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1. MARINE MICROORGANISMS 

1.1. MARINE BACTERIA: A RECENT STORY 

The presence of microorganisms in marine environment has been shown since the beginning of 

microbiology at the end of the 17th century by Antonie van Leeuwenhoek, a Dutch trader. He observed 

"animacules" using microscopes of his own design capable of enlarging a sample up to 300 times. 

Subsequently, the first microbiological research in the oceans took place during the oceanographic 

missions of the French ships, Le Travailleur and Le Talisman in 1880 and 1883. These expeditions were 

truly pioneering in the study of marine bacteria and the samples collected allowed the discovery of new 

species, isolated in Louis Pasteur's laboratories in Paris. Since then, knowledge of marine bacteria has 

greatly increased. Thus, in the first half of the 20th century their contribution in the recycling of organic 

matter and in different biogeochemical cycles (e.g. sulphur and nitrogen cycles) was known (Vernadsky, 

1945; ZoBell, 1946). Strangely, at that time, the issue of exclusive marine bacteria was still debated 

among microbiologists, given their morphological and biochemical similarities with terrestrial bacteria. 

It was not until the 1960s that the endemic nature of marine bacteria was definitely recognized 

(MacLeod, 1965).  

At the same time, microbiologists realized that culture techniques could only study a very small minority 

of the bacteria present in a given environment. This was defined as "Great Plate Count Anomaly" and 

it was found that the bacterial abundances observed under microscopes were much higher than those 

obtained by culture methods. It is estimated that less than 1% of microorganisms in the environment 

are potentially "cultivable" with standard plating techniques (Staley and Konopka, 1985). Consequently, 

the main discoveries in microbiology in recent decades strongly relied on key technological advances 

capable of overcoming the difficulties inherent in the study of these organisms invisible to the naked 

eye.  
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For example, determining precisely how many bacteria are contained in a sample of seawater was only 

possible in the late 1970s with the emergence of epifluorescence microscopy techniques and DNA 

staining using fluorescent markers (Hobbie et al., 1977) as well as the invention of flow cytometry and 

its use on seawater samples (Yentsch et al., 1983). These techniques, still used, have demonstrated that 

seawater at ocean surface and coastal level contains between 100 000 and 1 000 000 bacteria per 

milliliter of seawater (Porter et al., 1996). This number is, surprisingly, fairly constant in all the oceans of 

the world, with variations generally not exceeding a factor of 10 (Fuhrman and Caron, 2016). We would 

thus have an estimated total of 1029 bacteria in the first 100 meters of surface of all the oceans (Whitman 

et al., 1998). Which is more than the number of stars in the visible universe (estimated at 1021). This 

dizzying number suggests that these microorganisms, however small they may be, are closely linked to 

the functioning of marine ecosystems.  

1.2. KEY ROLE OF PLANKTONIC BACTERIA IN MARINE ECOSYSTEMS 

“Basic to the understanding of any ecosystem is the knowledge of its food web, through which energy 

and material flow.” (Pomeroy, 1974). In a simplistic view, a food web represent a transfer of organic 

matter (OM) synthesized by the primary producers to the rest of the living organisms through complex 

pathways. For a long time, small organisms (viruses, bacteria or protozoa) were neglected in the study 

of OM processing in marine ecosystems as they were thought to be of minor contribution (Steele, 1974). 

However, advances in microbiology with the possibility to enumerate bacteria, measure their biomass 

and estimate their production have shown that bacteria are, on the contrary, key actors of the food 

web. They are mainly involved in the production and degradation of OM and through this to the fate 

of major chemical elements (e.g. nitrogen, sulphur) in the ocean. This recognition that the smallest 

members of the food web (i.e. viruses, bacteria, phytoplankton or protists) were probably responsible 

for a large fraction of important system activities represent one of the major breakthroughs in the field 

of marine science in the last decades (Azam et al., 1983; Fuhrman and Caron, 2016; Pomeroy, 1974).  
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1.2.1. ROLE IN PRIMARY PRODUCTION 

In marine surface environment, primary producers are composed of photosynthetic microorganisms: 

microalgae and cyanobacteria. Thanks to the photosynthesis reaction and sunlight as a source of 

energy, they are able to produce complex organic molecules principally from inorganic nutrients (i.e. 

NO3
- or PO4

2-) and carbon (CO2). Despite their small size, they account for nearly 50% of global net 

primary production in our planet and are able to supply the complex trophic chain in the oceans (Field 

et al., 1998; Katz et al., 2004). Cyanobacteria represent the most abundant and ancient photosynthetic 

microorganisms found on earth (Hedges et al., 2001). Contrary to the widely diverse eukaryotic 

photosynthetic organisms, marine planktonic cyanobacteria are composed of two dominant genus : 

Prochlorococcus and Synechococcus that numerically dominate most phytoplankton assemblage in the 

oceans (Scanlan et al., 2009). These two taxa have a different global repartition (Figure 1). 

Prochlorococcus species represent the dominant cyanobacteria of the oligotrophic and warm tropical 

waters while Synechococcus members are ubiquist and dominates in higher latitudes and nutrient-rich 

environments such as temperate coastal waters (Flombaum et al., 2013; Olson et al., 1990).  

Marine cyanobacteria contribute from 10 to 25% of the net primary production in the ocean (Flombaum 

et al., 2013; Gregg and Rousseaux, 2016). But this value will depend on the environment. In oligotrophic 

waters, these small cells present competitive advantages compared to large eukaryotic cells and they 

sometimes are found to represent almost half of the phytoplankton biomass. In these regions, they can 

account for up to 48% of the net primary production (DuRand et al., 2001; Vaulot et al., 1995). In more 

eutrophic waters Synechococcus competes with the larger eukaryotic phytoplankton (as diatoms or 

dinoflagellates) which usually dominates in biomass, activity and abundance. In these waters, relative 

contribution to primary production of cyanobacteria is less important but still relevant. For example, it 

was found to be about 6% in a neritic front of the Atlantic Ocean (Glover et al., 1986).   
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Figure 1 | Global distribution of (A) Prochlorococcus and (B) Synechococcus mean annual 
abundance at the sea surface. (Flombaum et al., 2013). 

 



GENERAL INTRODUCTION 

 6 

1.2.2. ROLE IN ORGANIC MATTER RECYCLING AND THE FOOD WEB: THE MICROBIAL LOOP 

Possibly one of the most recognized roles of bacteria in marine ecosystems is the processing of OM. It 

is estimated that about a half of the total primary production in the oceans is consumed by microbial 

heterotrophs, making them one of the major pathways for organic carbon fluxes in the food web (Azam, 

1998). These heterotrophic bacteria are osmotrophs and they mainly feed on Dissolved Organic Matter 

(DOM) which consist of a complex mixture of molecules (i.e. lipids, proteins, various metabolites or 

carbohydrates) that solubilized in the water column (Baines and Pace, 1991). Phytoplankton represent 

one of the main sources of DOM which account for 10% to 30% of their global production in OM 

(Fenchel and Jørgensen, 1977). Bacteria are also able to directly attack the Particulate Organic Matter 

(POM) using hydrolytic exoenzymes in order to liberate DOM (Azam et al., 1994). 

The importance of bacteria in OM fluxes have major consequences in marine ecosystems (Azam, 1998). 

Among other, in the grazing food chain: bacteria represent prime preys for small protozoa, which leads 

a part of the DOM to re-enter the classical food chain (Figure 2). This phenomenon has been named 

the microbial loop (Azam et al., 1983). Through this microbial loop, organic matter is remineralized, 

both by the action of bacteria, and by the protozoa that release large amounts of ammonium and 

phosphate as waste. They thus accelerate the mineralization of inorganic nutrient making them available 

again for the primary producers (Caron et al., 1988; Lomas et al., 2002). After its first description, the 

importance of heterotrophic bacteria as a link between DOM and higher trophic levels has long been 

debated (Fenchel, 2008). Later studies supposed that the major part of the carbon they assimilate is 

dissipated as CO2, and a few will be used to create biomass and then possibly enter the higher trophic 

levels (Williams and Martinez, 2000). 

In fact, the classic microbial loop (DOM à Bacteria à Protozoa à Higher trophic levels) appeared to 

be much more complex than we thought (Sherr and Sherr, 2002). The primary production consumed 

within the bacteria follows complex cycles of respiration, mineralization, with even more actors such as 

viruses and mixotrophic algae (Suttle, 2007). 
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The relative importance of the microbial loop in the food web will change depending on the 

environment (Cotner and Biddanda, 2002). Many studies suggested that the microbial loop is 

predominant in oligotrophic waters, dominated by small phytoplankton (Legendre and Le Fèvre, 1995). 

In these waters, small cyanobacteria can be responsible of the largest portion of the total primary 

production and they represent key preys for small protists. In these conditions, the only link between 

the biomass of cyanobacteria and the other trophic levels is via the microbial loop (Fuhrman and Caron, 

2016). On the contrary, in more eutrophic waters, the eukaryotic phytoplankton is dominant and will be 

directly grazed by herbivorous while DOM will be remineralized and respired into CO2 via the bacteria. 

This will have direct consequences on the ecosystem: in oligotrophic waters, bacteria will take up most 

of the primary production with a little left for the rest of the highest levels of the trophic chain, leading 

to waters with poor fisheries resources (Sommer et al., 2002; Turley et al., 2000).  

 

Figure 2 | Global view of the pelagic food web. (Worden et al., 2015).  



GENERAL INTRODUCTION 

 8 

1.2.3. ROLE IN GLOBAL BIOGEOCHEMICAL CYCLES 

Thanks to their abundance, and their large metabolic capacities, microorganisms dominates the flux of 

energy and biologically important chemical elements (carbon, nitrogen, sulfur and phosphorus) in the 

oceans. These elements move from biotic to abiotic compartments (and reversibly) in complex 

pathways called biogeochemical cycles with major implication in the Earth system. 

1.2.3.1. CARBON 

As seen above in the text, with the microbial loop marine bacteria will structures carbon fluxes in all 

major pathways : grazing food chain, sinking (CO2 respiration), carbon storage and carbon fixation 

(Azam, 1998). The comprehension of carbon biogeochemical cycle is of utmost interest as this element 

is closely linked to the climate of our planet. Atmospheric CO2 in particular, regulates the earth’s surface 

temperature and its increasing in concentration is considered to be responsible of the Global warming 

(Matthews et al., 2009). A part of the carbon (CO2) fixed by photosynthetic organisms will sink as POM 

in the bottom of the oceans where it can be sequestered within the sediments for centuries. This 

process is called the biological carbon pump and permits to remove a consistent part of atmospheric 

CO2 from the atmosphere (Ducklow et al., 2001; Riebesell et al., 2009). Moreover, marine DOM is also 

supposed to be one of the most important Organic Carbon reservoir on earth, with quantities 

equivalent to the atmospheric reservoir of CO2 or land plant biomass (Azam and Worden, 2004; Hedges 

et al., 1992; Jiao et al., 2010). Thus, the way heterotrophic bacteria degrades POM and DOM will 

actively control the fraction of carbon that will stay in the oceans or return back in the atmosphere 

through respiration (Mitra et al., 2014). 

1.2.3.2. NITROGEN 

Nitrogen in the ocean is considered as one of the major limiting factors for primary production (Tyrrell, 

1999). It present a variety of chemical forms (i.e. N2, NH4, NO2, NO3, N2O, urea) that can be rapidly 

converted by microorganisms. The main reservoir of Nitrogen is the dinitrogen gas (N2) present in the 

atmosphere but it is not usable in this form to most organisms. Some rare diazotrophs among bacteria 
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and archaea can convert it into Ammonium (NH4
+) that represent an important source of nitrogen for 

most primary producers. In marine environment, the cyanobacteria are among the most important 

diazotrophs, mainly in oligotrophic, N-limited waters (e.g. Western tropical south pacific) (Bonnet et al., 

2017). In this oligotrophic water, N2 fixation can contribute to 50% of the primary production. But our 

knowledge is still limited on the dynamic and intensity of this diazotrophy (Moisander et al., 2017). 

Moreover, in coastal waters the main source of nitrogen is from the terrestrial runoff or upwelling of 

deep-waters where it is present in large quantities. 

The regeneration of organic nitrogen to ammonium or nitrates is a fundamental process to maintain 

the primary production in summer. Organic nitrogen when degraded, release NH4
+ that will rapidly be 

nitrified under aerobic conditions to form Nitrates (NO3). All this process is catalyzed by bacteria or 

archaea (Zehr and Ward, 2002) and occurs along the water column. It was long admitted that the entire 

nitrification could be done by two different groups of proteobacteria: ammonium-oxidizing bacteria 

(AOB : NH4+ à NO2) with the genus Nitrosomonas/Nitrosospira and nitrite-oxidizing bacteria (NOB : 

NO2 à NO3) with genus such as Nitrospina. But in reality, some abundant pelagic archaea, the 

Ammonium oxidizing Archaea (AOA) are able to oxidize ammonium in nitrites and probably in a more 

important way than the AOB (Wuchter et al., 2006). These archaea are members of the phylum 

Crenarchaota and are 10 to 10000 times more abundant than AOB. One has been cultivated in 2005 : 

Nitrosopumilus maritimus, an autotrophic AOA (Könneke et al., 2005). Even more, a Nitrospira has been 

found to be able to carry out the whole nitrification from ammonium to nitrates (Kits et al., 2017). All 

these recent evidences pointed out that the nitrogen cycle in water column is carried out by a complex 

microbial community with large variety of metabolically versatile microorganisms (Kuypers et al., 2018).  

1.2.3.3. SULFUR 

Sulfur is a fundamental element of the proteins. It is assimilated in the surface ocean by the 

phytoplankton as dissolved sulfates mainly to form methionine and cysteine. Some microalgae convert 

methionine into dimethylsulfoniopropionate (DMSP), a stable form of organic sulfur that is used as an 

osmolyte or an antioxidant. Some phytoplankton (i.e. Dinoflagellates) produce a very large amount of 
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DMSP. A study in the North Atlantic ocean found that the phytoplankton invested 7% of the net primary 

production in the DMSP synthesis (Simó et al., 2002). The sulfur cycle was extensively studied over the 

past decades as it was found that the DMS, a volatile product of the DMSP degradation, affects clouds 

formation and change their albedo, with a possible role on the climate (Charlson et al., 1987) even if 

this importance is debated (Quinn and Bates, 2011). Some studies demonstrated that this single 

compound can support 1 to 13% of the bacterial carbon demand in the surface oceans, as well as their 

need in sulfur (Kiene et al., 2000). Heterotrophic bacteria are the main actors of DMSP degradation and 

DMS release in the atmosphere (Kiene et al., 2000).  

 

In conclusion, marine bacteria, as tiny as they can be, are fundamental in all the major ecosystems 

processes with even implication on the global climate. These great findings and theories were 

discovered in second part of the 20th century with the knowledge acquired from cultured taxa and the 

possibility to measure microbial biomass and fluxes that passes through them. However, at this time 

we had totally no idea of the different type of bacteria that compose such an important biological 

compartment (e.g. their size, specific activity or specific growth rate) and thus, the different mechanisms 

that contribute to the biogeochemical cycles.  It was only in the end of the 20th century and the 

development of sequencing technologies that their incredible diversity and potential metabolisms 

became accessible. 

1.3. THE REVOLUTION OF MOLECULAR TOOLS IN MARINE MICROBIAL ECOLOGY 

One of the most important technical revolution of the last past years in marine microbiology was the 

possibility to assess the non-culturable part of microorganisms, using their DNA. For now, this has been 

the only way to approach the complexity of environmental microbial communities’ diversity. Those 

technologies allowed microbiologists to answer fundamental questions about the ecology of marine 

microorganisms and get insight the complexity of their natural communities. 
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1.3.1. ACCESSING DIVERSITY USING 16S SEQUENCING 

Traditionally, organisms (prokaryotes, eukaryotes) were classified according to phenotypic features but 

Carl Woese and others used the small subunit ribosomal RNA gene, also called 16S rRNA, as a 

phylogenetic marker to compare and reconstruct the tree of life and define the three domains of life 

that are Bacteria, Archaea and Eukarya (Woese et al., 1990; Woese and Fox, 1977). 

1.3.1.1. METHODS AND LIMITS 

The first microbial DNA sequences were obtained with the Sanger technique in the end of the 1980s 

(Pace et al., 1986). The 16S rRNA gene was amplified by PCR then cloned and sequenced. With this 

fastidious technique, it was possible to obtain around 100 sequences for one sample, thus observing 

mainly the dominant species. This method has dominated the field of microbiology for 20 years (Figure 

3) before the introduction of New Generation Sequencers (NGS). Today, Illumina sequencers can 

produce 107 to 109 reads allowing to possibly assess the global microbial diversity of an environmental 

sample. With NGS, an important period of description of all possible microbial communities started 

(e.g. diversity, richness, evenness or dynamic), as shown by the inventory of numerous microbiomes : 

the human microbiome (Turnbaugh et al., 2007), soil microbiome (Fierer and Jackson, 2006) or oceanic 

microbiome (Sunagawa et al., 2015).  
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Figure 3 | Graph showing the augmentation of paper citations following sequencing 
techniques evolution in the field of microbiology. (From Microbial ecology of the 
oceans, 3rd edition, 2018). 

 

 

The main challenge in 16S analysis is the clustering of sequences to ecologically relevant units. 16S 

amplicons are clustered into Operational Taxonomic Units (OTUs) to account for intra-species 

variability, but also the sequencing errors that are inherent to NGS technologies. Traditionally, a 

minimum similarity of 97% was required to consider two 16S rRNA sequences to belong to the same 

microbial species (Stackebrandt and Goebel, 1994). But the use of an a priori genetic distance threshold 

to delineate fundamental units of diversity has however some strong limitations because it is not always 

applicable or relevant (Brown et al., 2015; Nebel et al., 2011) and limits the resolution of microbial 

diversity analysis by masking important patterns occurring between closely related organisms (Eren et 
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al., 2013a). Hence, the recent development of new high resolution methods leveraging sequencing 

error analysis (DADA2, Callahan et al., 2016), information entropy analysis (oligotyping and MED, Eren 

et al., 2013, 2014) or error distribution profiles (SWARM, Mahé et al., 2015) constitutes an important 

advance in microbial diversity analysis. For instance, the Swarm algorithm agglomerated sequences 

based on pairwise similarity with maximum one nucleotide difference and delineate OTUs based on 

abundance values – i.e. break in abundance « valley » linking two otherwise separate OTUs (Mahé et 

al., 2015).  

The main limits of NGS technologies are the read length (around 2x250 bp) and the amplification step. 

In one hand, the read length is problematic for the diversity as only 500 bp is often too small to resolve 

the taxonomy of different species. In the other hand, PCR biases lead to problems of quantification as 

for instance some taxa are over amplified (Sinclair et al., 2015). Other biases are inherent with the use 

of 16S rRNA amplicon sequencing, such as the creation of chimeric sequences during the PCR 

amplification. These artificial sequences are made with the fusion of two (or more) sequences, but are—

by definition—lower in abundance than the “parent” sequences and can be identified by software such 

as VSEARCH (Rognes et al., 2016).  

1.3.1.2. AN UNSUSPECTED DIVERSITY IN THE OCEAN 

As soon as it was used in marine environment, 16S ribosomal gene sequencing revealed the presence 

of an important unknown diversity. Its first utilization in 1990 in the Sargasso Sea, detected sequences 

of SAR11 Clade, a completely new clade of the Proteobacteria and phylogenetically distant from all 

cultured organisms known at the time (Giovannoni et al., 1990). Since its discovery, this taxa is now 

considered to be the most abundant known organism of the planet (Morris et al., 2002). The cultivation 

of a SAR11 Clade member, Candidatus Pelagibacter ubique in 2002, showed that it groups small, free-

living, heterotrophic bacteria that feed on small organic compounds (Rappé et al., 2002). Added to this, 

they possess a streamlined genome, that is to say, minimized in size and complexity (Giovannoni et al., 

2005b). During this pioneering work in the Sargasso sea and other marine environments, numerous 
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dominant but unknown lineages were found as the Clade SAR86. Unlike SAR11 Clade, this taxon has 

still, almost 30 years later, no representative cultivated.  

Another major discovery of 16S ribosomal gene sequencing in marine environment was the presence 

of marine Archaea, that were thought to be limited to extreme environments at this time (DeLong, 

1992; Fuhrman et al., 1992). Marine archaea are in fact highly abundant in the global ocean where they 

may compose up to 20% of the whole marine picoplankton (DeLong and Pace, 2001). Their phylogeny 

is far less known and described than bacteria and is composed of two main phyla in marine environment. 

The most abundant is the Thaumarchaeota phylum, which has been revealed to have a great role in the 

global nitrogen cycle (Brochier-Armanet et al., 2008). The second one is the Euryarchaeota, where 

different group are found : Marine Group II that inhabit surface waters, Marine Group III and Marine 

Group IV, which are more abundant in mesopelagic and bathypelagic area (Galand et al., 2009). The 

ecology of Euryarchaeota has only been approached through culture-independent technics (Haro-

Moreno et al., 2017; Ouverney and Fuhrman, 2000).  

Thanks to molecular ecology and years of sampling in numerous oceans, we now have a global picture 

of the microbial diversity in the euphotic and coastal marine environment. There is a total of more than 

30,000 species estimated in the ocean microbiome, divided up in 12 bacterial and archaeal phyla 

(Sunagawa et al., 2015; Yilmaz et al., 2016). In surface waters, most of this diversity is affiliated to three 

dominant phyla : the Proteobacteria, the Bacteroidetes and Cyanobacteria (Giovannoni and Stingl, 

2005; Sunagawa et al., 2015). Overall, the majority of marine bacterial diversity is only assessed by DNA 

sequencing, making difficult to understand the role of natural assemblages in marine ecosystem (Rinke 

et al., 2013). 
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1.3.2. METAGENOMICS 

1.3.2.1. METHODS AND LIMITS 

The cost-effective high-throughput sequencing allowed for great improvement over metabarcoding: 

instead of sequencing a marker gene, all genomes present in a sample are fragmented and sequenced. 

The genetic potential of community can therefore be assessed, and genome populations can be 

reconstructed into metagenome-assembled genome (MAG) (Nielsen et al., 2014). 

New generation sequencers produce short reads of DNA (around 150pb, Illumina HiSeq/NextSeq). As 

a consequence, the original genomes need to be re-assembled in a process called metagenomic 

assembly. The product of that assembly is longer fragment of DNA called contigs. The challenge with 

assembly is that conserved part of genome among different organisms will break the assembly, as well 

as variations within a species population. To overcome this issue, co-assembly can be performed: DNA 

sequences from different samples are assembled together to increase the chance of recovering low 

abundance microorganism’s genome. 

The binning process is the classification of contigs into discrete clusters in which a bin represent a 

genome. It can be done automatically using computational tools such as CONCOCT (Alneberg et al., 

2014), MetaBAT (Kang et al., 2015), BinSanity (Graham et al., 2017) or Maxbin2 (Wu et al., 2016). The 

method is based on the sequence composition of contigs (tetramer frequencies, Teeling et al., 2004) 

and their differential coverage across samples (Albertsen et al., 2013). But automatic methods are not 

perfect and can result in conflation errors (more than one genome in a bin) or fragmentation errors (one 

genome in multiple bins), which can be solved by manual curation of the binning results with software 

like Anvi’o (Eren et al., 2015). The single-copy core genes (SCG), which are expected to be in all 

microorganisms and only once, are used to assess the completion and redundancy of a bin, and 

therefore the quality of the binning. Because some microorganisms can lack some of these genes and/or 

have multiple copies, there is an accepted margin of 90% completion and 5% redundancy to 

characterize a MAG as a high quality MAG (Bowers et al., 2017).  
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The first bias of this approach is the same as for the amplicon sequencing technique: the need for DNA 

amplification, which can result in chimera sequences and overestimation of abundant sequences. 

Microbial population with high intra-species variability would be poorly assembled because these 

variations are likely to break the assembly step. A prime example is the SAR11 Clade that often presents 

poorly recovered in metagenomics studies (Venter et al., 2004). Longer DNA sequences would help 

overcome this issue as with Nanopore technologies (Loman et al., 2015). 

1.3.2.2. NEW CAPACITIES DISCOVERED 

One of the major contributions of metagenomics and genomics analysis in microbiology is to gives 

clues on the physiology and ecology of uncultivated taxa. Single Cell genome sequencing and 

metagenomic analysis on Euryarchaeota, from whom no representative has been cultivated yet, 

revealed that they could be heterotrophs, able to uptake and degrade different organic compounds 

such as lipids (Iverson et al., 2012; Tully, 2019; Zhang et al., 2015a). Similarly, the genome of a member 

of the SAR86 Clade was sequenced, revealing characteristics similar to members of SAR11 Clade : very 

tiny, free-living heterotroph (Dupont et al., 2012). Moreover, large metagenomics surveys revealed the 

importance of certain genomic characteristics in the global ocean microbiome, giving clue on essential 

adaptive traits in this environment. For instance, surface free-living bacteria typically present very small 

genomes compared to most of the cultivated bacteria (Luo et al., 2014). Cells with streamlined genome, 

typically represented by SAR11 Clade, are the most successful in oligotrophic environments (Swan et 

al., 2013). Those bacteria present small genomes (ca 1-2 Mb) and metabolisms targeting small, very 

common, low-molecular weight molecules that require minimal functional complexity. For instance, 

SAR11 Clade compete for small, labile organic matter widely produced by marine organisms as 

osmolytes, external metabolites (methanol, formaldehyde) or amino acids, that is commonly found in 

the ambient environment (Sun et al., 2011). This leads to the formulation of the streamline genome 

hypothesis: very large populations that often experiment nutrient limitations tend to simplify their 

genome complexity. In addition, genome streamlining is often linked to a requirement of some unusual 

nutrients for the microorganisms, such as reduced sulfur compounds as they lack some fundamental 
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pathways (Tripp et al., 2008), giving one possible explanation of why we fail cultivating so many pelagic 

microorganisms. Another interesting and widespread characteristic of surface marine bacteria found 

thanks to metagenomic surveys is the large presence of proteorhodopsin coding proteins in their 

genomes (Béjà et al., 2000) which was totally unsuspected. These proteins are localized in the 

membrane and can harvest light directly to produce energy. There are many types of proteorhodopsin 

that are highly widespread in many abundant surface bacterioplankton such as SAR11 Clade, SAR86 

Clade and some pelagic archaea (Pinhassi et al., 2016). Despite its ubiquity in numerous marine 

bacteria, we don’t have yet a complete understanding of how proteorhodopsin serves bacteria 

metabolisms. For now, only very few publications have shown their importance in enhancing growth 

under light condition (Gómez-Consarnau et al., 2007). 

Metagenomic also allowed to directly investigate functional ecology in the oceans. Based on genes 

functions, numerous studies found that global functions of an ecosystem were relatively stable in 

contrast with the high variability of taxonomic composition (Louca et al., 2016; Sunagawa et al., 2015). 

This led to the hypothesis of functional redundancy; i.e. different taxa are able to perform the same 

function in an ecosystem. But this hypothesis is strongly debated (Galand et al., 2018). 

Besides, the main fraction of potential genes recovered by metagenomic surveys have still unknown 

functions. For instance, the pioneer study of metagenomes by Craig Venter in 2005 found an important 

unknown genes pool of 1.2 million previously unsequenced gene. More recently, the Tara Oceans 

metagenomic survey encountered around 40% of the orthologous groups of genes of unknown function 

(Sunagawa et al., 2015). We are hence just starting to understand and assess the potential role of 

bacteria in marine ecosystems. 

1.4. MARINE MICROBIAL ECOLOGY BASED ON DNA DATA  

In a few words, marine microbial ecology aims to understand the structure and dynamic of microbial 

assemblages in their natural environment. Environmental microbial community are composed of a wide 

range of distinct bacteria that will present different physiological characteristics (growth rates, optimum 
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growing conditions, trophic strategies) and resource specificity that are largely unknown. It is a great 

challenge to understand the underlying mechanisms that shape the microbial communities’ distribution. 

Understanding this dynamic is the first step to go inside the role of marine bacteria and archaea in the 

functioning of marine ecosystems (Karl, 2007). And more, knowing what factors (biological or 

environmental) drives microbial diversity is essential to predict their evolution in a context of global 

climate change an increasing anthropogenic pressure (Doney et al., 2012). 

1.4.1. BACTERIAL COMMUNITIES CHARACTERISTICS 

1.4.1.1. FREE-LIVING AND PARTICLE-ATTACHED BACTERIA 

The first studies of marine bacteria ecology separated pelagic bacteria into two different lifestyle: free-

living (FL) or particle-attached (PA). These lifestyles were generally distinguished directly under the 

microscope or by their ability to pass (or not) through a 3µm filter (Garneau et al., 2009). The majority 

of pelagic bacteria are free-living, while the rest -10% on average- are attached to different kind of 

particles such as phytoplankton, zooplankton, organic matter debris or marine snow, microplastics 

among others (Dussud et al., 2018; Turner, 2015). These two compartment harbour different taxonomic 

composition (Rieck et al., 2015). Small bacteria such as members of SAR11 Clade, SAR86 Clade or 

Cyanobacteria are almost only present in the FL fraction, while PA bacteria are dominated by members 

of Verrucomicrobia, Alteromonadales and Bacteroidetes (Crespo et al., 2013; Mestre et al., 2017).  

These two fractions likely present different ecological function. PA bacteria tend to present larger cells, 

with higher individual uptake rates of organic compounds (e.g. glucose) and higher hydrolysis rates 

suggesting a possible distinct role in the ecosystems and notably in organic matter processing (Iriberri 

et al., 1987; Middelboe et al., 1995; Unanue et al., 1992). They could be important for the degradation 

of Particulate Organic Matter and its fate in the deep ocean (Azam and Long, 2001). Adding to this, PA 

bacteria present a complex role when they are associated with other pelagic organisms. For instance, 

members of the Roseobacteraceae showed mutualistic interactions with some microalgae, providing 
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essential nutrient for their growth (Croft et al., 2005) while other are strict pathogens producing algicide 

compounds (Seyedsayamdost et al., 2011). 

Despite their different role and composition, the separation of FL and PA bacteria is widely used in 

most of the marine bacterial communities ecological studies, that focus in their vast majority on the 

free-living fraction (Chafee et al., 2018; Fuhrman, 2009; Sunagawa et al., 2015; Teeling et al., 2016).  

1.4.1.2. RARE BIOSPHERE OF SEA WATER 

With NGS technologies, scientists observed that environmental communities present a few abundant 

species and a great number of rare OTUs (Sogin et al., 2006). At the beginning, these rare OTUs were 

associated with possible sequencing errors and technological biases (Reeder and Knight, 2009). But 

now, there existence is widely admitted in microbial ecology and are often identified as OTUs with a 

relative abundance below 0.01% in a sample (Galand et al., 2009). In addition, they possess a key role 

in bacterial community ecology and in the environment. Some studies showed that some members of 

the rare biosphere presented coherent ecological patterns and were actually active in marine 

environment (Alonso-Sáez et al., 2015; Campbell et al., 2011; Hugoni et al., 2013; Reveillaud et al., 

2014) and could play significant role in global biogeochemical cycles (Hausmann et al., 2018; Musat et 

al., 2008). Moreover, these rare OTUs  might be bacteria in a state of dormancy but could answer 

quickly as soon as the conditions become favorable in the ocean (Jones and Lennon, 2010; Pedrós-Alió, 

2006). These characteristics make marine bacterial community composition highly dynamic in space and 

time (Fuhrman et al., 2015). 

1.4.2. BACTERIAL COMMUNITIES DYNAMICS 

1.4.2.1. TEMPORAL DYNAMIC 

Time-series studies have been crucial features of oceanography to understand the ecological processes 

occurring in the oceans (Ducklow et al., 2009). Observations of the evolutions of microbial communities 

through time have been increasingly studied over the past decades in marine environment. Several 



GENERAL INTRODUCTION 

 20 

monitoring of bacterial communities have been implemented in the main ocean regions. The main ones 

are listed in Table 1.  

Table 1 | Main time series of oceanic microbial (bacteria and archaea) communities. (Adapted from 
Bunse and Pinhassi, 2017) 

Region Location References 

Polar Antarctic peninsula 

Franklin Bay, Western Antarctic 

Ghiglione et al., 2012  

Alonso-Sáez et al., 2008 

Temperate RADIALE time-series project (E2), east-Atlantic 

Western Channel Observatory (L4), English Channel 

Linnaeus Microbial Observatory (LMO), Baltic Sea 

German Bight, North sea 

Blanes Bay Microbial Observatory (BBMO), Mediterranean sea 

SOLA time-series, Mediterranean sea 

Alonso-Sáez et al., 2015 

Gilbert et al., 2012 

Lindh et al., 2015 

Teeling et al., 2016 

Gasol et al., 2016 

Galand et al., 2018 

(Sub)- tropical Hawaiian Ocean time-series (HOT), north Pacific 

Bermuda Atlantic time-series study (BATS), west Atlantic 

San Pedro Ocean time-series station (SPOTS), east Pacific 

Bryant et al., 2016 

Vergin et al., 2013 

Needham et al., 2013  

 

All these time surveys found that marine microbial communities are very dynamic in time, and at 

different scales, from days to years (Gilbert et al., 2012; Hatosy et al., 2013). At each scale, microbial 

community composition dynamic was linked to both physicochemical (i.e. temperature, salinity, 

inorganic nutrient concentrations) and biological (i.e. phytoplankton dynamic, predation) changes in 

the environment (Fuhrman et al., 2015). Looking at small scales, marine environment experiments small 

spatial and temporal patchiness in water masses (e.g. eddies) or meteorological events, as well as 

different dynamic of phytoplankton or viruses (Martin-Platero et al., 2018; Needham and Fuhrman, 

2016). These small variations leads to the sharp set-up of ephemeral microbial communities that present 

a high turnover within few days (Lindh et al., 2015b; Martin-Platero et al., 2018).  
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At the scale of days to weeks, one of the major drivers of bacterioplankton dynamic is the 

phytoplanktonic blooms that recurrently occurs during spring and summer in temperate coastal waters 

(Taylor and Ferrari, 2011). Phytoplankton during its growth or senescence will release a great amount 

of a variety of DOM that represent an important source of nutrient for heterotrophic bacteria. Given 

the diversity of these organic molecules, their degradation is based on an high diversity of heterotrophic 

bacteria mainly affiliated, among others, to the classes Flavobacteria, Gammaproteobacteria and 

Roseobacter clade (Buchan et al., 2014; Bunse et al., 2016; Lucas et al., 2015, 2; Pinhassi et al., 2004).  

Surprisingly, despite substantial variations across days to weeks, and the importance of fast 

environmental changes, marine bacterial communities present highly robust seasonal patterns that 

remain stables years after years over more than a decade (Fuhrman et al., 2015; Giovannoni and Vergin, 

2012). This trend was also observed for taxa answering to the blooms that were found recurrent over 

different years in the North sea (Teeling et al., 2016) or even individual members that showed a strong 

rhythmicity over seven years (Lambert et al., 2018).  

The underlying processes that could explain this regularity are still poorly understood. Global seasonal 

drivers such as temperature, circadian cycles, nutrient concentrations or seasonal primary production 

are most likely candidates. For instance, seasonal patterns in deep waters are weaker if not absent 

(Cram et al., 2015; Hatosy et al., 2013). But these seasonal patterns cannot explain alone such 

recurrence. An increasing number of studies suggested that the interactions (positive or negative) 

between pelagic organisms could represent a key parameter of the communities structures and 

dynamic (Lima-Mendez et al., 2015; Needham and Fuhrman, 2016; Worden et al., 2015). The Black 

Queen hypothesis formulated recently (Morris et al., 2012a) supports these observations and suggests 

that marine bacteria could form interdependent cooperatives interactions (Sachs and Hollowell, 2012).  

1.4.2.2. SPATIAL DYNAMIC 

Along with the set-up of time series, the study of global biogeographical patterns has also been 

increasingly investigated over the past decades. Thanks to the democratization of sequencing 
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technologies, numerous expedition sampled the ocean in vast geographical scales such as the Global 

Ocean Sampling in 2007 (Rusch et al., 2007), the Malaspina expedition in 2010 (Duarte, 2015), the 

Ocean Sampling Day since 2014 (Kopf et al., 2015) or Tara Ocean expeditions (Figure 4) from 2009 to 

2013 (Sunagawa et al., 2015), giving great insights on microbial assemblages in the oceans, both in 

horizontal and vertical gradients. 

 

 
Figure 4 | Map indicating the different sampling stations of the expedition Tara ocean.  
(https://oceans.taraexpeditions.org/) 

 

As for temporal surveys, marine microbial communities present different biogeographical patterns, at 

different scales (Baltar et al., 2015; Sunagawa et al., 2015). Within horizontal distances, important 

biogeographic patterns have been found at the basin scale (Sunagawa et al., 2015). Microbial 

communities would be different between polar, tropical and temperate waters (Swan et al., 2013). 

Some highly ubiquist taxa such as SAR11 Clade, SAR86 Clade or Cyanobacteria are present at the ocean 

scale, but they will present different ecotypes adapted to different temperature and latitudes (Brown 

et al., 2012; Delmont et al., 2017). At smaller distances, studies observed no or moderate changes in 

bacterioplankton community composition (Li et al., 2018) leading to the idea that they are 
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homogeneous in distances under 50 km (Hewson et al., 2006). But in transition zone, such as coastal 

area, strong environmental gradients (e.g. salinity) can occur and that structure the bacterial 

communities (Cottrell and Kirchman, 2003; Herlemann et al., 2011; Wu et al., 2006; Zhang et al., 2006). 

It has even been suggested that along with marine and freshwater microbiomes exists a brackish 

microbiome that is composed of bacteria adapted to intermediate salinities (Hugerth et al., 2015). 

Moreover, sharp physicochemical changes linked to physical structures such as eddies or upwellings 

can lead to strong spatial heterogeneity of microbial communities (Allen et al., 2012; Baltar et al., 2010). 

Important changes in microbial communities are found with the depth and are widely observed at large 

scale. Different communities are found across the global bathyal layers of the oceans : euphotic, 

mesopelagic and bathypelagic (Jing et al., 2013). This evolution in the water column is observed at the 

domain level, as Archaea are more abundant in mesopelagic and bathyal environments (Karner et al., 

2001; Varela et al., 2008). At a smaller scale, within the euphotic layer, vertical thermal stratification 

determine most of the variance in community composition of bacterial communities (Cram et al., 2015; 

Sunagawa et al., 2015) that highlighted the importance of local factors (such as environmental variables 

and biology) on microbial communities.  

1.4.2.3. EVERYTHING IS EVERYWHERE 

The most widespread ecological theory in explaining marine microbial distribution in the ocean is 

resumed in the famous sentence of Baas-Becking : « everything is everywhere but the environment 

selects » (Baas-Becking, 1934). This concept posits that microorganism’s assemblage results from a 

selection by local environmental conditions rather than dispersal limitation in the environment, 

intrinsically considered perfect in this assumption. This statement is strongly debated among scientists, 

particularly for the first part of the tenet « everything is everywhere ».  Marine environments are thought 

to encounter no or few dispersal barriers compared to other environment (e.g. terrestrial) thanks to 

large currents occurring at a global scale (Broecker, 1991). Moreover particular physiological capacities 

of marine bacteria such as their ability to enter a stage of dormancy could allow them to travel through 

long distances and thus reduce dispersal limitations (De Meester, 2011; Lennon and Jones, 2011). But 
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studies that were interested in dispersal limitations of marine bacteria or archaea at basin scale found 

contradictory results (Sintes et al., 2015; Sul et al., 2013).  

Nevertheless, environmental selection (biotic and abiotic) on bacterial communities, has been widely 

observed through spatial and temporal surveys as detailed above and very few studies observed the 

opposite (Kan et al., 2007). It can be the dominant process that structures microbial communities in 

some marine environment (Barberán and Casamayor, 2010). However, it has to be noted that 

understanding the importance of environmental selection rely on the sampling of a wide quantity of 

variables, which is complex and rarely done. Particularly for the biotic interactions such as competition, 

symbiosis or predation that represent key parameters on the structure of marine bacteria (McFall-Ngai 

et al., 2013; Needham et al., 2018; Thingstad, 2000; Worden et al., 2015). 

1.4.3. MARINE BACTERIA TROPHIC STRATEGIES 

Marine surface waters represent an extreme environment for marine heterotrophic bacteria as they 

often experiment strong nutrient limitations due to the sparsity of their resource (Stocker, 2012). 

Nutrients are often found in patchiness (e.g. phytoplankton, marine snow) in a bulk of low-nutrient 

interstitial water (Luo and Moran, 2014). Moreover, nutrients availability is highly dynamic in time and 

space linked to mesoscale heterogeneity (e.g. upwellings) or seasonal spring blooms (Lauro et al., 

2009). Marine bacteria have evolved with a large array of strategies to maximize reproductive success 

under these heterogeneous conditions. These strategies have major consequences in the processing 

of organic matter and our comprehension of bacterial community’s composition dynamic.  

Marine heterotrophic bacteria usually fall into two general trophic strategies based on their capacity to 

grow at different substrate concentrations. Oligotrophs are adapted to thrive with low ambient 

concentrations of organic matter, while copiotrophs rely on higher levels (Giovannoni et al., 2014; Hunt 

et al., 2013; Koch, 2001). Typical and successful oligotrophs are members of SAR11 Clade that can 

represent up to 50% of the cells in the oligotrophic ocean (Morris et al., 2002). On the contrary, 

copiotrophs typically represented by Alteromonadales or some Rhodobacteraceae will be found in 
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abundance associated to particles and planktonic organisms or under highly productive conditions such 

as phytoplankton blooms in temperate coastal waters (Polz et al., 2006).  

While this notion is a fundamental ecological trait of marine bacteria, it has no strict consensus definition 

(See table 1 in Schut et al., 1997) and terms oligotroph and copiotroph are sometime used 

interchangeably with r- and K-strategy despite their different meanings (Ho et al., 2017; Newton and 

Shade, 2016; Semenov, 1991). The former, r-strategists, are also called opportunists and they are 

characterized by a capacity of replicate intensively when the conditions are favorable. They will thus 

present highly variable growth rates, harboring a feast and famine lifestyle. K-strategist bacteria are on 

the contrary adapted to environments where the resource supply rates are lower, and won’t be able to 

take advantage of increasing nutrients loadings. Consequently, r and K- strategists integrates key 

notions such as susceptibility to predation or growth rates capacities (Giovannoni et al., 2014).  

Another way to differentiate bacteria is their capacity to utilize a variety of different organic compounds. 

Thought this notion is less investigated in marine environments (Kirchman, 2016). Some heterotrophic 

bacteria are generalist, being able to grow on a wide variety of different compounds (Mou et al., 2008). 

This is notably the case for copiotrophic Rhodobacteraceae that present large and versatile genomes 

and can inhabit diverse niches (Moran et al., 2004). Specialist bacteria will be highly adapted to a 

specific niche by targeting few compounds. Members of the Bacteroidetes are often considered as 

specialist in degrading complex polysaccharides compounds (Fernández-Gómez et al., 2013; Unfried 

et al., 2018). At low resource concentrations, substrate specialists have been shown to be the most 

active (Sarmento et al., 2016). Sometimes generalist or specialist lifestyle are also described as 

synonyms to copiotrophs and oligotrophs respectively (Christie-Oleza et al., 2012). Again, there is a 

lack of consensus of these definitions, as the typical oligotrophic members of the SAR11 Clade « […] 

cannot plausibly be characterized as specialists, being one of the most successful and widely distributed 

chemoheterotrophic groups in the ocean » as written by Grote et al., 2012. 
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Different studies have been trying to characterize marine bacteria trophic strategies, employing a wide 

variety of technics. For instance, the importance of nutrient concentrations and their specific 

incorporation by some heterotrophic taxa have been investigated using stable isotopes probing on 

different substrates (Alonso and Pernthaler, 2006; Bryson et al., 2017; Mayali et al., 2014). They revealed 

the complexity of these different strategies that fall on a continuum between copiotrophy and 

oligotrophy and high and low activity (Mayali et al., 2014). For instance, Mayali et al., 2012, uncovered 

at least 7 trophic strategies for marine bacteria regarding their capacity of exploiting substrates at 

increasing nutrient concentrations. However, these complex trophic lifestyles seems to be conserved 

within different heterotrophic taxa. Members of SAR11 Clade typically grow slowly and are 

outcompeted at high nutrient concentrations. While members of Alteromonadales grow fast at 

increasing concentrations of nutrients (Alonso and Pernthaler, 2006; Bryson et al., 2017). 

The signature of oligotrophy and copiotrophy was investigated in the genomes (Lauro et al., 2009). 

Based on two organisms typically defined as oligotroph or copiotroph, they found genomic 

characteristics or functions (represented by cluster of orthologous genes) specific of each trophic 

strategy. Copiotrophs organisms present a higher genetic potential to respond faster to changing 

environmental conditions such as nutrients input or depletion and are more adapted to a particle-

attached lifestyle. Oligotrophs, on the contrary present a smaller genome and are adapted to a free-

living lifestyle and use a broader range of transported substances. Following the same logic, Song et 

al., 2017, investigated the metagenomic response of bacteria from the soil to copiotrophic or 

oligotrophic conditions. They found an enhancement of particular cluster of genes that would match 

with the genes defined by Lauro et al., 2009. This confirms that different trophic conditions are 

important and select adapted organisms with particular genomic characteristics.  
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2. THE IROISE SEA AND THE BAY OF BREST 

2.1. COASTAL OCEANS: A CRUCIAL BUT FRAGILE ECOSYSTEM 

Within the oceans, coastal area are of utmost interest and have recognized ecological values (Costanza 

et al., 1997). Thanks to terrestrial input, they are upon the most fertilized systems in the world, 

promoting high primary and secondary productivity (Barnes and Hughes, 1999; Nixon and Buckley, 

2002). Thus, while coastal areas represent 8% of the global ocean surface, they account for 10 to 25% 

of the global marine primary production (Cloern et al., 2014). In temperate coastal waters, the inflow 

of inorganic nutrients lead to recurrent phytoplankton blooms in spring that are able to sustain a 

complex trophic chain. This diversity and productivity are influenced by a strong hydrodynamism, with 

currents, wind, freshwater inflow that are important control for the onset of spring blooms (Ragueneau 

et al., 1996; Sverdrup, 1953). This hydrodynamic also leads to the formation of mesoscale physical 

features (i.e. upwellings, eddies or frontal zones) that strongly shape the biology of the ecosystem, 

starting with the microbial compartment (Casotti et al., 2000). This large hydrodynamism is supposed 

to be important actors of the diversity and the richness of the ecosystem (Legendre and Demers, 1984). 

Such dynamic features makes temperate coastal waters challenging to study and requires multiple 

approaches as well as long term observations and model simulations (Cadier et al., 2017; Weisberg et 

al., 2015). 

In addition, a monitoring of this environment is important since it represents a sensible area. We have 

evidence that temperate coastal zones are highly degraded (Waycott et al., 2009). Mainly linked to 

anthropic pressures as around 70% of the world megacities are in the coastal zone (Ramesh et al., 2015). 

Eutrophication is one of the major anthropic impact on coastal systems (Rabalais et al., 2002; Smith et 

al., 1999). It causes a disequilibrium in the major biogeochemical cycles (i.e. Carbon, Nitrogen and 

Phosphorus). Increase in nitrogen and phosphorus are due to human or animals waste and the use of 

land fertilizers that at the end, arrive into coastal waters. Excess nitrogen can lead to increasing toxic 

phytoplanktonic blooms that may have a critical impact on the global ecosystem, with significant 
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mortality events for a large number of species (Rosenberg and Loo, 1988). Other anthropic pressures 

lead to an increasing pollution of the coastal environment, with oil spills, chemical pollution (e.g. 

pharmaceutical products) or plastic release (Dussud et al., 2018; Kennish, 1991). 

The influence of such contaminants on natural microbial communities have been observed, but their 

consequences are still poorly understood. On the one hand, microbial communities could participate 

to the degradation of pollutant molecules (Barra Caracciolo et al., 2015) and lead to their removal from 

the environment. On the other hand, they could be directly impacted in their richness or composition 

(Sauret et al., 2016). 

In France, the Iroise sea and Brest Bay represent particular coastal environments with respects to their 

rich biodiversity and different societal challenges. These areas are intensively studied through the 

presence of the « Zone Atelier Brest Iroise (Zabri) » which aim at characterize the interactions between 

anthropic pressures and ecosystem functioning in this pilot site. This objective is possible through the 

presence of numerous major laboratories (e.g. UMR, Ifremer, CNRS, UBO) that carry different scientific 

surveys such as microbial survey of shellfish production area (REMI), phytoplankton and phycotoxin 

survey (REPHY), the survey of chemical contaminations (ROOCH), the Service d’Observation du Milieu 

LITtoral (SOMLIT). 

2.2. THE IROISE SEA AND THE USHANT FRONT 

The Iroise sea is located in the north-western part of France (Figure 5). It is part of Celtic seas, close to 

the English channel in the North-East Atlantic ocean. It is separated in the north by the Ushant Island 

(48°5N) and in the south by the Sein Island (47°4N). The Iroise Sea at the west is under the Atlantic 

Ocean circulation regime while at the east it is influenced by land and freshwater inputs from different 

rivers, the main ones being the Aulne and the Elorn.  
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Figure 5 | Localization of the Iroise sea and Satellite sea surface temperature highlighting 
the presence of the Ushant Front. 

 

This region is characterized by high macrotidal regimes (Muller et al., 2007).  Along with wind and 

atmospheric fluxes, tide represent the main physical forces that governs the physical dynamic of this 

sea. All these physical forcing are responsible of the formation of a remarkable front, that represent the 

predominant feature of the Iroise sea between May to October (Le Boyer et al., 2009). In summer, the 

wind are less important and solar radiations heat the sea surface leading to a stratification of the water 

column. This stratification is broken down due to strong tidal currents that can reach 4m.s-1 east of the 

Ushant Island, leading to a complete mixing of the water column. The Ushant front represent the area 

between stratified and mixed waters and it is characterized by a sharp horizontal gradient with changes 

in sea surface temperature of 4°C in less than a mile (Figure 5). 

Frontal area are of high interest as they represent interface with enhanced planktonic biomass and 

productivity (Sournia et al., 1987). The Ushant front has been recognized as an exemplar of frontal area 

in a coastal system (Le Fèvre, 1987). It was discovered quite early in the 1950s and extensively studied 

in the following years, with numerous notable cruises such as SATIR-DYNATLANT in the 80s and 

FROMVAR in 2009 that characterized its physicochemical and biological characteristics (GREPMA, 

1988; Le Boyer et al., 2009).  In the Ushant front, the western water masses are typical of stratified 
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waters with a marked thermocline and phytoplanktonic growth limited by nutrient concentrations at 

the surface. On the contrary western mixed waters are not limited in nutrients but the homogenization 

limits the access to light for phytoplanktonic cells. At the frontal area, input of nutrients from the cold 

deep waters or from the mixed area are possible, stimulating phytoplanktonic growth and accumulation 

of zooplankton, leading to a remarkable productivity. This particular concentration of biomass at the 

frontal area likely attract numerous birds, fish larvae and species of particular interest for the 

conservation (Schultes et al., 2013). 

Overall, the presence of a remarkable biodiversity in the Iroise Sea with numerous species of algae, 

birds and marine mammals as well as its rich cultural heritage lead to the creation of the first marine 

natural park in France (Parc Marin Naturel de l’Iroise, Erreur ! Source du renvoi introuvable.).  

2.3. THE BAY OF BREST AND THE SOMLIT STATION 

The Bay of Brest represent a macrotidal semi enclosed ecosystem located in the North-Western coast 

of France. In the one hand, this bay is influenced by terrestrial and freshwater inflow through the 

presence of 6 rivers, where the two dominants are the Aulne and the Elorn (Figure 6). The river 

discharge is maximal on November and February linked to the winter storms, and minimal in summer 

(Ragueneau et al., 1996).  

On the other hand, the Bay of Brest is influenced by oceanic waters from the Iroise sea through the 

tide. These two areas communicates through a narrow channel called le Goulet (1.8 km width, 50 m 

depth, 6 km long). The renewal of marine water through tide mixing is so important – about a third of 

its entire volume – that this semi-enclosed bay is considered as a typical marine environment (Delmas 

and Treguer, 1983).  
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Figure 6 | Map of the Bay of Brest. Adapted from Frère et al., 2017. 

 

The Bay of Brest represent a rich area, typical of temperate zones of the Northern Hemisphere, with an 

annual pelagic primary production estimated to reach 280 g C.m-2.a-1 (Quéguiner and Tréguer, 1984). 

Its productive period is situated from late March to early October with spring blooms occurring in April. 

The phytoplankton communities are dominated by diatoms and its development is strongly influenced 

by tide mixing that will change nutrient and light availability (Figure 7) (Ragueneau et al., 1996). 

620/,7
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Figure 7 | Tide currents in the Bay of Brest. 

This area is impacted by different anthropogenic pressure with numerous commercial, fishing and 

recreational activities. A total of 27 cities are present in the coastline of the Bay of Brest, the most 

important one being Brest with 139 163 inhabitants (INSEE data, 2015). This city possess two treatment 

plants in the commercial harbour and near the Goulet (Maison Blanche) that release treated waters in 

the Bay of Brest. Brest possess the largest harbour of Brittany with an active commercial activity that 

cumulated a total tonnage of 2 800 000 in 2018.  The main two basins, represented by the Aulne and 

the Elorn harbor different agricultural activities and of hog production (Troadec and Le Goff, 1997). 

Since the beginning of the century, the anthropogenic phosphorus and nitrogen carried by the rivers 

presented a drastic increase of 10 fold (Le Pape et al., 1996; Treguer and Queguiner, 1989). This 

increase of nitrogen presents an influence on Diatoms populations that tend to diminish towards more 

Dinoflagellates and possibly harmful phytoplankton (Beucher et al., 2004). 
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A recent study of microplastic pollution in the Bay of Brest showed a contamination of around 0.24 ± 

0.35 microplastics/m3 which is very low compare to other highly contaminated estuaries as in China 

(Frère et al., 2017). However, these microplastics seems to enrich a particular diversity of bacteria such 

as members of the genus Vibrio compare to the surrounding water (Frère et al., 2017). 

A station of the national Service d’Observation Marine du LITtoral (SOMLIT) survey is also present in 

the Bay of Brest since 1998 (Figure 6). Every week more than 15 physicochemical (e.g. temperature, 

salinity, oxygen, nitrates, phosphates) and biological parameters (e.g. chlorophyll a, cytometric cells 

counts) are assessed at this station. This survey is completed by the presence of an instrumented buoy, 

MAREL-Iroise, from the marine observatory of the IUEM, that record the main physicochemical 

parameters (i.e. temperature, conductivity, dissolved oxygen, fluorescence and turbidity) every 20 

minutes since 2000. 
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 Overview and 
Objectives 

 

Despite the central role of microorganisms in marine ecosystems and the presence of a dense 

observation network in the Bay of Brest and the Iroise Sea, pelagic bacterial community’s ecology has 

not been studied in these two environments for more than 30 years with the work of Evelyne Jacq in 

the 1980s. At that time, microbial ecology mostly relied on microscopic cell counts and cultures, 

providing a relatively low resolution to study bacterial dynamics. This thesis has for objectives the set-

up of a microbial observatory in the Bay of Brest and the Iroise Sea, based on technological advances 

in metabarcoding and metagenomics to better study these complex microbial communities. This new 

subject in this area was made possible thanks to the collaboration between two laboratories, LM2E and 

LEMAR, combining expertise in microbial ecology and knowledge of the coastal marine environment. 

A large part of this thesis, anticipated from a Master II internship, consisted in acquiring the samples, 

during 4 three-day campaigns in the Iroise Sea (2 of which I participated in) and the regular, weekly and 

bi-monthly samples, at the SOMLIT station, as well as setting up the molecular biology protocols for 

DNA extraction, libraries preparation for metabarcoding and metagenomics. For all these steps I was 

helped by Morgan Perennou, engineer at LEMAR. Bioinformatics and statistical pipelines for the 

analysis of metabarcoding data were also produced during this thesis. The network analyses were 

carried out on the advice of Damien Eveillard (LS2N, Nantes) and Antonio Fernandez-Guerra (Max 

Planck Institute, Bremen). Finally, Johanne Aube, engineer at LM2E, carried out the metagenomic 

analysis presented in the last chapter. 
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The first objective of this work, was to investigate the dynamics of bacterial communities in these two 

environments through an amplicon sequencing approach. In Chapter 1, the dynamics of bacterial 

communities associated with the presence of the Ushant tidal front in the Iroise Sea were studied. 

During 4 campaigns, the vertical and horizontal structure of the water bodies associated with the front 

was characterized, representing an exceptional and original setting to understand bacterial 

communities dynamics. In a second chapter of the thesis, I analyzed the first 3 years of the microbial 

temporal survey at the SOMLIT station in the Bay of Brest. This survey offers a high temporal resolution, 

making possible to observe the seasonal patterns of bacteria in relation to the variations in the marine 

environment characterized by the SOMLIT survey. 

The second objective of this work was to investigate the functional content of these communities. Using 

a metagenomic approach we were able to reconstruct the genomes of microorganisms present in the 

Bay of Brest and the Iroise Sea, that help to understand the physiology of uncultivated members of 

marine bacteria. The genome of the most abundant bacterium of these two environments was 

assembled and is presented in a third chapter.
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1.   RÉSUMÉ EN FRANÇAIS 

Comprendre la dynamique spatiale et temporelle des communautés de microorganismes marins est 

une étape clé pour mieux appréhender leur rôle dans les écosystèmes. Les structures méso-échelles 

représentent des zones clés pour étudier ces dynamiques car elles influent directement sur la 

distribution du plancton et leur activité. Dans ce chapitre, nous avons étudié la dynamique des 

communautés de bactéries libres dans l’eau, associées au front de Ouessant en mer d’Iroise. Cette 

structure frontale est caractérisée par des eaux stratifiées typiques au large de Ouessant, avec en 

surface des eaux chaudes et épuisées en nutriments. Cette stratification n’est pas permise dans les eaux 

plus côtières, notamment de par l’action des courants de marées, qui peuvent homogénéiser la colonne 

d’eau sur toute sa hauteur. Dans ces masses d’eau instables, le développement du phytoplancton va 

être limité par ce mélange constant. A l’interface de ces masses d’eau, le front permet le maintien d’une 

forte production, par un apport local d’eau enrichie en nutriments. Afin d’étudier comment la présence 

de ce front pouvait structurer les communautés bactériennes, cinq stations réparties autour du front 

ont été échantillonnées en Septembre 2014, Mars, Juillet et Septembre 2015, et les communautés ont 

été caractérisées par le séquençage de leur ADNr 16S. La composition des communautés microbiennes 

va changer en fonction des différentes masses d’eau présentes, mais pas au niveau de la zone frontale. 

Par une approche en réseau, nous avons ensuite regroupé les OTUs qui présentaient des dynamiques 

similaires au niveau de ces masses d’eau en posant l’hypothèse qu’ils partageaient des niches 

écologiques similaires. Cette approche a mis en évidence l’importance des producteurs primaires qui, 

de par leur répartition hétérogène autour du front et dans le temps, vont définir des environnements 

plus ou moins riches en matière organique, et ainsi sélectionner des bactéries hétérotrophes avec des 

stratégies trophiques différentes. Des bactéries oligotrophes vont être présentes toute l’années et 

dominer en hivers et dans les eaux profondes au large, lorsqu’il y a peu de développement 

phytoplanctonique. A l’inverse, différentes populations copiotrophes vont apparaître plus abondantes 

en été et dans les eaux plus côtières et juste après un bloom intense en Juillet, certaines répondant par 

des variations en abondance fortes. Ces résultats laissent supposer l’importance de ces communautés 

bactériennes dans la reminéralisation de la matière organique de la boucle microbienne en mer d’Iroise.  
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2. ABSTRACT 

Ocean Frontal systems are widespread hydrological features defining the transition zone between 

distinct water masses. They are generally of high biological importance as they are often associated 

with locally enhanced primary production by phytoplankton. However, the composition of bacterial 

communities in the frontal zone remains poorly understood. In this study, we investigate how a coastal 

tidal front in Brittany (France) structures the free-living bacterioplankton communities in a spatio-

temporal survey across four cruises, five stations and three depths. We used 16S rRNA surveys to 

compare bacterial community structures across 134 seawater samples and defined groups of co-varying 

taxa (modules) exhibiting coherent ecological patterns across space and time. Seasonal variations in 

primary producers, and distribution in the water column appeared as the most salient parameters 

controlling heterotrophic bacteria. Different dynamics of modules observed in this environment were 

strongly consistent with a partitioning of heterotrophic bacterioplankton in oligotroph and copiotroph 

ecological strategies. Overall, this study shows a strong coupling between bacterioplankton 

communities dynamic, trophic strategies, and seasonal cycles in a complex coastal environment.   
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3. INTRODUCTION  

Bacteria dominate marine environment in abundance, diversity and activity where they support critical 

roles in the functioning of marine ecosystems and oceanic biogeochemical cycles (Cotner and 

Biddanda, 2002; Falkowski et al., 2008; Madsen, 2011). In the coastal environment, they are closely 

linked to other planktonic organisms (e.g. viruses, phytoplankton and zooplankton) during the recycling 

of organic matter and inorganic nutrients through the so-called microbial loop (Azam and Malfatti, 

2007; Pomeroy et al., 2007). They form complex and highly dynamic assemblage (Giovannoni and 

Vergin, 2012), with bacterioplankton diversity variations in space and time linked to changes in 

functional diversity (Galand et al., 2018). Therefore, understanding how the bacterioplankton 

composition varies in the environment remains one of the central question to understand coastal 

ecosystem functioning better (Fuhrman et al., 2015). 

Organic matter processing implies diverse heterotrophic bacterioplankton among which one could 

pinpoint members of Bacteriodetes, Roseobacter group or Gammaproteobacteria (9). These taxa 

contribute to the complexity of the marine ecosystem via different adaptive strategies, owing to the 

unequal access to their respective resource (10) For instance, heterotrophs are generally distinguished 

between oligotrophs and copiotrophs that compete at low and high nutrient concentrations 

respectively (Giovannoni et al., 2014; Koch, 2001). They also present different degrees of ecological 

specialization, with generalist bacteria able to assimilate a broad variety of substrates, while specialists 

will compete for a narrow range of nutrients (Mou et al., 2008). Analysis of these ecological traits offer 

a simplified view of complex microbial communities and has gained interest to understand the dynamic 

of natural microbial communities better and get an insight of their role in the ecosystem (Haggerty and 

Dinsdale, 2017; Krause et al., 2014; Raes et al., 2011). 

Marine fronts are very common mesoscale features in the ocean and lie at the transition between water 

masses of different physicochemical characteristics that actively shape the distribution of microbial 

organisms (phytoplankton, zooplankton and bacteria). Driven by currents and mixing, local nutrients 

input in the vicinity of the front generally enhance primary and secondary production making frontal 
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zone area of high biological importance (Olson and Backus, 1985) and microbial processing of organic 

matter (Baltar et al., 2015; Heinänen et al., 1995). However, the bacterial communities composition 

involved in such dynamic systems remains to investigate (Baltar et al., 2016).  

The Ushant Front in the Iroise Sea (Brittany, France) is considered as a model of a coastal tidal front (Le 

Fèvre, 1986). Its position and characteristics are highly dynamic and influenced by atmospheric forcing 

and tidal coefficient (Le et al., 2009). It occurs from May to October and leads to contrasted 

physicochemical environments with higher biomass at the frontal area (Le Fèvre et al., 1983). West of 

the front, stratification results in warmer oligotrophic surface waters and colder nutrient-rich deeper 

waters separated by a marked thermocline. East of the front, associated with highly variable conditions, 

permanently mixed coastal waters are characterized by an unlimited quantity of inorganic nutrients but 

with highly fluctuating conditions. These contrasted water bodies structure primary producers 

distribution with the dominance of small phytoplankton and dinoflagellates in surface stratified waters 

and diatoms in mixed waters (Birrien et al., 1991; GREPMA, 1988; Videau, 1987). 

In this study, we tested the hypothesis that such contrasted water mass in physicochemical and 

biological parameters will strongly drive bacterioplankton communities. Using a network analysis, we 

defined groups of co-varying bacterial OTUs that present the same dynamic across the samples, 

suggesting that they possibly share the same ecological niches. 
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4. RESULTS 

4.1.1. ENVIRONMENTAL SETTINGS 

This study was carried out between September 2014 and September 2015 in the Iroise Sea, off Brittany 

(N.-E. Atlantic), in the vicinity of the Ushant island. In general, Ushant front position and characteristics 

were estimated using Satellite Surface Temperature (SST) maps (Figure 8) and CTD data collected at 

the dates of sampling (Figure S 1). The March 2014 sampling took place before the onset of the Ushant 

front and presented a homogeneous temperature around 10°C across all the stations. High nutrient 

concentrations at all stations (Si(OH)4: 1.82 to 4.38 µM, Nitrates: 5.88 to 12.13 µM, 

 

Table S 1), low surface chlorophyll a (< 1 µg.L-1 except for Station 1, Figure S 2) and overall low 

phytoplankton cells counts observed during this cruise ( 

 

Table S 1) indicated that sampling occurred prior to the development of the phytoplankton spring 

blooms. In summer (September 2014, July 2015 and September 2015), SST maps showed a sharp 

transition between coastal and offshore temperatures confirming the presence of a frontal area. The 

different observed stratification regimes (Figure S 1) coincided with distinct physicochemical patterns 

and phytoplanktonic patterns across seasons (Figure 8.B,  

 

Table S 1). In late summer (September samples), offshore deep waters shared close characteristics with 

winter waters (March sample, Temperature: 11.7 to 12.3°C), with few phytoplankton cells, similar 

concentration of Si(OH)4 (1.61 to 3 µM) and Nitrates (3.99 to 6.41 µM). Conversely, surface waters 

presented high temperatures (14.7 to 18.2°C), a nutrient depletion (Si(OH)4: 0.02 to 1.65 µM, Nitrates: 

0.00 to 0.09 µM) and high phytoplankton cells counts. In early summer (July), the nutrients 
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concentrations were overall lower than in September, probably consumed by the spring bloom 

coinciding with the onset of the front around May-June. A significant bloom occurred at stations 2 and 

3, on the 27th of June, five days before the sampling period as seen in the satellite surface Chla 

observations (Figure S 2.B). 
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Figure 8 | Environmental and bacterial communities characteristics of the Iroise Sea for the 
different cruises. A. Map of the Satellite Sea Surface Temperatures (SST) in the Iroise Sea for each 
cruise (September 2014 the 8th, March 2015 the 6th, July 2015 the 2nd and September 2015 the 
8th), highlighting in the summer cruises the presence of the Ushant front that separates offshore 
warm stratified waters and coastal cooler mixed waters. The shape correspond to the different 
stations sampled, with at each time 2 or 3 depths. Surface waters are highly dynamic and some 
eddies are conspicuous during September 2015, bringing cold water in surface stratified waters. 
Thus, SST map are not enough to define the frontal area and vertical profiles are needed to 
characterize the different water masses (Figure S 1). B. Principal Component Analysis of the 
environmental characteristics for the different samples based on temperature, inorganic nutrients 
(Si(OH)4, NO3+NO2, PO4) concentrations and microscopic count of the different phytoplanktonic 
groups (Diatom, Nanophytoplankton, Cryptohyceae and Dinoflagellate) C. NMDS of the bacterial 
diversity based on Bray-Curtis dissimilarities among the different cruises, stations and depth (stress 
= 0.091). 
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4.1.2. BACTERIAL COMMUNITY DYNAMICS IN THE IROISE SEA 

Bacterial diversity structure presented unusual seasonal and spatial patterns, mirroring environmental 

physicochemical variations represented in the PCA plot of environmental variables (Figure 8.B), as 

shown in the NMDS ordination plot (Figure 8.C, for each cruise separately see Figure S 3).  

In winter, community were highly similar throughout the water column (Permanova test on Bray-Curtis 

dissimilarities ~ Depth was non-significant, Pr(>f) = 0.225), but presented a coastal to offshore gradient 

(Permanova test on Bray-Curtis dissimilarities ~ Station was significant, Pr(>f) = 0.001). Conversely, with 

the onset of stratification in summer, communities were much more heterogeneous and their structure 

followed the different water masses: deep water communities remained similar to those present in 

winter (Figure 8.B). In contrast, surface bacterial communities in stratified regimes mostly departed from 

this typical winter structure, with depth becoming a significant structuring driver (Permanova test Bray-

Curtis dissimilarities ~ Depth Pr(>f) = 0.004). This trend was not significant in mixed coastal samples 

(Permanova test Bray-Curtis dissimilarities ~ Station was not significant, Pr(>f) = 0.222 and 0.434). 

Besides, similar communities were found in stratified waters in September 2014 and 2015 samples 

(Figure 8.C) indicating a clear recurring seasonal pattern.  

Using LEfSe algorithm (Segata et al., 2011), we found that some stations favored specific biomarker 

OTUs within each sampling time (Figure S 4). Biomarkers such as OTU1 (Amylibacter) and OTU4 

(Planktomarina) were found at the most near-shore station (Station 1) in September 2014 and March 

2015 and other biomarkers were found in surface stratified waters in early summer (OTU29 NS4 marine 

group) and late summer (OTU10 Synechococcus) cruises, but no biomarker was identified for the mixed 

and frontal stations except in July 2015 at Station 2 with OTU35 (Aliivibrio) and OTU74 

(Pseudoalteromonas). 
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Figure 9 | Visualization of the different modules and their main characteristics. A. 
Representation of the main connectivity between the different modules detected with the Louvain 
algorithm. Each node represent a module, each edge represent the median of the positive correlations 
between two modules. Only the strongest connection are shown. B. Network visualization of the dataset. 
Each node represents an OTU, while each edge represent a positive correlation (>0.3) obtained from the 
covariance matrix calculated with SPIEC-EASI. The node size depends on the abundance of one OTU (in 
number of sequences) in the entire dataset. The edge size depends on the value of the correlation. Nodes 
colors represent the OTU affiliation to the different Louvain communities. Network was represented using 
Gephi and Force Atlas layout algorithm. C. Presentation of the 14 modules detected. Pearson correlations 
between each module eigengene and the different environmental data are presented in the heatmap. 
OM: Organic Matter, PAR: Photosynthetically Available Radiation, PON: Particulate Organic Nitrogen, 
POC: Particulate Organic Carbon. Only the significative correlations (p value > 10-4) are shown. The 
number of OTUs in each module and the relative abundance of each module (in % of all the reads) are 
detailed. 
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4.1.3. DESCRIPTION OF MODULES WITH A SPECIFIC DYNAMIC, DIVERSITY AND CORRELATION 

WITH ENVIRONMENTAL PARAMETERS. 

We further investigated groups of co-varying OTUs that could potentially share the same ecological 

niches in this contrasted marine environment via a co-occurrence network analysis. In the inferred 

network, we were able to identify 14 sub-networks (Figure 9) defining groups of OTUs (named modules 

hereafter) with similar distribution patterns across the entire study. Two modules (5 and 4) were 

dominant in our dataset and respectively accounted for 32.7% and 20.9% of all sequences. Eight 

modules represented between 1.6% and 14.2%, and four were rarer with less than 1% in abundance. 

The OTU taxonomy in each module is summarized in Figure S 5 and Figure 11 presents the distribution 

of the dominant families among each module. 

Since the eigengene can characterize each module, we investigated to which extent module 

distribution could be correlated (i.e. Pearson correlation) with environmental parameters (Figure 9.C). 

Correlation patterns partitioned modules into three significant subnetworks. The first one mostly 

comprises modules 5 and 13 representing 32.7% and 6.8% of the dataset respectively, that correlated 

positively to inorganic nutrients and negatively to temperature and Particulate Organic Matter (POC, 

PON) values. Their relative abundance in the different samples showed that they were dominant in 

oligotrophic waters: together they ranged from 39% at Station 1 to 72% at Station 5 of the late winter 

communities, and 54% to 59% of the deep stratified waters in September (Figure 10). SAR11 Surface 1 

(46.7% of the module sequences), ZD0405 marine group (12%) and SAR86 Clade (6.4%) dominated the 

main module (i.e. module 5). The module 13 showed a different diversity, dominated by members of 

Marinimicrobia (15.8%), SAR11 Deep 1 (12%), SAR11 Surface 1 (8.9%) and Salinisphaeraceae (7.9%). 
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Figure 10 | Modules dynamic across the different campaigns, stations and depth. Relative 
abundance of the different modules in each campaign, station and depth. The value shown 
resulted of the mean of the triplicates for each sampling. The legend includes the different 
hypothesis of the modules trophic strategies based on their correlations to the environmental 
parameters, their taxonomy and their dynamic. Oligotrophic modules are likely to present 
heterotrophic bacteria adapted to low organic matter levels, while copiotrophic bacteria are 
likely more competitive under higher organic matter levels. Finally, the photosynthetic module 
is almost only composed of Cyanobacteria. 

 

Modules 4, 8, 2 and 1 contributed to the second group, representing 20.9%, 14.2%, 5.5% and 5.4% of 

the dataset respectively. They presented clear inverse correlations compared with modules of the first 

group, i.e. they correlated positively to temperature, POM and Diatoms but negatively to inorganic 

nutrient concentrations. In relative abundance they dominated the samples of July and in the surface 

and coastal stations. Their taxonomy was distinct from the first group, i.e. together they gathered the 

majority of Flavobacteriaceae (70%) and Rhodobacteraceae (88%). Also, module 9 was enhanced in July 

2015 but was almost exclusively present in Station 2 and strongly correlated with Ammonium (0.72, p 
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< 0001). Its taxonomy was also particular as dominated by Vibrionaceae (58%) and 

Pseudoalteromonadaceae (30%). 

The third group (modules 6 and 3) was less abundant and presented different correlations with 

environmental parameters. They respectively account for 1.6 and 2.6% of the dataset, were correlated 

with specific phytoplankton groups (Dinoflagellates, Nanophytoplankton) and were dominant in the 

surface and DCM of stratified waters in September where they made up to 34% of the community. 

Among them, module 3 was constituted almost of Cyanobacteria (94%) affiliated to Synechococcus 

genus only.  

To examine whether these modules exhibited different ecological behavior (i.e. feast and famine or 

rather slow steady growth), we computed the coefficient of variation (CV) for all OTU used in the 

network analysis and plotted this metric against OTU occurrence as proposed in Newton and Shade, 

2016, with some modifications in the interpretation (see material and methods). We then examined 

their module membership (Figure S 6 and Figure 11.B): modules showed a clear gradient ranging from 

relatively low CV (LCV) OTUs (modules 4, 11, 14, 5 and 13) to high CV (HCV) OTUs (modules 9, 10, 7 

and 2).  
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Figure 11 | Modules taxonomies and Coefficient of Variation of their OTUs A. Relative 
abundance of the 30 main families in each module. B. Proportion of OTUs (in % of all the OTUs 
in a module) that present a High Coefficient of Variation (HCV) in red, or a Low Coefficient of 
Variation (LCV) in blue defined based on Newton method (Newton and Shade, 2016). 
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5. DISCUSSION 

The spatial and temporal dynamics of bacterial communities associated with a coastal tidal front 

In this study, we investigated the spatiotemporal variations of free-living bacterial community 

composition over one year across contrasted coastal water masses characterized by a seasonal tidal 

front structure. For each cruise (season) we observed a coastal to open ocean gradient in the 

bacterioplankton community structure (Figure S 3). However, winter communities are comparatively 

much more homogeneous than summer ones, highlighting the importance of the onset of a tidal front 

and open ocean stratification for bacterioplankton community structure. This result is mainly due to the 

sharp divergence of summer surface samples, as deep summer samples are firmly related to winter 

ones (Figure 8.C). The existence of two contrasting types of bacterioplankton dynamics (winter and 

deep vs. summer surfaces) reflects similar patterns in sample ordination based on biogeochemical 

parameters (Figure 8.B). These observations of a frontal zone as a sharp ecological transition for 

bacterioplankton among different water masses are coherent with reports from another frontal area 

(Baltar et al., 2016) and in stratified waters (Cram et al., 2015; Ghiglione et al., 2008).  

Interestingly, the frontal area itself around station 3-4, did not exhibit a specific bacterial composition 

(Figure 8.C and Figure 10) but rather seems to result from mixing between adjacent communities, as 

already suggested (Sournia, 1994). We indeed could not identify any biomarker OTUs associated with 

frontal stations. Hence, bacterioplankton communities associated with enhanced productivity at the 

Ushant front (Videau, 1987) is resulting from an increase in resident plankton density (Franks, 1992) 

rather than the emergence of distinct communities.  

Besides, we observed a remarkable seasonal recurrence between the two September cruises, within 

each station and depth. This pattern was comparatively more accentuated toward the open ocean 

(station 4 and 5) than near shore (stations 1 to 3). This temporal dynamic is coherent with previous 

reports of seasonal patterns in single stations as shown in the North Sea (Chafee et al., 2018) or the 

English Channel (Gilbert et al., 2012) time series. Our results suggest that despite a substantial 
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heterogeneity in our system, such seasonal recurrence patterns also extend to stations along 

geographical and bathyal gradients.  

Distinct bacterioplankton trophic strategies associated with tidal front temporal and spatial dynamics 

Using network analysis on samples exhibiting strong temporal and spatial variations, we could define 

modules of ecologically coherent OTUs. As suggested elsewhere, such modules can be considered as 

OTUs sharing the same environmental niches with coherent ecological strategies (Eiler et al., 2012). In 

association with previously characterized dominant taxa in each module, we aim at identifying higher 

order bacterioplankton communities organization and revealing ecological drivers of community 

dynamics in the frontal zone. 

Our study shows an evident module partitioning into two dominant subnetworks dominated by 

heterotrophs, exhibiting distinct inverse covariance patterns (Figure 9.A.B). Their correlations with 

environmental variables also clearly separate conditions between water masses with active primary 

producers (low nutrients and high POM values) that were present in summer surface samples, and 

conditions with overall low development of phytoplankton typical of winter and deep samples. 

Development and decay of phytoplankton lead to the release of dissolved organic matter, which is 

almost only available for heterotrophic bacteria (Azam and Malfatti, 2007). Thus, these two different 

conditions likely select for copiotrophic or oligotrophic heterotrophic bacteria adapted to different 

concentrations of organic matter in the environment (Giovannoni et al., 2014). Taxonomy affiliation was 

highly coherent with these observations. Modules 5 and 13 are dominated by SAR11 clades, which are 

typically thriving in basal concentrations of organic matter (Morris et al., 2012b) or members of taxa 

typical of the sub-euphotic zones such as Marinimicrobia, or SAR11 Deep 1 (Agogué et al., 2011). 

Conversely, modules 4, 8, 2, 1 and 9 were dominated by members of the Rhodobacteraceae and 

Flavobacteriaceae, typically associated with phytoplankton-derived organic matter (Buchan et al., 2014; 

Teeling et al., 2016). Thus, availability of phytoplankton-derived organic matter will drive heterotrophs 

dynamic. 
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The last subnetwork with module 3, dominated by Synechococcus, highlights the contribution of 

phototrophic bacteria. These cyanobacteria became strongly dominant in the surface of well stratified-

waters in late summer, which is already known to favor these small phytoplanktonic cells (Lomas and 

Lipschultz, 2006; Smith et al., 2014). 

Interestingly, chemoautotrophs involved in the nitrification such as Nitrospinaea did not form a separate 

module and were included in the oligotrophic module 13. Nitrification in the water column is typically 

found in the sub-euphotic zone as nitrite-oxidizing bacteria could be light-sensitive (Lomas and 

Lipschultz, 2006) and can be outcompeted by phytoplankton for the uptake of ammonium (Smith et al., 

2014; Wan et al., 2018). This fact could explain why they emphasize a dynamic similar to oligotrophic 

bacteria. 

Differential bacterioplankton responses to organic matter availability 

Using OTUs coefficient of variations, we examined whether heterotrophic bacteria had different 

responses to organic matter availability in summer samples. Their dynamic and composition was highly 

coherent with a partitioning of the microbial loop between different taxa (Bryson et al., 2017). For 

instance, several modules presented a majority of HCV OTUs (Figure 11.B): Tenacibaculum sp. (a 

Flavobacteriaceae dominating Module 2) was highly abundant reaching up to 20.7% of the sequences 

in the 2015 July surface waters shortly after significant phytoplankton bloom. One single Tenacibaculum 

OTU dominated the surface of 4 stations over a 40 km distance just a few days after a phytoplankton 

bloom. This dynamic of Tenacibaculum genus is coherent with previous observations of a recurrent 

population increase after seasonal phytoplankton blooms in coastal water (Teeling et al., 2016) while 

being part of the rare biosphere rest of the time (Alonso-Sáez et al., 2015). At the same period, module 

9 dominated by Vibrionales (Aliivibrio sp) and Alteromonadales (Pseudoalteromonas sp.) class was 

especially abundant at Station 2, reaching up to 27% of the sequences (Figure 10). Those taxa are 

known copiotroph bacteria that can sharply increase in abundance in response to high substrates 

loadings (Tada et al., 2012). These results strongly support an opportunist lifestyle of bacteria in 
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modules 2 and 9. When they are dominant, bacteria with such an opportunist strategy have a critical 

role as they can contribute to a substantial fraction of organic matter recycling (Pedler et al., 2014).  

In contrast, module 4 mostly comprised LCV OTUs with a cosmopolitan distribution across time, depth 

and geography. The dominant family in module 4, the Rhodobacteraceae, are known as generalist 

bacteria with a versatile substrate utilization (Moran et al., 2004; Newton et al., 2010). Some of the free-

living Rhodobacteraceae grow on low molecular weight organic compounds and numerous studies 

pointed out that they compete for the same substrate as SAR11 Clade, but are more competitive at 

higher organic matter concentrations. They can be very successful in coastal waters, such as a 

representative of the genus Planktomarina in the North Sea (Voget et al., 2015). Other dominant taxa 

of this module are widespread lineage of marine environments that also target small organic matter 

molecules such as SAR86 Clade (Dupont et al., 2012), Methylophilaceae (Huggett et al., 2012) or 

members of SAR116 Clade (Oh et al., 2010) 

Module 8 presented mixed CV value among its OTUs. Many members of this module can use complex 

algal-derived substrates as Flavobacteriaceae (Buchan et al., 2014), Verrucomicrobiacea (Martinez-

Garcia et al., 2012) or Cryomorphaceae (Bowman, 2014), and present a typical increase in abundance 

after phytoplankton blooms (Teeling et al., 2016). We interpret these observations by the relatively low 

sampling time resolution that probably fail to resolve rapid OTU variations of other opportunistic 

bacteria. 

Overall, this study permitted to delineate several groups of bacterioplankton trophic strategies and 

their variations in response to biogeochemical cycles in a highly dynamic coastal environment. 

Oligotrophs, typically represented by SAR11 OTUs, were present in all water masses. They outcompete 

other heterotrophic organisms in shallow organic matter environments such as winter and deep 

offshore water masses, while copiotrophs communities develop during the high productivity period. 

Within copiotrophs, several taxa show patterns of adaptation to rapidly changing conditions in their 

substrate availability: opportunist taxa can punctually become highly dominant (represented by 

Tenacibaculum and Alteromonadales) after local events such as phytoplankton bloom, while more 
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generalist taxa such as Rhodobacteraceae exhibit a ubiquitous distribution. This complex heterotrophic 

community dynamics highlight the central role of free-living bacteria in organic matter cycling. Indeed, 

previous studies of the Iroise Sea nutrient cycling demonstrated that after the initial depletion of winter 

nutrients pool, phytoplankton growth strongly rely on recycled nutrients through the microbial loop 

(LHelguen et al., 2005), through which they are remineralized several times in a seasonal cycle (Birrien 

et al., 1991). In this system, bacteria could be directly responsible for up to 25% of urea with the 

remaining originating from ciliates mainly, which also mostly feed on bacteria (LHelguen et al., 2005).  
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6. CONCLUSION 

Here, using a complex 3D (vertical, horizontal, and temporal) survey and network analysis, we were able 

to get insight on ecologically coherent modules of free-living bacteria in correlation with the seasonal 

dynamics of a coastal tidal front. This study suggests that heterotrophs constitute the main modules 

and abstract the main complexity of the marine ecosystem as they are driven by the availability of 

organic matter produced by the phytoplankton. This hypothesis should be confirmed with 

measurements and characterization of dissolved organic matter quantity and quality in the water 

column. Moreover, to better understand these systems, future studies should include the 

characterization of other key members of the planktonic communities such as viruses, ammonium 

oxidizing archaea, eukaryotic phytoplankton and grazers, as well as particle-attached bacteria that are 

central for organic matter and biogeochemical cycles.  
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7. MATERIAL AND METHODS 

7.1. STUDY SITE AND SAMPLING DESIGN 

For this study, we realized four East-west transects of about 60 km across the Iroise sea in September 

2014 (from the 9th to the 11th), March 2015 (from the 10th to the 12th), July 2015 (from the 1st to the 3rd) 

and September 2015 (from the 8th to the 10th) aboard the R/V Albert Lucas. Station positions remained 

identical across campaigns and were meant to cross the front (Figure 8.A). Station 5 (48°25 N, 5°30 W) 

is the most offshore station and is characterized by a string stratification in summer. Station 4 (48°25 N, 

5°20 W) was closer the front. Station 3 (48°20 N, 5°10 W) and 2 (48°15 N, 5°00 W) are present in the 

mixed area and Station 1 (48°16 N, 4°45 W) is the most coastal station, near the outflow of the Bay of 

Brest. At each station, we obtained CTD profiles to assess the physical characteristics of the water 

column and set the depth of the different biological and chemical sampling: surface, near the bottom 

and at the Deep Chlorophyll Maximum (DCM).  

7.2. NUTRIENTS, PHYTOPLANKTON COUNTS AND PIGMENTS ANALYSIS 

Seawater was sampled at each depth for nutrients, biogenic silica (BSi), chlorophyll a, particulate 

organic carbon and nitrogen (POC/PON) concentrations and microscopic phytoplankton cell counts 

and identification. Dissolved inorganic phosphate (DIP) and silicate (DSi) were determined from filtered 

seawater on Nuclepore membrane filters (47 mm, and DIN on Whatman GF/F filters (25 mm). Samples 

for dissolved inorganic nitrogen (DIN) and DIP were then frozen, whereas samples for DSi were kept at 

4°C in the dark. Concentrations were later determined in the lab by colorimetric methods using 

segmented flow analysis (Auto-analyzer AA3HR Seal-Analytical) (Aminot and Kérouel, 2007), BSi was 

determined from particulate matter collected by filtration of 1 L of seawater through 0.6 μm 

polycarbonate membrane filter. The analysis was performed using the alkaline digestion method 

(Ragueneau and Tréguer, 1994). Total Chl a and phaeopigments (Pheo) were determined in particulate 

organic matter collected on 25 mm Whatman GF/F filters. The filters were frozen (-20°C) and analyzed 
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later by fluorometric acidification procedure in 90% acetone extracts (Holm-Hansen et al., 1965). 

Particulate material for POC/PON measurements was recovered on pre-combusted (450 °C, 4 h) 

Whatman GF/F filters. Samples were then analyzed by combustion method (Strickland and Parsons, 

1972), using a CHN elemental analyzer (Thermo Fischer Flash EA 1112). Phytoplankton samples were 

fixed with Lugol’s solution and cell counts were carried out using the Lund et al., 1958, method. 

7.3. BACTERIOPLANKTON COMMUNITIES SAMPLING 

Seawater for bacterial diversity analysis was collected at different depth using Niskin Bottle and directly 

poured in 5L sterile carboys previously rinsed three times with the sample. For each depth, three 

biological replicates sampling were done, consisting of three different Niskin deployments, except 

Station 4 in September 2014 Filtrations started in the on-shore laboratory 3 to 4 hours after sampling. 

Water samples were size-fractionated using three in-line filters of different porosity: 10 µm, 3 µm (PC 

membrane filters, Millipore®) and 0.22 µm (Sterivex® filters). In this study, we focused only on the 0.22 

- 3 µm free-living fraction. All filters were frozen in liquid nitrogen before storage at -80°C. In total, 2 

to 5 liters of seawater were filtered each time, depending on filters saturation.  

7.4. DNA EXTRACTION AND SEQUENCING 

Half-filters were directly placed in a Tube matrix B® (MP Biomedicals) with lysis buffer (Tris, HCl, EDTA), 

SDS 10% and Sarkosyl 10% and subjected to physical lysis for 5 minutes on a vortex plate. The liquid 

fraction was then collected in order to perform a phenol-chloroform extraction using PCI (25:24:1) and 

a precipitation step with Isopropanol and 5 M sodium acetate. DNA was resuspended in 100µL of sterile 

water. Bacterial diversity was assessed targeting the v4-v5 hypervariable regions of 16S rDNA with the 

primers 518F (CCAGCAGCYGCGGTAAN ) / 926R (CCGTCAATTCNTTTRAGT– 

CCGTCAATTTCTTTGAGT - CCGTCTATTCCTTTGANT) (Nelson et al., 2014). PCR products were 

purified using AMPure XP® kit and DNA quantity was measured using PicoGreen® staining and a plate 

fluorescence reader. Each sample was diluted to the same concentration and pooled before sequencing 

in an Illumina MiSeq sequencer at the Marine Biological Laboratory (Woods Hole, USA). 
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7.5. BIOINFORMATICS ANALYSIS 

We obtained 22 523 398 raw reads, with a range from 31 583 to 2 001 687 reads per sample. Reads 

were merged and quality-filtered according to recommendations in Minoche et al., 2011, using the 

Illumina-Utils scripts (Eren et al., 2013b). Those steps removed 17 % of all the sequences. We used the 

Swarm algorithm (Mahé et al., 2014) to cluster the 18 876 655 remaining sequences into 1 611 447 

operational taxonomic unit OTUs. Chimera detection was done using Vsearch de novo (Rognes et al., 

2016) resulting in 281 825 filtered OTUs. Taxonomic annotation for each OTU was done with the SILVA 

database v123 (Quast et al., 2012) using Mothur classify.seqs command (Schloss et al., 2009). 19 516 

OTUs (1 247 339 sequences) were affiliated to unwanted taxa (e.g. Archaea, Chloroplasts, 

Mitochondria, Eukaryota) and removed from the dataset. As a result, we obtained 262 308 OTUs for 

134 samples, with a large number of singletons (205 292 OTUs).  

7.6. STATISTICAL ANALYSIS 

Libraries were normalized for read number using DESeq package in R (Anders and Huber, 2010). A 

visualization of the bacterial community structure similarity was assessed with an NMDS based on Bray-

Curtis dissimilarities using vegan R package. Significative influence of the depth, the station and the 

sampling time on bacterial communities was investigated using a permutational multivariate analysis of 

variance (PERMANOVA) based on Bray-Curtis dissimilarities and 999 permutations. We used principal 

coordinate analysis (PCA) ordination with the R vegan package to characterize water samples based 

environmental parameters. Finally, we examined the presence of biomarker OTUs of the different 

stations within each cruise using the LEfSe software (Segata et al., 2011).  

7.7.  NETWORK ANALYSIS 

Network analysis was done based on a truncated matrix only containing the most abundant OTUs with 

more than 50 sequences in at least three samples. The filtrated matrix contained 681 OTUs that 

accounted for 79% of all the sequences. This filtration step was necessary to avoid false positive 
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correlations in the network analysis. Our module detection analysis followed part of the pipeline 

assembled by Fernandez-Guerra and available online (https://github.com/genomewalker). First, the 

application of SPIEC-EASI computes pairwise co-variance based correlation between OTUs in order to 

address the sparsity and compositionality issues inherent of microbial abundance data (Kurtz et al., 

2015). The possible interaction was then inferred using the glasso probabilistic inference model with a 

lambda.min.ratio of 0.01. Based on this model, only the significant covariance values were extracted 

and transformed into a correlation matrix using the cov2cor function. 

We then delineated network modules as groups of highly interconnected OTUs that presented very 

closely related dynamic among the studied samples. Those modules were defined using the Louvain 

algorithm (Blondel et al., 2008). We used Gephi (Bastian et al., 2009) and Force Atlas 2 layout algorithm 

to generate a visualization of main correlations (>0.3). Module eigengenes (ME, a Principal Component 

Analysis of the abundance of the different OTUs of a module) was calculated based on the relative 

abundance matrix using WGCNA function moduleEigengenes (Langfelder and Horvath, 2008). Those 

ME were used to calculate Pearson correlations between the different modules and the environmental 

variables, using the WGCNA commands moduleTraitCor, moduleTraitPvalue. 

We used the methods proposed by Newton and Shade, 2016, to infer the trophic strategy of OTUs 

within each module. In this study, they differentiated opportunist taxa with high abundance variability 

in space and time, and marathoners with low abundance variability. For measuring this they used the 

Coefficient of Variation of OTU dynamic combined with their abundance and prevalence in the samples 

(Newton and Shade, 2016).  

Based on their method, we defined opportunists OTUs or HCV (resp. marathoners, or LCV) as OTU’s 

above (resp. below) the 5% upper (resp. lower) boundary of the linear modeling 95% confidence interval 

in a CV plot against OTU occurrence. In our analysis, OTU occurrence was defined by a relative 

abundance > 0.05%. 
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8. SUPPLEMENTARY DATA  
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Figure S 1 | CTD profile of the different stations for all the cruises. Values were averaged 
every 5 meters. Fluo: Fluorescence. 
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Table S 1 | Additional data for each sampling of M2BiPAT. 
ID Cruise Date Station depth (m) Depth Temperature (°C) Salinity (psu) Fluorescence (µg/L) PAR 
1 2014_September 11/09/2014 Station 1 3 surface NA NA NA NA 
2 2014_September 11/09/2014 Station 1 6 DCM 16,4 35,337 2,298 128,25 
3 2014_September 11/09/2014 Station 1 25 bottom 15,7 35,366 2,071 7,56 
4 2014_September 09/09/2014 Station 2 12 surface 14,5 35,413 1,398 NA 
5 2014_September 09/09/2014 Station 2 60 bottom 14,2 35,42 0,847 0,13 
6 2014_September 10/09/2014 Station 3 10 surface 14,2 35,42 1,247 124,14 
7 2014_September 09/09/2014 Station 3 60 bottom NA NA NA NA 
8 2014_September 10/09/2014 Station 4 3 surface 14,5 35,431 1,311 230,11 
9 2014_September 10/09/2014 Station 4 8 DCM 14,2 35,447 1,538 184,56 
10 2014_September 10/09/2014 Station 4 40 bottom 13,1 35,452 0,751 4,96 
11 2014_September 10/09/2014 Station 5 3 surface 18,3 35,419 0,641 695,24 
12 2014_September 10/09/2014 Station 5 12 DCM 12,3 35,484 0,531 0,35 
13 2014_September 10/09/2014 Station 5 60 bottom 12,4 35,484 0,487 0,28 
14 2015_March 10/03/2015 Station 1 5 surface 10,2 34,686 0,746 67,91 
15 2015_March 10/03/2015 Station 1 20 bottom 10,3 35,071 0,777 0,58 
16 2015_March 12/03/2015 Station 2 10 surface 10,5 35,34 0,509 150,19 
17 2015_March 12/03/2015 Station 2 50 bottom 10,5 35,34 0,538 0,44 
18 2015_March 10/03/2015 Station 3 10 surface 10,6 35,361 0,501 40,94 
19 2015_March 10/03/2015 Station 3 60 bottom 10,6 35,362 0,493 0 
20 2015_March 11/03/2015 Station 4 10 surface 10,5 35,362 0,46 112,91 
21 2015_March 11/03/2015 Station 4 60 bottom 10,5 35,362 0,492 0 
22 2015_March 11/03/2015 Station 5 10 surface 10,6 35,463 0,587 168,97 
23 2015_March 11/03/2015 Station 5 60 bottom 10,6 35,463 0,631 0,4 
24 2015_July 01/07/2015 Station 1 10 surface 15,7 35,255 1,41 67,56 
25 2015_July 01/07/2015 Station 1 30 bottom 14,4 35,298 1,159 3,67 
26 2015_July 03/07/2015 Station 2 5 surface 14,2 35,334 1,906 372,84 
27 2015_July 03/07/2015 Station 2 50 bottom 13,3 35,392 1,026 0,79 
28 2015_July 01/07/2015 Station 3 5 surface 14,8 35,452 0,622 657,67 
29 2015_July 01/07/2015 Station 3 20 DCM 13,6 35,381 1,697 105,38 
30 2015_July 01/07/2015 Station 3 60 bottom 12,8 35,394 0,575 2,1 
31 2015_July 02/07/2015 Station 4 5 surface 16,9 35,164 1,027 851,28 
32 2015_July 02/07/2015 Station 4 20 DCM 13,7 35,393 3,678 77,41 
33 2015_July 02/07/2015 Station 4 50 bottom 12,2 35,42 0,307 3,75 
34 2015_July 02/07/2015 Station 5 5 surface 18,2 35,349 0,514 1192,21 
35 2015_July 02/07/2015 Station 5 20 DCM 13,5 35,395 2,955 72,37 
36 2015_July 02/07/2015 Station 5 50 bottom 11,7 35,394 0,911 1,26 
37 2015_September 08/09/2015 Station 1 3 surface 15,7 35,332 1,002 378,93 
38 2015_September 08/09/2015 Station 1 27 bottom 15,0 35,33 0,76 5,87 
39 2015_September 10/09/2015 Station 2 3 surface 15,3 35,379 1,319 81,1 
40 2015_September 10/09/2015 Station 2 40 bottom 14,8 35,378 0,637 0,27 
41 2015_September 08/09/2015 Station 3 3 surface 14,9 35,373 1,094 408,88 
42 2015_September 08/09/2015 Station 3 15 DCM 14,6 35,369 1,701 151,11 
43 2015_September 08/09/2015 Station 3 50 bottom 14,0 35,357 0,945 2,09 
44 2015_September 09/09/2015 Station 4 3 surface 14,8 35,332 2,394 661,63 
45 2015_September 09/09/2015 Station 4 25 DCM 14,0 35,318 5,36 3,78 
46 2015_September 09/09/2015 Station 4 50 bottom 12,1 35,317 0,308 0,02 
47 2015_September 09/09/2015 Station 5 3 surface 15,5 35,26 1,754 450,98 
48 2015_September 09/09/2015 Station 5 25 DCM 13,8 35,233 4,512 6,18 
49 2015_September 09/09/2015 Station 5 50 bottom 12,2 35,288 0,294 0,75 

 



CHAPTER I: SPATIO-TEMPORAL DYNAMIC OF BACTERIAL COMMUNITIES IN THE IROISE SEA 

 

  67 

 

ID Turbidity (ntu) Si(OH)4 (µM) PO4 (µM) NO3+NO2 (µM) NO2 (µM) NH4 (µM) PON (µg.L) POC (µg.L) 
1 NA 1,44 0,02 0,15 0,02 0,15 NA NA 
2 NA 1,52 0,03 0,12 0,01 0,2 NA NA 
3 NA 1,82 0,06 0,43 0,06 0,35 NA NA 
4 NA 3 0,2 3,25 0,27 0,34 NA NA 
5 NA 3,35 0,24 4,85 0,31 0,29 NA NA 
6 NA 3 0,24 3,73 0,28 0,26 NA NA 
7 NA 2,77 0,28 5,14 0,18 0,24 NA NA 
8 NA 2,57 0,13 2,08 0,13 0,13 NA NA 
9 NA 2,61 0,16 2,08 0,13 0,2 NA NA 
10 NA 2,81 0,26 4,81 0,17 0,16 NA NA 
11 NA 0,57 0 0,09 0 NA NA NA 
12 NA 0,62 0,01 0,13 0 0,46 NA NA 
13 NA 3 0,37 6,41 0,08 0,31 NA NA 
14 1,374 4,38 0,39 12,13 0,21 0,24 38,80 220,20 
15 3,866 3,63 0,41 9,46 0,2 0,21 29,51 215,29 
16 0,732 2,65 0,34 7,2 0,21 0,1 16,29 102,25 
17 1,01 2,67 0,35 7,3 0,22 0,09 19,35 140,50 
18 1,73 2,46 0,41 6,91 0,18 0,23 18,65 146,60 
19 1,836 2,46 0,42 6,79 0,18 0,21 16,10 75,50 
20 0,855 2,82 0,42 7,17 0,2 0,14 15,21 187,74 
21 2,224 2,8 0,35 6,48 0,18 0,18 16,21 134,19 
22 0,639 1,82 0,39 5,88 0,18 0,15 15,34 80,75 
23 0,85 1,86 0,38 5,88 0,25 0,27 13,83 94,54 
24 0,445 0,97 0,05 0 0 0,36 58,41 314,62 
25 1,809 1,72 0,11 0,52 0,08 0,63 49,51 247,02 
26 0,275 0,53 0,05 0,64 0,08 1,93 38,32 143,50 
27 0,373 1,1 0,17 2,3 0,16 0,64 77,37 357,56 
28 0,247 0,24 0,06 0,24 0,04 0,23 51,86 315,36 
29 0,274 0,48 0,11 0,83 0,09 0,5 58,40 304,65 
30 0,263 1,02 0,25 2,33 0,2 1,11 27,08 116,52 
31 0,258 0,01 0 0 0,01 0,08 39,01 262,03 
32 0,26 0,13 0,03 NA NA 0,08 44,52 287,72 
33 0,27 1,27 0,28 3,4 0,25 0,84 21,35 87,44 
34 0,277 0,02 0,01 0 0,03 0,08 51,59 331,77 
35 0,322 1,2 0,23 3,14 0,2 0,25 38,07 176,52 
36 0,334 1,61 0,3 3,99 0,24 0,38 30,14 142,94 
37 0,298 2,43 0,07 0,01 0,01 0,13 49,82 283,83 
38 0,297 2,92 0,25 2,23 0,23 0,51 31,70 145,53 
39 0,317 2,18 0,14 1,02 0,14 0,13 59,58 284,38 
40 0,278 2,45 0,25 3,33 0,3 0,46 22,61 106,18 
41 0,272 2,4 0,19 2,06 0,22 0,29 43,04 230,66 
42 0,282 2,29 0,16 1,96 0,21 0,3 54,65 371,32 
43 0,261 2,42 0,37 4,13 0,29 0,32 26,85 130,84 
44 0,48 1,65 0,09 0,05 0,01 0,22 74,38 535,40 
45 0,448 1,75 0,09 0,08 0,01 0,13 115,03 678,37 
46 0,29 2,54 0,44 5,92 0,09 0,06 10,95 49,10 
47 0,378 1,07 0,07 NA NA 0,45 37,49 279,78 
48 0,361 2,63 0,42 5,12 0,13 0,13 14,82 73,39 
49 0,296 2,87 0,47 6,41 0,12 0,14 15,16 77,04 
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ID Diatoms 

(cells.L) 
Dinoflagelleae  
(cells.L) 

Cryptophyceae  
(cells.L) 

Nanophyto- 
plancton (cells.L) 

Total phyto- 
plankton (cells.L) 

Zeaxanthine  
(ng.L) 

Chlorophylle b 
(ng.L) 

Chlorophylle a 
(ng.L) 

1 654280 38720 80600 44300 817900 5 29 1138 
2 511770 41000 169180 46390 768340 7 49 1067 
3 522060 69600 211470 39650 842780 6 31 816 
4 61900 34240 122850 20500 239490 13 100 936 
5 37440 13000 54380 18200 123020 12 108 1136 
6 66270 16830 44750 754540 882390 8 60 550 
7 20990 24190 42290 106750 194220 14 113 1015 
8 52880 34370 205430 135200 427880 52 216 1721 
9 124890 187790 346410 736110 1395200 43 217 1566 
10 19700 37010 66460 125140 248310 14 76 666 
11 200 328560 56390 599510 984660 8 31 245 
12 160 285610 62100 661260 1009130 NA NA NA 
13 2640 22260 36250 54540 115690 57 28 0 
14 4780 18000 8816 26260 57856 0 49 307 
15 3380 0 4000 2000 9380 0 43 271 
16 1800 10000 36250 33790 81840 NA NA NA 
17 1720 6120 31220 6000 45060 0 29 269 
18 3260 80 14100 10000 27440 0 26 354 
19 3264 40 6000 8040 17344 0 30 1291 
20 3408 10150 32200 12040 57798 0 35 266 
21 1600 160 2000 8000 11760 0 30 291 
22 10645 4040 20140 8000 42825 0 30 365 
23 10390 8140 16110 0 34640 0 27 364 
24 482040 41953 26180 99580 649753 13 108 680 
25 134790 14520 50350 102740 302400 6 101 695 
26 349094 175652 58406 207667 790819 NA NA NA 
27 76696 9100 10100 135410 231306 NA NA NA 
28 307965 73340 30250 253330 664885 6 53 872 
29 12400 NA NA NA NA 8 108 1144 
30 NA 12770 12100 52440 89710 0 13 264 
31 38840 125080 58410 95400 317730 9 64 549 
32 428050 85830 46370 106040 666290 8 100 1480 
33 10960 240 2000 4140 17340 0 8 159 
34 25615 103450 14130 988320 1131515 8 53 778 
35 26170 71888 11190 156804 266052 0 18 722 
36 6730 76566 6040 70880 160216 0 13 499 
37 15284 137960 517598 437036 1107878 68 138 465 
38 13280 95200 223778 337887 670145 15 83 314 
39 15890 118250 360510 451540 946190 22 165 1272 
40 2920 24250 26210 243340 296720 8 65 260 
41 334550 64570 35450 298736 733306 20 227 1395 
42 12090 135880 462304 769405 1379679 31 310 2181 
43 13746 10120 82570 178590 285026 7 87 491 
44 2670 3909040 624590 2403874 6940454 26 115 1704 
45 2950 2562782 772518 1210887 4548857 34 158 5448 
46 1300 4580 28200 72560 106640 5 37 217 
47 8380 1685680 292850 255760 2242670 51 84 1241 
48 680 198820 104730 129870 434100 14 59 486 
49 640 6520 34200 2000 43360 8 32 194 
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A. 

 

B. 

 

Figure S 2 | General information about the cruises (A.) and satellite surface Chla 
measurements (B.). The shapes correspond to the different stations sampled during each 
cruise. 
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Figure S 3 | NMDS of the bacterial diversity based on Bray-Curtis dissimilarities among each 
sampling. Stratification (Station 5) clearly separates distinct communities between the 
surface and depth. This trend is less observed in mixed waters (Station 2 and 3) except in 
July. In March there is no distinction of the communities with depth but a clear coastal to 
offshore gradient is conspicuous 
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C. 

 
D. 

 
Figure S 4 | Most significant biomarkers (LDA > 4) of a station within each cruise found 
with LEfSe algorithm. Their relative abundance consisted of the mean of the different 
replicates for each sampling, with the standard deviation. A. September 2014, B. March 
2015, C. July 2015, D. September 2015. 
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Figure S 5 | Dominant OTUs found within each module, with their taxonomy and relative 
abundance (in % of the read) in the module. 
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Figure S 6 | Plot of the coefficient of variation (CV) of an OTU with its occurrence in a sample 
(i.e. relative abundance >0.05%). The linear model is the blue line and the prediction interval 
(0.5) above and under the linear model is in grey. High CV OTUs are those above the 
prediction interval and Low CV OTUs are those below. Each OTU is colored depending on 
its module membership. 
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1. RÉSUMÉ EN FRANÇAIS 

Nos connaissances actuelles des communautés microbiennes reposent en large partie sur des suivis 

temporels qui offrent la possibilité d’observer de façon étroite le lien entre la dynamique des 

communautés et leur environnement. Ceci afin de comprendre les facteurs importants dans la 

dynamique des communautés bactériennes et d’anticiper l’effet de potentiels changements globaux et 

anthropiques. La Rade de Brest (Bretagne, France) représente un environnement intéressant pour 

suivre la dynamique des communautés bactériennes. D’un côté c’est un environnement macrotidal 

complexe, typique des eaux tempérées qui subit l’influence de deux rivières importantes, ainsi que de 

la mer d’Iroise, au rythme des marées. La Station SOMLIT en Rade de Brest étudie depuis 1998 les 

évolutions de l’environnement en mesurant toutes les semaines plus de 15 paramètres physiques, 

chimiques et biologiques. Ce chapitre de thèse présente les résultats des 3 premières années d’un suivi 

microbien mis en place en Juillet 2014 au niveau de cette station. Malgré certaines périodes 

manquantes dans le suivi, la dynamique temporelle des bactéries montre une saisonnalité remarquable. 

C’est d’autant plus intéressant dans un système dynamique côtier comme la rade de Brest, avec une 

forte influence de deux rivières et des variations sur l’intensité des blooms printaniers observés lors de 

notre échantillonnage. Une analyse en réseau a été utilisée pour observer les groupes de bactéries qui 

se succèdent sur une année. Son extrapolation aux autres années du suivi montre que ces groupes ont 

une dynamique saisonnière cohérente d’une année sur l’autre. Cette dynamique saisonnière présente 

un changement rapide lors de la mise en place des blooms printaniers. Cela s’observe par des pics de 

différentes bactéries copiotrophes, pouvant atteindre jusqu’à 30% de la diversité en 1 semaine. Ce qui 

influence la dynamique en fin d’été vers l’hiver reste encore à être élucidée, mais peut s’expliquer par 

plusieurs facteurs, comme les variations générales de température, l’influence des rivières et de la 

salinité ou encore une augmentation en nutriments inorganiques. Ces résultats pourront être confirmés 

et mieux compris avec l’intégration d’années d’échantillonnage supplémentaires. 
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2. ABSTRACT 

Temporal surveys are essential to decipher the main environmental drivers of microbial communities 

dynamic and better predict the effect of potential global and anthropogenic changes. The Bay of Brest 

(Brittany, France) represents a model environment for monitoring bacterial communities dynamic. It is 

a complex macrotidal water body, typical of temperate coastal waters with both global and local 

anthropic influences. Since 1998, the SOMLIT Station in the Bay of Brest has been studying temporal 

changes in the environment by measuring more than 15 physical, chemical and biological parameters 

every week. This chapter presents the results of the first 3 years of a microbial monitoring implemented 

in July 2014 at this station. Despite some missing periods in the survey, temporal dynamics of the 

bacteria showed a remarkable seasonality. A network analysis was used to observe groups of bacteria, 

those that covariates within the same year. Its extrapolation to other years of monitoring shows that 

these groups have a consistent seasonal dynamic from one year to the next.  This seasonal dynamic 

presents a rapid change induced by the seasonal spring blooms. This was observed by peaks of different 

copiotrophic bacteria, which can reach up to 30% of diversity within a single week period. What 

influences the dynamics in late summer to winter has yet to be elucidated, but could be explained by 

several factors, such as general temperature variations, the influence of rivers and salinity or an increase 

in inorganic nutrients. These conclusions should be confirmed and better understood by integrating 

additional years of sampling to be carried out in a long-term observatory of microorganisms. 

 

  



CHAPTER II: TEMPORAL DYNAMIC OF BACTERIAL COMMUNITIES IN THE BAY OF BREST 

 

 80 

3. INTRODUCTION  

Coastal marine environments are important areas of recognized ecological values (Costanza et al., 

2014). Thanks to terrestrial input, they are among the most fertilized systems worldwide promoting 

high primary and secondary productivity (Nixon and Buckley, 2002). In temperate coastal waters, these 

nutrient loading by rivers support large phytoplankton blooms during the spring period (Del Amo et 

al., 1997). Marine microbial communities are major component of marine ecosystem functioning where 

they are involved in key processes such as organic matter degradation and global biogeochemical 

cycling (Azam and Malfatti, 2007; Falkowski et al., 2008; Madsen, 2011). Time series have improved our 

understanding of bacterial community composition dynamic related to numerous key environmental 

factors such as temperature, day length, phytoplankton blooms, or inorganic nutrients (Gilbert et al., 

2012; Lucas et al., 2015). In temperate waters, they led to the discovery that free-living bacterial 

communities present strong recurrent seasonal patterns (Chow et al., 2013; Fuhrman et al., 2015; 

Lambert et al., 2018) and that are linked to changes in global functions of bacterial communities (Galand 

et al., 2018). In the last decades, anthropogenic pressure on these ecosystems has dramatically 

increased due to agricultural and industrial practices (Rabalais et al., 2002). Hence, there is a pressing 

need to better understand the ecological functioning of these systems to better monitor their evolution 

and understand how these respond to local perturbations and global changes of the marine 

environment.  

The Bay of Brest is a macrotidal, well-mixed system typical of Western Europe (Delmas, 1981). This 

shallow Bay (around 8 m depth on average) is a productive coastal area, thanks to nutrients inputs from 

the Elorn and Aulne rivers. It is influenced by global climate changes with effect of the North Atlantic 

Oscillation, as well as local anthropogenic changes with for instance the dramatic increase of nitrates 

loads of terrestrial origin over the past decades (Goberville et al., 2010; Tréguer et al., 2014). Since 

1998, a station of a French coastal waters survey (SOMLIT) weekly sampled seawater for numerous 

physical, chemical and biological parameters measurements in order to deeply characterize the 

environment and its evolution throughout the seasons and years. Such established long term 
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environmental monitoring represent a good opportunity to link major geochemical cycles with pelagic 

microbial community dynamics.  

In this study we analyzed the first 2-3 years of a microbial observatory at the SOMLIT station in the Bay 

of Brest. We aimed at describing the dynamics of free-living bacterial communities during the survey 

and better understand the factors driving this dynamic. 
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4. MATERIAL AND METHODS 

4.1. 1. STUDY SITE AND SAMPLING STRATEGY 

The sampling station for microbiology was located at the SOMLIT station in the Bay of Brest in the 

temperate North-East Atlantic Ocean. The SOMLIT long term observatory station used in this study 

was located in le Goulet (48°21’32.17’’ N, 4°33’07.21’’ O), a very narrow channel linking the Bay of Brest 

to the Atlantic Ocean. The water of those two areas tightly communicate through tide currents that 

either bring offshore waters into the bay of Brest at rising tide, or bring brackish waters of the Bay of 

Brest in the Iroise sea at ebbing tide. To get a repeatable temporal survey, the sampling was done at 

high tide at a coefficient of around 70 at 2 m depth. Within the SOMLIT survey, numerous physical, 

chemical and biological parameters are weekly sampled and measured since 1998.  

For bacterioplankton sampling, five liters of seawater were collected in triplicate with a Niskin bottle 

and directly transferred in sterile autoclaved and HCl 1% rinsed carboys. Filtrations started in laboratory, 

30 minutes after the sampling. Water samples were size-fractionated using three in line filters of 

different porosity: 10 µm, 3 µm (PC membrane filters, Millipore®) and 0.22 µm (Sterivex® filters), in 

order to separate the different class of phytoplankton. For bacteria it allows to distinguish free-living 

(0.22 - 3 µm) and attached (> 3 µm) lifestyle. In this study, we focused only on the free-living fraction. 

All the 3 filters were stored at -80°C. In total, 2 to 5 liters of seawater were filtered each time, depending 

on filters’ clogging.  

The microbial survey started on July 24, 2014 and ran until May 31 2017, covering almost 3 years. 

However, severable notable gaps are present: there were no sampling between September the 6th and 

November the 12th in 2014 as well as between June the 12th and October the 9th in 2015. Only the 

year 2016 was sampled continuously. In addition, the frequency of sampling changed from weekly in 

the beginning of the survey to a bimonthly sampling starting from October 9, 2015. 

 



CHAPTER II: TEMPORAL DYNAMIC OF BACTERIAL COMMUNITIES IN THE BAY OF BREST 

 

  83 

4.2. 2. DNA EXTRACTION AND SEQUENCING FOR BACTERIAL DIVERSITY 

For DNA extractions, filters were directly placed in a Tube matrix B® (MP Biomedicals) with lysis buffer 

(Tris, HCl, EDTA), SDS 10% and Sarkosyl 10%. Bead-beating was performed with an optimized time of 

5 minutes on a plate vortex. The liquid fraction was then collected in order to perform a phenol-

chloroform extraction using PCI (25:24:1) and a precipitation step with Isopropanol and 5 M sodium 

acetate. DNA was suspended in 100 µL of sterile water. Bacterial diversity was assessed targeting the 

v4-v5 hypervariable regions of 16S rDNA with the primers 518F (CCAGCAGCYGCGGTAAN) / 926R 

(CCGTCAATTCNTTTRAGT - CCGTCAATTTCTTTGAGT - CCGTCTATTCCTTTGANT). All PCR were 

performed in triplicates before being pooled together. PCR products were purified using AMPure XP® 

kit and then DNA quantity was measured using PicoGreen®. Each sample was diluted to the same 

concentration before being pooled together in equimolecular quantities. Sequencing was performed 

in an Illumina MiSeq sequencer at the Marine Biological Laboratory (Woods Hole, USA). 

4.3. 3. BIOINFORMATICS ANALYSIS 

Raw reads obtained after the sequencing were merged and quality-filtered according to 

recommendations in Minoche et al., 2011, using the Illumina-Utils scripts (Eren et al., 2013c). We then 

used the Swarm algorithm (Mahé et al., 2015) to cluster the remaining sequences into operational 

taxonomic unit (OTU). Chimera detection was done using Vsearch de novo (Rognes et al., 2016), directly 

on the swarm OTU representative sequences as suggested by Mahé et al., 2015. Taxonomic assignation 

for each OTU was done with the SILVA database v132 (Quast et al., 2013) using Mothur classify.seqs 

command (Schloss et al., 2009). Based on this affiliation we then removed sequences affiliated to 

unwanted taxa (e.g. Archaea, Chloroplasts, Mitochondria, Eukaryota). 
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4.4.  4. STATISTICAL ANALYSIS 

Measures of community characteristics of each sample (OTU richness and Shannon index) were 

calculated on the raw read counts OTU observation table. For comparison of bacterial community 

composition across samples, a normalization was done using DESeq package in R (Anders and Huber, 

2010). In brief, a size factor of each sample is calculated, bringing all count values to a common scale 

in order to adjust for differences in sequencing depth. We used the swarm algorithm to partition the 

dataset in OTUs, and performed a frequency-based filtration of the rarest OTUs removing those present 

in less than 10% of the samples. Based on this filtered matrix, bacterial community dynamics across the 

seasons and the years was explored using NMDS based on Bray-Curtis dissimilarities between samples. 

We carried out Canonical Correspondence Analysis (CCA) to identify environmental variables having 

the most significant influence on the bacterial community composition. Environmental variables that 

presented collinearity with other variables were removed using Variation Inflation Factor (VIF, only 

variables with VIF < 10 were kept). Significance of the different remaining factors and robustness of the 

CCA model were tested using an ANOVA.  

4.5. 5. LOOKING FOR GENERAL PATTERNS OF SEASONALITY 

Network analysis was used in order to define groups of OTUs that covariates together across the 

different seasons. However, network analysis are sensible to gaps in the dataset or to changes in 

frequency. We thus performed the analysis in the year 2016 which was the only one fully complete with 

a bimonthly sampling. The matrix was filtered to keep only the most abundant 381 OTUs, with at least 

50 sequences in 3 samples. Our module detection analysis followed in part the pipeline assembled by 

Fernandez-Guerra and available online (https://github.com/genomewalker/). First, pairwise co-variance 

based correlation between OTUs was calculated with the SPIEC-EASI software that addresses the 

sparsity and compositionality issues inherent of microbial abundance data (Kurtz et al., 2015). 

Correlation groups were then inferred using the glasso probabilistic inference model with a 

lambda.min.ratio of 0.01. Based on this model, only the significant covariance values were extracted 
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and transformed in a correlation matrix using the cov2cor function. We then delineated network 

modules as groups of highly interconnected OTUs that presented very closely related correlated 

changes in the studied samples. Those modules were defined using the Louvain algorithm (Blondel et 

al., 2008). Module eigengenes (ME, a Principal Component Analysis of the different OTUs abundance 

in a module) was calculated based on the relative abundance matrix using WGCNA function 

moduleEigengenes (Langfelder and Horvath, 2008). Those ME were used to calculate Pearson 

correlations between the different modules and the environmental variables, using the WGCNA 

commands moduleTraitCor, moduleTraitPvalue.  
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5. RESULTS 

5.1. ENVIRONMENTAL SETTINGS  

Seasonal changes of the different environmental parameters are presented in Figure 12. They show 

typical seasonal variations for coastal temperate systems. In winter, the temperatures were low, around 

10°C and with higher inorganic nutrients concentrations. Despite a sampling at rising tide, influence of 

more brackish water was conspicuous at this station, as salinity was lower in winter. In February 2016, 

exceptional lowering of salinity to 31.7‰ co-occurred with high nutrients concentrations (NO3: 37.1 

µM). Measure of chlorophyll a was used as a proxy of phytoplankton biomass. It showed that the spring 

phytoplankton bloom occurred in the end of winter between late March and April, depleting the winter 

stock of inorganic nutrients. The intensity of spring blooms was variable between the 3 years of 

sampling: it was particularly high in 2015 (6.25 µg.L-1), and low in 2017 (1.73 µg.L-1), which was lower 

than the late summer bloom in 2014 (2.18 µg.L-1). The temperatures were warmest between July and 

September, reaching 18°C. At this time of the year, inorganic nutrients concentrations remained very 

low, at limiting concentrations for primary producers (lower that 1 µM for nitrates). They started to 

increase again in late summer at the end of the production period in early October. 

5.2. BACTERIOPLANKTON COMMUNITY’S CHARACTERISTICS 

Abundance of bacteria in the Bay of Brest indicated by flow cytometry counts were typical of coastal 

environment as it varied between 1.5 x 105 and 2.5 x 106 cells.mL-1. This abundance was variable across 

the years but was overall lowest during winter (Figure S 7).  

A total number of 983 723 swarm OTUs for 14 660 645 sequences were retrieved from the 215 samples. 

After the filtration of the OTUs present in more than 10% of the samples, we obtained 5828 OTUs 

representing 93% of the initial sequence number. Diversity of OTUs within each sample measured by 

Shannon index was the highest in winter and particularly in late January and February (Figure S 8) and 

was lowest in April, simultaneously with the set-up of spring phytoplankton blooms. Taxonomic 



CHAPTER II: TEMPORAL DYNAMIC OF BACTERIAL COMMUNITIES IN THE BAY OF BREST 

 

  87 

affiliation of the OTUs showed that bacterial communities were dominated by two main phyla: 

Proteobacteria (58% of the sequences) and Bacteroidetes (33%). The Proteobacteria mostly consisted 

of member of Alphaproteobacteria (75% of Proteobacteria sequences) with a great abundance of 

SAR11 Clade (34% of Alphaproteobacteria sequences) and Rhodobacterales (30%) order. Bacteroidetes 

were dominated by Flavobacteriale (95%) order. The most dominant OTUs, abundant (i.e. relative 

abundance > 1%) in more than 75% of all the samples were affiliated to SAR11 Clade (OTU2, OTU4 

and OTU11), Rhodobacteraceae with OTU1 (Amylibacter sp.) and OTU3 (Planktomarina sp.) and to 

Flavobacteriaceae with OTU14 (NS4 marine group). Together, they represented between 13% in April 

2015 and up to 42% of the sequences in March 2015 (Figure S 9). 

 
Figure 12 | Seasonal variations of the environment in the Bay of Brest. Variation of Temperature 
(T), Salinity (S), Nitrates (NO3) Phosphates (PO4) and Chlorophyll a (Chla) between 2014 and 2017 
at the SOMLIT station in the Bay of Brest. 
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Figure 13 | Seasonality of the bacterioplankton communities. Canonical Correspondence 
Analysis (CCA) of the bacterial community composition across the samples and in relation with 
the environmental parameters: chlorophyll a (CHLA), particulate organic carbon (POC), 
suspended material (MES), nitrates (NO3), nitrites (NO2), ammonium (NH4), temperature and 
cytometric counts of Synechococcus (Syn), Picoeucaryotes (PICOEC) and Nanoeucaryotes 
(NANOEC). 
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5.3. SEASONALITY OF BACTERIAL COMMUNITIES 

Changes in bacterioplankton community composition and their relation with biogeochemical variables 

were investigated using a CCA (Figure 13). Bacterial communities in the Bay of Brest presented a strong 

seasonality which was significantly related to different environmental parameters. Among the most 

important environmental variable, there were temperature, inorganic nutrients and Chlorophyll a (Chla). 

Yet, together, biogeochemical variables explained only 24% of the variation in bacterioplankton 

composition. Moreover, this seasonality presented more variability in between March and June, linked 

with the set-up of spring blooms (Chla parameter).  

 

 
Figure 14 | Variation of the different modules over one year (2016). Cumulative curves of the 
different modules of co-varying OTUs defined for the year 2016. Modules with more than 1 OTU are 
plotted. The variation of chlorophyll a is also represented. 
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Figure 15 | Taxonomy composition of the different modules. Phylums affiliation within different 
modules and the relative proportion of each module in the dataset (in % of sequences). 

 

To get more insight into the bacterioplankton community composition specific of the different seasons 

we used a network analysis on a complete year, from January to December 2016. Based on this network, 

we defined groups of highly co-varying OTUs that are likely found in the same environmental conditions 

and thus, likely share the same ecological niche. We obtained 15 modules with more than one OTU 

that presented temporal dynamic across the year (Figure 14). Furthermore, we looked at the dynamic 

of the main modules across the entire dataset in order to see if these seasonal patterns defined in 2016 

were likely repeatable from one year to another (Figure 16), yet it is not a robust information on the 

seasonality of each OTU independently. In our study, a complete analysis of seasonality was complex 

to investigate due to large gaps in the dataset that range from 2 to 3 months in 2014 and 2015 

respectively (see material and methods section).  
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Figure 16 | Variation of the dominant OTUs of the main modules across the entire survey. Main OTUs 
(>1% in relative abundance in a sample) of modules with a great seasonality are plotted throughout all 
the survey. The environmental variable that correlated the most to their eigenvector are plotted: nitrates 
for module 8 (a.), phosphates for module 22 (b.), chlorophyll a for module 24 (c.) and Synechococcus 
cytometric counts for module 10 (d.). The dashed lines correspond to the first peak of chlorophyll a for 
each year. 

  

Two modules (1 and 5) were abundant across all the year (Figure 14). Their taxonomy shows that they 

were composed of highly abundant Proteobacteria, but of different families: in module 1, OTUs were 

affiliated to Rhodobacteraceae with Planktomarina as the dominant genus (60% of the module’s 

sequences), while most OTUs of module 5 were affiliated to SAR11 Clade (75% of the module) and 

particularly group Ia.  

On the contrary, 4 modules presented a clear seasonal dynamic (Figure 14). Two modules (8 and 22) 

were present in winter, between December and March, and correlated strongly with numerous 

parameters that correspond to winter conditions: inorganic nutrients, and cold temperatures (Figure S 

10). Module 8 was negatively correlated with salinity and presented a large diversity of different 

phylums, with OTUs affiliated to Marinimicrobia, Planctomycetes, Nitrospinae, Gammatimonadetes or 

Dadabacteria in addition to the dominant Proteobacteria and Bacteroidetes phylums (Figure 15). Its 
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dominant OTUs were affiliated to Cryomorphaceae, NS3a marine group and Marinimicrobia (Figure 

16.A). Module 22 was correlated to inorganic nutrients and presented a lower diversity of Bacteroidetes 

and more Proteobacteria as well as Marinimicrobia and Planctomycetes (Figure 15). Its main OTUs were 

affiliated to NS5 marine group, SAR86 Clade, Marinimicrobia and Nitrincolaceae (Figure 16.B). OTUs 

affiliated to these two modules presented a very recurrent dynamic across the different years. They 

followed the seasonality of inorganic nutrients that peak in winter and drastically fall with the onset of 

the first phytoplankton bloom in a short period of time. 

On contrary, one module (module 24) became highly dominant right after the first bloom in spring and 

remained abundant during the whole photoproduction period in 2016 (until the end of September). It 

correlated positively with Chla and with the main groups of phytoplankton. It is dominated by 

Bacteroidetes and Proteobacteria phyla, and in a less extent, of Actinobacteria (Figure 15). Patterns of 

this modules’ OTUs among the whole time series showed that they increased sharply in response to 

the first spring bloom of each year (Figure 16.C). Specific dynamic of the main OTUs of this module is 

presented in Figure 17 and reveal two main rough patterns. In one hand, some OTUs seemed to be 

recurrently enhanced after each spring phytoplankton bloom of the survey and presented peaks in 

relative abundance during the whole period of productivity (Figure 17.A). On the other hand, some 

OTUs presented a more specific dynamic, being sharply enhanced at one time point during the blooms 

(Figure 17.B). 

Finally, one module was more present in late summer. Module 10 stayed until December and grouped 

abundant members of Cyanobacteria (Synechococcus CC9902) and Verrucomicrobia among with 

Bacteroidetes and Proteobacteria (Figure 15). The main OTUs of this module were affiliated to 

Synechococcus CC9902, Roseibacillus and Fluviicola (Figure 16.D).  
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Figure 17 | Variation of OTUs from the spring module (module 24). A. OTUs with recurrent 
variations after each spring blooms. B. OTUs with highly variable and intense variations in 
response to the bloom.  
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6. DISCUSSION 

6.1. SEASONAL DYNAMICS OF BACTERIAL COMMUNITIES 

The Bay of Brest is a macrotidal coastal system submitted to local forcing that are known to affect the 

biology and physicochemical characteristics of this environment. Exceptional rain rates lead to winter 

river discharge anomalies that dramatically impact both salinity and inorganic nutrients concentrations 

(Tréguer et al., 2014). These winter nutrients loads in addition with tidally and wind-induced mixing of 

the water column are an important control of the onset of phytoplankton spring blooms (Ragueneau et 

al., 1996). These variations in salinity, nutrient concentrations and bloom intensities were observed 

during our sampling period and lead to notable changes between years. Nevertheless, free-living 

bacterial community composition in the Bay of Brest showed marked and repeatable seasonal variations 

(CCA, Figure 13). Temporal dynamic observed at seasonal scale are widely found in numerous marine 

environments and are supposed to remain remarkably stables years after years (Fuhrman et al., 2015; 

Gilbert et al., 2012). We used network analysis over one year to see patterns of covarying OTUs that 

presented different seasonal dynamic. These patterns defined in 2016 were particularly coherent from 

one year to another, comforting the finding that seasonality of microbial communities rely on recurrent 

assemblages (Chafee et al., 2018; Ward et al., 2017). 

6.2. BREAK OF SEASONALITY: SPRING BLOOMS 

Seasonality of bacterioplankton community composition shift drastically with the onset of spring blooms 

(Figure 13) as it was previously reported in other rich coastal environments and mesocosms experiments 

(Luria et al., 2017; Pinhassi et al., 2004; Riemann et al., 2000; Teeling et al., 2012). Each spring bloom, 

irrespectively of its intensity, lead to a rapid change between winter communities (module 8 and 22) 

and spring communities (module 24, Figure 14 and Figure 16). These sharp changes were driven by a 

rapid increase in relative abundance of OTUs in spring module. There were mainly affiliated to 

Flavobacteriaceae and Rhodobacteraceae families, which possess a wide range of hydrolytic enzymes 
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and membrane transporters to degrade and assimilate organic matter, mostly saccharides, released by 

the phytoplankton (Pinhassi et al., 2004; Riemann et al., 2000; Teeling et al., 2012). Some of them were 

specifically enhanced at one time point in less than a week, up to 28% of the whole community. The 

most abundant are affiliated to Flavicella and Persicirhabdus members of the Flavobacteriaceae and 

Verrucomicrobiaceae families respectively. Members of these families are thought to be highly 

specialized in the acquisition of complex molecules of organic matter (Buchan et al., 2014; Martinez-

Garcia et al., 2012). They were not present every year, suggesting that local conditions are necessary 

for their development such as phytoplankton diversity of the bloom, that determine the type of organic 

matter present in the environment (Biddanda and Benner, 1997; Zhang et al., 2015b). Interestingly, the 

intensity of these taxa response seems to be proportional to the bloom intensity itself, indicating that 

substrate quantity could be important in their development (Hellweger, 2018).  

Other taxa presented recurrent pattern after each spring bloom observed in the survey and last during 

the whole photoproduction period in 2016. In temperate coastal waters, the first spring blooms, which 

are the most important in Chla concentrations (Figure 12) are followed by successive blooms of medium 

intensities that succeed until the end of summer (Beucher et al., 2004). The dominant OTU (OTU1) 

represent the most successful Bacteria of the dataset, affiliated to Amylibacter (formerly Roseobacter 

NAC11-7 lineage) of the Rhodobacteraceae family. It reached up to 15-20% of the sequences under 

bloom conditions but remained relatively abundant, around 2-5%, throughout the year. This genus was 

previously found to be part of the dominant bacteria of the North sea coastal waters and to increase in 

response to diatoms substrates (Chafee et al., 2018; Giebel et al., 2011; Taylor and Cunliffe, 2017). Its 

year-around high relative abundance could be linked to a highly versatile genome that allow this taxon 

to exploit a large variety of resources (Hahnke et al., 2013; Moran et al., 2007), similarly to another 

Rhodobacteraceae, Planktomarina (Voget et al., 2015) that was also abundant permanently in our 

temporal survey (Sup. Figure S3). The other OTUs are affiliated to taxa previously found associated with 

phytoplankton such as SAR86 Clade, Cryomorphaceae, Formosa or Ascidiaceihabitans of the former 

Roseobacter OCT lineage (Choi et al., 2015; Hahnke et al., 2013; Lucas et al., 2015). Teeling et al., 2016, 

hypothesized that recurrent patterns of certain taxa following the spring blooms every year suggests 
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that they could target substrates that are commonly released by the phytoplankton. Free-living 

members of Formosa for instance are very specialized in the acquisition of laminarin, a key substrate of 

diatoms (Unfried et al., 2018) and phytoplankton communities in the Bay of Brest are largely dominated 

by Diatoms (Del Amo et al., 1997). Overall, the complex and variable dynamic of these taxa linked to 

the phytoplankton developments could be due to fluctuation in their resources availability and top-

down controls such as grazing and viral lysis (Needham et al., 2017).  

6.3. LATE SUMMER COMMUNITIES 

After the spring blooms, a secondary bloom period generally took place between June and October, 

characterized by weaker peaks of Chla (Figure 12). Inorganic nutrients are depleted in the water column 

and the river flow are their lowest during this period. Phytoplankton growth thus mainly rely on an 

intense remineralization by both zooplankton and bacteria (Del Amo et al., 1997). A few taxa were 

specifically abundant during this period, such as Cyanobacteria. These Cyanobacteria, all affiliated to 

Synechococcus CC9902 were present between September and November in 2016 (Figure 16) which 

was rather in accordance with cytometry counts data (sup Figure 1b). The presence of Cyanobacteria 

in the end of summer is typical of temperate coastal environment, due to nutrient-depleted and stable 

conditions that favor small phytoplankton (Li et al., 2006). However, their abundance was rather limited 

in our study site, with a maximum of 2.6% in October 2016, this low abundance is probably due to a 

constant mixing of the water column with the tide currents, as these cyanobacteria were more abundant 

in the upper stratified water masses (Lemonnier et al., Chap.I) .  

6.4. MULTIPLE POSSIBLE DRIVERS IN WINTER. 

Contrary to the spring community that is likely mainly driven by phytoplankton blooms, environmental 

parameters shaping winter communities are less evident. Interestingly, the OTUs found in winter 

separated into two modules that presented a slightly different dynamic, module 22 was already 

abundant in the beginning of October, while module 8 was present since January. The former strongly 

correlated with phosphates which is tightly coupled with phytoplankton growth in this environment as 
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being one of their main limiting nutrient (Del Amo et al., 1997). This suggests that bacteria of this 

module could be more adapted in environment with a low primary production. It indeed presented 

dominant members of Marinimicrobia, that are generally described in sub-euphotic zone (Agogué et 

al., 2011). But it was dominated by abundant heterotrophic taxa such as SAR86 Clade or NS5 marine 

group. Other drivers could explain their dynamic such as annual variations in temperatures that define 

different ecological niches (Eren et al., 2013a; Lucas et al., 2015). Module 8 was strongly negatively 

correlated to salinity and positively to suspended material. It could gather bacteria particularly 

influenced by river outflow and storm conditions that are maximized in January and February. During 

winter at the SOMLIT Station, up to 50% of the organic matter may have a terrestrial origin (Liénart et 

al., 2017). Little is known on the influence of such type of organic matter on marine bacteria, but some 

studies showed that terrestrial OM can stimulate numerous typical members of the dominant 

heterotrophic marine taxa, such as Bacteroidetes or Alphaproteobacteria (Lindh et al., 2015a). 

Bacteroidetes were particularly abundant in the module 8, with members of NS9 marine group, NS3a 

marine group and uncultured Cryomorphaceae. In addition, some typical phylum described in marine 

sediments Dadabacteria, Gemmatimonadetes with the BD2-11 terrestrial group (Hanada and Sekiguchi, 

2014; Hug et al., 2016) or non-marine taxa such as Enterobacteraceae or Rhodanobacteraceae (Naushad 

et al., 2015) represented a low fraction of this module. This suggest that both river outflows and mixing 

during winter storms can bring exogenous taxa in the water column, but of minor influence in the global 

community. Finally, this module gathered all the nitrite-oxidizing bacteria of the Nitrospinae family. 

These bacteria, as well as the ammonium-oxidizing archaea or bacteria are supposed to be outcompete 

by the phytoplankton for the nitrogen uptake in summer (Zakem et al., 2018) or limited by the light 

(Lomas and Lipschultz, 2006) that could explain why they are more abundant in winter. 
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7. CONCLUSION 

 

Here we presented the seasonal variations of free-living bacterial communities in the Bay of Brest. As 

in other marine environments, we found coherent and recurrent patterns of seasonality over the period 

studied. Numerous environmental variables could explain their dynamic, among which the most evident 

were the phytoplankton developments that lead to drastic changes in bacterioplankton community 

composition. In winter, multiple parameters such as temperature, high inorganic nutrients, low primary 

production or the influence of terrestrial input could be important drivers of the bacterioplankton 

communities. The full comprehension of the dynamic of these communities and likely their role will 

need further investigations of both poorly characterized taxa as members of Bacteroidetes (NS5 marine 

group, NS3a marine group and NS9 marine group) that were important in our survey and the sampling 

of other parameters possibly critical in the bacterioplankton dynamic such as organic matter quantity 

and quality. Finally, the addition of other complete years of sampling would be critical to confirm those 

first observations. 

  



CHAPTER II: TEMPORAL DYNAMIC OF BACTERIAL COMMUNITIES IN THE BAY OF BREST 

 

 100 

8. SUPPLEMENTARY DATA 

 

Figure S 7 | Cytometry counts for total bacteria and Synechococcus at SOMLIT station in the Bay 
of Brest, between 2014 and 2018. 

  

 
Figure S 8 | Variation in alpha diversity of the bacterial communities measured with Shannon index.  
Each dot represent the mean of Shannon value obtained for the replicates of a time-point, with their 
standard deviation. 
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Figure S 9 | Relative abundance of the most abundant OTUs; i.e. with a relative abundance 
upper than 1% in more than 75% of all the samples.  
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Figure S 10 | Pearson correlation of each module eigenvector with the environmental variables. 
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1. RÉSUMÉ EN FRANÇAIS 

Bien qu’essentielles pour comprendre la dynamique des communautés microbiennes et leur lien étroit 

avec leur environnement, les approches de séquençage de l’ADN 16S utilisées dans les deux chapitres 

précédents sont limitées par nos connaissances de ces diversités et les limites de résolution d’un gène 

marqueur pour appréhender leur rôle et potentiel fonctionnel. Il est intéressant de compléter ces 

données par des analyses de métagénomique, permettant notamment de reconstruire des génomes, 

donnant une information précieuse sur les potentiels métabolismes et stratégies écologiques des 

bactéries présentes dans l’environnement. Pour cela, nous avons préparé 48 banques métagénomiques 

à partir d’échantillons des deux suivis, en mer d’Iroise et en Rade de Brest. A partir de ces 

métagénomes, nous avons pu reconstruire 43 génomes issus d’assemblages métagénomique (MAG) 

de très grande qualité. Ce troisième chapitre décrit un MAG affilié à la famille des Rhodobacteraceae, 

acteurs majeurs dans l’environnement marin. Ce MAG est particulièrement exceptionnel sur de 

nombreux points. Tout d’abord de par la taille de son génome (1,8Mb) et la proportion de GC dans 

son génome (37%) tout deux les plus faibles valeurs reportées pour une Rhodobacteraceae. Cette taille, 

ainsi que les gènes retrouvés dans son génome indiquent une adaptation suivant la théorie de la 

réduction de génome chez les bactéries pélagiques (streamlined genome). Mais contrairement à une 

vision classique des génomes réduits, les données d’abondance de ce génome indiquent qu’il est 

particulièrement compétitif en période de blooms. Enfin, il correspond probablement au génome de 

l’OTU le plus abondant retrouvé dans nos deux suivis en Rade de Brest et Mer d’Iroise, affilié à 

Amylibacter sp. Ces résultats offrent de nouvelles perspectives sur les adaptations des bactéries des 

eaux côtières tempérées.  
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2. ABSTRACT 

While being essential in the understanding of microbial communities dynamic and their close 

relationship to the environment, 16S DNA sequencing approaches used in the previous two chapters 

are limited by our knowledge of these diversities and the limits of resolution of a marker gene to 

understand their role and functional potential. It is interesting to supplement these data with 

metagenomic analyses, in particular to reconstruct genomes, giving valuable information on the 

potential metabolism and ecological strategies of bacteria present in the environment. For this purpose, 

we prepared 48 metagenomic banks from samples of the two surveys, in the Iroise Sea and in the Bay 

of Brest. From these metagenomes, we were able to reconstruct 43 very high quality metagenomic 

assemblies (MAGs). This third chapter describes a MAG affiliated with the family Rhodobacteraceae, 

widespread bacteria of marine environments. This MAG was particularly exceptional in many respects. 

First of all, the size of its genome (1.8Mb) and the proportion of GC in its genome (37%) are the two 

lowest values reported for a Rhodobacteraceae. Its size, as well as its gene content indicated an 

adaptation according to the streamlined genome theory in pelagic bacteria. But unlike a conventional 

view of reduced genomes, abundance data for this genome indicated that it was particularly 

competitive during bloom periods. Finally, it probably corresponds to the most abundant OTU genome 

found in our two surveys in the Bay of Brest and the Iroise Sea, affiliated with Amylibacter sp.   
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3. INTRODUCTION 

 

Marine Rhodobacteraceae or Roseobacter group (Simon et al., 2017) is one of the major clades of 

heterotrophic bacteria inhabiting oceanic surface waters (Moran et al., 2007), grouping more than 70 

genera and 170 species (Pujalte et al., 2014). Members of this clade represent ecological generalists, 

able to thrive within a wide variety of habitats including associations with different organisms as 

phytoplankton, corals and animals (Apprill et al., 2009; Grossart et al., 2005; Rao et al., 2007). Their 

capacity to exploit such different environments rely on large and versatile genomes giving them very 

diverse metabolic capacities (Moran et al., 2007; Polz et al., 2006). 

However, numerous studies shows that the predominance of versatile capacities among 

Rhodobacteraceae could be culture biased. Metagenomics and Single cells genome sequencing 

approaches revealed that natural populations of this group could be more adapted to a free-living 

lifestyle with streamline genomes (Luo et al., 2014; Swan et al., 2013). This genome streamlining could 

have emerged in the evolution of a basal lineage, represented by Rhodobacterales bacterium 

HTCC2255 (Luo et al., 2013). Evolutionary studies showed that this bacteria likely encompass a gene 

reduction during its evolution, as other streamlined Alphaproteobacteria such as SAR11 Clade (Luo et 

al., 2013). Their genome content and life strategy suggest that they can play distinct roles in marine 

biogeochemical cycles than the other Rhodobacteraceae (Luo and Moran, 2014). But our knowledge 

on these streamlined Rhodobacteraceae is still scarce with few cultivated members and genomes 

completely reconstructed (Zhang et al., 2016). Moreover, most analysis of these environmental 

genomes relied on large spatial sampling over different oceans, giving few information on their 

dynamics and potential ecological niches in coastal environments.  

In this study, we did metagenomic analysis on both a spatio-temporal and temporal survey in coastal 

water of the North-East Atlantic Ocean (Brittany, France) in order to reconstruct different genomes 

(MAGs) and get insight the genome characteristics of the abundant members of Rhodobacteraceae 

present in the Bay of Brest and the Iroise Sea.  
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4. MATERIAL AND METHODS 

4.1.  STUDY SITE AND SAMPLING 

The 48 metagenomes were retrieved in the North-East Atlantic ocean, from a spatio-temporal survey 

over one year in the Iroise sea, between September 2014 and September 2015 and a time series at the 

SOMLIT Station in the Bay of Brest from July 2014 to April 2017. The sampling strategy, filtration of 

seawater and DNA extractions was the same as previously described in the first two chapter. The 

samples for metagenome libraries preparation were selected based on their interest regarding 16S 

sequencing results for the Iroise Sea (e.g. samples dominated by a particular module) and every month 

for the temporal survey in the Bay of Brest (Figure 18). Metagenomes samples were prepared from the 

same extracted DNA used for the 16S amplicon sequencing.  

4.2. LIBRARIES PREPARATION FOR METAGENOMES 

Metagenomes libraries were prepared following the Illumina kit TruSeq Nano DNA library prep®. DNA 

fragmentation was done using a Covaris® with an optimized time of 91s. Sequencing of libraries was 

done on a, Illumina NextSeq sequencer at the Josephine Bay Paul Center (Woods Hole, USA). 

4.3. RECONSTRUCTION OF METAGENOME ASSEMBLED GENOMES (MAGS) 

Our bioinformatic pipeline followed in large part the snakemake (Köster and Rahmann, 2012) proposed 

in Anvi’o v5.2 (Eren et al., 2015) as well as previous pipeline of MAGs reconstruction done in the Tara 

ocean dataset (Delmont et al., 2018 ; Tully et al., 2018): 

4.3.1. SEQUENCES QUALITY FILTERING AND ASSEMBLY 

Raw-reads were quality filtered based on Minoche et al., 2011, recommendations using Illumina-Utils 

(Eren et al., 2013c). High-quality reads were assembled using IDBA-UD v.1.1.3 (Peng et al., 2012) in 

each of the 48 samples to reduce computational limits. Contigs with a length < 1000 bp were discarded 



CHAPTER III: INTO THE GENOME OF AN ABUNDANT RHODOBACTERACEAE 

 

 110 

for the downstream analysis. We then co-assembled those contigs in 5 groups of co-assembly (ID01, 

ID02, ID03, ID04 and negative control ; Figure S 11) defined based on k-mer similarities using Simka 

algorithm (Benoit et al., 2016). We performed a secondary assembly of the contigs within each groups 

of co-assembly. First, contigs with an identity of 99% or more were grouped together using CD-HIT-

EST v4.6.8 (Li and Godzik, 2006) in order to reduce computational time. These contigs were then 

assembled using Minimus2 (Sommer et al., 2007) to form secondary contigs. Profiling of secondary 

contigs and the primary contigs that did not assemble with Minimus2 followed the Anvi’o method. 

Mapping of high quality reads on contigs was done using Bowtie2 v2.3.4.3 (Langmead and Salzberg, 

2012) to assess their distribution among the samples. Putative genes present on contigs were detected 

using Prodigal v2.6.3 (Hyatt et al., 2010), and the single copy core genes of Bacteria (Campbell et al., 

2013), Archaea (Rinke et al., 2013) and Eukarya (Simão et al., 2015) were retrieved with HMMER v3.2.1 

(Mistry et al., 2013). These single copy core genes were then used to define genome completion and 

redundancy. Finally, taxonomy affiliation of the different contigs was done with Centrifuge v1.0.4 (Kim 

et al., 2016). All statistics of these first steps are summarized in Table S 2. 

4.3.2. BINNING AND MAG CHARACTERIZATION 

Contigs were automatically binned within each co-assembly group using CONCOCT (Alneberg et al., 

2014). To avoid fragmentation error, we ran CONCOCT with a maximum number of clusters (ID01 : 146 

, ID02 : 333, ID03 : 349, ID04 : 413 and negative control : 2) of about half of the expected number of 

microbial genomes based on single copy core gene profiles. Each bin was then manually curated using 

Anvi’o interface and the anvi-refine-bin command. Bins of good quality were considered according to 

these criteria : completion of single copy core genes above 70% or of a size > 2 Mb and a redundancy 

under 10% (Delmont et al., 2018). These bins were then grouped within a new database and redundant 

MAGs reconstructed in the different co-assemblies were groups together with Drep v2.2.4 (Olm et al., 

2017) if they presented an average nucleotide identity (ANI) score of more than 98% and a minimum 

alignment of 75%. A complete profiling of the non-redundant MAGs was then done to assess their 

mean coverage and detection statistics within each of the 48 metagenomes. Functional assignation of 
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the genes within each MAG was performed with the NCBI COG database (Galperin et al., 2015) using 

anvi-run-ncbi-cog. We also used the KEGG database with GhostKOALA (Kanehisa et al., 2016). 

Taxonomy affiliation of the different MAGs was done using CheckM v1.0.13 (Parks et al., 2015). 

4.3.3. PHYLOGENOMIC 

Phylogenomic analysis of MAG ID03_00003 was conducted with 92 sequenced Rhodobacteraceae 

genomes retrieved from NCBI. Using Anvi’o, 114 single-copy genes from the bacterial collection were 

concatenated and aligned with MUSCLE v3.8.1551 (Edgar, 2004). Phylogenetic trees were created with 

MegaX with maximum likelihood method and using a JTT model ((Kumar et al., 2018)). Bootstrapping 

was executed using rapid bootstrap analysis algorithm with 100 bootstraps. 
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1. RESULTS AND DISCUSSION 

1.1. RECOVERY OF MAGS AND IDENTIFICATION OF THE DOMINANT MAG AFFILIATED TO THE 

RHODOBACTERACEAE FAMILY  

After sequencing we obtained 2 652 926 650 raw reads over the 48 metagenomes, with 2 472 893 193 

that passed quality filtering. A total of 1 816 943 contigs with more than 1000 bp length were retrieved 

from the different co-assembly. We were able to assemble 396 manually curated, good quality 

genomes. They belonged to the Bacteria (n = 365) and Archaea (n = 31) domains. Bacteria were mostly 

affiliated to Proteobacteria (n = 184) and Bacteroidetes (n = 100) and Archaea to Euryarchaeota (n = 

27). These MAGs represented 8.8% of the initial contigs length. We focused on the most abundant 

MAG affiliated to Rhodobacteraceae, that recruited the highest percentage of reads across the samples 

(Figure S 12). It was also the most abundant MAG we were able to reconstruct (Figure S 12). This MAG 

was redundant, indicating that we were able to assemble it from the 4 co-assembly. MAG ID03_00003 

had the best quality scores: a completion of 94.24%, a redundancy of 0.72% and it was composed of 

only 35 contigs (Table S 2). This corresponds to a high quality, likely complete MAG (Bowers et al., 

2017). 

1.2. GENOMIC CHARACTERISTICS OF MAG ID03_00003 

The genome size (1.8 Mb) and GC content (36.5%) of MAG ID03_00003 is typical of a streamlined 

genome and is smaller than any reported values for marine Rhodobacteraceae including uncultivated 

members. Rhodobacteraceae retrieved from Single Cell Genome sequencing in different studies 

presented a genome size ranging from 2.6 Mb to 3.5 Mb and a GC content from 37% to 40% (Luo et 

al., 2014; Swan et al., 2013; Zhang et al., 2016). The closest genome to MAG ID03_00003 is the 

cultivated strain Rhodobacterales bacterium HTCC2255, which present as genome size of 2.3 Mb and 

a GC percent of 38.9%. Genome streamlining is supposed to be an adaptation to nutrient-poor 

environments for pelagic marine bacteria (Giovannoni et al., 2005b). MAG ID03_00003 indeed presents 
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a more oligotrophic signature in its genome according to Lauro et al., 2009, criteria : for instance a low 

number of genes affiliated to COG categories for cell motility, signal transduction and defense 

mechanisms (Table S 3). Our MAG thus offers an exceptional example of uncultured pelagic marine 

Rhodobacteraceae harboring a streamlined genome and a typical oligotrophic, free-living lifestyle.  

Indeed, a Rhodobacteraceae is usually considered to have a small genome when its size is around 3 Mb 

(Durham et al., 2014). This is the case for Planktomarina temperata RCA23 isolated in the North Sea, 

which was also described as presenting a streamlined genome for Rhodobacteraceae and an 

oligotrophic signature with a genome size of 3.29 Mb and GC content of 54% (Voget et al., 2015).  

 

 
 

  



CHAPTER III: INTO THE GENOME OF AN ABUNDANT RHODOBACTERACEAE 

 

 114 

 

Figure 18 | Sampling points and distribution of MAG ID03_00003 across the samples. 
 a. Map showing the location of the sampling points. Station 1 to 5 were sampled during 
4 cruises in the Iroise sea between September 2014 and September 2015. The SOMLIT 
Station was sampled between July 2014 and May 2017. b. Distribution of MAG 
ID03_00003 represented by the percentage of reads it recruited in a sample, across the 
Iroise sea. For each station, different depth could have been sampled: deep (B) and surface 
(S). c. Distribution of MAG ID03_00003 at the SOMLIT Station. d. Correlation between 
ID03_00003 distribution (in % of read recruited by MAG ID03_00003 in a sample) and 
OTU1 (in % of sequences in a sample), the most abundant Rhodobacteraceae OTU 
detected by 16S sequencing in the same samples, affiliated to Amylibacter sp. 
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Table 2 | Main pathway and genes present in different genomes of Rhodobacteraceae. 
Selection of the different pathways and genes and their presence in Rhodobacterales 
bacterium HTCC2255 and Planktomarina temperata RCA23 were given in previous studies 
(Newton et al., 2010; Voget et al., 2015). Presence of these pathways/gene in MAG 
ID03_00003 was retrieved based on KEGG and COG functional annotations. *A 
dehydrogenase was found for Glutamine and Leucine only. 
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1.3. GENE CONTENT AND PUTATIVE METABOLISM 

MAG ID03_00003 contained only 1777 coding sequences with 1636 that presented a COG and/or 

KEGG functional annotation (Table S 3). This is small compared to the Rhodobacterales bacterium 

HTCC2255 (n = 2240) and Planktomarina temperata RCA23 (n = 3101) but still higher than typical 

streamlined bacteria such as Pelagibacter ubique HTCC1062 (n = 1354) (Giovannoni et al., 2005b; Luo 

et al., 2013; Voget et al., 2015). Comparison in presence or absence of key pathway or genes among 

Planktomarina temperata RCA23, Rhodobacterales bacterium HTCC2255 and our MAG is presented in 

Table 2. This figure shows that our MAG and Rhodobacterales bacterium HTCC2255 present close 

characteristics with a reduced number of key pathway and genes. They both lack functions of motility 

and attachment, confirming a strict pelagic lifestyle. They also both present a rhodopsin coding gene 

(COG5524), which can harvest energy from light (Giovannoni et al., 2005a).  

In addition, MAG ID03_00003 presents abilities to use C1 and C2 compounds. There are five C1 

utilization pathway found in marine Roseobacter (Newton et al., 2010). MAG ID03_00003 present two 

of them: Trimethylamine (TMA) and Formate oxidation. These two compounds correspond to common 

molecules produced in large amount by many organisms in the surface ocean (Lidbury et al., 2014). For 

instance, TMA comes from the degradation of proteins and other osmolytes such as glycine betaine or 

choline (Lidbury et al., 2015). The trimethylamine monooxygenase [EC:1.14.13.148] that can oxygenate 

TMA to TMAO was present in the genome of ID03_00003 but it lack genes to catabolize TMAO and 

assimilate it into biomass. The genome present the formate dehydrogenase [EC:1.17.1.9] that catalyzes 

the oxidation of formate into CO2. This suggest an utilization of C1 compounds for energy metabolism 

rather than biomass as for some members of SAR11 Clade (Sun et al., 2011). Our MAG also present all 

the genes involved in the glyoxylate shunt, an important pathway for microorganisms to use C2 carbon 

for their growth and energy (Harder, 1973).  

The genome of MAG ID03_00003 encodes 208 transport protein with a large part of the ABC or ABC-

like family (n = 130). This correspond to a total of 71.8 of ABC transporter genes per Mb in ID03_00003, 

which is similar to the proportion found in Planktomarina temperata RCA23 and other pelagic 
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Rhodobacteraceae but significantly higher than the proportion find in Rhodobacterales bacterium 

HTCC2255 (47.6) or C. Pelagibacter ubique (51.1). These high-affinity transporters in MAG ID03_00003 

included the uptake of amino acids, taurine or spermidine. Other transporters of the Drug/Metabolite 

superfamily (n = 21) or TRAP-type C4 dicarboxylate transport system were detected in our MAG. The 

latter transports different dicarboxylic acids such as malate, fumarate or succinate (Forward et al., 1997).  

Regarding its nitrogen source, MAG ID03_00003 seems to rely on reduced or organic nitrogen only as 

it lacks genes encoding enzymes for reducing nitrates and nitrites but possess numerous transporters 

for ammonium (amt) and different nitrogen-rich compounds discussed previously (e.g. taurine, amino 

acids). This is coherent with other Rhodobacteraceae that are unable to use directly inorganic nitrate or 

nitrite (Voget et al., 2015). Finally, ID03_00003 present the gene coding to the 

dimethylsulfoniopropionate (DMSP) demethylase (dmdA). DMSP is an abundant osmolyte produced by 

microalgae in the marine environment (van Duyl et al., 1998) that represent an important source of 

reduced sulfur and carbon for marine bacteria (Yoch, 2002). This seems to be its only source of reduced 

sulfur as it lack the complete set of gene for assimilatory sulfate reduction (cysDNCHIJ). 

Altogether these results suggest that MAG ID03_00003 can utilize and assimilate a wide variety of labile 

common carbon compounds in its environment and is possibly auxotroph for certain molecules such as 

DMSP. This metabolism is similar to the one found in SAR11 Clade and in line with streamlining theory 

(Giovannoni et al., 2005b; Tripp, 2013). Indeed, streamlined organisms likely occur within niches 

requiring minimal functional complexity (Giovannoni et al., 2014). 

  



CHAPTER III: INTO THE GENOME OF AN ABUNDANT RHODOBACTERACEAE 

 

 118 

a.  

/5������ (SLEDFWHULXP PRELOH LVRODWH (3,%�
&3������ 5XHJHULD PRELOLV )����
&3������ 5XHJHULD VS 70����

$)&)�������� /HLVLQJHUD VS $1*� FRQWLJ �
&3������ /HLVLQJHUD PHWK\ORKDOLGLYRUDQV '60 ����� VWUDLQ 0%� '60 �����
&3������ /HLVLQJHUD VS 1-6���
&3������ 3KDHREDFWHU SRUWLFROD VWUDLQ 3��
&3������ 3KDHREDFWHU LQKLEHQV � ��
&3������ 3KDHREDFWHU LQKLEHQV '60 �����
&3������ 3KDHREDFWHU JDOODHFLHQVLV '60 �����
&3������ 3KDHREDFWHU SLVFLQDH VWUDLQ 3��
&3������ 3KDHREDFWHU VS /66�
&3������ 6HGLPHQWLWDOHD VS :��

&3������ 5XHJHULD VS $'��$
&3������ 5XHJHULD SRPHUR\L '66 �
&3������ 7KDODVVRFRFFXV VS 6�
&3������ 7KDODVVRFRFFXV VS 6+ �
&3������ 6XOӾWREDFWHU SVHXGRQLW]VFKLDH VWUDLQ 605�
&3������ 7DWH\DPDULD RPSKDOLL VWUDLQ '2.� �
4%.8�������� 6XOӾWREDFWHU PHGLWHUUDQHXV VWUDLQ '60 �����
&3������ 6XOӾWREDFWHU VS '�
&3������ 5RVHREDFWHU OLWRUDOLV 2FK ���
&3������ 5RVHREDFWHU GHQLWULӾFDQV 2&K ���

&3������ 5RVHRYDULXV PXFRVXV VWUDLQ 605�
&3������ 5RVHRYDULXV VS $.����
&3������ 0DULQRYXP DOJLFROD '* ���

&3������ $QWDUFWREDFWHU KHOLRWKHUPXV VWUDLQ 606�
&3������ 6DJLWWXOD VS 3��
&3������ <DQJLD SDFLӾFD VWUDLQ <6%3��
&3������ <DQJLD VS &&% 00�
&3������ 7KLREDFLPRQDV SURIXQGD VWUDLQ -/7����
&3������ 3HODJLEDFD DE\VVL VWUDLQ -/7����
&3������ 2FWDGHFDEDFWHU DUFWLFXV ���
&3������ 2FWDGHFDEDFWHU DQWDUFWLFXV ���
&3������ 2FWDGHFDEDFWHU WHPSHUDWXV VWUDLQ 6%�

&3������ /RNWDQHOOD YHVWIROGHQVLV VWUDLQ 605�U
&3������ 5KRGREDFWHUDFHDH EDFWHULXP VWUDLQ *�
&3������ 0DULYLYHQV VS -/7����

&3������ .HWRJXORQLFLJHQLXP UREXVWXP VWUDLQ 638 %���
&3������ .HWRJXORQLFLJHQLXP YXOJDUH :6+ ���
&3������ .HWRJXORQLFLJHQLXP YXOJDUH <��

&3������ +DORF\QWKLLEDFWHU DUFWLFXV VWUDLQ 3$0& �����
-:,)�������� +DORF\QWKLLEDFWHU QDPKDHQVLV VWUDLQ 5$�

&3������ 5KRGREDFWHUDFHDH EDFWHULXP %$5�
5.4.�������� 3DFLӾFLEDFWHU PDULWLPXV VWUDLQ '60 ������
)1=9�������� 3DFLӾFLEDFWHU PDULQXV VWUDLQ '60 �����
&3������ &HOHULEDFWHU PDULQXV VWUDLQ ,0&& �����
&3������ &HOHULEDFWHU EDHNGRQHQVLV VWUDLQ /+� FKURPRVRPH
&3������ &HOHULEDFWHU LQGLFXV VWUDLQ 3��
&3������ &HOHULEDFWHU HWKDQROLFXV VWUDLQ 763+�

&3������ 'LQRURVHREDFWHU VKLEDH ')/ ��
&3������ 6LOLFLPRQDV DOJLFROD VWUDLQ .&��
&3������ -DQQDVFKLD VS &&6�

&3������ 5RVHLEDFWHULXP HORQJDWXP '60 �����
&3������ &HOHULEDFWHU PDQJDQR[LGDQV VWUDLQ '<��
&3������ %UHYLUKDEGXV SDFLӾFD VWUDLQ '<� �

);<(�������� &RQӿXHQWLPLFURELXP OLSRO\WLFXP VWUDLQ &(&7 ����
&3������ &RQӿXHQWLPLFURELXP VS (0%��� 16�
4$$$�������� 5KRGRYXOXP LPKRԀL VWUDLQ '60 �����
5:*8�������� 5KRGRYXOXP URELJLQRVXP VWUDLQ '60 �����
&3������ 5KRGRYXOXP VS 0%���
$3������ 5KRGRYXOXP VXOӾGRSKLOXP '1$ VWUDLQ '60 ����
&3������ 5KRGREDFD EDUJX]LQHQVLV VWUDLQ DOJD��
&3������ 5KRGREDFWHU VSKDHURLGHV $7&& �����
&3������ 5KRGREDFWHU VSKDHURLGHV .'���
&3������ 5KRGREDFWHU VSKDHURLGHV $7&& �����
&3������ 5KRGREDFWHU VS &=5��
&3������ *HPPREDFWHU VS +<1����
&3������ 5KRGREDFWHU EODVWLFXV VWUDLQ �� �
&3������ 7DEUL]LFROD VS .��0��

&3������ 5KRGREDFWHUDFHDH EDFWHULXP 4<��
&3������ 5KRGREDFWHU VS /3%����
&3������ 5KRGREDFWHU FDSVXODWXV 6% ����
&3������ 7KLRFODYD QLWUDWLUHGXFHQV VWUDLQ ��%�� �

&3������ 3DUDFRFFXV FRQWDPLQDQV VWUDLQ 5., �� �����7
&3������ 3DUDFRFFXV ]KHMLDQJHQVLV VWUDLQ -�
&3������ 3DUDFRFFXV DPLQRSKLOXV -&0 ����
&3������ 3DUDFRFFXV GHQLWULӾFDQV 3'����
/1������ 3DUDFRFFXV DPLQRYRUDQV LVRODWH -&0����

&3������ 3DUDFRFFXV PXWDQRO\WLFXV VWUDLQ 563 ��
&3������ 3DUDFRFFXV \HHL VWUDLQ )'$$5*26 ���

3.2-�������� $P\OLEDFWHU FLRQDH VWUDLQ P�� $ P�� �
0'*0�������� $P\OLEDFWHU NRJXUHL VWUDLQ �*��

,'�� 0$* �����
'6������ DOSKD SURWHREDFWHULXP +7&&����

&3������ 3VHXGRYLEULR VS )2 %(*�
38'5�������� 3DQQRQLEDFWHU FDUERQLV VWUDLQ 4�
&3������ 3DQQRQLEDFWHU SKUDJPLWHWXV VWUDLQ �����
)5%:�������� /DEUHQ]LD VXDHGDH VWUDLQ '60 �����

&0������ /DEUHQ]LD DOH[DQGULL ')/ ��
&3������ /DEUHQ]LD VS 9*��
&3������ /DEUHQ]LD VS &3�
&3������ /DEUHQ]LD DJJUHJDWD VWUDLQ 50$5� �

&3������ &DQGLGDWXV 3HODJLEDFWHU VS ,0&&����
���

���
���

���

���

���

���

���

���

���

���

���

���

���

���

���
���

���
���

���

���

���

���

���

���

���
���

���

���

���

���

���

���

���

���

���

���

��

���

���

���

���

���

���

���

���

��

���

���

���

���

���

���

��

���

���

��

���

��

���

���

���

���

���

���

��

���

���

���

��

���

��

���

���

���

���

���
���

���

��

���

���

��

��

��
��

��

��

��

��

���

����



 CHAPTER III: INTO THE GENOME OF AN ABUNDANT RHODOBACTERACEAE 

 

  119 

 b. 

 

Figure 19 | Phylogenomic and taxonomic analysis of MAG ID03_00003. a. Maximum 
likelihood tree inferred from a core gene matrix of 114 single copy core genes of 92 
genomes of Rhodobacteraceae. Average Nucleotide Identity (ANI) scores between MAG 
ID03_00003 and other members of the same cluster in the phylogenetic tree. 

1.4. TAXONOMIC AFFILIATION AND PHYLOGENY 

MAG ID03_00003 thus seems to be an original member of the uncultured Rhodobacteraceae with, to 

the best of our knowledge, the smallest genome, GC content and number of genes in any previously 

reported genome of Rhodobacteraceae. We thus investigated its phylogenomic position within the 

marine Rhodobacteraceae by a phylogenomic analysis with 93 sequenced genomes (Figure 19.A). The 

tree obtained shows that MAG ID03_00003 is included in the subclade of Rhodobacterales bacterium 

HTCC2255. This subclade was previously referred as NAC11-7 lineage (Zhang et al., 2016) and include 

two genomes of Amylibacter. These results confirm that MAG ID03_00003 represent a close relative of 

Rhodobacterales bacterium HTCC2255 and could explain their many shared characteristics highlighted 

in our study.  

We further used a pairwise comparison of average nucleotide identity between the different members 

of this subclade in order to see their genome similarity (Figure 19.B). This metric is used to define 

taxonomic relations between two genomes (Figueras et al., 2014). For instance, two genomes are 

affiliated to the same specie if they present an ANI above 95%, corresponding to the DNA-DNA 

hybridization cutoff of 70% (Goris et al., 2007). MAG ID03_00003 present a maximum ANI score of 

85.02% with the genome of Amylibacter cionae (Figure 19.B). This indicates that this genome belong 

to a novel specie of the Rhodobacteraceae. 
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1.5. IMPORTANCE OF MAG ID03_00003 IN THE BAY OF BREST AND THE IROISE SEA. 

The distribution of MAG ID03_00003 across our spatio-temporal surveys in the Bay of Brest and the 

Iroise sea is very close to the dominant OTU in our environment (OTU1) found from 16S studies in the 

same samples (Figure 18.D). This OTU was affiliated to Amylibacter genus against Silva v132 database. 

Regarding their similar distribution and their close phylogenetic affiliation, OTU1 and the MAG 

ID03_00003 are thus likely to represent the same organism in the environment. Both 16S and 

metagenomic studies found that this organism is very successful in our environment, more than the 

dominant SAR11 Clade members. This confirms a previous large-scale metagenomic analysis over 

different oceans that showed that NAC11-7 lineage is highly abundant at the L4 station in the English 

Channel, a close sampling point to our studied area (Zhang et al., 2016). 

Interestingly, ID03_00003 was particularly dominant in April at SOMLIT station and in July during 

M2BiPAT survey that corresponded to periods of intense bloom. This dynamic is totally in line with 

numerous 16S ecological studies of the free-living bacterioplankton that found Rhodobacteraceae 

often associated with phytoplankton bloom (Buchan et al., 2014; Hahnke et al., 2013), including 

members of NAC11-7 lineage (Teeling et al., 2012). 

In temperate coastal waters typically, phytoplankton blooms release large amount of organic matter 

that is readily available for heterotrophic bacteria. Thus, the dominance of MAG ID03_00003 under 

these conditions is in contradiction with the common view of genome streamlining as an adaptation to 

oligotrophic environment (Giovannoni et al., 2005b). This importance under bloom conditions was also 

reported for Planktomarina temperata RCA23 in the North Sea (Voget et al., 2015). In this study, authors 

showed that it was also very active under these conditions, transcribing simultaneously almost its entire 

genome. Our result emphasis the hypothesis that genome streamlining can be an adaptation in dynamic 

and rich coastal waters (Giovannoni et al., 2014; Yooseph et al., 2010). This characteristic, combined 

with a great number of high-affinity membrane transporters, obviously gives a great advantage for 

MAG ID03_00003 to be the most successful organism in our environment. 
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2. CONCLUSION 

 

In this study we were able to assemble the genome of the most successful Rhodobacteraceae present 

in the Bay of Brest and the Iroise Sea. MAG ID03_00003 represent a new member of the pelagic 

Rhodobacteraceae that was phylogenetically close to Rhodobacterales bacterium HTCC2255. This 

MAG was exceptional within the Rhodobacteraceae family with a highly streamlined genome of 1.8 Mb 

and GC content of 36.9%, the smallest reported to date within this clade. Its streamlined genome, 

coupled with an adaptive niche for common and labile small substrates and a large number of high-

affinity transporters could be explanation of its success all over the year and especially under bloom 

conditions. This result offers a new comprehension of the metabolisms of successful temperate coastal 

bacteria. 
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3. SUPPLEMENTARY DATA 

 

Figure S 11 | Hierarchical clustering with Bray-Curtis distances based on k-
mer frequency with simka between samples. Groups of co-assembly used in 
this study are defined by red circle. 
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Table S 2 | Statistics of the contigs within each co-assembly group. 
 ID01 ID02 ID03 ID04 Neg 

Total Length 942596156 2178489610 2230582355 1948950826 13262041 

Num. Contigs 223582 516526 586476 487162 3197 

Num. Genes (prodigal) 1013737 2362376 2590670 2154041 14582 

Longest Contig 496719 595969 555500 867007 307531 

Shortest Contig 1000 1000 1000 1000 1099 

N50 22722 54892 71472 48689 181 

N75 77679 182123 227475 175068 960 

N90 149356 346111 408873 331975 2113 

L50 7634 7509 5897 6911 9997 

L75 2674 2697 2386 2454 2281 

L90 1510 1524 1463 1465 1378 

Rinke_et_al 29542 62620 64759 72186 332 

Campbell_et_al 42108 90017 90020 102442 410 

Ribosomal_RNAs 319 518 568 511 10 

BUSCO_83_Protista 2131 4279 4626 4677 24 

Archaea (Rinke_et_al) 30 46 74 73 1 

Bacteria (Campbell_et_al) 257 607 611 743 2 

Eukaria 

(BUSCO_83_Protista) 
5 13 14 11 0 
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Table S 3 | Characteristics of the different redundant bins of MAG ID03_00003. 

Bins length N. of contigs N50 GC (%) Completion Redundancy 

ID01_MAG_00039 1704411 123 22795 36.46 89.20 2.15 

ID02_MAG_00019 1890973 54 57808 36.47 93.52 0.72 

ID03_MAG_00003 1812852 35 72247 36.51 94.24 0.72 

ID04_MAG_00039 1600459 21 86817 36.47 87.76 1.43 

 

 

 

 

Table S 4 | Comparison of some significant COG categories linked with trophic lifestyle according to 
Lauro et al., 2009. 

 

  

fr copiotroph oligotroph MAG	ID03_00003
genome	size 4.7	Mb 3.8	Mb 1.81	Mb

COG	category	N	(cell	motility) high	(3.3%) low	(1%) Low	(0%)

COG	category	T	(signal	transduction	mechanisms) high	(7.07%) low	(3.63%) low	(1,66%)

COG	category	V	(defense	mechanisms) high	(1.47%) low	(1.23%) low	(0,98%)

COG	category	K	(transduction) high	(7.52%) low	(6.62%) low	(4,06%)

COG	category	Q	(secondary	metabolite	

biosynthesis,	transport	and	catabolisme
low	(2.17%) High	(3.64%) low	(1,84%)
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Figure S 12 | 30 most abundant manually refined, non-redundant and high quality MAGs with 
their CheckM affiliation. They were defined abundant based on their cumulative percentage 
of read recruitment across the samples. 
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1. THE BREST BAY TIMES SERIES IN THE CONTEXT OF COASTAL GENOMIC 

OBSERVATORIES  

In this work, we introduce new genomic time series in the Bay of Brest and the Iroise Sea in Brittany 

(France) with the goal to create a long-term coastal microbial observatory. An interesting question is to 

examine to what extent this observatory is similar to other actual microbial long-term surveys, in term 

of general characteristics and bacterial diversity.  

 
Figure 20 | Localization of the different stations sampled during the OSD consortium the 
21st of June 2014. 

To assess this question, we investigated the biogeography of microbial communities of the global 

coastal ocean through the Ocean Sampling Day data (OSD) (Kopf et al., 2015). On the 21st of June 

2014, 191 coastal stations were sampled at the same time, and processed using a reproducible 
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workflow to assess the bacterial diversity at each station, using 16S amplicons sequencing (Figure 20). 

This allows to directly compare the biodiversity of numerous coastal stations throughout the world, 

including the SOMLIT station in Brest that was part of the consortium. 

Based on OSD data, the global coastal bacterial communities were strongly structured along a seawater 

temperature gradient (Figure 21). This fits well previous observations of the surface ocean, that showed 

the importance of latitude and temperature in shaping bacterial communities at large biogeographical 

scales (Brown et al., 2012; Fuhrman et al., 2008; Swan et al., 2013). Ubiquitous members of the 

bacterioplankton such as SAR11 Clade were demonstrated to present adaptive radiations toward 

different temperatures (Delmont et al., 2017), emphasizing a niche adaptation to different 

environmental conditions globally defined by the polar, temporal and tropical biomes (Brown et al., 

2012). This is also illustrated by the dominance of Synechococcus at our station and the absence of 

Prochlorococcus, which are known to present specific latitudinal distribution (Flombaum et al., 2013). 

The bacterial diversity observed in the Bay of Brest thus is related to general environmental conditions 

of a temperate coastal zone.  

Within sampling sites of similar temperatures, we can see that the bacterial communities at the SOMLIT 

station in Brest is very close to the bacterial community at Roscoff, the English Channel L4 station and 

the Helgoland station in the North Sea (Figure 21). These stations were geographically the closest to 

our sampling point. In addition to an adaptation toward global temperatures, dispersal limitation could 

strongly affect the global bacterial communities distribution (Sul et al., 2013). Thus, even if this 

comparison of microbial community is based on a single sampling station, bacterial communities in the 

Bay of Brest and the Iroise Sea likely shares common actors, or characteristics with the English Channel 

L4 station and Helgoland Station in the North Sea. It is widely recognized that we lack of temporal 

surveys to enhance our comprehension of bacterial communities dynamic (Giovannoni and Vergin, 

2012). The presence of our genomic observatory gives a new comparative point for the global ocean 

and more particularly in the North-East Atlantic shelve provinces. This offers a great opportunity to 

compare and increase our understanding of the global communities dynamics. As an example, we 
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found that an heterotroph, affiliated to Balneatrix (further affiliated to Nitrincolaceae with Silva v132. 

As in Chap.II) was a biomarker of winter coastal communities in M2BiPAT survey (Chap.I Figure S4 B.) 

and presented a recurrent cyclic pattern in winter at SOMLIT station (Chap.II Figure 5 b.). The same 

genus was found to peak in relative abundance, associated to phytoplankton spring blooms at 

Helgoland road (Teeling et al., 2012). This station is characterized by mean annual low temperature and 

by strong influence of freshwater (Wiltshire et al., 2010). The combination of these two results suggests 

that members of Balneatrix could be adapted to low temperature and low salinity. 

 
Figure 21 | Non-Metric Dimensional Scaling ordination based on the Bray-Curtis 
dissimilatory index for the bacterial communities found at the different stations sampled 
during OSD 2014.  
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1.1. HOW TO BRIDGE THE GAP BETWEEN PHYSICAL AND CHEMICAL OCEANOGRAPHY AND 

MICROBIAL ECOLOGY IN SUB-MESOSCALE STRUCTURES?  

Understanding the complexity of bacterial communities and their link to global geochemical cycles is 

one of the main challenges for marine microbial ecology. The use of genomic observatories to decipher 

such complex roles is primordial. Correlations between variations of specific taxa relative abundances 

and geochemical parameters permits to generate hypothesis on the activity of different microorganisms 

in the ecosystem. However, few studies have investigated bacterial dynamic associated to complex sub-

mesoscale features (Baltar et al., 2016). These areas represent key drivers of phytoplankton dynamic 

and production (Lévy et al., 2015) and are well described by physical models that help to precise their 

role in the coastal ecosystem (Chenillat et al., 2016). Such models have been developed since the 1980s 

for the Ushant front (Cadier et al., 2017; Mariette and Le Cann, 1985). Bacterial communities are rarely 

integrated in models, because they have been insufficiently characterized and due to the complexity of 

their structure making microbial OTUs intractable inputs for these models (Treseder et al., 2012). 

Moreover, their dynamic is rarely studied at both spatial, bathyal and temporal scale simultaneously. In 

this work we offer a new perspective for this challenge by extensively sampling a frontal area while 

reducing the community complexity using a network analysis. Based on this analysis, we suggest that 

bacteria could be separated in coherent guilds of co-varying OTU, which are distinguished by their 

trophic strategy. Next step towards integration of molecular data in these biogeochemical models 

could be, first, a better understanding of the functional role of these modules (or traits) and validate 

the effective activity of functional guilds using for instance genome-resolved metagenomics (Chap III). 

Our definition of the different module’s strategies relied on the bibliography of few described 

heterotrophs taxa. It is clear that we still lack knowledge on the actors of the microbial loop (Fenchel, 

2008) as illustrated by the discovery of unexpected genomic features of the most abundant heterotroph 

in our environment, Amylibacter sp. To confirm the hypothesis of trophic strategy of the different 

members of the modules, a better characterization of their genomic content should be continued. In 

addition to MAG ID03_00003, 43 high-quality MAGs (completion > 95% and redundancy < 5%) were 

recovered in our study, among which 17 were affiliated to the heterotrophic Flavobacteriales order. 
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Numerous members of this order were abundant in our survey, but poorly characterized as NS5 marine 

group, NS4 marine group, NS9 marine group or uncultured Cryomorphaceae. Different genomic 

characteristics could help to decipher the trophic strategy of these abundant bacteria. In addition to 

the oligotrophy or copiotrophy index suggested by Lauro et al., (2009) and utilized in Chapter III, other 

genes are indicative of a particular metabolism. CAZymes are enzymes involved in polysaccharides 

degradation that can be separated in different families targeting different specific polysaccharides 

(Kabisch et al., 2014). Bacteria that possess these systems are often highly specialists for a particular 

substrate and will present a dynamic strongly related to the presence of their substrate in the 

environment (Unfried et al., 2018). Secondly, establishing links between genomic data and effective 

metabolic using novel stable isotope labelled substrate incubations coupled with flow-cytometry and 

cell sorting (Lee et al., 2019). Or finally to test the predictive power of network module abundances in 

time and space as input variable in these models.  However, the reduction in community’s complexity 

doesn’t go without limitations. Network analysis probably clustered taxa with different trophic 

strategies but that shares complex interactions (Lima-Mendez et al., 2015), or are influenced similarly 

by environmental parameters as we hypothesized for the presence of nitrite-oxidizing bacteria 

(Nitrospina sp) in the oligotrophic module. The temporal resolution of the sampling could not be 

sufficient to catch the complex dynamic of numerous taxa as marine microbial communities are highly 

dynamic in short period of times (Needham et al., 2018). Better delineation of meaningful modules will 

come at a cost of increased sampling efforts, both spatially and temporally (Martin-Platero et al., 2018).  

In addition, this study strongly supports the view that the availability and type of organic matter could 

represent a key driver of bacterial communities associated to a tidal front. This link between bacterial 

communities and organic matter is one of the fundamental observations of marine microbial ecology 

that led to the microbial loop paradigm in the early 1970 (Azam et al., 1983; Azam and Malfatti, 2007). 

But we are just starting to understand the complex link between distinct heterotrophic bacteria, and 

organic matter, mainly due to the technical limitations of both fields that evolved quickly only in the last 

decade (Hertkorn et al., 2013; Koch et al., 2008). In our studies, we used chlorophyll a, phytoplankton 

cells counts and Particulate Organic Matter levels as a proxy to define copiotrophic (or oligotrophic) 
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environment for heterotrophic bacteria. While these parameters are inter-dependant – phytoplankton 

is one of the important producers of DOM in surface pelagic environment (Thornton, 2014) – they do 

not unambiguously reflect the availability of dissolved organic matter for heterotrophic bacteria. A PhD 

work carried by Johann Breitenstein (LEMAR) has been investigating the quantification and 

characterization of dissolved organic matter at the SOMLIT station since 2017. Preliminary results show 

that both low molecular weight molecules (e.g. glucose, amino acids) and High Molecular Weight 

molecules (e.g. proteins, polysaccharides) present a seasonal variation that can depart from chlorophyll 

a profile (Figure 22.A). Unfortunately there are only few date shared (February to May 2017) with the 

microbial survey (Figure 22), but the continued sampling for microbial diversity throughout 2017 and 

2018 at the SOMLIT station will provide interesting data to closely compare the microbial diversity and 

the ambient dissolved organic matter concentrations. 

Finally, relative abundance measures do not reflect the true influence of a taxa and biogeochemical 

cycles. For instance, less abundant taxa can contribute to a substantial fraction of nutrient uptake 

{Citation}. To reveal the importance of marine bacteria on the processing of organic matter in the Iroise 

Sea, further studies must include quantification of their abundance or biomass using qPCR and 

cytometry, and the measure of substrates incorporation by Stable Isotope probing  
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A. 

 
B. 

 
Figure 22 | Variation in quantity of dissolved organic matter (A.) high molecular weight (in 
black) and Chlorophyll a (in red) and low molecular weight (B.) molecules of Dissolved 
Organic Matter measured at the SOMLIT station between February 2017 and July 2018. 
(Johann Breitenstein, personal communication) 
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2. FROM ABIOTIC TO BIOTIC DRIVERS 

Within the complexity of the pelagic microbial world, this work only analyzed the dynamic of 

free-living bacteria and their relation to the environmental, mostly abiotics, parameters. However, there 

is a growing interest concerning the importance of the biotic compartment on bacterial communities 

composition dynamic (Needham et al., 2018; Zhou et al., 2018). Microbial food web present in pelagic 

waters are organized in complex networks of trophic, symbiotic, or competitive interactions (Lima-

Mendez et al., 2015; Worden et al., 2015). 

One of the intriguing observations that lead to this interest is the stability of seasonal patterns years 

after years (Fuhrman et al., 2015). This cyclical pattern was recovered at the SOMLIT temporal sampling 

as illustrated with the CCA (Chap. II, Figure 8). This seasonality relied on coherent communities, 

represented by modules that were recurrent from one year to another, as observe at Helgoland Station 

in the North Sea (Chafee et al., 2018). Also, we hypothesized that some heterotrophs taxa that peaked 

each year after phytoplankton blooms could follow deterministic patterns and respond to metabolic 

cues released by phytoplankton (Teeling et al., 2016). The recovering of Amylibacter genome further 

strengthened this hypothesis: this recurrent taxon likely competes for small and common substrates 

that are produced in high quantity under bloom conditions. But the investigation of other members of 

the microbial communities could highlight different drivers, as the importance of top-down controls 

bacterial communities dynamic (Needham et al., 2018). 

During this work we produced data for particle-attached Bacteria and Archaea for the spatio-temporal 

survey in the Iroise Sea, as well as pelagic Archaea for the two surveys. Bacteria and Archaea can be 

linked through metabolic interactions (Bayer et al., 2019). Ammonia-oxidizing archaea were found to 

release significant amount of labile dissolved organic matter, that can fuel heterotrophic bacteria (Bayer 

et al., 2019). In addition, a recent work found that ammonia-oxidizing archaea are closely associated 

with pelagic nitrite-oxidizing bacteria such as Nitrospina sp. that perform the second step of nitrification 

(Parada and Fuhrman, 2017). By combining the two datasets (bacteria and archaea), we could verify 

these observations in our environment, but also prospect for interactions that are still unsuspected.  
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3. A PERSPECTIVE: BETTER UNDERSTANDING OF ANTHROPIC PRESSURES ON COASTAL 

ECOSYSTEMS 

In a changing environment, another important role of long-term survey is to monitor anthropic 

disturbance in sensitive environments. The Bay of Brest represents a key area where a rich ecosystem 

with a remarkable biodiversity meets important anthropic activities. It undergoes numerous sources of 

pollutions with, among others, the most important commercial harbour of Brittany, an increasing 

agricultural nitrogen releases from its two dominant catchment areas and the presence of two 

wastewater treatment plants of a capacity of 170 000 inhabitants. The observation of microorganisms 

in such environments are essential to 1/ monitor the evolution of natural communities and the impact 

of different events related to human activity on them 2/ monitor the emergence of possible pathogenic 

bacteria associated with ecosystem changes. 

Intensive researches are led on the diversity and ecology of pathogenic Vibrio present in the 

environment of the Bay of Brest through two axes: human pathogens (Ifremer - LSEM) and bivalves 

pathogens (LEMAR). A monitoring of specific human pathogenic Vibrio was investigated in the three-

years SOMLIT samples, by qPCR on the same extracted DNA (unpublished data). In a context of climate 

change, pioneering studies have led to a better understanding of seasonality and interannual patterns 

in the cycles of oceanic (Fuhrman et al., 2015; Giovannoni and Vergin, 2012) and coastal (Cram et al., 

2015) microbial communities. Recent retrospective long-term monitoring studies (1961-2004) in the 

southern North Sea have shown that a major change occurred in the composition of bacterial 

communities, and that most of this change was attributed to an increase in the abundance of the 

Vibrionaceae family, including human pathogens (Vezzulli et al., 2012). In addition, a positive and 

significant relationship between global warming and the spread of vibrios in the environment have also 

been demonstrated (Vezzulli et al., 2013). Global warming and the emergence of vibriosis in molluscs 

have also been highlighted, for example, the links between abalone mortality and global warming 

(Travers et al., 2009) and the spread of brown ring disease in clams with a theoretical individual-based 

model using increases of 1 and 2°C by simulation (Paillard et al., 2014). The Bay of Brest represents an 
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important site for mollusc and fish farming and fisheries and therefore pathogen survey is essential to 

prevent epizooties. In this way, the objective will be to integrate definitively this monitoring of 

prokaryotic biodiversity in the IUEM observatory. In the longer term, microorganism observatory could 

act in synergy with the INEE “Zone Atelier” ZA network, and in coordination with IFREMER observations 

networks (REPHY, REMI, REPAMO...). 

To further tackle the issue of anthropogenic disturbance in our coastal ecosystem, we also participated 

to the World Harbours project (http://www.worldharbourproject.org) initiated by the Sydney Institute 

of Marine Sciences, which brings together different research groups worldwide to study issues 

surrounding the multiple uses of harbours and ports. Samples in the Bay of Brest were taken in the 

specific project lead by Anthony Chariton (Mcquarie University), Sandra McLellan (University of 

Wisconsin-Milkwaukee) and Peter Steinberg (University of New Source Wales) to address two 

questions: first, decipher the source (i.e. sewage, urban stormwater and agricultural runoff) of faecal 

contaminants in harbours around the world using qPCR and high throughput sequencing and second, 

examine the relationship between sewage inputs and genetic elements associated with antibiotic 

resistance. We sampled the wastewater treatment plant of Brest (both in and outflow streams), the 

commercial harbour basin and the SOMLIT station, which was taken as a referent point. We anticipate 

that the results of this study, in comparison with those performed in chap I and II, will document the 

impact and persistence of wastewater and industrial site water microorganisms in the Bay of Brest and 

Iroise Sea.   

Finally, the contamination of marine environments by small plastic particles has emerged as a huge 

issue globally. For microorganisms, it raises concerns regarding microplastics capacity to concentrate 

and propagate pathogenic bacteria beyond their natural dispersal range (Dussud et al., 2018). Bacterial 

communities attached to microplastic in the Bay of Brest were investigated during the thesis of Frère, 

2017. During this work, she observed that microplastics present a statistically different community of 

bacteria compared to seawater, with two biomarkers including Vibrio and potentially pathogenic 

species V. splendidus detected by qPCR. However, in this study authors highlighted the lack of 
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“particle” control, to verify the difference colonization between microplastics and common particles 

present in the surrounding waters (Frère et al., 2018). Our temporal survey, and particularly the study 

of the particle-attached fraction should give a better understanding as to which extent this microplastics 

harbour a specific diversity compared to naturally occurring marine particles. 

 

 

 

 

 



 

 General conclusion  
 

In conclusion, we report in this work the successful set-up of a new marine microbial observatory in the 

North-East Atlantic temperate coastal waters. The analysis of the first data provided by this new survey 

gave a first view of the global bacterial communities dynamic in this area. In the Bay of Brest, bacterial 

communities seem to be typical of temperate coastal waters. They present strong and recurrent 

seasonal variations that drastically change with the set-up of the spring blooms. In the Iroise Sea, 

bacterial communities are strongly shaped by the presence of a frontal area and particularly by the 

primary producers and the availability of organic matter in this environment. The reconstruction of a 

new and important genome of the global bacterial communities underlines how these bacterial 

communities of these temperate coastal waters are still insufficiently described and that the set-up of 

new surveys is highly relevant. Next steps include the analysis of new genomes and characterization of 

the organic matter, to better understand the role of these communities in global biogeochemical cycles. 

Secondly, to consider Archaea and other size fractions to better understand other drivers such as biotic 

drivers. Finally, this work provides a set of data allowing the identification of potential bacterial 

pathogens to human and marine organisms and also those potentially useful as environmental 

biomarkers (global warming, toxic algae, pollutants, microplastics…). This microbial time-series will 

have to overcome the most complex problems for all time surveys: to continue as long as possible. As 

underlined in a paradox: long term surveys as often the shortest experiments in oceanography (Ducklow 

et al., 2009). And it is only at long-time scales that numerous key ecological processes can be observed 

(e.g. episodic or complex phenomena). This is also only at long scales that long-term survey can help 

to understand detect and predict climate changes (Ducklow et al., 2009).
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Titre : Effet des changements environnementaux sur la dynamique des communautés microbiennes : 
évolution et adaptation des bactéries dans le cadre du développement de l’Observatoire Microbien en Rade 
de Brest et Mer d’Iroise 

Mots clés : écologie microbienne, suivi spatio-temporel, métagénomique, observatoire marin 

Résumé : Les bactéries marines ont un rôle 
primordial au cœur du fonctionnement des 
écosystèmes marins. Dans ces environnements elles 
forment des communautés complexes extrêmement 
dynamiques dans le temps et dans l’espace dont la 
diversité globale reste encore peu connue. 
Comprendre les mécanismes qui gouvernent cette 
dynamique est essentiel pour mieux appréhender leur 
rôle dans les écosystèmes et anticiper l’influence de 
changements globaux et des pressions anthropiques. 
Cette thèse présente la mise en place d’un 
Observatoire microbien  en Rade de Brest et Mer 
d’Iroise. La dynamique de ces communautés en lien 
avec l’environnement a dans un premier temps été 
étudiée par séquençage d’amplicons 16S. La 
présence d’un front saisonnier en mer d’Iroise 
structure profondément les communautés 
bactériennes qui vont varier avec les différentes 
masses d’eau. Mais un des paramètres les plus 
structurant de ces communautés seraient la 
distribution hétérogène du phytoplancton qui 
sélectionne des bactéries hétérotrophes adaptées à 
différentes concentrations en matière organique. 

En Rade de Brest, l’analyse des 3 premières années 
d’un suivi temporel sur la station SOMLIT montre 
que les communautés bactériennes présentent une 
saisonnalité remarquable. Cette dynamique 
saisonnière présente un changement rapide lors de 
la mise en place des blooms printaniers avec la 
réponse rapide et intense de plusieurs taxa 
hétérotrophes. Enfin, une approche métagénomique 
nous a permis de reconstruire le génome (MAG) de 
la bactérie la plus abondante retrouvée sur ces deux 
suivis, appartenant à la famille des 
Rhodobacteraceae. L’analyse de son génome 
montre des caractéristiques inhabituelles pour cette 
famille, avec des traits typiques des « streamlined 
genomes ». Cependant, contrairement à ce qui est le 
plus généralement décrit pour les bactéries de ce 
type, elle est adaptée à un environnement riche en 
matière organique, représentant jusqu’à 20% de la 
communauté microbienne en période de blooms. 
Ces résultats soulignent l’importance de poursuivre 
l’exploration des communautés tant d’un point de 
vue de leur dynamique globale que de leurs 
fonctions. 
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Abstract :  Marine bacteria play a key role in the 
functioning of marine ecosystems. In these 
environments they form complex communities that 
are extremely dynamic in time and space, whose 
global diversity is still largely unknown. Understanding 
the mechanisms that govern their dynamic is 
essential to better understand their role in ecosystems 
and anticipate the influence of global changes and 
anthropogenic pressures. This thesis presents the 
set-up of a microbial observatory in the Bay of Brest 
and the Iroise Sea. Bacterial community dynamics in 
relation to the environment were first studied using 
16S amplicon sequencing. The presence of a 
seasonal front in the Iroise Sea deeply structures 
bacterial communities that will vary with the different 
water masses. But one of the most structuring 
parameters is the heterogeneous distribution of 
phytoplankton, which would selects heterotrophic 
bacteria adapted to different organic matter 
concentrations 

In the Bay of Brest, analysis of the first 3 years of 
temporal monitoring at the SOMLIT station shows 
that bacterial communities present remarkable 
recurrent seasonality. This seasonal dynamic 
presents a rapid change when spring blooms are 
implemented with the rapid and intense response of 
several heterotrophic taxa. Finally, a metagenomic 
approach has allowed us to reconstruct the genome 
(MAG) of the most abundant bacterium found on 
these two surveys, belonging to the 
Rhodobacteraceae family. Its genome shows 
unusual characteristics for this family, with features 
typical of streamlined genomes. However, contrary 
to what is generally described for such bacteria, it is 
adapted to an environment rich in organic matter, 
representing up to 20% of the microbial community 
during bloom periods. These results highlight the 
importance to explore communities both in terms of 
their overall dynamics and functionality. 
  

 


