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RESUMO

O microbioma marinho, incluindo procariontes e minúsculos eucariontes unicelulares, representa

uma grande parte da biodiversidade e é essencial em teias tróficas e ciclos biogeoquímicos globais.

No entanto, investigar a diversidade e ecologia microbiana em escala global era um desafio por

limitações metodológicas e amostrais. A combinação de ferramentas moleculares e bioinformáticas

modernas  à  grandes  expedições  oceanográficas  (ex.:  Tara  Oceans  e  Malaspina)  permitiram  a

descoberta de padrões de diversidade microbiana em escala global. Estudos recentes revelaram que

as  comunidades  microbianas  apresentam  padrões  latitudinais,  sazonais  e  de  profundidade.  No

entanto, ainda há uma compreensão limitada dos mecanismos ecológicos que estão por trás destes

padrões biogeográficos. Nesta tese, apliquei ecologia teórica à dados de sequenciamento de DNA

para  investigar  os  principais  processos  ecológicos  que  moldam  comunidades  microbianas  em

diferentes camadas de profundidade e regiões latitudinais do oceano. Para isso, combinei dados

moleculares  de  duas  expedições  oceanográficas  globais  (Tara  Oceans  e  Malaspina),  de  uma

expedição  regional  (HotMix  Cruise)  no  Mar  Mediterrâneo  e  de  observatórios  microbianos

localizados em diferentes latitudes. Primeiro, demonstro o alto impacto da Teoria das Comunidades

Ecológicas  (Vellend  2010,  2016)  no  campo da  ecologia  microbiana  utilizando  uma abordagem

cienciométrica.  Em segundo  lugar,  investiguei  a  importância  relativa  dos  processos  ecológicos

(seleção, limitação de dispersão e deriva ecológica) na montagem de comunidades microbianas que

habitam  diferentes  camadas  oceânicas.  Para  atingir  este  objetivo,  analisei  variantes  únicas  de

sequências de amplicons (ASVs) dos genes 16S- e 18S-rRNA de amostras (N=688) cobrindo as

camadas epi- (0-200 m), meso- (200-1.000 m) e batipelágicas (1.000-4.000 m) do oceano. Enquanto

a importância relativa da seleção diminuiu com a profundidade devido a um potencial diminuição

da heterogeneidade do habitat, a limitação por dispersão aumentou com a profundidade devido a

barreiras  geográficas  como massas  de  água  segregadas  e  montanhas  submersas.  Além disso,  a

importância relativa do processo de seleção foi maior no observatório temperado do que no tropical.

Por fim, usei ASVs do gene 16S-rRNA, além de genomas montados de metagenoma e  genomas

amplificados  de  células  únicas, para  explorar  as  bases  genômicas  do  efeito  de  seleção  por

temperatura sobre a diferenciação de nichos de uma bactéria marinha abundante, onipresente, mas

ainda pouco estudada. No geral, esta tese elucida os processos ecológicos subjacentes aos padrões

biogeográficos do microbioma oceânico no espaço, tempo e profundidade.

Palavras-chave: ecologia de comunidades, plâncton, microbiota, dados moleculares
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ABSTRACT

The marine microbiome, including prokaryotes and minute unicellular eukaryotes, stands for a great

part of biodiversity and is essential for ocean food webs and global biogeochemical cycles. Yet,

investigating  their  diversity  and  ecology  was  challenging  due  to  sampling  and  methodological

constraints.  Modern  molecular  and  bioinformatic  tools,  together  with  recent  large-scale

oceanographic  sampling  cruises  (e.g.,  Tara  Oceans  and  Malaspina),  have  helped  the  scientific

community  to  assess  the  ocean’s  microbial  diversity  with  an  unprecedented  depth  of  analysis.

Recent studies have revealed that microbial communities display latitudinal, seasonal, and depth-

related patterns. However, there is still a limited understanding of the mechanisms underlying these

biogeographical patterns. In this thesis, I have applied theoretical ecology on DNA sequencing data

to disentangle the main ecological processes shaping the ocean’s microbiome across space and time.

To do so, I have combined molecular data from two global oceanographic cruises (Tara Oceans and

Malaspina),  one regional cruise (HotMix Cruise) in the Mediterranean Sea,  and from microbial

observatories located in different latitudes. First, I demonstrate the high impact of the Theory of

Ecological  Communities  (Vellend  2010,  2016)  on  the  field  of  microbial  ecology  using  a

scientometric  approach.  Second,  I  investigated  the  relative  importance  of  ecological  processes

(selection, dispersal limitation, and ecological drift) shaping picoplankton communities inhabiting

different  ocean layers.  To accomplish this  goal,  I  analyzed 16S- and 18S-rRNA-gene amplicon

sequence variants (ASVs) from samples (N=688) covering the epi- (0-200 m), meso- (200-1,000 m)

and bathypelagic (1,000-4,000 m) layers of the ocean. I found that the role of selection decreased

with depth due to a potential decrease in habitat heterogeneity. Conversely, the relative importance

of  dispersal  limitation  increased  with  depth  due  to  dispersal  barriers  such  as  the  presence  of

segregated water masses and bottom topography. Furthermore, I found that the relative importance

of selection was stronger in the temperate observatory than in the tropical one. Finally, I used 16S-

rRNA-gene amplicons as well as metagenome-assembled genomes (MAGs) and single-amplified

genomes (SAGs) to explore the genomic basis of temperature selection on niche differentiation of

an abundant, ubiquitous, but previously overlooked marine bacteria. Overall, this thesis elucidates

the ecological processes underlying the biogeographical patterns of microbial communities of the

ocean in space, time, and depth.

Key-words: community ecology, plankton, microbiota, molecular data
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INTRODUÇÃO GERAL

OCEANO GLOBAL: O MAIOR ECOSSISTEMA DO PLANETA TERRA

A IMPORTÂNCIA DO OCEANO GLOBAL E SUA CONSERVAÇÃO

O oceano é  o  maior  ecossistema da  terra,  cobrindo ~70% da superfície  terrestre  (~440

milhões  km2), com  um  volume  de  aproximadamente  31.34  bilhões  de  km3 (COSTELLO;

CHEUNG; DE HAUWERE, 2010). O oceano foi o berço da vida na Terra e desempenha papéis

fundamentais para regulação do clima, para o equilíbrio de gases na atmosfera e, consequentemente,

para manutenção da vida e sua diversidade no nosso planeta. O oceano também provê serviços

ecossistêmicos para os seres humanos como recursos pesqueiros, recreação, além de representar

laços  culturais  e  espirituais  com  diversas  civilizações  ao  longo  da  história  da  humanidade

(ALLISON; KURIEN; OTA, 2020). Esse ecossistema fundamental está sob forte influência das

mudanças ambientais causadas por séculos de atividades antrópicas  (BINDOFF et al., 2019). Nas

últimas décadas, as mudanças climáticas estão causando aumento de temperatura, a acidificação e

ampliação das zonas desprovidas de oxigênio (KWIATKOWSKI et al., 2020), o que tem impactado

as comunidades planctônicas  (CHAFFRON et al., 2021; JONKERS; HILLEBRAND; KUCERA,

2019).  Além disso, há uma grande pressão econômica para o desenvolvimento de atividades de

exploração (mineração,  obras  de  infraestrutura,  etc.)  do  oceano  profundo  (DANOVARO et  al.,

2020; LEVIN; LE BRIS, 2015), que é uma das zonas menos conhecidss dada a dificuldade logística

de estudá-la em comparação com o oceano superficial. Por outro lado, há um grande potencial para

o  desenvolvimento  da  chamada  ‘economia  azul’  (BENNETT  et  al.,  2019),  o  que  inclui,  por

exemplo,  a  exploração  biotecnológica  do  potencial  genético  do  plâncton  microbiano  para  o

desenvolvimento  de  novos  produtos  com  valor  agregado  como  por  exemplo,  cosméticos,

medicamentos, entre outros (ABREU et al., 2022).

Por estes motivos,  a  Organização das Nações Unidas  (ONU) elegeu 2021-2030 como a

década  dos  oceanos  <https://www.oceandecade.org/>  como  forma  de  impulsionar  pesquisas

científicas,  a  educação  ambiental  e  acordos  internacionais  que  visem  a  conservação  deste

ecossistema fundamental  (CLAUDET et  al.,  2020).  Neste  contexto,  surgiram inúmeros  projetos

científicos que visam investigar a biologia e ecologia da vida que habita os oceanos, inclusive a

diversidade planctônica, principalmente em zonas historicamente menos estudas, como as regiões

tropicais e o oceano profundo. Esta tese de doutorado está inserida neste contexto e contribui para o

maior conhecimento sobre ecologia do microbioma marinho, inclusive em zonas previamente pouco

exploradas como o oceano profundo e regiões tropicais.
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ZONEAMENTO VERTICAL DO OCEANO

Os oceanos podem atingir até ~11,500  m de profundidade (Fig. 1). Entre a superfície e o

fundo existem distintas camadas de profundidade com diferentes características oceanográficas e

ambientais  que  impactam a  fisiologia  e  ecologia  dos  organismos  que  habitam esses  diferentes

compartimentos. O epipelágico (0-200 m) representa a camada eufótica, com disponibilidade de luz

e  oxigênio,  além  de  maiores  temperaturas  e  menores  concentrações  de  nutrientes  quando

comparadas ao oceano profundo (Fig. 1). O epipelágico não é uma camada homogênea e pode ser

divido, basicamente, entre superfície e a máxima de clorofila profunda (em inglês ‘deep chlorophyll

maxima’, DCM). A camada superficial é uma zona exposta à alta radiação e temperatura, além de

apresentar maior interação com a atmosfera, através de trocas de gases e aerossóis (FLORES et al.,

2020), assim como a maior dispersão aérea de microrganismos (MAYOL et al., 2017). O DCM se

caracteriza como a faixa de profundidade com condições ótimas de luz e nutrientes para realização

da fotossíntese pelos organismos fotosintetizantes (CORNEC et al., 2021). Por este motivo, nessa

camada  encontra-se  a  maior  produtividade  primária  e  um  pico  de  clorofila-a  que  pode  ser

identificada  claramente  traçando um perfil  vertical  de  fluorescência  (Fig.  1).  O DCM é  muito

dinâmico e sua profundidade específica pode variar enormemente entre localidades e até mesmo ao

longo do tempo numa mesma localidade  (CORNEC et al., 2021). Pela maior facilidade logística,

essas camadas mais superficiais do oceano (<200 m de profundidade) foram historicamente mais

estudadas que as camadas mais profundas, que representam a maior porção do oceano.

De  fato,  o  oceano  profundo  (>200  m de  profundidade)  possui  ~31.03  bilhões  de  km3,

representando 99% do volume total de água no oceano e, portanto, pode ser considerado como o

maior ecossistema do planeta  (COSTELLO; CHEUNG; DE HAUWERE, 2010). O mesopelágico

(200-1,000 m) se caracteriza pela ausência de luz e fotossíntese e, consequentemente, uma baixa

concentração de oxigênio. Nessa camada há um incremento na concentração de matéria orgânica e

nutrientes, assim como da diversidade bacteriana (JUNGER et al., 2023; SUNAGAWA et al., 2015).

O  batipelágico  (1,000-4,000  m)  é  o  maior  compartimento  de  profundidade  do  oceano  e  se

caracteriza pela total ausência de luz e oxigênio, baixíssimas temperaturas e a presença de cadeias

de  montanhas  submersas  que  podem  funcionar  como  barreiras  geográficas  à  dispersão  de

organismos  (SALAZAR et  al.,  2016;  SEBASTIÁN et  al.,  2021).  Por  fim,  também existem as

camadas abissopelágica (4,000-6,000 m) e hadopelágica (trincheiras profundas entre 6,000 e 11,000

m de profundidade) (Fig. 1), mas que não são exploradas nesta tese.
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No capítulo 2 desta tese, utilizo dados do epi-(superfície e DCM), meso- e batipelágico para

investigar como as diferentes características ambientais dessas camadas de profundidade afetam a

ecologia  dos  principais  componentes  da  comunidade  microbiana  marinha  (procariontes  e

minúsculos  eucariontes  unicelulares).  No  capítulo  4  também  utilizo  dados  dessas  camadas  de

profundidade para descrever a distribuição de Rhodospirillaceae, um grupo de bactérias marinhas

onipresente, mas ainda pouco estudado na literatura. Nos demais capítulos, utilizo dados obtidos em

águas superficiais de séries temporais 

MARES SEMIFECHADOS: O MEDITERRÂNEO COMO ECOSSISTEMA MODELO

Os mares semifechados (e.g., Mar Mediterrâneo, Mar Vermelho, Mar Negro, Golfo Pérsico,

etc.) estão pouco ligados ao oceano aberto (NIHOUL, 1982) e apresentam características ambientais

e oceanográficas particulares, tais como temperatura e salinidade relativamente mais elevadas em

águas profundas, bem como a inversão da circulação da água que afeta a dinâmica dos nutrientes

(BETHOUX et al., 1999; SEBASTIÁN et al., 2021). O Mar Mediterrâneo cobre uma área de 2,5 x

106 km2, o que o torna o maior mar semifechado da Terra. A bacia do Mediterrâneo está ligada ao
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Figura 1. (A) Ilustração das zonas de profundidade do oceano. Nesta tese trabalhei com dados das zonas

epipelágica (incluindo o DCM), mesopelágica e batipelágica.  (B) Variabilidade dos dados dos parâmetros

ambientais  por  camadas  de  profundidade.  Dados  da  expedição  Malaspina  utilizados  nesta  tese.  SRF --

superfície, DCM – máxima de clorofila profunda, MES – mesopelágico, BAT – batipelágico.



Oceano Atlântico Norte através do Estreito de Gibraltar, que tem apenas 13 km de largura e 300 m

de profundidade. Essa limitada conectividade atlântico-mediterrânica leva a uma baixa mistura de

águas e gera um afluxo de águas superficiais atlânticas pobres em nutrientes que excedem o fluxo

de águas profundas do Mediterrâneo  (SAMMARTINO et al., 2015). Assim, o Mar Mediterrâneo

apresenta características oceanográficas únicas em comparação com o oceano aberto, tais como alta

temperatura e salinidade em águas profundas, bem como a inversão da circulação da água que afeta

a dinâmica dos nutrientes  (BETHOUX et al.,  1999). Como resultado, o Mar Mediterrâneo é no

geral  oligotrófico,  mas  apresenta  um  gradiente  oeste-leste  de  diminuição  na  concentração  de

nutrientes (KROM et al., 1991; SEBASTIÁN et al., 2021). Além disso, as águas profundas do Mar

Mediterrâneo são fisicamente divididas pelo Estreito da Sicília (500m de profundidade) entre uma

sub-bacia ocidental e outra oriental. Essas características refletem na composição da comunidade

planctônica  (SEBASTIÁN  et  al.,  2021) e  transformam  o  Mar  Mediterrâneo  num  ecossistema

modelo muito interessante para testar hipóteses ecológicas numa escala espacial menor do que a do

oceano global (BETHOUX et al., 1999; NIHOUL, 1982). No capítulo 2, utilizo o Mar Mediterrâneo

como modelo  para  investigar  como  as  diferentes  características  ambientais  dessas  camadas  de

profundidade afetam a ecologia dos principais componentes da comunidade microbiana marinha

(procariontes e minúsculos eucariontes unicelulares).

O PLÂNCTON MARINHO E SUAS FRAÇÕES DE TAMANHO

O plâncton refere-se a todas as formas de vida que não possuem a capacidade de superar a

força das correntes oceânicas e que, portanto, vivem à deriva nos oceanos. Muitos dos serviços

ecossistêmicos citados no início desta introdução dependem, direta ou indiretamente, das formas de

vida  planctônica  que  dominam  os  oceanos.  A comunidade  planctônica  inclui  organismos  de

diferentes domínios (vírus, procariontes e eucariontes) e tamanhos, variando desde minúsculos vírus

(<0.2 µm) até grandes medusas (>1 m), o que representa uma variação em tamanho de mais de 12

ordens de magnitude (SUNAGAWA et al., 2020). Por esse motivo, é comum referir-se a frações de

tamanho do plâncton, o que está inversamente relacionado à sua abundância (SUNAGAWA et al.,

2020). Quanto maior o organismo, menor sua abundância nos oceanos, o que influencia o volume

de  água  necessário  para  obter  material  biológico  suficiente  para  realização  dos  protocolos

moleculares (SUNAGAWA et al., 2020). O tamanho do plâncton também pode controlar processos

biológicos  relacionados  ao  metabolismo  e  influenciar  os  processos  ecológicos  que  afetam sua

biogeografia (LOGARES et al., 2020; SOMMERIA-KLEIN et al., 2021).
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Os  eucariontes  planctônicos  apresentam  uma  ampla  variação  de  tamanho  e  podem  ser

classificados em diferentes categorias de acordo com a amplitude de tamanho. Existem algumas

variações nessas classificações, mas aqui utilizei as categorias de tamanho do projeto TARA Oceans

(SUNAGAWA et al.,  2020).  As frações pico- (0.2-2 µm) e nanoplanctônica (2-20 µm) incluem

eucariontes unicelulares (protistas) como, por exemplo, MASTs (do inglês marine stramenopiles) e

Picozoas,  além de  diatomáceas  que estão  entre  os  principais  produtores  primários  dos  oceanos

(FALKOWSKI,  2002).  A fração  microplanctônica  (20-200  µm)  inclui  desde  protistas  maiores,

como ciliados  tintinídeos  a  organismos multicelulares  pequenos  (DE VARGAS et  al.,  2015).  A

fração mesoplanctônica (0.2 20 mm) inclui copépodos e cladóceros, enquanto as frações macro-

(20–200 mm) e megaplanctônica (>200 mm) incluem grandes animais (Fig. 2).

Ainda que a grande maioria dos procariontes possuam tamanho entre 0.2 e 2 µm (fração

picoplanctônica), existem bactérias e arqueias adaptadas a viver aderidas a superfícies de partículas

ou mesmo sobre outros organismos maiores (MESTRE et al., 2017; SALAZAR et al., 2015). Por

essa  razão,  a  composição  e  diversidade  do  bacterioplâncton  varia  com  diferentes  frações  de

tamanho [e.g.: 0.2–3 µm, 3--5 µm, 5--20 µm e 20--200 µm]  (MESTRE et al.,  2018, 2020). No

entanto, utilizar essa abordagem mais completa em todos os estudos requereria maior investimento

de tempo e  recursos  financeiros.  Portanto,  é  comum observar  uma divisão  mais  clássica  entre

bactérias  de vida-livre  (0.22-3 µm) e  bactérias  aderidas  a  partículas  (>3 µm).  Nesta  tese,  foco

principalmente  em  procariontes  (bactérias  e  arqueias)  de  vida-livre  (0.2-3  µm)  e  aderidos  a

partículas  (>3  µm)  e  em  eucariontes  (protistas)  das  frações  pico-  (0.2-3  µm),  nano-  e

microplanctônica (3-200 µm). 

O conjunto desses microrganismos no oceano também pode ser referido na literatura como

microbiota  marinha  (BERG  et  al.,  2020).  Quando  considerada  sua  diversidade  genética,  seu

potencial funcional e suas relações com o ambiente, pode-se utilizar o termo ‘microbioma marinho’.
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Figura 2. Frações de tamanho do plâncton marinho. Adaptado de SUNAGAWA et al., 2020.



O MICROBIOMA MARINHO

O  microbioma  marinho  representa  uma  grande  proporção  da  biodiversidade  na  Terra

(LOCEY; LENNON, 2016) e cerca de 57% (~3.8 Gt C) da biomassa total do oceano  (BAR-ON;

MILO, 2019), desempenhando papéis essenciais em interações tróficas (SHERR; SHERR, 2008) e

ciclos biogeoquímicos globais (FALKOWSKI; FENCHEL; DELONG, 2008; GUIDI et al., 2016).

Ter  uma amostragem representativa  do  microbioma marinho  para  investigar  sua  distribuição  e

funcionalidade em escala global era muito desafiador, uma vez que o oceano cobre mais de 70% da

superfície do planeta. No entanto, expedições oceanográficas de grande escala, como Tara Oceans

(PESANT et al., 2015) e Malaspina (DUARTE, 2015; SALAZAR et al., 2016), foram conduzidas

durante a última década,  possibilitando, dessa forma, a avaliação da diversidade planctônica no

oceano global. Essas campanhas globais, juntamente com a revolução tecnológica em ferramentas

moleculares  e  bioinformáticas  (SALAZAR;  SUNAGAWA,  2017),  permitiram,  finalmente,  a

abordagem  de  questões  científicas  relacionadas  à  ecologia,  diversidade  e  evolução  de

microrganismos nos oceanos (IBARBALZ et al., 2019; LOGARES et al., 2020; SALAZAR et al.,

2016, 2019). Nesse contexto, o advento de tecnologias de sequenciamento de alto rendimento (high

throughput sequencing – HTS), combinadas com ferramentas bioinformáticas (CAPORASO et al.,

2012; LOGARES et al., 2014), permitiram a caracterização de populações microbianas diretamente

de amostras ambientais, trazendo, assim, uma nova perspectiva para a ecologia de comunidades

microbianas (AMEND et al., 2013; LOCEY; LENNON, 2016; SHOEMAKER; LOCEY; LENNON,

2017). 

Os primeiros estudos que utilizaram esses métodos para investigar a relação entre latitude e

diversidade microbiana no oceano revelaram padrões nem sempre convergentes (FUHRMAN et al.,

2008; GHIGLIONE et al., 2012; RAES et al., 2011; SUL et al., 2013; SUNAGAWA et al., 2015).

Porém, estudos mais  recentes  confirmam que tanto procariontes como protistas  apresentam um

padrão de distribuição latitudinal semelhante a macrorganismos, ou seja, com uma diminuição da

riqueza de espécies em direção aos polos (IBARBALZ et al., 2019). No entanto, tanto procariontes

como  picoeucariontes  aparentam  ter  um  pico  de  riqueza  não  nos  trópicos,  mas  em  latitudes

intermediárias  (IBARBALZ et al.,  2019; MILICI et  al.,  2016; SUNAGAWA et al.,  2015).  Esse

gradiente latitudinal de diversidade não é observado nas camadas mais profundas, abaixo da zona

fótica (>200 m de profundidade), do oceano (IBARBALZ et al., 2019). A razão principal para essa

ausência  de  padrão  é  a  baixa  variabilidade  espacial  e  temporal  de  parâmetros  ambientais

importantes (e.g.: temperatura e luz) no oceano profundo (IBARBALZ et al., 2019). Dessa forma, a

diversidade  picoplanctônica  no  oceano  profundo aparenta  ser  governada  por  outros  parâmetros

como disponibilidade de recursos (HENSON; SANDERS; MADSEN, 2012; POMEROY; WIEBE,
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2001) e composição de massas de água  (GÓMEZ-LETONA et al., 2022; JUNGER et al., 2023;

SUN et al., 2022). 

O microbioma marinho também apresenta padrões de abundância, diversidade e composição

com a profundidade (ARÍSTEGUI et al., 2009; BROWN et al., 2009; GINER et al., 2020; JUNGER

et al., 2023; SUNAGAWA et al., 2015). No geral, a abundância e atividade microbianas decrescem

drasticamente  em  direção  ao  oceano  profundo  (ARÍSTEGUI  et  al.,  2009).  A composição  da

comunidade microbiana também é fortemente estruturada entre as diferentes capas de profundidade

no oceano (GINER et al., 2020; JUNGER et al., 2023; SEBASTIÁN et al., 2021; SUNAGAWA et

al.,  2015).  Existe  um  padrão  inverso  de  diversidade  entre  os  componentes  da  comunidade

picoplanctônica: enquanto a diversidade de procariontes aumenta com a profundidade (JUNGER et

al., 2023; SEBASTIÁN et al., 2021; SUNAGAWA et al., 2015), a diversidade de picoeucariontes

diminui drasticamente  (GINER et al., 2020; JUNGER et al., 2023). Esses padrões relacionados à

profundidade são fortemente moldados por diferenças na temperatura e na quantidade disponível de

luz solar, oxigênio e nutrientes (SEBASTIÁN et al., 2021; SUNAGAWA et al., 2015), bem como

por barreiras físicas entre as diferentes zonas de profundidade do oceano (GALAND et al., 2010;

JUNGER et al.,  2023; MORALES et al.,  2018; VILLARINO et al.,  2022). Apesar dos esforços

recentes  para  investigar  a  diversidade  e  biogeografia  do  picoplâncton  em  diferentes  zonas  de

profundidade do oceano, incluindo o oceano profundo  (GINER et al., 2020; SEBASTIÁN et al.,

2021; VILLARINO et  al.,  2022),  pouco se sabe sobre os processos ecológicos que explicam a

biogeografia desses microrganismos em escalas global e regional.

COMUNIDADES MICROBIANAS NO CONTEXTO DE MUDANÇAS AMBIENTAIS NOS 
OCEANOS

Entre  muitos  parâmetros  ambientais,  a  temperatura  exerce  a  mais  forte  pressão  seletiva

sobre as comunidades microbianas, principalmente bactérias, no oceano global (CHAFFRON et al.,

2021;  SUNAGAWA et  al.,  2015).  Isso  se  deve  ao  fato  da  temperatura  ser  um forte  regulador

metabólico (ROSE; CARON, 2007; SARMENTO et al., 2010), o que é particularmente importante,

uma vez que a taxa de aquecimento dos oceanos aumentou pelo menos duas vezes nos últimos dois

séculos (BINDOFF et al., 2019; CHENG et al., 2020). Além disso, relatórios recentes de mudanças

climáticas projetam um aquecimento oceânico adicional de 2 a 4 vezes, considerando o cenário de

baixas emissões, ou de 5 a 7 vezes no cenário de altas emissões até 2100 (BINDOFF et al., 2019).

Ademais,  os  padrões  de  circulação de  correntes  e  massas  de  água estão  sendo alterados  pelas

mudanças climáticas  (HAYS, 2017; SILVY et al., 2020; ZIKA et al., 2021), o que pode afetar os

processos de dispersão e filtro ambiental que impactam a composição e distribuição planctônica em

escala global (AGOGUÉ et al., 2011; FRANK et al., 2016; RAES et al., 2018; WARD et al., 2021).
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Portanto,  investigar  como as  populações  microbianas  respondem a  tais  mudanças  ambientais  é

crucial  para  entender  os  potenciais  mecanismos  de  feedback  que  afetam  o  funcionamento  do

ecossistema em um oceano global em aquecimento.

BASES TEÓRICAS EM ECOLOGIA DESTA TESE

A TEORIA DE NICHO ECOLÓGICO

O ‘nicho ecológico’ foi definido por Hutchinson (1957) como um espaço hiperdimensional,

onde as dimensões são as condições/recursos ambientais  necessários para que um indivíduo ou

população persista. Em outras palavras, o conceito de nicho estabelece a relação entre a população

de  uma  espécie  e  seu  ambiente  biótico  e  abiótico  (HUTCHINSON,  1957).  De  acordo  com o

conceito  de  Hutchinson,  duas  espécies  não  podem  coexistir  com  nichos  idênticos  (também

conhecido como princípio de exclusão competitiva) e, portanto, deve haver uma diferenciação em

pelo menos uma das dimensões do nicho para evitar a extinção (HUTCHINSON, 1957). A partição

de  nicho  refere-se  ao  mecanismo  pelo  qual  a  seleção  natural  leva  as  espécies  concorrentes  a

diferentes  nichos  (MACARTHUR,  1958).  Tal  mecanismo  é  fundamental  para  a  promoção  da

coexistência  entre  as  espécies  e  manutenção  da  diversidade  biológica  e  funcional  (LEVINE;

HILLERISLAMBERS, 2009).

Existem exemplos clássicos de partição de nicho na natureza,  como o caso dos lagartos

Anolis da ilha de Bimini  (SCHOENER, 1968), os tentilhões de Darwin nas ilhas Galápagos  (DE

LEÓN  et  al.,  2014) e  a  partição  de  recursos  vegetais  entre  abelhas  Bombus com  diferentes

comprimentos de  probóscides  (PYKE, 1982). Também existem muitos exemplos de partição de

nicho  em  procariontes  (AULADELL et  al.,  2022),  muitas  vezes  referidos  na  literatura  como

“diversificação  de  ecótipos”  (do  inglês,  ecotype  diversification).  Por  exemplo,  a  diversificação

relacionada à profundidade entre as populações microbianas simpátricas foi descrita nos oceanos

para o filo das arqueias Thaumarchaeota  (REJI et  al.,  2019) e vários grupos bacterianos, como

Prochlorococcus (JOHNSON et al., 2006), Nitrospinae (NGUGI et al., 2016), Bacteroidetes (DÍEZ-

VIVES et al., 2019) e o onipresente clado SAR86 (HOARFROST et al., 2020). O importante clado

SAR11 também possui ecótipos impulsionados pela partição de nicho com base na profundidade,

bioma e estação do ano  (SALTER et al.,  2015; VERGIN et al.,  2013). No entanto, há diversos

grupos microbianos com alta abundância relativa que apresentam padrões de partição de nicho que

ainda não foram estudados profundamente. No capítulo 4 desta tese, investigo padrões de partição

de nicho da família Rhodospirillaceae, um grupo de bactérias abundante, mas pouco estudado nos

oceanos.
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O conceito de nicho ecológico está representado como processo de  seleção no marco da

Teoria de Comunidades Ecológicas (VELLEND, 2010, 2016), sobre a qual apresento uma revisão

no item a seguir e uma avaliação no capítulo 1 desta tese.

UNIFICAÇÃO DE TEORIAS DE COMUNIDADES ECOLÓGICAS

Padrões globais de distribuição geográfica da biodiversidade são objeto de curiosidade e

investigação  científica  desde  o  princípio  do  século  XIX,  quando  naturalistas  clássicos,  como

Alexander von Humboldt (1769-1859) e Charles Darwin (1809-1882), realizaram suas primeiras

expedições  científicas  de  escala  global.  Desde  então,  muitos  padrões  macroecológicos foram

revelados, como a distribuição da abundância de espécies (“abundance-distribution relationship”;

(BROWN,  1984)),  a  relação  espécie-área  (“species-area  relationship”;  (PRESTON,  1962)),

decaimento da semelhança pela distância (“distance-decay of similarity”; (MORLON et al., 2008))

e espécie-tempo (“species-time-area relationship;  (ADLER et al.,  2005)), padrões latitudinais da

diversidade  (MACARTHUR, 1965; PIANKA, 1966), dentre outros. Nesse cenário surge o campo

da  ecologia  de  comunidades,  a  qual tem  como  objetivo  principal  entender  os  padrões  de

diversidade, composição e distribuição de espécies no espaço e no tempo (VELLEND, 2010).

Nas últimas cinco décadas nosso conhecimento nesse campo de pesquisa avançou muito

com o acúmulo de evidências que ajudaram na formulação de várias hipóteses e teorias (PALMER,

1994) que descrevem os principais mecanismos por trás dos padrões observados de distribuição e

estruturação  da  biodiversidade.  No  entanto,  ao  contrário  de  outras  áreas,  como  a  genética  de

populações  (PIGLIUCCI,  2007),  a  ecologia  de  comunidades  carecia  de  uma teoria  síntese  que

conciliasse todos os avanços científicos historicamente adquiridos. Nesse contexto surge a Teoria de

Comunidades  Ecológicas  (VELLEND,  2010,  2016),  a  qual adapta  o  arcabouço  conceitual  da

genética de populações para resumir  e unificar  as principais teorias desenvolvidas  ao longo do

tempo na ecologia de comunidades (Tabela 1).  A citada teoria sugere que todos os mecanismos

responsáveis  pela  montagem  de  comunidades  descritos  na  literatura  podem  ser  atribuídos,

basicamente,  a  quatro  tipos  de  processos:  seleção,  deriva  ecológica,  dispersão  e  diversificação

(VELLEND, 2010, 2016).

A Teoria  de  Comunidades  Ecológicas  de  Mark  Vellend  foi  apresentada  à  comunidade

científica em seu artigo  “Conceptual  Synthesis  in  Community  Ecology”,  publicado no histórico

periódico  científico  “The  Quarterly  Review  of  Biology”  (VELLEND,  2010) e,  posteriormente,

desenvolvida  e  explorada  com mais  detalhes  e  estudos  de  caso  em seu  livro  “The  Theory  of

Ecological  Communities”  (VELLEND,  2016).  De  acordo  com  essa  teoria,  a  estruturação  de

comunidades ecológicas é direcionada pela interação de quatro classes fundamentais de processos
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ecológicos, dos quais dois são responsáveis pelo ganho de espécies (diversificação e dispersão) e

dois pela perda de espécies pela comunidade (seleção e deriva ecológica) (Fig. 3). 

Tabela 1. Resumo  de  como  os  quatro  processos  ecológicos  fundamentais  da  Teoria  de  Comunidades

Ecológicas são contemplados pelas principais teorias em ecologia de comunidades (adaptado de VELLEND,

2016).

Seleção Dispersão Deriva Diversificação Teoria Referência

X Nicho Ecológico (HUTCHINSON, 1957)

X X
Biogeografia de 

Ilhas

(MACARTHUR; WILSON, 

1967)

X X X Teoria Neutra (HUBBELL, 2001)

X X X Metacomunidades (LEIBOLD et al., 2004)

X X X X Síntese conceitual (VELLEND, 2010)

Seleção é  definida  como  o  conjunto  de  forças  ecológicas  que  alteram  a  estrutura  da

comunidade devido a diferenças na aptidão dos indivíduos de determinadas espécies (VELLEND,

2010). O processo de seleção resulta, obrigatoriamente, de fatores determinísticos, como condições

abióticas  (ex.:  temperatura,  pH e  salinidade)  e  interações  bióticas  (ex.:  competição,  facilitação,

mutualismo e predação). Esse mecanismo de seleção de espécies por fatores determinísticos não é

novidade na ecologia e tem sido o processo ecológico mais amplamente estudado e testado na

literatura desde o final dos anos 1950, quando Evelyn Hutchinson (1957) formulou a teoria de nicho

ecológico (Tabela 1). Posteriormente, outros ecólogos também focaram seus esforços em estudar,

por  exemplo,  a  importância  das  diferentes  escalas  espaciais  e  temporais  no  efeito  dos  filtros

ambientais  (processo  de  seleção)  (BROWN,  1997;  RICKLEFS,  1987).  Muitos  estudos

observacionais e experimentais demonstraram, também, que a influência da seleção na montagem

de  comunidades  é  dependente  da  densidade  das  populações  das  espécies  quando  os  fatores

determinantes são interações ecológicas,  como competição  (ADLER et  al.,  2006;  DESCAMPS-

JULIEN;  GONZALEZ,  2005;  TILMAN,  1977) ou  predação  (FUSSMANN  et  al.,  2000;

HUFFAKER; SHEA; HERMAN, 1963; KREBS et al., 2001).

Deriva ecológica é definida como mudanças aleatórias na abundância relativa das espécies

(VELLEND, 2010, 2016). Apesar de ecólogos citarem de maneira mais genérica a relevância de

eventos estocásticos na estruturação de comunidades há muitas décadas (VELLEND, 2010), a real

importância  desse  processo  foi  incorporada  pela  primeira  vez  à  ecologia  de  comunidades  pela
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Teoria Neutra de Hubbel (2001). A deriva ecológica é um processo estocástico que pode causar a

extinção  de  espécies  com  pequenas  populações  na  comunidade  (Fig.  3),  o  que  tem  bastante

relevância  para  conservação  da  biodiversidade.  Medir  o  efeito  da  deriva  ecológica  sobre

comunidades é um desafio, pois, muitas vezes, pode ser confundido com fatores determinísticos não

medidos no estudo  (VELLEND, 2010). No entanto, alguns estudos experimentais de competição

comprovam que em interações entre duas espécies ecologicamente equivalentes, pode haver efeitos

aleatórios que favorecem alternadamente uma das espécies envolvidas, mesmo que sob condições

iguais e controladas (MERTZ; CAWTHON; PARK, 1976; SIEPIELSKI et al., 2010).

Diversificação é  um processo  evolutivo  de  geração  de  novas  variantes  genéticas  como

resultado  do  balanço  entre  especiação  e  extinção  (VELLEND,  2016).  Este  processo  é

particularmente  importante  na  determinação  da  estrutura  de  comunidades  quando  consideradas

regiões  amplas,  como  continentes,  ou  áreas  isoladas,  como  ilhas  (MACARTHUR,  1969;

RICKLEFS, 2008). Porém, a diversificação também pode atuar em escalas espaciais relativamente

menores e, provavelmente, contribui, junto com a seleção, para alguns padrões descritos de relações

entre diversidade e gradientes ambientais (RICKLEFS, 2004). Além disso, comunidades ecológicas

podem se diversificar (diversificação taxonômica, filogenética, funcional e genética) em diferentes

escalas temporais. De maneira geral, microrganismos se diversificam numa escala de tempo muito

menor  que  macrorganismos  devido  a suas  elevadas  taxas  de  reprodução,  mutação  gênica  e

transferência horizontal de material genético (ZHOU; NING, 2017). Desse modo, pode-se esperar

que  este  processo  seja  mais  relevante  e  mensurável  em  comunidades  microbianas.  Porém,  a

influência  da  diversificação  tende  a  ser  relativamente  menor  em  ambientes  com  alta  taxa  de

dispersão (STEGEN et al., 2015), como é o caso dos oceanos. 

Dispersão  é  o  processo  de  movimentação  e  estabelecimento  de  organismos  no  espaço

(VELLEND,  2010,  2016).  Esse  processo  tem  sido  abordado  por  diferentes  teorias  ecológicas

(Tabela 1) ao longo dos últimos 50 anos, como a Teoria de Biogeografia de Ilhas (MACARTHUR;

WILSON,  1967) e  a  Teoria  Neutra  (HUBBELL,  2001), mas  principalmente  pela  mais  recente

Teoria de Metacomunidades (HOLYOAK; LEIBOLD; HOLT, 2005; LEIBOLD et al., 2004), a qual

enfatizou  o  papel  da  dispersão  influenciando  padrões  de  comunidades  em  múltiplas  escalas

espaciais. Esse processo interage com outros, como seleção ou deriva, para influenciar os padrões

de comunidades locais e regionais (VELLEND, 2010). A dispersão pode ser considerada tanto um

processo  determinístico  como  estocástico,  de  acordo  com  a  biologia  dos  organismos  e  as

características do ecossistema em questão. Por exemplo, enquanto a dispersão de animais ou plantas

pode  ser  considerada  determinística,  pois  envolve  decisões  comportamentais  e  interações
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ecológicas,  a  dispersão  de  microrganismos  planctônicos  é  geralmente  considerada  estocástica

devido ao seu caráter passivo (ZHOU; NING, 2017).

Figura 3. Esquema  do  arcabouço  conceitual  da  Teoria  de  Comunidades  Ecológicas  (VELLEND,

2016) explicando  como  (A) os  quatro  processos  ecológicos  fundamentais  influenciam  o  número  de

espécies  (Grafada  na  imagem  com  S,  relacionado  ao  termo  em  inglês  “species  number”)  em  uma

determinada comunidade ecológica (cada círculo representa um indivíduo e cada preenchimento indica

espécies diferentes);  e  (B) como estes processos mediam o efeito de fatores geográficos, ambientais e

bióticos sobre a estruturação espacial e temporal de comunidades ecológicas (adaptado de VELLEND,

2016).

Após cerca de dez anos de sua publicação, a síntese ecológica proposta por Vellend aparenta

ter grande impacto no campo da ecologia e  representa, até então, a  melhor tentativa de  unificar

teorias  em  comunidades  ecológicas.  Por  essa  razão,  utilizo  a  referida  teoria  como  principal

arcabouço teórico desta tese. Com efeito, no capítulo 1, demonstro o impacto dessa teoria no campo

da ecologia,  utilizando uma abordagem cienciométrica para avaliar quais áreas de pesquisa foram
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mais  impactadas,  e  se  essa  teoria  foi  mais  aproveitada  em  um  contexto  teórico ou  aplicado.

Ademais, pude avaliar nesses estudos que tipos de ambientes e grupos biológicos foram estudados.

Por fim,  nesta revisão apresento alguns exemplos de estudos que foram capazes de  aplicar  esse

arcabouço teórico a dados reais de comunidades ecológicas, sobretudo de microrganismos.

MODELOS PARA MENSURAR PROCESSOS ECOLÓGICOS

A importância relativa dos diferentes mecanismos de montagem de comunidade microbianas

pode  ser  estimada  por  diferentes  abordagens  estatísticas,  todas  com  suas  potencialidades  e

limitações  (VASS  et  al.,  2020).  Por  exemplo,  o  método  ‘elementos  de  estrutura  de

metacomunidades’ (em inglês the elements of metacommunity structure – EMS) pode ser utilizado

para distinguir seleção local (em inglês species sorting) de processos aleatórios na estruturação de

comunidades ecológicas (LEIBOLD; MIKKELSON, 2002; PRESLEY; HIGGINS; WILLIG, 2010).

Além disso, o modelo de betadiversidade baseado em incidência de Raup-Crick (em inglês Raup-

Crick  incidence-based  beta-diversity)  tem  sido  muito  utilizado  para  diferenciar  processos

determinísticos daqueles estocáticos na montagem de comunidades ecológicas (CHASE; MYERS,

2011; RAUP; CRICK, 1979). Finalmente, uma abordagem mais recente combina modelos nulos

baseados na comparação das composições taxonômica e filogenética de comunidades microbianas

para  quantificar  a  importância  relativa  dos  processos  de  seleção,  dispersão  e  deriva  ecológica

(STEGEN et al., 2013). Em síntese, essa análise consiste em duas etapas principais (Fig. 4): 1)

inferência do processo de seleção a partir do turnover filogenético de cada espécie; e 2) inferência

dos processos dispersão e  deriva ecológica a  partir  do turnover  composicional  de cada espécie

(STEGEN et al., 2013). A existência de sinal filogenético (CAVENDER-BARES et al., 2009) é uma

suposição  da  primeira  etapa  desse  método  (STEGEN  et  al.,  2013),  fazendo-se  imprescindível

primeiramente testar se táxons intimamente relacionados (com base na filogenia do gene rRNA 16S

e 18S) são mais semelhantes em termos de preferências de habitat do que táxons distantes.

No  capítulo  1,  demonstro  que  a  maior  parte  dos  trabalhos  que  aplicaram  a  teoria  e

mensuraram os processos descritos por Mark Vellend foram aplicados a comunidades microbianas.

Esse  fato  se  deve,  principalmente,  a  essa  abordagem metodológica  proposta  por  Stegen  et  al.

(2013), já citado em 988 trabalhos no Google Scholar até 22/02/2023. Por ter sido amplamente

utilizada  em diferentes  ecossistemas,  também para  efeitos  comparativos,  nesta  tese  aplico  essa

abordagem nos capítulos 2 e 3 (ver também ANEXO V) para mensurar os processos ecológicos

descritos na seção anterior.
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ANÁLISES DE REDES EM ECOLOGIA MICROBIANA

Microrganismos planctônicos formam redes complexas de interações ecológicas  (FAUST;

RAES,  2012),  cujas  combinações  podem  ter  impacto  positivo,  negativo  ou  neutro  sobre  a

abundância das espécies envolvidas. Essas redes de associação podem ser construídas através de

métodos de  inferência  de  rede,  os  quais  vêm sendo aplicados  para séries  de dados espaciais  e

temporais de microbiomas de diversos ecossistemas (CHAFFRON et al., 2021; DEUTSCHMANN

et al., 2021; FAUST et al., 2015; FAUST; RAES, 2012; KRABBERØD et al., 2022). Em um estudo

recente, foram utilizados métodos de redes para identificar a temperatura como o mais importante

estruturador de redes de coocorrência no oceano global (CHAFFRON et al., 2021). Nesse estudo,

essas técnicas foram combinadas com modelos de nicho ecológico de cada espécie planctônica para

simular como a perda de espécies, causada pelas mudanças climáticas, impactaria a estrutura das

redes de interação no oceano  (CHAFFRON et al., 2021). Estudos recentes aplicaram abordagens

similares a dados temporais e encontraram resultados coerentes  (DEUTSCHMANN et al., 2021).

No capítulo 3 desta tese analiso redes de co-ocorrência com o objetivo de comparar diferenças entre

a estrutura temporal de comunidades microbianas de dois observatórios localizados em latitudes

contrastantes (tropical vs temperado).

MÉTODOS MOLECULARES PARA ESTUDAR O MICROBIOMA MARINHO

Neste  estudo  utilizei  basicamente  três  tipos  de  métodos  moleculares  para  investigar  a

ecologia de microrganismos marinhos:  a) metabarcoding (ou sequenciamento de amplicons);  b)

genomas montados de metagenomas – MAGs (do inglês  metagenome assembled genomes); e  c)

genomas amplificados de células únicas – SAGs (do inglês  single amplified genomes). Nos itens
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Figura 4. Fluxograma simplificado da abordagem metodológica proposta por STEGEN et al., 2013. Esses

modelos  foram utilizados  para  estimar  processos  ecológicos  (seleção,  dispersão  e  deriva  ecológica)  nos

capítulo 2 e 3 desta tese.



abaixo  descrevo  resumidamente  esses  métodos  e  suas  aplicações  no  contexto  da  ecologia

microbiana:

Metabarcoding  (sequenciamento  de  amplicons). O  método  de  metabarcoding  consiste  no

sequenciamento de uma região específica do DNA de uma dada amostra ambiental (Fig. 5). Para

isso, utilizam-se primers e realizam-se PCRs para o sequenciamento de regiões específicas do DNA

(Fig. 5). Com a utilização de ferramentas bioinformáticas, pode-se utilizar essa informação para

determinar unidades taxonômicas únicas para o estudo de comunidades microbianas. Atualmente, o

dada2 é o programa mais utilizado na literatura para clusterizaçao de ‘espécies’ microbianas em

variantes únicas de sequências de amplicons – ASVs (do inglês  amplicon sequencing variants)

(CALLAHAN et al., 2016). Nesta tese utilizei esse método em todos os capitulos aplicados, quais

sejam: 2, 3 e 4.

Genomas montados de metagenomas (MAGs). A metagenômica pode ser definida como o estudo

do  metagenoma,  que  consiste  no  genoma  coletivo  de  microorganismos  sequenciados  do  DNA

extraído a partir de uma amostra ambiental (Fig. 5). Esse sequencimento gera bilhões de sequências

curtas  (aproximadamente  150 pares  de base)  que  são posteriormente processadas  com métodos

bioinformáticos  para  reconstruir  fragmentos  genômicos  maiores  (conhecidos  como  contigs).  A

partir desses contigs podem-se extrair informações sobre a abundância e diversidade funcional dos

milhões de genes, além das proteínas codificadas nesses genes (Fig. 5). Além disso, esses contigs

podem ser reunidos (contigs binning) para montagem de genomas de populações de organismos

específicos,  conhecido  na  literatura  como  MAGs  (do  inglês  metagenome  assembled  genomes)

(ALBERTSEN  et  al.,  2013;  SALAZAR;  SUNAGAWA,  2017).  Nesta  última  década,  métodos

bioinformáticos avançados foram desenvolvidos para a obtenção de genomas a partir de sequências

de metagenomas recuperados de amostras ambientais  (DELMONT; EREN, 2018; PARKS et al.,

2018).  Desde  então,  houve  um grande  esforço  da  comunidade  científica  para  reconstrução  de

dezenas  de  milhares  de  novos  MAGs  de  uma  ampla  variedade  de  ecossistemas,  aumentando

consideravelmente nosso conhecimento sobre a diversidade de microorganismos (NAYFACH et al.,

2021). Portanto, há um crescente número de base de dados de MAGs na literatura, inclusive do

oceano global (ACINAS et al., 2021; NAYFACH et al., 2021; NISHIMURA; YOSHIZAWA, 2022;

PAOLI et al., 2022; ROYO-LLONCH et al., 2021; TULLY; GRAHAM; HEIDELBERG, 2018). No

capítulo 4 desta tese utilizei MAGs de bactérias marinhas da família Rhodospirillaceae disponíveis

em uma dessas base de dados (NISHIMURA; YOSHIZAWA, 2022).
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Figura 5. Diagrama  simplificado  com  duas  das  abordagens  moleculares  para  estudar  o  microbioma

marinho que  foram utilizadas  nesta  tese:  sequenciamento  de  amplicons  (metabarcoding)  e  geração  de

MAGs a partir de amostras marinhas. Extraído de (AULADELL, 2021).



Genomas amplificados de células únicas (SAGs). SAGs são gerados a partir da amplificação do

DNA diretamente de células únicas obtidas de amostras ambientais, e selecionadas por cell-sorting

(Fig. 6). O sequenciamento de célula única (SCG, do inglês single-cell genomics) recupera todas as

moléculas de DNA de uma célula, desta forma revelando não apenas suas funções, mas também

suas interações ecológicas, como predação, infecções e simbioses  (CORNEJO-CASTILLO et al.,

2019; LABONTÉ et al., 2015; ROUX et al., 2014). O fato de serem células únicas representa uma

vantagem em relação aos MAGs, que, por sua vez, podem mesclar genomas de diferentes cepas de

um determinado  grupo  microbiano  (MACAULAY;  VOET,  2014;  PACHIADAKI  et  al.,  2019).

Também  há  um  crescente  número  de  SAGs  sequenciados  e  publicamente  disponíveis

(PACHIADAKI et al., 2019; PAOLI et al., 2022). No capítulo 4 desta tese, sequenciamos 5 novos

SAGs de  Rhodospirillaceae e os analisamos conjuntamente com SAGs publicamente disponíveis

desta família bacteriana.

O  uso  de  métodos  independentes  de  cultura,  como  MAGs  e  SAGs,  vem  crescendo

rapidamente no campo da ecologia microbiana  (PACHIADAKI et al., 2019; ROYO-LLONCH et
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Figura 6. Diagrama simplificado do método para sequenciamento de genomas de celula única (SGC) e

geração  de  seus  genomas  amplificados  (SAGs)  a  partir  de  amostras  marinhas.  Extraído  de  (ROYO-

LLONCH, 2020).



al.,  2021;  SWAN  et  al.,  2013).  Essas  técnicas  são  alternativas  extremamente  poderosas  que

permitem o sequenciamento de genomas – até então não cultivados em laboratório – que podem ser

utilizados  para  avaliar  diferenças  genéticas,  funcionais  e  evolutivas  entre  microrganismos,  bem

como para  identificar  papéis  ecológicos  e  potencial  biotecnológico  de  grupos  microbianos  não

cultivados (PACHIADAKI et al., 2019; ROYO-LLONCH et al., 2021). Os resultados de MAGs e

SAGs  apresentam  forte  correlação  e  geram  informações  genômicas  precisas  sobre  populações

bacterianas ainda não cultivadas  (ALNEBERG et al., 2018), provando que a combinação desses

dois métodos é uma abordagem poderosa para expandir nosso conhecimento sobre a maioria da

imensa diversidade microbiana que ainda não conseguimos isolar em laboratório. A maioria das

análises de pangenoma baseadas em SAG em ecossistemas marinhos se concentrou em entender a

conexão entre o ambiente e as chamadas ‘ilhas genômicas hipervariáveis’ (hypervariable genomic

islands) de populações de Prochlorococcus e SAR11 (DELMONT; EREN, 2018; THOMPSON et

al.,  2019).  Todavia,  um estudo recente usou com sucesso essa tecnologia para descrever  novas

espécies e suas capacidades ecológicas e funcionais  (ROYO-LLONCH et al., 2020). A genômica

unicelular  também permitiu  a  anotação funcional  para  resoluções  taxonômicas  mais  baixas,  de

gênero  (PACHIADAKI et al.,  2019) ao nível da espécie  (ROYO-LLONCH et al.,  2020), o que

representa um grande avanço no estudo da diversidade microbiana.

BASES DE DADOS UTILIZADAS

Nesta  tese  utilizei  bases  de  dados  moleculares  e  ambientais  de  diversas  expedições

científicas  oceanográficas  realizadas  durante  a  última  década,  além  de  séries  temporais  de

observatórios microbianos (Fig. 7). Conjuntamente, essas bases de dados cobrem todos os oceanos,

as regiões latitudinais e diferentes zonas de profundidade, nas escalas global, regional e temporal.

Também geramos uma nova base de dados de amplicons (16S-V4V5 e 18S-V4) do  Equatorial

Atlantic Microbial Observatory (EAMO), uma série temporal tropical de baixa latitude localizada

uma região do Atlântico Sul ainda pouco explorada na literatura científica. Nesta seção descrevo

brevemente cada uma dessas bases de dados.

EXPEDIÇÕES GLOBAIS E REGIONAIS

TARA – O veleiro científico TARA (https://fondationtaraocean.org/) navegou 140,000 km ao longo

de todos os oceanos do planeta, inclusive regiões remotas do Oceano Ártico (SUNAGAWA et al.,

2020). No total, a base de dados TARA consiste de 210 estações de amostragem, cobrindo uma

ampla  distribuição  latitudinal  (62°S–79°N).  Nessas  estações  foram  coletadas  mais  de  35.000

amostras  e  sequenciados  cerca  de  40  milhões  de  genes  do  epipelágico  (superfície  e  DCM)  e
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mesopelágico (até 1,000 m) do oceano global, o que representa o maior esforço de sequenciamento

genético de microrganismos na história  da ciência  (PESANT et  al.,  2015;  SUNAGAWA et  al.,

2020).  Os  primeiros  trabalhos  científicos  produzidos  a  partir  dessa  base  de  dados  trouxeram

informações  essenciais  para  o  avanço  da  ecologia  microbiana.  No  capítulo  4  desta  tese,

sequenciamos SAGs obtidos durante esta expedição (Fig. 7). Alem disso, essa base de dados foi

utilizada em dois trabalhos, com os quais colaborei, que estão diretamente relacionados ao tema

desta tese (ANEXO III).

Malaspina –  A expedição Malaspina ocorreu de Dezembro 2010 a  Julho 2011,  tendo coletado

amostras em 121 estações distribuídas nas regiões tropical e sub-tropical dos Oceanos Pacífico,

Atlântico e  Índico (Fig.  7).  Essa expedição foi  particularmente  importante  por  ter  um desenho

amostral desde a superfície até o oceano profundo (4,000 m), cobrindo, assim, as zonas epi-, meso-

e batipelágicas do oceano (DUARTE, 2015). Nesse sentido, essa base de dados é única ao incluir
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Figura 7. (A) Mapa com a localização geográfica dos pontos de amostragem dos projetos utilizados nesta

tese.  A localização  das  estações  do  TARA de  onde  os  SAGs  foram  obtidos  estão  em  destaque.  (B)

Localização dos pontos de amostragem no Mar Mediterrâneo. Histogramas de distribuição das amostras por

(C) profundidade e (D) latitude. BBMO – Blanes Bay Microbial Observatory. EAMO – Equatorial Atlantic

Microbial Observatory. Astan – SOMLIT Astan Observatory. IsA – Isfjorden Adventfjorden Time-Series.



amostras do oceano profundo, o qual representa a maior parte do volume do oceano global, embora

historicamente menos estudado.

HotMix – A expedição Hotmix foi realizada em 2014 ao longo de um transecto que cobria todas as

principais regiões do Mar Mediterrâneo, assim como a região adjacente do Oceano Atlântico Norte,

conectada ao Mar Mediterrâneo pelo estreito de Gibraltar (Fig. 7). Essa expedição foi realizada com

uma estratégia de amostragem similar ao Malaspina ao obter amostras desde a superfície até o

batipelágico ao longo desse transecto. Como descrito anteriormente, o Mar Mediterrâneo possui

características únicas que o tornam um ecossistema modelo para testar hipóteses ecológicas. 

OBSERVATÓRIOS MICROBIANOS

Apesar das grandes expedições descritas acima representarem um grande esforço e avanço

científico  para  compreensão  do  microbioma  marinho  em  grandes  escalas  espaciais,  estas  não

incluem a dimensão temporal. Os oceanos são ecossistemas muito dinâmicos e a variação sazonal

das  características  ambientais  geram  modificações  na  composição  da  comunidade  microbiana

dificilmente  capturadas  com  amostragens  pontuais  (FUHRMAN;  CRAM;  NEEDHAM,  2015).

Considerar  amostragens  temporais  de  comunidades  microbianas  é,  portanto,  essencial  para

compreender  integralmente  a  estruturação  e  funcionamento  do  plâncton  marinho  (BUNSE;

PINHASSI, 2017). As oscilações sazonais das características ambientais (ex.: temperatura e duração

do dia) e, consequentemente. da composição da comunidade microbiana, tendem a ser muito mais

fortes  em  latitudes  mais  elevadas,  particularmente  em regiões  temperadas  e  polares  (BUNSE;

PINHASSI, 2017). De outra banda, regiões tropicais possuem menor amplitude de variação nas

condições ambientais  e,  por isso,  apresentam menor coeficiente de variação na composição das

comunidades planctônicas (ALVAIN et al., 2008).

No mundo existe uma série de observatórios microbianos marinhos onde são monitoradas a

comunidade  microbiana  e  variáveis  ambientais  (BUTTIGIEG  et  al.,  2018).  A maioria  desses

observatórios  estão  estabelecidos  em  regiões  costeiras  pela  facilidade  logística  de  amostrar

mensalmente ou até em maior frequência. Muitos deles também coletam dados microbianos, desde

abundância e produção até sequenciamento genético (BUNSE; PINHASSI, 2017; BUTTIGIEG et

al., 2018). Nesta tese, realizei uma revisão da literatura, buscando os observatórios microbianos que

possuíam dados de sequenciamento de amplicons (Fig. 8). Busquei também informações técnicas

sobre a tecnologia de sequenciamento, a região sequenciada, os  primers utilizados, bem como a

duração e frequência de amostragem em cada observatório com dados de metabarcoding.
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Encontrei 27 observatórios microbianos com dados disponíveis de metabarcoding, incluindo

um novo observatório microbiano (EAMO) de baixa latitude, cujos dados apresento no manuscrito

do capítulo 3 desta tese. Como esperado, a maior parte dos observatórios estão concentrados em

regiões temperadas e no hemisfério norte. Recentemente, o número de observatório no sul global

aumentou consideravelmente com a publicação dos 7 observatórios australianos  (BROWN et al.,

2018). Alguns oceanos, no entanto, ainda não possuíam observatórios microbianos com dados de

metabarcoding, como é o caso do Atlântico Sul. Esses números destacam a importância do EAMO

em um contexto global. No tocante às regiões polares, ainda há poucos dados de séries temporais

(TREFAULT et al.,  2021), o que se explica pela dificuldade logística de acessar essas áreas ao

longo  de  muito  tempo,  principalmente  durante  o  inverno.  Também  encontrei  uma  maior

padronização das regiões e  primers utilizados para sequenciamento do gene 18S, utilizado para

estudar  comunidades  de  eucariontes.  Há  uma  maior  variabilidade  em  regiões  e  primers para

sequenciamento do gene 16S, utilizado para estudo de comunidades de procariontes. Nesta tese,

utilizo  dados  de  metabarcoding  de  quatro  observatórios  microbianos:  um tropical  –  Equatorial

Atlantic Microbial Observatory (EAMO), dois temperados – Blanes Bay Microbial  Observatory

(BBMO)  e  SOMLIT-Astan  Observatory  (SOMLIT-Aston),  além  de  um  polar  –  Isfjorden

Adventfjorden Time-Series (IsA). (Fig. 8):
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Figure  8. Coletânea de séries temporais com dados de metabarcoding de comunidades microbianas.  (A)

Mapa com a localização geográfica dos observatórios microbianos encontrados na literatura. (B) Número de

observatórios de acordo com a região climática em que se encontram. As cores das estações no mapa e no

gráfico de barras correspondem às regiões climáticas: Polar (azul), Temperada (roxo), Subtropical (laranja) e

Tropical (vermelho). 



OBJETIVOS

Os primeiros trabalhos publicados por grandes projetos – como TARA Oceans e Malaspina

– foram essenciais ao colocar nosso conhecimento sobre microrganismos planctônicos marinhos em

outro  patamar,  revelando  padrões  globais  da  biogeografia,  ecologia  e  evolução  do microbioma

marinho. No entanto, esses trabalhos inicialmente responderam questões muito gerais, havendo uma

grande quantidade de dados gerados ainda por explorar. Diversas questões ecológicas fundamentais

continuam  permanecem sem resposta,  notadamente sob  a luz de modelos teórico-conceituais de

ecologia de comunidades.

Nesse  contexto,  esta  tese  tem como  objetivo  geral  investigar três processos  ecológicos

(seleção,  dispersão e  deriva  ecológica),  assim como os  fatores  ambientais  e  geográficos  –  que

exercem  pressão  de  seleção  ou  influenciam  taxas  de  dispersão  –  atuando  na  estruturação  do

microbioma  marinho  (procariontes  e  eucariontes  unicelulares)  no  tempo  e  em duas  dimensões

espaciais (horizontal e vertical) do oceano (Fig. 9).

OBJETIVOS ESPECÍFICOS

A presente  tese  está  estruturada  em  4  capítulos,  representando  os  seguintes  objetivos

específicos:
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Figura 9. Síntese teórica e metodológica aplicada nesta tese para compreender a ecologia de comunidades

microbianas marinhas no espaço e tempo.



Capítulo 1: Revisar  a  literatura e avaliar  a  aplicação da teoria  de ecologia de comunidades  de

VELLEND, 2010;

Capítulo 2: Determinar os processos ecológicos (seleção, dispersão e deriva ecológica) e os fatores

ambientais que exercem pressão seletiva sobre comunidades picoplanctônicas habitando distintas

camadas de profundidades (epi-, meso- e batipelágico) do oceano, em escala global e regional;

Capítulo 3:  I)  Determinar  quais  processos (seleção ou  estocásticos)  estruturam as  comunidades

microbianas  em  dois  observatórios  marinhos  costeiros  localizados  em  latitudes  contrastantes

(Tropical  vs.  Temperado);  II)  Construir  redes  de  co-ocorrência  estáticas  e  dinâmicas  para

determinar métricas topológicas indicadoras de associações biológicas em cada observatório;

Capítulo 4: Identificar padrões de partição de nicho em bactérias da família  Rhodospirillaceae no

oceano global, buscando descrever os mecanismos genômicos que conferem adaptação desse grupo

bacteriano a temperaturas contrastantes.
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STRUCTURING PROCESSES OF ECOLOGICAL COMMUNITIES: AN EVALUATION
OF MARK VELLEND’S THEORETICAL FRAMEWORK

ABSTRACT

The field of community ecology aims to understand the patterns of species distribution across space

and time. Over the last five decades, many advances have been achieved in this research field as

multiple  patterns  of  distribution  were  described  and  evidence  was gathered  to  help  formulate

theories  that  describe the main mechanisms  underpinning these patterns.  However,  unlike other

areas  such  as  population  genetics,  community  ecology  lacked  a  synthetic  theory  that  would

reconcile  all  scientific  advances historically  acquired.  In this  context,  the Theory of  Ecological

Communities  has  been  formulated  by  the  ecologist  Mark  Vellend  as  a  unified  conceptual

framework. Here, we present the four high-level ecological processes (Selection, Drift, Dispersion,

and Diversification) structuring ecological communities that are described in this theory together

with  a  brief  contextualization  of  historical  ideas  in  community  ecology.  We also  demonstrated

empirically the scientific impact of this conceptual framework on the field of community ecology

through a systematic literature review. Finally, we show a few case studies that effectively estimated

the  relative  importance  of  some  of  these  processes  structuring  ecological  communities  and

discussed the limitation and challenges of applying this framework to observational data.

Keywords: Community ecology, Theoretical ecology, Ecological processes, Scientometrics
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INTRODUCTION

Global patterns of  biodiversity  geographic distribution have been the subject of scientific

curiosity and investigation since the early 19th century when naturalists such as Alexander von

Humboldt  (1769-1859)  and  Charles  Darwin  (1809-1882)  made  their  first  global  scientific

expeditions. Since then, many macroecological patterns have been revealed, such as the abundance-

distribution  relationship  (BROWN, 1984),  the  species-area  relationship  (PRESTON, 1962),  the

distance-decay of similarity (MORLON et al., 2008), the species-time-area relationship (ADLER et

al.,  2005),  and latitudinal  patterns of diversity  (MACARTHUR, 1965; PIANKA, 1966),  among

others.  In  this  scenario,  the  field  of  community  ecology  emerges  with  the main  aim of

understanding the patterns of diversity, composition, and distribution of species  across space and

time (VELLEND, 2010). 

In the last five decades, our knowledge in this research field has greatly advanced with the

accumulation  of  evidence  that  helped  formulate several  ecological  hypotheses  and  theories

(PALMER,  1994),  which  describe the  main  mechanisms  behind  the  observed  biodiversity

distribution patterns. However, unlike population genetics (PIGLIUCCI, 2007), community ecology

lacked a  theoretical  synthesis  to reconcile all the historically  accumulated  scientific advances. In

this context,  the Theory of Ecological Communities  (VELLEND, 2010, 2016) was proposed by

Mark Vellend to adapt the conceptual framework of population genetics to summarize and unify the

main  theories  in  community  ecology  (Table  1).  This  theory  suggests  that  all  the  mechanisms

responsible for community assembly described in the literature can be attributed to four main high-

level  ecological  processes:  selection,  ecological drift,  dispersal,  and diversification  (VELLEND,

2010, 2016).

MARK VELLEND'S THEORETICAL IMPORTANCE

Mark Vellend's  Theory of  Ecological  Communities was  first introduced to the scientific

community in his article "Conceptual Synthesis in Community Ecology", published in the landmark

scientific journal "The Quarterly Review of Biology" (VELLEND, 2010). His synthesis was further

developed  and  detailed  explored  with  case  studies  in  his  book  "The  Theory  of  Ecological

Communities" (VELLEND, 2016). According to this theory, ecological communities are structured

by  the  interaction  of  four  fundamental  classes  of  ecological  processes,  from which  two  are

responsible  for  species  gain  (diversification and dispersal)  and two for  species  loss  in  a  given

community (selection and ecological drift) (Fig. 1).

Selection is defined as the set of ecological forces that alter community structure due to

differences  in  the  fitness  of  individuals  of  particular  species  (VELLEND, 2010).  The  selection
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process necessarily results from deterministic factors such as abiotic conditions (e.g., temperature,

pH, and salinity) and biotic interactions (e.g., competition, facilitation, mutualism, and predation).

This mechanism of species selection by deterministic factors is not new in ecology. Indeed, it has

been the most widely studied and tested ecological process in the literature since the late 1950s

when Evelyn Hutchinson (1957) formulated the ecological  niche theory (Table  1).  Later,  other

ecologists also focused on studying, for example, the importance of different spatial and temporal

scales  on  the  effect  of  environmental  filters  (selection process)  (BROWN,  1997;  RICKLEFS,

1987). Many observational and experimental studies have also shown that the influence of selection

on community assembly is dependent on the density of species populations when the determining

factors  are  ecological  interactions,  such  as  competition  (ADLER  et  al.,  2006;  DESCAMPS-

JULIEN;  GONZALEZ,  2005;  TILMAN,  1977) or  predation  (FUSSMANN  et  al.,  2000;

HUFFAKER; SHEA; HERMAN, 1963; KREBS et al., 2001).

Ecological  drift is  defined  as  random  changes  in  the  relative  abundance  of  species

(VELLEND,  2010,  2016).  Although  ecologists  have  cited  more  generally  the  relevance  of

stochastic  events  in  structuring  communities  for  many  decades  (VELLEND,  2010),  the  real

importance  of  this  process  was  first  incorporated  into  community  ecology by Hubbel's  neutral

theory (2001). Ecological drift is a stochastic process that can cause the extinction of species with

small  populations  in  the  community  (Fig.  1),  which  has  much relevance  for  biodiversity

conservation. Measuring the effect of ecological drift on communities is challenging because it can

often confound with deterministic factors not measured in the study (VELLEND, 2010). However,

some  experimental  studies  of  competition  prove  that  in  interactions  between  two  ecologically

equivalent species, random effects  may alternately favor one of the species involved, even under

equal and controlled conditions (MERTZ; CAWTHON; PARK, 1976; SIEPIELSKI et al., 2010).

Diversification is an evolutionary process generating new genetic variants due to the balance

between speciation and extinction  (VELLEND, 2016).  This process is  particularly important  in

determining community structure when considering broad regions such as continents or isolated

areas such as islands (MACARTHUR, 1969; RICKLEFS, 2008). However, diversification can also

act  at  relatively  smaller  spatial  scales  and  likely  contributes,  alongside selection,  to  described

relationships  between  diversity  and  environmental  gradients  (RICKLEFS,  2004).  Furthermore,

ecological  communities  can  diversify  (taxonomic,  phylogenetic,  functional,  and  genetic

diversification)  over  different  temporal  scales.  In  general,  microorganisms  diversify  in a  much

shorter time scale than macroorganisms due to their high reproduction  rates, gene mutation, and

horizontal transfer of genetic material (ZHOU; NING, 2017). Therefore, this process is likely more

relevant and measurable in microbial communities. However, the influence of diversification tends
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to be relatively lower in environments with high dispersal rates  (STEGEN et al., 2015), as is the

case in oceans.

Dispersal is the process  by which  organisms move and stablish across space  (VELLEND,

2010, 2016). This process has been addressed by different ecological theories (Table 1) over the

past 50 years, such as island biogeography theory  (MACARTHUR; WILSON, 1967) and neutral

theory (HUBBELL, 2001), but especially by the metacommunity theory (HOLYOAK; LEIBOLD;

HOLT,  2005;  LEIBOLD  et  al.,  2004),  which  emphasized  the  role  of  dispersal influencing

community patterns at multiple spatial scales. This process interacts with others, such as selection

or drift, to influence local and regional community patterns (VELLEND, 2010).  Dispersal can be

considered both a deterministic and stochastic process, according to the biology of the organisms

and the characteristics of the ecosystem in question. For example, while the dispersal of animals or

plants  is deterministic  because  it  involves  behavioral  decisions  and ecological  interactions,  the

dispersal of planktonic microorganisms is generally considered stochastic due to its passive nature

(ZHOU; NING, 2017).

After  almost  ten  years  of  its  publication,  it  is  undeniable  that  the  ecological  synthesis

proposed  by  Vellend  had  a  great  impact  on  the  scientific  community  and,  to  the  best  of  our

knowledge, it  is  likely one of  the  best attempts to "tidy up the mess" of theories  in community

ecology.  However,  we have  yet  to  understand how this  synthesis  has  been  approached by  the

various studies in which it has been used. Thus, this review first aims to introduce the four main

ecological  processes  determining  the  structuring  of  ecological  communities  according  to  Mark

Vellend's theoretical framework  (VELLEND, 2010, 2016).  Second, to demonstrate this  theory’s

impact on the field of ecology, we also used a scientometric approach to assess which research areas

were most  impacted and  evaluate  if  the citing literature is  using this  theory in  a theoretical  or

application context. In addition, we could assess which types of environments and biological groups

were studied  in  the  papers  citing  this  theory.  Finally,  we bring  some examples  of  studies  that

applied this theoretical framework to real ecological community data.

METHODS

We conducted a systematic literature search and content review of all scientific articles that

cited  the  paper  "Conceptual  Synthesis  in  Community  Ecology"  (VELLEND,  2010) from  its

publication in June 2010 to December 2018. The literature search was conducted using the "Web of

Science" system (https://webofknowledge.com). We used this database because it is internationally

recognized  and extensively  used  in  scientometric  studies  (CAÑAS-GUERRERO  et  al.,  2013;

MARTINEZ et al., 2019; NETTLE; FRANKENHUIS, 2019).
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The literature search resulted in a total of 500 articles. These were then individually assessed

to extract information regarding the type of environment inhabited by the study’s target organisms

(Terrestrial, Marine, Freshwater, Host). Furthermore, we separated these studies by climate (Polar,

Temperate,  Subtropical,  and  Tropical),  biological  group  (Plants,  Vertebrates,  Invertebrates,

Microorganisms,  Zooplankton,  Phytoplankton,  and  General),  and  research  type (Observational,

Experimental, Theoretical, Meta-analysis, Opinion, and Review). We also selected the 150 most

cited articles to assess which measured Mark Vellend's processes and which cited his work only in a

generic way throughout the text.  The scientometric analyses and graphs  were generated  with the

package  'ggplot2'  (WICKHAM,  2016) in  the  statistical  program  R  (version  3.5.2,<www.r-

project.org>).

RESULTS AND DISCUSSION

SCIENTOMETRIC ANALYSIS

Our scientometric analysis showed that Vellend's theory has indeed been recognized by the

scientific community, as evidenced by the increasing number of citations of his work (Fig. I-1) in

high-impact journals in Ecology, Environmental Sciences, and other related scientific areas (Fig. I-

2). Our survey pointed out that 35% of these papers were conducted with a focus on microbial

communities, followed by plants (19%), invertebrates (12%), and vertebrates (9%) (Fig. I-1). There

was a trend of  a growing number of papers  focused on microorganisms, especially from the year

2013  onwards (Fig.  I-1),  which is  also evident  by  a large number of  citations  of this  work in

important  journals  in  the  field  of  microbial  ecology,  such  as  ISME  Journal,  Environmental

Microbiology,  FEMS Microbiology Ecology,  Molecular  Ecology and Frontiers  in  Microbiology

(Fig. I-2). It was also observed that among the 500 articles analyzed, the largest number of articles

focused on terrestrial and freshwater ecosystems (e.g., lakes, rivers, streams) in temperate climates

(Fig. I-3). Most of these articles were categorized as observational (~34%), experimental (~29%),

and theoretical (~21) (Fig. I-3).

Finally, we found that the vast majority of articles only cited Vellend's work throughout the

text, mainly in the introduction (~80%) or discussion (~15%) of related concepts. Among these

articles, we checked for applied approaches (n=150), and only 22 (14.6%) of them sought to test at

least some of the processes described by Vellend. To achieve this goal, these papers used different

methods, but the methodological approach proposed by STEGEN et al., 2013, which was applied in

7 out  of  22  papers  to  estimate the  relative  importance  of  selection,  dispersal limitation,  and

ecological  drift in  distinct  microbial  communities  (see  discussion  in  the  next  section).  Another
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paper (EVANS; MARTINY; ALLISON, 2017) proposed the use of the DEMENT (The individual-

based  Decomposition  Model  of  Enzymatic  Traits)  model  (ALLISON,  2012) to  determine  the

influence of  dispersal on  other  processes,  such as selection and ecological  drift.  Besides,  other

approaches  used considered  null  models  (BERNARD-VERDIER et  al.,  2012;  LOUDON et  al.,

2016;  MORRISON-WHITTLE;  GODDARD,  2015;  PIGOT;  ETIENNE,  2015),  variance

partitioning (SCHWALB et al., 2013) and beta-diversity partitioning to determine the importance of

deterministic  vs.  stochastic  processes  (ANDERSON  et  al.,  2011;  KIMBALL  et  al.,  2016;

PUETTKER  et  al.,  2015;  SPASOJEVIC;  COPELAND;  SUDING,  2014).  Finally,  one  paper

proposes  an  experimental  approach  to  determine  the  relative  importance  of  dispersal,  niche

selection, and neutrals (ecological drift) (WEIHER et al., 2011).

APPLICATIONS AND LIMITATIONS

One of the great advantages of Vellend's theoretical framework is the fact that it allows the

comparison of the relative importance of the processes structuring ecological communities between

different  organisms  and  ecosystems  (VELLEND,  2016).  However,  we  found  that  few  papers

simultaneously estimated at least three of these processes so that their relative importance could be
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Figure I–1. Number of citations of (VELLEND, 2010) published per year categorized according to the target

biological groups. These numbers were obtained through a systematic literature search conducted via "ISI

Web of Science", as described in the Methods section.



determined. Moreover, we found that a vast majority of these studies that estimated these processes

were applied to microbial communities (Fig. I-1 and Fig. I-2).
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Figure I–2. Number of articles citing (VELLEND, 2010) per scientific journal.
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Figure  I–3. Number of citations of (VELLEND, 2010) according to ecosystem, climate, and study type

categories.



The reason  for  the  greater  number  of  papers  on  microorganisms  and  the  increased

permeability  of  Vellend’s  theory  in  microbial  ecology  journals  is  probably  associated  with  the

publication of STEGEN et al.,  2013. As previously mentioned, based on  VELLEND, 2010,  this

work  presents a  methodological approach combining different ecological models to estimate the

main ecological processes structuring microbial communities. In this work, bacterial communities

inhabiting aquatic sediments were found to be structured primarily by selection (~42%), followed

by dispersal (~35%) and ecological drift (~22%). The relative importance of these processes was

also found to vary across sediment layers with different grain sizes. In shallower layers with coarser

grains, dispersion showed a higher contribution (40%) compared to selection (33%). On the other

hand, in deeper layers with finer and more compact grains, selection becomes the most important

process  (57%)  compared  to  dispersion  (15%)  (STEGEN  et  al.,  2013).  Several  papers  were

subsequently  published  using  this  method applied  to  microbial  communities  from  different

ecosystems, including river systems (GRAHAM et al., 2016), lakes (LOGARES et al., 2018b), soils

(DINI-ANDREOTE et al., 2015), oceans (LOGARES et al., 2020) and even the gut of humans, fish

and shrimp (MARTINEZ et al., 2015; XIONG et al., 2017; YAN et al., 2016) (Table I-1).

Table  I–1. Relative contribution of selection,  dispersal,  and ecological  drift  (VELLEND, 2010) shaping

different microbial communities extracted from papers that used the method of STEGEN et al., 2013.

Ecosystem Selection Dispersion* Drift Reference

Aquatic sediments ~42% ~35% ~22%

(STEGEN et al., 2013)Surface layer – thick grains 33% 40% 27%

Deep layer – thin grains 57% 15% 29%

Human gut

(MARTINEZ et al., 2015)

Papua New Guinea 13% 58% 28%

United States 21% 56% 21%

Tanzania 4% 93% 3%

Italy 11% 56% 32%

Fish gut (YAN et al., 2016)
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(C. idellus) Larvae 34% 63% 3%

(C. idellus) Adult 30% 2% 68%

(S. chuatsi) Larvae 38% 43% 19%

(S. chuatsi) Adult 27% 7% 66%

(S. meridionalis) Larvae 60% 15% 25%

(S. meridionalis) Adult 33% 0% 67%

Shrimp gut

(XIONG et al., 2017)Sick ~55% ~7% ~38%

Healphy ~62% ~5% ~33%

Antarctic lakes

(LOGARES et al., 2018b)Prokaryotes ~72% ~23% ~2%

Microeukaryotes ~5% ~22% ~72%

Global Ocean

(LOGARES et al., 2018a)Prokaryotes 34% 35% 31%

Microeukaryotes 17% 76% 6%

* Dispersal Limitation + Homogenizing dispersal

Altogether,  these papers  exemplify  how this  method  captures differences  in  the  relative

contribution  of  the  main  structuring  processes  in  different  ecosystems,  communities,  and

populations (Table  I-1). It is clear, for example, the high  relative  importance of  selection shaping

bacterial  communities in  diverse  environments.  Two  studies  have  applied  Stegen's  model  to

determine  the  relative  importance  of  these  ecological  processes  in  planktonic  microbial

communities, comparing prokaryotes and eukaryotes. These papers demonstrate differences in the

relative importance of these processes between prokaryotic and eukaryotic communities in marine

and  lacustrine ecosystems  (LOGARES  et  al.,  2018a,  2018b).  In  the  first  study,  conducted  in

Antarctic lakes, it was observed that the bacterial community is structured primarily by  selection
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(72.1%  of  turnover),  while  microeukaryote  communities  were  structured  predominantly  by

ecological drift (72.1% of turnover) (LOGARES et al., 2018b). In the oceans, selection, dispersal,

and  drift processes  were  found  to  play  a  balanced  role  (~33%)  in  structuring  the  prokaryotic

community,  while  dispersal  limitation  (~76%)  was  the  dominant  process  structuring  the

microeukaryotic community  (LOGARES et  al.,  2018a).  These  studies suggest  that  the  relative

importance  of  the  ecological  processes  structuring natural  communities  may depend  on  the

taxonomic group analyzed.  STEGEN et al.,  2013 demonstrated the importance of developing a

method capable of generating comparative analyses.

Applying the approach proposed by STEGEN et al., 2013 requires a phylogenetic distance

matrix between species from a given community to confirm the existence of a phylogenetic signal

in the community structure. For microorganisms, this task becomes relatively more straightforward

since microbial diversity  databases  are  built  exclusively  with genetic  information by molecular

methods, based mainly on the  metabarcoding of the  16S-rRNA (for prokaryotes), 18S-rRNA (for

microeukaryotes)  and  ITS  (fungi  and  protists)  regions  of  the  DNA (CREER et  al.,  2016).  To

determine  the  phylogenetic  diversity  of  macroorganisms,  it  would  be  necessary  to  generate  a

database with sequences based on reference (barcoding) genes/regions such as COx1, 12S, 16S, and

18S for fauna and ITS, matK + RbcL for plants  (CREER et al.,  2016). However, sampling and

sequencing the DNA of individuals from a macro-organism community is a task that requires more

work  and  financial  resources  compared  to  microbial  communities.  Moreover,  it  is  practically

impossible  to  collect  all  macro-organism  from  a  community  as  it  is  feasible for  microbial

communities.  Another possible approach to circumvent this problem is the use of, for example,

environmental  DNA (eDNA) sequencing,  which  is  DNA extracted  directly  from environmental

samples (i.e., air, feces, sediment, soil, and water) without the need to collect or isolate individuals

(CREER et al., 2016). Such databases are publicly available for some groups, but still in a minimal

way compared to those for microorganisms. With the expansion of eDNA databases, it would be

possible  to  conduct  more  studies  to  determine  the  relative  importance  of  ecological  processes

structuring different ecological communities.

A  more  straightforward  alternative  would  be  adapting  this  approach  to  be  used  on

morphological  diversity,  especially  in  communities  of  higher  organisms  with  well-resolved

taxonomy.  Large  databases  of  species  occurrence  and  their  abundances  and  attributes  are

increasingly common for vertebrate, invertebrate, and plant communities (e.g., ATLANTIC: Data

Papers from a biodiversity hotspot). The combination of this type of data with publicly available

phylogenetic data (e.g., http://vertlife.org/) has contributed to a better understanding of community

structuring and, together with the methodological  approach proposed by STEGEN et al.,  2013,
69
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could be used to estimate the relative importance of ecological processes  (VELLEND, 2010) in

macroorganism communities.  However,  according to  our  literature survey,  no studies  applied a

similar  approach, although there are works that  determined the relative importance of selection

relative to  stochastic  processes  (VELLEND et  al.,  2014) or  dispersal  (VAN DER PLAS et  al.,

2015). It is also evident that there is a need to expand knowledge about environments other than

temperate  ones,  as  different  contexts  may  influence  species  composition  at  different  latitudes

(MARTINEZ et al., 2015; MYERS et al., 2013).

Overall, studies applied to macro-organisms are based on metacommunity theory to test the

effect of dispersal on the community structure (HOLYOAK; LEIBOLD; HOLT, 2005; LEIBOLD et

al.,  2004).  In  this  context,  some  studies use functional  approaches  to  determine  how  the

mechanisms of metacommunity dynamics operate in structuring the functional diversity of plant

and animal communities  using their  traces (PAVOINE et al., 2014; SPASOJEVIC; COPELAND;

SUDING, 2014). The effect of environmental filter (selection) on the convergence of morphological

and functional  traits  in  communities  is  quantified by comparing the observed pattern with null

models  (BERNARD-VERDIER et al., 2012). A new approach called the "dynamic null model,"

which  has  some  advantages,  such  as  more  transparent  assumptions  compared  to  traditional

randomization techniques, has also been presented and well-cited in the literature in recent years

(PIGOT;  ETIENNE,  2015).  Variance  partitioning  (SCHWALB  et  al.,  2013) and  beta-diversity

partitioning  methodologies  have  also  been  commonly  used  to  determine  the  importance  of

environmental and spatial factors, as well as deterministic vs. stochastic processes (ANDERSON et

al., 2011; PUETTKER et al., 2015) on community structuring. Finally, other approaches include

phylogenetic gradient analyses that merge metacommunity concepts with community phylogeny

(PERES-NETO;  LEIBOLD;  DRAY,  2012),  hierarchical  species  composition  models  (HMSC)

(OVASKAINEN et al., 2017), and an experimental approach to determine the relative importance of

multiple processes (i.e., dispersal, niche, and neutral) on communities (WEIHER et al., 2011).

Despite  significant contributions,  these  previous  works  still  need to estimate the relative

contribution of three ecological processes,  such as Stegen's  approach. This fact undermines the

systematic comparison of ecological processes across distinct ecosystems and organisms, which is

the main advantage of Vellend's conceptual framework. Adopting a standard methodology capable

of  estimating  such  processes  for  both  micro-  and  macro-organisms  would  allow  unrevealing

patterns of the ecological processes structuring communities across ecosystems.
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CONCLUSION

Vellend's theoretical framework has great historical value since it presents for the first time

an integrated view of the  critical concepts developed in Community Ecology over the last  half

century, overcoming the endless debate of neutral vs. niche theory. The scientific community has

indeed recognized the contribution of this theoretical framework. However, most articles have cited

this work only to introduce or discuss the subject more generally but have  yest to measure the

relative importance of  each of  these ecological  processes.  Furthermore,  there is  still  a  bias  for

studies with microbial communities, most likely thanks to the work of  STEGEN et al., 2013 that

presented a mathematical model that measures the processes of selection, dispersal, and drift as

structuring these communities. More studies are needed to quantify the relative importance of these

fundamental  processes  in  structuring  ecological  communities  of  different  biological  groups and

ecosystems.  This  step  forward requires  1)  integrating  publicly  available  morphological  to

phylogenetic  databases  of  animal  and  plant  communities,  2)  expanding  environmental  DNA

databases, and 3) adapting the only method available so far to estimate the relative importance of

these processes (STEGEN et al., 2013) or developing alternative methods that  would achieve this

goal.
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GLOBAL BIOGEOGRAPHY OF THE SMALLEST PLANKTON ACROSS OCEAN
DEPTHS

ABSTRACT

Tiny ocean plankton (picoplankton) are fundamental for the functioning of the biosphere, but the

ecological  mechanisms  shaping  their  biogeography  are  partially  understood.  Comprehending

whether these microorganisms are structured by niche vs. neutral processes is highly relevant in the

context  of  global  change.  The  ecological  drivers  structuring  picoplankton  communities  differ

between prokaryotes and minute eukaryotes (picoeukaryotes) in the global surface ocean: while

prokaryotic communities are shaped by a balanced combination of  dispersal,  selection, and  drift,

picoeukaryotic  communities  are  mainly shaped by  dispersal limitation.  Yet,  whether  or  not the

relative importance of these processes in structuring picoplankton varies as we dive into the deep

ocean was unknown. Here we investigate the mechanisms structuring picoplanktonic communities

inhabiting different ocean depths. We analyzed 451 samples from the tropical and subtropical global

ocean  and  the  Mediterranean  Sea  covering  the  epi-  (0-200m),  meso-  (200-1,000m),  and

bathypelagic (1,000-4,000m) depth zones. We found that selection decreased with depth possibly

due to lower habitat heterogeneity. In turn, dispersal limitation increased with depth, possibly due to

dispersal barriers such as water masses and bottom topography. Picoplankton β-diversity positively

correlated with environmental heterogeneity and water mass variability in both the open-ocean and

the Mediterranean Sea. However, this relationship tended to be weaker for picoeukaryotes than for

prokaryotes.  Community  patterns  were  generally  more  pronounced  in  the  Mediterranean  Sea,

probably  because  of  its  substantial  cross-basin  environmental  heterogeneity  and  deep-water

isolation.  Altogether,  we found that  different combinations of ecological mechanisms shape the

biogeography of the smallest members of the ocean microbiome across ocean depths.

Keywords: Marine microbiota, Prokaryotes, Picoeukaryotes, Metabarcoding, Metacommunity
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INTRODUCTION

The smallest eukaryotes and prokaryotes (picoplankton, 0.2 - 3 µm) play essential roles in

the  global  ocean:  from trophic  interactions  (SHERR;  SHERR,  2008) to  biogeochemical  cycles

(FALKOWSKI; FENCHEL; DELONG, 2008; GUIDI et al., 2016). They account for 57% (~3.8 Gt

C) of the ocean’s biomass (BAR-ON; MILO, 2019) and are the main contributors to the taxonomic

and functional diversity of the ocean (DE VARGAS et al., 2015; MASSANA, 2011; SUNAGAWA

et al., 2015; WORDEN et al., 2015). Therefore, understanding the mechanisms determining their

global biogeography is fundamental to predict how they will respond to environmental changes.

Picoplankton  abundance,  diversity,  and  composition  are  relatively  well  described  across  ocean

depths  (ARÍSTEGUI et  al.,  2009;  BROWN et  al.,  2009):  prokaryotes’  diversity  increases  with

depth  (SEBASTIÁN  et  al.,  2021;  SUNAGAWA et  al.,  2015),  while  picoeukaryotes’  diversity

sharply  decreases  (GINER  et  al.,  2020).  These  depth-related  patterns  are  strongly  shaped  by

gradients in sunlight, temperature, oxygen, and nutrients (SEBASTIÁN et al., 2021; SUNAGAWA

et al., 2015) as well as by physical barriers such as water masses, currents, and fronts (BALTAR;

ARÍSTEGUI, 2017; GALAND et al., 2010; MORALES et al., 2018; RAES et al., 2018). However,

the  ecological  processes  underpinning picoplankton  biogeography are  only  partially  understood

(LOGARES et al., 2020; VILLARINO et al., 2022),  specially considering different ocean depth

zones and geographic scales. Given that the deep ocean is the largest ecosystem on our planet and

harbors a massive microbial  genetic diversity  (ACINAS et al., 2021) – responsible for essential

global  ecosystem  services  –  understanding  how  these  processes  shape  the  microbiota  in  the

understudied and vast deep ocean is particularly important.

The biogeography of organisms is the result of four high-level ecological processes that act

in  different  proportions:  selection,  dispersal,  ecological  drift,  and  diversification  (VELLEND,

2016). Selection is a deterministic force emerging from combinations of biotic and abiotic variables

that lead to differences in the fitness of individuals of a species and, as a consequence, to changes in

community  structure.  Selection can  either  restrict  (homogeneous  selection)  or  promote

(heterogeneous selection) the divergence of communities  (ZHOU; NING, 2017).  Dispersal is the

movement  of  organisms  across  space  and  their  establishment  in  new locations,  affecting  local

community assembly by adding individuals from the regional species pool. Dispersal is considered

a stochastic process for small plankton as they passively drift with currents (ZHOU; NING, 2017).

Microbial  dispersal  rates  may  be  high  (homogenizing  dispersal),  moderate,  or  low  (dispersal

limitation)  (ZHOU; NING, 2017), depending on organism and population sizes, geographic scale,

and the presence of physical barriers (FODELIANAKIS et al., 2021; LOUCA, 2022; VILLARINO

et al.,  2022).  Dispersal limitation takes  place when species  are  not  present  in suitable  habitats
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because  colonizers  cannot  reach  them  (HEINO et  al.,  2015).  Thus,  the  relative  importance  of

dispersal  limitation  usually  increases  with  geographic  scales  (HUBBELL,  2001) or  barriers

(LOUCA, 2022). Ecological drift (hereafter drift) refers to random changes in community structure

due to stochastic demographic events (i.e.,  birth, death, immigration,  and emigration) in a local

community (VELLEND, 2016). Drift is a stochastic process that tends to be most important for the

local extinction of low-abundant microbial taxa with small populations (NEMERGUT et al., 2013),

especially under a low dispersal scenario  (FODELIANAKIS et al., 2021). Finally, diversification

(also referred to as ‘speciation’) is the emergence of new species by evolution (VELLEND, 2016),

which occurs more frequently for microbes than for larger organisms due to their short generation

times, high mutation rates as well as horizontal gene transfer  (NEMERGUT et al., 2013; ZHOU;

NING, 2017). Yet, diversification is expected to have a relatively small impact on the turnover of

communities that are highly connected via dispersal (STEGEN et al., 2013), as is the case for ocean

picoplankton  (LOUCA, 2022).  Diversification, as measured by the evolution of the rRNA gene

sequence,  will  not  be  further  considered  here,  given  that  its  impact  on  measured  ecological

processes is likely minor considering the low evolutionary rates of this marker (WOESE, 1987).

A recent study – using Malaspina and TARA data – found that the relative importance of

these processes  differs  between the  components  of  the  surface ocean picoplankton  community:

while  prokaryotes  are  shaped  by  a  balanced  combination  of  dispersal,  selection,  and  drift,

picoeukaryotes are mainly driven by dispersal limitation (LOGARES et al., 2020). However, we do

not fully understand whether these processes change across ocean depth zones. These zones display

striking  differences  in  environmental  and  geographic  features  that  may  influence  selection,

dispersal,  and  drift.  First,  environmental  heterogeneity  –  potentially  exerting  heterogeneous

selection on microbial communities (HUBER et al., 2020; LOGARES et al., 2020) – is higher in the

upper  ocean  due  to  stronger  horizontal  environmental  gradients  (RUIZ‐GONZÁLEZ  et  al.,

2019) than in the deep ocean (REID, 1981). Second, the presence of aerial dispersal  (MAYOL et

al.,  2017) and faster oceanic currents likely increases dispersal at the surface  (RICHTER et al.,

2022; VILLARINO et al., 2018), while the presence of sharper geographical barriers (e.g. water

masses  and bottom topography)  may  limit  microbial  dispersal  in  the  low-turbulent  deep ocean

(PERNICE  et  al.,  2016;  SALAZAR  et  al.,  2016;  VILLARINO  et  al.,  2022).  Third,  smaller

population sizes in the deep ocean  (ARÍSTEGUI et al., 2009) may lead to reduced dispersal and

increased drift (FODELIANAKIS et al., 2021), as compared to the surface ocean (LOGARES et al.,

2020; VILLARINO et al., 2018). Recently, using a subset of the  Malaspina dataset, it has been

shown that picoplankton community assembly differed between a water layer in the surface ocean
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(3 m) and a counterpart in the deep ocean (~4,000 m), with dispersal limitation being relatively

more important in the deep layer than in the surface counterpart (VILLARINO et al., 2022).

In addition, we do not know whether these processes would be different in an ocean basin

presenting  strong  environmental  gradients  and  obvious  geographic  barriers.  In  this  regard,  the

Mediterranean Sea – the  largest  semi-enclosed sea  on Earth – is  an ideal  ocean model  to  test

ecological hypotheses at a smaller scale  (BETHOUX et al., 1999; NIHOUL, 1982). Although the

Mediterranean Sea is connected to the adjacent Atlantic Ocean through the Strait of Gibraltar, it is

so in a rather restricted way (SAMMARTINO et al., 2015). As a consequence, the Mediterranean

Sea has developed unique oceanographic features in comparison to the open ocean, such as higher

temperature and salinity in deep waters as well as a west-to-east gradient of decreasing nutrient

concentration and increasing salinity in surface waters  (KROM et al., 1991; SEBASTIÁN et al.,

2021). Additionally, the Mediterranean Sea deep (> 1,000 m) waters are physically divided by the

Sicily Strait (500 m deep) into Western and Eastern basins. These features are expected to influence

the processes shaping picoplankton biogeography and, ultimately,  be reflected in its community

composition (SEBASTIÁN et al., 2021).

In  the  last  few years,  it  has  been found that  different  processes  shape  prokaryotes  and

picoeukaryotes in the surface ocean (LOGARES et al., 2020). In addition, a recent report points to

differences in the picoplankton biogeography between specific waters layers in the surface (3 m)

and deep  ocean  (4,000  m)  (VILLARINO  et  al.,  2022).  However,  we  still  lacked  a  broad

examination  of  the  ecological  processes  driving  picoplankton  community  assembly  and

biogeography across  all  depth zones  of  the global  ocean that  takes  into account  environmental

heterogeneity,  potential  dispersal  barriers,  and  geography.  Here,  we  addressed  the  previous

challenge.  We  determined  the  relative  importance  of  the  ecological  processes  structuring

picoplanktonic communities inhabiting three ocean depth zones at the global and basin scales: epi-

(0-200 m), meso- (200-1,000 m) and bathypelagic (1,000-4,000 m). We also aimed at understanding

to  what  extent  water  masses,  deep-sea  topography  as  well  as  environmental  heterogeneity  are

potentially limiting dispersal or exerting selection on the picoplanktonic communities. To do so, we

used  16S  and  18S  rRNA gene  amplicon  sequence  variants  (ASV)  from both  prokaryotes  and

picoeukaryotes  collected  during  global  and  regional  expeditions  covering  the  tropical  and

subtropical global ocean as well as the Mediterranean Sea. Overall, we hypothesize that the role of

heterogeneous  selection  will  decrease  with  depth  due  to  a  potential  decrease  in  habitat

heterogeneity, while homogeneous selection is expected to be higher in the bathypelagic compared

to the meso- and epipelagic. In turn, the relative importance of dispersal limitation is expected to

increase  with  depth,  given  the  decrease  in  current  speed  in  deep  waters,  the  existence  of
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geographical barriers (e.g. fronts, deep sea topography), and the absence of aerial dispersal. We also

hypothesize that these patterns should be more pronounced in the Mediterranean Sea due to its

strong environmental gradients and constrained communities exchange in deep waters.

RESULTS

Different ecological processes shape picoplankton communities in depth zones of the ocean

We analyzed picoplankton community composition in 451 samples across three ocean depth

zones: epi- (0-200 m – including the deep chlorophyll maxima, DCM), meso- (200-1,000 m), and

bathypelagic (1,000-4,000 m) using metabarcoding of the 16S and 18S rRNA genes (Fig. II-1A and

Fig.  II-S1A;  see  Methods for  details  on  standard  protocols).  These  zones  display  contrasting

environmental features across the water column (Fig. II-1B and Fig. II-S1B), reflected in a depth-

structured  picoplankton  community  composition  (Fig.  II-1C).  Our  data  also  makes  evident  an

inverted diversity pattern between the two main components of the picoplankton community: while

prokaryotic diversity (richness, Shannon index, and phylogenetic diversity) increased with depth,

picoeukaryotic diversity decreased towards the deep ocean (Fig.  II-1D and Fig.  II-S2). While the

Mediterranean Sea displayed higher temperature and salinity as well as lower nutrients than the

oceanic basins, particularly in the meso- and bathypelagic (Fig. II-1B), the diversity patterns were

similar in both ocean sets. The environmental features, however, were reflected in differences in

picoplankton community composition (Bray-Curtis Dissimilarity) between the Mediterranean Sea

and the rest of the oceanic basins (Fig.  II-1C). The Mediterranean Sea was evaluated separately

from the open ocean in downstream analyses to test whether the large scale patterns are reflected at

the regional  scale  of a smaller basin with strong environmental  gradients  and sharp geographic

barriers.

We found differences in the biodiversity metrics (βNTI, RCBray and β-diversity partitioning;

Fig.  II-S3 and Fig.  II-S4) and, ultimately,  in  the balance  between ecological  processes shaping

picoplankton  communities  across  depth  zones  of  the  ocean  (Fig.  II-2A).  Selection explained  a

similar percentage of the turnover of picoeukaryotes as compared to prokaryotes in the epi- (~37%

vs. ~36%), meso- (~32% vs. ~31%) and bathypelagic (~32% vs. ~26%) of the open ocean (Fig. II-

2A). Heterogeneous selection tended to increase with depth for both domains: while for prokaryotes

it increased from ~10% to ~19% and ~13% in the meso- and bathypelagic, it increased from ~13%

in the epi- to ~27% and ~31% in the meso- and bathypelagic for picoeukaryotes, respectively (Fig.

II-2A). Accordingly, the relative importance of  homogeneous selection for prokaryotes decreased

from  ~26%  in  the  epi-  to  ~13%  in  the  bathypelagic.  Similarly,  the  relative  importance  of

homogeneous selection for picoeukaryotes drastically decreased from ~26 % in the epipelagic to ca.
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0.7% in the bathypelagic (Fig. II-2A). These patterns were slightly different in the Mediterranean

Sea when compared to the tropical and subtropical open ocean. The relative weight of selection for

the prokaryote community assembly was consistently higher than for the picoeukaryotic counterpart

in the epi- (~54% vs. ~44%), meso- (~39% vs. ~25%) and bathypelagic (~32 vs. ~6%, respectively)

(Fig. II-2A). The proportion of heterogeneous selection for prokaryotes dramatically dropped from

37% in the epipelagic to ~5% in deep waters, while the role of  homogeneous selection increased

from  the  epi-  (~18%)  to  the  meso-  (~34%)  and  bathypelagic  (~28%)  (Fig.  II-2A).  For

picoeukaryotes, both heterogeneous and homogeneous selection decreased from the epi- (33% and

10%) to the bathypelagic (6% and 0.2%, respectively) (Fig. II-2A).

Dispersal  limitation was  a  more  important  driver  of  picoeukaryotic  than  prokaryotic

assembly in the deep zones, especially in the mesopelagic (~60% vs. ~29%), of the open ocean. We

found that, for picoeukaryotes, the proportion of dispersal limitation increased from ~31 % in the

epi- to ~60% in the meso- and to ~38% in the bathypelagic (Fig. II-2A). In the Mediterranean Sea

the  relative  importance  of  dispersal  limitation was  much  higher  for  picoeukaryotic  than  for

prokaryotic assembly in the epi- (~35% vs. ~22%), meso- (~52% vs. ~24%), and bathypelagic (~42

vs. ~15%). Conversely,  homogenizing dispersal had a very limited role in the structuring of the

microbiota in all depth zones of the open ocean (<2% for picoeukaryotes and <4% for prokaryotes)

and the Mediterranean Sea (<5% for picoeukaryotes and <8% for prokaryotes) (Fig. II-2A).  Drift

explained a higher fraction of community turnover for prokaryotes than picoeukaryotes in the meso-

(~38% vs ~7%) and bathypelagic (~37% vs ~28%) of the open ocean (Fig. II-2A). This pattern was

partially observed in the Mediterranean Sea with drift explaining a higher proportion of community

turnover for prokaryotes (~29%) and picoeukaryotes (~20%) in the mesopelagic (Fig. II-2A). While

in the open ocean the percentage of turnover explained by drift increased with depth for prokaryotes

and decreased for picoeukaryotes (Fig. II-2A), it sharply increased with depth for both prokaryotes

and picoeukaryotes in the Mediterranean Sea (Fig. II-2A). When estimated using a standardized

sampling-size dataset (N=39 in each depth zone) with evenly-distributed samples (Fig. II-S5A and

Fig. II-S6), the different ecological processes explained fairly similar percentages of variability and

the values were strongly linked (R2 ~ 0.9, p<0.001) to those found with the complete dataset (Fig.

II-2).
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Figure II–1. The analyzed dataset covers environmentally and biologically contrasting depth zones of

the ocean. (A) Geographic distribution of the sampled stations (N=149) from which seawater samples and

environmental data were collected at different depth zones (see SI Appendix, Fig. II-S1 for sample vertical

distribution) in the two cruises used in this study:  Malaspina-2010 (circumglobal expedition) and HotMix

(trans-Mediterranean expedition). Stations for which the whole vertical profile was studied in Malaspina are

represented  by  crossed  squares  (13  stations  in  Malaspina).  Samples  were  separated  into  “open-ocean”

(Malaspina-2010 +  Hotmix North  Atlantic  samples)  and  “Mediterranean  Sea”  (see  reasoning  in  the

Methods).  (B) Vertical  profiles  of the  environmental  parameters:  temperature,  salinity,  and fluorescence

(Chlorophyll a proxy) that decrease with depth, while nutrient concentrations (NO3, PO4, and SiO2) increase

with depth. Higher temperature and salinity values and lower nutrient concentrations were observed in the

Mediterranean Sea, especially in the meso- and bathypelagic (Fig. II-S1B). (C) dbRDA analyses (based on

Bray-Curtis dissimilarities) performed on picoplankton community composition of both prokaryotic (left)

and  picoeukaryotic  (right)  samples  based  on  16S  rRNA  and  18S  rRNA  genes,  respectively.  Both

communities were structured by depth zones and segregated between the tropical  and subtropical open-

ocean and the Mediterranean Sea.  (D) Picoplankton diversity expressed as Shannon index by depth zones

(SRF, surface; DCM, deep chlorophyll maxima; MES, Mesopelagic; BAT, Bathypelagic). See Fig. II-S2 for

picoplankton phylogenetic diversity, gamma diversity, ASVs richness, and Pielou’s evenness index variation

by depth zones and correlations with environmental variables.
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When  globally  estimated  (all  depths  together),  selection was  by  far  the  most  relevant

ecological process shaping both prokaryotes (~67%) and picoeukaryotes (~54%) using both datasets

(Fig.  II-S8).  Dispersal  limitation also  tended  to  play  a  relatively  more  important  role  shaping

picoeukaryotes than prokaryotes when estimated across all  depth zones (Fig.  II-S8). Due to the

potential vertical connectivity between the surface and the deep ocean (see detailed reasoning in
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Figure II–2. Picoplankton community assembly processes and environmental drivers across ocean depth

zones. (A)  Relative importance of the ecological processes structuring the communities in different depth

zones of the global-ocean: Epi- (N=240), Meso- (N=97), and Bathypelagic (N=86). The results with standard

evenly-distributed sampling sizes were nearly the same (Fig. II-S5). The EPI results separated by SRF and

DCM  are  available  in  the  (Fig.  II-S7).  (B) Percentage  of  variance  (Adonis  R2)  in  picoeukaryotic  and

prokaryotic community composition (Bray-Curtis dissimilarity) explained by each environmental variable and

ocean basin. Blank spaces depict non-significant results (p>0.05). Temp – temperature; Sal – salinity; Fluor –

fluorescence; Basin – ocean basin.



Environmental heterogeneity (average pairwise dissimilarity based on temperature, salinity,

fluorescence,  PO4
3−, NO3

−, and SiO2) was significantly higher in the epi- than in the meso- and

bathypelagic  of  the  open  ocean  and  the  Mediterranean  Sea  (Fig.  II-S10).  We  found  that  the

picoplankton communities' dissimilarity increased with environmental distance in all depth zones

(Fig. II-3). This positive relationship was always stronger in the epipelagic than in the bathypelagic

(Fig.  II-3).  Prokaryotes  displayed  a  stronger  coupling  with  environmental  distance  than

picoeukaryotes in all depth zones of both the open ocean and the Mediterranean Sea (Fig. II-3) and

this coupling was stronger in the Mediterranean Sea than in the open ocean across all zones (Fig. II-

3). When globally estimated (all depth zones together), the community dissimilarity correlation with

environmental  distance was stronger for prokaryotes than for picoeukaryotes  in the open ocean

(r=0.62  vs. r=0.46, p<0.001) and  nearly the same in  the Mediterranean Sea (r=0.69  vs. r=0.65,

p<0.001) (Fig.  II-S11). The metric used to estimate selection (βNTI) was positively correlated, in

prokaryotic and picoeukaryotic communities, with environmental distances in both the open ocean

(r=0.55 and r=0.50, p<0.001) and the Mediterranean Sea (r=0.55 and r=0.50, p<0.001) (Fig.  II-

S11).

Figure  II–3.  Picoplankton  community  composition  is  positively  related  to  environmental

heterogeneity.  Bray-curtis  dissimilarities  for  all  pairwise  picoplankton  community  comparisons  as  a

function  of  environmental  distance  for  both  prokaryotes  and  picoeukaryotes  in  the  epi-,  meso-,  and

bathypelagic of the open ocean and Mediterranean Sea. The solid curves illustrate the nonlinear regressions.

Spearman’s  rank  correlation  coefficients  are  depicted  on  the  panel.  Outliers  with  high  environmental

distances (>10) corresponding to pairwise comparisons with epipelagic samples from the Costa Rica Dome

upwelling system were removed from the open ocean plot (Fig. II-S12).

87



The role of water masses and deep sea topography in modulating picoplankton assembly

Water  masses,  which  were  determined  for  the  meso-  and  bathypelagic,  were  vertically

structured and segregated by basins in the open ocean and the Mediterranean Sea (Fig. II-S13). We

found that prokaryotic community composition (Bray-Curtis  dissimilarity)  was positively linked

with differences in water mass composition (Euclidean distances) in the meso- and bathypelagic of

the open ocean (r=0.2 and r=0.4, p<0.001) and the Mediterranean Sea (r=0.46 and r=0.33, p<0.001)

(Fig. II-4). For picoeukaryotes, this coupling was generally weaker than for prokaryotes in both the

open ocean (r=0.14, p<0.001) and the Mediterranean Sea (r=0.49 and r=0.29, p<0.001) (Fig. II-4).

In the Mediterranean Sea, the link between picoplankton community and water mass composition

was stronger in the meso- than in the bathypelagic (Fig. II-4). Strong positive relationships between

the  picoplankton  community  and  water  mass’  composition  were  also  observed  within  most

individual vertical-profile stations, with variable slopes in each station (Fig. II-S14).

Figure II–4. Picoplankton community composition is linked to differences in water mass composition.

Bray-Curtis  dissimilarity  of  pairwise  picoplankton  community  comparisons  as  a  function  water  mass

composition dissimilarity (based on euclidean distances) for both prokaryotes and picoeukaryotes in the

meso- and bathypelagic of the open ocean and Mediterranean Sea. The solid curves illustrate the nonlinear

regressions. Spearman’s rank correlation coefficients are depicted on the panel. N.S.= non significant.

In the open ocean, changes in prokaryotic and picoeukaryotic community composition (β-

diversity) displayed positive correlations with geographic distances (distance-decay) in four depth

zones (Fig. II-5A) even though correlations were weaker for prokaryotes than for picoeukaryotes in

most of them. Prokaryotes displayed positive correlations with distances up to ~2,000 km in the

surface and 1,000 km in the deep ocean, while picoeukaryotes showed positive correlations up to
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~3,000 km in the surface and ~4,000 km in the deep ocean (Fig. II-5A). For picoeukaryotes, these

positive correlations were stronger in the bathypelagic (Mantel r = 0.5, p<0.05) than in the surface

(Mantel r =  0.3,  p<0.05)  (Fig.  II-5A).  Interestingly,  picoeukaryotes  also  displayed  negative

correlations with increasing distances up to ~ 20,000 km across the deep zones (Fig. II-5A). In fact,

picoeukaryotes had a higher variation in the spatial autocorrelations than prokaryotes in the deep

ocean, especially in the bathypelagic. When evaluating these spatial autocorrelations at a regional

scale as in the Mediterranean Sea, we found that prokaryotes and picoeukaryotes did not display

such contrasting correlation scores as in the open ocean (Fig. II-5A). Indeed, these two domains had

similar patterns of positive correlations in the first 350-850 km of the Mediterranean Sea (Fig. II-

5A).  Picoeukaryotes  had  higher  mean  sequential  changes  in  communities  (β-diversity)  than

prokaryotes  in  all  depth  zones  (Fig.  II-5B).  Overall,  sequential  community  change  tended  to

increase with depth in  picoeukaryotes,  with significant  differences  between the surface and the

meso- and bathypelagic in picoeukaryotes, but not in prokaryotes (Fig. II-5B).
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Figure  II–5.  Distance-decay  and  sequential  spatial  differentiation  in  picoplankton  communities

across  ocean  depth  zones.  (A) Mantel  correlograms  between  β-diversity  and  least-cost  geographic

distances featuring distance classes of 1,000 km for the open ocean and 350 km for the Mediterranean Sea.

Filled squares depict significant correlations (p<0.05). NS – non-significant correlations.  (B) Sequential

Bray-Curtis  dissimilarity  values  for  prokaryotes  and  picoeukaryotes  in  all  depth  zones  (means  were

significantly different between domains [Wilcoxon test, p<0.05] in all depth zones, apart from the DCM).

The averages were also significantly different (ANOVA, Tukey post-hoc test;  p<0.001) between the SRF

and the deep zones (MES and BAT) for picoeukaryotes, but not for prokaryotes. See Fig. II-S15 for maps

showing the sequential change in community composition across space in the surface and bathypelagic

ocean. The epipelagic was here separated into surface and DCM because we aimed at evaluating only the

horizontal geographic distance in each depth.



Microbial  abundances  and  activity  may  also  work  as  potential  regulators  of  dispersal

limitation  and  drift. Here,  microbial  abundances  –  as  measured  by  flow-cytometry  –  sharply

decreased with depth in both the open ocean and the Mediterranean Sea (Fig. II-S16A). Similarly,

prokaryotic  activity  –  as  measured  by leucine  incorporation  rates  –  drastically  decreased  from

surface  to  deep  ocean  waters  (Fig.  II-S16B),  with  statistically  significant  differences  between

epipelagic (SRF and DCM) and deep zones (MES and BAT).

DISCUSSION

Selection decreases while dispersal limitation and drift increase with depth

Our  results  support  our  main  hypothesis,  indicating  that  a  different  combination  of

ecological  processes shapes picoplankton biogeography across ocean depth zones at  global  and

regional scales (Fig.  II-6).  Selection was the most important process shaping picoplankton in the

epipelagic ocean (see also  SI Appendix,  SI Discussion),  likely as a response to a higher overall

environmental heterogeneity when compared to the deep ocean. In particular, microalgal blooms

(ESTRADA et al., 2016; RUIZ‐GONZÁLEZ et al., 2019), magnitude of the DCM (CORNEC et al.,

2021; SUNAGAWA et al., 2015), ocean fronts and eddies (LÉVY et al., 2015; MORALES et al.,

2018; RAES et al., 2018; VILLAR et al., 2015), and differences in physicochemical variables (Fig.

II-1B),  altogether  increase  environmental  heterogeneity  in  the  upper  ocean  (Fig.  II-6).  In  the

epipelagic, the higher relative importance of heterogeneous selection in the Mediterranean Sea than

in  the  open  ocean  is  probably  linked  to  its  environmental  gradients:  north-south  increasing

temperature (SOUKISSIAN et al., 2017), west-east increasing salinity(SOUKISSIAN et al., 2017),

and west-east decreasing nutrient concentrations (SEBASTIÁN et al., 2021). This result contradicts

a previous hypothesis that homogeneous selection should be the most important process in all ocean

basins  (MILKE  et  al.,  2022).  Instead,  the  balance  between  ecological  processes  shaping

picoplankton communities  will  change depending on the analyzed environmental  heterogeneity,

circulation patterns, and geographic scale (JIE et al., 2022; MOD et al., 2020; REN et al., 2022). In

our  study,  the  overall  role  of  selection decreased,  for  both  domains,  when transiting  from the

epipelagic  into the  deep waters,  where there is  relatively  lower environmental  heterogeneity  in

comparison  to  the  epipelagic  (Fig.  II-S10).  Moreover,  the  coupling  between  picoplankton

community differentiation and environmental distances was stronger in the epipelagic than in the

deep  ocean,  further  indicating  that  the  relative  importance  of  selection  raises  with  increasing

environmental  variability.  Selection was  also  the  most  important  process  shaping  picoplankton

when  ecological  processes  were  estimated  with  all  samples  of  our  dataset,  which  captures

environmental differences from surface to deep waters. This is another evidence that  selection is
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enhanced as environmental heterogeneity is increased. These findings are coherent with ecological

theory and other studies that show that high environmental heterogeneity leads to higher selection

(VELLEND, 2016) in terrestrial (DINI-ANDREOTE et al., 2015; STEGEN et al., 2013) and aquatic

ecosystems (HUBER et al., 2020; LOGARES et al., 2018; VASS et al., 2020). Conversely, the sum

of  dispersal  limitation and  drift were  overall  higher  in  the  deep  than  in  the  surface  ocean,

suggesting that factors such as microbial abundances (i.e. low population sizes) (FODELIANAKIS

et al., 2021) and physical barriers (strongly differentiated water masses and deep-sea bathymetry)

(VILLARINO et al., 2022) play an important role in the structuring of deep ocean picoplankton

communities (Fig. II-6). Dispersal limitation increased with depth probably because of decreasing

turbulence (stable water masses and slow currents)  (REID, 1981)  and the presence of straits and

seamounts (YESSON et al., 2011) that work as geographical barriers for microbial dispersal in the

deep ocean (Fig. II-6). Other studies have shown how strong physical barriers can limit microbial

dispersal in soils (DINI-ANDREOTE et al., 2015), sediments (STEGEN et al., 2013), ponds (VASS

et al., 2020) and, potentially, in the ocean (LOUCA, 2022).
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Water mass composition affects the distribution of prokaryotic communities

Water masses may impact microbial communities in basically two ways:  a) as a selective

force – since they have different temperatures and salinity (SUN et al., 2022; ZHU et al., 2022) as
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Figure  II–6. Conceptual  model  synthesizing  the  ecological  processes  assembling  picoplankton

communities  across  ocean  depth  zones.  We  used  the  main  findings  of  this  study  and  the  knowledge

available in the literature to construct this conceptual model. Vertical variation of biotic and abiotic factors,

as  well  as  geography  (e.g.,  bathymetry),  affect  the  ecological  processes  that  generate  community

distribution patterns. The model predicts an increasing role of  dispersal limitation with depth:  dispersal

limitation  is  weaker  in  the  epipelagic  than  in  the  meso-  and bathypelagic  due to  faster  currents,  and,

potentially, aerial dispersal in surface waters, compared to more isolated deeper zones. Other mechanisms

taking  place  in  deep  waters  such  as  a)  barriers  to  dispersal  (e.g.  water  mass  boundaries,  deep  sea

topography) or b) limited random dispersal due to low species abundances, could also explain this pattern.

Selection is the most important process structuring picoplankton communities in the epipelagic and displays

a decreasing importance with depth due to higher habitat heterogeneity – driven by microalgal blooms,

magnitude of the DCM and mesoscale processes (e.g.: ocean rings and fronts) – in upper than in bottom

waters.  The  relative  role  of  drift increases  towards  the  deep,  likely  because  of  decreasing  microbial

abundances with depth. The importance of dispersal limitation is always higher in picoeukaryotes than in

prokaryotes, given the smaller population sizes of picoeukaryotes and their limited capability to generate

dormant  stages  to  sustain  long-range  dispersal,  compared  to  prokaryotes.  Thus,  a  different  balance  of

ecological processes assembles these domains, even when they share the same ocean zones.



well  as  organic  matter  composition  (AGOGUÉ  et  al.,  2011;  GÓMEZ-LETONA  et  al.,  2022;

MARTÍNEZ–PÉREZ et al., 2019) – or; b) as a physical barrier to dispersal due to sometimes strong

differences in water density  (GALAND et al.,  2010). We found significant positive correlations

between prokaryotic community structure and water mass compositions in the open ocean, which is

in line with previous studies that found bacterial communities associated with specific water masses

(AGOGUÉ et al., 2011; GALAND et al., 2010; RAES et al., 2018; RIGONATO et al., 2021). This

relationship is likely linked to the fact that each water mass has different types of organic matter

(CATALÁ  et  al.,  2015;  MARTÍNEZ–PÉREZ  et  al.,  2019) that  likely  select  for  different

prokaryotes (AGOGUÉ et al., 2011; GÓMEZ-LETONA et al., 2022). In turn, picoeukaryotes were

only poorly correlated with differences in water mass in the open ocean, which implies that some of

them could be able to swim across boundaries or that they are weakly linked to the composition of

typical organic matter associated with each water mass. Instead, the high dispersal limitation of

picoeukaryotes would be mainly regulated by their smaller population (ARÍSTEGUI et al., 2009) as

well  as  by  their  limited  capability  to  enter  into  dormancy  when  compared  to  prokaryotes

(MASSANA; LOGARES, 2013). In the Mediterranean Sea, the coupling between community and

water mass composition was significant for both prokaryotes and picoeukaryotes in the meso- and

bathypelagic, which agrees with previous reports (BELLAAJ ZOUARI et al., 2018) and it is likely

linked to the strong horizontal cross-basin physical separation imposed by the Straits of Sicily and

Gibraltar (SEBASTIÁN et al., 2021). Our results also point out that differences in both prokaryotes

and picoeukaryotic communities are coupled with differences in water mass composition in vertical

profiles  (Fig.  II-S14).  Interestingly,  the  slope  and  strength  that  differences  in  picoplankton

composition was explained by differences in water masses varied among vertical profile stations

(Fig. II-S14). This result indicates that local-scale events (e.g. upwelling, dense water propagation)

may also regulate  the impact  of  water  mass on microbial  communities  in  a vertical  dimension

(LUNA et al., 2016; NEAVE et al., 2022; SEVERIN et al., 2016).

Picoplankton communities display weaker biogeography in the surface than in the deep ocean

Our distance-decay analysis revealed that the autocorrelation in community and geographic

distances is  stronger in the deep than at  the surface,  which agrees with our sequential  analysis

results (Fig. II-5B) and suggests that there are more marked changes across space in the deep ocean,

particularly in the picoeukaryotic  community.  This result  agrees with a recent  study that  found

larger eukaryotic community dissimilarity between pairs of sites in the deep than in the surface

global ocean  (CORDIER et al., 2022). Such changes in community composition with increasing

geographic  distance  (that  is,  distance-decay)  can  be  generated  by  selection  and/or  dispersal
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limitation  (HANSON  et  al.,  2012).  For  picoeukaryotes,  the  fact  that  changes  in  community

composition were better  explained by geography (ocean basin) than by environmental  variation

(Fig.  II-2B) supports that the distance-decay pattern in the deep sea is predominantly related to

dispersal  limitation  (CORDIER  et  al.,  2022;  VILLARINO  et  al.,  2022).  On  the  other  hand,

prokaryotic community structure was predominantly explained by environmental variables rather

than by geography (Fig. II-2B) which indicates that, in this domain, distance-decay is mostly driven

by  selection.  It  is  important  to  notice  that,  since  many  prokaryotes  may  be  in  dormant  state

(LOCEY et al., 2020), the distance-decay could have been stronger if we had analyzed measures of

the active prokaryotic community (using RNA) instead of measures of the total community (with

DNA), as previously shown for bacterial communities  (LOCEY et al., 2020). Another important

factor that could be increasing the role of  dispersal limitation and  drift in the deep ocean is the

decreasing  microbial  population  sizes  from  surface  to  deep  waters.  Rare  species  with  small

populations are less likely to disperse (GASTON et al., 2000) and more likely to randomly collapse

than species with large populations (FODELIANAKIS et al., 2021). As expected (ARÍSTEGUI et

al.,  2009),  microbial  abundances  drastically  decreased towards the deep ocean so that  the deep

ocean contains only 1% of the organisms of the surface ocean (ARÍSTEGUI et al., 2009). Overall,

the depth-related patterns in ecological processes were more pronounced in the Mediterranean Sea

than in the open ocean, which is partially explained by being a semi-enclosed sea, with unique

oceanographic  features  such  as  limited  circulation,  sharp  geographic  barriers  and  strong

environmental gradients (KROM et al., 1991; SEBASTIÁN et al., 2021).

Differences between picoplankton members in the different depth zones

A  different  balance  of  ecological  processes  shapes  prokaryotic  and  picoeukaryotic

communities in several ecosystems (BRISLAWN et al., 2019; VASS et al., 2020; VILLARINO et

al.,  2018), including the surface ocean  (LOGARES et al.,  2020; MILKE et al.,  2022). Here we

found that such differences between domains persist in the deep ocean.  Dispersal limitation was

always higher for picoeukaryotes than for prokaryotes, which agrees with previous studies using

similar approaches conducted in Antarctic lakes (LOGARES et al., 2018) and in basin-scale oceanic

regions (JIE et al., 2022). This contrast between domains in terms of dispersal rates is partially due

to  organismal  and  population  size  differences  (DE  BIE  et  al.,  2012;  GASTON  et  al.,  2000;

VILLARINO et al., 2018). Unicellular eukaryotes are on average 3 times larger than prokaryotes

and,  therefore,  would  be  expected  to  be  more  limited  by  dispersal  (DE  BIE  et  al.,  2012;

VILLARINO et al., 2018). Picoeukaryotes (~103 cells mL-1) have populations that are about three

orders of magnitude smaller than prokaryotes (~106 cells mL-1), which decreases their likelihood to
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disperse (GASTON et al., 2000). Homogeneous selection was in general higher in prokaryotes than

in picoeukaryotes,  which is in line with previous findings in the Pacific Ocean  (MILKE et al.,

2022).  This  supports  that  environmental  heterogeneity  can  act  differently  on  prokaryotic  and

picoeukaryotic assembly across depths. The reason is likely due to different adaptations to the same

environmental heterogeneity of prokaryotes and picoeukaryotes  (MASSANA; LOGARES, 2013).

For  instance,  a  given  degree  of  environmental  heterogeneity  could  select  for  a  few generalist

species that have wide niches or many specialist species with narrow niches or a combination of

both  strategies.  Moreover,  the  relatively  higher  homogeneous  selection in  prokaryotes  than  in

picoeukaryotes suggests that dormancy could be playing an important role in modulating prokaryote

assembly in the deep ocean. Dormancy is indeed a common mechanism in prokaryotes to overcome

harsh environmental conditions (PEDRÓS-ALIÓ, 2021). This mechanism has been shown to affect

metacommunity  structure  by  dampening  distance-decay  relationships  and  maintaining  local

diversity (LENNON et al., 2021; LOCEY et al., 2020; WISNOSKI; LEIBOLD; LENNON, 2019).

Many prokaryotes reach the deep ocean from the surface through vertical dispersal (MESTRE et al.,

2018) or disperse as endospores from sediments  (GITTINS et al.,  2022). However,  DNA-based

community  composition  data  includes  non-active  bacterial  cells  (ARANDIA-GOROSTIDI;

PARADA; DEKAS, 2023), likely in dormancy state, to survive the very different conditions of the

dark and cold deep ocean  (GITTINS et  al.,  2022).  Therefore,  a  relatively  higher  proportion of

dormant  bacteria  can  create  an  apparent  ‘homogenization’  of  prokaryotic  communities  in  deep

zones. In fact, evidence exists that bacteria decrease their activity towards the deep dark ocean [Fig.

II-S16] (ARÍSTEGUI et al., 2009; HERNDL et al., 2023). As far as we know, dormancy has not

been reported in picoeukaryotes (MASSANA; LOGARES, 2013), which could partially explain the

negligible role of homogeneous selection in the assembly of this domain in the deep ocean. Finally,

we found that the higher spatial turnover (sequential horizontal changes) in picoeukaryotes than in

prokaryotes  in  the surface ocean  (LOGARES et  al.,  2020) is  also observed in  the deep ocean.

Furthermore,  we show that  this  difference  in  spatial  turnover  between  domains  increases  with

depth, which is coherent with dispersal limitation being an increasingly important processes shaping

picoeukaryotic communities in deeper ocean zones.

Potential picoplankton responses to multiple environmental changes across ocean depths 

The  global  ocean  is  facing  drastic  changes  in  important  environmental  drivers  such  as

temperature, pH, salinity, and nutrient concentrations (KWIATKOWSKI et al., 2020; SWEETMAN

et al., 2017), which are very likely affecting all domains of life, their community structure, and

interactions  (CHAFFRON et al.,  2021). Global climate change is also driving changes in ocean
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currents due to shifts in wind patterns, heat balance, and freshwater inflows from glacial melting

(HAYS, 2017), which may directly affect plankton dispersal rates  (WARD et al.,  2021). Water

masses have also been modified by anthropogenic changes in temperature and salinity even in the

deep ocean  (SILVY et al., 2020; ZIKA et al., 2021), which may affect picoplankton community

composition  (AGOGUÉ et al., 2011; FRANK et al., 2016; RAES et al., 2018) by changing both

selection and dispersal assembly processes. Our results suggest that the prokaryotic and eukaryotic

components  of  the ocean's  smallest  plankton are likely  to  respond differently  to  environmental

change as a result of the different balance of ecological processes structuring their communities.

Prokaryotes  seem  to  be  relatively  more  sensitive  to  selective  forces  than  picoeukaryotes

(LOGARES et al.,  2020), so that changes in important environmental  drivers (e.g. temperature,

organic  matter  composition)  will  have  a  higher  potential  to  affect  prokaryotic  community

composition  at  a  global  scale  (GÓMEZ-LETONA  et  al.,  2022;  LOGARES  et  al.,  2020) than

changes in dispersal drivers (e.g. currents, fronts). On the other hand, picoeukaryotic community

composition at global scales would be potentially more affected by changes in factors regulating

horizontal and vertical dispersal processes – such as current circulation (RICHTER et al., 2022) and

thermal stratification  (CERMEÑO et al.,  2008) – than by environmental drivers. While here we

refer  to  the  entire  community,  specific  picoeukaryotic  taxa  might  be  strongly  structured  by

environmental drivers  (SOMMERIA-KLEIN et al., 2021). Indeed, temperature is well-known to

influence relatively more heterotrophic than photosynthetic eukaryotic activity  (ROSE; CARON,

2007).  For  instance,  cosmopolitan  unicellular  picoeukaryotic  predators  (MAST-4)  display  clear

temperature-driven niche-partitioning in the ocean  (LATORRE et al., 2021). After all, in a long

timescale,  no  matter  the  dispersal  rate  of  a  given  species,  it  will  eventually  be  selected  and

constrained by local abiotic and biotic factors  (WARD et al., 2021). Thus, the relative effect of

projected changes  in environmental  selection  and dispersal pathways on microbial  communities

should be evaluated together.

Most importantly,  our work suggests that the microbial  communities inhabiting the deep

ocean are likely to respond differently to environmental changes than those living in the surface

ocean. This is particularly relevant in the context of increasing multiple stressors caused by climate

change (warming, acidification, and deoxygenation) and human exploitation activities (i.e.: mining,

oil and gas extraction, waste disposal) in the deep ocean (LEVIN; LE BRIS, 2015). While upper

ocean picoplankton communities would be relatively more sensitive to changes in environmental

selective  forces  (e.g.  temperature  and  nutrient  concentration),  deep  ocean  picoplankton

communities should be relatively more impacted by the removal or creation of dispersal pathways.

In  this  regard,  projected  perturbations  in  temperature,  pH,  oxygen,  and  nutrient  concentration
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(KWIATKOWSKI et  al.,  2020) should  impact  relatively  more  the  small  plankton communities

inhabiting the upper than those in the deep ocean. Yet, changes in air fluxes and ocean currents

should also affect the surface picoplankton community  (MESTRE; HÖFER, 2021), but relatively

less than selective forces. On the other hand, changes in dispersion vectors should be the main

factor  altering  the balance  of ecological  processes assembling picoplankton communities  in the

deep ocean. For example, ocean micro- and nanoplastic pollution, a widespread environmental issue

(TER  HALLE;  GHIGLIONE,  2021;  VAN  SEBILLE  et  al.,  2015a) could  represent  important

substrates  for  both  prokaryotes  and  single-cell  eukaryotes  colonization  and  work  as  efficient

dispersion  vectors  (AMARAL-ZETTLER;  ZETTLER;  MINCER,  2020),  potentially  altering

dispersal rates across ocean depth zones. Furthermore, changes in ocean stratification patterns are

reducing nutrient exchange and expanding oligotrophic conditions in the upper ocean (POLOVINA;

HOWELL; ABECASSIS, 2008). Our vertical profile results suggest that this increased stratification

could  affect not  only  microbial selective  forces,  but  also  dispersal  across  depth  zones.  These

changes can ultimately impact important ocean ecosystem services such as primary productivity and

nutrient cycling at a global scale (BOPP et al., 2001; CERMEÑO et al., 2008; SARMIENTO et al.,

2004).

A conceptual framework for the global biogeography of picoplankton across ocean depths

Historically, many studies have focused on the effect of selection – also referred to as niche-

modeling or environmental filtering – on marine microbial communities (AULADELL et al., 2022;

GHIGLIONE  et  al.,  2012;  SARMENTO;  MORANA;  GASOL,  2016).  Other  studies  aimed  to

model  how  dispersal  influences  microbial  biogeography  in  the  global  surface  ocean

(HELLWEGER;  VAN  SEBILLE;  FREDRICK,  2014;  JÖNSSON;  WATSON,  2016;  VAN

SEBILLE et al., 2015b; VILLARINO et al., 2018). More recently, there have been important efforts

bringing  together  environmental  selection  and  dispersal  in  the  ocean  (RICHTER  et  al.,  2022;

VILLARINO et  al.,  2022;  WARD et  al.,  2021).  Nevertheless,  besides  selection  and dispersal,

picoplankton  community  assembly  is  also  ruled  by  ecological  drift  (HUBER  et  al.,  2020;

LOGARES et al., 2020). Integrating these processes into a single framework considering organism,

environmental  and  physical  differences  between  depth  zones  was  still  missing.  By  combining

empirical  evidence,  we  propose  a  novel  conceptual  framework  that  expands  the  current

understanding of plankton community assembly in environmentally distinct ocean depth zones (Fig.

II-6). It synthesizes how environmental heterogeneity, water mass structure, deep-sea topography,

microbial abundance, and  activity mediate the action of ecological processes assembling the two

components  of  the  smallest  plankton  communities  (Fig.  II-6).  This  framework  can  be  used  to
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delineate hypothesis-driven studies to predict how plankton assemblages will respond across depths

to  multiple  stressors  in  a  changing  ocean  (CHENG et  al.,  2022).  For  instance,  based  on  this

framework,  we  can  expect  that  the  balance  between  determinism  (selection)  and  stochasticity

(dispersal limitation or ecological drift) would decrease with plankton size. Thus, nano- (3-20 µm),

micro-  (20-200  µm),  and  mesoplankton  (200-2,000  µm)  biogeography  would  be  increasingly

limited  by  dispersal  and  display  more  marked  biogeography  (BRANDÃO  et  al.,  2021;

SOMMERIA-KLEIN et al., 2021; VILLARINO et al., 2018), especially in the deep ocean (Fig. II-

6). We can also foresee that particle-attached prokaryotes – which are particularly relevant in the

deep  ocean  (SALAZAR  et  al.,  2015) –  should  be  more  limited  by  dispersal  than  free-living

prokaryotes. In general, the importance of dispersal limitation relative to that of selection should

increase not only with organism and particle sizes, as expected by the size-dispersal hypothesis

(FARJALLA et al., 2012), but also with ocean depth. Here we show that this dispersal-selection

balance,  regulated by  organism size, should be more pronounced in the deep than in the upper

ocean.

METHODS

Dataset, sampling, and analytical methods

We compiled a dataset (Fig.  II-1) composed of 451 samples from surface (3 m depth) to

deep waters (up to 4,800 m), covering three depth zones of the ocean: epi- (0-200 m – including

DCM), meso- (200-1,000 m), and bathypelagic (1,000-4,000 m). This dataset combines samples

obtained during two oceanographic expeditions with similar sampling strategies: i) the Malaspina-

2010 circumglobal expedition (DUARTE, 2015; ESTRADA et al., 2016) from which we included

263 samples collected between December 2010 and July 2011 in 120 stations distributed along the

tropical and subtropical portions (latitudes between 35° N and 40° S) of the Pacific, Atlantic, and

Indian oceans (Fig.  II-1); and  ii) the  HotMix  trans-Mediterranean cruise  (CATALÁ et al., 2015;

SEBASTIÁN et al., 2021) from which we considered 188 samples collected between April and

May 2014 in 29 stations distributed along the whole Mediterranean Sea (from -5° W to 33° E) and

the adjacent Northeast Atlantic Ocean (Fig. II-1A). This dataset therefore allows the comparison of

the tropical and subtropical ocean (samples hereafter called “open ocean”) to a semi-enclosed basin

such as the Mediterranean Sea,  which displays  unique features  such as higher  temperature and

salinity as well as lower nutrient concentration than the open ocean, particularly in the meso- and

bathypelagic (Fig. II-1B). The Malaspina-2010 contains 13 stations where the whole vertical profile

was sampled (VP stations in Fig. II-1). A detailed vertical distribution of the samples is available in

the Supplementary Material (Fig. II-S1). Due to the difference in the sampling size between depth
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zones, we also generated subsets with a standardized number of samples (n=39) evenly-distributed

across space (Fig. II-S7 and Fig. II-S8).

This dataset comprises a contextual database with a total of 6 standardized environmental

parameters (temperature, salinity, fluorescence, PO4
3−, NO3

−, and SiO2) as well as prokaryote and

picoeukaryote  abundances  determined  by  flow  cytometry  and  bacterial  activity  measurements.

Water samples were obtained with 20L (in Malaspina) or 12L (in HotMix) Niskin bottles attached

to  a  rosette  sampler  equipped  with  a  conductivity–temperature–depth  (CTD)  profiler  (except

surface samples in Malaspina, that were obtained with individual 30 L bottles, not attached to the

rosette).  Vertical  profiles  of  temperature,  conductivity,  and  fluorescence  were  continuously

recorded throughout the water column with the CTD sensors.  Conductivity  measurements  were

converted into practical salinity scale values. Inorganic nutrients (NO3
−, PO4

3−, SiO2) were measured

from  the  Niskin  bottle  samples  with  standard  spectrophotometric  protocols  (GRASSHOFF;

KREMLING; ERHARDT, 1999), using a Skalar autoanalyzer SAN++, as described in (ESTRADA

et  al.,  2016;  MARTÍNEZ–PÉREZ  et  al.,  2019).  Missing  nutrient  concentration  values  were

extracted  from the  World  Ocean Database  (BOYER et  al.,  2013).  Prokaryotic  populations  and

phototrophic picoeukaryotes abundances were enumerated using a FACSCalibur flow cytometer

(BD  Biosciences,  San  Jose,  CA,  USA)  as  detailed  elsewhere  (GASOL;  MORAN,  2015).

Prokaryotic heterotrophic activity was estimated using the centrifugation method and measuring 3H-

leucine  incorporation  (SMITH;  AZAM,  1992).  For  deep  water  samples  we  used  the  filtration

method  with  a  larger  volume  and  undiluted  hot  leucine.  Significant  differences  in  microbial

abundances and bacterial  activity between depth zones were tested with an analysis of variance

(ANOVA), followed by a Tukey post-hoc test. 

To obtain picoplankton biomass, ~4–12 L of seawater were first pre-filtered with a 200-µm

net mesh (to remove large organisms and particles).  Malaspina samples  were then sequentially

filtered through a 20 μm nylon mesh followed by 3-μm and 0.2-μm polycarbonate filters (47-mm

for surface and 142-mm diameter for vertical profiles, Isopore, Merck Millipore, Burlington, MA,

USA) using a peristaltic pump.  HotMix samples were sequentially filtered through 47-mm 3-μm

policarbonate filters (Isopore, Merck Millipore) and 0.2-μm Sterivex units. Filters were flash-frozen

in liquid N2 and stored at −80 °C until DNA extraction. Here, only the free-living ‘picoplankton’

size-fraction (0.2–3 μm) was used in downstream analyses. 

Nucleic acid extraction, sequencing, and bioinformatics 

DNA extraction was conducted with a standard phenol-chloroform protocol (MASSANA et

al., 1997) for the Malaspina surface samples. DNA from the Malaspina vertical profile samples was
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extracted using the Nucleospin RNAkit (Macherey-Nagel) plus the Nucleospin RNA/DNA Buffer

Set  (Macherey-Nagel)  procedures.  HotMix DNA samples  were extracted  using the PowerWater

Sterivex™ DNA isolation Kit (MO BIO Laboratories). DNA extracts were quantified with Qubit

1.0 (Thermo Fisher Scientific) and preserved at −80 °C. The same extracts were used for both the

16S and 18S rRNA-gene amplification and all samples were sequenced with the same prokaryotic

and eukaryotic primers. The hypervariable V4–V5 (≈ 400 bp) region of the 16S rRNA gene was

PCR  amplified  with  the  primers  515F-Y  (5'-GTGYCAGCMGCCGCGGTAA)  -926R  (5'-

CCGYCAATTYMTTTRAGTTT) to target prokaryotes – both Bacteria and Archaea  (PARADA;

NEEDHAM; FUHRMAN, 2016). The hypervariable V4 region of the 18S rRNA gene (≈ 380 bp)

was PCR amplified with the primers TAReukFWD1 (5’-CCAGCASCYGCGGTAATTCC-3’) and

TAReukREV3 (5’-ACTTTCGTTCTTGATYRA-3’) to target eukaryotes  (STOECK et al., 2010).

PCR amplification was carried out with a QIAGEN HotStar Taq master mix (Qiagen Inc., Valencia,

CA, USA). Amplicon libraries were then paired-end sequenced on an Illumina (San Diego, CA,

USA) MiSeq platform (2 × 250 bp or 2 × 300 bp) at the Research and Testing Laboratory facility,

Texas,  USA (https://rtlgenomics.com/).  See  details  about  gene  amplification  and sequencing in

(LOGARES et al., 2020; SEBASTIÁN et al., 2021).

Raw Illumina miSeq reads (2x250 or 2x300) were processed using DADA2 (CALLAHAN

et al., 2016) to determine amplicon sequence variants (ASVs). For the 16S rRNA gene, forward

reads were trimmed at 220 bp and reverse reads at 200 bp, whilst  for the 18S rRNA gene, we

trimmed the forward reads  at  240 bp and the reverse reads  at  180 bp.  Then,  for  the  16S,  the

maximum number of expected errors (maxEE) was set to 2 for the forward reads and to 4 for the

reverse reads, while for the 18S, the maxEE was set to 7 and 8 for the forward and reverse reads

respectively.  Error  rates  for  each  possible  nucleotide  substitution  type  were  estimated  using  a

machine learning approach implemented in DADA2 for both the 16S and 18S. Unsurprisingly, error

rates increased with decreasing quality score. Finally, DADA2 was used to estimate error rates for

both the 16S and 18S genes in order to delineate the ASVs

Prokaryotic  ASVs  were  assigned  taxonomy  using  the  naïve  Bayesian  classifier  method

(QIONG et al., 2007) alongside the SILVA v.132 database (QUAST et al., 2013) as implemented in

DADA2, while Eukaryotic ASVs were BLASTed  (ALTSCHUL et al.,  1990) against  the Protist

Ribosomal  Reference  database  [PR2,  version  4.11.1;  (GUILLOU  et  al.,  2013)].  Eukaryotes,

chloroplasts,  and  mitochondria  were  removed  from  the  16S  ASVs  table,  while  Streptophyta,

Metazoa, and nucleomorphs were removed from the 18S ASVs table. Both, the 16S and 18S ASVs

tables  were  rarefied  to  20,000  reads  per  sample  with  the  function  rrarefy from the  Vegan  R

package. To be consistent with our previous study (LOGARES et al., 2020), for the calculation of
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ecological processes and associated analysis, ASVs with total abundances < 100 reads across all

samples were removed to avoid PCR and sequencing depth biases. This filtering procedure removed

~5% of the total reads and ~90% of the total ASVs from both the 16S and the 18S rRNA datasets.

Computing analyses were conducted at both the MARBITS bioinformatics platform of the

Institut  de Ciències  del  Mar (ICM;  http://marbits.icm.csic.es)  and the  MareNostrum (Barcelona

Supercomputing  Center).  Sequences  are  publicly  available  at  the  European Nucleotide  Archive

(http://www.ebi.ac.uk/ena)  under  accession  numbers  PRJEB23913  [18S  rRNA  genes]  &

PRJEB25224 [16S rRNA genes] for the Malaspina expedition; PRJEB23771 [18S rRNA genes] &

PRJEB45015 [16S rRNA genes] for the Malaspina vertical profiles; and PRJEB44683 [18S rRNA

genes] & PRJEB44474 [16S rRNA genes] for the HotMix expedition.

Phylogenetics 

Phylogenetic trees were built for both the 16S and 18S rRNA gene-datasets using the ASVs

full sequences. Raw ASV sequences were firstly aligned against an aligned SILVA template – for

16S rRNA – and an aligned PR2 template – for 18S rRNA – using mothur (SCHLOSS et al., 2009).

Poorly aligned regions or sequences were then removed using trimAl (parameters: -gt 0.3 -st 0.001)

(CAPELLA-GUTIÉRREZ;  SILLA-MARTÍNEZ;  GABALDÓN, 2009).  Aligned  sequences  were

also visually curated with seaview v4 (GOUY; GUINDON; GASCUEL, 2010) and sequences with

>=40% of gaps were removed. Finally, phylogenetic trees were inferred from the aligned quality-

filtered sequences using FastTree v2.1.9 (PRICE; DEHAL; ARKIN, 2009). Additional phylogenetic

analyses were carried out with the picante R package (KEMBEL et al., 2010).

Environmental heterogeneity, water masses characterization, and least-cost distance calculations

We calculated  the  average  pairwise  dissimilarity  (EnvHt)  as  an  index  of  environmental

heterogeneity  based  on  the  main  standardized  environmental  variables:  temperature,  salinity,

fluorescence, PO4
3−, NO3

− , and SiO2. We firstly computed an Euclidean distance matrix for each

depth zone using the  vegan R package and then determined the dissimilarity among samples by

dividing the Euclidean distance matrix (Euc) by the maximum Euclidean distance (Eucmax) of a

given depth zone as described in (HUBER et al., 2020) and summarized here: EnvHt=(Euc/Eucmax)

+0.001.  Finally,  the  mean  EnvHt (EnvHt)  was  calculated  as  an  estimation  of  environmental

heterogeneity in each depth zone. Significant differences in environmental heterogeneity between

depth zones were tested with a Kruskal-Wallis test, followed by a Wicoxon post-hoc test.

The presence of different water masses is an important feature to properly describe the deep

dark ocean ecosystem (> 200 m depth). Water masses are well-established water bodies with unique
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properties that can be characterized by their thermohaline and chemical features. A water mass is

composed of  different  proportions  of  one or  more  water  types  of  a  given origin  (TOMCZAK,

1999). Here, the percentage of different water types contributing to the water mass composition of

each sample (from 200 m to the bottom) was calculated using an optimum multiparameter water

mass  analysis  (KARSTENSEN;  TOMCZAK,  1998).  This  method  basically  characterizes  water

types by using conservative variables such as salinity and potential temperature (see (CATALÁ et

al.,  2015) for details).  We have identified 22 and 19 water  types in the open ocean and in the

Mediterranean  Sea,  respectively.  We  computed  the  dissimilarity  (Euclidean  distance)  between

pairwise samples  based on their  water mass composition  (% of each water  type) to  use in our

downstream  analysis.  A  nonmetric  multidimensional  scaling  (NMDS)  analysis  based  on  these

euclidean distances was conducted to determine the differences among samples.

Least-cost  geographical  distances  were  calculated  using  the  ‘lc.dist()’  function  of  the

marmap R  package  (PANTE;  SIMON-BOUHET,  2013).  We  first  computed  three  transition

matrices (using the ‘trans.mat()’ function) with different minimum depths, corresponding to the epi-

(surface), meso- (200 m), and bathypelagic (1,000 m). Each generated transition matrix contained

the probability of transition from one cell to adjacent cells of a given bathymetric grid. We used the

high-resolution (15 arc-second) GEBCO bathymetric database hosted on the British Oceanographic

Data Centre server (https://www.gebco.net/). Since the Mediterranean Sea deep waters (>400 m)

are completely  separated  by the Strait  of Sicily,  the  marmap algorithm could not  calculate  the

horizontal  distance  between  bathypelagic  samples  situated  in  the  western  and  eastern

Mediterranean. To deal with this issue, we simulated the vertical trajectory needed to overcome the

Strait  of Sicily by simply summing each sample’s depth to the geographical  distances between

‘isolated’ stations. To calculate the least-cost distances, 'marmap' sets a depth limit for geographic

barriers to compute the transition matrices (PANTE; SIMON-BOUHET, 2013). For example, if the

limit is set to 0, the program calculates the distance turning around the continents. However, in the

case of the Mediterranean Sea,  the western and eastern basins are  completely  isolated (at  least

horizontally)  in  depths  down to  400m,  so  the  program outputs  unrealistic  very  long  distances

between western and eastern samples from the deep ocean. To deal with this issue, for these isolated

samples,  we  computed  the  least-cost  distances  by  calculating  the  normal  geographic  distances

(geodesic) between samples (not considering geographic barriers) and then summed the vertical

distances  to theoretically  overcome the Strait  of Sicily.  For example,  a  western 1,400 m depth

sample (1 km deeper than the top of the Strait of Sicily) located 200 km from an eastern 1,400 m

depth sample had a final least-cost distance of 200 km + 2x 1 km = 202 km.
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Quantification of the ecological processes

The action of ecological processes (selection, dispersal, and drift) were here quantified using

a null  model  approach  (STEGEN et  al.,  2013) that  has  been successfully  applied  to  microbial

ecology studies in diverse aquatic environments  (GAZULLA et al.,  2022; HUBER et al.,  2020;

LOGARES et al., 2018; VASS et al., 2020). This analysis consists of two main sequential steps: 1)

inference of selection from ASV phylogenetic turnover; and 2) inference of dispersal and drift from

ASV compositional turnover (STEGEN et al., 2013). Since the existence of a phylogenetic signal

(CAVENDER-BARES et al., 2009) is an assumption of the first step of this method (STEGEN et

al.,  2013),  we first  tested whether  closely  related  taxa  (based on the  16S and 18S rRNA-gene

phylogeny) were more similar in terms of habitat preferences than distantly related taxa. Mantel

correlograms between ASVs niche and phylogenetic distances were used to test for a phylogenetic

signal in the variables that explained the highest fraction of community variance in each depth zone.

We detected a phylogenetic signal within short phylogenetic distances, which is in line with the

literature (HUBER et al., 2020; LOGARES et al., 2020; STEGEN et al., 2013).

Having  fulfilled  this  assumption,  we  determined  the  phylogenetic  turnover  using  the

abundance-weighted  β-mean  nearest  taxon  distance  (βMNTD)  metric  (STEGEN  et  al.,  2013),

which computes the mean phylogenetic distances between each ASV and its closest relative in each

pair  of  communities  (pairwise  comparisons).  Afterward,  we  run  null  models  with  999

randomizations to simulate the community turnover by chance (βMNTDnull), in other words, without

selection influence  (STEGEN  et  al.,  2013).  Finally,  the  β-Nearest  Taxon  Index  (βNTI)  was

calculated from the differences between the observed βMNTD and the mean βMNTDnull values.

Overall, |βNTI| > 2 indicates that taxa are phylogenetically more or less related than expected by

chance, pointing to a strong influence of selection on community assembly (STEGEN et al., 2013).

More precisely, βNTI values higher than +2 indicate the action of heterogeneous selection, while

βNTI values lower than –2 points out to the action of homogeneous selection  (STEGEN et al.,

2013).

The  β-diversity  of  communities  that  were  not  governed  by  selection  (|βNTI|  ≤  2)  was

evaluated in a second step, which consisted of computing ASV taxonomic turnover to calculate the

influence of either dispersal or ecological drift on community structure. To do so, we calculated the

Raup-Crick  metric  (CHASE;  MYERS,  2011) based  on  the  Bray-Curtis  dissimilarities  (RCbray)

(STEGEN et al., 2013). RCbray compares the measured β-diversity against the β-diversity obtained

from null models (999 randomizations), representing a random community assembly (ecological

drift).  Absolute  RCbray values smaller  than (|RCbray|  ≤ 0.95) indicate  a community assembled by

ecological  drift  alone  (i.e.,  by chance).  On the  other  hand,  RCbray values  > + 0.95  or  < − 0.95
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indicate that community assembly is structured by dispersal limitation or homogenizing dispersal,

respectively (CHASE; MYERS, 2011). To further investigate the community assembly patterns in

each depth zone, we used the ‘betapart’ R package  (BASELGA; ORME, 2012) to calculate the

partitioning  of  β-diversity  (Jaccard,  Sorensen  and  Bray-Curtis)  into  turnover  or  nestedness

(BASELGA, 2010).

The relative importance of ecological processes were calculated for each depth zone subset.

Additionally, we globally calculated these processes by integrating all depths of both datasets (Fig.

II-S5). Since there are processes taking place along the water column (vertically) that may impact

the biogeography that we observe horizontally in each depth zone, we also estimated the ecological

processes integrating all depths (from 3 to 4,000 m) in each of the 13 vertical profile stations (Fig.

II-1A; see also Fig. II-S1 for sample vertical distribution).

General analysis

Distance-based redundancy analyses (dbRDA) were performed on community composition

(based on Bray-Curtis  dissimilarities)  of both prokaryotic  (16S rRNA gene) and picoeukaryotic

(18S rRNA gene) samples using the ‘capscale()’ function of the  vegan R package  (LEGENDRE;

ANDERSON, 1999). Analyses of dissimilarities were conducted using the ‘adonis2()’ function of

the vegan R package to investigate the percentage of variance in community composition explained

by  environmental  or  geographic  variables  (MCARDLE;  ANDERSON,  2001).  Classic

biogeographic provinces  classifications  (e.g.:  Longhurst  provinces;  (LONGHURST,  2007))  are

only applied to the upper sunlit ocean (above 200 m),  while deep-oceanic basins  classifications

(based on isolated water bodies) are only applied to the deep (bellow 3,500 m) (SALAZAR et al.,

2016). Therefore, we here used the classic geographic oceanic basins (South Atlantic Ocean, North

Atlantic  Ocean,  North  Pacific  Ocean,  South  Pacific  Ocean  and  Indian  Ocean)  as  a  standard

categorical explanatory variable  to compare the effect of geography between depth zones of the

open ocean. For the Mediterranean Sea, we used the sub-basin classification (Levantine Sea, Ionan

Sea,  Sicily  Strait,  Tirrenyan  Sea,  Sardinian  Sea,  Alborean  Sea  and  Gibraltar  Strait),  based  on

Mediterranean internal circulation patterns  (BERGAMASCO; MALANOTTE-RIZZOLI, 2010) as

well as physico-chemical and biological features (AYATA et al., 2018).

Spearman  correlations  were  computed  between  β-diversity  (bray-curtis  and  βNTI)  and

environmental euclidean distances matrices using the ‘cor.test()’ function of the  stats R package.

Spearman correlations were also carried out to test the association between community (bray-curtis

dissimilarity) and water masses composition (euclidean distances) in the meso- and bathypelagic.

Mantel correlograms were carried out with the ‘mantel.correlog()’ function in Vegan to test for the
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decrease in picoplankton community similarity (β-diversity) with increasing geographic distances

(distance-decay).  For  the  open  ocean,  we  used  distance  classes  of  1,000  km,  while  for  the

Mediterranean Sea we used distance classes of 350 km. Sequential differences in picoplankton β-

diversity (bray-curtis dissimilarity) were computed in the sampling order of each project (see arrow

directions in Fig. II-S15). Statistical differences between zones in sequential bray-curtis values were

tested using analysis of variance (ANOVA) followed by a Tukey post-hoc test.

Pearson correlation matrices between diversity metrics and environmental variables were

computed  using  the  ‘cor()’  function  and  plotted  with  the  ggcorrplot  R  package.  Nonmetric

multidimensional scaling (NMDS) based on Euclidean distances was used to visualize clustering in

water  mass  composition  among  ocean  depth  zones and  basins,  followed  by  an  analysis  of

similarities  (ANOSIM)  to  test  for  differences  among  groups.  The  NMDS and  ANOSIM were

completed  using  the ‘metaMDS()’  and  ‘anosim()’  vegan functions,  respectively.  Analysis  of

variance (ANOVA), followed by a Tukey post-hoc test, was used to test statistical differences in β-

diversity metrics (Bray-Curtis, βNTI and RCbray). Differences in environmental heterogeneity values

between  zones were tested  using Kruskal-Wallis,  followed by a  Wicoxon post-hoc test.  Linear

regression models were carried out to investigate the influence of water masses (euclidean distance)

on community composition (bray-curtis dissimilarity) in each vertical profile. Spearman correlation

was  used  to  test  correlation  between  the  ecological  processes  results  obtained  with  the  total

(unbalanced) dataset and the results found with a standardized sampling size dataset. All statistical

analyses were conducted in the R statistical environment (R CORE TEAM, 2014) and all plots were

generated using the R package ggplot2 (WICKHAM, 2016).

Data availability and resources

DNA  sequences  and  environmental  metadata  are  publicly  available  at  the  European

Nucleotide Archive (http://www.ebi.ac.uk/ena) under accession numbers PRJEB23913 [18S rRNA

genes] & PRJEB25224 [16S rRNA genes] for the Malaspina expedition; PRJEB23771 [18S rRNA

genes] & PRJEB45015 [16S rRNA genes] for the  Malaspina vertical profiles; and PRJEB44683

[18S rRNA genes] & PRJEB44474 [16S rRNA genes] for the  HotMix expedition. R-Scripts for

calculating  the  β-NTI  and  the  Raup-Crick  metrics  are  available  at

https://github.com/stegen/Stegen_etal_ISME_2013.  The  r-scripts  used  to  generate  figures  and

statistical analysis are available at: https://github.com/pcjunger/EcoProc_OceanDepths
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ECOLOGICAL PROCESSES SHAPING MICROBIAL ASSOCIATIONS OVER TIME IN
CONTRASTING LATITUDES OF THE OCEAN

ABSTRACT

Marine  microbes  establish diverse  and complex communities  whose  ecological  interactions  are

essential to sustain ecosystem services for planetary health. Global oceanographic expeditions have

lately revealed large-scale spatial patterns of microbial diversity, ecological associations, and the

mechanisms  underpinning  microbial  biogeography.  However,  we  still  lack  comparative  studies

using globally distributed time-series to fully understand the ecological processes structuring the

ocean microbiome. Most long-term microbial observatories with molecular data are restricted to

mid-latitudes  (~22º  to  50º)  and  present  methodological  differences  that  undermine  their  inter-

comparison.  Here,  we  investigated  microbial  communities  from two  contrasting  (Atlantic  6°S,

Mediterranean  42°N)  coastal  marine  observatories  using  monthly  samples  from April  2013  to

August  2016.  We analyzed 16S-  and 18S-rRNA-gene amplicon sequence  variants  of  two size-

fractions (0.22-3 µm and >3 µm). We applied ecological models and network analysis to compare

the ecological processes shaping these communities over time. Our results indicate that the relative

importance of determinism (selection) was consistently larger in the temperate than in the tropical

observatory.  Our  network  analysis  revealed  that  the  tropical  microbial  communities  were  less

connected but displayed more stable associations over time than the temperate ones. We conclude

that,  as we move from high to low latitudes,  the influence of deterministic factors such as day

length  and  temperature  drastically  reduces  while  stochastic  factors  –  related  to  biological

interactions – emerge as the main drivers of microbial community dynamics. This study reinforces

the  importance  of  comparative  studies  using  globally  distributed  time-series  to  understand  the

ecological processes structuring the ocean microbiome.

Keywords:  Equatorial  Atlantic,  Mediterranean  Sea,  marine  microbiota,  microbial  observatory,

network analysis
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INTRODUCTION

Marine  microbial  communities  bear  an  important  share  of  the  ocean’s  biodiversity  (DE

VARGAS et al., 2015; SUNAGAWA et al., 2015) and their interactions are fundamental for Earth’s

ecosystem functioning and biogeochemical cycles  (FALKOWSKI; FENCHEL; DELONG, 2008;

GUIDI et al., 2016). Comprehending the factors and mechanisms that drive microbial dynamics is

important  to  predict  how  undergoing  environmental  changes  would  impact  their  community

composition, interactions and functions  (CHAFFRON et al., 2021; DONEY et al., 2012). Global

oceanographic  expeditions  (i.e.:  TARA and  Malaspina)  have  lately  revealed  large-scale  spatial

patterns of microbial diversity  (GINER et al., 2020; IBARBALZ et al., 2019; SALAZAR et al.,

2016;  SOMMERIA-KLEIN  et  al.,  2021;  SUNAGAWA  et  al.,  2015) and  their  ecological

associations  (CHAFFRON et al.,  2021; DEUTSCHMANN et al.,  2022; LIMA-MENDEZ et al.,

2015).  The  ecological  processes  shaping  microbial  communities  have  recently  been  shown  to

change between biological domains (prokaryotes vs. eukaryotes) as well as with depth and with

spatial scale of the ocean (JUNGER et al., 2023; LOGARES et al., 2020). However, these space-

for-time studies lack the temporal dimension, which is essential to fully understand the patterns of

microbial  diversity  and  the  underpinning  mechanisms  shaping  ocean  microbial  communities

(BUTTIGIEG et al., 2018; MOREIRA; LÓPEZ‐GARCÍA, 2019).

Most long-term microbial observatories with molecular data are still restricted to northern

mid-latitudes  (~22º  to  50º)  and  present  methodological  differences  (e.g.,  primers,  sequencing

technology) that limit  their  inter-comparison. Most of the world’s ocean surface is  under warm

oligotrophic tropical conditions (BEHRENFELD et al., 2006), where primary production is usually

dominated by picoplankton (< 3 µm), both prokaryotes (Synechococcus and Prochlorococcus) and

tiny  single-cell  eukaryotes  (ALVAIN  et  al.,  2008).  In  this  context,  we  lack  comprehensive

comparative  studies  of  ocean  time-series  using  the  same standard  methods  to  assess  microbial

diversity  and  associations  in  the  low-latitude  parts  of  the  global  ocean,  specially  considering

understudied  areas  such  as  the  South  Atlantic  Ocean.  There  are  some  remarkable  exceptions,

though, such as the Australian Microbiome initiative, that generated a dataset – conceived with

standard  methods  and protocols  –  of  seven coastal  microbial  time-series  covering  a  latitudinal

gradient (~12° to 42°) at continental scale (BROWN et al., 2018).

Efforts  using  ecological  models  have  paved  the  way  to  understanding  the  ecological

processes (selection, dispersal, and drift) structuring microbial communities (HUBER et al., 2020;

JUNGER et al.,  2023; LOGARES et al.,  2020; VASS et al.,  2020). Several studies have found

prokaryotes to be relatively better explained by environmental selection than by dispersal or drift,

while  single-cell  eukaryotes  more  determined  with  the  latter  factors  (JUNGER  et  al.,  2023;
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LOGARES et  al.,  2018,  2020;  VASS et  al.,  2020),  mainly due to  differences  in  organism and

population sizes (DE BIE et al., 2012; FODELIANAKIS et al., 2021; VILLARINO et al., 2018), as

well because of the dormancy capacity of bacteria  (LOCEY et al.,  2020). The balance of these

mechanisms  also  changes  with  ocean  depth  due  to  differences  in  microbial  abundances,

environmental  heterogeneity,  and  barriers  to  dispersal  (JUNGER et  al.,  2023).  However,  these

ecological  models  do  not  take  into  consideration  biological  interactions,  which  also  exert  an

important influence on species distributions at macroecological scales (ARAÚJO; LUOTO, 2007).

As  an  alternative,  network  topological  metrics  have  been  used  to  capture  the  ecological

characteristics of plankton communities  (FUHRMAN; CRAM; NEEDHAM, 2015), to investigate

community  resilience  (MOORE; GREWAR; CUMMING, 2016;  SOLÉ;  MONTOYA, 2001),  as

well as potential responses to environmental changes (CHAFFRON et al., 2021). The application of

network analyses to omics data has improved our understanding of the range of potential ecological

associations  between  microbes,  the  role  of  keystone  species,  and  the  likely  response  of  these

communities to environmental changes in the ocean (CHAFFRON et al., 2021; DEUTSCHMANN

et al., 2021; KRABBERØD et al., 2022; LIMA-MENDEZ et al., 2015).

Here we aimed to compare the ecological processes as well as the topological metrics of

microbial  co-occurrence  networks  in  two  coastal  marine  observatories  located  in  contrasting

latitudes.  We determined  which  processes  (selection  or  stochasticity)  temporally  structure  free-

living (0.22-3 µm) and particle-attached (>3 µm) prokaryote as well as small (<3 µm) and large (3-

200 µm) protists in each time-series. To do so, we sequenced 16S and 18S rRNA gene amplicons

from DNA samples collected monthly for four years in two microbial observatories, one tropical

site  located  in  the  Western  Equatorial  Atlantic  (6°S),  and  one  temperate  site  located  in  the

Northwestern Mediterranean Sea (42°N). We hypothesized temperate microbial communities would

be relatively more structured by selection than tropical microbial communities, due to the larger

temporal  environmental  heterogeneity  in  intermediate  latitudes  when  compared  to  low-latitude

sites. On the other hand, stochastic factors possibly related to biological associations (as estimated

by network analysis) would arise as the main structuring factor of microbial communities in the

tropics.

MATERIAL AND METHODS

Study sites and sampling design

Surface seawater (~1 m depth) samples were collected monthly from April 2013 to August

2016 at two coastal marine observatories: the Equatorial Atlantic Microbial Observatory – EAMO

(-5.99°, -35.08°) located in the western coast of the Atlantic, 30 km away from the city of Natal
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(Brazil); and the LTER Blanes Bay Microbial Observatory – BBMO (41.66°, 2.80°) located in the

Northwestern Mediterranean Sea (Fig. III-1). BBMO is a temperate oligotrophic coastal site ~1 km

offshore with little riverine or human influence  (GASOL et al., 2016), while EAMO is a tropical

oligotrophic site ~3 km from the Brazilian coastline. Both coastal sites are on average 20 m deep.

To our knowledge, EAMO is the first microbial observatory located in the South Atlantic Ocean and

one of the very few observatories in low-latitudes (0-10°) with available amplicon sequencing data.

Daylength (hours of light) was calculated for both sites based on coordinates and sampling dates.

In each site, 20 L sub-surface (~1 m depth) seawater samples were passed through a 200-µm

mesh  net  and  transported  to  the  lab  in  20-L in  polycarbonate  carboys,  under  dim  light,  and

processed within 1.5 h. To obtain microbial biomass, 2 to 6 L sub-surface seawater was first filtered

through a 20um filter nylon mesh and then sequentially filtered through 3-μm polycarbonate filters

("nanoplankton";  3-20  µm  size-fraction)  and  0.22  μm-Sterivex  “cartridges”  (Millipore)

("picoplankton"; 0.22-3 µm size-fraction), using a peristaltic pump. The filters were embedded in a

lysis buffer solution and maintained in the ultra-freezer (-80 °C) until DNA extraction.
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Figure III–1. Geographic location of the two contrasting coastal marine microbial observatories sampled in

this  study:  the  Equatorial  Atlantic  Microbial  Observatory  (EAMO)  and  the  Blanes  Bay  Microbial

Observatory (BBMO). Temporal variability in temperature, day-length, chlorophyll-a as well as inorganic

nutrients in these observatories during the sampling period of this study (April 2013 to August 2016). Fig.

III-S1 shows the differences in all environmental and biological variables between observatories.



Analytical methods

Water transparency was determined with a Secchi disk. Water temperature, conductivity, and

dissolved  oxygen  were  measured  in  situ  using  CTDs  model  SAIV A/S  SD204.  Chlorophyll-a

concentration was obtained by filtering the seawater in 3 µm polycarbonate filters and then GF/F

(Whatman),  and  extracted  with  acetone  (90%  acetone,  4°C,  overnight),  and  determined  by

fluorescence measured with calibrated Turner Designs fluorometers. Dissolved inorganic nutrient

concentrations were determined from GF/F (Whatman) filtered seawater samples in an autoanalyzer

following standard procedures (GRASSHOFF; KREMLING; ERHARDT, 1999).

Seawater samples for flow cytometry counts were preserved with 1% paraformaldehyde +

0.05% glutaraldehyde (final concentration). Bacterial abundance was analyzed by flow cytometry in

a BD FACSCalibur flow cytometer with a blue (488 nm) laser and SybrGreen I staining, according

to  (GASOL; DEL GIORGIO, 2000). Picocyanobacteria were subtracted in independent counts of

non-stained samples in a plot of side light scatter versus red and orange fluorescences. Bacterial size

was estimated with the relationship,  and bacterial  biomass was calculated using the volume-to-

carbon relationship where pgC cell-1 = 0.12 pg (µm3 cell-1) 0.7  (NORLAND; FAGERBAKKE;

HELDAL, 1995).

DNA extraction, sequencing, and bioinformatics

DNA extraction was carried out with a phenol-chloroform protocol, cutting the filters into

small  pieces  (LOGARES  et  al.,  2014),  and  subsequent  purification  using  Amicon  column

(Millipore® 100KDa/100.000MWCO). DNA extracts were quantified with a Qubit 1.0 (Thermo

Fisher Scientific) and preserved at −80 °C. PCR amplification was performed using the primers

515F-Y (5'-GTGYCAGCMGCCGCGGTAA) and -926R (5'-CCGYCAATTYMTTTRAGTTT) for

the 16S rRNA gene hypervariable V4-V5 region (≈ 400 bp) to target prokaryotes – both Bacteria

and Archaea (PARADA; NEEDHAM; FUHRMAN, 2016). For eukaryotes, the primers used were

TAReukFWD1  (5’-CCAGCASCYGCGGTAATTCC-3’)  and  TAReukREV3  (5’-

ACTTTCGTTCTTGATYRA-3’)  of  the  18S  rRNA gene  hypervariable  V4  region  (≈ 380  bp)

(STOECK et al., 2010).

Samples were sequenced in an Illumina MiSeq platform, and raw reads were processed

using DADA2 (CALLAHAN et al., 2016) to determine amplicon sequence variants (ASVs). For the

16S rRNA gene, we trimmed the forward reads at 210 bp and the reverse reads at 180 bp, while for

the 18S rRNA gene, forward reads were trimmed at 220 bp and the reverse reads at 190 bp. Then,

for the 16S rRNA gene, the maximum number of expected errors  (maxEE) was set to 5 for the

forward and reverse reads, while for the 18S rRNA gene, the  maxEE was set to 5 and 6 for the
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forward and reverse reads, respectively. Finally, error rates were estimated using DADA2 for both

the 16S and 18S genes to delineate the ASVs.

ASVs taxonomy was assigned with DADA2 using the naïve Bayesian classifier  method

(QIONG  et  al.,  2007) together  with  the  SILVA  v.138 database  (QUAST  et  al.,  2013) for

prokaryotes, and  the Protist Ribosomal Reference database (PR2, version 4.14,  (GUILLOU et al.,

2013)), for eukaryotes. Eukaryotes,  chloroplasts,  and mitochondria were removed from the 16S

ASVs table, while Holozoan (Metazoa and Fungi), Streptophyta, and nucleomorphs were removed

from the  18S  ASVs  table.  The  samples’ prokaryotic  and  eukaryotic  taxonomic  composition  is

shown in the supplementary material (Fig. III-S2 and Fig. III-S3). The prokaryotic and eukaryotic

community compositions were segregated both by observatory and size-fraction (Fig. III-S4).

For  ecological  models  and  most  statistical  analyses  (apart  from  network  analysis),

prokaryotic and eukaryotic  ASVs tables were rarefied to 8,536 reads and 9,568 reads per sample,

respectively, with the function  rrarefy from the Vegan R package.  Rare ASVs with  an abundance

sum <50 reads  and prevalence <15% were removed from  each  ASV table to  reduce PCR and

sequencing depth biases. This filtering procedure  kept ~95%  of the total reads  and ~25% of the

ASVs. The raw DNA sequences obtained in this study were deposited in the European Nucleotide

Archive  (http://www.ebi.ac.uk/ena)  under  accession  numbers  PRJEB48035  for  BBMO  and

PRJNA414763 for EAMO.

General statistical analyses

We  used  the  R  software  v  4.0.3  (R  CORE  TEAM,  2014) with  the  packages  vegan

(OKSANEN et al., 2015), MASS (VENABLES; RIPLEY, 2002), and BiodiversityR (KINDT; COE,

2005) for data processing and statistical analyses. Analyses of dissimilarities were conducted using

the  ‘adonis2()’ function  of  the  vegan  R  package  to  investigate  the  percentage  of  variance  in

community composition explained by environmental variables (MCARDLE; ANDERSON, 2001).

Phylogenetic  trees  were  built  for  both  the  16S and 18S rRNA gene datasets.  First,  we

aligned raw ASV sequences against an aligned SILVA template – for 16S rRNA – and an aligned

PR2 template – for 18S rRNA – using mothur (SCHLOSS et al., 2009). Poorly aligned regions or

sequences  were  then  removed  using  trimAl  (parameters:  -gt  0.3  -st  0.001)  (CAPELLA-

GUTIÉRREZ; SILLA-MARTÍNEZ; GABALDÓN, 2009). The alignment was visually curated with

seaview v4  (GOUY; GUINDON; GASCUEL, 2010),  and sequences with >=40% of gaps were

removed.  Finally,  phylogenetic  trees  were  inferred  from the  curated  alignment  using  FastTree

v2.1.9 (PRICE; DEHAL; ARKIN, 2009).
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Computation of determinism and stochasticity

The relative importance of determinism (selection) and stochasticity was estimated using a

null  model  approach  (STEGEN  et  al.,  2013) that  has  been  widely  used  in  ecological  studies

(HUBER et al.,  2020; JUNGER et al.,  2023; LOGARES et al.,  2020; VASS et al.,  2020). This

analysis consists of inferring selection from ASV phylogenetic turnover. First, we determined the

phylogenetic  turnover  using  the  abundance-weighted  β-mean  nearest  taxon  distance  (βMNTD)

metric (STEGEN et al., 2013), which computes the mean phylogenetic distances between each ASV

and its closest relative in each pair of communities (pairwise comparisons). Second, we run null

models with 999 randomizations to simulate the community turnover by chance (βMNTDnull), in

other words, stochasticity (STEGEN et al., 2013). Finally, the β-Nearest Taxon Index (βNTI) was

calculated from the differences between the observed βMNTD and the mean βMNTDnull values.

Overall,  |βNTI|  >  2  indicates  that  taxa  are  phylogenetically  more  related  or  less  related  than

expected by chance, pointing to a strong influence of selection on community assembly (STEGEN

et al.,  2013).  More precisely,  βNTI values higher than +2 indicate  the action of heterogeneous

selection, while βNTI values lower than –2 points indicate the action of homogeneous selection

(STEGEN et al., 2013). The fraction of β-diversity of the communities that was not explained by

selection (|βNTI| ≤ 2) was considered to be ruled by stochasticity.

Network construction

For network construction, we used only samples that have both 16S and 18S data, and pico-

(0.2–3 µm) and nano- (>3 µm) size fractions. First, to control for data compositionality in network

construction (GLOOR et al., 2017), we applied a centered-log-ratio transformation separately to the

prokaryotic and eukaryotic ASV tables of both size fractions and locations. Second, we merged the

four data tables corresponding to each primer-size fraction (16S 0.2-3 µm, 16S 3-20 µm, 18S 0.2-3

µm  and  18S  3-20  µm)  into  a  single  matrix  for  each  observatory.  Then,  we  constructed  one

preliminary network for each observatory (BBMO and EAMO) using FlashWeave (TACKMANN;

MATIAS  RODRIGUES;  VON  MERING,  2019),  selecting  the  options  “heterogeneous”  and

“sensitive”. The resulting preliminary BBMO network contained 2311 nodes and 3403 edges (3061

or 90% positive, and 342 or 10% negative), while the preliminary EAMO network contained 2773

nodes  and  3243  edges  (2712,  84%  positive,  and  531,  16%  negative)  (Fig.  III-2).  The  nodes

represent microorganisms, while edges stand for potential interactions in the network. Finally, we

approximated the temporal networks via monthly subnetworks (27 in BBMO and 22 in EAMO)

from each static network  (DEUTSCHMANN et al., 2021). Shortly, each sub-network contains a

node and an edge subset of the static network. An edge is present in a subnetwork of a particular
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month if both nodes correspond to microorganisms detected in that month. A microorganism is

determined as detected if the sequence abundance is above zero.

Network analysis

We computed global  network metrics  to  characterize the single static  network and each

monthly subnetwork using the igraph R-package (CSARDI, G. NEPUSZ, 2006) and adapted code

from  (DEUTSCHMANN et al.,  2021). We computed the following metrics:  mean degree,  edge

density, average path length, transitivity, and assortativity based on node degree. We also computed

the average strength of positive associations between microorganisms, and assortativity based on

the nominal classification of nodes based on the domain (prokaryotes vs.  eukaryotes) and size-

fraction (small vs. large). Mean degree is the number of edges that connect the focal node to other

nodes. It captures the average number of links per species. Edge density is the ratio between the

number  of  edges  and  the  number  of  possible  edges,  which  measures  how  well  the  graph  is

connected. It is a connectivity index capturing the proportion of possible links between species.

Average path length is the average length of all possible shortest paths in the graph. A small average
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Figure  III–2. Visualization of the static networks from the Blanes Bay Microbial Observatory (N = 27

samples) and the Equatorial Atlantic Microbial Observatory (N = 22 samples). Edges are colored according

to biological domain (prokaryotes and eukaryotes) and size-fraction (pico- and nanoplankton).



path  length  is  interpreted  to  increase  the  speed  of  the  network’s  response  to  perturbations.

Transitivity measures how well nodes in a graph cluster together (community clustering). It is also a

connectivity index capturing the tendency of links between species to cluster together. Assortativity

quantifies  whether  nodes  tend to  be  connected  to  nodes  of  the  same or  similar  characteristics

(numerical  or  categorical).  Assortativity  (bacteria  vs.  eukaryotes)  is  positive  if  bacteria  tend to

connect with bacteria, and eukaryotes tend to connect with eukaryotes. It is negative if bacteria tend

to connect to eukaryotes, and vice versa. Assortativity (small vs. large) is positive if plankton tend

to connect with those of the same size-fraction, while it is negative if they tend to connect with

those  of  different  size-fraction.  Spearman  correlations  were  computed  between  global  network

metrics  and  environmental  data  using  the  Holm’s  multiple  test  correction  to  adjust  p-values

(HOLM, 1979), with the function corr.test in the psych R-package  (REVELLE, 2022). We used

Gephi (BASTIAN; HEYMANN; JACOMY, 2009), v.0.9.2, and the Fruchterman Reingold Layout

(FRUCHTERMAN; REINGOLD, 1991) for network visualizations.

RESULTS

Ecological mechanisms and factors shaping the microbial community structure

We  found differences  in  the  balance  between  deterministic  (selection)  vs. stochasticity

among  sites  (Fig.  III-3).  Selection always  explained  a  higher percentage  of  the  turnover  of

prokaryotes  as  compared  to  eukaryotes  in  both size-fractions  (Fig.  III-3).  Selection  always

explained a higher percentage of prokaryotes' turnover than eukaryotes in both size-fractions (~56%

vs. ~34%) and EAMO (~43% vs. ~26%). These striking differences in the percentage explained by

selection between smaller and larger size-fractions were not observed for  eukaryotes (~20% vs.

~13% in BBMO and ~7% vs. ~9% in EAMO) (Fig. III-3). Selection was relatively more important

than other processes in the temperate site compared to the tropical site, regardless of the biological

domain and size-fraction (Fig. III-3).
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To  investigate  the  environmental  factors  determining  the  microbial  communities  in

contrasting  latitudes,  we  used  dissimilarity  analysis  (ADONIS).  The  temperate  site  free-living

prokaryotic community turnover was mainly explained by temperature (~20%), day length (~13%),

and phosphate (~4%) (Fig. III-4). Conversely, the tropical site free-living prokaryotic community

turnover  was  not  explained  by  any  of  the  measured  environmental  variables  (Fig.  III-4).  The

temperate site particle-attached prokaryotic community turnover was also explained by temperature

(~16%),  day  length  (~11%),  and  phosphate  (~5%),  while  the  tropical  site  particle-attached

prokaryotic community was explained by temperature (~10%) (Fig 4). The picoeukaryotes (0.2-

3µm) were mainly explained by day length (9%), phosphate (6%), and temperature (4%) in the

temperate site and by day length (7%), and temperature (7%) in the tropical site (Fig. III-4). The

turnover in temperate nanoeukaryotic (3-20 µm) communities was explained by day length (~13%)

temperature (~5%), and silicate (~4%), while ammonia (~6%) and silicate (~6%) explained only a

limited fraction of the turnover in the tropical site for the same size-fraction (Fig. III-4).
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Figure  III–3.  Microbial community assembly processes in contrasting time-series. Relative importance of

the different ecological mechanisms (homogeneous or heterogeneous Selection vs. Stochasticity) structuring

the microbial communities in the Blanes Bay Microbial Observatory (BBMO, 42°N) and the Equatorial

Atlantic Microbial Observatory (EAMO, 6°S).



Network topological metrics

Most network topological metrics were significantly different between BBMO and EAMO

temporal networks (Fig. III-4). Mean degree (t=7.14, df=46.99, p<0.001) and edge density (t=4.87,

df=36.7, p<0.001) were significantly higher in BBMO than in EAMO (Fig. III-4). In turn, mean

positive  association  strength  (t=-36.85,  df=45.14,  p<0.001),  average  path  length  (t=-4.78,

df=31.632, p<0.001), assortativity degree (t=-3.35, df=37.68, p<0.001) and assortativity based on

size-fractions (t=-5.6, df=46.50, p<0.001) were significantly lower in BBMO than in EAMO (Fig.

III-4). The metrics extracted from each static network analysis are shown in the supplementary

material (Fig. III-S5).

Overall, the network topological metrics were significantly associated with day length and

temperature in the temperate site BBMO (Fig. III-5A). The number of nodes and edges negatively

correlated with day length (r=–0.7) and temperature (r=–0.45). Conversely, edge density positively

correlated with day length (r=0.7) and temperature (r=0.43). Average positive association positively

correlated with day length (r=0.79) and negatively correlated with nitrate (r=-0.39). Average path

length  positively  correlated  with  day  length  (r=0.74)  and  temperature  (r=0.54)  and  negatively

correlated with nitrate (r=–0.42). Transitivity negatively correlated with temperature (r=-0.59) and
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Figure III–4. Environmental drivers of microbial communities in the two contrasting time-series. Percentage

of variance (Adonis R2) in eukaryotic and prokaryotic community composition (Bray-Curtis dissimilarity)

explained by the environmental variables with significant values (p<0.05) in at least one of the subsets. Blank

spaces depict non-significant results (p>0.05). Temp – temperature. Salinity, NO3, NO2 and chlorophyll-a are

not  shown because they did not  explain a  significant  portion of  community turnover  in  any of  the  two

observatories.  BBMO  –  Blanes  Bay  Microbial  Observatory.  EAMO  –  Equatorial  Atlantic  Microbial

Observatory.



positively correlated with nitrite (r=0.48), nitrate (r=0.44), and silicate (r=0.41). On the other hand,

in the tropical site EAMO, most network topological metrics displayed no correlations with day

length and temperature (Fig. III-5B). Assortativity (prokaryotes vs. eukaryotes) positively correlated

with nitrite (r=0.56). The number of nodes and edges negatively correlated with silicate (r=-0.49)

(Fig.  III-5B).  Edge  density  and  average  positive  association  positively  correlated  with  silicate

concentration (r=0.5 and r=0.52).

DISCUSSION

Our results support our main hypothesis that the turnover of microbial communities would

be relatively more explained by selection in the temperate (BBMO) rather than in the tropical site

(EAMO) due to larger environmental heterogeneity in intermediate latitudes when compared to

low-latitude sites. This result is coherent with a recent Lagrangian study that found selection to

increase  with  increasing  environmental  heterogeneity  in  the  ocean  (JUNGER  et  al.,  2023).

Similarly, other studies conducted over time have found the same pattern for microbial communities

inhabiting both terrestrial  (DINI-ANDREOTE et al., 2015; STEGEN et al., 2013) and freshwater

ecosystems  (HUBER et al., 2020; VASS et al., 2020). These results are further supported by the

generally higher percentage of turnover explained by environmental variables in BBMO compared

to EAMO (Fig. III-3).

Our results also point out that the balance between determinism (selection) and stochasticity

changes between prokaryotic and eukaryotic microbial communities. Prokaryotes were generally

more  explained  by  selection  than  microbial  eukaryotes.  This  finding  agrees  with  previous

Lagrangian  studies  that  showed  a  relatively  stronger  selection  for  prokaryotes  than  for

picoeukaryotes in different depth zones of the ocean  (JUNGER et  al.,  2023;  LOGARES et  al.,

2020) as  well  in  lacustrine  ecosystems  (LOGARES  et  al.,  2018;  VASS  et  al.,  2020).  These

differences between domains are probably associated with factors (i.e., organism and population

sizes) regulating stochastic processes such as dispersal limitation and ecological drift  (DE BIE et

al.,  2012; FODELIANAKIS et al.,  2021; VILLARINO et al.,  2018). Unicellular eukaryotes are

larger  and  present  smaller  populations  (MASSANA;  LOGARES,  2013) than  prokaryotes,

displaying lower dispersal rates (VILLARINO et al., 2018). Besides, the relatively stronger action

of selection on prokaryotes than on eukaryotes could also be related to the fact that dormancy is a

common mechanism for prokaryotes but not for eukaryotes  (LOCEY et al.,  2020; WISNOSKI;

LEIBOLD; LENNON, 2019). Dormancy keeps local bacterial diversity stable over time (LENNON

et al., 2021) and, therefore, it can influence how we perceive the action of homogeneous selection

on prokaryotic communities (JUNGER et al., 2023). These patterns have previously been observed
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across different spatial  scales  (JUNGER et al.,  2023),  and the current  study suggests that  such

patterns persist over time at different latitudes of the ocean.

We also found that the importance of selection relative to that of stochasticity (dispersal

limitation  or  ecological  drift)  was  usually  higher  for  the  0.22-3µm (free-living  prokaryotes  or

picoeukaryotes) than for the >3 µm (particle-attached prokaryotes or nanoeukaryotes) size-fraction.

This result not only supports previous reports of increasing dispersal limitation and biogeography

structure  with  increasing  plankton  size  (FARJALLA  et  al.,  2012;  JUNGER  et  al.,  2023;

SOMMERIA-KLEIN  et  al.,  2021),  but  it  also  demonstrates  that  the  importance  of  stochastic

processes  for  particle-attached  prokaryotes  should  increase  with  the  size  of  the  particle  (or

organism)  they  are  associated  with  (JUNGER  et  al.,  2023).  Recent  studies  using  a  multi-

fractionation  approach  (from  0.2  to  200  µm)  have  shown  that  the  size  of  the  particles  that
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Figure  III–5. Dynamic temporal network topological metrics differ between the Blanes Bay Microbial

Observatory (BBMO) and the Equatorial Atlantic Microbial Observatory (EAMO). Red asterisks depict

statistically  significant  differences  (t-test,  p<0.005).  Each  point  represents  one  monthly  sample.

Topological metrics from the static networks are available in the supplementary material (Fig. III-S4).



prokaryotes inhabit  determines their  community composition and diversity  over time and space

(MESTRE et al., 2017a, 2017b, 2020). Here, we show that these different dynamics could be driven

by differences in the relative importance of ecological processes – such as selection and dispersal

limitation – acting on the prokaryoplankton communities associated with particles drifting in the

ocean.  Determining  the  processes  underlying  the  biogeographical  patterns  of  particle-attached

prokaryotes  is  particularly  important  because  such  particles  contribute  to  the  biological  pump

essential to the global carbon cycling (GUIDI et al., 2016; SIMON et al., 2002).

We found significant differences in topology between the temperate and tropical networks.

The edge density values were within the range found in static and dynamic plankton networks built

from the TARA Oceans dataset  (CHAFFRON et al., 2021; LIMA-MENDEZ et al., 2015). Mean

degree and edge density were significantly higher in BBMO than in EAMO, which suggests a larger

number of potential associations per species and stronger connectivity  (DEUTSCHMANN et al.,

2021, 2022) in the temperate than in the tropical observatory. This result suggests that either there

are more microbial interactions in temperate than tropical coastal sites  (DEUTSCHMANN et al.,

2022) or that the strong environmental selection exerted by light and temperature leads to higher

microbial  recurrence,  which  ultimately  translates  into  higher  detectable  connectivity  in  the

temperate site  (AULADELL et al.,  2022; CHAFFRON et al.,  2021; GINER et al.,  2019). Edge
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Figure  III–6. Spearman  correlation  matrices  between  network  topological  metrics  and  environmental

variables  at  (A) Blanes  Bay  Microbial  Observatory  –  BBMO  and  (B) Equatorial  Atlantic  Microbial

Observatory – EAMO. Empty boxes represent non-significant correlations (p>0.05).



density positively correlated with day length and temperature in BBMO but not in EAMO. This

finding  agrees  with  the  hypothesis  that  the  microbial  dynamics  driven  by  the  wider  seasonal

environmental fluctuation explain the stronger network connectivity in the temperate station. These

results  are  coherent  with  our  finding  of  higher  relative  importance  of  selection  in  temperate

microbial communities' assembly compared to the tropical ones. Accordingly, classic studies have

shown that the amplitude of fluctuations in tropical plankton populations is lower, with no clear

ecological succession or phenology (CONNELL; ORIAS, 1964; DUNBAR, 1960), when compared

with temperate populations (MARGALEF, 1978). In fact, several reports have found that seasonal

patterns of both prokaryotes and eukaryotes are mainly driven by temperature and light fluctuation

in temperate sites  (AULADELL et al.,  2022; CARACCIOLO et al.,  2022; GINER et al.,  2019;

MESTRE et al., 2020). Although inconclusive, the higher mean degree may indicate potentially

more keystone species (BERRY; WIDDER, 2014) in BBMO than in EAMO (KRABBERØD et al.,

2022). In this case, microbial communities inhabiting temperate coastal systems would be likely

more vulnerable to global environmental changes than their tropical counterpart  (CHAFFRON et

al., 2021).

The EAMO network was significantly more assortative than the BBMO network, which

means that  microbes  tended to be more connected to  those with similar  mean degree (average

number of links per microbe) in the tropical site. Assortativity (prokaryotes vs. eukaryotes) was

mostly positive in both observatories, but there were no significant differences between them. This

result means that nodes of the same domain tended to connect, which agrees with previous reports

showing a trend of cyanobacteria to connect primarily with other prokaryotes (DEUTSCHMANN et

al.,  2021;  LIMA-MENDEZ  et  al.,  2015).  Conversely,  assortativity  based  on  size-fraction  was

mainly negative in both observatories yet significantly lower in BBMO. This result indicates that

connections  between  plankton  of  different  size-fractions  tended  to  be  more  common  in  the

temperate  than  in  the  tropical  site.  Altogether,  the  difference  between  observatories  regarding

assortativity  seems  to  be  driven  more  by  the  size-fraction  than  by  the  biological  domain

(prokaryotes  vs.  eukaryotes).  This  finding  could  reflect  the  overall  higher  abundance  of  larger

eukaryotes, such as diatoms in temperate regions, where the broader seasonal fluctuation results in

typical phytoplankton successions, with a diatom winter/spring bloom (CARACCIOLO et al., 2022;

MARGALEF, 1978), which is not common in the constantly warm waters of the tropics (ALVAIN

et al., 2008). Diatoms are indeed known to display important biological associations with bacterial

lineages such as Bacteroidetes and Gammaproteobacteria  (AMIN; PARKER; ARMBRUST, 2012;

CHAFFRON et al., 2021; LIMA-MENDEZ et al., 2015). Conversely, diatoms are relatively less

abundant in tropical waters, where picoplankton – such as Synechococcus – typically represents a
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larger fraction of the phytoplankton biomass (ALVAIN et al., 2008).

Finally,  the  tropical  network  had  significantly  stronger  positive  associations  than  the

temperate  network,  which  indicates  relatively  higher  co-occurrence  than  mutual  exclusion  and

likely more ‘stability’ in the predicted associations than in the temperate site. This result contradicts

a  recent  global  space-for-time  study  that  reported  a  similar  difference  in  association  strength

between temperate (Westerlies) and tropical (Trades) regions of the epipelagic ocean (CHAFFRON

et al., 2021). Since association strength may also indicate high niche overlap (positive association)

or divergence (negative association) between microorganisms  (HERNANDEZ et al., 2021), these

divergent results suggest that Eulerian sampling is essential to fully capture the temporal variability

(or the lack of it) in environmental factors that are driving community structure and interactions.

Another possible explanation for this difference is that coastal sites are more hydrodynamic and

thus  more  affected  by  idiosyncrasies  than  the  open  ocean  (LONGHURST,  2007).  The  tropical

network also displayed a significantly larger average path length than the temperate, which may

indicate a slower response to environmental perturbations when compared to the temperate station

(ZHOU et al., 2010). In graph theory, In graph theory, networks with small average path lengths are

known as ‘small-world networks,’ where most nodes can reach other nodes through a small number

of steps (WATTS; STROGATZ, 1998). This feature would allow a quick ‘communication’ among

components of a given microbial co-occurrence network, and it may be interpreted as an indication

of low ecosystem resilience  (DEUTSCHMANN et al., 2021; ZHOU et al., 2010). Accordingly, a

recent report  has found stronger associations and higher average path length in the deep ocean

(DEUTSCHMANN et al.,  2022), which is environmentally more homogeneous than the surface

ocean  (JUNGER et al., 2023). These results also indicate that increasing temperature variability

seems  to  decrease  network  stability  (CHAFFRON  et  al.,  2021).  Thus,  the  low  amplitude  of

temperature  variation  recorded in  tropical  surface  waters  and in  the deep ocean would lead to

relatively more stable networks. Furthermore, average path length positively correlated with day

length and temperature in the temperate but not in the tropical site, where it varies little. Altogether,

these results suggest more stable ecological associations in the tropics, which is coherent with our

finding  that  stochasticity  was  relatively  more  important  in  the  tropical  than  in  the  temperate

observatory. 

CONCLUSION

In summary, our results indicate that the relative importance of determinism (selection) was

consistently  more  prominent  in  the  temperate  than  in  the  tropical  observatory.  Conversely,  the

relative importance of stochasticity (dispersal limitation or drift) was higher in the tropical than in
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the temperate site. Our network analysis revealed that the tropical microbes were less connected but

displayed  more  stable  associations  over  time  –  which  is  coherent  with  our  ecological  model

findings. We can infer that, as we move from high to low latitudes, the influence of deterministic

factors,such as day-length and temperature, is drastically reduced while stochastic factors related to

biological  interactions  emerge  as  the  main  drivers  of  microbial  community  dynamics.  We also

found that selection was always larger for prokaryotes than eukaryotes, which agrees with several

previous studies conducted in diverse aquatic ecosystems. Selection was also larger for the 0.22-3

µm (free-living or picoplankton) than for the >3 µm (particle attached or nanoplankton) fraction,

which  supports  the  ecological  hypothesis  of  increasing  dispersal  limitation  with  increasing

organism (or particle) size. This study also reinforces the importance of comparative studies using

globally distributed time-series in order to understand the ecological processes structuring the ocean

microbiome.
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NICHE-PARTITIONING OF RHODOSPIRILLACEAE AN UBIQUITOUS, ABUNDANT
AND PREVIOUSLY OVERLOOKED MARINE BACTERIA

ABSTRACT

Marine bacteria stand for a great part of the global biodiversity and play critical roles in the ocean.

Recently, modern genomic data obtained during large-scale oceanographic cruises has founded a

new era of discovery of bacterial diversity and ecology in marine ecosystems. Temperature has been

found as the strongest selective driver on bacterial communities in the global ocean, which in turn is

rapidly warming due to climate change. Niche-partitioning is a process in which different species

coexisting  in  the  same  ecosystem  evolve  to  occupy  different  ecological  niches  to  reduce

competition  for  limited  resources.  Here,  we  investigated  temperature-driven  niche-partitioning

patterns in Rhodospirillaceae, an ubiquitous, abundant, but previously overlooked group of marine

bacteria. We brought together classic ecological theory, state-of-the-art molecular techniques, and

culture-independent  methods to  explore the  ecology of  a  potentially  important  marine  bacterial

group  (Rhodospirillaceae)  in  the  global  ocean.  Using  data  from  Malaspina,  we  found  that

Rhodospirillaceae is a free-living bacterial group more abundant in epipelagic than deep waters. We

were able to identify at least four temperature niches among the most abundant Rhodospirillaceae:

very  warm  (20-30°C),  warm  (15-20°),  cold  (5-15°C)  and  very  cold  (0-5°C)  waters.  We  also

assembled 5 single amplified genomes (SAGs) from Tara Oceans and retrieved 44 SAGs and 14

metagenome  assembled  genomes  (MAGs)  with  high  quality  (>70%  completeness,  <10%

contamination) from the literature to conduct comparative genomic analysis. The average amino

acid identity (AAI) varied from 46% to 96.8% for the SAGs and from 49.2 to 99.6% for the MAGs,

while the orthologous fraction (OF) varied from 20% to 87.5% for the SAGs and 18.2% to 80% for

the MAGs. We found a significant inverse relationship (R2=0.28, p<0.001) between mean AAI and

temperature differences, indicating that  Rhodospirillaceae genomes tended to be more similar in

environments  featuring  similar  temperature  ranges.  Furthermore,  we  found  a  strong  negative

correlation (r=-0.47, p<0.001) between genome size and temperature for Rhodospirillaceae MAGs,

reinforcing that temperature is an important selective force driving bacterial niche-partitioning.

Keywords: Community ecology, marine microbiota, amplicon sequencing, MAGs, SAGs
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INTRODUCTION

Marine  bacterial communities  represent  a  great  proportion  of  the  biodiversity  on  Earth

(LOCEY;  LENNON,  2016) and  play  essential  roles  in  global  biogeochemical  cycles

(FALKOWSKI; FENCHEL; DELONG, 2008) as well as in trophic interactions (SHERR; SHERR,

2008).  Having  a  representative  sampling  of  the  marine  microbiome  to  fully  understand  its

distribution and functionality  on a global scale was very challenging since the ocean covers more

than 70% of the planet’s surface (~361 million km2). However, important large-scale oceanographic

cruises  such  as  the  Tara  Oceans (PESANT  et  al.,  2015) and  Malaspina (DUARTE,  2015;

SALAZAR et al., 2016) have taken place during the last decade, helping the scientific community

to assess the global ocean’s planktonic diversity. These global oceanographic cruises, together with

the  technological  revolution  in  molecular  and  bioinformatic  tools  (SALAZAR;  SUNAGAWA,

2017), allowed scientists to adequately address scientific questions regarding the ecology, diversity,

and  evolution  of  microbes  in  the  oceans  (GREGORY et  al.,  2019;  IBARBALZ  et  al.,  2019;

LOGARES et al., 2018; SALAZAR et al., 2016, 2019).

Ecological  communities  are  structured  by  four  main  ecological  processes:  selection,

dispersion, drift, and diversification  (VELLEND, 2016). Selection is basically a reformulation of

the ecological niche theory (HUTCHINSON, 1957) and it is defined as a set of deterministic factors

that alter the communities by changing the species’ fitness (VELLEND, 2016). A recent large-scale

study  has  shown that  selection,  dispersion,  and  drift  have  a  balanced  role  (~33%)  in  shaping

prokaryotic communities in surface waters of the tropical and sub-tropical oceans  (LOGARES et

al.,  2020).  Among  many  environmental  parameters,  temperature  has  been  determined  as  the

strongest selective pressure on microbial communities in the global ocean  (SUNAGAWA et al.,

2015). This finding is particularly important given that the rate of ocean warming has increased by

at least two times over the last two centuries (BINDOFF et al., 2019; CHENG et al., 2020) and has

reached a record high in 2019  (CHENG et al.,  2020).  Moreover,  recent climate change reports

project a further ocean heating of 2 to 4 times considering the low emissions scenario or 5 to 7

times in the high emissions scenario by 2100 (BINDOFF et al., 2019). Therefore, investigating how

microbial populations  will  respond to  ocean warming is crucial to understand potential feedback

mechanisms affecting ecosystem functioning.

The ‘ecological niche’ has been defined by Hutchinson (1957) as a hyper-dimensional space

where  the  dimensions  are  the  environmental  conditions/resources  required  by  an  individual  or

population  to  persist.  In  other  words,  the  niche  concept  establishes  the  relationship between  a

species’ population and its biotic and abiotic environment  (HUTCHINSON, 1957). According to

Hutchinson’s concept, two species cannot coexist with identical niches (a.k.a. competitive exclusion
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principle) and, therefore, there must be a differentiation in at least one of the niche’s dimensions to

avoid extinction (HUTCHINSON, 1957). Niche-partitioning refers to the mechanism through which

natural  selection  leads  competing  species  into  different  niches (MACARTHUR,  1958).  Such

mechanism is fundamental for promoting co-existence between species and maintaining biological

and functional diversity (LEVINE; HILLERISLAMBERS, 2009).

There are classic examples of niche-partitioning in nature, such as the case of the  Anolis

lizards from the Bimini island (SCHOENER, 1968), the Darwin’s finches in the Galápagos islands

(DE LEÓN et al.,  2014) and the plant-resource partitioning among  Bombus bees with different

proboscises  lengths  (PYKE,  1982).  There  are also  many examples  of  niche-partitioning  in

prokaryotes  (SARMENTO;  MORANA;  GASOL,  2016),  often  referred  to in  the  literature  as

‘ecotype  diversification’.  For  instance,  depth-related  diversification  among  sympatric  microbial

populations has been described in the oceans for the archaeal phylum Thaumarchaeota (REJI et al.,

2019) and several bacterial groups such as Prochlorococcus (JOHNSON et al., 2006), Nitrospinae

(NGUGI et al., 2016),  Bacteroidetes (DÍEZ-VIVES et al., 2019) and the ubiquitous SAR86 clade

(HOARFROST et  al.,  2020).  The  important  SAR11  clade  also  has ecotypes  driven  by  niche-

partitioning based on depth, season, and biome (SALTER et al., 2015; VERGIN et al., 2013).

Rhodospirillales is an order  of  bacteria  within  the  subclass  Alphaproteobacteria,  which

places it in the same taxonomic level as the well-known SAR11 clade, the most abundant bacteria

(~25% of the total bacterial cells) in marine systems (GIOVANNONI, 2017). According to the up-

to-date  SILVA  database  (LSU  r138),  the  Rhodospirillales currently  contains  six  families:

Rhodospirillaceae, Magnetospiraceae,  Magnetospirillaceae,  Terasakiellaceae, Thalassospiraceae,

and AEGEAN-169 marine  group. These  last  five  families  were previously classified as  genera

within the Rhodospirillaceae, the most known family within the order  Rhodospirillales. Members

of this family are Gram-negative and form rod-shaped to spirillum-formed cells (BALDANI et al.,

2014). They have been generally described as purple non-sulfur bacteria and, thus, can perform a

wide  range  of  metabolisms  (BALDANI  et  al.,  2014).  While  some  genera  may  shift  from

photoheterotrophic growth under anoxic conditions in the light to chemoheterotrophic growth in the

dark, others grow only heterotrophically under aerobic conditions  (BALDANI et al., 2014). Such

wide metabolic capacities likely confer them the ability to habit a wide range of environments, from

surface  waters  to  the  deep  ocean,  regardless  of  temperature  and  trophic  state.  Despite  being

constantly cited among the most abundant taxa in the ocean (AULADELL et al., 2022; CRAM et

al., 2015; REINTJES et al., 2019), there is still very minimal information about this bacterial group,

especially those within the newly classified families, because most of them are so far uncultured.
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The use of culture-independent methods such as co-assembled metagenomes (metagenomic

assembled genomes; MAGs) and single-cell genomics (single amplified genomes; SAGs) has been

rapidly growing in the field of microbial ecology (PACHIADAKI et al., 2019; SWAN et al., 2013).

These techniques are compelling alternatives that allow the retrieval of uncultured genomes that can

be used to assess genetic, functional, and evolutionary differences among closely related microbes

and  identify  ecological  roles  and  biotechnology  potential  of  uncultured  microbial  groups

(PACHIADAKI  et  al.,  2019).  MAGs and  SAGs  results  have  recently  been  shown to  strongly

correlate  and,  thus,  generate  precise  genomic  information  about  not-yet-cultured  bacterial

populations  (ALNEBERG et al., 2018), proving that the combination of these two methods is a

powerful approach to expand our knowledge on the majority part of the microbial diversity. Most

SAG-based  pangenome  analyses  in  marine  systems  have  focused  on  the  link  between  the

environment and hyper-variable  genomic islands from  Prochlorococcus and SAR11 populations

(DELMONT; EREN, 2018; THOMPSON et al., 2019). However, a recent study has successfully

used  this  technology  to  describe  novel  species  and  their  ecological  and  functional  capacities

(ROYO-LLONCH et al., 2020). Single-cell genomics has also enabled the functional annotation to

lower taxonomic resolutions, from genus  (PACHIADAKI et al.,  2019) to species-level  (ROYO-

LLONCH et al., 2020), which represents a breakthrough in the study of microbial diversity.

Very little is known about the biology, functionality, and ecology of the Rhodospirillaceae

groups in the ocean, particularly the AEGEAN-169 marine group,  despite being among the most

abundant marine bacteria in the ocean  (CRAM et al., 2015; REINTJES et al., 2019). This work

brings  together  classic  ecological  theory  and  state-of-the-art  molecular  techniques,  including

culture-independent  methods  (e.g.,  SAGs,  MAGs),  to  explore  the  biology  and  ecology  of  a

potentially important but previously overlooked marine bacterial group (Rhodospirillaceae) in the

global ocean. Our specific aims were: 1) to investigate niche-partitioning patterns of marine bacteria

belonging to the  Rhodospirillaceae order in the global ocean. To achieve this goal, we combined

spatial  data  from  a  global  oceanographic  cruise  (Malaspina)  and  one  regional  cruise  (HotMix

Mediterranean Cruise), thereby covering the spatial (horizontal and vertical) dimension in different

size-fractions of the planktonic community and; 2) to  investigate the genomic basis of this niche-

segregation pattern by using comparative genomics of single-cell amplified genomes (SAGs) and

metagenome amplified genomes (MAGs) of the Rhodospirillaceae bacteria.
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METHODOLOGY

Datasets

To evaluate the general distribution and niche-partitioning patterns of Rhodospirillaceae, we

used a  compiled  dataset  hereafter  called  MalaMix (Malaspina  Global  Expedition  +  HotMix

Mediterranean Expedition) with a total of 688 samples (500 in Malaspina and 188 in HotMix)  in

148 sampling  stations  (119 in Malaspina  and 29 in  Hotmix)  divided in  different  size  fractions

covering the epi- (0 - 200m), meso- (200 - 1000m) and bathypelagic (1000-4000m) regions of the

tropical  and  sub-tropical  global  ocean (Fig.  II-1).  To  evaluate  these  patterns  in  different  size

fractions of the planktonic community, we used part of the Malaspina dataset with the following

size-fractions: 0.2–0.8, 0.8–3.0, 3.0–5.0, 5.0–10, 10–20 and 20–200 µm (MESTRE et al., 2018). To

obtain  information  about  the  adaptation  mechanisms  of  Rhodospirilllaceae to  different

temperatures,  which  ultimately  leads  to  the  observed niche  partitioning patterns,  we used  both

SAGs and MAGs (see details below).

Single-amplified genomes (SAGs)

Single-amplified genomes were generated from seawater  samples from the global ocean

during the circumnavigation expedition Tara Oceans (PESANT et al., 2015). Five out of 35 SAGs

with  the  16S  rRNA gene  assigned  to  Rhodospirillaceae were  selected  for  complete  genome

sequencing based on a preliminary phylogenetical tree to identify SAGs representative of abundant

clusters in contrasting temperatures of the ocean  (Table 1).  These SAGs were sequenced in  one

batch by Illumina HiSeq 2 x 250 bp technology at the Centre Nacional d'anàlisi Genòmica (CNAG,

Barcelona).  First,  we conducted  the  quality  assessment  of  the  raw reads  using Bowtie2  v2.2.9

(LANGMEAD;  SALZBERG,  2012) and  Samtools  v1.3.1  (LI  et  al.,  2009).  Then,  reads  were

individually normalized by coverage for each SAG with DOW JGI’s Bbnorm and the normalized

paired-end libraries were trimmed and filtered using Trimmomatic (BOLGER; LOHSE; USADEL,

2014) and merged with PEAR v0.9.6  (ZHANG et al., 2013). These genomes  were co-assembled

with the assembler Ray v2.2.0 and then combined using assembler SPAdes v3.10 (BANKEVICH et

al., 2012), which is a strategy demonstrated to reduce gene redundancy and genome fragmentation

(ROYO-LLONCH  et  al.,  2020). Finally,  gene  prediction  and  functional  annotation  of  the  co-

assembled contigs were conducted using the software Prokka v1.12 (SEEMANN, 2014).

Two of the five SAGs had excellent quality (which were used in downstream analysis), one

medium quality, and two were classified as bad quality (Table 1). In order to have more genomes

for further analysis, we also retrieved  Rhodospirillaceae SAGs from a recently published marine

SAGs database  (PACHIADAKI et  al.,  2019).  We selected  only  high-quality  SAGs  with  >70%
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completeness  and  <10%  contamination.  We  found,  in  total,  44 SAGs  belonging  to  the

Rhodospirillaceae that were within our quality criteria.  We managed to gather a total of 46 good-

quality SAGs with >70% completeness and <10% contamination.

Table IV–1. List of the Rhodospirillaceae SAGs that were sequenced for this study with information on the

Tara Oceans station and respective ocean region where they were retrieved from as well as the taxonomy

(genus level classification from 16S rRNA gene) and correspondent temperature niche. Completeness and

contamination values were obtained using compareM.

SAG code Tara

Station

Ocean

Region

Temperature

Niche

Genera Completeness

(%)

Contamination

(%)

AAA536_F16+AAA682_D05 023
Mediterranean

Sea

High

temperature

(Summer/Fall

in Blanes)

Telmatospirillum 90.53 5.42

AAA536_L03+AAA682_F08 023
Mediterranean

Sea

Low

temperature

(Winter in

Blanes)

Telmatospirillum 84.94 24.7

AAA536_M11+AAA682_B1

0
023

Mediterranean

Sea

Medium

temperature

(Mid fall in

Blanes)

Telmatospirillum 41.29 0

AD-623_O19+AF-152_A06 078
South Atlantic

Ocean

Medium

temperature
Nisaea 35.34 1.72

AH-341_L07+AK-140_E03 194

Pacific Arctic

(Beaufort

Gyre)

Low

temperature
Magnetovibrio 88.45 2.69

Metagenomic assembled genomes (MAGs)

We obtained 14 Rhodospirillaceae MAGs binned from the OceanDNA MAG catalog 

(NISHIMURA; YOSHIZAWA, 2022), including TARA Oceans MAGs. We also obtained 3 MAGs 

from the Blanes Bay Microbial Observatory (BBMO) database (not yet published). We have 

selected 17 Rhodospirillaceae MAGs classified as ‘good quality’ according to our criteria (>70% 

completeness and <10% contamination).
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Comparative genomics of MAGs and SAGs

Comparative  genomics  analysis  of  Rhodospirillaceae genomes  (MAGs and  SAGs)  was

performed using compareM workflow (https://github.com/dparks1134/CompareM).  We calculated

the  average  amino acid  identity  (AAI)  and the  orthologous  fraction  (OF) between genomes  to

identify those representing the same or different ecotypes.

RESULTS

General patterns of distribution

We found that  the  Rhodospirillaceae has a free-living life-style,  as pointed out by their

significantly higher abundance (n° of reads) in the 0.2-3µm size-fraction than in the other large

size-fractions (Fig. IV-S1A). We also found that the free-living Rhodospirillaceae bacteria are more

abundant in the epipelagic, especially at the surface (Fig. IV-S1B). They displayed more reads in the

North Atlantic Ocean (NAO) and the Mediterranean Sea (MS) than in the other ocean basins (Fig.

IV-S1B). We also explored the correlation between Rhodospirillaceae reads and the environmental

variables (Fig. IV-S2). This group seems relatively more abundant in warm rather than cold waters,

reaching  its largest n° of reads at around 15-25°C (Fig. IV-S2). They also displayed larger n° of

reads in productive waters with relatively high nutrients and chlorophyll-a concentration (Fig. IV-

S2).

Niche-partitioning pattern

We have used  a database (see  a more detailed description in methods) covering a wide

temperature  range  (from  0  to  30°C).  We  found  a  clear  niche-partitioning  pattern  driven  by

temperature in Rhodospirillaceae, which are among the most abundant taxa in the global ocean (4

to  12%  of  the  total  bacterial  community  reads).  The  most  abundant  Rhodospirillaceae ASVs

displayed a temperature-driven niche-partitioning pattern (Fig. IV-1). We were able to identify at

least four temperature ASV clusters:

(a) Very  warm  (20-30°C)  surface  waters  dominated  by  ASV_157,  ASV_897,  ASV_1896,

ASV_1096, among others. Here ASV_157 seems to be more generalist, inhabiting waters

ranging from 15 to 30°C;

(b) Epipelagic  waters  with  intermediate  temperatures  (15-20°C)  dominated  by  ASV_517,

ASV_1043, ASV_1384, ASV_1780, ASV_1621, among others. Here ASV_1621 was very

characteristic of the DCM;
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(c) Cold meso- and bathypelagic waters (5-15 °C) dominated by ASV_1034 and ASV_1650.

Here  ASV_1034  had  a  wider  distribution,  also  inhabiting  bathypelagic  waters,  while

ASV_1650 was more restricted to the mesopelagic;

(d) Very cold bathypelagic waters (0-5°C) dominated only by ASV_554.

Comparative Genomics

The mean AAI values varied from 46% to 96.8% for the SAGs and from 49.2 to 99.6% for

the MAGs (Fig. IV-2). The OF varied from 20% to 87.5% for the SAGs and 18.2% to 80% for the

MAGs  (Fig. IV-2). Overall, genomes yielding a mean AAI higher than 98% are likely identical.

Those genomes with mean AAI >95% can be considered very similar. The OF provides important

complementary information to define whether genomes belong to the same species. Genomes with

high mean AAI and OF are likely to represent the same species. On the other hand, genomes with

low mean AAI and OF probably represent divergent genera within that family.
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Figure  IV–1.  Heatmap showing the distribution of the 20 most abundant  Rhodospirillaceae ASVs (>500

reads across all samples) categorized by temperature, depth, and ocean basins of the tropical and sub-tropical

global ocean. ASVs are in order of their relative abundance. IO = Indian Ocean, MS = Mediterranean Sea,

NOA = North Atlantic Ocean,  NPO=North Pacific  Ocean,  SAO = South Atlantic  Ocean,  SPO = South

Pacific Ocean.



We found an inverse correlation (R2=-0.28, p<0.001) between mean AAI and differences in

temperature (Fig. IV-3). In other words,  Rhodospirillaceae genomes tended to be more similar in

environments with similar temperatures, indicating that temperature is indeed an important selective

force for this bacterial group niche-partitioning pattern. In fact, highly similar genomes, probably

representing  the  same  species,  were  found  in  environments  with  the  same  or  very  similar

temperatures (Fig. IV-3). There were some exceptions of bacterial genomes with AAI smaller than

60%  inhabiting  environments  with  little  temperature  differences,  suggesting  that  other

environmental variables are shaping their genomes. Finally, we found a strong negative correlation

(r=-0.47, p<0.001) between genome size and temperature for the Rhodospirillaceae MAGs (Fig. IV-

4).
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Figure IV–2. Mean amino acid identity (AAI) against the orthologous fraction for each pair of SAGs and

MAGs. Orthologous fraction (OF) is defined as the number of orthologous genes divided by the minimum

number of genes between a given pair of genomes.



DISCUSSION

Temperature-driven  niche  partitioning  within  closely  related  marine  bacteria has  been

previously reported for several bacterial groups  (AULADELL et al., 2022), including ubiquitous

and abundant groups such as Prochlorococcus (JOHNSON et al., 2006), SAR86 (HOARFROST et

al.,  2020) and  SAR11  (SALTER  et  al.,  2015;  VERGIN  et  al.,  2013).  Here,  we  show  that

Rhodospirillaceae,  an abundant  marine bacteria  found across  ocean depths,  also displays  niche

segregation  based  on  temperature  differences.  Such  niche  dissimilarity  tends  to  increase  with

genetic distance (nucleotide divergence), which has been detectable among SAR11 clades using the

marker 16S rRNA gene  (AULADELL et al., 2022). Indeed, changes in the 16S rRNA gene can

reflect  several  changes  across  complete  bacterial  genomes  (VANINSBERGHE  et  al.,  2020),

ultimately leading to niche differentiation (AULADELL et al., 2022). This represents the genomic
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Figure IV–3. Gamma regression between mean AAI and temperature (Euclidean distance) for the MAGs

obtained from the OceanDNA database (NISHIMURA; YOSHIZAWA, 2022).



basis of selection (also called ‘environmental filtering’), an important ecological process shaping

prokaryotic communities in the ocean (JUNGER et al., 2023; LOGARES et al., 2020).

Bacterial lifestyle and adaptation to its ecological niche strongly determine genome size and

complexity  (RODA‐GARCIA et  al.,  2023).  The negative correlation between  Rhodospirillaceae

genome size and temperature has been previously reported for prokaryotes (ROYO-LLONCH et al.,

2021). Arctic prokaryotic MAGs have larger genome sizes than those inhabiting lower latitudes,

probably  because  of  the  high  availability  of  resources  and  fast  growth  rates  during  polar

spring/summer  (ROYO-LLONCH  et  al.,  2021).  Likewise,  particle-attached  prokaryotes  were

shown to have larger genome sizes than free-living prokaryotes, regardless of the ocean depth (LEU

et al.,  2022). These patterns may be explained by the fact that larger genomes present a higher

number of ribosomal gene copies, which is in turn associated with smaller minimum generation

times  (ROLLER; STODDARD; SCHMIDT, 2016; ROYO-LLONCH et al.,  2021). Alternatively,

the larger genomes of psychrophilic (adapted to cold environments) bacteria could also be related to
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Figure IV–4. Negative correlation between Genome Size (M) and temperature (°C) for the MAGs obtained
from the  OceanDNA database  (NISHIMURA;  YOSHIZAWA,  2022).  The  spearman’s  rank  correlation
coefficient is depicted on the plot.



the  presence  of  genes  underpinning  adaptations  to  low temperatures.  For  instance,  ice-binding

proteins are ecologically important enzymes for organisms growing in cold conditions (DORRELL

et al., 2023; WINDER et al., 2023; ZHANG et al., 2020). On the other hand, the smaller genome

sizes in bacteria inhabiting oligotrophic warmer waters could be associated with a higher mutation

rate due to the loss of genes related to DNA repair  (BOURGUIGNON et al., 2020). Decreasing

bacterial genome size due to environmental filtering has also been referred to in the literature as

genomic streamlining (DUPONT et al., 2012; RODA‐GARCIA et al., 2023; SWAN et al., 2013).

Understanding  the  genes  involved  in  life  adaptation  to  thermal  niches  is  particularly

important  in  the  context  of  an  increasingly  warm ocean.  It  will  allow us  to  make  predictions

regarding the genomic basis underpinning the ecological processes shaping the ocean microbiome.

Our work, alongside several recent reports, suggests the loss of bacterial genes with ocean warming.

Future research should investigate how such genomic reduction could affect genes responsible for

global biogeochemical cycles, which are essential for the maintenance of the biosphere.
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CONSIDERAÇÕES FINAIS

Nesta tese,  investiguei como processos ecológicos (seleção, dispersão e deriva ecológica)

atuam na estruturação do microbioma (procariontes e eucariontes unicelulares) em três dimensões

do  oceano:  espaço,  tempo  e  profundidade.  Também  investiguei como  fatores  ambientais  e

geográficos  exercem pressão de seleção ou influenciam taxas de dispersão nessas comunidades

microbianas. De maneira geral,  os resultados apontam que a importância relativa dos processos

ecológicos  atuando  na  montagem  dessas  comunidades  é  dependente  da  escala  espacial,  da

profundidade  e  da  latitude,  podendo variar  ao  longo  do  tempo.  Mais  precisamente,  o balanço

espaço-temporal  desses  processos  parece  estar  associado  principalmente  à  heterogeneidade

ambiental,  a fatores  de  dispersão  (ex.:  correntes  marítimas)  e  a barreiras  geográficas  (ex.:

montanhas  submersas  e  massas  d’água).  Também  demonstrei que  a  importância  relativa  desses

processos  ecológicos  varia  entre  procariontes  e  picoeucariontes.  Essa  diferença  entre  domínios

biológicos  resulta,  principalmente,  da  diferença  em  tamanho  populacional  (ou  abundância

microbiana)  e  do  tamanho  do  organismo.  Esse resultado  corrobora  com  outros  estudos  que

demonstram que o tamanho corporal (ou celular) é um importante traço funcional em comunidades

ecológicas. 

No capítulo 1 demonstrei, por meio de uma revisão bibliográfica que a ‘Teoria de Ecologia

de Comunidades’ de VELLEND, 2010 foi amplamente utilizada na literatura desde a sua publicação

em 2010 até 2018, ano de início do desenvolvimento desta  tese.  Também  demonstrei que esse

marco conceitual foi mais citado e aplicado em estudos focados em comunidades microbianas. Esta

tendência se deve, principalmente, à abordagem matemática proposta STEGEN et al., 2013, que

permite  a  quantificação  relativa  da  seleção,  dispersão  e  deriva  ecológica  em  comunidades

microbianas.

No capítulo 2 utilizamos a mencionada abordagem para determinar a importância relativa da

seleção,  dispersão  e  deriva  ecológica  em  comunidades  picoplanctônicas  habitando  distintas

camadas de profundidade (epi-, meso- e batipelágico) do oceano em escala global e regional.  No

presente trabalho analisamos uma base de dados com 451 amostras de amplicons cobrindo as zonas

epi-  (0-200  m),  meso-  (200-1,000  m)  e  batipelágicas  (1,000-4,000  m)  do  oceano  tropical  e

subtropical, assim como do Mar Mediterrâneo. Esse é um dos mais amplos conjuntos de dados para

investigar esta questão e inclui dados de duas campanhas oceanográficas: a expedição circumglobal

Malaspina-2010  e  a  expedição  trans-mediterrânea  Hotmix.  Descobrimos  que  diferentes

combinações  de  processos  ecológicos  (seleção,  dispersão  e  deriva)  estruturam comunidades  de

procariontes e minúsculos eucariontes unicelulares em camadas de profundidade do oceano global e

do Mar Mediterrâneo. Assim, os mecanismos que sustentam a montagem do microbioma marinho
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aparentam ser  dependentes  da  profundidade.  Esses  resultados  devem ser  considerados  em  um

contexto de mudanças ambientais (e.g.: aquecimento do oceano, mudanças nos padrões de correntes

e  massas  de  água),  as  quais  podem  alterar  o  equilíbrio  entre  esses  mecanismos,  levando

potencialmente a novas configurações de microbiomas no oceano global. Resumimos os principais

resultados  deste  trabalho  em  um  modelo  conceitual  que  fornece  informações  sobre  como  a

heterogeneidade ambiental, a batimetria e massas de água podem afetar os processos ecológicos que

atuam na  montagem do  microbioma  nas  diferentes  camadas  de  profundidade  do  oceano.  Esse

modelo  pode  ser  utilizado  para  fazer  predições  sobre  a  montagem  de  comunidades  desde  a

superfície até o fundo (4,000 m de profundidade) do oceano. Além disso, novos estudos poderiam

testar se este modelo conceitual é aplicável quando considerada não a composição, mas as funções

do microbioma marinho.

Além da abordagem ‘space-for-time’ utilizada em expedições globais (capítulo 2), estudos

temporais em observatórios microbianos são essenciais  para obter  uma visão mais completa da

dinâmica dos processos ecológicos nos ecossistemas. Nesse sentido, no capítulo 3 utilizamos dados

de dois observatórios marinhos localizados em diferentes latitudes do oceano pra entender como o

balanço entre esses processos pode variar com o tempo. De maneira geral, os resultados obtidos nos

referidos capítulos são coerentes com aqueles obtidos na escala espacial (Capítulo 2). No capítulo 3,

demonstramos que a importância relativa da seleção é sempre maior na estação de clima temperado

do  que  tropical.  Por  outro  lado,  fatores  estocásticos  foram relativamente  mais  importantes  no

oceano  tropical.  Esses  resultados  corroboram  com  as  redes  de  coocorrência,  com  as  quais

demonstramos que as métricas de redes se correlacionam mais com os fatores ambientais de seleção

(temperatura e duração do dia) na estação temperada. Por outro lado, na estação tropical,  essas

métricas apenas se correlacionam com nutrientes, o que está provavelmente associado a variações

interanuais do que sazonais.

Por fim, no capítulo 4, avaliamos as bases genômicas do efeito de seleção da temperatura

sobre Rhodospirillaceae, um grupo de bactérias marinhas abundante e que apresenta um padrão de

partição de nicho estruturado pela temperatura. Para isso, combinamos metabarcoding com métodos

de sequenciamento de genomas ambientais (MAGs e SAGs). Encontramos uma forte correlação

negativa entre a temperatura e o tamanho dos genomas de  Rhodospirillaceae, o que demonstra a

ação do processo de seleção na adaptação bacteriana  a  ambientes  com diferentes  temperaturas.

Compreender  a  adaptação  genética  das  comunidades  microbianas  a  diferentes  nichos  de

temperatura é particularmente importante no contexto de um oceano cada vez mais quente. Esse

passo permitiria fazer previsões sobre as bases genômica dos processos ecológicos que moldam o

microbioma oceânico.  Esse trabalho, juntamente com estudos recentes,  sugere a perda de genes
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bacterianos com o aquecimento dos oceanos. Pesquisas futuras devem investigar como essa redução

genômica pode afetar os genes responsáveis pelos ciclos biogeoquímicos globais, essenciais para a

manutenção da biosfera.
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SUPPLEMENTARY MATERIAL – CHAPTER 2: GLOBAL BIOGEOGRAPHY OF THE 

SMALLEST PLANKTON ACROSS OCEAN DEPTHS

SUPPLEMENTARY FIGURES
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Figure II–S1. (A) Distribution of the samples across depth and longitude. The dashed red lines depict the

division between zones: epi- (0-200 m), meso- (200-1,000 m) and bathypelagic (>1,000 m)  (B) Boxplots

showing the data variability, by depth zones, of the environmental variables used in this study. Note the

difference in scales between the open ocean and the Mediterranean Sea. Means were significantly different

(ANOVA, Tukey post-hoc test; p<0.001) between upper (SRF and DCM) and deep (MES and BAT) zones.
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Figure II–S2. (A) Picoplankton diversity depicted as phylogenetic diversity, ASVs richness, shannon and

Pielou evenness index by depth zones (SRF, surface; DCM, deep chlorophyll maxima; MES, Mesopelagic;

BAT, Bathypelagic).  The circles in the ASVs richness boxplots stand for gamma diversity adjusted by

sampling size.  (B) Correlation matrix of Pearson (R) correlation values between picoplankton diversity

metrics  and environmental  variables  in  the  open ocean and the  Mediterranean Sea.  The  empty  boxes

represent  non-significant  correlations  (p>0.05).  The  ‘16S’  tags  in  the  metrics  depict  prokaryotic

communities, while ‘18S’ tags represent picoeukaryotic communities. PD = phylogenetic diversity; Temp =

Temperature; Sal = Salinity; Fluor = Fluorescence.



Figure  II–S3.  Bray-Curtis,  βNTI and RCbray metrics  by depth zones for  (A) prokaryotes  and  (B)

picoeukaryotes. See Fig. S4. for β-diversity partitioning plots. Means were significantly different (ANOVA,

Tukey post-hoc test; p<0.001) between depth zones for both prokaryotes and picoeukaryotes.

173



174

Figure  II–S4. Picoplankton β-diversity partitioning in the different ocean depth zones. Bray-Curtis

dissimilarity  (variation  and  gradient),  Jaccard  dissimilarity  (turnover  and  nestedness)  and  Sorensen

(turnover  and  nestedness)  for  prokaryotes  and  picoeukaryotes  in  the  open  ocean  (left  panels)  and

Mediterranean  Sea  (right  panels).  Means  were  significantly  different  (ANOVA,  Tukey  post-hoc  test;

p<0.001) between depth zones for both prokaryotes and picoeukaryotes.



Figure  II–S5.  Picoplankton  community  assembly  processes  across  ocean  depth  zones  using

standardized sampling sizes (n=39). (A) Relative importance of the ecological processes structuring the

picoplankton communities at different depth zones of the open ocean and Mediterranean Sea: Epi- (n=39),

Meso-  (n=39)  and  Bathypelagic  (n=39).  (B) Linear  regression  between  results  obtained  with  total

(unbalanced) and standardized sampling size dataset. These samples were evenly distributed across space as

shown in Fig S6.
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Figure II–S6. Geographic distribution of sampling stations in each zone of full datasets and subsets

with standardized sampling size (n=39) in the (A) open ocean and (B) Mediterranean Sea. Samples

were evenly distributed across space.
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Figure  II–S8.  Picoplankton  community  assembly  processes  integrating  all  depth  zones.  Relative

importance  of  the  ecological  processes  structuring  the  picoplanktonic  community  using  the  complete

dataset as well as separated by the open ocean and the Mediterranean Sea.

Figure  II–S7. Picoplankton community assembly processes in distinct deph zones of the epipelagic.

Relative importance of the ecological processes structuring the picoplanktonic community in the SRF and

DCM zones of the open ocean and Mediterranean Sea.
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Figure II–S9. Picoplankton community assembly processes in the Malaspina vertical profile stations.

Relative importance of the ecological processes structuring the picoplanktonic community integrating all

depths (from 3 to 4000 m, i.e. 7 different depths) in each of the 13 vertical-profile (VP) stations (labeled as

in Fig. 1A).

Figure  II–S10. Environmental heterogeneity computed as the mean environmental dissimilarity between

samples  considering  the  main environmental  variables  (Temperature,  Salinity,  Fluorescence,  NO3,  PO4,

SiO2) in the open ocean and the Mediterranean Sea. Different red letters represent significantly different

means [Kruskal-Wallis, Wilcoxon post-hoc test, p<0.05] between depth zones.



Figure  II–S11.  Picoplankton  community  composition  and  phylogeny  are  positively  related  to

environmental heterogeneity. Difference in taxonomic (Bray-Curtis dissimilarity) and phylogenetic (βNTI)

composition for all pairwise picoplankton community comparisons as a function of environmental distance

for both prokaryotes (A, C) and picoeukaryotes (B, D) in the open ocean and Mediterranean Sea. The solid

curves illustrate the nonlinear regressions. Spearman’s rank correlation coefficients are depicted on the panel.

Outliers with high environmental distances (>10) corresponding to pairwise comparisons with epipelagic

samples from the Costa Rica Dome upwelling system were removed from the open ocean plot (see Fig S13).
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Figure  II–S12.  Picoplankton  community  compositions  are  positively  related  to  environmental

heterogeneity. Difference  in  composition  (Bray-Curtis  dissimilarity)  for  all  pairwise  picoplankton

community  comparisons  as  a  function  of  environmental  distance  for  both  (A) prokaryotes  and  (B)

picoeukaryotes  in  the  epipelagic  of  the  open  ocean  and  Mediterranean  Sea.  The  points  with  high

environmental  distances (>10) correspond to the pairwise comparisons with epipelagic samples from the

Costa  Rica  Dome.  The  solid  curves  illustrate  the  nonlinear  regressions.  Spearman’s  rank  correlation

coefficients are depicted on the panel.
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Figure II–S13. Differences in water mass composition are segregated by depth zones and ocean basins.

Nonmetric multidimensional scaling (NMDS) based on the Euclidean distance of the samples’ water mass

composition – labeled by zones and basin – in the open ocean  (A, C) and the Mediterranean Sea  (B, D).

MES = Mesopelagic; BAT = Bathypelagic. NAO = North Atlantic Ocean, SAO = South Atlantic Ocean,

NPO  =  North  Pacific  Ocean,  SPO  =  South  Pacific  Ocean,  IO  =  Indian  Ocean,  WMS  =  Western

Mediterranean Sea, EMS = Eastern Mediterranean Sea.
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Figure II–S14. Picoplankton community composition and potential dispersal are vertically linked to

differences in water mass composition. Difference in community composition (Bray-Curtis dissimilarity)

as a function of water mass composition dissimilarity (Euclidean distances) for prokaryotes (in red) (A) and

picoeukaryotes (in blue) (B) in Malaspina vertical profiles. Note that only meso- and bathypelagic samples

were used in this analysis. The equation, the explanatory power of the linear regression models (adjusted

R2), and the significance of the smooth terms (p<0.001) are shown on the plots.
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Figure  II–S15. Sequential change in community composition across space (sequential β-diversity).

Communities  were  sampled  along  the  Malaspina and  Hotmix expeditions  (black  arrows),  and  the

composition of each community was compared against its immediate predecessor. The size of each bubble

represents  the  Bray-Curtis  dissimilarity  between  a  given  community  and  the  community  sampled

previously.
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Figure  II–S16. Microbial  abundances and bacterial  activity sharply decrease in deep waters.  (A)

Microbial abundances (prokaryotes + picoeukaryotes) as measured by flow cytometry; (B) bacterial activity

as measured by leucine incorporation rates in each zone (SRF, surface; DCM, deep chlorophyll maxima;

MES, Mesopelagic; BAT, Bathypelagic) of the open ocean and the Mediterranean Sea. Different red letters

represent significantly different means [ANOVA, Tukey post-hoc test, p<0.05] between depth zones.



SUPPLEMENTARY MATERIAL –  CHAPTER 3:  ECOLOGICAL PROCESSES SHAPING

MICROBIAL  ASSOCIATIONS  OVER  TIME  IN  CONTRASTING  LATITUDES  OF  THE

OCEAN

SUPPLEMENTARY FIGURES
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Figure  III–S1. Box-plots  comparing  (BBMO  vs.  EAMO)  the  mean  values  of  all  environmental  and

biological variables considered in this study.
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Figure III–S2. Bar plots showing the prokaryotic taxonomic composition at the order level in each sample

separated by size-fraction of the Blanes Bay Microbial Observatory (BBMO) and the Equatorial Atlantic

Microbial  Observatory  (EAMO).  Only  the  most  abundant  taxonomic  groups  are  represented,  and  the

remaining  prokaryotic  taxonomic  groups  are  pooled  together  as  “other”.  Abundances  are  expressed  as

percentages of the total number of sequences in each sample.
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Figure  III–S3. Bar plots showing the protist taxonomic composition at the order level in each sample

separated by size-fraction of the Blanes Bay Microbial Observatory (BBMO) and the Equatorial Atlantic

Microbial  Observatory  (EAMO).  Only  the  most  abundant  taxonomic  groups  are  represented,  and  the

remaining  protist  taxonomic  groups  are  pooled  together  as  “other”.  Abundances  are  expressed  as

percentages of the total number of sequences in each sample.
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Figure  III–S4. Differences in microbial communities compositions.  Nonmetric multidimensional  scaling

(NMDS) based on the Bray-Curtis dissimilarities among prokaryotic and eukaryotic samples – labeled by

observatory and size-fraction. BBMO – Blanes Bay Microbial Observatory; EAMO – Equatorial Atlantic

Microbial Observatory.
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Figure  III–S5. Bar plots showing the topological metrics from the static networks from the Blanes Bay

Microbial Observatory (BBMO) and the Equatorial Atlantic Microbial Observatory (EAMO).
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Figure  III–S6. Main topological metrics from the temporal network across samples of the Blanes Bay

Microbial Observatory – BBMO and the Equatorial Atlantic Microbial Observatory – EAMO.
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RHODOSPIRILLACEAE AN  UBIQUITOUS,  ABUNDANT  AND  PREVIOUSLY

OVERLOOKED MARINE BACTERIA
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Figure  IV–S1. Rhodospirillaceae distribution in different  (A) size-fractions and  (B) depth layers of the

tropical  and  sub-tropical  ocean  basins.  SRF  =  Surface,  DCM  =  Deep  Chlorophyll  Maxima,  MES  =

Mesopelagic, BAT = Bathypelagic. NPO = North Pacific Ocean, SPO = South Pacific Ocean, NAO =

North Atlantic Ocean, SAO = South Atlantic Ocean, IO = Indian Ocean, MS = Mediterranean Sea.
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Figure IV–S2. Rhodospirillaceae n° of reads against the main environmental variables measured in this 

study.
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A LATITUDINAL GRADIENT HYPOTHESIS FOR ECOLOGICAL PROCESSES

SHAPING MARINE PROTIST COMMUNITIES

ABSTRACT

Marine  protists  are  diverse  and essential  components  of  ocean food-webs.  Investigating  protist

diversity patterns and its drivers is essential, since changes in their community structure can cause

important biogeochemical and ecological alterations in the ocean. Recent studies have demonstrated

that protists display diversity patterns by latitude and depth in regional and global scales. There

have also been several time-series studies showing protist seasonal patterns in coastal microbial

observatories located in different latitudes of the global ocean. However, a great majority of these

long-term studies  were conducted separately and focused on temperate  observatories.  Here,  we

compiled  a  four  years  (April  2013-2016)  18SV4-rRNA-gene  amplicon  dataset  integrating  four

time-series located in contrasting latitudes (Polar 78°N, Temperate 42-48°N and Tropical 5°S) to

investigate the seasonal drivers of protists in the ocean. We tested a latitudinal gradient hypothesis

in  which  the  relative  importance  of  environmental  selection  structuring  protist  communities

increases with latitude. Conversely, the role of stochastic factors would decrease with latitude, as a

result  of  low  amplitude  of  environmental  variation  towards  the  tropics.  Our  results  partially

corroborated our hypothesis, demonstrating that selection explained relatively more the community

turnover in the temperate and polar observatory than in the tropical one, where stochasticity was the

highest. Our work represents a significant contribution to understanding the ecological processes

seasonally shaping marine protist assemblages in contrasting latitudes of the ocean.

Keywords:  polar, temperate, tropical, eukaryotes, microbial time-series, 18SV4 rRNA amplicons,

phenology
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INTRODUCTION

Marine eukaryotic plankton presents an incredibly high diversity (DE VARGAS et al., 2015)

and  is  an  essential  component  of  food  webs  in  the  global  ocean  (SHERR;  SHERR,  2008).

Understanding  the  processes  shaping  marine  protist  communities  is  important  to  predict  the

consequences of the effect of environmental changes on these communities (DONEY et al., 2012).

Global  oceanographic  expeditions  have  lately  revealed  large-scale  spatial  patterns  of  protist

diversity  in  the ocean  (GINER et  al.,  2020;  IBARBALZ et  al.,  2019; LOGARES et  al.,  2020;

SOMMERIA-KLEIN et al., 2021). Some time-series studies have revealed the temporal variability

of protist assemblages in a range of marine observatories (BROWN et al., 2018; CARACCIOLO et

al.,  2022; GINER et al.,  2019).  However,  these temporal  studies  were mostly focused on mid-

latitudes,  although  a  great  part  of  the  ocean  is  covering  tropical  and  sub-tropical  waters

(BEHRENFELD et al., 2006). Here, we compiled a 18S-rRNA-gene (V4 region) dataset with four

coastal marine time-series covering tropical, temperate and polar latitudes of the ocean at a global

scale.

A recent theory in community ecology describes the structure of ecological communities as

a  result  of  the  balance  between  four  main  processes:  selection,  dispersal,  ecological  drift  and

diversification  (VELLEND, 2016).  Selection can be interpreted as determinism, while  dispersal

limitation  and ecological  drift  as  stochastic  processes  (ZHOU; NING,  2017).  (STEGEN et  al.,

2013) have proposed a methodological approach combining null models that allows the estimation

of the relative abundance of selection, dispersal and ecological drift. This approach has been applied

to reveal the main ecological processes shaping microbial eukaryotic communities of a range of

ecosystems (LOGARES et al., 2018; VASS et al., 2020; ZHAO et al., 2017), including the ocean

(JIE et al., 2022; JUNGER et al., 2023; LOGARES et al., 2020; WU et al., 2018)  (JUNGER et al.,

2023; LOGARES et al., 2020). Tiny eukaryotic communities were found to be mainly structured by

dispersal  limitation  in  the  tropical  and  sub-tropical  surface  ocean  (LOGARES  et  al.,  2020).

Moreover,  a  recent  report  has  shown that  the  role  of  dispersal  limitation  and  ecological  drift,

relative to that of selection, increase with depth due to decreasing microbial populations and the

presence of  dispersal  barriers  in  the  deep ocean  (JUNGER et  al.,  2023).  The role  of  dispersal

limitation  also  seems to  increase  with eukaryotic  cell  size  (SOMMERIA-KLEIN et  al.,  2021).

However,  these  space-for-time  studies  lack  a  temporal  dimension,  which  is  essential  to  fully

understand the ecological processes underpinning protist biogeography in the ocean  (MOREIRA;

LÓPEZ‐GARCÍA,  2019).  Furthermore,  we still  do  not  understand  whether  the  relative  role  of

deterministic and stochastic factors assembling protist communities change with latitude.

Here we aimed to test a latitudinal gradient hypothesis (Fig 1) of the ecological processes
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shaping protist communities in marine observatories located in contrasting latitudes. We determined

the relative importance of ecological processes (selection vs. stochasticity) shaping protists (0.2-20

µm and 0.45-10 µm) in each site. To do so, we sequenced 18S rRNA gene amplicons from DNA

samples  monthly  collected  during  four  years  in  four  microbial  observatories:  one  tropical  site

located in the Western Equatorial Atlantic (6°S), two temperate sites located in the Northwestern

Mediterranean Sea (42°N) and the western English Channel (49°N) as well as one polar site located

in the Arctic Ocean (78°N).

Figure 1. Conceptual scheme of the different processes and variables explaining variance in marine

protist  communities  across  a  wide  latitudinal  gradient.  At  low  latitudes  (tropical  regions),

community structure should be relatively more driven by stochastic factors in a scenario of strong

community temporal stability. At intermediate latitudes (temperate regions) high annual temperature

amplitude would be the main factor driving protist communities. At high latitudes (polar regions),

deterministic  factors  (selection  driven  mainly  by  light  and  temperature)  leads  to  less  protist

community stability (marked succession) over time. The arrows at the top indicate the latitudinal
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position of the time-series stations used in this study: IsA – Isfjorden Adventfjorden Time Series

(78ºN),  Astan  – SOMLIT-Astan,  Roscoff  (49ºN),  BBMO – Blanes  Bay Microbial  Observatory

(42ºN), EAMO – Equatorial Atlantic Microbial Observatory (6ºS).

MATERIAL AND METHODS

Study sites and sampling procedures

Seawater samples (1-15 m depth) for 18S ribosomal RNA (rRNA) amplicons, together with

physiochemical parameters, were collected from April 2013 to August 2016 at four marine time-

series covering a wide latitudinal gradient (Fig. 2 and Table 1). The Equatorial Atlantic Microbial

Observatory – EAMO (-5.99°, -35.08°) is a tropical oligotrophic site located in the western coast of

the South Atlantic Ocean. The Blanes Bay Microbial Observatory – BBMO (41.66°, 2.80°) is a

temperate oligotrophic coastal site located in the Northwestern Mediterranean Sea (GASOL et al.,

2016). SOMLIT-Astan station (48.78°, -3.94°) is a temperate coastal site located in the western

English  Channel,  3.5  km  off  Roscoff  (Brittany,  France),  that  is  part  of  the  French  SOMLIT

monitoring network (Service d’Observation en Milieu Litoral;  http://somlit.epoc.u-bordeaux1.fr/)

(CARACCIOLO et al., 2022). The Isfjorden Adventfjorden Time-Series – IsA (78.25°, 15.53°) is a

polar site located in the Arctic Ocean, at the mouth of Adventfjorden in the inner part of Isfjorden,

close to Longyearbyen on the western coast of Spitsbergen, Svalbard  (VADER et al., 2015).  Day

length (hours of light) was calculated for each site based on coordinates and sampling dates using

the geosphere R package. Technical details about the sampling procedure as well as the protocols to

obtain the physiochemical parameters at each site can be found in the Supplementary Material.
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Figure 2. Geographic location of the four coastal marine microbial observatories used in this study:

Equatorial Atlantic Microbial Observatory (EAMO), Blanes Bay Microbial Observatory (BBMO),

Service d'Observation en Milieu Littoral – Roscoff (SOMLIT-Astan), Isfjorden Adventfjorden Time

Series (IsA). Temporal variability in temperature,  day-length,  chlorophyll-a as well  as inorganic

nutrients in these observatories from April 2013 to August 2016.

Table  1:  Georeference,  climate  zones,  sampling  and sequencing information  of  each microbial

time-series used in this study. 

Time-series
station Latitude Longitude Ocean basin Climate Fractions

Primers 
reference ENA project

IsA Times 
Series 78°15.6’N 15°31.8’ E Arctic Ocean Polar

0.45-10 
µm

PIREDDA 
et al., 2017 XXXXXXX

SOMLIT-
Astan 48°44′55′′ N 3°57′40′′ W

Eastern North 
Atlantic Ocean Temperate

0.2-3 µm; 
3-20 µm

STOECK et 
al., 2010 PRJEB48571

BBMO 41°40’10” N 2°48’01” E
Mediterranean 
Sea Temperate

0.2-3 µm; 
3-20 µm

STOECK et 
al., 2010 PRJEB48035

EAMO 05°59’24” S 35°4’48'' W
South Atlantic 
Ocean Tropical

0.2-3 µm; 
3-20 µm

STOECK et 
al., 2010 PRJEB48035

DNA extraction, sequencing and bioinformatic processing

Prior to extraction, SOMLIT-Astan samples were first incubated 45 min at 37°C with 100 μl

lysozyme (20 mg/ml), and 1 h at 56°C with 20 μl proteinase K (20 mg/ml) and 100 μl SDS 20%

(CARACCIOLO et al., 2022). For BBMO, EAMO and SOMLIT-Astan samples, DNA extraction

was  conducted  using  a  phenol-chloroform  protocol  (MASSANA et  al.,  1997),  as  previously
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described in Chapter 3. For the IsA time-series, DNA extraction was carried out using the DNeasy

Plant Mini kit (Qiagen, USA) following the manufacturers’ protocol, but including a bead-beating

step to guarantee efficient  lysis  (technical  details  are  provided in  (VADER et  al.,  2015).  DNA

extracts were quantified with a Qubit 1.0 (Thermo Fisher Scientific) and preserved at −80 °C. For

BBMO,  EAMO  and  SOMLIT-Astan,  PCR  amplification  was  performed  using  the  primers

TAReukFWD1  (5'-CCAGCA(G⁄C)C(C⁄T)GCGG-TAATTCC-3')  and  TAReukREV3  (5′-

ACTTTCGTTCTTGAT(C⁄T)(A⁄G)A-3') of the 18S rRNA gene hypervariable V4 region (≈ 380 bp)

(STOECK et al.,  2010). For IsA, PCR amplification was conducted using the modified primers

forward (5'-CCAGCASCYGCGGTAATTCC-3') and reverse (5′-ACTTTCGTTCTTGATYRATGA-

3'), as detailed in (PIREDDA et al., 2017). Samples were sequenced in an Illumina MiSeq platform

and raw reads were processed using DADA2  (CALLAHAN et al., 2016) to determine amplicon

sequence variants (ASVs). For BBMO, EAMO and IsA, the forward reads were trimmed at 220 bp,

while reverse reads at 190 bp. For SOMLIT-Astan, the forward reads were trimmed at 210 bp and

the reverse reads at 200 bp. Then, the maximum number of expected errors (maxEE) was set to 5

for both the forward and reverse reads. Finally, error rates were estimated using DADA2 for the 18S

gene to delineate the ASVs.

ASVs taxonomy was assigned with DADA2 using the naïve Bayesian classifier  method

(QIONG et  al.,  2007) alongside the  Protist  Ribosomal  Reference  database  (PR2,  version  4.14,

(GUILLOU et al., 2013)).  Holozoan (Metazoa and Fungi), Streptophyta, and nucleomorphs were

removed  from  the  18S  ASVs  table.  Rare  ASVs  with  total  abundance  bellow  50  reads  and

prevalence bellow 15% were removed from each ASV table to reduce PCR and sequencing depth

biases.  The  DNA sequences  used in this study  are deposited in the  European Nucleotide Archive

(http://www.ebi.ac.uk/ena) under the accession numbers available in Table 1.

Phylogenetic trees

Phylogenetic trees were built  for the 18S rRNA gene-datasets. First,  we used Mothur to

align raw ASV sequences against an aligned PR2 template (SCHLOSS et al., 2009). Poorly aligned

regions or sequences were then removed using trimAl (parameters: -gt  0.3 -st  0.001) (CAPELLA-

GUTIÉRREZ; SILLA-MARTÍNEZ; GABALDÓN, 2009). Aligned sequences were visually curated

with seaview v4 (GOUY; GUINDON; GASCUEL, 2010) and sequences with >=40% of gaps were

removed. Finally, phylogenetic trees were inferred from the aligned quality-filtered sequences using

FastTree v2.1.9 (PRICE; DEHAL; ARKIN, 2009).
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Computation of ecological processes

The relative importance of determinism (selection) and stochasticity were here estimated

using a  null  model  approach  (STEGEN et  al.,  2013) that  has been often applied to  single-cell

eukaryotic communities (JUNGER et al., 2023; LOGARES et al., 2020; VASS et al., 2020). First,

we  quantified  the  phylogenetic  turnover  using  the  abundance-weighted  β-mean  nearest  taxon

distance (βMNTD) metric (STEGEN et al., 2013), which computes the mean phylogenetic distances

between each ASV and its closest  relative in each pair of communities (pairwise comparisons).

Second,  we  run  null  models  with  999 randomizations  to  simulate  the  community  turnover  by

chance  (βMNTDnull)  (STEGEN  et  al.,  2013).  Finally,  the  β-Nearest  Taxon  Index  (βNTI)  was

calculated from the differences between the observed βMNTD and the mean βMNTDnull values.

Overall,  |βNTI|  >  2  indicates  that  taxa  are  phylogenetically  more  related  or  less  related  than

expected by chance, pointing to a strong influence of selection on community assembly (STEGEN

et al., 2013). βNTI values higher than +2 indicate the action of heterogeneous selection, while βNTI

values lower than –2 points out to the action of homogeneous selection (STEGEN et al., 2013). The

β-diversity of communities that were not explained by selection (|βNTI| ≤ 2) were considered to be

ruled by stochasticity.

RESULTS AND DISCUSSION

We found  differences  in  the  relative  importance  of  selection  and  stochasticity  between

observatories  (Fig.  3).  The  role  of  selection  was  smaller  in  the  tropical  (~7.3%)  than  in  the

temperate (~20-25%) and polar sites (~14%). Conversely, stochasticity was higher in the tropics

(93%) than in the polar (~86%) and temperate sites (~75-80%). These results are coherent to those

found in the tropical and sub-tropical surface ocean, where the turnover of picoeukaryotes was

explained more by stochastic factors, such as dispersal limitation (~68%) and drift (~21%), than

environmental selection (~11%) (LOGARES et al., 2020).

Our findings partially corroborated our latitudinal hypothesis (Fig. 1), demonstrating that

selection  explained  relatively  more  the  community  turnover  in  the  temperate  and  polar

observatories  than in  the tropical  one,  where stochasticity  was the highest.  We also found that

selection was larger in SOMLIT-Aston than in BBMO, which suggests an increment in the role of

selection  with  increasing  environmental  variability  associated  to  higher  latitudes  (Fig.  2).

Nevertheless, our results pointed relatively less selection in the polar station than in the temperate

stations (Aston and BBMO), which contradicts our hypothesis of increasing selection with latitude

(Fig. 1). This result partially contradicts previous studies showing strong seasonality in microbial

eukaryotes  driven  by  extreme  temporal  variability  in  light,  nutrients  and,  to  a  less  extent,
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temperature (KILIAS et al., 2014; MARQUARDT et al., 2016; TREFAULT et al., 2021; WIETZ et

al., 2021). The high stochasticity in the Arctic Fjord could be explained by terrestrial runoffs on

plankton communities, which has been increasingly important in the Arctic as a consequence of

increasing  precipitation  and  gracial  melt  caused  by  climate  change  (ARENDT  et  al.,  2016;

DELPECH et al., 2021). Alternatively, inter-annual changes in factors not measured here, such as

hydrographic conditions, may be a source of stochasticity in the temporal assembly of microbial

eukaryotic communities  (KUBISZYN et al.,  2014; THALER; LOVEJOY, 2015). However, it  is

important to notice that the results from the polar observatory may be biased due to methodological

differences in comparison to the other observatories studied here. For instance, the size range (0.45-

10 µm) in IsA was not exactly the same as the other observatories (all  others are 0.22-3 µm).

Additionally,  slightly  different  18S-V4  primers  were  used  in  IsA as  compared  to  the  other

observatories studied here (Table 1). More precisely, the reverse primer used for the 18S-V4 region

(TAReuk-  Rev3;  (STOECK  et  al.,  2010))  in  the  other  observatories  may  discriminate  against

Haptophytes, which has been corrected in the primer sets used in the polar station (Table 1), as

described by (PIREDDA et al., 2017). Despite these technical issues, the current work suggests that

there is a latitudinal difference in the balance of ecological processes shaping the temporal turnover

of small eukaryotes in the ocean. However, further studies using standard protocols to compare

polar to low-latitude long-term time-series are needed to validate our observations and confirm the

latitudinal gradient hypothesis proposed here (Fig. 1). This framework would represent a significant

contribution to predict global changes since the surface ocean is rapidly warming and the Arctic

Ocean  is  very  likely  becoming  similar  to  temperate  systems  such  as  the  ones  represented  by

SOMLIT- Astan and BBMO.
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Figure 3. Relative importance of the processes (Selection vs Stochasticity) structuring small protist

communities in contrasting time-series. IsA – Isfjorden Adventfjorden Time Series (78ºN), Astan –

SOMLIT-Astan, Roscoff (49ºN), BBMO – Blanes Bay Microbial Observatory (42ºN), EAMO –

Equatorial Atlantic Microbial Observatory (6ºS).
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