental
heterogeneity should be mainly governed by stochastic processes. Complementarily,
tropical environments have higher metabolic rates (Amado et al., 2013; Freitas et al.,
2017), which may increase the importance of neutral processes to the community
assembly (Saito et al., 2021). In any case, an explicability of about 10% of total

variation is common for this type of analysis (Melo et al., 2012).

We also hypothesized that the quantitative approach would reflect the impact
of the abundant bacteria on this metacommunity and be related to the environment
and the linear decay in space (i.e. space fraction), while the qualitative approach
would be more related to neighbourhood and region fractions and rare bacteria.
These predictions were partially corroborated in the sense that the approaches do
not precisely reflect the relationship between abundance and geography/environment
fractions, which were in fact observed. By scrutinizing the variation partitioning results
we can determine how each fraction is impacting this metacommunity. So, the space
fraction (i.e. linear decay on between-site relationship) is consistently related to
bacterial Bdiv through the maximum distance thresholds analyzed, but the spatially-
related local selection evidenced by the unique inconsistency between qualitative
and quantitative approaches in this analysis indicates that the geographic fraction is
more closely related to the regional variation in abundance of dominant taxa. On the
other hand, the increment in importance of geographic fractions at smaller ranges
occurs because of the addition of eigenvectors related to neighborhood (i.e. abrupt
decay in the between-sites relationship) and region (i.e. isolation by geographic
barriers) fractions; it also demonstrates a relationship between these two fractions
and rare bacteria. It is important to point out that despite these results showing a
relationship between different geographic aspects for rare and abundant bacteria, the
recovered values were small. It makes the delimitation of another study

encompassing a wider area to better understand the influence of these aspects on
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bacteria necessary (Lansac-Toha et al., 2020) and maybe also figure out the impact

of scale for this group.

Conclusions

The Bdiv is a key tool for infering biological differences between sites. This
method has been refined in recent years (Tuomisto, 2010; Anderson et al., 2011,
Chase et al., 2011), as well as the variation partitioning approach (Bauman et al.,
2018), which allows inferences into the patterns that impact organisms in natural
communities (Soininen et al., 2018). In the meantime, much effort has been made to
better understand which processes guide bacterial communities (e.g. Stegen et al.,
2013) and to integrate bacterial studies into classical ecology (Barberan et al., 2014).
In this study, we were able to recover different dispersal aspects that may influence
bacterial community composition. The dbMEM approach, which is the method most
commonly used in studies of this type, recovered the spatial variables that best
explained the spatial variation of abundance on dominant taxa and highlighted a
potential space-related selective pressure on these organisms. On the other hand,
the MEM approach allied to distinct strength data to recover neighborhood and
region aspects were those who better explained the variation in bacteria that were
rare and susceptible to geographic isolation. This result illustrates the importance of
exploring different approaches aiming to recover all geographic aspects influencing
the metacommunity. Although this factor normally shows a weaker influence on
biological variation, it plays a role in structuring the metacommunity in a direct way,
as demonstrated here, but also indirectly by opposing or reinforcing the effects of
stochastic and deterministic forces (Vellend et al., 2014). The evidence that, to some
degree, geography influences bacterial distribution is increasing (e.g. Stegen et al.,
2013; Lindh et al., 2017; Lansac-Toéha et al., 2020; Logares et al., 2020; Mateus-
Barros et al.,, 2021), but studies that unveil the exact scale it overcomes the
environmental factors, and how this change can potentially impacts bacterial

metacommunites are still necessary (Lansac-Téha et al., 2020).
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Capitulo VI - Scale matters?
The effect of spatial scale on ecological processes
that drive the aquatic bacterial communities

Embora as bactérias desempenhem um papel fundamental em todos os
ambientes, a verdadeira extensdo de sua diversidade so foi descoberta com o
avanco das ferramentas moleculares. Esses avancos permitiram entender e
guantificar 0s processos ecoldgicos que impulsionam a composicdo das
comunidades bacterianas. No entanto, ainda faltam informacdes sobre como os
processos ecolégicos mudam em escalas espaciais. Reunimos dados de
sequenciamento de amplicon 16S rRNA de 135 lagos rasos da Argentina, Brasil e
Canad4, e comparamos as caracteristicas deterministicas e estocasticas com
modelos nulos para determinar quais processos impulsionam a metacomunidade
bacterioplanctdnica em trés escalas espaciais (regional, subcontinental e
intercontinental). Observamos que 0s processos ecoldgicos determinantes das
comunidades bacterianas foram diferentes em cada regido, dependendo dos
contextos locais: selecdo homogénea (principalmente no Brasil) e limitacdo da
dispersdo combinada com deriva (principalmente na Argentina) foram os
processos mais proeminentes, enquanto no Canadéd houve uma contribui¢éo igual
de ambos os processos. Um padrdo geral emergiu de nossa andlise de que o
processo ecologico dominante mudou de selegao para deriva e, finalmente, para
limitacdo de dispersdo com distancias crescentes, ndo importando a escala
considerada. Descobrimos que 0s processos ecolégicos que moldam uma
metacomunidade bacteriana mudam com as distancias geogréficas, em um
padrdo que se repete em escalas continentais e intercontinentais. Portanto, pelo
menos na escala dos continentes norte e sul-americanos, 0s processos ecoldgicos
gue moldam uma metacomunidade bacteriana ndo eram dependentes de escala.
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Introduction

Understanding and measuring the ecological processes that drive
communities’ composition remains a fundamental question in ecology. Usually, the
processes are classified as deterministic or stochastic and act jointly in major or
minor proportion depending on local conditions to shape the community assembly
(Melo et al.,, 2012). Deterministic processes are measurable and can be directly
related to the capacity of a population or community to lead with their changes over
space and time. This perspective has been studied in community ecology over
decades and is commonly related to the multidimensional niche concept (Hutchinson,
1959; Vandermeer, 1972), like biological interactions and environmental filters
(Hillerislambers et al., 2012). On the other hand, stochastic processes, which were
more recently proposed under the umbrella of neutral theory (Hubbell, 2001), are
those that unpredictably impact a community, and have been related to spatial
factors and drift (Vellend et al.,, 2014). The recognition that these two high-level
processes are not acting alone allowed the conceptualization of new perspectives in
community ecology. A great example is the metacommunity concept, which
considers that a set of local communities are connected by migration (Leibold et al.,
2004), and provides a powerful lens that has been extensively used to see the

assembly of communities simultaneously in both local and regional scales.

Bacteria are closely related to any other Earth life form and are fundamental to
most known biogeochemical cycles. These organisms are widely found (Green and
Bohannan, 2006), and take part in ecological webs by using and cycling nutrients
(Sarmento and Gasol, 2012; Sarmento et al., 2013), as nutritive preys (Khan e
Siddiqui, 2014; Kavagutti et al.,, 2019), or even as effective population growth
controllers (Paliwal, 2017). Despite its remarkable importance, we could figure out
the extent of their biodiversity only when newer molecular tools applied to microbial
taxonomic identification became widespread and, since that, new theoretical
perspectives on how the structuring community were proposed (e.g. Pedrés-Alio,
2012). Also, these tools made it possible to interpret the value of stochastic

processes allied to the already known deterministic roles (Barberan et al., 2014).
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Studying how and at which intensity these assembly processes guide bacterial
community dissimilarity remains a fundamental question to microbial ecology, and
has been measured extensively. In this context, Stegen and collaborators (2012),
proposed a quantitative tool to determine the relative importance of deterministic and
stochastic forces guiding a metacommunity. Since its proposal, this method was
applied to multiple microbial metacommunities and has been providing valuable
information on the processes that guide microbial biodiversity in different contexts,
such as gut microbiomes (Martinez et al., 2015), sediments (Stegen et al., 2012;
Stegen et al., 2013), soils (Zhang et al., 2020), lakes (Llames et al., 2017; Logares et
al., 2018), wetlands (Huber et al., 2020) and ocean (Logares et al., 2020), ; and have
been demonstrating a variable prevalence of deterministic selection and stochastic
dispersal factors. The predominant process in a region may also vary in space and
time, depending on environmental heterogeneity (Huber et al., 2020). For example, in
soil bacteria, the degree of explicability for all processes fluctuates from the tropics to
temperate latitudes (Zhang et al., 2020). Also, in a scenario of ecological succession,
it is also possible to observe a succession of processes’ prevalence from an initial
predominance of drift, through a rise of deterministic pressures and reaching a climax
with more prominent spatial stochasticity (Dini-Andreote et al., 2015). Despite this
extensive scrutiny of microbial metacommunities using this approach, a robust

analysis of how ecological processes change across spatial scales is still lacking.

In this study, our objective is to determine the effects of spatial scale on the
contribution of different ecological processes that shape bacterioplanktonic
communities. For this purpose, we concatenated data from shallow lakes’ bacterial
diversity in three regions: The pampean region in Argentina, the southeastern
Brazilian coast and highlands, and a boreal biome in Canada. We organized this data
to observe the main processes at three distinct scales: (1) the regional scale
encompasses the interactions within each one of the regions and comprehends
distances between sites of one thousand kilometers, (2) the continental scale
considers a connection between Argentinian and Brazilian sites and distances of
about three thousand kilometers, and finally (3) the intercontinental scale, in which
the Canadian data is lined up with the other two and considers distances greater than

fifteen thousand kilometers (Fig. 11). To build our hypotheses, we set up some
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statements as a framework (resumed in Tab. 3). First, headwater freshwaters receive
a greater number of terrestrial organisms (Ruiz-Gonzalez et al., 2015); in this case,
the aquatic biodiversity may vary depending on terrestrial processes, like human
activities for example (Banerjee et al., 2019). Second, the degree of environmental
heterogeneity may change the process that is primarily guiding the metacommunity
assembly (Huber et al.,, 2020). Also, the temperature may influence microbial
biodiversity, as this environmental factor may raise metabolic rates and lead to
processes that are neutral and independent of species identities, for example, by
accelerating life cycles with a consequent growth and losses of individuals and
reduction of competition opportunities (Saito et al., 2021). And finally, the dispersal
capacity of an organism is preponderant to whether spatial processes impact a
community or not (Wang et al., 2013), and therefore should be decreasingly noted as
the scale at which processes are observed is increased. In this context, we
hypothesized that (I) at a lower scale, we will observe distinct processes governing
the metacommunity assembly depending on the context in each region inserted: for
(Ia) the Argentinian data, we expect to see a prevalence of stochastic processes due
to an increased possibility of environmental heterogeneity; for (Ib) the Brazilian
dataset, we expect a prevalence of homogeneous selection due to increased contact
with soil environment caused by voluminous tropical rainy events and human land
use (agriculture and livestock) that should homogenize de microbial biodiversity, also
the elevated metabolic rates should contribute to increasing drift guiding these
communities; and for (Ic) the Canadian dataset, we expect the predominance of
heterogeneous selection and dispersal limitation due to moderate environmental
heterogeneity and a certain degree of isolation by distance greater than the other
two. Also, we expect that (1) the increasing scales will show a substitution in the main
assembly processes from deterministic to stochastic factors, with (lla) an increment

of dispersal limitation on the median scale, and (lIb) drift at a larger scale.
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Table 3 — Expected main processes for each environmental context and scale

Framework Expected main

processes
Mass Effect Environmental .
- ) Temperature Dispersal rate
(Ruiz- heterogeneity .
. (Saito et al., (Wang et al.,
Gonzélez et (Huber et al., 2021) 2013)
al., 2015) 2020)
Argentina + ++ + +++ Stochastic processes
Homogeneous Selection +
Brazil +++ + +++ +++ Stochastic processes
(mainly Drift)
% Heterogeneous Selection
83 Canada - - + - + Stochastlc' processes
(mainly dispersal
limitation)
. Heterogeneous Selection
IncSreasmg ++ increase ++ decrease + Dispersal limitation ->
cale .
Drift
Methods

Data sources

For this study we compiled a dataset that brought together 135 samples of
shallow lakes near headwaters in three different regions of the American continent
(Fig. 11). The Argentinian samples were collected at the central plain area, in the
called Pampa ecoregion (Iriondo, 1989). The climate is temperate and humid, with
around 700 mm of annual precipitation that can vary enormously depending on the
location (Northeast to Southwest) and climate event (la nifia, el nifio) (Diovisalvi et
al., 2015). In this region, shallow lakes are numerous and produced by rivers and
wind, and the vegetation is dominated by grasses (Iriondo, 1989). The Brazilian data
comprises a transition area between the Cerrado and Atlantic forest biomes in the
coast and highlands southwestern region. In this region, there are two marked
climatic periods, dry winter and rainy summer (Ratter et al., 1997), and the annual
precipitation is about 1500 mm. The Cerrado soil is typically acid and nutrient-poor
(Haridasan, 2008), with periodic fire episodes during the dry season (Coutinho,
1990). The Atlantic forest grows over richer soils and presents higher humidity
throughout the year (Joly et al., 2014). In this region, lakes are uncommon, but rivers

of any order are dammed to fulfill human necessities.

106



Mean (Minimum/Maximum)
within region distances in Kilometers

- / Mean (Minimum/Maximum)
547.71

between regions distances in Kilometers
1(0.46/1137.94)
% 8431.95
v |\ |(7739.012/9070.57)
9765.96
(9045.67/10496.75) g
>99.45 Intercontinental
(16.37/822.59) 13 B Rm
Continental
/ ~3 000 Km
1939.04 e
278.24 (1481.79/2493.81)
(0.31/547.92)

uc

Figure 10 — The regions in which data was gathered. The ruler illustrates the scales considered for
this study; the boxes show mean (main value), minimum and maximum (between parentheses)
distances between sites are in the boxes within and between regions in kilometers. At the regional
scale, the distances between sites are about one thousand kilometers and encompass sites from the
Argentinian Pampas (cyan), the Brazilian coast/highlands (dark blue), and the Canadian boreal
ecozone (blue). The continental scale considers the distances between Argentina and Brazil and
about three thousand kilometers. The intercontinental scale brings Canada together whit the others
and considers distances of about fifteen thousand kilometers

The data from South America is part of a consortium that made a recent effort
to gather data on bacterioplankton across the continent (Metz et al., 2022). The
Canadian data is part of a sampling effort that sampled rivers and lakes of Québec,
Canada (Nifio-Garcia et al., 2016). It is a boreal ecozone that comprises several

ecoregions slightly isolated from each other (Nifio-Garcia et al., 2016). The
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vegetation varies from deciduous to conifer forests, as well as the soils, vary from
glacial deposits over sedimentary rocks to a maritime climate (Rasilo et al., 2015). In
this region, the temperatures can be negative and annual precipitation varies by
about 900 mm (Ruiz-Gonzélez et al., 2015). Because of the harsh climatic conditions
most of the year, the samples were sampled during the summer period (Nifio-Garcia
et al., 2016). This data can be found at the European Nucleotide Archive (ENA)

under accession number PRJEB11530.

From all environmental samples, temperature, pH, chlorophyll a and Dissolved
Organic Carbon (DOC) could be recovered from all samples and, complementary,
altitude, lake area and perimeter were obtained from georeferencing software using

each geolocation (Tab. 4).

Table 4 — Environmental data for each environmental context and scale. For each environmental
variable the main values are means, while the values between parentheses are the minimum and
maximum respectively

Altitude Lake area Lake Temperature pH Chlorophyll a DOC
(m) (km2) perimeter (°C) (ug/L) (mg/L)
(km)
Argentina mean_ 70.44 22.077 30.562 18.540 8.754 89.251 94.294
(max/min)  (246/-16) (157.812/0.197)  (141.166/1.846) (30.0/7.0) (9.4/8.0) (981.063/1.580)  (539/1.680)
Brazil mean 478.52 0.016 121.541 23.102 6.730 15.992 9.337
(max/min) (1121/7) (0.096/0.0001) (1195/0.021) (30.6/16.1) (10.1/5.03)  (105.193/0.092)  (42.060/2.04)
Canada mean 435.72 0.432 2.894 18.363 6.656 1.506 6645.542
(max/min) (846/89) (9.415/0.002) (20.778/0.167) (23.74/13) (8.07/5.05) (5.5/0.19) (17113/2.06)
Continental mean 274.48 11.047 76.052 20.821 7.742 52.621 51.815
Scale (max/min)  (1121/-16)  (157.812/0.0001) (1195/0.021) (30.6/7) (10.1/5.03)  (981.063/0.092) (539/1.68)
Inter- mean 328.227 7.508 51.666 20.002 7.380 35.583 2249.72
continental ~ (max/min)  (1121/-16) (153.513/0.0001) (1195/0.021) (30.6/7) (10.1/5.03)  (981.063/0.092)  (17113/1.68)
Scale

Standardization of datasets and bioinformatics

Concerning the amplification and sequencing of 16S rRNA for the taxonomic
identification of bacterioplankton, not all samples used the same primer. For the
samples from Argentina and Brazil, the V3-V4 region were sequenced using the
341F (5'-CCTACGGGNGGCWGCAG-3") and 805R (5'-GACT
ACHVGGGTATCTAATCC-3') (Herlemann et al., 2011), while the samples from
Canada were sequenced with 515F (5'-GTGCCAGCMGCCGCGGTAA-3') and 806R

(5-GACTACHVGGGTATCTAAT-3’) (Caporaso et al., 2012), that also recovers the
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V3-V4 region, but resulting in shorter sequences. Aiming to standardize the
sequences length, all sequences were cut using cutadapt (Martin, 2011), using as
reference the adapters that recovered shorter sequences. After this, we used the
DADAZ2 pipeline (Callahan et al., 2016) in the software R (R Core Team, 2019) to
guaranty sequences quality, eliminate chimeras and assign taxonomy using the
SILVA version 128 database (Quast et al., 2013; Yilmaz et al., 2014) as reference to
recover an unified Amplicon Sequence Variants (ASVs) table. Then, the ASVs table
was rarefied by the lowest sample richness (12,682 reads), and the ASVs that do not

have at least 10 reads in the sum of the reads in all sampling sites were removed.

Statistical procedures

To determine if the main factors shaping the observed turnover between pairs
of sites are due to deterministic or stochastic processes, we applied a framework that
uses two statistical analyses sequentially, comparing the observed features to null-
models and defining the main process assembling microbial communities (Stegen et
al., 2013). The first step uses phylogenetic trees through the B-mean-nearest taxon
distance (BMNTD). In this analysis, the phylogenetic distance of each taxon in one
site is compared with its closest relative in the other, and the generated values are
compared with the value found for the phylogenetic pool of ASVs constructed using
all samples to determine if the calculated difference are due to selective pressure or
not. For each region and scale, a distinct phylogenetic pool was constructed
considering only the ASVs found in each context. The resulting values are the [3-
nearest taxon index (BNTI) and if it is greater than 2 or smaller than -2, there is a
correlation greater than expected by chance. In the case of values >2 the
communities are experiencing a heterogeneous selection, on the other hand, values
<-2 indicate communities experiencing a homogeneous selection. This analysis
assumes that closely related taxa present closely related habitat preferences (Losos,
2008), and, because of that, it is necessary to test this assumption through the
phylogenetic signal approach that should show a significant relationship between
environmental factors and taxa at short phylogenetic distances (Webb et al., 2002)

(Fig. S5). Pairs that do not show significant values of BNTI are considered as being
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mainly assembled by stochastic factors and analyzed afterward. The second step
uses the Raup-Crick dissimilarity, in this case, a regional pool of ASVs’ composition
is used to calculate a Bray-Curtis based B-diversity and this is compared to the [3-
diversity for each pair of sites (Chase et al., 2011). For each region and scale, a
distinct ASVs’ pool was constructed considering only the ASVs found in each
context. This analysis return values that fall between 1 and -1 and are considered
significantly different from the null expectation when are greater than 0.95 and
smaller than -0.95. Values >0.95 indicate that the assembly in these communities is
mainly governed by Dispersal limitation combined with Drift, while values <-0.95
indicate the action of a homogenizing dispersal. Results that fall between these
values represent pairs of sites equality structured to the random expectation, and
therefore, assembled by Drift acting alone (Stegen et al., 2013). This analysis uses
ASVs abundances and a Bray-Curtis dissimilarity approach to calculate the [-
diversity (Stegen et al., 2013), because of that (and henceforward in this study) it is
called RCyray. All the statistical analyses above described were conducted using the
software R (R Core Team, 2019). The BMNTD/BNTI analysis used the packages
picante (Kembel et al., 2010) and vegan (Oksanen et al., 2016), and the RCyay USes
a function developed by Chase et al. (2011) and adapted to abundances by Stegen
et al. (2012).

To examine the accuracy and prediction power of our theoretical framework,
we applied some other statistics. About the assumption that these headwater shallow
lakes should be intimately related to the soil environment, we used georeferencing
software to find the highest point in the surrounding landscape and the distance of
this point to the lake margin. With this information, we could calculate a slope value
for each lake and, allied to annual precipitation information, we could infer a potential
of bacterial flow from the soil to freshwater and compare it with the community
assembly results. The relationship between bacterioplankton and the environmental
factors showed in Tab. 4 was accessed with a non-metric Multidimensional scaling
(nMDS).

Complementarily, we also compared the environmental heterogeneity and
dispersal limitation (showed as the increasing distance between a pair of sites) with
biological dissimilarity to see the direct influence of these variables on biological
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dissimilarities. To the biological dissimilarity, we applied the beta diversity partitioning
analysis using Bray-Curtis index (Baselga et al., 2017). To the environmental
dissimilarity, we applied a distance-based ordination (Oksanen et al., 2016), to obtain
a unified environmental heterogeneity scale that considers all environmental factors
together. Finally, we calculated the overland spatial dissimilarity using a distance-
based Moran Eigenvector Map (dbMEM) approach (Dray et al., 2006).

Results

After rarefaction and filtering, we obtained 1'690°098 reads scattered over
5162 ASVs and 29 Phyla. Actinobacteriota (33.23%), Proteobacteria (31.32%),
Bacteroidota (12.72%), Verrucomicrobiota (8.06%), and Cyanobacteria (4.52%) were
the phyla that most contributed to the abundance in these communities, while
Proteobacteria (1’506), Bacteroidota (1°024), Actinobacteriota (770),
Verrucomicrobiota (414) and Patescibacteria (384) were the phyla that had the major
number of ASVs identified within then. Of all these ASVs, 88 (1.7%) were shared
between all regions, while 4579 (88.7%) were unique for one of them; in which 2005
(38.8%) were found only in Argentina, 994 (19.3%) from Brazil, and 1’580 (30.6%)
uniquely found in Canada. Argentina and Brazil shared 132 (2.6%) ASVs, Argentina
and Canada had 125 (2.4%) ASVs, while 238(4.6%) were in both Brazil and Canada.

Complementarily, we compared the relationship between the occupancy
capacity of each ASV with their (log) mean relative abundances in all scales (Fig.
12). This distribution could be decomposed into linear equations which can highlight
some interesting biodiversity differences for the ecological contexts. First, the linear
coefficients found in the Argentinian and Canadian regions (-9.95 and -9.83,
respectively) greater than in Brazil (linear coefficient = - 10.28) indicates that there is
a bigger number of rarer ASVs in these temperate regions, on the other hand, there
are slightly larger values in their slopes (0.24 and 0.2, respectively. Brazil = 0.13),
which indicate that there is a bigger number of ubiquitous ASVs in Brazil, despite
these ASVs sound to be less abundant in these samples.
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About the processes that mainly influenced the community assembly (Fig. 13),
we found quite different results at the regional scale in each region: in the Argentinian
sites, the community assembly seems to be more impacted by stochastic processes,
in special by the dispersal limitation combined with Drift, and less for the Drift acting
alone. Here, the second most important assembling process was homogeneous
selection, and is possible to see that some differences were probably caused by
Heterogeneous selection. On the contrary, for the Brazilian metacommunity,
Homogeneous selection was the most identified process, followed by Drift acting
alone and dispersal limitation combined with Drift. The Brazilian metacommunity was
unique in that also showed the Homogenizing dispersal as an important assembly
process. The Canadian metacommunity showed a balanced number of pairs of sites
guided by Homogeneous selection, Dispersal limitation combined with Drift and Drift
actin alone. At the continental scale, the trend was to an assembly mainly guided for
stochastic processes; dispersal limitation combined with Drift was the main process,
followed by Homogeneous selection. Drift acting alone and Heterogeneous selection
was also detected for this scale. Finally, at a larger scale, we found similar
importance of deterministic and stochastic processes guiding these communities at
the larger scale. The homogeneous selection was the most prominent process,
followed by dispersal limitation acting in combination with Drift and Drift. We also
plotted the BNTI and RCBray against the geographic distances and calculated the

adjusted R-squared to observe the distribution of results with increasing distances.
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Figure 11 — Sites occupancy of each ASV against their log mean relative abundances for Argentina

(red), Brazil (green) and Canada (blue) at smaller scale, and also for Continental (pink) and
Intercontinental (yellow) scales
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A pattern that was consistently observed through all the scales were to a
major number of observed homogeneous selection in direction to not significant BNTI
results, combined with a trend of communities being mostly guided by Drift acting
alone, and a gradual substitution to Dispersal limitation combined with Drift. The
Brazilian data was the only one that did not precisely follow this pattern, as the
tendency here was to maintain a great number of sites assembled by Homogeneous
selection even at larger distances. It is also important to highlight that the adjusted r-
squared values remain low for all environments, which indicates a weak correlation of

this pattern even when significant values were found.

The rain flow potential (Tab. 6) can be inferred by the direct observation of
landscape slopes around the shallow lakes compared with annual precipitation in
each region. The Argentinian landscape showed fewer slopes allied to the fewer
annual precipitations, which can indicate a lesser connection between freshwater and
soil bacterial communities. On the other hand, the Brazilian landscape has greater
slopes and huge annual precipitation, indicating a mass effect potential from the
surrounding soils to shallow lake metacommunity through the entire landscape. The
Canadian landscape had great values of annual precipitation and landscape slopes
to de lakes, but slightly smaller than observed in Brazil, which also indicates a

smaller mass effect in this region.

Table 5 — Rainfall flow potential for each region/scale of this study. The main values represent the
mean. The values between parentheses are the minimum and maximum respectively

Max distance (m) Altitude (m) Slope precipﬁg?iléil (mm)
Argentina mean 557.8667 15.644 0.042 ~700
(max/min) (3580/28.5) (86/1) (0.170/0.005)
Brail mean 1026.798 88.267 0.105 <1500
(max/min) (3910/30.6) (898/1) (1.021/0.02)
Canada mean 794.809 75.244 0.093 <900
(max/min) (3330/21.2) (308/1) (0.286/0.000)
Continental mean 792.332 51.956 0.074
Scale (max/min) (3910/28.5) (898/1) (1.021/0.005)
Cor']{‘itneerr'] al mean 793.158 59.718 0.079
Scale (max/min) (3910/21.2) (898/1) (1.021/0.005)

Concerning the comparison between bacteria dissimilarity and environmental

and spatial heterogeneities (Fig. 14), we could observe an increment in biological
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dissimilarities closest related to the increment in environmental heterogeneity. This
pattern is observed across different regions and scales. On the contrary, each region
shows a patrticular relationship with space distances. The Argentinian data presented
a limited relationship between increasing biological dissimilarity and increasing
spatial distances, on the opposite, the Brazilian have two groups of small and great
dissimilarity not related to the distance increase. The Canadian data also presented a
different pattern, in which some clear groups were formed by the increasing
distances presenting always a moderate to strong biological dissimilarity. For the
continental and intercontinental scales, there is a strong shape of increased
biological dissimilarity with increasing distances between sites.

Continental Intercontinental
Scale Scale

Biological dissimilarity

0254
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1 T + r
0

ol 1 ry. 3 r
1 2 3 0 2 3 4 0 r: 3

Environmental distances

Biological dissimilarity

Spatial distances

Figure 13 — Between sites dissimilarity compared with environmental (top) and spatial (bottom)
dissimilarities for each region/scale here studied

The nMDS (Fig. 15) showed that, despite a similar within-region dissimilarity
(permidisp < 0.05), each region seems to be related to different environmental
factors, which reflects a significant dissimilarity between regions (permanova > 0.05).

Argentina was positively related with chlorophyll a, pH, and lake area and negatively
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with altitude, indicating a stronger correlation between bacterial biodiversity and
variation in biochemical factors that may be indicative of biological interactions or
large-scale deterministic processes like rain regimes, for example. Brazil showed a
positive relationship between lake perimeter and temperature, which indicates a
possible correlation with metabolic issues. Finally, Canada was positively related to
DOC, which indicates a stronger correlation between nutritional inputs and

availability.
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Figure 14 — nMDS showing within (Permdisp < 0.05) and between (Permanova > 0.05) regions
dissimilarity values for Argentina (red), Brazil (green) and Canada (blue) shallow lakes. The blue
arrows indicate the envvectors calculated by the nMDS to reach the dissimilarities observed in this

plot. The smaller box shows the post hoc analysis for each pair of regions
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Discussion

In this study, we applied a two-step null model comparison to detect the main
processes assembling different shallow lake metacommunities at three spatial
scales. This method assumes that closely related organisms have similar ecological
niches and, therefore, are similarly selected by deterministic processes (Webb et al.,
2002). This approach is prone to some criticism, as not all possible selective
pressures can be accessed by this method (Hillerislambers et al., 2012). Despite
this, the method remains a robust tool to infer the high-level deterministic and
stochastic processes prevalence in metacommunity assembly. Also, to guarantee
that the observed metacommunity follows this assumption, a phylogenetic signal
(Losos, 2008) should be tested and show a correlation between environmental
factors and ASVs at short phylogenetic distances (Stegen et al., 2013). Similar to
what was previously reported for other environments (Stegen et al., 2013; Dini-
Andreote et al., 2015; Llames et al., 2017; Huber et al., 2020), the phylogenetic signal
was seen here in distinct contexts and scales. Also, this method has the advantage
of disentangling environmental data to determine the importance of deterministic
factors, which prevents underestimation issues by unmeasured environmental

variables.

The partition of the environmental fraction indicated that the pH alone
represented more than half of all variation explained by environmental factors
(Chapter V of this thesis). While we are starting to describe the impacts of space on
the structure of microbial communities (e.g. Mateus-Barros et al., 2021), the
importance of the environment is well documented (Baas Becking, 1934). For inland
environments, pH has been reported repeatedly as the principal driver of bacterial
community composition (Lindstrém et al., 2005; Nifio-Garcia et al., 2016; Mateus-
Barros et al., 2021). Some experimental and empiric studies have already
demonstrated that this factor can act favoring organisms with preferences for humic
and acidic conditions (Lindstrom et al., 2005). This factor can be especially relevant
in tropical regions due to high organic matter decomposition rates (Amado et al.,
2013; Freitas et al., 2017; De Melo, Kothawala, et al., 2019), and, in special
headwater environments, that frequently receive large volumes of environmental and

biological matter from the soil (Ruiz-Gonzélez et al., 2015). This factor seems to play
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a greater role in the dominant bacteria, while other factors, such as dissolved
nutrients and physical components, can also impact the rarer ones (Mateus-Barros et
al., 2021). In any case, the identification of acidophilic tropical bacteria remains an

open field.

At the regional scale, we found that homogenous selection, dispersal limitation
combined with Drift and Drift acting alone are the main high-level processes
assembling shallow lake metacommunities in three different regions of the world, but
the main process varies, which was expected and evidenced by context-dependent
metacommunity assembly. The environmental heterogeneity seems to be the
principal determinant process in each region (Huber et al., 2020), which, in turn,
seems to be determined by the connection between the lake and its surrounding
soils, through a mass flow that can homogenize the metacommunity (Ruiz-Gonzélez
et al., 2015) and after filtered by common taxa to freshwater environments (Nifio-
Garcia et al., 2016). If the mass flux weakens, the metacommunity passes through a
heterogeneous selection. Spatial isolation also has its role, but to a weaker degree
(Mateus-Barros et al., 2021) and explains part of stochastic processes. In general,
Homogenizing Dispersal is not a relevant process shaping communities and sounds

to reflect a closer connection between freshwater and soil environments.

In Argentina, we found increased importance of stochastic processes. In this
region, shallow lake metacommunity experiences a great variation in the annual
precipitation (Diovisalvi et al., 2015). Also, the landscape here is relatively flat; the
reduced slopes found on the ground around the lakes can contribute to
homogenizing the landscape during events of a significant flood, but also decreases
the potential mass flow from the soil during the dryer seasons. These patterns may
evidence a greater environmental heterogeneity and contribute to explaining the
emergence of assembly processes explained mainly by heterogeneous selection
(Huber et al., 2020). We expected to observe the greater importance of stochastic
processes in Brazil, which we have not found. Our assumption was based on the fact
that biomes that experience increased temperatures may end up showing more
prominent unpredictable assembly processes. This should occur basically by
metabolic features, which should accelerate the pace of life in these locations and, in
consequence, accelerate biological interactions, reproductive events, and so on,
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which reduces the time for deterministic processes and increases stochastic features
like births and deaths (Saito et al.,, 2021). An expected consequence should be a
greater diversity in warmer realms, but it is not the case here. The decreased
bacterial diversity in Brazil may be explained by intense agriculture in this region that
reduces the number of soil key taxa (Banerjee et al., 2019). These soil organisms
should be carried to water during rain events (Ruiz-Gonzéalez et al., 2015), which
contributes to the highest number of detected deterministic and stochastic
homogenizing processes. For the Canadian shallow lakes, we found similar numbers
of assembly processes guided by homogeneous selection, dispersal limitation, and
drift, which partially corroborated our initial hypothesis. In this region, the
environmental pressures and mass flow from the soil are huge (Nifio-Garcia et al.,
2016). Also, this region encompassed six sub-basins (Nifio-Garcia et al., 2016) with
a higher degree of spatial isolation that can be noted when geographic dissimilarity
was related to any other feature. These combined homogenizing and isolation

features probably explain the main observed assembly processes.

Concerning the increasing distances, a pattern that arises and is scale-
independent is a substitution from the homogeneous selection at smaller scales,
through an increment of Drift acting alone, and ending with higher numbers of
dispersal limitation acting in concert with Drift. When present, homogenizing dispersal
is observed only at smaller distances. The analysis of spatial versus environmental
factors influencing a microbial metacommunity usually found that the deterministic
factors are the main drivers in these metacommunities (Mateus-Barros et al., 2021).
It generally is attributed to the fact that these organisms are great dispersers and,
therefore, only environmental factors can determine dissimilarities(Nabout et al.,
2009), but more detailed scrutiny of spatial features sheds light on bacterial slight
responses to space (Chapter V of this thesis). These responses lead to an alternative
interpretation that this weak relationship may occur because the scale of observation
is not larger enough. Here, we could observe a pattern that emerges from the
increasing scale: the relationship between distances and biological dissimilarity
becomes evident from the continental scale. Also, at larger scales, the number of
assembly processes assigned to dispersal limitation sounds to be more concentrated

in the direction of the upper right side of the graph. These results challenge this
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dominant reasoning for microbes, but it is in agreement with other studies focusing
on bigger freshwater organisms, where environmental factors were inversely
correlated to scale, while spatial determinants were directly correlated with scale
(Melo et al., 2012). In this sense, an analysis at even greater scales than presented

here should show only assembly processes assigned to dispersal limitation.

Conclusions

Studying the combined impact of deterministic and stochastic assembly
processes on metacommunity is gaining attention (Vellend et al., 2014). Here, we
could demonstrate that the bacterioplankton can be impacted by deterministic and
stochastic processes, simultaneously acting to structure the metacommunities. These
two high-level act jointly to a major or minor degree depending on the distance
between sites, a pattern also observed by other organisms (Melo et al., 2012). The
most important assembly processes at shorter distances are the selection, which
homogenizes the metacommunity. This process changes slowly to Drift and, after, to
Dispersal limitation combined whit Drift. Contrary to our expectations, the role of
spatial scales seems to be to turn this substitution sequence more prominent, by

making it more hardly perceivable in smaller-scale contexts.
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Observacgodes Finais

O avanco de tecnologias de sequenciamento massivo de DNA vem
contribuindo para um significativo avanco das ciéncias bioldgicas e ambientais. Em
especial, a Ecologia Microbiana passa por um avassalador aumento no niamero de
descobertas sendo produzidas nos udltimos anos. Técnicas de sequenciamento
independentes de cultura permitem melhor entender como bactérias interagem com
0 ambiente ao redor (Mateus-Barros et al., 2021), quais tipos de estio de vida sao
capazes de manter (Chiriac, Haber, et al., 2022) e até quais rotas metabdlicas estado

a disposicdo em seu genomas (Ghai et al., 2014; Salcher et al., 2015).

A nocdo de que estes fantasticos organismos seriam guiados apenas por
variacdes nos fatores locais ambientais j4 foi superada (Martiny et al., 2006), e
crescem as evidéncias de que questdes espaciais também tem seu papel em guiar a
distribuicdo de abundancia e biodiversidade bacteriana (Stegen et al., 2013; Dini-
Andreote et al., 2015; Martinez et al., 2015; Lindh et al., 2017; Logares et al., 2018;
Logares et al., 2020). Por outro lado, estes organismos podem também se provar
valiosos em estudos ecolégicos mais amplos, jA que milhares de sequéncias de
DNA bacteriano podem ser encontradas em apenas uma gota d’agua (Barberan et
al., 2014).
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Na presente tese, busquei explorar como os fatores ambientais e espaciais
podem conjuntamente impactar nas dinamicas que determinam a biodiversidade de
bactérias que vivem na coluna d’agua de lagoas rasas. Tive a oportunidade de
acessar diversas bases de dados coletadas pelo continente Americano e busquei
aplicar o maior numero de andlises estatisticas que pude para buscar entender
como funcionam alguns padrdes espaciais da diversidade bacteriana.

Espero com este trabalho ter contribuido para o avanco no entendimento de
como esses organismos podem estar distribuidos sobre uma paisagem e quais

fatores potencialmente guiam sua distribuicao.
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Table S1 — Environmental data for each sample collected at the Broa’s Microbial Observatory and used in this study. Temperature, pH and Dissolved O, were
obtained through a multiparameter probe, while the Euphotic Zone was calculated using a Secchi disk measurement. The Dissolved Organic Carbon (DOC)
and Dissolved Organic Matter (DOM) and Chlorophyll a (chl a) concentrations were measured in laboratory; the DOM was used to obtain the as fluorescence
index, freshness index, humification index and A:C ratio, whitch were used to infer the quality of this material, while the chl a measurements served as a
proxy to calculate de Trophic State

D Collection Season Temperature Dissolved DOC Slope Fluorescence Freshness Humification A:C Euphotic  Trophic
Date (°C) O, (mg/L) (mg/L) Ratio Index Index Index Ratio Zone (m) State
BroaMO_01 Mar-15-2018 Rainy 27.61 5.63 10.86 3.784 0.981 1.332 0.695 4.979 2.478 1.34 50.01
BroaMO_02 Apr-24-2018 Dry 23.69 5.94 11.1 7.823 1.143 1.229 0.577 7.82 2.485 1.18 51.54
BroaMO_03 May-15-2018 Dry 23.17 6.29 9.26 5.204 1.087 1.215 0.603 6.359 2.49 1.17 49.63
BroaMO_04  Jun-15-2018 Dry 20.56 7.45 4.87 3.188 1.063 1.213 0.61 3.683 2.514 1.28 48.16
BroaMO_05  Jul-19-2018 Dry 18.97 6.33 4.68 2.722 0.858 1.218 0.606 6.229 2.457 1.06 48.16
BroaMO_06  Aug-21-2018 Dry 20 5.92 11.29 37.63 1.043 1.211 0.614 5.38 2.424 1.06 50.67
BroaMO_07 Sep-19-2018 Dry 22.37 6.03 8.16 2.824 1.77 1.169 0.681 3.772 2.537 1.04 55.12
BroaMO_08  Oct-30-2018 Rainy 25.6 6.38 9.35 4.474 1.81 1.17 0.612 5.72 2.548 1.83 55.6
BroaMO_09 Nov-22-2018 Rainy 23.99 5.48 1.13 7.515 0.986 1.226 0.53 6.191 2.418 1.04 52.8
BroaMO_10 Dec-12-2018 Rainy 26.37 7.98 8.68 3.663 0.878 1.183 0.625 5.959 2.637 0.94 55.21
BroaMO_11 Jan-15-2019 Rainy 28.34 6.25 8.47 6.447 1.057 1.228 0.652 3.564 2.633 0.83 53.69
BroaMO_12  Feb-19-2019 Rainy 25.38 5.88 7.47 3258 0.912 1.244 0.622 5.837 2.53 1 53.69
BroaMO_13 Mar-19-2019 Rainy 27.26 5.27 9.06 4798 0.964 1.246 0.62 5.85 2.598 0.87 53.84
BroaMO_14  Apr-23-2019 Rainy 24.95 5.36 0 6.605 0.846 1.267 0.602 6.769 2.617 0.97 55.98
BroaMO_15 May-21-2019 Dry 22.48 7.16 7.22 4709 0.935 1.271 0.601 7.738 2.635 1.34 53.99
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(Preference for)
Rainy Season

Figure S1 - Co-occurrence networks considering bacteria (orange), phytoplankton (green) and
zooplankton (purple) taxonomic units as recovered by 16S and 18S rDNA sampling. Blue lines
indicate negative co-occurrences, while red lines indicate positive co-occurrences. Squared shapes
indicate Core organisms, round shapes are the Abundant ones and triangles are the Persistent.
Inverted triangles are the Transient, octagons represent Non-abundant ASVs and diamond shapes are
for the Satellite. The shape weight is the mean abundance of each ASV.
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Figure S2 — Co-occurrence networks considering showing the connections of zooplankton (purple) with
bacteria (orange)and phytoplankton (green) taxonomic units as recovered by 16S and 18S rDNA
sampling. Blue lines indicate negative co-occurrences, while red lines indicate positive co-
occurrences. Squared shapes indicate Core organisms, round shapes are the Abundant ones and
triangles are the Persistent. Inverted triangles are the Transient, octagons represent Non-abundant

ASVs and diamond shapes are for the Satellite. The shape weight is the mean abundance of each
ASV.
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Beyond environmental selection: Spatial structuring of tropical lake bacterioplankton

metacommunity
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Figure S3 - Fluxogram showing all steps performed in the analysis of variation partitioning of Bdiv
between spatial and environmental factors. The geolocation of each site was used to create distinct
eigenvectors that models distinct geographic factors that may be impacting the metacommunity: river
connectivity (A),overland spatial distances (B), neighborhood distances (C) and regional isolation (D),
these matrices were filtered to the selection of relevant factors and quality check before composing
the geographic fractions (E). The standardized environmental factors also passed through the
relevance and quality checks before composing the environment fraction (F) and the time fraction (G)
was obtained by the transformation for Julian date. The variation partitioning (H) based on a dbRDA
was than performed to test the importance of these fractions to the dissimilarity matrices (I) and a CCA
was used to test for significance (J)
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Figure S4 — All eigenvectors recovered after the ordination step. For the qualitative approach, the
significant eigenvectors were MEM5, MEM22 (space fraction), MEM15, MEM17 (neigborhood fraction)
and MEM4 (region fraction), while for the quantitative approach the significant ones were MEM13,
MEM23 (space fraction), MEM11, MEM15 (neigborhood fraction) and MEM4 (region fraction). Here,
the eingenvectors were plotted against latitude (y axis) and longitude (x axis); the square sizes
indicate the value attributed to each site, which may be negative (white squares) or positive (black

squares). Squares of same color and similar sizes indicate sites more closely related
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Table S2 — Variation partitioning results for the metacommunity considering qualitative and
quantitative approaches as showed in the Figure 13

Qualitative approach

Fraction 1 Fraction 1 Fraction 2
Compared All Fraction Fraction Fraction vs Fraction vs Fraction vs Fraction Pure Pure Pure
fractions fractions 1 2 3 2 3 3 1 2 3

Environment
vs Space vs 0.001 0.001 0.019 0.004 0.001 0.001 0.029 0.001 0.079 0.046
Time
Environment
VS
Neighborhood
vs Time

0.001 0.001 0.014 0.008 0.001 0.001 0.056 0.001 0.163 0.191

Environment
vs Region vs 0.001 0.001 0.012 0.004 0.001 0.001 0.038 0.001 0.085 0.101
Time

Other
environment
vs pH vs
Time

0.001 0.003 0.005 0.01 0.001 0.001 0.001 0.002 0.001 0.058

Space vs
Neigborhood 0.002 0.016 0.01 0.015 0.003 0.003 0.001 0.013 0.01 o0.01

vs Region

Quantitative approach

Fraction 1 Fraction 1 Fraction 2
Compared All Fraction Fraction Fraction vs Fraction vs Fraction vs Fraction Pure Pure Pure
fractions fractions 1 2 3 2 3 3 1 2 3

Environment
vs Space vs 0.001 0.001 0.01 0.004 0.001 0.001 0.004 0.002 0.271 0.001
Time
Environment
S
Neighborhood
vs Time

0.001 0.001 0.004 0.004 0.001 0.001 0.004 0.001 0.178 0.031

Environment
vs Region vs 0.001 0.001 0.012 0.003 0.001 0.001 0.001 0.001 0.155 0.002
Time

Other
environment
vs pH vs
Time

0.001 0.001 0.004 0.004 0.001 0.001 0.001 0.005 0.001 0.002

Space vs
Neighborhood 0.002 0.006 0.003 0.013 0.023 0.034 0.016 0.288 0.138 0.011

vs Region
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Table S3 (Part 1/2) — Variation partitioning results for the metacommunity considering maximum distances thresholds as showed in the Figure 14. Both
qualitative and quantitative approaches were considered

Qualitative Approach

env- time-

Filter env spa spa spa-time time env both nothing | env fraction space fraction neighbour fraction region fraction
(800-900] 12.7% 3.2% 15% 0.1% 2.6% NA NA 81.2% FC + pH + DIN + DIC 20+1 23+2 NA
(700-800] 10.1% 0.7% NA 0.5% 2.6% NA NA 86.8% | pH+ FC + alt + DIN + DIC 13 NA NA
(600-700] 2.7% 2.6% 0.6% 05% 0.3% NA 0.2% 91.7% pH + DOC + alt + FC 5+23 15+14 4
(500-600] 2.3% 1.0% 1.8% 0.5% 0.1% NA  0.6% 93.9% | pH+DOC+alt+FC |°* 229+ 23+ 15+ 17 4
(400-500] 1.4% 0.6% 1.4% 05% 0.1% NA 0.7% 95.5% pH + DOC + alt 3+5+20 1+15+7 4+1+3
(300-400] 1.2% 09% 2.3% 1.0% NA NA 03% 9455 | 2t*+PH "tfn?pc *DICH 15,043+419 1+11+14+2+8 3+1
(200-300] NA NA NA NA NA NA NA NA ERROR ERROR ERROR ERROR
(100-200] NA NA NA NA NA NA NA NA ERROR ERROR ERROR ERROR

(0-100] NA NA NA NA NA NA NA NA ERROR ERROR ERROR ERROR
Quantitative Approach

env- time-

Filter env spa spa spa-time time env both nothing | env fraction space fraction neighbour fraction region fraction
(800-900] 8.1% 5.1% 7.4% 2.1% 09% 05% @ NA 760% | pH+DIC+alt+temp |2°7 21+ 13+ 11+23 4
(700-800] 9.8% NA 09% 04% 2.7% NA 0.7% 86.8% pH + DIC + DIN + alt NA NA 4
(600-700] 4.2% 11% 0.6% 0.6% 0.2% NA 1.7% 91.6% pH + alt + DOC + FC 23 15+7 4
(500-600] 2.4% 09% 1.6% 05% 0.1% NA 0.9% 94.1% pH + DOC + alt + FC 5+22 15 4+1
(400-500] 0.9% 1.0% 2.6% 05% 0.1% 02%  0.4% 94.3% alt + pH + DOC 5+ 32; 12+ 141547 4+3
(300-400] 0.6% 1.2% 2.6% 1.3% NA 0.1% 0.2% 94.4% | alt+pH + DOC + temp 5+23  L1t27 111; 8+14+  1.i3+4
(200-300] NA NA NA NA NA NA NA NA ERROR ERROR ERROR ERROR
(100-200] NA NA NA NA NA NA NA NA ERROR ERROR ERROR ERROR

(0-100] NA NA NA NA NA NA NA NA ERROR ERROR ERROR ERROR
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Table S3 (Part 2/2)

[atb+ct+d+e+f+g] [a+d+f+g] [b+d+b+g] [a+d+b+(] [a+d+b+g]  [bt+e+ctg] [a+f+ctg] [a] [b] [c]
Space env Space vs envvs time vs pure pure
All fraction fraction time fraction _env time space env space pure time
0.001 0.014 0.001 0.052 0.001 0.001 0.04 0.001 0.242 0.008
0.001 0.035 0.001 0.038 0.001 0.001 0.035 0.001 0.452 0.034
0.001 0.002 0.001 0.007 0.001 0.001 0.005 0.005 0.244 0.135
0.001 0.001 0.001 0.009 0.001 0.001 0.009 0.005 0.021 0.386
0.001 0.001 0.001 0.004 0.001 0.001 0.063 0.032 0.012 0.246
0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.017 0.002 0.449
NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA
[a+b+c+d+e+f+g] [a+d+f+Q] [b+d+b+g] [a+d+b+g] [a+d+b+g] [b+e+ct+g] [a+f+c+Q] [a] [b] [c]
Space env Space vs env vs time vs pure pure
All fraction fraction time fraction env time space env space pure time
0.001 0.001 0.001 0.011 0.001 0.001 0.002 0.002 0.006 0.068
0.001 0.008 0.001 0.004 0.001 0.001 0.003 0.001 0.15 0.006
0.001 0.002 0.001 0.005 0.003 0.001 0.012 0.003 0.307 0.367
0.001 0.001 0.001 0.023 0.001 0.001 0.005 0.005 0.023 0.457
0.001 0.001 0.001 0.006 0.001 0.001 0.008 0.124 0.011 0.45
0.001 0.001 0.001 0.002 0.001 0.006 0.001 0.247 0.008 0.902
NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA
NA NA NA NA NA NA NA NA NA NA
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Scale matters? The effect of spatial scale on ecological processes that drive aquatic

bacterial communities

Regional scales
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Figure S5 — Mantel correlograms for all scales here addressed. The correlogram was obtained by the
analysis of between sites phylogenetic dissimilarities against environmental dissimilarities. The
environmental dissimilarities were obtained by using the measurements of Altitude (m), lake area
(kmz) and perimeter (km), pH, Chlorophyll a (mg/L) and DOC (mg/L). The black squares represent
significative correlations (p < 0.05) between phylogenetic and environmental distances, which means
that closely related microrganisms were similarly selected by the similar environmental conditions, in

all addressed scales
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